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Fig. 5. The effect of 15-min exposure to mono-
chromatic light (509 nm) on pineal melatonin
content in rd/rd cl and wild-type mice. Com-
pared with unpulsed animals (A), rd/rd cl mice
showed irradiance-dependent suppression of
pineal melatonin content after exposure for 15
min to 509-nm light (B). Data represent
mean * SEM for six to eight animals per ge-
notype at each irradiance; **P < 0.01 com-
pared with unpulsed controls; post hoc Bon-
feroni's test after one-way ANOVA. Although
the data suggest that the production of mela-
tonin in rd/rd cl mice may be less sensitive to
inhibition by light, this is not supported by
statistical analysis (two-way ANOVA, P > 0.05).

1x10!

acterized ocular photoreceptors might form
the basis of a general non-image forming
photoreceptive pathway mediating many, if
not all, nonvisual responses to light.
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Vancomycin Derivatives That
Inhibit Peptidoglycan
Biosynthesis Without Binding
| D-Ala-D-Ala
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Vancomycin is an important drug for the treatment of Gram-positive bacterial
infections. Resistance to vancomycin has begun to appear, posing a serious
public health threat. Vancomycin analogs containing modified carbohydrates
are very active against resistant microorganisms. Results presented here show
that these carbohydrate derivatives operate by a different mechanism than
vancomycin; moreover, peptide binding is not required for activity. It is pro-
posed that carbohydrate-modified vancomycin compounds are effective
against resistant bacteria because they interact directly with bacterial proteins
involved in the transglycosylation step of cell wall biosynthesis. These results
suggest new strategies for designing glycopeptide antibiotics that overcome

bacterial resistance.

Vancomycin is a glycopeptide antibiotic that
kills bacterial cells by inhibiting peptidoglycan
biosynthesis (/). It is the most important drug in
current use for the treatment of Gram-positive
bacterial infections, representing the final op-
tion for curing infections that are resistant to
other antibiotics. The emergence of vancomy-
cin-resistant bacterial strains is a very serious
public health problem. Recently, a set of carbo-
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Princeton, NJ 08544, USA. 2Infectious Diseases, Merck
Research Laboratories, Rahway, NJ 07065, USA.

*To whom correspondence should be addressed. E-
mail: dkahne@princeton.edu

hydrate derivatives of vancomycin that are ac-
tive against resistant bacterial strains was dis-
covered (2). We now show that the modified
carbohydrates alone are specific inhibitors of
the transglycosylation step of peptidoglycan
biosynthesis. This finding changes the picture
for how modified glycopeptides kill resistant
bacteria.

Vancomycin functions by binding to the
terminal D-Ala-D-Ala dipeptide of bacterial
cell wall precursors (Fig. 1), thereby imped-
ing further processing of these intermediates
into peptidoglycan (3, 4). The vancomycin
complex involves a set of complementary
hydrogen bonds between the peptide portion
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of vancomycin and the D-Ala-D-Ala dipeptide
(4). Walsh and co-workers have shown that
vancomycin resistance arises when bacteria ac-
quire the ability to substitute D-Ala-D-Ala with
D-Ala-D-Lac (). This structural change results
in the loss of a critical hydrogen bond between
the binding pocket of vancomycin and the pep-
tide substrate. The binding affinity of vancomy-
cin for the D-Ala-D-Lac substrate decreases by

Mature
peptidoglycan

Transglycosylase

T

REPORTS

three orders of magnitude, with a concomitant
loss of biological activity.

The complexity of the peptide portion of
vancomycin makes it virtually impossible to
reengineer the peptide backbone to include new
contacts to the modified substrate (6). Howev-
er, glycopeptides containing hydrophobic sub-
stituents on the vancosamine nitrogen (such as
compounds 1 and 2, Fig. 2 and Table 1) are

Transpeptidase

Cell surface

Immature
A' peptidoglycan
p
ip — r L i,, Membrane
'TP ?yp
Lipid Il Lipid | Cytoplasm
UDP ‘emm UMP E‘ .
- PP-U
Key .
wnpp  Lipid L-Ala
pyrophosphate +.D-Glu
‘e [14C}1GIcNAC gfmp
> MurNAc S

Fig. 1. Proposed pathway for peptidoglycan synthesis in Gram-negative bacteria. Lipid Il is
assembled in the cytoplasm and then transported through the membrane where it is polymerized
by transglycosylases to form immature peptidoglycan and then cross-linked by transpeptidases.

Table 1. Twenty-two—hour minimum inhibitory concentrations (MICs) (ug/ml) for selected bacterial
strains (Enterococcus faecium and Enterococcus faecalis). MICs were determined against strains grown in
brain-heart infusion broth in a microdilution format according to NCCLS guidelines (23). The inoculum
was 5 to 10 times higher than the recommended 3 X 10 to 7 X 10 colony-forming units per milliliter.
The MIC is defined as the lowest antibiotic concentration that resulted in no visible growth after
incubation at 35°C for 22 hours.

E. faecium E. faecalis
Sensitive Resistant (VanA) Sensitive Resistant (VanB)
Vancomycin 1 2048 4 2048
Chlorobiphenyl 0.03 16 0.25 16
Vancomycin (1)
n-decyl 0.03 32 0.12 32
Vancomycin (2)
Des-leucyl chlorobiphenyl 10 40 20 80
Vancomycin (4)
Chlorobiphenyl 128 128 128 128
Disaccharide (6)
Chlorobiphenyl 0.06 64

0.03 32
Des-methyl vancomycin (8) .

very active against vancomycin-resistant strains
(2, 7). Although it is believed that these carbo-
hydrate derivatives must bind the dipeptide ter-
mini of cell wall precursors to function (§—10),
they do not show increased affinity for D-Ala-
D-Lac (9); therefore, it is not obvious how they
overcome resistance. It has been proposed that
the hydrophobic substituents compensate for
the decreased affinity of D-Ala-D-Lac binding
by facilitating dimerization (9, /1) and by an-
choring the glycopeptides to the bacterial sur-
face in close proximity to the cell wall precur-
sors (9, 10). Although some elegant experi-
ments support the hypothesis that membrane-
anchoring and dimerization can significantly
increase D-Ala-D-Ala binding avidity (10, 12),
there is little evidence that these phenomena
enhance binding to D-Ala-D-Lac sufficiently to
explain the biological activity of the substituted
glycopeptides against resistant bacteria.

We compared vancomycin and carbohy-
drate-modified glycopeptides 1 and 2 in an
assay designed to establish how different
compounds inhibit peptidoglycan biosynthe-
sis. Peptidoglycan biosynthesis takes place in
three stages (Fig. 1) (I). The first two stages
occur inside the bacterial cell and involve the
assembly of a lipid-linked GlcNAc-MurNAc-
pentapeptide (Lipid II). The third stage, which
takes place on the exterior surface of the bac-
terial membrane, involves the polymerization
of the GleNAc-MurNAc disaccharide by trans-
glycosylases and the cross-linking of the pep-
tide side chains by transpeptidases. In the
Gram-negative bacterium Escherichia coli, po-
lymerization and cross-linking take place se-
quentially, producing immature (uncross-
linked) peptidoglycan first and then mature
(cross-linked) peptidoglycan (/3). Because of
the sequential nature of the polymerization and

" cross-linking reactions, it is possible to use

permeabilized E. coli strains to determine at
which step peptidoglycan biosynthesis is
blocked (/4) simply by monitoring how much
radioactivity is incorporated into Lipid II, im-
mature, and mature peptidoglycan after treat-
ment of the cells with ['*C]JUDP-GIcNAc and
['4“C]UDP-MurNAc-pentapeptide in the pres-

Table 2. Twenty-two—hour MICs (pg/ml) of van-
comycin and compounds 1 and 8 for selected
staphylococcal strains. MSSA: methicillin-sensi-
tive Staphylococcus; MRSA: metbhicillin-resistant
Staphylococcus.

MSSA MRSA

MB2985  CL3033 COL
Vancomycin 0.5 1 1
Chlorobiphenyl 0.03 0.12 0.25
Vancomycin (1) ‘
Chlorobiphenyl
Des-methyl
Vancomycin (8) 0.016 0.016 0.03
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ence of increasing concentrations of an inhibi-
tor. As shown in Fig. 3A, compounds such as
ramoplanin that inhibit the formation of Lipid II
cause a decrease in all the products (/5); com-
pounds such as bambermycin that inhibit trans-
glycosylase activity cause a decrease in both
immature and mature peptidoglycan (13); and
compounds such as cefoxitin that inhibit
transpeptidase activity cause a decrease in the
formation of mature peptidoglycan (/6).
Marked differences were observed in the
inhibition patterns obtained for vancomycin
and carbohydrate derivatives 1 and 2 (Fig.
3B). Vancomycin causes a decrease in mature
peptidoglycan and an increase in immature
peptidoglycan, consistent with a mechanism
of action in which the primary site of inhibi-
tion is the transpeptidation step. The carbo-
hydrate derivatives, in contrast, cause a de-
crease in both immature and mature pepti-
doglycan, and an increase in the lipid inter-
mediates, consistent with transglycosylase
inhibition. Hence, the carbohydrate deriva-
tives 1 and 2 block a different step in pepti-
doglycan biosynthesis than does vancomycin.
We have considered two possible expla-
nations for the above result. One explanation
is that the hydrophobic substituent on the
vancosamine sugar helps anchor the glyco-
peptide to the cell membrane, as proposed
previously (8, 10). In vitro assays have shown
that vancomyecin itself can block either trans-
glycosylation or transpeptidation depending
on whether Lipid II or immature peptidogly-
can is bound (3, /7). If 1 and 2 are anchored
to the cell membrane, they might preferen-
tially bind membrane-bound Lipid II over
immature peptidoglycan (Fig. 1), thus block-
ing transglycosylation more effectively than

Vancomycin R;=CHj3, Ry=H

1 Ry = CHa, Ry = 5 <)o

2 R1=CH3,R2=“‘}H“

8 Ry=H, Ry= O C|
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vancomycin itself, which binds to all cell
wall precursors containing exposed D-Ala-D-
Ala dipeptides. An alternative explanation for
the change in the inhibition pattern is that the
carbohydrate-modified glycopeptides interact
with a target other than D-Ala-D-Ala, such as
the enzymes involved in transglycosylation.
If so, dipeptide binding might not be required
for activity.

To evaluate the role of peptide binding in
activity, we prepared des-leucyl vancomycin 3
(18) and its chlorobiphenyl derivative 4. Des-
leucyl vancomycin 3 does not bind D-Ala-D-
Ala (19) and has no activity against either van-
comycin-sensitive or -resistant strains (2); in
contrast, chlorobiphenyl derivative 4 has good
activity against both sensitive and resistant bac-
terial strains (Table 1). Derivative 4 is almost as
active as 1 and 2 against resistant bacterial
strains even though it is missing an important
portion of the dipeptide-binding pocket. Al-
though the lower minimum inhibitory concen-
trations (MICs) of 1 and 2 compared with 4 in
D-Ala-D-Ala—producing microorganisms indi-
cate that dipeptide binding enhances antibiotic
activity, it is not essential.

The preceding results imply that the mod-
ified disaccharide is a key determinant of
biological activity, with a mechanism of ac-
tion independent of peptide binding. To eval-
uate the activity of the carbohydrate portion
alone, we synthesized disaccharide 5 and the
substituted analog 6 (20). Disaccharide 5 was
completely inactive, but 6 had antibiotic ac-
tivity (Table 1). Indeed, derivative 6 was
more than 10 times as effective as vancomy-
cin itself against vancomycin-resistant strains.
Moreover, 6 specifically inhibited the incor-
poration of radiolabeled precursors into pep-

3 R=H

Fig. 2. Structures of vancomycin and compounds 1 through 8.

www.sciencemag.org SCIENCE VOL 284

tidoglycan but not into DNA or protein, con-
sistent with a mechanism of action involv-
ing inhibition of peptidoglycan biosynthesis
(21). In addition, in the site of inhibition
assay 6 was found to inhibit the transgly-
cosylation step (Fig. 3B). These results sug-
gest a direct interaction between the substi-
tuted carbohydrates and proteins involved in
transglycosylation.

On the basis of the results presented above,
we propose that the modified vancomycin ana-
logs 1 and 2 have a complex mechanism of
action involving specific interactions with at
least three targets: immature peptidoglycan,
Lipid II, and proteins involved in transglyco-
sylation. In vancomycin-sensitive strains, the
aglycon binds the D-Ala-D-Ala dipeptides of
Lipid II and immature peptidoglycan; the
modified carbohydrates can also interact with
one or more proteins involved in transglyco-
sylation. In resistant strains where the agly-
con does not effectively bind D-Ala-D-Lac,
the modified carbohydrates can still inhibit
bacterial transglycosylases.

The hypothesis that peptide binding is not
required for activity against resistant bacterial
strains suggests new strategies for designing
better glycopeptide antibiotics. For example,
instead of trying to increase binding to D-
Ala-D-Lac, it might be simpler to optimize
the carbohydrate portion of vancomycin for
transglycosylase inhibition. We have recently
developed chemistry for glycosylating the
pseudoaglycon of vancomycin (20). This
chemistry allows us to replace the vanco-
samine sugar of vancomycin with other sug-
ars. Because we have no information about
how specific the requirements are for carbo-
hydrate recognition, we decided to first re-

Ho /2
NH
OH
HaC -0 OH
Ry o)
OH
0

5 R1=CH3, R2=H

6 Ry=CHg Ro= %Cl
7 R1=H, R2= %Cl
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Fig. 3. (A) Inhibition patterns of three reference compounds with known mechanisms of action in the site of inhibition assay (13, 24, 25). (B) Inhibition
patterns of vancomycin and compounds 1, 2, 6, 7, and 8 in the site of inhibition assay. PG, peptidoglycan.

place vancosamine with its des-methyl ana-
log, daunosamine. After verifying that the
des-methyl disaccharide 7 inhibits transgly-
cosylase activity (Fig. 3B), which shows that
the methyl group does not play an essential
role in the recognition process, we attached
daunosamine to the vancomycin pseudoagly-
con to make 8. Although 8 differs from 1 only
in a single methyl group on the terminal
sugar, it shows some notable differences in

-activity. The activity against methicillin-re-

510

sistant staphylococcal strains is particularly
good (Table 2). This is only the first attempt
to explore unnatural sugars by chemical gly-
cosylation, and it is quite likely that a wide-
ranging investigation of different sugars will
lead to more significant improvements across
a range of bacterial strains. Because we have
also developed chemistry to attach both sug-

ars sequentially to the vancomycin aglycon
(22), it is now possible to explore the effects
of replacing either or both sugars.

The finding that peptide binding is not
required for the biological activity of carbo-
hydrate-modified glycopeptides should change
the way scientists think about how to over-
come vancomycin resistance. The challenge
now is to determine the specific molecular
targets of the substituted carbohydrates.
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