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Abstract

The B-lactam antibiotics inhibit penicillin-binding proteins (PBPs) by forming a stable, covalent,
acyl-enzyme complex. During the evolution from PBPs to Class A B-lactamases, the B-lactamases
acquired Glul66 to activate a catalytic water and cleave the acyl-enzyme bond. Here we present
three product complex crystal structures of CTX-M-14 Class A p-lactamase with a ruthenocene-
conjugated penicillin — a 0.85 A resolution structure of E166A mutant complexed with the
penilloate product, a 1.30 A resolution complex structure of the same mutant with the penicilloate
product, and a 1.18 A resolution complex structure of S70G mutant with a penicilloate product
epimer — shedding light on the catalytic mechanisms and product inhibition of PBPs and Class A
B-lactamases. The E166A-penilloate complex captured the hydrogen bonding network following
the protonation of the leaving group and, for the first time, unambiguously show that the ring
nitrogen donates a proton to Ser130, which in turn donates a proton to Lys73. These observations
indicate that in the absence of Glu166, the equivalent lysine would be neutral in PBPs and
therefore capable of serving as the general base to activate the catalytic serine. Together with
previous results, this structure suggests a common proton relay network shared by Class A B-
lactamases and PBPs, from the catalytic serine to the lysine, and ultimately to the ring nitrogen.
Additionally, the E166A-penicilloate complex reveals previously unseen conformational changes
of key catalytic residues during the release of the product, and is the first structure to capture the
hydrolyzed product in the presence of an unmutated catalytic serine.
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Graphical abstract

A sub-Angstrom resolution crystal structure of CTX-M-14 Class A p-lactamase in complex with a
ruthenocene-conjugated penicillin product reveals that Lys73 is neutral in the absence of Glu166.
Two additional crystal structures shed light on changes in the active site during product release.
These results give new insight into the catalytic mechanism of both Class A B-lactamases and
penicillin-binding proteins.
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Introduction

The B-lactam antibiotics inhibit penicillin-binding proteins (PBPs), which are essential for
bacterial cell wall synthesis [1, 2]. The marked rise in resistance to these antibiotics over the
past several decades has been particularly facilitated by bacterial production of p-lactamases
[3-8], which are divided into four classes, A-D, with Classes A and C being the most
commonly observed types in the clinic [9, 10]. While Class B is comprised of metallo-
enzymes that require catalytic Zn ions to function and do not involve a covalent
intermediate, Classes A, C, and D all share a common active site serine residue that leads to
the formation of an acyl-enzyme intermediate, similar to those found in PBPs, from which
serine B-lactamases are hypothesized to have evolved [10-12]. However, unlike PBPs whose
acyl-enzyme adduct is stable, serine B-lactamases can catalyze the removal of the
hydrolyzed p-lactams from their active site by deacylating the acyl-enzyme intermediate
using a catalytic water [5, 10, 11, 13, 14]. This allows serine B-lactamases to continuously
“turn over” p-lactam antibiotics, thereby conferring resistance to p-lactam antibiotics [10,
11, 13, 14].

Resistance to early B-lactam antibiotics led to the development of newer generations of -
lactams that were less susceptible to B-lactamase hydrolysis, but overuse of these drugs has
led to the emergence of extended spectrum B-lactamases (ESBLsS) [15, 16]. These ESBLs
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have the ability to hydrolyze third-generation cephalosporins such as cefotaxime, and are
mostly comprised of Class A and D enzymes [15, 17]. CTX-M Class A p-lactamase is the
most frequently occurring ESBL worldwide [17, 18]. Like other Class A enzymes, CTX-M
contains a catalytic Ser70 residue which attacks and forms a covalent bond with the -
lactam ring (Fig. 1). The reaction pathway for the acylation half of p-lactam hydrolysis
begins with the ground-state Michaelis complex and then proceeds through a high-energy
acylation transition state, before forming the acyl-enzyme complex [19]. The deacylation
half of the reaction proceeds through a high-energy deacylation transition state formed after
a catalytic water attacks the acyl-enzyme complex, resulting in the release of the hydrolyzed
B-lactam product [20]. For Class A p-lactamases, the catalytic water is activated by Glu166,
the general base for the deacylation reaction [21, 22]. The E166A mutation has been shown
to severely impair the deacylation rate and is often used to trap the complex at the acyl-
enzyme stage in X-ray crystallographic analysis [23-26].

Although the catalytic mechanisms of PBPs and Class A p-lactamases have been intensely
studied, several key questions persist. One such question is the protonation state of the
purported general base, a lysine residue (Lys73 in Class A B-lactamases). The pKa of this
lysine has been hypothesized to increase by two units due to the introduction of Glu166 in
the active site during the evolution from PBPs to Class A p-lactamases [27]. Whereas the
protonation state of Lys73 has been extensively analyzed in Class A p-lactamases in the
presence of Glu166, similar studies on the equivalent lysine in PBPs have been limited.
Direct structural analysis probing the lysine protonation state in the absence of Glu166 has
yielded ambiguous results in Toho-1 E166A mutant, where neutron diffraction suggests a
positively charged Lys73 incapable of carrying out the general base function in the apo
enzyme [28]. Another remaining question concerning p-lactam hydrolysis is in regards to
the general acid catalysis in the acylation reaction of Class A B-lactamase. During catalysis,
the ring nitrogen of the substrate must accept a proton for scission of the C-N bond to occur
and allow for the formation of the acyl-enzyme [27]. The role of Ser130 as this proton donor
is generally accepted, but the original source of the proton that Ser130 donates is unknown,
with both Lys73 and Lys234 suggested to fulfill this role [19, 21, 27, 29-31]. In addition, to
date, all the product complexes of serine p-lactamases have been obtained by mutating the
catalytic serine to a smaller residue such as glycine, which prevents the acylation reaction
from occurring [32—34]. These mutations significantly alter the center of the catalysis in the
enzyme active site. It remains unknown how the product would actually interact with the
catalytic serine and other residues during its release.

To answer this question and others related to PBP and Class A p-lactamase catalysis, we
have determined the X-ray crystal structures of multiple ruthenocene conjugated 6-
aminopenicillinic acid (6-APA-Ru) (1, Figure 2a) product complexes using both E166A and
S70G mutants of CTX-M-14 Class A p-lactamase. The 6-APA-Ru compound was used as
part of our broader efforts to investigate the antibacterial properties of the ruthenocene
moiety on B-lactam compounds [35]. These product complexes not only represent an
important stage of the reaction pathway, but also capture the active site in a state bound by a
non-covalent ligand, offering valuable information about the catalytic mechanisms of -
lactamases and PBPs, as well as the protein microenvironment. As non-covalent complexes,
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they also provide valuable insights into inhibitor discovery against two important antibiotic
targets: p-lactamases and PBPs.

We determined three crystal structures (Table 1) of CTX-M-14 in complex with hydrolyzed
products of our novel 6-APA-Ru p-lactam compound (1, Figure 2a) [35]. All three crystals
belong to the P24 space group, and have two copies of CTX-M in the asymmetric unit.
Initially, two different CTX-M mutants were used in an attempt to capture the 6-APA-Ru
compound at different points in the reaction pathway. An E166A mutant was used to capture
the 6-APA-Ru acyl-enzyme complex, as the E166A mutation impairs the ability of CTX-M
to deacylate the acyl-enzyme complex, essentially trapping the compound in the acyl-
enzyme state. An S70G mutation was used in the hopes of capturing the intact,
unhydrolyzed, 6-APA-Ru compound in the active site, as the S70G mutation renders CTX-
M catalytically inactive. Instead, both mutants captured interesting hydrolyzed products in
the CTX-M active site, likely a result of the long soaking time for complex crystal
preparation, particularly for the S70G mutant, as well as the remaining deacylating activity
of the E166A mutant. In addition, compared to other common B-lactamase crystal growth
conditions with acidic pH (e.g., pH 4-5), our crystallization buffer, at pH 7.9, is more
alkaline, which can promote auto-hydrolysis of p-lactam compounds [36].

Ultrahigh resolution crystal structure of a penilloate product complex with E166A mutant

The first structure was solved at 0.85 A resolution, and contained the decarboxylated product
(3, Fig. 2c), a ruthenocene-conjugated penilloate, in the active site of CTX-M-14 E166A
mutant for each of the two monomers in the asymmetric unit (Fig. 3a), while capturing two
copies of the carboxylated product (2, Fig. 2b), a ruthenocene-conjugated penicilloate, and
an additional copy of the penilloate product bound outside the active site and at the crystal
packing interface. We had previously determined this structure to 1.18 A resolution (PDB
ID: 4XXR) [35]. We sought a sub-Angstrom resolution structure of the same complex in an
attempt to elucidate the protonation state of Lys73 and the source of the proton donated to
the substrate ring nitrogen. We found in the previous structure that the penilloate product of
the ruthenocene-conjugated B-lactam compound bound readily to the active site in a non-
covalent fashion [35], and that the position of the substrate five-membered ring ends up in
the same position as in the covalent acyl-enzyme complex [23]. This provided an excellent
model system to gain insight into the hydrogen bonding network after the general acid
proton transfer of the acylation reaction has taken place. Extensive optimization of the
crystallization process (e.g., soaking conditions, seeding) and sampling a large nhumber of
crystals resulted in significant improvement of the data quality. This was reflected by the
low R-factors after anisotropic refinement with SHELXH (Table 1).

The penilloate product bound in the active site in an identical fashion to our previously
published 1.18 A structure, with the 6-APA portion of the compound forming many
favorable interactions with several active site residues. Away from the active site however,
there were several differences between the 0.85 A structure and our previously published
structure. Most notably, whereas two copies of the penicilloate product were observed
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outside the active site in the previous structure, only one of them is recaptured in the current
complex. The other copy is replaced by a penicilloate product of a different conformation
overlapping with a penilloate product bound in the same pocket. These differences have
likely resulted from the long soaking time used for the higher resolution data.

While the 0.85 A and 1.18 A structures are otherwise nearly identical, the ultrahigh
resolution of the 0.85 A structure allowed us to visualize almost all the riding hydrogen
atoms in the F,-F¢ density maps at 1.5¢ or higher contour levels for both monomers in the
asymmetric unit (chain A and chain B), while many of the highly ordered hydrogen atoms
on the polar side chains were visible at 1.5¢ or slightly lower contour levels. Most
importantly, the hydrogen atoms on the side chains for Ser130 and Lys234 were clearly
visible in chain A, as was the hydrogen on the substrate ring nitrogen. These electron density
peaks clearly show that the substrate ring nitrogen is protonated and serves as a donor in its
HB (hydrogen bond) with Ser130, which in turn donates its proton to Lys73 in a second HB
(Fig. 3b). Ser130 also functions as an acceptor in a third HB with Lys234. The hydrogen
atoms on the Ser70 and Lys73 side chains in chain A were not observed in the electron
density maps, probably due to the increased mobility of these two residues as reflected by
their temperature factors (7.78 and 8.27 AZ respectively), in comparison to the lower values
of Ser130 and Lys234 (6.67 and 6.09 A2 respectively). However, because it accepts a proton
in its HB with Ser130, Lys73 is clearly neutral in the product complex. Lys73 also serves as
donor in two other HBs with Ser1300 and Asn132081 (Fig. 3a). The HB between Ser70
and Lys73 observed in many previous structures [20, 37] appears to be absent, with a
distance of 3.3 A and unfavorable orientations between the two polar groups. Meanwhile,
the densities for the hydrogen atoms in the chain B active site were generally weaker than
those found in chain A, and only a few side chain hydrogen atoms in the active site were
observed.

An intact product complex with E166A mutant

The second product complex structure was solved at 1.30 A resolution and captured a
mixture of both the penicilloate and penilloate products in the active site of CTX-M-14
E166A, with the two overlapping perfectly except for the newly generated carboxylate
group. The products can be unambiguously identified in the unbiased 2F,-F. electron
density map at 3o (Fig. 4a). In the 2F,-F; map, the penilloate product is clearly visible in
the active site for both chain A and chain B at 1.5¢ contour level, but density for the
carboxylate group becomes apparent at contour levels below 1o. Both monomers also show
two conformations for Lys73 visible at 1.50, with a second conformation of Ser70 becoming
apparent at 1o and lower. Comparing the two product complex structures, and the weaker
density for the newly generated carboxylate group, suggests that the penicilloate and
penilloate products are both present in the current structure and bind to the protein in exactly
the same fashion except for the carboxylate group, resulting in perfect superimposition with
one another in the electron density maps. The two conformations of Ser70 and Lys73
correspond to the two populations of the different product complexes (Fig. 4b), and the
relative occupancies for these different conformations (Conf. 1 = 0.70, and Conf. 2 = 0.30)
are in agreement with the relative occupancies of the different product complexes (Penilloate
= 0.75, and Penicilloate = 0.25). In particular, the newly generated carboxylate group on the
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product would clash with the conformation of Ser70 (conformation 1) that was observed in
the 0.85 A complex structure with the penilloate product. In comparison, conformation 2
places the serine hydroxyl group 3.2 A away from the carboxylate group, and in the
oxyanion hole formed by the backbone amide groups of Ser70 and Ser237, replacing the
water molecule that usually occupies it. This results in a new HB between Ser70 and the
substrate ring nitrogen. Lys73 also adopts two conformations in the 1.30 A structure, with
the terminal amine group pointing towards Ser130 when the penilloate product is present
(conformation 1, Fig. 4b), and away from Ser130, towards Ser70 and forming a HB with the
newly generated carboxylate group when the penicilloate product is present (albeit without
any hydrogen bonding contact with Ser70 due to the conformational change of Ser70)
(conformation 2, Fig. 4b). Interestingly, the penicilloate product was not found to bind away
from the active site at the crystal-packing interface as was observed in our 0.85 A structure,
likely due to the shorter soaking time for the current structure (24 hrs vs. 5 days). Instead,
sucrose, which was used as a cryoprotectant, appears in the structure, as well as several
phosphate ions that were not present in the 0.85 A structure.

A product complex with S70G mutant

The third product complex was obtained with S70G mutant and determined to 1.18 A
resolution. The electron density for the small molecule is well defined and it appears to have
only one species, the penicilloate product, at full occupancy (Fig. 5a). One oxygen atom of
the carboxylate group is placed inside the oxyanion hole formed by the backbone amide
groups of Gly70 and Ser237, and corresponds to the ring carbonyl oxygen from the substrate
(Fig. 5b). The other carboxylate oxygen atom forms HBs with Lys73 and Ser130, and
originated from the attack of a water molecule on the ring carbonyl group. At first glance,
this molecule seems to be the original hydrolyzed product, identical to the one partially
occupying the active site of the E166A mutant as described above (Fig. 4a). However, a
closer examination revealed that this product molecule has a different chirality at C5; the
carbon atom bound to the ring nitrogen, sulfur, and the newly generated carboxylate group
(4, Fig. 2d). It should be mentioned that a similar product molecule with alternative chirality
at C5 (S in contrast to R in the intact substrate) was previously observed in another CTX-M
S70G product complex structure with penicillin, as well as a product complex with PBP3
[33, 38]. For PBP3, the conversion from 5R to 5S stereochemistry in the product was found
to occur over time after the initial hydrolysis and was hypothesized to follow a non-
enzymatic pathway. Additionally, one copy of the hydrolyzed product with the expected
chirality (5R) was found in our structure at the crystal-packing interface. This suggests that
the alternative epimer (5S) may bind preferentially over the original product with the
expected chirality (5R). Another unique feature of the S70G product complex is that the ring
nitrogen forms a HB with Ser237, rather than Ser130 as observed in the previous two
product complexes. Interactions between the protein and the different product molecules are
largely similar except for the region surrounding the newly generated carboxylate group
(Fig. 5c¢).
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Discussion

Lys73 protonation state in pB-lactamases and PBPs

The acylation reaction of Class A p-lactamases and PBPs involve the extraction of a proton
from the catalytic serine (Ser70 in Class A p-lactamases) and the addition of a proton to the
B-lactam ring nitrogen [20, 27]. The fate of the first proton, and the origin of the second, has
been the subject of many experimental and computational studies [19, 21, 27, 29-31, 37,
39]. Lying at the center of these questions is the protonation state of the purported general
base, Lys73 in Class A pB-lactamases. Whereas recent ultrahigh resolution X-ray
crystallography and neutron diffraction analysis has shed light on Lys73’s protonation state
in Class A B-lactamases by revealing the hydrogen atoms [19, 37, 40-42], similar structural
analysis has proven challenging for PBPs. In our current study, the use of the E166A mutant
mimics the protein microenvironment in the PBP active site. Glu166 was acquired by Class
A B-lactamases during their evolution from PBPs, and the catalytic machineries of these two
groups of enzymes are otherwise nearly identical (Fig. 6) [7, 12, 43]. Our 0.85 A resolution
structure suggests that in the absence of Glu166, Lys73 and its counterpart in PBP would be
neutral, at least in the non-covalent Michaelis complex, allowing it to serve as the general
base to deprotonate Ser70. There are significant similarities between the penilloate product
complex and the Michaelis complex. Both are non-covalent complexes with the key catalytic
machinery, Ser70 and Lys73, isolated from bulk solvent [34]. The ligands in both complexes
have one single negative charge placed in the same subpocket of the active site. The key
difference is the hydrogen atom on the p-lactam ring nitrogen, which will undoubtedly alter
the hydrogen bonding network involving the nitrogen, Ser130, Lys73 and Ser70. However,
we deem it unlikely that this change in HB pattern will result in a different protonation state
of Lys73 in the Michaelis complex, which would lead to a positively charged Lys73 and
different net charges in the active sites of two similar non-covalent complexes. The
penilloate complex structure supports a neutral Lys73 in the Michaelis complex, even though
it does not directly prove this. Our observation is consistent with previous biochemical and
QM/MM analysis of Class A B-lactamase E166A mutants [27, 44], and DD-
carboxypeptidases PBP5 and 6 [45, 46], while providing the first direct structural support.
This result has important implications for computational modeling of the PBP active site in
enzyme analysis and inhibitor discovery.

The observation of a neutral Lys73 in our E166A mutant complex is reminiscent of the
neutral Lys73 in a previous non-covalent complex of CTX-M-14 WT using a tetrazole-based
inhibitor (Fig. 7a) [37], and underscores the evolutionary connection between PBPs and
Class A p-lactamases. The introduction of Glu166 in the active site of Class A p-lactamase
increases the pKa of Lys73 from ~6 to 8-8.5, making this lysine more likely to be positively
charged at physiological pH and hindering its role as general base [44, 45, 47-49]. A
positively charged Lys73 was indeed observed in WT CTX-M-14 by ultrahigh resolution X-
ray crystallography [19, 37]. This observation, together with other experimental and
computational results [39, 40], led to a hypothesis that Glu166, instead of Lys73, is the
general base to deprotonate Ser70 during acylation in Class A B-lactamases. However,
QM/MM calculations have suggested that upon substrate binding, a series of protonation
state changes occur in the p-lactamase active site, leading to a neutral Glu166 and neutral
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Lys73 [27, 37, 44]. This hypothesis is supported by the aforementioned non-covalent
tetrazole-based inhibitor complex with WT CTX-M-14, determined at 0.89 A. In particular,
the previous structure showed a neutral Lys73 forming a low barrier HB (LBHB) with
Ser70, with a HB length of 2.53 A and the hydrogen at equal distance to Lys73NC and
Ser700y (Fig. 7a), making Lys73 partially positively charged and Ser70 partially negatively
charged. A LBHB is a special type of hydrogen bond that occurs when two functional
groups equally share a proton, resulting in an unusually short (~2.5 A) HB, with a strength
several times stronger than a standard HB [50]. The observation of a Lys73-Ser70 LBHB is
consistent with a previous hypothesis that such a strong HB between the general base and
the nucleophilic Ser70 would stabilize the activated serine during its attack on the substrate
[37, 50].

Residue protonation states in crystal structures are influenced by the pH of the
crystallization buffer, which is ~7.5 for the current structures (after the addition of 30%
sucrose as cryoprotectant to the crystallization buffer at pH 7.9) and close to the
physiological pH, but high compared to the other common B-lactamase crystal growth pH
range (pH 4-5). In an apo Toho-1 Class A p-lactamase E166A neutron structure, Lys73 was
shown to be positively charged [28]. This has most likely resulted from the acidic
crystallization pH, approximately pH 5, which is below the calculated pKa of ~6 for Lys73.
At the physiological pH, Lys73 would be in its free-base form in the apo E166A mutant.
Similarly, the equivalent lysine in PBP5 and 6 has been suggested to be neutral at the
optimal pH of these enzymes, which is approximately pH 9 [45, 46]. Therefore, unlike the
WT Class A p-lactamases, there would be no substrate/ligand-induced protonation state
change for Lys73 in the E166A mutant and its counterpart in PBPs during catalysis. Taken
together, our new structures and previous studies demonstrate that a neutral lysine would
serve as the general base to deprotonate the catalytic serine both in the presence and absence
of Glu166.

Mechanism of proton relay during acylation of Class A p-lactamase

Despite the similarities between the previous 0.89 A resolution non-covalent tetrazole-based
inhibitor complex and the current 0.85 A resolution product complex, these structures
capture two different states of the active site HB network, i.e., before and after the proton
transfer of the acylation process respectively. This, together with the previously determined
sub-Angstrom apo (PDB ID: 4UAG) and acylation TS analog structures (PDB 1D: 4UA9)
[37], has allowed us to visualize all the active site hydrogen atoms and follow their
movement during the entire acylation reaction (Fig. 8). It has enabled us to investigate the
origin of the proton donated to the substrate leaving group, i.e., the ring nitrogen of p-lactam
compounds. For Class A p-lactamases, Lys73 and Lys234 have been alternatively proposed
to be the ultimate source of this proton [27, 30, 31].

In the apo enzyme of CTX-M-14, both Lys73 and Lys234 are positively charged with three
protons on the amine group (Fig. 8c, state 1). Lys73 donates a proton in its HB with Ser70

and Ser70 serves as a HB donor to the catalytic water, which in turn donates its proton to a
negatively charged Glu166. This HB network changes upon ligand binding as described
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above, leading to a neutral Glu166, and a neutral Lys73 forming a LBHB with Ser70 (Fig.
8c, state 2).

In this structure mimicking the pre-transfer Michaelis complex [37], a neutral Lys73 and a
positively charged Lys234 both serve as a donor in their respective HB with Ser130, while
Ser130’s proton is pointed towards a ring nitrogen in the tetrazole group of the inhibitor.
This ring nitrogen has no proton associated with it and can only serve as a HB acceptor, and
thus mimics the substrate ring nitrogen in the pre-covalent Michaelis complex. In
comparison, in a 0.84 A acylation TS analog structure using a boronic acid covalent
inhibitor, Lys73 becomes positively charged following the extraction of the proton on Ser70,
and moves closer to Ser130 (Fig. 8c, state 3) [37]. Again, both Lys73 and a positively
charged Lys234 serve as donors in their respective HB with Ser130, which in turn donates a
proton to the boronic acid oxygen mimicking the ring nitrogen. Interestingly, in our current
0.85 A resolution product complex (Fig. 8c, state 4), Lys73 adopts a nearly identical
conformation as the acylation TS but with the HB network involving the compound, Ser130,
and Lys73 reversed. In this reversed state, Lys73 is now neutral, and the substrate ring
nitrogen donates a proton to Ser130, which then donates a proton to Lys73.

We hypothesize that the HB network observed in the current product complex has captured
the active site state immediately after the proton transfer of the acylation reaction in Class A
B-lactamases, with or without Glu166. First, for the EL66A mutant, the positions of the
substrate ring nitrogen, Ser130, Lys73, and nearby protein/substrate atoms are nearly
identical between our penilloate product complex and an acyl-enzyme complex of Toho-1
E166A and benzylpenicillin (Fig. 8b) [23]. Although the Ser70 side chain is in completely
different states between the two structures, it does not form a HB with the substrate nitrogen,
Ser130, or Lys73, and has minimal influence on the protonation state and HB network
involving these three functional groups. The only charged functional group with potential
long-range influence in both the penilloate and acyl-enzyme complex is the C3 carboxylate
group, which is placed in the same area of active site. These observations suggest that the
HB network in the penilloate product complex involving the substrate ring nitrogen, Ser130,
and Lys73 would be the same as the acyl-enzyme complex of E166A mutant due to nearly
identical configuration and environment. Second, the ligand-bound active site
microenvironment is highly similar between the WT and the E166A mutant during the
proton transfer from Ser70 to Lys73 and to the ring nitrogen. Our previous studies have
demonstrated that the binding of a non-covalent inhibitor would induce protonation state
changes in both Lys73 and Glu166, converting both from a charged state to being neutral. A
neutral Lys73 is reminiscent of our observation in the penilloate complex, whereas a neutral
Glu166 has diminished influence on the active site microenvironment, particularly in
comparison to a negatively charged glutamate. In addition, Glu166 remains neutral in the
WT enzyme during the acylation process [37]. Although Lys73 is in close proximity to
Glul66 in the WT apo enzyme, it moves away from Glu166 upon ligand binding,
particularly in the acylation TS. Therefore, Glu166 may not significantly influence the
general acid catalysis involving Lys73, Ser130, and the substrate. The similarities between
the WT and E166A active site microenvironment is further highlighted by the observations
that the same non-covalent inhibitor induces a very similar Ser70-Lys73 short HB in the
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presence and absence of Glu166 (unpublished data), despite the different Lys73
conformations in the apo enzymes of the WT and E166A mutant.

Key differences, however, do exist between the reaction in the presence and absence of
Glu166. For Class A p-lactamases, whereas the acyl-enzyme intermediate with a neutral
lysine is stable in EL66A mutant, it is only a transient species in the WT protein. QM/MM
calculations have shown that a neutral Lys73 would take a proton from a neutral Glu166,
following the formation of the acyl-enzyme intermediate [27]. This would activate a
negatively charged Glu166 for the deacylation process of the reaction. For PBPs, based on
the calculations using the peptide substrate that also undergoes acylation, the equivalent of
Ser130 may also play a less important role during the proton-transfer process, and the Lys73
counterpart may transfer the proton extracted from Ser70 to the substrate leaving group
directly or through a water molecule, without involving additional residues [45, 46].

Product Expulsion from the Active Site

It has been hypothesized that during catalysis when the p-lactam ring is opened and the
penicilloate product formed, steric clashes and electrostatic repulsion between active site
residues and the newly generated carboxylate group would help to expel the product from
the active site [32, 33]. However, the only published structures of serine p-lactamases in
complex with the penicilloate product have had the catalytic serine mutated to a smaller
residue such as glycine [32, 33]. This has prevented the observation of any interactions the
catalytic serine has with the newly generated carboxylate group, and may also have distorted
other important interactions between the product and the enzyme.

Our 1.30 A resolution penicilloate product complex represents the first time a p-lactam
product has been captured in complex with a serine B-lactamase where the catalytic serine
remains unreacted. The structure revealed that the newly generated substrate carboxylate
group pushed Ser70 up and away to adopt an unusual, and potentially high energy;,
conformation in order to avoid clashes (Fig. 4b). Lys73 also formed a favorable HB with the
carboxylate group through a new conformation (Fig. 4b), playing a direct role in shuffling
the hydrolyzed product outside the active site. However, in this new configuration, Lys73
establishes fewer interactions with surrounding residues, including the loss of its HBs with
Ser70 and Ser130, further suggesting that the active site bound by the penicilloate product
may be an overall energetically unfavorable state, particularly compared with the substrate.
This is also underscored by the 0.85 A resolution penilloate product complex, where only
the penilloate product is observed in the active site, even though both product molecules are
present inside the crystal [32]. In addition, the E166A mutation used in the current study
most likely helped us obtain the product complexes by eliminating one source of potential
electrostatic repulsion in Class A p-lactamases.

Compared with the E166A penicilloate product complex, the S70G product complex
captures the C5 atom of the five-membered substrate ring in a different chirality (S in
comparison to R in the substrate and other product complexes), similar to a previous study
(4, Fig. 2d) [33]. Superimposition of the two complex structures illustrates the reason: the
product with the alternative C5 chirality allows the newly generated carboxylate group to
establish more interactions with the oxyanion hole and Ser237. These observations suggest
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caution of using the Ser—Gly mutation in obtaining product complex structures as
commonly done for serine B-lactamases.

Potential Product Inhibition and New Scaffold for Drug Discovery

The findings from our E166A mutant product complex structures raise questions about the
potential of penilloate products to serve as p-lactamase inhibitors. Product inhibition by
penicilloates and penilloates were previous reported, with some experiments showing that
penilloates bind to the B-lactamases with significantly higher affinities than penicilloates,
albeit both exhibiting Ki values in the mM range [51]. These results are consistent with our
observations that the penilloate product is preferred by the protein active site and suggest
that the penilloate product may provide a more suitable scaffold for lead optimization. The
penilloate scaffold may also be useful for PBP inhibition as well. Based upon the similarity
of the CTX-M active site with PBPs (Fig. 6), it can be expected that pencilloates would form
many of the same favorable interactions with the PBP active site. A 5S-penicilloate
molecule, similar to what is observed in our S70G product complex, has been shown to bind
to the active site of PBP3 and serve as an inhibitor, further demonstrating the potential of
different p-lactam products in novel antibiotic development targeting PBPs [38].

In summary, the acylation reaction of Class A p-lactamases and PBPs by p-lactam
antibiotics has been intensely studied due to its importance in antibiotic mechanism and
resistance. The 0.85 A resolution penilloate product complex structure of a ruthenocene-
conjugated penicillin has captured the HB network immediately after the acylation general
acid catalysis, and for the first time, identified the hydrogen atoms on the substrate ring
nitrogen and Ser130 in this state. Together with three previously determined sub-Angstrom
resolution complex structures, we can now track the movement of each proton during the
acylation reaction, including deprotonation of Ser70 and protonation of the substrate ring
nitrogen. Meanwhile, the 1.30 A resolution product complex structure illustrates the first
original product complex with an intact catalytic serine, and demonstrates that alternative
conformations of Ser70 and Lys73 aid the release of the product from the active site. Finally,
the product complex of the S70G mutant highlights the potential misleading artifacts that
can occur when studying catalysis using mutants, and provides valuable information for
future analysis of serine p-lactamases.

Materials and Methods

Protein Purification

The CTX-M-14 E166A gene sequence was cloned into the pET9a expression vector and
transformed into BL21 (DE3) competent cells for protein expression. The cells were grown
in 1 liter 2XYT media containing 16 g tryptone, 10 g yeast extract, and 5 g NaCl. Before
use, sorbitol and betaine were added to the media to a final concentration of 0.2 M and 5
mM respectively. Cultures were grown in the presence of 50 pg/ml kanamycin. The cultures
were incubated at 37° C with shaking at 225 rpm until the ODggg reached 0.6-0.8. Protein
expression was induced by the addition of 0.5 mM IPTG, and then cultures were incubated
overnight at 20° C with shaking at 225 rpm. The total induction time was around 24 hrs.
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After overnight incubation, cells were centrifuged at 4000g for 10 min at 4° C, and then the
supernatant was discarded.

The cell pellet was then resuspended in lysis buffer (10 mM MES pH 6.0, 2 mM EDTA). A
protease inhibitor tablet was then crushed and dissolved in the resuspension. Cells were then
lysed by sonication using 10 seconds ON and 15 seconds OFF at amplitude 10, for a total of
15 min. Lysed cells were then centrifuged at 35,000 rpm for 35 min at 4° C. The supernatant
was filtered and loaded onto a 60 ml CM-sepharose ion exchange column using Buffer A
(50 mM MES pH 6.0, 2 mM EDTA). After loading, the column was washed with two
column volumes of Buffer A. The protein was eluted from the column by using an
increasing concentration of Buffer B (50 mM MES pH 6.0, 2 mM EDTA, 150 mM NacCl)
from 0-100%. SDS-PAGE was used to verify protein containing fractions. The fractions
were pooled and prepared for loading onto a gel filtration column.

The pooled fractions were loaded onto a SuperDex75 16/60 gel filtration column using
Buffer C (10 mM Tris pH 7.0, 50 mM NaCl, 2 mM EDTA). SDS-PAGE was used to verify
protein containing fractions, and protein purity. The protein containing fractions were
pooled, and concentrated to approximately 20 mg/ml. The protein was aliquoted and then
flash frozen and stored at —80° C.

Protein Crystallization

CTX-M-14 E166A (20 mg/ml) was crystallized in 1.0 M potassium phosphate pH 7.9 at 20°
C using hanging drops in a 1:1 ratio (protein:buffer). Single crystals formed in 3—4 days. 10
mM compound 1 dissolved in the crystallization buffer was then added to the crystal drops
and allowed to soak into the crystals. Soaking times were as follows: 24 hrs for the 1.30 A
E166A structure; 4 days for the 1.18 A S70G structure; 5 days for the 0.85 A E166A
structure. After soaking, the crystals were collected and cryo-cooled using a solution of the
crystallization buffer with 30% sucrose added.

X-ray Data Collection and Refinement

Sub-Angstrom (< 1.0 A) resolution data were collected using the 231D-D beamline of GM/
CA@APS at the Advanced Photon Source, Argonne, Illinois. Remaining data were collected
using the 22-1D beamline of SER-CAT at the Advanced Photon Source, Argonne, Illinois.
All data were processed using HKL2000 [52]. Sub-Angstrom resolution data were refined
using SHELXL [53], and the CCP4 [54] suite was used to refine all other data. Coot [55]
was used to complete the model building and refinement for all data. Figures of protein
structures were made with PYMOL.
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Abbreviations

PBP penicillin-binding protein
ESBL extended spectrum B-lactamase
6-APA 6-aminopenicillinic acid

HB hydrogen bond

LBHB low barrier hydrogen bond

QM/MM  guantum mechanics/molecular mechanics

TS transition state
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Figure 1. Hydrolysis mechanism of Class A p-lactamase
The reaction pathway for the acylation half of B-lactam hydrolysis begins with the ground-

state Michaelis complex (1), and then proceeds through a high-energy acylation transition
state (I1), before forming the acyl-enzyme complex (111). The deacylation half of the reaction

begins when a high-energy deacylation transition state is formed after a catalytic water
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attacks the acyl-enzyme complex (1V), resulting in the release of the hydrolyzed B-lactam
product (V). A proton is transferred to the ring nitrogen during the collapse of the acylation
TS (1), although the ultimate source of the proton has been debated. The identities of the
general bases and acids have been debated for the acylation and deacylation reactions, and
they may not necessarily be the same for the two steps.
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Figure 2. Structures of ruthenocene conjugated 6-aminopenicillinic acid and hydrolyzed
products

a) Intact B-lactam substrate 1. b) Hydrolyzed product of 1, ruthenocene conjugated
penicilloate. c) Decarboxylated and hydrolyzed product of 1, ruthenocene conjugated
penilloate. d) Penicilloate with alternative chirality at C5. Compounds 2 and 3 are termed as
penicilloate and penilloate products respectively in the text.
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Figure 3. Hydrogen bonding network at 0.85 A resolution in the active site of CTX-M in complex
with the penilloate product

The carbon atoms of the protein and the 6-APA-Ru penilloate product are colored in green
and orange respectively. Hydrogen bonds between the product and the protein are
represented by dashed lines. a) Unbiased Fq-F¢ electron density map (3o, green) showing the
product molecule in the active site. b) Hydrogen bonding network involving the substrate
ring nitrogen, Ser130, Lys234 and Lys73. 2F,-F. electron density map (blue) is contoured at
1.50. Unbiased F,-F; electron density map (2o, red) is calculated using a hydrogen-omitted
model to identify hydrogen atom positions.
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Figure 4. Binding of the penicilloate product in the 1.3 A resolution complex crystal structure
The carbon atoms of the protein, the penicilloate product, and the penilloate product are

colored in green, orange, and cyan respectively. Hydrogen bonds between the product and
the protein are represented by black dashed lines. Hydrogen bonds between the oxyanion
hole water and the protein are represented by red dashed lines. a) Unbiased F,-F electron
density map (3o, green) showing the product molecules in the active site. The penilloate
product (cyan) overlaps perfectly with the penicilloate product (orange). As a result, only the
newly generated carboxylate group is shown in orange. b) Interactions between the newly
generated carboxylate group and active site residues. 2F4-F¢ electron density map (blue) is
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contoured at 1.5 o. Only the penicilloate product is shown. Two conformations are observed
for Ser70 and Lys73, reflecting the mixture of products in the active site. Ser70 and Lys73
adopt conformation 1 when the penilloate product is present, and conformation 2 when the
penicilloate product is present. The water is only present when the protein adopts
conformation 1.
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Figure 5. Crystal structure of the S70G mutant in complex with the penicilloate product
The carbon atoms of the protein and the penicilloate product are colored in orange and cyan

respectively. Hydrogen bonds between the product and the protein are represented by dashed
lines. a) Unbiased F,-F electron density map (3o, green) showing the product molecule in

the active site. b) Interactions between the newly generated carboxylate group and active site
residues. c) The penicilloate product from the E166A complex (magenta) superimposed onto
the S70G complex, showing a different chirality for the C5 atom on the five-membered ring.
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> ) N

Figure 6. Comparison of active site configurations in p-lactamase and PBP
Structural similarities between key active site residues are shown by CTX-M-14 Class A B-

lactamase (magenta) and Pseudomonas aeruginosa PBP5 (4K91, green). Residues are
labeled based upon their numbering in CTX-M-14. Glul66 is labeled in red to denote the
key difference between the two proteins.
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Figure 7. Influence of ligand binding on the active site hydrogen bonding network
a) Experimentally observed hydrogen atoms in a previously determined 0.89 A resolution

non-covalent inhibitor complex with CTX-M-14. Carbon atoms of the protein and inhibitor
are shown in green and cyan respectively. Hydrogen bonds are indicated by black dashed
lines. Compared with the penicilloate product complex, the HB donor/acceptor roles are
reversed in this complex for the ligand nitrogen, Ser130, and Lys73. Note the hydrogen atom
between Ser70 and Lys73 is equally shared with a HB length of 2.53 A. b) The penicilloate
product complex of E166A mutant (carbon atoms shown in orange; HBs in purple)
superimposed onto the non-covalent inhibitor complex (carbon atoms shown in green; HBs
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in black). Note the significant movement of Lys73. The distance between Ser70 and Lys73 is
3.3 A'in the product complex.
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Figure 8. Comparison of active site configurations in p-lactamase complexes and PBP
a) Superimposition of the apo protein (PDB ID: 4UA6, magenta, state 1), non-covalent

complex mimicking the pre-covalent Michaelis complex (PDB I1D: 4UA7, yellow, state 2),
covalent acylation TS analog complex (PDB ID: 4UAJ9, cyan, state 3) of CTX-M-14 and the
new penicilloate product complex (green, state 4) of CTX-M-14 E166A mutant. The
catalytic water is represented by a red sphere. Arrows indicate the movement of active site
residues from state 1 to 2 and 3. Due to the E166A mutation in the product complex, the
catalytic water (not shown) and the conformation changes for Asn170 may not reflect the
real movement in the actual reaction. However, Lys73 in the product complex (4) overlaps
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nearly perfectly with that of the acylation TS (3). b) Superposition of penicilloate/penilloate
product complex with Toho-1 E166A and benzylpenicillin acyl-enzyme complex. The
penicilloate/penilloate complex is shown in green, and the benzylpenicillin acyl-enzyme
complex is shown in cyan. ¢) Experimentally determined hydrogen bonding network of the
CTX-M-14 active site when (1) in the apo state, (2) bound to a non-covalent inhibitor, (3)
bound covalently to a boronic acid inhibitor which mimics the acylation TS, and (4) in
complex with the penilloate products.
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Table 1
X-ray Data Collection and Refinement Statistics
Data Collection
Structure (PDB ID) 5VLE 5TOP 5TOY
Space Group P2, P2, P2,
Cell Dimensions
abc@) 44.745 45.093 45.012
106.418 106.821 106.787
47611 47.933 47.759
By () 90 90 90
102.38 101.66 101.757
90 90 90
Resolution (A) 50-0.85 50-1.18 50-1.30
No. Reflections 378347 133593 103057
Rmerge (%) 41 36 9.5
17a(1) 458(23)° 258(43)" 158(29)
Completeness (%) 99.6 97.7 100.0
Redundancy 6.6 (5.3) 3.7(3.1) 3.4(2.7)
Refinement
Resolution (&) 50-0.85 50-1.18  50-1.30
Ruvorid Riree (%) 11.8/12.7  12.9/147  14.3/16.4

No. Heavy Atoms

Protein 4456 4430 4430
Ligand/lon 170 144 214
Water 668 578 600

B-Factors (A2

Protein 9.66 14.88 13.84
Ligand/lon 9.97 10.65 9.04
Water 24.11 27.28 24.52

Ramanchandran Plot

Most Favored Region(%) 91.5 91.3 91.6
Additionally Allowed (%) 7.8 7.8 7.6
Generously Allowed (%) 0.7 0.9 0.9

*
Values in parentheses represent highest resolution shells
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