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1. Introduction


The last decade has marked the awakening of interest in lipids,
with the main goal being the mapping of the entire spectrum
of lipids in a biological system, namely the lipidome.


Lipids (from the Greek lipos, meaning fat) are “old” mole-
cules with established roles as the structural backbones of cell
membranes and as sources of metabolic energy. Since ancient
times they have been linked to human health, as testified by
the Hippocratic writings on obesity stating: “Sudden death is
more common in those who are naturally fat than in the lean”
(circa 460 B.C.). The recently emerging roles of lipids as cell sig-
naling molecules and as the regulators of a myriad of cellular
processes have produced a renaissance for research, thereby
forming the nascent field of lipidomics, which deals with “the
full characterization of lipid molecular species and their biolog-
ical roles with respect to the expression of proteins involved in
lipid metabolism and function, including gene regulation”.[1]


The fact that lipids are nowadays in the spotlight is clearly indi-
cated by the USA’s massive investment in research, with more
than $45 million granted to a consortium of 10 American uni-
versities, named Lipid MAPS,[2] and the foundation of a Lipido-
mics and Pathobiology Research Center of Excellence, named
COBRE.[3] In Europe, there is the ELIfe initiative, involving re-
search teams that are organizing lipidomic research in order to
be competitive for the next Framework Program of the Euro-
pean Community in 2007,[4] but actually research funds in the
’-omics’ are still more directed toward genomics and proteo-
mics, rather than lipidomics. We can foresee that funds will be
certainly reoriented, since it is now clear that lipids do not take
backstage to other biomolecules with relation to cell functions.


Due to the wide diversity in both structure and function of
these molecules, which have the common feature of being in-
soluble in water, different aspects of research and perspectives
in the chemistry, biochemistry, and molecular biology of lipids
and lipoproteins have been dealt with in several books and re-


views.[5] Despite the fact that lipid research dates back several
decades, it should be underlined that the advances of analyti-
cal techniques and the use of an interdisciplinary approach in
recent times have allowed new insights to be gained into lipid
characterizations and functions. The aim of providing a com-
prehensive view of the lipidome for each organism, with its
connection to the corresponding functioning of the genome
and proteome, seems more attainable. To achieve this goal, lip-
idomic research has taken different directions.


Analytical chemistry was the first area of development, with
methods that enable the sensitive and specific determination
of lipid classes in biological samples, with as little manipulation
as possible. The introduction of “soft” ionization techniques,
such as electrospray (ES), also associated with liquid chroma-
tography (LC), and matrix-assisted laser desorption/ionization
(MALDI) facilitated the analysis of lipid extracts or fractions by
mass spectrometry and enabled the detection and identifica-
tion of phospholipids.[6] The analytical approach is used to
map the lipidome of specific organelles, for example, the
mouse membrane mitochondria[7] or macrophages,[2] thereby
also evaluating reproducible changes of lipid regions or levels
upon specific receptor stimulation. It should be added that the
comprehension of the role played by lipids in biological proc-
esses is strictly related to the availability of a technology for
monitoring dynamic changes, as well as for acquiring large, rel-
evant sets of measurements from cellular phenomena. There-
fore, mathematical analysis of mass spectrometry data has
been implemented, and computational lipidomics has been
proposed as a novel analytical technique, which couples mass
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Evidence that lipids play different roles in the biological environ-
ment, particularly in dealing with metabolic regulation and cell
signaling, has led to a growing interest in these molecules, and
nowadays the research field of lipid structures and functions is
called lipidomics. The term describes diverse research areas, from
mapping the entire spectrum of lipids in organisms to describing
the function and metabolism of individual lipids. Recent investi-
gations on geometrical trans isomers of fatty acid derivatives,
which have the double bonds in the same position as the natural


compounds but with the trans instead of the naturally occurring
cis geometry, highlighted these compounds as a new target for
lipidomics. In addition to the identification of their structures and
functions, research in a multidisciplinary context aims at under-
standing the biochemical significance of cis and trans lipid ge-
ometry, and a chemical biology approach can be envisaged to
explore the role of the geometry change as either an alteration
or a signal that can perturb a biological system and induce a cel-
lular response.
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spectrometry with statistical algorithms to facilitate the com-
prehensive examination of hundreds of lipid species from cel-
lular extracts.[8]


Another aspect is related to the clinical impact of lipid
classes on human health, since it is now understood that lipids
play important roles as secondary messengers in signal-trans-
duction processes, as well as participating in membrane topol-
ogy and creating specialized domains of specific lipid–protein
complexes, both in normal and diseased cells. Abnormal lipid
levels are also associated with several diseases, including
cancer.[9] Therefore, a wealth of information can be gathered
by comparing lipid profiles of plasma or tissues obtained from
diseased patients with those from healthy controls. In this con-
text, functional lipidomics aims at understanding the functional
implications of lipid diversity. This approach combines mass
spectrometry analysis both with cell biology, in order to estab-
lish localization, trafficking, and interaction partners of specific
lipids, and with the manipulation of specific lipid levels fol-
lowed by phenotypic analysis, to reveal lipid functionality.[10]


Again, the study of signaling pathways can be greatly support-
ed by a computational approach, and models for understand-
ing the complexity of cell networks are continuously in devel-
opment.[11]


Lipidomic research is also aimed at studying lipid modifica-
tions occurring in a biological environment. In this area, radi-
cal-based transformation of biomolecules has attracted a lot of
interest.[12] For example, in apoptosis, the free-radical oxidative
injury of cellular unsaturated lipids has been demonstrated to
influence membrane composition and function,[13] and the role
of antioxidants, including thiol compounds like glutathione, in
this context has been discovered to be either preventive or re-
pairing.[14] Oxidatively modified lipids also have a functional
role, for example, activating or disturbing signaling pathways,
and oxidative lipidomics is a new and exciting research focus
involving free radical chemistry and biology.[15]


This review will cover the recent achievements related to a
class of lipid molecules, the geometrical trans isomers of fatty
acid derivatives, which have the double bonds in the same po-
sition as the natural compounds but with the trans instead of
the naturally occurring cis geometry. It will be shown that this
is a very important research area carried out in a multidiscipli-
nary context and, in particular, that these molecules are con-
nected with a free-radical-catalyzed transformation in biomim-
etic and biological systems. The latter aspect has been one of
the research targets of our laboratory for the last six years,[16]


and geometrical trans lipid isomers have emerged as new tar-
gets for lipidomics. Together with the identification of their
structures and functions, the research addresses a more gener-
al goal concerning the biochemical significance of the cis into
trans conversion of lipid geometry, as either an alteration or a
signal that can perturb a biological system and induce a cellu-
lar response.


2. The Double Bond of Lipid Fatty Acid
Residues in Biology


Among the most important building blocks of lipid molecules
are the fatty acids. These carboxylic acids possess a long hy-
drocarbon chain (up to 31 carbon atoms) and they can be sa-
turated, or monounsaturated, or polyunsaturated (containing
up to 6 double bonds) compounds. Examples of mono- and
polyunsaturated fatty acid (MUFA and PUFA, respectively)
structures and also of some trans isomers are shown in
Scheme 1, with the common names and the abbreviations de-
scribing the position and geometry of the double bonds (for
example, 9cis or 9trans), as well as the notation for the carbon
chain length and the total number of unsaturations (for exam-
ple, C18:1).


Two initial considerations have to be made: 1) the cis and
trans, instead of the unambiguous Z and E, notations are still
frequently used among lipid chemists to designate stereoisom-
ers and 2) we cannot label trans geometry as “unnatural” in
lipid structures, because trans compounds such as sphingoli-
pids and isoprene lipids, are naturally occurring. As we will see,
trans lipids are also natural products of bacterial transforma-
tions. Nevertheless, when considering MUFA and PUFA struc-
tures present in eukaryotic glycerol-based phospholipids—the
major type of lipid found in biological membranes—the natu-
rally occurring double-bond geometry is cis, and PUFA double
bonds have the characteristic methylene-interrupted motif.
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The cis geometry is needed for
the biological activities of the
compounds and it is provided
by the regiospecific and stereo-
selective enzymatic activity of
desaturases.[17] The interplay of
desaturase and elongase en-
zymes in lipid biosynthesis is
shown in Scheme 2 for the
transformation of linoleic and li-
nolenic acids. It is worth recall-
ing that both compounds are es-
sential fatty acids for mammals;
therefore, they have to be ac-
quired from foods as precursors
of the omega-6 (or n-6) and
omega-3 (or n-3) fatty acid
series, which always have the cis
requisite. An exception is repre-
sented by a specific class of diet-


ary conjugated fatty acids, the conjugated linoleic acid isomers
(CLAs; for example, the 9cis,11trans, 9trans,11trans,
10trans,12cis, and 10trans,12trans isomers rather than the
9cis,12cis isomer of linoleic acid), found in foods derived from
ruminant animals.


The geometric trans isomers of naturally occurring cis-unsa-
turated fatty acids were almost ignored until a few years ago.
Then, beginning in the early 1990s, a constant scientific inter-
est can be documented, with an average of 200 papers per
year in the last 7 years.[18] The research covers a wide range of
disciplines, such as lipid and membrane properties, microbiolo-
gy, nutrition, and health, and a brief overview of the recent
achievements in these areas will be given below.


2.1. Geometric isomerism as a natural adaptation system


As previously shown, during fatty acid biosynthesis eukaryotic
cells form unsaturated fatty acids as cis isomers. Prokaryotic
cells also biosynthesize cis lipids; however, a few years ago it
was noticed that some bacteria also contained the correspond-
ing geometrical trans isomers.[19] Those compounds did not
derive from a de novo synthesis, were also present in non-
growing cells, and increased if chemical or environmental
stress was applied to the bacterial cultures. It has to be said
that microbiologists accurately determine the structure of the
trans isomers present in bacterial lipids by preparation of the
dimethyldisulfide derivatives, which have typical GC/MS spec-
tra depending on where the double bond is positioned along
the hydrocarbon chain.[20] As a matter of fact, it was estab-
lished that geometrical, and not positional, isomers were pres-
ent in bacteria of the Pseudomonas and Vibrio species and they
were obtained by a biological path carried out by a specific
enzyme, the cis–trans isomerase (cti).[21] Gene cloning and se-
quencing from Pseudomonas putida P8 and P. putida DOT-T1E
showed that the isomerase has an N-terminal hydrophobic
signal sequence, which is cleaved off after targeting the


Scheme 1. Examples of structures and common names of natural fatty acids
and the abbreviations adopted to describe the number of carbon atoms
and the position and geometry of the double bonds.


Scheme 2. Major biosynthetic pathways of omega-3 and omega-6 fatty acids in animal tissues. The double bonds
induced by desaturation (D5, D6) are in the cis geometric configuration and are indicated by vertical arrows. Hori-
zontal arrows indicate chain elongation (CE) and 2-carbon chain shortening (*). EPA=eicosapentaenoic acid;
DHA= docosahexaenoic acid.
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enzyme to the periplasmic space.[21] Comparison among sever-
al cti protein sequences identified them as heme-containing
proteins of the cytochrome c type.[22] The isomerase activity for
the transformation of palmitoleic acid (9cis-C16:1) into its geo-
metrical isomer palmitelaidic acid (9trans-C16:1) was activated
in the solvent-tolerant bacterium P. putida S12 by the addition
of 3-nitrotoluene and gave a final cis/trans ratio of 32:68.[21b]


Recently, through a carbon-isotope fractionation experiment it
has been established that the structure of the cis double bond
is involved in the transition state. A mechanism has been pro-
posed where the heme domain is involved in the sp2–sp3 tran-
sition by providing an electrophilic iron (Fe3+), which removes
an electron from the double bond.[21a,b] The transformation
occurs directly on phospholipids, and the cti activity is inde-
pendent of additional factors, such as adenosine triphosphate
(ATP), reduced nicotinamide adenine dinucleotide (NADPH), or
oxygen.[21d] Destruction of the heme-binding motif on the cti
of P. putida P8 in site-directed mutagenesis experiments
caused the loss of isomerization activity.[23]


The enzymatic conversion occurring in some bacterial mem-
branes is an adaptation mechanism, which works when the en-
vironmental conditions become unfavorable due to the pres-
ence of toxic compounds, increases in the ambient tempera-
ture,[19–23] or hypoosmotic shock.[24] Upon restoration of the
normal conditions, the same enzyme can work in the opposite
sense to regenerate the membrane cis geometry. Indeed, this
is one of the bacterial short-term adaptation responses with an
immediate effect on cell-membrane permeability and fluidity,
based on the conversion of the naturally present cis fatty acid
structures to their trans isomers and vice versa. As will be seen
in a further section, lipid bilayers made of two monounsaturat-
ed glycerophospholipid geometrical isomers have different
structural and functional features.


The enzymatic isomerization mechanism active in prokaryot-
ic cells is unknown for eukaryotes, and the majority of unsatu-
rated fatty acids in eukaryotes are provided stereospecifically
with only cis double bonds during biosynthesis. Such diversity
has a still unexplored meaning with relation to the preserva-
tion of geometry during the evolution of different organisms.
But it can certainly have a more general meaning, for example,
with relation to yet unknown surveillance systems on the ther-
modynamically less stable cis isomers. Geometric isomerism is
a subject worthy of further investigation in the fields of evolu-
tionary biology, in connection with microbiology, and of bio-
chemistry in eukaryotic cells.


2.2. trans Fatty acids in eukaryotic cells: the exogenous
origin and biological effects


A great deal of interest has been aroused by the fact that trans
fatty acid isomers can be present in foods. For example, the
level of trans isomers in human adipose tissue was found to
be in the range of 0.5–3.8% of the main fatty acid residues,
and correlations with dietary intakes in different countries
were determined.[25] Since enzymatic cis–trans isomerization in
eukaryotic cells is unknown, it was assumed that these com-
pounds could derive from exogenous sources. Indeed, a micro-


bial biohydrogenation occurring in the first stomach of rumi-
nants determines the 2–8% trans fatty acid content of dairy
products.[26,27]


Other sources of trans isomers have also been identified,
particularly in industrialized countries that have a high con-
sumption of those foods containing fats and oils manipulated
through the partial hydrogenation or deodorization process-
es[26] or foods that undergo a frying process at high tempera-
tures.[28] The leading countries, the USA and Northern Europe-
an countries, reach as much as 12 gday�1 consumption of
these fats. At the same time, a series of panels in several coun-
tries ascertained the harmful effects on health attributable to
the trans fatty acid isomers, effects spanning from the inhibi-
tion of lipid metabolic pathways to an increase in coronary
artery diseases, risk factors of heart attack, and the impairment
of fetal and infant growth. Detailed information on these ef-
fects can be found in several studies, reviews, and books.[29–32]


After these studies and the increase in public concern, a new
regulation in the USA has established that by 2006 foods must
show the trans-isomer content in the nutritional facts.[33] The
European regulations do not yet take this issue into account,
although European producers have been the first to put trans-
isomer-free margarine on the market. However, it must be
pointed out that trans isomers coming from hydrogenation or
deodorization processes are only made up to a minor extent
of geometrical isomers, with the major part being isomers with
a shifted position of the double bond, that is, positional iso-
mers. This positional shift is particularly relevant for linoleic
acid that is converted into its conjugated isomers, which are
naturally occurring trans isomers (see above). Indeed, whether
the biological consequences of trans isomers can always be
considered from a negative perspective is matter of a debate
since the discovery that CLAs can exert beneficial effects on
health. Conjugated trans isomers are far from the objective of
this review, and readers can find a summary of recent achieve-
ments in this area elsewhere.[34]


At this point, one could question whether it is enough to
know the total trans fatty acid content or whether the type
and concentration of each trans isomer should be ascertained
instead. When the case of geometrical isomers only is consid-
ered, the number of isomers for each compound is equal to 2n,
where n is the number of the double bonds present in the
molecule, and for PUFA derivatives this number can be very
high (for example, for a C22:6 fatty acid, 26=64). Therefore,
the separation and identification of all possible isomers is a
challenge for analytical techniques, and the achievements are
still few, as we will see later. The situation becomes worse if
one also considers the case of positional isomers, as they are
present in chemically manipulated dietary fats. As far as the
biological effects of geometrical trans fatty acid derivatives are
concerned, it is evident that the double-bond position is im-
portant for the enzymatic interaction. In early reports that ap-
peared during the 1960s and 1970s, it was already noted that
changing the geometry of linoleic acid results in the loss of es-
sential fatty acid activity.[35] Now, other information has been
gathered and shows that the main fate of trans lipids during
cell metabolisms can lie along one of two paths:
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1) interaction with lipid enzymes and conversion, similar to
that of the natural isomers, so that the lipids are incorporat-
ed into membranes or enter the lipid cascades but give rise
to different molecules, which can influence cell properties
and functions.[36] Generally speaking, trans-monoenoic acids
are recognized as a distinct class with properties intermedi-
ate between saturated and cis-monounsaturated acids, par-
ticularly in specificity for esterification to phospholipids.[5c]


Other examples come from polyunsaturated substrates,
such as the mono-14trans isomer of arachidonic acid
(Scheme 1), which has been found to react with cyto-
chrome P450 epoxygenase, a monooxygenase enzyme pres-
ent in rat liver microsomes, thereby resulting in the corre-
sponding epoxide; this shows that the natural pathway can
work and produce an unnatural compound.[37] Metabolism
of trans fatty acids through the b-oxidation pathway can be
important in order to evaluate the potential harmful effects
due to an impairment of degradation systems. trans-Unsatu-
rated fatty acids are oxidized preferentially in peroxi-
somes,[38] which are single-membrane-limited organelles
present in all eukaryotic cells examined. The yeast Saccharo-
myces cerevisiae is a good model since peroxisomes are
their sole site for fatty acid b oxidation. Recently with this
model, efficient cell growth with elaidic acid and the need
of b-oxidation auxiliary enzymes, to metabolize the trans
double bond in the odd-numbered position of linolelaidic
acid (that is, position 9), have been reported.[39]


2) inhibition of lipid enzymatic pathways. The mono-14trans
isomer of arachidonic acid can also inhibit the synthesis of
thromboxane B2 and, therefore, prevent rat platelet aggre-
gation.[40] Assays on the in vitro desaturation or elongation
of mono-trans isomers of linoleic acid by rat liver micro-
somes showed that the 9cis,12trans isomer was better desa-
turated, whereas the 9trans,12cis isomer (Scheme 1) was
better elongated.[41] A general inhibition of the metabolic
conversion of linoleic acid into arachidonic acid and other
omega-6 PUFAs has been confirmed by a recent study on
dietary supplementation of hydrogenated fats given to pig-
lets.[42] A recent study of the activity of the all-trans isomer
of arachidonic acid (that is, 5trans,8trans,11trans,14trans-
C20:4) in rabbit platelet aggregation showed that this un-
natural isomer can specifically inhibit the response induced
by the platelet aggregating factor.[43]


These data indicate that geometrical lipid isomers could be
ideal for a chemical biology approach that utilizes small mole-
cules to explore biology.[44] Indeed, a systematic study on the
influence of the double bond could contribute to the under-
standing of lipid diversity for the properties and functions of
lipids and for the biological role of geometrical structural
change.


2.3. The influence of lipid geometry on membrane
properties


An evident difference between the cis and the trans geometry
is that the first confers a kink in the lipid hydrocarbon chain,


whereas the latter gives a straight molecular shape, more simi-
lar to that of saturated compounds. Since phospholipids are
the main components of membranes, their structures regulate
the supramolecular organization and properties of the bilayer,
and many details of this regulation are known.[45] The general
structure of the L-a-phosphatidylcholines (PCs) is shown in
Scheme 3. The backbone given by L-glycerol presents the R1


and R2 substituents, which are two fatty acyl chains, in posi-
tions 1 and 2, whereas a phosphate group esterified with chol-
ine is the polar substituent in position 3. In PCs the two fatty
acid hydrophobic tails can be different; in naturally occurring
lecithins they are saturated or unsaturated residues, as shown
in the table of Scheme 3, where the percentage composition
of a commercial egg yolk lecithin is reported.


With exclusion of the contributions from variations of polar
heads and fatty acid chain lengths and with the focus on the
role of unsaturation, a general rule regulating lipid assembly is
that the lower the number of the double bonds, the higher
the packing order of the lipids. Therefore, the rigidity of the
lipid assembly follows the order saturated> trans-unsaturat-
ed>cis-unsaturated. The gross membrane properties of “fluidi-
ty” and also permeability are in the inverted order, so that cis-
unsaturated residues make a relevant contribution to keeping
the “ideal” values. The different behavior can also stem from
physical properties of saturated and geometrical phospholipid
isomers, such as phase-transition temperatures (Tm), that is, the
temperature at which the change between the gel and liquid-
crystal phases occurs. For example, in the case of PCs
(Scheme 3) where the R1 fatty acid substituent is fixed as
C16:0 (palmitic acid) and the R2 varies through the series C18:0
(stearic acid), 9trans-C18:1 (elaidic acid), and 9cis-C18:1 (oleic
acid; Scheme 1), the Tm values are 41.5, 35, and �3 8C, respec-
tively.[45] Therefore, at a physiological temperature, the cis-un-
saturated residue ensures the most “fluid” state for the lipid as-
sembly. Polyunsaturated residues can produce an even more
pronounced effect, by efficiently lowering the temperature of
the gel to liquid-crystal phase transition in natural membranes
and ensuring a lipid-chain motion due to their double-bond ar-
rangement.[46]


The permeability and “fluidity” of vesicles made of PCs with
saturated and unsaturated fatty acid residues were compared


Scheme 3. Structure of L-a-phosphatidylcholines (PCs) and the composition
of fatty acid residues in egg yolk lecithin.
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and, in particular, vesicles were used where the cis-monounsa-
turated components underwent a thiyl-radical-catalyzed trans-
formation into the corresponding geometrical trans isomers,[47]


a process that will be discussed in the next section. The phos-
pholipid “fluidity” was studied by the fluorescent probe 1-(4-
trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-tolue-
nesulfonate (TMA-DPH) inserted in the bilayer at temperatures
of 8–48 8C.[47b] Figure 1 shows the results obtained with vesicles


made of different phospholipid compositions. In particular,
vesicles made of a saturated PC (open circles), that is, DPPC,
where the R1 and R2 substituents are both C16:0 fatty acid
chains (Scheme 3), were compared with: a) cis lipid vesicles
(solid circles) made of DOPC, that is, with R1 and R2 substitu-
ents that are both 9cis-C18:1, b) lipid vesicles (triangles) that
contain a trans PC, DEPC, that is, with R1 and R2 substituents
that are 9trans-C18:1, in a mixture with DPPC and DOPC in the
DPPC/DEPC/DOPC ratio 5:4:1, and c) vesicles containing a 1:1
ratio of DPPC/DOPC (open squares). It was clearly shown that
a 40% trans-lipid content gives higher polarization values, as
compared to the values for vesicles where only cis residues are
present and also for vesicles having a mixture of saturated and
cis residues, thereby demonstrating the relevant contribution
of the trans geometry to decreasing the membrane “fluidity”.


The alteration in the physical properties of membranes due
to the presence of trans fatty acid residues has been investi-
gated in connection with some biological effects. In particular,
a possible “antioxidant ” effect has been advanced, since PC
vesicles containing geometrical isomers of PUFA residues are
less efficiently oxidized than the corresponding cis lipids.[48]


The different properties, in terms of molecular dynamics, lateral
lipid packing, thermotropic phase behavior, “fluidity”, lateral
mobility, and permeability, were also evaluated in a study of
PC vesicles containing saturated (C18:0) residues and cis or
trans isomers of C18:1 and C18:2 residues.[49] Again, all experi-
ments confirmed the effect of trans fatty acid residues to be
giving membrane properties more similar to those of saturated
chains and indicated that trans double bonds induce a more


rigid packing than cis residues. Another investigation on
model membranes containing different trans-monounsaturated
fatty acid residues (C14:1, C16:1, and C18:1) considered their
affinity for cholesterol, as determined from the cholesterol par-
tition coefficient.[50] It was shown that a 40–80% higher affinity
is displayed by trans membranes as compared to that of their
cis analogues, probably due to a better interaction between
the straight trans acyl chain and the cholesterol molecule. In
the same report, the behavior of rhodopsin, a prototypical
member of the G-protein-coupled receptor family, was evaluat-
ed as influenced by the trans geometry. In trans membrane
models the level of rhodopsin activation was diminished, in
particular at lower temperatures (5 8C) where trans isomers are
in the gel state but cis isomers are in the fluid state. Other indi-
cations of some functional effects come from studies of influ-
ence on protein activity[51] and ionic transport.[51c]


All these data indicate that, when a cell membrane made by
natural cis lipids incorporates trans isomers, the lipid assembly
can survive but a permanent modification is introduced. Which
trans isomers, the minimum concentrations at which they
affect membrane properties of eukaryotes, and what the per-
turbation of a biological system and its response is are all mat-
ters that need to be thoroughly investigated. The design of
more complex membrane models, made of lipids and other
components, will probably be useful for the evaluation of the
effective contribution of a geometrical change. Moreover, it
can be noted that information is still lacking on some basic
properties, such as the critical aggregation concentration, that
is, the minimum lipid concentration to form a vesicle, and the
trans-isomer vesicle dimensions, in comparison with the
known values for cis phospholipids.[45] We can foresee that
progress in studies of vesicles including trans isomers will pro-
vide important support for biology, in particular for individuat-
ing the minimum trans isomer content at which a perturbation
of the state or function of a biological membrane occurs.


3. The Double Bond of Lipid Fatty Acid
Residues in Chemistry


For a long time it has been known that cis–trans isomerization
of double bonds is promptly carried out by free-radical
attack.[16,52] Scheme 4 shows the reaction mechanism that con-
sists of a reversible addition of radical XC to the double bond
to form the radical adduct 1. The reconstitution of the double
bond is obtained by b elimination of XC and the result is in
favor of trans geometry, the most thermodynamically favorable
disposition. Indeed, the energy difference between the two
geometrical isomers of prototype 2-butene is 1.0 kcalmol�1. It
is worth noting that 1) the radical XC acts as a catalyst for cis–


Scheme 4. Reaction mechanism for the cis–trans isomerization catalyzed by
free radicals.


Figure 1. Polarization of TMA-DPH fluorescence (FP) as a function of temper-
ature in DPPC (*) and DOPC (*) vesicles, as well as in DPPC/DOPC (1:1; &)
and DPPC/DEPC/DOPC (5:4:1; ~) vesicles. DPPC=dipalmitoylphosphatidyl
choline, DOPC=dioleoylphosphatidyl choline, DEPC=dielaidoyl phosphatid-
yl choline.
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trans isomerization and 2) positional isomers cannot be formed
as reaction products because the mechanism does not allow a
double-bond shift.


Due to the straightforward nature of the method, this ap-
proach can successfully support the lipidomic approach for the
study of geometrical trans isomers. Two aspects relevant to
the isomerization protocol will be discussed below in some
detail, that is, the choices of isomerizing agent and convenient
starting materials.


3.1. Radical-based cis–trans isomerization processes: what
are the isomerizing species and possible inhibitors?


Many free radicals (for example, RSC, RSeC, RSO2C, NO2C, R3SnC, or
(Me3Si)3SiC) and atoms (such as BrC or IC) are known to induce
cis–trans isomerization of double bonds by addition–elimina-
tion steps.[16,52] However, the efficiency of the isomerization
process strongly depends on the characteristics of the attack-
ing radicals. The most biologically relevant species that are
known to induce isomerization are the thiyl radical (RSC) and ni-
trogen dioxide (NO2C).


Thiyl-radical-catalyzed cis–trans isomerizations with different
monounsaturated fatty acid residues under a variety of experi-
mental conditions have been carried out in recent years. The
addition rate constants (ka) for HOCH2CH2SC to methyl oleate
(cis) and methyl elaidate (trans) were found to be rather similar
(ktrans


a /kcis
a =1.8; where ktrans


a =2.9O105
M
�1s�1), whereas the rate


constants for the fragmentation step (kf) were substantially dif-
ferent (ktrans


f /kcis
f =9.4; where ktrans


f =1.6O108 s�1).[53,54] The large
preference of fragmentation to the trans isomer was attributed
to different barriers for the formation of the two transition
states from the equilibrium radical structure. Therefore, the for-
mation of the trans isomer was also favored from a kinetic
point of view. However, the cis/trans ratio of 13:87 corresponds
to a thermodynamic equilibrium of the two geometric isomers
at 22 8C.[47b,55]


When polyunsaturated substrates are considered, the iso-
merization mechanism occurs as a step-by-step process, as de-
picted in Scheme 5 for linoleate moiety, that is, each isolated
double bond behaves independently as discussed above.[55]


Interestingly, the cis–trans isomerization by thiyl radicals at-
tacking unsaturated fatty acid residues is also effective in the


presence of molecular oxygen up to 0.3 mM concentration,
which is a few times higher than the molarity of well-oxygen-
ated tissues. As shown in Scheme 6, under these conditions
the equilibrium of the well-known reaction of thiyl radicals
with oxygen[56] is shifted to the left (for glutathione, Keq=


3200M
�1), whereas the reaction of the radical adduct with mo-


lecular oxygen is unimportant because of the very fast b elimi-
nation of the thiyl radical from the adduct, that is, ktrans


f @kcis
f @


koxygen [O2] .


The effectiveness of cis–trans isomerization in the presence
of the most common antioxidants has also been addressed.[47a]


The high efficiency of all-trans retinol and ascorbic acid as anti-
isomerizing agents in the lipophilic and hydrophilic compart-
ments, respectively, parallel the well-assessed high reactivity of
RSC radicals towards these two antioxidants.[56]


Nitrogen dioxide NO2C, is an emerging species in biology[57]


and was reported to produce trans arachidonic acid isomers in
human platelets.[58] However, based on the kinetic data avail-
able on the various processes carried out by the NO2C radical, it
emerges that it cannot be as efficient as thiyl radicals as an iso-
merizing species, and in a biological environment this reaction
should not play a role.[16] In fact, the rate constants at 25 8C for
the addition of NO2C to monounsaturated olefins are kcis


a =


0.18M
�1s�1 and ktrans


a =0.038M
�1s�1, whereas the fragmentation


of the adduct radical occurs with kf�8O104 s�1 for both iso-
mers.[59] Furthermore, hydrogen-atom abstraction from the al-
lylic position is of the same order of magnitude as the addition
step, whereas the abstraction of bisallylic hydrogen atoms in
polyunsaturated moieties is expected to be faster. Therefore, in
the presence of 0.1 mM of oxygen the cis–trans isomerization
becomes unimportant, since the various carbon-centered radi-
cals will react with O2 to give peroxyl radicals that propagate
peroxidation. Indeed, the induction of lipid peroxidation has
been observed in human plasma.[60]


It should be added that thiols are known to be the domi-
nant “sink” for NO2C in cells/tissues [Eq. (1)] , with the rate con-
stant being close to 2O107


M
�1 s�1 and with generation of thiyl


radicals.[61] Therefore, in the biological environment thiyl radi-
cals are likely to be the most relevant isomerizing species.


NO2
CþRSH ! NO2


�þRSCþH ð1Þ


3.2. A chemical biology approach through the trans-lipid li-
brary and the all-trans PUFA strategy


Lipid isomerization has all the favorable features for a chemical
biology approach: 1) chemical synthesis that can also be per-
formed in biochemical laboratories, because of the simple


Scheme 5. cis–trans Isomerization of the linoleate residue catalyzed by thiyl
radicals.


Scheme 6. The reactions of oxygen with radical intermediates generated in
the isomerization process.
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choice of the most suitable conditions in terms of sources of
initiating radicals, isomerization agents, and solvents, 2) applic-
ability to a variety of easily available natural lipids, 3) purity of
the products, due to the absence of positional isomers, and
4) the significance of the modification produced on lipid struc-
tures for inducing perturbation of biological systems.


From the library of cis lipid molecules available from natural
sources, a trans lipid library can be easily planned. In this syn-
thetic approach, polyunsaturated compounds represent a chal-
lenge because of the complexity of the isomeric trends and
the wealth of analytical data that can be gathered. In this con-
text, as further described in the case of arachidonate resi-
dues,[62] NMR spectroscopy can be very useful for double-bond
identification by using the ethylenic carbon atom resonances,
which are known to differ for cis and trans geometries and for
their positions along the chain.[63]


A strategy for building-up the trans lipid library by starting
from natural oils and lecithins rich in unsaturated fatty acid res-
idues has been proposed. In particular, vegetable oils can be a
cheap and convenient material for accessing a variety of trans
lipid derivatives.[64] The formation of trans triglycerides is very
efficient by a radical-catalyzed isomerization carried out in al-
coholic solution, with thiyl radicals generated by photolysis.
The isomerized oil can be further enriched in its trans content
by the winterization process, that is, by separating the trigly-
cerides rich in trans fatty acid residues from the residual cis-
containing material by crystallization at low temperatures in n-
hexane. Oils with a high trans content can be prepared. NMR
spectra of triglycerides with a high trans content form a library
of data that can be a useful tool for the investigation of bio-
logical samples by 13C NMR spectroscopy and comparative
studies of health conditions with diseases.[65] A tandem chemi-
cal–enzymatic methodology was applied to the protocol of oil
isomerization, and the two corresponding classes of trans fatty
acids and esters were also obtained. Candida antarctica lipase
was used; this enzyme did not show selectivity, as it could
transform both isomers equally well. However, further develop-
ment can be foreseen for the substrate–enzyme selectivity as
well as for the application of the chemical–enzymatic protocol
to phospholipids.


Based on the efficiency of the isomerization process, the all-
trans PUFA strategy has recently been implemented for chemi-
cal biology studies. The first all-trans long-chain PUFA synthesis
has been successfully carried out by using the naturally occur-
ring arachidonic acid,[43] and this protocol can be extended to
the preparation of several all-trans analogues for various bio-
chemical and biological assays, including pharmacological ap-
plications, and also to support lipidomic research.


4. Biomimetic Models for Lipid Isomerization


The first report highlighting the lipid isomerization mechanism
as a biologically meaningful process was from our group in
1999.[66] By using biologically relevant compounds and phos-
pholipids, the occurrence of such a transformation was mod-
eled under biomimetic conditions. The subject was of interest
to other research groups, and all work done in this area


showed that thiyl radicals are efficient and effective isomeriz-
ing agents.[67] A recent review summarizes the subject of the
thiyl radical production in biosystems and the effects on lipid
metabolism.[68]


With inspiration taken from the lipid peroxidation process
extensively studied in liposomes,[69] unsaturated lipid vesicles
were envisaged as a good biomimetic model for the double-
bond isomerization. Indeed, early reports on the use of gluta-
thione, or other thiol compounds, as an effective protective
agent against radiation-induced lipid peroxidation did not
mention the stability of the double-bond geometry.[70] General-
ly speaking, thiol compounds are still regarded as radioprotec-
tive agents against the various types of damage on lipids,
DNA, and proteins,[71] despite the reported activation of PUFA
peroxidation, which forwarded the hypothesis that thiols can
be a double-edged sword in the biological environment.[72] An
overview of the main features of the isomerization reaction
studied in the biomimetic models is given below, that is, the
role of diffusible thiyl radicals combined with the reactivity of
arachidonate residues and also the radical degradation of
sulfur-containing proteins, which results in a tandem protein–
lipid damage. Finally, the first evidence of formation of trans
lipids in models will be described, as monitored during normal
cell metabolism in the absence of a trans fat dietary source.


4.1. Diffusible thiyl radicals and isomerization of arachido-
nate residues in model membranes


Liposomes such as multilamellar (MLV) and small or large unila-
mellar (SUV or LUV) vesicles are widely accepted as models of
membrane lipid assembly. After an initial use of MLV vesicles,
the choice was oriented toward large unilamellar vesicles ob-
tained by an extrusion technique (LUVET),[73] because of their
close relationship with cell membranes due to the presence of
a single bilayer. They can be prepared with a quite uniform di-
ameter depending on the polycarbonate filter size used for the
extrusion. Vesicles of 100 nm diameter form an almost trans-
parent suspension, which is also suitable for studies under
photolytic conditions.


The aqueous and lipid phases are the two distinct compart-
ments of this nonhomogeneous system. There are several fea-
tures to be taken into account for examining the reactivity of
this system towards free radicals: 1) the characteristic supra-
molecular arrangement of the lipid assembly, with the fatty
acid chains of phospholipid molecules that form the hydro-
phobic core of the model membrane, and the polar heads that
face the aqueous internal and external phases, 2) the partition
coefficient of compounds added into the system, which influ-
ences the distribution of the reactive species in the two com-
partments, and 3) particularly, the location of the initiation
step, that is, where the formation of an initial radical species,
able to abstract the hydrogen atom from the thiol group,
occurs.


As far as the lipid organization is concerned, there is a pre-
cise arrangement of the hydrophobic core, which can influence
the position of the double bonds in the layer and the reactivity
of the different fatty acids to radical attack. This was found to
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be the case in the double-bond isomerization, studied with an
amphiphilic thiol, 2-mercaptoethanol, that is, a compound able
to diffuse without restriction from the aqueous phase to the
lipid bilayer and vice versa. A regioselective process resulted
where the double bonds were not involved to the same extent
in the radical isomerization. In particular, by using vesicles
made of egg yolk lecithin it was possible to demonstrate that
the double bonds located closest to the membrane polar
region are the most reactive towards the attack of diffusing
thiyl radicals.[55,74] In the case of linoleic acid residues in vesi-
cles, the double bond in position 9 was more reactive than
that in position 12. Also, arachidonic acid residues in vesicles
were more reactive than oleic and linoleic acids, and two posi-
tions, the double bonds at positions 5 and 8, were transformed
preferentially over the others present in this compound. The
scenario could be different for other long-chain PUFAs depend-
ing on their supramolecular arrangement, and isomerization
by diffusible thiyl radicals could act in this context as a report-
er, indirectly informing on the double-bond disposition in the
bilayer. From the studies carried out so far, arachidonic acid
residues in membrane phospholipids emerge as very impor-
tant elements to be investigated, in order to distinguish en-
dogenous trans isomers, formed by radical processes, from the
exogenous trans isomers, derived from dietary contribution. In
particular, investigation could focus on erythrocyte membrane
phospholipids, which are the preferential storage for arachi-
donic acid after biosynthesis. As shown in a previous section,
nutritional investigations indicated that trans fatty acids are in-
corporated in cell membranes, because the trans dietary pre-
cursor is processed in vivo. In the case of arachidonic acid, as
shown in the biosynthetic pathways of Scheme 2, two double
bonds (positions 11 and 14) originate from linoleic acid, the
precursor taken from the diet, whereas the other two double
bonds (positions 5 and 8) are formed by desaturase enzymes,
which selectively produce the cis unsaturation. It is evident
that the double bonds at positions 5 and 8 of arachidonic acid,
stored in membrane phospholipids, can only have a cis config-
uration, unless these positions are involved in an isomerization
process by diffusible thiyl radicals and transformed into trans
isomers.[62]


A careful identification of membrane lipids containing arach-
idonic residues may be important for functional lipidomics, in
order to achieve a clear understanding of the contribution
from endogenous or exogenous processes. Moreover, if one
considers the close relationship established between free radi-
cal processes and human pathologies and aging,[75] the func-
tional lipidomic approach involving arachidonate geometrical
isomers could provide additional useful information on the
role of radical stress conditions in health and diseases.


4.2. trans Lipids as markers of protein damage


The partition coefficient of sulfur-containing compounds used
in the vesicle model and the compartment where the radical
initiation step occurs have a role in the isomerization outcome.
Hydrophilic, lipophilic, and amphiphilic compounds have differ-
ent behaviors, and the combination between the thiol and the


radical initiator can be a crucial step. In biomimetic models, a
variety of biologically relevant sulfur-containing compounds,
such as cysteine, glutathione, methionine, and lipoic and dihy-
drolipoic acids, were examined under different radical-initiating
conditions.[47,55] A radical initiation exclusively occurring in the
aqueous compartment was obtained by two methodologies:
1) thermal decomposition of a hydrophilic azo compound,[47b,55]


which can also have biological significance, simulating the
“repair” hydrogen-donation reaction of thiols, such as cysteine
and glutathione, towards carbon-centered radicals;[76] 2) g irra-
diation of aqueous systems, which gives water primary radicals
and solvated electrons as the initiating species [Eq. (2)] and has
been widely used for studying damage to biomolecules, with
the possibility of selection of the reacting radical species under
appropriate conditions.[77]


H2O
g!eaq


�þHOCþHC ð2Þ


By examining different combinations of thiols and initiators, it
was established that hydrophilic compounds, such as cysteine
or methionine, combined with a hydrophilic initiator, did not
give any isomerization of the lipid bilayer. This behavior was
easily explained by the fact that hydrophilic thiols are not able
to enter the lipid bilayer, so their corresponding thiyl radicals
cannot reach the lipid double bonds.[47b] On the other hand,
when initiation was obtained from primary water radicals gen-
erated under appropriate g-radiolysis conditions [Eq. (2)] , lipid
isomerization occurred. This highlighted the different operat-
ing mechanisms that can take place to form thiyl radicals from
water-soluble sulfur-containing compounds, and it was of rele-
vance in the case of sulfur-containing proteins, particularly me-
thionine-containing proteins.


Indeed, in the early sixties, radical damage caused by hydro-
gen atoms, HC, to the ribonuclease A protein (RNase A) from
bovine pancreas was studied in detail.[79] The mechanism of
the degradation is shown in Scheme 7 for the thioether func-
tion and starts from the preferential attack of HC atoms on the
sulfur moieties, thus forming an intermediate sulfuranyl radical
species. This species can give a b fragmentation of the C�S
bond with the release of the low-molecular-weight thiol
moiety.


The relevance of this degradation path with the formation
of low-molecular-weight thiol compounds lay dormant, until
the hypothesis of tandem radical damage, which involves pro-
tein and lipid domains, was advanced.[80] Indeed, tandem
damage is much more harmful than single damage in a biolog-
ical environment, since it can involve more sites or molecules
at the same time, with serious risk of impairment of the cell’s
defence or repair systems. Moreover, the possibility that two


Scheme 7. Formation of sulfuranyl radical species by attack of HC atoms on
the thioether functionality of a methionine residue, followed by b fragmen-
tation with release of a low-molecular-weight thiol compound.
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apparently distinct compartments, that is, the aqueous and the
lipid phases, could be involved at the same time, has been
tested a few times, for example, by isolation of coupling prod-
ucts between the lipid peroxidation derivative 4-hydroxynon-
enale and protein or amino acid residues[81a,b] or nucleic acid
components.[81c]


A biomimetic model composed of a cis-unsaturated lipid
vesicle (DOPC) and a sulfur-containing protein, such as bovine
RNase, was designed for the detection of damage mediated by
thiyl radicals.[80] The protein was at mM concentration levels and
the lipid concentration was at mM levels. The system under-
went g irradiation, which induces the release of a low-molecu-
lar-weight thiol from the methionine residues, as previously
described (Scheme 7). Under radical conditions, the reactive
and highly diffusible thiyl radical species CH3SC could be
formed from the thiol ; this radical species rapidly diffused in
the lipid bilayer, thereby causing isomerization of the double
bonds. Indeed, the formation of trans residues in the vesicles
has proven to be a very sensitive tool for detecting protein
damage, even at nanomolar levels, that is not easily detectable
with other techniques. The design of such models for several
sulfur-containing proteins and the use of different lipid/protein
ratios will allow the tandem radical damage to be fully evaluat-
ed, including in the presence of other components acting as
competitors or inhibitors at various stages of the process.


The conclusive picture emerging from the chemical studies
under biomimetic conditions is that thiyl radicals are efficient
catalysts for cis–trans isomerization of lipids in bilayers, and
this process cannot be ignored when considering radical
damage to biological components. Instead, it can represent a
sensitive tool for detecting radical stress occurring in the cell
compartments at a very early stage.


4.3. In vitro models: the groundwork of lipid isomerization
in living systems


The results obtained from chemical and biomimetic studies
suggest the extension of the investigation to biological sys-
tems, in order to prove the “endogenous” trans lipid formation
under strictly physiological conditions. It is important to deal
with “trans-free” conditions, which means that the presence of
any external source of trans fatty acid isomers is carefully
checked. The cell-membrane lipid composition of human leu-
kemia cell lines (THP-1) was monitored during incubation in
the absence and presence of thiol compounds, thereby ensur-
ing that no contribution of trans compounds could come from
the medium.[82] The experiments were based on the hypothesis
that the normal cell metabolism includes several radical-based
processes.[68] Therefore, the intracellular level of sulfur-contain-
ing compounds could have produced a certain amount of thiyl
radicals and, consequently, caused lipid isomerization. In paral-
lel experiments, some thiol compounds were added in mM


levels to the cell cultures during incubation, and a comparison
of isomeric trends was done. A basic content of trans lipids in
THP-1 cell membranes was found during their growth before
thiol addition, and the content was increased up to 5.6% of
the main fatty acid residues by addition of amphiphilic 2-mer-


captoethanol. Even greater trans-lipid formation was obtained
by radical stress artificially produced in the cell cultures with
thiol added; for example, a 15.5% trans content in membrane
phospholipids was reached by g irradiation. The fatty acid resi-
dues most involved in this transformation were arachidonate
moieties, and this result confirmed that these are the most im-
portant residues to be monitored in cells.


The trans arachidonate content determined in THP-1 mem-
brane phospholipids provides the first indication of the occur-
rence of an endogenous isomerization processes, not to be
confused with a dietary contribution, as previously explained.
This opens new perspectives for the role of trans lipids in the
lipidome of eukaryotic cells.


5. Perspectives and Future Research


The work done so far on trans lipids provides the framework
for development in several directions, as indicated from time
to time in this review. Analytical improvements for detection
of cis and trans PUFA isomers are certainly needed, as well as
for facilitating the characterization of these isomers in biologi-
cal samples. Besides the total trans content, which can be de-
termined by infrared spectroscopy with a very easy method,[83]


there are no satisfactory analyses by gas chromatography or
HPLC for PUFA isomers with chains of more than 18 carbon
atoms. In fact, we have approached the separation and identi-
fication of arachidonic acid isomers, but further work is
needed to achieve the goal of characterizing a complete trans
PUFA library. Also, the development of computational lipido-
mics, which can facilitate the analyses of biological samples
and the construction of a large database of geometric isomer-
ism, would be of great help for understanding implications of
trans lipids in human health and diseases.


Geometrical trans lipid isomers are a new target for lipido-
mic research. This survey has outlined the fields to be devel-
oped with an inter- and multidisciplinary approach, spanning
from chemistry, biochemistry, biology, and medicine to engi-
neering and computer science, with the ultimate goal of un-
derstanding the role of geometrical cis/trans lipid conversions
in cell structures and signaling activities.
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The RAD6 Pathway: Control of DNA Damage
Bypass and Mutagenesis by Ubiquitin and
SUMO
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1. Introduction


Our genetic material is constantly exposed to a variety of
exogenous as well as endogenous agents that cause DNA le-
sions of different types. As a consequence, cells have devel-
oped a repertoire of repair systems for the maintenance of
DNA that can deal with a wide spectrum of lesions and are
highly conserved throughout evolution.[1,2] Most repair mecha-
nisms rely on the excision and subsequent resynthesis of the
damaged stretch of DNA. Within double-stranded (ds) DNA,
the information encoded by the complementary strand is used
to correctly restore the original sequence information (Fig-
ure 1A). In contrast, excision repair systems cannot operate on
single-stranded (ss) DNA regions as they arise during the dupli-
cation of the genome, due to the lack of an instructive tem-
plate for resynthesis. If left unrepaired, lesions in ssDNA can
act as “road blocks” for the machinery involved in the duplica-
tion of the genome, because the active sites of replicative DNA
polymerases do not accommodate distorted DNA as a tem-
plate (Figure 1B).[3] In the absence of a system to resolve a


stalled replication fork, the resulting cell-cycle arrest would ulti-
mately lead to cell death. For this reason, DNA-damage-toler-
ance mechanisms, which allow the bypass of lesions and the
completion of replication without the actual removal of the
damage, are essential for the survival of a cell in the presence
of genotoxic agents, and they are common to all organisms.[4,5]


Although clearly beneficial in terms of cell survival, their
action is not always entirely desirable in higher organisms, be-
cause the damage-bypass process itself can cause unwanted
changes in the genetic information. Genetic instability is a hall-
mark of cancer and can often be linked to mutations in genes
encoding essential regulators of cellular signal transduction
pathways, whose inactivation or alteration can lead to uncon-
trolled cell growth and division. Thus, completion of DNA repli-
cation by any means at the expense of accuracy might do
more harm than good in a multicellular organism. For eukary-
otic cells, it is therefore of crucial importance to keep damage-
tolerance mechanisms under tight control and prevent their
unrestrained activity in situations in which they are not
needed.[6,7]


Control over the activity of eukaryotic DNA-damage-toler-
ance pathways is exerted by two systems of protein modifica-
tion unique to eukaryotes: the ubiquitin and the SUMO conju-
gation systems.[8,9] Ubiquitin and SUMO are small, highly con-
served proteins that can be covalently attached to various cel-
lular proteins in a post-translational manner, thereby affecting
the stability, localization or activity of the modified targets. In
this review, I will summarize our current knowledge about the
mechanisms by which ubiquitin and SUMO affect the bypass
of DNA lesions. The discussion will focus on baker’s yeast, as
most of the principles were uncovered in this model organism,
but parallels in the mammalian system will be pointed out
where appropriate. Finally, possible approaches for interven-
tion with this regulatory system and its consequences for
cancer therapy will be mentioned.


Figure 1. Consequences of DNA damage. A) If a DNA lesion (*) occurs in a
stretch of double-stranded DNA, it can be removed by an excision repair
system, which relies on the removal of the damaged region and its resyn-
thesis based on the coding information of the undamaged complementary
strand (grey arrow). B) If the lesion occurs in a stretch of single-stranded
DNA or is not removed prior to the onset of DNA replication, it may cause
a stalling of the replication fork due to the inability of the replicative DNA
polymerases to use damaged DNA as a template.
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2. Mechanisms of DNA-damage tolerance


Damage-bypass mechanisms, which can be found in every or-
ganism, allow the completion of DNA replication in the pres-
ence of lesions. As they are designed to allow replication forks
to pass over sites of damage, they do not actually remove the
lesion. Although, in effect, they contribute to the resistance of
the cell to genotoxic agents, they should therefore not be clas-
sified as genuine repair systems. Importantly, these bypass sys-
tems differ markedly in the accuracy with which they fill the
position opposite a lesion.


Translesion synthesis is mediated by specialized DNA
polymerases with reduced fidelity


The simplest way to continue DNA replication in the presence
of a lesion on the template strand is to polymerize across the
site of damage (Figure 2A). Naturally, this strategy, which is
called translesion synthesis (TLS), poses several problems for
the cell. Replicative DNA polymerases are highly efficient en-
zymes whose catalytic centers are streamlined to fit an unper-
turbed template and primer terminus.[10] Any unphysiological
change, be it a bulky adduct, a backbone distortion or a small
modification that reduces the coding capacity of the affected
base, will therefore present an obstacle to the processive activ-
ity of the replicative enzyme, causing polymerization to stall.
Similarly, abasic sites, which frequently arise by spontaneous
hydrolysis, do not serve as templates for replicative DNA poly-
merases. Thus, most organisms harbor specialized polymerases
with more relaxed catalytic centers, which can insert nucleo-


tides opposite a variety of abnormal structures.[11] If the repli-
cative polymerase is transiently exchanged for one of the
damage-tolerant enzymes, the lesion can thus be overcome
and processive replication can resume. Due to their relaxed
active sites, however, damage-tolerant polymerases generally
operate with reduced fidelity, in particular if the coding infor-
mation is obscured by the lesion. Moreover, they are less dis-
criminatory even on undamaged templates. Thus, TLS is gener-
ally deemed an error-prone process, and in fact most of the
mutations induced by genotoxic agents are believed to result
not from the damage per se, but rather from its mutagenic
processing by damage-tolerant polymerases.[12] The danger of
inducing mutations during TLS might be minimized by em-
ploying a large number of polymerases specialized for different
types of lesions, but allowing them to incorporate only a few
nucleotides before the replicative enzyme takes over again. In
fact, most of the polymerases involved in TLS exhibit very low
processivity. Nevertheless, keeping a tight control over their ac-
tivities appears to be essential to prevent them from unsched-
uled incorporation of nucleotides on undamaged templates.[13]


Properties of damage-tolerant polymerases


The importance of translesion synthesis is underscored by the
diversity of damage-tolerant DNA polymerases encoded by
eukaryotic genomes, which have been the subject of many
reviews.[4,10,11, 14] Most of them belong to a distinct class of
enzymes that has been called the Y family.[15] In general, the
members of this class of polymerases exhibit low fidelity and
low processivity even on undamaged templates. In addition,
they are usually quite selective with respect to the types of le-
sions that can be accommodated in their active sites, and they
process different lesions with varying accuracies. An exception
among the Y family polymerases is the Rev1p protein in yeast
and mammals, which in fact does not exhibit polymerase activ-
ity at all, but is limited to the insertion of a single nucleotide
(dC) opposite a lesion such as an abasic site.[16] Polymerase
(Pol) z, on the other hand, is a member of the B family of poly-
merases and thus more closely related to replicative enzymes.
In contrast to most translesion polymerases, it exhibits high
processivity and accuracy on undamaged template, and rather
than inserting nucleotides opposite a damaged site, it prefers
to extend mismatched primer termini.[16] This activity provides
the basis for a cooperation between Polz and other translesion
polymerases that leads to the incorporation of damage-in-
duced mutations. The recruitment of most damage-tolerant
polymerases to replication forks is mediated by proliferating
cell nuclear antigen (PCNA), the sliding clamp for replicative
polymerases. PCNA forms a homotrimer that encircles DNA as
a ring[17] and functions as a processivity factor for polymerases
d and e.[18] In addition, PCNA serves as a binding platform for a
multitude of other factors involved in different DNA-repair
pathways, chromatin assembly, and cell-cycle regulation; this
suggests that the clamp acts as a central signal integrator for
the coordination of replication, repair, and postreplicational
chromatin assembly at the replication fork. Most damage-toler-
ant polymerases interact directly with PCNA through con-


Figure 2. Mechanisms of DNA-damage tolerance. A) In a process called
translesion synthesis (TLS), specialized, damage-tolerant polymerases are
employed to synthesize across the lesion (grey arrow). As most of these
polymerases operate with reduced fidelity due to their relaxed active sites,
the process is often mutagenic. B) Error-free damage avoidance (DA) relies
on the genetic information encoded by the undamaged, newly synthesized
sister chromatid. It probably involves a strand switching of the stalled repli-
cation machinery and may be associated with a temporary regression of the
replication fork (grey arrow). Whether the “chicken-foot” structure depicted
here is physiologically relevant, remains to be determined.
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served sequence motifs common to many PCNA-binding pro-
teins.[19] Accordingly, PCNA is generally required for their activi-
ty in vivo and in vitro. However, in contrast to its effect on rep-
licative enzymes, PCNA rarely appears to stimulate the proces-
sivity of bypass polymerases. It has been hypothesized that
the PCNA interaction motif might serve as a tether that allows
a loose association of damage-tolerant enzymes with the repli-
cation fork even in the absence of damage; this would facili-
tate the rapid exchange of polymerases when needed.[12] A fur-
ther contribution to recruitment might come from Rev1p,
which in mammals has been demonstrated to interact compet-
itively with many other translesion polymerases.[20] However,
the mechanism by which a polymerase switch from the repli-
cative to a damage-tolerant enzyme and back is accomplished
is not fully understood yet.


Damage avoidance mechanisms operate in an error-free
manner


An alternative strategy of damage bypass, which avoids the
use of the damaged region as a template for DNA synthesis al-
together, takes advantage of the genetic information encoded
by the undamaged, newly synthesized sister chromatid to re-
store the sequence opposite the lesion in an error-free
manner.[5,21] Although the mechanistic details of this damage-
avoidance (DA) pathway are not yet understood in eukaryotes,
it is believed to involve a temporary reversal of the replication
fork, which would allow a pairing of the two newly synthesized
strands in a so-called “chicken-foot” structure (Figure 2B). In
this situation, the stalled primer terminus could be elongated
based on the new template strand, and resolution of the struc-
ture would result in the bypass of the damaged site. A prereq-
uisite for the strand-switching model is the continuation of
replication on one strand upon a stalling on the other strand
in order to provide the template for reorientation of the
primer. Evidence for this “overshoot” synthesis has indeed
been found in mammalian systems.[22]


DNA damage tolerance is controlled by the RAD6 pathway


The significance of damage-tolerance mechanisms for the sur-
vival of a cell was recognized several decades ago in genetic
experiments on collections of yeast mutants sensitive towards
ultraviolet irradiation.[23] Three independent groups of DNA
repair genes were identified, and each was named after a
prominent member:[2] the RAD3 group, responsible for nucleo-
tide excision repair ; the RAD52 group, whose members are in-
volved in the repair of double-strand breaks (DSBs) through
homologous recombination, and the RAD6 group, whose mu-
tants showed varying sensitivities towards a variety of geno-
toxic agents and rather heterogeneous phenotypes. It soon
became clear that the RAD6 group of genes is responsible for
controlling DNA damage tolerance.[24] One class of mutants
was found to contribute little to the overall resistance to
damage, but to be unable to accumulate mutations upon
treatment with DNA-damaging agents; this is consistent with a
defect in error-prone TLS. The other class exhibited defects in
a recovery system called postreplication repair, which is impor-
tant for survival, but has no effect on damage-induced muta-
genesis and is therefore deemed error-free. This activity is de-
tected by the cell’s ability to convert low-molecular-weight
DNA synthesized on damaged templates to the high-molecu-
lar-weight form that is normally produced in the absence of
damage, and it most likely reflects the action of the error-free
damage-avoidance system. Interestingly, some of the members
of the RAD6 group, including the RAD6 gene itself, are required
for both of the activities described above; this suggests that
the RAD6 pathway might act as a control system that regulates
the balance between error-prone TLS and error-free damage
avoidance.


Genetic relationships between the members of the RAD6
pathway have been studied extensively in yeast, but insight
into the mechanistic aspects of damage bypass has come
more recently from a characterization of their enzymatic activi-
ties and physical interactions (Figure 3). According to their en-


Figure 3. The RAD6 pathway of DNA-damage tolerance in S. cerevisiae. A) Genetic relationships between the members of the RAD6 pathway, as determined
from the sensitivities of the respective mutants towards DNA-damaging agents, are indicated by arrows. Two pathways of translesion synthesis (TLS), mediat-
ed by different damage-tolerant DNA polymerases, act independently of the error-free damage-avoidance (DA) system. B) The components of the RAD6 path-
way form DNA-associated complexes based on mutual interactions between the RING finger proteins Rad18p and Rad5p. Ubc13p and Mms2p are mostly cy-
toplasmic proteins in undamaged cells, but partially relocalize to the nucleus upon treatment with DNA-damaging agents. While Rad6p is chromatin-associat-
ed by means of its interaction with Rad18p, Ubc13p and Mms2p are recruited to DNA through the interaction between Ubc13p and Rad5p (adapted from
ref. [48]).
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zymatic functions, most of them fall into one of two classes:
ubiquitin conjugation factors and damage-tolerant poly-
merases (Table 1). While the action of the polymerases is re-
stricted to the TLS pathway, many of the ubiquitin conjugation
factors contribute to both the mutagenic and the error-free
bypass systems.


3. Protein Modification by Ubiquitin and
SUMO


Multiubiquitination induces degradation by the 26S
proteasome


Ubiquitin is a highly conserved protein of 76 amino acids that
is common to eukaryotes and best known for its function in
the targeting of short-lived proteins for regulated degradation
by the 26S proteasome, a large intracellular protease.[8] Poten-
tial substrates are marked for destruction by the attachment of
a multimeric chain of ubiquitin molecules in an intricate conju-
gation reaction that usually requires a cascade of at least three
different enzymes (Figure 4A). In an initial ATP-dependent step
involving a conserved cysteine in the enzyme’s catalytic center,
ubiquitin-activating enzyme (E1) undergoes a thioester linkage
with the C terminus of ubiquitin. The ubiquitin thioester is
then transferred to the active-site cysteine of a ubiquitin-conju-
gating enzyme (E2), which attaches the ubiquitin moiety to an
internal lysine residue of the substrate protein through an iso-
peptide bond. This reaction is usually aided by a ubiquitin pro-
tein ligase (E3). While E3s of the HECT family participate in the
thioester cascade, RING finger E3s mediate the contact be-
tween the E2 and the substrate without being directly in-


volved in the transfer reaction. Repeated conjugation
of ubiquitin, generally to lysine 48 of the previous
ubiquitin moiety,[25] results in the formation of multiu-
biquitin chains that serve as a recognition signal for
the 26S proteasome. Selectivity of the reaction is
mediated cooperatively by E2 in conjunction with an
appropriate E3. The combinatorial nature of the con-
jugation system given by the existence of multiple
E2s and a variety of E3s with differing substrate pref-
erences ensures the discrimination between numer-
ous substrates targeted for modification under differ-
ent conditions.[26]


Unconventional functions of the ubiquitin system


In contrast to multiubiquitination, attachment of a
single ubiquitin moiety conveys distinct, proteasome-
independent signals. For example, monoubiquitina-
tion of plasma membrane proteins triggers their se-
lective uptake by endocytosis and subsequent degra-
dation in the lysosome or vacuole. Similarly, intracel-
lular vesicle transport appears to be influenced by
the monoubiquitination of a number of membrane-
associated proteins.[27] Another prominent function of
monoubiquitin is the regulation of chromatin struc-
ture and transcriptional activity by the modification


of histones, which has been analyzed in detail in yeast, but ap-
pears to have similar effects in higher eukaryotes.[28] Finally, the
recent identification of the repair-associated Fanconi anaemia
protein FANCD2 as a target for monoubiquitination has given
evidence for a function of this modification in the DNA
damage response in higher organisms.[29]


Not only monoubiquitination, but also multiubiquitin chains
can convey signals unrelated to proteasomal degradation.
Ubiquitin itself comprises seven lysine residues, and each of
them can serve as an attachment site for further ubiquitin moi-
eties. Although the existence of branched chains is still a
matter of debate, it is evident that ubiquitin chains linked uni-
formly through one particular lysine will adopt distinct confor-
mations depending on their topology.[30] Accordingly, they are
recognized by the 26S proteasome with varying affinities, and
distinct biological functions have been associated with a
number of different linkages. While the canonical linkage
through K48 usually triggers proteasomal degradation of the
modified target, multiubiquitin chains linked uniformly
through K63 have been implicated in the inflammatory re-
sponse,[31] in endocytosis,[32] in ribosome biogenesis[33] and in
DNA damage tolerance.[34] Other, less well characterized linkag-
es have also been observed in vivo, albeit with lower abun-
dance.[30]


Functions of the SUMO conjugation system


In addition to ubiquitin, several ubiquitin-like modifiers have
been identified in eukaryotes, each associated with its own
specific conjugation system and unique set of targets. Judging
by the number of substrate proteins, the small ubiquitin-relat-


Table 1. Members of the RAD6 pathway in S. cerevisiae.


Gene Biochemical activity of the protein Biological process


RAD6 ubiquitin-conjugating enzyme (E2) translesion synthesis,
damage-induced mutagenesis,
error-free damage avoidance


UBC13 ubiquitin-conjugating enzyme (E2) error-free damage avoidance
MMS2 UEV (ubiquitin-conjugating error-free damage avoidance


enzyme variant)
RAD18 ubiquitin protein ligase (E3) translesion synthesis,


damage-induced mutagenesis,
error-free damage avoidance


RAD5 ubiquitin protein ligase (E3) error-free damage avoidance
RAD30 damage-tolerant DNA polymerase h translesion synthesis,
REV1 dC-Transferase translesion synthesis,


damage-induced mutagenesis
spontaneous mutagenesis


REV3 damage-tolerant DNA polymerase translesion synthesis,
z subunit damage-induced mutagenesis,


spontaneous mutagenesis
REV7 damage-tolerant DNA polymerase translesion synthesis,


z subunit damage-induced mutagenesis,
spontaneous mutagenesis


POL30 polymerase processivity clamp (PCNA) processive DNA synthesis
SRS2 DNA helicase facilitation of damage tolerance,


inhibition of recombination
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ed modifier SUMO, which in higher eukaryotes comes in three
distinct isoforms, appears to be used in the most versatile
manner (Figure 4B), but the consequences of SUMO attach-
ment for the modified target are generally less well under-
stood than those of ubiquitination.[35] Sumoylation has been
shown to affect the localization of its targets, their shuttling
between nucleus and cytoplasm, their protein–protein interac-
tions, and their enzymatic properties. In this manner, the
SUMO system exerts a regulatory influence on several signal
transduction pathways and transcription factors, and an impor-
tant, albeit poorly defined role is attributed to SUMO in the
maintenance of chromosome stability and genome integrity.[36]


There are a few examples of proteins that can be modified by
ubiquitin or SUMO, and in at least one instance, the two modi-
fications, targeted to the same lysine residue, were shown to
play antagonistic roles.[37] It remains to be seen how general
this crosstalk between ubiquitin and SUMO is.


4. Ubiquitin and SUMO as Regulators of DNA
Damage Tolerance


The RAD6 pathway comprises ubiquitin-conjugating factors


A connection between DNA damage tolerance and the ubiqui-
tin system was first established when the RAD6 gene from Sac-
charomyces cerevisiae, the principal mediator of both TLS and
error-free damage avoidance, was discovered to encode a
ubiquitin-conjugating enzyme whose catalytic activity as an E2
is required for its function in DNA damage tolerance.[38] Yeast
rad6 mutants are highly sensitive towards any type of DNA-
damaging agents, defective in damage-induced mutagenesis,


and display elevated rates of spontaneous mutagenesis and
recombination.[39,40] In addition, Rad6p affects several other as-
pects of metabolism unrelated to damage bypass, including
the ubiquitination of histone H2B, but also the targeting of
several short-lived cellular proteins to the 26S proteasome by
multiubiquitination.[41] Two homologues of RAD6 have been
identified in the human genome, the X-linked HHR6A and the
autosomal HHR6B, which encode two highly similar proteins
with an overall homology of 70% to the yeast E2 and can
rescue the DNA-damage sensitivity of yeast rad6 mutants.[42]


Surprisingly, genetic analysis of ubiquitin mutants in yeast
suggested an involvement of multiubiquitin chains of a non-
standard topology, linked through K63, in RAD6-dependent
damage tolerance.[34] The E2 responsible for their synthesis was
identified as a heterodimer consisting of Ubc13p, a classical
ubiquitin-conjugating enzyme with high homology to other E2
enzymes, and Mms2p, an E2-related protein (dubbed UEV, for
Ubiquitin-conjugating Enzyme Variant), whose sequence re-
sembles that of genuine E2s but lacks the conserved active-
site cysteine characteristic of catalytically active E2s.[43] The abil-
ity of Ubc13p and Mms2p to synthesize multiubiquitin chains
correlates with their activity in DNA damage tolerance, and, in
fact, the MMS2 gene had previously been isolated as a
member of the RAD6 pathway based on the complementation
of a mutant sensitive to the alkylating agent methyl methane
sulfonate (MMS).[44] Like rad6, ubc13 and mms2 mutants exhibit
elevated spontaneous mutation rates, but their sensitivity to
UV- or chemically induced DNA damage is only moderate and
they show no defect in damage-induced mutagenesis. These
observations have placed UBC13 and MMS2 in the error-free


Figure 4. The ubiquitin (A) and SUMO (B) conjugation systems. A) Ubiquitin is depicted as a black circle. Its extended carboxy-terminal glycine residue serves
for activation and conjugation through a thioester cascade (represented by an S on the E1, E2 and HECT E3 enzymes). Mono- and multiubiquitination result
in distinct consequences for the modified target protein. B) SUMO, represented by a white symbol with the letter “S”, is activated and conjugated through its
carboxy-terminal glycine, like ubiquitin. Its activating enzyme is a heterodimer. In contrast to ubiquitin, SUMO is usually attached to its target proteins as a
monomer.
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damage-avoidance pathway. Homologues with conserved en-
zymatic function have been identified in mammals.[43,45]


In addition to the E2s described above, two genes encoding
RING finger proteins are members of the yeast RAD6 pathway;
this suggests that they function as E3s in cooperation with
Rad6p and Ubc13p/Mms2p. Rad18p, a protein with ssDNA-
binding activity, exists in a stable complex with Rad6p, and the
phenotype of a rad18 deletion
resembles that of rad6 mutants,
although it appears restricted to
aspects related to DNA-damage
tolerance.[40,46] Homologues of
RAD18 have been identified in
higher eukaryotes, and deletion
of the gene leads to DNA-
damage hypersensitivity and in-
creased levels of recombination
and sister-chromatid ex-
change.[47] Thus, Rad18p exhibits
all the features suggestive of an
E3 enzyme that targets its cog-
nate E2 Rad6p to DNA and is re-
sponsible for mediating damage
bypass by TLS as well as error-
free damage avoidance. The role
of the second RING finger pro-
tein, yeast Rad5p, within the
RAD6 group is somewhat more
ambiguous. Although, based on
its relationship to the other
members of the RAD6 pathway,
RAD5 is now generally viewed as a component of the error-
free DA system,[48] additional activities, including a role in TLS
and mutagenesis, are likely to emerge.[49] RAD5 encodes a pro-
tein of 134 kDa whose RING domain is embedded in a heli-
case-like domain that place Rad5p into the SNF2/SWI2 family
of DNA and RNA helicases as well as chromatin-remodeling
factors.[50] Accordingly, the purified protein was found to exhib-
it DNA-binding and ssDNA-dependent ATPase activity.[51] Inter-
estingly, the function mediated by the protein’s ATPase activity
appears to be largely separable from its involvement in ubiqui-
tin conjugation (S. Chen and H. D. Ulrich, unpublished data).
Moreover, no convincing mammalian homologue of RAD5 has
been identified so far. Rad5p associates with Ubc13p by means
of its RING domain and recruits the Ubc13p/Mms2p hetero-
dimer to chromatin in response to DNA damage.[48] Both
Rad18p and Rad5p are capable of self-association, and in addi-
tion, a mutual interaction between Rad18p and Rad5p, which
most likely competes with homodimerization, yields the as-
sembly of two distinct E2–E3 pairs in a single chromatin-associ-
ated complex (Figure 3B).[48]


PCNA is a target for ubiquitination by the enzymes of the
RAD6 pathway


Insight into how the chromatin-associated complexes de-
scribed above regulate damage tolerance came from the iden-


tification of PCNA as a target for Rad6p-dependent ubiquitina-
tion.[52] Yeast PCNA, encoded by the POL30 gene, is modified at
a single, highly conserved lysine residue, K164, with a K63-
linked multiubiquitin chain in response to DNA damage.[52]


Modification requires the components of the error-free DA
pathway, Rad6p, Rad18p, Rad5p, Ubc13p, and Mms2p
(Figure 5). The conjugation reaction is a two-step process in


which Rad6p and Rad18p attach the first ubiquitin moiety,
which is then extended to a multimeric chain by Ubc13p,
Mms2p, and Rad5p, according to the unusual linkage specifici-
ty of the dimeric E2. In mammalian cells, monoubiquitination
appears to be the predominant modification,[53,54] although ge-
netic evidence[45] suggests that the failure to detect multiubi-
quitinated forms of PCNA to date may be due to detection
problems.


Yeast PCNA is subject to SUMO modification during S phase


In addition to ubiquitination, yeast PCNA is also subject to
modification by SUMO.[52] Independent of DNA damage, low
levels of the modified forms are found in replicating cells
during S phase, but not in G1, G2 and mitosis. In addition, ex-
tensive modification is observed when cells are treated with
lethal amounts of the alkylating agent MMS. SUMO conjuga-
tion to PCNA in vivo requires the SUMO-specific E2 Ubc9p and
the SUMO ligase Siz1p (Figure 5). PCNA is modified primarily at
K164, the same lysine that is also subject to ubiquitination. In
addition, modification is observed to a minor extent at K127,
which—unlike K164—is part of a consensus motif that was
found to serve as a SUMO-attachment site in several other pro-
teins, but is not conserved in the PCNA sequences of other
species. Interestingly, sumoylation of PCNA has so far only
been observed in S. cerevisiae, and it remains to be seen


Figure 5. Proliferating-cell nuclear antigen (PCNA) is a target of the RAD6 pathway. Following DNA damage, the
homotrimeric PCNA is modified by mono- and multiubiquitination, involving the E2–E3 pairs Rad6p–Rad18p and
Ubc13p/Mms2p–Rad5p. Ubiquitin is attached to lysine 164 of PCNA, and the ubiquitin moieties in the multi-
ubiquitin chain are linked via K63 of ubiquitin. Independent of DNA damage, yeast PCNA is modified by SUMO
during S phase at K164 and, to a lesser extent, at K127. This reaction involves the SUMO-specific E2 Ubc9p and
the SUMO ligase Siz1p (adapted from refs. [52] and [55]).
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whether this phenomenon is restricted to baker’s yeast or will
turn out to be more general.


Consequences of PCNA modifications


Genetic analysis has shown that multiubiquitination of PCNA is
the activity that mediates error-free damage avoidance in
yeast (Figure 6). Mutation of the acceptor lysine of PCNA to ar-
ginine, pol30(K164R), results in a hypersensitivity to DNA-dam-


aging agents that falls into the error-free branch of the RAD6
group.[52] A distinct function of the monoubiquitinated form
has been derived from the effect of PCNA modifications on
TLS. In yeast, the contributions of both TLS-specific poly-
merases, Polz and Polh, to damage tolerance are dependent
on the monoubiquitination of K164 of PCNA.[55] Furthermore,
damage-induced mutagenesis, which largely depends on the
activity of Polz, is completely abolished in the pol30(K164R)
mutant.[55] In the mammalian system, the function of mono-
ubiquitin in the activation of TLS was beautifully confirmed by
the observation that the modification directly enhances the af-
finity of Polh for the clamp, thus resulting in a physical recruit-
ment of the polymerase by monoubiquitinated PCNA.[53,54]


Even the mammalian E3 Rad18p, which is responsible for the
modification, appears to contribute to the recruitment of Polh
to stalled replication forks.[54] Further analysis will be necessary
to establish whether other eukaryotic translesion polymerases
are recruited in the same manner. Although Polz was recently
shown to cooperate directly with PCNA, it is possible that its
activation by ubiquitination of the clamp occurs by a more in-
direct mechanism.[56]


Although not all aspects of PCNA SUMO modification are
fully understood to date, one of its functions during S phase


became apparent upon analysis of spontaneous mutation
rates in strains deficient in ubiquitin or SUMO conjugation to
PCNA. Here—in contrast to damage-induced mutagenesis—
the requirement for monoubiquitination of PCNA was not ab-
solute, but could be substituted by SUMO modification; this
implies that both monoubiquitin and SUMO are capable of
stimulating Polz activity, with the difference that SUMO modifi-
cation cannot be induced by DNA damage and thus does not
contribute to induced mutagenesis.[55] Activation of Polz by su-


moylated PCNA during S phase
in the absence of exogenous
DNA damage might serve not
only for the bypass of spontane-
ous lesions, but also to over-
come replication fork blocks
caused by other refractory se-
quences such as secondary
structures or unedited terminal
mismatches.[16]


Communication between
ubiquitin and SUMO


Despite the apparent coopera-
tion between SUMO and ubiqui-
tin with respect to mutagenesis,
in some situations sumoylation
of PCNA appears to have a neg-
ative effect on the cell’s resist-
ance towards DNA damage. It
turns out that pol30(K164R) mu-
tants, which are no longer able
to ubiquitinate PCNA, are less
sensitive to DNA damage than


pol30(K127/164R) double mutants, which in addition have lost
the option of SUMO modification.[52] Moreover, deletion of the
SUMO-specific ligase gene SIZ1 alleviates the damage sensitivi-
ty of RAD6-pathway mutants.[55] Based on these observations, it
was postulated that sumoylation antagonizes the nonproteo-
lytic role of PCNA ubiquitination.[52] However, as the detrimen-
tal effect of SUMO is only visible in mutants defective in PCNA
ubiquitination, a simple competition for the acceptor lysine is
unlikely. Instead, the effect of abolishing PCNA sumoylation is
reminiscent of the phenotype of a mutant in the helicase gene
SRS2, a known suppressor of RAD6-pathway mutants that has
been proposed to facilitate damage tolerance by preventing
unscheduled recombination.[57] Indeed, physical interactions
between Srs2p and sumoylated PCNA result in a recruitment
of Srs2p and an inhibition of homologous recombination at
replication forks.[58] Thus, SUMO and ubiquitin appear to co-
operate rather than compete in this situation. Finally, crosstalk
has been observed even between the respective conjugation
systems, as the SUMO-specific E2 Ubc9p was found to phys-
ically interact with the ubiquitin-specific E3s Rad18p and
Rad5p;[52] however, the consequences of this association have
not been analyzed.


Figure 6. Consequences of PCNA modifications. The four different modification states of PCNA elicit distinct cellu-
lar responses. SUMO modification during S phase results in damage-independent mutagenic DNA synthesis in-
volving polymerase z. Unmodified PCNA acts as a processivity clamp for replicative DNA polymerases. Upon DNA
damage, monoubiquitinated PCNA activates the damage-tolerant polymerases z and h for translesion synthesis.
Multiubiquitinated PCNA is a prerequisite for the error-free damage-avoidance pathway. (Reproduced from
ref. [55] , with permission. Copyright, Nature Publishing Group, 2003, http://www.nature.com.)
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5. Summary and Outlook


The model shown in Figure 6 depicts PCNA as a molecular
switchboard that controls the mechanism of replication and
damage bypass by means of distinct modification states. While
multiubiquitination of PCNA elicits the error-free damage-
avoidance response that probably involves a regression of the
replication fork, monoubiquitination at the same lysine residue
in turn activates the bypass polymerases h and z for TLS and
damage-induced mutagenesis. Under nondamage conditions,
yeast Polz can also be activated for spontaneous mutagenesis
by sumoylation of PCNA. Many of the principles that empha-
size the diversity of ubiquitin and SUMO as intracellular signal-
ing molecules are realized in the system of PCNA modifica-
tions: three different modifications—monoubiquitin, nonstan-
dard K63-linked multiubiquitin chains and SUMO—trigger dis-
tinct cellular reactions when targeted to the same acceptor
lysine on PCNA. Intriguingly, both forms of ubiquitination
appear to convey unconventional, that is, proteasome-inde-
pendent signals. Finally, a communication between the ubiqui-
tin and the SUMO system is implicated not only by the identity
of the modified residue, but also by physical interactions of
the respective conjugation factors. In contrast to previous ex-
amples of crosstalk between the two modifiers, however, ubiq-
uitin and SUMO appear to act in a cooperative rather than an
antagonistic manner on PCNA.


While it is attractive to invoke PCNA modifications as a
means of triggering alternative responses to replication fork
stalling, several new questions arise from this scenario. On one
hand, upstream signals must exist that determine which of the
modifications is appropriate at what time, and these signals
should control the activities of the respective conjugation en-
zymes.[59] On the other hand, the different modifications are ex-
pected to elicit distinct cellular responses based on the recog-
nition of these modifications by downstream effectors.


Given its influence on the accuracy of lesion bypass in the
eukaryotic cell, the PCNA modification system appears to
occupy a key regulatory position in the maintenance of ge-
nomic integrity with important implications for the develop-
ment of strategies to combat cancer. To date most treatments
aim at the—more or less selective—killing of malignant cells
by radiation or cytotoxic chemicals. As both of these agents
target fast-growing cells due to their potential to interfere with
DNA replication, either by directly producing lesions or by in-
terfering with the enzymes involved in DNA metabolism, the
elimination of DNA-damage-tolerance mechanisms would of
course enhance the efficacy of traditional cancer treatments.[60]


Moreover, one of the biggest risks of cancer therapy is the de-
velopment of secondary tumours, caused by the mutagenic
action of the anticancer agents themselves. Suppression of the
damage-tolerant polymerases responsible for mutagenic lesion
bypass would certainly help to minimize these unwanted con-
sequences.[7] It is hoped that an understanding of the regulato-
ry mechanisms controlling DNA damage tolerance will allow
us to eventually develop appropriate strategies for their
controlled manipulation.
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Benzofuroindole Analogues as
Potent BKCa Channel Openers


Ahmet E. Gormemis, Tal Soo Ha, Isak Im,
Kwan-Young Jung, Ju Yeon Lee, Chul-Seung Park,*
and Yong-Chul Kim*[a]


Potassium channels belong to a ubiquitous and het-
erogeneous protein family, selectively permitting K+


ions to move across the cell membrane.[1] These
channels play an important role in adjusting cellular
excitability through maintaining the optimum set of
conditions for K+ ion concentration, which is related
to the membrane potential and membrane resist-
ance.[2–3] The different families of K+ channels are
classified by several influencing factors. Calcium-acti-
vated potassium channels belong to a family in
which channel opening is determined by a rise in the intracel-
lular calcium concentrations and regulated by transmembrane
voltage and phosphorylation states.[4] Calcium-activated potas-
sium channels are further divided into three major types,
which can be distinguished electropysiologically by their differ-
ent single-channel conductance. The BKCa or Maxi-K channel
has the particular function of large single-channel conductance
(100–250 pS), whereas the other two major types of calcium-
dependent potassium channels have small (2–25 pS; SKCa) and
intermediate conductance (25–100 pS; IKCa).


[4–5] Among these
three kinds of channel, BKCa channels are been particularly ap-
pealing as a therapeutic target because of the extensive K+


efflux and membrane hyperpolarization, which come from the
large single-channel conductance, and their expression in a
range of excitable and non-excitable cell types, including neu-
rons and muscles.[6–9] The roles of BKCa channels include shap-
ing action potentials, regulating neuronal excitability, and neu-
rotransmitter release in the nervous system.[10–11]


The therapeutic applications that target BKCa channels are
more evident in pathological conditions such as the potential
neurotoxic cascade introduced by excess Ca2+ entry, which
could be limited or interrupted by BKCa channel activators or
openers.[12–13] Thus, designing chemical openers of BKCa chan-
nels could be a strategy for the development of drugs to treat
neuronal damage resulting from traumatic and ischemic
events or neurodegenerative processes.[14] Moreover, the relax-
ation effects of smooth muscle by BKCa-channel openers could
be utilized to develop drugs to treat cardiovascular diseases in-


cluding hypertension,[15] airway smooth-muscle-related diseas-
es, such as asthma,[16] and erectile dysfnctions.[17]


Among the prototypical BKCa-channel openers BMS-204352
(1),[18] the quinolinone analogue 2,[17] and the substituted ben-
zofuroindole analogue 3 (Scheme 1),[19] compound 1 was re-
ported to shift the BKCa channel activation curve selectively
toward less-positive membrane potentials in a dose-dependent


manner. Clinical trials have been undertaken with compound 1
for acute ischemic stroke.[18a] Analogue 3 has been studied as a
BKCa-channel opener and showed a relatively high relaxation
effect on bladder smooth muscle and increasing outward cur-
rent in a voltage clamp experiment on isolated rat bladder
smooth-muscle cells.[19] However, no further studies on the
structure–activity relationships or biological properties at
cloned BKCa channels have been reported. In this paper, we
report an optimization of the pharmacophores in the benzo-
furoindole skeleton for BKCa-channel-opening activity by the
synthesis of a series of substituted benzofuroindole derivatives
and electrophysiological studies at cloned BKCa channels.


An idea of positioning appropriate functional groups in the
benzofuroindole skeleton was obtained from a comparison of
low-energy conformers of the potent BKCa-channel opener 1
and the benzofuroindole skeleton, as shown in the superim-
posed structures in Figure 1, after semiempirical calculations
by using the MOPAC2002 protocol.[20] Trifluoromethyl and
chloro groups were accordingly selected for substitution of the
benzofuroindole template at positions 7 and 4, respectively.
Also, the synthesis of other benzofuroindole series with differ-
ent functional groups at different positions was performed, as


Scheme 1. Structures of BKca-channel openers.


Figure 1. Superimposed structure of the benzofuroindole compound and
BMS 204352.
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briefly depicted in Scheme 2, to determine the structure–activi-
ty relationships. Salicylic esters obtained from Fisher esterifica-
tion of commercially available substituted salicylic acids were


alkylated with ethylbromoacetate, and subsequent double-
branch hydrolysis gave 5a–e. Cyclizations under reflux condi-
tion with acetic anhydride, sodium acetate and acetic acid, fol-
lowed by acidification to remove the acetate group from the
enol-acetate intermediate, gave benzofuranones, 6a–e. The
benzofuranones were coupled with various substituted phenyl-
hydrazines to afford the corresponding hydrazones, which
were subjected to a Fisher–indole reaction under reflux condi-
tion or a microwave reaction with an acid catalyst to convert
them into benzofuroindole derivatives 7–23 (Table 1). The
purity of each final compound was determined by elemental
analysis, and the analogues within 0.4% error range were sub-
jected to testing for BKCa-channel-opening activity.


The BKCa-channel-opening activities of compounds 7–23
were measured by the BKCa channel currents with an excised
outside-out voltage-clamp recording from Xenopus laevis oo-
cytes that expressed the cloned a subunit of rat BKCa channels,
rSlo.[21] The relative fold increases of BKCa channel currents by
the interaction with synthesized compounds are shown in
Figure 2. In the series of compounds 7, 8, 13, 16, and 17,
which differ at the 7 or 8 position, substitutions with bromo,
trifluoromethyl, or chloro groups resulted in more than three-
fold increases in the channel currents, while no substitution or
an electron-donating group, such methoxyl at position 7,
showed much less potency. Thus, it appears that electron-with-
drawing substituents on the benzofuran side are essential for
activity. Among these groups, trifluoromethyl, the functional
group that overlaps with BMS 204352 (Figure 1), conferred the
highest opening activity. To determine the substitution effects


on the indole side, various analogues including 8 (carboxylic
acid), 11 (chloro), 12 (trifluoromethyl), 14 (methoxy), and 15
(methyl carboxylate) were prepared and tested. As shown in
Figure 2, most of the analogues, except for 8, displayed low ac-
tivities, thus the carboxylic acid group at position 1[22] turned
out to be essential for channel-opening activity. In the case of
triflouromethyl substituents on the indole side (compounds 9,
10, and 12), the most active position was 4 (compound 10).
Since 10, which has no carboxylic acid at position 1, main-
tained a threefold increase in channel-opening activity, posi-
tion 4 could be considered as another key substitution point
to potentiate the activity. (The overlapped structure with BMS
204352 (Figure 1) might provide a clue to improve the activi-
ty.[23]) Other of chloro and fluoro derivatives (compounds 18,
19, 20, and 21) displayed the activity near to the basal level.
Compound 22, which has a carboxylic acid group at position 1
and a chloride group at position 4, showed a more than sixfold
increase in channel-opening activity ; this could result from the
synergistic effects of appropriate double substitutions at posi-
tion 1 and 4. Compound 23, with a chloride group at position
3, displayed channel-opening activity that was close to but not
better than that of compound 22.


To further investigate the potentiating effect of compound
22 on BKCa channels, they were activated in different concen-
trations of intracellular Ca2+ . Excised outside-out patch config-
urations were obtained by making a gigaohm seal, followed
by rupturing the membrane by pulling the pipette from oo-
cytes. Both the bath and the pipette contained 124 mM K+


ions. Voltage pulses were applied to activate BKCa-channel cur-
rents from �120 to +140 mV in 10 mV increments, and a
range of intracellular Ca2+ concentrations were used to acti-
vate the BKCa channel from 0 (the Ca2+-free solution was pre-
pared by chelation with 5 mM EGTA) to 2 mM. The representa-


Scheme 2. Synthesis of substituted benzofuroindole derivatives. Reagents
and conditions: a) CH3OH, H2SO4, reflux, 12 h, 95–98%; b) ethyl bromoace-
tate, K2CO3, acetone, reflux, 24 h, 70–76%; c) 10% aq NaOH in CH3OH, 25 8C,
5 h, 80–87%; d) Ac2O, AcOH, CH3COONa, reflux, 8 h, 70–75%; e) 1N HCl, H2O,
CH3OH, reflux, 7 h, 55–65%; f) substituted phenylhydrazines, C2H5OH, H2O,
25 8C, 5 h, 22–35%; g) p-TsOH, C2H5OH, 80 8C, 18 h or microwave, 1–2 min,
64–77%.


Table 1. Substituted benzofuroindole derivatives.


Compound No. R1 R2 R3 R4 R5 R6


7 Br H COOH H H H
8 H CF3 COOH H H H
9 H CF3 H H CF3 H
10 H CF3 H H H CF3


11 H CF3 Cl H H H
12 H CF3 CF3 H H H
13 H H COOH H H H
14 H CF3 OCH3 H H H
15 H CF3 COOCH3 H H H
16 H OCH3 COOH H H H
17 H Cl COOH H H H
18 H CF3 Cl Cl H H
19 H CF3 H Cl H Cl
20 H CF3 H H H F
21 H CF3 H F H H
22 H CF3 COOH H H Cl
23 H CF3 COOH H Cl H
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tive raw traces of BKCa channels were activated by membrane
voltages and intracellular Ca2+ (Figure 3). BKCa-channel currents
were recorded before and after extracellular treatment of com-
pound 22 at 20 mM. BKCa-channel currents were markedly en-
hanced by compound 22 at 20 mM at various concentrations of
intracellular Ca2+ . The effect of compound 22 on the BKCa-
channel current could be removed by washout. These results
suggest that intracellular Ca2+ concentration does not affect
the potentiating effect of compound 22 on BKCa channels.
Thus, we assume that the neuronal BKCa channels can be acti-
vated by compound 22 even at the resting membrane poten-
tials of about �60 to �80 mV in the presence of a marginal
free Ca2+ concentration under 100 nM.


We performed experiments to determine the concentration
dependence of the effect of compound 22 on macroscopic
BKCa-channel activity expressed in Xenopus oocytes. Currents


were recorded from excised outside-out patches before and
after the addition of seven different concentrations (0 to
300 mM) of compound 22. The activity of the BKCa channel was
elicited after patch excision with 2 mM intracellular Ca2+ and in-
creased rapidly with the addition of compound 22. The mem-
brane potential was held at �120 mV and stepped to 50 mV
for 50 ms. Relative current differences were determined from
the currents of control activated with 2 mM of intracellular Ca2+


and voltage at 50 mV, normalized with control currents. The
obtained data points were fitted with a Hill equation
(Figure 4). Addition of compound 22 over the range of 50 nM


to 300 mM enhanced the BKCa-channel current in a concentra-
tion-dependent manner. The relative fold increases of channel
current fitted well with the Hill equation. The apparent dissoci-
ation constant, Kd, of compound 22 was 4.01�0.75 mM, and
the Hill coefficient constant, n, was 1.20 �0.07 (N=5, P<0.01,
where N=number of independent experiments and P= the
statistical significance).[24] These results suggest that compound
22 should bind to the BKCa channel in a 1:1 ratio. The ionic cur-
rents potentiated by 30 mM of compound 22 could be com-


Figure 2. Effects of benzofuroindole derivatives on BKCa channel currents.
Channel currents were activated by a step-pulse from �120 to +20 mV, and
the intracellular solution contained 2 mM Ca2+ . A) Representative currents
traces of cloned BKCa channel are shown for three different benzofuroindole
derivatives. Each pair represents the current trace in the absence (black) and
the presence (gray) of 20 mM of compound 12, 10, and 22. Ionic currents
were normalized with average currents at 45�4 ms after the beginning of
step pulses. B) Bar graphs represent fold increases in BKCa channel currents
evoked by extracellular treatment of various compounds at 20 mM. The level
of channel currents in the absence of compound was denoted as dotted
line at 1 (N=5).


Figure 3. Potency of extracellulary applied compound 22 on rSlo channels
at various intracellular Ca2+ concentrations. Representative raw traces are
shown at different intracellular Ca2+ concentrations. Intracellular Ca2+ con-
centration was increased from Ca2+-free (A) to 0.5 mM (B), 1 mM (C), and 2 mM


(D). EGTA (5 mM) was added to chelate Ca2+ ion for the Ca2+-free solution.
The concentration of compound 22 was 20 mM on the extracellular side.
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pletely blocked by 2 mM of peptide BKCa-channel blocker char-
ybdotoxin (data not shown).[25]


In summary, we have optimized the pharmacophore groups
in the benzofuroindole skeleton by the comparison with a
known BKCa-channel opener, 1 (BMS-204352). The structure–ac-
tivity relationships of the benzofuroindole derivatives suggest-
ed that 7-trifluoromethyl, 4-chloro, and 1-carboxylic acid sub-
stitutions provided potent BKCa-channel-opening activity in an
outside-out patch assay at the cloned rat BKCa channels ex-
pressed in X. laevis oocytes. Thus, compound 22 showed the
most potent and effective activity in an intracellular calcium-in-
dependent manner. The BKCa-channel openers developed in
this study might be further applied to therapeutic interven-
tions in stroke, asthma, hypertension, convulsion, and traumat-
ic brain injury.
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Figure 4. Concentration-dependence of compound 22 on macroscopic BKCa


channels expressed in Xenopus oocytes. Data points were fitted with the Hill
equation. The Kd, the apparent dissociation constant of compound 22, ob-
tained from the best fit was 4.01�0.75 mM, and the n value, the Hill coeffi-
cient, was 1.20�0.07 (N=5, P<0.01).
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Protein phosphorylation and dephosphorylation reactions are
at the heart of innumerable biological processes. Aberrant pro-
tein phosphorylation contributes to the development of many
human diseases including cancer and diabetes.[1] Due to this
biological importance, protein kinases, which catalyse protein
phosphorylation, and their antagonists, protein phosphatases
(PPs), have moved into the focus of a rapidly grow-
ing number of medicinal-chemistry and chemical-
biology research programs.[2–5] Several bacterial
pathogens produce eukaryotic-like protein phospha-
tases that have been implicated in virulence. A par-
ticularly important case is Myobacterium tuberculosis,
which is the causative agent of tuberculosis (TB) and
a major cause of mortality around the world.[6] M. tu-
berculosis has two functional phosphatases, MptpA
and MptpB.[7] These enzymes are secreted by grow-
ing mycobacterial cells. They are believed to medi-
ate mycobacterial survival in host cells by dephos-
phorylating proteins that are involved in interferon-g
signaling pathways.[8,9] About one third of the
world’s population is infected with M. tuberculosis,


and there is an increasing spread of drug-resistant mycobacte-
ria. Therefore, there is a growing need for the development of
new therapeutic agents for the treatment of tuberculosis. In
the light of this urgent demand, the Mptps have been pro-
posed as new potential anti-TB drug targets.[9] However, to
date, inhibitors of these enzymes have not been described.
Here we describe the discovery of MptpA inhibitors by two


different and complementary approaches for the identification
of initial hits in screening collections, namely natural-product-
inspired and fragment-based library development.
We have previously forwarded the notion that biologically


active natural products should be regarded as evolutionarily
selected and biologically prevalidated starting points for inhibi-
tor development.[10] Based on this principle and the fact that
MptpA is a tyrosine phosphatase,[7,11] we have investigated
whether natural products and their analogues that have al-
ready served as guiding structures for the discovery of new
classes of phosphatase inhibitors[12,13] could be employed for
the identification of the first Mptp inhibitors.
Initially the stevastelins (Scheme 1) were considered as pos-


sible starting points for the development of MptpA inhibitors.


These microbial metabolites have been shown to be inhibitors
of the Vaccinia virus related dual-specificity phosphatase,
VHR,[14] which dephosphorylates extracellular regulated kinases
1/2 (Erk1/2) and Jnk1/2.[15]


In terms of structure, the stevastelins can be regarded as cy-
clodepsipeptides. They are composed of a tripeptide unit that
forms a macrolactone with either one of two hydroxy groups
present in a diketide fragment, although stevastelin C3 con-
tains only one hydroxy group (Scheme 1). Analogous cyclodep-
sipeptides 8–12 were chosen as model compounds. These in-
corporate two stereogenic centers in the long-chain hydroxy
acid.
The synthesis of cyclic stevastelin analogues 8–12 was ac-


complished as shown in Scheme 2. Anti-configured isomers 8,
9, and 12 were obtained from racemic anti-configured b-hy-
droxy acid thioester (1).[16]


After esterification of alcohol 1 with serine derivative 2, and
selective removal of the N-terminal 9-fluorenylmethoxycarbon-
yl (Fmoc) group, diastereomeric anti-isomers 3 and 4 were
conveniently separated by flash chromatography. The absolute


Scheme 1. Structures of representative members of the stevastelin family.
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configuration of the b-hydroxy acid group incorporated into 3
and 4 was ascertained by saponification of ester 4, isolation of
the free b-hydroxy acid, and comparison of its specific rotation
with a reference compound. The reference compound was
synthesized by means of an anti-selective aldol reaction that
employed the Evans aldol methodology.[17] Subsequent amino
acid chain elongation with dipeptide 5, and removal of the N-
and the C-terminal protecting groups yielded acyclic inter-
mediates 6 and 7.
Macrolactamization was achieved in moderate yield by using


2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro
phosphate (HBTU) as condens-
ing reagent. The O-benzyl pro-
tecting group of the serine side
chain was removed from anti-
isomer 9 by hydrogenolysis to
yield compound 12. This cyclic
depsipeptide is a direct ana-
logue of stevastelin C3
(Scheme 1), and contains two
instead of three stereocenters in
the hydroxy acid component.
For the synthesis of syn-con-


figured stevastelin analogues 10


and 11, the two corresponding syn-configured long
chain b-hydroxy acids were synthesized in entiomeri-
cally pure form by using the Evans syn-aldol proto-
col.[18] Each acid was then converted into the corre-
sponding benzyl thioester by following the strategy
delineated above for the anti-isomers (except for the
separation of diastereomers). The two cyclic depsi-
peptides 10 and 11 were then synthesized from the
benzyl thioesters.
Cyclic stevastelin analogues 8–12 were then inves-


tigated as possible inhibitors of several different
phosphatases. The screen included Cdc25A and VHR
as two typical dual specificity phosphatases, MptpA
(for cloning, expression and purification see Support-
ing Information), and PTP1B as a prototypical tyro-
sine phosphatase. VHR is a physiological regulator of
ERKs, which belong to the mitogen-activated protein
(MAP) kinase family ;[15,19] the Cdc25 dual-specific
protein phosphatase family is critical for cell-cycle
control ;[20] and PTP1B is a key negative regulator of
insulin-receptor activity. PTP1B inhibitors are expect-
ed to enhance insulin sensitivity and act as effective
therapeutics for the treatment of type 2 diabetes, in-
sulin resistance, and obesity.[3] The tyrosine phospha-
tase CD45, which is a positive regulator of signal
transduction in B- and T-cells,[21] and the prototypical
serine/threonine phosphatase PP1, which regulates
numerous intracellular processes[22] were also includ-
ed in the screen.
The results of the screen are displayed in Table 1.


The data demonstrate that variation of the absolute
configuration and structure in the cyclic stevastelin
analogues led to pronounced selectivity for individu-


al phosphatases. Thus, anti-configured compounds 8 and 9 se-
lectively inhibited VHR. Compound 12, which was obtained
from 9 by O-debenzylation, proved to be a selective inhibitor
of Cdc25A. Gratifyingly, syn-configured stevastelin analogue 10
inhibited MptpA with appreciable potency and displayed simi-
lar activity towards VHR and PTP1B. Stereoisomer 11 was not
active, that is, it did not inhibit any of the phosphatases with
IC50 values <30 mM. Phosphatases CD45 and PP1 were not in-
hibited by any of the cyclic stevastelin analogues.
These results demonstrate that by varying the configuration


in the b-hydroxy acid part of the stevastelin analogues and


Scheme 2. Synthesis of cyclic stevastelin analogues. i) 1 equiv Fmoc–Ser(OBzl)OH (2),
1.1 equiv iPrNCNiPr (DIC), 0.1 equiv 4-(N,N-dimethylamino)pyridine (DMAP), CH2Cl2, RT,
overnight, 82%; ii) CH2Cl2/Et2NH 4:1, RT, 3 h, (S,S)-isomer: 43%, (R,R)-isomer: 42%; iii) 1
equiv 5, 1.2 equiv DIC, 1.2 equiv 1-hydroxybenzotriazole (HOBt), 1.25 equiv (iPr)2NEt,
CH2Cl2/DMF 10:1, 0 8C, 5 min, RT, overnight, 70–76%; iv) CH2Cl2/TFA 1:1, RT, 30 min,
quant; v) 3.0 equiv N-bromosuccinimide (NBS), THF/H2O 4:1, 8 h, 70%; vi) 2.0 equiv HBTU,
4.0 equiv (iPr)2NEt, CH2Cl2/DMF 10:1, RT, overnight, 19–42%; vii) Pd-C,H2, RT, 7 d, 58%.


Table 1. IC50 values for inhibition of different phosphatases by stevastelin analogues 8–12.
[a]


Compound VHR Cdc25A PTP1B MptpA CD45 PP1
IC50 [mM] IC50 [mM] IC50 [mM] IC50 [mM] IC50 [mM] IC50 [mM]


8 25.0�5.1 n.a. n.a. n.a. n.a. n.a.
9 12.2�0.6 n.a. n.a. n.a. n.a. n.a.
10 6.5�1.2 n.a. 11.3�2.9 8.8�5.9 n.a. n.a.
11 n.a. n.a. n.a. n.a. n.a. n.a.
12 n.a. 15.5�3.9 n.a. n.a. n.a. n.a.


[a] The dephosphorylation of pNPP was measured by its absorption change at 405 nm. The concentration (mM)
of inhibitors for which the enzyme activity is reduced to 50% is shown. The values were determined from at
least three independent experiments; n.a. : not active (IC50>30 mM).
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combining different substitution patterns in the amino acid
side chains (compare 9 and 12), selective phosphatase inhibi-
tors can be developed. In particular, it appears possible that
potent MptpA inhibitors can be obtained by employing the
stevastelin structure as a guiding unit. A strategy for the dis-
covery of such inhibitors could, for instance, consist of the syn-
thesis of cyclic tripeptide libraries that are analogous to 8–12
and incorporate differently configured b-hydroxy acids.
Encouraged by these findings we investigated whether


MptpA inhibitors could also be identified from the roseophilin
and prodigiosin alkaloid classes.[23] These natural products and
their analogues were recently found to define a new and non-
obvious core motif for the development of tyrosine phospha-
tase inhibitors.[13]


To this end, roseophilin (13), its enantiomer, and analogues
14 and 15, which lack the macrocyclic aliphatic ring, were
investigated as potential MptpA inhibitors (Scheme 3 and
Table 2). Gratifyingly, 15 proved to be a potent inhibitor of the
phosphatase with an IC50 value of 9.4 mM.


Similarly, we investigated a series of nonylprodigiosin ana-
logues; this class of compounds has also delivered unprece-
dented phosphatase inhibitors.[13] Like the roseophilin ana-
logues, these compounds contain an azafulvene unit but differ
from roseophilin in the positioning of this structural element
and in the type of aromatic rings that form the backbone.
A total of ten cyclic and acyclic prodigiosin analogues were


investigated. They included compound 16 which differs from
nonylprodigiosin by a furan instead of pyrrole ring and by an
additional double bond in the aliphatic bridge. Although, this
cyclic analogue of the natural product was not an inhibitor,


the related open-chain derivative, 17, turned out to inhibit the
enzymatic activity of MptpA with an IC50 value of 28.7�9.7 mM
(Table 2). These results demonstrate that prodigiosin- and rose-
ophilin-type alkaloids can also serve as guiding structures for
the development of MptpA inhibitors.
In an alternative approach MptpA inhibitors were identified


from the rationally assorted fragment-based FMP (Forschungs-
institut f#r Molekulare Pharmakologie) library (Maverage=


250 Da). The 20000 compounds of this library were selected
due to their diverse representation of reportedly bioactive scaf-
fold elements (fragments) and compliance with physicochemi-
cal boundaries, which include the Lipinski rules.[24] As a result,
hits from this library can be considered as privileged starting
points for further structure extension and refinement. The li-
brary is accessible to the academic public from the ChemBio-
Net.[25]


The library was screened in a 384-well format. In order to
determine Ki values, primary hits with IC50<50 mM were validat-
ed at different p-nitrophenyl phosphate (pNPP) substrate con-
centrations (1–10 mM). Inhibitor concentrations ranging from
250 nM to 50 mM were used. The screen provided several novel
classes of low-molecular-weight inhibitors of phosphatases.
The identified inhibitors were typically constructed by the
combination of relatively simple chemical fragments. 2,5-Dime-
thylpyrrol-1-yl benzoic acids (18–26) were selected as one rep-
resentative class of compounds with potential for further struc-
ture refinement. Preliminary structure–activity investigations
were conducted and are summarized in Scheme 4 and Table 3.
Hydroxy-substituted pyrrol-1-yl benzoic acids 21, 24, and 26
proved to be the superior inhibitors of this class. The 5-hy-
droxy-2-(pyrrol-1-yl) derivative 26 (Ki=1.6 mM) was the most
active representative. Ki values were also determined for
PTP1B. Again the hyxdroxypyrrol-1-yl benzoic acids proved to
be the most potent compounds, with Ki values of 1.1 mM (24),
1.9 mM (21), and 3.0 mM (26). Similar structures have previously
been reported to modulate the activity of Pin-1.[26] This peptide
is a prolyl isomerase that binds the phosphorylated p53 tumor
suppressor and is thus pivotal in cancer development.[27] Sup-
posedly, the carboxylic acid residue is recognized in both cases
as a mimic of the protein phosphate.


Scheme 3. Roseophilin and prodigiosin analogues that were investigated as
inhibitors of MptpA.


Table 2. IC50 [mM] values for inhibition of different phosphatases by rose-
ophilin and nonylprodigiosin analogues 13–17.[a]


Compound VHR Cdc25A PTP1B MptpA
IC50 [mM] IC50 [mM] IC50 [mM] IC50 [mM]


13 n.a. 28�3 n.a. n.a.
14 9�7 n.a. n.a. n.a.
15 4.9�3 n.a. 3.3�1 9.4 �2.1
16 28�13 n.a. 23�11 n.a.
17 9�7 n.a. 12�2 28.7�9.7


[a] The dephosphorylation of pNPP was measured by its absorption
change at 405 nm. The concentration (mM) of inhibitors for which the
enzyme activity is reduced to 50% is shown. The values were determined
from at least three independent experiments; n.a. : not active (IC50>
30 mM).
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In conclusion, we report the first inhibitors of the M. tubercu-
losis phosphatase, MptpA, and have established the chemistry
for the synthesis of these compound classes. Further applica-
tion of medicinal chemistry methodologies should allow for
the development of more potent inhibitors for subsequent
biological investigations in iterative cycles.
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The Role of an Aliphatic–Aromatic
Interaction in the Stabilization of a
Model b-Hairpin Peptide


M. Teresa Pastor,[a] Ana Gim�nez-Giner,[b] and
Enrique P�rez-Pay�*[b]


Apart from with the conventional motivation of understanding
the rules that govern protein folding, the determinant factors
responsible for the stabilization of b structures have acquired
special interest since this conformation is involved in amyloid
structure.[1] Thus, studies directed to determining the factors
that regulate the folding and solubility of b-structured pep-
tides and proteins would be helpful in understanding the
mechanism of amyloid formation and developing successful
therapeutic strategies. Furthermore, the amyloid structure has
also recently inspired the development of new nanomateri-
als[2,3] with potential applications in technologic fields that
would also benefit from these studies.
The b-hairpin motif, composed of two antiparallel strands


connected by a turn, is the smallest b structure. We have re-
ported the use of a b-hairpin conformationally defined peptide
library (CDL) for the design of well-folded b-hairpin pep-
tides.[4, 5] From the structural screening of the library, a set of
36 b-hairpin peptides was defined, and structural characteriza-
tion showed that at least two peptides, MBH12 and MBH36,
exhibited an average b-hairpin conformation higher than 60%.
These two peptides contain aromatic residues in three out of
four combinatorialized positions that were subjected to opti-
mization by the screening procedure (�B3, �B1 and +B3)
whereas at the remaining position (+B1) the selected amino
acid was Ile. The calculated structure from the NOE pattern
found in the 1H 2D NMR spectrum of MBH12 showed that the


three aromatic residues pack together, while the aliphatic resi-
due closes a small hydrophobic minicore.
In this study, the MBH12 peptide was used as a model


system to evaluate the contribution to stability of aliphatic and
aromatic residues at the B+1 position in the b-hairpin motif.
The advantage of using well-folded peptides as model systems
is their small size and structural simplicity; these allow the con-
tribution of each individual amino acid towards the stabiliza-
tion of a defined structure to be identified. We replaced the
original Ile residue at B+1 position in MBH12 by the hydropho-
bic b-branched amino acid Val and by the aromatic residues
Phe, Tyr, and Trp (Table 1). The structural examination of this
new set of peptides allowed the analysis of the contribution to
the stability of the b-hairpin of the cross-strand Ile–Tyr, Val–Tyr,
Trp–Tyr, Tyr–Tyr, or Phe–Tyr pairs in the hydrogen bonding
(HB) sites defined by residues placed at B�1 and B+1 as well
as the importance of a well-packed hydrophobic minicore.
The peptide MBH12 contains residues Arg1–Gly2 and Gly13–


Arg14, which improve solubility, and was shown to be mono-
meric at the concentrations used for its characterization.[4] Al-
though it is expected that a single amino acid replacement
should have little influence on the physical properties of the
peptide, an initial step previous to the conformational study
was the characterization of the aggregation state of the new
set of peptides. The peptides were analyzed by far-UV CD
spectroscopy at two different concentrations (25 and 100 mM),
and the spectra corresponding to each peptide were found to
be identical. Furthermore, the 1D 1H NMR spectra in H2O/D2O
(90:10; pH 5) at 283 K of each peptide at 100 mM and 1.5 mM


showed identical signal line widths and chemical shifts. These
data suggest that all four peptides are monomeric in the con-
centration range from 25 mM to 1.5 mM.


b-Hairpin conformations render a characteristic far-UV CD
signal, with a relative minimum ellipticity at 217 nm and a pos-
itive ellipticity band close to 200 nm. In contrast, random-coil
ensembles show a minimum at around 202 nm. The concentra-
tion-independent ratio q217/q202 has been used for the quanti-
tative analysis of the b-hairpin conformation.[4] The four pep-
tides exhibit far-UV CD spectra in aqueous solution that are
characteristic of folded b-hairpins in equilibrium with random-
coil conformations (Figure 1A). Initial examination of both the
CD spectra and the q217/q202 ratio (Table 1) suggests that all
four substitutions at position 9 are detrimental to the b-hairpin
structure of the parental MBH12. However, peptides containing
aromatic residues have unusual CD spectra with intense bands
at 215 and 229 nm; this suggests the presence of interactions
between the aromatic chromophores.[6, 7] Therefore, only pep-
tides containing the same aromatic residues in the same posi-
tions are suitable for comparative analysis of their CD spectra.
Thus, it is not possible to establish a ranking of the structural
content of the designed peptides since they have different aro-
matics in +B1, with the exception of the peptides MBH12 and
MBH-V. The comparative analysis of the far-UV CD spectra (Fig-
ure 1A) and q217/q202 ratio (Table 1) suggests that MBH12 has a
higher percentage of b-hairpin structure than MBH-V. This is re-
inforced by analysis of the near-UV CD spectra (Figure 1B),
which show the adoption of a dichroic environment for the ar-
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omatic residues of peptides MBH12 and MBH-W, while these
residues should be less conformationally restricted in the pep-
tides MBH-F, MBH-V, and MBH-Y.
CD analysis of the peptides was also performed in the pres-


ence of 40% MeOH (Figure 1C). This solvent is a stabilizing
agent that increases b-hairpin population relative to that exist-
ing in water.[4] The b-hairpin characteristics of the CD spectra
increase on going from 0 to 40% MeOH for all five peptides
(Figure 1C). This indicates that the hairpin conformation in-
creases although it has to be noted that minor changes are
obtained for MBH12 in the overall b-hairpin characteristics
(negative values for the q217/q202 ratio in water and in the pres-


ence of MeOH; Table 1) while the peptide MBH-V increases its
conformation noticeably (the ratio q217/q202 is positive in water
and negative in MeOH).
To carry out a reliable ranking of the structural content, the


2D 1H spectra of the peptides at 1.5 mM were acquired in H2O/
D2O (90:10; pH 5) at 283 K. The NMR analysis showed that all
five peptides fold in a b-hairpin conformation, although they
exhibited different structural content. The characteristic pattern
of long-range nuclear Overhauser effect peaks (NOEs) for a b


structure is defined by the presence of strong sequential Ha-N
(i, i+1) and weak NN (i, i+1) NOEs that are present in the NMR
spectra of all five peptides analyzed. The chemical-shift disper-
sion is remarkable and allows the unambiguous assignment of
nearly all NOE peaks. However, the indubitable hallmark of sec-
ondary structure in peptides is the presence of nonsequential
NOEs, such as the Ha�Ha NOE, between face to face residues
in adjacent b-strands. Therefore, the b-hairpin structure is con-
firmed by the existence of the Ha�Ha NOE between Thr5 and
Thr10 that is found in aqueous solution for peptides MBH12,
MBH-F, MBH-V, and MBH-Y but not for MBH-W. The absence of
this characteristic NOE suggests that MBH-W is probably the
least structured peptide of the set. Furthermore, the presence
of the Ha�Ha NOE between Thr5 and Thr10 suggests that the
peptides adopt a 2:2 b-hairpin (following the nomenclature
proposed by Sibanda et al.[8]). Also of interest for the qualita-
tive conformational analysis is the Ha�Ha NOE between Lys3
and Glu12, the first and last residues, respectively, of the b-
hairpin. Such a NOE is identified in the spectra of MBH12 and
MBH-V, while it is absent in the spectra of MBH-W, MBH-Y, and
MBH-F. Thus, qualitative NMR analysis suggests that peptides
MBH12 and MBH-V have similar b-hairpin populations; pep-
tides MBH-F and MBH-Y adopt the b-hairpin conformation, al-
though the N and C termini are less structured; while MBH-W
is the least-structured peptide. However, as shown above, CD
analysis of this peptide could suggest the adoption of a de-
fined secondary and tertiary structure.


1Ha conformational shifts (DdCaH) are good indicators of sec-
ondary-structure formation. This parameter is obtained from
the difference between the observed 1Ha chemical shifts of the
studied peptide (DdobsCaH) and those from random-coil reference
(DdrdCaH). Since these chemical shifts are dependent on the
chemical environment, we used the isolated strands of the b-
hairpins as random-coil reference peptides.[4] Four peptides,


Table 1. Structural parameters and b-hairpin population of the peptides.


Ellipticity q217/q202 ratio Dd CaH [ppm] Average % of
Peptide Sequence water vs. 40% MeOH (+B2) Thr (�B2) Asn (L1) population[a]


MBH12 RGKWTYNGITYEGR �8.50 vs. �1.64 0.67 0.21 �0.36 66
MBH-W RGKWTYNGWTYEGR 0.75 vs. 0.98 0.18 0.00 �0.26 30
MBH -Y RGKWTYNGYTYEGR 0.32 vs. 0.42 0.35 0.09 �0.22 36
MBH-F RGKWTYNGFTYEGR 0.20 vs. 0.52 0.38 0.11 �0.24 40
MBH-V RGKWTYNGVTYEGR 1.10 vs. �4.01 0.61 0.20 �0.33 60


[a] Ranking of b-sheet population from Ha conformational chemical shifts, calculated by using the linear peptides that correspond to the two strands of
the b-hairpin as reference for the chemical shifts of the unfolded state.[4] As a reference for 100%-folded peptide, we used the data obtained from a mutat-
ed version of the spectrin SH3 domain, which contained the sequence RGKITVNGKTYEGR inserted as an elongation of a protein b-hairpin.[18] The popula-
tion of the b-hairpin state for each peptide was calculated at each indicator residue from DdHa data by using Equation (1)


Figure 1. A) Far- and B) near-UV CD spectra of peptides MBH 12 (*), MBH-F
(*), MBH-V (~), MBH-W (&), and MBH-Y (&) acquired at 5 8C in 5 mM acetate
buffer, pH 5. C) Comparison of the far-UV CD spectra of peptides in buffer
(black line) or in the presence of 40% MeOH (grey line); from the left,
MBH 12, MBH-Y, MBH-V, MBH-F, and MBH-W.
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but not MBH-W, showed the expected 1Ha conformational-shift
profile for a b-hairpin (Figure 2): that is, positive values for the
strand residues and negative values for Asn7 and Gly8 at the
turn. The first two and last two residues (Arg–Gly) do not form


part of the hairpin, as expected from the original design. With
all this information in hand, we can now proceed to a detailed
calculation of b-sheet population. The ranking was derived
from comparison of the conformational shifts of the CaH’s of
Thr5 (�B2), Thr10 (+B2), and Asn7 (L1) obtained for each pep-
tide from the set.[4] These three residues are present in all five
peptides and occupy key positions in the folded structure, that
is, the threonines reside in the middle of the strands and the
Asn resides in the turn. The structural-content ranking
obtained is MBH-12>MBH-V>MBH-F>MBH-Y>MBH-W
(Table 1).
In conclusion, our study shows that the peptide MBH12,


identified from the screening of a b-hairpin CDL, was truly op-
timized at the positions that were subjected to analysis,[4] as
demonstrated when the initially unexpected Ile at position
+B1 was replaced in a new set of peptides derived from MBH12
(Table 1). Structural analysis demonstrated that peptides with
an aliphatic b-branched residue at position +B1 (MBH12 and
MBH-V) showed a higher b-hairpin content than those with ar-
omatic residues (MBH-F, MBH-W, and MBH-Y) at the same posi-
tion. Thus an Ile/Val–Tyr cross-strand pair at the HB position
closest to the turn contributes more to the hairpin stability
than do the aromatic–aromatic pairs analyzed here (Phe–Tyr,
peptide MBH-F; Trp–Tyr, peptide MBH-W, and Tyr–Tyr, peptide
MBH-Y). This can be explained in terms of a combination of in-
dividual propensities to populate b-sheet structures, side-
chain–side-chain interactions, and hydrophobic minicore stabi-
lization. The particular backbone geometry adopted by MBH12
could have also a role. b-Branched aliphatic residues are prefer-
red over aromatic residues in certain b-hairpin model peptides
at HB strand positions,[9] while aromatic–aromatic interactions
seem to be preferred at NHB positions in models with slightly
different backbone geometry.[10,11] However, the stability rank
order obtained here for the �B1–+B1 pair analyzed—(Ile or
Val)–Tyr@Phe–Tyr>Tyr–Tyr>Trp–Tyr—does not correlate with
reported experimental b-sheet-propensity scales[12,13] or with


observed residue pair frequencies in known b-sheets.[14–16]


These propensity scales are usually derived from structural da-
tabases of folded proteins or from single mutations in fully
folded proteins. When analyzing b-sheet short peptides in
which significant side-chain hydrophobic surface will be ex-
posed to solvent, it is still difficult to perform a rational design
of fully folded monomeric peptides. However, combinatorial
approaches based on CDL, as a design tool, then emerge as a
useful methodology. In our previous work,[4] the structural
screening of a CDL containing close to 140000 peptide se-
quences was used for the identification of the MBH b-hairpin
peptides. The combinatorial approach selected Trp4, Tyr6, Ile9,
and Tyr11 at the nonpolar face of the MBH12 peptide. The re-
sults suggest that the b-branched side chains of Ile and Val
adopt the appropriate orientation to pack and to stabilize the
hydrophobic minicore defined by Trp4, Tyr6, and Tyr11. Thus,
in de novo design of peptides and proteins with b-structure,
the context plays an important role and it is difficult to evalu-
ate the contribution of isolated amino acids or cross-strand
pairs. In contrast, it is necessary to take into account the
amino acid sequence of the two faces that define the hairpin.


Experimental Section


Peptide synthesis. Peptides were prepared by Fmoc-based solid-
phase synthesis on a 433 A Applied Biosystems Peptide synthesiser.
Peptides were purified by preparative reversed-phase HPLC, and
their identity was confirmed by laser desorption time-of-flight
mass spectrometry.


Circular dichroism measurements. Spectra were acquired on a
Jasco J-810 CD spectropolarimeter and were the average of a
series of twenty scans recorded at 5 8C in acetate buffer (5 mM,
pH 5). Peptide concentrations were determined spectrophotometri-
cally.


Nuclear magnetic resonance. All NMR experiments were per-
formed on a Brucker DRX500 spectrometer on peptide samples of
�1–2 mM concentration in pure D2O and H2O/D2O (90:10) at pH 5.
All chemical shifts were internally referenced to the sodium salt of
trimethylsilylpropionate. Phase-sensitive TOCSY (mixing time
50 ms) and NOESY (mixing times 150, 200, and 250 ms) experi-
ments were performed at 283 K, collecting 2048 points in f2 and
512 points in f1. Solvent suppression was achieved by selective
presaturation during the relaxation delay (1.2 s) or field-gradient
pulses. The proton resonances were assigned by the sequential-as-
signment procedure.[17]


Calculation of the b-sheet population from Ha conformational
chemical shifts. Ranking of the b-sheet population from CaH; con-
formational chemical shifts was calculated by using the linear pep-
tides that correspond to the two strands of the b-hairpin as refer-
ence for the chemical shifts of the unfolded state.[4] The population
of the b-hairpin state for each peptide was calculated at each indi-
cator residue from DdHa data by using Equation (1):


�
dobs�dU
dF�dU


�
� 100 ð1Þ


Experimental uncertainties reflect error propagation from the
�0.01 ppm uncertainty in the dHa measurement.


Figure 2. Observed conformational Ha chemical-shift increments (DdCaH) for
peptides MBH 12 (*), MBH-F (*), MBH-V (~), MBH-W (&), and MBH-Y (&).
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A Novel Method to Synthesize
Versatile Multiple-Branched DNA
(MB-DNA) by Reversible
Photochemical Ligation


Shinzi Ogasawara[a] and Kenzo Fujimoto*[a, b]


DNA has potential use both as a generic and a genetic materi-
al. Branched DNA molecules have various uses in a signal-am-
plification technology[1] and in several types of nanotechnolo-
gy, such as DNA computing,[2] DNA nanostructures from self-
assembled branched units,[3] DNA sensors,[4] and nanoelectron-
ic devices.[5] The past 10 years have produced remarkable suc-
cess in the construction of DNA nanoarchitectures. For exam-
ple, one- and two-dimensional DNA lattices[6] and dendrimer-
like DNA[3a,7] have been constructed from a rich set of
branched DNA. Various autonomous DNA walker devices,
based on DNA cleavage and ligation of branched DNA by
using various enzymes, have also been explored theoretically
and experimentally.[8]


However, most branched DNA has been chemically con-
structed by standard phosphoramidite chemistry on solid sup-
ports by using phosphoroamidites containing a branched
structural unit or self-assembled addressed DNA. Such
branched DNA has several practical disadvantages, such as the
limited symmetry of the branched sequences and the low ther-
mal stability of the DNA architecture due to noncovalent
bonds. However, these methods cannot be use to create multi-
ple-branched, single-stranded DNA, although the starburst-
DNA oligomer has been readily synthesized. There is a need to
find a new method to synthesize thermally stable and asym-
metrically sequenced branched DNA that can be widely used
as a platform for building nanodevices and machines.


Herein we report a novel method to construct a multiply
branched DNA in which the multiple branches are connected
with a longer single strand (base DNA) via 5-carboxyvinyldeox-
yuridine (cvU; Scheme 1). A highly efficient and reversible tem-
plate-directed DNA photoligation with cvU contained at the 5’-
terminal has been reported previously.[9] In this previous
method, an oligonucleotide (ODN) containing cvU at the 5’-end
and an ODN containing a pyrimidine ring were irradiated at
366 nm in the presence of a template to produce a linear com-
bination (L-DNA) between the two ODNs with >95% yield.
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The singly branched ODN [SB-
ODN (5’-end)] can also be syn-
thesized in a similar way. We
have recently demonstrated a
high signal-to-noise (S/N) ratio
of a DNA computer by using
this system.[10] However, the pre-
vious method was restricted by
the need to have the cvU posi-
tioned at the 5’-end of the DNA.
To overcome this restriction, we
have examined a more useful,
highly reactive novel method to
synthesize branched ODNs
based on template-directed[11]


DNA photoligation in which cvU
is contained in the middle of
the ODN.


To evaluate the new method
for synthesizing branched ODNs,
we first demonstrated the con-
struction of an SB-ODN (mid)
(Scheme 2). When ODNs 1a and
2a were irradiated at 366 nm in


the absence of template ODN 3a, no photoligation product
was observed; however, in the presence of the template, we
observed rapid appearance of the peak of SB-ODN (mid), with
a 96% yield after 3 h, as determined by capillary gel electro-
phoresis (CGE), and the concomitant disappearance of ODNs
1a and 2a (Figure 1A). MALDI-TOF MS indicated that the SB-
ODN (mid) isolated by HPLC purification was a ligated product
of ODNs 1a and 2a. Enzymatic digestion of isolated SB-ODN
(mid) indicated the formation of dC, dA, dG, and dT in a ratio
of 7:4:4:2 together with a new product (identified by MALDI-
TOF MS), a dT�cvU adduct[12] (see Supporting Information). The
structure of dT�cvU was designated cis–syn[2+2] based on the
spectroscopic data including 1H,1H COSY and NOESY, as report-
ed previously.[9]


The thermodynamic parameters of SB-ODN (mid) were less
than those of a natural ODN; this demonstrates that the
duplex formed between SB-ODN (mid) and ODN 3a has a
more deformative structure in the photoadducted region
(Table 1). The thermodynamic parameters indicated that the
stability of the duplex for other ligated products produced by
the previous photoligation method (i.e. , linear ODN (L-ODN)
and SB-ODN (5’-end) was similar to that of SB-ODN (mid) (see
Supporting Information).


To confirm the photoreversibility of the ligated product, we
irradiated the SB-ODN (mid) at 312 nm. As shown in Figure 1C,
irradiation at 312 nm produced a rapid disappearance of SB-
ODN (mid) and reversion to two ODNs. CGE analysis of the
mixture of SB-ODN (mid) photoligated at 312 nm confirmed
the clean formation of ODNs 1a and 2a from SB-ODN (mid), as
shown by the migration time. The MALDI-TOF MS analysis of
the newly formed ODNs also indicated that these ODNs were
1a and 2a (see Supporting Information).


Scheme 1. A) Idealized drawing of our novel method of constructing the
MB-DNA based on efficient template-directed photoreversible ligation. Base
DNA containing multiple cvU at the midstream and branched DNA was pho-
toligated by irradiation at 366 nm in the presence of the template. Irradia-
tion at 312 nm caused the ligated product to revert to the original DNA.
B) Schematic illustration of the junction site at which irradiation at 366 nm
formed a cyclobutane ring between the vinyl group of cvU and the pyrimi-
dine ring at 3’-end in branched DNA. Conversely, photoirradiation at 312 nm
cleaved the cyclobutane ring.


Scheme 2. Schematic drawing of the construction of SB-ODN (mid). ODN 1a (base-ODN) containing cvU at the
midstream and ODN 2a were photoligated by irradiation at 366 nm in the presence of template ODN 3a. Irradi-
ation at 312 nm caused the ligated product to revert to ODN 1a and ODN 2a.


Table 1. Thermodynamic parameters for duplex formation.[a]


Tm [8C] �DH8 [kcalmol�1] �DS8 [calK�1 mol�1] �DG
o


298 K [kcalmol�1]


Nature 63.2 157 440 25.9
SB (mid) 48.2 102 290 15.6


[a] Determined in 50 mM sodium cacodylate and 100 mM NaCl, pH 7.0.
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To demonstrate the feasibility of this novel synthetic
method of using branched ODN to construct MB-ODN, we ex-
amined the effects of the con-
struction of doubly branched
ODN (DB-ODN) on base DNA
(ODN 1c) containing two cvU
(Scheme 3). Figure 2A (b) pres-
ents a CGE profile of the photo-
irradiated mixture of ODNs 1c
and 2c in the presence of tem-
plate ODN 3c, and shows the
clean and efficient formation of
the expected ligated 32-mer DB-
ODN and the complete disap-
pearance of ODNs 1c and 2c.
The isolated new product was
characterized by MALDI-TOF MS
and enzymatic digestion (see
Supporting Information). Further
irradiation of DB-DNA at 312 nm
resulted in a complete reversion
to ODNs 1c and 2c, as deter-


mined by MALDI-TOF MS (see
Supporting Information).


Figure 2B shoes that rising
time for the yield of DB-ODN
was delayed compared with the
decline of ODN 1c because DB-
ODN was synthesized through
the SB-ODN at the upstream cvU
or downstream cvU. We ob-
served these peaks clearly at
the beginning of the irradiation
at 366 nm (see Supporting In-
formation). The afterglow of
these peaks is confirmed in Fig-
ure 2A (b) as a broad peak at
around 80 min. We observed a
similar pattern for irradiation at
312 nm. The DB-ODN reverted
to the original ODN through
the SB-ODN as shown in Fig-
ure 3B, in which re-formation of
ODN 1c from DB-ODN irradiat-
ed at 312 nm occurred after
conversion of DB-ODN.


In conclusion, we have dem-
onstrated that ODN containing
cvU at midstream can be used
to synthesize branched ODNs in
the presence of a template
ODN by irradiation at 366 nm
with high efficiency and without
any side reaction. Irradiation at
312 nm caused the photoligat-
ed branched ODN to revert to
the original ODNs. We have also


shown the feasibility of constructing MB-DNA by creating a
DB-ODN. This demonstration indicates that we can conceptual-


Figure 1. A) CGE analysis of ODNs 1a and 2a in the presence of template ODN 3 irradiated at 366 nm: a) before
photoirradiation, b) irradiated at 366 nm for 3 h, 96% yield. The sequence of the internal standard was 5’-GTCGTA-
GTGGCA-3’. B) Yield for SB-ODN (mid) during irradiation at 366 nm. C) CGE analysis of the SB-ODN (mid) irradiated
at 312 nm. D) Residual ratio for SB-ODN (mid) during irradiation at 312 nm


Scheme 3. Schematic drawing of DB-ODN. ODN 1c, which contains two cvU at midstream, and ODN 2c were
photoligated by irradiation at 366 nm in the presence of template ODN 3c. Irradiation at 312 nm caused the
ligated product to revert to ODNs 1c (Base-ODN) and 2c.
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ly construct the multiply branched structure from a long un-
natural base DNA that contains cvU at the target site, which
could not be created by previous methods. We can synthesize
a more than 200-mer base DNA by introducing cvU to DNA
using an enzymatic PCR method. This novel method is well
suited to DNA nanodevices such as the DNA walker, DNA com-
puter, and DNA architecture, as well as in signal amplification.


Experimental Section
cvU was synthesized from 5-iodo-2’-deoxyuridine; the scheme has
been reported previously.[9] cvU-containing oligonucleotides were
prepared by the b-cyanoethylphosphoramidite method on con-
trolled-pore glass supports by using an Applied Biosystems 3400
DNA synthesizer and the standard method. After automated syn-
thesis, the oligomers were deprotected with concentrated aqueous
ammonia at 65 8C for 5 h, and purified by HPLC. The oligonucleoti-
des were determined by MALDI-TOF MS.


The reaction mixture containing 1a, 2a (each 20 mM), and 3a
(25 mM) in sodium cacodylate buffer (50 mM, pH 7.0) and NaCl
(100 mM) was irradiated with a transilluminator at 366 nm at 0 8C
for 3 h. CGE analysis was performed by using a Beckman Coulter,
P/ACE MDQ capillary electrophoresis system. The denaturing gel
(eCAP ssDNA 100-R Kit) purchased from Beckman Coulter con-
tained Tris-borate buffer and urea, and was prepared according to
the instruction manual. The enzymatic digestion was carried out


with alkaline phosphatase, P1 nuclease and phosphodiesterase in
NaCl (100 mM), Tris-HCl (100 mM, pH 8.9), 50% glycerol (5 mL), and
MgCl2 (15 mM) at 37 8C for 4 h.


To construct the DB-ODN, 1c (20 mM), 2c (40 mM), and 3c (50 mM) in
sodium cacodylate buffer (50 mM, pH 7.0) and NaCl (100 mM) were
irradiated with a transilluminator at 366 nm at 0 8C for 4 h.


Keywords: DNA structures · nanostructures · photochemistry
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Secondary metabolites of marine invertebrates show excep-
tional promise as potential pharmaceuticals in many therapeu-
tic areas.[1] The main obstacle to the exploitation of these
chemically diverse and often complex bioactive marine metab-


olites is the economic issue of a sustainable supply. Different
strategies have been attempted to overcome this impediment,
as long-term harvesting of wild stocks from the environment is
generally considered unsound.[2] Whole organism aquaculture,
tissue culture, symbiont culture and chemical synthesis are
possible, but seldom provide the robust and economic yield
needed for a commercially viable global supply. One promising
option is to clone the biosynthetic genes that encode the ex-
pression of a lead metabolite into a surrogate host suitable for
industrial-scale fermentation. Accordingly, we demonstrate the
recombinant expression for biosynthesis of a bioactive marine
metabolite. The patellamide gene cluster is cloned from Pro-
chloron sp., a photosynthetic endosymbiont of the ascidian Lis-
soclinum patella (Urochordata) that is recalcitrant to laboratory
culture.[3] Prochloron sp. genes encoding the biosynthesis of
patellamides are expressed in Escherichia coli to yield the cyclic
octapeptides, patellamide D (1) and ascidiacyclamide (2).


Most marine invertebrates harbour microorganisms that in-
clude bacteria, cyanobacteria, fungi and eukaryotic algae
within host tissues, where they reside as extra- and intracellular
symbionts.[4] Numerous products isolated from marine inverte-
brates are structurally homologous to known metabolites of
strict microbial origin; this suggests that commensal microbio-
ta contribute substantially to the biosynthesis of metabolites
elicited from the macro-organism host. Several metabolites
from marine invertebrates that are in preclinical or clinical trial
phases, such as discodermolide and the halichondrins, are al-
leged to be products derived from their microbiotic consor-
tia.[5] In the case of the bryostatins from Bugula neritina, molec-
ular evidence from in situ hybridisation experiments favours a
microbial origin of these macrocyclic lactones produced by a
characterised, but yet uncultured, g-protobacterial endobiont.[6]


In addition, the same group has characterised a single gene
that is proposed to be responsible for the early steps of the
bryostatin biosynthesis.[7] Similarly, DNA sequencing suggests
that the biosynthetic source of the onnamides and theopeder-
ins from the sponge Theonella swinhoei is an uncultured sym-
biotic prokaryote.[8] In contrast, symbiotic actinomycetes from
the marine tunicate Aplidium lenticulum have been cultured to
yield isolate Streptomyces sp. JP95, which produces the telo-
merase inhibitor griseorhodin A, from which the biosynthetic
gene cluster has been sequenced.[9] In addition, genes that
encode the biosynthesis of several other marine metabolites
have been entirely sequenced.[10–13] While production of several
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bioactives such as 6-deoxyerythronolide B,[14] epothilones[15]


and yersiniabactin[16] from terrestrial sources has been accom-
plished by heterologous expression of biosynthetic genes, the
challenge remained to clone genomic DNA from the uncul-
tured microbiota of a marine invertebrate for the production
of a lead candidate for pharmaceutical development in a heter-
ologous host.


A vast array of natural products of both marine and terrestri-
al origin can be constructed by large multifunctional polyke-
tide synthase (PKS), nonribosomal peptide synthetase (NRPS)
and hybrid NRPS-PKS enzymes that contain repeated, coordi-
nated modules, of which each module is responsible for the
sequential catalysis of one complete cycle of polyketide or po-
lypeptide chain elongation, together with tailoring enzymes
necessary for structural modifications.[17,18] We have elected to
express the cyclic octapeptides patellamide D (1) and ascidia-
cyclamide (2), isolated from the aplousobranch ascidian (sea-
squirt) Lissoclinum patella,[19,20] which have diverse biological
activity, including potent cytotoxicity and reduction of multi-
drug resistance in certain types of lymphoblasts.[21] This inver-
tebrate offers certain advantages for achieving the production
of its bioactive metabolites by heterologous expression of the
biosynthetic genes. L. patella is endemic to the tropical Indo-
Pacific and consistently contains patellamides in relatively high
quantities. The ascidian harbours a solitary photosynthetic pro-
karyotic symbiont, Prochloron sp. that is the likely source of
the patellamides, since the obligate prochlorophyte is known
to contain NRPS genes and their core patellamide structure is
typical of a prokaryotic origin,[22] although other studies have
shown that these compounds are localised mainly in the host
tunicate.[23] Furthermore, Prochloron sp. and its surrogate gene
host E. coli are both prokaryotes and are likely to be biochemi-
cally compatible, particularly for sharing post-translational acti-
vation of the modular NRPS peptidyl-carrier proteins by homol-
ogous 4’-phosphopantetheinyl transferase enzymes.[24] The pre-
dicted length for a putative linear NRPS for the patellamides is
in the order of 30 kb.[18]


We have used the “shotgun” cloning approach as utilized by
others[25–29] to clone large random-sized fragments of genomic
DNA from Prochloron sp. to obtain heterologous expression of
the cloned patellamide D (1) and ascidiacyclamide (2) biosyn-
thetic pathways in E. coli. Prochloron sp. was separated from
the cloacal cavities of ten specimens of L. patella, each show-
ing a matching patellamide composition according to HPLC
analysis of the holobiont extracts. Large random-sized frag-
ments of genomic DNA were extracted (Figure 1), shotgun
cloned into bacterial E. coli–Streptomyces artificial chromo-
somes (BAC) by using pPAC-S1/2 shuttle vectors[30] and were
transformed into E. coli DH10B cells. A total of 1433 insert-se-
lected transformants were transferred into 14H96 well microti-
tre plates for ease of handling in culturing the BAC library. Par-
tial sequence analysis of the 16S rDNA region by using univer-
sal bacterial primers confirmed that Prochloron sp. was the
origin of the genomic DNA used to construct the BAC library.
Genomic DNA samples were also utilized as templates to am-
plify NRPS gene sequences for use as probes in Southern blot
hybridisations to detect putative NRPS biosynthetic gene clus-


ters from the genomic libraries. Two pairs of degenerative
oligonucleotide primers were used,[22,31] but failed to amplify
any products despite a wide range of experimental conditions.


Since we were unable to interrogate the BAC library using
molecular tools to identify cloned transformants containing ex-
pected NRPS sequences, we resorted to direct chemical analy-
sis to screen for the biosynthesis of patellamides. Interference
posed by the complex medium (LB broth + 15 mgmL�1 kana-
mycin) used for fermentation required that sample preparation
techniques were rigorously optimised for clean metabolite re-
covery, and the use of sensitive mass-selective detection pro-
vided by LC-MS analysis allowed recognition of target metabo-
lites secreted to the broth at very low levels. In this procedure,
patellamides were concentrated by solid-phase extraction and
eluted with methanol, and the dried residue was cleaned by
water/dichloromethane partitioning to remove HPLC interfer-
ences. Broth extracts were prepared from 40 mL fermentations
prepared by inoculation with the entire 96-well set of clones
from each plate. The biosynthetic products obtained from the
combined clones of each plate were analysed by HPLC-MSn in
a procedure that proved sensitive for metabolite detection. Pri-
mary identification was achieved by comparing the HPLC re-
tention times of the eluting peaks obtained from mass-select-
ed detection with that of authentic patellamide standards ob-
tained from tissue extracts of the ascidian hosts. By LC-MS de-
tection, six of the fourteen-plate BAC library showed detecta-
ble levels of patellamides. At this level of examination, only
one plate showed clear production of both patellamide D (1)
and ascidiacylamide (2) by mixed-plate fermentation; three
other plates showed the presence of 1; two others showed the
presence of 2, both of which showed tenfold greater levels of
2 than the combined patellamide levels detected in the mixed
fermentation broths from all other plates.


Deconvolution of two of the original six patellamide-express-
ing plates was accomplished by LC-MSn analysis to select and
authenticate individual metabolite-producing transformants. In
this procedure, fermentation broths were analysed for patella-
mide biosynthesis from mixed cultures sampled from the col-
lective column wells of each test plate followed by the culture


Figure 1. Gel electrophoresis of pooled genomic DNA samples from Pro-
chloron sp. (lane 3) isolated from L. patella collected at Davies Reef; 1 kb
ladder (lane 1) ; 50 kb l DNA (lane 2).
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of individual transformants from each row of a metabolite-pos-
itive column. The BAC library plate from which both 1 and 2
were originally detected gave just one transformant (1-1-F),
which produced both patellamide and ascidiacyclamide me-
tabolites. The other plate examined gave one transformant (3-
4-G) that produced both metabolites plus two other BAC
clones (3-4-D and 3-6-B) that produced only ascidiacyclamide.
Metabolites 1 and 2 have been fully characterised from the
broth of clone 3-4-G, and their structures are consistent with
the products from the other three patellamide-producing
clones. Further work is being carried out to identify the fer-
mentation products from all of the library clones containing
patellamide metabolites. HPLC-MSn analysis showed that 1 and
2 produced by clone 3-4-G had identical HPLC retention times
(Figure 2), molecular [M+H]+ and [M+Na]+ ions, and charac-


teristic MS2 fragmentation patterns (Figures 3 and 4) that
proved identical to the fragmentation spectra of authentic
samples[19] obtained from L. patella extraction. Accurate mass
measurements obtained for 1 and 2 produced by clone 3-4-G
were within acceptable levels of deviation from the exact mo-
lecular mass calculated for each metabolite. Recovered metab-
olite yields without genetic improvement of the expression
system were low (transformant 3-4-G=77 ngmL�1 patellamide
D + 94 ngmL�1 ascidiacylamide) but are of the same magni-
tude reported for epothilone yields (50–100 ngmL�1) obtained
from expression of the epothilone gene cluster in Streptomyces
coelicolor.[15]


In this study we demonstrate that secondary metabolites
from the uncultured symbiont of a marine invertebrate are


amenable to surrogate expression of the biosynthetic genes in
a heterologous host. In our attempt, we obtained patellamide
metabolites from Prochloron sp. DNA expressed in E. coli with-
out needing to shuttle cloned DNA fragments into a Strepto-
myces host to achieve translational activation of the NRPS
domain. By extending these methods to the development of a
“universal” expression system for genetic recombination, we
intend to produce other high-value marine products, particu-
larly those having therapeutic potential for which clinical de-
velopment has stalled due to a lack of a renewable supply. Fur-
thermore, gene manipulation offers the prospect to produce
pharmacophore analogues with more desirable therapeutic
properties such as potency, specificity or bioavailability. Alter-
natively, new “unnatural” combinatorial libraries can be created
by iterative exchange of key biosynthetic gene modules[32,33] or
by precursor-directed biosynthesis, as recently shown for epo-
thilone.[34]


Our failure to amplify Prochloron sp. NRPS gene sequences
from cyanobacterial degenerative primers[22] and other primers
specific for conserved NRPS sequences[31] suggests that the
biosynthetic pathway leading to the formation of the patella-
mides is a previously unrecognised pathway. Similarly, as part
of the genome-sequencing project for Prochloron didemni, the
biosynthetic pathway for patelamides A and C has also very re-
cently been cloned and expressed in an E. coli surrogate
host.[35] Gene-sequence analysis conducted in this study
indeed reveals that the patellamides might in fact be synthes-
ised by a ribosomal mechanism. The approach reported here
did not require a priori knowledge of the producing organ-
ism’s genome, but rather utilised a universal expression system
in tandem with direct chemical analysis that might serve as a
more suitable strategy for general application to obtain a sus-
tainable supply of a target marine natural product for preclini-
cal and clinical investigation. As a final note, we conclude, in
agreement with Schmidt et al. ,[35] that Prochloron sp. is the ulti-
mate biosynthetic source of the patellamides isolated from the
marine ascidian, Lissoclinum patella.


Experimental Section


Sample collection and DNA extraction : Ten specimens of Lissocli-
num patella taken from Davies Reef in the central region of the
Great Barrier Reef, Australia, (147o38’E:18o51’S) were processed im-
mediately aboard the R.V. Lady Basten (Australian Institute of
Marine Science), and sub-samples were stored at �20 8C for future
use. Prochloron sp. could easily be separated from fresh L. patella
with minimal contamination by pressing the animal to release pho-
tobionts held in the cloacal cavities of the animal. The cells were
subsequently collected by gentle centrifugation and washed with
a 5H volume of Tris-EDTA Buffer (10 mM Tris-HCl + 10 mM EDTA;
pH 8.0). Isolated Prochloron sp. cells (ca. 0.2 g wet weight) were re-
suspended in Tris-EDTA Buffer (1.5 mL), treated with lysozyme re-
agent (40 mL, 100 mgmL�1 in Tris-EDTA Buffer) and were incubated
for 1 h at 37 8C with gentle shaking. The cells were then lysed by
the addition of EDTA (3.5 mL, 10 mM, pH 8.0) containing sodium
dodecyl sulfate (10% v/v), Triton-X (0.5% v/v) and proteinase K re-
agent (40 mL, Qiagen Pty Ltd, VIC, Australia). The lysis solution was
incubated at 50 8C for 1 h with gentle shaking. Genomic DNA was
obtained from standard procedures[36] by phenol/chloroform (equil-


Figure 2. Extracted ion chromatograms for Lissoclinum patella and BAC
transformant 3-4-G monitored at combined m/z=777 [M+H]+ + 799
[M+Na]+ (grey trace) and m/z=757 [M+H]+ + 779 [M+Na]+ (black trace).
A) Methanolic extract of L. patella and B) the fermentation extract of clone
3-4-G. The peak in the grey trace at tR=17.8 min is 1, and the peak in the
black trace at tR=19.4 min is 2. The minor peak marked with an asterisk
co-elutes with a known contaminant.
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ibrated) extraction and ethanol precipitation. The DNA was then
treated with RNase A reagent (100 mL, 100 mMmL�1; Qiagen Pty
Ltd), re-extracted with phenol/chloroform (equilibrated), precipitat-
ed with ethanol and finally resuspended in Tris-EDTA buffer. The
yield of DNA was determined by absorbance at 260 nm (Gene-
quant, Amersham Biosciences UK Ltd), and the DNA was diluted to


a final concentration of about
100 ngmL�1. In the absence of
pulsed-field gel electrophoresis fa-
cilities, the sizes of genomic frag-
ments were estimated by compar-
ison with the 50 kb genome of
bacteriophage Lambda following
agarose gel electrophoresis
(Figure 1).
Patellamide analysis : Subsamples
(ca. 1 g wet weight) of L. patella
were extracted with MeOH (3H
2 mL), and the extract was passed
through a C-18 solid-phase extrac-
tion cartridge (Sep-Pak; Waters/
Millipore) prior to HPLC analysis
(Phenomenex Phenosphere ODS-
2, 5 mm, 80 P, 250H4.6 mm
column with isocratic MeOH/H2O
(80:20) elution at 1 mLmin�1 and
detection at 234 nm) to deter-
mine the composition of the pa-
tellamides present in the ascidian
samples from which Prochloron
sp. DNA was extracted.
Molecular methods : Large
random-sized fragments of ge-
nomic DNA pooled from ten
freshly isolated Prochloron sp.
samples were end repaired by
using Klenow fragments and
blunt-end cloned into BamHI cut
vectors that had also been end re-
paired and dephosphorylated for
transformation into chemically
competent E. coli DH10B cells by
using the pPAC-S1 and pPAC-S2
bacterial E. coli-Streptomyces artifi-
cial chromosome (BAC) shuttle
vectors[37] according to standard
methods.[36] The shuttle vectors
are relatively large at 22.3 kb but
easy to handle after cloning large
DNA fragments ( � 100 kb). The
vectors are reputed to be more
stable than other cosmid and BAC
systems and contain the necessa-
ry origins for replication and re-
sistance markers to be shuttled
amongst E coli and Streptomy-
ces.[37] The BACs contain the sacB
gene and promoter at the poly-
linker site, such that DNA inser-
tion inactivates the sacB gene for
positive selection of cloned trans-
formants.[30] Transformants were
selected for resistance to kanamy-
cin (15 mgmL�1) and sucrose (5%


w/v) supplemented Luria–Bertani (LB) agar for insert selection. A li-
brary of 1433 insert selected clones was generated and stored in
8H12 well (96) well plates for ease of handling.
Deconvolution of the genomic library : Combined clones from
each of the 96-well plates were fermented in LB broth (40 mL) con-
taining of kanamycin (15 mgmL�1). After removal of cells by centri-


Figure 3. MS2 spectra for [M+Na]+ obtained online during a HPLC elution of 1 and 2 from Lissoclinum patella (A
and B, respectively) and BAC transformant 3-4-G (C and D, respectively).
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fugation, lipophilic components of the broth were absorbed onto
a C-18 solid-phase support (60 mL, 10 g, Alltech, Deerfield, IL, USA),
washed with H2O (40 mL) and eluted with methanol (2H40 mL).
After evaporation of the methanol under reduced pressure, the
residue was partitioned between water (40 mL) and dichlorome-
thane (2H40 mL). The organic phases were combined and reduced
under vacuum, the residue was redissolved in MeOH (400 ml), and
the sample extract was subsequently analysed by HPLC-MS (Bruker
Daltonics Esquire 3000 Plus coupled with an Agilent 1100 HPLC) by
using linear solvent gradients (Phenomenex Synergi Fusion RP
4 mm, 80 P, 250H4.6 mm column, t=0 min, MeOH/H2O (50:50); t=
20 min, 100% MeOH; t=25 min, 100% MeOH; t=30 min, MeOH/
H2O (50:50); t=35 min MeOH/H2O (50:50) at 1 mLmin�1; T=30 8C).
Extracted ion currents ([M+H]+ and [M+Na]+) for both patella-
mides, shown to be present in collected specimens of L. patella,
were monitored. Once plates containing 1 and/or 2 were located,
combined clones from each column were cultured and analysed
by LC-MS, and individual clones from each column containing the
desired metabolites were fermented separately for patellamide
clone selection. Authentic 1 and 2 obtained from L. patella were


used as reference standards.[19] Analytical data ob-
tained for the patellamide products isolated from the
fermentation broth of BAC transformant 3-4-G are
given below.
Patellamide D (1) eluted at 17.8 min and gave charac-
teristic ions by MS analysis at m/z=777 [M+H]+ and
799 [M+Na]+ and characteristic fragment ions by MS-
MS analysis at m/z=771, 755, 714, 449, 364, 329. Ac-
curate mass measurement of m/z=799 [M+Na]+


yielded 799.3036; [C38H48N8O6S2Na]
+ requires 799.3030


(D=+0.8 ppm). Patellamide D was recovered at
77 ngmL�1 from the fermentation broth (18 h at
37 8C) obtained from transformant 3-4-G.
Ascidiacyclamide (2) eluted at 19.4 min and gave char-
acteristic ions by MS analysis at m/z=757 [M+H]+


and 779 [M+Na]+ and characteristic fragment ions by
MS-MS analysis at m/z=751, 735, 694, 668, 626, 570,
401, 316. Accurate mass measurement of m/z=779
[M+Na]+ yielded 779.3314; [C36H52N8O6S2Na]


+ requires
779.3343 (D=�3.7 ppm). Ascidiacyclamide was recov-
ered at 94 ngmL�1 from the fermentation broth (18 h
at 37 8C) of transformant 3-4-G.
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Most natural gas sources remain untapped as energy and
chemical feedstocks. A catalyst for the selective oxidation of
gaseous alkanes into more easily transported alcohols could
allow these reserves to be exploited. Although catalytic alkane
hydroxylation has been reported by many groups,[1] selective
conversion of ethane and methane mainly to their correspond-
ing alcohols has yet to be demonstrated.[2] For example, limit-
ed (i.e.<500 total turnovers) catalytic ethane oxidation is sup-
ported by a variety of transition metal catalysts, but these sys-
tems produce mixtures containing significant amounts of acet-
aldehyde and acetic acid in addition to ethanol.[3,4] Harsh oxi-
dants such as hydrogen peroxide or sulfuric acid are usually
required, although catalytic systems that make use of dioxygen
have also been reported.[4] The ideal catalyst should convert
ethane to ethanol with high selectivity and productivity, be
easily prepared from relatively common, nontoxic materials,
function at low temperature and pressure, use dioxygen from
the air as the oxidant, and produce little or no hazardous
waste.


Biological systems have evolved metalloenzymes that con-
vert alkanes into alcohols with many of the features of the
ideal catalyst. The well-studied methane monooxygenase
(MMO), for example, catalyzes the conversion of methane to
methanol and has long been a source of inspiration for catalyst
designers.[5] Unfortunately, these structurally complex enzymes
have never been functionally expressed in a heterologous or-
ganism suitable for bioconversion and process optimization,
and therefore have proven to be of little practical use for pro-
ducing alcohols.


We chose cytochrome P450 BM-3 as our target for generat-
ing an enzyme that can convert ethane and methane to alco-
hols because it possesses properties that make it both an ideal
catalyst and straightforward to engineer: BM-3 is highly solu-
ble, exhibits high catalytic rates on preferred substrates (thou-
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sands of turnovers per minute),[6] and is readily ex-
pressed in convenient heterologous hosts such as
Escherichia coli. Additionally, all of the machinery re-
quired for catalysis—hydroxylase and reductase do-
mains—is included on a single polypeptide chain,[7]


unlike MMOs and most other P450 enzymes. Nei-
ther BM-3 nor any other of the thousand-plus natu-
rally occurring members of the P450 enzyme super-
family, however, is known to oxidize ethane or
methane. We and others have previously engi-
neered cytochromes P450 that hydroxylate alkanes
as small as propane.[8–10]


Communication between the heme and reduc-
tase domains of BM-3 is substrate-dependent and
fine-tuned to transfer a pair of electrons from an
NADPH cofactor through two reductase-bound fla-
vins and then shuttle the electrons, one at a time,
into the hydroxylase domain during catalysis.[11] En-
gineering the protein for activity on a new sub-
strate such as ethane must conserve this regulated
communication, and poses significant technical
challenges. The engineered enzyme must bind
ethane, a substrate considerably smaller than a
fatty acid, directly above the heme in the active site
of the hydroxylase domain. Substrate binding must
initiate electron transfer from the reductase domain
to the heme domain during catalysis. Once electron
transfer occurs, the active iron–oxo species must be
capable of breaking the high-energy C�H bond in ethane
(101.1 kcalmol�1 vs. 95–99 kcalmol�1 for the secondary C�H
bonds of the fatty acid substrates[12] of wild-type BM-3). Finally,
the singly hydroxylated product must be released from the
active site before further oxidation can occur.


Although crystal structures of the BM-3 heme domain with
and without substrate are available,[13,14] a structure of the re-
ductase domain is not. Furthermore, large conformational
changes in both domains during catalysis[15] make it difficult to
identify amino acid substitutions that can address all these
issues. To engineer an ethane hydroxylase, we therefore utiliz-
ed an “evolutionary” strategy in which mutations are accumu-
lated over multiple generations of random mutagenesis and
screening.[16] Our approach has been to adapt the enzyme to
exhibit higher turnover on smaller and smaller alkanes
(Figure 1), since efficient product formation is indicative of
good solutions to the multiple engineering problems de-
scribed above. In the first generations, we increased the activi-
ty of BM-3 towards octane and also acquired a small but ap-
preciable activity on propane, producing propan-2-ol and a
very small amount (less than 3%) of propan-1-ol.[9] The pro-
pane-hydroxylating activity was further increased by randomly
mutating the heme domain and screening the resulting libra-
ries for activity towards the (propane surrogate) substrate di-
methyl ether. Mutant 9-10A obtained in this way was much
more active towards propane than 139-3 and produced signifi-
cantly more propan-1-ol (8%).[10] The increase in propan-1-ol
was particularly interesting because the propane terminal C�H


bond energy (100.4 kcalmol�1) is similar to the C�H bond
energy of ethane (101.1 kcalmol�1).[12]


To obtain an ethane-hydroxylating P450, we continued di-
rected evolution of 9-10A, this time targeting mutations to the
active site rather than the entire heme domain. Guided by the
high-resolution crystal structure of P450 BM-3 with bound pal-
mitoylglycine substrate,[14] we chose for mutagenesis eleven
amino acid residues in this channel that lie within 5 H of the
terminal eight carbon atoms of the bound substrate, positing
that these residues are likely to contact small alkanes in the
active site during catalysis. Saturation mutagenesis libraries
constructed for each of these residues were screened for mu-
tants showing improved activity towards dimethyl ether. Single
mutants selected from these libraries were then recombined
to form a large library containing all possible combinations of
the beneficial active-site mutations, and this library was
screened for activity towards dimethyl ether. The mutant with
the highest activity on propane, 53-5H, was isolated and puri-
fied, and shown to catalyze 5000 turnovers of propane to
propanol at a rate of 370 min�1 (Table 1). This enzyme also cat-
alyzes at least 8000 turnovers of octane hydroxylation.[17]


Notably, P450 BM-3 mutant 53-5H also hydroxylates ethane
to generate ethanol as the sole product. 53-5H consistently
produces at least 50 equivalents of ethanol at a rate of
0.4 min�1, independent of the starting concentration of
enzyme (see Supporting Information). We tested for overoxida-
tion by supplying 13C-labeled ethanol as a substrate and moni-
toring ethanol depletion by gas chromatography and the pro-
duction of acetaldehyde and acetic acid by 13C NMR. No (i.e.


Figure 1. Variants of P450 BM-3 exhibit activities towards smaller alkane substrates,
which are characterized by higher C�H bond dissociation energies. Directed evolution
was used to convert wild-type P450 BM-3 stepwise from a fatty acid hydroxylase into an
enzyme capable of activating the C�H bond of ethane. The figure shows the substrate
range of wild-type P450 BM-3, variant 53-5H, and, for comparison, the range of sub-
strates of other naturally occurring alkane monooxygenases.
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less than 10%, the detection limit of these experiments) over-
oxidation products were detected in these experiments (see
Supporting Information). In general, the hydrophobic active
sites in P450s assist in the release of singly hydroxylated prod-
ucts, and we have witnessed very little (less than 5%) overoxi-
dation of longer and more hydrophobic alcohols in any BM-3
mutants. In addition, we have observed that alkane-hydroxylat-
ing mutants generally overoxidize longer-chain alkanes such as
decane to a higher extent (~7%) than shorter ones such as
hexane (~1%).[10] 53-5H also catalyzes the rapid (660 min�1)
and efficient (80% coupled, see Supporting Information) con-
version of octane to (primarily) octan-2-ol in the presence of
1% ethanol; this demonstrates that ethanol does not inhibit
the catalyst.


53-5H contains three active-site mutations, A78F, A82S, and
A328F, all of which replace alanine with a larger side chain and
presumably reduce the volume of the active site and position
small alkanes above the heme during catalysis. In addition to
its activity towards ethane, 53-5H exhibits the highest regiose-
lectivity (89% octan-2-ol) and enantioselectivity (65% S-octan-
2-ol) towards octane that we have encountered in any BM-3
variant (Table 1), this provides further evidence of tighter sub-
strate binding in the engineered active site.


In the presence of ethane, 53-5H oxidizes NADPH at a rate
of 660 min�1 (see Supporting Information) ; this indicates ineffi-
cient utilization of the electrons transferred to the heme
during catalysis. NADPH and enzymatic systems for its regener-
ation are expensive. In vitro, uncoupled oxidative biotransfor-
mations would not be economical ; in vivo, the enzyme would
deplete the cell of its energy currency. We therefore performed
a further round of directed evolution to increase the ethane
activity of 53-5H; this time, we targeted mutations to the
entire reductase domain, including the polypeptide linker that
connects it to the heme domain. In previous work (unpub-
lished), we had identified that amino acid substitution E464G
in the linker region increased total turnover in selected BM-3
mutants, presumably by facilitating communication between
the highly mutated hydroxylase domain and the as yet un-
modified reductase domain. Alone, this mutation does not en-
hance the production of ethanol by 53-5H, but further im-
provement was found upon screening a 53-5H library contain-


ing E464G and random mutations in the reductase domain for
high activity towards dimethyl ether accompanied by reduced
NADPH consumption rates in the absence of substrate. The re-
sulting mutant 35-E11 contains all 15 of the hydroxylase-
domain substitutions found in 53-5H, the linker mutation
E464G, and a new mutation I710T located in the reductase
domain. Compared to 53-5H, mutant 35-E11 exhibits a fivefold
increase in total turnover of ethane to ethanol (total turnover
number (TTN)=250). In a typical reaction with ethane, 200 nM


of mutant 35-E11 produces over 50 mM of ethanol (see Support-
ing Information). The rate of product formation by 35-E11
equals that of 53-5H, while the NADPH consumption rate in
the presence of ethane has decreased to ~520 min�1 (see Sup-
porting Information). The increased productivity probably re-
flects a prolonged catalyst lifetime, achieved by reducing un-
productive cofactor oxidation, which inactivates the protein by
forming various reactive species. Amino acid residue I710, by
comparison to the crystal structure of the homologous rat
P450 reductase,[18] is located near the FAD cofactor.


These results demonstrate that the 101.1 kcalmol�1 C�H
bond dissociation energy of ethane does not pose a funda-
mental barrier to a cytochrome P450 and that a P450-based
biocatalyst can cleanly convert ethane into ethanol without
measurable side reactions. Although the rate, total turnover
number, and coupling efficiency of ethane hydroxylation are
too low for practical purposes, we have shown that continual
improvements can be achieved, and we anticipate that further
directed evolution will generate a biocatalyst with similar pro-
ductivity to what we have obtained with propane (6000 turn-
overs).


While this paper was under review, Wong and co-workers
also reported that a cytochrome P450 is capable of ethane
hydroxylation. This activity was achieved by engineering the
active site of P450cam.[19]


Acknowledgements


The authors thank Nathan Dalleska for assistance with the gas
chromatography. This work is supported by the National Science
Foundation (BES 9981770).


Table 1. Alkane hydroxylation activities of wild-type and mutant cytochromes P450 BM-3.


Enzyme Number of amino Active site amino Ethane Propane Octane[a]


acid substitutions acid substitutions Rate[b] TTN[c] Rate[d] TTN[c] Rate[d] TTN[c] octan-2-ol [%] ee [%][e]


Wild-type BM-3 – – – – – – 30 150 17 n.d.[f]


9-10A 13[g] V78A – – 23 1100 540 3000 53 50 (S)
53-5H 15 V78F, A82S, A328F 0.4 50 370 5000 660 8000 89 65 (S)
35-E11 17 V78F, A82S, A328F 0.4 250 210 6000 420 8000 89 65 (S)


[a] Octane reactions were performed in the presence of 1% ethanol. [b] Rates of ethanol formation were measured over 30 min by using GC coupled to an
electron-capture detector and are reported as nmol ethanol per min per nmol of enzyme. Errors are at most 10%. [c] Total turnover number (TTN) was
measured by using GC after completion of the reaction and is reported as nmol product per nmol protein. Errors are at most 10%. [d] Initial rates of prop-
anol and octanol formation were measured over 1 min by GC and are reported as nmol product per min per nmol protein. Errors are at most 15%. [e] ee
of octan-2-ol (main product) was measured by GC; the favored enantiomer is listed in parenthesis. [f] Wild-type P450 BM-3 primarily produces octan-3-
and -4-ol. The yields were not sufficient for the determination of ee for wt BM-3. [g] Mutant 9-10A contains amino acid substitutions R47C, V78A, K94I,
P142S, T175I, A184V, F205C, S226R, H236Q, E252G, R255S, A290V, and L353V.
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Introduction


Competitive-binding assays are a technique commonly used in
the biosciences, especially in the drug-discovery process, to de-
termine the affinity of a ligand for a specific binding site.[1] In
general, competitive-binding assays are performed with mark-
ers, ligands addressing the target of interest, for example, a
pharmacological receptor, with high affinity and selectivity, and
additionally containing a label to improve their quantification.
Most frequently, either a ligand labelled with a radioisotope
(e.g. 3H, 35S or 125I) or with a fluorescent moiety is used.[1–4]


However, both methods have serious drawbacks. The synthesis
of radioligands is, in general, expensive, and special safety pre-
cautions have to be observed when radioligand-binding assays
are performed. Moreover, the disposal of radioactive waste
may result in considerable extra costs. Whereas the latter prob-
lems do not apply to assays based on ligands provided with a
fluorescent group, the synthesis of such markers is a time-con-
suming process, as the ligand has to be reoptimised on addi-
tion of the fluorescent group[4,5] . There is clearly a need for
new and universally applicable methods that allow competi-
tive-binding assays to be performed with unlabelled ligands.


Mass spectrometry (MS) has undergone tremendous techno-
logical improvements over the past decade, affecting almost
every aspect of MS analysis, including continuous increases in
the performance and sensitivity of MS analysis. As a conse-
quence of these improved capabilities, for example, the low
limits of quantification, modern MS is now used successfully in
diverse binding assays.[6–10] Most of these sophisticated assays
are characterised by an affinity selection step of structurally
unknown library components followed by elaborate analytical
procedures to identify and quantify all the different target-
bound library components by employing MS. However, meth-


ods that combine the principle of competitive-binding studies
with MS detection are still rare,[11–16] even though this approach
is especially rewarding, since it offers the opportunity to sub-
stitute conventional competitive radioligand-binding assays.


In a recent study, we demonstrated the feasibility of com-
petitive-binding experiments with MS detection at native dop-
amine D1 receptors in porcine striatal cell membranes. In con-
trast to conventional binding assays, these competitive MS
binding experiments were performed with concentrations of
both the marker and the target in the range of the Kd of the
marker for the target. Under these conditions, competitive
binding of a test compound to the target can be tracked relia-
bly by quantification of the nonbound marker, instead of the
bound marker.[14] An advantage of measuring the nonbound
marker is that no additional step for the liberation of the
bound maker is required, and the raw samples from the bind-
ing experiments can be directly employed in the MS analysis,
provided that a suitable buffer system compatible with both
steps, the binding experiments and the MS analysis, is used. In
the study mentioned above, we found that ammonium for-


A competitive MS binding assay employing spiperone as a native
marker and a porcine striatal membrane fraction as a source for
dopamine D2 receptors in a nonvolatile buffer has been estab-
lished. Binding of the test compounds to the target was moni-
tored by mass-spectrometric quantification of the nonbound
marker, spiperone, in the supernatant of the binding samples ob-
tained by centrifugation. A solid-phase extraction procedure was
used for separating spiperone from ESI-MS-incompatible superna-
tant matrix components. Subsequently, the marker was reliably


quantified by LC-ESI-MS-MS by using haloperidol as an internal
standard. The affinities of the test compounds, the dopamine
receptor antagonists (+)-butaclamol, chlorpromazine and (S)-sul-
piride obtained from the competitive MS binding assay were
verified by corresponding radioligand binding experiments with
[3H]spiperone. The results of this study demonstrate that competi-
tive MS binding assays represent a universally applicable alterna-
tive to conventional radioligand binding assays.
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mate was a usable buffer system. It was well tolerated in the
binding experiments and was well suited for the MS analysis,
which was performed by ESI on a triple-quadrupole mass spec-
trometer operated in the MRM mode. Several receptors, how-
ever, require a specific ionic environment to enable optimal
binding that is not suitable for MS analysis. Consequently, we
thought it worthwhile to demonstrate that our concept of
competitive MS binding experiments is also feasible for recep-
tors requiring this kind of ionic buffer systems, even though
the matrix resulting from the binding experiments has to be
removed prior to MS analysis. With this goal in mind, we set
out to perform MS binding experiments at dopamine D2 recep-
tors for which a specific buffer system with Tris (50 mm) as the
main component, in addition to several inorganic salts, is gen-
erally used.


Results and Discussion


To establish a competitive MS binding assay for dopamine D2


receptors (or, to be more precise, D2-like dopamine receptors),
the first step is to select an appropriate marker. [3H]Spiperone
is a common marker with a high affinity for D2 receptors and is
often used in radioligand binding assays.[17,18] We therefore ex-
amined whether a LC-MS detection method for unlabelled spi-
perone could be established that would allow reliable monitor-
ing of spiperone with a sensitivity high enough for competitive
MS binding experiments. For the LC-MS analysis, a triple quad-
rupole mass spectrometer with an electrospray interface direct-
ly coupled to a HPLC unit equipped with a RP 8 column was
used (LC-ESI-MS-MS). When employing a mixture of acetonitrile
and 0.1% aqueous formic acid (30:70) as eluent, spiperone
could be reliably quantified in the multiple reaction monitoring
mode (MRM) at a transition from 396.0 (m/z) to 123.0 (m/z),
even at subnanomolar concentrations (Figure 1).


A porcine striatal membrane fraction was selected to serve
as a source for D2 receptors in the competitive MS binding
assay to be developed. The brain tissue is easy to obtain and
proved to be well suited for our previous MS binding experi-
ments at dopamine D1 receptors.[14] Binding assays based on
[3H]spiperone as a marker are, however, not fully selective for
dopamine D2 receptors, as spiperone has only limited selectivi-
ty for this binding site.[17,18] For example, the 5-HT2 receptors,
which are probably amply present in the porcine striatal brain
membrane fraction, are addressed by spiperone as well.
Though the selectivity of binding assays based on spiperone
can be improved by various methods (e.g. by blocking 5-HT2


receptors with ketanserin), no attempts were made in this di-
rection, as this was beyond the scope of the present study. For
the sake of simplicity, however, the binding sites addressed by
spiperone are referred to as D2 receptors in this paper.


First, we determined the Kd of spiperone (490�50 pm) and
the Bmax of spiperone-labelled binding sites in the porcine stria-
tal membrane fraction (370�70 fmolmg�1), following a classi-
cal approach with [3H]spiperone as a radioligand (see Support-
ing Information). The test assertained that both the affinity
and density of D2 binding sites are high enough to allow us to
perform competitive MS binding assays with the concentration


of both the marker and the binding sites close to the Kd value.
This is an important prerequisite if binding experiments are to
be tracked by monitoring the amount of nonbound marker.[14]


Then, the concentrations of the nonbound marker and the
bound marker should be in the same order of magnitude, and
the amount of nonbound marker should undergo significant
changes when increasing amounts of test compounds are
competing with the marker for the binding sites.


As mentioned above, our intention was to perform the com-
petitive MS binding experiments in the same nonvolatile
buffer system (50 mm Tris HCl, 120 mm NaCl, 5 mm KCl and
5 mm MgCl2) commonly employed in [3H]spiperone-binding
experiments, in order to demonstrate that this approach is not
limited by the buffer system used.


Since the MS dopamine D2-binding experiments were to be
terminated by centrifugation, the resulting samples were as-
sumed to be unsuitable for direct ESI-MS analysis after only a
rapid HPLC prepurification. A preliminary experiment following
these principles, in which the LC-ESI-MS-MS signal of spiperone
was found to be substantially suppressed when the marker
was analysed after short retention times, straight out of the su-
pernatant, clearly verified this assumption (data not shown).


A solid-phase extraction procedure (SPE) sample preparation
with Oasis HLB cartridges allowed efficient separation of spi-
perone as well as haloperidol, which was used as internal stan-
dard, from the matrix of the supernatant of the binding sam-
ples. Following this preparation, spiperone and haloperidol
were analysed in a single LC-ESI-MS-MS run (Figure 1) with
satisfactory recovery (spiperone: 92�0.4%, haloperidol : 79�
3.2%, means �SD, n=6, for details, see Experimental Section).
A control experiment revealed that none of the test com-


Figure 1. Representative MRM chromatogram of a matrix sample spiked
with spiperone (0.875 nm, m/z 396.0 to m/z 123.0) and haloperidol
(0.875 nm, m/z 376.0 to m/z 123.0) after SPE on an Oasis HLB cartridge
followed by LC (RP8 column; solvent: CH3CN/0.1% HCOOH, 30:70;
150 mLmin�1), as described in the Experimental Section.


1770 www.chembiochem.org 8 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2005, 6, 1769 – 1775


K. T. Wanner et al.



www.chembiochem.org





pounds used in the subsequent binding assays af-
fected the recovery or the quantification of the
marker by the SPE/ESI-LC-MS-MS procedure.


However, the first competitive MS binding experi-
ments with concentrations of the marker and binding
sites of about 500 pm failed. This is possibly the
result of a high degree of nonspecific binding that
leads to a depletion of the marker. Indeed, when the
concentration of spiperone was raised to 1.25 nm,


while keeping the concentration of binding sites
around 400 pm, the competitive-binding assay
worked. The concentration of the nonbound marker
did now change significantly with varying concentra-
tions of test compound. (The flow chart of the
competitive-binding experiment is summarised in
Figure 2.)


The known dopamine receptor antagonists (+)-bu-
taclamol, chlorpromazine and (S)-sulpiride were se-
lected as competitors in this new type of binding
study. The assays were performed by incubating vary-
ing concentrations of the test compounds with por-
cine striatal membrane fraction (25 8C, 40 min) in the presence
of spiperone (1.25 nm). The experiments were stopped by cen-
trifugation, and the amount of nonbound spiperone was then
quantified from the supernatants, as described above, by LC-
ESI-MS-MS after SPE sample preparation (Figure 3). Based on
the data obtained, competition curves describing the concen-
tration of bound spiperone in relation to the concentration of
the test compounds could be generated (Figure 4).


The difference between the bottom and the top region of
the curve as defined by control samples incubated without
any competitor (total binding) or with (+)-butaclamol (10 mm,


nonspecific binding), respectively, represents the specific bind-
ing of spiperone.


In total, the binding curves disclosed an extraordinarily high
amount of nonspecific binding of spiperone. To explain this, di-
verse factors have to be considered: First, the high amount of
nonspecific spiperone binding is clearly the consequence of
the high amount of membrane preparation (up to 1 mg total
protein in 500 mL) required for the competitive-binding experi-
ment. Secondly, “nonbound” spiperone entrapped in the pellet
during centrifugation will substantially contribute to nonspecif-
ic binding. Furthermore , the relatively high lipophilicity of spi-
perone causing adsorption to lipid membranes,[19] as well as
additional labelling of binding sites by spiperone with high af-


finity that are not completely blocked by (+)-butaclamol,[17]


could add to the highly nonspecific binding of spiperone, com-
pared to other markers.


Variations in the bottom and top ends of the curves be-
tween the different experiments are also striking. This discrep-
ancy is likely to be due to variations between the different
membrane preparations employed in the assays. It should be
emphasised, however, that the amount of nonspecific binding
(binding remaining in the presence of 10 mm (+)-butaclamol)
was individually determined for every binding curve, thereby
assuring the correct analysis of specific binding in each experi-
ment. In this way, the IC50 values (i.e. , the concentration of a
test compound that reduces the specific binding of the marker
to 50%) could be reliably deduced from these binding curves
analogously to conventional binding assays and so calculated
accordingly (see Table 1).


The mass-spectrometric quantification procedure could,
indeed, be verified by a control experiment performed under
identical conditions with (S)-sulpiride as the competitor and
[3H]spiperone as marker, in place of spiperone. The results of
this study were in good accordance with the results found in
the MS binding experiments (for experimental details and
binding curves, refer to the Supporting Information, for results,
Table 1).


Figure 2. Flow chart of competitive MS binding experiments.


Figure 3. Representative MRM chromatograms of spiperone (m/z 396.0 to m/z 123.0)
from supernatants of binding experiments with spiperone as native marker and a por-
cine striatal membrane fraction as a source of dopamine D2 receptors A) in the absence
of (+)-butaclamol or in the presence of B) 100 nm or C) 10 mm (+)-butaclamol. ESI-MS-MS
was performed after SPE on an Oasis HLB cartridge, followed by LC (RP8 column; sol-
vent: CH3CN/0.1% HCOOH, 30:70; 150 mLmin�1), as described in the Experimental Sec-
tion. All supernatants were spiked with haloperidol (0.875 nm, m/z 376.0 to m/z 123.0)
as an internal standard. The difference between nonbound spiperone in (C) and (A) rep-
resents specific binding.
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In order to prove the validity of the results obtained in our
competitive MS binding experiments, we also performed con-
ventional [3H]spiperone binding assays (Figure 5).


These experiments were conducted with a much smaller
amount of the porcine striatal membrane fraction; about a
tenth of that used in the MS binding experiments. It should be
noted that the MS binding experiments described in this paper
required a much higher concentration of binding sites than
conventional radioligand-binding assays based on the analysis
of the bound marker by liquid scintillation. In addition, in the
case of the radioligand assay, the incubation was stopped by
filtration on glass fibre filters, which were finally measured in a
liquid scintillation counter.


To compare the affinities determined in the competitive MS
binding assay with conventional radioligand binding assays, all
IC50 values were converted to Ki values. Since marker depletion
in the competitive MS binding assays (as well as the identically
performed control experiments with [3H]spiperone) had sur-
passed the critical limit (>10%) for the calculation, an equa-
tion was used to take this into account.[20, 21] The Ki values of
the conventional radioligand-binding assays were calculated
according to Cheng and Prusoff as, in this case, depletion of
the marker was considerably below 10%.[20,22] The Ki values ob-
tained in the conventional [3H]spiperone-binding experiments
are roughly in accord with the results from our competitive MS
binding assays (Table 1). The observed discrepancy is probably
a result of the very high amount of membrane material em-
ployed in the competitive MS binding assays, which, in turn,
would cause an extraordinarily high amount of nonspecific
binding of the test compounds. Consequently, such a substan-
tial amount of nonspecific binding would lead to a significant


Figure 4. Binding curves for (+)-butaclamol, chlorpromazine and (S)-sulpiride
as generated by nonlinear regression for competitive MS binding assays.
Three binding experiments were carried out for each ligand. The individual
points describe nonbound spiperone quantified by LC-ESI-MS-MS from the
supernatant of binding samples (performed in triplicate, means � s).


Table 1. Affinities for dopamine antagonists obtained by competitive MS binding experiments and radioligand binding assays, respectively.


Spiperone [3H]Spiperone
(nonbound)[a] (nonbound)[b] (bound)[c]


IC50
[d] Ki [nM][d] IC50


[d] Ki [nM][d] IC50
[d] Ki [nM][d]


(+)-butaclamol 140�50 43�10 n.d.[e] 44�8 8.7�1.8
chlorpromazine 560�90 220�20 n.d.[e] 120�10 23�3
(S)-sulpiride 210�30 65�8 110�25 45�9 120�20 25�4


[a] Nonbound spiperone determined by LC-ESI-MS-MS from the supernatant of the binding samples obtained by centrifugation; [b] Nonbound [3H]spiper-
one determined by liquid scintillation counting from the supernatant of the binding samples obtained by centrifugation; [c] Bound [3H]spiperone mea-
sured by liquid scintillation counting bound marker after filtration on GF/C filters by means of a cell harvester; [d] Means �SEM from three experiments
each performed in triplicate; [e] Not determined.


Figure 5. Representative binding curves for (+)-butaclamol, chlorpromazine
and (S)-sulpiride from conventional radioligand-binding assays monitoring
bound [3H]spiperone after filtration of the binding samples (each performed
in triplicate, means � s) on GF/C filters by means of a cell harvester.
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depletion of the test compound and an enhancement of the Ki


values. This assumption is supported by the observation that
the deviations between the MS Ki values and those from the
conventional [3H]spiperone-binding experiments are markedly
higher for the lipophilic compounds (+)-butaclamol (logD at
pH 7=4.25)[23] and chlorpromazine (logD at pH 7=3.01)[23]


than for sulpiride (logD at pH 7=�1.49).[23] However, further
investigations are necessary to better understand this problem.


Conclusion


The principle of competitive MS binding assays characterised
by the mass-spectrometric quantification of a native marker
has been applied to dopamine D2 receptors. Competitive-bind-
ing experiments were performed in a nonvolatile incubation
buffer by employing spiperone as a native marker for dopa-
mine D2 receptor binding sites in a porcine striatal membrane
fraction (additional labelling of other binding sites, for exam-
ple, 5-HT2 receptors cannot be excluded). Quantification of
nonbound spiperone from the supernatant of such binding
samples could be realised by LC-ESI-MS-MS after SPE sample
preparation; this allowed the determination of the affinities of
several dopamine receptor antagonists for D2 receptors. The
results produced by this novel approach agree well with con-
trol experiments performed identically by monitoring non-
bound [3H]spiperone and are roughly in accord with conven-
tional radioligand-binding assays of bound [3H]spiperone. The
explanation for the differences between the Ki values from
conventional radioligand binding assays and MS binding
assays remains speculative. It is possible, however, that the de-
pletion of the test compounds in the MS-based assay, which is
due to the high amounts of membrane material required in
the competitive-binding experiments, adversely affects affinity
determination. As this is obviously the result of an insufficient
density of target sites in the porcine striatal membrane prepa-
ration, it should be easily overcome by using a more appropri-
ate source for the target sites, such as heterologously ex-
pressed D2 receptors. Alternatively, the competitive MS binding
assays might be performed with quantities of membrane ma-
terial that represent receptor concentrations markedly below
the Kd value of the marker. This approach would have exceed-
ed the sensitivity of the mass spectrometer employed in this
study. However, with the new generation of triple-quadrupole
mass spectrometers on the market, which display a sensitivity
up to 100 times higher than that of the instrument we used,
such binding experiments should be feasible.


Nevertheless, the approach presented is rather straightfor-
ward and offers an attractive alternative to conventional bind-
ing assays based on markers labelled with radioisotopes or
fluorescent groups, since competitive MS binding assays are
simple to perform and work well with demanding targets,
such as native membrane-bound receptors, as demonstrated
in this study.


Clearly, further investigation is necessary in order to improve
the throughput of this procedure; for example, by scaling up
the assay format to 96-well plates, simplifying sample prepara-
tion, miniaturising HPLC, utilising column-switching systems or


employing less time-consuming MS techniques. Additionally,
the possibility should be examined of whether monitoring the
bound marker in competitive MS binding experiments yields a
more favourable ratio of specific versus nonspecific binding.
Regarding mass-spectrometric quantification of the bound
marker, it should be noted that such a procedure would paral-
lel conventional competitive radioligand-binding assays more
closely and might thereby gain wider attention. Bearing in
mind the continuously increasing sensitivity of mass spectrom-
eters, the realisation of this idea appears to be feasible.


To sum up, this novel approach has two major advantages.
First, a ligand for a binding site does not have to be labelled
and, secondly, it is universally applicable. This will ensure that
this new method will gain increasing importance as an attrac-
tive tool in primary drug screening.


Experimental Section


Chemicals : The compounds employed were purchased from the
following sources: spiperone, pimozide and (S)-sulpiride from RBI/
Biotrend, Kçln, Germany; chlorpromazine, (+)-butaclamol and
haloperidol from RBI/Sigma, Taufkirchen, Germany; [3H]spiperone
(814 GBqmmol�1) from Amersham Bioscience, Freiburg, Germany.


Membrane preparation : Striatum from pig brains (from the local
slaughterhouse) was homogenised in 10 volumes of sucrose
(0.32m) with a potter (PotterS, Braun, Melsungen, Germany,
1200 rpm, 10 up-and-down strokes), and centrifuged (1000g,
10 min, 4 8C). The supernatant was centrifuged again (20000g,
10 min, 4 8C). The resulting pellets (P2) were resuspended in Tris-
HCl buffer (50 mm, pH 7.4) and centrifuged (30000g, 20 min, 4 8C).
The last centrifugation was repeated. The final pellet was resus-
pended in Tris-HCl buffer, and the protein was determined accord-
ing to Bradford, with BSA as standard, after treatment with an
equal volume of NaOH (1m) for 1 h.[24] Portions of the porcine stria-
tal membrane fraction were frozen at �80 8C.


Competitive spiperone-binding assays : A portion of the mem-
brane fraction was thawed, centrifuged (48000g, 30 min, 4 8C) and
resuspended in Tris-salt buffer (50 mm Tris-HCl, 120 mm NaCl,
5 mm MgCl2, 5 mm KCl and 1 mm EDTA pH 7.4). Aliquots represent-
ing about 200 fmol specific spiperone-binding sites of this mem-
brane suspension (estimated from the Bmax for each preparation
determined in [3H]spiperone saturation assays, as described in the
Supporting Information, and from the total amount of protein de-
termined according to Bradford) were incubated in the presence of
spiperone (1.25 nm), test compounds in (at least 6) varying concen-
trations and Tris-salt buffer in a total volume of 500 mL in polyprop-
ylene tubes (1.5 mL) in a shaking water bath (40 min, 25 8C). The
samples were repeatedly vortexed to avoid sedimentation of the
membrane particles. The incubation was stopped by centrifugation
(50000g, 20 min, 4 8C). The supernatant (400 mL) was transferred to
polypropylene tubes (1.5 mL) and frozen at �18 8C for further use.
Control samples without test compounds were used to define
total binding. Nonspecific binding was determined in the presence
of (+)-butaclamol (10 mm). Samples without spiperone and without
test compounds were treated in the same manner as described
above to obtain matrix samples.


SPE and sample preparation : The frozen samples from the com-
petitive spiperone-binding assays (see above) were thawed at
room temperature (1 h). Haloperidol (30 mL, 5 nm) in acetonitrile
and 0.5% formic acid (25:75; all ratios for solutions are expressed
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as v/v) was added to each sample as an internal standard, whereas
additional matrix samples were spiked with spiperone and haloper-
idol (30 mL, 5 nm each), each in acetonitrile/0.5% formic acid
(25:75). Subsequently, the samples were treated with 0.5% aque-
ous ammonia (370 mL) and briefly vortexed. Oasis HLB extraction
cartridges (30 mm, 1 cm3, 10 mg, Waters, Eschborn, Germany) were
preconditioned with acetontrile/methanol (90:10, 1 mL) followed
by 0.5% aqueous ammonia. From the final samples (800 mL, bind-
ing samples as well as matrix samples), aliquots (700 mL) were
loaded onto the SPE cartridges. The loaded cartridges were aspirat-
ed (flow rate �2 mLmin�1) by using a LiChrolut vacuum manifold
(Merck, Darmstadt, Germany). Subsequently, the cartridges were
washed with 0.5% aqueous ammonia (1.5 mL). After the cartridges
had been dried at maximal vacuum (20 s), the analyte was eluted
four times (0.5 mL) with acetonitrile/methanol (90:10), into poly-
propylene tubes. The eluent collected was evaporated at 40 8C to
complete dryness by using a Christ RVC 2–18 vacuum centrifuge
(Christ, Osterode, Germany). Finally, the residues were reconstitut-
ed in acetonitrile/0.1% formic acid (25:75, 150 mL) and filtered
through 0.45 mm GHP Acrodisc Syringe Filters (Waters, Eschborn,
Germany) into autosampler vials.


To determine the recoveries of spiperone and haloperidol, matrix
samples spiked with spiperone (30 mL, 5 nm) or haloperidol (30 mL,
5 nm) as well as void matrix samples were processed, as described
above. The evaporated spiked matrix samples were reconstituted
in acetonitrile/0.1% formic acid (25:75, 150 mL). These samples
were compared with the void matrix samples, which were reconsti-
tuted in acetonitrile/0.1% formic acid (25:75, 150 mL) containing
spiperone (0.875 nm) or haloperidol (0.875 nm) by LC-ESI-MS-MS, as
described below.


LC-ESI-MS-MS analysis : LC-MS Analysis was carried out on an Agi-
lent 1100 HPLC instrument (vacuum degasser, quaternary pump,
autosampler and oven, Agilent, Waldbronn, Germany) coupled to
an API 2000 triple-quadrupole mass spectrometer with an electro-
spray ionisation source (Applied Biosystems, Darmstadt, Germany).
A Phenomenex Luna C8 (Phenomenex, Aschaffenburg, Germany)
column (50M2.0 mm, 3 mm particle size, 100 N pore size) with a
Phenomenex C8 security guard column (4.0M2.0 mm) was em-
ployed for chromatographic separation under the following condi-
tions: column temperature 25 8C, mobile phase: acetonitrile/0.1%
formic acid (30:70), flow-rate: 150 mLmin�1; injection volume: 25 mL
(followed by a washing step with methanol). The operating param-
eters of the MS detector in the MRM mode were set as follows:
source temperature 480 8C, ion-spray voltage +3000 V, collision
energy 61 V, nitrogen was used as the curtain (96 kPa), as the neb-
ulising (483 kPa), as the auxiliary (207 kPa) and as the collision gas
(82.7 kPa). The entrance potential, the declustering potential, the
focusing potential and the collision cell exit potential were set to
10.5 V, 36 V, 240 V and 2 V, respectively. The transitions from 396.0
(m/z) to 123.0 (m/z) for spiperone and from 376.0 (m/z) to 123.0
(m/z) for haloperidol were monitored by operating Q1 and Q3
under low mass-resolution conditions and dwell times of 500 ms
for a total acquisition time of 5 min. For routine quantification, the
effluent up to 1.5 min and effluent from 3.5 min to 5.0 min was di-
verted to waste by a Valco valve in order to protect the mass spec-
trometer. Data were collected and quantified (by means of the
internal standard without further manipulation of the data like
smoothing etc.) by using Analyst 1.2 (Applied Biosystems, Darm-
stadt, Germany).


Radioligand-binding assays : Radioligand binding experiments
were performed according to described [3H]spiperone assay meth-
ods.[25–27] A portion of the porcine striatal membrane fraction was


thawed, centrifuged (48000g, 20 min 4 8C) and resuspended in 3
volumes of Tris-salt buffer. In competition experiments, aliquots
(about 100 mg protein) were incubated in the presence of
[3H]spiperone (about 2 nm), test compounds in varying concentra-
tions and Tris-salt buffer (in total 500 mL) in polystyrene tubes in a
shaking water bath (40 min, 25 8C). Incubation was terminated by
filtration through Whatman GF/C filters presoaked (1 h) in 0.5%
polyethylenimine by using a Brandel M-24R harvester (Gaithers-
burg, MD, USA). The filters were rapidly rinsed with cold buffer (4M
2 mL), and [3H]spiperone bound on the filters was counted in Ro-
tiszint Eco Plus (3 mL, Roth, Karlsruhe, Germany) by using a Pack-
ard TriCarb 1600 (Perkin–Elmer Life Sciences, Freiburg, Germany)
liquid scintillation counter. Total binding and nonspecific binding
were defined as described for competitive spiperone binding.


Analysis of binding experiments : In all experiments, specific bind-
ing—defined as the difference between total and nonspecific bind-
ing—was analysed. The concentration of a competing drug that in-
hibits 50% of specific binding (IC50) was calculated with Prism 2.01
(GraphPad Software, San Diego, CA, USA) for sigmoidal dose-re-
sponse curves (nH=1 or �1) by fixing A (bottom) and B (top) to
the values obtained for the controls without competitor (total
binding) or with (+)-butaclamol (10 mm), respectively. Ki values
were calculated according to Cheng and Prusoff[22] when bound
[3H]spiperone was analysed. Ki values were calculated with Equa-
tion (1) when nonbound spiperone was analysed.[21]


Ki ¼
IC50


2 ðL*�L0* Þ
L0* þ1þ L*


Kd


ð1Þ


L*: concentration of spiperone at the IC50; L0*: concentration of free
spiperone in the absence of a competing ligand.


Unless otherwise stated, all data are expressed as mean � stan-
dard error of the mean of three separate experiments, each per-
formed in triplicates.
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Novel Fluorescent Phosphonic Acid Esters for
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Introduction


Screening of proteomes and subproteomes for active enzymes
is a major task in various fields of biosciences including bioca-
talysis, biotechnology and biomedicine. For this purpose, fast
and selective methods are required for the detection of the
proteins of interest in complex biological samples. Once identi-
fied, the novel enzymes can be overexpressed and character-
ized with respect to activity and selectivity on biological or
synthetic substrates of interest.


Here we report a fluorescence technology for selectively
screening for lipolytic enzymes. Lipase- and esterase-mediated
hydrolysis of acyl esters is based on a mechanism involving a
nucleophilic serine, which in most cases is part of a catalytic
triad with histidine and aspartate. In the first reaction step, the
active serine attacks the carbonyl group of the scissile fatty
acid to give a tetrahedral transition state. This intermediate
state is cleaved to yield the free fatty acid, the alcohol compo-
nent and the nucleophilic serine. Although many lipases show
strong structural and sequential similarities,[1–3] their substrate
and stereospecificities can vary significantly.[4, 5] It is known that
p-nitrophenylesters of alkylphosphonic acids irreversibly and
stoichiometrically react with the nucleophilic serine of lipases
and esterases, freezing the reaction at the point of the tetrahe-
dral transition state. In the past, they have been applied to the
determination of serine hydrolase activity by using different
approaches.[67] If fluorescent inhibitors are used, the tagged
enzyme becomes “visible”.[8] Thus, it can be detected and
quantified on the basis of its fluorescent signal.[9] Fluorescently
labelled alkyl phosphonates detect active enzymes in electro-
phoretically pure proteins and in complex proteome sam-
ples.[10–15] In this work, we describe a series of novel fluorescent
inhibitors that differ with respect to structure and polarity.
Fourteen enzyme probes have been characterized by using


commercial enzyme preparations. These compounds show dif-
ferent reactivities towards lipases and esterases, and can there-
fore be used for discrimination of these enzyme subgroups.


Results and Discussion


It was the aim of this work to prepare p-nitrophenol esters of
suitably substituted phosphonic acid derivatives as high- and
low-affinity probes for the discovery, identification and charac-
terization of different lipases and esterases in a given
sample.[14] Both enzyme classes act on a wide range of carbox-
ylic esters of different structure, polarity and stereochemistry.
Therefore, compounds with a reactive phosphonic acid p-nitro-
phenyl ester bond, a fluorescent reporter and two selector do-
mains Sel.1 and Sel.2 (Scheme 1) differing in polarity and ster-
eochemistry were synthesized. Variation of the Sel.1 and Sel.2
domains led to a variety of enzyme probes that can be consid-
ered as components of a toolbox for identifying lipases and
esterases.


Two basic strategies were applied to prepare the inhibitors.
One was based on nitrobenz-2-oxa-1,3-diazole (NBD) labelled
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Petersgasse 12/II, 8010 Graz (Austria)
Fax: (+43)316-873-6952
E-mail : albin.hermetter@tugraz.at


[b] Prof. Dr. R. Saf
Institut f r Chemische Technologie organischer Stoffe ICTOS
Technische Universit$t Graz
Stremayrgasse 16 (Austria)


Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author.


Lipases and esterases are responsible for carboxylester hydrolysis
inside and outside cells and are useful biocatalysts for (stereo)-
selective modification of synthetic substrates. Here we describe
novel fluorescent suicide inhibitors that differ in structure and
polarity for screening and discrimination of lipolytic enzymes in
enzyme preparations. The inhibitors covalently react with the en-
zymes to form fluorescent lipid–protein complexes that can be
resolved by gel electrophoresis. The selectivities of the inhibitors
were determined by using different (phospho)lipase, esterase and


cholesterol esterase preparations. The results indicate that form-
ation of an inhibitor–enzyme complex is highly dependent on the
chemical structure of the inhibitor. We identified inhibitors with
very low specificity, and other derivatives that were highly specific
for certain subgroups of lipolytic enzymes such as lipases and
cholesterol esterases. A combination of these substrate-analogous
activity probes represents a useful toolbox for rapid identification
and classification of serine hydrolase enzymes.
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alcohols (Sel.2) that were coupled to unlabelled phosphonic
acid dichlorides. This reaction led to the formation of phospho-
nates in which the fluorescent tag was bound to the alcohol
component of the inhibitor (Scheme 1A). Phosphonate deriva-
tives with different polarity that contained either methyl (10–
13) or hexyl (1, 2, 14) chains as selector domains (Sel.1) linked
to the phosphorus atom were prepared.


In a second approach (Scheme 1B), compound 27 (see
Table 1) served as a central alkyl phosphonic acid synthon for
preparation of inhibitors containing the reporter fluorophore
in the phosphorus-alkyl chain (Sel.1). Thus, the fluorescent
phosphonic acid esters 3–9 were obtained by ester exchange
with unlabelled alcohol components (Sel.2). In these com-
pounds, the fluorescently labelled alkylphosphonyl moiety
mimics the scissile acyl chain in biological and synthetic car-
boxylic acid esters. The complete list of inhibitors is shown in
Table 1.


The synthetic phosphonates were all racemic at phosphorus.
It is known that the configuration at phosphorous determines
the reactivity of the inhibitor towards the nucleophilic serines
of lipases, the SP isomer being the preferred reactant. However,
the presence of the RP compound in the reaction mixture does
not interfere with the inhibition.[9,14]


Solubilization of inhibitors, especially of the very hydropho-
bic derivatives 3, 4 and 5, turned out to be critical. In order to
keep solubilization conditions as mild as possible, a Triton X-
100/Tris-HCl buffer system was used.[14] Preliminary experi-
ments had shown that a minimum Triton X-100 concentration
of 1 mm was necessary for proper enzyme labelling. An in-
crease of detergent concentration above 2–4 mm, depending
on the probed enzyme, resulted in a decrease of labelling effi-
ciency. In this study, all experiments were performed with
1 mm Triton X-100 in order to maintain standard reaction con-
ditions for inhibitor-based enzyme screening. Selectivity was
determined as the ratio of bound inhibitor to total protein
contained in an electrophoresis band (NBD fluorescence of in-
hibitor/RuBPS fluorescence of total protein).[16] For comparison,
activities of a given enzyme towards the individual inhibitors
were expressed as a percentage of the maximum activity ob-
served for this enzyme.


Our inhibitor toolbox for lipases and esterases comprises
three groups of NBD-labelled inhibitors, differing by the length
of the alkylphosphonyl chain, the polarity and the stereochem-
istry of the alkoxy group. Two groups comprise inhibitors in
which a fluorescent alcoxy residue and a methyl or hexyl sub-
stituent are bound to phosphorus. The inhibitors 10–14, con-
taining optically active amino alkoxy residues were selected to
screen the enzyme preference of diastereomers (considering


the racemic phosphorus). A third group of inhibitors contains a
fluorescently labelled P-alkyl chain and optically active glycero-
lipids as biologically relevant alkoxy components (e.g. , 1,2(2,3)-
di-O-hexadecyl-sn-glyceryl). These compounds were used to
probe the regio- and stereoselectivity of lipases and esterases.


Lipolytic enzymes including lipases, esterases, a cutinase
from Fusarium solari and cholesterol esterases were studied.
For this purpose, protein samples were incubated with inhibi-
tors and then subjected to 1D SDS-PAGE. After protein separ-
ation, the fluorescent bands corresponding to the labelled
(active) enzymes were detected by using a laser gel scanner.
Typical examples are shown for bovine pancreatic cholesterol
esterase and esterase B from Burkholderia gladioli in Figures 1
and 2, respectively.


The cholesterol esterase preparation contained several
active enzymes. Besides cholesterol esterase (< ), the highest
activity originated from a 55 kDa protein (<< ). Cholesterol es-
terase was active towards most inhibitors of the library. Low
activity was found with inhibitor 5, and the short, bulky, inhibi-
tors 10–14. Cholesterol esterase was only labelled by the Sc


Figure 1. Probing active lipolytic enzymes in a cholesterol esterase prepar-
ation from bovine pancreas. A) fluorescently labelled enzymes; B) RuBPS
image: whole protein stain. Lane numbering corresponds to the inhibitor
numbers given in Table 1. < : cholesterol esterase, << and <<< : un-
known enzymes (note that these proteins are not labelled with inhibitor 3) ;
Std: molecular-weight standard.


Figure 2. Probing active lipolytic enzymes in a recombinant esterase B
preparation from Burkholderia gladioli. A) fluorescently labelled enzymes;
B) RuBPS image; whole protein stain. Lane numbering corresponds to the
inhibitor numbers given in Table 1; Std: molecular-weight standard.


Scheme 1. A) Fluorescent reporter (NBD) attached to selector 2 (compounds
1, 2 and 10–14), selector 1 is unmodified; B) NBD attached to the w-position
of selector 1 (compounds 3–9), selector 2 is unmodified. L: p-nitrophenol
leaving group.
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(sn-1) trialkylglycerol isomer 4. In contrast, the 55 kDa protein
that reacted with other inhibitors (<< ) was not labelled by
the cholesterol and triacylglycerol-analogous inhibitors. Inhibi-
tor 3, which is a cholesterol ester analogue, showed a unique
behaviour as it selectively labelled cholesterol esterase. Thus, it
may be considered a highly specific affinity tag for cholesterol


ester-hydrolyzing enzymes. The most abundant protein, ac-
cording to the whole protein stain, had a molecular weight
close to 46 kDa and was weakly labelled by the inhibitors bear-
ing a polar moiety in close vicinity to the reactive phosphorus
(1, 7–13). A highly abundant 28 kDa (<<< ) protein was de-
tected by all inhibitors, except the cholesterol ester analogue.


Table 1. Fluorescent activity recognition probes for lipases and esterases.


1 2


14 S=10
R=11


S=12 3
R=13


S=4 (sn-1) 6
R=5 (sn-3)


S=7 (sn-1) 9
R=8 (sn-3)


27
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Esterase B from Burkholderia gladioli (EP6), was highly active
towards inhibitors 2 (54% activity) and 6 (100% activity), and
to a lower extent, towards the more hydrophilic inhibitors 10–
14 (Figure 2).


The cholesterol and triacylglycerol derivatives 3–5 did not
react with this esterase. It is important to note that the results
are in accordance with the reported EP6 preference for bulky
acetates and tertiary alcohols, and its low activity towards hy-
drophobic triglycerides.[17] EP6 strongly discriminated between
inhibitors 2 and 1. Whereas inhibitor 1 was active towards
most of the lipases and esterases in our study, EP6 was labelled
poorly by this lipid.


The time-dependent formation of enzyme–inhibitor com-
plexes was determined for EP6 and bovine cholesterol esterase
(bCE; Figure 3). EP6 reacted slowly with compounds 1 and 2.


Compound 2 showed 25-fold inhibition of EP6 after 2 h as
compared to 1. It has to be noted at this point that detergents
affect enzyme activity. As shown for EP6, 50 mm Triton X-100
can reduce activity to zero.[17] Inhibitors 2 and 6 were much


more reactive towards EP6 than inhibitor 1 under the same
buffer conditions (Figure 2). In contrast to EP6, inhibition of
bCE by the same inhibitors was much faster, leading to imme-
diate labelling of the enzyme after a few seconds.


The above results show that the application of several inhib-
itors makes detection of all serine hydrolase enzymes in a com-
plex sample much more likely. To test the hypothesis that a
toolbox of various mechanism-based enzyme probes increases
the probability of the detection of all active proteins in a
sample. The analysis of enzyme activity was extended to a
total of 19 enzyme preparations of different substrate prefer-
ence and from various sources.


We have shown that reactivity towards a single inhibitor
strongly depends on the probed enzyme (Table 2). In general,
inhibitor diastereomers 10–14, containing the SC-configured
alcohol component were much more reactive than the RC
isomer. In most cases, replacement of the methyl residue at
phosphorus by a hexyl chain (10!14) improved the reactivity
towards lipases or esterases. The polar moieties close to the re-
active phosphorous significantly affect inhibitor reactivity. This
becomes evident when the activities of EP6, FSC, EX9 and PAF
acetylhydrolase towards inhibitors 1 and 2 are compared.
Whereas EP6 and FSC reacted with inhibitor 2, EX9 and PAF-
AH were preferably labelled by the amide-containing derivative
1. The diastereomers of dialkylglycerolipids 4 and 5 showed
very different reactivities. Inhibitor 4 with the SC configuration
at glycerol was active on PSL, psLPL, MME, CAL A, ppCE and
bCE, whereas the RC-configured analogue bound only weakly
to the same proteins. Although the lipolytic enzymes showed


Figure 3. Time-dependent formation of enzyme complexes with inhibitors 1
and 2. Enzymes were esterase B from Burkholderia gladioli (EP6) and bovine
cholesterol esterase (bCE).


Table 2. Relative activities of lipolytic enzymes towards various inhibitors. The values indicated for a given enzyme and a given inhibitor are expressed as
percent of the maximum activity observed with the “best inhibitor” for the same enzyme (mean values of two experiments). For better visualization 90–
100% activities are depicted in bold and 60–89% in italics.


Inhibitor Number
3 4 5 7 8 9 6 1 2 14 10 11 12 13


length of P-alkyl chain C11 C6 C1


PCL 4 9 7 6 12 10 48 92 100 27 10 7 5 9
PCL-W 52 58 48 26 34 15 15 75 100 68 30 38 99 38
PSL 29 88 18 32 70 100 92 84 100 9 98 11 34 11
psLPL 6 36 6 25 22 24 68 86 90 100 54 19 29 18
MME 7 69 46 86 100 100 70 69 72 6 0 0 1 1
EP10 15 25 21 100 80 76 34 42 51 55 11 12 19 9
EP6 1 1 3 10 10 9 100 2 54 15 22 13 22 14
EX9 5 3 4 15 8 10 16 41 11 28 23 25 100 29
CAL-A 24 60 2 7 9 4 25 78 100 8 6 2 16 2
ANL 16 20 17 41 50 42 49 100 29 37 6 6 7 5
ROL 2 41 4 68 100 84 56 69 70 34 23 4 77 21
ROL-F 5 9 4 66 100 71 48 48 56 2 7 2 11 9
bLPL 1 1 1 70 72 69 37 42 29 42 100 16 76 23
FSC 7 32 14 73 76 75 82 42 95 34 98 91 90 100
ppCE 73 78 24 36 41 43 54 52 69 52 100 92 19 69
bCE 32 27 0 32 38 21 35 50 24 27 83 100 23 30
ppL 1 1 2 20 21 20 12 10 18 100 4 7 4 4
RML 2 18 6 33 42 30 26 28 33 100 23 3 35 0
PAF-AH 8 14 12 29 14 13 14 55 13 35 52 72 100 45


Enzymes: PCL Pseudomonas cepacia lipase; PCL-W: Pseudomonas cepacia lipase L287W, PSL: Pseudomonas species lipase, psLPL: Pseudomonas species lipo-
protein lipase, MME: Mucor miehei esterase; EP10: Burkholderia gladioli esterase A; EP6: Burkholderia gladioli esterase B; EX9: Xanthomonas vesicatoria es-
terase E; CAL-A: Candida antarctica lipase A; ANL: Aspergillus niger lipase; ROL: Rhizopus oryzae lipase; ROL-F: Rhizopus oryzae lipase L258FL�254F; bLPL:
lipoprotein lipase from bovine milk ; FSC: Fusarium solari cutinase; ppCE: porcine pancreatic cholesterol esterase; bCE: bovine pancreatic cholesterol ester-
ase; ppL: porcine pancreatic lipase; RML: Rhizomucor miehei lipase; PAF-AH: human recombinant platelet activating factor acetyl hydrolase.
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a preference for the SC isomer of the dialkylglycero inhibitors,
such an effect was not observed with the isopropylidenegly-
cerol-based derivatives 7–9, which lack the hydrophobic
chains. The RC and SC isomers of these compounds were equal-
ly active towards the same enzymes.


Our data suggest that enzyme screening of a complex pro-
tein sample with only one of the inhibitors would result in an
incomplete list of activities, as none of the inhibitors labelled
all 19 enzymes of this study within a reasonable time. Inhibitor
reactivity was mainly determined by the length of the alkyl-
phosphonyl chain (10 to 13 as compared to 14). Thus, the in-
fluence of the alkoxy component can only be studied if inhibi-
tors with the same alkylphosphonyl chain lengths are com-
pared. Inhibitors 10–14, which contain a bulky alcohol and a
short alkylphosphonyl chain preferably detected esterase and
PAF-AH activities, whereas the triacylglycerol analogue 4 was
specific for lipases. The cholesterol ester analogue preferably
labelled cholesterol esterases. It is clearly the most specific in-
hibitor in the toolbox. We believe that these probes will be
widely used for the screening and discovery of enzymes in var-
ious fields of bio(medical) sciences, for example, to find novel
“drugable” enzymes, enzyme markers for medical diagnosis or
biocatalysts for synthetic chemistry.


Experimental Section


Synthesis
N-(2-hydroxyethyl)-6-((7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hexan-
amide 15 : Succinimidyl 6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-
amino)hexanoate (12.5 mg, 32.0 mmol) was dissolved in dry THF
(2 mL). Freshly distilled 2-aminoethanol (7 mL, 116.0 mmol) was
added, and after 2 h all volatile components were evaporated
under reduced pressure. The residue was solubilized in CHCl3/
MeOH/H2O (65:25:4; 5 mL) and incubated with Dowex 50Wx8 (H+


form, 200–400 mesh) for 30 min. The ion-exchange material was fil-
tered off, and the filtrate was dried to yield pure 15 (99%). Rf=0.4
(CHCl3/MeOH/H2O 65:25:4).


General procedure for compounds 1–2, 10–14 : The NBD-labelled
amino alcohols (see Supporting Information) were dissolved in dry
dichloromethane. After addition of N-methylimidazol (5 equiv) and
tetrazol (0.10 equiv), the dichlorophosphonate (3 equiv) was
added, and the mixture was stirred for 3 h. A mixture of 4-nitro-
phenol (5 equiv) and N-methylimidazol (5 equiv) was added, and
the resulting solution was stirred overnight at room temperature.
All volatile components were evaporated under reduced pressure,
and the residue was purified by flash chromatography.


General procedure for the synthesis of compounds 3–9 : Compound
27 (60.2 mg, 120 mmol) was dissolved in CH2Cl2 (5 mL), and
(CH3)3SiBr (55.1 mg, 360 mmol) was added. After the mixture had
been stirred for 40 h, all volatile components were removed under
reduced pressure. The orange residue was dissolved in CH2Cl2
(10 mL). Then oxalylchloride (45.7 mg, 360 mmol) and DMF (3 mL)
were added, and the resulting mixture was kept under reflux for
18 h. After removal of all volatile components under reduced pres-
sure, the residue was dissolved in CH2Cl2 (2 mL), the alcohol com-
ponent (1 equiv) was added together with triethylamine (3 equiv).
After the mixture had been stirred for 8 h, the solvent was evapo-
rated, and the intermediate compound was subjected to flash
chromatography. The purified intermediate was dissolved in DMF


(1.5 mL; in acetonitrile for compound 3), containing triethylamine
(3 equiv). Compound 28 (1 equiv) was added to this solution, and
the resulting mixture was stirred for 2 h, followed by purification
by flash chromatography.


N-(7-nitro-2,1,3-benzoxadiazol-4-yl)hexane-1,6-diamine (as TFA salt)
28 : BOC–diaminohexane hydrochloride (1.26 g, 5 mmol) was dis-
solved in Na2CO3 (10%, 15 mL), and NBD-Cl (0.50 g, 2.5 mmol) was
added. After the mixture had been stirred at room temperature
overnight, water (50 mL) was added, and the product was extract-
ed with diethyl ether (50 mL). The organic phase was washed with
brine (4K10 mL), dried over Na2SO4 and purified by flash chroma-
tography (CHCl3/EtOAc, 88:12). The BOC protecting group of the
purified intermediate was removed by using freshly distilled tri-
fluoroacetic acid (1 mL) at room temperature. After the mixture
had been stirred overnight, excess TFA was evaporated, and the
oily product was treated with diethyl ether to yield the product as
orange crystals (423 mg).


For detailed inhibitor characterization, as well as data acquisition
and analysis, the reader is referred to the Supporting Information.


Preparation of inhibitor–enzyme complexes : Stock solutions of
fluorescent inhibitors in CHCl3 (100 mm) were prepared. Enzymes
were incubated with inhibitor (1 nmol=at least twofold molar
excess). For this purpose, inhibitor stock (10 mL) was transferred
together with a Triton X-100 solution (2 mL, 10 mm in CHCl3) to a
sterile Eppendorf tube. The organic solvent was removed under an
argon stream, and the residue was dried under vacuum for 30 min.
The enzyme solution (20 mL, see Supporting Information) was
added to the tube. The sample was shaken vigorously for 2 min,
spun down briefly and incubated in an Eppendorf thermomixer at
37 8C and 550 rpm for 2 h. After incubation, sample loading buffer
(5 mL) was added. The mixture was incubated at 95 8C for 5 min,
then subjected to SDS-PAGE (10% resolving and 4.5% stacking
gel) at 20 mA/gel constant current.


Time-dependent inhibition of EP6 and bCE : Inhibitors (11 nmol,
110 mL stock) were transferred together with a Triton X-100 solu-
tion (22 mL, 10 mm in CHCl3) to a sterile 1.5 mL Eppendorf tube.
The organic solvent was removed under an argon stream, and the
residue was dried for 30 min under vacuum. The enzyme solution
(220 mL) was preincubated at 37 8C for 5 min and added to the
tube. The samples were shaken, and aliquots (20 mL) were with-
drawn after 0, 2, 4, 8, 12, 20, 30, 60 and 120 min. The aliquots were
immediately added to fivefold-concentrated SDS-PAGE sample
buffer (5 mL) at 95 8C. After incubation at 95 8C for 5 min, the dena-
tured samples were subjected to SDS-PAGE and processed as de-
scribed above.


CAUTION : Compounds 10 and 11 are active on acetylcholine ester-
ase (AChE) from Electrophorus electricus (electric eel) and therefore
should be handled with extreme caution (see Supporting Informa-
tion).[18]
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Introduction


Immobilization of proteins on surfaces in ordered patterns is a
very active field of research.[1–3] In contrast to DNA chips,
where the general shape, charge, immobilization chemistry,
and detection method are essentially the same for the various
oligonucleotides, proteins differ considerably in all these prop-
erties. Therefore, the prevention of unspecific interactions and
the specific immobilization of different proteins on the molec-
ular level in their native and functional conformations are chal-
lenging tasks.[4–6] Technically, despite possibilities like ink-jet
technology,[7] photolithography,[8] selective self-assembly,[9] or
microcontact printing,[10–12] the production of microarrays is
mainly achieved by spotting techniques.[13,14] Attempts to pro-
duce patterns with resolutions in the submicron range are
harder to realize. Microcontact printing has been used to gen-
erate protein patterns with single-protein resolution,[15] but the
regularity of the pattern is not perfect. Dip-pen nanolithogra-
phy[16–18] is a promising method but it is limited to the pattern-
ing of very small sample areas. The generation of regular nano-
patterns over large surface areas can be accomplished by self-
assembly, for example, of block-copolymer micelles on sub-
strates.[19,20] This method enables the generation of gold nano-
clusters on substrates in regular hexagonal patterns.[21–23] The
applicability of such patterns for biological studies has recently
been demonstrated by Spatz and co-workers, who used the
gold dots as anchoring points for the specific attachment of
cells.[24]


Fluorescent molecules adsorbed on metallic surfaces exhibit
strong quenching of their fluorescence due to electromagnetic
coupling between the metal and the dye molecules.[25,26] In ad-
dition, fluorescence dyes at metal surfaces change their fluo-
rescence rate, their fluorescence lifetime, and their fluores-
cence yield.[27–29] This process has been studied extensively for
metal films, but the situation differs for nanoparticles. Two de-
cisive parameters are the size and geometry of the particles


and the distance between the dye molecule and the particle.
Whereas a lissamine dye coupled to a gold nanoparticle by a
thioether group at a distance of 1 nm exhibits pronounced
fluorescence quenching,[30] the fluorescence of the same dye
with a longer thioether spacer, which keeps the dye–nanopar-
ticle distance at 2 nm when attached to gold nanoparticles on
a solid substrate, resulted in an easily detectable fluorescence
intensity.[31] In other work, an unsymmetrical bis(perylene bis-
imide) dye bearing a disulfide functional group undergoes self-
assembly to form aggregated structures on gold surfaces. In-
tense fluorescence from these dye aggregates is observed on
surfaces decorated with hexagonal gold patterns, whereas the
fluorescence is only weak on plain gold substrates.[32]


The present study shows the binding of fluorescence dyes
and proteins to highly ordered gold-nanodot arrays on sub-
strate surfaces. Since the arrays are prepared by dip-coating
into micellar block-copolymer solutions, large sample areas can
be patterned easily. The selective immobilization of nitrilotri-
acetic acid (NTA) groups to the gold dots was visualized by
complex formation with nickel(ii) chloride and the fluorescence
dye Newport Green. To prevent unspecific dye adsorption in
this case, the substrate between the gold dots was modified
by a hydrophobic octadecyltrichlorosilane (OTS) self-assembled


Highly ordered hexagonal nanopatterns of gold clusters on glass
substrates were used as anchoring points for the specifc attach-
ment of fluorescence dyes and proteins labeled with fluorescence
dyes. Thiol- or disulfide-containing linker molecules were used for
the binding to the gold dots. In order to ensure specific binding
on the gold dots only, the surface area in between the dots was
protected against unspecific adsorption. For the attachment of
polar low-molecular-weight fluorescence dyes, an octadecyltri-


chlorosilane self-assembled monolayer was prepared on the sur-
face in between the gold dots, whereas a layer prepared from
star-shaped poly(ethylene oxide-stat-propylene oxide) prepoly-
mers was used to prevent unspecific adsorption of proteins be-
tween the gold dots. Fluorescence microscopy proved the specific
binding of the dyes as well as of the proteins. Scanning force mi-
croscopy studies show that each gold dot is only capable of bind-
ing one protein at a time.
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monolayer (SAM). In order to se-
lectively bind avidin–Texas-Red
conjugate to the gold dots, N-
[6-(biotinamido)-hexyl]-3’-(2’-
pyridyldithio)propionamide (bio-
tinHPDP) was attached to the
gold dots through the disulfide-
containing spacer. The surface
between the gold dots was
modified in this case by a star-
shaped poly(ethylene oxide-stat-
propylene oxide) prepolymer
(Star PEG) coating that prevents
the unspecific adsorption of
proteins and preserves the
native conformation of surface
bound proteins.[33,34] The selec-
tive binding of avidin to the
biotin was visualized by fluores-
cence microscopy and addition-
ally by scanning force microscopy.


Results and Discussion


The preparation of gold-nanoparticle-decorated substrates is
based on micellar solutions of poly(styrene)-block-poly(2-vinyl-
pyridine) (PS-b-P2VP) in toluene. Block-copolymer micelles are
size tunable and can easily be used as colloids for the nano-
structuring of surfaces.[19–23] The block copolymers self-assem-
ble in selective solvents to form micelles, which serve as com-
partments for the formation of nanoparticles. The micelles in
this study are loaded with HAuCl4. After dipping of the sub-
strate, the resulting monomicellar film can be removed by
means of an oxygen or hydrogen plasma. The resulting sub-
strate is decorated by a well-ordered hexagonal pattern of
gold nanodots with a narrow size distribution. The size of the
gold dots, as well as the distance between the particles, can
thereby easily be varied, mainly by alteration of the block
lengths of the block copolymer. In order to properly visualize
the specific immobilization of the dye molecules on the gold
dots, glass substrates were halfway dipped into the gold-salt-
loaded solution prior to plasma treatment. The resulting sam-
ples are only decorated with gold dots on one half of the
sample. After loading of the substrates with the fluorescence
dyes, the difference between specific attachment to the gold
dots and unspecific dye adsorption can be visualized at the
dipping edge where the gold-dot decoration of the substrate
ends. The prevention of unspecific adsorption of the polar
fluorescent dye molecules was achieved by formation of a
SAM of OTS on the area between the gold dots. A SFM image
of the gold-dot-decorated surface, as well as arepresentation
of the sample-preparation process, is shown in Figure 1.
NTA is widely used as a complexing agent for the purifica-


tion of recombinant proteins that bear a sequence of histidines
(a His tag) at the N or C terminus.[35] Nickel(ii) is mainly used as
central ion for the complex. Since NiII forms complexes with
octahedral geometry and the NTA group can only fill up four


coordination sites, the two empty sites are taken by weakly
bound water molecules. If a recombinant protein with a histi-
dine tag approaches this complex, the nitrogen atoms of the
imidazole rings replace the water molecules and the protein is
immobilized. The complex can later be destroyed by addition
of excess imidazole or by complexation of NiII with ethylene-
diaminetetraacetate (EDTA). In the case of Newport Green, the
nitrogen atoms of the pyridine rings replace the water mole-
cules in the NiII–NTA complex (Scheme 1).


Figure 2b shows a fluorescence microscopy image of a glass
sample decorated with NTA receptors and subsequently im-
mersed into a nickel(ii) chloride solution and a solution of
Newport Green in ethanol. The difference between the gold-
dot-decorated part of the sample (bottom) and the part with-
out gold dots (top) is clearly visible. As a comparison, a dark-
field image of the border area between the gold-dot-covered
glass and the unmodified glass of a sample prior to SAM depo-
sition is shown (Figure 2a).


Figure 1. Left : SFM image of a gold-dot-decorated surface derived from HAuCl4-loaded PS(1350)-b-P2VP(400) mi-
celles. Right: Illustration of the specific immobilization of fluorescence dyes on such a sample passivated with an
OTS SAM to prevent unspecific binding of the fluorescent dye molecules between the gold dots.


Scheme 1. Immobilization of Newport Green through formation of an octa-
hedral complex with nitrilotriacetic acid and NiII as the central ion.
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In order to immobilize proteins on the gold nanodots, the
surface in between the gold dots has to be modified to pre-
vent unspecific protein adsorption. An OTS SAM is not suited
for this purpose, since the hydrophobic character of the dense-
ly packed alkyl chains rather promotes protein adsorption.
Therefore, the area between the gold dots was coated with a
Star-PEG layer. We have demonstrated in previous publications
that these coatings prevent the unspecific interaction of pro-
teins with the surface.[33,34] With the PS(800)-b-P2VP(600) block
copolymer used for these experiments, particles with about
10 nm diameter are generated. The idea was not only to pre-
vent unspecific protein adsorption between the gold dots but
also to adjust the thickness of the Star-PEG layer in such a way
that only the very top of the gold dots is sticking out of the
layer. Since proteins are rather big molecules of several nano-
meters in diameter, it can hence be ensured that only one pro-
tein is tethered to one gold dot. An illustration of this model is
displayed in Figure 3. To achieve this goal, several gold-dot-
decorated samples were coated with different Star-PEG layer


thicknesses (Table 1). SFM pic-
tures of gold-dot-decorated
glass substrates without Star
PEG and with increasing Star-
PEG layer thicknesses in be-
tween and finally on the gold
dots are shown in Figure 4. With
increasing Star-PEG layer thick-
ness, the gold dots seem to sink
into the surrounding layer; in
Figures 4c and 4d, the gold dots
are detected as holes in the
layer. This shows that the Star-
PEG coating dewets the gold
dots if possible. Even the
17.7 nm thick coating, which is
almost twice as thick as the
height of the clusters, contains


holes at the positions where the gold dots are covered. The
phase images show this even more clearly. These experiments
underline the fact that, amongst the other advantages of these
coatings, the thicknesses of the Star-PEG layers can be easily
controlled.
The samples as displayed in Figure 4b were chosen for the


successive binding of biotinHPDP and the avidin–Texas-Red
conjugate to the gold dots, since in this case not much of the
dots is sticking out of the layer but they are still accessible for
the biotinHPDP molecules. It turned out that the crucial part of
the binding procedure is not the binding of the biotinHPDP to
the gold or of the avidin–Texas-Red conjugate to the biotin
but the washing of the samples after the first step. Obviously,
the biotinHPDP gets easily entangled within the Star-PEG net-
work and extensive rinsing of the samples is indispensable in
order to prevent protein adsorption between the gold dots.
The fluorescence microscopy image of avidin–Texas-Red conju-
gate bound to the biotin-modified gold dots is presented in
Figure 5a. The fluorescence intensity of this image was low,
and integration times of 40 s were necessary to obtain unam-
biguous pictures. Since the distance between the gold dots
and the dye molecules is big enough in this system to avoid
major quenching effects, the small but homogeneously distrib-
uted fluorescence intensity indicates that only a monolayer of
dye molecules and hence proteins are present on the gold-
dot-decorated part of the substrate. Figures 5b and 5c show
height images for this sample monitored by SFM before and
after treatment with biotinHPDP and avidin–Texas-Red conju-
gate. The height profiles reveal that the gold dots after protein
immobilization show a height increase of 4–6 nm per gold dot.


Figure 2. a) Dark-field image of the border area between the gold-dot-covered and unmodified surfaces of a glass
sample prior to SAM deposition. b) A fluorescence image of a glass sample after SAM deposition, binding of the
NTA to the gold, and complexation with NiCl2 and Newport Green. The line on the left side of (b) shows the fluo-
rescence intensity profile.


Figure 3. Schematic representation of the coating of the substrate between
the gold dots with a Star-PEG film in such a way that only the very top of
the gold dots is sticking out. This means that, due to geometric confine-
ment, only one protein is immobilized per gold dot.


Table 1. Variation of the concentration of the Star-PEG solutions prior to
spin coating and the resulting layer thicknesses.


Star-PEG concentration [mgmL�1] Layer thickness [nm]


3.0 7.8
5.4 11.2
7.8 17.7
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These numbers correspond to the size of avidin, a result indi-
cating the binding of single proteins to the gold dots. A study
with gold-dot patterns at optically resolvable distances that
enables direct proof of single-protein attachment to the gold
dots by single-molecule fluorescence microscopy is currently in
preparation.


Conclusion


This study demonstrates the selective attachment of low-
molecular-weight fluorescence dyes and proteins to highly or-


dered arrays of gold nanodots on surfaces. Depending on the
molecules, the substrate area between the gold dots has to be
modified to prevent unspecific adsorption. For polar low-mo-
lecular-weight molecules such as fluorescence dyes, this can


Figure 4. SFM images of a gold-dot-decorated surface derived from PS(800)-
b-P2VP(600) without further modification (a) or coated with Star-PEG layers
of 7.8 (b), 11.2 (c), or 17.7 nm (d) thickness. The scan size is 1 mm. For each
thickness, a height image is displayed on the left and a phase image on the
right. Layer thicknesses were determined by ellipsometry by film deposition
on an aminosilylated silicon wafer from the same solution as that used for
the experiments presented here.


Figure 5. a) Fluorescence microscopy image of the avidin–Texas-Red conju-
gate tethered to the gold-dot-decorated part of a Star-PEG-modified glass
sample through biotinHPDP. The integration time was 40 s, a fact indicating
the low fluorescence intensity. b) and c) SFM images (1I1mm) of the gold-
dot-decorated part of the sample before (b) and after (c) the binding of
avidin. The profile height for both pictures is 10 nm. This indicates selective
binding of one avidin per gold dot, since the height increase is 4–6 nm per
gold dot.
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be accomplished by deposition of a hydrophobic OTS SAM. It
was shown that the specific binding can be visualized by fluo-
rescence dyes, although the gold nanoparticles partially
quench the fluorescence. Experiments with proteins require
other surface modifications that prevent unspecific adsorption,
such as Star-PEG layers. This system has the advantage of easy
adjustability of layer thickness, so that gold-dot-decorated
glass samples could be coated with Star PEG in such a way
that only the very top of the gold dots was sticking out. Fluo-
rescently labeled avidin was tethered to the gold dots of such
a sample through biotinHPDP. The resulting fluorescence mi-
croscopy image shows specific binding of avidin to the gold
dots, and the low intensity supports the assumption that only
one protein is bound per gold dot. In addition, SFM studies on
substrates before and after protein attachment also indicate
the binding of individual proteins on the gold dots. Since the
distance between the gold dots can be increased to distances
that are accessible to optical methods, these results enable ap-
plications for this system such as nanoarrays of individually ad-
dressable proteins and the analysis of single proteins that are
immobilized on the surface.


Experimental Section


Materials : Six-armed star-shaped isocyanate-terminated PEG pre-
polymers have been obtained from SusTech and used as received.
The poly(styrene)-block-poly(2-vinylpyridine) block copolymers PS-
(800)-b-P2VP(600) and PS(1350)-b-P2VP(400) were synthesized by
living anionic polymerization.[22] Tetrachloroauric acid (HAuCl4·
3H2O, Fluka, pure), nickel(ii) chloride hexahydrate (Aldrich,
99.9998%), Newport Green dipotassium salt (Molecular Probes,
78%), trifluoroacetic acid (Merck, >98%), and phosphate-buffered
saline (PBS) tablets (Sigma) were used as received. Acetone and
isopropanole (Merck, selectipure) were stored in a class 100 clean-
room and used as received. Tetrahydrofuran (THF) and toluene (Al-
drich, p.A.) were distilled from LiAlH4. Octadecyltrichlorosilane
(OTS; ABCR, 98%) was filtered prior to use. N-[6-(Biotinamido)-
hexyl]-3’-(2’-pyridyldithio)propionamide (BiotinHPDP; Pierce) was
stored at �20 8C and used as received. Avidin–Texas-Red conjugate
(Molecular Probes) was stored at �20 8C. Solutions were made in
PBS buffer (pH 7.4) with a concentration of 20 mgmL�1 prior to use.


Methods : SFM investigations were performed with a nanoscope III
instrument (Digital Instruments, Santa Barbara, CA, USA) operating
in Tapping ModeTM. The oscillation frequency for Tapping
ModeTM was set in the range of 320–360 kHz depending on the Si
cantilever (k�50 Nm�1; Nanosensors, NeuchKtel, Switzerland). Dip
coating was performed by means of a homemade dipping device.
Microwave plasma etching experiments were carried out in a
TePla 100 plasma etcher (TePla AG, Asslar Germany). Layer thick-
nesses were examined by using a spectral MM-SPEL-VIS ellipsome-
ter (OMT, Ulm, Germany). Measurements were performed in the
wavelength range from 450–900 nm. The azimuthal angle was
kept at 158, and the integration time was dependent on the layer
thickness as well as the resulting signal intensity. Ultraflat D263T
glass plates with a thickness of 170 mm were purchased from
Schott-Desag AG (GrLnenplan, Germany). Fluorescence microscopy
was performed by using an Axioplan2 Imaging microscope (Zeiss,
Oberkochen, Germany) combined with an NXBO75 lamp (Zeiss)
and the Zeiss fluorescence filter set 31 for avidin–Texas-Red conju-
gate. For Newport Green, the filter set F41–018 from AHF Analy-


sentechnik AG (TLbingen, Germany) was used. Pictures were taken
with a NTE/CCD 512EBFT camera (Princeton Instruments, Trenton,
NJ, USA). The intensity for fluorescence measurements is given as
counts per second (cps).


Preparation of the micellar solution : A 0.5 wt% solution of the
block copolymer in dry toluene was mixed with 0.5 of an equiva-
lent of HAuCl4·3H2O per pyridine unit. The mixture was stirred for
at least 24 h to allow complete solubilization of the tetrachloro-
auric acid in the cores of the block copolymer micelles. Prior to dip
coating, the solution was filtered through a syringe filter with 1 mm
pore size.


Preparation of dipcoated films : The preparation of samples was
carried out in a class 100 clean-room. Glass samples were cut to
10I15 mm pieces and cleaned by sonication in acetone, water,
and isopropanole for 1 min each. After activation by oxygen
plasma (110 W, 10 min, 0.5 mbar), the substrates were fixed on a
substrate holder, dipped halfway into the micellar solution with a
velocity of 16 mmmin�1, and pulled out of the solution with the
same velocity. After solvent evaporation, the samples were subse-
quently treated with oxygen plasma (110 W, 30 min, 0.5 mbar) on
both sides. The samples were then stored under clean-room condi-
tions until further use. PS(1350)-b-P2VP(400) was used to generate
gold-dot patterns for attachment of fluorescence dyes. Samples for
specific avidin immobilization were prepared from PS(800)-b-P2VP-
(600).


Passivation of the samples with OTS SAMs : All glassware used
for monolayer preparation was immersed in freshly prepared pira-
nha acid. Subsequently, the glassware was stored in Millipore
water. The water was changed every 3 h until the pH value stayed
above 5.5. The glassware was then dried and stored under clean-
room conditions. The gold-dot-decorated substrates were treated
with UV/ozone for 12 min, transferred into a glove box, and im-
mersed into a 10�3m solution of octadecyltrichlorosilane in dry tol-
uene.[36,37] After 12 h, monolayer formation was finished and the
substrates were removed from the solution, extensively rinsed with
dry toluene, and stored in dry toluene.


Passivation of the samples with Star PEG : Activation and amino-
silylation of the substrates, as well as spincoating of Star-PEG-
(12000) prepolymer solutions in water/THF (9:1), was done accord-
ing to the procedures published earlier.[33,34] In order to obtain
Star-PEG layers with different thicknesses, the concentration of the
Star-PEG solutions prior to spin coating was varied (Table 1).


Attachment of the NTA thiol to OTS passivated samples : Gold-
dot-decorated samples passivated by an OTS SAM on the glass sur-
face between the gold dots were immersed into an aqueous solu-
tion of the NTA thiol over night. After extensive rinsing of the sam-
ples with Millipore water, the samples were immersed into a solu-
tion of nickel(ii) chloride (50 mg) in Millipore water (10 mL) for
10 min. The samples were then rinsed again several times with Mil-
lipore water and immersed into a solution of Newport Green
(5 mg) in ethanol (15 mL). After thorough rinsing with ethanol, the
samples were dried in a stream of nitrogen and examined by fluo-
rescence microscopy.


Attachment of BiotinHPDP to Star-PEG passivated samples :
Gold-dot-decorated samples passivated by Star PEG on the glass
surface between the gold dots were immersed into a solution of
5 mg BiotinHPDP in N,N-dimethylformamide (DMF, 10 mL) over-
night. The samples were then gently shaken in absolute DMF at
50 8C for 3 days. The DMF was changed several times per day. The
samples were then rinsed once with DMF and three times with Mil-
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lipore water and dried in a stream of nitrogen. The samples were
then immersed into a solution of avidin–Texas-Red conjugate in
PBS buffer (20 mgmL�1, pH 7.4) for 20 min. After rinsing with PBS
buffer several times, the samples were dried in a stream of nitro-
gen and examined by fluorescence microscopy.
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Introduction


Human serum transferrin (Tf) belongs to the transferrin family
of iron carrier proteins that also includes lactoferrin, a compo-
nent of secretary fluids, and ovoferrin, found in egg white. The
structures of the transferrin family of proteins reveal that all
members adopt a similar fold, with a single polypeptide chain
forming two distinct but structurally similar lobes, each con-
taining around 330 residues and separated by a short pep-
tide.[1] Although the crystal structures for both the N- and C-
terminal lobes of Tf have been reported,[2,3] coordinates are
only available for the N-terminal lobe.[3] By contrast, the struc-
ture of lactoferrin has been more comprehensively character-
ised and coordinates for both lobes in the apo form and with
various metals and anions bound are available.[4–6]


The crystal structures of transferrins show that each lobe
can be further divided into two similarly sized domains that
are separated by a cleft where the iron(iii) binds. On binding
iron(iii), the domains rotate relative to one another, thereby re-
ducing accessibility of the active site for solvents. Thus, the
apo-protein conformation is described as “open” and the more
compact structure of the diferric complex as “closed”
(Figure 1). The conformational change induced by iron(iii)
binding is more pronounced in the N-terminal lobe than the
C-terminal lobe.[5,6] This structural difference is attributed to an
additional disulfide bond in the C-terminal lobe, which pre-
vents the cleft opening as far as that of the N-terminal lobe in
the absence of iron(iii) and may even influence the affinity of
the protein for iron(iii). Indeed, the C-terminal lobe binds
metals preferentially over the N-terminal lobe and it is also the
last lobe to release iron(iii) in the lysosome in a process in-
duced by reduced pH, either through the protonation of the
bicarbonate anion or through a pH-sensitive interdomain inter-
action.[7]


Tf is found in abundance in blood serum, where it binds to
iron(iii) and delivers it to cells through the Tf receptor (TfR). As


much as 60% of the Tf is in the apo form, thereby enabling
the efficient uptake of circulating iron(iii) and preventing its
use by pathogenic microorganisms. The diferric Tf complex
binds with considerably higher affinity to the TfR than the apo
form of the protein,[8] although it is not clear whether iron(iii)
binding at the C-terminal lobe is essential for receptor recogni-
tion or is merely an event that precedes N-terminal lobe iron-
(iii) binding.


Certain diseased cells have a high iron(iii) requirement, in
order to facilitate rapid cell growth, which is satisfied by in-
creasing the number of TfRs on the cell surface[9] and thereby
sequestering a greater amount of the circulating metal-loaded
Tf. Consequently, Tf has been proposed as a potential drug
transport and delivery vehicle.[10] The increase in the number
of Tf receptors depends on the cell line, and in vivo radio-la-
belling studies typically show a 2–12-fold increase for certain
cancers, compared to healthy tissues.[11] The increased number
of TfRs on cancer cells might help to direct Tf-binding anti-
cancer drugs to cancer cells, thereby increasing their selectivity.
Such a mechanism has been postulated to account for the re-
markably low toxicity of a ruthenium(iii) anticancer drug that
has recently entered phase I clinical trials.[12] In addition, several
other metal ions have been shown be transported to cells by
Tf,[13] including bismuth[14] and titanium,[15] both of which have
therapeutic effects.


A combination of mass spectrometry, UV/Vis spectroscopy and
molecular modelling techniques have been used to characterise
the interaction of cisplatin with human serum transferrin (Tf).
Mass spectrometry indicates that cisplatin binds to the hydroxy
functional group of threonine 457, which is located in the iron-
(iii)-binding site on the C-terminal lobe of the protein. UV/Vis
spectroscopy confirms the stoichiometry of binding and shows
that cisplatin and iron(iii) binding are competitive. The binding
of cisplatin has been modelled by using molecular dynamic simu-


lations and the results suggest that cisplatin can occupy part of
both the iron(iii)- and carbonate-binding sites in the C-terminal
lobe of the protein. Combined, the studies suggest that cisplatin
binding sterically restricts iron(iii) binding to the C-terminal lobe
binding site, whereas the N-terminal lobe binding site appears to
be unaffected by the cisplatin interaction, possibly allowing the
iron(iii)-induced conformational change necessary for binding to
a Tf receptor.
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In this paper we expand on our earlier work[16] by proposing
a mechanism for the binding of cisplatin to transferrin, a mech-
anism which may have implications concerning the effective-
ness of this unique metallodrug in chemotherapy.


Results and Discussion


Each lobe of Tf has an independent metal-binding site com-
posed of a histidine, an aspartate and two tyrosine residues, as
well as a bicarbonate anion that binds in an adjacent pocket,
all of which coordinate to give an iron(iii) complex with a dis-
torted octahedral geometry (Figure 2).[17] Spectroscopic meth-
ods readily identify iron(iii) binding involving the tyrosine resi-
dues, as electron transfer between the metal ion and the delo-
calised ring electrons results in distinctive bands in the UV/Vis
spectrum with, for example, iron(iii) binding resulting in an ab-
sorption band at 460 nm.[18] By contrast, binding of platinum(ii)
compounds, including cisplatin, does not induce this spectro-
scopic change.[19]


The binding of cisplatin to Tf has been investigated by using
UV/Vis spectrophotometry and the results suggest that, in con-
trast to the two high-affinity sites per Tf monomer observed
for iron(iii) binding,[20] cisplatin preferentially occupies a single
binding site,[21] in line with the binding of ruthenium(iii) com-


plexes to the protein, although binding of additional cisplatin
units elsewhere on the protein cannot be discounted. Accord-
ingly, mass spectrometry (MS) has been used to provide fur-
ther information and the results show that several cisplatin
units can bind to Tf. The mass spectra of free Tf in 10 mm bi-
carbonate buffer and of the same sample incubated with a 10-
fold molar excess (with respect to the number of binding sites)
of cisplatin after 20 min and 3 h incubation times are shown in
Figure 3. The theoretical molecular weight of transferrin calcu-
lated from its amino acid sequence is 75143 Da. In Figure 3,
the deconvoluted spectrum of transferrin alone shows three
peaks, each with a higher molecular weight than that based
purely on the amino acid sequence, namely, the peaks at
78935, 79228 and 79519 Da, which are due to glycosylation.
The amino acid sequence of transferrin possess two N-glycosy-
lation sites,[22] a fact which accounts for the difference. The
most prominent peak is at 79519 Da, which is close in value to
the literature mass,[23] and the other two glycoforms indicated
at 79228 and 78938 Da are of much lower relative intensity.
From the difference in mass of 291 Da between the peaks, it is
possible to conclude that the glycan present is N-acetylneur-
aminic acid (sialic acid).


The spectrum of transferrin incubated with cisplatin for
20 min exhibits, in addition to the peaks of the free protein,
4 new peaks at 79819, 80121, 80420 and 80719 Da (Fig-
ure 3d). The difference in mass between these peaks is 299 Da,
which corresponds to the mass of intact cisplatin. After an in-


Figure 1. Ribbon representations of the crystal structure of a) free and
b) iron(iii)-bound lactoferrin, with the N-terminal lobes aligned towards the
left of the figure and the C-terminal lobes to the right.


Figure 2. Stick representations of the metal-binding site of lactoferrin, as
solved by X-ray crystallography: a) free N-terminal lobe, b) iron(iii)-bound N-
terminal lobe, c) free C-terminal lobe, d) iron(iii)-bound C-terminal lobe.
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cubation period of 3 h, the spectra exhibits a new peak at
79786 Da (Figure 3 f) that gives a difference of 264, a value
indicative of the loss of chloride from cisplatin; this result
suggests that the platinum species is covalently bound to the
protein.


Identifying the cisplatin-binding sites


UV/Vis spectroscopy was used to determine the stoichiometry
and affinity of iron(iii) citrate binding to the apo-protein and
to the Tf–cisplatin complex. The results in Table 1 indicate that


Figure 3. Mass spectra of a) free transferrin and b) its deconvoluted spectrum, c) cisplatin-bound transferrin after 20 min incubation and d) its deconvoluted
spectrum, e) cisplatin-bound transferrin after 3 h incubation and f) its deconvoluted spectrum.
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cisplatin increases the dissociation constant (kd) for iron bind-
ing but does not significantly alter the absorbency coefficient
of the bound complex, a result suggesting a competitive
mode of binding. However, as there are two nonequivalent
iron(iii)-binding sites per protein monomer, these data do not
give an indication of whether the increased kd value observed
in the presence of cisplatin is due to the need for iron(iii) to
displace cisplatin before binding or to the possibility of iron(iii)
no longer binding at the higher affinity C-terminal lobe bind-
ing site and only occupying the N-terminal lobe binding site.
There was no evidence to suggest cisplatin binding involved
tyrosine residues, a fact in accordance with the literature
data.[19]


Apo-Tf and Tf incubated with cisplatin were digested with
trypsin and the resulting peptides were analysed by MS/MS
(see the Experimental Section for full details). Difference spec-
tra of the free and cisplatin-bound digest patterns showed
that a parent ion carrying a triple charge with an m/z value of
614 was absent from the apo-protein digest. Further analysis
showed that the parent ion with m/z=614 had an isotope dis-
tribution characteristic of platinum. The difference in molecular
weight between this peptide fragment and the equivalent
peptide with m/z=789 in the apo-protein sample was 263 Da,
a value which corresponds to ciplatin having lost a chloride
ligand (Figure 4), which is in agreement with the MS results for


the intact protein after 3 h incubation with cisplatin (see
above).


The platinum-modified peptide was sequenced by MS/MS
and the results were mapped onto the complete sequence of
the protein, thereby allowing the platinum-bound residue to
be identified as threonine 457. In the data collected, there was
no evidence to suggest platinum binding at any other site.
The mass spectrometry experiments presented herein are not
quantitative and, although cisplatin was found to modify
threonine 457, it is not possible to estimate the fraction of the
Tf in the digested sample that is modified in this way. A previ-
ous report has postulated that the cisplatin-binding site in-
volves methionine 256, with this conclusion being drawn from
NMR spectroscopy data that show a substantial chemical shift
of the 13C-methyl-methionine resonance, tentatively assigned
to this residue when the protein is incubated with cisplatin,
which is not observed when the protein is incubated with
iron.[19] The triply charged peptide observed at m/z=844 with
the amino acid sequence 255–276, which includes methio-
nine 256, was found and sequenced; no interaction with plati-
num was detected. It is possible that cisplatin binds weakly to
methionine 256 and that the sulfur–platinum bond is broken
during the preparation and MS analysis of the protein frag-
ments. There is no structural basis for mutually exclusive bind-
ing between the methionine 256 and threonine 457 sites.
Indeed, the competitive mode of cisplatin binding with respect
to iron(iii) binding, identified by spectroscopic methods, sup-
ports threonine 457 as being the major residue involved in the
cisplatin interaction.


Molecular modelling studies


Threonine 457 lies close to the ligand-binding sites on the C-
terminal lobe of the protein. Crystal structures of the lactofer-
rin–iron(iii)–bicarbonate complex show that the hydroxy func-
tional group of the equivalent threonine residue in the N- and
C-terminal lobe binding pockets is within hydrogen-bonding
distance of the bound bicarbonate, a fact suggesting a role in
ligand binding.[24] In the N-terminal lobe of Tf the equivalent
residue to threonine 457 is substituted by a serine residue.
This substitution could affect the affinity of the cisplatin bind-
ing at the different lobes because, although the difference in
the binding energies of cisplatin to threonine and serine resi-
dues is likely to be small, the additional methyl group on the
threonine residue reduces the acidity of the hydroxy functional
group, compared with that of serine, thereby favouring bind-
ing of the platinum(ii) complex to this latter residue. In addi-
tion, the binding affinity of cisplatin to each binding site of Tf
is also likely to be affected by the structural differences be-
tween the two lobes. As mentioned above, the C-terminal lobe
iron(iii) binding site is less exposed to solvent than the N-ter-
minal lobe binding site and it is therefore likely to be more hy-
drophobic. The hydrophobicity could promote the binding of
metal compounds that are of somewhat lower solubility in
aqueous solution, including certain iron(iii) compounds and
cisplatin.[11]


Table 1. Dissociation constants (kd) and absorbance coefficients (A) at
465 nm for the iron(iii)-bound complex.


kd [mm] A [cm�1mm�1]


Free protein 3.5�0.30 3.1�0.23
Tf/cisplatin (1:1) 8.1�1.4 2.9�0.13
Tf/cisplatin, (1:5) 9.1�1.2 3.5�0.65
Tf/cisplatin, (1:10) 9.0�1.6 3.8�0.60


Figure 4. Mass spectrum of the doubly charged (789.44 Da) apo-transferrin
fragment 457TAGWNIPMGLLYNK470, with that of the same peptide observed
as triply charged species after incubation of the intact protein with cisplatin
shown in the inset.
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By using the coordinates from the RSCB protein databank
for the N-terminal lobe of Tf,[3] a homology model for the C-
terminal lobe of Tf has been generated. A ribbon representa-
tion of the model of the platinum-bound C-terminal lobe of Tf
is shown in Figure 5, together with the crystal structures of the
iron(iii)-bound N-terminal lobe of Tf and the N- and C-terminal
lobes of lactoferrin. The overall fold of the model is similar to
that of the crystal structures, with equivalent structural differ-
ences between the crystal structures of the N- and C-terminal
lobes of lactoferrin to those between the crystal structure of
the N-terminal lobe of Tf and the homology model of the C-
terminal lobe. The cisplatin-modified threonine 457 residue
does not cause disruptions to the structure of the protein, as
shown in Figures 6 and 7b, as it occupies the bicarbonate-
anion-binding pocket and part of the iron(iii)-binding pocket.
Although some residues in the cisplatin-bound model of the
C-terminal lobe are in slightly different positions to those in
the iron(iii)-bound N-terminal lobe (Figure 7a), there are equiv-
alent differences in the positions of the amino acid residues in
the crystal structures of the active sites of iron(iii)-bound N-
and C-terminal lobes of lactoferrin (Figure 2b and d, respec-
tively).


The model indicates that cisplatin and iron(iii) binding at
the C-terminal lobe binding site are mutually exclusive. This
mode of binding ties in with the ligand-binding studies which


Figure 5. Ribbon representation of a) the crystal structure of the iron(iii)-bound N-terminal lobe of Tf, b) the platinum-bound model of the C-terminal lobe of
Tf, c) the crystal structure of the N-terminal lobe of iron(iii)-bound lactoferrin, and d) the crystal structure of the C-terminal lobe of iron(iii)-bound lactoferrin.


Figure 6. Surface representation of the homology model of the C-terminal
lobe of Tf with cisplatin (green sticks) bound.
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show that cisplatin binding reduces the affinity of iron(iii)
binding in a competitive manner (see Table 1). However, the
binding of cisplatin to the C-terminal lobe of Tf is unlikely to
have an effect on iron(iii) binding at the N-terminal lobe of the
protein, a fact suggesting that cisplatin may indeed be target-
ed to tumour cells with elevated levels of TfRs as a Tf–iron(iii)–
cisplatin complex. Presumably, the other cisplatin units that
bind to Tf (Figure 3) only involve weak interactions, probably
involving S-, O- or N-containing residues on the surface of the
protein, which could also be delivered to the TfRs; however,
under physiological conditions multiple cisplatin binding is un-
likely to occur.


Implications of cisplatin binding to Tf in cancer therapy


As much as 60% of circulating Tf is in the apo form, efficiently
sequestering iron(iii) and transporting it in a nontoxic form to
cells according to the number of TfRs on the cell surface. Many
diseased cells have a higher iron(iii) requirement to satisfy the
demand for rapid cell growth and one of the mechanisms of
meeting this requirement is to increase the number of TfRs on
the cell surface, thereby sequestering more of the iron(iii)-
loaded Tf circulating in the blood plasma.[9] Consequently, Tf
has been the focus of several studies aimed at exploiting this
natural iron(iii)-delivery system to target drugs that can mimic
iron(iii) binding to diseased cells.[10]


Cisplatin has been shown to bind to Tf, but, in the presence
of cisplatin alone, Tf does not adopt the closed conformation
necessary for recognition by the TfRs on the cell surface, a fact
suggesting that Tf-mediated cell targeting is not a mechanism
of transport for this successful anticancer drug. When bound
to diferric Tf, the cisplatin complex has been shown to interact
with the Tf receptor according to the concentration of cisplatin
in the incubation. Low molar excesses of cisplatin (up to 7-fold
excess) allow recognition and uptake of the Tf–metal complex,
but higher excesses (up to 15-fold) inhibit the Tf interaction.[21]


These results suggest that at high concentrations of cisplatin
there are multiple binding events (as established from the MS
experiments described herein) or structural changes in the pro-
tein that could lead to denaturation. The physiological rele-
vance of these secondary interactions of cisplatin with Tf is


small because in vivo the drug could not be administered at
the necessary level to produce these effects.


The conformational change induced by iron(iii) binding to
the C-terminal lobe is small compared to that of the N-terminal
lobe (Figure 2) and it is possible that, in the event of the C-ter-
minal lobe binding site being blocked by the binding of a
competitive ligand, such that iron(iii) only binds to the N-ter-
minal lobe binding site, the conformational change induced is
sufficient to allow the Tf complex to bind to the TfR. If the
’closed’ conformation of the N-terminal lobe alone allows the
Tf complex to bind to TfRs, then whether the C-terminal lobe
is occupied by iron(iii) or cisplatin would not affect the uptake
of the complex. Thus, with the assumption that iron does not
displace cisplatin binding in vivo, the monoferric–cisplatin–Tf
complex may be targeted to some cancer cell types and Tf
binding could be a key factor in dictating the anticancer activi-
ty of this type of metal-based drug.


Tf has been postulated as a delivery mechanism for several
metal-based drugs, for example ruthenium(iii) and titanium(iv)
complexes, both of which are currently in clinical trials as anti-
cancer therapies. Ruthenium(iii) complexes, such as Hind-
[RuCl4(Ind2)] (Hind= indazolium, Ind= indazole), bind with the
same stoichiometry as cisplatin, with a single drug molecule
binding to each protein unit, whereas two binding sites are
observed for the titanium(iv) compound Ti(C5H5)Cl2. Crystallo-
graphic studies of Hind[RuCl4(Ind2)] bound to Tf place the
ligand in the N-terminal lobe iron-binding site, coordinated to
histidine 253, with the displacement of a chloride ligand.[1] In
contrast to platinum(ii), ruthenium(iii) has similar characteris-
tics to iron(iii) and thus, despite the larger ionic radius, is be-
lieved to mimic iron(iii) binding including inducing the closed
conformation of the protein necessary for TfR-mediated deliv-
ery. Therefore, despite the fact that the ruthenium(iii) complex
is binding to the more open N-terminal lobe of the protein,
ruthenium(iii) complexes can still be delivered to cells through
the TfR interaction. Titanium(iv) also binds to the iron-binding
sites in the protein.[25] In the case of both ruthenium(iii) and
titanocene derivatives, binding to Tf is reversible, with both
metals being released at low pH values.


To conclude, cisplatin is a very important anticancer drug
that is still used to treat approximately 70% of all cancer pa-
tients.[26] Accordingly, the interaction of cisplatin with various
biomolecules has been extensively studied,[27] although knowl-
edge of its interactions with Tf is still incomplete. Further char-
acterisation of the Tf–cisplatin interaction, including monitor-
ing the reversibility of binding and the interaction of iron–cis-
platin–Tf complexes with TfR under physiological conditions, is
necessary in order to evaluate the potential role of Tf in drug
delivery. Comparison of the drug–Tf and drug–Tf–TfR interac-
tions of successful anticancer drugs, such as cisplatin, with
structurally similar compounds that do not have anticancer ac-
tivity in vivo, may prove Tf to be an interesting candidate on
which to base rational drug design for improved metal-based
cancer therapies.


Figure 7. Stick representation of the Tf metal-binding sites of the a) N-termi-
nal and b) C-terminal lobes with iron(iii) and cisplatin bound, respectively.
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Experimental Section


Tf was purchased from Sigma and cisplatin from Aldrich; both
were used as received without any purification. For mass spec-
trometry, a solution of iron-free Tf (100 mm) in ammonium bicar-
bonate (10 mm, pH 8.5) was prepared and incubated at 20 8C with
cisplatin (1 mm) for 15 or 30 min. Sequencing-grade trypsin (Prom-
ega, USA) was added to a final concentration of 1.2 ngmL�1 and
the mixture was incubated at 37 8C for a further 45 min.


Q-TOF mass spectrometry : Electrospray-ionisation MS and MS/MS
data were acquired on a Micromass Q-Tof Ultima mass spectrome-
ter fitted with a Z-spray nanoflow electrospray ion source. The
mass spectrometer was operated in the positive-ion mode with a
source temperature of 80 8C, with a countercurrent gas flow rate of
40 Lh�1 and with a potential of 2600 V applied to the Nanospray
continuous LC probe. All data were acquired with the mass spec-
trometer operating in an automatic data-dependent switching
mode. The instrument was calibrated with a fourth-order calibra-
tion by using selected ions from Glu-fibrinopeptide-B. The trypsin-
digested samples were separated by using a Micromass modular
Cap LC system connected directly to the Z-spray source of a Q-Tof
Ultima instrument. Each sample was loaded on to a C18 precolumn
(5 mm length, 320 mm diameter) at a flow rate of 30 mLmin�1 and
desalted for 3 min with a solution of 0.1% formic acid. The samples
were then eluted from the C18 precolumn and directed onto a
C18 Picofrit column (5 cm length, 75 mm diameter) by using 95%
solution A (95% water, 5% acetonitrile, 0.01% formic acid) and 5%
solution B (5% water, 95% acetonitrile, 0.01% formic acid) at a
flow rate of 200 nLmin�1. The sample was eluted from the C18 Pi-
cofrit by using a stepped gradient up to 80% solution B including
a 3 min stationary phase of the same buffer. All data were process-
ed by using ProteinLynx software and protein idenitification was
achieved by analysis with ProteinLynx Global Server Version 1.0.
The cisplatin-modified peptide was identified by the platinum iso-
tope pattern and sequenced by using MS/MS.


Determination of equilibrium dissociation constants and stoichi-
ometry by using UV/Vis spectroscopy : Equilibrium dissociation
constants of ligands binding to Tf were determined by exploiting
the changes in absorbency at 465 nm due to iron(iii) binding.
Small volumes of ligand solution were titrated into a cuvette con-
taining iron-free Tf and, in the presence of cisplatin at molar ratios
of 1, 5 and 10 to Tf-binding sites. The mixtures were dissolved in
50 mm phosphate buffer (pH 7.5) containing 100 mm sodium chlo-
ride and 25 mm sodium bicarbonate. The protein was equilibrated
in this buffer at 25 8C for 30 min prior to the titrations. The spectra
were corrected for the absorbency of iron(iii) citrate at 465 nm.
The dissociation constants (kd) and maximum change in absorben-
cy for the titration were determined by fitting a quadratic equation
to the corrected data as a function of ligand concentration. The
absorbency coefficient for the iron(iii)–Tf complex was calculated
by dividing the maximum change in absorbance at 465 nm by the
number of binding sites in solution. Care was taken to ensure that
the system had reached equilibrium before spectra were recorded
and that the protein concentration was sufficiently low to ensure
that accurate estimates of the kd value could be made. The
number of ligand-binding sites was determined by a similar
method but with a higher protein concentration, so that stoichio-
metric binding could be observed.


Molecular modelling studies : The crystal structure of the N-termi-
nal lobe of Tf[3] was used to generate a homology model of the C-
terminal lobe, for which no structural data are available. Align-
ments and structure building were carried out by using the


FUGUE[25,28] and Quanta/Modeller (MSI, San Diego) programs.[26,29]


The FUGUE program makes a backbone model of the sequence of
interest and this was used as a template to build side chains with
the SQUIRL program.[27,30] By contrast, the Modeller program yields
a set of complete structures. The structures generated from both
methods were solvated with a shell of water molecules and refined
by using a combination of energy minimisation and molecular dy-
namics[28–31] with the Charmm extended atom force field[29–32] and
the TIP3 potential for water.[30–33] Cisplatin was docked onto threo-
nine 457 and the charges for the complex were estimated from
the change in point charges for cisplatin and threonine before and
after complexation by using the ADF software (Cerius, MSI, San
Diego). The same change was applied to the charges derived by
using quanta charge template methods. A potential energy map
was then calculated by rotating across the c1 torsion of threonine
and the torsion defining the threonine–platinum linkage. At each
combination of the torsions, the whole system was subject to
energy minimisations under gradually decreasing constraints until
the change in slope of the potential energy surface was smaller
than 10–3 kcalmol�1 A�1. While both methods gave qualitatively
similar results, we chose the structure from the FUGUE protocol
because it yielded the most favourable conformation energetically.
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Synthesis of Glycopeptides from Type II
Collagen-Incorporating Galactosylated
Hydroxylysine Mimetics and Their Use in
Studying the Fine Specificity of Arthritogenic T
Cells
Julien Marin,[a] Marie-Agn�s Blaton,[b] Jean-Paul Briand,[a] Gilles Chiocchia,[b]


Catherine Fournier,*[b] and Gilles Guichard*[a]


Introduction


Rheumatoid arthritis (RA) is a chronic inflammatory disease af-
fecting the distal joints that leads to cartilage destruction and
bone erosion. RA is one of the most frequent systemic auto-
immune diseases and affects a large proportion of the world’s
population (prevalence between 0.3 and 1% in industrialised
countries and an overall prevalence of 0.8% of adults).[1]


Women, in whom the condition most frequently starts at men-
opause, are three times more likely to be affected by RA than
men. However, in about 25% of cases, the disease appears
before the age of 40 and sometimes even during childhood
(juvenile chronic arthritis). This articular pathology is associated
with a massive infiltration of leukocytes (i.e. , T cells and other
immune cells including B cells, macrophages and mast cells),
which, together with activated synoviocytes, form the aggres-
sive front of proliferative tissue (pannus) that overgrows the
articular cartilage.


The link between RA and genes of the class II MHC mole-
cules (80% of Caucasian patients with RA express DR4 or DR1
allotypes), as well as the large number of activated CD4+ T
cells in arthritic joints, support a central role for T cells in the
pathogenesis of RA.[2] Type II collagen (CII), the major protein
found in joint cartilage, has been proposed as a candidate au-
toantigen in RA.[3] A direct role for collagen in the develop-
ment of arthritis has been demonstrated in collagen-induced


arthritis (CIA),[4] which presents most of the clinical, histological
and immunological characteristi'cs of RA.[5] Like RA, susceptibil-
ity to CIA is strongly linked to MHC class II haplotypes and, in
mice, it is associated with strains expressing Aq and Ar mole-
cules. The peptide CII(256–270) has been identified as an im-
munodominant T-cell epitope on CII, Ile260 and Phe263 serv-
ing as primary anchor residues for binding to the MHC class II
Aq molecule.[6] It is worth noting that humanised mice trans-
genic for DR4 and DR1 are also susceptible to CIA, and, in this
case, the sequence of the immunodominant T-cell epitope is
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Five analogues of the bovine type II collagen (bCII) immunodomi-
nant glycopeptide [b-d-Gal-(5R)-5-Hyl264]CII(256–270) (1) carry-
ing diverse modifications at the critical hydroxylysine (Hyl) 264
side chain were designed and synthesised, to explore the fine spe-
cificity of bCII-reactive T cells involved in the initiation and/or reg-
ulation of collagen-induced arthritis (CIA), a mouse model for
rheumatoid arthritis (RA). b-d-Galactosyl-(5R)-5-hydroxy-l-lysine
(19) and corresponding mimetics (22–25), conveniently protected
for solid-phase synthesis, were all obtained by a divergent route
involving enantiopure 5-hydroxylated 6-oxo-1,2-piperidinedicar-
boxylates as the key intermediates. All three bCII-specific T hy-


bridomas used, as well as a recurrent pathogenic CD4+ T-cell
clone isolated from bCII-immunised DBA/1 mice, recognised the
galactosylated form 1 of the immunodominant bCII (256–270)
epitope. These cells were extremely sensitive to changes at the e-
amino group of Hyl264, but differed in their pattern of recogni-
tion of analogues with a Hyl264 side chain modified at C-5 (i.e.
inversion of stereochemistry, methylation). These data further
document the importance of collagen post-translational modifi-
cations in autoimmunity and in the CIA model in particular, and
provide a new insight into the molecular interaction between gly-
copeptide 1 and the TCR of pathogenic T cells.


1796 > 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2005, 6, 1796 – 1804







only slightly shifted and encompasses residues 261–273 (CII-
(261–273)).[7] Holmdahl and Kihlberg recently recognised the
importance of post-translational modifications of CII in gener-
ating immunogenic self-determinants relevant to the develop-
ment of CIA and RA. In particular, they demonstrated that CIA
and RA T cells predominantly recognise glycosylated forms of
immunodominant CII peptides with a Gal-5Hyl side chain at
position 264 serving as critical T-cell receptor (TCR) contact.[8]


We previously identified CII-reactive T cells in Aq mice immu-
nised with bovine CII (bCII) that participate in CIA course and
regulation.[9,10] To study their fine specificity, we envisaged a
strategy based on alteration of the Gal-5-Hyl264 T-cell-recogni-
tion motif through slight changes in the 5-Hyl side-chain. Even-
tually, structural modulations of the TCR contacts might also
lead to the generation of altered peptide ligands (APLs)[11]


useful for manipulating the immune response in affected
joints. It is now well established that TCR engagement by anti-
gens containing minor modifications at positions that contact
the TCR can result in various functional outcomes including T-
cell partial agonism and antagonism, anergy and apoptosis.
The potential of APLs as modulators of autoimmune diseases
and allergies through immune deviation has been successfully
demonstrated in several animal models (e.g. experimental au-
toimmune encephalomyelitis[11b]). Here, we describe the syn-
thesis and in vitro immunological evaluation of the known im-
munodominant peptide [Gal-5-Hyl264]bCII(256–270) (1) and
several naturally occurring variants, together with five original
glycopeptide analogues (2–6) modified at the Hyl side chain
(Scheme 1).


Glycopeptides 2 and 3, in which the Ne-amine is replaced by
a hydrophobic azide function and by a hydrophilic hydroxyl
group, respectively, were synthesised to evaluate the permis-
siveness of the Ne-amino group in interaction with T cells. The
plasticity of the T-cell-recognition motif (galactose and Ne pri-
mary amine) at position 264 was investigated through several


other modifications of the Hyl side chain: inversion of stereo-
chemistry at C-5 (!4), permutation of the Ne-amino and car-
bohydrate moieties (!5) and the introduction of steric con-
gestion at C-5 (!6).


Results and Discussion


Aglycons synthesis


Our general approach to the synthesis of conveniently protect-
ed (2S,5R)-5-Hyl for the synthesis of 1 and 2 is based on the
use of a-monohydroxylated d-lactam 7 as a key intermediate
(Scheme 2).[12]


For convenient solid-phase peptide synthesis (SPPS), Na- and
Ne-amino functionalities were protected by a Fmoc group and


as an azide, respectively. Aglycon 10 was obtained
from the 1,2-azidoalcohol 8[12] in a two-step proce-
dure. Various known methods[13] for the selective
cleavage of the N-Boc protecting group in the pres-
ence of the tert-butyl ester were investigated. The
use of p-toluenesulfonic acid (PTSA) in acetonitrile[13c]


was the sole satisfactory procedure for 8. This selec-
tive deprotection reaction required careful TLC moni-
toring, because the kinetics and the equilibrium of
Boc deprotection versus tert-butyl ester were very
sensitive to both time and temperature. Neutralisa-
tion with NH4OH afforded free amine 9, which was
directly converted into the N-Fmoc derivative 10.
The same overall strategy was used for the synthesis
of related amino acid aglycons required for the prep-
aration of peptides 3–6.[14]


Synthesis of galactosylated building blocks


As briefly stated previously[14] , the use of tetra-piva-
loylated galactosylated donors is required for suc-
cessful galactosylation of protected (2S,5R)-5-Hyl


Scheme 2. Preparation of the orthogonally protected (2S,5R)-5-hydroxylysine
derivative 10. a) NaBH4, EtOH, (91%); b) i) MsCl, collidine, CH2Cl2; ii) NaN3,
DMF, (88%); c) PTSA, CH3CN, 0 8C!RT, then NH4OH, (99%); d) FmocOSu,
NaHCO3, THF/H2O (77%).


Scheme 1. List of the target glycopeptides.
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aglycon 10.[15,16] Koenigs–Knorr[17] and Schmidt’s trichloroacet-
imidate[18] procedures with tetra-acylated galactosylated donors
resulted exclusively in the formation of either the correspond-
ing orthoester, the rearranged acetylated 5-hydroxylysine or a
mixture of both (see supporting information). The formation of
orthoester was completely suppressed by using pivaloylated
galactosyl donors 11 or 12 (Table 1).


Under optimised conditions (entry 2), the galactosylated de-
rivative 13 was obtained in 83% yield; this clean reaction
being easily monitored by C18 RP-HPLC. Acid-catalysed cleav-
age of the tert-butyl ester quantitatively gave building block
14 ready for use in SPPS (Scheme 3). Alternatively, glycosyla-


tion with tetrapivaloylated glucosyl bromide yielded glucosy-
lated (2S,5R)-5-hydroxylysine 15 in 76% (Scheme 3).


Galactosylation of 5-hydroxylysine mimetics with tetrapiva-
loylated galactosyl bromide in the presence of silver silicate
under very similar conditions afforded the glycosylated build-
ing blocks 17–20 required for the preparation of non-natural
glycopeptides 3–6, in yields ranging from 62 to 89%
(Scheme 4).[14]


Glycopeptide synthesis


With N-Fmoc-protected glycosylated building blocks 14 and
16–20 in hand, we prepared the corresponding glycopeptides
1–6 derived from CII(256–270) and [Glc-5-Hyl264]bCII(256–270)
(21) using conventional solid-phase peptide-synthesis proce-
dures (Table 2).[19] Several naturally occurring CII(256–270) pep-
tides (22–25) bearing various degrees of post-translational
modifications were also prepared (Table 2). Peptide 22 differs
from 1 at position 258 (Pro versus Hyp). Peptide 23 is the
mouse (m) CII analogue of glycopeptide 1 (homologous pep-
tide) and bears an Asp residue at position 266. Peptides 24
and 25 are the nonglycosylated analogues of 1 and 22, respec-
tively.


All glycopeptides were assembled on polystyrene
Wang resin[20] (60 mmol scale) by using a home-made
peptide synthesiser.[21] For 1, peptide purity after
elongation of the peptide chain and prior to azide
reduction on solid support was checked by cleavage
of an aliquot of peptide resin and found to be
>90% (as determined by C18 RP-HPLC, see Figure 1a).
Treatment of the resin with either trimethylphos-
phine (PMe3) or triphenylphosphine (PPh3) in THF re-
sulted in clean and quantitative reduction of the
azido function after 72 h, as monitored by RP-HPLC.
Cleavage from the resin was performed with TFA
containing water and scavengers. At this stage of
the synthesis, the purity of the precursor of 1 bear-


ing a protected galactosyl moiety (26) was 87% (Figure 1b).
An additional step was necessary to remove the pivaloyl ester
protecting groups. A diluted solution of NaOMe in MeOH
(40 mm) was used to avoid epimerisation of the amino acid a-
stereogenic centres along the peptidic chain. Monitoring the
reaction by C18 RP-HPLC revealed a complete cleavage of all
four pivaloyl groups after 8–12 h, without significant formation
of degradation by-products. At this stage of the synthesis, the


Table 1. Donor and promoter study with pivaloylated galactosyl donors.


Donor Lewis acid T [8C] t [h] Yield [%]


1 11 silver silicate RT 72 62
2 11 silver silicate RT 16 83
3 12 Et2O·BF3 RT 24 46
4 12 TMSOTf �10 0.5 64


Scheme 3. Synthesis of the glycosylated (2S,5R)-5-hydroxylysine building blocks 14 and
16. a) silver silicate, Gal(Piv)4Br, CH2Cl2 (83%); b) silver silicate, Glc(Piv)4Br, CH2Cl2 (76%);
c) TFA/CH2Cl2, quant.


Scheme 4. Galactosylated building blocks 17–20 were obtained by galacto-
sylation of the corresponding aglycon (see ref. [14]) with 11 under the pro-
motion of silver silicate in yields ranging from 62 to 89%.
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purity of the naturally occurring glycopeptide 1 was 71% (Fig-
ure 1c). The purities of crude glycopeptides 2–4 and 6 were in
the same range. In the case of 5, however, cleavage from the
resin after reduction of the azido group gave a 1:1 (w/w) mix-
ture of the expected crude pivaloylated glycopeptide ([M+H+]=
2001.98) and a major impurity 27, which was subsequently
found to be the corresponding alkylaminotriphenylphosphoni-
um salt derivative ([M+H+]=2262.26) resulting from incom-
plete hydrolysis of the intermediate iminophosphorane.[22]


Finally, CII-derived glycopeptides 1–6, 21–23 and 26 were
purified by RP-HPLC and recovered in fair to good overall


yields (29–73%), based on resin
loading (Table 2). All peptides
were identified by matrix-assisted
laser desorption/ionisation mass
spectrometry (MALDI-MS), and
their homogeneity was assessed
by C18 RP-HPLC (purity of all pep-
tides determined to be >99%).


T-cell recognition of naturally
occurring CII(256–270) peptides


In the course of investigating T
cell responses in CIA developing
in DBA/1 (Aq) mice, we generated
three bCII-specific T hybridomas
(A8E2, A2G10 and A9E5) that
were able to modulate the dis-
ease following a T-cell vaccina-
tion protocol.[9] Several years
later, a recurrent pathogenic
CD4+ T-cell clone (named A9.2)
was isolated from bCII-immu-
nised DBA/1 mice.[10] Interesting-
ly, the hybridomas and the T-cell
clone expressed closely related
TCRs and recognised glycosylat-
ed peptides comprising the im-


munodominant bCII (256–270) epitope. To elucidate the fine
specificity of these cells, we first tested the stimulating capaci-
ty of the naturally occurring synthetic peptides from bCII that
we prepared. Regardless of which T cells were used, galactosy-
lation of Hyl264 (carried by peptides 1 and 22) was required to
trigger T cell reactivity, since nonglycosylated analogues (pep-
tides 24 and 25) had no effect, even at high peptide concen-
trations (Figure 2). Glycopeptides 1 and 22, varying only at res-
idue 258 (Hyp vs. Pro), were recognised by all T cells ; this indi-
cates that post-translational hydroxylation of Pro258 is not
essential for T-cell recognition. Moreover, the mutation


Table 2. Sequence and analytical data for all CII-derived peptides and glycopeptides. H-Gly-Glu-Xaa258-Gly-Ile-Ala-Gly-Phe-Xaa264-Gly-Xaa266-Gln-Gly-
Pro-Lys270-OH


Peptide Xaa258 Xaa264 Requested building Xaa266 Calc. Mass MS found [M+H+] Yield [%] Purity [%]
block for Xaa264 HPLC


1 Hyp Gal-(5R)-Hyl 14 Glu 1665.75 1667.11 59 >99
2 Hyp Gal-(5R)-Hnl(6-N3) 14 Glu 1691.75 1693.02 59 >99
3 Hyp Gal-(5R)-Hnl(6-OH) 17 Glu 1666.74 1667.01 58 >99
4 Hyp Gal-(5S)-Hyl 18 Glu 1665.75 1667.84 58 95
5 Hyp Gal-6-Hnl[(5S)-NH2] 19 Glu 1665.75 1666.70 29 >99
6 Hyp Gal-(5R)-Hyl(5-Me) 20 Glu 1679.78 1680.40 57 >99
21 Hyp Glc-(5R)-Hyl 16 Glu 1665.75 1667.28 55 95
22 Pro Gal-(5R)-Hyl 14 Glu 1649.75 1651.18 56 99
23 Hyp Gal-(5R)-Hyl 14 Asp 1651.73 1653.66 58 >99
24 Hyp Lys – Glu 1487.61 1488.85 95 98
25 Pro Lys – Glu 1471.61 1473.08 95 >99
26 Hyp Gal(Piv4)-(5R)-Hyl 14 Glu 2002.22 2002.65 73 >99


Figure 1. C18 RP-HPLC profiles of crude peptide intermediates at different stages of the synthesis of 1.
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Glu266Asp (1 versus 23), which corresponds to the
autologous mCII sequence, only marginally influences
the T cell responses (Figure 2).


T-cell recognition of chemically modified glyco-
peptides


To further define the epitope specificity of the T cells
reactive to peptide 1, we used several analogues
modified at the Hyl side chain (Scheme 1). CII-derived
T cells were extremely sensitive to modification of
the e primary amine, notwithstanding the presence
of the galactosyl group. Though a weak reactivity at
high concentrations could be observed sometimes,
the azido derivative 2 was hardly recognised by the
three CII-specific T-cell hybridomas tested, nor by the
T-cell clone (Figure 3). Similarly, peptide 3 with a eOH
group did not activate any of the CII-specific T cells
(Figure 3). To ensure that peptides 2 and 3 could still
bind to MHC molecules, we checked their in vivo im-
munogenicity in mice primed with the analogues
emulsified in CFA (data not shown). This is consistent
with previously published data showing that the Aq-
binding capacity of the galactosylated CII 256–270
immunodominant epitope is not affected by deami-
nation of the Hyl side chain (i.e. , replacement of hy-
droxylysine by norvaline).[8b]


These results further highlight the importance of
the Ne-amino group for recognition by T cells[8c] and
indicate the lack of permissiveness at this position.
The protonated e-amine of the Hyl264 side chain is
likely to create crucial contacts with polar residues of
the TCR surface. However, another hypothesis might
be considered; namely, the participation of the
amine in the formation of an intramolecular salt
bridge with the Glu266 side-chain, thus positioning
and stabilising the galactosyl moiety for T-cell recog-
nition.


Not surprisingly, peptide 26, which carries a fully
protected galactosyl moiety, did not induce T-cell ac-
tivation (data not shown). Also, in line with a previ-
ous report by Holm et al. ,[8e] glycopeptide 21, which
has a glucosyl (instead of galactosyl) moiety, failed to
stimulate two of the T hybridomas, as well as the
A9.2 clone (data not shown). This finding emphasises
the requirement for an axial HO-4 group on the car-
bohydrate molecule for T cell responses.


Comparison of the proliferation indexes obtained
in the presence of peptides 1 and 4 revealed the
importance of the stereochemistry at C-5 of the
GalHyl264 residue (Figure 3). Although the inversion
of configuration at C-5 was found to be partially det-
rimental for stimulation of A2G10 and A9E5 hybrido-
ma, peptide 4 was nevertheless recognised by A8E2
hybridoma, albeit at higher concentrations than pep-
tide 1. Thus, provided that the required pharmaco-
phores, namely the HO-4 group of the galactosyl res-


Figure 2. Recognition of naturally occurring CII(256–270) peptides by CII-specific T cells.
The anti-CII T hybridomas and clone expressing TCR with closely related structure were
incubated with varying concentrations of the indicated peptides. Their reactivity was de-
termined by measuring proliferation for the A9.2 clone and IL-2 secretion (based on pro-
liferation of IL-2 sensitive CTLL-2 cell line) for the hybridomas, as detailed in the Experi-
mental Section. Data are mean values of 2–4 individual experiments. Peptides: &=1,
&=22, ~=23, *=24, *=25.


Figure 3. T-cell reactivity to glycopeptides with GalHyl264 derivatives modified at the e-
primary amine (2,3) and at C-5 (4–6) compared to 1. For experimental procedures, see
legend of Figure 2. Peptides : &=1, &=2, *=3, ~=4, *=5, ~=6.
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idue and the primary amino group at the e position are pres-
ent, slight changes in their relative orientation and/or position
are partially tolerated. This is confirmed by the results obtained
with 6 bearing a disubstituted C-5 carbon (i.e. , hydroxylated
and methylated). Like 1, 6 is recognised by the three hybrido-
mas (Figure 3). Although this modification creates some steric
congestion in the vicinity of the galactosyl moiety and the e-
primary amino group, it is tolerated by the TCR which, in this
case, demonstrates some plasticity. However, permutation of
the carbohydrate and amino groups to give the glycopeptide
5 was found to be fully detrimental to recognition by T cells.


Conclusion


Taken together, the results obtained with the “naturally occur-
ring” or “chemically modified” CII glycopeptides give informa-
tion about the relative position of the elements composing
the TCR recognition pattern. Interestingly, even if key elements
have been identified for the interaction with the TCR (i.e. , the
e-primary amine and the HO-4 of the galactosyl moiety), their
position relative to each other in the epitope does not neces-
sarily have to be frozen in order to generate a T cell response.
It appears that the ternary interaction shows some plasticity,
since both the inversion of stereochemistry and the introduc-
tion of a methyl group at C-5 are permitted to a large extent.


The protected b-d-galactosyl-(5R)-5-hydroxy-l-lysine building
block 14 required for the synthesis of natural glycopeptide
[b-d-Gal-(5R)-5-Hyl264]CII(256–270) 1 was obtained in only 11
steps and in 36% yield from Boc-Asp-OtBu, a readily available
starting material. The same efficient, modular approach featur-
ing a-hydroxylated d-lactams as key intermediates and pivaloy-
lated galactosyl bromide as a galactosyl donor was employed
to access the galactosylated hydroxylysine mimetics 17–20 re-
quired for the synthesis of all new analogues of 1 modified at
the Hyl side chain.


There is increasing evidence from the literature that post-
translational modifications of antigens and particularly glycosy-
lation play a major role in autoimmune diseases.[23] In CIA, one
of the mouse models most relevant for rheumatoid arthritis,
the arthritogenicity of CII depends on its carbohydrate con-
tent.[8a] Very recently, it was reported that, in healthy joint carti-
lage, the major immunodominant CII (256–270) T epitope is
glycosylated at position 264, whereas, in the arthritic one, both
glycosylated and non-glycosylated CII forms are present.[24]


These findings suggest that partial CII deglycosylation could
be indicative of arthritis progression and further highlight the
unique role played by T cells specific for post-translational
modification at different stages of disease development. Since
all the cells used in this study were shown to participate in CIA
initiation and/or regulation, they represent appropriate tools
for understanding, at the molecular level, the law governing
the recognition of CII carbohydrate contents by pathogenic T
cells during CIA course. In agreement with other studies,[25] we
highlight here the recognition of intact galactose moiety car-
ried by Hyl264 within the immunodominant CII (256–270) epi-
tope in triggering the pathogenic TCR. In addition, using multi-
ple original analogues of the natural peptide, we further docu-


mented the crucial molecular interaction between the TCR and
its cognate peptide, as well as the conformational structure re-
quirement for T-cell activation. Such findings will contribute to
elaborating highly specific peptide therapy with altered pep-
tide ligands.[11,26]


Experimental Section


Materials: Galactosyl donors 11 and 12 were prepared according
to standard procedures, starting from commercial pentapivaloylat-
ed d-galactose.[27] Silver silicate was prepared according to a re-
ported procedure[28] and dried at 110 8C under high vacuum for 6 h
before use.


General methods: THF was distilled from Na/benzophenone.
CH2Cl2 and cyclohexane were distilled from CaH2. Thin layer chro-
matography (TLC) was performed on silica gel 60 F254 (Merck) with
detection by UV light and charring with 1% (w/v) ninhydrin in
ethanol followed by heating. Flash column chromatography was
carried out on silica gel (0.063–0.200 nm). HPLC analysis was per-
formed on a Nucleosil C18 column (5 mm, 3.9R150 mm) by using a
linear gradient of A (0.1% TFA in H2O) and B (0.08% TFA in CH3CN)
at a flow rate of 1.2 mLmin�1 with UV detection at 214 nm. Optical
rotations were recorded with a Perkin–Elmer polarimeter. 1H and
13C NMR spectra were recorded on a Bruker Avance apparatus.
Mass spectra were recorded by using a MALDI-TOF apparatus
(Bruker Protein-TOF).


tert-Butyl (2S,5R)-6-azido-2-(((9H-fluoren-9-ylmethoxy)carbonyl)-
amino)-5-hydroxyhexanoate (10): p-Toluenesulfonic acid (2.26 g,
11.88 mmol) was added to a solution of 8[12] (2.04 g, 5.92 mmol) in
CH3CN (30.0 mL) at 0 8C. The mixture was stirred at 0 8C for 2 h and
consistently checked by TLC (AcOEt/pyridine/acetic acid/water
8:2:0.5:1, v/v/v/v). The mixture was then allowed to reach room
temperature and stirred for an additional 2 h. The reaction was
quenched by the addition of aqueous NH4OH (1n, 250 mL). The
solution was extracted with CH2Cl2 (3R80.0 mL), and the combined
organic layers were dried over Na2SO4, filtered and concentrated in
vacuo. The residue was dissolved in THF (15.0 mL), and the same
volume of water was added to the solution. Solid NaHCO3


(995 mg, 11.84 mmol) and FmocOSu (2.40 g, 7.10 mmol), dissolved
in the minimum volume of THF, were added to the mixture stirred
at ambient temperature. After 3 h, THF was evaporated and re-
placed by AcOEt. The solution was washed with water and KHSO4,
(1n), dried over Na2SO4 and concentrated in vacuo. The crude
product was purified by flash column chromatography (CH2Cl2/
MeOH 98:2, v/v) to yield pure 10 (2.10 g, 76% for 2 steps) as a col-
ourless oil. HPLC: tR=13.23 min (linear gradient, 30–100% B,
20 min); [a]D=++7.3 (c=1.7, CHCl3) ;


1H NMR (300 MHz, CDCl3): d=
7.77 (d, J=7.5 Hz, 2H), 7.60 (d, J=7.5 Hz, 2H), 7.40 (t, J=7.5 Hz,
2H), 7.32 (m, 2H), 5.59 (bd, J=7.8 Hz, 1H), 4.40 (d, J=6.9 Hz, 2H),
4.34–4.30 (m, 1H), 4.22 (t, J=6.9 Hz, 1H), 3.83–3.77 (m, 1H), 3.37–
3.20 (m, 2H), 2.87 (br s, 1H), 2.07–1.97 (m, 1H), 1.78–1.68 (m, 1H),
1.62–1.52 (m, 2H), 1.48 (s, 9H); 13C NMR (100 MHz, CDCl3): d=171.3
(C), 156.1 (C), 143.8 (C), 143.7 (C), 141.3 (2C), 127.7 (2CH), 127.0
(2CH), 125.0 (2CH), 120.0 (2CH), 82.5 (C), 70.4 (CH), 67.0 (CH2), 57.0
(CH2), 53.8 (CH), 47.2 (CH), 29.6 (2CH2), 28.0 (3CH3).


General galactosylation procedure with a tetrapivaloylated
donor. Procedure A : Compound 10 (1.0 equiv) and the required
glycosyl donor (1.5 equiv) were placed in an argon-filled, round-
bottom flask and dissolved in dry CH2Cl2 to yield an approximately
0.1m solution of acceptor. Powdered 4 S molecular sieve was
added, and the suspension was stirred for 30 min. The mixture was
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protected from light, and silver silicate (5.0 equiv) was added. The
reaction was stirred for 8 or 16 h at room temperature and moni-
tored by RP-HPLC. The dark-brown suspension was filtered through
a plug of CeliteT. The solvent was evaporated to yield a brownish
residue, which was purified by flash column chromatography
(Et2O/pentane 3:7, v/v).


Procedure B: the required glycosylated building block was dis-
solved in CH2Cl2 to give an approximately 0.1m solution. An equal
volume of TFA was added, and the resulting solution was stirred
for 2 h at ambient temperature. Following addition of a large
volume of hexane, the solvents were co-evaporated to afford the
glycosylated building blocks ready for use in SPPS.


tert-Butyl (2S,5R)-6-azido-2-(((9H-fluoren-9-ylmethoxy)carbonyl)-
amino)-5-O-(2,3,4,6-tetra-O-pivaloyl-b-d-galactopyranosyl)hexan-
oate: Fmoc-(GalPiv4)Hyl-OtBu (13): Galactosylated building block
13 was prepared according to procedure A. Purification of the
crude product gave 13 (yield=850 mg, 83%) as a white foam.
HPLC: tR=18.56 min (linear gradient, 50–100% B, 20 min); [a]D=
+3.1 (c=1.0, CHCl3);


1H NMR (300 MHz, CDCl3): d=7.77 (d, J=
7.5 Hz, 2H), 7.60 (d, J=7.5 Hz, 2H), 7.41 (t, J=7.5 Hz, 2H), 7.31 (dt,
J=7.5, 1.3 Hz, 2H), 5.39 (d, J=2.8 Hz, 1H), 5.36 (brd, J=7.9 Hz,
1H), 5.23 (dd, J=10.4, 7.7 Hz, 1H), 5.09 (dd, J=10.4, 3.1 Hz, 1H),
4.69 (d, J=7.9 Hz, 1H), 4.42 (dd, J=10.6, 7.3 Hz, 1H), 4.36–4.29 (m,
1H), 4.24–4.13 (m, 3H), 4.06–3.94 (m, 2H), 3.80 (m, 1H), 3.82–3.73
(m, 1H), 3.45 (dd, J=13.0, 4.2 Hz, 1H), 3.25 (dd, J=13.0, 4.2 Hz,
1H), 1.91–1.80 (m, 1H), 1.70–1.55 (m, 3H), 1.48 (s, 9H), 1.26 (s, 9H),
1.17 (s, 9H), 1.13 (s, 9H), 1.11 (s, 9H); 13C NMR (100 MHz, CDCl3):
d=177.8 (C), 177.3 (C), 176.9 (C), 176.3 (C), 171.0 (C), 155.8 (C),
143.8 (C), 143.7 (C), 141.3 (2C), 127.7 (2CH), 127.1 (2CH), 125.0
(2CH), 120.0 (2CH), 100.5 (CH), 82.6 (C), 78.1 (CH), 71.0 (2CH), 69.0
(CH), 67.1 (CH2), 66.7 (CH), 61.3 (CH2), 53.8 (CH), 53.7 (CH2), 47.1
(CH), 39.0 (2C), 38.7 (2C), 28.6 (CH2), 28.0 (3CH3), 27.4 (CH2), 27.1
(12CH3); elemental analysis calcd (%) for C51H72N4O14: C 63.47, H
7.52, N 5.81; found: C 63.10, H 7.69, N 5.36.


(2S,5R)-6-azido-2-(((9H-fluoren-9-ylmethoxy)carbony)amino)-5-O-
(2,3,4,6-tetra-O-pivaloyl-b-d-galactopyranosyl)hexanoate: Fmoc-
(GalPiv4)Hyl-OH (14): The N-Fmoc protected derivative 14 was ob-
tained according to procedure B (yield=565 mg, 100%) as a white
foam. HPLC: tR=16.51 min (linear gradient, 50–100% B, 20 min);
[a]D=++5.0 (c=1.0, CHCl3) ;


1H NMR (300 MHz, CDCl3): d=7.76 (d,
J=7.5 Hz, 2H), 7.59 (m, 2H), 7.40 (t, J=7.3 Hz, 2H), 7.31 (dt, J=7.3,
1.1 Hz, 2H), 5.39 (d, J=3.3 Hz, 1H), 5.37 (m, 1H), 5.23 (dd, J=10.4,
7.7 Hz, 1H), 5.10 (dd, J=10.4, 3.1 Hz, 1H), 4.68 (d, J=7.9 Hz, 1H),
4.48–4.34 (m, 3H), 4.24–4.15 (m, 2H), 4.06–3.94 (m, 2H), 3.78 (m,
1H), 3.49–3.44 (m, 1H), 3.29–3.24 (m, 1H), 2.10–1.91 (m, 1H), 1.78–
1.60 (m, 3H), 1.26 (s, 9H), 1.18 (s, 9H), 1.13 (s, 9H), 1.11 (s, 9H);
13C NMR (100 MHz, CDCl3): d=177.9 (C), 177.4 (C), 177.0 (C), 176.5
(C), 175.7 (C), 156.0 (C), 143.7 (C), 143.6 (C), 141.3 (2C), 127.8 (2CH),
127.1 (2CH), 125.0 (2CH), 120.0 (2CH), 100.7 (CH), 78.2 (CH), 71.0
(2CH), 69.0 (CH), 67.2 (CH2), 66.7 (CH), 61.4 (CH2), 53.8 (CH2), 53.7
(CH), 47.1 (CH), 39.0 (2C), 38.7 (2C), 28.1 (CH2), 27.9 (CH2), 27.1
(12CH3); elemental analysis calcd (%) for C47H64N4O14: C 62.10, H
7.10, N 6.16; found: C 61.84, H 7.22, N 5.72.


tert-Butyl (2S,5R)-6-azido-2-(((9H-fluoren-9-ylmethoxy)carbonyl)-
amino)-5-O-(2,3,4,6-tetra-O-pivaloyl-b-d-glucopyranosyl)hexan-
oate: Fmoc-(GlcPiv4)Hyl-OtBu (15): Galactosylated building block
15 was prepared according to procedure B. Purification of the
crude product gave 15 (yield=340 mg, 76%) as a white foam.
HPLC: tR=18.87 min (linear gradient, 50–100% B, 20 min); [a]D=
+6.7 (c=1.0, CHCl3);


1H NMR (300 MHz, CDCl3): d=7.75 (d, J=
7.4 Hz, 2H), 7.59 (m, 2H), 7.39 (t, J=7.4 Hz, 2H), 7.30 (dt, J=7.4,


1.0 Hz, 2H), 5.39 (brd, J=7.7 Hz, 1H), 5.30 (t, J=9.5 Hz, 1H), 5.11 (t,
J=9.9 Hz, 1H), 5.01 (dd, J=9.5, 7.9 Hz, 1H), 4.66 (d, J=7.9 Hz, 1H),
4.42 (dd, J=10.4, 7.1 Hz, 1H), 4.36–4.30 (m, 1H), 4.27–4.19 (m, 3H),
4.00 (dd, J=12.2, 5.5 Hz, 1H), 3.78 (m, 1H), 3.72–3.68 (m, 1H), 3.45
(dd, J=12.8, 4.2 Hz, 1H), 3.25 (dd, J=12.8, 4.4 Hz, 1H), 1.88–1.77
(m, 1H), 1.70–1.53 (m, 3H), 1.47 (s, 9H), 1.21 (s, 9H), 1.14 (s, 9H),
1.12 (s, 9H), 1.10 (s, 9H); 13C NMR (100 MHz, CDCl3): d=177.9 (C),
177.1 (C), 176.3 (C), 176.1 (C), 170.9 (C), 155.8 (C), 143.8 (C), 143.7
(C), 141.3 (2C), 127.7 (2CH), 127.1 (2CH), 125.0 (2CH), 120.0 (2CH),
100.1 (CH), 82.6 (C), 77.9 (CH), 72.2 (2CH), 71.4 (CH), 67.9 (CH), 67.1
(CH2), 61.7 (CH2), 53.7 (CH), 53.7 (CH2), 47.1 (CH), 38.8 (C), 38.7 (C),
38.6 (2C), 28.5 (2CH2), 28.0 (3CH3), 27.1 (12CH3); elemental analysis
calcd (%) for C51H72N4O14: C 63.47, H 7.52, N 5.81; found: C 62.64, H
7.54, N 5.91.


(2S,5R)-6-Azido-2-(((9H-fluoren-9-ylmethoxy)carbony)amino)-5-
O-(2,3,4,6-tetra-O-pivaloyl-b-d-glucopyranosyl)hexanoate: Fmoc-
(GlcPiv4)Hyl-OH (16): The N-Fmoc-protected derivative 16 was ob-
tained according to procedure B (yield=565 mg, 100%) as a col-
ourless oil. HPLC: tR=17.02 min (linear gradient, 50–100% B,
20 min); [a]D=++6.9 (c=1.0, CHCl3) ;


1H NMR (300 MHz, CDCl3): d=
7.75 (d, J=7.5 Hz, 2H), 7.59–7.55 (m, 2H), 7.39 (t, J=7.4 Hz, 2H),
7.28 (t, J=7.4 Hz, 2H), 5.55 (m, 1H), 5.29 (t, J=9.3 Hz, 1H), 5.08 (t,
J=9.9 Hz, 1H), 4.98 (t, J=8.6 Hz, 1H), 4.58 (m, 1H), 4.36 (m, 2H),
4.26–4.18 (m, 3H), 3.97–3.94 (m, 1H), 3.76–3.61 (m, 1H), 3.47–3.38
(m, 1H), 3.26–3.15 (m, 1H), 1.96–1.83 (m, 1H), 1.71–1.55 (m, 3H),
1.20 (s, 9H), 1.14 (s, 9H), 1.10 (s, 18H); 13C NMR (100 MHz, CDCl3):
d=178.1 (C), 177.2 (C), 176.5 (C), 176.3 (C), 175.1 (C), 156.6 (C),
143.8 (C), 143.6 (C), 141.2 (2C), 127.8 (2CH), 127.1 (2CH), 125.1
(2CH), 120.0 (2CH), 100.4 (CH), 82.6 (C), 78.2 (CH), 72.2 (2CH), 71.5
(CH), 67.8 (CH), 67.3 (CH2), 61.7 (CH2), 53.6 (CH), 53.6 (CH2), 47.0
(CH), 38.8 (C), 38.7 (C), 38.6 (2C), 29.7 (CH2), 27.8 (CH2), 27.1 (6 CH3),
27.0 (6 CH3); elemental analysis calcd (%) for C47H64N4O14: C 62.10,
H 7.10, N 6.16; found: C 62.31, H 7.28, N 5.98.


General procedure for SPPS. Procedure C: Glycopeptides 1–6 and
21–23 were synthesised on Wang resin.[20] by using a home-made,
semiautomatic peptide synthesiser.[21] For each coupling step, the
reactants were introduced manually as a solution in dry DMF
(2.0 mL). Na-Fmoc amino acids (5.0 equiv) with standard side-chain-
protecting groups were coupled twice by using (1-benzotriazol-
yl)oxy tris(dimethylamino) phosphonium hexafluorophosphate
(BOP; 5.0 equiv), 1-hydroxybenzotriazole (HOBt; 5.0 equiv) and di-
isopropylethylamine (DIEA, 10.0 equiv) in dry DMF for 20 min. Gly-
cosylated building blocks 14, 16 and 17–25 (2.0 equiv) were cou-
pled twice by using BOP (2.0 equiv), HOBt (2.0 equiv) and DIEA
(4.0 equiv) in dry DMF for 60 min (1st coupling) and 20 min (2nd
coupling). The washing of the resin, as well as Fmoc deprotection
(by using a freshly prepared solution of 20% piperidine in DMF),
was performed automatically. The coupling and deprotection steps
were monitored by using the Kaiser test.[29] At the end of the elon-
gation of the peptidic chain, the resin was washed with CH2Cl2 and
dried with Et2O before the next step.


General procedure for azide reduction on solid support. Proced-
ure D: The resin was placed in a syringe equipped with a frit and
swallowed by the addition of THF (1.0 mL). A solution of PPh3


(10.0 equiv) in THF/water (3:1) was added, and the suspension was
gently shaken for 72 h. The resin was washed with THF and CH2Cl2
and dried with Et2O before the next step.


General procedure for cleavage from the resin. Procedure E: A
mixture of TFA/H2O/TIPS/DTT (8.8:0.5:0.2:0.5; 10.0 mL) was added
to the resin. The mixture was gently shaken for 2.5 h, and the re-
sulting solution was flushed through a frit in cold Et2O. The precipi-
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tate was recovered by centrifugation, dissolved in a mixture of
AcOH and H2O and freeze-dried.


General procedure for deprotection of the glycosyl moiety. Pro-
cedure F: The glycopeptide (white powder) was placed in a round-
bottomed flask and dissolved in a freshly prepared solution of
NaOMe in MeOH (40.0 mm). The deprotection was monitored by
analytical C18 RP-HPLC. After full deprotection of the glycosyl
moiety, the solution was neutralised by dropwise addition of
AcOH, and MeOH was removed in vacuo.


Gly256-Glu-Hyp-Gly-Ile-Ala-Gly-Phe-(Gal-(5R)-Hyl)-Gly-Glu-Gln-
Gly-Pro-Lys270 (1): The synthesis of 1 was performed with build-
ing block 14 on resin (60 mmol) by using the general procedures
C–F. The purity of the crude peptide was 72% (determined by C18


RP-HPLC). Purification by semipreparative C18 RP-HPLC gave pure 1
(yield=59 mg, 59% and >99% purity). HPLC: tR=11.44 min (linear
gradient, 5–65% B, 20 min); calcd mass: 1666.75; found: 1667.11
[M+H+] .


Gly256-Glu-Hyp-Gly-Ile-Ala-Gly-Phe-(Gal-(5R)-Hnl(6-N3))-Gly-Glu-
Gln-Gly-Pro-Lys270 (2): The synthesis of 2 was performed with
building block 14 on resin (60 mmol) according to procedures C, E
and F. The purity of the crude peptide was 70% (determined by
C18 RP-HPLC). Purification by semipreparative C18 RP-HPLC gave
pure 2 (yield=60 mg, 59% and >99% purity). HPLC: tR=
11.95 min (linear gradient, 5–65% B, 20 min); calcd mass: 1691.75;
found: 1692.92 [M+H+] .


Gly256-Glu-Hyp-Gly-Ile-Ala-Gly-Phe-(Gal-(5R)-Hnl(6-OH))-Gly-Glu-
Gln-Gly-Pro-Lys270 (3): The synthesis of 3 was performed with
building block 14[13] on resin (60 mmol) by using procedures C, D
and F. The purity of the crude peptide was 67% (determined by
C18 RP-HPLC). Purification by semipreparative C18 RP-HPLC gave
pure 3 (yield=58 mg, 58% and >99% purity). HPLC: tR=
11.74 min (linear gradient, 5–65% B, 20 min); calcd mass: 1666.74;
found: 1667.01 [M+H+] .


Gly256-Glu-Hyp-Gly-Ile-Ala-Gly-Phe-(Gal-(5S)-Hyl)-Gly-Glu-Gln-
Gly-Pro-Lys270 (4): The synthesis of 4 was performed with build-
ing block 14[13]on resin (60 mmol) by using procedures C–F. The
purity of the crude peptide was 83% (determined by C18 RP-HPLC).
Purification by semipreparative C18 RP-HPLC gave pure 4 (yield=
58 mg, 58% and 95% purity). HPLC: tR=11.93 min (linear gradient,
5–65% B, 20 min); calcd mass: 1665.75; found: 1667.84 [M+H+] .


Gly256-Glu-Hyp-Gly-Ile-Ala-Gly-Phe-(Gal-6-Hnl[(5S)-NH2])-Gly-
Glu-Gln-Gly-Pro-Lys270 (5): The synthesis of 5 was performed
with building block 14[13] on resin (60 mmol) according to proce-
dures C–F. After reduction of the azido moiety and TFA treatment,
the crude pivaloylated glycopeptide ([M+H+]=2001.98) was con-
taminated by a major impurity 27 ([M+H+]=2262.26, HPLC: tR=
15.53 min (linear gradient, 20–80% B, 20 min), see Supporting In-
formation) and was purified by HPLC prior to removal of pivaloyl
ester protecting groups. Final purification by semipreparative C18


RP-HPLC gave pure 5 (yield=28.5 mg, 29% and >99% purity).
HPLC: tR=10.13 min (linear gradient, 5–65% B, 20 min); calcd
mass: 1665.75; found: 1666.70 [M+H+] .


Gly256-Glu-Hyp-Gly-Ile-Ala-Gly-Phe-(Gal-(5R)-Hyl(5-Me))-Gly-Glu-
Gln-Gly-Pro-Lys270 (6): The synthesis of 6 was performed with
building block 14[13] on resin (60 mmol) by using procedures C–F.
The purity of the crude peptide was 70% (determined by C18 RP-
HPLC). Purification by semipreparative C18 RP-HPLC gave pure 6
(yield=57 mg, 57% and >99% purity). HPLC: tR=11.21 min (linear
gradient, 5–65% B, 20 min); calcd mass: 1679.78; found: 1680.17
[M+H+] .


Gly256-Glu-Hyp-Gly-Ile-Ala-Gly-Phe-(Glc-5-Hyl)-Gly-Glu-Gln-Gly-
Pro-Lys270 (21): The synthesis of 21 was performed with building
block 16 on resin (80 mmol) according to procedures C–F. The
purity of the crude peptide was 75% (determined by C18 RP-HPLC).
Purification by semi-preparative C18 RP-HPLC gave pure 21 (73 mg,
55% and 95% purity). HPLC: tR 12.60 (linear gradient, 5–65% B,
20 min); calcd mass: MM=1665.75; found: [M+H+]=1667.28.


Gly256-Glu-Pro-Gly-Ile-Ala-Gly-Phe-(Gal-(5R)-Hyl)-Gly-Glu-Gln-
Gly-Pro-Lys270 (22): The synthesis of 22 was performed with
building block 14 on resin (80 mmol) by using procedures C–F. The
purity of the crude peptide was 80% (determined by C18 RP-HPLC).
Purification by semipreparative C18 RP-HPLC gave pure 22 (yield=
74 mg, 56% and 99% purity). HPLC: tR=12.18 min (linear gradient,
5–65% B, 20 min); calcd mass: 1649.75; found: 1651.18 [M+H+] .


Gly256-Glu-Hyp-Gly-Ile-Ala-Gly-Phe-(Gal-(5R)-Hyl)-Gly-Asp-Gln-
Gly-Pro-Lys270 (23): The synthesis of 23 was performed with
building block 14 on resin (60 mmol) by using procedures C–F. The
purity of the crude peptide was 63% (determined by C18 RP-HPLC).
Purification by semipreparative C18 RP-HPLC gave pure 23 (yield=
57 mg, 58% and >99% purity). HPLC: tR=11.71 min (linear gradi-
ent, 5–65% B, 20 min); calcd mass: 1651.73; found: 1653.66
[M+H+] .


Gly256-Glu-Hyp-Gly-Ile-Ala-Gly-Phe-Lys-Gly-Glu-Gln-Gly-Pro-
Lys270 (24): The synthesis of 24 was performed with commercial
amino acids on resin (25 mmol) by using procedures C and E. The
purity of the crude peptide was 85% (determined by C18 RP-HPLC).
Purification by semipreparative C18 RP-HPLC gave pure 24 (yield=
35 mg, 95% and 98% purity). HPLC: tR=11.86 min (linear gradient,
5–65% B, 20 min); calcd mass: 1487.61; found: 1488.85 [M+H+] .


Gly256-Glu-Pro-Gly-Ile-Ala-Gly-Phe-Lys-Gly-Glu-Gln-Gly-Pro-
Lys270 (25): The synthesis of 25 was performed with commercial
amino acids on resin (25 mmol) by using procedures C and E. The
purity of the crude peptide was 86% (determined by C18 RP-HPLC).
Purification by semipreparative C18 RP-HPLC gave pure 25 (yield=
35 mg, 95% and>99% purity). HPLC: tR=12.08 min (linear gradi-
ent, 5–65% B, 20 min); calcd mass: 1471.61.; found: [M+H+]=
1473.08.


Gly256-Glu-Hyp-Gly-Ile-Ala-Gly-Phe-(Gal(Piv4)-(5R)-Hyl)-Gly-Glu-
Gln-Gly-Pro-Lys270 (26): The synthesis of 26 was performed with
building block 14 on resin (60 mmol) by using procedures C-E. The
purity of the crude peptide was 86% (determined by C18 RP-HPLC).
Purification by semipreparative C18 RP-HPLC gave pure 26 (yield=
88 mg, 73% and >99% purity). HPLC: tR=13.81 min (linear gradi-
ent, 20–80% B, 20 min); calcd mass: 2002.22; found: 2002.65
[M+H+] .


Generation of CII-specific T-cell hybridomas and T-cell clones :
The three anti-CII CD4+ T-cell hybridomas required for this study
were isolated by Chiocchia and colleagues[9] The T-cell hybridomas
were derived by fusion of lymph-node cells from CII-primed, DBA/1
(H-2q) mice (immunised with bCII emulsified in complete Freund
adjuvant (CFA) and the mutant BW5147 thymoma cells (H-2k). The
anti-CII T-cell clone A9.2 was isolated by Doncarli and colleagues[10]


from the lymph nodes of CII-immunized DBA/1 mice.


Determination of T-cell reactivity : T-cell responses were assessed
by means of proliferation measurement for the A9.2 clone and
quantification of IL-2 secretion for T hybridomas. The antigen-pre-
senting cells (APC) used were either DBA/1-irradiated spleen cells
(5R105 cells per well) or paraformaldehyde-fixed M12.C10 cells (105


cells per well), an I-Aq+ B lymphoma that we generated.[30] In all
tests, T-cell clones (3R104 cells per well) or T hybridomas (105 cells
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per well) were cocultured in triplicate with APC in the presence of
varying concentrations of glycopeptides in culture medium (total
volume 200 mL). The A9.2 cell cultures were incubated at 37 8C
under 5% CO2 atmosphere for 3 days. [3H]thymidine (0.5 mCi per
well) was added during the last 16 h of culture, and the radioactivi-
ty incorporated by the cells was determined by liquid scintillation
counting. Regarding the T hybridoma cultures, supernatants were
collected after 24 h of incubation and frozen at �20 8C. Thawed su-
pernatants were tested for their ability to support CTLL-2 prolifera-
tion by following the procedure of [3H]thymidine incorporation de-
scribed above. The results are expressed as a stimulation index
(ratio of peptide-stimulated to medium-treated cocultures).


Acknowledgements


J.M. thanks the CNRS and NeoMPS for a predoctoral fellowship,
as well as the Fondation pour la Recherche M$dicale for its sup-
port. This research was supported in part by the CNRS and
INSERM.


Keywords: glycopeptides · hydroxylysine · immunology ·
rheumatoid arthritis · solid-phase synthesis


[1] Statistics from the WHO Statistical Information System (WHOSIS),
http://www3.who.int/whosis/menu.cfm


[2] M. Feldman, F. M. Brennan, R. V. Maini, Cell 1996, 85, 307–310.
[3] For a review, see: R. Holmdhal in Rheumatoid Arthritis (Eds. :J. S. Smolen,


J. R. Kalden, R. N. Maini), Springer, Berlin, 1992, pp. 180–201.
[4] a) D. E. Trentham, A. S. Townes, A. H. Kang, J. Exp. Med. 1977, 146, 857–


868; b) J. S. Courtenay, M. J. Dallman, A. D. Dayan, A. Martin, B. Mose-
dale, Nature 1980, 283, 666–667.


[5] For a review, see: R. Holmdahl, M. Andersson, T. J. Goldschmidt, K. Gus-
tafsson, L. Jansson, J. A. Mo, Immunol. Rev. 1990, 118, 193–232.


[6] a) L. K. Myers, K. Terato, J. M. Seyer, J. M. Stuart, A. H. Kang, J. Immunol.
1992, 149, 1439–1443; b) E. MichaUlsson, M. Andersson, A. Engstrçm, R.
Holmdahl, Eur. J. Immunol. 1992, 22, 1819–1825.


[7] For a review, see: R. Holmdahl, E. C. Andersson, C. B. Andersen, A. Svej-
gaard, L. Fugger, Immunol. Rev. 1999, 169, 161–173.


[8] a) E. MichaUlsson, V. Malmstrçm, S. Reis, A. Engstrçm, H. Burkhardt, R.
Holmdahl, J. Exp. Med. 1994, 180, 745–749; b) P. KjellWn, U. Brunsberg,
J. Broddefalk, B. Hansen, M. Vestberg, I. Ivarsson, A. Engstrçm, A. Svej-
gaard, J. Kihlberg, R. Holmdahl, Eur. J. Immunol. 1998, 28, 755–767;
c) A. Corthay, J. BXcklund, J. Broddefalk, E. MichaUlsson, T. J. Gold-
schimdt, J. Kihlberg, R. Holmdahl, Eur. J. Immunol. 1998, 28, 2580–
2590; d) J. Broddefalk, J. BXcklund, F. Almqvist, M. Johansson, R. Holm-
dahl, J. Kihlberg, J. Am. Chem. Soc. 1998, 120, 7676–7683; e) B. Holm, J.
BXcklund, M. A. F. Recio, R. Holmdahl, J. Kihlberg, ChemBioChem 2002,
3, 1209–1222; f) J. BXcklund, S. Carlsen, T. Hçger, B. Holm, L. Fugger, J.
Kihlberg, H. Burkhardt, R. Holmdahl, Proc. Natl. Acad. Sci. USA 2002, 99,
9960–9965.


[9] G. Chiocchia, B. Manoury-Schwartz, M. C. Boissier, H. Gahery, P. N.
Marche, C. Fournier, Eur. J. Immunol. 1994, 24, 2775–2783.


[10] A. Doncarli, G. Chiocchia, L. M. Stasiuk, D. Herbage, M. M. Boutillon, C.
Fournier, O. Abehsira-Amar, Eur. J. Immunol. 1999, 29, 3636–3642.


[11] a) J. Sloan-Lancaster, P. M. Allen, Annu. Rev. Immunol. 1996, 14, 1–27;
b) S. Brocke, K. Gijbel, M. Allegretta, I. Ferber, C. Piercy, T. Blankenstein,
R. Martin, U. Utz, N. Karin, D. Mitchell, T. Veromaa, A. Waisman, A. Gaur,
P. Conlon, N. Ling, P. J. Fairchild, D. C. Wraith, A. O’Garra, C. G. Fathman,
L. Steinman, Nature 1996, 379, 343–346.


[12] J. Marin, C. Didierjean, A. Aubry, J.-P. Briand, G. Guichard, J. Org. Chem.
2002, 67, 8440–8449.


[13] a) For examples of selective deprotection with HCl, see: R. A. August,
J. A. Khan, C. M. Moody, D. W. Young, J. Chem. Soc. Perkin Trans. 1 1995,
507–514; F. S. Gibson, S. C. Bergmeier, H. Rapoport, J. Org. Chem. 1994,
59, 3216–3218; M. S. Stanley, J. Org. Chem. 1992, 57, 6421–6430; b) for
an example of selective deprotection with sulfuric acid, see: L. S. Lin, T.
Lanza, Jr. , S. E. de Laszlo, Q. Truong, T. Kamenecka, W. K. Hagmann, Tet-
rahedron Lett. 2000, 41, 7013–7016; c) for examples of selective depro-
tection with PTSA, see: J. E. Baldwin, R. M. Adlington, C. R. A. Godfrey,
D. W. Gollins, C. J. Schofield, Tetrahedron 1991, 47, 5835–5840; J.
Goodacre, R. J. Ponsdorf, I. Stirling, Tetrahedron Lett. 1975, 16, 3609–
3612.


[14] J. Marin, A. Violette, J. -P. Briand, G. Guichard, Eur. J. Org. Chem. 2004,
3027–3039.


[15] While this manuscript was in preparation, Kihlberg and co-workers re-
ported similar difficulties and did not succeed in galactosylating a relat-
ed N-Fmoc-protected “azido-hydroxylysine” glycosyl acceptor with per-
acetylated galactosyl bromide and silver silicate as a promoter. B. M.
Syed, T. Gustafsson, J. Kihlberg, Tetrahedron 2004, 60, 5571–5575.


[16] In contrast, Fmoc-Hyl(Z)-Oall and Fmoc-Hyl(Boc)-OBn were galactosylat-
ed in 82% and 45% yield, respectively, by using peracetylated galacto-
syl bromide: a) B. Holm, J. Broddefalk, S. Flodell, E. Wellner, J. Kihlberg,
Tetrahedron 2000, 56, 1579–1586; b) M. Cudic, J. L. Lauer-Fields, G. B.
Fields, J. Pept. Res. 2005, 65, 272–283.


[17] W. Koenigs, E. Knorr, Ber. Dtsch. Chem. Ges. 1901, 34, 957–981.
[18] R. R. Schmidt, M. Hoffmann, Angew. Chem. 1983, 95, 417–418; Angew.


Chem. Int. Ed. Engl. 1983, 22, 406–407.
[19] Fmoc Solid Phase Peptide Synthesis—A Practical Approach (Ed. : W. S.


Chan, P. D White), Oxford University Press, Oxford, 2000.
[20] S. S. Wang, J. Am. Chem. Soc. 1973, 95, 1328.
[21] J. Neimark, J. P. Briand, Pept. Res. 1993, 6, 219.
[22] The presence of the triarylphosphine moiety in 27 was initially deduced


from mass-spectrometry measurements. The identity of the triphenyl
phosphonium peptide side product was further supported by detailed
1H, 31P and HMQC 1H-31P NMR experiments (see Supporting Informa-
tion), in which the phosphorus displays a chemical shift consistent with
known alkylaminotriphenylphosphonium salts. The aminotriphenyl-
phosphonium salt glycopeptide 27 was purified by RP-HPLC and found
to be extremely stable as a solid (lyophilised powder) and in solution
(water and [D6]DMSO). The formation of an intramolecular salt (for an-
other example, see M. Brewer, D. H. Rich, Org. Lett. 2001, 3, 945–948)
with the side chain of Glu266 might account for the observed stability
of 27.


[23] P. M. Rudd, T. Elliott, P. Cresswell, I. A. Wilson, R. A. Dwek, Science 2001,
291, 2370–2376.


[24] D. Dzhambazov, M. Holmdahl, Y. Hisakata, S. Lu, M. Vestberg, B. Holm,
O. Johnell, J. Kihlberg, R. Holmdahl, Eur. J. Immunol. 2005, 35, 357–366.


[25] J. BXcklund, A. Treschow, R. Bockermann, B. Holm, L. Holm, S. Issazadeh-
Navikas, J. Kihlberg, R. Holmdahl, Eur. J. Immunol. 2002, 32, 3776–3784.


[26] L. Steinman, Science 2004, 305, 212–216.
[27] a) H. Kunz, W. Sager, D. Schanzenbach, M. Decker, Liebigs Ann. Chem.


1991, 7, 649–654; b) M. Osswald, U. Lang, S. Friedrich-Bochnitschek, W.
Pfrengle, H. Kunz, Z. Naturforsch. B 2003, 58, 764–774.


[28] H. Paulsen, O. Lockoff, Chem. Ber. 1981, 114, 3102–3114.
[29] E. Kaiser, R. L. Colescott, C. D. Bosinger, P. Cook, Anal. Biochem. 1970, 34,


595–598.
[30] B. Manoury-Schwartz, G. Chiocchia, V. Lotteau, C. Fournier, Int. Immunol.


1997, 9, 581–589.


Received: February 21, 2005


Published online on August 23, 2005


1804 www.chembiochem.org > 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2005, 6, 1796 – 1804


CII-Derived Glycopeptides Incorporating Hydroxylysine Mimetics



www.chembiochem.org






DOI: 10.1002/cbic.200500079


A New Strategy for the Synthesis of
Dinucleotides Loaded with Glycosylated Amino
Acids—Investigations on in vitro Non-natural
Amino Acid Mutagenesis for Glycoprotein
Synthesis
Christoph H. Rçhrig,[a] Oliver A. Retz,[a] Lars Hareng,[b] Thomas Hartung,[b] and
Richard R. Schmidt*[a]


Introduction


Protein glycosylation has been recognised as an omnipresent
form of post-translational protein modification in all three
kingdoms of life (eubacteria, archaea and eukaryotes), with tre-
mendous impact on protein structure, stability and function.[1]


The ubiquity of its occurrence and the diverse functions of gly-
cosylation inspire sustained research in the field of glyco-
science.[2–6] This is becoming even more the case as many
human diseases are found to have close relationships with the
alteration of glycoprotein glycans.[7,8]


The elucidation of a glycan’s structure and function from
natural glycoproteins is hampered by the appearance of heter-
ogeneous glycan mixtures, called glycoforms, and the isolation
of homogeneous glycoproteins in significant quantity is ex-
tremely difficult. For this reason, many approaches to the syn-
thesis of glycoproteins and glycoprotein mimics are under in-
vestigation.[9–11] These approaches involve glycopeptide synthe-
sis in combination either with native chemical ligation[12–15] or
with expressed protein ligation,[16,17] chemoselective addition
of glycosyl residues through modified linkages,[18–21] metabolic
engineering of cell surface oligosaccharides,[22–24] enzymatic
synthesis,[25,26] expression of proteins in modified organ-
isms[27–30] and combinations thereof.[31] Depending on the ap-
plication, each of these methods has its own strengths, but
also inherent disadvantages and limitations. In particular, the
synthesis of defined glycoproteins bearing natural glycosidic


linkages by the approaches described remains a challenging
task.


A general biosynthetic method for the site-specific incorpo-
ration of non-natural amino acids into proteins and peptides,
based on a method for selective aminoacylation of tRNAs with
non-natural amino acids developed by Hecht,[32–35] has been
developed independently by the groups of Schultz[36,37] and
Chamberlin.[38] Termed in vitro non-natural amino acid muta-
genesis, this method is a powerful tool for probing a protein’s
structure and function and has found many applications.[39–47]


It is based on the expansion of the genetic code by an artificial
non-natural amino acid-charged suppressor transfer RNA
(su tRNA), which reads an internal stop codon (amber suppres-
sion) or a four-base codon (frameshift suppression) at the ribo-
somal A-site. In contrast with the approaches mentioned
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The in vitro non-natural amino acid mutagenesis method pro-
vides the opportunity to introduce non-natural amino acids site-
specifically into proteins. To this end, a chemically synthesised
aminoacylated dinucleotide is enzymatically ligated to a truncat-
ed suppressor transfer RNA. The loaded suppressor tRNA is then
used in translation reactions to read an internal stop codon. Here
we report an advanced and general strategy for the synthesis of
the aminoacyl dinucleotide. The protecting group pattern devel-
oped for the dinucleotide facilitates highly efficient aminoacyla-
tion, followed by one-step global deprotection. The strategy was


applied to the synthesis of dinucleotides loaded with 2-acetami-
do-2-deoxy-glycosylated amino acids, including N- and O-b-gly-
cosides and O- and C-a-glycosides of amino acids, thus enabling
the extension of in vitro non-natural amino acid mutagenesis to-
wards the synthesis of natural glycoproteins of high biological in-
terest. We demonstrate the incorporation of the glycosylamino
acids—although with low suppression efficiency—into the
human interleukin granulocyte-colony stimulating factor (hG-
CSF), as verified by the ELISA technique.
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above, this method conceptually has the potential to incorpo-
rate diverse non-natural amino acids into a protein at any de-
sired site, regardless of the protein’s size or sequence. The re-
ported incorporation efficiencies of non-natural amino acids
into proteins depend on many factors,[48–53] but explicitly on
hydrophobicity[37,54,55] and steric bulk[56–58] of the amino acid to
be incorporated. It was found that, as a simple rule, small and
hydrophobic amino acids are incorporated with higher efficien-
cies. An initial approach to the incorporation of glycosylamino
acids by the in vitro non-natural amino acid mutagenesis
method according to this rule was reported to have been un-
successful.[59] Nevertheless, Hecht’s group succeeded in incor-
porating O-b-d-glucopyranosyl serine into firefly luciferase by
this approach.[60,61] We became interested in investigating this
approach with regard to the incorporation of 2-acetamido-2-
deoxy sugars since these are important constituents at the re-
ducing ends of O-glycan and N-glycan core structures.[62]


The crucial step of the technique involves the construction
of an acylated su tRNACUA (CUA denotes the amber anticodon)
bearing the desired non-natural amino acid. Hecht and co-
workers originally developed one approach to this problem,
based on the coupling of the 2’(3’)-O-aminoacylated dinucleo-
tide 5’-O-phosphorylcytidylyl-(3’!5’)adenosine (pCpA) mediat-
ed by T4 RNA ligase.[32–34] Chamberlin[38] and Schultz[63] simpli-
fied this method by replacing the cytidine unit of pCpA with a
2’-deoxycytidine unit, resulting in the synthesis of the dinuc-
leotide hybrid 5’-O-phosphoryl-2’-deoxycytidylyl-(3’!5’)ade-
nosine (pdCpA). It was shown that 2’(3’)-O-aminoacylated
pdCpA derivatives are still substrates of the T4 RNA ligase and
can therefore be coupled with a truncated tRNA(�CA)


CUA as effi-
ciently as pCpA.[63] Although the substitution of pCpA by
pdCpA offers several advantages, such as synthetic simplicity
and product stability, the published synthetic routes to pdCpA
are still tedious and rather inefficient.[53,63–69] As we started our
work towards the incorporation of glycosylated amino acids
into a protein, we soon came to appreciate that not only is the
synthesis of the dinucleotide pdCpA challenging, but further-
more, the coupling of pdCpA with the amino acid works rather
poorly in the case of 2-acetamido-2-deoxyglycosylamino
acids.[62,70]


We therefore report a new synthetic approach towards ami-
noacylated dinucleotides, which has been used for the efficient
synthesis of dinucleotides loaded with 2-acetamido-2-deoxy-
glycosylated amino acids in high yields. In addition, results for
the incorporation of these glycosylated amino acids into
human granulocyte-colony stimulating factor (hG-CSF) by in
vitro non-natural amino acid mutagenesis are described. G-CSF
is a hematopoietic glycoprotein cytokine, released mainly by
mononuclear cells and fibroblasts. It stimulates the prolifera-
tion, differentiation and activation of cells of the granulocyte
lineage into functionally mature neutrophils.[71] These cells
belong to the nonspecific immune system and recognise and
destroy microorganisms that enter the body. Because of its
role in infection and inflammation, G-CSF has attracted much
interest,[72–74] and recombinant human G-CSF (lenograstim) is
commercially available and in clinical use. Recombinant hG-
CSF, which is produced in Chinese hamster ovary cells, is a 174


amino acid glycoprotein with an O-glycosylation site at threo-
nine 133; it exists as two glycoforms differing in a Neu5Ac resi-
due.[75,76] It has been demonstrated that the glycosylation elon-
gates the biological activity through prevention of polymeri-
sation and denaturation.[77,78] Remarkably, the glycans of both
glycoforms can be obtained enzymatically, starting from the
Tn-antigen (GalNAc-a-Ser/Thr) structure.[79,80] The incorporation
of one single glycosylamino acid would thus open up the
synthesis of the natural glycoforms of hG-CSF. In view of the
reported difficulties involved in the synthesis of glycoproteins
by the in vitro non-natural amino acid mutagenesis
method,[59–61,81,82] hG-CSF seemed to be an ideal target for in-
vestigations into improvement of this method.


Here we describe the incorporation of four glycosylamino
acids into hG-CSF, including the Tn-antigen structure.


Results and Discussion


The reported routes to aminoacylated dinucleotides make use
of chemoselective coupling of cyanomethyl-activated amino
acids to the adenosine 2’(3’)-hydroxy group of unprotected
pdCpA.[64] This approach has two main disadvantages: i) a tedi-
ous and rather inefficient synthesis of the unprotected dinucle-
otide is employed, and ii) comparatively large amounts of the
non-natural amino acid have to be synthesised and activated
as the cyanomethyl ester. Five equivalents of the activated
non-natural amino acid are required to achieve satisfactory
yields in the coupling reaction, rendering this approach rather
unpractical for coupling with synthetically demanding non-nat-
ural amino acids. With the unprotected dinucleotide pdCpA,
the use of alternative coupling reagents results in side reac-
tions such as N-acylation or multiple acylation.[32,64] Recently,
Hecht and co-workers published the synthesis of the b-d-
gluco-, b-d-galacto-, a-d-manno- and 2-acetamido-2-deoxy-b-
d-glucopyranosyl glycosides of serine and the aminoacylation
of pdCpA with these glycosylamino acids by this route;[81]


moderate yields for the cyanomethyl activation, high excesses
of the valuable glycosylated amino acids for the coupling and
only small-scale synthesis were reported.


We decided to follow a different approach (see retrosynthe-
sis in Scheme 1), in which the aminoacylation would be per-
formed with a fully protected dinucleotide with activation of
the amino acid carboxylate, thus giving high yields of the cou-
pling product without substantial side reactions. Crucial for
this strategy is a dinucleotide protecting group pattern that
can be removed under mild conditions, without the labile ami-
noacyl ester bond being affected. Work in this direction has
been described,[36,63, 66,83] but with little success with the pro-
tecting group pattern investigated. We anticipated that a dinu-
cleotide protecting group pattern utilising allyl and allyloxycar-
bonyl protection for the hydroxy and amino groups, respec-
tively, should be a promising candidate for achieving this goal.


Synthesis of the fully protected dinucleotide


The synthesis of the fully protected dinucleotide is outlined in
Scheme 2. Protection of the amino group of deoxycytidine by
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treatment with allyloxycarbonyl chloride under Schot-
ten–Baumann conditions worked poorly due to the
low reactivity of the allyloxycarbonyl chloride, but
proceeded smoothly with N-methylimidazole as base,
with temporary in situ TMS-protection of the hydroxy
groups,[84] furnishing N-allyloxycarbonyl deoxycytidine
1 in 87% yield. To achieve selective 5’-phosphoryla-
tion, two protecting group manipulations could not
be avoided. Firstly, selective protection of the 5’-hy-
droxy group with DMTr-Cl under Einhorn condi-
tions[85] gave compound 2 (79%), and then protec-
tion of the 3’-hydroxy group with TBDPS-Cl and imi-
dazole, followed by one-pot acidic deprotection
(MeOH, TFA) of the 5’-position, gave compound 3 in
excellent yield (96%). To achieve phosphorylation,
bis(allyloxy)(diisopropylamino)phosphane[86] was
treated with 3 with tetrazole catalysis. The resulting
phosphite was oxidised to the phosphate 4 without
isolation by treatment with tBuOOH (94%) and the
TBDPS group was then removed with TBAF to afford
compound 5 (79%).


The amino group of adenosine was protected by
the same method[84] as for deoxycytidine, resulting in
N-allyloxycarbonyl adenosine (6, 89%). Protection of
the vicinal 2’,3’-diol as an orthoester by treatment
with ethyl orthoformate and TCA in DMF resulted in
a mixture of mono- and bis-orthoesters, but the bis-
orthoester 7 could be selectively converted into the


Scheme 1. Retrosynthesis for the synthetic approach presented.


Scheme 2. Synthesis of dinucleotide building block 10. Reagents and conditions: a) i) HMDS, dioxane, cat. (NH4)2SO4. ii) Alloc-Cl, N-methylimidazole. iii) NEt3,
MeOH. b) DMTr-Cl, pyridine. c) i) TBDPS-Cl, pyridine. ii)MeOH, TFA. d) i) (Allyl-O)2P-NiPr2, tetrazole. ii) tBuOOH. e) TBAF, THF. f) HC(OEt)3, TCA, DMF. g) acetone,
24 h. h) AllO-P(NiPr2)2, NHiPr2·tetrazole. i) tetrazole. j) tBuOOH. k) TFA.


ChemBioChem 2005, 6, 1805 – 1816 < 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org 1807


Dinucleotides Loaded with Glycosylated Amino Acids



www.chembiochem.org





monoorthoester 8 merely by stirring in aqueous acetone over-
night. Compound 8 was isolated in 93% yield. Interestingly,
compound 8 was obtained as a single isomer. No NOE signals
were detected for the orthoester proton to the 1-H, 4-H pro-
tons of the ribose, as would be expected for the exo isomer, so
we assume that the endo isomer was formed predominantly.


For the coupling of nucleotides 5 and 8 the phosphorami-
dite method was applied; to this end, 8 was treated with (ally-
loxy)bis(diisopropylamino)phosphane to afford 9 in 93% yield,
and this was immediately coupled with the deoxycytidine
building block 5 with tetrazole catalysis. The next two steps,
oxidation of the phosphite with tBuOOH and removal of the
orthoester protection with TFA, were performed without purifi-
cation of intermediates. Compound 10 was thus isolated in
good yield (59% over three steps) ; partial cleavage of the
phosphodiester bond probably occurred during orthoester de-
protection.


In summary, the synthesis of compound 10 was performed
in nine steps and in 33% overall yield. The method can be ap-
plied on a multigram scale (Scheme 2), thus permitting con-
venient access to this key building block.


Synthesis of glycosylated amino acids


The most widespread glycosidic linkages for glycans and pro-
teins are b-GlcNAc-N-Asn (N-glycans), b-GlcNAc-O-Ser/Thr and
a-GalNAc-O-Ser/Thr (O-glycans), but many other, less common,
glycosidic linkages have also been found.[87,88] In addition, C-
glycosides have attracted much attention in recent years due
to their metabolic stability, together with their tendency to
maintain the biological activity of the N- and O-glycosidic
counterparts they mimic. We therefore chose four glycosylated
amino acids of high biological relevance as target structures to
probe our synthetic approach. In addition to the glycosylated


Scheme 3. Syntheses of the glycosylamino acids. The references for the synthesis of the key building blocks 11, 17, 19 and 21 are indicated in the scheme.
Reagents and conditions: a) Cat. TMS-OTf. b) Zn, Ac2O. c) Pd/C, H2. d) i) NVOC-Cl, NaHCO3. ii) Flash chromatography. e) TFA, CH2Cl2.
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amino acids, the phenylalanine building block[64] was also pre-
pared. This allows for comparison with the results reported for
the incorporation of phenylalanine into proteins.[36,48–50,55, 60,89]


N-Protection of the amino acid provides better stability in
the resulting compounds, but the protection must be compati-
ble with the labile aminoacyl bond and with the subsequent li-
gation reaction. For this purpose the photocleavable nitrovera-
tryloxycarbonyl (NVOC) group
was chosen.[64] It was decided to
use O-acetyl protection of the
sugar hydroxy groups, due to
simpler synthetic steps and
higher corresponding yields. In
addition, it was anticipated that
O-acetyl protection should be
tolerated by the ribosomal pep-
tidyl transferase centre during
peptide bond formation and,
secondly, that selective cleavage
after protein synthesis should be
accessible. Recently, these two
assumptions were reported to
be correct.[16,90] The synthetic
steps involved are summarised
in Scheme 3.


Tri-O-acetyl-b-GlcNAc-O-
Ser(N-NVOC): Glycosylation of the
trichloroacetimidate-activated N-
Troc-protected glucose building
block 11[91] with commercially available N-benzyloxycarbonyl-l-
serine benzyl ester (12) with TMSOTf catalysis gave the glyco-
sylamino acid 13 in 90% yield[92,93] and, thanks to the N-Troc
group, high b-selectivity was achieved. Exchange of the N-Troc
for the N-acetyl group, by treatment with freshly activated zinc
dust, proceeded in 59% yield, furnishing compound 14.[94] Re-
moval of the benzyl ester and N-benzyloxycarbonyl groups
was achieved as described,[95] affording compound 15 (97%).
The introduction of the NVOC group under Schotten–Baumann
conditions succeeded in 66% yield to furnish compound 16,
ready for coupling with the dinucleotide.


Tri-O-acetyl-b-GlcNAc-N-Asn(N-NVOC): Compound 17 was syn-
thesised as described[96–98] and the NVOC group was again in-
troduced under Schotten–Baumann conditions to provide 18
in 98% yield.


Tri-O-acetyl-a-GalNAc-O-Thr(N-NVOC): Compound 19[99–101] was
transformed into the NVOC-protected glycosylamino acid
under Schotten–Baumann conditions, furnishing 20 in high
yield (95%).


Tri-O-acetyl-a-GalNAc-C-Ser(N-NVOC): The synthesis of the “C-
glycosidic” a-GalNAc building block 21 has been described
previously.[102, 103] The trimethylsilylethyl (TMSE) and the Boc
protecting groups were removed by treatment with TFA in di-
chloromethane and the NVOC group was subsequently intro-
duced without interim purification to give building block 22
(91%).


Coupling of glycosylated amino acids and dinucleotide,
deprotection and purification


The coupling procedure used for all the synthesised amino
acid building blocks 16, 18, 20, 22 and 23 followed a general
approach that made use of PyBOP activation of the amino acid
carboxylate with 1-methylimidazole catalysis (Scheme 4). Nota-


bly, no excess of the valuable glycosylated amino acid had to
be applied. After coupling, the remaining 3’(2’)-hydroxy group
was subsequently protected in situ as the NVOC carbonate
ester to increase the stability of the aminoacyl bond. The re-
sulting mixture of the desired compound together with minor
side products such as diaminoacylated and di-NVOC-protected
dinucleotides was subjected to Pd-catalysed deprotection prior
to purification. The deprotection under Tsuji–Trost conditions
followed a variant by Hayakawa and Nojori,[85,104] which utilises
formic acid as hydride donor. Because of the complex mixture
of resulting compounds—one side reaction of the Pd-catalysed
O-allylcarbamate deprotection, for example, is formation of
allylamines[105]—an effective purification procedure was estab-
lished (see Experimental Section). This procedure, consisting of
reversed-phase chromatography, followed by ion-exchange
chromatography and two subsequent HPLC runs, yielded the
desired compounds 24–28 in high purity on a 20–30 mg scale
(30–40%). The first HPLC run serves to purify the desired com-
pounds, while the second is performed to obtain ammonium
salts, needed for the subsequent ligation to the truncated
tRNA by the T4 RNA ligase. Remarkably, no b-elimination
during aminoacylation with PyBOP/1-methylimidazole activa-
tion was observed; such a side-reaction was reported for cou-
pling with cyanomethylester activation.[81]


Scheme 4. Coupling of the glycosylamino acids with the protected dinucleotide, deprotection and purification.
Reagents and conditions: a) i) PyBOP, methylimidazole. ii) NVOC-Cl. b) Pd(PPh3)4, PPh3, HCOOH/NBu3, THF. c) RP-18
column. d) Ion-exchange column. e) HPLC, ammonium formate buffer. f) HPLC, HOAc buffer.
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tRNA synthesis and ligation


For the choice of the su tRNACUA to be utilised, it is of impor-
tance to assure orthogonality towards the endogenous amino-
acyl tRNA synthetases (ARSs) of the expression system used;
otherwise deacylation of the non-natural amino acid and/or re-
acylation with an undesired natural amino acid can occur. The
truncated tRNA species was therefore derived from yeast
tRNAPhe and the synthesis was performed by run-off transcrip-
tion from an appropriate linearised plasmid.[89] The ligation of
the loaded dinucleotides and the su tRNA(�CA)


CUA was per-
formed at 4 8C for 4 h with use of T4 RNA ligase.[106]


Cloning of the target protein hG-CSF cDNA


We used the reported hG-CSF sequence[107,108] (NCBI accession
no. X03655) to design two amplification primers. These primers
were used to amplify the cDNA of an RNA fraction, isolated
from LPS-stimulated human whole blood, by reverse transcrip-
tion PCR. The primers introduced two restriction enzyme sites,
KpnI and HindIII, which were subsequently used to clone the
hG-CSF cDNA into the expression vector pBluescript II KS(+),
furnishing plasmid pBlue-GCSF-sigpep. After PCR-assisted sub-
cloning (!pBlue-GCSF-wt), to obtain the hG-CSF coding se-
quence without the thirty amino acid signal peptide sequence,
a TAG stop codon (amber) was introduced at position 133 by
site-directed mutagenesis, providing pBlue-GCSF-T133TAG.
From these expression plasmids, pBlue-GCSF-wt and pBlue-
GCSF-T133TAG, the 5’-capped mRNA was obtained by in vitro
transcription.


In vitro translation


The translation system, a cell lysate based on rabbit reticulo-
cytes, was programmed with in vitro transcribed 5’-capped hG-
CSF mRNA. For quantification of translation levels of hG-CSF a
highly specific and sensitive sandwich ELISA was used.[109] The
translation conditions were optimised with regard to Mg2+ , K+,
amino acid and mRNA concentrations to give the maximum
yield of wild-type G-CSF (data not shown) and the determined
conditions were applied to all further reactions.


The level of wild-type hG-CSF expression was 469�
83 ngmL�1 (Figure 1). When no mRNA was added to the cell
lysate, the signal was below the detection limit of the ELISA
(<10 pgmL�1 hG-CSF). To ensure the application of the ELISA
for determination of stop codon suppression, it had to be
demonstrated that the truncated hG-CSF, resulting from
amber-133 termination, would give practically no ELISA signal.
To this end, amber-mutated hG-CSF T133UAG mRNA alone,
without any su tRNACUA, was added to the translation mixture.
This produced ELISA signals at 0.55�0.18 ngmL�1 hG-CSF
(0.13% of wild-type expression), which can be explained as
naturally occurring read-through of the stop codon, which is
reported to take place to this extent.[110–113] Obviously, the trun-
cated hG-CSF protein resulting from translation of the hG-CSF
T133UAG mRNA is not detected by the sandwich ELISA. A
factor of �1000 between wild-type hG-CSF and truncated hG-


CSF ELISA signals ensures sensitive measurement of suppres-
sion levels by use of aminoacylated su tRNACUA. We define the
suppression efficiency below as the ratio between hG-CSF
T133UAG expression and wild-type hG-CSF expression.


For reasons of comparison, we next investigated the rate of
phenylalanine incorporation into hG-CSF, because substantial
data for the incorporation of this amino acid into various pro-
teins have been reported.[36,48–50,55,60,89] We determined a level
of expression of 115�10 ngmL�1 hG-CSF, corresponding to a
suppression efficiency of 25�2%, which is in good agreement
with reported results for phenylalanine incorporation.


The results for incorporation of the glycosylated amino acids
are summarised in Figure 2, and have to be compared with
the read-through level, which was 0.13�0.05%, as mentioned
above. The suppression efficiencies for the glycosylated amino
acids were 0.48�0.02% for b-GlcNAc-O-Ser, 0.82�0.05% for
b-GlcNAc-N-Asn, 0.57�0.19% for a-GalNAc-O-Thr and 0.67�
0.06% for a-GalNAc-C-Ser. To exclude the possibility of deacy-
lation of the employed aminoacyl su tRNACUA, in combination
with reacylation with a natural amino acid by an endogenous
ARS, we also measured expression levels with addition of
uncharged su tRNACUA. This level was determined to be
0.23�0.03% suppression, indicating that amino acylation of su
tRNACUA takes place only to a very small degree. Consequently,
the rates for incorporation of glycosylamino acids are signifi-
cantly above read-through and reacylation levels, and thereby
confirm the partial incorporation.


The results thus demonstrate that different glycosylated
amino acids are incorporated, although with low suppression
efficiency, into hG-CSF. The suppression efficiency might be
reduced by an interfering neighbouring effect of the 2-acet-
amido group of the investigated sugars, resulting in faster de-


Figure 1. Expression of hG-CSF as determined by sandwich ELISA. The factor
of �1000 between the signals for expression of the truncated hG-CSF (addi-
tion of amber133 mRNA to the cell lysate without su tRNA!0.5 ngmL�1 G-
CSF, lane 1) and wild-type G-CSF expression (addition of wild-type mRNA to
the cell lysate!469 ngmL�1 G-CSF, lane 3) allows sensitive measurement of
suppression efficiencies by use of loaded su tRNAs. Addition of phenylala-
nine-loaded su tRNA results in a suppression efficiency of �25%
(115 ngmL�1, lane 2).
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acylation of the tRNA and necessitating a high excess of the
su tRNA.


In addition, low degrees of incorporation of non-natural
amino acids have hitherto been mainly explained by argu-
ments involving the steric bulk of the amino acid side chain
with regard to the conformational space in the A-site of the ri-
bosome. Only recently, however, the incorporation of 2-acet-
amido-3,4,6-tri-O-acetyl-2-deoxy-glucopyranosyl-b-O-serine and
2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-galactopyranosyl-a-O-
threonine into myoglobin by a different approach—namely,
the in vivo non-natural amino acid mutagenesis meth-
od[90,114,115]—was reported, showing that the available space at
the ribosomal A-site allows the incorporation of such bulky
amino acids in principle. As a consequence, other arguments
have to be considered: aminoacyl-tRNAs may be accommodat-
ed in the A-site by a ternary complex consisting of the amino-
acyl-tRNA, an elongation factor (named EF-Tu in prokaryotes
and EF1a in eukaryotes) and GTP. The stability of this ternary
complex shows a strong influence on the accommodation pro-
cess and it has been shown that misacylation of tRNAs results
in a much wider range of affinities towards EF-Tu than ob-
served with the corresponding correctly acylated tRNAs.[116–118]


This supports the hypothesis that EF-Tu displays considerable
specificity for both the amino acid side chain and the tRNA
body, finally contributing to translation accuracy. From this, we
conclude that our results for the incorporation of glycosylated
amino acids into hG-GSF may be improvable by modification
of either the su tRNACUA or the elongation factor EF-Tu.


Conclusion


The described synthetic strategy for the synthesis of aminoacyl
pdCpA offers some major advantages: the protected key build-
ing block pdCpA is obtained highly efficiently and on a large
scale. The global allyl and alloc protection of pdCpA allows
aminoacylation with PyBOP activation, thus avoiding the need
for excesses of the employed non-natural amino acids and pro-
viding high yields. This feature extends the range of non-natu-
ral amino acids that can be coupled to the dinucleotide. The
mild Pd-catalysed one-step deprotection is compatible with
almost all chemical functionalities. The straightforward synthe-
sis of the four glycosylamino acyl dinucleotides—tri-O-acetyl-b-
GlcNAc-N-Asn-pdCpA, tri-O-acetyl-b-GlcNAc-O-Ser-pdCpA, tri-O-
acetyl-a-GalNAc-O-Thr-pdCpA and tri-O-acetyl-a-GalNAc-C-Ser-
pdCpA—which include O- and N-glycosidic bonds to 2-acetam-
ido-2-deoxy sugars, demonstrates the power of the described
strategy.


The synthesised building blocks were ligated to a truncated
yeast su tRNA(�CA)


CUA, and the glycosylamino acid-loaded
su tRNA was subsequently employed in the in vitro non-natu-
ral amino acid mutagenesis method. Incorporation into the
cytokine hG-CSF, although with low efficiency, was thus con-
firmed by a sensitive sandwich ELISA. This result is a further
step towards the expansion of the in vitro non-natural amino
acid mutagenesis method to the synthesis of glycoproteins,
but at the same time it demonstrates that the incorporation of
glycosylated amino acids by this method remains a challeng-
ing task. The chemical part of in vitro non-natural amino acid
mutagenesis has thus been greatly improved, but further im-
provements are required for the incorporation of sugar-loaded
su tRNAs into the protein biosynthesis machinery.


Experimental Section


Materials and reagents : Oligodeoxyribonucleotides were pur-
chased from MWG Biotech (Ebersberg, Germany). Pwo DNA polym-
erase was purchased from Peqlab Biotechnologie GmbH (Erlangen,
Germany). T4 RNA ligase and T7 RNA polymerase were purchased
from MBI Fermentas (Vilnius, Lithuania). Yeast inorganic pyrophos-
phatase was purchased from Sigma. SUPERaseQIn RNase inhibitor
was purchased from Ambion Ltd. (Huntingdon, UK). The FlexiQ
Rabbit Reticulocyte Lysate System was purchased from Promega
(Madison, USA). Thin layer chromatography (TLC) was carried out
on aluminium sheets coated with Kieselgel 60 F254 (Merck), with
viewing by UV light and by staining with 15% aq. H2SO4 or Mos-
tain and heat. Column chromatography was carried out with silica
gel 60 (Merck, 40–63 mm, 230–400 mesh ASTM).


Instruments : 1H (and 13C) NMR spectra were recorded at 250 (63)
or 600 (151) MHz with Bruker AC 250 and Bruker DRX 600 instru-
ments. 1D TOCSY, 2D COSY and HMQC were used to assist the
NMR signal assignments. MALDI-TOF mass spectra were recorded
on a Bruker Biflex III spectrometer in positive, linear mode (if not
indicated otherwise) with a delayed extraction MALDI source and a
pulsed nitrogen laser (337 nm). Samples were dissolved in water
at mm concentrations and were mixed with a standard solution
of 2,5-dihydroxybenzoic acid (DHB, 10 mgmL�1 in 10% aqueous
EtOH) in 1:1 (v/v) relative proportions; the mixture (0.5 mL) was
loaded onto the target plate and dried under vacuum immediately


Figure 2. Suppression efficiencies for the incorporation of glycosylated
amino acids into hG-CSF at position 133. The hG-CSF concentration is deter-
mined by sandwich ELISA. Calculation of suppression efficiency is done by
dividing the determined hG-CSF concentration by the value of wild-type hG-
CSF expression. For each experiment six data points were measured. The
values for incorporation of the glycosylated amino acids are statistically sig-
nificant above the negative control (OH=addition of uncharged su tRNACUA).
P<0.001 for b-GlcNAc-O-Ser, b-GlcNAc-N-Asn and a-GalNAc-C-Ser, and
P<0.01 for a-GalNAc-O-Thr).
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before acquisition. Elemental analysis were performed by the mi-
croanalytical lab at the Department of Chemistry of the University
of Konstanz.


N4-(Allyloxy)carbonyl-3’-O-(tert-butyldiphenylsilyl)-2’-deoxycyti-
dine (3): Compound 2 (3.10 g, 5.05 mmol) was dissolved in CH2Cl2
(50 mL). Imidazole (0.52 g, 7.60 mmol), TBDPS-Cl (2.10 mL,
7.60 mmol) and pyridine (0.81 mL, 10.1 mmol) were added, and the
solution was stirred for 3 h at room temperature. MeOH (20 mL)
and TFA (6 mL) were added, and the solution was stirred for an ad-
ditional 3 h at room temperature. The mixture was neutralised by
addition of NaHCO3 solution (1% (w/v), 150 mL), the aqueous
phase was extracted with CH2Cl2 (three times 50 mL), and the com-
bined organic fractions were dried (MgSO4), filtered and concen-
trated in vacuo. After silica gel column chromatography (toluene/
acetone 3:1), 3 was obtained (2.66 g, 4.85 mmol, 96% yield): TLC
(toluene/acetone 1:1): Rf=0.47; [a]D=++66 (c=1.0, CHCl3);


1H NMR
(250 MHz, CDCl3, TMS): d=1.09 (s, 9H; C(CH3)3), 2.1–2.3 (m, 1H; 2’-
CHH’), 2.5–2.65 (m, 1H; 2’-CHH’), 3.24 (dd, J=3.0 Hz, J=12.0 Hz,
1H; 5’-CH2), 3.66 (dd, J=2.5 Hz, J=12.0 Hz, 1H; 5’-CH2), 4.03 (q, J=
2.8 Hz, 1H; 4’-CH), 4.40–4.45 (m, 1H; 3’-CH), 4.65–4.68 (m, 2H;
CH2�CH=CH2), 5.26–5.40 (m, 2H; CH2�CH=CH2), 5.84–5.98 (m, 1H;
CH2�CH=CH2), 6.24 (t, J=6.3 Hz, 1H; 1’-CH), 7.17 (d, J=6.1 Hz, 1H;
Hpyr), 7.3–7.5 (m, 6H; Harom), 7.55–7.70 (m, 4H; Harom), 8.09 ppm (d,
J=7.6 Hz, 1H; Hpyr) ; MALDI-MS: m/z calcd for C29H35N3O6Si : 572.7
[M+Na]+ , 588.7 [M+K]+ ; found 572.2, 588.2; elemental analysis
calcd (%): C 63.37, H 6.42, N 7.64; found C 63.30, H 6.48, N 7.51.


N4-(Allyloxy)carbonyl-3’-O-(tert-butyldiphenylsilyl)-5’-O-diallyl-
phosphoryl-2’-deoxycytidine (4): Compound 3 (2.20 g, 4.00 mmol)
was dissolved in CH2Cl2 (20 mL). Di-O-allyl-N,N-diisopropylphos-
phoramidite[86] (1.73 g, 7.05 mmol) and tetrazole (1.00 g,
14.3 mmol) were added, and the reaction mixture was stirred at
room temperature for 1 h, after which tBuOOH (5.5m, 1.1 mL,
5.5 mmol) was added and stirring was continued for another
20 min. The reaction mixture was concentrated in vacuo and the
resulting residue was purified by silica gel column chromatography
(toluene/acetone 3:1) to afford 4 (2.66 g, 3.75 mmol, 94%) as a
white solid: TLC (toluene/acetone 4:1): Rf=0.28; [a]D=++36 (c=
1.0, CHCl3) ;


1H NMR (250 MHz, CDCl3, TMS): d=1.09 (s, 9H; tBu),
1.7–1.9 (m, 1H; 2’-CHH’), 2.6–2.75 (m, 1H; 2’-CHH’), 3.50–3.65 (m,
1H; 5’-CH2), 3.90–4.05 (m, 1H; 5’-CH2), 4.13 (t, J=2.7 Hz, 1H; 4’-CH),
4.3–4.6 (m, 5H; 3’-CH, CH2�CH=CH2), 4.66–4.69 (m, 2H; N-CO-O-
CH2-CH=CH2), 5.19–5.42 (m, 6H; CH2�CH=CH2), 5.75–6.05 (m, 3H;
CH2�CH=CH2), 6.36–6.41 (m, 1H; 1’-CH), 7.23 (d, J=7.6 Hz, 1H;
Hpyr), 7.37–7.46 (m, 6H; Harom), 7.61–7.66 (m, 4H; Harom), 7.99 ppm
(d, J=7.6 Hz, 1H; Hpyr) ; MALDI-MS: m/z calcd for C35H44N3O9PSi:
732.8 [M+Na]+ , 748.8 [M+K]+ ; found 732.9, 748.9; elemental analy-
sis calcd (%): C 59.23, H 6.25, N 5.92; found C 59.01, H 6.42, N 5.41.


N4-(Allyloxy)carbonyl-5’-O-diallylphosphoryl-2’-deoxycytidine (5):
Compound 4 (3.10 g, 4.37 mmol) was dissolved in THF (10 mL).
TBAF solution (1m, 10 mL, 10 mmol) was added and the reaction
mixture was stirred at room temperature for 1 h, after which the
reaction was stopped by addition of water (20 mL). The aqueous
phase was extracted with CH2Cl2 (three times 60 mL), and the com-
bined organic fractions were dried (MgSO4), filtered and concen-
trated in vacuo. After silica gel column chromatography (EtOAc/
MeOH 15:1), 5 was obtained (1.42 g, 3.02 mmol, 79%) as a white
foam: TLC (EtOAc/MeOH 9:1): Rf=0.55; [a]D=++36 (c=1.0, CHCl3);
1H NMR (250 MHz, CDCl3, TMS): d=2.09–2.20 (m, 1H; 2’-CHH’),
2.67–2.75 (m, 1H; 2’-CHH’), 4.17–4.21 (m, 1H), 4.32–4.37 (m, 2H),
4.43–4.50 (m, 1H), 4.53–4.61 (m, 3H), 4.67–4.70 (m, 2H), 5.25–5.43
(m, 6H), 5.86–6.02 (m, 3H; CH2�CH=CH2), 6.27 (t, J=6.0 Hz, 1H; 1’-
CH), 7.26 (d, J=7.5 Hz, 1H; Hpyr), 8.11 ppm (d, J=7.5 Hz, 1H; Hpyr) ;


MALDI-MS: m/z calcd for C19H26N3O9P: 494.4 [M+Na]+ , 510.4
[M+K]+ ; found 494.2, 510.1; elemental analysis calcd (%): C 48.41,
H 5.56, N 8.91; found C 48.35, H 5.61, N 8.74.


N6-(Allyloxy)carbonyl-5’-O-diethoxymethyl-2’,3’-O-ethoxymethyl-
idene-adenosine (7): Compound 7 was obtained as a by-product
in the synthesis of compound 8 : TLC (CH2Cl2/MeOH 9:1): Rf=0.85;
1H NMR (250 MHz, CDCl3, TMS): d=1.19 (t, J=7.3 Hz, 6H; 5’-C-O-
CH(O-CH2-CH3))2, 1.33 (t, J=7.3 Hz, 3H; O�CH2�CH3), 3.6 (q, J=
7.3 Hz, 4H; 5’-C-O-CH(O-CH2-CH3)2), 3.74 (q, J=7.3 Hz, 2H; O�CH2�
CH3), 3.8–4.1 (m, 2H), 4.61 (d, J=1.3 Hz, 1H; 1’-CH), 4.78 (dt, J=
3.4, 1.3 Hz, 2H; 2’-CH, 3’-CH), 5.05 (dd, 2H; 5’-CH2), 5.15 (s, 1H; 5’-
C�O�CH(OEt2)), 5.2–5.5 (m, 3H), 5.9–6.1 (m, 1H; Hallyl), 6.07 (s, 1H;
�CH�OEt), 6.30 (t, J=1.8 Hz, 1H; 4’-CH), 8.08 (s, 1H; Hpurine), 8.68
(br s, 1H; NH), 8.74 ppm (s, 1H; Hpurine) ; MALDI-MS: m/z calcd for
C22H31N5O9: 510.5 [M+H]+ , 532.5 [M+Na]+ ; found 510.0, 532.0; ele-
mental analysis calcd (%): C 51.86, H 6.13, N 13.75; found C 51.78,
H 6.20, N 13.43.


N6-(Allyloxy)carbonyl-2’,3’-O-ethoxymethylidene-adenosine (8):
Compound 6 (5.88 g, 16.7 mmol) was dissolved in DMF (30 mL).
HC(OEt)3 (4.2 mL, 25.0 mmol) and a catalytic amount of TCA
(200 mg, 1.22 mmol) were added and the solution was stirred at
room temperature overnight. The solution was diluted by addition
of CH2Cl2 (100 mL) and washed with NaHCO3 (1m, 100 mL). The or-
ganic phase was dried (MgSO4), filtered and concentrated in vacuo.
The crude products were purified by silica gel column chromatog-
raphy (toluene/acetone 1:1), resulting in a mixture of compounds
7 (5.02 g, 9.85 mmol, 59%) and 8 (2.45 g, 6.01 mmol). Compound 7
was converted into 8 by stirring in acetone (300 mL) at room tem-
perature overnight. After further silica gel column chromatography
(toluene/acetone 1:1) a second batch of compound 8 was ob-
tained (3.85 g, 9.46 mmol, 96%). By this procedure, compound 8
was obtained in an overall yield of 93%: TLC (CH2Cl2/MeOH 9:1):
Rf=0.74; 1H NMR (250 MHz, CDCl3, TMS): d=1.33 (t, J=7.3 Hz, 3H;
O�CH2�CH3), 3.74 (q, J=7.3 Hz, 2H; O�CH2�CH3), 3.8–4.1 (m, 2H;
5-CH2), 4.61 (d, J=1.3 Hz, 1H), 4.78 (dt, J=3.4 Hz, J=1.3 Hz, 2H),
5.2–5.5 (m, 5H), 5.9–6.1 (m, 1H; Hallyl), 6.07 (s, 1H; CH�OEt), 6.30 (t,
J=1.8 Hz, 1H), 8.08 (s, 1H; Hpurine), 8.68 (br s, 1H; NH), 8.74 ppm (s,
1H; Hpurine) ; MALDI-MS: m/z calcd for C17H21N5O7: 408.4 [M+H]+ ,
430.4 [M+Na]+ ; found 408.7, 430.7; elemental analysis: calcd (%): C
50.12, H 5.20, N 17.19; found C 49.98, H 5.33, N 16.95.


[N6-(Allyloxy)carbonyl-2’,3’-O-ethoxymethylidene-adenosine-5’-
yloxy]-allyloxy-diisopropylamino-phosphane (9): Compound 8
(1.80 g, 4.42 mmol) together with diisopropylammonium tetrazo-
lide (0.38 g, 2.22 mmol) were dried under vacuum for 1 h and sub-
sequently dissolved in CH2Cl2 (20 mL) under argon. O-Allyl-tetraiso-
propylphosphoroamidite (1.32 g, 5.02 mmol) was dissolved under
argon in CH2Cl2 (20 mL) and added slowly to the reaction mixture.
After stirring at room temperature for 3 h the mixture was concen-
trated in vacuo. After silica gel column chromatography (toluene/
acetone 3:1, 1% (v/v) NEt3) compound 9 was obtained, and was
immediately converted in the next reaction: TLC (toluene/acetone
3:1): Rf=0.37; MALDI-MS: m/z calcd for C26H39N6O8P: 633.6 [M+K]+ ;
found 633.3.


N4-(Allyloxy)carbonyl-5’-O-diallylphosphoryl-2’-deoxycytidylyl-
{3’-(R/S)-[OP-allyl]-5’}-N6-(allyloxy)carbonyl-adenosine (10): Com-
pound 5 (1.14 g, 2.42 mmol) and compound 9 (1.65 g, 2.77 mmol)
were dried under vacuum for 1 h and were subsequently dissolved
in CH2Cl2 (20 mL) under argon. Tetrazole (0.50 g, 7.14 mmol) was
added, and the reaction mixture was stirred at room temperature
for 3 h, after which tBuOOH (5.5m, 530 mL, 2.94 mmol) was injected
and the solution was stirred for an additional 2 h. The mixture was
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concentrated in vacuo, the residue was dissolved in MeOH (30 mL),
and TFA (0.1 mL) was added. The reaction mixture was stirred at
room temperature for 5 h and subsequently neutralised by addi-
tion of NaHCO3 solution (1% (w/v), 20 mL). The aqueous phase
was extracted five times with CH2Cl2 and the combined organic
fractions were dried (MgSO4), filtered and concentrated in vacuo.
After silica gel column chromatography (EtOAc/MeOH 14:1, 1%
(v/v) NEt3), 10 was obtained (1.30 g, 1.41 mmol, 59%) as a white
foam: TLC (EtOAc/MeOH 9:1): Rf=0.12; [a]D=++48 (c=1.0, CHCl3);
1H NMR (600 MHz, [D6]DMSO, TMS): d=2.32 (m, 1H; 2’’-CHH’), 2.62
(m, 1H; 2’’-CHH’), 4.10–4.35 (m, 7H; 5’-CH2, 5’’-CH2, 3’-CH, 4’-CH, 4’’-
CH), 4.48 (br s, 6H; Hallyl), 4.63 (m, 6H; Hallyl), 4.69 (br s, 1H; 2’-CH),
4.96 (m, 1H; 3’’-CH), 5.1–5.5 (m, 9H; Hallyl and �OH), 5.65 (d, J=
4.6 Hz, 1H; �OH), 5.83–6.00 (m, 5H; �CH2�CH=CH2), 6.03 (d, J=
4.9 Hz, 1H; 1’-CH), 6.11 (q, J=7.0 Hz, 1H; 1’’-CH), 7.03 (d, J=7.0 Hz,
1H; 5-CHpyr), 8.05 (d, J=7.0 Hz, 1H; 6-CHpyr), 8.61 (s, 1H; Hpurine),
8.63 (s, 1H; Hpurine), 10.61 (br s, 1H; NH), 10.83 ppm (br s, 1H; NH) ;
MALDI-MS: m/z calcd for C36H46N8O17P2: 925.8 [M+H]+ , 947.8
[M+Na]+ , 963.8 [M+K]+ ; found 925.8, 947.8, 963.7; elemental anal-
ysis : calcd (%): C 46.76, H 5.01, N 12.12; found C 46.64, H 5.10, N
11.85.


The syntheses of the glycosylamino acids are described in the
Supporting Information.


General procedure for aminoacylation : The dinucleotide 10
(50 mmol), the appropriate amino acid (60 mmol) and the coupling
reagent PyBOP (120 mmol) were dried at high vacuum for 1 h and
were subsequently dissolved in dry CH2Cl2 (10 mL) under argon.
The reaction was started by addition of N-methylimidazole
(30 mmol) and the mixture was stirred at room temperature for
10 h. NVOC-Cl (100 mmol) and N-methylimidazole (100 mmol) were
added and the reaction mixture was stirred at room temperature
for a further 2 h. The reaction was stopped by addition of H2O
(20 mL) and HCOOH (200 mmol). The aqueous phase was extracted
three times with CH2Cl2. The organic phase was dried (MgSO4), fil-
tered and concentrated in vacuo. The resulting yellow foam was
subjected directly to deprotection.


General procedure for deprotection and purification : The amino-
acylated dinucleotide (100 mmol), the catalyst Pd(PPh3)4 (40 mmol)
and the stabiliser PPh3 (160 mmol) were dried at high vacuum for
1 h. NBu3 (700 mmol) and HCOOH (1.4 mmol) were dissolved in dry
THF (5 mL). The solution was degassed with argon (5 min) and
added to the dried compounds. The mixture was stirred at room
temperature for 4 h, after which it was concentrated in vacuo. The
residue was preliminarily purified by RP-18 flash chromatography
(CH3CN/H2O (1:1)). Product-containing fractions were lyophilised
and the resulting residue was subjected to ion-exchange chroma-
tography (Amberlite IR-120, NH4


+). Product-containing fractions
were again lyophilised and the crude product was purified by
preparative RP-HPLC-1: solvent A (CH3CN/H2O 98:2), solvent B (10X:
31.5 g ammonium formate, 3.5 mL formic acid, 20% (v/v) CH3CN,
with H2O to 1 L). Gradient: 0–4 mL, 0% A; 4–38 mL, 60% A; 38–
39 mL, 100% A, 39–45 mL, 100% A, 45–46 mL, 0% A, 46–51 mL,
0% A). Collected fractions were lyophilised and purified by further
RP-HPLC-2: solvent A (CH3CN/H2O 98:2), solvent B (10 mm acetic
acid, CH3CN/H2O 2:8). Gradient: 0–4 mL, 0% A, 4–30 mL, 45% A;
30–31 mL, 100% A; 31–36 mL, 100% A; 36–37 mL, 0% A; 37–
42 mL, 0% A. The flow rate was 10–15 mLmin�1. The product frac-
tions were pooled, lyophilised and stored at �20 8C.


5’-O-Phosphoryl-2’-deoxycytidylyl-(3’-5’)-{2’(3’)-O-[(2-nitrovera-
tryloxy)carbonyl]-3’(2’)-O-[N-((2-nitroveratryloxy)carbonyl)-O-(2-
acetamido-3,4,6-tri-O-acetyl-2-deoxy-b-d-glucopyranoysl)-l-ser-


inyl]}-adenosine diammonium salt (24): Compound 24 was syn-
thesised from 10 and 16 by the general procedure for aminoacyla-
tion, followed, without further purification, by the general proce-
dure for deprotection. After purification by the general procedure
for purification, 24 was obtained (30–40%): 1H NMR (600 MHz,
D2O/CD3CN 9:1, TMS): d=1.89–2.02 (m, 13H; 3SOAc, NAc, 2’’-
CHH’), 2.46 (m, 1H; 2’’-CHH’), 3.63–3.73 (m, 2H; 5-CH, 2-CH), 3.88–
3.95 (4 s, 12H; 4SOCH3), 3.98–4.30 (m, 10H; a-CH, b-CH2, 6-CH2, 5’-
CH, 4’’-CH, 5’’-CH2), 4.35–4.77 (m, 3H; 1-CH, 4’-CH, 3’’-CH), 5.02–5.30
(m, 6H; 3-CH, 4-CH, 2SO�CO�CH2C6H2(OMe)2NO2), 5.81–5.85 (m,
2H; 2’-CH, 3’-CH), 6.04 (d, J=7.5 Hz, 1H; Hpyr), 6.11 (m, 1H; 1’’-CH),
6.27 (m, 1H; 1’-CH), 7.85 (d, J=7.5 Hz, 1H; Hpyr), 8.13 (br s, 1H ;
Hpurine), 8.51 ppm (br s, 1H; Hpurine) ; MALDI-MS: m/z calcd for
C56H68N12O35P2: 1051.3 [M�2SNVOC�H]� , 1290.3 [M�NVOC�H]� ,
1513.3 [M�O�H]� , 1529.3 [M�H]� ; found 1051.5, 1290.4, 1513.6,
1529.7. RP-HPLC: tR (RP-HPLC-1)=31.1 min; tR (RP-HPLC-2)=
30.8 min.


Diammonium salt of 5’-O-phosphoryl-2’-deoxycytidylyl-(3’-5’)-
{2’(3’)-O-[(2-nitroveratryloxy)carbonyl]-3’(2’)-O-[Na-((2-nitrovera-
tryloxy)carbonyl)-Nb-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-b-d-
glucopyranosyl)-l-asparaginyl]}-adenosine (25): Compound 25
was synthesised from 10 and 18 by the general procedure for ami-
noacylation, followed, without further purification, by the general
procedure for deprotection. After purification by the general
procedure for purification, 25 was obtained (30–40%): 1H NMR
(600 MHz, D2O/CD3CN 9:1, TMS): d=1.99–2.15 (m, 13H; 3SOAc,
NAc, 2’’-CHH’), 2.55 (m, 1H; 2’’-CHH’), 3.92–3.97 (4Ss, 12H; 4S
OCH3), 3.98–4.30 (m, 11H; b-CH2, a-CH, 5-CH, 6-CH2, 5’-CH2, 4’’-CH,
5’’-CH2), 4.35–4.77 (m, 3H; 1-CH, 4’-CH, 3’’-CH), 5.03–5.30 (m, 6H; 3-
CH, 4-CH, 2SO�CH2�C6H2(OMe)2NO2), 5.85 (m, 1H; 3’-CH), 5.94–
5.96 (br t, 1H; 2’-CH), 6.22–6.25 (t, J=6.4 Hz, 1H; 1’’-CH), 6.26–6.27
(d, J=7.8 Hz, 1H; Hpyr), 6.42–6.43 (d, J=6.9 Hz, 1H; 1’-CH), 7.00–
7.04 (2 s, 2H; Harom), 7.62–7.64 (2 s, 2H; Harom), 8.12–8.13 (d, J=
7.8 Hz, 1H; Hpyr), 8.32 (s, 1H; Hpurine), 8.65 ppm (s, 1H; Hpurine) ;
MALDI-MS: m/z calcd for C57H69N13O35P2: 1078.3 [M�2SNVOC�H]� ,
1317.3 [M�NVOC�H]� , 1540.4 [M�O�H]� , 1556.3 [M�H]� ; found
1078.2, 1317.0, 1540.2, 1556.2. RP-HPLC: tR (RP-HPLC-1)=30.2 min;
tR (RP-HPLC-2)=29.2 min.


Diammonium salt of 5’-O-phosphoryl-2’-deoxycytidylyl-(3’-5’)-
{2’(3’)-O-[(2-nitroveratryloxy)carbonyl]-3’(2’)-O-[N-((2-nitrovera-
tryloxy)carbonyl)-O-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-a-d-
galactopyranosyl)-l-threoninyl]}-adenosine (26): Compound 26
was synthesised from 10 and 20 by the general procedure for ami-
noacylation, followed, without further purification, by the general
procedure for deprotection. After purification by the general
procedure for purification, 26 was obtained (30–40%): 1H NMR
(600 MHz, D2O/CD3CN 9:1, TMS): d=1.31 (d, J=6.3 Hz, 3H; CH3),
1.82, 1.90, 1.96 (3Ss, 9H; 3SOAc), 2.00 (m, 1H; 2’’-CHH’), 2.07 (s,
3H; NAc), 2.40 (m, 1H; 2’’-CHH’), 3.73 (s, 3H; OCH3), 3.74 (s, 6H; 2S
OCH3), 3.78 (s, 3H; OCH3), 3.92 (br s, 2H; 5’’-CH2), 4.04 (m, 2H; 6-
CH2), 4.08 (br s, 2H; 5’-CH2), 4.22–4.31 (m, 3H; 4’’-CH, 2-CH, 5-CH),
4.42–4.50 (m, 3H; a-CH, b-CH, 4’-CH), 4.76 (br s, 1H; 3’’-CH), 5.01–
5.24 (m, 7H; 2SO�CH2C6H2(OMe)2NO2, 3-CH, 4-CH, 1-CH), 5.65 (m,
1H; 3’-CH), 5.77 (m, 1H; 2’-CH), 6.04 (t, J=6.8 Hz, 1H; 1’’-CH), 6.12
(d, J=7.8 Hz, 1H; Hpyr), 6.31 (d, J=6.5 Hz, 1H; 1’-CH), 6.79, 6.81,
7.37, 7.39 (4Ss, 4H; Harom), 8.02 (d, J=7.8 Hz, 1H; Hpyr), 8.21,
8.53 ppm (2 s, 2H; Hpurine) ; MALDI-MS: m/z calcd for C57H70N12O35P2:
1065.3 [M�2SNVOC�H]� , 1304.3 [M�NVOC�H]� , 1527.4
[M�O�H]� , 1543.3 [M�H]� ; found 1065.7, 1304.7, 1527.9, 1544.0.
RP-HPLC: tR (RP-HPLC-1)=30.2 min; tR (RP-HPLC-2)=29.2 min.


Diammonium salt of 5’-O-phosphoryl-2’-deoxycytidylyl-(3’-5’)-
{2’(3’)-O-[(2-nitroveratryloxy)carbonyl]-3’(2’)-O-[N-((2-nitrovera-
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tryloxy)carbonyl)-C-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-b-d-
galactopyranosyl)-l-serinyl]}-adenosine (27): Compound 27 was
synthesised from 10 and 22 by the general procedure for amino-
acylation, followed, without further purification, by the general
procedure for deprotection. After purification by the general pro-
cedure for purification, 27 was obtained (30–40%): 1H NMR
(600 MHz, D2O/CD3CN 9:1, TMS): d=1.54 (m, 2H; 4-CH2), 1.78–2.05
(m, 15H; 3SOAc, NAc, 3-CH2, 2’’-CHH’), 2.37–2.39 (m, 1H; 2’’-CHH’),
3.78–3.84 (4 s, 12H; 4SOCH3), 3.95–4.08 (m, 8H; 5-CH, 9-CH, 10-
CH2, 5’-CH2, 5’’-CH2), 4.20 (m, 1H; 4’’-CH), 4.30–4.32 (m, 2H; 2-CH, 6-
CH), 4.45 (m, 1H; 4’-CH), 4.77 (m, 1H; 3’’-CH), 5.03–5.28 (m, 6H; 7-
CH, 8-CH, 2SO�CH2C6H2(OMe)2NO2), 5.70 (m, 1H; 3’-CH), 5.81 (m,
1H; 2’-CH), 6.00 (m, 1H; 1’’-CH), 6.13 (d, J=7.8 Hz, 1H; Hpyr), 6.26
(m, 1H; 1’-CH), 6.92, 7.04, 7.52, 7.56 (4Ss, 4H; Harom), 8.06 (d, J=
7.8 Hz, 1H; Hpyr), 8.25 (s, 1H; Hpurine), 8.54 ppm (s, 1H; Hpurine) ;
MALDI-MS: m/z calcd for C57H70N12O34P2: 1049.3 [M�2SNVOC�H]� ,
1288.3 [M�NVOC�H]� , 1511.4 [M�O�H]� , 1527.4 [M�H]� ; found
1049.3, 1287.8, 1511.2, 1527.3. RP-HPLC: tR (RP-HPLC-1)=29.5 min;
tR (RP-HPLC-2)=28.9 min.


Diammonium salt of 5’-O-phosphoryl-2’-deoxycytidylyl-(3’-5’)-
{2’(3’)-O-[(2-nitroveratryloxy)carbonyl]-3’(2’)-O-[N-((2’-nitrovera-
tryloxy)carbonyl)-l-phenylalaninyl]}-adenosine phosphate (28):
Compound 28 was synthesised from 10 and 23[64] by the general
procedure for aminoacylation, followed, without further purifica-
tion, by the general procedure for deprotection. After purification
by the general procedure for purification, 28 was obtained (40%):
1H NMR (600 MHz, D2O/CD3CN 9:1, TMS): d=1.87 (m, 1H; 2’’-CHH’),
2.20 (m, 1H; 2’’-CHH’), 2.89–3.04 (2 m, 2H; CH2�C6H5), 3.68–3.73
(4Ss, 12H; 4SO�CH3), 3.92 (br s, 2H; 5’’-CH2), 4.08 (br s, 2H; 5’-
CH2), 4.31 (m, 1H; 4’’-CH), 4.50 (m, 1H; 4’-CH), 4.69 (m, 1H; 3’’-CH),
4.85–5.17 (4Sd, J=14.5 Hz, 4H; 2SO�CH2C6H2(OMe)2NO2), 5.52 (m,
1H; 3’-CH), 5.73 (m, 1H; 2’-CH), 5.93–5.94 (d, J=7.5 Hz, 1H; Hpyr),
6.09 (br t, 1H; 1’’-CH), 6.13 (d, J=4.9 Hz, 1H; 1’-CH), 6.78–6.82 (2Ss,
2H; Harom), 7.19–7.25 (m, 5H; Harom), 7.36–7.39 (2 s, 2H; Harom), 7.89–
7.90 (d, J=7.5 Hz, 1H; Hpyr), 8.07–8.12 (2Ss, 1H; Hpurine), 8.45 ppm
(s, 1H; Hpurine) ; MALDI-MS: m/z calcd for C48H53N11O26P2: 782.2
[M�2SNVOC�H]� , 1021.2 [M�NVOC�H]� , 1244.3 [M�O�H]� ,
1260.3 [M�H]� ; found 782.4, 1021.0, 1244.0, 1259.6. RP-HPLC: tR
(RP-HPLC-1)=29.6 min; tR (RP-HPLC-2)=30.6 min.


Construction of the tRNA encoding plasmid, run-off transcription,
ligation and photodeprotection of the su tRNA are described in
the Supporting Information


Cloning of the hG-CSF cDNA : Lipopolysaccharide from Salmonella
abortus equi (Sigma, Deisenhofen, Germany, 10 mg) was added to
heparinised human whole blood (200 mL) in RPMI 1640 (BioWhit-
taker, Verviers, Belgium, 800 mL) supplemented with penicillin
(100 IU), streptomycin (100 mgmL�1) and heparin (2.5 IUmL�1; Liq-
ueminQ, Hoffmann LaRoche, Grenzach-Whylen, Germany). After in-
cubation at 37 8C and under 5% CO2 for 4 h, RNA was prepared by
use of a QIAamp RNA Blood Mini Kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s instructions. In addition, the RNA
preparation was subjected to DNA digestion with the RNase-free
DNase Set (Qiagen). For in vitro cDNA synthesis, one mg of total
RNA was reverse-transcribed in the presence of dT16 oligonucleo-
tides (GibcoBRL, Karlsruhe, Germany, 2.5 mm), MgCl2 (5 mm), dNTP
(1 mm each), RNase inhibitor (20 U) and murine leukemia virus re-
verse transcriptase (50 U) in PCR buffer. One tenth of the reverse-
transcribed cDNA sample was subsequently subjected to the gene-
specific PCR amplification step as template. The PCR reaction mix-
ture contained MgCl2 (2 mm), sense and antisense primers
(400 nm), dNTP (200 mm each) and Taq-polymerase (0.5 U). Primers
were CCGAATTCCCCAGCCCCACCCAGACC as forward and GGC-


TCGAGGCTACAGGCAGGCAGGAGAATGAAACT as reverse primer
(Interactiva). The specific amplification primers introduced EcoR I
and Xho I restriction sites flanking the translated region of the hG-
CSF gene. If not indicated otherwise, all reagents for RT-PCR were
purchased from Perkin–Elmer Applied Biosystems (Weiterstadt,
Germany). Thermal cycling was performed in a GeneAmp PCR
System 2400 by standard RT-PCR procedures (Perkin–Elmer Applied
Biosystems). The PCR product was purified by gel electrophoresis,
subsequently subjected to double digestion with EcoR I and Xho I
and again purified by gel electrophoresis. Afterwards, the digested
PCR fragment was cloned into the vector pBluescript II KS(+) by
use of the EcoR I and Xho I sites to give pBlue-GCSF-SigPep. The
cloned hG-CSF cDNA insert includes a N-terminal 30 amino acid
signal peptide sequence. The cloned insert was verified by se-
quencing (GATC Biotech AG, Konstanz, Germany). The sequencing
indicated that from the two mRNA splicing variants of hG-CSF[108]


the sequence identical to the commercially available recombinant
hG-CSF[119] was cloned (Accession-No X03655).


Subcloning and site-directed mutagenesis are described in the
Supporting Information.


In vitro transcription and translation in a rabbit reticulocyte
lysate protein biosynthesising system : The 5’-m7G(5’)ppp(5’)G-
capped mRNAs of wt-hG-CSF and hG-CSF T133UAG were tran-
scribed with Ase I-linearised plasmids pBlue-GCSF-wt and pBlue-
GCSF-T133TAG (25 mgmL�1) according to the manufacturer’s in-
structions (T7 Cap-Scribe, Roche Diagnostics GmbH, Mannheim,
Germany) and were stored in 10 mL aliquots at �70 8C before use.


Translation reactions (50 mL): An amino acid mixture (1 mm, 2 mL),
SUPERaseInTM ribonuclease inhibitor (1 mL), Mg(OAc)2 (2.5 mm,
0.5 mL), KCl (2.5m, 1.5 mL) and the appropriate mRNA (3.5 mg) in
DEPC-treated water were added to nuclease-treated rabbit reticulo-
cyte lysate (25 mL, 1.93 mm endogenous Mg2+ concentration).
When a non-natural amino acid was incorporated, the appropriate
aminoacyl-tRNACUA (4.5 mg) was added to the incubation mixture
(calculation based on yeast tRNAPhe value, 1 A260 unit
�28 mgmL�1). After incubation at 30 8C for 2 h, the obtained hG-
CSF was quantified by sandwich ELISA by use of an antibody pair
against human G-CSF (monoclonal mouse anti-human G-CSF anti-
body and biotinylated goat anti-human G-CSF antibody, R&D
Systems, Minneapolis, USA) and recombinant hG-CSF (Amgen,
Thousand Oaks, USA) as standard.[109]
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Introduction


Some neurodegenerative diseases, such as Alzheimer’s disease,
Down’s syndrome, and hereditary cerebral hemorrhagic dis-
ease, are characterized by the presence of amyloid plaque in
the brain. The major components of this plaque are small pep-
tides of 39–43 amino acids—amyloid b (Ab) peptides. The
most common are the peptides with 40 and with 42 amino
acids. The more hydrophobic 42-residue peptide is thought to
play a seed role in plaque formation, but the 40-amino acid
peptide can also precipitate in the absence of longer peptides.
Ab peptides are the products of proteolytical cleavage of a
membrane-anchored protein—amyloid precursor protein
(APP).[1] The peptides are amphipathic; they include the trans-
membrane and extracellular parts of APP. Normally they are
present in cerebrovascular fluids and blood in a soluble form.[2]


During aging or as a result of disease they precipitate into
amyloid fibrils in a process thought to include a conformation
change of soluble Ab (in either random coil or a-helical confor-
mation) into b-sheet strands.[3–6] The fibrils have been shown
to be neurotoxic,[7] but the mechanisms of their toxicity and of
their formation are still unclear. Many factors influence these
processes: overexpression of Ab(1–42) can accelerate fibril for-
mation,[8] a change in the membrane composition can induce
conformation changes in Ab, or, vice versa, the peptide can in-
fluence membrane properties such as fluidity, permeability,
and curvature.[9–14] It has also been reported that Ab takes part
in neuroinflammation and oxidation processes.[15]


This work focuses on interactions of membrane phospho-
lipids with Ab (1–40) and their implications for peptide folding.


Most researchers agree that neutral membranes have no effect
on the peptide, whereas negatively charged membranes
induce the conformational change of Ab from random coil to
a-helix or to b-sheet with further aggregation.[16,17] The pres-
ence of ions,[18] the ratio between lipid and peptide,[16,17] and
the presence of cholesterol and gangliosides[10,19, 20] all influ-
ence the change in the peptide secondary structure.
Since biological membranes can be viewed as two weakly


coupled monolayers, Langmuir monolayers represent a con-
venient model system with which to mimic their surfaces. De-
velopment of such precise techniques as Grazing Incidence X-
ray Diffraction (GIXD) and Infrared Reflection Absorption Spec-
troscopy (IRRAS) allows the characterization of structures
formed by phospholipid molecules at air/water interfaces,[21,22]


as well as the secondary structures and orientations of ad-
sorbed peptides,[23–25] and so we have used a combination of
these techniques to determine the possible interactions be-
tween phospholipids and Ab peptide. This study has made use
of zwitterionic and anionic phospholipids exhibiting different
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The folding of amyloid b (1–40) peptide into b-sheet-containing
fibrils is thought to play a causative role in Alzheimer’s disease.
Because of its amphiphilic character, the peptide can interact
with phospholipid membranes. Langmuir monolayers of nega-
tively charged DPPS, DPPG, and DMPG, and also of zwitterionic
DPPC and DMPC, have been used to study the influence of the
peptide on the lipid packing and, vice versa, the influence of
phospholipid monolayers on the peptide secondary structure by
infrared reflection absorption spectroscopy and grazing incidence
X-ray diffraction. The peptide adsorbs at the air/water (buffer) in-
terface, and also inserts into uncompressed phospholipid mono-
layers. When adsorbed at the interface, the peptide adopts a b-
sheet conformation, with the long axis of these b-sheets oriented


almost parallel to the surface. If the lipid exhibits a condensed
monolayer phase, then compression of the complex monolayer
with the inserted peptide leads to the squeezing out of the pep-
tide at higher surface pressures (above 30 mNm�1). The peptide
desorbs completely from zwitterionic monolayers and negatively
charged DPPG and DPPS monolayers on buffer, but remains ad-
sorbed in the b-sheet conformation at negatively charged mono-
layers on water. This can be explained in terms of electrostatic in-
teractions with the lipid head groups. It also remains adsorbed
at, or penetrating into, disordered anionic monolayers on buffer.
Additionally, the peptide does not influence the condensed mono-
layer structure at physiological pH and modest ionic strength.
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phase behavior: 1,2-dipalmitoylphosphatidylcholine (DPPC),
1,2-dimyristoylphosphatidylcholine (DMPC), 1,2-dipalmitoyl-
phosphatidylglycerol (DPPG), 1,2-dimyristoylphosphatidylgly-
cerol (DMPG), and 1,2-dipalmitoylphosphatidylserine (DPPS).


Results


Ab peptide displays pronounced surface activity, adsorbing at
air/water (or buffer) interfaces as well as at uncompressed
phospholipid monolayers at zero pressure.[26] During adsorp-
tion to a pure air/water interface or to uncompressed zwitter-
ionic monolayers, the surface pressure increases to approxi-
mately 18 mNm�1. However, adsorption of Ab at uncom-
pressed negatively charged monolayers on water results in
higher values for the equilibrium surface pressure (above
20 mNm�1.). Ege and Lee[27] have shown that Ab is not able to
insert into compressed zwitterionic monolayers if the lateral
pressure is above 25 mNm�1, but it does insert into negatively
charged monolayers even at surface pressures of 30 mNm�1.
IRRAS was applied to detect the presence of Ab and its sec-


ondary structure at the interface. During Ab adsorption at the
air/water interface or insertion into uncompressed phospho-
lipid monolayers, amide bands in the region between 1700–
1500 cm�1 (amide I : 1700–1620 cm�1 and amide II : 1580–
1520 cm�1) appear and grow (Figure 1). After 3–4 h of adsorp-
tion, no further increase of the amide band intensities was
observed.
In order to compare spectra of Ab adsorbed at the air/water


(buffer) interface and on lipid monolayers, the pure lipid spec-
tra were subtracted from mixed lipid/peptide spectra. The re-
maining peptide spectra are very similar to the spectra of the
pure peptide adsorbed at an air/water (buffer) interface. The
positions of the amide bands do not depend on the type of
lipid (zwitterionic or negatively charged). The most intense
band in the amide I region was observed at 1627 cm�1 with a
shoulder at 1690 cm�1, indicating an antiparallel b-sheet con-
formation of the peptide at the interface (Figure 2). The
shoulder of the amide I band in the 1648–1658 cm�1 region re-
veals the presence of a small amount of random coil or a-heli-
cal conformation, whilst the shoulder at 1674 cm�1 may be at-
tributable to a b-turn or to residual trifluoroacetic acid (TFA).[25]


Amide II bands are rarely used for
secondary structure determina-
tion, but two major contributions
were found in the amide II region
of the Ab spectra. The most in-
tense contribution, at around
1530 cm�1, indicates the presence
of a b-sheet structure, while a
band at around 1550 cm�1 can be
attributed to random coil, a-helix,
or b-turn conformation.[28,29] Ab
peptide adsorbed at the interface
thus exists mainly in a b-sheet
conformation, although our CD
spectroscopy experiments clearly
show that it has predominantly


random coil conformation when dissolved in water and buffer
at pH 7.5 after the pretreatment described in the Experimental
Section. No change in the IRRA band positions was observed
during the adsorption process. The peptide spectra are similar
to those obtained for aggregated Ab. Either only the small
part of the peptide already existing in b-sheet conformation in
the bulk adsorbs at the interface or the conformational transi-
tion from mainly random coil to mainly b-sheet at the interface
is too fast to be detected.
IRRAS was also employed to determine the orientation of


the peptide at the interface. For this purpose, spectra were ac-
quired with p-polarized light at various angles of incidence
(Figure 3). The p-polarized light probes the dipole moment
components parallel and perpendicular to the surface, and mo-
lecular orientations can consequently be determined. In con-
trast, s-polarized light probes only the dipole moment compo-
nent parallel to the surface, so the corresponding negative re-
flectance–absorbance values increase monotonically with in-
creasing incidence angle and do not allow detailed information
about the anisotropy of the film to be obtained.
The amide I band (1627 cm�1 and 1690 cm�1) is associated


with the peptide C=O stretching vibration and in the case of
b-sheets it splits into two components.[30] The transition dipole
moment of the more intense contribution at 1627 cm�1 is ori-
ented along the plane of the interchain hydrogen bonds, per-
pendicular to the peptide chain, and the less intense contribu-


Figure 1. IRRA spectra of Ab adsorbing at a DPPC monolayer (p0=0 mNm�1,
A0=96 K2molecule�1) on water taken at different times: 1) 5 min, 2) 50 min,
3) 120 min, 4) 180 min. The peptide concentration was 0.185 mM and the
final surface pressure was 15 mNm�1. All spectra were recorded at an angle
of incidence of 408 with use of s-polarized light.


Figure 2. IRRA spectra of Ab adsorbed at a pure air/buffer interface (p=14 mNm�1, left) and at a DPPG monolayer
(16 mNm�1, right). The adsorption process started at an initial area per lipid of 96 K2. The corresponding spectrum
of a pure DPPG monolayer recorded at the same area per molecule was subtracted. All spectra were recorded at
an angle of incidence of 408 with use of s-polarized light. The letters b (b-sheet), t (turn), a (a-helix), and r.c.
(random coil) indicate the positions of the corresponding bands.
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tion at 1690 cm�1 is oriented along the peptide chain. The
amide II band results from C�N stretching and N�H bending
vibrations, and its transition dipole moment is oriented along
the peptide chain. The presence of a layer (e.g. , lipid monolay-
er, adsorbed peptide) at the air/water interface results in the
appearance of the O�H stretching band at 3800–3000 cm�1


and the H2O bending band in the region of the amide bands
(1700–1600 cm�1), which produces additional difficulties in the
determination of the peptide secondary structure. The intensi-
ties of these bands depend on the layer thickness and refrac-
tive index.[31,32] Simulations of amide bands for a b-sheet ori-
ented parallel to the interface with different angles of inci-
dence and use of p-polarized light are shown in Figure 4. A


film thickness of 10 K and the corresponding extinction coeffi-
cients for a model antiparallel b-sheet were used for the calcu-
lation.[33] The simulation assumes a uniaxial distribution of the
b-sheet relative to the surface normal, or at least a uniaxial dis-
tribution of peptide domains. This assumption is supported by
the GIXD results, as the peptide shows a 2D powder diffraction
pattern (Figure 8, below). The calculated IRRA spectra include
the simulation of the H2O bending mode of the subphase at
about 1645 cm�1, as the refractive index and the absorption
coefficient of H2O are parts of the simulation.[34] The influence
of the calculated H2O baseline is not very pronounced, but it is
responsible for the slightly asymmetric band shape at higher


frequencies of the amide I band.[23] The asymmetric band
shape in the experimentally measured spectra might addition-
ally arise from other secondary structure elements such as a-
helix, random coil, or b-turn (Figure 2). The use of D2O as sub-
phase was avoided, both because of the easier use of H2O and
because increasing amounts of HOD in the subphase during
long-term measurements, such as adsorption measurements,
sometimes caused baseline problems. A spectral simulation
with D2O would be easier as there are no solvent-related vibra-
tions in the amide I region.
Comparison of measured and simulated spectra reveals that


Ab is lying almost flat at the air/water interface, although a
slightly tilted conformation cannot be excluded. The orienta-
tion of the peptide penetrated into a phospholipid monolayer
is the same as at the pure air/water interface (spectra not
shown). This indicates that the presence of an uncompressed
phospholipid monolayer does not affect either the secondary
structure or the orientation of the peptide.
Additionally, IRRAS provides information about the state of


the lipid aliphatic chains in a monolayer.[34] The symmetrical
(2849–2855 cm�1) and asymmetrical (2916–2925 cm�1) stretch-
ing modes of CH2 groups are sensitive to conformational order
and packing of the hydrocarbon chains.[35, 36] In the liquid-ex-
panded state, the appearance of gauche conformations shifts
the CH2 modes to approximately 2924 cm�1 and 2855 cm�1. In
a condensed state, these bands are located at smaller values
(approximately 2919 cm�1 and 2850 cm�1), indicating that the
aliphatic chains are in all-trans conformation.
The lipids used in this work show different phase behavior


at room temperature. DPPC exhibits a phase transition from
liquid-expanded (LE) to a condensed (LC) state during com-
pression both on buffer and on water, DPPS is fully condensed
on water and buffer, whilst DPPG on water is condensed, but
on buffer it exhibits a LE/LC transition at approximately
10 mNm�1. Such a difference in the phase behavior can be ex-
plained by different ionization states of DPPG on buffer and on
water :[37–39] only 10–20% of DPPG molecules are ionized on
water, whereas DPPG is fully ionized on buffer at pH 7.5.
It had previously been found that the phase behavior of


zwitterionic 1,2-dimyristoylphosphatidylethanolamine (DMPE)
and 1,2-dipalmitoylphosphatidylethanolamine (DPPE) is not in-
fluenced by Ab adsorption.[26] The same is also observed for
DPPC both on water and on buffer. At zero pressure, the pep-
tide penetrates into the surface area not occupied by lipids
and compresses them; this induces the phase transition in
DPPC and DMPE monolayers. Since the transition pressure is
the same on water and on the peptide solution, one can con-
clude that the peptide does not specifically interact with the
zwitterionic lipids. Similar results were obtained for DPPG on
buffer (pH 7.5). Therefore, it is unlikely that the peptide specifi-
cally interacts with these phospholipids at physiological pH
values. The phase state of the lipid chains is also not influ-
enced by the peptide, although a small shift in the CH2 stretch-
ing modes of anionic lipids on water indicates a slight pertur-
bation of the chain ordering.
Compression of lipid monolayers with inserted Ab results in


the squeezing out of the peptide at lateral pressures above


Figure 3. IRRA spectra of Ab (0.185 mM) adsorbed at the air/buffer interface
acquired with p-polarized light at various incident angles: 1) 328, 2) 408,
3) 488, 4) 568, 5) 628. The surface pressure was 15 mNm�1.


Figure 4. Simulation of IRRA spectra of a b-sheet lying flat at the air/water
interface. The calculation was performed for p-polarized light and different
angles of incidence—1) 328, 2) 408, 3) 488, 4) 568, 5) 628—for the amide I
bands at 1627 and 1690 cm�1 and the amide II band at 1535 cm�1.
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30 mNm�1. At high surface pressures (40–45 mNm�1) the
monolayer occupies the same area per lipid molecule as the
pure lipid monolayer on water or buffer. Expansion results in a
reinsertion of the peptide into the monolayer at surface pres-
sures below the equilibrium value of 16–18 mNm�1. IRRAS
measurements show that the amide bands disappear com-
pletely from the IRRA spectra of zwitterionic monolayers on
water and buffer, as well as those of anionic monolayers on
buffer, at surface pressures above 30 mNm�1. This establishes
that the peptide might even be desorbed from these monolay-
ers. A different situation was observed for anionic monolayers
on water, with the amide I band intensity decreasing and shift-
ing to slightly larger wavenumbers (from 1627 to 1630 cm�1),
but the bands do not disappear completely.
To check the specific adsorption of the peptide at com-


pressed monolayers, another procedure was applied. Before
peptide injection, the monolayers were compressed to
30 mNm�1. After injection, the peptide did not adsorb at com-
pressed zwitterionic monolayers on both water and buffer. In
this case, the monolayer spectra are identical to pure phospho-
lipid spectra, no amide bands appear even after 24 h of ad-
sorption. In the case of negatively charged monolayers on
water, Ab injection results in the appearance of amide bands
(Figure 5) and increases in the intensities of the water bands


(Figure 6). The latter factor indicates an increasing surface layer
thickness due to Ab adsorption. The most intense band in the
amide I region is observed at 1630 cm�1; this position can
again be attributed to b-sheet conformation. The reason for
the shift of the amide I band to larger wavenumbers could be
a reduction in the crystallinity of the adsorbed b-sheet induced
by a more hydrophilic environment in the vicinity of the phos-
pholipid head groups, an assumption supported by the disap-
pearance of the Bragg peak arising from the b-sheet structure
in GIXD experiments (see below). On buffer, however, no pep-
tide adsorption was observed (Figure 5). Furthermore, injection
of NaCl into the subphase beneath a DPPG monolayer com-
pressed to 30 mNm�1 with adsorbed Ab results in the disap-
pearance of the peptide signal (Figure 6). This can be ex-
plained by competitive adsorption of counterions. It is interest-
ing to note that the presence of adsorbed peptide slightly in-


creases the intensity of the phosphate band centered at
around 1222 cm�1; this indicates a higher degree of ionization
of DPPG on the peptide subphase than on pure water. Addi-
tionally, the band position shows that the phosphate group is
slightly dehydrated in the presence of Ab. On the salt solution,
the phosphate band shifts to 1217 cm�1 and becomes even
more intensive. This observation reveals a higher degree of
ionization of the now better hydrated DPPG phosphate group
in the presence of NaCl.[40]


The structures of the DPPG and DPPC monolayers were in-
vestigated by GIXD experiments. The monolayers were com-
pressed to a desired pressure, which was kept constant auto-
matically, and diffraction data were taken. Selected contour
plots of the corrected X-ray intensities as a function of the in-
plane (Qxy) and out-of-plane (Qz) components of the scattering
vector for DPPG monolayers on different subphases are shown
in Figure 7. At low surface pressure, three diffraction peaks can
be detected for DPPG on water. Such a peak distribution indi-
cates the existence of an oblique chain lattice with moleculesFigure 5. IRRA spectra of a DPPG monolayer on buffer (solid line) and on


water (dashed line). Spectra were taken one day after Ab (40 mg, 0.92 mM) in-
jection, the surface pressure being kept constant at 30 mNm�1. All spectra
have been recorded at an angle of incidence of 408 with use of s-polarized
light.


Figure 6. IRRA spectra of a DPPG monolayer (amide region) on water
(curve 1), three hours after injection of Ab (40 mg; curve 2), and one day
after addition of salt (curve 3). The final Ab concentration was 0.92 mM, and
the final salt concentration was 50 mM. The IRRA spectrum of DPPG has
been shifted to 0.001 and that of DPPG on Ab + salt to �0.001 for clarity.
The surface pressure was kept constant at 30 mNm�1.


Figure 7. Contour plots of the corrected X-ray intensities as a function of
the in-plane component (Qxy) and the out-of-plane component (Qz) of the
scattering vector for DPPG on buffer at pH 7.5: A) 20 mNm�1, B) 30 mNm�1,
DPPG on Ab (0.3 mM) in buffer at pH 7.5: A’) 20 mNm�1, B’) 30 mNm�1, DPPG
on water C) 20 mNm�1, D) 30 mNm�1, and DPPG on Ab (0.3 mM) in water
C’) 22 mNm�1, D’) 30 mNm�1.
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tilted in a direction intermediate
between nearest (NN) and next-
nearest (NNN) neighbor direc-
tion. Increasing pressure results
in a shift to larger Qxy and small-
er Qz values. This can be easily
understood, because increasing
lateral pressure decreases the tilt
angle of the aliphatic chains. The
phase transition to hexagonal
packing of upright oriented mol-
ecules takes place between
30 mNm�1 and 40 mNm�1. The
peak positions obtained on
buffer differ from those obtained
on water, being shifted to lower
Qxy and higher Qz values indicat-
ing larger unit cell areas and
larger tilt angles of the aliphatic
chains. Transition to hexagonal
packing cannot be achieved
even at very high surface pres-
sures. At 40 mNm�1, the tilt
angle still amounts to 268. Obvi-
ously, the increased degree of
ionization of the DPPG head
group at higher pH and salt con-
centrations results in increased
repulsion between molecules
and in the reorientation of the
head groups. The mismatch between the head group size and
the size of the two aliphatic chains results in the tilted struc-
ture being observed at all pressures. DPPC on water exhibits
behavior similar to that of DPPG on buffer, due to the large
phosphatidylcholine head group. The lattice parameters and
tilt of the chains do not change at different ion concentrations
and over a large pH range, since DPPC is a zwitterionic lipid.[41]


The large width of the diffraction peaks (due to small correla-
tion length) is the reason for greater uncertainty in the deter-
mination of the molecular tilt.
The GIXD measurements were performed on Ab solution


(0.3 mM), starting from the equilibrium pressure reached after
3 h of Ab adsorption. Comparison of the diffraction peak posi-
tions shows that the chain lattices of DPPC on water and
DPPG on buffer are not changed by insertion of the peptide.
The slightly higher tilt of DPPG on Ab in water can be ex-
plained in terms of electrostatic interactions with the peptide,
which result in an increased ionization state of the lipid.
The peptide adsorbed at the air/water interface or at lipid


monolayers at low surface pressure shows a weak Bragg peak
at Qxy=1.33 K�1 (DQxy=0.065 K�1) and zero Qz (Figure 8). This
peak corresponds to a repeat distance of 4.7 K, which is the
spacing between hydrogen-bonded peptide chains in a b-
sheet structure. In some cases, an additional Bragg peak with a
d-spacing of 39.3 K was found. The origin of this peak is still
unclear.[42] The weak peak at 1.33 K�1 was not observed in the
diffraction patterns taken at surface pressures above


30 mNm�1. The strong peak between 1.45 and 1.5 K�1 (Fig-
ure 8B–D) arises from the phospholipid chain lattice.
Ab adsorbs at compressed (30 mNm�1) anionic monolayers


on water but not on buffer. The adsorption is unspecific and
can be ascribed to enhanced electrostatic interactions at low
ionic strength. The question that now arises is whether the
lipid phase state is important for the adsorption process.
POPG, DMPG, and DMPC monolayers, which exist in the liquid
expanded (LE) state under the experimental conditions, are
used for comparison. The same behavior as described for con-
densed monolayers was observed at 30 mNm�1, but an inter-
esting difference between condensed (LC) and disordered (LE)
monolayers could be seen when the peptide was first inserted
into the monolayer on buffer at low pressure. In the case of
the condensed monolayers, the compression resulted in a
complete squeeze-out of the peptide at higher surface pres-
sures. In contrast, Ab remained in the anionic monolayer upon
compression to 30 mNm�1. The transition from LE to LC occurs
for DMPG between 37 and 41 mNm�1. The peptide is
squeezed out and desorbed (disappearance of IRRAS signal)
only when the condensed phase is formed (Figure 9). The pep-
tide also remains adsorbed at or penetrated into the DMPG
monolayer on water at 30 mNm�1 after addition of salt. Obvi-
ously, only the combination of electrostatic and hydrophobic
interactions stabilizes the peptide in disordered anionic mono-
layers, because it leaves the disordered zwitterionic DMPC
monolayer at high surface pressure.


Figure 8. Integrated intensity over a Qz range between �0.05 and 0.3 K�1 as a function of Qxy for Ab adsorbed at
the air/water interface at 14 mNm�1 (A), adsorbed at a DPPC monolayer on water at 10 mNm�1 (B), adsorbed at a
DPPG monolayer on buffer at 18 mNm�1 (C), and adsorbed at a DPPG monolayer on water at 20 mNm�1 (D). The
peak at 1.33 K�1 originates from the b-sheet structure of Ab, whilst that between 1.45 and 1.5 K�1 corresponds to
the lipid monolayer.
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Discussion


The secondary structure of Ab adsorbed at a pure air/water
(buffer) interface or at phospholipid monolayers has been de-
termined by the IRRAS experiments. The data clearly demon-
strate that the peptide adopts a b-sheet conformation at the
interface, the b-sheets being oriented parallel to the interface.
The result is supported by GIXD investigations, which reveal a
Bragg peak arising from the adsorbed peptide b-sheets with a
characteristic repeat distance of 4.7 K. Both the air/water inter-
face and phospholipid monolayers in an uncompressed state
can be viewed as hydrophobic/hydrophilic interfaces, therefore
we assume that Ab is attracted by such hydrophobic interfaces
and that increasing surface concentration of Ab is responsible
for the observed conformational change in the secondary
structure from random coil to b-sheet. A similar result was pre-
viously observed by Kowalewski and Holtzman,[43] who found
that Ab forms uniform elongated sheets on hydrophobic
graphite. The dimensions of these sheets were consistent with
those of b-sheets with extended peptide chains perpendicular
to the long axis of the aggregate.
It had previously been shown[16,26] that Ab cannot penetrate


into zwitterionic lipid monolayers at high surface pressures.
Adsorption at highly compressed anionic monolayers on water,
however, can be explained in terms of weak electrostatic inter-
actions between these phospholipids and Ab. These interac-
tions are possible because of low counterion concentrations in
the subphase and, therefore, poor charge compensation of the
anionic phospholipids combined with a low surface pH,[44] in-
ducing a net positive charge in the peptide. Since the area oc-
cupied by a lipid molecule at high surface pressure remains in
general the same during adsorption of the peptide (data not
shown), one can conclude that the peptide is adsorbing at the
monolayer but not penetrating into the chain region.
The electrostatic interactions with negatively charged lipids


result in peptide adsorption. However, at modest salt concen-
trations the electrostatic interactions are screened and the
peptide is removed from the surface. It may appear puzzling
that the electrostatic repulsion between phospholipid head


groups is increased on going from water to buffer—that is,
closer to physiological conditions—but the attraction between
head groups and Ab is decreased. This can be explained by
the fact that the Debye screening length decreases to 1 nm on
going to 100 mM salt. Hence, since the head groups are closer
than 1 nm, screening is not very effective and the increased
charge density at the interface dominates. In contrast, the Ab–
head group distance is mostly above 1 nm, so the electrostatic
interaction is mostly screened. When adsorbed on negatively
charged monolayers the peptide should change the ionization
state of the lipid molecules, acting as a buffer. As we know,
the structure of a charged DPPG monolayer differs from that
of a protonated one, so it may be expected that the structures
of DPPG monolayers on water and on the peptide solution will
differ as well. However, the DPPG structure is almost un-
changed after Ab adsorption. Probably there are two phenom-
ena, compensating one another. On the one hand, the peptide
changes the lipid ionization state, increasing the repulsion be-
tween lipid molecules. Increased repulsion results in a more
tilted structure. On the other hand, interaction with lipid mole-
cules may affect the head group orientation and hydration,
which can change the tilt angle in the opposite direction.
Terzi et al. ,[16] Bokvist et al. ,[17] and Kakio et al.[19,20] have


shown that the secondary structure of Ab in the presence of
negatively charged vesicles depends on the lipid-to-peptide
ratio (L/P). A random coil!b-sheet!a-helix pathway has
been observed in experiments with a constant peptide con-
centration and increasing lipid concentration. Accordingly, a
random coil!a-helix!b-sheet pathway would be expected in
monolayer experiments during the adsorption process (de-
creasing L/P ratio due to increasing peptide concentration at a
fixed lipid concentration). However, no a-helical secondary
structure was detected at the interface even at the beginning
of the adsorption process, where the L/P ratio is large. Hence
the question arises of what is the minimum peptide concentra-
tion detectable by IRRAS. In the case of another model pep-
tide,[23] the first detectable IRRAS signal was observed at a pep-
tide concentration of around 0.7 nm2 per amino acid residue.
At such a surface concentration, Ab occupies an area of ap-
proximately 28 nm2, corresponding to 65–70 DPPG molecules
in the condensed state. At an L/P ratio of 65–70 one would
expect a-helical secondary structure, as observed in the bulk
state. However, the IRRAS signal of the peptide is at the resolu-
tion limit at such small surface concentrations, and much
smaller than signals arising from the lipids and water, and so
remains undetected. Additionally, the curvature of the system
could also play a certain role, and the L/P ratio at planar mono-
layer surfaces maybe has to be larger than at curved vesicle
surfaces to induce the transition to a-helix.
Comparison of LE and LC phases of anionic monolayers


shows that the hydrophobic interactions between aliphatic
chains in the condensed phases are much stronger than inter-
actions between the lipid tails and the peptide. Insertion of
the peptide into condensed monolayers is energetically unfa-
vorable because it destabilizes the interchain interactions, so
the peptide is squeezed out from a condensed monolayer at
high surface pressures. A different situation is observed when


Figure 9. IRRA spectra in the CH2 stretching and amide regions of DMPG
monolayers in the presence of Ab (40 mg, 0.92 mM): 1) on water at
30 mNm�1, 2) on water + NaCl at 30 mNm�1, and 3) on water + NaCl at
50 mNm�1. At 30 mNm�1 the DMPG monolayer on water exists in a con-
densed phase, whilst on buffer it is in the LE phase. The phase transition
from LE to LC occurs on buffer at around 40 mNm�1. The spectra were ac-
quired with use of s-polarized light and at an angle of incidence of 408.
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the lipid is in the LE phase: the tails are disordered and inter-
chain interactions are weak. Obviously, the presence of the
peptide does not disturb the monolayer packing to a larger
extent. Ab remains in such monolayers upon compression. At
high surface pressures, however, the adsorbed peptide has to
be additionally stabilized by weak electrostatic interactions.


Conclusion


Figure 10 summarizes the results of CD, GIXD, and IRRAS ex-
periments. After pretreatment with HFIP, Ab exhibits mainly
random coil conformation in the bulk state. It adsorbs at the


hydrophobic/hydrophilic air/water interface and penetrates
into uncompressed lipid monolayers (Figure 10, top), and at
the interface it adopts a b-sheet conformation, with the b-
sheets oriented almost parallel to the surface. The current
IRRAS and GIXD results demonstrate that the peptide has
almost no influence on lipid phase behavior and structure.
Compression of monolayers with inserted Ab to surface pres-
sures above 30 mNm�1 results in the squeezing out of the
peptide. For zwitterionic phospholipids, both on water and
buffer, the amide bands disappear ; this indicates that the pep-
tide even leaves the surface, independent of the lipid phase
state. In the case of anionic phospholipids, the situation on
comparison of monolayers on water or on buffer is different.
On water, Ab remains adsorbed at the negatively charged lipid
monolayers independent of the phase state. Furthermore, only
on water does Ab adsorb at highly compressed anionic mono-
layers. Addition of salt forces the peptide to desorb from the
condensed monolayer surface (Figure 10, bottom). On buffer,
compression to 30 mNm�1 results in the disappearance of the
peptide signal if the anionic monolayer is in a condensed


state. In contrast, Ab stays adsorbed at or partly penetrated
into disordered anionic monolayers upon compression, but
does not adsorb either at compressed ordered monolayers or
at disordered monolayers in the presence of salt.
From these results, we conclude that Ab readily adsorbs at


hydrophobic surfaces and at charged hydrophilic surfaces in
the absence of salt. An increasing surface peptide concentra-
tion results in conformational changes in the peptide’s second-
ary structure. If a lateral pressure of 30 mNm�1 is assumed in
bilayer membranes,[45,46] it is then very unlikely that the pep-
tide would adsorb at membrane surfaces and influence their
properties through interactions with phospholipids under
physiological conditions. Either the membrane, as a dynamic
system, has locally lower lateral pressure, so that the peptide
can adsorb and penetrate into charged hydrophilic membrane
surfaces, or other components of the membrane or complex-
ing ions such as copper and zinc could be involved in the
binding of Ab to the membrane, resulting in its disruption or
alteration.


Experimental Section


Materials : 1,2-Dipalmitoylphosphatidylcholine (DPPC), 1,2-dimyris-
toylphosphatidylcholine (DMPC), 1,2-dipalmitoylphosphatidylglyc-
erol (DPPG), 1,2-dimyristoylphosphatidylglycerol (DMPG), and 1,2-
dipalmitoylphosphatidylserine (DPPS) were purchased from Sigma
with purities of 99% and were used as received. They were spread
onto the air/water interface from a 1 mM methanol (Sigma)/chloro-
form (Baker) (1:3, v/v) solution. The Amyloid b (1–40) peptide was
obtained from Bachem (Switzerland). The peptide was first dis-
solved in hexafluoroisopropanol (HFIP) to destroy possible aggre-
gates[47] and stored in a refrigerator. Before measurements, HFIP
was evaporated under a nitrogen stream and the peptide was dis-
solved in water or buffer at pH 7.5 (10 mM potassium phosphate,
100 mM NaCl). The secondary structure of the peptide was checked
by circular dichroism (CD) spectroscopy (Jasco J-715, Japan). The
peptide was found to have predominantly random coil conforma-
tion after such a pretreatment. All solutions were prepared with
Milli-Q deionized water (resistivity of 18.2 MWcm).


Methods : All measurements were carried out in PTFE Langmuir
troughs. The surface pressure was monitored through a Wilhelmy
microbalance with use of a filter paper plate. Two different setups
were used to adsorb the peptide at the lipid monolayer or the air/
water (buffer) interface. Either the lipid was spread onto the freshly
cleaned surface of a subphase containing Ab (0.185 mM or 0.3 mM)
or the peptide was injected into the subphase beneath the phos-
pholipid monolayer, which was compressed to 30 mNm�1.


Synchrotron grazing incidence X-ray diffraction (GIXD) measure-
ments were carried out at 20 8C by use of the liquid-surface diffrac-
tometer on the undulator beamline BW1 of HASYLAB, DESY (Ham-
burg, Germany).[48–50] The intensity of the diffracted beam was de-
tected with a linear position-sensitive detector (OEM-100-M, Braun,
Garching, Germany) as a function of the vertical scattering angle
af. The in-plane (horizontal) scattering angle 2V was varied by ro-
tation of the detector and Soller collimator. The accumulated posi-
tion-resolved counts were corrected for polarization, effective area,
and Lorentz factor. Model peaks, taken as Lorentzian in the in-
plane direction and as Gaussian in the out-of-plane direction, were
least-squares fitted to the measured intensities.


Figure 10. A) Schematic representation of Ab insertion into uncompressed
lipid monolayers at zero pressure (either liquid-expanded and gaseous
phases or condensed and gaseous phases are coexisting). In the bulk state,
the peptide is mainly in a random coil conformation. The inserted peptide
adopts a b-sheet conformation at the interface. Compression of lipid mono-
layers with inserted Ab to surface pressures above 30 mNm�1 results in the
squeezing out of the peptide. The squeezed out peptide either leaves the
interface (zwitterionic monolayers both on water and buffer or anionic con-
densed monolayers on buffer) or remains adsorbed (anionic monolayers on
water, independent of the lipid phase state, or disordered fluid anionic
monolayers on buffer). B) Ab adsorption at negatively charged lipid mono-
layers at 30 mNm�1 on water. The adsorbed peptide adopts a b-sheet con-
formation at the interface. Upon addition of salt, the peptide either remains
adsorbed (if the lipid monolayer is disordered) or it desorbs completely (if
the monolayer is in a condensed state).
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IRRA spectra were recorded on an IFS66 FTIR spectrometer (Bruker,
Germany) fitted with a liquid nitrogen-cooled mercury cadmium
telluride detector and the XA511 external reflection accessory. The
IR beam was conducted out of the spectrometer and focused onto
the water surface of the Langmuir trough. The angle of incidence
was varied between 328 and 628 with respect to the surface
normal and the IR beam was polarized by use of a polarizer in the
plane of incidence (p) or perpendicular to this plane (s). Measure-
ments were performed by use of a trough containing two com-
partments and a trough shuttle system. One compartment con-
tained the monolayer system under investigation (sample), where-
as the other (reference) was filled with pure water (buffer). The
single-beam reflectance spectrum from the reference trough was
used as background to the single-beam reflectance spectrum of
the monolayer in the sample trough to calculate the reflection ab-
sorption spectrum as �log (R/R0) in order to eliminate the water
vapor signal. To maintain a constant water vapor content the
setup was placed in a hermetically sealed container. FTIR spectra
were collected at 8 cm�1 resolution with use of 200 scans for s-po-
larized light and 400–800 scans for p-polarized light.


There are several theoretical approaches describing the depen-
dence of IRRAS band intensities on the incident angle and transi-
tion dipole moment orientation. In the current work we used the
mathematical model of Kuzmin et al.[51,52] and the formalism pub-
lished by Mendelsohn et al.[34] for monolayers at the air/water inter-
face.
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Site-Selective DNA Hydrolysis by CeIV–EDTA
with the Use of One Oligonucleotide Additive
Bearing Two Monophosphates
Wen Chen and Makoto Komiyama*[a]


Introduction


Artificial restriction nucleases are attracting interest mainly be-
cause their superior site-specificities could be beneficial for the
manipulation of high-molecular-weight DNA molecules from
animals and higher plants.[1–7] Much effort has been devoted to
the development of catalysts that cleave DNA either through
hydrolytic or oxidative pathways.[8,9] Among previously report-
ed catalysts, the CeIV ion and its complexes are characterized
by remarkable reactivity and their purely hydrolytic scission of
DNA.[8] Site-selective DNA hydrolysis was achieved by attaching
CeIV complexes to sequence-recognizing oligonucleotides.[10,11]


For practical applications, however, the scission efficiency of
this method was not satisfactorily high and its improvement
has been desirable.
Recently, it was found that CeIV–EDTA (ethylenediamine-


N,N,N’,N’-tetraacetate) complex hydrolyzes single-stranded
DNA far more efficiently than double-stranded DNA.[12–16] Ac-
cordingly, this CeIV complex has been shown to preferentially
hydrolyze gap-sites even when it is not covalently fixed to any
sequence-recognizing moiety. By using two appropriate oligo-
nucleotide additives, gap structures can be formed at any de-
sired site in single-stranded DNA. These systems can therefore
be used as potent new tools for future applications. Further-
more, this gap-selective hydrolysis was greatly accelerated by
attaching monophosphate groups to the termini of oligonucle-
otide additives and then placing these groups at the gap site
(the two-additive system shown in Figure 1A).[17] EDTA groups
can also be used instead of monophosphates.[18]


These results have indicated that still more useful tools for
site-selective DNA scission could be obtained if oligonucleo-
tides used in the two-additive system are covalently connected
with each other (Figure 1B). This paper reports the preparation
of oligonucleotide additives that have two monophosphate


groups in the middle and are well known for the one-additive
strategy. By combining CeIV–EDTA with these oligonucleotide
additives, DNA was selectively hydrolyzed at a predetermined
site. Significantly, site-selective DNA scission with this one-addi-
tive system is successful even at high reaction temperatures.
Under such conditions substrate–additive duplexes in the two-
additive system mostly dissociate, and thus the site-selectivity
of scission is poor. As expected, site-selective DNA scission
with the one-additive system is successfully accomplished.


Results and Discussion


Incorporation of monophosphate groups into oligonucleo-
tides for site-selective DNA scission with CeIV–EDTA


For site-selective DNA scission with the one-additive system,
the target site in the substrate DNA must be single-stranded
while the other parts should be kept double-stranded—the
CeIV–EDTA complex preferentially hydrolyzes the single-strand-
ed portion. Furthermore, two monophosphate groups should
be placed near this site (Figure 1B). In order to prepare oligo-
nucleotide additives bearing two monophosphate groups at
the desired sites, a new phosphoramidite monomer (1; Fig-
ure 1C) was synthesized according to Scheme 1. The inter-
mediate 3, which was prepared from starting material 2 (5-
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Two deoxyuridine derivatives each bearing a monophosphate
group at the 5-position with a C3 linker, were incorporated into
an oligonucleotide. By using this modified oligonucleotide, a
bulge was formed at a predetermined position in a DNA sub-
strate, and two monophosphate groups were placed at both
junctions of the bulge. Upon treatment of the mixture with CeIV–
EDTA at pH 7.0, the phosphodiester linkages at the bulge site
were selectively and efficiently hydrolyzed. The monophosphate
groups introduced into the bulge site greatly accelerated site-se-


lective DNA scission. Compared with the previously reported two-
additive system, which combines two oligonucleotide additives
each with a monophosphate at their termini, the present one-ad-
ditive system is simpler and more convenient. Furthermore, site-
selective DNA hydrolysis by using this one-additive system is suc-
cessful even at high reaction temperatures (e.g. , 55 8C). This re-
flects the thermodynamic stability of the duplexes formed be-
tween the substrate and the additive DNA.
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iodo-2’-deoxyuridine), was converted to 5-propynol derivative
4 by palladium-catalyzed coupling with prop-2-yn-1-ol.[19, 20]


Catalytic hydrogenation gave the 5-propanol derivative which


was protected by a 9-fluorenylmethoxycarbonyl (Fmoc) group
to afford compound 5. The two dimethoxytrityl groups of 5
were removed with 2% trifluoroacetic acid (TFA) in dichloro-
methane. The 5’-hydroxy group of the resultant product 6 was
selectively protected with a dimethoxytrityl group and then
the free 3’-hydroxyl group was phosphitylated.
The new monomer 1 is a deoxyuridine derivative and has a


hydroxypropyl residue at the C5 position (the hydroxyl group
is protected by a Fmoc group). After DNA synthesis, the Fmoc
group from 1 was deprotected and the resultant hydroxyl
group was phosphorylated to give a dUP residue at the desired
site. The C3 linker that binds the monophosphate group to the
C5 atom is flexible enough to allow this group to recruit CeIV–
EDTA to the target phosphodiester linkages.[17]


Site-selective DNA hydrolysis with CeIV–EDTA in the pres-
ence of an oligonucleotide additive that bears two mono-
phosphate groups (one-additive system)


The oligonucleotide additive, D40P2 (Figure 2), has dUP resi-
dues at positions 20 and 21. When a 45-mer DNA substrate
(S45) was combined with this additive, a five-base bulge was
formed in the middle of S45 (T21–G25, underlined). Note that
dUP is a deoxyuridine derivative and forms a Watson–Crick
base pair with A20 and A26 in S45. Thus, two monophosphate
groups in these dUP residues were placed at both junctions of
the five-base bulge. The melting temperature (Tm) of the
duplex between D40P2 and S45 is 64.8 8C, which is the same
as the Tm of the duplex between unmodified oligonucleotide
additive D40 and S45. Thus, the substitution of dT with dUP


did not interrupt duplex formation.
DNA hydrolysis was achieved simply by adding the CeIV–


EDTA complex to aqueous solutions of DNA substrate S45 and
oligonucleotide additive D40P2. In the left-hand side of the gel


Figure 1. Schematic representation of A) two- and B) one-additive systems
for site-selective DNA hydrolysis. C) Phosphoramidite monomer 1 and dUP


used in the one-additive system.


Scheme 1. Synthetic route for phosphoramidite 1. A) DMTr-Cl (3 equiv), pyridine, 24 h; B) prop-2-yn-1-ol, (Ph3P)2PdCl2, CuI, Et3N, DMF, 3 h; C) H2, Pd/C,
CH3COOEt, overnight; D) Fmoc-Cl, pyridine, 3 h; E) 2% CF3COOH in dichloromethane, 1 h; F) DMTr-Cl (1.2 equiv), pyridine, overnight; G) (i-Pr2N)2POCH2CH2CN,
1H-tetrazole, acetonitrile, 1 h.
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in Figure 3A, the reaction temperature was at 55 8C. As shown
in lane 4, substrate S45 was preferentially hydrolyzed in the
bulge region (12% conversion). The scission process was ana-
lyzed in more detail with high-resolution gel electrophoresis
(Figure 3B; the scission pattern obtained from this gel is pre-
sented in Figure 3C). The scission was strictly restricted to
T21–G25, and most efficient in the middle of the bulge (3’-
ends of T22 and C23). At 37 8C, scission with CeIV–EDTA in the
presence of D40P2 was also sufficiently site-selective (Fig-
ure 3A, lane 11; 10% conversion).
For the purposes of comparison, S45 was treated with CeIV–


EDTA in the presence of unmodified oligonucleotide additive


D40 in which the two dUP resi-
dues of D40P2 are replaced with
conventional T. Here, a five-base
bulge was also formed in the
middle of S45 (T21–G25), but no
monophosphate groups were
present. DNA scission was found
to be only marginal at both
55 8C (Figure 3A, lane 3) and
37 8C (lane 10). Notable promo-
tion of site-selective DNA scis-
sion by the monophosphate
groups of D40P2 is therefore evi-
dent. Additives bearing only one
monophosphate group (D40P1-R
and D40P1-L) were also more ef-
fective than D40, but they were


less efficient than D40P2 (see Figure S1 in the Supporting In-
formation). This is in accord with previous findings for site-se-
lective DNA scission with the two-additive system.[17,18] As pro-
posed in these latter studies, the monophosphate groups are
thought to recruit the CeIV complex near the target site.
In the presented site-selective DNA scission, two classes of


fragments were formed. Fragments in one group co-migrated
with the products of DNase I cleavage, whereas the second
group co-migrated with the Maxam–Gilbert sequencing frag-
ments (Figure 3B). Apparently, these two classes of scission
products have 3’-OH termini (designated as h) and 3’-phos-
phate termini (designated as P), respectively ; note that the


DNA substrate was 32P-labeled at the 5’ end. Relative
frequencies of formation of these two types of termi-
ni for each of the scission fragments are represented
in Figure 3C. For most fragments 3’-OH termini
(shown by the solid parts of the arrows) were prefer-
entially formed to 3’-phosphate termini (the broken
parts). This manner of scission is consistent with pre-
vious results obtained with the two-additive
system.[17] The completely hydrolytic nature of DNA
scission by the CeIV–EDTA complex was substantiated
by successful ligation of the products with DNA
ligase.


Rapid site-selective DNA hydrolysis at high tem-
peratures by using the one-additive system


One of the most significant advantages of the one-
additive system presented here is that scission can
be successfully achieved at a notable rate at high
temperatures. The oligonucleotide additives used in
this strategy are longer than those used in the two-
additive system, and thus they form more stable du-
plexes with the substrate DNA molecules. Therefore,
these duplexes should remain intact even at the
high temperatures at which duplexes in the two-ad-
ditive system would mostly dissociate.
As described above, the scission of S45 in the


presence of D40P2 is satisfactorily selective even at


Figure 2. Sequences of substrate DNA molecules and oligonucleotide additives. The nucleotides that form bulge
structures in substrate–additive duplexes are underlined. In S45-N5, N is C, T, A, or G.


Figure 3. Gel-electrophoresis patterns for S45 hydrolysis (32P-labeled at the 5’ end) with
CeIV–EDTA in the presence of monophosphate-bearing oligonucleotide, D40P2. A) Lanes
1 and 8: controls without CeIV–EDTA; lanes 2 and 9: with CeIV–EDTA only; lanes 3 and 10:
D40 (unmodified additive) with CeIV–EDTA; lanes 4 and 11: monophosphate-bearing
D40P2 and CeIV–EDTA; lane 5: A+G Maxam–Gilbert sequencing; lane 6: C+T Maxam–
Gilbert sequencing; lane 7: DNase I digestion. Reactions contained S45 (1.0 mm), D40P2
or D40 (2.0 mm), CeIV–EDTA (1 mm), and NaCl (200 mm) at pH 7.0 (7.5 mm HEPES buffer) ;
4 h at 55 8C for lanes 1–4; 44 h at 37 8C for lanes 8–11. B) High-resolution gel electropho-
resis of the fragments from lane 4 in gel A) is presented parallel with Maxam–Gilbert se-
quencing lanes (3’-phosphate termini: P) and DNase I digests (3’-OH termini: h).
C) Shows the scission efficiency. The solid parts of the arrows denote the formation of 3’-
OH termini and the broken parts the formation of 3’-phosphate termini. 3’-OH termini
were preferentially formed to 3’-phosphate termini.
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55 8C (see also Figure 4, lane 7). Furthermore, scission was
strictly restricted to the bulge-site when three- (S43–D40P2)
and ten-base bulges (S50–D40P2) were formed and the reac-
tion was carried out at 55 8C (Figure 4, lanes 6 and 8). The
melting temperatures of the duplexes in lanes 6, 7, and 8 were
65, 67, and 63 8C, respectively, and are sufficiently higher than
the reaction temperature. Thus, these duplexes are stably
formed in the reaction mixtures and the single-stranded por-
tion is minimized. Otherwise, the single-stranded portion
would have been promptly hydrolyzed by CeIV–EDTA without
any site-selectivity. It is noteworthy that the site-selective DNA
hydrolyses at 55 8C were more than tenfold faster than the cor-
responding reactions at 37 8C. Therefore, both high site-selec-
tivity and rapid reactions could be satisfactorily accomplished
with the presented one-additive system. This is an important
feature for practical applications. When DNA scission was per-
formed at 55 8C with the two-additive system, however, unde-
sirable nonselective scission prevailed and site-selectivity was
quite poor.


In lanes 10–12 in Figure 4, two 20-mer oligonucleotide addi-
tives (D20P-L and D20P-R) were combined with the corre-
sponding DNA substrates, and gap structures were formed
(three-, five-, and ten-base gaps, respectively). The monophos-
phates on the two oligonucleotide additives were placed near
the single-stranded gaps (Figure 1A). In addition to the bands
resulting from scission in the gap site, others were observed
especially at the bottom of the gel. Random scission was also
evident in lane 9 where a nick structure was formed in the
substrate DNA. As is apparent, the 5’ ends in the substrate
DNA molecules which are complementary with D20P-L, were
cleaved by CeIV–EDTA. Since the melting temperature of the
duplex between D20P-L and the corresponding portion of the
DNA substrates is only 54 8C, about half of the duplex is disso-
ciated under the reaction conditions. These single-stranded
portions are randomly hydrolyzed by CeIV–EDTA. Thus, only the
3’-side of the substrate DNA molecules is sufficiently protected
from random scission (the Tm of the substrate duplex with
D20P-R is 64 8C). Furthermore, the breathing motion of the
substrate–additive duplexes is significant at higher tempera-
tures. In order to minimize these factors and achieve DNA scis-
sion selectively, reactions with the two-additive system must
be carried out at sufficiently low temperatures (e.g. , 37 8C).[17]


In this respect, the superiority of the one-additive system is
evident.


Effects of size and base-sequence of the bulge portion on
site-selective scission with the one-additive system


When the substrate DNA was completely complementary to
the oligonucleotide additive (e.g. , S40–D40P2), almost no scis-
sion occurred (Figure 4, lane 5). The single-stranded bulge
region is crucial for the presented site-selective DNA hydrolysis.
The ten- and five-base bulges were hydrolyzed 2.8- and 1.5-
fold faster than the three-base bulge, respectively (lanes 6–8).
Consistently, the efficiency of scission increased gradually with
increasing bulge length from three to ten bases.
The DNA bases in the bulge sites were systematically varied


by using a 45-mer substrate DNA (S45-N5, where N is C, T, A,
or G) together with D40P2-B5 (Figure 2). Consequently, bulges
involving five consecutive C, T, A, or G residues were formed,
and two monophosphate groups were placed at these sites.
All the bulges were efficiently hydrolyzed (Figure 5) and the
relative scission efficiency was as follows: C5(2.7)>T5(1.3)>
G5(1.2)>A5(1.0).


Conclusion


A deoxyuridine derivative with a monophosphate group that
was connected to the 5-position with a C3 linker was prepared.
By using its phosphoramidite monomer, two monophosphate
groups were incorporated into desired positions in the middle
of oligonucleotides. In duplexes between the oligonucleotide
additive and substrate DNA a bulge was formed at specific po-
sitions in the substrate, and two monophosphate groups were
placed at both junctions of the bulge. Upon treatment of this
mixture with CeIV–EDTA at pH 7.0 and 55 8C, the substrate DNA


Figure 4. Site-selective DNA hydrolysis at 55 8C by using the one-additive
system. Lanes 1–4: substrate DNA only; lane 5: fully matched S40–D40P2;
lane 6: three-base bulge with S43–D40P2; lane 7: five-base bulge with S45–
D40P2; lane 8: ten-base bulge with S50–D40P2. For the purposes of compar-
ison results of scission with the two-additive system are also presented in
lanes 9–12. Lane 9: nick obtained with S40–D20P-L/D20P-R; lane 10: three-
base gap with S43–D20P-L/D20P-R; lane 11: five-base gap with S45–D20P-L/
D20P-R; lane 12: ten-base gap with S50–D20P-L/D20P-R; M: 30-, 25-, and 20-
mer markers. Reactions contained CeIV–EDTA (1 mm) and NaCl (100 mm) and
were carried out at pH 7.0 and 55 8C for 4 h.
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was selectively and efficiently hydrolyzed at the bulge sites.
The main scission fragments had 3’-OH termini. Compared
with the previously reported two-additive system, the present
one-additive system is simpler and more convenient to use.
Still more advantageously, DNA hydrolysis with this one-addi-
tive system was satisfactorily site-selective even at high reac-
tion temperatures, mainly because of the large stability of the
substrate–additive duplexes. Applications of these new tools
to DNA manipulation are currently underway.


Experimental Section


Materials : The phosphoramidite monomer 1 was synthesized ac-
cording to Scheme 1 and characterized as described in the Sup-
porting Information. 5-Iodo-2’-deoxyuridine, prop-2-yn-1-ol, 4,4’-di-
methoxytrityl chloride (DMTr-Cl), 9-fluorenylmethoxycarbonyl chlo-
ride (Fmoc-Cl), 1H-tetrazole, and 2-cyanoethyl N,N,N’,N’-tetraisopro-
pylphosphordiamidite were obtained from Aldrich and used with-
out further purification. Other phosphoramidite monomers were
purchased form Glen Research Co.


Water was deionized with the MILLIPORE water purification system
and sterilized in an autoclave immediately before use. The CeIV–
EDTA complex was prepared by mixing equimolar amounts of
Ce(NH4)2(NO3)6 (20 mm in water) and EDTA·4Na (20 mm in HEPES
(N-[2-hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid]) buffer) ;
the pH was adjusted to 7.0 with NaOH.


Synthesis of monophosphate-bearing oligonucleotides : All the
oligonucleotides shown in Figure 2 were synthesized on an auto-
mated DNA synthesizer by using phosphoramidite 1 and conven-
tional phosphoramidite monomers. First, the designed sequence
was synthesized and the free 5’-OH group was capped with Ac2O.
Then the synthesis column was detached and the Fmoc group on
1 was removed by passing the deprotection solution (1m 1,8-
diazabicyclo[5.4.0]undec-7-ene in anhydrous acetonitrile) through
the column over 5 min at RT. After extensive washing with acetoni-
trile (10 mL), the column was reinstalled onto the synthesizer and
the hydroxypropyl group in the ologonucleotide was phosphory-
lated with chemical phosphorylation reagent II (CPRII, 0.2m ; Glen
Research Co.). After the recommended workup, the products were
purified by RP-HPLC.


The MALDI-TOF MS data of the modified oligonucleotides were in
good agreement with the theoretical values. D40P2: 12471.1
(calcd=12471.2); D40P1-R: 12344.3 (calcd=12347.2) ; D40P1-L:
12344.3 (calcd=12347.2) ; D20P-L: 6179.2 (calcd=6179.1) ; D20P-R:
6229.3 (calcd=6230.1) ; D40P2-B5: 12569.0 (calcd=12570.3).


Site-selective DNA hydrolysis : The hydrolysis of DNA substrate
(32P-labeled at the 5’ end) was initiated by adding a solution of
CeIV–EDTA complex to the reaction mixture. All reactions were car-
ried out in HEPES buffer (7.5 mm, pH 7.0) at 55 8C, unless noted
otherwise. The reaction mixtures consisted of DNA substrate
(1.0 mm), each of the oligonucleotide additives (2.0 mm), and NaCl
(200 mm). After a predetermined time, the reactions were stopped
by adding EDTA disodium salt (10 mm) and inorganic phosphate
(70 mm, 1=2 of reaction mixture volume). The products were then
analyzed with denaturing 20% polyacrylamide gel electrophoresis,
and the scission fragments were quantified with a Fuji Film FLA-
3000G imaging analyzer.
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A Simple Approach to Well-Defined Sugar-
Coated Surfaces for Interaction Studies
Miquel Vila-Perell�,[a] Ricardo Guti�rrez Gallego,[a, b] and David Andreu*[a]


Introduction


Specific protein–carbohydrate interactions regulate a wide vari-
ety of biological processes, ranging from fertilization, tissue
maturation, and inflammatory[1,2] and immune response
against pathogens[3] to tumor metastasis. Although awareness
of the important role of carbohydrates has been slow to
emerge,[4,5] their key role in the storage and transfer of biologi-
cal information through lectins as signal decoding and trans-
mitting molecules is now firmly established.[6] The study of
lectin–carbohydrate interactions is particularly challenging be-
cause of the structural complexity of the glycans, the permis-
siveness and multiplexity of lectins, and the relatively low affin-
ity constants involved. To overcome these drawbacks and gain
information on the structural and energetic aspects of the in-
teractive process, a great variety of biochemical and biophysi-
cal methods have been developed. X-ray crystallography and
NMR have been widely used to study the structural details of
the recognition event and—in conjunction with isothermal ti-
tration calorimetry (ITC) and fluorescence spectroscopy—to
obtain significant thermodynamic data.[7,8]


Surface plasmon resonance (SPR) has proven particularly
suitable for the study of lectin–carbohydrate binding[9] in a va-
riety of studies.[10, 11] Low sample demands and the ability to
evaluate interactions under dynamic conditions have made
SPR and other surface-based techniques especially relevant for
carbohydrate–protein binding studies; for instance, in the
study of cell adhesion and surface-interaction events, and in
high-throughput screening for new lectins or protein-binding
carbohydrates.[12,13]


A major issue in all surface-based techniques is the immobi-
lization of the desired ligand onto a solid support. Covalent at-
tachment is preferred over other specific interactions, such as
hydrophobic immobilization[14] or biotin/streptavidin-mediated
attachment,[15,16] as it allows an easily tunable control of the


immobilization level. This is a main concern for several applica-
tions and specifically for SPR, in which homogeneous, low-den-
sity surfaces are required for reliable quantitative kinetic infor-
mation. Furthermore, this approach renders a stable surface, a
feature that is of utmost importance for reproducible compara-
tive analyses.
Most SPR studies on sugar–protein interaction reported to


date rely on lectin immobilization. The reverse format, that is,
sugar immobilization, has been far less explored and in practi-
cally all cases requires rather demanding procedures (either
technically or sample-wise).[9] Simple, efficient methods for sur-
face capture of sugars would therefore be of considerable in-
terest for identifying novel carbohydrate–binding proteins as
well as for high-throughput lectin characterization. Additional-
ly, a general sugar capture method would greatly facilitate
profiling studies of complex carbohydrates in array type set-
tings.[17,18]


We have devised an efficient, straightforward method of oli-
gosaccharide immobilization on SPR sensor surfaces. It relies
on a short peptide tag that can be easily and selectively cou-
pled to glycans of diverse complexity through their reducing
end—the usually preferred site for sugar capture.[19] The cova-
lent linkage between the peptide N terminus and the oligosac-
charide is created by well-established peptide chemical ligation
methods.[20,21] Additional reactive amino functions on the Lys


Protein–carbohydrate interactions play a crucial role in many rel-
evant biological processes, and the development of simple and
reliable tools for their study is a well-recognized need. Surface-
based methods are particularly attractive because they i) can ef-
fectively mimic cell-surface recognition events, ii) allow the identi-
fication of low-affinity binders, iii) are easily adaptable to high-
throughput screening, and iv ) require minimal sample amounts.
We describe here the design and synthesis of a peptide module
that efficiently captures glycans through its reducing end, by
oxime ligation. Immobilization to carboxyl-functionalized sup-


ports was thereby made possible. Chemically well-defined surfa-
ces coated with selected glycan targets were generated by this
approach for surface plasmon resonance (SPR) studies. The use-
fulness of the method was demonstrated in the analysis of inter-
actions that covered a five-orders-of-magnitude affinity range;
namely, the strong binding (KA~109


m
�1) of a well-known lectin


(wheat germ agglutinin) to chitopentose (GlcNAc5), and that of
the same sugar with a weak binder (KA~104


m
�1), HEV32—the


smallest hevein domain described.
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Pharmacology Unit, Municipal Institute of Medical Research
Dr. Aiguader 80, 08003 Barcelona (Spain)
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side chains of the peptide can then be used for orienting the
immobilization by amide bonds to a carboxyl-activated sensor-
chip surface (Scheme 1). A further advantage of this design is
that the sugar–peptide probe can be readily isolated, purified,
and thoroughly characterized by MS and HPLC prior to immo-
bilization on the SPR surface.
As a proof of principle, we demonstrate the feasibility of the


method for studying the interaction between a chitopentose
and a representative lectin (wheat germ agglutinin). We also
show that our probe is useful for monitoring sugar binding to
smaller, much weaker-binding ligands, such as a hevein deriva-
tive, HEV32, recently described as a minimal chitin-binding
domain.[22]


Results and Discussion


Direct covalent immobilization of sugars, through their reduc-
ing end, on sensor surfaces is challenging because methods
from protein chemistry are not easily adapted and most of
those specifically designed for carbohydrates involve chemical-
ly demanding derivatization steps. Furthermore, carbohydrate
epitopes involved in sugar–protein recognition tend to be low-
molecular-weight motifs that do not produce large SPR signals
and thus make reliable reaction monitoring difficult. Attempts
to immobilize oligosaccharides directly on a sensor chip
through hydrazide-mediated surface activation[23] have turned
out to be impractical for SPR analysis of low affinity binders,
such as HEV32 (see below). This is because i) no significant im-


mobilization occurs under the dynamic conditions available in
a SPR apparatus (even when using very long reaction times
and high concentrations), ii) immobilization of low-molecular-
weight carbohydrates (i.e. <1000 Da) is difficult to monitor by
surface plasmon resonance, and iii) drifting baselines are often
obtained. In view of these difficulties, we decided to design a
scaffold to which almost any desired oligosaccharide could se-
lectively be fastened through a clean and efficient reaction. An
obvious choice was a peptide unit with additional reactive
groups that allows immobilization onto the SPR sensor surface.
The oxime chemoselective ligation reaction[24] between the


highly reactive amino group of an aminoxyacetyl (Aoa) con-
taining peptide and the reducing end of an oligosaccharide
has been demonstrated to be a powerful approach to glyco-
conjugates.[23,25–27] Therefore, we decided to use an Aoa residue
as the glycosyl anchoring point of our probe. Unlike many
other strategies, this capture procedure retains the reducing
properties of the derivative; thus, the first monosaccharide of
the conjugate preserves the naturally occurring closed-ring
form in equilibrium with the open one.[23,28] Two Lys residues
were incorporated into the peptide module to guide attach-
ment to the sensor surface, after activation of the carboxyl-
functionalized dextran matrix as N-hydroxysuccinimide (NHS)
ester. The incorporation of Lys residues at the C terminus of
the peptide ensures a homogeneous carbohydrate arrange-
ment on the active surface. A Phe residue was also included in
order to increase the hydrophobic character of the peptide
and facilitate subsequent purification/isolation steps
(Scheme 2). Given that steric hindrance is a major source of
problems in the direct immobilization of small (short or highly
branched) carbohydrates, the remaining Gly and Ala residues
were added to provide flexibility and increase the distance be-
tween the chip surface and the glycosyl attachment point. Se-
quences longer than the Aoa–GFAKKG peptide (including one
with an aminohexanoic acid spacer) were also explored with
poorer results. This was probably because excess conforma-


Scheme 1. Oligosaccharide immobilization by a peptide module that con-
tains two chemoselective functionalities: X to bind to the carbohydrate
reducing end and Y to react with sensitive groups on the chip surface.
R1,2,3=H or any other substituent.


Scheme 2. Oxime chemical ligation reaction between the Aoa–GFAKKG pep-
tide and an oligosaccharide. An equilibrium is established between the
imino and amino (both a and b) forms.
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tional mobility hampers an optimal arrangement for interac-
tion under dynamic conditions.
The peptide probe was readily assembled by standard solid-


phase synthesis protocols and purified to homogeneity
(Figure 1). Particular care was taken to minimize exposure of


the N-terminal aminoxy function to aldehyde and ketone im-
purities that are present in the acetonitrile? (ACN) used for RP-
HPLC purification, as undesirable by-products could arise. In
particular, a by-product with a molecular weight (MW) consis-
tent with the formation of a Schiff base between the purified
Aoa–peptide and acetone impurities (from HPLC-grade ACN)
could be detected after prolonged standing of the reaction
mixture in solution. The problem was prevented by fast pool-
ing of the HPLC-purified peptide-containing fractions, followed
by rotary evaporation to remove ACN and volatile impurities.
Several ligation conditions between the peptide module and


a panel of oligosaccharides (lactose, cellopentose, chitopen-
tose, and chitohexose) were explored[26,29] (Table 1 summarizes


results obtained with chitopentose). Since the Aoa–peptide is
soluble in a wide variety of solvents from aqueous to highly or-
ganic media, selection of an appropriate buffer is particularly
crucial for dissolving the carbohydrate at high concentrations
that significantly improve the yields. Roughly equimolecular
conditions and high concentrations of sugar and peptide
(entry H, Table 1) allow the ligation reaction to proceed with
high yields and without waste of reagents. This is interesting
for costly carbohydrates and also for facilitating subsequent
purification steps. On the other hand, large excesses of peptide
(entry J Table 1) only slightly improve the yield and entail a pu-
rification step to remove large amounts of nonglycosylated
peptide, which would compete (i.e. , give rise to unproductive
binding sites) with the lectin probe for surface binding. Ac-
cordingly, ligation between the peptide and glycan is best
carried out at 21 and 25 mm, respectively, in AcONa (0.1m,
pH 4.6) at 37 8C for 72 h. Thereby, a major product with a MW
consistent with the expected glycopeptide is obtained
(Figure 2). Unreacted aminoxy groups on the peptide were
capped by Schiff base formation with excess acetone (2 equiv)
prior to purification. This capping step increases the hydropho-
bicity of the by-product and facilitates reversed-phase separa-
tion. It also averts the undesirable acylation of the highly reac-
tive Aoa–peptide by the active esters on the sensor-chip sur-
face. Alternatively, an aldehyde-containing resin can be used to
trap the Aoa–peptide (data not shown), and the residual car-
bohydrates need not to be removed as they will not react with
the amino-capturing surface.
As a further demonstration that the ligation reaction is com-


pletely selective for the aminoxy functionality and that no
reaction with Lys side chains takes place, the glycopeptide
(GlcNAc5–peptide) was sequenced by tandem mass spectrome-
try (MS/MS; Figure 3). Fragmentation spectra acquired under
high collision energies (CEs) produced y ions that allowed both
peptide sequence and ligation site assignment. This proved
that the glycan unit was joined to the peptide N terminus by
the Aoa residue. Moreover, lower CEs produced significant y
and b ions from the fragmentation of the oligosaccharide sec-
tion. This allowed the sequencing of the monosaccharide units
and corroborated the integrity of the captured sugar. These


Figure 1. A) HPLC analysis of the purified Aoa-peptide. The peak at 9.98 min
results from a side reaction between the aminoxy function and acetone
traces in ACN. B) MALDI-TOF analysis of the purified Aoa–peptide. The spec-
trum corresponds to the peak at 5.52 min. The m/z 664.33 peak corresponds
to a fragment ion produced by cleavage of the N�O oxime bond upon
MALDI ionization.[26]


Table 1. Optimization of ligation conditions.[a]


[sugar] [peptide] buffer Yield
/mm /mm /%


A 1 1.2 92% ACN[b] 13.5
B 0.125 0.200 92% ACN 3.2
C 0.250 0.400 92% ACN 0
D 1 1.2 0.1m AcONa[c] 12.7
E 1 2 0.1m AcONa 21
F 2.4 2.5 0.1m AcONa 15
G 25 2.5 0.1m AcONa 91
H 25 21 0.1m AcONa 80
I 10 5 0.1m AcONa 82
J 5 10 0.1m AcONa 85


[a] All ligations carried out at 37 8C. [b] 92% ACN/H2O. [c] 0.1m AcOH
pH 4.6
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results clearly suggest that this approach can be expanded to
carbohydrate tagging and structural characterization by MS/
MS.[30]


In order to demonstrate the feasibility of our approach to
oligosaccharide immobilization we chose chitin and wheat
germ agglutinin (WGA) as a model sugar–lectin system and
monitored their interaction by SPR. A carbohydrate probe dis-
playing penta-N-acetyl-glucosamine (GlcNAc5), a representative
chitin structure, was synthesized as described above and im-
mobilized in one of the flow channels of a CM5 sensor chip.
Analogously, a lactose-containing glycopeptide was used to
generate a reference surface for subtracting matrix related in-
teractions. WGA was injected over the two surfaces, with Ca2+


added to both sample and running buffers, and the variation
in SPR response over time on each surface was recorded.
Sensorgrams (Figure 4A) clearly show that WGA specifically


interacts with the chitopentose while no interaction is detect-
ed with the reference cell. This proves that the carrier peptide
does not interfere in the recognition event. To further confirm


the specificity of the interaction, N-acetyl-glucosa-
mine, a known low-affinity ligand for WGA, was in-
jected over the flow cell that contained the WGA
lectin bound to the immobilized GlcNAc5. The result-
ing sensorgram (Figure 4B) clearly shows that the
monosaccharide displaces WGA from the chitopen-
tose surface until the initial baseline level is recov-
ered. In order to establish optimal conditions for
analysis, two surfaces with different immobilization
levels of chitopentose (100 and 1500 resonance
units (RU)) were prepared. The resulting sensorgrams
(Figure 5) show that low-density surfaces, generally
preferred for kinetic studies, also provide higher sen-
sitivity; however, densely populated arrays hamper
interaction, possibly due to steric hindrance.
To characterize the chitin–WGA interaction quanti-


tatively, seven different WGA concentrations were in-
jected over a sensor surface that contained 100 RU
of immobilized GlcNAc5. Sensorgrams were recorded
and corrected by subtraction of the signal from the
reference cell (Figure 6). Kinetic analysis was per-
formed by separated numerical integration of the as-
sociation and dissociation phases by using a Lang-
muir (1:1) model. Kinetic and thermodynamic param-
eters (Table 2) are similar to those reported by Zeng
et al.[31] for the binding of WGA to a polymer func-
tionalized with GlcNAc2. However, the results are
considerably better (KA two orders of magnitude
higher) than those reported by NahQlakovQ et al.[32]


for the interaction of WGA and an GlcNAc monosac-
charide derivative. The difference between our (and
Zeng and co-workers’) results and the values de-
scribed for monosaccharides underline the well-
known avidity of chitin-binding lectins towards poly-
saccharides.
Once our approach was shown to be useful for


monitoring sugar–lectin binding in a well-known
system, such as chitin–WGA, we tested the same car-


bohydrate probe on a more challenging chitin-binding protein.
HEV32 is a hevein-derived peptide that has been postulated to
be a minimal chitin-binding domain[22] with much lower molec-
ular weight and weaker affinity for carbohydrates than other
known lectins. HEV32 was injected at seven different concen-
trations on the chitin-surface and sensorgrams were recorded
as described (Figure 7). Results again clearly show a specific in-
teraction between the peptide and the immobilized chitopen-


Figure 2. MALDI-TOF analysis of A) GlcNAc5– and B) lactose–Aoa–GFAKKG conjugates.
Both glycopeptides were easily detected by using standard reflector mode and positive
detection. Peaks from carbohydrate fragmentation (loss of GlcNAc, 203 Da) were also
observed for the chitopentose probe.


Table 2. Kinetic and thermodynamic data of WGA binding to chito-oligo-
saccharides.


Ka [m
�1 s�1] Kd [s


�1] KA [m
�] c2


GlcNAc5 3.58S105 1.27S10�4 2.26S109 0.301
GlcNAcn


[a] 6.9S105 6.5S10�4 1.1S109 –
GlcNAc[b] 4.67S104 4.96S10�4 9.42S107 –


[a] Polymer containing GlcNAc2 units.
[31] [b] 2-acetamido-2-deoxy-b-d-glu-


copyranosylmethylamine.[32]
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tose. In this case, none of the available mathematical models
for numerical integration could be fitted to the data and thus
kinetic and thermodynamic constants could not be derived.
This could be explained by very fast association and dissocia-
tion rates for the sugar–protein complex, and/or by the forma-
tion of multivalent complexes, such as those observed by NMR
for HEV32 (and also native hevein) and large polysaccharides
like GlcNAc5.


[8, 22] Therefore, affinity constants were calculated
by using a general steady state model that assumes the
system achieves equilibrium during sample injections. This is
the case in our experiments, as a plateau is reached before the
dissociation phase. A plot of the response signal at equilibrium
as a function of concentration is adjusted to a hyperbolic
equation (Figure 8) from which the thermodynamic affinity
constants can be obtained. The goodness of the fitting was as-
sessed by the r2 and c2 values, 0.9996 and 1.98, respectively. A
KA of 2.31S10


4
m


�1 was obtained, which is in good agreement


with previously reported fluo-
rescence and NMR data for
HEV32 binding to other chito-
oligosaccharides.[22]


Conclusion


Efficient and selective methods
for oligosaccharide immobiliza-
tion are a pressing requirement
for gaining insight into protein–
carbohydrate interactions[33] and
deciphering the sugar code.[6]


This work shows that an Aoa-
functionalized designed peptide
can be used to selectively cap-
ture carbohydrates neatly and
efficiently through their reduc-
ing end to give a native-like gly-
coconjugate. Oxime ligation be-
tween the Aoa–peptide and
various glycans is efficient and
simple, and no relevant by-
products are generated. It could
thus be used to capture com-
plex carbohydrates that can
only be obtained in minute
amounts. The resulting glyco-
peptide can then be immobi-
lized under strictly controlled
conditions and used as a carbo-
hydrate surface probe for SPR
kinetic studies or high-through-
put screening of novel carbohy-
drate-binding proteins. Our ap-
proach provides an alternative
to the recently described prepa-
ration of oligosaccharide micro-
arrays based on neoglycolipid
technology.[34,35] The orientation


and accessibility of the sugar moiety is a key issue in surface-
based carbohydrate-recognition systems. We are reasonably
confident that tethering the sugar to the chip surface through
our designed peptide module favors optimum sugar display.
Experiments with WGA show that the peptide moiety does not
interfere with protein–carbohydrate binding, and that accurate
kinetic and thermodynamic data (consistent with previously re-
ported results) can be obtained. The method has also proven
useful for evaluating the interaction of carbohydrates with
small, low-affinity binders, such as the HEV32 peptide. Thus,
this method constitutes a general tool for the investigation of
protein–carbohydrate interactions.


Experimental Section


Materials : Fmoc (N-a-(9-fluorenylmethyloxycarbonyl)) protected
amino acids were purchased from Senn Chemicals (Dielsdorf, Swit-


Figure 3. Q-TOF MS/MS spectra of the GlcNAc5–Aoa–GFAKKG glycopeptide by using different CEs. A) Fragmenta-
tion spectrum obtained under high CE displays characteristic y ions, which result from breakage at the peptide
linkages. This confirms that the oligosaccharide is attached to the aminoxy group. B) Low CE provides a fragmen-
tation spectrum with valuable information on the glycosidic part (both b and y series observed) of the carbohy-
drate probe.
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zerland) and tert-butyloxycarbonyl–Aoa (Boc–Aoa) from
Novabiochem (LUufelfingen, Switzerland). p-Methylbenz-
hydrylamine (MBHA) resin and 2,4-dimethoxy-4’-(carbox-
imethyloxy)-benzhydrylamine (Rink amide) linker were
from Bachem (Bubendorf, Switzerland). 2-(1H-benzo-
triazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate (HBTU) and N-hydroxybenzotriazole (HOBt) were
from Albatross Chem (Montreal, Canada). Chito- and
cello-oligosaccharides and lactose (Gal(b1–4)Glc) were
from Toronto Research Chemicals (Toronto, Canada) and
wheat germ agglutinin (WGA) from BioChemika (Madrid,
Spain). HPLC-grade ACN, peptide synthesis-grade N,N-
dimethylformamide (DMF), N,N-diisopropylethylamine
(DIEA) and trifluoroacetic acid (TFA) were from SDS
(Peypin, France). Other reagents were from Sigma–Al-
drich (Madrid, Spain).


Peptide synthesis : The carrier peptide, Aoa–GFAKKG,
was manually assembled as a C-terminal carboxamide
on a Rink-amide p-MBHA resin (0.67 mmolg�1) by using
standard Fmoc solid-phase synthesis protocols[36] at the
0.1 mmol scale. Lysine side chains were protected with
Boc groups. Couplings were performed with Fmoc–
amino acid, HBTU, and HOBt (5 equiv each), and DIEA
(10 equiv) in DMF. For the coupling of the Boc–Aoa,


3 equiv of amino acid, HBTU, and HOBt were used in the presence
of 6 equiv of DIEA. The peptide was fully deprotected and cleaved
from the resin by treatment with cocktail R (TFA/anisole/thioani-
sole/EDT, 90:2:5:3 v/v/v/v) for 2 h at RT. The Aoa-containing pep-
tide was isolated by precipitation with cold tert-butyl methyl ether
and centrifugation, then taken up in acetic acid (0.1m) and lyo-
philized. For preparative HPLC purification, a linear gradient from
0 to 15% of ACN in TFA/water (0.1%) on a Phenomenex Luna
C8 column (10 mm, 1.0S25 cm) was used, at a flow rate of
5 mLmin�1, in a Shimadzu LC-8 A instrument. Fractions judged to
be homogeneous by analytical HPLC were promptly pooled to-
gether, rotary evaporated to remove all ACN and volatile impurities
that could react with the free aminoxy functionality, and lyophi-
lized (see Results and Discussion). The purified peptide module
was further characterized by MALDI-TOF and ESI MS and quantified
by amino acid analysis. HEV32 was synthesized as previously de-
scribed.[22]


Figure 4. A) Selective interaction of WGA (7.81 nm) with the GlcNAc5–pep-
tide surface. No interaction was observed with the reference cell which con-
tained immobilized lactose. B) Competition experiment for WGA. A lectin so-
lution (60 mL, 3.91 nm) was injected over a flow cell that contained immobi-
lized GlcNAc5, at 20 mLmin


�1. This was then replaced by running buffer and
the carbohydrate–lectin complex was allowed to dissociate. Finally, a GlcNAc
solution (10 mL, 0.5m) was injected to promote the displacement of bound
WGA and the recovery of the baseline. Thus the specificity of the measured
interaction with the sensor surface was demonstrated.


Figure 5. Binding of WGA (250 nm) on low (100 RU) and high (1500 RU) den-
sity surfaces of immobilized carbohydrate probe.


Figure 6. Binding of WGA to immobilized GlcNAc5 at seven different concentrations.
A) Numerically fitted association and dissociation curves using a Langmuir model are
shown in black. B) A plot of the residuals (difference between experimental and fitted
data) as a function of time. Residuals below 2 for all curves ensure the good quality of
the fitting (c=0.301). A sensorgram obtained for 7.81 nm WGA was removed from the
calculations, as its residual distribution was nonrandom.
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Carbohydrate probe synthesis and characterization : Several reac-
tion conditions were explored. In our optimal protocol, peptide so-
lution (21 mm) in AcONa (0.1m, pH 4.0), was added to the dry oli-
gosaccharide to give a final concentration of 25 mm. The reaction
proceeded at 37 8C for 72 h and its progress was efficiently moni-
tored by measuring the decrease of the peptide signal by HPLC.
Once the reaction was complete, the glycopeptides were purified
by preparative HPLC, as described above. Homogeneous fractions
containing the desired product (confirmed by MALDI-TOF MS)
were pooled and lyophilized. In order to confirm that the ligation
site was between the reducing end of the oligosaccharide and the
aminoxy functionality of the peptide, the resulting glycopeptide
was sequenced by MS/MS in a Q-Star-Pulsar nanospray instrument
(Applied Biosystems, Foster City, CA, USA). Different collision ener-
gies were used to obtain optimal fragmentation of the two regions
of the molecule: 50, 45, and 40 eV for the glycosidic and 70, 65,
and 60 eV for the peptide moieties. Analysis of the fragmentation
spectra by means of the Analyst software package (Applied Biosys-
tems, Foster City, CA, USA) allowed the determination of the pep-
tide and glycosidic sequences and the ligation site.


Surface plasmon resonance studies : All SPR measurements were
carried out on a BIAcore 3000 instrument (Biacore, Uppsala,
Sweden) by using a CM5 sensor chip and HBS-P (0.01m HEPES
pH 7.4, 0.15m NaCl, 0.005% Surfactant P20) as running buffer. For
lectin–carbohydrate binding experiments, CaCl2 was added to both
sample and running buffers to give a final concentration of 5 mm.


All reagent solutions were freshly prepared, filtered through a
0.22 mm filter, and degassed by sonication.


Immobilization of carbohydrate probes to CM5 chip : Carboxyl
groups on the chips’ dextran matrix were activated by the forma-
tion of an NHS ester by using the standard procedure recommend-
ed by BIAcore. The surface was activated by injecting a freshly
made solution of NHS (0.05m) and EDC (0.2m) in water (35 mL), at
5 mLmin�1. Then the glycopeptide probe was dissolved in running
buffer (up to 100 mgmL�1) and injected over the activated flow cell
during 14 min, at a flow rate of 5 mLmin�1. For kinetic experiments,
an immobilization level of 100 RU was aimed at. Unreacted active
esters were neutralized by injection of ethanolamine (1m, pH 8.5;
35 mL) at a flow rate of 5 mLmin�1. Finally, the surface was equili-
brated by repeated injections of HCl (10 mm) and NaCl (0.5m) until
a stable baseline was obtained. The reference flow cell was analo-
gously obtained by immobilization of a lactose-carrying glycopep-
tide on the first flow cell of the sensor chip (Fc1).


Lectin binding experiments : WGA solutions in the 0.48–250 nm
concentration range were prepared in HBS-P buffer that contained
CaCl2 (5 mm), by dilution from a protein stock solution (58 mm) in
PBS. The dilutions were injected (60 mL) at 20 mLmin�1 over the
active surface. After protein injection, sample solution was replaced
by running buffer and the carbohydrate–lectin complex allowed to
dissociate for 4 min. The active surface was regenerated by two
series of GlcNAc (0.5m) and HCl (10 mm) injections (10 mL each) at
20 mLmin�1. Kinetic data were obtained by consecutive injections
of WGA solutions (as above) over an active surface with immobi-
lized GlcNAc5. The signal of the reference flow cell was subtracted
with an automated method. HEV32 binding experiments were per-
formed by injecting peptide samples in the 0.78–100 mm range dis-
solved in HBS-P, as described for WGA.


Sensorgrams were analyzed by curve fitting by using numerical in-
tegration algorithms in the BIAevaluation 3.0 software package.


Acknowledgements


This work was supported by funds from the Spanish Ministry of
Science and Technology (grant BIO2002-04091-C03-01 to D.A.).
M.V.-P. thanks the Department of Universities and Research of
Generalitat de Catalunya, Spain, for a predoctoral fellowship. We
also acknowledge Dr. Paula Gomes (Porto University, Porto, Por-
tugal) for helpful discussions on SPR.


Keywords: biosensors · immobilization · lectin–sugar
recognition · peptide ligation · surface plasmon resonance


[1] H. J. Gabius, S. Gabius, Glycosciences: Status and Perspecives, Chapman
& Hall, London, 1997.


[2] H. Rudiger, H. C. Siebert, D. Solis, J. Jim�nez-Barbero, A. Romero, C. W.
von der Lieth, T. DVaz-Marino, H. J. Gabius, Curr. Med. Chem. 2000, 7,
389.


[3] F. Garca-Olmedo, A. Molina, J. M. Alamillo, P. RodrVguez-Palenzuela, Bio-
polymers 1998, 47, 479.


[4] A. Varki, Glycobiology 1993, 3, 97.
[5] R. A. Dwek, Chem. Rev. 1996, 96, 683.
[6] H. J. Gabius, H. C. Siebert, S. Andre, J. Jim�nez-Barbero, H. Rudiger,


ChemBioChem 2004, 5, 740.
[7] J. L. Asensio, F. J. CaÇada, M. Bruix, A. RodrVguez-Romero, J. Jim�nez-


Barbero, Eur. J. Biochem. 1995, 230, 621.


Figure 7. Binding of HEV32 at seven different concentrations over immobi-
lized GlcNAc5. Signal from a lactose–peptide reference cell was subtracted.


Figure 8. Equilibrium response as a function of HEV32 concentration. Exper-
imental data (black squares) were fitted by using the steady state model to
obtain values for the thermodynamic association and dissociation constants.


ChemBioChem 2005, 6, 1831 – 1838 D 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org 1837


Glycopeptide Surface Chip for Lectin Capture



www.chembiochem.org





[8] J. L. Asensio, F. J. CaÇada, H. C. Siebert, J. Laynez, A. Poveda, P. M. Nieto,
U. M. Soedjanaamadja, H. J. Gabius, J. Jim�nez-Barbero, Chem. Biol.
2000, 7, 529.


[9] E. Duverger, N. Frison, A. C. Roche, M. Monsigny, Biochimie 2003, 85,
167.


[10] D. A. Mann, M. Kanai, D. J. Maly, L. L. Kiessling, J. Am. Chem. Soc. 1998,
120, 10575.


[11] R. Guti�rrez Gallego, S. R. Haseley, V. F. van Miegem, J. F. Vliegenthart,
J. P. Kamerling, Glycobiology 2004, 14, 373.


[12] E. A. Smith, W. D. Thomas, L. L. Kiessling, R. M. Corn, J. Am. Chem. Soc.
2003, 125, 6140.


[13] S. Park, M. R. Lee, S. J. Pyo, I. Shin, J. Am. Chem. Soc. 2004, 126, 4812.
[14] D. Wang, S. Liu, B. J. Trummer, C. Deng, A. Wang, Nat. Biotechnol. 2002,


20, 275.
[15] Y. Kaneda, R. F. Whittier, H. Yamanaka, E. Carredano, M. Gotoh, H. Sota,


Y. Hasegawa, Y. Shinohara, J. Biol. Chem. 2002, 277, 16928.
[16] Y. Shinohara, H. Sota, M. Gotoh, M. Hasebe, M. Tosu, J. Nakao, Y. Hase-


gawa, M. Shiga, Anal. Chem. 1996, 68, 2573.
[17] S. Fukui, T. Feizi, C. Galustian, A. M. Lawson, W. Chai, Nat. Biotechnol.


2002, 20, 1011.
[18] O. Blixt, S. Head, T. Mondala, C. Scanlan, M. E. Huflejt, R. Xlvarez, M. C.


Bryan, F. Fazio, D. Calarese, J. Stevens, N. Razi, D. J. Stevens, J. J. Skehel,
I. van Die, D. R. Burton, I. A. Wilson, R. Cummings, N. Bovin, C.-H. Wong,
J. C. Paulson, Proc. Natl. Acad. Sci. USA 2004, 101, 17033.


[19] R. I. Osmond, W. C. Kett, S. E. Skett, D. R. Coombe, Anal. Biochem. 2002,
310, 199.


[20] G. J. Cotton, T. W. Muir, Chem. Biol. 1999, 6, R247.
[21] P. E. Dawson, S. B. Kent, Annu. Rev. Biochem. 2000, 69, 923.


[22] N. Aboitiz, M. Vila-Perello, P. Groves, J. L. Asensio, D. Andreu, F. J.
Canada, J. Jimenez-Barbero, ChemBioChem 2004, 5, 1245.


[23] F. Guillaumie, O. R. Thomas, K. J. Jensen, Bioconjugate Chem. 2002, 13,
285.


[24] K. Rose, J. Am. Chem. Soc. 1994, 116, 30.
[25] S. E. Cervigni, P. Dumy, M. Mutter, Angew. Chem. 1996, 108, 1325;


Angew. Chem. Int. Ed. Engl. 1996, 35, 1230.
[26] Y. Zhao, S. B. Kent, B. T. Chait, Proc. Natl. Acad. Sci. USA 1997, 94, 1629.
[27] S. I. Nishimura, K. Niikura, M. Kurogochi, T. Matsushita, M. Fumoto, H.


Hinou, R. Kamitani, H. Nakagawa, K. Deguchi, N. Miura, K. Monde, H.
Kondo, Angew. Chem. 2005, 117, 93; Angew. Chem. Int. Ed. 2005, 44, 91.


[28] J. Hirabayashi, Trends Glycosci. Glycotechnol. 2004, 16, 63.
[29] L. E. Canne, A. R. Ferr�-D’Amar�, S. K. Burley, S. B. H. Kent, J. Am. Chem.


Soc. 1995, 1995, 2998.
[30] D. J. Harvey, Mass Spectrom. Rev. 1999, 18, 349.
[31] X. Zeng, T. Murata, H. Kawagishi, T. Usui, K. Kobayashi, Carbohydr. Res.


1998, 312, 209.
[32] J. NahQkovQ, J. Svitel, P. Gemeiner, B. Danielsson, B. Pribulova, L. Petrus,


J. Biochem. Biophys. Methods 2002, 52, 11.
[33] L. L. Kiessling, C. W. Cairo, Nat. Biotechnol. 2002, 20, 234.
[34] T. Feizi, W. Chai, Nat. Rev. Mol. Cell Biol. 2004, 5, 582.
[35] S. Park, M. R. Lee, S. J. Pyo, I. Shin, J. Am. Chem. Soc. 2004, 126, 4812.
[36] G. B. Fields, R. L. Noble, Int. J. Pept. Protein Res. 1990, 35, 161.


Received: March 29, 2005


Published online on September 5, 2005


1838 www.chembiochem.org D 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2005, 6, 1831 – 1838


D. Andreu et al.



www.chembiochem.org






DOI: 10.1002/cbic.200400420


Design, Synthesis and Biological Evaluation of
Sugar-Derived Ras Inhibitors
Francesco Peri,*[a] Cristina Airoldi,[a] Sonia Colombo,[a] Enzo Martegani,[a] Anske
Stephanie van Neuren,[b] Matthias Stein,[c] Chiara Marinzi,[a] and
Francesco Nicotra[a]


Introduction


Ras proteins are members of the superfamily of GTP-binding
proteins and play an important role in signalling pathways that
control cell growth and differentiation. They function as molec-
ular switches by cycling between a GDP-bound inactive state
and a GTP-bound active state. Human Ras exists in four differ-
ent variants with an approximate molecular mass of 21 KDa.
The first 165 of the 189 amino acid residues of the proteins
show a high degree of sequence identity, but the rest of their
sequences diverge.[1] Ras has been the subject of many phar-
maceutical, genetic and biochemical studies.[2] Among the
many results, it was found that the proto-oncogene that codes
for Ras is mutated in about 20–30% of human tumours.[3] The
oncogenic versions of Ras contain point mutations that block
GTPase activity. This process in turn inhibits the cycling of the
switch and leads to accumulation of the active form of Ras,
thus contributing to tumour formation. Inhibition of the nucle-
otide-exchange process of mutated, tumourigenic Ras proteins
therefore represents a potentially powerful strategy for pre-
venting tumour formation and growth.
Traditional inhibitors designed for this purpose bear a gua-


nine nucleotide residue or an analogue, but more recently a
novel non-nucleotidic generation of Ras inhibitors that block
the GDP–GTP exchange process has been developed in the
Schering–Plough research institute.[4] Compounds SCH-53870
and SCH-54292 inhibited Ras activation with an activity in the
lower mm range. The formation of tertiary complexes between


the SCH inhibitors and Ras–GDP was observed by ESI mass
analysis,[5] and, in the case of SCH-54292, a model of the terti-
ary complex was obtained by using NOE distances from NMR
experiments.[6] This model places the naphthyl group of the
ligand in a hydrophobic pocket in the vicinity of the critical
Switch II region (residues 60–70). Both the Switch II and the
Switch I regions (residues 30–37) undergo structural changes
upon GTP binding and GTP hydrolysis. Furthermore, both
switch regions are involved in the interaction with the guanine
nucleotide-exchange factors (GEFs) and the GTPase-activating
proteins (GAPs) that modulate Ras activity.[7] The model for the
ligand–Ras–GDP complex showed that the sugar moiety of
SCH-54292 points out of the binding site and therefore does
not appear to be crucial for the binding of the ligand with Ras.
On the other hand, the hydroxylamine group seems to play an
important role in the binding by being in close proximity to
both the Mg2+ ion and the b-phosphate group of the bound
GDP.
In this study, molecular modelling and virtual ligand docking


were used in order to develop a new class of Ras inhibitors
structurally related to the Schering–Plough inhibitors that
could constitute similar ligand–Ras–GDP complexes. Here we
present the chemical synthesis, in vitro and in vivo Ras inhibi-
tor activity and the rationalisation of the binding modes of
these compounds.


[a] Dr. F. Peri, C. Airoldi, S. Colombo, E. Martegani, C. Marinzi, F. Nicotra
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The design and synthesis of novel Ras inhibitors with a bicyclic
scaffold derived from the natural sugar d-arabinose are present-
ed. Molecular modelling showed that these ligands can bind Ras
by accommodating the aromatic moieties and the phenylhydrox-


ylamino group in a cavity near the Switch II region of the protein.
All the synthetic compounds were active in inhibiting nucleotide
exchange on p21 human Ras in vitro, and two of them selectively
inhibited Ras-dependent cell growth in vivo.
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Results and Discussion


Proof-of-concept: Docking of known binders


In order to validate the computational (docking) methodology,
we initially investigated the interaction of the Schering–Plough
inhibitors with Ras using the Glide program.[8] All of the known
compounds docked well into the binding site in close prox-
imity to the Switch II region. SCH54292, SCH53239 and
SCH53870, each bearing a naph-
thyl group, were oriented in the
binding site in accordance with
the experimentally derived NOE
distances. The orientation of the
inhibitors within the binding site
was found to be similar to that
described by Schering–Plough,[6]


with the hydroxylamine group
coordinating with both the biva-
lent Mg2+ ion and the b-phos-
phate of GDP, whereby an aro-
matic-charged interaction be-
tween the phenyl group and
Lys16 is induced. The sugar
moiety of SCH-54292 and the
guanine moiety of SCH-53239
point out of the binding pocket
and are not involved in signifi-
cant interactions with the pro-
tein. However, we found impor-
tant hydrogen-bond interactions not mentioned by the Scher-
ing–Plough research institute; namely between the sulfona-
mide group of the inhibitor and Gly10/Gly60, and between the
hydroxylamine group of the ligand and Thr58 (Figure 1).
The interactions of the inhibitors’ hydroxylamine groups


with the magnesium ion and the b-phosphate of GDP are the
main constituents of the binding enthalpy, and these interac-
tions are therefore the major contributors to the GlideScore,
which is an indication of the binding affinity for Ras.


Docking of novel structures


In the light of these encouraging results, the Glide program
was applied to the in silico screening of novel inhibitors. Since
the saccharidic moiety was shown not to interact with the pro-
tein, a series of structures lacking this residue was designed as
potential new inhibitors. Compounds 1–4 present the putative
pharmacophore groups covalently bound to a bicyclic core de-
rived from the natural sugar d-arabinose (Scheme 1). The bicy-
clic moiety, whose synthesis from d-arabinose was developed
by our group,[9] is a conformationally rigid scaffold, able to
orient the pharmacophores (the hydroxylamino and the two
aromatic groups) in a spatial arrangement potentially suitable
for binding with the Ras–GDP complex. Compounds 1–4 fit
well into the binding pocket, as observed by docking the mol-
ecules into the model of the Ras–GDP complex (Figure 2) and
have very similar docking scores (Table 1). The two aromatic


rings of the benzyl ethers on the bicyclic scaffold were expect-
ed to fill the hydrophobic pocket in an analogous way to the
naphthalene groups of the Schering inhibitors. This is the case
for only one of the aromatic rings, the second aromatic ring
points out of the binding cavity (Figure 2). As expected, the
phenyl group bearing the hydroxylamine is accommodated in
the narrow pocket in close proximity to the Mg2+ ion, proba-
bly interacting with Lys16 through an aromatic-charge interac-
tion. The hydroxylamino groups of all four compounds are


Figure 1. Stereoview of compound SCH-53870 docked into the binding site of human p21 Ras.GDP; the molecu-
lar surface of the protein in close proximity to the ligand is coloured as follows: yellow for neutral residues, blue
for positively charged residues and red for negatively charged residues. The Mg2+ ion is depicted as a blue CPK-
model, and part of the GDP molecules is depicted as an atom-type coloured ball-and-stick model.


Scheme 1. Structures of compounds 1–4 ; the hydroxylamino and phenyl
pharmacophore groups are oriented in different ways depending upon the
C-2 configuration of the bicycle.
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able to coordinate with both the bivalent Mg2+ ion and the b-
phosphate of GDP, thus providing a strong polar interaction.
Furthermore, in analogy with the binding model of the Scher-
ing–Plough compounds, the backbone carbonyl group of
Thr58 is also an important potential hydrogen-bond-interac-
tion partner for all four new compounds. In the modelled Ras–
GDP-inhibitor complexes, the different configurations (S in 1
and 3, R in 2 and 4) of C-2 in the bicyclic cores and the differ-
ent nature of the hydrogen-bond-forming groups (amide or


sulfonamide) do not significantly influence the ligands’ orienta-
tions within the binding pocket of Ras, neither are the ligands’
predicted binding affinities (GlideScores) for Ras significantly
different.


Chemical synthesis


Compounds 1–4 were prepared in parallel syntheses from the
diastereomeric couple of precursors (R)-5 and (S)-5 with, re-
spectively, R and S configuration at C-2. Both bicycles were
obtained from d-arabinofuranose through the iodo-promoted
cyclisation of allyl-C-glycoside, as described elsewhere.[9b] Bicy-
clic azides (R)-5 and (S)-5 were treated with triphenylphosphine
in THF in the presence of 1% water to generate the corre-
sponding amines (R)-6 and (S)-6 (Scheme 2), which were fur-
ther treated with p-nitrobenzenesulfonyl chloride and triethyla-
mine in dichloromethane to yield sulfonamides (R)-8 and (S)-8,
respectively. (R)-6 and (S)-6 were also condensed with p-nitro-
benzoic acid in the presence of N-hydroxybenzotriazole
(HOBt), diisopropylcarbodiimide (DIC) and diisopropylethyla-
mine (DIPEA) to obtain p-nitrobenzenecarboxyamides (R)-7
and (S)-7. Final reduction of the nitro groups with zinc and am-
monium chloride in methanol generated the target com-
pounds 1–4. Compounds 1–4 were unstable in any organic


Table 1. IC50 values and binding affinities for compounds 1–4 and SCH-
53870.


Compound IC50 [mm]
[a] GlideScore Percentage of


top 40[b]


1 76.0�1.4 �10.2 17%
2 57.3�5.8 �9.9 25%
3 35.5�0.7 �10.0 42%
4 62.3�5.7 �10.1 15%
SCH-53870 56.0�5.2 �8.9


[a] Data represent the mean�SD (n=3). [b] For each of the four com-
pounds, the 20 highest-scoring poses were selected, the 40 best scoring
poses were selected from these 80 poses, and the recovery rate for each
compound was calculated.


Figure 2. Docking of compounds A) 1, B) 2, C) 3 and D) 4 into the binding cavity of Ras.
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solvent as well as in water/DMSO mixtures at room
temperature, and their oxidative degradation to the
corresponding nitroso and azooxy derivatives is con-
sistent with literature reports on hydroxylamine sta-
bility.[10] However, we did not observe significant deg-
radation, as assessed by NMR analysis, after storage
of compounds 1–4 as solids at �80 8C for months. In
order to minimise oxidative degradation during in-
hibition assays, the bioactivity of these compounds
was evaluated in the presence of dithiothreitol (DTT).


In vitro characterisation of Ras inhibitors


Compounds 1–4 were initially tested in vitro to inves-
tigate their ability to inhibit C-Cdc25mm-stimulated
nucleotide exchange on purified human Ras protein
(p21h-Ras). For this purpose a modified version of
Lenzen’s method was used.[11] The C-Cdc25mm-stimulated gua-
nine nucleotide exchange was monitored in the presence of
an excess of the fluorescent 2’(3’)-O-(N-methylantraniloyl)-GTP
(mant-GTP). p21h-Ras was incubated with mant-GTP in the ab-
sence and in the presence of increasing concentrations of the
putative inhibitors 1–4. Compound SCH-53870 was used as a
positive control in the same experimental conditions. The ex-
change reaction was started by the addition of Cdc25.
The Cdc25-stimulated nucleotide exchange on p21h-Ras in


the presence of increasing concentrations (20 to 100 mm) of 2
is significantly inhibited in a dose-dependent manner in vitro
(Figure 3).
IC50 values for compounds 1–4 and for SCH-53870 (Table 1)


are of the same order of magnitude, with 3 being slightly
more potent than all the others. In vitro activities and docking
scores of the bicyclic ligands suggest that they find analogous
accommodation into the Ras cavity and thus have very similar


binding orientation and affinity. For these reasons, further bio-
logical characterisation was performed only on compounds 2
and 4, because of advantages in their preparation.[12]


On the other hand, a very significant difference between the
behaviour of 2 and 4 in comparison with SCH-53870 results
from the analysis of kinetics of exchange, whereby an interest-
ing inhibition of the fluorescent nucleotide binding is ob-
served.[13]


The mechanism of action of the inhibitors was also investi-
gated in a nucleotide-dissociation assay by measuring the re-
lease of fluorescent nucleotide by the Ras·mant-GDP complex
in the presence of GDP and the exchange factor. A strong in-
hibition of guanine nucleotide release from Ras, and therefore
a blocking of the exchange, was observed in the presence of 2
and 4 (Figure 4).


Scheme 2. Synthesis of bicyclic compounds 1–4. a) PPh3,THF, H2O, 70 8C (75% for (R)-6, 96% for (S)-6) ; b) p-nitrobenzoic acid, HOBt, DIC, DIPEA, DMF (87% for
(R)-7, 98% for (S)-7) ; c) p-nitrobenzenesulfonamide, Et3N, CH2Cl2 (87% for (R)-8, 96% for (S)-8) ; d) Zn, NH4Cl, MeOH (89% for 1, 93% for 2, 87% for 3, 54% for
4).


Figure 3. Cdc25mm-stimulated nucleotide exchange on p21h-Ras in the presence of in-
creasing concentrations of 2.
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In vivo characterisation of Ras inhibitors: Inhibition of yeast
growth


It is well known that yeast cells have signal-transduction path-
ways that are similar to those of mammalian cells and many
genes that are structurally and functionally homologous to
human genes. On the other hand, yeast cells grow faster and
present a simpler cellular organisation. The functional conser-
vation between mammalian p21 Ras and yeast Ras proteins
and the deep knowledge of the Ras-dependent processes in
yeast offer the possibility of using S. cerevisiae as a model or-
ganism for studying Ras function and interactions with its
modulators and/or inhibitors.
Two homologues of mammalian
p21 Ras, Ras1 and Ras2, have
been identified in S. cerevisiae,
and it has been demonstrated
that these proteins are normally
required for cell growth and pro-
liferation.[14,15] Yeast Ras proteins
are in fact key elements of a
signal-transduction pathway that
is involved in nutrient sensing
and growth control. The main
component of this pathway is
adenylate cyclase, which cataly-
ses the synthesis of cAMP. This
molecule activates the cAMP-de-
pendent protein kinase (PKA), an
enzyme composed of catalytic
subunits encoded by the TPK1,
TPK2 and TPK3 genes, along with
regulatory subunits encoded by
the BCY1 gene. The catalytic
subunits phosphorylate sub-
strate proteins involved in many
important cellular processes,
such as cell growth. In S. cerevi-
siae, adenylate cyclase activity is
controlled by the Ras pro-


teins.[14,15] Since these proteins are normally required for cell
growth and proliferation, it is possible to test the in vivo activi-
ty of Ras inhibitors by monitoring their ability to inhibit or to
reduce cell growth. Consequently, compounds SCH-53870 and
1–4 were used to perform an inhibition test in a liquid
medium on two different strains: a wild-type W303-1A and a
ras1D, ras2D, bcy1 strain. In this latter strain, the bcy1 mutation
bypasses the need of Ras for the cells to grow.[14] We expect a
normal growth phenotype in such a strain (as in a wild-type
without addition of inhibitors) if the inhibitor interacts selec-
tively with the Ras proteins, while we expect inhibition or re-
tardation of growth if the inhibitor interacts with other compo-
nents involved in Ras-independent pathways. Therefore this
strain allows the specificity of the inhibitors for the Ras/cAMP/
PKA pathway to be tested. W303-1A and ras1D, ras2D, bcy1
strains were grown until the early exponential phase. The cul-
tures were then divided into aliquots: one aliquot was allowed
to continue growing without addition of the inhibitor, while
compounds SCH-53870 and 1–4 were added to the other ali-
quots at a final concentration of 200 mm (Figure 5).
At different time points, a sample of culture was collected


for cell-number determination. Addition of compounds 2, 3
and 4 to a wild-type W303-1A strain completely inhibited cell
growth, an almost complete inhibition was observed after ad-
dition of SCH-53870, while 1 was inactive (Figure 5A). On the
other hand, only a small decrease in the cell growth was ob-
served in strains ras1D, ras2D, bcy1, after addition of 2 and 4,
while 3 and SCH-53870 were not very specific at this concen-
tration. As expected, 1 was inactive (Figure 5C). Since all the


Figure 4. C-Cdc25mm-stimulated dissociation of p21h-Ras.mant-GDP com-
plexes. The second column represents nucleotide dissociation due to Ras
intrinsic GTPase activity. The values are expressed as a percentage of the
control dissociation rate (5.4K10�3 s�1).


Figure 5. Inhibition test in liquid medium. W303-1A (A, B) and ras1D, ras2D, bcy1 (C, D) cells were grown until the
early exponential phase and then divided into aliquots: one aliquot was allowed to continue growing without ad-
dition of the inhibitor (~), while molecules SCH-53870 (~), 1 (*), 2 (&), 3 (^) and 4 (*) were added to the other
aliquots at a final concentration of either 200 (A, C) or 50 mm (B, D). At different time points, a sample of culture
was collected to determine the cell number.
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arabinose-derived inhibitors (with the exception of 1) com-
pletely inhibited cell growth at a concentration of 200 mm, the
same inhibition tests were performed at a final inhibitors con-
centration of 50 mm (Figure 5B, D). Under these conditions, a
reduction in cell growth was observed in strain W303-1A in the
presence of 2, 4 and SCH-53870, while a complete inhibition
of cell growth was observed with 3. These results are in agree-
ment with the in vitro analysis, in which 2, 4 and SCH-53870
were observed to have a lower inhibitory capacity than 3.
When added to strain ras1D, ras2D, bcy1, 2 and 4 are inactive,
while a small reduction in cell growth was observed after addi-
tion of 3 and SCH-53870.
These experiments on yeast cells suggest that our inhibitors


specifically inhibit Ras-dependent growth, with compounds 2
and 4 giving the most significant results.


Effect of Ras inhibitor on mammalian cells


In order to investigate a specific effect on Ras-mediated signal-
ling in vivo, inhibition of mammalian cell growth by com-
pounds 2 and 4 was evaluated both in normal cells and in
cells that had been transformed by k-Ras Arg12. Compounds 2
and 4 inhibit the growth of normal mouse fibroblasts NIH3T3
at a concentration of 100 mm ; this effect was even more pro-
nounced in k-Ras-transformed NIH3T3, here a complete arrest
of growth is observed with 4 (Figure 6).
In order to verify that compounds 2 and 4 cause the in vivo


inhibition of the Ras-mediated signalling, preliminary experi-
ments were performed to measure the level of activation of
MAPK after addition of the inhibitors to normal 3T3 fibroblasts
growing in 10% serum. A pronounced decrease in phospho-
MAPK expression was observed after 5 h at a final concentra-
tion of 50 mm ; at 100 mm a stronger inhibition was observed
(Figure 7).


Conclusion


Arabinose-derived bicyclic compounds 2 and 4 inhibit GTP as-
sociation to Ras and GDP dissociation, as observed in vitro.
Furthermore, compounds 2 and 4 are active in inhibiting cell
growth in transformed mouse fibroblasts NIH3T3 with mutated
Ras, and showed a specificity of action, having a negligible
effect on Ras-independent ras1D, ras2D, bcy1 yeast cell strains.
Compound 1, the least potent inhibitor in vitro, is completely
inactive in inhibiting yeast cell growth in vivo. Compound 3
showed good activity in vitro, but low specificity and toxic ef-
fects in vivo. Inhibitors 2 and 4 have similar activity both in
vitro and in vivo; this suggests that for C-2’ R isomers, the
nature of the hydrogen-bond-forming groups (amide or sulfon-
amide) does not influence the binding affinity with Ras protein.
On the other hand, quite a different behaviour is detected
both in vitro and in vivo for 1 and 3, which have C-2’ S config-
uration, but have, respectively, sulfonamide and amide func-
tionalities. In this case, the nature of hydrogen-bond-forming
group seems to dramatically influence the bioactivity.
The exact structure–activity relationship in these compounds


is still under investigation.


The reported data show that this new class of compounds is
able to selectively inhibit the activation of oncogenic Ras in
mammalian cells, therefore representing a very promising
target for development of novel anticancer drugs.
The antiproliferative and antitumoural effect of the de-


scribed inhibitors is currently under investigation in vivo on
animal models.


Figure 6. Inhibition test in mammalian cells. A) NIH3T3 and B) NIH3T3 k-Ras
mouse fibroblasts were seeded into 60 mm dishes and grown for one day.
Three dishes were allowed to continue growing without addition of inhibitor
(~), while 2 (squares) and molecule 4 (circles) were added to the other
dishes at a final concentration of either 50 (black) or 100 mm (white). At
different time points, sample cells were collected to determine the cell
number.


Figure 7. Assay of MAPK activation. Lysates (14 mg of total proteins) were
separated by SDS-PAGE, transferred to nitrocellulose and immunodecorated
with anti-p42/44 MAPK antibody and anti-phospho- p42/44 MAPK antibody.


1844 www.chembiochem.org @ 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2005, 6, 1839 – 1848


F. Peri et al.



www.chembiochem.org





Experimental Section


Protein modelling : Before applying virtual ligand docking, the X-
ray crystal structure of the Ras–GDP complex was optimised and
prepared for the docking program. The X-ray structure of the
human p21h-Ras in its inactive form was taken from the Protein
Data Bank (code: 4Q21) and optimised by applying the program
Impact of Schrçdinger and the OPLS-AA force field.[19] The protein
was solvated in an explicit solvent box (65K65K65 ?) with 7991
water molecules and was allowed to relax slowly in several steps in
order to orient the added hydrogens correctly and to relieve steric
clashes. In the first optimisation step, force constraints were placed
on all the heavy atoms of the protein, In the second step, the
force constraints on the heavy atoms of the protein side chains
were decreased in five substeps, but the constraints on the back-
bone atoms were kept constant, Then, in the third step, these
force constraints on the backbone atoms of the protein were also
decreased in five substeps, and finally, in the last step, no force
constraints were applied and all the atoms of the system were flex-
ible. Every step in this minimisation procedure was split into a
steepest-descent step and a conjugate-gradient step; this is a gen-
eral procedure within protein homology modelling. The protein
structure obtained after this thorough minimisation procedure
could be applied in the subsequent docking procedure.


The root-mean-square deviation of the minimised protein structure
in comparison with the X-ray structure is 0.46 ? for the backbone
atoms, 0.62 Q for the heavy atoms of the side chains and 0.55 Q for
all protein heavy atoms.


Ligand modelling : In order to ensure the complete coverage of
conformational space for the ligands, we applied a conformational
search for each designed ligand using the Monte Carlo method
(MCMM) implemented in the program MacroModel of Schrçdinger.
Random changes were made in the torsion angles during the
search, and the OPLS-AA force field was used. The obtained con-
formations of the compounds were clustered with the program
NMRCLUST,[20] in order to obtain the most representative conforma-
tions of the structures for the subsequent docking studies.


Ligand docking : The virtual ligand docking studies were per-
formed with the Glide method implemented in the Impact pro-
gram of Schrçdinger. The model of the Ras–GDP complex was not
modified further, as is recommended by Schrçdinger, but all pro-
tein charged groups were kept charged and were not neutralised.


Glide requires the generation of an initial grid as a first step. The
centre of the box enclosing this grid was defined by the Mg2+ ion,
the b-phosphate group of the bound GDP and the two residues
identified by NMR to be involved in interactions with the ligand:
Arg68 and Leu100. The box dimensions were set to 26K26K26 Q.
In the second step, the actual docking step, the dimensions of the
box for placing the ligand centre were set to 12K12K12 Q, and
the same centre was used as for the grid box. In this way, the com-
plete cavity in close proximity to the Switch II region was included
in the box where Glide would try to place the ligands. A scaling
factor of 0.9 was applied to the van der Waals radii of protein and
ligand atoms. The default values were applied for the other Glide
parameters.


As a proof-of-concept, we first looked at the series of characterised
compounds from the Schering–Plough research institute[4] in order
to assess the validity of our computer-aided-design approach.


The poses depicted in Figure 1 were selected according to the
same criteria as applied by Schafferhans et al.[21] When several
docking solutions are suggested for each ligand, as is the case


when several conformations of one ligand are docked, is it hard to
discriminate efficiently between the solutions and to select the
most relevant one. From several case studies done by Schafferhans
et al. , it can be seen that the best solution (the solution with the
best score) is not always the one with the most similarity to the
experimentally determined structure. However, if more than two
ligands are considered, an optimal overall set of solutions for all
ligands can be recognised by extracting those orientations that
correspond to an optimal mutual similarity among the considered
ligands. This additional criterion helps to select a set of relevant
ligand placements, provided of course, that the ligands bind to the
same binding site.


Furthermore, it can be analysed how often each of the four new
designed compounds is recovered within the top scoring poses.
For this purpose, the 20 highest-scoring poses of each compound
were selected. Subsequently, the 40 highest-scoring poses of these
80 poses were selected, and the recovery rate for each compound
(Table 1) was calculated.


Chemistry : All solvents were dried over molecular sieves (4 Q,
Fluka), for at least 24 h prior to use. When dry conditions were re-
quired, the reactions were performed under Ar. Thin-layer chroma-
tography (TLC) was performed on Silica Gel 60 F254 plates (Merck)
with detection with UV light when possible, or charring with a so-
lution containing conc. H2SO4/EtOH/H2O (5:45:45) followed by
heating at 180 8C. Column flash chromatography was performed
on silica gel 230–400 mesh (Merck), with petroleum ether (40–60)
as eluent. 1H and 13C NMR spectra were recorded at 400 MHz on a
Varian MERCURY instrument at 300 K. Chemical shifts are reported
in ppm downfield from TMS as internal standard, carbon and hy-
drogen numbering in bicyclic structures is shown in Scheme 3, aro-
matic carbons have been omitted in the description of the spectra.


Mass spectra were recorded on a MALDI2 Kompakt Kratos instru-
ment, with gentisic acid (DHB) as matrix.


Amines (R)-6 and (S)-6 : Triphenylphosphine (525 mg, 2.02 mmol)
was added to a solution of azide 5 (400 mg, 1.01 mmol) in THF/
water (10:1; 44 mL), and the reaction mixture was stirred at 70 8C
for 12 h. The solvents were evaporated, and the residue was puri-
fied by flash chromatography (AcOEt/MeOH 8:2–6:4) to give
amines (R)-6 (277 mg, 75% yield) and (S)-6 (354 mg, 96% yield) as
pale yellow oils .


(R)-6 : 1H NMR (CDCl3): d=7.3–7.1 (m, 10H; Harom), 4.74 (br t, 1H; H-
6a), 4.60–4.45 (2ABq, 4H; 2CH2Ph), 4.59 (m, 1H; H-3a), 4.08 (m,
1H; H-2), 4.00 (m, 1H; H-5), 3.80 (dd, J=6.4, 1.3 Hz, 1H; H-4), 3.61
(dd, J=10.4, 3.5 Hz, 1H; H-2’a), 3.58 (dd, J=10.4, 6.4 Hz, 1H; H-
2’b), 2.85 (dd, J=13.2, 3.4 Hz, 1H; H-1’a), 2.72 (dd, J=13.0, 3.5 Hz,
1H; H-1’b), 2.11 (dd, J=13.0, 4.8 Hz, 1H; H-1a), 1.60 (ddd, J=12.7,
9.5, 4.7 Hz, 1H; H-1b); 13C NMR (CDCl3): d=88.7 (C-3a), 86.0 (C-4),
83.7 (C-6a), 83.4 (C-5), 80.3 (C-2), 73.7 (CH2Ph), 72.3 (CH2Ph), 70.5
(C-2’), 45.6 (C-1’), 36.3 (C-1); MS (MALDI-TOF): m/z=370.7 [M+H]+ ,
392.9 [M+Na]+ ; elemental analysis calcd (%) for C22H27NO4: C
71.52, H 7.37, N 3.79; found: C 71.51, H 7.40, N 3.71.


Scheme 3. Carbon and hydrogen numbering in bicycles.
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(S)-6 : 1H NMR (CDCl3): d=7.40–7.20 (m, 10H; Harom), 4.70 (br t, J=
4.5 Hz, 1H; H-6a), 4.63–4.50 (2ABq, 4H; 2CH2Ph), 4.45 (m, 1H; H-
3a), 4.06 (m, 2H; H-2, H-5), 3.88 (brd, J=5.7 Hz, 1H; H-2), 3.62 (dd,
J=10.3, 3.9 Hz, 1H; H-2’a), 3.55 (dd, J=10.3,6.0 Hz, 1H; H-2’b), 2.80
(m, 2H; H-1’a, H-1’b), 2.19 (m, 1H; H-1a), 1.89 (dd, J=13.8, 5.4 Hz,
1H; H-1b); 13C NMR (CDCl3): d=89.2 (C-3a), 85.1 (C-4), 85.0 (C-5),
84.0 (C-6a), 82.7 (C-2), 73.6 (CH2Ph), 72.4 (CH2Ph), 70.5 (C-2’), 46.7
(C-1’), 35.8 (C-1); MS (MALDI-TOF): m/z=371.3 [M+H]+ , 393.3
[M+Na]+ ; elemental analysis calcd (%) for C22H27NO4: C 71.52, H
7.37, N 3.79; found: C 71.54, H 7.32, N 3.75.


Amides (R)-7 and (S)-7: Diisopropylamine (564 mL, 3.3 mmol), N-hy-
droxybenzotriazole (220 mg, 1.65 mmol), diisopropylcarbodiimide
(260 mL, 1.65 mmol) and p-nitrobenzoic acid (220 mg, 1.3 mmol)
were added to a solution of amine 6 (400 mg, 1.1 mmol) in DMF
(30 mL). After the mixture had been stirred for 2 h at RT, the sol-
vent was evaporated in vacuo, and the residue was purified by
flash chromatography (gradient of polarity starting from petroleum
ether/AcOEt 6:4). Amides (R)-7 (496 mg, 87% yield) and (S)-7
(558 mg, 98% yield) were obtained as yellow oils.


(R)-7: 1H NMR (CDCl3): d=8.23, 7.92 (A2X2, 4H; Harom), 7.4–7.2 (m,
10H; Harom), 6.79 (br t, 1H; NH), 4.73 (br t, 1H; H-6a), 4.64–4.45
(2ABq, 4H; 2CH2Ph), 4.52 (m, 1H; H-3a), 4.25 (m, 1H; H-2), 3.98 (m,
1H; H-5), 3.80 (brd, J=6.4 Hz, 1H; H-4), 3.76 (m, 2H; H-1’a, H-2’a),
3.52–3.45 (m, 2H; H-1’b, H-2’b), 2.22 (dd, J=13.3, 4.8 Hz, 1H; H-1a),
1.62 (ddd, J=13.3, 10.4, 4.8 Hz, 1H; H-1b); 13C NMR (CDCl3): d=
89.0 (C-3a), 85.8 (C-4), 83.5 (C-6a), 83.4 (C-5), 77.7 (C-2), 73.7
(CH2Ph), 72.4 (CH2Ph), 70.3 (C-2’), 43.3 (C-1’), 36.6 (C-1); MS (MALDI-
TOF): m/z=502.9 [M�O+H]+ , 518.4 [M]+ , 541.3 [M+Na]+ , 557.8
[M+K]+ ; elemental analysis calcd (%) for C29H30N2O7: C 67.17, H
5.83, N 5.40; found: C 67.12, H 5.87, N 5.43.


(S)-7: 1H NMR (CDCl3): d=8.23, 7.92 (A2X2, 4H; Harom), 7.4–7.0 (m,
10H; Harom), 7.40 (brd, 1H; NH), 4.69 (br t, 1H; H-6a), 4.64–4.45
(2ABq, 4H; 2CH2Ph), 4.50 (m, 1H; H-3a), 4.0 (m, 1H; H-2), 4.05 (m,
2H; H-5, H-4), 3.77 (m, 2H; H-1’a, H-2’a), 3.40 (m, 2H; H-1’b, H-2’b),
2.22 (m, 1H; H-1a), 2.11 (dd, J=14.7, 4.7, 1H; H-1b); 13C NMR
(CDCl3): d=88.8 (C-3a), 86.2 (C-4), 84.4 (C-6a), 83.5 (C-5), 78.5 (C-2),
73.4 (CH2Ph), 72.7 (CH2Ph), 68.8 (C-2’), 43.7 (C-1’), 33.5 (C-1); MS
(MALDI-TOF): m/z=502.9 [M�O+H]+ , 518.4 [M]+ , 541.3 [M+Na]+ ,
557.8 [M+K]+ ; elemental analysis calcd (%) for C29H30N2O7: C 67.17,
H 5.83, N 5.40; found: C 67.19, H 5.81, N 5.38.


Sulfonamides (R)-8 and (S)-8. p-Nitrobenzenesulfonyl chloride
(365 mg, 1.65 mmol) and triethylamine (230 mL, 1.65 mmol) were
added to a solution of amine 6 (400 mg, 1.1 mmol) in dry dichloro-
methane (30 mL) at 0 8C under argon atmosphere. The reaction
mixture was allowed to warm to RT and stirred for 4 h. After this
time, the solvent was evaporated, and the residue was purified by
flash chromatography (increasing polarity of the eluent from petro-
leum ether/AcOEt 6:4). Sulfonamides (R)-8 (530 mg, 87% yield) and
(S)-8 (585 mg, 96% yield) were obtained as yellow oils.


(R)-8. 1H NMR (CDCl3): d=8.30. , 8.00 (A2X2, 4H; Harom), 7.40–7.20 (m,
10H; Harom), 5.25 (br t, J=6.0 Hz, 1H; NH), 4.73 (br t, J=4.4 Hz, 1H;
H-6a), 4.60–4.40 (2ABq, 4H; 2CH2Ph), 4.52 (m, 1H; H-3a), 4.12 (m,
1H; H-2), 3.97 (m, 1H; H-5), 3.71 (dd, J=6.5, 1.3 Hz, 1H; H-4), 3.61
(dd, J=10.5, 3.4 Hz, 1H; H-2’a), 3.50 (dd, J=10.4, 6.2 Hz, 1H; H-
2’b), 3.24 (ddd, J=12.8, 5.7, 3.2 Hz, 1H; H-1’a), 3.0 (ddd, J=12.5,
6.0, 6.0 Hz, 1H; H-1’b), 2.11 (dd, J=13.3, 4.9 Hz, 1H; H-1a), 1.60
(ddd, J=13.5, 10.5, 4.6 Hz, 1H; H-1b); 13C NMR (CDCl3): d=89.0 (C-
3a), 85.7 (C-4), 83.5 (C-6a), 83.4 (C-5), 77.0 (C-2), 73.7 (CH2Ph), 72.4
(CH2Ph), 70.2 (C-2’), 46.2 (C-1’), 36.0 (C-1); MS (MALDI-TOF): m/z=
577.9 [M+Na]+ , 593.7 [M+K]+ ; elemental analysis calcd (%) for


C28H30N2O8S: C 60.64, H 5.45, N 5.05, S 5.78; found: C 60.62, H 5.48,
N 5.01, S 5.72.


(S)-8. 1H NMR (CDCl3): d=8.19, 7.95 (A2X2, 4H; Harom), 7.44–7.20 (m,
10H; Harom), 6.20 (m, 1H; NH), 4.62 (m, 1H; H-6a), 4.60–4.40 (2ABq,
4H; 2CH2Ph), 4.39 (d, J=3.2 Hz, 1H; H-3a), 4.24 (m, 1H; H-2), 4.10–
4.00 (m, 2H; H-5, H-4), 3.79 (dd, J=10.6, 2.3 Hz, 1H; H-2’a), 3.48
(dd, J=10.6, 3.6 Hz, 1H; H-2’b), 3.19 (m, 1H; H-1’a), 3.09 (m, 1H; H-
1’b), 2.17 (m, 1H; H-1a), 1.98 (dd, J=13.4, 3.6 Hz, 1H; H-1b);
13C NMR (CDCl3): d=89.3 (C-3a), 85.9 (C-4), 83.7 (C-6a), 83.6 (C-5),
78.8 (C-2), 73.4 (CH2Ph), 72.6 (CH2Ph), 69.4 (C-2’), 46.7 (C-1’), 34.0
(C-1); MS (MALDI-TOF): m/z=577.9 [M+Na]+ , 593.7 [M+K]+ ; ele-
mental analysis calcd (%) for C28H30N2O8S: C 60.64, H 5.45, N 5.05, S
5.78; found: C 60.68, H 5.42, N 5.03, S 5.79.


Hydroxylamines 1–4 : Zinc (143 mg, 2.2 mmol) and ammonium
chloride (87 mg,1.65 mmol) were added to a solution of nitro de-
rivatives 7 or 8 (1.1 mmol) in methanol (20 mL). The suspension
was stirred for 40 min, then filtered on sintered glass with a celite
layer, the solvent were evaporated, and the residue was purified
by flash chromatography (increasing polarity of the eluent from
petroleum ether/THF 6:4). Compounds 1 (529 mg, 89% yield), 2
(552 mg, 93% yield), 3 (482 mg, 87% yield) and 4 (300 mg, 54%
yield) were obtained as oils.


Compound 1: 1H NMR (CDCl3): d=7.48, 6.80 (A2X2, 4H; Harom), 7.40–
7.20 (m, 10H; Harom), 5.45 (br t, J=5.4 Hz, 1H; NH), 4.52 (m, 1H; H-
6a), 4.60–4.40 (2ABq, 4H; 2CH2Ph), 4.49 (m, 1H; H-3a), 4.19 (m,
1H; H-2), 4.01 (m, 1H; H-5), 3.83 (d, J=5.8 Hz, 1H; H-4), 3.62 (dd,
J=10.5, 3.3 Hz, 1H; H-2’a), 3.42 (dd, J=10.5, 5.4 Hz, 1H; H-2’b),
3.10 (m, 1H; H-1’a), 2.98 (m, 1H; H-1’b), 2.09 (m, 1H; H-1a), 1.90
(dd, J=13.5, 4.6 Hz, 1H; H-1b); 13C NMR (CDCl3): d=89.4 (C-3a),
85.4 (C-4), 84.5 (C-6a), 83.8 (C-5), 79.2 (C-2), 73.5 (CH2Ph), 72.4
(CH2Ph), 69.8 (C-2’), 46.9 (C-1’), 34.7 (C-1); MS (MALDI-TOF): m/z=
563.6 [M+Na]+ , 579.5 [M+K]+ ; elemental analysis calcd (%) for
C28H32N2O7S: C 62.21, H 5.97, N 5.18, S 5.93; found: C 62.42, H 6.02,
N 5.20, S 5.92.


Compound 2 : 1H NMR (CDCl3): d=7.50, 6.70 (A2X2, 4H; Harom), 7.40–
7.20 (m, 10H; Harom), 4.61 (br t, J=4.6 Hz, 1H; H-6a), 4.60–4.40
(2ABq, 4H; 2CH2Ph), 4.42 (m, 1H; H-3a), 4.01 (m, 1H; H-2), 3.85 (m,
1H; H-5), 3.60 (dd, J=7.5, 1.4 Hz, 1H; H-4), 3.51 (dd, J=10.4,
3.6 Hz, 1H; H-2’a), 3.43 (dd, J=10.4, 6.3 Hz, 1H; H-2’b), 3.09 (m,
1H; H-1’a), 2.85 (m, 1H; H-1’b), 1.99 (dd, J=13.6, 5.1 Hz, 1H; H-1a),
1.60 (m, 1H; H-1b); 13C NMR (CDCl3): d=88.9 (C-3a), 85.8 (C-4), 83.6
(C-6a), 83.3 (C-5), 77.1 (C-2), 73.7 (CH2Ph), 72.4 (CH2Ph), 70.2 (C-2’),
46.0 (C-1’), 36.0 (C-1); MS (MALDI-TOF): m/z=563.3 [M+Na]+ , 579.1
[M+K]+ ; elemental analysis calcd (%) for C28H32N2O7S: C 62.21, H
5.97, N 5.18, S 5.93; found: C 62.16, H 6.01, N 5.15, S 5.93.


Compound 3 : 1H NMR ([D6]DMSO): d=8.66 (brd, 1H; NHOH), 7.70
(brd, 1H; NHOH), 7.70–6.80 (A2X2, 4H; Harom), 7.40–7.20 (m, 10H;
Harom), 5.47 (brd, 1H; NH), 4.56 (m, 1H; H-6a), 4.60–4.40 (2ABq, 4H;
2CH2Ph), 4.47 (m, 1H; H-3a), 4.12 (m, 1H; H-2), 3.83 (m, 1H; H-5),
3.74 (dd, J=6.2, 1.5 Hz, 1H; H-4), 3.60–3.30 (m, 4H; H-2’a, H-2’b, H-
1’a, H-1’b), 2.03 (dd, J=13.3, 4.9 Hz, 1H; H-1a), 1.60 (ddd, J=13.5,
10.5, 4.6 Hz, 1H; H-1b); 13C NMR ([D6]DMSO): d=88.7 (C-3a), 85.6
(C-4), 83.4(C-6a), 83.4 (C-5), 78.0 (C-2), 73.0 (CH2Ph), 71.7 (CH2Ph),
70.6 (C-2’), 42.6 (C-1’), 35.2 (C-1); MS (MALDI-TOF): m/z=505.2
[M+H]+ , 527.1 [M+Na]+ , 543.3 [M+K]+ ; elemental analysis calcd
(%) for C29H32N2O6: C 69.03, H 6.39, N 5.55; found: C 69.07, H 6.41,
N 5.56.


Compound 4 : 1H NMR ([D6]DMSO): d=8.66 (br s, 1H; NHO), 8.49
(br s, 1H; NOH), 7.70–6.80 (A2X2, 4H; Harom), 7.30 (m, 10H; Harom),
5.47 (brd, 1H; NH), 4.56 (m, 1H; H-6a), 4.46 (m, 1H; H-3a), 4.60–
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4.40 (2ABq, 4H; 2CH2Ph), 4.12 (m, 1H; H-2), 3.83 (m, 1H; H-5), 3.74
(dd, J=6.2, 1.5 Hz, 1H;H-4), 3.60–3.30 (m, 4H; H-2’a, H-2’b, H-1’a,
H-1’b), 2.01 (dd, J=13.3, 4.9 Hz, 1H; H-1a), 1.60 (m, 1H; H-1b);
13C NMR ([D6]DMSO): d=88.2 (C-3a), 85.6 (C-4), 83.4(C-6a), 83.4 (C-
5), 78.0 (C-2), 72.9 (CH2Ph), 71.7 (CH2Ph), 70.6 (C-2’), 41.5 (C-1’), 35.2
(C-1); MS(MALDI-TOF): m/z=505.5 [M+H]+ , 527.4 [M+Na]+ , 543.5
[M+K]+ ; elemental analysis calcd (%) for C29H32N2O6: C 69.03, H
6.39, N, 5.55; found: C 69.02, H 6.37, N 5.53.


Expression and isolation of proteins : The C-Cdc25mm (GEF from
Mouse; portion of CDC25mm that contains the catalytic domain of
the protein)[16,17] was expressed in Escherichia coli by using the
pGEX-2T expression vector and then affinity purified by using a
Glutathione Sepharose 4B resin, while the p21h-Ras was expressed
in E. coli by using the pQE-30 expression vector and then affinity
purified as a 6xHis-tagged protein by using a Ni-NTA resin.[17]


Measurement of C-Cdc25mm-stimulated guanine nucleotide ex-
change on p21h-Ras : To investigate the ability of putative Ras in-
hibitors to inhibit or to reduce the C-Cdc25mm-stimulated nucleo-
tide exchange on purified human Ras proteins, we used a tech-
nique described by Lenzen et al.[11] with some modifications. This
approach utilises guanine nucleotides carrying an N-methylanthra-
niloyl fluorophore (MANT-GDP or MANT-GTP). p21h-Ras (100 nm)
and MANT-GTP (0.5 mm) were incubated in buffer A (50 mm Tris/
HCl, pH 7.5, 1 mm MgCl2, 100 mm NH4Cl, 1 mm DTT) in the absence
and presence of increasing concentrations of the putative inhibi-
tors. The exchange reaction was started by the addition of C-
Cdc25mm (25 nm), then monitored at an excitation wavelength of
350 nm and emission wavelength of 450 nm with a Perkin–Elmer
luminescence spectrometer. Measurements were taken every
second. IC50 values were calculated from the slope of each curve.


Measurement of dissociation rate: We used the method de-
scribed by Lenzen et al.[11] with some modifications to investigate
the ability of Ras inhibitors to influence the C-Cdc25mm-stimulated
dissociation rate of p21h-Ras·MANT-GDP complexes,. The complex
p21h-Ras·MANT-GDP (200 nm) and an excess of GDP (500 mm)
were incubated in buffer B (40 mm Hepes, pH 7.5, 2 mm DTT,
100 mm MgCl2) in the absence and presence of the inhibitors. The
dissociation reaction was started by addition of C-Cdc25mm


(100 nm), then monitored at an excitation wavelength of 350 nm
and emission wavelength of 450 nm with a Perkin–Elmer lumines-
cence spectrometer. Measurements were taken every second. The
slope of each curve was calculated by assuming a single exponen-
tial decay.


Yeast strains and growth conditions: The yeast strains used in
this study were: W303-1A (MATa leu2-3,112 ura3-1 trp1-92 his3-11,15
ade2-1 can1-100 GAL SUC mal)[18] and T23-13B (MATa his3, leu2,
ura3, trp1, ras1DHIS3, ras2DURA3, bcy1) (M. Wigler, Cold Spring
Harbor Laboratory). Both strains were grown in 1% yeast extract,
2% bacto-peptone (YP) supplemented with 2% glucose and ade-
nine (50 mgL�1; YPDA). Growth was monitored by counting the
cell number per mL with a Coulter counter.


Cell Cultures and growth conditions: NIH3T3- and NIH3T3-activat-
ed k-Ras (Arg12)[22] mouse fibroblasts (from Dr. P. Bossu, DompR,
L’Aquila, Italy) were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% newborn calf serum (Gibco) (100 units
per mL penicillin) and streptomycin (100 mgmL�1). Cells were de-
tached by treating them with 0.05% trypsin and EDTA (0.15 mm)
and growth was monitored by counting the cell number per mL
with a Coulter counter.


Assay of MAPK activation: Cells were scraped, and ice-cold Lysis
buffer (25 m HEPES, pH 7.5, 150 mm NaCl, 1% NP-40, 0.25% Na de-
oxycholate, 10% glycerol, 25 mm NaF, 10 mm MgCl2, 1 mm EDTA,
1 mm Na vanadate, one tablet of protease inhibitor mixture from
Roche Applied Science in 50 mm of extraction medium) was
added. The lysates were transferred to a microcentrifuge tube on
ice and centrifuged. Proteins were separated by SDS-PAGE, trans-
ferred to nitrocellulose and immunodecorated with anti-p42/44
MAPK antibody and anti-phospho-p42/44 MAPK antibody (Cell
Signalling Technology, Beverly, MA, USA). Bound antibodies were
revealed by ECL Western blotting analysis system (Amersham Phar-
macia Biotech).
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Regions of Tau Implicated in the Paired Helical
Fragment Core as Defined by NMR
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Introduction


Electron microscopy of the thick bundles of parallel filaments
that are present within diseased neurons of patients suffering
from Alzheimer’s disease (AD) has led to their description as in-
tracellular paired double helices.[1] Together with extracellular
plaques composed mainly of aggregated b-amyloid peptide,
these helices are currently considered as the molecular hall-
marks of the disease.[2] Initial research into the biochemical
nature of these paired helical filaments (PHFs) was hampered
by the possibility that material adhering to the fibers rather
than the PHF itself was being observed. Later, the observation
of a core region and a fuzzy outer coat for the PHFs[3] concen-
trated research efforts on the protein component(s) that made
up the inner-core region. The fuzzy coat can be stripped off by
pronase proteolytic digestion while leaving the overall mor-
phology of the fibers intact, as observed by electron microsco-
py. This coat region was initially found to carry all the epitopes
recognized by two different antisera against the microtubule-
associated protein, tau.[3] However, the monoclonal antibody
mAb423 raised directly against the PHF core, decorated pro-
nase-treated filaments much more strongly than the untreated
ones, and its epitope was mapped to a central 9.5 kDa frag-
ment of the tau protein.[4] Therefore, both chemical and immu-
nological marking led to the conclusion that at least part of
the microtubule-associated neuronal-tau protein was the main
constituent of the fibers. A precise definition of the core
region was, however, not possible, especially as antibodies are
not necessarily available against all parts of the protein.
Further studies by mass spectroscopy showed that tau in


the PHFs is generally found in its hyperphosphorylated form.[5]


The discovery that a phosphorylation-independent interaction
between recombinant tau and sulfated glycosaminoglycans,
such as heparin, can lead to the in vitro formation of Alzheim-
er-like filaments under physiological conditions[6] opened up


further avenues for the structural study of these filaments. Still,
no detailed picture has emerged for the ultrastructure of PHFs
at the individual amino acid level. One of the underlying rea-
sons for the lack of structural information for tau—be it in its
soluble form, in its physiologically relevant microtubule-associ-
ated form, or in its pathologically aggregated state (“PHF-
tau”)—is that the polypeptide does not quite behave as a reg-
ular folded protein. A variety of macroscopic techniques in-
cluding circular dichroism, infrared spectroscopy, and small-
angle X-ray scattering for the isolated protein have concluded
that tau in solution is a random coil.[7,8] However, fiber X-
ray[9,10] electron-diffraction studies[11] have concluded that the
core of both native filaments isolated from brain tissue and in
vitro-assembled filaments is formed by a cross-b structure. The
macroscopic alignment of the individual proteins within this
core are still under discussion.[12] Although NMR spectroscopy
might seem a suitable tool for structural studies, the shear
length of this protein, unfavorable amino acid composition,
and its macroscopically unfolded nature have led to the gener-
al acceptance in the community that its study is out of reach
with present technology. However, we have recently shown
that the ab initio acceptance of its random-coil nature, which


We have studied the mature Alzheimer-like fibers of tau by fluo-
rescence and NMR spectroscopy. Assembly of the protein into
paired helical filaments after incubation with heparin at 37 8C
was verified by electron microscopy and size-exclusion chroma-
tography. NMR spectroscopy on these mature fibers revealed dif-
ferent regions of residual mobility for tau: the N-terminal domain
was found to maintain solution-like dynamics and was followed
by a large domain of decreasing mobility ; finally the core region
was distinguished by a solid-like character. Heteronuclear-NOE


data indicate that the decreasing mobility is due to both a slow-
ing down of the rapid nanosecond movements and the introduc-
tion of slower movements that lead to exchange broadening.
Fluorescence spectroscopy confirmed the presence of this rigid
core, and some degree of protection from hydrogen exchange for
those residues was observed. Hence, our data give a more precise
picture of the dynamics of tau when it is integrated into mature
filaments and should provide further understanding of the molec-
ular processes that govern aggregation.
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has led to carbon chemical shift values and the possibility of
considering tau as a collection of independent small peptides,
can provide a general strategy for its NMR assignment.[13, 14]


Very recently, a complete assignment for the three-repeat mi-
crotubule-binding domain of the shortest isoform completed
our partial assignment.[15] For the 441 adult isoform (tau441),
we have reached a level of residue-specific assignment that ex-
ceeds 40%. This gives us the possibility to probe both the
presence of elements of residual structure in the soluble form
of the protein and to monitor its interactions with its molecu-
lar partners. In the present paper, we apply solution NMR spec-
troscopy in order to further detail the overall structure of PHFs.
We aim to obtain precise information on those parts of the
protein that are implicated in the core or in the fuzzy coat of
the fibers. In agreement with previous data, we find that the N
terminus of tau is not integrated into the core of the fibers
and the microtubule-binding repeats share an enhanced rigidi-
ty. These two regions are separated by a region characterized
by complex dynamics. Previous immunochemistry results
equally contrast with our findings for the C terminus: we find
that full mobility is not recovered despite pronounced accessi-
bility, as demonstrated by deuterium exchange.


Results


Fluorescence spectroscopy of the aggregation process


In order to follow the kinetics of PHF-tau formation, aggrega-
tion was initiated by the addition of heparin to a sample of
tau441 (80 mM). This was then incubated at 37 8C, and the in-
crease in thioflavin S (ThS) fluorescence was monitored.[16] At
this protein concentration, ThS fluorescence is less accurate for
the quantification of filament formation.[16] However, we con-
sistently used 80 mM of tau because this concentration is neces-
sary for the recording of high-quality NMR spectra with our
cryogenic probe head at 600 MHz in a reasonable time (see
below). ThS fluorescence increased monotonously and leveled
off after 5 h, thereby setting the timescale for the aggregation
process (Figure 1a). Light scattering showed a concomitant
signal increase on a similar timescale (Figure 1a). Both tech-
niques are the present standard methods for monitoring and
quantifying tau aggregation. The resulting curves indicated
that our protein–heparin sample indeed aggregated at 37 8C
over several hours and that the process was complete after
24 h. When monitored at 20 8C, however, the same process
was considerably slower, with less than 6% of the fluorescence
signal after 24 h; this is in agreement with data reported in the
literature.[16]


Low salt, high temperature, and intermolecular disulfide
bridge formation have been reported to be crucial factors for
tau aggregation.[17,18] Whereas the first two factors should not
appreciably vary at the higher protein concentrations needed
for the NMR assay, we repeated the aggregation experiments
using the ThS fluorescence assay with 80 mM tau as a function
of dithiothreitol (DTT) concentration. Our results are in agree-
ment with literature data that were obtained at lower protein
concentrations. We observe a higher slope in fluorescence in-


crease when using 300 mM rather than 1 mM of DTT (Figure 1a).
This observation prompted our decision to use 300 mM of DTT
consistently for monitoring the aggregation behavior.
The emission spectrum is generally independent of the exci-


tation wavelength because upon excitation into higher elec-
tronic and vibrational levels the energy quickly dissipates; this
leaves the fluorophore in the lowest vibrational level of the
lowest excited state.[19] However, when we monitored ThS fluo-
rescence in a sample of PHF-tau after excitation at different
wavelengths, we observed that the wavelength of maximal
emission also shifted to longer wavelengths (Figure 1b). Such
behavior for emission wavelength has been described for polar
fluorophores that are embedded in a rigid environment where
no redistribution of energies can occur; this results in a shift of
the emission spectra to longer wavelengths when the excita-
tion is on the red (long-wavelength) edge of the absorption
spectrum.[20]


In conclusion, our fluorescence spectra set the timescale for
the aggregation process under the conditions used. Further-
more, the observation of the red-edge effect indicates that the
ThS assay monitors the appearance of a rigid core region in
the growing fibers.


Figure 1. a) Time course for the aggregation of tau: heparin sample with
DTT (300 mM) at 37 8C as monitored by ThS fluorescence (upper solid curve)
and light scattering (upper dotted curve). The lower curve corresponds to
the ThS-fluorescence increase with 1 mM DTT. b) ThS fluorescence after its
addition to a sample of tau that was incubated in the presence of heparin
at 37 8C for 5 h. The different curves correspond to the emission after exci-
tation at varying wavelengths. Maximal intensity is found by excitation at
375 nm; the emission intensity gradually decreases when the excitation
wavelength is varied from 380 to 450 nm.
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Gel filtration and electron microscopy: macroscopic
characterization of the fibers


Based on fluorescence and light-scattering assays, our sample
reached steady state after 24 h. In order to verify that we had
obtained bona fide PHFs, we investigated the morphology of
the aggregates by electron microscopy (Figure 2). In the initial
in vitro studies, in which heparin was used to assemble tau441
into Alzheimer like PHFs, straight rather than twisted fibers
were obtained.[21] However, our filaments were mainly of the
paired helical type. They had a typical length of 300–1000 nm,
a width of 10–25 nm, and a cross-over repeat of roughly
80 nm (Figure 2). Thus, our NMR sample showed all characteris-
tics of “Alzheimer PHFs”.[1, 22]


Although at this stage we had confirmed the presence of
PHFs in the NMR sample, we still needed to know the fraction
of molecules in this fibrillar form. After 24 h of aggregation in
the presence of heparin, a major fraction of the tau molecules
was assembled into macroscopic structures, as witnessed by
gel filtration data where the elution peak of the monomeric
form had almost completely disappeared (Figure 3). Ultracen-
trifugation of the same sample confirmed that less than 10%
of the initial material remained in solution (data not shown).
Both experiments indicate that in the NMR studies discussed
below, most if not all signal arises from tau that was integrated
into fibers and not from free tau or tau integrated into low-oli-
gomeric species.


NMR spectroscopy: microscopic characterization of the
fibers


The fibers are macroscopic and should therefore have a rota-
tional tumbling time far beyond that of the GroEs/GroEl com-
plex—the largest object so far studied by high-resolution


NMR.[23] However, several examples have been reported where
the residual mobility of a small subunit that is covalently
linked to a large object is sufficient to obtain workable NMR
spectra. One of the early examples of rotational freedom that
was found to lead to high-quality NMR spectra was the obser-
vation of microtubulin-associated proteins in intact microtu-
bules,[24] and more recently, the NMR study of the dynamics of
one of the stalk domains in intact bacterial ribosomes.[25] The
1H,15N correlation spectrum (HSQC) of the mature PHFs con-
firms this observation (Figure 4), as we indeed recover a signifi-
cant fraction of the signals of the free protein. We started from
the basic hypothesis that all peaks integrated in the rigid core
of the PHF will behave as a true solid and therefore will be
broadened beyond detection, whereas only peaks that corre-
spond to residues that maintain their full mobility, although
anchored to the macroscopic fibers, will not loose any intensi-
ty. Based on this assumption an accurate map of the different
regions of PHF-tau becomes feasible. We can map our partial
assignment for the full-length tau isoform onto those resonan-
ces that maintain their full intensity or that severely weaken in
the PHF-tau spectrum.[13,14] Hence, we can distinguish different
regions in the protein sequence according to their spectral ap-
pearance after assembly into PHFs. Comparison of the spectra
of free and PHF-tau was furthermore possible in a quantitative
way because chemical-shift differences for various residues be-
tween the two forms are very limited. Peak heights (which di-
rectly represent the t2 transverse relaxation time) were thus de-
termined for all previously assigned and not overlapping corre-
lation peaks in order to assess the intensity variation of the
corresponding cross peaks upon integration of the tau mole-
cule into the fibers.
At the N-terminal part of the protein, we recover full intensi-


ty for the amide peaks up to Ala77, with a mean value of
1.02�0.04 for the intensity ratio between free tau and PHF-
tau cross peaks (Figure 5). The intensity then gradually drops
and gives a value of 0.84 for Ala84 and a mean intensity ratio
of 0.79�0.03 for the 50 amino-acid stretch that spans Thr101–
Ala152, which resonates as the most downfield shifted isolated
cross peak at (8.52 ppm, 129.3 ppm), as shown in Figure 4. The
linear reduction of intensity continues with markers such as


Figure 2. Electron microscope image of a representative PHF observed after
incubation of tau with heparin for 24 h at 37 8C. The characteristic twisted
pattern of a PHF can clearly be distinguished on the image.


Figure 3. Elution profiles of tau free in solution (thin line) and of the same
sample after assembly into fibers with heparin for 24 h (thick line).
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Ala165, Thr169, and Thr205
(Figure 4), until it arrives at a
region of tau where the intensity
ratio is below 30%. This latter
zone starts with the peaks from
Ala227 (8.47 ppm, 128.8 ppm)
and Arg230 (Figure 4), where
both resonances still have some
detectable intensity above the
noise level in the mature PHF.
The rigid PHF core, which we
define as the region where the


intensity drops below 10%, starts with Gly261 and is fur-
ther defined by 10 markers between Val309 and Thr386
that have a mean intensity ratio of 0.09�0.01. This core
region spans the fragment around Val309 and Lys311
(Figure 4) that was previously shown to be a nucleation
site for the assembly of the fibers and can form fibers in-
dependently.[26,27] The last amino acid identified with a re-
sidual intensity lower than 10% is Thr377 which is situat-
ed just after the end of the fourth microtubule binding
repeat. Past this zone and up to the C terminus of tau
we find a symmetrical zone of reduced intensity with res-
idues such as Val393 and Thr427 (Figure 4) characterized
by a mean intensity ratio of 0.36�0.05. For amino acids
at the extreme C-terminal stretch of tau, the peak intensi-
ties that were observed in the soluble protein are not re-
covered. Indeed, even the last Leu441 residue that reso-
nates as an isolated peak at (7.82 ppm, 127.4 ppm) recov-
ers only 44% of its peak height in PHF-tau compared to
the free protein (Figure 4).
A decrease in intensity can be provoked by an in-


creased correlation time (tc), which describes the time-
scale of the dipolar interaction between two nuclei that
compose the reorienting amide vector. It can equally be
defined by slow movements that lead to so-called ex-
change broadening.[28] Therefore, we performed a hetero-
nuclear NOE experiment on free tau and the PHF sample.
In this experiment, the intensity of the nitrogen magneti-


zation is measured with or without proton saturation. This
allows the extraction of a heteronuclear NOE effect for every
amide group when performed in a 2D version.[29] In order to
avoid problems of PHF sedimentation, the experiment on the
PHF integrated tau was again performed on a 80 mM sample. It
therefore required over four days of measurement on a
600 MHz spectrometer with a cryogenic probe head. However,
even then the peak intensities in the core region remained
problematic. For the four isolated peaks at the most downfield
nitrogen chemical shift, we could obtain NOE values even in
the fibers because Ala246 retains 20% of its intensity com-
pared to free tau (Figure 6). Intensity ratios between the
proton saturated and reference spectra fluctuate for the differ-
ent residues, but they remain negative for most residues in
both free and PHF-tau forms. This indicates that rapid move-
ments characterized by a tc timescale below or around 1 ns


Figure 6. Heteronuclear-NOE spectra of PHF-tau without (red; positive contours) or with (blue; negative contours)
proton irradiation. The numbers indicate the ratio between the peak intensities in the two spectra for tau/PHF-
tau/difference between the latter values. The intensity ratio becomes positive for Val287 (with proton presatura-
tion; blue=negative, magenta=positive contours).


Figure 4. HSQC spectrum (full spectrum (top) and selected annotated zooms
(bottom)) of tau free in solution (red) and integrated into mature PHFs (blue).


Figure 5. Ratio of the peak intensities in the spectra of free tau and PHF-tau.
Only isolated peaks were taken into account.
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dominate the heteronuclear NOE effect. For the residues that
we defined in the core, peak intensity in the heteronuclear
NOE spectra becomes very low, and only a few could be relia-
bly integrated. Only for Val287 was the peak in the spectrum
with proton saturation found to have the same sign as the ref-
erence spectrum starting from equilibrium nitrogen magnetiza-
tion (Figure 6). Still, when we leave the N-terminal projection
domain and approach the microtubule binding domain, the
difference in NOE effect between free and PHF-tau increases
from 0.2 for Ala77 to 0.6 for Ala246. Although the limited ac-
curacy of the data in the region of strongly reduced mobility
does not allow a precise quantitative analysis on a per-residue
basis, the data generally indicate that rapid movements still
dominate the NOE enhancement. The slowing down of these
rapid movements is not sufficient to explain the apparent t2
decrease, since even doubling of the tc value from 1 to 2 ns
would only lead to a 30% increase of the t2 relaxation rate, ac-
cording to the standard relaxation theory.[29] We thus conclude
that the observed intensity decrease corresponds to a com-
bined effect of increased local correlation times and additional
slow motions for those fragments near the fiber core.
As a final NMR experiment, we performed a H/D exchange.


For the free protein, exchange is very rapid over the whole po-
lypeptide chain, since dissolving lyophilized tau into phos-
phate buffer with D2O leads to an empty spectrum in the
amide-proton region (data not shown). Because lyophilization
of the PHF-tau sample might alter the PHF structure and/or
solubility, we performed the experiment by dissolving half of
the PHF-tau sample in aqueous buffer in an equivalent volume
of deuterated buffer. We recorded the HSQC spectrum immedi-
ately afterwards with 128 scans which led to a total measure-
ment time of 5 h. Comparison of the reference and H/D ex-
changed spectra was performed by taking into account the di-
lution of the sample and the 50% replacement of protons with
deuterium nuclei. Nonexchangeable peaks should thus have a
similar intensity when compared with the initial spectrum that
was recorded with only 64 scans; exchanged peaks should
only have half the intensity. For residues in the N-terminal part
we only recovered half of the intensity observed in the refer-
ence spectrum (Figure 7). This indicates that exchange is very
rapid as is the case for all amide groups in free tau. However,
for the central core region exchange was only partial and even
absent for certain resonances, such as Tyr310. The behavior in
the C-terminal tail of the protein that follows the microtubule
binding repeats was less uniform; but our data indicate that
exchange can happen to a large extent in this portion of the
protein, despite the motional restriction deduced from the
observed intensity drop.


Discussion


The isolated neuronal tau protein is very soluble, and PHF for-
mation in the absence of any cofactor probably requires the
formation of cysteine-linked dimers.[17,18] The discovery that
polyanions such as heparin,[6] RNA,[30] or arachidonic acid[31]


promote the formation of Alzheimer-like PHFs has opened the
way to further in vitro studies of the aggregation process and


of the final aggregated state. However, the physiological rele-
vance of any of these cofactors in the diseased brain is at this
moment not completely ascertained. Most recent studies have
used macroscopic techniques that monitor the kinetics of ag-
gregation into mature fibers. Light scattering and increased
fluorescence after incorporation of ThS into the PHF core are
commonly used, and electron microscopy is the technique of
choice for the characterization of the morphology of the
mature fibers.[32] However, as is the case for the isolated tau
protein in solution, these techniques neither provide informa-
tion on a per-residue basis of the aggregation process nor
about the final mature paired helical fragment.
Although our NMR assignment is not yet completed, we


show here that the obtained coverage allows the residual
mobility of the polypeptide chain in the mature fiber to be
mapped with a largely enhanced precision compared to pro-
tease cleavage and immunochemical methods.[3,4] Fibers ob-
tained after incubation of tau with heparin for 24 h, display
the characteristic paired helical feature as shown by electron
microscopy (Figure 2). Moreover, their overall fiber form sug-
gests a largely anisotropic rotational tumbling, but the shear
size of the fibers with dimensions that exceed 10 nm even in
the radial direction, should lead to a solid-like character for all
spins that are tightly associated with the rigid core region. This
is indeed what we observe, and the fact that a sizeable fraction
of the peaks loose over 90% of their signal intensity correlates
well with the absence of a sizeable amount of free tau, as ob-
served by size exclusion chromatography (Figure 3). Both inde-
pendent experiments indicate that most tau molecules are
integrated into macroscopic PHFs after 24 h incubation with
heparin.
After plotting the residual intensity of the different amides


as a function of their location in the primary sequence
(Figure 5), we obtain a schematic view of tau assembled into
PHFs (Figure 8). The flexible N-terminal part of tau, defined
here as the region in which the NMR peaks maintain their full
intensity, covers part of the projection domain; Ala77 is again
the last residue identified. This is in good agreement with the
initially reported 17% of PHF mass that is lost after pronase


Figure 7. Intensity ratio of PHF-tau resonances in the H/D exchange experi-
ment. A ratio of 0.5 indicates rapid full exchange, whereas a ratio of 1 corre-
sponds to full protection.
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treatment of PHFs isolated from the brain tissue of Alzheimer
patients.[3] Furthermore, it shows that heparin-induced assem-
bly not only gives good reproduction of the overall morpholo-
gy of the fibers as seen with electron microscopy, but also
other dynamical aspects of in vivo-formed PHFs.
Thioflavin dyes, which have been used to stain amyloid-like


deposits and neurofibrillary tangles in postmortem brain
tissue[33,34] were found early on to also interact with in vitro-
formed tau fibers. They have allowed the development of a
sensitive aggregation assay for the latter protein.[16] The fluo-
rescence increase is generally interpreted in terms of increased
cross-b structure in the nascent fibers as aggregation gives rise
to a dye-binding site. When we recorded fluorescence curves
of ThS-bound PHF-tau during excitation at different wave-
lengths, the wavelength of maximal emission was found to
shift upon variation of the excitation energy (Figure 1b). This
phenomenon was previously described as the “red-edge
effect”, and has been investigated in great detail by several
groups who have related this phenomenon to the absence of
dipolar relaxation of chromophore when it is embedded in a
rigid environment.[20,35] Our experimental observation of the
red-edge effect when ThS interacts with aggregated tau pro-
tein, therefore underscores the presence of a rigid environ-
ment in mature fibers (Figure 1b).
Beyond this macroscopic detection of a region of enhanced


rigidity, our NMR results allow precise mapping of the residues
involved. The core region starts with Gly261, which is the first
amino acid with a residual intensity below 10%. Gly261 has
been successfully assigned as the only (Ile)Gly motif that differs
between adult tau441 and the 352-amino-acid-long fetal iso-
form (tau352).[2] Furthermore, this residue is the reporter for
Ser262, the phosphorylation of which prevents both microtu-
bule binding and PHF formation.[36] The complete integration


of Ser262 in the immobile part of PHF and the protection of its
amide function against H/D exchange (Figure 7) suggest that
phosphorylation of this critical residue is an event that occurs
before the protein is integrated into the fiber, thereby under-
scoring its regulatory role. In mature PHFs, the majority of the
residues of the four tau441 repeats have lost most, if not all, of
their intensity (except for the N-terminal half of the first
repeat) and very little or no free tau remains in solution
(Figure 3). We therefore conclude that the core region in the
mature PHF equally spans the PHF6 (306VQIVYJ311) or PHF6*
(275VQIINK280) peptides, which are considered to be nucleation
sites for the fibrilization process and capable of independently
forming filaments that incorporate ThS.[26,37]


The NMR assignment of Ala227 and Arg230 as isolated
peaks (Figure 4) that loose a significant fraction of their intensi-
ty in the PHFs’ spectrum (remaining intensities of 24 and 37%,
respectively), together with Thr205, the intensity of which
dropped by more than half, define a region of complex dy-
namics. Our measurement of line intensity rather than the
peak integral effectively monitors line broadening and hence
the motional aspects of the amide group. Significantly, when
we integrated some of the truly isolated peaks (such as
Leu441) with a spectral window of 60 Hz in both dimensions,
we recovered the same value for the correlation peak in both
spectra. This indicates that at least for this C terminus, the
peak-intensity drop does not arise from either part of the mol-
ecules maintaining their full mobility or being distinguished by
a solid-like character. For many other residues, however, the
severe overlap of the spectra prevented a reliable integration
for the verification of this statement; thus it might be that we
only see a fraction of the polypeptides that maintain some
flexibility, especially for the core region. Line broadening can
be interpreted in terms of reduced mobility of the amide func-
tions, but can be caused both by rapid and slow motions. The
heteronuclear NOE data indicate that the rapid motions slow
down in the vicinity of the rigid core, but not sufficiently to ex-
plain the observed broadening. An increase in slow dynamics
at the level of its amplitude or the timescale involved, can
therefore be deduced for this intermediate region.[28] This ex-
change broadening correlates well with the proximity, but not
full integration of the amide groups, into the core region of
the PHF. This resembles what we previously observed for pep-
tide moieties that are anchored to the rigid polystyrene back-
bone used in solid-phase peptide chemistry.[38] When consider-
ing the intensity drop as a function of the primary sequence
(Figure 5), we observe that a major part of the proline-rich
region is contained in this zone of reduced mobility, which in-
cludes some of the major Ser/Thr motifs that are phosphorylat-
ed in both physiological and pathological conditions. Residues
such as Thr231 and Ser235 are phosphorylation sites that are
thought to be important for the aggregation process, and are
recognized by the AT180 antibody after phosphorylation.[39]


Upstream, we find the Ser237 and Ser238 doublet, which are
defined as phosphorylated residues in PHFs isolated from AD
neurons.[40] This in vitro study, in which heparin is used to as-
semble tau into PHFs, does not shed light on the integration
of these residues in PHFs in vivo, but suggests that their phos-


Figure 8. Schematic view of tau assembled into mature PHFs. The frequency
of the sine wave indicates the residual mobility, where this term covers both
rapid and slow motions (see main text). The first highly mobile zone extends
from the N-terminal to Ala77. A second zone of linearly reduced mobility
covers the primary sequence up to Gly261. The rigid core, defined by a re-
sidual intensity inferior to 10%, extends to Thr377. Finally, a second zone of
reduced mobility covers the C-terminal part of tau.
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phorylation after a phosphorylation-independent assembly
might be problematic.
The rigid core does not quite extend to the extreme C termi-


nus of tau, but stops at Thr377 and displays a linear increase
in intensity for amino acids upstream of this residue. Interest-
ingly, we do not recover the full intensity for the C-terminal
residues, in contrast with the N-terminal stretch of full mobility,
but we do observe significant hydrogen/deuterium exchange
in this region. Therefore, it is not clear whether the C-terminal
phosphorylation sites that include the AD2 epitope and the si-
multaneous phosphorylations at Ser396 and Ser404[41] will
suffer from limited accessibility in the mature fiber. Equally, we
cannot exclude that caspase cleavage at Asp421, which was re-
cently shown to be of importance in AD tangle pathology,[42]


will still happen after the assembly into fibers.
Our NMR results should be readily applicable to the assess-


ment of tau assembly with other reagents, including arachi-
donic acid and/or RNA, thereby allowing further analysis of the
common denominators that were proposed for these
agents.[43] Other important questions concerning the fibriliza-
tion process should be equally addressable by NMR characteri-
zation of samples that have not fully assembled. These experi-
ments, which are currently in progress at our laboratory, will
shed light on the molecular basis of the aggregation of tau
into Alzheimer’s-like fibers.


Experimental Section


Sample preparation : Expression and purification of tau441 were
as previously described.[13,14] Recombinant tau (80 mM) was incubat-
ed with heparin (Sigma; average MW 16000) at a 1:10 molar ratio
(heparin:tau) in an aqueous buffer containing sodium phosphate
(25 mM), NaCl (25 mM), DTT (300 mM), pH 6.9, for 24 h at 37 8C. As-
sembly into fibers was monitored by using the ThS fluorescence
assay.[16] ThS (Sigma, USA) concentration was maintained at
0.02 mgmL�1 in all samples. Steady-state fluorescence was moni-
tored on a PTI fluorescence spectrometer (PTI, Lawrenceville, NJ,
USA). The excitation and emission slit widths were set to 2 and
4 nm, respectively, whereas polarizer was set to the magic angle.
To monitor filament formation an excitation wavelength of 440 nm
was used, whereas the emission spectrum was scanned from 450
to 600 nm.
To observe the red-edge effect of ThS, PHF were formed from tau
(8 mM) and heparin (0.8 mM) and incubated for 6 h at 37 8C. Emission
scans (380–600 nm) of ThS (0.02 mgmL�1) with different excitation
wavelengths (375–450 nm) were taken after 24 h incubation at
20 8C.
Size-exclusion chromatography : After equilibration of a Superose-
12 column (Amersham) with the same buffer as above (25 mM


sodium phosphate, 25 mM NaCl, 300 mM DTT, pH 6.9), tau (100 mL)
in solution or an equivalent sample of tau:heparin obtained after
24 h of incubation at 37 8C, were injected with a small loop (50 mL)
onto the column. Elution was performed at 0.5 mL/minute, and
was monitored at 215 nm.
Electron microscopy : After incubation the original sample was
diluted 100 times before a drop was placed on a formvar/carbon
coated grid for 1 min. After drying, the grid was stained with 1%
uranyl acetate for 2 min. Transmission electron microscopy was
performed in a Zeiss model 901 electron microscope operated at
80 kV.


NMR spectroscopy: 15N labeled samples of free or assembled tau
(80 mM) were introduced in a 600 MHz spectrometer that was
equipped with a cryogenic probehead (Bruker, Karlsruhe, Germa-
ny). Heteronuclear correlation 1H–15N HSQC spectra were acquired
with sensitivity-enhanced pulse sequences by using the WATER-
GATE sequence for water suppression.[44] NMR spectral parameters
were recorded as previously described, with 64 scans per incre-
ment, and 256 complex points in the 15N dimension.[13,14] Heteronu-
clear-NOE data were recorded with a standard-pulse sequence in
an interleaved fashion with or without proton presaturation. The
latter was obtained by a train of hard 1208 pulses separated by
5 ms during the 5 s relaxation delay. The number of scans for this
experiment was set to 192, which resulted in a total of 4 days for
the experiment. Hydrogen/deuterium data were obtained by dis-
solving half of a PHF-tau sample into an equivalent volume of D2O
buffer followed by immediate recording of the HSQC spectrum.
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One-Bead–One-Inhibitor–One-Substrate
Screening of Neuraminidase Activity
Laiqiang Ying[a, b] and Jacquelyn Gervay-Hague*[a]


Introduction


Influenza causes considerable disease burden each year. Al-
though vaccination is the first line of defense against influenza
A and B viruses, antiviral therapy can aid in controling the
impact of the disease.[1] Influenza neuraminidase (NA) is a tet-
rameric protein embedded in the viral coat that acts in concert
with hemagglutinin (HA) to mediate passage of the virus to
and from sites in the respiratory tract.[2] HA recognizes host-as-
sociated N-acetyl neuraminic acid (NeuAc) in the initial stages
of infection. As new viral particles emerge, influenza NA
cleaves NeuAc to facilitate migration of the virus. Loss of NA
activity is correlated with reduced infectivity; this has prompt-
ed the development of specific inhibitors as anti-influenza
drugs.[3]


The crystal structure of neuraminidase complexed with the
inhibitor 2-deoxy-2,3-dehydro-N-acetylneuraminic acid (DANA,
Scheme 1) indicates that a tri-arginyl cluster (R118, R292, R370)
complexes with the carboxylate of DANA; D151 and R152
hydrogen bond to the C-4 hydroxyl, and the N-acetyl group in-
teracts with W178. DANA is a nonselective NA inhibitor that
exerts its action on bacterial, viral, and mammalian enzymes
but had no efficacy in animal modes of viral infection.[4] This
finding suggested that selective inhibitors of influenza NA
were needed, and, since the active-site amino acids of NA are
conserved among all types and subtypes of influenza viruses,
the DANA core structure served as a platform for discovery.
These endeavors led to the development of Zanamivir[5] and
Oseltamivir,[6] the two most recently commercialized anti-influ-
enza drugs (Scheme 1). Additionally, the synthesis and biologi-
cal evaluation of a functionalized cyclopentane analogue have
been reported (RWJ-270201).[7] This compound is a potent in-


hibitor of wild-type NA and some Zanamivir- and Oseltamivir-
resistant influenza A and B virus variants.[8]


Success in achieving selective NA inhibition by modifying
the glycerol side chain to increase hydrophobic interactions
led to several other studies of Zanamivir analogues. Honda


Scheme 1. Transition-state analogue NA inhibitors.


Given the eminent threat of a 21st century flu pandemic, the
search for novel antiviral compounds is an increasingly impor-
tant area of research. Recent developments in antiviral research
have established the viability of targeting viral neuraminidase
(NA), an enzyme that cleaves sialic acid from the cell-surface-
mediating passage of the virus in the respiratory tract. N-acetyl
neuraminic acid (NeuAc) is the substrate for NA, and analogues
of this core structure have been commercialized as antiviral ther-
apeutics. Recent studies have established that this system is well
suited for combinatorial approaches to drug discovery. An impor-
tant step in the process is to develop solid-phase screening tech-
nologies. The feasibility of performing competitive solid-phase NA
assays is reported herein. Initially, a fluorogenic NeuAc substrate


was immobilized on solid support, and the ability of three NAs
(Clostridium perfringens, Salmonella typhimurium, and Vibrio
cholerae) to cleave the substrate was shown to be analogous to
solution-phase assays. The solid support was then bifunctional-
ized with the fluorogenic NeuAc substrate and one of two known
inhibitors (DANA and Zanamivir). The ability of NA to cleave
NeuAc from the solid support when simultaneously presented
with an inhibitor was shown to be enzyme dependent. As expect-
ed, simultaneous presentation of NeuAc and DANA, a nonspecific
inhibitor, led to diminished activity for all three enzymes tested.
In contrast, dual presentation of NeuAc and the selective inhib-
itor Zanamivir only showed significant activity against Vibrio
cholerae.
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et al. published a series of papers describing the synthesis and
biological evaluation of 7-O-alkylated Zanamivir analogues.
Their first studies showed that the replacement of 7-hydroxyl
with fluorine gave an improved activity profile (Scheme 2).
Methylation of the 7-hydroxyl led to slightly diminished anti-


NA activity, but the ethyl ether was actually more active than
Zanamivir in the NA assay, and both ethers showed increased
activity in plaque-reduction assays.[9] In general, compounds
with alkyl ethers of less than 12 carbons showed potent (nm)
inhibition of NA and improved activity relative to Zanamivir in
cell-culture assays.[10] These combined studies indicate that
modifications of the glycerol side chain of Zanamivir are toler-
ated and often beneficial.
Combinatorial chemistry has developed into a useful


method for the rapid identification of lead compounds for
drug discovery.[11] A critical step in the process is the facile
identification of positive hits from a large collection of com-
pounds. When libraries are prepared in solution,[12] NA activity
can be monitored by using a synthetic substrate 2’-(4-methyl-
umbelliferyl)-a-d-N-acetylneuraminic acid, which is cleaved to
yield a fluorescent product (4-methylumbelliferone) that can
be quantified fluorometrically.[13] Our combinatorial studies typ-
ically involve one-bead–one-compound strategies,[14] in which
split-and-mix methods generate millions of beads, each pre-
senting a single compound. Solution-phase assays are not ap-
plicable to one-bead–one-compound libraries because it is im-
possible to identify the bead providing the activity. To circum-
vent this problem, we have developed an on-bead assay of NA
that allows simultaneous monitoring of substrate cleavage and
inhibitor efficiency. This is a critical step toward developing
combinatorial platforms for the discovery of NA inhibitors.


The current system was inspired by Meldal’s FRET-substrate
assay, which utilizes one-bead–two-compound constructs for
solid-phase screening.[15] In the basic NA assay design
(Scheme 3), each bead from the combinatorial library contains
a fluorogenic NeuAc substrate and a potential inhibitor. When
the resin is incubated with neuraminidase, those beads having
ligands that do not inhibit neuraminidase quickly undergo
cleavage of NeuAc from the fluorogenic substrate, and the
bead shows strong fluorescence. In contrast, beads with
potent inhibitors do not fluoresce and can be selected as posi-
tive hits for structural characterization. Two critical features of
the assay include the design of a NeuAc substrate with a fluo-
rogenic indicator that maintains activity when conjugated to
the solid support and the confirmation that inhibitors bound
to the solid support are still active. We report here our studies
establishing the feasibility of monitoring NA activity on a solid
support by using a modified 2’-(4-methylumbelliferyl)-a-d-N-
acetylneuraminic acid substrate in combination with known
NA inhibitors in a one-bead–two-compound assay.


Results and Discussion


Initial studies focused on preparing a fluorogenic NeuAc sub-
strate for conjugation to solid support. As noted above, 2’-(4-
methylumbelliferyl)-a-d-acetyl-neuraminic acid is commonly
used in solution-phase assays, so we designed a fluorogenic
substrate functionalized for immobilization on solid support
based upon this model (Scheme 4). Resorcinol (1) was first con-
verted to 7-hydroxycoumarin-4-acetic acid methyl ester (2).[16]


Glycosylation of 2-deoxy-2-chloro-4,7,8,9-tetra-O-acetyl-N-ace-
tylneuraminic acid methyl ester[17] with 2 gave the protected
substrate 3, deprotection followed to yield 4, which was im-
mobilized on PL-PEGA[18] resin by standard amide coupling.
To test the activity of resin-bound fluorogenic substrate (5),


four known viral neuraminidase inhibitors (Figure 1, top) were
preincubated with three different bacterial neuraminidases
(Clostridium perfringens, Salmonella typhimurium, and Vibrio
cholerae) individually. In a control experiment, no inhibitor was
added. Immobilized 5 was then added to the solution, and the
fluorescence intensity was measured after 20 min incubation
with a fluorescence plate reader. As shown in Figure 1, 5


Scheme 2. Potent C-7 analogues of Zanamivir.


Scheme 3. Illustration of one-bead–two-compound screening of neuraminidase inhibitors. The bead is functionalized with a potential inhibitor and NeuAc
conjugated to a fluorophore that is activated when NeuAc is cleaved. When incubated with NA, beads with no inhibitors are bright whereas beads with
strong inhibitors only weakly fluoresce.


1858 www.chembiochem.org > 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2005, 6, 1857 – 1865


J. Gervay-Hague et al.



www.chembiochem.org





showed variable activity depending on the inhibitor and
enzyme. The strong fluorescence observed for NeuAc (a) and
4-amino DANA (c) when tested against Vibrio cholerae is com-
parable to the control ; this indicates rapid substrate turnover
and that these compounds do not inhibit the enzyme. In con-
trast, DANA (b) and Zanamivir (d) both inhibited Vibrio choler-
ae. Neuraminidase activity is lowest for Salmonella typhimurium
and only DANA inhibits this enzyme. Likewise, DANA is the
only compound among the four that inhibits Clostridium per-
fringens.
In order to directly compare the solid- and solution-phase


assays, we determined IC50 values using soluble substrate and
soluble inhibitors. The standard fluorimetric assay was used to


measure NA-inhibition activi-
ty.[13] Compounds a–d were pre-
incubated with NA at various
concentrations, as described.
The enzymatic reaction was ini-
tiated by the addition of the
soluble substrate 2’-(4-methyl-
umbelliferyl)-a-d-N-acetylneura-
minic acid. After incubation for
0.5–2 h, depending on the turn-
over rates of the different neu-
raminidases, the reaction was
terminated by adding aqueous
NaOH. Fluorescence intensity
was recorded with a fluores-
cence plate reader, and sub-
strate blanks were subtracted
from the sample readings. The
IC50 was calculated by plotting
the percent inhibition of NA
activity versus the inhibitor
concentration. The results are
shown in Table 1. As expected,
NeuAc (a) does not effectively
inhibit the bacterial neuramini-
dases. In contrast, DANA (b) is a
good inhibitor for all three neu-


raminidases, consistent with the on-bead assay. The low inhibi-
tion for Salmonella typhimurium is attributed to fast turnover
(2700 s�1) compared to viral neuraminidase (9 s�1), and the


Scheme 4. Synthesis of resin-bound fluorogenic NeuAc. a) 1,3-Acetonedicarboxylic acid, 70% H2SO4; SOCl2, MeOH; b) 2-Deoxy-2-chloro-4,7,8,9-tetra-O-acetyl-
N-acetylneuraminic acid, Ag2CO3, CH3CN; c) NaOMe, MeOH; aq. NaOH; d) PL-PEGA resin, HOBt, DIC, Bu3N, DMF.


Figure 1. Inhibition activity of NA inhibitors (a–d) using resin-bound substrate 5. The inhibitors were preincubated
with the indicated enzyme and 5 was subsequently added. In the control, no inhibitor was added. After 20 min in-
cubation time, fluorescence intensity was measured with a plate reader.


Table 1. IC50 values of NA inhibition in a standard solution-phase assay.


Inhibitor Clostridium Salmonella Vibrio
perfringens typhimurium cholerae


a >2 mm >2 mm >2 mm


b 4 mm 0.31 mm 20 mm
(0.35 mm)[19] (30 mm)[25]


c >2 mm >2 mm >2 mm


d >2 mm >2 mm 0.2 mm
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value is consistent with earlier reports.[19] Converting the C-4
hydroxyl group of DANA to an amino group, as in compound
c, diminished inhibition for all three bacterial neuraminidases.
As was observed in the solid-phase assay, the C-4 guanidine
group in Zanamivir (d) also reduces bacterial NA activity rela-
tive to DANA, as d does not inhibit Clostridium Perfringens or
Salmonella typhimurium, and only weakly inhibits Vibrio choler-
ae.
Having demonstrated that the NA activities of resin-bound


substrate correlate with solution-phase assays, we next turned
our attention to preparing one-bead–two-compound systems,
which required functionalization of DANA and Zanamivir for
conjugation to solid support. Derivatives 9 and 13 were
chosen because Honda and co-workers have shown that sub-
stitution at the C-7 position is tolerated and even desirable
(vide supra). As shown in Scheme 5, the 8,9-dihydroxy groups
of 2-deoxy-2,3-dehydro-N-acetylneuraminic acid methyl ester[17]


were selectively protected with an isopropylidene protecting
group, followed by protection of the 4-hydroxy group with
tert-butyldimethylsilyl chloride (TBSCl) to give the intermediate
7.[20] The 7-hydroxy group of 7 was then alkylated with methyl
bromoacetate to afford 8.[21] Finally, both of the methyl esters
were removed by aqueous NaOH to yield 9.
In the preparation of 13 (Scheme 6), azide 10 was subjected


to hydrogenation in the presence of Lindlar catalyst, followed
by protection of the 4-amino group by guanidinylation with
N,N’-bis-tert-butoxycarbonyl-1H-pyrazole-1-carboxamidine (Bis-
BocPCH) to produce the protected guanidine 11.[22] After re-
moval of the acetate protecting group with catalytic sodium
methoxide in methanol, the 8,9-dihydroxy groups were selec-
tively protected by using 2,2-dimethoxy propane and catalytic
p-toluenesulfonic acid in acetone to give the 8,9-isopropyl-


idene protected intermediate 12.[20] Compound 12 was then
treated with 4-nitrophenyl chloroformate and DMAP in dry pyr-
idine to generate the active ester 13 in high yield.[3e]


In order to achieve differential functionalization of the solid
support, PEGA resin was functionalized with orthogonal pro-
tecting groups by coupling with a mixture of 9-fluorenyl-
methoxycarbonyl (Fmoc) -protected glycine and tert-butyloxy-
carbonyl (Boc) -protected glycine (9:1; Scheme 7). We and
others[14,15, 23] have shown that a 9:1 ratio routinely achieves dif-
ferential functionalization that can be quantified with UV spec-
troscopy by measuring dibenzofulvene release after piperidine
treatment.[24] After removal of the Fmoc protecting group with
20% piperidine in DMF, compound 9 was coupled to the
beads by using 1-hydroxybenzotriazole (HOBt) and diisopropyl-
carbodiimide (DIC). The TBS group was deprotected by using
tetrabutyl ammonium fluoride (TBAF) in THF, and subsequent
treatment with trifluoroacetic acid (TFA) in dichloromethane
(DCM) unmasked the amine, which was coupled with 4 to give
14. In a similar fashion, compound 13 was also immobilized on
orthogonally protected resin to afford 15. As a control, orthog-
onally protected resin was also conjugated with substrate 4
after acylation providing 16.
In a proof-of-concept study, the functionalized beads (14–


16) were incubated with the bacterial neuraminidases and
monitored on a fluorescence plate reader, in analogy to the so-
lution-phase assays. As shown in Figure 2, the on-bead assays
are completely consistent with the solution-phase assays
(Table 1). Resin-functionalized 16 served as a control showing
no inhibition of the three bacterial neuraminidases; the NeuAc
substrates attached to these beads underwent facile cleavage
of the a-ketosidic linkage of sialic acid to result in strong fluo-
rescence (Figure 3c). In contrast, DANA functionalized beads


Scheme 5. Synthesis of DANA-analogue for conjugation to solid support. a) 2,2-Dimethoxy propane, acetone, p-TsOH; TBSCl, imidazole, DMF; b) Methyl
bromoacetate, NaH, DMF; c) aq NaOH, THF.


Scheme 6. Synthesis of a Zanamivir analogue for conjugation to solid support. a) Lindlar cat. , H2, EtOH; N,N’-bis(tert-butoxycarbonyl)-1H-pyrazole-1-carboxami-
dine, TEA, THF; b) NaOMe, MeOH; 2,2-dimethoxy propane, acetone, p-TsOH; c) p-NO2C6H4OCOCl, DMAP, pyridine.
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(14) inhibited all three bacterial neuraminidases, as evidenced
by weak fluorescence intensity as compared to the control (16)
(Figure 3a). Beads with Zanamivir showed no inhibition of Clos-
tridium perfringens and Salmonella typhimurium neuraminidas-
es and only weak inhibition of Vibrio cholerae neuraminidase
(Figure 3b); again this is completely consistent with the solu-
tion assays in Table 1 and the one-bead–one-substrate assay
(Figure 1).


Conclusion


In summary, synthetic protocols have been established for the
conjugation of fluorogenic neuraminidase substrates to solid
support. Enzymatic assays confirmed that resin-bound com-
pounds are susceptible to enzymatic cleavage to the same
extent as in solution-phase protocols. In a proof-of-concept
study, two known neuraminidase inhibitors, DANA and Zana-
mivir, were immobilized on bifunctionalized beads that were
subsequently treated with the fluorogenic NeuAc substrate;
this allowed simultaneous presentation of one-bead–one-
inhibitor–one-substrate constructs to the enzyme in solution.


Scheme 7. Synthesis of one-bead–two-compound constructs with DANA or Zanamivir serving as potential inhibitors. a) Fmoc-Gly/Boc-Gly 9:1, HOBt, DIC,
DMF; b) 20% piperidine in DMF; 9, HOBt, DIC, DMF; c) TBAF, THF; 50% TFA in DCM; d) 4, HOBt, DIC, Bu3N, DMF; e) 20% piperidine in DMF; 13, DMAP, pyri-
dine; f) aq NaOH, MeOH; 50%TFA in DCM; g) 20% piperidine in DMF; Ac2O, pyridine; h) 50%TFA in DCM.


Figure 2. Inhibitory activity of one-bead–two-compound constructs 14–16.
The bifunctionalized beads were incubated with the bacterial neuraminidas-
es and monitored on a fluorescence plate reader. Control experiments (16)
indicate that the enzymes have different turnover rates, which is consistent
with the data shown in Figure 1 and Table 1. Beads functionalized with
DANA (14) inhibit all three enzymes, whereas beads functionalized with
Zanamivir (15) inhibit Vibrio cholerae and only weak activity is seen with Sal-
monella typhimurium.
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The results of these experiments were completely consistent
with solution-phase assays; this demonstrated the feasibility of
on-bead neuraminidase screening with competing inhibitors.
Future investigations in our laboratory include applying this
technology to combinatorial-library screening.


Experimental Section


All chemicals were used as supplied without further purification.
Solvents (MeOH 99.8%, CH2Cl2 99.8%, CH3CN 99.8%, DMF 99.8%)
were purchased in anhydrous Sure/Seal bottles from Aldrich, used
without further purification, and stored under argon. Bacterial neu-
raminidases (Clostridium perfringens, Salmonella typhimurium, Vibrio
cholerae) were purchased from Sigma. PL-PEGA resin (0.4 mmolg�1,
150–300 mm) was purchased from Polymer Laboratories. Dowex
50WX8 (200 mesh) acidic resin was purchased from Aldrich,
washed copiously with methanol, and used without further purifi-
cation. NaOMe/MeOH (0.5m) was purchased from Aldrich. Glass-
backed EM Science TLC plates (silica gel 60 with a 254 nm fluores-
cent indicator) were purchased from VWR International, cut into
2 cmN5 cm portions, used without further manipulation, and
stored over dessicant. Developed TLC plates were visualized under
a short wave UV lamp, stained with a cerium-molybdate solution
and charred. Column chromatography was conducted with flash
silica gel (32–63 mm) available from Scientific Adsorbents and sol-
vents purchased from EM Science. NMR experiments (1D and 2D)
were conducted on Bruker DRX500 MHz spectrometers at 298 K.
RP-HPLC preparative separations were carried out on a Vydac C18
column (10N250 mm). Solvents: A) H2O and B) CH3CN with UV de-
tection at 220 and 254 nm. Fluorescence intensity was measured
with a Perkin–Elmer fluorescence plate reader.


4-Methyl acetate-umbelliferyl-4,7,8,9-tetra-O-acetyl-a-d-N-acet-
yl-neuraminic acid methyl ester (3): 2-Deoxy-2-chloro-4,7,8,9-
tetra-O-acetyl-a-d-N-acetyl-neuraminic acid methyl ester (1.10 g,
2.12 mmol) was dissolved in a mixture of 2[10] (0.54 g, 2.33 mmol),
Ag2CO3 (0.58 g, 2.12 mmol), and activated molecular sieves (1.8 g)
in anhydrous acetonitrile (30 mL). The mixture was stirred under
argon at room temperature in the dark for 24 h, filtered, and
evaporated. The residue was purified by column chromatography
(ethyl acetate) to give 3 as pale yellow solid (0.66 g, 44%). TLC
(ethyl acetate): Rf=0.18, m.p. 105 8C; [a]26D =++25.68 (c=0.5, CHCl3);
1H NMR (500 MHz, CDCl3): d=1.92, 2.04, 2.14 (3 s, 15H, 4-OAc, 1-
NAc), 2.25 (m, 1H, H-3a), 2.72 (dd, J=4.5, 13.0 Hz, 1H, H-3e), 3.70
(s, 3H, CO2CH3), 3.74 (s, 3H, CO2CH3), 4.10 (m, 4H, H-5, H-9a, CH2),
4.29 (m, 1H, H-9b), 4.51 (m, 1H, H-6), 5.00 (m, 1H, H-4), 5.37 (m,
3H, H-7, H-8, NH), 6.29 (s, 1H, C=CH), 7.04 (m, 2H), 7.49 (d, J=


9.0 Hz, 1H); 13C NMR (125 MHz, CDCl3): d=20.86, 20.95, 21.11,
23.34, 37.92, 38.24, 49.60, 52.84, 53.45, 62.18, 67.46, 68.51, 69.19,
73.84, 99.96, 108.02, 115.15, 115.51, 116.13, 125.78, 147.83, 154.79,
156.92, 160.54, 168.06, 169.20, 170.22, 170.53, 170.79, 170.99;
ESIMS calcd for C32H37O17NNa [M+Na]+ 730.2, found 730.0.


4-Acetic acid umbelliferyl-a-d-N-acetyl-neuraminic acid disodi-
um salt (4): NaOMe (0.1 mL, 0.5m, 0.05 mmol) was added slowly
under argon to a stirred solution of 3 (200 mg, 0.28 mmol) in dry
methanol (10 mL). The resulting mixture was stirred for 0.5 h. The
methanolic solution was acidified with Dowex 50WX8 (H+) resin,
filtered, washed with methanol, and evaporated to dryness. The
residue was dissolved in water (5 mL), and NaOH (5.9 mL, 0.1m,
0.59 mmol) was added. The mixture was stirred for 1 h at room
temperature, and freeze-dried to give a yellow solid, which was pu-
rified by RP-HPLC (H2O/CH3CN 90:10!70:30) to afford 4 as a white
solid (100 mg, 64%). m.p. 170 8C (decomposed); [a]24D =++45.38 (c=
0.7, H2O);


1H NMR (500 MHz, D2O): d=2.08 (m, 4H, NAc, H-3a), 2.89
(dd, J=4.0, 12.5 Hz, 1H, H-3e), 3.66 (m, 2H), 3.88 (m, 6H), 4.13 (m,
1H), 6.37 (s, 1H, C=CH), 7.23 (m, 2H), 7.71 (d, J=8.5 Hz, 1H);
13C NMR (125 MHz, D2O/CD3OD): d=22.86, 42.25, 53.39, 64.0, 68.91,
69.72, 72.85, 74.91, 103.83, 109.33, 113.82, 116.55, 119.0, 127.05,
154.89, 155.05, 159.05, 164.76, 173.09, 175.87; ESIMS calcd for
C22H24O13NNa2 [M+H]+ 556.1, found 556.1.


Conjugation of 4 on beads (5): PL-PEGA resin (40 mg,
0.4 mmolg�1, 150–300 mm) was swollen in DMF overnight. Com-
pound 4 (27 mg, 48 mmol), HOBt (48 mL, 1.0m), Bu3N (10 mL), and
DIC (8 mL) were added to the resin. The resin was shaken for 3 h
(monitored by Kaiser test) and washed with DMF (5N3 mL), CH2Cl2
(5N3 mL), MeOH (5N3 mL), and H2O (5N3 mL).


5-Acetamido-4-(tert-butyldimethylsilanyloxy)-8,9-O-(1-methyl-
ethylidene)-2,6-anhydro-3,5-dideoxy-d-glycero-d-galacto-non-2-
enonic acid methyl ester (7): 2,2-Dimethoxypropane (0.45 mL,
3.67 mmol) was added slowly to a stirring solution of 6[13] (187 mg,
0.61 mmol) in dry acetone (10 mL) under argon. p-Toluenesulfonic
acid (12 mg, 0.06 mmol) was added to the solution. The resulting
mixture was stirred overnight at room temperature. The mixture
was evaporated and dissolved in DMF (10 mL) and TBSCl (110 mg,
0.73 mmol), and imidazole (42 mg, 0.61 mmol) was added. The so-
lution was stirred under argon for 6 h at room temperature. The
mixture was evaporated, extracted with ethyl acetate, and purified
by column chromatography (ethyl acetate/hexane 2:1) to give 7 as
a white solid (208 mg, 74%). TLC (ethyl acetate/hexane 3:1): Rf=
0.35, m.p. 245 8C; 1H NMR (500 MHz, CDCl3): d=0.17 (s, 3H, CH3),
0.19 (s, 3H, CH3), 0.91 (s, 9H, 3CH3), 1.37 (s, 3H, CH3), 1.41 (s, 3H,
CH3), 2.04 (s, 3H, NAc), 3.60 (m, 1H), 3.81 (s, 3H, OCH3), 4.07 (m,
2H), 4.16 (t, J=8.5 Hz, 1H), 4.24 (d, J=7.0 Hz, 1H), 4.34 (m, 2H),


Figure 3. a) PEGA functionalized beads 14 after incubation with Vibrio cholerae. b) PEGA functionalized beads 15 after incubation with Vibrio cholerae. c) PEG
functionalized beads 16 after incubation with Vibrio cholerae.
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4.48 (m, 1H, OH), 5.54 (d, J=7.5 Hz, 1H), 5.89 (d, J=3.5 Hz, 1H,
NH); 13C NMR (125 MHz, CDCl3): d=�4.46, �4.27, 18.10, 23.36,
25.46, 25.77, 27.20, 51.70, 52.63, 66.26, 67.51, 72.12, 74.63, 76.70,
109.42, 109.92, 144.97, 162.75, 171.46; ESIMS calcd for C21H37NO8Si-
Na [M+Na]+ 482.2, found 482.3; elemental analysis calcd (%) for
C21H37NO8Si: C 54.88, H 8.11, N 3.05, found: C 54.82, H 8.19, N 3.03.


5-Acetylamino-4-(tert-butyldimethylsilanyloxy)-6-[(2,2-dimethyl-
[1,3]dioxolan-4-yl)-methoxycarbonylmethoxy-methyl]-5,6-dihy-
dro-4H-pyran-2-carboxylic acid methyl ester (8): Sodium hydride
(26 mg, 1.09 mmol) was added in portions to a stirred solution of 7
(250 mg, 0.54 mmol) and methyl bromoacetate (0.1 mL, 1.09 mmol)
in dry DMF (10 mL). The resulting mixture was stirred overnight at
room temperature. Then, the mixture was evaporated, extracted
with ethyl acetate, and purified by column chromatography (ethyl
acetate/hexane 2:1) to give 8 as a white solid (205 mg, 71%);
1H NMR (500 MHz, CDCl3): d=0.03 (s, 3H, CH3), 0.05 (s, 3H, CH3),
0.85 (s, 9H, 3CH3), 1.27 (s, 3H, CH3), 1.41 (s, 3H, CH3), 1.91 (s, 3H,
NAc), 3.49 (m, 1H, H-5), 3.70 (s, 3H, OCH3), 3.71 (s, 3H, OCH3), 4.07
(m, 2H), 4.17 (t, J=9.0 Hz, 1H), 4.26 (t, J=7.0 Hz, 1H), 4.36 (m, 1H),
4.57 (m, 1H), 4.66 (dd, J=2.0, 10.0 Hz, 1H, H-6), 5.23 (dd, J=2.0,
8.5 Hz, 1H, H-4), 5.78 (d, J=2.5 Hz, 1H, H-3), 7.02 (d, J=6.5 Hz, 1H,
NH); 13C NMR (125 MHz, CDCl3): d=�4.75, �4.58, 18.04, 23.71,
24.63, 25.64, 25.81, 26.35, 51.99, 52.25, 54.0, 64.46, 64.62, 68.33,
76.07, 76.26, 78.81, 107.79, 113.61, 143.01, 162.60, 171.28, 172.39;
ESIMS calcd for C24H41NO10SiNa [M+Na]+ 554.3, found 554.3; ele-
mental analysis calcd (%) for C24H41NO10Si: C 54.22, H 7.77, N 2.63,
found: C 54.14, H 7.98, N 2.61.


5-Acetylamino-4-(tert-butyldimethylsilanyloxy)-6-[carboxymeth-
oxy-(2,2-dimethyl-[1,3]dioxolan-4-yl)-methyl]-5,6-dihydro-4H-
pyran-2-carboxylic acid (9): Sodium hydroxide (5 mL, 0.1m,
0.5 mmol) was added slowly to a stirred solution of 8 (100 mg,
0.19 mmol) in THF (5 mL). The resulting mixture was stirred for 2 h
at room temperature. The organic solvent was evaporated and the
aqueous solution was acidified with HCl to pH 2, extracted with
ethyl acetate, and concentrated to give 9 as a white solid (66 mg,
70%). m.p. 130 8C; [a]26D =++35.18 (c=1.2, CH3OH);


1H NMR
(500 MHz, CD3OD): d=0.11 (s, 3H, CH3), 0.14 (s, 3H, CH3), 0.91 (s,
9H, 3CH3), 1.32 (s, 3H, CH3), 1.39 (s, 3H, CH3), 2.0 (s, 3H, NAc), 3.66
(s, 2H, OCH2), 3.98 (m, 2H), 4.14 (t, J=8.0 Hz, 1H), 4.20 (t, J=
8.0 Hz, 1H), 4.27 (m, 1H, H-6), 4.33 (m, 1H), 4.63 (m, 1H, H-4), 5.84
(s, 1H, H-3); 13C NMR (125 MHz, CD3OD): d=�4.65, �4.45, 18.81,
23.19, 25.43, 26.18, 26.61, 30.89, 51.97, 66.47, 68.13, 68.79, 70.76,
77.71, 78.38, 78.68, 109.35, 113.37, 144.93, 164.97, 173.24, 173.61;
ESIMS calcd for C22H37NO10SiNa [M+Na]+ 526.3, found 526.3; ele-
mental analysis calcd (%) for C22H37NO10Si: C 52.47, H 7.41, N 2.78,
found: C 52.38, H 7.48, N 2.64.


5-Acetylamino-4-[2,3-bis(tert-butoxycarbonyl)guanidine]-6-
(1,2,3-triacetoxy-propyl)-5,6-dihydro-4H-pyran-2-carboxylic acid
methyl ester (11): Lindlar catalyst (1 g) was added to a stirred solu-
tion of 10 (5.0 g, 11.0 mmol) in anhydrous ethanol (80 mL), and the
flask was flashed with argon. Hydrogen gas was then bubbled
through the vigorously stirring solution for 10 h. The reaction mix-
ture was then filtered through celite, and the filtrate was concen-
trated. The residue was dissolved in dry THF (50 mL). N,N’-bis(tert-
butoxycarbonyl)-1H-pyrazole-1-carboxamidine (3.42 g, 11.0 mmol),
and triethylamine (1.9 mL, 13.2 mmol) were then added. The mix-
ture was stirred vigorously overnight at room temperature. The re-
action mixture was then concentrated and purified by column
chromatography (hexane/ethyl acetate 1:1) to give 11 as colorless
oil (6.1 g, 82%). TLC (hexane/ethyl acetate, 1:1): Rf=0.20; 1H NMR
(500 MHz, CDCl3): d=1.50 (s, 18H, 6CH3), 1.86 (s, 3H, NAc), 2.04,
2.06, 2.08 (3 s, 12H, 3OAc), 3.79 (s, 3H, OCH3), 4.28 (m, 1H), 4.70


(dd, J=2.0 Hz, 10.5 Hz, 1H) 5.13 (m, 1H), 5.30 (m, 1H), 5.51 (d, J=
4.0 Hz, 1H), 5.86 (d, J=1.5 Hz, 1H, H-3), 6.37 (s, 1H, NH), 7.15 (d,
J=9.0 Hz, 1H), 7.69 (s, 1H), 8.51 (d, J=9.0 Hz, 1H, NH), 11.42 (s,
1H, NH); 13C NMR (125 MHz, CDCl3): d=20.80, 20.86, 20.94, 21.04,
23.00, 28.06, 28.31, 47.60, 49.19, 52.45, 60.40, 62.38, 67.89, 71.69,
77.96, 79.90, 83.90, 105.12, 109.79, 145.21, 152.69, 157.33, 161.75,
162.96, 170.22, 170.32, 170.58, 170.87; FABHRMS calcd for
C29H44N4O14Na [M+Na]+ 695.2751, found 695.2750.


5-Acetylamino-4-[2,3-bis(tert-butoxycarbonyl)guanidine]-6-[(2,2-
dimethyl-[1,3]dioxolan-4-yl)-hydroxy-methyl]-5,6-dihydro-4H-
pyran-2-carboxylic acid methyl ester (12): NaOMe (2 mL, 0.5m,
1 mmol) was added to a stirred solution of 11 (3.0 g, 4.46 mmol) in
anhydrous methanol (60 mL). The reaction mixture was then stirred
for 30 min. Dowex 50WX8 (H+) resin was added to neutralize the
reaction mixture and filtered. The filtrate was concentrated and dis-
solved in dry acetone (50 mL). 2,2-Dimethoxypropane (4.5 mL,
36.7 mmol) and p-toluenesulfonic acid (80 mg, 0.4 mmol) were
added to the reaction mixture. The resulting mixture was stirred
overnight at room temperature. The reaction mixture was then
concentrated and purified by column chromatography (hexane/
ethyl acetate 1:1) to give 12 as a white solid (2.3 g, 88%). TLC
(hexane/ethyl acetate 1:3): Rf=0.47, m.p. 126 8C; 1H NMR (500 MHz,
CDCl3): d=1.37 (s, 3H, CH3), 1.43 (s, 3H, CH3), 1.50 (s, 9H, 3CH3),
1.52 (s, 9H, 3CH3), 2.02 (s, 3H, NAc), 3.50 (m, 1H, H-7), 3.79 (s, 3H,
OCH3), 3.97 (m, 1H, H-5), 4.03 (m, 1H, H-6), 4.10 (m, 1H, H-9), 4.10
(m, 1H, H-9’), 4.40 (m, 1H, H-8), 5.15 (m, 1H, H-4), 5.28 (d, J=
4.0 Hz, 1H, OH), 5.80 (d, J=2.0 Hz, 1H, H-3), 8.00 (d, J=5.5 Hz, 1H,
NH), 8.64 (d, J=7.5 Hz, 1H, NH), 11.37 (s, 1H, NH); 13C NMR
(125 MHz, CDCl3): d=22.98, 25.25, 27.12, 28.04, 28.24, 48.46 (C-4),
52.13 (OCH3), 52.41 (C-5), 67.50 (C-9), 69.75 (C-7), 74.01 (C-8), 78.53,
80.09 (C-6), 84.38, 106.67 (C-3), 109.19, 146.96 (C-2), 152.70, 157.66,
161.99, 162.35, 174.01; FABHRMS calcd for C26H43N4O11 [M+H]+


587.2928, found 587.2951; elemental analysis calcd (%) for
C26H42N4O11: C 53.23, H 7.22, N 9.55, found: C 53.20, H 7.26, N 9.51.


5-Acetylamino-4-[2,3-bis(tert-butoxycarbonyl)guanidine]-6-[(2,2-
dimethyl-[1,3]dioxolan-4-yl)-(4-nitro-phenoxycarbonyloxy)-
methyl]-5,6-dihydro-4H-pyran-2-carboxylic acid methyl ester
(13): 4-Dimethylaminopyridine (149 mg, 1.22 mmol) and 4-nitro-
phenylchloroformate (245 mg, 1.22 mmol) were added to a solu-
tion of 12 (286 mg, 0.49 mmol) in dry pyridine (10 mL). The reac-
tion mixture was stirred vigorously overnight at room temperature.
The solution was then concentrated and the residue was extracted
with ethyl acetate and purified by column chromatography
(hexane/ethyl acetate 1:1) to give 13 as a white solid (271 mg,
74%). TLC (hexane/ethyl acetate 1:3): Rf=0.69, m.p. 150 8C;


1H NMR
(500 MHz, CDCl3): d=1.39 (s, 3H, CH3), 1.42 (s, 3H, CH3), 1.49 (s,
18H, 6CH3), 1.94 (s, 3H, NAc), 3.82 (s, 3H, OCH3), 4.14 (m, 1H, H-9),
4.23 (m, 2H, H-8, H-9’), 4.41 (m, 1H, H-5), 4.45 (m, 1H, H-6), 5.19 (t,
J=9.5 Hz, 1H, H-4), 5.24 (d, J=5.0 Hz, 1H, H-7), 5.90 (d, J=2.5 Hz,
1H, H-3), 6.46 (br s, 1H, NH), 7.53 (dd, J=1.5 Hz, 9.0 Hz, 2H, Ar),
8.26 (dd, J=1.5 Hz, 9.0 Hz, 2H, Ar), 8.58 (d, J=8.5 Hz, 1H, NH),
11.35 (s, 1H, NH); 13C NMR (125 MHz, CDCl3): d=23.30, 25.64, 26.63,
28.20, 28.41, 48.74 (C-4), 48.89 (C-5), 52.76 (OCH3), 65.89 (C-9),
74.33 (C-7), 75.10 (C-6), 77.70 (C-8), 80.18, 84.37, 109.18 (C-2),
115.81, 122.47, 125.39, 126.39, 145.63 (C-2), 152.66, 152.86, 155.98,
157.50, 161.74, 162.88, 171.85; FABHRMS calcd for C33H45N5O15Na
[M+Na]+ 774.2810, found 774.2848; elemental analysis calcd (%)
for C33H45N5O15: C 52.73, H 6.03, N 9.32, found: C 52.66, H 6.06, N
9.15.


Conjugation of 9 to resin to give 14 : PL-PEGA resin (120 mg,
0.4 mmolg�1, 150–300 mm) was swollen in DMF overnight, Fmoc-
Gly-OH/Boc-Gly-OH (480 mL, 0.3m, 9:1, mol/mol), HOBt (144 mL,
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1.0m) and DIC (22 mL) were then added to the resin. The resin was
shaken for 2 h and washed with DMF (5N3 mL), MeOH (5N3 mL),
CH2Cl2 (5N3 mL), and DMF (5N3 mL). Orthogonally protected PL-
PEGA resin (40 mg) was treated with 20% piperidine in DMF for
30 min, then washed with DMF (5N3 mL), MeOH (5N3 mL), CH2Cl2
(5N3 mL), and DMF (5N3 mL). Compound 9 (25 mg, 48 mmol),
HOBt (48 mL, 1.0m), and DIC (8 mL) were added to the resin. The
resin was shaken for 3 h and washed with DMF (5N3 mL), MeOH
(5N3 mL), CH2Cl2 (5N3 mL), and DMF (5N3 mL). The resin was
treated with TBAF (1.0 mL, 0.1m) and shaken overnight. After the
resin had been washed, as described before, TFA in DCM (1 mL,
50%) was added, and the mixture was shaken for 30 min. After it
had been washed as described, the resin (20 mg) was coupled
with substrate 4 (2 mg) by using HOBt (5 mL, 1.0m), DIC (1 mL), and
Bu3N (5 mL) to give 14.


Conjugation of 13 to resin to give 15 : Orthogonally protected PL-
PEGA (40 mg) resin was treated with 20% piperidine in DMF for
30 min, then washed with DMF (5N3 mL), MeOH (5N3 mL), CH2Cl2
(5N3 mL), and DMF (5N3 mL). Compound 13 (36 mg, 48 mmol),
DMAP (12 mg, 96 mmol), and pyridine (1 mL) were added to the
resin. The resin was shaken for 40 h and washed with DMF (5N
3 mL), MeOH (5N3 mL), CH2Cl2 (5N3 mL), and DMF (5N3 mL). The
resin was treated with aq. NaOH (1.0 mL, 0.1m) and shaken for 2 h.
After the resin had been washed as described before, TFA in DCM
(1 mL, 50%) was added, and the mixture was shaken for 30 min.
After more washing, the resin (20 mg) was coupled with substrate
4 (2 mg) by using HOBt (5 mL, 1.0m), DIC (1 mL), and Bu3N (5 mL) to
give 15.


Preparation of acetylated blank resin 16 : Orthogonally protected
PL-PEGA resin (40 mg) was treated with 20% piperidine in DMF for
30 min, then washed with DMF (5N3 mL), MeOH (5N3 mL), CH2Cl2
(5N3 mL), and DMF (5N3 mL). Ac2O (0.5 mL) and pyridine (0.5 mL)
were added to the resin. The resin was shaken overnight, and
washed with DMF (5N3 mL), MeOH (5N3 mL), CH2Cl2 (5N3 mL),
and DMF (5N3 mL). Resin (20 mg) was coupled with substrate 4
(2 mg) by using HOBt (5 mL, 1.0m), DIC (1 mL), and Bu3N (5 mL) to
give 16.


Neuraminidase inhibition assays: Inhibitors in solution : Com-
pound 5 was used as a substrate in a reaction buffer containing 2-
(N-morpholino)-ethanesulfonic acid (MES; 32.5 mm), pH 6.5, with
CaCl2 (4 mm). The neuraminidase (1 mU) was preincubated with
various inhibitors (a–d, 0.5 mm) in MES buffer (150 mL, pH 6.5) at
room temperature for 30 min. Substrate 5 (20 mL) was then added
to each well. The fluorescence intensities were measured after
20 min incubation with a PerkinElmer fluorescence plate reader
with an excitation wavelength of 355 nm and an emission wave-
length of 460 nm.


Inhibitors and substrate in solution. Compounds a–d at different
concentrations were first incubated with neuraminidases (Clostri-
dium perfringens 2 mU, Salmonella typhimurium 10 mU, and Vibrio
cholerae 2 mU) in MES buffer (32.5 mm, 4 mm CaCl2, pH 6.5) for
30 min. Then, the substrate 2’-(4-methylumbelliferyl)-a-d-N-acetyl-
neuraminic acid (final concentration 10 mm) was added to each
well. After incubation for 0.5–2 h (Clostridium perfringens 0.5 h, Sal-
monella typhimurium 2 h, and Vibrio cholerae 0.5 h), aqueous NaOH
(20 mL, 0.034m) was added to each well to terminate the enzymatic
reaction. The fluorescence intensity of each solution was recorded
with a fluorescence plate reader, and the substrate blanks were
subtracted from the sample reading. The IC50 was calculated by
plotting the percent inhibition of neuraminidase activity versus the
inhibitor concentration.


Inhibitors and substrate on solid support : Resins 14–16 (20 mL)
were each directly incubated with neuraminidase (1 mU) in MES
buffer (100 mL, pH 6.5) at room temperature. After 10 min, the fluo-
rescence intensities were measured at an excitation wavelength of
355 nm, emission wavelength of 460 nm.
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Introduction


The enzyme 1-deoxy-d-xylulose-5-phosphate reductoisomerase
(DXR, EC 1.1.1.267) catalyses the interconversion of 1-deoxy-d-
xylulose-5-phosphate (DXP; 1) and methylerythritol phosphate
(MEP; 2 ; Scheme 1) and is a key enzyme in the bacterial non-
mevalonate pathway to terpenoids.[1] DXR introduces the key
branching structure required for the eventual production of


isopentenyl diphosphate and dimethylallyl diphosphate by cat-
alysing an apparent a-ketol isomerisation followed by an
NADPH-mediated aldehyde reduction.[2] The reaction catalysed
by DXR is facilitated by a bound Mn2+ ion. Inhibition of the
non-mevalonate pathway is lethal to bacteria, and the antibiot-
ic fosmidomycin (3a) acts by binding strongly to DXR as a
slow tight-binding inhibitor.[3] X-ray crystal structures of DXR
from E. coli [4,5] and Zymomonas mobilis[6] have been solved.
Structures of the enzyme, with Mn2+ and 3a bound at the
active site, have also been obtained.[7] More recently, structures
of E. coli DXR in complex with 3a have been obtained that
lack the metal ion.[8]


There is currently a resurgence in the requirement for new
antimicrobial compounds due to the increase in antibiotic re-
sistance. DXR appears to be an attractive target for the devel-
opment of new inhibitory compounds with antibacterial activi-
ty. The recent demonstration that 3a is effective against the
malaria parasite, Plasmodium, suggests that DXR inhibitors
could also provide a new class of antimalarial compounds.[9]


We have already developed a flexible synthesis for 1[10] and we
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The inhibition of 1-deoxy-d-xylulose-5-phosphate reductoisomer-
ase (DXR) by fosmidomycin was studied by using a kinetic assay
based on the consumption of NADPH and synthetic substrate.
Fosmidomycin is a slow tight-binding inhibitor of DXR that
shows strong negative cooperativity (jh j=0.3) in binding. Coop-
erativity is displayed during the initial (weak, K0.5=10 mm) bind-
ing event and does not change as the binding tightens to the
equilibrium value of 0.9 nm over a period of seconds to minutes.
A series of fosmidomycin fragments was examined, but all


showed much weaker inhibition, in the mm range. A series of
cyclic fosmidomycin analogues was also synthesised and tested,
but these showed high-mm binding at best. None of the synthetic
compounds showed time-dependent inhibition. We concluded
that the slow tight-binding behaviour, and perhaps also coopera-
tivity, are mediated by significant reorganisation of the active site
upon fosmidomycin binding. This makes the rational design of
new inhibitors of DXR difficult at best.


Scheme 1. Non-mevalonate pathway to the terpenoid precursors dimethyl-
allyl diphosphate and isopentenyl diphosphate. DXS, 1-deoxy-d-xylulose-5-
phosphate Synthase; DXR, 1-deoxy-xylulose-5-phosphate reductoisomerase
(also known as methylerythritol phosphate (MEP) synthase).
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now report the results of efforts to understand the inhibition
of DXR by 3a and the design and synthesis of new inhibitors.


Results


Several recently published structures of DXR are available.
However, the most interesting from the point of view of inhibi-
tor design are those that show bound Mn2+ and the inhibitor
3a.[7] In these structures, it can be observed that the Mn2+ ion
is held in place by several carboxylates (Asp150, Glu152 and
Glu231) and that the metal takes up the expected octahedral
geometry. The vacant sites are filled by water molecules in the
apo structure. When 3a is bound, two of the equatorial sites
are occupied by the carbonyl oxygen and N-hydroxy oxygen
atoms of the hydroxamic acid group (Figure 1). Fosmidomycin


(3a) also possesses a phosphonate which binds to a site de-
fined by Lys228, Gly185, Ser186, Gly187, Ser222, Met225 and
Ile250. The top of the active site is defined by Trp212. When
both Mn2+ and fosmidomycin are bound, a flexible loop that
consists of residues 210–215 relocates to cover the active
site.[7] It appears likely that 3a mimics substrate 1, with the
binding such that the phosphonate of 3a mimics the 5-phos-
phate of 1. Meanwhile, the hydroxamic acid of 3a binds the
metal ; this perhaps mimics a transition state in the reaction co-
ordinate of 1. Interestingly the N-acetyl analogue of 3a
(FR 900098, 3b) also strongly inhibits DXR; this suggests that
there is sufficient space in the active site to accommodate at
least an additional methyl group.[9]


We initially examined the kinetics of the inhibition of DXR
by 3a. We have previously reported the cloning and expres-
sion of E. coli DXR by using an N-terminal hexahistidine tag to
aid purification. This enzyme was used to set up assays that


were suitable for kinetic analysis in conjunction with synthetic
substrate 1.[10] Assay conditions were optimised to give repro-
ducible rate data. The standard substrate assay consisted of
Tris buffer (pH 8.0) that contained Mn2+ ions (1.0 mm), NADPH
(0.4 mm) and enzyme (1 nm). Addition of substrate 1 (0.1–
1 mm) initiated the reaction and NADPH consumption was
monitored at 340 nm and 37 8C. Under these conditions the KM


for 1 was 400 mm.
In order to study the inhibition of DXR by 3a we modified


the standard assay conditions to contain less enzyme (0.1 nm) ;
thus the reaction could be monitored over longer time peri-


Figure 1. Active site of DXR showing bound 3a. Mn2+ is represented by a
purple sphere, with the axial water ligand shown as a red sphere. The Mn2+


is also ligated by Asp150, Glu152 and Glu231. The phosphate binding
pocket is also shown, as is Trp212 (top) which forms part of the flexible
loop. Coordinates were obtained from PDB entry 1ONP.[7]


Figure 2. Onset of Inhibition by fosmidomycin 3a at indicated concentra-
tions. A) Data were collected every 2 s (points shown every 30 s for clarity)
and fitted to the integrated rate equations of Morrison and Walsh[11] (curve).
B) Reciprocal final equilibrium rate vs. [3a] showing biphasic effect. C) Initial
rates were extracted and subjected to Hill analysis. D) Equilibrium rates were
extracted and subjected to Hill analysis.
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ods. We initiated the reaction by
adding a mixture of substrate 1
and 3a. We then followed the
progress of the reaction over
1200 s for varying inhibitor con-
centrations between 1000 and
0.1 nm (Figure 2A). The reactions
followed the expected pattern
for slow-binding inhibition: ini-
tial rapid reaction was followed
by a period of increasing inhibi-
tion and eventual equilibrium in-
hibition. In order to determine
initial and equilibrium rates of
reaction at varying inhibitor con-
centrations, [I] , we fitted the re-
action progress curves to the in-
tegrated rate equations previ-
ously described by Morrison and
Walsh.[11] The results of this anal-
ysis indicated that in the first
few seconds of reaction a rapid equilibrium is established be-
tween DXR and 3a. However, over a period of minutes, a
second more tightly bound equilibrium is established. Plots of
reciprocal rate as a function of [I] for both initial and equilibri-
um rates were made (Figure 2B). A curve was obtained, which
is indicative of cooperative effects. Hill analysis (i.e. , plotting
log(v/Vmax�v) as a function of log [I] ,[12] Figure 2C) showed that


the initial rapid equilibrium is subject to negative cooperativity
(jh j=0.27, K0.5=10.5 mm). Similar negative cooperativity is ob-
served (jh j=0.32, K0.5=0.9 nm) at final equilibrium (Figure 2D),
but the end inhibition is 104-fold tighter.[13]


In order to further probe the slow-binding nature and the
observed negative cooperativity of 3a binding to DXR, we ex-
amined the inhibition of DXR by a series of 3a fragments. A
series of phosphate analogues consisting of phosphate itself
(4), methyl- (5), ethyl- (6) and propyl- (7) phosphonic acids was
commercially available. 1-Amino-3-phosphonopropane (8) and
N-acetyl-1-amino-3-phosphonopropane (9) were synthesised
by single Arbusov reaction of 1,3-dibromopropane to give the
monobromide (10) (Scheme 2). Displacement of bromide by
azide gave 11 and catalytic hydrogenolysis afforded the amine
12. Acetylation then yielded the amide 13 as a mixture of ro-
tamers. Phosphonate esters 12 and 13 were deprotected by
using aqueous acid and base, respectively.


Compounds 4–9 were tested as inhibitors in a standard sub-
strate assay in which the concentrations of substrate 1 and in-
hibitor were varied. All phosphates and phosphonates were
found to inhibit the DXR-catalysed reaction (Table 1). Plots of
1/v as a function of [I] were curved when phosphate (4), meth-
ylphosphonate (5) and propylphosphonate (7) were used as in-
hibitor. In these cases, Hill analysis indicated positive coopera-
tivity (Figure 3) with inhibition constants (K0.5) of 40, 32 and
12 mm, respectively. The other compounds showed negligible
cooperativity. Ethyl phosphonate appeared to be a competitive
inhibitor (Ki 18 mm) while aminopropylphosphonate (8) was
the most potent inhibitor (Ki 4 mm).


N-acetyl phosphonate (9) could not be assayed for inhibition
under the standard conditions because interaction with Mn2+


in the buffer masked the UV absorbtion of NADPH. However,
inhibition was observed in the presence of Mg2+ : 9 acted as a
noncompetitive inhibitor (Ki=6.5 mm) with no apparent co-
operative effects.


Scheme 2. Analogues of 3a. a) Br(CH2)3Br, D, 60%; b) NaN3, EtOH, D, 16 h,
51%; c) H2 (1 atm), Pd/C, EtOH, 78%; d) aq. HCl, D, 22 h, 76%; e) Ac2O, Et3N,
RT, 90%; f) Me3SiBr, CH2Cl2, then aq. KOH, RT, 60%.


Table 1. Measured inhibition constants.[a]


Ki Ki(low) Ki(high) jh j K0.5 mode


3a (early) – 27.2�1.3 nm 244�4 nm 0.27�0.04 10.5 mm –
3a (late) – 4.1�0.6 nm 59.0�8.8 nm 0.32�0.03 0.9 nm –
4 – 250 26.1 2.0�0.5 39.8�3.2 –
5 – 42.5 0.2 2.3�0.16 32.5�2.3 –
6 18.0�4.0 – – – – C
7 – 8.3 7.0 1.7�0.2 11.9�1.4 –
8 4.0�1.2 – – – – N/M
9 6.5�0.7 – – – – N
(�)-14 0.75�0.21 – – 1.2�0.15 2.4�0.3 C
(S)-21 4.1�1.6 – – – – N/M
(S)-28 – 0.9 4.9 0.7�0.20 8.3�2.3 N/U
(R)-21 – 0.8 11.3 0.5�0.13 4.2�1.0 N/U
(R)-28 – 1.0 14.0 0.8�0.04 6.4�0.3 N/U


[a] Ki is the inhibition constant for reversible inhibition, Ki(low) is calculated for cooperative inhibition at low [I] ,
Ki(high) is calculated for cooperative inhibition at high [I] , jh j is the Hill coefficient, K0.5 is the concentration at
which half of the active sites are filled (obtained from Hill analysis) and the mode indicates whether the inhibi-
tion was competitive (C), uncompetitive (U), noncompetitive (N) or mixed (M). All K values in mm, unless other-
wise indicated. Errors are�15% unless otherwise indicated. For 3a, “early” values are for the initial rapid equi-
librium, while “late” values are for the final equilibrium (which correspond to Ki


*).
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Fosmidomycin (3a) is a flexible molecule, and it would be
expected to show a significant negative entropy change upon
binding to DXR. Since Williams et al. have shown that coopera-
tive effects can be related to flexibility and movement of
enzyme-bound species,[14] and because it is recognised that
rigidification of enzyme inhibitors can increase their potency
by ameliorating the entropy loss of binding,[15] we considered
simple rigid cyclic analogues of 3a, such as, (S)-14 (Figure 4) as


potential potent inhibitors of DXR. We performed simulated-
docking experiments with both 3a and (S)-14. These studies
were not satisfactory, however, because the SYBYL forcefield
used by the FLEXX package was not able to correctly place the
manganese-binding hydroxamic acid motif of either 3a or (S)-
14 during binding (Figure 5). However, overlay-modelling sug-
gested that (S)-14 can take up a conformation that is almost
identical to bound 3a (Figure 4), and could thus potentially in-
hibit DXR.


Synthesis


Initial attempts to obtain (S)-14
began with serine. Thus, l-serine
(15) was methylated in high
yield, and the resulting methyl
ester (16) was treated with tri-
phosgene to form the cyclic car-
bamate (17) in good yield
(Scheme 3).[16] Reduction of 17
with NaBH4 afforded the corre-
sponding primary alcohol (18),


which was phosphorylated by using the phosphoramidite
method. This was followed by meta-chloroperbenzoic acid
(mCPBA) oxidation, to give the dibenzylphosphate ester (S)-19
in moderate yield. d-Serine provided the enantiomeric material
(R)-19 by the same procedure.


The regioisomer of 19 was synthesised from l-malic acid
(22 ; Scheme 4). Treatment of 22 with trifluoroacetic anhydride
in benzyl alcohol selectively afforded the a-benzyl ester 23 in
good yield. Cyclic carbamate formation was achieved by using
diphenylphosphoryl azide to give 24.[17] Once again, NaBH4 re-
duction and phosphorylation gave the required cyclic carba-
mate, (S)-26, which was protected as the bisbenzyl ester. d-
Malic acid gave the enantiomer (R)-26 as expected. At this
stage we attempted N-oxidation of 19 and 26. However, de-
spite literature reports of the successful use of trifluoromethyl-
dioxirane[18] and Mo reagents[19] in similar reactions, we did not
observe N-oxidation of either 19 or 26.


An alternative strategy was then followed to obtain the N-
hydroxycarbamates (Scheme 5). Clearly late N-oxidation was
not possible, so we decided to use an intact N�O linkage from
the beginning of the synthesis. Thus dihydroxyacetone (29)
was treated with O-benzylhydroxylamine in methanol to afford


Figure 3. Inhibition by methylphosphonate (5) at varying DXP concentrations. A) Plot of 1/v as a function of [5]
showing biphasic inhibition characteristics. Rate (v) units : AU340 s


�1. B) Hill analysis (average values: R2=0.9703,
jh j=2.3�0.16, K0.5=32.5�2.3 mm).


Figure 4. Overlay of 3a in its bound conformation with (S)-N-hydroxy-4-
(phosphoryloxy)methyloxazolidin-2-one, (S)-14. The overlay was performed
with Spartan (Wavefunction, Inc.) by using a model of the oxazolidinone
that was minimised with molecular mechanics calculations. Mn2+ is shown
bound to the carbonyl of 3a.


Figure 5. Simulated docking studies of (S)-14. Experiments were carried out
by using the FLEXX package (Tripos Software). The two highest ranked
docked structures are shown (wires) and 3a is shown in its actual bound
conformation (sticks).
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the corresponding oxime 30 in excellent yield. Cyanoborohy-
dride-mediated reduction then gave the 2-benzyloxyaminopro-
pane diol 31 in good yield. Treatment of achiral 31 with tri-
phosgene then afforded carbamate (� )-32 which underwent
phosphorylation under standard conditions to afford the de-
sired (albeit racemic) protected N-hydroxycarbamate 33.


Deprotection of the benzyl-protected carbamates 19 and 26
and N-hydroxycarbamate 33 was achieved by hydrogenolysis
over 10% Pd on carbon catalyst, which give 21, 28 and 14, re-
spectively. In the case of the N-hydroxy compound (� )-14,
mass spectrometric analysis confirmed the intact N�O linkage.


Compounds (S)-21, (R)-21, (S)-28 and (R)-28 and the racemic
N-hydroxycarbamate (14) were examined as inhibitors of DXR.
Inhibition assays were performed by measuring the rate of re-
action (v) at varying substrate [S] and inhibitor [I] concentra-
tions. Carbamates (S)-21, (R)-21, (S)-28 and (R)-28 were found
to inhibit DXR (Figure 6A, Table 1)—albeit rather weak—in the
high-mm to low-mm range. However, efforts to characterise the
mode of inhibition by plotting 1/v as a function of either [I] or
1/[S] resulted in curved plots for (R)-21, (S)-28 and (R)-28 (Fig-
ure 6B). A typical dataset (for compound (R)-21 at fixed [DXP]
of 0.5 mm ; Figure 6B) showed two phases of inhibition—at
low [I] , an apparent Ki of 0.8 mm was measured. However, by
increasing inhibitor concentration a different Ki value of
11.3 mm was obtained. Hill analysis clearly showed a linear re-
lationship indicating negative cooperativity (i.e. , Hill coeffi-
cient, jh j<1) for (R)-21, (S)-28 and (R)-28 (Figure 6C, Table 1).


Scheme 3. Synthesis of 4-substituted oxazolidin-2-ones. a) MeOH, HCl, D,
quant. ; b) (CCl3)2CO, Et3N, CH2Cl2, 0 8C, 79%; c) NaBH4, EtOH, 0 8C, 82%;
d) iPr2NP(OBn)2, PhNH2Me+TFA� , CH2Cl2, then mCPBA, 52%; e) H2 (1 atm),
Pd/C, EtOH, 99%.


Scheme 4. Synthesis of 5-substituted oxazolidin-2-ones. a) (CF3CO)2O then
BnOH, 77%; b) Et3N, (PhO)2P(O)N3, toluene, D, 77%; c) NaBH4, EtOH, 0 8C,
87%; d) iPr2NP(OBn)2, PhNH2Me+TFA� , CH2Cl2, then mCPBA, 29%; e) H2


(1 atm), Pd/C, EtOH, quant.


Scheme 5. Synthesis of N-hydroxy 4-substituted oxazolidin-2-one, (� )-14.
a) H2O, BnONH3Cl, quant; b) NaBH3CN, MeOH, TFA, 84%; c) (CCl3)2CO,
N,N’-diisopropylethylamine (DIPEA), CH2Cl2, 0 8C, 47%; d) iPr2NP(OBn)2,
PhNH2Me+TFA� , CH2Cl2, then mCPBA, 62%; e) H2 (1 atm), Pd/C, MeOH, 51%.
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Inhibitor (S)-21 showed no obvious cooperative behaviour,
only noncompetitive/mixed inhibition. Assays designed to
detect time-dependent inhibition did not indicate any covalent
or slow-binding behaviour for any of the cyclic carbamates.


In order to analyse the inhibition further, plots of 1/v as a
function of 1/[S] at varying inhibitor concentrations were made
for (R)-21, (S)-28 and (R)-28 (Figure 6D). Because the inhibition
varied with inhibitor concentration due to the negative coop-
erativity, we treated the data in two sets—one at lower [I] , the
other at higher [I] . The resulting plots indicated that at lower
[I] the inhibition could be classified as noncompetitive, while
at higher [I] the pattern changed to uncompetitive.


We expected the racemic N-hydroxycarbamate (� )-14 to
show inhibition that was comparable with that of 3a (K0.5


0.9 nm in our assays, vide supra). However kinetic analysis
showed simple competitive inhibition with a Ki of 0.75 mm.
Data analysis indicated no cooperative or time-dependent
behaviour.


Discussion


Previous investigations of DXR have focussed on two main
areas: crystallographic structure solutions, and biochemical
and kinetic analysis of substrates and substrate analogues. Two
inhibitors of DXR, 3a and 3b, have also been investigated, but
very few systematic attempts to design and synthesise new in-
hibitors, beyond simple substrate analogues, have been report-
ed.[20,21] The structural and biochemical results reported to date
show that DXR is a homodimer, with one active site per sub-
unit, and support a mechanism in which 1 binds before
NADPH. It is suggested that a flexible loop consisting of resi-
dues 210–215 becomes more ordered upon substrate bind-
ing.[5] The first reaction catalysed is an apparent concerted a-
ketol rearrangement or stepwise fragmentation-reassembly
mechanism. No conclusive evidence that rules out one of
these pathways has been found, but it is certain that the inter-
mediate(s) remain tightly bound to DXR prior to NADPH medi-
ated reduction. After reduction it is suggested that NADP+


leaves before the product MEP (2).
DXR requires activation by a divalent metal ion; Co2+ , Mn2+


and Mg2+ have been shown to activate the enzyme, albeit
with varying kinetic parameters.[22] It has also been reported
that the kinetic parameters for substrate binding vary with the
metal, and that the DXR catalysed reactions can actually slow
down with increasing NADPH concentration.[2] For these rea-
sons we studied inhibition of DXR at fixed metal (Mn2+) and
NADPH concentrations which were chosen to reflect condi-
tions described in the literature. These concentrations also
gave reproducible, linear, NADPH-consumption curves in our
assays (e.g. , Figure 6A). Under these conditions, with synthetic
1, KM was 400 mm, which is similar to the value of 250 mm mea-
sured by Seto and co-workers,[23] but somewhat higher than
the 115 mm measured by Poulter et al.[3] However, differences
in KM are to be expected as the KM for any given substrate
varies with the concentration of other substrates. Additionally,
differences might be due to the fact that the DXR used in our
work and by Seto et al. has a hexahistidine N-terminal exten-


Figure 6. Inhibition of DXR by carbamate, (R)-21. A) Inhibition by (R)-21
showing reducing rate of NADPH consumption with increasing (R)-21 con-
centration. B) Replot of 1/v as a function of [(R)-21] showing biphasic inhi-
bition characteristics. Rate (v) units : AU340·s


�1.C) Hill analysis (R2=0.981,
jh j=0.5, K0.5=4.2 mm). Note that the Hill coefficient is negative because as
the inhibitor concentration increases, the reaction rate decreases. D) At-
tempt to determine the mode of inhibition by using Lineweaver–Burk anal-
ysis at varying inhibitor (R)-21 concentrations.
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sion in contrast to the native DXR used by Poulter and co-
workers.


Hill analysis of substrate data (not shown) gave a Hill coeffi-
cient of jh j=1.0; this indicates no cooperativity during sub-
strate processing. However, when we examined inhibition by
3a, we observed that the expected slow-binding inhibition dis-
played significant negative cooperativity—that is, as inhibitor
concentration increases, the apparent Ki increases. The mea-
sured Hill constants for both the initial binding process and
final equilibrium were similar. Because the measured Ki varies
with inhibitor concentration (or, as shown here, the range of
concentrations over which Ki is calculated), comparisons of
measured Ki values with previous studies are difficult. We cal-
culated two Ki values: Ki(low) at relatively low 3a concentrations
(below 50 nm) and Ki(high) at relatively high 3a concentrations
(above 50 nm). Thus four Ki values can be obtained for inhibi-
tion of DXR by 3a (Table 1). Two other groups have measured
initial (Ki) and final (Ki


*) equilibrium for inhibition of DXR by 3a.
However, they have not examined inhibition over the wide
range of 3a concentrations that is required to observe cooper-
ativity. Poulter et al. obtained values for Ki and Ki


* of 215 nm
and 21 nm, respectively,[3] while Rohmer et al. have reported Ki


to be 40 nm and Ki
* to be 10 nm.[21] Both sets of data were ob-


tained at 3a concentrations above 50 nm.
In order to investigate this phenomenon in more detail, we


examined inhibition by phosphate, methyl-, ethyl-, propyl-, 3-
aminopropyl- and N-acetyl-3-(aminopropyl)phosphonic acids,
each of which is a fragment of 3a (or its N-acetyl analogue,
3b). Phosphate itself inhibited weakly, but methyl-, ethyl- and
propylphosphonic acids showed increasingly stronger inhibi-
tion. Phosphate, methylphosphonate and propylphosphonate
displayed positive cooperativity (i.e. , the apparent Ki decreases
as inhibitor concentration increases). However, negligible coop-
erativity of inhibition was observed for ethyl-, aminopropyl-
and N-acetylaminopropylphosphonates. When the compounds
resemble 3a more closely, the Ki values of improve marginally;
although the most potent (8) is still less potent than 3a at equi-
librium by a factor of 106. It is noteworthy, however, that initial
binding of 3a at 10.5 mm is just 102-fold better than 8 and 9.


Carbamates (S)-21, (S)-28, (R)-21 and (R)-28 also inhibited
DXR in the mm range. (R)-21, (S)-28 and (R)-28 showed nega-
tive cooperativity similar to 3a, whereas (S)-21 showed negligi-
ble cooperativity. None of the carbamates showed time-depen-
dent inhibition.


It is not possible to distinguish true negative cooperativity,
which involves “communication” between identical active sites
on separate subunits, from binding at two separate sites with
differing potencies, because they are kinetically indistinguisha-
ble.[12] However, positive cooperativity must arise from binding
at two identical sites—that is, when phosphate and methyl-
phosphonate bind at one active site on one subunit of DXR,
there must be “communication” to the second subunit. This
then results in enhanced binding of the second equivalent of
inhibitor. The existence of this communication makes it likely
that the negative cooperativity observed in the case of 3a and
cyclic carbamates is also due to communication between
active sites on the two subunits of the DXR dimer.


Crystal structure data for DXR with bound inhibitors and
with vacant active sites indicate that a flexible loop consisting
of residues 210–215 undergoes a large conformational change
when inhibitors bind (Figure 7). Recent crystal structure data
from Yajima and Oldfield et al. show DXR binding to two
bisphosphonate compounds (with low-mm inhibition con-


stants).[24] However, the phosphonate moieties of these com-
pounds do not bind in the phosphate binding site that is utilis-
ed by 3a ; instead they bind to the metal ion. Another differ-
ence is that the loop region forms a different conformation
when it is located over the bisphosphonate inhibitors rather
than over 3a.


Loop movement could explain both the observed coopera-
tivity in inhibition and the slow-binding inhibition by 3a. Our
results are consistent with a mechanism in which inhibitors
can initially bind at either, or both, of the metal ion and phos-
phate binding sites in one of the subunits of the dimeric DXR.
Binding is accompanied by a loop movement that could then
transmit a conformational change to the active site in the
second subunit of the DXR dimer. This initial binding has Ki


values in the mm to mm range. In the case of 3a (which binds
at both phosphate and metal ion sites) a second slower pro-
cess occurs which tightens the binding by a factor of approx-
imately 104. We interpret this as a further loop movement,
which perhaps brings Trp212 into closer proximity with the hy-
drophobic portion of 3a. Our results support a mechanism in
which initial binding of 3a to DXR is subject to cooperativity,
but the subsequent slow approach to tight-binding does not
change the initial cooperativity. Transmission of conformational


Figure 7. Overlay of DXR monomer crystal structures showing the extent of
flexible loop movement upon 3a binding. The apo structure coordinates
(shiny metal, purple loop) were obtained from pdb 1K5H, the holo structure
coordinates (plastic, green loop) were obtained from pdb 1ONP. The overlay
was performed by using the programme iMol. The structure shows the
NADPH binding domain (blue), the catalytic and dimerisation domain (red)
and the “structural” domain (yellow).
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changes between enzyme subunits has been observed previ-
ously. For example, Stroud et al. have shown that the enzyme
thymidylate synthase undergoes a conformational change in
one subunit upon cofactor binding; this then prevents cofactor
binding in the other subunit.[25]


Very recently further crystallographic evidence has emerged
that shows how the structure of DXR sequentially closes as
each ligand binds and eventually forms a tightly bound closed
complex. The process appears to be driven by a reduction in
exposed hydrophobic surfaces.[8] Our kinetic evidence supports
this interpretation and lends weight to the crystallographic evi-
dence for a two-step inhibition process.[8]


None of the other inhibitors tested here showed time-de-
pendent inhibition of DXR; this suggests that they are not able
to take up a conformation that is capable of inducing full-loop
closure. This is supported by structures available for binding
by bisphosphonates which show the loop in an alternative
position.[24] Reports to date have not discussed the kinetics of
inhibition of these compounds.


Explanations for the observed positive or negative coopera-
tivity are more difficult to formulate—it might be that different
loop movements induced by various inhibitors are transmitted
between subunits in distinct ways. For example, the only com-
pounds that showed positive cooperative inhibition were the
relatively small phosphate, methyl- and propylphosphonates—
these might bind more strongly at the Mn2+ site, while all the
other (larger) compounds might bind preferentially at the
phosphate binding site.


Surprisingly the N-hydroxy cyclic carbamate (� )-14 which is
a close structural analogue of 3a showed neither cooperative
nor time dependent inhibition of DXR. It was at least 106-fold
less potent than 3a itself, despite the fact that modelling and
docking studies suggested it should be able to bind to DXR.
This is probably due to prevention of full loop-movement
caused by improper binding at the metal. This illustrates two
significant problems with simulated-docking strategies with
DXR. The first is that standard force-field implementations are
inadequate for simulating metal binding, and secondly—and
more seriously—the large changes in flexible loop conforma-
tion which accompany inhibitor binding cannot be simulated.
It thus appears unlikely that our efforts to design potent new
inhibitors of DXR will be aided by docking studies, and we are
presently investigating crystallographic approaches to under-
standing the interaction of DXR’s flexible loop with small mole-
cules.


Experimental Section


Synthetic details for compounds 8, 9, 11–14, 19, 21, 26, 28 and
30–33 are contained in the Supporting Information.


Enzyme assays : Buffers and stock solutions were made with de-
ionised water and ACS grade reagents. The assay was monitored
spectrophotometrically through the consumption of b-NADPH. It
was observed at 340 nm in a Pharmacia-LKB Ultrospec III UV spec-
trophotometer that was equipped with a heated-water jacket cuv-
ette. The pH was measured at RT with a KCl electrode and PW9418
analogue pH meter (Philips). All TRIS buffers were adjusted to


pH 8.0 at 37 8C. In order to keep a constant temperature through-
out the assay, the buffer solution was held in a 37 8C water bath;
the UV cell jacket was also at 37 8C. The other stock solutions were
kept in ice prior to addition.


Standard assay : The apparatus was calibrated to 0.00 OD340 units
with buffer solution (0.1m Tris, 0.1 mm DTT, 1 mm Mn2+). Buffer so-
lution (980 mL, 0.1m Tris, 0.1 mm DTT, 1 mm Mn2+ and 0.4 mm b-
NADPH) and then DXR (10 mL, 100 nm) were introduced sequential-
ly into a 1000 mL Quartz UV cuvette. The cuvette was mixed by in-
version three times, introduced into the UV spectrophotometer,
which was set at 340 nm, and data collection was started. Data
points were collected every 2 s. After 4 s, a stock solution of 1
(100 mm) in Tris buffer (10 mL, 100 mm) was added. The mixture
was inverted three times, and the enzymatic reaction was moni-
tored over 330 s. The data obtained was then processed by using
Microsoft Excel.


Inhibitory assay (example at 1 mm inhibitor): After calibration
(see standard assay), buffer solution (970 mL, 0.1m Tris, 0.1 mm DTT,
1 mm Mn2+ , 0.4 mm b-NADPH), DXR (10 mL, 100 nm) and inhibitor
stock solution (0.1m) in Tris buffer (10 mL, 100 mm) were intro-
duced, in order, into a 1000 mL Quartz UV cuvette. The cuvette was
inverted three times, placed into the UV spectrophotometer which
was set at 340 nm and data collection initiated. After 4 s, a stock
solution of 1 (100 mm) in Tris buffer (10 mL, 100 mm) was added.
The mixture was mixed by inversion three times and the enzymatic
reaction monitored over 330 s. The data obtained was then proc-
essed by using Microsoft Excel. Inhibitor assays contained inhibitor
at concentrations of 0.1–15 mm (cyclic analogues) and 5–35 mm


(phosphonic acid derivates).


Fosmidomycin (3a) slow-binding assay (example at 100 nm fos-
midomycin): After calibration (see standard assay), buffer solution
(970 mL, 0.1m Tris, 0.1 mm DTT, 1 mm Mn2+ , 0.4 mm b-NADPH), 3a
stock solution in Tris buffer (10 mL, 10 mm) and 1 stock solution
(100 mm) in Tris buffer (10 mL, 100 mm) were introduced, in order,
into a 1000 mL Quartz UV cuvette. The cuvette was mixed by inver-
sion three times, placed in the UV spectrophotometer, which was
set at 340 nm, and data collection was initiated. After 4 s, the enzy-
matic reaction was started by the addition of DXR (10 mL, 10 nm).
The mixture was quickly inverted three times, and the enzymatic
reaction was monitored over 20 min. The data obtained was fitted
directly to the integrated rate equation of Morrison and Walsh[11]


by using MacCurveFit.[26] Inhibitor assays contained inhibitor at
concentrations of 0.1–1000 nm.
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Stochastic Sensing of TNT with a Genetically
Engineered Pore
Xiyun Guan,[a] Li-Qun Gu,[b] Stephen Cheley,[a] Orit Braha,[c] and Hagan Bayley*[c]


Introduction


Stochastic sensors detect analytes at the single-molecule
level.[1–3] Engineered versions of the transmembrane protein
pore a-hemolysin (aHL) have been used as stochastic sensing
elements for the identification and quantification of a wide
variety of substances, including metal ions,[4, 5] anions,[6] organic
molecules,[7] reactive molecules,[8] DNA[9] and proteins.[10] In this
approach, binding sites for analytes are usually engineered
within the lumen of the pore. The ionic current passing
through a single pore is monitored at a fixed applied potential.
Individual binding events are detected as transient blockades
in the recorded current. This allows both the identification and
quantification of analytes. We now report that nitroaromatic
molecules can be detected at the single-molecule level by
using rings of aromatic residues placed at a key site within the
lumen of aHL. Various nitroaromatics are distinguished from
2,4,6-trinitrotoluene (TNT) on the basis of the amplitude and
duration of current block. This finding should be useful for the
detection of explosives and could further our understanding of
noncovalent interactions between aromatic molecules.


Results and Discussion


Engineered aHL pores with internal aromatic rings


Aromatic side chains were introduced at position 113 of the
aHL polypeptide by site-directed mutagenesis, and pores were
assembled from the mutant subunits. The heptameric mutant
pores[11] therefore contained seven aromatic side chains that
projected into the lumen at the top of the transmembrane b


barrel (Figure 1). Residue 113 is close to the narrowest part of
the lumen. Therefore, it seemed likely that analyte molecules
that bind near that site would affect the transmembrane
current.


Nitroaromatics block the engineered pores


To monitor interactions between the mutant pores and nitro-
aromatic analytes, single-channel current recordings were
made in a planar bilayer apparatus. For example, TNT was
tested with the mutant pore, Met113Trp7. In the absence of an
analyte, the pore remained open at all times and exhibited a
unitary conductance of 643�7 pS (n=4). In the presence of
TNT, both short and long current blockades were observed
(Figure 2A). The long events lasted about one second, and
during this period the pore was almost completely blocked (re-
sidual conductance of 28�2 pS, n=3). A plot of 1/ton as a
function of TNT concentration for Met113Trp7 is linear (Fig-
ure 2B), where ton is the mean inter-event interval (ignoring
the short events). This suggests that the long interaction is bi-
molecular.[12,13] A Kd value was obtained for the long events
(Table 1) by using koff=1/toff and kon=1/(ton·[TNT]),


[12,13] where
toff is the mean dwell time of a TNT molecule in the protein. Al-
though toff approaches 1 s, the Kd value is only ~1 mm. This is
because the association rate constant is surprisingly slow,
~103m�1 s�1, compared to most rate constants we have
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Engineered versions of the transmembrane protein pore a-hemo-
lysin (aHL) can be used as stochastic sensing elements for the
identification and quantification of a wide variety of analytes at
the single-molecule level. Until now, nitroaromatic analytes have
eluded detection by this approach. We now report that binding
sites for nitroaromatics can be built within the lumen of the aHL
pore from simple rings of seven aromatic amino acid side chains
(Phe, Tyr or Trp). By monitoring the ionic current that passes
through a single pore at a fixed applied potential, various nitro-


aromatics can be distinguished from TNT on the basis of the am-
plitude and duration of individual current-blocking events. Rings
of less than seven aromatics bind the analytes more weakly; this
suggests that direct aromatic–aromatic interactions are involved.
The engineered pores should be useful for the detection of explo-
sives and, in combination with computational approaches and
structural analysis, they could further our understanding of non-
covalent interactions between aromatic molecules.
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determined for small molecules that bind within aHL,
>105m�1 s�1.[4, 6, 7, 12]


Long binding events


To investigate the origin of the long events, aHL pores assem-
bled from additional Met113 mutants were tested with TNT.


Figure 1. Molecular graphics representations of the staphylococcal aHL
pore. A) Side view of the Met113Phe7 pore highlighting position 113, where
the naturally occurring Met residue has been substituted with Phe (blue).
B) View into the Met113Phe7 pore from the cis side of the lipid bilayer.
C) View into the Met113Phe7 pore showing a TNT molecule at the same
scale. The Phe side chains are shown in extended conformations and the
TNT molecule has been placed with the plane of the ring perpendicular to
the central axis of symmetry in the pore.


Figure 2. Interaction of TNT with a single Met113Trp7 pore. A) Upper panel :
current trace in the absence of TNT; lower panel : current trace in the pres-
ence of 50 mm TNT. The TNT was added to the chamber (1.52 mL) in aceto-
nitrile (17.2 mL). The same volume of acetonitrile was included in the exper-
iment shown in the upper trace. B) Plot of 1/ton as a function of TNT con-
centration. The calculation of 1/ton (n=3) was based on the long blocking
events. Experiments were performed at +50 mV (cis at ground) in NaCl
(1m), Tris·HCl (10 mm, pH 7.5). Both Met113Trp7 and TNT were added to the
cis chamber.


Table 1. Characteristics of binding events between TNT and homoheptameric aHL pores.[a]


Mutant[b] pore Amino-acid side chain at position 113 Residual conductance [pS][c] Residual conductance [%][d] toff [ms] kon [m
�1 s�1] Kd [m]


Met113Trp7 28�2 4.3 820�40 900�70 1.4�0.1K10�3


Met113Phe7
[e] 41�8 5.6 300�40 540�70 6.1�0.4K10�3


Met113Tyr7 28�3 3.8 1030�50 620�70 1.6�0.1K10�3


[a] Experiments were performed in NaCl (1m), Tris·HCl (10 mm, pH 7.5) at an applied potential of +50 mV. Both aHL protein and TNT (50 mm) were added
to the cis chamber. toff, kon and Kd values were calculated for the long blocking events and are based on three separate experiments (mean� standard devi-
ation). When the TNT was in the cis chamber, there were no blocking events at �50 mV. However, with TNT in the trans chamber, blocking events were ob-
served at �50 mV and not at +50 mV. The events with TNT on the trans side had smaller toff values compared to those seen with TNT on the cis side (e.g. ,
about 100 ms for Met113Trp7). [b] The following pores were also tested: WT7, Met113His7, Met113Asp7, Met113Glu7, Met113Arg7, Met113Lys7, Met113Val7
and Met113Pro7. Neither short nor long blocking events were observed in these cases. [c] The residual conductance during the long blocking events calcu-
lated on the basis of the remaining current in a single channel experiment. [d] The residual conductance during the long blocking events as a percentage
of the unitary conductance. The open channel conductances for mutants Met113Trp7, Met113Phe7 and Met113Tyr7 were 643�7 pS, 732�14 pS and 742�
2 pS, respectively. [e] The experiment with Met113Phe7 was repeated with a high purity sample of TNT from Supelco (99.9%), yielding values of toff=
290 ms and kon=510m


�1 s�1.
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These mutants included Met113Phe7, Met113Tyr7, Met113His7,
Met113Asp7, Met113Glu7, Met113Arg7, Met113Lys7, Met113Pro7
and Met113Val7. The new amino acid residues in the mutants
belonged to three major classes: hydrophobic (Met, Pro, Val),
charged (Asp, Glu, Arg, Lys) and aromatic (Trp, Phe, Tyr). Cur-
rent blocking events were identified only with the three aro-
matic Met113 mutants (Table 1); this argues against a general
hydrophobic interaction. The failure of the charged side chains
to bind TNT argues against cation–p[14] or anion–p[15] interac-
tions in these cases. Aromatic–aromatic interactions involving
histidine residues have been reported.[16–18] However, TNT did
not block Met113His7 at pH 7.5
or pH 9.5, at which the His resi-
dues are likely to be fully depro-
tonated.
It is probable then that TNT


interacts directly with aromatic
side chains within the lumen of
the pore. The interaction be-
tween TNT and Trp, Tyr and Phe
might have donor–acceptor
character. The ring in TNT is elec-
tron deficient, while those in Tyr
and Trp are electron rich, com-
pared with the ring in Phe. Our
results yield a binding strength
in the order Tyr~Trp>Phe
(Table 1). This is similar to obser-
vations made for the binding of
7-methylguanosine to aromatic
side chains in the mRNA “cap”
binding proteins, eIF4E and
VP39, where face-to-face p-
stacking interactions occur.[19]


However, there is no direct evi-
dence that p stacking occurs in
the present case.


Origin of the short and long
binding events


The short events exhibited a
wide range of amplitudes (Fig-
ure 2A). Nevertheless, a rough
value for toff could be deter-
mined by fitting a dwell-time
histogram to a single exponen-
tial (toff=0.67�0.05 ms, n=3).
To investigate the origin of the
short and long events, a series
of heteromeric Met113Phe pores
were assembled and examined
by current recording. These in-
cluded Met113Phe1WT6, Met113-
Phe2WT5 and Met113Phe3WT4
throught to Met113Phe7, where
WT is the wild-type subunit


(Figure 3). ton and toff values were determined, and DG8 values
for the short and long events were estimated by using DG8=
�RT lnKf (Figure 4). As the ratio of Met113Phe to WT subunits
increased, toff for the long binding events also increased expo-
nentially, while 1/ton at a fixed TNT concentration was almost
unchanged (Figure 4A and B). By contrast, toff for the short
binding events was independent of the subunit ratio, while
1/ton increased from 0.025 s


�1 to 0.44 s�1 at 50 mm TNT as the
Met113Phe to WT ratio increased (Figure 4D and E). For both
the short and long events, DG8 decreased roughly linearly with
the number of Met113Phe subunits (Figure 4C and F). For the


Figure 3. Single-channel recordings with a series of Met113Phe mutants that show short and long events caused
by the binding of TNT. The left-hand traces are 30 s in duration. The right-hand traces are 1 s in duration and
show expanded views of the long events marked with arrows on the left. The broken lines are at zero current.
The experiments were performed at +50 mV in NaCl (1m), Tris·HCl (10 mm, pH 7.5). Both Met113Phe proteins
and TNT (50 mm) were added to the cis chamber.
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short events, both the overall
decrease in DG8 (�1.8 kcal
mol�1) and the overall change in
1/ton (18-fold) are somewhat
larger than the values expected
from a purely statistical effect
based on an increase in indi-
vidual binding sites from one
to seven per pore (DDG8=
�RT ln7=�1.1 kcalmol�1;
change in 1/ton= sevenfold).
These data suggest that the
short events are primarily relat-
ed to interactions between
single Phe residues and a TNT
molecule, while the long events
require at least two Phe resi-
dues.
The examination of a series of


analytes with the Met113Trp7
pore provided further evidence
that the binding events arise
from direct aromatic–aromatic
interactions between the amino
acid side chains and the analyte
molecules (Table 2). All six
nitroaromatics tested bound
to Met113Trp7. The affinity
dropped off for molecules with


Figure 4. The effect of the number of Phe residues in the Met113Phe mutant pores on TNT (50 mm) binding. 1,
Met113Phe1WT6; 2, Met113Phe2WT5; 3, Met113Phe3WT4; 4, Met113Phe4WT3; 5, Met113Phe5WT2; 6, Met113Phe6WT1;
7, Met113Phe7. A–C) toff, 1/ton and DG8 values for the long events. D–F) toff, 1/ton and DG8 values for the short
events.


Table 2. Interaction of various organic analytes with the Met113Trp7 pore.
[a]


Analyte Structure Residual conductance [pS][b] Residual conductance [%][c] toff [ms] kon [m
�1 s�1] Kd [m]


TNT 28�2 4.3 820�40 900�70 1.4�0.1K10�3


Tetryl 20�1 3.1 150�40 120�20 5.5�0.1K10�2


2,6-DNT 92�3 14 14�2 17�3 4.4�0.8


2,4-DNT 100�10 16 13�4 23�5 3.2�1.0


4-NT 140�10 22 1.8�0.9 19�4 32�9


4-amino-DNT 100�10 16 3.7�0.8 22�2 13�3


[a] Experiments were performed in NaCl (1m), Tris·HCl (10 mm, pH 7.5) at an applied potential of +50 mV. Both aHL protein and nitroaromatics
(50 mm–1 mm) were added to the cis chamber. toff, kon and Kd values were calculated for the long blocking events and are based on three separate experi-
ments (mean� standard deviation). Short events were also observed with TNT, Tetryl, 2,6-dinitrotoluene (2,6-DNT), 2,4-dinitrotoluene (2,4-DNT), 4-nitroto-
luene (4-NT) and 4-amino-2,6-dinitrotoluene (4-amino-DNT). [b] The residual conductance during the long blocking events calculated on the basis of the
remaining current in a single-channel experiment. [c] The residual conductance during the long blocking events as a percentage of the unitary conduc-
tance.
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fewer nitro groups, which is in accordance with the idea of a
donor–acceptor interaction. The nonaromatic nitro explosive
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) did not interact
with the pore.


Mechanism of current block


Our results suggest that the long binding events between the
mutant aHL pores and TNT and its relatives have a stoichiome-
try of 1:1 (Figure 2B). The results also indicate that the Phe, Tyr
or Trp residues cooperate in the long interactions. However, it
is hard to reconcile the almost complete channel block seen
upon binding of TNT and related molecules with the dimen-
sions of the lumen, as seen in the crystal structure of the unoc-
cupied pore (Figure 1). A substantial current block of the pore
does not require complete occlusion of the lumen. First, in a
wide pore, hydrated ions are transported. Once the diameter
of the aperture is reduced below 5 or 6 O, water molecules
must be stripped from the ions before they can move though
the lumen.[20] The high energetic cost would greatly retard
transport in the absence of any compensating factors. Second,
exclusion of solvent could occur in a narrow hydrophobic
channel, thus reducing the mean current.[21] Nevertheless,
when a TNT molecule (diameter ~7 O) is placed within the
lumen of the aHL pore with the aromatic ring perpendicular
to the central axis, it is hard to envision the bonding interac-
tions that would be required to maintain its position for ~1 s,
even if the side chains of the aromatic residues at position 113
are placed in their most extended conformations (Figure 1). It
is worth comparing the interactions of the larger bCD (outer
diameter ~15 O) with Met113Phe7 pores.[12] The residual cur-
rent in this case is 26%, far larger than in the case of TNT. Sev-
eral lines of evidence suggest that the cyclodextrin is oriented
with its central axis coincident with the central axis of the
pore, and the latter is in a conformation closely similar to that
determined by crystallography.[7] Therefore, hydrated ions flow
through the central cavity of the cyclodextrin, which is ~6 O in
diameter. A second striking difference is that kon for the more
bulky bCD (3.1K105m�1 s�1)[12] is far greater than that for TNT.
It seems possible then that TNT binds to and stabilizes a rare
conformational state of the pore. Normally, this state must be
short lived because it is not observed in single-channel record-
ings of the pores in the absence of TNT.
While we have little information that would allow us to


make a molecular representation of the aHL–TNT complex, it is
still possible to speculate on the nature of the interaction. Aro-
matic–aromatic interactions remain an area of active investiga-
tion and occur in T-shaped (edge-to-face), offset-stacked and
stacked geometries.[22–24] The augmentation of these interac-
tions in clusters of aromatics, as seen here, where ~0.74 kcal
mol�1 are provided per Phe residue (Figure 4), is also well
documented.[22–24] Multiple T-shaped interactions (as suggested
by Figure 1, but there the distances are too great) would re-
quire a conformational change of modest magnitude. An
inward movement of ~1.5 O by each Phe residue would pro-
duce an appropriate centroid (of the Phe ring) to edge (TNT)
distance of 3.5 O. However, the interactions investigated here


have a discernible donor–acceptor character : the Trp and Tyr
mutants bind TNT better than the Phe mutant (Table 1), and
the more heavily nitrated aromatics have greater affinity for
the pores (Table 2). Further, the edge interactions that would
be mediated by aromatic CH groups in an electron-deficient
ring are sterically blocked by the arrangement of the nitro
groups in TNT. Therefore, a stacked interaction is most likely,
but it would require a more radical conformational change, for
example, a partial collapse of the upper part of the barrel to
form an aromatic cluster.[16,25]


Conclusion


The ability to detect individual nitroaromatic molecules has
several potential applications in biotechnology. A notable pos-
sibility is in the detection of explosives. TNT is a high explosive
used in military and industrial applications. It is also a priority
pollutant listed by the US Environmental Protection
Agency.[26,27] Traditional methods for the analysis of TNT in-
clude HPLC combined with various detection methods such as
mass spectrometry.[26] Additional methods include the quench-
ing of fluorescence in conjugated polymer films,[28–30] the de-
tection of deflagration on a microcantilever[31] and binding to
engineered fluorescent proteins.[32] Single-molecule detection,
as demonstrated here, has potential advantages. For example,
related nitroaromatic compounds have different current signa-
tures with the same sensor element (Table 2). This allows the
constituents of a mixture to be identified.[5,7] The polymers
that are used in some sensors cannot distinguish between dif-
ferent nitroaromatics.[28,29] In this context, it should be noted
that TNT has several important nitroaromatic breakdown prod-
ucts, including 2,4-dinitrotoluene[33] and 4-N-acetylamino-2-
amino-6-nitrotoluene,[27] the distribution of which depends on
the environment. Components of the current signatures in-
clude the toff value, the extent of current block and the ratio of
long to short binding events. The present limit for rapid detec-
tion of TNT with Met113Trp7, arbitrarily defined as three long
binding events in a 1 min recording, is ~50 mm. Clearly, im-
proved protein engineering is required to lower this limit.
Based on our interpretation of the long binding events, the de-
velopment of pores with tighter internal constrictions to pro-
vide preformed aromatic clusters should help.
With further development, single-molecule detection could


also promote our fundamental understanding of aromatic in-
teractions, which are important in many areas. For example, ar-
omatic interactions are involved in the folding and stability of
proteins.[16,25,34–36] In principle, the system we have developed
permits the kinetic analysis of aromatic interactions in a de-
fined environment under a wide range of aqueous conditions.
Nevertheless, to profit fully from such work, computational
studies and structural information about the mutant pores and
their complexes with molecules such as TNT would be re-
quired. Such studies have been highly informative in related
investigations of soluble proteins.[19,32,37, 38]
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Experimental Section


Materials : TNT, methyl-2,4,6-trinitrophenylnitramine (Tetryl), RDX,
2,4-dinitrotoluene, 2,6-dinitrotoluene, 4-nitrotoluene and 4-amino-
2,6-dinitrotoluene were obtained from Cerilliant Corporation
(Round Rock, Texas, USA). An additional sample of high purity TNT
(99.9%) was obtained from Supelco (Bellefonte, PA, USA). Stock sol-
utions (1 mgmL�1) were in acetonitrile. All other reagents were
purchased from Sigma.


Protein engineering : Mutant aHL genes were constructed by cas-
sette mutagenesis with a previously remodelled gene in a T7
vector (pT7–aHL-RL2), which has been described elsewhere.[12] Ho-
moheptameric wild-type aHL and mutant aHL pores were assem-
bled as described previously.[12] The heteroheptameric Met113Phe
pores were obtained by coassembling Met113Phe and WT-D8 aHL
subunits in various ratios on rabbit erythrocyte membranes. The
resulting heptamers, Met113Phe1WT6, Met113Phe2WT5, Met113-
Phe3WT4 through to Met113Phe7, were separated based on their
different gel shifts, which were caused by the C-terminal exten-
sions of eight Asp residues (the “D8” tail).[9]


Current recordings : A bilayer of 1,2-diphytanoylphosphatidylcho-
line (Avanti Polar Lipids; Alabaster, AL, USA) was formed on an
aperture (120 mm) in a Teflon septum (25 mm thick; Goodfellow,
Malvern, PA, USA) that divided a planar bilayer chamber into two
compartments, cis and trans. Each compartment contained buffer
(1.5 mL) comprising NaCl (1m), Tris·HCl (10 mm, pH 7.5) at 22�
1 8C. Unless otherwise noted, both the aHL protein and the analyte
in acetonitrile were added to the cis compartment, which was con-
nected to “ground”. Control experiments with acetonitrile (up to
40 mL per chamber) were done in the same way. The final concen-
tration of the aHL protein was 0.2–2.0 ngmL�1. The applied poten-
tial was +50 mV. We ruled out two potential difficulties that might
have produced misleadingly low values for kon. First, it was possible
that an impurity in the TNT produced the binding events. The ex-
periments were therefore repeated with a highly purified batch of
TNT with similar results (Table 1). Second, it was possible that the
TNT quickly adsorbed onto the surface of the bilayer apparatus.
Therefore, the concentration of the TNT in the chamber was
checked after an experiment by UV-visible absorption spectrosco-
py, and found to be unchanged. Currents were recorded with a
patch clamp amplifier (Axopatch 200B, Axon Instruments; Foster
City, CA, USA). They were low-pass filtered with a built-in four-pole
Bessel filter at 10 kHz, which was appropriate for obtaining the am-
plitude and toff of the short events. Finally, they were sampled at
20 kHz by a computer equipped with a Digidata 1200 A/D convert-
er (Axon Instruments).


Data analysis : Data were analyzed with the following software:
pClamp 7.0 (Axon Instruments), Clampfit 9.0 (Axon Instruments)
and Microsoft Excel 2000. Single-channel current amplitude and
dwell time histograms were constructed with Clampex 7.0 (Axon
Instruments). Conductance values were obtained from the ampli-
tude histograms after the peaks were fit to Gaussian functions.
Mean residence times (t values) for the analytes were obtained
from dwell time histograms by fitting the distributions to exponen-
tial functions. To determine kinetic constants, three separate ex-
periments were performed in each case, and data were acquired
for at least 10 min in each experiment.


Molecular modelling : The model of Met113Phe7 was derived from
the structure of the wild-type aHL pore (PDB: 7AHL) with the
“mutate” and/or “tor” functions of SPOCK 6.3.[39] Mutations were
performed by reading the new amino acid from the library in the
$SP_AALIB directory, and superimposing the Ca�Cb bond onto the


wild-type residue based on Mackay’s quaternion method. After
performing the mutations, an extended conformation of the new
residues in the Met113Phe7 pore was obtained by rotating the b


and g carbons with the “tor” function of SPOCK. The model of TNT
was produced with HyperChem 7.5 (Hypercube, Inc. , Gainesville,
FL, USA). After export as PDB files, representations of the mutant
with bound TNT were produced with SPOCK and Adobe Photo-
shop.
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Introduction


Tumor cells require a blood supply for growth and metastasis.
The involvement of the fibroblast growth factors (FGFs) in
tumour angiogenesis, the sprouting of new blood vessels from
pre-existing vessels surrounding the tumour, has made these
proteins an attractive target for cancer therapy.[1,2] FGFs inter-
act with either soluble or cell-surface-bound heparan sulfate
(HS) to promote FGF-receptor dimerization, activation and sub-
sequent initiation of an intracellular response.[3,4] Inhibition of
this response by ligands able to compete efficiently with HS
for FGFs is, therefore, a promising strategy for the prevention
or mitigation of tumour-induced angiogenesis.
A variety of HS mimics have been explored with the aim of


blocking FGF:HS binding. Dipeptide derivatives[5] and sulfated
glycoconjugates[6] are known to bind to FGFs, whereas synthet-
ic HS-derived oligosaccharides,[7, 8] poly(N-acryl amino acids),[9]


sulfonic acid polymers,[10] hydroxyl- and carboxylated polyaro-
matic compounds,[11] oligoribonucleic acids[12] and derivatives
of glucuronic acids[13] all compete with HS to block cell signal-
ing and proliferation in vitro. Similarly, the antiangiogenic ac-
tivity of sulfated polysaccharides and oligosaccharides,[14–16] is
attributed to the binding of these ligands to the HS-binding
sites of the FGF proteins.
The interest in HS mimics has lead to the use of several


compounds in clinical trials for the treatment of cancer. One
example is PI-88,[17,18] which binds with high affinity to the FGF
proteins[19,20] and competes with HS to block cell signaling and
proliferation in vitro.[21] Another well-characterized inhibitor
that has undergone clinical trials is suramin, a polysulfonated
binaphthyl urea[22] that inhibits FGF-2-induced angiogenesis.


The related suradistas, derivatives of synthetic binaphthalene
sulfonic distamycin A, have also been tested in preclinical stud-
ies.[23,24]


Smaller molecules can also bind to HS-binding sites. NMR
studies of FGF-1 complexed with 1,3,6-naphthalene trisulfo-
nate, the functional component of the suramins and suradistas,
showed that this ligand is stabilized in the HS-binding site of
FGF-1.[25] More recently, several new naphthalene sulfonate de-
rivatives were tested for their ability to inhibit the mitogenic
activity of FGF-1, and a crystal structure of FGF-1 complexed to
the most active of these has provided clues to the functional
significance of the different substituents on the ligand.[26]


In this study we have measured the binding affinities of a
series of sulfated linked tetracyclitols[27] (1, Scheme 1) for both
FGF-1 and FGF-2. These ligands are characterized by two
amino-dicyclitol groups (NCyc2 where Cyc=C6H6(OSO3Na)3)
joined by a linker composed of either alkyl chains (2–10,
Scheme 1) or other functional groups (11–12, Scheme 1). The
ability of these cyclitol ligands to inhibit a variety of heparin-
and HS-binding proteins has been demonstrated, and the HS-
mimetic nature of these ligands has been established.[28] This
work focuses on the nature of the interactions between these
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Drug Design Group, Progen Industries Ltd.
P.O. Box 28, Richlands BC, Queensland 4077 (Australia)
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The experimental binding affinities of a series of linked sulfated
tetracyclitols [Cyc2N-R-NCyc2, where Cyc=C6H6(OSO3Na)3 and R=
(CH2)n (n=2–10), p-xylyl or (C2H4)2-Ncyc] for the fibroblast growth
factors FGF-1 and FGF-2 have been measured by using a surface
plasmon resonance assay. The KD values range from 7.0 nm to
1.1 mm for the alkyl-linked ligands. The binding affinity is inde-
pendent of the flexibility of the linker, as replacement of the alkyl
linker with a rigid p-xylyl group did not affect the KD. Calcula-
tions suggest that binding modes for the p-xylyl-linked ligand are
similar to those calculated for the flexible alkyl-linked tetracycli-
tols. The possible formation of cross-linked FGF:cyclitol complexes
was examined by determining KD values at increasing protein


concentrations. No changes in KD were observed; this suggesting
that only 1:1 complexes are formed under these assay conditions.
Monte Carlo multiple-minima calculations of low-energy con-
formers of the FGF-bound ligands showed that all of the sulfated
tetracyclitol ligands can bind effectively in the heparan sulfate-
binding sites of FGF-1 and FGF-2. Binding affinities of these com-
plexes were estimated by the Linear Interaction Energy (LIE)
method to within a root-mean-square deviation of 1 kcalmol�1


of the observed values. The effect of incorporating cations to bal-
ance the overall charge of the complexes during the LIE calcula-
tions was also explored.
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ligands and the growth factors FGF-1 and FGF-2 through ex-
amination of binding affinities obtained from a solution-affinity
assay. These binding affinities were rationalized by using a
combination of conformational search and linear interaction
energy (LIE) calculations.


Results and Discussion


Ligand-binding studies of 2–10


The binding affinities of 2–10 for FGF-1 and FGF-2 were mea-
sured by using a solution affinity assay in which free ligand
competes with immobilized heparin for protein. The strengths
of the FGF:1 interactions were measured by surface plasmon
resonance (SPR) spectroscopy.[20] An important aspect of this
assay is its specificity as FGF–ligand binding is only detected
when the heparin-binding site is involved. Thus, nonspecific
binding to other sites of the protein is not evaluated. Examples
of typical sensorgrams and fit-
ting plots for 6 binding to both
FGF-1 and FGF-2 are given in
Figure 1.
The KD values for 2–10 bind-


ing to FGF-1 and FGF-2 range
from 7.2 nm to 1.1 mm (Table 1).
Thus, these tetracyclitols bind to
FGF-1 as strongly as both hepa-
rin (2.4 nm) and low-molecular-
weight heparin (LMWH,
17 nm).[20] Their affinities for FGF-
2[20] are similar to that observed
for LMWH (86 nm) but lower
than that of heparin (5 nm).
The observed FGF-2-binding


affinities of 1 are consistently


lower than those for FGF-1; this is probably due to the in-
creased NaCl concentration present in the assay to limit the
nonspecific binding of the protein to the sensor chip.[20] A
comparison of the KD values measured for 2–10 bound to FGF-
1 shows at most 16-fold variation, with 3 and 7 showing the
highest affinity. A comparison of the KD values for FGF-2 shows
a similar variation, at most 12-fold, with 7 again showing the
highest affinity. A systematic increase of the length of the alkyl
chain separating NCyc2 groups did not result in better binding
affinities; this is similar to trends noted in other inhibition stud-
ies of these FGF:1 complexes.[28]


Effect of linker flexibility


The tetracyclitol 11, in which the alkyl chain is replaced by a p-
xylyl group, was used to examine the role of linker flexibility in
FGF-binding. For example, it can be hypothesized that binding
is hindered for ligands with reduced flexibility because posi-
tioning sulfate groups for optimal interactions with the bind-
ing-site residues is no longer possible. The KD values measured
for 11 (Table 1) do not, however, support such a hypothesis.
For both proteins the KD values for FGF:11 binding are compa-
rable to those measured for 9 and 10, which contain the long-
est and most flexible alkyl linkers. Additionally, they are only
two- to fourfold worse than those measured for the tetracycli-
tols with an alkyl linker of comparable length to 11 (e.g. , 5–6).
These relatively small changes in KD indicate that the reduced
flexibility of the linker in 11 does not significantly affect its abil-
ity to bind to the protein. The observed binding affinities are
likely a consequence of the large number of sulfate groups in
these ligands, which are able to compensate for any reduced
flexibility of the linker and maintain favourable interactions
with the FGF.


Effect of linker group


A ligand that incorporates a cyclitol group as part of the linker,
12, was also considered. This linker incorporates high flexibility
and has similar N�N separations to 2 and 6. The additional sul-
fates in the linker introduce more negative charges to the


Scheme 1. Structures of the linked sulfated tetracyclitols where X denotes
SO3Na.


Table 1. Binding affinities of sulfated linked tetracyclitols for FGF-1 and FGF-2. The KD [nm] values are the
weighted averages of two independent measurements and the DG(obs) values [kcalmol�1] were calculated ac-
cording to DG(obs)=RT lnKD, where T=298 K.


Ligand FGF-1 FGF-2
KD DG(obs) KD DG(obs)


2 20.7�1.3 �10.48�0.04 1100�7 �8.12�0.04
3 7.2�0.6 �11.10�0.05 248�19 �9.01�0.05
4 25.4�1.6 �10.36�0.04 161�13 �9.26�0.05
5 29.8�1.9 �10.26�0.04 148�4 �9.31�0.03
6 39�3 �10.10�0.05 135�8 �9.37�0.03
7 8�0.7 �11.04�0.05 90�9 �9.61�0.06
8 40.4�2.7 �10.08�0.07 108�7 �9.50�0.04
9 119�7 �9.45�0.03 194�10 �9.15�0.03
10 115�17 �9.46�0.04 448�13 �8.66�0.02
11 187�12 �9.17�0.04 332�12 �8.83�0.02
12 0.40�0.03 �12.81�0.04 85�5 �9.64�0.03
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ligand, which might be expected to enhance its interaction
with the FGFs. The KD of 12 binding to FGF-1 was approxi-
mately 20-fold lower than for 3 and 7, the alkyl-linked ligands
displaying highest affinities. Thus, a linker comprising an addi-
tional sulfated cyclitol affords opportunities for enhanced bind-
ing to FGF-1. For FGF-2, the affinity of 12 was similar to that of
7; this suggests that the presence of an additional sulfated cy-
clitol neither interferes with nor significantly enhances binding
to this protein.


FGF:1 complexes obtained from Monte Carlo Multiple
Minima (MCMM) calculations


A Monte Carlo conformational search methodology was ap-
plied to the study of FGF:1 complexes to examine the binding


modes of these large, flexible ligands as they are not readily
amenable to treatment by conventional molecular docking
methods. While the size and flexibility of these ligands pre-
clude an exhaustive search for low-energy complexes with this
MCMM method,[29] other studies that used this approach to
flexible ligand docking[30–32] indicate that it might nevertheless
provide useful information regarding the nature of FGF:1 bind-
ing.
The important result from these MCMM search calculations


was the location of plausible binding modes in the HS-binding
site of both FGF-1 and FGF-2 for all ligands examined here de-
spite differences in linker size and type. This might be ex-
plained by two facts: 1) In both FGFs the binding site is a rela-
tively open, shallow patch on the protein surface. 2) The
longer alkyl-chain linker groups confer flexibility on the mole-


Figure 1. Representative KD measurements of 6 binding to FGF-1 and FGF-2. A) SPR sensorgrams showing the change in binding response in arbitrary re-
sponse units (RU) upon injection of 1.29 nm FGF-1 with concentrations of 6 of 0, 0.1, 0.3, 1.0, 3.0, 10.8, 32.4, 107.9 and 323.8 nm (from top to bottom). B) The
binding curve showing the concentration of free FGF-1 against the total concentration of 6 and fitting of Equation (3). C) SPR sensorgrams showing the
change in binding response (RU) upon injection of 0.5 nm FGF-2 with concentrations of 6 of 0, 0.01, 0.05 nm, 0.1, 0.2, 0.5, 1.0 and 1.5 mm (from top to
bottom). D) The binding curve showing the concentration of free FGF-2 against the total concentration of 6 and fitting of Equation (3).
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cule that allows these ligands to fit within the binding site
region. These points are illustrated in Figure 2, which compares
the low-energy bound conformations of the cyclitol with the
shortest (2) and the longest (10) linker.
The binding of 2 and 10 to FGF-1 shows that both ligands


present sulfate groups to the positively charged residues
Lys113, Arg116, Lys118, Arg122 and the neutral residue Asn18.
The binding of these ligands to FGF-2 shows that the sulfate
groups of both interact with the positively charged residues
Lys120, Arg121, Lys126 and Lys130. This result is similar to that
obtained from extensive molecular dynamics docking calcula-
tions of a heparin-derived tetrasaccharide complexed with
FGF-2.[33] In this study, ligand sulfate groups preferentially
bound to Lys120, Arg121, Lys126, Lys130 and Lys136. Interest-
ingly, sulfate groups of 2 also interacted with Lys136, as does
the cocrystallized heparin-derived tetrasaccharide.[47] In con-
trast, the longer linker of 10 resulted in interactions with the
more distant residue Lys27.
Overlap of cyclitol sulfate positions in the minimum energy


FGF:1 complexes with those sulfates of the cocrystallized li-
gands—sucrose octasulfate in the case of FGF-1 and a heparin-
derived tetrasaccharide in the case of FGF-2—was also noted,
in accordance with results of our previous docking calculations
for a range of smaller sulfated molecules.[34] This agreement
between predicted sulfate locations with those observed crys-
tallographically suggests that the binding modes of the linked
cyclitols in the HS-binding site of FGF-1 and FGF-2 predicted
here provide some indication of how 1 might bind to these
growth factors.


Binding affinities calculated by using LIE(Minim) sampling


The successes of the LIE method are well documented[35–40]


and with these in mind it was applied to the FGF:1 complexes
as a means of estimating the FGF-binding affinities for these li-
gands. The results of calculations performed with the LIE-
(Minim) sampling methodology are given in Table 2 and plots
showing the agreement between observed and predicted
binding affinities are shown in Figure 3. The LIE-derived bind-
ing affinities are mostly within 1 kcalmol�1 of the observed
value, although the correlation between DG(obs) and DG(LIE)
is poor, with r2 values no better than 0.2.
The negative values of a (FGF-2) and b (FGF-1) obtained for


the LIE equation also indicates that the LIE(Minim) calculations
were not as successful as the small root-mean-square deviation
(RMSD) might suggest. Negative coefficients are unphysical
and, along with values of b that deviate significantly from
ideal, indicate problems with the calculation of the electrostat-


ic contributions to DG(LIE).[41] Although the physicality of the
LIE equation could be ignored and treated simply as a struc-
ture–activity relationship, the dominant g coefficient along


Figure 2. The minimum energy FGF-bound conformations determined by
MCMM conformational search calculations for the sulfated tetracyclitol with
shortest linker, 2 (red), compared to that with the longest, 10 (yellow).
Hydrogen atoms are omitted.


Table 2. Results of the LIE calculations. a, b, and g are the coefficients used in Equation (7) to obtain the best fit of DG(obs) to DG(LIE). RMSD denotes the
root mean square deviation of this best fit.


FGF-1 FGF-2
a b g RMSD a b g RMSD


Minim 0.0086 �0.0098 4.82 1.01 �0.0503 0.0052 2.56 0.73
HMC �0.0270 �0.0082 4.97 1.08 �0.0409 0.0044 2.35 0.76
HMC+Na+ 0.1239 0.0078 2.13 0.96 0.0825 0.0063 1.01 0.82
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Figure 3. Plots of DG(obs) versus DG(LIE) obtained from various LIE calculations. In each plot the full line indicates ideal agreement between experiment and
theory while the dashed lines bound the region within 1 kcalmol�1 of ideal. A) FGF-1, LIE(Minim); B) FGF-2, LIE(Minim); C) FGF-1, LIE(HMC); D) FGF-2, LIE(HMC);
E) FGF-1, LIE(HMC+Na+) ; F) FGF-2, LIE(HMC+Na+).
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with the small and possibly negative a and b terms indicated
that further exploration of the LIE method was warranted for
these FGF:1 complexes.


Binding affinities calculated by using the LIE(HMC) method


The results of the LIE(HMC) calculations mirror those obtained
with the LIE(Minim) method. The LIE(HMC) coefficients
(Table 2) are similar and the correlation coefficients for both
FGF:1 systems are also low, approximately 0.1. This is clearly
shown in Figure 3, which also shows error estimates for the
calculation of DG(LIE) when HMC sampling was used. Consid-
eration of these error bars, which are similar in magnitude to
estimates derived in a recent LIE study,[42] place the majority of
ligands within 1 kcalmol�1 deviation from ideal values, al-
though the unphysical LIE equation persists.
The similarity between the LIE(Minim) and LIE(HMC) results


is in accordance with an earlier study,[40] which showed that
the extra effort of HMC sampling did not result in better agree-
ment with experimental data as compared to the values ob-
tained by collecting the LIE energy components after energy
minimization of the protein–ligand complex. The reasons for
the unphysical LIE equation, therefore, cannot be attributed to
the method used to obtain the component energies and, as
stated above, is likely due to overestimation of the electrostat-
ic component of the binding affinity.
To test this hypothesis each FGF:1 complex was neutralized


by the addition of sufficient Na+ counter ions followed by
HMC sampling to obtain the LIE component energies. The co-
efficients obtained from these LIE(HMC+Na+) calculations
(Table 2) are all positive suggesting that the addition of the
cations helped reduce the electrostatic component of DG(LIE)
to a more reasonable estimate. The plots in Figure 3 show
slightly better correlation in the case of FGF-1 (Figure 3E),
while the FGF-2 results (Figure 3F) show similar scatter to
those already described. Nevertheless, the trend towards a
more physical LIE equation for both FGF:1 systems upon neu-
tralization of the complex through the addition of Na+ coun-
terions is encouraging.


Effect of protein concentration on binding of 6 and 10 to
the FGFs


In light of the relatively long and flexible nature of these sulfat-
ed tetracyclitol ligands, it might be hypothesized that the two
ends of a sulfated tetracyclitol ligand bind independently to
different FGF molecules. The resultant complex would have a
2:1 stoichiometry with the ligand effectively cross-linking two
protein molecules. Such cross-linking of growth factors result-
ing in growth-factor aggregation has been attributed to sura-
min, which also contains two sulfated moieties.[43] Because the
solution-affinity assay employed here is specific for the HS-
binding site such a cross-linking binding mechanism, which is
dependent on protein concentration (see Equation (6) in the
Experimental Section), should be detectable.
To test this hypothesis, the binding affinity measurements


were repeated for 6 and 10 by using a 20–60-fold higher con-


centration of FGF-1 or FGF-2. No significant changes in KD
values were observed (Table 3); this indicates a 1:1 stoichiome-
try for these ligands in complex with FGF-1 and FGF-2. Thus,
cross-linking of two FGF molecules by the sulfated tetracycli-
tols is not apparent. The observed binding affinities appear to
originate from the interaction of the tetracyclitol with residues
in the HS-binding site of a single FGF.


Conclusion


This study has focused on a series of linked sulfated tetracycli-
tols binding to FGF-1 and FGF-2. By using a solution-affinity
assay previously devised by us[20] KD values for the interaction
of these ligands with both FGFs were determined. All ligands
bind to FGF-1 and FGF-2 with nm or even pm affinities, similar
to those previously measured for low-molecular-weight hepa-
rin fragments.[20] In addition, little variation in binding affinity is
observed upon increasing the length of the flexible alkyl chain
or reducing its flexibility through the introduction of a p-xylyl
linker.
A search for low-energy conformations of the FGF-bound


tetracyclitol ligands showed how the tetracyclitols might be
accommodated in the HS-binding sites of FGF-1 or FGF-2 irre-
spective of the type or length of functional group connecting
the NCyc2 ends. Furthermore, these ligands bind in a manner
that places sulfate groups in regions of the FGF-binding sites
occupied by those of the cocrystallized ligands.
The estimation of binding affinities by using the LIE method


met with modest success. Initial calculations produced agree-
ment with experimental values to within an RMSD of 1 kcal
mol�1 at the expense of unreasonable a, b and g LIE coeffi-
cients. Although the RMSD agreement was not significantly im-
proved, LIE coefficients with improved physical meaning were
obtained from calculations that included enough Na+ ions to
give FGF:1 complexes with overall neutral charge.
The possibility that these potentially bifunctional ligands


might bind to two independent FGFs was explored by per-
forming the solution-affinity assay under conditions of greatly
increased protein concentrations. Under such conditions, the
formation of higher-order FGF:1 complexes would result in sig-
nificantly different KD values, and as these were not observed,
such cross-linking appears unlikely.
The involvement of the FGFs in tumour angiogenesis makes


them an attractive target for cancer therapy, and the design of
ligands that compete for HS-binding is one approach to inhib-


Table 3. Comparison of affinities of 6 and 10 binding to FGF-1 and FGF-
2, measured at low and at 20–60-fold higher protein concentrations. The
average KD of two or more independent measurements is shown for the
low protein concentration measurements, whereas the KD at high protein
concentration was measured once only. Protein concentrations and KD
values are given in nm.


FGF [FGF-1] [FGF-2]
concentration 1.29 25.8 0.50 30.0


KD (6) 75.4�9.6 136�5 139�10 384�33
KD (10) 141�33 89.0�4.0 469�44 659�59
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iting cancer cell proliferation activity. Our experimental studies
confirm the binding of these ligands in the HS-binding site,
while our computational studies demonstrate possible binding
modes for these ligands, and LIE calculations help rationalize
the experimental binding affinities. From this combined study,
we conclude that the binding affinities of these tetracyclitol
molecules do not depend on linker length or flexibility, al-
though the presence of an additional sulfated cyclitol in the
linker is favourable, particularly for binding to FGF-1. These re-
sults suggest how future design of HS mimetics can proceed
by using a combination of theoretical and experimental stud-
ies.


Experimental Section


KD measurement
Materials : Human FGF-1 (140 residues, N-terminally truncated
form) and human FGF-2 (146 residues, N-terminally truncated
form) were purchased from R&D Systems, Inc. and supplied as pro-
tein (1 mg) dissolved in bovine serum albumin (BSA, 50 mg). Surface
plasmon resonance (SPR) measurements were performed on a BIA-
core 3000 (BIAcore, Uppsala, Sweden) operated by the BIAcore
control software (version 3.1). HBS-EP buffer (10 mm HEPES, pH 7.4,
150 mm NaCl, 3.0 mm EDTA, 0.005% v/v polysorbate 20), CM4,
CM5 and streptavidin-coated sensor chips were purchased from
BIAcore.


Ligand-affinity measurements : Binding affinities of the sulfated tet-
racyclitol ligands (2–12) for FGF-1 and FGF-2 were measured by
using a solution affinity assay described previously.[20] This assay
uses immobilized heparin to distinguish between free and bound
growth factor in an equilibrated solution of growth factor and a
ligand. Different heparin-coated sensor chips were prepared, either
by immobilization of biotinylated BSA-heparin on a streptavidin-
coated sensor chip[20] or by aldehyde coupling via the reducing
end of heparin to CM4 or CM5 sensor chips.[44] These chips were
used interchangeably for all measurements because earlier studies
showed that KD value determination was independent of the chip
type used for the assay.[44]


Upon injection of the equilibrated FGF–ligand solution the binding
of the free growth factor to the immobilized heparin was detected
as an increase in the SPR response. From this, the free growth-
factor concentration can be determined. Results from negative
control flowcells (albumin–biotin immobilized on streptavidin
sensor chips or untreated CM4 and CM5 sensor chips) were sub-
tracted from the heparin-immobilized cells. Data were normalized
to zero relative response units at the beginning of the spectra. The
dissociation constant, KD, was calculated from the decrease in the
free growth factor concentration as a function of the ligand con-
centration.


For each KD measurement solutions of FGF-1 (1.3 nm) or FGF-2
(0.5 nm) and varying concentrations of the ligand were prepared in
buffer. Ligand binding to FGF-1 was measured in HBS-EP buffer,
while binding to FGF-2 was measured in HBS-EP buffer with an in-
creased concentration of NaCl (0.3m).[20] Prior to injection, samples
were maintained at 4 8C to maximize protein stability, however, the
surface binding experiments were performed at 25 8C. For each
assay the equilibrated FGF–ligand solution (50–200 mL) was inject-
ed (5–40 mLmin�1) and the relative binding response was mea-
sured. The variation in flowrate does not affect the final KD values
since mass transport conditions were observed for the entire range


of flowrates. The sensor chip surface was regenerated by injection
of NaCl (40 mL, 4m, 40 mLmin�1) followed by injection of buffer
(40 mL, 40 mLmin�1). All KD values were measured in duplicate
unless otherwise indicated.


A stoichiometry of 1:1 was assumed for the protein–ligand com-
plex formed in solution prior to injection, given by Equation (1),


PþL Ð PL ð1Þ


where P corresponds to the FGF, L is the ligand 1 (Scheme 1), and
PL is the FGF:1 complex. The Equation (2) for the equilibrium con-
stant is


KD ¼ ½P	½L	
½PL	 ð2Þ


and Equation (3) relating KD to free protein concentration can be
expressed as:


½P	 ¼ ½P	total�
KDþ½L	totalþ½P	total


2
þ


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKDþ½L	totalþ½P	totalÞ2


4
�½L	total½P	total


r


ð3Þ


where [P]total and [L]total represent the total concentrations of pro-
tein and ligand, respectively, in the injected solution.[20]


Under conditions of mass transport, standard curves relating the
relative binding response to the injected protein concentration are
linear.[45] The relative binding response for each injection can,
therefore, be converted to free protein concentration by using
Equation (4),


½P	 ¼ r
rm


½P	total ð4Þ


where r is the relative binding response and rm is the maximal
binding response in the absence of ligand. A plot of [P] versus
[L]total and fitting of Equation (3) enables the determination of the
KD.


The possibility of higher stoichiometries in the FGF:1 complex was
also investigated by postulating an equilibrium of the type given
in Equation (5),


nPþmL Ð PnLm ð5Þ


where PnLm represents a complex in which n protein molecules are
bound to m ligand molecules. In this case, the resultant or appar-
ent KD is given by Equation (6).


Kapp
D ¼ ½P	n½L	m


½PnLm	
ð6Þ


The presence of higher order complexes might, therefore, become
evident if Kapp


D is significantly different from KD when the concentra-
tion of FGF is altered. In our experiments, the protein concentra-
tion was increased 20–60-fold to provide a sufficiently large
change in Kapp


D if FGF:1 complexes of stoichiometries other than
1:1 were present in the equilibrated solutions.


Molecular modelling : The X-ray structures with pdb accession
codes 1AFC[46] and 1BFB[47] were used to model FGF-1 and FGF-2,
respectively. Both protein structures were prepared for calculations
by using a previously described method[34] that involved protona-
tion to yield an overall octapositive charge to balance the negative
charge of the cocrystallized ligand, followed by restrained energy
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minimization to orient side-chain hydroxyl groups and relieve
steric clashes.


Monte Carlo multiple minima (MCMM) calculations : Low-energy
conformations of the sulfated linked tetracyclitol ligands 1 com-
plexed with FGF-1 and FGF-2 were explored by using the MCMM
method[48] in conjunction with the OPLS-AA forcefield,[49] as imple-
mented in the MacroModel program (version 8.1).[50] Partial charges
for all atoms were assigned by using this forcefield and solvation
in water was accounted for by the GB/SA continuum solvation
model.[51]


MCMM calculations to locate the lowest energy binding conforma-
tions of each ligand were performed in several stages. After con-
struction and energy minimization, the sulfated tetracyclitol ligand
(fully ionized and with no Na+ counter ions) was placed manually
in the binding site by using the cocrystallized ligand (sucrose octa-
sulfate (SOS) for FGF-1 and a heparin-derived tetrasaccharide for
FGF-2) or a previously generated ligand conformation as a guide.
The geometry of each preliminary FGF:1 complex was subsequent-
ly relaxed until the gradient was less than 0.01 kcalmol�1 K�1 by al-
lowing full freedom of movement to the tetracyclitol ligand, but
not the protein.


The initial FGF:1 complexes were used to start a sequence of
MCMM calculations during which the conformational flexibility of
only the ligand was explored. Furthermore, the relative orienta-
tions of the ligand sulfate groups on the cyclitol rings were not al-
lowed to change during conformational searching. The
stereochemistries of the sulfate groups in 1 were therefore main-
tained throughout all MCMM calculations. Residues within 15 K of
the tetracyclitol ligand were included in the evaluation of the
energy of the FGF:1 complex during the MCMM calculations.


Several stages of MCMM calculations were performed to find plau-
sible low-energy FGF:1 complexes. Each stage consisted of 1000
Monte Carlo steps with the lowest energy conformer obtained
from each used as the seed for the next 1000-step MCMM calcula-
tion. The sequence was stopped when the lowest energy conform-
er differed in energy from the input conformer by less than 1 kcal
mol�1. In all cases at least three rounds (i.e. , 3 by 1000 steps) of
Monte Carlo calculations were performed, though in some cases as
many as seven were required.


LIE binding-affinity calculations : The theoretical binding affinities of
the lowest energy FGF:1 complexes obtained from the MCMM cal-
culations were estimated with the LIE method,[39] as implemented
in Liaison (v3.0).[52, 53] The OPLS-2001 forcefield[49] and solvent ef-
fects incorporated via the surface generalized Born (SGB) continu-
um solvation model[54] were used in these calculations. The LIE
equation is defined by Equation (7),


DGðLIEÞ ¼ ahDUvdwi þ bhDUeleci þ ghDUcavi ð7Þ


where DUvdw, DUelec and DUcav are the differences between the
bound and free averages of the van der Waals (vdw), electrostatic
(elec) and cavity (cav) energies. The coefficients a, b and g are de-
termined by fitting the various DU quantities to the DG(obs)
values by using the single value decomposition method imple-
mented within Liaison.


During the course of LIE calculations the FGF:1 complex was divid-
ed into three regions:


Active : the ligand and, where relevant, Na+ counterions and amino
acids within 12 K of the cocrystallized ligand. Atoms in these re-


gions are allowed to move freely during both geometry minimiza-
tion and LIE simulation.


Buffered : protein residues between 12 K and 18 K of the cocrystal-
lized ligand. The atoms in this region were constrained by a force
constraint of 25 kcalK�2 mol�1.


Frozen : those protein residues greater than 18 K from the cocrys-
tallized ligand were not allowed to move


The definition of these regions relative to the location of the co-
crystallized ligand ensured that the same residues defined each
region in all calculations.


Prior to energy sampling each complex was relaxed by conjugate
gradient minimization with the complex divided into the different
regions described above. Complexes were considered converged
when their change in energy was less than 10�5 kcalmol�1 and
root mean square forces were less than 0.05 kcalmol�1 K�1 (pro-
tein–ligand complex) or 0.01 kcalmol�1 K�1 (free ligand). A residue-
based cutoff of 25 K distance was used to define the maximum
distance for considering pairwise interactions.


Two sampling methods were employed to calculate the different
DU terms in Equation (7). The first, denoted LIE(Minim), involved
collection of LIE energies upon completion of the energy minimiza-
tion step. The second, denoted LIE(HMC), involved HMC calcula-
tions for a duration of 50 ps: 20 ps of heating and 30 ps of simula-
tion. These HMC calculations were performed at a target tempera-
ture of 300 K using 0.002 ps time steps and 5 molecular dynamics
steps per HMC cycle. Energies averaged over each 0.01 ps were
monitored during the simulation to assess convergence. The errors
in each energy component derived from this averaging were
propagated to yield error bars in the final calculated binding affini-
ties DG(LIE). Errors were also evaluated as the difference in ener-
gies at the final and halfway points of the simulation in the
manner described by Almlçf et al.[42] As this procedure yielded sim-
ilar, though slightly smaller error values, only the larger error esti-
mates are presented.


LIE calculations were also performed on the FGF:cyclitol complexes
neutralized by the addition of Na+ counterions (4 for 2–11, 7 for
12). These counterions were placed randomly near the ligand and
were included in the active region during the minimization and
HMC sampling steps of the LIE calculation. To achieve acceptable
convergence the equilibration and simulation times for the free
ligand were doubled, whereas simulation times for all complexes,
with the exception of FGF-1–11, were the same as for the simula-
tions without the inclusion of Na+ .


Plots of the averaged LIE terms versus the HMC step are available
for all calculations as Supporting Information.
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Introduction


Knowing in great detail the molecular structures that are re-
sponsible for the interaction of a protein with a ligand is of
utmost importance for drug design.[1] Due to our increasing
understanding of intermolecular interactions, much effort has
been put into designing novel ligands in silico, once a protein
structure of a related complex has been solved by X-ray crys-
tallography or NMR.[2] In most real cases, however, a purely
theoretical approach is not feasible because the simulations
have not reached the level of sophistication that would allow
the prediction of binding sites or account for complex three-di-
mensional rearrangements. Thus, there is a need for fast and
reliable experimental solutions of 3D protein–ligand complex
structures.
Protein–ligand structures are now routinely obtained by X-


ray analysis of ligand-soaked protein crystals.[3] Nevertheless,
there are numerous cases in which this approach fails due to
the problems of soaking the crystals with certain ligands, mul-
tiple binding modes, or large-scale motions of the protein that
disrupt the crystal lattice. Alternatively, NMR spectroscopy can,
in principle, provide intermolecular distance restraints between
protein and ligand that are sufficient to solve a protein–ligand
structure. The use of isotope-labeled protein and unlabeled
ligand, which allows unambiguous detection of NOEs, has
been particularly useful in this respect.[4] Complex structures
require 13C-labeled protein, a near-complete protein assign-
ment including side chains, and complicated experimental
schemes. Therefore, NMR has a much lower throughput than
crystal soaking. Even worse, it requires moderately tight bind-
ers. For both reasons, NMR is often not the method of choice
for solving ligand–protein complexes, particularly in the early
stages of drug development when usually large numbers of


binders with weak binding affinities have to be structurally
characterized. This is even more true for recent approaches
that search for “fragments”[5] that are to be tethered together
once their individual binding modes are known.
Several straightforward and faster approaches for overcom-


ing this problem have been presented. Selective-labeling ap-
proaches have been used to measure intermolecular NOEs
without the need for explicit side-chain assignment.[6] Ligand-
based techniques, such as TrNOE[7] or TrCCR,[8] define the struc-
ture of a ligand in its protein-bound state but do not give
information about its binding mode. Sometimes they even
require isotope labeling of the ligand. The “structure–activity
relationships by NMR” (SAR by NMR) method,[9] makes use of
ligand-induced chemical shift perturbations (CSPs) in the pro-
tein to localize binding sites. This method requires only a back-
bone assignment and a 3D structure (which can also be a
homology-modeled structure) of the protein.
It is evident that CSPs can also guide modeling. For example


they can define the orientation of a ligand relative to the pro-
tein.[10] It has been shown that it is possible to generate mean-
ingful structures from CSPs in protein–protein interactions.[11]


Here, we describe how this approach can be successfully ex-
tended to calculate complexes of small ligands bound to pro-


[a] Dr. U. Schieborr, Dr. M. Vogtherr, Dr. B. Elshorst, Dr. M. Betz, Dr. S. Grimme,
Dr. B. Pescatore, Dr. T. Langer, Dr. K. Saxena, Prof. Dr. H. Schwalbe
Institute for Organic Chemistry and Chemical Biology
Center for Biomolecular Magnetic Resonance
Johann Wolfgang Goethe Universit,t Frankfurt
Marie Curie Straße 11, 60439 Frankfurt am Main (Germany)
Fax: (+49)69-798-29515
E-mail : schwalbe@nmr.uni-frankfurt.de


Here we present an NMR-based approach to solving protein–
ligand structures. The procedure is guided by biophysical, bio-
chemical, or knowledge-based data. The structures are mainly
derived from ligand-induced chemical-shift perturbations (CSP)
induced in the resonances of the protein and ligand-detected sa-
turated transfer difference signals between ligands and selectively
labeled proteins (SOS-NMR). Accuracy, as judged by comparison
with X-ray results, depends on the nature and completeness of
the experimental data. An experimental protocol is proposed that
starts with calculations that make use of readily available chemi-


cal-shift perturbations as experimental constraints. If necessary,
more sophisticated experimental results have to be added to im-
prove the accuracy of the protein–ligand complex structure. The
criteria for evaluation and selection of meaningful complex struc-
tures are discussed. These are exemplified for three complexes,
and we show that the approach bridges the gap between theo-
retical docking approaches and complex NMR schemes for deter-
mining protein–ligand complexes; especially for relatively weak
binders that do not lead to intermolecular NOEs.
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teins in relatively high throughput. We concentrate on three
main questions: i) what are the selection criteria that identify
an accurate structure? ii) how many NMR data are actually
needed for the calculation of a structure?, and iii) how accurate
is this structure and how does it depend on the nature of ex-
perimental input?


Results and Discussion


The ambiguous interaction restraint (AIR) concept in
protein–ligand interactions


In the traditional concept of NMR structure determination, dis-
tance restraints from NMR data are usually introduced be-
tween a defined pair of atoms. They lead to a “penalty” energy
if a target distance is violated. By contrast the AIR approach,
which is used in protein–protein docking (HADDOCK)[11] and
was first introduced into automated structure calculation/as-
signment process of proteins by Nilges and co-workers,[12,13] as-
sumes a multitude of restraints that are applied between two
sets of atoms. The penalty energy calculated from these is de-
fined so that the fulfillment of a restraint causes a steep de-
crease in the energy function. However, a distance increase in
a clearly unfulfilled restraint causes only a smooth increase in
the energy term. The aim of the simulation is then to find rea-
sonable physical structures with a maximum number of ful-
filled AIRs.
CSPs as a source for AIRs were first proposed by Nilges


et al.[13] in 1998 and are increasingly utilized for the determina-
tion of protein–protein complexes.[11] Usually, AIRs are defined
between all atoms of two residues that experience CSPs. This
is not reasonable for protein–ligand interactions because the
ligand is much smaller than the protein. If all atoms in a per-
turbed protein residue were used in AIR definition, the calcula-
tion would achieve an optimal solution solely by side-chain re-
orientations on the protein, and the full range of ligand orien-
tations would not be sampled. Therefore, only the amide pro-
tons of shifting residues were used in AIR definition. Thus, all
AIRs are defined only in one direction, from the ligand to the
protein. This means that every CSP leads to one AIR.


Selection of structures


Structure determination by NMR yields an ensemble instead of
one unique configuration. This is because the structure is un-
derdetermined with respect to the underlying data. The devia-
tion of any structure from the “real” one, which is principally
unknown, is called the accuracy of the structure. Defining crite-
ria for choosing structures with good accuracy has been an es-
sential part of NMR-structure calculation validation.[14] A “refer-
ence” crystal structure is used to calculate the accuracy, which
in our case is simply the root-mean-square (rms) difference in
the coordinates of the ligand, between the crystal structure
and the outcome of the NMR calculation. With this approach,
it turned out that correct protein structures could be obtained,
in general, with an appropriate energy function during the mo-
lecular-dynamics (MD) simulation.


Intermolecular forces that are of particular importance for
protein–ligand complexes are difficult to quantify. Therefore it
is difficult to make assertions concerning the accuracy of
ligand orientation, although significant process has been made
in the field.[15, 16] On the other hand, we found that the energy
hyper-surface that is defined by AIR is too simple to be an in-
dependent measure of accuracy. Therefore, a suitable combina-
tion of selected experimental and nonexperimental energies is
necessary to select structures with good accuracy.
The procedure was tested by using protein–ligand com-


plexes with known X-ray structure and NMR assignment
(Table 1). The choice of the starting structure is important for


the results. In many cases holo structures seem to be the best
choice.[17] Nevertheless, calculations were started with coordi-
nates of the apoprotein to prevent the introduction of a “struc-
tural bias” by the holo conformation. The calculated complex
structures were then compared to the coordinates of the re-
spective complexes. This yields the accuracy that can be corre-
lated to a variety of selection criteria. A principal-component
analysis of all energy terms from the simulation with respect
to the accuracy showed a very different contribution from the
various energy terms. Purely intramolecular terms, such as the
bond lengths or angles, are uncorrelated to accuracy. Electro-
static interactions had strong correlations but differed strongly
for different proteins. Therefore both are unsuitable as a gener-
al measure of accuracy. On the other hand, both the intermo-


Table 1. Structures : protein, ligand, target complex structure, starting
conformation of the protein, differences between the two primary se-
quences of the former two structures, and BMRB code of the protein
NMR-assignment.


Protein Ligand PDB code
complex
reference


PDB code
starting
conformation


Muta-
tions


BMRB
code


PTP1b 1ECV[18] 1PTY[19]
T151S
C215S
D252E


5474[20]


PKA 1YDR[21] 1CMK[22]


M6K
Y69F
F108Y
A124P


6183[23]


p38 1A9U[24] 1P38[25]
L48H
T26A


6468[26]
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lecular van der Waals energy and the experimental AIR energy
showed strong correlations of similar size for different protein–
ligand systems. They are therefore suitable as measurements
of accuracy. Accurate structures are picked from a “selection
plot” in which both the intermolecular van der Waals and ex-
perimental AIR energy are plotted (Figure 1). Structures with
both a low van der Waals and AIR energy are possible solu-
tions. By contrast, structures in which only one of the two
energy terms is low are discarded.


Three case studies highlight the potential and commonly
encountered problems of the NMR-based docking approach
(Table 1). These are the complexes of i) phosphotyrosine phos-
phatase 1b (PTP1b) with 5-iodo-2-(oxalylamino)benzoic acid
(1),[18–20] ii) catalytic subunit cAMP dependent protein kinase A
(PKA) with H7 (2),[21–23] and iii) mitogen-activated kinase p38
with SB203580 (3).[24–26]


Case study 1: PTP1b


CSPs caused by 1 lead to a well-defined binding site (Fig-
ure 2a) but few distant residues are also affected. Only resi-
dues that could be in the vicinity of the ligand would be trans-
formed to AIRs after determination of the binding area in an
explorative structure-determination process. Nevertheless, all
experimental CSPs, including the distant ones, were introduced
to demonstrate the stability of the calculation. The primary
sequences of apo and 1-complexed PTP1b that have been
solved by X-ray crystallography differ in the vicinity of the
binding site, as defined by CSPs. Therefore, the apo structure
was modified to accommodate the mutations T151S, C215S,
and D252E that are present in the complex. Distant AIRs cause
severe van der Waals violations in the rigid body minimization
step. Therefore, AIRs were switched off in all subsequent calcu-
lations. Experimental parameters are thus switched on at the
initial stage of the procedure and help in finding the binding
site. All later steps are purely modeled optimizations of the
protein–ligand interactions. The resulting selection plot has an


excellent correlation of intermolecular van der Waals and AIR
energies with the positional root-mean-square deviations
(rmsd) of the ligand, relative to the reference structure (Fig-
ure 2b). Complexes with low energy for both energy terms
have low rmsd relative to the reference structure. Equally im-


Figure 1. Basic principle of the selection plot. Intermolecular van der Waals
energies and experimental AIR energies are evaluated for each complex
structure and plotted. Structures that possess both low van der Waals and
AIR energies are accepted. Structures are rejected if one (or both) of the
two energies is high.


Figure 2. a) Residues with the largest CSPs (red) caused by 1 and residues
for which flexibility was allowed during the simulation (blue), mapped onto
the X-ray structure of apo-PTP1b. b) Selection plot of the resulting com-
plexes. The accuracy of each structure relative to the reference X-ray com-
plex is indicated in gray scale. This represents the positional rmsd in the co-
ordinates of the ligand. The selection plot shows that in this case one of the
two energies would be sufficient for the selection of a structure. c) A selec-
tion of accepted structures from NMR data (green/yellow) corresponds well
with the X-ray reference complex (blue), with an rmsd of ca. 1 L.
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portant, both energies rise dramatically if the structure devi-
ates from the reference structure. This is particularly interesting
for the artificial AIR energy since this energy was switched off
during the final simulation steps. The result of this structure
calculation is a complex conformation which has a positional
rmsd relative to the X-ray structure between 1.1 L and 1.5 L in
the coordinates of the ligand (Figure 2c).
This case study shows that the calculation of a complex


structure from CSPs can be straightforward. No further as-
sumptions concerning known binding modes were used as
input. Furthermore, AIRs far away from the binding site do not
bias the final result, provided that they are switched off during
the refinement process. It is also interesting to note that each
of the energies alone (experimental or van der Waals energies)
would have been sufficient to select the correct structures.


Case study 2: PKA


For PKA, CSPs are located in a well-defined cluster around the
adenine-binding pocket. Therefore, all AIRs remained switched
on during the entire simulation. Since any sequence differen-
ces of the various PKA structures are more than 15 L away
from this site, neither of these mutations had to be considered
in the simulation.
Although the CSPs seem to define the binding site reasona-


bly well, it turns out that the basis of available NMR and X-ray
data complicates the situation; this is very common in drug
discovery. First, the NMR assignment[23] is incomplete and ex-
cludes a large part of the adenosine-binding pocket surface.
Second, although the apo structure is known (PDB code
1J3H)[27] there is no electron density for large (though not es-
sential) parts of the protein. The structure of protein kinase in-
hibitor (PKI) bound PKA (PDB code 1CMK),[19] which was used
as the starting model, deviates with 1.2 L backbone rmsd from
apo-PKA, and the PKA–2 complex (PDB code 1YDR)[21] deviates
by another 1.8 L. This is due to the conformational switch that
changes PKA from its “open” apo conformation to a “closed”
ligand-bound conformation. These forms are only extremes of
an ensemble of conformational states that have been charac-
terized for PKA; the choice of the appropriate starting struc-
ture is therefore problematic. Notably, a related equilibrium be-
tween open and closed conformations also exists for the WPD
loop in PTP1b.[28] However, the selection of the starting struc-
ture is easier since 1) the conformational change is only local,
and 2) it manifests itself in strong CSPs of the loop residues.
For PKA, both structures were tentatively used as starting
structures.
Starting from the protein in a closed form (PDB code 1ATP)


fails in the initial rigid body minimization step, simply because
the closed conformation prevents the ligand from entering its
correct binding site. It is needless to mention that the simula-
tion is very successful if the ligand is placed initially at the
binding site (data not shown). This demonstrates that the
proper choice of a starting protein structure is essential. It was
previously noted that the outcome of virtual screening was
largely dependent on the target protein structure.[15]


When starting from the apo structure (PDB code 1CMK),
which is an open conformation, the resulting configurations
after water refinement are not closer than 3 L rmsd from the
reference structure in the coordinates of the ligand. Based on
the selection plot the identification of meaningful structures is
nevertheless possible (Figure 3b). The difference is at least par-
tially due to an incorrect positioning of the piperazine ring.
This moiety has little shape complementarity and few interac-
tions with the protein. Hence it can be modified to methyl-
aminoethyl in H8, which binds only twice as tightly as H7. On
the other hand, the orientation and possible constructive inter-
actions of the quinazoline ring, which is the main feature of
the H series of inhibitors,[21] are correctly reproduced. Both the
X-ray and lowest AIR-energy structures show the hydrogen
bridge to the backbone of Val123. This information can thus
guide possible drug development programs. This is an encour-
aging result bearing in mind that i) the simulation does not in
any way reproduce the drastic conformational changes of the
protein, particularly the open/close transition, and ii) considera-
ble parts of the ligand-binding site of the protein are unas-
signed and do not contribute to the experimental input. This
example shows that the combination of two selection criteria
is essential (Figure 3b) since both favorable van der Waals in-
teraction and experimental energies are also compatible with
high rmsd deviations.
This case study also shows that even for a protein with in-


complete information a complex structure can be calculated
from the CSP data alone. Although neither CSP data nor the
calculation predict the changes in the domain orientation, the
binding mode is correctly elucidated.


Case study 3: p38


p38 is similar to PKA in that the ligand-induced CSPs cluster in
a well-defined region that is far away from any differences in
the primary sequences of apo and reference structures. The
definition of the binding site (Figure 4a) is more complete
compared to PKA because the extent of assignment is
higher.[26] Since apo- and ligand-bound structures deviate by
only 0.9 L, the choice of a proper starting structure is less criti-
cal than in the case of PKA.
Despite this promising situation, the calculation yields a mul-


titude of solutions with comparable AIR and van der Waals en-
ergies (Figure 4b). The correct structure is among these but it
is not possible to identify it as the solution of the docking
problem. The reason is the specific shape of SB203580 (3),
which has one twofold and one threefold axis of rotational
symmetry. This implies that the ligand can also occupy the
binding site in other symmetry-related orientations. This failure
does not affect the principle of the selection plot. Since differ-
ent binding modes lead to very similar final energies, neigh-
bored points in the selection plot have a high rms difference.
By contrast, neighbored structures in the selection plot of the
two examples discussed above belong to the same structural
family. Whether an ensemble of configurations from the selec-
tion plot is a proper choice or not is thus readily decided from
their relative structural differences.
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Whereas it is straightforward to resolve this ambiguity by
X-ray crystallography due to different diffraction properties of
the three rings, this is not possible by CSPs which only define
a binding site. In order to yield an unambiguous solution, the
structure calculation needs additional input. This can be either
restraints that enforce plausible interactions or additional NMR


data. We discuss both options since both were found to be
successful.
The first approach, which restrains the simulation to a plau-


sible solution, is based on the wealth of structural data that is
available for protein–ligand complexes in general and for pro-
tein kinases in particular. In the case of the p38–3 interaction
CSPs localize the binding at the adenosine-binding site. In
nearly all known cases binding at this site includes formation
of at least one specific hydrogen bond to the “hinge” residues
(His107–Met109 in p38). These manifest themselves in very
strong CSPs for these amino acids, and are in principle measur-
able by NMR since they influence exchange properties with
bulk water. It is reasonable to restrain the simulation such that
at least one hydrogen bond with one of the hinge-residue
amide groups is formed. We have done this by introducing
one additional AIR between possible ligand and the hinge
donor/acceptor pairs. The definition of this single AIR is suffi-
cient to make the result of the simulation unambiguous (Fig-
ure 5a). This approach shows that apparently the hydrogen
bonds are not correctly modeled within our simulation and
supports the notion that the modeling of protein ligand-bind-
ing sites is challenging[29] and still insufficiently reproduced in
common force fields.


Figure 3. a) Residues with the largest CSPs (red) caused by 2 and flexible res-
idues (blue) mapped onto the X-ray structure of apo-PKA. b) Selection plot
of the resulting complexes as described in Figure 2b. The accepted struc-
tures are not the ones with the best individual energies. c) The two best
complexes from NMR data (green/yellow), compared to the X-ray reference
structure (blue), show good agreement of the quinazoline ring. This ring is
responsible for the typical interactions observed for the H class of PKA inhib-
itors. The agreement of the nonconserved piperazine ring is less good, and
results in an overall rmsd of 3 L relative to the reference X-ray structure.


Figure 4. a) Residues with the largest CSPs (red) caused by 3 and flexible res-
idues (blue) mapped onto the X-ray structure of apo-p38. b) Selection plot
starting only from CSP data. The accuracy of each complex relative to the
reference X-ray structure is indicated as described for Figure 2. The calcula-
tion leads to many accurate and wrong structures with comparable ener-
gies. It would be impossible to pick a single structure out of these.
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The second approach to resolve the ambiguity of the ligand
is the inclusion of additional experimental NMR data. Whereas
differential line broadening or saturated transfer difference
(STD) buildup of ligand signals are inexpensive and quick
methods, their information content is not always high enough
to unambiguously characterize the ligand-interaction surface.
More sophisticated recent approaches aim at a quantification
of STD buildup, either by back-calculation of the full relaxation
matrix (Corcema-STD)[30] or by simplification of the relaxation
matrix by selective labeling (SOS-NMR).[14]


As an example, we show how the SOS-NMR approach yields
a unique solution of the problem. The SOS concept was origi-
nally demonstrated with selectively 1H-labeled and otherwise
deuterated proteins. The selectively labeled amino acids lead
to patches of STD-active surface that cumulatively yield a
unique solution. Every single sample has a high degree of am-
biguity that is reduced stepwise by the overlap of a sufficient
number of other samples. In combination with CSPs, the
number of required SOS-samples is smaller because CSPs
define the binding site accurately enough to enable the search
for residues that occur only once near this binding region. We
restricted our experiments to amino acids that: i) can be over-
expressed in deficient E. coli strains, to ease the labeling pro-
cess, ii) bear methyl groups, to simplify the STD experiment,
and iii) are less abundant in the ligand binding site (as defined
by the CSPs) to simplify the evaluation. An analysis of the p38
X-ray structure shows that Ile84 is present near the binding
site and can lead to STD effects (Figure 6a). Experimental data
(Figure 6b) essentially confirm what is expected from the geo-
metrical analysis. An additional AIR connecting the side chain
protons of Ile84 and protons of the fluorophenyl and pyridyl
rings was constructed.
The introduction of only a single restraint from the SOS


sample does not lead to meaningful results but yields the cor-
rect solution, among others. This is not unexpected because
distance restraints involving just one methyl group cannot
uniquely define a three-dimensional structure. Also, spin diffu-
sion effects that are expected for a protein of this size are
more likely to falsify the distance information of NOEs than in
the published example of the 12 kDa FKBP (FK506-binding pro-
teins).[14] However, if the SOS results are combined with the
CSP data, this leads to a unique solution (Figure 6c). Obviously
the proper choice of the labeled amino acid (or the use of
more than one sample) is essential for the outcome of the
experiment.
In addition to the methods exploited here, particularly the


back-calculation of ligand CSPs is a very promising ap-
proach.[31]


Conclusion


The aim of this study was the calculation of protein–ligand
complexes that are obtained from a minimal set of NMR-de-
rived information. It turns out that surprisingly little NMR infor-
mation is necessary to yield a unique complex structure. In the
search for selection criteria that identify an accurate family of
structures we introduced a selection plot. It utilizes the fact


Figure 5. The high symmetry of SB203580 (3) causes several problems. Par-
ticularly the C2v symmetry of the two rings is difficult to resolve. a) The two
possible options that differ in their ability to form a hydrogen bond with the
Met109 amide group. These two options highlight the difficulty in quantify-
ing hydrogen bonds in molecular simulations. b) Selection plot of the com-
plexes resulting from a simulation that includes both experimental AIRs and
the assumption of at least one hydrogen bond. c) A selection of accepted
complexes from NMR data (green/yellow) compared to the X-ray reference
structure (blue) shows that the NMR-derived docking mode agrees well with
the reference X-ray structure (rmsd of 1.8 L–2.9 L in the coordinates of the
ligand).
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that the combination of the intermolecular van der Waals
energy from the physical force field and the penalty energy
from the violation of the experimental parameters is sufficient
to identify a correct structure.


The structures presented in this study are derived from very
sparse NMR data. Although the resulting structural models are
not very accurate if compared to a high-resolution NMR struc-
ture, the essential interaction partners and the orientation of
the ligand, which are of prime importance for the medicinal
chemist, are correctly reproduced. Obviously, the identification
of a binding area by CSPs suffices in many cases to identify
the correct orientations of the ligand with respect to the pro-
tein. It seems to be more important than complete NMR as-
signments and CSP interaction profiles (which are very often
not available for typical targets), or even the choice of a
proper starting structure. Once a binding site is given, only a
limited number of orientations can satisfy both the surface
complementarity of protein and ligand and constructive inter-
actions. It has been shown that any protein–ligand interaction
can occur at such “hot spots” that possess particular surface
and shape properties.[29] Although this result can, in principle,
also be obtained from purely theoretical modeling, NMR is in-
dispensable for the identification of protein hot spots. It is in-
triguing that the only real problem, the docking of SB203580
(3) to p38, is caused by the high symmetry of the ligand. We
could show that the inclusion of a few additional experience-
or experiment-based restraints suffices to solve the symmetry
problems. Due to the “open” concept of “crystallography and
NMR system” (CNS),[32] many other restraints are conceivable.
NMR structure determination of protein–ligand complexes


has come a long way, even though in its stringent classical
form, it is not a real alternative to X-ray structure determina-
tion. On the other hand, high throughput crystallization pro-
grams[3] readily identify binding and binding mode at the
same time. NMR has been successfully applied to the screening
mixtures and finding binding sites.[9] Here we show that in
many cases the additional step to binding modes is only mar-
ginal, a procedure which we would like to call LIGDOCK.


Experimental Section


Origin of CSPs : The procedure proposed in this article was validat-
ed by application to three protein–ligand complexes with known
X-ray coordinates for apoproteins and protein–ligand complexes
and known NMR assignments as compiled in Table 1. Differences in
the primary sequences of the apo structures, the complex struc-
ture, and the construct used for NMR measurements were treated
as mentioned in the results section.
Proteins (PTP1b1–282, PKA1–350, p382–349) were overexpressed with
uniform 15N-labeling in E. coli following standard procedures. All
CSPs were extracted from 800 MHz TROSY spectra by using pub-
lished assignments (Table 1) as chemical shift index (D1H+ 15N= (D


2
1H


+0.17·D2
15N)


1/2). CSPs were classified as strong, medium, and weak
based on the shift distributions, and only strong CSPs were used
for the calculation of structures (Table 2). All experimental restraints
were applied as AIRs. The binding area of the protein can be locat-
ed in all three examples by mapping the strong CSPs onto the pro-
tein structure.
MD simulations and analysis of resulting structures : A three-
stage docking protocol, which was developed by Bonvin and co-
workers,[11] was used subsequent to HADDOCK. The protocol in-
cludes: i) randomization of orientations and rigid body minimiza-
tion, ii) simulated annealing in torsion angle space, and iii) refine-


Figure 6. a) The use of the SOS-NMR principle with deuterated and selective-
ly protonated protein can resolve the orientation of the ligand. These sam-
ples lead to STD effects at short saturation times only for ligand protons
that are closer than 6 L to the protonated site. The nearest isoleucine, Ile84,
leads to saturation transfer at both rings and can orient the ligand correctly.
b) The experimental SOS-NMR data confirms the assumptions that are ex-
pected from the geometric analysis of the X-ray structure. c) Selection plot
of the complexes resulting from a simulation that includes CSP and SOS
data. In both cases an unambiguous solution is found.
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ment in Cartesian space with explicit water. Table 3 summarizes
the parameters of each step. CNS[32] was used for all structure cal-
culations. Energies were evaluated by using the full electrostatic
and van der Waals energy terms with a cutoff distance of 8.5 L.
Optimized parameters for liquid simulation (OPLS) bonded parame-
ters from a modified version of parallhdg5.2.pro force field were
used. Residues located near the binding site were defined as flexi-
ble (Table 3). The analysis of the simulations was performed with in
house MATLAB-scripts. In the case of SB203580 (3), the rotational
symmetry of pyridyl- and fluorophenyl rings were accounted for by
the calculation of rmsd relative to the reference structure. Initial
conformers of ligands were generated manually by using the
PyMOL[33] graphics system with a subsequent energy minimization
in CNS.
Preparation of the SOS sample and STD measurement : Protein
kinase p38 with uniformly deuterated but selectively protonated
isoleucine residues (1H-Ile) was prepared as described,[34] with
minor modifications. STD-NMR spectra[35] were measured on a Bru-
ker DRX600 spectrometer with 150 ms presaturation (three 50 ms
Gaussian-shaped pulses).


Keywords: kinases · molecular dynamics · NMR spectroscopy ·
phosphatases · proteins
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Table 2. Residues showing strong CSP and flexible residues.


System CSPs Flexible residues


PTP1b–1 49, 52, 83 85, 86, 122, 182,
184, 254, 257, 262, 263


24, 45–52, 83–87, 115–124,
181–185, 214–223, 254,
257–266


PKA–2 50, 52, 55, 57, 59, 70, 71, 123,
322


49–59, 70–72, 104, 120–129,
170–173, 183–184, 322–327


p38–3 33, 35, 38, 42, 53, 57, 80[a] ,
104, 109, 110, 111, 142[a] , 154


29–41, 49–57, 72–76, 83-89,
102–112, 154–159, 166–173


[a]Residue was not included in AIR.


Table 3. Docking parameters.


Runs Space Steps T [K] Time step [fs] Protein backbone Protein side chains Ligand


~300 – minimization – – rigid rigid rigid
100 torsion angle 1000 2000!50 8 rigid rigid flexible
100 torsion angle 4000 2000!50 8 rigid flexible flexible
100 torsion angle 1000 500 ! 50 2 flexible flexible flexible
40 cartesian 500/500/500 100/200/300 2 Kpos=5 kcalmol�1 L�2 flexible Kpos=5 kcalmol�1 L�2


40 cartesian 5000/1000/1000 300/200/100 2 flexible flexible flexible
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Modified Quantum Dots
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Introduction


Nanoparticles have attracted much attention in the fields of
sensitizers, carriers, supporters, spectroscopic enhancers, and
probes for biomedical applications,[1] because they exhibit size-
dependent optical and electronic properties[2,3] as well as pos-
sible multivalent effects with biomolecules.[4] In particular,
quantum dots (QDs) containing semiconductor materials have
been extensively exploited for sensing metal ions and biomole-
cules,[2] among which carbohydrate–protein interactions are of
prime interest. Carbohydrate–protein interactions play a crucial
biological role in cellular recognition, endocytosis, fertilization,
cell adhesion, and information transfer,[5] in which carbohy-
drates show enormous structural and functional diversity upon
interacting with proteins. Because of the weakness of monova-
lent interactions, numerous carbohydrate carriers, such as den-
drimers, polymers, liposomes, and nanoparticles, have been
developed to take advantage of multivalency.[4] QDs encapsu-
lated with WGA (wheat germ agglutinin) have been shown to
retain their specificity for the cell walls of Gram-positive bacter-
ia,[4o] though low solubility shortens the useful lifespans of the
conjugates.


At the cellular recognition site, b-N-acetylglucosamine
(GlcNAc) plays a significant role, especially in fertilization proc-
esses.[6] The GlcNAc unit is an essential component of the ZP3
protein on an egg membrane (zona pellucida) that facilitates
binding with the complementary sugar-binding enzyme (e.g. ,
galactosyltransferase) on the surface of the sperm.[6] Here we
demonstrate the QDs encapsulated with the biologically im-
portant GlcNAc and their specific/sensitive multivalent interac-
tions with sperm and WGA, a plant lectin isolated from Triticum
vulgaris and possessing two recognition sites for simultaneous-
ly binding two GlcNAc moieties.[7]


Results and Discussion


High-quality CdSe/ZnS core-shell QDs were prepared by the
previously reported one-pot procedure,[8a] with slight modifica-
tion (see the Experimental Section). Pyridine was used to re-
place trioctylphosphine oxide (TOPO) on the surfaces of the
QDs, without affecting the quality of nanocrystals. This pyridine
encapsulation provides better access for organic modifiers to
the surfaces of nanoparticles.[8b] Disulfide 4, bearing GlcNAc
moieties, was obtained by glycosidation of the protected
GlcNAc derivative 1 with 11-acetylthioundecan-1-ol (2), fol-
lowed by saponification and autoxidation (Scheme 1). The pyri-
dine-encapsulated QDs were then treated with disulfide 4 and
NaBH4 in aqueous solution to give the water-soluble GlcNAc-
encapsulated QDs (QDGLNs).


After being rinsed with anhydrous MeOH/Et2O (1:1) and
dried in vacuo, the purified QDGLN nanoparticles were charac-
terized by UV-visible, fluorescence, FTIR, and 1H NMR spectros-
copy and by transmission electron microscopy (TEM). The
mean diameter of the core-shell as measured by TEM is about
5 nm, and the presence of the carbohydrate moiety was con-
firmed by the 1H NMR analysis. The absence of any S�H
stretching band in the 2650–2450 cm�1 region in the FTIR con-
firmed the formation of the QD–sulfur bond. The prepared
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We report the encapsulation of quantum dots with biologically
important b-N-acetylglucosamine (GlcNAc) in different ratios, to-
gether with studies of their specific/sensitive multivalent interac-
tions with lectins and sperm by fluorimetry, transmission electron
microscopy, dynamic light scattering microscopy, confocal imag-
ing techniques, and flow cytometry. These GlcNAc-encapsulated


quantum dots (QDGLNs) specifically bind to wheat germ aggluti-
nin, and cause fluorescence quenching and aggregation. Further
studies of QDGLNs and the mannose-encapsulated QDs
(QDMANs) with sperm revealed site-specific interactions, in which
QDGLNs bind to the head of the sperm, while QDMANs spread
over the whole sperm body.
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QDGLN nanoparticles were found to be both ther-
mally and photochemically stable, exhibiting strong
fluorescence with quantum yields (Ff) of �0.35 in
deionized water as well as in phosphate buffer at pH
values of 6–8. The concentration of CdSe/ZnS QDs
was estimated by using a reported procedure,[9] and
the number of GlcNAc moieties on each QD particle
was quantitatively determined by a chemical method
with pentane-2,4-dione and Ehrlich’s reagent.[10] As a
result, 210 GlcNAc units were estimated to be anch-
ored on each QD, in agreement with the previous
report for carbohydrate-encapsulated 6 nm gold
nanoparticles.[4k]


In this study, the binding affinity of the QDGLNs
was demonstrated by fluorescence titration against
unlabeled WGA lectin (Figure 1), with the fluores-
cence intensity of the QDGLNs in phosphate buffer
(pH 6.8) gradually being quenched with increasing
lectin concentrations. The relative change in fluores-
cence intensity (DF/F0) at 604 nm is plotted against
the concentration of lectin (inset in Figure 1).[11] The
association constant (Ka) of the QDGLNs with WGA,
as estimated from the intercept and slope in the
linear region of the plot, is on the order of 107, �3–4
orders of magnitude higher than that of the corre-
sponding monomer,[11,12] thus manifesting the great
enhancement of binding ability achievable by simul-
taneous cooperative interactions of multiple GlcNAc
residues with lectins. A competitive experiment was
performed by adding monomeric GlcNAc, and the re-
sults showed the recovery of the fluorescence inten-
sity upon addition of an appreciable amount of
GlcNAc (25 mg, for example; not shown here). Excess
GlcNAc was also added in an attempt to achieve the
recovery of the original fluorescent intensity. Unfortu-
nately, the appearance of turbidity in solution upon
addition of >150 mg of GlcNAc made this approach
infeasible.


Although the actual quenching mechanism still
awaits resolution, the decrease in fluorescence life-
time during the titration has prompted us to propose
a radiationless deactivation pathway incorporating
either an energy-transfer or an electron-transfer pro-
cess upon complexation. The lack of a chromophore
with an absorption energy gap of >500 nm in lectin
seems to disfavor a tentative mechanism incorporat-
ing energy transfer. Alternatively, the quenching is
more plausibly attributable to electron transfer from
the QDGLNs to the amino acid residues on WGA
lectin, forming, for example, a CH–p interaction with trypto-
phan.[13]


Interaction between multivalent receptors and ligands has
been studied by light-scattering experiments, fluorescence res-
onance energy transfer, or TEM.[4i, 14] Here, direct support for
the QDGLN–WGA interaction is provided by the TEM image
(Figure 2). In this approach, WGA was incubated with the
QDGLNs in phosphate buffer for 30 min at room temperature


and viewed under a microscope, with aggregation of QDGLNs
due to multivalent binding with WGA being found. In a control
experiment, aggregation of QDGLNs was unconvincing when
WGA was replaced by bovine serum albumin (BSA), a protein
that cannot efficiently bind with GlcNAc. Note that a regular
arrangement pattern resolved from the TEM image in the case
of BSA (Figure 2) might simply be the result of the adsorption
of BSA on the QDGLNs.


Scheme 1. Preparation of the water-soluble b-GlcNAc-encapsulated quantum dots
(QDGLNs).


Figure 1. Fluorescence titration spectra of QDGLN (3.8L10�8
m) as a function of WGA


lectin concentration at concentrations from 0.01 to 0.73 mm. The excitation wavelength
is 400 nm. Inset: The relative change in fluorescence intensity (DF/F0) at 604 nm plotted
against the concentration of lectin.
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Aggregation in solution was also investigated by dynamic
light scattering (DLS) microscopy. The results estimated the
size distributions of native QDGLNs, QDGLN–BSA conjugate,
and QDGLN–WGA conjugate to be around 14–16, 27–29 and
240–260 nm, respectively, in agreement with the TEM observa-
tion. It is also worth noting that the hydrodynamic radii of the
QDs are slightly larger than the TEM radii, possibly due to the
weak contrast for the nonmetallic part in the TEM measure-
ment.


A comprehensive study to probe carbohydrate–protein in-
teractions with QDGLNs covered with carbohydrate moieties of
various densities was also performed. By a similar synthetic
procedure, surface modification of QDs with 11-mercaptoun-
decyl-GlcNAc (derived from disulfide 4) and 4-mercaptobutan-
1-ol in different ratios—5:1, 3:1, 1:1, and 1:3—gave the hybrid
glycoquantum dots QDGLN-2, QDGLN-3, QDGLN-4, and
QDGLN-5, respectively. Quantitative analyses showed ratios of
190 (QDGLN-2), 160 (QDGLN-3), 120 (QDGLN-4), and 100
(QDGLN-5) GlcNAc molecules per QD, with the remaining QD
surface covered with mercaptobutan-1-ol. In a control experi-
ment, butan-1-ol-encapsulated dummy quantum dots
(QDBOHs) were prepared by using 4-mercaptobutan-1-ol as
the sole surface modifier. The binding affinities of WGA with
these GlcNAc-modified QDs were examined under the same
conditions. A similar trend in fluorescence quenching was ob-
served during the titrations (Figure 3); however, the quenching
power decreased as the density of GlcNAc moieties decreased
(with Ka on the order of 106). Conversely, the QDBOHs showed
no interaction with WGA and consequently caused negligible
quenching of the fluorescence. Note that the QDGLNs showed
a tiny but non-negligible decrease in fluorescence upon titra-
tion with BSA, possibly due to the adsorption of BSA on QDs
as indicated by the TEM image (Figure 2).


Several reports have shown that the sugar density on a gly-
coconjugate should be lower than 100% in order to achieve
optimum activity.[15] However, the maximum activity depends
on the area of the sugar molecule, and the binding efficiency
remains unchanged even when the loading is high.[15a,b] In our
case, high loading caused similar binding constants of the
order of 106–107. In addition, we noticed a moderate decrease
in the activity as the sugar density decreased (see Figure 3). It
seems that the quenching of QDs is due either to the binding


of lectin or to lectin denaturation resulting from the hydropho-
bic interaction between the linker and the hydrophobic moiety
of lectin. Apparently, knowledge of the surface area of sugar
and the distance between two binding sites (22–42 O) of WGA
lectin[16a] is pivotal for dealing with the lectin–sugar interaction.
The radius of a QDGLN is estimated from DLS microscopy as
5.5 nm, so an effective surface area of 190 O2 can be deduced
for each sugar molecule. The size of lectin (4L4L7 nm)[16b] is
much larger than that of a sugar molecule, so it is quite unlike-
ly that lectin might enter into the sugar moieties to cause de-
naturation through hydrophobic interaction with linkers. We
thus conclude that the variation in the quenching ability is
due to the difference in the amount of electron transfer be-
tween the QDs and the lectin.


It has been proposed that GlcNAc-conjugated proteins may
initiate the sperm acrosomal reaction in mice.[6] In contrast,
monovalent GlcNAc failed to do so, so glycoQDs may also
serve as ideal probes for investigating the distribution of com-
plementary binding proteins on the surface of sperm. We thus
examined the binding capacity, and hence the effect on the ac-
rosomal reaction, by using GlcNAc-encapsulated QDs with
fresh sperm obtained from mice, pigs, and sea-urchins. In this
approach, the fresh sperm (�3L107) were incubated with
QDGLNs (0.2 mg) in PBS buffer (pH 7.4) for 30 min, and the un-
bound QDGLNs were washed away by centrifugation. Confocal
microscopy images showed QDGLN nanoparticles concentrat-
ed at the sperm heads (Figure 4A and B for sea-urchin sperm).
In contrast, mannose-encapsulated quantum dots (QDMANs)
tended to spread over the whole sperm body under similar in-
cubation conditions (Figure 4C for mouse sperm). These results
can be tentatively interpreted in terms of the different distribu-
tions of the GlcNAc and Man receptors on the sperm surface.


The binding capability of QDGLNs with live sperm was de-
tected by flow cytometry with use of a monitor gated at
25 mm for the effective size of the live sperm. As shown in Fig-
ure 5A, addition of QDGLNs in increments caused gradual
shifts of the signal along the x-axis, indicating fluorescence


Figure 2. TEM images of QDGLN with A) WGA and B) BSA. Scale bars=
50 nm.


Figure 3. Changes in fluorescence intensity observed on addition of WGA to
glycoQDs with different surface modifications (see text).
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changes on the pig sperm due to the binding with fluorescent
QDGLNs. Unbound QDGLN nanoparticles would not interfere
with the observed fluorescence enhancement, because they
would be too small (<10 nm) to appear in the monitor gate
(25 mm).


Incubation of live sea-urchin sperm with QDGLNs in artificial
seawater (ASW) also showed a similar fluorescence enhance-
ment on flow cytometry (Figure 5B). Conversely, the increase
in fluorescence intensity was less obvious when sea-urchin
sperm were incubated with QDGLNs in egg water (Figure 5C).
Egg water is an extract of egg jelly coat, which contains the
GlcNAc-conjugated proteins and other biomaterials for binding
with sea-urchin sperm to trigger the acrosomal reaction.[6] The
acrosome on the sperm head will fall off during this event. The
binding of QDGLNs to sea-urchin sperm might be inhibited by
the GlcNAc-conjugated proteins present in egg water, thus ac-
counting for the relatively small fluorescence increase (Fig-
ure 5C) in comparison with that in ASW (Figure 5B).


In conclusion, water-soluble multivalent glycoQDs have
been prepared in a simple way in order to study the specificity
and sensitivity of their multivalent interaction with lectins. The
reported binding constants corroborate results obtained previ-
ously,[11,12] while the high fluorescence yield and multivalent
effect illustrate the superiority of the QDGLN approach. The re-
sults are illustrated by the ability of the QDGLNs to bind with
sperm and possibly influence the acrosomal reaction, so that
one can follow the dynamic changes in the fertilization pro-
cess.[6] Moreover, the glycoQDs might also have potential for
exploration of the carbohydrate–protein interaction through
the surface plasmon enhanced fluorescence spectroscopy
(SPFS) technique.[12e] We thus believe that the GlcNAc-derivat-
ized multivalent scaffold could spark broad interest in the
fields of fundamental biochemistry and biosensors.


Experimental Section


General methods : All experiments requiring anhydrous conditions
were performed under argon. All solvents and reagents were re-
agent grade and were used without further purification. Diethyl
ether and toluene were distilled from Na/benzophenone, methanol
was distilled from magnesium turnings, and CH2Cl2 was distilled
from CaH2. Infrared (IR) spectra were recorded on a Nicolet
Magna 550-II spectrometer. Proton NMR (1H NMR) and carbon NMR
(13C NMR and DEPT) spectra were recorded in Varian Unity Plus-400
(400 MHz) and Bruker Avance-400 FT-NMR spectrometers ; chemical
shifts are reported in d units relative to tetramethylsilane (TMS)
with residual protons in the solvent as an internal standard: CDCl3,
d=7.24 (for 1H NMR) and d=77.0 (for 13C NMR and DEPT); CD3OD
d=3.31 (for 1H NMR) and d=49.15 (for 13C NMR and DEPT);
[D6]DMSO, d=2.49 (for 1H NMR) and d=39.5 (for 13C NMR and
DEPT)). Mass spectra (MS) and high-resolution mass spectra (HRMS)
were measured with JEOL JMS-HX110 or JEOL SX-102A spectrome-
ters. Thin-layer chromatography (TLC) was performed on Merck
ART.5544 precoated sheets, and TLC results were viewed by UV
lamp. Chromatography was performed under gravity on silica
gel 60 of 0.040–0.063 mm particle size. Elemental analysis was car-
ried out on Perkin–Elmer CHN-2400 II or Heraeus Vario EL III ele-
mental analysis instruments at the Instrumentation Center, Nation-
al Taiwan University. Absorption spectra were recorded on a
JASCO V-530 UV/Vis spectrometer. Emission spectra were recorded
with a JASCO FP-6200 spectrofluorimeter and an AMINCO/Bowman
Series 2 spectrometer. Transmission electron microscopy images
were obtained with a Philips/FEI Tecnai 20 G2 S-Twin transmission
electron microscope. The fixed sperm were viewed under a Leica
TSCspl2 confocal microscope. Dynamic light scattering microscopy
was conducted with a PD2010/DLS laser light scattering detector.


2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-a-d-glucopyranosyl chlo-
ride (1): 2-Actetamido-2-deoxy-a-d-glucopyranose (GlcNAc, 5 g,
22.6 mmol) was stirred with freshly distilled acetyl chloride for 24 h
under argon. After addition of CH2Cl2, the organic layer was sepa-
rated, and washed with water (4L20 mL), aqueous NaHCO3 (2L
20 mL), and brine solutions (20 mL). The organic phase was dried
over MgSO4, filtered, and concentrated in vacuo to provide the
practically pure product 1, which was used directly in the next re-


Figure 4. Confocal microscope imaging for staining of sperm with glycoquantum dots: A) selective QDGLN labeling on the heads of sea-urchin sperm (scale
bar=20 mm), B) close-up of QDGLN-labeled sea-urchin sperm, and C) close-up of QDMAN-labeled mouse sperm.
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action. C14H20ClNO8;
1H NMR (CDCl3, 400 MHz): d=6.13 (d, J=


3.7 Hz, 1H), 6.03 (d, J=8.7 Hz, 1H), 5.26 (t, J=10.0 Hz, 1H), 4.80
(m, 1H), 4.51–4.46 (m, 1H), 4.25–4.04 (m, 3H), 2.03 (s, 3H), 1.97 (s,
6H), 1.92 ppm (s, 3H); 13C NMR (CDCl3, 100 MHz): d=170.4 (C),
170.1 (C), 170.0 (C), 168.7 (C), 93.4 (CH), 70.3 (CH), 69.4 (CH), 66.9
(CH), 60.7 (CH2), 52.7 (CH), 22.2 (CH3), 20.1 (2CH3), 20.0 ppm (CH3).


11-Thioacetylundecan-1-ol (2): A solution of 11-bromoundecan-1-
ol (4.16 g, 16.6 mmol) and KSAc (2.85 g, 25 mmol) in DMF (25 mL)


was stirred for 1 h at 90 8C. The residue obtained on concentration
was dissolved in CH2Cl2 and washed with water. The organic phase
was dried (MgSO4), concentrated, and purified by silica gel column
chromatography with elution with EtOAc/hexane (2:8) to yield
compound 2 (3.82 g, 96%). C13H26O2S:


1H NMR (CDCl3, 400 MHz):
d=3.57 (t, J=6.6 Hz, 2H), 2.82 (t, J=7.4 Hz, 2H), 2.27 (s, 3H), 1.51
(m, 4H), 1.32–1.22 ppm (m, 14H); 13C NMR (CDCl3, 100 MHz): d=
196.1 (C), 62.9 (CH2), 32.7 (CH2), 30.5 (CH3), 29.5 (CH2), 29.4 (2CH2),
29.3 (2CH2), 29.1 (CH2), 29.0 (CH2), 28.7 (CH2), 25.7 ppm (CH2); FAB-
MS m/z (rel intensity) 247 [M+H]+ (100); HRMS calcd for C13H27O2S
[M+H]+ : 247.1732; found 247.1734.


11-Thioacetoxyundecyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-b-
d-glucopyranoside (3): A mixture of glycosyl chloride 1 (1.75 g,
4.8 mmol) and thioacetylundecanol 2 (1.44 g, 5.86 mmol) in tolu-
ene/acetonitrile (20 mL 1:1 v/v) was stirred at room temperature
for 16 h in the presence of Drierite (1.5 g) and Hg(CN)2 (2.5 g). The
mixture was filtered, and the filtrate was concentrated under re-
duced pressure. The residue was dissolved in CHCl3 (30 mL) and
washed with brine (25 mL). The organic layer was dried (MgSO4),
filtered, concentrated, and purified by silica gel column chromatog-
raphy with elution with EtOAc/hexane (1:1). C27H45NO10S: Yield
2.05 g (74%). TLC (EtOAc/hexane (1:1)) Rf=0.20; 1H NMR (CDCl3,
400 MHz): d=5.51 (d, J=8.6 Hz, 1H), 5.28 (t, J=9.5 Hz, 1H), 5.03 (t,
J=9.5 Hz, 1H), 4.65 (d, J=8.3 Hz, 1H), 4.22 (dd, J=12.2, 4.7 Hz,
1H), 4.10 (dd, J=7.3, 2.4 Hz, 1H), 3.83–3.76 (m, 2H), 3.69–3.64 (m,
1H), 3.46–3.42 (m, 1H), 2.83 (t, J=7.3 Hz, 2H), 2.30 (s, 3H), 2.06 (s,
3H), 2.01 (s, 3H), 2.00 (s, 3H), 1.92 (s, 3H), 1.70–1.51 (m, 6H), 1.32–
1.22 ppm (m, 12H); 13C NMR (CDCl3, 100 MHz): d=196.1 (C), 170.8
(C), 170.7 (C), 170.1 (C), 169.4 (C), 100.6 (CH), 72.3 (CH), 71.6 (CH),
69.9 (CH2), 68.6 (CH), 62.1 (CH2), 54.8 (CH2), 30.5 (CH2), 29.5 (2CH2),
29.4 (2CH2), 29.3 (CH2), 29.2 (CH2), 29.1 (CH2), 29.0 (CH2), 28.7 (CH2),
25.7 (CH2), 23.2 (CH3), 20.7 (CH3), 20.6 ppm (2CH3); IR (KBr): ñ=
2927, 2855, 1747, 1692, 1663, 1544 cm�1; FAB-MS m/z (rel intensity)
576 [M+H]+ (70) ; HRMS calcd for C27H46NO10S [M+H]+ : 576.2842;
found 576.2845.


11-Mercaptoundecyl 2-acetamido-2-deoxy-b-d-glucopyranoside
dimer (4): Compound 3 (200 mg) was stirred with K2CO3 (catalytic
amount) in anhydrous MeOH at ambient temperature until TLC
analysis confirmed the completion of the reaction. The mixture
was filtered, and the filtrate was concentrated under reduced pres-
sure. The residue was purified by silica gel column chromatogra-
phy with elution with MeOH/CH2Cl2 (1:9) to give disulfide 4.
C38H73N2O12S2: Yield 136 mg (96%). TLC (MeOH/CH2Cl2 (1:9) Rf=
0.10; 1H NMR (CD3OD, 400 MHz): d=4.37 (d, J=8.0 Hz, 2H), 3.95-
3.83 (m, 4H), 3.75 (dd, J=12.2, 4.7 Hz, 2H), 3.62 (dd, J=7.3, 2.4 Hz,
2H), 3.55–3.12 (m, 10H), 2.46 (m, 4H), 1.97 (s, 8H), 1.62–1.47 (m,
10H), 1.45–1.23 ppm (m, 30H); 13C NMR (CD3OD, 100 MHz): d=
173.7 (2C), 102.9 (2CH), 77.9 (2CH), 76.0 (2CH), 72.0 (2CH2), 70.8
(2CH), 63.3 (2CH), 62.5 (2CH2), 57.2 (2CH2), 39.0 (CH2), 30.9 (2CH2),
30.8 (2CH2), 30.7 (2CH2), 30.6 (2CH2), 30.5 (4CH2), 30.3 (2CH2), 27.1
(CH2), 26.2 (CH2), 23.8 (CH2), 23.1 ppm (2CH3); IR (KBr): ñ=3387,
2927, 2853, 1654, 1559 cm�1; FAB-MS m/z (rel intensity) 813
[M+H]+ (5) ; HRMS calcd for C38H73N2O12S2 [M+H]+ : 813.4605;
found 813.4627.


Synthesis of semiconductor quantum dots : A mixture of cadmi-
um oxide (0.0386 g), trioctylphosphine oxide (5.6652 g), and hexa-
decylamine (2.8326 g) was dried in vacuum for 2 h and heated to
340 8C under argon to obtain a colorless solution. A solution of se-
lenium (0.025 g) in tributylphosphine (1 mL) was added to the col-
orless solution at 230 8C, and the mixture was stirred for 20 min at
the same temperature. A mixture of diethylzinc (1.1 mL of 15% so-
lution in hexane) and bis(trimethylsilyl) sulfide (133.5 mL) in tributyl-


Figure 5. Flow cytometric measurements for binding of live sperm with
QDGLN nanoparticles : A) pig sperm (90000 mL�1) in PBS buffer, B) sea-
urchin sperm in artificial sea water, and C) sea-urchin sperm in egg water
with addition of QDGLN (2, 4, 6, 10, and 20 ng); lex=488 nm.
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phosphine (4.3 mL) was added slowly at 180 8C with a flow rate of
0.1 mLmin�1. The mixture was stirred at 180 8C for 10 min and at
100 8C for 1 h. The reaction mixture was cooled and dissolved in
chloroform, and MeOH was added to precipitate semiconductor
quantum dots. The precipitate was washed twice with MeOH, and
dried in vacuum for 16 h.


Synthesis of GlcNAc-encapsulated quantum dots (QDGLNs): A
solution of the TOPO-capped quantum dots (20 mg) was heated in
dry pyridine (10 mL) at 70 8C for 12 h. The mixture was cooled,
excess pyridine was removed under reduced pressure, and the pyr-
idine-capped quantum dots were coevaporated twice with tolu-
ene. A suspension of the pyridine-capped quantum dots in toluene
(8 mL) was stirred with disulfide 4 (100 mg) and NaBH4 (10 mg) in
water (8 mL) at 60 8C for 5 h. The reaction mixture was cooled and
subjected to centrifugation (9000 rpm for 10 min). The aqueous
layer was separated and concentrated, and the sugar-encapsulated
nanoparticles were precipitated by addition of MeOH/Et2O (20 mL,
1:1). The precipitates were washed with MeOH/Et2O (1:1, 4 mLL3),
and dried in vacuo for 16 h to provide the high-quality GlcNAc-en-
capsulated QDs (QDGLNs, 15 mg).


Synthesis of butan-1-ol-encapsulated quantum dots (QDBOHs):
The pyridine-capped quantum dots were stirred with 4-mercapto-
butan-1-ol in toluene by a procedure similar to that used for the
QDGLNs, to give the butan-1-ol-encapsulated QDs.


Synthesis of hybrid quantum dots modified with GlcNAc and
butan-1-ol in different ratios : The pyridine-capped quantum dots
were treated with disulfide 4 and 4-mercaptobutan-1-ol, in the
ratios indicated (5:1, 3:1, 1:1, or 1:3), by a procedure similar to that
used for the QDGLNs, to give the hybrid QDs.


Quantification of the GlcNAc moieties on each quantum dot :
Chemical analysis of glucosamine was carried out by the method
developed by Elson and Morgan.[10] Ehrlich’s reagent was prepared
by dissolving p-dimethylaminobenzaldehyde (1.6 g) in HCl (12m,
30 mL) and EtOH (96%, 30 mL). A solution of acetylacetone (pen-
tane-2,4-dione, 0.75 mL) in aqueous sodium carbonate (1.25m,
25 mL) was prepared. An aqueous solution of glucosamine hydro-
chloride (2 mL of known concentration) was heated at 96 8C with
the freshly prepared acetylacetone solution (2 mL) for 20 min. The
reaction mixture was allowed to cool to room temperature and
treated with Ehrlich’s reagent (2 mL) and EtOH (96%, 20 mL) at
room temperature for 1 h. The resulting red solution showed an
absorption maximum at 527 nm (see the Supporting Information).
A calibration line was derived from a series of similar experiments
with different concentrations of glucosamine to give the value of
23500 cm�1


m
�1 for the extinguish coefficient (e).


The GlcNAc-encapsulated quantum dots (2.3 mg) were heated with
HCl (2m) at 100 8C in a sealed tube for 14 h to release the glucosa-
mine moieties (HCl salt form) from the nanoparticles. The glucosa-
mine layer was cooled, neutralized with NaOH (4m), and made up
to a 10 mL solution. An aliquot (2 mL) of solution was taken, and
subjected to quantification analysis for the content of glucosamine
by the procedure described above.


Binding study of the GlcNAc-modified quantum dots with WGA
lectin : An aliquot of QDGLNs (50 mL of 1 mgmL�1 aqueous solu-
tion) was adjusted with phosphate buffer (10 mm, pH 6.8) to make
a 2 mL solution, which was placed in a quartz cuvette (1 cm width)
at 293 K for measurements.


WGA lectin (1.47L10�5
m) was added in an incremental fashion


(0.11, 0.23, up to 12 equiv). The fluorescence spectra with 400 nm
excitation were recorded for each addition. The fluorescence inten-


sity at 604 nm was monitored as a function of lectin concentration.
The binding constant (Ka) is derived from Eq. (1).[11]


½Lectin� F0=DF ¼ ½Lectin� F0=DFmaxþF0=ðDFmax � KaÞ ð1Þ


F is the emission intensity, F0 is the original emission intensity of
the free QDGLNs, and DFmax is the largest change in emission in-
tensity after saturation with lectin.


Microscopy imaging of the QDGLN-WGA complex : An aliquot of
QDGLNs (50 mL of 1 mgmL�1 aqueous solution) was incubated
with WGA or BSA (1.47L10�5


m, 100 mL) in phosphate buffer
(10 mm, pH 6.8, 2 mL) for 30 min at room temperature. Approxi-
mately 5 mL of sample was placed on a carbon-coated grid, and
the TEM imaging was performed under a Philips/FEI Tecnai 20 G2
S-Twin transmission electron microscope. In addition, approximate-
ly 1 mL of sample was taken for the DLS microscopy with a
PD2010/DLS laser light scattering detector (Precision Detectors).


Microscopy imaging of the labeled sperm with sugar-encapsu-
lated quantum dots : Mouse sperm (100 mL of a 2.7L108 sperm
per mL suspension) were incubated with glycoQDs (QDGLNs or
QDMANs, 100 mL of 2 mgmL�1 solution) in PBS buffer (2 mL,
10 mm, pH 7.4) for 30 min at room temperature. The unbound gly-
coQD nanoparticles were washed away from sperm by use of PBS
buffer (3L5 mL) with centrifugation (1500 rpm). The sperm, anch-
ored by glycoQDs, were suspended in PBS buffer (1 mL), and an
aliquot (30 mL) was placed on a microscope plate. The sample was
kept drying for 10 min, and formaldehyde (1 mL of 2% aqueous
solution) was added. After 20 min of fixation, the plate was
washed with PBS buffer, and then dried. A few drops of gel were
added, and a cover glass was applied. Imaging was performed
under a Leica TCSsp2 confocal microscope.


Pig sperm (100 mL of 2.7L107 sperm per mL suspension) and sea-
urchin sperm (100 mL of 2.5L1010 sperm per mL suspension) were
used for the labeling experiment by a procedure similar to that
used for mouse sperm.


Flow cytometric analysis of the binding of QDGLN with live
sperm
Method A : Fresh pig sperm (ca. 3.5 mL of 2.7L107 sperm per mL
suspension) were incubated with various doses of QDGLNs (2, 4, 6,
up to 20 ng) in PBS buffer (2 mL, 10 mm, pH 7.4) for 30 min. Un-
bound nanoparticles were washed away from the sperm by use of
PBS buffer (3L5 mL) with centrifugation. The QDGLN bound sperm
were resuspended in PBS buffer (2 mL), and were subjected to
flow cytrometric analysis. A FACScalibur flow cytometer (Becton
Dickinson, Mountain View, CA) was used to measure the fluores-
cence intensity with excitation at 488 nm. The monitor gate of
25 mm was set to accommodate the effective size of live sperm.
The signal along the x-axis indicates the fluorescence intensity, and
the height along the y-axis indicates the corresponding number
(counts) of species showing the fluorescence.


Method B : A solution of KCl (0.5m) was injected into the coelomic
cavity of a sea-urchin to stimulate ejection of sperm. By a proce-
dure similar to that used for pig sperm, the sea-urchin sperm
(20 mL of a 2.5L1010mL�1 suspension) were incubated with various
doses of QDGLNs (2–20 ng), either in artificial sea water (ASW) or
in ASW containing egg jelly stripped from unfertilized urchin eggs
by passing 5L through a 85 mm nylon mesh.
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