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In Escherichia coli, the peptidoglycan cell wall is synthesized
by bifunctional penicillin-binding proteins such as PBP1b that
have both transpeptidase and transglycosylase activities. The
PBP1b transpeptidase domain is a major target of B-lactams,
and therefore it is important to attain a detailed understanding
of its inhibition. The peptidoglycan glycosyltransferase domain
of PBP1b is also considered an excellent antibiotic target yet is
not exploited by any clinically approved antibacterials. Herein,
we adapt a pyrophosphate sensor assay to monitor PBP1b-cata-
lyzed glycosyltransfer and present an improved crystallographic
model for inhibition of the PBP1b glycosyltransferase domain
by the potent substrate analog moenomycin. We elucidate the
structure of a previously disordered region in the glycosyltrans-
ferase active site and discuss its implications with regards to
peptidoglycan polymerization. Furthermore, we solve the crys-
tal structures of E. coli PBP1b bound to multiple different B-lac-
tams in the transpeptidase active site and complement these
data with gel-based competition assays to provide a detailed
structural understanding of its inhibition. Taken together, these
biochemical and structural data allow us to propose new
insights into inhibition of both enzymatic domains in PBP1b.

Most bacteria are encased in a peptide cross-linked glycan
net known as the peptidoglycan (PG)? sacculus. In Gram-neg-
ative bacteria such as Escherichia coli, the thin PG layer is sand-
wiched between the inner and outer membranes and is an
essential feature that is inexorably linked to both cell growth
and morphogenesis (1). Because of its essential role, accessible
periplasmic location, and lack of human orthologs, the PG bio-
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synthetic pathway is targeted by the majority of human antibac-
terials in clinical use. The final enzymatic steps in PG synthesis
are carried out by polysaccharide polymerases called class A
penicillin-binding proteins (PBPs). These bifunctional enzymes
add new material to the pre-existing PG in two coordinated, yet
successive steps. First, the non-reducing end of the C_.-PP lip-
id-activated GlcNAc-MurNAc pentapeptide precursor mole-
cule (lipid II) is attached via a covalent 3-1,4-glycosidic bond to
the reducing end of a growing nascent (donor) C,-PP activated
PG chain by the membrane anchored glycosyltransferase
(GTase) activity of PBPs. Second, PBPs cross-link the nascent
pentapeptide units to peptides that are already present in the
sacculus (transpeptidase, TPase) (2). The latter reaction is the
final step in PG biosynthesis and the lethal target of the S-lac-
tam antibiotics, which act as substrate analogs of the terminal
D-Ala- on the donor peptide.

In E. coli, two major class A bifunctional enzymes containing
both GTase and TPase activity (PBPla and PBP1b) are
anchored to the outer leaflet of the cytoplasmic membrane and
are responsible for adding new PG precursor units to the grow-
ing sacculus. Either PBP1b or PBP1a is required for cell viability
but not both, indicating that the two proteins have overlapping
function. However, under normal growth conditions, PBP1b is
the predominant synthase during cell division, whereas PBP1a
is mainly involved in cell wall elongation (1). Evidence suggests
that PBP1a and PBP1b are part of multicomponent synthase
complexes in which the spatiotemporal control of the GTase
and TPase activities are tightly regulated by accessory proteins
(1). E. coli PBP1b consists of five domains: (i) a transmembrane
(TM) a-helix at the N terminus (residues 64 —87); (ii) a UvrB
domain 2 homolog (UB2H) domain (residues 109 —200), which
is unique to PBP1b and presumably interacts with periplasmic
binding partners including the outer membrane-tethered reg-
ulatory protein LpoB (1, 3-5); (ili) a membrane-associated
GTase domain (residues 203—367); (iv) a linker region connect-
ing the GTase and TPase domains (residues 391-443); and (v) a
C-terminal TPase domain (residues 444 —-736) (Fig. 1).

The crystal structures of the full-length bifunctional Staphy-
lococcus aureus PBP2 (6) and the isolated Aquifex aeolicus
PBPla GTase domain truncation (7) provided our first glimpse
into the molecular details governing PG glycosyltransfer. A
large, elongated GTase active site lies at the interface of a pre-
dominantly a-helical A-lysozyme-like “head” subdomain and a
unique N-terminal hydrophobic membrane embedded “jaw”

subdomain. The head subdomain contains a conserved Glu?3?,
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FIGURE 1. Overall structure of PBP1b-moenomycin-acyl--lactam complexes. A, the crystal structure of PBP1b is shown in surface representation. The TM,
UB2H, GTase, linker, and TPase domains are colored cyan, beige, blue, pink, and green, respectively. Moenomycin and acyl-ampicillin bound to the GTase and
TPase domain are shown in yellow stick representation. B, topology diagram of PBP1b, color-coded as in A.

which is the proposed general base required for deprotonation
of the acceptor (lipid II) C4 hydroxyl to facilitate a Sy2-like
nucleophilic attack on the donor MurNAc C1 acyl-phosphate
linkage, resulting in departure of the C,5-PP leaving group (6).
Analysis of the distribution of glycan products in a gel electro-
phoresis assay using '*C-labeled lipid II revealed that PG
GTases catalyze polymerization in a processive manner, mean-
ing that they undergo multiple successive rounds of glycosyl-
transfer without releasing the growing polymer (7).

The Streptomyces phosphoglycolipid natural product moeno-
mycin is the best characterized PG GTase inhibitor and displays
inhibitory constants in the nanomolar range (8). Moenomycin
is widely used as a growth promoter in animal feed yet is not
effective in humans largely because of poor absorption result-
ing in suboptimal pharmacokinetic properties (9). Further-
more, although moenomycin potently inhibits purified
Gram-negative GTases, its antimicrobial activity is re-
stricted to Gram-positive organisms presumably because of
poor outer membrane penetration in the former (10). There-
fore, moenomycin analogs that retain potent GTase inhibi-
tory activity and are active against the Gram-negatives are an
attractive therapeutic prospect. The crystal structure of
moenomycin bound to the donor site of the S. aureus PBP2
GTase revealed that it acts as alipid IV mimic (Cg5-PP linked
4 sugar polymer) (6), analogous to the growing PG chain. A
detailed knowledge of the moenomycin-PBP1b interactions
would aid in the design of analogs that can be used to treat
human E. coli infections.
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The TPase domain of PBP1b adopts the classical penicilloyl-
serine transferase superfamily fold, consisting of two sub-
domains, a five-stranded antiparallel B-sheet flanked on one
face by three a-helices, and an all a-helical domain with
the active site sandwiched at the domain interface (11). The
TPase active site has three highly conserved sequence motifs: (i)
the SXXK motif, which includes the serine nucleophile and gen-
eral base lysine; (ii) the SXN motif, involved in protonation of
the nitrogen leaving group during acylation; and (iii) the
KTG(T/S) motif, which lines strand 817 and is involved in oxy-
anion stabilization and substrate binding (11). Many B-lactams
(including piperacillin, cephalexin, and aztreonam) used clini-
cally to treat E. coli and other Enterobacteriaceae infections
exclusively target PBP3, which is an essential gene. However,
binding to PBP3 triggers the bacterial SOS response that allows
the cell to stall at division and thereby escape B-lactam-medi-
ated killing, which requires actively dividing cells (12). An alter-
native or additional B-lactam target in these bacteria is PBP1b
because knock-out strains display hypersensitivity to 8-lactam
treatment, and binding to PBP1b presumably does not trigger
the SOS pathway (13). Currently, the only clinically ap-
proved PBP1b-specific B-lactam is cefsulodin, in which clinical
utility is restricted to Pseudomonas aeruginosa (14, 15). A struc-
tural analysis of 3-lactam binding to PBP1b is required to guide
further drug design efforts targeted at this important enzyme.

The 2.16 A resolution crystal structure of E. coli PBP1b in
complex with moenomycin revealed important insights into
the GTase domain and the global domain architecture (16).
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FIGURE 2. E. coli PBP1b glycosyltransferase pyrophosphate sensor and thermal aggregation assays. A, schematic representation of pyrophosphate
sensor assay. B, substrate concentration response experiment. Various concentrations of lipid Il were added to 1 um of PBP1b. C, PBP1b GTase moenomycin
complex inhibition assays. ICs, experiments were performed using 1 um of enzyme and 45 um lipid Il. D, thermal stabilization of PBP1b in the presence of
moenomycin complex. Thermostability of PBP1b was assessed at various moenomycin complex concentrations by differential static light scattering as a

measure of the change in thermal aggregation (T,4,) to calculate the aggregation constant (K, 4,) for the interaction (see “Experimental Procedures”). All error

bars represent standard deviation from triplicate technical replicates.

However, poorly resolved electron density in the GTase
domain led to ambiguities in interpretation of key active site
side chains and did not permit modeling of the active site region
(residues His**°~Thr**”). Hence, we revisit the moenomycin-
bound PBP1b crystal structure and attain improved GTase
active site electron density maps from new crystallization con-
ditions and using feature-enhanced maps (FEM), which are
available as part of the Phenix crystallographic software (17).
These improved data allow us to unambiguously model key
active site side chains and thereby propose new insights into its
inhibition and PG glycosyltransfer. Additionally, to understand
the effects of B-lactam-mediated inhibition, we solved the crys-
tal structures of multiple acyl-B-lactams bound to the E. coli
PBP1b TPase domain by co-crystallization and complemented
this with a gel-based competition assay. Taken together, these
data provide a detailed structural basis for inhibition of both the
GTase and TPase activities of the E. coli PBP1b membrane pro-
tein and will aid in the future design of inhibitors targeted at this
key bifunctional enzyme.

Results and Discussion

PBP1b Glycosyltransferase Pyrophosphate Sensor Assay—A
major advance in peptidoglycan GTase assays came from the
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development of a continuous kinetic assay using fluorescent
dansyl lipid II (i.e. the e-amino group at the position 3 of the
stem peptide is covalently modified with a dansyl group) (18). In
this assay, polymerization of dansyl-lipid II followed by poly-
mer digestion with a muramidase results in a decrease in fluo-
rescence of the dansyl-muropeptides caused by the removal of
the lipid moiety during polymerization (19). Although robust,
this assay requires fluorescent derivitization of the limiting lipid
II substrate (which is a challenge to attain in large quantities)
and a secondary enzyme. Therefore, to test the activity of our
purified E. coli PBP1b, we adapted a continuous fluorogenic
pyrophosphate sensor assay to monitor glycosyltransfer using
the natural lipid II substrate in a low reaction volume. During
GTase catalyzed lipid II polymerization, C55-PP is released, and
the assay utilizes a fluorogenic anti-pyrophosphate antibody
sensor in which fluorescence intensity is directly proportional
to the concentration of free pyrophosphate (Fig. 24) (AAT
Bioquest®). Substrate concentration response experiments
resulted in a sigmoidal curve with a Hill coefficient of 2.92,
indicating that PBP1b-catalyzed glycosyltransfer may display
positive cooperativity (Fig. 2B) (20, 21). This observation is in
line with a recent surface plasmon resonance study whereby
low concentrations of GTase acceptor substrate analogs were
found to increase moenomycin donor site affinity in the
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S. aureus monofunctional GTase. The observed catalytic effi-
ciency (k.,/K,5) in the pyrophosphate sensor assay for unla-
beled lipid IT was 1.96 + 0.10 X 10* M~ ' s ', which is roughly
similar to the previously reported &, /K,,, of 7.0 X 10* M~ ' s~ "
for the dansyl-lipid II coupled assay (18). Finally, we performed
inhibition assays using the GTase inhibitor moenomycin com-
plex. Moenomycin complex displayed potent inhibition, with
an IC,, value of 64.3 = 3.5 nm (Fig. 2C). Taken together, the
pyrophosphate sensor assay provides a convenient alternative
assay that has the advantage of utilizing the natural substrate
without the need for fluorescent derivatization or coupled
enzymes. This assay should be generally transferable to other
peptidoglycan GTases and provides a robust system to study
the effect of activators and inhibitors in the future. Further-
more, we developed this assay in a low reaction volume 1536-
well microplate format that allows the parallel screening of
numerous reactions while reducing consumption of the limit-
ing reagent lipid II. Therefore, this assay is readily amenable to
high throughput screens to uncover novel inhibitors from large
compound libraries.

Structure Solution and Refinement—The moenomycin-bound
E. coli PBP1b acyl-ampicillin, cephalexin, CENTA, and aztreo-
nam crystal structures were solved to 2.70, 2.36,2.31,and 2.42 A
resolution. The PBP1b construct spans amino acids 58 — 804

TABLE 1
Unmodeled regions in the E. coli PBP1b crystal structures

Complex
PBP1b-ampicillin

Unmodeled regions

Ser?7_Pro®%8, Glu?**—Thr>®®, Gly"°°—Val4"’7,
Gly*—Lys'?®

Asp™*_Leu?®®, Ser®®—Arg?®®, Lys?>—Lys>,
Gln381_Leu390, Pr0398_ser349

PBP1b-cephalexin His?**-Ser?®®, Ser**°—Arg?®, Gly**°~Val**!

PBP1b-aztreonam NA“

“ NA, nonapplicable, no unmodeled regions.

PBP1b-CENTA

TABLE 2

(16) encompassing the complete GTase and TPase domains
and lacking only the predicted N- and C-terminal disordered
regions. The addition of the GTase inhibitor moenomycin is
absolutely essential to attain protein crystals and is bound to the
GTase donor site in all structures. Thermal aggregation assays
revealed that moenomycin has a stabilizing effect on PBP1b
thermostability (K,,, = 8.56 * 0.74 um, AT, = 3.75 =
0.12 °C; Fig. 2D), providing a potential reason for its necessity in
crystallization. For crystallization of this bitopic membrane
protein, it was also necessary to use DM detergent in the final
protein buffer. In all structures, the PBP1b protein crystallized
in space group P22,2, with one protein monomer in the assy-
metric unit, similar to the previous crystal structure (PDB code
3VMA (16)). PBP1b has been found to form a stable dimer in
solution, yet only the monomer has been observed crystallo-
graphically. The dimeric form of the enzyme may not facilitate
suitable crystal packing, providing a potential reason for the
observed crystallographic monomer. The PBP1b-ampicillin,
PBP1b-cephalexin, PBP1b-CENTA, and PBP1lb-aztreonam
structures were built from residues Trp®’—Ser’®”, Trp®—
Met”®?, Ala”>~Glu”®®, and Trp® —Met”®® because of missing
density at the N and C termini, respectively. In addition, certain
flexible loop regions could not be modeled in the structures
(Table 1). All structures have favorable stereochemistry and
refinement statistics (Table 2). Examination of the ligand omit
F, — F_and final refined 2F —F, electron density maps reveals
that all inhibitors display clear, unambiguous electron density
in all structures (Fig. 3). Furthermore, all ligands were refined at
full occupancy (Table 2).

Improved Electron Density for the E. coli PBP1b GTase
Domain—The GTase domain has approximately twice the
average atomic temperature factor (B-factors) of the rest of the
E. coli PBP1b protein (71 A? versus 37 A?), suggesting that this

X-ray crystallographic data collection and refinement statistics for E. coli PBP1b complexes

Complex PBP1b-cephalexin PBP1b-CENTA PBP1b-aztreonam PBP1b-ampicillin
Data collection

Wavelength (A) 1.00 A 1.00 A 1.00 A 1.00 A
Space group P22,2, P22,2, P22,2, P22,2,
Cell dimensions

a,b,c(A) 62.7,63.8,297.6 62.3, 63.9, 294.6 62.5, 64.4, 301.4 62.4, 63.8, 299.4

aBy() 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90
Resolution (A)* 63.76-2.36 (2.42-2.36) 62.49-2.31 (2.37-2.31) 64.39-2.42 (2.48-2.42) 74.8-2.70 (2.85-2.70)
Completeness (%)* 98.7 (99.5) 92.5 (85.9) 96.7 (83.6) 99.9 (100.0)
Unique reflections” 49,407 (3638) 48,263 (3270) 45,993 (2868) 33,979 (4857)
Redundancy” 4.7 (4.6) 4.0 (2.6) 3.5 (2.5) 6.2 (6.4)
Io(l) “ 13.2 (2.2) 13.5 (2.4) 12.7 (1.9) 10.4 (2.7)
R perge (%)° 0.090 (0.650) 0.067 (0.410) 0.058 (0.552) 0.098 (0.604)

Refinement statistics

Ligand occupancy B-lactam, moenomycin 1.00, 1.00 1.00, 1.00 1.00, 1.00 1.00, 1.00
Rond Riyee 0.235/0.250 0.253/0.279 0.235/0.274 0.256/0.285
No. of atoms

Protein 5490 5063 5765 5461

Ligand 71 92 77 101

Water . 223 187 233 107
r.m.s.d. bonds (A) 0.014 0.012 0.013 0.010
r.m.s.d. angles (°) 1.75 1.77 1.82 1.20
Average B-factors (A?)

Protein 54.0 62.4 63.0 80.1

Ligand 98.5 103.6 106.2 85.7

Water 47.3 37.4 62.40 58.7
Ramachandran statistics

Favored (%) 93.0 97.0 93.0 94.0

Additional (%) 6.6 2.8 6.4 5.8

Disallowed (%) 0.4 0.2 0.6 0.2
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“ The values in parentheses represent the highest resolution shell.
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FIGURE 3. Electron density for E. coli PBP1b-bound ligands. A, moenomy-
cin-bound to the PBP1b GTase domain. Moenomycin is represented as pink
sticks with atoms colored by type. B, ampicillin-bound PBP1b TPase domain.
Acyl-ampicillin is depicted as teal sticks with atoms colored by type. C, cepha-
lexin-bound PBP1b TPase domain. Acyl-cephalexin is shown as yellow sticks
with atoms colored by type. D, CENTA-bound PBP1b transpeptidase domain.
Acyl-CENTA is displayed as orange sticks with non-carbon atoms colored by
type. E, aztreonam-bound PBP1b TPase domain. Acyl-aztreonam is illustrated
as pink sticks with atoms colored by type. In the left panels for A-E, the ligand
omit F, — F.electron density map is displayed as pink, cyan, and red transpar-
ent surface contoured at 2.5, 3.5, and 4.5 ¢. In the right panels for A-E, the final
refined ligand 2F, — F_ electron density map is shown as a gray mesh and
contoured at 1.00.

region has increased conformational variability. This observa-
tion is corroborated by a recent small-angle X-ray scattering
study on Streptococcus pneumoniae PBP1b, which suggests that
the GTase and TPase domains move relative to each other in
solution (22). Furthermore, various crystal structures of the
bifunctional S. aureus PBP2 display large amplitude conforma-
tional differences in relative domain orientations across the dif-
ferent structures (6, 23). An analysis of our P22,2, lattice
reveals that the E. coli PBP1b crystal contacts are mediated by
the TPase, UB2H, and TM domains rather than the GTase
domain. This paucity of crystal contacts likely enables confor-
mational freedom in the GTase domain, providing a potential
reason for its observed high B-factors and poorly defined elec-
tron density. To improve electron density and hence the atomic
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model in the GTase domain, we turned to the newly developed
FEM available as part of the Phenix crystallographic software
suite (17). FEM maps utilize a scaling approach to equalize weak
and strong signal to improve electron density in areas with
moderate signal, such as the PBP1b GTase domain. A combi-
nation of unique crystallization conditions including DM
detergent (see “Experimental Procedures”), and the use of the
FEM 2F, — F_ maps resulted in a vast improvement when
directly compared with the sigma weighted 2F, — F_ map cal-
culated using Refmac for the previously solved E. coli PBP1b
crystal structure in the same space group (PDB code 3VMA
(16)), respectively (Fig. 4). Our revised model provides a vastly
improved picture of moenomycin-protein interactions within
the active site. This new model will prove indispensable for
future structure-based drug design efforts and detailed analysis
of the PBP1b-catalyzed mechanism of glycosyltransfer. Because
of superior data quality, we hereafter limit our analysis to the
PBP1b-aztreonam structure when discussing the E. coli PBP1b
GTase domain.

E. coli PBP1b-Moenomycin Interactions—The PBP1b GTase
domain FEM-calculated 2F_ — F, electron density maps allow
for arevised and more complete model of moenomycin binding
to the donor site because we are able to clearly resolve the posi-
tion of individual amino acid side chains contacting moenomy-
cin in PBP1b for the first time. Moenomycin is bound in a shal-
low, elongated groove formed at the interface of the head and
jaw subdomains known as the donor binding site (Fig. 5). The
moenomycin rings F, E, C, and B form an extended plane across
the elongated groove projecting out from the catalytic Glu***
and occupy the traditional —1, —2, —3, and —4 subsites (6). The
phosphoric acid diester group projects below the sugar plane
directing the C,; lipid tail downward toward the membrane
bilayer (Fig. 5). The C,; lipid tail of moenomycin is not resolved
in the electron density. Similarly, this lipid tail could not be
modeled in either the moenomycin-bound S. aureus PBP2 or
A. aeolicus PBP1a crystal structures (6, 7, 10), suggesting that it
is not bound in an ordered conformation. More recently, Hea-
slet et al. were able to model in 15 carbon atoms of the moeno-
mycin polycarbon tail in their S. aureus monofunctional
GTase-bound crystal structure, and these data supported ear-
lier structural analysis suggesting a putative channel located
between helices a6 and a4 of the jaw subdomain through which
the donor lipid tail may pass in the context of the biological
membrane (Fig. 5) (24). In a GTase activity assay using fluores-
cent lipid II, Sung et al. (16) found that the PBP1b TM helix is
required for optimal activity. It was later shown that the donor
site requires a lipid side chain length of at least 20 carbon units
for processive polymerization, suggesting that the hydrophobic
tail contributes to donor binding potentially through interac-
tion with the TM helix or hydrophobic residues at the donor
binding site (25). Therefore, the design of moenomycin deriva-
tives containing lipid chains that closely mimic the lipid II C
tail may yield inhibitors with increased affinity and specificity
for PG GTases.

Previously, the moenomycin EF ring phosphoglycerate moi-
ety was characterized as the minimal pharmacophore required
for efficient binding to the S. aureus monofunctional GTase
(10). In our revised PBP1b crystal structure, the moenomycin
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FIGURE 4. Comparison of 3VMA and aztr-PBP1b electron density at the moenomycin binding site. In all figures, the PBP1b protein backbone is shown as
a white cartoon with key active site residues depicted as white sticks with non-carbon atoms colored by type. The bound moenomycin ligand is shown as pink
sticks. A, electron density at the moenomycin binding site in previously published PBP1b crystal structure (PDB code 3VMA). B, electron density at the
moenomycin binding site in the aztr-PBP1b structure. In A and B, the final refined Refmac calculated 2F, — F.and FEM 2F_ — F_ electron density maps are
displayed as blue and gray mesh around moenomycin and side chains and are contoured at 1.0 ¢.

EF ring phosphoglycerate makes extensive contacts with con-
served active site residues. In our model, we observe for the first
time clear electron density corresponding to the highly con-
served GIn*”". The GIn*”" side chain amide nitrogen forms a
hydrogen bond with the moenomycin F ring carboxamide oxy-
gen (Fig. 5). The moenomycin E ring acetyl group nitrogen and
oxygen are engaged in hydrogen bonding interactions with the
backbone amide oxygen of Val***, and the side chain N-vy of
Asn*”°, Finally, the highly conserved Arg?®*® and Lys*’* side
chains interact directly with the moenomycin phosphonate
moiety (Fig. 5, A and C). The Lys*’* and Arg®*® residues
are required for optimal lipid II polymerization activity in
the S. aureus monofunctional GTase (26) and by analogy to
their interaction with the moenomycin phosphonate are
likely important for stabilizing the donor lipid pyrophos-
phate moiety. Taken together, the EF ring phosphonate por-
tion of moenomycin makes an intricate network of hydrogen
bonding interactions with conserved residues in and around
the E. coli PBP1b catalytic site that are essential for polymer-
ization of the natural substrate. This observation underpins
the fact that despite the widespread use of moenomycin as a
growth promoter in animal feed, no significant resistance
mechanisms have been detected (8). The ability of moeno-
mycin to mimic key interactions of the donor substrate com-
bined with its unprecedented tight binding affinity provides
a substantial genetic barrier to the development of resistance
by target modification.
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The moenomycin CB rings have analogous features to the
GlcNAc-MurNAc backbone of the growing PG chain at sub-
sites —3 and —4 and are recognized through hydrogen bonding
and Van der Waals contacts by residues located in the extended
donor binding cleft. The acetyl group oxygen of the moenomy-
cin C ring is stabilized by hydrogen bonding to the backbone
amide nitrogens of Ala®*” and Ser®*®. The C ring OCD hydroxyl
is within hydrogen bonding distance 2.7 A away from the Ser>®
side chain O-y. The side chain O-e of Glu*** is hydrogen
bonded to the B ring OCN hydroxyl at 2.9 A. Additionally, the
CB rings are stabilized by Van der Waals contacts with the
Tyr®'® and GIn®'® side chains that form the base of the donor
binding cleft in this region (Fig. 5C). Removal of the moenomy-
cin CB rings results in a 10-fold decrease in affinity (10), and we
suggest that the above-mentioned weak interactions act to
increase moenomycin binding affinity while permitting the
plasticity required to facilitate chain extension when consider-
ing processive polymerization of the natural substrate.

A combination of NMR-derived distance constraints and
molecular dynamics simulations were used to build a three-
dimensional model for free moenomycin in solution (27). This
work was published before atomic coordinates were made
freely available. However, a visual inspection of the model
reveals a similar overall conformation to that observed in the
E. coli PBP1b-bound structure, lending support to the proposal
that the bioactive form of moenomycin is preformed in aqueous
solutions. The E. coli PBP1b-bound moenomycin forms three
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FIGURE 5. Moenomycin binding to the donor site of the E. coliPBP1b GTase domain. A, multiple sequence alignment of PG GTase domains that have been
structurally characterized. The sequences are aligned using tree based progressive alignments and displayed according to their secondary structure elements
using ClustalW2 (57) and Chimera (58). B, chemical structures of lipid Il and moenomycin. C, donor site close-up of moenomycin-bound to PBP1b. The GTase
domain protein backbone is shown in blue cartoon representation with key active site residues displayed as blue sticks with non-carbon atoms colored by type.
The bound moenomycin is shown as pink sticks with atoms colored by type. Key hydrogen bonding and electrostatic interactions are shown as black dashes.

intramolecular hydrogen-bond interactions (ODI-NAU, O3-OCF,
and OCP-OCD (Fig. 5)). These interactions likely help stabilize
the bound ligand conformation in the moenomycin-PBP1b
complex. It is well established that preorganization of the
bound form of a ligand in solution can reduce entropy loss
upon binding, thereby increasing affinity (28). We suggest
that these intramolecular moenomycin hydrogen bonding
interactions may serve to minimize entropy loss upon bind-
ing by stabilizing the bound conformation in the unbound
inhibitor. We note that these intramolecular interactions are
generally present in the previously reported GTase struc-
tures (6, 10, 16), suggesting that this effect may be a general
characteristic of moenomycin.
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Modeling of the Membrane-embedded Jaw Subdomain—In
our moenomycin-bound PBP1b-aztreonam structure, we
resolve the key active site region spanning amino acids His**°—
Thr?*” containing the jaw subdomain (Fig. 6, A and B). In PG
GTase domains this region is often highly disordered and typ-
ically cannot be modeled in the electron density (6, 7, 16), with
a notable exception being the moenomycin-bound S. aureus
monofunctional GTase-bound structure (PDB code 3HZS), in
which this region is involved in extensive artifactual crystal
packing interactions (24). Also, a PBP2 crystal structure was
solved in which this region forms a unique m-bulge that was
proposed to permit translocation of the growing polymer from
the acceptor to the donor site during polymerization (23). In
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our PBP1b structure, we find that this stretch of amino acids
forms an a-4 helix loop that projects out from the active site
toward bulk solvent and serves as a steric barrier to physically sep-
arate the donor and acceptor binding sites as evidenced by the final
refined 2F_ — F_ map and an omit F, — F_ map computed using a
model with His***~Thr?*” deleted (Fig. 64). Acceptor lipid I ana-

A) B)

Moenomycin
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logs were shown to bind to a similarly oriented a-4 helix in the
29.5% identical monofunctional S. aureus GTase (26). We there-
fore suggest that our extended -4 helix represents an acceptor
competent conformational state.
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free inner membrane-embedded enzyme, to start the catalytic
cycle, lipid II binds to the donor site, and a second lipid II mol-
ecule binds the extended a4 helix loop at the acceptor site,
which is observed unperturbed by crystal packing for the first
time in our E. coli PBP1b-aztreonam crystal structure (Fig. 6,
A-D) (6, 26, 29). Upon formation of the precatalytic complex
with both donor- and acceptor-bound, the general base Glu**?,
which we now observe directly in the electron density of the
PBP1b GTase active site (Figs. 4B and 6D), is appropriately
positioned to activate the acceptor GlIcNAc C4 hydroxyl for an
Sn2-like nucleophilic attack on the donor MurNAc Cl1, result-
ing in the departure of the negatively charged C,;-PP leaving
group. The glycosylation reaction results in inversion of the
a-linked precursor molecules into a 31,4-linked product. The
role of Glu**? as a general base is likely facilitated by electro-
static stabilization of its negative form by the nearby Lys**® and
the universally conserved Arg®”?, which occupy an adjacent
hydrophobic pocket, an environment that is thought to
enhance this electrostatic effect. Additionally, in our structure
we observe clearly resolved electron density for the conserved
GIn*”! and note that its side chain N-€ forms a hydrogen bond
with the Glu**® side chain carboxylate (Figs. 4B and 6D), poten-
tially helping to orient the Glu®** carboxylate and further pro-
moting its requisite deprotonated general base form. This
proposition is supported by the fact that the E. coli PBP1b
Q271A mutant is catalytically inactive (30). There are alterna-
tive views regarding stabilization of the leaving group pyro-
phosphate. In one perspective, the negative charge on pyro-
phosphate is stabilized by the universally conserved Glu**°
either directly or via an intervening magnesium ion (6). In the
second view, the conserved Arg®®® and Lys*’*, which are in
close proximity to the moenomycin phosphonate moiety,
directly protonate the donor pyrophosphate leaving group (26).
Following glycosyl bond formation, the product must translo-
cate from the acceptor to the donor site. To accomplish this, the
intervening structured o4 helix loop region (which we observed
for the first time crystallographically in our E. coli PBP1b-az-
treonam structure (Fig. 6A)) must undergo either localized
unfolding or structural rearrangement to permit steric passage
of the bulky polymer from acceptor to donor site (Fig. 6D). It is
possible that this translocation event is permitted by transient
formation of a 7-bulge in the His***~Thr*®” region as is sug-
gested for S. aureus PBP2 (23). A group of conserved basic res-
idues (Arg*®¢, Lys*®’, and Arg®**in E. coli PBP1b) flank the base
of the donor site and are implicated in direct interaction with

Structural Details of PBP1b Inhibition

the pyrophosphate moiety of the donor. It is thought that
this region acts as an electropositive sink to attract the trans-
locating polymer during this step (6). Finally, we suggest that
the His***~Thr?*” region likely refolds into the observed
extended a4 helix loop to permit binding to subsequent lipid
II acceptors, thus facilitating further rounds of processive
chain extension (Fig. 6D).

Inhibition of E.coli PBP1b by B-Lactam Antibiotics—To
investigate the molecular details governing inhibition of the
E. coli PBP1b TPase domain, we solved acyl-enzyme co-crystal
structures of PBP1b in complex with ampicillin, aztreonam,
cephalexin, and the chromogenic cephalosporin CENTA (Fig.
7A). To complement these data, we assess the relative PBP1b
inhibitory activity of these compounds by a gel-based competi-
tion assay using the fluorescent penicillin BOCILLIN FL (31).
All crystal structures contain clear, unambiguous F, — F_ligand
omit electron density for the acyl-B-lactams covalently bound
to the O-y of the catalytic Ser®'® in the TPase domain (Fig. 3).
The various acyl-B-lactam R1 groups orient away from the
active site center toward bulk solvent (Fig. 7, B and C). In all
structures, the backbone amide nitrogen atoms of Ser®'® and
Thr”°! constitute a universally conserved oxyanion hole and are
within hydrogen bonding distance from the B-lactam acyl car-
bonyl oxygen. Finally, the C3 carboxylate, C4 carboxylate, and
N1 sulfate of the penicillin, cephalosporin, and monobactam
antibiotics all project into close proximity to the motif iii thre-
onine residues (Fig. 7, A and B).

Upon binding of the various B-lactams, the overall juxtapo-
sition of catalytic residues within the TPase active site core
remains similar to the unbound enzyme (r.m.s.d. for all com-
mon ca atoms within the B-lactam bound and unbound TPase
domain: 0.3 A). This observation suggests that the active site is
“preorganized” for inhibitor binding and therefore avoids com-
plicated structural rearrangements that can significantly slow
acylation rates as is the case for the B-lactam resistant S. aureus
PBP2a (32). However, a notable difference between the
unbound and B-lactam-bound structures is that the catalytic
Ser®'? side chain O-y undergoes a 90° rotation upon acylation
(Fig. 7C). This rotation facilitates the necessary positioning of
the acyl-B-lactam oxygen in the oxyanion hole.

Upon binding of ampicillin, cephalexin, and CENTA, there is
a conformational rearrangement near the N-terminal end of
a-25 in proximity to motif iii (illustrated using the ampicillin-
bound structure in Fig. 7C). The penicillins and cephalospho-
rins share an analogous C3 and C4 carboxylic acid, which interacts

FIGURE 6. Modeling of the active site region His>*°~Thr?®’. A, electron density for previously unresolved a-4 helix loop region of the PBP1b glycosyltrans-
ferase domain. The protein backbone is shown as a white cartoon, and individual residues are depicted in stick representation with non-carbon atoms colored
by type. Moenomycin is displayed as pink sticks with atoms colored by type. The fully refined 2F, — F_and loop omit F, — F_electron density maps are displayed
as blue and green mesh contoured at 0.6 and 1.5 ¢. The density permits modeling of the orientation and secondary structure features of the protein backbone.
However, we note that the maps do notallow for high confidence in the exact location of individual amino acid side chains throughout this region, and residues
within this span of amino acids contain B-factors that are roughly 1.5 times the GTase domain average (145.0 versus 94.0 A%). B, GTase active site overlay of E. coli
PBP1b-aztreonam and the previous PBP1b moenomycin-bound structure (PDB code 3VMA). The E. coli PBP1b-aztreonam and 3VMA protein backbones are
displayed in blue and white cartoon representation, with key active site residues and moenomycin in the E. coli PBP1b-aztr structure shown as sticks with
non-carbon atoms colored by type. The structural overlay yielded a r.m.s.d. for all common main chain atoms of 0.8 A between the two PBP1b structures. C,
surface representation of the PBP1b GTase active site cleft. The protein is displayed as a blue surface with moenomycin depicted as in A. Huang et al. (26) solved
the crystal structure of a lipid Il analog bound to the monofunctional S. aureus GTase acceptor site (31% sequence identity with the E. coliPBP1b GTase domain).
The S. aureus monofunctional GTase and bound ligand was overlaid onto the PBP1b-aztr GTase domain (r.m.s.d. for 42 common ca atoms: 1.2 A) to high-
light the expected general location of lipid Il binding to the acceptor site. The lipid Il analog is displayed as yellow sticks with non-carbon atoms colored by type.
D, proposed mechanism for lipid Il polymerization by PBP1b. The PBP1b protein backbone is displayed as a blue cartoon with key active site residues shown as
blue sticks with non-carbon atoms colored by type.
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FIGURE 7. Acyl-B-lactam E. coli PBP1b co-crystal complexes and BOCILLIN FL competition assays. A, chemical structure of B-lactams used in this study. B,
overlay of acyl-B-lactam complexes. The unbound protein backbone is shown as a white cartoon. The acyl-ampicillin (Amp), cephalexin (Ceph), CENTA, and
aztreonam (Aztr) ligands are depicted as teal, yellow, orange, and pink sticks. C, active site overlay of the unbound and acyl-ampicillin-bound E. coli PBP1b TPase
active site. The ampicillin-bound and unbound protein backbones are shown as green and white cartoons. Key active site residues are displayed as white and
green sticks with non-carbon atoms colored by type for the unbound and acyl-ampicillin-bound structures. The acyl-ampicillin (Amp) is depicted as teal sticks.
Putative hydrogen bonding interactions are displayed as black dashes. D, gel-based BOCILLIN FL competition assays to analyze the ability of various unlabeled
competitor compounds to bind purified E. coli PBP1b. The error bars indicate standard deviations from three separate technical replicates. N/ indicates no
inhibition up to 1000 um compound. ICs, values represent the concentration of unlabeled compound required to reduce the residual binding of BOCILLIN FL

by 50%.
with the y-hydroxyl group of Thr”°! on motif iii, which undergoes
a 90° rotamer shift to facilitate this hydrogen bond. In response to
this rotamer shift, the Gly”® backbone amide nitrogen moves 3.0
A closer to the O-y of Thr”®! upon binding bringing the two
groups within hydrogen bonding distance (2.9 A; Fig. 7C). This
hydrogen bonding network likely stabilizes the a-25 helix and as
such may contribute substantially to binding affinity.
Acyl-ampicillin-bound E. coli PBP1b—Ampicillin contains
the penicillin core consisting of a five-membered thiazolidine
heterocycle fused at the 4 and 5 positions to the B-lactam ring
(Fig. 7A). Ampicillin binds to all 12 PBPs in E. coli (33) and is
used in combination with the B-lactamase inhibitor sulbactam
to treat a diversity of Gram-positive and Gram-negative clinical
indications (34). Chemically, the only difference between ampi-
cillin and benzyl-penicillin is the presence of an R1 amine group in
ampicillin. Interestingly, the benzyl-penicillin IC,, values were

988 JOURNAL OF BIOLOGICAL CHEMISTRY

roughly half that of ampicillin in BOCILLIN FL competition assays
(9.0 = 0.6 um versus 22.0 = 1.8 um) (Fig. 7D). When overlaying
unbound and ampicillin acylated PBP1b crystal structures, we see
that the O-8 of Asn”®® is 2.6 A closer to the ampicillin R1 amine
upon acylation, resulting in a hydrogen bond between the two
groups (Fig. 7C). In the ampicillin-bound structure, it is likely that
this hydrogen bond restrains the orientation of the ampicillin
a-aminobenzyl R1 group, resulting in an entropic penalty.
Acyl-cephalexin and CENTA-bound E. coli PBP1b—Cepha-
losporins such as cephalexin and CENTA contain a six-mem-
bered dihydrothiazine ring attached to the lactam core. The
cephalexin- and CENTA-bound E. coli PBP1b structures pro-
vide a molecular basis for cephalosporin-mediated inhibition.
A major chemical difference between the CENTA and cepha-
lexin molecules is that cephalexin contains a C3" methyl group,
whereas CENTA has a C3' 3-carboxyl-4-nitrothiophenol
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FIGURE 8. Inhibition of E. coli PBP1b by cephalosporins and aztreonam. A, chemical structure of acyl-CENTA-bound PBP1b. B, active site close-up of
CENTA-bound PBP1b. The PBP1b protein backbone is displayed as a green cartoon with key active site residues shown as sticks with atoms colored by type. C,
chemical structure of acyl-cephalexin bound PBP1b. D, active site close-up of cephalexin bound PBP1b. The PBP1b protein backbone and active site residues
are displayed as in B. In Band D, the CENTA and cephalexin ligands are displayed as orange and yellow sticks with non-carbon atoms colored by atom type. In
Band D, putative hydrogen bonding interactions are depicted as black dashes. E, active site close-up of acyl-aztreonam bound to the E. coli PBP1b transpep-
tidase domain. The PBP1b protein backbone is represented as a green cartoon with key active site residues depicted as green sticks with non-carbon atoms
colored by atom type. The acyl-aztreonam (Aztr) is depicted as pink sticks with non-carbon atoms colored by type. F, active site overlay of E. coli PBP1b
acyl-aztreonam and P. aeruginosa PBP3 acyl-aztreonam (PDB code 3PBS). The E. coli PBP1b and bound aztreonam are displayed as in A. The P. aeruginosa PBP3
protein backbone is displayed as a white cartoon with key active site residues shown as white sticks with non-carbon atoms colored by type. The PBP3 bound
aztreonam ligand is displayed as gray sticks with non-carbon atoms colored by atom type. Key ligand-protein hydrogen bonding interactions are displayed as

black and blue dashes for the PBP1b and PBP3 aztreonam-bound structures. In B, residues are labeled according to E. coli PBP1b numbering.

(TNB) moiety (Fig. 7A). Upon acylation, the CENTA dihy-
drothiazine ring is thought to undergo tautomerization result-
ing in a shift of the double bond from positions 3—4 to 4 —5, with
anion formation at position 3 (35). The following reaction
depends upon the chemical nature of the R2 functional group.
In the case of CENTA, the R2 TNB moiety is an excellent leav-
ing group (36) and is expected to yield a product with elimina-
tion of TNB and formation of a 3—3" double bond (Fig. 84) (36,
37). This R2 elimination is supported by a lack of TNB electron
density in the CENTA-bound PBP1b crystal structure (Figs. 3
and 8B). In contrast, cephalexin contains a C3’ methyl group
and thus does not have a good leaving group at position R2 (Fig.
7A and 8C) (38, 39). The CENTA and cephalexin acyl-enzyme
crystal structures display remarkably similar overall conforma-
tions and ligand-protein hydrogen bonding interactions (Fig. 8,
B and D). However, in BOCILLIN FL competition assays,
cephalexin displays no inhibition up to 1 mm compound, as
compared with the low micromolar IC, value obtained for
CENTA (22.0 * 1.6 um; Fig. 7D). These data are corroborated
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by a previous study whereby E. coli PBP1b-catalyzed transpep-
tidation of PG was not inhibited by cephalexin or cephradine,
which both contain a methyl group at the C3’ position. In con-
trast, it was found that the third generation cephalosporins cef-
sulodin and cephaloridine act as inhibitors of E. coli PBP1b (40).
Cefsulodin and cephaloridine have a C3’ pyridinium moiety
that acts as a leaving group during acylation similar to the
CENTA TNB group. It is well established that the C3’ moiety
can have a profound influence on acylation rates by delocalizing
electrons from the former lactam nitrogen either by acting as an
electron withdrawing substituent or leaving group during lac-
tam bond fission (41, 42). Therefore, the presence of a good C3’
leaving group is an important feature to consider when design-
ing cephalosporin-based inhibitors of E. coli PBP1b.
Acyl-aztreonam-bound E. coli PBP1b—The monobactams
are predominantly synthetic monocyclic compounds contain-
ing variable functional groups at the C3 and C4 positions and a
sulfonic acid moiety attached to the N1 nitrogen (Fig. 7A).
Aztreonam is currently the only monobactam antibiotic in clin-
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ical use and is almost exclusively active against aerobic Gram-
negative bacilli (43). In E. coli and other enteric pathogens such
as P. aeruginosa, the bactericidal action of aztreonam is attrib-
uted predominantly to its potent inhibition of PBP3 (44) rather
than PBP1b. Aztreonam displays higher IC;, values in the
E. coli PBP1b BOCILLIN FL competition assays than the other
B-lactams tested, with the exception of cephalexin (Fig. 7D). A
TPase domain overlay of the acyl-aztreonam-bound P. aerugi-
nosa PBP3 (45) with the acyl-aztreonam E. coli PBP1b structure
(r.m.s.d. for 70 common ca atoms = 1.3 A) reveals that the
bulky aztreonam aminothiazole and aminopropyl carboxyl
moieties occupy roughly analogous positions in the two struc-
tures (Fig. 8, E and F). However, in the P. aeruginosa PBP3
structure, the aminopropyl carboxyl moiety of aztreonam
forms a bipartite salt bridge with the active site Arg*®® gua-
nadino group, and this interaction is absent in the E. coli PBP1b
complex. Additionally, in the P. aeruginosa PBP3 acyl-enzyme
complex, the aztreonam aminothiazole moiety is stabilized by
hydrogen bonding with the Glu®>*! side chain carboxylate, and
this residue is a serine (Ser®®”) in E. coli PBP1b and is not involved
in hydrogen bonding (Fig. 8F). The design of monobactams that
replace the aztreonam R1 moiety with side chains analogous to
more potent PBP1b inhibitors such as the benzyl side chain of
benzyl-penicillin may be an effective design strategy. Development
of monobactams targeted at enteric pathogens such as E. coli is an
attractive prospect because they represent the only class of B-lac-
tams that avoid hydrolytic inactivation by the rapidly emerging
metallo-B-lactamase enzymes (46).

Concluding Remarks—As a major clinical target of the B-lac-
tams for the past half-century, the bifunctional PBPs have
gained notoriety as excellent antibacterial targets. Herein, we
investigated inhibition of both enzymatic domains in the
bifunctional bitopic membrane protein E. coli PBP1b. We pro-
vide a pyrophosphate sensor assay that can be used for future
in-depth analysis of the kinetic mechanism of glycosyltransfer
and to screen for PG GTase inhibitors. A revised analysis of
moenomycin binding to the donor site of the GTase domain
shows that the EF ring phosphonate portion of moenomycin is
involved in an extensive network of hydrogen bonding interac-
tions with highly conserved active site residues that are essential
for processive polymerization of the natural substrate. Further-
more, a detailed analysis of various acyl-B-lactams covalently
bound to the E. coli PBP1b TPase domain reveals subtle differ-
ences in ligand binding that manifest in notable discrepancies in
relative inhibitory activity. It is our hope that this study will aid in
the informed design of PBP1b inhibitors effective against emerg-
ing drug-resistant Enterobacteriacea.

Experimental Procedures

Plasmid Construction, Protein Expression, and Purification—
The E. coli PBP1b DNA corresponding to amino acid residues
58 — 804 was amplified from E. coli K12 genomic DNA. Restric-
tion free cloning was then used to produce a pET-41b expres-
sion vector containing PBP1b with a thrombin cleavable C-ter-
minal Hisg tag (47).

BL21(DE3) host cells transformed with the E. coli PBP1b
expression vector were grown at 37 °C until an A, of 0.6 was
reached, and the samples were cooled to room temperature for
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30 min. Protein expression was induced by addition of 1 mm
isopropyl B-p-1-thiogalactopyranoside, and the cultures were
incubated at 25 °C overnight.

Cell pellets were resuspended in lysis buffer (20 mm Tris, pH
8.0, 300 mMm NaCl, 1 EDTA free protease inhibitor tablet from
Roche) and lysed by two passes on a French press at a pressure
of 1500 p.s.i. The cell lysate was then centrifuged twice at 11,000
rpm for 15 min using a Beckman JA 25.50 rotor to remove
unbroken cells and inclusion bodies. The supernatant was then
centrifuged at 45,000 rpm for 1 h using a Beckman 60Ti rotor to
pellet the membranes. The membranes were homogenized and
incubated for 4 h in the presence of extraction buffer (lysis
buffer + 20 mm n-dodecyl-B-p-maltopyranoside; Anatrace).
The solubilized protein was then purified using nickel chelation
chromatography. The column was preincubated in the pres-
ence of equilibration buffer (20 mm Tris, pH 8.0, 300 mm NaCl,
1 mMm n-dodecyl-B-p-maltopyranoside) and eluted using a lin-
ear gradient of imidazole from 0 —-500 mm. The C-terminal Hisg
tag was cleaved by the addition of 1 unit of bovine a-thrombin
per mg of PBP1b protein and incubation at 4 °C overnight. Fol-
lowing thrombin cleavage, PBP1b was further purified using a
Superdex 200 sizing column into crystallization running buffer
(20 mm Tris, pH 8.0, 300 mm NaCl, 4.5 mm DM; Anatrace). Peak
fractions were pooled and concentrated using a 100-kDa cutoff
Amicon centrifugation unit.

Crystallization, Data Collection, and Structure Solution—
The moenomycin-bound PBP1b-acyl-B-lactam crystals were
grown using the sitting drop vapor diffusion method at 25 °C.
Drops contained 1 ul of protein solution (20 mg/ml protein,
100 uM moenomycin, and 2 mm ampicillin, nitrocefin, cepha-
lexin, aztreonam, or CENTA) mixed with an equal volume of
precipitant (20% w/v PEG 3350, 0.2 M potassium/sodium tar-
tate, 0.1 M Bis-Tris, pH 8.5). For cryoprotection, the crystals
were transferred to mother liquor plus 30% glycerol. We note that
our crystallization conditions were different from the previous
E. coli PBP1b sitting drop vapor diffusion conditions in which
PBP1b (12 mg/ml protein in buffer: 20 mm Tris, pH 8, 300 mm
NaCl, 0.28 mm N-dodecyl-N,N-dimethylamine-N-oxide, 1.4 mm
moenomycin) was mixed with an equal volume of precipitant (1.2
M sodium formate). The moenomycin was dissolved in double dis-
tilled H,O and stored at —20 °C in a 10 mm stock solution and was
a kind gift from Aventis Pharma (Frankfurt, Germany).

Diffraction data were collected at Beamline CMCEF-2 at the
Canadian Light Source in Saskatoon Saskatchewan. The data
were collected at a wavelength of 1.0A and a temperature of
100 K. All data were indexed, integrated, and scaled using
Xia2 (48). For cross-validation purposes, a total of 5% of
reflections were set aside. The structures were solved by
molecular replacement using the program Phaser (49), with
chain A of the moenomycin-bound E. coli PBP1b crystal
structure as a starting model (PDB code 3VMA (16)). Several
cycles of manual building in COOT (50), followed by refinement
in REFMAC (CCP4 (51)) were carried out. During late stage
refinement, feature enhanced maps (17) were calculated using the
Phaser (49) software and were used to guide model building in
COOT. The final models are of excellent stereochemical quality
and display <0.6% Ramachandran outliers, all of which are con-
sistent with the previous PBP1b model (16). Coordinates and
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structure factors were deposited in the PDB with accession codes
5HLY9, 5HLD, 5HLA, and 5HLB for PBP1b-ampicillin, PBP1b-
CENTA, PBP1b-cephalexin, and PBP1b-aztreonam, respectively.
The figures representing the PBP1b crystal structures were created
using PyMOL (52).

Membrane Purification from E. coli C43 Cells Overexpressing
S. aureus MraY and MurG—E. coli C43 host cells were trans-
formed with a pETDuet vector coexpressing MraY and MurG,
and the cells were grown at 37 °C until an A4y, of 0.6—0.8 was
achieved. Protein expression was induced with 1 mm isopropyl
B-p-1-thiogalactopyranoside, and the cells were incubated at
37 °C for 4 h with 200 rpm shaking. The cells were harvested by
centrifugation and resuspended in lysis buffer (10 mm Tris-
HCI, pH 7.5, 20 mm MgCl,, one pulverized complete EDTA free
protease inhibitor tablet (Roche), 300 ng/ml lysozyme, and 10
pg/ml DNase I). The cell suspension was homogenized and
passed two times through a French press at 13,000 p.s.i. The
cells were centrifuged for 30 min at 12,000 rpm at 4 °C using a
Thermo FiberLITE F15-6 X 100y rotor. The supernatant was
collected and centrifuged for an additional hour at 60,000 X gat
4 °C using a Beckman 70Ti rotor. The membrane pellets were
homogenized and resuspended in (20 mm Tris-HCI, pH 7.5, 20
mMm MgCl,, 2 mM 2-mercaptoethanol) to a final total protein
concentration of 0.6 mg/ml.

Lipid II Synthesis—Undecaprenyl phosphate (C,;-P) was
prepared from bay leaves as previously described and dissolved
in 2:1 chloroform:methanol mixture for long term storage at
—80°C (53). Solvent was evaporated from the C,;-P sample
using a stream of N, gas. The final amount of C.-P was deter-
mined from the dry weight of the purified compound. Sample
integrity and purity was assessed by electrospray ionization
(ESI)-TOF mass spectrometry (data not shown). Following
evaporation, the sample was dissolved in 2X reaction buffer
(100 mm Tris-HC], pH 8.0, 40 mm MgCl,, 8% v/v glycerol, 2.0%
v/v Triton X-100) to a final C..-P concentration of 600 um with
sonication. UDP-MurNAc pentapeptide (with lysine at posi-
tion 3 on the stem peptide) was prepared as previously
described (54), and UDP-N-acetylglucosamine (UDP-GIcNAc)
was purchased from Sigma.

For lipid II synthesis, the reaction mixture consisted of (300
M Coo-P, 2 mm UDP-GIeNAc, 2 mm UDP-MurNAc pentapep-
tide (with lysine at stem peptide position 3), 0.12 mg/ml E. coli
C43 membranes harboring S. aureus MraY and MurG, all in
reaction buffer in a total volume of 500 ul). The reaction was
incubated at 30 °C for 1.5 h with shaking at 200 rpm. The reac-
tion was terminated by addition of 1.5X volume 2:1 n-butanol:6
M pyridinium acetate, pH 4.2. This biphasic mixture was vor-
texed for 30 s to extract the lipids, and the phases were sepa-
rated by centrifugation at 6, 400 rpm for 30 s in a microcentri-
fuge. The organic phase was washed with one equivalent
volume of distilled water. The mixture was vortexed and cen-
trifuged as described above, and the organic layer was vacuum-
filtered to remove membrane debris. After filtration, the mem-
branes were rinsed several times with butanol, and the organic
layer containing lipid II was separated from any residual water.
The final purified organic phase was directly injected onto a
HPLC Phenomenex Luna C18 reverse phase semipreparative
column (5 wm, 100 A, 250 X 10 mm) with a gradient from 100%
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buffer A (20 mM ammonium acetate, 65:20:15 methanol:isopro-
panol:water) to 100% buffer B (20 mm ammonium acetate, 98:2
isopropanol:methanol). Fractions containing lipid II were identi-
fied by HPLC analysis with an Agilent Poroshell 120 EC-C18 chro-
matography column (2.7 um, 4.6mm X 50 mm) using the same
solvent gradient and monitoring the absorbance of the eluate at
210 nm. Peaks corresponding to lipid II were further confirmed by
ESI-TOF mass spectrometry to assess molecular weight and purity
(data not shown). The final purified lipid II samples were dried
down in a 50:50 CHCl,;:MeOH mixture, and the final concentra-
tion of lipid IT was determined by "H NMR spectroscopy using
toluene as an internal standard, and the samples were stored at
—80 °C with desiccant. Immediately prior to use in assays, the lipid
II stock was resuspended in the following buffer (50 mm HEPES,
pH 7.5, 10% DMSO, 10 mm CaCl,, 0.85% C12ES).

E. coli PBP1b Glycosyltransferase Pyrophosphate Sensor
Assay—PBP1b-catalyzed glycosyltransfer using purified lipid I
(position 3 lysine version) was monitored using the Phospho-
Works fluorometric pyrophosphate assay kit (AAT Bioquest
Inc., product no. 21611). The reactions were performed in a
1536-well black assay plate in a total volume of 5 ul at 25 °C
according to the manufacturer’s protocol. Briefly, various con-
centrations of purified E. coli PBP1b were incubated with 100
M lipid II and 1.5X pyrophosphate sensor in final reaction
buffer (50 mm HEPES, pH 7.5, 10% DMSO, 10 mm CaCl,,
0.085% C12E8 (Anatrace product no. 0330)). Upon polymer-
ization of lipid II by PBP1b, C,,-PP is released and binds the
pyrophosphate sensor, resulting in a fluorescence signal
detected continuously (excitation and emission wave-
lengths: 360, and 460 nm) using a Synergy H4 multimode
plate reader (BioTek). Individual assays were initiated with
the addition of lipid II, and initial velocities were collected
from the linear portion of the time course (typically from
10-20 min postreaction initiation). Steady-state kinetic val-
ues were determined from a substrate dose-response curve
using 1 uM of PBP1b and varying concentrations of lipid II
(values are taken as averages from triplicate reactions). The
k... value was calculated by titrating increasing concentra-
tions of C..-PP in reaction buffer minus protein to create a
standard curve. C,5-PP was purchased from Larodan in a 4:1
MeOH:ammonia mixture and stored at —80 °C according to
the manufacturer’s instructions. Immediately prior to use,
the solvent from the C.,-PP sample was evaporated off using
a N, stream, and the dried C,.,-PP was freshly dissolved in
assay buffer for immediate use. The concentration of C.,-PP
was determined using the known mass of the purified dried
product provided by the manufacturer. In addition to the
manufacturer’s quality control analysis, the purity of the
C,5-PP stock was further verified by ESI-TOF mass spec-
trometry analysis (data not shown). Inhibition assays were
performed using 1 um E. coli PBP1b and 45.5 um of lipid II
with various concentrations of moenomycin complex (pre-
dominantly moenomycin A but also contains other moeno-
mycins; A12, C1, C3, and C4; Santa Cruz Biotechnology). All
curve fitting was performed using SigmaPlot. The substrate
dose-response curve was fit to a three-parameter sigmoidal
Hill equation kinetic model based on equation (V_, = V_ X
[s]”/K, s + [s]”). The criteria that were used for curve selec-
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tion were superior fit by visual inspection, sum of squares
analysis, and Akaike Information Criterion.

Thermostability Analysis—E. coli PBP1b thermostability was
measured as a function of its temperature-dependent aggregation
by differential static light scattering (StarGazer-2; Epiphyte Three
Inc.) as reported previously (55). Briefly, 0.4 mg/ml purified PBP1b
protein was added to various concentrations of moenomycin com-
plex in assay buffer (see above), and the mixture was heated from
25 to 85°C at a rate of 1°C/min in a final volume of 9 ul in a
clear-bottomed 384-well plate (Nunc). Protein aggregation, as a
measure of light scattering, was scanned every 30 s using a CCD
camera. Integrated intensities were plotted against temperature,
and Boltzmann regression curve fitting was performed using Sig-
maPlot with the inflection point representing the aggregation tem-
perature (7,,,). The change in 7, (AT,,,) from the no-inhibitor
control was plotted as a function of moenomycin complex con-
centration, and the resulting hyperbolic curve was fit to a ligand
binding one-site saturation model in SigmaPlot to attain the aggre-
gation constant (K,,,) at 2 AT,

BOCILLIN FL Gel-based Competition Assays—To assess the
relative inhibition of E. coli PBP1b by multiple different small
molecules, SDS-PAGE-based concentration response experi-
ments were performed in triplicate using the fluorescent peni-
cillin BOCILLIN FL as a reporter molecule. All reagents were
diluted in reaction buffer prior to use (20 mm Tris, pH 8.0, 300
mwm NaCl, 4.5 mm DM). To start the reaction, various concen-
trations of unlabeled compound and 25 um BOCILLIN FL were
simultaneously added to 13 um of purified E. coli PBP1b protein
in a final reaction volume of 35 ul. The reaction was incubated
at 25 °C for 30 min prior to addition of 10X SDS-PAGE loading
dye. The samples were then boiled for 2 min prior to loading 10
wl on a 10% SDS-PAGE gel. Following electrophoresis, gels
were imaged under UV light using a gel imager. Densitometry
analysis was performed using Image] (56). The individual data
points were normalized to the maximum value of the fluores-
cence intensity, which represents total saturation of protein by
BOCILLIN FL in the absence of unlabeled compound. The IC,,
values are defined as the compound concentration required to
reduce the residual binding of BOCILLIN FL by 50% and were
calculated using SigmaPlot.
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