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Abstract
Peptidoglycan glycosyltransferases (PGTs), enzymes that catalyze the formation of the glycan chains
of the bacterial cell wall, have tremendous potential as antibiotic targets. The moenomycins, a potent
family of natural product antibiotics, are the only known active site inhibitors of the PGTs and serve
as blueprints for the structure-based design of new antibacterials. A 2.8 Å structure of a
Staphylococcus aureus PGT with moenomycin A bound in the active site appeared recently,
potentially providing insight into substrate binding; however, the protein:ligand contacts were not
analyzed in detail and the implications of the structure for inhibitor design were not addressed. We
report here the 2.3 Å structure of a complex of neryl-moenomycin A bound to the PGT domain of
Aquifex aeolicus PBP1A. The structure allows us to examine protein:ligand contacts in detail, and
implies that six conserved active site residues contact the centrally-located F-ring phosphoglycerate
portion of neryl-moenomycin A. A mutational analysis shows that all six residues play important
roles in enzymatic activity. We suggest that small scaffolds that maintain these key contacts will
serve as effective PGT inhibitors. To test this hypothesis, we have prepared, via heterologous
expression of a subset of moenomycin biosynthetic genes, a novel moenomycin intermediate that
maintains these six contacts but does not contain the putative minimal pharmacophore. This
compound has comparable biological activity to the previously proposed minimal pharmacophore.
The results reported here may facilitate the design of antibiotics targeted against peptidoglycan
glycosyltransferases.

INTRODUCTION
Peptidoglycan glycosyltransferases (PGTs) are highly conserved bacterial enzymes that
catalyze the polymerization of the NAG-NAM disaccharide subunit of bacterial peptidoglycan
(Figure 1) (1-5). These enzymes are regarded as attractive antibiotic targets because their
structures are conserved, their functions are essential, they have no eukaryotic counterparts,
and they are located on the external surface of the bacterial membrane where they are readily
accessible to inhibitors (6-8). While there are not yet any antibiotics in clinical use that directly
target these enzymes, the phosphoglycolipid natural product moenomycin (1,Figure 2) inhibits
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them at nanomolar concentrations and has potent antibiotic activity, with minimum inhibitory
concentrations (MICs) 10-1000 times lower than vancomycin’s MICs against various Gram-
positive microorganisms (6,9). Although moenomycin is a potential lead, its therapeutic utility
is limited by poor pharmacokinetic properties, including a long half-life and minimal oral
bioavailability (9). In addition, although moenomycin strongly inhibits Gram-negative PGTs,
its spectrum is restricted to Gram-positive microorganisms, apparently because it cannot
penetrate the outer membrane of Gram-negative bacteria (10). It may be possible to overcome
moenomycin’s limitations by altering its structure, and the recent completion of the total
synthesis of moenomycin (11-13), combined with the identification of the biosynthetic genes
for its production (14), make wide-ranging explorations of structural changes feasible for the
first time. Nevertheless, the complexity of moenomycin is sufficiently daunting that detailed
information on how it interacts with its PGT targets is required to guide effectively the synthesis
of analogs. In a major accomplishment by Strynadka and coworkers, the 2.8 Å structure of a
co-complex of moenomycin with S. aureus PBP2 was recently solved (MmA:saPGT complex).
This complex shows that moenomycin binds in the active site cleft of the PGT domain (15).
Compared with the apo-enzyme structure, large conformational changes attributed to
moenomycin binding were observed in the vicinity of the active site, particularly in the small
lobe of the PGT domain (15). Data interpretation focused on what moenomycin binding
suggests about how the substrates bind and what catalysis involves, but the implications of this
complex for antibiotic design were not addressed.

We recently reported the 2.1 Å structure of the PGT domain from Aquifex aeolicus PBP1A
(aaPGT) (16). The aaPGT domain shows high structural similarity to the saPGT domain and
is inhibited by moenomycin, making it a good model system for exploring the structural basis
for moenomycin inhibition. Here we describe the 2.3 Å structure of a complex of neryl-
moenomycin A (n-MmA) bound to the PGT domain of A. aeolicus PBP1A (n-MmA:aaPGT
complex). From the structure we infer putative H-bond contacts and analyze the binding site
interactions in detail. Below we describe these binding interactions and provide mutational
data demonstrating the importance of six contacted residues in enzymatic activity. We also
report that a moenomycin analog that satisfies the identified interactions, but does not contain
the putative minimal pharmacophore (15,17), is biologically active. The results described here,
taken together with the previous structure, provide information that will enable the structure-
based design of moenomycin analogs.

RESULTS AND DISCUSSION
Initial attempts to obtain well-ordered crystals of the A. aeolicus PGT domain with
moenomycin bound were unsuccessful, possibly because the 25 carbon chain on the reducing
end of the antibiotic makes crystallization challenging. Therefore, we prepared an analog of
moenomycin (2,Figure 2) containing a ten carbon neryl chain in place of the longer natural
chain (12). The neryl analog was found to inhibit a panel of enzymes available in our laboratory,
including A. aeolicus PBP1A (Supplementary Text 1), S. aureus PBP2, and E. faecalis PBP2A,
with a potency similar to the parent compound (12). Since these results suggested that the neryl
analog contains all the structural features required for PGT binding, we explored strategies for
obtaining co-complexes and found that n-MmA soaks readily into the aaPGT crystals reported
previously (16).

Structure description
We solved the structure of the co-complex by molecular replacement and refined it to 2.3 Å
resolution. Refinement statistics are shown in Table 1. In the structure, 92.3% of the residues
are in the most favored region of the Ramachandran plot. As described previously, PGT
domains are largely alpha helical. They resemble lysozyme in several respects, including the
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presence of a large and a small lobe separated by a deep cleft that comprises the active site
(15,16). This cleft is where moenomycin binds. Except for the A-ring of the ligand, which
appears to adopt more than one conformation, and the neryl chain, for which the electron
density is weak, the final structure of the ligand fits well to the electron density, with an average
temperature factor of 89 Å2. The average for the protein is 54 Å2. The A-ring was excluded
from the model during refinement.

No significant conformational changes in the aaPGT domain occurred upon n-MmA binding
(Figure 3b; see Supplementary Text 2). In contrast, large conformational changes, including
an ordering of helix 2 and of the coil between helix 3 and helix 4 in the small lobe, were observed
in the saPGT domain upon binding of moenomycin (Figure 3b) (15). Although these changes
were attributed to moenomycin binding, it is worth noting that the altered regions of the
saPGT complex resemble the conformation observed in both the free and the bound aaPGT
structures. Therefore, the aaPGT apo-enzyme is already preorganized into a conformation
competent to bind moenomycin. This implies that restructuring of the PGT active site (induced
fit) is not a necessary consequence of moenomycin binding. We note that the two saPGT
structures were crystallized in two different space groups and that the small lobe of the protein
in the apo-enzyme structure makes extensive packing interactions. It is possible that the apo-
saPGT domain crystallized in a conformation that is not competent to bind moenomycin in
order to accommodate these packing interactions.

The active site cleft in the n-MmA:aaPGT complex is well-ordered and the conformations of
the side chains can be clearly discerned from the electron density map (Figure 3c). Figure 4
illustrates the apparent contacts between n-MmA and the aaPGT domain, represented by
interactions under 3.2 Å. The majority of the contacts involve polar interactions between
conserved side chains of the PGT domain and the F-ring phosphoglycerate portion of n-MmA,
with a smaller number of interactions to the E-ring, a single backbone amide interaction to the
C-ring, and no interactions to the other two sugars. Notably, four of the contacts to the F-ring
phosphoglycerate portion of the ligand are from invariant or highly conserved residues that
help define the five signature motifs of peptidoglycan glycosyltransferases (1), with two
additional contacts from other conserved residues in the active site. For example, the invariant
side chains of the glutamate residue in motif 1 (E83) and the second glutamine residue in motif
2 (Q121) both contact the carbamate at C3 of the F-ring. The side chains of a conserved serine
in motif 2 (S116) and an invariant lysine in motif 3 (K137) contact the carboxylate of the
anomeric phosphoglycerate of the F-ring. The phosphate portion of the phosphoglycerate is
contacted by the conserved side chains of a lysine (K124) and an arginine (R132) that lie
between conserved motifs 2 and 3 in the small lobe of the PGT domain at the floor of the active
site cleft. These and a handful of other polar contacts form an extensive hydrogen-bonding
network that anchors moenomycin in the active site cleft. There is good shape complementarity
between the extended ligand and the cleft itself (Figure 3a).

The contacts to the F-ring from the conserved E and Q residues in the upper part of the binding
cleft can also be identified in the MmA:saPGT structure (E114 and Q152 in S. aureus PBP2).
However, there are significant differences in contact residues in the lower portion of the cleft,
formed by the small lobe, which is where the phosphoglycerate lipid portion of moenomycin
binds. The phosphoglycerate lipid portion of moenomycin A is proposed to mimic the
diphospholipid leaving group of the donor substrate (18), and both the phosphate and
carboxylate moieties are thought to play critical roles in the biological activity of moenomycin
(17). In the saPGT complex, the only residue within H-bonding distance to the carboxylate
moiety is E171; however, carboxylate-carboxylate interactions are typically not stabilizing. In
addition, the corresponding residue in the n-MmA:aaPGT complex, E140, is more than 6 Å
from the carboxylate. Thus, the carboxylate-carboxylate interaction in the MmA-saPGT
structure is unlikely to explain the proposed critical role of the carboxylate moiety. With regard
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to the phosphate moiety of moenomycin, some positively charged residues contact it in the
MmA:saPGT complex, but there are fewer than in the n-MmA:aaPGT complex; furthermore,
not all the contacting residues in the two complexes correspond. The presence of different
contacts to the phosphate of moenomycin in the two structures may reflect the large number
of positively charged residues in close proximity that are capable of forming electrostatic
interactions. Regardless of the explanation, these differences in the complexes should be
considered by those attempting the structure-based design of analogs.

Activity of the mutated proteins
Based on the structure of the n-MmA:aaPGT complex we have identified six residues that
make hydrogen bonds to the F-ring phosphoglycerate portion of n-MmA. An alignment of 200
hundred PGTs from both Gram-positive and Gram-negative bacteria shows that three of these
six residues, E83, Q121, and K137, are invariant in all PGTs; two others, S116 and K124, can
only be replaced by threonine or arginine, respectively; the remaining residue, R132, is also
conserved. The high conservation of these six residues in all PGTs, combined with their central
location in the active site cleft, suggests that they play critical roles in catalytic activity.
Although E83A was previously shown to be inactive (16,19,20), confirming its importance,
none of the other five mutant proteins has been examined. Therefore, we measured the catalytic
activity of each mutant protein under initial rate conditions using an established assay that
measures the formation of peptidoglycan polymer (21). The results are summarized in Figure
5. Activity was undetectable for E83A, Q121A, and K137A, and barely detectable for R132A
(∼3% of the wild-type enzyme). The activities of S116A and K124A were reduced by 10- and
5-fold, respectively, compared with the wild-type enzyme. The inactive mutant proteins were
also evaluated at 30-fold higher enzyme concentrations and these reactions were analyzed using
an SDS-PAGE assay that separates peptidoglycan products to single disaccharide resolution
(19). No turnover was observed for E83A, Q121A, or K137A even under these forcing
conditions (data not shown). We have concluded that most of the residues that anchor
moenomycin in the active site are essential for good enzymatic activity, which is consistent
with their high degree of conservation. Moenomycin evidently evolved to recognize these
conserved residues, and their importance in enzymatic activity may slow the development of
resistance due to mutations in the target.

The minimal pharmacophore of moenomycin
The crystal structure shows that the majority of directional contacts observed between the
protein and the ligand involve the EF-ring phosphoglycerate portion of moenomycin (Figure
4b), which suggests that this part of the molecule is the most critical portion for inhibition
(22). A disaccharide degradation product of moenomycin containing the EF rings was reported
to have in vitro inhibitory activity but no biological activity, and the CEF trisaccharide analog
3 (Figure 6a), has been identified as the minimal biologically active pharmacophore (22). The
C2-N-acetyl group of the C-ring makes a single polar contact to the backbone amide of A204
in the aaPGT crystal structure. Unless this contact is critical, the role of the C-ring in biological
activity is not obvious from the structural analysis. To evaluate the proposed importance of the
C-ring, we prepared the DEF trisaccharide analog 4 (Figure 6b) by heterologous expression of
a subset of moenomycin biosynthetic genes in S. lividans TK24 (17). This compound was
purified from cell extracts and characterized by 1H NMR and high-resolution mass
spectrometry (Supplementary Methods). It was then evaluated for PGT inhibitory activity in
vitro as well as biological activity.

Compound 4 was found to inhibit S. aureus PBP2 with an IC50 value of 870 ± 110 nM,
approximately ten fold higher than that of moenomycin itself. Against S. aureus, compound
4 was found to have an MIC value of 8 μg/mL, which is close to the reported value of 1.3 μg/
mL for the CEF trisaccharide (22). We have concluded from these results that the C-ring per
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se is not required for biological activity; instead, the minimal pharmacophore appears to include
the EF-ring phosphoglycerate portion, which makes extensive contacts to the enzyme, and
either the C or the D ring. The D-ring protrudes into the solvent in both structures and the
structural basis for its contribution to activity is not clear. In the saPGT complex, there is one
H-bonding interaction that could potentially play a stabilizing role. However, it is worth noting
that the D-ring glycosidic bond torsion angles are different in the two structures, reflecting the
flexibility of the 1,6 linkage, but also making it impossible for similar protein:ligand contacts
to form in the two structures. X-ray crystallographic information on DEF analog bound to a
PGT domain will be required to understand the role of D-ring better. Nevertheless, the
identification of this new trisaccharide pharmacophore confirms the central importance of the
EF-ring phosphoglycerate in binding and implies that it will be possible to produce PGT-active
antibiotics from relatively small scaffolds as long as they maintain the conserved network of
polar contacts to key active site residues.

Conclusion
Structures of two different PGT domains, one from a Gram-positive mesophile and one from
a Gram-negative thermophile, were recently reported and confirm that these enzymes are
structurally highly homologous (15,16). They also share key mechanistic similarities (16,23,
24). Therefore, it is reasonable to expect that it will be possible to develop broad-spectrum
antibiotics against these enzymes. The moenomycins, which are potent inhibitors of the PGTs,
provide a blueprint to guide the design of such antibiotics.

An analysis of the complex structure of n-MmA:aaPGT reveals a well-defined network of
conserved polar contacts to the EF-ring phosphoglycerate portion of moenomycin. We have
shown that each of the residues involved in this network of contacts plays an important role in
catalytic activity, which may help explain the observation that resistance has apparently not
developed to moenomycin despite three decades of use as an animal growth promoter. The
crystal structure, in revealing the central importance of the EF-phosphoglycerate portion of the
molecule, also suggests that prospects for the design of novel moenomycin analogs are
promising. The availability of the biosynthetic genes (14), combined with chemistry to
manipulate moenomycin intermediates (11-13), makes it feasible to explore a variety of di-
and trisaccharide derivatives containing substitutions in order to obtain compounds that may
have more favorable properties than the parent molecule. The crystal structure provides
information on where substitutions to the EF-ring are sterically allowed, and the ability to
obtain co-complexes rapidly by soaking methods should facilitate iterative improvements in
design.

Finally, we note that the co-complex structure reported here makes possible other structure-
based design efforts because it implies that non-carbohydrate based scaffolds that establish the
same type of polar interaction network described for the n-MmA:aaPGT complex should also
function as inhibitors.

METHODS
Materials

Radiolabeled heptaprenyl-Lipid II was synthesized as described by Ye et al (25). Moenomycin
A was extracted and purified from the feed stock flavomycin and purified as described (12).
The QuikChange site-directed mutagenesis kit was obtained from Stratagene. All other
reagents and buffer components were purchased from Sigma-Aldrich.
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Chemical synthesis of n-MmA
n-MmA was synthesized as described by Adachi et al (12) with some modifications
(Supplementary Methods).

Site-directed mutagenesis of ΔPBP1A[N29-K243]
The parent plasmid, ΔPBP1A[N29-K243], was constructed as reported (16). The QuikChange
Site-Directed mutagenesis kit was used to make the mutant proteins S116A, Q121A, K124A,
R132A and K137A from ΔPBP1A[N29-K243], using the primer pairs given in Supplementary
Table 1. Wild-type and mutant proteins were expressed as N-terminal thioredoxin fusions and
purified as described previously (16,19).

Activity assays of the mutated proteins
Typical conditions for aaPGT activity assays are as follows unless otherwise noted: 50 mM
HEPES, pH 7.5, 20% DMSO, 10 mM CaCl2, 4 μM C14-labeled Lipid II and 60 nM enzyme.
2 μM enzyme was added for reactions carried out under forcing conditions. All activity assays
of PGT and its mutant proteins were prepared on ice and initiated with a rapid temperature
ramp to 55°C in a PCR cycler and stopped by putting on ice. A paper chromatography assay
and an SDS-PAGE assay were then used to characterize the initial reaction rate and product
distribution respectively (19,21). For initial rate calculations, substrate conversions were kept
under 10%. MIC values (μg/mL) were obtained using a standard microdilution assay. The MIC
is defined as the lowest antibiotic concentration that resulted in no visible growth after
incubation at 37°C for 22h.

Crystallization and structural determination
Crystals of protein PBP1A[51-243] were obtained as described previously (16). n-MmA was
soaked into PGT crystals at a concentration of 1.5 mM in a stabilizing solution containing 100
mM HEPES, pH 7.5, 15% polyethylene glycol 6000 for 8h. The crystals then were
cryoprotected with 25% glycerol and flash frozen in liquid nitrogen.

Complete data sets for the co-complex crystals were collected at NE-CAT ID-24 of the
Advanced Photon Source (Argonne National Laboratories, Chicago). Data were indexed and
scaled with HKL2000 (26). The data collection statistics are shown in Table 1. The structure
of apo-aaPGT (PDB 2OQO) was used as a starting point for the refinement of the n-
MmA:aaPGT model. First, all solvent and other ligand molecules were removed from the apo-
aaPGT model. Then the model was refined against the n-MmA:aaPGT diffraction data using
CNS 1.2 (27), first by employing rigid body refinement followed by simulated annealing and
temperature factor refinement. The protein model in the complex was then completed by
interactive rounds of manual fitting in COOT 0.3 (28) and refinement in CNS. Inspection of
2fo-fc and fo-fc electron density maps confirmed the presence of n-MmA. When modeling n-
MmA into the density, we dissected n-MmA to 9 groups (A to I) and added individual groups
one by one to the model. Restraints for ideal geometry were applied to each group of n-MmA
in the refinement. Finally, a limited number of ordered water molecules were modeled by the
criteria of reasonable thermal factors and formation of hydrogen bonds with protein residues
or neighboring water molecules. Detailed statistics pertaining to the final model are given in
Table 1.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The last two steps in bacterial cell wall biosynthesis. Moenomycin A is the only known
antibiotic that directly targets PGTs.
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Figure 2.
Chemical structures of moenomycin A and n-MmA. The different parts of moenomycin are
designated A through I as labeled.
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Figure 3.
Co-complex structure of n-MmA:aaPGT. a) The overall co-complex structure of n-
MmA:aaPGT in a ribbon representation. The protein structure is shown in gray with the five
conserved motifs that typify PGTs colored in red, yellow, blue, green and purple, and the
flexible loop region colored in pink with a dashed line representing the missing residues. n-
MmA is shown in stick and ball (carbon, yellow; oxygen, red; nitrogen, blue; phosphate,
orange). b) A comparison of the conformations of helix 3, 4 and the coil between apo-enzyme
(light blue) and complex structure (brown) of aaPGT (left) and saPGT (right). c) A close-up
view of the electron density maps (pink: 1σ 2fo-fc for the protein; blue: 1σ omit 2fo-fc map
calculated using the final protein structure annealed at 3000K in the absence of the ligand) at
the n-MmA binding site (the structure is rotated from that in Figure 3a for a better presentation).
The protein is shown in sticks (carbon, white; oxygen, red; nitrogen, blue) with its map colored
in pink; n-MmA is also shown in sticks with its map colored in blue. The figures are made in
Pymol.
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Figure 4.
Contacts between n-MmA and aaPGT. a) A close-up view of the n-MmA binding site. The
protein backbone is shown in white ribbon; residues having contacts with moenomycin are
shown in sticks; their labels are colored according to the degree of conservation in PGTs
(invariant, red; highly conserved, green; strong preference, blue; not conserved, black). The
dashed lines represent polar interactions under 3.2 Å. b) A schematic view of the key contacts
between n-MmA and aaPGT. The figures are made in Pymol and Chemdraw.
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Figure 5.
Activity of the six aaPGT mutant proteins compared to the wild type enzyme. Error bars are
based on reactions carried out in triplicate.
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Figure 6.
Chemical structures for the CEF (3) and DEF (4) trisaccharides. The sugars are labeled as in
moenomycin A shown in Figure 2.
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Table 1
Data processing and structure refinement statistics

n-MmA:aaPGT

Data collection
 Space group I222
 Unit cell (Å) a = 54.9

b = 100.4
c = 104.0

 Resolution (Å) 30-2.31
 Observations 77660
 Unique reflections 12846
 Completeness (%) 99.1 (94.8)1

 Rsymm
2(%) 5.9 (39.6)1

Refinement statistics
 Resolution (Å) 30-2.31
 Rwork/Rfree

3 0.225/0.260
 Non-H protein atoms 1422
 Water molecules 48
 Ligand atoms 87
 <B> (Å2)
   Protein atoms 54
   Water molecules 58
   Ligand 89
 Ramachandran plot (%) (core/allow/general) 92.3/7.1/0.6

1
Highest resolution shell (2.39-2.31 Å).

2
Rsymm = Σ |Ih - <Ih>|/ Σ Ih, where <Ih> is the average intensity over symmetry equivalents.

3
Rwork and Rfree = Σ | | Fo | - | Fc | |/ Σ | Fo | for the working set and test set (6%) of reflections.
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