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Diatom/Copepod Interactions in Plankton: The
Indirect Chemical Defense of Unicellular Algae
Georg Pohnert*[a]


1. Introduction


Most of the surface of our planet is covered by water, and it
should therefore come as no surprise that marine phototrophic
organisms contribute substantially to global carbon fixation.
Modern models predict that photosynthetic activity is divided
into equal parts between marine and terrestrial ecosystems.[1]


Life in the seemingly homogeneous ocean water is multifacet-
ed and ecological processes in the water are very complex.
This might not be obvious because observation of life forms in
the open water is challenging and the full diversity of this eco-
system is only revealed microscopically. In fact, the species di-
versity in seawater is extremely high. Contributing to this di-
versity are bacteria, viruses, small phototrophic algae (phyto-
plankton), and their predators. The observed richness in spe-
cies has long puzzled ecologists. It was in 1961 that Hutchin-
son tried to explain what he called “the paradox of the
plankton”:


“The problem that I wish to discuss… is raised by the very par-
adoxical situation of the plankton, particularly the phytoplank-
ton… How it is possible for a number of species to coexist in a
relatively isotropic or unstructured environment, all competing
for the same sorts of materials?”[2]


The then-popular concept of competitive exclusion, predict-
ing that two species that compete for exactly the same resour-
ces cannot stably coexist, did not provide a full explanation of
this situation.[2] The advantage of one species over the other
will lead to the extinction of the second competitor in a homo-
genous environment. In the ocean, the assemblage would con-
sequently reduce to a population of a single species. Neverthe-
less, the complex situation in the plankton can be explained
with competitive exclusion, if one assumes that the environ-
ment changes before the system reaches equilibrium.[2] It has
been observed that certain phytoplankton species dominate in
specific seasons and so-called blooms (mass occurrences of a
single dominant species) can persist for several days, weeks, or


even months. But if, for example, a diatom bloom dominates
and consumes a limited nutritional factor such as silicate,
which is used for cell-wall formation,[3, 4] this species will even-
tually encounter suboptimal conditions and competing species
will arise. Ultimately, a final equilibrium is never reached in the
plankton community and numerous species can coexist, even
in the homogeneous water column.


Since these early concepts arose, numerous studies have
been carried out to explain the interactions among plankton
species.[5–11] Different general factors have been identified
which contribute to such spatial and temporal limitations. This
includes, for example, allelopathic interactions among different
algae,[12, 13] the above-mentioned limitation by resources, or a
classic predator–prey relationship where the herbivores con-
sume so many of the prey algae that the environment is de-
pleted in this resource. Grazing by zooplankton is indeed a
major factor that controls algal populations. This includes her-
bivores belonging to the microzooplankton (for example, dino-
flagellates and ciliates) and mesozooplankton (for example, ro-
tifers, herbivorous crustaceans, fish larvae, and jellyfish).[14, 15]


These zooplankton species themselves form the food base for
higher trophic levels, and carbon utilization by these grazers is
thus a determining factor for the energy flow through the
marine food web (Figure 1).[16] Predator–prey interactions thus
influence not only global carbon fixation by photosynthesis
but also, directly, fisheries yields.


Traditionally, it was assumed that food availability and food
quality are generally the limiting factors in phytoplankton/her-
bivore interactions. Indeed, the evidence that depletion of the
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Numerous coexisting species can be observed in the open
oceans. This includes the complex community of the plankton,
which comprises all free floating organisms in the sea. Tradition-
ally, nutrient limitation, competition, predation, and abiotic fac-
tors have been assumed to shape the community structure in
this environment. Only in recent years has the idea arisen that
chemical signals and chemical defense can influence species in-
teractions in the plankton as well. Key players at the base of the
marine food web are diatoms (unicellular algae with silicified cell
walls) and their main predators, the herbivorous copepods. It
was assumed that diatoms represent a generally good food


source for the grazers but recent work indicates that some spe-
cies use chemical defenses. Secondary metabolites, released by
these algae immediately after wounding, are targeted not
against the predators themselves but rather at interfering with
their reproductive success. This strategy allows diatoms to reduce
the grazer population, thereby influencing the marine food web.
This review addresses the chemical ecology of the defensive oxyli-
pins formed by diatoms and the question of how these metabo-
lites can act in such a dilute environment. Aspects of biosynthe-
sis, bioassays, and the possible implications of such a chemical
defense for the plankton community structure are also discussed.


ChemBioChem 2005, 6, 946 – 959 DOI: 10.1002/cbic.200400348 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 947







food containing certain nutrients or other essential compo-
nents limits the population of herbivores is documented in nu-
merous publications (see, for example, refs. [17–22]).


Only in recent years has resistance of phytoplankton to her-
bivores been discussed as an additional factor that may influ-
ence species interactions in the open water. Indeed, a “watery
arms race”[23] might be behind the success of certain spe-
cies.[9, 24] This includes the direct mechanical defense exhibited
in diatoms, which are protected by strong silicified cell walls,[25]


as well as chemical factors, such as antifeedants or toxins,
which could provide additional benefits to the producing phy-
toplankton species.[11, 24, 26–29] Chemical defense might be medi-
ated by highly active metabolites, like the paralytic shellfish
poisoning toxins from dinoflagellates that cause major losses
year after year in fisheries and even result in some human fa-


talities. Remarkably, although most metabolites from these so-
called red tides are strongly toxic to higher consumers, ecolog-
ical roles providing direct benefits for the producers have
rarely been discovered.[28] But more subtle mechanisms of
grazing regulation, such as the influence of feeding rates by di-
methylsulfide or dimethylsulfoniopropionate, can also protect
the producing algae.[24, 30–32] Ecological concepts, bioassay
methods, and analytic chemistry are now advanced enough to
allow the further exploration of chemical communication in
open water.


The focus of this review will be the interactions of two key
players in the plankton, namely, diatoms and copepods
(Figure 1). Diatoms are unicellular algae, which are major con-
tributors to phytoplankton biomass worldwide and are thus
central in the global carbon cycle.[33] These photosynthetic het-
erokonts have a fundamentally different evolutionary history
from the higher plants that dominate photosynthesis on land.
Diatoms are derived by a secondary endosymbiosis event
whereby a nonphotosynthetic eukaryote acquired a chloro-
plast by engulfing a photosynthetic eukaryote. Data from the
sequencing of the first diatom genome indicates that this pho-
tosynthetic organism was presumably a red alga. Accordingly,
almost half of the diatom proteins have similar alignment
scores to their closest homologues in plants, red algae, and an-
imals.[34] Copepods account for about 80 % of the mesozoo-
plankton biomass and are thus among the most dominant her-
bivores in the plankton. It used to be thought that diatoms are
high-quality food for these herbivores.[35, 36] Only in recent years
has evidence accumulated to suggest that this does not hold
true in every case and that certain diatoms are chemically de-
fended from their predators. Some reviews have been pub-
lished that highlight aspects of these interactions covering the
ecological perspective,[37] the biosynthesis of algal oxylipins
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Figure 1. The classical view of the marine food web. The box highlights the groups of organisms discussed in this review. Reproduced from the work of
Hardy[16] with the kind permission of the Sir Alister Hardy foundation.
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(metabolites derived from the oxidative transformation of fatty
acids),[38, 39] or the distribution of volatile metabolites in the
phytoplankton.[40] Other reviews deal with general aspects of
the chemical defense of phytoplankton (see, for example,
refs. [24, 26, 28, 29]). Here a comprehensive overview of the
chemical ecology of oxylipins from diatoms is given. This arti-
cle highlights the chemically mediated species interactions
with a focus on the synergistic approaches from ecologists,
chemists, and biochemists.


2. The Early Evidence of a Negative
Influence of Diatoms on Copepod
Reproduction


The hypothesis that diatoms are a good food source
for copepods[41] holds true when only the feeding be-
havior of these herbivores is observed. As early as
1935, Harvey et al. reported that the spring outburst
of diatoms is controlled mainly by the grazing of her-
bivorous copepods.[36] Copepods grow well on cer-
tain natural diatom-rich diets and can even be raised
on monospecific diatom diets with no observable ad-
verse effects. The classic pelagic food-web concept
thus predicts a positive correlation among diatom-
rich phytoplankton, copepod production, and fish
abundance.[42] This general concept does not hold
when, besides copepod growth and survival, the re-
productive success of the animals is taken into ac-
count. In the early 1990s, it was recognized that not
all diatom species represent a good food source
when copepod reproduction is considered. The ob-
servation that copepod egg production rates were
low during certain diatom-rich situations suggests that these
algae have an adverse effect. The cause for this phenomenon
has, however, not yet been identified.[43] In addition to egg
production, hatching and successful larval development are
also major fitness factors for herbivores that are strongly influ-
enced by certain diatoms. When they fed the copepod Temora
stylifera a diatom diet, Ianora and Poulet observed that the
hatching success of the eggs produced was strongly decreased
compared to success on a nondiatom diet.[44]


An initial screening showed that the diatom food was obvi-
ously not diminished in essential nutrients, such as amino
acids or fatty acids, and it was suggested that diatoms produce
an inhibitory factor which blocks embryogenesis. This was
manifested in experiments where copepod embryos incubated
in diatom extracts showed abnormalities comparable to those
embryos produced by females that fed on a diatom diet.[45]


This approach of incubating females with concentrated ex-
tracts or even purified metabolites does not, however, reflect
the actual ecological situation. In the ocean, metabolites suffer
significant dilution and would instead be administered through
the food itself. Since an adverse effect of diatoms challenges
the traditional pelagic food-web concept, several follow-up
studies have been performed to test the true influence of di-
atoms or diatom metabolites on copepod reproduction. While
some groups of researchers found no inhibitory effect at all or


a negative influence of diatoms that could not be explained
by the presence of toxins,[20, 46, 47] others observed antiprolifera-
tive activity.[44, 45, 48–51] In an exceptional approach intended to
sort out the discrepancies, 15 groups in 12 countries world-
wide joined together to test combinations of different cope-
pod species with 17 diatom diets.[52] The effects of diatom
diets that were found can be sorted into four major categories
(Figure 2).


In these standardized experiments, diatoms that lower cope-
pod fecundity and hatching success were observed (cate-
gory I), while other diatom diets caused the reduction of only
one of these variables (categories II and III, respectively) or no
adverse effect at all (category IV). This set of experiments clear-
ly demonstrated negative effects of certain diatom species, but
the factors involved remained elusive. Two major opinions sur-
faced about the reasons for these results, one favoring the ex-
istence of toxins from diatoms[53] and the other favoring poor
food quality of the monospecies laboratory diets, which would
play no role under field conditions.[46]


3. The Role of a,b,g,d-Unsaturated Aldehydes
in Diatom Defense


A major breakthrough for the understanding of chemically
mediated diatom/copepod interactions was the finding that,
under field conditions, the hatching success of wild copepods
was strongly reduced when they fed on a diatom-dominated
bloom. Even if egg production was high when diatoms domi-
nated the phytoplankton, only 12 % of the eggs hatched, in
comparison to a 90 % hatching rate after the bloom.[54] A bio-
assay-guided structure elucidation pointed to the principle
compounds that might underlie the reduced hatching success.
Compared to other potent phytoplankton toxins,[28, 55] these


Figure 2. The effects of different diatom diets on the reproduction of Calanus helgolandi-
cus can be grouped into four categories. Diatom diets can cause 1) reduced hatching
success and reduced fecundity, 2) reduced hatching but normal fecundity, 3) normal
hatching but reduced fecundity, or 4) no adverse effects at all. Reproduced from ref. [52]
with the permission of Inter-Research.
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were the structurally remarkably simple aldehydes 2E,4E/Z-dec-
adienal (in the following decadienal is used as shortened
name) and 2E,4E/Z,7Z-decatrienal (decatrienal ; Scheme 1).


When added externally to newly spawned copepod eggs,
these aldehydes reduced hatching success significantly at a
concentration of 1 mg mL�1, and hatching was completely
blocked with concentrations above 2 mg mL�1.[54] These concen-
trations represent unrealistically high values with regard to the
situation in the ocean, but the finding served as a stimulation
to further unravel the role of these metabolites. In general, we
know little about how consumers perceive secondary metabo-
lites and have no direct means to apply ecologically realistic
doses of defensive metabolites.[56] Approaches using, for exam-
ple, microencapsulated food or liposomes as toxin shuttles are
currently being evaluated but have not been applied to stud-
ies of diatom oxylipins. External addition of chemicals, such as
those performed with decadienal, can thus provide only indi-
rect evidence pointing towards potential bioactivity.


The identified aldehydes have previously been detected in
freshwater diatoms where they cooccur with homologues with
shorter chain lengths.[57] Although they are widely distributed
in freshwater ecosystems,[58, 59] no function had been assigned
to these metabolites up to that time. Tests with other marine
organisms showed that the activity of the isolated aldehydes is
not restricted to copepod egg hatching. Similar results were
obtained when an easily accessible sea urchin egg cleavage
assay was performed (Figure 3).[60] These model animals, which
can be stimulated to reliably produce high numbers of eggs,
made it possible to study the effect at the cellular level. It
could be shown that extracts of the diatom Thalassiosira rotula
induce aberrations in embryonic tubulin organization and that
microtubules were depolymerized. In extract-treated eggs, the
chromatin appeared globular and compacted at the center of
the cell.[61] Examination of the influence of decadienal on key
events of mitotic cell division revealed that this aldehyde inter-


feres with several viable cellular mechanisms. It affects the as-
sembly of sperm aster, DNA synthesis, and mitotic events,
probably through the inhibiton of cyclin B/Cdk 1 kinase activi-
ty.[62]


Detection of polyunsaturated aldehydes in diatoms


Once the C10 aldehydes were identified in a large-scale purifica-
tion/structure-elucidation approach, subsequent studies fo-
cused on the investigation of volatiles from diatoms. The activ-
ity of the newly identified metabolites could then be evaluated
with synthetic or commercially available material. Different
approaches were used to analyze these volatiles. A sensitive
protocol with the use of solid-phase microextraction (SPME)
allows rapid screening of the production of volatiles from
small culture samples. As no solvent extraction and derivatiza-
tion are required, a first impression of the potential of phyto-
plankton to produce unsaturated aldehydes can easily be ob-
tained. This method, however, does not allow samples to be
stored or derivatized so structure elucidation is limited to me-
tabolites that are available as reference compounds.[63, 64] An-
other approach, which requires more material but permits the
purification and structure elucidation of newly identified me-
tabolites, is based on a new Wittig derivatization protocol. The
organic extract from diatoms is transformed by using a Wittig
reagent that forms carboxyethylethylidene derivatives from the
aldehydes. These can be further purified or analyzed directly
by GC/MS.[65] Both approaches have been independently ap-
plied to T. rotula cultures and have revealed that decadienal
and decatrienal are not the only unsaturated aldehydes re-
leased; 2E,4E/Z-octadienal and 2E,4E/Z,7-octatrienal, as well as
2E,4E/Z-heptadienal, are also dominant polyunsaturated alde-
hydes (hereafter, PUA is used as an abbreviation for any conju-
gated polyunsaturated aldehyde) from certain isolates of this
alga (Figure 4).[63, 65]


Scheme 1. a,b,g,d-Unsaturated aldehydes from diatoms.


Figure 3. Inhibition of egg hatching in sea urchin egg cleavage assays. From left to right: fertilized eggs (t = 0), fertilized eggs after the second cell cleavage,
inhibition of hatching in the presence of 2,4-decadienal (2 mg mL�1), and unspecific toxic effects caused by elevated concentrations of decanal. Reproduced
with the kind permission of S. Poulet, Roscoff, France.
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Other diatoms, such as Skeletonema costatum and Skeletone-
ma pseudocostatum, lack the ability to form the C10 aldehydes
but do release the unsaturated C7 and C8 aldehydes.[63, 66] Both
analytical methods have been solely applied to diatom cultures
but no information about the situation in the field has been
available. This is due to the fact that aldehyde-producing phy-
toplankton are often present in low concentrations in the
open oceans and laborious concentration steps would be re-
quired to obtain suitable samples. A pentafluorobenzyloxime-
based derivatization method is now available to overcome
these limitations, thereby allowing investigation of field sam-
ples after a simple filtration protocol.[67] Detection limits corre-
sponding to less than 2000 cells of an aldehyde-producing
species in 1 liter of seawater (which is well below the natural
concentration of diatoms in the phytoplankton during bloom
conditions) allow surveys to be made of field situations with
varying plankton compositions.


Structure–activity relationship of diatom-derived aldehydes


Comparison of the major PUA isolated from T. rotula and S. cos-
tatum showed that both 2,4-octadienal and 2,4-decadienal ex-
hibit antiproliferative activity and inhibit cleavage of sea urchin
eggs.[66] A synthetic approach that yields stereospecifically
a,b,g,d-unsaturated aldehydes gave enough pure material to
perform a detailed structure–activity investigation.[68] With sea
urchin eggs as a model, activity was observed to increase with
the increase in chain length from the C7 to C10 PUA and even
the acidic 12-oxo-dodeca-5Z,8Z,10E-trienoic acid, which has
also been reported from diatoms,[38, 64] inhibited sea urchin
embryonic development. Only aldehydes bearing a a,b- or
a,b,g,d-unsaturated structure element are active. Saturated and
unsaturated aldehydes, which lack such a Michael acceptor
system, exhibit no activity at all. Together with the observation
that both 2E,4Z- and 2E,4E-dienals exhibit similar activity, it can
be concluded that no specific receptor or enzymatic activity is
addressed by the diatom-derived PUA but rather that unspecif-
ic interactions of the unsaturated aldehydes are responsible for


the activity.[60, 68] The only inactive a,b,g,d-unsaturated
aldehyde was 9-oxo-nona-5Z,7E-dienoic acid, which,
presumably due to intermolecular interactions, was
not inhibitory at all.[68]


4. Wound-Activated Defense


Despite this progress in unraveling the defensive
chemistry of diatoms, the community raised doubts
about the significance of the laboratory experiments
for the situation in the open ocean. One of the most
severe criticisms was the high concentration of PUA
or diatoms used in the assays. The total carbon
equivalent of 1 mg mL�1 of decadienal, which is the
concentration required to reduce egg hatching of co-
pepod or sea urchin eggs, exceeds the overall organ-
ic carbon content often found in open water. The
possibility that the herbivores are being poisoned by
toxins released into the open water can thus be ex-


cluded. Careful reinvestigation has shown that healthy diatom
cultures do not in fact release the metabolites in question into
the seawater. Even intact diatom cells do not contain these
metabolites. Only after wounding of the unicellular algae can a
rapid onset of aldehyde production be observed. Thus, for ex-
ample, mechanical wounding of T. rotula in seawater triggers
the release of aldehydes within seconds, and saturation levels
in the range of 5 fmol of PUA per cell are reached within 2 mi-
nutes.[64] A comparable dependence of PUA production on cel-
lular disintegration or osmotic stress has also been shown with
preparations of freshwater diatoms.[57] This wound-activated
chemical defense might be a way for the unicellular planktonic
algae to overcome several limitations. On the one hand, it re-
duces the costs implicit in continuous toxin production and re-
lease. On the other hand, it minimizes the risk of self poisoning
that might occur if defensive metabolites are stored in the
cells. This risk is especially high in the case of the reactive PUA,
which can form unspecific adducts to biopolymers such as
DNA.[69–71] A wound-activated defense mechanism thus permits
investment in cellular resources during normal growth, and
the production of defensive metabolites from these resources
is only initiated upon demand. Wound-activated defense strat-
egies are widely distributed among higher plants[72] but are
rare in plankton. In fact, only one other example has been
reported to date. The coccolithophore Emiliania huxleyi also
relies on an enzyme that acts upon wounding and transforms
dimethylsulfoniopropionate (DMSP) to dimethylsulfide and ac-
rylate. An E. huxleyi isolate with low DMSP-lyase activity is a
preferred food source for a protozoan grazer if provided in a
choice assay together with an isolate with a comparably high
DMSP-lyase activity.[30] However, the situation is complicated
by recent findings demonstrating that both dimethylsulfide
and acrylate might not act as a direct chemical defense but
might instead indicate other adverse nutritional properties of
the prey to the herbivore.[31, 32]


At first view, wound-activated defense strategies might not
make evolutionary sense for unicellular algae that have no
tissue to sacrifice and do not survive the ingestion process


Figure 4. GC/MS trace of volatiles from T. rotula. Cells were wounded by sonication
before solid-phase microextraction. The metabolites were identified by comparison with
standards.
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that triggers toxin production. However, it has to be
taken into account that, during diatom blooms, algae
proliferate predominantly asexually and thus the pro-
portion of genetically identical algae can be high.
The whole population could very well benefit from a
reduction of the pool of grazers, even if certain indi-
viduals are sacrificed.[24] Nevertheless, this concept
lacks experimental verification since the molecular
analysis of phytoplankton population structure is still
in its infancy.[73] Studies exist that question the uniclo-
nal nature of phytoplankton blooms and suggest
other mechanisms of selection,[74, 75] but as of yet this
field has remained largely open to discussion. Work
on the evolutionary role of activated defense in
plankton thus still awaits confirmation.


5. Biosynthesis of Polyunsaturated
Aldehydes


Lipoxygenase-mediated transformation of fatty acids


The unbranched structures of PUA suggest a common origin
from polyunsaturated fatty acids. Throughout the plant, algal,
and animal kingdoms, structurally related unsaturated alde-
hydes are known to be break-down products from the oxida-
tive transformation of fatty acids.[76–80] Higher plants use only
the pool of C18 fatty acids that are transformed by lipoxygenas-
es (LOX) to form intermediate hydroperoxides. These then
serve as substrates for a family of hydroperoxide lyases (HPL)
that release aldehydes with shorter chain lengths.[81] In general,
HPL-mediated reactions result in short-chain aldehydes such as
(3Z)-hexenal, which is a component of the so-called green
leafy volatiles, or (3Z)-nonenal with a cucumber-like odor. A
characteristic structural feature of these HPL-derived products
is that they contain only isolated double bonds and lack a Mi-
chael acceptor element. In plants, further transformations by
3Z :2E-enal isomerases result in a,b-conjugated aldehydes such
as the phytohormone traumatic acid.[81, 82] Remarkably, diatoms
do not follow plant-like pathways to generate PUA. Linolenic
acid that could serve as a puta-
tive precursor for decatrienal is
not accepted as a substrate for
transformation with broken
diatom cells or cell-free systems.
By contrast, the C20 fatty acids ei-
cosapentaenoic acid and arachi-
donic acid are incorporated with
highly efficiently into decatrienal
and decadienal, respectively. Ex-
periments with deuterated arach-
idonic acid proved unambiguous-
ly that the entire C11–C20 terminus
of this fatty acid is incorporated
into the reactive aldehydes
(Scheme 2).[64]


The shorter-chain PUA 2,4-hep-
tadienal is derived from eicosa-


pentaenoic acid as well,[83] but different precursors are required
for the biosynthesis of the C8 aldehydes. Judging from the po-
sition of the double bonds, 2,4-octadienal and 2,4,7-octatrienal
cannot be derived from any of the C20 fatty acids found in di-
atoms. Nevertheless these metabolites are of fatty acid origin.
Biosynthetic considerations point to unusual C16 fatty acids,
first detected in fish oil[84] but also common in diatoms,[85, 86] as
candidate precursors for the C8 aldehydes. The synthesis of la-
beled d6,9,12-C16:3 based on coupling reactions of propargylic
halides with terminal alkynes provided material with which to
test this hypothesis. When applied to damaged S. costatum
cells, the octadienal produced has a high degree of labeling.[87]


The short bis-Wittig based synthesis of labeled d6,9,12,15-C16:4
and the application of the compound to T. rotula demonstrat-
ed the origin of 2,4,7-octatrienal from this tetraenoic fatty acid
(Scheme 3).[88] The incorporation patterns found in transforma-
tions of labeled precursors are in accordance with mechanisms
involving LOX. The generated hydroperoxides may be cleaved
by the action of the LOX itself or by additional HPL, but no fur-
ther proof of this hypothesis is available. Neither the inter-
mediate hydroperoxides nor the acidic cleavage products that
should result as a second fragment from the hydroperoxide
transformation have yet been detected.


Scheme 2. Postulated biosynthetic pathways to the eicosanoid-derived C7 and C10


PUA.[63, 65]


Scheme 3. Synthesis and transformation of C16 fatty acids from diatoms with unusual double-bond positions.[85, 86]
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In contrast to this sparse knowledge about the mechanism
for the production of volatile PUA, a detailed picture of the
generation of acidic PUA from diatoms is available. This stems
mainly from investigations of the biosynthesis of volatile hy-
drocarbons in the freshwater diatom Gomphonema parvulum.
The production of cycloheptadiene C11 hydrocarbon ectocar-
pene was reported early on from this and other diatoms.[57, 58, 89]


This structure was later revised to the thermolabile divinylcy-
clopropane hormosirene (Scheme 4).[90] Interestingly, these hy-
drocarbons were previously identified as brown algal phero-
mones with fatty acid origins.[91] This motivated an in-depth in-
vestigation of their biosynthesis.[38, 91] Cell-free preparations of
G. parvulum transformed the eicosanoids arachidonic acid and
eicosapentaenoic acid efficiently into the cyclic C11 hydrocar-
bons. An acidic PUA, namely 9-oxo-nona-5Z,7E-dienoic acid, re-
sulted as second fragment in these transformations.[90] Trap-
ping experiments revealed that this transformation involves a
lipoxygenase-mediated oxygenation of the fatty acids, which
are transformed into the (9S)-hydroperoxy intermediates.
These are subsequently cleaved into the acidic PUA and the
cyclic C11 hydrocarbons (Scheme 4). Metabolic studies with
chiral deuterated fatty acids enabled an investigation of the
mode of cyclization and the rate-determining steps in this
transformation.[92]


These biosynthetic studies have all been performed on
crude cell preparations or cell-free systems and the involved
enzymes have not been isolated. It is thus not known if the
transformations are catalyzed by a multifunctional LOX or by
both a LOX and an HPL.[92]


The other example of well-investigated PUA production
comes from the planktonic freshwater diatom Asterionella for-
mosa. Upon wounding, this alga releases 1,3E,5Z octatriene (fu-
coserratene) as the major volatile compound.[57, 93] This metabo-
lite, which is also known from the pheromone chemistry of
brown algae, is derived from eicosapentaenoic acid as well.[38]


In this case, a 12-LOX with broad substrate tolerance[94] forms
an intermediate hydroperoxide,
which is then cleaved to octa-
triene or corresponding higher
saturated or unsaturated hydro-
carbons and the PUA 12-oxo-
dodeca-5Z,8Z,10E-trienoic acid
(Scheme 5).[64]


It is likely that the generation
of volatile PUA by marine di-
atoms follows similar routes to
those that have been found for
the acidic PUA in freshwater spe-
cies, but different general mech-
anisms have to be considered as
well. In general, the transforma-
tion of fatty acid hydroperoxides
to PUA can involve several differ-
ent enzymatic activities. For ex-
ample, at least three independ-
ent pathways from 12-hydroper-
oxyeicosatetraenoic acid to the


PUA 12-oxo-dodeca-5Z,8Z,10E-trienoic acid are known. While
diatoms cleave this hydroperoxide and release the hydrocar-
bon octa-1,3-diene, arachidonic acid stimulated human leuco-
cytes presumably release oct-2-ene as a second product.[80, 95] A
third independent pathway is reported from the moss Physco-
mitrella patens. There a LOX alone can account for the release
of a mixture of the hydroxylated C8 alcohols 1-oct-2-en-ol and
3-oct-1-enol as fragments, in addition to the 12-oxo acid.[96] An-
other possible source for PUA is the direct transformation of
lipids rather than free fatty acids. Lipid-body LOX[97] could gen-
erate lipid hydroperoxides, which could be cleaved by HPL,[98]


but experiments investigating the regulation of the wound-ac-
tivated defense exclude this pathway in diatoms.


Regulation of the wound-activated defense


The question has arisen as to how diatoms regulate the fast
production of the reactive PUA. PUA production starts within
seconds after wounding in seawater, a fact that makes regula-
tion through transcription and de novo protein biosynthesis of
the required LOX highly unlikely.[64] Since addition of eicosa-


Scheme 4. Biosynthesis of hormosirene and the PUA 9-oxo-nona-5,7-dienoic
acid.[88]


Scheme 5. Different pathways leading to the formation of the PUA 12-oxo-dodeca-5,8,10-trienoic acid in diatoms
(left),[63] mosses (center),[94] and humans (right).[78, 93]
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pentaenoic acid or arachidonic
acid to wounded T. rotula leads
to the increased formation of
decatrienal and decadienal, re-
spectively, aldehyde production
is apparently substrate limited.
That only the free acids are
transformed into the aldehydes
was shown in further experi-
ments with esterified fatty acids.
Careful isolation of the fragile
diatom cells followed by imme-
diate deactivation of the enzymes with boiling water before
extraction revealed that only free saturated fatty acids are
present in intact T. rotula cells. These fatty acids cannot be
transformed by LOX. Only upon wounding is a rapid onset of
polyunsaturated fatty acid release observed (Figure 5).[88, 99]


Diatom phospholipids can play a role as a resource for PUA
production since they are rich in polyunsaturated fatty


acids.[100] After addition of an arachidonic acid rich phospholip-
id to wounded T. rotula, the arachidonic acid derived decadie-
nal increased sharply in comparison to decatrienal, which is
formed from the higher unsaturated eicosapentaenoic acid.[99]


The site specificity in transformations of fluorescently labeled
phospholipids allowed the identification of phospholipase A2,
which regulates the release of the precursor fatty acids for
PUA in T. rotula (Scheme 6). The phospholipase activity is
found to be located in the extruding cytoplasm of wounded
diatoms when labeled lipids are monitored with fluorescence
spectroscopy. It can thus be assumed that cell disruption
allows the lipase to come into contact with membrane phos-


pholipids, thereby releasing the substrates for prestored LOX
and HPL activity.


However, chloroplast-derived glycolipids can also provide
free fatty acids for the generation of PUA upon wounding.[83]


In the diatom S. costatum, monogalactosyldiacylglycerol, which
is especially rich in hexadecatrienoic acid and hexdecatetrae-
noic acid, is transformed upon wounding by a galactolipid-hy-


drolyzing enzyme (Scheme 6). As
indicated above, these C16 fatty
acids are subsequently trans-
formed to octadienal and octa-
trienal, respectively (Scheme 3).
By contrast, the eicosapentaeno-
ic acid derived heptadienal can
be formed from both glactolipid-
and phospholipid-bound precur-
sors in S. costatum.[83] Related
principles of regulation are also
known in wounded higher
plants : in these, lipases release
C18 fatty acids, which are trans-
formed to short-chain oxylipins,
such as the green leafy vola-
tiles.[101]


The release of free fatty acids
upon tissue disruption has also
been observed in other di-
atoms.[102, 103] In freshwater bio-
films, this response to tissue dis-
ruption correlates with a chemi-
cal defense, because the re-
leased eicosapentaenoic acid is
toxic to the grazer Thamnoce-


phalus platyurus.[102] This defense strategy seems not to be lim-
ited to diatoms since free polyunsaturated fatty acids have
also been identified as haemolytic principles in the brevetoxin-
producing raphidophyceae Fibrocapsa japonica.[104]


The entire wound reaction of planktonic diatoms thus com-
prises at least two fast-acting enzymes that are active in sea
water and preferably also in the nearly neutral environment of
the copepod gut. This would allow the toxins to be targeted
efficiently against herbivores and reduce dilution or self intoxi-
cation to a minimum. In any case, the production of PUA
occurs close to the feeding instruments of the herbivores or in
the herbivore gut. The use of phospho- and galactolipids as


Figure 5. Wound-activated release of unsaturated fatty acids by T. rotula. a) Upper gas chromatogram: Predomi-
nantly free saturated fatty acids are found in intact alge. Lower gas chromatogram: After wounding, the release
of free unsaturated fatty acids (PUFA) that serve as precursors for PUA production is observed. b) Upper micro-
graph: Intact and wounded diatom cell in the light microscope. Lower micrograph: Intact and wounded diatom
cell in the epiffluorescence microscope after staining with a phospholipase-sensitive fluorescent dye. Phospho-
lipase activity can be detected in the extruding cytoplasm.[99]


Scheme 6. Phospholipids and glycolipids (monogalactosyldiacylglycerol shown as a representative) serve diatoms
as a resource for wound-activated defense.[81, 97]
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direct precursors for a wound-activated chemical defense
bears the additional advantage that, in times of low herbivore
pressure, cellular resources can be invested in the formation of
valuable lipids, which are essential during regular cell growth.


6. Role of PUA in the Regulation of Algal/
Herbivore Interactions


Since the first discovery of the role of unsaturated aldehydes
in reducing the hatching success of copepod eggs, many stud-
ies have been conducted to investigate the effect of these
reactive metabolites in more detail. This has included investi-
gation of the possible ecological scenario in which these alde-
hydes are able to act efficiently, but searches for new target
organisms and other modes of PUA action have also been
conducted.


Maternal PUA-rich diets can induce teratogenic effects in
offspring


One important explanation of how unicellular algae could ben-
efit from a wound-activated defense was made by Ianora
et al.[105] The question of whether or not diatom chemical de-
fense acts in a regulatory manner on the annual growth cycles
in nutrient-rich aquatic environments motivated a series of ex-
periments in which the reproduction of copepods was moni-
tored from egg to adult organism. It is often observed that
diatom blooms, which occur early in the year, suffer only low
grazing pressure.[106, 107] This has been attributed to the inability
of overwintering copepod populations to track these blooms
since their life cycles, which involve 11 larval stages, take
weeks or months to complete.[41] An alternative explanation for
this poor usage of the spring diatom bloom is the chemical
defense of these algae against the common overwintering co-
pepod C. helgolandicus. When nauplii (freshly hatched off-
spring) were collected from wild C. helgolandicus females
during a spring diatom bloom and then raised on a diatom
diet, the larvae did not survive to adulthood. Control groups,
raised on a neutral dinoflagellate diet that did not produce
any PUA, showed higher survival (Figure 6 a).


Model experiments were conducted in the laboratory, where
similar patterns could be observed. When females were raised
on a diatom diet the survival and development of their off-
spring was significantly impaired. The low survival levels were
due to teratogenic birth defects[49] that were manifested in
malformations of the hatched nauplii (Figure 7).[105] The ob-
served malformations were further investigated by double la-
beling methods, which showed that aberrations from diatom-
rich diets were caused by induced apoptosis and ne-
crosis.[108, 109] Most interestingly, in these examples the fitness of
the offspring is influenced by the maternal diet, as evidenced
by incubations in which both mothers and nauplii were raised
on four different nutritional regimes. When both females and
offspring were raised on dinoflagellate diets the survival rate
was high, whereas 100 % mortality was observed when the
diatom S. costatum was offered as a diet. Percentage of surviv-
al was intermediate for the cases where mothers were fed the


diatom and the offspring the dinoflagellate or vice versa (Fig-
ure 6 b, c). That these effects can indeed be attributed to the
action of PUA was shown in experiments in which the neutral
dinoflagellate diet was treated with decadienal before being
fed to copepod females and offspring. There, in a concentra-
tion-dependent manner, the pattern of reduced survival resem-
bled that observed on the diatom diet (Figure 6 d, e). Parallel
monitoring of the decadienal content in this artificial diet re-
vealed that the content of PUA administered through deca-
dienal-treated cells was similar to that reached on an S. cos-
tatum rich diet. Even if this evidence points strongly towards
the function of PUA, more efficient ways to deliver toxins in
plankton will have to be developed in the future for a final
proof. P. minimum is a poor shuttle for PUA, in that it carries
only a fraction of the externally added aldehydes to the con-
sumers, while the major part of this aldehyde remained in the
water during the assay. Thus, interference of 2,4-decadienal by
passive absorption, rather than from its presence in the diet,
cannot be excluded.


Taken together, these findings provide a plausible mecha-
nism for the apparent poor timing between bloom develop-
ment and the late arrival of the bulk of the overwintering co-
pepod stock. Since the recruitment of herbivores is impaired
during the diatom-rich spring blooms, the cohort size of the
early-rising overwinterers, and therewith the grazing pressure
on the spring diatom bloom, is kept low.[105]


7. Effect of PUA on Other Marine Organisms


Since diatoms are consumed not only by herbivorous cope-
pods but by other marine animals as well, the question arose
as to whether or not the deleterious effects of PUA are restrict-
ed to copepods. Earlier, the effect of the compounds on sea
urchin embryos as model organisms was demonstrated (see
above). Diatom extracts as well as decadienal were also as-
sayed on polychaete and sea star embryos.[110] Both crude
diatom extracts and the synthetic decadienal were found to in-
hibit fertilization, embryogenesis, and hatching success. The
polychaete embryos were very sensitive and even concentra-
tions of 125 ng mL�1 of decadienal reduced hatching success
significantly. Consistent with the concept of wound-activated
defense, intact diatom cells had no effect on these parame-
ters.[111] These results were discussed in the context of the
knowledge that the assayed sensitive polychaetes Arenicola
marina and Nereis virens breed during a food-limited period.
Such behavior contradicts the general view that breeding
occurs preferentially under optimal conditions.[111] This behav-
ior might be explained by the occurrence of diatom-derived
developmental inhibitors during optimal breeding conditions.
Rather than evolving detoxification mechanisms, these organ-
isms might have shifted their breeding patterns in order to
minimize the adverse effects of diatom-derived PUA.[110]


Other processes involved in reproduction can also be in-
hibited by decadienal. When broadcast-spawning echinoderm
sperm were incubated with decadienal for a short time, fertili-
zation success was markedly reduced. This was attributed to
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the fact that decadienal limits the number of motile sperms in
a concentration-dependent manner.[112]


In a broader screen for cytotoxicity of PUA against different
organisms, the unspecific reactivity of these metabolites was
reflected in cytotoxicity conserved across six phyla, including
two domains of life. PUA activities included inhibition of cell
proliferation, cell division, phagocytosis, the induction of an
oxidative burst, and the induction of apoptosis.[60] This broad
spectrum of activity is presumably also responsible for the ac-
tivity of decadienal against human cancer cell lines.[54] Experi-
ments with yeast cells showed that a prerequisite for activity is
cell-wall permeability. While a wild-type yeast strain proved to
be highly resistant to decadienal, a mutant with increased cell-
wall permeability did not survive decadienal treatments.[60] Re-
cently the active principle of the marine haptophyte Phaeocys-
tis pouchetii, which produces compounds that adversely effect
numerous marine organisms, was identified as decadienal as
well, a result that demonstrates once more that nondiatom
marine phytoplankton are also able to produce PUA.[113] Al-
though these metabolites have been discussed in the context
of diatom defense, it is most likely that the same or related
defensive principles are wide-spread in plankton.


8. Perspectives


The adverse effects of diatoms on copepod reproduction are
quite convincing in the laboratory, but no general toxic effects
can be observed throughout global ecosystems.[114] A very con-
troversial discussion has arisen in which “the oceanographic
community has been reluctant to accept a possible toxic effect
of diatoms, because in field studies per capita egg production
generally increases during the spring diatom bloom.”[47] To un-
derline this argument, data sets have been published showing
that, in a number of cases, diatom-rich diets in the field are
not correlated with low hatching success.[114] In addition, some
of the bioassays used to demonstrate toxic effects of diatom
metabolites were also considered as inappropriate for distin-
guishing between poor food quality and true toxicity.[46] From
another group, mechanistic investigations were performed to
“present further evidence demonstrating that diatoms are
indeed ”toxic“ for the reproductive biology of copepods”[53]


and that the deleterious effects of PUA can be found in a
number of model systems. Most of the studies that led to
these general opinions were based on experiments that fo-
cused only on partial aspects of the diatom copepod interac-


Figure 6. Effects of combinations of maternal and neonate diets on the development rates (top) and percentage survival (below) of C. helgolandicus larvae.
a) Offspring of females caught during a spring diatom bloom at two different field stations (St.1 and St.2) suffer birth defects and low survival rates if raised
on a diatom diet consisting of S. costatum (SKE), the offspring of the same females fed the control dinoflagellate Prorocentrum minimum (PRO) showed higher
survival. b), c) When females and their larvae were fed the diatom SKE (SKE/SKE), survival was low, while a dinoflagellate diet of mother and offspring resulted
in high survival (PRO/PRO). SKE/PRO indicates that females were fed SKE and their progeny were fed PRO; the opposite is true for PRO/SKE. In both cases, sur-
vival was intermediate. e) Similar effects to those caused by an SKE diet can be observed with a PRO diet that delivers externally applied decadienal. Repro-
duced from ref. [103] with the permission of the Nature Publishing Group.
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tions. On the one hand, data sets used to argue against the
effect of PUA did not include monitoring of the PUA content
in field samples. On the other hand, laboratory experiments
did not distinguish between PUA producers and nonproducers
and often did not include starvation controls, thus wrongly
suggesting a general adverse effect of diatoms. Only in recent
years have analytical methods become available to monitor
PUA production of phytoplankton samples on a regular basis,
and the first studies are underway to correlate these data
series with the in situ reproductive success of copepods. Appa-
rently not every diatom-rich bloom in the ocean is correlated
with PUA production and only about a third of approximately
70 randomly selected diatom cultures were able to produce
these aldehydes.[115] Moreover, PUA production is not only spe-
cies- but also strain-dependent, since various isolates of
T. rotula differed in their ability to form these antiproliferative
aldehydes. Comparison of two T. rotula isolates from a diatom
culture collection revealed that, although genetically closely re-
lated and morphologically nearly identical, these isolates dif-
fered completely in their ability to produce PUA. While the
total amount of aldehydes reached about 5 fmol cell�1 in one
isolate, the other did not produce any detectable aldehydes in
SPME analysis. These two isolates allowed comparative bioas-


says to be performed, the results of which strongly supported
the hypothesis that unsaturated aldehydes reduce the hatch-
ing success of copepods. While the PUA-producing strain re-
duced the hatching success significantly, the nonproducer rep-
resented a high-quality food, and copepod eggs from females
fed the nonproducing strain showed comparable hatching suc-
cess with eggs from females raised on a control diet.[63]


Based on this new correlative evidence, and also on more
elaborate modeling,[9] the idea of a defense mechanism in a
few selected species might become more acceptable. In the
future, it will be a major task to truly understand what role the
oxylipin-based defense of diatoms plays in global plankton dy-
namics. As outlined in a recent workshop contribution by
37 authors, all aspects of the interactions, including food quali-
ty, toxic properties, and also possible detoxification strategies,
will have to be considered in an interdisciplinary way.[116] To un-
derstand plankton dynamics, not only will the classical ap-
proaches be important but also the new tools offered by ge-
netic analysis of bloom-forming diatoms[75, 117] and by genetic
engineering.[118, 119] Paired with the data from the first diatom
genome,[34] these tools will open new perspectives for an in-
depth investigation of interactions in open water.
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Utilizing the Power of Microbial Genetics to
Bridge the Gap Between the Promise and the
Application of Marine Natural Products
J. L. Fortman[a, b] and David H. Sherman*[a]


1. Introduction


Over the past twenty years, the sea has yielded thousands of
bioactive metabolites.[1–3] The most recent Natural Products Re-
ports annual review of marine natural products indicates that
677 novel structures were elucidated in 2002 alone.[4] These
compounds possess a wide range of potential clinical and
commercial applications and have been isolated from both
marine micro- and macroorganisms. Currently, detailed analysis
and subsequent application is often limited to compounds de-
rived from culturable microorganisms. The gap between po-
tential and application is therefore often a direct result of the
resource limitations of marine microorganisms. Some of the
compounds isolated are found in concentrations in the order
of mg per kg of tissue. This, combined with the limited availa-
bility of parent organisms, can result in extremely low supplies
of many compounds. To bridge the gap between therapeutic
potential and commercial application, several approaches are
generally considered. Increased compound supply through the
techniques of traditional chemical synthesis and semisynthesis,
fermentation, cell culture, mariculture, and biosynthetic path-
way cloning are each being advanced by laboratories around
the world. Each approach has its merits and limitations. For ex-
ample, as metabolite complexity increases, the practicality of
total chemical synthesis to solve the supply problem decreas-
es. Fermentation of metabolite-producing organisms is only
ideal when the metabolite of interest has been isolated from a
pure and stable microbial culture. The culture of invertebrate
cells has progressed, but it remains a science in its infancy.
Mariculture has proven to be tenable for some organisms, but
it is somewhat unreliable and cost prohibitive. Advances in the
study of microbial secondary-metabolite biosynthesis and met-
agenomics continue to improve the prospects of cloning and
subsequent expression of biosynthetic pathways in heterolo-


gous hosts. As the fundamental understanding of secondary-
metabolite biosynthesis grows, so does the potential for heter-
ologous pathway expression in overcoming the supply prob-
lems for a large percentage of the more structurally complex
compounds. This review will show how these techniques are
being applied and how the challenges might best be over-
come.


2. Applications


Marine sources continue to yield novel compounds with a
broad array of bioactivity. These compounds have shown
promise in treating cancer, pain, inflammation, allergies, and
viral infections.[5] However, at present, few marine natural prod-
ucts have achieved full commercial application. Notable excep-
tions are the nucleoside analogues Ara-A and Ara-C, which are
currently in use as antiviral and anticancer agents.[6] These
compounds were discovered in a synthetic library inspired by
the activity of the Cryptotethia crypta derived nucleoside ana-
logues spongothymidine and spongouridine.[7–9] Pseudoptero-
sin, a terpenoid isolated from the sea whip Pseudopterogorgia
elisabethae,[10] is active as a topical antiinflammatory agent[11]


Marine organisms are a rich source of secondary metabolites.
They have yielded thousands of compounds with a broad range
of biomedical applications. Thus far, samples required for preclin-
ical and clinical studies have been obtained by collection from
the wild, by mariculture, and by total chemical synthesis. Howev-
er, for a number of complex marine metabolites, none of these
options is feasible for either economic or environmental reasons.
In order to proceed with the development of many of these
promising therapeutic compounds, a reliable and renewable
source must be found. Over the last twenty years, the study of
microbial secondary metabolites has greatly advanced our under-


standing of how nature utilizes simple starting materials to yield
complex small molecules. Much of this work has focused on poly-
ketides and nonribosomal peptides, two classes of molecules that
are prevalent in marine micro- and macroorganisms. The lessons
learned from the study of terrestrial metabolite biosynthesis are
now being applied to the marine world. As techniques for cloning
and heterologous expression of biosynthetic pathways continue
to improve, they may provide our greatest hope for bridging the
gap between the promise and application of many marine natu-
ral products.
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and is currently in use in cosmetic dermatotopical applica-
tions.[12] The Conus magus (cone snail) derived peptide SNX-111
(Ziconotide) continues to do well in clinical trials as an analge-
sic agent[13] and appears to be on the cusp of clinical approval.
A recent paper highlights the potential of a number of marine
metabolites as herbicides and pesticides.[14] Despite this poten-
tial, Nereistoxin, originally isolated from the marine worm Lum-
briconereis heteropoda, and its analogues are the only marine-
derived compounds in agricultural use.[15–17]


Table 1 lists the marine-derived compounds currently in clini-
cal trials or preclinical development as anticancer agents.
These compounds are representative of the field as a whole, as
they are from many different chemical classes and are pure
natural products, semisynthetic derivatives, or synthetic ana-
logues based on marine natural products. These medically im-
portant compounds will be used to highlight the promise and
limitations of a microbial-genetics approach for improved pro-
duction.


3. Natural Product Biosynthesis


Studies of secondary-metabolite biosynthesis have accelerated
in recent years. The field has thus far been dominated by stud-
ies on culturable terrestrial bacteria. However, a handful of sec-
ondary-metabolite pathways have been described from marine
bacteria. The pioneering work promises to move marine micro-


biology forward in parallel with its terrestrial counterpart and
collectively provides a foundation of knowledge to enable a re-
searcher to predict both the content and organization of the
genes encoding the biosynthetic enzymes responsible for con-
structing several families of compounds. These predictive qual-
ities can be utilized to design rational experiments to identify,
clone, and subsequently express many secondary-metabolic
pathways.


Marine invertebrates have been and continue to be a tre-
mendous source of novel bioactive compounds. The true bio-
synthetic source of many of these metabolites remains unde-
fined. Given the large numbers of microorganisms living in
close association with marine invertebrates, it is very difficult
to assign a true biosynthetic origin for any given compound
without specific investigation. The similarity of marine-macro-
organism-derived compounds to many bioactive compounds
isolated from terrestrial microbes (Table 2) is often cited as evi-
dence of a microbial origin.


Localization of these compounds to a specific cell type (for
example, sponge choanocytes) is the basis for some arguments
that utilize the site of compound storage as a spatial indicator
for compound production. These studies have only been con-
ducted on a small percentage of invertebrate-derived com-
pounds (Table 3). Results primarily obtained from sponge-
tissue studies show no definitive pattern of localization by
compound class. However, as additional studies are completed,
such a pattern may emerge. In addition, localization does not
necessarily correlate to the site of production. On one hand,
many terrestrial microbes secrete their bioactive secondary me-
tabolites into the local environment. On the other hand, given
the dynamic nature of the marine environment it is likely that
an excreted compound would be effectively washed away,
thereby leaving little selective advantage to the producing or-
ganism. Conversely, given that sponges have existed for hun-
dreds of millions of years,[112] it is reasonable to propose that
coevolution with bacteria may have selected for a symbiotic
relationship, which results in sequestering of microbial metab-
olites in Porifera cells. However, such a relationship has yet to
be proven.


Genetic work that focuses on searching for polyketide bio-
synthesis genes from macroorganisms has suggested that this
class of metabolites is produced by symbiotic bacteria.[131, 132] It
must be noted that the number of these studies remains very
limited in comparison to the number of marine-invertebrate-
derived polyketides, and thus no set of general principles has
yet emerged. However, some evidence involving the role of
symbionts in secondary-metabolite production is extremely
compelling. Recent work by Piel and co-workers strongly sug-
gests that the beetle-derived toxin pederin (21) is of microbial
origin. Pederin (21) shares a common carbon skeleton with the
sponge-derived metabolites mycalamide A (22) and onnamide
A (23).[100, 131] Moreover, the biosynthetic gene cluster isolated
from the Paederus fuscipes metagenome contains the genetic
architecture predicted for the much larger onnamide A (22)
molecule (Scheme 1).[100] This work provides evidence that a
known sponge metabolite is produced by a microbial sym-
biont. While chemical structure similarity and genetic studies
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circumstantially support a microbial origin for many of these
compounds, recent findings indicate that some secondary-me-
tabolite genes are borne on large plasmids and may therefore
be highly mobile.[133–135] Studies with dinoflagellates[136] and the
discovery of a type I polyketide synthase (PKS) cluster in a ter-
restrial protist[137] also suggest that these pathways may have
evolved in or been horizontally transferred to eukaryotes.
Therefore, the possibilities of lateral gene transfer and homolo-
gous evolution should always be considered when pursuing a
genetic approach to metabolite production.


The vast geographical and phylogenetic differences between
macroorganisms producing identical or very similar com-
pounds are also cited as circumstantial evidence of a common
symbiont. For example, the polyketide toxin latrunculin A was
originally isolated from the Red Sea sponge Latrunculia


(Negombata) magnifica.[138] This
compound has subsequently
been found in the western Pacif-
ic ocean in collections of the dis-
tantly related sponges (Caco)
Spongia mycofiliensis (Va-
nauatu),[54] Fasciospongia rimosa
(Okinawa),[139] and a novel
Thorecidae genus (American
Samoa).[140] This distribution,
combined with the lack of ge-
netic or biochemical evidence
that sponges are able to synthe-
size polyketides, suggests that
latrunculin A is of microbial
origin. Interestingly, localization
studies on the related com-
pound, latrunculin B, show accu-
mulation primarily in the va-
cuoles of some N. magnifica cell
types,[123] a fact suggesting that
it might be a sponge-derived
compound. This example serves
to illustrate the complexity of
the evidence available with
regard to the true origin of an
invertebrate-derived compound.


3.1. Polyketides and nonribo-
somal peptides


Nearly two thirds of the poten-
tial clinical agents listed in
Table 1 are polyketides, peptides,
or a combination of the two
(Scheme 2). These compounds
are often quite large and difficult
to access efficiently by tradition-
al synthetic means. Therefore,
this review will focus much of its
attention on these two classes
of chemicals and how current


technologies may provide a path to their stable and sustaina-
ble production.


Polyketides are polymers of acetate, propionate, and other
selected short-chain carboxylic acid precursors. Type I poly-
ketides follow a conserved pattern of biosynthesis that results
in a diverse pool of final products. The enzymes involved in
this biosynthesis contain conserved sets of catalytic domains.
Each set of domains involved in an individual polyketide elon-
gation and subsequent b-carbonyl reduction is designated as a
module. In general, biosynthesis of a polyketide is initiated by
loading of an acyl starter unit by the first module of the enzy-
matic system. Once loaded, the starter unit is then extended
by Claisen condensations with either malonate or (methyl)mal-
onate from their coenzyme A (CoA) derivatives (Scheme 3 A).
After extension, the b-carbonyl moiety can be subjected to re-


Table 1. Status of marine-derived natural products in clinical and preclinical trials.[a]


Compound Source Status Biosynthetic
Origin


References


bryostatin 1 (1) Bugula neritina symbiont Endobugula
sertula (bacteria)


phase II PKS [18–22]


TZT-1027 (2) synthetic dolastatin 10 (sea hare/ phase II NRPS [23–26]
cyanobacteria)


cematodin (LU103793; 3) synthetic derivative of dolastatin 15
(sea hare)


phase I/II NRPS [27–29]


ILX 651 (synthatodin; 4) synthetic derivative of dolastatin 15
(sea hare)


phase I/II NRPS [27]


ecteinascidin 743 (ET-743; 5) Ecteinascidia turbinata (tunicate) phase II/
III


NRPS [21, 30, 31]


aplidine (6) Aplidium albicans (tunicate) phase II NRPS [32–34]
E7389 (7) Lissodendoryx sp. , first isolated phase I PKS [35, 36]


Halichondria okadai (sponge)
discodermolide (8) Discodermia dissoluta (sponge) phase I PKS [37, 38]
kahalalide F (9) Eylsia rufescens/Bryopsis sp. (mollusc/


alga)
phase II NRPS [39, 40]


ES-285 (spisulosine) Spisula polynyma (clam) phase I fatty acid [41]
HTI-286 (Hemiasterlin deriva-
tive SPA110; 10)


Auletta cf. constricta, Hemiasterella
minor (sponges)


phase II NRPS [42–44]


KRN-7000 (11) Agelas mauritianus (sponge) phase I glycosphingolipid [45, 46]
squalamine Squalus acanthias (shark) phase II terpenoid [47, 48]
EA-941 (neovastat) shark phase II/


III
unpublished
mixture


[49, 50]


NVP-LAQ824 synthetic compound based on phase I synthetic [51, 52]
bacterial and sponge products


laulimalide (fijianolide; 12) Hyattella sp. , Cacospongia mycofijiensis
(sponges)


preclinical PKS [53–55]


curacin A (13) Lyngbya majuscula (cyanobacteria) preclinical PKS/NRPS [56, 57]
vitilevuamide (14) Didemnum cucliferum, Polysyncraton


lithostrotum (ascidians)
preclinical NRPS [58, 59]


diazonamide A (15) Diazona angulata (ascidian) preclinical NRPS [60–62]
eleutherobin Eleutherobia sp. (soft coral) preclinical terpenoid [63–65]
sarcodictyin Sarcodictyon roseum (soft coral) preclinical terpenoid [66]
peloruside A (16) Mycale sp. (sponge) preclinical PKS [67, 68]
salicylihalimide A (17) Haliclona sp. (sponge) preclinical PKS/NRPS [69, 70]
thiocoraline (18) Micromonospora marina (bacteria) preclinical NRPS [71]
bryologs (19) synthetic analogues of bryostatin preclinical PKS [18, 72–75]
ascididemin Didemnum sp. (tunicate) preclinical pyridoacridine [76, 77]
variolins Kirkpatrickia varialosa (sponge) preclinical [78, 79]
dictyodendrins Dictyodendrilla verongiformis (sponge) preclinical [80]
salinosporamide Salinospora CNB-392 (bacteria) preclinical amino acid [185]


derivative


[a] Adapted from ref. [5] .
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duction by one, two, or all three of a conserved group of do-
mains (Scheme 3 B). Each subsequent elongation of the polyke-
tide chain follows the same pattern, thereby resulting in varia-
bility in the reductive state of each carbonyl group. Once the
final extension and reduction(s) are carried out, the polyketide
chain is cleaved from the enzyme, often through lactonization,
by a thioesterase (TE) domain.


In marine-derived polyketides, the addition of an exometh-
ylene moiety is also somewhat common. This is an extremely
rare moiety in terrestrial polyketides and one of the few chemi-
cal distinctions between metabolites derived from these differ-
ing environs. A mechanism involving hydroxymethyl glutamate
coenzyme A (HMG-CoA) synthase has been proposed as the
source of these functional groups.[141] This enzyme has subse-
quently been uncovered by homology in the marine cyanobac-
terial biosynthesis pathways for curacin A (13) and jamaica-
mide.[142, 143] It has also been found in the mupirocin biosynthe-
sis cluster in the terrestrial bacteria Pseudomonas fluores-
cens.[144] In these three cases, the exomethylene moiety puta-
tively incorporated by HMG-CoA synthase is further processed
to yield a different chemical moiety in each pathway
(Scheme 4). This pattern suggests that the HMG-CoA synthase
provides a new genetic “handle” by which a subset of marine


biosynthesis pathways may be
identified from metagenomic li-
braries (see section 4).


Extensive work in the field of
polyketide biosynthesis has
shown that the majority of
genes that encode these bio-
synthetic enzymes are clustered
together within the genome.
These genetic clusters are most
often organized in such a
manner that their expression
sequence is colinear with the as-
sembly of the final product. A
number of excellent reviews are
available on these medically im-
portant secondary metabo-
lites.[145–147]


Nature developed a similar
system to provide additional di-
versity to the pool of bioactive
molecules. Nonribosomal pep-
tide synthetase (NRPS) biosyn-
thetic systems polymerize both
proteinogenic and nonproteino-
genic amino acids into short,
linear or cyclic peptides. These
systems are also composed of
conserved domain types ar-
ranged into modules specific for
a single extension of the grow-
ing peptide. The amino acids are
specifically selected and acti-
vated by the adenylation (A)


domain. They are then loaded onto the phosphopantethienyl
arm of a peptidyl carrier protein (PCP), which serves an analo-
gous function to the acyl carrier protein (ACP) in PKS systems.
The addition of the amino acid to the nascent peptide is cata-
lyzed by the condensation (C) domain. As with polyketides, a
number of auxiliary domains can introduce additional diversity
to the final molecule. These include cyclization (Cy), epimeriza-
tion (E), methyltransferase (MT), and oxidation (Ox) domains.
The final product is released from the enzyme complex by a
thioesterase (TE) domain (Scheme 5). NRPS enzymes are also
generally expressed in an order that is colinear with assembly
of the final peptide. A number of excellent reviews on these
enzymatic systems are available.[148, 149]


In addition to producing polymers of amino acids, NRPS
systems can also be found integrated with PKS systems; this
results in molecules containing elements of both, such as
curacin A (13). The biosynthesis of this hybrid molecule illus-
trates how PKS/NRPS-derived systems have evolved to be func-
tionally compatible and how metabolite assembly and genetic
architecture are colinear (Scheme 6).[142]


Table 2. Marine-derived compounds and their terrestrial counterparts.


Compound Marine invertebrate source Related com-
pound


Microbial source


11-hydroxystaurospor-
ine


Eudistoma sp. (ascidian)[81] staurosporine Streptomyces staurosporeus[82]


arenastatin Dysidea arenaria (sponge)[83] cryptophycin Nostoc sp.[84]


discodermide Discodermia dissoluta (sponge)[85] ikarugamycin Streptomyces phaeochromo-
genes[86]


alteramide Alteromonas sp.[87]


ET-743 (5) Ecteinascidia turbinata saframycin Streptomyces lavendulae[88]


(ascidian)[30]


saframycin Myxococcus xanthus[89]


cyanosafracin B
(20)


Pseudomonas fluorescens[90]


jasplakinolide/ Jaspis sp. (sponge)[91, 92] chondramide Chrondramyces crocatus[93]


jaspamide
motuporin Theonella swinhoei (sponge)[94] nodularin Nodularia spumigena[95]


mycalamide A (22) Mycale sp. (sponge)[96] pederin (21) endosymbiont of Paederus
fuscipes[97–100]


namenamicin Polysyncraton lithostrotum calicheamicin Micromonospora echinospora[102]


(ascidian)[101]


onnamide A (23) Theonella sp. (sponge)[103] pederin (21) endosymbiont of Paederus
fuscipes[97–100]


renieramycin Reniera sp. (sponge)[104] saframycin Streptomyces lavendulae[88]


saframycin Myxococcus xanthus[89]


cyanosafracin B
(20)


Pseudomonas fluorescens[90]


salicylihalamide A
(17)


Haliclona sp. (sponge)[69] apicularen Chrondramyces robustus[105]


shishijimicin Didemnum proliferum calicheamicin Micromonospora echinospora[102]


(ascidian)[106]


sphinxolide Neosiphonia superstes
(sponge)[107, 108]


scytophycin Scytonema pseudohofmanni[109]


rhizopodin Myxococcus stipitatus[110]


theopederin (24) Theonella sp. (sponge)[111] pederin (21) endosymbiont of Paederus
fuscipes[97–100]
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3.2. Terpenoids


Another class of secondary metabolites that has yielded a
large number of bioactive compounds from marine systems is
the terpenoids.[4, 150–152] These compounds are derived by the
cyclization and subsequent oxidation of repeating isoprene
units. The biosynthesis of these important compounds has
been studied extensively from both basic science and biotech-
nology perspectives.[153–156]


In addition to the anticancer terpenes sarcodictyin, eleuther-
obin, and squalamine (highlighted in Table 1), pseudopterosin,
another marine-derived member of this class of compounds, is
already in commercial use as a topical antiinflammatory. The


pseudopterosins are terpenoid
glycosides that were originally
isolated from the soft coral Pseu-
dopterogorgia elisabethae.[10]


However, recent evidence indi-
cates that the pseudopterosins
are produced by a microbial
symbiont.[127] These compounds
are currently produced by mari-
culture,[157] but their biosynthesis
has been studied extensively
with an eye toward alternative
sustainable production methods.


Studies on marine-derived ter-
penoids have been accomplish-
ed by incorporation of the radio-
labeled metabolic precursors
geranyl-geranyl diphosphate
(GGPP) and xylose.[158] The incu-
bation of these precursors in a
cell-free protein lysate from P. eli-
sabethae has enabled isolation
of the key biosynthetic inter-
mediates in pseudopterosin bio-
synthesis.[159] The diterpene cy-
clase responsible for the core
structure of pseudopterosin has
recently been identified.[160] Even
limited amino acid sequence in-
formation of this enzyme could
provide the key to the cloning
and analysis of the correspond-
ing gene by using a “reverse ge-
netics” approach. Reverse genet-
ics utilizes the amino acid se-
quence of a target enzyme to
design PCR primers in order to
amplify a portion of the encod-
ing gene for use as a genetic
probe. Once characterized, all
component genes of the biosyn-
thetic pathway may be transfer-
red to an appropriate heterolo-
gous host to facilitate the pro-
duction of pseudopterosin.


The work described above illustrates how reverse genetics
can be used as an alternative to the purely genetic approach
utilized to isolate secondary-metabolite genes. This method
may be generally applicable to finding enzymes involved in
the production of any compound containing a distinct chemi-
cal moiety. When the origin of a compound is unknown, as is
the case with many of the marine-invertebrate-derived com-
pounds, cell fractionation followed by cell-free assays with radi-
olabeled key intermediates may provide biochemical evidence
to narrow the scope of genetic probing.


Additional inspiration for using biochemical approaches in
combination with homology-based gene cloning can be drawn


Table 3. Localization of marine natural products.


Compound Source Localization Chemical class References


13-demethyliso-
dysidenin


Dysidea herbacea (sponge) Oscillatoria spongeliae
(cyanobacteria)


chlorinated
peptide


[113]


ascidiacyclamide L. patella (ascidian) Prochloron sp. (bacteria) peptide [114a, b]
avarol Dysidea avara (sponge) sponge cells terpenoid [115, 116]
bistramide A[a] Lissoclinum bistratum


(ascidian)
Prochloron sp. (bacteria) peptide [114a, b]


bistratene A[a] L. bistratum (ascidian) ascidian cells polyketide/
peptide


[114a, b]


bryostatin Bugula neritina E. sertula (bacterial symbiont) polyketide [20]
crambines Crambe crambe (sponge) sponge cells guanidine


alkaloid
[117]


dercitamide Oceanapia sagittaria
(sponge)


sponge cells pyridoacridine
alkaloid


[118]


didechlorodihydro- D. herbacea (sponge) O. spongeliae (cyanobacteria) diketopiperazine [119]
dysamide C
diisocyanoadociane Amphimedon terpenensis


(sponge)
sponge cells terpenoid [120]


haliclonacyclamines Haliclona sp. (sponge) lightest cell fraction alkaloids [121]
A & B
herbadysidolide D. herbacea (sponge) sponge cells terpenoid [113]
kuanoniamine Cystodytes dellechiajei


(ascidian)
pigment cells of the ascidian pyridoacridine


alkaloid
[122]


latrunculin B Negombata magnifica
(sponge)


vacuoles within sponge cells polyketide/
peptide


[123]


lissoclinamide 4 & 5 L. patella (ascidian) Prochloron sp. (bacteria) peptide [114a, b]
P951 T. swinhoei (sponge) filamentous heterotrophic


bacteria
peptide [124]


patellamide D L. patella (ascidian) Prochloron sp. (bacteria) peptide [114a, b]
patellamides L. patella (ascidian) ascidian cells peptide [125]
plicatamide Styela plicata (ascidian) ascidian blood cells peptide [126]
pseudoptersin Pseudopterogorgia


elisabethae (soft coral)
Symbiodinium sp.
(dinoflagellate)


terpenoid [127]


shermilamine C. dellechiajei (ascidian) pigment cells of the ascidian pentacyclic
alkaloid


[122]


spirodysin D. herbacea (sponge) lightest cell fraction terpenoid [119]
swinolide A Theonella swinhoei


(sponge)
unicellular heterotrophic
bacteria


polyketide [124]


tambjamines Atapozoa sp. (ascidian) ascidian cells pyrole
derivative


[128]


theopalauamide T. swinhoei (sponge) Candidatus Entotheonella
palauensis (bacteria)


peptide [28, 129]


ulithiacyclamide L. patella (ascidian) ascidian cells peptide [125]
ulithiacyclamide L. patella (ascidian) Prochloron sp. (bacteria) peptide [114a, b]


[a] The name bistramide A is used here to denote the peptide described by Degnan et al.[114a, b] However, that
name has also been used to denote the macrocyclic ether described by Degnan et al. as bistratene A.[130]
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from the extensive work done to elucidate the biosynthetic
machinery responsible for the production of the terrestrial ter-
penoid taxol.[161] Recent studies of one of the P450 hydroxylas-
es involved in taxol biosynthesis shows how providing key
intermediates to a microorganism heterologously expressing
tailoring enzymes can result in specific processing to the next
intermediate.[162] This illustrates the potential value of cloning
even partial biosynthetic pathways. It also highlights the fact
that secondary-metabolite genes isolated from eukaryotes can
be cloned and heterologously expressed in a manner similar to
their bacterial counterparts.


4. Metagenomics


In order to exploit the knowledge that has accumulated about
secondary-metabolite biosynthesis, a method for screening ge-
netic material is required. Due to the limitations of culturing
marine invertebrates and their associated bacteria, this method
needs to be applicable to mixed cells from native sources.


Over the last few years, the field of metagenomics has
emerged as a valuable tool for the study of complex microbial
communities. The term metagenome is used to describe the
multiorganism-derived pool of genomic DNA isolated from a
defined source.[163] The field of metagenomics has emerged as
a promising tool for finding biosynthetic pathways from com-
plex mixtures of terrestrial microorganisms from the soil, and it
may be applicable to marine invertebrates. Several studies
have involved isolation of mixed genomic DNA from a target
source followed by cloning into an appropriate vector. These
vectors were then transformed into established bacterial host
strains, and the resulting libraries were screened by using a va-
riety of methods to yield secondary-metabolite biosynthetic
genes.[164–166]


Metagenomic techniques have also been applied in a target-
ed manner to explore the diversity of PKS genes present in
a soil sample. Novel polyketides have been produced by
expressing type I PKS clusters from a soil-metagenome
sample.[167] In this case, the library was constructed by using an


Scheme 1. Pederin (21), a microbially derived polyketide, is structurally similar to the sponge-derived natural products theopederin (24), mycalamide A (22),
and onnamide A (23). The genes encoding pederin biosynthesis are followed downstream by additional genes that would be predicted to biosynthesize a
compound more closely related to onnamide A than pederin. The three core open reading frames are represented by the block arrows above the catalytic
scheme. Several additional putatively identified modifying enzymes, including a monooxygenase potentially responsible for the release of pederin between
modules 2 and 3, have been omitted for clarity. (Adapted from refs. [100, 131].)


966 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2005, 6, 960 – 978


D. H. Sherman and J. L. Fortman



www.chembiochem.org





Scheme 2. Marine-derived polyketides, nonribosomal peptides, and related structures currently in clinical and preclinical development as anticancer agents.
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Escherichia coli/Streptomyces shuttle vector, thus enabling the
investigator to screen for PKS genes in the more genetically
amenable E. coli and subsequently express them in S. lividans.


Metagenomic cloning tech-
niques have shown utility in an
even more specific manner. As
mentioned earlier, the biosyn-
thetic gene cluster for the anti-
tumor compound pederin (21)
was isolated from a metagenom-
ic library.[100, 131] In this case, the
metagenome was composed of
DNA from the beetle Paederus
fuscipes and its single uncultura-
ble bacterial symbiont. The libra-
ries used in this work were gen-
erated with DNA extracted from
homogenized eggs of toxin-pro-
ducing females.


Biosynthetic studies on the
bryostatin family of anticancer
agents, derived from the marine
invertebrate Bugula neritina,
have an evident parallel with
pederin biosynthesis.[18] Larvae


of the animal have a relatively high number of the
bryostatin-producing symbionts but relatively few
other microbes commonly associated with adult tis-
sues.[168] Bryostatin 1 (1) is a complex polyketide syn-
thesized by the Gram-negative marine bacterium En-
dobugula seratula, an unculturable symbiont of the
bryozoan B. neritina.[19, 20] Recent studies have un-
equivocally identified E. sertula as the producer of the
bryostatins,[19, 20] a result making the corresponding
biosynthetic pathway an ideal target for cloning ef-
forts and (meta)genomic studies. The putative model
for the biosynthetic architecture of bryostatin 1 (1)
following the “rules” of colinearity (Scheme 7) could
then be utilized to create a rational probing strategy
to isolate bryolactone biosynthetic genes from the
B. neritina library. The putative involvement of HMG-
CoA synthase might provide a specific genetic
“handle” for probing of the E. sertula library.


Metagenomics can be applied to other marine
macroorganisms in a similarly targeted manner.
Given our ever-increasing knowledge of secondary-
metabolite biosynthesis, an experimental approach
can be tailored to target any given molecule by utiliz-
ing all available evidence. Library construction can
also be directed by enrichment of specific cell types,
if localization or other data strongly suggest a specif-
ic route of biogenesis. This effort can be followed by
PCR screening for the genes of interest. Given that
PKS and NRPS genes contain highly conserved
motifs, degenerate primers designed to amplify these
sequences can be used to probe for the desired
classes of genes in a mixture of DNA. However, the


ubiquity of these types of genes within prokaryotes limits the
specificity of this screen. A carefully chosen sequence of prob-
ing techniques can be designed to identify likely candidates


Scheme 3. A) One round of polyketide elongation illustrated with malonyl CoA. B) The four possible reductive
states of the b-carbonyl moiety.


Scheme 4. A) HMG-CoA synthase catalyzes the condensation of acetyl CoA and aceto-
acetyl CoA to form HMG-CoA. This intermediate can be further processed through the
mevalonate pathway to isopentenyl pyrophosphate, a key starting material for sterol bio-
synthesis. B) This enzyme has also been implicated in the introduction of novel moieties
in various PKS pathways: I) Mupirocin, II) jamaicamides, and III) curacin A.
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for a given gene cluster among many clones positive
for conserved portions of the genes of interest. Sec-
ondary screening of initial candidates with probes for
genes encoding conserved modification enzymes,
such as methyltransferases, glycosyl transferase, or
P450 hydroxylases can quickly narrow the number of
candidates in a library. Also, probing for conserved
domains can be done semiquantitatively. A poly-
ketide with a 14-membered macrolactone ring will
most likely be derived from a biosynthetic system
that contains 6 ketosynthase domains.[147] To illustrate
how metagenomics may be applied to a specific
target molecule, a proposed experimental design for
the isolation of the discodermolide (8) biosynthesis
cluster is outlined (Scheme 8).


The promise of metagenomic DNA cloning and
gene expression for the discovery of new bioactive
metabolites has yet to be fully realized. The potential
is particularly significant for clusters of PKS and NRPS
genes that have evolved within marine microbial sys-
tems and invertebrate symbionts. However, although
the PKS and NRPS enzymes are similar in function,
target genes from marine sources may have diverged
to a point where they are not always detectable by
using the degenerate PCR primers established from
terrestrial systems.


5. Heterologous Expression


An additional hurdle in moving from genetic source
material to final product is heterologous expression
of the biosynthetic genes in a productive manner.


Scheme 5. The core NRPS domains catalyze the building of the peptide backbone. The
TE domain releases the nascent peptide from the enzyme complex, usually by cyclization
(as shown). This cyclization can also utilize a hydroxy group to form the depsipeptide.
Auxiliary domains can further diversify the output of these systems. The examples shown
are not inclusive of the entire range of catalytic potential of these systems. For example,
the cyclization domains can catalyze the formation of oxazole rings. The methyl transfer-
ase domains exist to utilize carbon or oxygen as methyl acceptors.


Scheme 6. The biosynthetic pathway of curacin A (adapted from ref. [142]). This pathway illustrates both the common pattern of colinearity and how PKS and
NRPS systems often hybridize to form molecules derived from both acetate and amino acids.


ChemBioChem 2005, 6, 960 – 978 www.chembiochem.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 969


Molecular Biology and Marine Bacteria



www.chembiochem.org





The key to production lies in the selection of an appropriate
host. Analysis of the DNA composition can be used to guide
the choice of a host strain, including % GC content and codon
usage of the genes of interest, along with availability of appro-
priate metabolic building blocks. There are currently a number
of potential host strains that are amenable to genetic manipu-
lation. Implementation of a genetically similar host strain maxi-
mizes the potential for productive transcription, translation,
and metabolite production by providing a close approximation
to the native cellular environment. Transferring secondary-me-
tabolite production between related strains has been accom-
plished with several gene clusters from phylogenetically dis-
tinct bacteria. The biosynthetic pathway for bacitracin was suc-
cessfully transferred from Bacillus licheniformis to the related
species B. subtilis.[169] The polyketide biosynthesis pathway for
the marine-derived telomerase inhibitor griseorhodin A was
productively transferred to Streptomyces lividans from an envi-
ronmental Streptomyces isolate.[170] The antifungal polyketide
2,4-diacetylphloroglucinol genes have been successfully trans-
ferred from Pseudomonas fluorescens to a related Pseudomonas
species,[171] and genes for epothilone biosynthesis have been
moved from Sorangium cellulosum into the related Myxococcus


xanthus.[172] The transfer and functional expression of these
pathways highlight the high potential for success when utiliz-
ing an appropriate host strain.


While these examples highlight the successful transfer of
biosynthetic pathways between related strains, there are also
notable examples of secondary-metabolite production ex-
change between unrelated organisms. Streptomyces coelicolor
has been engineered to produce the myxobacterial metabolite
epothilone.[173] E. coli has also proven to be a productive host
for the cloning and heterologous expression of the gene clus-
ters for violacein and turbomycin from soil-derived metage-
nomic DNA.[164, 165] Also, some particularly effective work has
been done to engineer an E. coli strain capable of producing
10-deoxyerythronolide B, the aglycone core of erythromy-
cin.[174] This research involved manipulation of propionate ca-
tabolism to produce (methyl)malonyl-CoA, a metabolic build-
ing block not normally present in E. coli.


Development of effective genetic tools for the expression of
diverse secondary-metabolic DNA sequences is an essential
component of fulfilling the potential of heterologous hosts as
production vehicles. Recently, a group reported the engineer-
ing of a new bacterial artificial chromosome (BAC) vector that


Scheme 7. A biosynthetic scheme for bryostatin 1 based on the standard colinear model of polyketide biosynthesis. a) Additional enzymatic steps, b) cycliza-
tion by the TE domain, c) hydroxylation by cytochrome P450, d) ligation of medium-chain unsaturated fatty acid, e) acetylation.
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can be transferred through conjugation from E. coli and incor-
porated into the genome of recipient organisms containing
the Streptomyces phage fC31 phage-attachment site attB.[175]


The resulting system enabled library construction in E. coli and
transfer by conjugation into two additional host strains. The
host strains used in this study included S. lividans, with the en-
dogenous antibiotic biosynthesis genes disrupted, and a strain
of the nonantibiotic-producing Pseudomonas putida engi-
neered to contain the attB phage-attachment site. This group
constructed three control vectors, each containing a secon-
dary-metabolite biosynthesis cluster known to be productive
in each of their original hosts. The results of this set of experi-
ments are summarized in Table 4 (adapted from ref. [175]). The


production of each of the antibiotics in only one strain high-
lights the importance of host selection for heterologous ex-
pression. It also illustrates the potential limitations of gene ex-
pression from distantly related strains.


It remains of some concern that the metabolites produced
by metagenomic efforts have been relatively simple, including


those produced by type I PKS systems.[167] This is probably due
to several contributing factors in addition to the genetic com-
patibility of the host. Complex PKS- and NRPS-derived com-
pounds are generally derived from relatively large gene clus-
ters. The inclusion of all biosynthesis genes is necessary to
obtain metabolite production. For the host cell to survive, it
may also be essential that one or more resistance genes be
functionally expressed. Although many resistance genes reside
within biosynthetic gene clusters, there are a growing number
of examples where multiple resistance determinants are in-
volved, one or more of which may be unlinked on the bacterial
chromosome.[176, 177] These factors might limit the opportunities
for generating some secondary metabolites through metage-
nomic library construction and expression.


These evident limitations affirm the need for genetic, as well
as functional (for example, biological activity), screening of nat-
ural products obtained from the expression of secondary-me-
tabolite genes derived from metagenomic libraries. The fact
that many or even most of the biosynthesis genes isolated
from marine invertebrates will come from previously uncharac-
terized microorganisms suggests that great care will be neces-
sary in selecting and developing heterologous hosts. Even in-
tragenus transfer of genes may require additional modifica-
tions, such as promoter replacement, before productive ex-
pression is achieved. The power of genetic screening as a
complement to screening based on biological activity is high-
lighted by probing a library of environmental Streptomyces iso-
lates for genes with high homology to conserved regions of
enediyne PKSs.[178] The study found homologues to the genes


Scheme 8. Overview of the proposed biosynthetic-pathway cloning process, with discodermolide as an example. a) Tissue dissociation, b) cell fractionation,
c) metagenomic DNA extraction, d) library construction, e) probe generation by PCR, f) array library and probe for primary target, g) rearray positive clones
and probe for secondary genes, h) restriction fragment length polymorphism (RFLP) analysis to identify overlapping and repeat cosmids, i) Southern hybridiza-
tion for semiquantitative analysis of ketosynthase (KS) domains, j) sequence assembly and annotation, k) reassembly of biosynthetic pathway in expression
vectors, l) transformation of appropriate host strain, m) fermentation, and n) extraction and purification of discodermolide.


Table 4. Heterologous metabolite production in three host strains.


Metabolite E. coli S. lividans P. putida


indigo blue + indirubin + � �
granaticin � + �
diacetylphloroglucinol (DAPG) � � +


ChemBioChem 2005, 6, 960 – 978 www.chembiochem.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 971


Molecular Biology and Marine Bacteria



www.chembiochem.org





involved with the production of this highly reactive class of
natural product molecules in approximately 15 % of the mi-
crobes evaluated.


6. Marine Microbiology


Many therapeutic compounds currently in use have been iso-
lated from terrestrial microbes. There has been a sharp in-
crease in the study of both strain and bioactive-metabolite iso-
lation from microorganisms isolated from marine sources.[179]


Innovations in culturing methods continue to enable the culti-
vation of new microorganisms.[180–183] A new genus of Actino-
mycetes isolated from marine sediments, the Salinospora, has
been reported to contain hundreds of unique compounds,
based on bioactivity.[184] Salinosporamide A represents the first
published structure characterized from the Salinospora.[185] Our
laboratory has recently isolated a number of new actinomy-
cetes,[183] some of which represent an additional branch of the
Micromonospora genus, independent of the Salinospora. The
fact that new genera are being described with relative fre-
quency suggests that the field of marine microbiology is still in
its infancy.


The culturing of symbionts of marine invertebrates is poten-
tially a great step forward toward procuring a regular and
commercially scalable supply of invertebrate-derived com-
pounds. However, the current estimate that <1 % of these mi-
croorganisms are amenable to laboratory culturing suggests
that significant additional basic research will be required to
elucidate the metabolic requirements of these organisms,
before a high rate of success can be achieved. While there are
great strides being made in the culturing of marine bacteria,
the resulting cultures are largely microscale and not yet ame-
nable to industrial applications.[180] However, the techniques
used to transfer the epothilone pathway from a slow-growing
organism to a related fast-growing organism[172] may be ap-
plied to targeted pathways from low-density and slow-growing
new isolates. In addition, the genetic investigation of marine-
bacteria-derived biosynthetic pathways may provide tools and
insight to improve the efficiency of cloning and expression of
similar genes derived from metagenomic sources.


Thiocoraline (18), salinosporamide, and curacin A (13) are
the only compounds included in Table 1 that are unmodified
metabolites produced by bacterial fermentation (curacin will
be discussed in the next section). The yield of thiocoraline (18)
is approximately 9 mg per liter.[71] While capable of providing a
stable and virtually unlimited supply, this titer is low when
compared to estimates of industrial antibiotic production that,
for example, provide 10–50 g of erythromycin per liter from
Saccharopolyspora erythraea. To improve secondary-metabolite
productivity through the use of molecular techniques, there
are two options. First, advances in random genetic manipula-
tion have shown great promise in achieving a substantial
boost in secondary-metabolite biosynthesis in Streptomyces.[186]


Given that thiocoraline (18) is produced by the Actinomycete
Micromonospora sp. L-13-ACM2-092[187] it is reasonable to
expect that this approach can be applied successfully to the
native producer. Alternatively, the corresponding biosynthetic


pathway could be cloned and transferred into Streptomyces
lividans and further manipulated in this well-established heter-
ologous host. The fact that there are terrestrial Streptomyces
species[188, 189] producing similar compounds suggests that this
approach is likely to succeed.


6.1. Cyanobacteria


The cyanobacteria deserve special consideration due to their
unique duality. On one hand, they often grow as dense, macro-
scopic masses. This characteristic enables collection and chemi-
cal investigation in a manner normally utilized with sponges
and other macroorganisms. On the other hand, they are pro-
karyotes and as such contain relatively small genomes that can
be analyzed with relative ease. As a class, marine cyanobacteria
have been shown to contain a vast array of interesting bio-
active metabolites.[190] Taken together, these elements make cy-
anobacteria an extremely interesting and important class of or-
ganisms for further study.


The majority of bioactive metabolites isolated from cyano-
bacteria have been polyketides, nonribosomal peptides, or a
hybrid of these two classes.[191] As outlined in Section 3.1. ,
these classes of compounds have been studied for decades in
terrestrial microbes, to yield a vast pool of knowledge regard-
ing specific genetic and biochemical origins. This information
can now be exploited for biosynthetic analysis relating to cya-
nobacterial natural products. A single strain of Lyngbya majus-
cula has been shown to produce a number of interesting com-
pounds, including curacin A (13), barbamide, antillatoxin, and
carmabins A and B.[56, 192, 193] This strain has been the subject of
intense genetic study, which has resulted in the cloning of the
barbamide,[194] curacin,[142] jamaicamides,[143] lyngbyatoxin,[195]


and carmabin (unpublished results, J. Jia and D. H. Sherman)
biosynthetic gene clusters. These represent the first efforts to
clone and characterize secondary-metabolite gene clusters
from marine cyanobacteria.


Curacin A (13) is produced by total synthesis in a 2.6 % yield
over 15 steps.[57] While initial levels of production clearly do
not match estimates of industrial fermentation yields, it is im-
portant to consider that those levels are the result of decades
of strain and culture-conditions optimization. In fact, condi-
tions for the culturing of Lyngbya majuscula to enhance me-
tabolite production have already been explored.[196] However,
the recent cloning of the curacin biosynthetic pathway[142] pro-
vides an opportunity to attempt the first heterologous expres-
sion of a marine cyanobacterial type I PKS cluster.


The dolastatins, originally isolated from the sea hare Dolabel-
la auricularia, have been an extremely productive class of lead
compounds for anticancer therapy.[197, 198] Significantly, the do-
lastatin derivatives TZT-1027 (2), cematodin (3), and ILX 651 (4)
represent 20 % of current marine-derived compounds in anti-
cancer clinical trials. Although originally isolated from sea
hares, the dolastatins were later found to be produced by cya-
nobacteria,[25, 199] therefore again highlighting the importance
of this group of microorganisms.


In addition to the vast chemical diversity found in some cya-
nobacteria, there is evidence of even greater potential diversity
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in the form of cryptic pathways.[191] This is borne out from
genome sequencing of the terrestrial cyanobacteria Nostoc
punctiforme that has revealed a secondary metabolome rich in
natural-product pathways. The 9.5 megabase genome of
N. punctiforme contains at least 53 homologous open reading
frames (ORFs) relating to secondary-metabolite biosynthesis ar-
ranged in at least 7 clusters.[200] Developing effective technolo-
gies for cloning and heterologous expression of these path-
ways may provide new therapeutic lead compounds, as well
as fundamental information about cyanobacterial secondary-
metabolite biosynthesis.


7. Other Means of Production


While the focus of this review is molecular biology and marine
bacteria, it is important to consider that this is but one path
toward the common goal of elucidating the fascinating genet-
ics and biochemical mechanisms of these systems and apply-
ing that knowledge toward the creation and discovery of bio-
active small molecules. Given the vast diversity of compounds
and sources that fall under the heading “marine natural prod-
ucts”, it is clear that no one method of production will be opti-
mal for all target molecules. Total synthesis, semisynthesis, and
mariculture are currently the only proven sources of marine-in-
vertebrate-derived compounds. Cell culture and biosynthetic-
pathway cloning hold enormous potential, but they remain
unproven.


Traditional chemical synthesis continues to be the best
option for the production of many marine-derived metabolites
and the major source of the small amounts of compounds
needed for initial therapeutic investigations. Thus, application
of total synthesis has allowed the transition from a lead com-
pound to a highly effective clinical agent. Of the compounds
listed in Table 1, TZT-1027 (2), cematodin (3), and ILX 651 (4),
as well as E7389 (7), HTI-286 (10), KRN7000 (11), and the bryo-
logs (19), are synthetic derivatives of marine-natural-product
leads and, therefore, have no native organism that can be cul-
tivated or genetically harnessed. These compounds are shown
in Scheme 9 alongside their corresponding parental com-
pounds. The number of marine metabolites that have been
synthesized continues to grow. The synthesis of the polyether
ciguatoxin CTX3C illustrates the high level of complexity that
can be achieved through synthetic chemistry.[201] However, the
complexity of the majority of target molecules usually requires
a multistep process that may ultimately prove to be too ineffi-
cient and costly for commercial application. Total synthesis has
also proven useful for producing small quantities for clinical
studies or aiding in structural elucidation.


Discodermolide (8), a polyketide isolated from the sponge
Discodermia dissoluta, has shown great promise as a microtu-
bule-stabilizing agent.[37, 202] However, this compound is present
in low yields (0.002 % of wet weight) and the organism has a
relatively low distribution in the environment. Therefore, isola-
tion of material from collections of the parent organism is not
a viable option. Novartis has recently provided details of a 60-
gram synthesis of discodermolide (8).[203–207] This synthetic tour
de force combined aspects of previously published syntheses


and involved more than 43 chemists over a period of
20 months.[207] The final yield of this impressive 39-step effort
was 0.65 %.[38] While this undertaking has produced sufficient
amounts of compound for clinical trials, the overall yield and
man hours involved are far from optimal.


The antitumor compound Ecteinascidin 743 (5, ET-743) is
currently produced by two methods. It is the product of mari-
culture[21] and semisynthesis.[31] The synthetic route utilizes the
core structure from the related microbial metabolite cyanosa-
fracin B (20, Scheme 10). Availability of this complex core struc-
ture from microbial fermentation is critical for production of
this compound. The synthesis from cyanosafracin B (20) to ET-
743 (5) requires 21 steps with an overall yield of approximately
1 %.[31] In the absence of the natural-product intermediate, tra-
ditional synthetic methods would not be an option for this
compound.


Mariculture has had some notable successes in the produc-
tion of important marine natural products. The yields of com-
pound per kilogram of tissue have improved from initial re-
ports but still remain low. Bryostatin 1 (1) is currently being
produced for clinical testing by using a sophisticated maricul-
ture system.[21, 208] In order to obtain the 18 grams of bryosta-
tin 1 (1) used for clinical trials, 28 000 pounds (12 700 kg) of
Bugula neritina were extracted (yields are noted at 10�3–10�8 %
of wet weight).[22, 209] Mariculture trials and improvements of ex-
traction and purification protocols have increased the average
yield to 5.4 mg per kg (wet weight).[21] The initial yield of ET-
743 (5) from the tunicate Ecteinascidia turbinata is reported to
be 1 � 10�4 % of wet weight or about 1 mg per kg.[30, 210] Yields
reported from mariculture were as high as 8.6 mg per kg.[21]


Sarcodictyin and eleutherobin are structurally related isopre-
noid compounds isolated from soft corals in disparate regions
of the world.[63, 66] Eleutherobin is currently being produced by
mariculture of the gorgonian Erythropodium caribaeorum, with
a yield of 0.0012 % of wet weight.[65] While productive, maricul-
ture is vulnerable to potential destruction by pests, infection,
or weather. These problems are exemplified by the three-year
delay in a bryostatin mariculture pilot program, due to El NiÇo
warming of the California coastal waters and loss of ET-743 (5)
production due to a hurricane that destroyed E. turbinate cul-
tures off the coast of Florida.[21] However, the development of
methods for increased mariculture-based production of bioac-
tive metabolites continues to add promise to this field.[211, 212]


Advances are also being made in the development of an
aquarium-based invertebrate culture system.[213–215]


Mariculture provides a proven method for the production of
theoretically unlimited amounts of complex marine metabo-
lites. While the final cost per gram of material remains quite
high,[21] these methods provide a valuable bridge between dis-
covery and efficient production methods.


Taxol (paclitaxel) is a widely used anticancer agent first iso-
lated from the Pacific yew tree Taxus brevifolia.[216, 217] As is the
case with marine invertebrates, collection of this compound
from native sources is not a viable long-term option. To over-
come this problem, culturing of Taxus cells in vitro has been
explored and advanced, thereby allowing a shift from semisyn-
thesis to cell culture as a primary means of production.[218] The
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taxol example provides inspiration for the development of eu-
karyotic cell cultures for small-molecule production. The cultur-
ing of marine invertebrates for the production of secondary
metabolites has been challenging due to the complex nutri-
tional and environmental requirements of these organisms,
but this field continues to move forward and may ultimately
provide a robust means of production for select marine natural
products.[219–222]


8. Summary and Outlook


The seas have thus far yielded thousands of bioactive metabo-
lites. Complete exploration and application of these com-
pounds continues to be hampered by supply issues. While
there are many means to this end, cloning and heterologous
expression of the biosynthetic genes responsible for the as-
sembly of these metabolites holds the greatest promise for af-
fordable, stable, and sustainable production. Successful en-
deavors will result in a virtually unlimited source of materials
with relatively low production costs.


Scheme 9. Potential anticancer therapeutics developed from marine natural products highlight the potential of these compounds as leads.
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Additional dividends from this approach include the means
for producing engineered structural analogues by combinatori-
al biosynthesis, chemoenzymatic synthesis, and de novo syn-
thesis through induction of cryptic pathways. Straightforward
genetic manipulations in polyketide and nonribosomal peptide
systems have yielded novel analogues of a number of com-
pounds.[148, 223–226] Typical combinatorial biosynthetic libraries
are constructed by introducing genetic elements from two or
more pathways to produce a hybrid metabolite. Several de-
tailed reviews exist on this topic.[227, 228] Metagenomic libraries
constructed to isolate the pathways of specific compounds will
also almost certainly reveal cryptic gene clusters and those
that are effectively cryptic due to very low expression or
parent-cell-population levels. The wealth of new microbial
genome sequences from microbes that produce secondary
metabolites will unveil huge numbers of new biosynthetic sys-
tems. This highlights a bright future for new gene cluster and
metabolite discovery through a combination of both genetic
and biological-activity screening.


Screening of metagenomic libraries can also be expanded to
probe for industrially important enzymes, such as the lipases
and proteases used in detergent production. In this respect, a
soil-metagenome strategy provided proof of concept with the
random cloning of 4-hydroxybutyrate degradation enzymes.[229]


This methodology can be further exploited for isolation of indi-
vidual enzymes with any of a wide range of catalytic applica-
tions for utilization in chemoenzymatic synthesis.[230–234] Isolat-
ed genes can be manipulated for new functions and increased
efficiency by directed evolution.[235–237] These potential value-
added aspects of a genetic approach to compound production
may well yield significant rewards for both fundamental knowl-
edge and application in enzymology and evolution.


The processes used to produce marine natural products il-
lustrate how several methodologies can be employed to
obtain sufficient material to carry a compound through clinical
trials. However, the fact that only a small number of these
compounds are being pursued for clinical development
through traditional chemical synthesis suggests that structural
complexity is inhibiting drug development on all but the most
promising compounds. While methods for the total synthesis


of marine natural products continue to advance and remain
the most reliable method of production, it is unlikely that syn-
thetic-chemical-based production will be more cost effective
than a robust microorganism capable of generating a thera-
peutic product.


While it is clear that technology for achieving pathway clon-
ing and heterologous expression is a science in its infancy, the
technical challenges of this process continue to be overcome.
Along with these challenges come great opportunities for the
discovery of new biologically active metabolites. Each discov-
ery, in turn, provides an additional scaffold for bridging the
gap between the promise and the application of marine natu-
ral products.
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Annonaceous Acetogenins: The
Hydroxyl Groups and THF Rings Are
Crucial Structural Elements for
Targeting the Mitochondria,
Demonstration with the Synthesis of
Fluorescent Squamocin Analogues


S�verine Derbr�,[a] Ga�l Rou�,[b] Erwan Poupon,*[a]


Santos A. Susin,[b] and Reynald Hocquemiller[a]


Acetogenins of the Annonaceae are a group of hyperactive
secondary metabolites with interesting and promising antitu-
mor properties.[1] The acetogenins exert a wide variety of bio-
logical activities, among which are an impressive cytotoxicity
(10�6–10�14


m) reported on various tumor cell lines,[1] and the
most powerful inhibition of complex I (NADH/ubiquinone oxi-
doreductase) in mitochondrial transport systems.[1] In addition,
cell death induced by some mono- and bis-THF acetogenins
and their analogues has been described in the past few years
as an apoptotic process[2] suspected of being linked to com-
plex I inhibition.


The intriguingly highly potent biological properties coupled
with a lack of clear structure–activity relationship studies estab-
lishing the exact role of each distinctive part of the acetoge-
nins, prompted us to initiate a program directed towards the
synthesis of hybrids consisting of an acetogenin tail connected
to a fluorescent tag. In this context, information from such de-
rivatives should shine light on the role of the hydroxyl/THF
part of these natural products as a specific (or not) recognition
site directed towards mitochondrial internal membranes.


Squamocin, isolated from Annona reticulata seeds, was
chosen as a starting material for the hemisynthesis of our fluo-
rescent analogues. Our laboratory has previously described an
efficient ruthenium-catalyzed periodic oxidation of the terminal
lactone of squamocin 1 that enabled the formation of a car-
boxylic acid–squamocin derivative 2 (Scheme 1),[3] which might
be the cornerstone for the preparation of fluorescent acetoge-
nin derivatives. The synthesis of two of them was envisaged
according to two different strategies. The first analogue was
obtained under classical coupling conditions. Acid 2 was treat-
ed with dansyl derivative 6 to give amide 7 after deprotection
of the secondary alcohols with fluoride anions in an alkaline


medium (Scheme 2). As we feared possible hydrolysis of amide
7 in the cell, giving biased results in terms of fluorescence lo-
calization, we sought to design a stable, nonhydrolyzable ana-
logue. In this respect, a 1,4-disubstituted 1,2,3-triazole connec-
tion between the acetogenin core and the fluorescent part
should provide a virtually nonhydrolyzable link and should be
easily introduced by using “click chemistry”[4] Huisgen-type cy-
cloaddition.[5] With a reliable and robust method for the attach-
ment of a fluorogenic probe at our disposal, we then needed
to prepare a squamocin analogue bearing a terminal azido
group. In the search for reliable reactions that would allow the
modification of small amounts of acetogenins in a minimum
of synthetic steps, we turned our intention to Barton’s radical
decarboxylation.[6] This free-radical chain reaction provides a
highly efficient method of replacing a carboxylic acid by a
wide variety of functional groups.[7] In this paper, we report on
the exploitation of the radical decarboxylative halogenation.


Starting from acid 2, esterification with thiopyridine N-oxide
afforded the photo- and heat-sensitive thiohydroxamic ester 3
(Scheme 1). Decarboxylative bromination was successfully ap-
plied to ester 3 when it was exposed to visible light with
BrCCl3 as a bromine source in dry CH2Cl2. Thus, bromo deriva-
tive 4 was isolated with a more or less satisfactory yield of
50 %. Bromine was displaced by an azido group upon treat-
ment of 4 with excess sodium azide in DMSO. The formation
of 5 was followed by using the useful TLC method recently de-
scribed by Finn.[8] The stage was set for the triazole formation:
cycloaddition with fluoresceine alkyne 8 in water/tert-butanol,
catalyzed by ascorbic acid/copper sulfate[9] gave, after desilyla-


Scheme 1. Synthesis of intermediates 2 and 5. Reagents and conditions:
a) thiopyridine N-oxide (1.2 equiv), DCC (2 equiv), dimethylaminopyridine
(cat.), CH2Cl2, RT, 24 h (80 %); b) BrCCl3 (4 equiv), CH2Cl2, hn, 30 min, RT
(50 %); c) NaN3 (excess), DMSO, RT, 48 h (95 %). DCC = dicyclohexylcarbodi-
imide.
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tion with HF, the target compound 9 in 60 % yield from 5
(Scheme 2).


Cell death induced by acetogenins was described as apopto-
sis.[2] As a way to study the influence of the butenolide replace-
ment by either dansylethylenediamine or fluorescein bulky
groups on the biological activity, the proapoptotic potentials
of 7 and 9 were evaluated on Jurkat cells. Apoptosis can be
defined as a cell-death mechanism in which the activation of
catabolic processes and enzymes occurs prior to cytolysis. The
dying cells manifest characteristic biochemical hallmarks such
as the permeabilization of the external mitochondrial mem-
brane and the exposure of phosphatidylserine (PS) residues on
the plasma membrane surface.[10] In the laboratory, proapop-
totic potential is usually evaluated by screening the disruption
of the mitochondrial transmembrane potential by means of
the cationic lipophilic fluorochrome DiOC6(3). Since the emis-
sion wavelengths of the fluorochromes incorporated in deriva-
tives 7 and 9 synthesis were almost the same as DiOC6(3), we
preferentially chose in this study to detect aberrant PS expo-
sure by using annexin V coupled to allophycocyanin (APC).[11]


This assay indicated that both 7 and 9 induced apoptosis as
squamocin does, even if 9 was less active (Figure 1). Moreover,
the cytometric data showed that, even if all cells were not
apoptotic, they all incorporated the squamocin derivatives, as
revealed by a shift of the cell population in FL-1 channel from
nonfluorescent to stained cells.


The annexin V–APC-stained cells treated with 7 or 9 were vi-
sualized by using fluorescent microscopy. After 24 h of treat-
ment, our probes could be properly identified in Jurkat cells,
but a pronounced diffusion of fluorescent squamocin deriva-
tives was noted above all in apoptotic cells (Figure 2). However


Scheme 2. Synthesis of fluorescent probes 7 and 9. Reagents and condi-
tions: a) DCC (2 equiv), HOBt (1 equiv), CH2Cl2, RT, 24 h (96 %); b) nBu4NF
(150 equiv), THF, RT, 24 h (29 %); c) CuSO4·5 H20 (1 mol %), ascorbic acid
(10 mol %), H2O/tBuOH (1:1), RT, 72 h; d) HF (75 equiv), CH3CN/CH2Cl2 (1:5),
RT, 45 min (60 %, two steps).


Figure 1. Evaluation of the proapoptotic potential of the fluorescent squa-
mocin derivatives 7 and 9 on Jurkat T cells. Jurkat T cells grown in RPMI
1640 medium with Glutamax supplemented with FCS (10 %), penicillin
(100 U mL�1), and streptomycin (100 mg mL�1) were treated for 24 h with
15 mm of 1, 7 or 9 and labeled with annexin V–APC to measure external PS
exposure. Control : untreated cells.


Figure 2. Visualization of 7 and 9 by using fluorescent microscopy. Jurkat T
cells were pretreated with 15 mm of 7 or 9. After 24 h of incubation at 37 8C,
an annexin V–APC conjugate was used for the assessment of aberrant PS ex-
posure, which characterizes apoptotic cells. After being washed in PBS, cells
were incubated at 4 8C for 20 min in the presence of fluorescent conjugate
(2 mm, Bender Medsystems). Cells were washed three times with PBS and
immediately mounted in PBS for examination. Preparations were observed
with a Nikon Eclipse TE2000-U microscope, and analyzed by using Nikon
ACT-1 software. A) A Jurkat T cell labeled with fluorescent derivatives viewed
by using the appropriate excitation filter, UV-2A or B-2A filters, respectively,
for 7 and 9. B) The same cell viewed by using the appropriate filter for an-
nexin V-APC visualization. C) Both 7 and 9 are visualized in Jurkat cells mito-
chondria but diffused in cytosol in apoptotic cells, as confirmed by superim-
position of both stainings.
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earlier observations (6 h) of cells treated with higher doses of 7
and 9 and stained with MitoTracker� Red CMXRos, a specific
mitochondrial probe, allowed us to see that both fluorescent
derivatives localized almost exclusively in mitochondria, as
confirmed by the overlapping patterns of the green and red
fluorescences (Figure 3).


As demonstrated by Shimada et al. ,[12] with their U-shape,
mono- and bis-THF acetogenins, which are fatty acid deriva-
tives, were able to penetrate dimyristoylphosphatidylcholine
liposomal membranes, thus mimicking phospholipids. The THF
sequences were localized at the interfacial region of mem-
branes. For the first time, our studies were performed on
living, nonfixed cells. We can state that squamocin passes
through the plasma membrane and targets the mitochondria.
Indeed both hemisynthesized fluorescent derivatives were
shown to be potent apoptosis inducers, and to be addressed
to this organelle. The lactone replacement does not seem to
interfere with the mitochondria targeting but appears to be
implied in the activity. The previous synthesis of quinone-anno-
naceous acetogenins by Koert et al. supported those data as
a,b-unsaturated butenolide replacement by a quinone ring in-
creased the mitochondrial complex I inhibition.[13] The bis-THF
sequence flanked with hydroxyl groups and lipophilic chains
(C12 and C10) is involved in the addressing of acetogenins to
mitochondria membranes. However it does not explain why
these membranes are the only one targeted. Cardiolipins, with
their dimeric structure, are the only phospholipids exclusively
found in mitochondria. This specific component is present at


the inner membrane and at intermembrane contact sites.[14]


Moreover, cardiolipins interact with a large number of mito-
chondrial proteins, most of which reside in the inner mem-
brane,[14] and are required for the enzymatic activity of com-
plexes I and III.[15] Therefore, we can also imagine an interaction
between the lipophilic sequence of squamocin and the mito-


chondrial cardiolipin. The butenolide could be direct-
ed onto the proteic environment of these cardiolipins
and would be able to interact with its target. This
concept, already described to explain the interaction
of the terminal lactone with complex I,[12] is supported
by our results. However, cardiolipins interact with
other inner-membrane proteins, which therefore
appear as potential acetogenins target (e.g. , com-
plex III). Indeed the cell death induced by acetogenins
and their analogues is not always clearly correlated
with complex I inhibition. In addition, acetogenins,
like squamocin, induce programmed cell death,[2a] and
modifications of cardiolipins levels or structure have
been implicated in apoptosis.[16]


The data described herein (including new develop-
ments in chemistry, such as applications of Barton’s
radical decarboxylation in hemisynthesis) confirm
some of the previous hypothetical proposals regard-
ing acetogenins’ biological behavior. Those products
penetrate the cells and, after 6 h, target the mito-
chondrial membrane, where a protein interaction is
likely to occur and the inhibition of complex I is sup-
posed.
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Bacterial Cell Penetration by b3-
Oligohomoarginines: Indications for
Passive Transfer through the Lipid
Bilayer


Birgit Geueke,[a] Kenji Namoto,[b] Irina Agarkova,[c]


Jean-Claude Perriard,[c] Hans-Peter E. Kohler,*[a] and
Dieter Seebach*[b]


Recent studies on the mechanisms of uptake of cell-penetrat-
ing peptides (CPPs)[1] by mammalian cells provide evidence
that one possible pathway for peptide entry involves initial
cell-surface binding of the peptide carrying positively charged


side chains followed by endocytosis and cytoplasmic traffick-
ing.[2, 3] This endocytotic uptake mechanism has been verified
with various techniques, such as fluorescent peptide probes,
flow cytometry, and confocal laser scanning microscopy
(CLSM).[2, 4, 5] However, we have also become aware of some re-
ports showing that various putative endocytosis inhibitors, low
temperature, or cell-energy-depletion conditions could not ef-
fectively suppress peptide uptake; this suggests a passive,
direct transfer through the plasma membrane.[5–9] With regard
to these findings, it is noteworthy that counteranions and the
electric potential across the biological membrane play an im-
portant role in the cell penetration of polycationic com-
pounds.[9] Although an increasing number of reports have ap-
peared, in which the occurrence of misleading artifacts due to
cell fixation or fluorescence bound to the cell surface have
been described,[4, 10–12] the existence of alternative transport
mechanisms can not be excluded.[13] Such pathways will have
significant implications for understanding the fundamental
functions of biological membranes as well as for designing
novel, medicinally valuable peptide–drug conjugates based
upon CPPs as molecular transporting vehicles.[1] The goal at
the outset of the present study was to shed new light on alter-
native uptake pathways. To this end, we incubated our fluores-
cently labeled CPPs comprised of b3-homoarginine with select-
ed strains of bacteria that lack the normally indigenous endo-
cytotic mechanism associated with mammalian cells. Little was
known about the uptake of CPPs by microorganisms until re-
cently, when it was reported that CPPs improve drug delivery
into bacteria and fungi.[14–16]


Our experiments were specifically designed to avoid poten-
tial artifacts by cell fixation and to discriminate the internalized
portion of peptide from the extracellular surface-bound por-
tion. Thus, in addition to conventional fluorescence microscop-
ic techniques, we employed confocal laser scanning microsco-
py (CLSM) to gain more precise and direct information on the
peptide distribution within unfixed cells. This approach was
further complemented with spectrofluorometric assays by
using NBD-labeled b-oligoarginines as quenchable fluorescent
probes (Figure 1). The fluorescent dye 7-nitrobenzo-2-oxa-1,3-


Figure 1. Quenching principle of the surface-associated fluorescence from
NBD-labeled b-octaarginines by quenching agents. The uptake rate can be
determined by comparing the initial fluorescence with the fluorescence
after addition of quenching agents. NBD-labeled b-octaarginines (fluores-
cent) *~~ , quenched NBD-labeled b-octaarginines (nonfluorescent) *~~ .
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diazol (NBD) can be quenched by different agents. Provided
that these reagents do not cross the cell membrane, it is a
simple method to measure the transbilayer distribution of
NBD-labeled peptides by comparing the fluorescence intensity
before and after the addition of quenching agents.[12]


Based on their proven ability to cross the phospholipid bi-
layer of mammalian cells, fluorescein (FITC)-labeled b-deca-
and b-octaarginine amides (Scheme 1; 1 and 2) were selected


as the fluorescent probes for microscopic observation.[17, 18] In a
previous study, we demonstrated that these substances are
neither hemolytic towards rat and human erythrocytes nor do
they inhibit the growth of six different bacterial strains.[17] The
peptide was prepared on Rink Amide AM resin according to
the previously described method.[17] In addition, NBD-labeled
b-octaarginine amide (3) was prepared specifically for use in
experiments designed to distinguish the internalized peptide
from the surface-bound peptide with the help of a membrane-
impermeable quenching agent. The synthesis of the peptide
was carried out by starting from resin-bound b-octaarginine[17]


and NBD-b-homoglycine (4)[19] (Scheme 2). Escherichia coli was
chosen as the best-known representative of Gram-negative


bacteria, whereas Bacillus megaterium was chosen as a Gram-
positive model organism because of its relatively large size
suitable for microscopic observations. Both strains were grown
in nutrient broth at 30 8C until an optical density (OD550) of
2.6–3.6 was reached. Prior to the experiments, the cell suspen-
sions were centrifuged, the pelleted cells were washed once
and then resuspended in phosphate-buffered saline (PBS; see
the Supporting Information for more details).


We first checked our uptake conditions with the two strains
using a conventional fluorescence microscope. Both strains
showed fluorescence after incubation with FITC-labeled b-deca-
arginine amide 1 (Figure 2) while no fluorescence was ob-
served when the cells were incubated with free FITC under the
same experimental conditions (not shown).


Next, we employed two further methods to prove that the
polycationic b-peptides were transported into the cells, and
that the fluorescence was not only due to the b-peptide
bound to the negatively charged bacterial cell wall. It was pos-
sible to monitor different layers of a single B. megaterium cell
by CLSM; a large spread of fluorescence within the cytoplasm
was observed after incubation with FITC-labeled b-decaargi-
nine amide 1 (Figure 3 A). Again the control with free FITC did
not exhibit any fluorescence (not shown). Moreover, cell-sur-
face staining by wheat germ agglutinin conjugated to Alexa�
Fluor 633 clearly indicated that the FITC-labeled peptide 2 was
associated with the cytoplasm and not with the Gram-positive
bacterial cell wall (Figure 3 B).[20, 21] The homogeneous distribu-
tion of cytoplasmic fluorescence is in clear contrast to the dis-
tribution of the fluorescence in mammalian cells. There the
fluorescence is mainly localized in subcellular organelles, such
as endosomes, nuclei, and/or nucleoli, none of which exist
within the bacterial cell.


In the NBD-quenching assays, we had observed that the
standard procedure with dithionite as the quenching agent
did not work for the present system. Although commonly used
for NBD quenching,[22] this assay is extremely sensitive towards
temperature changes.[12] In previous studies, dithionite reduc-
tion of NBD fluorophores did not work in B. megaterium sys-
tems.[23] We also observed that dithionite evidently passes
through the cell membrane of B. megaterium and reduces the
NBD both inside and outside the cells. Cobalt chloride was
suggested as an alternative quenching agent, especially for Ba-


Scheme 1. Fluorescently labeled peptides composed of b3-oligoarginine
amides used for the uptake studies.


Scheme 2. Preparation of NBD-labeled b-octaarginine amide 3. a) O-(7-aza-
benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate, N,N-
diisopropylethylamine, 4, DMF, 25 8C; b) trifluoroacetic acid/triisopropylsi-
lane/H2O (95:2.5:2.5), 25 8C.


Figure 2. Microscopic analysis of FITC-labeled b-decaarginine amide internal-
ization by B. megaterium (left) and E. coli cells (right). After 15 min incubation
with the peptide (5 mm), cells were washed and monitored by fluorescence
microscopy (total magnification 600 � ).
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cillus systems,[23] but it did not quench NBD-labeled b-octaargi-
nine amide 3 at all. One reason could be the charge repulsion
between Co2+ and the positively charged guanidinium groups
of the peptide, which could suppress collisional quenching of
the excited fluorochrome by Co2+ . This was confirmed by pre-
liminary quenching experiments without cells. While the con-
trol substance NBD-b-homoglycine was quenched by Co2+ , no
reduction of fluorescence was observed for NBD-labeled b-oc-
taarginine amide. Finally, addition of surplus potassium iodide
enabled the quenching of the cell-bound NBD-labeled b-oc-
taarginine amide 3 (Figure 4).[24] For B. megaterium, 42 % of the
fluorescence was quenched; this indicates that more than half
of the apparent fluorescence was protected from collisional
quenching by iodide. This value corresponds only qualitatively
to the actual amount of peptide that was internalized by the
cells because the fluorescence coefficient of NBD is known to
vary depending on the lipophilicity of the environment in
which the dye resides (e.g. cell membrane or cytoplasm).[25] In
addition, self-quenching of NBD fluorescence might become
significant when the peptide accumulates within the cell body
at high concentrations. In comparison, in the case of E. coli,
78 % of the fluorescence was quenched. The reduced uptake
by E. coli might be explained by the different surface/volume
ratio of the two bacterial strains, which is approximately two-
fold higher for E. coli than for B. megaterium (typical dimen-
sions of E. coli and B. megaterium are 1 � 2 mm[26] and 2 �


5 mm,[27] respectively, with each bacterial cell assumed to have
approximately the shape of a cylinder). From the results ob-
tained by these two independent methods, it is unambiguous-
ly confirmed that both Gram-positive and Gram-negative bac-
teria can take up polycationic CPPs into their cytoplasm, as is
the case with mammalian cells observed previously in our
studies.[17, 18] In view of the absence of an indigenous endocy-
totic mechanism in the prokaryotes, it is now strongly suggest-
ed that the observed peptide penetration can be attributed to
a pathway other than endocytosis. Whether the same mecha-
nism is involved in mammalian cells is still open to discussion.
However, recent work from Wender’s group indicates the in-
volvement of a nonendocytotic mechanism in peptide uptake
by mammalian cells.[9] Interestingly, at a simpler level of mem-
brane complexity, artificial phospholipid vesicles with negative
net surface charge in aqueous solutions have been found to
adsorb polycationic peptides on their surface but to be incapa-
ble of internalizing them.[17] This is an indication of the pres-
ence of as yet unknown fundamental properties uniquely en-
dowed to biological membrane systems for CPP translocation.


In summary, we have demonstrated by two independent
techniques that fluorescently labeled CPPs can penetrate into
Gram-positive and Gram-negative bacterial strains, and that
the uptake mechanism is presumably nonendocytotic. The im-
plication of such an alternative pathway, particularly in the
case of mammalian cells, will be assessed and amassed in our
laboratory as well as those of others in the relevant fields and
will be disclosed in due course.
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(green) is diffusely distributed in the cytoplasm, whereas the signal from the
wheat germ agglutinin (red) is concentrated on the cell surface. C) 3D recon-
struction of doubly labeled B. megaterium cells.


Figure 4. Determination of the fraction of internalized NBD-labeled b-octa-
arginine amide. Quenching rates of NBD-labeled b-octaarginine associated
with B. megaterium and E. coli cells at 6 8C. The control experiment repre-
sents the quenching of NBD-labeled b-octaarginine amide alone in PBS
buffer. Each curve is the average of three measurements.
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Development of a Lectin Microarray
for the Rapid Analysis of Protein
Glycopatterns
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Glycosylation plays a role in a wide variety of biological proc-
esses including bacterial pathogenesis, tumor cell metastasis,
and inflammation.[1] Over half of all proteins are believed to be
glycosylated; this makes carbohydrates one of the most
common post-translational modification motifs.[2] Despite both
the ubiquitous nature of carbohydrates and their importance,
the heterogeneity and complexity of protein glycoforms have
impeded study of their function.[3] Increased interest in the sys-
tematic evaluation of glycosylation has led to the creation of a
new field, glycomics.[4–7] Methods in this field thus far have fo-
cused on the creation and use of carbohydrate arrays, in which
a variety of oligosaccharides, glycolipids, or glycoproteins are
bound to solid supports and used to probe the carbohydrate-
binding properties of proteins or cells.[6, 8–13] Although these
carbohydrate arrays yield valuable information about carbohy-
drate-interacting proteins, they do not allow us to directly ex-
amine changes in glycosylation. Alterations in the carbohy-
drate composition of glycoproteins are known to coincide with
changes in protein clearance, cell-adhesion properties, and
tumor cell states.[1, 14] Current technologies available for glycan
analysis, such as mass spectrometry, Western blotting, and
chromatography, tend to be time-consuming and ill-suited to
the rapid and systematic evaluation of protein glycosylation
states. Although mass spectrometry, in particular, gives highly
detailed carbohydrate structures, the time and expertise re-
quired make this technique difficult for the average researcher
to access. Herein, we describe the development of a lectin
microarray for the rapid and simple survey of protein
glycosylation.
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Microarrays enable a multitude of discrete interactions to be
observed simultaneously, thus resulting in a probe-based pro-
file of the sample.[15, 16] Lectins are carbohydrate-binding pro-
teins that have been used as probes for glycan detection for
decades in a wide variety of biological assays, including histol-
ogy, flow cytometry, blotting, and, recently, as a means to dif-
ferentiate bacterial subtypes for biosensor applications.[17–21]


There has been increased interest recently in the use of lectins
in an array format as evidenced by the lectin analysis system
of Procognia (Israel) and preliminary work by Angeloni et al. on
the deposition of lectins onto a modified dextran surface.[22]


For our initial experiments, nine commonly available lectins
were used (Table 1). They were arrayed by using a manual ar-
rayer and standard methods on either aldehyde- or epoxide-
derivatized glass slides, which yielded spots of ~700 mm in di-
ameter (see Supporting Information).[23, 24] A critical modifica-
tion to the standard methods for protein-array printing was
the reduced use of glycerol in the spotting buffers. Glycerol
appears to inhibit lectin binding to the glass surface, regard-
less of the coupling chemistry utilized. In contrast, addition of


glycerol to binding buffers after the array had been created
had no discernable effect on binding (data not shown). The
arrays were interrogated with glycoproteins labeled, by conju-
gation to lysines, with the fluorescent dye Cy3; thus the pro-
tein acts as a labeled handle for the carbohydrate moiety (Fig-
ure 1 a). Cy3 was chosen due to the wide availability of array


Table 1. Lectins used in the array and their carbohydrate-binding
specificities.


Lectin Specificity


Canavalia ensiformis (Con A) branched and terminal mannose,
terminal GlcNAc


Galanthus nivalis (GNA) terminal a-1,3 mannose
Griffonia simplicifolia I (GS-I) a-galactose
Griffonia simplicifolia II (GS-II) terminal GlcNAc
Maackia amurensis (MAA) a-2,3 sialic acid
Glycine Max (SBA) terminal GalNAc
Sambucus Nigra (SNA) a-2,6 sialic acid
Ulex europaeus (UEA) b-fucose
Tritiicum vulgare (WGA) b-GlcNAc, sialic acid, GalNAc


Figure 1. Reproducible glycopatterns are obtained from lectin microarrays on both aldehyde- and epoxide-derivatized slides. A) Schematic representation of
the lectin microarray assay. Glycoproteins are labeled with Cy3 by conjugation to lysines by standard methods. The Cy3–glycoproteins are bound to the lectin
microarray, and the resulting glycopatterns are analyzed (see Supporting Information for details). B) Cy3-labeled ovalbumin (100 mg mL�1) was used to probe
the nine-lectin array on aldehyde-derivatized slides. A portion of the slide with three replicates of the lectin array is shown. C) Graphical representation of the
array data from the slide shown in (B). Slides were analyzed by using the Genepix 5.1 software. The average of the median fluorescence signal (arbitrary
units) for a single slide is taken. Standard deviations were calculated by using Microsoft Excel. D) Cy3–ovalbumin binding to lectin array on epoxide slides.
E) Graphical representation of the array data from the slide shown in (D).
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scanners with which to detect it.
Conjugation of the glycoproteins
to Cy3 did not affect lectin bind-
ing as observed by dot blot
analysis (data not shown).


For our initial analyte we
chose ovalbumin, a well-charac-
terized glycoprotein from chick-
en egg. Ovalbumin has two pos-
sible N-linked glycosylation sites
and is known to have high man-
nose and/or hybrid N-linked gly-
cans.[25] Binding of a 100 mg mL�1


solution of Cy3-conjugated oval-
bumin to the lectin microarray
resulted in a glycopattern char-
acterized by positive signals for
WGA, Con A and GS-II (Figure 1).
This pattern was observed con-
sistently as demonstrated by
two representative arrays. Sig-
nals for the positive lectins were
well above the background ob-
served with NeutraAvidin (NAv,
Figure 1 e), which was used as a
negative control. All three lectins
bind to GlcNAc, an indicator of
hybrid N-linked glycans. Con A
also binds to mannose; this is
consistent with both hybrid and
high-mannose-type structures.
These data are consistent with
those obtained by dot blot anal-
ysis of the glycoprotein with bio-
tinylated lectins (Supporting In-
formation). The array signal was
found to be linear for all three
lectins in the range of 50–
300 mg mL�1 of glycoprotein
(Supporting Information). Indeed
the pattern was still visible at
our detection limit of 10 mg mL�1


(data not shown) and was also unchanged when the spot size
was decreased to ~80 mm in diameter by using an automated
arrayer (Supporting Information). The smaller spot size allows
us to potentially fit thousands of spots in a small area, thus en-
abling us to drastically increase the number of lectins assayed
without increasing the amount of analyte. To further probe the
specificity of glycan binding to the lectin array, we assayed the
ability of monosaccharides to specifically compete with the
Cy3–ovalbumin signal (Figure 2). As expected, incubation of
the array with the known inhibitory sugar GlcNAc decreased
the fluorescence at all three positive lectins to <10 % of the
control signal. In contrast, incubation with the noninhibitory
sugar galactose had no effect on the fluorescence. This dem-
onstrates the carbohydrate specificity of the binding observed
by the lectin microarray.


To characterize the ability of the lectin microarray to yield
distinctive glycopatterns, we compared the glycopattern ob-
served with ovalbumin to those of two other Cy3-labeled gly-
coproteins, bovine submaxillary mucin (BSM) and porcine gas-
tric mucin (PGM). Representative data from slides for each pro-
tein, normalized to the highest mean signal on each slide for
ease of comparison, are shown in Figure 3. Even with a limited
nine-lectin array, unique glycopatterns, reflective of the differ-
ences in the glycosylation state of these proteins, were ob-
served. The ovalbumin, which contains only N-linked glycans,
as previously described, gave a distinctly different pattern from
those of the mucins. Both mucins are known to have fucosylat-
ed O-linked glycans, terminal a-GalNAc, GlcNAc, and a-2,6
sialic acid.[26] This correlates well with the positive UEA, GS-I,
SBA, and WGA signals observed (Figure 3). The borderline posi-


Figure 2. Inhibition of lectin microarray signals with appropriate monosaccharides. A) Slides were incubated with
200 mm of monosaccharide to which the Cy3–glycoprotein sample was then added (final concentration of sugar,
100 mm). After binding, the slides were rinsed and then scanned. B) Effect of the noninhibitory sugar galactose
and the inhibitory sugar GlcNAc on lectin signals observed for Cy3–ovalbumin. Signal of lectin as % signal of aver-
age median fluorescence for sugar incubated array divided by the average median fluorescence for control lectin
array for each positive lectin in the Cy3–ovalbumin array is shown. Error bars were generated by propagation of
error. Representative data from a single slide is shown.
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tive signals for SBA and UEA in the porcine mucin and GS-II in
the bovine mucin were confirmed as positive by using mono-
saccharide inhibition (Supporting Information). Differences be-
tween the two mucins can be seen in the GS-II- and WGA-
binding levels. The high WGA binding observed is not unex-
pected as PGM is known to bind to WGA far better than to
UEA and provides a second point of difference between the
two mucin patterns.[27] The difference in WGA binding between
the two mucins most likely reflects the presence of larger,
more complex O-linked oligosaccharides on PGM that contain
high amounts of galactose and internal GlcNAc compared to
the shorter carbohydrate chains observed with BSM.[26] Al-
though both mucins are known to have a-2,6 sialic acids, the
lack of observable binding to SNA, which is a-2,6 sialic acid re-
active, is not wholly unexpected. Conflicting reports exist
about the ability of SNA to bind to a-2,6 sialic acids presented
in the context of mucins.[28, 29] SNA from E.Y. Laboratories,
please explain did not bind significantly to mucins in either
our lectin array or in dot blot assays (data not shown). This
contrasts with the positive SNA signal for the mucins observed
with the DIG kit (Boehringer–Mannheim, data not shown) and
suggests that SNA from several sources should be included in
future arrays. Hybridization of Cy3-labeled Fetuin, a known
SNA-binding protein, to our lectin array gave a strong fluores-
cence signal for SNA; this indicated that the lectin is still active
when bound to the derivatized glass surface (data not shown).
The distinct glycopatterns observed even with a minimal nine-
lectin array clearly demonstrate the potential of such an array
to rapidly pinpoint subtle differences between the glycosyla-
tion states of proteins. Indeed, in preliminary experiments, dif-
ferences between the glycan structures of Cy3- and Cy5-la-
beled glycoproteins could be determined simultaneously in a
mixture (Supporting Information).


Analytical tools for the rapid and systematic analysis of gly-
cosylation are sorely needed to push forward our understand-


ing of the roles of carbohydrates
at the biological level. Lectins
have been used to gain prelimi-
nary information about the gly-
cosylation state of proteins for
decades.[18, 19] Standard methods
for performing lectin-based
glycan profiling are useful but
constrained by the amounts of
sample and analysis time re-
quired; this limits the diversity of
lectins traditionally used to ex-
amine the glycoforms. Although
the array demonstrated in this
paper consists of only nine lec-
tins, it can easily be extended to
include the 62 commercially
available lectins, antibodies
against carbohydrate epitopes,
and lectins from a multitude of
sources. Since lectins are the pri-
mary means by which cells and


bacteria interpret the carbohydrate code, they are capable of
binding a diverse array of glycan structures.[30] Thus, an ex-
panded lectin microarray should provide a rapid detailed anal-
ysis of the carbohydrate composition of glycoproteins without
utilizing large amounts of sample. In addition, miniaturization
of the arrays means that multiple samples could be analyzed
simultaneously on a single slide, providing a simple and rapid
analytical technique for the profiling of glycosylation states, an
essential step in moving forward the field of glycomics. It
should be noted that some binding activity may be lost in the
coupling of lectins to the array. This is observed in many pro-
tein arrays to date and is an ongoing subject of research.[31]


The lectin array presented here represents the first step to-
wards the development of microarray methods to rapidly com-
pare cellular glycosylation states, technology critical to the
study of carbohydrate function at the systems biology level.
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Tiopronin: A New Fluorescence
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Nanocrystals of semiconducting materials, otherwise included
in the term quantum dots (QDs), have fascinated physicists,
chemists and electronic engineers since the 1970s. The most
striking feature of these materials is that their chemical and
physical properties differ markedly from those of the bulk
solid.[1] Since their quantum size effects are understood, funda-
mental and applied research on these systems has become in-
creasingly popular. One of the most interesting applications is
the use of nanocrystals as luminescent labels for biological sys-
tems.[2–5] Quantum dots have several advantages over conven-
tional fluorescent dyes: they emit light at a variety of precise
wavelengths depending on their size and have long fluores-
cent lifetimes.


Numerous methods exist for the syntheses of semiconductor
nanocrystals, but most processes are costly, require sophisticat-
ed equipment or extreme reaction conditions and result in low
product yields.[2, 3, 4, 6] These synthetic methods are impractical
for applications requiring larger quantities or higher concentra-
tions of nanocrystals. However, Candida glabrata yeasts can
produce CdS nanocrystallites by chelating Cd with phytochela-
tins (PCs) or glutathione (GSH) to form a peptide–Cd com-
plex.[7] Then, labile sulfide is introduced to produce the pep-
tide-capped CdS nanocrystallites.


Based on the yeast’s use of peptides as naturally powerful
chelators of foreign metal species and our previous experi-
ments on sulfide-protected glyconanoparticles,[8] we have de-
veloped a simple production method that yielding gram quan-
tities of stable, water-soluble CdS nanocrystals by using the
non-natural amino acid tiopronin (N-2-mercaptopropionylgly-
cine) as a capping agent. Tiopronin is a pharmaceutically im-
portant drug used for the treatment of cystinuria and rheuma-
toid arthritis.[9] Importantly, tiopronin has a free terminal -CO2H
group that provides a handle for further reactivity. The chemi-
cal functionality of this capping agent gives the nanocrystals a
very high stability and has allowed us to functionalize the QDs
with a HIV-1 Tat protein-derived peptide sequence. This pep-
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tide sequence has been used as an efficient way of internaliz-
ing a number of marker proteins into cells.[10, 11] We hypothe-
sized that entire semiconductor nanocrystals derivatized with
similar sequences could be efficiently ferried into cells. We
have also demonstrated the biocompatibility of CdS@tiopronin
nanocrystals in hTERT-BJ1 human fibroblasts.


We used a single-step procedure to prepare CdS nanocrys-
tals that were functionalized and protected with the non-natu-
ral amino acid tiopronin as tools for targeting specific cell sites.
Tiopronin has been successfully used as a capping agent to
protect gold and silver nanoparticles.[12, 13] The thiol group of
the tiopronin is directly attached to the CdS nanocrystals. Tio-
pronin acted as the stabilizer, controlling particle size and ag-
gregation and, at the same time, provided water solubility and
active groups for specific labelling.


The functionalized CdS nanocrystals were obtained by
adding sodium sulfide to an aqueous solution of tiopronin and
cadmium nitrate at room temperature by following a modifica-
tion of the procedure of Spanhel et al.[14] The CdS@tiopronin
QDs (Scheme 1) thus prepared gave a yellow solution and
under ultraviolet illumination (l= 360 nm) emitted light in the
green region (550 nm).


The molecules were purified by precipitation with ethanol
and characterized by 1H NMR, FTIR, UV-visible and fluorescence
spectroscopy. After lyophilization, the CdS@tiopronin was
water-soluble and stable for a year in the absence of light at
4 8C.


The UV-visible absorption and the fluorescence emission
spectra for CdS@tiopronin are shown in Figure 1. The UV-visi-
ble spectrum of these QDs showed an excitonic transition with
a band-gap energy (Eg) at 3.22 eV (385 nm). The emission spec-
tra of the CdS@tiopronin particles presented a band at 540 nm
when the excitation wavelength was 380 nm.


Biocompatibility studies of CdS@tiopronin QDs were under-
taken by evaluating the cell viability of hTERT-BJ1 human fibro-
blasts by two different cell methods. Cell viability staining with
calcein AM/ethidium homodimer[15] showed that cells exposed
for 24 h to CdS@tiopronin QDs were more than 99 % viable.
Cell viability was also assessed by using the 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.[16] This
assay relies on the mitochondrial activity of fibroblasts and
represents a parameter for their metabolic activity. The meta-
bolic activity and proliferation of fibroblasts was thus mea-


sured after 24 hours’ culture, and the values reached 80 %
compared to untreated controls (see Supporting Information).


To demonstrate the utility of CdS@tiopronin QDs in cell-biol-
ogy studies, these QDs were functionalized with a Tat protein-
derived peptide sequence (GRKKRRQRRR). As previously stated,
the free carboxyl group of the tiopronin is available for cova-
lent coupling to various biomolecules (such as proteins, pep-
tides and nucleic acids) by cross-linking to reactive amine
groups. In addition, this carboxylic layer is expected to reduce
passive protein adsorption on QDs. We used this reactivity for
the functionalization of the quantum dots with a Tat protein-
derived peptide sequence. The reactions utilize the water-solu-
ble carbodiimide N-[3-(dimethylamino)propyl]-N’-ethylcarbodi-
imide hydrochloride (EDC)[17] to catalyze reactions between
CdS@tiopronin acid groups and Tat protein-derived peptide
sequence amine groups. We included N-hydroxysulfosuccin-
imide in the reaction mixture to improve the efficiency of the
carbodiimide-mediated amide-forming reaction by producing
hydrolysis-resistant active ester reaction intermediates
(Scheme 2).[18]


In this study, CdS@tiopronin QDs coupled to Tat protein-de-
rived peptide sequences were used to achieve nuclear target-
ing of the nanoparticles in hTERT-BJ1 human fibroblasts. The
CdS@tiopronin–Tat QDs were added to a cell suspension for 15
minutes. Excess QDs were removed by cell centrifugation, and
the cells were cultured for 24 h. The general morphology of
the fibroblasts incubated with CdS@tiopronin–Tat QDs, after
cell fixation, is shown in Figure 2 c. The figure shows that the
cells were well spread, with no distinct change in morphology
before (Figure 2 a) or after incubation (Figure 2 c). Fluorescence
staining was observed around the cell nucleus; this shows the
translocation of the CdS@tiopronin-Tat QDs to the nucleus. No
fluorescence staining was observed when naked CdS@tiopro-
nin QDs were incubated with the cells (Figure 2 b).


In conclusion, we have prepared stable, water-soluble CdS
nanocrystals functionalized with tiopronin by using a straight-
forward and economical methodology. The biocompatibility of
these QDs has been demonstrated. The functionalization of


Scheme 1. Preparation of CdS@tiopronin: a) Cd(NO3)2·4 H2O, Na2S, pH 10,
H2O.


Figure 1. UV/Vis and fluorescence (inset; lexc = 380 nm) spectra of CdS@tio-
pronin in water.
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our QDs with a translocation peptide has allowed them to
penetrate the cell membrane and target the nucleus. At the
present time, different peptides and proteins are being conju-
gated to these quantum dots to improve staining methodolo-
gies for cell-biology studies.
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Scheme 2. Synthesis of CdS@tiopronin–Tat. NHS = N-hydroxysuccinimide (5 mm), EDC (2 mm), MES = 2-morpholinoethanesulfonic acid (pH 6.5).


Figure 2. Overlay of the fluorescence (green) and phase-contrast images of:
a) hTERT-BJ1 human fibroblasts (control experiment) ; b) hTERT-BJ1 human
fibroblasts incubated with CdS@tiopronin; c) hTERT-BJ1 human fibroblasts
incubated with CdS@tiopronin–Tat. Scale bars = 20 mm.
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Although the presence of a 2’-OH in the 3’-terminal adenosine
of peptidyl tRNA has long been known to be crucial for protein
biosynthesis,[1] the nature of its rate-enhancement effect is still
poorly understood. A hydrogen-bond donation to the adjacent
acyl group,[2] a hydrogen-bond acceptance from the attacking
amine nucleophile,[3] a role in positioning the ribosome catalyt-
ic group (N3 of A2486),[4] and even no participation at all in
the elongation step[5] have all been suggested. These hypothe-
ses, however, have never been tested experimentally because
of the supramolecular character of the ribosome and its com-
plex with aminoacyl tRNA and peptidyl tRNA. The approaches
of modern chemical biology, however, permit the supramolec-
ular complexity to be reduced to a level that allows under-
standing of the chemical mechanism of this 2’-OH assistance
on a fully chemical basis. Hence, we used a linear free-energy
relationship (LFER) of the Brønsted type and kinetic isotope
effect to study the external peptidyl transfer within a series of
2’/3’-O-peptidyl adenosine derivatives as peptidyl tRNA mimics.
Herein we report an intramolecular general base catalysis by
the vicinal 2’/3’-oxyanion of 2’/3’-peptidyl adenosine. This find-
ing implies that a similar catalytic role of the partially depro-
tonated 2’-OH of the peptidyl tRNA A76 is possible, provided


this P-site substrate group partially protonates the adjacent 3’-
oxygen in a cyclic hexagonal transition state involved in a sub-
strate-assisted catalytic mechanism of the ribosome.


The study became possible after Velikian et al. demonstrated
that the acidity of 2’/3’-OH in ribonucleosides is steered by the
nucleobase structure.[6] Hence, we carried out modifications
including atomic and group substitutions in the adenin-9-yl
group of adenosine in order to obtain adenosine derivatives
with varying 2’/3’-OH pKa values. Then we probed the pKa de-
pendence of the rate of external transesterification (ethanoly-
sis) of the corresponding 2’/3’-O-benzyloxycarbonyl-l-p-nitro-
phenylalanyl 5’-O-trityl adenosine derivatives 1–11 (Scheme 1).
The transesterification reaction is known to be catalyzed by
the ribosome.[7] The substrates were designed so as to be solu-
ble in organic media (tritylated at 5’-OH as well as functional-
ized with a hydrophobic 2’/3’-O-peptidyl group), to possess a
suitable signal for HPLC monitoring (p-nitrated phenylalanine)
and to undergo a peptidyl transfer reaction (transesterification
instead of aminolysis) with a measurable rate. The solubility in
aprotic organic media is required in order to mimic the envi-
ronment of the ribosome active site, which must be nonaqu-
eous in order to prevent premature hydrolysis.[5b, 8] In hydro-
gen-bond-donor solvents such as water, the adjacent 2’/3’-OH
group is preferentially solvated separately by water molecules,
thus preventing its potential catalytic effect.


External transesterification of the adenosine derivatives 1–11
in acetonitrile does not occur in the absence of an organic
base. It is promoted, however, by non-nucleophilic tertiary
amines like 1,8-diazabicyclo[5.4.0]-undec-7-en (DBU).The mea-
sured pseudo-first-order rate constants kobs are summarized in
Table 1. It can be seen that this apparent rate constant strongly
depends on the presence of both a free 2’/3’-OH and a nucleo-
base, as well as on the nucleobase’s structural integrity. Actual-
ly, the rate of transesterification of the adenosine derivative 1
is more than 300-fold faster than that of the 2’-deoxyadeno-
sine (2), 3’-deoxyadenosine (3), or 2’-methyladenosine (4) de-
rivatives; this is in agreement with the earlier observation that
the presence of an intact 2’/3’-OH is crucial to the reactivity.[1–3]


The absence of a nucleobase (1-deoxy ribose derivative 5) re-
sults in a more than one order of magnitude decrease of the
rate as compared to the parent nucleoside 1 but is still approx-
imately ten times faster than that of the 2’- or 3’-deoxy deriva-
tives. Substitution in and of the nucleobase also affects the
rate. N6-benzoylation of adenosine 1 (N6-benzoyl adenosine
6), substitution of adenin-9-yl by guanin-9-yl group (7) and
uracil-1-yl (10) significantly reduce the kobs values. N3-methyla-
tion of uridine derivative 10 (N3-methyluridine derivative 11),
however, increases kobs. The substitution of N3 for C3-H (3-de-
azaadenosine derivative 8) and deletion of the pyrimidine ring
(1-imidazolyl riboside (Im) derivative 9), surprisingly have no
effect on kobs.


Since 8 and 9 were designed to probe the plausible partici-
pation of N3 in the peptidyl transfer, we tried to find out
whether such an effect really does not exist or whether it is
masked. The lack of reactivity of 2’/3’-O-peptidyl adenosine de-
rivatives 1–11 in the absence of a strong base, such as DBU,
suggests that DBU promotes the transesterification reaction
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(Scheme 1) by deprotonation of the reagents. Due to the de-
localization of the positive charge in its protonated form
DBUH+ , DBU is a very strong, non-nucleophilic (because of
steric hindrance), tertiary amine base. The important sites for


proton abstraction in 1 and 5–10 are the amide
N6H in the N6-benzoyl derivative 6, the N1-H and
N3-H amides of the guanosine and uridine ana-
logues 7 and 10 and the 2’/3’-hydroxyl group in
adenosine itself (1) and adenosine derivatives 5–11.
The deprotonation of the second reagent, ethanol,
results in formation of the ethoxide anion, EtO� .
When these ionizations were considered, the
second-order rate constants kR were calculated[9] and
the values obtained are also included in Table 1.


Perusal of the kt1
R values (Table 1) indicates that


when the ionization of the important deprotonation
sites is considered, the “degeneracy” (small differ-
ence) for 1, 8, 9 and 11 in kobs is removed since the
rate constants are now related to the oxyanion con-
centration. The kinetic data were used to obtain a
Brønsted correlation (Figure 1) between the reactivi-
ty of 2’/3’-O-peptidyl adenosine derivatives with
only one (2’/3’-OH) deprotonation site (1, 5, 8, 9 and


Scheme 1. Proposed mechanisms of transesterification (ethanolysis) in the presence of 1,8-diazabicyclo[5.4.0]-undec-7-en (DBU) and chemical structure of 2’/
3’-O-benzyloxycarbonyl-p-nitrophenylalanyl 5’-trityl adenosine derivatives 1–11.


Figure 1. Brønsted plot of the transesterification (ethanolysis) of 2’/3’-O-pep-
tidyl adenosine derivatives 1, 5–11; the logarithms of the second-order rate
constants kR are plotted against the pKa’s of 2’/3’-oxyanions 1 a, 5 a, 8 a, 9 a
and 11 a, and 6-, 1- and 3-nitranions 6 a, 7 a and 10 a.
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11) and their pKa measured by a method previously de-
scribed.[6] The derived kR values increase with increasing pKa or
the basic strength of the 2’/3’-oxyanion; this suggests a posi-
tive slope of the Brønsted plot. Although it would have been
preferable to have a wider range of pKa, it was impossible to
further perturb the pKa values of 2’/3’-OH without introducing
secondary steric effects. This is supported by the negative de-
viation of the value for the 1-deoxy derivative 5, which is
known to have a different conformational preference[10] and
therefore it is not considered to be in the same series as the
other adenosine derivatives. Furthermore, if the kt2


R values for
derivatives 6, 7 and 10 are calculated by using the known pKa


values 10.05, 9.16 and 9.17 for their amide N6H N1-H and N3-
H amide ionization,[11]respectively, the values obtained fit (R =


0.998) a Brønsted plot with a slope of b= 0.76 well (Figure 1).
The pKa dependence of the rate data (Figure 1) suggests par-


ticipation of the 2’/3’-oxyanion in the transesterification of 2’/
3’-peptidyl adenosine derivatives 1 and 5–11. The rate acceler-
ation increases with increasing oxyanion base strength. Such a
Brønsted relationship is characteristic of general base-catalyzed
ester hydrolysis[12] and, in this particular case, of intramolecular
general base catalysis by the neighbouring 2’/3’-oxyanion (kt1


R


reaction mechanism in Scheme 1). This conclusion is supported
by the kinetic isotope effect of kH/kD = 1.38 observed when
EtOH is substituted by EtOD. The positive Brønsted b value
and the primary kinetic isotope effect suggest a proton-in-
flight in the rate-limiting transition state, consistent with con-
certed deprotonation of the attacking neutral alcohol molecule
by the 2’/3’-oxyanion (Scheme 1). Moreover, the large positive
b value and the small kinetic isotope effect suggest a signifi-
cant movement of a proton towards the 2’-oxyanion concur-
rent with attack of the neutral ethanol molecule on the car-
bonyl carbon. We have recently probed a similar mechanism
for the aminolysis of catechol monoesters and found that the
proximity of a vicinal o-oxyanion greatly enhances the rate of
peptide-bond formation.[13]


The transesterification of N6-benzoyl adeno-
sine, guanosine and uridine derivatives 6, 7 and
10 deserves special attention. Due to the much
lower pKa values of ionization of their N6H, N1-H
and N3-H amides than the pKa of 2’/3’-OH
(Table 1) and under the conditions used (much
lower concentration of the substrate than the
base), the concentrations of the 6-, 1- and 3-ni-
tranions is much higher than those of the 2’/3’-
oxyanions 6 a, 7 a and 10 a. Furthermore, we
assume a tautomerization of these nitranions to
the 3-nitranions 6 b and 7 b (Scheme 1) and to
the corresponding tautomeric 2-oxyanion 10 b
(not shown in Scheme 1) that can be stabilized
by a strong anionic hydrogen bond with 2’-OH.
The presence of such a hydrogen-bonding inter-
action between 2’-OH and the adenin-9-yl N3 has
been documented.[14] This intramolecular hydro-
gen bonding, favoured by the low-dielectric ace-
tonitrile medium, induces a negative charge on
the 2’-oxygen similar to that of 6- and 1-nitran-


ions. An indication that this is what happens is the observation
that the derived kt2


R values for 6, 7 and 10 fit the Brønsted cor-
relation line well (R = 0.998) when using the known pKa values
for amide NH. Therefore, the slower transesterification of N6-
benzoyl adenosine and guanosine derivatives 6 and 7 can be
attributed to the lower efficacy of the intramolecular general
base catalysis by 2’-OH, hydrogen bonded to the 3-nitranion
(kt2


R reaction mechanism in Scheme 1). This interpretation is
also supported by the kinetic isotope effect kH/kD of 1.66 ob-
served for the proteoethanolysis and deuteroethanolysis of 6.


Although the through-H-bond interaction of the nucleobase
with 2’-OH (Scheme 1) is not possible in the case of 8 and 9
because of the N3 substitution and pyrimidine ring deletion,
the pKa dependence of their rate still holds (Table 1). This sug-
gests a through-C1’�C2’-bond (inductive) effect of the nucleo-
base on the acidity of 2’-OH. Actually, the higher basicity of
the 2’/3’-oxyanion in 9 a than in 8 a and 1 a can be attributed
to its lower through-C1’�C2’-bond stabilization by the 1-imida-
zolyl aglycone. In the absence of the fused electron-deficient
aromatic pyrimidine (as in 1 a) and pyridine (as in 8 a) moieties,
the imidazolyl moiety in 9 a cannot drain its p charge and is
therefore a poorer electron acceptor; this accounts for the
lower acidity of 2’/3’-OH and therefore the enhanced basicity
of the corresponding 2’/3’-oxyanion. Thus, the nucleobase is
able to steer the general base efficiency of the 2’/3’-oxyanion
by inductive stabilization of its negative charge. It is note-
worthy that this through-C1’�C2’-bond interaction provides a
negative charge on the 2’/3’-oxygen already in the neutral
molecule that is not changed after proton loss of 2’/3’-OH.[15]


For the lack of a 2’/3’-OH group or a free 2’/3’-OH, the trans-
esterification of 2’/3’-deoxy and 2’-O-methyl derivatives 2, 3
and 4, cannot proceed by the intramolecular general base-cat-
alytic mechanism proposed for the rest of the adenosine deriv-
atives studied. In the case of these substrates, general base
catalysis by an external general base is required for an effective
transesterification.


Table 1. Kinetic data for the ethanolysis of 2’/3’-O-peptidyl adenosine derivatives 1–11
and pKa of the first acid ionization of the corresponding adenosine derivatives 1 c–11 c
(Scheme 1) at 25 8C, [DBU]0 = 10�2


m.


Adenosine Nucleoside kobs kt1
R kt2


R pKa
[a]


derivative [102 min�1] [min�1
m
�1] [min�1


m
�1]


1 A (1 c) 64.3�4.1 162.7�8.1 12.17[c]


46.6�3.1[b] 117.8�7.0[b]


2 2’dA (2 c) 0.1�0.004
3 3’dA (3 c) 0.2�0.004
4 Am (4 c) 0.2�0.003
5 1-dR (5 c) 3.4�0.1 22.6�1.4 13.05[c]


6 Bz6A (6 c) 9.5�0.7 2.9�0.01 10.05[d]


5.7�0.4[b] 1.7�0.01[b]


7 G (7 c) 5.1�0.3 0.9�0.005 9.17[e]


8 3zA (8 c) 76.4�4.2 243.6�7.1 12.36[c]


9 Im (9 c) 73.1�4.1 272.7�6.2 12.52[c]


10 U (10 c) 5.8�0.4 1.0�0.003 9.17[f]


11 m3U (11 c) 71.8�5.0 142.2�5.1 11.95[c]


[a] pKa values in aqueous solutions. [b] Measured by using EtOD instead of EtOH. [c] 2’/3’-
OH. [d] N6H. [e] N1H. [f] N3H.
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After this paper has been submitted, Weinger et al.[16] report-
ed important molecular biological evidence for peptidyl tRNA
A76 2’-OH playing an essential catalytic role in the ribosome
catalytic activity. This finding is complementary to the results
of this paper since the latter underlines the mechanism of the
substrate-assisted catalytic effect of the peptidyl tRNA A76 2’-
OH.


While mutations of many universally conserved nucleotides
(A2451, U2506, U2585 and A2602) in the active site of the
large subunit of the ribosome have a limited effect on the rate
of the peptidyl transferase reaction when the substrates are
intact aminoacyl-tRNAs,[5d] substitution of the 3’-terminal ade-
nosine 2’-OH of the genuine peptidyl tRNA by 2’-H or 2’-F
gives rise to a more than 1 000 000-fold rate decrease.[16] There-
fore, the main contribution to the overall catalysis of the ribo-
somal peptide-bond formation comes from the catalytic action
of the 3’-terminal 2’-OH of peptidyl tRNA. This large difference
in reactivity, however, is not observed in the model reaction
studied here: the rate diminishes by only about 600 times
when 2’/3’-OH in peptidyl adenosine 1 is substituted for 2’/3’-
H (deoxy derivatives 2 and 3) and 300 times when it is substi-
tuted for 2’-OCH3 (derivative 4 ; Table 1). If the role of the 2’-OH
were to act as a general base catalyst only, the 2’-F derivative
in the ribosome reaction and 2’-OCH3 derivative 4 in the
model reaction (Scheme 1) ought to react faster than the cor-
responding 2’-deoxy derivatives since both can serve as a gen-
eral base.[16] That this is not the case suggests that the proton
of the 2’-OH group participates in the acceleration of the reac-
tion. Its absence in the peptidyl adenosine 2’-oxyanion 1 a or
its substitution by methyl group in the 2’-OCH3 derivative 4
prevents the expected acceleration in the model reaction
(Scheme 1). Moreover, without this proton, the fluorine atom is
not able to assist the ribosomal reaction.[16] These findings are
consistent with the possibility of the 3’-terminal adenosine 2’-
OH of the peptidyl tRNA acting both as general acid and gen-
eral base. This happens in a cyclic hexagonal transition state
(Scheme 2 A) in which proton abstraction from the a-NH2 of


aminoacyl tRNA by the A76 2’-OH is concerted with a proton
donation by the same group to the incipient leaving tRNA 3’-
oxyanion. This hydrogen-bond interaction has long been sug-
gested.[2] Thus, the peptidyl tRNA A76 2’-OH appears to act as
a proton shuttle in the substrate-assisted mechanism of the ri-


bosome, providing a facile pathway for a proton transfer from
the incoming a-amino group of aminoacyl tRNA to the leaving
tRNA A76 3’-oxyanion. A similar substrate-assisted catalytic
mechanism was originally proposed by Das et al.[17] based on
an in silico study and found some experimental support very
recently.[3a, c] This catalytic role of A76 2’-OH as a proton shuttle
is not unique in biocatalysis : the imidazole of histidine is a sim-
ilar bifunctional general acid–base catalyst in the active site of
serine and cysteine proteases.[18] On the other hand, the ami-
nolysis of 2’-deoxy derivatives in the absence of an external
general base proceeds through a higher-energy tetragonal
transition state (Scheme 2 B, M.A.R, G. Vayssilov, D.D.P., unpub-
lished data), here the abstraction of the a-NH2 proton is carried
out directly by the incipient leaving tRNA 3’-oxyanion.


Quite recently Sievers et al.[5c] compared the measured acti-
vation parameters for ester aminolysis in the ribosome and in
solution, and, on the basis of a small difference in the activa-
tion enthalpy, came to the conclusion that “general acid–base
catalysis does not play a significant role in peptidyl transfer in
the ribosome”. Their reference reaction (ester aminolysis by
tris(hydroxymethyl)aminomethane; TRIS), however, is not con-
gruent to the ribosome ester aminolysis reaction. Unlike ami-
nolysis by amino acid amides, aminolysis by TRIS proceeds
with NH2-assisted alcoholysis by the vicinal OH group, followed
by O�N acyl group migration in the resulting TRIS ester to
form the final TRIS amide.[19] Since the pKa of the aminoacyl
tRNA amino group (ca. 8) is much lower than that of the leav-
ing tRNA 3’-OH (ca. 12), a general base catalyst switching on
the attack of the amine anion (pKa>30) is a fundamental re-
quirement for the acceleration of peptide-bond formation.


In conclusion, the results of the present physical organic
study including LFER and kinetic isotope effects reveal general
base catalysis by the 2’-oxyanion of the peptidyl adenosine
transesterification. The finding raises the mechanistic possibili-
ty for a general base catalysis by the partially deprotonated 2’-
OH of the peptidyl tRNA A76 during the ribosome-catalyzed
peptide-bond formation. This is possible provided it donates a
proton to the adjacent 3’-oxygen in a cyclic hexagonal transi-
tion state (Scheme 2 A). Thus, the peptidyl tRNA A76 2’-OH ap-
pears to act as a proton shuttle in the substrate-assisted mech-
anism of the ribosome, providing a facile pathway for transfer
of the aminoacyl tRNA a-NH2 proton to the leaving tRNA A76
3’-oxyanion. Hence, one of the roles of the ribosome active
site is to recognize this cyclic hexagonal transition state. The
aminolysis of 2’-deoxy and 2’-fluoro derivatives of the peptidyl
tRNA is not catalyzed by the ribosome,[16] since the latter is
not complementary to the cyclic tetragonal transition state
(Scheme 2 B) required for this reaction in the absence of an ex-
ternal general base.


Experimental Section


Preparation of the 2’/3’-O-peptidyl adenosine derivatives 1–11:
5’-O-trityl-2’/3’-O-(N-benzyloxycarbonyl-l-p-nitrophenylalanyl) nu-
cleosides 1–11 (Tr-N[Z-nF]) were prepared by transesterification of
N-(benzyloxycarbonyl)-l-p-nitrophenylalanine cyanomethyl ester
(Z-nF-OCH2CN) by the general method described previously.[20] 5’-


Scheme 2. A) Proposed hexagonal transition state for the ribosome-cata-
lyzed aminolysis of genuine peptidyl tRNA and B) tetragonal transition state
for the ribosome aminolysis of 2’-deoxy peptidyl tRNAp.
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O-Trityl adenosine derivatives 1 c–11 c were obtained by using the
best methods in the literature for 5’-O-tritylation of nucleosides.
Adenosine (A), 2’-deoxyadenosine (2’-dA), dA, 3’-deoxyadenosine
(cordycepin, 3’-dA), 2’-O-methyladenosine (Am), guanosine (G), uri-
dine (U) and N3-methyl uridine (m3U) were from Sigma. 1-deoxy-d-
ribofuranose (1-dR),[21] 3-deazaadenosine (3zA),[22] 1-b-d-ribofurano-
syl imidazole (Im)[23] and N6-benzoyl adenosine (Bz6A)[24] were pre-
pared as previously described. The general procedure used for 2’/
3’-O-monoaminoacylation of 5’-O-tritylated adenosine derivatives
1 c–11 c and characterization data for the resulting 2’/3’-peptidyl 5’-
O-trityl adenosine derivatives 1–11 are found in the Supporting
Information.


Kinetic studies : The transesterification (ethanolysis) of the 2’/3’-O-
peptidyl adenosine derivatives 1–11 was followed by monitoring
the changes both in the concentration of the substrate 1–11 itself
(HPLC retention time RT ca. 15 min depending on the substrate)
and the two products, N-benzyloxycarbonyl-l-p-nitrophenylalanine
ethyl ester 12 (RT ca. 7 min) and the corresponding 5’-O-trityl ade-
nosine derivatives 1 c–11 c (RT ca. 5 min) by using a Waters Liquid
Chromatograph equipped with absorbance detector model 441 set
at 254 nm and a Nucleosil 100-5C18 analytical column (12.5 cm �
4.6 mm). Reactions were carried out in stoppered tubes, which
were immersed in a water bath thermostated at 25 8C. A descrip-
tion of a typical kinetic experiment is found in the Supporting
Information.


Isotope-effect studies : Kinetic experiments for determination of
the kinetic isotope effect were carried out by simple substitution
of EtOH by deuteroethanol (EtOD).


pKa determination : The pKa values of the 2’/3’-OH of 3-deazaade-
nosine (3zA) 8 c, 1-b-d-ribofuranosyl imidazole (Im) 9 c and N3-
methyl uridine 11 c (m3U) in aqueous solutions were determined
by using pH-dependent proton chemical shifts measured at 25 8C
and 500 MHz (Brucker AMX 500) in D2O as described previously for
adenosine 1 c and 1-deoxyribose 5 c :[6] the pKa of DBU in acetoni-
trile is known to be 23.9.[25] The pK�


N values of the vicinal OH in 2’/
3’-O-peptidyl adenosines 1–11 in this solvent, however, have never
been measured since as esters they are hydrolytically unstable at
high pH. To this end, these pK�


N values in acetonitrile were estimat-
ed by using the pK� values of the corresponding ribonucleosides in
aqueous solutions[6] and DpKa = 0.5 and DpKa = 14 for the decrease
of diol acidity after 2’/3’-O-monoacylation in water[6] and in aceto-
nitrile,[26] respectively.


Acknowledgements


This work was supported by grants from the National Research
Fund of Bulgaria (grant K-901 and X-1001). Generous financial
support from the Swedish Natural Science Research Council (Ve-
tenskapsr�det), the Stiftelse fçr Strategisk Forskning and Philip
Morris Inc. is gratefully acknowledged.


Keywords: catalysis · neighboring-group effects · reaction
mechanisms · ribosomes · transesterification


[1] a) S. M. Hecht, Tetrahedron 1977, 33, 1671 – 1696; b) Chl�dek, M. Sprinzl,
Angew. Chem. 1985, 97, 377 – 398; Angew. Chem. Int. Ed. Engl. 1985, 24,
371 – 391.


[2] a) H. G. Zachau, W. Karau, Chem. Ber. 1960, 93, 1830 – 1839; b) B. E. Grif-
fin, C. B. Reese, Proc. Natl. Acad. Sci. USA 1964, 51, 440 – 444.


[3] a) S. Dorner, N. Polacek, U. Schulmeister, C. Panuschka, A. Barta, Bio-
chem. Soc. Trans. 2002, 30, 1131 – 1136; b) S. I. Chamberlin, E. J. Merino,
K. M. Weeks, Proc. Natl. Acad. Sci. USA 2002, 99, 14 688 – 14 693; c) S.
Dorner, C. Panuschka, W. Schmid, A. Bartha, Nucleic Acids Res. 2003, 31,
6536 – 6542.


[4] J. L. Hansen, T. M. Schmeling, P. B. Moore, T. A. Stetz, Proc. Natl. Acad.
Sci. USA 2002, 99, 11 670 – 11 675.


[5] a) T. Wagner, F. Cramer, M. Sprinzl, Biochemistry 1982, 21, 1521 – 1529;
b) P. Nissen, J. Hansen, N. Ban, P. B. Moore, T. A. Steitz Science 2000, 289,
920 – 930; c) A. Sievers, M. Beringer, M. V. Rodnina, R. Wolfenden, Proc.
Natl. Acad. Sci. USA 2004, 101, 7897 – 7901; d) E. M. Youngman, J. L. Bru-
nelle, A. B. Kochaniak, R. Green, Cell 2004, 117, 589 – 599.


[6] I. Velikyan, S. Acharya, A. Trifonova, A. Foldesi, J. Chattopadhyaya, J. Am.
Chem. Soc. 2001, 122, 2893 – 2894.


[7] E. Scolnick, G. Milman, M. Rosman, T. Caskey, Nature 1970, 225, 152 –
154.


[8] K. H. Nierhaus, H. Schulze, B. S. Cooperman, Biochem. Int. 1980, 1, 185 –
192.


[9] The calculation of kR values is found in the Supporting Information.
[10] J. Plavec, C. Thibaudeau, J. Chattopadhyaya, J. Am. Chem. Soc. 1994,


116, 6558 – 6560.
[11] H. Dugas, C. Penney, Bioorganic Chemistry, Springer, New York, 1981,


p. 100.
[12] W. P. Jencks, J. Carriuolo, J. Am. Chem. Soc. 1961, 83, 1743 – 1751.
[13] G. Ivanova, E. Bratovanova, D. Petkov, J. Pept. Sci. 2002, 8, 8 – 12.
[14] J. Pitha, Biochemistry 1970, 9, 3678 – 3682.
[15] M. R. Siggel, T. Darrah Thomas, J. Am. Chem. Soc. 1986, 108, 4360 – 4363.
[16] J. S. Weinger, K. M. Parnell, S. Dorner, R. Green, S. A. Strobel Nat. Struct.


Mol. Biol. 2004, 11, 1101 – 1106.
[17] G. K. Das, D. Bhatacharyya, D. P. Burma, J. Theor. Biol. 1999, 200, 193 –


205.
[18] A. R. Fersht, Structure and Mechanism in Protein Science, 1999, Freeman,


New York, p. 475.
[19] J. De Jersey, A. K. Fihelly, B. Zerner, Bioorg. Chem. 1980, 9, 153 – 162.
[20] S. A. Robertson, J. A. Ellman, P. G. Schultz, J. Am. Chem. Soc. 1991, 113,


2722 – 2729.
[21] J. Plavec, W. Tong, J. Chattopadhyaya, J. Am. Chem. Soc. 1993, 115,


9734 – 9746.
[22] N. Minakawa, N. Kojima, A. Matsuda, Tetrahedron 1993, 49, 557 – 570.
[23] A. Al Mourabit, M. Beckmann, C. Poupat, A. Ahond, P. Potier, Tetrahe-


dron : Asymmetry 1996, 7, 3455 – 3464.
[24] L. W. McLaughlin, N. Piel, T. Hellmann, Synthesis, 1985, 1–5, 322 – 323.
[25] K. T. Leffek, P. Pruszynski, K. Thanapaalasinham, Can. J. Chem. 1989, 67,


590 – 595.
[26] H.-s. Kim, T. D. Chung, H. Kim, J. Electroanal. Chem. 2001, 498, 209 – 215.


Received: October 1, 2004
Published online on April 5, 2005


996 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2005, 6, 992 –996



www.chembiochem.org






From Virtual to Real Screening for
D3 Dopamine Receptor Ligands


Evgeny Byvatov,[a] Britta C. Sasse,[b] Holger Stark,[b] and
Gisbert Schneider*[a]


Imbalance of the dopaminergic system is involved in various
neurological and neuropsychiatric disorders, for example, Par-
kinson’s disease, schizophrenia, and drug abuse.[1] Selective at-
traction of one dopamine receptor subtype could represent an
improved therapeutic approach or at least a good way to eval-
uate the (patho)physiological functions of this subtype in the
disorder. Here we focused on the dopamine D3 receptor, since
this subtype plays an important neuroregulatory role in several
diseases and possesses a distinct localization in the central
nervous system.[2] As D3 receptors display high sequence iden-
tity to D2 receptors, cross-reactivity is a problem for most com-
pounds used. Although this field of research has been worked
on for decades, many lead structures have unsatisfying selec-
tivity. Since numerous described compounds with diverse
structural elements showed some D3 receptor preference, we
focused on these elements—first by virtual and then by real
screening of the most promising compounds—to find new
lead candidates for further optimization.


Virtually screened synthetic compounds from collections of
Specs (229 685 compounds from release June 2003, Specs,
Delft, The Netherlands) and Interbioscreen (IBS; 25 601 com-
pounds from release February 2004, Interbioscreen, Moscow,
Russia) were investigated as potentially selective ligands at
dopamine D3 receptors. We performed this screening by using
analogues of BP897 (1), a D3 receptor-preferring partial agonist


in clinical development, and related structures as a starting
point. Virtual screening was performed in two stages. In the


first stage, we trained a support vector machine (SVM) on the
reference set and constructed a filter for D3 receptor-selective
ligands. Based on the prediction of this virtual filter, eleven
compounds from the IBS collection and the reference BP897
were tested for binding affinity at D2 and D3 receptors. In the
second stage, we performed a similarity search with the most
promising candidate molecule from the first round against the
Specs collection. The parameters for this similarity search were
extracted from the SVM model of the BP897 analogues. Four
out of five compounds exhibited nanomolar affinity at the D3


receptor, including a novel scaffold structure. The Ki value for
the best molecule was 40�6 nm.


Ligand-based virtual screening


We used analogues of BP897 and related structures as a refer-
ence active set.[3] The compounds from this set possess the fol-
lowing features: i) a lipophilic amine moiety, that is, phenylpi-
perazine in BP897, ii) a spacer, usually a linear tetramethylene
chain, and iii) a hydrophobic residue connected by an amide
bond, which has proven to be favorable for high receptor af-
finity.[3] In order to fulfill structural requirements for high-affini-
ty binding, the basic nitrogen connected to the aryl group
through an aliphatic linker was preserved. For all compounds
in this series, Ki values of D2 and D3 receptor affinities were
screened in radioligand binding assays as described.[3]


Compounds were encoded by three-point pharmacophore
(3PP) fingerprints available from the MOE software suite.[4] For
the first virtual screening round, an SVM was trained on the
prediction of potential D3 receptor ligands. We defined mole-
cules that have measured Ki values below 1 mm for the D2 or
D3 receptor as “active” compounds (331 out of 395 reference
compounds).[5] For cross-validation, this active set was split
into four nonoverlapping subsets. During validation we “mim-
icked” a real screening experiment by addition of compounds
known to bind to the D2 or D3 receptor to the screening data-
base and estimated the efficiency with which these com-
pounds were retrieved from the screened database. For this,
we ranked all screening compounds based on the SVM predic-
tions and optimized SVM parameters, so that the compounds
that we mixed with the screening data were at the top of the
ranked list.[6–8] The observed enrichment gave an estimation of
the expected percentage of active compounds from the IBS
dataset that are among the top 1 % of the ranked compounds.
In the cross-validation study, 50.6�1.3 % of the known active
compounds were retrieved within 1 % of the IBS collection—a
result that is significantly above random screening. The train-
ing procedure with parameter optimization lasted less than 30
minutes on a Linux cluster with 16 CPUs.


The application of “active learning” further increased the en-
richment to 91.8�1.2 % of validation actives in the top 1 % of
the ranked IBS collection (for details of the SVM training proce-
dure and the active-learning concept, see Supporting Informa-
tion). This was a consequence of the more fine-grained com-
pound sampling from the neighborhood of the known actives
in pharmacophore space.


[a] E. Byvatov, Prof. Dr. G. Schneider
Beilstein Endowed Chair for Cheminformatics
Johann Wolfgang Goethe-Universit�t
Fachbereich Chemische und Pharmazeutische Wissenschaften
Institut f�r Organische Chemie und Chemische Biologie
Marie-Curie-Straße 11, 60439 Frankfurt am Main (Germany)
Fax: (+ 49) 69-798-29826
E-mail : g.schneider@chemie.uni-frankfurt.de
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Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author: construction of an ho-
mology model for the D3 receptor, docking of compounds into the con-
structed homology model, and analysis of predicted binding modes. The
Supporting Information also includes full details of SVM training and the
binding studies.
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Selection of D3 receptor-specific ligands


We trained a regression SVM to predict the logarithm of the
ratio between Ki values for D2 and D3 receptors. The hq2i of the
fourfold cross validation was 0.40�0.15. The relatively low hq2i
is explained by the marked similarity between D2 and D3 recep-
tor-binding behavior.[2] The final prediction system was a com-
bination of the two virtual filters described above: binary SVM
optimized with active learning, and regression SVM. First, we
selected compounds that were similar to the reference set,
then we ranked them according to the predicted log (KiD3/KiD2)
to pick up potential D3 receptor-selective compounds. The list
of the selected molecules obtained was further processed
manually so as to exclude compounds with potentially reactive
groups or poor solubility. Compounds that are too similar to
the reference set were also excluded in order to identify com-
pounds with novel scaffolds. Ki measurement followed a similar
protocol as for the BP897 analogues.[3]


Results


Individual compounds exhibited preferential binding at the D3


receptor, although Ki values for most of the molecules are in
the micromolar range, if any could be determined at all (cf.
Supporting Information). This observation can be explained by
the bias introduced during manual post-selection of molecules.
We avoided a pronounced similarity to BP897-like compounds;
this obviously resulted in lowering the D2 and D3 binding
activity.


In order to further increase D3 receptor affinity, we optimized
compound 2 using a similarity searching approach. Molecule 2


was the only ligand found in the first virtual screening round
with an experimental Ki<2 mm at the D3 receptor and Ki value
of 2–6 mm at the D2 receptor. For similarity calculations, we em-
ployed a modified distance metric for 3PP fingerprints space,
in which fingerprints were weighted based on their impor-
tance in our SVM regression model (cf. Supporting Informa-
tion). This procedure allowed for the selection of compounds
that are similar to 2, focusing on features that were considered
to be important for interaction with the receptor. Very similar
compounds and compounds with reactive groups were again
excluded manually. The testing results for the selected mole-
cules are given in Table 1. The chemical structures of the
tested molecules are shown in Scheme 1, aligned at their basic
nitrogen, which is assumed to be essential for this type of
G protein-receptor binding. As can be seen from Table 1, all
active compounds possess a common pattern of the aromatic
residue coupled to a potential hydrogen-bond donor (assum-
ing the protonated form) and separated by an aryl moiety
from the positively charged amine with an adjacent ring
system.


Although the most active compound in this series, 4, shows
nanomolar affinity at the D3 receptor accompanied by a ten-
fold D3 receptor preference in comparison to its D2 receptor af-
finity it must be stressed that 4[9] and 5 are quite similar to the
reference set. By using compound libraries, one can hardly
expect to retrieve totally unknown lead candidates. Neverthe-
less, compounds 2, 3, 6, and especially 7 disclose some novel
structural features that result in first hits as well as promising
new leads for dopamine-receptor subtype ligands in this over-


Table 1. Dopamine receptor affinities of compounds from the second vir-
tual screening round (from Specs catalogue)


Molecule Ki (D2) �SD [nm][a] N[b] Ki (D3) �SD [nm][a] N[b]


3 1414�516 2 1408�1068 2
4 554�97 4 40�6 4
5 417�60 8 139�17 5
6 201�48 8 96�21 7
7 4395�497 6 914�307 6


[a] Ki values (mean value with standard deviation (SD)) were measured in
CHO cells stably expressing hD2s and hD3 receptors by using [3H]spiper-
one. [b] Number of experiments.


Scheme 1. Compounds selected for testing based on their similarity to
compound 2. Structures were aligned according to the position of the basic
nitrogen (dotted line). Three different parts of the molecules were distin-
guished: A) an aromatic moiety, B) an aliphatic linker, C) a hydrophobic part
connected through a basic nitrogen.
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crowded area of drug development. Together with the other
data obtained from virtual and real-compound screening (cf.
Supporting Information) one can extract structural characteris-
tics that have not or have only rarely been applied to dopa-
mine D3 receptor ligands. Compounds 6 and 7 already display
slight D3 receptor preferences; this shows the success of our
approach, and give good hopes for 7 for further optimization
that is distinct from well-known structure–activity relationships.
For the first time, iterative virtual screening cycles with SVM
have been successfully applied to entirely ligand-based search-
ing for novel ligands. The concept offers a rapid way to identi-
fy lead-structure candidates with minimal experimental effort,
even in the absence of receptor-structure information.
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Regulating Enzyme Activities in a
Multiple-Enzyme Complex


Yi Chen and Chengde Mao*[a]


DNAzymes have been isolated from synthetic DNA libraries by
in vitro selection.[1, 2] To regulate the enzyme activities, allosteric
DNAzymes have been rationally designed,[3] in which the
enzyme activities are modulated by small molecules through
ligand–aptamer association. In spite of success of this ap-
proach, it has limitations. First, structural information is impor-
tant for successful design of allosteric DNAzymes, but our
knowledge of aptamer and DNAzyme structures is limited.
Second, it would be difficult to expand this strategy to specifi-
cally control each enzyme if a large number of similar enzymes
exist. Herein, we report a general strategy that overcomes
these limitations.


A strand-displacement mechanism has been developed for
DNA nanomachines.[4] With proper designs, multiple steps of
strand displacement have been used for complicated mo-
tions.[5] It has also been used to regulate DNA aptamer-binding
activity.[6] The key to this mechanism is to remove a partially
base-paired DNA strand from a complex by addition of a re-
moval strand; this allows the first strand to become fully base-
paired. The number of paired DNA bases increases, and the
free energy of the system decreases. This process does not re-
quire global denaturation and is sequence-dependent. It only
affects strands with specific sequences. All other DNA struc-
tures in the same solution remain unchanged. In this paper,
we have applied this strategy to regulate the enzyme activities
of 10–23 RNA-cleaving DNAzymes.[1]


Multiple-enzyme complexes were modeled with a single
DNA strand (E) that contained two 10–23 DNAzymes (Ea and
Eb) that were joined by an interenzyme single-stranded linker
(Figure 1). A 10–23 DNAzyme has two diverse RNA-recognition
arms and a conserved catalytic core. The recognition arms
bind to an RNA substrate (S) through Watson–Crick base pair-
ing and determine the enzyme specificity. An inhibitor strand
(I) has been designed for each enzyme. Strand I can base-pair
with one recognition arm of a DNAzyme and a small part of
the catalytic core. Strands I and E form a single duplex domain
instead of a bulged duplex, as between strands E and S. Thus,
to any DNAzyme, its inhibitor has higher affinity than its sub-
strate. Note that each inhibitor is specific, because inhibitor
strands have only negligible affinity to the catalytic cores
themselves. Upon binding to strand I, a DNAzyme can not ef-
fectively bind to its RNA substrate and loses its RNA-cleaving
ability. The enzyme activity can be restored by removal of
strand I through strand displacement. Besides the enzyme-
binding domain, each inhibitor has a ten-base-long tail, which
remains unpaired in the E–I complex. We used a remover
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strand (R) to remove I from the E–I complex. Strands R and I
have the same length and are fully complementary to each
other. These two strands can form a fully base-paired duplex.
Strand R base-pairs with strand I at the single-stranded tail first
and then gradually pulls strand I out from the E–I complex by
branch migration. Upon removal of strand I, the enzyme activi-
ty is restored. Each enzyme can be isothermally switched on
and off. This strategy has been used to regulate a single DNA-
zyme activity. Though it is straightforward to extend this strat-
egy to the regulation of multiple DNAzymes, there is no exper-
imental demonstration. We tested this idea in a model system
consisting of two DNAzymes. Ea and Eb have different recogni-
tion arms and act on different substrates. An inhibitor strand
will specifically inhibit one enzyme without affecting the other
enzyme. The same is true of the remover strands. A remover
strand specifically removes only one inhibitor strand from the
E–I complex without affecting the other inhibitor strand.


The inhibition and restoration of each enzyme in the two-
enzyme complex was initially demonstrated separately by
PAGE. Figure 2 a shows that strand Ia binds to strand E to form
a stable E–Ia complex, which appeared as a sharp, single band
with expected mobility on the gel. Addition of strand Ra frees
strand E, and an Ia–Ra duplex forms. Corresponding to the asso-
ciation or removal of strand Ia, the enzyme activity of Ea is in-
hibited or restored, respectively. The same phenomenon hap-
pens to Eb (Figure 2 b). These experimental results clearly show
that each DNAzyme can be isothermally switched on and off.


The regulation strategy was further demonstrated by se-
quentially switching the two enzymes off and on (Figure 2 c).
We started the experiment with both Ea and Eb being active,


then added inhibitors to suppress enzyme activity in a step-
wise fashion, and finally used removal strands to remove each
inhibitor and restore each enzyme. The sequence is: 1) Ea on,
Eb on; 2) Ea off, Eb on; 3) Ea off, Eb off; 4) Ea on, Eb off; and 5) Ea


on, Eb on. At each step, two aliquots of the solution were with-
drawn. One aliquot was incubated with both substrates (Sa


and Sb) and then was analyzed by native PAGE along with the


Figure 1. Sequence-dependent regulation of enzyme activities. a) Structure
of a 10–23 DNA enzyme (DNAzyme, the bottom strand, E) and its RNA sub-
strate (the top strand, S). The arrow head indicates the cleavage site. The
sequence of the conserved catalytic core is shown. Y: pyrimidine, R: purine.
b) Reversibly regulating a 10–23 DNAzyme. Addition of the inhibitor strand
(I) prevents an enzyme from binding to and cleaving its substrate; subse-
quent addition of the remover strand (R) displaces strand I and reactivate
the enzyme. Strands I and R are fully complementary to each other and
form a long duplex. c) Two DNAzymes (Ea and Eb) are joined by a single-
stranded linker. The two enzymes differ by binding arms and substrate
specificity.


Figure 2. Native gel-electrophoresis analysis of the enzyme activities. In a)
and b), only one DNAzyme was switched on and off. In c), the two enzymes
were switched off and then on sequentially. After addition of each strand,
the solution mixtures were incubated for 30 min before adding the next
strand. Following addition of the substrate, the reaction mixtures were incu-
bated for two hours.
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other aliquot. Experimental results show that, at each step, the
desired E–I and/or R–I complexes are formed as expected, and
that the enzyme activity is switched on and off as directed. Ad-
dition of strand Ia turns off Ea, but Eb is still active. Consequent-
ly, Sb is cut and Sa remains intact. Further addition of strand Ib


turns off both Ea and Eb, and both Sa and Sb remain intact. Ad-
dition of strand Ra removes Ia and frees Ea, resulting in cleavage
of Sa. At this stage, Ib still associates with Eb, so Sb remains pri-
marily intact. Note a small amount of Sb fragments is visible,
which is probably due to some inhibition leakage. When Rb is
further added, both inhibitors are removed, and both enzymes
become active; this leads to the cutting of both substrate
strands. The sequential switching on and off of these two en-
zymes unambiguously proves the regulation strategy.


The final proof of this strategy is a time-course experiment
of the codigestion of the two substrates by the enzyme com-
plex (Figure 3). Both substrates were incubated with the


enzyme complex in the same solution. Along the reaction
course, we sequentially switched off and on each enzyme
twice, and monitored the cleavage process of the two sub-
strates. It is clear that that each enzyme is switched on and off
independently and reversibly.


A related strategy has been reported to regulate DNAzyme
activities.[2e] There, inhibitory strands are covalently linked with
DNAzymes or ribozymes. Those enzymes are inactive on their
own. Disruption of the inhibition effect by addition of removal
strands can switch on the enzymes. However, those studies
have only shown that inactive enzymes could be switched on.
They have not explored switching enzymes off and on reversi-
bly, or explored the situation when two or more enzymes are
physically associated together, though nothing in principle pre-
cludes it.


In conclusion, we have applied a strand-displacement strat-
egy to specifically, isothermally regulate individual enzymes in


enzyme complexes. The same strategy would be expected to
be applicable to other nucleic acid enzymes and aptamers. We
consider this work as an initial step to develop highly regulat-
ed enzyme complexes to mimic cellular enzyme assemblies. If
organized in a large assembly, nucleic acid enzymes/aptamers
can, we believe, play more sophisticated roles than individual
nucleic acid enzymes/aptamers currently do. This study is im-
portant for the following reasons. 1) It shows that nucleic acid
enzymes can be isothermally and individually regulated as
modern protein enzymes in cells ; this is consistent with the hy-
pothesis that nucleic acids played important roles in primitive
lives.[7] 2) This study adds new components to biobricks, which
are essential for the reconstitution or modification of cell func-
tions. 3) This study paves the way to developing efficient cata-
lysts for technological applications. 4) This study may also be
useful for bioanalysis, for example, detection of viral DNA.


Experimental Section


Oligonucleotides. Strand E: 5’-GGACAG AGG CTA GCTACA ACG AAG-
TGG TAA GCG ATG GGC TAG CTA CAA CGA CCC TTG AGC AGT CAG GCT-
AGC TAC AAC GAG ATA GGT-3’; strand Sa: 5’-TTT TTA CCA CTrA rUCT-
GTC CTT TTT-3’; strand Sb : 5’-TTT TTT TTT TAC CTATCrA rUGA CTG-
CTT TTT TTT TTT-3’; strand Ia : 5’-TAG CCT CTG TCC GTATGC GTG A-3’;
strand Ib : 5’-TAG CCT GAC TGC CAA ACT GTG C-3’; strand Ra: 5’-TCA-
CGC ATA CGG ACA GAG GCTA-3’; strand Rb: 5’-GCA CAG TTT GGC-
AGT CAG GCTA-3’. Note that strands Sa and Sb contain different
numbers of Ts at both ends; this makes it easier to distinguish dif-
ferent DNA molecules in the gel. Strand E contains Ea and Eb


through a linker. The length of the linker is arbitrarily chosen with-
out optimization. The binding sites of the two enzymes are inde-
pendent from each other. All oligomers were purchased from Inte-
grated DNA Technologies, Inc. (Coralville, IA, USA) and purified with
10–20 % denaturing PAGE.


Radioactive isotope labeling. A solution (20 mL) of primer strand
(2 pmol), [g-32P]ATP (10 mCi mL�1, 1 mL, 2.2 mm), polynucleotide T4
kinase (3 units, New England Biolabs, Inc.) in a kination buffer
(66 mm Tris-HCl, 6.6 mm MgCl2, 10 mm dithiothreitol, pH 7.6), was
incubated for 2 h at 37 8C. The reaction was stopped by heating
the reaction mixture at 90 8C for 5 min. Then the labeled DNA
strand was purified by 20 % denaturing PAGE.


Enzymatic reactions. Reactions were carried out at 22 8C for 2 h in
TAE-Mg2 + buffer (40 mm Tris buffer (pH 8.0), 20 mm acetic acid,
2 mm EDTA, and 12.5 mm (CH3COOH)2Mg). The substrate concen-
tration was 10 mm, and the concentration for each of the other
strands was 0.5 mm.


Time course of enzymatic digestion. Reactions were carried out
at 22 8C for 2 h in TAE-Mg2 + buffer, with enzyme (0.1 mm), RNA sub-
strate (1 mm each), and 5’-32P-labeled substrates (0.1 mm each). In-
hibitor and remover strands in fivefold excess over enzyme con-
centration were added to the mixture at the indicated time points.
Aliquots (3 mL) were removed from the reaction mixture every
5 min and quenched with EDTA in formamide (7 mL, 40 mm). Radio-
labeled substrate and products were separated by denaturing
PAGE and quantified by using OptiQuant (Packard Instruments,
Meriden, CT, USA).


Denaturing polyacrylamide gel electrophoresis. Gels contained
20 % polyacrylamide (acrylamide/bisacrylamide 19:1) and urea
(8.3 m). They were run at 22 8C. The running buffer was Tris-borate–


Figure 3. Time course of codigestion of the two substrates (Sa and Sb).
Arrows indicate the time points at which inhibitor (I) or remover (R) strands
were added. To ensure that enzyme activity was switched on or off, inhibitor
or remover strands were used at five times the enzyme concentration. For
the purpose of quantification, the substrate molecules were labeled with ra-
dioactive isotope 32P and the digestion data were quantified from a Phos-
phoImager (Packard Instruments). For clear view, the experimental data
points were roughly fitted to lines with the expectation of linear kinetics.
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EDTA (TBE), which consisted of Tris buffer (89 mm, pH 8.0), boric
acid (89 mm), and EDTA (2 mm). Gels were run on a B-VE10-1 elec-
trophoresis unit (FisherBiotech) at 300 V (constant voltage).


Native polyacrylamide gel electrophoresis. Gels contained 12 %
polyacrylamide (acrylamide/bisacrylamide 19:1) and were run on a
FB-VE10-1 electrophoresis unit (FisherBiotech) at 22 8C and 100 V
(constant voltage). The running buffer was TAE-Mg2 + buffer. After
electrophoresis, the gels were stained with Stains-all dye (Sigma)
and scanned.
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Identification of Novel Anthrax
Lethal Factor Inhibitors Generated
by Combinatorial Pictet–Spengler
Reaction Followed by Screening in
situ


Mehdi M. D. Numa,[a] Lac V. Lee,[a] Che-Chang Hsu,[a]


Kristen E. Bower,[b] and Chi-Huey Wong*[a]


Anthrax lethal factor (LF) is a zinc-dependent metalloprotease
produced by Bacillus anthracis, the causative agent of anthrax.
LF and two other plasmid encoded proteins known as edema
factor (EF) and protective antigen (PA) are responsible for the
virulence of Bacillus anthracis.[1, 2, 3] The cause of LF and EF’s tox-
icity necessitates that they translocate from the extracellular
media into the cytosol of the host cell by PA.[4, 5] The associa-
tion LF+PA is known as lethal toxin (LTx). The injection of LTx
into the bloodstream of animal models is lethal, whereas the
association of EF+PA, known as edema toxin (ETx), is nonviru-
lent without LF.


When released into the bloodstream, PA binds to two ex-
tracellular receptors,[6, 7] (Figure 1) the anthrax toxin receptor/
tumor endothelial marker 8 (ATR/TEM8) and the capillary mor-
phogenesis protein 2 (CGM2),[8] and becomes localized on the


Figure 1. Infection of a macrophage by the anthrax toxins.
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outer surface of the macro-
phage[9] cell membrane. There a
furin-like protease, which is also
present on the surface of the
cell membrane, activates PA by
cleaving its N-terminal 20 kD
fragment.[10] The activated PA
molecules oligomerize to form a
heptamer with a channel-like
structure (Figure 1 A), which is
then able to bind to LF and EF
(Figure 1 B). The ensemble com-
posed of heptameric PA, LF, and
EF is absorbed into the cell by
endocytosis (Figure 1 C).[4] A pH
change then signals PA to medi-
ate the escape of LF and EF
from the endocytosis vesicle to
the cytosol (Figure 1 D). Once
inside the cytosol (Figure 1 E),
the presence of EF triggers an
increase in the cAMP concentra-
tion, which leads to a flow of
water into the cell and thus
causes edema.[11] LF then cleaves
the N-terminal fragment of mito-
gen-activated protein kinase
kinase (MAPKK),[12, 13, 14] its only
known natural substrate, which
triggers a cascade of events that
lead to the apoptosis of the host cell.[15, 16]


Inhalation anthrax is the most severe form of infection. It
evolves rapidly to be systemic and leaves almost no chance of
survival unless treated in the very early stage with antibiot-
ics.[17] Antibiotics become ineffective and the infection unstop-
pable once the quantity of LTx produced in the host body
reaches a critical threshold. Cutaneous and digestive infections
are usually localized but can spread with the same consequen-
ces as inhalation anthrax, if left untreated.


An efficient treatment of the Bacillus anthracis infection in
the late stage requires blocking the activity of LTx, and more
specifically that of LF.


The identification of potent inhibitors against LF and the un-
derstanding of its unusual mode of action is therefore of pri-
mary interest and it has been the focus of several studies. Vari-
ous structures have been reported to inhibit the activity of
LF[18–23] and to prolong the survival of cell cultures or animal
models.


A recent report that galloyl (3,4,5-trihydroxy-benzoyl, see
Scheme 1 for structure) derivatives extracted from green tea
were noncompetitive inhibitors of LF[21] prompted our interest
in identifying more potent LF inhibitors that possess a similar
polyphenolic motif. We first screened ten commercially avail-
able compounds (Scheme 1) and confirmed the importance of
the gallate motif for the inhibition of LF (compounds 1, 3, and
4), but also showed that the potency of polyphenols is not re-
stricted to an exact match with the galloyl motif (2). Surpris-


ingly, purpurin and purpurogallin did not inhibit LF activity,
even though they exhibit very strong structural similarity with
1 and the galloyl group.


Anthracene brown (1) and resorcin blue (2) are pigments.
Tannic acid (3) and 1,2,3,4,6-b-O-Pentagalloyl glucose (PGG, 4)
are botanical extracts belonging to the tannin family. PGG is a
known component of traditional Chinese herbal medicines
used to treat various conditions.[24] This interesting compound
has been found to inhibit the activity of a wide variety of en-
zymes such as nitric oxide synthase, cyclooxygenase,[25] and an-
giotensin converting enzyme.[26] Furthermore, a recent report
mentioned that PGG can block the entry of the SARS-CoV into
the host cells.[27] PGG has also been reported to have anticanc-
er[28] and anti-inflammatory[29] activities. The high potency of LF
inhibitors built around a carbohydrate scaffold is very interest-
ing because a large number of carbohydrate derivatives could
be screened for better inhibitors.


Based on these results we prepared a library of gallate-like
tetrahydroisoquinoline polyphenols by diversification of the
5-hydroxydopamine core by using the Pictet–Spengler reac-
tion[30] (Scheme 2). The cyclization occurs between the elec-
tron-rich aromatic cycle and the iminium which is formed
under acidic aqueous conditions. The commercially available 5-
hydroxydopamine core was chosen because it reproduces the
3,4,5-trihydroxy phenyl motif present in the galloyl group.


The reactions were carried out in Eppendorf vials, monitored
by LC-MS, and the products were tested for inhibition activity


Scheme 1. Commercially available compounds screened for activity against the anthrax lethal factor.
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without purification. Each vial
was diluted to the desired con-
centration and used “as is” for
the assay. The dilution could be
performed by using water only
or a water and DMSO mixture—
provided that the amount of
DMSO does not exceed 0.05 % in
volume of the final assay solu-
tion; the maximum concentra-
tion of DMSO under which it has
no influence on LF activity is 1 %
of the final volume. The possibil-
ity of false positives was ruled
out by monitoring the assays by
using LC-MS.


Fifty-nine aldehydes and
seven dialdehydes were used.
Their structures and the percent-
age inhibition of the crude prod-
ucts obtained from their reaction
with 5-hydroxydopamine are
shown in Scheme 3. We ob-
served an overall better inhibi-
tion of enzyme activity with li-
brary products that were ob-
tained from the reaction with
the dialdehydes.


Six compounds (5 a, 5 b, 6 a,
6 b, 7 a, and 7 b) were purified
by preparative HPLC and their ki-
netic properties were evaluated
by using an assay with physio-
logical salt concentration
(150 mm ; Scheme 4). All com-
pounds are noncompetitive in-
hibitors of LF. The potency of
these compounds is dependent
on the ionic strength of the
assay condition. They generally
display higher inhibition activity
of LF under low ionic strength,
probably because the electro-
static interactions between the
inhibitor and the enzyme are fa-
vored under these conditions.
For each reaction involving a di-
aldehyde, the NMR spectroscopy
data of the meso fraction (frac-
tion a) is similar to that from the
racemate fraction (fraction b).
The crystallization of the meso
products 6 a and 7 a by metha-
nol evaporation provided crys-
tals suitable for X-ray analysis
which allowed the unambiguous
identification of the fractions.[31]


Scheme 2. Mechanism of the Pictet–Spengler reaction.


Scheme 3. Aldehydes and the percentage of inhibition of their products (NI = no inhibition).
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Chiral derivatization led to the identification of 5 a and 5 b. In
order to evaluate and compare the potency of the pure enan-
tiomers the chiral resolution of each racemic mixture is one of
our future objectives.


Besides inhibiting the enzyme in vitro under high-salt con-
centration assay, compounds 2, 4, 5 a, and 5 b, 6 b, 7 a, and 7 b
provided variable degrees of in vivo cell protection (Figure 2).
Compound 4, which is the most potent in vitro inhibitor, pro-
vided the best cell protection (Figure 2 A). Compounds 2, 5 a,
6 b, 7 a, and 7 b provided moderate and similar cell protection
(Figure 2 B) which does not reflect their in vitro potency.


Green-tea extracts and PGG are known for their instability[32]


in the presence of oxygen. The stability of the tetrahydroiso-
quinolines 5 a, 5 b, 6 a, 6 b, 7 a, and 7 b which were isolated
from the library, was monitored by LC-MS. In the assay condi-
tions signs of oxidation and dimerization are observed slowly
but steadily after 5 h at room temperature and upon exposure
to air. In deionized water, signs of decomposition are observed
after two days. In aqueous acidic-media the compounds are
apparently fully stable after several days. Interestingly, an aque-
ous solution of PGG remains unlimitedly potent in the pres-
ence of air, which contrasts with the rapid loss of activity of
the green-tea extracts under the same conditions.


In conclusion, we screened ten commercially available com-
pounds that bear a polyphenol motif and identified four inhibi-
tors against the anthrax lethal factor. One of them (Compound
4 ; Ki 1.8 mm) is very potent under physiological salt concentra-
tion and is an encouraging result for the further generation of
a carbohydrate-based library of LF inhibitors. We also synthe-
sized a library of tetrahydroisoquinolines by diversifying the 5-
hydroxydopamine core by using the Pictet–Spengler reaction,


which provided six hits. One of them (5 a) is a very potent non-
competitive inhibitor and exhibits a Ki at 4.3 mm under physio-
logical salt concentration. This reaction seems to be a good
basis for the rapid generation of a large number of LF inhibi-
tors under convenient conditions. However, as for other poly-
phenols of biological interest the products are reactive in the
presence of O2. The number of derivatives accessible through
the Pictet–Spengler reaction is considerable and should not be
restricted to simple nonchiral aldehydes. Derivatives of tetrahy-
droisoquinolines, such as dihydroisoquinolines and isoquino-
lines, are also interesting targets for the identification of new
potent LF inhibitors. The actual potencies of the enantiomers
are still unknown. Our current objectives are to synthesize a
second-generation library in order to identify new inhibitors
with improved activity, to perform structure-activity relation-
ship studies, optimize the hits, purify each hit in pure enantio-
meric form, localize the exosite(s) involved, and to screen this
library against other types of enzyme.


Experimental Section


General procedure for the library: A solution of 5-hydroxydopa-
mine hydrochloride (125 mg; 0.61 mmol) in TFA-water (2.5 mL; 1:1)
was distributed between 50 Eppendorf tubes (50 ml). A 1.1 equiv of
mono-aldehyde, or 0.5 equiv of dialdehyde was added to each.
The Eppendorf tubes were heated at 90 8C for 10 h. They were


Scheme 4. Structures and Ki of the most potent compounds from the library.


Figure 2. Cell viability assays. A) Compound 4, B) Comparative assay.
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then cooled to RT and diluted with water in order to give fifty
10 mm samples.


General procedure for the pure compounds 6 a and 6 b: A solu-
tion of 5-hydroxydopamine hydrochloride (50 mg; 0.24 mmol) in
TFA-water (1 mL; 1:1) was heated at 90 8C for 10 h in the presence
of isophtalaldehyde (17 mg; 0.12 mmol; 0.5 equiv). The solvent
was removed in vacuo, the crude product was dissolved in water
(1 mL, HPLC grade, 0.1 % of TFA v/v), and then purified by prepara-
tive HPLC. Two main fractions corresponding to 1021 (6 a 2TFA;
31 mg, 38 %) and 1022 (6 b 2TFA; 31 mg, 38 %) were isolated.


Condition of separation: Gradient was carried out from acetoni-
trile/water (5:95) to acetonitrile/water (10:90), over 35 min at
6 mL min�1. 6 b time retention 15 min, 6 a time retention 18 min.
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New Methods for the Generation of
Carbohydrate Arrays on Glass Slides and Their
Evaluation
Moritz B. Biskup, Jan U. M�ller, Ralf Weingart, and Richard R. Schmidt*[a]


Introduction


Many lipids and more than 50 % of all proteins are glycosy-
lated, a fact that indicates the importance of posttranslational
protein modification.[1] The great structural diversity of the car-
bohydrate residues often precludes clear answers as to their
biological functions. Many carbohydrate epitopes are known
to be specifically recognized by proteins (the “lectins”)[2] and
carbohydrate–carbohydrate recognition has also been ob-
served.[3–7] However, the whole field of carbohydrate recogni-
tion is still in its infancy because the many diverse carbohy-
drate structures required for this work are not yet available in
pure form. Hence, the characterization of the great variety of
carbohydrate receptors meets with difficulties. Obviously, this
multitude of epitope–receptor recognition events requires fast
methods in order to decipher the information stored in the
carbohydrate structures. This can best be achieved by carbohy-
drate arrays that consider this structural diversity.


Some methods have already been developed for the fabrica-
tion of carbohydrate arrays.[8–14] Several groups have used non-
covalent ligation,[15–19] which relies on nonspecific adhesion
phenomena between the carbohydrate epitope and the array.
Methods for the covalent immobilization have also been em-
ployed. Houseman and Mrksich[20] used the Diels–Alder reac-
tion mediated immobilization of carbohydrate–cyclopenta-
diene conjugates on to a monolayer that contains benzoqui-
none groups bound to a gold surface. Park and Shin[21] report-
ed on the attachment of maleinimide-linked carbohydrates to
a glass slide coated with thiol groups. A related method has
been also employed by Mrksich and co-workers[22] and also by
Seeberger and co-workers.[23] Schwarz et al.[24] used plastic sur-
faces containing amino groups on which the carbohydrate
arrays were constructed by use of spacers and cyanuric chlo-
ride. Recently, Waldmann and co-workers[25] demonstrated that
Staudinger ligation is a particularly efficient and versatile
method for the generation of carbohydrate chips. Carbohy-
drate arrays as reported by these groups have found their first
applications.[26–28]


The goal of our work for the generation of carbohydrate
chips is 1) to use the commercially available functionalized


glass slides employed in DNA-array fabrication,[29] 2) to use
readily available saccharides carrying a complementary func-
tional group at the reducing end, 3) to implement a robust
and efficient ligation method, and 4) to perform only simple
blocking of unreacted functional groups or, better, to employ
no blocking at all. In this way, the amount of nonspecific bind-
ing of analytes to the surface should be minimized and the re-
liability of the results should be maximized. In this paper we
report on a convenient carbohydrate-array generation method-
ology, based on the attachment of carbohydrate residues to
amino-group- or formyl-group-functionalized glass slides
through nondestructive reductive amination or amide-bond
formation, respectively. The success of this approach is moni-
tored by fluorescence measurements of labeled carbohydrates
and lectins.


Results and Discussion


Immobilization of sugar residues bearing a fluorescence
label


The immobilization of carbohydrates on commercially available
functionalized glass slides by reductive amination was investi-
gated. This type of reaction proceeds under mild conditions
and tolerates a variety of functionalities, particularly the pres-
ence of the sugar hydroxy groups. To this end, glucopyrano-
sides 1 a, b (Scheme 1) were prepared containing a triethylene
glycol spacer ending in a formylmethyl or an aminopropyl
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Supporting Information for this article is available on the WWW under
http ://www.chembiochem.org or from the author. It contains experimental
details for compounds 2, 3 a–c, 4 a, b, 5 a, b, 7 a–c, 10, 11, and 14, as well
as 1H and 13C NMR spectra of all new compounds.


Glycosides, having spacers functionalized with an aldehyde or a
carboxylic group, were immobilized through reductive amination
or amidation, respectively, onto amino-functionalized glass slides.
Hybridization experiments with lectins exhibited very little non-
specific protein binding, hence precluding the necessity for the


blocking of unreacted functional groups on the glass slide. The
covalency and the concentration dependency of the sugar liga-
tion to the glass slide were demonstrated ; the reversibility and
the selectivity of lectin–carbohydrate interactions were shown.
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moiety, respectively. All the compounds carried lissamine (sul-
forhodamine-B) as a fluorescence label at the 6-position. The
6-azido-6-deoxy-d-glucopyranosyl donor 2 (Scheme 1) was
readily obtained from known O-acetylated 6-azido-6-deoxy-d-
glucose.[30] The acceptors 3 a, b were prepared by monoalkyla-
tion of triethylene glycol with bromoacetaldehyde diethylace-
tal or 3-azido-1-propyl p-toluenesulfonate[31] and subsequent
standard transformations. Glycosylation of acceptors 3 a, b with
2 as the donor in dichloromethane in the presence of catalytic
amounts of Lewis acid afforded the b-glycosides in good
yields; subsequent O-deacetylation in methanol in the pres-
ence of potassium carbonate led to compounds 4 a, b. Hydro-
genolysis with palladium hydroxide on carbon liberated the 6-
amino group to which the fluorescence label was attached by
using sulforhodamine-B sulfonyl chloride in DMF as the solvent
and with triethylamine as the base, thus affording compounds
5 a, b. Treatment of 5 a in acetonitrile/water with trifluoroacetic
acid led to the desired aldehyde 1 a, and treatment of 5 b in
acetonitrile/water with lithium hydroxide furnished the desired
amine 1 b.


Immobilization of amine 1 b onto aldehyde-functionalized
glass slides was performed by reductive amination with
sodium cyanoborohydride as the reducing agent at pH 6.8.
After this ligation, excess reagent was removed by suction and
washing with aqueous 0.2 % sodium dodecylsulfate (SDS) and
water. The same immobilization procedure was applied to al-
dehyde 1 a with amino-functionalized glass slides. Measure-
ment of the resulting fluorescence intensities at different con-
centrations was performed with the aid of an array scanner
(Figure 1). The observed fluorescence intensities exhibited the
expected concentration dependency down to a concentration
of 10�8 mol L�1. At higher concentrations (10�5–10�4 mol L�1), a
plateau effect was almost reached. Slightly better results were
obtained for the ligation to amino-group-functionalized glass
slides; therefore, this ligation was preferred in the lectin stud-


Scheme 1. Synthesis of 1 a and 1 b : a) Lewis acid, CH2Cl2, 0 8C, 15 min;
b) K2CO3, MeOH, RT, 30–45 min, 4 a 60 % over two steps, 4 b 61 % over two
steps; c) Pd(OH)2/C, H2, CH2Cl2/MeOH/H2O, RT, 1.0–1.5 h; d) sulforhodamine-B
sulfonyl chloride, DMF, NEt3, RT, 4 h, 5 a 60 % over two steps, 5 b 50 % over
two steps; e) CF3COOH, H2O/CH3CN, 45 8C, 6 h, 44 %; f) LiOH, H2O/CH3CN, RT,
45 min; ion-exchange DOWEX H+ form, 52 %. DMF = N,N-dimethylform-
amide.


Figure 1. Immobilization of compounds 1 a and 1 b on glass slides by reductive amination. I : compound 1 a immobilized on an amino-functionalized glass
slide; II : compound 1 b immobilized on an aldehyde-functionalized glass slide. In both experiments the same concentrations are spotted in one row and con-
centrations of spotted carbohydrate compound decrease tenfold from top to bottom. The diagram shows the concentration dependency of measured fluo-
rescence intensity (f.i.). Left bars correspond to experiment I and right bars to experiment II ; mean values from four experiments are depicted and the
indicated error bars show the standard deviation.
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ies (see below). These experiments
with fluorescence-labeled carbohy-
drates clearly exhibit the covalent
linkage to the glass support. The
observed detection limit is in ac-
cordance with the results for the
covalent immobilization of fluores-
cent dyes as reported by Park and
Shin.[21]


Some control experiments with
compounds 5 b and 1 b (shown in
Figure 2) led to the expected re-
sults: N-Trifluoroacetyl-protected
compound 5 b showed only low
binding to the aldehyde surface
(Figure 2, lane A). This low binding
is presumably due to partial hydro-
lytic cleavage of the trifluoroacetyl
group, which is increased when
the reducing agent is present
(lane B). Addition of 1 b without re-
ducing agent led to imine forma-
tion and thus to covalent ligation
(lane C); however, due to equilibra-
tion and/or hydrolytic lability, bind-
ing occurred to a lesser extent
than that observed for reductive
amination (lane D).


Carbohydrate–lectin interactions


The well-investigated interaction
of the lectin concanavalin A
(ConA) with a-linked mannopyr-
anosides was selected for the
first studies on glass slides.[32]


The required compounds 8 a–c
were prepared similarly to 1 a, b
(Scheme 2). To this end, triethyl-
ene glycol was monoalkylated
with 3-azido-1-propyl p-toluene-
sulfonate,[31] 1-bromopent-4-ene,
and allyl bromide; compounds
3 b–d[33, 34] were obtained after
subsequent standard reactions.
Reaction of these acceptors with
tetra-O-acetylmannopyranosyl
trichloroacetimidate[35] as the
donor afforded the a-manno-
sides 7 a–c, which were trans-
formed by solvolysis and/or ozo-
nolysis into the target com-
pounds 8 a–c.


Immobilization of 8 a and 8 b
on amino-functionalized glass
slides by reductive amination
was followed by blocking of the


remaining functional groups with polyethylene glycol 2000 di-
aldehyde and reductive amination (Figure 3, lane A: 8 a ; lane B:
8 b). Incubation of these carbohydrate arrays with excess rhod-
amine-labeled ConA (1 mg mL�1) clearly showed that only alde-
hyde 8 b was bound to the glass surface. It was observed that
this procedure for carbohydrate-array fabrication leads to very
little nonspecific protein binding, even when the blocking pro-
cedure was omitted. Studies of 8 a and 8 b with and without
reducing agent (Figure 3, lanes C–F) and subsequent incuba-
tion with ConA showed that only 8 b in the presence of reduc-
ing agent leads to firm covalent binding to the glass surface
(lane F). Imine formation without reductive amination seems to
result in lower loading (as previously observed in the case of
the labeled d-glucose compounds, Figure 2); in experiments
omitting the reducing agent (lane E), a lower affinity of ConA
is observed than after reductive amination (lane F). The hybrid-
ization of immobilized 8 b with ConA shows that carbohy-
drates can be clearly detected down to concentrations of
10�4 mol L�1 in the ligation process. This is comparable to re-
sults obtained from experiments utilizing different immobiliza-
tion strategies.[20, 21] These findings are in accordance with typi-
cal association constants found for monovalent carbohydrate–
lectin interactions in aqueous solution, which are commonly
found to be in the millimolar range;[36] here values for methyl
a-d-mannopyranoside–ConA interactions of �8 � 10�4 mol L�1


are observed.[37]


As an alternative to the above-described immobilization pro-
cedure, a-connected mannopyranoside 8 c bearing a carboxy-
late group at the spacer end was linked in different concentra-
tions to an amino-functionalized glass slide with the help of


Figure 2. Control experiments
with compounds 5 b and 1 b
on an aldehyde-functionalized
glass slide. Lane A: compound
5 b spotted without reducing
agent; lane B: compound 5 b
spotted with reducing agent;
lane C: compound 1 b spotted
without reducing agent;
lane D: compound 1 b spot-
ted with reducing agent. The
same concentrations are spot-
ted in one row and concen-
trations of spotted carbohy-
drate compound decrease
tenfold from top to bottom.


Scheme 2. Synthesis of mannose derivatives 8 a–c : a) Lewis acid, CH2Cl2, �10 8C, 15 min, 7 a 61 %, 7 b 79 %, 7 c
52 %; b) 1. LiOH, H2O/dioxane, RT, 45 min, 2. ion-exchange DOWEX H+ form, 86 %; c) Na in MeOH, RT, 90 min,
quantitative; d) 1. O3, MeOH, �78 8C; 2. P(OMe)3, MeOH, RT, 40 %; e) LiOH, H2O/dioxane, RT, 45 min, 97 %.
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(benzotriazol-1-yloxy)-tripyrrolidinophosphonium hexafluoro-
phosphate (PyBOP) as a mild condensing agent (Figure 4).
Monitoring the result with rhodamine-labeled ConA showed
that covalent ligation of the sugar residue to the glass surface
occurred only after amide coupling (lanes A and D). Investiga-
tions concerning the time dependency of the coupling reac-
tion were performed (data not shown). After two hours signifi-
cant fluorescence intensities were found, after five hours signal
intensities of more than 50 % of the maximum intensity
(reached after 12 h) were detected. Therefore, chemoselective
amide-bond formation, as introduced by Waldmann and co-
workers,[25] is of great value.


Reversibility and selectivity


The reversibility of lectin binding to the immobilized carbohy-
drate residue was investigated with methyl a-d-mannopyrano-


side as a competitor (Figure 5). After 10 h of treatment almost
all ConA was removed, and further elution leads to no signifi-
cant reduction of the fluorescence intensities measured. This
slow release of ConA could be due to multivalent interactions
on the glass slide, as previously proposed,[21] or to adsorption
of the lectin on to the surface once it is bound to the sugar
residue. Rehybridization under the same conditions as previ-
ously employed is possible (Figure 5, VII). However, the mea-
sured fluorescence intensity does not reach the same value as
that observed with a freshly prepared slide.


Additional evidence for the reversible and specific binding
of the lectin to the immobilized sugar moiety can be inferred
from comparison of the results of noncompetitive washing ex-
periments with those of competitive elution (Figure 6). To this
end, the time dependency of the measured fluorescence inten-
sities of glass slides prepared in the same manner was moni-
tored during washing and elution processes. As these results
clearly show, the residual fluorescence intensity decreases
faster when methyl a-mannopyranoside is available as a com-
petitor in the washing solution. These investigations show the
reversibility of the binding event on glass slides for the first
time.


To study the selectivity of the molecular recognition of lec-
tins, the N-acetyl glucosamine derivative 12 and the lactose
derivative 15 were synthesized (Scheme 3). These compounds
were prepared by glycosylation of the fully O-acetylated tri-
chloroacetimidates 9[38] and 13[39, 40] to the pentenyl-bearing ac-
ceptor 3 c. Subsequently, these b-glycosides were transformed
into the desired aldehydes 12 and 15 by hydrolysis of the pro-
tecting groups and ozonolysis followed by reductive workup,
which in the case of the glucosamine derivative is preceded by
the conversion of the trichloroethoxycarbamate 10 into the N-
acetyl glucosamine derivative 11 (Scheme 3).


The selectivity of lectin binding was investigated with com-
pounds 8 b, 12, and 15, which should be recognized by ConA,
wheat germ agglutinin (WGA), or peanut agglutinin (PNA), re-
spectively.[32] Three carbohydrate arrays, with the control on
lane A and compounds 8 b, 12, and 15 immobilized on lanes
B–D in different concentrations, were incubated with these lec-
tins (Figure 7). As expected, the known specific recognition of
8 b, 12, and 15 by the lectins was observed, thus showing that
this method has promise for extending the research towards
complex saccharide structures.


Conclusion


In conclusion, this convenient covalent ligation of carbohy-
drates on to functionalized glass slides led to stable arrays that
can be used for the detection of specific carbohydrate–protein
recognition events. The advantage of this ligation process lies
in its simplicity: 1) commercially available glass slides can be
used, 2) standard reagents (PyBOP or NaCNBH3) are employed
to couple simple functional groups, and 3) a variety of other
functionalities are tolerated. The reported procedure showed
little or no nonspecific protein binding to amino-functionalized
glass slides, even when the blocking process was omitted, thus
making these additional steps unnecessary. The observed sen-


Figure 3. Carbohydrate arrays obtained by reductive amination on amino-
functionalized glass slides. Lane A: compound 8 a spotted with reducing
agent; lane B: compound 8 b spotted with reducing agent; lane C: com-
pound 8 a spotted without reducing agent; lane D: compound 8 a spotted
with reducing agent; lane E: compound 8 b spotted without reducing
agent; lane F: compound 8 b spotted with reducing agent. The same con-
centrations are spotted in one row and concentrations of spotted carbohy-
drate compound decrease tenfold from top to bottom. Hybridization was
performed with rhodamine-labeled ConA (1 mg mL�1).


Figure 4. A carbohydrate array obtained by amide-bond formation on an
amino-functionalized glass slide. Lanes A & D: compound 8 c spotted with
condensing agent, lanes B & C: compound 8 c spotted without condensing
agent. The same concentrations are spotted in one row and concentrations
of spotted carbohydrate compound decrease tenfold from top to bottom.
Hybridization was performed with rhodamine-labeled ConA (1 mg mL�1).
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sitivity of the ConA interaction with immobilized a-
mannopyranosides is in accordance with values
found for interactions with monosaccharides in aque-
ous solution, as well as with results reported for dif-
ferent immobilization methods.


In addition, evidence for the reversibility of the car-
bohydrate–lectin binding event on the glass slide
could be elaborated. Investigations of this kind are of
interest because the fabrication of carbohydrate mi-
croarrays will involve the use of precious oligosac-
charides, therefore the reuse of these arrays is desir-
able. The transfer of the selective binding of different
lectins to their immobilized carbohydrate ligands was
principally achieved. For possible applications, minia-
turization and automation studies for the preparation
of arrays that bear a variety of complex saccharides
are under way. Further sensitivity improvements are
a major task as well.


Experimental Section


General methods : Solvents were purified by distillation
and dried by normal procedures. Boiling range of the pe-
troleum ether: 35–70 8C. Organic HPLC solvents were
purchased from Roth. Thin-layer chromatography (TLC)


Figure 5. Reversibility of carbohydrate–lectin interactions. Compound 8 b immobilized on an amino-functionalized glass slide; the same concentrations are
spotted in one row and concentrations of spotted carbohydrate compound decrease tenfold from top to bottom. Results after hybridization with rhodamine-
labeled ConA (1 mg mL�1; I), after elution with methyl a-d-mannopyranoside (200 mmol L�1 in phosphate-buffered saline (PBS) buffer) for 1 h (II), for 2 h (III),
for 5 h (IV), for 10 h (V), or for 24 h (VI), and after rehybridization with rhodamine-labeled ConA (1 mg mL�1; VII). Bars from left to right correspond to spotted
concentrations of compound 8 b of 10�2, 10�3, and 10�4 mol L�1 and to the background intensity ; mean values from four experiments are depicted.


Figure 6. Washing versus elution. Compound 8 b (10�2 mol L�1) immobilized on amino-
functionalized glass slides. Results after hybridization with rhodamine-labeled ConA
(1 mg mL�1; I) and after treatment for 1 h (II), for 2 h (III), for 5 h (IV), for 10 h (V), for 20 h
(VI), or for 40 h (VII). Left bars correspond to washing with PBS buffer and right bars to
elution with methyl a-d-mannopyranoside (200 mmol L�1 in PBS buffer). Mean values
from four experiments are depicted. Measured fluorescence intensities are normalized
with regard to intensity after hybridization separately for washing or elution
experiments.
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was performed on Merck silica gel 60 F254 plates (0.2 mm) and
Merck RP-18 F254 plates (0.2 mm). The plates were visualized by im-
mersion in the appropriate stain (10 % H2SO4 (200 mL),
(NH4)6Mo7O24·4 H2O (10 g), Ce(SO4)2) (200 mg), ninhydrin solution
(1 % in EtOH), H2SO4 (10 % in water), or KMnO4 solution (1 % in


water, 1 % NaHCO3)) followed by
heating. Preparative flash chroma-
tography was carried out on Ma-
cherey–Nagel silica gel 60 (43–
60 mm) at a pressure of 0.02–
0.04 MPa. Preparative HPLC was
performed with a system consist-
ing of a low-pressure gradient
mixer, a Shimadzu LC-8A pump,
Knauer columns (RP-18 Eurosphere
5 mm; 16 � 250 mm), and a Dyna-
max UV1 detector (monitoring at
l= 554 nm) or a Shimadzu RID-10
detector. All separations were per-
formed with a continous flow rate
of 10 mL min�1 by using the fol-
lowing conditions: System I: sol-
vent A: 10 % acetonitrile/0.2 % tri-
fluoroacetic acid in water, sol-
vent B: 60 % acetonitrile/0.2 % tri-
fluoroacetic acid in water, linear
gradient 0 % B!95 % B over
25 min; System II : solvent A: 15 %
acetonitrile in water, solvent B:
85 % acetonitrile in water, linear
gradient 0 % B!95 % B over
35 min; system III : solvent: aceto-
nitrile in water, isocratic. 1H NMR
and 13C NMR spectra were record-
ed on Bruker AC 250, Jeol LA 400,
or Bruker DRX 600 instruments.
Proton chemical shifts are reported
in ppm relative to the signal from
residual solvent protons or to
Me4Si as an internal standard. As-
signments of proton and carbon


signals were carried out with the aid of COSY, HMQC, and ROESY
experiments. Measurements of optical rotations were performed
on a Perkin–Elmer 241 MC polarimeter (1 dm cell). MALDI mass
spectra were obtained on a Kratos Analytical Kompact Maldi II in-
strument with 2,5-dihydroxybenzoic acid (DHB) or a-cyano-4-hy-
droxy-cinnamic acid (CHCA) as the matrix (positive mode). Elemen-
tal analyses were performed by the microanalytical facilities at the
Universit�t Konstanz. Fluorescence measurements were performed
with a GenePix series 4000 array scanner from Axon Instruments.


General procedure I (GP I): Preparation of 6-azido-6-deoxy-d-glu-
cose derivatives bearing linker moieties :


1) Under a nitrogen atmosphere, the glycosyl donor 2 and the tri-
ethylene glycol derivative 3 (1.1 equiv) were dissolved in dry di-
chloromethane (0.75 mL per mmol of 2) and cooled to 0 8C, then
Lewis acid (see individual experimental details) was added. The re-
action mixture was stirred at 0 8C for 15 min and subsequently al-
lowed to come to room temperature. After neutralization with tri-
ethylamine, the reaction mixture was diluted with ethyl acetate
(15 mL) and water (15 mL) was added. After separation of the
phases, the aqueous phase was extracted with ethyl acetate (2 �
20 mL) and the combined organic phases were dried over sodium
sulfate and concentrated under reduced pressure. The residue was
purified by flash column chromatography (silica gel, toluene/ace-
tone) to afford the acetylated precursors with yields of 60–70 %.


2) The substance from step (1) was dissolved in methanol (2 mL)
and potassium carbonate (1 equiv) was added. The reaction mix-


Scheme 3. Synthesis of b-glycosides 12 and 15 : a) 3 c, Lewis acid, CH2Cl2, �10 8C, 15 min, 10 85 %, 14 70 %; b) Zn,
HOAc, ultrasonic agitation, RT, 30–45 min, 86 %; c) Na in MeOH, RT, 90 min, quantitative; d) 1. O3, MeOH, �78 8C;
2. P(OMe)3, MeOH, RT, 12 16 %, 15 36 %.


Figure 7. Selectivity of carbohydrate–lectin interactions. Lane A: control ;
lane B: compound 15 immobilized; lane C: compound 12 immobilized; and
lane D: compound 8 b immobilized (amino-functionalized glass slide used).
Hybridization was performed with rhodamine-labeled PNA (I), with rhod-
amine-labeled WGA (II), or with rhodamine-labeled ConA (III).
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ture was stirred for 30–45 min, the potassium carbonate was re-
moved by filtration, and the solvent was removed under reduced
pressure. The partially deprotected azido compounds were ob-
tained with yields greater than 90 % and were sufficiently pure for
the following reaction. Analytical samples were purified by flash
column chromatography (silica gel, toluene/acetone).


General procedure II (GP II): Preparation of lissamine-labeled
glucose derivatives from azido precursors :


1) A mixture of the azido precursor 4 a or 4 b (25 mg, �50 mmol)
and Pearlman’s catalyst[41] (�5 mg) in dichloromethane/methanol/
water (20:20:1, 2.5 mL) was degassed and saturated with hydrogen
several times; it was subsequently vigorously stirred under a hy-
drogen atmosphere for 60–90 min. The catalyst was removed by
filtration and the solvent was evaporated under diminished pres-
sure at room temperature. The compounds bearing a free amino
group were obtained in quantitative yields and immediately used
in the next step.


2) The substance from step (1) was dissolved in dry DMF (5 mL)
and sulforhodamine-B sulfonyl chloride (32 mg, 55 mmol, 1.1 equiv)
and dry triethylamine (5 mL, �60 mmol, 1.2 equiv) were added.
After 4 h, the reaction mixture was concentrated, and the residue
was purified by RP-18 flash chromatography followed by RP-18
HPLC to afford the labeled compounds in yields of 50–60 %.


General procedure III (GP III): Preparation of fully O-acetylated
carbohydrate derivatives bearing linker moieties : The glycosyl
donor and the triethylene glycol derivative were dissolved in dry
dichloromethane (0.75 mL per mmol of donor) under a nitrogen at-
mosphere and cooled to �10 8C, then Lewis acid (see individual ex-
perimental details) was added. The reaction mixture was stirred at
�10 8C for 30 min and subsequently allowed to come to room
temperature. After neutralization with triethylamine, the reaction
mixture was concentrated under reduced pressure. The residue
was purified by flash column chromatography to afford the acety-
lated products in yields of 60–85 %.


10-Formyl-3,6,9-trioxadecyl 6-deoxy-6-(sulforhodamine-B-sulfon-
amido)-b-d-glucopyranoside (1 a): Compound 5 a (10 mg,
10.3 mmol) was dissolved in water/acetonitrile (2:1, 2 mL) and tri-
fluoroacetic acid (100 mL) was added. The reaction mixture was stir-
red at 45 8C for 6 h, then concentrated under reduced pressure.
The residue was purified by RP-18 flash chromatography (water/
acetonitrile 2:1) and subsequent RP-18 HPLC (system I; tR =
20.1 min). Title compound 1 a was obtained as a bright red lyophi-
lisate (4 mg, 4.5 mmol, 44 %): TLC: Rf = 0.51 (RP-18 silica gel, water/
acetonitrile 1:1) ; 1H NMR (600 MHz, [D6]-dimethylsulfoxide
([D6]DMSO), 20 8C): d= 1.19 (t, 3J = 6.6 Hz, 12 H; 4 � NCH2CH3), 2.80–
2.83 (m, 1 H; H-6a), 2.87 (dd, 3J3,4 = 8.8, 3J4,5 = 9.1 Hz, 1 H; H-4), 2.93
(dd, 3J1,2 = 7.7, 3J2,3 = 8.3 Hz, 1 H; H-2), 3.02–3.08 (m, 3J4,5 = 9.1 Hz,
1 H; H-5), 3.07 (dd, 3J2,3 = 8.3, 3J3,4 = 8.8 Hz, 1 H; H-3), 3.20–3.88 (m,
20 H; H-1’a, 2 � H-2’, 2 � H-4’, 2 � H-5’, 2 � H-7’, 2 � H-8’, 4 � NCH2CH3,
H-6b), 3.98–4.01 (m, 1 H; H-1’b), 4.04 (d, 3J1,2 = 7.7 Hz, 1 H; H-1), 4.17
(s, 2 H; 2 H-10’), 6.90–7.10 (m, 6 H; Har), 7.46 (d, 3J = 7.9 Hz, 1 H; Har),
7.94 (dd, 3J = 7.9, 3J = 1.4 Hz, 1 H; Har), 8.07 (br s, 1 H; CH2NHSO2),
8.43 (d, 3J = 1.4 Hz, 1 H; Har), 9.54 ppm (s, 1 H; CHO); 13C NMR
(150.8 MHz, [D6]DMSO): d= 12.49 (4 C, 4 � NCH2CH3), 44.45 (1 C, C-6),
45.28 (4 C, 4 � NCH2CH3), 67.8–70.2 (6 C, C-1’, C-2’, C-4’, C-5’, C-7’, C-
8’), 71.42 (1 C, C-4), 73.29 (1 C, C-2), 74.52 (1 C, C-5), 76.07 (1 C, C-
10’), 76.36 (1 C, C-3), 95.39 (2 C, Car), 102.90 (1 C, C-1), 113.48 (2 C,
Car), 113.74 (Car,q), 125.73 (1 C, Car), 126.58 (1 C, Car), 130.63 (1 C, Car),
132.72 (2 C, Car), 133.00 (Car,q), 142.05 (Car,q), 147.98 (Car,q), 155.05
(Car,q), 157.13 (Car,q), 157.52 (Car,q), 201.56 ppm (1 C, CHO);
C41H55N3O15S2 (894.0): MALDI MS (pos. mode, CHCA): [M+H]+ calcd:


894.3; found: 894.0; [M+Na]+ calcd: 916.9; found: 916.6; [M+K]+


calcd: 932.4; found: 931.8.


12-Amino-3,6,9-trioxadodecyl 6-deoxy-6-(sulforhodamine-B-sul-
fonamido)-b-d-glucopyranoside (1 b): Compound 5 b (15 mg,
14.9 mmol) was dissolved in water/acetonitrile (2:1, 2 mL), and lithi-
um hydroxide solution (1 mol L�1, 100 mL) was added. The reaction
mixture was stirred at room temperature for 45 min. The reaction
mixture was neutralized with ion-exchange resin (DOWEX 50 H+


form) and concentrated, then the residue was purified by RP-18
flash chromatography (water/acetonitrile 2:1) and subsequent RP-
18 HPLC (system I; tR = 19.6 min). Title compound 1 b was obtained
as a bright red lyophilisate (7 mg, 7.7 mmol, 52 %): TLC: Rf = 0.50
(RP-18 silica gel, water/acetonitrile 1:1) ; 1H NMR (600 MHz,
[D6]DMSO, 20 8C): d= 1.19 (t, 3J = 6.6 Hz, 12 H; 4 � NCH2CH3), 1.76 (q,
3J = 6.4 Hz, 2 H; 2 H-11’), 2.80–2.86 (m, 3 H; H-6a, 2 H-12’), 2.88 (dd,
3J3,4 = 9.1, 3J4,5 = 9.2 Hz, 1 H; H-4), 2.94 (dd, 3J1,2 = 7.8, 3J2,3 = 8.2 Hz,
1 H; H-2), 3.02–3.05 (m, 3J4,5 = 9.2 Hz, 1 H; H-5), 3.07 (dd, 3J2,3 = 8.2,
3J3,4 = 9.1 Hz, 1 H; H-3), 3.35–3.70 (m, 22 H; H-1’a, 2 H-2’, 2 H-4’, 2 H-
5’, 2 H-7’, 2 H-8’, 2 H-10’, 4 � NCH2CH3, H-6b), 3.97–4.01 (m, 1 H; H-
1’b), 4.06 (d, 3J1,2 = 7.8 Hz, 1 H; H-1), 6.90–7.08 (m, 6 H; Har), 7.47 (d,
3J = 7.9 Hz, 1 H; Har), 7.65 (br s, 2 H; NH2), 7.94 (d, 3J = 7.9 Hz, 1 H;
Har), 8.07 (br s, 1 H; CH2NHSO2), 8.43 ppm (s, 1 H; Har) ; 13C NMR
(150.8 MHz, [D6]DMSO): d= 12.52 (4 C, 4 NCH2CH3), 27.10 (1 C, C-11’),
37.10 (1 C, C-12’), 44.48 (1 C, C-6), 45.34 (4 C, 4 NCH2CH3), 66.53 (1 C,
C-10’), 67.9–69.80 (6 C, C-1’, C-2’, C-4’, C-5’, C-7’, C-8’), 71.48 (1 C, C-
4), 73.34 (1 C, C-2), 74.56 (1 C, C-5), 76.43 (1 C, C-3), 95.45 (2 C, Car),
102.87 (1 C, C-1), 113.50 (2 C, Car), 113.77 (Car,q), 125.76 (1 C, Car),
126.73 (1 C, Car), 130.72 (1 C, Car), 132.69 (2 C, Car), 133.10 (Car,q),
142.08 (Car,q), 147.92 (Car,q), 155.09 (Car,q), 157.18 (Car,q), 157.41 ppm
(Car,q) ; C42H60N4O14S2 (909.1); MALDI MS (pos. mode, CHCA): [M+H]+


calcd: 909.4; found: 909.1; [M+Na]+ calcd: 931.4; found: 931.0;
[M+K]+ calcd: 947.5; found: 946.9.


12-Amino-3,6,9-trioxadodecyl a-d-mannopyranoside (8 a): Com-
pound 7 a (280 mg, 440 mmol) was dissolved in water/dioxane (1:1,
5 mL), and lithium hydroxide solution (saturated, 100 mL) was
added. The reaction mixture was stirred at room temperature for
45 min. The reaction mixture was acidified with diluted hydrochlo-
ric acid and concentrated, then the residue was purified by ion-ex-
change chromatography (DOWEX 50 H+ form, elution with aceto-
nitrile/0.5 % aqueous ammonia (1:1 v/v)). Upon lyophilization, the
free amine 8 a (140 mg, 380 mmol, 86 %) was obtained as a color-
less oil : TLC: Rf = 0.05 (dichloromethane/methanol 5:1) ; [a]20


D =
+ 30.8 (c = 1.0, methanol) ; 1H NMR (600 MHz, [D6]DMSO): d= 1.79
(q, 3J10’,11’� 3J11’,12’= 7.4 Hz, 2 H; 2 H-11’), 2.80 (t, 3J11’,12’= 7.4 Hz, 2 H;
2 H-12’), 3.24–3.69 (m, 20 H; H-2, H-3, H-4, H-5, H-6a, H-6b, 2 H-1’,
2 H-2’, 2 H-4’, 2 H-5’, 2 H-7’, 2 H-8’, 2 H-10’), 4.61 (d, 3J1,2 = 1.4 Hz, 1 H;
H-1), 7.52 ppm (br s, 2 H; NH2) ; 13C NMR (150.8 MHz, [D6]DMSO): d=
26.15, 36.54, 61.35, 65.38, 66.77, 67.08, 69.12, 69.38 (2 C), 70.00
(2 C), 70.08, 70.77, 73.92, 100.02 ppm; C15H31NO9 (369.4); MALDI MS
(pos. mode, DHB): [M+H]+ calcd: 370.4; found: 370.5; [M+Na]+


calcd: 392.4; found: 392.5; [M+K]+ calcd: 408.5; found: 408.4.


12-Formyl-3,6,9-trioxadodecyl a-d-mannopyranoside (8 b): Com-
pound 7 b (390 mg, 690 mmol) was dissolved in methanol (10 mL),
and potassium carbonate (380 mg, 2.8 mmol, 4.0 equiv) was
added. The reaction mixture was stirred at room temperature for
90 min. The reaction mixture was filtered and concentrated to
obtain the deprotected compound, which was not further purified.
A small portion of this crude product (40 mg, 105 mmol) was dis-
solved in methanol (4 mL) and cooled to �78 8C, then ozone was
bubbled through the reaction mixture for 15 min. Excess ozone
was removed by passing an oxygen stream through the reaction
mixture and subsequently trimethylphosphite (20 mL, 165 mmol,
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1.5 equiv) was added, and the reaction mixture was allowed to
come to room temperature. After removal of the solvent under di-
minished pressure and purification of the residue by RP-18 HPLC
(system III ; 16 % H3CCN, tR =6.2 min), the free aldehyde 8 b (11 mg,
29 mmol, 28 %) was obtained as a colorless oil : TLC: Rf = 0.05 (di-
chloromethane/methanol 5:1) ; [a]30


D =++ 34.1 (c = 0.6, DMSO);
1H NMR (600 MHz, [D6]DMSO): d= 1.74 (tt, 3J10’,11’= 6.6, 3J11’,12’=
7.2 Hz, 2 H; 2 H-11’), 2.44 (dt, 3J11’,12’= 7.2, 3J12’,13’= 1.5 Hz, 2 H; 2 H-
12’), 3.38 (t, 3J10’,11’= 6.6 Hz, 2 H; 2 H-10’), 3.50–3.70 (m, 18 H; H-2, H-
3, H-4, H-5, H-6a, H-6b, 2 H-1’, 2 H-2’, 2 H-4’, 2 H-5’, 2 H-7’, 2 H-8’),
4.44 (t, 3JOH,6a� 3JOH,6b = 6.0 Hz, 1 H; 6-OH), 4.58 (d, 3JOH,CH = 5.7 Hz,
1 H; OH), 4.61 (d, 3J1,2 = 1.3 Hz, 1 H; H-1), 4.69–4.75 (m, 2 H; 2 OH),
9.65 ppm (t, 3J12’,13’= 1.5 Hz, 1 H; H-13’) ; 13C NMR (150.8 MHz,
[D6]DMSO): d= 21.88, 39.85, 61.05, 65.50, 66.73, 69.25, 69.30, 69.57,
69.60, 69.61, 70.08, 70.72, 73.75, 99.74, 203.06 ppm; C16H30O10


(382.4); MALDI MS (pos. mode, DHB): [M+Na]+ calcd: 405.4; found:
405.6; [M+K]+ calcd: 421.5; found: 421.6.


10-Carboxyl-3,6,9-trioxadecyl a-d-mannopyranoside (8 c): Com-
pound 7 c (850 mg, 1.54 mmol) was dissolved in water/dioxane
(3:1, 30 mL), and lithium hydroxide solution (1 mol L�1, 100 mL) was
added. The reaction mixture was stirred at room temperature for
90 min. The reaction mixture was neutralized with ion-exchange
resin (DOWEX H+ form), filtered, and concentrated. Upon lyophili-
zation, the free acid 8 c (550 mg, 1.49 mmol, 97 %) was obtained as
an amorphous solid: TLC: Rf = 0.07 (trichloromethane/methanol
2:1) ; [a]20


D =++ 39.4 (c = 1.0, methanol) ; 1H NMR (250 MHz,
[D4]methanol): d= 3.55–3.89 (m, 18 H; H-2, H-3, H-4, H-5, H-6a, H-
6b, 2 H-1’, 2 H-2’, 2 H-4’, 2 H-5’, 2 H-7’, 2 H-8’), 4.11 (s, 2 H; 2 H-10’),
4.80 ppm (d, 3J1,2 = 1.7 Hz, 1 H; H-1) ; 13C NMR (62.8 MHz, [D4]metha-
nol): d= 63.38, 68.22, 69.06, 69.87, 71.82, 71.95, 72.01 (2 C), 72.10,
72.54, 73.00, 75.04, 102.18, 175.11 ppm; C14H26O11 (370.3); MALDI
MS (pos. mode, DHB): [M+Li]+ calcd: 377.2; found: 377.1; [M+Na]+


calcd: 393.4; found: 393.0; [M+K]+ calcd: 409.5; found: 409.0.


12-Formyl-3,6,9-trioxadodecyl 2-deoxy-2-acetylamino-b-d-gluco-
pyranoside (12): Compound 12 was prepared from the fully O-
acetylated precursor 11 as described for compound 8 b. After re-
moval of the solvent under diminished pressure and purification of
the residue by RP-18 HPLC (system III ; 12 % H3CCN, tR =9.9 min), the
free aldehyde 12 (12 mg, 28 mmol, 16 %) was obtained as a color-
less oil : TLC: Rf = 0.58 (dichloromethane/methanol 2:1) ; [a]20


D =
�22.1 (c = 0.4, DMSO); 1H NMR (600 MHz, [D6]DMSO): d= 1.74 (tt,
3J10’,11’= 6.6, 3J11’,12’= 7.2 Hz, 2 H; H-11’), 1.78 (s, 3 H; NAc), 2.44 (dt,
3J11’,12’= 7.2, 3J12’,13’= 1.5 Hz, 2 H; H-12’), 3.02–3.10 (m, 2 H; H-4, H-5),
3.24–3.55 (m, 16 H; H-2, H-3, H-6a, H-1’a, 2 H-2’, 2 H-4’, 2 H-5’, 2 H-7’,
2 H-8’, 2 H-10’), 3.64–3.68 (m, 1 H; H-6b), 3.76–3.81 (1 m, 1 H; H-1’b),
4.31 (d, 3J1,2 = 8.3 Hz, 1 H; H-1), 4.51 (br s, 1 H; 6-OH), 4.91 (br s, 1 H;
OH), 4.99 (br s, 1 H; OH), 7.63 (d, 3JNH,2 = 8.0 Hz, 1 H; NH), 9.64 ppm
(t, 3J12’,13’= 1.5 Hz, 1 H; H-13’) ; 13C NMR (150.8 MHz, [D6]DMSO): d=
22.05, 23.03, 39.92, 55.35, 61.04, 67.76, 68.74, 69.42, 69.53, 69.71,
69.80, 69.83, 70.62, 74.33, 77.02, 101.00, 169.08, 203.17 ppm;
C18H33NO10 (423.5) ; MALDI MS (pos. mode, DHB): [M+Na]+ calcd:
446.5; found: 446.5; [M+K]+ calcd: 462.6; found: 462.5.


12-Formyl-3,6,9-trioxadodecyl b-d-galactopyranosyl-(1!4)-b-d-
glucopyranoside (15): Compound 15 was prepared from the fully
O-acetylated precursor 14 as described for compound 8 b. After re-
moval of the solvent under diminished pressure and purification of
the residue by RP-18 HPLC (system III ; 15 % H3CCN, tR =6.3 min), the
free aldehyde 15 (11 mg, 20 mmol, 36 %) was obtained as a color-
less oil : TLC: Rf = 0.20 (dichloromethane/methanol 3:1) ; [a]20


D =
�13.6 (c = 0.4, DMSO); 1H NMR (400 MHz, [D6]DMSO): d= 1.74 (tt,
3J10’’,11’’= 6.6, 3J11’’,12’’= 7.2 Hz, 2 H; 2 H-11’’), 2.45 (dt, 3J11’’,12’’= 7.4,
3J12’’,13’’= 1.5 Hz, 2 H; 2 H-12’’), 3.00 (dd, 3J1’,2’� 3J2’,3’= 7.1 Hz, 1 H; H-


2’), 3.25–3.85 (m, 25 H; H-2, H-3, H-4, H-5, H-6a, H-6b, H-3’, H-4’, H-
5’, H-6’a, H-6’b, 2 H-1’’, 2 H-2’’, 2 H-4’’, 2 H-5’’, 2 H-7’’, 2 H-8’’, 2 H-10’’),
4.21 (2 � d, 2 H; 3J1,2 = 7.8, 3J1’,2’= 7.2 Hz, H-1, H-1’), 4.58 (br s, 1 H;
OH), 4.67 (br s, 1 H; OH), 5.10 (br s, 1 H; OH), 9.65 ppm (t, 3J12’’,13’’=
1.5 Hz, 1 H; H-13’’) ; 13C NMR (100.5 MHz, [D6]DMSO): d= 21.67,
39.66, 60.00, 60.01, 67.63, 67.74, 69.06, 69.28, 69.34, 69.41, 70.13,
72.68, 72.72, 72.84, 74.44, 74.60, 75.14, 80.35, 80.60, 102.28, 103.47,
202.92 ppm; C22H40O15 (544.2); MALDI MS (pos. mode, DHB):
[M+Na]+ calcd: 567.2; found: 567.8; [M+K]+ calcd: 583.3; found:
583.9.


Protocol for the immobilization of carbohydrates onto glass sur-
faces by reductive amination : From stock solutions of carbohy-
drate compound (aldehyde- or amino-derivatized), dilution series
were prepared in b-morpholinoethanesulfonic acid (MES) buffer
(0.1 mol L�1, pH 6.8) containing the carbohydrate in a 1.25-fold
excess of the desired concentration. Immediately before usage
sodium cyanoborohydride solution (100 mg in 50 mL of water) was
added (1:4 v/v) to the dilution series.[42]


Glass slides bearing amino- or aldehyde-derivatized glass surfaces
(commercially available from Genetix) were rinsed with acetone
and patted dry with tissues. Press-to-Seal silicon isolators
(Schleicher & Schuell, no. 10485006) were affixed to the cleaned
glass slide and pressure was applied to ensure the removal of air
between glass slide and isolator. The prepared solutions were spot-
ted onto the slide (4 mL per well), which was then sealed with a mi-
croscope slide and placed in a humidity chamber at room temper-
ature. After 12–16 h, the slide was taken from the humidity cham-
ber, the microscope slide was removed, and the spotting solutions
were removed from the wells by suction. Subsequently, the wells
were rinsed with SDS solution (0.2 % in water, 2 � 5 mL). The silicon
isolator was removed, and the whole slide was subjected to ultra-
sonic agitation in SDS solution (0.2 % in water) for ten minutes,
rinsed with distilled water, and dried with tissues.


Protocol for the immobilization of carbohydrates onto glass sur-
faces by amide-bond formation : From stock solutions, three dilu-
tion series were prepared in DMF: A contained the carbohydrate
compound (carboxylate-derivatized) in a 3-fold excess of the de-
sired concentration, B contained PyBOP (in a 3.3-fold excess), and
C contained H�nig’s Base (in 9-fold excess), respectively. Immedi-
ately before usage solutions A–C were mixed for each desired con-
centration (1:1:1 v/v).[42]


Glass slides bearing amino-derivatized glass surfaces (commercially
available from Genetix) were rinsed with acetone and patted dry
with tissues. Press-to-Seal silicon isolators (Schleicher & Schuell,
no. 10485006) were affixed to the cleaned glass slide and pressure
was applied to ensure the removal of air between glass slide and
isolator. The prepared solutions were spotted onto the slide (4 mL
per well), which was then sealed with a microscope slide and
placed in a sealed environment at room temperature. After 12 h,
the microscope slide was removed and the spotting solutions were
removed from the wells by suction. Subsequently the wells were
rinsed with SDS solution (0.2 % in water, 2 � 5 mL). The silicon isola-
tor was removed, and the whole slide was subjected to ultrasonic
agitation in SDS solution (0.2 % in water) for 10 min, rinsed with
distilled water, and dried with tissues.


Protocol for hybridization experiments with fluorescence-la-
beled lectins : For hybridization experiments, rhodamine-labeled
lectins were purchased from Vector Laboratories. The hybridization
solutions were prepared by diluting the stock solutions to a con-
centration of 1 mg mL�1 with PBS buffer (pH 7.5; 1 mmol L�1 CaCl2,
1 mmol L�1 MnCl2, 0.1 % Tween 20). Prepared glass slides were fully
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submerged in the lectin solution and gently shaken for 1 h. After
hybridization, the slide was washed in PBS buffer containing no
lectin with gentle shaking for 10–30 min, rinsed with distilled
water, and patted dry with tissues.
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Biosynthetic Precursors of Fungal Pyrrolizidines,
the Loline Alkaloids
Jimmy D. Blankenship,[a] Justin B. Houseknecht,[b] Sitaram Pal,[b] Lowell P. Bush,[c]


Robert B. Grossman,[b] and Christopher L. Schardl*[a]


Introduction


Many temperate grass species maintain systemic, heritable
symbioses with Epichlo� and Neotyphodium species (fungal en-
dophytes) that produce loline alkaloids (Scheme 1). The lolines


have broad insecticidal activity, can accumulate to levels of up
to 2 % plant dry mass, and provide host plants with biological
protection from insects.[1–2] These alkaloids have an unusual
structure, with three heterocyclic rings in a strained arrange-
ment.[3] The biosynthetic pathway of loline alkaloids has not
been previously investigated.


The loline group of pyrrolizidines comprises saturated 1-ami-
nopyrrolizidines with various substituents on the 1-amino
group (Scheme 1) and an oxygen bridge between C2 and C7.
In contrast, most plant pyrrolizidines (necines) have an addi-
tional carbon atom at C1 and contain neither the ether bridge
between C2 and C7 nor the 1-amino group characteristic of lo-


lines.[4] Although the lolines exhibit none of the antimammali-
an activity associated with necines,[5–7] they show potent activi-
ty against a wide array of insect herbivores.[1–2, 8–9]


The structural similarity of the loline pyrrolizidine ring
system to the necine base of the plant-produced pyrrolizidines
has led to the suggestion that lolines and necines might share
similar biosynthetic routes.[9] Necines are biosynthetically de-
rived from polyamines, specifically putrescine (Put) and spermi-
dine (Spd). Studies utilizing 13C- and 14C-labeled precur-
sors,[10–13] and characterization of homospermidine syn-
thase,[14–15] indicate that Put and Spd are precursors of homo-
spermidine, which is the first committed intermediate in
necine biosynthesis. Bush et al. have proposed Spd as the
direct precursor to the loline alkaloid ring system.[9] Prior to
this work, this hypothesis had not been tested.


Neotyphodium uncinatum, an endophyte of the grass Lolium
pratense (= Festuca pratensis, meadow fescue), produces lolines
in defined-medium fermentation cultures.[16] With the use of
these fermentation cultures, sufficient levels of one of the
loline alkaloids, N-formylloline (1), have been obtained to facili-
tate biosynthetic studies. Here we report the first study in
which N. uncinatum fermentation cultures were fed labeled
amino acids and polyamines to elucidate the origins of all
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Loline alkaloids are saturated pyrrolizidines with a substituted
1-amino group and an oxygen bridge between C2 and C7, and
are insecticidal metabolites of plant-symbiotic fungi (endo-
phytes). Cultures of the endophyte, Neotyphodium uncinatum,
incorporated labeled l-proline and l-homoserine into the 1-
aminopyrrolizidine, N-formylloline. The A-ring carbons C1–C3
and the N1 were derived from l-homoserine; the B-ring car-


bons C5–C8 and the ring nitrogen were derived from l-proline.
Incorporation of both deuterium atoms from l-[4,4-2H2]homo-
serine and feeding tests with labeled l-methionine indicated
that l-homoserine incorporation was not achieved via aspartyl
semialdehyde or S-adenosylmethionine, but probably involved
a highly novel N�C bond-forming g-substitution reaction.


Scheme 1. Loline alkaloids produced in Neotyphodium uncinatum fermenta-
tion cultures. Carbon number and ring assignments are indicated. Com-
pound 1 is generally the primary loline alkaloid produced in the minimal
medium cultures.
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carbon and nitrogen atoms of 1. We demonstrate the incorpo-
ration of l-Pro and l-homoserine (l-Hse) into the pyrrolizidine
ring structure of the loline alkaloids. l-Met donates the carbon
atoms of the N-formyl and N-methyl substituents of 1, but not
the carbon atoms of the pyrrolizidine ring system. The results
indicate that loline alkaloid biosynthesis involves a unique
pathway that is distinct from pyrrolizidine-ring formation in
necine biosynthesis, and includes carbon–nitrogen bond for-
mation by a novel g-substitution reaction that involved the N
of Pro and C4 of Hse.


Results


Cultures that were fed the radiolabeled amino acids
l-[U-14C]Asp, l-[U-14C]Orn, l-[U-14C]Glu, and l-[U-14C]Pro incor-


porated the label into 1 and 2 (Figure 1 A and B). The specific
activity of radiolabel in 1 was determined for each treatment.
Cultures that were fed with l-[U-14C]Pro gave the highest spe-
cific activity in 1 at 5.9 cpm mmol�1. l-[U-14C]Orn and
l-[U-14C]Glu, which are both metabolic precursors of l-Pro,
were incorporated into 1 at 2.0 cpm mmol�1 and
2.8 cpm mmol�1, respectively. l-[U-14C]Asp was incorporated
into 1 at 1.3 cpm mmol�1. The polyamine precursor, Put, was
also tested, but very little incorporation of [1,4-14C]Put was ob-
served in 1 (0.09 cpm mmol�1). l-[U-14C]Orn and [1,4-14C]Put
were incorporated into Spd (Figure 1 C). Cultures that were fed
with l-[U-14C]Orn incorporated less label in Spd, but greater in-
corporation was observed in lolines than when [1,4-14C]Put
was used.


Stable-isotope-feeding experiments, followed by analysis of
1 by 13C NMR,[17] 15N NMR, and GC-MS,[17] gave positional infor-
mation for the carbon and nitrogen atoms from loline alkaloid
precursors. Selective enrichment of 1 with the stable isotopes
was calculated from GC-MS data (see Table 1 and Supporting
Information Table S1). Cultures that were fed with l-[15N,U-
13C5]Pro gave 1 that was selectively enriched in the B ring
carbon atoms C5, C6, C7, and C8 (Figures 2 B and 3 B). Enrich-
ment (%) for l-[15N,U-13C5]Pro feeding to the cultures indicated
complete incorporation of the four ring carbons and nitrogen,
for example as a + 5 amu shift of the 82 m/z ion to 87 m/z
(Figure 3 B; Table 1). The splitting of peaks observed in the
13C NMR spectrum (Figure 2 B) was explained by 13C,13C cou-
pling when l-[15N,U-13C5]Pro was incorporated intact. GC-MS
data of 2–5 also indicated incorporation of the intact l-Pro
ring into the B ring (Supporting Information Figure S1). Cul-
tures that were fed with l-[5-13C]Orn gave enrichment in only
the C5 position in the B-ring of compound 1 (Table 1 and Fig-
ure 2 C). Cultures that were fed with l-[1,2-13C2]Orn gave 1 that
was selectively enriched in the B-ring position, C8 (Table 1 and
Figure 4 B). Feeding l-[2,5-15N2]Orn to the cultures labeled the
pyrrolizidine-ring nitrogen atom, as shown by enrichment of
all + 1 peaks relative to unlabeled m/z 82, 95, 154, and 182
peaks (Table 1).


The label from l-[4-13C]Asp was incorporated into the C3 of
the A-ring of 1 (Table 1 and Figure 2 C). Likewise 1 from l-[15N]-
Asp-feeding experiments exhibited the label in the 1-amino
group; this was evident from the enrichment of the m/z = 155
and 183 peaks relative to unlabeled loline (m/z = 154) and un-
labeled parent ion (m/z = 182), respectively (Table 1). Enrich-
ment of the 1-amino group was confirmed by 15N NMR spec-
troscopy (Figure 5). l-Asp is a precursor of l-threonine, l-iso-
leucine, and l-Met via an l-Hse intermediate. Examination of 1
from the l-[15N]Hse-feeding experiment also indicated enrich-
ment of the 1-amino group (Table 1). Compound 1 from cul-
tures that were fed l-[4,4-2H2]Hse showed enrichment in the
+ 2 amu shift of 82 m/z to 84 m/z (Figure 3 C and Table 1).


No specific incorporation of label from l-[15N,U-13C5]Met was
detected in the pyrrolizidine A-ring of 1 (Table 1, Figure 4 C);
such incorporation would have been expected if Spd were a
loline alkaloid precursor. However, the N-formyl and N-methyl
carbon atoms of 1 were labeled, and this resulted in + 1 and
+ 2 amu shifts of the 182 amu parent ion and a + 1 amu shift


Figure 1. TLC analysis of lolines and polyamines from cultures fed with 14C-
labeled compounds. A) Iodine-stained TLC plate. B) Autoradiograph of TLC
plate showing incorporation of label from 14C-labeled l-Asp, l-Orn, l-Glu,
and l-Pro into lolines. Very little incorporation of label from 14C-Put was ob-
served. C) 14C-Put incorporation into Spd, indicating that Put was taken up
by the fungal cells.
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of the 154 amu loline ion (Table 1). Selective incorporation in
the N-methyl and N-formyl carbon atoms was further demon-
strated by 13C NMR (Figure 4 C). Analysis of 1 from l-[methyl-
13C]Met-fed cultures indicated similar enrichment of the N-
formyl and N-methyl carbon atoms (Table 1; Figure 4 D).


Discussion


This study reveals the direct precursors of the loline alkaloids
and provides evidence against polyamine involvement in the


loline alkaloid biosynthetic path-
way. The use of radioactive and
stable-isotope-labeled precursors
has allowed the determination
of the origins of the loline-alka-
loid pyrrolizidine rings, the 1-
amino group nitrogen, and the
methyl and formyl substituents
on the 1-amino group of 1.
Based on the incorporation of
labels from l-[14C]Pro and l-
[15N,U-13C]Pro, we conclude that
l-Pro contributes all the atoms
of the B-ring of the lolines
(Scheme 2). Biological conver-
sion of l-Orn to l-Pro retains the
position of the a-carbon, so that
feeding experiments with posi-


Table 1. Relative isotopic enrichment in 1 due to incorporation of labeled precursors.


Labeled compound Conc. [mm] Unlabeled fragment ions (m/z) [amu]
82 95 154 182


% enrichment (amu shift)


l-[15N,U-13C5]Pro 5 51 (+ 5) 51 (+ 4) 52 (+ 5) 55 (+ 5)
l-[5-13C]Orn 5 22 (+ 1) 15 (+ 1) 19 (+ 1) 23 (+ 1)
l-[1,2-13C2]Orn 2 10 (+ 1) 7 (+ 1) 10 (+ 1) 10 (+ 1)
l-[2,5-15N2]Orn 5 33 (+ 1) 12 (+ 1) 34 (+ 1) 33 (+ 1)
l-[4-13C]Asp 4 16 (+ 1) 10 (+ 1) 14 (+ 1) 20 (+ 1)
l-[15N]Asp 5 n/a[a] n/a 13 (+ 1) 23 (+ 1)
l-[15N]Hse 5 n/a n/a 17 (+ 1) 16 (+ 1)
l-[4,4-2H2]Hse 5 24 (+ 2) 9 (+ 1) 26 (+ 2) 28 (+ 2)
l-[15N,U-13C5]Met 4 0 (+ 1)[b] n/a 24 (+ 1) 14 (+ 1)


n/a n/a n/a 28 (+ 2)
n/a 2 (+ 3)[b] 1 (+ 4)[b] 10 (+ 4)[b]


l-[methyl-13C]Met 4 n/a n/a 22 (+ 1) 36 (+ 1)
n/a n/a n/a 50 (+ 2)


[a] n/a = not applicable, because no enrichment of these ions is expected from either pathway shown in
Schemes 2 or 3. [b] Enrichment of these ions would be expected according to the alternative pathway shown
in Scheme 3 but not as in Scheme 2.


Figure 2. 13C NMR spectra of 1 from selected feeding experiments. The reso-
nances are doubled because of the presence of two rotamers of the tertiary
amide.[17] A) 13C natural abundance spectrum of 1. B) l-[15N,U-13C]Pro (5 mm)
feeding to cultures demonstrates enrichment in C5, C6, C7, and C8. The
carbon chain is incorporated intact as indicated by 13C,13C coupling of en-
riched carbons. C) Spectrum of 1 from dual feeding of l-[4-13C]Asp (4 mm)
and l-[5-13C]Orn (5 mm) demonstrating enrichment in C3 and C5,
respectively.


Figure 3. GC-MS of 1 from selected feeding experiments. A) Diagnostic MS
ions from 1. B) Spectrum of 1 isolated from control cultures. C) Spectrum of
1 after feeding of cultures with l-[15N,U-13C]Pro (5 mm), demonstrating selec-
tive incorporation of the complete proline ring structure in the ring N and
C5 through C8. D) Spectrum of 1 after feeding with l-[4,4-2H2]Hse (5 mm)
demonstrating enrichment at C3 with both deuterium atoms. The numbered
peaks are due to the ions in (A) and their isotopically most enriched conge-
ners. Other major peaks represent multiple fragmentation products and are
more difficult to interpret.
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tionally labeled l-Orn reveal the likely position of the carbon
atoms from l-Pro in 1: the a-carbon of l-Pro at C8, and the d-
carbon at C5. Furthermore, the l-Orn feeding result is inconsis-
tent with Put as a precursor (Scheme 3). The absence of ran-
domization between C5 and C8 of 1 indicates that polyamines
such as Spd and Spm are very unlikely to be loline alkaloid
precursors. Taken together, these results indicate that l-Pro is a
direct precursor of lolines.


Results of feeding experiments with labeled l-Asp and its
metabolic derivative l-Hse, indicate that l-Hse is a loline alka-


loid precursor and contributes the 1-amino group nitrogen
and C1, C2, and C3 of the A-ring (Scheme 2). The number of
carbon atoms in the A-ring and the position of the 1-amino
group are consistent with the observed incorporation from l-
[15N] and l-[4-13C]Asp, as well as l-[15N] and l-[4,4-2H2]Hse. As
evidenced by GC-MS, both deuterium atoms of l-[4,4-2H2]Hse
are incorporated into 1. These incorporation patterns are con-
sistent with either direct incorporation of l-Hse into a loline al-
kaloid intermediate or with a polyamine precursor. l-Hse is a
precursor of l-Met, which (via decarboxylated AdoMet) do-
nates the aminopropyl groups of the polyamines Spd and
Spm. According to the 13C NMR data, label from l-[15N,U-
13C]Met is not detectably incorporated into the pyrrolizidine
ring of 1, but some enrichment (10 %) is evident in the 186 m/
z ion (1 parent ion with + 4 amu shift) in GC-MS analysis. How-
ever, the very low apparent enrichment in 82 m/z + 1, 95 m/z
+ 3, and 154 m/z + 4 is inconsistent with the incorporation of
C2 to C4 of l-Met (Scheme 3). Therefore, the enriched 186 m/z


Figure 4. 13C NMR spectra of 1 from selected feeding experiments. A) Chem-
ical shifts of carbon atoms due to naturally occurring 13C in 1. B) Spectrum
of 1 from cultures fed with l-[1,2-13C2]Orn (2 mm), indicating incorporation
of label in C8. C) and D) Spectra of 1 from cultures fed with l-[15N,U-13C5]Met
(4 mm, C) and l-[methyl-13C]Met (4 mm, D) indicating incorporation of label
in the N-methyl and N-formyl carbon atoms. std = standard.


Figure 5. 15N NMR spectra of 1 from selected feeding experiment. A) Chem-
ical shifts due to naturally occurring 15N. B) Spectrum of 1 from cultures fed
with l-[15N]Asp (5 mm) demonstrating incorporation of label in the 1-amino
nitrogen of 1.


Scheme 2. Proposed loline alkaloid biosynthetic pathway. A) Condensation
of the 2-aminobutyric acid moiety from l-O-acetyl-Hse with the N of l-Pro
by PLP-mediated g-substitution; B) A series of steps including oxidative de-
carboxylation to remove the carboxyl group of l-Pro, cyclization to form the
A-ring, and formation of the ether bridge; C) N-methylation via AdoMet;
D) N-acetylation; E) Oxidation of the N-methyl of 4 to form the N-formyl
moiety of 1. Similar oxidation of 3 would form 7 (not shown). Solid arrows
indicate known steps and dashed arrows indicate proposed steps. The
scheme is consistent with the observed retention in 1 of both H atoms (*) at
the C4 of l-Hse, and with incorporation of label from the C6 of l-Met into
both the formyl and methyl groups of 1.


ChemBioChem 2005, 6, 1016 – 1022 www.chembiochem.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1019


Loline Alkaloids



www.chembiochem.org





ion, together with the 19 % enrichment of the 185 m/z ion
probably reflect the labeling of formyl and methyl carbon
atoms, plus additional heavy isotopes of natural abundance,
and perhaps metabolized l-[15N,U-13C]Met in the rings. Strong
labeling of the N-formyl and N-methyl groups in cultures that
were fed with l-[15N,U-13C]Met or l-[methyl-13C]Met demon-
strates that sufficient l-Met enters the cells to expect specific
enrichment in C1, C2, and C3, plus the 1-amino group nitro-
gen, if l-Met were a precursor of the pyrrolizidine ring system
of lolines, either directly or via polyamines. Although it is possi-
ble that the absence of such incorporation might be due to
compartmentalization of different steps in the pathway, it
seems unlikely that l-Pro, l-Orn, l-Asp, and l-Hse would enter
the appropriate compartments in abundance but l-Met would
not. Therefore, l-Hse, but apparently not l-Met, contributes
C1, C2, C3, and the 1-amino nitrogen of lolines.


Given the evidence for l-Pro and l-Hse precursors, there are
three obvious mechanisms whereby they might enter the
pathway: a) The C4 carbon of l-Hse might undertake g-substi-
tution of the �OH with the ring N of l-Pro, as shown in
Scheme 2. b) l-Hse could be oxidized back to l-aspartyl semial-
dehyde, which could condense with the N of l-Pro. c) l-Aspar-


tyl semialdehyde could be further oxidized to l-Asp, which
might then form an amide linkage to l-Pro. Only the first of
these possibilities predicts that both deuterium atoms of l-
[4,4-2H2]Hse would be retained in lolines as observed
(Scheme 2). Although the exact precursor that attaches to the
N of l-Pro has not been determined, it is likely to be an acti-
vated form of l-Hse, of which l-O-acetyl-Hse is common in
fungi.[18] It is possible that other intermediates derived from l-
Hse and/or l-Pro might be involved. However, the pathway
must nevertheless include condensation of an aliphatic group
with an amine. In biological systems, N-alkylation almost
always involves AdoMet (or decarboxylated AdoMet) as the
methyl- or aminopropyl-group donor. But our evidence indi-
cates that l-Met is unlikely to be involved in that alkylation (al-
though it is involved in substitutions of the 1-amino group).
Thus, loline alkaloid biosynthesis represents a particularly un-
usual pathway and future identification and mechanistic stud-
ies of the enzymes that are involved will be of considerable
interest.


Whether l-Pro or a derivative thereof is a proximate precur-
sor has not been determined by this study. The loline alkaloid
pathway almost certainly involves loss of the carboxyl group of
l-Pro, and this might occur before or after condensation to the
A-ring precursor. Oxidative decarboxylation of l-Pro could give
1-pyrroline, 2-pyrroline, or 5-hydroxypyrrolidine, and incorpora-
tion of any of these compounds into lolines would be consis-
tent with the results of l-[13C]Orn and l-[15N,13C]Pro-feeding ex-
periments because the appropriate positions of the carbon
atoms would be maintained. However, the N of l-Pro seems
more likely to undertake the nucleophilic attack on the g-
carbon (C4) of l-O-acetyl-Hse in a substitution reaction than
the N of either of the other possibilities. Therefore, we suggest
that l-Pro is the likely precursor in the first pathway step.


Based on the above considerations and the relationships of
likely loline alkaloid-biosynthesis genes identified by Spiering
et al. ,[19–20] we put forward the pathway summarized in
Scheme 2. This scheme involves transfer of the 3-amino-3-car-
boxypropyl moiety from l-O-acetyl-Hse to the N of l-Pro by g-
substitution. The reaction would most likely involve a g-type
pyridoxal phosphate (PLP)-containing enzyme, for which the
likely candidate is the product of the lolC gene, which is found
to be expressed only in loline alkaloid-producing fermentation
cultures.[20] This predicted gene product shares highly signifi-
cant sequence similarity to an O-acetylhomoserine-(thiol)lyase.
Related enzymes catalyze the transfer of C2 to C4 of l-O-
acetyl-Hse to the sulfur moiety of l-cysteine to form cystathio-
nine. RNAi constructs of lolC introduced into N. uncinatum in-
hibit production of lolines in fermentation cultures. This impli-
cates the lolC product in loline alkaloid biosynthesis.[19]


We hypothesize that, once l-Pro and l-Hse or derivatives
thereof are linked, a series of reactions by monooxygenases,
oxidoreductases, and additional PLP enzymes yield norloline
(6 ; Scheme 2). Predicted products of other genes identified in
a 25 kb cluster associated with lolC, include four with signifi-
cant similarity to oxygenases, oxidases, and oxidoreductases,
and two that are related to known PLP enzymes.[19] These
could be sufficient for the synthesis of 6. Methylation and acet-


Scheme 3. Previously proposed scheme for loline alkaloid biosynthesis indi-
cating predicted labeling patterns. Asterisks indicate H atoms from the C4
position of l-Hse. Gray circles and lettering indicate the carbon atoms and
nitrogen atom contributed by l-Met—via decarboxylated AdoMet—to Spd.
The filled circle is the C5 of l-Orn, and the half-filled circles indicate that
label from l-[5-13C]Orn contributes equally to C5 and C8 of Spd via the sym-
metrical intermediate, Put.
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ylation reactions are then required to generate the N-substitu-
ents of 1–5 (Scheme 2) and 7. Candidate genes for these steps
remain to be discovered.


In conclusion, the likely origins of all C and N atoms of the
core loline alkaloid structure have been identified. l-Hse pro-
vides the 1-amino group nitrogen and C1, C2, and C3, and l-
Pro provides the ring N and C5, C6, C7, and C8. To help deter-
mine the mechanism and timing of ether-bridge closure,
future studies are planned with isotopically labeled 1-amino-
pyrrolizidine without the ether bridge, with or without hydrox-
yl groups on C2 and C7. Efforts are also underway to detect
the proposed first intermediate in fungal mycelium during
loline alkaloid production. If identified, further work with this
intermediate could elucidate the mechanism of pyrrolizidine-
ring formation, a process that also remains undetermined for
necines.


Experimental Section


Materials : l-[U-14C]Orn (>250 mCi mmol�1), [1,4-14C2]Put (100–
120 mCi mmol�1), l-[U-14C]Pro (200–300 mCi mmol�1), and l-[U-
14C]Glu (>200 mCi mmol�1) were purchased from American Radio-
labeled Chemicals, Inc. (St. Louis, MO, USA). l-[U-14C]Asp (130–
250 mCi mmol�1) was obtained from Moravek Biochemicals (Brea,
CA, USA). l-[5-13C]Orn (99 % 13C) and l-[1,2-13C2]Orn (99 % 13C) were
purchased from Mass Trace (Woburn, MA, USA) and Icon Stable Iso-
topes (Mt. Marion, NY, USA), respectively. l-[15N]Asp (>99 % 15N)
was obtained from Medical Isotopes Inc. (Pelham, NH, USA). Deute-
rium oxide (99.9 %), l-[15N,U-13C5]Met (96–99 % 15N, 98 % + 13C), l-
[methyl-13C]Met (98 % 13C), l-[4-13C]Asp (99 % 13C), l-[2,5-15N2]Orn
(98 % 15N), and 15NH4NO3 (>98 % 15N in NH4


+) were obtained from
Cambridge Isotope Laboratories, Inc. (Andover, MA, USA). N-Boc l-
Asp 1-t-Bu ester was purchased from Bachem Bioscience, Inc. (King
of Prussia, PA, USA). All other compounds and l-[15N,U-13C5]Pro
(96–99 % 15N, 98 % + 13C) were purchased from Sigma–Aldrich. TLC
plates for loline alkaloid and polyamine separations were 60 A K6F
(Whatman Inc. , Florham Park, NJ, USA) with 100 mm thick silica gel.


(S)-4,4-Dideuterohomoserine hydrochloride: This compound was
previously prepared by Seebach et al.[21] The synthesis of t-butyl
(S)-N-(t-butoxycarbonyl)-4,4-dideuterohomoserinate was adapted
from Rudolph et al.[22] N-Methylmorpholine (0.524 g, 5.19 mmol)
was added to a stirring solution of N-Boc l-Asp 1-tBu ester (1.50 g,
5.19 mmol) in dry THF (40 mL) under N2 at �10 8C. After 1 min,
ethyl chloroformate (0.565 g, 5.19 mmol) was added to the solution
slowly, over 5 min. The mixture was stirred for 30 min, and then fil-
tered into a flask that contained cold aqueous sodium borodeute-
ride (15 mL, 0.450 g, 10.7 mmol, 98 % D). The reaction mixture was
removed from the ice bath and stirred at RT for 4 h, then cooled
to 0 8C and adjusted to pH 2 with 1 n HCl. The solution was ex-
tracted with ethyl acetate (3 � 50 mL), and the combined extracts
were washed with brine (100 mL), dried over MgSO4,
and evaporated. The colorless gummy mass thus ob-
tained was purified by flash chromatography with
silica gel (33 % ethyl acetate in petroleum ether as
eluant) to give t-butyl (S)-N-(t-butoxycarbonyl)-4,4-di-
deuterohomoserinate (1.15 g, 4.15 mmol, 80 % yield) as a colorless
gum. 1H NMR (400 MHz, CDCl3): d= 5.38 (d, J = 7.3 Hz, 1 H), 4.35
(ddd, J = 10.8, 7.8, 3.5 Hz, 1 H), 3.01 (br s, 1 H), 2.13 (dd, J = 13.8,
3.2 Hz, 1 H), 1.47 (dd, 1 H, partly obscured), 1.42 (s, 9 H), 1.40 (s,
9 H); 2H NMR (61.5 MHz, CHCl3, ref. to CDCl3 at 7.26): d= 3.59 (br s) ;


13C NMR (100 MHz, CDCl3): d= 172.2, 156.6, 82.4, 80.1, 57.5 (m),
51.0, 36.5, 28.4, 28.1.


Acetic acid saturated with HCl gas (5 mL) was added to a solution
of t-butyl (S)-N-(t-butoxycarbonyl)-4,4-dideuterohomoserinate
(0.30 g, 1.0 mmol) in CH2Cl2 (5 mL), at RT. The mixture was stirred
for 4 h. The solid was collected by filtration and dried in vacuo to
give a highly hygroscopic solid (0.16 g, 0.94 mmol, 94 % yield).
[a]D =�26.3 (c = 0.095 g/100 mL, H2O); 1H NMR (400 MHz, D2O): d=
4.42 (dd, J = 11.6, 9.2 Hz, 1 H), 2.81 (dd, J = 12, 9.2 Hz, 1 H), 2.41 (t,
J = 12 Hz, 1 H); 2H NMR (61.5 MHz, H2O, ref to HOD at 4.80): d=
4.57 (br s) 4.41 (br s) ; 13C NMR (100 MHz, CDCl3): d= 174.3, 58.5 (m),
48.3, 26.3; IR (KBr) 1453, 1745 cm�1; MS (EI): 122 amu.


Fungal cultures and precursor feeding : Neotyphodium uncinatum
(CBS 102646 at Centraalbureau Voor Schimmelcultures) was main-
tained in symbiosis with Lolium pretense, from which culture the
fungus was isolated as described in Blankenship et al.[16] Fungal
cultures were maintained on potato dextrose agar (PDA) plates
and routinely subcultured by suspension in sterile water and grind-
ing in an Omni Homogenizer Model 17105 (Omni International,
Marietta, GA, USA) followed by drop inoculation onto PDA plates.
Fermentation cultures of N. uncinatum for precursor feeding were
set up in minimal medium (MM; 30 mm potassium phosphate/
30 mm 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 5.5)
with 2 mm MgSO4, 20 mm sucrose, 15 mm urea, 0.6 mm thiamine,
and trace elements).[16] Fungal tissue was removed from PDA
plates and homogenized in MM. Cultures were prepared in 100 �
25 mm polystyrene Petri plates, each with MM (29 mL) and inocu-
lum (1 mL). Plates were wrapped with parafilm and incubated at
21–23 8C on a rotary shaker at 100 rpm. All labeled compounds
were diluted with deionized water and filter-sterilized prior to addi-
tion to MM fungal cultures at day 5 to 7 (time dependent on onset
of loline alkaloid production). 14C-labeled compounds were added
at 8 mCi per 30 mL culture. Stable-isotope-labeled compounds
were added to a final concentration of 2–5 mm, as indicated. Cul-
ture filtrates were harvested 15–20 days later for GC-MS or NMR
analysis.


Gas-chromatographic and mass-spectrometric analysis: Condi-
tions for the extraction and GC analysis of loline alkaloids were as
described in Blankenship et al.[16] For GC-MS analysis the culture
sample (2 mL) was lyophilized and then extracted with NaOH
(100 mL, 1 m) and chloroform (1 mL). The aqueous layer was re-
moved, and the organic layer was concentrated. The residue was
made up to 100 mL with chloroform, placed in glass GC vials,
capped, and 1 mL of each sample for GC-MS was injected into a
Hewlett–Packard G1800A GCD that was equipped with a 30 m
Restek column (5 Sil MS, 0.25 mm i.d. , 0.25 mm film thickness) and
an electron ionization detector. Data were collected with GCD
ChemStation (G1074A, Version A.00.00) software. Further analysis
of GC-MS data utilized WSEARCH32 Version 1.1.2004 (http://
minyos.its.rmit.edu.au/~ rcmfa/search.htm). Values for enrichment
of precursors were calculated from the absolute intensity of the
GC-MS data as:


% enrichment ¼
�


½Mþn�labeled


½M�labeled þ ½Mþn�labeled


� ½Mþn�unlabeled


½M�unlabeled þ ½Mþn�unlabeled


�
� 100


where [M] = intensity of a fragment peak, [M+n] = the intensity of
the peak expected to contain the isotopically substituted ion, and
“labeled” and “unlabeled” represent the spectra of compounds
isolated from cultures that were or were not fed with labeled
precursors.
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TLC separation of loline alkaloids: Fermentation cultures were
centrifuged in 50 mL tubes (700 g, 10 min, RT) in order to pellet
fungal mycelium. The supernatant was removed and lyophilized.
NaOH (2 mL, 1 m) and chloroform (15 mL) were added to the resi-
due obtained from 90–120 mL of culture filtrate. After vigorous
shaking, samples were separated in a centrifuge (700 g, 5 min, RT),
and the chloroform layer was removed. The extraction was repeat-
ed, and the combined chloroform fractions were concentrated to
approximately 200 mL and spotted onto a silica gel TLC plate. The
solvent for the development of TLC plates was 49.5 % chloroform,
49.5 % methanol, and 1 % ammonium hydroxide. After exposure to
I2 vapor to stain the alkaloids, the area corresponding to 1 (Rf =
0.69) was scraped and placed into a 2 mL microcentrifuge tube.
Compound 1 was extracted from silica with D2O (2 � 400 mL). The
pooled extracts were brought up to 750 mL in D2O for NMR
analysis.


NMR analysis : 13C NMR analysis was performed on a Varian
Gemini 200 with VNMR 6.1B software (Varian Inc. , Palo Alto, CA) at
RT with proton decoupling. Methanol (5 % by volume) was used as
either an internal or external standard, with the methanol peak set
to 49.0 ppm. 15N NMR analysis was performed on a Varian 400 with
VNMR 6.1B software at RT and proton decoupling. Samples for
15N NMR analysis contained 15NH4NO3 (5 mg) as the internal stan-
dard, and the NH4 peak was set to 20 ppm. Sample tubes were
washed thoroughly first with 95 % ethanol (2 � ) and then acetone
(2 � ), and were dried with N2 gas between sample runs.


Radioactivity-incorporation determination : Samples (1 mL each)
from cultures that were fed with 14C-labeled compounds were ex-
tracted for TLC separation. Each sample was concentrated to ap-
proximately 100 mL and applied to the TLC plate, which was then
developed as described above. The plate was autoradiographed
with a phosphor cassette and PhosphoImager 445SI Version 4.0
(Molecular Dynamics). The spot associated with 1 was eluted with
NaOH (200 mL, 1 m) and then extracted with chloroform (1 mL).
Compound 1 was quantified by GC. A sample (100 mL) of the or-
ganic phase was placed in a scintillation vial with Bio-Safe II Biode-
gradable Counting Cocktail (2 mL; Research Products International
Corp., Mount Prospect, IL, USA), and the radioactivity was deter-
mined with a Packard 1900 TR Liquid Scintillation Analyzer.


Polyamine analysis : Polyamines were extracted from cultures that
had been fed with 14C-Orn and 14C-Put by a procedure adapted for
tissue or cultured cells.[23] Remaining supernatant was removed
from the harvested fungal mycelium by centrifugation, and the
mycelium was washed with deionized water. All supernatants were
saved for later analysis of labeled lolines. Washed fungal mycelium
(100 mg) mixed with 2 % perchloric acid (1 mL) in a 1.7 mL micro-
centrifuge tube was ground with a plastic pestle. This mixture was
kept overnight at 4 8C. The homogenate was then centrifuged at
15 700 g for 10 min. Dansyl chloride in acetone (400 mL, 5 mg mL�1)
was added to the supernatant (200 mL) in a 2 mL microcentrifuge
tube. Note: dansyl chloride is light sensitive, and the following pro-
cedures were carried out with aluminum foil covering. The sample
was thoroughly mixed, and saturated sodium-carbonate solution
(200 mL) was added to it. The mixture was then thoroughly vor-
texed and stored overnight at RT. A solution of l-Pro (15 mg) in de-
ionized water (100 mL) was added, and the mixture was vortexed.
The l-Pro and excess dansyl chloride were allowed to react at RT
for 1 h before extraction with toluene (500 mL). The toluene layer
was removed and concentrated to 100 mL, then spotted on a silica
gel TLC plate. The plate was developed with cyclohexane/ethyl
acetate (40 %:60 %), then air-dried in the dark. Plates were exposed


to UV light and photographed to determine the positions of dan-
sylated compounds. A phosphor cassette (35 � 43 cm; Molecular
Dynamics, Sunnyvale, CA) was then exposed to the TLC plate and
the incorporation of the radioactivity was determine with a Molec-
ular Dynamics PhosphoImager 445SI Version 4.0. Spd and Spm
spots were examined for radioactive enrichment.
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Kanamycin A-Derived Cationic Lipids as Vectors
for Gene Transfection
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Jean-Marie Lehn,[a] and Pierre Lehn*[b, c]


Introduction


Synthetic vectors are currently being developed as an alterna-
tive to recombinant viruses for gene delivery, in view of issues
such as immunogenicity and large-scale production that con-
front the use of the latter.[1–4] Among these artificial vectors,
cationic lipids are particularly attractive as they can be easily
prepared and extensively characterised.[5–7] Indeed, their overall
structures are relatively simple, each being basically composed
of a cationic headgroup and a lipophilic moiety connected via
a linker. Gene delivery by cationic lipids (termed lipofection)
relies on their ability to interact with the negatively charged
DNA through their cationic headgroups and to condense it
into DNA/lipid aggregates (termed lipoplexes), which can be
taken up by the target cells by an endocytosis mechanism
involving electrostatic interactions between residual positive
charges on the lipoplexes and negatively charged cell mem-
brane residues.[8, 9] The lipoplexes are thereby delivered to an
early endosomal compartment, from which they must escape
in order to avoid degradation by nucleases in the subsequent
late endosomes and lysosomes. Finally, following endosomal
escape, the DNA is then required to traffic to the nucleus to
permit expression of the transgene. It should be noted that
the processes of endosomal escape and nuclear uptake are still
not fully understood and remain critical cellular barriers to lipo-
fection.[10–14]


Although the transfection efficacy of a given cationic lipid
depends on the properties of the self-assembled supramolec-
ular DNA/lipid assemblies, cationic lipids offer the advantage
that each of their basic constituent parts can be modified,
thereby facilitating the elucidation of structure–activity rela-
tionships. In spite of some positive results, it is generally
agreed that the efficiency of cationic lipids still needs to be sig-
nificantly enhanced. This clearly requires the design of new,
more efficient vectors, as well as a better understanding of the
mechanisms underlying lipofection.[15–17]


We therefore set out to develop a new family of cationic
lipids based upon the use of aminoglycosides as cationic head-
groups. Aminoglycosides form a large family of polycationic
compounds (each consisting of one six-carbon aminocyclitol
moiety joined through a glycosidic linkage to one or several
aminosugars) widely used as antibiotics. They are known to in-
teract with the major groove of duplex RNA[18] or more gener-
ally with A-form nucleic acids.[19] Their antibacterial activity
stems from their selective binding to the rRNA of bacteria,
which results in impairment of protein synthesis.[20] Although
interactions of aminoglycosides with DNA have been reported
to be weaker than those with RNA,[21–23] neomycin B has been
shown to interact with DNA and to protect it from nuclease ac-
tivity.[22, 24] These properties of aminoglycosides, together with
their structural variety, make them good candidates for devel-
opment of novel vectors for gene transfer. In addition, their
multifunctionality provides a favourable scaffold for the syn-
thesis of a variety of compounds. A preliminary study with a
kanamycin A–cholesterol derivative, KanaChol (1), demonstrat-
ed the feasibility of using an aminoglycoside as a headgroup
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Cationic lipids nowadays constitute a promising alternative to re-
combinant viruses for gene transfer. We have recently explored
the transfection potential of a new class of lipids based upon the
use of aminoglycosides as cationic polar headgroups. The en-
couraging results obtained with a first cholesterol derivative of
kanamycin A prompted us to investigate this family of vectors
further, by modulating the constituent structural units of the cat-
ionic lipid. For this study, we have investigated the transfection


properties of a series of new derivatives based on a kanamycin A
scaffold. The results primarily confirm that aminoglycoside-based
lipids are efficient vectors for gene transfection both in vitro and
in vivo (mouse airways). Furthermore, a combination of transfec-
tion and physicochemical data revealed that some modifications
of the constitutive subunits of kanamycin A-based vectors were
associated with substantial changes in their transfection proper-
ties.
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of a cationic lipid for gene trans-
fer both in vitro and in vivo
(mouse airways).[25] This prompt-
ed us to investigate the transfec-
tion potential of this new family
of vectors further.


In this work we therefore stud-
ied the transfection properties of
a series of lipids in which the ka-
namycin A headgroup is linked to
various spacer and lipophilic sub-
units. It was also expected that
such a study might shed some
light on the factors underlying
their transfection activity. We first
designed KanaChol analogues
bearing various linkers between
the kanamycin A headgroup and
the cholesterol moiety. Indeed,
the length and nature of the
spacer subunit may affect the
physicochemical and biological
properties of the lipoplexes. This
led us to synthesise KanaCapChol
(3), KanaLysChol (4) and KanaLys-
DiChol (5),[26] the structures of
which are shown in Scheme 1.
Next, we also synthesised two ali-
phatic derivatives of kanamycin
A: KanaSucDODA (6) and Kana-
SucDOLA (7), which have distear-
yl and dioleyl chains, respectively.
The synthesis of KanaSucDOLA is
briefly described in the Experi-
mental Section, whereas that of
the other compounds has already
been reported.[26] Here, we rea-
soned that long C18 aliphatic
chains should be quite appropri-
ate for counterbalancing the
hydrophilicity and bulkiness of
the aminoglycosidic headgroup,
while also providing vectors with
different properties from those of
cholesterol. Finally, we also pre-
pared TGKSucDODA, a fully gua-
nidylated derivative of KanaSuc-
DODA, in order to crosscheck our
findings with KanaChol and its
fully guanidinylated derivative
TGKC (2), that guanidinylation re-
sulted in a decrease in transfec-
tion activity (unlike what we had
previously observed with other
cationic cholesterol derivatives
bearing guanidinium groups,
such as BGTC).[27, 28]


Scheme 1. Structures of the lipid derivatives of kanamycin A.
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Here we report the results of in vitro transfection experi-
ments with this series of kanamycin A-derived cationic lipids
1–8 (Scheme 1). The most efficient vectors were subsequently
found to mediate transfection of mouse airways in vivo. We
also describe the results of physicochemical studies that offer
some insight into the properties underlying the transfection
activity of kanamycin A-derived lipids.


Results


In vitro transfection by cholesterol derivatives


For in vitro transfection, the novel cholesterol derivatives of
kanamycin A were formulated as liposomes with the colipid
DOPE, as we had previously shown that KanaChol was more
efficient when formulated as KanaChol/DOPE liposomes.[25] In
addition, the novel compounds were found to be notably less


water-soluble than KanaChol, presumably because their longer
spacer subunits (derived from 6-aminocaproic acid or lysine)
affected the hydrophobicity/hydrophilicity balance; conse-
quently, addition of DOPE was required to obtain homogenous
dispersions.


The transfection efficiency of cationic lipids being in general
highly dependent both on the charge ratio of the lipoplexes
and on the cell type used, the transfection activities of these
vectors were therefore evaluated in five different mammalian
cell lines and the optimal charge ratio was assessed by dose-
response curves in each case, as shown in Figure 1. To deter-
mine the theoretical charge ratios of the lipoplexes, we consid-
ered 1 mg of DNA to be equal to 3 nmol of negative charges
and assumed that the three amine groups of kanamycin A
were protonated at the neutral pH of lipoplex formation, as
previously discussed for KanaChol.[25] The dose-response curves
(Figure 1) showed that the overall transfection efficiencies of


Figure 1. Dose-response curves of the in vitro transfection activity of cholesterol derivatives of kanamycin A formulated as liposomes with DOPE (molar ratio
1:1): (*) = KanaChol/DOPE, (^) = KanaCapChol/DOPE, (~) = KanaLysChol/DOPE, and (&) = KanaLysDiChol/DOPE. Luciferase reporter gene expression is indicated
as a function of the charge ratio of the lipoplexes. Cell lines were transfected as described in the Experimental Section using lipoplexes prepared by mixing
luciferase-expressing plasmid DNA (5 mg) with the required amounts of lipid. Data are expressed as relative lights units (RLU) per mg of cell protein (mean �
SD with n�3).
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the novel cholesterol derivatives of kanamycin A (formulated
as liposomes with DOPE) were higher than those of KanaChol/
DOPE liposomes with all cell lines except for 16HBE cells. In
this latter case, the decline in transfection at high charge ratios
(i.e. , at high lipid/DNA ratios) suggests that the lipids may
have some intrinsic toxic effects not observed with the other
cell lines. Increases in activity of up to tenfold between Kana-
Chol and KanaCapChol were even observed with HeLa,
HEK293 and 3T3 cells. The data shown in Figure 1 also indicate
that, although some slight variations were observed, the incor-
poration of an additional amino group (KanaLysChol) or cho-
lesterol subunit (KanaLysDiChol) did not significantly affect the
overall transfection activity when compared to KanaCapChol.


As concerns the underlying mechanisms of the globally im-
proved transfection efficacy of KanaCapChol, KanaLysChol and
KanaLysDiChol versus KanaChol, it is noteworthy that the
common element for these three vectors in comparison with
KanaChol (in which the headgroup and cholesterol moieties
are adjacent) is a longer spacer. It is therefore likely that the in-
corporation of this linker subunit induces this overall increase
in efficiency. The introduction of a spacer arm may be associat-
ed with a modification of the hydrophilicity/hydrophobicity
balance of the vectors, all three compounds being more lipo-
philic than KanaChol, although the fact that similar activities
were obtained with KanaCapChol, KanaLysChol and KanaLysDi-
Chol (which differ greatly in terms of lipophilicity) suggests
that factors other than the hydrophilicity/hydrophobicity bal-
ance may underlie the increased activity of these lipids. Thus,
we also studied the behaviour of the different cholesterol
derivatives of kanamycin A in Langmuir monolayers. Measure-
ment of the surface pressure versus the molecular area at con-
stant temperature is a method widely used for the study of
the physical properties of lipids.[29] Here, we first observed that
all the cholesterol derivatives of kanamycin A were able to
form monolayers and that the introduction of a longer spacer
resulted in an increase in the mean molecular area, as shown
for KanaCapChol versus KanaChol in Figure 2. In addition, com-
parison of the slopes of the surface pressure/area isotherms


observed with KanaChol and KanaCapChol indicated that the
introduction of a spacer unit resulted in more fluid lipidic
layers (Figure 2). These data suggest that the incorporation of
a longer spacer unit into the structures of cholesterol deriva-
tives of kanamycin A may provide the lipoplexes with physico-
chemical properties beneficial for their transfection activity.


In vitro transfection by aliphatic derivatives


We next evaluated the transfection properties of KanaSucDO-
DA and KanaSucDOLA, which are kanamycin A-based cationic
lipids with aliphatic hydrophobic moieties. Here, attention was
first paid to the self-assembling properties of these com-
pounds in aqueous media: that is, their ability to form vesicles
in the absence of the helper lipid DOPE. Indeed, the bulkiness
of the kanamycin A headgroup may hinder the stability of the
lipid bilayers formed by such vectors formulated as vesicles.
Recent work on a monostearoylamide derivative of kanamy-
cin A[30] indeed showed that it spontaneously formed micelles
in aqueous medium. We expected, however, that our aliphatic
derivatives of kanamycin A should display different behaviour,
as their hydrophobic parts are each composed of two chains.
We therefore studied the sizes of the assemblies formed by
KanaSucDOLA and KanaSucDODA (formulated without DOPE
under the same conditions as used for the preparation of
DOPE-containing liposomes) by dynamic light scattering (DLS)
and also examined the morphology of KanaSucDOLA assem-
blies by transmission electron microscopy (TEM). The results
clearly showed the presence of vesicles with a size range from
25 to 45 nm, which is very similar to the size of the liposomes
obtained with KanaSucDODA/DOPE or KanaChol/DOPE.[25] The
ultimate evidence for the formation of vesicles was the direct
observation of circular structures of KanaSucDOLA with a size
distribution in agreement with the DLS measurements by TEM
(data not shown).


Liposomal formulations (with and without DOPE) of Kana-
SucDODA and KanaSucDOLA were next used for transfection
experiments with two cell lines (HeLa and 16HBE). In addition,


in the case of KanaSucDODA, we also performed
transfections with two other cell lines (HEK293 and
COS-7) in order to investigate the influence of the
unsaturated co-lipid DOPE further. As discussed
above, dose-response curves were established for
each cell line. As shown in Figure 3, both vectors
were efficient for gene transfection into all cell lines
tested and their optimal transfection activities were
only slightly dependent on their formulations. How-
ever, the influence of DOPE varied according to the
nature of the lipophilic portion. Indeed, in the case
of KanaSucDODA, addition of DOPE did in general
slightly increase the activity of the vector. In con-
trast, in the case of KanaSucDOLA, the presence of
DOPE resulted in a slight decrease in transfection ef-
ficiency (best observed on HeLa cells). It is notable
that similar effects linked to the presence of the
neutral co-lipid were observed in preliminary experi-
ments with aliphatic derivatives of aminoglycosides


Figure 2. Surface pressure/area isotherms (20 8C) for KanaChol, KanaCapChol, KanaSuc-
DODA and KanaSucDOLA in tridistilled water.
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other than kanamycin A, independently of the nature of the
headgroup.[31]


Such opposing effects of the addition of DOPE to KanaSuc-
DODA and KanaSucDOLA may have several explanations. First-
ly, a well-known drawback of cationic lipids is some level of cy-
totoxicity, which can limit transgene expression by compromis-
ing the cellular processes of transcription and translation. Here,
as shown in Figure 4, the addition of DOPE does not seem to
modify the cytotoxicity of KanaSucDOLA (Figure 4 B), whereas
it appears to decrease the cytotoxicity of KanaSucDODA (Fig-
ure 4 B) in a manner similar to that observed with KanaChol
(Figure 4 A). This, however, does not explain the generally neg-
ative effect of the addition of DOPE on the transfection effi-
ciency of KanaSucDOLA, so it may also be necessary to take
some physicochemical considerations into account. The unsa-
turated dioleyl chains of KanaSucDOLA might indeed give rise
to a lower phase-transition temperature (gel to liquid crystal
phase transition) in relation to the distearyl derivative KanaSuc-
DODA. Accordingly, this phase transition could be observed (as
a shoulder) on the isotherm of KanaSucDODA at 20 8C, while it
was not observed in the case of the unsaturated KanaSucDO-
LA, in which the chains remain in a fluid state at that same
temperature (Figure 2). This was confirmed by differential scan-
ning calorimetry (DSC) studies. As shown in Figure 5, scanning
of KanaSucDODA and KanaSucDOLA vesicles (without DOPE)
from 0 to 60 8C enabled us to estimate the phase-transition
temperatures (Tms) of the two compounds. For the distearyl
derivative KanaSucDODA, the Tm was about 34 8C, whereas for


the unsaturated derivative KanaSucDOLA, no phase transition
could be observed, this latter result being in good agreement
with the results obtained with other dioleyl cationic lipids, for
which the Tms were found to be below 0 8C.[32, 33] Altogether,
one may hypothesise that the fluidity induced by unsaturation
may provide the KanaSucDOLA vector with part of the fuso-
genic activity of DOPE.[5] Thus, in the case of KanaSucDODA,
the Tm of which is close to the physiological temperature
(37 8C) at which the transfection experiments were performed,
the addition of DOPE might lower the Tms of the resulting lipo-
somes and lipoplexes and thereby provide them with favoura-
ble fusogenic properties. In contrast, in the case of KanaSuc-
DOLA, the Tm of which is already low, addition of DOPE might
not change the physicochemical behaviour of the lipoplexes.
Moreover, the presence of the neutral DOPE here may only
lead to a decrease in the positive charge densities on the sur-
faces of the liposomes, resulting in decreased interactions with
the negatively charged DNA. It is also noteworthy that Kana-
SucDOLA alone seems to be more efficient than KanaSucDO-
DA, whether formulated with or without DOPE. This finding,
which further emphasises that the nature of the hydrophobic
subunit and the fluidity of the lipid layers of the resulting lipo-
plexes are important factors in gene transfection, is in good
agreement with previous studies.[34, 35] However, a different
effect of the addition of DOPE has been reported in studies of
monovalent cationic lipids.[35] Here, the size and multivalency
of the aminoglycoside headgroup may thus also govern the
overall transfection efficiency.


Figure 3. Dose-response curves of the in vitro transfection activities of aliphatic derivatives of kanamycin A formulated as liposomes with and without DOPE
(molar ratio 1:1): (& and dashed line) = KanaSucDODA, (&) = KanaSucDODA/DOPE, (^ and dashed line) = KanaSucDOLA, and (^) = KanaSucDOLA/DOPE. Lucifer-
ase reporter gene expression is indicated as a function of the charge ratio of the lipoplexes. Cell lines were transfected as described in the Experimental Sec-
tion through the use of lipoplexes prepared by mixing luciferase-expressing plasmid DNA (5 mg) with the required amounts of lipid. Data are expressed as
relative lights units (RLUs) per mg of cell protein (mean � SD with n�3).
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Finally, similar physicochemical considerations can
be made in comparison of the transfection properties
of the cholesterol and aliphatic derivatives of kana-
mycin A. Indeed, as shown in Figure 2, the profiles of
the isotherms indicate that the aliphatic derivatives
produce more fluid lipid layers than KanaChol. This
may be correlated with the increased efficiency of
KanaSucDOLA and KanaSucDODA in relation to Kana-
Chol. As discussed above for the cholesterol deriva-
tives, the presence of a spacer subunit—the succinyl
group—is probably contributing to the increased
fluidity of the lipidic layers formed by KanaSucDOLA
and KanaSucDODA.


In vitro transfection by aliphatic derivatives of
guanidinylated kanamycin A


In our previous study with KanaChol, we also evaluat-
ed the transfection activity of its fully guanidinylated
analogue TGKC.[25] In this work we therefore also in-
vestigated the transfection efficiency of the guanidy-
lated KanaSucDODA derivative TGKSucDODA (8, for-
mulated as liposomes with DOPE, since better trans-
fection results had been obtained with KanaSucDO-
DA/DOPE liposomes than with KanaSucDODA alone,
as indicated above). For comparative purposes, the
transfection activities of TGKSucDODA and its parent
vector KanaSucDODA were evaluated in two cell lines
(HeLa and COS-7) that we had previously already
used when comparing TGKC and KanaChol.[25]


Figure 6 shows that—as previously observed for
KanaChol and its guanidinylated analogue TGKC—the
transfection activity of the KanaSucDODA/DOPE for-
mulation was clearly higher than that of the TGKSuc-
DODA/DOPE formulation, the guanidinylated ana-
logue giving rise to luciferase levels at least ten times
lower. The same trend was observed in the absence
of DOPE with HeLa cells (data not shown). These re-
sults confirm our previous findings with the Kana-
Chol/TGKC homologues, showing that cationic lipids
with fully guanidinylated aminoglycoside headgroups
were less efficient than their amino counterparts.
Moreover, TGKSucDODA/DOPE liposomes were ac-
tually slightly more efficient than TGKC/DOPE lipo-
somes. This is in agreement with the results obtained
with the corresponding parent amino vectors (see
above). Therefore, aliphatic chain derivatives appear
to be more efficient than unspaced cholesterol deriv-
atives, irrespective of the nature of the functional
groups (amines or guanidiniums) present in the ami-
noglycoside-based headgroup.


In vivo gene transfection into mouse airways


We previously reported that KanaChol/DOPE lipo-
somes were efficient for gene transfection into
mouse airways in vivo.[25] This prompted us to test


Figure 4. Cytotoxicity of kanamycin A derivatives. a) Cholesterol derivatives of kanamycin
A: (* and a) = KanaChol, (*) = KanaChol/DOPE, (^) = KanaCapChol/DOPE, (~) = Kana-
LysChol/DOPE, and (&) = KanaDiLysChol/DOPE. b) Aliphatic derivatives of kanamycin A:
(& and a) = KanaSucDODA, (&) = KanaSucDODA/DOPE, (^ and dashed line) = TGKSuc-
DODA, (^) = TGKSucDODA/DOPE, (~ and dashed line) = KanaSucDOLA, and (~) = Kana-
SucDOLA/DOPE. HeLa cells were transfected as described in the Experimental Section
through the use of plasmid DNA (5 mg) mixed with the amounts of lipids required to
form lipoplexes characterised by the indicated charge ratios. At 48 h post-transfection,
cells were harvested (for monitoring of luciferase expression) and toxicity was quantified
by use of the total amount of cell protein in the cell lysate as an index of cell number,
cell death leading to a decrease in extractable protein. Total cell protein in the cell lysate
is indicated as a function of the charge ratio of the lipoplexes. Data are expressed as per-
centages of the concentration of extractable cell protein in the cell lysate in relation to
the quantity obtained for untransfected cells (fixed volume, mean � SD with n = 3).


Figure 5. Differential scanning calorimetry of aliphatic derivatives of kanamycin A: Kana-
SucDODA and KanaSucDOLA upscanned from 0 to 60 8C.
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some of the new derivatives (under the same conditions) to as-
certain their capacity to mediate gene transfection in vivo.
Here we chose to use novel cholesterol derivatives, since cat-
ionic cholesterol vectors have been reported to be both more
stable and more efficient for in vivo transfection of epithelial
cells.[5] Furthermore, it has also been reported that cationic
lipids incorporating longer spacer units gave better results in
vivo, as they may provide enhanced interactions of the lipo-
plexes with the surface mucosal tissue.[36] We therefore select-
ed the cholesterol derivatives KanaCapChol and KanaLysChol
for experiments involving gene transfection into mouse airway
epithelium in vivo.


Chol-PEG-stabilised KanaCapChol/DOPE/DNA and KanaLys-
Chol/DOPE/DNA lipoplexes were prepared and administered as
described in the Experimental Section. Addition of cholesterol–
poly(ethylene glycol) (Chol–PEG) has been shown to allow the
preparation of colloidally stable lipoplexes at the high DNA
concentrations required for efficient gene transfer to the
mouse airways by intranasal instillation.[37–39]


The levels of transgene expression (CAT reporter gene) ob-
tained with each vector are indicated in Table 1. Comparison
both with uncomplexed plasmid DNA (“naked DNA”) and with
BGTC (a vector that has been thoroughly studied[27, 28, 39, 40])
shows that the two vectors were efficient under our condi-
tions. Indeed, both vectors were able to mediate, especially in
the lungs, levels of CAT expression of the same order of magni-
tude as previously obtained on administration of BGTC-based
lipoplexes by intranasal instillation. However, the beneficial ef-
fects of the longer spacers observed in vitro with KanaCapChol


and KanaLysChol were not found in vivo, as only KanaLysChol
yielded CAT levels higher than those obtained with Kana-
Chol.[25] Such results are not surprising, since in vitro experi-
ments may not predict transfection outcomes under the
widely varying and complex conditions of any in vivo adminis-
tration.[40–42] Confirmation of relatively subtle differences in the
transfection activities of two efficient vectors would therefore
require many more in vivo experiments. Accordingly, as the
CAT levels measured here were of the same order of magni-
tude as those obtained with KanaChol, these differences in ac-
tivity may presumably be related to the experimental varia-
tions inherent in the intranasal instillation technique (which is


Figure 6. Dose-response curves of the in vitro transfection activities of guanidinylated derivatives of kanamycin A and their amino analogues, formulated as
liposomes with DOPE (molar ratio 1:1): (& and a) = KanaChol/DOPE, (&) = TGKC/DOPE, (^ and a) = KanaSucDODA/DOPE, and (^) = TGKSucDODA/DOPE.
Luciferase reporter gene expression is indicated as a function of the charge ratios of the lipoplexes. Cell lines were transfected as described in the Experimen-
tal Section through the use of lipoplexes prepared by mixing luciferase-expressing plasmid DNA (5 mg) with the required amounts of lipid. Data are expressed
as relative light units (RLUs) per mg of cell protein (mean � SD with n�3).


Table 1. CAT expression in mouse airways after intranasal instillation of
Chol–PEG stabilised lipoplexes of KanaCapChol/DOPE and KanaLysChol/
DOPE.


Type of vector CAT expression in trachea CAT expression in lungs
[ng per 100 mg protein] [ng per 100 mg protein]


KanaCapChol/DOPE 0.09�0.10 1.55�0.41
KanaLysChol/DOPE 0.90�1.24 8.34�7.82
“naked” DNA 0.03�0.05 0.15�0.16


Chol-PEG-stabilised KanaCapChol/DOPE/DNA and KanaLysChol/DOPE/
DNA lipoplexes (characterised by charge ratios of 3.75 and Chol–PEG/
DNA (w/w) ratios of 2) were used to deliver a total dose of 100 mg of
CAT-expressing plasmid DNA. Intranasal instillation was performed, and
tracheas and lungs of the treated mice were harvested, processed and as-
sayed for CAT expression as previously described.[39] Data are expressed
as ng of CAT protein per 100 mg of total cell protein (mean � SD with
n = 8 for KanaCapChol/DOPE and n = 14 for KanaLysChol/DOPE).
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highly convenient, but the lipoplexes may be lost in the nasal
passages as previously reported[43]). Overall, however, these re-
sults do confirm that aminoglycoside-based lipids can mediate
gene transfer in vivo.


Discussion


The results reported here demonstrate that kanamycin A-
based lipids incorporating significant spacer and/or aliphatic
lipid moieties can mediate efficient gene transfection. They
also confirm that guanidinylation of the amine groups of the
kanamycin A headgroup decreases their transfection activity.


The mechanisms underlying this negative effect of the gua-
nidinylation of kanamycin A remain unclear, however. Chang-
ing the ammonium groups into guanidinium groups clearly af-
fects the interaction of the headgroup with the DNA. However,
the resulting effects can hardly be predicted. Indeed, on the
one hand, the guanidinium group presents a more delocalised
positive charge than the ammonium group, which might
reduce the electrostatic attraction of the vector with anions.[44]


On the other hand, both the strong basicities of the guanidini-
um groups (pKa around 13.6[45]) and their planar structures
(which allow the formation of chelating hydrogen bonds) are
likely to reinforce the interactions between the headgroup and
the DNA.[27, 46] Accordingly, recent studies showed that the
binding of guanidinium and ammonium groups to phosphate
could be characterised by different thermodynamic pro-
files.[47, 48]


In particular, as concerns aminoglycosides, it is noteworthy
that the affinity of their derivatives[49] for the HIV RRE (Rev Re-
sponse Element) RNA sequence was increased upon guanidiny-
lation (as a result of the semirigid preorganisation of the cati-
onic units). We therefore also performed oligodeoxynucleotide
melting experiments with kanamycin A and its tetraguanidiny-
lated analogue[49] as headgroup models. The results indicated
that the guanidinylated analogue of kanamycin A induces a
stronger stabilisation of a 25-mer duplex than the aminoglyco-
side (DTm of 13.3�0.7 8C for 10 molar equivalents of the tetra-
guanidinylated analogue in comparison with 6.3�0.7 8C for ka-
namycin A under the same conditions). This might be related
to the fact that the aminoglycoside, unlike its guanidinylated
analogue, is not fully protonated at the pH (7.2) used for the
melting study, as suggested by the basicities of the different
amino groups of kanamycin A (pKa : 9.03, 8.16, 7.42 and
6.19[50]).


These results suggest that TGKC and TGKSucDODA might
bind to plasmid DNA more tightly than their amino parent
compounds. The resulting higher stabilities of the lipoplexes
formed by these guanidinylated lipids might therefore be the
cause of their decreased transfection activities. It has indeed
been shown that, after their uptake into the target cells by en-
docytosis, efficient decomplexation of the lipoplexes is needed
to permit transcription of the DNA.[6, 10] Direct microinjection of
lipoplexes into the nucleus showed that complexation with
the cationic lipid hinders transgene transcription;[10, 51] more-
over, in a recent study, inhibition of transcription was associat-
ed with an increased affinity of polylysine oligomers for


DNA.[52] Finally, the strong basicity of the guanidinium group
may also affect the buffering capacity of the cationic lipid in
the endosome and thereby hinder endosomal escape of the
lipoplexes. High buffering capacities in endosomes have
indeed been shown to be associated with high transfection ac-
tivities of several synthetic vectors, including cationic lipids[53]


and the cationic polymer polyethylenimine (PEI).[54]


This work also allowed the identification of some critical fac-
tors in gene transfection by kanamycin A-based lipids. The sub-
stitution of cholesterol by aliphatic chains and the incorpora-
tion of substantial spacer subunits resulted in significant in-
creases in in vitro transfection efficiencies, which seem in both
cases to be correlated with gains in the fluidities of the lipid
layers formed by the vectors. The fluidities of the lipoplex bi-
layers therefore appear to be critical factors. In contrast, other
factors appear to affect the transfection potentials to lesser ex-
tents. On comparison of the activities of KanaCapChol, Kana-
LysChol and KanaLysDiChol, for instance, neither changes of
the vector geometry nor of its hydrophilicity/hydrophobicity
balance seem to modify its efficiency significantly. The transfec-
tion process may thus be affected by the properties of the bio-
assemblies formed by the lipoplexes, rather than by the indi-
vidual properties of the vector.


Interestingly, fluidity may play a critical role at various stages
of the transfection process. Modifications of the lipidic layers’
properties can indeed affect the morphologies of the lipoplex-
es as well as their interactions with the various cellular compo-
nents encountered during their uptake by endocytosis. Here,
the sizes of the lipoplexes, as evaluated by DLS, seem to be in
the same range for all vectors. However, better characterisation
of the supramolecular organisation of the lipoplexes would re-
quire additional studies, such as electron microscopy studies
and X-ray scattering experiments. On the other hand, modifica-
tions of the stabilities of the lipoplexes through increased flu-
idity might affect the protection of the DNA against (chemical
or enzymatic) degradation as well as their interactions with the
cellular membranes along the endocytosis pathway. More fluid
lipid layers may in particular facilitate endosomal escape of the
lipoplexes and subsequent DNA release into the cytosol.
Indeed, according to a recent model,[55] destabilisation of the
endosomal membrane requires formation of neutral ion pairs
(between the cationic lipids and the anionic phospholipids of
the cytoplasm-facing endosomal monolayer) and diffusion of
the anionic lipids into the DNA complexes: two processes en-
hanced by increased fluidity of the lipoplex lipid layers. It is
also noteworthy that aminoglycosides have been reported to
destabilise negatively charged membranes;[56, 57] the aminogly-
coside headgroup is therefore probably also contributing to
the efficiency of the vectors. In future studies, it will therefore
be interesting to investigate the interaction of liposomes and
lipoplexes formed by aminoglycoside-derived cationic lipids
with negatively charged model membranes, particularly in
order to evaluate their ability to form inverted hexagonal
phases, which have been reported to play a key role in endo-
somal escape of the DNA complexes.[33, 58]


In conclusion, this work confirms the transfection activities
of cationic lipids characterised by headgroups consisting of
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aminoglycosides. It also provides some insight into the struc-
ture–activity relationships of this novel and promising class of
cationic lipids.


Experimental Section


Synthesis of KanaSucDOLA : All commercially available chemicals
were reagent grade and were used without further purification.
Analytical TLC was performed with 0.2 mm silica-coated aluminium
sheets, and visualisation was achieved by use of UV light or by
spraying either with a solution of ninhydrin (0.3 % in weight in n-
butanol containing 3 % acetic acid in volume) or with an iodine so-
lution (0.1 m in 10 % aqueous sulfuric acid solution). 1H and
13C NMR spectra were recorded on a Bruker Avance 300 instru-
ment.


KanaSucDOLA was obtained from the coupling of N-succinyl-dio-
leylamine and a previously described intermediate of kanamycin A
protected on all the amino functions except 6’-N.[26] Briefly, oleyla-
mine was acylated with oleyl chloride and the resulting amide was
reduced with LiAlH4 in order to obtain dioleylamine.[59] Further acy-
lation of the dioleylamine with succinic anhydride yielded N-succin-
yl-dioleylamine. The resulting acid was coupled to {1,3,3’’-tris-N-(tri-
methylsilyl-ethoxycarbonyl)}kanamycin A[26] in the presence of EDC
and HOAt, and a final deprotection step with trifluoroacetic acid
yielded the desired compound, KanaSucDOLA (7). Rf = 0.32 (CH2Cl2/
MeOH/NH4OH 5:4:1). 1H NMR (300 MHz, CD3OD/CDCl3, 25 8C): d=
5.32 (m, 4 H; H-9 and H-10 from oleyl chains), 5.22 (d app, J =


3.3 Hz, 1 H; anomeric proton), 5.05 (d app, J = 3.3 Hz, 1 H; anomeric
proton), 3.96–3.38 (m, 17 H), 3.33–3.24 (m, 4 H), 3.15 (t, J = 9.3 Hz,
1 H), 2.64–2.50 (m, 5 H), 2.00 (m, 8 H; H-8 and H-11 from oleyl
chains), 1.58–1.46 (m, 5 H), 1.30–1.24 (m, 44 H), 0.86 ppm (t app, J =
6.7 Hz, 6 H; �CH3 from oleyl chains); 13C NMR (75 MHz, CD3OD/
CDCl3, 25 8C): d= 174.11, 172.10, 129.80, 129.76, 129.58, 129.56,
100.38, 98.73, 73.55, 72.78, 72.09, 71.91, 71.11, 68.63, 66.02, 60.52,
55.59, 49.96, 46.37, 40.20, 33.51, 32.41, 31.76, 30.42, 29.59, 29.56,
29.53, 29.49, 29.42, 29.35, 29.25, 29.16, 29.12, 29.08, 29.03, 28.97,
28.61, 27.93, 27.60, 27.51, 27.00, 26.90, 26.77, 24.84, 22.49,
13.64 ppm; MS: m/z MALDI-TOF [M+Na]+ : 1106.8.


Preparation of cationic lipid formulations : For preparation of cati-
onic liposomes composed of lipid (aliphatic or cholesterol) deriva-
tives of kanamycin A and the neutral colipid dioleoylphosphatidyle-
thanolamine (DOPE), a mixture of cationic lipid and DOPE (molar
ratio 1:1) in CHCl3 was evaporated under vacuum and resuspended
in a Hepes buffer solution (20 mm, pH 7.4). The final total lipid con-
centration was 5 mg mL�1. The same method was used for the
preparation of liposomal formulations of aliphatic derivatives with-
out DOPE, the final cationic lipid concentration in this case being
5 mg mL�1. The mixture was sonicated for 10 min with a sonicator
probe (sonifier cell disruptor B-30 terminal equipped with a Bran-
son sonifier 450) to form liposomes. The resulting solution was al-
lowed to cool to room temperature before filtration through a
0.22 m filter (Millex GS, Millipore).


Plasmids : The plasmid pCMV-Luc used for in vitro transfection ex-
periments has been described previously.[60] Plasmid pCIK-CAT,
which was used for the in vivo studies, was obtained from D. Gill
(Oxford, UK). Briefly, pCIK-CAT was constructed by subcloning the
Escherichia coli chloramphenicol acetyltransferase (CAT) gene
(equipped with a Kozak translation sequence) into a pCI backbone
(Promega). Both plasmids were amplified in E. coli and were puri-
fied by standard techniques (QIAGEN EndoFree plasmid mega kit).


Preparation of lipoplexes : For in vitro transfection experiments,
lipoplexes were prepared as described previously.[27, 60] Preparation
of colloidally stable lipoplexes for in vivo gene transfection into
mouse airways (by intranasal instillation) has also been described
previously.[39] Schematically, stable kanamycin A derivative/DOPE/
DNA lipoplexes were obtained in hypotonic medium by addition
of the steric stabiliser Chol-PEG (kindly provided by C. Masson,
Paris, France, and in which a PEG chain of approximately 100 oxy-
ethylene units is linked to an hydrophobic anchor composed of a
cholesterol molecule), to the kanamycin A derivative/DOPE lipo-
somes (in 20 mm Hepes buffer) immediately prior to mixing with
pCIK-CAT DNA in water.


Dynamic light scattering : The size distributions of liposomes and
lipoplexes were evaluated by dynamic light scattering (at an angle
of 908) by use of a laser light scattering apparatus (Autosizer 4700;
Malvern Instruments, Orsay, France). Lipoplex samples were pre-
pared at DNA concentrations of 10 mg mL�1 and at charge ratios of
6 (+/�). Mean particle diameters were determined by multimodal
fit analysis.


Surface pressure/area isotherms : All the surface pressure/area iso-
therms were measured by use of a Langmuir–Wilhelmy film bal-
ance (NIMA 611 A) equipped with a temperature controller set at
20 8C. Lipid solutions were prepared in a chloroform/methanol mix-
ture (95:5) at a concentration of 1 mg mL�1. By use of a microsyr-
inge, drops of lipid solutions were spread on tridistilled water con-
tained in a trough made of Teflon. After total evaporation of the
organic solvent (approximately 10 min), the surface layer was com-
pressed by use of two symmetrical barriers to determine the iso-
therms, the surface pressure being measured by the Wilhelmy
method.[29]


Differential scanning calorimetry (DSC): Liposomes studied by
DSC were prepared by a slightly different method from that used
for the transfection studies. Chloroform solutions of the aliphatic
derivatives of kanamycin A were evaporated under vacuum and re-
suspended in Hepes buffer solutions (20 mm, pH 7.4) in order to
obtain final lipid concentrations of 7 mm. The mixtures were
heated at 60 8C and were then vortexed for 10 min. The heating
and vortexing process was repeated three times in order to obtain
multilamellar vesicles, which were used for DSC measurements.
Thermograms were measured on a DSC-7 scanning calorimeter
(Perkin–Elmer) ; samples were prepared with the liposome solutions
(50 mL) and were scanned at a rate of 5 8C min�1.


Thermal denaturation experiments : The oligodeoxynucleotides
were purchased from Eurogentec (PAGE purified). They consist of a
25-mer duplex derived from a recognition sequence of the methyl
transferase M.TaqI (5’-TGAGATCCAGTTCGTAGTAACCCAC and 5’-
GTGGGTTACTACGAACTGGATCTCA).[61, 62] Thermal denaturation
measurements were performed with a Uvikon XL spectrophotome-
ter. The temperatures of the two six-cell holders were regulated by
an electrical thermosystem and controlled through a temperature
sensor immersed in a reference cell containing appropriate buffer.
The samples were studied between 18 and 90 8C with a tempera-
ture change rate of 0.2 8C min�1. Tm values were obtained by calcu-
lating the first derivatives of the melting curves. The melting pro-
files were monitored at 260 nm and subtracted from the absorb-
ance at 500 nm, which was used as internal base line. DTm corre-
sponds to the difference between the Tm values obtained in the
presence and in the absence of a ligand. To form the duplex,
equimolar amounts of the complementary oligodeoxynucleotide
strands (1 mm) in HEPES buffer (20 mm, pH 7.2) containing sodium
chloride (10 mm) were incubated at 90 8C for 5 min; the duplex
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was then slowly cooled to room temperature and stored at 4 8C for
12 h. Kanamycin A (sulfate) or its tetraguanidinylated analogue (tri-
fluoroacetate)[49] were added to the duplex at different molar ratios
(1.5, 5 and 10), and the solutions were allowed to equilibrate at
4 8C for 3 h before measurements were made.


Cell and culture conditions : The in vitro transfection activities of
the different reagents were evaluated in transient transfection ex-
periments with a variety of mammalian cell lines. The cell lines
tested were as follows: the HeLa cell line (derived from a human
epithelioid cervical carcinoma), COS-7 cells (produced by Simian
Virus-40 transformation of monkey kidney cells), HEK293 cells
(which are adenovirus-transformed human embryo kidney cells),
the 16HBE cell line (kindly provided by D. Gruenert, University of
Vermont, Burlington, VT, USA, and of human bronchial epithelium
origin[63]) and 3T3 cells (which are mouse fibroblasts).


All cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 10 % fetal calf serum and antibiotics,
and routinely maintained at 37 8C in a humidified 5 % CO2/95 % air-
containing atmosphere.


In vitro transfection, luciferase assay and determination of cyto-
toxicity : In vitro transfection experiments were performed as previ-
ously described,[27, 60] except that the transfection medium was not
replaced with fresh culture medium until harvesting of the cells (at
48 h post-transfection) for monitoring of luciferase activity. The lu-
ciferase assay has also been previously described.[27] Data for luci-
ferase activity were expressed as relative light units (RLUs) per mg
of cell protein, the protein concentration being determined by use
of the Bio-Rad protein assay. Cellular toxicities of the lipid formula-
tions were quantified by use of the total amount of cell protein in
the cell lysate (per well) as an index of the cell number; cytotoxici-
ty data are expressed as the percentage of the concentration of ex-
tractable cell protein in the cell lysate (of fixed volume) from trans-
fected wells in comparison to untransfected cells.


In vivo gene delivery to mouse airways : Female BALB/c mice
(30 g body weight) were purchased from Charles River (Saint-
Aubin-Les-Elbeuf, France). Intranasal administration of the lipoplex-
es was conducted as previously described.[39] Schematically, the
mice were briefly anaesthetised with halothane (Belamont, Paris,
France) and instilled intranasally with Chol–PEG-stabilised lipoplex-
es (50 mL) characterised by a charge ratio of 3.75 and a Chol–PEG/
DNA (w/w) ratio of 2; each animal received three doses (about 4 h
apart), a total amount of 100 mg of pCIK-CAT being administered.
All animal procedures were performed in compliance with current
French legislation


CAT expression in vivo : At 48 h after instillation, the animals were
killed by i.p. overdoses of pentobarbital and the lungs and tracheas
were removed for analysis. CAT expression in vivo was evaluated as
previously described.[39] Briefly, tissue pieces were placed in TEN
buffer (40 mm Tris-HCl, 1 mm EDTA, 150 mm NaCl, pH 7.8) and dis-
rupted on ice for about 30 s by use of an Ultra-Turrax T25 homoge-
niser (Fischer Bioblock Scientific, Strasbourg, France). Cells were
lysed by three freeze-thaw cycles and the supernatant was ob-
tained by centrifugation. CAT concentration was determined by a
CAT ELISA assay performed according to the manufacturer’s in-
structions (Boehringer Mannheim). CAT levels were expressed as
ng of CAT protein per 100 mg of total protein, the protein concen-
tration being determined by the Bio-Rad assay.
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“Parallel” and “Antiparallel Tail-Clamps”
Increase the Efficiency of Triplex Formation
with Structured DNA and RNA Targets
Anna Nadal,[a] Ramon Eritja,[b] Teresa Esteve,[a] and Maria Pla*[a, c]


Introduction


Oligonucleotides can interact in a sequence-specific manner
with homopurine–homopyrimidine sequences of duplex and
single-stranded DNA and RNA to form triplexes.[1] Depending
on the composition and the orientation of the third strand
with respect to the central homopurine Watson–Crick (WC)
strand, triplexes are classified into two main categories: i) par-
allel and ii) antiparallel.[2]


The best-characterized parallel triplex is that formed be-
tween a double-stranded homopurine–homopyrimidine helix
(duplex DNA) and a single-stranded homopyrimidine track (tri-
plex-forming oligonucleotide). In this type of triple helix, the
triplex-forming oligonucleotide binds to the major groove, par-
allel to the homopurine strand of the Watson–Crick double-
helical DNA, through Hoogsteen hydrogen bonding and is sta-
bilized under acidic conditions.[1, 3] As an alternative approach,
parallel-stranded duplexes or parallel clamps—consisting of
purine residues linked to a pyrimidine chain of inverted polari-
ty by 3’–3’ or 5’–5’ internucleotide junctions (Scheme 1)—have
been designed[4–6] and demonstrated to bind single-stranded
DNA and RNA targets by triplex formation.[4, 5, 7, 8]


In the antiparallel triplexes, the third strand composed of
purine bases binds antiparallel to the homopurine strand of
the duplex through reverse-Hoogsteen hydrogen bonds and
its binding is pH-independent.[9] The same strategy has been
shown to generate stable antiparallel triplexes when purine-
rich clamps are used as templates:[10–13] that is, antiparallel
clamps (Scheme 1).


One of the main drawbacks of this technology is the low sta-
bility of triple helices, especially under neutral and basic pH
conditions in the case of parallel triplexes. A large effort has
been devoted to designing modified oligonucleotides to en-
hance triple helix stability.[1] One of the most successful modifi-


cations was to replace natural bases with some modified
bases.[14] The introduction of an amino group at the 8-position
in adenine brings with it the combined effects of a gain in one
Hoogsteen purine–pyrimidine H-bond and the ability of the
amino group to be integrated into the “spine of hydration” lo-
cated in the minor-major groove of the triplex structure.[4]


Binding of pyrimidine single strands by modified clamps con-
taining 8-aminopurines has been described and shows high af-
finity for model homopyrimidine sequences, resulting in the
formation of very stable triplexes.[4, 15] The design of clamps ca-
pable of increasing the stability of triplex structures further
would be highly desirable for the use of triple helix formation
as a new tool for applications such as structural studies and
DNA-based diagnostic tools, as well as for antigene and anti-
sense therapies.[1, 16–19]


A second problem for the inclusion of this technology in the
molecular biology toolbox involves the placement of the
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Sequence-specific triple-helix structures can be formed by parallel
and antiparallel DNA clamps interacting with single-stranded
DNA or RNA targets. Single-stranded nucleic acid molecules are
known to adopt secondary structures that might interfere with
intermolecular interactions. We demonstrate the correlation be-
tween a secondary structure involving the target—a stable stem
predicted by in silico folding and experimentally confirmed by
thermal stability and competition analyses—and an inhibitory
effect on triplex formation. We overcame structural impediments
by designing a new type of clamp : “tail-clamps”. A combination


of gel-shift, kinetic analysis, UV thermal melting and thermody-
namic techniques was used to demonstrate that tail-clamps effi-
ciently form triple helices with a structured target sequence. The
performance of parallel and antiparallel tail-clamps was com-
pared: antiparallel tail-clamps had higher binding efficiencies
than parallel tail-clamps both with structured DNA and RNA tar-
gets. In addition, the reported triplex-stabilizing property of 8-
aminopurine residues was confirmed for tail-clamps. Finally, we
discuss the possible use of this improved triplex technology as a
new tool for applications in molecular biology.
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target oligonucleotide within its DNA or RNA sequence con-
text. Single-stranded nucleic acid molecules tend to adopt sec-
ondary structures that have an effect on intermolecular interac-
tions.[20–23] Therefore, secondary structures may pose a substan-
tial problem to the ability of clamps to approach the target
sequence, and this has never been addressed to date.


The presented results raise the problem of the influence of
secondary structure on triplex formation by clamps. They show
correlation between predicted stable target secondary struc-
tures and poorly efficient triplex formation and present the
design of a new strategy based on the addition of a tail se-
quence to parallel-stranded, antiparallel-stranded and modified
clamps to form triple helices with structured DNA or RNA mol-
ecules. Finally, they validate the new tail-clamp strategy to
overcome structural interference, concomitantly greatly in-
creasing the stability of triplex binding.


Results


The P35S clamp specifically binds the 35S target oligo-
nucleotide


We designed and synthesized a parallel-stranded clamp (P35S
clamp, Table 1) targeting a 12-homopyrimidine sequence of
the CaMV35S promoter in order to assess the capacity of such
clamps to form triple helices in a real DNA context. The homo-
purine portion of the P35S clamp should be able to hybridise
the target through Watson–Crick bonding, and the inverted
homopyrimidine portion of the P35S clamp should form a tri-
plex by Hoogsteen hydrogen bonding (Scheme 2). Initial bind-
ing experiments were performed with a 33-nt oligonucleotide
(33pyr, Table 1), flanked by nucleotides 479 and 511 of the
CaMV35S promoter at 5’ and 3’, respectively, including the 12-


homopyrimidine target sequence. Radioactively la-
belled target was incubated with increasing amounts
of P35S clamp under triplex-forming conditions. Tri-
plex formation was observed in all reaction mixtures
containing clamp (Figure 1 A). The percentage of
binding gradually increased with the molar excess of
clamp, approaching 100 % at 50-fold. Thermal stabili-
ty analyses (Table 2) further confirmed the affinity ob-
served by gel-shift. Such values for triplex formation
are similar to those previously described for the par-
allel R22 clamp and WC-11mer[4] under the same con-
ditions, indicating that different target sequences can
be suitable for triplex formation through parallel-
stranded clamps.


Further, we also studied the specificity of binding
with a 33-nt oligonucleotide complementary to the
target sequence (33pur, Table 1) but including a ho-
mopurine instead of the homopyrimidine track and
therefore not expected to form triplexes with P35S
clamp. Indeed, no shifted bands were detected up to
a 100-fold excess of clamp (Figure 1 B). In addition,
we used a 32-nt oligonucleotide (32pyr, Table 1) in-


corporating a different 12-nucleotide homopyrimidine track
and obtained negative results (data not shown); this indicated
that the CaMV35S promoter triplexes were formed in a se-
quence-specific manner. As was to be expected, nonhomolo-
gous clamps did not show detectable binding with 33pyr
under the same conditions (data not shown).


Scheme 1. Schematic representation of binding of a homopyrimidine single-stranded nu-
cleic acid with parallel and antiparallel clamps. Arrows indicate 5’ to 3’ orientation. Lines
indicate Watson–Crick hydrogen bonds, and dots Hoogsteen or reverse-Hoogsteen hy-
drogen bonds.


Table 1. Sequences of homopyrimidine targets and parallel- and antiparallel-
stranded clamps prepared in this study.


Name Sequence


33pyr 5’-CGTCTTCTTTTTCCACGATGCTCCTCGTGGGTG-3’
33pur 5’-CACCCACGAGGAGCATCGTGGAAAAAGAAGACG-3’
50pyr 5’-TGAAGACGTGGTTGGAACGTCTTCTTTTTCCAC-


GATGCTCCTCGTGGGTG-3’
50pur 5’-CACCCACGAGGAGCATCGTGGAAAAAGAAGACGTTCCAACCACGTCTT-


CA-3’
32pyr 5’-TGGAATAATTTATCTTCTTCTTCTATTTATGT-3’
15(�) 5’-CCAACCACGTCTTCA-3’
22pyr 5’-GGTTGGAACGTCTTCTTTTTCC-3’
RNA
22pyr


5’-GGUUGGAACGUCUUCUUUUUCC-3’


P35S
clamp


biotin-5’-GGAAAAAGAAGA-3’-(eg)6-3’-TCTTCTTTTTCC-5’


P35S-T
clamp


biotin-3’TCTTCTTTTTCC-5’-(eg)6-5’-GGAAAAAGAAGACGTTCCAACC-3’


PN35S-
T clamp


biotin-3’-TCTTCTTTTTCC-5’-(eg)6-5’-GGNAANAGNAGACGTTCCAACC-3’


A35S
clamp


biotin-5’-AGAAGAAAAAGG-TTTT-GGAAAAAGAAGA-3’


A35S-T
clamp


biotin-5’-AGAAGAAAAAGG-TTTT-GGAAAAAGAAGACGTTCCAACC-3’


WC35S-
T clamp


5’-AGTGGTACTATA-TTTT-GGAAAAAGAAGACGTTCCAACC-3’


N = 8-aminoadenine, (eg)6 = hexa(ethylene glycol), biotin = biotin-CONH-(CH2)6-
O-phosphate
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Role of the secondary structure in triplex formation


Accessibility of the target sequence is a crucial requirement for
successful interactions of nucleic acid molecules.[24, 25] Single-
stranded nucleic acid molecules tend to adopt secondary


structures whose formation and stability can be theo-
retically predicted on a sequence basis by use of sec-
ondary structure prediction algorithms. Under our tri-
plex-forming conditions, intramolecular target inter-
actions could interfere with the intermolecular triplex
formation. The 33pyr oligonucleotide used above
was folded by use of the RNA Structure Version 4.11
program,[26] and no stable secondary structure in-
volving the homopyrimidine track was predicted
(Figure 2). However, it was predicted that a slightly
longer sequence (50pyr, Table 1) should form a stable
stem in which five out of 12 target pyrimidine nu-
cleotides were involved in Watson–Crick intramolecu-
lar interactions (Figure 2). This stem was also predict-
ed when longer (up to 600 nt) CaMV35S sequences
were folded. Melting experiments with target (33pyr
and 50pyr) oligonucleotides alone (at 2 mm concen-
tration in 0.1 m sodium phosphate/citric acid pH 7.0)
gave only a sigmoidal curve for oligonucleotide
50pyr. The melting temperature of the transition was
66 8C (DG =�3.5 kcal mol). This confirms the presence
of a secondary structure in 50pyr under the experi-
mental conditions.


Radioactively labelled 50pyr was incubated with increasing
amounts of P35S clamp under triplex-forming conditions and
analysed by gel-shift. Figure 3 shows the absence of lower mo-
bility bands even at 100-fold excess of clamp, indicating the
absence of triplexes. This could be due to inaccessibility of the
target sequence as a result of the predicted intramolecular in-
teractions (Figure 2). We therefore performed the same reac-
tions in the presence of a 100-fold excess of 15(�) (Table 1), an
oligonucleotide complementary to eight nucleotides in 50pyr
involved in the same predicted intramolecular stem as the ho-
mopyrimidine track. Hybridization of 15(�) with 50pyr under
standard triplex-forming conditions was confirmed (Figure 3).
In the presence of 15(�), the P35S clamp was able to interact
with 50pyr, although with low efficiency (Figure 3). This sug-
gested that 15(�) should compete with the 50pyr predicted in-
tramolecular stem and so make the homopyrimidine target se-
quence accessible. We concluded that such an intramolecular
stem should contribute to the lack of triplex formation, and
that such a problem could be overcome by competition of the
intramolecular stem with a complementary oligonucleotide.


Tail-clamps bind 35S target oligonucleotides with predicted
secondary structures


One limitation of the use of two oligonucleotides to bind one
target is the weak efficiency of trimolecular interactions. How-
ever, if the oligonucleotide is included as part of the clamp, it
becomes possible to increase both the strength and the specif-
icity of binding. We designed a new clamp molecule (a tail-
clamp) by attaching an oligonucleotide (tail sequence, comple-
mentary to the 5’ flanking sequence of the homopyrimidine
track) to its Watson–Crick-forming strand. The CaMV35S pro-
moter tail-clamp (P35S-T clamp, Table 1) consists of: i) the same
homopurine portion as the P35S clamp plus the adjacent tail


Scheme 2. Schematic representation of the theoretical interactions between 35S clamps
and 35S tail-clamps and their target sequences.


Figure 1. The P35S clamp specifically binds the CaMV35S promoter 33pyr
oligonucleotide. A) Autoradiograph showing binding of P35S clamp to 33pyr
oligonucleotide. Lanes 2–6: 32P-labelled target (2.5 nm) was incubated with
5–100 m equiv of cold clamp and the mixtures were analysed by 10 % non-
denaturing polyacrylamide gel electrophoresis at 4 8C. Triplexes are indicated
by the arrow. Lane 1: Control reaction without P35S clamp. B) Autoradio-
graph showing the lack of binding of P35S clamp to 33pur oligonucleotide
(i.e. , complementary to 33pyr). Lane 7: No clamp added to the reaction.
Lane 8: Incubation of 32P-labelled 33pur with 100-fold P35S hairpin.


Table 2. Melting temperatures (Tms) of triplexes in 0.1 m sodium phos-
phate and citric acid at the appropriate pH.


Triplexes pH Tm [8C][a] DG [kcal mol�1][a]


A35S clamp + 22pyr 7.0 36.0 �9.0
A35S-T clamp + 22pyr 7.0 62.7 �18.7
WC35S-T clamp + 22pyr 7.0 58.4 �14.1
P35S clamp + 22pyr 5.0 42.6 �12.9
P35S-T clamp + 22pyr 5.0 55.1 �14.8
WC35S-T clamp + 22pyr 5.0 51.1 �12.1
PN35S-T clamp + 22pyr 5.0 56.2 �16.0


[a] Uncertainties in Tm values and free energies are estimated at �1 8C,
and �10 %.
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sequence (Watson–Crick hydrogen bonds), and ii) the same in-
verted homopyrimidine portion as the P35S clamp (Hoogsteen
hydrogen bonding) (Scheme 2). The tail element should assist
the triplex formation by interfering with the tendency of the
homopyrimidine target to form secondary structures with adja-
cent sequences (Figure 2).


Radioactively labelled 50pyr target was incubated with in-
creasing amounts of P35S-T clamp under triplex-forming condi-


tions and the results were analysed by gel-shift. In contrast to
the negative results obtained with non-tailed clamps, binding
with the tail-clamp was achieved, and it increased with the
molar excess of P35S-T clamp up to around 45 % at 100-fold
(Figure 4 A). Quantification of the shifted bands allowed calcu-
lation of the observed kinetic association constant (kobs)
(Table 3). The P35S-T clamp bound its target in a significantly
more stable manner than the corresponding clamp in the ab-


Figure 2. Predicted secondary structures in triplex formation. Diagram showing the predicted secondary structures of illustrative target oligonucleotides
(33pyr and 50pyr) and clamps (35S clamps and 35S tail-clamps) used in this study, together with the anticipated bimolecular structures. Nucleotides intended
to be involved in triplex formation are represented in grey boxes, while the tail sequence and its target are in white boxes. Lines indicate Watson–Crick hydro-
gen bonds, and dots Hoogsteen or reverse-Hoogsteen hydrogen bonds. The represented sequences correspond to parallel clamps or tail-clamps. The same
bimolecular interactions are predicted for antiparallel clamps or tail-clamps.
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sence of tail sequence, as shown by thermal stability analyses
(difference in Tm: 12.5 8C; difference in DG : 1.9 kcal mol�1;
Table 2). In conclusion, tail-clamps are capable of overcoming
structural impediments in triplex formation. The entropic effect
obtained by linking two consecutive binding units results in a
new molecule with higher affinity towards the target.


With the aim of obtaining triplexes that would be stable at
neutral pH we studied the possible use of purine-rich clamps.


We thus designed and synthesized the A35S-T clamp (Table 1),
an antiparallel tail-clamp that targets the same 12-homopyrim-
idine track of the CaMV35S promoter and incorporates the
same tail sequence as the corresponding parallel tail-clamp.
The A35S-T clamp should form triplexes with the target in the
same manner as the P35-T clamp, except that the homopurine
Hoogsteen strand should bind the double helical structure an-
tiparallel to the target (Scheme 2). Binding of the A35S-T clamp
was achieved with 50pyr up to around 55 % at 100-fold excess
(Figure 4 B), as observed for the P35S-T clamp. Although not
directly comparable (different pH conditions), it is interesting
to note that both the kobs (Table 3) and the thermal stability
(Table 2) values indicated a slightly higher stability for the com-
plexes based on the antiparallel clamp than for those based
on the corresponding parallel clamp.


We next evaluated the effect of the Hoogsteen bonds on
the tail-clamp/target binding by using a control tail-clamp
(WC35S-T clamp, Table 1) in which the Hoogsteen-forming
strand was substituted by a random sequence and therefore
could not form triplex. As would be expected, Watson–Crick in-
teractions occurred (Figure 4 C and Table 2 and Table 3), and
these were weaker at pH 5.0 than at pH 7.0, possibly due to
destabilisation of this type of interactions by protonation of cy-
tosine and adenine residues at low pH. Interestingly, shifted
bands resulting only from Watson–Crick interactions were sig-
nificantly fainter (i.e. , below 30 % at 100-fold molar excess; Fig-
ure 4 C) than those obtained with the A35S-T clamp and the
P35S-T clamp. Affinity values obtained with the control, parallel
or antiparallel tail-clamps and the CaMV35S target allowed the
role of the Hoogsteen-forming strand to be quantified: triplex
structures presented kobs values close to five times higher
(Table 3), and thermal stability values showed important in-
crements (difference in Tm: 4.0 8C (parallel clamps) and 4.3 8C
(antiparallel clamps); difference in DG : 2.7 and 4.6 kcal mol�1,
respectively). Therefore, Hoogsteen bonds contributed to the
stabilization of structures involving the target and a parallel or
antiparallel tail-clamp, which further confirmed that triplex
structures were effectively formed.


In an attempt to increase the stability of triplex structures
formed by parallel tail-clamps further, we synthesized and
tested a modified P35S-T clamp with three 8-aminopurine nu-
cleotides at the Watson–Crick-forming strand (PN35S-T clamp;


Figure 3. Role of secondary structure in triplex formation. Competition anal-
ysis showing binding of P35S clamp to 32P-labelled 50pyr in the presence of
a 100-fold excess of oligonucleotide 15(�). Lane 2: Lack of binding of P35S
clamp to 32P-labelled 50pyr in the absence of 15(�). Lanes 5–8: Binding reac-
tions with 2–100 molar equivalents of cold clamp. The interaction of 50pyr
and 15(�) is indicated by the open arrowhead. Interaction of 50pyr, 15(�)
and P35S clamp is indicated by a solid arrowhead. Lane 4: Control reaction
in the absence of P35S clamp. Lanes 1 and 3: 50pyr alone.


Figure 4. Tail-clamps efficiently bind structured 35S target oligonucleotides.
Autoradiograph of 10 % nondenaturing polyacrylamide gels run at 4 8C
showing binding of tail-clamps to 50pyr. Lanes 2–7: 32P-labelled target
(2.5 nm) was incubated with 2–100 molar equivalents of cold tail-clamp.
Lane 1: Control reaction in absence of tail-clamp. A) P35S-T clamp, shown
under triplex-forming conditions (pH 5.0). B) A35S-T clamp (pH 7.0).
C) WC35S-T clamp (pH 7.0).


Table 3. Observed kinetic association constants (kobs) for 50pyr and
clamps used in this study.[a]


Tail-clamp pH kobs [m�1 s�1]
DNA[b] RNA[b]


A35S clamp 7.0 n.d.[c]


A35S-T clamp 7.0 2500 4400
WC35S-T clamp 7.0 500
P35S clamp 5.0 n.d.[c]


P35S-T clamp 5.0 1400
WC35S-T clamp 5.0 300
PN35S-T clamp 5.0 2100 4800


[a] Calculated at a fivefold molar excess of clamp. [b] Uncertainties in kobs


values are estimated at �10 %. [c] Binding not detected.
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Table 1). Clamps incorporating 8-aminoadenine moieties have
been shown to give very stable triple helical structures.[4]


Under the same conditions, the PN35S-T clamp exhibited a
stronger affinity than the unmodified clamp for the target [i.e. ,
1.5-fold higher kobs values (Table 3), difference in Tm (1.1 8C) and
difference in DG (1.2 kcal mol�1; Table 2)] . As would be expect-
ed, no binding was observed if the control 50pur sequence
was used as template, indicating triplex sequence specificity.
Remarkably, the positive effect of 8-aminoadenine residues on
the stability of triple helices previously observed in parallel
clamps also proved to be valid for tail-clamps.


Tail-clamps efficiently bind RNA targets


Clamps have been shown to interact readily with complemen-
tary RNA single-stranded oligonucleotides, forming stable tri-
plexes.[5] We next assessed the capacity of parallel and antipar-
allel tail-clamps to form triple helices with RNA targets. A radi-
oactively labelled RNA22pyr (Table 1) target was incubated
with increasing amounts of the PN35S-T clamp or the A35S-T
clamp under triplex-forming conditions and analysed by gel-
shift. The formation of triplex structures increased with the
molar excess of clamps and approached 100 % at 20-fold (data
not shown). The kobs values (Table 3) indicated that parallel and
antiparallel tail-clamps had superior affinities for RNA than for
DNA targets. The sequence specificity was confirmed by use of
nonhomologous RNA oligonucleotides and clamps (data not
shown).


Triplex-mediated capture and recovery of CaMV35S target
oligonucleotides


The increased stability of triple helices formed with tail-clamps
and the potential to cope with structural impediments in the
target sequences allow tail-clamps to be considered as an ad-
ditional tool for analytical and therapeutic purposes. For in-
stance, triplex formation has been used as one possible
method for sequence-specific DNA purification (i.e. , “triplex af-
finity capture”,[27–32] based on the specific binding of a pyrimi-
dine oligonucleotide to the purine strand in duplex DNA, form-
ing a local triplex structure followed by capture of the triplex).
In a prospective assay, we tested the suitability of tail-clamp-
mediated triplex formation for the capture and recovery of
RNA and DNA molecules with predicted secondary structures.
As an example we used one of the tail-clamp molecules shown
to form triple helices efficiently with structured targets (see
above). We thus incubated radioactively labelled 50pyr or
RNA22pyr target under triplex-forming conditions with a 50-
fold excess of the biotinylated PN35S-T clamp previously
bound to streptavidin-coated magnetic beads. Elution of the
target was achieved by triplex destabilization and the process
was monitored by denaturing acrylamide gel electrophoresis
(Figure 5). Under the optimal conditions described in the Ex-
perimental Section, more than 50 % (DNA target; Figure 5 A) or
80 % (RNA target, Figure 5 B) of the initial radioactivity could
be captured and recovered even in the presence of an excess
of nontarget molecules (i.e. , 103-fold). No significant radioactiv-


ity (i.e. , less than 3 %) was found in the magnetic beads after
elution. Moreover, less than 6 % of the radioactivity was cap-
tured and recovered in parallel experiments in which the tail-
clamp was either omitted or substituted by the corresponding
nontailed clamp (P35S clamp). The kobs, Tm and DG values ob-
tained with use of the PN35S-T clamp versus the WC35S-T
clamp (Tables 2 and 3) indicated that although Watson–Crick
interactions may have a role in our affinity capture assay; tri-
plex formation should have a predominant role especially at
pH 5.0. In conclusion, the method allowed efficient capture of
target DNA or RNA and its subsequent recovery.


Discussion


Targeting of suitable single strands through triplex formation
by clamps has been proposed as a tool for molecular biologi-
cal and gene expression studies. A flaw of these studies is that
they have only been performed on homopyrimidine model
target oligonucleotides. The major aim of this work is to assess
the capacity of clamps to drive the formation of triple helices
with homopyrimidine targets included within longer sequen-
ces and presenting predictable secondary structures. The for-
mation of intramolecular structures has been reported to have
an effect on intermolecular interactions involving nucleic acids
such as small interfering RNAs,[20, 33] antisense oligonucleo-
tides[21, 22] or trans-cleaving ribozymes.[23, 34, 35] Therefore, secon-
dary structures may pose a substantial as yet unaddressed
problem regarding the interaction of nucleic acid targets with
clamps.


We selected a biologically relevant sequence—the CaMV35S
promoter (a viral sequence commonly used for plant transfor-
mation)—containing a track of 12 pyrimidine nucleotides, five
of them involved in a stable stem predicted by in silico folding
and experimentally confirmed by thermal stability and compe-
tition analyses. The CaMV35S promoter-directed parallel clamp,
which performed excellently with an oligonucleotide target of
a size similar to previously reported short model oligonucleo-
tides,[4] failed to bind the structured oligonucleotide 50pyr


Figure 5. Triplex-mediated capture and recovery of CaMV35S promoter oli-
gonucleotides by use of a biotin streptavidin recognition system. Autoradio-
graph of a 10 % denaturing polyacrylamide gel showing capture of : A) 32P-la-
belled 50pyr, and B) 32P-labelled RNA 22pyr by triplex formation with PN35S-
T clamp. Lanes 1–3: Control reactions in which the PN35S-T clamp was omit-
ted. Lanes 1 and 4: Initial amount of oligonucleotide (250 fmol). Lanes 2 and
5: Uncaptured target. Lanes 3 and 6: Recovered (i.e. , captured and eluted)
target. Results of scintillation counting performed in a parallel experiment
are indicated in counts per minute (cpm). Uncertainties in capture and re-
covery values are estimated at �10 %.
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over detectable levels. Therefore, the secondary structure of
the homopyrimidine target and surrounding sequence has a
significant and predictable effect on triplex formation
(Figure 2).


New clamp molecules—that is, tail-clamps—were designed,
and these efficiently formed triple helices in combination with
structured target molecules (e.g. , 50pyr). The tail sequence
was incorporated in order to destabilize target intramolecular
interactions and to allow the clamp portion of the tail-clamp
to form the triplex efficiently (Figure 2). Tail sequences have
been fused to other types of molecules with different purpos-
es: to increase the strand invasion of double-stranded DNA by
bis-PNAs,[36, 37] for example, or, with catalytic RNAs, to increase
the targeting efficiency of ribozyme M1 RNA (M1GS RNA ribo-
zymes).[38, 39]


We performed a comparative study on the interaction of the
structured sequence 50pyr with tail-clamps, in which the
clamp portion was either parallel- or antiparallel-stranded, and
including 8-aminopurine nucleotide modifications when possi-
ble. By use of a combination of gel-shift, kinetic analysis, UV
thermal melting and thermodynamic techniques, we demon-
strated that all the tested tail-clamps efficiently bound the
same structured target sequence, and that these interactions
were indeed triplex structures. We had previously reported the
formation of triplex structures by parallel, antiparallel and
modified clamps with an unstructured model oligonucleo-
tide.[4, 15] Here we extend this finding to structured sequences
with tail-clamps and establish that the tail-clamp tail portion
does not inhibit the formation of triple helices but increases
their stabilities. A series of experiments performed in parallel
suggested that the orientation of the third strand with respect
to the central homopurine Watson–Crick strand had conse-
quences for the stability of triple helices. Antiparallel tail-
clamps showed higher binding efficiencies than parallel tail-
clamps (each under the optimal pH conditions). In addition,
the reported triplex-stabilizing properties of 8-aminopurine res-
idues[4] have been confirmed here for parallel tail-clamps (that
is, the inclusion of three 8-aminopurine residues stabilized the
triplex structures up to levels similar to those obtained with
unmodified antiparallel tail-clamps). In accordance with previ-
ous results, the inclusion of a larger number of modified resi-
dues could enhance the binding efficiency. Unfortunately the
high number of thymine residues in our target sequence and
the fact that 8-aminoadenine destabilized antiparallel triplex-
es[15] did not allow the inclusion of modified residues in the
antiparallel tail-clamp.


RNA molecules are typically found as single-stranded nucleic
acids and mostly fold in stable secondary structures. RNA oli-
gonucleotides had been reported to form stable triple struc-
tures with parallel-stranded conventional clamps, whether con-
taining 8-aminoadenine residues[10] or not,[5] and with antiparal-
lel clamps.[13, 40] Here we have demonstrated that both antipar-
allel and modified parallel tail-clamps were able to bind an
RNA target in a very efficient manner.


Tail-clamps can be regarded as an additional tool for nucleic
acids studies. The specific properties of triple helices formed
by parallel and antiparallel clamps may have important practi-


cal implications. Parallel clamps have been reported to form
stable triplexes under acidic conditions, and these structures
are relatively unstable at neutral and basic pH. They could be
suitable for—for example—in vitro sequence enrichment pur-
poses. In a prospective assay, we have shown the suitability of
tail-clamps for specific capture and recovery of structured DNA
and RNA targets by triplex affinity capture. In contrast, antipar-
allel triplexes are more promising in the biomedical field, since
their stability is pH-independent, and they could be formed,
for example, inside the cell.[41]


Experimental Section


Selection of a target sequence for triplex formation within the
CaMV35S promoter : A suitable homopyrimidine track for triplex
formation in the CaMV35S promoter sequence was selected. It is
12 nucleotides long and located at positions 498 to 509 (according
to Accession Number AR271019); that is, internal to the amplicon
of the validated PCR assay and in a region conserved among most
approved GMO events. Being of a similar length to the model se-
quence used to develop the clamp technology,[4] it should be capa-
ble of forming sequence-specific triplexes in combination with an
appropriate clamp.


Synthesis of unmodified oligonucleotides : Oligonucleotides used
in this study are listed in Table 1. Unmodified oligonucleotides
[33pyr, 33pur, 50pyr, 50pur, 32pyr and 15(�)] were prepared and
synthesized on an Applied Biosystems model 392 DNA synthesizer.
Sequences were prepared with standard (Bz- or iBu-protected) 3’-
phosphoramidites and polystyrene solid supports (LV200) by the
manufacturer’s protocols. Coupling efficiencies were higher than
98 %. After the assembly of the sequences, oligonucleotide sup-
ports were treated with aqueous ammonia (32 %) at 55 8C for 16 h.
Ammonia solutions were concentrated to dryness and the prod-
ucts were desalted on NAP-10 (Sephadex G-25) columns eluted
with water. The lengths and homogeneities of the products were
checked by denaturing polyacrylamide gel electrophoresis. All the
sequences were used without further purification. RNA oligonu-
cleotides were purchased from Dharmacon.


Single-stranded DNA folding and secondary structure predic-
tion : Single-stranded DNA structures were predicted with the aid
of the RNAstructure program, Version 4.11.[26] Both 35S target
oligonucleotides and a 600-nt sequence comprising the target se-
quence of the CaMV35S promoter were analysed.


Synthesis of 35S clamps : The parallel-stranded P35S clamp
(Table 1) was designed with the purine sequence complementary
to the CaMV35S promoter homopyrimidine target sequence, con-
nected head-to-head and through their 3’-ends with the Hoog-
steen C,T-sequence. A hexa(ethylene glycol) [(eg)6] molecule was
used to connect the two strands. A biotin molecule was added at
one of the ends to allow capture by streptavidin.


Clamps P35S-T and PN35S-T (Table 1) have similar compositions,
with the homopurine and the homopyrimidine parts connected
through their 5’ ends with the hexa(ethylene glycol) linker [(eg)6].
The P35S-T clamp has ten additional bases. These additional bases
are complementary to the CaMV35S promoter after the homopyri-
midine track, so the tail-clamp oligonucleotides should form a
duplex after the triplex. A biotin molecule was also added at one
of the ends. Finally, the PN35S-T clamp (Table 1) has the same se-
quence as the P35S-T clamp but three adenines are replaced by
three 8-aminoadenines.
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The oligonucleotides were prepared on an automatic Applied Bio-
systems 392 DNA synthesizer. The parallel clamps were prepared
as described elsewhere.[4] The 5’–5’ clamps (P35S-T and PN35S-T)
were prepared in four steps. Firstly, the pyrimidine part was pre-
pared by use of reversed C and T phosphoramidites and reversed
C-support (linked to the support through the 5’ end). Secondly, a
hexa(ethylene glycol) linker was added by use of a commercially
available phosphoramidite (Glen Research). Thirdly, the purine part
was assembled from standard phosphoramidites for the natural
bases and the 8-aminoadenine phosphoramidites. The phosphora-
midite of 8-aminoadenine was prepared as described elsewhere.[4]


Finally, biotin was added at the end of the sequence by use of a
commercially available 5’-biotin phosphoramidite (Glen Research).


A similar approach was used for the preparation of the 3’–3’ clamp
(P35S clamp). In this case, the purine part was assembled first, fol-
lowed by the hexa(ethylene glycol). The pyrimidine part was the
last to be assembled, by use of reversed phosphoramidites. After
the assembly of the sequences, oligonucleotide supports were
treated with aqueous ammonia (32 %) at 55 8C for 16 h. The ammo-
nia solutions were concentrated to dryness and the products were
purified by reversed-phase HPLC. Oligonucleotides were synthe-
sized on a 200 nmol scale on polystyrene supports and with the
last dimethoxytrityl (DMT) group at the 5’ end (DMT-on protocol)
to facilitate reversed-phase purification. Each purified product pre-
sented a major peak, which was collected. Yields (OD units at
260 nm after HPLC purification) were between 5–10 OD. HPLC con-
ditions: HPLC solutions were as follows. Solvent A: Acetonitrile
(ACN; 5 %) in triethylammonium acetate (pH 6.5, 100 mm) and sol-
vent B: ACN (70 %) in triethylammonium acetate (pH 6.5, 100 mm).
Columns: PRP-1 (Hamilton), 250 � 10 mm. Flow rate: 3 mL min�1.
Linear gradients: 30 min 10–80 % B (DMT-on) or 30 min 0–50 % B
(DMT-off).


The antiparallel clamp A35S (Table 1) was designed to have the
purine sequence complementary to the CaMV35S promoter homo-
pyrimidine target sequence, connected with the reverse Hoogsteen
G,A-sequence. A tetrathymidine loop was used for connecting
both strands, a biotin molecule being added at one of the ends to
allow capture by streptavidin. The antiparallel tail-clamp A35S-T
(Table 1) has ten additional bases as well as a biotin moiety at the
5’-end. Substitution of adenine with 8-aminoadenine is not possi-
ble in this context, as described in Ref. [15]. The control oligonucle-
otide sequence WC35S-T clamp has the complementary sequence
to the CaMV35S promoter but a random sequence was added in-
stead of the triplex-forming sequence. This oligonucleotide can
only form a duplex with the target sequence. These oligonucleo-
tides were synthesized and purified similarly to unmodified oligo-
nucleotides as described above.


Binding of clamps to target sequences by melting experiments :
Melting experiments were performed as follows. Solutions of equi-
molar amounts of clamps and the target strand (22pyr) were
mixed in sodium phosphate/citric acid buffer (0.1 m) at the appro-
priate pH (parallel clamps pH 5.0 and antiparallel clamps pH 7.0).
The DNA concentration was determined by UV absorbance meas-
urements (260 nm) at 90 8C, with use of the following extinction
coefficients for the DNA coil state: 7500, 8500, 12 500, 15 000, and
15 000 m


�1 cm�1 for C, T, G, A, and 8-amino-A, respectively. The sol-
utions were heated to 90 8C, allowed to cool slowly to room tem-
perature, and stored at 4 8C until the UV was measured. UV absorp-
tion spectra and melting experiments (absorbance vs. temperature)
were recorded in 1 cm pathlength cells in a spectrophotometer,
with a temperature controller and a programmed temperature in-
crease rate of 0.5 8C min�1. Melts were run in duplicate at 260 nm


and at a triplex concentration of 2 mm. All of the absorbance
versus temperature plots showed sigmoidal curves indicating co-
operative transitions, and the data were fitted to a two-state
model by use of MeltWin 3.5 software[42] in order to determine the
Tm and DG values. Free energy values are given at 37 8C. Uncertain-
ties in Tm values and free energies are estimated at �1 8C, and
�10 %.


Preparation of labelled targets : The single-stranded CaMV35S
target DNA or RNA oligonucleotides (100 pmol) were 5’-end-
labelled with [g32P]ATP with T4 polynucleotide kinase in a final
volume of kinase buffer (25 ml). After incubation at 37 8C for 1 hour,
the solution was heated at 70 8C for 10 minutes to denature the
enzyme and subsequently cooled to room temperature. The label-
led oligonucleotide was precipitated in sodium acetate (pH 5.2,
0.3 m, 100 mL) containing glycogen (2 mg) with 2.5 volumes of cold
ethanol. After overnight incubation at �20 8C, the mixture was
centrifuged at 4 8C and 14 000 r.p.m. for 45 min. The pellet was
washed with ethanol (70 %) and dissolved in water (100 mL).


Conditions for triplex formation : Radiolabelled targets (25 fmol)
were heated at 93 8C for 3 min in sodium phosphate/citric acid
buffer [pH 5.0, 0.1 m (parallel clamps) or pH 7.0 (antiparallel
clamps)] , and cooled on ice for 1 min. Increasing amounts (two-,
five-, ten-, 20-, 50- and 100-fold) of the 35S clamps were added,
and the samples were incubated at 50/54 8C in a final volume reac-
tion (10 ml) for 1 h.


Gel electrophoretic mobility shift analysis of the triplex forma-
tion : Triplex formation reaction mixtures were treated with glycerol
(60 % v/v) and loaded onto nondenaturing polyacrylamide gels
(10 %) prepared with acrylamide/bisacrylamide 19:1 in sodium
phosphate/citric acid buffer (pH 5.0 or pH 7.0, 0.1 m). Samples were
run at 4 8C and 60–70 V and results were visualized by autoradiog-
raphy. The formation of triplex was monitored by the appearance
of a radioactive band with lower mobility than that corresponding
to the target alone. The gel was scanned on a phosphorimager
(Molecular Dynamics), and shifted and unshifted bands were quan-
tified with the aid of ImageQuant software (Molecular Dynamics).
The observed kinetic association constants (kobs) were estimated by
calculation of the ratio of the shifted bands vs. total target (shifted
plus unshifted bands) at a fivefold molar excess of clamp in a mini-
mum of three independent experiments. Standard deviations were
around 10 % in all cases.


Triplex affinity capture : Streptavidin-coated magnetic beads (4 mL,
Dynal Biotech) were thoroughly washed in buffer A [0.1 m sodium
phosphate/citric acid buffer pH 5.0, NaCl (1 m)] before incubation
with biotinylated clamps in a final volume (10 mL) of the same
buffer for 30 min at room temperature. The beads were separated
by use of a magnetic particle concentrator (Dynal Biotech) and
were washed three times with sodium phosphate/citric acid buffer
(pH 5.0, 0.1 m). They were subsequently used for triplex formation
with radioactively labelled 50pyr or RNA22pyr target (250 fmol) as
indicated. The beads were magnetically separated and the liquid
phase was considered to contain uncaptured molecules. After
three washes with sodium phosphate/citric acid buffer (pH 5.0,
0.1 m), the captured molecules were recovered by incubation in
Tris buffer (pH 8, 0.1 m) for 10 min at 90 8C, followed by magnetic
separation of the beads. The process was monitored by denaturing
polyacrylamide gel (10 %) electrophoresis.
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Chemical Synthesis of Triple-Labelled Three-
Helix Bundle Binding Proteins for Specific
Fluorescent Detection of Unlabelled Protein
Torun Engfeldt, Bjçrn Renberg, Harry Brumer, Per �ke Nygren, and
Amelie Eriksson Karlstrçm*[a]


Introduction


The successful application of DNA microarrays to gene expres-
sion analysis has stimulated the development of similar array-
based technologies for the global analysis of protein expres-
sion. Although still limited in terms of capacity and sensitivity,
protein-capture microarrays have emerged as a promising tool
for protein analysis in drug discovery, diagnostics and biologi-
cal research in the last few years.[1] One of the main bottle-
necks in the development of high-density protein microarrays
is the large-scale generation of capture agents of high quality,
with high affinity for their target and minimal cross-reactivity
with other proteins. Although efforts are directed towards the
production of antibodies to the human protein repertoire,[2, 3]


another strategy is to construct protein-capture arrays by
using artificial affinity proteins selected from nonimmunoglo-
bulin combinatorial protein libraries obtained by high-through-
put in vitro methods, such as phage display.[4] One such class
of artificial affinity proteins, which during the past ten years
has been extensively studied and proven valuable in various
biotechnological applications, comprises the “affibody” mole-
cules. They are based on the 58 aa scaffold of the Z domain
derived from staphylococcal protein A, and highly specific
binders have been selected by phage display from a library
generated by randomization of 13 amino acids in the pro-
tein.[5, 6] As the resulting affibody molecules are attractive alter-
natives to antibodies in applications such as affinity chroma-
tography, ELISA and Western blotting,[7–9] it is anticipated that
affibody molecules will work equally well, or better, than anti-
bodies in most assays based on affinity capture, including
protein arrays.


A key issue in microarray-based methods, as well as in tradi-
tional immunoassays and biosensor applications, is the detec-
tion of the protein bound by the specific capture agent. As la-


belling of the protein sample prior to analysis often is associat-
ed with problems such as poor reproducibility, a label-free
technology combining the binding event with the signaling in
the form of a biosensor appears particularly attractive. A
number of reagentless fluorescent biosensors,[10] in which the
fluorescent properties of the binding molecule are altered in
response to binding of the analyte, have been developed, and
it has recently been suggested that this type of binding mole-
cule could find applications in the development of protein mi-
croarrays. [11–13] Fluorescent biosensors can be composed of a
binding molecule, such as an antibody or enzyme, derivatized
with a single fluorescent probe, which is sensitive to changes
in the local environment.[14-16] In other biosensors the binding
molecule is labelled with two fluorophores.[17–19] In these mole-
cules, the basis for signalling is that the interaction between
the two fluorescent probes is altered upon ligand binding,
either through changes in the conformation or in the local en-
vironment. A special case of using two fluorophores in a bio-
sensor is to choose a pair suitable for fluorescence resonance
energy transfer (FRET), which is a mechanism for nonradiative
transfer of energy between an excited donor fluorophore and
a proximal acceptor fluorophore.[20] As the efficiency of energy
transfer is highly dependent on the distance between the two
fluorescent probes, the mechanism of such a biosensor will in
most cases be that binding of the analyte leads to a conforma-
tional change in the binding molecule that alters the distance


[a] T. Engfeldt, B. Renberg, Dr. H. Brumer, Prof. Dr. P. �. Nygren,
Dr. A. Eriksson Karlstrçm
Department of Biotechnology, Royal Institute of Technology
AlbaNova University Center, 10691 Stockholm (Sweden)
Fax: (+ 46) 8-5537-8481
E-mail : amelie@biotech.kth.se


Site-specifically triple-labelled three-helix bundle affinity proteins
(affibody molecules) have been produced by total chemical syn-
thesis. The 58 aa affinity proteins were assembled on an auto-
mated peptide synthesizer, followed by manual on-resin incorpo-
ration of three different reporter groups. An orthogonal protec-
tion strategy was developed for the site-specific introduction of
5-(2-aminethylamino)-1-naphthalenesulfonic acid (EDANS) and 6-
(7-nitrobenzofurazan-4-ylamino)-hexanoic acid (NBDX), constitut-
ing a donor/acceptor pair for fluorescence resonance energy


transfer (FRET), and a biotin moiety, used for surface immobiliza-
tion. Circular dichroism and biosensor studies of the synthetic
proteins and their recombinant counterparts revealed that the
synthetic proteins were folded and retained their binding specific-
ities. The biotin-conjugated protein could be immobilized onto a
streptavidin surface without loss of activity. The synthetic, doubly
fluorescent-labelled affinity proteins were shown to function as
fluorescent biosensors in an assay for the specific detection of
unlabelled human IgG and IgA.
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between the probes. This can be monitored by a shift in the
relative emission of the two fluorophores.[21, 22] Since correct
positioning of the fluorophores is crucial for the function of
this type of biosensor, great emphasis has to be made on the
design of the biosensor and on the site-specific labelling.


In order to introduce a fluorophore into a binding protein, a
variety of fluorescent probes are available for covalent cou-
pling to the functional groups of surface-exposed amino acid
residues. However, it is generally difficult to predict which resi-
dues will be labelled, as the local environment affects the reac-
tivity of the individual functional groups to a large extent. An
alternative method for site-specific fluorescent labelling of pro-
teins is their total chemical synthesis by using an orthogonal
protection scheme. Peptides and small proteins are readily pre-
pared by solid-phase peptide synthesis (SPPS), and several
commonly used fluorophores are compatible with the condi-
tions for on-resin incorporation and final cleavage (for molecu-
lar probes see: http://www.probes.com).[24] Chemical synthesis
gives a product with a fluorophore incorporated at a defined
position, but only peptides and smaller proteins can be synthe-
sized by SPPS in reasonable yields. Although larger proteins
can be prepared by ligation of peptide fragments,[25, 26] this
method requires considerably more synthetic effort and has
not been demonstrated for proteins as large as antibodies.


In a previous study, the B domain of the immunoglobulin
binding staphylococcal protein A, was labelled with two differ-
ent fluorescent probes for intramolecular FRET to monitor the
binding of the Fc region of immunoglobulin G.[27] In the pres-
ence of this specific ligand, the donor emission increased and
the acceptor emission decreased, whereas the presence of a
control protein did not affect the emission ratio; this shows
that the system can be used for specific detection of unla-
belled protein. As affibody molecules are based on the Z
domain, which is a synthetic version of the B domain, it was
suggested that this was a valid model of the interaction be-
tween an affibody and its protein ligand. In this study, a single
cysteine residue was introduced into the B domain by site-
directed mutagenesis. The recombinant protein was then la-
belled at this cysteine residue with a donor fluorophore and at
the N terminus with an acceptor fluorophore, thus positioning
the fluorophores on opposite sides of the binding surface. To
achieve site-specific labelling of the N terminus, the reaction
was carried out at low pH, which favours labelling of the N-ter-
minal a-amino group instead of the side-chain e-amino
groups, but as absolute selectivity was not possible, the cor-
rect product had to be separated from side products by RP-
HPLC. In a follow-up of this study, the concept of dual fluores-
cent labelling was further evaluated as a general strategy for
protein detection by using affi-
body molecules that bind other
protein ligands. However, it was
found that when the same label-
ling protocol was used for incor-
porating the fluorophores in an
affibody, pH control of the reac-
tion did not provide sufficient
selectivity for labelling the N ter-


minus of the protein and it was difficult to purify the doubly
labelled protein to homogeneity.


In this study, chemical synthesis was investigated as an alter-
native method for the production of site-specifically fluores-
cent-labelled affibody molecules. An orthogonal protection
scheme was devised that allows for selective incorporation of
a donor fluorophore, an acceptor fluorophore and an affinity
handle, which is used for the immobilization of the protein on
the surface of a sensor chip. The study includes an investiga-
tion of the folded structure of the synthetic proteins and an
evaluation of the performance of the fluorescent-labelled pro-
teins in a fluorimetric binding assay for the detection of unla-
belled protein.


Results


Chemical synthesis of fluorescent-labelled affibody
molecules


To facilitate the preparation of site-specifically doubly fluores-
cent-labelled affibody molecules, we investigated whether a
protocol for solid-phase synthesis on an automated peptide
synthesizer followed by manual on-resin incorporation of the
fluorescent probes could be developed. In a first attempt, the
58 aa Z domain was synthesized by an Fmoc/tBu (Fmoc = 9-flu-
orenylmethyloxycarbonyl) strategy under standard conditions.
MS analysis of the product revealed the presence of a side
product with a mass difference of �18 Da compared to the
theoretical value; this suggested that a dehydration side reac-
tion had occurred. In order to localize the site of the side reac-
tion, the peptide was digested with trypsin, and the fragments
were analyzed by MS/MS. The side reaction was traced to a
tryptic fragment corresponding to residues 1–7, which con-
tains an Asp-Asn dipeptide sequence known to be susceptible
to aspartimide formation.[28] When Asp2 was substituted with
Glu in subsequent syntheses (Table 1), no dehydration side
product was detected; this further corroborated that the side
reaction in the original peptide was aspartimide formation.


By using the same strategy, the affibody ZIgA that had been
previously selected by phage display as a specific binder of
human IgA was synthesized.[29] In the first trial synthesis, the
presence of several truncated peptides decreased the yield of
the correct product. The critical positions were identified by
MS analysis of the truncated peptides, and it was found that
incomplete acylation was primarily a problem in the coupling
of bulky, trityl-protected amino acid derivatives towards the
end of the synthesis. To minimize this problem, selected amino
acids were doubly coupled in subsequent syntheses (Table 1).


Table 1. Sequences of the synthetic peptides.


Z(D2E, N23K) VENKFNKEQQNAFYEILHLPNLK[a]EEQRNAFIQSLKDDPSQSANLLAEAKKLNDAQAPK[b]-resin
ZIgA(D2E, N23K)[c] VENKFNKETIQASQEIRLLPNLK[a]GRQKLAFIHSLLDDPSQSANLLAEAKKLNDAQAPK[b]-resin


[a] Mtt-protected. [b] Alloc-protected. [c] Originally denoted ZIgA1 in ref. [29] . Bold residues were double cou-
pled. Underlined residues correspond to randomized residues in the original affibody library described in
ref. [6] .
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Furthermore, free amino groups remaining after acylation were
capped with acetic anhydride to prevent the formation of de-
letion peptides.


To permit site-specific deprotection and coupling of a re-
porter group, a substitution was introduced at position 23, in
which the original asparagine residue was replaced by lysine
(Table 1). An orthogonal protection scheme was devised
(Scheme 1), based on the base-labile Fmoc group in combina-


tion with the 4-methyltrityl (Mtt) group,[30] which is removed
with dilute acid, and the allyloxycarbonyl (Alloc) group,[31]


which is removed by Pd0-catalyzed allyl transfer. Thus, by selec-
tive removal of the semipermanent, orthogonal protecting
groups Mtt at Lys23, Alloc at Lys58 and Fmoc at the N termi-
nus, three amino groups could sequentially be liberated for
site-specific modification. The peptides were functionalized by
manual coupling of NBDX to the Na-amino group of Val1 and
coupling of EDANS through a succinyl linker to the e-amino
group of Lys23. Lys58(Alloc) was either left intact or the pro-
tecting group was cleaved and replaced with a biotin moiety.


By using this modified synthetic protocol, doubly fluores-
cent-labelled affibody scaffold Z and affibody ZIgA could be suc-
cessfully synthesized on solid phase. The experimentally deter-
mined molecular mass of the purified products correlated well
with the theoretical mass (Table 2). The yield of unlabelled full-
length product was estimated from analytical RP-HPLC. A rep-
resentative chromatogram of sZIgA is shown in Figure 1. De-
pending on the character of the peptide, the overall yield


ranges between 20–30 %, which corresponds to an average
yield of 97–98 % for each coupling step, well within the ex-
pected yield range for a 58 aa peptide. The overall yield of the
doubly labelled full-length products varies between 12–17 %,
which corresponds to a combined yield of approximately 60 %
for the deprotection of the orthogonal protecting groups and
the introduction of the two fluorophores.


Analysis of the secondary structure by CD spectroscopy


Circular dichroism was used to compare the secondary struc-
ture content of the synthetic, fluorescent-labelled proteins
with recombinant reference proteins. Recombinant Z and ZIgA


were produced as fusion proteins with a C-terminal His6 tag, to
allow for immobilized metal affinity chromatography (IMAC)
purification. The purity and correct identity of rZ-His6 and rZIgA-
His6 were verified by SDS-PAGE (results not shown) and MS
analysis (Table 2). The four proteins sZNBDX,EDANS, sZIgA


NBDX,EDANS,
rZ-His6 and rZIgA-His6 generated very similar CD spectra
(Figure 2) with double minima at 208 and 222 nm, and a maxi-
mum between 194 and 196 nm, characteristic of an overall a-
helical secondary structure. This correlates well with the
known three-helix-bundle structure of the Z domain and a pre-
viously studied affibody variant.[32–35] Further analysis of the CD
spectra showed that the synthetic, labelled proteins had
higher a-helical content than their recombinant counterparts,
and that Z was slightly more helical than ZIgA (Table 2).


Scheme 1. Synthetic scheme for the on-resin incorporation of reporter
groups and the final deprotection of the modified peptide. NBDX = 6-(7-ni-
trobenzofurazan-4-ylamino)-hexanoic acid, HBTU = 2-(1H-benzotriazol-1-yl)-
1,1,3,3,-tetramethyluronium hexafluorphosphate, HOBt = 1-hydroxybenzotri-
azole, NMP = N-methylpyrrolidone, TFA = trifluoroacetic acid, TIS = triisopro-
pylsilane, EDANS = 5-(2-aminethylamino)-1-naphthalenesulfonic acid;
DIEA = diisopropylethylamine.


Table 2. Characterization of synthetic and recombinant proteins.


Protein Target Mr theor. Mr exp. Helical KD [m][b]


protein content [%][a]


sZ(NBDX,EDANS) IgG 7375.6 7375.0 62.3 1.1 � 10�8


rZHis6 IgG 8389.0 8389.0 52.4 1.8 � 10�8


sZIgA
(NBDX,EDANS) IgA 7191.6 7191.0 59.5 1.7 � 10�7


ZIgAHis6 IgA 8206.0 8206.0 44.2 2.2 � 10�7


Mr indicates relative molecular mass. [a] Helical content was determined
by circular dichroism. [b] The dissociation constants were determined by
SPR biospecific interaction analysis.


Figure 1. Chromatogram of analytical RP-HPLC (20–60 % B in 5–35 min) of
crude synthetic ZIgA. The correct product elutes at 17.66 min.


ChemBioChem 2005, 6, 1043 – 1050 www.chembiochem.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1045


Triple-Labelled Three-Helix Bundle Binding Proteins



www.chembiochem.org





Analysis of the binding kinetics by biospecific interaction
analysis


Biosensor studies with the Biacore system based on surface
plasmon resonance (SPR) were used to investigate whether
the binding affinities of the synthetic, fluorescent-labelled pro-
teins were different from those of the recombinant proteins. It
was shown that the dissociation constants (Kd) were similar for
the interaction of sZNBDX,EDANS and rZ-His6 with IgG, and for the
interaction of sZIgA


NBDX,EDANS and rZIgA-His6 with IgA (Table 2). The
dissociation constants correlate well with those previously
reported.[29, 36]


Fluorescence spectroscopy of the doubly labelled synthetic
proteins


Fluorescence measurements were carried out in order to study
the potential of the synthetic, fluorescent-labelled proteins as
biosensor reagents for the specific detection of protein. The
doubly labelled synthetic proteins were excited at 336 nm and
emission from the donor EDANS (480 nm) and the acceptor
NBDX (520 nm) was detected by collecting spectra from 400 to
600 nm (Figure 3). Emission spectra were recorded in the pres-
ence of increasing concentrations of IgG or IgA, and the ratio
of acceptor/donor emission was calculated and normalized
with the emission ratio of the labelled protein in the absence
of target protein. It was shown that titration with increasing
concentrations of target protein generated a shift in the rela-
tive emission of the two fluorophores, whereas the presence
of the control protein did not affect the emission ratio over
the same concentration range (Figure 4). According to the ti-
tration curves, the limit of detection (calculated as the mean
value of the negative control signals plus the mean value of
the standard deviations of the negative control signals, multi-
plied by 2) was lower than 100 nm for both sZNBDX,EDANS binding
to IgG and for sZIgA


NBDX,EDANS binding to IgA.


Directed immobilization on a streptavidin sensor chip


To verify that a third label could be introduced and be used
for immobilization of the protein onto a chip surface without
disrupting the binding function, a biotin moiety was coupled
to the side chain of Lys58 in Z. By using the high-affinity inter-
action between streptavidin and biotin, sZNBDX,EDANS,biotin was im-
mobilized onto a streptavidin-coated sensor chip. Biospecific
interaction analysis showed that immobilization had been suc-
cessful and that specific binding of IgG was retained in the
immobilized, biotinylated, doubly labelled, synthetic Z domain
(Figure 5).


Discussion


Proteins modified with fluorescent dyes, enzymes and other re-
porter groups are valuable tools with widespread use in immu-
nology and biochemical research. The preparation of protein
conjugates is typically carried out by labelling the protein in
solution by using coupling reagents that react with the differ-
ent functional groups present in proteins, that is, amino, thiol,
hydroxyl and carboxyl groups. Although a certain degree of
chemical selectivity can be achieved by a careful consideration
of the reaction conditions, site-specific labelling of proteins in
solution is usually difficult to perform, in particular for the in-


Figure 2. CD spectra showing the mean residue ellipticity (MRE) of the syn-
thetic, fluorescent-labelled proteins sZNBDX,EDANS and sZIgA


NBDX,EDANS and the cor-
responding recombinant reference proteins rZ-His6 and rZIgA-His6.


Figure 3. Fluorescence emission spectra showing the relative emission fluo-
rescence (F) in arbitrary units (a.u.) of doubly fluorescent-labelled synthetic
protein in the absence and presence of target protein. A) Emission spectra
of sZNBDX,EDANS (4 mm) in PBS, pH 7.4, + /� IgG (1 mm). B) Emission spectra of
sZIgA


NBDX,EDANS (4 mm) in PBS, pH 7.4, + /� IgA (1 mm).
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troduction of more than one probe. Here we present a simpli-
fied strategy for the preparation of site-specifically labelled
protein based on solid-phase peptide synthesis in combination
with an orthogonal protection scheme for on-resin introduc-
tion of three different reporter groups.


Solid-phase peptide synthesis has over the past 40 years ma-
tured to a highly efficient technology and small- to medium-


sized peptides (<60 aa) can now be synthesized in high yield
with routine methods.[37] Problems that limit the synthesis of
longer peptides are incomplete acylation and deprotection
caused by interchain aggregation of the resin-bound pep-
tides.[38] The resulting deletion peptides are also often difficult
to separate from the correct product. In the present study, the
two 58-residue proteins, Z and ZIgA, were synthesized on solid
phase in 20–30 % overall yield, with an average yield of 97–
98 % for each coupling step. Ten residues in Z and nine in ZIgA


that were difficult to couple were identified, and by subjecting
only these positions to double couplings (Table 1), the synthet-
ic yield could be increased while still keeping both cost and
time required for the synthesis at a minimum.


In the synthesis of these proteins, aspartimide formation in
Asp2–Asn3 was identified as a major side reaction. As asparti-
mide formation is base-catalyzed and occurs during the piperi-
dine-mediated deprotection of the Fmoc group, a feasible way
to suppress this side reaction would be to synthesize the pro-
tein by Boc/benzyl strategy (Boc = tert-butyloxycarbonyl). How-
ever, for the development of a general procedure for the syn-
thesis of labelled affibody molecules, it was desirable to avoid
the harsh conditions of the final HF cleavage used in Boc
chemistry, which might be harmful to more sensitive reporter
groups. To avoid aspartimide formation while synthesizing the
proteins by Fmoc/tBu strategy, Asp2 was substituted with glu-
tamic acid. According to NMR studies of the Z domain,[33] the
four N-terminal residues are unstructured, and it was therefore
anticipated that any structural changes introduced by the sub-
stitution would not influence the overall folded structure of
the protein. Also, by choosing glutamic acid, the net charge
was kept constant.


One of the main advantages of using solid-phase synthesis
instead of recombinant methods for the production of pep-
tides and proteins is that unnatural amino acids and different
reporter groups can easily be introduced. In this study, an or-
thogonal protection scheme was used to enable incorporation
of a fluorescent probe at the N terminus and a second fluoro-
phore at position 23. Position 23 is located in the loop con-
necting helices 1 and 2, outside the randomized binding sur-
face in the affibody library (Table 1).[5, 6] As this position is con-
stant in the library, it can be substituted without affecting the
binding specificity of an affibody, and modifications at this po-
sition should cause little interference with the ligand binding.
Furthermore, by using the N terminus and the side chain of
amino acid 23 for labelling, the two fluorophores were placed
on opposite sides of the binding surface, at a distance of ap-
proximately 30 �, which is suitable for FRET. The fluorophores
NBDX and EDANS are compatible with the reaction conditions,
as shown by the correct molecular mass of the labelled pro-
teins (Table 2). The protocol is general ; this makes it easy to
test other fluorescent dyes or to vary the positions for modifi-
cation.


The B domain is known to be a fast-folding protein that
folds without the assistance of chaperones or other cofac-
tors.[39] In a previous study of an affibody produced by chemi-
cal synthesis, the synthetic protein was shown to have a helical
structure and the same binding specificity as its recombinant


Figure 4. Relative fluorescence emission ratio 480/520 nm for titration of
doubly fluorescent-labelled synthetic protein with increasing concentrations
of target and control protein. The mean of three independent experiments
and the calculated standard deviation are plotted for each concentration.
A) Titration of sZNBDX,EDANS (1 mm) with increasing concentrations of IgG and
IgA. B) Titration of sZIgA


NBDX,EDANS (1 mm) with increasing concentrations of IgA
and IgG.


Figure 5. Overlay of sensorgrams showing relative response (R) in response
units (RU) obtained from injections with 50 nm IgG and 50 nm IgA solutions
over sZNBDX,EDANS,biotin immobilized on a streptavidin SA sensor chip.
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counterpart.[40] However, since the introduction of amino acid
substitutions and fluorescent probes might adversely affect
the folding of a protein, the structure and function of the syn-
thetic, doubly labelled proteins prepared in this study were
studied by CD spectroscopy and biosensor analyses and com-
pared with that of recombinant, unmodified proteins. It was
found that the CD spectra were very similar for all proteins an-
alyzed (Figure 2); this suggests that the synthetic affibody mol-
ecules fold in the same manner as the recombinant proteins
and that the structure is not affected by the amino acid substi-
tutions and the presence of the fluorescent probes. CD spec-
troscopy showed that the helical content was somewhat
higher in the synthetic proteins than in the recombinant pro-
teins; this can be explained by the lack of the C-terminal His6


purification tag and the N-terminal E’ leader sequence in the
synthetic protein. Biosensor studies gave further evidence that
the synthetic, doubly labelled proteins were correctly folded
and functional, as the affinity for the target protein was essen-
tially the same for the synthetic as for the recombinant pro-
teins (Table 2).


One purpose of the study was to develop fluorescent bio-
sensors for the detection of unlabelled proteins. Fluorescence
spectroscopy was therefore used to study the spectral proper-
ties of the synthetic proteins sZNBDX,EDANS and sZIgA


NBDX,EDANS and
to evaluate their performance in a fluorescence-based binding
assay (Figure 3). The emission spectra showed that both fluoro-
phores were functional in the proteins, as demonstrated by
the fluorescence emission at 480 (EDANS) and 520 nm (NBDX).
In sZNBDX,EDANS, the NBDX emission peak was more dominant
than the EDANS emission peak; this suggests that FRET was ef-
ficient in the doubly labelled protein. In sZIgA


NBDX,EDANS, the emis-
sion of EDANS was more pronounced than the NBDX emission,
which could be due to less efficient FRET in this protein, possi-
bly caused by differences in the local environment of the fluo-
rophores, or structural differences, as suggested by the lower
helical content in ZIgA according to the CD spectrum (Table 2).


When fluorescence spectra were recorded in the presence of
increasing concentrations of IgG or IgA, it was shown that the
relative emission of the two fluorophores was shifted in the
presence of the specific ligand, but not by the presence of the
control protein. The emission ratio could be plotted to yield a
binding curve (Figure 4); this showed that the assay could be
used for the detection of unlabelled target protein. The dose-
dependent shift in fluorescence emission can be explained by
a decrease in the efficiency of FRET between the donor and
the acceptor groups, which could be mediated by a conforma-
tional change in the labelled protein upon binding to its
target, or a change in the local environment of the two fluoro-
phores. When compared to the previous study, in which
NBDX/EDANS-labelled recombinant B domain was titrated with
increasing concentrations of Fc fragments, sZNBDX,EDANS titrated
with IgG gave a similar titration curve with a slightly higher rel-
ative response.[27] This clearly shows that the synthetic strategy
gives results comparable to or better than those obtained with
recombinant methods. Both the system based on sZNBDX,EDANS


and the affibody sZIgA
NBDX,EDANS gave a specific fluorescent signal


upon binding to their target proteins, but the limit of detec-


tion was higher for the IgA system, probably due to the differ-
ence in affinity for the respective ligands (Table 2). In addition,
the relative response was lower for the IgA system; this is
largely due to the difference in the relative emission of the
two fluorophores in the absence of added target protein
(Figure 3).


For high-throughput protein analysis, chip-based formats
are attractive, and for that reason it was important to ensure
that the fluorescent-labelled protein could be successfully site-
specifically immobilized on a surface without disruption of ac-
tivity. In addition to the two fluorophores, a biotin moiety was
introduced as an affinity handle, to allow for immobilization
onto the streptavidin surface of a sensor chip. Biosensor stud-
ies of immobilized sZNBDX,EDANS,biotin showed that the protein was
functional and retained its binding specificity (Figure 5).


Conclusion


In conclusion, an efficient strategy for chemical synthesis of
site-specifically labelled affibody molecules has been devel-
oped. By using solid-phase peptide synthesis in combination
with orthogonal protection chemistry, double fluorescent-la-
belled Z domain, binding IgG, and the affibody ZIgA, binding
IgA, were synthesized. The synthetic proteins were shown to
be correctly folded and to bind their specific ligands. Titration
of the fluorescent-labelled protein with increasing concentra-
tion of protein showed that the relative emission of the fluo-
rescent probes was shifted in the presence of the specific
target protein; this suggests that the assay can be used for the
detection of unlabelled protein. In addition to the two fluoro-
phores, a biotin moiety could be site-specifically incorporated
in the protein and allow for immobilization of the protein onto
a streptavidin-coated surface with retention of binding specif-
icity. As the fluorophores and the affinity handle were intro-
duced at nonrandomized positions in the affibody sequence,
the concept can easily be extended to include affibody mole-
cules with other binding specificities. Other functional groups
or affinity handles can be introduced in the same manner; this
makes the synthetic affibody a valuable tool in future applica-
tions based on molecular recognition, such as protein microar-
rays.


Experimental Section


Materials : The Fmoc-protected amino acids were purchased from
Applied Biosystems (Warrington, UK) with the side-chain protecting
groups: tert-butyl (tBu) for Asp, Glu, Ser, Thr and Tyr, tert-butyloxy-
carbonyl (Boc) for Lys and Trp, trityl (Trt) for Asn, Gln and His, and
2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) for Arg.
Fmoc-lysine protected with 4-methyltrityl (Mtt) and allyloxycarbon-
yl (Alloc) was obtained from Calbiochem-Novabiochem AG (L�ufel-
fingen, Switzerland) and Applied Biosystems, respectively. d-Biotin,
DMSO, 6-(7-nitrobenzofurazan-4-ylamino)-hexanoic acid (NBDX), 5-
(2-aminethylamino)-1-naphthalenesulfonic acid (EDANS), chloro-
form, formic acid and tetrakis(triphenylphosphine) palladium(0)
[((C6H5)3P)4Pd] were purchased from Sigma–Aldrich. Triisoproylsi-
lane (TIS), trifluoroacetic acid (TFA) and tert-butyl methyl ether
were purchased from Merck. Acetic acid was from VWR Interna-
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tional. All other chemicals for peptide synthesis were from Applied
Biosystems.


General procedure for peptide synthesis : Z(D2E, N23K) and
ZIgA(D2E, N23K; Table 1) were synthesized by stepwise solid-phase
peptide synthesis using an Fmoc/tBu protection strategy. The syn-
theses were carried out on a 433 A Peptide Synthesizer (Applied
Biosystems, Foster City, CA) with a synthetic protocol based on the
FastMoc0.1 WMonPrevPk chemistry file of the SynthAssist 2.0 soft-
ware package (Applied Biosystems). The peptides were synthesized
on a 0.1 mmole scale using an acid-labile Fmoc amide resin (Ap-
plied Biosystems; loading 0.67 mmol g�1). Deprotection of the
Fmoc group was carried out with piperidine/NMP (NMP = N-meth-
ylpyrrolidone; 20 %) for 10 min. A tenfold molar excess of amino
acid in NMP activated with 2-(1H-benzotriazol-1-yl)-1,1,3,3,-tetra-
methyluronium hexafluorphosphate (HBTU; 0.45 m in NMP), 1-hy-
droxybenzotriazole (HOBt; 0.45 m in DMF) and diisopropylethyl-
amine (DIEA; 1.6 m in NMP) was used for all couplings. A single
coupling of 10 min was used, except for selected residues (Table 1),
which were coupled twice. The coupling was followed by capping
with acetic anhydride (0.5 m), DIEA (0.125 m) and HOBt (0.015 m) in
NMP for 5 min. Standard side-chain protection was used in all posi-
tions except in position 23, in which Fmoc-Lys(Mtt)-OH was used,
and in position 58, in which Fmoc-Lys(Alloc)-OH was used.


Introduction of chemical modifications : The resin-bound peptides
were manually modified by incorporation of fluorescent probes at
position 1 and 23. The N-terminal Fmoc group of the full-length
peptide was initially cleaved with piperidine/NMP (20 %) for 1 min.
Deprotection byproducts were then removed, fresh reagent was
added and the reaction allowed to proceed for a further 30 min.
NBDX (2 equiv), HBTU (2 equiv), HOBt (2 equiv) and DIEA (4 equiv)
were dissolved in a small volume of NMP and transferred to the
resin for coupling for 45 min. The e-amino protecting Mtt group at
Lys23 was removed by repeated treatment (8 � 2 min) with TFA/
TIS/DCM (1:5:94). Succinic anhydride (10 equiv) in NMP was added
to the resin and coupled for 2 � 30 min. EDANS (4 equiv) was dis-
solved in a small volume of DMSO with DIEA (4 equiv) and added
to the resin, followed by the addition of an equal volume of NMP
with HBTU (2 equiv) and HOBt (2 equiv) and allowed to react for
30 min. The reactions were monitored by Kaiser tests.[41] The chem-
ical modifications resulted in doubly labelled synthetic peptides
denoted sZNBDX,EDANS and sZIgA


NBDX,EDANS, respectively.


In addition to the doubly labelled constructs, a peptide with three
different reporter groups was prepared by the incorporation of a
biotin moiety in position 58 of sZ(D2E, N23 K). NBDX was attached
to the N terminus as described above. The Alloc protection group
on Lys58 was removed by treating the resin-bound peptide with
[((C6H5)3P)4Pd] (6 equiv) in NMP/HOAc/CHCl3 (2.5:5:92.5) for 2 h.
The reaction was performed under nitrogen on an Applied Biosys-
tems 433 A Peptide Synthesizer. d-Biotin (3 equiv), HBTU (3 equiv),
HOBt (3 equiv), and DIEA (6 equiv) were dissolved in a small
volume NMP, added manually to the resin-bound peptide and al-
lowed to react for 30 min. Removal of the Mtt group at Lys23 and
coupling of succinic anhydride and EDANS was performed as
described above to give sZNBDX,EDANS,biotin.


Cleavage and purification of synthetic peptides : The side-chain
protecting groups were removed and the peptides were cleaved
off the resin in a single step by treatment with TFA/TIS/H2O
(95:2.5:2.5) at room temperature for 2 h. The peptides were ex-
tracted in H2O/tert-butyl methyl ether (1:1), followed by filtration
and lyophilization of the aqueous phase. The crude peptides were
analyzed by analytical RP-HPLC by using a 4.6 � 150 mm polysty-


rene/divenylbenzene matrix column with a particle size of 5 mm
(Amersham Biosciences), a 30 min gradient of 20–60 % B (A: TFA/
H2O (0.1 %); B: TFA/CH3CN (0.1 %)) and a flow rate of 1 mL min�1.
Eluted fractions were lyophilized and analyzed by MS (see below).
The peptides were purified by RP-HPLC using the same column
and a 20 min gradient of 30–40 % B, followed by verification of the
correct product by MS. Stock solutions were prepared by dissolv-
ing the peptides in NH4OAc (5 mm ; pH 5.5) and the final concen-
trations were determined by amino acid analysis (Aminosyra-
analyscentralen, Uppsala, Sweden).


Tryptic digestion : Synthetic Z (8 mg) was digested for 19 h at 37 8C
with sequencing-grade modified trypsin (0.4 mg; Promega) in
NH4OAc (50 mm ; pH 5.5). Tryptic peptides were desalted for MS
analysis by washing samples bound to a C-18 ZipTip unit (Milli-
pore) according to the manufacturer’s instructions prior to elution
with H2O/CH3CN (1:1) supplemented with HCOOH (0.1 %).


ESI-MS analysis : Mass spectrometric analysis was carried out on a
Q-Tof II mass spectrometer fitted with a nano Z spray source
(Waters Corporation, Micromass MS Technologies, Manchester,
U.K.). External mass calibration was obtained over the m/z range of
50–2000 by using a solution of NaI (2 mg mL�1) in propan-2-ol/H2O
(1:1). Intact proteins and tryptic digests were introduced into the
mass spectrometer from a solution in H2O/CH3CN (1:1) supple-
mented with HCOOH (0.1 %) by using a syringe pump (1–
5 pmol mL�1; 300–500 nL min�1). The quadrupole ion filter was oper-
ated at a resolution of about m/z = 1 during MS/MS experiments,
and collision energy was varied depending upon precursor ion
resilience. The Maximum Entropy 3 (MaxEnt3) algorithm was used
to deconvolute isotopic and charge state information in raw
combined MS/MS spectra to aid data interpretation.


Production of recombinant protein : Recombinant Z and ZIgA were
expressed from a modified version of the pKN1 vector,[5, 29] with N-
terminal E’ tag AQHDEA and C-terminal His6 purification tag
SSTHHHHHH. rZ-His6 was produced in E. coli RV308 and rZIgA-His6


was produced in E. coli RR1DM15.[42, 43] Protein expression was in-
duced by isopropylthiogalctoside (IPTG; Sigma–Aldrich), and re-
lease of the perpiplasmic protein fraction by repeated freeze–thaw
cycles was carried out as described previously.[27] The proteins were
purified by IMAC by using TALON (Co2 +) resin (BD Biosciences
Clontech, Palo Alto CA) as described previously.[29] The purity of
the proteins was analyzed on a Coomassie Brilliant Blue stained
SDS-PAGE gel (20 %) by using the Phast system (Amersham Biosci-
ences, Uppsala Sweden). MS was used to verify the correct mass of
each protein (see above). The samples were dissolved in NH4OAc
(5 mm ; pH 5.5), and the final protein concentrations were deter-
mined by amino acid analysis (Aminosyraanalyscentralen, Uppsala,
Sweden).


CD spectroscopy : For CD measurements the synthetic and the re-
combinant proteins (15 mm) were dissolved in K2HPO4 (10 mm ;
pH 7.4). CD spectra were collected from a 0.1 cm quartz cell by
using a J-720 spectropolarimeter (JASCO, Tokyo, Japan). Each spec-
trum represents the mean of three accumulated scans from 260–
190 nm.


Biosensor analysis : The binding kinetics of the fluorescent-labelled
synthetic proteins and the recombinant proteins were analyzed by
real-time biospecific interaction analysis (BIA) based on SPR using a
BIAcore 2000 instrument (Biacore, Uppsala, Sweden). Human IgG
and IgA were diluted in NaOAc (10 mm ; pH 3.8) and immobilized
onto a CM5 sensor chip (Biacore AB, Sweden) by using EDC/NHS
coupling chemistry (EDC = 1-ethyl-3(3-dimethylaminopropyl)-carbo-
diimide hydrochloride, NHS = N-hydroxysuccinimide) generating a
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response of approximately 4000 response units (RU). The binding
analyses were carried out at 25 8C with a flow rate of 30 mL min�1


and a sample volume of 150 mL. HBS (10 mm Hepes, 150 mm NaCl,
3.4 mm EDTA, 0.005 % Surfactant P20 (Bicacore AB), pH 7.4) was
used as running buffer. Each protein sample was prepared at ten
different concentrations (Zwt ranging from 2 nm to 15 mm and ZIgA


ranging from 125 nm to 64 mm) by dilution in HBS. Injections were
made in duplicate at random order and followed by regeneration
with HCl (10 mm). The dissociation constant of the binding interac-
tion was determined by using the BIAevaluation 3.2 software (Bia-
core AB) and a 1:1 Langmuir model. In a different experiment, bio-
tinylated, synthetic sZNBDX,EDANS,Biotin was immobilized on a streptavi-
din-coated SA sensor chip (Biacore AB). IgG (30 mL; 50 nm) was in-
jected at a flow rate of 5 mL min�1. The surface was regenerated
with HCl (5 mL, 10 mm) and the procedure was repeated using
human IgA as a negative control.


Fluorescence spectroscopy : Spectra from synthetic, doubly fluo-
rescent-labelled sZNBDX,EDANS and sZIgA


NBDX,EDANS were recorded by
using a Perkin-Elmer LS 50B fluorimeter. The proteins were dis-
solved in phosphate buffered saline (PBS, pH 7.4) at a concentra-
tion of 4 mm, and emission spectra were recorded in the presence
and absence of target protein (1 mm). Titration curves were ob-
tained by recording emission spectra of the proteins at a concen-
tration of 1 mm with increasing concentrations of target protein.
The target proteins used were human IgG (Kabi Pharmacia, Stock-
holm, Sweden) and human IgA (Sigma–Aldrich), and the concentra-
tion was titrated from 10 nm to 14 mm. The excitation wavelength
was 337 nm and emission scans were recorded from 400 to
600 nm. The slit width for both excitation and emission was 10 nm.
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Creating Space for Large Secondary Alcohols
by Rational Redesign of Candida antarctica
Lipase B
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and Karl Hult*[a]


Introduction


Candida antarctica was selected as an interesting lipase pro-
ducer in a microbial screen performed in the late 1980s, and
the B lipase (CALB) was found to have interesting properties.[1]


Because of its high activity, stability and selectivity in both
aqueous and organic solutions, CALB has been well studied
and used in numerous applications.[2] CALB was first crystal-
lized in 1994 and was found to belong to the a/b-hydrolase
family.[3, 4] The active site hosts the catalytically important oxy-
anion hole, which stabilizes the transition state, and a catalytic
triad consisting of Ser105, His224 and Asp187.[3] CALB follows
the same reaction mechanism as serine hydrolases, and, during
a typical reaction, an ester is bound in the acyl- and alcohol-
binding sites.[5] The acyl-binding site does not confer high sub-
strate selectivity on the enzyme. On the other hand, the alco-
hol-binding part, which contains the stereospecificity pocket,
gives CALB high substrate selectivity towards secondary alco-
hols.[5] For enantiomers, the selectivity follows the rule postu-
lated by Kazlauskas et al.[6] The fast-reacting enantiomer posi-
tions its medium-sized substituent in the stereospecificity
pocket, while it orients the large substituent towards the en-
trance of the active site. The slow-reacting enantiomer orients
its medium-sized substituent towards the entrance of the
active site and its large substituent into the stereospecificity
pocket. Although the large substituent is not easily fitted into
the stereospecificity pocket, this binding mode allows the for-
mation of the hydrogen bonds essential for catalysis. Other
binding modes do not allow for all the essential hydrogen
bonds to be formed in the transition state, and do therefore
not contribute to catalysis.[7] The stereospecificity pocket (de-
fined by Thr42, Ser47 and Trp104) is only large enough to
comfortably accommodate an ethyl or a smaller substituent
(Figure 1 A). This leads to a very good enantioselectivity for
CALB towards secondary alcohols with a medium group equal


to an ethyl or smaller and a large group bigger than an ethyl.
On the other hand, the utility of CALB for larger secondary al-
cohols as substrates is constrained by the limited size of the
stereospecificity pocket. A drastic drop in both activity and se-
lectivity is seen when both substituents are larger than an
ethyl.[8]


In order to increase the range of secondary alcohols that are
good substrates for CALB, rational redesign was used to in-
crease the size of the stereospecificity pocket of the lipase. Mu-
tation of Trp104, which forms the bottom of the stereospecific-
ity pocket, to a smaller amino acid, as suggested by Uppen-
berg et al. , should open up the pocket and allow for larger
substituents than an ethyl group to be comfortably accommo-
dated there.[5] To test this hypothesis, six lipase variants with
mutations in the stereospecificity pocket were produced, three
variants with mutation of Trp104 and three variants with
nearly isosteric mutations elsewhere in the stereospecificity
pocket. To map the size of the stereospecificity pocket of the
mutants and of the wild-type lipase, substrate specificities
were determined for the acylation of a series of symmetrical
secondary alcohols. With those alcohols, the size of the sub-
stituent bound in the stereospecificity pocket was well de-
fined.


[a] A. O. Magnusson, Dr. J. C. Rotticci-Mulder, A. Santagostino, Prof. K. Hult
Department of Biotechnology, Royal Institute of Technology
10691 Stockholm (Sweden)
Fax: (+ 46) 8-5537-8468
E-mail : kalle@biotech.kth.se


[b] Dr. J. C. Rotticci-Mulder
Current address :
AstraZeneca Biotech Laboratory, AstraZeneca R&D
15185 Sçdert�lje (Sweden)


The active site of Candida antarctica lipase B (CALB) hosts the
catalytic triad (Ser-His-Asp), an oxyanion hole and a stereospeci-
ficity pocket. During catalysis, the fast-reacting enantiomer of
secondary alcohols places its medium-sized substituent in the
stereospecificity pocket and its large substituent towards the
active-site entrance. The largest group to fit comfortably in the
stereospecificity pocket is ethyl, and this restricts the number of
secondary alcohols that are good substrates for CALB. In order to


overcome this limitation, the size of the stereospecificity pocket
was redesigned by changing Trp104. The substrate specificity of
the Trp104Ala mutant compared to that of the wild-type lipase
increased 270 times towards heptan-4-ol and 5500 times towards
nonan-5-ol; this resulted in the high specificity constants 1100
and 830 s�1


m
�1, respectively. The substrate selectivity changed


over 400 000 times for nonan-5-ol over propan-2-ol with both
Trp104Ala and the Trp104Gln mutations.
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Results


Six variants of lipase B from Candida antarctica (CALB) with
point mutations in the stereospecificity pocket were created
(Thr42Val, Ser47Ala, Thr42Val/Ser47Ala, Trp104His, Trp104Gln
and Trp104Ala). The mutants and the wild-type enzymes were
expressed, purified and immobilized.


The immobilized lipase variants were characterized for acyl-
transfer reactions by using vinyl butanoate as the acyl donor
and symmetrical achiral secondary alcohols as acyl acceptors.
Initial reaction rates (v) were determined within 5 % conver-
sion, with the alcohols competing as acyl acceptors at known
concentrations. From the initial reaction rates and the known
substrate concentrations, the relative specificity constants
(kcat/KM)S1/(kcat/KM)S2 can be calculated according to Equation (1),
where S1 and S2 are any of the acyl acceptors. For the alcohols


to be compared, the initial reaction rates have to be deter-
mined during the same time course.[9]


ðkcat=K MÞS1


ðkcat=K MÞS2


¼ vS1


vS2
� ½S2�
½S1�


ð1Þ


In order to map the size of the stereospecificity pocket in
the wild-type enzyme and the Trp104 mutants (Trp104His,
Trp104Gln and Trp104Ala), relative specificity constants for
the acylation of a series of symmetrical secondary alcohols
(propan-2-ol, pentan-3-ol, heptan-4-ol, nonan-5-ol and cyclo-
hexanol) were determined. For the mutants this was done with
all alcohols in the same incubation; however, for the wild-type
lipase, three separate incubations had to be performed due to
the large differences in reaction rates. For each variant, the
relative specificity constants were calculated compared to
heptan-4-ol (Table 1).


The wild-type enzyme had a strong preference for propan-2-
ol, with a more than 300 000-fold decrease in specificity when
the size of the alcohol was increased. On the other hand, the
Trp104Gln and Trp104Ala mutants preferred heptan-4-ol and
nonan-5-ol over propan-2-ol.


Relative specificity constants were also determined for the
variants with nearly isosteric mutations in the stereospecificity
pocket (Thr42Val, Ser47Ala and Thr42Val/Ser47Ala) by using
propan-2-ol, pentan-3-ol and heptan-4-ol as acyl acceptors.
Like the wild-type enzyme, these mutants showed such a di-
verse substrate selectivity that the relative specificity constants
had to be determined in two separate incubations for each
variant. The relative specificity constants were calculated com-
pared to heptan-4-ol according to Equation (1) and are pre-
sented in Table 2. The substrate selectivity of these mutants
was very similar to that of the wild-type enzyme. Thus the


Figure 1. The active site in A) the wild-type lipase and B) the Trp104Ala
mutant. The reaction intermediate is shown with the catalytic serine cova-
lently attached to the carbonyl carbon of 3-pentyl butanoate (stick model).
Hydrogen bonds essential for catalysis from the catalytic histidine and in the
oxyanion hole are shown as dashed lines. Amino acid 104 (Trp in the wild-
type and Ala in the mutant) is in dark grey and space-filled in the centre of
the pictures. One ethyl group on the alcohol part of the substrate points
into the stereospecificity pocket and the other towards the active-site
entrance. The ethyl group in the stereospecificity pocket of the wild-type
lipase (A) seems to reach the end of this pocket, while, in the redesigned
Trp104Ala mutant (B), there is enough space for larger groups to be orient-
ed into the stereospecificity pocket.


Table 1. Relative specificity constants of the CALB wild-type and Trp104
mutants for the acylation of symmetrical secondary alcohols compared to
heptan-4-ol.


CALB Acyl acceptor
variant propan-2-ol pentan-3-ol heptan-4-ol nonan-5-ol cyclo-


hexanol


wild-type 12 000 100 1.0 0.036 200
Trp104His 2.9 0.36 1.0 0.12 0.23
Trp104Gln 0.20 0.10 1.0 0.26 0.088
Trp104Ala 0.54 0.067 1.0 0.74 0.079


Table 2. Relative specificity constants of the CALB wild-type and mutants
with nearly isosteric mutations for the acylation of symmetrical secondary
alcohols compared to heptan-4-ol.


CALB Acyl acceptor
variant propan-2-ol pentan-3-ol heptan-4-ol


Wild-type 12 000 110 1.0
Thr42Val 12 000 100 1.0
Ser47Ala 12 000 110 1.0
Thr42Val/Ser47Ala 10 000 110 1.0
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change in hydrophobicity of the stereospecificity pocket
caused by the mutations did not result in different substrate
selectivities.


To better understand how the mutations of Trp104 changed
the selectivity, the apparent kinetic constants (kcat and KM) for
the acylation of heptan-4-ol were determined. This alcohol was
chosen as the best candidate to see the changes for the mu-
tants without losing too much of the activity of the wild-type
lipase. To determine the kinetic constants, the active-site con-
centration of each variant has to be known. Active-site titration
was performed on the immobilized Trp104 variants and the
wild-type enzyme in organic solvent by using the irreversible
active-site inhibitor methyl 4-methylumbelliferyl hexylphospho-
nate (Table 3).


The apparent kcat and KM values for the acylation of heptan-
4-ol were determined, at a vinyl butanoate concentration of
500 mm, for the CALB wild-type and Trp104 mutants (Table 4).


From the data it is clear, that the different point mutations
of Trp104 have a large effect on the specificity constant (kcat/
KM) towards heptan-4-ol, with an increase of 130 to 270 times
compared to the wild-type lipase. From the determination of
each component (kcat and KM) it is clear that the largest effect
of the mutations of Trp104 was on the catalytic constant (kcat).
However, the increased size of the stereospecificity pocket also
improved the Michaelis constant (KM) for the bulky substrate
heptan-4-ol.


Discussion


Candida antarctica lipase B (CALB) displays a very high enantio-
selectivity towards most secondary alcohols when one of the
substituents is an ethyl group or smaller and the other is a
propyl group or larger. The smaller of the substituents is be-


lieved to be placed in the stereospecificity pocket, which is
only large enough to comfortably accommodate an ethyl
group.[8] This specificity is also a limit for the number of secon-
dary alcohols that are good substrates for CALB. When both
substituents of a secondary alcohol are larger than an ethyl,
there is a drastic decrease in both activity and selectivity. In
order to increase the number of secondary alcohols being effi-
ciently acylated by CALB, the size of the stereospecificity
pocket was increased. The large amino acid (tryptophan) at po-
sition 104 forms the bottom of the stereospecificity pocket
(Figure 1 A). Site-specific mutagenesis at this position was the
strategy chosen to increase the size of the stereospecificity
pocket. Thr104 was replaced by a histidine, found in most li-
pases at this position, and as suggested by Uppenberg et al.[5]


The largest redesigned stereospecificity pocket was created by
a mutation to alanine (Figure 1 B). The alteration to a glycine,
which would lead to an even larger redesigned stereospecifici-
ty pocket, was discarded due to the increased risk of protein
misfolding commonly associated with such a mutation. In the
wild-type lipase, the side chain of Trp104 forms a hydrogen
bond to the backbone of the catalytic histidine.[5] A glutamine
mutant was therefore constructed since it also offers the possi-
bility of forming a hydrogen bond from its side chain to the
backbone of the catalytic histidine. Changing other amino
acids lining the stereospecificity pocket could lead to only a
small increase of the pocket size. The three Trp104 mutants of
CALB (Trp104His, Trp104Gln and Trp104Ala) were designed to
have progressively increasing sizes of the stereospecificity
pocket compared to the wild-type lipase. In addition, three
mutants with a stereospecificity pocket that was less polar but
of almost the same size were studied.


In order to map the size of the stereospecificity pocket of
the Trp104 mutants and the wild-type lipase, they were charac-
terized for the acylation of secondary alcohols. In order to
react, secondary alcohols have to bind in the active site by
placing one substituent in the stereospecificity pocket and the
other substituent towards the entrance of the active site
(Figure 1). As the size of the substituent of an asymmetric sec-
ondary alcohol bound in the stereospecificity pocket would be
ambiguous, symmetrical secondary alcohols were used as sub-
strates for the characterization. Comparison of the reaction
rates of a series of symmetrical secondary alcohols gives an es-
timate of the size of the substituent that can be comfortably
accommodated in the redesigned stereospecificity pocket of
the mutants.


In Table 1 it can be seen that the Trp104 mutants had very
different substrate selectivities from that of the wild-type
lipase. The wild-type lipase had a selectivity 300 000 times
larger for propan-2-ol than for nonan-5-ol. In contrast, the
redesigned Trp104 mutants had similar specificities for all the
alcohols tested. The largest difference in substrate selectivity
for the mutants was as low as 24-fold, obtained with the
Trp104His variant for propan-2-ol over nonan-5-ol. The mu-
tants with the smaller amino acids at position 104 (Trp104Gln
and Trp104Ala) differed even more compared to the wild-type
lipase, showing the highest preference for heptan-4-ol fol-
lowed by nonan-5-ol.


Table 3. Active-site concentrations of the immobilized CALB wild-type
and Trp104 mutants.


CALB variant Active-site concentration
[nmol per g of carrier]


wild-type 230
Trp104His 1.4
Trp104Gln 5.7
Trp104Ala 3.4


Table 4. Apparent kinetic constants of the CALB wild-type and Trp104
mutants for the acylation of heptan-4-ol at 500 mm vinyl butanoate.


CALB variant kcat KM kcat/KM


[s�1] [mm] [s�1
m
�1]


wild-type 0.53 130 4.2
Trp104His 12 21 550
Trp104Gln 10 18 560
Trp104Ala 28 24 1100
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The three variants with nearly
isosteric mutations have a more
hydrophobic stereospecificity
pocket than the wild-type lipase,
while the sizes of the stereospe-
cificity pocket should be very
similar and not affect the sub-
strate selectivity. In spite of the
differences in hydrophobicity,
these variants had very similar
selectivities between the tested
alcohols (Table 2). Thus, the hy-
drophobicity of the stereospeci-
ficity pocket did not have a large
influence on the selectivity be-
tween these symmetrical secon-
dary alcohols.


The apparent kinetic constants (kcat and KM) determined for
the acylation of heptan-4-ol (Table 4) show that the mutation
of Trp104 decreased the Michaelis–Menten constant (KM) 5–7
times. An improvement in KM is in agreement with the rational
redesign of the lipase, the aim of which was to increase the
size of the stereospecificity pocket. Interestingly, the improve-
ment in the catalytic constant (kcat) was much larger, 19–
52 times. This could be explained by a higher ratio of produc-
tive binding, that is, the Trp104 mutants allowed heptan-4-ol
to bind in an orientation that facilitates catalysis to a greater
extent than the wild-type lipase.


The relative specificity constants compared to heptan-4-ol
(Table 1) were multiplied by the specificity constant deter-
mined for each variant towards heptan-4-ol (Table 4). This gave
the specificity constants for the CALB wild-type and Trp104
mutants for the acylation of each of the symmetrical secondary
alcohol tested (Table 5).


The mutants and the wild-type lipase can be compared by
calculating the difference in activation free energy (D(mutant)�


(wild-type)DG#) according to Equation 2, where R is the gas con-
stant and T is the absolute temperature.


DðmutantÞ�ðwild-typeÞDG# ¼ �RT � ln
ðkcat=K MÞmutant


ðkcat=K MÞwild-type
ð2Þ


The differences in activation free energy for the acylation of
the symmetrical secondary alcohols between the Trp104 mu-


tants and the wild-type lipase (D(mutant)�(wild-type)DG#) are present-
ed in Figure 2.


The rational redesign of CALB, changing Trp104 for a smaller
amino acid, proved to be a successful approach to making
lipase variants that accepted larger groups in the stereospeci-
ficity pocket. The mutants had an activation free energy to-
wards heptan-4-ol that was 12–14 kJ mol�1 lower than that of
the wild-type lipase. This shows that the redesigned stereospe-
cificity pockets could accommodate a propyl group much
better than the wild-type lipase could, and that the Trp104
mutants were similar. The difference in activation free energy
for the acylation of nonan-5-ol of the mutants compared to
the wild-type lipase was even larger, 15–22 kJ mol�1. There was
a larger difference between the Trp104 mutants for the acyla-
tion of nonan-5-ol than heptan-4-ol. Thus, it was ever more
beneficial to have a smaller amino acid at position 104, the
larger the symmetrical secondary alcohol was. The stereospeci-
ficity pocket of the wild-type lipase can fit an ethyl group
well,[8] while the enlarged stereospecificity pockets of the
Trp104His and Trp104Gln variants can fit a propyl group, and
the even larger stereospecificity pocket of the Trp104Ala
mutant can readily fit a butyl group. For the acylation of
heptan-4-ol and nonan-5-ol, the activation free energy de-
creased for the best mutant (Trp104Ala) compared to that of
the wild-type lipase with 14 and 22 kJ mol�1, respectively. This
corresponds to 270 and 5500 times increases of the specificity
constants, making Trp104Ala a very good catalyst with specific-
ity constants of 1100 m


�1 s�1 and 830 m
�1 s�1 towards heptan-4-


ol and nonan-5-ol, respectively. The substrate selectivity
changed over 400 000 times and switched for nonan-5-ol over
propan-2-ol for both the Trp104Ala and the Trp104Gln mu-
tants, compared to the wild-type lipase.


Experimental Section


Chemicals : Cyclohexane and propan-2-ol were purchased from
Labscan (Dublin, Ireland); pentan-3-ol, nonan-5-ol, cyclohexanol,
dodecane and vinyl butanoate were purchased from Fluka Chemi-
ka (Buchs, Switzerland); heptan-4-ol was from TCI, Tokyo Kasei
Kogyo (Tokyo, Japan); 4-methylumbelliferone was from Aldrich;


Figure 2. Differences in activation free energy for the acylation of symmetrical secondary alcohols between the
Trp104 mutants and the wild-type lipase.


Table 5. Specificity constants of the CALB wild-type and Trp104 mutants
for the acylation of symmetrical secondary alcohols.


CALB kcat/KM [s�1
m
�1] of acyl acceptor


variant propan-2-ol pentan-3-ol heptan-4-ol nonan-5-ol cyclo-
hexanol


wild-type 50 000 420 4.2 0.15 840
Trp104His 1600 200 550 67 130
Trp104Gln 110 59 560 150 49
Trp104Ala 610 76 1100 830 89
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Tris-HCl and calcium chloride were purchased from Merck KGaA
(Darmstadt, Germany). All chemicals were used without further pu-
rification.


Site-directed mutagenesis, protein production and purification,
and lipase immobilization
Variants with nearly isosteric mutations : The Thr42Val, Ser47Ala and
Thr42Val/Ser47Ala mutants and the wild-type lipase were created,
and the proteins were produced, purified and immobilized as de-
scribed previously.[10]


Variants with redesigned size of the stereospecificity pocket (Trp104
mutants): These variants were prepared essentially as the variants
with nearly isosteric mutations. The Trp104Gln and Trp104Ala mu-
tations were introduced by using the overlap extension poly-
merase chain-reaction technique,[11] with the forward primers
fTrp104Ala 5’-CCGTGCTTACCGCTTCCCAGGGTG and fTrp104Gln 5’-
TCCCGTGCTTACCCAATCCCAGGG together with their complemen-
tary reverse primers (Thermo, Ulm, Germany). Mutated genes were
introduced in the plasmid pPIC9 (Invitrogen, Carlsbad CA, USA) by
using the XhoI and NotI restriction sites. The mutations were con-
firmed by DNA sequencing (ABI 3700 sequencer, Applied Biosys-
tems, Foster City, CA, USA) with the BigDye terminators RRMIX (Ap-
plied Biosystems). The plasmids carrying the correct mutations
were introduced into the Pichia pastoris strain SMD1168 (Invitro-
gen) by electroporation. Yeast colonies secreting the lipase variants
were selected in a colony blotting assay by using CALB specific an-
tibodies. The Trp104His mutant was constructed and transformed
to P. pastoris strain SMD1168 as described earlier.[10]


The wild-type enzyme and the Trp104-mutants were expressed by
cultivations of P. pastoris essentially according to the instructions
from the supplier (Invitrogen). The production of the Trp104His
mutant was performed in a fermentor (Belach, Sweden), and the
other variants were produced in shake-flask cultivations.


Purification of the Trp104-mutants and the wild-type enzyme was
done by hydrophobic interaction chromatography, as described
previously.[12]


The lipase variants were immobilized on polypropylene beads
from aqueous solutions (20 mm 3-(N-morpholino)propanesulfonic
acid–NaOH, pH 7.5).[13] From the protein concentrations deter-
mined by absorbance (280 nm), 3 % (w/w) of the wild-type lipase,
the Trp104Gln and the Trp104Ala variants were immobilized on
Accurel MP1000 (<1500 mm bead diameter), and 0.5 % (w/w) of
the Trp104His mutant was immobilized on Accurel EP100 (350–
1000 mm bead diameter).


Active-site titration : The active-site inhibitor methyl 4-methylum-
belliferyl hexylphosphonate was synthesized according to the pro-
cedure described previously by our group,[14] by using the fluoro-
phore 4-methylumbelliferone (4MU) in place of the chromophore
para-nitrophenol.[15] Preparative TLC was used as the purification
method. The purified inhibitor was dissolved in acetonitrile (9 mm)
and stored in a freezer (�20 8C).


The inhibitor stock was diluted 3000 times with acetonitrile and
added to the dry immobilized lipase. The inhibition reaction was
allowed to continue until the concentration of the leaving group
4MU was stable (7 days). An aliquot of the inhibition reaction mix-
ture (50 mL) was diluted with Tris-HCl buffer (450 mL, 100 mm,
pH 8.0, 1 mm CaCl2), and the concentration of the released 4MU
was determined by measuring the fluorescence intensity on a
Perkin–Elmer LS50B instrument (excitation 360 nm, emission
445 nm). No significant background hydrolysis of the inhibitor was
detected. Four different amounts of each immobilized enzyme


variant were inhibited. The amount of released 4MU had a linear
correlation to the amount of carrier, loaded with enzyme, added to
the inhibition reactions.


Activity measurements : The immobilized enzyme variants were
equilibrated to a water activity of 0.1 against saturated aqueous
lithium chloride. The solvent, internal standard and all substrates
were dried over molecular sieves (3 �). All reactions were per-
formed with cyclohexane as solvent, dodecane as internal stan-
dard, vinyl butanoate as acyl donor and symmetrical secondary al-
cohols as acyl acceptors. The reactants were mixed by using a
magnetic stirrer and kept at 30 8C with a water bath. The reactions
were started by the addition of vinyl butanoate.


Relative reaction rates for the wild-type lipase and the Trp104 var-
iants were determined for the acylation of propan-2-ol, pentan-3-
ol, heptan-4-ol, nonan-5-ol and cyclohexanol by using vinyl buta-
noate (250 mm) as acyl donor. The alcohol concentrations (5–
250 mm) were chosen so that the initial reaction rates could be de-
termined within the same time interval for the competing alcohols
and within 5 % conversion. For the wild-type lipase, there were
large differences in the reaction rates, and the alcohols had to be
divided into three separate incubations (propan-2-ol + pentan-3-
ol, pentan-3-ol + heptan-4-ol + cyclohexanol and heptan-4-ol +
nonan-5-ol).


Apparent kinetic constants were determined for the wild-type
lipase and the Trp104 variants towards heptan-4-ol. To determine
the apparent kinetic constants the reaction rate was determined at
five or more different heptan-4-ol concentrations (5 to 400 mm


with the wild-type lipase and 5 to 80 mm with the Trp104 mu-
tants). The vinyl butanoate concentration (500 mm) was the same
in all incubations.


Relative reaction rates with the wild-type lipase and the variants
with the nearly isosteric mutations were determined in two sepa-
rate incubations for each variant, first comparing propan-2-ol
(0.10 m) and pentan-3-ol (1.0 m) and then comparing pentan-3-ol
(0.10 m) and heptan-4-ol (1.0 m). The vinyl butanoate concentration
(2.0 m) was not varied.


Analysis : Samples were taken at at least five reaction times in
order to determine the initial reaction rates. The samples were ana-
lyzed by using the gas chromatograph HP 5890 Series II (Hewlett–
Packard, Palo Alto, CA, USA) with the capillary column CP-Sil 5CB
(length 25 m, i.d. 0.32 mm, Chrompack, the Netherlands) connect-
ed to a flame ionization detector.
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Examples of Peptide–Peptoid Hybrid Serine
Protease Inhibitors Based on the Trypsin
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Resistance at the P1�P1’ Reactive Site
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Introduction


Protease inhibitors are widely distributed in nature; their main
role is to regulate the activity of proteolytic enzymes.[1, 2]


Among these, inhibitors of serine proteases are being studied
the most. Very often they also serve as model objects in the
study of protein–protein interactions. All the so-called canoni-
cal inhibitors have been grouped into at least 18 inhibitor fam-
ilies.[2, 3] The Bowman–Birk protease inhibitors (BBI) are a class
of protease inhibitors occurring in plants. The first inhibitor of


that family was isolated from leguminous seeds by Bowman,[4]


and its properties were characterised by Birk and co-workers in
1963.[5] In 1999, Luckett and co-workers isolated a 14-amino-
acid-residue, cyclic, homodetic peptide from sunflower seeds
whose structure is additionally stabilised by a disulfide bridge[6]


(see Scheme 1 A). This inhibitor, named SFTI-1, is the smallest
naturally occurring serine protease inhibitor isolated up to
date. The reactive site of the SFTI-1 inhibitor (the P1�P1’ pep-
tide bond according to notation of Schechter and Berger[7]) is
located between residues Lys5 and Ser6. Sequential and con-
formational analysis has shown its similarity to the reactive site
loop of the Bowman–Birk inhibitors.


Since the late 1970s, there has been growing interest in the
research of new analogues based on the BBI reactive canonical
loop,[8] and up to now over one hundred such inhibitors have
been described in the literature.[9] The small size and high tryp-
sin inhibitory activity of SFTI-1 make that inhibitor an attractive
template for the design of new protease inhibitors with the
potential to be used as therapeutic agents. Several papers de-
scribing the potent inhibitory activity of SFTI-1 and its ana-
logues have been published recently.[10–14]


The goals of the research into protease inhibitors are to
obtain specific, potent and protease-resistant inhibitors. Con-
tinuing this type of investigations, we report the use of N-sub-


[a] M. Stawikowski, R. Stawikowska, Dr. A. Jaśkiewicz, E. Zabłotna,
Prof. K. Rolka
Department of Bioorganic Chemistry, Faculty of Chemistry
University of Gdansk
Sobieskiego 18 St. , 80-523 Gdansk (Poland)
Fax: (+ 48) 58-341-0357
E-mail : krzys@chem.univ.gda.pl


Research in the field of protease inhibitors is focused on obtain-
ing potent, specific and protease-resistant inhibitors. To our
knowledge, there are no reports in the literature that consider
the application of N-substituted glycine residues (peptoid mono-
mers) for the design of peptidomimetic protease inhibitors. We
hereby present the chemical synthesis and kinetic properties of
two new analogues of the trypsin inhibitor SFTI-1 modified at the
P1 position. Substitution of Lys5 in SFTI-1 by N-(4-aminobutyl)-


glycine and N-benzylglycine, which mimic Lys and Phe, respec-
tively, made these analogues completely protease-resistant at
their P1�P1’ reactive sites. The analogues synthesised appeared
to be potent inhibitors of bovine b-trypsin and a-chymotrypsin.
These noncovalent, competitive and selective peptide–peptoid
hybrid (peptomeric) inhibitors might open the way to targeting
unwanted proteolysis.


Scheme 1. Chemical formulas of: A) native SFTI-1, B) acyclic variant of SFTI-1,
C) peptomeric analogues of SFTI-1.
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stituted glycine residues (peptoid monomers) as proteinogenic
amino acid mimetics, which can be used to design completely
protease-resistant inhibitors. The hybrid combinations of pep-
tides and peptoids, which we prefer to call “peptomers” (pep-
tide-peptoid hybrid polymers) after Ostergaard and Holm,[15]


might reveal new, interesting properties from the structural
and functional point of view.


Peptoids are composed of N-substituted glycine building
blocks that differ from peptides in that their side chains are
shifted from the Ca to the Na atom of monomer unit. Peptoids
exhibit many interesting properties including backbone achiral-
ity, lack of hydrogen bonds due to the lack of an amide hydro-
gen atom and thus lack of secondary structures, and stability
against proteolysis.[16]


We decided to incorporate the N-substituted glycines at the
P1 position of SFTI-1, thus yielding analogues 1 and 2
(Scheme 1). It is well documented that this position is responsi-
ble for the specificity of the inhibitor and is involved in many
contacts between the inhibitor and the cognate enzyme.


Results and Discussion


Overview


There are many examples in the literature that considering the
application of poly(N-substituted glycines) as peptidomimet-
ics,[17] but to our knowledge none of them relates to the appli-
cation of N-substituted glycine residues (peptoid monomers)
as the mimetics of proteinogenic amino acids, which are used
to replace them in the native peptidic protease inhibitors. In
this paper, we report the synthesis and kinetic properties of
two novel inhibitors based on the acyclic analogue of trypsin
inhibitor SFTI-1. Although native, cyclic SFTI-1 is a very potent
inhibitor, in our previous studies we have shown that the elimi-
nation of head-to-tail cyclisation in this inhibitor did
not influence the inhibitory activity expressed as the
association equilibrium constant (Ka).[11] For this
reason, the acyclic SFTI-1 (Scheme 1 B) was chosen as
a starting structure in this study. By replacing Lys5 in
the SFTI-1 sequence by N-(4-aminobutyl)glycine
([Nlys5]SFTI-1, analogue 1) and N-benzylglycine
([Nphe5]SFTI-1, analogue 2), which mimic l-lysine
and l-phenylalanine, respectively (Scheme 1 C), we
have obtained potent inhibitors of trypsin and chy-
motrypsin that are completely protease-resistant.
These inhibitors belong to a novel class of serine pro-
tease inhibitors—noncovalent and competitive pep-
tide–peptoid hybrid (peptomeric) inhibitors—that
might be good drug candidates, since the latest re-
search on the Bowman–Birk type of inhibitors has re-
vealed that inhibitors of that type can be used as
chemopreventive agents with anticarcinogenic activi-
ty.[18]


Peptomer synthesis


The synthesis of two peptomeric analogues of SFTI-1 with Nlys
and Nphe introduced at the P1 position was achieved by a
solid-phase technique, as described in the Experimental Sec-
tion. The physicochemical properties of the synthesised ana-
logues are given in Table 1. During the synthesis of [Nlys5]SFTI-
1, the amino side-chain group of N-(4-aminobutyl)glycine was
protected by a trityl moiety, which was applied directly to the
Ne atom after attaching 1,4-diaminobutane to the peptidyl-
resin.


Enzyme kinetics


Figure 1 shows the Lineweaver–Burk plot for [Nphe5]SFTI-1.
The straight lines obtained at different inhibitor concentra-
tions, all intersecting in one point (within the regression error)
that corresponds to 1/Vmax , indicate that the studied com-
pound acts as a purely competitive inhibitor. The same type of
inhibition was also observed in experiments performed with
analogue 1 (not shown).


Table 1. Physicochemical properties and association equilibrium con-
stants (Ka) of analogues of SFTI-1.


Inhibitor tR MW Ka [m�1]
(HPLC) calcd found bovine bovine
[min] [M+H]+ b-trypsin a-chymotrypsin


SFTI-1 acyclic 15.00 1531.2 1531.8 9.9 � 1010 4.9 � 106


[Nlys5]SFTI-1 15.50 1530.7 1531.5 1.0 � 108 N/A
[Nphe5]SFTI-1 20.15 1549.7 1550.5 N/A 3.8 � 108


Errors in determination of Ka values never exceeded 10 %; N/A = not
active. The values for acyclic SFTI-1 have been published elsewhere.[11, 14]


Figure 1. The Lineweaver–Burk plot, showing competitive inhibition of bovine a-chymo-
trypsin by [Nphe5]SFTI-1. V = reaction velocity measured at l = 410 nm.
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The inhibition curves obtained for the analogues studied are
shown in Figure 2. The determined value of the association
equilibrium constant (Ka) for analogue 1 with bovine b-trypsin


is 1.0 � 108
m
�1, whereas analogue 2 inhibits bovine a-chymo-


trypsin with a calculated Ka of 3.8 � 108
m
�1 (see Table 1). Al-


though the trypsin inhibitory activity of analogue 1 is two
orders of magnitude lower than that determined for the native
SFTI-1, the result obtained is very promising. In our previous
work on the trypsin inhibitor CMTI-III,[19] we have shown that
requirements for the P1 position are very strict. In fact only an-
alogues with Arg and Lys at this position exhibited a strong in-
teraction with trypsin. The introduction of additional methyl-
ene group into the side chain (l-homoarginine) decreased
trypsin inhibitory activity by almost two orders of magnitude,
whereas shortening the side chain even by one methylene
group (Orn residue in position P1) completely cancelled inhibi-
tory activity. From the chemical point of view, the changes in-
troduced in [Nlys5]SFTI-1 and [Nphe5]SFTI-1 are substantial :
the side chain in position 5 is shifted from Ca to Na, and, as a
consequence, that moiety is achiral. The changes applied
might also cause further peptide bond isomerisation between
P1�P1’ residues and/or other residues. Our preliminary NMR
study of [Nphe5]SFTI-1 in [D6]DMSO suggests that there are no


significant changes in the overall structure compared with acy-
clic SFTI-1. The presence of more than one set of residual
proton resonances in all spectra might reflect cis/trans isomeri-
sation of the X-Pro peptide bond(s). Detailed results of that
study should be available in the near future.


Analogue 2 displays a strong chymotrypsin-inhibiting activi-
ty, and in fact it seems to be one of the most potent synthetic
inhibitors of bovine a-chymotrypsin described so far that has a
structure based on the BBI reactive-site loop.[9] Since the sur-
roundings of the reactive sites in trypsin and chymotrypsin are
different, simple substitution of a basic amino acid residue in
trypsin inhibitors by a hydrophobic residue does not produce
strong chymotrypsin inhibitors. In our previous work,[20] we
showed that the substitution of Arg5, present at the P1 posi-
tion of the trypsin inhibitor CMTI-III, by Phe yielded an ana-
logue with moderate chymotrypsin-inhibiting activity. Addi-
tional modifications introduced in the binding loop increased
chymotrypsin inhibitory activity by five orders of magnitude.
Moreover, a common problem with short peptidic inhibitors is
that they are usually hydrolysed quickly, and the observed in-
hibition is temporary. During the determination of Ka values of
the inhibitors studied, we observed practically no difference in
the inhibition ratio of the enzyme when the incubation time
was increased up to 24 h. Although the P1�P1’ bond is intact
in the determined crystallographic structure of SFTI-1,[6] it is
well known that this bond is cleaved by the enzyme. In experi-
ments by Marx and co-workers,[21] the cleaved P1�P1’ bond of
acyclic SFTI-1 was enzymatically resynthesised by bovine b-
trypsin. In the case of the SFTI-1 analogues described here, the
P1�P1’ bond is intact even after 72 h of incubation in the pres-
ence of the enzyme. The proteolytic susceptibilities of ana-
logues 1 and 2 are presented in Figure 3. As can be seen in
the case of analogue 1, during incubation, the peak with a re-
tention time of about 15.5 min vanishes, and a peak with re-
tention time of 17.4 min appears. MALDI MS analysis of the
fractions corresponding to these peaks revealed that the peak
migration is a result of cleavage of the N-terminal dipeptide
Gly-Arg fragment from [Nlys5]SFTI-1 by bovine b-trypsin. In the
case of analogue 2 there is no migration of peaks, but within
the incubation time, a small, unidentified peak with a retention
time of around 21.2 min appears. In both cases the P1�P1’
bond remains intact and no [M+H]+ ions corresponding to the
cleavage of the P1�P1’ bond are observed in MALDI spectra.
These results are in agreement with previous experiments
showing the resistance of poly(N-substituted glycines) to enzy-
matic hydrolysis.[15, 22] The results obtained for acyclic SFTI-1 re-
vealed that this inhibitor is readily hydrolysed under such con-
ditions. The half-life of that reaction was calculated to be ap-
proximately 2.7 h (data not shown).


The novel, peptide–peptoid hybrid class of inhibitors of
serine proteases described above contain a reactive-site P1�
P1’ that is completely resistant to proteases. It may be de-
duced easily that inhibitors of this type could be designed for
other proteases as well. Therefore, by modifying the key P1 po-
sition of peptide inhibitors by using N-substituted glycine resi-
dues new, potent and protease resistant inhibitors might be
discovered and, in the future, applied as therapeutic agents.


Figure 2. The inhibition curves of analogues 1 (~) and 2 (~) against bovine
b-trypsin and a-chymotrypsin, respectively. I0 = initial inhibitor concentration.
The experimental data were fitted according to the procedure described in
text.
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Experimental Section


Peptomer synthesis : Both pepto-
meric SFTI-1 analogues were syn-
thesised manually by a solid-phase
method by using Fmoc chemistry,
as described previously.[23] The
amino acids derivatives used for
the syntheses were as follows:
Fmoc-Gly, Fmoc-Arg(Pbf), Fmoc-
Cys(Trt), Fmoc-Thr, Fmoc-Ser(tBu),
Fmoc-Ile, Fmoc-Pro, Fmoc-Phe and
Fmoc-Asp(OtBu). The C-terminal
amino acid residue was attached
to chlorotrityl polystyrene resin
(Rapp Polymere, Germany) by
using 50 % molar excess of Fmoc-
Asp(OtBu) in the presence of an
equimolar amount of N,N-diisopro-
pylethylamine (DIPEA). N-substitut-
ed glycine derivatives were intro-
duced into the peptide chain by
the submonomeric approach[22] by
using bromoacetic acid and pri-
mary amines—-1,4-diaminobutane
and benzylamine, for Nlys and
Nphe, respectively. In the case of
[Nlys5]SFTI-1, the e-amino group of
Nlys was protected with a trityl
moiety. The protecting group was
introduced directly onto the pep-
tidyl resin. Briefly, trityl chloride
(1.1 equiv with respect to the resin
loading capacity) together with
DIPEA (1 equiv) was dissolved in
DMF. This solution was added to
the peptidyl resin (with attached
1,4-diaminobutane), and the reac-
tion was run for 3 h at room tem-
perature. The progress of the reac-
tion was monitored by MALDI-TOF
analysis as well as by chloranil and
Kaiser tests. The negative results of
both the chloranil (in the presence
of acetaldehyde) and Kaiser tests,
positive chloranil test (in the pres-
ence of acetone) and appropriate
[M+H]+ signals found in MALDI
spectra were the evidence that the
Trt moiety was introduced onto
the e-amino group of Nlys.


After completion of the synthesis,
the peptomers were cleaved from
the resin, and the protecting
groups were removed in one step
by using TFA/phenol/triisopropylsi-
lane/H2O (88:5:2:5, v/v/v/v). Crude
linear SFTI-1 analogues were cy-
clised in a mixture of 5 % acetic
acid and 20 % DMSO, pH 6 (ad-
justed with ammonium carbonate)
with gentle stirring for 24 h[24] and
desalted by solid-phase extraction
on C18 LiChrolut cartridges (Merck,


Figure 3. HPLC chromatograms showing proteolytic susceptibility assays of A) analogue 1 in the presence of
bovine b-trypsin and B) analogue 2 in the presence of bovine a-chymotrypsin. The experiments were performed
at room temperature and pH 3.5 in 50 mm sodium acetate and 20 mm CaCl2 and with catalytic amounts of en-
zymes (1 mol %).
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Germany). Finally, both analogues were purified by HPLC on a
Beckman Gold System chromatograph (Beckman, USA) by using an
RP Kromasil-100, C8, 5 mm column (8 � 250 mm) (Knauer, Germany).
The solvent system was A) 0.1 % TFA and b) 80 % acetonitrile in A.
A linear gradient from 20 to 80 % B for 30 min was employed, the
flow rate was 1.5 mL min�1 monitored at 226 nm.


Determination of the type of enzyme inhibition : Simple experi-
ments were performed to identify the type of inhibition for ana-
logues 1 and 2 as new serine protease inhibitors. In the case of an-
alogue 1, the samples of inhibitor (0–50 mL, 77.4 mm) were added
to the set of cuvettes (1.5 mL) containing buffer solution (0.1 m


Tris-HCl, pH 8.3, 20 mm CaCl2 and 0.005 % Triton X-100) and
enzyme (25 mm), and then reaction mixture was incubated at room
temperature for 1 h. After that, the chromogenic substrate solution
(Bz-d,l-Arg-4-nitroanilide, 200 mm ; 0–10 mL) was added, and the
absorbance was measured for 2 min at 410 nm. In the case of in-
hibitor 2, all conditions were similar except the substrate (Suc-Ala-
Ala-Pro-Phe-4-nitroanilide, 35 mm). The slope values obtained at
various inhibitor and substrate concentrations were used to draw
the Lineweaver–Burk plot (Figure 1).


Determination of association equilibrium constants : Bovine b-
trypsin was standardised by burst kinetics with 4-nitrophenyl-4’-
guanidinebenzoate (NPGB)[25] at an enzyme concentration of 1 mm.
The standardised bovine b-trypsin solution was used for the titra-
tion of turkey ovomucoid third domain inhibitor (OMTKY), which in
turn served to determine the activity of bovine a-chymotrypsin.
The concentration of both inhibitors was determined by titration
of their stock solutions with standardised bovine b-trypsin or
bovine a-chymotrypsin.
The association equilibrium constants (Ka) were determined by the
Green–Work method modified in the laboratory of M. Laskow-
ski.[26, 27] Increasing amounts of inhibitor were added to a constant
amount of enzyme, and, after suitable incubation time, the residual
enzyme activity was measured on a Cary 3E spectrophotometer
(Varian, Australia) by using a turnover substrate. Enzyme–inhibitor
interactions were determined in Tris-HCl buffer (0.1 m, pH 8.3) con-
taining CaCl2 (20 mm) and 0.005 % Triton X-100 at 22 8C. The meas-
urements were carried out at initial enzyme concentrations of
5.3 nm and 6 nm for trypsin and chymotrypsin, respectively. After
proper incubation time, the residual enzyme activity was measured
with Phe-Val-Pro-Arg-Anb5,2-NH2


[28] for analogue 1 and Suc-Ala-Ala-
Pro-Leu-4-nitroanilide for analogue 2. The experimental points
were analysed based on the plot of [enzyme] versus [Io] . The exper-
imental data were fitted to the theoretical values by the utilising
program of A. Liwo (University of Gdansk) and the Marquardt
method.[29] The Ka values calculated are given in Table 1, whereas
inhibition curves are shown in Figure 2.


Proteolytic susceptibility assays : Analogues 1 and 2 and acyclic
SFTI-1 were incubated in sodium acetate (50 mm) and CaCl2


(20 mm, pH 3.5) with catalytic amounts of enzymes (1 mol %).[30]


The incubation was carried out at room temperature, and sample
aliquots of the mixture were taken out periodically and submitted
to RP-HPLC analysis. This analysis was performed on HPLC Gold
System chromatograph (Beckman, USA) by using an RP Kromasil-
100, C8 column (4.6 � 250 mm � 5 mm; Knauer, Germany). The sol-
vent system was A) 0.1 % TFA and B) 80 % acetonitrile in A; linear
gradient from 20 to 80 % B for 30 min, flow rate 1 mL min�1, moni-
tored at 226 nm. The collected fractions of the peaks were ana-
lysed by MALDI MS (Biflex III MALDI-TOF spectrometer, Bruker
Daltonics, Germany) by using a a-CCA matrix.
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Multiplex-PCR-Based Recombination as a Novel
High-Fidelity Method for Directed Evolution
Thorsten Eggert,*[a] Susanne Aileen Funke,[a] Nalam M. Rao,[b]


Priyamvada Acharya,[b] Holger Krumm,[c] Manfred T. Reetz,[c] and
Karl-Erich Jaeger[a]


Introduction


Directed evolution has matured during the last decade to
become a key technology in the field of molecular enzyme en-
gineering, in particular, when neither the 3D structures nor the
catalytic mechanisms of the enzymes are known. However,
even if crystal structures are available and reaction mecha-
nisms are well understood, directed evolution often provides
alternative solutions in comparison to rational-design experi-
ments.[1–3]


The creation of diversity is a crucial step in each directed-
evolution experiment. Diversity can either be directly retrieved
from nature by isolation of homologous but not identical
genes or artificially generated by introducing random point
mutations into a target gene. Moreover, subsequent recombi-
nation of this diversity has proved to be a very effective strat-
egy for combining advantageous mutations and separating
out deleterious ones. Today, at least twelve in vitro recombina-
tion methods have been published, which are summarized in
two excellent review articles.[2, 4] Among these approaches
DNA-shuffling is still the method of choice for most directed-
evolution experiments. Other methods, which include stag-
gered extension process (StEP),[5] random priming recombina-
tion (RPR),[6] heteroduplex recombination,[7] ssDNA-family shuf-
fling,[8] degenerate oligonucleotide gene shuffling (DOGS),[9]


random chimeragenesis on transient templates (RACHITT),[10]


mutagenic and unidirectional reassembly (MURA),[11] synthetic
shuffling,[12] assembly of designed oligonucleotides (ADO)[13]


and recombined extension on truncated templates (RETT)[14]


use different experimental strategies to ensure the exchange
of DNA fragments between different variants. Slight variations
in these methods have been published by different
groups.[15–17] All these methods result in a significant improve-


ment in the efficiency to create novel enzymes by directed
evolution. However, they also have major drawbacks, including
i) a recombinational bias depending on the target DNA and
ii) the creation of additional diversity by introducing novel
point mutations during recombination, a process that could
result in a library far too large to be screened by available
methods. Therefore, novel developments in directed-evolution
methodology focus on improving library quality instead of
quantity.[2]


A major strategy to reduce the size of a library is based on
increasing the fidelity of the recombination process. The origi-
nal DNA-shuffling protocol led to the introduction of an aver-
age of seven novel point mutations per kilobase (kb), which re-
sults in extra diversity.[18, 19] This effect is favoured when screen-
ing capacity is not a limiting factor as it is for powerful selec-
tion systems like phage display[20] or fluorescence-activated cell
sorting (FACS).[21] Unfortunately, such systems are not available
as yet to select for enzyme properties like enantioselectivity.
Zhao and Arnold modified the DNA-shuffling protocol to
reduce the rate of newly introduced point mutations by using
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[b] Dr. N. M. Rao, Dr. P. Acharya
Centre for Cellular and Molecular Biology
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[c] Dr. H. Krumm, Prof. Dr. M. T. Reetz
Max-Planck Institut f�r Kohlenforschung
Kaiser-Wilhelm-Platz 1, 45470 M�lheim an der Ruhr (Germany)


A new and convenient method for the in vitro recombination of
single point mutations is presented. This method efficiently re-
duces the introduction of novel point mutations, which usually
occur during recombination processes. A multiplex polymerase
chain reaction (multiplex-PCR) generates gene fragments that
contain preformed point mutations. These fragments are sub-
sequently assembled into full-length genes by a recombination-
PCR step. The process of multiplex-PCR-based recombination
(MUPREC) does not require DNase I digestion for gene-fragmenta-
tion and is therefore easy to perform, even with small amounts
of target DNA. The protocol yields high frequencies of recombina-


tion without creating a wild-type background. Furthermore, the
low error rate results in high-quality variant libraries of true re-
combinants, thereby minimizing the screening efforts and saving
time and money. The MUPREC method was used in the directed
evolution of a Bacillus subtilis lipase that can catalyse the enan-
tioselective hydrolysis of a model meso-compound. Thereby, the
method was proved to be useful in producing a reliable second-
generation library of true recombinants from which better per-
forming variants were identified by using a high-throughput elec-
trospray ionization mass spectrometry (ESI-MS) screening system.
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different DNA polymerases during fragment reassem-
bly.[22] The creation of DNA fragments by using restric-
tion endonucleases also reduced the number of
novel point mutations; however, it also increased the
bias of recombination.[8] Nevertheless, the methods
based on DNase I digestion have in common the
facts that large amounts of DNA are needed and that
the frequency of recombination is very low for neigh-
bouring mutations.


Here, we describe a high-fidelity method for the re-
combination of point mutations that introduces a
single, novel point mutation per 10 kb (mutation rate
1 � 10�4) but results in a high frequency of recombina-
tion independent of the amino-acid positions to be
recombined. Furthermore, the protocol for this multi-
plex-PCR-based recombination method is simple and
generally applicable. The versatility of this method
was tested by the recombination of point mutations
that had been introduced into the Bacillus subtilis li-
pase A (BSLA) gene and subsequent screening for the
enantioselective hydrolytic desymmetrization of a
model meso-compound.


Results and Discussion


Multiplex-PCR-based recombination (MUPREC)


A protocol was developed for the efficient recombi-
nation of single point mutations that are generated
by directed evolution methods. This protocol is based
on multiplex-PCR for the amplification of those fragments that
carry point mutations for recombination.


As a starting point we used two multiplex-PCR reactions
that were performed simultaneously by using two different
template plasmids of the target gene. In one reaction, a set of
mutagenesis primers that were designed as lower primers
were applied together with a universal upper primer (Table 1).
This resulted in the formation of a mixture of different mega-
primers, each containing a single point mutation. The other
multiplex-PCR reaction produces the complementary mega-
primers by applying a set of mutagenesis primers that are de-
signed as upper primers and amplify gene fragments along
with a universal lower primer. In a third PCR reaction, these
megaprimers were used together with the flanking primers
(mut1-up and mutS-low; Table 1) to produce the full-length
gene that carried the desired point mutations. The high con-
centration of megaprimers in comparison to flanking primers
resulted in megaprimer overlaps and subsequent elongations,
which led to the random recombination of the desired point
mutations (Figure 1). Theoretically, template switching occurs
during megaprimer-annealing and -elongation processes and
results in the formation of all possible combinations of point
mutations. In practice, however, we have observed an accumu-
lation of mutants that carry two or three point mutations (data
not shown). Fortunately, these recombinants were randomly
generated, nevertheless, recombinants with more than four
point mutations were relatively rare.


This result forced us to change the protocol so that a larger
number of small fragments would be formed in the first multi-
plex-PCR reaction. Here, a single, universal, upper primer
(mut1-up) was used together with sense and antisense muta-
genesis primers, which again produced megaprimer fragments.
In addition, small fragments that were complementary to the
middle of the gene and carried two point mutations were am-
plified. This fragment mixture together with a new gene tem-
plate, which has different flanking regions, was then used
along with a universal lower primer in a second so-called re-
combination-PCR reaction (Figure 2). The modification of the
original protocol (Figure 1) resulted in the formation of an in-
creased number of recombinants that carried multiple point
mutations. This protocol is recommended for five or more
point mutations that are to be recombined. The results shown
in Table 2 indicate that up to eleven point mutations can be
randomly recombined. This suggests that this method could
also allow the recombination of an even higher number of
point mutations. The limitation of this method is set solely by
the size of the created library. As an example, the recombina-
tion of 20 point mutations will generate a library consisting of
1.05 � 106 different variants (see formula in Table 3), a number
that exceeds the capacity of most high-throughput screening
methods.


The correct formation of DNA fragments during a multiplex-
PCR reaction, as shown by agarose gel electrophoresis
(Figure 3), indicated that the protocol could be further simpli-


Table 1. Oligonucleotides used in this study.


Primer Sequence[a] Modifications


mut1-up 5’-ctcctcgctgcccagccggcgatggccatg-3’ MlsI
mutS-low 5’-atataagcttcagcaaacagctatgaccatgattacgaattc-3’ HindIII
N18X-up 5’-ggaggggcatcatcattnnstttgcgggaattaag-3’ N18 saturation primer
N18X-low 5’-cttaattcccgcaaasnngaatgatgatgcccctcc-3’ N18 saturation primer
I22T-up 5’-ttcaattttgcgggaactaagagctatctcg-3’ I22T mutation
I22T-low 5’-cgagatagctcttagttcccgcaaaattg-3’ I22T mutation
Y49C-up 5’-aagacaggcacaaattgtaacaatggaccggta-3’ Y49C mutation
Y49C-low 5’-taccggtccattgttacaatttgtgcctgtctt-3’ Y49C mutation
Y49I-up 5’-aagacaggcacaaatatcaacaatggaccggta-3’ Y49I mutation
Y49I-low 5’-taccggtccattgttgatatttgtgcctgtctt-3’ Y49I mutation
Y49V-up 5’-aagacaggcacaaatgtcaacaatggaccggta-3’ Y49V mutation
Y49V-low 5’-taccggtccattgttgacatttgtgcctgtctt-3’ Y49V mutation
N50S-up 5’-acaggcacaaattatagcaatggaccggtattatc-3’ D50S mutation
N50S-low 5’-taataccggtccattgctataatttgtgcctgt-3’ N50S mutation
F58L-up 5’-ccggtattatcacgacttgtgcaaaaggttttag-3’ F58L mutation
F58L-low 5’-taaaaccttttgcacaagtcgtgataataccgg-3’ F58L mutation
Q60L-up 5’-ttatcacgatttgtgttgaaggttttagatgaa-3’ Q60L mutation
Q60L-low 5’-catctaaaaccttcaacacaaatcgtgataa-3’ Q60L mutation
Q60N-up 5’-ttatcacgatttgtgaacaaggttttagatg-3’ Q60N mutation
Q60N-low 5’-catctaaaaccttgttcacaaatcgtgataa-3’ Q60N mutation
L114P-up 5’-acgacaggcaaggcgcctccgggaacagatcc-3’ L114P mutation
L114P-low 5’-tggatctgttcccggaggcgccttgcctgtcg-3’ L114P mutation
C124S-up 5’-ccaaatcaaaagatttcatacacatccatttac-3’ C124S mutation
C124S-low 5’-gtaaatggatgtgtatgaaatcttttgatttgg-3’ C124S mutation
A132D-up 5’-tccatttacagcagtgacgatatgattgtcatg-3’ A132D mutation
A132D-low 5’-catgacaatcatatcgtcactgctgtaaatgg-3’ A132D mutation
I157N-up 5’-caaatccatggcgttggagacggccttctgtacagc-3’ I157N mutation
I157N-low 5’-gctgtacagaaggccgtctccaacgccatggatttg-3’ I157N mutation
N166Y-up 5’-tacagcagccaagtctacagcctgattaaagaag-3’ N166Y mutation
N166Y-low 5’-ttctttaatcaggctgtagacttggctgctgtac-3’ N166Y mutation


[a] Mutated codon unterlined.
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fied by performing just a single PCR reaction. In this procedure
(an all-in-one PCR), the amplification of wild-type sequences
was excluded by using a universal upper primer, mut1-up, that
only hybridized to pET22 lipA1 (template 1) and a universal
lower primer, mutS-low, that only hybridized to pUlipA (tem-
plate 2; Figure 2). We call these primers “universal” due to
their sequence independence towards the gene to be mutat-
ed. Primer mut1-up (“universal” upper primer) hybridizes to
the vector sequence of pET22b upstream of the target gene,
whereas mutS-low (“universal” lower primer) anneals down-


stream of the target gene in the pUC18 vector. By
using the two “universal” primers together with two
different template vectors, the amplification of un-
wanted wild-type DNA is efficiently prevented for
site-directed mutagenesis by using the megaprimer
PCR technique.[23–25]


It should be noted that the mutagenesis and the
“universal” primers must be carefully designed so that they
have comparable melting temperatures, and equimolar con-
centrations of primers should be used in the reaction mixture.
If a specific mutation is to be favoured, then the correspond-
ing mutagenesis primer can be used in higher molar concen-
trations and will therefore be incorporated into the respective
fragments at a statistically higher rate.


Application of MUPREC to evolve enantioselective lipase
variants


Extracellular BSLA was optimized by directed evolution so that
it catalyzed the enantioselective hydrolytic desymmetrization
of 1,4-diacetoxycyclopentene (Scheme 1). Variant libraries were
generated by error-prone PCR (epPCR), and by complete satu-
ration mutagenesis.[26] During this project, we observed that
several newly isolated enantioselective lipase variants showed
a reduced thermostability. Therefore, we chose to recombine
several mutations that lead to higher enantioselectivity with
others previously shown to increase the thermostability of
BSLA.[27] L114P, A132D and N166Y amino-acid substitutions
were chosen for recombination as they resulted in increased
thermostability, and several different substitutions at positions
N18 and Y49 were chosen since they all resulted in increased
enantioselectivity.[28] For position N18, a primer mix was used
that encoded all 20 amino acids, and at position 49, the substi-
tutions Y49I and Y49V were chosen. These had been identified
during previous screenings (data not shown).


Figure 1. Initial experimental approach for the directed recombination of existing point
mutations. This protocol comprised three independent PCRs and led to recombinant
genes that contained combinations of up to three mutations at maximum. Triangles in-
dicate point mutations.


Table 2. Mutations and amino-acid substitutions found in randomly
chosen variants[a] that were generated by the MUPREC process.


Variant no. Mutation[b]


Recombination of point-mutations I22T (att-act), Y49C (tat-tgt), N50S
(aac-agc), F58L (ttt-ctt), Q60N (caa-aac), Q60L (caa-ttg), L114P (ctt-cct),


C124S (tta-tca), A132D (gcc-gac), I157N (atc-gac), N166Y (aac-tac)
1 I22T, Y49C, N50S, L114P, C124S
2 I22T, N50S, L114P, C124S, S24I (agc-atg)
3 I22T, N50S
4 N50S, F58L, L114P
5 I22T, N50S, Q60N, L114P, C124S, I157N
6 I22T, Y49C, F58L, L114P
7 Y49C, L114P


[a] All variants showed lipolytic activity towards the substrate tributyrin.
[b] Recombined point mutations are given as amino-acid exchanges;
newly generated point mutations are indicated in bold; base substitu-
tions are written in brackets.


Table 3. Theoretical library sizes generated by randomly
recombined point mutations.


Number of single point Number of
mutations[a] recombinants[b]


2 4
3 8
4 16
5 32
6 64
7 128
8 256
9 512


10 1024


[a] Number of single point mutations to be recombined.
[b] Number of true recombinants without any new point


mutation, calculated by using the formula


where n = number of single point mutations to be recom-
bined and k = overall number of point mutations present
in a variant protein.
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The two-step MUPREC protocol described above (Figure 2,
left) was used to monitor whether the correct formation of
fragments and megaprimers occurred after the multiplex-PCR


reaction or not (Figure 3). Afterwards, the one-step MUPREC
protocol (Figure 2, right) was used to essentially yield the same
results. The amplified full-length genes were cloned into the
expression vector pET22b by using the unique restriction sites
MlsI and HindIII, which were introduced into the fragments
during the recombination-PCR reaction. After over-expression
in E. coli, a library of about 390 enzymatically active lipase var-
iants was created and screened for enantioselectivity by using
ESI-MS.[29] Nine BSLA variants were identified that showed in-
verse enantioselectivities to the wild-type enzyme (Table 4)
and of which variant 37-01-G5 (N18Q, Y49V) also showed a
much higher enzymatic activity when grown on tributyrin-
indicator plates (Figure 4). Interestingly, for all variants, the in-
crease in enantioselectivity was accompanied by a decrease in
thermostability, although amino-acid substitutions were incor-
porated that were previously shown to increase the thermosta-
bility of BSLA. At present, the number of screened variants is
still too low to conclude that a general incompatibility exists
for combining thermostability and enantioselectivity in this
lipase.


The efficiency of the MUPREC method


The efficiency of the MUPREC method was analysed by deter-
mination of the DNA sequences from randomly chosen re-


Figure 2. The MUPREC process. Mixtures of upper and lower primer pairs that carry the point mutations to be recombined are used in a multiplex PCR to am-
plify gene fragments, which are recombined in a second PCR. The efficiencies of fragment formation during the multiplex-PCR, which are mainly determined
by the melting temperature of the mutagenesis primers, can be directly monitored by using the two-step method. Alternatively, the one-step protocol can
be applied for convenient and high-fidelity recombination. More experimental details are given in the text. Triangles indicate point mutations.


Figure 3. Gel electrophoretic analysis of a MUPREC experiment. Lane 1: Full-
length BSLA gene amplified by standard PCR (positive control) ; lane 2: frag-
ment mixture after multiplex PCR that contained megaprimer and internal
PCR fragments that carried the point mutations to be recombined; lane 3:
negative control for the recombination-PCR reaction using pUlipA as the
template along with primers mut1-up and mutS-low; lane 4: negative con-
trol for the recombination PCR with pUlipA as the template and the frag-
ment mixture shown in lane 2, but omitting the universal primers mut1-up
and mutS-low; lane 5: negative control for the recombination PCR by using
the fragment mixture shown in lane 2 and the universal primers mut1-up
and mutS-low, but omitting the template pUlipA; lane 6: full-length PCR
product after the recombination PCR.
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combinants that showed lipase
activity. All randomly chosen
clones had acquired up to six
different point mutations by
recombination (Table 2); this in-
dicates a high diversity of the
library (Table 3). In total, 39 se-
quences of randomly chosen
recombinants have been se-
quenced; this gives an estimated
error rate of 1 � 10�4 for the


MUPREC method, which is comparable to the rate observed
for Taq-DNA-polymerases. Our results clearly show that
MUPREC allows the directed recombination of previously iden-
tified point mutations without introducing a significant
number of novel and possibly unwanted mutations, in contrast
to other homology-dependent recombination protocols like
DNA-shuffling (seven additional point mutations per kb) or
StEP (0.6 additional point mutations per kb). Therefore, the ap-
plication of MUPREC could help to significantly facilitate
screening efforts. Furthermore, MUPREC did not produce any
wild-type genes, as determined by screening for enantioselec-
tivity or by DNA-sequencing.


Conclusion


We have described here a novel in vitro recombination
method for application in directed-evolution experiments. The
MUPREC process can be used to recombine single point muta-
tions previously generated in directed-evolution experiments.
This method avoids the amplification of wild-type genes and
effectively prevents the formation of novel base substitutions.
Therefore, the size of a recombination library is minimized,
thereby enabling a complete library screen. The method does
not require DNase I digestion for gene fragmentation and can
therefore be easily carried out in a single PCR-step. Thus,
MUPREC should prove useful in optimizing directed-evolution
protocols based on libraries created by epPCR or complete sat-
uration mutagenesis.


Experimental Section


Bacterial strains and growth conditions : Plasmids were construct-
ed and transformed into E. coli strains XL1-blue or DH5a. E. coli
cells were grown overnight in Luria–Bertani (LB) medium (5 mL) in
glass tubes at 378C and in the presence of appropriate amounts of
ampicillin (100 mg mL�1). The heterologous expression of BSLA and
its variants was performed with E. coli BL21(DE3) in the presence of
carbenicillin (100 mg mL�1; Serva, Heidelberg, Germany).


General DNA techniques and plasmids : Plasmid DNA was pre-
pared by using the plasmid purification midi-kit from QIAGEN
(Hilden, Germany). Genomic DNA from B. subtilis 168 (obtained
from the Bacillus Genetic Stock Center, Ohio, USA) was prepared
by using the DNeasy Tissue Kit (QIAGEN, Hilden, Germany). Re-
combinant DNA techniques were performed as described by Sam-
brook et al.[30] Restriction digestion reactions and ligations were
performed with enzymes from Fermentas (St. Leon-Rot, Germany)
under conditions recommended by the manufacturer.


Scheme 1. The model reaction used to identify enantioselective variants of BSLA. The asymmetric hydrolysis of
the model compound meso-1,4 diacetoxy-2-cyclopentene, was determined by a high-throughput ESI-MS screen-
ing system. The deuterium-labelled substrate pseudo-meso-1,4 diacetoxy-2-cyclopentene allows the formation of
chiral alcohol products (2) and (3) to be identified by their mass differences.


Table 4. BSLA variants with improved enantioselectivity


Variant amino-acid exchanges ee conversion
[%][a] [%][a]


wild-type – 45 (1R,4S) 100
thermostable L114P, A132D, N166Y 52 (1R,4S) 100


First generation (complete saturation mutagenesis library)
144-F7 N18I 14 (1S,4R) 90
133A6 N18A 21 (1S,4R) 100
195-E8 N18L 65 (1S,4R) 75
22-N18C N18C 72 (1S,4R) 85
145-F4 N18Q 82 (1S,4R) 75
133-H12 N18S 83 (1S,4R) 50
196-C2 Y49I 16 (1S,4R) 5


Second generation (MUPREC library)
16-02-D1 N18L, N166Y 68 (1S,4R) n.d.
16-02-B1 N18S, L114P, N166Y 23 (1S,4R) n.d.
37-02-F2 N18H, N166Y 61 (1S,4R) n.d.
37-02-B12 N18Q, Y49V 82 (1S,4R) 85
16-02-F1 N18Q, L114P 85 (1S,4R) n.d.
16-02-G1 N18Q, L114P, A132D; N166Y 85 (1S,4R) n.d.
37-03-A3 N18S, Y49I, L114P 30 (1S,4R) n.d.
37-01-G5 N18Q, Y49V 82 (1S,4R) 85
37-02-E2 N18Q, Y49I 87 (1S,4R) n.d.


[a] Enantioselectivity and conversion rate of the substrate pseudo-meso-
1,4 diacetoxy-2-cyclopentene were determined by ESI-MS. n.d. = not de-
termined.


Figure 4. Lipolytic activities of wild-type BSLA and its enantioselective var-
iants. E. coli clones expressing BSLA variants were plated on tributyrin-indica-
tor plates and incubated for 24 h at 37 8C. Variant 37-01-G5, which contains
amino-acid substitutions N18Q and Y49V, shows wild-type (wt) activity indi-
cated by the size of the clear halo around the colony.
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The plasmids pET22 lipA or pUlipA were used as templates in PCR
reactions. Both plasmids contain the BSLA gene with different up
and downstream regions. The construction of the plasmid pET22
lipA has been described elsewere.[26] A BSLA-gene-containing plas-
mid with up- and downstream regions different from pET22 lipA
was constructed by amplification of the lipase gene by using a
standard PCR reaction with the 30 bp upper primer BSLA1 5’-ATAT-
GATATCGCTGAACACAATCCAGTCGT-3’ and the 29 bp lower primer
BSLA2 5’-TATAGAGCTCTCATTAATTCGTATTCTGG-3’. Genomic DNA
from B. subtilis 168 (10 ng) was used as the template. The resulting
557 bp PCR product was cloned, blunt-end, into a HincII-digested
pUC18 vector (Stratagene, Heidelberg, Germany) to result in plas-
mid pUlipA.


Standard-PCR conditions : Amplification of DNA fragments was
performed in a 50 mL reaction mixture with plasmid (1 ng) or ge-
nomic DNA (10 ng) as template, primers (each 25 pmol), dNTPs
(0.2 mm), Taq (2.5 U, Eurogentec, Seraing, Belgium) or Pfu poly-
merase (2.5 U, Stratagene, Heidelberg, Germany). Buffers contain-
ing MgCl2 or MgSO4 were used as recommended by the manufac-
turers. Conditions for PCR reactions were: 1 � (3 min at 98 8C); 35 �
(1 min at 95 8C; 2 min at 58 8C, 1 min at 72 8C) and 1 � (7 min at
72 8C). The PCR reactions were performed by using a Mastercycler
Gradient (Eppendorf, Hamburg, Germany).


Multiplex-PCR conditions : Multiplex-PCR reactions were per-
formed in 50 mL reaction mixtures, as described above for standard
PCR, by using Pfu polymerase. The primers used for mutagenesis in
this study are summarized in Table 1. To meet optimal annealing
temperatures for every primer within the sample, the PCR condi-
tions used were as follows: 1 � (3 min at 98 8C); 35 � (1 min at
95 8C; 2 min gradient from 708–508 ; 1 min at 72 8C) and 1 � (7 min
at 72 8C). The multiplex-PCR reactions were also performed by
using a Mastercycler Gradient (Eppendorf, Hamburg, Germany).
After identifying 65 8C to be the most efficient annealing tempera-
ture, we used this temperature in all following multiplex-PCR reac-
tions: 1 � (3 min at 98 8C); 35 � (1 min at 95 8C; 2 min at 65 8C,
1 min at 72 8C) and 1 � (7 min at 72 8C).


High-throughput screening for enantioselectivity : The recom-
bined BSLA genes were cloned into the expression vector pET22b
(Novagen, Madison, USA) as in-frame fusions to the pelB-signal se-
quence; this enables Sec-dependent protein secretion. The result-
ing plasmids were used to transform E. coli BL21(DE3) (Novagen,
Madison, USA). The clones were cultured at 37 8C in 96-deep-well
microtiter plates that were filled with LB/M9 medium (1 mL;
10 g L�1 tryptone, 5 g L�1 yeast extract, 5.5 g L�1 NaCl, 4 g L�1 glu-
cose, 0.25 g L�1 MgSO4·7 H2O, 0.02 g L�1 CaCl2, 7 g L�1 Na2HPO4·2 -
H2O, 3 g L�1 KH2PO4, 1 g L�1 NH4Cl) supplemented with carbenicillin
(100 mg mL�1). After 6 h of shaking at 37 8C (OD580 = 0.5–0.7), lipase
expression was induced by adding isopropyl-b-d-thio-galactopyra-
noside (final concentration 0.3 mm). The induced culture was
grown at 37 8C, and the cells were separated from the medium by
centrifugation at 5000 g for 10 min. An aliquot of 100 mL from the
culture supernatant was taken from each well and pipetted into
another 96-deep-well microtiter plate that contained Na2HPO4/
KH2PO4 buffer (800 mL; 10 mm, pH 7.5) and the substrate (100 mL)
dissolved in dimethylsulfoxide (100 mm). After 24 h shaking at RT,
the reaction solution was extracted with ethyl acetate and
screened by electrospray ionization mass spectroscopy (ESI-MS).[29]


DNA sequence analysis : DNA sequence analysis of the mutant
genes was performed by SequiServe (Vaterstetten, Germany) by
using standard T7-promoter and T7-terminator primers.
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Chemoenzymatic Synthesis of HIV-1 gp41
Glycopeptides: Effects of Glycosylation on the
Anti-HIV Activity and a-Helix Bundle-Forming
Ability of Peptide C34
Lai-Xi Wang,*[a] Haijing Song,[a] Shuwen Liu,[b] Hong Lu,[b] Shibo Jiang,*[b]


Jiahong Ni,[a] and Hengguang Li[a]


Introduction


The human immunodeficiency virus type-1 (HIV-1), the causa-
tive agent of AIDS, is heavily glycosylated. The outer envelope
glycoprotein, gp120, typically has 24 N-glycans,[1] and the
transmembrane envelope glycoprotein, gp41, carries four con-
served N-glycans.[2] It has been demonstrated that HIV-1 carbo-
hydrates play a critical role in viral immune evasion,[3] and
serve as ligands for dendritic-cell specific lectin DC-SIGN,
during HIV-1 transmission.[4] However, the precise role of indi-
vidual N-glycans, for example, the effects of individual glycosy-
lation on the local conformation and immunogenicity of the
HIV-1 envelope glycoproteins, are hitherto unclear. We believe
that these problems can be adequately addressed by bio-
organic synthesis and functional evaluation of related HIV-1
glycopeptides that represent partial structures of the envelope
glycoproteins.


Peptide C34 is a 34-mer peptide derived from the C-terminal
ectodomain region of gp41 (amino acids 628–661;
Figure 1).[5–7] This sequence in the native gp41 carries an N-
glycan at the conserved glycosylation site Asn637. The C34 se-
quence has a tendency to form six-helix bundles with the N-
terminal peptide, N36, of gp41 which provides the driving
force for virus–host membrane fusion.[5, 6] Moreover, synthetic
peptide C34 has been shown to be a potent inhibitor against
HIV-1 infection.[5, 8] Therefore, characterization of the effects of
glycosylation in this region could provide important insights
on the mechanism of HIV-1 membrane fusion and for HIV-1 in-
hibitor design. This paper describes the chemoenzymatic syn-
thesis of the HIV-1 gp41 glycopeptides which corresponds to
C34, and the evaluation of the effects of glycosylation on the
anti-HIV activity and helix-bundle forming ability of peptide
C34.


Results and Discussion


Chemoenzymatic synthesis of C34 glycopeptides


We sought to construct homogeneous glycoforms of C34 that
contain a monosaccharide, a disaccharide, and a natural oligo-
saccharide moiety, respectively (Scheme 1). While glycopep-
tides that contain monosaccharides or a small oligosaccharide
moiety can be prepared by conventional solid-phase peptide
synthesis by using glycoamino acid building blocks,[9] the con-
struction of large, biologically relevant glycopeptides is still a
difficult task.[10] To construct the glycopeptide M9-C34 that car-
ries a large, native high-mannose type N-glycan, we decided to
take the chemoenzymatic approach by using the Arthrobacter
endo-b-N-acetylglucosaminidase (Endo-A) as the key enzyme.
Endo-A and another endoenzyme, Endo-M from Mucor hiema-
lis, are able to transfer an intact oligosaccharide moiety to a
suitable N-acetylglucosamine (GlcNAc) containing peptide to
form a new b-1,4-glycosidic linkage. Therefore, the novel trans-
glycosylation activity was explored for chemoenzymatic syn-
thesis and has emerged as a powerful method for the con-
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C34 is a 34-mer peptide derived from the C-terminal ectodomain
of HIV-1 envelope glycoprotein, gp41. The C34 region in native
gp41 carries a conserved N-glycan at Asn637 and the sequence is
directly involved in the virus–host membrane fusion, an essential
step for HIV-1 infection. This paper describes the synthesis of gly-
coforms of C34 which carry a monosaccharide, a disaccharide,
and a native oligosaccharide moiety. The synthesis of the glyco-
peptide which carries a native high-mannose type N-glycan was
achieved by a chemoenzymatic approach by using an endogly-


cosidase-catalyzed oligosaccharide transfer as the key step. The
effects of glycosylation on the inhibitory activity and the helix-
bundle forming ability of C34 were investigated. It was found
that glycosylation moderately decreases the anti-HIV activity of
C34 and, in comparison with C34, glyco-C34 forms less compact
six-helix bundles with the corresponding N-terminal peptide, N36.
This study suggests that conserved glycosylation modulates the
anti-HIV activity and conformations of the gp41 C-peptide, C34.
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struction of complex glycoconju-
gates that have been hitherto
difficult to obtain by other meth-
ods.[11, 12] Endo-A is specific for
high-mannose type N-glycans,
and we have used the enzyme
previously to construct HIV-1
gp120 glycopeptides.[12, 13]


The GlcNAc-C34 was synthe-
sized on an automated solid-
phase peptide synthesizer ac-
cording to the previously report-
ed procedure,[14] by using fluo-
renylmethoxycarbonyl (Fmoc)
amino acids and/or Fmoc-Asn-
(Ac3GlcNAc)-OH as the building
blocks. The synthetic crude
GlcNAc-C34 was purified by re-
verse-phase HPLC and character-
ized by electron spray ioniza-
tion-mass spectrometry (ESI-MS:
calculated M = 4492.84; found
M = 4492.02�0.54 (based on the
deconvolution of the data)). Pep-
tide C34 was synthesized and
purified in the same way (ESI-
MS: calculated M = 4290.64;
found M = 4289.16�0.64 (based
on the deconvolution of the
data)). The oligosaccharide
donor Man9GlcNAc2Asn that was


Figure 1. The schematic depiction of HIV-1 gp41. A) The glycosylation sites, the amino acid sequences of N36 and C34, and their locations in the gp41 ecto-
domain are shown. FP, fusion peptide; NHR, the N-terminal heptad repeat; CHR, the C-terminal heptad repeat; TM, the transmembrane domain. B) Top (left)
and side views (right) of the crystal structure of the N36–C34 six-a-helix bundle (the fusion-active core structure of gp41).


Scheme 1. The structures of C34 and glyco-C34.


ChemBioChem 2005, 6, 1068 – 1074 www.chembiochem.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1069


Chemoenzymatic Synthesis of HIV-1 gp41 Glycopeptides



www.chembiochem.org





used for transglycosylation was prepared from soybean flour
following a modified procedure.[15] We observed that, as in the
case of C34,[5, 8, 16] GlcNAc-C34 demonstrated a very low solubili-
ty in aqueous media. An initial attempt to perform the enzy-
matic transglycosylation in phosphate buffer failed to give any
transglycosylation product due to the low concentration of the
acceptor GlcNAc-C34 in the reaction media. Addition of ace-
tone[17] improved neither the solubility of GlcNAc-C34 nor the
transglycosylation. Eventually, we found that performing the
enzymatic reaction in a phosphate buffer (pH 6.6) that con-
tained 30 % dimethyl sulfoxide (DMSO) led to the formation of
the desired transglycosylation product M9-C34, which was iso-
lated in 11 % yield by RP-HPLC (Scheme 2). Therefore, the role


of DMSO in the reaction media is two-fold: it enhances the sol-
ubility of GlcNAc-C34 and decreases the activity of water.[17]


The identity of M9-C34 was characterized by mass spectrom-
etry (ESI-MS: calculated M = 6155.29; found M = 6155.16�0.07
(based on the deconvolution of the data)) Further structural
characterization was performed by two specific transforma-
tions. First, treatment of M9-C34 with endo-b-N-acetylglu-
cosaminidase from Flavorbacter (Endo-F1), which specifically
cleaves N-glycans at the GlcNAcb1–4GlcNAc core, gave two
products : the Man9GlcNAc (detected by Dionex HPAEC) and
GlcNAc-C34 (detected by HPLC). This indicates that the trans-
ferred oligosaccharide Man9GlcNAc was linked to the GlcNAc
in the peptide through the expected b1,4-glycosidic linkage.
Secondly, treatment of M9-C34 with pronase, which hydrolyzes
all the peptide bonds of a given glycoprotein to release the
Asn-linked N-glycan, led to the release of Man9GlcNAc2Asn (de-
tected by Dionex HPAEC analysis). This suggests that an intact
N-glycan was attached to the Asn residue in the peptide.
Taken together, the data unambiguously confirmed the struc-
ture of M9-C34. The chemoenzymatic approach, although


giving a relatively low yield for the transglycosylation step, al-
lowed quick access to the desired HIV-1 glycopeptide with
high purity, which is otherwise difficult to obtain by other
methods such as total chemical synthesis.[10] A glycopeptide
carrying a disaccharide moiety, the N-acetyl lactosamine-C34
(LacNAc-C34), was synthesized by the enzymatic transfer of a
galactose residue to the GlcNAc-C34 moiety from UDP-Gal
under the catalysis of b-1,4-galactosyltransferase (GalT)
(Scheme 2).[18] The product LacNAc-C34 was isolated in 78 %
yield by RP-HPLC (ESI-MS: calculated M = 4654.98; found M =


4654.72�0.01 (based on the deconvolution of the data)). It
should be pointed out that in contrast to C34 and GlcNAc-C34
which have low solubility, LacNAc-C34 and M9-C34, are readily


soluble in aqueous media. The purity and identity of
the synthetic C34 and glyco-C34 were verified by
analytical HPLC (Figure 2) and ESI-MS spectrometry
(Figure 3), respectively.


Anti-HIV activity of C34 glycopeptides


The anti-HIV activities of the synthetic C34 glycopep-
tides were measured by using a cell-fusion assay.[19]


The results are listed in Table 1. All the glycoforms of
C34 demonstrated potent inhibitory activities against
HIV-1 infection at nanomolar concentrations (Table 1).
Attachment of a monosaccharide (GlcNAc) or a disac-
charide moiety (LacNAc) to C34 had no significant
effect on its anti-HIV activity. However, the glycopep-
tide carrying a large native N-glycan, M9-C34 (IC50 =


7.7 nm), demonstrated a moderate decrease in anti-
HIV activity when compared with C34 (IC50 = 1.1 nm).
Nevertheless, from perspective of anti-HIV drug de-
velopment, the glycopeptides could be superior to
C34 in two aspects. First, LacNAc-C34 and M9-C34
have a much better solubility under physiological


conditions than C34, which overcomes a major drawback en-
countered for the clinical use of C34.[5, 8, 16] Secondly, because of
the general protective effect of glycosylation, the glycopep-
tides could be more resistant to protease digestion in vivo
than C34, although the overall in vivo efficiency of glyco-C34
and C34 is yet to be tested in animal models.


Scheme 2. Chemoenzymatic synthesis of glyco-C34.


Table 1. Inhibitory activity of C34 and glyco-C34.[a]


Inhibitors IC50 (nM)[b] IC90 (nM)[c]


Mean SD Mean SD


C34 1.10 0.07 2.16 0.11
GlcNAc-C34 1.32 0.05 2.46 0.10
LacNAc-C34 1.36 0.05 2.50 0.12
M9-C34 7.66 0.50 11.98 0.57


[a] Anti-HIV-1 activity was determined by a cell-fusion assay by using MT-
2 and H9 cells chronically infected with HIV-1IIIB (H9/HIV-1IIIB) as target
and effector cells, respectively. [b] IC50, concentration of the inhibitor
that blocks HIV-1 fusion by 50 % [c] IC90, concentration of the inhibitor
that blocks HIV-1 fusion by 90 %


1070 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2005, 6, 1068 – 1074


L.-X. Wang, S. Jiang et al.



www.chembiochem.org





Effects of glycosylation on the helix-bundle forming ability
of peptide C34


It is known that C34 has an almost featureless and random
structure in aqueous media.[8, 20] We investigated the conforma-


tions of the synthetic glyco-C34
in the presence or absence of
the N-peptide, N36, by circular
dichroism (CD) analyses. In the
absence of N36, all the C34 gly-
copeptides demonstrated almost
the same CD spectra as that of
C34. This suggests that C34 gly-
cosylation did not change its so-
lution conformations. However,
it was found that in the pres-
ence of N36, the formation of
N–C-peptide a-helical bundles
were induced. CD spectra of
equimolar mixtures of N36 and
the respective C-peptide showed
typical a-helical conformations
between the peptide complexes
(Figure 4). The stability of the
helical bundles was assessed by
monitoring the changes in the
ellipticity as a function of tem-
peratures. It was observed that
the apparent melting tempera-
ture (Tm) for N36–glyco-C34 were
generally lower than that of
N36–C34 (Table 2). This indicates
that glycosylation of C34 partial-
ly disrupted the six-helix bundle
formation. The Tm results are
consistent with the observed a-
helical contents calculated for
the complexes. The higher the
a-helical content, the more
stable is the complex (Table 2). It
should be pointed out that natu-
ral HIV-1 gp41 bears an N-glycan
at the C34 sequence. Therefore,
the N36–glyco-C34 complex
(particularly M9-C34) would re-
semble the actual fusion-active
structure of gp41 more closely
than the N36–C34 complex
which lacks the natural N-glycan.
It was previously reported that
immunization in mice with a
model polypeptide N36(L6)C34,
which folds into a stable six-
helix bundle, raised antibodies
specific for the bundles, but the
antibodies were unable to neu-
tralize HIV-1.[21] One explanation
was that once a stable fusogenic


structure of gp41 was formed, the structure, that is the stable
six-helix bundle of gp41, would become inaccessible to anti-
body neutralization. Alternatively, the antibodies raised by
N36–C34 might primarily recognize the peptide backbone un-


Figure 2. HPLC profiles of C34 and glyco-C34. The analytical HPLC was performed with a Waters 626 HPLC instru-
ment on a Waters Nova-Pak C18 column (3.9 � 150 mm) at 40 8C. The column was eluted with a linear gradient of
0–90 % MeCN (0.1 % TFA), at a flow rate of 1 mL min�1 over 25 minutes. Peptides and glycopeptides were detected
at double wavelengths (214 and 280 nm).


Figure 3. The ESI-MS profiles of synthetic C34 and glyco-C34. The mass spectra were measured on a micro-
mass ZQ-4000 single quadruple mass spectrometer. A, C34; B, GlcNAc-C34; C, LacNAc-C34; D, M9-C34.
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derneath the natural N-glycan, which is actually inaccessible to
antibody neutralization in HIV-1 gp41 due to the shielding
effect of the N-glycan. Therefore, a plausible target in vaccine
design would be the transition state (prefusogenic) structure
of gp41 that might be exposed to the immune system during
membrane fusion processes. The less compact complex
formed by N36–M9-C34 (with ca. 50 % a-helical content) might
capture at least part of the transition state structure of gp41
that is exposed during membrane fusion. Moreover, the N-
glycan itself might serve as a target for immune recognition,
as demonstrated by the carbohydrate epitope for neutralizing
antibody 2G12.[22] Therefore, it would be interesting to test
whether glyco-C34 or its complex with N36 will serve as new
types of immunogens for future HIV-1 vaccine development.[23]


Conclusion


We have successfully synthesized several glycoforms of the
gp41 peptide, C34, by a chemoenzymatic approach. The availa-
bility of the glycopeptides allowed the assessment of glycosy-
lation effects on the structure and function of C34. It was
found that glycosylation affects the anti-HIV activity of C34 and
its ability to form six-helix bundles with the corresponding N-


peptide, N36. The less compact complex between N36–glyco-
C34 might arrest certain conformation-dependent neutralizing
epitopes valuable for HIV-1 vaccine design.


Experimental Section


Materials and methods : Bovine milk galactosyltransferase (GalT),
UDP-Gal, and a-lactalbumin were purchased from Sigma/Aldrich
Chemical Company (St. Louis, MO). Endo-F1 was purchased from
PROZYME (San Leandro, CA). Endo-A was a gift kindly provided by
Prof. K. Takegawa. All Fmoc-protected amino acids used for peptide
synthesis were purchased from Novabiochem (La Jolla, CA). The
building block Fmoc-Asn(Ac3GlcNAc)-OH used for glycopeptide
synthesis was synthesized according to reported procedure.[24] 2-(1-
H-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate (HATU), N,N-diisopropylethylamine (DIPEA), and Fmoc-PAL-
PEG-PS were purchased from Applied Biosystems. HPLC grade ace-
tonitrile was purchased from Fisher Scientific (Pittsburgh, PA). Di-
methyl formamide (DMF) was purchased from B & J Biosynthesis
(Morristown, NJ). All other chemicals and biochemicals were pur-
chased from Pierce or Sigma/Aldrich and used as received. The ESI-
MS spectra were measured on a micromass ZQ-4000 single quadru-
ple mass spectrometer.


Reverse-phase HPLC : Analytical HPLC was carried out with a
Waters 626 HPLC instrument on a Waters Nova-Pak C18 column
(3.9 � 150 mm) at 40 8C.[25] The column was eluted with a linear gra-
dient of 0–90 % MeCN (0.1 % TFA) at a flow rate of 1 mL min�1 over
25 min. Peptides and glycopeptides were detected at double
wavelengths (214 and 280 nm). Preparative HPLC was performed
with a Waters 600 HPLC instrument by using a Waters C18 column
(Symmetry 300, 19 � 300 mm). The column was eluted with a suita-
ble gradient of MeCN (0.1 % TFA) at 12 mL min�1.


Dionex high-performance anion exchange chromatography cou-
pled with pulsed electrochemical detection (HPAEC-PED): The
analytical anion-exchange chromatography was performed on a
Dionex DX600 chromatography system (Dionex Corporation, CA)
equipped with an electrochemical detector (ED50, Dionex Corpora-
tion, CA). The following conditions were used: column, CarboPac-
PA1 (4 � 250 mm); two eluent system: eluent A (0.1 m NaOH);
eluent B (1 m NaOAc in 0.1 m NaOH); gradient: 0–5 min, 0 % eluent
B; 5–25 min, 0–15 % eluent B; flow rate, 1 mL min�1. Under these
conditions, Man9GlcNAc2Asn and Man9GlcNAc were separated and
appeared at 17.1 and 16.8 min, respectively.


Peptide synthesis : Peptides were synthesized on a Pioneer auto-
matic peptide synthesizer (Applied Biosystems) by using Fmoc-pro-
tected amino acids as building blocks, HATU as the coupling re-
agent, and polyethylene glycol-polystyrene resin with a peptide
amide linker (PAL-PEG-PS resin) as the solid support. The peptides
were released from the resin with simultaneous deprotection by
treatment with cocktail R (TFA:thioanisole:EDT:anisole, 90:5:3:2)
and precipitated with cold ether. The crude peptides were purified
by preparative HPLC. In the case of GlcNAc-C34, the crude pep-
tides were treated with 5 % hydrazine in water to remove O-acetyl
groups before HPLC purification. The purity and identity of the
peptides were analyzed by HPLC and ESI-MS. ESI-MS of C34: calcu-
lated M = 4290.64; found, 1430.95 [M+3 H]3 + , 1073.52 [M+4 H]4 + ,
859.25 [M+5 H]5 + . ESI-MS of GlcNAc-C34: calculated M = 4492.84;
found, 1124.48 [M+4 H]4 + , 899.88 [M+5 H]5 + .


Endo-A catalyzed transglycosylation, M9-C34 synthesis : A mix-
ture of Man9GlcNAc2Asn (5 mg) and GlcNAc-C34 (7 mg) in ammoni-
um acetate buffer (300 mL, 50 mm, 30 % DMSO, pH 6.0) was incu-


Figure 4. The CD spectra of the N36–C34 and N36–glyco-C34 complexes.
Equimolar amounts (10 mm each) of the N- and C-peptide was incubated at
37 8C for 30 min in PBS. The CD spectra of each mixture were then measured
at 4 8C on a Jasco spectropolarimeter.


Table 2. The estimated a-helical content and Tm of the N- and C-peptide
complexes.


[q]222 Tm [8C] a-helix [%][a]


[8cm2 dmol�1]


N36 �10 466 / 32
C34 �17 / 0
N36/C34 �31 777 62 96
N36/GlcNAc-C34 �19 392 54 58
N36/LacNAc-C34 �19 231 56 58
N36 M�9-C34 �15 386 51 47


[a] a-helical content was calculated with the equation: a-helix % = [q]222/
(�33 000) � 100 %.
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bated at 37 8C with recombinant Endo-A (50 milliunits). The reac-
tion was monitored by analytical HPLC on a Waters Nova-Pak
C18 column (3.9 � 150 mm) at 40 8C with a linear gradient (0–90 %
MeCN containing 0.1 % TFA in 25 min, flow rate 1 mL min�1). When
the transglycosylation product, M9-C34, which appears earlier than
the GlcNAc-C34, reached the maximal, the enzymatic reaction was
stopped by heating in a boiling water bath for 3 min. The product
was purified by preparative HPLC on a Waters preparative column
(Symmetry 300, 19x300 mm) to give M9-C34 (1.7 mg, 11 % based
on the oligosaccharide donor used). Excess GlcNAc-C34 was recov-
ered. ESI-MS of M9-C34: calculated M = 6155.29; found, 2053.23
[M+3 H]3 + , 1539.81 [M+4 H]4 + , 1232.17 [M+5 H]5 + .


GalT-catalyzed synthesis of LacNAc-C34 : A mixture of GlcNAc-C34
(2 mg), UDP-Gal (1 mg), a-lactalbumin (100 mg), MnCl2 (20 mm), and
bovine milk GalT (0.3 unit) in 2 mL of HEPES buffer (50 mm, pH 7.5)
was incubated for 20 h at 37 8C. The mixture was lyophilized and
the product was purified by RP-HPLC to give LacNAc-C34 (1.6 mg,
78 %). ESI-MS of LacNAc-C34: calculated M = 4654.98; found,
2328.97 [M+2 H]2 + , 1552.63 [M+3 H]3 + .


Inhibition of HIV-1 infection by synthetic peptides and glyco-
peptides : Anti-HIV-1 activities of the peptides and glycopeptides
were determined by a cell-fusion assay by using MT-2 and HIV-1IIIB


chronically infected H9 (H9/HIV-1IIIB) cells as target and effector
cells, respectively.


Briefly, HIV-1IIIB-infected H9 cells were labeled with a fluorescent re-
agent, 2’,7’-bis-(2-carboxyethyl)-5-and-6-carboxyfluorescein acetoxy-
ethyl ester (BCECF-AM, Molecular Probes, Inc. , OR) and incubated
with MT-2 cells (ratio = 1:10) in a 96-well plate at 37 8C 5% CO2 hu-
midified atmosphere for 2 h in the presence of the peptides or gly-
copeptides at different concentrations. The fused and not fused
Calcein-labeled HIV-1-infected cells were counted under an invert-
ed fluorescence microscope (Zeiss, Germany) with an eyepiece mi-
crometer disc. Four fields per well were counted. The percentage
of inhibition of cell fusion was calculated based on the experimen-
tal results.


Circular dichroism spectroscopy : N36 was incubated with an
equimolar amount of C34 or glyco-C34 in phosphate buffered
saline (PBS, 50 mm sodium phosphate, 150 mm NaCl, pH 7.2) at
37 8C for 30 min. The final concentration of N- and C-peptides was
10 mm each. The CD spectra of the mixtures were then measured
at 4 8C on a Jasco spectropolarimeter (Model J-715, Jasco Inc. ,
Japan). Measurement conditions were: 5.0 nm bandwidth, 0.1 nm
resolution, 0.1 cm path length, 4.0 sec response time, and a
50 nm min�1 scanning speed). The spectra were corrected by the
subtraction of a blank corresponding to the solvent. Thermal dena-
turation was monitored at 222 nm by applying a thermal gradient
of 5 8C min�1. The melting curve was smoothed and the midpoint
of the thermal unfolding transition (Tm) values was calculated by
using the Jasco software.
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Discrimination of Single-Nucleotide Alterations
by G-Specific Fluorescence Quenching
Chikara Dohno[b, c] and Isao Saito*[a, c]


Introduction


The importance of DNA sequence identification is increasing as
our knowledge of the association between genotypes and
phenotypes accumulates. Recently there has been growing in-
terest in single-nucleotide polymorphisms (SNPs), due to their
significant biological and clinical importance. A number of
SNP-typing methods have been developed in attempts to es-
tablish an ideal typing system that would be highly sensitive,
robust, and high throughput (multiplexed) without involving a
costly and time-consuming step.[1] Fluorescence-labeled DNA
probes have played an important role in these recent develop-
ments in the detection of single-base alterations. The single-
base discrimination involved in nearly all the reported methods
has been achieved, directly or indirectly, by exploiting the dif-
ferences in hybridization efficiency between matched and mis-
matched target DNA/probe DNA duplexes.


In as far as the detection relies on hybridization events, how-
ever, such DNA probes have inherent limitations in their selec-
tivity. Differences in hybridization efficiency vary with sequence
context and are often very small for the detection of a single-
base mismatch in a long target strand of DNA. To attain a high
enough signal-to-noise ratio, the hybridization and washing
conditions need to be carefully selected to minimize any unde-
sirable responses from mismatched hybridization probes. From
this perspective, alternative probes that do not rely on hybridi-
zation events are urgently required.[2]


Recently, “intelligent” fluorescently labeled nucleic acids
probes capable of detecting single-base mismatches independ-
ently both of the state of hybridization of the probe and of en-
zymatic assistance have been developed.[3–6] Many such probes
contain some intercalating fluorophore in place of the DNA
base, positioned next to the mismatched base pair.[3] The fluo-
rescence of the intercalator is responsive to local perturbations
arising as a consequence of the presence of an adjacent mis-


matched base pair. Our group has recently developed base-dis-
criminating fluorescent (BDF) oligonucleotides probes for dis-
crimination of single-base alterations.[4, 5] The concept of BDF
probes is based on the fluorescence change of the BDF base
itself in response to the bases on a complementary strand.[4–6]


Although such BDF probes enable us to distinguish single-
base alterations simply by mixing them with the target oligo-
deoxynucleotides (ODNs), their universal application is limited
by the fluorescence quenching from the flanking bases that
sometimes occurs. The fluorescence of a BDF base is consider-
ably suppressed, especially so when the flanking base pair of
the BDF probe is a G/C base pair.[4] We have recently provided
a solution to this problem, by developing novel BDF probes—
PyU and PyC—in which a pyrenecarbonyl group is attached to
uracil or cytosine at C-5 through a rigid propargyl linker.[5] PyU
and PyC distinguish single-base alterations by the change in
fluorescence induced by the difference in polarities between
the inside and the outside of the DNA double helix. The fluo-
rescence of the BDF nucleosides is not quenched by flanking
base pairs, presumably because of the rigid propargyl linker;
this prevents the fluorophore from reaching close proximity to
the G sites.
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[c] Dr. C. Dohno, Prof. Dr. I. Saito
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A new strategy for the detection of single-base alterations
through fluorescence quenching by guanine (G) is described. We
have devised a novel base-discriminating fluorescent (BDF) nu-
cleoside, 4’PyT, that contains a pyrenecarboxamide fluorophore
at the thymidine sugar’s C4’-position. 4’PyT-containing oligo-
deoxynucleotides only exhibited enhanced fluorescence in re-
sponse to the presence of a complementary adenine base. In con-
trast, the fluorescence of mismatched duplexes containing 4’PyT/
N base pairs (N = C, G, or T) was considerably weaker. This highly
A-selective fluorescence was a product of guanine-specific


quenching efficiency; when the complementary base to 4’PyT
was a mismatch, the pyrenecarboxamide fluorophore was able
to interact intimately with neighboring G bases (the most likely
interaction in the case of intercalation), so effective quenching by
the G bases occurred in the mismatched duplexes. In contrast,
duplexes containing 4’PyT/A base pairs exhibited strong emission,
since in this case the fluorophores were positioned in the minor
groove and able to escape fluorescence quenching by the G
bases.
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For the BDF probes discussed above, G-specific quenching is
recognized as being a major drawback to their general utility.
If this G-specific quenching could be switched on and off
through base pairing with a BDF base, however, then this
quenching process could be used to advantage in single-base
discrimination.


There have been many reports that neighboring nucleobas-
es can quench the fluorescence of fluorophores.[7, 8] In particu-
lar, guanine exhibits exceptionally high quenching efficiency
with many different types of fluorescent labels. Since guanine
is the most electron-donating of all the four bases, fluores-
cence quenching takes place easily through electron transfer
and/or the formation of a complex with G.[7, 8] In both cases,
close proximity of the fluorophore and G is preferable for effi-
cient quenching. The fluorescence can be also quenched by
remote G sites by an electron-transfer mechanism through the
p-stacked DNA helix when the fluorophore is efficiently
stacked within the DNA double helix.[9, 10] An intercalating and
electron-accepting fluorophore is therefore susceptible to
quenching by neighboring G sites, but can exhibit enhanced
fluorescence if it is constrained so as to be positioned away
from the DNA helix.


In this paper we describe a new approach to achieve the
discrimination of single-nucleotide alterations through G-spe-
cific fluorescence quenching. We have developed a new BDF
nucleoside, 4’-pyrenecarboxamide-modified thymidine (4’PyT),
which exhibits intense fluorescence only when the 4’PyT is in-
volved in a complementary base pair with A. Pyrenecarbox-
amide was selected as the fluorophore, due to its intercalative
activity and its reactive quenching by G.[11] Stable base-pairing
with A locates the fluorophore in the minor groove, where the
fluorophore escapes efficient quenching by the flanking G
bases. The pyrene group cannot intercalate within the DNA in
keeping with the base pairing, due to the short methylamide
linker in the 4’-position.[11g] In contrast, when the complemen-
tary base of 4’PyT is mismatched (T, G, or C), then the hydro-
phobic pyrenyl group is likely to intercalate with the p-stacked
DNA helix, breaking the now weak hydrogen bonds. This inter-
calation enables the fluorophore to come into intimate contact
with the flanking base pairs and results in the quenching of
the fluorescence. These results confirm our concept that a
single-nucleotide alteration can be distinguished through fluo-
rescence quenching by flanking G bases. 4’PyT-containing DNA
thus exhibits A-selective fluorescence, and can act as an effec-
tive probe for homogeneous SNP typing.


Results and Discussion


The synthesis of 4’PyT-containing DNA was achieved by post-
modification of an ODN containing 4’-aminomethylthymidine
(2), as outlined in Scheme 1. The phosphoramidite of 4’-amino-
methylthymidine was prepared by a previously reported
method[12] and was incorporated into the DNA by conventional
phosphoramidite chemistry. The 4’-amino group was then con-
verted into the desired pyrenecarboxamide group by treating
it with the succinimidyl ester of pyrene-1-carboxylic acid. The
sequences of the 4’PyT-containing ODNs are listed in Table 1.
Fluorescence measurements were performed on each ODN hy-
bridized with different complementary bases (N = A, C, G, or T).


We first measured the fluorescence spectra of the 4’PyT-con-
taining ODN GXT, with a single G situated adjacent to 4’PyT on
the 5’-side (Table 1). The ODNs were hybridized with their com-
plementary strands: one was fully matched (N = A), and the
others each contained a single mismatch (N = C, G, or T) oppo-
site 4’PyT. The fluorescence spectra of single-stranded GXT and
of the duplexes (N = A, C, G, or T) are shown in Figure 1. As
would be expected, the fluorescence of the single-stranded
GXT was very weak (FF = 0.012),[13] due to efficient quenching
by the flanking G. Similar or more pronounced quenching was
observed for the all the single-base mismatched duplexes. In
marked contrast, the matched duplex (N = A) showed promi-
nent fluorescence, with two emission maxima at l= 380 and


Scheme 1. Reagents and conditions: a) i) automated DNA synthesis, ii) NH4OH, 55 8C. b) 4, DMF, sodium phosphate buffer (pH 8.5), 37 8C.


Table 1. Oligodeoxynucleotide sequences used in this study.


Sequences[a]


ODN GXT 5’-CGC AAG X TAA CGC
CNA (N) 3’-GCG TTC N ATT GCG
ODN GTXT 5’-CGC AGT X TAA CGC
CANA (N) 3’-GCG TCA N ATT GCG
ODN TXG 5’-CGC AAT X GAA CGC
ANC (N) 3’-GCG TTA N CTT GCG
ODN CXC 5’-CGC AAC X CAA CGC
GNG (N) 3’-GCG TTG N GTT GCG
GGQ 3’-G GTT GCG
ODN TXT 5’-CGC AAT X TAA CGC
ANA (N) 3’-GCG TTA N ATT GCG
ODN CP 5’-CCT GTG X TTA ATT
CCP (N) 3’-GGA CAC N AAT TAA


[a] X denotes 4’PyT.
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396 nm (FF = 0.11) (Table 2). The fluorescent quantum yield
was eight to 14 times those of the mismatched or single-
stranded ODNs (Table 2). The enhanced fluorescence can be


explained if we assume that the pyrenecarboxamide fluoro-
phore was extruded from the inside of the DNA helix because
of the tight base pairing of the matched 4’PyT/A. The spatial
separation between the fluorophore and the flanking G pre-
cludes a quenching pathway. On the other hand, the instability
of the mismatched base pairs provides more conformational
freedom for approaching the flanking G. In support of this hy-
pothesis, the absorption maxima are shifted to longer wave-


lengths (4–8 nm) in the absorption spectra of the mismatched
duplexes (Figure 1). This red-shifted absorption suggests that
the fluorophore has interacted more strongly with neighboring
bases in the mismatched duplexes than in the matched
duplex. An intimate interaction with G, such as intercalation of
the pyrenyl group, should permit effective quenching.[14]


We next investigated the influence of the relative position of
G on the 4’PyT fluorescence (Figure 2). The ODN TXG has a
single G adjacent to 4’PyT on the 3’-side, in an otherwise iden-
tical sequence, and the fluorescence spectra of TXG are shown
in Figure 2 a. The fluorescence properties are quite similar to
those of GXT, showing A-selective fluorescence. The polarity of
DNA has an effect on the emission band shape, suggesting a
different ground-state interaction, but this polarity does not
have any effect on the selective fluorescence enhancement.
The inset in Figure 2 b shows the fluorescence spectra of the
ODN CXC with two adjacent Gs in the complementary strand.
The strongest emission seen in the inset of Figure 2 b was ob-
served for single-stranded CXC. In this sequence, no proximal


G was present in the single-
stranded state, whereas two
adjacent Gs were available on
hybridization with the comple-
mentary strands, so G-specific
quenching is only effective after
hybridization, and not for the
single-stranded CXC. This situa-
tion was improved on by
adding a short G-rich ODN GGQ,
which functioned as a quencher
for the single-stranded CXC (Fig-
ure 2 b). The fluorescence of
single-stranded CXC was mark-


edly quenched by the addition of GGQ, while that of the
duplex remained almost unchanged. Hybridization between
CXC and the complementary strands was unaffected by the
addition of the short and mismatched GGQ, so the addition of
GGQ resulted in A-selective fluorescence. In contrast, the selec-
tive fluorescence was completely abolished when the neigh-
boring Gs were removed (TXT, Figure 2 c). G-specific quenching
is an essential process for base-discriminating fluorescence,


Figure 1. Absorption and fluorescence spectra of 2.5 mm GXT hybridized
with 2.5 mm CNA (N) (N = A, C, G, or T; 50 mm sodium phosphate, 0.1 m


sodium chloride, pH 7.0, 25 8C). “ss” denotes single-stranded GXT. Excitation
wavelength was 345 nm.


Table 2. Photophysical properties of GXT hybridized with CNA (N).[a]


N Tm [8C] lmax [nm] elmax
e345


[c] lem [nm][c] FF
[d]


A 50.1 (�0.8)[b] 345 22 400 22 400 380, 396 0.11
T 46.2 (+ 3.1) 351 20 800 18 400 396 0.014
G 43.5 (+ 3.5) 349 18 400 14 400 395 0.0077
C 47.0 (+ 5.0) 353 21 200 18 400 397 0.0081
ss 350 20 800 19 200 394 0.012


[a] Duplex (2.5 mm) in sodium phosphate/sodium chloride (50 mm/0.1 m, pH 7.0) at 25 8C. [b] The values in pa-
rentheses are DTm between 4’PyT-containing duplexes and unmodified duplexes. [c] lex = 345 nm. [d] The fluo-
rescence quantum yields (FF) were calculated as in ref. [13] .


Figure 2. Influence of the location of G on the fluorescence of 4’PyT-containing ODNs. Fluorescence spectra were measured under the same conditions as in
Figure 1. Spectra are shown for a) TXG, b) CXC with GGQ (inset: without GGQ), c) GTXT, and d) TXT. Excitation wavelength was 347 nm.
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and the above results clearly show that 4’PyT-con-
taining DNA exhibits A-selective fluorescence when
G is positioned adjacent to 4’PyT.


All of the above tested sequences contained adja-
cent G sites for efficient quenching. Since DNA-medi-
ated electron transfer enables fluorescence quench-
ing by distant G sites,[9, 10] we examined the fluores-
cence properties of GTXT, in which 4’PyT is separated
from the G by an intervening thymine base. The ob-
tained fluorescence spectra were very similar to the
spectra of TXT, and no A-selective fluorescence was
observed (Figure 2 d). The similarities between GTXT
and TXT indicated that quenching from neighboring
guanine was no longer effective in GTXT.[16] Suitable
quenching only occurred in sequences containing G
adjacent to 4’PyT, probably due to insufficient
donor–bridge–acceptor electronic coupling in this
system.[9a,b]


Obvious A-selective fluorescence suggests an envi-
ronmental alteration around the pyrenecarboxamide
fluorophore upon base pairing with A. The fluores-
cence properties are highly dependent on the loca-
tion of the nearest G, which determines the quench-
ing efficiency. Therefore, the remarkable florescence
of the matched duplexes would be expected to arise
from increased distances and weakened interactions
between 4’PyT and the G bases. We presume that
the pyrenyl group was located in the minor groove
in the matched duplexes, while it intercalated into
the base stack in the mismatched duplexes. Figure 3
shows the optimized structures of the matched or
mismatched duplexes 5’-d(CAATXTAAC)/3’-d(GTTA-
NATTG) (N = A or T). Molecular modeling simulation
was carried out by using the MacroModel v8.1 soft-
ware package and the AMBER* force field. In the optimized
structure of the matched duplex (N = A), the pyrenecarboxa-
mide fluorophore was extruded from inside the DNA helix and
became positioned in the minor groove. The pyrenyl group
cannot intercalate into the helix in keeping with the base pair-
ing, due to the short methylamide linker at the 4’ position. In
this structure then, the fluorophore is separated from neigh-
boring bases and so avoids the quenching pathway. In the
structure of the mismatched duplex (N = T), on the other hand,
the pyrenyl group intercalates deeply into the helix. The thy-
mine base of 4’PyT is flipped out; this allows intercalation by
the pyrenyl group. The fluorescence of the intercalating fluoro-
phore, which is now brought into close proximity to the neigh-
boring bases, is readily quenched by electron transfer from the
G bases and/or by formation of ground-state complexes.[7, 8]


Our modeling study convincingly explains the A-selective fluo-
rescence of 4’PyT-containing ODNs.


The proposed structures are in good agreement with our
observations, such as the red-shifted absorption (Figure 1) and
the increased stabilities of the mismatched duplexes (Table 2).
The circular dichroism (CD) spectra of the matched and mis-
matched GXT duplexes are shown in Figure 4. The appearance
of induced CD indicates that the achiral pyrenecarboxamide


chromophore is situated in the chiral environment of the DNA
helix. Correlation between induced CD and the type of interac-
tion has been deduced for a variety of benzo[a]pyrene adduct
conformations,[17] and it has been reported that groove-local-
ized chromophores show positive induced CD bands while in-
tercalated chromophores can show either positive or negative
induced CD bands.[17, 18] Interestingly, all the mismatched du-
plexes exhibit negative induced CD spectra, while the induced


Figure 3. Molecular modeling of the conformations of the duplexes 5’-d(CAATXTAAC)-3’/
5’-d(GTTANATTG)-3’ (N = A or T). The model structures were optimized by use of the
AMBER* force field in water with MacroModel Version 8.1. Top views (top) and side views
from the minor groove (bottom) are shown. The pyrenyl group and the thymine base of
4’PyT are represented in green and blue, respectively. a) N = A, b) N = T.


Figure 4. Induced CD spectra (300–400 nm) of 2.5 mm GXT hybridized with
5 mm CNA (N) (N = A, C, G, or T; 50 mm sodium phosphate, 0.1 m sodium
chloride, pH 7.0, 25 8C). “ss” denotes single-stranded GXT.


1078 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2005, 6, 1075 – 1081


I. Saito and C. Dohno



www.chembiochem.org





CD of the matched duplex, in marked contrast, is found to be
positive. The signs of our induced CD spectra fully agree with
the locations of the pyrenyl groups in the calculated structures
(Figure 3). In support of these results, negative induced CD
bands have also been observed for benzo[a]pyrene adducts in
mismatched duplexes as a result of base-displaced intercala-
tion of the pyrenyl chromophore.[17]


For further confirmation of the proposed structures, we ex-
amined fluorescence quenching by potassium iodide (KI), as an
external quencher. The fluorescence of a surface-exposed fluo-
rophore is susceptible to quenching by an external quencher,
so quenching provides an indication of the solvent accessibility
of the fluorophore. An intercalating fluorophore can be strong-
ly protected from collisional quenching, while a groove-local-
ized fluorophore is more solvent-exposed.[19] Stern–Volmer
plots of F0/F versus the concentration of KI are shown in
Figure 5. The ODN TXT was used in these experiments, be-


cause intense fluorescence unaffected by proximal Gs is ob-
servable.[20] As expected, the pyrenecarboxamide fluorophore
in single-stranded TXT exhibits a steep gradient; this indicates
that the fluorophore is highly solvent-accessible. In contrast,
the fluorescence of the mismatched duplexes (N = C, T, and G)
exhibited much lower quenching rates. The low gradient veri-
fies that the fluorophores in the mismatched duplexes are not
solvent-accessible, suggesting that the pyrenyl group is deeply
stacked in the DNA helix. The fully matched duplex exhibits a
quenching efficiency comparable to that observed for the
single-stranded TXT. This efficient quenching can be explained
by regarding the fluorophore as being positioned in the minor
groove and hence more solvent-exposed than the intercalated
fluorophore. Similar results were found when guanosine 5’-
monophosphate was used as a quencher. The A-selective fluo-
rescence was therefore attained by changing the environment
of the pyrenecarboxamide fluorophore, which regulates the ef-
ficiency of the G-specific quenching.


This highly A-selective fluorescence is readily applicable to
SNP typing. We conducted a preliminary experiment with a
short 13-mer ODN CCP containing a wild-type (N = G) or


mutant (N = A) ceruloplasmin gene sequence associated with
systemic hemosiderosis in humans (Table 1).[21] The 4’PyT-con-
taining ODN probe CP has a G, needed for the fluorescence
quenching, adjacent to the single-base alteration site. The
probe and the target ODNs were loaded on a UV-transparent
quartz microplate, and their fluorescence was analyzed over
the 290–365 nm range by use of a VersaDoc 3000 Imaging
System fitted with a 380 nm long-pass emission filter. Figure 6


shows that the difference in fluorescence intensities was un-
ambiguous, with the probe ODN exhibiting an intense fluores-
cence only when the probe was hybridized with CCP (A). In
marked contrast, negligible fluorescence was observed for the
duplex with CCP (G) and for the single-stranded probe. The
4’PyT-containing ODN can thus clearly discriminate a single-
base alteration in the ceruloplasmin gene sequence. Since this
method does not require stringent hybridization and washing
conditions, the 4’PyT-containing ODN should offer advantages
over conventional DNA chip techniques.


Conclusion


Interactions between a pyrenecarboxamide fluorophore and
DNA changed markedly as a response to the base pairing of
4’PyT with a complementary base. In the mismatched duplexes
the pyrenyl group intercalates within the DNA helix, while in
the matched duplexes it is located in the minor groove. These
properties are readily applicable to BDF DNA probes, employ-
ing fluorescence quenching by neighboring G sites as a base-
discrimination step. Fluorescence of mismatched duplexes is


Figure 5. Stern–Volmer fluorescence quenching plots, F0/F as a function of
potassium iodide (KI) concentration. F0 and F are the fluorescence intensities
in the absence and presence of KI, respectively. Fluorescence intensities of
2.5 mm TXT/ANA (N = A, C, G, or T) were measured in the presence of vary-
ing concentrations of KI. “ss” denotes single-stranded TXT. Excitation wave-
length was 345 nm.


Figure 6. Discrimination of the single-base alteration in the sequence of the
ceruloplasmin (Cp) gene associated with systemic hemosiderosis in humans.
Target 13-mer ODNs (2.5 mm) containing wild-type (G) or mutant (A) Cp
gene were mixed with 2.5 mm BDF probe (CP) in sodium phosphate (pH 7.0,
50 mm) and NaCl (0.1 m). Fluorescence spectra (top) and images (bottom)
are shown. For fluorescence imaging, the solutions were pipetted into a 96-
well quartz microplate, and illuminated with a UV transilluminator (290–
365 nm). The image was taken through a 380 nm long-pass emission filter
with the aid of a CCD camera. “ss” denotes single-stranded CP.
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efficiently quenched due to the close proximity of Gs. In con-
trast, matched duplexes exhibit prominent emission, since the
fluorophore is now situated away from the quenching G
groups. A neighboring G/C base pair is required in the target
sequence for the A-selective fluorescence of 4’PyT. Further ex-
ploration of fluorophores that are adequately quenched by
remote Gs[9, 10] should expand the available sequences for uni-
versally applicable BDF probes. Since gene density tends to in-
crease in the GC-rich region,[22] DNA probes based on guanine-
specific fluorescence quenching should be a powerful tool for
single-base discrimination.


Experimental Section


General : The reagents for DNA synthesis were purchased from
Glen Research. Molecular masses of oligodeoxynucleotides were
determined with a MALDI-TOF MS (Perseptive Voyager Elite, accel-
eration voltage 21 kV, negative mode) with 2’,3’,4’-trihydroxyaceto-
phenone as a matrix and with T8 ([M�H]�= 2370.61) and T17


([M�H]�= 5108.37) as internal standards. All aqueous solutions uti-
lized purified water (Millipore, Milli-Q sp UF). Reversed-phase HPLC
was performed on CHEMCOBOND 5-ODS-H columns (10 � 150 mm,
4.6 � 150 mm) with a Gilson Chromatograph (Model 305) and a UV
detector (Model 118) at 254 nm.


Oligodeoxynucleotide (ODN) synthesis and characterization : The
synthesis of 4’PyT-containing ODNs was accomplished by post-syn-
thesis modification of 4’-aminomethylthymidine-containing ODNs.
The phosphoramidite of 4’-aminomethylthymidine was prepared
by the previously reported procedure.[12] ODNs were synthesized
by conventional phosphoramidite methodology with an Applied
Biosystems 392 DNA/RNA synthesizer. The 4’-aminomethylthymi-
dine-containing ODN in sodium phosphate buffer (pH 8.5) was
added to a DMF solution of the succinimidyl ester of pyrenecar-
boxylic acid (10 mm), and the system was incubated at 37 8C for
15 h. The resulting suspended mixture was filtered and evaporated
to dryness.


The ODNs were purified by reversed-phase HPLC on a CHEMCO-
BOND 5-ODS-H column (10 � 150 mm) with elution with 3–15.5–
36 % (0–25–40 min) acetonitrile in aqueous triethylamine acetate
(TEAA, 0.1 m, pH 7.0) at a flow rate of 3.0 mL min�1. The concentra-
tion of the 4’PyT-containing ODN solution was determined by the
absorbance at 260 nm (with 14 400 m


�1 cm�1 taken for 4’PyT). All
ODNs were confirmed by MALDI-TOF mass spectrometry and were
all within 2 mass units of the calculated values.


GXT (5’-d(CGC AAG X TAA CGC)-3’): [M�H]� calcd: 4199.9; found
4201.0.


GTXT (5’-d(CGC AGT X TAA CGC)-3’): [M�H]� calcd: 4190.9; found
4192.4.


TXG (5’-d(CGC AAT X GAA CGC)-3’): [M�H]� calcd: 4199.9; found
4201.4.


CXC (5’-d(CGC AAC X CAA CGC)-3’): [M�H]� calcd: 4144.9; found
4145.1.


TXT (5’-d(CGC AAT X TAA CGC)-3’): [M�H]� calcd: 4175.1; found
4175.9.


CP (5’-d(CCT GTG X TTA ATT)-3’: [M�H]� calcd: 4186.9; found
4187.6.


Melting temperature (Tm) measurements : All Tms of the ODNs
(2.5 mm final duplex concentration) were taken in sodium phos-
phate buffers (50 mm, pH 7.0) containing sodium chloride
(100 mm). Absorbance/temperature profiles were measured at
260 nm with a Shimadzu UV-2550 spectrophotometer fitted with a
Peltier temperature controller in a 1 cm pathlength cell. The ab-
sorbance of the samples was monitored at 260 nm from 5 8C to
90 8C with a heating rate of 1 8C min�1. From these profiles, first de-
rivatives were calculated to determine Tm values.


UV/visible absorption and CD measurements : The ODN solutions
were prepared as described in the Tm measurement experiment.
Absorption spectra were obtained with an Ultraspec 3000pro UV/
Vis spectrophotometer (Amersham Pharmacia Biotech) at room
temperature in a 1 cm pathlength cell. CD measurements were
performed on a JASCO J-805 Spectropolarimeter. CD spectra were
recorded over the 210–400 nm wavelength range in a cylindrical
cell with a pathlength of 1 cm (165-QS). The observed rotation de-
grees were converted into molar ellipticity as calculated from the
nucleotide concentrations.


Fluorescence experiments : The ODN solutions were prepared as
described in the Tm measurement experiment. Fluorescence spec-
tra were obtained with a Shimadzu RF-5300PC spectrofluoropho-
tometer at 25 8C in a 1 cm pathlength cell. The excitation band-
width was 1.5 nm and the emission bandwidth was also 1.5 nm.


Fluorescence quantum yields : The fluorescence quantum yields
(FF) were determined by use of 9,10-diphenylanthracene as a ref-
erence with a known FF of 0.95 in ethanol.[13] The area of the emis-
sion spectrum was integrated by use of the software available for
the instrument, and the quantum yield was calculated according
to the following equation:


FFðSÞ


FFðRÞ
¼


AðSÞ
AðRÞ
�
ðAbsÞðRÞ
ðAbsÞðSÞ


�
nðSÞ


2


nðRÞ2
ð1Þ


Here, FF(S) and FF(R) are the fluorescence quantum yields of the
sample and the reference, respectively, A(S) and A(R) are the areas
under the fluorescence spectra of the sample and of the reference,
respectively, (Abs)(S) and (Abs)(R) are the respective optical densities
of the sample and the reference solution at the wavelength of ex-
citation, and n(S) and n(R) are the values of refractive index for the
respective solvents used for the sample (1.333) and the reference
(1.383).


KI titration experiments : In the KI titration experiments, small ali-
quots of concentrated potassium iodide (KI, 8 m) were added to
the ODN solution (2.5 mm) in sodium phosphate buffer (50 mm,
pH 7.0) containing sodium chloride (100 mm). Appropriate
amounts of the ODN and buffer solution were also added to main-
tain the ODN concentrations at constant values at the different KI
concentrations. Samples were mixed by pipetting up and down
and were allowed to equilibrate with KI for 5 min before acquisi-
tion of spectra. The KI Stern–Volmer fluorescence quenching plots
were obtained by plotting F0/F as a function of the KI concentra-
tion, where F0 and F are the fluorescence intensities in the absence
and in the presence of KI, respectively.


Fluorescence imaging : Fluorescence imaging was performed with
a Bio-Rad VersaDoc 3000. The sample solutions were pipetted into
a 96-well UV transparent quartz microplate and were illuminated
with a 290–365 nm transilluminator. Images were taken through a
380 nm long-pass emission filter.
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Introduction


Apoptosis deregulation in gliomas, as in other tumours, is
thought to be involved both in carcinogenesis and in the de-
velopment of chemo- and radiotherapy resistance.[1] The open-
ing of the mitochondrial permeability transition (MPT) pore, a
multiprotein complex located at the contact site between the
inner and outer mitochondrial membranes, has been suggest-
ed to be a key event in the apoptotic process.[2] mBzR has
been suggested to be associated with this as an important
component of this pore[3] and it has been extensively reported
that classical mBzR ligands such as benzodiazepines (Ro5–
4864)[4] and isoquinolines (PK 11195)[5] induce apoptosis, acting
either as antitumour molecules themselves[6–11] or as chemo-
sensitizing agents.[12–14]


Furthermore, novel mBzR ligands have been demonstrated
to overcome apoptosis resistance; this suggests mBzR as a
target for the development of new anticancer therapies.[15] The
benzazepine BBL22 has been shown to induce apoptosis by
arresting a variety of epithelial and haematological human tu-
mours in the G2/M phase of the cell cycle.[16] Among indole-
acetamides, the derivative FGIN-1–27 has been documented
to decrease DYm, to activate caspase-3 and to cause DNA
fragmentation.[8]


The design, synthesis and biological study of new mBzR li-
gands to obtain compounds with enhanced activity are an on-
going research project in our group. We have recently report-
ed the synthesis and the binding affinities of a new class of
potent and selective mBzR ligands: N,N-dialkyl-2-phenylindol-
3-ylglyoxylamide derivatives,[17] which have been designed as
conformationally constrained analogues of 2-phenylindole-3-
ylacetamides such as FGIN-1–27.[18]


In this study we characterized (in rat glioma cells) the pro-
apoptotic activity of the newly synthesized mBzR ligand N,N-
di-n-butyl-5-chloro-2-(4-chlorophenyl)indol-3-ylglyoxylamide
(PIGA),[17] chosen from the most potent ligands of the N,N-di-
alkyl-2-phenylindol-3-ylglyoxylamide series.[17]


Results and Discussion


Chemical Synthesis


The synthesis of PIGA was carried out essentially by following
our previously reported procedure, with slight modifications
(Scheme 1).[17] In brief, 5-chloro-2-(4-chlorophenyl)indole (2)
was obtained through Houlihan modification of the Madelung


Mitochondrial benzodiazepine-receptor (mBzR) ligands constitute
a heterogeneous class of compounds that show a pleiotropic
spectrum of effects within the cells, including the modulation of
apoptosis. In this paper, a novel synthetic 2-phenylindol-3-yl-
glyoxylamide derivative, N,N-di-n-butyl-5-chloro-2-(4-chlorophe-
nyl)indol-3-ylglyoxylamide (PIGA), which shows high affinity and
selectivity for the mBzR, is demonstrated to induce apoptosis in
rat C6 glioma cells. PIGA was able to dissipate mitochondrial


transmembrane potential (DYm) and to cause a significant cyto-
solic accumulation of cytochrome c. Moreover, typical features of
apoptotic cell death, such as caspase-3 activation and DNA frag-
mentation, were also detected in PIGA-treated cells. Our data
expand the knowledge on mBzR ligand-mediated apoptosis and
suggest PIGA as a novel proapoptotic compound with therapeu-
tic potential against glial tumours, in which apoptosis resistance
has been reported to be involved in carcinogenesis.
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indole synthesis[19] from 4-chloro-N-(4-chloro-2-methylphenyl)-
benzamide (1), in turn obtained simply by treating 4-chloro-2-
methylaniline with 4-chlorobenzoyl chloride in dry toluene so-
lution in the presence of triethylamine. Crude 2 was efficiently
purified on Biotage Flash 40i (cyclohexane/ethyl acetate
85:15); this allowed us to obtain a pure sample in 85 % yield.
Intermediate 2 was acylated with oxalyl chloride in anhydrous
ethyl ether at 0 8C to give the corresponding indolylglyoxylyl
chloride 3, which upon treatment with di-n-butylamine in the
presence of triethylamine in dry toluene solution afforded a
crude sample of PIGA, which was purified by recrystallization
from cyclohexane (yield 90 %). N-n-Propyl-2-phenylindol-3-yl-
glyoxylamide and 1-(2-phenyl-1H-indol-3-yl)-2-pyrrolidin-1-yl-
ethane-1,2-dione were prepared essentially by following our
previously reported procedure[17] (see Supporting Information).


Cell-viability inhibition


To test the ability of the mBzR-specific ligand PIGA to induce
cell death, rat C6 glioma cells were treated with increasing
concentrations of PIGA for 24 h and 48 h. Cell viability was
then quantitatively measured by MTS conversion assay [MTS =


3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2 H-tetrazolium]. PIGA did not affect cell survival
at nanomolar concentrations (data not shown), whereas micro-
molar ligand concentrations (from 10 to 100 mm) inhibited cell
survival in a concentration-dependent manner. The maximum
effect was recorded at a concentration of 25 mm : cell viability
was reduced to 71.0�3.5 % at 24 h and to 58.8�0.95 % at


48 h (Figure 1). A PIGA concentration of 25 mm was therefore
used for subsequent experiments.


The viability of untreated control cells after each incubation
period was always greater than 90 %, as determined by trypan
blue exclusion assay (data not shown).


Among compounds structurally related to PIGA, the mBzR-
selective and low-binding-affinity derivative 1-(2-phenyl-1H-
indol-3-yl)-2-pyrrolidin-1-ylethane-1,2-dione (compound 10 in
ref. [17]; Ki = 2400�125 nm for mBzR and Ki>10 mm for BzR)
and the low affinity and selectivity derivative N-n-propyl-2-phe-
nylindol-3-ylglyoxlamide (see compound 1 in ref. [17] ; Ki =


815�80 nm for mBzR and Ki = 3929�381 nm for BzR)[17] did
not affect glioma cell viability even at the highest tested con-
centration (100 mm). Moreover, the unselective mBzR com-
pound Diazepam and the central-type site-selective benzodi-
azepine Clonazepam did not induce significant reduction of
glioma cell survival, as previously demonstrated by Chelli
et al.[11] These findings support a correlation between the affini-
ty of mBzR ligands and their antiproliferative activity. Neverthe-
less, PIGA induced an antiproliferative effect at concentrations
significantly higher than those expected from its nanomolar af-
finity for the receptor. This quantitative discrepancy has previ-
ously also been reported for mBzR ligands in several cell
lines.[11, 16, 20–23] It is known that ligand concentrations required
to stimulate intracellular receptors may exceed those needed
to saturate the same receptor by three orders of magnitude.[24]


Other studies have suggested the possibility that mBzR ligands
may inhibit cell survival in a mBzR-independent manner.[25–27]


Our observations that the non-site-selective mBzR ligand Dia-
zepam and the central-type benzodiazepine Clonazepam[11]—
as well as the low mBzR affinity 2-phenylindol-3-ylglyoxyl-
amides—did not affect glioma cell survival suggest a mBzR
specificity of the PIGA effect.


Scheme 1. The chemical synthesis of PIGA.


Figure 1. C6 glioma cell viability inhibition by PIGA: C6 glioma cells were
treated with increasing concentrations (ranging from 10 to 100 mm) of PIGA
for 24 h and 48 h. After incubation, cell viability was measured by MTS con-
version assay as described in the Experimental Section. The results are ex-
pressed as a percentage of viable cells observed after treatment with PIGA
vs untreated control cells (100 %) and shown as mean�SEM. The data are
obtained from at least three separate experiments done in duplicate.


ChemBioChem 2005, 6, 1082 – 1088 www.chembiochem.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1083


Apoptosis Induction by a Benzodiazepine-Receptor Ligand



www.chembiochem.org





Cell-cycle arrest


Flow cytometry was employed to determine whether PIGA
caused a stage-specific inhibition of the cell cycle. After 24 h
cell exposure, 25 mm PIGA had induced a significant accumula-
tion of C6 glioma cells in the G0/G1 and G2/M phases, with a
concomitant decrease in the proportion of cells in the S phase
(Table 1), suggesting arrest of the cell cycle in the G0/G1 and
G2/M phases. The cell cycle-modulating effects of mBzR li-
gands have been shown in previous studies.[8, 16, 26, 28] As in our
present study, concomitant arrest of the cell cycle in both G0/
G1 and G2/M phases has also been demonstrated for the spe-
cific mBzR ligand PK 11195 in melanoma and breast cell
lines.[20, 21]


mBzR subcellular localization


Since it is known that the receptor is differentially localized in
different tumour cells,[29, 30] we analysed mBzR subcellular distri-
bution in C6 glioma cells. Immunolabelling data showed mBzR
to be distributed throughout the cytoplasm, with preferential
localization in the perinuclear region (Figure 2 A, E). The mBzR


subcellular distribution pattern, as evidenced by the specific
fluorescent mBzR dye NBD-FGIN-1–27, correlated well with the
distribution of the anti-mBzR antibody reactivity (Figure 2 D).
Subcellular localization of mitochondria, as evidenced by anti-
cytochrome c antibody (Figure 2 B), overlapped the pattern of
mBzR staining (Figure 2 C). Conversely, no nuclear mBzR label-
ling was observed with the specific nuclear envelope marker
anti-lamin A antibody (Figure 2 F, G). These data showed the re-
ceptor to be present at the mitochondrial level in rat C6
glioma cells, consistently with its most widely reported locali-
zation,[3] and pointed to mitochondrial membranes as the pri-
mary target for mBzR ligands in this cell line.


Mitochondrial transmembrane potential dissipation and
swelling


The effects of PIGA on DYm dissipation and mitochondrial
swelling were investigated by flow cytometric analysis, with
the use of the mitochondrial potentiometric probe JC-1
(5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolecarbocy-
anine iodide) and by ultrastructural observations, respectively.
A decrease in DYm was evidenced by a reduction in orange
JC-1 aggregate fluorescence (recorded by the FL 2 channel),
accompanied by a concomitant increase in green JC-1 mono-
mer fluorescence (recorded by the FL 1 channel).


Representative examples of cytometric analysis are given in
Figure 3 A. The vast majority of untreated control cells (96.1 %)
showed high fluorescence emission in both channels and were
found in the upper right (UR) quadrant of the plot. The re-
maining 3.90 % of untreated control cells showed low emission
of fluorescence in FL 2, therefore plotting in the lower right
(LR) quadrant. An increase in the percentage of cells plotting
in the LR quadrant (17.8 %), consistent with DYm dissipation,
was seen in cells exposed to 25 mm PIGA for 24 h. In particular,
significant changes in DYm were observed after treatment for
graded time periods (3–48 h) starting from 24 h, as shown in
Figure 3 B. As a positive control, we used the uncoupling agent
CCCP (carbonylcyanide m-chlorophenylhydrazone; 5 mm), and
69.2 % of cells were found in the LR quadrant of the plot (Fig-
ure 3 A).


Moreover, transmission electron microscopy (TEM) analysis
revealed that the exposure to PIGA had caused mitochondrial
damage. Untreated control cells showed mitochondria with
electrondense matrices and well detectable cristae (Figure 4 A),
whereas cells incubated with 25 mm PIGA for 24 h or 48 h ex-
hibited swollen and pale mitochondria with distorted cristae
(Figure 4 B).


Cytochrome c release


Glioma cell exposure to 25 mm PIGA for 24 h caused a signifi-
cant release of cytochrome c, as revealed by comparing the
specific immunoreactive bands in the mitochondrial and cyto-
solic fractions. The amount of cytochrome c in cytosol fractions
of treated cells was 33.0�7.90 % (P<0.01), as compared to
2.11�1.12 % in untreated control. In addition, cytochrome c
was also detected in the cytosol from cells exposed to 3.8 mm


Table 1. The effect of PIGA on the cell cycle of C6 glioma cells.


Percentage of cells in each phase of the cell cycle
G0/G1 S G2/M


Control 61.6�0.30 23.7�0.24 14.7�0.36
PIGA 64.4�0.49[a] 18.2�0.88[b] 17.4�0.54[c]


C6 glioma cells were seeded at appropriate density into 24-well plates to
ensure they had not reached confluency. After 24 h they were incubated
either in the absence (control) or in the presence of 25 mm PIGA. After
24 h, the percentage of cells in each phase of the cell cycle was deter-
mined by flow cytometry as described in the Experimental Section. The
values represent the means�SEM. Data are obtained from at least three
separate experiments done in duplicate. [a] P<0.01 (vs. control, G0/G1
value). [b] P<0.001(vs. control, S value). [c] P<0.01 (vs. control, G2/M
value) one-way ANOVA (Newman–Keuls test).


Figure 2. Assessment of the subcellular distribution of mBzR in C6 glioma
cells by fluorescent microscopy. A) Distribution of mBzR as visualized by use
of an anti-mBzR antibody. B) Subcellular distribution of mitochondria as
revealed by use of an anti-cytochrome c antibody. C) Merged panels A and
B demonstrate that mBzR is almost totally localized in the mitochondria.
D) Subcellular distribution of mBzR as visualized by use of the specific ligand
NBD-FGIN-1–27. E) Distribution of mBzR visualized by use of an anti-mBzR
antibody. F) Nuclear envelope as visualized by use of an anti-lamin A anti-
body. G) Merged panels E and F demonstrate that mBzR is almost complete-
ly absent in the nuclear envelope.
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KCN for 4 h, used as positive control (34.9�3.48 %, P<0.01;
Figure 5).[31] Cytochrome c can exit from mitochondria through
voltage-dependent anion channels,[32] which is itself associated
with mBzR in the mitochondrial outer membrane,[33] and could
trigger apoptosis in response to PIGA cell treatment.


Activation of caspase-3


Apoptosis induction was con-
firmed by caspase-3 activation[34]


induced by PIGA cell treatment.
The increase in caspase-3 spe-
cific activity was 2.81�0.03
(P<0.001), normalized to the
control. Moreover, preincubation
of PIGA-treated cells with the
caspase-3-inhibitor Z-VAD-FMK
(50 mm) completely prevented
the activation of caspase-3
(0.95�0.21; Figure 6).


Induction of DNA
fragmentation


DNA-specific PI staining showed
that treatment with PIGA caused
a significant increase in the per-
centage of cells with hypodi-
ploid DNA content, a clear sign
of apoptosis, as shown in the
frequency histograms from a
representative flow cytometric
experiment (Figure 7). In particu-
lar, the quantity of apoptotic
cells (sub-G0 cells) observed after
25 mm PIGA exposure for 24 h in-
creased to 15.9�2.21 % (P<
0.001) as compared to the con-
trol (1.41�0.27 %).


Ultrastructural analysis con-
firmed that PIGA had induced


nuclear fragmentation. Untreated cells were irregularly round
with large nuclei, sometimes convoluted or even segmented
and mainly euchromatic (Figure 8 A). Cells treated with 25 mm


PIGA for 24 h showed a peculiar process, consistent with an in-
tense and progressive blebbing at the nuclear level. In particu-
lar, nuclear material surrounded by the internal nuclear mem-
brane was released into the perinuclear space. Thereafter, the
vesicles containing chromatin were blebbed in the cytoplasm
and appeared surrounded by the external membrane of the
nuclear envelope (Figure 8 B). After 72 h of treatment the bleb-
bing process was conspicuous and a number of vesicles sur-
rounded by a double membrane had been released into the
cytoplasm (Figure 8 C). Chromatin condensation and margina-
tion, typical features of apoptosis, were visible only after pro-
longed exposure to PIGA (data not shown). Kraici et al.[35] have
reported that exposure of glioma cells to the cytostatic dose
of cisplatin induces apoptotic cell death with a morphological
pattern similar to that observed in PIGA-treated cells (i.e. , pro-
gressive nuclear degeneration involving both rearrangements
of the nuclear envelope and formation of nuclear vesicles).


Figure 4. Effect of PIGA on mitochondrial morphology. A) Detail of an un-
treated C6 glioma cell with several mitochondria in the perinuclear region,
exhibiting electron-dense matrices and well organized cristae. B) Detail of a
PIGA-treated (25 mm) C6 glioma cell, showing swollen and pale mitochon-
dria. m: mitochondrion. Scale bars : 0.25 mm (A, B).


Figure 3. Flow cytometric analysis of mitochondrial transmembrane potential in PIGA-treated C6 glioma cells.
A) Representative examples of the fluorescence patterns of treated and untreated C6 glioma cells stained with JC-
1. Cells with polarized mitochondria are found in the upper right (UR) quadrant of plots, corresponding to high
fluorescence emission in both FL 1 (green; x-axis) and FL 2 (orange; y-axis) channels. After CCCP (5 mm, 30 min) or
PIGA (25 mm, 24 h) treatment, mitochondrial depolarization is evident as a decrease in the fluorescence emission
in the FL 2 and an increase in the FL 1 channels, lower right (LR) quadrant. B) C6 glioma cells were treated with
PIGA (25 mm) for graded time periods (3–48 h) and DYm was evaluated by cytofluorimetric analysis of JC-1-
stained cells (as above). Histograms show mean values of cell percentages either in the UR (polarized mitochon-
dria) or in the LR (depolarized mitochondria) quadrant of DYm analysis plots derived from three independent
experiments. *) P<0.05 with respect to corresponding control, one-way ANOVA (Newman–Keuls test).
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Conclusion


Along the 2-phenylindol-3-ylglyoxylamides series, we
characterized the derivative N,N-di-n-butyl-5-chloro-2-
(4-chlorophenyl)indol-3-ylglyoxylamide (PIGA) as a
novel compound with proapoptotic activity against
rat C6 glioma cells.


By using different experimental approaches, we
determined that PIGA glioma cell treatment induced


an apoptotic pattern of cell death. In particular, the dissipation
of DYm and the cytochrome c release induced by PIGA, to-
gether with the almost exclusive mitochondrial localization of
the receptor, suggested the ability of PIGA to activate a mito-
chondrial apoptotic pathway by modulation of MPT-pore
opening in this cell line.


The ability of mBzR ligands to induce apoptotic cell death at
micromolar concentrations has been well documented in mul-
tidrug resistant cells[12, 14] and in several cancer cell lines,[7, 9, 11, 16]


but this is the first study concerning apoptosis induction in C6
glioma cells with a novel mBzR ligand capable of inducing cell
death by itself, independently of other proapoptotic stimuli.
Since malignant gliomas, the most common brain tumours
characterized by invasive cancer cells that are often refractory
to classical therapies, the identification of new ligands with
proapoptotic activity may be of relevance.


Our study reports a novel mBzR compound useful for study-
ing MPT pore functioning and with potential therapeutic
action against glial tumours.


Experimental Section


Synthesis of PIGA, N-n-propyl-2-phenylindol-3-ylglyoxylamide
and 1-(2-phenyl-1 H-indol-3-yl)-2-pyrrolidin-1-ylethane-1,2-di-
one : See the Supporting Information.


Cell culture and mBzR ligand treatments : Rat C6 glioma cells
(kindly gifted by Prof. Damir Janigro, Cleveland Clinic Foundation,
Cleveland, OH) were cultured in Dulbecco’s Modified Eagles
Medium (DMEM) as previously described.[11] For treatment, medium
was replaced either with complete medium (untreated control
cells) or with complete medium supplemented with different PIGA
concentrations (ranging from 1 nm to 100 mm) for different times
(3–72 h).


mBzR ligands were dissolved in dimethyl sulfoxide (<1 % v/v of
medium). We verified that cell viability remained unaffected under
such conditions.


After treatments, both floating and adherent mild-trypsinized cells
were collected by centrifugation and used for further analysis.


Figure 6. Caspase-3 activity in PIGA-treated C6 glioma cells. After
exposure to PIGA (25 mm) in the presence or absence of the cas-
pase inhibitor Z-VAD-FMK (50 mm) for 24 h, caspase-3 specific ac-
tivity was determined by evaluating cleavage of the specific sub-
strate Ac-DEVD-pNA and release of pNA at 405 nm, as described
in the Experimental Section. The data were normalized to the
control (arbitrary value = 1) and expressed as means � SEM de-
rived from at least three separate experiments, performed in
duplicate. *) P<0.05 with respect to control, one-way ANOVA
(Newman–Keuls test).


Figure 7. Flow cytometric analysis of DNA content in PIGA-treated C6 glioma cells. Cells
were incubated with 25 mm PIGA for 24 h. After incubation, treated and untreated cells
were stained with PI, as described in the Experimental Section, and were analysed for
DNA content with a FASCcalibur flow cytometer (Becton Dickinson, USA) in the FL 2
channel on a logarithmic scale. DNA content frequency histograms from a representative
experiment are shown. Similar data were obtained from four independent experiments.


Figure 5. Evaluation of cytochrome c release from mitochondria: C6 glioma
cells were exposed to either 25 mm PIGA (24 h) or 3.8 mm KCN (4 h). A) Cyto-
chrome c was detected by Western blot analysis with use of a specific mon-
oclonal antibody as a 12 kDa protein band in both mitochondrial and cyto-
solic fractions obtained from treated and untreated cells. B) For each individ-
ual sample, the immunoreactive band was analysed densitometrically, hence
determining the percentages of cytochrome c in the cytosolic and the mito-
chondrial fractions as a proportion of the total. *) P<0.05 with respect to
control, one-way ANOVA (Newman–Keuls test).
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Cell viability analysis by MTS conversion and trypan blue exclu-
sion assays : Cells were seeded in 96-well plates. After treatment,
the number of living cells was estimated by quantitative colorimet-
ric MTS conversion assay (Cell Titer 96� AQueous One Solution Cell
Proliferation assay, Promega, Italy), according to manufacturer’s in-
structions. After 2 h of incubation with the MTS reagent, absorb-
ance was measured at 490 nm with a microplate reader (Wallac
Victor 2, 1420 Multilabel Counter, Perkin Elmer, USA). All measure-
ments were performed in duplicate, and each experiment was re-
peated at least three times.


Cell viability was also measured by trypan blue exclusion assay.[36]


Cytofluorimetric analysis of mitochondrial membrane potential :
Changes in DYm were analysed by use of the fluorescent dye JC-
1, as previously described.[11] J-aggregate and J-monomer fluores-
cence were recorded with a FACScalibur flow cytometer (Becton
Dickinson, USA) in fluorescence channel 2 (FL 2) and channel 1
(FL 1), respectively. Necrotic fragments were gated out electronical-
ly on the basis of morphological characteristics observed on the
forward vs side light scatter dot plot.


As a positive control, cells were incubated in the presence of the
uncoupling agent CCCP (5 mm) in each experiment.


Evaluation of cytochrome c release from mitochondria : Cell cyto-
solic and mitochondrial fractions were isolated by use of a mito-
chondria/cytosol fractionation kit (BioVision; Vinci-Biochem, Italy),
according to the manufacturer’s instructions, with minor modifica-
tions. The protein content of each fraction was determined accord-
ing to Bradford.[37] Protein aliquots (40 mg) were size-fractionated
by SDS-PAGE in acrylamide gel (12 %) and electroblotted onto a ni-
trocellulose membrane. The membrane was blocked overnight in
TBS (10 mm Tris-HCl, pH 8, 150 mm NaCl) containing Tween 20
(0.05 %) and non-fat dry milk (10 %; blocking solution) and was
then probed with a monoclonal mouse anti-cytochrome c antibody
(1:400; Santa Cruz Biotechnology Inc. , USA). After washing with


TBS containing Tween 20 (0.05 %; TTBS), the membrane was incu-
bated with HSP-conjugated IgG anti-mouse antibody (1:35 000;
Pierce Biotechnology Inc. , USA) and then washed with TTBS. Reac-
tive proteins were visualized with enhanced chemiluminescence
SuperSignal West Pico Substrate (Pierce Biotechnology Inc. , USA).
Quantification of cytochrome c (12 kDa immunoreactive band) was
performed by densitometric scanning of autoradiograms with an
image analysis system (GS-670 BIO-RAD).


Measurement of caspase-3 activity : Caspase-3 activity was mea-
sured with a spectrophotometric assay kit (CaspACE Assay System,
Colorimetric Promega, Italy). Briefly, after incubation (24 h) in PIGA
(25 mm), with or without caspase inhibitor Z-VAD-FMK (50 mm), cells
were collected by centrifugation. Pellets were suspended in cell
lysis buffer (supplied with the kit), exposed to repeated freeze/
thawing cycles and incubated on ice for 30 min. Insoluble fractions
were discarded by centrifugation (5 min at 10 000 g) and the pro-
tein contents in the supernatants were determined.[37] The assay
was carried out in 96-well plates, protein extracts (50–60 mg) being
incubated in a total volume (100 mL) of assay buffer at 37 8C for
4 h, in the presence of the para-nitroaniline conjugated caspase-3
substrate (Ac-DEVD-pNA). The absorbances of individual samples
were measured by microplate reader at 405 nm. Caspase-3 specific
activity was calculated by use of a pNA standard curve, as pmol of
pNA released per hour per mg of proteins. The fold increase of cas-
pase-3 activity was determined by normalizing treated samples to
untreated controls.


Samples were run in duplicate, and three independent experi-
ments were performed.


Cytofluorimetric analysis of DNA content : DNA content was eval-
uated straight after treatment by propidium iodide (PI) DNA stain-
ing, followed by flow cytometric analysis. The percentage of apop-
totic cells was estimated as previously described.[11] For cell cycle
analysis, the cells were seeded at appropriate densities to ensure
they had not reached confluency and were therefore out of the
log phase of growth prior to their analysis by FACS, performed by
use of the ModFit LT software program to evaluate the percentage
of cells in each cell cycle phase.


Transmission electron microscopy analysis : After treatment with
PIGA (25 mm) at different incubation times, cells were collected by
centrifugation. The pellets were washed with phosphate buffered
saline (PBS), fixed and embedded in “Epon-Araldite” mixture as pre-
viously described.[11] Ultrathin sections were placed on Formvar
carbon-coated nickel grids, stained with uranyl acetate and lead
citrate, and observed under a Jeol 100 SX transmission electron
microscope (Jeol, Ltd, Japan).


Immunocytochemistry and fluorescence microscopy analyses :
Cells, grown on glass coverslips, were fixed in paraformaldehyde
(4 %) at room temperature for 30 min, washed in PBS and blocked
in PBS containing Triton X-100 (0.1 %) and bovine serum albumin
(0.5 %; blocking solution). The cells were incubated for 1 h at room
temperature in blocking solution containing anti-mBzR antibody
(Santa Cruz Biotechnology Inc. , USA, 1:50), anti-cytochrome c anti-
body (Santa Cruz, 1:50) and anti-lamin A antibody (Santa Cruz,
1:50; Santa Cruz Biotechnology Inc. , USA). Control cells were incu-
bated in blocking solution with no primary antibody. After wash-
ing, the cells were incubated for 1 h at room temperature in block-
ing solution with FITC-conjugate anti-mouse secondary antibody
(1:200; Molecular Probes, NL) and rhodamine-conjugate anti-rabbit
secondary antibody (1:200; Santa Cruz Biotechnology Inc. , USA).
The cells were washed in PBS and mounted for microscope
analysis.


Figure 8. TEM micrographs of nuclear blebbing in PIGA-treated C6 glioma
cells. A) Morphological features of untreated control cells showing a mainly
euchromatic nucleus and a well preserved cytoplasm containing several mi-
tochondria and vesicles of the endoplasmic reticulum. B) Detail of the peri-
nuclear area of a PIGA-treated C6 glioma cell. Arrows indicate the formation
and release of nuclear vesicles into the cytoplasm. C) Conspicuous nuclear
blebbing in cells treated with 25 mm PIGA for 72 h. N: nucleus. Scale bars :
1.2 mm (A), 0.4 mm (B), and 1 mm (C).
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To investigate subcellular mBzR distribution in living cells, the cells
were grown to confluence on glass coverslips and were then incu-
bated for 45 min in fluorescent ligand NBD-FGIN-1–27 (1 mm ;
Alexis, Vinci-Biochem, Italy), as previously described.[38]


Data analysis : The nonlinear multipurpose curve-fitting program
Graph-Pad Prism was used for data analysis and graphic presenta-
tions. All data are presented as mean�SEM. Statistical analysis was
performed by one-way ANOVA (with post hoc Newman Keuls test).
P<0.05 was considered statistically significant.
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Domain-Selective Ligand-Binding Modes and
Atomic Level Pharmacophore Refinement in
Angiotensin I Converting Enzyme (ACE)
Inhibitors
Andreas G. Tzakos and Ioannis P. Gerothanassis*[a]


Introduction


Somatic ACE (EC 3.4.15.1) has two metalloproteinase domains
(known as N (ACE_N) and C (ACE_C)), each containing a canon-
ical ZnII-binding sequence motif—HExxH (His-Glu-x-x-His)[1]—as
the result of a tandem gene duplication, with each domain
possessing a functional active site.[2, 3] Since the discovery that
ACE has two active sites, there has been much speculation
about their functional significance. Although in vitro the two
domains of ACE display a relatively broad substrate specificity,
such as the ability to cleave angiotensin I (AI) and bradykinin
(BK), there are some biochemical features that differentiate be-
tween the two active sites.[3–7] For example, the hematoregula-
tory peptide N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) was
shown to be specifically cleaved in vitro by the N domain of
ACE.[8] Another specific substrate for the N domain is angioten-
sin 1–7 (D-R-V-Y-I-H-P), although this peptide also inhibits the
hydrolysis of angiotensin I by the C domain.[7] The activity of
the C-terminal domain is highly dependent on chloride ion
concentration, whereas the N-terminal domain is still active in
the absence of chloride and is fully activated at relatively low
concentrations of this anion.[2, 4] The N active site is preferential-
ly involved in the N-terminal endopeptidase cleavage of LH-
RH, but with low catalytic efficiency.[4] Captopril, lisinopril, and
RXP 407 display different inhibitory potencies towards the two
active sites.[3, 9–11] These data therefore suggest that some struc-
tural differences occur between the two active sites of ACE.


Because of its central role in the metabolism of vasoactive
peptides and since the ACE gene is a candidate for several car-
diovascular diseases, ACE has attracted intense interest for the
development of orally active ACE inhibitors to treat hyperten-
sion.[12] The demonstration that the physiological functions of
ACE are not limited to its cardiovascular role[8, 11, 13] have in-
creased interest in studies of domain specificity and inhibi-
tion.[6, 9]


Inhibitors of ACE are effective and widely used drugs for
therapy for hypertension, heart disease, diabetic neuropathy,
and atherosclerosis.[14, 15] One major problem in the design of
strong and selective ACE inhibitors in the past has been the
lack of detailed structural information on the interaction be-
tween ACE and its inhibitors. The design of the first generation
inhibitors (captopril, enalaprilat, and lisinopril) was extended
and 17 ACE inhibitors have been approved for clinical use.[16]


The later compounds are all variations on the original scheme,


[a] A. G. Tzakos, Prof. I. P. Gerothanassis
Section of Organic Chemistry and Biochemistry
Department of Chemistry, University of Ioannina
45110, Ioannina (Greece)
Fax: (+ 30) 265-109-8799
E-mail : igeroth@cc.uoi.gr


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


Somatic ACE (EC 3.4.15.1), a ZnII metalloproteinase, is composed
of functionally active N and C domains resulting from tandem
gene duplication. Despite the high degree of sequence similarity
between the two domains, they differ in substrate and inhibitor
specificity and in their activation by chloride ions. Because of the
critical role of ACE in cardiovascular and renal diseases, both do-
mains are attractive targets for drug design. Putative structural
models have been generated for the interactions of ACE inhibi-
tors (lisinopril, captoril, enalaprilat, keto-ACE, ramiprilat, quinap-
rilat, peridoprilat, fosinoprilat, and RXP 407) with both the ACE_C
and the ACE_N domains. Inhibitor-domain selectivity was inter-
preted in terms of residue alterations observed in the four sub-
sites of the binding grooves of the ACE_C/ACE_N domains (S1:
V516/N494, V518/T496, S2: F391/Y369, E403/R381, S1’: D377/
Q355, E162/D140, V379/S357, V380/T358, and S2’: D463/E431,
T282/S260). The interactions governing the ligand–receptor rec-


ognition process in the ACE_C domain are: a salt bridge between
D377, E162, and the NH2 group (P1’ position), a hydrogen bond
of the inhibitor with Q281, the presence of bulky hydrophobic
groups in the P1 and P2’ sites, and a stacking interaction of F391
with a benzyl group in the P2 position. In ACE_N these interac-
tions are: hydrogen bonds of the inhibitor with E431, Y369, and
R381, and a salt bridge between the carboxy group in the P2 po-
sition of the inhibitor and R500. The calculated complexes were
evaluated for their consistency with structure–activity relation-
ships and site-directed mutagenesis data. A comparison between
the calculated interaction free energies and the experimentally
observed biological activities was also made. Pharmacophore re-
finement was achieved at an atomic level, and might provide an
improved basis for structure-based rational design of second-
generation, domain-selective inhibitors.
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with most of the differences re-
siding in the functional groups
that bind the active-site zinc(ii)
and the S2’ pocket.[14]


In cases in which the target
receptor structure is unknown,
(Q)SAR and pharmacophore-
based approaches often assist in
the adoption of rational design
strategies. Until recently, drug
design efforts for ACE relied on
pharmacophore hypotheses de-
rived from the structures of the
active sites of other carboxy-
peptidases. Extensive pharmaco-
phore and 3D-QSAR studies, per-
formed by Marshall et al. ,[17, 18]


were based on the hypothesis
that all classes of ligands bind to
the active-site zinc(ii) by the
same mode, and the basic struc-
tural requirements for inhibition
of ACE involve: i) a terminal car-
boxyl group, ii) an amido carbon-
yl group, and iii) different types
of effective zinc(ii) ligand func-
tional groups. From these stud-
ies, an active-site model general-
ly in accordance with the experi-
mental data was developed.


Although the literature phar-
macophore hypotheses were
successful for the development
of highly potent ligands, there
remain many uncertainties
about the details of the ligand–
receptor interactions. Protein-
based virtual screening should
be more efficient than the phar-
macophore-based method for
the rational design of receptor-
specific drugs, since the protein
environment of the ligand is
taken into account, thus giving
access to intermolecular interac-
tions responsible for the ligand–
receptor molecular recognition.


Here we report docking stud-
ies of several selective ACE_C
and ACE_N inhibitors, based on the recently published high-
resolution X-ray structures of captopril, lisinopril, and enalapri-
lat with tACE complexes,[19, 20] and the structure of ACE_N con-
structed through homology modeling.[21] In order to under-
stand the ACE–inhibitor interactions better, we have chosen
nine nonpeptidic compounds with diversity in their inhibitory
potencies and the chemical structures shown in Scheme 1.
Moreover, for the first time, correlation between the biological


activities of ACE inhibitors and calculated ligand–protein inter-
action energies was investigated and the pharmacophoric re-
quirements of the ligands were defined on an atomic level
structural basis. The structural insights provided by this study
should enhance understanding of the factors controlling the
selectivity of the two domains of sACE and should constitute
solid bases for the design of new selective ACE inhibitors.


Scheme 1. Chemical structures of the investigated ACE inhibitors.
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Results and Discussion


Comparison of the structural features of ACE inhibitors in
the unbound state


It is interesting to compare the structural features of the inhibi-
tors in the unbound state and to investigate structural modifi-
cations upon binding to the enzymic binding groove. A super-
position of the crystallographic structures, retrieved from the
Cambridge Crystallographic Database (CCD), of seven ACE in-
hibitors (captoril, enalaprilat, keto-ACE, ramiprilat, quinaprilat,
peridoprilat, and fosinoprilat) in their unbound states was ach-
ieved by aligning the relative amide groups of the inhibitors
(Figure 1). It is noteworthy that the crystal structures of these


molecules, which have similar anchoring sites, exhibit compa-
rable relative orientations of the pharmacophore functional
groups, regardless of the molecular environment in the crystal-
line state. The hydrophobic side chain (P1) is in an extended
conformation, and the lengthening of the P2’ chain by bulky
hydrophobic groups in V–VII and in VIII does not change its


conformation. The side chains of the P1 group of the inhibitors
fosinoprilat and quinaprilat and the P2 group of keto-ACE form
one cluster of common orientation, whilst ramiprilat, perindo-
prilat, keto-ACE (P1 group), and enalaprilat form a different
cluster of common orientation. The relative orientations of the
two carboxy groups, on opposite side of the amido plane, are
very similar, except in the case of fosinoprilat (VIII ; depicted in
orange in Figure 1).


Docking calculations for inhibitors I–IX in the two catalytic
domains of the sACE enzyme


The substrate-binding site of ACE_N and ACE_C of somatic
ACE and of the Drosophila AnCE and ACE2 isoforms is a large
continuous internal channel composed of two chambers of un-
equal size. The larger chamber is the binding site of the
amino-terminal eight amino acids of the substrate angioten-
sin I, and has been referred to as the “N-chamber”, whilst the
carboxy dipeptide portion of the substrate binds to the smaller
chamber and has been referred to as the “C-chamber”.[22]


These spacious chambers are sufficiently large for the binding
of short substrate peptides. The catalytic zinc(ii) and inhibitor
binding sites are located in the narrow bottleneck connecting
the two chambers �10 � from the entrance. The substrate-
binding channel of ACE_C is predominantly negatively
charged, whilst that in ACE_N is less negatively charged.[21] The
N- and C-chambers are open to the exterior solvent area
through narrow holes with approximate diameters of 3 �,
which appear to be too small for the passage of peptide sub-
strates. Flexibility and “breathing” motions of the opening
holes are probably required for efficient catalysis.


Docking of the compounds I–IX revealed a consistent net-
work of ionic and hydrogen bonds between the ligand and
the enzyme side chains. The most important interactions
found for each compound are summarized in Table 1 and
Table 2. The inhibitors cannot fill up the spacious substrate-


Figure 1. Superposition of the X-ray structures of the unbound ligands: cap-
topril (cyan), enalaprilat (white), ramiprilat (blue), quinaprilat (red), peridopri-
lat (green), fosinoprilat (orange) and keto-ACE (brown).


Table 1. Result of 50 independent docking runs for each ligand in ACE_C.


Ligand E[a] KiC
[b] [nm] IC50C


[b] Surrounding residues


Lisinopril �16.6 0.24[2, 3] E162, Q281, H353, A354, S355, D377, V380, H383, E384, H387, E411, F457, K511, F512, H513, S516,
V518, Y520, Y523, F527


Captopril �7.2 1.4[3, 10, 24] Q281, H353, A354, V380, H383, E384, H387, E411, F457, K511, H513, Y520, Y523, F527
Enalaprilat �14.8 0.63[2] Q281, H353, A354, S355, V380, H383, E384, H387, E411, F457, K511, F512, H513, S516, V518, Y520,


Y523
keto-ACE �13.0 0.04[7, 27] Q281, H353, S355, A356, V380, H383, E384, H387, F391 E411, F457, K511, F512, H513, S516, V518,


Y520, Y523
Ramiprilat �14.8 Q281, T282, H353, A354, S355, V380, H383, E384, H387, E411, D453, F457, K511, F512, H513, S516,


V518, Y520, Y523, F527
Peridoprilat �15.2 Q281, T282, H353, A354, S355, V380, H383, E384, H387, E411, D453, F457, F460, K511, F512, H513,


S516, V518, Y520, Y523, F527
Quinaprilat �15.3 Q281, T282, H353, A354, S355, V379, V380, H383, E384, H387, E411, D453, F457, F460, K511, F512,


H513, S516, V518, Y520, Y523, F527
Fosinoprilat �16.7 Q281, T282, V351, H353, S355, W357, K368, V379, V380, H383, E384, H387, E411, D415, D453, K454,


F457, F460, K511, F512, H513, S516, V518, Y520, Y523, F527, Q530
RXP 407 �14.0 7500[9] Q281, V351, H353, S355, A356, W357, K368, V379, V380, H383, E384, H387, F391, H410, E403, E411,


D453, F457, K511, F512, H513, S516, V518, Y520, R522, Y523, F527


[a] E is the estimated free energy of binding for the best cluster results and is given in kcal mol�1. The last column shows the residues of the binding site
located within 5 � of any atom of the docked ligands. Residues that form hydrogen bonds with the ligand are highlighted in bold, and residues that differ
in ACE_C and in ACE_N are underlined. [b] KiC and IC50C values reported according to the literature.
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binding channel and the shape of the inhibitors or substrates
appears to have a minor role in determining specificity of the
enzyme. ACE generally favors a hydrophobic residue at the car-
boxy-terminus of the substrate. The binding surface of the car-
boxy-terminal proline moieties of the inhibitors is composed of
a hydrophobic patch provided by residues F457/F435, F527/
F505, Y520/Y498, and Y523/Y501 (ACE_C/ACE_N). This con-
served patch is involved in the binding of bulky hydrophobic
residues, such as isoleucines or phenylalanines, in ACE sub-
strates (see also discussion below).


With the aim of testing the AutoDock program for its ability
to reproduce the crystal structure of the ACE_C–inhibitor com-
plexes, as well as for comparative purposes, lisinopril, captopril,
and enalaprilat were subjected to automated docking calcula-
tions. The program was successful in reproducing the experi-
mentally determined binding modes of the three inhibitors.
A superposition of the three inhibitor complexes, derived
through docking calculations, with the X-ray structures of the
lisinopril–, captopril–, and enalaprilat–tACE complexes is denot-
ed in Figure S1 and gives a direct evaluation of the quality and
validity of the molecular modeling. It should be noted that, al-
though the predicted free energy of binding is a useful de-
scriptor of ligand–receptor complementarity, the choice of the
“best” docking model was ultimately also dictated by its agree-
ment with the structure–activity relationships (SARs) and the
available site-directed mutagenesis data. These are described
in detail in the following section.


ACE_C– and ACE_N–proline-containing inhibitor complexes:
the cases of lisinopril, captopril, enalaprilat, keto-ACE, rami-
prilat, and perindoprilat


Lisinopril : Lisinopril, a tripeptide analogue of Phe-Lys-Pro, binds
to human sACE with Ki = 0.39 nm


[2] and appears to mimic pep-
tide substrates. It is also a highly efficient inhibitor of ACE_C (Ki


of 0.2 nm
[3]). Both the X-ray and the calculated complexes


show lisinopril buried deep inside the cavity, adjacent to the
HExxH motif and the catalytic ZnII. As indicated in Figure 2 A,
the carboxylate group located between the phenylpropyl
group and the lysine binds to the active site ZnII and also
forms hydrogen bonds with the side chain carboxylate of E384
and the Y523 side chain hydroxy group. The phenyl ring at the
amino-terminal of the inhibitor interacts with the probable S1
subsite in the active site (accommodated by aromatic stacking
with F512). The lisinopril lysine moiety interacts with the S1’
subsite and is contacted by the E162 and D377 residues. The
accommodation of the lisinopril carboxy-terminal proline
moiety by the S2’ subsite is mediated by the hydrophobic in-
teraction with the aromatic ring of Y520 and also through
ionic interactions and hydrogen bonds with K511, Q281, and
Y520.


In the case of the ACE_N–lisinopril complex (Figure 2 B), the
docking calculations estimated the free energy of binding E =


�15.7 kcal mol�1 (Table 2) for the most populated cluster and
among the first solutions. The ligand is in the same location as
in the crystal structure of the ACE_C–lisinopril complex, with
some alterations in ligand–protein interactions observed in the
S1 and S1’ subsites, as illustrated in Figure 2.


The H513/H491 and H353/H331 (ACE_C/ACE_N) residues in-
teract with the carbonyl oxygen of the peptide bond connect-
ing the terminal proline and lysine moiety of lisinopril. Interest-
ingly, a 120 000-fold decrease in the binding of lisinopril was
observed with the H1089 to alanine mutation in human
sACE,[23] corresponding to the H513 residue of ACE_C and
H491 of ACE_N. This is in excellent agreement with our dock-
ing calculations (Tables 1 and 2). This interaction is observed in
all the studied inhibitors for both domains.


Interestingly, docking calculations indicate that lisinopril has
the higher affinity for ACE_C. This is consistent with biological
experiments, which suggested that the Ki value of lisinopril is
about 18 times lower for the C domain than for the N domain
at high chloride concentration (300 mm [Cl�] ; Tables 1 and 2).


Table 2. Results of 50 independent docking runs for each ligand in ACE_N


Ligand E[a] KiN
[b] [nm] IC50N


[b] Surrounding residues


Lisinopril �15.7 4.4[2, 3] D140, Q259, H331, A332, S333, Q355, T358, H361, E362, H365, E389, F435, K489, F490, H491, N494, T496,
Y498, Y501, F505


Captopril �7.0 0.89[3, 10, 24] Q259, H331, A332, T358, H361, E362, H365, E389, F435, K489, H491, Y498, Y501, F505
Enalaprilat �14.7 2.6[2] Q259, H331, A332, S333, T358, H361, E362, H365, E389, F435, K489, F490, H491, N494, T496, Y498, Y501,


F505
keto-ACE �12.5 1.5[7, 27] Q259, H331, A334, W335, T358, H361, E362, H365, Y369, E389, F435, K489, F490, H491, N494, T496, Y498,


Y501, F505
Ramiprilat �14.3 Q259, S260, V329, H331, A332, S333, T358, H361, E362, H365, E389, D393, E431, F435, F438, K489, F490,


H491, N494, T496, Y498, Y501, F505
Peridoprilat �15.1 Q259, S260, V329, H331, A332, S333, T358, H361, E362, H365, E389, D393, E431, F435, F438, K489, F490,


H491, N494, T496, Y498, Y501, F505
Quinaprilat �14.7 Q259, S260, V329, H331, A332, S333, S357, T358, H361, E362, H365, E389, D393, E431, F435, F438, K489,


F490, H491, N494, T496, Y498, Y501, F505
Fosinoprilat �16.5 Q259, S260, V329, H331, S333, W335, K346, S357, T358, H361, E362, H365, E389, D393, E431, K432, F435,


K489, F490, H491, N492, T494, Y498, Y501, F505, Q508
RXP 407 �17.0 7.0[9] Q259, V329, H331, S333, A334, W335, K346, S357, T358, H361, E362, H365, Y369, R381, H388, E389, E431,


F435, K489, F490, H491, N494, T496, Y498, Y501, R500, F505


[a] E is the estimated free energy of binding for the best cluster results and is given in kcal mol�1. The last column shows the residues of the binding site
located within 5 � of any atom of the docked ligands. Residues forming hydrogen bonds with the ligand are highlighted in bold and residues that differ
in ACE_C and in ACE_N are underlined. [b] KiN and IC50N values reported according to literature.
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In ACE_C the lysine side chain of lisinopril forms a salt bridge
with D377, whereas in ACE_N Q355 is located in the same po-
sition. In addition, the E162/D140 alteration in ACE_N (ACE_C/
ACE_N) results in an increased distance between the side
chain of D140(OE2) and the lysine side chain (NH2) of lisinipril ;
this gives rise to a lower affinity of ACE_N than of ACE_C for
lisinopril.


Captopril : Captopril (Scheme 1) is the smallest competitive in-
hibitor of ACE, binding to human sACE with Ki�1.4 nm,[24] and
can be viewed as an N-thioalkyl derivative of the dipeptide
Ala-Pro. It has been designed to mimic the two carboxy-termi-
nal residues of the enzyme substrate. The thiol group of capto-
pril interacts directly with the zinc(ii) ion, in a distorted tetra-
hedral geometry (Figure 3). The carboxy-end of the proline
moiety is held by three highly conserved residues—Q281/
Q259, K511/K489, and Y520/Y498 (ACE_C/ACE_N)—through
ionic and hydrogen bonds. These residues are also involved in
binding of the carboxy-terminal proline moiety of lisinopril.
The carbonyl oxygen of the peptide bond is locked by two
strong hydrogen bonds with residues H513/H491 and H353/
H331 (ACE_C/ACE_N). Mutation of the H1089 residue of
human somatic ACE, corresponding to the H513 residue in
ACE_C and H491 in ACE_N, abolishes binding of captopril and
lisinopril to the enzyme.[23] Because of its small size, captopril
cannot fill up the spacious substrate-binding channels either
of ACE_C or of ACE_N, and the shape of the inhibitor appears
to have only a minor role in determining the specificity of the


enzyme. Captopril has been noted to be modestly N-selective,
depending on Cl� concentration.[3, 10] This is consistent with the
docking results, which gave close values for the estimated free
energies of binding for ACE_C and ACE_N, of �7.2 and
�7.0 kcal mol�1, respectively. Captopril’s differentiation be-
tween the binding grooves in ACE_C and ACE_N is due to the
V380/T358 alteration (ACE_C/ACE_N) located in the S1’ subsite
that accommodates the alanyl group.


Enalaprilat : Enalaprilat is a tripeptide possessing a ZnII-coordi-
nating carboxyl group and closely resembles the Phe-Ala-Pro
sequence that was found to be the optimal C-terminal se-
quence among bradykinin potentiating factor (BPF) pepti-
des.[25] Enalaprilat is in the same location relative to the puta-
tive binding pockets of ACE_C (Figure 4 A) and ACE_N (Fig-
ure 4 B) as observed in the crystal structure of the ACE_C–lisi-
nopril complex. The binding affinity of the inhibitor at different
chloride concentrations differs only modestly for the two bind-
ing domains: at high chloride concentrations (300 mm [Cl�])
enalaprilat inhibits the C domain in preference to the N
domain, with a Ki value for the C domain four times lower than
that for the N domain, whilst at low chloride concentrations
(20 mm [Cl�]), enalaprilat preferentially inhibits the N domain,
with a Ki value twice as low for the N domain.[2] The different
inhibitor affinities observed at lower chloride concentrations
could be due to a synergistic contribution by the chloride
anion, through a potent structural reorientation of K511.[21] The
calculations revealed very similar inhibitor affinities for the two


Figure 2. Binding of lisinopril (I) to A) the ACE_C and B) the ACE_N binding sites. C) Amino acid alignment of the residues of the two binding pockets of
ACE_N and ACE_C in a cutoff of 10 � radius around lisinopril.
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Figure 3. Binding of captopril (II) to A) the ACE_C, and B) the ACE_N binding sites. The thiol group of the inhibitor is shown in cyan. C) Amino acid alignment
of the residues of the two binding pockets of ACE_N and ACE_C for a cutoff of 10 � radius around captopril.


Figure 4. Binding of enalaprilat (III) to A) the ACE_C and B) the ACE_N binding sites. C) Amino acid alignment of the residues of the two binding pockets of
ACE_N and ACE_C for a cutoff of 10 � radius around enalaprilat.
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domains (estimated free energies of binding E =�14.8 and
�14.7 kcal mol�1 for the C- and N domains, respectively). Ena-
laprilat differs from lisinopril in the P1’ group: in lisinopril this
is a lysyl group, whereas in enalaprilat it is an alanyl group. As
already emphasized, in ACE_C the lysine side chain of lisinopril
forms a salt bridge with D377. Replacement of lisinopril’s lysine
by enalaprilat’s alanine abolishes this salt bridge and results in
reduced binding for the C domain, but increased binding for
the N domain. The higher affinity of the enalaprilat for the C
domain could be attributable to additional hydrophobic inter-
actions of the alanyl group with the S1’ subsite of the C
domain. As shown in Figure 4 A and B), the alteration V380/
T358 (ACE_C/ACE_N) results in a favorable hydrophobic inter-
action of the S1’ subsite (V380) with the P1’ group of the in-
hibitor in the C domain.


Keto-ACE : Keto-ACE (Scheme 1), is a ketomethylene derivative
of the blocked tripeptide substrate Bz-Phe-Gly-Pro.[26] Recently,
it has been reported that keto-ACE is a more potent inhibitor
of the C domain in the hydrolysis of various substrates by so-
matic ACE.[7, 27] The IC50N for ACE_N was found to be 38 to 47
times higher than for ACE_C with AI and BK substrates. Dock-
ing calculations for keto-ACE in ACE_C and ACE_N produced


the binding mode depicted in Figure 5. The estimated free en-
ergies of binding are consistent with the biologically deter-
mined affinities for the relevant domains (E =�13.0 and
�12.5 kcal mol�1 for ACE_C and ACE_N, respectively). The pyr-
rolidine ring, the carboxyl and carbonyl groups of proline, and
the phenyl ring are found to be in the same location as I in
the crystal structure of the ACE–lisinopril complex and share
common binding features for both domains (Table 1). The car-
bonyl oxygen of the benzamido group of keto-ACE forms a hy-
drogen bond with the backbone amide hydrogen of A356 in
ACE_C and A334 in ACE_N and the benzamido amide proton
is in close contact with the side chain of the zinc(ii)-binding
residues E411 in ACE_C and E389 in ACE_N. The key feature
that provides a higher selectivity of keto-ACE for the C domain
could be ascribed to the F391/Y369 alteration in the S2 sub-
site. As shown in Figure 5 A, the benzyl ring is oriented for a
stacking interaction with the aromatic side chain of F391, with
the planes of the two rings nearly perpendicular. In the case of
ACE_N, Y369 results in an unfavorable contact in the specific
position of the S2 subsite (Figure 5 B).


Ramiprilat : Ramiprilat (Scheme 1) closely resembles enalaprilat
in its structure, though possessing an additional cyclopentane


Figure 5. Binding of keto-ACE (IV) to A) the ACE_C and B) the ACE_N binding sites. C) Amino acid alignment of the residues of the two binding pockets of
ACE_N and ACE_C for a cutoff of 10 � radius around keto-ACE.
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ring, which makes the molecule more lipophilic, whereas the
shape of the molecule does not change apparently. Ramiprilat
shares common binding features with enalaprilat (Figure 6),
with a more favorable affinity for the C domain (E =�14.8 and
�14.3 kcal mol�1 for ACE_C and ACE_N, respectively). This is at-
tributed to additional hydrophobic interactions of the P1’ and
P2’ groups of the inhibitor with V379 and V380 in the S1’ and
S2’ subsites of ACE_C (altered to T358 and S357, respectively,
in the ACE_N domain). Interestingly, the docking calculations
revealed the presence of a hydrophobic patch provided by the
aromatic rings of F457/F435, F527/F505, Y520/Y498, and Y523/
Y501, interacting with the bicyclooctane ring system. This sug-
gests a further explanation for the fact that sACE generally
favors a bulky hydrophobic residue, such as isoleucine or phe-
nylalanine, at the carboxy-terminal positions of substrate
inhibitors.[3]


Perindoprilat : Perindoprilat closely resembles ramiprilat in
structure (Scheme 1). It differs in its P1 group, having an alkyl
chain, and also in P2’, having a hexahydroindoline (perhydroin-
dole) group, similar to the bicyclooctane group of ramiprilat,
that make the molecule more lipophilic. Docking calculations
revealed a binding mode for VI (Figure 7) with similar affinities
for both domains (E =�15.2 kcal mol�1 and �15.1 kcal mol�1


for the C- and the N domains, respectively). The alkyl group oc-
cupies the S1 enzyme subsite defined by the common residues
S355/S333, F512/F490 (forming hydrophobic interactions),
V518/T496, and S516/N494 in ACE_C/ACE_N. The V518/T496


alteration indicates a more favorable hydrophobic interaction
with this specific subsite of the inhibitor in the C domain. In
addition, the perhydroindole ring system interacts with the hy-
drophobic patch provided by the aromatic rings of F457/F435,
F527/F505, and Y520/Y498 and Y523/Y501 (ACE_C/ACE_N). As
in the case of ramiprilat, the V379/S357 alteration provides an
additional hydrophobic interaction with the S2’ subsite in the
C domain in relation to the relevant subsite in the N domain.
These observations might explain the 40-fold increased C
selectivity of perindoprilat.


ACE_C and ACE_N–quinaprilat complexes


Quinaprilat, closely resembling ramiprilat and enalaprilat in its
structure, differs in the P2’ position due to the presence of a
tetrahydroisoquinoline moiety (Scheme 1). The aromatic ring
of this group, as in ramiprilat and perindoprilat, confers in-
creased lipophilicity in the molecule. Docking calculations re-
vealed a T-shaped hydrophobic interaction for this group with
the F527/F505 side chain (Figure 8). The calculated free ener-
gies of binding for the complex of quinaprilat with the sACE C
and N domains were found to be �15.3 and �14.7 kcal mol�1,
respectively; this is in accordance with the biologically estimat-
ed inhibitor affinity, found to be 180 times more C-selective.[28]


This result could be explained, as in the cases of ramiprilat and
enalaprilat, in terms of additional hydrophobic interactions in
the S1 and S2’ subsites of the C domain with the P1 and P2’


Figure 6. Binding of ramiprilat (V) to A) the ACE_C and B) the ACE_N binding sites. C) Amino acid alignment of the residues of the two binding pockets of
ACE_N and ACE_C for a cutoff of 10 � radius around ramiprilat.
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groups of the inhibitor, respectively. The weaker inhibitor activ-
ity for the N domain could be ascribed to the nonproductive
accommodation of the P1 group in the S1 subsite. The amino
acid residue N494, unique to the N domain and replaced by
S516 (SSV) in the C domain, occurs in an N-glycosylation
sequon (NVT); attachment of any glycan to this residue would
therefore occlude this specific pocket.[29]


ACE_C– and ACE_N–phosphinic inhibitor complexes: the
cases of fosinoprilat and RXP 407


The chemical structure of fosinoprilat is shown in Scheme 1
and, as would be expected, the phosphinyl group is the coor-
dination site to the zinc(ii) ion. The Ki values for inhibition of
the hydrolysis of several substrates (e.g. , Hip-His-Leu or Ang I),
vary markedly according to the substrate used for the two do-
mains;[6] fosinoprilat has Ki values of 0.02 and 0.07 nm for the
inhibition of AcSDKP for the N- and the C domains, respective-
ly, for example, whereas the same inhibitor displays Ki values
of 2.78 and 0.48 nm with Hip-His-Leu as substrate for the two
domains.


Fosinoprilat binds to the two domains with similar affinities
(E =�16.7 and �16.5 kcal mol�1 for the C- and the N domains,
respectively), it is located in the center of the typical binding
pocket, and it shares common binding features (see Tables 1
and 2 and Figure 9). The benzyl ring in the phosphinyl terminal
of the inhibitor is accommodated within the probable S1 sub-


site through aromatic stacking with F512/F490 (ACE_C num-
bering first) and hydrophobic interactions with V351/V329 and
W357/W335, and is also in close contact with S355/S333 and
K368/K346. In the same subsite of the enzyme the sequence
alterations S516/N494 and V518/T496 can be observed. As
shown in Figure 9, the optimum accommodation of the benzyl
group is adopted in the ACE_N S1 subsite, as the S516/N494
alteration could result in a favorable cation–p interaction be-
tween the benzyl ring of the ligand and the asparagine group
of the enzyme.


A major difference observed for the binding modes of the
inhibitor in the two domains is the orientation of the cyclohex-
ane group; in the N domain it is perpendicular to the pyrroli-
dine ring of proline (�908) and in the C domain it is parallel.
This fact could be explained by the D453/E431 and T282/S260
alterations (ACE_C/ACE_N) observed in the S2’ subsite. In ACE_
N these alterations result in increases in the sizes of the specif-
ic side chains, and lead to a reduction of the available space in
the S2’ subsite. Furthermore, the V379/S357 and V380/T358
alterations in the same subsite (Figure 9) result in the devel-
opment of favorable hydrophobic interactions between the
cyclohexane group and V379 and V380 in the ACE_C domain.
These observations suggest that a bulky P2’ group confers C
selectivity.


RXP 407: RXP 407, or Ac-Asp-Phe-y(PO2-CH2)Ala-Ala-NH2


(Scheme 1), is the most important ACE_N-selective inhibitor,
pioneered by Corvol and collaborators.[9] The X-ray structure of


Figure 7. Binding of perindoprilat (VI) to A) the ACE_C and B) the ACE_N binding sites. C) Amino acid alignment of the residues of the two binding pockets
of ACE_N and ACE_C for a cutoff of 10 � radius around perindoprilat.
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the close analogue PKF, a phosphinic pseudopeptide analogue
(carbobenzoxy-Pro-Lys-Phe-y(PO2-CH2)-Ala-Pro-OMe), has been
resolved at 2.14 � as a complex with astacin (Figure S6).[30]


Figure 10 depicts an overlay of lisinopril (in the tACE–lisinopril
complex, colored in red and cyan, respectively) with PKF (in
the astacin–PKF complex, colored in green and pale green, re-
spectively) and catalytic residues from both proteins. The align-
ment was performed on the HEXXH motif of the two proteins
and reveals a close homology of the binding grooves. The su-
perposition reveals a common space rearrangement of specific
pharmacophore groups (depicted in orange dotted circles) for
lisinopril and the PKF inhibitors of tACE and astacin, respective-
ly. A model of RXP 407 based on these observations has been
constructed and the common chemical groups of the two
structures were further refined.


Docking calculations for RXP 407 in the ACE_C and ACE_N
domains resulted in the binding mode depicted in Figure 11.
The estimated free energies of binding (E =�14 and
�17 kcal mol�1 for ACE_C and ACE_N, respectively) are consis-
tent with the biologically estimated affinities for the relevant


domains (with Ki values of 75 000 nm for the C domain and
7 nm for the N domain; Tables 1 and 2). The carbonyl oxygen
of the aspartate group of RXP 407 forms hydrogen bonds with
the backbone amide hydrogens of A356 in ACE_C and A334 in
ACE_N. The carboxyl group of the side chain of aspartate in
the inhibitor is hydrogen-bonded with the side chain of R500/
R522 (ACE_N/ACE_C) in the S2 subsite (R522 is important for
the C domain, since it is the chloride-binding residue and the
direct distortion of this interaction could have an effect in the
reduction of the inhibitor binding[21]). Docking calculations also
favored a second cluster of the complex with the side chain of
the aspartyl group to form van der Waals interactions with
H410 and H388 in ACE_C and ACE_N (data not shown). The
phenyl group in the P1 position enters into the same interac-
tions with the S1 subsites of ACE_C and ACE_N as in the cases
of lisinopril, ramiprilat, quinaprilat, and enalaprilat. The amide
proton of the phenylalanine group is in close contact with the
side chains of the zinc(ii)-binding residues E411 in ACE_C and
E389 in ACE_N (as in the case of keto-ACE). The alanyl group
of the P1’ subsite engages in the same interactions as devel-


Figure 8. Binding of quinaprilat (VII) to A) the ACE_C and B) the ACE_N binding sites. C) Amino acid alignment of the residues of the two binding pockets of
ACE_N and ACE_C for a cutoff of 10 � radius around quinaprilat.
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oped with enalaprilat, perindoprilat, quinaprilat, and
ramiprilat, and the same applies for the correspond-
ing carbonyl group. An interesting feature is the posi-
tioning of the alanyl group of the P2’ subsite, located
in the hydrophobic patch provided by the aromatic
rings of F457/F435, F527/F505, and Y520/Y498 and
Y523/Y501 (ACE_C/ACE_N), closely resembling the
positioning of the C-terminal leucine group of AI. The
C-terminal carboxyamide group, both in ACE_C and
ACE_N, makes favorable interactions with K511/K489
and Y520/Y498 (ACE_N/ACE_C).


The higher selectivity for RXP 407 for the N
domain could be attributable, firstly, to the F391/
Y369 alteration in the S2 subsite. As shown in Fig-
ure 11 A, the amide proton of the aspartate moiety in
ACE_N appears to form a hydrogen bond with the
side chain of Y369, in contrast to the case in ACE_C,
where a phenylalanine group is substituted (F391).
Secondly, the N-acetyl carbonyl group favors hydro-
gen bond interactions with R381, in contrast with the
repulsive forces developed in the case of ACE_C due


Figure 9. Binding of fosinoprilat (VIII) to A) the ACE_C and B) the ACE_N binding sites. C) Amino acid alignment of the residues of the two binding pockets of
ACE_N and ACE_C for a cutoff of 10 � radius around fosinoprilat.


Figure 10. Superposition of PKF (green, bold line) in the binding site of astacin (green)
with lisinopril (magenta, bold line) in the binding site of tACE (red). A cutoff of 4 � radius
has been used for the enzyme residues around the inhibitor molecules.
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to the E403 alteration. Thirdly, the amine group of the C-termi-
nal carboxyamide moiety interacts with the side chain of E431
in ACE_N. The alteration to D453 in ACE_C would result in an
increase in the distance from the side chain of D453 to the
amine group of RXP 407. The ACE_N selectivity of RXP 407 is
therefore based on the presence of a C-terminal carboxyamide
group, an aspartic side chain in the P2 position of the inhibitor,
and an N-acetyl group. These structural features are well toler-
ated by the N-terminal active site, but act repulsively in the
binding of the inhibitor to the C-terminal active site of ACE.
Structure–activity relationships have long suggested that a free
C-terminal carboxylate group in the P2’ position of the inhibi-
tor is an absolute requisite for the preparation of potent inhibi-
tors of ACE,[31] which explains why free carboxylate groups in
the P2’ position have routinely been incorporated in ACE in-
hibitor structures over the last two decades. This has probably
impeded the discovery of selective inhibitors of the N-terminal
active site of ACE.


Our docking calculations were also able to provide an ex-
planation of structure–activity studies of phosphinic tetrapepti-
des indicating that an aspartic side chain and an N-acetyl
group, located in the P2 position, together with a C-terminal
carboxyamide group, contribute to selectivity for the N


domain.[9] Thus, H2N-Asp-Phe-y(PO2-CH2)-Ala-Ala-NH2 is more
selective for the N domain (Ki for ACE_N = 5 nm, Ki for ACE_C =


800 nm) due to interactions of the N-terminal amino group
with Y369 and of the C-terminal amino group with E431,
which are absent in the C domain. The N selectivity of Ac-Asp-
Phe-y(PO2-CH2)-Ala-Ala-NH2 (Ki for ACE_N = 15 nm, Ki for ACE_
C = 200 nm) could also be interpreted by hydrogen bonding of
the amide proton of the P2 group (aspartate) with Y369 and of
the carbonyl group of the N-acetyl group with R381, unique to
the N domain. However, Ac-Asp-Phe-y(PO2-CH2)-Ala-Ala-OH
displays similar inhibitory potencies for the two domains (Ki for
ACE_N = 2 nm, Ki for ACE_C = 7 nm),[10] due to the absence of
the carboxamido group and thus the interaction with the E431
group of ACE_N.


Pharmacophore refinement and guidelines for structure-
based ligand design


The free energies of binding (E) for the relevant inhibitors of
the two ACE domains, as estimated by use of the AutoDock
program, are consistent with the experimentally determined
literature inhibition data (Tables 1 and 2). In the ACE_C
domain, lisinopril was found to have a lower estimated Ki than


Figure 11. Binding of RXP 407 (IX) to A) the ACE_C and B) the ACE_N binding sites. C) Amino acid alignment of the residues of the two binding pockets of
ACE_N and ACE_C for a cutoff of 10 � radius around RXP 407.
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enalaprilat, which in turn has a
lower Ki value than captopril.
This follows the observed inhibi-
tory potencies given in the liter-
ature (for lisinopril, enalaprilat,
and captopril, Ki = 0.24, 0.63, and
1.40 nm, respectively[3]). Of these
inhibitors, lisinopril, enalaprilat,
and keto-ACE were calculated to
have lower inhibitor potencies
for the ACE_N domain whereas
the reverse was observed for
RXP 407. This is in accordance
with the literature data (Tables 1
and 2). In addition, the docking
calculations suggested that per-
indoprilat and quinaprilat should
be more C-selective; this is con-
firmed by results from radioli-
gand-binding studies, which in-
dicated that both perindoprilat
and quinaprilat are 45–180 times
more C-selective.[28] However,
comparison beyond these gener-
al considerations is not feasible,
as it has been reported that the
active sites of the enzyme may
interact with each other,[32]


which implies spatial proximity
and contacts between the two
domains. Nevertheless, this is a
good performance for an empiri-
cal free energy function, as it
allows a reasonably accurate estimation of the affinity range as
reported in the literature.[33]


Comparison of the inhibitor structures in their unbound and
bound states to the ACE_C and ACE_N domains reveals
common structural features for their backbones and zinc(ii)-
binding sites and some differences in the orientations of the
side chains of the P2’, P1, and P2 subsites (Figure S2 in the
Supporting Information).


Figure 12 A shows an overlay of the inhibitors I–IX bound
i) to ACE_C, and ii) to ACE_N domains. Alterations observed in
the four subsites of the ACE_C/ACE_N are: S1: V516/N494,
V518/T496, S2: F391/Y369, E403/R381, S1’: D377/Q355, E162/
D140, V379/S357, V380/T358, and S2’: D463/E431, T282/S260.
The main interaction sites observed for the C domain (Fig-
ure 12 A) consist of a bulky hydrophobic group in P2’, a car-
boxyl group in the C terminus, a basic group in P1’, and the
benzyl groups in the P1 and P2 positions. In the N domain, the
main interaction points consist of a hydrophobic residue in
P2’, a carboxamido group in the C-terminus, an aspartic in P2,
and a carbonyl group in the N terminus (Figure 12 A b). The
molecular alignment illustrated in Figure 12 A and based on
the selective C-domain inhibitor keto-ACE and the selective N-
domain inhibitor RXP 407 suggest the existence of five hydro-
gen bond acceptor sites (1, 2, 4, 5, and 10) and one hydrogen


bond donor site (3) necessary for tight binding of the inhibitor
in the C domain. In the N domain, the additional hydrogen
bond acceptor site (9) and two hydrogen bond donor sites (7,
8) further refine the ligand selectivity pharmacophore model.
In addition to these sites, the interaction of the aspartyl side
chain (6) of the inhibitor with an arginine confers N selectivity
(in the case of the C domain this arginine is a necessary chlo-
ride-binding residue).


Careful examination of the free energies of binding for rami-
prilat, quinaprilat, fosinoprilat, and perindoprilat (Tables 1 and
2) and the molecular alignment of Figure 12 A reveal that in
the S2’ subsite, consisting of a hydrophobic patch, a bulky P2’
group confers C selectivity, further refining the pharmacophore
model for a C-selective inhibitor.


Previous investigation of the substrate specificity require-
ments for ACE_C and ACE_N domains by use of quenched
fluorescence peptides suggested the importance of hydroxy-
containing amino acids at the P2 position for N domain specif-
icity; Ser and Asp at P2 and P1, respectively, thus have synergic
effects in determining the differential specificity for the N
domain in relation to the C domain.[34] This fact could be inter-
preted through the current detailed differential mapping of
the two enzyme domains, in terms of favorable interactions of
Ser (P2) with the Y369 of the S2 subsite of ACE_N (F391 in


Figure 12. A) Overlay of putative bioactive conformations of compounds I–IX bound to a) ACE_C and b) ACE_N.
Superposition was performed by aligning the ACE_C and ACE_N domains. The numbering 1–5 denotes the
ACE_C/ACE_N residues involved in hydrogen bonds to the highlighted portion of the inhibitor, 6 denotes the in-
teraction point with the chloride-binding arginine, and 7–9 are hydrogen bonding contacts appearing only in the
case of the N domain (1: Q281/Q259, K511/K489, Y520/Y498, 2 : H353/H331, H513/H491, 3 : A354/A332, 4 : E411/
E389, 5 : A356/334, 6 : Y523/Y501, 7: R522/R500, 8 : E431, Q281/Q259 9 : Y369, 10 : R381, 11: Q281/Q259). Altera-
tions observed in the four subsites of the ACE_C/ACE_N are: S1: V516/N494, V518/T496, S2: F391/Y369, E403/
R381, S1’: V379/S357, V380/T358, E162/D140, D377/Q355, S2’: D453/E431, T282/S260. B) Distances between the
pharmacophoric points calculated as averages over the ACE_C- and ACE_N-bound conformations of compounds
I–IX, describing the spatial arrangements of functional groups necessary for binding.


ChemBioChem 2005, 6, 1089 – 1103 www.chembiochem.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1101


ACE Inhibitor Docking Studies



www.chembiochem.org





ACE_C) and Asp (P1) with R500 of the S1 subsite in ACE_N
(R522 in ACE_C is a chloride-binding residue). In addition, it
has also been reported that Abz-GFSPFFQ-EDDnp (F in the P1
subsite) is preferentially hydrolyzed by the C domain, while
Abz-GFSPFQQ-EDDnp (Q in the P1 subsite) exhibits a higher N
domain specificity. This higher specificity of the C domain for F
in P1 could be explained, as the S1 subsite in ACE_N is a
potent glycosylation site, resulting in occlusion of the site, and
by the favorable interaction with V518 (T496 in ACE_N). The
higher specificity of the N domain for Q in P1 could be ex-
plained in terms of the development of potent electrostatic
interactions with N494, altered to S516 in the C domain.


The distances between the pharmacophoric points calculat-
ed as averages over the bound conformations of compounds
I–IX for ACE_C and ACE_N are shown in Figure 12 B. If these
docking results are taken together, a potent selective pharma-
cophore model for ACE_C and ACE_N could be proposed
(Figure 12 B).


Conclusion


The recent publication of the X-ray structures of tACE and dro-
sophila AnCE in complexes with potent ligands has allowed us
to determine the receptor-bound conformations and the
mutual alignments of several representative ACE inhibitors. All
compounds exhibit similar binding modes and therefore make
up an ideal target for systematic variation of a substituent.


In ACE_C and ACE_N, the common interactions responsible
for tight binding of the inhibitors are: i) coordination of ZnII


with the carboxylate, phosphinic, or thiol oxygen(s)/sulfur of
the substrate and hydrogen bonding of (6) to Y523/Y501, ii) a
hydrogen bond of (1) in the inhibitor with Y520/Y498 and elec-
trostatic interaction with K511/K489, iii) hydrogen bonding of
(2) with H513/H491 and H353/H331, iv) hydrogen bonding of
(3) with the carbonyl group of A354/A332, and v) hydrogen
bonding of (5) with the amide proton of A356/A334.


The interactions governing the ligand–receptor recognition
process in the ACE_C domain are: i) a salt bridge between
D377, E162, and the NH2 group of the side chain of the ligand
in the P1’ position, ii) a hydrogen bond of the carboxyl oxygen
of (1) with Q281, iii) the presence of bulky hydrophobic groups
in the P1 and P2’ sites, and iv) a stacking interaction of the aro-
matic side chain of F391 with a benzyl group in the P2 posi-
tion.


In ACE_N the interactions suggesting selectivity for the rec-
ognition process are: i) a hydrogen bond of the amido group
(8) with E431, ii) a salt bridge of the carboxyl group of P2(7)
with R500, iii) a hydrogen bond of (9) with Y369, and iv) a hy-
drogen bond of (10) with R381.


The knowledge reported here might therefore form a start-
ing point for the rational design of novel, potent domain-spe-
cific inhibitors, improving on the current class of ACE inhibi-
tors, which already find widespread application in the treat-
ment of cardiovascular and renal diseases. The next step in
this line of research will be the design of lead compounds
based on our refined pharmacophore model and on the active
site topology.


Computational Methods


The model of the N-catalytic domain of sACE (ACE_N), based on
the crystal structure of the testis isoform of ACE (pdbid 1O8 A), is
described elsewhere.[21] In this study, the inhibitor-bound structure
of ACE_N (30 models) was constructed through comparative mod-
eling by use of MODELER 6.2 v[35] based on the recently solved crys-
tal structure of the tACE–lisinopril complex (pdbid: 1O86[19]). Of the
30 models, the one with the lowest energy[36] and best stereo-
chemistry was selected.[37] The root-mean-square deviation of all
backbone atoms was found to be 0.19 � for the ACE_C–lisinopril
complex, with no changes in secondary assignments. We then
used two protein structure verification methods that characterize
the environments of residues to assess the ACE_N model relative
to the X-ray ACE_C structure. Both the PROFILER3D[38] and ERRAT[39]


programs gave comparable scores for ACE_N and ACE_C. Structure
superposition of tACE in complexation with lisinopril (pdbid:
1O86),[19] with AnCE in complex with lisinopril (pdbid: 1 J36)[22] and
with ACE2 in complex with the MLN-4760 inhibitor (pdbid: 1R4L)[40]


gave rmsds of 1.03 � and 1.22 �, respectively (Figure S4 in the
Supporting Information). Interestingly, structure alignment of the
active sites of the discussed inhibitor-bound forms of the enzymes
tACE(ACE_C) with AnCE and ACE2 gave rmsds of 0.43 � and 0.69 �
respectively, with the three inhibitors fully superimposed (Figure S5
in the Supporting Information). Therefore, despite a profound con-
formational change in the unbound and inhibitor-bound forms of
ACE2,[40] it can be concluded that angiotensin converting enzyme
retains very similar overall structural features of the inhibitor-
bound form even in different isoforms where sequence diversity is
high. Thus, since the sequence homology between ACE_N and
ACE_C is �55 %, high accuracy could be expected for the con-
structed model of the inhibitor-bound form of the ACE_N domain
based on the crystal structure of the tACE–lisinopril complex.[19]


Docking calculations of ligands I–IX (Scheme 1) to ACE_N and
ACE_C were carried out by use of the provided empirical free
energy function and the Lamarckian Genetic Algorithm (LGA)
method[41] as implemented in the AutoDock program, by applica-
tion of a protocol with an initial population of 50 randomly placed
individuals, a maximum number of 1.5 � 106 energy evaluations, a
mutation rate of 0.01, a crossover rate of 0.80, and an elitism value
of 1. For the local search, the Solis and Wets algorithm was applied
with the use of a maximum of 300 interactions per local search.
Fifty independent docking runs were carried out for each ligand.
Results differing by less than 1 � in positional root-mean-square
deviation (rmsd) were clustered together and represented by the
most favorable free energy of binding. For the protein setup, Koll-
man united atom partial charges were assigned, and all waters
were removed. Solvation parameters were added to the final pro-
tein file with the aid of the ADDSOL utility in the AutoDock pro-
gram. The grid maps, representing the protein in the docking proc-
ess, were calculated with AutoGrid. The grids were chosen to be
large enough to include a significant part of the protein around
the binding site. In all cases we used grid maps with 61 � 61 � 61
points with a grid point spacing of 0.375 �. The center of the grid
was set to be coincident with the mass center of the ligand in the
crystal complex. As has been mentioned, comparisons of the struc-
tures of the complex and the free enzyme of tACE and drosophila
AnCE[22] show that the inhibitor binding does not induce a signifi-
cant rearrangement of the active site residues, so the system was
not further energy minimized.


The atomic coordinates of lisinopril and captopril and enalaprilat
were taken from their complexes with tACE.[19, 20] The structures of
fosinoprilat, quinaprilat, ramiprilat, enalaprilat, peridoprilat, and
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keto-ACE were retrieved from the Cambridge Crystallographic Da-
tabase (CCD). The phosphinic ligand RXP 407 was constructed with
use of the PRODRG server,[42] whereas the torsion angles were fur-
ther refined manually, on the basis of the common molecular parts
of the relevant phosphinic peptide PKF bound to astacin (pdbid:
1QIJ[30]). All the relevant torsion angles were regarded as flexible
during the docking process, thus allowing a search of the confor-
mational space.
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On the in vitro and in vivo Properties of Four
Locked Nucleic Acid Nucleotides Incorporated
into an Anti-H-Ras Antisense Oligonucleotide
Kees Fluiter,*[a] Miriam Frieden,[b] Jeroen Vreijling,[a] Christoph Rosenbohm,[b]


Marit B. De Wissel,[a] Signe M. Christensen,[b] Troels Koch,[b] Henrik Ørum,[b] and
Frank Baas[a]


Introduction


Several strategies are available to mediate specific gene knock-
down. The oldest and best-understood method for inhibiting
gene expression is the use of antisense oligonucleotides
(ODNs). The most efficient mechanism of inhibition of gene ex-
pression by ODNs is mediated through RNase H-based cleav-
age of mRNA in the DNA–RNA heteroduplex following
Watson–Crick base pairing.[1] Unmodified DNA or RNA ODNs
are not of much use in vivo because they are easy prey for all
sorts of nucleases present in biological systems. To circumvent
these biological defense systems, three generations of chemi-
cal modifications to the sugar, base, and backbone have been
used in ODNs. First, thiolation of the phosphodiester backbone
of an ODN is the best-known modification, but this has also
been associated with nonspecific effects caused by interactions
with intracellular and cell-surface proteins.[2] The second gener-
ation of ODNs contain modifications of the 2’-O position of the
ribose moiety.[3] Recently, interest has been focused on the
third-generation antisense ODNs, which contain conformation-
ally restricted derivatives. b-d-Locked nucleic acid (LNA), con-
tains a methylene 2’-O, 4’-C linkage (Scheme 1).[4] This bridge
reduces conformational flexibility and confers an RNA-like C3’-
endo conformation on the sugar moiety of the nucleotide.[5]


This greatly enhances affinity towards DNA and RNA targets
(DTm values from 4.0 to 9.3 8C per introduced LNA monomer
compared to unmodified duplexes).[6] Very much like all 2’-O-
modified ODNs, b-d-LNA is not a good substrate for RNase H.
Systematic studies concluded that a DNA gap of 7 or 8 nt is


necessary for activation of RNase H.[7] The high affinity of LNA
results in significantly improved access to a RNA target, which
allows the use of shorter-length ODNs (16-mers instead of the
typically used 20-mer phosphorothioates), and in an increased
efficacy of target knockdown at low concentrations.[7] More-
over, the use of LNA in these gapmers increased stability
against nucleases more than tenfold. It was shown that LNA-
modified ODNs can be very efficacious in several in vivo model
systems.[8]


The clear benefits of LNA have prompted research into
other derivatives.[9] These LNA analogues form a whole family
of related conformationally restricted molecules with a methyl-
ene 2’-heteroatom, 4’-C linkage. In this study, we compared
the properties of four of these LNA family members when in-
corporated into antisense ODNs both in vitro and in vivo. The
classic b-d-LNA (LNA) chemistry was compared with its stereo-
isomer a-l-LNA together with more recent LNA family mem-
bers such as amino-b-d-LNA (amino-LNA) and thio-b-d-LNA
(thio-LNA; Scheme 1).[9c–h] Here we report the first comparative
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Locked nucleic acid (b-d-LNA) monomers are conformationally
restricted nucleotides bearing a methylene 2’-O, 4’-C linkage that
have an unprecedented high affinity for matching DNA or RNA.
In this study, we compared the in vitro and in vivo properties of
four different LNAs, b-d-amino LNA (amino-LNA), b-d-thio LNA
(thio-LNA), b-d-LNA (LNA), and its stereoisomer a-l-LNA in an an-
tisense oligonucleotide (ODN). A well-known antisense ODN
design against H-Ras was modified at the 5’- and 3’-ends with
the different LNA analogues (LNA-DNA-LNA gapmer design). The
resulting gapmers were tested in cancer-cell cultures and in a
nude-mouse model bearing prostate tumor xenografts. The effi-
cacy in target knockdown, the biodistribution, and the ability to
inhibit tumor growth were measured. All anti H-Ras ODNs were


very efficient in H-Ras mRNA knockdown in vitro, reaching maxi-
mum effect at concentrations below 5 nm. Moreover, the anti-H-
Ras ODN containing a-l-LNA had clearly the highest efficacy in
H-Ras knockdown. All LNA types displayed a great stability in
serum. ODNs containing amino-LNA showed an increased uptake
by heart, liver, and lungs as compared to the other LNA types.
Both a-l-LNA and LNA gapmer ODNs had a high efficacy of
tumor-growth inhibition and were nontoxic at the tested dosag-
es. Remarkably, in vivo tumor-growth inhibition could be ob-
served at dosages as low as 0.5 mg kg�1 per day. These results in-
dicate that a-l-LNA is a very promising member of the family of
LNA analogues in antisense applications.
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study of the properties of the three LNA analogues and LNA
when incorporated into a classic antisense ODN design and
demonstrate that a-l-LNA is the
most promising new member of
the LNA family, pairing good effi-
cacy with specificity.


Results and Discussion


Oligonucleotide design


In this study, we have used a 16-
mer version of the classic 20-mer
anti H-Ras ODN design ISIS 2503
as a model ODN. The incorpora-
tion of LNA moieties allows the
shortening of a 20-mer to a 16-
mer with improved efficacy in
target knockdown.[10] This ODN
design was chosen because we
have used the ISIS 2503 design
in previous studies and have
shown that H-Ras is a valid and
proven target in our model sys-
tems.[11] Secondly, both the prop-
erties of the first and second


generations of antisense ODNs have been tested
using the ISIS 2503 design in previous studies.[12]


A gapmer design was chosen with three LNA moi-
eties per flank (ends) and a stretch of nine DNA
bases in the center (gap) and a DNA base at the 3’-
end. The ODNs were fully thiolated. For each type of
LNA chemistry, a version of the ODN design and a
five-mismatch control were synthesized. The Tm was
approximately 70 8C and very similar for LNA, a-l-
LNA, and thio LNA. Only amino-LNA showed a some-
what lower Tm of 66 8C (Scheme 1).


In vitro properties


To test the biological properties in vitro we used the
prostate-cancer cell line 15PC3, as described in previ-
ous studies.[8b, 11] First, the efficiency of transfection
was compared for each LNA analogue. By using
radiolabeled and FAM-labeled ODNs, the amount of
ODN uptake was determined after 5 h of transfection
with lipofectamine 2000. For all LNA analogues, there
was more than 95 % transfection efficiency into the
cells. Both LNA and its stereoisomer a-l-LNA showed
similar levels of uptake and similar intracellular-distri-
bution patterns, with clear nuclear, perinuclear, and
diffuse cytosolic staining (Figure 1). Thio-LNA was
taken up almost twice as much as LNA and a-l-LNA,
but ended up for the most part in cytosolic vesicles.
Amino-LNA was taken up in relatively low levels, but
showed a similar intracellular distribution pattern to
LNA and a-l-LNA. Amino-LNA, thio-LNA, and LNA


showed very similar efficacies in mRNA knockdown as assayed
by Northern blotting (IC50 = 1.55 nm ; Figure 2). Remarkably, a-


Scheme 1. Chemical structures of the four LNAs tested and the sequences of the ODNs
used in this study. Abbreviations used; Capital letter: LNA, small letter : DNA. CN : amino-
LNA, CS : thio-LNA, CO : LNA, Ca : a-l-LNA, Cs: phosphorothiolated, mC: methyl-C. The Tm for
each full match ODN as measured against full matched DNA oligonucleotides is also indi-
cated.


Figure 1. Cellular uptake and intracellular distribution of LNA-modified anti-H-Ras ODNs. 15PC3 Cells were trans-
fected with tritiated or FAM-labeled LNA ODN by using lipofectamine 2000. After 5 h A) the total uptake of radio-
labeled ODN per mg cell protein and B) the intracellular distribution were studied.
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l-LNA had a significantly lower IC50 of 0.35 nm. In the 1–5 nm


concentration range, none of the mismatch controls of the
LNAs inhibited H-Ras mRNA expression significantly; this indi-
cates sequence specificity.


In vivo properties


To study the in vivo properties of the different LNA analogues,
we used a model of nude mice with tumor xenografts.[11] The
radiolabeled ODNs were administered by subcutaneously im-
planted osmotic minipumps. The biodistribution of each ana-
logue was determined (Figure 3 A). LNA and a-l-LNA showed
very similar biodistributions, typical for LNA and thiolated DNA
ODNs,[8b] except for in the kidneys, where the uptake of a-l-
LNA was significantly higher. In contrast, amino- and thio-LNA
showed an increased uptake by the liver. Compared with the
other analogues, amino-LNA showed the most different biodis-
tribution, with increased uptake in the heart, lung, muscle, and
bone. In the 15PC3 tumor xenografts, the amounts of LNA and
a-l-LNA taken up were more or less similar. In order to test
whether the new LNA modifications confer nuclease resistance
on ODN gapmers, we determined the stability of all four LNAs
in serum at 37 8C. Like LNA, all the analogues showed a great
stability in serum. The stability in serum of the four LNAs
during 24 h of incubation was similar (Figure 3 C).


Since the a-l-LNA was considerably more potent in vitro
than the other LNA ODNs, we tested whether a-l-LNA was
also more potent in vivo. The efficacy at tumor-growth inhibi-
tion of LNA ODN and a-l-LNA ODN was determined at four
different dosages (0.25, 0.5, 1, and 2.5 mg kg�1 per day). Nude
mice bearing 15PC3 xenografts were treated with anti H-Ras
ODNs containing either LNA or a-l-LNA modifications by using
osmotic minipumps. At a 1 mg kg�1 dosage, clear inhibition of
tumor growth was seen with both LNA and a-l-LNA ODN


(Figure 4). The mismatch control of a-l-LNA only slightly inhib-
ited tumor growth at dosages up to 1 mg kg�1 per day. Fig-
ure 4 B shows a summary of the tumor-growth rates in re-
sponse to different dosages. Tumor growth was measured
during the treatment period, and the slope of the growth
curve was fitted to calculate the mean growth rate during the
entire treatment period (Figure 4 B). From these data, it is clear
that a-l-LNA ODN is slightly more potent in inhibiting 15PC3
growth than LNA ODN. Both LNAs have superior efficiency in
tumor-growth inhibition to the previously published 5 mg kg�1


per day dosages needed for 15PC3 xenograft-growth inhibition
with the classic ISIS 2503 phosphorothioate ODN.[8b] However,
increasing the dosage above 1 mg kg�1 per day resulted in a
loss of specificity of the LNA ODNs, since the tumor growth
was also inhibited by the mismatch control ODN at
2.5 mg kg�1 per day dosage. From our own experience and
that of other groups,[13] it has become clear that significant
LNA modifications can impose “mismatch tolerance” on oligo-
nucleotides, and this needs to be considered when designing
the compound. However, we note that, when dealing with rap-
idly mutating disease agents such as viruses and bacteria, a
level of mutation tolerance can be desirable. To evaluate
whether LNA and a-l-LNA caused any toxicity in the mouse
liver (one of the principle uptake sites of ODNs in the body),
aspartate aminotransferase (ASAT), alanine aminotransferase
(ALAT), and alkaline phosphatase levels were measured after
treatment. No significant adverse effects of either analogue
were apparent when measuring the enzymatic activity levels in
the serum after treatment (Figure 5). The body temperature of
the mice was also monitored continuously during treatment,
and no abnormal fluctuations were seen.(data not shown).


Conclusion


All the new LNA family members tested possess the character-
istics of high affinity for matching mRNA and stability against
nucleases. Like the parent LNA, they can be incorporated into
ODNs without problems and they have a high efficacy in
target knockdown in in vitro cell transfections. Our results sug-
gest that a-l-LNA ODN can further improve upon the already
great efficacy of the parent LNA in vitro and in vivo. a-l-LNA is
better (ca. fivefold) than other LNA analogues at mediating
target knockdown in vitro. It is well established that b-d-LNA is
locked in a N-type conformation and thus gives rise to an A-
form duplex with complementary DNA and an almost canoni-
cal A-type (the natural form of double-stranded RNA) with
complementary RNA.[5] Duplexes between a-l-LNA and DNA
adopt a B-form[14] (the natural form of double-stranded DNA),
whereas duplexes of a-l-LNA with RNA generate an intermedi-
ate structure that is between the A and B forms[9g] and struc-
turally closer to the natural substrate of RNase H.[7c, 9h] However,
it is still unclear whether this fact contributes to the in vivo ef-
ficacy of the antisense ODNs.


The data presented here underpin the exciting possibility of
influencing pharmacokinetic parameters by choice of LNA
chemistry. In vivo usage of amino- and thio-LNA results in a
different biodistribution pattern from those of both stereo-


Figure 2. Efficacy of LNA-modified anti-H-Ras ODNs to knockdown H-Ras
mRNA as measured by Northern blotting. 15PC3 cells were transfected with
the indicated amounts of LNA ODN. ^ mismatch LNA, * mismatch a-l-LNA,
~ thio LNA, ! LNA, & amino LNA, * a-l-LNA. Twenty hours post transfec-
tion, the cells were harvested, and, after isolation, the RNA was blotted. The
H-Ras mRNA levels were corrected for loading by using a 28S ribosomal
RNA probe. The quantified data of three separate experiments are depicted
�SEM. As a control mismatched versions of LNA and a-l-LNA ODNs, as indi-
cated in Scheme 1, were transfected at the highest 5 nm dosage only.
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isomers of LNA. In conclusion, LNA-containing ODNs can be
used for antisense gapmer ODNs with high efficacy, and a-l-
LNA is the most promising new member of the LNA family,
pairing good efficacy with specificity.


Experimental Section


LNA oligonucleotide synthesis : The amino-LNA, thio-LNA, and a-
l-LNA monomers were prepared by following published procedur-
es,[9c, d, 15a, 15b] with the final phosphitylation step being performed
according to Pedersen et al.[15c] The b-d-LNA monomers were ob-
tained from Exiqon A/S (Denmark). All ODNs were synthesized by
Santaris Pharma AS (Hørsholm, Denmark), as described previous-
ly.[7c, 8b] 5-Methyl-C was used in all the ODNs. All syntheses were car-
ried out by using the phosphoamidite approach on an Expe-


dite 8900 MOSS (Multiple Oligonucleotide Synthesis System) syn-
thesizer at a 1 mmol scale. The ODNs were purified by reversed-
phase HPLC (RP-HPLC). After the removal of the DMT-group, the
ODNs were characterized by anion exchange (AE)-HPLC, and the
molecular mass was further confirmed by ESI-MS and MALDI-TOF
mass spectrometry on a Biflex III MALDI (Brucker instruments, Leip-
zig, Germany). The sequences of the ODNs are depicted in
Scheme 1. Melting temperatures were measured as described[7c]


with complementary DNA as the opposite strand. Tritium labeling
of ODNs was performed by using the heat-exchange method de-
scribed by Graham et al.[16]


Cell culture and in vitro experiments : The prostate-cancer cell
line 15PC3 was maintained by serial passage in Dulbecco’s modi-
fied Eagle’s medium (DMEM). Cells were grown at 37 8C and 5 %
CO2. Media were supplemented with fetal calf serum (10 %, v/v), l-
glutamine (2 mm), penicillin (100 U mL�1), and streptomycin


Figure 3. A) Biodistribution in female nude mice of radiolabeled ODNs modified with one of the four LNAs. The LNA ODNs were administered by using subcu-
taneously placed osmotic minipumps for 48 h. The mean specific uptake as a percentage of the given dosage (i.d. %) per gram of tissue in five mice per ODN
is indicated. B) Uptake of the LNA ODNs, which were administered to 15PC3 tumor xenografts by using osmotic minipumps, given as a percentage of the
given dosage per gram tissue (five mice per ODN). C) Stability of ODNs with the four LNAs in serum. The LNA ODNs were incubated in 50 % fresh human
serum at 37 8C and, following the indicated incubation period, put on a 16 % PAGE gel with 8 m urea. The LNA ODNs were stained with ethidium bromide.
A 16 mer DNA ODN was used as control.
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(100 mg mL�1). ODN transfections were performed in six-well cul-
ture plates with Lipofectamine 2000 (Invitrogen) as liposomal
transfection agent. Fluorescently (FAM) labeled LNA ODNs were
used to determine the transfection efficiency.


For fluorescence microscopy, cells were plated on glass coverslips
in a six-well culture plate, and transfected with FAM-labeled LNA
ODNs. For analysis, cells were fixed on the glass in PBS containing
paraformaldehyde (4 % m/v) and embedded in Vectashield Mount-
ing Medium (Vector Laboratories Inc. , Burlingame, CA, USA). Fluo-
rescence microscopy was performed with a Vanox microscope
(Olympus) and appropriate filters.


Northern blot analysis of RNA was as described.[8b] The
hybridized probe was visualized and quantified on a
phospho imager (Fuji BAS imager) by using AIDA 2.46
software (Raytest Benelux, Tilburg, the Netherlands).
cDNA fragments to be used as probes were generated
by RT-PCR and subsequent cloning into the pGEM-T Easy
vector (Promega). Probes used were Ha-Ras (GenBank ac-
cession no. NM 176956, position 233–762) and 28S rRNA
(GenBank accession M11167, position 1635–1973).


In vivo experiments : Eight to ten-week-old athymic
nude NMRI nu/nu mice (Charles River, the Netherlands)
were injected subcutaneously in the flank with 106


15PC3 cells in Matrigel (300 mL; Collaborative Biomedical
Products, Bedford, MA, USA). When tumor take was posi-
tive, an osmotic mini pump (Alzet model 1002, Durect
Co. , Cupertino, CA, USA) was implanted dorsally accord-
ing to the manufacturer’s instructions. The osmotic mini-
pumps were filled with oligonucleotides (with the dosag-
es indicated in the figure legends) or physiological
saline. Five mice per group were used for each treat-
ment. Tumor growth was monitored daily following the
implantation of the osmotic mini pump. Tumor volume
was measured as described previously.[11] Tissue-distribu-
tion studies of tritiated ODNs were performed according
to Bijsterbosch et al. ,[17] with the exception that the
ODNs were administered by using Alzet model 1002 os-
motic minipumps. The radioactivity in the different
organs was corrected for serum present at the time of
sampling as determined by the distribution of 125I-BSA.


Serum incubations were performed with ODN
(400 pmol) in fresh human serum (50 % v/v) from healthy
volunteers. After incubation at 378C, the samples were
mixed 1:1 with loading dye containing formamide (95 %


v/v) and loaded on denaturing PAGE (16 %, 19:1) gels containing
8 m urea. After running of the gel, the ODNs were stained with
ethidium bromide and visualized by using a Fuji LAS3000 darkbox
(Raytest Benelux, Tilburg, the Netherlands).


Aspartate aminotransferase (ASAT), alanine aminotransferase
(ALAT), and alkaline phosphatase levels in serum were determined
by using standard diagnostic procedures with the H747 (Hitachi/
Roche) with the appropriate kits (Roche Diagnostics). Body temper-
ature was monitored daily for each mouse by using IPTT-200 trans-
ponder chips and a DAS 5002 chip reader (Biomedic Data Systems,
Seaford, Dellaware, USA).


Figure 4. A) Comparison of the efficacy of tumor-growth inhibition by a-l-LNA and LNA.
Example of tumor-growth inhibition of 15PC3 xenografts at a dosage of 1 mg kg�1 per
day. The results are the means�SEM of five mice per treatment. B) Comparison of
tumor-growth rates (mm per day) during 11 days treatment with increasing dosages of
full-match a-l-LNA (black bar), LNA (gray bar), and a mismatch control a-l-LNA (striped
bar).


Figure 5. ASAT, ALAT, and alkaline phosphatase levels (units per liter at 37 8C) in mouse serum after treatment with 0.9 % saline, LNA or a-l-LNA at 1 mg kg�1


per day dosage. The results are the mean values�SEM of five mice per treatment.
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All animal experiments were conducted under the institutional
guidelines and according to the law; they were sanctioned by the
animal ethics committee.
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Molecular Basis of the Interaction Specificity
between the Human Glucocorticoid Receptor
and Its Endogenous Steroid Ligand Cortisol
Johannes von Langen,[c] Karl-Heinrich Fritzemeier,[d] Stephan Diekmann,[c] and
Alexander Hillisch*[a, b]


Introduction


The glucocorticoid receptor (GR) is a hormone-activated tran-
scription factor known to regulate, either directly or indirectly,
target genes involved in glucose homeostasis, bone turnover,
cell differentiation, lung maturation, and inflammation.[1] It is
therefore widely recognized as a therapeutically important
target. The transcriptional regulation of the GR is mediated by
hormone binding, which leads to receptor dimerization and
coactivator recruitment. GR ligands are commonly used to
treat diverse medical conditions such as asthma, allergic rhin-
itis, rheumatoid arthritis, and leukemia.[2] However, clinical use
is limited due to a number of side effects ranging from in-
creased bone loss and growth retardation to suppression of
the hypothalamic–pituitary–adrenal axis. Discovery of GR ago-
nists without the undesired side effects is the subject of in-
tense research efforts.[3]


The glucocorticoid receptor is a member of a family of ste-
roid/nuclear receptors (NR). They are eukaryotic transcription
factors and regulate gene expression in response to binding of
small hydrophobic ligands.[4–6] In humans, the NR superfamily
includes 48 proteins,[7] with the estrogen receptors a and b


and the glucocorticoid (GR), mineralocorticoid (MR), progester-
one (PR), and androgen (AR) receptors forming a single family.
Phylogenetic analysis and sequence alignments show that,
within the steroid receptors, the GR, MR, PR, and AR form a
subfamily of oxosteroid receptors that is distinct from the
estrogen receptor (ER) subfamily.[8]


The GR is a modular protein that is organized into three
major domains: an N-terminal activation function-1 domain


(AF-1), a central DNA-binding domain (DBD), and a C-terminal
ligand-binding domain (LBD). The ability of a nuclear receptor
to activate specific gene transcription requires the binding of
cognate ligands to their LBDs[9] and binding of the steroid ac-
tively modulates the structure of the receptor into a DNA-bind-
ing transcriptionally active complex.[10–12] The steroid is thus an
integral part of the transcriptionally active receptor/ligand
complex and is completely buried within the fold of the LBD.
In the absence of ligand, the GR is retained in the cytoplasm
by association with chaperone proteins such as hsp90 and
p23, which bind to the LBD.[13] In the nucleus, the GR binds to
DNA promoter elements and can either activate or repress


We analyzed the binding of five steroids to the human glucocor-
ticoid receptor (hGR) experimentally as well as theoretically. In
vitro, we measured the binding affinity of aldosterone, cortisol,
estradiol, progesterone, and testosterone to hGR in competition
with the ligand dexamethasone. The binding affinity relative to
the endogenous ligand cortisol (100 %) is reduced for progester-
one (22 %) and aldosterone (20 %) and is very weak for testoster-
one (1.5 %) and estradiol (0.2 %). In parallel, we constructed a ho-
mology model of the hGR ligand-binding domain (LBD) based on
the crystal structure of the human progesterone receptor (hPR).
After docking the five steroids into the hGR model ligand-binding
pocket, we performed five separate 4-ns molecular dynamics
(MD) simulations with these complexes in order to study the
complex structures. We calculated the binding affinities with two


different approaches (MM/PBSA, FlexX) and compared them with
the values of the experimentally determined relative binding af-
finities. Both theoretical methods allowed discrimination between
strongly and weakly binding ligands and recognition of cortisol
as the endogenous ligand of the hGR in silico. Cortisol binds
most strongly due to a nearly perfect steric and electrostatic
complementarity with the hGR binding pocket. Chemically similar
ligands such as estradiol, testosterone, and progesterone also fit
into the hGR binding pocket, but they are unable to form all
those contacts with the amino acids of the protein that are nec-
essary to yield a stable, transcriptionally active receptor confor-
mation. Our analysis thus explains the selectivity of the human
glucocorticoid receptor for its endogenous ligand cortisol at a
molecular level.
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transcription depending on the context of the target pro-
moters.


For almost all members of the steroid-receptor superfamily,
the DBDs and LBDs are relatively well conserved.[14–16] The re-
ceptors of the GR subfamily (AR, GR, MR, PR) have overlapping
steroid-binding specificity and
they bind to the same steroid-
responsive elements in target
genes.[15, 17, 18] The mineralocorti-
coid receptor, for example, rec-
ognizes mineralocorticoids and
most glucocorticoids with high
affinity, while the glucocorticoid
receptor only binds glucocorti-
coids with high affinity.[15, 18–20]


NR LBD crystal struc-
tures[10, 12, 21, 22] reveal that the
LBDs fold into a canonical three-
layer helical sandwich that
embeds a hydrophobic pocket
for ligand binding. They also
highlight the importance of the
C-terminal helix 12 in ligand-de-
pendent regulation. Agonist binding induces a conformational
change of the C-terminal activation function AF-2
(helix 12),[12, 23, 24] thereby stabilizing the receptor in an active
conformation in order to facilitate its association with coactiva-
tor proteins, such as steroid receptor coactivator-1 (SRC-1) and
transcriptional intermediary factor 2 (TIF2).[20, 25, 26] Given its bio-
logical and pharmaceutical importance, the GR LBD structure is
of particular interest. It was determined in complex with dexa-
methasone and a coactivator motif derived from TIF[27] and in
complex with Mifepristone (RU486).[20] The structure shows a
distinct steroid-binding pocket with features that explain dexa-
methasone binding in detail.


However, the molecular basis of how GR distinguishes be-
tween cortisol and other important steroid hormones has not
previously been understood in detail. Aldosterone, progester-
one, and testosterone in particular are based on the same ste-
roid skeleton as cortisol, while the estradiol steroid skeleton is
similar.


In this work, we measured and theoretically studied the rela-
tive binding affinity of aldosterone, cortisol, estradiol, proges-
terone, and testosterone for the GR. In order to explain the ex-
perimental binding data, we developed a model of the human
glucocorticoid receptor (hGR). This receptor-protein model was
then used to study the interactions between the hGR and its
endogenous ligand cortisol, as well as the interactions with the
other four steroids, by using various theoretical methods.


Results and Discussion


Relative-binding-affinity measurements


The relative binding affinities (RBA) of estradiol, progesterone,
testosterone, aldosterone, and cortisol for the GR were mea-
sured in competition experiments. [3H]-dexamethasone was


used as a radioligand for the competition measurements. The
results are normalized with respect to cortisol, which is set to
100 % binding. As expected, cortisol shows the highest binding
affinity followed by progesterone (22.0 %), aldosterone (20.2 %),
testosterone (1.5 %), and estradiol (0.2 %; see Table 1). RBA


values for these ligands had previously been determined by
others for the GR from rat thymus, liver, and hepatoma tissue
cells (HTC) in culture[28] and from transiently transfected CV1
cells.[29] The RBA values depend on the experimental condi-
tions, as well as the tissues/cells used in the studies.[28] Howev-
er, the relative rankings agree well in most studies with our
data shown here (Table 1).


In order to interpret the experimentally determined binding
affinities on a molecular basis, molecular dynamics simulations
were performed, by using a homology model of the hGR-LBD/
ligand complexes.


Initial homology model of the hGR LBD in complex with
cortisol


Since there is a 54 % sequence identity between the hPR and
hGR, a homology model of the hGR LBD was built based on
the X-ray crystal structure of the hPR LBD.[16] After energy mini-
mization including an explicit solvent environment (see the Ex-
perimental Section), the protein structure was analyzed with
regard to conformational parameters. More than 97 % of the
residues in the Ramachandran plot are in the most favored or
allowed regions and 100 % show stereochemical correctness
when checked with the PROCHECK program.[30] These results
suggest that the obtained initial hGR model is of good quality
and is suitable for further studies regarding details of receptor/
ligand interactions. Indeed, the comparison of this model with
the later-solved X-ray crystal structure of hGR in complex with
dexamethasone[27] reveals an RMSD value for the backbone
atoms of 2.1 �. A comparison between the initial homology
model and the X-ray crystal structure is displayed in Figure 1 a.
Our hGR model and the hGR X-ray crystal structure are very
similar, especially in the regions of helices 1, 3, 5, 6, 8, and 9.
Differences occur mainly at the loop regions in the outer parts,


Table 1. Experimental and calculated receptor-binding data.


Ligand Experimental MM/PBSA[b] FlexX FlexX
RBA[a] DGb DGMM DGso initial[c] mean[c]


[%] [kcal mol�1] [kcal mol�1] [kcal mol�1]


aldosterone 20.2 �31.1�3.7 �82.0 50.9 �21.0 �23.9
cortisol 100.0 �35.0�4.2 �96.2 61.2 �11.8 �26.2
estradiol 0.2 �30.0�3.6 �66.1 36.0 �13.4 �19.3
progesterone 22.0 �28.2�4.0 �65.3 37.1 �5.0 �4.8
testosterone 1.5 �27.6�3.7 �62.6 35.1 �9.0 �4.7


[a] Experimental RBA: experimentally determined relative binding affinity (given as a percentage) in relation to
the binding of cortisol to the hGR (100 %). [b] MM/PBSA: DGb =DGMM+DGsol�TDS ; DGb = calculated binding
free energy. DGMM and DGsol are the force-field interaction and solvation terms for DGb. TDS is not included
(see text). [c] FlexX scores obtained by docking the five ligands into the inital homology model (FlexX initial)
and the mean structure (FlexX mean) of the hGR LBD simulated by molecular dynamics over 4 ns.
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which are responsible for dimerization, but there are also dif-
ferences in helix 12. The higher degree of variation within the
loop regions is probably due to simulating a monomer instead
of a dimer. This leads to higher flexibility in these areas due to
the lack of stabilization by the second monomer.


hGR-LBD/cortisol interactions in the initial homology model


In the initial hGR structure model (only energy minimization,
no MD), most of the functional groups of cortisol are involved
in hydrogen bonds. Only the hydroxy group at the 17a posi-
tion remains unbound and Gln642 is in a rotameric state that
differs from the X-ray crystal structure. The energy-minimized
complex shows a pronounced hydrogen-bonding pattern
around the A ring, involving Arg611 and Gln570 in hydrogen
bonds with O3 of cortisol. A central water molecule is thereby
bound to Gln570 and the backbone carbonyl oxygen atom of
Met605 and it also accepts a hydrogen bond from Arg611.
Thus, this water molecule positions Arg611 and Gln570 ideally
in order to form further hydrogen bonds with the carbonyl
oxygen atom O3 of the steroid. Direct hydrogen-bond contacts
of this water molecule with O3 are not observed. This observa-
tion is in agreement with the hydrogen-bonding pattern found
in X-ray crystal structures for both the hPR[16] and hGR.[27] Fur-
ther hydrogen-bond contacts between the ligand and receptor
are observed for the hydroxy functional groups at the 11b and
21 positions of cortisol with Asn564.


Docking of steroids to the initial homology model


We then asked whether the initial homology hGR model is ac-
curate enough to reflect the specific binding affinity of cortisol
in comparison to other steroid hormones. A selection of five
different steroids (aldosterone, cortisol, estradiol, progesterone,
and testosterone) were docked into the binding pocket of the
model by using the FlexX program.[31] The results of the dock-
ing studies are summarized in Table 1 (FlexX initial), with the
FlexX scores listed.


All the steroids are correctly placed in the binding pocket in
an orientation similar to cortisol, having the gonane skeleton
properly superimposed. However, the FlexX scores do not re-


flect the measured relative binding affinities (see Table 1). In
this conformation of the protein, a hydrogen-bonding partner
for the 17a-hydroxy group of cortisol is missing, since Gln642
is placed outside the binding pocket. Thus, the polar 17a-hy-
droxy group of cortisol is placed in a mainly lipophilic environ-
ment, thereby reducing the lipophilic-contact surface area. In
contrast to the experiments, aldosterone was identified as the
ligand with the highest binding affinity (�21.0; see Table 1).
The reason is that this steroid lacks the 17a-hydroxy group.
Even estradiol (�13.4) showed a more favorable score than
cortisol (�11.8). This indicates that the initial model of the hGR
LBD is not accurate enough to explain the experimental bind-
ing-affinity data correctly.


Molecular dynamics simulations of the hGR/cortisol complex


In order to obtain a better understanding of the energetic con-
tributions to the binding, the initial model of the hGR/cortisol
complex was subjected to a molecular dynamics simulation
including 7925 water molecules and periodic boundary condi-
tions. The trajectory was subsequently analyzed by using the
MM/PBSA method.[32] This approach considers the contribution
of the electrostatic and deformation energy terms as well as
the desolvation energy.


The simulation can be regarded as a stable trajectory. When
the initial model and the model obtained by energy minimiz-
ing are compared, the averaged structure of the MD simulation
shows important differences in hormone binding (Figure 2). In
comparison to the initial model, the MD simulation model al-
lowed the formation of additional tight hydrogen bonds be-
tween cortisol and the hGR. In particular, Gln642 changed its
conformation and built a stable hydrogen bond with the 17a-
hydroxy group of cortisol. This interaction was observed in
99 % of the snapshots taken during the MD simulation (as
shown in Figure 3 a). Figure 3 displays the frequency of hydro-
gen bonds formed during the MD simulation by stating the
percentage of connections measured by analyzing the trajecto-
ry. Further particularly strong interactions were observed for
the 11b-hydroxy function binding to the carbonyl oxygen
atom of Asn564. Less frequent hydrogen-bond contacts were
observed for the cortisol 21-hydroxy group with Asn564 (64 %
of snapshots) and the carbonyl O3 atom with Arg611 (47 %).
Weak hydrogen bonds between the steroid and the protein
were formed between O20/21 and Thr739. These data are con-
sistent with interactions observed in the X-ray crystal structure
of dexamethasone and the hGR (Figure 4),[20, 27] simulations of
cortisol with other homology models,[33, 34] and site-directed
mutagenesis experiments.[35] Neither the X-ray crystal struc-
tures nor our model show direct hydrogen-bond contacts of
Cys736 to the ligand. This observation is supported by muta-
genesis experiments.[36]


The MD simulation also allowed an assignment of the hydro-
gen-bonding pattern around the A ring of cortisol, including a
central water molecule. A conserved single structural water
molecule was also found in the hPR, human-androgen-receptor
(hAR), and hGR structures. Since X-ray crystallography fails to
detect hydrogen atoms, the pattern of these atoms had to be


Figure 1. Comparison between the experimental and the simulated models
of the hGR. Superposition of the X-ray crystal structure (in red) with a) the
initial homology model (in blue) and b) the final model (in green), which
was calculated by averaging the MD simulation.
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modeled.[37] The central water molecule, binding to Gln570 and
the backbone of Met605, seems to be crucial for stabilizing the
interaction of Gln570 and Arg611 with the carbonyl O3 group
of cortisol. Interestingly, throughout the MD simulation we ob-
served that this water molecule exchanged several times with
other water molecules residing in a cavity near Arg611 and
Gln570.


Molecular dynamics simulations of the hGR/steroid
complexes


The MD simulations of hGR with aldosterone, estradiol, proges-
terone and testosterone were performed identically to that for
the hGR/cortisol complex. All simulations resulted in stable tra-
jectories. The hGR/aldosterone complex is shown in Figure 3 b
as an example of a medium-strength-binding hGR ligand. The
aldosterone A ring forms the same hydrogen bonds as cortisol.
The 18b-hydroxy function of aldosterone forms a hydrogen
bond to Asn564 similar to that of the 11b-hydroxy group of
cortisol. This influences the hydrogen-bond frequency of the


Figure 3. Schematic representation of the interaction of a) cortisol and b) al-
dosterone with selected amino acids in the hGR ligand-binding pocket. Anal-
ysis of the MD simulation gives an estimate of the frequency of the hydro-
gen bonds formed (as a percentage) during the entire simulation. Arrows
demonstrate the direction of binding force from donor to acceptor. The pro-
tein backbone atoms have been removed for the sake of clarity.


Figure 4. Comparison of experimentally determined and predicted binding
modes of hGR ligands. The X-ray crystal structure of the hGR in complex
with dexamethasone is shown in light blue, the initial homology model is
dark grey, and the averaged conformation of the MD simulation is shown in
pink, with the ligand cortisol in white.


Figure 2. Comparison of binding modes of cortisol in a) the initial hGR
model and b) the averaged structure of the MD simulation. Dotted lines
have been inserted afterwards to indicate potential hydrogen bonds with
regard to general hydrogen-bonding parameters. Hydrogens have been re-
moved and further structural elements—covering a distance of 8 � around
the ligand—are shown as thin lines for the sake of clarity.
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21-hydroxy group negatively. The missing 17a-hydroxy group
contributes to the weaker interactions of aldosterone with the
hGR. Hydrogen bonds to the 11-ether oxygen atom of aldo-
sterone were not observed throughout the MD simulation.


MM/PBSA calculations for all five hGR complexes


Calculations of the binding free energy, DGb, between hGR and
the five different steroids were carried out by using the MM/
PBSA method.[32] The results of these calculations are displayed
in Table 1 together with the relative binding affinities mea-
sured in vitro. These calculations qualitatively allow us to dis-
criminate between the strongly and the weakly binding com-
pounds. Cortisol is correctly predicted by the calculation to be
the ligand with the highest binding free energy for the hGR
(�35.0 kcal mol�1; see Table 1). However, the weakest binder
estradiol is predicted by the MM/PBSA approach to have a
higher binding free energy (�30.0 kcal mol�1) than the second
strongest binding ligand progesterone (�28.2 kcal mol�1),
which is not in agreement with the RBA data. The method is
thus not able to correctly discriminate between several low-
affinity ligands.


The MM/PBSA analysis allows the binding free energy to be
split into a protein–ligand interaction and a solvation free
energy part. The cortisol/hGR association is calculated to have
the highest solvation free energy of all the reactions. However,
due to seven hydrogen bonds between the ligand and protein,
the interaction contributions overwhelm the desolvation pen-
alty. In contrast, the much more lipophilic estradiol, testoster-
one, and progesterone complexes have a decreased solvation
free energy but are unable to form the necessary interactions
with the hGR (forming only four, three, and two stable hydro-
gen bonds, respectively) ; this results in a lower binding affinity.


Conformation changes with dependence on the ligand


We than compared the behavior of the entire hGR-LBD confor-
mation in complex with the five steroids throughout the MD
simulations. Each of the five ligands displayed a different influ-
ence on the global conformation of the protein. Figure 5
shows a representation of the root mean square fluctuation
(RMSF) of the Ca atoms of the hGR LBD for each complexed
steroid. This analysis allows rigid and flexible regions to be
detected.


The calculations demonstrate a noticeable conformational
flexibility of the protein when it is simulated with estradiol,
progesterone, and testosterone. Although the overall struc-
tures of these hGR complexes remained close to the starting
conformation, changes occurred in the loop between helices
11 and 12 and within helix 12. Helix 12 is known to play an
important role in ligand binding to nuclear receptors.[12] The
most stable structures were obtained from the simulations
with cortisol and aldosterone (Figure 5). Obviously, the hydro-
gen-bonding network inferred by these two ligands in the
binding pocket stabilizes the conformation of the entire pro-
tein. Cortisol, for example, stabilizes the interaction of helices 3
and 8 by forming strong hydrogen bonds with Asn564 and


Gln642. Asn564 contacts cortisol with two hydrogen bonds
and forms an additional hydrogen bond with Glu748 in the
loop between helix 11 and 12. This interaction pattern is only
observed for cortisol and aldosterone and may be responsible
for the higher stability of these complexes. Simulation of the
hGR complexes with the other steroids (estradiol, progester-
one, and testosterone) shows much higher fluctuations in
these loop regions. We speculate that the stability of the con-
formation is correlated with the transcriptional potency of the
steroids. This speculation is supported by comparison of other


Figure 5. Flexibility of the hGR Ca-backbone atoms during the MD simula-
tions with dependence on the ligand. hGR complexes with, a) aldosterone,
b) cortisol, c) estradiol, d) progesterone, and e) testosterone. The models are
colored according to the RMS deviations of the backbone atoms throughout
the simulations. Red corresponds to RMSD values of 0–2 � and shows re-
gions of the structure that remained rigid during the simulations. Green in-
dicates regions with RMS deviations of 2–3 �, and blue areas indicate larger
fluctuations with RMSD values of >3 �.
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glucocorticoid-receptor binding and transactivation data.[29]


Steroids that lack the 11b-hydroxy functionality (that is, 11-de-
oxycorticosterone, 11-deoxycortisol, progesterone, and testos-
terone) show larger discrepancies between receptor binding
and transactivation. (They show strong receptor binding but
weak transactivation.) The conformational stability of the re-
sulting complexes may be one reason for this discrepancy.


Observation of the plasticity of the binding pocket


Calculations of the volume of the binding pocket were carried
out in order to determine the plasticity of the binding pocket
with dependence on the different ligands. We find that the be-
havior of the binding pocket varies strongly among the differ-
ent ligands (see Figure 6). When simulated with its endoge-
nous ligand cortisol, the volume of the binding pocket stays
within its starting dimensions, with a volume of 607 �3 and a
variable plasticity of �44 �3. When compared with the remain-
ing steroids in complex with the hGR, cortisol shows the best
fit to the binding pocket by occupying 61 % of its volume.
When the complex is simulated with estradiol (the smallest
ligand), the pocket collapses to a volume of (499�47) �3.
When simulated with progesterone, the binding pocket adopts
an unusually large space. Although progesterone (with 315 �3


of volume) is smaller than cortisol (with 338 �3), it forces the
pocket to expand to a mean volume of (664�51) �3. This
might be due to a lack of potential hydrogen-bonding part-
ners, which would be required for contracting the binding
pocket to form an optimal space around the bound steroid.
The volumes of the pockets for aldosterone and testosterone
are (598�48) �3 and (608�44) �3. In our studies the volume
of the binding pocket is thus not correlated with the volume
of the ligands. Ligands that are unable to form important con-
tacts with the receptor lead to a collapse or an expansion of
the binding pocket. This destabilizes the entire conformation
and leads to larger fluctuations during the MD simulations, as
discussed above.


Only cortisol and aldosterone resulted in stable MD trajecto-
ries with a low flexibility of the protein backbone and a con-
stant volume of the binding pocket. This is in agreement with
published transactivation data.[29]


Docking to the refined homology model


The averaged structure of the MD simulation was used for
second docking experiments with the program FlexX. This was
done in order to check if the conformational changes from the
MD simulation lead to a structure that explains ligand recogni-
tion better than the initial homology model. Performing dock-
ing on the initial homology model resulted in FlexX scores that
suggest aldosterone to be the strongest binding ligand of hGR
(see Table 1, FlexX initial). Cortisol was not identified as the en-
dogenous ligand of the hGR. By contrast, when the averaged
structure from the MD simulation was used, the FlexX program
was able to identify cortisol as the ligand showing the highest
binding affinity(�26.2; see Table 1, FlexX mean). The different
abilities of the two hGR homology models to recognize cortisol


is grounded in the fact that Gln642 points out of the binding
pocket in the initial model (Figure 2) and the docking program
FlexX is unable to identify a hydrogen bond between the 17a-
hydroxy functional group of cortisol and Gln642. During the
MD simulation, Gln642 flips into the binding pocket, thereby
forming a hydrogen bond to the cortisol 17a-hydroxy group.
When the FlexX program is run on the averaged structure of
the MD simulation, a correct binding pose of cortisol, including
a hydrogen bond to Gln642, is identified. Cortisol is now rec-
ognized as the ligand with the best score. In all five MD simu-
lations, Gln642 was inside the pocket. Thus, even the com-
plexes with the “wrong” ligands were better starting points
than the initial homology model.


This example has some general implications for docking li-
gands to homology models. In our case, the MD simulations
provided conformations of homology models that were better
suited for predicting the correct ligands by using docking
methods than the simple energy-minimized homology models.
It might thus be advantageous to use homology models that
have been simulated in complex with known ligands for, for
example, (high-throughput) docking studies. Protein conforma-
tions that have been simulated with natural ligands or sub-
strates might thus give biologically more meaningful results.


Conclusion


We determined the relative binding affinities of five chemically
similar steroid ligands to the human glucocorticoid receptor
(hGR) and obtained results in agreement with previous
data.[35, 36] In order to understand the stronger binding of the
endogenous ligand cortisol as compared to the other steroid
ligands on a molecular basis, we constructed a homology
model of the hGR ligand-binding domain (LBD). The model
was derived from an X-ray crystal structure of the human pro-
gesterone receptor (hPR) since hPR and hGR show a 54 % se-
quence identity. The resulting model and the ligand-binding
mode (obtained by manual docking of glucocorticoids to the
model) are virtually identical to those observed in the com-
plexed hGR X-ray crystal structure.[26] Our molecular dynamics
simulations show that the hGR/cortisol and hGR/aldosterone
complexes maintain their integrity during the entire simula-
tion. This is in contrast with simulations of complexes with
other steroids, which lead either to a collapse or an expansion
of the ligand-binding pocket and an increased flexibility in cer-
tain regions of the protein structure. A detailed MM/PBSA anal-
ysis of the energetics of the binding process enabled us to
identify cortisol as the strongest binding steroid and to dis-
criminate between the strongest and the weaker binding li-
gands in silico. Although the other steroids, aldosterone, estra-
diol, testosterone, and progesterone, are characterized by
lower desolvation penalties, cortisol binds most strongly due
to a nearly perfect steric and electrostatic complementarity
with the hGR binding pocket. Our analysis thus explains the se-
lectivity of the hGR for cortisol on a molecular level. Chemically
similar ligands such as estradiol, testosterone, and progester-
one also fit into the hGR binding pocket, but they are unable
to form all those contacts with the amino acids of the protein
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that are necessary to yield a stable, transcriptionally active re-
ceptor conformation. This approach provides an opportunity
to estimate the binding affinity of even theoretical compounds
to the glucocorticoid receptor, which should be helpful for the
discovery of future, highly selective ligands.


Experimental Section


Glucocorticoid receptor binding : The binding affinity of the com-
pounds to the hGR was measured by in vitro competition experi-
ments with [3H]-dexamethasone as the ligand and unlabeled dexa-
methasone as the reference. The study was performed essentially


Figure 6. Plasticity of the hGR ligand-binding pocket recorded during MD simulations with five steroids : a) aldosterone, b) cortisol, c) estradiol, d) proges-
terone, and e) testosterone. The x axis shows the simulation time (up to 4 ns) and the y axis shows the volume of the binding pocket, measured in �3.
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as described in ref. [38]. In short, the hGR was isolated from SF-9
insect cells infected with a recombinant baculovirus coding for the
human GR. Cells were harvested 2 days postinfection by centrifu-
gation for 15 min at 600 g. Pellets were resuspended in 1/10th of
the culture volume in homogenization buffer (20 mm tris(hydroxy-
methyl)aminomethane (Tris)/HCl at pH 7.5, 0.5 mm ethylenedi-
aminetetraacetate (EDTA), 2 mm 1,4-dithiothreitol (DTT), 20 % glyc-
erol, 400 mm KCl, 20 mm sodium molybdate, 0.3 mm Aprotinin,
1 mm Pepstatin, and 10 mm Leupeptin (protease inhibitors were
freshly added from a 100-fold ethanol stock solution just before
the preparation)) and were shock frozen in liquid nitrogen. After
3 cycles of freezing and thawing, the homogenate was centrifuged
for 1 h at 100,000 g. The protein concentration of the resulting
supernatant was typically 5–7 mg mL�1 (determined by the Pierce
bicinchoninic acid (BCA) method).


The binding affinity of the test compounds is given as relative
binding affinity (RBA), which is defined as (IC50(reference)/IC50(test
compound)) � 100 from the competition experiment. The IC50 value
of dexamethasone is 10 nm. The results were normalized with re-
spect to cortisol, arbitrarily set to 100 % relative binding affinity.
The mean deviation of the test method is 15 %.


Dexamethasone[1,2,4,6,7-3H] with a specific activity of 89 Ci mmol�1


(2.85 TBq mmol�1) was obtained from Amersham/England, Charcoal
Norit A was from Serva, and Dextran T70 was from Pharmacia. All
other substances were commercially available in analytical grade.


Estradiol, testosterone, aldosterone, cortisol, and progesterone
were provided by the Medicinal Chemistry Section of Schering AG,
Berlin, Germany.


Comparative modeling : A homology model of the GR LBD was
built based on the X-ray crystal structure of the PR in complex
with progesterone.[16] The sequence alignment was taken from
ref. [16] and shows a 54 % sequence identity between the PR tem-
plate structure and the GR target sequence. The model-building
process was carried out with the program MODELLER (Version 4).[39]


For evaluation of this initial homology model, the structure was
checked by using the programs PROCHECK[30] and WhatCheck,[40]


to spot faults in backbone folding and clashes between side
chains. The resulting model was energy minimized by using the
AMBER program (see below).


The positioning of the five different ligands within the binding
pocket of the hGR starting structure was taken from the position
of progesterone in the human progesterone receptor (hPR)[16] by
fitting the model of the hGR onto the X-ray crystal structure of the
hPR and copying progesterone into the hGR structure. The remain-
ing hGR-receptor/ligand combinations were built by replacing the
progesterone with the corresponding new ligand after superposi-
tioning of the steroid scaffold.


Force field simulations :Molecular dynamics simulations : Molecular
dynamics (MD) simulations were performed by using the AMBER
software package.[41] The energy-minimum conformations of the
five steroids were obtained by using ab initio calculations and
manually docked into the binding cavities. The complexes were
protonated, neutralized, solvated (with approximately 8000 water
molecules), and simulated in a box of water. Long-range electro-
static interactions were dealt with by using the Particle Mesh
Ewald method (PME). A detailed description of the method used is
provided in the Supporting Information.


Analysis of protein flexibility during the MD simulations : The analyses
of the fluctuations of atoms about their mean position were per-
formed by using the CARNAL module in the AMBER software pack-


age. Each conformation of the protein recorded as a snapshot was
superpositioned on to the averaged structure of the MD simula-
tion. Root mean square deviation (RMSD) values were calculated
from the distance change between each Ca atom of the mean
structure and the actual conformation of the protein. RMSD values
were averaged over all snapshots.


Molecular mechanics (MM)/Poisson–Boltzmann solvation area (PBSA)
method : The overall binding free energy consists of three major
parts and is calculated as the sum of the interaction energies and
the solvation free energies of the components as well as the con-
formational entropy contribution to the binding. A detailed de-
scription of the single terms contributing to the overall binding
free energy is provided in the Supporting Information.


Docking : The FlexX program (version 1.8)[31] implemented with the
SYBYL 6.7 software[42] was used to perform the docking experi-
ments with the hGR. Docking of steroidal compounds was per-
formed with two receptor conformations. The “initial structure”
refers to the conformation of the GR/cortisol complex obtained
from the MODELLER program after solvation with TIP3P water mol-
ecules and full energy minimization with the AMBER force field.
The “averaged structure” refers to the conformation of the GR/cor-
tisol complex averaged over the last two nanoseconds of the MD
simulation. All water molecules in the averaged structure were re-
moved, and a short, steepest descent energy minimization was
performed to relax any existing clashes. This was necessary due to
the fluctuations of the water molecules, which made it impossible
to include them during the averaging process. Subsequently this
structure was solvated in a box of TIP3P water molecules and mini-
mized by using the conjugated gradient method until the energy
difference was below 0.01 kcal mol�1.


For the docking procedure, all water molecules, ions, and protons
were removed and a 6-� sphere around the binding site was used
as the template structure. Removal of the water molecules and
ions prevented steric and volumetric irritation of the docking pro-
cess, thereby allowing a broader variety of conformations to be
considered. All default parameters, as implemented in the
SYBYL 6.7 software, were used. The FlexX scoring function was
used to estimated binding free energies with the FlexX program.[43]
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New Inhibitors of the Tat–TAR RNA Interaction
Found with a “Fuzzy” Pharmacophore Model
Steffen Renner, Verena Ludwig, Oliver Boden, Ute Scheffer, Michael Gçbel, and
Gisbert Schneider*[a]


Introduction


In recent years it has become clear that large numbers of RNAs
fold into well defined three-dimensional structures, providing
interfaces for specific intermolecular protein–RNA and small
molecule–RNA interactions, which are essential parts of regula-
tory networks or antiinfective responses.[1] These findings have
led to constantly increasing interest in RNA as a potential drug
target with a plethora of potential applications,[2] and several
natural and synthetic small molecules have been reported to
interact specifically with RNA.[3] One of the best characterized
RNA-based regulatory systems is the transactivation response
element (TAR) of HIV mRNA.[4] Specific binding of the Tat pro-
tein to TAR is essential for virus replication. The TAR RNA there-
fore represents a potential target for HIV therapy as well as a
model system to deepen understanding of RNA–small mole-
cule interactions and the development of drugs for RNA tar-
gets in general. The structure of TAR consists of two rigid
double-strand stems connected by a flexible bulge of three
bases, which provides a specific binding pocket for the Tat pro-
tein.[4] A variety of molecules that inhibit the Tat–TAR interac-
tion, and consequently virus replication, have been found;[5]


such molecules include peptidic derivatives of the Tat binding
motif, such as argininamide (1; Scheme 1), antibiotics such as
neomycin, and a set of small molecules with unnatural scaf-
folds. Interestingly, most classes of bulge-binding ligands for
which structures have been determined bind in distinct re-
gions and stabilize very different conformations of the bulge.[6]


In searching for new drugs or leads, one is usually interested
in finding druglike molecules with favorable pharmacokinetic
profiles and oral bioavailability.[7] These conditions are not met
by the majority of the ligands that inhibit the Tat–TAR interac-
tion found so far ;[8] most bear multiple charges and some are
very large in comparison to commercial drugs. One interesting
class of ligands found by virtual screening are promazines such
as acetylpromazine (2), for which an NMR structure has been
published,[6] and chlorpromazine (3).[6, 9] RNA binding of this


molecule is not dominated by charged interactions, and so its
binding pocket might facilitate binding of classes of ligands
with drug-like properties. We therefore decided to focus on
finding new molecular scaffolds with binding modes similar to
that of acetylpromazine.


[a] Dipl.-Biol. S. Renner, Dipl.-Chem. V. Ludwig, Dipl.-Chem. O. Boden,
Dr. U. Scheffer, Prof. Dr. M. Gçbel, Prof. Dr. G. Schneider
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Fax: (+ 49) 69-798-29826
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TAR RNA is a potential target for AIDS therapy. Ligand-based vir-
tual screening was performed to retrieve novel scaffolds for RNA-
binding molecules capable of inhibiting the Tat–TAR interaction,
which is essential for HIV replication. We used a “fuzzy” pharma-
cophore approach (SQUID) and an alignment-free pharmaco-
phore method (CATS3D) to carry out virtual screening of a
vendor database of small molecules and to perform “scaffold-
hopping”. A small subset of 19 candidate molecules were experi-


mentally tested for TAR RNA binding in a fluorescence resonance
energy transfer (FRET) assay. Both methods retrieved molecules
that exhibited activities comparable to those of the reference
molecules acetylpromazine and chlorpromazine, with the best
molecule showing ten times better binding behavior (IC50 =


46 mm). The hits had molecular scaffolds different from those of
the reference molecules.


Scheme 1. TAR–Tat interaction inhibitors. Argininamide (1), acetylpromazine
(2), chlorpromazine (3) and CGP40336A (4).


ChemBioChem 2005, 6, 1119 – 1125 DOI: 10.1002/cbic.200400376 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1119







Virtual screening has been shown to be useful for finding
small, enriched sets of candidate molecules for further experi-
mental testing.[10] For TAR, only structure-based virtual screen-
ing has so far been reported, an automated docking approach
including a scoring function optimized for RNA resulted in the
identification of acetylpromazine.[9, 11] Other studies indicated
that the inherent flexibility of RNA structures might limit the
applicability of entirely structure-based approaches.[2c, 12]


Ligand-based approaches are an alternative to
structure-based virtual screening.[10] In particular,
methods including the active-analogue model of
pharmacophores have been shown to be suited for
scaffold-hopping.[13] In this work we applied two of
our recently published approaches—SQUID fuzzy
pharmacophores and CATS3D two-point pharmaco-
phore similarity searching—to find new Tat–TAR in-
hibitors.[14, 15] Both approaches are based on correla-
tion vectors (CVs) and are consequently invariant to
translation and rotation of molecules, allowing rapid
screening of large databases. The screening ap-
proaches were complemented by the use of a neural
network drug-likeness filter.[16] CATS3D encodes the
three-dimensional conformations of molecules in the
form of scaled histograms (“fingerprints”) which rep-
resent the frequencies of pairs of pharmacophoric
features within defined distance ranges. Similar fingerprints
code for molecules with pharmacophoric features in common
and which might be isofunctional. SQUID fuzzy pharmaco-
phore models approximate three-dimensional alignments of
several ligands by spatial Gaussian probability densities for the
presence of pharmacophoric features. Features that are more
conserved in the alignment are assigned higher weights than
less conserved features. The “fuzziness” parameter can be used
to represent the underlying alignment by different resolutions.
For virtual database screening these probability densities are
transformed into two-point correlation vectors.


Computational Methods


Preparation of the virtual screening database


We screened the SPECS commercial library (June 2003 version),
consisting of 229 658 compounds.[17] To obtain higher quality
results and to restrict the calculation of 3D conformations we
selected the 20 000 most druglike molecules as predicted by
an artificial neural network.[16] For each of these molecules up
to 20 3D conformations were calculated in MOE[18] with default
settings and the MMFF94 forcefield.[19] All molecules were neu-
tralized before descriptors were calculated.


Alignment of inhibitors


For the alignment of the known reference Tat–TAR interaction
inhibitors we used the flexible alignment tool of MOE[18] with
default settings and the MMFF94 forcefield.[19]


Calculation of the CATS3D descriptor


CATS3D encodes the conformation of a molecule in the form
of a histogram or correlation vector that contains the normal-
ized frequencies of all possible pairs of atom types in a mole-
cule.[15] All atom pairs were subdivided into groups character-
ized by atom–atom distance ranges and six different pharma-
cophore types (Figure 1). We used 20 equal distance bins, from


0–20 �. One of the pharmacophore types—cation, anion, hy-
drogen-bond acceptor, hydrogen-bond donor, polar (hydro-
gen-bond acceptor AND hydrogen-bond donor), or hydropho-
bic—was assigned to each atom with the ph4 aType function
of MOE.[18] Atoms with no matching pharmacophore type were
not considered further. The use of 20 distance bins for each of
the 21 possible combinations of pairs of pharmacophore
points resulted in a descriptor of 420 dimensions. The value
stored in each bin was scaled by the added incidences of the
two respective features. Each dimension (“bin”) of the
CATS3D CV was calculated according to Equation 1,


CVT
d ¼


1
N1 þ N2


X


i


X


j


1
2


dT
ij,d ð1Þ


where i and j are atom indices, d is a distance range, T is the
pair of pharmacophoric types of atoms i and j, N1 and N2 are
the total number of atoms of types of i and j present in a mol-
ecule, and dT


d (Kronecker delta) evaluates to 1 for all pairs of
atoms of type T within the distance range d. The factor of 0.5
in the sum avoids double counting of pairs. Pairs of atoms
with themselves were not considered. When CATS3D was used
to encode molecules for SQUID database screening, the final
descriptor vector was scaled to a maximum of 1.


Calculation of the fuzzy pharmacophore model


A SQUID fuzzy pharmacophore model approximates the spatial
distribution of pharmacophoric points in an alignment of mol-
ecules by a set of generalized potential pharmacophore points
(PPPs) of Gaussian probability densities.[14] Atoms in the align-
ment comprising the same pharmacophoric features are clus-


Figure 1. Calculation of the CATS3D correlation vector. Spheres denote potential pharma-
cophore points (two hydrogen bond acceptors, 17 hydrophobic PPPs). Distances are
measured between all pairs of atoms, and frequencies (freq) of pairs are determined for
all pairs of pharmacophoric types and for defined distance ranges (“bins”). As an exam-
ple, a section of the resulting CV representing hydrogen-bond acceptor–hydrophobe
pairs is shown.
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tered into PPPs for a more general and “fuzzy” representation
of the major characteristics of the alignment. The resolution of
the model is defined by the cluster radius, which is the param-
eter that affects how strictly features are clustered into PPPs.
The ideal resolution of the pharmacophore model has to be
determined separately for each set of aligned ligands.


Each PPP in the pharmacophore model is represented by four
attributes. The first of these is the pharmacophore type of the
atoms represented by the PPP, the second is the PPP position
in 3D space, while the third is the standard deviation (s) char-
acterizing the width of the distribution of the atoms represent-
ed by a PPP (in graphical illustrations of SQUID pharmaco-
phore models s is represented by the radii of the PPPs). The
fourth attribute (the conservation weight w) weights each PPP
by its conservation among the molecules of the alignment (in
graphical illustrations of SQUID pharmacophore models w is
represented by the intensity of the color of a PPP). This is
done under the assumption that more conserved features of a
set of molecules binding to the same receptor with compara-
ble affinity are more important for the binding than less con-
served features.


A schematic overview of the calculation of a SQUID pharmaco-
phore is given in Figure 2. The starting point is an alignment
of known active reference compounds. Assignment of pharma-
cophoric types (cation, anion, hydrogen-bond acceptor, hydro-
gen-bond donor, polar, or hydrophobic) transforms the align-
ment into a field of pharmacophoric features. Maxima in the
local feature densities (LFDs) were used as cluster seeds to
cluster the features into PPPs for a more general representa-
tion of the underlying alignment. For each atom k of type t in


the alignment the LFD was calculated by Equation 2,


LFDðatomt
kÞ ¼


X


i


max


�
0, 1�D2ðatomt


k,atomt
iÞ


rc


�
ð2Þ


where i are all atoms of type t in the molecular ensemble, D2 is
the Euclidean distance between two atoms, and rc is the clus-
ter radius. Positions of atoms of type t for which no other
atom of type t within rc yielding a higher LFD was found were
taken as cluster seeds for PPPs of type t. All atoms were subse-
quently clustered to the nearest cluster seed of their respective
type. The geometric centre of the atoms in a cluster was taken
as the position of the resulting PPP, whilst the median distance
from all atoms contributing to a PPP to the centre of the PPP
was taken as the value of the standard deviation (s) of the
PPP. For this value a minimum of 0.5 � was used. The conser-
vation weights of the PPPs were calculated by Equation 3,


wðPPPkÞ ¼
Xm


i¼1


min


�
1
m


,
no: atoms from moleculei of PPPk


no: atoms of PPPk


�


ð3Þ


where m is the number of molecules in the model. This func-
tion returns a maximum value of 1 for PPPs representing the
same number of atoms from all molecules of the ensemble,
and a minimum of m�1 for PPPs consisting only of atoms of
one molecule.


For virtual screening the three-dimensional distribution of the
PPPs is transformed into a two-point PPP CV (Figure 2), ar-
ranged exactly like the CATS3D CV. The PPP CV represents the


Figure 2. Calculation of the SQUID fuzzy pharmacophore correlation vector. Pharmacophore atom types are assigned to all atoms of a set of aligned mole-
cules. Maxima in the LFDs are determined for use as cluster seeds. In this example a cluster radius (rc) of 1.5 � was used. Standard deviations (s) and conser-
vation weights (w) are calculated for each PPP resulting from the clustering procedure. Finally, distances between all pairs of PPPs are measured and the
three-dimensional representation is transformed into a correlation vector by application of Equation 4. This results in conservation weights (w) for pairs of
PPPs in the CV. A section of the resulting CV representing polar–hydrophobe pairs is shown as an example.
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three-dimensional distribution of Gaussian densities in the
form of the distribution of pairs of PPPs over the distance bins
and over the feature types. The transformation is calculated
according to Equation 4,


CVT
d ¼


1
no:pairsðTÞ


X


p


X


q


1
2


dT
pq


�
wpwqffiffiffiffiffiffi


2p
p
ðspsqÞ


exp


�
� 1


2
ðD2ðp,qÞ�centredÞ2
ðsp þ sqÞ2


��
ð4Þ


where p and q are PPPs, d is a distance range (“bin”), T is the
pair of pharmacophoric types of p and q (e.g. , Figure 2: p = hy-
drophobic, q = polar), w are the PPP conservation weights, s is
the standard deviation of a PPP, centred is the centre of the dis-
tance range d, and dT (Kronecker delta) evaluates to 1 for all
pairs of PPPs of types T. D2 is the Euclidean distance metric.
The factor of 0.5 in the sum avoids double counting of pairs.
Pairs of PPPs with themselves were not considered. The values
of each dimension were scaled by the total number of possible
pairs of PPPs of the two features considered. Finally the CV
was scaled to a maximum value of 1.


Like the CATS3D descriptor, the SQUID CV consisted of 420 di-
mensions, representing the same distance bins and pairs of
atom types. The SQUID CV was used to rank molecules encod-
ed with the CATS3D descriptor.


To obtain optimal virtual screening results, additional weights
(“feature-type weights”) were used to weight the importance
of each of the pharmacophoric feature types (e.g. , hydropho-
bic or hydrogen bond donor) in the CV. The sums of the single
feature-type weights were used to weight the importance of
each pair of feature types in the CV, and the sum of the proba-
bilities in the CV for each pair of features over all distance bins
was scaled to the value of the feature-type weights. Finally the
whole CV was scaled to a maximum of 1. It was found that
a simple optimization by permutation of all combinations of
the weight values {0.1, 0.2, 0.3, 0.4, 0.5} for each of the single
features and subsequent testing of these weights in virtual
screening was sufficient to retrieve good virtual screening
results.[14]


Virtual screening


For virtual screening all entries in the screening database were
scored according to their similarity to the query. For each mol-
ecule all but the best scoring conformation were removed. For
screening with CATS3D we used the Manhattan distance
[Eq. (5)] to rank database compounds according to their dis-
tance to the query structures. Lower distance values resulted
in higher (better) ranking positions.


DA,B ¼
Xi¼N


i¼1


jxiA�xiBj ð5Þ


In Equation (5), A and B indicate the CATS3D vectors of two
molecules, xi is the value of vector element i, and N is the total
number of vector elements (N = 420).


For ranking of the molecules of the screening database by
SQUID pharmacophore models we used the SQUID similarity
score [Eq. (6)] ,


SA,B ¼


Pi¼N


i¼1


ðxiAxiBÞ


1þ
Pi¼N


i¼1


ðð1�xiAÞxiBÞ
ð6Þ


where A is the CV of the SQUID pharmacophore and B is the
CATS3D CV of a molecule, xi is the ith element of a vector and
N is the total number of vector elements. The value xiA could
be regarded as the “idealized probability” of the presence of
atom features in xiB. This results in high scores for molecules
with many features in regions of the query descriptor which
have a high probability. The denominator, in contrast, penaliz-
es the presence of such pairs in regions with a low probability
in active molecules.


Results and Discussion


The SPECS compound set, containing 229 658 screening com-
pounds, was virtually screened for potential inhibitors of the
Tat–TAR interaction. Virtual screening consisted of three steps:
i) calculation of a “drug-likeness” score by an artificial neural
network as a prescreening step, ii) CATS3D pharmacophore
similarity searching, and iii) SQUID pharmacophore similarity
searching based on the flexible alignment of known active ref-
erence molecules. Steps ii) and iii) were performed independ-
ently for the 20 000 most “druglike” compounds.


Calculation of an alignment of reference compounds


Acetylpromazine (2)[9] and CGP40336A (4)[21] (Scheme 1) were
chosen as reference ligands from the literature with reported
nanomolar IC50 values. Binding to the bulge had been experi-
mentally verified for both molecules, although detailed struc-
tural data were only available for 2. As 4 contains a ring
system—which might be involved in stacking interactions as in
2—and a charged flexible part—which might interact similarly
to a potential charge–p interaction of 2 with C24,[6] we as-
sumed that 4 might have a binding mode comparable to that
of 2. For calculation of a SQUID model the two ligands had to
be aligned to each other. One possibility would be to dock the
reference ligands into the TAR binding pocket, whilst the other
would be to perform a flexible ligand-based alignment. Since
we were not able to reproduce the experimentally determined
TAR-bound conformation of acetylpromazine (2) within the
binding pocket either by MOE[18] docking or by the AUTODOCK
approach[22] (results not shown), we decided to align
CGP40336A (4) to the NMR conformation of 2 with the aid of
the flexible alignment tool in MOE. Interestingly, fruitless at-
tempts to reproduce the NMR structure of 2 complexed to TAR
RNA were also reported by Detering and Varani, who success-
fully reproduced many other RNA–ligand complexes with AU-
TODOCK, but failed to reproduce the acetylpromazine binding
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mode with an RMSD value below 2 �.[23] Their study supports
our decision to follow the ligand-based alignment approach.
For the alignment calculation we used the first NMR model of
the Protein Database entry (PDB code: 1 LVJ).[6] Since it was
not possible to predict reasonable conformations of the ali-
phatic amino groups of 4 from flexible alignment alone, we
decided to cut off these groups and to use molecule 5 instead


(Scheme 2) for the alignment and virtual screening. The top
scoring solutions of the flexible alignment were visually in-
spected, and we selected the conformation in which the
ligand appeared to fit best into the receptor (Figure 1). Stack-
ing and polar interactions of 4 occupy the same parts of the
binding pocket as acetylpromazine (2), so we think that a rea-
sonable starting solution was found (Figure 3).


Calculation of pharmacophores and virtual screening


For virtual screening with CATS3D we calculated the CATS3D
descriptor from those conformations of the reference mole-
cules that resulted from the flexible alignment. For screening
with the SQUID pharmacophore model the best resolution of


the model—that is, the optimal PPP cluster radius—and the
best weights for the different features had to be determined.
The performance of the different parameter sets was deter-
mined by their ability to rank the molecules from the pharma-
cophore model to top positions in comparison to molecules
from the COBRA reference dataset (version 3.12) of bioactive
molecules,[24] as described.[14] The best performing pharmaco-
phore model is shown in Figure 4.


Three virtual screening experiments were performed with
different queries : i) + , ii) the two CATS3D CVs calculated from
molecules 2 and 5, and iii) the CV from the optimized SQUID
pharmacophore model. The top scoring database molecules
from the results were visually inspected, and a set of 19 mole-
cules (ten molecules from SQUID and ten molecules from
CATS3D, one molecule overlap) was selected for experimental
testing.


FRET determination of the inhibition constants


All 19 molecules were tested for their potency in a Tat–TAR in-
hibition assay. As reference we determined the IC50 values of
argininamide,[25] acetylpromazine,[9] and chlorpromazine[9]—
three inhibitors from the literature with reported values of Ki


�1 mm for argininamide and IC50<1 mm for acetylpromazine
and chlorpromazine. The IC50 values found in our assay were
1.4 mm for argininamide and 500 mm for acetylpromazine and
chlorpromazine. The large discrepancies in the IC50 values for
acetylpromazine and chlorpromazine in relation to the report-
ed values are consistent with a recently published article that
reported a discrepancy of the same order of magnitude for
acetylpromazine (KD = 270 mm compared to IC50~1 mm, as pre-


Scheme 2. Modification of ligand 4 for the alignment.


Figure 3. a) Alignment of 5 to the NMR conformation of 2 (PDB-code: 1 LVJ).
b) The alignment shown in the binding pocket of TAR, with 2 in red and 5
in green.


Figure 4. SQUID fuzzy pharmacophore model derived from 2 and 5 in a) top
view and b) side view. The spheres represent the Gaussian feature densities
describing the pharmacophore. The radii of the PPPs are the standard devi-
ations of the underlying feature distribution. The intensities of the colors
denote the conservation of the underlying features in the alignment. Yellow
PPPs represent hydrophobic interactions, magenta PPPs represent hydrogen
bond donor interactions, and cyan PPPs represent hydrogen bond acceptor
interactions.
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viously stated).[8] As a first prescreening of the compounds we
performed single-point measurements of the inhibition poten-
cy with three fixed concentrations (10, 100, and 1000 mm) of
the candidate molecule. Molecules 6[26]and 7[27] (Scheme 3)
showed stronger inhibition than argininamide in the single-
point measurements (cf. Supporting Information). Multipoint
measurements yielded IC50 values of 500 mm and 46 mm for 6
and 7, respectively. Compound 6 was found by CATS3D with
reference molecule 5, whilst compound 7 was found by
SQUID.


To some degree, the two ligand-based pharmacophore
methods were able to perform “scaffold-hopping”, retrieving
isofunctional but slightly different molecular scaffolds from the
SPECS catalogue. Each new ligand contains a central structure
consisting of three rings with an aliphatic amide side-chain, as
in the reference compounds. An additional aromatic ring is
present at different positions in each of the two molecules, ex-
tending the original ring systems to four concatenated rings.
Flexible alignments of 6 and 7 (Figure 5) revealed that 7 fits
better to the reference alignment than 6. Also, the aliphatic
amide side-chain of 7 was more closely aligned to the corre-
sponding side-chains of the references. The nitrogen of the ad-
ditional pyridine ring of 7 was positioned directly above the
potential hydrogen bond acceptors of the reference molecules.
In both 6 and 7 the additional ring might be used for more fa-
vorable stacking interactions with the receptor. In 6 this poten-
tially favorable effect might have been compensated by steric
stress due to an unfavorable orientation of the ring or the
amide side-chain. Still the IC50 value is comparable to those of
acetylpromazine and chlorpromazine.


Conclusion


In this study we present the application of two ligand-based
virtual screening approaches for the compilation of a small fo-


cused library containing potential TAR RNA ligands. Among
the 19 molecules tested we found two molecules capable of
inhibiting the Tat–TAR interaction in a FRET assay. The SQUID
fuzzy pharmacophore approach yielded the more potent mole-
cule, with an improved activity of one order of magnitude rela-
tive to acetylpromazine (2) or chlorpromazine (3). This could
be an effect of the incorporation of information from multiple
active reference molecules into the pharmacophore-based
search for new TAR ligands.[14]


Ligand-based approaches provide a complementary concept
to structure-based design, which might be hampered by the
high inherent flexibility of RNA targets. Though it has been
shown that specific parameterization of scoring functions is
not essential for ligand docking to RNA, it is still significantly
slower than a ligand-based approach.[23] We have demonstrat-
ed that ligand-based pharmacophore approaches are capable
of finding new RNA ligands. Although the best molecule gave
a moderate IC50 of only 46 mm in our assay this molecule might
provide a starting point for further improvement. Certainly,
other assay types will be needed to confirm these findings and
to scrutinize them further. We also wish to stress that the new
inhibitors might not represent ideal candidates for starting a
lead optimization project. Additional experiments would have
to be performed, addressing the question of the role the addi-
tional ring system actually plays for RNA recognition and bind-
ing affinity. Furthermore, structures 6 and 7 might be interca-
lating agents and exhibit unspecific binding to both RNA and
DNA targets, due to their planar ring systems and relatively
high lipophilicity. Such issues could also be addressed in a dif-
ferent setting of the virtual screening approach; to obtain se-
lectivity towards RNA, for example, known DNA binders and in-
tercalators could be used as negative examples for similarity
searching. This tactic is currently being pursued in our labora-
tory.


Irrespective of the outcome of such analyses, both ligand-
based methods have proved useful for finding new molecules
within the activity range of known reference compounds. No-
tably, both approaches were originally developed for protein li-
gands, but they also seem to be applicable to virtual screening
for RNA ligands. To the best of our knowledge this study pres-
ents the first inhibitors of an RNA–protein complex found by
ligand-based virtual screening.


Experimental Section


Materials : Argininamide was purchased from Sigma Chemical
Corp. (St. Louis, USA). The molecules resulting from virtual screen-
ing were purchased from SPECS (Delft, The Netherlands) as stock
solutions in DMSO (10 mm), and were diluted for binding assays
with DEPC-treated water to 1 mm or 100 m. Fluorescence-based
binding assays[20] were performed in 96-well microplates at 37 8C.
Reader: FluoStar Galaxy (BMG Labtechnologies, Offenburg, Germa-
ny), excitation wavelength 540 nm, emission wavelength 590 nm.
Microplates: Corning 6860, black, nonbinding surface. The dye-
labeled Tat49–57-sequence fluoresceine-AAARKKRRQRRRAAAC-rhoda-
mine (1 mm stock solution) was purchased from the Thermo Elec-
tron Corporation (Ulm, Germany). Oligonucleotides were obtained
from Biospring (Frankfurt, Germany).


Scheme 3. Best molecules found by CATS3D (6) and SQUID (7).


Figure 5. Flexible alignment of a) 6 and b) 7 to the aligned reference mole-
cules 2 (black) and 5 (dark grey).
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In vitro transcription : Equimolar amounts of T7-primer (5’-TAATAC-
GACTCACTATAG-3’) and TAR template (5’-GGCCAGAGAGCTCC-
CAGGCTCAGATCTGGCCCTATAGTGAGTCGTATTA-3’) were mixed in
TE buffer (10 mm Tris-HCl, 1 mm EDTA; pH 7.4) to give a final con-
centration of 50 pmol mL�1 in a volume of 100 mL. After having
been heated to 90 8C for 5 min, the reaction mixture was allowed
to cool down slowly to RT. All in vitro transcriptions were per-
formed with the RiboMax Large Scale RNA Production Systems Kit
(P1300; Promega, Mannheim, Germany) as described by the manu-
facturer. Subsequent to transcription the DNA template was re-
moved as follows: after the transcription mixture had been heated
at 95 8C for 5 min it was chilled immediately on ice. RQ1 DNase
buffer (10 mL, Promega) and RQ1 RNase-free DNase (20 mL, 20 U,
Promega) were added and the mix was incubated for 30 min at
37 8C. After phenol/chloroform extraction, RNA was precipitated
with three volumes of ethanol in the presence of sodium acetate
(0.3 m, pH 5.2). The RNA was desalted on a NAPTM column (Amer-
sham Biosciences, Freiburg, Germany). After lyophilisation, the RNA
pellet was redissolved in DEPC-treated water to a final concentra-
tion of 100 mm (stock solution) or 1 mm (final dilution).


FRET assay : The following stock solutions were used in the assay:
labeled Tat-peptide (1 mm), TAR-RNA (1 mm), TK buffer (500 mm Tris-
HCl, 200 mm KCl, 0.1 % Triton-X 100, pH 7.4). The final volume per
well was 100 mL. The fluorescence of pure Tat peptide was deter-
mined first : stock solutions of Tat (10 mL) and TK buffer (10 mL)
were filled with DEPC-treated water to a final volume of 100 mL. Tat
solution (10 mL, 1 mm), TAR solution (10 mL, 1 mm), TK buffer (10 mL)
and DEPC-treated water (70 mL) were then mixed in a second well
to measure the emission of the Tat–TAR complex. After establishing
the numbers for free and bound peptide, single-point measure-
ments of potential inhibitors were carried out at 1000, 100, and
10 mm by using 10 mL of the stock solutions (10 mm, 1 mm, and
100 mm). RNA and peptide concentrations were kept constant at
100 nm in each well (10 mL Tat, 10 mL TAR, 10 mL TK buffer, 10 mL in-
hibitor, and 60 mL DEPC-treated water). Addition of DMSO strongly
increases the fluorescence of rhodamine independently of pep-
tide–RNA binding. To eliminate this effect, samples of Tat and of
Tat–TAR (each 100 nm) were also measured in the presence of
10 %, 1 %, or 0.1 % DMSO. Division of these figures by the value ob-
tained in pure water generated the correction factors. For com-
pounds that showed an inhibitory effect in the preliminary test,
complete titration curves were determined from eleven data
points. The molecular concentration at which the fitted titration
curve intersected with the mean value of the fluorescence counts
of the Tat–TAR complex and uncomplexed Tat was used as the IC50


value of a molecule.
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