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ABSTRACT: f3-Lactam antibiotics have long been a treatment
of choice for bacterial infections since they bind irreversibly to
Penicillin-Binding Proteins (PBPs), enzymes that are vital for
cell wall biosynthesis. Many pathogens express drug-insensitive
PBPs rendering 3-lactams ineffective, revealing a need for new
types of PBP inhibitors active against resistant strains. We have
identified alkyl boronic acids that are active against pathogens
including methicillin-resistant S. aureus (MRSA). The crystal
structures of PBP1b complexed to 11 different alkyl boronates
demonstrate that in vivo efficacy correlates with the mode of inhibitor side chain binding. Staphylococcal membrane analyses reveal
that the most potent alkyl boronate targets PBP1, an autolysis system regulator, and PBP2a, a low 3-lactam affinity enzyme. This
work demonstrates the potential of boronate-based PBP inhibitors for circumventing -lactam resistance and opens avenues for the

development of novel antibiotics that target Gram-positive pathogens.

he spread of antibiotic resistance by bacterial pathogens,

coupled to a decrease in the rate of discovery of novel
antibiotics, has had a devastating effect on the potential for
treatment of many infections by small molecules. Methicillin-
resistant Staphylococcus aureus (MRSA) causes both hospital- and
community-acquired infections that lead to a high mortality rate,
and the likelihood that MRSA will develop resistance to the “last
resort” antibiotic vancomycin is a matter of concern. Streptococ-
cus pneumoniae and Enterococcus faecium strains insensitive to
B-lactam antibiotics are being increasingly identified in hospitals
worldwide.! In addition, the few novel families of antimicrobials,
e.g, linezolid, have already elicited the appearance of resistance in
different pathogens,2 underlining the continuing need for the
development of pharmaceuticals that are effective against drug-
resistant organisms.

Stability of the peptidoglycan (PG), an essential component of
the bacterial cell wall, is a requirement both for cell viability and
growth, and targeting of its biosynthesis machinery can lead to
bacterial lysis and death. The PG is composed of alternating
GIcNAc and MurNAc units cross-linked by short peptides.
Penicillin-Binding Proteins (PBPs) catalyze the transpeptidation
(TP) and carboxypeptidation (CP) reactions that cross-link
stem peptides and regulate PG cross-linking, respectively.*””
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The PBP TP/CP reaction mechanisms involve the formation of
acyl—enzyme complexes by reaction of the C-terminal p-Ala-p-
Ala group of the PG stem peptide with a nucleophilic serine of
the PBP. The same serine is acylated by f3-lactam antibiotics to
generate a stable acyl—enzyme complex that is at the basis of the
efficacy of B-lactams as antibacterial agents.

The catalytic sites of PBPs reside on the exterior of the
bacterial cell wall, allowing ligand access without the need to
cross the lipid bilayer. Thus, PBPs remain excellent targets for
antibacterial development. However, pathogens such as S. pneu-
moniae produce [(-lactam-resistant PBPs that are recalcitrant
toward [3-lactam recognition due to the presence of mutations,
notably in the active site region; E. faecium and S. aureus also
produce antibiotic-insensitive PBPs.” ' The two latter patho-
gens also secrete f-lactamases that catalyze the hydrolysis of
f-lactams, generating inactive 3-amino acids. These observations
reveal the need for the development of non-f3-lactam antibiotics
for treatment of B-lactam-resistant infections.'” The feasibility
of this strategy has been shown for y-lactams, which kill
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Figure 1. The transpeptidase domain of PBPs is the target of 3-lactams and boronates. (A) Reaction of PBPs with boronic acid inhibitors and 3-lactam
antibiotics. (B) The overall structure of PBP1b displays a truncated GT domain (N-terminal), a linker region, and a C-terminal TP domain.”’

B-lactam-resistant bacteria."* > However, like B-lactams, y-lactams
are irreversibly acylating agents and are thus also likely to be
susceptible to the development of [3-lactamase-mediated resis-
tance. To date, there are very few reports of reversibly binding
non-lactam PBP inhibitors, and no such compounds are used
clinically.

Functionalized boronic acids inhibit nucleophilic enzymes,
including fB-lactamases, via the reversible formation of a covalent
complex proposed to mimic the tetrahedral catalytic intermedi-
ate (Figure 1a'®). Both small molecule and peptide boronic acid
based inhibitors of these enzymes have been described,"®® but
none have been reported to possess any significant antibacterial
activity. By employing PBP1b from the pathogen S. pneumoniae
as a model enzyme, we have pursued a crystallography-guided
approach to identify effective PBP1b inhibitors for analysis as
antibacterials. High-resolution crystal structures of PBP1b cova-
lently associated to 11 boronic acid analogues reveal distinct side
chain binding modes and rationalize the different inhibitory
potencies observed for the various ligands. Importantly, we
identify boronic acid inhibitors that display antibacterial activity
against clinically relevant pathogens including methicillin-resis-
tant Staphylococcus aureus (MRSA) by targeting essential PBPs
in vivo. These results imply that the molecules identified in this
work will be useful for the development of non-$-lactam anti-
biotics against drug-resistant bacteria.

B RESULTS AND DISCUSSION

Inhibition of a PG-Biosynthesis Enzyme by Boronate
Transition State Analogues. We began by employing a struc-
ture-based fragment screen by soaking boronic acids substituted
with small groups into crystals of PBP1b.>” Although the major
antibiotic resistance determinant in S. pneumoniae is PBP2x,®
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PBP1b was employed in this study because PBP1b crystals
that diffract X-rays to high resolution can be prepared quickly
and reproducibly, thus making it an optimal model enzyme.
PBP1b is an elongated protein that can be described as posses-
sing “head”, “neck”, and “body” regions, which correspond
approximately to a short N-terminal peptide from the GT
domain, the GT/TP linker region, and the C-terminal TP
domain (Figure 1b); in the structures reported here, the GT
domain of PBPIb is truncated, following a trypsinolysis step
during the purification protocol that was required for the
preparation of well-diffracting crystals.””

Previously, we had determined that the active site of wild type
PBP1b is naturally in a “closed” conformation due to a hydrogen
bond contributed by Asn656. Thus, in order to obtain crystal
structures of this form of PBP1b in the presence of small molecules,
it was necessary to perform time-consuming preincubation steps in
the presence of a pseudosubstrate prior to ligand soaking steps.””*’
In order to circumvent this problem, we generated a PBP1b
Asn656Gly mutant in which the active site remains in an “open”
conformation. The structure was solved by molecular replacement
using the native PBP1b structure as a model.”” This strategy
allowed us to obtain an initial 2.1 A. crystal structure of PBP1b
with S6 (Supplementary Table S1), a phenyl boronic acid.

The PBP1b active site is formed by three conserved catalytic
motifs: Ser-X-X-Lys, which harbors the nucleophilic Ser460,
Ser516-X-AsnS18, and Lys651-Thr-Gly (Figure 2a). In the
complex between PBP1b and S6, electron density corre-
sponding to the boronic acid inhibitor clearly indicates that
Oy of Ser460 makes a covalent bond with the boron atom
and forms a tetrahedral complex. The acetamido side chain
of S6 is positioned similarly to that of PBP f-lactam acyl-
enzyme complexes;27 however, the active site region remains
largely unoccupied due to the small size of the S6 side chain

dx.doi.org/10.1021/cb2001846 |ACS Chem. Biol. 2011, 6, 943-951
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Figure 2. Details of the active sites of structures of PBP1b complexed to (A) S6, (B) AS, and (C) Al. Left, F, — F. maps contoured to 3.0 0 calculated
prior to inclusion of the ligands in refinement protocols are shown in green. Side chains are shown as ball-and-stick, with carbon atoms corresponding to
the ligand in purple and those corresponding to the protein in yellow. (right) Ligplot analyses of the neighborhood of the ligands within the cleft.

(Figure 2a), implying weak binding, and is consistent with demonstrated the potential of aromatic boronic acids for binding
the fact that PBP1b retains ~75% residual activity in assays to a clinically relevant PBP but suggested that the aryl boronates
employing a thioester substrate analogue in the presence of may not be optimal. We therefore switched our focus to alkyl-
1 mM S6 (Supplementary Table S1). These results substituted acetamido boronic acids, some of which have been
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Table 1. Inhibitory Activity of Boronate Ligands against PBP1b and Location of Their Respective Side Chains within the Active

Site Cleft”
[e] [¢] Me [e] I\E/Ie
OH OH ‘___OH
A~ A A A A
H I H 1 H 1
OH OH OH
Al - A5 E6 E7-E10
Compound R Pocket | Res. act. | IC50 | Compound R Pocket | Res. act. | IC50
(%) (uM) (%) (uM)
Al OMe 2 67+3 nd A3 NG2 1 24+1 | 26+3
N (ImM) f N (100pM)
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A2 Cl 1 201 | 27 A4 F 1 14£4 | 161
f N aooum) | 1 f N (1001M)
E6 F 1 39+4 nd A5 3 1 T+3 6.9 £+
f N (1ImM) f N 100uM) | 0.1
F F
E7 2 29+4 | 27+ E9 3 2 54+1 nd
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O \ F
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N (100pM) O (100pM)
(L,

“The number in parentheses reflects the concentration of inhibitor employed in the thioester-based hydrolysis assay.

shown to be good inhibitors of the R39 transpeptidase,”* and
tested them against PBP1b using a thioester-substrate-based
hydrolysis assay. A number of these compounds, in particular
glycine and alanine derivatives, were effective PBP1b inhibitors,
with ICs values ranging from 6.9 to 27 uM (Table 1). Molecules
carrying C-0. derivatives larger than a methyl group were found
to be either inactive or only poorly active (Supplementary Table
S2). Notably, the nature of groups at the ortho position of the
benzoyl side chain has a substantial positive effect on potency
(Table 1). The 2,6-dimethoxy derivative A1, which is a good R39
inhibitor (ICsy = 1.3 uM), is a poor inhibitor of PBP1b,
displaying 67% residual activity even at a ligand concentration
of 1 mM; similar results were observed with the (R)- and (S)-
methyl-substituted analogues (Supplementary Table S2). How-
ever, the 2,6-difluoro analogue (AS) was active against PBP1b
(ICsp = 6.9 uM; Table 1). In addition to side chain structure,
potency depends on the stereochemistry at the C-0. center, with
(S)-methyl-substituted analogues being superior inhibitors than
their (R)-methyl-substituted enantiomers (i.e,, E7 and E9 inhibit
PBP1b better than E6 and E11, Table 1 and Supplementary
Table S3). The difference in activity between the two enantio-
mers is dependent on the side chain structure. Introduction of a
hydrophobic group at the ortho position of the aryl side chain
increases potency, with several of the compounds having IC, values
< 10 uM) (ie., E14 and E17, Supplementary Table S3), and the
effects of 2,6-disubstitution with fluoro and hydrophobic groups
are additive (compare A4 and AS, as well as E10 and E16, Table 1
and Supplementary Table S3).
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Molecular Basis for Inhibitor Specificity. We then investi-
gated the structural basis of the structure—activity relationships
for boronic acid PBP inhibition by solving multiple high-resolu-
tion structures of PBP1b in complex with alkyl boronate ligands
(Supplementary Tables S4—S6). In addition to the common
formation of a covalent bond between Ser460 and the boron
atom, several interactions within the active site are common to all
of the structures (Figure 2). One of the boronic acid oxygen
atoms is within hydrogen bonding distance of the Oy group of
Ser516 (a catalytic residue located within the Ser-X-Asn motif)
and, in all structures, also interacts with a Na* ion, close to /33.
The second oxygen atom on the boronate points toward the
oxyanion hole, which is formed by the backbone amides of
Ser460 and Thr654. One of the oxygens of the boronate ester
occupies a position close to that of the ester carbonyl of 3-lactam-
derived acyl—enzyme complexes® (Supplementary Figure SI).
The manner in which the boronic acids bind to the PBP active site
is broadly similar to the manner in which boronic acid inhibitors
bind to f-lactamases, at least as observed by crystallography.
Ke et al.*® have observed that the same boronic acid inhibitor
adopts different conformations in the active sites of the TEM-1
and SHV-1 f-lactamases. Its positioning is proposed to better
mimic the acylation or deacylation transition states when bound to
TEM-1 (Supplementary Figure S2a) or SHV-1 (Supplementary
Figure S2b), respectively. Notably, in our PBP-boronate struc-
tures, the position of the boronate ester is closer to the proposed
acylation transition state mimic, as observed in the TEM-1 boronic
inhibitor structure (Supplementary Figure S2a).

dx.doi.org/10.1021/cb2001846 |ACS Chem. Biol. 2011, 6, 943-951
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Figure 3. Overlay of the structures for complexes derived for three prototypic boronic acid ligands used in this study within the PBP1b active site.
S6 is shown in pink, AS in yellow, and Al in cyan. Only molecules binding to Pocket 2 display antibacterial activity (stereo view).

The 10 co-crystal structures can be classified into two different
“families”, depending on the pocket occupied by the ligand side
chain within the active site. Five of the inhibitors (A2, A3, A4,
and AS, all glycine analogues; and E6, a (R)-methyl-substituted
analogue) possess aryl groups that occupy Pocket 1 (Figures 2b
and 3 and Supplementary Figure S3). Pocket 1 is flat and formed
mostly by the loops connecting 06, 7, and a8, as well as the
loop leading to 02. This region is located toward the “back” of
the active site, and thus the side chains are distant from the 33/34
region of the site (the most malleable region of the catalytic cleft
in several PBPs>"***"3%)  which is likely involved in substrate
binding.

The PBP1b-Al structure (Figure 2c) is taken as an example of
ligands whose side chains fill Pocket 2 (Figure 3), such as E7, E8,
E9, and E10 (Figure S2; the latter shown in detail in Figure 4). The
C-6/C-7 amide side chain of cephalosporins and penicillins,
including methicillin, which has a side chain closely related that
of Al, also fills Pocket 2, though there are variations in the
positioning of the aryl groups.® In these structures, the aromatic
rings are located proximally to the flexible 53/34 loop region.
Notably, the CH; group at the C-at position of most ligands in
this category points into a groove formed by the AsnS18 and
Met556 side chains, which could explain why compounds with the
S-stereochemistry analogues that carry a C-ot group larger than a
methyl moiety tend to display poor activity. Nevertheless, it is
notable that analogues that occupy Pocket 2 display good inhibi-
tory activity against PBP1b, with E10 displaying an ICs, value of
20 uM (with 8% and 0% residual activity at 100 #M and 1 mM
concentrations, respectively; Table 1). The structures of PBP1b in
complex with molecules that occupy Pocket 2 also reveal that
ligand binding causes a minor reorientation of Tyr498, potentially
enabling 77— stacking interactions with the aromatic groups of
the inhibitors. Interestingly, since (R)-methyl-substituted ligands
occupy Pocket 1 and those with (S)-methyl substitutions occupy
Pocket 2, C-0 chirality may direct the side chain to a specific
pocket. Overall, these results reveal the potential of boronic acids
as effective PBP inhibitors and demonstrate the importance of a
structure-based strategy for the analysis of inhibitor binding,

Bactericidal Activity and Specificity of N-Alkyl Boronates.
We then investigated the antibacterial spectrum of activity of the
most potent alkyl boronic acid inhibitors by testing them against
several Gram-positive and Gram-negative bacterial species, many
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Figure 4. Constellation of interactions formed by PBP1b and molecule
E10. (A) Interactions shown are those identified with the Ligplot
program, used to generate Figure 2. (B) Chemical structure of molecule
E10. (C) Electrostatic surface representation of PBP1b complexed to
E10 from a different orientation from that in panel A, where both rings
can be clearly seen. The elongated PBP substrate binding site is also
clearly visible. The boron atom is represented in pink, and fluorine in cyan.

of which are human pathogens. Of the 19 species tested, 11
showed cellular growth inhibition in the presence of three
molecules (E9, E10, and E16), including a methicillin-resistant
strain of Staphylococcus aureus (MRSA) that expresses a low

dx.doi.org/10.1021/cb2001846 |ACS Chem. Biol. 2011, 6, 943-951
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Table 2. Minimum Inhibitory Concentration (MIC, #g/mL)
Values for Different Boronic Acid Analogues against Gram-
Positive Organisms

bacterial strain E9 El6 E10
Bacillus subtilis ATCC 6633 256 32 16
Listeria monocytogenes ATCC 14780 256 64 32
Listeria innocua ATCC 33090 256 64 32
Enterococcus hirae ATCC 8790 128 32 32
Enterococcus faecalis ATCC 19433 >256 32 128
Enterococcus faecalis ATCC 29212 >256 32 128
Enterococcus faecium ATCC 19434 256 128 128
Staphylococcus epidermidis ATCC 12228 256 64 16
Staphylococcus aureus ATCC 25923 256 64 32
Staphylococcus aureus PL 1 (inducible MRSA) 256 128 32
Staphylococcus aureus ATCC 43300 (MRSA) 32 128 32

p-lactam affinity PBP (PBP2a; MIC mpicilin = 256 ug/ mL)
(Table 2). It is of note that all of the species that were inhibited
by boronic acids are Gram-positive organisms, suggesting that
the outer membrane, efflux mechanisms, or differential usage of
peptidic substrates by Gram-negative microorganisms could play
a role in affecting efficacy of the tested compounds in these
species. Notably, the structures of PBP1b in complex with E9 and
E10 (Supplementary Figure S4 and 3) reveal that their side
chains both fill Pocket 2. It is of interest that none of the
molecules whose side chains fill Pocket 1 displayed any anti-
bacterial activity (not shown). These observations suggest that
there may be a correlation between inhibitor side chain orienta-
tion within the PBP active site and antibacterial efficacy.

On the basis of these results, we selected compound E10 for
detailed analysis and tested its effect on MRSA. MRSA liquid
cultures were grown either in the absence or in the presence of
increasing amounts of E10 for up to 24 h (Figure Sa), and the
number of colony-forming units (CFU mL ") was determined at
different time points. At levels corresponding to 0.5 times the MIC
and at the MIC, E10 induced a bacteriostatic effect, blocking
growth, while at higher concentrations the CFU mL ' dropped
rapidly (leading to over 2 log reductions in CFU mL ™" after 24 h,
compared to the untreated control), revealing that E10 is bacter-
icidal. These results suggest that one or more essential PBPs are
inhibited.

MRSA displays a wide spectrum of resistance to all S-lactam
antibiotics. S. aureus produces four natural PBPs, two of which
(PBP1 and PBP2) are essential for growth;>>** an additional
enzyme, PBP2a, is expressed by strains resistant to [-lactam
antibiotics (such as the one employed in this study, ATCC
43300). To test whether PBPs are being directly inhibited by
E10, membrane-enriched fractions were purified from MRSA
cells grown to late exponential phase and PBPs were probed with
fluorescent ampicillin either in the presence or absence of E10.
The membrane fraction was subsequently analyzed by SDS-
PAGE and fluorescence imaging, and the percentage of inhibition
was quantified (Figure Sb). The untreated, control lane shows
that all staphylococcal PBPs are identified: PBP1, PBP2, PBP2a
(which comigrates with PBP2 on SDS-PAGE), PBP3, and PBP4.
E10-treated membranes, however, display a clear inhibition of
PBP1 even at half the MIC value (87%). PBP2 and PBP2a cannot
be separated on SDS-PAGE,” but even at the lowest concentra-
tion employed in the assay, the “double” PBP2/PBP2a band is
also clearly less intense (15% inhibition at 0.5 times the MIC),
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Figure S. Inhibitor E10 shows anti-MRSA activity and targets specific
PBPs. (A) Killing curves of MRSA as a function of time in absence
(control) or presence of 0.5, 1, 4, and 10 times the MIC of E10. Time
points were taken at 0, 4, and 24 h for three independent experiments.
(B) MRSA membrane preparations preincubated with E10 prior to
addition of fluorescent ampicillin reveals that PBP1, an essential enzyme,
is the first one to be targeted. At 4.0 times the MIC (point at which E10
becomes bactericidal), PBP1 is inhibited by 100%, PBP2/2a by 43%,
PBP3 by 100%, and PBP4 by 40%, as measured by fluorescence
scanning. (C) Inhibition of purified, low affinity PBP2a by the same
quantities of E10 used in panels A and B, employing a fluorescent
ampicillin-based assay. Clear inhibition occurs at 4 and 10 times the MIC
values, as in the previous experiments.

suggesting that these proteins are targeted. PBP3, which is seen as
a light band under the PBP2/PBP2a band in the control lane, is
absent from all of the lanes in which E10 was added, suggesting
100% inhibition. At 4.0 times the MIC, the point at which E10
becomes bactericidal, all PBPs are affected, as shown by their
decreased ability to stably bind fluorescently labeled f-lactam in
the presence of the inhibitor. These results are confirmed by
experiments performed with purified PBP2a, which indicate clear
detection of inhibition at 4 and 10 times the MIC (Figure Sc).
PBP1 is a class B PBP that is essential for staphylococcal
growth; PBP1 deletion mutants are unable to divide and con-
tinuously enlarge in size, and display cell walls with decreased
levels of cross—linking.33’35 In addition, inhibition of the TP

dx.doi.org/10.1021/cb2001846 |ACS Chem. Biol. 2011, 6, 943-951
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activity of PBP1 blocks the autolytic system of S. aureus, which
affects cell separation during the division process, generating cell
doublets and tetrads.>* Notably, it has also been shown that the
PBP3-encoded TP activity, which also plays a role in autolysis,
can be substituted for by PBP1 in PBP3 deletion mutants,*
highlighting the importance of the interplay between these two
enzymes in staphylococcal growth and division. The fact that
PBP1 is particularly sensitive to E10 suggests that this inhibitor
may directly target the staphylococcal autolysis system. The
collective results support an inhibitory action of alkyl boronates
on multiple membrane-localized PBPs through the formation
of reversibly-formed tetrahedral complexes involving occupation
of Pocket 2 within PBP active sites, leading to inhibition of
peptidoglycan cross-linking, affecting autolysis, and resulting in a
bactericidal effect. A boronic acid-based proteasome inhibitor is
currently in clinical use,”” suggesting that the alkyl boronic acid
analogues described here may represent useful lead molecules for
the development of clinically tractable therapeutics against -
lactam-resistant pathogens.

B METHODS

Inhibition Assays. PBP1b (0.2 M) was incubated with boronic
acids in 10 mM sodium phosphate buffer (pH 7.0) in the presence of
100 mM p-alanine and 0.01 mg mL ™" BSA for 60 min at 25 °C. Residual
activities were determined from initial rates of the hydrolysis of a
thioester 2-(2-benzamidopropanoylthio) acetic acid (synthesis will be
described elsewhere), used as reporter substrate at a concentration of
S mM. After preincubation, the initial rate of thioester hydrolysis and of
spontaneous hydrolysis (e[Ae]420m = 13,600 M~ cm™') were
measured in the presence of 1 mM DTNB using a microtiter 96-well
plate and a Power Wave microtiter plate reader (Bio-Tek Instruments;
total volume of tests was 150 uL). All experiments were done in
duplicate. Activity of PBP1b in absence of inhibitors (100% RA) was
measured by performing six replicates on each plate. In order to
minimize the detection of false positives (promiscuous inhibitors),
which show no inhibition in the presence of Triton-X-100,***” all assays
were done in the presence of 0.01% Triton-X-100. If inhibition was
detected, residual activity (RA) was measured over a range of concen-
trations from which ICs, values were determined by performing a
nonlinear regression analysis using Sigma Plot (Systat software) and
fitting the data to the equation y = y0 + (a x b)/(b + x) as in ref 13.

PBP1b Mutagenesis, Purification, and Crystallization. Mu-
tation Asn656Gly was introduced in the pbplb gene by employing the
QuikChange II Site-Directed Mutagenesis kit (Stratagene). The reac-
tion was performed directly on the expression vector pGEX4T expres-
sing the PBP1b triple mutant Arg336Gln/Arg686Gln/Arg687GIn,
described previously in refs 27 and 40. The presence of the desired
mutation was confirmed by DNA sequencing, and the quadruple mutant
is referred to simply as PBP1b in the text.

PBP1b was purified as described for native PBP1b,** with minor
modifications. Notably, trypsinization of GST-PBP1b was performed
while the protein was still associated to the glutathione-Sepharose
column. Eluted protein was subsequently loaded and eluted from a
Superdex 200 HR10/30 Sepharose column (GE Healthcare) in SO mM
HEPES pH 7.0, 0.1 M NaCl, 1 mM EDTA. Pooled peak fractions were
concentrated to 8.5 mgmL ™" and crystallized in 50 mM HEPES pH 7.2,
3 M NaCl, 0.6—0.9 M ammonium sulfate. Crystal soaks were performed
by slowly adding ligands prepared in either DMSO or H,O (in con-
centrations in the range of 1S mM) directly to the crystallization drop (in
a final volume of 2 uL).

Data Collection and Structure Solution. All data were col-
lected at the European Synchrotron Radiation Facility (Grenoble) on

beamlines ID14-EH1, ID23-1, ID23-2 and ID29 and were processed
using the program XDS.*' Structures were solved by molecular re-
placement using the program PHASER* and employing the coordi-
nates of PBP1b (PDB code 2bg4) lacking residues 460, 516—518, and
650—661 as a model. The models were then rebuilt de novo with ARP/
wARP (7.1.1)* and Lafire 3.02* to remove bias. Cycles of restrained
refinement employing NCS and TLS refinement were performed with
REFMAC 5.5* as implemented in the CCP4 6.1.13 program suite. All
solved structures displayed between 99.5% and 100% of the non-glycine
residues in the most favored and allowed regions of the Ramachandran
plot.*® Ligand—protein interactions were analyzed with LigPlot 1.1.%
Due to the high concentration of NaCl employed in crystallization as
well as optimal H-bonding parameters, a Na* ion was modeled into a
sphere of high electron density within the active site. Stereochemical
verification was performed by PROCHECK"® and secondary structure
assignment by DSSP.** Data collection and refinement statistics are
included in Supplementary Tables S3— SS. Figures were generated with
PyMol (http://www.pymol.org).

MIC Determination. Tests were made using microtitration plates, in
200 uL (final volume) of Miieller-Hinton Broth (MHB), following
EUCAST (European Committee on Antimicrobial Susceptibility test-
ing)/CLSI (Clinical and Laboratory Standard Institute) recommended
procedures. Inhibitors were solubilized in 100% DMF and then diluted in
MHB, just before utilization. Inoculums were prepared for each strain,
resuspending isolated colonies from plates that had been cultured for 18 h.
Equivalents of 0.5 MacFarland turbidity standard (approximately 1 x 10°
CFU mL ") were prepared in saline solution (NaCl 0.085%) and then
diluted 200-fold in MBH (initial population). MIC values were deter-
mined as the lowest dilution of product showing no visual turbidity. Strains
that were tested but were not susceptible to the ligands described in this
work include E. coli (ATCC 8739), Proteus mirabilis (ATCC 29936),
Klebsiella pneumoniae (ATCC 13883), Citrobacter freundii (ATCC 8090),
Pseudomonas aeruginosa (ATCC 27853), Micrococcus luteus (ATCC
9341), and Streptococcus pneumoniae (ATCC 49619/ATCC 34400).

Time-Kill Assay. Staphylococcus aureus ATCC 43300 (MRSA) was
purchased from BCCM/LMG Laboratorium voor Microbiologie, Uni-
versiteit Gent (UGent), Belgium. Cation-adjusted MHB, supplemented
with 20% agar—agar for colony counts, was employed for the test.
Inhibitors were solubilized in 100% DMF and then diluted 50-fold in
MHB, just before utilization. Bacterial inoculums were prepared by
suspending two or three colonies, isolated from an overnight cultured
plate of Mueller-Hinton agar, in 0.9% NaCl to obtain the equivalent
turbidity of the 0.5 McFarland standard tube. The suspension was
subsequently diluted 100-fold diluted in MHB and aliquotted, and
ligand E10 was added to yield 0.5, 1, 4, or 10 times the respective
MIC value. The suspensions were mixed, and samples were taken at 0, 4,
and 24 h. The samples were serially diluted, plated on Mueller-Hinton agar,
and incubated overnight. The mean number of survivors was determined.

Membrane Extraction and PBP Profiles. Cytoplasmic mem-
brane fractions were prepared from late exponential phase staphylococ-
cal cultures. Cells were recovered by centrifugation (13,000g, 10 min),
washed once in 10 mM Tris-HCI pH 7.0, and resuspended in the same
buffer. The cells were disrupted through S passages through a French-
Press and the cell wall debris was removed by centrifugation (13,000g,
10 min). To isolate the cytoplasmic membrane fraction, the supernatant
was subjected to ultracentrifugation (Beckman ultracentrifuge; 130,000¢
for 1hat4°C), and the pellet was suspended in10 mM Tris-HCI pH 7.0.
The protein content of the samples was quantified using a BSA Protein
Quantification kit (Pierce) as per manufacturer’s instructions. PBPs in
membrane preparations were selectively labeled by preincubation of the
samples (200 g proteins) with concentrations of E10 corresponding to
0.5, 1, 4, and 10 times the MIC for 4 h at 30 °C and then counterlabeled
with 25 uM of fluorescent ampicillin. The proteins in the sample were
separated by SDS-PAGE, and the PBPs were detected with a Bio-Rad

dx.doi.org/10.1021/cb2001846 |ACS Chem. Biol. 2011, 6, 943-951



ACS Chemical Biology

Molecular Imager FX. Quantification of inhibition was performed by
employing Quantity One software (BioRad, Hercules, CA, USA) after
subtraction of background fluorescence. Relative PBP inhibition was
calculated as

Yinhibition =

1 — intensity of PBP band pre-incubated with E10
intensity of PBP band without inhibitor

X 100

Experiments were carried out in triplicate.

Inhibition Test for Low Affinity PBP2a. PBP2a from S. aureus
ATCC 43300 was overproduced and purified as described in ref 49.
PBP2a (2.5 uM) was first made to react with 0.5, 1, 4 and 10 times the
MIC value of inhibitor E10 in 100 mM phosphate buffer pH 7.0 (with
0.01% Triton X-100) for 30 min at 37 °C. The same amount of PBP2a
without inhibitor was incubated under identical conditions as a control
(100% residual f-lactam binding activity, RA). Since the thioester
employed for PBP1b experiments is not a substrate for PBP2a, we used
a method involving incubation of PBP2a with fluorescein-labeled ampi-
cillin (25 #M) and subsequent analysis by SDS-PAGE in order to
detect residual binding.*® Samples were further incubated for 30 min
at 37 °C in a total volume of 20 yL. Denaturation buffer was added and
samples were heated to 100 °C for 1 min. Samples were subsequently
loaded on a 10% SDS-PAGE, and detection and quantification of RA were
made with Molecular Image FX equipment and Quantity One software
(BioRad, Hercules, CA, USA). Results are the mean from three independent
experiments.

Compound Synthesis. Details of synthetic methods are given in
Supporting Information.

B ASSOCIATED CONTENT

© Ssupporting Information. Figures of the structures of
PBP1b complexed to eight boronates, crystallography tables,
tables describing kinetic measurements for boronates that were
not tested for complexation with PBP1b by X-ray crystallogra-
phy, and chemical syntheses. This material is available free of
charge via the Internet at http://pubs.acs.org.
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