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1. Introduction

Ageing of organisms is commonly defined as the time-depen-
dent general decline of physiological functions accompanied by
a progressive increase in the risk of morbidity and mortality." It
appears that the major driving force of the ageing process is
damage inflicted on cellular macromolecules, which interferes
with their function. Such damage is mostly derived from low
molecular weight reactive compounds that arise within the body
during normal metabolism and are linked with important cellular
functions such as oxygen transport, respiration, phagocyte
activity or detoxification reactions. Most prominent among such
endogenous damaging agents are reactive oxygen species
(ROS), which can lead to a state termed oxidative stress, if
produced in excessive amounts.” It is the damage to DNA that
may be particularly hazardous, since unlike other macromole-
cules DNA is subject to little if any turnover, which could dilute
the damage. DNA damage and some of its irreversible con-
sequences that are collectively referred to as “genomic insta-
bility” (e.g. chromosomal aberrations, sister chromatid exchange
[SCE] as well as DNA translocations, deletions, amplifications and
other kinds of mutations) would rapidly accumulate and disturb
DNA replication, gene expression and ultimately cellular and
tissue homeostasis if there were no effective cellular defence and
repair systems in place. A central prediction of the “disposable
soma theory”™ is that longevity has evolved by allocation of
increasing proportions of available bioenergy to somatic main-
tenance and repair pathways, thereby making cellular compo-
nents, cells and organisms more resistant to stress (including
genotoxic stress) and allowing for better functional preservation
(including integrity and stability of the genome) over time.

2. Poly(ADP-ribosyl)ation

Our research interest has been focused on poly(ADP-ribosyl)-
ation, a posttranslational modification of various nuclear pro-
teins (Figure 1), representing an immediate cellular response to
DNA damage induced by ionizing radiation, alkylating agents
and oxidants.*'¥ Poly(ADP-ribosyl)ation is catalysed mostly by
the 113-kDa enzyme poly(ADP-ribose) polymerase-1 (PARP-1)
with NAD™ serving as substrate. Recently, several additional
polypeptides catalysing poly(ADP-ribosyl)ation have been iden-
tified. These new members of the “PARP family” seem to account
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for about 10% of cellular poly(ADP-ribose) formation stimulated
by DNA breaks. PARP-1 is constitutively expressed, at a level
depending on the type of tissue or cell. However, it is the contact
with DNA single- or double-strand breaks, mediated by two zinc
fingers located in the amino-terminal DNA-binding domain
(DBD) of the enzyme, that causes activation of the catalytic
centre residing within the carboxy-terminal NAD*-binding
domain. The crystal structure of the latter domain has been
determined, revealing a striking homology with catalytic do-
mains of bacterial toxins that act as mono-ADP-ribosyl trans-
ferases and allowing the authors to propose a detailed reaction
mechanism of PARP-1 at the molecular level.® In living cells
PARP-1 itself is the major target protein (“acceptor”) for covalent
modification with poly(ADP-ribose). This automodification is
thought to occur mostly on a specific domain located between
the DBD and the NAD*-binding domain. Several additional
acceptor proteins have been identified in living cells, such as
histones and topoisomerases, and in vitro many more proteins
can undergo poly(ADP-ribosyl)ation. The existence of poly(ADP-
ribose) in cells is transient and tightly linked with the existence of
DNA strand breaks, since the half-life of poly(ADP-ribose) is very
short under conditions of DNA breakage, due to rapid degra-
dation by poly(ADP-ribose) glycohydrolase and other catabolic
enzymes.

While the molecular functions of PARP-1 and/or poly(ADP-
ribose) have not been fully elucidated yet, a fairly large number
of hypotheses have been proposed,™ 7 many of which are based
on work on subcellular systems only and therefore are of
uncertain relevance for the in vivo situation. Functions of PARP-1
and/or poly(ADP-ribose) have been proposed (i) in the signalling
of DNA damage induced by alkylating agents, oxidants and
ionizing radiation and in the recruiting of enzymes involved in
DNA base excision repair; (ii)in the regulation of genomic
stability in cells under genotoxic stress (see Section 4); (iii) in
DNA replication; (iv) as a co-activator of transcription; and (v) in
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Figure 1. Schematic representation of poly(ADP-ribose) synthesis. Poly(ADP-ribose) polymerases cleave the glycosidic bond between nicotinamide and ribose in NAD*
and transfer the resulting ADP-ribosyl moiety to glutamate residues of acceptor proteins (“initiation reaction”) or to other ADP-ribosyl moieties already transferred
(“elongation reaction”). Repeated reaction cycles then lead to the formation of poly(ADP-ribose) chains, with branching events occurring at regular intervals.

energy metabolism, with repercussions on apoptotic and
necrotic cell death. Some of the proposed scenarios are not
mutually exclusive.

A vast number of studies have been performed at the cellular
and in vivo level using various strategies to abrogate poly(ADP-
ribosyl)ation. These strategies include use of competitive low
molecular weight PARP inhibitors, expression of a dominant
negative PARP-1 version, PARP-1 antisense RNA expression, or
PARP-1 gene disruption in the mouse germ line. Such studies
have firmly established two contrasting functions of PARP-1,
their respective relevance depending on the intensity of DNA
damage inflicted and the cellular proliferation or differentiation
status: (i) In proliferating normal and malignant cells exposed to
low-level DNA damage, poly(ADP-ribosyl)ation significantly
contributes to cellular recovery from cytotoxicity. This effect
has been linked mechanistically with an involvement of PARP-1
in DNA base excision repair. Furthermore, there is clear evidence
that poly(ADP-ribosyl)ation counteracts the induction of ge-
nomic instability by DNA damage as assessed by several
biological markers, such as chromosomal aberrations, SCE, gene
amplification, or mutagenesis. (ii) In contrast to such “cytopro-
tective” functions, PARP-1 overactivity can lead to cell suicide
due to severe and irreversible depletion of NAD™ and con-
sequently of ATP pools. Whether this overactivity is due to acute,
unusually strong activation or to significantly prolonged activa-
tion at rather normal activity levels, or whether it represents a
“relative” overactivation due to an unusually low cellular
regeneration capacity for NAD* is unknown as yet. Further,
whether the ensuing cell death occurs as necrosis under all
circumstances or may include apoptosis as well remains to be
established. Suicidal PARP-1 overactivation has been observed in
several nonproliferative cell types in vivo and in culture,
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including (i) pancreatic islet cells exposed to ROS, nitric oxide or
streptozotocin; (ii) neurones after regional ischaemia-reperfu-
sion damage of the brain (known to induce release of ROS and
nitric oxide); and (iii) dopaminergic neurones exposed to
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP; a drug
known to induce production of ROS selectively in the dopami-
nergic neurones of the substantia nigra, thereby leading to
selective neuronal death and Parkinson’s syndrome). Cell death
in post-ischaemic heart and skeletal muscle and renal tubular
cells also appears to result from excessive PARP-1 activity. PARP-1
is instrumental in the above-mentioned pathological conditions
not only as an effector of cell death by energy depletion, but also
as a co-transactivator with nuclear factor-xB (NF-xB), a crucial
transcription factor in inflammatory processes and circulatory
shock, mediating induction of inducible nitric oxide synthase
(INOS) expression and enhanced formation of nitric oxide (NO)
and consequently peroxynitrite, thus providing another source
of DNA strand breakage.

There has been considerable interest in the role of PARP-1 and
poly(ADP-ribosyl)ation specifically in apoptotic cell death. Apop-
tosis is clearly associated with dramatic changes concerning the
poly(ADP-ribosyl)ation system.''® There is a well-documented
proteolytic cleavage of PARP-1 into a 85-kDa and a 25-kDa
fragment by activated caspase-3 during the execution phase of
apoptosis, which is one of the most common biochemical
markers of apoptosis. This cleavage should abrogate the
responsiveness of PARP-1 to DNA strand breaks. Given the
extremely large number of endogenous DNA strand breaks
being formed during apoptosis, any ensuing PARP-1-mediated
NAD*/ATP depletion could represent a serious obstacle to
completion of the apoptotic programme known to require
substantial amounts of bioenergy. Therefore, PARP-1 cleavage

CHEMBIOCHEM 2001, 2, 725-728





Poly(ADP-ribose) Polymerase-1

could help to safeguard sufficient bioenergy for successful
completion of apoptosis. Furthermore, inactivation of PARP-1 as
a “survival factor” may prevent futile cycles of repair, thus
contributing to an irreversible commitment to cell death. On the
other hand, it should be noted that there is evidence from
studies in several different cell systems for a substantial
accumulation of poly(ADP-ribose) (i.e. the product of PARP
activity) in apoptotic cells. In conclusion, no clear picture has
emerged so far as to whether there are, in the various phases of
apoptosis, any causative roles to play either for intact PARP-1
protein, for its cleavage products, for poly(ADP-ribose) synthesis,
or for the associated consumption of NAD* (or their presumed
prevention by PARP-1 cleavage, respectively).

3. Relationship between poly(ADP-
ribosyl)ation and mammalian life span

We first addressed the question of a possible relationship
between poly(ADP-ribosyl)ation and longevity several years ago,
measuring the poly(ADP-ribosyl)ation capacity (i.e. maximally
inducible PARP activity) of permeabilised mononuclear leuko-
cytes from 13 mammalian species with life spans ranging from 4
to 120 years.'™ We detected a positive correlation of poly(ADP-
ribosyl)ation capacity with life span, the difference between the
shortest lived (rat) and longest lived species (human) in our study
being fivefold. To our surprise, the correlation was not due to any
systematic differences in the PARP-1 expression levels, suggest-
ing some qualitative difference of PARP-1 in cells from different
species. In order to see whether this was related to variation in
the primary structure of PARP-1, we then overexpressed PARP-1
cDNA from ratl'” and man'® in the baculovirus system, purified
the recombinant proteins and performed a comparative enzy-
mological study. In analyses of the automodification reaction,
human PARP-1 consistently displayed up to twofold higher
activity than the rat counterpart.'? Therefore, it appears that
some (as yet unknown) differences at the level of primary
structure of the enzyme have a significant impact on specific
enzyme activity but, at the present state of knowledge, cannot
fully account for the longevity-related differences in cellular
poly(ADP-ribosyl)ation capacity. We currently speculate that
accessory factors, known to interact with PARP-1 protein and to
modulate its level of DNA-break-induced activity, may also have
important roles to play in this context.

In an independent line of research, we have shown that
lymphoblastoid cell lines established from peripheral blood
samples from a French population of centenarians possessed
significantly higher poly(ADP-ribosyl)ation capacity than cell
lines from controls.?? Intriguingly, specific enzyme activity was a
more powerful parameter to discriminate between centenarian
and control samples than total activity. Assuming that this could
be a direct consequence of genetic polymorphisms in the PARP-
1 gene, we have recently sequenced the complete PARP-1 open
reading frame from 18 subjects and identified a total of four new
polymorphisms, one of which causes a codon change. We then
studied a much larger number of human samples (324
centenarian and 324 controls) by allele-specific PCR for the
frequency of these new polymorphisms, but our data did not
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reveal an association of any of the alleles with longevity,?"
indicating that genetic factors other than variation in the
primary structure of PARP-1 polypeptide should underlie the
observed increase in poly(ADP-ribosyl)ation capacity in cells
from centenarians.

4. Poly(ADP-ribosyl)ation and the maintenance
of genomic stability

Over the past decade we have developed molecular genetic
approaches to study the biological role of PARP-1 in cells: We
could show in transient transfection assays that overexpression
of the PARP-1 DBD leads to transdominant inhibition of
poly(ADP-ribosyl)ation by competition for DNA strand breaks.!"8!
To analyze in detail the biological consequences, we established
stable transfectants that overexpress the PARP-1 DBD under the
control of the hormone-inducible mouse mammary tumour
virus promoter. We could show that overexpression leads to a
dramatic sensitization of the cells to the cytotoxic effects of
y radiation or alkylating agents (i.e. agents known to strongly
stimulate PARP-1 activity under normal conditions) while leaving
normal cell growth undisturbed.?? PARP-1 DBD overexpression
also potentiated the induction of gene amplification®® and of
mutations®¥ by alkylating agents. In line with results from other
groups that used other strategies to block cellular poly(ADP-
ribosyl)ation, our data therefore indicated that PARP-1 activity
contributes to cell survival and maintenance of genomic stability
under conditions of genotoxic stress.

In a complementary approach, we overexpressed full-length,
wild-type human PARP-1 in hamster cells and demonstrated that
this intervention leads to above-normal levels of poly(ADP-
ribose) in living cells.?> 281 Studying cell survival under genotoxic
stress, we detected a slight but significant sensitization of the
cells to y radiation, which, viewed together with our above-
mentioned results on transdominant inhibition of poly(ADP-
ribosyl)ation, indicated that the natural level of cellular poly-
(ADP-ribose) is optimized for cell survival. Importantly, however,
SCE induction by the alkylating agent MNNG was strongly
suppressed under conditions of PARP-1 overexpression.??! If this
result is viewed together with a substantial body of data from
the literature showing that abrogation of PARP(-1) activity leads
to upregulation of carcinogen-induced SCE, PARP-1 emerges as
an important regulator of alkylation-induced SCE formation,
imposing a control that is strictly negative and commensurate
with enzyme activity level.

5. Summary and outlook

After more than 30 years of research into poly(ADP-ribosyl)ation,
many ideas and scenarios that have been proposed concerning
its biological and molecular function are still highly controversial.
Nevertheless, there is a general agreement that abrogating
PARP(-1) activity under conditions of mild DNA damage leads to
significant potentiation of genomic instability. This has led to
considering PARP-1—like a number of other proteins interacting
with damaged DNA—a “guardian of the genome”.1?”! By keeping
the incidence of genomic instability events low, PARP-1 would
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be expected to be a retarding factor both in carcinogenesis and
in ageing (Figure 2). However, based on abrogation experiments
alone, it cannot be resolved whether this function is

DNA-damaging agents
(endogenous and exogenous)

¢ , Carcinogenesis 4
DNA damage —  Genomic instability —» —p

¢ /\ ™ Ageing rate A
PARP-1 activation

Figure 2. Working hypothesis on the role of PARP-1 in controlling the rate of
carcinogenesis and ageing through its function as a negative regulator of
genomic instability. A tilted “T” sign denotes inhibition. For details see text.

“constitutive” or regulatory. Based on our recent PARP-1 over-
expression experiments?? in conjunction with our comparative
work showing a link between high cellular poly(ADP-ribosyl)-
ation capacity and long life span,!'® ' 20 the picture is emerging
that PARP-1 actually behaves as a regulatory factor, responsible
for tuning the rate of genomic instability events, which are
provoked by the constant attack by endogenous and exogenous
DNA-damaging agents, to a level that is just appropriate for the
longevity potential of a given organism or species (Figure 2). It
will be exciting to see if this scenario holds true in vivo.
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Origins of RNA Catalysis in the Hairpin Ribozyme
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The ribozyme community is living
through immensely exciting times. It
becomes ever more clear that RNA catal-
ysis is fundamentally important in bio-
logical function; the recent demonstra-
tion that the peptidyl transferase activity
of the ribosome is RNA catalysed" means
that this ribozyme is ancient and funda-
mental to life. Data on thio effects in
mammalian mRNA splicing? make it
increasingly probable that this reaction
is also RNA catalysed. Despite the un-
doubted importance of ribozymes how-
ever, we find ourselves in a rather similar
position to that of the enzyme field
around 30years ago. We have a lot of
pointers, but we still do not really under-
stand the origins of chemical catalysis in
RNA molecules. This provides an exciting
challenge to the chemical biologist. At
first sight RNA seems a rather poor
prospect for macromolecular catalysis,
given its polyelectrolyte character and its
unpromising array of functional groups
compared to the proteins. RNA is there-
fore a comparatively “stripped-down” cat-
alyst of meagre resources. Yet the relative
simplicity of the ribozymes provides an
opportunity to dissect catalysis in differ-
ent situations, and this could provide new
insight into biocatalysis in general. A new
crystal structure of the hairpin ribozyme®!
takes us significantly further down that
road.

The hairpin ribozyme*® is one of the
group of small nucleolytic ribozymes that
catalyse site-specific cleavage of the back-
bone of RNA by a transesterification
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structure —activity relationships

reaction. Other members of this class
include the hammerhead,” 8 hepatitis
delta virus (HDV)®! and Varkud satellite
(VS)M ribozymes, although the reaction
was first observed in the lead ion induced
cleavage of tRNA.'" The cleavage reaction
proceeds by in-line nucleophilic attack of
the 2'-hydroxy group on the adjacent
phosphorus atom, which leads to the
departure of the 5-oxygen atom on the
adjacent ribose and the formation of a
cyclic 2',3'-phosphate group (Scheme 1,
left to right). Inversion of phosphorus
chirality indicates that the reaction fol-
lows an Sy2 mechanism.'? The reverse
reaction can also be catalysed in some
cases, whereby a 5-oxygen atom attacks
a cyclic 2',3"-phosphate group leading to
ligation (Scheme 1, right to left). '3 In the
case of the hairpin ribozyme this is
especially efficient.l'd

We can identify a number of ways in
which the reaction might be catalysed.
Firstly, the normal geometry of A-form
RNA is not aligned correctly for an Sy2
reaction, and thus altered local conforma-
tion could potentially facilitate the trajec-
tory into the required transition state. This
is unlikely to accelerate the reaction by
more than 100-fold however, and thus

Ho
) O 2\<(‘Z/
Ck O GH cleavage
4/ B —
q/\ -
HaC G

p

could not by itself explain the typically
10°fold rate enhancement found for
these ribozymes. Secondly, a stronger
nucleophile could be obtained by remov-
ing the proton from the attacking hydroxy
group, to give an alkoxide ion. A protein
enzyme would achieve this by general
base catalysis, probably by using a histi-
dine sidechain, as in RNaseA for exam-
ple.'™ Thirdly, the charged transition state
could be stabilised by juxtaposition of a
positive charge, and lastly, the departing
oxyanion could be protonated by a gen-
eral acid.

There are two clear candidates as
participants in the reaction. In principle
the nucleic acid bases (nucleobases) could
play a direct role in the chemistry, by
acting as general acids or bases. Adenine
and cytosine can be protonated at the N1
and N3 positions respectively. However,
the pK, values of the free nucleotides (3.5
and 4.1, respectively) are too low to be
effective at close to neutral pH values, and
so these would have to be elevated in the
environment of the folded RNA if they are
to play a useful role. There is good
evidence for the participation of a cyto-
sine base in the HDV ribozyme, where
catalytically defective mutants of the
cytosine can be rescued by addition of
exogenous imidazole."¥ The other poten-
tial players in the catalysis are metal ions,
which are likely to have a number of roles.
They are almost invariably involved in the
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Scheme 1. The cleavage and ligation reactions of the hairpin ribozyme. Like all the small nucleolytic

ribozymes, the cleavage reaction appears to proceed through an Sy2 mechanism involving an in-line attack of
the 2'-oxygen atom on the adjacent 3'-phosphorus atom, and departure of the 5'-oxygen atom on the next
ribose. The ligation reaction, which is very efficient in the case of the hairpin ribozyme, should be the reverse of

this reaction.
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folding of the RNA into its active con-
formation, and the hairpin ribozyme re-
quires the cooperative binding of mag-
nesium ions for folding.'”? Divalent ions
may undergo site binding into the folded
RNA structure, whereupon they could
participate directly in the chemistry. Co-
ordinated water molecules could act in
general acid/base catalysis, and the pos-
itively charged metal ions could function
in electrophilic catalysis, as in acids. There
is good evidence for such a role for metal
ions in the hammerhead ribozyme,""® but
in the case of the hairpin ribozyme the
evidence seems to point in the opposite
direction. In contrast to the hammerhead,
no effect of phosphorothioate substitu-
tion was observed on cleavage rate,
which suggests that direct coordination
of the metal is not required.'*-?"" Addi-
tionally, good cleavage rates were ob-
tained in the substitutionally inert hex-
ammine cobalt" ions; this excludes both
direct coordination and general acid/base
catalysis by the ligand. Moreover, cleav-
age was observed in high concentrations
of monovalent ions,?? which are unlikely
to exhibit tight site-specific binding to the
RNA. This suggests that there is a general
role for charge stabilisation, but that site
binding is not essential.

The hairpin ribozyme is organised
around a four-way helical junction (Fig-
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ure 1). Two adjacent arms have formally
unpaired loops (A and B), which include
most of the essential nucleotides of the
ribozyme!?>-2! as well as the cleavage site.
It was therefore presumed that interac-
tion between these loops would some-
how bring about catalysis of cleavage and
ligation, and this was supported by ex-
periments showing that cleavage would
proceed when the loop-carrying arms
were connected together in a variety of
ways.22% Indeed, some activity was even
observed in trans, when the loop-carrying
duplexes are unconnected.?s 3 A phys-
ical demonstration of an interaction be-
tween the loops was finally obtained
using fluorescence resonance energy
transfer (FRET).'”3%32 |jke the majority
of RNA species, the hairpin ribozyme
undergoes folding induced by the bind-
ing of divalent metal ions.'” In the
absence of such ions the A and B loops
do not interact, as the axes are held apart
at approximately 90°. The ribozyme can
be simplified down to the A and B helices,
connected by a single-stranded hinge
point;33-3! indeed, much of what we
know about this ribozyme comes from
extensive studies on this form, particularly
in the laboratory of Burke and co-workers.
But it is clear that the four-way junction
plays an important architectural role in
the ribozyme;®" ion-induced folding is
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Figure 1. The sequence of the hairpin ribozyme. Site specific cleavage occurs at the position shown by the red
arrow. A) The ribozyme is based on four arms (A - D) that are organised by a four-way helical junction. Arms A
and B contain formally unpaired loops, which were expected to interact to generate the active conformation.
The cleavage and ligation reactions occur in loop A. B) Representation of the sequence and secondary structure
as observed in the crystal. The RNA folds by pairwise coaxial stacking of arm A on D (shown in magenta), and
arm B on C (shown in blue). Some tertiary interactions are indicated, such as the G+1---C25 base pair (yellow),
the ribose zipper (green) and the interactions made by U42 (cyan).
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vastly more efficient in this form com-
pared to the simple hinged ribozyme.5 371
Interestingly, the ligase activity of the
ribozyme is greatly favoured over cleav-
age in the junction form.'

Rupert and Ferré d’Amarél® have taken
advantage of the greater stability of the
natural junction form of the hairpin
ribozyme to obtain crystals suitable for
structure analysis. They also exploited a
trick used in the earlier crystallographic
study of the HDV ribozyme,®® in which a
binding loop for the U1A protein is placed
at a site remote from the functional
activity, and the RNA is cocrystallised with
the protein. This aids both the crystallisa-
tion, and the solution of the structure by
means of multiple wavelength anomalous
diffraction (MAD) phasing with seleno-
methionine-substituted protein. With this
approach they have obtained the struc-
ture of the ribozyme at a resolution of
24A.

The overall structure (Figure 2) is very
much what was expected. The junction
stacks in just the way deduced from FRET
and comparative gel electrophoresis,!
with the A arm stacked on D, and the B
arm stacked on C. The junction is anti-
parallel, which will facilitate the anticipat-
ed intimate association between the A
and B loops. The junction has one inter-
esting difference from four-way DNA
junctions (reviewed in ref. [39])—it is left
handed. Whether the left-handed cross of
axes is intrinsic to RNA junctions or a
consequence of the strong association
between the loops will be interesting to
discover.

Model helices for the A% and B*" loops
had previously been studied by NMR
spectroscopy. These helices presumably
reflect the conformation of the loops prior
to ion-induced interaction, but as one
would expect, the interaction substantial-
ly alters both structures. There are three
noncanonical base pairs in loop A and six
in loopB. The geometry of loopB is
significantly affected by several extra-
helical uridine bases, and a distinctive
turn is formed in the backbone of the
U-rich strand at one point.

The two loops interact along their
distorted minor grooves, to bury 1570 A2
of surface. They are stitched together by a
network of hydrogen-bonding interac-
tions, which include a ribose zipper

CHEMBIOCHEM 2001, 2, 729-733





Catalysis in Ribozymes

<7

RS
ek
L e o

==

Figure 2. Stereoviews of the overall structure of the hairpin ribozyme observed in the crystal.
The loops and U1A protein have been removed for clarity. The path of the backbone is
highlighted by the ribbons. Colour coding: A and D helices = magenta, B and C helices = blue.
The nucleotides of the A and B loops are coloured pink and blue respectively, while the
remaining nucleotides are grey. In these orientations the four-way helical junction is near the
top. A) Face view, with the B and C helices towards the viewer. The distorted trajectory of the
backbone of the B loop is clearly seen in this view. B) Side view, with the B and C helices on the
left. The close association between the A and B loops is apparent in this view. The insertion of
G+1 into the B loop is visible adjacent to the distorted backbone of the B loop. These images
were prepared using the coordinates of Rupert and Ferré-d’Amaré.F’!

HIGHLIGHTS

Figure 3. Tertiary features mediating the interactions of the
A and B loops of the hairpin ribozyme. A) The ribose zipper.
The hydrogen bonds between the C25 2'-oxygen and the A10
N3 and 2'-oxygen atoms, and between the G11 2'-oxygen
and the A24 N3 and 2'-oxygen atoms are indicated. B) The
base pair formed between G+1 and C25. The path of the
backbone is highlighted by the ribbons. Colour coding: A and
D helices =magenta, B and C helices = blue. The view is
approximately down the axis of the B helix, and shows the
close interaction with the minor groove of the A loop. G+1 is
extruded from the A loop and inserted into the B loop where
it makes a Watson - Crick basepair with C25. G+1 (magenta)
and C25 (blue) are highlighted by a thicker stick size.

involving the N3 atom of A10 and A24
and the 2’-OH groups of A10, G11, A24
and C25 (Figure3A). The zipper was
originally proposed by Earnshaw et al.,"
and its nature was correctly deduced from
functional group modification experi-
ments on cleavage activity? and fold-
ing.3! One of the extruded uridine bases
of loop B (U42) makes extensive hydro-

CHEMBIOCHEM 2001, 2, 729-733

gen-bonding interactions with nucleo-
tides in both loops. But the most striking
contact between the loops is formed by
G+1, adjacent to the cleavage site. The
entire nucleoside is extruded from helix A,
and inserted into a specific pocket in
loop B. The base is stacked between those
of A26 and A38, and forms a Watson -
Crick base pair with C25 (Figure 3B). The

importance of G+1 has been long estab-
lished,?> and the interaction with C25 was
correctly predicted by complementation
experiments on cleavage activity*? and
supported by corresponding experiments
on folding.”¥ However, a suggestion of
the additional participation of A9 in a
triple-base interaction®” was evidently
incorrect; the adenine base is wrongly
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Figure 4. The local geometry at the active site of the hairpin ribozyme. The scissile phosphate group is
between nucleotides G+ 1 and A — 1. The 2'-oxygen atom (shown here as a 2'-O-methyl derivative as
crystallised) is approximately in line with the P—O5’ bond, indicated by the arrow. The base of G8 is
immediately adjacent, and is hydrogen bonded to the attacking nucleophile and the pro-Rp oxygen atom.

oriented in the crystal structure, and is 6 A
away from the G+1-:-C25 pair.

The heart of the ribozyme is, of course,
the active site, where the chemical reac-
tion takes place. This is where we would
hope to discover the mechanism of the
rate enhancement. The local structure
around the scissile bond is shown in
Figure 4. No metal ions are resolved at
this position, which may be consistent
with the lack of thio-substitution effects
on cleavage kinetics, as discussed above.
However, some caution is required in the
interpretation of this negative result; the
putative nucleophilic 2-OH group of
A—1 was replaced by a 2-O-methyl
group (to prevent cleavage occurring in
the crystal), which might influence local
ion binding. The situation in the hairpin
structure contrasts with that of the lead-
zyme, where a barium ion was found
bound to the 2’-OH group in the active
centre. !

The local conformation around the
cleavage site of the hairpin ribozyme
shows that the 2’-oxygen, 3’-phosphorus
and 5-oxygen atoms are approximately
colinear, poised to undergo the S\2
reaction. The hammerhead ribozyme
does not exhibit this alignment in its
ground state, > 47! although a freeze-trap-
ped, 5'-C-methylribose form of the ribo-
zyme underwent substantial distortion in
this direction.”® The leadzyme also ex-
hibited a nearly in-line conformation in
the crystal®® Apparently the various
ribozymes proceed along the path to an
in-line transition state to differing extents
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in their ground states, and the hairpin
ribozyme seems to have gone further
than most. This is largely achieved by the
distortion imposed by the extrusion of
G+1 into the pocket in loop B, which
leads to an altered pucker of the ribose at
the cleavage site.

So finally, what of nucleobase catalysis?
The clear candidate in this role is G8,
which is hydrogen bonded to the nucleo-
philic 2’-oxygen atom through the N1
atom, and to the pro-Rp oxygen atom of
the phosphate group through the exocy-
clic N2 atom. A catalytic role had previ-
ously been suggested for G8,“% and this
was consistent with the observation that
while a G8U variant was substantially
catalytically impaired, its global folding
was completely unaffected.”¥ Guanine is
not the most obvious choice of nucleo-
base to act as a general base since the N1
atom is normally protonated; either ad-
enine or cytosine would seem to be a
more logical choice. It may therefore play
a more significant role in the ligation
reaction as a general acid. As discussed
above, it would take a large change in the
pK, value to make the nucleobase func-
tion in acid/base catalysis at neutral pH
values. However, the highly charged char-
acter of nucleic acids may achieve this in
the environment of a catalytic pocket,
probably more easily than for proteins.
With NMR spectroscopy, altered pK, val-
ues have been measured in the leadzyme,
for example.*” The charged transition
state may also be stabilised by the hydro-
gen bond formed between the phos-

D. M. J. Lilley

phate group and G8. Other nearby
nucleobases could also play a role in
catalysis, including A38, A9 and A10. For
example, Rupert and Ferré-d’Amaré® sug-
gest that if either A9 or A10 were proto-
nated, they might participate in electro-
philic catalysis by stabilising the transition
state. However, an A9U variant is not
seriously disabled in the cleavage reac-
tion.13!

In summary, the loops of the ribozyme
are organised by the four-way junction to
undergo close association, which thereby
creates the local environment in which
catalysis of cleavage or ligation can pro-
ceed. These interactions bring about a
marked distortion of the trajectory of the
ribose — phosphate backbone at the cleav-
age site, to give an in-line arrangement of
the attacking nucleophile and the scissile
bond. Meanwhile, the base of G8 is poised
in an adjacent position, ready to partic-
ipate in the chemistry of the transester-
ification reactions. Thus, we find ourselves
significantly further down the road of
understanding RNA catalysis. Of course, a
crystal structure is not an endpoint, but a
new beginning. As a result of this work we
are now much better placed to probe the
detailed mechanisms of RNA folding and
catalysis, and we await future develop-
ments with great anticipation.
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Artificial Nucleases

Chi-hong B. Chen,? Lisa Milne,” Ralf Landgraf,® David M. Perrin,® and

David S. Sigman*!]

The oxidation of DNA and RNA provides a facile approach for
investigating the interaction of nucleic acids with proteins and
oligonucleotides. In this article, we have outlined our understand-
ing of the mechanism of DNA scission by 1,10-phenanthroline—-
copper(i) in the presence of hydrogen peroxide. We also discuss
results obtained by using 1,10-phenanthroline - oligonucleotide
conjugates in probing the size of the transcriptionally active open

1. Introduction

complex. Finally, we outline an effective method for converting
DNA-binding proteins into site-specific modification agents by
using 1,10-phenanthroline - copper(i).

KEYWORDS:

copper - nucleic acids -

DNA cleavage -
oligonucleotides

DNA recognition -

P-0 O*‘r;’—oo
The biological world may have begun with o o B 0_150 B
reactive RNAs, but the long-term stability ~ (OP),Cu” . WH ;?0 O~o018+ o] ot
of the genetic message was installed in  + H,O, O-P. : Son =h ated free base
the hydrolytically stabile DNA. However, o 0 phosphorylated end
the lability of DNA to oxidation has ) )
frequently been overlooked and reagents o ,6 0. 0 J§@=018
in which redox-active coordination com- “P-0 — P-0 +

0%

plexes are tethered to both proteins and
oligonucleotides have not received much
attention. We have discovered one type of
these reagents, and we feel that these
reagents may play an important role in

. . Chemical Society.
telling us about genomic structure." ¥

2. Cleavage of DNA

Bis(1,10-phenanthroline) cuprous chelate ([(OP),Cu]*; OP =1,10-
phenanthroline, ortho-phenanthroline) cleaves DNA by one
predominant mechanism in which the initial site of attack
involves oxidative attack at atom C1’ of the deoxyribose.> 3 The
untargeted reaction involving 1,10-phenanthroline or derivatives
having substituents at positions other than the 2- and 9-posi-
tions, and copper() ions, rapidly degrades DNA in the presence
of trace levels of hydrogen peroxide and 3-mercaptopropionic
acid. This reaction was discovered accidentally during the course
of experiments actually designed to find a phenanthroline
derivative that inhibited Escherichia coli DNA polymerase | by
coordination to an active-site zinc ion.*7 Subsequent work
determined that zinc ion was not present and the reason for the
effective inhibition was the destruction of poly(dA-dT) to
generate phosphorylated products of the DNA that were
binding to the active site of the enzyme, thus blocking
polymerization.®! The reactivity of DNA with oxidizing agents
such as the 2:1 1,10-phenanthroline - copper() complex and
hydrogen peroxide ([(OP),Cu]*+ H,0,) is hypothesized in Fig-
ure 1. Detailed analyses of the products indicate that the C1’

CHEMBIOCHEM 2001, 2, 735-740 © WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001

e}
o 15 3'-phosphorylated end  5-methylene furanone
[¢) 5-MF

Figure 1. Mechanism of scission of DNA by 1,10-phenanthroline - copper() and hydrogen peroxide.
(Reprinted with permission from J. Am. Chem. Soc. 1997, 119, 1135-1136. Copyright 1997 American

group of the deoxyribose located in the minor groove is likely
the initial site of attack because carrying the reaction out in H,'¥0
leads to the incorporation of '®0 in the carbonyl group of
5-methylene furanone.B Other possibilities may be envisioned,
but this appears to be the most likely pathway.

Important properties of the DNA scission reaction include a
3’ stagger of the two strands and the absolute dependence of
the reaction on hydrogen peroxide when a cleavage-competent
1,10-phenanthroline is used as the scission reagent. In the
absence of targeting, the reaction preferentially cleaves the
B-form of DNA. Less effectively, the reagent cleaves A-DNA and
the chelate is unreactive to Z- and single-stranded (ss) DNA.®!
Untargeted [(OP),Cul]* does not cleave DNA at all sequence
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positions at the same rate. Analysis of the intensity of scission of
all nucleotides has indicated that the decreasing order of
reactivity is G>A>T>C. The 5 neighbor of the cleaved DNA
has a very substantial influence on the rate of cleavage; the
neighboring nucleotide 3’ to the cleavage site has a very minor
effect.l'o ™

Given the importance of double-stranded DNA to the
cleavage reaction, we assumed that double-stranded RNA might
be an excellent substrate for the scission reaction. This proved
exactly contrary to what we observed. RNA is cleaved only in
single-stranded regions or close to single-stranded loops.l'? The
chemistry of RNA scission has not been extensively developed
because it is unclear if the rates of scission can be attributed to
the extra 2"-OH group on the ribose or to other factors. Possibly,
the preliminary noncovalent form of the [(OP),Cul™ complex is
not exceptionally reactive because of an unproductive geome-
try.12 131

3. Targeting transcription complexes

3.1. Reactivity of 5-phenyl-1,10-phenanthroline and
1,10-phenanthroline

The chemical nuclease activity has two distinct reactivities
toward active transcription complexes. First, we demonstrate
that the copper coordination complexes of 1,10-phenanthroline
and 5-phenyl-1,10-phenanthroline are capable of detecting
induced changes in DNA caused by the binding of RNA
polymerase. Second, we show that 1,10-phenanthroline linked
to the termini and interior of RNAs is competent to cleave the
ssDNA created by the binding of RNA polymerase.

Both 5-phenyl-1,10-phenanthroline and 1,10-phenanthroline
themselves, without modification, attack activated promoters in
addition to serving as effective footprinting reagents. The
unusual value of the reagents is that they provide an ideal
means for observing functionally important conformational
changes during transcription. For example, the addition of
[(OP),Cul* complex in the absence of Mg?" demonstrates that
the active RNA polymerase enzyme binds to the lac promoter,
but does not activate transcription. This is true for both
prokaryotic and eukaryotic transcription units.'* ' When Mg?*
is added to the lac UV5 promoter, new bands representing the
cut sites at positions —6, —5, —4, and — 3 are
observed in the polyacrylamide gel electro-
phoresis (PAGE) pattern. These bands appear
asymmetrically and are only observed for the

D. S. Sigman et al.

attributable to the complementary dependence of the DNA -
RNA polymerase interface and the flexibility of the coordination
complex in the presence of RNA.

3.2. Oligonucleotide-directed enzyme inhibitors

The surprising observation of the affinity of an oligonucleotide
for the open complex raised provocative questions with regard
to transcription initiation. Most significant is the possibility of
designing olignucleotides complementary to open complexes
and using them as hybridizable gene-specific inhibitors."” Our
initial goal was to determine if the complementary oligonucleo-
tides had any affinity at all for the open complex. Is it possible to
make complementary oligonucleotides that bind to the top or
bottom strand? Can the oligonucleotides transport themselves
into cells at sufficient concentrations to be effective inhibi-
tors 71181

We addressed these questions initially with the lac UV5
promoter. By chance, we synthesized the oligonucleotide 5'-
UGGAA-3'. This oligonucleotide was prepared chemically with
authentic RNA monomers. According to the sequence of the
lac UV5 promoter, this ribooligonucleotide should be comple-
mentary to 3'-ACCTT-5', the template strand of lac UV5 from the
—3 to +2 positions. In the presence of RNA polymerase, we
found that it bound to the template with high affinity and
inhibited polymerization. In addition, in the presence of copper()
and ascorbic acid, 1,10-phenanthroline - UGGAA cleanly cleaved
the target DNA within the transcription bubble. The general
picture that we show here (Figure2) is illustrated with 5'-
GUGGA-3' that is as effective an inhibitor as 5'-UGGAA-3".

Although we were pleased that inhibition of transcription
could be achieved with a 5-mer, we made an intensive effort to
synthesize abiological oligonucleotides as inhibitors of both the
lacUV5 and trp EDCBA templates. This also provided an
extremely useful test for specificity. The oligonucleotide for
lac UV5 was 5'-UGGAA-3’ and that for trp EDCBA was 5'-CGCAA-
3". In each case, the oligonucleotides were synthesized so that
they had 2’-methoxyribose nucleotides and 2'-deoxy termini.l'®
With these unusual termini, there was no possibility of enzymatic
extension of the oligonucleotides by RNA polymerase. We found
that for the promoter targeted by its complementary oligonu-

lac UV-5 Transcription
Open Complex Inhibition
RNAP

template strand. The series of cut sites does  *
not stop at this point. With 5-phenyl-1,10-
phenanthroline and copper() ions in the
presence of a thiol, ApA and UTP cause the
cleavage sites to progress to the —4 to —2
region, whereas ATP and GTP induce the sites
of scission to progress to the + 2 to +4 region.
Upon addition of a 9-mer RNA with the chain-
terminating 3'-OMe cytosine, a doublet peak of
DNA scission appears at positions +9 and
+10." The reasons for scission must be
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Figure 2. Targeting the open complex with an RNA oligonucleotide linked to 1,10-phenanthroline -
copper(i). RNAP = RNA polymerase.
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cleotide (e.g. lac UV5 with 5'-UGGAA-3'), inhibition of greater
than 85% of the targeted transcription was observed. The
inhibition of the noncognate promoter was only 10-15% under
comparable conditions. The results were symmetric, as compa-
rable results were observed in targeting the trp EDCBA pro-
moter (Figure 3). It is important to recognize that with these

frpEDCBA fecUN-5
== | + = : 2.5uMOP-UGGAL-2"OMe
ZT ==+ B =4 : 2Z5uMOP-CGCAA-2'OMe
LR 4= T == :o2sumM0e
gi £ +eeo § a ++ 1 25N’
g - 4+ 4+ 3 —_+ + : 2 5mMAscorbate
Bla e ¢ 4 #c T g 4 RNA Polymearose

1
i

1

12345 678 9901112131415

Figure 3. Scission of trp EDCBA and lac UV5 by pentamers in the presence of
RNA polymerase. Lane 1: trp EDCBA promoter fragment labeled on template
strand; lanes 2 and 3: DNase | footprint of the promoter and open complex,
respectively; lanes 4 and 5: 3,4,7,8-tetramethyl-1,10-phenanthroline - copper(i)
([(Me,OP,)Cu*]) footprint of the trp EDCBA promoter and open complex,
respectively; lane 6: copper(1) control (2.5 um); lane 7: 1,10-phenanthroline - cop-
per(1) control (2.5 um—-2 um); lane 8: site-specific scission directed by 2.5 um 1,10-
phenanthroline — r(CGCAA)-(2'OMe),_s to trp EDCBA; lane 9: lac UV5 promoter
labeled on the template strand; lanes 10 and 11: DNase footprinting of the

lac UV5 promoter and open complex, respectively; lanes 12 and 13: 5-phenyl-
1,10-phenanthroline - copper(i) footprinting of the lac UV5 promoter and open
complex, respectively; lane 14: site-specific scission directed by 2.5 um 1,10-
phenanthroline - r(UGGAA)-(2'OMe),_; to the lac UV5 promoter (positive control);
lane 15: site-specific scission directed by 2.5 um 1,10-phenanthroline — r(CGCAA)-
(2'0OMe),_s to the lac UV5 promoter (negative control). Scission in lanes 6 -8, 14,
and 15 was initiated by addition of 2.5 um sodium ascorbate and continued for
25 min at 37°C. (Reprinted with permission from J. Am. Chem. Soc. 1997, 119,
5746 - 5747. Copyright 1997 American Chemical Society.)

two oligonucleotides there are differences at only two of the five
nucleotides in the pentamer. Only the 1 and 3 positions of the
sequence are different. These simple changes indicate that the
specificity of the oligonucleotides is very stringent.

4. Length dependence of inhibition

The extension of this work requires further investigation of the
dependency of the binding on the structure of the oligonucleo-
tide inhibitor. One key question is the length of the oligonucleo-
tide that can hybridize to the open complex of lac UV5. To
address this, a series of oligonucleotide inhibitors was prepared
that ranged from the 5-mer to an 11-mer. All oligonucleotides
contained the following substitutions: 3'-deoxy-2"-hydroxyade-
nosine, a 5-phosphate and 2’-methoxyribose moieties through-
out. In this series of experiments, we also prepared an identical
nucleotide, 5'-UCCAC-3'. This oligonucleotide has the same
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modifications as above and is complementary to the non-
template DNA strand.

Our results were dramatic. The 5- and 6-mers remained
inhibitory for both promoters. With their respective promoters,
they showed high affinity for the open complex. Longer
oligonucleotides failed to bind with any affinity to the RNA po-
lymerase - trp EDCBA or -lac UV5 promoter complexes. These
longer dead-end oligomers did not bind to the DNA strand
although they contained the inhibitory 5-mer sequence. Some-
what surprisingly 5-UCCAC-3’, which has the opposite polarity
of 5'-UGGAA-3’, had no inhibitory effect when measured either

5’ -UGGAA-3'
3’ -GACCU-5’

directly by kinetic methods or by indirect scission using 1,10-
phenanthroline - 5-UGGAA-3’ to probe the transcription com-
plex for 5-UCCAC-3’ binding. Our failure to observe inhibition
indicates that the top strand of DNA inside the transcription
bubble is not accessible to oligonucleotide inhibitors (Figure 4).

lac UVS
5 TAATGTGTGGAAT
ATTACACACCTTA 5
-10-9 -8-7-6-5-4-3-2-1+142+3
-2:43
23042
4 +1
-4; +1 top
-6: -2
-4: 42
-5t 4+l
=50 42
-6: +1
-5: 43
-7 +1
-8: 43
-9: +2
-10: +1
trp EDCBA
5 ACTAGTACGCAAG
TGATCATGCGTTOC 5
-10-9 -8-7-6-5-4-3 -2-1+4142+3
-2:43
23142
-4: +1
“7o+1
-9:42
| -10: +1

Figure 4. Size dependence of transcription inhibitors. The black bars represent
oligoribonucleotide analogues with sequences complementary to the template
strand of either the lac UV5 or trp EDCBA promoters. In each case the oligo-
nucleotide analogues have been synthesized with 3'-deoxy-2'-hydroxyadenosine,
a 5'-phosphate, and 2'-methoxyribose moieties. One strand (dashed line) is
complementary to the RNA (upper) strand from — 4 to + 1. This data was
obtained by the indirect cleavage method in which scission was carried out with
5'-1,10-phenanthroline - UGGAA-3' (all interior nucleotides possess 2'-methoxy-
ribose). (Reprinted with permission from Proc. Natl. Acad. Sci USA 2000, 97,
3136 -3141. Copyright 2000 National Academy of Sciences, U.S.A.)

5. Conformation of the inhibited complex

What is the structure of the inhibited complex formed in the
presence of RNA polymerase-lac UV5 and an inhibitory pen-
tamer? To address this question, we prepared three oligonu-
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cleotides in which the OP moiety was linked either to the 5" end
of 5'-GUGGA-3’, the first internal uridine, or the 3'end (Fig-
ure 5A). Scission was then carried out. The results are shown in
Figure 5B. As the 1,10-phenanthroline moiety is moved, there is
a corresponding shift in the sites of scission as one proceeds
from the 3’end to the 5 end. The most informative set of
cleavage results is the one in which the U was labeled with OP at
the 2'-position of the ribose. In this series of experiments, this
substitution showed a 2-3 base pair 3’ stagger.

Our results strongly indicate that the inhibited complex forms
an antiparallel helical structure. However, the lengths of the
oligonucleotides are not sufficient to resolve the A-form
structure from the B-form structure. Given the predilection of
RNAs to form A-form structures both in heteroduplexes and in
RNA helices, the results strongly suggest that the inhibitory
complex must be closely related to the A-form of the helix.

6. Inhibition by phosphorothioates

The restriction in the length of oligonucleotides that can enter
the open complex and the specificity of binding to the open
complex sets strong constraints in the design of tight-binding
inhibitors for the lac UV5 promoter and presumably other
promoters. Oligonucleotides that do not interact with the open
complex include the corresponding peptide nucleic acid of 5'-
GUGGA-3', morpholino derivatives of the same pentamer, the N3-
P> phosphoramidate, and the DNA of the identical sequence. In
addition, various modifications of the 5'-phosphate have some
effects on K, but do not change the free energy of binding
significantly. The most dramatic effect that we have noticed is
the increased inhibition by the phosphorothioate backbone
containing 2-methoxyribose substituents in the 5-GUGGC-3’
pentamer. The ICy, value of this inhibitor approaches 3 v,
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strongly suggesting that this modification may be the direction
that we want to pursue. Unknown as yet is the tendency for the
phosphorothioate to approach other actively transcribing genes.
These active transcription sites may undermine the in vitro
inhibition that we observed. The tendency of these oligonucleo-
tides to avoid positively charged “traps” or enzymes remains
unknown and will be the subject of future investigations.

7. Targeting 1,10-phenanthroline scission with
DNA-binding proteins

Finally, the attachment of 1,10-phenanthroline cuprous chelate
([(OP)Cul™) to proteins will be briefly discussed. Two strategies
are possible in this approach. In one, we simply used a bridge
ligand to couple the OP moiety to the protein.?” In another,
cysteine mutants of proteins were prepared and have been
found to be extremely useful in mapping the binding sites of
these proteins. These proteins include the Cro protein,?" the Trp
repressor (TrpR),2% 22 the factor for inversion stimulation (Fis) of
E. coli, and the Engrailed protein of Drosophila.?*->*!

DNase | footprinting provides a sensitive approach for local-
izing the binding site(s) of a protein by using it to block DNA
hydrolysis. This technique of course has been enormously
successful, but fails to provide one important result: No phase
of the experiment indicates which amino acids make crucial
contacts with the nucleic acid. These results are provided
primarily by X-ray crystallographic studies which have shown
that head-to-head binding is essential for the high-affinity
binding of TrpR to its operator. These findings are supported by
the targeted scission of the trp EDCBA promoter by a Trp
repressor double mutant (A77S/E49C) in which 5-(iodoacetami-
do)-1,10-phenanthroline (1) is covalently linked to the protein
through the sulfhydryl group at sequence position 49.

Figure 5. Oligonucleotide structures and scission results. A) The three oligonucleotides used to infer the structure of the inhibited complex. The phenanthrolines have
been placed at the 3' end (1), in the interior on a uridine (2), and on the 5" end of the RNA analogue of GUGAA (3). B) The scission by the oligonucleotide labeled in the
interior with 2 - 3 base pair staggers is bracketed by the 3'-labelled oligonucleotide that cleaves 3’ to this scission site and the 5'-labelled oligonucleotide which cleaves 5’
to the scission site. Lane 1: lac UV5 scission by 30 um 5'-GUGGA-3' - OP; lane 2: lac UV5 scission by 30 um 5'-GU-(OP)-GGA-3'; lane 3: lac UV5 scission by 15 um OP-5'-
GUGGA-3'; lane 4: G + A ladder; lane 5: lac UV5 only. (Reprinted with permission from Proc. Natl. Acad. Sci USA 2000, 97, 3136 - 3141. Copyright 2000 National Academy

of Sciences, U.S.A.)

738

CHEMBIOCHEM 2001, 2, 735-740





Oxidative Nucleic Acid Cleavage

(o
H
N _~ N_ _CH,I
T
= 1

This operator has three binding sites for the repressor. We
found that mixing the native (i.e. unmodified) Trp repressor with
the Sal1-cut DNA even in the excess of the modified repres-
sor protein made double-stranded nicks in its target DNA as
measured on a nondenaturing gel. We infer that these
three binding sites are sufficient to sequester the 1,10-phen-
anthroline-modified repressor even as the concentration of

Figure 6. Structure of Trp repressor—trp EDCBA operator DNA complex and
cleavage pattern. A) The structure of the protein - DNA complex is presented. The
protein has been modified by 5-iodoacetamido-1,10-phenanthroline. The binding
sites for the tryptophan ligand are indicated. B) Time course of plasmid scission in
solution with and without tryptophan. Linearized trp EDCBA-containing pUC
vector (0.1 pmol) was cut with approximately 0.1 pmol of TrpR(A775/E49C)-OP in
a final reaction volume of 40 uL. Binding buffer was based on 50 mm Tris, pH 7.5,
and contained tryptophan (0.5 mm final concentration) for lanes 2-6. The
reaction was stopped at different time points ranging from 1-120 min as
indicated by black numbers. (Reproduced with permission from Protein Eng.
1996, 9, 603 -610. Copyright 1996 Oxford University Press.)
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protein is increased. Since the rate of repressor exchange is slow,
the only scenario that can account for this result is the modified
protein acting head to head to cleave the DNA without
dissociation. Head-to-tail binding would not generate the
observed results. As expected, the presence of tryptophan is
essential for high-affinity binding; in its absence, the modified
repressor protein makes random cuts in the target DNA
(Figures 6 A and B).

8. Conclusion

Our major accomplishment summarized in this article has been
the description of the first oxidative nuclease and the demon-
stration of its mechanism of action. In this brief article, we have
focused on the scission carried out by oligonucleotides as well as
explored the reactivity of the 1,10-phenanthroline —copper()
complex. We have shown that the open complex formed during
transcription is a hybridizable structure that binds optimally to
RNA-like 5-mers. We are now ready to develop methods that will
transport the oligonucleotides into cells.

We have also shown that 1,10-phenanthroline — protein con-
jugates are efficient nucleases. The attachment of the 1,10-
phenanthroline moiety to cysteine residues contained in DNA-
binding proteins converts them into potent scission reagents.
We have presented our results obtained with the TrpR, but the
phenomenon of protein-targeted DNA scission has been
observed in a number of proteins including the Cro protein of
lambda phage, factor for inversion stimulation (Fis) of E. coli, and
the Engrailed protein of Drosophila.

Research in our laboratory was supported by the U.S. Public Health
Service (grant GM 21199).
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Synthesis of Solid-Supported Mirror-Image
Sugars: A Novel Method for Selecting Receptors
for Cellular-Surface Carbohydrates

Igor A. Kozlov, Shenlan Mao, Yue Xu, Xuefei Huang, Lac Lee, Pamela S. Sears,
Changshou Gao, Avery R. Coyle, Kim D. Janda,* and Chi-Huey Wong!@*

We introduced a novel method, through mirror-image phage
display, for the identification of high-affinity p-peptides to target
specific cell-surface carbohydrates. Both 3-deoxy-a-L-manno-2-
octulosonic acid (--KDO) and t-sialic acid and an (-sialo-disacchar-
ide have been synthesized and attached to a solid support for
selection of high-affinity peptide binders displayed on phages. Our

Introduction

Carbohydrates on cell surfaces often form unique complex
structures that act as key elements in various molecular
recognition processes.' Compounds that are capable of
interfering with recognition of cell-surface carbohydrates thus
hold great potential in biomedical applications. Such molecules,
including inhibitors of carbohydrate-processing and -synthesiz-
ing enzymes,” & cell-surface carbohydrate mimetics,®'? as well
as carbohydrate-binding antibodies,™ may be used as new drug
candidates for the treatment of inflammation, cancer metastasis,
bacterial or viral infection, and as biosensors for detecting
carbohydrates.

We introduce a novel method in which specific carbohydrate
receptors that are enantiomers of natural peptides or nucleic
acids can be identified through in vitro phage selection of
peptidest’ or “evolution” of nucleic acids.'* ' To enable this
strategy it requires the synthesis of the mirror image (the t-form)
of the naturally occurring p-configured carbohydrates. This L-
sugar is then used to screen phages expressing a peptide library
on the coat proteins to identify specific clones that bind to the L-
sugar. The mirror image of the L-peptide identified (i.e. the
corresponding p-peptide) is then chemically synthesized and the
p-peptide should bind to the natural form of the target (i.e.
naturally occurring p-sugar). Similarly, unnatural .-DNA or .-RNA
can be created to target specific cell-surface carbohydrates. This
approach provides a new technology platform to study sugar—
protein and sugar - nucleic acid interaction. It also serves as an
effective way to design high-affinity and hydrolase-resistant
molecules as artificial receptors that are capable of binding to
the natural carbohydrates (Figure 1). The advantage of this
method is that large libraries of peptides or DNA can be easily
generated and there are good methods available for selection of
high-affinity binders that can be further improved through
iterative processes. This mirror-image approach has been used in
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initial studies in this effort produce single-chain Fab sequences and
dodecapeptides that bind to sialic acid and KDO with nanomolar
and high micromolar affinity.

KEYWORDS:

carbohydrates - drug research - L-carbohydrates : phage
display - surface plasmon resonance spectroscopy

OH - R
HO, o, D-sugar  L-sugar co, MQoM
AH}‘?’\]... o705 0L g —~AuOH
c :
4 l l . NHAC
D-sialic acid < | ’ > L-sialic acid
HQ OH / OHOH
HO? : 7 OH
QW 5 \ PO\&E
HO ) ' ) OH
co,” D-peptide L-peptide co,
D-KDO L-DNA D-DNA L-KDO
peptide phage or ——> selection for binding to L-sugar

DNA library

I

chemical synthesis of {——= natural L-peptide or bD-DNA binders

D-peptide or L-DNA

Figure 1. Design of p-peptides and t-nucleic acids that target cell-surface sugars.
The enantiomer of a cell-surface sugar (L-sugar) is used as an affinity ligand for
the identification of L-peptides (from a phage display library) or o-DNA (through
in vitro evolution) that bind the ligand. Through an iterative process, more tight-
binding peptides or nucleic acids are selected and the corresponding enantiomers
(i.e. p-peptides or .-DNA, respectively) are synthesized chemically to target the
natural surface sugar. KDO = 3-deoxy-a-manno-2-octulosonic acid.

the identification of b-peptides™ and -RNAIS! to target
L-peptides and p-adenosine, respectively. By using this approach

Prof. K. D. Janda, Prof. C.-H. Wong, Dr. I. A. Kozlov, Dr. S. Mao, Dr. Y. Xu,
Dr. X. Huang, Dr. L. Lee, Dr. P.S. Sears, Dr. C. Gao, A. R. Coyle
Department of Chemistry and

The Skaggs Institute for Chemical Biology

The Scripps Research Institute

10550 N. Torrey Pines Road, La Jolla, CA 92037 (USA)

Fax: (+ 1) 858-784-2409

E-mail: kdjanda@scripps.edu

E-mail: wong@scripps.edu

[a

1439-4227/01/02/10 S 17.50+.50/0 741





BIO

to target cell-surface carbohydrates, the unnatural enantiomers
of carbohydrates should be readily available. Herein, we report
our synthesis of the enantiomers of commonly found cell-surface
carbohydrates, including N-acetyl-.-neuraminic acid (.-NeuNAc,
sialic acid; 1), the disaccharide L-NeuNAc-a-(2 —3)-.-Gal (2),
3-deoxy-a-L.-manno-2-octulosonic acid (.-KDO, 3), and 3-deoxy-L-
glycerogalacto-2-octulosonic acid (.-KDN, 4) and describe a
general strategy for immobilization of these compounds on
various solid supports for in vitro selection studies. To demon-
strate the feasibility of this approach, we also report the
selection of single-chain (sc) antibodies that bind to p-NeuNAc
with nanomolar affinity by using the phage display method.

Results and Discussion

t-NeuNAc (1) can be synthesized by either the neuraminic acid
aldolase catalyzed addition of pyruvate to N-acetyl-L-mannos-
amine (.-ManNAc, 5)'"%'8 or by chemical condensation of (-
ManNAc with di-tert-butyl oxaloacetate.'” -ManNAc (5) was
prepared from -glucose as shown in Scheme 1a. Anomeric
benzylation of L-glucose followed by benzylidenation gave the
diol 6 as white crystals.?” Treatment of 6 with triflic anhy-
dride?" 22 followed by S\2 substitution with sodium azide 24
provided the azide 7 in 72 % yield with complete inversion at C-2.
A subsequent one-step catalytic reduction of the azido, benzyl,
and benzylidene groups was attempted, but the reaction did not
proceed to completion. Compound 7 was therefore reduced in a
stepwise fashion. Reduction of the azido group by triphenyl-
phosphine followed by acetylation provided the mannosamine
derivative 8 in 88% yield after crystallization. Catalytic hydro-
genation over palladium() hydroxide then gave the desired L-
ManNAc (5) in gram quantities, with 33% overall yield for the
seven steps starting from L-glucose. Enzymatic synthesis of L-
NeuNAc (1) by the neuraminic acid aldolase catalyzed conden-
sation of mannosamine (5) with pyruvic acid® was too slow to

K. D. Janda, C.-H. Wong et al.

be useful for preparative synthesis. .-NeuNAc (1) was synthe-
sized in 28% yield by chemical condensation of .-ManNAc (5)
and the potassium salt of di-tert-butyl oxalacetate (11) (Sche-
me 1b).l"?

Compound 1 was further linked to t-galactose to provide 2. p-
NeuNAc-a-(2 —3)-p-Gal exists as a common moiety in typical
tumor-associated glycosphingolipid antigens and the binding
site of influenza virus hemagglutinin.? 25! The enantiomer 2 was
synthesized by coupling of the r-sialyl phosphite 9 with
6-TBDPS-1-0O-allyl-L-galactose (10), which was prepared from L-
galactose via 1-O-allyl-2,3,4,6-tetraacetate-L-galactose (12) as
shown in Scheme 1c. The L-sialyl phosphite 9 was synthesized
from L-sialic acid (1) by methylation of the carboxylic acid
function, acetylation of all the free hydroxy groups, and
exchange of the anomeric acetate to phosphite. Coupling of 9
and 10 was accomplished by using TMSOTf at — 78 °C to give the
protected disaccharide 13 in 40% yield (Scheme 1d).2®! Depro-
tection with TBAF followed by NaOH gave 2 in 80% yield.
The anomeric configuration of the sialic acid moiety in
disaccharide 2 was determined to be a exclusively based on
EXCIDE®R” 28 (3J¢ ;) izpax = 5.95 Hz).

p-KDO and p-KDN are key components of the core region of
bacterial lipopolysaccharides.”” The enantiomers (-KDO (3) and
L-KDN (4) were prepared on gram scales by neuraminic acid
aldolase catalyzed addition of pyruvate to L-arabinose or L-
mannose, respectively, according to modified literature proce-
dures.l'” 18 We found that an increased amount of the enzyme
was necessary to achieve high yields.

To immobilize the L-saccharides to a solid support, the 3-(2-
aminoethylthio)propyl moiety was chosen as the linker. It can be
readily synthesized by irradiating allyl glycosides in the presence
of cysteamine. Aminoethylthiopropyl-L-sialic acid (14) was
prepared in five steps from (-NeuNAc (1) (Scheme 2).30-32
Methylation and acetyl chloride treatment gave the fully
protected sialyl chloride 15 in 94% vyield. Allylation of 15

a) OBn OBn OBn oH
HO OH a b O\ﬁi ¢d o e f ow g HO o
HoZadon —~ pn L0 LR OH = ph L0 LA ph_LO — + o

HO 56% HO 72% HO N, 88% HO NHAc ~100% HO  NHAC
6 7 8 5
b) ﬂ\ coH HQ  oH
S o LI
P S T B e
OH
11 1
©) Ho. OH N AcO-, QAC . TBDPSO,, O
% > O%OA : O%OH
HO OH —— C T =
o 50% oA 72% on
12 10

d) m, n,o,p,q EtO. COZMe TBDPSO OH  co,me”™
. Eo-Pro "OAC oA
1 NHAc R ©.0AC

80% 4\/0

HO
{ o Rogt )
"OH
HO S NHAC
OH
2

Scheme 1. Reagents and conditions: a) BnOH, TsOH; b) PhCH(OMe),, camphor sulfonic acid, 56 %; c) Tf,O, pyridine, CH,Cl,; d) NaN;, DMF, 72 %; e) H,, Pd(OH),/C, MeOH,
Ac,0; f) PPh;, THF followed by Ac,0, MeOH, 88 %; g) H,, Pd(OH),/C, MeOH, AcOH, 100 %; h) MeOH, NiCl,/H,0O, 70 %, 2 h, 28 %; i) Ac,O, NaOAc, reflux, 3 h, 48 %; j) BF;- Et,0,
allyl alcohol, CH,Cl,, 0°C, 2 h, 50 %; k) NaOMe, MeOH, RT, 1 h; ) TBDPSCI, DMF, imidazole, RT, 2 h, 72 %; m) MeOH, amberlite IR-120, 2 h, RT; n) pyridine, Ac,0O, RT, 12 h;
o) BF; - Et,0, p-thiocresol, CH,Cl,, RT, 2 h; p) NBS, acetone, water, RT 2 h; q) diethyl chlorophosphite, CH,Cl,, iPr,EtN, 1 h, RT, 10%; r) 10, TMSOT(, CH,Cl,, CH;CN, — 78°C,

1h, 40%; s) TBAF, THF, RT, 12 h; t) NaOH, THF, RT, 1 h, 80 %. — Bn = benzyl, NBS = N-bromosuccinimide, TBAF =

tetrabutylammonium fluoride, TBDPS = tert-

butyldiphenylsilyl, Tf = trifluoromethanesulfonyl, TMS = trimethylsilyl, Ts = toluene-4-sulfonyl.
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Scheme 2. Reagents and conditions: a) MeOH, HCI, RT, 12 h; b) AcCl, AcOH, MeOH, RT, 48 h, 94 %; c) allyl alcohol, silver() salicylate, 3 A molecular sieves, 25°C, 18 h;
d) MeOH, NaOMe, RT, 1 h; e) NaOH, H,0, RT, 1 h, 50%; f) HSCH,CH,NH,, H,O, UV light (254 nm), 18 h, 75 %.

followed by basic hydrolysis provided the allyl sialoside 16 (50 %
yield), which was converted into 14 in 75% yield. It was
necessary to keep the pH neutral to avoid decomposition of the
compounds. Aminoethylthiopropyl-.-KDO (17) and -.-KDN (18)
were obtained in a similar manner.

Aminoethylthiopropyl---NeuNAc 14 and -.-KDO 17 were
immobilized through an amide bond on a number of solid
supports such as Affi-Gel 15, Affi-Prep 10, Dynabeads M-270, and
BIACORE sensor chip CM5 (Scheme 3a). In addition, we immo-
bilized compounds 14 and 17 on Nunc immunoplates with two
approaches. In the first approach, we conjugated the com-
pounds to bovine serum albumin (BSA, Scheme 3b) and then
absorbed the obtained conjugate on hydrophobic Nunc plates.
In the second approach, we directly immobilized compounds 14
and 17 on Nunc plates containing amino groups by using the
dicarboxylate linker or cyanuric chloride.

To evaluate these novel carbohydrate conjugates the phage
display technology was used.®® We have previously shown
that a human single-chain antibody phage library can be used
to select for high-affinity human single-chain antibodies

a)
coH MQ QN o
HoN \OH
2 \/\S/\/\O%
b) o) (i\\
N-O (CH2)s O-N
QO Bt S GRS
14 o
o)
.
c) OH
o ‘Q%H
s o P
NN TS OH
H CO,H

&N/Om/@Hz)e WN\/\S/\/\O N.SEC
& o)

against tumor-associated carbohydrate antigens such as
sialyl Lewis* and Lewis*.’4 We believed that the applicability
of our immobilized carbohydrate entities for in vitro selec-
tion could be tested by utilizing this antibody phage display
library.

The library was subjected to four rounds of panning by using
Maxisorb Nunc plates coated with either p-KDO-BSA or b-
NeuNAc - BSA (Figure 2). Phages were pooled after each succes-
sive round of panning and tested for their ability to bind either
BSA conjugate. The enrichment clone number using either
conjugate went from 2 x 10° to 8 x 108 Thus, after the fourth
round of panning, a total of 40 phage clones (20 to p-KDO - BSA
and 20 to b-NeuNAc - BSA) were randomly selected that survived
the rigorous individual selection process. It was found that 14
and 16 clones exhibited substantial binding activity to o-KDO -
BSA and p-NeuNAc-BSA, respectively, as determined by an
enzyme-linked immunosorbent assay (ELISA). As a control, 20
random clones were collected from the unpanned library, and
none of these clones showed any affinity (as determined by
ELISA) to either p-KDO - BSA or p-NeuNAc - BSA.

OH

o) " co,H HQ
N ZWOH
o

e} H

co,H HQ  oH

E——

OH

12

Scheme 3. a) The immobilization of aminoethylthiopropyl-L-sialic acid on different solid supports. b) The conjugation of aminoethylthiopropyl-t-sialic acid to BSA. c) The

immobilization of aminoethylthiopropyl-.-KDO on different solid supports.
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Figure 2. Schematic representation of the phage display method to select for antibodies against sugar-BSA conjugates.

Clones with the greatest affinity as judged

Table 1. Amino acid sequences for selected single-chain human antibody variable fragments (scFv).

by ELISA were subjected to sequencing, and

. K Clone®  Heavy chain Light chain
the nucleotide sequences encoding the V,
. . FR1
and V| regions were determined. Of the 8 b-
Lfe9 K18 QVQLVESGAEVKKPGASVKVSCRASGY QAVLTQPSSLSASPGASASLTC

NeuNAc-binding clones picked, two sequen- s
ces were found that differed in the V, and V, S18

regions, while of the 7 b-KDO-binding clones CDR1
chosen a single consensus sequence for K18
both the V, and V, chains was uncovered 21;
(Table 1). To analyze their binding specificity FR2
and affinity, the genes of the three novel K18
single-chain antibodies (K18, S11, and S18, sn
see Table 1) were subcloned into the pETFlag s18
expression vector and purified from E. coli. CDR2
The specificity and affinity of each single- S:f
chain antibody for their respective carbohy- 518
drate conjugates were determined by sur- FR3
face plasmon resonance (SPR) spectroscopy K18

on a BIACORE 2000 system. The single-chain s

antibodies were immobilized on the surface 218
of the BIACORE CM5 chip. The carbohydrate E?f
conjugates were passed across the chip to S11
test for antibody — carbohydrate interactions. S18
Binding events measured as an increase in FR4
the SPR signal were monitored at several 21118
different analyte concentrations and fitted to 18

a binding isotherm (see Experimental Sec-

QVQLVHSGAEVKKPGASVKVSCKASGY
QVQLVESGAEVKRPGASVKVSCRASGY

TFTSYYMH
TFTGYYMH
TFTNNYIH

WVRQAPGQGLEWMG
WVRQAPGQGLEWMG
WLRQAPGQGLEWVG

WINPHSGGTNSAQKFQG
WINPNSGGTNYAQKFQG
WMNPNSGNTAYAQKFQG

RVTMTRDTSISTAYMELSRLRSDDTAVYYCAR
RVTMTRDTSISTAYMELSRLRSDDTAVYYCAR
RVTMTRDTSISTAYLELSGLRPDDTAVYYCAR

YGSKGGFDP
VGRDRTGDIRAFDI
GGNYYSLDS

WGQGTLVTVSS
WGQGTLVTVSS
WGQGTTVTVSS

QAVLTQPSFPSLHLPGASVSLTC
QAVLTQPSSLSASPGASVSLTC

TLRSDINVRSYRIY
TLRSGINVGAYRIY
TLRSGINVGAYRIY

WYQQKPGSPPQFLLR
WYQQKPGSPPQFLLR
WYQQKPGSPPQFLLR

YKSDSDKQQGS
YKSDSDKQQGS
YKSDSDKRKGP

GVPSRFSGSRDASANAGILLISGLRSEDEADYYC
GVPSRFSGSKDASANAGILLISGLRSEDEADYYC
GVPSRFSGSKDASANAGILLISGLRSEDEADYYC

AIWHSSAWV
AIWHSSAWV
AIWHSSAWV

FGEGTKLTVLG
FGEGTKLTVLG
FGGGTKLTVLG

tion)

[a] FR =framework region, CDR = complementarity-determining region. Clone K18 was selected
from p-KDO, clones S11 and S18 were selected from p-NeuNAc.

Table 2 illustrates the specificity and affin-
ity of the single-chain antibodies for the

carbohydrate conjugates as determined by SPR spectroscopy.
Since the antibodies were selected against b-sugars, they
showed greater affinity for their respective p-sugar conjugates
versus the L-sugar conjugates. The difference in dissociation
constants is very significant between p-NeuNAc-BSA and L-
NeuNAc - BSA. As expected, K18 displayed the greatest specific-

744

ity for o-KDO - BSA as compared with L.-KDO - BSA, since it was
selected against p-KDO during the panning process. The anti-
bodies selected against b-NeuNAc, S11 and S18, displayed the
greatest specificity for o-NeuNAc-BSA as opposed to L-Neu-
NAc-BSA, but showed no specificity between the p- and L-
KDO - BSA conjugates. As a control experiment, no interaction
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Table 2. Dissociation constants [nm] for single-chain human antibody
variable fragments (scFv) K18, S11, and S18.1%

Clone  p-NeuNAc-BSA  1-NeuNAc-BSA  p-KDO-BSA  L-KDO-BSA
K18 18+3 530+ 40 96 +4 130+20
S11 2442 120+ 20 54+5 45+8
S18 13+3 3104+90 97 £5 94+ 16

[a] The dissociation constants were measured by the method in which the
single-chain antibodies were immobilized on the BIACORE CMS5 chip surface
and the carbohydrate-BSA conjugate was injected into the flow cell at
different concentrations. K18 was selected from p-KDO, S11 and S18 were
selected from p-NeuNAc.

between the antibodies and BSA that contained only conjugated
linker but no sugar was observed.

The mechanism of binding of the carbohydrate conjugates to
the immobilized antibodies appears to be by polyvalent
interactions (Figure 3). Unconjugated p-KDO (up to 50 mm)
showed no interactions with any of the antibodies, and

sugar-BSA
conjugate

o i scFv
dextran surface

== BIACORE

CMS5 chip

Figure 3. Polyvalent interactions between carbohydrate conjugates and surface-
immobilized single-chain antibodies. The interaction was detected by surface
plasmon resonance on the CM5 chip surface through binding experiments with a
BIACORE 2000 system.

unconjugated p-NeuNAc showed binding at concentrations of
12.5mm and above as judged by SPR spectroscopy (data not
shown). When the carbohydrates were immobilized on the CM5
chip and the single-chain antibodies were passed over the chip
surface, no significant interactions were observed in the micro-
molar range. Because each carbohydrate conjugate consists of
12 sugars linked to BSA (see Experimental Section), the observed
nanomolar dissociation constants are probably a result of
polyvalent interactions between the two interacting species.

This research report has presented our work toward the
selection of biologically stable molecules capable of binding
sugars and saccharides. A method for selecting the unnatural
enantiomers of biopolymers that are capable of binding to the
natural sugars and saccharides is outlined. Synthetic techniques
for preparing the unnatural enantiomers of the sugars have been
worked out. Preliminary studies using phage display libraries to
select single-chain antibodies against natural sugars have
demonstrated the feasibility of this approach. Identification of
short peptides capable of binding sugars and saccharides would
enhance our understanding of sugar - protein interactions and
provide a new approach to developing antibiotics and drug
delivery systems.l*9l
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Experimental Section

Immobilization of L-saccharides onto polymer supports: The
aminoethylthiopropyl-L-sialic acid (14) and -KDO (3) were immobi-
lized on a number of solid supports. Affi-Gel 15 (an agarose-based
resin) and Affi-Prep 10 (a methacrylate resin) were purchased from
Bio-Rad in their N-hydroxysuccinimide-activated forms. The resin
(1 mL) was shaken with a solution of aminoethylthiopropyl-sugar
(20 mm) and triethylamine (5 pL) in anhydrous DMSO (500 pL) at 25 °C
for 4 h. The excess carboxylate groups on the resin was blocked by
incubating the resin with 500 uL of 1m aqueous ethanolamine
solution at pH 8.5 for 1 h. This afforded an immobilization efficiency
of about 90%. Dynabeads M-270 carboxylic acid magnetic beads
(Dynal) were preactivated by treatment with 0.1m N'-(3-dimethyl-
aminopropyl)-N-ethylcarbodiimide (EDC) and 0.1 m N-hydroxysuccin-
imide (NHS) solution in DMSO for 2 h at 25 °C. The resin was shaken
with a solution of aminoethylthiopropyl-sugar (20 mm) and triethyl-
amine (30 mwm) in anhydrous DMSO at 25 °C for 4 h. BIACORE sensor
chip CM5 was supplied by the manufacturer in the free-carboxylate
form. It was activated by flushing with a solution of NHS and EDC for
7 min at 10 pL min~". Flushing with aminoethylthiopropyl-sugar in a
HEPES buffer (pH 8.0) containing 1m sodium chloride (5 uL min=" for
14 min) then provided the labeled chip. Ethanolamine solution (1 m,
pH 8.5, 10 uL min~" for 7 min) was then applied to quench the excess
activated acid on the chip.

A 50 mm aminoethylthiopropyl-sugar and 60 mm 3-(trimethylsilyl)
1-propanesulfonic acid (DSS) solution in anhydrous DMSO (0.1 mL)
was incubated at 25°C for 1h. BSA (5mg) solution in 0.1m
carbonate/bicarbonate buffer (0.9 mL, pH9) was added and incu-
bated at 25°C for 3 h. The BSA-sugar conjugate was purified by
using YM-10 Micron centrifuge filter devices (Millipore). We obtained
about 3 mg of BSA conjugate with each sugar. A MALDI-TOF MS
analysis of the conjugates showed that on average 12 molecules of
sugar are attached to each modified BSA molecule.

Determination of dissociation constants of single-chain antibod-
ies on a BIACORE 2000 instrument: According to standard
procedures, 4 um of the single-chain antibodies were immobilized
on the CM5 chip through the ammino groups on the protein.
Injections of the carbohydrate conjugates were preprogrammed into
the BIACORE Control Software (version 1.3) and the concentrations
ranged from 1.35nm to 1350 nm to encompass the K, value. At
equilibrium conditions, 4 min after each injection (10 uL min~"), the
response unit was recorded. The values were fitted to the equation
[ABloq = AB,,,,,(1/(1 4+ Kp/[A])) to determine ;.5

Physical and NMR spectroscopic data

2: [0]¥ =412 (c=0.1 in MeOH); 'HNMR (500 MHz, CD,0D): ¢ =
592-6.01 (m, 1H), 5.32 (dd, J=18, 172 Hz, 1H), 5.32 (dd, J=13,
102 Hz, 1H), 434-4.40 (m, 1H), 430 (d, J=8.0Hz, 1H), 411-4.17
(m, TH), 401 (dd, J=3.8, 9.5Hz, 1H), 532 (dd, J=0.7, 3.1 Hz, TH),
3.79-3.87 (m, 2H), 3.53-3.76 (m, 8H), 3.49 (dd, J=1.7, 9.0 Hz, 1H),
3.43-3.48 (m, 1H), 2.85 (dd, J=3.9, 124 Hz, 1H), 1.68—1.75 (m, 1H);
BCNMR (125 MHz, CD,OD): 6=175.4, 1749, 135.8, 1174, 103.,
101.0, 76.6, 74.9, 72.9, 70.9, 70.7, 70.0, 69.4, 68.9, 64.4, 62.8, 53.9, 42.2,
22.6; *emam=595Hz; HR-MS: m/z: caled for CyHy;NO,Na:
534.1793, found: 534.1773.

14: '"H NMR (500 MHz, D,0): 6 =3.83-3.96 (m, 3H), 3.59-3.75 (m,
6H), 3.27 (t, J=6.4Hz, 2H), 2.91 (t, J=6.6 Hz, 2H), 2.78 (dd, J=44,
129 Hz, 1H), 2.71 (dt, J=1.9, 7Z.3 Hz, 2H), 2.08 (s, 3H), 1.87-1.93 (m,
2H), 1.7 (t, J=12.1 Hz, 1 H); >*C NMR (125 MHz, D,0): 6 = 175.5, 174.0,
101.0, 73.0, 72.3, 68.8, 68.7, 63.0, 61.9, 52.5, 38.5, 28.5, 27.8, 24.1, 22.4;
HR-MS: m/z: calcd for C,sH;;N,0,S: 427.17, found: 427.1745.
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17: '"HNMR (500 MHz, D,0): 6 =3.92-4.02 (m, 3H), 3.77-3.87 (m,
3H),3.65-3.56 (m, 2H), 3.27 (t, J=6.6 Hz, 2H), 2.91 (t, J=6.6 Hz, 2H),
2.70 (t, J=6.9 Hz, 2H), 2.46 (dd, J=4.8, 12.1 Hz, 1H), 1.86-1.92 (m,
1H), 1.83 (t, J=12.4Hz, 1H); *CNMR (125 MHz, D,0): 6 =174.0,
102.0, 73.8, 69.2, 67.7, 65.6, 64.5, 63.3, 39.0, 35.1, 29.3, 28.5, 27.6; HR-
MS: m/z: calcd for C,3H,¢NO;S: 356.14, found: 356.1379.

The 'H NMR and 3C NMR spectra of compounds 14 and 17 matched
those of their enantiomers.
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Novel Hyperbranched Glycomimetics
Recognized by the Human Mannose Receptor:
Quinic or Shikimic Acid Derivatives as Mannose

Bioisosteres

Cyrille Grandjean,*® Gerhild Angyalosi,® Estelle Loing,™ Eric Adriaenssens,®!
Oleg Melnyk,”? Véronique Pancré,™ Claude Auriault,™ and Héléne Gras-Masse*!!

The mannose receptor mediates the internalization of a wide range
of molecules or microorganisms in a pattern recognition manner.
Therefore, it represents an attractive entry for specific drug, gene, or
antigen delivery to macrophages and dendritic cells. In an attempt
to design novel effective synthetic mannose receptor ligands, quinic
and shikimic acid were selected as putative mannose mimics on
the basis of X-ray crystallographic data from the related rat
mannose-binding lectin. As the mannose receptor preferentially
binds to molecules displaying several sugar residues, fluorescein-
labeled cluster quinic and shikimic acid derivatives with valencies
of two to eight were synthesized. Their mannose receptor mediated
uptake was assayed on monocyte-derived human dendritic cells by
cytofluorimetric analysis. Mannose-receptor specificity was further

Introduction

The human mannose receptor is expressed on resident macro-
phages,' on dendritic cells, and on subsets of epithelial and
endothelial cells.? The mannose receptor is a multidomain
membrane-associated receptor which binds selectively to mol-
ecules or microorganisms carrying multiple, exposed, terminal
sugars such as p-mannose, N-acetyl-b-glucosamine, or L-fucose,
but not p-galactose. Interaction with the ligands is achieved
through cooperative binding with eight carbohydrate recogni-
tion domains (CRDs) within the ectodomain of the mannose
receptor,?>3 in accordance with the cluster effect® The
mannose receptor is capable of mediating internalization of
both soluble and particulate carbohydrate structures; it regu-
lates levels of endogenous proteins and contributes to the
clearance of potentially harmful glycoproteins and of a wide
variety of infectious agents, and so takes part in the innate
immunity.®! The mannose receptor strongly enhances effector
immune functions through efficient antigen uptake.® The broad
pattern recognition displayed by the mannose receptor together
with its implication in adaptive immunity has stimulated
considerable efforts toward the selective delivery of enzymes,”!
drugs,® oligonucleotides or genes,”” and antigens!' to cells
expressing the mannose receptor, for therapeutic and vaccine
strategies. For successful targeting, these entities have been
conjugated to numerous glycosides and have given rise to

CHEMBIOCHEM 2001, 2, 747-757 © WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001

assessed by competitive inhibition assays with mannan, by
confocal microscopy analysis, and by expression of the mannose
receptor in transfected Cos-1 cells. Constructs derived from both
quinic and shikimic acid were efficiently recognized by the
mannose receptor with an optimum affinity for the molecules
with a valency of four. As a result, commercially available quinic
and shikimic acids appear as stable mannose bioisosteres, which
should prove valuable tools for specific cell delivery.

KEYWORDS:

drug targeting
quinic acid - shikimic acid

- glycomimetics - mannose receptor -

mannose receptor ligands such as manno- or fucosylated
neoglycoproteins,” 8 %1% 1 mannosylated liposomes, 8 % 1001
or polymers.[8 % 994,12 |n the search for synthetic, chemically
defined, high-affinity ligands for the mannose receptor, Ponpi-
pom et al., Robbins et al., and Biessen et al. synthesized a series
of lysine-based cluster mannosides containing 2-6 terminal b-
mannose groups connected with the backbone by flexible
spacers.'® The latter study showed that recognition of low
molecular weight mannosides by the mannose receptor was
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indeed possible, and was consistently enhanced with valencies
increasing from 2 up to 6.

Nevertheless, the synthesis of glycopolymers or chemically
characterized dendrimeric or cluster mannoside structures is
demanding, with challenges stemming from the need to
selectively functionalize the carbohydrate anomeric position,
prior to bonding. Moreover, carbohydrates might be degraded
upon synthesis or in the biological environment. Thus, we have
sought to develop a glycomimetic approach which, in addition
to improved yields and purities and lowered production costs,
would produce compounds with enhanced stability and affinity.

Recent structure - function studies of recombinant truncated
forms of the mannose receptor proposed that CRD-4 is the only
CRD capable of binding monosaccharides when expressed in
isolation."¥ CRD-4 shares sequence homology with the CRD of
the rat mannose-binding lectin A (MBL-A), another surface-
pattern recognition molecule of innate immunity; residues
which participate directly in the binding are identical in both
CRDs as revealed by sequence alignments. Moreover, CRD-4 and
MBL-A bind to a similar spectrum of monosaccharides and
interact with sugars with only slight differences.B< ™ As the only
available CRD-4 crystallographic structure represents a non-
sugar binding form of the domain,['® it is tempting, in view of the
mentioned similarities, to design C-type CRD ligands from data
collected with MBL-A. A major contribution to the binding is
provided by an extensive network of hydrogen bonds and
coordination bonds between two equatorial, vicinal hydroxy
groups in the (+)-synclinal configuration of the sugar ligand
(that is, the 3- and 4-hydroxy groups for p-mannose), a calcium
ion, two asparagines, and two glutamic acid residues of the
protein (Figure 1).'"1 Smaller contribution is provided by a

Figure 1. Mannose binding at the calcium site of MBL-A. Calcium is shown as a
grey sphere. White, spotted, and black spheres represent carbon, nitrogen, and
oxygen, respectively. Long-dash lines represent calcium coordination bonds. The
a-glycosidic bond to the next sugar (at C-1) has been removed for clarity. Oxygen
atoms from the side chains of Glu 185, Asn 187, Glu 193, and Asn 205 and the
main-chain carbonyl oxygen of Asp 206 form the base of the pentagonal
bipyramid coordination set of Ca**; a carboxylate oxygen of Asp 206 forms one
apex of the bipyramid, and the 3- and 4-hydroxy groups of the mannose bisect
the other apex. Adapted with permission from ref. [17]. Copyright (1992)
Macmillan publishers.
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stacking interaction between a tyrosine residue of the CRD and
the C-5 and C-6 atoms of p-mannose (C-2 for N-acetyl-p-
glucosamine).’™ Moreover, the mannose receptor tolerates
ligands with large substituents at the C-1 or C-6 positions and is
not affected by the anomeric configuration of the sugar.!'® These
observations reflect well the sugar specificity exhibited by the
mannose receptor and, in particular, how it can discriminates
between p-mannose and p-galactose since the 3- and 4-hydroxy
groups are equatorial in the former and axial in the latter
(Scheme 1).

OH
4 HO OH
HO o
HO OR
HO OH
3 HO
HO
R =H D-mannose D-galactose
R=Me 3
HO
4 %
HO i a/ P
HO - OR HOm oR
5 OH
OH HO
R =H D-(-)-quinic acid R =H shikimic acid

R=Me 1 R=Me 2

(CICH,C=0)-L-Lys-BAla-NH, , monovalent core 4

(CICH,C=0)-L-Lys(CICH,C=0)-L-Lys-BAla-NH, , divalent core 5

((CICH2C=0)-L-Lys(CICH,C=0)),-L-Lys-L-Lys-BAla-NH,,
trivalent core 6

((CICHC=0)-L-Lys(CICH2C=0))4-(L-Lys)o-L-Lys-L-Lys-BAla-NHa,
tetravalent core 7

Scheme 1. Structures of the monovalent mannose mimics 1-3 and the lysine
cores 4-7 used for the synthesis of the cluster mannose mimics.

We postulated that the commercially available carbocyclic -
(—)-quinic and -shikimic acids could act as carbohydrate mimics,
since they possess a conveniently arranged vicinal diol (at the
C-4 and C-5 positions) in (+)-synclinal trans-diequatorial or
pseudo-diequatorial relationships, respectively (Scheme 1).
Equally, they might offer a greater stability than mannose since
the pyranose ring is replaced by a cyclohexane or cyclohexene.
Finally, the presence of a carbocyclic acid group might facilitate
functionalization in comparison with mannose, particularly
when a solid-phase strategy is utilized.

To investigate the actual mannose mimicry of quinic and
shikimic acids, we elected to quantify the mannose receptor
mediated uptake of fluorescent-labeled multivalent constructs
by monocyte-derived human dendritic cells with flow cytometric
analysis. Such an assay, as close as possible to the physiological
conditions, will be easily amenable to further evaluation of
vaccine formulation. Lysine-based cluster quinic and shikimic
acids were thus prepared. Quinic acid has previously been
identified from the chiral pool as a valuable precursor of
carboxylic isosteres of sugars. However, numerous modifications
were necessary to accentuate its mimicry."” Furthermore, to our
knowledge, sugar mimics have never been combined with the
multivalency concept.?%
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The biomimetic activities of the quinic- or shikimic-derived
molecules were evaluated with reference to analogue constructs
decorated with p-galactonamide, designed as negative controls
in order to differentiate the mannose receptor specific internal-
ization from the nonspecific endocytosis of the dendritic cells.
The mimics were also compared with cluster mannosides,
related to the ligands of Ponpipom etal. and Biessen et al.,"
together with their corresponding cluster galactosides as
negative constructs. Since dendritic cells are known to express
numerous lectins or adhesion molecules, uptake specificity was
assessed by inhibition experiments with mannan, an established
competitor of mannose receptor mediated uptake,®® by con-
focal microscopy analysis and by use of mannose receptor
transfected Cos-1 cells.*

Results
Synthesis of the monovalent or cluster mannose mimics

The carboxylic function of the quinic or shikimic acids was
masked in a first series of putative monovalent ligands, methyl
quinate (1)2" and methyl shikimate (2),%? evaluated as mannose
receptor ligands with reference to methyl a-mannopyranoside
(3; Scheme 1).

We then decided to synthesize dendrimers based on L-lysine
trees, in view of their biocompatibility and, in particular, their
lack of intrinsic immunogenicity.?® The use of poly-L-lysine
scaffolds has been extended more recently to the preparation of
glycodendrimers.?* However, the reported syntheses have been
modified for our purpose, as previously described.”?*! Briefly, the
g-amino group of the first lysinyl residue was not incorporated
into the scaffold, in order to permit an ulterior linkage with
fluorescent labels or peptide antigens. The terminus of each
dendrimer arm was derivatized with chloroacetyl groups, to be
further reacted with the glycomimetic or the carbohydrate
moieties through sulfide ligation. Four levels of complexity,
compounds 4 -7, were selected in order to display 2 - 8 residues
(Scheme 1). For their attachment to the lysine cores, commer-
cially available p-(—)-quinic and -shikimic acids or p-galactono-
lactone should be functionalized by a thiol group. Quinic and
shikimic acids were linked through an amide bond on the a- and
e-positions of a H-L-Lys-L-Cys(StBu)-Gly-OH tripeptide assembled
stepwise on a solid-support Sasrin or Wang resin to provide
bivalent glycomimetic moieties, whose tert-butylthiocysteinyl
radical represents the thiol precursor (Scheme 2).2¢!

The coupling constants between protons 3-H/4-H and 4-H/5-H
of both quinic acid residues in 8a, as determined by '"H NMR
spectroscopy, were 2.9 and 9.6 Hz, respectively. These values are
consistent with axial - equatorial and axial —axial couplings and
with a chair-like conformation of the cyclohexanes which has an
equatorial amide group. Similarly, the coupling constants
between protons 3-H/4-H and 4-H/5-H of both shikimic acid
residues in 8b were 4.6 and 9.2 Hz, respectively. These values are
compatible with a pseudoequatorial orientation of hydroxy
groups at the C-4 and C-5 positions of the shikimic acid residues,
and support the structural analogy made between the p-(—)-
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Scheme 2. Structures of the tert-butyl-protected and the unprotected bivalent
building blocks 8a-c and 9a-c.

8c R =StBu
9cR=H

quinic and -shikimic acids and p-mannose. The galactonoyl
residues were introduced by condensation of p-galactonolac-
tone with the H-L-Lys-.-Cys(StBu)-Gly-OH tripeptide in MeOH
under reflux conditions to form 8c. Having prepared the
different bivalent synthons 8a-8c and the chloroacetyl core
building blocks 4 -7, we next examined their final assembly into
fluorescein-labeled cluster glycomimetics through a straightfor-
ward two-step procedure (Scheme 3). The chloroacetyl cores 4 -
6 were treated with FITC, in the presence of DIPEA in degassed
DMF. After completion of the reaction (monitored by reverse-
phase high-pressure liquid chromatography (RP-HPLC)), the
crude mixtures were transferred and mixed with thiols 9a-9c¢
(1.5 equiv per chloroacetyl group to be substituted) dissolved in
degassed H,0. Compounds 9a-9c were obtained from 8a-8c¢
by prior treatment with tri-n-butylphosphine in a degassed
mixture of nPrOH/H,0 (1:1) followed by evaporation to dryness
under reduced pressure to remove any tert-butylthiol liberated.
The pH value of the mixture was further adjusted to 8-8.5 by
adding solid potassium carbonate and the reaction was
monitored by RP-HPLC. After 48-72h, the reactions were
essentially complete and constructs 10-18 were obtained in
27-80% vyield following RP-HPLC purification (Scheme 3).
Known fluorescent, multivalent lysine-based cluster mannopyr-
anoside and galactopyranoside 19-24 were used as reference
compounds (Scheme 4).27!
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Scheme 3. Preparation of the di-, tetra-, and octavalent fluorescein-labeled cluster glycomimetics 10— 18. FITC = fluorescein isothiocyanate, DIPEA = diisopropyl-

ethylamine, DMF = N,N-dimethylformamide, Qui=

Glycomimetic uptake in human dendritic cells

Monomer uptake: Binding of methyl quinate (1) and methyl
shikimate (2) to the mannose receptor was assessed by
comparison with methyl a-o-mannopyranoside (3) by compet-
itive inhibition experiments with the (Man)gcore* (23). This
molecule was preferred to FITC-mannosylated bovine serum
albumin for the test because the uptake of neoglycoconjugates
or proteins is known to be enhanced rather than inhibited by
monomeric ligands such as mannose."'« 34 Cells were preincu-
bated for 10 min with concentrations of the three monomers
ranging from 0-250 mmol, then coincubated for 20 min with
23. As shown in Figure 2 A, the ability of 1 to block uptake of 23
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quinoyl, Shi= shikimoyl, and GLa = galactonoyl.

is similar to that of 3. A contrasted behavior was observed with 2
which favored capture of 23 at these concentrations (data not
shown).

Specific uptake of the (Qui)score* and the (Shi)gcore*: Cells
were pulsed for 20min at 37°C with fluorescein-labeled
constructs at concentrations of 1, 5, and 10 um, then washed
three times with cold phosphate-buffered saline (PBS) and fixed
for 20 min in paraformaldehyde solution (1%) before FACScan
analysis. The reference compound (Man)gcore* (23) was used to
calibrate the test parameters (concentration, time of incubation);
the optimum ratio of mannose receptor dependent uptake
versus nonspecific endocytosis was obtained with an incubation
time of 20 min as already observed.?9 (GLa)gcore* (18) was also
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Scheme 4. Fluorescent multivalent lysine-based cluster mannopyranoside and galactopyranoside compounds which were used for reference.

incorporated into the test; as expected from the sugar specificity
displayed by the mannose receptor,? this compound was
poorly internalized by the dendritic cells at any concentration
(Figure 2B), and the resulting mean fluorescent intensities were
attributed to nonspecific pinocytosis. As can be seen in Fig-
ure 2B, the (Qui)gcore* and (Shi)gcore* compounds (16 and 17,
respectively) were both internalized by the dendritic cells, with
the mean fluorescent intensities obtained being dose depend-
ent in the tested range. The uptake of 16 reached 52-62% of
the mean fluorescent intensities attained with the reference 23,
while the uptake of 17 was lower (25-31%) although still
significantly higher that the uptake of the negative control
compound 18 (<3%).

Mannan inhibition test: Mannan, a bacterial polysaccharide
that binds with high affinity to the mannose receptor, was used
in a competitive inhibition test to confirm the specificity of the
uptake of the ligands. As shown in Figure 2C, mannan inhibits
uptake of (Man)gcore* (23), (Qui)gcore* (16), and (Shi)gcore* (17)
in a dose-dependant manner. Maximal inhibition was reached at
1000 ug mL~", with more than 98% inhibition for 16 and 17.

Effect of the valency of the cluster glycomimetics: We next
examined the influence of the size of the cluster glycomimetics

CHEMBIOCHEM 2001, 2, 747 - 757

on the internalization mediated by the mannose receptor.
Specific uptake of bi-, tetra- and octavalent fluorescein-labeled
cluster glycomimetics, (Qui),core* and (Shi),core* (with n=2, 4,
and 8), was deduced from endocytosis by testing against the
corresponding (GLa),core* (with n=2, 4, or 8) at a 10 umol
ligand concentration. In Figure 3, results are expressed as the
percentage of specific uptake of fluorescein-labeled ligands in
comparison with nonspecific internalization. The assay was
conducted in parallel with (Man),core* (with n=2, 4, or 8)
compounds and their corresponding related (Gal),core* (with
n=2, 4, or 8) structures as negative constructs.

Nonspecific endocytosis diminished consistently with valen-
cies increasing from 2-8 (data not shown); no difference
between specific uptake and endocytosis was observed for the
bivalent mannoside construct. Significant specific uptake was
observed from the divalent (Qui),core* (10) upwards and from
the tetravalent (Shi),core* (14) and (Man),core* (21) upwards
(Figure 3). Strikingly, optimal specific uptake was obtained for
tetravalent constructs in the glycomimetic series whereas the
higher-branched, octavalent structure proved to be superior in
the natural ligand series. Nonequivalent interactions with the
CRD domains might be expected due to the differences of these
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Figure 2. a) Monomers inhibitory test: Cells were incubated with different
concentrations of monomers 1 (o) or 3 (e), and coincubated with FITC-labeled
(Man)gcore* before cytofluorimetric analysis. Results are expressed in percentage
of inhibition, compared to the maximal signal obtained in the absence of
inhibitors. b) Uptake of FITC-labeled compounds by dendritic cells: Cells were
pulsed with fluorescein-labeled constructs. The efficiency of the uptake was
evaluated at ligand concentrations of 1, 5, or 10 um. Cell-associated fluorescence,
due to the uptake of fluorescein-labeled compounds, was quantified by mean
fluorescence intensity (arbitrary units of fluorescence). ) Mannan inhibitory test:
cells were incubated with different concentrations of mannan derived from
Saccharomyces cerevisiae and coincubated with the glycomimetics before
cytofluorimetric analysis. For b) and c): (Man)gcore* (o), (Qui)score* (e),
(Shi)score* (), and (GLa)score* (»). The results shown are representative of at
least three independent experiments. For further details, see the Expermental
Section.

ligands in their shape and nature (see above). Given these
results, tetravalent structures were selected for the confocal
microscope analysis and the transfection experiments.
Confocal microscopy: Dendritic cells derived from peripheral
blood mononuclear cells (PBMC) after 5days of culture are
competent for antigen capture and processing; they express the
mannose receptor and use it for efficient capture of a variety of
antigens. In order to minimize the contribution of nonspecific
fluid-phase macropinocytosis, cells were first incubated with the
glycomimetics for 45 min over ice. In these conditions, the
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Figure 3. Effect of valency on mannose receptor specific internalization: Results
are expressed as percentage of mannose receptor-specific uptake. Nonspecific
uptake due to endocytosis was measured with the corresponding cluster
galactosides and subtracted from the mean fluorescence intensity detected. n
represents the valency of the ligands used: 2, 4, or 8. The results shown are
representative of at least three independent experiments. For further details,
see the Experimental Section.

binding of the fluorescent probes was mostly dependent upon
the interaction with receptors expressed at the cell surface. After
several washings, the cells were cultured for 5 min at 37°C in
marker-free medium, to permit active uptake at the receptor-
bound compounds.

Cells were then analyzed for the green fluorescence (excita-
tion at 488 nm) of the constructs (Figure 4A, E, and 1), the red
fluorescence (excitation at 568 nm) of the mannose receptor
(Figure 4B, F, and J) and the blue fluorescence (excitation at
647 nm) of the nucleus (Figure 4C, G, and K). The superposition
of the three fluorescences is shown in Figure 4D, H, and L. Data
for the (Shi),core* construct (14) are not shown. The glycomi-
metics were visualized by using an anti-fluorescein antibody to
amplify the signal.

Internalization of constructs occurs rapidly, since following the
5 min incubation, the (Man),core* and, to a lesser extent, the
glycomimetics were detected intracellularly. Except for the
(GLa),core*, which is marginally internalized (Figure 4E and H),
the other three constructs are colocalized with the mannose
receptor (Figure4D and L, data for (Shi),core* (14) are not
shown). The constructs seem to accumulate in vesicular
compartments under the plasma membrane, suggesting inter-
nalization into early endosomes.

Expression of the mannose receptor in Cos-1 cells: Colo-
calization of (Qui),core* (13) with the mannose receptor,
visualized by confocal microscopy, is a strong argument that
glycomimetic cluster uptake passes through the mannose
receptor. To demonstrate the specificity of glycomimetics to
the receptor, we chose to express the human mannose receptor
transiently in Cos-1 cells.

As described earlier,*? mannose receptor CD8 vector, which
contains the cDNA (complimetary DNA) for the human mannose
receptor was transfected in the presence of polyethylenimine
(PEI). After 48 hours, cells were harvested and mannose receptor
expression was checked with the PE-conjugated anti-mannose
receptor monoclonal antibody (mAb). The transgene was being
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Figure 4. Confocal study of the cellular distribution of the glycomimetics and the mannose
receptor. Cellular localization of the FITC-labeled constructs was amplified with a monoclonal
rabbit anti-fluorescein antibody coupled to Alexa 488 (green fluorescence (488 nm): A, E, and
1). The mannose receptor was detected by indirect immunochemistry using a monoclonal
antibody against human mannose receptor and a goat anti-mouse IgG Alexa 568 conjugated
as a secondary antibody (red fluorescence (568 nm): B, F, J). Nuclear DNA was stained with TO-
PRO-3 iodide (blue fluorescence (647 nm): C, G, K). Triple exposure shows the overlapping
fluorescence of the different constructs with the mannose receptor (D, H, L). Magnification:
x 1000. A-D: (Man)core* (21); E-H: (GLa) ,core* (15); I-L: (Qui),core* (13). Data for the

(Shi) ,core* construct (14) are not shown.

expressed by 10-15% of the Cos-1 cells. Cells were pulsed for
20 min at 37°C with FITC-labeled glycomimetics, then washed
and fixed in paraformaldehyde solution (1%) before FACScan
analysis. As shown in Figure 5 empty vector transfected Cos-1
cells take up very low quantities of (Qui),core* (13). In mannose
receptor transfected Cos-1 cells (GLa),core* (15) internalization is
close to the background, as nonspecific pinocytosis is low. The
percentage of mannose receptor transfected Cos-1 cells inter-
nalizing 13 is 17.2%, which corresponds to the cells expressing

Cos+(Qui) 4 core™

CosMR+(Qui) 4 core*

CosMR+Mannan+(Qui) 4 core*

CosMR+(GLa) 4 core*

T T T 1
5 10 15 20

% of FITC-positive Cos cells

[

Figure 5. Glycodendrimers are specifically taken up in mannose receptor
expressing Cos-1 cells. Percentages of fluorescein positive cells are expressed.
CosMR = cells with the plasmid coding for the mannose receptor; Cos = cells with
the empty vector. The results shown are representative of at least three
independent experiments. For further details, see the Experimental Section.
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the receptor. Moreover, the uptake of 13 is inhibited
by mannan, which indicates the specificity of the
uptake by the mannose receptor.

Discussion

In this study, we have investigated the possibility of
adapting the concept of carbohydrate mimics to the
design and synthesis of ligands of the mannose
receptor expressed by the human dendritic cell. With
the identification of molecular events critical for
binding to the mannose receptor, we have proposed
to replace the natural mannoside or fucoside ligands
with stable, commercially available, polyhydroxylated
carbocyclic derivatives. In this article, we have descri-
bed the preparation of a set of lysine-based cluster
quinic and shikimic acid derivatives with valencies of
2, 4, or 8, fluorescein-labeled to allow evaluation of
their uptake by cytofluorimetry. However, dendritic
cells are known to take up a large variety of
substances by macropinocytosis in addition to man-
nose receptor specific capture®® We planned to
synthesize markers of the nonspecific macropinocy-
tosis to discriminate between the two modes of
internalization: p-galactonolactone, a structure de-
rived from p-galactose and known to have a very low
affinity for mannose receptor,?@ was linked to the
same lysinyl cores to provide structurally related
constructs for negative control. Thus, N-chloroacety-
lated L-lysinyl trees were labeled with FITC at the lysine residue
near the C terminus and further reacted through thioether
ligation with cysteinyl tripeptides bearing two quinoyl, shikim-
oyl, or galactonoyl (for negative control) residues. These divalent
synthons were independently prepared from commercially
available p-(—)-quinic or shikimic acids and p-galactonolactone;
these were linked to the a and & positions of a t-Lys-.-Cys-Gly
tripeptide (Scheme 2). To calibrate the assays (concentration,
time of pulsation), mannosylated trees, related to the mannose
receptor ligands reported by Biessen et al. and Ponpipom et al.!"!
were used. Nonspecific endocytosis in dendritic cells was
assessed with the corresponding galactosylated trees
(Scheme 4), and subtracted as the background. The glycomi-
metics were then tested in the same conditions, in order to
evaluate receptor-specific internalization.

Binding properties of monomeric, methyl quinate (1) and
methyl shikimate (2) were first evaluated in a competitive
inhibition experiment with (Man)gcore* (23), with methyl a-p-
mannopyranoside (3) as the reference ligand. Compound 1 was
as potent as the mannoside equivalent. As shown in Figure 2A
the uptake of 23 was efficiently inhibited with 500 - 1000 times
higher concentrations of the monomers, which suggests a
strong cluster effect. Compound 2 caused enhancement of the
uptake of 23 (data not shown). Such a stimulatory effect has
been previously observed in inhibition studies using tissue-type
plasminogen activator, ribonuclease B'*? or bovine serum
albumin (BSA)."'“! This effect is particularly exerted by weak
ligands, which suggests that shikimic acid is recognized by
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mannose receptor, albeit poorly. Binding discrepancies between
shikimic and quinic acids were expected from the less favorable
orientation of the 4- and 5-hydroxy groups, which is pseudo-
equatorial rather than equatorial in shikimic acid.

To confirm these preliminary results, we next examined the
mannose receptor mediated uptake of the octavalent fluores-
cein-labeled glycomimetics most likely to be potent Ili-
gands. > 39 Significant uptake was detected following 20 min
incubation at 37°C from glycomimetics at a concentration of
1 um (Figure 2B). By comparison, uptake of the negative control
compound, (Gla)gcore* (18), was very low and close to the
background signal due to the auto-fluorescence of dendritic
cells. This result suggests a specific capture of the (Qui)score*
(16) and (Shi)gcore* (17) by human dendritic cells. Furthermore,
this capture involves mannan-competitive interaction with a
surface-expressed receptor (Figure2C); the mannan doses
(~1mgmL™") required to inhibit the uptake of the constructs
were comparable with those used by others in similar compet-
itive inhibition experiments.'%d Thus, as anticipated, o-(—)-quinic
and -shikimic derivatives behave as mannose mimics, and are
recognized by receptors, possibly the mannose receptor, ex-
pressed at the cell membrane of human dendritic cells.

Influence of the valency of the trees was next studied by
comparison with the (Man),core* ligands (n=2, 4, and 8)
(Figure 3). Among bivalent constructs, only (Qui),core* (10) was
specifically taken up by dendritic cells. Active capture of
(Shi),core* (11) or (Man),core* (19) was not observed, as a result
of important endocytic uptake of these small molecules rather
than an absence of recognition; nonspecific macropinocytosis
diminished steadily with valencies increasing from 2 - 8 (data not
shown). Strikingly, specific capture was better for the tetravalent
glycomimetics than for the octavalent ones, whereas it was
consistently enhanced in the mannosylated series from (Man),-
core* (19) to (Man)gcore* (23). The observed differences might
originate from divergences in the fine structure of the manno-
side and glycoside trees. Indeed, the nature, size, and shape of
such multivalent ligands can deeply influence their interaction
with receptors as previously mentioned.'3 3¢ 28 presently
mannoside and glycoside clusters have been elaborated on
the same lysinyl cores but these mainly differ in their branching
pattern and their overall charge at physiological pH values
(neutral or negative). This interesting valency effect needs
further study to explore the complex multiinteractions between
mannose receptors and ligands.

Since tetravalent clusters were the most effective in our test,
they were retained for further investigations. In order to identify
the cell membrane receptor involved in the uptake of the p-(—)-
quinic and -shikimic cluster derivatives, we attempted to
visualize, by confocal microscopy, the early membrane events
during internalization. As shown in Figure 4B, F, and J, mannose
receptors are distributed close to the cell membrane and in
intracellular vesicles as expected.® 2% After 5 min incubation at
37°C, (Man),core* (21), as well as (Qui),core* (13), and (Shi),core*
(14) have been internalized and are fully co-localized with the
mannose receptor, in vesicles close to the cell membrane
(Figure 4A, |, D, and L, data not shown for 14). Comparatively,
(GLa),core* (15) was only poorly taken up by dendritic cells
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and does not colocalize with the mannose receptor (Figures 4E
and H).

To confirm the mannose receptor mediated internalization of
the glycomimetics, which was suggested by the competitive
inhibition experiments and the confocal microscopy analysis, we
took the benifit of the mannose receptor expressing model in
Cos-1 cells, developed by Ezekowitz et al.9 Cos-1 cells, which
have low endocytic capacity, take up b-(—)-quinic cluster
derivatives only when the mannose receptor is expressed.
Moreover, this uptake is specifically inhibited by mannan, a well-
known mannose receptor ligand (Figure 5). When these results
are taken together, it is tempting to identify the target receptor
as the mannose receptor of the human dendritic cells.

Conclusion

Synthetic lysine-based clusters of quinic and shikimic acid
derivatives have been shown to be effective ligands for the
mannose receptor of dendritic cells. In this respect quinic and
shikimic acids appear as mannose bioisosteres. In particular,
shikimic and quinic acids differ from mannopyranoside by their
hydroxy-substitution pattern and, for the former, probably by a
more flattened conformation of the ring induced by the
unsaturation. This study thus indicates that the mannose
receptor can accommodate structures which significantly di-
verge from previously identified natural ligands.

The herein described glycomimetics have been evaluated in
reference with cluster mannosides closely related to the more
potent mannose receptor ligands so far designed.'*? The
mimetics do not perform as well as the references but the
comparison must be balanced by the obvious discrepancies,
notably in term of shape, between the two sets of compounds.
Moreover, neither affinity for the mannose receptor or synthesis
of the glycomimetics have been optimized in this study. In this
way, chemical modification of p-(—)-quinic and -shikimic acids
(that is, the preparation of deoxy-analogues) will be helpful to
further investigate the intimate ligand -receptor interactions.
Their carboxylic function might also facilitate the synthesis of
multivalent ligands through conventional peptide solid-phase
synthesis. These advantageous properties open the way for the
employment of quinic or shikimic acid derivatives for targeting
of antigens or toxins to dendritic cells to enhance immunoge-
nicity. In this sense, facilitating the uptake of antigen peptides
should allow more effective immune responses, while signifi-
cantly reducing the amounts of antigens which need to be used.

Experimental Section

Materials: p-Mannose, p-galactose, p-galactonolactone, and shikimic
acid were purchased from Acros Organics (Noisy le Grand, France);
methyl a-D-mannopyranoside, b(—)-quinic acid, and fluorescein
isothiocyanate (FITC) were purchased from Sigma-Aldrich (Saint
Quentin Fallavier, France).

Instrumental Analysis: Analytical and semipreparative reverse-
phase high-performance liquid chromatography (RP-HPLC), separa-
tions were performed as previously described.™ Solvent system A:
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0.05% trifluoroacetic acid (TFA) in water; solvent system B: 0.05%
TFA in acetonitrile/water (8:2); solvent system C: 0.05% TFA in
acetonitrile/water (6:4); solvent systemD: phosphate buffer
(50 mmol, pH6.95); solvent system E: phosphate buffer (50 mmol,
pH 6.95)/acetonitrile (1:1). TOF-PDMS spectra were recorded with a
Bio-lon 20 Plasma Desorption Mass Spectrometer (Uppsala, Sweden)
and ESI-MS spectra were recorded with a Micromass Quatro ll
Electrospray Mass Spectrometer. Hyperbranched compounds were
verified for homogeneity by analytical capillary zone electrophoresis
in a 75 pm x 500 mm fused silica capillary, with a 18 mA current and a
30kV field in an Applied Biosystems Model 270A-HT system (Foster
City, USA). Separations were performed at 45°C using a 50 mm
sodium borate migration buffer (pH 9.2) or a 20 mm citrate buffer
(pH 2.47) at 40°C. 'H and ™C NMR spectra were recorded on a
Bruker DRX 300 spectrometer. Chemical shifts are given in ppm and
referenced to internal [2,2,3,3-d,]-3-(trimethylsilyl)propionic acid,
sodium salt (TMSP).

N-(Chloroacetyl)-L-lysyl-f-alanine-amide (4): This compound was
synthesized according to the reported procedure.'® Compound 4
(184 mg, 65%) was obtained as a white powder, after RP-HPLC
purification (gradient: 100:0 to 90:10 (solutions A to B), 20 min)
followed by lyophilization; TOF-PDMS: m/z: 292.6 [M+H]*; 'TH NMR
(D,0/H,0 (10:90)): 6 =8.37 (d, 3J(H,H)=6.8 Hz, 1H, lysyl a-NH), 8.07
(t, 3J(HH) =5.7 Hz, 1H, B-alanyl NH), 740 (br.s, 1H, NH,), 4.11 (dt,
3J(HH)=6.8 and 6.8 Hz, TH, lysyl a-H), 4.01 (s, 2H, CH,), 3.31 (dt,
3J(H,H) =5.7 and 6.6 Hz, 2H, $-alanyl 8-H), 2.84-2.81 (m, 2H, lysyl &-
H), 2.33 (t, 3J(H,H) = 6.6 Hz, 2H, $-alanyl a-H), 1.72-1.53 (m, 4H, lysyl
p-and 0-H), 1.42-1.22 (m, 2H, lysyl y-H); *C NMR (D,0/H,0 (10:90)):
0=175.7,172.4, and 168.6 (3 x CON), 53.2 (lysyl a-C), 41.0 (CH,), 38.4
(lysyl &-C), 34.8 and 33.5 (B-alanyl a-C and 3-C), 29.4 (lysyl 5-C), 25.3
(lysyl 6-C), 21.0 (lysyl y-Q).

Compounds 5 -7 and 8a -8 c: Syntheses and full characterization of
these compounds have been reported elsewhere.?!

Synthesis of Fluorescein-Labeled Lysine-Based Cluster Glycomi-
metics: General Procedure: nBu,P (1.5 equiv per Cl to be substituted)
was introduced into a solution containing one of compounds 8a-8c
(1.5 equiv per Cl to be substituted) in a mixture of degassed nPrOH/
H,O (50:50; 1 mL). Each mixture was stirred at room temperature
overnight under N,. The solvent was evaporated under reduced
pressure. The residue was dissolved in H,O (50 pL). FITC (1 equiv) was
added to a solution containing one of the L-lysine cores 4-6 (1-
6 umol, 1 equiv) in N,N-dimethylformamide (DMF; 300 pL) which also
contained diisopropylethylamine (DIPEA; 4 equiv). The mixture was
stirred under N, in the dark for 2 h. On completion of the reaction, as
determined by RP-HPLC, the reaction mixture was transferred to the
above aqueous mixture containing the reduced tripeptidyl com-
pounds. The reaction vessel was rinsed with DMF (150 uL). The pH
values of the mixtures were adjusted to a value of 8 -8.5 by addition
of solid K,COs. The reaction was stirred under N, in the dark at room
temperature for 24 h, diluted in H,0, lyophilized, and purified by RP-
HPLC to furnish compounds 10-18.

(Qui),core* (10): Compound 10 (5.04 mg, 80 %), was obtained as an
orange powder, after RP-HPLC purification (gradient: 100:0 to 85:15
(solutions A to C), 15 min, then 85:15 to 75:25 (A to C), 30 min, then
isocratic) followed by lyophilization; positive ESI-MS: m/z: 1300.3
[M+H]*, 650.8 [M+2H]**; '"H NMR (DMSO-d): 6 =10.2 (br.s, 1H, NH-
fluor), 8.40-8.32 (m, 3H, H-fluor, cysteinyl NH, and lysyl a-NH), 8.31
(t, 3J(HH)=5.1Hz, 1H, glycyl NH), 8.24 (d, 3J(HH) =78 Hz, lysyl a-
NH), 8.10 (t, 3J(H,H) = 5.2 Hz, 1H, -alanyl NH), 7.82 - 7.80 (m, 2H, lysyl
a-NH and lysyl e-NH), 7.80 (d, 3J(H,H) = 8.3 Hz, H-fluor), 7.41 (br.s, TH,
NH), 7.22 (d, 3J(H,H) = 8.3 Hz, H-fluor), 6.90 (br.s, 1H, NH), 6.74-6.60
(m, 6H, 6H-fluor), 4.60 (m, 1H, cysteinyl a-H), 4.34-4.26 (m, 2H,

CHEMBIOCHEM 2001, 2, 747 - 757

2 x lysyl a-H), 4.036 (br.s, 2H, 2H-3), 3.67 (d, 2H, 2 x glycyl a-H),
3.60-3.52 (m, 2H, 2H-5), 3.49-3.38 (m, 2H, 2 x lysyl ¢-H), 3.30-3.27
(m, 4H, 2 B-alanyl, f-H, and CH,), 3.25 (dd, 2H, 3J(H,H)=3.1 and
9.7 Hz, 2H-4), 3.11-2.98 (m, 2H, 2 x lysyl &-H), 2.98-2.88 (m, 1H,
cysteinyl 5-H), 2.84-2.69 (m, 1H, cysteinyl 5-H), 2.29 (t, 3J(HH)=
6.3 Hz, f-alanyl a-H), 1.91-1.65 (m, 8H, 4H-2 and 4H-6), 1.72-1.52
(m, 4H, 4 x lysyl -H), 1.22-1.08 (m, 8H, 4 x lysyl 6-H and 4 x lysyl
y-H).

(Shi),core* (11): Compound 11 (2.42 mg, 80%) was obtained as an
orange powder, after RP-HPLC purification (gradient: 100:0 to 85:15
(solutions A to C), 15 min, then 85:15 to 70:30 (A/C), 50 min) followed
by lyophilization; positive ESI-MS: m/z: 1264.4 [M+H]*, 632.8
[M+2H]**; 'TH NMR (DMSO-d,): 6 =10.07 (s, 1H, OH), 9.81 (br.s, TH,
NH-fluor), 8.22 (t, 3J(H,H)=5.7 Hz, 1H, glycyl NH), 8.20 (br.s, 1H,
H-fluor), 8.11 (d, 3J(H,H) =8.0 Hz, 2H, cysteinyl NH and lysyl a-NH),
8.01 (t, 3J(HH)=5.6Hz, 1H, lysyl e&-NH), 7.99 (t, J=5.8 Hz, -alanyl
NH), 7.77 (t, 3J(H,H) = 5.6 Hz, 1H, lysyl e&-NH), 7.75 (d, 3J(H,H) =7.6 Hz,
1H, lysyl a-NH), 7.69 (br.d, 3J(H,H)=8.3 Hz, H-fluor), 7.28 (br.s, 1H,
NH), 7.12 (d, 3J(H,H) = 8.3 Hz, H-fluor), 6.80 (br.s, 1H, NH), 6.74-6.60
(m, 6H, 6H-fluor), 6.31 and 6.22 (2 x br.s, 2 x shikimoyl H-3), 4.50-
4.30 (m, 1H, cysteinyl a-H), 4.24-4.12 (m, 4H, 2 x lysyl a-H and 2 x
H-2), 3.80-3.74 (m, 2H, 2 x H-5), 3.71 (d, 2 x glycyl a-H), 3.76 -3.71
(m, 2H, 2 x H-4) 3.36-3.44 (m, 2H, 2 x lysyl e-H), 3.26-3.13 (m, 2H,
2 x f-alanyl 8-H), 3.18 (s, 2H, CH,), 3.12-2.94 (m, 2H, 2 x lysyl &-H),
2.88 (dd, 1H, 3J(H,H) =5.3 and 14.9 Hz, cysteinyl 5-H), 2.73 (dd, 1H,
3J(H,H)=8.7 and 14.9 Hz, cysteinyl 5-H), 2.60-2.39 (m, 2H, 2 x H-6),
2.19 (t, *J(HH)=71Hz, 2x p-alanyl a-H), 1.94 (dt, 3J(HH)=3.6
and 179 Hz, 2 x H-6), 1.72-1.57 (m, 4H, 4 x lysyl 5-H), 1.62-1.42
and 1.41-130 (m, 4H, 4 x lysyl 6-H), 1.29-1.16 (m, 4H, 4 x lysyl
y-H).

(Gla),core* (12): Compound 12 (2.57 mg, 65 %), was obtained as an
orange powder, after RP-HPLC purification (gradient: 100:0 to 85:15
(solutions D to E), 15 min, then 85:15 to 80:20 (D to E), 20 min, then
isocratic) followed by lyophilization, desalting, and lyophilization;
positive ESI-MS: m/z: 13084 [M+H]*, 654.9 [M+2H]**; '"H NMR
(DMSO-dg): 6 = 10.40 (br.s, 1 H, NH-fluor), 8.68 (t, 3J(H,H) =5.7 Hz, 1H,
glycyl NH), 8.27 (t, 3J(H,H) = 7.5 Hz, 1H, lysyl a-NH), 8.08 (t, 3J(H,H) =
5.4 Hz, f$-alanyl NH), 8.01 (d, 3J(H,H)=8.0Hz, lysyl a-NH), 799 (t,
3J(HH)=5.6 Hz, 1H, cysteinyl NH), 786 (d, 3J(HH)=18Hz, 1H,
H-fluor), 7.79 (dd, 3J(H,H) = 1.8 and 8.4 Hz, H-fluor), 7.70-7.63 (m, 2H,
2 x lysyl &-NH), 7.45 (br.s, 1H, NH), 6.94 (d, J=8.4 Hz, H-fluor), 6.81
(br.s, TH, NH), 6.73 (dd, 3J(H,H)=1.5 and 9.2 Hz, 2H, 2 x H-fluor), 6.16
(d, 3J(H,H) =9.2 Hz, 2H, 2 x H-fluor), 6.08 (d, 3J(H,H)=1.5Hz, 2H, 2 x
H-fluor), 4.51 - 4.40 (m, 1H, cysteinyl a-H), 4.30-4.09 (m, 4H, 2 x lysyl
a-H and 2 x H-4), 4.10-3.96 (m, 8H, 2 x H-3 and 2 x H-5), 3.73-3.30
(m, T0H, 2 x glycyl a-H, 2 x lysyl &-H, 2 x H-2, 2 x H-5, and 4 x H-6),
3.30-3.22 (m, 4H, 2 x B-alanyl 5-H and CH,), 3.13-3.00 (m, 2H, 2 x
lysyl e-H), 291 (dd, 1H, 3J(HH)=5.2 and 14.5 Hz, cysteinyl §-H),
2.92-2.77 (m, 1H, cysteinyl 5-H), 2.23 (t, 2H, 3J(HH)=7.1 Hz, 2 x 3-
alanyl a-H), 1.77-1.52 (m, 6 H, 4 x lysyl 8-H and 2 x lysyl 6-H), 1.46 -
1.20 (m, 6H, 2 x lysyl 6-H and 4 x lysyl y-H).

(Qui),core* (13): Compound 13 (1.82 mg, 46 %) was obtained as an
orange powder, after RP-HPLC purification (gradient: 100:0 to 85:15
(solutions A to C), 15 min, then 85:15 to 75:25 (A to C), 40 min)
followed by lyophilization; positive ESI-MS: m/z: 2124.1 [M+H]*,
1062.3 [M+2HI**, 721.2 [M+2 H+K]3*.

(Shi),core* (14): Compound 14 (1.42 mg, 27 %) was obtained as an
orange powder, after RP-HPLC purification (gradient: 100:0 to 75:25
(solutions A to C), 15 min, then 75:25 to 65:35 (A to C), 40 min)
followed by lyophilization; positive ESI-MS: m/z: 1045.1 [M+H-+K]**,
1025.9 [M+2H]?*, 722.6 [M+3K]*+.
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(GLa),core* (15): Compound 15 (2.23 mg, 65 %) was obtained as an
orange powder, after RP-HPLC purification (gradient: 100:0 to 75:25
(solutions D to E), 20 min, then 75:25 to 65:35 (D to E), 25 min),
followed by lyophilization, desalting, and lyophilization; positive ESI-
MS: caled: 2139.2, found: 2139.0; m/z: 10704 [M+H]*, 726.6
[IM-+H+KI*, 714.9 [M+2 H]**.

(Qui)gcore* (16): Compound 16 (4.56 mg, 62%) was obtained as an
orange powder, after RP-HPLC purification (gradient: 100:0 to 75:25
(solutions A to B), 15 min, then 75:25 to 70:30 (A to B), 30 min)
followed by lyophilization; negative ESI-MS: calcd: 3769.1, found:
3769.0; m/z: 1254.9 [M — 3H]*-, 941.2 [M — 4H]*.

(Shi)gcore* (17): Compound 17 (3.57 mg, 50%) was obtained as an
orange powder, after RP-HPLC purification (gradient: 100:0 to 85:15
(solutions A to B), 15 min then 85:15 to 70:30 (A to B), 30 min)
followed by lyophilization; negative ESI-MS: calcd: 3640.9, found:
3640; m/z: 1214.2 [M — 3HI?>-, 909.2 [M — 4 H]*~.

(GLa)gcore* (18): Compound 18 (1.64 mg, 35%) was obtained as an
orange powder, after RP-HPLC purification (gradient: 100:0 to 80:20
(solutions D to E), 35 min) followed by lyophilization, desalting, and
lyophilization; positive ESI-MS: calcd: 3801.0, found: 3801.0; m/z:
1901.2 [M+2H]**, 1280.0 [M+2H+KJ**, 1267.7 [M+3 HI**.

Culture of Human Dendritic Cells from Peripheral Blood: Dendritic
cells were generated from Buffycoats provided by the EFS (Etablisse-
ment Francais du Sang Nord-Pas-de Calais, Lille, France) according to
a recently described protocol.?? Briefly, peripheral blood mononu-
clear cells (PBMC) were obtained by Ficoll Paque (Pharmacia,
Uppsala, Sweden) density gradient centrifugation and resuspended
in cell culture medium consisting of RPMI 1640 (Gibco, Courbevoie,
France) supplemented with 5x 10~°m [-mercaptoethanol (Merck,
Darmstadt, Germany), 2 mm L-glutamine (Merck), 1mm sodium
pyruvate (Gibco), 10% heat-inactivated feotal calf serum (Gibco),
and 50 pg mL~" gentamycin (Gibco) at 37 °Cin a 5% CO, atmosphere.
Cells were allowed to adhere to cell culture dishes (100 mm diameter,
8-12x 107 cells/plaque) for 3-4 h at 37°C in an humidified CO,
incubator. After removal of the nonadherent cells, the adherent cells
were resuspended at 1 x 10° cellsmL~" and cultured for 6-8 days in
medium supplemented with the cytokines GM-CSF (800 UmL™;
Pepro Tech Inc., Rocky Hill, USA) and IL-4 (1000 UmL"'; Pepro Tech
Inc.) in 24-well tissue culture plates.

Cell Surface Antigen Detection: After several days of culture, cells
were harvested and washed in PBS (Gibco) containing BSA (bovine
serum albumin; 0.03 mgmL~"; Sigma Immunochemicals, St. Louis,
USA). Cells were then incubated for 30 min on ice with the following
monoclonal antibodies (MAb): phycoerythrine (PE) conjugated
anti-CD11c or purified nonblocking anti-mannose receptor (clone
19.2; Pharmingen, San Diego, CA, USA). After incubation cells were
washed and resuspended in PBS. Mannose receptor expression was
assessed with a goat anti-mouse IgG conjugated to Alexa488
as the secondary antibody (Molecular Probes, Leiden, The Nether-
lands). The cell-associated fluorescence was further analyzed with
the flow cytometer Epics XL-MCL system (Coulter Corporation,
Miami, USA).

Glycomimetics Uptake: Cells were harvested after 5-8 days of
culture and washed in PBS. They were first preincubated for 10 min
at 37°C, then pulsed for 20 min at 37 °C with FITC-labeled di-, tetra-,
and octavalent cluster glycomimetics or glycosides, respectively,
washed three times with cold PBS and then fixed for 20 min in
paraformaldehyde solution (1%). Cell-associated fluorescence was
further analyzed using the FACScan described above.

For the monomer inhibitory test, cells were preincubated for 10 min
at 37°C with different concentrations of monomers: methyl b-(—)-

756

C. Grandjean, H. Gras-Masse et al.

quinate (1), methyl shikimate (2), or methyl a-b-mannopyranoside
(3). Cells were then coincubated for 20 min at 37 °C with 10 um FITC-
labeled (Man)gcore* (23), washed three times with cold PBS, and
fixed for 20 min in paraformaldehyde solution (1%) before cyto-
fluorimetric analysis.

For the mannan inhibitory test, cells were first incubated with
different concentrations of mannan derived from Saccharomyces
cerevisiae (Sigma) for 20 min at 37 °C, then coincubated for 20 min at
37 °C with glycomimetics and treated as previously described, before
cytofluorimetric analysis.

Confocal Microscopy: To address the intracellular delivery of the
glycomimetics and their cellular localization, we used the glycomi-
metics modified by an FITC group. Monoclonal mouse nonblocking
antibody directed against the human mannose receptor (clone 19.2)
was purchased from Pharmingen. Monoclonal rabbit anti-fluorescein
antibody coupled to Alexa Fluor488, monoclonal goat anti-mouse
IgG conjugated to Alexa Fluor568, and TO-PRO-3 iodide were
purchased from Molecular Probes.

Dendritic cells (0.5 x 10° per condition), harvested after 5 or 6 days of
culture, were incubated for 45 min at 4 °C with 5 pm of the different
fluoresceinated glycomimetics and 10 ug of purified anti-mannose
receptor antibody. The cells were further incubated at 37°C for
5 minutes. Following incubation, cells were washed twice in PBS and
then fixed with PBS containing (4%) paraformaldehyde solution,
0.1 mm CaCl,, 0.1 mm MgCl,, and 4% sucrose for 45 min at 4°C. Cells
were washed in PBS and resuspended in 50 mm NH,Cl medium to
stop the fixation reaction, and, after 10 min at room temperature,
cells were washed three times in PBS. Fixed cells were placed on
glass coverslips, permeabilized, and blocked for 10 min at room
temperature in permeabilizing buffer (PBS containing 1 mgmL~" BSA
and 0.05% saponin). Then cells were incubated for 30 min at 37°C
with both the nonblocking antibody, the rabbit anti-fluorescein
antibody coupled to Alexa488 (used at 1:200 dilution in permeabi-
lizing buffer; 5mgmL-") and the goat anti-mouse IgG-Alexa568
conjugate (used at 1:500 dilution in permeabilizing buffer;
1 mgmL~"). Cells were washed twice with permeabilizing buffer
and then the nuclear DNA was stained with TO-PRO-3 iodide (0.1 pw)
for 30 min at 37°C.

Slides were mounted using Vectaschield (Vector Laboratories,
Compiégne, France). Fluorescence-stained slides were examined
under a Leica TCSNT laser-scanning confocal microscope (Leica,
Heidelberg, Germany) comprising a krypton/argon laser at 488, 568,
and 647 nm excitation wavelength. Simultaneous three channel
recording was performed. Frame scanning was performed at
1000 magnification and a single optical section was collected per
field.

Mannose Receptor Expression in Cos-1 Cells: Cos-1 cells were
transiently transfected as previously described with the plasmid CD8
containing a sequence coding for the wild-type mannose-receptor
transcripts, mannose receptor CD8; this was a gift from Dr. R. A. B.
Ezekowitz.* Briefly, transfections were performed using polyethy-
lenimine (PEI) reagent EXGEN 500 (Euromedex, Souffelweyersheim,
France). 1 ug of mannose receptor CD8 plasmid or the empty vector,
as a control, and 5pl of PEl per well were used for transfec-
tion of cells cultured in a 24 well plate. Cells were incubated
for 5 hours with the reagents in OptiMEM (Gibco) followed by a
change of the culture medium. 48 hours after transfection, the cells
were harvested and the mannose receptor expression was checked
using the PE-conjugated anti-mannose receptor monoclonal anti-
body. 10-15% of Cos-1 cells were expressing the transgene.
Internalization tests were performed as described earlier. Briefly,
cells were pulsed for 20 min at 37°C with 10 um of FITC-labeled
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glycomimetics, then washed three times with cold PBS and fixed
for 20 min in paraformaldehyde solution (1%) before FACScan
analysis.
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Highly Selective Glycosylated Prodrugs
of Cytostatic CC-1065 Analogues for
Antibody-Directed Enzyme Tumor Therapy

Lutz F. Tietze,* Tobias Herzig, Anja Fecher, Frank Haunert, and Ingrid Schuberth'@!

Novel prodrugs of the cytotoxic antibiotic CC-1065 for an antibody-
directed enzyme prodrug therapy (ADEPT) were prepared that
show an excellent selectivity with a high toxicity of the correspond-
ing drug. In particular, the seco-CBI analogue of CC-1065,
1-chloromethyl-5-hydroxy-1,2-dihydro-3H-benz[ejindole, as well
as the novel methyl-seco-CBI analogue 1-(1-chloroethyl)-5-hy-
droxy-1,2-dihydro-3H-benz[e]indole, were synthesized and trans-
formed into their galactosides 10a and 10b, respectively. These
galactosides can be cleaved with (3-p-galactosidase to give the free
cytotoxic compounds. They were tested in in vitro cytotoxicity
assays by using human bronchial carcinoma cells of line A549 in
the presence and in the absence of B-p-galactosidase. While the

Introduction

Several promising approaches for a selective anticancer therapy
exploit genetic and phenotypic differences between malignant
and normal cells, such as the increased rate of glycolysis™ and
the expression of specific antigenes.”? Based on the latter, the
antibody-directed enzyme prodrug therapy (ADEPT)Z3 was
developed which uses the transformation of prodrugs exhibiting
little toxicity into a highly cytotoxic drug selectively at the
surface of malignant cells. This chemical transformation is
achieved by employing conjugates of enzymes cleaving the
prodrug and monoclonal antibodies binding to tumor associ-
ated antigenes. However, the success of this concept depends
on the difference in cytotoxicity between prodrug and drug as
well as on a high biological activity of the drug.

Since the antibiotics CC-1065 and the duocarmycins are
particularly potent cytotoxic compounds with an EDs, value of
about 0.03 nm* ! (EDs,=drug concentration required for 50%
biological effect on target cells), they are suitable for this
approach, providing that they can be reversibly detoxified. CC-
1065 and also most of the duocarmycins contain a spirocyclo-
propylcyclohexadienone moiety as in 1 which reacts with N-3 of
adenine to form an adduct with a covalent C—N bond (2)
(Scheme 1). However, some natural seco compounds such as
duocarmycin C, (3) are also known, which first undergo an
intramolecular cyclization to build up the corresponding spi-
rocyclopropane moiety as in 4 before reacting with the DNA.
This process takes place quite fast even under physiological
conditions, with a half-life of about 3.5 h in human plasma at
37°CH
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seco-CBI prodrugs revealed only modest selectivity, prodrugs of the
methyl-seco-CBI analogue bearing an anti orientation of the
substituents at the two stereogenic centers of the N-heterocycle
displayed an excellent selectivity with an EDs, quotient of about
750. The cytotoxicity of the corresponding phenol was rather high,
with an EDs, of 1.3 nm. The diastereomer with a syn orientation at
the stereogenic centers was much less toxic.
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antitumor agents -

(antibody-directed enzyme prodrug therapy)
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Scheme 1. Alkylation of DNA by CC-1065 and its analogues. Formation and
opening of the cyclopropane ring are shown.
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Our previous studies” and those of others® have demon-
strated that the cytotoxicity of such a seco compound is
significantly diminished by etherification of the phenolic hy-
droxy group since in this case the spirocyclopropane moiety
cannot be formed. Based on these results, we developed
prodrugs in which the phenolic hydroxy group is reversibly
blocked by formation of a glycoside which can be cleaved by a
glycohydrolase. Here we describe such glycosylated prodrugs of
the novel methyl-seco-CBI analogue (1-(1'-chloroethyl)-5-hy-
droxy-1,2-dihydro-3H-benz[e]indole) of CC-1065, which not only
show an excellent selectivity, but also a high cytotoxicity of the
corresponding drug. In addition, we have prepared a prodrug of
seco-CBl  (1-chloromethyl-5-hydroxy-1,2-dihydro-3H-benz[elin-
dole) that displayed only a slightly diminished cytotoxicity
compared to seco-CBI.

Results and Discussion
Synthesis of the prodrugs of seco-CBI and methyl-seco-CBI

N-Alkylation of the known iodonaphthylamine 5 with chloride
6a and subsequent radical ring closure employing nBu;SnH led
to 7a.”! Hydrogenolytic cleavage of the benzylic ether moiety in
7 a, treatment of the resulting phenol with the trichloroacetimi-
date of tetraacetylgalactose (8)'? in the presence of BF;-Et,0
followed by bisindolylcarboxylic acid (9)"'" in the presence of N-

1) NaH; Cl

| CI\/\[‘JC| Rl

H

6 NBoc

NHBoc R!
—_—
OO 2) HSnnBuz, AIBN OO

OBn OBn
5
6a: R'=H 7a:R'=H
6b: Rl = CHs 7b: RY=CH,4
H
I
o
T N
R2= o] 9 =R?-OH
N
o)

+ enantiomer = syn

ethyl-N'-(3-dimethylaminopropyl)carbodiimide  hydrochloride
(EDQ) in a one-pot procedure and removal of the acetyl groups
by using sodium methoxide in methanol yielded 10a in 22%
overall yield based on 5. In addition, 11a and 12 a were prepared
following standard protocols.™

For the synthesis of the novel methyl-seco-CBI and its
prodrugs, 5 was alkylated with 6b to give 7b after radical
cyclization. In the ring formation, two new stereogenic centers
are formed, and since a facial differentiation does not occur, a 1:1
mixture of the two diastereomers syn-7b and anti-7b was
obtained; they could easily be separated by chromatography on
silica gel. Deprotection of syn-7b and anti-7b and treatment
with 8 and 9 followed by solvolysis as described for 10 a afforded
syn-10b and anti-10b in 14% and 15 % yield, respectively, based
on 5 (Scheme 2). In addition, the free phenolic and the benzyl-
protected compounds syn- and anti-11b and 12b, respectively,
were also prepared; in the cytotoxicity tests the syn and anti
diastereomers were used separately. In the reaction of 7a,
containing one stereogenic center, with the galactose derivative
8 as well as of syn-7b and anti-7 b, containing two stereogenic
centers, racemic mixtures were employed. Therefore, two
diastereomers were formed in each case. An enantiomer differ-
entiation did not take place since, as expected, a 1:1 mixture of
10a as well as of syn-10b and anti-10b was obtained. A
difference in the rate of the enzymatic hydrolysis of these
compounds was not observed. Since the enantiomers of the free

cl
. H
1) Pd/C, NH4HCO, R
N-~pR2
2) BF3 * Et20, R
molecular sieves (4A)
OAc
AcO (e}
A
COMO Ac o OH

HNs_©

8 HO OH
CClz OH
3) EDC, 9
4) NaOCHg 10a: Rl=H;, 22%from5
syn-10b: R = CH3; 14 % from 5
anti-10b: R! = CHs; 15 % from 5

1la: R1=H, R3=H 23%from5
syn-11b: R'=CH3, R®=H 19 % from5
anti-11b: R'= CH3, R®=H 18 % from5
12a: R!=H, R3=Bn 27 %from5
syn-12b: R'=CHgz, R®=Bn 31 % from 5
anti-12b: R*= CHz, R®=Bn 33 % from 5

+ enantiomer = anti

Scheme 2. Synthesis of the substrates for the in vitro cytotoxicity tests. AIBN = a,a/-azobisisobutyronitrile, EDC = N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide

hydrochloride.
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Figure 1. In vitro cytotoxicity of 10- 12 against human bronchial carcinoma cells of line A549. A) In vitro cytotoxicity of compounds 12a (), 11 a (m), and 10a without
(@) and with (o) addition of 3-p-galactosidase (0.4 UmL™"). B) In vitro cytotoxicity of compounds syn-12b (), syn-11b (m), and syn-10b without (e) and with (o)
addition of (-p-galactosidase (0.4 UmL~'). C) In vitro cytotoxicity of compounds anti-12b (A), anti-11b (m), and anti-10b without (e) and with (o) addition of 3-p-
galactosidase (0.4 UmL™'). Cells were exposed to various concentrations of the test compounds for 24 h at 37°C; after 12 days of incubation clone formation was
compared to untreated control assays and the relative clone-forming rate was determined.

drugs 11 a, as well as syn-11 b and anti-11 b, should have a similar
cytotoxicity, as shown for the enantiomers of 1, the biological
tests were performed with the diastereomers.

In vitro cytotoxicity tests

In these tests, we employed the free phenolic compounds 11a
and 11b, the benzylated compounds 12a and 12b as well as the
glycosylated compounds 10a and syn- and anti-10b. In addition,
10a as well as syn- and anti-10 b were also tested in the presence
of 3-p-galactosidase to confirm that they can be cleaved to give
the cytotoxic phenols 11 a as well as syn- and anti-11b, and that
a suicide mechanism does not occur. In such a case, the
cytotoxicity of the prodrug in the presence of the enzyme and
the cytotoxicity of the free phenolic drug would differ consid-

erably. On the other hand, we expected the cytotoxicity of the
benzylated phenols 12a and 12b and the glycosylated com-
pounds 10a and 10b to be quite similar since in both cases
formation of the spirocyclopropane moiety should be prohib-
ited. Every single test was performed in triplicate, the accuracy of
the results is therefore very high.

The seco-CBI derivative 11a showed a very high cytotoxicity
with an EDs, value of 0.06 nm (Figure 1 and Table 1) in our assay,
which was in accordance with the results given in the literature.”
In contrast, the benzyl analogue 12a was less active by a factor
of 1600. In the presence of the enzyme [-p-galactosidase,
prodrug 10a displayed a cytotoxicity of EDs,=0.15 nm, which is
close to that of the free phenol 11a and thus indicates that the
enzyme is not deactivated in the hydrolytic process. Quite
unexpected, however, was the result that the cytotoxicity of the

Table 1. In vitro cytotoxicity of compounds 10- 12 against human bronchial carcinoma cells of line A549.
Scaffold® Substituent at the Addition of EDs, [nM]™! Specificity
phenolic oxygen atom p-p-galactosidase factor!d
seco-N>- H(11a) - 0.06
bisindolyl-CBI benzyl (12a) - 100
f-p-galactose (10a) - 4.8 32
f-p-galactose (10a) + 0.15
syn-methyl-seco- H (syn-11b) - 280
N3-bisindolyl-CBI benzyl (syn-12b) - >11700
p-p-galactose (syn-10b) - >14100 >37
f-p-galactose (syn-10b) + 380
anti-methyl-seco- H (anti-11b) - 13
N3-bisindolyl-CBI benzyl (anti-12b) - 4400
p-p-galactose (anti-10b) - 1470 770
p-p-galactose (anti-10b) + 1.9
[a] Compounds 10 - 12 were used as racemic mixtures with regard to their scaffolds. [b] Cells were exposed to the compounds for 24 h at 37 °C; after 12 days of
incubation, clone formation was compared to that in untreated control assays. EDs, =drug concentration required for 50 % biological effect on target cells.
. EDs, in the absence of enzyme
[c] Specificity factor= - .
EDs, in the presence of enzyme
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prodrug 10a was only slightly diminished in the absence of the
enzyme, with an EDs, quotient of 32. The reason for the
comparatively high cytotoxicity of the galactoside 10a has not
yet been understood completely. Since serum-free incubation
medium was employed, any enzyme activity of the medium as
observed in previous studies” with other media could be
excluded. This phenomenon could therefore be explained by a
nonenzymatic cleavage of the galactoside or by a direct
alkylation of the DNA by the seco compound 10a without
formation of the spirocyclopropane moiety. However, this must
be induced by the galactose moiety since the benzylated
compound 12 a shows a rather low cytotoxicity.

In order to diminish the possibility of a direct alkylation of the
DNA by reaction with a seco compound we have developed the
seco-methyl-CBI analogues syn-10b and anti-10b of CC-1065. It
was assumed that by introduction of a methyl group at the
chloromethyl group as in 10b, and thus a conversion of a
primary into a secondary, sterically more hindered chloride, the
intermolecular N-alkylation should be disfavored. This is indeed
observable.

The two diastereomers of the methyl-seco-CBI analogue syn-
and anti-11b showed a considerable difference in their bio-
logical activity: Compound syn-11b possesses only modest
cytotoxicity with an EDs, =280 nm, whereas a high cytotoxicity
with EDs, = 1.3 nm was observed for anti-11 b. The corresponding
galactoside of syn-11b, syn-10b, was almost nontoxic in the
investigated range of concentrations. Thus, an exact value of the
ED;, quotient cannot be given. However, due to the low
cytotoxicity of syn-11b, this prodrug would be less suitable for
an application. In contrast, excellent results were obtained with
the galactoside anti-10b. This compound displays a 770-fold
lower cytotoxicity in the absence of S-p-galactosidase than in its
presence, in which case the same degree of activity as found for
the free drug 11b was observed.

These results demonstrate that the galactoside anti-10b as a
suitably modified derivative of the highly cytostatic CC-1065 is
an excellent substrate for an application in ADEPT, since it
possesses a pronounced difference in cytotoxicity in comparison
with the corresponding free drug and a very high biological
activity of the drug. Our continuing studies now focus on in vivo
tests with conjugates of S-p-galactosidase and monoclonal
antibodies.

Experimental Section

General: All reactions were performed under an inert gas atmos-
phere in flame-dried flasks. All solvents were dried by standard
methods. All reagents obtained from commercial sources were used
without further purification. Thin-layer chromatography was per-
formed on precoated silica gel plates (SIL G/UV,s,, Macherey-Nagel &
Co.). Silica gel 32-64 (0.032-0.064 mm) (Macherey-Nagel & Co.) was
used for column chromatography.

UV/Vis spectra were recorded in CH;CN on a Perkin — EImer Lambda 2
or Lambda 9 spectrometer. IR spectra were recorded with the sample
as a KBr pellet or as a film on a Bruker IFS25 spectrometer. 'H and
13C NMR spectra were recorded on a Varian VXR-200, UNITY300 and
INOVA-500 or a Bruker AM300 with tetramethylsilane (TMS) as the

CHEMBIOCHEM 2001, 2, 758-765

internal standard in [Dlchloroform, [Dglacetone, [DgIDMSO, or
[D,IDMF. Multiplicities of *C NMR peaks were determined with the
APT pulse sequence. Mass spectra were measured at 70 eV (El) or
200 eV (DCI) on a Varian MAT311A, high-resolution mass spectra on a
Varian MAT731 instrument. Melting points were determined on a
Mettler FR61 and are uncorrected.

(1R/S)-5-Benzyloxy-3-(tert-butyloxycarbonyl)-1-chloromethyl-1,2-
dihydro-3H-benz|[elindole (7 a): Amine 5"% (200 mg, 422 umol) was
dissolved in DMF (5.0 mL) and treated with NaH (60% in oil, 40 mg,
1.00 mmol). After stirring at room temperature for 30 min, chloride
6a (94 mg, 844 umol) was added. The mixture was quenched with
saturated ag. NH,Cl after 12 h at room temperature. It was then
extracted with EtOAc (3 x ), and the extracts were washed with water
(5 x) and brine and dried over Na,SO,. The solution was concen-
trated under reduced pressure and the residue was purified by flash
chromatography (petroleum ether [PE]/EtOAc=20:1). (E/Z)-2-Ami-
no-4-benzyloxy-N-(tert-butyloxycarbonyl)-N-(3'-chloroprop-2'-enyl)-

1-iodonaphthalene (230 mg, 419 umol, 99%) was obtained as a
yellow oil as a mixture of rotamers. R;=0.34, 0.39 (PE/EtOAc =10:1);
H NMR (200 MHz, CDCl,): 6 =1.33, 1.58 (s, 9H, Boc-CH,), 3.72-4.34
(m, TH, NCHH), 4.47 - 4.63 (m, 1H, NCHH), 5.26 (brs, 2H, OCH,), 5.93 -
6.18 (m, 2H, CH=CHCI), 6.65-6.79 (m, 1H, 3-H), 7.31-7.63 (m, 7H,
6-H, 7-H, Ph-H), 8.10, 8.22 (d, J=8.0 Hz, each 1H, 5-H, 8-H); *CNMR
(50 MHz, CDCl5): 6 =28.3, 28.5 (CH,), 46.0, 49.1, 70.3, 70.4 (all CH,),
80.7, 95.0, 95.1 (all C), 107.1, 107.7, 120.6, 120.8, 122.5 (all CH), 125.5
(C), 126.3, 126.4, 127.3 (all CH), 128.1, 128.2, 128.5, 128.6, 128.7, 132.7
(all CH), 135.3, 136.3, 136.4, 142.4, 142.8, 153.7, 153.9, 155.3 (all C).

A solution of (E/Z)-2-amino-4-benzyloxy-N-(tert-butyloxycarbonyl)-N-
(3'-chloroprop-2’-enyl)-1-iodonaphthalene (230 mg, 419 umol) in
toluene (7.0 mL) was degassed thoroughly and treated with nBu;SnH
(0.13 mL, 469 umol) and AIBN (7.0 mg, 43 umol). After 2.5 h of stirring
at 80°C, the volatiles were removed in vacuo and the residue was
dissolved in Et,0. The solution was washed with 10% (w/v) aq KF and
dried over Na,SO,. The solution was concentrated under reduced
pressure and the residue purified by flash chromatography (PE/
EtOAc=20:1). 7a (147 mg, 347 pmol, 83 %) was obtained as a white
solid. R;=0.47 (PE/EtOAc=10:1); m.p.155°C; "HNMR (200 MHz,
CDCly): 6 =1.62 (s, 9H, Boc-CHs), 3.44 (dd, 2 x J=11.0Hz, 1H, 10-H,),
3.91-4.02 (m, 2H, 1-H, 10-H,), 4.14 (dd, 2 x J=11.0Hz, 1H, 2-H,),
4.29 (brd, J=11.0 Hz, 2-H,), 5.17 (s, 2H, OCH,), 7.29-7.57 (m, 7H, 7-H,
8-H, Ph-H), 7.65 (d, J=8.0 Hz, 1H, 9-H), 7.84 (brs, 1H, 4-H), 8.29 (d, /=
8.0 Hz, 1H, 6-H); *C NMR (50 MHz, CDCl,): 6 = 28.5 (CH,), 41.6 (CH),
46.5, 53.0, 70.3 (all CH,), 81.2 (C), 96.4 (CH), 114.0, 122.4 (all C), 121.7,
123.1, 123.6, 1275, 127.6, 128.0, 128.5 (all CH), 130.2, 136.7, 143.4,
152.6, 156.0 (C).

(1,10)-syn-5-Benzyloxy-3-(tert-butyloxycarbonyl)-1-(10-chloroeth-
yl)-1,2-dihydro-3H-benz[elindole (syn-7b) and (1,10)-anti-5-Ben-
zyloxy-3-(tert-butyloxycarbonyl)-1-(10-chloroethyl)-1,2-dihydro-

3H-benz[e]indole (anti-7b): Amine 5% (2.00g, 4.21 mmol) was
dissolved in DMF (50 mL) and treated with NaH (60% in oil, 400 mg,
10.0 mmol). After stirring at room temperature for 30 min, chloride
6b (1.37 g, 10.9 mol) was added. The mixture was quenched with sat.
aq NH,CI after 2h at room temperature. It was then extracted
with EtOAc (3 x), and the extracts were washed with water (5 x)
and brine and dried over Na,SO,. The solution was concentrated
under reduced pressure and the residue purified by flash chroma-
tography (PE/EtOAc=20:1). (E/2)-2-Amino-4-benzyloxy-N-(tert-butyl-
oxycarbonyl)-N-(3"-chlorobut-2'-enyl)-1-iodonaphthalene (2329,
4.12 mmol, 98%) was obtained as a yellow oil as a mixture of
rotamers. R;= 0.33, 0.40 (PE/EtOAc = 10:1). "H NMR (200 MHz, CDCls):
0 =1.30/1.60 (s, 9H, Boc-CH,), 1.82/2.03 (s, 3H, C=CCH,), 3.79-4.26
(m, TH, NCHH), 4.47 - 4.60 (m, 1H, NCHH), 5.26 (brs, 2H, OCH,), 5.72 -
5.86 (m, 1H, CH=CCIMe), 6.68-6.80 (m, 1H, 3-H), 7.32-7.60 (m, 7H,
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6-H, 7-H, Ph-H), 8.10, 8.22 (d, J=8.0 Hz, each 1H, 5-H, 8-H); '*C NMR
(50 MHz, CDCl,): 6=20.9, 26.2, 28.3, 28.5 (all CH,), 46.5, 47.8, 70.4,
70.5 (all CH,), 80.5, 94.9, 95.2 (all C), 107.1, 107.8, 121.6, 122.8, 122.5
(2 signals) (all CH), 125.4 (C), 126.2, 126.3, 1273, 128.1, 128.2, 128.5
(2 signals), 128.7 (2 signals), 132.7, 132.8 (all CH), 134.0, 135.3, 135.3,
136.3, 136.4, 142.5, 143.1, 153.7, 153.9, 155.2, 155.3 (all C); MS (El,
70eV): m/z (%): 563 (3) [M]*, 436 (48) [M—11*, 380 (100) [M—I—
C,Ho+HI*, 318 (68) [M—1— C,Hy,— C,HsCl4+H]*; HR-MS: caled for
C,H,,CIINO;: 563.0683, found 563.0724.

A solution of (E/Z)-2-amino-4-benzyloxy-N-(tert-butyloxycarbonyl)-N-
(3’-chlorobut-2'-enyl)-1-iodonaphthalene (578 mg, 1.02 mmol) in
toluene (17 mL) was degassed thoroughly and treated with nBu;SnH
(0.35mL, 1.26 mmol) and AIBN (43.0 mg, 264 umol). After 3.5h of
stirring at 80 °C, the volatiles were removed in vacuo and the residue
was dissolved in Et,0. The solution was washed with 10% (w/v) aq
KF, dried over Na,SO,, concentrated under reduced pressure, and the
two diastereomers separated by flash chromatography (PE/EtOAc =
20:1) to give syn-7b (191 mg, 437 pmol, 43 %) and anti-7b (187 mg,
427 umol, 42 %) as white solids.

syn-7b: R;=0.51 (PE/EtOAc=10:1); m.p. 177 °C (dec.); UV (CH;CN):
Amax (Ige) =208.5 (4.376), 217.0 (4.315), 254.5 (4.796), 302.5 (3.933),
314.0 (4.022), 340.0 nm (3.523); IR (KBr): 7=23444, 2980, 1701, 1625,
1580, 1455, 1408, 1366, 1339, 1325, 1146, 760cm~'; 'HNMR
(200 MHz, CDCly): 6=1.16 (d, J=6.8Hz, 3H, 11-CH;), 1.60 (s, 9H,
Boc-CH,), 4.07 (dd, J=11.1, 10.8 Hz, 1H, 2-H,), 4.16 (dd, J=10.7,
3.0Hz, 1H, 1-H), 438 (brd, J=11.1 Hz, 2-H,), 4.69 (dq, J=3.2, 6.8 Hz,
1H, 10-H), 5.27 (s, 2H, OCH,), 7.29-7.56 (m, 7H, 7-H, 8-H, Ph-H), 7.64
(d, J=8.2Hz, 1H, 9-H), 7.84 (brs, 1H, 4-H), 8.29 (d, J/=8.0 Hz, 1H, 6-H);
13C NMR (50 MHz, CDCl,): 6 =17.9, 28.5 (all CH), 46.0 (CH), 49.4, 58.2,
70.3 (all CH,), 81.1 (C), 96.5 (CH), 115.6, 122.4 (all C), 121.9, 123.1,
123.6, 127.6, 128.0, 128.5 (all CH), 130.2, 136.8, 141.9, 152.3, 156.0 (all
C); MS (DCl, 200 eV): m/z (%): 455 (29) [M+NH,]*, 438 (10) [M+H]*,
394 (27) IM—CH,ClI+HI*, 318 (31) [M—CH,Cl—CHo+HIF; ele-
mental analysis calcd (%) for C,sH,sCINO; (437.970): C 71.30, H 6.44;
found: C 71.16, H 6.38.

anti-7b: R;=0.38 (PE/EtOAc = 10:1); m.p. 169°C (dec.); UV (CH,CN):
Amex (I9€) =207.0 (4.442), 2175 (4.388), 255.0 (4.845), 302.5 (3.966),
314.0 (4.051), 341.0 nm (3.537); IR (KBr): ¥ = 3445, 2977, 2928, 1698,
1626, 1580, 1455, 1410, 1367, 1338, 1272, 1147, 910, 846, 751 cm';
TH NMR (200 MHz, CDCl,): 6 = 1.62 (s, 9H, Boc-CH,), 1.63 (d, J = 6.8 Hz,
3H, 11-CH,), 3.86 (ddd, J=9.2, 2 x 3.4 Hz, TH, 1-H), 407 (dd, J=11.7,
9.8 Hz, 1H, 2-H,), 434 (brd, J=11.0 Hz, 2-H,), 4.60 (dq, J=3.7, 6.4 Hz,
1H, 10-H), 5.27 (s, 2H, OCH,), 7.28 750 (m, 5H, 7-H, 8-H, m-H, p-H),
7.56 (d, J=7.8 Hz, 2H, 0-H), 7.64 (d, J=8.0 Hz, 1H, 9-H), 7.88 (brs, 1H,
4-H), 831 (d, J=8.0 Hz, 1H, 6-H); >C NMR (50 MHz, CDCl,): 6 =23.7,
28.5 (CH,), 46.0 (CH), 50.7,60.2, 70.2 (all CH,), 80.9 (C), 96.3 (CH), 115.2,
1224 (all ), 122.1, 122.9, 123.6, 127.3, 1276, 1279, 1285 (all CH),
130.4, 136.9, 142.0, 152.4, 155.8 (all C); MS (DCl, 200 eV): m/z (%): 455
(100) [M+NH,]*, 438 (66) [M+HI*, 399 (56) [M — C,Ho+HI"*.

(1R/S)-3-(tert-Butyloxycarbonyl)-1-chloromethyl-5-hydroxy-1,2-

dihydro-3H-benz[elindole (13a): A 25% (w/v) aq solution of
NH,HCO, (0.20 mL) as well as 10% Pd/C (19.6 mg, 18.4 umol) were
added to a solution of benzyl ether 7a (41.4 mg, 97.7 umol) in THF
(1.5 mL) at 0°C. After stirring for 4 h at 40 °C, the solid was removed
by filtration through Celite, and the Celite was washed thoroughly
with THF. The concentrated filtrate was purified by flash chromatog-
raphy (PE/EtOAc=5:1) to afford 13a (29.2 mg, 87.4 umol, 89%) as a
white solid. R;=0.23 (PE/EtOAc=10:1); m.p.153-154°C (dec.);
"HNMR (200 MHz, CDCl;): 6=1.62 (s, 9H, Boc-CH,), 3.41 (dd, 2 x
J=11.0Hz, 10-H,), 3.90-4.00 (m, 2H, 1-H, 10-H,), 4.10 (dd, 2 x J=
11.0 Hz, 1H, 2-H,), 4.26 (brd, J=11.0 Hz, 2-H,), 6.61 (brs, 1H, OH), 7.31
(dt, J=1.0 Hz, 8.0 Hz, 7-H), 747 (dt, 1.0 Hz, 8.0 Hz, 1H, 8-H), 761 (d,
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J=80Hz, 1H, 9-H), 7.78 (brs, 1H, 4-H), 8.20 (d, J=8.0 Hz, 1H, 6-H);
13C NMR (50 MHz, CDCl,): & = 28.5 (CH,), 41.7 (CH), 46.5, 53.1 (all CH.,),
81.8(C), 99.1 (CH), 114.0, 121.5 (all ©), 121.7,122.7, 123.6, 1275 (all CH),
130.3, 141.1, 153.3, 154.1 (all C).

(1,10)-syn-3-(tert-Butyloxycarbonyl)-1-(10-chloroethyl)-5-hydroxy-
1,2-dihydro-3H-benz[elindole (syn-13 b): A solution of benzyl ether
syn-7 b (148 mg, 338 umol) in acetone (8.5 mL) was treated with 10%
Pd/C (165 mg, 152 umol) and NH,HCO, (135 mg, 2.12 mmol). After
stirring for 2 h at 40°C, the solid was removed by filtration through
Celite, the Celite was washed thoroughly with acetone, and the
filtrate was concentrated. Flash chromatography (PE/EtOAc=10:1)
provided syn-13b (100 mg, 287 umol, 85 %) as a white solid. R;=0.48
(PE/EtOAC=5:1); m.p.190-192°C (dec.); UV (CH;CN): A,., (Ige)=
209.5 (4.242), 220.5 (4.221), 255.0 (4.852), 304.0 (3.926), 315.0 (3.991),
342.0 (3.497); IR (KBr): 7=3377, 2976, 1680, 1629, 1589, 1419, 1346,
1231, 1146, 1040, 910, 856, 760 cm~'; '"H NMR (200 MHz, [Dglacetone):
0=1.09 (d, /=74 Hz, 3H, 11-CH,), 1.60 (s, 9H, Boc-CH,), 4.07 (dd, J=
11.4,10.3 Hz, 1H, 2-H,), 4.19 (dd, J/=10.3, 4.1 Hz, 1H, 1-H), 4.34 (d, /=
11.5Hz, 2-H,), 4.75 (dq, J=4.1, 74 Hz, 1H, 10-H), 731 (dt, J/=2.0,
8.0 Hz, 1H, 7-H), 750 (dt, J=2.0, 8.0 Hz, 1H, 8-H), 7.72 (brs, 1H, 4-H),
7.76 (d, J=8.0 Hz, 1H, 9-H), 8.20 (d, J=8.0 Hz, 1H, 6-H), 9.27 (brs, 1H,
OH); *C NMR (50 MHz, [D¢]acetone): 6 = 18.2, 28.6 (all CHs), 46.5 (CH),
50.6, 59.3 (all CH,), 81.3 (C), 99.7 (CH), 114.6, 122.4 (all C), 123.1, 123.3,
124.2, 128.2 (all CH), 131.5, 142.7, 152.6, 155.4 (all C); MS (El, 70 eV):
m/z (%): 347 (16) [MI*, 291 (15) [M — C,H,+HI*, 228 (100) [M—
C,H,Cl — C,Hy+HI*, 184 (29) [M — Boc — C,H,CI+HI*; elemental anal-
ysis calcd (%) for C,sH,,CINO; (347.845): C 65.61, H 6.38, found: C
65.42, H 6.14.

(1,10)-anti-3-(tert-Butyloxycarbonyl)-1-(10-chloroethyl)-5-hydroxy-
1,2-dihydro-3H-benz[elindole (anti-13 b): A solution of benzyl ether
anti-7b (162 mg, 370 umol) in acetone (10.0 mL) was treated with
10% Pd/C (178 mg, 167 umol) and NH,HCO, (146 mg, 2.32 mmol).
After 2 h at 40 °C, the solid was removed by filtration through Celite,
the Celite was washed thoroughly with acetone, and the filtrate was
concentrated. Flash chromatography (PE/EtOAc=10:1) provided
anti-13b (103 mg, 296 pmol, 80%) as a white solid. R;=0.37 (PE/
EtOAc=5:1); m.p. 182-184°C (dec.); UV (CH,CN): 4,.,, (Ige) =209.5
(4.242), 220.5 (4.221), 255.0 (4.852), 304.0 (3.926), 315.0 (3.991),
342.0 nm (3.497); IR (KBr): #=3377, 2976, 1680, 1629, 1589, 1419,
1346, 1231, 1146, 1040, 910, 856, 760 cm~"; 'TH NMR (200 MHz, CDCl,):
0=1.62 (s, 9H, Boc-CH,), 1.63 (d, /=6.7 Hz, 3H, 11-CH,), 3.85 (ddd,
J=9.2,2x3.4Hz 1H, 1-H), 4.06 (dd, J=11.7, 9.8 Hz, 1H, 2-H,), 4.31
(brd, J=11.0 Hz, 2-H,), 4.56 (dqg, J=3.7, 6.4 Hz, 1H, 10-H), 6.56 (brs,
1H, OH), 731 (dt, J=1.5, 8.0 Hz, 1H, 7-H), 7.45 (t, J=8.0 Hz, 1H, 8-H),
761 (d, J=8.0 Hz, 1H, 9-H), 7.75 (brs, 1H, 4-H), 8.18 (d, J/=8.0 Hz, 1H,
6-H); 3C NMR (50 MHz, [D¢lacetone): 6 = 23.7, 28.6 (all CH;), 46.2 (CH),
50.7,61.7 (all CH,), 80.9 (C), 99.8 (CH), 114.8, 122.4 (all C), 123.0, 123.2,
124.2,127.8 (all CH), 131.6, 142.0, 152.7, 155.1 (all C); MS (DCI, 200 eV):
m/z (%): 365 (76) [M+NH,", 348 (65) [M+H]*, 312 (53) [M—
HCI+H]*, 309 (100) [M — C,Hs+H]*; elemental analysis calcd (%) for
C;oH,,CINO; (347.845): C 65.61, H 6.38, found: C 65.58, H 6.25.

General procedure for the preparation of the f-p-galactoside
prodrugs 10: The phenol was dissolved in dry CH,Cl, (50 mL mmol~-")
and treated with molecular sieves (4 A; 6.90 gmmol~") and 1.05 equiv
of the tetraacetyl trichloroacetimidate 8."" The mixture was stirred
for 30 min at room temperature, and 7.7 equiv of BF;-OEt, were
added dropwise at —10°C. Stirring was continued for 1h at this
temperature, then the mixture was allowed to reach room temper-
ature and stirred for further 4.5 h. The solution was separated from
the molecular sieves by a transfer cannula, and the molecular sieves
were washed three times with CH,Cl,. The combined solutions were
concentrated in vacuo, and the residue was thoroughly dried under
vacuum (oil pump). It was then dissolved in dry degassed DMF
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(17 mLmmol~") and treated with 2.2 equiv of EDC and 0.9 equiv of
acid 9.'% After 18 h of stirring a small amount of silica gel was added,
and the mixture was evaporated to dryness. Flash chromatography
(PE/EtOAc=2:1 —PE/EtOACc = 1:2 —PE/acetone/MeOH = 10:6:1)
yielded the intermediate product which was dissolved in dry MeOH
(40 mLmmol~-") and treated with 2.0 equiv of a 5.4m solution of
NaOMe in MeOH. Water (20 mLmmol~") was added after 4h of
stirring, and the precipitate was collected by a glass frit and washed
with water. Thorough drying provided 10.

[(1R/S)-1-Chloromethyl-3-(5'-(1H-indol-2"-ylcarbonylamino)-1H-
indol-2"-ylcarbonyl)-1,2-dihydro-3H-benz[e]indol-5-yl]--p-galac-
topyranoside (10a): Phenol 13a (61 mg, 183 umol) was treated with
the tetraacetyl trichloroacetimidate 8 (95 mg, 192 umol), BF;:OEt,
(0.19 mL, 1.41 mmol) and molecular sieves (4 A, 1.26 g) according to
the general procedure described above. EDC (105 mg, 549 umol) and
acid 9 (52mg, 165 umol) were added to the residue. The inter-
mediate product obtained after chromatography (60 mg, 69 pmol)
was treated with 5.4m NaOMe/MeOH (26 pL, 138 pmol). 10a (38 mg,
55 umol, 30%) was obtained as a greyish powder as a mixture of
diastereomers. R; (intermediate product) =0.63 (PE/EtOAc=1:2); UV
(CHCN): A,y (Ige) = 207.0 (4.667), 301.5 nm (4.629); IR (KBr): 7= 3414,
3304, 2924, 1642, 1622, 1590, 1542, 1520, 1464, 1414, 1312, 1234,
1076, 748 cm~'; 'H NMR (500 MHz, [D,IDMF): 6 =3.70-3.81 (m, 4H,
OH), 4.00-4.06 (m, 2H, 6*-H), 4.03 (dd, J=11.0, 7Z.5Hz, 1H, 10-H,),
4.16 (dd, J=11.0, 2.5 Hz, 1H, 10-H,), 4.38 (m,, 1H, 1-H), 4.72-4.76 (m,
2H, 3*-H, 5*-H), 4.80 (dd, /= 10.4, 1.5 Hz, 1H, 2-H,), 4.90-4.97 (m, TH,
2*-H), 4.97 (dd, 2 x J=10.0, 1H, 2-H,), 5.13 (d, J/=8.0 Hz, 1H, 1*-H),
5.60 (d, J=5.0Hz, 1H, 4*-H), 711 (t, J=79Hz 1H, 5"-H), 7.27 (t, J=
79 Hz, 1H, 6"-H), 731, 7.33 (s, total 1H, 3’-H), 7.44 (t, J/=8.1 Hz, 1H,
7-H), 7.54 (d, J=1.0 Hz, 1H, 3"-H), 7.59-7.65 (m, 3H, 8-H, 7'-H, 7"'-H),
771 (d, J=8.0Hz, 1H, 4"-H), 7.74 (d, J=8.5 Hz, 1H, 6'-H), 8.00 (d, /=
8.0Hz, 1H, 9-H), 843 (m,, 3H, 4-H, 6-H, 4-H), 10.31, 10.32 (s, 1H,
CONH), 11.79 (brs, 1H, indole-NH), 11.85 (brs, 1H, indole-NH);
3CNMR (125 MHz, [D,IDMF): 6 =42.4, 42.7 (C-1), 48.0/48.1 (C-10),
56.0/56.1 (C-2), 61.4 (2 signals) (C-6*), 69.2/69.3 (C-4*), 71.9/72.0 (C-
2%), 74.7/74.8 (C-3*), 76.5 (C-5%), 102.8/103.1 (C-1%), 103.4 (C-4), 103.9
(C-3"), 106.6 (2 signals) (C-3'), 113.0 (2 signals) (C-7', C-7""), 113.5, 113.6
(C-4),118.9, 119.0 (C-9b), 119.9 (C-6'), 120.6 (C-5"), 122.4 (C-4"), 123.5,
124.1, 124.2 (2 signals), 124.3, 124.4 (C-5a, C-6, C-7, C-9, C-6"), 128.2
(2 signals) (C-8), 128.4, 128.5 (C-3a’, C-3a"), 130.7 (2 signals) (C-9a),
132.5 (2signals) (C-2"), 133.1 (2signals), 133.2 (C-5', C-2"), 134.5
(2 signals) (C-7a’), 137.9 (C-7a"), 143.3 (C-3a), 155.0, 155.1 (C-5), 160.5
(CONH"), 161.3 (CONH’); MS (ESI): m/z (%): 1415 (32) [2M+Na]*, 720
(100) [M+Nal*; elemental analysis calcd (%) for C;;H;3CIN,Oq
(697.087): C 63.79, H 4.78, found: C 63.48, H 4.97.

[(1,10)-syn-1-(10-Chloroethyl)-3-(5-(1H-indol-2"-ylcarbonylamino)-
1H-indol-2'-ylcarbonyl)-1,2-dihydro-3H-benz[e]indol-5-yl]-f-p-gal-
actopyranoside (syn-10b): Phenol syn-13b (50 mg, 144 umol) was
treated with the tetraacetyl trichloroacetimidate 8 (74 mg,
148 pumol), BF;- OEt, (146 uL, 1.11 mmol) and molecular sieves (4 A,
1.00 g) according to the general procedure described above. EDC
(62 mg, 320 umol) and acid 9 (41 mg, 128 umol) were added to the
residue. The intermediate product obtained after chromatography
(70mg, 80 pumol) was treated with 54m NaOMe/MeOH (36 uL,
160 umol) to give syn-10b (19 mg, 27 umol, 19%) as a greyish
powder as a mixture of diastereomers. R; (intermediate product)=
0.59 (PE/acetone/MeOH=10:6:1); UV (CH;CN): A,.. (Ige)=2075
(4.546), 301.5 nm (4.550); IR (KBr): 7#=3406, 3309, 2925, 1590, 1513,
1463, 1415, 1313, 1233, 1141, 1077, 807, 745 cm~'; 'H NMR (500 MHz,
[D,IDMF): 6 =1.18, 1.22 (d, J/=6.9 Hz, 3H, 11-CH,), 3.68 -3.89 (m, 4H,
OH), 4.01-4.05 (m, 2H, 6*-H), 441 (m,, TH, 1-H), 4.62-4.66 (m, 2H,
3*-H, 5*-H), 4.86 -4.92 (m, 4H, 2-CH,, 10-H, 2*-H), 5.12 (d, J=7.8 Hz,
1H, 1*-H), 5.52 (m,, 1H, 4*-H), 7.11 (t, J=8.0 Hz, 1H, 5"-H), 7.26 (t, J=
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8.0Hz, 1H, 6"-H), 7.33, 7.36 (s, 1H, 3’-H), 745 (t, J/=8.0Hz, 1H, 7-H),
753 (s, 1H, 3"-H), 762 (t, J=79 Hz, 1H, 8-H), 763 (d, J=8.0Hz, 1H, 7'-
H), 765 (d, J/=8.0Hz, 1H, 7'-H), 7.71 (d, J=78 Hz, 1H, 4"-H), 7.74 (d,
J=8.0Hz 1H, 6-H), 797, 799 (d, J/=8.0 Hz, 1H, 9-H), 8.38 (brs, 1H,
4-H), 8.40-8.44 (m, 2H, 6-H, 4-H), 10.25 (s, 1H, CONH), 11.70 (s, 1H,
indole-NH), 11.74, 11.80 (s, 1H, indole-NH); *CNMR (125 MHz,
[D,IDMF): 6 =18.7, 18.9 (C-11), 474, 47.6 (C-1), 53.7, 53.8 (C-2), 59.6,
59.7 (C-10), 61.4 (2 signals) (C-6*), 69.2, 69.3 (C-4*), 71.9, 72.0 (C-2%),
74.7, 74.8 (C-3*), 76.5 (C-5%), 102.8, 103.0 (C-1*), 103.4 (C-4), 103.9 (C-
3"), 106.7, 106.8 (C-3'), 113.0 (2 signals) (C-7’, C-7"), 113.5, 113.6 (C-4'),
118.9, 119.0 (C-9b), 120.0 (C-6), 120.6 (C-5"), 122.4 (C-4"'), 123.8, 124.2
(2 signals), 124.3, 124.5, 124.6 (C-5a, C-6, C-7, C-9, C-6"'), 128.3 (C-8),
128.3, 128.5 (C-3a’, C-3a"), 130.7 (2 signals) (C-9a), 132.3 (2 signals) (C-
2'), 133.1, 133.2 (C-5, C-2"), 134.6 (2 signals) (C-7a’), 137.9 (C-7a"),
143.3 (C-3a), 155.1, 155.2 (C-5), 160.5 (CONH"), 161.1, 161.2 (CONH’);
MS (ESI): m/z (%): 709 (100) [M — H]-.

[(1,10)-anti-1-(10-Chloroethyl)-3-(5’-(1H-indol-2"-ylcarbonylamino)-
1H-indol-2'-ylcarbonyl)-1,2-dihydro-3H-benz[e]indol-5-yl]-f-o-gal-
actopyranoside (anti-10b): Phenol anti-13b (50 mg, 144 pmol) was
treated with tetraacetyl trichloracetimidate 8 (74 mg, 148 pmol), BF;-
OEt, (146 uL, 1.11 mmol) and molecular sieves (4 A, 1.00 g) according
to the general procedure described above. EDC (62 mg, 320 umol)
and acid 9 (41 mg, 128 umol) were added to the residue. The
intermediate product obtained after chromatography (60 mg,
68 umol) was treated with 5.4m NaOMe/MeOH (29 L, 136 umol) to
give anti-10b (23 mg, 32 pmol, 22 %), which was obtained as a grey
powder and as a mixture of diastereomers. R; (intermediate
product) =0.67 (PE/acetone/MeOH=10:6:1); UV (CH;CN): A,
(lge) =207.0 (4.564), 301.5nm (4.547); IR (KBr): #=3405, 3292,
1624, 1516, 1466, 1415, 1313, 1232, 1141, 1074, 747 cm~'; '"HNMR
(500 MHz, [D;]IDMF): 6 =1.75, 1.77 (d, J=6.8 Hz, 3H, 11-CH;), 3.71-
3.84 (m, 4H, OH), 4.03-4.06 (m, 2H, 6*-H), 436 (brd, J/=8.5Hz, 1H,
1-H), 4.74 (m, 2H, 3*-H, 5*-H), 4.85-4.93 (m, 3H, 2-CH,, 10-H), 5.00
(m, TH, 2*-H), 5.13 (d, J=7.8 Hz, TH, 1*-H), 5.62 (d, J=5.5Hz, 1H, 4*-
H), 711 (t, J=8.0 Hz, TH, 5"-H), 7.27 (t, J=8.0 Hz, 1H, 6"-H), 7.41 - 7.45
(m, 2H, 7-H, 3’-H), 7.55 (s, 1H, 3"-H), 7.58 - 7.65 (m, 3H, 8-H, 7'-H, 7"-H),
7.71(d,J=8.0Hz, 1H, 4"-H), 7.73 (d, J=8.1 Hz, 1 H, 6"-H), 8.03, 8.04 (d,
J=8.0Hz, 1H, 9-H), 8.40-8.46 (m, 3H, 4-H, 6-H, 4-H), 10.31 (s, 1H,
CONH), 11.78 (s, 1H, indole-NH), 11.83 (s, 1H, indole-NH); *C NMR
(125 MHz, [D,IDMF): 6 =23.8 (C-11), 47.3 (C-1), 53.1, 53.2 (C-2), 61.4 (C-
10), 62.1, 62.2 (C-6%), 69.2 (C-4%), 71.9, 72.1 (C-2*), 74.7, 74.8 (C-3*), 76.5
(C-5%), 103.1, 103.5 (C-1*, C-4), 1039 (C-3"), 106.8 (C-3), 113.0
(2 signals) (C-7, C-7"), 113.5 (C-4), 119.8, 119.9 (2 signals) (C-9b, C-6'),
120.6 (C-5"), 122.4 (C-4"), 123.7, 124.1, 124.2, 124.3 (C-5a, C-6, C-7,
C-9, C-6"), 128.0 (C-8), 128.5 (2 signals) (C-3a’, C-3a”), 130.6, 130.7
(C-9a), 1324 (C-2), 133.1 (2signals) (C-5', C-2"), 134.5 (2 signals)
(C-72"), 137.9 (C-7a"), 143.3 (C-3a), 154.8, 154.9 (C-5), 160.5 (CONH"),
161.1 (CONH'); MS (ESI): m/z (%): 733 (100) [M+Na]*, 709 (100)
M—H].

General procedure for the preparation of the model compounds
11 and 12: The substrate for the coupling reaction was dissolved in
4m HCI/1,4-dioxane (prepared by diluting conc ag HCl [ca. 12m] with
1,4-dioxane to a final HCl concentration of 4m; 25 mLmmol~') and
stirred at room temperature. The solution was concentrated in
vacuo, and the residue was thoroughly dried under vacuum (oil
pump). It was then dissolved in dry degassed DMF (17 mLmmol-")
and treated with 3.0 equiv of EDC and 1.0 equiv of acid 9.'% After
18 h of stirring at room temperature, a small amount of silica gel
was added and the mixture was evaporated to dryness. Flash
chromatography  (PE/acetone =5:1 —PE/acetone =5:3 —PE/ace-
tone/MeOH =10:6:1) provided the title compound, which was
isolated by concentration of the eluate to a small volume and
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subsequent addition of petroleum ether. The precipitate was then
collected by filtration through a glass frit, washed with Et,0 and a
small amount of acetone, and thoroughly dried.

(1R/S)-1-Chloromethyl-5-hydroxy-3-[5-(1H-indol-2"-ylcarbonyl-
amino)-1H-indol-2'-ylcarbonyll-1,2-dihydro-3H-benz[elindole

(11 a): According to the general procedure described above, phenol
13a (56 mg, 168 umol) was stirred in 4m HCl/1,4-dioxane for 1 h. The
mixture was treated with EDC (97 mg, 504 umol) and acid 9 (53 mg,
168 umol). 11a (28 mg, 52 umol, 31%) was obtained as a brownish
powder. R;=0.68 (PE/acetone/MeOH=10:6:1); 'HNMR (500 MHz,
[D;IDMF): 6 =3.97 (dd, J=11.0, 7.8 Hz, 1H, 10-H,), 4.15 (dd, J=11.0,
3.0Hz, 1H, 10-H,), 433 (m., 1H, 1-H), 4.77 (d, J=10.4 Hz, TH, 2-H,),
490 (dd, 2 x J=104, 1H, 2-H,), 711 (t, J=8.0 Hz, 1H, 5"-H), 7.26 (t,
J=8.0Hz, 1H,6"-H), 731 (s, 1H, 3"-H), 741 (t, /=8.0 Hz, 1H, 7-H), 7.54
(s, TH, 3"-H), 7.57 (t, J=8.0 Hz, 1H, 8-H), 759 (d, J=8.4 Hz, 1H, 7'-H),
761 (d, J=8.3Hz, 1H, 7"-H), 770 (d, J=8.0 Hz, 1H, 4"-H), 7.73 (d, J=
8.5Hz 1H, 6'-H), 7.94 (d, J=8.0 Hz, 1H, 9-H), 8.10 (brs, 1H, 4-H), 8.23
(d, J=8.2 Hz, 1H, 6-H), 8.41 (s, 1H, 4-H), 10.32 (s, 1H, CONH), 10.61 (s,
1H, OH), 11.70 (s, 1H, indole-NH), 11.80 (s, 1H, indole-NH); *C NMR
(125 MHz, [D,IDMF): 6 =42.6 (C-1), 48.1 (C-10), 55.9 (C-2), 101.3 (C-4),
103.9 (C-3"),106.5 (C-3"), 112.9, 113.0 (C-7', C-7"), 113.4 (C-4), 116.0 (C-
9b), 119.8 (C-6'), 120.6 (C-5"), 122.4 (C-4"), 123.3, 123.5, 123.8, 124.0
(C-5a, C-6, C-7, C-9), 124.3 (C-6"), 128.0 (C-8), 128.4, 128.5 (C-34/,
C-3a"), 131.0 (C-9a), 132.6 (C-2), 133.1 (C-5/, C-2"), 134.4 (C-7a'), 137.9,
(C-7a"), 143.5 (C-3a), 155.3 (C-5), 160.5 (CONH"), 161.1 (CONH’).

(1,10)-syn-1-(10-Chloroethyl)-5-hydroxy-3-[5’-(1H-indol-2"-ylcar-
bonylamino)-1H-indol-2"-ylcarbonyl]-1,2-dihydro-3H-benz[e]in-
dole (syn-11b): According to the general procedure described
above, phenol syn-13b (40 mg, 115 umol) was stirred in 4m HCl/1,4-
dioxane for 1 h. The mixture was treated with EDC (66 mg, 345 umol)
and acid 9 (37 mg, 115 umol). syn-11b (25 mg, 46 umol, 40 %) was
obtained as a brownish powder. R;=0.60 (PE/acetone/MeOH =
10:6:1); UV (CH,CN): A... (Ige)=206.0 (4.165), 2470 (3.976),
304.0 nm (4.077); IR (KBr): #=23430, 3291, 1655, 1585, 1548, 1518,
1416, 1314, 1240, 1140, 746 cm~'; '"H NMR (500 MHz, [D,IDMF): 6 =
1.18 (d, J=7.1 Hz,3H, 11-CH;), 4.39 (d, J=6.9, 1H, 1-H), 4.82-4.91 (m,
3H, C-H,, C-10), 711 (t, J/=8.0 Hz, 1 H, 5”-H), 7.27 (t, J=8.0 Hz, 1H, 6"-
H), 735 (s, 1H, 3"-H), 742 (t, J=8.1Hz, 1H, 7-H), 753 (s, 1H, 3"-H),
755-7.62 (m, 3H, 8-H, 7"-H, 7"-H), 7.70 (d, J=8.1 Hz, 1H, 4"-H), 7.73
(d, J=8.1Hz, 1H, 6'-H), 793 (d, J/=8.0Hz, 1H, 9-H), 8.08 (brs, 1H,
4-H), 8.23 (d, J=8.0Hz, 1H, 6-H), 8.42 (s, 1H, 4-H), 1034 (s, 1H,
CONH), 10.67 (s, 1H, OH), 11.73 (s, 1H, indole-NH), 11.81 (s, 1H,
indole-NH); *CNMR (125 MHz, [D,IDMF): 6 =18.6 (C-11), 47.5 (C-1),
53.5 (C-2), 59.7 (C-10), 101.3 (C-4), 103.9 (C-3"), 106.6 (C-3'), 112.9,
113.0 (C-7', C-7"), 113.5 (C-4'), 115.9 (C-9b), 119.9 (C-6'), 120.5 (C-5"),
122.4 (C-4"), 123.3, 123.7, 123.9, 124.0 (C-5a, C-6, C-7, C-9), 124.3 (C-
6"), 128.1 (C-8), 128.4, 128.5 (C-3a’, C-3a"), 131.0 (C-9a), 132.4 (C-2'),
133.1, 133.2 (C-5/, C-2"), 1345 (C-7a’), 1379, (C-7a"), 143.5 (C-3a),
155.5 (C-5), 160.5 (CONH"), 160.9 (CONH'); MS (ESI): m/z (%): 1119 (97)
[2M+Na]*, 571 (100) [M+Na]*.

(1,10)-anti-1-(10-Chloroethyl)-5-hydroxy-3-[5’-(1 H-indol-2"-ylcar-
bonylamino)-1H-indol-2'-ylcarbonyl]-1,2-dihydro-3H-benz[elin-

dole (anti-11b): According to the general procedure described
above, phenol anti-13b (27 mg, 78 umol) was stirred in 4m HCl/1,4-
dioxane for 1 h. The mixture was treated with EDC (45 mg, 233 umol)
and acid 9 (23 mg, 72 pmol). anti-11b (6.0 mg, 11 umol, 14%) was
obtained as a beige powder. R=0.59 (PE/acetone/MeOH = 10:6:1);
UV (CH,CN): 4,..,, (Ige) = 206.0 (4.124), 247.0 (3.951), 304.5 nm (4.105);
IR (KBr): #=3430, 3292, 1655, 1583, 1549, 1518, 1415, 1315, 1240,
1138, 746 cm~'; 'TH NMR (500 MHz, [D,]DMF): 6 =1.74 (d, J=6.8 Hz,
3H, 11-CH,), 4.30 (d, J=8.5, TH, 1-H), 4.81-4.90 (m, 3H, C-H,, C-10),
711 (t,J=77Hz, 1H,5"-H), 726 (t, J=7.6 Hz, 1H, 6"-H), 7.39 (s, 1 H, 3"-
H), 741 (t, J=8.1 Hz, 1H, 7-H), 7.53 (s, 1H, 3"-H), 7.55 (t, /=8.1 Hz, 1H,
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8-H), 759 (d, /=76 Hz, 1H, 7"-H), 761 (d, J=7.6 Hz, 1H, 7"-H), 7.70 (d,
J=78Hz, 1H, 4"-H), 772 (dd, /=8.0, 1.7Hz, 1H, 6-H), 7.97 (d, J=
8.0Hz, 1H, 9-H), 8.14 (brs, 1H, 4-H), 8.25 (d, /=8.0 Hz, 1H, 6-H), 8.42
(d, J=1.0, 1H, 4-H), 10.31 (s, TH, CONH), 10.57 (s, 1H, OH), 11.70 (s,
1H, indole-NH), 11.79 (s, 1H, indole-NH); CNMR (125 MHz,
[D,IDMF): 6 =23.8 (C-11), 47.2 (C-1), 53.1 (C-2), 62.3 (C-10), 101.4 (C-
4),103.9 (C-3"), 106.7 (C-3'), 112.9, 113.0 (C-7', C-7"), 113.5 (C-4'), 117.0
(C-9b), 119.7 (C-6'), 120.6 (C-5"), 122.4 (C-4"), 123.4,123.6, 123.7, 124.0
(C-5a, C-6, C-7,C-9), 124.3 (C-6"), 127.7 (C-8), 128.5 (C-3a’, C-33"), 131.0
(C-9a), 132.6 (C-2), 133.1 (2 signals) (C-5', C-2"), 134.4 (C-7a"), 1379,
(C-7a"), 143.5 (C-3a), 155.1 (C-5), 160.5 (CONH"), 160.8 (CONH’); MS
(ESI): m/z (%): 547 (42) [M —H]~, 511 (100) [M — HCl — H]~.
5-Benzyloxy-1-chloromethyl-3-[5’-(1H-indol-2"-ylcarbonylamino)-
1H-indol-2"-ylcarbonyl]-1,2-dihydro-3H-benz[elindole (12a): Ac-
cording to the general procedure described above, benzyl ether
7 a (47 mg, 168 umol) was stirred in 4m HCI/1,4-dioxane for 1 h. The
mixture was treated with EDC (64 mg, 333 umol) and acid 9 (35 mg,
111 umol). 12a (23 mg, 37 umol, 33 %) was obtained as a yellowish
powder. R;=0.31 (PE/EtOAc=3:2); UV (CH;CN): A, (Ige) =207.5
(4.646), 302.5 (4.549), 334.5 nm (4.388); IR (KBr): 7 = 3415, 3289, 2924,
1624, 1524, 1460, 1407, 1312, 1232, 1140, 746cm~'; 'HNMR
(500 MHz, [D,IDMF): 6 =4.03 (dd, J=11.3, 7Z5Hz, 1H, 10-H,), 4.16
(dd, J=11.2, 3.1 Hz, 1H, 10-H,), 4.36-4.40 (m, 1H, 1-H), 4.80 (dd, /=
10.8,2.0 Hz, TH, 2-H,), 4.95 (dd, J=10.5,9.4 Hz, 1H, 2-H,), 5.38 (s, 2 H,
OCH,), 7.11 (dt, J=1.0, 8.0 Hz, 1H, 5"-H), 7.27 (dt, J=1.0, 8.0 Hz, TH,
6"-H), 734 (d, J=2.0Hz, 1H, 3’-H), 741 (t, J=75Hz, 1H, 7-H), 7.45-
7.50 (m, 3H, m-H, p-H), 755 (s, 1H, 3"-H), 7.60-7.64 (m, 3H, 8-H, 7"-H,
7"-H), 768 (d, J=75Hz 2H, o-H), 771 (d, J=75Hz, 1H, 4'-H), 7.76
(dd, J/=8.0, 2.0 Hz, 1H, 6’-H), 8.00 (d, J=8.0Hz, 1H, 9-H), 8.25 (brs,
1H, 4-H), 8.29 (d, J=8.0Hz, 1H, 6-H), 8.45 (s, TH, 4-H), 10.32 (s, TH,
CONH), 11.77 (s, 1H, indole-NH), 11.80 (s, 1H, indole-NH); *C NMR
(125 MHz, [D;]IDMF): 6 =42.6 (C-1), 48.2 (C-10), 56.0 (C-2), 70.7 (OCH,),
99.2 (C-4), 103.9 (C-3"), 106.7 (C-3), 112.9, 113.0 (C-7', C-7"), 113.5 (C-
4), 1176 (C-9b), 119.9 (C-6), 120.6 (C-57), 1224 (C-4"), 123.6
(2 signals), 123.8, 124.6 (C-5a, C-6, C-7, C-9), 124.3 (C-6"), 128.3 (C-
8), 128.4, 128.5 (C-3a’, C-3a"), 128.5 (0-C), 128.7 (p-C), 129.2 (m-Q),
130.8 (C-9a), 132.4 (C-2'), 133.1, 133.2 (C-5', C-2"), 134.5 (C-7a’), 137.9
(2 signals) (C-7a", ipso-C), 143.4 (C-3a), 155.7 (C-5), 160.5 (CONH"),
161.2 (CONH'); MS (DCl, 200 eV): m/z (%): 642 (100) [M+NH,]*, 625
(20) [M+HI*, 606 (16) [M — HCI4+NH,I*, 589 (10) [M — HCI4+H]*.

(1,10)-syn-5-Benzyloxy-1-(10-chloroethyl)-3-[5'-(1H-indol-2"-ylcar-
bonylamino)-1H-indol-2'-ylcarbonyl]-1,2-dihydro-3H-benz[elin-

dole (syn-12b): According to the general procedure described
above, benzyl ether syn-7 b (60 mg, 137 umol) was stirred in 4m HCI/
1,4-dioxane for 1h. The mixture was treated with EDC (79 mg,
411 umol) and acid 9 (43 mg, 137 umol). syn-12b (16 mg, 26 umol,
19%) was obtained as a yellowish powder. R;=0.87 (PE/acetone/
MeOH = 10:6:1); UV (CH5CN): A, (Ige) = 207.5 (4.655), 303.0 (4.596),
336.5 nm (4.431); IR (KBr): 7#=3417, 3285, 3060, 2925, 1624, 1587,
1524, 1460, 1405, 1312, 1230, 1140, 803, 745, 697 cm~'; '"HNMR
(500 MHz, [Dg]DMSO): 6 =1.11 (d, J=6.7 Hz, 3H, 11-CH;), 4.33 (brd,
J=9.8Hz, 1H, 1-H), 4.70 (d, J=11.1 Hz, 1H, 2-H,), 4.81-4.84 (m, 2H,
2-H,, 10-H), 5.32 (m,, 2H, OCH,), 707 (t, J=78 Hz, 1H, 5"-H), 721 (&,
J=8.1Hz 1H, 6"-H), 726 (d, J=1.5Hz, 1H, 3'-H), 7.36 (t, J=8.0 Hz,
1H, 7-H), 742 -747 (m, 4H, m-H, p-H, 3"-H), 748 (d, J=8.1 Hz, 1H, 7"~
H), 750 (d, /=8.0 Hz, 1H, 6’-H), 7.56 - 7.60 (m, 4H, 8-H, 7'-H, o-H), 7.67
(d, J=78Hz, 1H, 4"-H), 792 (d, J=8.0Hz, 1H, 9-H), 8.09 (brs, 1H,
4-H), 8.12 (d, J=8.0Hz, 1H, 6-H), 8.15 (s, TH, 4-H), 10.15 (s, TH,
CONH), 11.68 (s, 1H, indole-NH), 11.76 (s, 1H, indole-NH); *C NMR
(125 MHz, [D,]DMF): 6 = 18.8 (C-11), 47.5 (C-1), 53.7 (C-2), 59.7 (C-10),
70.8 (OCH,), 99.2 (C-4), 103.9 (C-3"), 106.8 (C-3'), 113.0 (2 signals) (C-7/,
C-7"), 113.5 (C-4'), 117.6 (C-9b), 120.0 (C-6'), 120.6 (C-5"), 122.4 (C-4"),
123.6, 123.9, 124.0, 124.7 (C-5a, C-6, C-7, C-9), 124.3 (C-6"), 128.4
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(2 signals), 128.5 (2 signals) (C-8, C-3a’, C-3a”, 0-C), 128.7 (p-C), 129.3
(m-C), 130.8 (C-9a), 132.2 (C-2), 133.1, 133.2 (C-5', C-2"), 134.6 (C-7a),
137.8, 137.9 (C-7a", ipso-C), 143.5 (C-3a), 155.9 (C-5), 160.5 (CONH"),
161.2 (CONH’); MS (DCl, 200 eV): m/z (%): 656 (52) [M+NH,]*, 639 (63)
[M+H]*, 622 (63) [M —HCI4+NH,+2H]*, 605 (100) [M —HCI+3H]".
(1,10)-anti-5-Benzyloxy-1-(10-chloroethyl)-3-[5’-(1H-indol-2"-yl-
carbonylamino)-1H-indol-2’-ylcarbonyl]-1,2-dihydro-3H-benz[e]-
indole (anti-12b): According to the general procedure described
above, benzyl ether anti-7b (150 mg, 343 umol) was stirred in 4m
HCl/1,4-dioxane for 1 h. The mixture was treated with EDC (197 mg,
1.03mmol) and acid 9 (108 mg, 343 umol). anti-12b (76 mg,
119 pmol, 35%) was obtained as a yellowish powder. R;=0.74 (PE/
acetone =5:3); UV (CH,CN): ..., (Ige)=207.5 (4.596), 303.0 (4.502),
336.5 nm (4.335); IR (KBr): #=3415, 3290, 3060, 1624, 1587, 1524,
1459, 1407, 1312, 1231, 1142, 804, 746, 697 cm~'; '"H NMR (300 MHz,
[Dg]DMSO): 6 =1.67 (d, J=6.7 Hz, 3H, 11-CH,), 4.25 (d, J=9.3 Hz, TH,
1-H), 4.65 (dd, J=10.4,3.0 Hz, 1H, 2-H,), 4.78 (dd, 2 x J=10.0Hz, 1H,
2-H,), 4.80 (m,, 1H, 10-H), 5.32 (m, 2H, OCH,), 7.07 (t, J=78 Hz, 1H,
5"-H), 7.22 (t, J=8.1 Hz, 1H, 6"-H), 732 (s, 1H, 3'-H), 7.37 (t, /=8.0 Hz,
1H, 7-H), 743 (s, 1H, 3"-H), 745 (t, J=79Hz, 3H, m-H, p-H), 749 (d,
J=79Hz, 1H, 7"-H), 751 (d, J=8.0 Hz, 1H, 6'-H), 7.56 -7.60 (m, 4H,
8-H, 7-H, o-H), 767 (d, J=78Hz, 1H, 4"-H), 797 (d, J=79Hz, 1H,
9-H), 8.15 (brs, 1H, 4-H), 8.23 (d, /=8.1 Hz, 1H, 6-H), 8.26 (s, TH, 4'-H),
10.15 (s, 1H, CONH), 11.68 (s, 1H, indole-NH), 11.73 (s, 1H, indole-NH);
13CNMR (125 MHz, [D,IDMF): 6 =23.8 (C-11), 47.2 (C-1), 53.1 (C-2),
62.2 (C-10), 70.7 (OCH,), 99.2 (C-4), 103.9 (C-3"), 106.9 (C-3'), 112.9,
113.0 (C-7', C-7"), 113.5 (C-4'), 118.6 (C-9b), 119.9 (C-6'), 120.6 (C-5"),
122.4 (C-4"), 123.6, 123.8, 123.9, 124.4 (C-5a, C-6, C-7, C-9), 124.3 (C-
6"), 128.1 (C-8), 128.5 (2 signals) (C-3a’, C-3a"), 128.6 (0-C), 128.7 (p-C),
129.2 (m-C), 130.8 (C-9a), 132.4 (C-2), 133.2 (C-5/, C-2"), 134.5 (C-7a"),
1379 (2signals) (C-7a”, ipso-C), 143.5 (C-3a), 155.6 (C-5), 160.5
(CONH"”), 161.0 (CONH’); MS (DCl, 200eV): m/z (%): 656 (15)
[M-+NH,*, 639 (7) [M+H]*, 620 (73) [M—HCI+NH,", 603 (68)
[M —HCI+H]*.

Cell culture: Human bronchial carcinoma cells of line A549
(ATCC CCL 185) were kindly provided by the Institut fur Zellbiologie,
Universitdt Essen, and were maintained as exponentially growing
cultures at 37°C and 7.5% CO, in air in DMEM medium (Biochrom,
Berlin, Germany) supplemented with 10% fetal calf serum (heat-
inactivated for 30 min at 56°C, GibcoBRL, Karlsruhe, Germany),
44 mm NaHCO; (Biochrom, Berlin, Germany), and 4 mm L-glutamine
(GibcoBRL, Karlsruhe, Germany).

In vitro cytotoxicity assays: Adherent cells of line A549 were sown
in triplicate in six multiwell plates at concentrations of 102 103, 104,
and 10° cells per cavity. Culture medium was removed by suction
after 24h and cells were washed in the incubation medium
Ultraculture (UC, serum-free special medium, purchased from
BioWhittaker Europe, Verviers, Belgium). Incubation with compounds
10-12 was then performed in Ultraculture medium at various
concentrations for 24 h. All compounds were used as freshly
prepared solutions in DMSO (Merck, Darmstadt, Germany) diluted
with incubation medium to a final DMSO concentration of 1% in the
wells. After 24 h of exposure, the test compound was removed and
the cells were washed with fresh medium. Cultivation was done at

37°Cand 7.5% CO, in air for 12 days. The medium was removed and
the clones were dried and stained with Loffler's methylene blue
(Merck, Darmstadt, Germany). They were then counted macroscopi-
cally.

The relative clone-forming rate was determined according to the
following formula:

relativ clone-forming rate [%] =

number of clones counted after exposure

number of clones counted in the control

Liberation of the drugs from their glycosidic prodrugs was achieved
by addition of 0.4UmL"" S-p-galactosidase (EC3.2.1.23, GradeX,
purchased from Sigma Germany, Deisenhofen, Germany) to the cells
during incubation with the compounds.
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Improved Enantioselectivity of a Lipase by
Rational Protein Engineering

Didier Rotticci,’™ Johanna C. Rotticci-Mulder,® Stuart Denman, Torbjérn Norin,®!

and Karl Hult*[!

A model based on two different binding modes for alcohol
enantiomers in the active site of a lipase allowed rational redesign
of its enantioselectivity. 1-Halo-2-octanols were poorly resolved by
Candida antarctica lipase B. Interactions between the substrates
and the lipase were investigated with molecular modeling.
Unfavorable interactions were found between the halogen moiety
of the fast-reacting S enantiomer and a region situated at the
bottom of the active site (stereoselectivity pocket). The lipase was
virtually mutated in this region and energy contour maps of some
variants displayed better interactions for the target substrates. Four
selected variants of the lipase were produced and kinetic resolution
experiments were undertaken with these mutants. Single point
mutations gave rise to one variant with doubled enantioselectivtiy

Introduction

The need for new enantioselective catalysts has increased over
the last decade. At the same time, biocatalysis has emerged as
one of the options when facing the challenge of producing
single enantiomers.'"¥ However, biocatalysts are complex
catalysts, whose mechanisms of action and enantiorecognition
have often remained unclear. Furthermore, due to their natural
function, many enzymes have a narrow substrate specificity.
Understanding and redesigning their selectivity for unnatural
substrates still remains a challenge.

Lipase-catalyzed asymmetric transformation is one of the best
methods of preparing optically active compounds.® ¢ Resolu-
tion of racemates with hydrolases is the most common
biocatalytic strategy for industrial production of enantiomeri-
cally pure fine chemicals.”!

Protein engineering is a promising approach for the creation
of tailor-made biocatalysts. To date, only a few lipases/esterases
have been improved as regards to their enantioselectivity
through the use of protein engineering. These altered biocata-
lysts have been obtained by directed evolution®"! gene
shuffling,!'? site-directed mutagenesis,'> ™ and chemical mod-
ification.'™ In most cases, the modified enzymes have reached
only moderate enantioselectivity. The strategies used can be
divided into two groups—random and rational approaches.

The ability of an enzyme to distinguish between two
enantiomers is defined by the enantiomeric ratio E.® This is
the ratio of the specificity constants (k.,/K.,) of the enzyme for
the competing enantiomers.
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as well as one variant with annihilated enantioselectivity towards
the target halohydrins. An increased volume of the stereoselectivity
pocket caused a decrease in enantioselectivity, while changes in
electrostatic potential increased enantioselectivity. The enantiose-
lectivity of these new lipase variants towards other types of
alcohols was also investigated. The changes in enantioselectivity
caused by the mutations were well in agreement with the proposed
model concerning the chiral recognition of alcohol enantiomers by
this lipase.

KEYWORDS:

enzyme kinetic resolution

catalysis
protein engineering - rational design

lipases

Candida antarctica lipase B (CALB), which has been used in the
academic world as well as in industry, ¢ is an efficient catalyst
for asymmetric transformation of sec-alcohols and related
compounds.'”! Moreover, its three-dimensional structure has
been determined.'® However, halohydrins such as 1-bromo-2-
octanol (1) and 1-chloro-2-octanol (2) are poorly resolved by
CALB compared to 3-nonanol (3; Scheme 1).'"! This report

0O
vinyl butyrate I
n-hexane 0 9
—_—  » ~ X + )
4 CALB /A
1 X=Br E=65
2X=Cl E=14
3X=CH; £E=200

Scheme 1. Enzymatic kinetic resolution of sec-alcohols with Candida antarctica
lipase B (CALB).
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Rational Lipase Engineering

presents the design and production of CALB mutants displaying
better enantioselectivity towards these substrates.

Our group has previously proposed a model for explaining the
mechanism of enantiorecognition by CALB as regards sec-
alcohol enantiomers.?® 21 This model was based on molecular
modeling of the transition state of the fast- and slow-reacting
enantiomers, as well as the experimental kinetic resolution of
sec-alcohols. The model is briefly described here. Figure 1 depicts

A) acyl chain

Ser105 \

stereoselectivity
pocket

Q

Serd7

Thr42

Trp104

B) acyl chain

Ser105 I".

stereoselectivity
pocket

C

Serd7

Thr42
Trpl04

Figure 1. Representation of the productive docking modes for sec-alcohol
enantiomers in their transition states in the active site of Candida antarctica
lipase B. A) Docking mode 1, which is optimal for the fast-reacting enantiomer.
B) Docking mode 2, which is optimal for the slow-reacting enantiomer. L and M
represent the large- and the medium-sized substituents at the stereocenter of the
alcohol. The pockets indicate the binding site for the alcohol moiety.

the proposed transition states of sec-alcohol enantiomers in the
active site of CALB. The large pocket represents the entrance of
the active site and the stereoselectivity pocket represents a
region of limited volume situated at the bottom of the active
site. For the reaction to be catalyzed, the fast- and slow-reacting
enantiomers bind in different productive docking modes (dock-
ing modes 1 and 2, Figure 1). When the large substituent at the
stereocenter is bigger than an ethyl group, the selectivity is
dramatically increased due to the lack of space to accommodate
the large substituent of the slow-reacting enantiomer in the
stereoselectivity pocket.

Steric interactions are not the only important factors for the
differentiation between enantiomers. CALB also shows quite
different enantioselectivity towards aliphatic alcohols and their
almost isosteric halohydrin analogues, as shown in Scheme 1.

CHEMBIOCHEM 2001, 2, 766 -770

This difference in enantioselectivity shown towards halohydrins
and their nonhalogenated analogues is suggested to be due to
unfavorable interaction between the halogen atom and the
stereoselectivity pocket of the enzyme.?? The difference was
experimentally determined to exceed 1.5 kcalmol~".

This article presents an example of site-directed mutagenesis
of a lipase, based on rational design, that led to the creation of
mutants which were more enantioselective than the wild-type
lipase.

Results and Discussion

Molecular modeling was undertaken in order to clarify the
possible presence of unfavorable interactions between the
enzyme and the halogenated substrates. The affinity of the
alcohol-binding site for 1-bromo-2-octanol (1) was evaluated by
means of the program GRID.?® The methyl and organic bromine
probes were used to simulate the interactions of the large and
the medium moiety at the stereocenter, respectively. The
stereoselectivity pocket did not display any favorable interac-
tions for the halogenated moiety (CH,Br) according to the
energy contour map when compared to the large pocket at the
entrance of the active site (Figure 2 A). This marked preference of
the halogenated moiety for the entrance of the binding site will
disfavor the productive docking mode 1 for the fast-reacting
enantiomer of 1. This would explain the poor enantioselectivity
for halohydrins bearing the halogen on their medium-sized
substituent and also why the reversed effect is observed when
the halogen is placed on the large substituent as in 1-bromo-2-
propanol.’® Improving the affinity of the stereoselectivity pocket
for the halogenated substituent (CH,X) at the stereocenter
should result in a higher enantioselectivity towards compounds
1 and 2.

Thr40, Thr42, Ser47, and Trp104 define the stereoselectivity
pocket of CALB. Only three of these four residues were good
candidates for site-directed mutagenesis. Thr40 was not mu-
tated due to its importance for the stabilization of the oxyanion
formed in the transition state. In order to maintain the stereo-
selectivity of CALB, the size of the stereoselectivity pocket should
not increase so as to facilitate the slow-reacting enantiomer to
bind in its productive docking mode 2 (Figure 1). Further, the
affinity for docking of the CH,Br and the CH,Cl moieties should
be increased to favor docking mode 1 of the fast-reacting
enantiomer, that is, the electrostatic potential of the pocket
should be altered. The residues Thr42, Ser47, and Trp104 were
virtually mutated with molecular modeling, followed by a short
molecular dynamics simulation and energy minimization of the
mutated residue in order to find more stable conformations.
Only small amino acids were considered as candidates due to the
limited space in the pocket (about the size of an ethyl group).
The removal of electronegative groups or the introduction of
basic amino acids in this region might increase the affinity for the
halogen atom.

The following mutants were modeled: Ser47Ala, Ser47Asn,
Ser47His, Thr42Asn, Thr42Asp, Thr42His, Thr42Val, Trp104His,
and Thr42Val - Ser47Ala. Upon mutation for a histidine, both the
protonated and unprotonated forms were considered. The
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Figure 2. The energetically favorable binding sites for the organic bromine atom
and methyl group. Close-up views of models of the active sites of the wild-type
lipase (A) and the mutant Trp104His (B, C) are displayed. The favorable
interactions for an organic bromine atom (A, B) and a methyl group (C) were
calculated with the program GRID. The contour maps (energy levels of

— 3 kcalmol~" in magenta and — 6 kcalmol~" in yellow) are shown. The substrate,
(S)-1-bromo-2-propyl octanoate, is shown as a stick representation and was
positioned according to previous modeling on 3-methyl-2-butyl octanoate in
order to help the reader to visualize the hypothetical position of the substrate.?®!
The green atom represents the bromine atom in the stereoselectivity pocket.
W=Trp, H=His, S=Ser, T=Thr.

resulting structures were inspected visually for catalytic rele-
vance. Irrelevant structures often displayed a major rearrange-
ment of the loop containing Thr40, that is, the loop had flipped

768

K. Hult et al.

away from where the oxyanion must be placed. The energy
contour maps obtained for the mutations at positions 42 and 47
were very similar to the one from the wild-type lipase and only
the energy contour map of the mutants Ser47Ala, Thr42Val-
Ser47Ala, and Thr42Asn suggested a subtle increase in affinity
for the CH,Br group in the vicinity of the stereoselectivity pocket.
Calculation for the Trp104His mutation exhibited a favorable
binding site for the organic bromine in this region (Figure 2B),
but a large cavity was also created (Figure 2 C). This cavity should
favor the binding of the large substituent of the slow-reacting
enantiomer in the stereoselectivity pocket. As a result, this
mutation would facilitate the binding of both the fast- and slow-
reacting enantiomers in their productive docking modes.

Based on the molecular modeling the following mutations
were performed. The two amino acids Thr42 and Ser47,
containing electronegative hydroxy groups, were replaced in
the stereoselectivity pocket by valine and alanine, respectively.
The mutation Trp104His was also carried out.

The kinetic resolution experiments were performed with
immobilized enzyme preparation of the wild-type lipase and the
four mutants in hexane at low water activity (a,,=0.1). E values
were experimentally determined from the enantiomeric excess-
es of the product and the substrate at several different
conversions.? As can be seen in Table 1, the enantioselectivity
towards the targets 1-bromo-2-octanol (1) and 1-chloro-2-

Table 1. Enantioselectivity of Candida antarctica lipase B variants towards
target substrates 1 and 2.

CALB @

1 2
wild-type 6.5+ 0.4 1442
Thra2Val 6.74+03 1542
Sera7Ala 124+04 28+3
Thr42Val - Ser47Ala 94408 2042
Trp104His 1.740.1 20401

[a] Enantiomeric ratio values with standard deviation.

octanol (2) was doubled when the mutant Ser47Ala was used
instead of wild-type lipase. The mutation Thr42Val did not affect
the enantioselectivity and the double mutation led to a catalyst
that was more enantioselective than the wild-type lipase, but
not as good as Ser47Ala. This suggested that only the mutation
Ser47Ala was important for the enantioselectivity.

The mutation Trp104His increased the size of the stereo-
selectivity pocket, which could now accommodate both the
large- and the medium-sized substituents of 1 and 2. Con-
sequently, not only the fast-reacting enantiomer but also the
slow one could bind in its productive docking mode (Figure 1).
The loss of enantioselectivity for this mutant supported our
proposed mechanism for the enantiorecognition of sec-alcohol
enantiomers by CALB and was in agreement with the low
enantioselectivity reported by Patkar etal. for this mutant
towards aliphatic sec-alcohols.?!

The specific activities of the lipase variants are presented in
Table 2. All the variants lost some specific activity towards
tributyrin, compared to the wild-type lipase. The most interest-
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Table 2. Specific activity of the Candida antarctica lipase B variants toward
tributyrin.

CALB Activity®® [s7']
wild-type 253+12
Thr42Val 45+2
Ser47Ala 144 £14
Thr42Val - Ser47Ala 84+8
Trp104His 102£13

[a] Enzymatic activities were measured with the free lipases in aqueous
media. Active site concentrations were determined with methyl p-nitro-
phenyl hexylphosphonate as an irreversible inhibitor.*%

ing variant (Ser47Ala) with doubled enantioselectivity towards 1
and 2 retained 60% of the specific activity of the wild-type
lipase. It is worth noting that the Trp104His variant showed
higher activity than the wild-type enzyme at low and high pH
values (data not shown).

Kinetic resolution of other types of alcohols was carried out in
order to evaluate the scope of CALB mutants (Table 3). The
Trp104His mutant displayed the lowest enantioselectivity to-
ward all the substrates tested, probably due to the increased

Table 3. Enantioselectivity of Candida antarctica lipase B variants towards
other alcohols.

CALB £

1-bromo- 2-butanol meso-

2-butanol 2,3-butanediol
wild-type 88+2 6.5+04 1M+2
Thr42Val 58+1 6.1+£0.3 14+1
Ser47Ala 60+1 6.5+0.3 13£2
Thr42Val - Ser47Ala 61+1 57+0.1 13+1
Trp104His 1.7+0.1 1.440.1® 2.04+0.1™

[a] Enantiomeric ratio values with standard deviation. [b] Opposite enantio-
preference to the wild-type lipase.

volume of the stereoselectivity pocket (Figure 2 C). Interestingly
this mutant showed a switch in enantiopreference for 2-butanol
and meso-2,3-butanediol. However, the enantioselectivity for the
Trp104His was poor towards these substrates, but this mutation
might be used as a starting point for the future creation of S-
enantioselective CALB mutants.

The three mutations at the positions 42 and 47 affected only
the stereoselectivity towards the halohydrins. 1-bromo-2-buta-
nol has two substituents of approximately the same size, so that
the E value reflects the electrostatic contribution to the
enantioselectivity for vic-brominated substrates. The enantiose-
lectivity of CALB mutants was reduced with this substrate due to
a decrease of electrostatic repulsions induced by the mutations.
These results showed that nonsteric interactions can be
important in enzymatic kinetic resolutions and that one can
take advantage of these interactions to modify the enzyme
enatioselectivity. All three mutations at positions 42 and 47 had a
negative effect on the enantioselectivity for 1-bromo-2-butanol
while only two of these mutations had a positive effect on the
enantioselectivity of CALB towards 1 and 2.

CHEMBIOCHEM 2001, 2, 766 -770

These results, achieved by site-directed mutagenesis, support
the model proposed for molecular recognition of sec-alcohol
enantiomers by CALB and show that rational design of
enantioselectivity is possible if based on thorough models. The
prospects of rational design may increase in the future due to an
increasing knowledge in enzyme catalysis and structural biology.
Molecular modeling of both enantiomers in their transition
states will also be essential for such design. Rational design may
also help to find regions important for enzyme substrate
selectivity, thus narrowing the huge DNA sequence space
involved in directed evolution.

Experimental Section

General: All reagents and solvents were acquired from the Aldrich
chemical company (unless otherwise stated). Medium-pressure
liquid chromatography was performed on silica gel (Merck KGaA,
Germany) using a SEPARO AB setup (Baeckstrom, Sweden). 'H NMR
spectra were recorded at 400 MHz on a Bruker Advance400 with
Si(CH;), as the standard. Gas chromatography (GC) analyses were
carried out on Hewlett Packard MS Chemstation GC/FID6890 and
MS 5973 (70 eV). Enzymatic activities were performed with a Radio-
meter pH-stat equipped with an ABU91 auto burette.

Modeling: All the simulations were performed on a Silicon Graphic
Workstation Octane. Energy minimizations and molecular dynamics
simulations were carried out with the software package SYBYL6.5
(Tripos Inc., St Louis, MO, USA) using the all atoms Kollman force
field. The binding site of the wild-type and mutant lipases was
investigated with the methyl and organic bromine probes of the
GRID program, Version17, and the resulting contour maps were
displayed with SYBYL.

Molecular modeling was performed with the Protein Databank (PDB)
file entry 1TCA after removal of the sugar units. This structure was
prepared for the subsequent calculations as previously described by
Raza et al.?®! The residues of interest were then virtually mutated and
allowed to relax in the enzyme through energy minimization and
molecular dynamics (MD). The virtually mutated residues were
heated by 50 K per 1 ps to 300K, followed by a 10-ps simulation at
300 K and subsequent energy minimization. The whole enzyme was
then subjected to the same procedure (minimization+MD-+minim-
ization). Upon mutation into a histidine, both the protonated and the
unprotonated forms were considered. The resulting structures were
inspected visually for catalytic relevance. After removal of all of the
water molecules, the energy contour maps of the active site were
calculated by means of the program GRID and the resulting contour
maps were displayed.

Site-directed mutagenesis: Thr42Val, Ser47Ala, and Thr42Val-
Ser47Ala mutants where obtained by using the overlap polymerase
chain reaction (PCR) technique.?” The following primers where used
to insert the desired mutations: fCALBT42V 5'-GGAACCGGCGTCA-
CAGGTCC, rCALBT42V 5'-GGACCTGTGACGCCGGTTCC, fCALBS47A 5'-
TCCACAGGCTTTCGACTCGAA, and [rCALBS47A 5-GTTCGAGTC-
GAAAGCCTGTGG. The CALB gene was inserted into the plasmid
YpDC541 using Xho | and Not | restriction sites; the lipase gene was
placed directly after the a-factor secretion signal sequence, as
previously described by Rotticci-Mulder et al.?®! For the Trp104His
mutant, the Transformer site-directed mutagenesis kit was used as
described by the manufacturer (Clontech Laboratories Inc., USA). The
plasmid YpCALB was mutated with the mutagenic primer 5'-
GCTTCCCGTGCTTACCCACTCCCAGGGTGG and the selection primer

769





BIO

5'-GCTGTTCCAGGGATCGCAGTGGTGAG. The selection primer al-
lowed a silent mutation in the plasmid that removed the unique
restriction site Sma l. All different CALB mutants were sequenced on
both strands by use of Sanger sequencing reactions®? with dye
terminators and were analysed on an ABI Prism 377 DNA sequencer
(Perkin-Elmer, Wellsley, USA).

Lipase expression, purification, and immobilization: The methyl-
otrophic yeast Pichia pastoris was previously found to be a suitable
host for the overexpression of active CALB.?® The plasmids contain-
ing the desired mutated lipase gene were transformed into P. pastoris
(SMD1168) by electroporation. The resulting yeast colonies were
screened for lipase production by colony blotting. After production
in shaking flasks, the culture medium containing the lipases was
purified by hydrophobic interaction chromatography and gel-
filtration chromatography as described for the wild-type enzyme.®
The resulting lipase solutions displayed a single band of 35 kDa by
sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE); this band was identified by Western blot analysis with rabbit
anti-CALB antibodies to be CALB. The lipase variants were immobi-
lized onto Accurel EP100 (5 lipase units per mg of carrier) as
previously described by Holmquist et al.!"!

Active site titration and lipase activity towards tributyrin: Methyl
p-nitrophenyl n-hexylphosphonate was used for the determination
of the active site concentration of the lipase variants in water.*® The
procedure used was previously described by our group. The
enzymatic activity towards tributyrin was measured using a pH-stat
at 25°C and pH75. The substrate solution (0.2m tributyrin, 2%
gum arabicum, 0.2m CaCl,) was emulsified and the reaction was
started by adding the enzyme to the emulsion.

Chemical syntheses: 1-Bromo-2-octanol (1) and 1-chloro-2-octanol
(2) were prepared essentially as previously described.?"

1-Bromo-2-butanol: A dark liquid containing 1-bromo-2-butanol and
2-bromo-1-butanol was purchased from Tokyo Kasei Kogyo (TCl) Co.
Ltd. This liquid was subjected to distillation and medium-pressure
chromatography on silica gel (CgH,,/EtOAc) to afford the colorless
bromohydrin. 'TH-NMR (400 MHz): 6 =3.75 (m, 1H); 3.55 (dd, J=10.3,
3.6 Hz, 1H), 3.39 (dd, J=10.3, 7Z0 Hz, 1H), 2.12 (br.s, 1H), 1.59 (q, /=
73 Hz, 2H), 0.98 (t, /=73 Hz, 3H).

Kinetic resolution experiments: The enzyme preparations were
equilibrated against a saturated aqueous solution of LiCl for 24 hours
(a,=0.1; a,,=water activity). In a sealed vial, the racemic alcohol
(0.5 mmol) was added to the immobilized lipase (7 — 30 mg of carrier)
suspended in hexane (1 mL, previously dried over molecular sieves)
at 23°C. Vinyl butyrate (0.5 mmol, 57 mg) was added to the solution
and samples were taken regularly. The enantiomeric excess values for
the substrate and the product, ee; and ee,,, were monitored by chiral
GC (J&W Scientific CycloSil-B column, 30 m x 0.32 mm). The enan-
tiomeric ratio E was based on four to six measurements at different
conversions, all lower than 50 %.

Desymmetrization of meso-2,3-butanediol: In a stoppered vial,
meso-2,3-butanediol (1-2 mmol) was added to the CALB prepara-
tion (7 mg of carrier, a,,=0.1) suspended in methyl tert-butyl ether
(previously dried over molecular sieves). The mixture was stirred at
500 rpm in a thermostated multistirrer at 23 °C for 30 minutes. Vinyl
butyrate (2 equiv, 2 -4 mmol) was added to the solution and samples
were taken regularly. The ee, value was monitored by chiral GC (J&W
Scientific CycloSil-B column, 30 m x 0.32 mm). The E values were
based on four to six measurements.
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B-Peptides, such as the oligomers 1-4 containing the triad of 5-
homo (B-H) amino acids S-HAla-S-HLys-3-HPhe, have been
designed to be capable of forming an amphiphilic 3,, helix
(Figure 1)." Indeed, we have shown that the S-nonapeptide 1
inhibits an intestinal cholesterol-transporting receptor protein,
and thus mimics natural peptides having amphiphilic helical
structures.?!
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Figure 1. a) Molecular formula of the investigated (-peptides 1-4. b) Schematic
helical-wheel-type representation of the dodecapeptide 2 in the 3,,-helical
conformation, illustrating its amphiphilic character.
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SHORT COMMUNICATIONS

Peptides like 1-4, with hydrophobic side chains on one side
of the helix and cationic ones on the other, are known to be
membrane-active (cf. naturally occurring toxins and antibiotics
like melittin and magainins);® their physicochemical properties,
and not the precise sequence or sense of chirality, are imperative
for activity. DeGrado etal. have reported that amphiphilic -
peptides constructed from the triads -HLeu-$3-HLys-3-HLeu and
p-HVal-3-HLys-(-HLeu, which are similar to those in 1-4, have
antibacterial activity toward Escherichia coli, while also exhibiting
hemolytic activity. % In view of the outstanding stability of -
peptides against all kinds of peptidases,” and their resulting
potential use as drugs (cf. cholesterol transport inhibition,®!
somatostatin-type” and antiproliferative activities®), it is neces-
sary to determine whether [(-peptides in general, and our
amphiphilic peptides in particular, are also antimicrobial and
cytotoxic.

Initially, we screened for antimicrobial activity by incubating -
peptides of various concentrations (10, 20, 50 pg) with 13
different eukaryotic and prokaryotic microorganisms. To test
whether the trifluoroacetate counterions of the ammonium
groups® contribute to the antibacterial activity, we chose to
make a comparison between the trifluoroacetate salts and the
corresponding hydrochloride salts. The results of this study are
presented in Table 1.

The fS-dodecapeptide 2 inhibited growth of two eubacteria,
Escherichia coli (Gram-negative) and Actinomycetes (Gram-pos-
itive), while the nonapeptide 1 displayed activity only against
Actinomycetes. None of the longer-chain peptides showed
antimicrobial activity in this initial study. Interestingly, all S-
peptides showed induction of aerial mycelium formation and
fructification of Cladosporium elatum and Penicillium claviformae,
and most B-peptides also stimulated growth of Aspergillus niger.
This surprising observation suggests that eukaryotic fungi
somehow utilize S-peptides as an energy source, in accordance
with our ongoing studies on the biodegradability of S-peptides.
Furthermore, it is evident from the data in Table 1 that there are
no differences between the TFA and the HCI salts, as far as
antimicrobial activity is concerned.

We also tested the -peptides 1-4 for hemolytic activity, and
the results are shown in Table 2: In almost all cases, the activity is
low (<5%), with the exception of dodecapeptide 2 (15%).'
Once again, no clear-cut difference between the TFA and HCI
salts is detected.™

After the initial screening of S-peptides 1-4 we carried out
quantitative antimicrobial tests with six selected bacterial strains
(Table 3). The dodecamer 2 and the pentadecamer 3 have
comparable activities toward most of the tested bacteria; the
measured IC;, values for E. coli are in the same range (when
recalculated to uwm) as those reported by DeGrado et al. for similar
B-peptides.

Although encouraging, IC;, values are, however, not reliable
when judging antimicrobial activity as they are known to vary
widely with experimental conditions.'? The standard measure-
ment of antibacterial potency of a compound is the minimum
inhibitory concentration (MIC), required for complete inhibition
of growth. The MIC values for the S-peptides 1 -4 toward the six
selected bacterial strains are shown in Table4: Only the
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Table 1. Initial screening of the antimicrobial activity of the amphiphilic 3-peptides.”

Microorganism Antibiotic B-Peptide®
taxonomy strain tetramycin nystatin 1 2 3 4

HCl TFA HCl TFA HCl TFA HCl TFA

Geotrichum sp. F7 0 — 0 0 0 0 0 0 0 0
Mycotypha F135 0 — 0 0 0 0 0 0 0 0
Cladosporium elatum 89001201 - - + + + + + + + +
Penicillium claviformae 23408 0 - + + + + + + + +
Aspergillus niger 7281 0 — + + + + + 0 0 0
Candida albicans 2869 0 — 0 0 0 0 0 0 0 0
Bacillus subtilis ATCC6633 — 0 0 0 0 0 0 - 0 0
Saccharomyces cerevisiae YSD1 0 0 0 0 0 0 0 0 0 0
Staphylococcus aureus 2104 — 0 0 0 0 0 0 0 0 0
Escherichia coli 3914 — — 0 0 - - 0 0 0 0
Comomonas sp. 4157 - 0 0 0 0 0 0 0 0 0
Actino sp. 4955 - 0 - — — - 0 0 0 0
Paecilomyces variotii Ti137 0 0 0 0 0 0 0 0 0
Pseudomonas aeruginosa 0 0 0 0 0 0 0 0 0 0
[a] 0 =no inhibition or growth observed; + = growth observed; — =inhibition observed. [b] HCI = hydrochloride salt, TFA = trifluoroacetate salt.

Table 2. Hemolytic activity of the [-peptides, determined with human
erythrocytes.

S-Peptide Hemolysis [%)]®!
HCl salt TFA salt
1 0.5 0.7
2 10.1 14.9
3 6.9 3.8
4 1.6 53

[a] At 300 um concentration. Controls for 0% hemolysis and 100 % hemolysis
were determined in phosphate-buffered saline (PBS; 0.01m phosphate,
0.138m NaCl, 0.0027 m KCl, pH 7.4) and 1% (w/v) SDS, respectively.

Table 3. IC,, values (ugmL~'), defined as the lowest B-peptide concentration
causing at least 50% reduction of bacterial growth.”

Bacterial test strain [-Peptide
1 2 3

Enterococcus faecalis NB 04001 >128 64 8
Staphylococcus aureus NB 01001 >128 128 64
Streptococcus pneumoniae NB 07001 > 128 32-64 32
Escherichia coli NB 27001 >128 16 64
Klebsiella pneumoniae NB 29001 > 128 32-64 > 128
Pseudomonas aeruginosa NB 52001 > 128 64 64

[a] All B-peptides were tested as HCl salts. The standard antibiotic
tetracycline was run in parallel as a positive control (data not shown).

dodecapeptide 2 has any measurable antibacterial activity in this
test. Furthermore, the detectable activity is limited to only two of
the investigated microorganisms (E. coli and Klebsiella pneumo-
niae, both Gram-negative).

The presented data suggest that we need not worry that -
peptides in general are dangerous cytotoxic compounds. More-
over, this study supports the general belief that activity and
selectivity of amphiphilic peptides and their analogues are
critically dependent on the side-chain composition of the helix.
Although our study confirms the activity toward E. coli initially
reported by DeGrado et al., we doubt whether amphiphilic 33-
peptides will be developed into antibiotic agents, considering

772 © WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001

Table 4. Minimal inhibitory concentration (MIC, in ugmL~") defined as the lowest
concentration of [3-peptide required for complete inhibition of growth of bacterial
test strains.

Bacterial test strain Tetra- [-Peptide
cycline 1 2 3 4

Enterococcus faecalis NB 04001 32 >128 128 >128 >128
Staphylococcus aureus NB 01001 0.5 >128 128 >128 >128
Streptococcus pneumoniae NB 07001 0.25 >128 128 >128 >128
Escherichia coli NB 27001 2 >128 32 >128 >128
Klebsiella pneumoniae NB 29001 32 >128 32-64 >128 >128
Pseudomonas aeruginosa NB 52001 16 >128 128 >128 >128

[a] All B-peptides were tested as HCl salts. The standard antibiotic tetracycline
was run in parallel as a positive control.

their apparent limited spectrum of activity, especially when the
more stringent MIC test was used. However, other types of (-
peptides without conformational backbone restriction might
very well show this kind of activity and also selectivities
comparable to those reported by Gellman et al.”! for oligomers
of cyclic f-amino acids.
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Fluorescence is a highly specific and sensitive property that is
frequently used for detecting and identifying certain molecules
within synthetic or biological materials. Particularly the aug-
mentation of traditional Sanger sequencing with fluorescent
primers or terminators paved the way for the most durable and
efficient method of DNA sequencing. With the rapid progress in
fluorescence technology, and encouraged by the international
race to sequence the human genome as well as the genomes of
other model organisms, the idea to combine fluorescent

[a] Dr. S. Brakmann
Max Planck Institute for Biophysical Chemistry
Am Fassberg, 37077 Gottingen (Germany)
Fax: (+49)551-201-1435
E-mail: sbrakma@gwdg.de

[b] Dr. P. Nieckchen
Max Planck Institute for Plasma Physics
Boltzmannstrasse 2, 85748 Garching (Germany)

Supporting information for this article is available on the WWW under

http ://www.chembiochem.com or from the author.

CHEMBIOCHEM 2001, No. 10 © WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001

sequencing with single-molecule detection became obvious,
and it nourished the hope to simplify and speed up the task of
sequencing DNA segments as long as 50000 bp and joining the
sequence information from genome fragments."¥ However,
single-molecule sequencing requires the complete and faithful
tagging of each of the four types of bases of DNA (or RNA) with
its own fluorescent compound. In principle, the labeling may be
achieved by DNA-polymerase-mediated incorporation of fluo-
rophore-labeled deoxynucleoside triphosphates. In practice,
most natural DNA polymerases have been found to discriminate
against bulky fluorescent nucleotide analogues which often also
exhibit a net charge differing from that of the natural
substrates.>® As yet, only few mutant bacteriophage T4DNA
polymerases have been identified that exhibit an increased
capability of incorporating modified monomers for the synthesis
of long chains of complementary fluorophore-labeled DNA."*!

We employed the well-documented power of directed
evolution™ to get access to one or more DNA polymerases
with the abilities to 1) incorporate a fluorophore-labeled nucleo-
tide, 2) extend the terminus by addition of the next fluorophore-
labeled substrate, and 3) retain a sufficient incorporation fidelity.
Therefore, we developed a functional screening system that
allowed for the assessment of individual clones that show an
increased acceptance of fluorophore-labeled nucleotides, and
we started the search for the desired enzymatic activity by using
the Klenow fragment (KF) of DNA polymerasel (Poll) of
Escherichia coli"'-" Because elongation of a primer-template
is not a single-step reaction requiring simple yes/no decisions,
we employed fluorescence correlation spectroscopy (FCS), a
highly sensitive method that enables the distinction of chain
lengths and fluorescence intensities of individual nucleic acid
molecules.['6171

The set-up of a fluorescence-based assay for screening active
variants within DNA polymerase libraries then revealed that,
surprisingly, the wild-type KF retains full activity in the sole
presence of artificial deoxynucleoside triphosphates that are
labeled with a fluorescent dye of the rhodamine type. The
screening procedure that allowed for this discovery included
1) the cloning, individualization, and overexpression of func-
tional KF or its variants, 2) the immobilization and purification of
polymerase protein, 3) the polymerase reaction, 4) the immobi-
lization and purification of reaction products, and 5)the
spectroscopic distinction of educts and dye-labeled DNA
products according to their diffusion times and fluorescence
intensities (Figure 1).

The comparative evaluation of individual polymerase variants
for activity with unnatural substrates required two purification
steps: On the one hand, polymerase mutants that were cloned
and expressed in Escherichia coli had to be separated from all
competing host DNA polymerases, and on the other hand,
reaction products, possibly of varying lengths, had to be purified
from an excess of fluorescent monomer which could interfere
during the FCS measurement. Because extensive purification
steps drastically reduce the number of individual mutants that
can be tested in a certain period of time (throughput), we
employed one-step procedures for solving both problems, and
we applied commercially available microwell formats.
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sequencing with single-molecule detection became obvious,
and it nourished the hope to simplify and speed up the task of
sequencing DNA segments as long as 50000 bp and joining the
sequence information from genome fragments."¥ However,
single-molecule sequencing requires the complete and faithful
tagging of each of the four types of bases of DNA (or RNA) with
its own fluorescent compound. In principle, the labeling may be
achieved by DNA-polymerase-mediated incorporation of fluo-
rophore-labeled deoxynucleoside triphosphates. In practice,
most natural DNA polymerases have been found to discriminate
against bulky fluorescent nucleotide analogues which often also
exhibit a net charge differing from that of the natural
substrates.>® As yet, only few mutant bacteriophage T4DNA
polymerases have been identified that exhibit an increased
capability of incorporating modified monomers for the synthesis
of long chains of complementary fluorophore-labeled DNA."*!

We employed the well-documented power of directed
evolution™ to get access to one or more DNA polymerases
with the abilities to 1) incorporate a fluorophore-labeled nucleo-
tide, 2) extend the terminus by addition of the next fluorophore-
labeled substrate, and 3) retain a sufficient incorporation fidelity.
Therefore, we developed a functional screening system that
allowed for the assessment of individual clones that show an
increased acceptance of fluorophore-labeled nucleotides, and
we started the search for the desired enzymatic activity by using
the Klenow fragment (KF) of DNA polymerasel (Poll) of
Escherichia coli"'-" Because elongation of a primer-template
is not a single-step reaction requiring simple yes/no decisions,
we employed fluorescence correlation spectroscopy (FCS), a
highly sensitive method that enables the distinction of chain
lengths and fluorescence intensities of individual nucleic acid
molecules.['6171

The set-up of a fluorescence-based assay for screening active
variants within DNA polymerase libraries then revealed that,
surprisingly, the wild-type KF retains full activity in the sole
presence of artificial deoxynucleoside triphosphates that are
labeled with a fluorescent dye of the rhodamine type. The
screening procedure that allowed for this discovery included
1) the cloning, individualization, and overexpression of func-
tional KF or its variants, 2) the immobilization and purification of
polymerase protein, 3) the polymerase reaction, 4) the immobi-
lization and purification of reaction products, and 5)the
spectroscopic distinction of educts and dye-labeled DNA
products according to their diffusion times and fluorescence
intensities (Figure 1).

The comparative evaluation of individual polymerase variants
for activity with unnatural substrates required two purification
steps: On the one hand, polymerase mutants that were cloned
and expressed in Escherichia coli had to be separated from all
competing host DNA polymerases, and on the other hand,
reaction products, possibly of varying lengths, had to be purified
from an excess of fluorescent monomer which could interfere
during the FCS measurement. Because extensive purification
steps drastically reduce the number of individual mutants that
can be tested in a certain period of time (throughput), we
employed one-step procedures for solving both problems, and
we applied commercially available microwell formats.
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Figure 1. Principle of the DNA polymerase assay. Clones expressing six-histidine-tagged KF or its mutant
derivatives (A) are transferred into a microwell plate for parallel cultivation (B). Following lysis and separation of
cell debris, soluble proteins are transferred to a Ni-NTA-coated (NTA = nitrilotriacetic acid) microwell plate for
binding and purification of His-tagged protein (C). The reaction to be assayed is started by adding biotinylated

coated microwell plates (Dunn) and,
therefore, enabled the efficient remov-
al of excess fluorescent monomer and
other contaminants by simple washing.
Elongation of the appropriate primer—

template required  polymerization
¢ DeERIFER along a homopolymeric (dA)sg stretch
2. FCS of the template strand. This type of

selective constraint was thought to
force the multiple successive incorpo-
ration of fluorescently labeled deoxy-
nucleoside triphosphates because ster-
ic as well as electronic hindrances were
viewed as the major obstacles of the

mmobilization . . -
of resction interaction between polymerase, pri-
products

mer-template, and dye-labeled sub-
strates. As yet, the maximum chain
length of directly adjacent fluorescent
deoxynucleoside triphosphates that
were incorporated enzymatically has
been documented for up to seven
cyanine-labeled deoxyuridylic acid res-
idues.”2

We performed the polymerase assay
with exonuclease-deficient KF that was

primer — template and fluorescently labeled deoxynucleoside triphosphates to the immobilized polymerase which

is resuspended in reaction buffer (D). Biotinylated products are bound to the streptavidin coating of another
microwell plate and purified from excess fluorescent substrates and other contaminants (E). Labeled DNA
products are liberated from streptavidin and transferred to a microwell plate suitable for FCS analysis (F).
Interpretation of the data reveals the diffusion times and fluorescence intensities of labeled products.

Regarding a simplified protein purification procedure, we
generated a six-histidine-tagged polymerase expression con-
struct by ligating the wild-type KF-encoding gene (source: E. coli)
into an expression vector that encoded the N-terminal version of
this tag (pQE30; Qiagen). Strain XL2Blue (recAT; Stratagene) that
was transformed with this construct (pQKlenow) expressed high
levels of recombinant KF protein which exhibited the expected
high affinity to nickel-nitrilotriacetate-(Ni-NTA)-coated matrices
and, thus, allowed for a one-step purification from contaminat-
ing proteins (typical yield of purified KF: 4-7 ugmL~" culture).
Furthermore, the purified enzyme was shown to retain its
polymerase activity while immobilized on the affinity material.

Because the 3" —5"-exonuclease function of wild-type KF was
suspected to interfere with the intended screening for polymer-
ase activity with unnatural substrates, we eliminated the
respective function by introducing two amino acid replace-
ments, D355 —A and E357 —A. In accordance with results
obtained by Derbyshire etal.,'8! site-directed mutagenesis
yielded a KF derivative with full polymerase activity in the
complete absence of exonuclease activity and, thus, enabled us
to focus on a single enzymatic function. Randomization of this
genotype (pQKlenowExo™) was then achieved by PCR-based
mutagenesis''? and resulted in the mutant library pQKlenow-
Exo~Mut.

Referring to the assay reaction, we designed the 5’-biotiny-
lated template Rho-58 which allowed for the binding of
biotinylated, double-stranded product DNAs to streptavidin-

774

© WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001

bound to the wells of Ni-NTA-coated
microwell plates. After addition of
template Rho-58 that was previously
annealed to the appropriate primer
(S3), as well as tetramethylrhodamine-
4-dUTP (TMR-dUTP, FluoroRed; Amersham Pharmacia) as the
sole deoxynucleoside triphosphate as substrate, elongation of
the primer—template was achieved under standard conditions.
Reaction products were purified by employing streptavidin-
coated microplates, liberated from the affinity material, and
subsequently submitted to FCS analysis. Interpretation of the
FCS data (autocorrelation curves) revealed the prevalence of a
single molecular species which exhibited an average diffusion
time of 306 ps, that is, twofold slower than the diffusion time of
152 ps exhibited by the substrate TMR-dUTP. Instead of multiples
of the number of photoelectrons observed with TMR-dUTP,
however, the values that were obtained with Rho-58 reached a
maximum of 85% of the monomer intensity. This finding can be
explained with the high density of rhodamine dyes that are
attached to adjacent bases through flexible linkers: It is known
that especially guanosine (present within the primer-binding
sequence of Rho-58/S3) effects a substantial quenching of
rhodamine fluorescence.?"?? Similarly, dye - dye interactions of
the planar rhodamine dyes, which will be favored at higher
labeling densities, most probably also promote the quenching of
fluorescence (see Supporting Information for details).

The Rho-58 product samples were also submitted to electro-
phoretic analysis on 12% (w/v) polyacrylamide sequencing gels.
Resolution of the fluorescent products in an automatic system
(ABI373A; Applied Biosystems) allowed for a quantitative
determination of fragment lengths as well as an estimate of
the product yield (GeneScan 672 software; ABI). The lengths of
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Figure 2. a) Quantitative product analysis after separation of Rho-58 product(s) on
denaturing 12 % (w/v) polyacrylamide gels and resolution by using the ABI373A system and
GeneScan 672 software (internal marker: ROX-350; expected product length: 87 nt). Lanes 1
and 2 show the product produced by wild-type KF, lanes 3 and 4 show the product obtained
with primer S3 that was previously 5'-cross-labeled with the dye Rhodamine-Green, lanes 5
and 6 represent the product yielded by exonuclease-deficient KF, and lanes 7 and 8 show the
respective cross-labeled product. b) Analogous analysis of products produced by other DNA
polymerases using either a 1:1 mixture of dTTP and TMR-dUTP, or TMR-dUTP only. Lanes 1 -4
show the result produced by Vent Exo~, lanes 5 -8 represent DeepVent Exo~, lanes 9-12

show KF Exo~, and lanes 13- 16 represent Tgo Exo~.

products that resulted after elongation of primer —template Rho-
58/S3 with TMR-dUTP was determined to be 86 nucleotides (nt),
that is, 1 nt shorter than expected on the basis of the respective
template length (Figure 2a).

Thus, both analytic approaches, FCS as well as quantitative
fragment length determination in sequencing gels, suggested
that the exonuclease-deficient KF is capable of catalyzing the
template-instructed polymerization of 58 tetramethylrhod-
amine-labeled deoxyuridylic acid residues. This finding was
quite surprising because 58 basepairs were expected to build up
more than five turns of the DNA double helix, which should
receive immense steric and electronic constraints due to the
bulky rhodamine dyes. In order to test whether this hitherto
unknown DNA polymerase activity was due to the inactivation of
the exonuclease function, we repeated the experiment with
wild-type KF under analogous conditions. Again, FCS analysis as
well as electrophoretic separation followed by fragment length
determination revealed the predominance of full-length dye-
labeled product. Most interestingly, among other DNA polymer-
ases that were tested under the same experimental conditions,
Vent Exo~ as well as DeepVent Exo~ (both from New England
Biolabs) produced a similar product together with a by-product,
whereas Tgo Exo™¥ yielded no product at all with the artificial
primer -template Rho-58/53 and TMR-dUTP as substrate (Fig-
ure 2b).

Considering the electrophoresis of DNA in general, a linear
reciprocal relationship exists between the number of base pairs

CHEMBIOCHEM 2001, No. 10 © WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001

of DNA (or, its size) and its mobility.?*! Because second-
strand synthesis of primer-template Rho-58/S3 with
58 TMR-labeled deoxynucleoside triphosphates
creased the molecular weight of dye-labeled product
by a factor of ca. 1.4, we wondered whether the
electrophoretic mobility of extensively dye-labeled
DNA was still linked to the fragment length by a linear
relationship. Therefore, we verified the correct product
length determination by submitting a series of incre-
mentally shortened Rho-n templates (n=2, 4, 8, 12, 16,
20, 30, 40) to analogous labeling reactions, and by
resolving the purified products in sequencing gels.
Figure 3 shows that, in contrast to our expectations, the
mobility behavior remains almost unchanged, and that
the calculated fragment lengths deviate by a consistent
value of 1-2nt only. Thus, we can conclude that the
fragment length analysis enabled a reliable product
identification.

Interestingly, we did not find a linear relationship
between fragment lengths and the respective diffusion
times measured by FCS (data not shown). This fact may
be attributed to the nondenaturing FCS conditions
which do not hinder intramolecular interactions (dye -
dye or dye-nucleotide interactions), and which thus
may support deviations from the common linear shape
of double-stranded DNA.

The screening system described here provides for the
assessment of polymerase activity in the sole presence
of unnatural, fluorescently labeled deoxynucleoside
triphosphates, and it 1) may be applied to other
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Figure 3. Calibration of product analysis by using 12% (w/v) polyacrylamide
sequencing gels.

enzymes that catalyze the stepwise polymerization or, likewise,
the stepwise degradation of nucleic acids, and 2) will be suitable
for automation. The FCS-based assay allowed for a highly efficient
and highly sensitive detection of product formation even in the
femtomolar concentration range and, additionally, was shown to
yield highly reliable diffusion time values that differed by a
maximum of ca. 10% for identical clones (data not shown).

It is, of course, fascinating to elucidate why a growing primer —
template, which already harbors some bulky rhodamines, may
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be accomodated and even elongated with additional labeled
nucleotides by a DNA polymerase that has emerged during
natural evolution as an enzyme “fit” for natural substrates.
Although there is as yet no high-resolution structure of a
complex between KF and a primer-template bound in the
polymerase active site, useful insights into the enzyme’s contacts
to DNA may be provided by a structure of an editing complex of
KF and the duplex portion of DNA having a 3’ overhang.” This
structure shows two deep clefts, one of which is located in the
polymerase domain that shows a cluster of residues which are
conserved between KF and bacteriophage T7 DNA polymerase
(T7 DNAP).2SI The recently solved structure of T7 DNAP also
revealed that the enzyme’s active site forms contacts to the
bases through numerous van der Waals interactions,””? and,
therefore, can precisely recognize the geometry of each base
pair.?8 If the same was true for KF, its catalytic cleft should show
considerable flexibility to surround a “swollen” DNA structure.
Furthermore, experimental evidence exists that duplex DNA with
one completely labeled strand undergoes a transition from a
right-handed helix (B-DNA) to its left-handed form (Z-DNA).!
This suggests that the polymerase active site of KF also does not
discriminate against one of these two forms of duplex DNA.
Complete labeling of each base within one strand of duplex
DNA with a distinctly coding fluorescent dye is a necessary
prerequisite for single-molecule sequencing. The screening
approach described here represents a promising strategy for
detecting the required polymerase activity in the sole presence
of a variety of artificial substrates—as long as they emit
fluorescence. Furthermore, our finding of KF as an ideal enzyme
for polymerizing artificial homopolymeric DNA exclusively from
rhodamine-labeled monomers opens up the horizon for gen-
erating heteropolymeric DNA templates ready for sequencing
that are completely labeled with (distinctly coding) dyes of the
rhodamine type. Beyond that, it will be enlightening to solve the
structural basis for this unexpected polymerase function.

Experimental Section

Cloning, expression, and immobilization of functional KF or KF
mutant libraries: The 1.8-kb fragment coding for KF was PCR-
amplified starting directly from genomic DNA of E. coli by using the
primer pair 5-TCGATCGATCGACCAGGATCCACGGCAACGGTT-
ATTTCTTATGAC-3'  (Ecol3.1) and 5-TCGATCGATCGAAAGG-
CATCT GCA GGCGAATCTTAGTGC G-3' (Ecol 4; restriction sites under-
lined; modified start codon in italics). The PCR-generated wild-type
fragment was ligated into expression vector pQE30 (coding for an
N-terminal six-histidine tag; Qiagen) yielding plasmid pQKlenow
(wild-type KF gene). Removal of the 3’ —5" exonuclease activity was
achieved by using primer 5-GGCTGTCGGTTGCGGTAGCAAATG-
CAA ATACCGGCGG-3' together with primers Ecol 3.1 and Ecol4 for
the one-tube PCR-based substitution of amino acids Asp 355 (codon
GAT) and Glu357 (codon GAA) by Ala (codons GCT, or GCA,
respectively; minus-strand sites underlined) according to Picard
et al.B% Subsequent ligation of the mutated gene into pQE30 yielded
plasmid pQKlenowExo~. Randomization of the gene encoding
exonuclease-deficient KF was achieved by using the primer pair
Ecol3.1/Ecol4 in a protocol for error-prone PCR that was developed
by Cadwell and Joyce. The resulting mutant library was ligated
into pQE30 yielding pQKlenowExo~Mut.
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Expression of wild-type or mutant polymerase was achieved after
transformation of strain XL2Blue (recA7, effecting reduced homolo-
gous recombination of DNA; Stratagene) with a KF expression
plasmid (tac promoter). Individual clones were transferred from agar
plates into a 96-well plate (Deep Well Plates; Qiagen) containing
500 plL Luria-Bertani (LB) medium per well that was supplemented
with ampicillin in standard concentrations. After sealing the 96-well
plates with Air Pore Tape sheets (Qiagen), the cultures were shaken
for 19 h at 37°C. These overnight cultures were diluted tenfold into
fresh medium (1.5 mL per well) and allowed to incubate until cells
were grown to the optical density at 600 nm (ODg,) of 0.7 — 0.9 (spot-
checked). Protein expression was induced by the addition of 30 uL
isopropyl-f-p-thiogalactopyranoside (IPTG; 50 mm) to each well, and
incubation was continued for 2.5h. Cells were harvested by
centrifugation (microplate buckets; Megafuge 1.0; Heraeus), resus-
pended in lysis buffer (50 mm Na-phosphate, pH 8.0, 300 mm NaCl,
1 mm dithiothreitol, 1.5 mgmL~' lysozyme) and allowed to incubate
during 45 min shaking at 4 °C. Cell debris was separated by another
centrifugation step leaving all soluble proteins in the supernatant.
Aliquots of 150 pL of the lysate—typically containing 6 - 10 ug KF—
were transferred into fresh microwell plates coated with nickel-
nitrilotriacetate (Ni-NTA plates; Qiagen), mixed with 50 uL binding
buffer (200 mm K-phosphate, pH 7.2, 600 mm NaCl, 0.8% bovine
serum albumine (BSA)), and shaken for 20 h at 4 °C. After decanting
of the supernatant, unbound protein was removed by washing three
times with 200 uL washing bufferl (50 mm K-phosphate, pH 7.2,
150 mm Nacl).

Templates: All synthetic templates for the polymerase assay as well
as for the calibration experiments were of the type 5'-biotin-A,-
GGATGT GGGTGATGCATATTTTTCAGT-3' (termed Rho-n; n=2, 4, 8,
12, 16, 20, 30, 40, 55, 58). Primer —template for a single reaction (one
well) was prepared by mixing 1.1 pmol primer 5-(GA) ACT GAA AAA -
TAT GCATCACCCACATCC-3' (termed S3) with 1 pmol of the respec-
tive template, heating the mixture for 2 min to 100 °C, and cooling to
20°C within 1 h.

Assay of polymerase activity: Elongation of primer - templates with
immobilized polymerase was performed in 50 pL reaction buffer
(10 mm Tris-HCI, pH 7.5, 5 mm MgCl,, 12.5 mwm dithiothreitol) contain-
ing 25 mm tetramethylrhodamine-4-dUTP (FluoroRed; Amersham
Pharmacia Biotech) as the sole deoxynucleoside triphosphate.
Reactions were allowed to proceed during 30 min of shaking at
37°C and subsequently transferred to streptavidin-coated micro-
plates (Dunn) that had been rehydrated according to the manufac-
turer’s instructions. After addition of 50 uL 2 x SSC buffer (0.3m NaCl,
0.03m Na-citrate), immobilization was achieved during 1h of
incubation at 37°C. Immobilized reaction products were washed
with 300 pL washing bufferll (0.1m Na-phosphate, pH 7.2, 150 mm
NaCl) three times. A final wash step with 100 uL 90% formamide
during 15 min at 60 °C liberated the fluorophore-labeled DNA, which
then was diluted tenfold with water. 35 uL of this solution were
transferred to a fresh microplate (Polyfiltronics) and monitored with
FCS.

Product analysis: Fluorescence correlation spectroscopy: The
experimental set-up was derived from a standard FCS apparatus."
A detailed description can be found in the Supporting Information.

Quantitative fragment analysis: Electrophoretic separation of ran-
domly chosen product samples was achieved by using sequencing
gels (12% (w/v) polyacrylamide, 8.3 m urea, internal fragment length
standards ROX-350 or ROX-1000; ABI) with resolution on an ABI373 A
sequencer. Fragment lengths and relative concentrations were
determined with the GeneScan 672 software (ABI).
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Concanavalin A (Con A), the mannose-specific lectin from Con-
canavalia ensiformis, has long been used as a model for
carbohydrate - protein interactions." Its commercial availability
and the rather extensive structural knowledge currently avail-
able make it attractive for assessing and optimizing the func-
tional parameters that affect its affinity for mannose neoglyco-
conjugates. Understanding these key elements may facilitate the
development of new therapeutic strategies based on specific
recognition events such as targeting of drugs.

Con A binds a-o-mannopyranosides preferentially over the
corresponding S anomers.? The affinity for monosaccharide
ligands is low; however, this is a rather common feature when
considering protein - carbohydrate interactions. Carbohydrate -
protein binding events usually involve several simultaneous
contacts between carbohydrates that are clustered on cell
surfaces and protein receptors that contain multiple carbohy-
drate-binding sites. Based on this concept, one could anticipate
that multiplication of the saccharide epitope on the surface of
the carrier may lead to a greater affinity than predicted from the
sum of the constitutive one-to-one interactions®™ 4—the so-
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called cluster effect.” The binding efficiency
and specificity may also be dependent on
the nature of the aglycon as a result of
secondary (hydrophobic, electronic, steric)

unspecific interactions,’® as well as on the
geometrical characteristics of the multiva-
lent assembly.”!

We recently described an efficient prep-
aration of [-cyclodextrin-(cyclomaltohep-
taose, [3-CD)-scaffolded glycoclusters from
mono- as well as disaccharide glycosyl
isothiocyanates and heptakis(6-amino-6-de-
oxy)cyclomaltoheptaose.® These systems
offer the potential to serve as targeted drug
delivery tools, taking advantage of the
known drug inclusion capability of 3-CD in
aqueous media.” Moreover, the presence of 1
the thiourea functionality as intersaccharide
linkage in the CD conjugates results in
improved water solubility and decreased
hemolytic character as compared to the
parent CDs.'% It appeared, thus, of interest
to further explore the effect of the thiourea
linker and the CD core on the recognition
process of the saccharide antennae by

specific lectins. We now report on the
preparation of several thiourea-linked b-
mannose - 3-CD conjugates and the evalu-
ation of their lectin-binding ability toward
Con A with respect to two pertinent issues:
(i) to compare the binding efficiency for
various thiourea-linked mannose-[3-CD
frameworks involving, eventually, changes
in anomeric configuration, linkage position,
and ligand multiplicity, and (ii) to pinpoint the effect of the 3-CD
core in the recognition process of the conjugate by the lectin.

In addition to a- and fB-p-mannopyranosylthioureido deriva-
tives, (C-6)-thiourea-linked methyl a-b-mannopyranoside - 3-CD
conjugates have been included in our study. It has been recently
shown that such “reverse” mannosyl ligands may represent an
appealing alternative for targeting mannose-specific lectins, for
example on Escherichia coli™ A comparative analysis of the
binding efficiency for (C-6)-mono- and -heptasubstituted con-
jugates should provide information about the effect of ligand
density on the interaction between the protein and the carrier.

The hemiacetylated (C-6)-monosubstituted f-CD conjugates
5, 7, and 9 were obtained in almost quantitative yields by
nucleophilic addition of the corresponding 3-CD monoamine 1
to the acetylated mannose isothiocyanates 2-4 in water/
acetone at pH 8. The final deacetylation step, to provide the
fully unprotected monovalent target derivatives 6, 8 and 10, was
effected at 0°C in the case of the mannopyranosylthioureido
conjugates 5 and 7 to avoid anomerization at C-1' (Scheme 1).1'2

The above protocol failed, however, in providing the pure
(C-6)-heptaantennated mannopyranosylthioureido - 3-CD glyco-
clusters. Albeit the reaction of heptakis(6-amino-6-deoxy)cyclo-
maltoheptaose (11) with the «- and [-p-mannopyranosyl
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Scheme 1. Synthesis of the monovalent mannose - 3-CD conjugates 6, 8, and 10. 1) Acetone/water (1:1),
pH 8, room temperature, 30 min; 2) NaOMe, MeOH, 0°C.

isothiocyanates 2 and 3 in water/acetone at pH 8 was completed
in 2 h, some deacetylation and anomerization occurred at this
stage. Moreover, the anomerization proceeded in the subse-
quent deprotection step even at 0°C, resulting in an anomeric
mixture of heptavalent mannopyranosyl conjugates 12. To get at
least a thermodynamic distribution, the final deacetylation step
was effected at room temperature for 16 h. A 1:1 relative
proportion of a- versus (-p-mannopyranosyl residues was
estimated from the 'HNMR spectrum of the mixture in D,0O
solution (H-1" integration at 343 K). However, coupling of 11 with
the acetylated deoxyisothiocyanate 4 under identical reaction
conditions and further deacetylation afforded the corresponding
heptavalent (6 —6)-thiourea-linked methyl-a-p-mannopyrano-
side cluster 13 in 50% overall yield (Scheme 2).

The fast anomerization process observed at the mannopyr-
anosyl moiety in mannopyranosylthioureido cyclodextrins
points to a catalytic effect of the neighboring (3-CD aglycon.
This hypothesis was supported by a comparative study of the
anomeric stability of the disaccharide mimetics'? 14 and 15 and
the mannopyranosylthioureido (-CD derivatives 6 and 8
(Scheme 3). Whereas the methyl a-p-glucopyranoside thioureido
disaccharides were fully stable in D,0O solution at temperatures
up to 70°C ('HNMR), anomerization of the mannopyr-
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confirmation. Thus, the
3CNMR signal at 6.—s=184-183
and the high-field signals for the
carbon atoms directly linked to the
thiourea group supported the
(1—6) or (6—6) localization of
the intersaccharide bridges. The
HO, anomeric configuration of the
mannopyranosylthioureido  sub-
NH stituents was established by Jc 4,
measurements (164 -168 Hz for a
and 152-155Hz for /3 deriva-

OH

11 " d " O@%O | HO tives).'"” The homogeneity of the

2\ 1.2 ONH/ /CiS conjugates was further confirmed

' WS NH by microanalytical and mass spec-
HO.O7~OMe HO%C’/{ N on tromettric .(FAB or MALDI) data.

oM HN/%/? HO—;, OH OH The affinity of the mannopyra-

OH HO” GH nosylthioureido ligands 6, 8, 10,

HO OH/
MeOk@OH _NH HO | NH
\§

OOH NH N\
Meo—/-0 ©H
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Scheme 2. Synthesis of the heptavalent mannose - 3-CD conjugates 12 and 13. 1) Acetone/water (1:1), pH 8, room

temperature, overnight; 2) NaOMe, MeOH.
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Scheme 3. Structures of the thiourea-linked pseudodisaccharides 14, 15, and 17
that were used as reference compounds in the binding studies. 1) NaOMe, MeOH.

anosylthioureido B-CD counterpart was already observed at
50°C (> 10% interconversion after 3 h).

The H and *C NMR spectra of compounds 5-10, 12, and 13,
recorded in deuterium oxide at room temperature, showed the
typical line broadening associated with restricted rotation at the
pseudoamide NH—C(=S) bonds.!"! Nevertheless, a satisfactory
resolution was obtained at 50-70°C, allowing complete struc-
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12, and 13 for Con A was evaluat-
ed by using an enzyme-linked
lectin assay (ELLA).' In addition,
the a-(1—6)-, p-(1—6)-, and
(6 —6)-thiourea-linked  pseudodi-
saccharides 14, 15, and 17
(Scheme 3) were tested in the
binding studies. ELLA allows to
measure 1Cs, values for the inhib-
ition of binding of horseradish-
peroxidase-labeled Con A to im-
mobilized yeast mannan.l'® Except
when dealing with very long con-
necting units, ELLA is known to
report specific protein - carbohy-
drate affinities, avoiding apparent
affinity enhancement due to non-
specific aggregation.'”!

Prior to the analysis of the pseudodisaccharide and branched
[B-CD ligands, it was ascertained that any isolated non-mannosyl
structure could not significantly affect the lectin-binding process
in solution. For example, neither -CD nor the 6'-deoxy-6'-(N'-
methylthioureido) derivative® did show any interaction in the
Con A-yeast mannan association process. Con A is known to
bind to methyl-a-p-glucopyranoside with an efficiency tenfold
weaker as compared to the mannopyranosyl counterpart.l'” Yet,
in the present study the corresponding 6-deoxy-6-(N'-methyl-
thioureido) glucoside® did not interfere in the ELLA test at
concentrations up to 5 mm.

Results in triplicate were used for the plotting of the inhibition
curves for each individual ELLA experiment. Typically, the 1Cs,
values obtained from several independently performed tests
were in the range of + 15%. Nevertheless, the relative inhibition
potencies calculated from independent series of data were
highly reproducible.

In contrast with the net a-anomeric specificity of Con A in the
O-glycoside series, no significant difference in binding efficiency
was found between the a- and -p-mannopyranosylthioureas 14
and 15. The ICy, values (1350 and 1365 um, respectively) are
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consistently higher as compared to data for methyl-a-0-man-
nopyranoside (870 um in a parallel assay),'? indicative of a
moderate loss of lectin affinity. The thiourea-linked methyl-a-o-
mannopyranoside-(6 —6)-methyl-a-p-glucopyranoside pseudo-
disaccharide 17 behaved as a much poorer Con A ligand. At the
highest concentration studied (4.2 mwm), only 45% inhibition of
the Con A-immobilized yeast mannan association was achieved.

The results of the inhibition studies for the mannose -3-CD
conjugates are shown in Figure 1 and Table 1. The inhibition
graphs for the monovalent ligands 6, 8, and 10 followed similar

80 -
70 4 -
60 -
X °
T 50 4 o .
%
40 - ¥ L4

inhibition / % 30 -xlo

20 -‘. A A
PO
10 o
oatt * ° . . ’ .
0 500 1000 1500 2000 2500 3000

concentration / uyM  ——

Figure 1. Inhibition of binding of horseradish-peroxidase-labeled Con A to yeast
mannan by increasing concentrations of monovalent (solid lines) and heptava-
lent (dotted lines) thiourea-linked mannose - 3-CD conjugates. X : 6, m: 8; @: 10;
A 12; ¢: 13

Table 1. ELLA data for binding inhibition of horseradish-peroxidase-labeled
Con A by thiourea-linked mannose - 3-CD conjugates and related mannose -
glucose pseudodisaccharides.

Parameter Compound

6 8 10 12 13 14 15 17
1Cs [um] 800 780 2000 >3200@ >2900®! 1350 1365 >42001
inhibition at 56 58 46 18 4 46 48 38
1 mm [%]

[a] 22% inhibition at 3.2 mm. [b] 6 % inhibition at 2.9 mwm. [c] 45% inhibition
at 4.2 mm.

trends to that reported for the above homologous pseudodi-
saccharides, that is, no anomeric selectivity between the a- and
B-mannopyranosylthiourea adducts was observed whereas the
(6 —6)-thiourea-linked derivative exhibited a strong decrease in
binding efficiency. Nevertheless, the ICs, values (800, 780, and
2000 pwv, respectively) were indicative of a binding efficiency
85-90% higher as compared with the homologous methyl-a-p-
glucopyranoside derivatives 14, 15, and 17. Unexpectedly, the
Con A binding ability was almost totally abolished for the
heptavalent glycoclusters 12 (22 % inhibition at 3.2 mm) and 13
(6% inhibition at 2.9 mw).

Complete elucidation of the molecular mechanisms which
account for the difference in behaviour of b-mannopyranosyl-
thiourea compounds as compared with O-mannopyranosides

780
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with regard to Con A recognition will certainly need further
investigation. Nevertheless, since a-(1 —6)-linked mannosyl
units in disaccharides exhibit a similar affinity for Con A as the
methyl a-p-mannopyranoside,?”? the observed decrease in
affinity and the loss of anomeric specificity can reasonably be
ascribed to the presence of the thiourea functionality. Probably,
the pseudoamide NH protons, with a high hydrogen bond donor
character,l'> 2" affect the key hydrogen bond interaction be-
tween the vicinal OH-2 group and a bridged water molecule
already found in the mannosyl ligand-Con A complex both in
the solid state?? and in solution.”® The much more drastic
decrease in binding efficiency upon replacement of the primary
hydroxy group at C-6 by the thiourea linker agrees with the
involvement of the former in hydrogen bonding to the residues
in the binding site of the protein.

The higher Con A-binding efficiency observed for the man-
nopyranose - [3-CD conjugates 6, 8, and 10 as compared with the
pseudodisaccharide counterparts 14, 15, and 17 must be
ascribed, essentially, to an additional stabilizing interaction
involving the cyclic heptasaccharide aglycon. It is probable that
once the mannosyl ligand has been accommodated in the
recognition site of Con A, the [3-CD framework is close enough to
interact with residues at the protein surface. A similar situation
has been found in the complex formed by a 3-CD-gastrin
conjugate and the human CCK-B receptor.?? In the present case,
the contribution of the -CD - Con A interaction to the total free
energy of binding can be estimated, from the comparative 1Cs,
values,% at about — 0.35 kcalmol~" under the particular con-
ditions of the ELLA test.

The loss of binding ability for the heptaconjugates 12 and 13,
in spite of the locally enhanced ligand concentration, is note-
worthy. Multivalent mannosyl analogues generally exhibit
apparent affinities toward tetrameric Con A greater than those
that can be rationalized solely on the basis of valency. Thus, a 3.8-
fold increase (molar basis) has been reported for a nonavalent
mannosylated benzenetricarboxylic-acid-centered dendrimer as
compared with methyl-a-p-mannopyranoside,'*? and up to 28-
and 58-fold increases were found for octavalent and tetravalent
mannosyl displays having poly(amidoamine) (PAMAM)!'¢< and
arylthioureido scaffolds,'%® respectively. Similarly, the Con A-
binding affinity of mannosylated glycopolymers increases by 10,
12, and 40-fold (molar basis) for degree of polymerization (DP)
values of 10, 25 and 50, respectively, in comparison with the
corresponding monomer.?! Entropy-driven precipitation of
three-dimensional cross-linked complexes or clustering of the
lectin in solution has been shown to be responsible for this
“multivalency effect”.?! The fact that Con A used in ELLA is
directly labeled with horseradish peroxidase, which probably
prevents formation of large ordered aggregates during ligand
binding, may abolish this effect."! Nevertheless, assuming
thermodynamic parameters equivalent to those of the mono-
valent counterparts for the initial mannopyranosyl-Con A
interactions, a sevenfold increase in binding affinity would be
expected for 12 and 13 as compared with 6, 8, or 10. The
observed collapse of the inhibition of mannan-Con A associa-
tion likely arises from the impaired access of the convergent
mannosyl cluster to the ligand-binding site.”” 2 These results
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are in agreement with recently reported data on carbohydrate-
binding selectivity changes at high surface density for Bauhinia
purpurea lectin,? supporting that expression levels of cell
surface carbohydrates may modulate biological pathways in a
more complex manner than just the off—on (low density — high
density) model previously considered.

In the present investigation, we have demonstrated that
Con A does not discriminate between a- and -p-mannopyr-
anosylthiourea ligands, which precludes a decrease in the
binding efficiency due to possible anomerization processes.
Mannoside ligands anchored through the primary C-6 position
by a thiourea group exhibit a much poorer binding ability.
Although the presence of the thiourea intersaccharide linker
results in a slightly weaker lectin affinity as compared with
normal O-glycosidic bonds, this effect is overcome in mono-(C-
6)-mannopyranosylthioureido - 3-CD conjugates by additional
stabilizing interactions involving the cyclodextrin “aglycon”.
Persubstitution of the primary CD rim, however, precludes any
recognition process. It is conceivable that the use of longer
spacer arms may have beneficial effects from the biological
standpoint, leading to an increase in the binding efficiency.B0 31
Yet, heptasubstitution may also impair inclusion and stabilization
of potential guests.?? 33 An improvement of the biorecognition
properties of these molecular hosts might then be achieved by
monoconjugation of the 3-CD core with multivalent saccharide
markers. Progress toward this goal, exploiting the powerful high-
yielding thiourea-based synthetic strategy here illustrated, is
currently in progress in our laboratories.

Experimental Section

Materials and methods: 6'-Amino-6'-deoxycyclomaltoheptaose®
(1) was synthesized from the (C-6)-monotosyl derivative* 3¢ by
replacement of the toluene-4-sulfonyl (tosyl) group by the azide
anion and final reduction. The per-(C-6)-amino-3-CD derivative®” 11
was obtained from the corresponding heptakis(6-deoxy-6-iodo)-3-
CDB8! following a similar reaction sequence. 2,3,4,6-Tetra-O-acetyl-a-
p-mannopyranosyl isothiocyanate (2) was obtained from the corre-
sponding a-b-mannopyranosyl bromide by reaction with KNCS
following the procedure of Camarasa et al.*¥ The anomer 3 and
the deoxyisothiocyanate derivative 4 were prepared by isothiocya-
nation of the amine precursors with thiophosgene as previously
reported. % Horseradish-peroxidase-labeled concanavalin A (Sig-
ma), mannan from Saccharomyces cerevisiae (Sigma) and all other
chemicals were of highest commercial purity and used as supplied.
Optical rotations were measured at 20 °C in 1-cm or 1-dm tubes on a
Perkin —Elmer 141 MC polarimeter. 'H (and '*C) NMR spectra were
recorded at 300 (75.5) and 500 (125.7) MHz with Bruker 300 AMX,
500AMX, and 500DRX spectrometers. 1D TOCSY, 2D COSY, HMQC,
and HSQC experiments were used to assist on NMR assignments.
Thin-layer chromatography (TLC) was carried out on aluminium
sheets coated with Kieselgel 60F,s, (Merck), with visualization by UV
light and by charring with 10% H,SO,. Column chromatography was
carried out with Silica Gel60 (Merck, 230-400 mesh). FAB mass
spectra were obtained with a Kratos MS-80 RFA instrument by using
the following conditions: The primary beam consisted of Xe atoms
with a maximum energy of 8 keV; the samples were dissolved in
thioglycerol, and the positive ions were separated and accelerated
over a potential of 7 keV; Nal was added as cationizing agent. MALDI-
TOF mass spectra were recorded on a GSG System spectrometer
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operating in the positive-ion mode with an accelerating potential of
28 keV. Samples were dissolved in water at millimolar concentration
and mixed with a standard solution of 2,5-dihydroxybenzoic acid
(DHB, 10mgmL~" in 10% (v/v) aq EtOH) in 1:1 (v/v) relative
proportions; 1 pL of the mixture was loaded onto the target plate
and dried under vacuum immediately before acquisition. Elemental
analyses were performed at the Instituto de Investigaciones
Quimicas (Sevilla, Spain).

Chemical syntheses: The monovalent thiourea-linked mannose - [3-
CD adducts were prepared by a coupling reaction of 3-CD mono-
amine 1 (160 mg, 0.14 mmol) with isothiocyanates 2 -4 (0.16 mmol,
1.1 equiv) in water/acetone (1:1; 2 mL) at pH 8 (ag NaHCO;) at room
temperature for 30 min. The corresponding partially acetylated
compounds were purified by column chromatography (MeCN/water,
3:1) and deacetylated (26 pmol in 4 mL MeOH) by treatment with
methanolic NaOMe (1wm, 52pul) at 0°C. After 5min, a white
precipitate appeared and the resulting suspension was stirred for
10 min. Water (1 mL) was then added and the clear solution was
stirred for 10 min at 0°C, then neutralized with Amberlite IR120 (H")
ion-exchange resin and further demineralized with Duolite MB6113
(H*, OH") mixed ion-exchange resin. The fully unprotected target
conjugates were isolated as white lyophilisates.

6'-Deoxy-6'-(N'-¢-p-mannopyranosylthioureido)cyclomaltohep-
taose (6): Yield 99%; [a], =+ 107.1 (c=0.7, water); R=0.22 (MeCN/
water/NH,OH, 6:3:1); 'THNMR (500 MHz, D,0, 343 K): 6 =6.03 (brs,
1H, H-1'), 547 (d, J;,=3.1Hz, 1H, H-1"), 544-5.42 (m, 6H, H-1!,
H-1"Y1), 4.64 (m, 1H, H-6a)), 4.52 (td, Jsg, = 2.3 Hz, Js g, = 9.8 Hz, TH,
H-5'), 442 (m, 1H, H-5"), 4.36 (dd, J,,, = 2.0 Hz, J, 5 = 2.8 Hz, 1H, H-2)),
433-4.15 (m, 27H, H-3, H-6a, H-6b/, H-3"-I, H-51-Vi H-gal-vi,
H-6b"""), 4.09 (t, Jy 4 =Jy5=9.7 Hz, 1H, H-4), 403-3.90 (m, 14H,
H-5, H-2V1, H-41-V1), 3 86 (dd, Jg, ¢, = 14.8 Hz, 1H, H-6b'), 3.78 (t, J;, =
Jys=9.8Hz, 1H, H-4"); 3CNMR (125.7 MHz, D,0, 333 K): 6 =182.8
(CS), 102.5-101.9 (C-1-'"), 83.8 (C-1’), 81.7-81.2 (C-4"\), 78.2 (C-3),
74.7 (C-5), 73.8-73.5 (C-3"\1), 72.8-72.0 (C-2""", C-5"""!), 71.4 (C-4),
70.2 (C-5Y), 67.7 (C-2)), 61.5 (C-6'), 61.0-60.6 (C-6"""), 46.3 (C-6'); MS
(FAB, positive mode): m/z: 1376 [M+Nal*; elemental analysis (%)
calcd for C,oHg,N,05,S: C43.42, H 6.10, N 2.07; found: C 43.24, H 5.99,
N 2.10.

6'-Deoxy-6'-(N'--b-mannopyranosylthioureido)cyclomaltohep-
taose (8): Yield 99%; [al, =+ 160.0 (c = 0.8, water); R;=0.23 (MeCN/
water/NH,OH, 6:3:1); '"H NMR (500 MHz, D,0, 343 K): 0 =5.88 (brs,
1H, H-1), 5.44 (d, TH, J,,=3.5 Hz, H-1"), 5.42-5.39 (m, 6H, H-1""),
469 (M, 1H, H-6a'), 442 (brt, 1H, J;5=Js 6, = 9.0 Hz, H-5)), 4.60 (m, TH,
H-5"), 4.34 (d, 1H, Jy3=2.5Hz, H-2), 430-4.15 (m, 25H, H-6a’,
H-35V1, H-5"V1, H-6a""!, H-6b"""), 4.08 (dd, Js,e =54 Hz, Joy e =
12.0 Hz, 1H, H-6b’), 4.06 (dd, J5,=8.5Hz, 1H, H-3'), 4.00-3.90 (m,
14H, H-4', H-2"V", H-4'-V), 3,80 (m, 2H, H-5', H-6b"), 3.76 (t, Jy4=Jy5=
9.0 Hz, 1H, H-4); *CNMR (125.7 MHz, D,0, 303 K): d=183.0 (CS),
102.2-101.6 (C-1-"), 83.4 (C-4"), 82.1 (C-1’), 81.1-80.3 (C-4"""), 73.5
(C-5), 73.5-72.9 (C-3""), 72.2-71.7 (C-2"", C-5""Y!), 72.1 (C-3'), 70.7
(C-2'), 70.6 (C-5"), 66.4 (C-4), 61.0 (C-6'), 60.9 - 59.9 (C-6""""), 45.8 (C-6');
MS (FAB, positive mode): m/z: 1377 [M+Nal*; elemental analysis (%)
calcd for C4Hg,N,05,S: C 43.42, H 6.10, N 2.07; found: C 43.08, H 6.00,
N 2.01.

6'-Deoxy-6'-[N'-(methyl-6-deoxy-a-p-mannopyranosid-6-yl)thiour-
eido]cyclomaltoheptaose (10): Yield 84%; [al,=-+98.0 (c=1.0,
water); R;=0.24 (BUuOH/AcOH/H,0O, 2:1:1); 'H NMR (500 MHz, D,0,
343 K): 0=5.45 (d, J;,=3.7Hz, 1H, H-1"), 5.43-5.41 (m, 6H, H-1",
H-1"¥%), 5.08 (d, J;.y = 1.6 Hz, TH, H-1)), 461 (m, 1H, H-6a)), 4.45 (m,
1H, H-5"), 4.42 (brt, Js g, = J,5s= 9.5 Hz, 1H, H-5Y, 4.32 (dd, TH, Jgy 6 =
14.4 Hz, Jy 5 = 2.5 Hz, H-6a'), 427 (dd, J,,; =3.2 Hz, 1H, H-2), 426 (t,
Jsa=Jy;=94Hz, 1H, H-3), 435-4.13 (m, 26H, H-2/, H-6a’, H-3'"!,
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H-5"V1, H-6a'¥!, H-6b"""), 4.09 (dd, J,;=3.2Hz, Jy,=9.3Hz, TH,
H-3'), 4.06 (ddd, Jy 5 =9.3 Hz, Js sy =2.5 Hz, Jy 5, =72 Hz, TH, H-5),
4.00-3.95 (m, 13H, H-2", H-4'""1), 3.93 (t, 1H, H-4), 3.88 (dd, Js 5, =
72 Hz, Joy 6y = 14.4 Hz, 1H, H-6b’), 3.78 -3.75 (m, 2H, H-4!, H-6b'), 3.73
(s, 3H, OMe); 3*C NMR (125.7 MHz, D,0, 343 K): 6 = 182.2 (CS), 102.5 -
101.6 (C-1"""), 101.6 (C-1'), 83.7 (C-4), 81.7-81.3 (C-4"™), 73.7-73.5
(C-3"YM), 72.8-72.3 (C-2"V", C-5""Y!, 71.1 (C-3'), 70.6 (C-5'), 70.5 (C-2'),
70.3 (C-5'), 69.0 (C-4'), 61.2-60.8 (C-6"""), 55.4 (OMe), 45.9 (C-6'), 45.7
(C-6'); MS (FAB, positive mode): m/z: 1369 [M-+HI]"; elemental
analysis (%) calcd for CsoHg,N,05,S: C 43.86, H 6.18, N 2.05; found: C
43.52, H 6.34, N 1.90.

Preparation of heptavalent glycoclusters

The heptavalent thiourea-linked mannose - 3-CD glycoclusters were
similarly obtained from the heptaamine 11 (as its heptahydrochlor-
ide, 29 umol) and the mannose isothiocyanates 2 and 4 (0.20 mmol).
The reaction time was increased to 16 h and the reaction mixture was
subjected to column chromatography (MeCN/water, 5:1). The
resulting product, containing partially deacetylated adducts, was
further deacetylated by treatment with NaOMe/MeOH at room
temperature for 16 h and demineralized as described above.

Heptakis[6-deoxy-6-(N'-p-mannopyranosylthioureido) Jcyclomal-

toheptaose (12): A mixture of heptamannosylated clusters, having a
statistic distribution of a- and S-mannopyranosylthioureido sub-
stituents in a relative proportion close to 1:1 (H-1" integration), was
obtained in 40% yield. '"H NMR (500 MHz, D,0, 353 K): 6 =6.2 (brs,
3H, H-1a), 5.9 (brs, 3H, H-1'6), 5.62-5.5 (m, 7H, H-1); 3CNMR
(125.7 MHz, D,0, 353 K): 6 = 183.6 (CS), 103.0-101.5 (C-1), 84.2-82.0
(C-1"), 83.5-83.0 (C-4), 74.6-74.0 (C-5'), 73.9-73.2 (C-3), 72.0-71.2
(C-2, C-5), 70.9-70.2 (C-2, C-3'), 67.5-67.1 (C-4), 61.6-61.4 (C-6),
46.5-45.0 (C-6); MS (MALDI-TOF, positive mode): m/z: 2676 [M+HI",
2698 [M+Na]*, 2724 [M+K]*; elemental analysis (%) calcd for
Co1H154N14043S;: C 40.83, H 5.80, N 7.33; found: C 40.50, H 5.62, N 7.12.

Heptakis[6-deoxy-6-(N'-(methyl-6-deoxy-a-b-mannopyranosid-6-
yl)thioureido) Jcyclomaltoheptaose (13): Yield 50%; [al,=+49.9
(c=1.0, water); R=0.74 (MeCN/water/NH,OH, 5:3:5); 'HNMR
(500 MHz, D,0, 343K): =541 (d, J,,=4.0Hz, 7H, H-1), 5.08 (d,
12 =2.0Hz, 7H, H-1'), 445 (m, 14H, H-5, H-6a), 435 (m, 7H, H-6a’),
427 (t, J3=J5,=10.0 Hz, 7H, H-3), 4.26 (dd, J, y = 3.5 Hz, 7H, H-2)),
4.09 (dd, J3,=10.5Hz, 7H, H-3'), 405 (m, 7H, H-5), 3.97 (dd, 7H,
H-2), 3.96 (m, 7H, H-6b’), 3.93 (t, J, 5 = 10.5 Hz, 7H, H-4'), 3.80 (m, 2 H,
H-4, H-6b), 3.71 (s, 3H, OMe); *C NMR (125.7 MHz, D,0, 343 K): 6 =
182.7 (CS), 102.2 (C-1), 101.6 (C-1), 83.2 (C-4), 73.3 (C-3), 72.6 (C-2),
71.6 (C-5'), 71.1 (C-3'), 70.9 (C-5), 70.5 (C-2'), 69.0 (C-4'), 55.4 (OMe),
46.1 (C-6), 45.5 (C-6'); MS (MALDI-TOF): m/z: 2676 [M+H]", 2698
[M+Nal*, 2724 [M+K]"; elemental analysis (%) caled for
CosHy6sN1,043S,: C 42.42, H 6.10, N 7.07; found: C 42.24, H 6.03, N 7.54.

Preparation of pseudodisaccharide ligands: The (1 —6)-thiourea-
linked pseudodisaccharide ligands 14 and 15, used as reference
compounds for binding studies, were prepared by reaction of the
mannopyranosyl isothiocyanates 2 and 3, respectively, with methyl
6-amino-6-deoxy-a-b-glucopyranoside®® in pyridine at room tem-
perature for 2 h and further deacetylation at 0 °C (0.5 equiv of NaOMe
per mole of acetylated compound in MeOH) as reported.'?
Analogously, nucleophilic addition of methyl 6-amino-6-deoxy-a-p-
glucopyranoside (53 mg, 0.33 mmol) to the deoxyisothiocyanate 4
(110 mg, 0.3 mmol) in pyridine (5 mL) and further deacetylation of
the hemiacetate 16 afforded the new (6 —6)-thiourea-bridged
mannose —glucose pseudodisaccharide 17.

Enzyme-linked lectin assay (ELLA): Nunc-lmmuno plates (MaxiSorp)
were coated overnight with yeast mannan at 100 pL per well, diluted
from a stock solution of 10 ugmL=" in 0.01m phosphate-buffered
saline (PBS, pH 7.3, containing 0.1 mm Ca?* and 0.1 mm Mn?*) at room
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temperature. The wells were then washed three times with 300 pL of
washing buffer (containing 0.05% (v/v) Tween 20) (PBST). The
washing procedure was repeated after each incubation throughout
the assay. The wells were then blocked with 150 pL per well of 1%
bovine serum albumin (BSA)/PBS for 1 h at 37 °C. After washing, the
wells were filled with 100 uL of a serial dilution of horseradish-
peroxidase-labeled concanavalinA (Con A-HRP) from 107" to
10> mgmL~" in PBS and incubated at 37 °C for 1 h. The plates were
washed and 50 pL per well of 2,2’-azinobis-(3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt (ABTS) (1 mg per 4 mL~") in citrate
buffer (0.2m, pH 4.0, with 0.015 % H,0,) was added. The reaction was
stopped after 20 min by adding 50 L per well of 1m H,SO,, and the
absorbances were measured at 415nm. Blank wells contained
citrate — phosphate buffer. The concentration of lectin-enzyme
conjugate that resulted in an absorbance between 0.8 and 1.0 was
used for the inhibition experiments.

Inhibition experiments: The microtiter plates were coated over-
night at room temperature with yeast mannan (100 uL per well of
10 ug mL~" solution). The wells were then washed and blocked with
BSA as described. The inhibitors were used as stock solutions with
concentrations varying from 5 to 7 mgmL~" in PBS. Each inhibitor
was added in a serial of twofold dilutions (60 pL per well) in PBS with
60 pL of the desired Con A - peroxidase conjugate concentration on
Nunclon (Delta) microtiter plates and incubated for 1 h at 37 °C. The
above solutions (100 pL) were then transferred to the mannan-
coated microplates, which were incubated for another hour at 37 °C.
The plates were washed and the ABTS substrate was added (50 pL
per well). Color development was stopped after 20 min and the
absorbances were measured. The amount of inhibition was calcu-
lated as follows:

Anoin ibitor 7Awi inhibitor
inhibition (%) = ": DI % 100

no inhibitor

ICso values were reported as the concentration required for 50%
inhibition of the Con A - coating mannan association.
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The aromatic metabolite benzoic acid (1) is a biosynthetic
building block of numerous benzoyl and benzyl groups that
serve as important structural elements in a large number of
natural products. In eukaryotes, for example, benzoate is a
component of the zaragozic acids (2),!" paclitaxel (taxol; 3),
salicylic acid (4), and cocaine (5)* (Figure 1). Although rarer in
prokaryotic organisms, benzoyl-coenzyme A (benzoyl-CoA) is a
starter unit for a few bacterial polyketides, such as enterocin (6)
and the wailupemycins.”!

Despite its simple structure and widespread occurrence, the
biosynthesis of 1 and its thioester 1-CoA are only partially
understood. In the field of plant secondary metabolism, two
major routes from L-phenylalanine (7) to benzoic acid have been
reported: the S-oxidation-type pathway (Scheme 1, route a); and
the so-called nonoxidative pathway, via benzaldehyde (11)
(Scheme 1, route b).B &7 Both routes possess common inter-
mediates like cinnamoyl-CoA (8) and 3-hydroxy-3-phenylpro-
pionyl-CoA (9-CoA) before branching to involve either oxidation
and thiolation (routea) or retro-aldol cleavage followed by
oxidation (route b). Until recently, the only known pathway from
7 to 1 in bacteria proceeded through two oxidative decarbox-
ylation reactions involving the intermediates phenylpyruvate
and phenylglyoxylate.®

We recently reported that the biosynthesis of 1 in the terrestrial
plants Nicotiana attenuata and Cucumis sativus,” and the marine ac-
tinomycete “Streptomyces maritimus” proceeds by a similar path-
way involving the intermediate 3-hydroxy-3-phenylpropionate.”
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Figure 1. Structures of some important natural products containing benzoate-
derived residues.
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Scheme 1. The two proposed biosynthetic routes to benzoyl-CoA (1-CoA), via
cinnamoyl-CoA (8). PAL = phenylalanine ammonia-lyase.

The plant study was conducted in the context of salicylic acid (4)
biosynthesis—a process crucial for the onset of systemic
acquired resistance in pathogen-infected plants.”! The bacterial
work, in contrast, focused on the biosynthesis of the rare
benzoyl-CoA type Il polyketide synthase starter unit in enterocin
(6).1" Both studies identified 9 as a key intermediate in benzoate
biosynthesis and provided strong support in favor of a (-
oxidation-like route (Scheme 1, route a). Here we report the
absolute configuration of the hydroxy acid intermediate 9, in
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both the eukaryotic and prokaryotic systems, and show that the
stereochemistry is identical to that observed in fatty acid (-
oxidation. In addition, sequence alignment of the enterocin
cinnamoyl-CoA hydratase Encl with enoyl-CoA hydratases from
fatty acid S-oxidation provides support for mechanistic identity
in the hydration step.

To determine which enantiomer of 9 serves as an intermediate
toward benzoic acid, we synthesized isotopically labeled forms
of both optical isomers for use as metabolic probes. Two
successful synthetic strategies were employed to produce (3R)-
and (39)-[ring-?Hs]9 with high enantiomeric excesses. An Evans
aldol™ condensation between [?H;]11 and the lithium enolate of
(4R)-3-acetyl-4-(1-methylethyl)-2-oxazolidinone, followed by
separation of the diastereomers and hydrolysis of the carbamate
group, gave (3R)- and (35)-[2Hs]9 in > 95 % ee.l'> 13! Alternatively,
enzymatic resolution of (£)-[2H;]9 ethyl ester”? with lipase PS-30
from Peudomonas sp.'¥ also gave access to the two enantio-
meric hydroxy acids (> 95 % ee).

Cell-free extracts of N. attenuata converted only (R)-[*H;]9 into
[Hs]benzoic acid, a result comparable with that seen in cocaine
biosynthesis (Table 1). “S. maritimus” cultures, whether wild-

Table 1. Isotopic enrichment of 1 and 6 in cell-free extracts of N. attenuata
and cultures of “S. maritimus”, respectively, following incubation with (3R)- or

(35)-PHs9.

Species Isotopic enrichment [%] R:S
(£)-1PHs19  (BRI-PHSI9  (39)-°Hs19
Nicotiana attenuata n.a. 37 ol >40:1
“Streptomyces maritimus”  25.7 45.7 9.2 5:1
“S. maritimus” KI mutant n.a. 50.4 10.2 5:1
“S. maritimus” KJ mutant  n.a. 55 0.9 6:1

[a] Below limit of detection (approx. 0.1%). - n.a. = not analyzed.

type or one of two knock-out mutant strains, also preferentially
incorporated (R)-[?H;]9 into [*H;]enterocin. Since hydroxy acid 9
is downstream of the cinnamoyl-CoA hydration step, the mutant
“S. maritimus” KI?¥, which harbors the inactivated hydratase
gene encl, produced wild-type levels of [*Hlenterocin. The
thiolase encJ knock-out strain “S. maritimus” KJ produced very
little polyketide, as expected. Incorporation of label by this
mutant probably arises from complementation with the thiolase
associated with fatty acid S-oxidation. The small, but nonzero,
incorporation of (S)-[?H]9 into [?Hs]6 may be due to a lower
stereoselectivity in the Streptomyces enzymes, but is more likely
to result from partial dehydration or oxidation of (5)-9 to the
pathway intermediates 8 or 10, respectively, by Streptomyces
housekeeping enzymes, such as those involved in fatty acid -

SM 111
EC 111
cs 111
RN 136
PF 115

oxidation. This observation was not made in the N. attenuata
cell-free study, in which a much shorter incubation time was
used (30 min vs. 1-5 days).

Since “routea” in Scheme 1 is analogous to fatty acid (-
oxidation, we compared the absolute configuration of 9 with
those of its fatty acid counterparts. 5-Oxidation always proceeds
via (35)-3-hydroxyacyl-CoA intermediates, and examination of
Schemes 2 and 3 reveals that the configuration of (3R)-9 and (35)-3-
hydroxyacyl-CoA at C3 is the same (the change in nomenclature
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Scheme 2. Proposed roles of Glu™® and Glu' in enoyl-CoA hydration,!"*!
illustrating the analogy between fatty acid and cinnamic acid hydratases. R = Ph,
alkyl.

is due to higher priority of the phenyl group in 9). In Escherichia
coli, the enoyl-CoA hydratase involved in fatty acid S-oxidation
catalyzes the syn addition of water across the C=C double bond.
Moreover, the essential catalytic residues (Gly"S, Glu™®, and
Glu™?; Scheme 2) are highly conserved in fatty acid enoyl-CoA
hydratases, suggesting a common mechanism in many spe-
cies."™ Sequence alignment of the cinnamoyl-CoA hydratase
Encl from “S. maritimus"™ with enoyl-CoA hydratases from
various fatty acid oxidation pathways shows considerable
similarity (Figure 2).°22 Crucially, the highly conserved residues
Gly"®, GIu™®, and GIu'® are also present in the “S. maritimus”
protein. It is noteworthy that the coumaroyl-CoA hydratase/lyase
from Pseudomonas fluorescens does not possess an equivalent to
Glu®.22 This enzyme converts coumaroyl-CoA to 4-hydroxy-

=1 R

Figure 2. Amino acid sequence alignment of cinnamoyl-CoA hydratase from “S. maritimus” (SM);/'” fatty acid enoyl-CoA hydratases from E. coli (EC),""” Cucumis
sativus (CS)? and Rattus norvegicus (RN),?" coumaroyl-CoA hydratase/lyase from Pseudomonas fluorescens (PF).?%
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benzaldehyde by a retro-aldol reaction and thus has some
analogy to “route b” in Scheme 1.2 23

In conclusion, (3R)-3-hydroxy-3-phenylpropionyl-CoA is an
intermediate in the biosynthesis of benzoic acid in N. attenuata
and “S. maritimus”. The configuration of this intermediate is
identical to that of its analogues in fatty acid $-oxidation, and
there is considerable amino acid sequence similarity between
the “S. maritimus” cinnamoyl-CoA hydratase Encl and fatty acid
enoyl-CoA hydratases. In particular, the Encl amino acid residues
Gly™®, Glu"®, and Glu™?, which are essential residues for catalytic
activity in homologous fatty-acid-type hydratases, suggest that
the two enzyme systems operate by a common mechanism.
These observations shed new light on benzoate biosynthesis
and provide the strongest evidence yet for the existence of a 3-
oxidation-like pathway leading to 1 (Scheme 3). The similarity of
the plant and bacterial pathways suggests that “S. maritimus”
could serve as a useful model organism for studying the
molecular basis of this important metabolic pathway.

and either (R)-[Hs]- or (5)-[?Hs]9 (10 pum). The product mixture was
extracted, derivatized, and analyzed by GC-MS, as described
previously.” ii) Fermentation of “S. maritimus”, extraction, and anal-
yses of the extracts were carried out as described previously.” 1% (+)-,
(3R)-, and (3S)-[*Hs]9 were added as sterile solutions (40 pmol in
100 uL DMSO per 100 mL A1 culture) at the time of inoculation with
“S. maritimus” preculture, and the cultures were harvested 5 days
later. The mutants “S. maritimus” Kl and KJ were conversely grown on
A1 plates containing apramycin at 37 °C for 1 day.
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Experimental Section

Synthesis of (3R)- and (3S)-[*Hs]-3-hydroxy-3-phenylpropionic
acid [(3R)- and (3S)-[2H;]9]

i) Enzymatic resolution: (+)-[*Hs]-3-hydroxy-3-phenylpropionic acid
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hydroxy-3-phenylpropionic acid: [a]¥ = — 19.1 (c= 1.06, EtOH).

Feeding experiments: i) Cell-free extracts of N.attenuata were
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