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Selective Cleavage of
D-Ala-D-Lac by Small Molecules:
Re-Sensitizing Resistant
Bacteria to Vancomycin

Gabriela Chiosis'*{ and Ivo G. Boneca®;

Pathogenic enterococci are becoming resistant to currently available antibi-
otics, including vancomycin, the drug of last resort for Gram-positive infections.
Enterococci pose a significant public health threat, not least because of the risk
of transferring vancomycin resistance to the ubiquitous Staphylococcus aureus.
Vancomycin resistance is manifested by cell wall peptidoglycan precursors with
altered termini that cannot bind the antibiotic. Small molecules with well-
oriented nucleophile-electrophile assembly and complementary chirality to the
peptidoglycan termini were identified as catalytic and selective cleavers of the
peptidoglycan precursor depsipeptide. These molecules were tested in combi-
nation with vancomycin and were found to re-sensitize vancomycin-resistant

bacteria to the antibiotic.

The first antibiotic-resistant strain of Staphy-
lococcus aureus was identified even before
the commercialization of penicillin (/). Over
the past decade, the incidence of staphylococ-
cal strains resistant to virtually all antibiotics
has increased, although they mostly remain
sensitive to vancomycin (2). This antibiotic is
considered to be the last resort for the treat-
ment of infections caused by Gram-positive
bacteria. Unfortunately, enterococci are be-
coming increasingly resistant to vancomycin,
raising fears that the high-level resistance
genes will be transferred to staphylococci
(3-5). Like the family of B-lactam antibiot-
ics, vancomycin acts on cell wall metabolism.
By binding to the D-Ala-D-Ala moiety of
bacterial peptidoglycan precursors, vancomy-
cin interferes with the growth of the cell wall
(6). In vancomycin-resistant enterococci
(VRE) bearing the vanA4 or vanB gene clus-
ter, some of the D-Ala-D-Ala termini of the
peptidoglycan precursors are substituted by
D-Ala-D-Lac (7-10). As a result, vancomy-
cin’s affinity for the peptidoglycan layer is
diminished by a factor of over 1000 (70).
Levels of resistance are directly proportional
to the percentage of precursors carrying D-
Ala-D-Lac (11).
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Strategies to bypass resistance have in-
volved modifying vancomycin to enhance its
binding to D-Ala-D-Lac and seeking inhibi-
tors of the D-Ala-D-Lac biosynthetic pathway
(12-14). Another approach involves the se-
lective and catalytic cleavage of the D-Ala-
D-Lac depsipeptide by small molecules. We
hypothesized that reducing the concentration
of precursors with altered termini should re-
sensitize resistant bacteria to vancomycin.
Such a molecule could be used in concert
with vancomycin (or vancomycin derivatives
with a higher affinity for peptidoglycan pre-
cursors) for the treatment of vand- or vanB-
resistant strains.

To identify small molecules that cleave
the altered cell wall peptidoglycan precur-
sors, we prepared a red dye—labeled D-Ala-
D-Lac probe (Fig. 1A, 1). Screening of non-
biased combinatorial libraries (/5) against the
labeled depsipeptide revealed that in every
library the active beads carried serine at the
amino-terminal position (/6). No other nu-
cleophiles, including Thr, Lys, or terminal
amino functionalities, had this activity (/7).
A 50,000-member acylated tripeptide library
yielded only three active sequences: X-L-
Lys-L-Ser dimethylurea (where X is vari-
able), X-D-Lys-D-Ser dimethylurea, and L-
Lys-D-Pro-L-Ser dimethylurea (/8). The ex-
clusive presence of dimethylurea (the best
electron donor of the series) is remarkable
because 14 other acylating groups were
present in the library. It appears all active
sequences carry a nucleophile (amino-termi-
nal Ser) and an electrophile (Lys, Cu?*, NH).
These must be oriented to allow for the nu-
cleophilic attack of serine. Additionally, the
nucleophilicity of the hydroxyl group of
serine must be enhanced (i.e., by an internal
hydrogen bond with the dimethylurea group).

The prevalence of Pro in the active molecules
suggests that this amino acid may be involved
in inducing conformational rigidity and,
therefore, pre-organization of the active sites.
Molecular modeling studies were performed
on the sequence BnNH-L-Lys-D-Pro-L-Ser
dimethylurea (peptide 4a, Fig. 1C) in com-
plex with D-Ala-D-Lac (/9) to support the
structural observations deduced from the
combinatorial assays (Fig. 2A).

Peptide 4a was synthesized, and its effec-
tiveness in cleaving D-Ala-D-Lac in physio-
logically relevant conditions was found to be
modest: only 20% of the depsipeptide was
cleaved within 24 hours (20). However, when
the control sequences 6, 7, 8 (Fig. 1C) were
used alone or when 6 and 8 were used in
combination (27), the rate of hydrolysis was
not significantly altered compared with buff-
er. This indicates that the whole structural
assembly is necessary for the reaction to oc-
cur. The enantiomer of 4a (peptide D-Lys-L-
Pro-D-Ser dimethylurea that was never found
as an active sequence in the combinatorial
library assays) was less than half as active.
This suggests that chiral complementarity is
required between the depsipeptide and the
cleaving molecule and that a complex is
formed between the two molecules before the
cleavage of the D-Ala-D-Lac ester bond.

The peptides identified from the screen-
ing of the nonbiased combinatorial libraries
were not useful therapeutic agents, owing
to their low catalytic activity and their abil-
ity to be easily assimilated by the bacteria
and used as nutrients. The goal of these
screens was to elucidate the key elements
required for selective and catalytic cleav-
age of the altered peptidoglycan termini
and to assemble these attributes in a simple
structure with catalytic properties. N-acy-
lated prolinol derivatives (Fig. 1D) are the
simplest structures that fulfill these require-
ments. Prolinols are attractive candidates
because their primary alcohol functional
group forms an internal H-bond with the
amide, generating an enhanced nucleophile.
Furthermore, the molecules permit the ad-
dition of an electrophilic group (NH,)
through various linkers. Last but not least,
prolinols are intrinsically chiral molecules.
We designed the SProC5 molecule, which
was twice as active as peptide 4a, cleaving
50% of the depsipeptide in 24 hours (Fig.
2C). The higher activity of SProC5 com-
pared with 4a can be attributed to the en-
hanced nucleophilic nature of its hydroxyl
group [H position in "H nuclear magnetic
resonance (NMR), 7.59 parts per million
(ppm) versus 6.62 ppm, respectively]. Mo-
lecular modeling of the SProC5 and D-Ala-
D-Lac complex confirmed the structural fit
of this small molecule for the cleavage of
the depsipeptide (Fig. 2B).

We tested the activity of the N-acety-
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lated prolinol derivatives (22) against the
high-level vancomycin-resistant Entero-
coccus faecium strain EF228 (23), which is
vanA positive and has a minimum inhibito-
ry concentration (MIC) to vancomycin of
500 pg/ml (Fig. 3). SProC5 (50 mM) com-
bined with vancomycin reduced the MIC to
62.5 wg/ml, i.e., an eightfold decrease (Fig.
3A). Bactericidal activity was confirmed by
determining the number of cells that sur-
vived the combination of vancomycin and
SProC5 (Fig. 3A, bars). Indeed, 62.5 pg/ml
vancomycin plus 50 mM SProC5 resulted
in a three-log decrease in bacterial load
compared with vancomycin (250 wg/ml) or
SProC5 (50 mM) alone. A four-log de-
crease in bacterial load was observed when

Fig. 1. (A) Approach for identifying sequences
capable of cleaving the D-Ala-D-Lac depsipep-
tide. A library of nucleophiles (2) was equili-
brated with a red-labeled p-Ala-D-Lac (1). Ac-
tive nucleophiles formed a transesterification
intermediate (3) that was not hydrolyzed in the
organic media used for the assay and remained
covalently linked to the solid support. Thus,
beads capable of cleaving the ester bond of the
depsipeptide became red (3) and could be se-
lected from the mixture of inactive beads
(white, 2). We assumed that any noncovalently
bound material could be washed away with a
polar solvent (75). L, Disperse Red 1 dye; solid
circle, bead. (B) Structure of the p-nitrobenzoic
acid labeled p-Ala-D-Lac (5) and of the hydro-
lytic cleavage product (4). The two derivatives
were used to determine the hydrolytic activity
of the small molecules in aqueous conditions
(unlike the Disperse Red 1 analog 1, derivatives
4 and 5 are water soluble). The p-nitrobenzoyl
label allowed monitoring the compounds under
UV light due to its strong absorbance at 275
nm. (C) Schematic representation of the pep-
tidic sequences (4a, 6, 7, 8) and (D) the de-

REPORTS

250 pg/ml of vancomycin was used with 50
mM SProC5. The synergistic effect of
SProC5 was dose-dependent (Fig. 3B).
Alone, SProC5 had no inhibitory or bacte-
ricidal activity against strain EF228.
Synergy with vancomycin could be a dis-
tinct mechanism from the mechanism pre-
dicted by the specific hydrolytic activity of
SProC5. To determine whether this is the
case, we compared SProC5 activity to the
related molecule SProC2, which had a lower
D-Ala-D-Lac hydrolytic activity in our kinetic
assays (see Fig. 2C). As predicted from its
hydrolytic activity, SProC2 (50 mM) showed
less synergy with vancomycin and had a MIC
decreased only by a factor of 2 (see Fig. 3B).
SProC5 activity was compared with that
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of its enantiomer, RProC5, and with its cor-
responding five-carbon unit (C5). None of
the control molecules showed any synergy
with vancomycin, even at 100 mM (see Fig.
3C), suggesting that the basis for the biolog-
ical activity of SProCS5 is indeed derived from
its enhanced and specific D-Ala-D-Lac hydro-
lytic activity.

Lastly, we tested the N-acetylated prolinol
derivatives against the well-characterized
vancomycin-sensitive Enterococcus faecalis
strain JH2-2 (24), which only synthesizes
peptidoglycan precursors with D-Ala-D-Ala
termini. The sensitivity of JH2-2 to vancomy-
cin was unaffected by the synthetic molecules
(Fig. 3D), showing that their biological activ-
ities are selective for strains carrying altered
peptidoglycan precursors.

Random screening of almost 300,000 pep-
tidic compounds for their ability to cleave the
termini of bacteria peptidoglycan precursors
bearing D-Ala-D-Lac identified active se-
quences with surprising similarity. Conse-
quently, a simple small molecule, SProC5,
was designed to bear structural features that
cleaved the depsipeptide and increased the
sensitivity of VRE to vancomycin. Our re-
sults suggest that SProC5 enhanced vanco-
mycin activity because of its D-Ala-D-Lac
hydrolytic activity.

Thus, molecules that catalytically and se-
lectively cleave the altered termini of cell
wall peptidoglycan precursors can disable the
antibiotic-resistance mechanism of Gram-
positive bacterial pathogens. Even SProC5, a
molecule with modest in vitro catalytical ac-
tivity, but with good selectivity, could re-
sensitize VRE to vancomycin. Thus, restora-
tion of vancomycin activity with small mol-
ecules that cleave the altered peptidoglycan
components is a promising strategy.
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Fig. 2. (A) Computer-generated model of the 4a
complex with PhNH-D-Ala-D-Lac. The structural
skeleton permits Lys and Ser to be in close

proximity. Lys binds the carboxylate group of D-Ala-D-Lac and is the electrophilic amino acid that stabilizes the tetrahedral transition state. The
nucleophilicity of Ser is enhanced by hydrogen bonding to the urea-capping group, and its hydroxyl is favorably positioned for attacking the
depsipeptide ester group. (B) Structure of the complex of PhANH-D-Ala-D-Lac with SProC5 as determined by molecular modeling. Calculated hydrogen
bonds are depicted by dashed lines. (C) Representative kinetic data for the hydrolysis of 5 (Fig. 1B) by 20 mM phosphate buffer pH 7.0, SProDAla,
SProUC4, SProC1, SProC2, SProC3, SProC4, SProC5, SProC6. Substrate 5 was used at 0.5 mM, and the prolinol derivatives were used at 12 mM (20).
The graph shows the average data from three independent experiments. Activity declined in the series as the chain length decreased from five carbons
to one. A six-carbon chain was also less active (27).
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Fig. 3. (A) Strain EF228 was grown in the presence of increasing concentra-
tions of vancomycin with or without the small molecule SProC5 (50 mM).
Bactericidal activity was estimated by determining the number of CFU/ml
that survived the combination of vancomycin and SProC5 (bars). (B) Two
structurally related molecules, SProC2 and SProC5, were compared for their
relative synergy with vancomycin. Their activities were concentration-
dependent (0, 5, 10, and 50 mM), and SProC5 was found to be the most
efficient molecule, mirroring the kinetic assays (see Fig. 2C). (C) The
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specificity of SProC5 and vancomycin against strain EF228 was tested by
comparing to its enantiomer, RProC5, and its five-carbon unit, C5. Results
represent the average of four independent experiments at the fixed concen-
tration of 100 mM. (D) Strain JH2-2 was used as a representative vanco-
mycin-sensitive strain that does not synthesize altered D-Ala-D-Lac termi-
nating peptidoglycan precursors. The sensitivity of JH2-2 to vancomycin was
unaffected by the addition of the synthetic molecules. Results represent the
average of two independent experiments.
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Enhanced Neurofibrillary
Degeneration in Transgenic Mice
Expressing Mutant Tau and APP

Jada Lewis,* Dennis W. Dickson,* Wen-Lang Lin, Louise Chisholm,
Anthony Corral, Graham Jones, Shu-Hui Yen, Naruhiko Sahara,
Lisa Skipper, Debra Yager, Chris Eckman, John Hardy,

Mike Hutton,i Eileen McGowan

JNPL3 transgenic mice expressing a mutant tau protein, which develop neu-
rofibrillary tangles and progressive motor disturbance, were crossed with
Tg2576 transgenic mice expressing mutant 3-amyloid precursor protein (APP),
thus modulating the APP-AB (B-amyloid peptide) environment. The resulting
double mutant (tau/APP) progeny and the Tg2576 parental strain developed AR
deposits at the same age; however, relative to JNPL3 mice, the double mutants
exhibited neurofibrillary tangle pathology that was substantially enhanced in
the limbic system and olfactory cortex. These results indicate that either APP
or AR influences the formation of neurofibrillary tangles. The interaction be-
tween AB and tau pathologies in these mice supports the hypothesis that a
similar interaction occurs in Alzheimer's disease.

Alzheimer’s disease (AD) is pathologically
characterized by senile plaques, largely com-
posed of extracellular deposits of AR peptide,
and neurofibrillary tangles (NFTs), com-
posed of intracellular filamentous aggregates
of hyperphosphorylated tau protein. Since the
initial molecular characterizations of these
lesions (/-3), there has been controversy
over how these lesions and their constituent
molecules are pathogenically related to each
other and to the neuronal and synaptic losses
that characterize the disease (4—6). A key
part of this debate has been the observation
that the pathogenic mutations that underlie
the autosomal dominant forms of the dis-
ease—mutations in APP or in the presenilins
PS-1 and PS-2 (7-9)—lead to increased pro-
duction of the AB42 peptide in tissues from
affected individuals (/0), in transfected cells
(11-13), and in transgenic animals (/2, /14—
18). Some transgenic mouse models for AD,
overexpressing mutant human APP alone or

Birdsall Building, Mayo Clinic Jacksonville, 4500 San
Pablo Road, Jacksonville, FL 32224, USA.

*These authors contributed equally to this report.
¥To whom correspondence should be addressed. E-
mail: hutton.michael@mayo.edu

www.sciencemag.org SCIENCE VOL 293 24 AUGUST 2001

with mutant PS-1, develop senile plaques;
however, these mice lack NFTs and exhibit
little neuronal loss (/4—18). This has limited
their use as models of disease and fueled the
notion that senile plaques and NFTs are gen-
erated by independent processes.

Neurofibrillary pathology is also a feature
of other neurodegenerative diseases, includ-
ing FTDP-17 (frontotemporal dementia and
Parkinsonism linked to chromosome 17).
Mutations in the tau gene underlie FTDP-17,
hence tau dysfunction is sufficient to cause
neurodegeneration (/9). Furthermore, JNPL3
transgenic mice with the Pro*°! — Leu
(P301L) tau mutation develop NFTs in the
basal telencephalon, diencephalon, brain-
stem, and spinal cord, along with neuronal
loss that is most evident in the spinal cord,
especially in the anterior horn (20).

The production of these mutant tau trans-
genic mice provided the opportunity to test
experimentally whether the distribution or
timing of neurofibrillary pathology is influ-
enced by the pathogenic mutations that cause
AD. Therefore, we crossed Tg2576 trans-
genic mice expressing the APPsw mutation
(Lys®7® — Asn, Met®”! — Leu) (15, 21, 22)
with JNPL3 transgenic mice expressing mu-
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reviewing this manuscript and C. Watson
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tant P301L four-repeat tau (20) and compared
the pathology of the crossed mice with each
of their parental lines (23).

Previous studies have shown that Tg2576
mice have markedly elevated AR levels at an
early age and develop extracellular AP de-
posits in the cortex and hippocampus by 9 to
12 months of age (/5). Hemizygous JNPL3
mice develop progressive motor and behav-
ioral abnormalities with robust neurofibril-
lary pathology and neuronal loss in the spinal
cord as early as 6.5 months (20). In JNPL3
animals, NFTs are primarily located in the
spinal cord and the hindbrain, with fewer
NFTs in the midbrain, amygdala, and hypo-
thalamus (20). Pretangles, which are neurons
that have abnormal expression of phospho-
tau epitopes, are found in greater numbers
and have a wider distribution throughout the
spinal cord and brain, most notably in limbic
structures such as the hippocampus and
amygdala. Neither pretangles nor NFTs are
detected in the basal ganglia of JNPL3 mice.

We examined the brains and spinal cords
of Tg2576 X JNPL3 progeny at 2.5 to 3.5
months, 6 to 7 months, and 8.5 to 15 months
of age (24—-29). These progeny included dou-
ble mutant tau (P301L)-mutant APP
(APPsw) (hereafter termed TAPP mice), mu-
tant tau (JNPL3), mutant APP (Tg2576), and
nontransgenic animals. TAPP mice had amy-
loid plaques similar in number and distribu-
tion to those of comparably aged Tg2576
mice. Plaques were detected as early as 6
months of age but became numerous only in
older TAPP and Tg2576 mice (8.5 to 15
months) in the olfactory cortex, cingulate
gyrus, amygdala, entorhinal cortex, and hip-
pocampus (Fig. 1) (30). NFTs were morpho-
logically similar in TAPP and JNPL3 mice
and appeared in the spinal cord and pons as
early as 3 months of age, but were consis-
tently present and numerous only in older
animals (Figs. 2 and 3). Some of the NFTs
were fluorescent when stained with thiofla-
vin-S, and all were intensely positive for
Gallyas silver stain and immunoreactive with
a panel of antibodies to tau protein, including
antibodies to phosphorylation-dependent and
conformational epitopes (24-28) (Fig. 1). Ul-
trastructurally, NFTs in the TAPP mice were
also similar to those in JNPL3 mice and were
composed of straight filaments, 17 to 22 nm
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