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Folding and Activity of the Hammerhead
Ribozyme
Christian Hammann and David M. J. Lilley*[a]


The hammerhead is the smallest of the nucleolytic ribozymes, that
undergo backbone cleavage by a transesterification reaction in the
presence of magnesium ions. The RNA is induced to fold into its
active conformation by the binding of metal ions in two stages.
These generate domain 2, the scaffold on which the ribozyme is
built, and domain 1, the active centre of the ribozyme. Further local
structural rearrangement during the activation of the ribozyme is


suggested by a number of crystal structures. The 105-fold rate
enhancement is probably brought about by a combination of
metal-ion participation and stereochemical factors in the environ-
ment of the folded RNA structure.
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1. RNA Catalysis and the Nucleolytic Ribozymes


Ribozymes are RNA molecules that catalyse chemical reactions.
The evolution of life on this planet may have passed through a
stage (the ™RNA world∫) during which RNA played simultaneous
catalytic and informational roles, and perhaps the peptidyl
transferase activity of the ribosome is a kind of molecular fossil
from this period.[1] Whether or not that is true, RNA catalysis
plays an important role in the cell, bringing about what is
arguably the most important reac-
tion in contemporary biology, that
is, the synthesis of proteins. It is also
highly probable that the splicing of
mRNA will ultimately turn out to be
RNA-catalysed. Thus, RNA catalysis
is important from several different
perspectives. Potentially it can also
teach us a great deal about bioca-
talysis in general, since the ribo-
zymes appear to be nature's mini-
malist catalytic macromolecules.


The nucleolytic ribozymes are a
group of relatively small (�150
nucleotides) RNA species that carry
out a site-specific cleavage of their
own phosphodiester backbone by
means of a transesterification reac-
tion; they require only metal ions to
achieve this.[2] There are four natural
members of this class. These are the hammerhead,[3, 4] hairpin,[5, 6]


hepatitis delta virus (HDV)[7] and Varkud satellite (VS)[8] ribo-
zymes. Each has a very distinct sequence and structure, but they
bring about essentially the same reaction. This is the accelerated
attack of the 2�-oxygen atom on the 3�-phosphate group with
expulsion of a 5�-oxygen and formation of a 2�,3� cyclic
phosphate.[9] In the course of the reaction the chirality of the


phosphorus becomes inverted,[10±12] a fact that strongly suggest-
ing an SN2 reaction mechanism (Scheme 1). Some of these
ribozymes can also bring about the reverse reaction,[5, 13] a
ligation in which the 5�-oxygen atom attacks the phosphorus of
the cyclic phosphate group; this is particularly efficient in the
case of the hairpin ribozyme for example.[14] In addition to these
natural ribozymes, the same reaction has been found to be
catalysed in tRNA in the presence of lead ions,[15] and in selected
RNA[16] and DNA species.[17]


[a] D. M. J. Lilley, C. Hammann
Cancer Research UK Nucleic Acid Structure Research Group
Department of Biochemistry
MSI/WTB Complex
The University of Dundee
Dundee DD1 5EH (UK)
Fax: (�44)1382-345-893
E-mail : d.m.j.lilley@ dundee.ac.uk


Scheme 1. The probable cleavage mechanism of the hammerhead ribozyme, and potential catalytic strategies. All
available evidence points towards an SN2 mechanism, whereby the 2�-oxygen atom attacks the 3�-phosphorus group
with expulsion of the 5�-oxygen atom proceeding via the trigonal bipyramidal transition state. The reaction could be
accelerated by removal of the proton from the 2�-oxygen atom by a base (shown as B�) and protonation of the
departing oxyanion (by B�H). The doubly charged transition state could be stabilised by juxtaposition of a positive
charge. Lastly, the geometry of the in-line trajectory could be facilitated by local RNA stereochemistry.
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While the nucleolytic ribozymes generally cleave themselves
in cis (intramolecularly) in their natural situation, they can all
readily be converted into species that act in trans (intermolec-
ularly), analogous to an enzyme acting upon its substrate. These
ribozymes typically cleave their substrates at rates in the region
of 1min�1. While this is relatively slow compared to protein
enzymes, it represents an acceleration of 105 ± 106 over uncata-
lysed background cleavage.[18, 19]


2. The Hammerhead Ribozyme


The hammerhead ribozyme was discovered in plant virus
satellite RNA, where it acts as a site-specific self-cleaving unit


in the processing of single-strand-
ed RNA transcripts arising from
rolling circle replication.[3, 4] How-
ever, it is not restricted to the
plant kingdom, as the transcript
of the satellite DNA in the newt is
also cleaved by a hammerhead
ribozyme.[20] Variant hammerhead
ribozymes with altered specificity
have also been obtained in selec-
tion experiments.[21]


The hammerhead ribozyme can
be regarded as an elaborated
three-way junction, that is, a
HS1HS7HS3


[22] junction (Figure 1).
Most of the essential nucleotides
and functional groups are con-
tained within the formally un-
paired bases of the junction,[23±33]


and thus we might expect that
the folding of this junction would
create the local environment in
which catalysis can proceed.


3. Folding of Branched
Nucleic Acids


Helical junctions abound in RNA molecules, where it is clear that
they play major architectural roles. Many ribozymes contain
junctions. The hairpin ribozyme for example is organised around a
perfect (4H) four-way junction without which the folding is
extremely inefficient,[34±36] while the VS ribozyme is constructed
from the fusion of two three-way junctions.[37] Quite a lot is known
about the folding of branched nucleic acids, in both DNA and
RNA.[38] Two general principles can be established:
� There is a strong tendency to undergo pairwise, coaxial


stacking of helical arms. This is very clearly seen in the four-
way DNA junction,[39±41] but also occurs readily in RNA, as
exemplified first by tRNA.[42, 43] Four-way junctions can stack in
one of two equivalent ways, that depend on the choice of
stacking partner. In the case of the hairpin ribozyme, the
helical arms stack in such a way as to permit intimate
association between the two loop-bearing arms.[34, 44] In the
case of the three-way junction, this is rather more compli-
cated. Clearly only two arms can stack coaxially, leaving the
third unstacked, and there are two stereochemically non-
equivalent conformers. In general three-way junctions are
imperfect, with formally unpaired nucleotides that have a
strong influence on the folding; in fact for DNA the perfect 3H
junction cannot fold.[45, 46]


� Electrostatics are very important in the folding of helical
junctions, and in general these junctions cannot fold in the
absence of metal ions. Both diffuse and site-specific binding
may be important in achieving the correct folding.
The hammerhead ribozyme illustrates both of these folding
principles.
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Figure 1. The sequence of the
hammerhead ribozyme. The
hammerhead ribozyme compris-
es three helical stems, I, II and III,
with a central core of formally
unpaired nucleotides. The essen-
tial nucleotides are shown in
black, with the nucleotide at the
cleavage site (C17) highlighted in
open text. The remaining se-
quences can be changed without
severe loss of activity and will
vary in different studies. Cleavage
occurs at the position indicated
by the large arrow. The conven-
tional numbering of the nucleo-
tides[103] is shown.
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4. The Structure of the
Hammerhead Ribozyme in
the Crystal


The structure of the hammerhead ribozyme
was solved by crystallography indepen-
dently in the laboratories of McKay[47] and
Scott.[48] The two structures were closely
similar, despite differences in strand con-
nectivity and chemical composition of the
substrate strand (that is, RNA or DNA). The
ribozyme forms a Y-shaped structure, in
which there is coaxial alignment between
stems II and III, and with stem I directed in
the same quadrant as stem II (Figure 2A).
The global shape of the structure in the
crystal was in good agreement with solu-
tion structures from fluorescence resonance
energy transfer (FRET) spectroscopy,[49, 50]


comparative gel electrophoresis[51] and
transient electric birefringence.[52]


The structure of the ribozyme in the
crystal[47, 48] is organised around two struc-
tural features. Domain 2 is formed by base
mispairing between the oligopurine section
lying between stems II and III and the
U7G8A9 sequence at the 3� end of the long
section connecting stems I and II (Fig-
ure 2B). Two G ¥ A mismatched basepairs
are formed, together with a noncanonical
A ± U pair connected by a single hydrogen
bond. The terminal adenine (A15.1) of
helix II, A14 and A13 form a continuous
stack. A13 forms a cross-strand stacking
with A9 (as do their pairing partners G8
and G12), which in turn is stacked onto
the terminal guanine (G10.1) of helix III.
Thus, there is unbroken stack of purine
bases running through domain 2, thereby
mediating the coaxial alignment be-
tween helices II and III. The strand con-
taining the G12A13A14 sequence is a
typical continuous strand of a junction, that
runs smoothly from helix II through to
helix III.


Domain 1 is formed from the C3U4G5A6
sequence at the 5� end of the long single-
stranded section (Figure 2C). This forms a
uridine turn, as first seen in the anticodon
loop of tRNAPhe.[42, 53] The UGA sequence
conforms to the UNR motif that forms a
sharp turn in the trajectory of the backbone
between U4 and G5, so that the base of A6
becomes almost perfectly stacked with that
of G5, on the same side as U4. This loop of
RNA is close to the cleaved 3�-phosphate
group of C17 and was therefore presumed


Figure 2. The structure of the hammerhead ribozyme in the crystal. A) Parallel-eye stereoscopic view of the
structure of the complete ribozyme. The view is from the minor groove side of the junction, with the three
helices identified. The ribbon indicates the path of the backbone. Two regions of the ribozyme have been
highlighted in colour (guanine� blue, adenine�green, cytosine�magenta and uracil� orange).
Domain 2 mediates the coaxial alignment of helices II and III, while domain 1 is the uridine turn that
surrounds C17 at the cleavage site. This image was generated from the coordinate file URX057, deposited
with the PDB by Scott and co-workers.[66] It comprises an all-RNA ribozyme, prior to soaking by divalent
metal ions. B) Parallel-eye stereoscopic view focussed on domain 2, viewed from the same side as in (A),
showing the two consecutive G ¥ A mismatches and the continuous set of purine stacking interactions. The
yellow sphere shows a Mn2� ion bound to the A9 phosphate group and the nitrogen at position 7 of G10.1.
This image was generated from the PDB coordinate file URX058. C) Parallel-eye stereoscopic view focussed
on domain 1. This is viewed from the opposite side to (A), that is, from the major groove side of the junction.
The U4G5A6 turn is highlighted, along with the C17A1.1 of the cleaved strand. The scissile bond is arrowed.
Two Mg2� ions are shown in this image as yellow spheres, bound to the scissile phosphate group and G5.
Note that the local structure around the cleavage site is rearranged relative to that shown in (A) ; see text.
This image was generated from the PDB coordinate file URX059.
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to be the catalytic core of the ribozyme. The phosphodiester
linkage between A6 and U7 can be regarded as the crossover
point of the three-way junction, and is the connection between
domains 1 and 2.


5. Ion-Induced Folding of the Hammerhead
Ribozyme in Solution


The hammerhead ribozyme undergoes a well-defined process of
folding induced by the binding of Mg2� and other metal ions to
achieve the active conformation observed in the crystal. In the
absence of added metal ions the hammerhead is extended, with
no coaxial stacking of helical arms.[50, 51, 54] Upon titration of Mg2�


ions, the hammerhead exhibits a two-stage folding process[50, 51]


(Figure 3). With Mg2� ions in the concentration range of
0 ± 500 �M, helices II and III undergo coaxial stacking. Examina-


Figure 3. The folding of the hammerhead ribozyme is a two-stage process
induced by the binding of metal ions. A schematic to illustrate the folding process
for the hammerhead ribozyme. This occurs as two structural transitions, each
resulting from the noncooperative binding of a divalent metal ion. Domain 2 is
formed in the first stage, induced by the binding of a metal ion, with a KA�
10,000M�1. At this intermediate stage the ribozyme is not active. The second stage
is induced by the noncooperative binding of a second divalent metal ion, with a
KA� 1,000M�1, and corresponds to the formation of domain 1. At this point the
structure is essentially that observed in the crystal.


tion of the structure seen in the crystal suggested that this might
correspond to the formation of domain 2, consistent with the
observation that the mutations A14G (lying in the oligopurine
sequence between stems II and III) and G8U (on the opposite
strand) completely block this stage of the folding process.
Analysis of titrations based on FRET measurements indicated
that the transition is induced by the noncooperative binding of
Mg2� ions,[50] with an apparent association constant in the region
of 10000 M�1. Raising the concentration of Mg2� ions further, over
the range 0.5 ± 20 mM, induced a second change in conforma-
tion, in which helix I changed relative position from being in the
same quadrant as helix III to lying quite close to helix II. No
further structural changes were observed at higher ionic
concentrations, and the final global structure attained was
clearly in good agreement with that in the crystal. We proposed
that the second transition reflected the formation of the uridine
turn by the C3U4G5A6 sequence. The transition was found to be
perturbed by changes in this sequence, such as G5C and deoxy-
G5.[55, 56] The latter effect can be explained by a disruption of the
hydrogen bond observed in the crystal between the 2�-hydroxy
groups of G5 and C15.2 in helix III ;[47] this change also leads to a
severe lowering of catalytic activity.[26] Analysis by FRET spectro-
scopy indicated that this transition was also induced by the


noncooperative binding of Mg2� ions, but the calculated
apparent association constant was an order of magnitude lower
than that for the first transition. The range of Mg2� ion
concentration over which the second transition occurs is very
similar to that over which catalytic activity is acquired,[57]


suggesting that the final structure is at least close to a
catalytically competent structure.


6. Folding in Solution Defined at the Local
Level


The two-stage ion-induced folding scheme illustrated in Figure 3
was largely inferred from measurements of the relative dispo-
sitions of helical arms, either by comparative gel electrophoresis
or FRET spectroscopy. This ™outside-in∫ approach cannot provide
direct information on which nucleotides are participating at
given stages of the folding process, and for this we require
information coming from the core itself. Thus, we want to slip a
™spy on the inside∫ to provide this new perspective, by the
insertion of reporter groups at particular locations in the
ribozyme core.


Two such experimental approaches have been taken, using
2-aminopurine (2-AP) fluorescence[58] and 19F nuclear magnetic
resonance (NMR) spectroscopy.[59] Modified bases were intro-
duced by chemical synthesis at selected positions, and their
spectroscopic properties studied as a function of Mg2� ion
concentration. It should be noted that Mg2� ion induced
changes in an observable do not necessarily indicate direct
metal ion coordination at the modified position. The modifica-
tion rather serves as a reporter that indicates ion-induced
conformational changes within the hammerhead.


Changes in 2-AP fluorescence were observed, both for
association of a substrate and a ribozyme strand in a trans
ribozyme, and upon titration with Mg2� ions in cis ribozymes
with the fluorescent base incorporated at various sites.[58] From
the latter, Mg2� ion binding constants could be determined that
ranged from 7600 ± 12 M�1 and indicated multiple binding sites
with varying affinities for Mg2� ions. Changes in 2-AP fluores-
cence could be interpreted as single binding processes for
ribozymes that contained 2-AP in the core of cleavage-incom-
petent, but otherwise unchanged, ribozymes. An additional
binding event was observed for an A14G variant, that had been
shown to be folding-incompetent,[51] and for a hammerhead
with 2-AP in the external loop 3. In a second set of experiments,
2-AP incorporated at various sites was used to study the
dynamics of the hammerhead ribozyme by measurement of
fluorescence-detected temperature jump relaxation.[60] The
observed relaxation time constants ranged from a few micro-
seconds to 200 ms, with the folding-incompetent A14G variant
exhibiting a particularly slow relaxation process. In most cases,
the data indicated at least three relaxation processes in the
background of a constant Mg2� ion concentration on the pre-
steady-state timescale, which however could not be attributed
to particular structural changes. Despite this, the data demon-
strated the existence of multiple relaxation processes and
provided evidence for local relaxation modes.
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More recently, we have studied the metal-ion-induced folding
of the hammerhead ribozyme by selectively incorporating
5-fluorouridine (5-FU) at positions 4 and 7 in the hammerhead
core for use in 19F NMR experiments.[59] The choice of these
positions was largely guided by the two-stage folding pathway
as described in Figure 3, as U4 lies within domain 1 and U7 is
within domain 2 and adjacent to domain 1 (Figure 4A). From
changes in the chemical shift and linewidths of the 19F
resonances upon titration with Mg2� ions, we showed that U4
and U7 both participate in the formation of domain 1. This was
induced by the noncooperative binding of Mg2� ions with
association constants of about 500 M�1 (Figure 4B). Further, U7
(but not U4) underwent an additional conformational change in
the submillimolar Mg2� ion concentration range, in which
domain 2 is formed (Figure 4C). The NMR spectroscopy ap-
proach proved especially useful as each titration point could be
studied by two different properties, that is, chemical shift and
linewidth. These results were fully consistent with the previously
proposed folding scheme (Figure 3). U4 is sensitive only to the
second (higher Mg2� ion concentration) transition, since this is
the folding of domain 1. It is completely insensitive to the
formation of domain 2 occurring at the lower Mg2� ion concen-
tration. By contrast U7 sits at the interface between the two
domains, and is therefore sensitive to the folding of both. Thus,
the NMR spectroscopy results support the original proposal for
the two-stage folding process. We see that the initial (that is, low
Mg2� ion concentration) transition corresponds to the formation
of domain 2, the scaffold on which the complete structure is
ultimately built. Domain 1, the catalytic core of the ribozyme,
becomes folded in the second transition.


During the initial transition, the 19F resonance linewidth of U7
significantly broadened, and then subsequently sharpened
towards the end of the transition (Figure 4C). This suggests that
it is in an intermediate exchange regime, and consequently we
were able to calculate that the formation of domain 1 occurs on
a timescale in the range of one millisecond.


7. Metal-Ion Binding


The folding of the hammerhead ribozyme is induced by the
addition of divalent metal ions. This suggests that in the absence
of the ions folding is prevented by electrostatic repulsion, and
the net free energy of folding only becomes negative when this
is reduced by the binding of counterions. We would envisage
that the folding creates electronegative clefts and that these
must be occupied by cations to allow the folding to occur.
Binding into such sites might be formally diffuse and essentially
Coulombic, whereby the metal ion retains its inner coordination
sphere, and it is in fast exchange with ions in the bulk solvent.
Alternatively, if atoms from the RNA provide inner-sphere ligands
the metal ion may be held in a more static manner. It is not
always easy to distinguish these two types of binding. Ions may
be held by outer sphere interactions, yet despite rapid exchange
with the solvent the binding site may exhibit high occupancy.
Both types of binding are required for the complete folding of
the hairpin ribozyme.[61] Metal-ion binding to the hammerhead
ribozyme has been studied in solution, by using chemically


Figure 4. The folding of the hammerhead ribozyme analysed at the local level by
means of 19F NMR spectroscopy. A cloverleaf form of the ribozyme was made by
chemical synthesis, containing a single 5-fluorouracil (FU) at either the 7 or 4
positions. It was anticipated that the 19F nucleus would experience an altered
magnetic environment upon changes in the local conformation induced by the
binding of metal ions. A) The structure of the hammerhead ribozyme with the
positions of the fluorine atoms used in the NMR study indicated in green. FU4 is
centrally located in domain 1 (highlighted in magenta in this image), while FU7 is
located in domain 2 (highlighted in blue) close to the boundary with domain 1.
B) Plot of the chemical shift (ppm; filled circles) of the FU4 19F resonance as a
function of added Mg2� concentration in 10 mM tris(hydroxymethyl)aminome-
thane ¥ HCl (Tris ¥ HCl; pH 7.5) and 10 mM NaCl. The data have been fitted to a two-
state model in which the transition is induced by the binding of a single
magnesium ion (line). C) Plot of the chemical shift (ppm, filled circles) and
linewidth (Hz, open circles) of the FU7 19F resonance as a function of added Mg2�


concentration in the presence of 10 mM Tris ¥ HCl (pH 7.5) and 10 mM NaCl. There is
a small upfield shift in the 0 ± 500 �M Mg2� ion range. In the same range the
linewidth increases and then narrows.


active metal probes such as UO2
2�[51] and TbIII,[62] by NMR


spectroscopy[63, 64] and by EPR spectroscopy.[65]


A number of ion binding sites have been identified in the
hammerhead ribozyme by crystallography.[47, 48, 66] Several of
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these are in the helical arms, but three lie in particularly
interesting locations. Metal ions have been observed bound at
the phosphate group of A9 in a number of structures, making
inner-sphere contacts with the pro-R oxygen atom of the A9
phosphate group and the nitrogen atom at position 7 of G10.1
(Figure 2B). This would be a strong candidate for the metal ion
that is responsible for the first stage of folding, that results in the
formation of domain 2. We have observed that phosphoro-
thioate substitution of this phosphate leads to a significant
impairment of folding by Mg2� ions, and this can be restored by
replacement with Mn2� ions (G. S. Bassi and D.M.J.L. , unpub-
lished data). 31P NMR spectroscopy has been used to demon-
strate cadmium ion binding to an A9 phosphorothioate.[64] A
second general area of binding has been found close to G5 in the
uridine turn of domain 1 (Figure 2C). This was first suggested by
uranyl-induced photocleavage experiments,[51] and it was later
shown that this site exists only in the fully folded structure.[56] By
using crystallography, an Mn2� ion has been observed bound in
this region,[48] while a TbIII ion was found to be bound to the face
of the base of G5.[67] It is possible that metal ion binding in this
region could be required for formation of domain 1, but at the
present time this cannot be concluded with any certainty. Lastly,
metal ions have been found close to the scissile bond in the
hammerhead,[48, 66] where they would be well placed to partic-
ipate in the chemistry of cleavage. For example, a Mg2� ion
binding site was deduced in flash-frozen crystals of hammerhead
ribozyme at pH 8.5, whereby the metal would be bound to the
pro-R oxygen atom of the scissile phosphate group[66] (Fig-
ure 2C).


8. Energetics of Hammerhead Folding


We have studied the thermodynamics of the hammerhead
ribozyme folding using isothermal titration calorimetry.[68] MgCl2
was titrated into a concentrated solution of a cleavage-
incompetent, but otherwise unchanged, cloverleaf hammerhead
ribozyme, and the heat evolved or absorbed was compared to
that of sequence variants that either undergo only the first (G5C)
or neither (A14G) of the folding events shown in Figure 3. The
natural sequence ribozyme exhibited exothermic binding of
Mg2� ions (Figure 5A), and the integrated heat data were
analysed in terms of sequential interactions at two sites, with
association constants KA�480 M�1 and 2840 M�1. The two se-
quence variants gave very different isothermal titration curves,
thereby confirming their highly perturbed folding. The A14G
variant (that does not undergo ion-induced folding), underwent
endothermic binding, while the dG5 variant (that can undergo
only the first folding transition) yielded a complex titration curve.
However, the data for these two variants each fit the sequential
binding of Mg2� ions at two sites. This is perhaps surprising, as
one might have expected that the failure to undergo a particular
stage of folding might result in the loss of the associated ion
binding site. The observation of two ion binding sites in the
A14G sequence variant is supported by the 2-AP fluorescence
data for this RNA.[58] The metal ion affinities for the three RNA
species in the calorimetric study were all in the region of 103 M�1,
corresponding to free energies of �G���3.5 to �4 kcalmol�1.


Figure 5. The thermodynamics of the folding process of the hammerhead
ribozyme. A) Isothermal titration calorimetry of the interaction of Mg2� ions with
the natural sequence hammerhead ribozyme.[68] Plot of heat evolved as a MgCl2
solution is titrated into a solution of the hammerhead ribozyme in the form of a
cloverleaf structure in 50 mM Tris ¥ HCl (pH 8.0) and 100 mM NaCl at 283 K. The
apparent discontinuities in the heat profile are due to changes in injection
volumes, at the positions indicated by arrows. These data are a good fit to a
sequential two-ion binding model. B) Thermally-induced melting of the ham-
merhead ribozyme followed by the absorption of light at 258 nm. Plot of the first
derivative of the absorption of UV light with respect to temperature (dA/dT) as a
function of temperature for a cloverleaf form of the hammerhead ribozyme in
25 mM Na cacodylate (pH 6.5) and 25 mM NaCl, with and without addition of
10 mM MgCl2 .


Thus, the enthalpic and entropic contributions compensate, to
result in similar binding affinities for the RNA species tested.


Based on calorimetric data measured at two temperatures, the
heat capacities (�Cp) for the two ion binding events for the
natural sequence were found to be very small. Compared to this,
some ion binding events in the sequence variants showed
considerable positive or negative changes in �Cp . A recent study
employing CD spectroscopy revealed that the unfolding of the
secondary structure of the hammerhead ribozyme could occur
both by hot and cold denaturation.[69] This was the first direct
observation of cold denaturation in nucleic acids, a phenomen-
on which is caused by differences in the heat capacities of folded
and unfolded states. Based on CD spectra recorded at tem-
peratures ranging from 250 ± 350 K, a �Cp value of
�43 calK�1 (molbp)�1 was determined for the unfolding of the
hammerhead's secondary structure in 500 mM monovalent ions.
For the temperature range between 280 and 320 K, however,
there was only a small change in elipticity. As the hammerhead
ribozyme is active to some extent (but not fully) under these
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ionic conditions,[70] it is possible that these small changes in
elipticity correspond to changes in tertiary interactions.


This interpretation is supported by the observation of
absorbance changes in UV melting experiments in a similar
temperature range. We have analysed the thermally induced
melting of a cloverleaf hammerhead species in the presence of
25 mM NaCl, with and without an additional 10 mM Mg2� ions
(Figure 5B; C.H. and D.M.J.L, unpublished data). They exhibit a
large amplitude high-temperature transition at 59 (�Mg2�) and
73 �C (�Mg2�), which must correspond to the melting of the
basepairing in the helical arms. However, in the presence of Mg2�


ions there is a smaller amplitude transition occurring at lower
temperature, around 37 �C. This is also observed in the G5U
variant, but is not present for the G8U variant. This is therefore
likely to arise from the melting of the domain 2 scaffold, and thus
the tertiary structure of the wild-type hammerhead ribozyme.


9. Are Further Conformational Changes
Required for Activity in the Hammerhead
Ribozyme?


There is good agreement between the global shape of the
hammerhead ribozyme in solution found by a range of
techniques including comparative gel electrophoresis,[51] FRET
spectroscopy[49, 50] and transient electric birefringence.[52] This
structure also corresponds well with that observed in the crystal,
despite the use of different constructs with either 2�-deoxy[47] or
2�-O-methyl[48] substitution at the cleavage site. The hammer-
head was the first of the nucleolytic ribozymes to yield to
crystallography, and many expected that the geometry at the
cleavage site would be predisposed to SN2 attack, perhaps with
close to colinearity of the attacking 2�-oxygen, the 3�-phosphorus
and the departing 5�-oxygen atoms. It was recently found, for
example, that the geometry at the corresponding position of the
hairpin ribozyme is within 40� of colinearity.[44] However, the first
structures for the hammerhead ribozyme showed that the
geometry of the backbone at the cleavage site was close to that
in an A-form helix, and differed maximally from the required in-
line trajectory; that is, the angle relating the three participating
atoms was not 180� but 90�.[47, 48] This suggests that the structure
originally observed was held in a ground-state conformation,
that would therefore be required to undergo further changes to
catalyse the transesterification reaction. We might therefore
wonder how extensive a rearrangement of the structure would
be required. It should be noted that the ribozyme is significantly
active in the crystal when metal ions are diffused into the
lattice;[71, 72] this suggests that a gross conformational change
involving the reorientation of helices cannot be essential, and a
crystal structure of the product of the reaction has the same
global fold.[73]


Since the original crystal structures, Scott and co-workers have
obtained a number of structures in which the geometry at the
cleavage site is closer to that expected for an in-line attack. By
using rapid freezing of an all-RNA hammerhead ribozyme, Scott
et al.[66] observed a 3 ä conformational change around the active
centre. This moved the substrate strand relative to the catalytic
pocket and created new metal-ion binding sites. However, a


more substantial rearrangement was observed by using a
kinetically impaired substrate strand that allowed intermediates
to accumulate in the crystal. A methyl substitution at the C5�
position of A1.1, which is adjacent to the cleaved phosphate
group, reduced the rate of cleavage by 300-fold, thus acting as a
kinetic bottleneck. Crystals were soaked in cobalt(II) ions for 2.5 h,
before freezing and crystallographic study.[71] The resulting
structure was found to be substantially altered from the ground
state, with a coordinated 7.8 ä movement at the active centre.
The base and ribose of C17 were rotated by 60�, flipping the 2�-
hydroxy group towards the scissile phosphate. The net result
was a local structure that was much closer to the expected in-
line geometry. Recently Murray et al.[72] have shown that the
cleavage rate in the crystal is very pH-dependent and have
suggested that the conformational change is rate limiting and
governed by the ionisation of a 2�-proton.


It should be noted that the global structure of these different
forms is not substantially altered from that observed in the
ground-state structure, and the changes are largely limited to
the active centre. The structural scaffold formed by domain 2 is
essentially unaltered, and thus the importance of the initial
folding of this feature is undiminished. However, a larger scale
structural change during activation has been proposed. Based
on a very careful measurement of phosphorothioate effects at
multiple sites, and their rescue by using soft, thiophilic metal
ions, Herschlag and co-workers[74] have argued that in the
transition state a single metal ion becomes simultaneously
bound to the phosphate group at A9 (that is, within the
domain 2 scaffold) and the scissile phosphate group. In the
normal structure these phosphate moieties are separated by a
distance of around 20 ä, and thus it would require a very
substantial structural alteration to bring them close enough to
coordinate the same metal ion simultaneously. By using their
crystallographic structures as a starting point, Murray and
Scott[75] tried to model such a conformation, but concluded
that this would require a disruption not only of the core but also
the helices. This would be difficult to reconcile with the cleavage
activity measured in the crystal. Moreover, when a cross-link was
placed between helices I and II, thereby constraining major
excursion from the global structure, the ribozyme remained
active.[76] Interestingly, however, it has been shown that such a
cross-link can result in a marked elevation in the rate of ligation
by the hammerhead ribozyme.[77]


10. Origins of Catalysis in the Hammerhead
Ribozyme


Ion-induced folding of the hammerhead ribozyme is a prereq-
uisite for catalytic activity, and there is a good correspondence
between the concentrations required to achieve folding and
those giving maximal rates of cleavage. Folding creates the local
environment in which the transesterification reaction is accel-
erated by at least 105 fold at the phosphate group of C17. Can we
identify the catalytic strategy employed by the ribozyme?
Returning to the mechanism of the reaction shown in Scheme 1,
we can suggest a number of points of potential intervention.
First, a hydroxy group is a poor nucleophile, and the rate could
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potentially be greatly increased by using a general base to
remove the proton from the attacking 2�-hydroxy group.[19]


Second, departure of the 5�-oxyanion may well be rate limit-
ing,[78, 79] and thus its protonation by a general acid could be
important. Third, the pentacoordinate oxyphosphorane transi-
tion state carries two negative charges, and so juxtaposition of a
positive charge could reduce the activation energy. Last, the
correct local geometry of the attacking nucleophile, phosphorus
and leaving group will be required to develop the in-line
trajectory for the SN2 reaction. There are three potential players
that could mediate the catalysis. First, metal ions could play a
direct role in the chemistry of cleavage, over and above their
established importance in ensuring folding into the required
conformation. Water present in the first coordination sphere
could participate in general acid/base catalysis,[80] or, alterna-
tively, either the attacking nucleophile or leaving groups could
be activated by direct coordination. A metal cation could also
stabilise the transition state electrostatically.[57] Second, the
nucleobases could potentially play a significant role in general
acid/base catalysis. The best candidates are the nitrogen atoms
at position 3 of cytosine or position 1 of adenine, although
guanine might also participate. To function catalytically at near
to neutral pH requires a significant alteration in pKA, but this is
easily possible in the environment of a highly charged nucleic
acid, and altered pKA values of adenine have been measured by
NMR spectroscopy in the leadzyme.[81] Lastly, the folding of the
RNA can lead to local structural distortion that facilitates the
trajectory into the in-line transition state.


The best evidence for nucleobase catalysis has been obtained
for the HDV ribozyme.[82, 83] C75 is poised adjacent to the scissile
bond in the crystal structure,[84] and mutation of this nucleotide
is very deleterious. However, activity in a C75U mutant can be
significantly restored by addition of exogenous imidazole in the
solution.[83] Perhaps surprisingly, recent measurement by NMR
spectroscopy showed that the pKA of C75 was not significantly
elevated towards neutrality,[85] but it is possible that this may
only occur transiently during the activation of the ribozyme.


There is also suggestive evidence for a similar role for G8 in the
hairpin ribozyme;[86, 87] with the advent of the crystal structure,
this base was found to be located immediately adjacent to the
scissile phosphate group, indeed it is hydrogen bonded to it.[44]


In the VS ribozyme there is circumstantial (though not yet
conclusive) evidence pointing towards a role for the nucleobase
of A756.[88] However, despite virtually saturation coverage of the
hammerhead ribozyme by changes of base and functional
groups, no convincing case has been established for nucleobase
involvement in catalysis. Furthermore, no good candidate has
emerged from the crystallographic analysis.


There have been a number of studies indicating a direct role
for metal-ion catalysis in the hammerhead ribozyme. When the
nonbridging oxygen atoms at the phosphate group adjacent to
the scissile bond were individually substituted with sulphur it
was found that the rate of cleavage was reduced by two orders
of magnitude for the pro-R oxygen atom, and that cleavage
activity could be restored if Mg2� ions were replaced by the more
thiophilic Mn2� ion.[11, 57, 89] A metal ion was observed bound to
the pro-R oxygen atom of the scissile phosphate group in flash-


frozen crystals of hammerhead ribozyme at pH 8.5[66] as dis-
cussed above. The pH dependence of cleavage rate was
interpreted in terms of a role for a metal hydroxide,[80] and
suggested a model in which a metal ion bound at the pro-R
oxygen atom abstracted the proton from the 2�-hydroxy moeity.
Von Hippel and co-workers argued that this mechanism would
fail to explain the dependence on pKa , because of a cancellation
of equilibria, and suggested that the pH dependence could be
better explained in terms of the equilibrium concentration of
metal hydroxide.[90] They proposed that the metal ion activates
the 2�-oxygen atom by forming an inner-sphere association,
thereby acting as a Lewis acid catalyst. A variety of two-metal-ion
models have also been suggested, proposed originally for
phosphoryl-transfer reactions in enzymes.[91] For example, Lott
et al.[92] proposed that two-metal-ion binding events were
required to explain a bell-shaped activity dependence when
they titrated the hammerhead ribozyme with lanthanum ions in
the presence of a constant background of Mg2� ions.


Some doubt has been cast on a direct role for metal ions. The
hammerhead ribozyme exhibits significant activity in the
presence of high concentrations of monovalent metal ions,
and even ammonium ions,[70] as the sole cations. Similar
observations were also made for the hairpin and VS ribozymes,
consistent with other reports that the hairpin ribozyme is active
in the substitutionally inert hexammine cobalt(III) ions[93±95] and
aminoglycoside antibiotics and polyamines.[96] Since the ammine
ligands of the CoIII complex are substitutionally inert this result
precludes a requirement for inner-sphere coordination or a role
for coordinated water. Activity in high concentrations of
monovalent metal ions need not exclude a role in catalysis,
but it does alter our view. Such ions are very unlikely to be bound
site-specifically, that is, directly coordinated to the active centre.
They could nevertheless exhibit high occupancy close to the
scissile bond, where they could play an important electrostatic
role in the reaction.


The remaining factor is RNA conformation, arising from the
requirement for an in-line attack of the 2�-oxygen atom. Soukup
and Breaker[97] have defined an ™in-line fitness∫ parameter that
measures the angle of attack and the proximity of the attacking
nucleophile in the base-catalysed breakage of the backbone at
different positions in a number of RNA species. They obtain a
degree of correlation between this parameter and cleavage rates
over about three orders of magnitude. It is hard to obtain a good
estimate of how much rate enhancement can be obtained from
orientation factors, relative to the rate of cleavage of a flexible
dinucleotide, but it is probably not worth more than a factor of
100. Recently Scott[98] has pointed out that alignment of the
attacking and departing oxygen atoms is not enough in itself. He
noted that in one of the crystal structures of the hammerhead,
the geometry around the phosphate group at A9 is almost
perfectly in-line, yet the rate of cleavage is very low. By noting
the hydrogen-bonding pattern at the 2�-hydroxy group Scott
deduced that the lone pairs of the oxygen atom are directed
away from the vacant d orbitals of the phosphorus atom. Thus,
despite the aligned atomic positions, the molecular orbital
alignment is far from optimal. Interestingly, Sigurdsson and co-
workers[99] have obtained cleavage at the A9 site of the
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hammerhead in the presence of zinc ions. Evidently inappro-
priate orbital orientation can result in severely reduced cleavage
activity despite apparently good stereochemical alignment.
However, it is not clear that the argument can be reversed to
conclude that large enhancements of cleavage rates can be
achieved by favourable orbital alignment (when the reference
state is a flexible dinucleotide), as has been discussed extensively
for protein enzymes in the past.[100±102]


It is likely that the rate enhancement of around 105-fold
observed in the hammerhead ribozyme, as with other nucleo-
lytic ribozymes, arises as the sum of a number of factors that
include metal ions (not necessarily bound site-specifically) and
stereochemistry. But whatever the mechanism proves to be in
detail, it can only function in the local environment provided by
the correct folding of the RNA. Thus the metal-ion-induced
folding is the essential first stage on the road to catalytic activity,
and the hammerhead ribozyme provides a relatively uncompli-
cated system in which to study this.


11. Conclusion


The hammerhead ribozyme requires ion-induced folding into
the correct structure for cleavage to proceed. There is excellent
agreement between the global structure of the folded structure
in the crystal and in solution. The ribozyme folds in two stages,
each induced by the noncooperative binding of metal ions. In
the first stage the structure of domain 2 occurs, possibly due to
the binding of a divalent metal ion at the A9 phosphate group.
This creates the scaffold on which the ribozyme is ultimately
constructed. The second stage of folding results in the formation
of the uridine turn, and creates the catalytic core of the
ribozyme. This generates the local environment in which
catalysis can proceed, probably due to a combination of metal
ion participation and stereochemical factors. However, signifi-
cant further local conformational changes at the cleavage site
are required to occur prior to the cleavage step itself.


We thank our colleagues Tim Wilson and Sonya Melcher for
discussion, Fritz Eckstein and Bill Scott for helpful comments on the
manuscript and the BBSRC and Cancer Research UK for financial
support of our work in Dundee.
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1. Introduction


The most fundamental property of any catalyst is selectivity.
Selectivity is defined in terms of reaction types, substrate and
product range, stereochemical preferences, and operating
conditions. The activity pattern of a catalyst, which defines its
function, is more important in practical terms than its actual
chemical structure. Activity cannot be deduced accurately from
structure because of the limited predictive value of chemical
theories. Therefore, characterization of a catalyst is an exper-
imental exercise that amounts to recording its activity for a series
of substrates and reaction conditions. In contrast to the
description of chemical structures, there is no generally accepted
formalism for the description of catalytic activity patterns, which
can represent extremely diverse and potentially infinitely large
data sets. Herein, we discuss the use of substrate arrays as tools
for the rapid characterization of enzyme activities and the
potential use of such arrays in enzyme discovery and quality
control applications.


2. One enzyme, one substrate


2.1. Enzyme assays


The activity of an enzyme is usually measured on the basis of the
reaction of a particular substrate and involves monitoring any
chemical or physical parameter that changes specifically upon
reaction progress. The activity of enzymes is defined with
reference to a particular assay and counted in Units (U), which
indicate the rate of product formation in micromoles per minute
per milligram of enzyme under a given set of conditions
(substrate, concentration, solvent, buffer, temperature). The
most popular assays are those that produce a spectrophoto-
metric signal and use simple reagents, in particular chromogenic
or fluorogenic substrates. A typical example is the use of
nitrophenyl esters and glycosides to monitor the activity of
esterases and glycosidases, respectively. The advent of recombi-
nant enzyme libraries[1] has made the issue of enzyme assays
very pressing in recent years and a number of novel assays have
been reported. This subject has been reviewed recently.[2]


2.2. Enzyme activity profiles


The assay of an enzyme with a given substrate provides
information about its activity under a given set of conditions.
Classical biochemical studies of enzymes start with an explora-


tion of a particular reaction under a series of experimental
conditions. Thus, varying substrate concentration usually indi-
cates saturation kinetics, which are interpreted as substrate
binding in the Michaelis ±Menten model.[3] Measurement of the
substrate concentration profile at different pH values then leads
to the pH± rate profile, which gives characteristic signatures for
the participation of acid-base residues in catalysis, for example
the role of aspartate and glutamate residues in acidic xyla-
nases.[4] pH ± rate profiles may also be indicative of which
reaction step is rate limiting in a particular enzyme, for example,
in protein tyrosine phosphatases.[5] Temperature profiles can be
interpreted in terms of enzyme denaturation (melting)[6] or
temperature-dependent activity,[7] or by use of the Arrhenius
equation to determine activation parameters. Arrhenius plots for
enzymic rates may be nonlinear and their interpretation can be
quite problematic,[8] in particular for membrane-bound en-
zymes.[9] This problem is caused in part by the temperature
dependence of substrate affinity.[10]


2.3. The API ZYM system


The classical biochemical view of the enzyme world as inspired
by metabolic pathway analysis is the one enzyme, one substrate
correspondence. This view can be extended to the notion of one
assay, one enzyme. This idea was developed in the 1960s by
Bussie¡re et al. to construct an array of 16 different enzyme
substrates for profiling microorganisms.[11] The array, named
Auxotab, included chromogenic substrates for lipases and
esterases, aminopeptidases, chymotrypsin, trypsin, phosphatas-
es, sulfatases, and �-galactosidases. The assays were formulated
as a combined set in a filter-paper format and carried out in
parallel on crude microorganism cultures to assess the presence/
absence of the corresponding enzymes. The so-called API ZYM
system was then developed from this discovery by Daniel
Monget at Biomerieux and commercialized,[12] and became a
popular tool in microbiology. The API ZYM consists of a series of
19 enzyme assays characteristic for measurement of 19 enzyme
activities and one blank as a reference (see Table 1). It has been
used broadly to characterize microorganisms.[13] The apparent
activities are classified qualitatively from the enzymic tests by
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using labels such as � for a strong activity and � for a weak
activity, and interpreted in terms of the presence/absence of the
corresponding enzymes.[14] Newer, more exhaustive variations
on this theme have been developed. The current format includes
32 different assays and comes in miniaturized, preformatted
plates.[15]


3. Substrate arrays and fingerprints


3.1. Enzyme substrate profiles


The developement of enzymes as synthetic tools has brought to
light that many enzymes accept a range of substrates structur-
ally different from their natural best substrate. In this one
enzyme, many substrates view, the reactivity of the enzyme
across a range of substrates becomes of interest for the better
description of its catalytic properties. The analysis of substrate
specificities reveals which types of structures and stereoselec-
tivities are tolerated by a given enzyme.


The analysis is particularly facilitated if the enzyme activity
with the different substrates can be measured simply in a high-
throughput format. Kazlauskas et al. recently reported the
substrate profile analysis of four synthetically relevant lipases
and esterases across a range of substrates.[16] The rate of
hydrolysis of ester substrates was measured by monitoring the
pH drop caused by the carboxylic acid product with nitrophenol
as a pH indicator. In the so-called Quick E variation,[17] the
reaction rates of separate enantiomers are determined by the pH
method in the presence of a competing resorufin ester substrate,
which is monitored orthogonally at 574 nm, and the relative
rates are used to compute the enatiomeric ratio known as the
E value (Scheme 1). The data gathered by these assays is then


O


O


R


O


N


O


O


Me O


R'


O


N


O O


NO2


O


NO2


HO


 test substrates


chromogenic reference substrate


Enzyme


resorufin anion (574 nm)


RCOOH + AcOH


nitrophenolate (405 nm) nitrophenol (colorless)


buffer
pH 7.2


Scheme 1. Principle of the Quick E method. Microscopic competition between
individual test substrates and the reference substrate resorufin acetate is
measured as the rate of total acid production (decrease in absorbance at 405 nm)
relative to the rate of hydrolysis of the reference substrate (increase in absorbance
at 574 nm). These relative rates allow computation of the relative specificity
constants kcat/kM rather than the maximun reaction velocity Vmax and thus allow
prediction of E values when enantiomers are compared. R, R�� variable groups.


interpreted in terms of a short qualitative description of the
enzyme capabilities that can be used to orient a synthetic
chemist to one or the other enzyme as a function of the
particular target substrate being considered for an enzymic
hydrolysis step. The series of substrates used in this study is also
described in a recent patent application.[18]


Table 1. Enzymes and substrates assayed by the API ZYM system.[12]


No. Enzyme Substrate[a] pH[b] color[c]


1 none None [d]


2 alkaline phosphatase 2-naphthyl phosphate 8.5 purple
3 esterase C4 2-naphthyl butyrate 7.1 purple
4 lipase C8 2-naphthyl caprylate 7.1 purple
5 lipase C14 2-naphthyl myristate 7.1 purple
6 leucine aminopeptidase L-leucyl 2-naphthylamide 7.5 orange
7 valine aminopeptidase L-valyl-2-naphthylamide 7.5 orange
8 cystine aminopeptidase L-cystyl-2-naphthylamide 7.5 orange
9 trypsin N-benzoyl-DL-arginine 2-naphthylamide 8.5 orange


10 chymotrypsin N-benzoyl-DL-phenylalanine 2-naphthylamide 7.1 purple
11 acid phosphatase 2-naphthyl phosphate 5.4 purple
12 phosphoamidase naphthol AS Bis-phosphodiamide 5.4 blue
13 �-galactosidase 6-bromo-2-naphthyl-�-D-galactopyranoside 5.4 purple
14 �-galactosidase 2-naphthyl-�-D-galactopyranoside 5.4 purple
15 �-glucuronidase naphthol AS Bis-�-D-glucuronide 5.4 blue
16 �-glucosidase 2-naphthyl-�-D-glucopyranoside 5.4 purple
17 �-glucosidase 6-bromo-2-naphthyl-�-D-glucopyranoside 5.4 purple
18 N-Acetyl-�-glucosaminidase 1-naphthyl-N-Acetyl-�-D-Glucosaminide 5.4 brown
19 �-mannosidase 6-bromo-2-naphthyl-�-D-mannopyranoside 5.4 purple
20 �-fucosidase 2-Naphthyl-�-L-fucoside 5.4 purple


[a] A fibrous material (filter paper) is impregnated with substrate added as an alcohol solution. [b] A pH stabilizer (tris(hydroxymethyl)aminomethane(Tris) ±HCl
(�pH 7) or Tris ±maleate) is then added and the suface is left in contact with the biological sample to be analyzed for 2 ± 4 h at 37 �C. [c] Coloration observed
after reaction with a solution of Fast Blue BB (N-(4-amino-2,5-diethoxyphenyl)-benzamide) in 25% aq Tris ±HCl containing 10% (w/w) lauryl sulfate. [d] Control
with biological sample only.
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3.2. Protease profiles by peptide substrate libraries


The substrate profiles of different proteases have been
investigated in detail by several groups over the last
twelve years by using combinatorially synthesized
peptide substrates. The general aim has been to define
preferred amino acid sequences for proteases that
might also serve for the design of specific inhibitors.
For example Meldal et al. reported a combinatorial
analysis of the cleavage specificities of subtilisin
Carlsberg that used libraries of fluorescence resonance
energy transfer (FRET) substrates on resin beads.[19]


Libraries of FRET peptides were prepared on an
enzyme-compatible resin by using the split-and-mix
technique.[20] The entire library was then treated with
the protease. Resin beads where the peptide was
cleaved by the protease were identified by their
fluorescence emission. Approximately 30 beads were
fluorescent and the peptides on these beads were
sequenced by Edmann degradation. Since the enzy-
matic cleavage was limited, unreacted peptides were still
present on the beads together with the fluorescent cleaved
peptides. This situation allowed determination of the sequence
of the substrates, the cleavage site by the protease, and the
extent of conversion.


The results were analyzed with respect to preferred amino
acids at P and P� subsites (amino acid residues in a substrate
undergoing cleavage are designated P1, P2, in the N-terminal
direction from the cleaved bond and P1�, P2� in the C-terminal
direction). Subtilisin Carlsberg showed sequence preferences
that were different for the resin-supported peptides and the
soluble peptides that were prepared subsequently. The analysis
converged to the consensus sequence Y(NO2)FQPL-DEK(Abz)GD
(Y(NO2)� L-nitrotyrosine, K(Abz)� �-(2-aminobenzoyl)-L-lysine).
Interestingly, the best substrate at pH 8.5 turned out to have
an alanine residue instead of proline at the P2 site, although this
residue appears to be proline in almost all peptides analyzed.
This shows the difficulty of interpretation of activity patterns in
terms of consensus sequences. A more recent and similar study
with papain shows the full details of the peptide chemistry
(Scheme 2).[21] Thus, a branching lysine is chosen for the enzyme-
compatible attachment to the solid phase, with aminobenz-
amide attached at the �-amino group of lysine as a fluorescent
marker and nitrotyrosine as a fluorescence quencher at the
N terminus of the sequence. This study showed that the FRET-
labeled sites are strongly coupled, and that a single consensus
sequence does not exist.


The possible occurence of consensus sequences in peptide
substrates for proteases has been analyzed by using combina-
torially synthesized positional scanning libraries.[22] A pioneering
study was done by Thornberry et al. for scanning the P sites of
interleukin-converting enzyme (ICE; also known as caspase-1, a
protease involved in apoptosis).[23] N-(4-methyl-7-aminocoumar-
inyl)aspartate (D-Coum) was esterifed onto a solid support and
elongated to an N-acetylated tetrapeptide. Three sublibraries of
20 pooled peptide mixtures were prepared. These were AcX-
XOD-Coum, AcXOXD-Coum, and AcOXXD-Coum, where X


represents a mixture of all 20 proteinogenic amino acids (reacted
as an isokinetic mixture), O represents a defined amino acid, and
Ac is an acetyl group. Considering that aspartyl ± coumarinyl
amide peptides were known to be excellent substrates for ICE,
this study addressed the nature of the preferred residues at sites
P2, P3, and P4. The study identified the peptide AcWEHD-Coum,
which was found to be a 50-fold better substrate than the
previously identified sequence YEAD.[24] The same approach was
applied by these authors to analyze the substrate specificities of
ICE, nine other caspases, and Granzyme B–all of which are
proteases involved in apoptosis–and order them into three
different classes according to their activity pattern.[25]


Positional scanning libraries of fluorogenic N-coumarinyl
amides (Scheme 3) were further developed by Ellman et al. by
using a sulfonamide linker strategy that introduces the P1
coumarinylamide as a nucleophile to cleave the synthetic
peptide from the resin.[26] The libraries were used to define the
specificities of the proteases plasmin and thrombin for positions
P2 to P4 by using the reactive lysine at P1.[27] A similar study that
used a strategy in which the peptide was linked to the solid
support through the coumarin itself was carried out by Craik
et al. to analyze an even broader range of proteases for the P1/P4
specificities.[28]


Sheppeck et al. used Ellman's sulfonamide linker chemistry to
prepare a 400-member library of tripeptide ± coumarinyl
amides.[29] By contrast to the pooled peptide libraries described
above, the fluorogenic peptides used are single compounds
with a well-defined sequence and were all HPLC purified. This
approach is much more work-intensive, but has the advantage
of delivering readily interpretable results in terms of activities.


3.3. Enzyme fingerprints from substrate arrays


The testing of enzymes with multiple substrates as described
above was carried out with the goal of delivering an activity
result as clear and simple as possible, ideally perhaps a single,
optimal structure of the best substrate. Thus Kazlauskas et al.
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Scheme 2. The FRET peptide libraries used by Meldal for papain cleavage analysis,[21]


synthesized on PEGA 4000 resin (PEGA�poly[acryloyl-bis-(aminopropyl)-polyethyleneglycol]).
Proline was used at position 8 in one library and omitted in the second, which also omitted
aspartate and glutamate as building blocks. 270000 of approximately 207 sequences possible
for the resin mass used were effectively prepared by the split and mix strategy. The solid-
supported peptides were submitted to proteolytic cleavage directly.
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converged on a short description of catalytic capabilities, while
the protease profiling efforts converged on consensus sequen-
ces. This view adheres to the classical conception of combina-
torial chemistry, which uses libraries as intermediates to single,
highly active compounds, as well as to the one enzyme, one
substrate analysis of the enzyme world as seen by many
biochemists.


We recently approached the problem with a slightly different
view that consisted of consideration of the entire pattern
obtained for the activity of an enzyme with a set of substrates as
a possible means to characterize or identify the enzyme.[30] Thus,
the activity recorded with each and every substrate used in the
test counts in the final result, as is the case in array analyses
performed for characterization of expressed mRNA populations
of cells by using DNA microarrays. A similar idea of pattern
analysis was suggested by Thornberry et al. for their analysis of
caspases discussed above[25] although they finally converged on
a consensus sequence. A substrate-array analysis of enzyme
activity only makes practical sense if it can be reproduced
reliably and rapidly. We used our periodate-coupled fluorogenic
substrate method to selectively assess the catalytic activity of
enzyme samples (Scheme 4).[31] The indirect scheme based on
periodate oxidation and optional �-elimination catalyzed by BSA
allows use of highly fluorogenic substrates that are particularly
resilient to nonspecific reactions.[32] Thus, enzyme activity can be
adressed selectively and with high sensitivity.


The general applicability of the peri-
odate oxidation scheme allowed us to
prepare a variety of substrates that
varied in substitution patterns at the
R1-3 groups, type of enzyme reactive
groups, and chirality. We prepared sub-
strates with hydrolytically labile func-
tional groups such as amides, esters,
carbonates, and epoxides to create
arrays suited to analyze the activity of
hydrolase enzymes. The different sub-
strates were assembled, together with
two reference products, in arrays of
either fluorogenic or chromogenic sub-
strates. Enzyme samples were then
challenged simultaneously with these
arrays which were layed out on micro-
titer plates. The apparent reaction rates
were recorded over two hours with the
corresponding microtiter-plate reader
instrument and used to compute a
complete set of activities for all sub-
strates.


The observed reaction rates are re-
ported graphically as 2D grids of gray-
scale squares. The maximum observed
rate in the array is set as full black, and
the corresponding maximum rate is
reported underneath the array. Such
gray-scale 2D displays are extremely
simple to generate and provide easily


Scheme 4. Principle of the periodate-coupled assay for hydrolytic enzymes. An
enzyme substrate (ER ±D) that bears an enzyme reactive group (ER) and a
precursor of a fluorogenic or chromogenic group (D) is subjected to the action of
an enzyme. Secondary oxidation to activate the chromo/fluorogenic group (D)
allows the use of nonactivated enzyme reactive groups (ER) that are silent to
nonspecific reactions. BSA�bovine serum albumin, Arom�an aromatic group.
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Scheme 3. Synthesis of positional scanning libraries of fluorogenic peptidyl coumarinylamide for determination
of P-site specificities. The peptide mixtures are prepared by solid-phase peptide synthesis and then cleaved from
the resin for use as substrates. Xn� isokinetic mixture of proteinogenic amino acids, On� defined proteinogenic
amino acid (cysteine is omitted and norleucine replaces methionine). Coum denotes either 4-methyl-7-
aminocoumarin or 4-carboxamidomethyl-7-aminocoumarin. DIEA�N,N-diisopropylethylamine.
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identifiable visual patterns. Most importantly, the patterns
observed with the enzyme samples, which can be recorded
within two hours, are reproducible and may therefore be
considered as ™fingerprints∫. Approximately 40 enzyme samples
were tested and all gave unique fingerprints with the substrate
arrays. Representative examples are shown in Figure 1. The
interpretation of enzyme fingerprints is not unequivocal and will
depend on the purity of the sample used. Activities not related
to the component under consideration might also be apparent
in enzyme samples that are not highly purified. These side
activities might be useful to identify particular enzyme batches
or to trace the presence of contaminants.


3.4. Gray-scale array display


One of the key aspects of array analysis is the graphical display
chosen to report the results from the enzyme measurements.


The standard approach for display of large sets of data
consists of generation of either a series of 2D bar graphs
or colored perspective 3D displays. The gray-scale 2D
display offers a much more compact alternative that is
easy to inspect by eye. It can also be used to represent
other data. For example, Kazlauskas's profile of esterases
and lipases with a total of 75 substrates can be
represented as a 5�15 array. This graphical reanalysis
summarizes the observed reactivities (Figure 2).


The peptide library work of Meldal et al.[19b, 21] Ellmann
et al.[27] and Craik et al.[28] is readily reported in a gray-
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Figure 1. Enzyme fingerprints from a fluorogenic substrate array. Two reference diol
primary products (Ref.) are present in the array. Below each array the enzyme code is
shown with the apparent maximum rate (pMs�1; set as full black in each array) for the
formation of 7-hydroxycoumarine (umbelliferone) or 6-methoxy-naphthaldehyde from
the fluorogenic substrates. The rates observed in a reference array without enzyme
have been substracted from the observed rates with enzymes before generation of the
display. The reference diols therefore appear white. Conditions: enzyme (0.1 mgmL�1),
substrate (100 �M), aq borate (20 mM ; pH 8.8), dimethyl formamide (2.5% (v/v)), BSA
(2 mgmL�1), NaIO4 (1 mM), 26 �C. Codes for enzymes: CAL�Candida antarctica lipase
F62299; ANL�Aspergillus niger lipase A39,043 ± 7; PSBL�Pseudomonas sp. Type B
lipoprotein lipase F62336; AEH�Aspergillus niger epoxide hydrolase; PGA� Escher-
ichia coli penicillin G acylase F76427. See Ref.[30] for substrate structures and details.


Figure 2. Array display of esterase profiling results obtained by Kazslauskas
et al.[16] The published activities are in Umg�1. The data points were converted to
log(1� activity) to make weaker activities visible and then converted into a gray
scale from white, for no activity, to black for maximum activity of the enzyme.
The maximum activity observed with each enzyme is given in parentheses next to
the enzyme code. Missing data were set to no activity. Enzyme codes: BTL2�
Bacillus thermocatenulatus lipase DSM 730; OPL�Ophiostoma piliferum lipase
NRRL 18917; PFE�Pseudomonas fluorescens esterase I SIK-W1; SDE� Strepto-
myces diastatochromogenes lipase T¸ 20. Substrates : 1 ±8, achiral ethyl esters ;
9 ±18, achiral vinyl esters ; 19 ±23, achiral methyl esters ; 24 ±28, acetates; 29,
tributyrin ; 30 ±34, esters of chiral primary alcohols ; 35 ±37, esters of chiral
secondary alcohols ; 38 ±49, methyl and ethyl esters of chiral acids; 50 ±52, chiral
�- and �-lactones. See the original publication by Kazlauskas for structures.[16]
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scale array for amino acids at each P site (Figure 3). Each square is
colored in proportion to the reaction rate or frequency of
occurence of peptides with a given amino acid at a given
position P (column), relative to the most frequent or fastest
reacting amino acid at the particular P site, which is set as full
black in that column. These displays may not necessarily
represent fingerprints as they cannot be measured rapidly and
simultaneously and their direct comparison must also take into
account the different settings and methods of each study.
Nevertheless, the display again delivers an excellent overview of
these complex results. Series of gray-scale displays have been
used recently to map the activity of a proteasome against two-
position positional scanning libraries of fluorogenic peptide
substrates.[33]


4. Active-site-directed enzyme probes


Enzymes, like all proteins, can be separated by their mass by
using gel electrophoresis. One can then specifically stain the gel
with a specific enzyme substrate and thus obtain confirmation
that a given spot corresponds to the enzyme activity.[34] Here
enzymic activity is combined with a physicochemical property of


the protein for identification. The analysis is much more complex
and time consuming than fingerprinting with enzyme substrates
since it requires a sequence of sample preparation, electro-
phoretic separation under well-chosen conditions, and a staining
protocol that may involve several washing and revelation
operations.


Selective protein labeling methods combined with electro-
phoretic separation have become relevant with the advent of
proteomics, whereby the ensemble of proteins expressed by a
cell in a certain state are analyzed in parallel.[35] Typically, a
protein sample is first reacted with a covalent modifier that
carries a label such as fluorescein or biotin and the sample is
then separated by 2D gel electrophoresis. The tagged proteins
are visualized by revelation of the tag, for example by treatment
of the gel with antifluorescein antibodies or with a labeled
streptavidin reagent. Activated disulfides were explored in 1987
as selective labeling agents for cysteine proteases.[36] Recently,
Cravatt et al. used a biotinylated fluorophosphonate as an
active-site probe for serine proteases (Scheme 5).[37] Bogyo et al.
have synthesized pooled peptide libraries similar to those
discussed above to generate libraries of epoxide and vinyl
sulfone inhibitors and applied them to analyze various cysteine
proteases.[38] Sorensen et al. have investigated a library of


Figure 3. Gray-scale array display for protease cleavage specificity data. Each column corresponds to one P or P� site, with the gray scale set as full black for the
most frequent (or fastest reacting) residue at this site. Residues and P sites omitted in the studies are set as white. Cruzain, plasmin, and thrombin from Craik et al.[28]:
data represent apparent rates from positional scanning combinatorial libraries (PSCL) of N-acetylated P1-(4-carboxamidomethyl)-7-coumarinylamide tetrapeptides.
P1 was set as the fastest reacting residue for scanning P2, P3, and P4; norleucine data are given in place of methionine. ™Plasmin 2∫ from Ellman et al.[27]: data from
kcat/KM of seven optimal N-acetylated tetrapeptide (4-methyl)-coumarinylamides; the PSCL data shown in Ref. [27] for plasmin is identical to that of ™thrombin 2∫.
Thrombin 2 from Ellman et al.[27]: data represent apparent rates from a PSCL of N-acetylated tetrapeptide (4-methyl)-coumarinylamides with P1 set as lysine; norleucine
data are given instead of methionine data. Subtilisin at two pH values, and ™papain 2∫ and ™papain 3∫ from Meldal et al.[19b, 21]: data from the relative frequency of
occurence of amino acids in solid-phase-bound octa- or nonapeptides with a nitrotyrosine residue at P4, as sequenced on active beads in a FRET solid-phase assay. The
nitrotyrosine is strongly preferred at position P4 in papain.
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10 different biotinylated tosylates as nonspecific protein labeling
agents and succeeded, with the help of MS analysis and genome
mining, in the identification of the enzyme c-ALDH-I (a type I
aldehyde dehydrogenase) as a specific labeling target for a
biotinylated pyridyl sulfonate in the proteome of rat liver cells.[39]


As discussed by these authors,[39] activity-specific staining
methods should allow visualization of rare yet important
components of the proteome that are masked by other more
abundant proteins that co-elute, and are therefore not visible in
abundance-dependent identification by trypsin digest/mass
spectrometry.


5. Outlook


Enzyme assays are essential tools for enzyme discovery and
characterization. They are an important gateway to information
such as enzyme mechanisms and enzyme substrate preferences.
Data sets of enzymic rates across parameter ranges that include
pH, temperature, and substrate profiles can be acquired very
simply by using parallel instrumentation if suitable high-
throughput screening assays are available. The enzyme assays
must be reproducible, reliable, simple and fast, and optimally
formulated in an array format. The results can be represented as
2D arrays of grays-cale squares that are particularly easy to
inspect visually. These experiments can be faster and less
complex that active-site labeling studies coupled to eletropho-
retic separations. Data sets generated from enzyme assays are
expected to be enzyme-specific and possibly characteristic of
the enzyme. They could be used before interpretation as
fingerprints for the enzymes, as demonstrated in principle by
the substrate arrays discussed above. A practical realization of
this idea will require definition of ™canonical∫ structural and
physicochemical parameters to be included in a reference array.
Fingerprint analyses could be used to analyze the issue of
functional convergence in enzymes on a broad scale. On a more


practical level, fingerprints might serve as tools for
enzyme discovery and for enzyme batch identifica-
tion and quality control.
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1. Introduction


Selenocysteine (Sec or U) is often referred to as the 21st natural
amino acid because it is found in a number of naturally occurring
enzymes in archaea, eubacteria, and eukarya.[1] Sec is inserted
cotranslationally into these proteins and has its own tRNASec that
recognizes the opal stop codon UGA.[2] Both cis (intramolecular)
elements and trans (intermolecular) acting factors are instru-
mental in decoding UGA for Sec insertion rather than aborting
translation.[3] In bacteria, a stem-loop structure in the mRNA
immediately downstream of the UGA codon (the selenocysteine
insertion sequence, SECIS) is recognized by a specialized
selenocysteine elongation factor (SelB, Figure 1A). The quater-
nary complex of SelB, Sec ± tRNASec, guanosine triphosphate
(GTP), and the SECIS is then directed to the A site of the
ribosome for Sec incorporation opposite the UGA codon.


UGA
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STOP


STOP


A


B


SelB


SECIS


SECIS


Sec-tRNASec


GTP


mRNA


mRNA
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Sec-tRNASec
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Figure 1. Selenocysteine incorporation in eubacteria (A) and eukarya (B). SelB
(grey oval) binds Sec-tRNASec, GTP, and a stem loop structure (SECIS) in the mRNA
in bacteria. The quaternary complex directs the tRNASec to the ribosome (white
circle). In eubacteria, the SECIS is located just downstream of the UGA codon,
while in eukarya it is in the 3� untranslated region. The SelB analogue in
eukaryotes has not yet been identified.


In eukarya, the SECIS is in the 3� untranslated region (Fig-
ure 1B), whereas in bacteria it is located in the translated region
of the mRNA.[4] Therefore, at present Sec cannot be incorporated
site-specifically into proteins at nonnative positions by using
heterologous bacterial expression systems unless the selenocys-
teine is to be located at one of the last� three amino acids at the


C terminus.[5] This is unfortunate since the site-specific incorpo-
ration of Sec can be a very useful tool to understand enzyme
catalysis, to modulate the properties of metal centers in
numerous metalloproteins, and to introduce a unique site for
subsequent chemoselective chemical modification.


Wu and Hilvert prepared the first artificial selenoprotein by
selective activation of the active site serine of subtilisin with the
protease inhibitor phenylmethanesulfonyl fluoride.[6] Subse-
quent treatment of the sulfonylated enzyme with high concen-
trations of hydrogen selenide (0.5M) resulted in nucleophilic
displacement producing selenosubtilisin. An alternative ap-
proach features in vivo charging of tRNACys with selenocysteine
under cysteine-deprived growth conditions.[7, 8] Whereas this
approach extends potential applications beyond proteins that
contain a single reactive serine residue, disadvantages include
substitution of Cys by Sec at multiple positions as well as a Sec
incorporation efficiency of �70 ±80% giving rise to a heteroge-
neous protein mixture. In the past year, alternative means for
high-level incorporation of Sec into peptides and proteins have
been developed.[9±11] We describe here the use of selenocysteine
derivatives for chemoselective ligations.


2.1. Properties of Selenocysteine


A number of unique properties exhibited by Sec and Sec
derivatives have attracted interest in incorporating these amino
acids into peptides and proteins. First, mutation of Cys to Sec
represents the most conservative substitution that can be used
to address a specific role assigned to the cysteine residue. The
selenol in Sec is significantly more acidic than the thiol in Cys
(pKa values of 5.2 ± 5.7 and 8.5, respectively),[12, 13] and a
selenolate is a much better nucleophile than a thiolate.[14, 15]


These characteristics can be used to investigate proteins that
utilize a cysteine nucleophile for catalysis, or they alternatively
may allow site-specific chemical modification of a protein at
pH 7. Furthermore, diselenides and selenosulfides have much
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lower reduction potentials than the corresponding disul-
fides;[7, 14, 16] a fact that can be exploited in protein folding or
to investigate proteins involved in dithiol/disulfide interchange.
A third interesting property of selenides involves their fast and
mild oxidative elimination to give olefins in high yields.[17] In the
case of selenocysteine derivatives this would generate dehy-
droalanines that are found in many natural products and can be
employed as electrophilic 'handles' for further chemoselective
elaboration.


2.2. Synthesis of Selenocysteine Derivatives


Walter and co-workers reported one of the first syntheses of
optically pure selenocysteine derivatives.[18, 19] A key step in the
preparation involved the nucleophilic displacement of an O-
tosylated L-serine derivative. Comparison of optical rotations of
the products with resolved, enantiomerically pure Sec deriva-
tives revealed that the stereochemical integrity at the �-carbon
atom was preserved. A later alternative approach was reported
by Shirahama and co-workers who reduced diphenyldiselenide
with sodium metal and reacted the resulting selenolate with tert-
butoxycarbonyl (Boc) protected serine �-lactone.[20] More re-
cently, this approach has been modified by performing an in situ
reduction of diphenyldiselenide with sodium trimethoxyboro-
hydride (NaBH(OMe)3; Scheme 1).[21] In this latter study, the Boc
group was removed, followed by 9-fluorenylmethoxycarbonyl
(Fmoc) protection in a one-pot procedure to yield Fmoc-Sec(Ph)-
OH, which was used for automated solid-phase peptide syn-
thesis (SPPS).


BocHN
OH


O


OH
O


BocHN O


BocHN
OH


O


SePh


FmocHN
OH


O


SePh


DEAD, PPh3
20 min at –78 °C


2 h at RT, 50%


(PhSe)2
NaHB(OMe)3


93%


1) TFA, CH2Cl2


2) TEA, Fmoc-OSu


Fmoc-Sec(Ph)-OH  91%


Scheme 1. Synthesis of Fmoc-Sec(Ph)-OH via L-serine �-lactone. DEAD� diethyl-
azodicarboxylate, TFA� trifluoroacetic acid, TEA� triethylamine, Fmoc-OSu� 9-
fluorenylmethoxycarbonyl succinate.


The routes discussed so far are not readily adaptable to
prepare peptides containing unprotected selenocysteine. The
currently most useful derivative to accomplish this goal contains
a p-methoxybenzyl (PMB) protecting group on the selenol
moiety.[22, 23] Preparation of Fmoc-Sec(PMB)-OH has been accom-
plished by treating a �-halogenated alanine derivative with a
diselenide anion, generated by reduction of selenium powder
with either lithium triethylborohydride or sodium borohy-
dride.[9, 22, 24, 25] The resulting selenocystine derivative was sub-
sequently reduced and reacted with PMBCl resulting in the
protected selenol. Fujii and co-workers have used the protected
amino acid in model studies and to assemble Cys-to-Sec mutants
of �-atrial natriuretic peptides, 28-residue peptides containing


an intramolecular disulfide bridge important for in vivo func-
tion.[22, 26] In these studies, the PMB group could be removed in
an oxidative manner with either I2 in acetic acid or dimethylsulf-
oxide in TFA to give the symmetric diselenide dimer. Alter-
natively, the presence of a strong Lewis acid such as trimethylsilyl
trifluoromethanesulfonate (TMSOTf) in TFA yielded the free
selenol. Moroder and co-workers have made extensive use of the
PMB-protected selenocysteine in their studies of the oxidative
folding of disulfide containing peptides in which one or both of
the Cys residues were replaced with Sec.[27±30] An octapeptide
with two Cys residues corresponding to a portion of glutare-
doxin was used to determine the redox potential of diselenides
in unconstrained peptides.[16] By using CD spectroscopy it was
demonstrated that the reduction potential of the diselenide was
�381 mV, whereas the mixed selenosulfide and disulfide were
reduced at �326 mV and �180 mV, respectively. This difference
of �200 mV between disulfide and diselenide is significant and
should facilitate the study of catalytic dithiol/disulfide inter-
change processes as it may be feasible to ™trap∫ intermediates
that are otherwise not kinetically accessible.


Although the PMB protecting group has proven very impor-
tant for the assembly of Sec-containing peptides, it also presents
several drawbacks. Fmoc-Sec(PMB)-OH is prone to racemization
during activation and coupling steps. In addition, once incorpo-
rated into peptides, PMB-protected Sec tends to deselenate to
some extent during iterative piperidine deprotection steps,
yielding piperidine adducts to the initially formed dehydroala-
nines.[23] Moreover, in our hands, iodine-mediated deprotection
of Sec(PMB)-containing peptides requires optimization for each
peptide, and the presence of other Cys residues in the sequence
can complicate matters.[9] Although these impediments require
special precautions, the difficulties are greatly diminished when
selenocysteine is only present at the N terminus (see below) and,
therefore, is not exposed to multiple rounds of piperidine
treatment during Fmoc-based SPPS.[31]


The syntheses of Fmoc-Sec(PMB)-OH described above are
either lengthy or not easily scalable, presenting limitations when
gram quantities of protected Sec are desired for SPPS. We
recently reported a synthesis of Fmoc-Sec derivatives that can be
performed on large scale.[9] Fmoc-L-serine was protected either
as a diphenylmethyl (Dpm) or allyl (All) ester (Scheme 2), and the
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Scheme 2. Improved scalable synthesis of Fmoc-Sec derivatives. pyr�pyridine,
Dpm� diphenylmethyl, All�allyl, DMF�N,N-dimethylformamide, Bn�benzyl.
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hydroxy group was activated with p-toluenesulfonyl chloride
(TsCl) in pyridine. Deprotonation of aryl or alkyl selenols with
aqueous NaOH and reaction with the activated serines yielded
the protected amino acids. Subsequent deprotection of the
carboxylate with TFA or catalytic palladium provided optically
pure Fmoc-Sec derivatives as demonstrated by both optical
rotations and HPLC with a chiral stationary phase. The advan-
tages of this route lie in its brevity and scalability. Notably, Fmoc-
Sec(Ph)-OH and Fmoc-Sec(PMB)-OH were synthesized on greater
than 10 g scale, and all purifications in the synthesis of Fmoc-
Sec(Ph)-OH were accomplished by recrystallization of the crude
reaction mixtures.[9]


3. Native Chemical Ligation with
Selenocysteine


Synthetic introduction of Sec into peptides is an attractive
alternative to recombinant methods due to the complications
associated with decoding the UGA stop codon described in the
introduction. A number of synthetic peptides and proteins have
been prepared by SPPS that incorporated selenocysteine by
using Boc- or Fmoc-Sec(PMB)-OH.[22, 26, 28±30, 32, 33] By using the
native chemical ligation technique developed by Kent and co-
workers,[34] the ability to synthetically introduce a free selenol (or
diselenide) into a peptide permits entry into larger peptides/
proteins. In the selenocysteine version of native chemical
ligation, two ligation partners, one a C-terminal peptide
thioester and the other a peptide containing an unprotected
Sec/selenocystine at its N terminus, are mixed together along
with a reducing agent. After an initial trans selenoesterification, a
selenoester 1 is formed (Scheme 3). This intermediate rearranges
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Scheme 3. Selenocysteine-mediated native chemical ligation.


through an Se-to-N acyl shift to give the thermodynamically
more stable native peptide bond. Several recent model studies
have shown the feasibility of this process. In our laboratory, a
number of Sec containing analogues of the C terminus of
ribonucleotide reductase (RNR) were synthesized.[9] RNR contains
four redox active cysteines. Two cysteines in the active site
provide the two electrons required to reduce ribonucleotides to
deoxyribonucleotides.[35] The disulfide generated in the active
site is reduced back to the active form of the protein by dithiol/
disulfide interchange with two Cys residues near the C terminus
(Scheme 4). These C terminal cysteines shuttle reducing equiv-
alents from thioredoxin into the active site of RNR. The proposed
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Scheme 4. Reduction of nucleotides to deoxynucleotides by ribonucleotide
reductase (RNR). The two C-terminal cysteines shuttle reducing equivalents from
thioredoxin into the active site. C-Terminal sequence of RNR from E. coli�
LVPSIQDDGCESGACKI. B�base, PP�diphosphate.


disulfide intermediate 2 between one of the active site thiols and
one of the C terminal thiols has never been observed,
presumably because it is kinetically invisible.[36] Given the
significant difference in redox potentials between disulfides
and selenosulfides discussed above, replacement of one of the
C-terminal cysteines with selenocysteine may allow the detec-
tion of the selenosulfide analogue of 2. Consequently, we
focused our efforts on developing selenocysteine-mediated
native chemical ligations with applications in RNR in mind.


Three permutations of the nucleophilic coupling partner in
which one or both of the Cys residues were replaced by Sec were
investigated (Table 1). The purified Sec-containing peptides were
prepared in high yields by Fmoc-based SPPS with the Sec(PMB)
monomer, and the thioester coupling partner was prepared by
SPPS by using 2-chlorotriphenylmethyl resin.[37] At a concen-
tration of 3 mM, the reaction of the Sec-containing peptides was
slower than most literature reports for ligations with cysteine
even though the latter are typically performed at lower
concentrations.[38] These findings are consistent with the pre-
vious observation that diselenides and selenosulfides are
thermodynamically more stable than disulfides. Hence, with
only the weakly reducing thiophenol present to reduce the
diselenide/selenosulfides, only a small equilibrium concentration
of a reactive species is produced. Raines and co-workers showed
that once a free selenocysteine is generated, the native chemical
ligation itself actually proceeds much faster than with cysteine
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(Scheme 5).[10] Glycine p-nitrophenylthioester was treated with
either cystine or selenocystine in the presence of TCEP, a
stronger and irreversible reductant. The observed rate of p-
nitrophenylthiolate formation was higher with selenocysteine
than with cysteine over a pH range of 5 ± 8. At pH 5.0, for
example, the selenocysteine reaction was 103 times faster than
the ligation with cysteine, a fact consistent with the lower pKa


values of selenols.
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Scheme 5. Reactions used to compare the rates of native chemical
ligation with cystine/selenocystine in the presence of triscarboxyethyl-
phosphine (TCEP).


Hilvert and co-workers have extended Sec-mediated
native chemical ligation to the synthesis of bovine pancre-
atic trypsin inhibitor (BPTI),[11] containing six Cys residues
and three disulfide bonds. Synthetic BPTI1±37 and C38U-
BPTI38±58 fragments were ligated in the presence of TCEP to
yield C38U-BPTI, which was subsequently folded to its
native structure. The mutant exhibited properties that were
very similar to the wild-type protein including its stoichio-
metric inhibition of trypsin.


4. Incorporating Selenocysteine into
Proteins through Expressed Protein
Ligation


Expressed protein ligation (EPL), a powerful extension of
native chemical ligation, was first reported in 1998[39] and
has become increasingly popular in recent years for protein
engineering.[40±42] With the success of Sec-mediated native


chemical ligation, it became clear that Sec could also be used at
the point of ligation in expressed protein ligation. The process of
selenocysteine-mediated EPL is briefly outlined in Scheme 6. A
target protein truncated at its C terminus is overexpressed in
Escherichia coli as a fusion to an intein domain and affinity tag
(either a hexa-His tag or chitin binding domain, CBD). The cell
lysate is passed through the affinity column to bind the target
protein and separate it from other cellular constituents. Inteins
self-catalyze a rearrangement reaction from an amide to a
thioester at a cysteine residue within their sequence. When an
external thiol is added to the resin, a trans-thioesterification
takes place that cleaves the truncated target protein from the
resin while leaving the intein attached. Addition of an unpro-
tected synthetic peptide with Sec at its N terminus initiates
another trans-thioesterification, followed by an Se-to-N acyl shift
to yield a fully deprotected mutant protein with a Sec
incorporated at a specific site within the polypeptide. Raines
and co-workers have recently demonstrated the feasibility of
Sec-mediated EPL with the semisynthesis of a C110U mutant of
ribonuclease A (RNase A),[10, 43] which in its wild-type form
contains eight cysteines involved in four disulfide bonds. RNase
A1±109 was overexpressed in E. coli as an intein ±CBD fusion
protein, and C110U-RNase A110±124 was chemically synthesized.
After ligation, C110U RNase A was shown to have essentially
identical activity to the wild-type protein, thereby validating the
methodology.


In collaboration with Lu and Berry, we prepared an engineered
variant of azurin by selenocysteine-mediated EPL.[44] Azurin is an
electron transport protein in bacteria and a member of the
type 1 family of blue copper proteins. The protein has a number
of characteristic properties including its intense blue color
(�625nm� 5000M�1 cm�1), a small parallel EPR hyperfine splitting
(53 G), fast electron transfer rates, and a redox potential of
�318 mV against the normal hydrogen electrode.[45, 46] The
crystal structure of azurin (Figure 2) revealed a short Cu�S bond


Table 1. Selenocysteine-mediated native chemical ligation.


H
N


O


ESGA
H
N


KI-OH


O


Ac-LVPSIQDDG


X1 X2


H2N
O


ESGA
H
N


KI-OH


O


X1 X2


        thiophenol


Ac-LVPSIQDDG-SBn
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Se Se 2.6 27.5 48
S Se 2.9 16 76
Se S 3.2 20 60


[a] Yields after HPLC purification.
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Scheme 6. Selenocysteine-mediated expressed protein ligation. X� recombinant target
protein truncated at its C terminus. Y� synthetic peptide corresponding to the truncated
C terminus.
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Figure 2. The active site of azurin from Pseudomonas aeruginosa (PDB file:
4AZU).[47]


to Cys112.[47, 48] Experimental and theoretical studies have
suggested that the high covalency of this interaction is one of
the key features responsible for azurin's properties.[49±51] Site-
directed mutagenesis studies designed to further investigate
this covalency have been unsuccessful as they led to loss of the
type 1 copper site.[52±55] By using expressed protein ligation with
selenocysteine, we have been able to replace the key cysteine
residue with Sec. Synthetic C112U azurin112±128 was ligated with
expressed azurin1±111 ± intein ±CBD providing C112U azurin, as
determined by ESI-MS. The mutant bound copper stoichiometri-
cally to yield a blue protein, but the spectroscopic features of
C112U azurin were significantly different from wild-type.[44] The
UV/Vis spectrum of C112U azurin displayed a red-shifted charge-
transfer band with a somewhat lower intensity (��
4000M�1 cm�1). Also, EPR spectroscopy of the mutant revealed
a much larger parallel hyperfine splitting (101 G). These data are
consistent with a less covalent Cu�Se interaction while main-
taining some of the characteristics of blue copper proteins. Like
selenosubtilisin,[6, 56] this is another example of a protein with
significantly altered properties upon substitution of cysteine by
selenocysteine.


5. Synthesis of Dehydropeptides and Their Use
for Chemoselective Ligations


Dehydroalanine (Dha) is found in a number of natural products
and can impart interesting biological activities on polypepti-
des.[57, 58] Furthermore, dehydroamino acids can serve as very
useful precursors to peptide conjugates. Dehydroalanine-con-
taining peptides have been prepared by a number of methods.
The most common approach is the activation and elimination of
serine residues or Hofmann elimination of 2,3-diaminopropionic
acid.[59±61] These methods, however, preclude the presence of
other unprotected serine or threonine residues in the former
case or lysine residues in the latter case. A more versatile
approach reported recently is the pyrolytic or basic elimination
of cysteine sulfoxides.[62] The drawback of this methodology lies
in its reported incompatibility with protected Cys residues.[63]


An alternative facile, site-specific and chemoselective method
for introducing dehydroalanine into globally deprotected pep-
tides employs Se-phenylselenocysteine. This amino acid can be
conveniently incorporated into peptides by using standard SPPS
(see Section 2.2.), and after cleavage from the resin the Sec
derivative can be converted into Dha through a mild, chemo-
selective oxidation with either hydrogen peroxide or sodium
periodate.[21] Table 2 demonstrates the compatibility with un-
protected amino acids and with Cys residues that are protected
either with tert-butyl-S (tBuS) groups to form disulfides or with


triphenylmethyl (Trt) groups (entries 5 ± 7). Methionine and
tryptophan residues are also compatible with the method
provided that the conditions (temperature, stoichiometry) are
chosen such that their oxidation is minimized (entries 8 and 9).


The mild oxidative elimination introduces an electrophilic
handle into unprotected peptides (for example, 3 in Scheme 7),
which has been exploited to synthesize a number of cyclic
thioether peptides called lanthionines.[21] These lanthionines are
the signature structural motif found in lantibiotics, a class of
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Scheme 7. Biomimetic formation of meso-lanthionines and methyllanthionines
by stereoselective intramolecular cyclization.


Table 2. Synthesis of dehydropeptides.


Entry Peptide Dehydropeptide Oxidant Yield [%]


1 Fmoc-GLPU(Ph)VIA Fmoc-GLPDhaVIA NaIO4 72
2 Fmoc-ISVU(Ph)RSTS Fmoc-ISVDhaRSTS NaIO4 67
3 Ac-GLPU(Ph)VIA Ac-GLPDhaVIA H2O2 82
4 Ac-ISVU(Ph)RSTS Ac-ISVDhaRSTS NaIO4 82
5 Ac-GGC(tBuS)PU(Ph)VIA Ac-GGC(tBuS)PDhaVIA NaIO4 84
6 LU(Ph)PGC(Trt)VG LDhaPGC(Trt)VG NaIO4 80
7 RIAU(Ph)IALC(tBuS)K RIADhaIALC(tBuS)K NaIO4 72
8 AMU(Ph)A AMDhaA NaIO4 62
9 Fmoc-WU(Ph)-ODpm Fmoc-WDha-ODpm NaIO4 64







W. A. van der Donk et al.


714 ChemBioChem 2002, 3, 709 ±716


posttranslationally modified peptide antibiotics.[64] The intra-
molecular biomimetic Michael additions provided single diaster-
eomers by stereoselective protonation of the enolate intermedi-
ates. Bradley and co-workers reported similar stereoselective
cyclizations and assigned the stereochemistry of the products as
the natural meso-lanthionines by using NMR spectroscopy
methods.[62] More recently, we have investigated biomimetic
cyclizations with dehydrobutyrine-containing peptides obtained
by oxidative elimination of (2R,3S)-3-methyl-Se-phenylseleno-
cysteine residues (for example, 4 in Scheme 7). Of the four
possible stereoisomers that could be formed in the Michael
addition to form the B ring of the lantibiotic subtilin, only the
natural (2S,3S,6R)-methyllanthionine was obtained; this demon-
strates that, in the context of a constrained peptide, the local
chiral environment can bias the stereoselectivity of these
Michael additions.[65]


In addition to their use for intramolecular Michael additions,
dehydroalanines can also be versatile electrophiles for the
introduction of external nucleophiles.[66] Peptide conjugates
such as glycopeptides, prenylated peptides, and lipopeptides
are essential to a number of cellular processes, and unnatural
peptide conjugates are powerful tools for biophysical studies
and drug delivery. Therefore, rapid and high yielding synthetic
strategies to assemble peptide conjugates have been the focus
of numerous research efforts. One often adopted methodology
calls for the synthesis of conjugated amino acid building blocks
followed by their introduction into peptides.[67, 68] This building
block approach, however, is linear and as such labor intensive if a
library is desired that only differs in the pendant conjugates. In
addition, the presence of the appendage may not be compatible
with existing optimized SPPS protection and coupling schemes.
A conceptually attractive alternative involves chemoselective
ligations between tailor-made unprotected peptides and con-
jugates in aqueous solution. This concept of coupling two
mutually and uniquely reactive functional groups was initially
developed to extend the size limit of chemically synthesized
peptides and proteins;[69, 70] it has more recently been applied to
the synthesis of conjugates.[71±73] Such convergent approaches
mandate an orthogonal reactive moiety on the peptide and a
number of different electrophilic handles have been introduced
for this purpose. Most often used are aldehydes installed on side
chains or at the N terminus of the peptide,[74, 75] by periodate
treatment of an appropriate precursor.[76±79] Alternatively, speci-
alized amino acid derivatives have been incorporated site-
specifically into the peptide during SPPS[80] that are later
unmasked in some cases.[81] Condensation of the carbonyl
moiety with functionalities on the conjugate such as aminooxy
groups,[75, 82±84] hydrazides,[77, 84, 85] or 1,2-aminothiols[69] has been
used to prepare a plethora of macromolecules.


Almost all these ligation strategies produce nonnative link-
ages between the peptide and the conjugate, and in some cases
(for example, oximes) a mixture of isomers may be formed. We
reasoned that the product of Michael reactions between
dehydroalanine-containing peptides and thioglycosides or pre-
nylthiols would provide conjugates through linkages that are
either identical to (prenyl) or very close mimics of (S-linked
glycopeptides) the native structures. Furthermore, an expanded


arsenal of available orthogonal ligation strategies is potentially
useful for tandem ligations.[75, 86] To illustrate the use of
dehydroalanines, a heptapeptide (5) corresponding to the C
terminus of N-Ras was synthesized with Sec(Ph) installed at the
site of a Cys residue (Scheme 8). Oxidative elimination yielded 6,
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Scheme 8. Convergent chemoselective ligation strategy for the synthesis of the C
terminus of human N-Ras. Far� farnesyl, TIPS� triisopropylsilyl.


and Michael additions with unmasked farnesyl thiolates provid-
ed 7 in good overall yield. The convergent nature of this
approach is illustrated in Table 3 since the same dehydroalanine


precursor was used to prepare a variety of analogues. This
method can also be applied to the synthesis of glycopeptides.
These structures are particularly suited for convergent ligation
strategies since they are not readily prepared by either tradi-
tional synthetic or recombinant techniques. In addition, the well-
known heterogeneity caused by the existence of various
isoforms of glycoproteins hampers structure ± reactivity studies.
Compared with the various nonnative linkages that have been
used to prepare O-linked glycopeptide mimics through chemo-
selective ligations,[71, 84, 87] the isosteric S-linked conjugates are
perhaps the closest analogues. Another enticing feature of these
structures is their reported higher chemical stability compared
with their O-linked counterparts.[88] The potential of Michael
additions to dehydroalanines for the assembly of S-linked
glycopeptides was evaluated with a series of tripeptides and
1-thiosugars (Table 4).[66] Addition of either protected or unpro-
tected �-1-thiosugars resulted in the formation of exclusively �-
linked glycopeptides in good yields (entries 1 ± 5). Use of 1-thio-
N-acetyl-�-D-galactose afforded the desired �-linked glycopep-
tide, which is an important analogue of the core structure of O-
linked glycoproteins (entry 6). Importantly, no special protecting-
group strategy beyond that used for Fmoc-based SPPS is
required for either the generation of the dehydroalanine handle


Table 3. Convergent synthesis of peptide conjugates.[a]


Electrophile Nucleophile Yield [%]


6 GerSAc 72
6 GerGerS(TIPS) 76
6 Dimethylallylthioacetate 69
6 AcSK 67


[a] Ger�geranyl, TIPS� triisopropylsilyl.
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or the Michael addition. Moreover, all steps used to generate and
derivatize dehydroalanines are compatible with solid-phase
chemistry. For instance, resin-bound peptide 8 was prepared
by Fmoc-based SPPS, followed by oxidative elimination, and
Michael addition with unprotected thioglucose (Scheme 9).
Subsequent cleavage from the resin, and HPLC purification
provided glycoconjugate 9 in 45% yield based on the loading of
the Wang resin.[66]


The major advantage of this methodology involves the
defined stereochemical integrity at the anomeric center and
the accessibility of both � and � anomers. However, an obvious
current drawback is the lack of diastereoselectivity at the
peptidic �-carbon atom that provides two diastereomers, even
though these are readily separated by HPLC. The lack of
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Scheme 9. Solid-phase synthesis of glycopeptides by using chemoselective
Michael addition to dehydroalanine.


substrate- or reagent-controlled stereoselectivity is undoubtedly
due to the inherently fast rate of protonation of the enolate
intermediate in protic solvents. Consequently, to overcome this
impediment, the barrier for the stereodetermining step must be
raised. One potential avenue to accomplish this would be to
exploit radical conjugate additions. Owing to the high bond
dissociation energy of O�H bonds, protic solvents are poor
hydrogen-atom donors whereas the thio sugars are much better
reductants. The energies of the diastereomeric transition states
for hydrogen-atom transfer generating either the L- or D-
configuration at the �-carbon atom may therefore be sufficiently
different that selectivity can be achieved. In fact, Kessler and co-
workers have shown the utility of dehydroalanines for addition
of anomeric glycosyl radicals providing C-linked glycopepti-
des.[89] Furthermore, the feasibility of stereoselective radical
additions to dehydroalanines has been demonstrated in a
nonpeptidic context.[90±92] Efforts are currently underway in our
laboratory to combine these approaches for the development of
a chemo- and stereoselective radical ligation. An alternative
approach that would assure formation of only one isomer at the
� position features the ligation of 1-thiosugars to cyclic
sulfamidates derived from L-serine. The feasibility of this strategy
has been shown at the amino acid level[93] and more recently
with small peptides.[94]


6. Conclusion


Synthetic methodology has emerged in recent years to intro-
duce selenocysteine into peptides. Combined with selenocys-
teine-mediated native and expressed protein ligation, these
accomplishments set the stage for the application of selenocys-
teine as a tool to investigate protein structure and function.
Given the characteristic physicochemical properties of Sec,
including its low pKa, low redox potential and high nucleophi-
licity, site-specific introduction of Sec can either address ques-
tions regarding enzymatic reaction mechanisms or provide a
chemoselective handle to introduce biophysical probes. The S�
1/2 77Se nucleus may also find applications in NMR and EPR
spectroscopy and the presence of Se can aid in X-ray studies. In
addition, the utility of Sec-containing peptides as precursors to
dehydropeptides has been demonstrated by the chemical
synthesis of a number of peptide conjugates. The sequence of
SPPS, mild oxidative elimination, and Michael ligation allows
rapid entry into a variety of conjugates including prenylated,
glycosylated, and lipidated peptides.
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Prion-Protein-Specific Aptamer Reduces PrPSc


Formation
Daniela Proske,[a, d]� Sabine Gilch,[b]� Franziska Wopfner,[b] Hermann M. Sch‰tzl,[b]


Ernst-L. Winnacker,[a] and Michael Famulok*[a, c]


The critical initial event in the pathophysiology of transmissible
spongiform encephalopathies (TSEs) appears to be the conversion
of the cellular prion protein (PrPC) into the abnormal isoform PrPSc.
This isoform forms high-molecular-weight protease K (PK) resistant
aggregates that accumulate in the central nervous system of
affected individuals. We have selected nuclease-resistant 2�-amino-
2�-deoxypyrimidine-modified RNA aptamers which recognize a
peptide comprising amino acid residues 90 ± 129 of the human
prion protein with high specificity. This domain of prion proteins is
thought to be functionally important for the conversion of PrPC into
its pathogenic isoform PrPSc and is highly homologous among
prion proteins of various species including mouse, hamster, and


man. Consequently, aptamer DP7 binds to the full-length human,
mouse, and hamster prion protein. At low concentrations in the
growth medium of persistently prion-infected neuroblastoma cells,
aptamer DP7 significantly reduced the relative proportion of de
novo synthesized PK-resistant PrPSc within only 16 h. These findings
may open the door towards a rational development of a new class
of drugs for the therapy or prophylaxis of prion diseases.


KEYWORDS:


aptamers ¥ molecular evolution ¥ prion protein ¥ prion
therapy ¥ RNA recognition


Introduction


The conversion of the normal cellular prion protein (PrPC) into its
abnormal isoform PrPSc is thought to be associated with the
pathogenesis of transmissible spongiform encephalopathies
(TSEs). The transformation of PrPC to PrPSc goes along with a
posttranslational structural change from an �-helix/random-coil
to a �-sheet conformation.[1±4] This conformational change
requires the presence of exogenous or endogenous PrPSc, a
highly infectious proteinaceous particle. Pathologically, the
properties of infectious prion proteins ultimately lead to neuro-
nal cell death, vacuolation, and eventually the formation of
fibrillous plaques in the central nervous system of affected
individuals, resulting in an irreversible spongiform degeneration
of brain tissue.


Although the details of the mechanism of prion propagation
have remained largely obscure, there are currently two popular
hypotheses of how infectious PrPSc is formed in vivo. According
to the protein-only hypothesis, PrPSc forms a heterodimer with
PrPC which leads to PrPSc-dependent conversion of PrPC and
subsequent fast formation of a PrPSc-homodimer.[2, 5] In an
autocatalytic process, the formation of additional heterodimers
can be exponentially accelerated. Despite intensive efforts, the
unambiguous proof of the existence of PrP heterodimers is still
missing.[6, 7] The second possible mechanistic model of prion
propagation is the nucleation-dependent polymerization model
which is based on the assumption that PrPSc acts as a crystal seed
at the starting point for crystal-like growth of a PrPSc oligomer.[8]


This model differs from the previous one in that the infectious
particle is formed by a PrPSc oligomer that can act as the seed for
the subsequent polymerization to a high-molecular-weight


polymer. Endogenous PrPC spontaneously and reversibly trans-
forms into a conformation resembling a PrPSc-like transition state
in a fast thermodynamic equilibrium. In the rate-limiting step,
PrP in this conformation is deposited onto the crystal seed,
which dictates its conformation to the transition state. The
changes in secondary and tertiary structure are accompanied by
a significantly reduced solubility of PrP in nonionic detergents
and dramatically enhanced partial resistance against digestions
with proteinase K, which may be a consequence of the formation
of high-molecular-weight aggregates.[9] The self-propagating
activity of PrPSc is supported in part by experiments in cell-free in
vitro conversion systems,[10] but it still remains to be shown that
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PrPSc formed in vitro is infectious in vivo. Furthermore, a certain
amount of input PrPSc has so far yielded only stoichiometric
amounts of converted PrPSc ; continuous formation of PrPSc has
not yet been observed in cell-free conversion systems, although
it was recently shown that sulfated glucosaminoglycans such as
Pentosan polysulfate can act as stimulating factors in conversion
experiments in vitro.[11]


Whether other factors (for example, factor X[12, 13] ) are required
for this process in addition to PrPSc and PrPC still remains
controversial. Interestingly, several agents have been found to
be capable of negatively affecting the conversion of PrPC into
PrPSc.[14] Many of these compounds belong to the group of
polysulfonated, polyanionic drugs (for example, Congo Red,
Pentosan polysufate, Dextran sulfates). Other compounds are
derivatives of polyene antibiotics or anthracycline. Recent
examples are synthetic peptides,[15, 16] porphyrin compounds,[17]


soluble lymphotoxin beta receptor,[18] quinacrine, chlorproma-
zine,[19] and Suramin.[20] Most of these compounds are highly
toxic in vivo and are not able to efficiently cross the blood ±brain
barrier. Very recently, anti-PrP antibodies have been shown to
interfere with PrPSc biogenesis.[21±23]


Based on these very promising studies, we sought to
investigate an alternative approach for obtaining novel classes
of reagents that may affect the generation of PrPSc by binding to
surface PrPC. We have used in vitro selection of combinatorial
nucleic acid libraries to isolate nucleic acid aptamers which
specifically bind PrPC. Aptamers have been established as potent
tools in molecular biology and diagnostics.[24±28] The spectrum of
'antigens' recognized by nucleic acid ligands and the binding
characteristics for their 'epitopes' are in many aspects equivalent
to those of monoclonal antibodies or scFv. In most cases,
aptamers have also been shown to modulate the biological
function of their targets in a highly specific manner. This was
demonstrated for a large number of aptamers mostly directed
against extracellular target proteins;[24] in a few cases, the
biological function of intracellular targets was modulated.[29-33]


Previously, we have described an aptamer that recognized
prions in brain homogenates of various species including
hamster, mouse, and man.[34] The goal of the present work was
to: 1) obtain aptamer sequences which bind to a domain of PrP
thought to be implicated in prion conversion, 2) demonstrate
their resistance against nuclease degradation allowing their
application in cell culture systems and, at a later stage, in
infected animals, and, 3) also affect the de novo formation of
PrPSc in a cell culture by using a persistently PrPSc-producing
neuronal cell line.


Results and Discussion


As a target peptide for the aptamer selection we chose the
domain of the human prion protein comprising amino acid
residues (aa) 90 ± 129. This peptide sequence was chosen
because it belongs to a short epitope (aa 90 ±141) that, on the
basis of several lines of evidence, is functionally important for the
conversion of PrPC into PrPSc.[15, 35, 36] For example, it was shown
that aa 109 ±122, especially the hydrophobic sequence AGAAA-
GA, exhibited a high tendency for self-aggregation.[37] Peretz


et al. demonstrated that residues 90 ± 120 are accessible in PrPC,
but not in the PK-resistant fragment PrP27±30.[35] Denaturation of
PrP27±30 exposed the epitopes of the N-terminal domain, which
was taken as an indication that the major conformational change
underlying PrPSc formation occurs within the N-terminal seg-
ment of PrP27±30. In accordance with these findings, no defined
secondary structure could be assigned for this region (aa 90 ±
127) in NMR spectroscopy structural elucidations of the prion
protein of various species.[3, 38±43] Furthermore, a minimal prion
protein of 106 amino acids in which aa 23±88 and aa 141 ±176
were deleted revealed the typical symptoms of prion infection
and prion propagation when transgenic knock-in mice
(Tg(PrP106)Prnp0/0) were infected with prions.[36]


Three major sequence families dominate the selected anti-
prion aptamers


We therefore used peptide 90 ±129 from human PrP as a target
for the in vitro selection of high-affinity-binding 2�-aminopyr-
imidine-modified RNA aptamers from a library of approximately
1015 different sequences. This domain is highlighted in the three-
dimensional structure shown in Figure 1A.


The peptide was immobilized on thiopropyl sepharose
through a disulfide-bond formed with an N-terminal additional
cysteine residue (Figure 1B). The in vitro selection was per-
formed with an RNA pool which bore primer binding sites
optimized for T7-transcription by using 2�-amino-2�-deoxypyr-
imidine triphosphates. When the resulting modified RNA pool
was incubated with 10% fetal calf or human blood serum, no
significant RNase degradation could be observed within 24 h
(data not shown), which is in accordance with observations from
other laboratories.[44, 45] A preselection with the nonderivatized
matrix was included in each selection cycle. The stringency of the
selection was gradually increased in subsequent cycles by
reducing the concentration of immobilized peptide on the
matrix ranging from �40 �M in the first three cycles to 1.4 �M in
the final two cycles. After 12 cycles of iterative selection and
amplification, the binding pool was cloned into the vector
pGEM 4Z, and 43 clones were sequenced. The sequences
obtained could be grouped into three different sequence
families (Figure 2A).


Family I is represented by a single predominating sequence
and mutants thereof; this family makes up to 77% of the
selected pool. Family II is represented by 14%, and family III by
7% of all clones sequenced. In addition, one orphan sequence
(clone DP27) was identified. Members within each family differ
only by point mutations, deletions, or insertions. No sequence
homologies were identifiable among the three families.


The proposed secondary structure of the most abundant
aptamer DP7 is shown in Figure 2B. The presence of several
repetitive guanosine residues suggests that DP7 and the
mutants comprising motif I form a G-quartet secondary structure
motif. This is supported by the following lines of evidence: first,
computer-generated foldings[46] indicated that DP7 has a
remarkably poor ability to form helices and, hence, stable
secondary structures other than G quartets; second, Figure 2A
reveals a high degree of variation among the motif I family
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between aa 30 ±44. Exactly these residues comprise a large loop
region in the proposed G-quartet secondary structure. The
variations in clones 16 and 20 (G34U) and a variation in clone 5
(G37U) provide strong evidence that G33G34 and G36G37 are
not engaged in G-quartet formation. In a previous study, an in
vitro selection of an unmodified RNA library against recombinant
Syrian hamster PrP led to the isolation of RNA aptamers with
G-quartet structure that bound to the N terminus (aa 23 ± 52) of
the protein.[34] These aptamers significantly differed in their
primary sequence from those isolated here and do not share any
similarities despite the potential ability to form G-tetrad structures.


Aptamers bind to the full-length recombinant prion protein


The goal of this study was to investigate whether selected
aptamers can affect the conversion of PrPc into PrPSc. Therefore,
we had to ensure that the peptide-binding aptamer motifs are
also capable of recognizing the full-length proteins. The binding
affinities of individual clones from each aptamer sequence family
were determined by filter-binding assays with recombinant full-
length PrP from Syrian hamster. The recombinant hamster full-
length protein was titrated with radiolabeled aptamer RNAs at
increasing protein concentrations ranging from 1 nM to 10 �M.
The binding assay contained heparin as an unspecific compet-


itor. RNA/protein complexes were separated from unbound
molecules by nitrocellulose filtration, and retained RNA was
quantified by phosphorimaging. Dissociation constants (Kd


values) were determined from the resulting binding curves as
summarized in the legend of Figure 2.


The unselected pool was used as a negative control. No
binding of the unselected pool RNA to hamster PrP was detected
at the maximum concentration at which the protein remained in
solution in the presence of RNA. The maximum PrP concen-
tration that could be used in the filter-binding assay was 10 �M


due to precipitation of the protein at higher concentrations even
in the presence of various detergents. The most abundant
sequence (DP7) recognizes prion protein from Syrian hamster
with a dissociation constant of 100 nM as summarized in the
legend of Figure 2. Members from other sequence families bind
with significantly lower affinities. We therefore chose to
characterize DP7 in more detail.


First, we were interested in whether DP7 was able to
recognize prion proteins from various species. Human and
hamster PrP are highly homologous; within the region of aa 90 ±
129 (Figure 1B) they differ only by one amino acid exchange.[47]


Therefore, the binding affinity of DP7 to hamster PrP was
compared with that of the mouse, and human full-length
recombinant PrPs. In addition, a chimeric mouse ±hamster ±


Figure 1. A) Location of the epitope 90 ± 129 (box) in the three-dimensional structure of the human prion protein. The epitope is located at the surface of the protein and
exhibits no defined conformation. The sequence of the epitope is shown below the structure. The cysteine residue shown in cyan was added to allow immobilization of
the peptide epitope on thiopropyl sepharose. B) Amino acid sequence alignment of mouse, hamster, and human PrP and the 3F4 PrP chimera. In the chimeric mouse ±
hamster ±mouse (3F4) PrP amino acid residues 94 ± 131 of murine full-length PrP were replaced by the corresponding hamster sequence. The human PrP peptide epitope
90 ± 129 is underlined in the human PrP sequence. Sequence homologies in this region are high, as shown by the related epitopes of PrP from species not investigated
here, namely pig, cattle, sheep, and deer.
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Figure 2. A) Sequences and abundance of the clones from the prion peptide
selection. Only the randomized region is shown for each clone. The number of
multiply isolated clones is given in parentheses after each clone number. The 2�-
amino-2�-deoxycytidine or -thymidine residues are abbreviated C and T,
respectively. Mutations and deletions (�) within each family are shown. All
pyrimidine residues were 2�-deoxy-2�-amino derivatives. Residues proposed to
form a G-tetrad structure are shown in the gray boxes. Dissociation constants (Kd)
of Syrian hamster PrP with individual aptamer sequences from different sequence
families are also shown. Kds were determined from the binding kinetics by using
Equation (1) where Q is the fraction of equilibrium-bound RNA, Pt and Rt the total
peptide and RNA concentrations, and f is the efficiency of complexes retained on
nitrocellulose:[58]


Q � (f/2Rt) � (Pt� Rt� Kd)� [(Pt� Rt�Kd)2� 4PtRt]1/2 (1)


mouse (3F4) PrP was used in which aa 94±131 of murine full-
length PrP were replaced by the corresponding hamster
sequence.[48] Figure 3A shows the titration curves of these


Figure 3. Binding of DP7 to PrPC from various species. A) Filter-binding studies of
full-length prion proteins from various species. Reactions (50 �L) containing
0 ±10 �M protein, 5�-32P-labeled aptamer DP7, in assay buffer were incubated, then
filtered through prewashed 0.45 �M nitrocellulose membranes, and washed five
times with phosphate-buffered saline (PBS; 5.0 mL). RNA remaining on the filter
was quantified on a standard PhosphoImager.� , mouse PrP; �, Syrian hamster
PrP; �, human PrP; �, mouse ± hamster ±mouse chimera 3F4. The Kds for DP7-
binding are shown for each of the different PrPs. B) Analysis of full-length prion
proteins from various species. Recombinant prion proteins from human (Hu),
Syrian hamster (Ha), mouse (Mo), and the mouse ± hamster ±mouse chimera
(3F4) were analyzed by SDS-PAGE followed by Coomassie Blue staining (upper
panel). Molecular size markers are indicated on the left. The middle and lower
panels show an immunoblot analysis of the identical proteins, by using either a
polyclonal anti-PrP antibody (A7) or the monoclonal anti-PrP antibody 3F4.
Monoclonal antibody 3F4 reacts against human, Syrian hamster, and 3F4-tagged
chimeric PrP, but not against murine PrP (lower panel/lane 3).


experiments and summarizes the Kd values calculated from these
titrations; the values were determined in the same way as
described in the legend of Figure 2. The integrity of recombinant
proteins was analyzed by SDS-PAGE combined with Coomassie
Blue staining and by immunoblot analysis with monoclonal and
polyclonal anti-PrP antibodies as described elsewhere (Fig-
ure 3B).[20]


Interestingly, while the epitope 90 ±129 from human PrP was
used as the selection target, DP7 turned out to bind human full-
length PrP under our experimental conditions with approxi-
mately tenfold lower affinity than the full-length murine or
hamster PrPs. At present we do not have an explanation for
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these observed differences. These data show that it is
possible to select aptamers with affinity to an accessible
peptide epitope that are also capable of recognizing
the complete prion protein. In previous studies, Xu and
Ellington selected an aptamer that bound to an epitope
of the Rev protein from human immunodeficiency
virus I (HIV-1).[49] Just as antibodies that recognize
peptide epitopes can often recognize the correspond-
ing epitope when presented in a protein, the Rev
peptide-binding aptamers were found to specifically
bind to the full-length Rev protein. Another example is
aptamers selected to bind epitopes from �L�2-in-
tegrin.[31]


DP7 reduces PrPSc formation in persistently prion-
infected neuroblastoma cells


To investigate whether the presence of DP7 in the cell
culture medium affects the de novo generation of PrPSc


aggregates we used a persistently prion-infected mur-
ine neuroblastoma cell line (3F4-ScN2a). These cells
stably express a chimeric mouse ±hamster ±mouse
(MHM2) PrP in addition to endogenous mouse PrP.[48]


The hamster sequence (aa 94 ± 131) provided the
epitope for the monoclonal anti-PrP antibody 3F4
(aa 109 ±112) used for the selective immunoprecipita-
tion of de novo generated PrPSc. Our strategy was to
quantify metabolically labeled PrPSc resulting from cells
cultured in the presence of low concentrations of the
aptamer.


Negative control experiments were performed in
parallel by employing untreated cells and addition of an
unselected RNA library, respectively. Each experiment
was repeated at least six times, that is, two independent
experiments were each measured in triplicate, to obtain
statistically relevant evidence. Aptamer DP7 and pool
RNA remained stable under these conditions (data not
shown).


The experimental set-up is shown schematically in
Figure 4A. After 16 h of radioactive labeling of de novo
synthesized PrPSc with 35S-methionine/cysteine in the
presence of 700 nM RNA aptamer, the cells were lyzed, and halves
of the postnuclear supernatants were separately ultracentri-
fuged. One half was treated with proteinase K before ultra-
centrifugation. The ultracentrifugation in the presence of 1%
sarcosyl ensures sedimentation of PrPSc while PrPc remains
dissolved in the supernatant. PrPSc from the pellet samples was
redissolved and immunoprecipitated with the mAb3F4. The
amount of total de novo generated, insoluble PrP can be
obtained by quantifying samples without PK treatment (Fig-
ure 4B, lanes 1 ± 9), whereas the PK-treated samples shown in
Figure 4B (lanes 10 ±18) reveal both insolubility and resistance
to PK digestion. As the mAb3F4 cannot detect the endogenous
murine PrP (see Figure 3B), the radioactive PrP signal in Fig-
ure 4B can only be due to the chimeric mouse ±hamster ±mouse
3F4-PrP construct.


Quantification revealed that the absolute amount of de novo
synthesized, insoluble PrP is not significantly affected by the
presence of the aptamer DP7 (Figure 4B, lanes 7 ± 9) compared
to the pool RNA (lanes 4 ± 6) or the RNA-free negative control
(lanes 1 ± 3). However, the relative proportion of PK-resistant
PrPSc material is significantly reduced in the presence of the
aptamer DP7 (Figure 4B, lanes 16 ±18) relative to the negative
control without RNA and pool control samples (lanes 10 ± 12 and
13 ±15, respectively). The quantification of the total amount of
de novo synthesized, insoluble PrP revealed a 53% reduction of
the relative proportion of PK-resistant PrP with respect to the
non-PK-treated samples in the presence of 700 nM aptamer DP7
(Figure 4B, lanes 7 ± 9 and 16 ±18) within 16 h. Note that the
observed 50% reduction is indicative of an IC50 value in the
nanomolar range in cultured cells.


Figure 4. Aptamer-dependent reduction of the amount of de novo generated PK-resistant
PrPSc. A) Experimental set-up for the analysis of de novo generated PrPSc in 3F4-ScN2a cells.
After 16 h of radioactive labeling with 35S-Met/Cys in the presence of 700 nM aptamer (4 h
pretreated with 350 nM) the cells were lyzed, centrifuged, and one half of the postnuclear
supernatant was treated with proteinase K (PK; 20 �gmL�1 for 30 min), while the other half
was not. To separate PrPSc from PrPC, both samples were ultracentrifuged in the presence of
1% sarcosyl (1 h, 100000 g). Sedimented PrPSc was redissolved and immunoprecipitated
with the 3F4 antibody. As a maximal conversion of 1 ± 5% of the newly translated PrPC into
PrPSc can be expected,[59] the samples were completely deglycosylated with PNGaseF to
increase the sensitivity of detection. B) Denaturing PAGE of immunoprecipitated and
deglycosylated PrP. Top panel (lanes 1 ± 9): triplicate analysis without proteinase K treat-
ment (�PK). Lanes 1 ± 3: negative control without RNA; lanes 4 ± 6: negative control in
presence of 700 nM pool RNA; lanes 7 ± 9: experiment in the presence of 700 nM DP7
aptamer. Bottom panel (lanes 10 ± 18): triplicate analysis with proteinase K digestion (�PK).
The PrP shown in lanes 10 ± 18 represents de novo generated PK-resistant PrPSc. Lanes 10 ±
12: negative control without RNA; lanes 13 ± 15: negative control in the presence of 700 nM
pool RNA; lanes 16 ± 18: experiment in the presence of 700 nM DP7 aptamer. Samples were
analysed by 12.5% SDS-PAGE and the 35S-signal was quantified by PhosphorImaging.
C) Quantification of the percentage of de novo generated PrPSc and statistical evaluation of
six independent measurements. The columns show the proportion of PK-resistant PrPSc in
relation to total de novo synthesized insoluble PrP. The p-values were calculated by using
student's t-test (n� 6).
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Statistical analysis of the data showed that
the presence of 700 nM DP7 led to a p value
(an admeasurement for the quantification of
differences between test groups in statistical
analyses) of 0.001 relative to the pool RNA
negative control, and 0.004 relative to the
negative control in the absence of RNA (n� 6;
Figure 4C). In contrast, the p value of the
™pool versus no RNA∫ negative control experi-
ments was 0.9 and confirmed that the ob-
served reduction of PK-resistant PrPSc is ap-
tamer-specific and highly reproducible (Fig-
ure 4C). The aptamer had no significant effect
on the total amount of de novo generated
insoluble PrP, indicating that it mainly affects
the formation of insoluble PrP to PK-resistant
PrPSc conformers (Figure 4B).


PrPSc reduction by aptamer DP7 in light of
the nucleation-dependent polymerization
model


How does the aptamer DP7 specific reduction of PK-resistant
PrPSc aggregates fit into the various hypotheses describing prion
propagation? From a kinetic point of view in the context of the
heterodimer model, the initial step of the PrPC into PrPSc


conversion is the binding of PrPc to PrPSc and the subsequent
formation of aggregates which leads to protease resistance of
the newly formed PrPSc complex.[50] For our selected aptamers,
which obviously bind initially to surface-located PrPc, no
measurable effect on the biogenesis of insoluble PrP was
detectable. Instead, only the formation of de novo generated
proteinase K resistant PrPSc conformers is reduced by the
aptamer DP7. These experimental observations fit into a model
in which the aptamer exhibits an inhibitory effect on the
polymerization of PrPSc molecules to high-molecular-weight and
tightly folded aggregates, which is reflected in the reduced PK
resistance of the de novo formed PrPSc material in the presence
of DP7. Thereby, it may be possible that in the presence of the
aptamer, the quaternary �-sheet structure of the PrPSc aggregate
is altered by the aptamer in such a way that degradation of the
less tightly folded PrP aggregates by PK is favored. Notably, our
findings are in accordance with previous studies in which the
existence of PrPSc conformers with different biochemical proper-
ties (that is, insolubility combined with sensitivity to PK) was
demonstrated.[9] In these studies, the tight folding of PrPSc


conformers was correlated with resistance to PK digestion.[9]


Another model would describe a more indirect effect of specific
aptamer binding to PrP on PrPSc formation: it has been
suggested that endogenous glycosaminoglycans are required
for the formation of PrP amyloids in natural TSE- and scrapie-
infected mice.[51, 52] Due to their 2�-amino-2�-deoxy-modified
riboses, the aptamers may be structurally related to endogenous
glycosaminoglycans. Thereby, it may be possible that the specific
binding of the aptamers to PrP competitively reduces the
binding of endogenous glycosaminoglycans.[8] Taken together,
the models we propose for describing the effect of the aptamer


would be consistent with a polymerization model, as illustrated
in Figure 5.


During the pathogenesis of spongiform encephalopathies the
formation of PrPSc aggregates (amyloids) and the associated
proteinase K resistance correlate with infectivity and neuro-
degeneration.[53] It was experimentally demonstrated that po-
tential TSE therapeutic compounds such as Dextrane sulfate or
Congo Red reduce PrPSc accumulation in persistently prion-
infected neuroblastoma cells. These compounds can also lead to
prolonged survival of mice that underwent PrPSc inoculation
after prophylactic treatment with these compounds.[11, 54] How-
ever, this effect was only observed if the compounds were
administered at peripheral routes around the time of prion
infection.[55] Relative to compounds such as these, aptamer DP7
exerts its effect at a low concentration and during a very short
period of treatment. It will be interesting to investigate the effect
of DP7 in animal models. The potential side effects of anti-prion
RNA aptamers, their bioavailability, and their potential to cross
the blood ±brain barrier can only be studied with in vivo models.
Noticeably, our recent studies with the compound Suramin and
with anti-PrP antibodies have pointed to a similar and eventually
more general molecular mechanism in which molecules interfere
with prion propagation by interfering with PrPc surface expres-
sion.[20] RNA aptamers which can be selected for a high binding
affinity to surface-located PrPc might represent an ideal example
of this class of anti-prion compounds.


Conclusion


The anti-prion RNA aptamer DP7 acts at very low concentrations
and within a short time relative to other agents known to reduce
the accumulation of the protease-resistant isoform of PrP,
namely sulphated glycans, polyene antibiotics, Congo Red,
anthracycline, porphyrins, chlorpromazine, quinacrine, and Sur-
amin.[14] Furthermore, by using an overlapping series of synthetic
peptides covering the amino acid sequence of PrP, it was shown


Figure 5. Model for the mechanism of DP7-specific reduction of PrPSc formation based on the
nucleation-dependent polymerization model as proposed by Lansbury and Caughey.[8] Aptamer DP7
binds initially to surface-located PrPc and remains bound to PrP. The de novo formation of high-
molecular-weight tightly folded PrPSc aggregates originating on a preexisting crystal seed is modulated in
the presence of the aptamer. The acquisition of proteinase K resistance is directly connected with
aggregate formation and tight folding. In the presence of the aptamer binding to PrP, PK-resistance is
reduced as a function of diminished formation of the most tightly folded PrP aggregates.
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that peptides encompassing amino acid residues 109 ±141 led
to species-independent reduction of PrPSc accumulation in an in
vitro conversion assay.[16] While these results supported a role of
this region in the conversion process, it is unclear whether the
peptides acted as ligands for PrP. Here, we have shown for the
first time that selective targeting of a presumed functional
domain of PrP by a specific synthetic nucleic acid binder DP7
results in the reduction of PrPSc accumulation in prion-infected
cells.


Fortunately, despite the alarming cases of new varient
Creutzfeldt ± Jakob disease (nvCJD) in the United Kingdom, TSEs
in humans still can be considered a fairly rare disease from an
epidemiological point of view. It is difficult to foresee how the
incidence of nvCJD will develop, because of a likely long
incubation time. Clearly, molecular tools are needed that allow
us to illuminate mechanisms of the pathogenesis of TSEs, which
will help investigations into novel ways of therapy or prophy-
laxis. Aptamer DP7 should be useful for studying molecular
mechanisms of prion propagation in cells and model organisms.
More importantly, DP7 could represent the first of a novel class of
designed agents for a rational therapeutic or prophylactic
approach against TSEs.


Experimental Section


Materials : All solutions were made in baked glassware to minimize
ribonuclease contamination. Buffers and salt solutions were pre-
pared from filtered and deionized water and then filter-sterilized
through 0.45 �m membranes (Millipore) or autoclaved. Enzymes and
chemicals were from the following manufacturers: AMV reverse
transcriptase, RNAsin (Promega); alkaline phosphatase CIP, restric-
tion endonucleases, T4 DNA ligase, T4 RNA ligase, and polynucleo-
tide kinase (NEB); Taq-polymerase, Tth-polymerase, dNTPs, and NTPs
(Boehringer-Roche); 32P-labeled NTPs, dNTPs, and 35S-methionine/
cysteine (NEN and Amersham-Pharmacia); T7 RNA polymerase
(Stratagene). 2�-Amino-2�-deoxy-UTP and -CTP were synthesized as
described[56, 57] and kindly provided by O. Thum, Kekule¬-Institut f¸r
Organische Chemie and Biochemie, University of Bonn, Germany.
The monoclonal anti-PrP antibody 3F4 was from Signet Laboratories
(Dedham, MA, USA). The polyclonal anti-PrP antibody A7 has been
described elsewhere.[20a) ] DNA oligonucleotides and primers were
synthesized on a Millipore Expedite oligonucleotide synthesizer by
using solid-phase phosphoramidite chemistry or purchased in HPLC-
purified form from Metabion (Munich) and MWG (Ebersberg).
Sequences for the construction of the modified RNA library were
5�-GGGAGAAAGGGAAGCTTGAG-40N-AGAAGAAGGACGAGCGTACG-
GATCCGATC-3� (Mod40N). Sequences for the primers used for
amplification of these oligonucleotides were 5�-TCTAATACGACT-
CACTATAGGGAGAAAGGGAAGCTTGAG-3� (PM39±5�) and 5�-
CTTCCTGCTCGCATGCCTAGGCTAG-3� (PM25±3�).


Recombinant prion proteins : Recombinant PrPs of murine, Syrian
hamster, and human origin, as well as a 3F4-tagged version of
murine PrP, were constructed. For E. coli expression and purification,
we sub-cloned PrP constructs not containing the N- and C-terminal
signal peptides into the bacterial expression vector pQE30, thereby
providing an N-terminal polyhistidine tag. Expression was done in
proteinase-deficient bacteria (strain BL21). Four hours after induction
with 2 mM isopropyl-�-D-thiogalactopyranoside (IPTG), bacteria were
lyzed in 6M guanidium hydrochloride buffer (6M guanidium hydro-


chloride, 20 mM sodium phosphate, 500 mM sodium chloride, pH 7.8),
cellular debris was removed by centrifugation at 10000 g for 20 min,
and the soluble fraction was loaded onto a Ni2� column (ProBond,
Invitrogen) pre-equilibrated with binding buffer (8M urea, 20 mM


sodium phosphate, 500 mM sodium chloride, pH 7.8). The column
was washed several times (8M urea, 20 mM sodium phosphate,
500 mM sodium chloride, 80 mM imidazole, pH 6.3), and the His-
tagged fusion protein was eluted (8M urea, 20 mM sodium phos-
phate, 500 mM sodium chloride, 500 mM imidazole, pH 6.3). Eluted
fractions (0.5 mL) with the highest protein concentrations were
pooled, urea was removed, and PrP was refolded by dialysis against
ultrafiltrated water. Untagged full-length murine and Syrian hamster
recombinant PrP (aa 23 ± 231) were obtained from Prionics (Z¸rich,
Switzerland). Integrity of recombinant proteins was analyzed by SDS-
PAGE combined with Coomassie Blue staining and by immunoblot
analysis with monoclonal and polyclonal anti-PrP antibodies as
described elsewhere.[20a]


Immobilization of the PrP peptide (aa 90 ±129) on thiopropyl
sepharose : Sepharose 4B (500 mg, Pharmacia) was swollen and
equilibrated in coupling buffer (3.5 mL) washed according to the
manufacturer's instructions. The coupling of various amounts of
peptides proceeded overnight at 4 �C. As a negative control, one
Sepharose sample (500 mg) was treated in the same way but without
peptide. The amount of immobilized material was determined by
spectroscopic quantification of thiopyridone that was released
during the coupling (�� 343 nm; �� 7060Mcm�1). Coupling effi-
ciency was 45±60%. Unreacted 2-thiopyridyl residues were blocked
by reaction with 5 mM 2-mercaptoethanol in NaOAc (100 mM, pH 6.0).
After washing with NaOAc (100 mM, pH 6.0), the matrix was stored in
binding buffer at 4 �C for a maximum of 2 weeks without measurable
degradation.


In vitro selection : The radiolabeled RNA library was denatured at
90 �C in Mg2�-free selection buffer (155 mM NaCl, 1.1 mM KH2PO4,
3.0 mM Na2HPO4, 1.0 mM MgCl2, pH 7.4) prior to each selection cycle.
The RNA was preselected on underivatized Sepharose or on
Sepharose that was derivatized with unrelated peptides, before
incubation with the Sepharose derivatized with the target peptide
sequence. The preselected RNA (13 �M in cycle 1, 13.3 �M in
subsequent cycles) was incubated with target ± Sepharose at 37 �C
for 1 h in a thermo-mixer. Samples were transferred onto a
chromatography column, and nonbinding RNAs were removed by
intensive washes with binding buffer (100 column volumes). Bound
RNAs were eluted with sodium dodecylsulfate (SDS) buffer (1.0 mL;
0.5M tris(hydroxymethyl)aminomethane±HCl (Tris-HCl; pH 7.6),
3.2 mL glycerol, 6.4 mL, 5% SDS, 3.2 g 1,4-dithiothreitol (DTT),
4.6 mL water), or reductively cleaved off from the matrix from cycle 9
onwards. The eluted RNA was extracted with phenol/CHCl3 (2� ),
precipitated with ethanol, washed twice with 70% EtOH, redissolved
in water, reverse transcribed, PCR amplified, and in vitro transcribed
as described previously.


RNA/protein binding assay : 5�-32P-labeled RNA aptamers were
denatured for 3 min at 85 �C in 0.5�phosphate-buffered saline (PBS),
at pH 7.4 without CaCl2 and MgCl2 (Gibco), supplemented with 2 mM


MgCl2, and placed on ice for refolding for 15 min. Purified
recombinant proteins were equilibrated to 0.16�PBS and centri-
fuged at 100000 g in a TL-100 ultracentrifuge (Beckmann) for 1 h at
4 �C to remove insoluble protein aggregates. Increasing amounts of
soluble proteins (for Syrian hamster PrP 0 ± 10 �M, mouse PrP 0± 3 �M,
3F4-mouse PrP 0± 1 �M, and human PrP 0 ±1.5 �M) were incubated
with RNA (1.5 nM), Na ±heparin (3 �g�L�1; Sigma) and 0.16�PBS in a
total volume of 50 �L for 1 h at 37 �C with weak shaking (7000 rpm).
Samples were passed through 0.45 �m nitrocellulose filters (Milli-
pore), and unbound RNA aptamers were removed by washing with
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1�PBS (5 mL). The percentage of bound RNA was calculated after
PhophoImager quantification in relation to the corresponding
amount of RNA used in the assay.


Analysis of de novo synthesized PrPSc from prion-infected neuro-
blastoma cells : Persistently prion-infected murine neuroblastoma
cells overexpressing a 3F4-tagged murine PrP (3F4-ScN2a) were
passaged 2 d prior to their use and grown in 6 cm petri dishes to
70% confluency. Cells were washed twice with PBS and incubated for
30 min at 37 �C in RPMI-1640 medium containing 1% fetal calf serum
(FCS) which was free of methionine and cysteine. De- and renatured
RNA in binding buffer was added to this growth medium to a final
concentration of 350 nM. After 45 min of incubation, 800 �Ci 35S-
methionine/cysteine (Amersham) and FCS to a final concentration of
3% were added. After 4 h, the aptamer concentration in the growth
medium was adjusted to 700 nM. After incubation for 12 h, cells were
washed twice in ice-cold PBS and lyzed in cold lysis buffer (1 mL;
100 mM NaCl, 10 mM Tris-HCl, pH 7.8, 10 mM ethylenediaminetetraa-
cetate (EDTA), 0.5% Triton X-100; 0.5% sodium deoxycholate (DOC)) ;
insoluble material was removed by centrifugation, and the post-
nuclear supernatant was divided into two 500-�L samples. One half
was subjected to digestion for 30 min with proteinase K (20 �gmL�1).
Lysates (�PK) were subjected to ultracentrifugation (1 h at 100000 g,
4 �C; Beckman TL-100 table ultracentrifuge; TLA-45 rotor) in the
presence of 1% sarcosyl. Pellets were resuspended in radioimmu-
noprecipitation assay (RIPA) buffer (100 �L; 0.5% Triton X-100, 0.5%
DOC, in PBS) with 1% SDS, boiled for 10 min, and diluted with 900 �L
RIPA buffer (supplemented with 1% sarcosyl). The primary antibody
(3F4) was incubated overnight at 4 �C. Protein A Sepharose beads
were then added for 90 min at 4 �C. The immunoadsorbed proteins
were washed in RIPA buffer supplemented with 1% SDS, subjected
to a deglycosylation step with PNGaseF, and analyzed by 12.5% SDS-
PAGE followed by autoradiography. The 35S signals of the deglycosy-
lated PrP bands were quantified by phosphoimaging.


We thank Michael Blind and G¸nter Mayer for helpful discussions.
This work was supported by grants from the German Bundesmi-
nisterium f¸r Bildung und Forschung (BMBF) to M.F. and E.-L.W., the
Deutsche Forschungsgemeinschaft (Grant: SCHA 594/3 ± 3), the EU
BIOMED (Grant: CT98 ± 6040), and FAIR (Grant : CT98 ± 7020) to
H.M.S. , and the Fonds der Chemischen Industrie to M.F.


[1] A. Aguzzi, M. A. Klein, F. Montrasio, V. Pekarik, S. Brandner, H. Furukawa, P.
Kaser, C. Rockl, M. Glatzel, Ann. NY Acad. Sci. 2000, 920, 140.


[2] F. E. Cohen, K.-M. Pan, Z. Huang, M. Baldwin, R. J. Fletterick, S. B. Prusiner,
Science 1994, 264, 530.


[3] R. Riek, G. Wider, M. Billeter, S. Hornemann, R. Glockshuber, K. W¸thrich,
Proc. Natl. Acad. Sci. USA 1998, 95, 11667.


[4] R. Glockshuber, Adv. Protein Chem. 2001, 57, 83.
[5] S. B. Prusiner, Science 1991, 252, 1515.
[6] R. K. Meyer, A. Lustig, B. Oesch, R. Fatzer, A. Zurbriggen, M. Vandevelde, J.


Biol. Chem. 2000, 275, 38081.
[7] S. A. Priola, B. Caughey, K. Wehrly, B. Chesebro, J. Biol. Chem. 1995, 270,


3299.
[8] P. T. Lansbury, Jr. , B. Caughey, Chem. Biol. 1995, 2, 1.
[9] J. Safar, H. Wille, V. Itri, D. Groth, H. Serban, M. Torchia, F. E. Cohen, S. B.


Prusiner, Nature Med. 1998, 4, 1157.
[10] D. A. Kocisko, J. H. Come, S. A. Priola, B. Chesebro, G. J. Raymond, P. T.


Lansbury, Jr. , B. Caughey, Nature 1994, 370, 471.
[11] C. Wong, L. W. Xiong, M. Horiuchi, L. Raymond, K. Wehrly, B. Chesebro, B.


Caughey, EMBO J. 2001, 20, 377.
[12] G. C. Telling, M. Scott, K. K. Hsiao, D. Foster, S.-L. Yang, M. Torchia, K. C. L.


Sidle, J. Collinge, S. J. DeArmond, S. B. Prusiner, Proc. Natl. Acad. Sci. USA
1994, 91, 9936.


[13] G. C. Telling, M. Scott, J. Mastrianni, R. Gabizon, M. Torchia, F. E. Cohen, S. J.
DeArmond, S. B. Prusiner, Cell 1995, 83, 79.


[14] M. W. Head, J. W. Ironside, Trends Microbiol. 2000, 8, 6.
[15] J. Chabry, B. Caughey, B. Chesebro, J. Biol. Chem. 1998, 273, 13203.
[16] J. Chabry, S. A. Priola, K. Wehrly, J. Nishio, J. Hope, B. Chesebro, J. Virol.


1999, 73, 6245.
[17] S. A. Priola, A. Raines, W. S. Caughey, Science 2000, 287, 1503.
[18] F. Montrasio, R. Frigg, M. Glatzel, M. A. Klein, F. Mackay, A. Aguzzi, C.


Weissmann, Science 2000, 288, 1257.
[19] C. Korth, B. C. May, F. E. Cohen, S. B. Prusiner, Proc. Natl. Acad. Sci. USA


2001, 98, 9836.
[20] a) S. Gilch, K. F. Winklhofer, M. H. Groschup, M. Nunziante, R. Lucassen, C.


Spielhaupter, W. Muranyi, D. Riesner, J. Tatzelt, H. M. Sch‰tzl, EMBO J.
2001, 20, 3957; b) S. Gilch, H. M. Sch‰tzl, unpublished data.


[21] M. Enari, E. Flechsig, C. Weissmann, Proc. Natl. Acad. Sci. USA 2001, 98,
9295.


[22] D. Peretz, R. A. Williamson, K. Kaneko, J. Vergara, E. Leclerc, G. Schmitt-
Ulms, I. R. Mehlhorn, G. Legname, M. R. Wormald, P. M. Rudd, R. A. Dwek,
D. R. Burton, S. B. Prusiner, Nature 2001, 412, 739.


[23] F. L. Heppner, C. Musahl, I. Arrighi, M. A. Klein, T. Rulicke, B. Oesch, R. M.
Zinkernagel, U. Kalinke, A. Aguzzi, Science 2001, 294, 178.


[24] M. Famulok, G. Mayer, Curr. Top. Microbiol. Immunol. 1999, 243, 123.
[25] M. Famulok, G. Mayer, M. Blind, Acc. Chem. Res. 2000, 33, 591.
[26] M. Famulok, M. Blind, G. Mayer, Chem. Biol. 2001, 8, 931.
[27] D. S. Wilson, J. W. Szostak, Annu. Rev. Biochem. 1999, 68, 611.
[28] S. E. Osborne, I. Matsumura, A. D. Ellington, Curr. Opin. Chem. Biol. 1997, 1,


5.
[29] T. L. Symensma, L. Giver, M. Zapp, G. B. Takle, A. D. Ellington, J. Virol. 1996,


70, 179.
[30] M. Thomas, S. Che¬din, C. Carles, M. Riva, M. Famulok, A. Sentenac, J. Biol.


Chem. 1997, 272, 27980.
[31] M. Blind, W. Kolanus, M. Famulok, Proc. Natl. Acad. Sci. USA 1999, 96, 3606.
[32] H. Shi, B. E. Hoffman, J. T. Lis, Proc. Natl. Acad. Sci. USA 1999, 96, 10033.
[33] G. Mayer, M. Blind, W. Nagel, T. Bˆhm, T. Knorr, C. L. Jackson, W. Kolanus, M.


Famulok, Proc. Natl. Acad. Sci. USA 2001, 98, 4961.
[34] S. Weiss, D. Proske, M. Neumann, M. H. Groschup, H. A. Kretzschmar, M.


Famulok, E. L. Winnacker, J. Virol. 1997, 71, 8790.
[35] D. Peretz, R. A. Williamson, Y. Matsunaga, H. Serban, C. Pinilla, R. B.


Bastidas, R. Rozenshteyn, T. L. James, R. A. Houghten, F. E. Cohen, S. B.
Prusiner, D. R. Burton, J. Mol. Biol. 1997, 273, 614.


[36] S. Supattapone, P. Bosque, T. Muramoto, H. Wille, C. Aagaard, D. Peretz,
H. O. Nguyen, C. Heinrich, M. Torchia, J. Safar, F. E. Cohen, S. J. DeArmond,
S. B. Prusiner, M. Scott, Cell 1999, 96, 869.


[37] M. Gasset, M. A. Baldwin, D. Lloyd, J. M. Gabriel, D. M. Holtzmann, F.
Cohen, R. J. Fletterick, S. B. Prusiner, Proc. Natl. Acad. Sci. USA 1992, 89,
10940.


[38] R. Riek, S. Hornemann, G. Wider, M. Billeter, R. Glockshuber, K. W¸thrich,
Nature 1996, 382, 180.


[39] R. Riek, S. Hornemann, G. Wider, R. Glockshuber, K. W¸thrich, FEBS Lett.
1997, 413, 282.


[40] R. Zahn, A. Liu, T. Luhrs, R. Riek, C. von Schroetter, F. Lopez Garcia, M.
Billeter, L. Calzolai, G. Wider, K. W¸thrich, Proc. Natl. Acad. Sci. USA 2000,
97, 145.


[41] D. G. Donne, J. H. Viles, D. Groth, I. Mehlhorn, T. L. James, F. E. Cohen, S. B.
Prusiner, P. E. Wright, H. J. Dyson, Proc. Natl. Acad. Sci. USA 1997, 94,
13452.


[42] H. Zhang, J. Stockel, I. Mehlhorn, D. Groth, M. A. Baldwin, S. B. Prusiner,
T. L. James, F. E. Cohen, Biochemistry 1997, 36, 3543.


[43] F. Lopez Garcia, R. Zahn, R. Riek, K. W¸thrich, Proc. Natl. Acad. Sci. USA
2000, 97, 8334.


[44] S.-W. Lee, B. A. Sullenger, Nat. Biotechnol. 1997, 15, 41.
[45] N. C. Pagratis, C. Bell, Y.-F. Chang, S. Jennings, T. Fitzwater, D. Jellinek, C.


Dang, Nat. Biotechnol. 1997, 15, 68.
[46] D. H. Mathews, J. Sabina, M. Zuker, D. H. Turner, J. Mol. Biol. 1999, 288, 911.
[47] H. M. Sch‰tzl, M. Da Costa, L. Taylor, F. E. Cohen, S. B. Prusiner, J. Mol. Biol.


1995, 245, 362.
[48] M. R. Scott, R. Kohler, D. Foster, S. B. Prusiner, Protein Sci. 1992, 1, 986.
[49] W. Xu, A. D. Ellington, Proc. Natl. Acad. Sci. USA 1996, 93, 7475.
[50] S. J. DeArmond, S. B. Prusiner, J. Neurochem. 1993, 61, 1589.
[51] A. D. Snow, T. N. Wight, D. Nochlin, Y. Koike, K. Kimata, S. J. DeArmond,


S. B. Prusiner, Lab. Invest. 1990, 63, 601.







Anti-Prion Aptamers


ChemBioChem 2002, 3, 717 ± 725 725


[52] A. D. Snow, R. Kisilevsky, J. Willmer, S. B. Prusiner, S. J. DeArmond, Acta
Neuropathol. 1989, 77, 337.


[53] M. E. Bruce, P. A. McBride, C. F. Farquhar, Neurosci. Lett. 1989, 102, 1.
[54] B. Caughey, G. J. Raymond, J. Virol. 1993, 67, 643.
[55] K. Doh-Ura, T. Iwaki, B. Caughey, J. Virol. 2000, 74, 4894.
[56] D. P. C. McGee, A. VaughnSettle, C. Vargeese, Y. S. Zhai, J. Org. Chem. 1996,


61, 781.


[57] J. Ludwig, F. Eckstein, J. Org. Chem. 1989, 54, 631.
[58] D. Jellinek, L. S. Green, C. Bell, N. Janjic, Biochemistry 1994, 33, 10450.
[59] A. Taraboulos, A. J. Raeber, D. R. Borchelt, D. Serban, S. B. Prusiner, Mol.


Biol. Cell. 1992, 3, 851.


Received: February 6, 2002
Revised version: May 5, 2002 [F356]








726 ¹ WILEY-VCH-Verlag GmbH, 69451 Weinheim, Germany, 2002 1439-4227/02/03/08 $ 20.00+.50/0 ChemBioChem 2002, 3, 726 ±740


The Impact of R53C Mutation on the
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DNA-Binding Properties of the Human Hesx-1
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Septo-optic dysplasia (SOD) is loosely defined as any combination
of optic nerve hypoplasia, pituitary gland hypoplasia, and midline
abnormalities of the brain. Recent studies have shown that this rare
disease has its origin in key mutations in Hesx-1, a protein that
plays a critical role in normal development of the forebrain, eyes,
and other anterior structures during embryogenesis. R53C muta-
tion in the Hesx-1 homeodomain has recently been identified in
some patients with SOD. However, no detailed description of the
effect of this mutation on the protein structure, stability, and
function has been reported so far. The impact of R53C substitution
on Hesx-1 homeodomain structure, stability, and DNA-binding
properties was analyzed by using a combination of NMR spectro-
scopy, molecular modeling and circular dichroism experiments.
Although R53C mutation has very slight effects on protein
structure, it has a profound impact on homeodomain stability.
We show that intramolecular disulfide formation can be easily


accomplished in the mutated homeodomain, which suggests that
such bond formation could take place in vivo. This modification
has a key effect on the homeodomain structure and stability,
mainly through its effect on helix I/helix III packing. Finally, CD
titrations allowed us to establish the energy cost of the R53C
substitution with respect to Hesx-1-homeodomain ±DNA complex
stability. Detailed structural models are provided for the wild-type
human Hesx-1 homeodomain and the R53C mutant, which is
associated with SOD in humans. The reported effect of R53C
mutation on protein stability and DNA-binding properties, together
with the significant structural perturbations induced by disulfide
formation in the mutated polypeptide might explain the loss of
activity of the mutant in vivo.


KEYWORDS:


circular dichroism ¥ DNA recognition ¥ molecular modeling ¥
NMR spectroscopy ¥ protein models


Introduction


Homeobox genes code for a large superfamily of regulatory
proteins. They all contain a 60-residue structural motif (called the
homeodomain) responsible for sequence-specific DNA binding
activity. Homeodomains have been shown to play a particularly
critical role in developmental patterning and differentiation and,
in some cases, homeodomain-containing DNA-binding proteins
are involved in oncogenesis in humans. In fact, several types of
deformities and cancers have been attributed to defects in
homeoproteins.[1±4]


A new homeobox gene named Hesx-1 (also known as Rpx)
that is apparently involved in the determination of the pituitary
gland has recently been discovered in mice.[5] Hesx-1 has been
classified as a member of a new class of homeobox genes,
namely the Anf class,[6] which encodes a homeodomain con-
sensus sharply different from those of other classes. The main
feature of these proteins that permitted all Anf genes to be
assigned to a distinct class is the much higher degree of identity
revealed when their homeodomains are compared with each


other (more than 75%) than with any homeodomain of other
known classes (less than 55%). Moreover, the amino acid
sequences of those regions presumably involved in DNA
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recognition, that is, those that determine the functional specificity
of the homeodomain, are conserved to a greater extent within the
Anf class than between classes and show clear differences from
analogous sequences of other homeodomains.
Recent studies have shown that Hesx-1 plays a critical role in


normal development of the forebrain, eyes, and other anterior
structures such as the pituitary gland during embryogenesis.[4]


Thus, mutations of Hesx-1 that affect its DNA-binding ability
have been associated with septo-optic dysplasia (SOD) in
humans and mice.[4] Septo-optic dysplasia is extremely hetero-
geneous and is loosely defined as any combination of optic
nerve hypoplasia, pituitary gland hypoplasia, and midline
abnormalities of the brain.[7±9] R53C mutation in the Hesx-1
homeodomain has been recently identified in some patients
with SOD.[4] This nonconservative substitution affects the DNA
binding capacity of the protein. In fact, the importance of R53 for
homeodomain ±DNA interaction has been highlighted by
several studies in the last few years. R53 makes contact with a
phosphate group in both paired and engrailed protein ±DNA
complexes according to X-ray data[10, 11] and this residue is
conserved in 99% of the homeodomain sequences. Further-
more, different substitutions of R53 in other homeoproteins
have been described to have decreased DNA affinity that ranges
from a 20-fold reduction in binding activity for R53H substitution
in the Drosophila proboscipedia protein[12] to a complete
suppression of activity for the R53G mutation in PAX3 (associ-
ated with Waardenburg syndrome in humans).[13] Clearly, these
different effects may reflect not only the loss of a single
arginine ±phosphate interaction in the corresponding protein ±
DNA complexes of the mutated polypeptides, but also the
impact of each substitution on the protein structure and stability.
A complete understanding of the effect of mutations at the key
position 53 on DNA-binding activity therefore requires an
individual and complete analysis of the structural and thermo-
dynamic effects associated with these mutations. This partic-
ularly applies to the R53C substitution as introduction of a
cystein residue in the polypeptide chain could, in some cases,
lead to significant structural changes through intra- or inter-
molecular disulfide bond formation. Here we present a detailed
analysis of the impact of the single mutation R53C, associated
with septo-optic dysplasia, on the structure, stability, and DNA-
binding properties of the human Hesx-1 DNA binding domain.
NMR spectroscopy, circular dichroism, and molecular modeling
studies were used and the results obtained provide new insights
into the different factors that affect the stability of the
homeodomain scaffold, as well as the structural requirements
for DNA recognition in this important DNA binding motif.


Results and Discussion


NMR solution structure of the wild-type Hesx-1 homeodomain


Initially, many backbone and side-chain resonances of the Hesx-1
homeodomain were assigned by using well-established proto-
cols for NOESY, TOCSY, and DQF-COSY experiments at 600 and
800 MHz. However, heteronuclear experiments were carried out
on a 15N-labeled sample as well because of resonance overlap in


some regions of the homonuclear spectra. 3D NOESY-HSQC
experiments yielded additional information on sequential con-
nectivities that could not be established from the analysis of 2D
spectra. Sequence-specific assignments for the 1H and 15N
resonances of the wild-type Hesx-1 DNA binding domain are
shown in Table S1 in the Supporting Information. The N-terminal
arm (residues 1 ± 7) is disordered in solution, as indicated by the
absence of nonlocal NOEs. Three helical regions that span
residues 10 ± 22, 28 ± 38, and 42± 56 were identified from the
analysis of sequential andmedium-range NOEs, as expected for a
homeodomain structure. Figure 1 shows an 15N HSQC spectrum
of the wild-type Hesx-1 homeodomain and the secondary
structure elements identified by the analysis of NOE data. Two
different components can be distinguished in the C-terminal
region. Residues 56 ±60, although disordered to some extent,
exhibit a nonrandom structure. Weak NOEs connecting positions
i/i�3 and i/i� 4 were observed in this region, which suggests
the existence of a low-population helical structure. In contrast,
residues 60 ± 67 are disordered in solution.
In a second step, a set of 607 NOEs (359 long-range) were


unambiguously assigned and converted into distance con-
straints as described in the Experimental Section. A group of
30 structures was obtained (see Table 1) from 300 randomized
conformations by using the DYANA program.[14] These 30 struc-
tures were the best in terms of the target function and were
further refined by using the AMBER 5.0 package[15] with the force
field described by Cornell et al.[16] Explicit water molecules were
included in these calculations to prevent unrealistic interactions
between disordered regions of the protein and the structured
helical core. The backbone of the calculated structures is
extremely well-ordered between residues 8 and 53 (rmsd�
0.62 ä), while the convergence is small between residues 1 ± 8
and the C-terminal fragment (56 ± 67). The structures have very
small deviations from ideal geometry and reasonable non-
bonded contacts. A schematic illustration of the 30 simulated
annealed structures is depicted in Figure 2a. These structures
fully explain all the unusual chemical shifts observed in the NMR
spectra. The methyl group of L16 appears upfield-shifted to
�0.54 ppm. The NMR models show that this methyl moiety is
located on top of the aromatic ring of W48. In a similar way, the
aromatic protons H�3, H�3, and H�2 of W48 are upfield shifted,
with chemical shifts below 7.0 ppm. It can be observed (Figure S1
in the Supporting Information) that these protons are involved in
a T-type W48 ±F49 interaction. These three residues, L16, W48,
and F49, are conserved in most homeodomain sequences. The
global structure is very similar to that reported for other
homeoproteins.[17] This structure contains a disordered N-termi-
nal arm (residues 1 ± 7), three helical regions, named helix I
(residues 10 ±22), II (28 ± 38), and III (42 ± 56, also known as the
recognition helix), and a disordered C-terminal region (61 ± 67).
Secondary and tertiary structures are stabilized by the formation
of a hydrophobic core, which is the result of the packing of the
three helices. Figure 2b shows the organization of those side
chains located at the interface between helices I, II, and III, that is,
those that define the hydrophobic core of the domain. Helix II
and helix III form the helix ± turn ±helix motif also found in other
DNA-binding proteins.[18] The loop region spanning resi-
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dues 22 ±28 is well-ordered in solution and packs against the
recognition helix (helix III). This helix ± loop interaction could
have a significant role in the stabilization of the homeodomain
scaffold (see below). Indeed, a detailed inspection of the
obtained structure shows the existence of a clear interaction
between the guanidinium moiety of the R53 side chain located
in the second half of helix III and the aromatic ring of Y25,
located in the loop region that consists of residues 22 ±28 (see
below).


Structural comparison with other ho-
meodomains : The sequence homology
of the Hexs-1 DNA binding domain with
most other homeodomains is less than
55%. This fact has led some authors to
classify Hesx-1 as a member of a new
class of homeobox proteins, the Anf
family. None of these Anf proteins have
been studied by X-ray or NMR spectro-
scopy methods so far. Close similarities in
the overall fold of all the studied homeo-
domains have been reported. This is not
surprising as most of the residues that
pack into the core of the individual
proteins are well conserved. However, it
is important to bear in mind that, despite
these global similarities, individual se-
quence variations may result in signifi-
cant local differences. In fact, a compar-
ison between solved homeodomain
structures reveals that notable differen-
ces are located in two defined regions:
helix III and the loop region at resi-
dues 22 ± 28 (connecting helix I and helix
II). Thus, the length of helix III varies from
11 residues in the fushi-tarazu (ftz),[19]


vnd-NK2,[20] and Oct-2[21] homeodomains
to 19 residues in Antenappedia (Antp).[22]


The loop made up of residues 22 ± 28
displays diverse geometries depending
on its sequence. It is well known that
these local differences may have a large
influence on both the DNA-binding
properties and the thermal stability of
the domain. Thus, the reported melting
temperature Tm for other homeodomains
varies from 25 �C in vnd-NK2[20] or ftz[19] to
61 �C in mat-�2.[23] In addition, DNA


affinity and specificity are sensitive to sequence variations in
these two protein regions (loop 22±28 and helix III), which
are both involved in DNA binding according to X-ray and
NMR spectroscopy studies. The NMR spectroscopy structure of
Hesx-1 shows that helix III is 15 residues long (residues 42 ±56).
This is shorter than the helix III described for Antp and longer
than that observed in NK-2 or ftz. In addition, the NMR data
suggest that residues 57 ±60 adopt a loose, flexible helical
structure.


Table 1. Statistics for the Hesx-1 wild-type homeodomain and the reduced R53C mutant at different stages of structure refinement[a].


No. of NOEs in
total (long-range)


DYANA target
function


DYANA
backbone rmsd


DYANA heavy
atom rmsd


AMBER
backbone rmsd


AMBER heavy
atom rmsd


NOE constraint violation
information


30 structures 30 structures 30 structures 30 structures �0.2 ä max
Wild-type 607 (359) 0.53� 0.04 0.65� 0.25 1.52� 0.15 0.62� 0.13 0.91� 0.35 1 0.20
R53C mutant 703 (383) 0.34� 0.06 0.79� 0.20 1.59� 0.18 0.53� 0.15 1.11� 0.43 1 0.21


[a] The root mean square deviation (rmsd) values (ä) of the backbone and heavy atom superimpositions of residues 8 ± 53 on the target function are given as
averages (� standard deviation). The number of medium- plus long-range NOEs is shown in brackets.


Figure 1. a) 800 MHz N15 HSQC spectrum of the wild-type Hesx-1 homeodomain in sodium phosphate buffer
(10 mM) at 283 K and pH 6.0. b) Secondary structure elements identified by analysis of medium- and long-range
NOEs.
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Sequence homology of Anf proteins with homeodomains of
other classes is especially low in the loop region (residues 22 ±
28), which is presumably involved in DNA binding. The Hesx-1
NMR structure shows that the geometry of this part of the
protein closely resembles that observed in the Antp paired
homeodomain[10] and is clearly different from that reported for
mat-�2[24] or Oct-2.[21] This is not surprising as the Antp
polypeptide has greater homology with Hesx-1 in this protein
region. A comparison of the Hexs-1 loop structure with those of
other homeodomains is shown in Figure 3. A comparison of the
Hexs-1 global fold with that reported for other homeoproteins is
shown in Figure S2 of the Supporting Information.
Finally, the solution structure of the human Hesx-1 DNA


binding domain shows that the R53 and C24 side chains (also
located in the loop region, residues 22 ± 28) are close in space,


which strongly suggests the possibility of intramolecular resi-
due 53± 24 disulfide bond formation in the R53C mutant (see
below). This information was taken into account for the
expression and purification of the mutant. Dithiothreitol (DTT)
concentration was increased from 1 to 3 mM and the pH value
was lowered from 7.5 to 7.0 throughout the purification process
(see the Experimental Section) in order to prevent oxidation of
the protein.


NMR solution structure of the R53C mutant (reduced form):
Comparison with the wild-type protein


The assignment of the 1H NMR spectrum of the R53C mutant in
water was based on data obtained previously for the wild-type
protein. In this case, analysis of homonuclear 2D NOESY, DQF-


Figure 2. a) Ensemble of 30 NMR structures of the wild-type Hesx-1 DNA binding domain. b) Hydrophobic residues involved in helix/helix packing. The residue
composition of the recognition helix (helix III) is shown at the bottom; red�positively charged residues; blue�hydrophobic residues.


Figure 3. Structural comparison of the loop region that spans residues 22 ± 28 in Hesx-1 and drosophila paired (X-ray structure), Oct-2 (average NMR structure), and
mat-�2 (X-ray structure) homeodomains. Those residues involved in contacts between the loop region and helix III are shown in cyan in the Hesx-1 sequence. Sequence
substitutions in this region of the proteins with respect to the Hesx-1 sequence are shown in red. Clear similarities between the Hexs-1 and drosophila paired
homeodomains can be seen.
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COSY, and TOCSY experiments were enough to obtain a
complete description of the proton chemical shifts. An initial
indication of the structural impact of R53C mutation can be
easily obtained from a comparison of the proton chemical shifts
of the wild-type and mutated polypeptides. This simple analysis
ruled out the existence of major structural rearrangements as a
result of R53C mutation. Figure 4a shows �� values for the HN,
H�, and side-chain protons of the two proteins. It can be clearly
observed that three defined regions are mainly affected by the
R53C substitution. These regions correspond to the second half
of helix III (that is, those residues close to R53 in the polypeptide
sequence), the last third of helix I, and the loop region spanning
residues 22 ± 28. All these regions are close in space, as indicated
by the 3D structure of the wild-type Hesx-1 homeodomain
(Figure 4b).
A set of 703 NOEs (more than 383 long-range) were unambig-


uously assigned and converted into distance constraints as
described in the Experimental Section. An ensemble of 30 struc-
tures was obtained by following a protocol identical to that
previously described for the wild-type protein. Figure 5 shows
the experimental structure of the mutant in comparison with


that of the wild-type protein. Statistics for the wild-type
homeodomain and for the reduced R53C mutant at different
stages of refinement are shown in Table 1. As expected, the two
families of structures are basically identical. Nevertheless, a
detailed inspection of spectroscopic and structural data reveals
slight differences between the structures. Indeed, some differ-
ences in the NOE data were observed that affect precisely those
residues located at the end of helix I and in the loop region that
spans residues 22 ±28, although these differences were not
clearly reflected in the final structures. The mutated polypeptide
seems to exhibit a slightly higher helix population, although a
subtle difference in the geometry or dynamics of the last part of
helix I (18 ± 22 region) could also exist. For example, the
residue 18±21 HN/H�i�3 NOE is fairly intense for the mutant.
This contact, typical for helical structures, is almost absent in the
wild-type protein. In addition, a higher number of NOEs and
more intense effects were observed for the R53C mutant
between residues 50 and 25, which are located in helix III and
in the loop region of residues 22 ±28. These experimental
observations suggest that slight changes do exist in this
helix ± loop contact with respect to the wild-type protein. As


previously mentioned, the wild-type protein
structure shows a clear interaction between R53
and Y25. This guanidinium±aromatic interaction
probably contributes to the stability of the native
homeodomain scaffold. The interaction is totally
absent in the R53C mutant as a result of the
shorter side-chain length of the cystein residue in
the mutant and its different chemical nature. The
NMR spectroscopic data also suggest the exis-
tence of slight differences in the dynamic behav-
ior of the loop region at residues 22 ±28, with a
shorter average helix ± loop distance in the mu-
tated protein.
The NMR structure obtained for the reduced


mutant confirms the proximity of C24 to C53 (the
cystein introduced by the mutation), which sug-
gests the possibility of intramolecular disulfide bond
formation under oxidizing experimental conditions.


Figure 4. a) Chemical shift differences between the wild-type and reduced mutant polypeptides for HN (cyan), H� (red), and side-chain (green) protons. b) Ribbon
representation of the wild-type 3D structure. Those residues with ��� 0.2 ppm are represented in red.


Figure 5. Experimental NMR structures of the wild-type (a) and reduced R53C mutant (b) proteins.
The residues at positions 24, 25, and 53 are shown.
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Structural analysis of the R53C mutant (oxidized form): NMR
spectroscopy and molecular modeling studies


In order to test the hypothesis that disulfide formation occurs in
the R53C mutant, the peptide was subjected to a controlled
oxidation, carried out under high dilution conditions to prevent
the formation of oligomers, as described in the Experimental
Section. Titration of the free SH moieties with 5,5-dithio-bis-
(2-nitrobenzoic acid) (DTNB), together with MALDI-TOF analysis,
unambiguously confirmed the formation of one intramolecular
disulfide bond in the mutated polypeptide and ruled out the
existence of oligomeric species.
As a next step, several efforts were made to obtain detailed


structural information for the oxidized polypeptide by NMR
spectroscopy methods. A variety of experimental conditions
were tested. Thus, 2D experiments were carried out at different
temperatures (278 ± 303 K), different ionic strengths (100 ±
500 mM NaCl), and different pH values (5 ± 7). At low temper-
ature, line broadening made even backbone assignment
impossible. In fact, several proton signals almost disappear at
278 ±283 K. Much better quality 2D spectra were obtained at
higher temperatures (293 ±303 K). Surprisingly, NMR spectro-
scopy analysis of the oxidized form under these conditions
clearly indicated the existence of structural heterogeneity.
Careful inspection of NOESY and TOCSY spectra proved the
presence of several conformations in very slow exchange on the
chemical shift time scale (no exchange peaks were deduced
from the analysis of ROESY experiments). This conformational
heterogeneity can not be attributed to the presence of
oligomeric species (see above). Reduction of the disulfide bond
between residues 53 and 24 can be performed directly in the
NMR spectroscopy tube by addition of deuterated DTT. After a
couple of hours, a 1D spectrum identical to that of the reduced
homeodomain was obtained (Figure 6a). Comparison of 2D
experiments at different temperatures shows that the relative
population of the different species present in solution is
dependent upon temperature (Figure 6b). This structural heter-
ogeneity seems to affect mainly those aromatic residues
involved in helix I/helix III packing. Analysis of NOESY and TOCSY
experiments at 293 ±303 K indicates that helix II and the first
third of helix III remain unaffected by the disulfide formation
between residues 24 and 53; all residues in these protein regions
provide single sharp signals with chemical shifts almost identical
to those observed for the reduced polypeptide and could be
fully assigned. In contrast, at least three different sets of signals
were identified for residues F8, F49, F20, and W48 (see Figure S3
in the Supporting Information). Some additional aromatic
systems remained unassigned. Figure 6a shows the HN/aromatic
region of the spectra for the oxidized and reduced forms of the
mutated Hesx-1 DNA binding domain. The existence of at least
three different HN signals for the W48 indole ring in the oxidized
form can be observed. These three signals collapse to give one
sharp signal shortly after the addition of DTT, which indicates
that the observed structural heterogeneity is directly related to
the presence of the C24 ±C53 disulfide bond.
We were able to obtain an almost complete backbone (HN/


H�) assignment for one of the most populated conformations


present in solution at 293 K. Inspection of the short ±medium-
range NOEs for this species also confirmed the presence of the
three helical regions previously observed for the reduced
mutant. Therefore, a significant population of the oxidized
polypeptide maintains the secondary structure elements char-
acteristic of the wild-type protein and the reduced R53C mutant.
In conclusion, although secondary structure seems to be mainly
preserved according to NMR data, formation of a disulfide bond
between positions 24 and 53 seems to have a significant effect
on helix I ± helix III interaction.
It was not possible to get NMR-based high resolution


structural data for the oxidized homeodomain. The low intensity
of some signals in the most affected protein regions made it
impossible to obtain a complete proton assignment of the side
chains, even for the most populated conformers. In addition,
those residues that could be unambiguously assigned provided
an extremely low number of NOEs (apart from some weak HNi/
H�i�3 contacts in helical regions, in most cases only weak
intraresidue and sequential cross-peaks could be identified).
Both effects could be related to the low effective concentration
of each individual species in equilibrium and/or to an increase in
mobility in those regions of the polypeptide affected by disulfide
formation. Finally it must be mentioned that at NMR specto-
scopy concentrations (0.5 ± 1 mM) the oxidized homeodomain
exhibits a high tendency to precipitate at T� 10 �C. A different
NMR sample had to be prepared for each single homonuclear 2D
experiment.
In order to get an insight into the nature of this structural


perturbation, a 5-ns, unrestrained molecular dynamics (MD)
simulation in the presence of explicit solvent and counterions
was computed for the oxidized mutant. MD simulations for the
wild-type and reduced mutant were also performed as an
independent check on the validity of the calculations for the
oxidized mutant. The results obtained provided additional
information on the dynamics and structural features of these
two proteins and permitted a direct comparison between the
simulated and NMR spectroscopy data. The experimental NMR
structures were used as a starting point in the calculations for
the wild-type protein and the reduced R53C mutant. The starting
structure for the oxidized mutant was generated from the
experimental coordinates corresponding to the reduced form
(see the Experimental Section). All simulations were performed
by using periodic boundary conditions and the particle mesh
Ewald approach[25] to introduce long-range electrostatic effects.
In all cases, protein structures were represented by using
AMBER-95 force-field parameters,[16] while water was represent-
ed by means of the TIP3P model.[26] Figure 7 shows backbone
rms deviations with respect to the initial (experimental) struc-
tures for the wild-type protein (blue), reduced (green), and
oxidized (red) R53C mutants during the 5-ns MD simulations.
After a 5-ns run, the deviation from the NMR spectroscopy
experimental coordinates is below 1.3 ä for both the wild-type
homeodomain and the reduced mutant. Taking into account
that the resolution of the NMR structures is around 0.7 ä (for
backbone superimposition), these numbers represent an ex-
cellent agreement between theoretical and experimental data.
Therefore, both MD simulations and NMR structures indicate the
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Figure 7. Backbone (residues 8 ± 53) rms deviations with respect to the initial
(experimental) structures of the wild-type (blue) and reduced (green) and oxidized
(red) R53C mutant proteins measured during the 5-ns MD simulations.


existence of minimal structural differences between the wild-
type protein and the reduced mutant and it is probable that the
MD simulations obtained under these conditions provide a fair
description of the actual situation, not only for these polypep-
tides but also for the oxidized mutant. It is a key point that the
stacking interaction between the guanidinium moiety of R53
and the aromatic ring of Y25, previously deduced from the
analysis of NMR data for the wild-type homeodomain, is
maintained during the 5-ns MD run (Figure 8). In contrast, this
loop±helix interaction is totally absent in the reduced mutant,
as was also deduced from the NMR spectroscopy analysis. The
MD simulation of the mutant indicates the existence of a high
degree of flexibility at position 25. This flexibility could have


Figure 6. a) 1D NMR spectrum corresponding to the aromatic/HN region of the reduced (bottom) and oxidized (top) R53C mutant homeodomains. The existence of at
least three signals from the indole HN proton of W48 in the oxidized form can be clearly seen. b) Dependence of the populations of the different conformations on
temperature : a region of a NOESY spectrum showing the intraresidue H�1/H�1 and H�1/H�2 contacts in the indole ring of W48 at different temperatures. The presence
of at least three different indole systems is clear at temperatures of 293 K or higher.
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significant consequences for DNA recognition by the mutated
polypeptide (see below). Observed variations in the distance
between the sulfur atoms of the cystein residues at positions 24
and 53 during the MD trajectory for the reduced mutant confirm
the possibility of intramolecular disulfide formation (Figure S4,
Supporting Information).
Completely different behavior is observed for the oxidized


protein. In this case, a larger rms deviation (Figure 7) of up to
1.9 ä is observed with respect to the initial structure, which
indicates that the generated disulfide bond is not totally
compatible with the geometry of the homeodomain scaffold.


In fact, some kind of rearrangement has
to take place in order to stabilize the
oxidized structure. Figure S5 (see the
Supporting Information) shows the rms
deviations with respect to the initial
structure for the hydrophobic side chains
involved in the helix I/helix III packing.
According to the MD simulations, most of
the structural perturbations observed in
the oxidized mutant affect this region of
the protein (the rms values are larger than
2.5 ä for the amino acids in these re-
gions). Indeed, the MD data strongly
support the existence of significant per-
turbations of the helix-I ± helix-III interac-
tion as was also deduced from the
qualitative NMR spectroscopy analysis.


Figure 9a ± c shows helix I/helix III packing during the last 2 ns
of the trajectory (once complete equilibration of the system has
been achieved) for the wild-type polypeptide and the reduced
and oxidized mutants. It can be clearly seen that a significant
change in the angle between helix I and helix III takes place for
the oxidized mutant as a consequence of the residue 24± 53
disulfide formation. This angle is around 55 ±75 degrees for both
the wild-type polypeptide and the reduced mutant, while it
amounts to 40 ±50 degrees for the oxidized mutant. Moreover,
this change in the relative orientation of helices I and III also
affects the arrangement of those hydrophobic side chains


Figure 8. Loop ±helix-III interactions according to MD simulations for both the wild-type protein (a) and
reduced R53C mutant (b). The stacking interaction between the R53 side chain and Y25 in the wild-type
homeodomain can be seen. This contact does not exist in the mutated polypeptide. Snap-shots were taken
every 50 ps for the last 2 ns of the MD trajectories.


Figure 9. Helix I/helix III packing during to the MD simulations for the wild-type polypeptide (a) and the reduced (b) and oxidized (c) mutants. The differences in helix/
helix angle between the oxidized mutant (c) and both the reduced mutant (b) and wild-type species (a) is evident (top). In addition, alterations in the structure of the
hydrophobic core of the oxidized mutant can be clearly observed (bottom). Snap-shots were taken every 50 ps for the last 2 ns of the trajectories (when the system was
totally equilibrated).
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involved in helix/helix packing. Sig-
nificant changes in side-chain ± side-
chain interactions (lower part of Fig-
ure 9) are evident for some residues.
The relative orientation of the W48
and F49 aromatic rings located in the
center of the hydrophobic core is
slightly modified. This rearrangement
is in agreement with the chemical
shift variations observed for W48 in
the NMR spectra of the most popu-
lated conformers of the oxidized
mutant. In addition, the packing of
the F8 aromatic side chain against the
W48 indole ring present in both the
wild-type homeodomain and the re-
duced mutant is totally lost in the
oxidized form. In conclusion, both
NMR spectroscopy and modeling
studies indicate the existence of struc-
tural changes in the mutated Hesx-1
as a consequence of disulfide forma-
tion. Although secondary structural
elements are mainly preserved, key
changes in the tertiary structure take
place. These changes mainly involve
variations in the helix I/helix III pack-
ing that are essential to accommo-
date a covalent bond between posi-
tions 24 and 53. The NMR spectroscopy experiments are
consistent with the existence of multiple conformers in very
slow exchange. Clearly, this effect cannot be adequately
reproduced by the MD simulations as much longer trajectories
would be required. Nevertheless, both the NMR and the
theoretical MD data point to a common explanation for this
experimental observation. Deviation in helix I/helix III packing
from the optimal unconstrained geometry probably prevents
the most favorable interactions between hydrophobic side
chains and thus generates a mixture of different nonoptimal
arrangements with similar energy. Clearly, this slight but
measurable change in the protein structure and dynamics also
has an impact on protein stability.


Influence of R53C mutation on protein stability


In order to determine the influence of R53C substitution on the
stability of the Hesx-1 homeodomain scaffold, the conforma-
tional stabilities of the wild-type protein and both reduced and
oxidized mutants were analyzed by circular dichroism measure-
ments. Melting curves were monitored by recording the far-UV
CD spectra at different temperatures between 283 and 348 K
(Figure 10). Progress curves for ellipticity changes at 222 nm as a
function of increasing temperature were also collected by using
two different rates for temperature increase (see the Exper-
imental Section and Figure S6 of the Supporting Information).
The thermal transitions involving the three homeodomains were
found to be partially reversible. However, the CD profiles


recorded at different scan rates did not show significant
variations. Therefore, kinetic control of the denaturation proc-
esses can be discarded and thermodynamic analysis of the CD
curves is possible.[27, 28] All these CD data were analyzed assuming
a two-state model. The fact that a good fit of the theoretical
curves to the experimental data was obtained for the oxidized
mutant, where NMR spectroscopy analysis proves the existence
of different forms in slow exchange, probably indicates that all
these different species have similar stabilities. The values
obtained for Tm and �H are shown in Table 2. Two different
conclusions can be drawn from these results. First, the sub-
stitution of R53 by a cystein residue has a very significant effect
on the thermal stability of the Hesx-1 DNA binding domain, with
a decrease in Tm of 10 K. This destabilization has a mainly
enthalpic origin, as shown by the corresponding van't Hoff �H


Figure 10. a) Far-UV CD spectra of the wild-type protein at different temperatures (283 ± 348 K). b) Melting of the
wild-type polypeptide (circles) and both reduced (triangles) and oxidized mutants (squares) monitored by circular
dicroism at 222 nm (left) and 208 nm (right). Continuous lines are fitted curves. In all cases, experiments were
carried out at 50 �M protein concentration in sodium phosphate buffer (10mM) at pH 6.3.


Table 2. Thermodynamic parameters derived from the analysis of CD melting
curves for the wild-type Hesx-1 homeodomain and both the reduced and
oxidized R53C mutants.[a]


Melting temperature [K] �H [Kcalmol�1]


Wild-type 328 55
Reduced mutant 318 42
Oxidized mutant 321 38


[a] Experiments were carried out in sodium phosphate buffer (10 mM) at
pH 6.3 and 50 �M protein concentration and results were analyzed assuming
a two-state model. The estimated errors are �0.5 K for the melting
temperatures and �10% for the the van't Hoff enthalpies.
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values (Table 2). The structural origin of this effect on Hesx-1
stability is probably related to the stacking interaction previously
observed in the wild-type protein between positions Y25 and
R53. As discussed above, both the NMR and MD data indicate
that this interaction is totally disrupted by R53C substitution.
Although R53C substitution has a minimal effect on the average
structure of the homeodomain, this loop±helix interaction
seems to have a very significant effect on the thermal stability,
according to the experimental denaturation curves.
The second conclusion is that oxidation of the R53C mutant


through intramolecular disulfide formation has a somewhat
stabilizing effect (�Tm� 3 K) with respect to the reduced form. As
expected, this stabilization has an entropic origin and is probably
related to the reduced conformational freedom of the denatured
state. Although differences between the enthalpic terms of
the two polypeptides are almost within the experimental
error, the CD data suggest a more favorable �H value for the
reduced mutant. The entropic benefit derived from disulfide
formation is thus partially cancelled in the oxidized mutant by a
less favorable enthalpic contribution. This result is in perfect
agreement with the changes in tertiary structure previously
deduced from both NMR spectroscopy and modeling studies.
Disulfide formation probably disrupts the optimal helix-I ± helix-
III packing interactions, which results in a high structural
heterogeneity and a less favorable enthalpic term for protein
folding.


Studies on DNA recognition by the human Hesx-1
homeodomain: Impact of R53C mutation on protein ±DNA
interaction


Interaction of the wild-type homeodomain with DNA : First,
the interaction between the wild-type polypeptide and the
target DNA, which contained a palindromic PIII sequence
(GTCTAATTGAATTAACG), was analyzed at low ionic strength
(10 mM sodium phosphate, pH 6.3) by far-UV CD (Figure 11a).
This DNA sequence was chosen because it has been previously
reported that Hesx-1 is able to bind the sequence to give a 2:1
protein:DNA complex.[29] Comparison of circular dichroism
spectra of the protein, DNA, and protein/DNA complex reveals
a significant conformational change in the protein upon binding
(Figure 11a). Subtraction of the DNA component from the
protein ±DNA complex CD spectrum leaves a difference spec-
trum (Figure 11a) with more than 20% ellipticity increase at
222 nm. The almost perfect subtraction of the DNA signal in the
240 ±320 nm range supports the assignment of the spectral
variation to a conformational change that occurrs in the protein
and not in the DNA component of the complex. In addition, the
shape of the difference CD curve is consistent with an increase in
helical structure upon complex formation. An increase in � helix
content has been described for other homeodomains as a result
of protein ±DNA interaction.[23, 30, 31] The structural origin of this
effect is probably directly related to the residue composition of


Figure 11. Binding studies by circular dichroism: a ± c) Effect of DNA binding on the CD spectrum of wild-type Hesx-1 when both specific (a) and nonspecific (b ± c) DNA
sequences are employed. a) CD spectra of the wild-type protein (grey), DNA (black dotted), and the protein ±DNA complex (grey dotted) at pH 6.3 and 303 K in sodium
phosphate buffer (10 mM). Subtraction of the DNA contribution from the protein ±DNA CD spectrum leaves a difference spectrum (black) with more than 20% ellipticity
at 222 nm. The same experiment was carried out with the palindromic P3 DNA (a) and two nonspecific sequences (b and c). DNA sequences are shown in the upper part
of the figure. d ± e) Effect of binding of the palindromic P3 DNA sequence on the CD spectra of the reduced (d) and oxidized (e) mutants. In all cases, spectra were
recorded at 10 �M protein concentration and 20 �M DNA concentration. Ellipticities are expressed in degcm2dm-1� 10-3.
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helix III. Two different components
can be distinguished in this region
of the protein according to its
sequence (Figure 2b). The helical
region that spans residues 41 ±51
is basically amphipathic in nature
and is characterized by the exis-
tence of a large number of hydro-
phobic residues. This part of helix
III packs against both helix I and II
and defines a significant part of
the protein hydrophobic core. In
contrast, the helical region that
spans residues 52 to 60 includes
several polar, positively charged
lysine and arginine residues. Ac-
cording to our NMR spectroscopy
analysis, this segment of the protein (especially the last
5 residues), though not totally disordered in the free state, is
characterized by a low helical content. It is well known that some
transcription factors of the basic leucine zipper and basic helix ±
loop±helix families specifically recognize DNA by means of
intrinsically flexible, positively charged, peptide segments that
assume a helical conformation upon binding to target DNA
sequences.[32] It has also been shown that 20 base pair double-
stranded DNA oligonucleotides can act as templates to promote
random coil to � helix transitions in short peptides that contain
conveniently positioned alanine and lysine/arginine residues
through the establishment of nonspecific polar arginine/lysine ±
phosphate interactions.[32] On this basis, it seems reasonable to
assign the observed effect on the CD spectra to an increase in
the helical content of the region spanning residues 52 ± 60 upon
DNA binding. In any case, these changes in the CD spectra
constitute a convenient tool to monitor the Hesx-1 ±DNA
interaction. The same experiments were carried out by employ-
ing two different protein:DNA ratios with similar results, which
suggests a high degree of protein saturation under the
employed experimental conditions. As a control, the nonspecific
interactions of the Hesx-1 homeodomain with two other DNA
sequences that do not include the target P3 site were also
studied. The difference CD spectrum showed much smaller
variations in the protein spectra with both these DNA fragments,
which suggests a decrease in binding affinity (Figure 11b± c).
Therefore, it can be concluded that the Hesx-1 homeodomain
interacts with PIII DNA with high affinity (the apparent affinity
constant Ka is greater than 106M-1 at low ionic strengh) and that
the observed interaction is sequence specific.
Several attempts were made to obtain Ka values by monitoring


protein ellipticity changes at 222 nm. However, at low ionic
strength, precipitation of the sample at protein:DNA ratios larger
that 4:1, probably as a result of the nonspecific aggregation of
more protein molecules on the 2:1 protein:DNA complex,
precluded the acquisition of reliable data. In order to minimize
this effect, a set of CD titration experiments was also carried out
at high ionic strength (10 mM sodium phosphate, 200 mM NaCl,
20 mM MgCl2, pH 6.3). Figure 12a shows a typical titration curve
obtained for the wild-type-protein ±P3-DNA interaction by


monitoring the changes in protein ellipticity at 222 nm upon
addition of DNA (the DNA contribution was substracted for each
individual point). The curves were fitted assuming a 2:1
stochiometry in the protein ±DNA complex and two independ-
ent and equivalent binding sites in the oligonucleotide. The
apparent affinity constant determined for the palindromic P3
sequence in this way (Table 3) was Ka�60000M-1. In order to test
the above model, CD titrations were repeated with oligonucleo-


tides that contained only one binding site on the DNA sequence
(HS-DNA, Figure 12a). Unexpectedly, the obtained Ka value was
larger than the apparent one measured for the complete P3 site,
which strongly suggests the existence of negative cooperativity
in the case of the P3 DNA. When the binding studies were
performed with the palindromic sequence P5 (Table 3), the
apparent binding constant observed was similar to that
obtained for HS-DNA (Table 3). It can be speculated that in this
case the consensus recognition sequences (TAAT) in the DNA
fragment are sufficiently far apart to avoid unfavorable inter-
actions between the two homeodomains in the bound state.
Hesx-1 has been classified by some authors as a member of the
paired-like class of homeobox genes.[5] It is known that the
proteins included in this class bind cooperatively to palindromic
DNA sequences and rely on the conserved 60-residue homeo-
domain to achieve cooperativity.[10, 33] In contrast, our results
indicate that the interaction between two Hesx-1 homeodo-


Figure 12. CD titration studies of the proteins (20 �M) with increasing amounts of DNA in sodium phosphate buffer
(10 mM), NaCl (200 mM), and MgCl2 (20 mM) at 303 K and pH 6.3. The variations in protein ellipticity can be easily
followed once the DNA contribution has been substracted for each point. Five different wavelengths (220 ± 225 nm)
were employed in every case and the obtained Ka values were averaged. a) Titration plot obtained with wild-type Hesx-1
and the palindromic P3 DNA fragment (squares) or the HS-DNA fragment (circles). b) CD titration plots corresponding to
the interaction of the wild-type polypeptide (triangles) and reduced mutant (circles) with the HS-DNA duplex.


Table 3. Affinity constants, Ka , for the interaction of wild-type Hesx-1 and the
mutants with different DNA sequences.[a]


DNA sequence (5� ± 3�) Wild-type Reduced
mutant


Oxidized
mutant


P3: GTCTAATTGAATTAACG 6� 104� 2� 104 �1000 �1000
P5: GTCTAATTGCGAATTAACG 1.5� 106� 5�105 �1000 �1000
HS: GTCTAATTGACGCG 2� 106� 1� 106 �1000 �1000


[a] Values are given in units of M�1. Experiments were carried out at 303 K
and pH 6.3 in sodium phosphate buffer (10 mM), NaCl (200 mM), and MgCl2
(20 mM). Apparent affinity constants were estimated assuming two
independent binding sites on the DNA molecule for the DNA fragments
that included the palindromic P3 and P5 sequences.
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mains and the palindromic P3 DNA fragment exhibits negative
cooperativity, at least under the employed experimental con-
ditions. This result supports the inclusion of Hesx-1 as a member
of the new Anf family. Comparison of the Hesx-1 homeodomain
sequence with those of other known paired-like homeodomains
reveals some differences in those regions that are presumably
involved in protein ±protein contacts upon binding to palin-
dromic P3 DNA fragments (Figure S7, Supporting Information).
These key residues may be deduced from the analysis of the
X-ray structure of a paired-class cooperative homeodomain
dimers in complex with DNA.[10] The residues in positions 27, 29,
and 43, usually D, F/Y, and A in most paired-like homeodomains,
are replaced by G, D, and D, respectively, in Hesx-1. These
nonconservative substitutions could be at the origin of the
different behavior exhibited by the Hesx-1 homeodomain
towards the palindromic P3 DNA sequence. However, it has
been shown[4] that the whole Hesx-1 protein is able to bind DNA
as a dimer and that the dimerization constant of the protein is
not affected by R53C substitution. Protein regions outside the
DNA binding domain are probably responsible for protein
dimerization. Under these conditions, stabilizing interactions
between homeodomain regions within the protein ±DNA ter-
nary complex are clearly not required for efficient binding to the
palindromic P3 DNA sequence. In this context, the biological
significance of the negative cooperativity effect described above
remains an open question.


Effect of R53C substitution on DNA binding activity : The same
set of experiments as that described above was carried out for
the R53C mutant in both reduced and oxidized forms to obtain a
first indication of their DNA binding activities. Figure 11a, d ± e
shows the difference CD curves obtained for the wild-type
protein and the mutant (in both reduced and oxidized forms)
upon binding to the P3-DNA sequence. These curves clearly
indicate the existence of significant DNA binding activity in the
reduced mutant. Indeed, the influence of DNA binding on the
CD spectra of the reduced polypeptide is similar to that
previously described for the wild-type protein and larger than
that observed for the oxidized form. No significant differences in
DNA binding activity between the wild-type homeodomain and
the reduced mutant can be deduced under these experimental
conditions (low ionic strength, 10 mM sodium phosphate,
pH 6.3,). This observation suggests that the association constant
for the reduced mutant under these conditions must be larger
than 105M-1.
Finally, in order to quantify the DNA binding activity of the


mutants, CD titrations were carried out for both the oxidized and
reduced forms at high ionic strength with the half-site contain-
ing DNA and the palindromic P3 and P5 sequences (Table 3). In
all cases, a much lower affinity than that deduced above or that
measured for the wild-type peptide was detected. The observed
low affinity prevented an accurate estimation of Ka values.
Nevertheless, an upper limit of 1000M-1 was established for both
forms and all DNA sequences (Figure 12b, Table 3). This result
implies a reduction in binding activity of at least three orders of
magnitude for the half-site-containing DNA sequence as result of
the R53C substitution. Accordingly, the energy cost associated


with R53C mutation with respect to Hesx-1 ±DNA complex
stability is at least 4.1 Kcalmol�1 at 303 K.
Although the NMR spectroscopy analysis of the reduced


mutant indicated the absence of major structural changes with
respect to the wild-type protein, subtle differences in the
arrangement and/or dynamics of key side chains may have
significant effects on the thermodynamic balance of the
protein ±DNA recognition process. According to the NMR
structure of the wild-type protein, R53 is involved in a stacking
interaction with the aromatic ring of Y25. In contrast, this loop±
helix interaction is totally absent in the reduced mutant. Our
results strongly suggest that this interaction has a remarkable
effect on DNA recognition. Both R53 and Y25 are conserved in
most homeodomain sequences and both have been shown to
participate in DNA recognition through the establishment of
nonspecific polar interactions with phosphate groups. Interest-
ingly, the interaction between these two side chains is main-
tained in most homeodomain ±DNA complexes studied so far.
Figure 13 shows this contact in a paired-class (Pax) cooperative


Figure 13. Stacking interaction between Y25 and R53 according to X-ray data
from a paired class cooperative homeodomain dimer complexed with DNA.[10] .


homeodomain dimer in complex with DNA.[10] This R53 ±Y25
stacking probably preorganizes the side chains of the amino
acids into the appropriate orientation for hydrogen bonding to
DNA phosphate groups. In this sense, disruption of the R53 ±Y25
interaction by the R53C mutation would imply not only the loss
of a single arginine ±phosphate polar contact in the protein ±
DNA complex, but also the loss of the proper Y25 ±phosphate
interaction. This effect could partially explain the large influence
that R53C substitution has on protein ±DNA complex stability.
According to this hypothesis, R53C substitution would reduce
homeodomain binding activity by significantly decreasing the
contribution of nonspecific polar interactions to the global �G
value.
Although we were not able to quantitatively measure the


effect of disulfide formation on DNA recognition by the mutant,
CD experiments carried out at low ionic strength suggest a
decrease in DNA binding activity for the oxidized polypeptide
with respect to the reduced mutant. Docking of structural
models of the oxidized polypeptide to B-DNA indicates that the
deduced changes in helix I/helix III packing could have a
significant effect on protein ±DNA complex stability, mainly
through their effect on those contacts established by the protein
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in the region of residues 22 ±31. According to both paired and
engrailed X-ray structures of protein ±DNA complexes, this
protein region is involved in nonspecific polar contacts with
DNA. Therefore, a further reduction in the contribution of
nonspecific polar interactions to the �G value would be
expected as a result of disulfide formation in the mutated
protein.
The reported effect of R53C substitution on protein stability


and DNA-binding properties, together with the significant
structural perturbations induced by intramolecular disulfide
bond formation in the mutated polypeptide, might help to
explain the loss of activity of the mutant in vivo.


Experimental Section


Plasmid construction : The Hesx-1 wild-type and R53C mutated
cDNAs cloned into a His-tagged pJBE21 expression vector were
kindly provided by Dr. M. T. Dattani (London Centre for Paediatric
Endocrinology and Metabolism). The cDNA fragments encoding the
corresponding homeodomains were amplified by PCR by using the
primers 5�-GGAATTCCATATGGGCCGAAGACCAAGAACTGC-3� and 5�-
CGGGATCCTTACATTAGAAACTGTGATTCTC-3�. The resulting frag-
ments were digested with NdeI and BamHI endonucleases and
cloned into the digested plasmid pT7 ±7. The obtained plasmids,
pHESXWT and pHESXM, were verified by the DNA automatic
sequencing service at Centro de Investigaciones Biolo¬gicas (CSIC).


Protein expression and purification : Plasmids pHESXWT and
pHESXM were expressed in Escherischia Coli BL21(De3). Transformed
cells were grown to an optical density (OD600) value of 0.8 at 37 �C in
LB medium then cultures were induced for 2.5 h with isopropyl ± D-
thiogalactopyranoside (0.5 mM). Cells were harvested and lysed,
followed by clarification and removal of nucleic acids by polyethy-
leneimine precipitation. Polyethyleneimine precipitates were dia-
lyzed against sodium phosphate buffer A (50 mM; pH 7.5), which
contained DTT (1 mM), and both wild-type and mutant homeodo-
main peptides were purified by two chromatographic steps. The
dialyzed fraction of the wild-type protein was loaded onto a BioRex
A-70 (BioRad) column equilibrated in buffer A. The column was
extensively washed with buffer A and then the protein was eluted
with a linear gradient of NaCl (0 ± 300 mM) in buffer A. The protein
fractions that contained homeodomain were pooled and dialyzed
against buffer A and the desalted protein solution was applied to a
5-mL Econo-Pac S cartridge (BioRad) equilibrated in buffer A. The
column was extensively washed with buffer A and then the protein
was again eluted with a linear gradient of NaCl (0 ± 300 mM) in buffer
A. The pure homeodomain fractions were pooled and desalted by
dialysis against sodium phosphate buffer (2 mM; pH 6.5). The eluted
fractions were checked for the homeodomain by SDS-PAGE on 17%
acrylamide gel. At the end of the procedure, the purity of the protein
was shown to be at least 95%. The protein concentration was
determined by the Bradford method and also spectrophotometri-
cally. The mutant peptide was expressed and purified as described
for the wild-type protein, with buffer A replaced by sodium
phosphate buffer (50 mM; pH 7.0) that contained DTT (3 mM). In
order to obtain the oxidized mutant polypeptide, the pure protein
was oxidized under very mild conditions: room temperature, sodium
phosphate buffer (10 mM; pH 8.0), protein concentration below
0.1 mgml�1, under an air atmosphere. Disulfide formation was
probed by MALDI-TOF mass spectrometry and titration of free SH
groups with DTNB.


NMR experiments : 1H NMR spectra were recorded in 85:15 1H2O/
2H2O on Bruker Avance 800, Bruker AMX-600, and Varian Unity
500 MHz spectrometers. The 2D-homonuclear experiments were
performed on solutions (1.0 mM) at 278 ± 303 K. In addition, 2D 15N
HSQC and 3D HSQC NOESY spectra were obtained for the wild-type
protein by using a 15N-labeled sample (1 mM) at 278 K. 2D HSQC
experiments were carried out with spectral widths of 1784 Hz (15N)
and 10415 Hz (1H) and 64 scans per increment. Experimental data
consisted of 4096� 300 complex points zero filled to 4096� 1024
complex points. 3D NOESY HSQC spectra were collected with
32 scans per increment, mixing times of 100 and 150 ms, and a
spectral width of 10416 Hz in both w1 and w3 and 1780 Hz in w2. A
total of 192�48�4096 data points were obtained. Quadrature
detection in both w1 and w2 was obtained by using the time-
propotional phase incrementation (TPPI-States) method.[34]


TOCSY,[35] NOESY,[36] and DQF-COSY[37] experiments were carried out
in the phase-sensitive mode by using the TPPI method[37] for
quadrature detection in F1. Typically, a data matrix of 512� 2000
points was used to digitize a spectral width of 7800 Hz. 80 scans were
used per increment with a relaxation delay of 1 s. Prior to Fourier
transformation, zero filling was used in F1 to expand the data to
1000�2000 points. Baseline correction was applied in both
dimensions. The corresponding shift was optimized for the different
spectra. The TOCSY spectra were acquired by using the MLEV-17
sequence[35] during the 60-ms isotropic mixing period. The NOESY
experiments were performed with mixing times of 100 ± 200 ms.


Structure calculations : Upper limits for proton ±proton distances
were obtained from NOESY cross-peak intensities at three mixing
times (100, 150, and 200 ms) by using the isolated spin pair
approximation. Cross peaks were classified as strong, medium, and
weak, which corresponded to upper limits of 2.5, 3.5, and 5.0 ä,
respectively. The lower limit for proton±proton distances was set as
the sum of the van der Waals radii of the protons. Distance geometry
calculations were performed on a Silicon Graphics O2 computer with
the program DYANA.[14] A set of 607 constraints for the wild-type
homeodomain and 703 for the mutant protein were used in the final
round of calculations, besides several structurally meaningless
constraints.


The thirty best DYANA-program structures in terms of the target
function were submitted to a simulated annealing protocol[38] that
used the AMBER 5.0 package and the Cornell et al. force field.[16]


Explicit TIP3P[16] water molecules and periodic boundary conditions
were employed in these calculations to prevent unrealistic inter-
actions between disordered regions of the protein and the
structured helical core. After an initial restrained energy minimization
(REM) with 1000 steepest-descent iterations, the structures were
heated to 500 K in 10 ps and, at this temperature, 10 ps of restrained
molecular dynamics (RMD) were performed. The structures were
then subjected to a cooling procedure for 20 ps until a temperature
of 1 K was reached. The final structures were energy minimized (REM)
by using 2000 conjugate gradient iterations.


A similar protocol was used for the structure calculation of the
reduced R53C mutant. In this case, 703 distance restraints were used
in the final refinement.


Molecular modeling : MD simulations were carried out by using the
sander module within the AMBER 5.0 package and the Cornell et al.
force field.[16] The NMR spectroscopy experimental structures were
employed as starting geometries for both the wild-type and reduced
mutant homeodomains. The starting structure for the oxidized
polypeptide was generated with the DYANA program and the
experimental restraints of the reduced form. The C24±C53 disulfide
bridge was included in the DYANA calculation in the form of distance
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constraints for S�S (2.0 ä� r� 2.1 ä) and for C��S (3.0 ä� r� 3.1 ä)
atomic separations. The three homeodomains were immersed in a
bath of 3000 ±3200 TIP3P water molecules[16] and neutralized with
Na� and Cl- ions by using standard parameters for the Cornell et al.
force field. These ions were placed in the most favorable locations by
using coulombic potential terms with the LEAP[39] module. All
simulations were performed by using periodic boundary conditions
and the particle mesh Ewald approach[25] to introduce long-range
electrostatic effects. The SHAKE[40] algorithm for hydrogen atoms,
which allows the use of a 2-fs time step, was employed. Finally, a 9-ä
cutoff was applied to Lennard ± Jones interactions.


Equilibration of the system was carried out as follows: First, a short
minimization with positional restraints on protein atoms was run to
remove any potentially bad contact. The force constant for the
positional constraints was 500 Kcalmol�1ä�1. We then ran a 12.5-ps
molecular dynamics calculation at 300 K, with the positional
restraints on the polypeptide maintained, in order to equilibrate
the water box and ions. A 9 ä cut-off was used for the treatment of
the electrostatic interactions in these two steps. Next, the systemwas
equilibrated by using the mesh Ewald method, as water properties
are slightly different with this treatment; that is, density, average
water ±water energy, and water diffusion values are slightly lower.[41]


For this reason, a short MD simulation (12.5 ps) was run at 300 K, also
with the Ewald approach, for long-range electrostatic effects. The
system was subjected to several minimization cycles (each with 1000
steepest descent iterations) to gradually reduce positional restraints
on the protein molecule from 500 kcalmol�1ä�1 to 0. Finally,
unrestrained 5-ns MD trajectories at constant pressure (1 atm) and
temperature (300 K) were collected and analyzed with the Carnal
program.[42]


CD experiments : Circular dichroism spectra were recorded on a
JASCO J-810 spectropolarimeter fitted with a peltier temperature
control accessory. Far-UV spectra were recorded in 0.1-cm path
length quartz cells at protein concentrations of 0.1 ± 0.3 mgmL�1 .
The CD spectrum of the buffer alone was subtracted from the
experimental spectra. Final spectra were the average of 4 ± 6 runs.


DNA oligonucleotides were obtained from the oligonucleotide
synthesis service at CSIC. Complementary strands were hybridized
in equimolar concentrations before each binding experiment by
heating to 90 �C for 10 min in sodium phosphate (10 mM)/sodium
cloride (200 mM) at pH 6.3, followed by slow cooling to room
temperature and dyalisis in the experimental buffer. Complete
hybridization of the strands was verified by NMR spectroscopy.


Comparison of circular dichroism spectra of the protein, DNA, and
protein ±DNA complex species revealed a significant conformational
change in the protein upon binding to DNA. Thus, difference spectra
were calculated by subtraction of the spectrum of the duplex DNA
alone from the spectra of the protein/DNA mixtures. The experi-
ments were performed at a protein concentration of 10 uM and
protein:DNA ratios of 1:1 to 1:2, in sodium phosphate (10 mM) at
pH 6.3 and 303 K.


Thermal denaturation experiments were carried out by increasing
the temperature from 283 to 348 K at two different rates (20 and
30 degreesh�1) and monitoring changes in ellipticity at 222 nm. In
addition, far-UV CD spectra were recorded at temperatures of 283 ±
348 K with temperature increments of 3 degrees. The temperature
was allowed to equilibrate for 5 min before each spectrum was
acquired. The obtained denaturation curves were analyzed by fitting
the experimental data to a two-state model.[43]


DNA CD titrations : Binding of the wild-type protein and both
reduced and oxidized mutants to DNA was analyzed by monitoring
protein ellipticity variations at 220 ± 225 nm. The DNA contribution


to each individual point was subtracted from the spectra of the
corresponding protein/DNA mixtures. The curves were fitted assum-
ing 2:1 stochiometry in the protein ±DNA complex and noncoop-
erativity (that is, assuming two independent and equivalent binding
sites in the oligonucleotide) to give apparent Ka values for the
palindromic P3 and P5 DNA fragments. In contrast, a 1:1 protein:DNA
stochiometry was assumed for the half-site DNA. All experiments
were carried out at a protein concentration of 15 �M in NaCl (200 mM),
MgCl2 (20 mM), and sodium phosphate (10 mM) at pH 6.3 and 303 K.
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Multifunctional Folded Polypeptides from
Peptide Synthesis and Site-Selective
Self-Functionalization–Practical Scaffolds in
Aqueous Solution
Linda K. Andersson,[b] Gunnar T. Dolphin,[a] and Lars Baltzer*[a]


The site selectivity of His-mediated lysine and ornithine side-chain
acylation in a designed four-helix bundle protein scaffold was
mapped by reaction of several polypeptides with one equivalent of
mono-p-nitrophenyl fumarate in aqueous solution at pH 5.9 and
room temperature followed by an analysis of the degrees and sites
of acylation. Integration of the HPLC chromatograms of the
acylated polypeptides and trypsin cleavage followed by mass
spectrometry analysis of the tryptic fragments provided the
experimental evidence. Based on these and previously published
results a strategy was developed for the site-selective and stepwise
incorporation of three residues into a folded polypeptide in
aqueous solution at room temperature. The first substituent was
incorporated by reaction of a 1.7-fold excess of the corresponding
active ester with the polypeptide at pH 5.9, the second substituent
was introduced in a 3-fold excess after the pH value was raised to 8,


and the third substituent was incorporated by reaction of a 10-fold
excess with the polypeptide at pH 5.9. No intermediate steps of
purification were taken and the overall yield was 30% or more.
Examples of the substituents included are carbohydrates, an
enzyme inhibitor, a fumarate, and an acetate group. The
introduction of different substituents into three individually
addressable positions in a stepwise, efficient, and controllable
reaction demonstrates that designed folded polypeptides are
practically useful scaffolds that can be functionalized by using
very simple chemistry in aqueous solution. Predicted applications
include designed receptors, biosensors, and molecular devices.


KEYWORDS:


bioorganic chemistry ¥ protein design ¥ protein folding ¥
protein modifications ¥ scaffolds


Introduction


Biomolecular supramolecular chemistry in aqueous solution is
the cornerstone of the life processes. The self-assembly of linear
peptides into folded proteins is the pathway by which complex
structures for catalysis and binding are formed that are capable
of discrimination between the components of the vast biological
pool of biomacromolecules and metabolites with almost perfect
precision. In addition to the complexity that arises from the
naturally occurring amino acids and the large number of
available folding motifs,[1] covalent posttranslational modifica-
tions add considerable structural and functional variability.[2±5] In
spite of the opportunities provided by the diversity of protein
scaffolds they have, so far, not been explored by chemists for
manmade purposes to any significant degree, probably because
of the difficulties encountered in understanding protein folding.
Recent advances in de novo protein design[6±10] suggest that new
proteins can be designed from scratch and exciting opportu-
nities for the design of novel proteins for tailor-made purposes
are now becoming apparent in chemistry, medicine, and
biotechnology.


The protein scaffold is a versatile building block with well-
defined distances and geometries between amino acid residues.
In a helical segment, the distance between � carbon atoms is 5.2
or 6.3 ä if the residues are three or four residues apart in the
sequence, respectively, and several residues along the face of a


helix can be used together to form sites of great complexity.
Larger motifs that combine several secondary structure ele-
ments increase the number of addressable functional sites as
well as the range of interresidue distances. The size and
complexity of proteins, even small ones, compare favorably
with what is currently achievable in organic compounds
designed to self-assemble, especially in aqueous solution.
Designed proteins therefore have the potential to become
practically useful vehicles for a large variety of purposes. The
difficulties encountered in understanding the so-called protein
folding problem should not be underestimated but an increased
understanding of the relationship between sequence and
structure has emerged from de novo design of proteins. Several
de novo designed proteins that fold into structures like those of
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the native proteins have been reported, together with their
high-resolution NMR structures,[8, 11±16] which supports the con-
clusion that we now know how to design proteins that approach
and even surpass a hundred residues in size.


Native proteins are posttranslationally modified in enzyme-
catalyzed reactions with high efficiency[17] but few chemical
reactions exist that provide the precision needed for the site-
specific functionalization of manmade proteins. In order for
chemists to be able to make full use of designed protein
scaffolds, chemical reactions are needed that make it possible to
address site-selectively several positions for the introduction of
multiple functions in controlled geometries. Classical protein
chemistry provides many reactions capable of chemoselectively
addressing specified amino acid residue side chains, but without
site selectivity. Chemoselective reactions[18±25] based on the
reactivities of functional groups in artificial amino acid residue
side chains show great promise, especially in combination with
protein synthesis through chemical ligation.[21, 26] There are,
however, advantages in site-selective functionalization strategies
that are based on the exclusive use of naturally occurring amino
acids. The availability of molecular biological methods for
selection and screening makes it possible to refine structures
and functions. Self-catalyzed functionalization reactions based
on the reactivities of the naturally occurring amino acids are very
economical in terms of the cost of the introduction of new
functions. While the solid-phase synthesis of peptides requires
addition of a large excess of any amino acid derivative to be
introduced, typically several tenths of millimoles of material, self-
catalyzed reactions are readily carried out in high yields at
micromolar reagent concentrations.


We have previously reported site-selective functionalization
reactions of lysine side chains based on the cooperativity of His ±
Lys pairs in helical sequences,[27] and also strategies for address-
ing lysine residues in four-helix bundle proteins directly by using
activated ester substrates.[28] In the former functionalization
process, His residues react with an ester in a two-step reaction.[29]


The first and rate-limiting step is the formation of an acyl
intermediate at the His side chain upon the release of the leaving
group. In the second step, the acyl group is transferred in a fast
intramolecular reaction to form an amide at the side chain of the
Lys residue. This amide formation occurs even at a pH value
below 6, where Lys side chains are predominantly protonated.
The pKa value of a solvent-exposed Lys residue in aqueous
solution is 10.4[30] and the efficiency of the acylation reaction is
ensured by the fact that it is intramolecular and its cooperativity
between the His and Lys residues. If the His residue is flanked by
more than one Lys residue, intramolecular competition deter-
mines which Lys residue is acylated.[31] In a helix, the Lys residue
four residues towards the C terminus (i,i� 4) from the position of
the His (i) is the preferred site of acylation, in comparison with
that in the position three residues towards the N terminus (i,i�3).


In the case of direct acylation of lysine residues, we have
recently reported that the introduction of Lys residues at
positions designed to form the hydrophobic core of a folded
four-helix bundle protein forms an efficient strategy for site-
selective Lys acylation at pH 8.[28] We have thus established two
complementary strategies for the acylation of Lys side chains.


Combined, these strategies may be used to site-selectively
introduce several substituents at the side chains of ornithine
(Orn) or Lys residues in folded proteins in aqueous solution
without the need for side-chain protection groups. Here, we
report the efficient and stepwise incorporation of three different
acyl groups into a designed, folded four-helix bundle protein
scaffold without intermediate steps of purification. The acyl
groups used here include sugar derivatives, a high-affinity
enzyme ligand, an acetyl, and a fumaryl group, but the reactions
apply to all active ester substrates. The demonstration for the
first time of a strategy for the stepwise and site-selective
introduction of several different substituents into a folded
protein shows that protein scaffolds are versatile and practically
useful building blocks in the design and synthesis of supra-
molecular compounds for the purposes of biomolecular recog-
nition and interaction. Predicted areas of application are
biosensors, receptors, catalysts, and molecular devices.


Results


Design of the helix ± loop ±helix dimers


Sixteen 42-residue peptides were designed to fold into hairpin
helix ± loop±helix motifs and dimerize to form four-helix bun-
dles (Figure 1, Table 1). These peptides were synthesized on an
Applied Biosystems Pioneer automated peptide synthesizer by
using the 9-fluorenylmethoxycarbonyl (Fmoc) protection group
strategy, purified by reversed-phase (RP) HPLC and identified by
using a Voyager DE-STR MALDI-TOF mass spectrometer from
Applied Biosystems. The peptide designs were based on the
structures of the 42-residue polypeptides SA-42,[32] KO-42,[33]


Figure 1. The modeled structure and amino acid sequence of LA-42b showing
the side chains of the residues involved in the acylation reaction. The dimer is the
active peptide but for reasons of clarity only the monomer is shown. The one letter
code for the amino acids is used.
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LA-42b,[34] and KA-I,[28] which have been described in great detail
previously. The sequences were shown previously by NMR and
circuluar dichroism (CD) spectroscopy and by equilibrium
sedimentation ultracentrifugation (SA-42 and KO-42) to fold
into hairpin helix ± loop±helix motifs that dimerize in an
antiparallel way to form four-helix bundles. The polypeptides
were designed to form amphiphilic helical segments linked by a
short loop and residues capable of capping, of stabilization of
the helix dipole moment, and of formation of salt bridges were
introduced to stabilize the folded helices.[6] In comparison with
the sequence of LA-42b, six residues or less were changed in the
sixteen sequences reported here and there is little reason to
suppose that major structural changes occur as a result of these
modifications. Nevertheless, the solution structure of one of the
polypeptides (LA-42h, Figure 2) was investigated in detail


Figure 2. The modeled structure and amino acid sequence of LA-42h. The side
chains involved in the functionalization are shown. The dimer is the active
peptide but for reasons of clarity only the monomer is shown.


by CD spectroscopy as well as by NMR spectroscopy. The
sequences of the remaining fifteen peptides were studied by CD
spectroscopy to probe in a qualitative way whether they all
folded into the designed motif.


In order to develop a system in which the helix-I ± loop±helix-
II dimer can be used as a scaffold for site-selective functionaliza-
tion, the hierarchy of the reactivities of the lysine residues that
flank the histidine was investigated in a series of peptides based
on the sequence of LA-42b (Figure 1, Table 1). The most reactive
residue, which was preferentially acylated in a sequence, was
replaced by an alanine or serine residue to form a peptide from
which the second most reactive lysine could be identified, and so
on. LA-42b contains a His residue in position 11 (i) in helix I and in
total four Lys residues in positions 10 (i�1), 15 (i� 4), 19 (i� 8),
and 33 (helix II), and an Orn residue in position 34 (helix II). In
addition to the positions in which the lysine and ornithine
residues are found in LA-42b, the reactivity hierarchy of six other
positions were investigated. His-mediated acylation of Lys
residues was expected to require proximity between His and
Lys residues and the Lys residues were therefore incorporated at
positions that flanked His11 either in the same turn of the helix
or in helical turns before or after that of His11. To test the
hypothesis that His-mediated acylation requires spatial prox-
imity, lysine residues were also introduced into positions 18 and
19, two turns away from His11, at a distance of more than 10 ä
between the � carbon atoms. Thus, modifications were carried
out in helix I in positions 7 (i�4), 8 (i� 3), 10 (i�1), 14 (i�3), 15
(i�4), 18 (i� 7), and 19 (i� 8). Positions in helix II were also
probed although the geometrical relationship between the
His11 residue and the residues of helix II is not very clearly
defined. We have previously reported catalytic sites for ester
hydrolysis where cooperative effects between residues in
positions 11 and 34 have been observed.[35] His11 was therefore
concluded to be in close proximity to the residue in position 34


Table 1. Amino acid residue substitutions used to determine the hierarchy of reactivities in histidine-mediated acylation of the 42-residue polypeptides.[a]


Peptide 7 8 10 11 14 15 18 19 30 33 34
i�4 i� 3 i� 1 i i� 3 i�4 i� 7 i� 8 helix II helix II helix II


LA-42b A A K H E K (60) A K Q K Orn
P1 A A K[c] H E S A K[c] Q K Orn (49)
P2 A A K (11) H E A A K Q K A
P3[b] A A K H K (4) S A K[c] Q K Orn (43)
P4[b] A A K (12) H K (12) S A K Q K A
P5 K (18) S K (10) H E A A K Q K A
P6 A K (20) K (13) H E A A K Q K A
P7 A A K (13) H E A A K K (22) K A
P8 A A K (3) H E S K A Q K A
P9 A A K (5) H E S K S Q K A
P10[b] A S K[c] H E A A K[c] Q K Orn (38)
P11[b] A S K H K (4) A A K Q K Orn (34)
P12 A S K (12) H K (6) A A K Q K A
P13 A A K (25) H K S K S Q K A
P14 A A K (6) H E A A K Q K S
Pref[b] A K (7) K A K A A K (41) K (7) K A


[a] The degree (%) of monomodification is given in brackets. All lysine and ornithine residues are shown in bold and the positions of monomodification in italics.
Residues not shown remain the same as those in LA-Y2b. [b] Besides monomodification, a small amount of dimodified product was detected (�6%). The
positions of dimodification have not been identified. [c] These residues were also monomodified to an extent (�5% of the total monomodification) estimated
from the MS spectra of the tryptic digests. The monomodified peptides were not separable by analytical HPLC.
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and lysines were introduced in posi-
tions 30 and 34. The preference for
acylation of each lysine residue was
determined by measuring the degree
and site of acylation of each polypeptide,
and by replacing each one of the more
reactive lysines in turn by Ala residues
(Table 1). The preferentially acylated ly-
sine was replaced by an Ala or Ser
residue so that the acylation of the
second most reactive lysine could be
observed, and the hierarchy of reactiv-
ities determined.


Sequences to probe the role of serine
residues in Lys acylation were also de-
signed, with Ser introduced in positions
8, 15, 19, and 34. The side chain of Ser is
an alcohol and the intention of the
incorporation of Ser residues was to
determine whether Ser acylation could
also be achieved by the His-mediated
pathway. No evidence of intermediates
or reaction products that result from Ser
acylation was obtained. However, serine residues were found to
affect the site selectivity, as discussed below.


The sequence of LA-42h shown in Figure 2 was designed to
provide a scaffold for the introduction of three different
substituents in a stepwise reaction in aqueous solution at room
temperature without intermediate purification to demonstrate
the usefulness of the folded sequence in the synthesis of a
complex structure with ease and in high yield. The design was
based on the relative reactivities of individual lysine and
ornithine residues determined both previously and in the
present series of polypeptides. His11 was known to mediate
the preferential acylation of Lys15 and Orn34 was shown to be
the most reactive residue in the direct acylation reaction at pH 8.
Since Lys residues in positions 8, 10, and 14 were found in the
present investigation to be of approximately equal reactivity,
Lys8 was introduced to carry the third substituent because of the
spatial proximity between residues 8, 15, and 34.


The structure of the folded helix ± loop ±helix dimers


The secondary structure of LA-42h was determined by CD
spectroscopy and the spectrum showed the characteristics of an
�-helical protein, with minima at 208 and 222 nm. The
mean residue ellipticity of LA-42h at 222 nm was
�20100 degcm2dmol�1 in 100 mM bis[2-hydroxyethyl]imino±
tris(hydroxymethyl)aminomethane (Bis ± Tris)/Tris buffer at
pH 5.9 and room temperature. The mean residue ellipticity of
LA-42h showed no pH dependence in the interval pH 4±9 and
was independent of concentration in the interval 0.2 ± 1 mM


(Figure 3).
The secondary and tertiary structures of LA-42h were inves-


tigated by 1H NMR spectroscopy. The 1H NMR spectrum of LA-
42h was assigned from the TOCSY and NOESY spectra recorded
in an H2O/D2O (90:10 v/v) solution that contained 4 vol%


trifluoroethanol (TFE)-d3 at 308 K by using methods previously
described in detail.[36] Most of the spin systems of the amino
acids were identified from the �H±NH region in the TOCSY
spectrum and the sequential assignments of residues 5 ± 19 and
23 ±41 were obtained from the NH±NH region in the NOESY
spectrum. An extra set of resonances with low intensity from the
amino acids near the proline in the loop region was identified as
a result of the cis ± trans equilibrium of Pro21. The �H chemical
shifts are diagnostic of secondary structure formation, and the
measured values were compared to tabulated values for random
coil conformations.[37] Two helical segments from norleucin 5
(Nle5) to Nle16 and from Ala25 to Arg40 were identified in the
sequence of LA-42h from their upfield shifts relative to the
random coil values. A loop region was also assigned from the
downfield shifts or absence of deviations relative to random coil
conformation of the � protons. Medium-range NOEs typical of
� helix formation, �H±NH i,i� 3 and i,i� 4, were found in the
sequence Nle5 ±Arg19 in helix I and Ala24 ±Ala41 in helix II (for
details, see the Supporting Information). The NOE connectivities
between the aromatic protons of the phenylalanine side chains
of residues 35 and 38 and the methyl protons of Ile9 and Leu12
showed that the peptide folds into a helix ± loop±helix motif
and the connectivity between the aromatic ring protons and the
methyl group of Nle16 suggests that the peptide dimerizes in an
antiparallel manner to form a four-helix bundle.


The secondary structures of the folded peptides other than
LA-42h were investigated by CD spectroscopy and the spectra
showed the characteristics of �-helical proteins, with minima at
208 and 222 nm. The mean residue ellipticities of the peptides at
222 nmwere in the range�17500 to�28000 degcm2dmol�1 at
pH 5.9 in 50 mM Bis ± Tris buffer, which is well within the range
seen for previously designed helix ± loop±helix dimers (see the
Supporting Information). We conclude that all polypeptides
reported here fold into a hairpin helix ± loop±helix motif.


Figure 3. The pH (a) and concentration (b) dependence of the mean residue ellipticity of LA-42h at 222 nm. At
a pH value below 4 and concentrations below 0.2 mM the dimer dissociates and forms a monomer with low
helical content.
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Site-selectivity in histidine-mediated acylation of lysine
residues


In order to explore the selectivity of lysine acylation, the peptides
were reacted at approximately 1 mM concentration with one
equivalent of the active ester, p-nitrophenyl fumarate (I ;
Scheme 1), at room temperature and pH 5.9. The reaction


O


O


NO2


H


–OOC


H


I


Scheme 1. The structure of the active ester p-nitrophenyl fumarate.


mixture was analyzed by analytical HPLC and the peaks in the
chromatogram that resulted were integrated. The peptides were
identified as unmodified, monomodified, or dimodified by
MALDI-TOF mass spectrometry. Tryptic digestion of each peptide
was used to determine the sites of modification. The tryptic
fragments were identified by MALDI-TOF MS and the analysis
was based on the known capacity of trypsin for cleavage of
peptides on the C-terminal side of the positively charged
residues lysine and arginine. No cleavage occurs if the side chain
of Lys has been modified and in addition to preventing cleavage,
acylation increases the weight of the fragment by the mass of
the acyl group. The degrees and sites of modification are shown
in Table 1.


The reaction between the peptide and the substrate com-
petes with the spontaneous hydrolysis of the substrate to form
the corresponding carboxylic acid and thus reaction with one
equivalent of I leads to incomplete modification since some of
the substrate is hydrolyzed. The fraction of substrate expected to
be incorporated can be estimated from the pseudo-first-order
rate constant of the peptide self-catalyzed reaction and the first-
order rate constant of the spontaneous hydrolysis. For prepa-
rative purposes compensating amounts of substrate can thus be
added to ensure optimal incorporation. In the determination of
the degree of modification no compensation was undertaken
since the purpose was to identify the site that was the most
reactive in competition with other sites.


The hierarchy of reactivities of Lys15, Orn34, and Lys10


LA-42b has a histidine residue in position 11 (i), lysine residues in
positions 10 (i� 1), 15 (i� 4), 19 (i� 8), and 33 (helix II), and an
ornithine residue in position 34 (helix II). This peptide was 60%
monoacylated at position 15 after reaction with one equivalent
of I and no other reaction products were observed (Table 1).
When the lysine residue in position 15 was replaced by a serine
residue in the peptide P1, the new main site of modification was
Orn34 and the degree of monomodification was 49%, although
minor amounts of peptides acylated at positions 10 and 19 were
also identified. Lys15 therefore competes favorably with Orn34
to capture the acyl group of I. The selectivity is very high since


monoacylation at Orn34 was never observed in peptides with
His11, Lys15, and Orn34 in the sequence. Orn34 was only
acylated in peptides that contained a Lys15 when Lys15 itself
had already been acylated. The removal of Lys15 reduced the
reactivity of the peptide towards the ester, which shows that
Lys15 enhances the reactivity of His11, probably by depression of
the pKa value of the His residue through an electrostatic effect
and by stabilization of the tetrahedral transition state by the
same mechanism. The second-order rate constant (Table 2)


of the reaction of LA-42b with I decreased from 0.18M-1 s-1 to
0.04M-1 s-1 upon replacement of Lys15 by a Ser residue. The
reduced overall reactivity does not affect the site selectivity of
the polypeptides but the competition between spontaneous
hydrolysis and functionalization becomes less favorable. This
situation is, however, easily improved by an increase in
the concentration of peptide and thereby the rate of incorpo-
ration.


Replacement of both Lys15 and Orn34 by Ala residues in P2
led to a peptide with low reactivity that was only acylated at the
side chain of Lys10 and only to a low degree. In LA-42b the
reactivity hierarchy was therefore Lys15, Orn34, Lys10, with very
little acylation of other lysine residues in the sequence. The low
reactivity of Lys10 is advantageous because it makes the
selectivity high and because the degree of incorporation can
be improved by the addition of excess substrate if functional-
ization of Lys10 is attempted after functionalization of Lys15 and
Orn34.


The relative reactivities of Lys10 and Lys14


The reactivity was increased in peptide P3 by the introduction of
Lys14, which is known to depress the pKa value of His11. The
second-order rate constant was increased from 0.04 to 0.07M-1 s-1.
Again, Orn34 was the preferred site of modification; competition
between Lys14 and Orn34 results in approximately ten times
more acylation of Orn34 than of Lys14. The degree of
incorporation was 4% at Lys14 and 43% at Orn34. No acylation
of Lys10 was observed in P3, which suggests that Lys14
competes favorably with Lys10 for the acyl group at the side
chain of His11. However, the low degree of modification made
quantitative comparisons difficult. Orn34 was therefore replaced
by an Ala residue in the peptide P4, and the degree of acylation
was found to be equal between Lys10 and Lys14, with a yield of
12% at each side chain. Lys10 and Lys14 are therefore equally
reactive.


Table 2. Second-order rate constants for reaction with I at pH 5.9 and 298K.


Peptide k2 [M-1 s-1]


LA-42b 0.18
P1 0.04
P3 0.07
P10 0.04
P11 0.07
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The reactivity of Lys7 and Lys8


Positions 7 and 8 are also in the proximity of His11. The
introduction of Lys7 into P5 and Lys8 into P6 led to substrate
incorporation in low yields at both positions. The degree of
incorporation at Lys7 and Lys8 was approximately 50% higher
than at Lys10, which was also present in the sequences. This
result means that Lys7 and Lys8 are sites of comparable reactivity
to those of Lys10 and Lys14. In the synthesis of a multiply-
modified protein scaffold, Lys7, Lys8, Lys10, and Lys14 are
therefore alternative positions for incorporation of functional
groups, depending on the required geometry. The small differ-
ence in the degrees of acylation of the lysine residues in
positions 7, 8, 10, and 14 suggests that these different positions
can be used equally well in combination with Lys15 and Orn34
for the formation of trisubstituted polypeptide scaffolds.


The reactivity of lysines in helix II


The acylation of Lys or Orn residues in helix II was investigated by
the incorporation of Lys30 to probe whether His-mediated
acylation could be extended further into the folded motif. Orn34
in helix II was selectively acylated in the absence of Lys15. The
reaction of a peptide that contained a lysine residue in
position 30 as well as in positions 10, 19, and 33, but alanine
residues in positions 15 and 34, provided a probe of the
reactivity of position 30. Upon reaction of this polypeptide P7
with one equivalent of I, Lys30 was 22% monoacylated but 13%
acylation was also observed in position 10 and the intramolec-
ular reactivity of Lys30 was therefore less than a factor two
higher than that of Lys10. Nevertheless, the possibility of
acylation of Lys30 expands the available incorporation geo-
metries.


The reactivity of Lys18 and Lys19 compared to that of Lys10
and Lys14


To probe whether His-mediated acylation could be extended
beyond one turn of a helix, the peptides P8 and P9 (Table 1) were
synthesized for which Lys18 was introduced and the competi-
tion from Lys15 and Orn34 was eliminated by replacement with
a Ser and an Ala residue, respectively. Only trace amounts of
acylation were detected and only at Lys10. Acylation of Lys19
was only observed in trace amounts in the peptides P1, P3, P10,
and P11 and possibly occured by a direct pathway as a result of a
pKa reduction of the Lys19 residue that enhances its reactivity.
We conclude that only residues in close proximity to His11 were
acylated by the His-mediated pathway. The substrate is con-
sumed by reaction with the His residue to form amide bonds or
to be hydrolyzed, and by spontaneous hydrolysis. Direct
acylation of lysine residues can not in general compete with
His-mediated reactions at low pH values because the nucleo-
philicity of histidine is higher than that of lysine.


Orn acylation has been shown previously to proceed effi-
ciently even when there are no His residues in the vicinity
because position 34 is formally in a hydrophobic core position
according to the pattern of the heptad repeat. However, at


pH 5.9 the degree of incorporation into P1 is higher than that
observed in polypeptides without flanking His residues and it is
likely that Orn34 is acylated both through a His-mediated
pathway and by a direct pathway.


The effect of Ser residues on the degree of acylation


In order to begin to understand the role of residues not directly
involved in bond-forming or bond-breaking steps, sequences
were designed in which serine residues were introduced (Fig-
ure 1, Table 1). The sequence of P10 was the same as that of P1
except that Ala8 and Ser15 in P1 were changed to Ala15 and Ser8
in P10. As a result, the efficiency of the acylation of Orn34 was
decreased; the degree of modification of P1 was 49% whereas
the degree of modification of P10 was only 38%. Similarly,
peptide P3 was compared with peptide P11, in which the same
residues had been subjected to an identical exchange of
positions. Here the effect was again to reduce the degree of
acylation of Orn34 and to reduce the efficiency and selectivity of
the site-selective acylation. In peptide P12 the incorporation of
Ser8 and the removal of Ser15, both exchanged with Ala
residues, led to a substantial increase in the site selectivity. Lys10
was favored by a factor of two over Lys14 in P12, although the
residues were acylated to an equal extent in P4. In peptide P13,
Ser15 and Ser19 were introduced in an attempt to affect the
possible acylation of Lys18 but surprisingly the introduction of
Ser19 appeared to affect only the acylation of Lys10. In spite of
the fact that Lys10 and Lys14 were both present, and had
previously been shown to be of equal reactivity, P13 was
selectively acylated at Lys10 and in relatively good yield (25%). In
peptide P14, the Ala34 residue of P2 was replaced by a Ser
residue and the degree of acylation of Lys10 was reduced by
approximately a factor of two.


The role of the serine residues is not understood. The
modification pattern is affected by serine substitutions but the
mechanism remains unclear. A possible explanation may be that
the serine is involved in hydrogen bonding to the acyl
intermediate and that therefore reaction pathways are favored
that lead to acylation of specific lysine residues. The serine might
also disrupt the structure of the helix and affect the relative
positions of residues involved in acyl transfer, although no
effects on helical content caused by the incorporation of serine
residues could be detected. No evidence of serine-acylated
intermediates was obtained, which suggests that covalent
catalysis is not involved and Ser incorporation did not lead to
alternative sites of acylation, only the site selectivity was
affected. The incorporation of residues other than those directly
involved in acyl transfer can therefore be expected to have a
profound influence on site selectivity and the efficiency of
substrate incorporation and to expand the usefulness of protein
scaffolds.


His-mediated acyl transfer versus direct acylation of Lys
residues


To determine if all of the positions discussed were acylated
through the His ± Lys pathway, a reference peptide, Pref, was
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designed (Table 1). The histidine residue was removed and lysine
residues were introduced into positions 8, 10, 14, 19, 30, and 33.
Lys15 and Orn34 were both excluded. After reaction with one
equivalent of I at room temperature and pH 5.9, the reaction
mixture was analyzed by RP HPLC. The five peaks that resulted
were identified by MALDI-TOF MS to be from unmodified
peptide (m/z : found: 4264.4; calcd: 4265.0), monomodified
peptide (three peaks; m/z : found: 4363.3; calcd: 4363.0), and
dimodified peptide (m/z : found: 4461.3; calcd: 4461.1). Lys19
was the main acylation site with a degree of modification of
41%. Lys8 and Lys30 were modified to a degree of 7% each. In
the presence of a His residue all esters react with the His side
chain and only Orn34 can compete with the His-mediated
pathway. Lysine residues that are not close to a His residue are
not acylated and the site selectivity is high. In the absence of a
His residue, Lys and Orn residues compete with the spontaneous
hydrolysis reaction and even though reaction rates are low,
lysine residues are acylated, although with little site selectivity.
The exception is Orn34 or lysine residues in hydrophobic
environments with depressed pKa values.


The hierarchy of the reactivities of lysine residues


His-mediated acylation transfers were extraordinarily
efficient between His11 and Lys15 and of a significantly
lower efficiency between His11 and other flanking lysine
residues. Orn34 was mainly acylated through a direct
mechanism because of the low pKa value induced by the
hydrophobic character of position 34. The efficiency of
the His-mediated pathway is therefore a key factor in
four-helix bundle functionalization. The lysine residue in
position i� 4 is strongly favored over all other flanking lysine
residues in helix I as well as over the lysine and ornithine residues
in helix II. The more remote lysine residues in helix I, Lys18, Lys19
and Lys33, were not acylated by His11. Orn34 was the second
most efficient site of modification and was acylated by a
combination of His-mediated and direct acylation pathways.
Site-selective incorporation of three different residues into
positions 15, 34, and 8 was therefore considered to be optimal
for the synthesis of a triple-substituted four-helix bundle.


The site-selective triple functionalization of a folded four-
helix bundle protein in aqueous solution


Based on the results presented above, LA-42h was designed for
the selective incorporation of three different functional groups
in a one-pot reaction in aqueous solution. The strategy included
the His ± Lys-mediated pathway, which is favored at pH 5.9, and
the direct acylation pathway, which is most efficient at pH 8. The
sequence of LA-42h was based on that of LA-42b with a histidine
residue in position 11, a lysine residue in position 15, and the
incorporation of a lysine residue in position 34 to replace the
ornithine (Figure 2). The third residue to be functionalized, Lys8,
was chosen because of its position on the surface of the peptide.
It was shown above that the side chains of Lys8 and Lys10 are of
comparable reactivity and Lys10 was therefore replaced by an
arginine residue to avoid competition for acylation. There is a


lysine residue in position 19 of LA-42b to stabilize themacroscopic
dipole moment of the helix. This amino acid was replaced by an
arginine residue since it was shown to compete with Orn34 in
KA-I.[28] The strategy was to direct the first functional group to
position 15 by the His ± Lys-mediated reaction pathway at pH 5.9,
then to raise the pH value to 8 and direct the next group to
position 34 with the direct acylation reaction, and then to lower
the pH value to 5.9 again to address the final position and introduce
the third group. The His ± Lys-mediated reaction is efficient at
pH 5.9 and the intramolecular competition between the lysine
residues in positions 15 and 8 ensures that the first substituent will
be incorporated with high selectivity at the side chain of Lys15.


The stepwise multifunctionalization reaction


Three substrates p-nitrophenyl fumarate (I), p-nitrophenyl 3-(�-D-
galactopyranosyl-1-thio)propionate (II ; Scheme 2),[38, 39] and p-
nitrophenyl acetate (III) were chosen to demonstrate the
stepwise introduction of three different substrates into a folded
helix ± loop±helix polypeptide motif. In order to simplify the
change in pH value from 5.9 to 8, a mixture of the two buffers


Bis ± Tris and Tris was used, each at a concentration of 100 mM. In
the first step, 1.7 equivalents of I were reacted with LA-42h at
pH 5.9 and room temperature. After three days a sample from
the reaction mixture was analyzed by analytical HPLC and 67%
monomodification at the side chain of Lys15 was observed. The
reaction mixture was also analyzed by MALDI-TOF MS and it was
confirmed that the peptide was mainly monomodified, (m/z :
found: 4600.1, calcd: 4600.2), but unmodified peptide remained
and a small amount of dimodified peptide was also observed.
The pH value of the reaction solution was adjusted to 8 and
three equivalents of II were added. After 24 hours, HPLC analysis
showed that 35% of the peptide was dimodified. MS analysis of
the reaction mixture showed that the main product was peptide
modified by I and II (m/z : found: 4849.8, calcd: 4850.5). The pH
value was then lowered to 5.9 and 10 equivalents of III were
added. HPLC analysis followed by MALDI-TOF analysis showed
that 30% of the peptide was trimodified with the three different
substituents (m/z : found: 4891.4, calcd: 4892.5) and the sites of
modification were identified by tryptic digestion followed by
HPLC ±ESMS and MALDI-TOF MS to show that the peptide had
been modified by I at Lys15, II at Lys34, and III at Lys8 (see the
Supporting Information).


The incorporation was also performed in the reverse order by
starting with modification of Lys34 at pH 8. In the first step
1.5 equivalents of I were added to the peptide at pH 8 and HPLC
analysis showed that the peptide had become monomodified to
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Scheme 2. p-nitrophenyl 3-(�-D-galactopyranosyl-1-thio)propionate (II) and p-nitrophenyl
acetate (III), two of the substrates used in the stepwise functionalization of the peptide scaffold.







L. Baltzer et al.


748 ChemBioChem 2002, 3, 741 ±751


a level of 50% but 33% of dimodification was also observed. In
the second step the pH value was lowered to 5.9 and
2.1 equivalents of II were added. HPLC analysis showed that
30% of the peptide was dimodified with I and II. At the same pH
value, 10 equivalents of III were then added to the reaction
mixture and analysis by HPLC showed 28% trimodified peptide.
The modification sites were identified by tryptic digestion of the
purified peptide and the resulting fragments were identified by
LC ±ESMS. The masses found corresponded to the peptide
segments (see the Supporting Information) and the identity of
the target peptide was unequivocally established.


To demonstrate the general applicability of the protein
scaffold, a second incorporation with different substituents
was carried out with the galactose derivative II, a cellobiose
derivative IV (Scheme 3),[39, 40] and a high-affinity ligand for the
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Scheme 3. Further substrates used in the peptide functionalization reactions to
demonstrate the general applicability of the functionalization method described
in the text. IV�A cellobiose derivative, V� the N-hydroxysuccinimide ester of
4-carboxy benzenesulfonamide.


protein human carbonic anhydrase II, the N-hydroxysuccinimide
ester of 4-carboxy benzenesulfonamide, V.[41] The example
demonstrates the design of a scaffold that can be used to study
the effect of glycosylation on the interplay between two proteins
driven by a high affinity interaction. However, the number of
possible applications in the study of protein ±protein interac-
tions and the inhibition of such interactions is virtually endless
and a variety of intramolecular competition experiments can be
envisioned where ligands of different affinity can compete for
the active site of the enzyme.


LA-42h at 1 mM concentration was treated with 1.7 equivalents
of II at pH 5.9, 1.3 equivalents of V at pH 8, and 10 equivalents of
IV at pH 5.9. HPLC analysis and MS analysis of the reaction
product showed that the desired functionalized folded four-helix
bundle was obtained in 30% yield (Figure 4). The reaction is
therefore of general applicability.


Discussion


A four-helix bundle protein scaffold ensures water solubility for
covalently linked groups, tremendous versatility in design, and
the opportunity to present a wide variety of functionalities in a
large number of well-defined geometries. In spite of these


Figure 4. The modeled structure of LA-42h functionalized with galactose,
cellobiose, and benzenesulfonamide groups.


advantages, designed proteins have not been used to any great
extent as scaffolds in supramolecular chemistry or for the
purpose of studying biomolecular interactions, most likely
because of our poor understanding of how to construct new
proteins, the so-called protein folding problem. Major advances
in protein design have recently led to a number of nonnatural
sequences that fold according to prediction but in order to
exploit these novel scaffolds methods must be available that
make it possible to introduce new functions easily and efficiently
by design. While solid-phase peptide synthesis methods have
been developed to a high level of efficiency and selectivity, the
introduction of expensive groups on the solid phase remains a
cost-inefficient alternative. Derivatives of amino acids that carry
nonnatural functional groups require nontrivial synthesis efforts
and the protected, chiral amino acid must be available in
typically 2.5- to 4-fold excess over the growing polymer chain.
Orthogonal protection groups have been developed that allow
the site selective modification of side chains of the naturally
occurring amino acids in an important development of solid
phase synthesis schemes and provide the best alternative for
generation of molecular diversity during solid-phase synthesis.
However, self-catalyzed reactions represent a very easy alter-
native that allows the incorporation of very small amounts of
substrate in aqueous solution under mild pH conditions and at
room temperature. Little control over reaction conditions is
required by the chemist because control of reactivity and
selectivity resides in the amino acid sequence and the reaction
can be left on the lab bench until complete. The incorporation
depends on competition between polypeptide residues and
spontaneous hydrolysis and the competitive situation is rela-
tively insensitive to external disturbances.


With the advent of site-selective acylation reactions, designed
proteins may be functionalized in a large number of ways by
using very simple chemistry. We previously reported the
mechanisms for site-selective acylation of lysine residues,
directly or by a His-mediated pathway. We have now mapped
the site-selectivities and determined the relative reactivities of
individual lysine residues that flank the nucleophilic histidine
beyond those in positions i,i�3, and i,i�4 in a helical segment
reported previously. We have also probed the possibility that
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residues that appear not to participate in the making and
breaking of bonds, in this case serine residues, can affect the site
selectivities of the functionalization reactions. The mapping of all
sites that surround the His residue has provided an under-
standing of how to multifunctionalize the four-helix bundle in
several steps by addition of active esters in a stepwise fashion.


The opportunity to address individual lysine residues to
incorporate virtually any functional group that can be trans-
formed into an active ester provides a vehicle for the con-
struction of receptors for biomacromolecules and small organic
compounds, but also for the introduction of functions beyond
binding. For example, the incorporation of fluorescent dyes or
attachment to solid supports paves the way for reporting and
biosensing. The protein scaffold can be reacted with any
functional group that is water soluble and that can be presented
in the form of an active ester. We have demonstrated the use of
sugar derivatives,[39] enzyme inhibitors,[42] fluorescent probes,[42]


and acetyl[39] and fumaryl[27] groups but clearly peptide esters,
DNA, PNA (nucleic acids with peptide backbones), and RNA
derivatives, steroids, and small molecule libraries can also be
incorporated to provide a large variety of receptors, catalysts,
and molecular devices. Insoluble groups can be introduced on
the solid phase by using orthogonal protection group strategies
and when these methodologies are used in combination, the
number of functionalized proteins that can be produced is
limited only by the number of applications.


A critical issue is the structure of the functionalized protein as
the designed function of the peptide may depend upon an
unmodified fold upon functionalization. The helix ± loop ±helix
dimer motif folds mainly as a result of hydrophobic interactions
between the nonpolar residues of amphiphilic helices but it is
known to dissociate at low concentrations and form unstruc-
tured monomers. However, the polypeptide KE-I, which was
designed for biosensor applications, was shown by CD spectro-
scopy to remain highly folded even at 1 �M concentration and
furthermore, it remained folded even when bound to the target
protein, human carbonic anhydrase.[42] Should the need arise to
have access to fully folded motifs at nanomolar concentrations,
the monomeric subunits can be ligated to form a single-chain
four-helix bundle by using the strategies of chemical ligation, in
which case dissociation does not occur.


The sequences reported here do not represent separate
scaffolds but a single one for which, to ensure optimum
selectivity and yields of synthesis, some lysines are introduced
while others are replaced by nonreactive residues, depending on
the application. Alanine residues are introduced where a non-
reactive site is required and arginine residues where pKa


depressions are of interest and to ensure solubility and a
practical overall charge. Therefore the helix ± loop±helix scaffold
is a very versatile one, readily synthesized and functionalized.
Applications can be envisioned in the biomedicinal area, in the
field of proteomics, in drug development, and in functional
devices such as biosensors.


The four-helix bundle that can be site-selectively functional-
ized is a practically useful scaffold for several reasons. There are a
large number of individually addressable amino acid side chains
for functionalization, which provides versatility with regards to


the number and relative geometries of groups that can be
incorporated. Self-catalyzed reactions are efficient and require
little material to be incorporated. No protection groups are
needed and the stepwise incorporation of several groups is
readily achieved without intermediate purification by an auto-
mated process, for example in microtitre plate format. The
scaffold controls the directionality of the substituents and the
final construct is very robust. The product can be lyophilized and
stored, and when dissolved in buffer it regains its inherent
structure and function instantaneously.


Conclusions


We have demonstrated the simple and practical introduction of
three different residues into a folded four-helix bundle poly-
peptide motif site-selectively and without intermediate purifi-
cation in aqueous solution at pH 5.9 and pH 8. This is the first
demonstration of the site-selective incorporation of three differ-
ent residues into a folded protein by using only the reactivities of
the naturally occurring amino acids to control reactivity and
selectivity. The simple procedure required to perform the
functionalization suggests that it may open the way for the
use of designed proteins as scaffolds for the study of biomo-
lecular interactions and for a number of applications. The overall
yield of incorporation was shown to be 30% or better for a range
of widely different substituents and the scaffold is therefore
expected to be useful for the incorporation of virtually any
water-soluble ester derivative.


Experimental Section


Mass spectrometry : MALDI-TOF MS analyses were performed on an
Applied Biosystems Voyager DE-STR mass spectrometer with �-
cyano-4-hydroxycinnamic acid as the matrix. The mass spectrometer
was calibrated with calibration mixture 2, which contained angio-
tensin I, adrenocorticotropic hormone corticotropin-like intermedi-
ate lobe peptide (ACTH clip) 1 ± 17, ACTH clip 18 ± 39, ACTH clip 7 ±
38, and bovine insulin. Measured molecular weights corresponded to
calculated ones within 1.1 mass units in all cases and typically within
0.5 mass units. ESMS analyses were performed on a VG ZabSpec
magnetic sector instrument. For LC ± ESMS analyses, the peptides
were eluted with a MeOH/H2O mixture that contained 1% HOAc by
using a gradient of 10 ±90% MeOH over 20 minutes on a 5�m
C-18 Kromasil column with a flow rate of 75 �Lmin�. CsI was used for
calibration.


NMR spectroscopy : NMR spectra of the peptides were recorded on a
Varian Inova 600 spectrometer at 308 K in H2O/D2O (90:10 vol%) with
TFE-d3 (4 vol%) at pH 5.1. Water suppression was accomplished by
preirradiation of the water resonance. The 90� pulses were 7.5 �s for
both 1D, NOESY, and TOCSY spectra, and the spinlock pulse in the
TOCSY experiment was 18.5 �s with a window function of 30 �s. The
mixing times were 200 ms for the NOESY experiments and 80 ms for
the TOCSY experiments. 2�256 increments were recorded with
32 transients in each increment. The data were processed with linear
prediction algorithms.


CD spectroscopy : CD spectra were recorded on a Jasco J-715 CD
spectropolarimeter, in 0.1, 0.5, or 1 mm cuvettes in the interval from
280±190 nm at room temperature. Each spectrumwas an average of
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six scans and the background was subtracted from the spectrum
before the mean residue ellipticity at 222 nm was measured. A stock
peptide solution (1 mM) was prepared by dissolving the peptide in
buffer under the assumption that the lyophilized peptide contains
25% water. The pH value was adjusted by addition of small amounts
of 0.1M ±1M NaOH or HCl. The stock peptide solution was diluted to
the desired concentrations for the concentration dependence
studies by use of a pipette. A stock peptide solution (0.3 mM) in
water was prepared for the pH dependence studies and the pH value
was adjusted by small additions of HCl or NaOH. The concentration
of the stock solution for the concentration dependence measure-
ments was determined by quantitative amino acid analysis. Bis ± Tris
buffer (50 mM; pH 5.9) was used for all peptides except for LA-42h
where Bis ± Tris/Tris (100 mM; 1:1) at pH 5.9 was used.


General procedure for peptide synthesis and purification : The
polypeptides were synthesized on an Applied Biosystems Pioneer
automated peptide synthesizer on a 0.1 mmol scale by using
standard Fmoc chemistry. A peptide ± amide ± linker ±polyethylene
glycol ± polystyrene (PAL±PEG±PS; PAL is formally 5(aminomethyl-
3,5-dimethoxyphenoxy) valeric acid) polymer was used with a
substitution level of 0.16 ± 0.23 mmolg�1. A mixture of O-(7-benzo-
triazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborat (TBTU;
0.5M in dimethylformamide (DMF)) and diisopropylethylamine
(DIPEA; 1M in DMF) was used together with an excess of four equiv
amino acid in each coupling. A standard coupling time of 60 minutes
was used, except in the cases of Nle and Leu, where a 30-minute
coupling time was used and for Gln, Arg, and Asn, where 90-minute
couplings were used. The side chains of the amino acids were
protected with base-stable groups: tbutyl ester for Asp and Glu, tert-
butoxymethyl (Boc) for Lys and Orn, trityl (Trt) for His, Asn, and Gln,
and 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) for
Arg. The Fmoc group was removed from the amino acid by
treatment with 20% piperidine in DMF. The N terminus of the
peptide was capped by using a solution of acetic anhydride (0.3M) in
DMF. After the completed synthesis, the resin was rinsed with
dichloromethane (DCM) and dried under vacuum. The peptide was
cleaved from the resin to create an amide at the C terminus and
deprotected at room temperature by treatment with a TFA/H20/
ethanedithiol/triisopropyl silane (94:2.5:2.5:1 v/v) mixture (10 mL per
gram of polymer) for three hours. After filtration and concentration,
the peptide was precipitated by addition of cold diethyl ether,
centrifuged, then resuspended three times in diethyl ether and
lyophilized.


The synthesis of LA-42b was performed as described above except
that a Gly ± 4-hydroxymethylphenoxyacetic acid ± PEG±PS (Gly ±
PAC±PEG±PS) polymer was used with a substitution level of
0.17 mmolg�1 and no capping was performed. This polymer does
not create an amide at the C terminus. The crude products were
purified by RP HPLC on a semi-preparative C-8 HICHROM column,
eluted isocratically with isopropanol (36 ± 43%) and TFA (0.1%) in
water at a flow rate of 10 mLmin�1. The purity was checked by
analytical HPLC and one symmetric peak was found and identified by
mass spectrometry.


General procedure for determination of the site selectivity of the
acylation reaction : A stock peptide solution (1 mM) was prepared by
dissolving the weighed peptide in Bis ± Tris buffer (50 mM; pH 5.9)
under the assumption that the peptide contains 25% water, and by
adjusting the pH value with small additions of 1 ± 2M NaOH and HCl.
A stock solution (15 mM) was also prepared of the substrate p-
nitrophenyl fumarate in Bis ± Tris buffer/AcCN (1:1 v/v). One equiv-
alent of substrate was added to the peptide solution and in a typical
acylation experiment 2 �L of the substrate solution had to be added
to 30 �L of peptide solution. After three days at room temperature


the reaction mixture was analyzed by RP HPLC on an analytical C-8
HICHROM column eluted isocratically with isopropanol (38 ± 43%)
and TFA (0.1%) in water at a flow rate of 0.6 mLmin�1. The resulting
peaks were identified by mass spectrometry. The degree of
modification was estimated from the analytical RP HPLC chromato-
gram as the area of each peak divided by the total area of peptide-
fraction peaks. It was assumed that all peptides, modified and
unmodified, have the same extinction coefficient.


Tryptic digestion : A peptide solution (1 mM) in NH4
�HCO3


� (0.1M;
pH 8.0) was prepared and trypsin (0.5 mg) was dissolved in HCl
(50 �L, 0.1 mM) and added to the peptide solution to give a final
trypsin concentration of 200 g trypsin per mole peptide. After
3 hours at 37 �C the reaction was quenched by addition of HCl (20 �L)
and the reaction solution was lyophilized. The resulting fragments
were identified by either MALDI-TOF MS or LC± ESMS.


Kinetic measurements : The kinetic studies were performed on a
Varian CARY 100 Bio UV/Visible or a CARY 5E UV-Vis-NIR spectropho-
tometer equipped with a CARY temperature controller. All measure-
ments were performed at 298 K. A peptide stock solution (1 mM) was
prepared in Bis ± Tris buffer (50 mM; pH 5.9) and the pH value was
adjusted to the correct value by addition of small amounts of 1M


NaOH and HCl. The stock solution was diluted with Bis ± Tris buffer to
the desired concentration (0.4 mM, 0.3 mM, or 0.2 mM) and 270 �L was
transferred to a cuvette. After 15 minutes of temperature equilibra-
tion, a substrate solution (5 �L, 5 mM) was added to give a final
substrate concentration of 0.1 mM. The p-nitrophenyl fumarate
substrate was dissolved in Bis ± Tris buffer/AcCN (1:1 v/v). The
reaction was followed for more than 3 half-lives at 320 nm and the
data was then processed with IGOR Pro software. A plot of the
absorbance versus time gives the pseudo-first-order rate constant
kobs and the second-order rate constant was obtained by fitting a
straight line to a plot of the pseudo-first-order rate constants versus
the peptide concentration.


General procedure for the incorporation of three substituents : A
peptide solution (1 mM) was prepared in Bis ± Tris/Tris buffer (100 mM,
1:1) and the pH value was adjusted to 5.9 by small additions of 1 ± 5M


NaOH and HCl. The substrate was dissolved in the same buffer/AcCN
(1:1) to a final concentration of 40 mM and 1.7 ± 3 equivalents were
added to the peptide solution. After three days at room temperature
a small sample of the reaction mixture was analyzed by analytical RP
HPLC and MALDI-TOF MS. The pH value was adjusted to 8 by small
additions of 1 ± 5M NaOH and HCl and the second substrate (1.3 ±
3 equiv) was added. After one day at room temperature a small
sample of the reaction mixture was analyzed by analytical RP HPLC
and MALDI-TOF MS. The pH value was adjusted to 5.9 by small
additions of 1 ± 5M NaOH and HCl and the final substrate (10 equiv)
was added. When the reaction was complete, the reaction mixture
was analyzed by analytical RP HPLC and MALDI-TOF MS. The sites of
modification were determined by tryptic digestion followed by MS
analysis.


We are indebted to the Swedish Research Council for financial
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Natural Deuterium Distribution in Fatty Acids
Isolated from Peanut Seed Oil: A Site-Specific
Study by Quantitative 2H NMR Spectroscopy
Jia-Rong Duan,[a] Isabelle Billault,[a] FranÁoise Mabon,[b] and Richard Robins*[a]


Quantitative 2H NMR spectroscopy has been used to measure the
distribution of deuterium at natural abundance in long-chain fatty
acids extracted from the same vegetable oil. Peanut seed oil was
selected, due to its suitable oleic and linoleic acid content. The
methyl esters of the fatty acids were prepared by transesterification
and isolated by modified argentation column chromatography on
silica. In order to measure the natural isotopic fractionation of
deuterium (D) at the maximum number of positions, the purified
methyl oleate and methyl linoleate were chemically cleaved and
the (D/H)i values determined by quantitative 2H NMR spectroscopy.
It was thus possible to demonstrate that fractionation in deuterium


occurs during the desaturation of oleate to linoleate. Furthermore,
the previously observed distribution of deuterium at the sites of
desaturation is confirmed, as is the alternating pattern of (D/H)i ,
which relates to the origin of the pertinent hydrogen atoms. The
data obtained are discussed in terms of the kinetic isotopic effects
intrinsic to the enzymes–synthetases and desaturases–involved
in the biosynthesis of fatty acids.


KEYWORDS:


dehydrogenation ¥ deuterium ¥ fatty acids ¥ isotope effects ¥
NMR spectroscopy


Introduction


During the biosynthesis of natural products, isotopic fractiona-
tion can be introduced, due to the kinetic isotope effects (KIEs)
associated with the implied reactions.[1, 2] Due to the sensitivity of
certain enzymes to the presence of a heavy isotope, the KIEs of
some transformations can be high.[3] For hydrogen, for which the
mass, volume and vibrational energy differences between the
stable isotopes–1H and 2H (D)–are proportionately particularly
large, KIEs as high as and even in excess of the maximum
theoretical value are encountered.[4] The effect of a series of KIEs
specific to each enzyme-catalysed step can accumulate during a
biosynthetic pathway, resulting in fractionation of the isotopes
between the starting substrate and the final product.[1] As the
individual reactions act on different positions in the substrate,
this gives rise to a nonstatistical isotope distribution in the final
product. The extent to which selection against (or, in rarer cases,
for) a heavy isotope has occurred at individual sites in the
product therefore reflects the KIEs of the reaction mechanisms
involved in its biosynthesis and defines the population of
monodeuterated isotopomers.[2]


The synthesis of the long-chain fatty acids of vegetable oils
involves a long pathway, susceptible to isotopic fractionation at
a number of steps. This synthesis may be divided into three
components:[5, 6] the activation of acetyl-CoA as malonyl-CoA by
acetyl-CoA carboxylase (ACC), chain initiation from a unit of
acetyl-CoA plus a unit of malonyl-CoA and subsequent elonga-
tion with malonyl-CoA by the multifunctional and multienzy-
matic fatty acid synthase (FAS) complex, and desaturation by
regio- and stereospecific desaturases. FAS activity leads to the
formation of palmitoyl-ACP (C16:0) and stearoyl-ACP (C18:0;


ACP� acyl carrier protein), in which the hydrogen atoms are
either derived from the methyl group of acetate or are
introduced from nicotinamide adenine dinucleotide phosphate
reduced form (NADPH) and the aqueous environment (H�)
during the reductase reactions of FAS. At the odd-numbered
positions in the fatty acid, in which the carbon comes from the
carboxyl group of acetate, hydrogen is introduced entirely from
NADPH, whereas the even-numbered carbons have one hydro-
gen atom derived from acetate and one from the aqueous
environment during the enoyl-ACP reductase step.[7] The
stearoyl-ACP and, to a lesser extent, palmitoyl-ACP can undergo
further modification, the most common of which is desaturation.
The removal of two vicinal pro-R hydrogen atoms[7] from
stearoyl-ACP (C18:0) to form oleoyl-ACP (C18:1,�9) is under
the control of a soluble�9-desaturase containing two iron centres
in the active site.[8] Further desaturation to linoleate (C18:2,�9,12)
and linolenate (C18:3,�9,12,15) involves insoluble desaturases
embedded in the membrane of the endoplasmic reticulum.[9]


It has previously been shown that fatty acids extracted from
vegetable[10±12] and animal[13] sources show marked nonstatistical
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isotopic distributions for hydrogen. This site-specific natural
isotopic fractionation in 2H is most readily examined by
quantitative 2H NMR spectroscopy,[14, 15] which allows direct
measurement of the natural abundance 2H content in each of
the resonances resolved in the spectrum. However, because of
the lack of functionality in fatty acids, a considerable degree of
overlap occurs in the 2H NMR spectrum and the degree of site-
specific resolution is not sufficient for direct examination of the
underlying mechanistic causes of the observed 2H distribution.
To overcome this difficulty, methods of chemical modification


of fatty acids are being developed to allow improved access to
the (D/H)i ratios. In the first instance, a method for the cleavage
of the double bonds of methyl oleate (3) and methyl linoleate (4)
(Scheme 1) has been developed.[16] This procedure involves
minimal oxidation, releasing the cleavage products as aldehydes
that may then be protected as dimethylacetal (5, 6) or
dithiophenylacetal (7, 8) derivatives and separated by chroma-
tography. Methyl esters are advantageous starting materials, as
they show both good solubility and good NMR resolution and
can easily be obtained by transesterification of triacyl glycer-
ols.[10] Furthermore, they can be separated on the basis of their
degree of unsaturation by argentation chromatography.[17, 18]


In this paper, the isotopic distribution of 2H between different
fatty acids isolated from the same biological origin is reported.
The approach developed has allowed a direct comparison of the
nonstatistical distribution of 2H within a single fatty acid
population to be studied for the first time.


Results


Accessing the 2H isotopic data for the fatty acids of peanut seed
oil involved three steps (for details see the Experimental Section):
transmethylation of the oil, separation by argentation chroma-
tography and chemical modification. The overall procedure was
carried out three times on the same sample of oil.


Transesterification


Transesterification gave a mixed
fatty acid methyl ester (FAME) prep-
aration composed of methyl palmi-
tate (1, 13.3� 0.4%), methyl stea-
rate (2, 3.3� 0.4%), methyl oleate
(3, 44.5� 0.7%) and methyl lino-
leate (4, 38.9� 0.3%). For the three
principal acids, the experimental
error is satisfactory for subsequent
analysis. The quantification of the
minor product 2 showed poorer
reproducibility but, since 1 and 2
were studied together in all subse-
quent analyses, this variability had
negligible impact on the overall
values used.
These preparations were submit-


ted to quantitative 2H NMR spec-
troscopy to determine the overall


mean (D/H)i values[19] for each cluster (Scheme 2) in the spectrum
(Table 1). These values were useful for confirming that no
isotopic fractionation had been introduced by the workup
procedure. The standard errors obtained were satisfactory, being
largely �5 ppm. From these data, it can be seen that, as found
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Scheme 1. Structures of the principal fatty acid methyl esters and their
derivatives. Note that in compounds 5±8 the carbon atoms are numbered
according to their positions in the parent fatty acids.
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Scheme 2. Contribution of the methyl esters of the principal fatty acids found in peanut oil to the different clusters
found in the 2H NMR spectrum.
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previously for a number of vegetable oils,[10±12] the distribution of
2H is nonstatistical. Notably, (D/H)1 values of the ethylenic sites–
due entirely to positions C9 and C10 in 3 and C9, C10, C12 and
C13 in 4–are relatively impoverished. Similarly, the allylic site
(C11) of 4 ((D/H)2) is markedly impoverished.
In contrast, the (D/H)3 value, which represents the methylenic


hydrogens at position C2 of all the fatty acids present, appears
relatively enriched. When transesterificaton was carried out in
enriched methanol (5% MeOD), however, it was confirmed that
this position underwent exchange with the reagent,[20] and so
these values are not useful for interpretation of biological
isotope effects. They can nevertheless still be useful to verify that
subsequent steps do not introduce artefacts.


Separation


The fatty acid methyl esters from each transesterification were
isolated separately by argentation chromatography.[17] This
technique did not separate 1 from 2, and these were collected
and studied as a single fraction. For the three samples, the
overall degree of recovery was 93� 2%. The purity of each
fraction, as determined by GC, was �99%. From the individual
fractions, the calculated composition of the starting sample was:
1�2, 16.3�0.4%; 3, 43.8� 0.8%; 4, 40.0�0.4%. Thus, no
compositional discrepancy was introduced in this step.
These preparations were submitted to quantitative 2H NMR


spectroscopy. Only one sample (RMN3) was of sufficient size to
obtain data for the methyl palmitate (1) plus methyl stearate (2)
fraction (Table 2).
(D/H)i values were obtained independently on three samples


of methyl oleate (3) and are presented in Table 3 by carbon
number rather than by cluster number.[19] The standard errors
range between 1.2 and 4.4 ppm, indicating good reproducibility
for the workup procedure. As anticipated, the (D/H)9,10 value is


the most impoverished and is close to the (D/H)1 value (Table 1)
obtained on the mixed sample.
(D/H)i values were obtained independently on three samples


of methyl linoleate (4) corresponding to the same separations as
the three samples of 3 and are presented in Table 4 by carbon
number rather than by cluster number. The standard errors
range between 1.4 and 4.8 ppm, indicating good reproducibility
for the workup procedure. As anticipated, the (D/H)9,10,12,13 value


Table 1. (D/H)i ratios (ppm) measured by 2H NMR spectroscopy for mixed preparations of fatty acid methyl esters obtained from peanut oil.[a]


Methyl ester of : Carbon no.


palmitate 1 - - 2 - 3 4 ± 15 16 OCH3


stearate 2 - - 2 - 3 4 ± 17 18 OCH3


oleate 3 9, 10 - 2 8, 11 3 4 ± 7, 12 ± 17 18 OCH3


linoleate 4 9, 10, 12, 13 11 2 8, 14 3 4 ± 7, 15 ± 17 18 OCH3


Sample Cluster[b]


1 2 3 4 5 6 7 OCH3


RMN1 103.1 97.7 140.4 128.0 127.1 130.5 115.8 94.3
(0.1) (1.6) (0.6) (1.8) (0.9) (1.6) (1.3) (2.3)


RMN2 92.7 95.5 133.6 119.6 120.9 126.9 146.5[c] 119.0
(0.9) (4.9) (2.2) (1.1) (0.8) (0.7) (2.3) (2.2)


RMN3 95.2 97.3 140.1 124.6 125.2 128.8 123.2 129.9
(3.8) (7.0) (5.2) (3.1) (3.2) (3.3) (3.2) (3.3)


mean 96.8 97.3 137.8 124.0 124.3 128.7 118.7 ±
(5.2) (4.3) (4.2) (4.2) (3.0) (1.9) (4.3) ±


[a] (D/H)i values are calculated as described in the Experimental Section. Three acquisitions were made for each sample. For each acquisition, the (D/H)i values
were calculated for each of the three resonances due to the internal reference, pyridine. The standard deviation for each value is given in parentheses. [b] A
cluster is defined as a group of unresolved resonances in the 2H NMR spectrum. The contribution to the clusters of each of the four fatty acids studied is given in
the top section of the table. For structures, see Scheme 1; for contribution to clusters, see Scheme 2. [c] The (D/H)i value for cluster 7 of sample RMN2 is based
on only two spectral acquisitions as a small impurity was present that made it difficult to determine the area under this peak precisely.


Table 2. (D/H)i ratios (ppm) measured by 2H NMR spectroscopy for the
mixture of methyl palmitate (1) and methyl stearate (2) obtained from peanut
oil.[a]


Cluster[b]


3 5 6 7 OCH3


RMN4 127.6 128.8 120.0 107.7 122.2
(0.3) (2.4) (1.1) (1.0) (2.1)


[a] See footnote [a] in Table 1. [b] For the definition of the clusters, see
Table 1.


Table 3. (D/H)i ratios (ppm) measured by 2H NMR spectroscopy for methyl
oleate (3) obtained from peanut oil.[a]


Sample Carbon no.
9, 10 2 8, 11 3 4 ± 7, 18 OCH3


12 ± 17


RMN5 89.9 136.8 113.7 138.1 126.9 118.9 119.9
(1.6) (2.4) (2.0) (2.5) (2.3) (2.1) (2.1)


RMN6 93.6 139.1 119.5 124.0 124.4 114.5 132.1
(5.0) (1.9) (0.1) (3.7) (1.0) (0.9) (1.6)


RMN7 93.8 140.3 120.9 122.9 125.3 112.5 129.8
(4.2) (1.3) (0.4) (0.8) (0.5) (0.6) (2.2)


mean 92.7 139.0 118.6 123.4 125.4 114.9 127.3
(4.4) (2.3) (3.0) (2.5) (1.2) (2.7) (4.8)


[a] See footnote [a] in Table 1.
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is the most impoverished and is close to the (D/H)1 value
obtained on the mixed sample (Table 1). Similarly, the (D/H)11
value is highly impoverished and, when the standard errors in
measuring this position are taken into account, does not differ
significantly from the (D/H)2 value obtained on the mixed
sample. This indicates that no fractionation had taken place
during workup, as the (D/H)2 value for the mixed sample is due
exclusively to the 4 present.
In order to confirm that there had not been any significant


overall fractionation due to the workup procedures, the (D/H)i
values obtained from isolated fractions of 1�2, 3 and 4 were
used, with the percentage compositional data, to predict values
for the initial mixture (Table 5). Overall, these calculated values
agree well with those obtained by direct measurement. The


small differences for (D/H)1 and (D/H)2 may be attributed to the
poorer signal-to-noise ratio in the mixture, in which the hydro-
gens contributing to these clusters are present at a relatively
lower molar ratio. The differences seen are not significantly
larger than the standard deviations observed. For the value of
(D/H)6, the difference is larger than the standard error, but still
well within the acceptable range of variation.


Chemical modifications


A partial chemical degradation technique has been developed to
reveal isotopic data otherwise masked due to overlapping
resonance positions in the 2H NMR spectrum for methyl oleate
(3) and methyl linoleate (4).[16] Essentially, the molecules are
cleaved with minimal oxidation at the sites of the double
bond(s), the resulting aldehydes are protected and the protected
products are isolated by chromatography.
Two samples (see the Experimental Section) of 3 were


submitted to partial chemical degradation and the resulting
products, methyl 9,9-dimethoxynonanoate (5) and 1,1-dime-
thoxynonane (6) were separated by chromatography, giving
yields of 71% in each case. These samples were submitted
independently to quantitative 2H NMR spectroscopy (Table 6).
The overall standard errors are reasonable, ranging from 1.0 to
5.6 ppm. The values of (D/H)i obtained may be compared to
those obtained from the intact molecule of 3. A direct
comparison of the (D/H)18 values shows no change, indicating
no fractionation due to the procedure in this position. Similarly,
the value calculated for the positions C9�C10 of 3 from the
measured values for C9 of 5 and C10 of 6 is 93.2 ppm, which
compares favourably with the measured value of 92.7 ppm.
Again, the measured (D/H)4±7 value of 5 and the (D/H)12±17 value
of 6 give a calculated value of 125.8 ppm, as against the
measured value of 125.4 ppm. Finally, although the displace-
ments of positions C3 and C8 are coincident in the spectrum of
5, the value for C11 obtained in 6 and for C3 obtained in 3 allows
(D/H)8 to be calculated as 133 ppm, and hence (D/H)3 as
123 ppm, the same as measured initially (Table 3, 123.4 ppm).
On the basis of these internal checks, it can be concluded that
the chemical modification has not introduced aberrant values for
(D/H)i of the sites in 3 thus revealed.
Two samples (see the Experimental Section) of methyl


linoleate (4) were submitted to partial chemical degradation
and the resulting products, methyl 9,9-bis(phenylthio)nona-


Table 4. (D/H)i ratios (ppm) measured by 2H NMR spectroscopy on methyl
linoleate (4) obtained from peanut oil.[a]


Sample Carbon no.
9, 10 11 2 8, 14 3 4 ± 7 18 OCH3


12, 13 15± 17


RMN8 89.0 90.5 140.1 127.4 121.9 121.5 121.3 119.6
(1.9) (1.8) (2.4) (2.9) (3.2) (2.2) (1.6) (1.4)


RMN9 88.0 88.5 131.3 124.2 118.6 123.8 119.9 122.7
(4.2) (1.7) (1.1) (1.1) (2.7) (3.0) (1.4) (0.7)


RMN10 91.2 95.4 137.6 132.9 120.0 114.6 111.8 129.2
(1.6) (2.7) (1.3) (0.6) (2.4) (1.3) (0.8) (1.9)


mean 89.5 91.6 135.9 128.3 120.0 119.8 117.2 123.8
(3.0) (3.8) (4.1) (4.3) (2.7) (4.8) (1.4) (5.4)


[a] See footnote [a] in Table 1.


Table 5. Comparison of the (D/H)i ratios (ppm) measured by 2H NMR
spectroscopy for the initial mixture of FAMEs and the values calculated for
this mixture based on the (D/H)i ratios determined for the isolated fatty acid
methyl esters 1� 2, 3 and 4.[a]


Cluster no.
1 2 3 4 5 6 7


calculated (C) 91.6 90.7 135.6 123.1 123.0 122.5 118.9
measured (M) 96.8 97.3 137.8 124.0 124.3 128.7 118.7


(5.2) (4.3) (4.2) (4.2) (3.0) (1.9) (4.3)
�(M�C) 5.2 6.6 2.2 0.9 1.3 6.2 � 0.2


[a] Values given are the mean for the three samples RMN1, RMN2, RMN3.
The standard deviations are given in parentheses for the measured values.


Table 6. (D/H)i ratios (ppm) measured by 2H NMR spectroscopy for methyl 9,9-dimethoxynonanoate (5) and 1,1-dimethoxynonane (6).[a]


Carbon no.[b]


9 COOCH3 OCH3 2 3, 8 4 ± 7 10 OCH3 11 12± 17 18


sample sample
5 RMN11 71.5 135.3 122.7 143.5 128.2 129.8 6 RMN12 116.5 119.0 103.4 124.9 110.8


(5.6) (1.0) (1.2) (2.8) (1.4) (3.0) (3.3) (1.4) (1.3) (1.0) (1.6)


5 RMN13 72.3 137.5 120.6 146.6 130.5 130.1 6 RMN14 113.9 118.0 110.1 121.3 117.7
(1.4) (1.6) (1.6) (0.3) (1.7) (2.0) (1.8) (1.5) (2.1) (2.9) (1.2)


mean 71.9 136.4 121.7 145.6 129.4 130.0 mean 115.2 118.5 106.8 123.1 114.3
(5.6) (2.1) (2.5) (2.8) (2.8) (3.2) (3.5) (1.5) (5.2) (3.6) (4.8)


[a] See footnote [a] in Table 1. [b] Carbon numbers are given as for 3 : see Scheme 1.
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noate (7) and 1,1-bis(phenylthio)hexane (8), were separated by
chromatography, again giving yields of 71% in each case. These
samples were also submitted independently to quantitative
2H NMR (Table 7). The overall standard errors are acceptable,
ranging from 1.5 to 8.4 ppm for all (D/H)i values except (D/H)9
and (D/H)13. These single carbons gave errors of 12.1 and
7.4 ppm, respectively; these errors were due to the extremely
small signal-to-noise ratios for these positions.
The values of (D/H)i obtained may be compared with those


obtained from the intact 4. In this instance, the (D/H)18 value for
8 is significantly lower than that obtained for intact 4. However,
other values are in good agreement. Thus, (D/H)2 shows no
change. From the measured (D/H)4±7 value for 7 and (D/H)15±17
value for 8, a value of 113 ppm can be calculated for the (D/H)6
value of 4, acceptably close to the measured value of 119 ppm. In
addition, from the values for C8 (resolved in 7) and C14 (resolved
in 8), it is possible to calculate a mean of 125.0 ppm, which
differs insignificantly from the measured (D/H)8,14 value of
128.3 ppm determined in 4. On the basis of these internal
checks, it can be concluded that the chemical modification has
not introduced aberrant values for (D/H)i of the sites in 4 thus
revealed.
A large number of sites are measured directly in 7 and 8.


Notably, (D/H)15 is seen to be relatively impoverished compared
to the mean for methylenic positions. Similarly, both the (D/H)8
and (D/H)14 values are obtained and found not to be impov-
erished. In contrast, the (D/H)11 value is markedly impoverished.


Further sites may be obtained by calculation. Thus, although in 7
the C3 and C7 resonances are coincident, the value measured
directly for C3 in 4may be used to calculate a value of 94 ppm for
(D/H)7. Similarly, the (D/H)9 and (D/H)13 values can be determined
after cleavage, to allow an estimation of the mean value of
(D/H)10,12 as 118 ppm by use of the (D/H)9,10,12,13 for 4.
The various measured and calculated values for the fatty acids


studied are summarised in Table 8. Where more than one direct
measurement has been made, a mean value is given.


Discussion


The procedure described here has, for the first time, given access
to a large number of (D/H)i values for fatty acids from the same
biological source. The data can thus be used for studies both
from the point of view of comparison of the internal variation in
(D/H)i values within a molecule, as described previously,[16] but
also in terms of the intermolecular relationships between the
individual fatty acid populations present. The data confirm that
the distributions of 2H along the chains of oleate and linoleate
are nonstatistical. This can be attributed to three principal
causes: the origin of the various hydrogen atoms present, the
KIEs of the various enzymes in the FAS complex, and the KIEs of
the desaturases acting on stearate and oleate.
The oil studied was extracted from mature seed, in which the


biosynthesis of fatty acids had ceased. Thus, the sizes of the
populations present represent the level of advancement of the


Table 7. (D/H)i ratios (ppm) measured by 2H NMR spectroscopy for methyl 9,9-bis(thiophenyl)nonanoate (7) and 1,1-bis(thiophenyl)hexane (8).[a]


Carbon no.[b]


9 OCH3 2 8 3, 7 4 ± 6 13 14 15 16, 17 18


sample sample
7 RMN15 60.7 130.1 143.6 120.9 107.8 135.0 8 RMN16 58.9 127.0 77.6 111.9 110.2


(11.8) (1.4) (2.9) (5.2) (3.9) (1.0) (6.0) (3.4) (1.9) (1.8) (0.9)


7 RMN17 58.8 126.5 135.1 127.9 106.5 132.5 8 RMN18 63.4 125.4 77.7 108.0 108.5
(10.8) (1.4) (0.4) (6.3) (2.8) (1.4) (3.6) (0.9) (0.9) (0.2) (0.8)


overall mean 59.8 128.3 139.3 124.4 107.2 133.8 overall mean 61.2 126.2 77.7 110.0 109.4
(12.1) (3.0) (6.7) (8.4) (3.9) (2.2) (7.4) (3.4) (1.9) (2.9) (1.5)


[a] See footnote [a] in Table 1. [b] Carbon numbers are given as for 4 : see Scheme 1.


Table 8. Summary of the values (ppm) measured for (D/H)i of the fatty acids isolated from peanut oil.


Methyl ester Carbon no.


Palmitate 1 2 3 4± 15 16
Stearate 2 2 3 4± 17 18
Oleate 3 2 3 4 ± 7 8 9 10 11 12 ± 17 18
Linoleate 4 2 3 4 ± 6 7 8 9 10 11 12 13 14 15 16 ±17 18


Initial mixture:
137.8 124.3 128.7 124.0 96.8 96.8 97.3 96.8 96.8 124.0 128.7 118.7


Mixture of methyl palmitate 1 and methyl stearate 2:
127.6 128.8 120.0 107.7


Methyl oleate 3:
(mean) 143[a] 123[b] 130[c] 133[d] 72[c] 115[e] 107[e] 123[e] 115[a]


Methyl linoleate 4:
(mean) 138[f] 120[g] 134[h] 94[d] 124[h] 60[h] 118[d] 92[g] 118[d] 61[i] 126[i] 78[i] 110[i] 113[f]


[a] Mean value of 3�5. [b] Direct value from 3. [c] Direct value from 5. [d] Calculated value. [e] Direct value from 6. [f] Mean value of 4�7 or 4�8. [g] Direct
value from 4. [h] Direct value from 7. [i] Direct value from 8.
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different transformations. In the mixture, only 3% is methyl
stearate, indicating that the majority of this fatty acid has been
desaturated to oleate during maturation. However, only about
47% of the oleate has been converted into linoleate by �12-
desaturase. In the case of a normal KIE in the reactions involved
in this pathway, a steady enrichment of the residual population
of substrate in 2H should occur.[1] The extent of this depends on
the state of advancement of the reaction.[21] In the current
situation, in which the molecules under consideration are
both substrates and products, it is too complicated to
calculate KIE values. However, the determined levels of enrich-
ment or impoverishment at different sites show the overall
influence of the various isotopic effects that have taken
place. Such an analysis is only possible with 3 and 4, as the
resolution of (D/H)i values in the saturated acid fraction (1�2) is
inadequate.
For positions C3 to C8 of methyl oleate (3), a mean (D/H)i value


of 130 ppm can be calculated. Positions C12 ±C17 of 3, however,
give a mean (D/H)i value of only 120 ppm. Similarly, in methyl
linoleate (4), a mean (D/H)i value of 120 ppm can be estimated
for positions C3 ±C8, whereas positions C14 ±C17 of 4 give a
mean (D/H)i value of only 106 ppm. These variations are of the
same order as observed for methyl oleate and methyl linoleate
from Helianthus annus (sunflower) and Carthamus tinctorius
(safflower).[16] The fact that both molecules show variation along
the length of the chain can thus be considered a general effect,
which may be explained in terms of isotope discrimination
during biosynthesis. Essentially, during the repeated elongation
of the growing chain through the addition of a unit of acetate in
the form of malonyl-CoA,[5, 6] those isotopomers not containing
2H are slightly favoured, due to the less favourable kinetics of
reactions involving molecules carrying one or more heavy
isotopes.[3, 4] This effect appears to become accentuated as the
chain gets progressively longer, resulting in the observed
discrepancies between those C2 units added early in chain
elongation and those added later.
Crucially, however, this study also makes the direct compar-


ison of 3 and 4 possible. Discrepancies of 10 ± 14 ppm are
observed for the (D/H)i values of the methylene groups located
in the 'early' and 'late' portions. This finding clearly indicates that,
as the seed matures, there is discrimination against heavy
isotopomers during the�12 desaturation, giving rise to an overall
enrichment in the residual pool of oleate. This presumably
represents not only KIEs at the level of the �12-desaturase but
also the transport of oleoyl-ACP to the rough endoplasmic
reticulum and its incorporation into phosphatidylcholine.
As observed previously,[16] it is seen that even-numbered


methylenic sites, those derived from the C2 position of acetate,
display (D/H)i values greater than those at equivalent odd-
numbered (C1-derived) sites. This fluctuation is of the order of
20 ppm and is found throughout the chain. The relatively low
values at the odd-numbered sites could be explained by KIEs
occurring during the �-ketoacyl-ACP reductase and enoyl-ACP
reductase reactions. While no isotopic data are available for
these components of the FAS complex, data for soluble
aldehyde- and keto-reductases[22±25] and enoyl reductase[26, 27]


indicate a significant primary KIE (1.5 ± 3), which would give rise


to depletion in the hydrides transferred to odd-numbered
positions from NADPH.
At the even-numbered positions, however, one of the hydro-


gen atoms is derived from the aqueous environment and the
other from acetyl-CoA through malonyl-CoA. The fact that the
values obtained for even-numbered positions are relatively
elevated indicates that isotopic discrimination has occurred.
Firstly, this could be due to the selectivity of acetyl-CoA
carboxylase, which discriminates in favour of 2H retention (kH/
kD� 1.15).[28] In addition, the hydrogen atoms at position C2 of
malonyl-CoA possess a certain acidity, resulting in ™post-
malonate exchange∫.[29] This phenomenon will favour the more
rapid exchanging out of 1H than 2H atoms, further enriching the
malonyl-CoA pool in 2H. In view of the 20 ppm difference
between the (D/H)i values observed for even-numbered and
odd-numbered sites, it would appear that such an exchange has
occurred.
The C18 position is unique in that it possesses three hydrogen


atoms derived from acetate and has passed through the
intermediacy of malonyl-CoA. The (D/H)18 values should there-
fore reflect the isotopic composition of the initial acetate,
allowing for fractionation during chain elongation. In both 3 and
4, the (D/H)18 values are significantly lower than the measured
values for the other even-numbered sites; this supports the
proposition that these latter sites have undergone isotopic
fractionations resulting in enrichment in 2H.
The unsaturated fatty acids of peanut oil show the now well


established overall depletion in 2H at the sites of desatura-
tion.[10±13, 16] As shown for oleate from sunflower and linoleate
from safflower,[16] the C9 position in both fatty acids is highly
impoverished, whereas the C10 is not. In 4, the C13 of the �12


desaturation is impoverished, but not the C12. As argued above,
the C9 and C13 methylenic groups of the substrate, stearate, are
likely to be slightly impoverished due to KIEs associated with the
transfer of hydride from NADPH. While these values cannot be
determined directly on the stearate, it can be deduced that they
fall in the range of 100 ±75 ppm, on the basis of the values
determined for the C11 positions of oleate (107 ppm) and
linoleate (92 ppm) and the C15 position of linoleate (78 ppm).
Thus, the C9 position of oleate is 25 ppm impoverished relative
to the C11 position of oleate, while the C13 position of linoleate
is between 17 and 31 ppm impoverished relative to the C11 and
C15 positions of linoleate. This impoverishment can reasonably
be attributed to secondary isotope effects associated with the
�9- and �12-desaturases.
The measured (D/H)10 value for methyl oleate (3) and the


calculated (D/H)10 and (D/H)12 values for methyl linoleate (4) do
not show any apparent impoverishment. Thus, it is evident that,
if there is any decrease in the (D/H)i value at the C10 and C12
positions, it must be very much smaller than that observed for
the C9 and C13 positions.


Conclusions


The data presented here indicate that the nonstatistical isotopic
distribution previously observed in just one sample each of
methyl oleate (3 ; sunflower) and methyl linoleate (4 ; safflower) is
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a general phenomenon in the fatty acids of plant seed oils. In
addition, through the isolation of 3 and 4 from the same
botanical origin, it has proved possible to demonstrate that
there is a general isotopic fractionation in the transformation of
oleate to linoleate. It is now desirable to study the effect of the
extent of advancement of the reaction on this phenomenon.
It has previously been observed that a strong KIE at the C9


position occurs during �9 desaturation.[30] The current data
indicate that this overall isotope effect contains a significant
secondary KIE component. A strong KIE has also been reported
at C12 during �12 desaturation.[31, 32] In this study, in contrast, no
secondary component was found for this position. Rather, a
secondary isotope effect of similar size to that observed for the
C9 position during �9 desaturation was measured at C13, at
which negligible isotope effect was reported.[31, 32] This discrep-
ancy indicates that, by observing natural abundance isotopic
parameters, it may be possible to obtain isotopic fractionation
data not visible by classical enrichment techniques.


Experimental Section


Materials :


The sample of peanut seed oil used was taken from a 2.5-L bottle of
pure peanut oil, supplied by Northsea Oils & Grain Industries, Tianjin
(China) and purchased in a supermarket in Beijing (China). Reference
samples of FAMEs for GC were purchased from Sigma±Aldrich.
2H NMR spectroscopic measurements :
2H NMR spectroscopy was carried out as previously described on a
Bruker DPX 400 spectrometer operating at 61.4 MHz and fitted with a
19F field-frequency-locking device.[16]


The (D/H)i ratios of samples were calculated from Equation (1), where
Pi and Pref are the stoichiometric numbers of hydrogens in site i and in
the reference, Si and Sref are the area of the signal, and MS , mS and
Mref , mref are the molecular weight and mass of the sample and the
reference used, respectively. For the mixture of methyl esters, Pi and
Ms take the composition of the mixture into account.[14]


D


H


� �
i � Pref �mref �Ms � Ssi


Pi �ms �Mref � Sref
� D


H


� �
ref (1)


The internal reference (ref) was either pyridine or tetramethylurea
(TMU). The isotopic ratio of TMU, (D/H)TMU, was calibrated on the
V.SMOW scale,[33] and (D/H)pyr for pyridine was calibrated relative to
TMU.


The quantitative calculation of the monodeuterated isomers was
performed by using a curve-fitting algorithm (INTERLIS; Eurofins
Scientific, Nantes).[34]


Transesterification :


A solution of peanut oil (10.0 g) in a solution of sodium hydroxide in
methanol (180 mL, 0.5 molL�1) was heated under reflux for 30 min
and a solution of boron trifluoride (50 mL; 25% w/w) was then
added. The mixture was further heated for 10 min, after which
cyclohexane (50 mL) was added and the mixture was left to cool to
ambient temperature. Saturated NaCl solution (10 mL) was added
and the aqueous phase was extracted with cyclohexane (3�100 mL)
and CHCl3 (1� 25 mL). The combined organic phase was washed
with water (100 mL), dried (Na2SO4), filtered and concentrated to give
9.8 g of mixed FAMEs. The purity of the mixture was checked by GC


(see below) and by 1H NMR (Bruker DRX 500 MHz, CDCl3). The
mixture of FAMEs was sufficiently pure to be used for the 2H NMR
measurements without further purification. Three transesterification
experiments were performed and studied by 2H NMR spectroscopy
(RMN1, RMN2, RMN3).


Gas chromatography :


The FAME mixture was analysed by GC on a HP-INNOWAX capillary
column (30 m�0.25 mm, film thickness 0.25 �m). Conditions of
analysis: carrier gas, He, 1.2 mLmin�1; split injection 1:40; flame-
ionisation detector temperature, 250 �C; injector temp, 180 �C;
thermal gradient, 180 �C for 1 min, then 180 �C to 202 �C at
10 �Cmin�1, then 202 �C for 1 min, then 202 �C to 215 �C at 1 �Cmin�1,
then 215 �C for 1 min, then 215 �C to 250 �C at 20 �Cmin�1, then
250 �C for 1 min.


Relative response coefficients k� were determined for each FAME
present in the mixture (C16:0, C18:0, C18:1 and C18:2) relative to
methyl myristate (C14:0), according to Equation (2) where Sester and
Sref are the areas under the peaks for the respective methyl ester and
for methyl myristate, and mester and mref are the masses of the
respective FAME and methyl myristate present.


k� � Sester


mester


� �
mref


Sref


� �
(2)


As all the k� values were equal to 1.00� 0.05, the composition of the
mixture for the (D/H)i calculation was determined without correction
from the relative peak areas of the chromatogram.


Separation of FAMEs from the mixture :


The separation of FAMEs was performed by modified argentation
column chromatography on silica.[17]


Solvents were distilled and dried before use. Cotton and Fontaine-
bleau sand were washed successively with concentrated HCl (15 mL),
H2O (200 mL) and acetone (15 mL) and then oven-dried at 70 �C (4 h).


For a typical separation of 2 g of the FAME mixture, the column was
prepared as follows. An aqueous silver nitrate solution (80 mL, 50%
w/v) was added with stirring to silica (110 g, Sigma, 70 ± 230 mesh).
The silica was then dried in an oven at 120 �C (24 h). The silver-
impregnated silica was used as normal silica for flash chromatog-
raphy and the column was always protected from light. The column
(37.5�3.0 cm) was filled with the silver-impregnated silica suspend-
ed in cyclohexane (100 mL). A pressure of 0.25 bar was applied to the
top of the column during preparation of the column and throughout
separation.


The solvent gradient used for the separation was as follows: 0.25 L
hexane; 2.0 L hexane/AcOEt (99.5:0.5); 1.0 L hexane/AcOEt (99:1) ;
1.0 L cyclohexane/AcOEt (98:2) ; 1.0 L cyclohexane/AcOEt (97:3) ; 1.0 L
cyclohexane/AcOEt (96:4) ; 1.0 L cyclohexane/AcOEt (90:10); 1.0 L
(cyclohexane/AcOEt 80:20).


Fractions of 60-mL volume were collected and the presence of
FAMEs was checked by GC. After pooling of the fractions containing
the same FAME and removal of solvent in vacuo, the purity of each
fraction, as determined by GC and 1H NMR, was �99%.


A typical experiment from 1.95 g of FAMEmixture gave 0.3 g of 1�2,
0.8 g of 3 and 0.7 g of 4. The calculated composition of the starting
sample based on the individual fractions was similar to the
composition determined by GC.


Four separations on silver columns were carried out and the three
fractions obtained from two of these were pooled to give enough
material of 1�2 to measure by 2H NMR spectroscopy. Thus, one
sample (0.7 g) of 1�2 (RMN4), three samples (0.8 g, 0.8 g and 1.8 g)
of 3 (RMN5, RMN6, RMN7) and three samples (0.7 g, 0.7 g and 1.6 g)







Deuterium Distribution in Fatty Acids


ChemBioChem 2002, 3, 752 ± 759 759


of 4 (RMN8, RMN9, RMN10) were obtained and studied by 2H NMR
spectroscopy.


Chemical modification :


Chemical modifications were carried out as previously described.[16]


As the chemical modifications were performed on 1 g of starting
material, two samples of 3 (RMN5, RMN6) and two samples of 4
(RMN8, RMN9) were combined. Hence, two separate chemical
modifications have been carried out for each of 3 (on RMN4 and
on RMN5�RMN6) and 4 (on RMN7 and on RMN8�RMN9).
Modification of methyl oleate (3) gave derivatives 5 (RMN11,
RMN13) and 6 (RMN12, RMN14). Modification of methyl linoleate
(4) gave derivatives 7 (RMN15, RMN17) and 8 (RMN16, RMN18).


We are grateful to Dr Alain Rahier (Botanical Institute, Strasbourg)
and to our colleagues Professor Norbert Naulet, Professor Serge
Akoka and Dr Ben-Li Zhang for advice and discussions, to Michel
Trierweiler for assistance with the NMR spectroscopy and to the
Region of the Pays-de-la-Loire for financial support. J.-R.D. thanks
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Determination of the Carbon Kinetic Isotope
Effects on Propane Hydroxylation Mediated by
the Methane Monooxygenases from
Methylococcus capsulatus (Bath) by Using Stable
Carbon Isotopic Analysis
Ded-Shih Huang,*[a] Suh-Huey Wu,[a] Yane-Shih Wang,[a] Steve S.-F. Yu,[b] and
Sunney I. Chan*[b]


Authentic propane with known position-specific carbon isotope
composition at each carbon atom was subjected to hydroxylation
by the particulate and soluble methane monooxygenase (pMMO
and sMMO) from Methylococcus capsulatus (Bath), and the
corresponding position-specific carbon isotope content was rede-
termined for the product 2-propanol. Neither the reaction mediated
by pMMO nor that with sMMO showed an intermolecular 12C/13C
kinetic isotope effect effect on the propane hydroxylation at the
secondary carbon; this indicates that there is little structural
change at the carbon center attacked during formation of the


transition state in the rate-determining step. This finding is in line
with the concerted mechanism proposed for pMMO (Bath), and
suggested for sMMO (Bath), namely, direct side-on insertion of an
active ™O∫ species across the C�H bond, as has been previously
reported for singlet carbene insertion.


KEYWORDS:


enzyme catalysis ¥ hydroxylation ¥ isotope effects ¥ mass
spectrometry ¥ methane monooxygenases


Introduction


Methanotrophic bacteria utilize methane as their sole source of
carbon and energy.[1±3] Associated with these organisms is the
enzyme methane monooxygenase that catalyzes the incorpo-
ration of one atom of oxygen from O2 into one of the C�H bonds
of methane to form methanol; the other oxygen atom is
converted in to water in the presence of protons. There are two
distinct forms of this enzyme. All methanotrophic bacteria use
the copper-containing particulate methane monooxygenase
(pMMO).[4] Several methanotrophs also express the iron-contain-
ing soluble methane monooxygenase (sMMO) under copper-
limiting growth conditions.[5, 6] The type X methanotroph Meth-
ylococcus capsulatus (Bath) is one of the few species that
expresses both proteins.[7±10] The study of the C�H bond
activation by these proteins has become an area of significant
current interest.[5±10] For an excellent overview of the sMMO-
catalyzed methane hydroxylation reaction, the interested reader
is referred to a recent review by Lippard and co-workers.[11]


Several possible mechanisms for the catalytic function of
MMO have been considered.[12±15] One involves the radical
mechanism, wherein an activated ™oxygen∫ species in the
enzyme abstracts a hydrogen atom from the substrate methane
molecule, followed by radical-rebound chemistry of the methyl
radical with the ™hot∫ hydroxyl radical to form the product.[15±18]


The other mechanism invokes anchoring of the methane
molecule at an activated metal cluster and concerted oxenoid


or ™oxene∫ insertion across one of the C�H bonds via a four- or
three-centered transition state.[14, 19] Radical clock experiments
with the sMMO (Bath) system failed to reveal ring-opened
products ; this fact suggests either formation of a radical species
with an extremely short lifetime (t� 100 fs) or no formation of a
substrate radical during the course of the hydroxylation
reaction.[17, 18] Similarly, analysis of the products from the
sMMO-catalyzed methylcubane hydroxylation lead to the con-
clusion that cationic species were produced without forming
radical intermediates.[20] The limited substrate range of the
pMMO has obviated analogous radical clock studies on the
hydroxylation mediated by this enzyme.[19] However, experi-
ments on cryptically chiral ethanes, [1-1H1,1-3H1]ethane, showed
that the hydroxylation mediated by pMMO[14] and sMMO
(Bath)[16] proceeded with 100% and 72% retention of config-
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uration at the carbon attacked, respectively. Accordingly, a
concerted reaction mechanism was proposed for the pMMO-
mediated reaction,[14] and a nonsynchronous mechanism involv-
ing an extremely short-lived alkyl radical in the transition state
was proposed for the sMMO (Bath).[15]


The kinetic isotope effect (KIE) of the hydroxylation of various
alkanes mediated by these enzymes has also been studied
intensively.[21±23] Unfortunately, these studies have not yielded a
consistent picture. Steady state experiments with sMMO (Bath)
have revealed a small kH/kD ratio (1.7) when the Vmax value were
compared between CH4 and CD4 (kH� rate constant for hydrox-
ylation of CH4, kD� rate constant for hydroxylation of CD4,
Vmax �maximum reaction velocity).[22] Also, both individual and
competitive reactions with the nondeuterated and trideuterated
methyl group of trans-2-phenylmethylcyclopropane by sMMO
(Bath) yielded a kH/kD ratio of 1.[18] On the other hand, intra-
molecular kH/kD ratios of 3 ± 4 have been determined from the
products formed in chiral ethane experiments in the case of
sMMO (Bath).[15] Similarly, intramolecular kH/kD ratios of 5.2 ± 5.5
have been deduced from experiments on the cryptically chiral
ethanes in the case of pMMO.[14]


In this study, we report the 12C/13C KIE on the sMMO- and
pMMO-mediated hydroxylation of propane. Recently, we have
analyzed the carbon isotope compositions of individual carbon
positions of several C-3 species, including acetone, isopropanol,
and propane, at natural abundance levels with great accuracy
and high precision by gas chromatography combustion isotope
ratio mass spectrometry (GC-C-IRMS). We exploited online
combustion of the compounds separated by gas chromatog-
raphy to measure the isotope distribution of each of these C-3
species, before and after their degradation to the corresponding
C-2 species with one of the terminal methyl groups removed.[24]


The results of the compound-specific isotope analysis of the C-3
and C-2 species were then combined to yield position-specific
carbon isotope distributions at the two unique carbon atoms.
This same approach is used in the present study to determine
the carbon KIE during the MMO-mediated propane hydroxyla-
tion reactions.


Results


Preparation of authentic propane


Preparation of the authentic propane with known isotopic
signatures of individual carbon positions is critical for the
outcome of this study. The carbon skeleton of propane could be
synthesized by condensing smaller molecules such as methyl-
magnesium chloride and methyl formate. The advantage of the
condensation process is that the isotopic compositions of
individual carbon positions within propane might be deter-
mined from the starting molecules. However, isotopic fractiona-
tion often occurs during the condensation reaction, and if the
reaction is incomplete, the outcome becomes obscured. For
example, upon the synthesis of carboxylic acids from the
reaction of Grignard reagents with CO2, Vogler and Hayes[25]


observed isotopic fractionation, with k12C/k13C� 1.059. In con-
trast, propane prepared from a precursor with the desired


carbon skeleton requires only a suitable degradation process to
isolate the different molecular positions. Recent experiments in
our laboratory indicate that no carbon isotopic fractionation
occurs during the iodoform reaction of isopropanol.[24] Accord-
ingly, we took advantage of this result to synthesize the propane
in quantitative yields from isopropanol, in a reaction sequence
involving tosylation, elimination, and hydrogenation as outlined
in Scheme 1. Since the tosylation reaction takes place only at the


Scheme 1. Determination of the carbon 12C/13C KIE in the propane hydroxylation
reaction mediated by methane monooxygenases (MMO). �13CPr and �13CEtOH


values were determined by GC-C-MS; other �13C values were calculated from
these two values. The �13C values are calculated with the equations found in the
Experimental Section.


oxygen atom of the alcohol moiety, the oxygenated carbon
center in the isopropanol remains untouched. Thus, no carbon
KIE is expected to occur during the tosylation. The subsequent
elimination of isopropyl tosylate was carried out under pyrolytic
condition. The tosylate was heated gently above the decom-
position temperature (128 �C). Propene was produced quantita-
tively and no side reactions were observed according to the GC
studies. Since the reaction was allowed to run to completion, no
carbon KIE could be observed in the elimination step. Finally, the
hydrogenation of the propene was carried out in an apparatus
designed specially for this purpose (Figure 1). Under these


Figure 1. The apparatus for propene hydrogenation.
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reaction conditions the yield of propane was also quantitative.
Only slight amounts of hydrogen gas remained after the process.
In this manner prepared propane was used without further


purification. Further verification of the lack of isotope fractiona-
tion during the overall synthetic process was concluded by GC-
C-IRMS analysis. Both the propane and the precursor isopropa-
nol gave the same overall carbon isotopic composition, �13CΩ
value (�26.9�0.1Ω). The 13C/12C isotope abundance ratio of a
test sample is normally referred to the corresponding isotope
abundance ratio of a standard, which is usually PDB (a belemnite
from the Cretaceous Peedee Formation), and is expressed as in
Equation (1):


�13CΩ �
��13C�12C�sample
�13C�12C�PDB


�1


�
�1000 (1)


� values are given in units of per mil or Ω relative to the
standard. For PDB 12C/13C� 88.99 and its �13C value is set to be
0Ω according to the definition. Therefore, the isotope compo-
sitions of the individual carbon positions of the authentic
propane must mirror the position-specific isotope analysis (PSIA)
in the corresponding isopropanol precursor. The PSIA of the
isopropanol was then carried out as described previously[24] to
yield �13CMe (�26.2�0.4Ω) and �13CCO (�28.2�0.5Ω) for the
methyl and methylene carbons in the propane, respectively.


12C/13C Kinetic isotope effect on the propane C-2
hydroxylation


To determine the 12C/13C KIE on the sMMO- and pMMO-mediated
hydroxylation chemistry, the synthesized authentic propane was
incubated with MMOs, NADH, and O2. When whole-cell incuba-
tion was used, a suitable amount of sodium formate (1 mM) was
also added to the reaction mixture. Since the comparison of
intermolecular KIEs at a single substrate concentration could be
misleading, the hydroxylation was studied over a wide range of
propane concentrations. The reaction mixtures after 2 h incuba-
tion at 45 �C were centrifuged and the isopropanol-containing
supernatant was subjected to the iodoform reaction. The
resulting acetate-containing solution was extracted and reduced
to ethanol. The compound-specific carbon isotope abundance
ratios of both the ethanol and isopropanol obtained from GC-C-
IRMS were used to calculate the isotope compositions of the
individual carbon positions as before. The �13CCO values of the
enzymatically produced isopropanol are shown in Table 1.
In the case of pMMO-mediated hydroxylation, the �13CCO value


(�27.6� 0.6Ω) is very close to that for the propane standard
(�28.2� 0.5Ω), a fact implying an intermolecular KIE of 12C/
13C� 1.000� 0.001. Similarly, the �13CCO value (�29.8�1.2Ω)
obtained from the sMMO-mediated reaction[26] is only slightly
different from that of the propane standard. However, when
whole cells were used in the hydroxylation, the �13CCO value
(�28.2� 0.5Ω) was in close agreement with that of the
propane standard. As any primary isotopic effect on carbon in
the range of 1.02 ± 1.10 (12C/13C) should give a differential �13CCO


(depletion) in the range of 10 ± 50 per mil, it is evident that a 12C/
13C kinetic isotope effect of this magnitude is not being observed
here. Thus, the propane hydroxylation reaction mediated by


neither sMMO nor pMMO from M. capsulatus (Bath) shows an
intermolecular KIE (12C/13C) effect.


Discussion


It is possible to rationalize the apparent lack of a 12C/13C KIE on
the hydroxylation reaction in a number of ways. First, however, it
is unlikely that the isotope effect is masked by a slow product
release. H/D isotope effects have now been observed for both
ethane and butane, and compared with ethane the turnover of
the enzyme is only 30% slower for propane. Thus, in our
experiments we should be measuring the isotope effect on kcat
or k2 in the Michaelis ±Menten kinetics. Since we are obtaining
an intermolecular KIE, it should be noted that differential KM
(Michaelis±Menten Constant) effects are not expected, as the KM
of the 12C and 13C propane isotopomers should be the same.
In contrast to the lack of a primary intermolecular H/D isotope


effect in the sMMO (Bath) system, a very high intermolecular KIE
of kH/kD� 19 was reported for the sMMO from Methylosinus
trichosporium OB3b (sMMO (OB3b)) by comparing the products
formed from a 50:50 mixture of CH4 and CD4 as substrates under
single turnover.[23, 27] An even larger isotope effect of 50 ± 100
was obtained for the putative hydrogen abstraction step in
stopped-flow kinetic experiments comparing CH4 and CD4.[23, 27]


In addition, radical clock experiments gave ring-opened prod-
ucts (1 ± 6%) with the probes 1,1-dimethylcyclopropane[28] and
norcarane.[29] However, the same authors also described cationic
intermediates for the oxidation of 1,1-dimethylcylclopropane
and norcarane.[28, 29] Thus a stepwise reaction mechanism
involving an initial substrate radical intermediate (t�20 ps)
formed by hydrogen atom abstraction followed by either
oxygen rebound or rearrangement followed by oxygen rebound,
or loss of a second electron to yield a cationic intermediate was
concluded. On the other hand, evidence in support of the
formation of a carbocation-type rearrangement products was
also obtained by using methylcubane and (trans,trans-2-me-
thoxy-3-phenyl-cyclopropyl)methane as the substrates, which
would seem to exclude the possibility of formation of radical
intermediates altogether.[20] Clearly, the sMMOs could exhibit


Table 1. The �13CCO (Ω) values of isopropanol from biomediated propane
hydroxylation.[a]


Propane[b] [�mol] pMMO sMMO sMMO-cell standard


40 � 28.3 �30.0 � 28.2�0.5
4 � 27.1 �31.0
0.4 � 27.4 �28.6
average � 27.6� 0.6 �29.8�1.2 � 28.2�0.5 � 28.2� 0.5


[a] Bioconversions of propane into isopropanol were performed at 45 �C in
10-mL conical flasks closed with a rubber septum. The products were
generated by the incubation of either a pMMO-containing membrane
suspension (2 mL, isolated from 2 g of pMMO-cell) or a sMMO-containing
crude extract (3 mL, from 2 g of sMMO-cell) with NADH (10 mM) in MOPS
buffer (10 mM, pH 7.0) and substrate. In the case of whole cell studies,
sMMO-cells (2 g) were suspended in sodium formate (2 mL, 1 mM) contain-
ing potassium phosphate buffer (25 mM, pH 7.0) and incubated with NADH
and substrates in a shaking incubator. [b] Either pure propane or air-diluted
propane (1 mL) was added to the gas phase of incubation.
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different mechanisms for alkane hydroxylation, and the details
are substrate-dependent.
Based on the discussion in the literature,[30] the overall catalytic


process involves only one or two steps, depending on whether
the ™O∫ insertion step is concerted, or a two-step process
involving hydrogen-abstraction followed by methyl/hydroxyl
radical rebound. Thus, the 12C/13C KIE that we are reporting here
pertains to ™O∫ insertion step in the concerted mechanism, or to
the slower of the two steps in the hydrogen-abstraction, methyl/
hydroxyl-radical rebound mechanism, whichever is slower. Given
the nature of the chemistry, however, both steps of the latter
mechanism are expected to exhibit a 12C/13C KIE.
Thus we surmise that the lack of a 12C/13C KIE on the


hydroxylation is more in line with the concerted mechanism
proposed for pMMO, namely, the direct insertion of an active ™O∫
species across the C�H bond. Within this context, one should
expect a fairly normal kH/kD ratio as has been reported for the
hydroxylation of ethane and butane by pMMO.[14]


In any case, the finding that there is no intermolecular 12C/13C
KIE on the propane hydroxylation reaction indicates that there is
little structural change about the carbon center during forma-
tion of the transition state in the rate-limiting step. A side-on ™O∫
insertion across a C�H bond would yield an early transition state
in which there would be little carbon motion and no hydrogen
tunneling during product formation. In contrast, both the
hydrogen-abstraction and methyl/hydroxyl-radical-rebound
steps in the classical rebound mechanism are expected to
involve significant carbon motion during the formation of the
transient state. In other words, taken together, these data point
to rather limited stretching of the C�H bond instead of complete
bond cleavage in the rate-limiting step of the hydroxylation
chemistry. On the other hand, a side-on ™O∫ insertion would only
lead to an early transition state.
While an early transition state would be optimum for a


™concerted∫ reaction, this scenario in itself does not rule out
formation of an extremely short-lived carbon-center radical.
Also, although the mechanisms for sMMO (Bath) and sMMO
(OB3b) could be intrinsically different, the different behaviors
could just as well be accounted for somewhat different extents


of spin-crossover in an otherwise con-
certed ™O∫ side-on insertion. Suppose
the ™oxene∫ attacks side-on as a singlet
™O∫ species (see Scheme 2). The transi-
ent OH species that is moving away
from the carbon would then be gener-
ated with the spin of the odd electron
antiparallel to the odd spin of the
electron localized on the carbon center.


These two spins would be favorable for rapid closure to form the
C�O bond upon product formation. In this limit, the chemistry
would be unequivocally ™concerted∫. On the other hand, if the
two spins could somehow lose ™correlation∫ in the transition
state (due to decreasing orbital overlap), then there would be a
small probability for the triplet configuration to be formed. If this
occurs, C�O closure would not take place until the two spins are
reverted back to the original singlet configuration. The likelihood
of this scenario would depend on the distance between the


carbon and the OH centers and the interactions modulating the
exchange interaction between the spin pair. Thus, even within
the framework of the concerted mechanism, radical rearrange-
ment products, not to mention configurational inversion at the
hydroxylated carbon center,[16] could still be expected if there is
™spin-crossover∫ in the transition-state. In other words, the
observation of radical-related rearrangement products is not
necessarily diagnostic of a radical mechanism. What is more
diagnostic of a radical mechanism would be the extent of
radical-related rearrangement products formed. When radical-
related products only account for 1%±6%, one is observing, in
our judgment, predominantly a singlet ™O∫ side-on attack with a
small amount of spin-crossover in the transition state, as has
been previously reported for singlet carbene insertion across
C�H bonds.[31] Of course, within the framework of this picture,
™cross-over∫ to an ionic state is also possible, and this kinetic
channel will lead to a carbocation during product formation.


Experimental Section


Gas chromatography combustion isotope ratio mass spectrome-
try (GC-C-IRMS):


IRMS Measurements: The molecular stable carbon isotope ratio of
propane, isopropanol, and ethanol was measured on a Varian GC
interfaced with a Finnigan Mat 252 IRMS and performed by Baseline
DGSI Analytical Laboratory in Texas, USA. The precision of the
determination is 0.1Ω. The isotopic composition of the test sample
is normally expressed by � values (in units of per mil orΩ) relative to
the standard, which is usually PDB (a belemnite from the Cretaceous
Peedee Formation). For PDB 12C/13C� 88.99 and its �13C value is set
to be 0Ω. See text for a full definition for �13C.


Notation: In practice, the molecular or overall isotopic signature of
individual compounds determined with GC-C-IRMS is an average of
the isotopic compositions of individual carbon positions within that
molecule. Thus, in the case of isopropanol or propane Equation (2)
applies:


�13CPr � (2�13CMe��13CCO)/3 (2)


Here, �13CPr is the overall �13C value of isopropanol or propane
measured from GC-C-IRMS, �13CMe is the �13C value of the methyl
group of propane or isopropanol, and �13CCO is the value of the
oxygenated carbon in isopropanol or the methylene in propane.
Similarly, if �13CEtOH stands for the overall �13C value of the ethanol
obtained from degradation of the isopropanol or propane, the
relationship between �13CPr, �13CMe, �13CCO, and �13CEtOH is as shown in
Equation (3):


�13CEtOH � (�13CMe��13CCO/2 (3)


From Eqs. (2) and (3), we can compute the isotopic signatures of the
oxygenated and methyl carbons:


�13CCO � 4�13CEtOH� 3�13CPr (4)


�13CMe � 3�13CPr�2�13CEtOH (5)


Preparation of the authentic propane standard : A solution of n-
butyl lithium (125 mL, 2.5M) in hexane was added to a solution of
isopropanol (13 mL) in hexane (100 mL) at 0 �C under an argon


C


O


H


Scheme 2. Early transi-
tion state for side-on
™oxene∫ insertion across
a C�H bond.
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atmosphere. The resulting solution was added to p-toluenesulfonyl
chloride (31.4 g) and stirred for 2 hr in an ice bath. After workup
isopropyl p-toluenesulfonate was obtained as a pale yellow liquid.


The ester (approximately 5 mL) was placed in a 10 mL round-
bottomed flask and heated gently to 100 �C (oil bath) to remove any
trace of hexane remaining from the previous workup. The flask was
then sealed with a rubber septum and an empty balloon with a
needle was stuck to the septum. The ester was decomposed to
propene and collected in the balloon by heating to 160 �C (oil bath).
The propene balloon together with the needle was then placed in a
glass tube prefilled with palladium (5% on charcoal) as shown in
Figure 1. Another balloon filled with hydrogen in an equal volume of
propene was also inserted at the other end of the glass tube. The two
balloons were squeezed back and forth until the total volume of
gases was reduced to half of the original amount. A sample of high
quality propane was obtained in this manner according to GC
analysis.


Bacterial growth and enzyme extraction : The organism Methyl-
ococcus capsulatus (Bath) was grown in a semicontinuous flow
system. In this process cells could be controlled to express either the
sMMO or pMMO exclusively. The crude extract of sMMO[32] was used
throughout this study without further purification; in the case of
pMMO, partially purified, pelleted membranes were employed as
described previously.[8]


Hydroxylation of Propane : Bioconversions of the authentic propane
to isopropanol were performed at 45 �C in 10-mL conical flasks
sealed with a rubber septum. The products were generated by the
incubation of either a pMMO-containing membrane suspension
(2 mL isolated from 2 g of pMMO-cells) or a sMMO-containing crude
extract (3 mL from 2 g of sMMO-cells) with nicotinamide adenine
dinucleotide (NADH, 1.0 mM) in MOPS buffer (3-(N-morpholino)-
propanesulphonic acid, 10 mM, pH 7.0) and substrate (1 mL of
propane or diluted propane was added to the gas phase of
incubation). The substrate was diluted from one-tenth to one-
hundredth concentration with air (v/v) prior to injection. In the case
of whole-cell studies, either sMMO-cells or pMMO-cells (2 g) were
suspended in sodium formate (2 mL, 1 mM) containing potassium
phosphate buffer (10 mM, pH 7.0) and the mixture was incubated
with NADH and substrates in a shaking incubator. Each assay was
conducted in five flasks and incubated for 2 h. The combined
incubated aliquots (™solution A∫) were centrifuged and the isopro-
panol was degraded to ethanol according to the procedure
described later for PSIA. For determination of the molecular carbon
isotope composition of isopropanol, ™solution A∫ was extracted with
dichloromethane (2� 1 mL). The dichloromethane extract was dried
(anhydrous calcium chloride) and subjected to GC-C-IRMS analysis
(�13CPr).


Chemical degradation of isopropanol : Isopropanol was degraded
to acetate according to the iodoform reaction as described earlier[4]


but slightly modified as shown in Equation (6):


CH3CHOHCH3�4NaOCl�3 KI�
CH3COONa�HCI3� 3KCl� 2NaOH�NaCl�H2O


(6)


A typical reaction was carried out by adding NaOCl solution (25 mL,
10%) and KI solution (10 mL, 40%) to solution A. The mixture was
than stirred for 2 h at room temperature. The resulting aliquot
mixture was quenched with sodium thiosulfate solution (5 mL, 10%),
filtered, and subjected to lyophilization. The salts remaining were
dissolved in water (0.5 mL, pH 2.0) and extracted with methyl tert-
butyl ether (2� 1 mL). After drying the combined organic layers
lithium aluminum hydride (30 mg) was added at 0 �C under an argon
atmosphere. After the solution was stirred for 2 h at room temper-


ature, sodium hydroxide aqueous solution (10 mL, 10%) was added.
The resulting ethanol solution was dried and subjected to GC-C-IRMS
analysis (�13CEtOH).
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Eilatin Ru(II) Complexes Display Anti-HIV Activity
and Enantiomeric Diversity in the Binding of RNA
Nathan W. Luedtke,[a] Judy S. Hwang,[a] Edith C. Glazer,[a] Dalia Gut,[b] Moshe Kol,[b]


and Yitzhak Tor*[a]


Eilatin-containing octahedral ruthenium complexes inhibit HIV-1
replication in CD4� HeLa cells and in human peripheral blood
monocytes with IC50 values of approximately 1 �M. Similar metal
complexes that lack eilatin display 15 ± 100-fold lower anti-HIV
activities. [Ru(bpy)2™pre-eilatin∫]2�, a complex that contains a
nonplanar analogue of eilatin, shows significantly lower nucleic
acid binding and lower anti-HIV activity than eilatin complexes.
This result indicates that the extended planar surface presented by
eilatin is important for both activities. Rev peptide and ethidium
bromide displacement assays are used to probe the nucleic acid


affinity and specificity of �- and �-[Ru(bpy)2eilatin]2�. Two HIV-1
RNA sites are compared and a significant binding preference for
the Rev response element over the transactivation response
region is found. Simple DNA duplexes show a consistent selectivity
for �-[Ru(bpy)2eilatin]2� compared to �-[Ru(bpy)2eilatin]2�, while
RNAs show more diverse enantiomeric selectivities.


KEYWORDS:


DNA recognition ¥ HIV ¥ medicinal chemistry ¥ RNA
recognition ¥ ruthenium


Introduction


Eilatin (1) is a fused, heptacyclic aromatic alkaloid that
was isolated from the Red Sea tunicate Eudistoma sp.[1] It
is reported to possess cytotoxic and antiproliferation


NN


NN


Eilatin (1)


activities in a broad range of tissue cultures.[2±4] The
antitumor activity of eilatin and its planar polycyclic
structure, lead Ireland to examine its ability to bind DNA.
Ethidium bromide displacement and other fluorescence
experiments suggested, however, that eilatin (1) binds to
DNA with low affinity (IC50 for ethidium displacement
�100 �M).[4, 5]


Eilatin is potentially a bifacial metal chelator. Upon
incorporation into octahedral metal complexes of the
type [Ru(L)2eilatin]2� (where L� 2,2�-bipyridine (bpy), phenan-
throline (phen), etc.), only the less hindered face of eilatin binds
to the metal ion (Scheme 1).[6] Since numerous octahedral metal
complexes are known to bind nucleic acids,[7] we were intrigued
by the potential use of eilatin-containing metal complexes to
selectively target unique RNA structures within the genome of
HIV-1.
Association of the Rev response element (RRE) and of the


transactivation response region (TAR) with their biological
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Scheme 1. Octahedral metal complexes used in these studies. Unlike ™free∫ eilatin (1), the
dichloride salts of 2 ±5 are readily soluble in water. rac� racemic.







Anti-HIV Activity of Eilatin Complexes


ChemBioChem 2002, 3, 766 ± 771 767


ligands (Rev and Tat proteins, respectively) are events necessary
for the replication of HIV-1.[8, 9] The Rev and Tat proteins contain
homologous arginine-rich sequences that serve as the RNA
binding domain for each protein (Figure 1). Inhibition of these
protein ± RNA interactions may lead to therapeutic agents that
inhibit viral replication by binding to an RNA regulatory
element.[10, 11] The enantiomerically pure metal complexes �-
[Ru(bpy)2eilatin]2� (2) and �-[Ru(bpy)2eilatin]2� (3) were previ-
ously found to bind to the RRE with high affinity and high
specificity (relative to a mixture of tRNAs).[12] A solid-phase
fluorescent binding assay and native gel-shift electrophoresis
showed that the eilatin-containing complexes 2 and 3 bind the
RRE and displace a Rev protein fragment with approximately five
times greater activity than the widely studied RNA ligand
neomycin B.[12] The solid-phase assay also indicated that both 2
and 3 have a significant affinity for double-stranded DNA and
that DNA binds 2 in preference to 3.[12]


In this report, we disclose the anti-HIV activity of 2 and 3 and
compare their activities to those of two structural analogues,
[Ru(bpy)2™pre-eilatin∫]2� (4) and [Ru(bpy)3]2� (5). A correlation is
found between the RRE affinity and the anti-HIV activity of these
compounds. Other nucleic acids (calf thymus (C. T.) DNA, an HIV-1
TAR RNA construct, and simple polymeric DNAs and RNAs) were
also evaluated for their affinity for 2, 3, and 4. Ethidium
displacement experiments indicate that 2 and 3 have a higher
affinity for all nucleic acids as compared to 4. Thermal
denaturation experiments support the trends observed in the
fluorescent displacement assays and confirm the consistent
selectivity of DNA for 2 over 3. RNAs, however, are found to
exhibit more diverse enantiomeric selectivities.


Results and Discussion


Anti-HIV activity


The anti-HIV activities of compounds 2 ±5 were measured in
HIV-1 infected CD4� HeLa cell cultures by using a plaque-
formation assay.[13, 14] The dose-dependent decrease in plaques
(syncytia) is shown in Figure 2 and IC50 values are summarized in
Table 1. Compounds 2 and 3 have anti-HIV activities that are


Figure 2. Anti HIV-1 activities of 2 ±5 as evidenced by the fractional decrease in
plaque-forming units.


from 15 to over 100-fold greater than those of 4 and 5.
This clearly illustrates the significance of the eilatin moiety
for the anti-HIV activity of 2 and 3.[15] To date, only one other
family of ruthenium-containing complexes has been shown to
inhibit HIV replication.[16] However, these compounds are chemi-
cally reactive, create covalent cross links with DNA, and are
reported to be highly toxic.[16] In contrast, compounds 2 ±5 are
chemically inert, and show no sign of toxicity to HeLa cells (up to
100 �M).


Binding of RRE and TAR


To investigate the relative affinities of 2 ±5 for the
HIV-1 RRE and TAR, fluorescence anisotropy was used
to monitor the ability of each compound to displace a
fluorescent arginine-rich peptide from each RNA.
Both RNAs have been found to bind the Rev34±50
protein fragment with 1:1 stoichiometry.[17] The
association of each RNA with a fluorescent Rev34±50
protein fragment (Rev-Fl) is evident from the in-
creased fluorescence anisotropy upon titration of
either TAR or RRE (Figure 3a). Nonlinear curve fitting
yields a dissociation constant Kd of 2.3� 0.5 nM for the
affinity of Rev-Fl for RRE66 and 21� 8 nM for Rev-Fl


Figure 1. The minimal binding domains of the RRE and TAR used in these studies.[35, 36]


Sequence homology between the arginine-rich domains of Rev34±50 and Tat48±57 and the
fluorescent peptide Rev-Fl is shown. suc� succinylated; am�amidated.


Table 1. IC50 values for inhibition of HIV-1 and peptide displacement.


Compound HIV-1[a] RRE67[b] TAR31[b]


2 0.8 0.9 5.3
rac-2/3 0.9 1.0 3.9
3 2.0 1.1 3.5
rac-4 30 20 30
rac-5 � 100 � 170[c] �86[c]


[a] Concentration (�M) needed to decrease HIV-1 activity by 50% in a HeLa
plaque assay. The standard deviation is less than �40% of the reported
values.[13] [b] Concentration (�M) needed to displace 50% of Rev-Fl from
100 nM of RNA construct. The standard deviation is less than �20% of the
reported values. [c] Only limits can be determined with this method as a
result of fluorescence interference from [Ru(bpy)3]2�.[12]
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Figure 3. Examples of peptide binding and subsequent displacement experi-
ments. A) Association of Rev-Fl to either RRE66 or TAR31, as evidenced by the
increased fluorescence anisotropy of Rev-Fl. Note that the relative size of each
RNA construct is reflected in the magnitude of the change in anisotropy at
saturation. B) Representative Rev-Fl displacement isotherms. A fractional change
in anisotropy of 1.0 indicates a return of Rev-Fl to its anisotropy value when free in
solution (0.081). Notice how [Ru(bpy)3]2� (5) causes a decrease past this value
while the other inhibitors reach saturation at 1.0. 5 has been proven to interfere
with this assay and does not inhibit Rev ± RRE binding up to 10 mM.[12] .


binding to TAR31.[18] Upon complex formation, inhibitors were
added and the displacement of Rev-Fl was observed as a
decrease in anisotropy. Examples of displacement experiments
are shown in Figure 3b and the IC50 values of compounds 2 ±5
are summarized in Table 1.
The concentrations of compounds 2 ±5 needed for 50% Rev-


Fl displacement correlate with the IC50 values for inhibition of
HIV-1 replication (Table 1). Compounds 2 and 3 are significantly
more effective for Rev-Fl displacement than compounds 4 and 5.
Preferential binding of both 2 and 3 to RRE66 relative to TAR31 is
indicated by the three- fivefold lower IC50 values observed for
peptide displacement from the RRE.[19] Opposite trends in
enantiomeric selectivity for each RNA are also observed. The
TAR31 construct shows a small enantiomeric selectivity for 3 over
2, while the RRE shows a slight preference for 2 over 3.[20]


Compared to both 2 and 3, the nonplanar [Ru(bpy)2™pre-
eilatin∫]2� analogue (4) has significantly diminished RRE affinity
and anti-HIV activity. Crystal structures of 2 and 3 show eilatin to
be nearly planar.[21] The absence of a single carbon± carbon
bond in [Ru(bpy)2™pre-eilatin∫]2� (4) should impart a fluctuating
dihedral twist that averages 25� between the two fused tricyclic
aromatic systems.[22] Prior to these studies, it was unknown how
this twist would affect nucleic acid affinity.[23] The inability of
[Ru(bpy)3]2� (5) to bind to nucleic acids appears to be a general


phenomenon.[7f] This indicates that complementary electrostatic
interactions are not the primary energetic driving force for the
binding of these metal complexes to nucleic acids.


Ethidium displacement from seven nucleic acids


Ethidium bromide displacement assays were conducted to
confirm the trends observed by peptide displacement experi-
ments and to expand the study to include simple duplex RNAs
and DNAs. Figure 4 depicts typical data from these experiments.


Figure 4. Representative examples of ethidium bromide displacement assays.
A) Raw emission data for 1.25 �M ethidium bromide upon excitation at 546 nm in
buffer only (black square) and upon addition of 0.88 �M base pairs C.T. DNA (black
circles). 3 was then titrated from 0.077 �M to 7.1 �M. B) The decrease of
fluorescence intensity of the ethidium±DNA complex with increasing concen-
trations of 3. The dotted line indicates the fluorescence intensity of 1.25 �M free
ethidium in buffer only. C) Classic S-shaped binding isotherms are obtained by
assuming a linear relationship between the change in fluorescence intensity and
the fraction of ethidium displaced. This allows for the determination of the
concentration of each inhibitor needed to displace half of the ethidium from C.T.
DNA (summarized in Table 2). A small amount of direct quenching of free
ethidium by all the metal complexes is evident in the secondary linear element of
each isotherm, which becomes apparent from around 5 �M. This direct quenching
of ethidium results in final intensities that are lower than that of free ethidium
and serves to artificially increase the apparent activity of all inhibitors with IC50


values greater than about 3 �M.
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Table 2 summarizes the IC50 values of 2, 3, and 4 for ethidium
displacement from RRE66, TAR31, poly [r(I) ] ± poly [r(C)] duplex
RNA, poly [r(A)] ± poly [r(U)] duplex RNA, C.T. DNA, poly [d(AT)] ±
poly [d(AT)] duplex DNA, and poly [d(GC)] ± poly [d(GC)] duplex
DNA.[24] Even though ethidium bromide is regarded as a
nonspecific intercalating agent,[25] it has been shown to bind
to simple duplexes with variable stoichiometries and a broad
range of affinities.[26] The IC50 values in Table 2 are, therefore, not
comparable between different nucleic acids.[27]


Ethidium displacement experiments indicate that, in general,
2 and 3 have a higher affinity for all nucleic acids as compared to
4. These experiments also indicate that RRE66 exhibits prefer-
ential binding of 2 over 3, while the TAR31 has the opposite
selectivity. These results are consistent with Rev-Fl displacement
experiments.[28] Simple duplex RNAs also show complex enan-
tiomeric selectivity. Poly [r(A)] ± poly [r(U)] shows selectivity for 2
over 3, while poly [r(I) ] ± poly [r(C)] shows a small yet consistent
preference for 3 over 2 (Table 2). All three of the simple duplex
DNAs show preferential binding of 2 over 3. Interestingly, this is
the opposite enantiomeric selectivity as compared to most other
metal-complex ±DNA interactions reported to date.[7a, 7c±f]


In our experience, fluorescent displacement assays can be
prone to artifacts (especially for evaluation of ligands that are
themselves emissive or can directly quench the fluorescence of
the displaced species).[12] For this reason, we used thermal
denaturation of duplex C.T. DNA as an independent method to
confirm the trends observed by ethidium displacement. Com-
pared to C.T. DNA alone, a negligible increase in the melting
temperature (Tm) is observed upon addition of 4 (�Tm��0.3�
0.3 �C), a larger increase in Tm is seen with 3 (�Tm��4.3�
0.3 �C), and the largest increase is observed with 2 (�Tm��
9.1 �C).[29] These results correlate with the apparent affinity of
each compound for C.T. DNA, as indicated by ethidium displace-
ment measurements. Thermal denaturation of RNAs also
confirms that 4 shows only very weak stabilization of duplex
RNA, while 2 and 3 show more dramatic effects (data not
shown).


Conclusions


The eilatin-containing metal complexes 2 and 3 are found to
have significant anti-HIVactivities in cell cultures.[13] Evaluation of
the structural analogue 4 indicates that the planarity of the
eilatin moiety within 2 and 3 is essential for both the anti-HIV
activity and the nucleic acid affinity of these complexes.[30] For all
complexes evaluated, the trends for Rev ±RRE inhibition are
similar to those for HIV-1 inhibition. This correlation provides


some evidence that interference with Rev ±RRE activity is the
mechanism responsible for the anti-HIV activity of 2 and 3. The
nucleic acid enantiomeric selectivity for 2 and 3 is complex. All
DNA duplexes evaluated thus far have a clear preference for
binding of 2 over 3, while RNA shows more diverse behavior. The
RRE shows a slight preferential binding with 2 over 3, while the
TAR shows a small preferential binding of 3 over 2. Poly [r(A)] ±
Poly [r(U)] shows preferential binding of 2 over 3, while
Poly [r(I)] ± Poly [r(C)] shows the opposite selectivity. To our
knowledge, 2 and 3 are the first examples of octahedral metal
complexes to exhibit variable chiral discrimination between
simple duplex RNAs.[31]


Materials and Methods


Metal complexes : The dichloride salts of 2 ±5 were used for all
experiments. The synthesis and characterization of rac-2/3 has been
reported previously.[6] Complexes 2 and 3 were synthesized from
enantiomerically pure precursors.[32] To confirm the assigned abso-
lute configuration of 2 and 3 as � and � respectively, the CD
spectrum of each was recorded.[29] The dominant transitions
(between 260 and 300 nm) match those predicted by exciton theory
for the correct assignment of the absolute configuration.[33] The
synthesis and full characterization of rac-4 will be reported else-
where. ESI MS: calcd for C44H30F6N8PRu (4): 917 [M]� ; found: 917 (with
predicted isotopic distribution pattern); UV/Vis for 4 in CH3CN: �max/
nm (�� 10�3)� 242 (58), 286 (73), 357 (24), 397 (13), 539 (8.5). These
extinction coefficients are very similar to those measured for rac-2/
3.[6] HPLC analysis (C18 reversed phase, monitored at 260 nm)
indicated a greater than 95% purity of all metal complexes tested.


HeLa plaque assay : Two independent sets of duplicate points were
collected as previously described.[14] HT-6C cells were grown and
assayed for plaque-forming units (PFUs), in Dulbecco's Modified
Eagle's Medium that contained fetal calf serum (10%), glutamine
(2 mM), and penicillin and streptomycin (100 �gmL�1 each). Cells
were seeded in 24-well Falcon plates at 2.5�104 cells/well and
incubated overnight at 37 �C in the presence of CO2. The HIV-1 strain
LAI X794 was then added such that 70� 10 PFUs/well were apparent
after an additional 3-day incubation. Inhibitors were added 2 h after
the addition of HIV-1 and incubated as above for 3 days. Cells were
then washed in MeOH and stained with Crystal Violet (0.5% in H2O).
Cell density and PFUs were counted and compared to controls with
no inhibitor present. As a control, AZT was included in each round of
testing and consistently showed an IC50 value of approximately
0.01 �M.


Nucleic acids : RRE66 and TAR31 were transcribed by using T7 RNA
polymerase and a DNA template as described previously.[34] The
accuracy and homogeneity of the synthetic DNA templates were
confirmed by automated dideoxy sequencing. Transcribed RNAs
were purified by denaturing polyacrylamide gel electrophoresis


Table 2. Ethidium displacement IC50 values.[a]


Compound RRE66[b] TAR31[b] r(I) ± r(C)[c] r(I) ± r(C)[d] r(A) ± r(U)[d] C.T. DNA[d] poly [d(AT)][d] poly [d(GC)][d]


2 0.25 1.8 10.5 1.5 2.0 0.1 0.07 0.25
3 0.4 1.6 7.7 1.4 5.0 0.4 0.2 0.4
rac-4 10 9.0 22 4.0 23 7.0 n.d.[e] n.d.[e]


[a] Values are in �M. Errors associated with each measurement are within�20% of the reported value. [b] IC50 values measured by using 50 nM of RNA construct.
[c] IC50 values measured by using 11 �M of duplex base pairs. [d] IC50 values measured by using 0.88 �M of duplex base pairs. [e] Not determined.
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followed by extraction and two rounds of ethanol precipitation. The
expected masses of the TAR and RRE were confirmed by using
MALDI-TOF mass spectrometry. The UV absorbance at 260 nm
(pH 7.5) was used to quantify the nucleic acids (�RRE�
741400 cm�1M�1 and �TAR� 323900 cm�1M�1) after base hydrolysis
(1M NaOH, 90 �C, 10 min, quenched with 1M HCl). Sonicated C. T. DNA
was purchased in solution from Gibco BRL and quantified (in duplex
form) by measurement of the UV absorbance (�260nm�
13100 cm�1M�1base pair�1). The remaining RNA and DNA duplexes
were purchased from Pharmacia, suspended in 1X TE and quantified
(in duplex form) by using the reported UV extinction coefficients.[26]


Nucleic acid binding conditions : All displacement and Tm experi-
ments were conducted in a buffer that contained 2-[4-(2-hydrox-
yethyl)-1-piperazinyl]ethanesulfonic acid (30 mM; pH 7.5), KCl
(100 mM), sodium phosphate (10 mM), NH4OAc (20 mM), guanidinium
HCl (20 mM), MgCl2 (2 mM), NaCl (20 mM), ethylenediaminetetraace-
tate (0.5 mM), and Nonidet P-40 (0.001%). This complex mixture of
salts is found to minimize the nonspecific binding of ligands to the
Rev±RRE complex and to maximize the reversibility of the Rev ±RRE
interaction.


Peptide displacement : The synthesis and characterization of Rev-Fl
is reported in the supplementary information of reference [12].
Fluorescence anisotropy measurements were conducted with Rev-Fl
(10 nM) in a thermocontrolled cuvette (22 �C) within a Perkin Elmer
LS50 luminometer fitted with polarizers. Excitation of the peptide
was at 490 nm and emission was monitored at 530 nm. Six
independent anisotropy measurements were averaged to produce
each data point.


Ethidium bromide displacement : A solution of ethidium bromide
(1.25 �M) was excited at 546 nm, and its fluorescence emission was
monitored at 605 nm before and after the addition of the nucleic
acid. For the RRE and TAR constructs, 50 nM of each stand were used;
for the polymeric nucleic acids, 0.88 �M or 11 �M base pairs were
used. Under these conditions, only a small fraction of the ethidium
bromide is bound (less than 20%). Inhibitors were then titrated into
the solution until the fluorescence decrease reached saturation.
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Discovery of Potent Inhibitors of PapG Adhesins
from Uropathogenic Escherichia coli through
Synthesis and Evaluation of Galabiose Derivatives
Jˆrgen Ohlsson,[a] Jana Jass,[b] Bernt Eric Uhlin,[b] Jan Kihlberg,[c] and
Ulf J. Nilsson*[a]


The synthesis of two galabioside (Gal�1-4Gal) collections based on
diversification at the O-1 and O-3� atoms is reported. The
galabiosides were evaluated as inhibitors of hemagglutination of
human erythrocytes by two strains of Escherichia coli that
expressed the class I and class II PapG adhesins, respectively. The
class I adhesin was found to prefer aromatic substituents both at
the O-1 and the O-3� position of the galabiose disaccharide. One
galabioside, p-methoxyphenyl [3-O-(m-nitrobenzyl)-�-D-galacto-
pyranosyl]-(1-4)-�-D-galactopyranoside] , had an IC50 value of
4.1 �M, which is the best inhibition of the class I adhesin to date.


In the case of the class II adhesin, one inhibitor, 2-[(S)-2-
methoxycarbonyl-2-acetamido-ethylthio]ethyl {3-O-3-[2-(methoxy-
carbonylphenylthio)propyl]-�-D-galactopyranosyl}-(1-4)-�-D-galac-
topyranoside, was found to have an IC50 value of 68 �M, which is
the best artificial inhibition of the class II adhesin reported so far
with an affinity for the adhesin comparable to that of the natural
tetrasaccharide ligand globotetraose.


KEYWORDS:
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Introduction


Adhesion to host cell surfaces is an important
virulence factor in many bacterial infections[1]


and glycoconjugates present on the cell surface,
such as glycolipids and glycoproteins, often
function as receptors for extracellular bacterial
proteins termed adhesins.[2, 3] Inhibitors of these
bacterial adhesins constitute potential novel
antibacterial agents since they would inhibit bacterial adhesion
and thus prevent infection. Bacterial resistance towards such
anti-adhesive drugs is believed to evolve slowly because the
infecting bacteria are not killed and are consequently not under
selection pressure.


One classical example of a pathogenic bacterium that adheres
to glycoconjugates is uropathogenic Escherichia coli. The
majority of uropathogenic E. coli strains that cause pyeloneph-
ritis (severe kidney infection) adhere to the Gal�1-4Gal (gal-
abiose; Gal�galactose) disaccharide moiety[4±6] present in the
globoseries of glycolipids found in the upper urinary tract
(Scheme 1). These E. coli strains use proteinaceous appendages
called P-pili, which are terminated by an adhesin as a device for
binding to the glycolipids.[7] The adhesin, called PapG, exists in
three molecular variants (classes I ± III), as classified by their
slightly different agglutination patterns.[8, 9] In particular, the
PapG class II adhesin has been shown to be associated with the
occurrence of pyelonephritis in humans.[10, 11]


The structural requirements for class I and II PapG adhesins,
which bind to globoseries glycolipids, have been investigated
with a large number of synthetic saccharides.[12±14] The results


from these studies unambiguously showed that the galabiose
disaccharide was required for binding by both the class I and II
adhesins. Furthermore, the class I adhesin was found to prefer
hydrophobic substituents at the O-1 atom and to tolerate
substituents at the O-3� position of galabiose.[12, 14] The binding
site of the class II adhesin was shown to be extended beyond the
galabiose disaccharide unit to involve the entire GalNAc�1-
3Gal�1-4Gal�1-4Glc (Gb4) tetrasaccharide, because the presence
of the � glucose (Glc), and to a lesser extent, the � N-
acetylgalactosamine (GalNAc), residues improved affinity.[13] This
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result was recently supported by the crystal structure of the class
II adhesin complexed with the globotetarose (Gb4) tetrasac-
charide.[15]


Most lectins bind natural carbohydrate ligands with low
affinity (dissociation constants Kd normally in the 0.1 ± 1 mM


range) and rather large affinity enhancements are required to
accept a compound as a lead inhibitor for drug development.
One attractive strategy to enhance the affinity of a ligand for a
lectin is to use a small key saccharide as a core structure and
introduce substituents that interact with the lectin in a
favourable manner.[16±19] In this context, galabiosides derivatised
at the O-1 and O-3� positions appear attractive as molecules to
be used for the discovery of efficient PapG inhibitors.


We herein present the synthesis of two collections of galabio-
sides (Scheme 2) and the evaluation of these as inhibitors of the
PapG class I and class II adhesins. The first collection of
compounds (collection A) was derived from a galabioside
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Scheme 2. Schematic representation of galabiose collections A and B. R1 ± R3
indicate regions of diversity discussed within the text.


building block functionalised with a 2-bromoethyl group at the
O-1 position and an allyl group at the O-3� position. These two
functionalities allowed orthogonal and sequential derivatisation
with thiols (bromide substitution followed by radical addition to
the alkene) to give thioethers. The second collection of galabio-
sides (collection B, Scheme 2) comprised p-methoxyphenyl gal-
abiosides regioselectively alkylated at the O-3� position through
the use of the corresponding O-3�,4�-stannylidene acetal.


Results and Discussion


Synthesis


The building block 4 for galabioside collection A (Scheme 2) was
prepared from p-methoxyphenyl �-D-galactopyranosyl-(1-4)-
2,3,6-tri-O-benzoyl-�-D-galactopyranoside (1; Scheme 3)[20] . Stan-
nylidene acetal mediated regioselective alkylation of 1 at the
O-3� position with allyl bromide[21] gave 2 in 56% yield after
acetylation. Treatment of 2 with thiocresol and BF3 ¥ Et2O gave 3
as an anomeric mixture (�/� 1:10) in 67% yield. N-iodosuccini-
mide (NIS) and trimethylsilyl trifluoromethanesulfonate
(TMSOTf) promoted glycosylation of 2-bromoethanol with 3
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Scheme 3. a) 1. Bu2SnO, benzene, �, 15 h, 2. allylbromide, Bu4NBr 6 h; b) Ac2O,
pyridine, 15 h, 22 �C, 55% from 1; c) MePhSH, BF3 ¥ OEt2 , toluene, CH2Cl2 , 55 �C,
15 h, 67%; d) BrCH2CH2OH, NIS, TMSOTf, 0 �C, 10 min, 93%. OpMP�O-p-
methoxyphenyl, Bz�benzyl.


gave the building block 4 (93%), which carries two handles (an
alkyl bromide and an alkene moiety) that possess orthogonal
reactivities towards thiols.


Five different thiols (cyclohexylmercaptane, methyl thiosalicy-
late, methyl thioglycolate, N-acetyl-L-cystein methyl ester and
4-mercaptophenol) were introduced at the aglycon of 4 by
Cs2CO3 mediated bromide substitution[22] in 87 ± 94% yields.
Radical addition of a second set of four thiols (cyclohexylmer-
captane, methyl thioglycolate, methyl thiosalicylate and N-
acetyl-L-cystein methyl ester) to the allyl group at the O-3�
position proceeded smoothly and after deacylation afforded
compounds 5 ±20 in 23 ± 82% overall yield from 4 (Table 1).
Somewhat lower yields were obtained with methyl thiosalicylate
in the radical addition step. Intermediate galabiosides with a
phenol-containing aglycon (after bromide substitution with
4-mercaptophenol) gave a number of byproducts under radical
addition conditions. Reasonable yields could be achieved if the
phenolic hydroxyl group was protected prior to addition to the
O-3� allyl ether. Thus, acetylation and thiol radical addition
followed by deacylation yielded compounds 21 ±24 in 29 ± 48%
yield from 4. The second set of galabiosides (collection B) was
obtained by regioselective O-3�-alkylation of the O-3�,4�-stanny-
lidene acetal of compound 1, followed by deacetylation to give
compounds 25 ±30 (Table 2).


Reference compounds that contain the invariable part of
either galabioside collection A or B (that is, ethyl (3-O-propyl-�-D-
galactopyranosyl)-(1-4)-�-D-galactopyranoside (31) and p-me-
thoxyphenyl �-D-galactopyranosyl-(1-4)-�-D-galactopyranoside
(32), respectively) were needed in order to allow proper
interpretation of the results from biological evaluations of the
experimental compounds. Hydrogenolysis of 4 in aqueous KOH
in methanol[23] gave 31 (77%) and conventional O-deacylation of
1 gave 32 (95%; Scheme 4).
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The NMR spectroscopy data show a downfield shift of the H-5�
signal to 4.25 ± 4.29 ppm in compounds 5 ±32, which suggests
that they adopt a conformation similar to that of known
galabiosides,[24±26] an advantage in biological evaluations.
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Scheme 4. a) H2(1 bar), 10% Pd/C, KOH, H2O, MeOH, 4 h; b) NaOMe, MeOH, rt,
4 h.


Inhibition of hemagglutination by HB101/pHMG93 (class I
adhesin)


The two galabioside collections A and B (compounds 5 ±30) and
the reference compounds 31 and 32 were evaluated as
inhibitors of hemagglutination by two different recombinant
strains of E. coli, HB101/pHMG93 and HB101/pDC1, which
express the class I and class II PapG adhesin, respectively. In
addition, 2-(trimethylsilyl)ethyl galabioside (33 ; Scheme 4)[27]


was included in the inhibition experiments and assigned the
relative inhibition of 100% since this compound has been used
as a reference in previous studies.[12±14]


The inhibition data for galabioside collection A against the
class I adhesin is shown in Table 3. A comparison of the two


Table 2. Synthesis of galabiosides 25 ±30 (collection B).[a]
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25 – 30


a


Product R3�O Yield [%]


25 67


26 70


27 63


28 28[b]


29 50[b]


30 53


[a] Conditions: 1. Bu2SnO, benzene, reflux, 2. R3�Br, Bu4NBr, benzene, reflux,
3. NaOMe, MeOH. [b] Isolated from same experiment.


Table 1. Synthesis of galabiosides 5 ±24 (collection A).[a]
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5 – 24


4


R2�S�
R1�S �


5 (A, 64%) 6 (C, 30%) 7 (A, 67%) 8 (A, 82%)


9 (A, 54%) 10 (C, 47%) 11 (A, 37%) 12 (A, 60%)


13 (A, 58%) 14 (C, 31%) 15 (A, 65%) 16 (A, 49%)


17 (A, 47%) 18 (C, 23%) 19 (A, 44%) 20 (A, 43%)


21 (B, 48%) 22 (D, 29%) 23 (B, 36%) 24 (B, 47%)


[a] Conditions: A) 1. R1�SH, Cs2CO3, DMF, 2. R2�SH, AIBN, h�, EtOAc, 3. NaOMe,
MeOH; B) 1. R1�SH, Cs2CO3, DMF, 2. Ac2O, pyridine, 3. R2�SH, AIBN, h�, EtOAc,
4. NaOMe, MeOH; C) 1. R1�SH, Cs2CO3, DMF, 2. R2�SH, AIBN, h�, 3. NaOMe, MeOH;
D) 1. R1�SH, Cs2CO3, DMF, 2. Ac2O, pyridine, 3. R2�SH, AIBN, h�, 4. NaOMe, MeOH.


Table 3. Inhibition data for galabioside collection A.


Compound HB101/pHMG93 (class I) HB101/pDC1 (class II)
IC50 [�M] Relative


inhibition [%]
IC50 [�M] Relative


inhibition [%]


5[a] ± ± ± ±
6[a] ± ± ± ±
7 13 230 620 87
8 22 140 420 120
9 120 25 210 250
10[a] ± ± ± ±
11 35 86 84 620
12 43 70 170 310
13 20 150 1330 39
14 17 180 170 310
15 22 140 140 370
16 17 180 100 520
17 52 58 260 200
18 26 120 68 770
19 43 70 220 240
20 52 58 160 330
21 26 120 250 210
22 43 70 120 430
23 17 180 320 160
24 17 180 230 230
31 87 34 440 120
33 30 100[b] 520 100[b]


[a] Compounds 5, 6 and 10 were not soluble in the concentrations required
for inhibition. [b] The relative inhibitory power of the known inhibitor 33 (2-
trimethylsilylethyl galabioside[12±14] ) is defined as 100%.
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reference compounds 31 and 33 suggests that the invariable
spacer moieties of compounds 5 ±24 lower the inhibitory power
because the known reference compound 33 exhibits three times
better inhibition than 31. Nevertheless, in ten of the compounds
the inhibitory power is regained, mainly by the anomeric
substituent R1. The 2-(cyclohexylthio)ethyl (7±8), 2-(methoxy-
carbonylmethylthio)ethyl (13 ±16), and 2-(4-hydroxyphenylth-
io)ethyl (21 ±24) galabiosides proved to be among the more
potent inhibitors. The substituents at the O-3� atom had a minor
effect, which suggests that the propyl linker is too long and
positions the R2 substituents outside the binding site of the class
I adhesin. The compound with the best inhibition (7) is more
than twice as potent as the hitherto best inhibitor (33) known
against the class I adhesin.[14]


The compounds in galabioside collection B (25 ±30) have the
substituents attached directly to the galabiose core structure
and may thus be expected to be better suited as inhibitors of the
class I adhesin. Indeed, large differences in inhibitory power were
found within collection B (Table 4), which suggests that the


substituents are positioned in the vicinity of, or in the combining
site of the class I adhesin. The p-methoxyphenyl galabioside 32
was three times more powerful than the known reference
2-trimethylsilylethyl galabioside (33), which suggests that the
aromatic aglycon of 32 interacts favourably with the adhesin.


The O-3�-substitutions had significant impact on the inhibitory
powers of compounds 25 ±30. For example, compounds 28 and
29 showed decreased inhibitory power as compared to 32,
whereas two exceptionally potent inhibitors were found in
compounds 25 and 27 (relative inhibition of 610 and 730%,
respectively, as compared to 33). These findings show that
aromatic substituents at the O-3� and O-1 position are preferred
by the class I adhesin.


Inhibition of hemagglutination by HB101/pDC1 (class II
adhesin)


The inhibition data for the first set of galabiosides (collection A)
against the class II adhesin are given in Table 3. In contrast to the
results with the class I adhesin described above, no difference
was found between compounds 31 and 33, which suggests that


the ethyl and propyl spacer moieties at the O-1 and O-3� atoms
are well tolerated by the class II adhesin. Four galabiosides (11,
16, 18 and 22) displayed superior inhibitory power as compared
to the reference 33 (relative inhibitory powers of 620, 520, 770
and 430%, respectively). Consequently, the substituents R1 and
R2 in the galabioside collection A exert a large influence on the
binding affinity. This result is in agreement with studies on
Forssman pentasaccharide fragments[13] and with the recently
published structure of the class-II-adhesin:Gb4 complex,[15]


which revealed recognition of sugar moieties flanking the
galabiose disaccharide by this adhesin. The best inhibitor (18,
IC50 value 68 �M) shows 770% inhibitory power as compared to
the known compound 33 and is thus at least as good as the best
known ligand so far, the Gb4 tetrasaccharide (560%[13] as
compared to 33).


No members from galabioside collection B were better than
the reference inhibitor 32 (Table 4). Compound 32 displayed
inhibitory power (470% relative to 33) in the same range as
Gb4.[13] Thus, the same magnitude of inhibitory power could be
obtained with the rather simple disaccharide 32 (readily
prepared in high yields on a large scale[20] ) as with the Gb4
tetrasaccharide. Although no affinity enhancement was ob-
tained by substitutions at the O-3� position (all O-3�-substituents
in collection B had a negative influence on the inhibitory power)
it is noteworthy that substituents at the O-3� atom seem to have
a large influence on the inhibitory power, which leads to the
speculation that the right choice of substituent at the O-3�
position might lead to improved inhibitors.


Conclusions


We have synthesised and evaluated two collections of galabio-
sides as inhibitors of uropathogenic E. coli strains that express
either class I or class II PapG adhesins. The two different adhesins
(class I and II) were, as expected, found to display different
recognition patterns. One galabioside 27 (Scheme 5) was found
to inhibit the class I adhesin with an IC50 value as low as 4.1 �M.
Compound 27 is thus 20 ±30 times more potent than the natural
ligand Gb4[14] and is the best inhibitor to date against the class I
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Scheme 5. Compounds 27 (IC50 value 4.1 �M against class I) and 18 (IC50 value
68 �M against class II) are the best inhibitors known against the class I and II PapG
adhesins. The p-methoxyphenyl galabioside 32 is a potent yet simple inhibitor
against both the class I and class II PapG adhesins.


Table 4. Inhibition data for galabioside collection B.


Compound HB101/pHMG93 (class I) HB101/pDC1 (class II)
IC50 [�M] Relative


inhibition [%]
IC50 [�M] Relative


inhibition [%]


25 4.9 610 120 430
26 7.6 320 260 200
27 4.1 730 180 290
28 35 86 � 6700 �8
29 87 34 � 6700 �8
30[a] ± ± ± ±
32 11 270 110 470
33 30 100[b] 520 100[b]


[a] Compound 30 was not soluble in the concentrations required for
inhibition. [b] The relative inhibitory power of the known inhibitor 33 (2-
trimethylsilylethyl galabioside[12±14] ) is defined as 100%.
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adhesin. Other inhibitors (18 and 32) displayed IC50 values as low
as 68 and 110 �M against the class II adhesin, which is at least as
potent as the natural tetrasaccharide ligand, Gb4.[13] It is
noteworthy that for both adhesins the presence of a p-
methoxyphenyl galabioside aglycon results in potent inhibitors
(27 and 32). This can most likely be explained by a favourable
interaction between the aromatic aglycon and a conserved Trp
residue found close to the galabiose O-1 atom in the crystal
structure of the class II PapG adhesin.[15] These inhibitors
represent the best inhibitors known against the PapG class I
and II adhesins and constitute an advance towards anti-adhesion
therapeutic agents that target urinary tract infections.


Experimental Section


General : NMR spectra were recorded on a Bruker DRX-400 instru-
ment. Residual CHCl3 or CD2HOD were used as internal references at
7.27 and 3.31 ppm, respectively. 1H NMR spectral assignments were
made by using COSY. Solutions were concentrated by rotary
evaporation with a bath temperature at or below 40 �C. Flash
chromatography was performed on Grace Amicon Silica gel 60
(0.035 ± 0.070 mm) and TLC was performed on Kieselgel 60 F254 plates
(Merck). All nonaqueous reactions were run in septum-capped, oven-
dried flasks under Ar (1 atm). CH2Cl2 and toluene were distilled from
CaH2. Et2O was distilled from Na. UV-irradiations were performed
with a water-cooled Original Hanau 70 W mercury high-pressure
lamp. Recombinant Escherichia coli strains HB101/pHMG93[28] and
HB101/pDC1,[29] which express class I and class II PapG adhesin
respectively, were used to determine hemagglutination inhibition by
selected substances. The plasmid pHMG93, which carries the Pap
genes was constitutively expressed from the alaS promoter. The
pDC1 vector expresses the Pap pili from E. coli IA2.


p-Methoxyphenyl (2,4,6-tri-O-acetyl-3-O-allyl-�-D-galactopyrano-
syl)-(1-4)-2,3,6-tri-O-benzoyl-�-D-galactopyranoside (2): Com-
pound 1[20] (7.47 g, 10.0 mmol) and Bu2SnO (2.99 g, 12.0 mmol) were
refluxed in benzene (180 mL) with azeotropic removal of water
overnight then allyl bromide (17.3 mL, 0.2 mol) and Bu4NBr (1.61 g,
5.0 mmol) were added. After 6 h reflux, the mixture was concen-
trated, flash chromatographed (SiO2, 4:1 ± 2:1 toluene/acetone
gradient), concentrated again and treated with pyridine (75 mL)
and acetic anhydride (60 mL) overnight. Coevaporation with toluene
gave 2 (5.17 g, 56%). Recrystallisation from EtOAc/Et2O gave an
analytical sample; mp: 161 ± 162 �C; [�]23D : �122 (c�1.0, CHCl3) ;
1H NMR (CDCl3): �� 8.10 ± 7.95 (m, 6H, Ar�H), 7.67 ± 7.35 (m, 9H,
Ar�H), 6.99 (m, 2H, OC6H4OMe), 6.71 (m, 2H, OC6H4OMe), 5.97 (dd,
1H, J� 7.8, 10.6 Hz, H-2), 5.87 (m, 1H, CH2�CH�CH2), 5.52 (d, 1H, J�
2.0 Hz, H-4�), 5.40 (dd, 1H, J� 2.8, 10.5 Hz, H-3), 5.32 (m, 1H, CH2�),
5.23 ± 5.15 (m, 4H, H-1, H-1�, H-2�, CH2�), 4.83 (m, 1H, H-6), 4.61 ±4.53
(m, 2H, H-6, H-5�), 4.47 (d, 1H, J�2.4 Hz, H-4), 4.28 ±4.18 (m, 2H, H-5,
OCH2), 4.10 ± 4.01 (m, 2H, H-3�, OCH2), 3.88 (dd, 1H, J�7.7, 11.0 Hz,
H-6�), 3.74 (s, 3H, OMe), 3.63 (dd, 1H, J� 6.2, 11.0 Hz, H-6�), 2.20, 2.12,
1.92 (3 s, 3H each, OAc) ppm; 13C NMR (CDCl3): �� 171.1, 170.7, 170.6,
166.6, 166.5, 165.8, 156.1, 151.6, 134.6, 134.2, 133.9, 133.8, 130.3,
130.2, 130.1, 128.8, 129.7, 129.1, 129.03, 129.00, 128.9, 119.1, 117.7,
114.9, 101.5, 99.4, 76.1, 73.9, 73.3, 72.9, 71.2, 70.6, 69.8, 68.1, 67.5, 63.2,
61.7, 56.0, 21.4, 21.2, 21.0 ppm; HRMS: calcd for C49H50O18Na (M�Na):
949.2895; found: 949.2903.


p-Tolyl (2,4,6-tri-O-acetyl-3-O-allyl-�-D-galactopyranosyl)-(1-4)-
2,3,6-tri-O-benzoyl-1-thio-�-D-galactopyranoside (3): BF3 ¥ Et2O
(1.0 mL, 7.1 mmol) was added to a mixture of 2 (5.08 g, 5.48 mmol)
and thiocresol (2.83 g, 22 mmol) in toluene:CH2Cl2 (180 mL, 1:1) at


room temperature. The mixture was stirred at 55 �C overnight then
diluted with CH2Cl2 (200 mL), washed with satd aqueous NaHCO3,


(2�100 mL), dried (MgSO4) and concentrated. Flash chromatogra-
phy (SiO2, 1:2 ± 1:3 heptane/diethylether gradient) gave 3, (3.42 g,
67%). Recrystallisation from EtOH gave an analytical sample; mp:
186 ± 188 �C; [�]23D : �85 (c�0.8, CHCl3) ; 1H NMR (CDCl3): �� 8.09 ±
7.93 (m, 6H, Ar�H), 7.65 ± 7.34 (m, 11H, Ar�H), 7.07 (d, 2H, J� 8.1 Hz,
Ar�H), 5.90 (m, 1H,�CH�CH2), 5.68 (t, 1H, J� 10.1 Hz, H-2), 5.42 ±5.34
(m, 3H, H-3, H-4�,�CH2), 5.25 (m, 1H,�CH2), 5.11 (m, 2H, H-1�, H-2�),
4.92 (d, 1H, J�9.8 Hz, H-1), 4.80 (dd, 1H, J� 7.4, 11.6 Hz, H-6), 4.50
(dd, 1H, J�5.6, 11.4 Hz, H-6), 4.39 (d, 1H, J�2.6 Hz, H-4), 4.25 ±4.13
(m, 3H, H-5, H-5�, OCH2), 4.05 (m, 1H, OCH2), 3.90 (m, 2H, H-3�, H-6�),
3.67 (dd, 1H, J�3.6, 11.0 Hz, H-6�), 2.38 (s, 3H, Me), 2.19, 2.08, 1.95
(3 s, 3H each, OAc) ppm; 13C NMR (CDCl3): ��171.0, 170.8, 170.6,
166.53, 166.49, 165.6, 138.9, 134.6, 134.6, 134.5, 134.1, 133.9, 133.8,
133.2, 130.3, 130.22, 130.16, 130.0, 129.9, 129.8, 129.1, 129.0, 128.9,
128.2, 117.5, 99.2, 86.5, 76.9, 76.6, 75.2, 73.0, 71.1, 70.6, 68.2, 67.9, 67.4,
63.6, 61.7, 21.7, 21.4, 21.2, 21.1 ppm; HRMS calcd for C49H50O16SNa
(M�Na): 949.2717; found: 949.2725.


2-Bromoethyl (2,4,6-tri-O-acetyl-3-O-allyl-�-D-galactopyranosyl)-
(1-4)-2,3,6-tri-O-benzoyl-�-D-galactopyranoside (4): 2-Bromoetha-
nol (0.54 mL, 7.8 mmol), TMSOTf (0.137 mL, 0,69 mmol) and finally NIS
(1.0 g, 4.5 mmol) were added to a solution of 3 (3.22 g, 3.37 mmol) in
CH2Cl2 (140 mL) at 0 �C and the resulting solution was stirred for
40 min. Et3N (2 mL) was added, the mixture was diluted with CH2Cl2
(200 mL), washed with 10% aqueous Na2S2O3 (100 mL) and satd
aqueous NaHCO3 (100 mL), dried (MgSO4), evaporated and flash
chromatographed (SiO2, 3:1 ± 2:1 heptane/EtOAc gradient) to give 4
(3.0 g, 93%). Recrystallisation from EtOAc/Et2O gave an analytical
sample; mp: 144 ± 145 �C; [�]23D : �109 (c� 1.0, CHCl3); 1H NMR
(CDCl3): ��8.05 ± 7.92 (m, 6H, Ar�H), 7.63 ± 7.33 (m, 9H, Ar�H),
5.93 ± 5.80 (m, 1H,�CH), 5.75 (dd, 1H, J�7.7, 10.6 Hz, H-2), 5.48 (dd,
1H, J� 1.5, 3.2 Hz, H-4�), 5.35 ± 5.30 (m, 2H, H-3, H2C�), 5.25 ±5.11 (m,
3H, H-1�, H-2�, H2C�), 4.82 (d, 1H, J� 7.7 Hz, H-1), 4.77 (dd, 1H, J� 7.0,
11.3 Hz, H-6), 4.50 (m, 2H, H-6, H-5�), 4.41 (d, 1H, J�2.8 Hz, H-4),
4.24 ± 4.11 (m, 3H, H-5, OCH2CH2Br, �CH�CH2), 4.05 (m, 2H, H-3�,
�CH�CH2), 3.91 (dt, 1H, J�7.1, 11.3 Hz, OCH2CH2Br), 3.81 (dd, 1H, J�
7.7, 11.0 Hz, H-6�), 3.53 (dd, 1H, J� 6.2, 10.8 Hz, H-6�), 3.45 (m, 2H,
CH2Br), 2,17, 2.07, 1.86 (s, 3H each, OAc) ppm; 13C NMR (CDCl3): ��
171.1, 170.7, 170.6, 166.6, 166.5, 165.9, 134.6, 134.1, 134.0, 133.8,
130.3 ± 128.9 (Ar), 117.7, 102.2, 99.2, 75,7, 73.7, 73.1, 72.8, 71.1, 70.5,
70.3, 69.7, 69.0, 67.4, 62.8, 61.7, 30.1, 21.4, 21.2, 21.0 ppm; HRMS calcd
for C44H47O17BrNa (M�Na): 949.1894; found: 949.1902


General procedures for preparation of galabioside collection A :


Method A (compounds 5, 7 ±9, 11 ±13, 15 ±17 and 19 ±20): Cs2CO3


(46 mg, 0.140 mmol) and the appropriate thiol (0.162 mmol) were
added to a solution of 4 (100 mg, 0.108 mmol) in deoxygenated
dimethylformamide (DMF; 5 mL). The mixture was stirred at ambient
temperature for 1 h. The reaction mixture was diluted with CH2Cl2
(15 mL), washed with satd aqueous NaHCO3 (5 mL) and water (5 mL),
dried (MgSO4), concentrated and flash chromatographed (SiO2,
heptane/EtOAc). The thiol (5 equiv) and azobisisobutyronitrile (AIBN;
cat) were added to the residue (25 mg) in EtOAc (0.5 mL) and Ar was
bubbled through the mixture for 15 min. The reaction flask was
sealed with a septum and UV irradiated for 48 h. Concentration and
flash chromatography (SiO2, heptane/EtOAc) gave the protected
intermediate, which was O-deacylated in methanolic NaOMe (0.01M,
1.5 mL) for 5 h. Methanolic acetic acid (10%) was added until a
neutral result was seen on moist pH paper. The mixture was then
concentrated and flash chromatographed (SiO2, CH2Cl2/MeOH) to
give compounds 5, 7 ±9, 11 ±13, 15 ±17, and 19 ±20.


Method B (compounds 21, 23 and 24): Cs2CO3 (69 mg, 0.211 mmol)
and 4-mercaptophenol (31 mg, 0.243 mmol) were added to a
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solution of 4 (150 mg, 0.162 mmol) in deoxygenated DMF (8 mL). The
mixture was stirred at ambient temperature for 1 h. The reaction
mixture was diluted with CH2Cl2 (20 mL), washed with satd aqueous
NaHCO3 (8 mL) and water (8 mL), dried (MgSO4), concentrated and
flash chromatographed (SiO2, 3:1 ± 2:1 heptane/EtOAc gradient) to
give the intermediate (151 mg; 95%). Pyridine (10 mL) and acetic
anhydride (5 mL) were added to the residue and the mixture was
stirred overnight, concentrated, coconcentrated with toluene and
flash chromatographed (SiO2, 3:1 ± 2:1 heptane/EtOAc gradient) to
give the corresponding 4-acetoxyphenylthio derivative (152 mg,
97%). The appropriate thiol (5 equiv) and AIBN (cat) were added to a
solution of a portion of the residue (25 mg) in EtOAc (0.5 mL) and Ar
was bubbled through the mixture for 15 min. The reaction flask was
sealed with a septum and UV irradiated for 48 h. Concentration and
flash chromatography (SiO2, heptane/EtOAc) gave the protected
intermediate, which was deacylated in methanolic NaOMe (0.01M,
1.5 mL) for 5 h. Methanolic acetic acid (10%) was added until a
neutral result was seen on moist pH paper. The resulting mixture was
concentrated and flash chromatographed (SiO2, CH2Cl2/MeOH) to
give compounds 21, 23 and 24.


Method C (compounds 6, 10, 14 and 18): Cs2CO3 (46 mg,
0.140 mmol) and the appropriate thiol (0.162 mmol) were added to
a solution of 4 (100 mg, 0.108 mmol) in deoxygenated DMF (5 mL).
The mixture was stirred at ambient temperature for 1 h. The reaction
mixture was diluted with CH2Cl2 (15 mL), washed with satd aqueous
NaHCO3 (5 mL) and water (5 mL), dried (MgSO4), concentrated and
flash chromatographed (SiO2, heptane/EtOAc) to give the inter-
mediate monosubstituted galabioside. Methyl thiosalicylate
(0.20 mL) and AIBN (cat) were added to a solution of the
monosubstituted galabioside (25 mg) and Ar was bubbled through
the mixture for 15 min. The reaction flask was sealed with a septum
and UV irradiated for 48 h. Flash chromatography (SiO2, heptane/
EtOAc) gave the protected intermediate, which was deacylated in
methanolic NaOMe (0.01M, 1.5 mL) for 5 h. Methanolic acetic acid
(10%) was added until a neutral result was seen on moist pH paper.
The resulting mixture was concentrated and flash chromatographed
(SiO2, CH2Cl2/MeOH) to give compounds 6, 10, 14, and 18.


Method D (compound 22): Cs2CO3 (69 mg, 0.211 mmol) and 4-mer-
captophenol (31 mg, 0.243 mmol) were added to a solution of 4
(150 mg, 0.162 mmol) in deoxygenated DMF (8 mL). The mixture was
stirred at ambient temperature for 1 h. The reaction mixture was
diluted with CH2Cl2 (20 mL), washed with satd aqueous NaHCO3


(8 mL) and water (8 mL), dried (MgSO4), concentrated and flash
chromatographed (SiO2, 3:1 ± 2:1 heptane/EtOAc gradient) to give
the intermediate (151 mg, 95%). Pyridine (10 mL) and acetic
anhydride (5 mL) were added to the residue and the mixture was
stirred overnight, concentrated and coconcentrated with toluene
and flash chromatographed (SiO2, 3:1 ± 2:1 heptane/EtOAc gradient)
to give the 4-hydroxybenzyl substituted galabioside (152 mg, 97%).
Methyl thiosalicylate (0.20 mL) and AIBN (cat) were added to a
solution of the monosubstituted galabioside (25 mg) and Ar was
bubbled through the mixture for 15 min. The reaction flask was
sealed with a septum and UV irradiated for 48 h. Flash chromatog-
raphy (SiO2, heptane/EtOAc) gave the protected intermediate, which
was deacylated in methanolic NaOMe (0.01M, 1.5 mL) for 5 h.
Methanolic acetic acid (10%) was added until a neutral result was
seen on moist pH paper. The resulting mixture was concentrated and
flash chromatographed (SiO2, CH2Cl2/MeOH) to give compound 22.


5: 1H NMR (CD3OD): �� 4.96 (d, 1H, J� 4.0 Hz, H-1�), 4.32 (d, 1H, J�
7.3 Hz, H-1), 4.27 (t, 1H, J�6.3 Hz, H-5�), 4.12 (d, 1H, J� 1.9 Hz, H-4�),
4.01 ± 3.94 (m, 2H, H-4, OCH2CH2S), 3.89 ± 3.47 (m, 12H), 2.79 (t, 2H,
J�6.8 Hz, OCH2CH2S), 2.75 ±2.65 (m, 4H, OCH2CH2CH2S, SCH, SCH),
1.99 (m, 4H, CH2), 1.88 (m, 2H, OCH2CH2CH2S), 1.77 (m, 4H, CH2), 1.63


(m, 2H, CH2), 1.39 ±1.25 (m, 10H, CH2) ppm; HRMS calcd for
C29H52O11S2Na (M�Na): 663.2849; found: 663.2844.


6 : 1H NMR (CD3OD): �� 7.88 (m, 1H, Ar�H), 7.51 (m, 2H, Ar�H), 7.20
(m, 1H, Ar�H), 4.97 (d, 1H, J� 4.0 Hz, H-1�), 4.32 (d, 1H, J�7.3 Hz,
H-1), 4.26 (t, 1H, J� 5.8 Hz, H-5�), 4.13 (d, 1H, J� 2.1 Hz, H-4�), 4.01 (d,
1H, J� 3.1 Hz, H-4), 3.98 ± 3.47 (m, 16H), 3.13 (m, 2H, OCH2CH2CH2S),
2.78 (t, 1H, J� 7.2 Hz, OCH2CH2S), 2.72 (m, 1H, CHS), 1.99 (m, 4H, CH2,
OCH2CH2CH2S), 1.76 (m, 2H, CH2), 1.62 (m, 1H, CH2), 1.37 ± 1.25 (m,
5H, CH2) ppm; HRMS calcd for C31H48O13S2Na (M�Na): 715.2434;
found: 715.2429.


7: 1H NMR (CD3OD): �� 4.97 (d, 1H, J� 4.0 Hz, H-1�), 4.32 (d, 1H, J�
7.3 Hz, H-1), 4.27 (t, 1H, J� 6.5 Hz, H-5�), 4.12 (d, 1H, J�2.3 Hz, H-4�),
4.02 ± 3.94 (m, 2H, H-4, OCH2CH2S), 3.89 ± 3.46 (m, 15H), 3.30 (s, 2H,
SCH2COOMe), 2.81 ± 2.71 (m, 4H, CH2S), 1.99 (m, 2H, CH2), 1.92 (m,
2H, OCH2CH2CH2S), 1.77 (m, 2H, CH2), 1.63 (m, 1H, CH2), 1.40 ± 1.25
(m, 5H, CH2) ppm; HRMS calcd for C26H46O13S2Na (M�Na): 653.2278;
found: 653.2277.


8: 1H NMR (CD3OD): ��4.97 (d, 1H, J�4.0 Hz, H-1�), 4.63 (m, 1H,
SCH2CH(NHAc)), 4.32 (d, 1H, J� 7.4 Hz, H-1), 4.26 (t, 1H, J� 5.9 Hz,
H-5�), 4.12 (d, 1H, J�2.4 Hz, H-4�), 4.00 (d, 1H, J�3.0 Hz, H-4), 3.96
(m, 1H, OCH2CH2S), 3.88 ± 3.46 (m, 15H), 3.00 (m, 1H, SCH2CH(NHAc)),
2.88 ± 2.70 (m, 6H, OCH2CH2CH2S, OCH2CH2S, SCH2CH(NHAc), SCH),
2.00 (m, 5H, CH2, Ac), 1.88 (m, 2H, OCH2CH2CH2S), 1.76 (m, 2H, CH2),
1.62 (m, 1H, CH2), 1.30 (m, 5H, CH2) ppm; HRMS calcd for
C29H51O14NS2Na (M�Na): 724.2649; found: 724.2661.


9 : 1H NMR (CD3OD): �� 7.89 (d, 1H, J� 7.8 Hz, Ar�H), 7.51 (d, 2H, J�
3.6 Hz, Ar�H), 7.23 (m, 1H, Ar�H), 4.96 (d, 1H, J� 3.9 Hz, H-1�), 4.34 (d,
1H, J�7.0 Hz, H-1), 4.27 (t, 1H, J� 5.9 Hz, H-5�), 4.12 (d, 1H, J� 2.0 Hz,
H-4�), 4.05 (m, 1H, OCH2CH2S), 4.00 (d, 1H, J� 2.1 Hz, H-4), 3.89 ±3.50
(m, 15H), 3.25 (t, 2H, J� 7.0 Hz, OCH2CH2S), 2.70 ± 2.64 (m, 3H,
OCH2CH2CH2S, SCH), 1.98 (m, 2H, CH2), 1.88 (m, 2H, OCH2CH2CH2S),
1.75 (m, 2H, CH2), 1.62 (m, 1H, CH2), 1.38 ± 1.23 (m, 5H, CH2) ppm;
HRMS calcd for C31H48O13S2Na (M�Na): 715.2434; found: 715.2440.


10 : 1H NMR (CD3OD): ��7.88 (m, 2H, Ar�H), 7.50 (m, 4H, Ar�H), 7.20
(m, 2H, Ar�H), 4.97 (d, 1H, J� 3.9 Hz, H-1�), 4.34 (d, 1H, J� 6.9 Hz,
H-1), 4.27 (t, 1H, J�6.6 Hz, H-5�), 4.13 (d, 1H, J�2.6 Hz, H-4�), 4.06 (dt,
1H, J�7.3, 10.6 Hz, OCH2CH2S), 4.01 (d, 1H, J� 2.3 Hz, H-4), 3.92 ±
3.50 (m, 18H), 3.26 (t, 2H, J� 7.0 Hz, OCH2CH2S), 3.12 (dt, 2H, J�1.3,
7.8 Hz, OCH2CH2CH2S), 1.99 (m, 2H, OCH2CH2CH2S) ppm; HRMS calcd
for C33H44O15S2Na (M�Na): 767.2019; found: 767.2030.


11: 1H NMR (CD3OD): �� 7.89 (m, 1H, Ar�H), 7.51 (m, 2H, Ar�H), 7.22
(m, 1H, Ar�H), 4.96 (d, 1H, J� 3.9 Hz, H-1�), 4.34 (d, 1H, J�7.0 Hz,
H-1), 4.27 (t, 1H, J�6.0 Hz, H-5�), 4.12 (d, 1H, J�2.1 Hz, H-4�), 4.06 (dt,
1H, J�7.3, 10.6 Hz, OCH2CH2S), 4.00 (d, 1H, J� 2.0 Hz, H-4), 3.89 ±
3.49 (m, 18H), 3.30 (s, 2H, OCH2COOMe), 3.25 (t, 2H, J�7.0 Hz,
OCH2CH2S), 2.78 (t, 2H, J� 7.0 Hz, OCH2CH2CH2S), 1.91 (m, 2H,
OCH2CH2CH2S) ppm; HRMS calcd for C28H42O15S2Na (M�Na):
705.1863; found: 705.1868.


12 : 1H NMR (CD3OD): ��7.89 (m, 1H, Ar�H), 7.51 (m, 2H, Ar�H), 7.22
(m, 1H, Ar�H), 4.97 (d, 1H, J� 4.0 Hz, H-1�), 4.63 (ddd, 1H, J� 1.2 Hz,
4.0, 8.0, SCH2CH(NHAc)), 4.34 (d, 1H, J�7.1 Hz, H-1), 4.27 (t, 1H, J�
6.1 Hz, H-5�), 4.12 (d, 1H, J� 2.5 Hz, H-4�), 4.06 (dt, 2H, J�7.3 Hz, 10.6,
OCH2CH2S), 4.01 (d, 1H, J� 2.2 Hz, H-4), 3.90 ±3.50 (m, 18H), 3.26 (t,
2H, J� 6.9 Hz, OCH2CH2S), 3.01 (ddd, 1H, J� 1.9, 5.2, 13.8 Hz,
SCH2CH(NHAc)), 2.84 (ddd, 1H, J� 1.1, 8.1, 13.8 Hz, SCH2CH(NHAc)),
2.71 (m, 2H, OCH2CH2CH2S), 2.00 (s, 3H, Ac), 1.89 (m, 2H,
OCH2CH2CH2S) ppm; HRMS calcd for C31H47O16NS2Na (M�Na):
776.2234; found: 776.2246.


13 : 1H NMR (CD3OD): �� 4.96 (d, 1H, J� 4.0 Hz, H-1�), 4.33 (d, 1H, J�
7.3 Hz, H-1), 4.27 (t, 1H, J�6.6 Hz, H-5�), 4.12 (d, 1H, J� 1.9 Hz, H-4�),
4.08 ± 3.99 (m, 2H, H-4, OCH2CH2S), 3.89 ± 3.47 (m, 15H), 3.27 (s, 2H,
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SCH2COOMe), 2.89 (t, 2H, J� 6.8 Hz, OCH2CH2S), 2.72 ± 2.63 (m, 3H,
OCH2CH2CH2S, SCH), 2.00 (m, 2H, CH2), 1.88 (m, 2H, OCH2CH2CH2S),
1.76 (m, 2H, CH2), 1.62 (m, 1H, CH2), 1.40 ± 1.25 (m, 5H, CH2) ppm;
HRMS calcd for C26H46O13S2Na (M�Na): 653.2278; found: 653.2285.


14 : 1H NMR (CD3OD): ��7.88 (m, 1H, Ar�H), 7.51 (m, 2H, Ar�H), 7.19
(m, 1H, Ar�H), 4.97 (d, 1H, J� 3.9 Hz, H-1�), 4.33 (d, 1H, J�7.3 Hz,
H-1), 4.28 (t, 1H, J�6.4 Hz, H-5�), 4.13 (d, 1H, J�2.0 Hz, H-4�), 4.05 (dt,
1H, J�6.7, 10.4 Hz, OCH2CH2S), 4.01 (d, 1H, J� 2.6 Hz, H-4), 3.91 ±
3.48 (m, 18H), 3.37 (s, 2H, SCH2COOMe), 3.12 (t, 2H, J� 6.7 Hz,
OCH2CH2CH2S), 2.88 (t, 2H, J�6.8 Hz, OCH2CH2S), 1.99 (m, 2H,
OCH2CH2CH2S) ppm; HRMS calcd for C28H42O15S2Na (M�Na):
705.1863; found: 705.1874.


15 : 1H NMR (CD3OD): �� 4.97 (d, 1H, J� 4.0 Hz, H-1�), 4.32 (d, 1H, J�
7.3 Hz, H-1), 4.27 (t, 1H, J� 6.5 Hz, H-5�), 4.12 (d, 1H, J�2.3 Hz, H-4�),
4.05 (m, 1H, OCH2CH2S), 4.01 (d, 1H, H-4), 3.89 ± 3.47 (m, 18H), 3.38 (s,
2H, SCH2COOMe), 3.30 (s, 2H, SCH2COOMe), 2.89 (t, 2H, J� 6.8 Hz,
OCH2CH2S), 2.79 (t, 2H, J� 7.1 Hz, OCH2CH2CH2S), 1.91 (m, 2H,
OCH2CH2CH2S) ppm; HRMS calcd for C23H40O15S2Na (M�Na):
643.1706; found: 643.1716.


16 : 1H NMR (CD3OD): ��4.96 (d, 1H, J� 4.0 Hz, H-1�), 4.63 (m, 1H,
SCH2CH(NHAc)), 4.33 (d, 1H, J� 7.3 Hz, H-1), 4.27 (t, 1H, J� 6.3 Hz,
H-5�), 4.12 (d, 1H, J� 2.0 Hz, H-4�), 4.05 (dt, 1H, J� 6.7, 10.4 Hz,
OCH2CH2S), 4.00 (d, 1H, J�2.7 Hz, H-4), 3.90 ± 3.47 (m, 18H), 3.38 (s,
2H, SCH2COOMe), 3.00 (ddd, 1H, J� 1.9, 5.2, 13.8 Hz, SCH2CH(NHAc)),
2.91 ± 2.81 (m, 3H, OCH2CH2S, SCH2CH(NHAc)), 2.71 (m, 2H,
OCH2CH2CH2S), 2.00 (s, 3H, Ac), 1.89 (m, 2H, OCH2CH2CH2S) ppm;
HRMS calcd for C26H45O16NS2Na (M�Na): 714.2077; found: 714.2091.


17: 1H NMR (CD3OD): �� 4.96 (d, 1H, J� 4.0 Hz, H-1�), 4.65 (m, 1H,
CH(NHAc)), 4.33 (d, 1H, J� 7.2 Hz, H-1), 4.27 (t, 1H, J�6.1 Hz, H-5�),
4.13 (d, 1H, J� 2.2 Hz, H-4�), 4.06 ± 4.00 (m, 2H, H-4, OCH2CH2S),
3.89 ± 3.47 (m, 15H), 3.08 (ddd, 1H, J�1.9, 7.5, 21.4 Hz,
SCH2CH(NHAc)), 2.90 (dd, 1H, J� 8.4, 13.8 Hz, SCH2CH(NHAc)), 2.80
(m, 2H, OCH2CH2S), 2.68 (m, 3H, SCH, OCH2CH2CH2S), 2.00 (m, 5H,
CH2, OMe), 1.88 (m, 2H, OCH2CH2CH2S), 1.76 (m, 2H, CH2), 1.62 (m,
1H, CH2), 1.37 ± 1.25 (m, 5H, CH2) ppm; HRMS calcd for C29H51O14N-
S2Na (M�Na): 724.2649; found: 724.2659.


18 : 1H NMR (CD3OD): ��7.89 (m, 1H, Ar�H), 7.51 (m, 2H, Ar�H), 7.20
(m, 1H, Ar�H), 4.97 (d, 1H, J� 4.0 Hz, H-1�), 4.65 (m, 1H,
SCH2CH(NHAc)), 4.33 (d, 1H, J� 7.1 Hz, H-1), 4.27 (t, 1H, J� 6.0 Hz,
H-5�), 4.13 (d, 1H, J� 2.1 Hz, H-4�), 4.06 ± 3.99 (m, 2H, H-4, OCH2CH2S),
3.88 ± 3.50 (m, 18H), 3.15 ± 3.06 (m, 3H, OCH2CH2CH2S,
SCH2CH(NHAc)), 2.89 (ddd, 1H, J� 1.9, 8.3, 13.8 Hz, SCH2CH(NHAc)),
2.80 (m, 2H, OCH2CH2S), 2.00 (m, 5H, Ac, OCH2CH2CH2S) ppm; HRMS
calcd for C31H47O16S2Na (M�Na): 776.2234; found: 776.2236.


19 : 1H NMR (CD3OD): ��4.96 (d, 1H, J� 4.1 Hz, H-1�), 4.65 (m, 1H,
SCH2CH(NHAc)), 4.33 (d, 1H, J� 7.1 Hz, H-1), 4.26 (t, 1H, J� 5.7 Hz,
H-5�), 4.12 (d, 1H, J� 2.4 Hz, H-4�), 4.06 ± 3.99 (m, 2H, OCH2CH2S, H-4),
3.88 ± 3.48 (m, 18H), 3.30 (s, 2H, SCH2COOMe), 3.09 (dd, 1H, J� 5.2,
14.1 Hz, SCH2CH(NHAc)), 2.89 (m, 1H, SCH2CH(NHAc)), 2.83 ± 2.77 (m,
4H, OCH2CH2CH2S, OCH2CH2S), 2.00 (s, 3H, Ac), 1.91 (m, 2H,
OCH2CH2CH2S) ppm; HRMS calcd for C26H45O16NS2Na (M�Na):
714.2077; found: 714.2091.


20 : 1H NMR (CD3OD): ��4.96 (d, 1H, J� 4.0 Hz, H-1�), 4.64 (m, 2H,
SCH2CH(NHAc)), 4.33 (d, 1H, J� 7.2 Hz, H-1), 4.26 (t, 1H, J� 6.0 Hz,
H-5�), 4.12 (d, 1H, J� 2.2 Hz, H-4�), 4.06 ± 3.99 (m, 2H, OCH2CH2S, H-4),
3.88 ± 3.48 (m, 18H), 3.09 (dd, 1H, J� 5.3, 13.9 Hz, SCH2CH(NHAc)),
2.92 ± 2.89 (m, 4H, SCH2CH(NHAc), OCH2CH2S), 2.71 (m, 2H,
OCH2CH2CH2S), 2.01 (s, 6H, Ac), 1.89 (m, 2H, OCH2CH2CH2S) ppm;
HRMS calcd for C29H50O17N2S2Na (M�Na): 785.2449; found: 785.2446.


21: 1H NMR (CD3OD): ��7.30 (m, 2H, Ar�H), 6.74 (m, 2H, Ar�H), 4.96
(d, 1H, J�4.1 Hz, H-1�), 4.26 (m, 2H, H-1, H-5�), 4.11 (m, 1H, H-4�), 3.99


(m, 1H, H-4), 3.89 ± 3.47 (m, 13H), 3.01 (t, 2H, J� 7.2 Hz, OCH2CH2S),
2.67 (m, 3H, OCH2CH2CH2S, CHS), 1.97 (m, 2H, CH2), 1.87 (m, 2H,
OCH2CH2CH2S), 1.76 (m, 2H, CH2), 1.62 (m, 1H, CH2), 1.37 ± 1.25 (m,
5H, CH2) ppm; HRMS calcd for C29H46O12S2Na (M�Na): 673.2328;
found: 673.2333.


22 : 1H NMR (CD3OD): ��7.88 (m, 1H, Ar�H), 7.50 (m, 2H, Ar�H), 7.30
(m, 2H, Ar�H), 7.19 (m, 1H, Ar�H), 6.74 (m, 2H, Ar�H), 4.96 (d, 1H, J�
4.0 Hz, H-1�), 4.27 (m, 2H, H-1, H-5�), 4.13 (d, 1H, J� 2.1 Hz, H-4�), 4.99
(d, 1H, J�2.3 Hz, H-4), 3.94 ± 3.45 (m, 16H), 3.12 (dt, 2H, J� 1.6,
7.6 Hz, OCH2CH2CH2S), 3.01 (t, 2H, J� 7.3 Hz, OCH2CH2S), 1.99 (m, 2H,
OCH2CH2CH2S) ppm; HRMS calcd for C31H42O14S2Na (M�Na):
725.1914; found: 725.1906.


23 : 1H NMR (CD3OD): �� 7.31 (m, 2H, Ar�H), 6.74 (m, 2H, Ar�H), 4.96
(d, 1H, J�3.9 Hz, H-1�), 4.26 (m, 2H, H-1, H-5), 4.12 (d, 1H, J� 2.0 Hz,
H-4�), 3.99 (d, 1H, J� 2.3 Hz, H-4), 3.89 ±3.50 (m, 16H), 3.29 (s, 2H,
SCH2COOMe), 3.01 (t, 2H, J�7.8 Hz, OCH2CH2S), 2.78 (dt, 2H, J�1.3,
7.4 Hz, OCH2CH2CH2S), 1.88 (m, 2H, OCH2CH2CH2S) ppm; HRMS calcd
for C26H40O14S2Na (M�Na): 663.1757; found: 663.1771.


24 : 1H NMR (CD3OD): �� 7.31 (m, 2H, Ar�H), 6.75 (m, 2H, Ar�H), 4.96
(d, 1H, J� 3.9 Hz, H-1�), 4.63 (m, 1H, SCH2CH2(NHAc)COOMe), 4.26 (m,
2H, H-1, H-5�), 4.12 (d, 1H, J� 2.2 Hz, H-4�), 3.99 (d, 1H, J� 2.5 Hz,
H-4), 3.93 (dt, 1H, J�7.2, 10.2 Hz, OCH2CH2S), 3.89 ± 3.45 (m, 15H),
3.02 (m, 3H, OCH2CH2S, SCH2CH(NHAc)COOMe), 2.85 (ddd, 1H, J�
1.4, 8.1, 13.6 Hz, SCH2CH(NHAc)COOMe), 2.72 (m, OCH2CH2CH2S), 2.00
(s, 3H, OMe), 1.91 (m, 2H, OCH2CH2CH2S) ppm; HRMS calcd for
C29H45O15NS2Na (M�Na): 734.2128; found: 734.2130.


General procedures for preparation of galabioside collection B :
Bu2SnO (36 mg, 0.144 mmol) was added to compound 1 (100 mg,
0.132 mmol) in benzene (12 mL). Benzene (10 mL) was removed by
distillation followed by reflux overnight then the appropriate alkyl
bromide (0.66 mmol) and Bu4NBr (22 mg, 0.066 mmol) were added.
After 5 h, the reaction was quenched by addition of MeOH (1 mL)
and the mixture was concentrated and flash chromatographed (SiO2,
toluene/acetone) to give the protected intermediate, which was
deacylated in methanolic NaOMe (0.01M, 5 mL). Methanolic acetic
acid (10%) was added until a neutral result was seen on moist
pH paper. The resulting mixture was concentrated and flash
chromatographed (SiO2, CH2Cl2/MeOH) to give compounds 25 ±30.


25 : 1H NMR (CD3OD): �� 7.46 ± 7.25 (m, 5H, Ar�H), 7.05 (m, 2H, Ar�H),
6.87 (m, 2H, Ar�H), 5.00 (d, 1H, J�3.9 Hz, H-1�), 4.82 (d, 1H, J�
7.5 Hz, H-1), 4.76/4.68 (q, 2H, JAB� 11.3, 33.9 Hz, CH2), 4.27 (t, 1H, J�
6.4 Hz, H-5�), 4.13 (d, 1H, J� 2.2 Hz, H-4�), 4.07 (d, 1H, J�3.0 Hz, H-4),
3.99 (dd, 1H, J� 3.9, 10.2 Hz, H-2�), 3.85 ± 3.63 (m, 11H) ppm; HRMS
calcd for C26H34O12Na (M�Na): 561.1998; found: 561.1957.


26 : 1H NMR (CD3OD): �� 7.05 (m, 2H, Ar�H), 6.85 (m, 2H, Ar�H), 6.00
(m, 1H,�CH), 5.34 (ddd, 1H, J� 1.7, 3.4, 17.3 Hz, H2C�), 5.16 (ddd, 1H,
J�1.3, 3.1, 10.4 Hz, H2C�), 5.02 (d, 1H, J� 3.9 Hz, H-1�), 4.81 (d, 1H,
J�7.5 Hz, H-1), 4.30 (t, 1H, J� 7.5 Hz, H-5�), 4.26 (ddt, 1H, J� 1.4, 5.7,
12.8 Hz, �CH�CH2), 4.17 ± 4.12 (m, 2H, H-4�, �CH�CH2), 4.07 (d, 1H,
J�2.9 Hz, H-4), 3.92 (dd, 1H, J� 3.9, 10.2 Hz, H-2�), 3.90 ± 3.65 (m,
11H) ppm; HRMS calcd for C22H32O12Na (M�Na): 511.1791; found:
511.1812.


27: 1H NMR (CD3OD): ��8.39 (m, 1H, Ar�H), 8.15 (m, 1H, Ar�H), 7.88
(m, 1H, Ar�H), 7.59 (t, 1H, Ar�H), 7.06 (m, 2H, Ar�H), 6.85 (m, 2H,
Ar�H), 5.06 (d, 1H, J� 4.0 Hz, H-1�), 4.83 (d, 1H, J�7.5 Hz, H-1), 4.91/
4.79 (q, 2H, JAB� 16.6, 48.0 Hz, CH2), 4.33 (t, 1H, J� 6.4 Hz, H-5�), 4.23
(d, 1H, J� 2.1 Hz, H-4�), 4.09 (d, 1H, J�2.8 Hz, H-4), 4.05 (dd, 1H, J�
3.9, 10.2 Hz, H-2�), 3.85 ± 3.63 (m, 11H) ppm; HRMS calcd for
C26H33O14NNa (M�Na): 606.1799; found: 606.1799.


28 : 1H NMR (CD3OD): �� 7.05 (m, 2H, Ar�H), 6.84 (m, 2H, Ar�H), 5.01
(d, 1H, J� 4.0 Hz, H-1�), 4.81 (d, 1H, J�7.5 Hz, H-1), 4.41/4.35 (q, 2H,
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JAB�16.8, 28.3 Hz, CH2), 4.29 (m, 1H, H-5�), 4.15 (dd, 1H, J� 1.2,
3.1 Hz, H-4�), 4.05 (d, 1H, J� 3.1 Hz, H-4), 3.99 (dd, 1H, J�3.9, 10.2 Hz,
H-2�), 3.85 ± 3.63 (m, 14H) ppm; HRMS calcd for C22H32O14Na (M�Na):
543.1690; found: 543.1697.


29 : 1H NMR (CD3OD): �� 7.04 (m, 2H, Ar�H), 6.87 (m, 2H, Ar�H), 4.97
(d, 1H, J� 3.9 Hz, H-1�), 4.78 (d, 1H, J� 7.4 Hz, H-1), 4.28 (t, 1H, J�
6.1 Hz, H-5�), 4.14 (d, 1H, J� 2.4 Hz, H-4�), 4.12/4.07 (q, 2H, JAB� 15.7,
25.9 Hz, CH2), 4.03 (m, 1H, H-4), 3.94 (dd, 1H, J� 3.8, 10.3 Hz, H-2�),
3.79 ± 3.66 (m, 14H) ppm; HRMS calcd for C21H29O14Na2 (M�H�2Na):
551.1353; found: 551.1343.


30 : 1H NMR (CD3OD): �� 7.05 (m, 2H, Ar�H), 6.84 (m, 2H, Ar�H), 5.01
(d, 1H, J� 3.9 Hz, H-1�), 4.81 (d, 1H, J�7.5 Hz, H-1), 4.76/4.36 (q, 2H,
JAB�18.4, 59.4 Hz, OCH2C(O)), 4.27 (t, 1H, J� 5.8 Hz, H-5�), 4.06 (m,
2H, H-4�, H-4), 3.99 (dd, 1H, J� 4.0, 10.2 Hz, H-2�), 3.88 (m, 1H), 3.81 ±
3.69 (m, 8H), 3.61 (m, 2H, H-3�, H-5), 2.02 (m, 3H, CH2), 1.88 (m, 6H,
CH2), 1.77 (m, 6H, CH2) ppm; HRMS calcd for C31H44O13Na (M�Na):
647.2680; found: 647.2686.


Ethyl (3-O-propyl-�-D-galactopyranosyl)-(1-4)-�-D-galactopyrano-
side (31): Compound 4 (50 mg, 0.054 mmol) was dissolved in MeOH
(4.0 mL) and 0.3M aqueous KOH (4.0 mL) and hydrogenolysed (H2,
10% Pd�C, 0.025 g) for 5 h. The mixture was neutralised with
methanolic acetic acid (10%), filtered through Celite, evaporated and
flash chromatographed (SiO2, 60:10:0 ± 66:33:4 CH2Cl2/MeOH/H2O
gradient) to give 31 (17 mg, 77%). [�]23D : �59 (c� 0.8, MeOH);
1H NMR (CD3OD): ��4.97 (d, 1H, J�3.8 Hz, H-1�), 4.27 (m, 2H, H-1,
H-5�), 4.11 (d, 1H, J�2.4 Hz, H-4�), 4.01 (d, 1H, J�2.6 Hz, H-4), 3.95
(m, 1H, OCH2CH3), 3.85 (m, 2H, H-2�), 3.77 ±3.46 (m, 10H), 1.65 (m,
2H, OCH2CH2CH3), 1.25 (t, 3H, J�7.1 Hz, OCH2CH3), 0.97 (t, 3H, J�
7.4 Hz, OCH2CH2CH3) ppm; 13C NMR (CD3OD): �� 105.3, 102.9, 79.9,
79.3, 76.5, 75.1, 73.2, 73.0, 72.9, 70.4, 68.4, 67.0, 63.1, 61.3, 24.5, 15.9,
11.3 ppm; HRMS calcd for C17H32O11Na (M�Na): 435.1842; found:
453.1845.


p-Methoxyphenyl �-D-galactopyranosyl-(1-4)-�-D-galactopyrano-
side (32): Methanolic NaOMe (1.0 mL, 1M) was added to compound
1 (8.20 g, 11.0 mmol) in MeOH (200 mL) and the resulting mixture
was stirred overnight. Methanolic acetic acid (10%) was added until a
neutral result was seen on moist pH paper. The resulting mixture was
concentrated and flash chromatographed (SiO2, 5:1:0.1 ± 2:1:0.1
CH2Cl2/MeOH/H2O) to give 32 (4.63 g, 95%). [�]23D : �38 (c� 0.8,
MeOH); 1H NMR (CD3OD): ��7.05 (m, 2H, Ar�H), 6.85 (m, 2H, Ar�H),
5.00 (m, 1H, H-1�), 4.82 (d, 1H, J� 7.5 Hz, H-1), 4.32 (t, 1H, J� 6.0 Hz,
H-5�), 4.06 (d, 1H, J� 3.0 Hz, H-4), 3.94 (d, 1H, H-4), 3.88 ± 3.63 (m,
12H) ppm; 13C NMR (CD3OD): �� 156.9, 153.1, 119.4, 115.6, 104.1,
102.8, 79.2, 76.4, 74.8, 72.9, 72.8, 71.5, 71.2, 71.0, 62.8, 61.1, 56.2 ppm;
HRMS calcd for C19H28O12Na (M�Na): 471.1478; found: 471.1464.


Hemagglutination : The hemagglutination assays were performed as
previously described.[13] Briefly, cultures grown overnight on TYS agar
plates (with appropriate antibiotic) were resuspended in phosphate
buffered saline (PBS, pH 7.4, 5 mL) to an absorbance of 1.0 at 540nm.
The bacterial cells were centrifuged (5000 rpm for 10 min) and
resuspended in 1/10 volume of PBS. Suspended bacteria (25 �L) were
serially diluted in PBS (25 �L) in a U-bottom 96-well microtiter
plate. Human erythrocytes (serotype O, 25 �L), either heparin-treated
or washed directly 3 ± 5 times and resuspended in PBS to an
absorbance of 1.9 at 640nm, were added to each well. The plates
were incubated for 16 h at 4 �C, after which they were evaluated for
hemagglutination. The first dilution that contained a pellet was the
hemagglutination endpoint and was recorded as the inverse of the
dilution.


Hemagglutination inhibition : The bacterial suspensions were
diluted fourfold for HB101/pHMG93 and 32-fold for HB101/pDC1,
that is, approximately 32-fold less than the dilution that results in


their hemagglutination titration endpoints. The compounds (5 ±33)
were serially diluted in PBS (25 �L) and incubated with diluted
bacterial culture (25 �L) for 15 min at room temperature. Erythro-
cytes (25 �L) were added to each well and the plates were incubated
at 4 �C for 16 h. The results were recorded as the first well that
contained 50% hemagglutination, which was the first well that
contained a pellet. The results are presented as an average of three
separate experiments.
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The selective oxidation of the 6-hydroxy group of D-glucose to
introduce an aldehyde functionality is not catalyzed by known
oxidase enzymes. Selective functionalization at the glucose C-6
position in oligo- and polysaccharides is a synthetically useful
reaction that would greatly facilitate further chemical modifica-
tions for food, pharmaceutical, and materials applications. We
chose the fungal enzyme galactose oxidase (D-galactose: oxygen
6-oxidoreductase, EC 1.1.3.9) as a starting point to try to generate
a glucose 6-oxidase. A well-characterized copper-containing
radical enzyme, galactose oxidase (GOase) oxidizes various
primary alcohols to their corresponding aldehydes, with the
reduction of oxygen to hydrogen peroxide.[1±5] Native GOase is
highly active towards the 6-OH group of D-galactose but
essentially inactive towards D-glucose. Glucose apparently
cannot bind at the active site since concentrations as high as
1M have no effect on the activity of the enzyme towards D-
galactose.[6]


We first attempted to generate activity towards D-glucose by
random point mutagenesis. After screening more than 30000
clones, however, we observed no improvement in D-glucose
activity, although both the expression level and thermostability
were enhanced.[7] Careful examination of GOase activity shows
that it is at least one million times less active towards D-glucose
than towards D-galactose. We therefore concluded that the
desired novel activity would require significant remodeling of
the active site and is not accessible by point mutagenesis.


The crystal structure of GOase has been solved and a substrate
binding model has been proposed based on a molecular
docking experiment.[3, 5] According to the model, Arg330 forms
hydrogen bonds with the hydroxy groups of substrate C-4 and
C-3 atoms, while Gln406 forms an additional hydrogen bond
with the C-2 hydroxy group of the substrate. In addition, a
hydrophobic wall in the pocket that contains Phe194 and


Phe464 interacts with the D-galactose backbone atoms C-6, C-5,
and C-4. Trp290, which has been proposed to stabilize the radical
form of GOase,[5] is believed to play a key role in restricting entry
to the active center (Figure 1).[8]


Figure 1. Residues R330, Q406, F464, F194, and W290, which were targeted for
saturation mutagenesis (in stick form), and key active site residues (in ball and
stick form) in the GOase crystal structure.[3, 5] The mutagenized residues are in a
position to control substrate access to the active site.


We constructed a combinatorial library by saturation muta-
genesis of the Arg330, Phe464, and Gln406 residues of GOase
mutant A3.E7, which is expressed more efficiently and is more
stable than the wildtype enzyme in Escherischia coli.[7] More than
10000 colonies were screened. Over 95% were inactive towards
galactose and none was more active than the parent. One
mutant (M-RQ: mutations�R330K, Q406T) was identified that
has 20 times greater activity than the parent enzyme towards D-
glucose. Saturation mutagenesis of F194 in M-RQ generated no
further improvement in activity towards D-glucose.


Saturation mutagenesis of Trp290 in the parent A3.E7
generated mutant M-W (W290F), with tenfold improved activity
towards D-glucose. Again, no mutants with enhanced D-galactose
activity were identified. Introduction of the W290F mutation into
mutant M-RQ produced the mutant M-RQW, with 100-fold
increased activity towards D-glucose compared to A3.E7. As
expected, activity towards glucose came at a significant cost to
the natural activity of the enzyme towards galactose, which was
decreased 1000-fold in M-RQW compared to the parent enzyme.


Oxidation of D-galactose by GOase generates a dialdehyde
whose tendency to form polymers complicates analysis. We
therefore analyzed the product of the M-RQW-catalyzed oxida-
tion of methyl-�-D-gluco-pyranoside. Figure 2 shows thin-layer
chromatograms of the reaction mixture and the silica-gel
purified product. We used Bial's reagent and Purpald reagent
to detect the presence of sugars and aldehydes, respectively. All
product components were stained upon treatment of the TLC
plates with Purpald reagent, a diagnostic for aldehydes. A single
major product was found. Trace byproducts are believed to be
the dimer and � ±� elimination product of the sugar alde-
hyde.[9, 10] The appearance of byproducts after product purifica-
tion indicates that these substances are generated nonenzymati-
cally. Byproducts with the same retention times were observed
in the reaction of native GOase (Sigma) with methyl-�-D-galacto-
pyranoside (data not shown).
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Figure 2. Thin layer chromatograms of the reaction mixture for methyl-�-D-
gluco-pyranoside oxidation by engineered GOase M-RQW. TLC plates were
stained with Bial's reagent for detection of sugars (A) and Purpald reagent for
detection of aldehydes (B). Line 1: substrate ; Line 2: reaction mixture; Line 3:
purified product.


13C NMR spectroscopy revealed that the chemical shift of the
C-6 atom moved from 61 ppm in the substrate to 89 ppm in the
product. An identical shift change was observed in the aldehyde
product of methyl-�-D-galacto-pyranoside oxidation by native
GOase. 1H NMR spectra also showed formation of the aldehyde
at the C-6 atom by the appearance of a signal with a chemical
shift of 5.25 ppm. No oxidation was detected at other positions.
Oxidation of D-glucose by mutant M-RQW is thus specific to the
6-OH group.


The activities of M-RQW and native GOase towards various
alcohols (Table 1) show substantially different substrate specific-
ities. M-RQW oxidizes several substrates towards which the
native enzyme is inactive. These substrates include D-glucose
and its derivatives as well as several aliphatic secondary alcohols.
The oxidation of secondary alcohols by GOase has not been
reported previously. GC ±MS analysis of the reaction mixture that
contained M-RQW with 2-butanol showed the appearance of a
new peak whose identity was confirmed as 2-butanone.


Various primary alcohols with a carbonyl or aromatic group in
the �-position, which includes 3-pyridylcarbinol and dihydroxy-
acetone, are also better substrates for the mutant than for the
native enzyme. M-RQW is very efficient for some of these
substrates; for example, M-RQW has higher specific activity
towards 2-pyridylcarbinol than the native enzyme has towards D-


galactose. M-RQW is also more active than native GOase towards
dihydroxyacetone, the best substrate for native GOase, mainly as
a result of a more than sixfold decrease in the Michaelis constant,
Km (2.7 mM for M-RQW compared with 17 mM for the native
enzyme). Apparently, accessibility to the active site is signifi-
cantly augmented in the mutant to create a more broadly
specific oxidase, and this broad specificity has not necessarily
undermined the catalytic activity of the enzyme.


D-galactose is still a fairly good substrate for M-RQW, which is
approximately 20 times more active towards D-galactose than
towards D-glucose. The activity of M-RQW towards D-mannose is
more than 2000 times lower than its activity for the 2-epimer of
D-mannose, D-glucose, which demonstrates how important the
configuration at the C-2 atom is for D-glucose binding. 2-Deoxy-
D-glucose is a comparably good substrate to D-glucose.


The mutant M-RQW is a glucose 6-oxidase with a regioselec-
tivity that has not been reported in nature. Glucose 1-oxidase,
glucose 2-oxidase (pyranose oxidase), glucose 2,3-dehydrogen-
ase, and galactose 6-oxidase (GOase) are all produced by fungi
and presumably function to generate H2O2 to facilitate lignin
degradation. There is evidence that Pseudogluconobacter sac-
charoketogenes produces an enzyme that oxidizes the hydrox-
ymethyl group of the terminal glucose residue of a cyclo-
maltooligosaccharide to produce a carboxylic acid.[11] We cannot
offer any good reason why the oxidation of glucose at the
6-hydroxy group to make aldehydes is unknown in nature.
Combinatorial mutagenesis of GOase, however, and screening
for activity towards glucose has generated an enzyme with a low
but significant level of this activity (1.6 Umg�1). The M-RQW
enzyme is now a possible starting point for further improvement
to make a glucose 6-oxidase for synthetic applications.


Experimental Section


Materials : All chemicals were reagent grade or better. 2,2�-Azino-
bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), D-galactose, and
horseradish peroxidase (HRP) were from Sigma (St. Louis, MO). E. coli
strain BL21(DE3) was purchased from Novagen (Madison, WI) and the
production of plasmid pGAO-36, which contains the GOase mutant
A3.E7, was described previously.[7] Restriction enzymes and ligase
were obtained from Boehringer Mannheim (Indianapolis, IN), Life
Technologies (Grand Island, NY), or New England Biolabs (Beverly,
MA). A site-directed mutagenesis kit (Quick-Change) was purchased
from Stratagene (La Jolla, CA).


Library construction and screening : The library Lib-RFQ, which
contained species with random mutations at three sites (R330, Q406,
and F464), was constructed by using the Quick-Change kit according
to the standard protocol and with plasmid pGAO-036, which carries
the GOase mutant A3.E7. The primers used to construct the libraries
are: 5�-GCTGACAAGCAAGGATTGTACNN(G/C)TCAGACAACCACGCG-


Table 1. Relative rates of reaction for native GOase and mutant M-RQW.


Substrate Native GOase[a][b] Mutant M-RQW[a]


D-Galactose 100 100
D-Glucose 0 4.8
2-Deoxy-D-glucopyranose 0 3.9
Methyl-�-D-glucopyranoside 0 3.3
D-Mannose 0 0.002
�-D-Lactose 48 18.7
L-Galactose 0 1.5
2-Propene-1-ol 0.3 2500
D-Maltose 0 0.45
Amylose 0 0.23
2-Pyridine methanol 0.6 180000
3-Pyridine methanol 5 35000
4-Pyridine methanol 1.3 81000
1,3-dihyroxy-2-propanone 200 1600
2-Butanol 0 0.3
3-Buten-2-ol 0 6.9


[a] Activities are reported relative to D-galactose (100). [b] The native
enzyme is 1000 times more active towards D-galactose than the mutant.
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TGG-3� and 5�-CCACGCGTGGTTGTCTGA(G/C)NNGTACAATCCTTG-
CTTGTCAGC-3� (for Lib-R), 5�-GGCCAACGACGTATTCCGNN(G/C)GAG-
GATTCAACCCCG-3� and 5�-CGGGGTTGAATCCTC(G/C)NNCGGAATTC-
CACGTCGTTGGCC-3� (for Lib-RF), 5�-GGTTGTGGCGTCAGAGTC(G/C)-
NNATAATCTGGGGAGGCGGC-3� and 5�-GCCGCCTCCCCAGATTAT-
NN(G/C)GACTCTGACGCCACAACC-3� (for Lib-RFQ), 5�-GCGGTCTT-
CATATCGCAATGATGCANN(G/C)GAAGGATCCCCTGGTGG-3� and 5�-
CAACCAGGGGATCCTTC(G/C)NNTGCATCATTGCGATATGAAGACCAC-3�
(for Lib-RFQF), and 5�-CCATTGGAGGCTCCNN(G/C)AGCGGTGGCGTA-
TTTGAGAAGAATGGCG-3� and 5�-CGCCATTCTTCTCAAATACGCCA-
CCGCT(G/C)NNGGAGCCTCCAATGG-3� (for Lib-W). PCR conditions
were as follows: 95 �C for 30 s, 18 cycles at 95 �C for 30 s, 55 �C for
60 s, and 68 �C for 9.5 min. The PCR products were treated with
restriction enzyme DpnI then the mixtures were purified with a
Qiagen PCR purification kit before being transformed into BL21(DE3)
by electroporation. The transformation and cell cultivation were
described previously.[7] Aliquots of the cell extracts were reacted with
D-galactose and D-glucose at pH 7.0. The initial rate (for the D-


galactose activity assay) or endpoint (for the D-glucose activity assay)
of H2O2 formation was recorded by monitoring the HRP catalyzed
oxidation of ABTS at 405 nm on a Thermomax microplate reader
(Molecular Devices, Sunnyvale, CA).


Protein purification and characterization : E. coli cultivation and cell
disruption were performed as previously described.[7] The samples
were then loaded onto a diethylaminoethyl ± cellulose column and
eluted with sodium phosphate (NaPi; 50 mM, pH 7.0) at 4 �C. The
active fractions were pooled and concentrated in a stirred ultra-
filtration cell (Amicon Corp., Beverly, MA). The concentrated samples
were dialyzed against NaPi (10 mM, pH 7.3) overnight and loaded
onto a cellulose phosphate column. After washing with NaPi
(500 mL; 10 mM, pH 7.3), the samples were further eluted with a
linear gradient of NaPi (270 mL, 10 mM; 270 mL, 100 mM; pH 7.3). The
active fractions were collected and concentrated by ultrafiltration.
The concentrated samples were dialyzed against NaPi (100 mM,
pH 7.0) overnight prior to storage at �80 �C. The purified protein ran
as a single band in SDS-PAGE (Novex, San Diego, CA). Protein
concentrations were determined from the absorbance at 280 nm
(�� 1.05� 105M�1 cm�1) and corrected by a factor of 16/15[5] for
M-RQW. The activity of the purified enzyme was measured by using
an ABTS±HRP coupled assay in an NaPi solution (1 mL; 50 mM,
pH 7.0) that contained HRP (13 U), ABTS (2.6 mg), and D-glucose
(250 mM).[7] One unit of activity is the amount of enzyme that is able
to produce 1 �mol product per minute under the reaction con-
ditions.


Oxidation of methyl-�-D-galacto-pyranoside, methyl-�-D-gluco-
pyranoside, and 2-butanol : Oxidation of methyl-�-D-galacto-pyra-
noside with native GOase was performed in an NaPi solution (5 mL;
50 mM, pH 7.0) that contained substrate (300 mM), GOase (95 U;
Sigma), catalase (700 U; Sigma), and CuSO4 (0.5 mM). Oxidation of
methyl-�-D-gluco-pyranoside with M-RQW was performed in an NaPi
solution (2 mL; 50 mM, pH 7.0) that contained substrate (200 mM),
mutant (1.8 U), catalase (1700 U), and CuSO4 (0.5 mM). Both reactions
were performed at room temperature with vigorous stirring.
2-Butanol oxidation by M-RQW was performed at room temperature
in an NaPi solution (100 �L; 50 mM, pH 7.0) that contained substrate
(50 mM), CuSO4 (0.5 mM), mutant GOase (0.9 U), and catalase (150 U).


GC±MS analysis of the 2-butanol oxidation reaction : GC ±MS
analysis was performed on an HP 6890 series GC system with an
HP 5973 mass-selective detector and an Rtx-1 column (60 m�
0.3 mm� 5 �m, Restek, Belletontane, PA). Helium was used as the
carrier gas with a flow rate of 1 mLmin�1. The mass spectrometer was
operated in the scan mode (8.17 scanssec�1) for the mass range 40±
200 amu. The GC system was temperature programmed as follows:


initial temperature 70 �C, raised at 5 �Cmin�1 to 100 �C and at
20 �Cmin�1 to 200 �C. The inlet and transfer line temperatures were
both 200 �C.


TLC and NMR analysis of the methyl-�-D-galacto-pyranoside and
methyl-�-D-gluco-pyranoside oxidation products : TLC was used to
monitor the oxidation reactions. Chromatograms were developed on
silica gel plates (250 �m, Whatman, Maidstone, Kent, England) with
chloroform/methanol (4:1) as the solvent. The plates were dried
before they were immersed in Bial's reagent (orcinol/ferric chloride
with 3 volumes of ethanol; Sigma)[12] and visualized by heating at
120 �C for 5 min. Aldehydes were visualized by spraying the TLC
plates with Purpald solution (Sigma; 2% in 1M NaOH).[13]


A silica gel column (40 �m flash, Baker, Phillipsburg, NJ) was used to
isolate the reaction products. The reaction mixtures were filtered by
using centrifugal filter devices (Millipore, Bedford, MA) to remove the
enzymes. The filtered reaction mixtures (10 mL) were loaded into the
column directly and eluted with chloroform/methanol (4:1) and the
eluted fractions were checked with TLC plates. The fractions that
contained product were pooled and the solvent was evaporated. The
crystallized samples were dissolved in D2O and stored at 4 �C. Purpald
reagent was used to monitor the formation of aldehydes.
1H 1D and 2D COSY NMR spectra and 13C NMR spectra were recorded
on a Varian-500 instrument. Methyl-�-D-6-aldo-gluco-pyranoside:
1H NMR (500 MHz, D2O, 300 K): ��5.28 (d, 1H, H-1), 4.4 (d, 1H, H-6),
3.6 (s, 3H, CH3), 3.52 (m, 2H, H-3, H-4), 3.42 (m, 1H, H-2), 3.29 (m, 1H,
H-5) ppm; 13C NMR (75 MHz, D2O, 300 K): �� 103.6 (C-1), 88.1 (C-6),
76.67 (C-5), 75.81 (C-3), 73.14 (C-2), 70.32 (C-4), 57.43 (CH3) ppm.


This research was supported by the Biotechnology Research and
Development Corporation. We thank the Ministerio de Educacion y
Cultura of Spain (MA) and Deutsche Forschungsgemeinschaft (TB)
for postdoctoral fellowships.


[1] J. A. D. Cooper, W. Smith, M. Bacila, H. Medina, J. Biol. Chem. 1959, 234,
445.


[2] D. Amaral, L. Bernstein, D. Morse, B. L. Horecker, J. Biol. Chem. 1963, 238,
2281.


[3] N. Ito, S. E. V. Phillips, C. Stevens, Z. B. Ogel, M. J. McPherson, J. N. Keen,
K. D. S. Yadav, P. F. Knowles, Nature 1991, 350, 87.


[4] J. W. Whittaker, J. W. Whittaker, J. Biol. Chem. 1988, 263, 6074.
[5] A. J. Baron, C. Stevens, C. Wilmot, K. D. Seneviratne, V. Blakeley, D. M.


Dooley, S. E. V. Phillips, P. F. Knowles, M. J. McPherson, J. Biol. Chem. 1994,
269, 25095.


[6] R. Wachter, B. Branchaud, J. Am. Chem. Soc. 1996, 118, 2782.
[7] L. Sun, I. P. Petrounia, M. Yagasaki, G. Bandara, F. H. Arnold, Protein Eng.


2001, 14, 699.
[8] C. Saysell, T. Barna, C. Borman, A. Baron, M. McPherson, A. Sykes, J. Biol.


Inorg. Chem. 1997, 2, 702.
[9] S. Singh, S. Nambiar, R. A. Porter, T. L. Sander, K. G. Taylor, J. Org. Chem.


1989, 54, 2300.
[10] A. Maradufu, A. S. Perlin, Carbohydr. Res. 1974, 32, 127.
[11] T. Ishiguro, T. Fuse, M. Oka, T. Kurasawa, M. Nakamichi, Y. Yasumura, M.


Tsuda, T. Yamaguchi, I. Nogami, Carbohydr. Res. 2001, 331, 423.
[12] M. Ferrer, M. Angeles, M. Bernabe, A. Ballesteros, F. J. Plou, Biotechnol.


Bioeng. 1999, 65, 10.
[13] H. B. Hopps, Aldrichimica Acta 2000, 33, 28.


Received: April 15, 2002 [Z399]








784 ¹ WILEY-VCH-Verlag GmbH, 69451 Weinheim, Germany, 2002 1439-4227/02/03/08 $ 20.00+.50/0 ChemBioChem 2002, No. 8


A Receptor-Targeted Near-Infrared
Fluorescence Probe for In Vivo Tumor
Imaging


Ching-Hsuan Tung,*[a, b] Yuhui Lin,[a]


Woo Kyung Moon,[a] and Ralph Weissleder[a]


KEYWORDS:


fluorescence ¥ folic acid ¥ imaging agents ¥ near infrared ¥
receptors


Small-molecular targeted probes for biological imaging can be
effective for overcoming in vivo delivery barriers often encoun-
tered by large affinity molecules such as monoclonal antibodies,
antibody fragments, and proteins. Small molecule agents often
show preferable pharmacokinetic properties and are also often
less immunogenic. As a result, recent developments have
focused on the creation of small-molecule targeted compounds
for fluorescent biological imaging, in particular peptide ± fluor-
ochrome conjugates.[1±3] Recently developed near-infrared-fluo-
rescent (NIRF; 700 ± 900 nm), rather than visible-fluorescent,
cyanines allow biological tissues to be interrogated more
efficiently since light propagation improves in the near infra-
red.[4] Indeed, recent studies have shown that penetration
depths of 10 ± 20 cm are feasible,[5] while certain photon
detection techniques are also quantitative.[6]


We previously developed a number of biologically compatible
NIR fluorochromes with improved pharmacologic, toxicologic,
and physicochemical properties.[7] Since our primary goal is to
utilize these reporters in targeted and/or enzyme-activated
imaging probes,[8±10] we functionalized the fluorochromes for the
attachment of small affinity molecules. In this study we
demonstrate this approach to in vivo optical imaging by
targeting the folate receptor, which is overexpressed by many
tumor types, particularly ovarian cancer.[11] This receptor is used
as a model system to show the feasibility of conjugation and the
biological efficacy of small-molecule modification to attain
target specificity. We hypothesized that the derivatized NIR
fluorochromes would have significant advantages over non-
specific fluorochromes, which are often used for nontargeted
image enhancement.[12, 13] The concept of tagging NIR fluoro-
chromes can potentially be extended to a myriad of other small-
molecule receptor systems and may also be useful for in vivo


screening of limited libraries and/or for identification of
structure-activity relationships.
To prepare the near infrared fluorescence labeled folate


receptor agent (Scheme 1), we first reacted folic acid with a
hydrophilic spacer, 2,2�-(ethylenedioxy)-bis(ethylamine) (EDBEA)
in anhydrous dimethyl sulfoxide with diisopropylcarbodiimide/
N-hydroxysuccinimide (DCC/NHS) as the coupling agent. This
enabled us to convert the carboxy group into a functional amino
group. The folate ± EDBEA conjugate was purified by HPLC and
characterized by mass spectroscopic analysis. A biocompatible,
highly stable, asymmetric near-infrared-fluorescent compound
(NIR2) was synthesized de novo as an NHS ester as previously
described.[7] The NHS ester of NIR2 was then coupled to the
amino-derivatized folic acid in a mixed solvent of 0.1M NaHCO3/
dimethylformamide. The reaction product was purified by
reversed-phase HPLC and the successful conjugation of NIR2
to the folate ± EDBEA was confirmed by mass spectroscopic
analysis ([M]� calcd: 1401, found: 1402). The absorption and
fluorescence spectra of the final product showed both the
characteristics of folic acid (excitation at 358 nm and emission at
430 nm) and those of NIR2 (excitation at 665 nm and emission at
686 nm; Figure 1).
High expression levels of folate receptors have been shown to


occur in many ovarian cancers.[14±16] We therefore chose the
OVCAR3 cell line as a putative receptor and the human lung
carcinoma A549[17] as a putative negative control cell line. In
order to measure receptor expression levels, we first determined
cellular binding/internalization by using 3H-folate. OVCAR3 or
A549 (106 cells) grown in 12-well plates were incubated for
different times with 50 nM 3H-folate. Cells were then washed and
counted. Figure 2A shows the temporal binding/uptake of folate
in the two cell lines. Folate was internalized in significant
amounts by OVCAR3 cells and this process reached a plateau in
60 minutes (1.5 pmol/106 cells). In contrast, the A549 cell line
showed essentially no uptake of folate (Figure 2A). We sub-
sequently performed competitive inhibition studies in which
OVCAR3 cells were incubated with different amounts of NIR2 ±
folate or folic acid. Results from these studies confirmed that
fluorochrome attachment did not interfere with folate receptor
binding and that NIR2 ± folate uptake could be inhibited by
excess folate. In subsequent experiments we used near infrared
fluorescence microscopy to determine cellular distribution of the
compound. OVCAR3 and A549 were incubated for 30 minutes
with 0.1 �M NIR2 ± folate conjugate added to the cell culture
medium. Cells were then washed and subjected to fluorescence
microscopy (Figure 2B). An extensive, bright punctate fluores-
cence signal was observed for the OVCAR3 cells whereas there
was essentially no binding/uptake in the negative control A549
cells (Figure 2B). These results confirm those of the quantitative
uptake studies and show that fluorescence is associated with
punctuate clusters that occur during endosome formation and
internalization.
The NIR2 ± folate conjugate was subsequently tested in a


murine ovarian xenograft tumor model to determine whether
this targeting probe can be used for identification of folate-
receptor-positive tumors. OVCAR3 tumors were implanted in the
lower abdomen of nude mice (number of mice, n� 3) and the
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Figure 1. Absorption spectrum of the NIR2 ± folate conjugate. The peaks at
358 nm and 665 nm represent absorption by folic acid and NIR2, respectively.
OD� optical density.


animals were injected intravenously with 2 nmol conjugate
when the tumors had grown to 3 ±5 mm in diameter. Animals
were imaged by using a laboratory-built fluorescence reflec-
tance imaging system with appropriate excitation (630�15 nm)
and emission (700� 20 nm) filters.[18] Image analysis confirmed
that tumor visibility was significantly enhanced after ad-
ministration of the probe (Figure 3). Interestingly, tumoral
fluorescence could be detected as early as 1 hour after ad-
ministration but reached a plateau at 24 hours, which sug-
gests that active accumulation does occur, as one would ex-
pect with a receptor-targeted agent. Conversely, when the NIR2
compound (not conjugated to folate) was used as an


Figure 2. A) Determination of the number of folate receptors on experimental
cells. OVCAR3 and A549 tumor cells were incubated with 3H-folic acid (50 nM) and
cellular binding/uptake was quantified by scintillation counting. Note the
receptor-positive nature of the OVCAR3 cells and the absence of receptors in the
negative control cell line. B) NIR fluorescence microscopy shows cellular uptake of
the NIR2 ± folate agent into receptor-positive OVCAR3 but not into A549 cells
(incubation with NIR2 ± folate (0.1 �M) for 30 min; magnfication: 20� ; identical
window and level settings were used for all images).
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Regulation of gene expression by external stimuli is one of the
current important and attractive themes.[1] If gene expression
could be triggered or terminated only by photoirradiation at a
specific wavelength, the scope of application of photoregulation
should be extended. For this purpose, we have synthesized
photoresponsive DNA that carries an azobenzene moiety in the
side chain of a residue and successfully photoregulated the
formation and dissociation of its duplex and triplex. The planar
trans-azobenzene moiety intercalated between the base pairs
stabilizes the duplex as a result of stacking interactions, whereas
nonplanar cis-azobenzene destabilizes the duplex.[2] Further-
more, elongation of primer DNA by T7 DNA polymerase has
been successfully photoregulated by use of this photorespon-
sive DNA as a modulator.[3] Photoregulation of gene expression
requires either the transcription or translation step to be
controlled by light irradiation. In the present paper, an
azobenzene moiety is tethered to the promoter sequence and
transcription by RNA polymerase (RNAP) is photoregulated.
Here, we use T7 RNAP because useful in vitro translation systems


imaging agent, no appreciable enhancement could be observed
at the 1- or 24-hour time points after injection.
In conclusion, we have shown that near-infrared fluoro-


chromes can be modified by small molecules other than
peptides and can be used for targeting receptor systems. These
probes, and the modifications thereof, open the door to more
extensive biological and medical applications. Apart from use of
the conjugates in cell-based assays, it should be feasible to
conjugate libraries of small molecules for rapid identification of
targeting ligands. The developed compounds may also be used
for the detection of small tumors by endoscopy,[1, 19] noninvasive
measurement of receptors in vivo,[6] and determination of the
efficacy of receptor-targeted therapeutic agents.
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Figure 3. In vivo image of an OVCAR3 tumor in a nude mouse. The tumor was grown for
9 weeks to reach a size of approximately 3 ± 5 mm and groups of animals were injected
intravenously with 2 nmole NIR2 ± folate conjugate. The images show white light (A) and NIR
(B) views and a superimposed false-color image of A and B (C). NIR-fluorescent tumor
enhancement was acquired with narrow bandpass filters (excitation: 630� 15 nm; emission:
700� 20 nm). Note the enhancement of the receptor-positive tumor in the lower right
abdomen (arrow).
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specific wavelength, the scope of application of photoregulation
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imaging agent, no appreciable enhancement could be observed
at the 1- or 24-hour time points after injection.
In conclusion, we have shown that near-infrared fluoro-


chromes can be modified by small molecules other than
peptides and can be used for targeting receptor systems. These
probes, and the modifications thereof, open the door to more
extensive biological and medical applications. Apart from use of
the conjugates in cell-based assays, it should be feasible to
conjugate libraries of small molecules for rapid identification of
targeting ligands. The developed compounds may also be used
for the detection of small tumors by endoscopy,[1, 19] noninvasive
measurement of receptors in vivo,[6] and determination of the
efficacy of receptor-targeted therapeutic agents.
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Figure 3. In vivo image of an OVCAR3 tumor in a nude mouse. The tumor was grown for
9 weeks to reach a size of approximately 3 ± 5 mm and groups of animals were injected
intravenously with 2 nmole NIR2 ± folate conjugate. The images show white light (A) and NIR
(B) views and a superimposed false-color image of A and B (C). NIR-fluorescent tumor
enhancement was acquired with narrow bandpass filters (excitation: 630� 15 nm; emission:
700� 20 nm). Note the enhancement of the receptor-positive tumor in the lower right
abdomen (arrow).
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coupled with T7 RNAP transcription are already
established for protein synthesis.[4] Introduction of
an azobenzene moiety at the appropriate position of
the promoter sequence allows effective photoregu-
lation of transcription to be achieved by irradiation
either with UV or visible light.
All the chemically synthesized template and non-


template DNA strands that involve the T7 promoter
are shown in Scheme 1. In this study, partially
double-stranded DNAs were used.[5] An azobenzene
moiety on a D-threoninol linker (X residue, Scheme 1)
was additionally incorporated into the T7 promoter
of a nontemplate strand, designated Azo-n (n�9 to
13) in Scheme 1.[2b, 6] [�-32P]ATP was added to the
reaction mixture to isotope-label the produced
mRNA, which was separated by polyacrylamide gel
electrophoresis and analyzed by an imaging ana-
lyzer.
When native DNA (N ; Scheme 1) was used as a


promoter for a nontemplate strand, full-length 32P-
labeled transcript (17-mer mRNA) was efficiently
produced both in the dark and after UV irradiation
for 1 min (see Figure 1A). The transcription rate after
UV irradiation (300 nm���400 nm) was almost the
same as that under dark conditions, which demon-
strates that 1 min irradiation with UV light did not
affect the transcription reaction. However, transcrip-
tion of photoresponsive DNA that included azoben-
zene between positions �10 and �11 (Azo-10) was
strongly impeded in the dark (lanes 1 ± 3, Figure 1B, left), with a
transcription rate as slow as 1/10 of that with native promoter N
(closed circles, Figure 1B, right). Before UV irradiation, almost all
the incorporated azobenzene moiety took the trans form. Thus,
transcription was essentially switched off by trans-azobenzene.
Irradiation of this reaction mixture with UV light for 1 min at the
beginning of incubation caused the trans-azobenzene in the
promoter to be isomerized to the cis form.[7] Transcription
proceeded efficiently after this UV irradiation (lanes 4 ± 6, Fig-


ure 1B, left) and mRNA was produced more than fourfold faster
than under dark conditions (open circles, Figure 1B, right). The
transcription activity of the cis form maintained about 60% that
of native promoter N. Thus, transcription was efficiently
accelerated by trans�cis isomerization.
The position of the azobenzene in the promoter significantly


affected the photoregulation activity, as shown in Figure 2.
Transcription proceeded faster with the cis form than the trans
form of the azobenzene for all X-residue positions examined in


O


O


O
N


N


P OHO


X NH


5'-


-3'


T:  3'- d(GTTTAATTATGCTGAGTGATATCCCTCCTTCTATCTCGT)-5'


Azo - 9:  5'- d(CAAATTAATACGAXCTCACTATAGGG) -3'
Azo-10:  5'- d(CAAATTAATACGXACTCACTATAGGG) -3'
Azo-11:  5'- d(CAAATTAATACXGACTCACTATAGGG) -3'
Azo-12:  5'- d(CAAATTAATAXCGACTCACTATAGGG) -3'
Azo-13:  5'- d(CAAATTAATXACGACTCACTATAGGG) -3'
         N:  5'- d(CAAATTAATACGACTCACTATAGGG) -3'


+1-1-10-17


Nontemplate strand


Template strand


T7 promoter sequence


+1-1-10-17


Produced mRNA (17mer) : 5'-r(pGGGAGGAAGAUAGAGCA) -3'


T7 RNA polymerase
NTPs, [a-32P]ATP, GMP
Light irradiation (1min)


Scheme 1. Sequences of nontemplate (native (N) and modified (Azo-n)) and template (T) DNA strands used in this study, and the experimental procedure for
transcription by T7 RNA polymerase. NTP�nucleotide triphosphate; ATP�adenosine triphosphate; GMP�guanosine monophosphate.


Figure 1. Time courses of transcription reactions at 37 �C in the dark and after UV irradiation
with N (A) and Azo-10 (B) as nontemplate strands. Left : PAGE patterns of the full-length product.
Lanes 1 ± 3: t� 30, 60, 120 min under dark conditions, respectively ; lanes 4 ± 6: t� 30, 60,
120 min after UV irradiation, respectively. Right : quantitative plots of the results shown on the
left. R is defined as the ratio (radioactivity of full-length product)/(total radioactivity of all the
oligo- and mononucleotides in the gel). Filled circles : under dark conditions ; open circles : after
UV irradiation.
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Figure 2. Effect of the position of an azobenzene moiety on the transcription
reaction in the dark (black bars) or with UV irradiation (gray bars). Relative
activity is defined as the amount of mRNA produced with respect to that
produced with the native promoter N in the dark at 37 �C after 120 min. The
reaction mixture was irradiated with UV light for 1 min immediately after
incubation at 37 �C began.


this study.[8] The most effective photoregulation was achieved
with Azo-10 and Azo-11; for both these promoters, the increase
in the transcription rate caused by trans�cis isomerization was
more than fourfold. Except in these two positions, acceleration
of the transcription by isomerization was at most twofold and
sometimes much lower.
Transcription by T7 RNAP with Azo-10, one of the most


effective photoresponsive promoters, as a nontemplate strand,
was triggered and terminated with the desired timing either by
UV or visible light irradiation, as shown in Figure 3. Transcription
was initially switched off in the dark (lanes 1 and 2, Figure 3A).
Upon irradiation with UV light for 1 min (closed arrows, Fig-
ure 3A and B), the ™switch∫ was turned on and transcription
started (lanes 3, 4). Transcription was again terminated (lanes 5,
6) by irradiation with visible light (�� 400 nm; open arrows,
Figure 3A and 3B). Transcription switching with the present
photoresponsive promoter is clearly demonstrated. In addition
to this off-on-off switching, on-off-on switching was successful
(see Figure 2 in the Supporting Information).


According to Muller et al. , footprinting studies of the T7-
RNAP±promoter complex with Fe(II)-ethylenediaminetetraace-
tate ¥ H2O2 demonstrated that positions �9 to �14 in the
nontemplate strand were protected from hydroxyl radical attack,
which indicates that T7 RNAP strongly binds this region.[9] X-ray
crystallographic analysis also showed that T7 RNAP recognized
the guanosine moiety at the �11 position in the nontemplate
strand through water-mediated hydrogen bonding.[10] Presum-
ably, trans-azobenzene intercalates between the base pairs and
interferes with the binding of T7 RNAP, which strongly sup-
presses the transcription.[11] The nonplanar structure of cis-
azobenzene means it cannot intercalate between the base pairs.
Rather, it must be flipped out from the helix.[12] As a result, T7
RNAP can bind to the promoter region without significant
interruption and transcription proceeds smoothly.
In conclusion, the transcription reaction of T7 RNAP is


efficiently photoregulated by use of azobenzene tethered to
the T7 promoter.[13] Incorporation of this photoresponsive
promoter upstream of the sequence that encodes an important
protein is expected to allow in vitro photoregulation of gene
expression by T7 RNAP.


Experimental Section


All the photoresponsive DNA sequences (Azo-n ; Scheme 1) were
prepared on an automated DNA synthesizer by using a phosphor-
amidite monomer that carries an azobenzene.[2b] Transcription by T7
RNAP was carried out according to the literature.[5, 14] The T7 RNAP
reactions were performed with T7 RNAP (20 �L, 50 U; from TaKaRa),
[�-32P]ATP (20 �L, 2 �Ci), each NTP (1 mM), GMP (10 mM), Azo-n (or N)
and T (2.0 �M each), and spermidine (2 mM). Tris(hydroxymethyl)-
aminomethane(Tris) ±HCl buffer (40 mM, pH 8.0) that contained
dithiothreitol (5 mM) and MgCl2 (24 mM) was used. First, a mixture
of template and nontemplate DNA strands was annealed in Tris ±HCl
buffer (10 mM, pH 8.0) with NaCl (10 mM) by heating at 95 �C for 3 min
and cooling to 37 �C for 30 min. The mixture was then further cooled
on ice and a stock solution that contained NTPs, [�-32P]ATP, and GMP
was added. After the addition of T7 RNAP, the reaction mixture was
incubated at 37 �C for 2 h to achieve transcription. During the
reaction, small amounts of the mixture were sampled at desired


intervals and transcription was stopped
by addition of a dye solution that con-
tained formamide (80%), EDTA (50 mM),
and bromophenol blue (0.025%) in the
same volume as the sampled reaction
mixture. This mixture was then subjected
to electrophoresis on 20% polyacryl-
amide 7M urea gel. The full-length mRNA
(17-mer) separated on the gel was
identified by comparison with a chemi-
cally synthesized authentic sample and
analyzed with an FLA-3000 bio-imaging
analyzer (Fuji Photo-Film).


The trans�cis photoisomerization was
achieved by using the UV light from a
6 W UV-A fluorescent lamp (FL6BL-A,
Toshiba) to irradiate the sample through
a UV-D36C filter (from Asahi Techno-
glass) for 1 min. The intensity of the UV
light was below 100 �J s�1 cm�2. The


Figure 3. Off-on-off switching of transcription by irradiation with UV light (filled arrow; switching on) and visible
light (open arrow; switching off) at 37 �C with Azo-10 as the nontemplate strand. PAGE patterns (A) of the full-
length product, and quantitative plots (B) are depicted. UV and visible light irradiation was carried out for 1 min at
40 and 80 min after incubation started. R is defined as the ratio (radioactivity of full-length product)/(total
radioactivity of all the oligo- and mononucleotides in the gel).
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The pyridoxal 5�-phosphate (PLP) dependent enzyme alanine
racemase (EC 5.1.1.1) catalyses the interconversion of the L and D


isomers of alanine. In both Gram-negative and Gram-positive
bacteria, the D-Ala produced by this enzyme is incorporated into
the cell wall as an essential component of the peptidoglycan
layer. The structure of the Geobacillus stearothermophilus[1]


alanine racemase (Alr) has been solved at 1.9 ä resolution,[2]


revealing a homodimer in which each subunit consists of two
domains: a (��)8 barrel and a C-terminal domain essentially
composed of three � sheets (11 strands in total). On dimerisation
the (��)8 barrel of one monomer interacts with the C-terminal
domain of the other; the active site is a cleft between these two
domains. Mutagenic, structural and modelling analyses[3, 4]


confirm a catalytic mechanism involving two bases, Lys39 and
Tyr265�.[5] The cofactor PLP forms a Schiff base with one of these,
Lys39, in the resting enzyme, and in addition to this covalent
attachment, a large number of hydrogen bonds fixes PLP rather
rigidly in the active site. In particular, the three oxygen atoms of
the cofactor phosphate group are involved in an extensive
network of hydrogen bonds involving Tyr43, Ser204, Gly221,
Ile222 and Tyr354[4] (Figure 1A). Interestingly however, the
structure of an external aldimine form of Alr in which PLP forms
a Schiff base with the inhibitor (R)-1-aminoethylphosphonic acid
(L-Ala-P) suggests that there is ample space in the active site for
larger side chains than that of alanine and provides no simple
structural explanation for the observed substrate specificity.[4] In
the present study we have demonstrated that, rather than
merely contributing to the immobilisation of the cofactor
phosphate, Tyr354 plays a crucial role in defining the strict
specificity of Alr for alanine by preventing turnover of other
potential substrates.


cis�trans isomerization was achieved by irradiation with visible light
from a Xenon lamp (UV Spot Light Source: HAMAMATSU PHOTON-
ICS) for 1 min through a L-42 filter (from Asahi Technoglass). For the
experiments represented in Figure 1 and Figure 2, the solution was
UV-irradiated immediately after incubation at 37 �C started. In the
experiment represented by Figure 3, UV and visible-light irradiation
was carried out when 40 and 80 min, respectively, had passed after
incubation started.
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The pyridoxal 5�-phosphate (PLP) dependent enzyme alanine
racemase (EC 5.1.1.1) catalyses the interconversion of the L and D


isomers of alanine. In both Gram-negative and Gram-positive
bacteria, the D-Ala produced by this enzyme is incorporated into
the cell wall as an essential component of the peptidoglycan
layer. The structure of the Geobacillus stearothermophilus[1]


alanine racemase (Alr) has been solved at 1.9 ä resolution,[2]


revealing a homodimer in which each subunit consists of two
domains: a (��)8 barrel and a C-terminal domain essentially
composed of three � sheets (11 strands in total). On dimerisation
the (��)8 barrel of one monomer interacts with the C-terminal
domain of the other; the active site is a cleft between these two
domains. Mutagenic, structural and modelling analyses[3, 4]


confirm a catalytic mechanism involving two bases, Lys39 and
Tyr265�.[5] The cofactor PLP forms a Schiff base with one of these,
Lys39, in the resting enzyme, and in addition to this covalent
attachment, a large number of hydrogen bonds fixes PLP rather
rigidly in the active site. In particular, the three oxygen atoms of
the cofactor phosphate group are involved in an extensive
network of hydrogen bonds involving Tyr43, Ser204, Gly221,
Ile222 and Tyr354[4] (Figure 1A). Interestingly however, the
structure of an external aldimine form of Alr in which PLP forms
a Schiff base with the inhibitor (R)-1-aminoethylphosphonic acid
(L-Ala-P) suggests that there is ample space in the active site for
larger side chains than that of alanine and provides no simple
structural explanation for the observed substrate specificity.[4] In
the present study we have demonstrated that, rather than
merely contributing to the immobilisation of the cofactor
phosphate, Tyr354 plays a crucial role in defining the strict
specificity of Alr for alanine by preventing turnover of other
potential substrates.


cis�trans isomerization was achieved by irradiation with visible light
from a Xenon lamp (UV Spot Light Source: HAMAMATSU PHOTON-
ICS) for 1 min through a L-42 filter (from Asahi Technoglass). For the
experiments represented in Figure 1 and Figure 2, the solution was
UV-irradiated immediately after incubation at 37 �C started. In the
experiment represented by Figure 3, UV and visible-light irradiation
was carried out when 40 and 80 min, respectively, had passed after
incubation started.
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Alanine racemases have been identified in many bacterial
species and, recently, in a number of eukaryotes.[6] Sequence
alignments of the prokaryotic enzymes demonstrate very strong
conservation of active site residues, including Tyr354 (Figure 1B),
and therefore shed little light on the origin of the observed
specificity. Interestingly however, VanT from Enterococcus galli-
narum shares a strikingly high level of sequence homology with
the G. stearothermophilus alanine racemase, yet possesses a
serine racemase activity that is required for vancomycin
resistance.[7] Alignment of the sequences of VanT and Alr
revealed 31% identity and 66% similarity and, further, suggested
that the only active site residue that is not conserved between
the two enzymes is Tyr354, which is replaced with an asparagine
in VanT (Figure 1B).[7] Comparative modelling of the two active
sites suggests that the shorter side chain of this asparagine
would not be able to hydrogen bond to the phosphate oxygen
atom of PLP. We were therefore intrigued as to whether Tyr354 of
Alr plays the simple cofactor binding role implied by crystallog-
raphy, or whether it plays some further role in defining the
substrate specificity of Alr.


In the present work, we used site-directed muta-
genesis to analyse the role of Tyr354 in Alr and to explore
the significance of the Asn-for-Tyr (Y354N) substitution
found in VanT. We chose to replace Tyr354 with Ala to
open an additional pocket in the active site and with Asn
and Gln to mimic VanT while allowing for inaccuracies in
modelling one active site (VanT) based on another (Alr).
Each Alr mutant was over-expressed in Escherichia coli
and purified to apparent homogeneity. The racemase
activity of each protein acting on 40 mM L-Ser was
determined by using an assay modified from that
previously described for rat brain serine racemase (see
the Experimental Section for details). The results are
displayed in Table 1. Each of the three mutant enzymes
showed a specific activity on L-Ser 51- to 81-fold higher
than that of wild-type Alr, which immediately appeared
to confirm our hypothesis that Tyr354 plays a role in
determining the substrate range of Alr. The highest
serine racemase activity was shown by the Y354N-Alr
mutant, which is particularly interesting in light of
possible mechanisms for the evolution of an ancestral
serine racemase activity in response to vancomycin-
induced selection pressures, so the kinetic parameters of
this mutant were analysed in more detail.


The Michaelis ±Menten (KM) constants for Alr and Y354N-Alr
acting as both alanine and serine racemases were determined by
using the assay described, with some modifications to ensure
steady state conditions. The results (Table 2) confirm the efficacy
of Y354N-Alr as a racemase with dual specificity for L-Ala and L-
Ser. Introduction of the Y354N mutation had a negligible effect
on the turnover number for L-Ala racemisation, although it


Figure 1. A) Coordination of the phosphate group of PLP in G. stearothermophilus
alanine racemase by active site residues Tyr43, Ser204 and Tyr354. The PLP ± L-Ala-P external
aldimine[4] is shown; note that the methyl side chain of the inhibitor (with Van der Waals
radius drawn) will rotate towards Tyr354 in attaining an intermediate planar with the
pyridoxal ring of PLP. B) ClustalW sequence alignment of bacterial alanine racemases and
the E. gallinarum serine racemase VanT in the regions of Lys39 and Tyr43, and Tyr354.


Table 1. Serine racemase activities of wild-type and Tyr354 mutant Alr
enzymes.


Enzyme Serine racemase activity
[�molmin�1mg�1][a]


Relative activity


Alr 1.1� 0.1 1
Y354N-Alr 89� 7 81
Y354A-Alr 59� 8 54
Y354Q-Alr 56� 6 51


[a] Results were measured at a substrate concentration of 40 mM L-Ser. Data
represent the means of four independent assays, each done in duplicate, �
the standard error of mean (S.E.M.).


Table 2. Steady state parameters for racemisation of L-Ala and L-Ser by Alr and Y354N-Alr.


Enzyme L-Ala�D-Ala L-Ser�D-Ser
KM [mM] kcat [min�1] kcat/KM [min�1 mM�1] KM [mM] kcat [min�1] kcat/KM [min�1 mM�1]


Alr[a] 4.4� 0.2 1.1�0.1� 105 2.5�104 nd[a] nd[a] nd[a]


Alr[b] 2.3� 0.1 5.1�0.2� 104 2.2�104 110�10 9.2�0.9� 102 8.4
Y354N-Alr[b] 9.4� 0.3 4.8�0.2� 104 5.1�103 75� 6 3.9�0.1� 104 520


[a] Previously reported;[8] nd�not determined. [b] Results from this study. Values are listed as the mean� S.E.M. (n� 3), and each independent value represents
the mean of duplicate assays.
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resulted in a four-fold increase in KM, possibly attributable to
cooperative effects on substrate binding in an altered active site
environment. A considerably more pronounced effect was
observed when L-Ser was the substrate, with Y354N-Alr display-
ing a racemase activity (as measured by kcat./KM) 62-fold higher
than the wild-type enzyme and a turnover number for L-Ser
comparable to that of wild-type Alr acting on
L-Ala (Table 2). The ratio of the kcat./KM values for wild-type Alr
suggests a preference for L-Ala as a substrate over L-Ser by a
factor of 2600-fold; this is relaxed to favouring L-Ala only ten-fold
in Y354N-Alr. Interestingly, this preference has been relaxed even
further in VanT, to the extent that activity against L-Ala is six-fold
lower than against L-Ser.[9] Significantly, our data demonstrate
that the broadening of specificity observed in Y354N-Alr is due
to a newly introduced ability to turn over L-Ser, rather than loss
of activity against L-Ala; the KM of this enzyme for L-Ser is only
slightly improved over that of wild-type Alr.


Given that Tyr354 plays no direct role in catalysis, initially it
appeared counterintuitive that its mutation to asparagine
should lead to a 42-fold increase in the kcat. for L-Ser (Table 2).
However, by considering the catalytic mechanism of Alr along-
side structural data, the increased serine racemase activity
observed for Y354N-Alr can be rationalised. The active site
architecture of Alr in the PLP ± L-Ala-P external aldimine form
suggests that neither Tyr354 nor any other active site residue
physically blocks the binding of amino acid substrates other than
alanine.[4] This is consistent with our observation that the Y354N
mutation had a relatively minor effect on the KM for L-Ser and
with the fact that D,L-cycloserine is a known inhibitor of Alr.
Mechanistically, the next step after formation of the external
aldimine involves abstraction of the � proton of the substrate by
either Lys39 or Tyr265� (depending on which substrate enan-
tiomer is bound) to generate a planar carbanion intermediate
that is stabilised by delocalisation of the negative charge over
the pyridoxal ring. Critically, formation of this intermediate
requires rotation of the substrate side chain such that it becomes
oriented in the plane of the PLP ring, and points directly towards
the side chain of Tyr354 (Figure 1A); simple space-filling models
suggest that the presence of any side chain larger than the
methyl group of alanine would result in significant steric
hindrance of this process.


We therefore propose that the specificity of Alr for alanine is
determined largely by the presence of Tyr354 in a subtle
blocking role, by preventing intermediate formation and
subsequent catalytic turnover of larger substrates. Consistent
with this model, the data presented here show that the principal
effect of the Y354N mutation is on turnover, rather than KM.


A number of corollaries can be drawn from this observation. It
seems probable that the PLP phosphate is held rigidly in place
by the five charged-neutral hydrogen bonds it forms with the
side-chain hydroxy group of Tyr43, the side-chain hydroxy group
and backbone amide NH groups of Ser204, and the backbone
amide NH groups of Gly221 and Ile222. It follows that the
primary role of the Tyr354 ±PLP hydrogen bond is not immobi-
lisation of the cofactor as previously supposed, but rather
anchoring the side chain of Tyr354 in its specificity-determining
orientation. That Y354N-Alr was the most active mutant analysed


here may imply an additional role for the asparagine side chain
in stabilising a transition state or intermediate in serine
racemisation through provision of additional hydrogen bonds
to the serine side chain hydroxy group, though this is less certain
at this stage. Finally, the data presented here provide exper-
imental support for one avenue by which resistance to
vancomycin might be acquired in susceptible bacteria. At the
genetic level, a single base substitution (TAY�AAY) is sufficient
to confer substantial serine racemase activity on Alr without
seriously compromising alanine racemase activity; this in turn
suggests that Y354N-Alr represents a plausible intermediate in
the evolution of an ancestral VanT-like enzyme. The turnover
number of Y354N-Alr for L-Ser closely matches that of wild-type
Alr for L-Ala so would presumably be sufficient to allow the host
cell to synthesise physiologically relevant levels of D-Ser, albeit
inefficiently due to the high KM. Having achieved catalytic
turnover of L-Ser, the next step in the evolution of VanT would
logically involve improvement in the recognition of serine, not
necessarily at the expense of alanine racemisation; it is perhaps
relevant in this regard that VanT shows significant racemase
activity against alanine as well as serine.[9]


In summary, we have identified a novel and key role of an
active site residue in controlling the substrate specificity of
alanine racemase by sterically blocking turnover, rather than
binding, of alternate substrates and, in addition, we have
provided experimental support for the evolutionary relationship
between alanine racemase and VanT.


Experimental Section


Mutagenesis and protein expression


The alr gene was amplified by PCR from G. stearothermothilus
genomic DNA and cloned into pUC19, with addition of a C-terminal
(His)6 tag. Mutagenesis of Tyr354 was performed by the QuikChange
method (Stratagene, La Jolla, CA). Protein over-expression in mid-log
phase E. coli XL1-Blue (Stratagene) cultures was induced by addition
of isopropyl �-D-thiogalactoside (IPTG) to 100 �M. The (His)6-tagged
proteins were purified to apparent homogeneity, as judged by SDS-
PAGE, by metal chelate chromatography on a HiTrap column
(Amersham Pharmacia Biotech) charged with Ni2�. Use of the (His)6
tag precluded copurification of the E. coli alanine racemase.


Serine racemase assays


Racemase assays were carried out essentially as described previous-
ly.[10] Each reaction was performed in 100 mM CHES (2-(N-cyclo-
hexylamino)ethanesulfonic acid, pH 9.1), 40 mM L-Ser and 60±
7000 ng enzyme. After 20 min incubation at 37 �C, the reaction was
terminated by boiling for 5 min. The amount of D-Ser produced was
determined by adding a 10-�L sample aliquot to colour develop-
ment buffer (90 �L final concentrations: sodium phosphate buffer
(pH 7.0), 100 mM; D-amino acid oxidase (DAAO), 3.6 Unitsml�1; horse-
radish peroxidase, 20 Unitsml�1; o-phenylenediamine (OPD),
2 mgml�1). This coupled assay allowed quantification of H2O2


(produced by DAAO acting specifically on D-Ser) by its peroxidase-
catalysed reaction with the chromogenic substrate OPD. Colour
development was for 45 ± 60 min at 37 �C, after which the reaction
was stopped by addition of HCl (3M, 100 �L). Signals were detected at
492 nm and quantified by interpolation on a D-Ser standard curve,
linear over the range 0±40 nmol.
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Steady-state kinetics


Assays were as described above, except the incubation time for
racemisation was shortened to 6 min to ensure that final product
concentration remained less than 10% of the initial substrate
concentration. Enzyme concentrations used in the analyses were: Alr
with L-Ala, 2.0 nM; Alr with L-Ser, 2.5 �M; Y354N-Alr with L-Ala, 2.3 nM;
Y354N-Alr with L-Ser, 40 nM. Products were quantified with D-Ala and
D-Ser standard curves, which were constructed for each independent
assay. Substrate ranges assayed were approximately 10%±200% the
KM value and analyses routinely included 5 data points.
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