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Abstract

Serine B-lactamases are bacterial enzymes that hydrolyze p-lactam antibiotics. They utilize an
active-site serine residue as a nucleophile, forming an acyl-enzyme intermediate during hydrolysis.
In this study, thermal denaturation experiments as well as X-ray crystallography were performed
to test the effect of substitution of the catalytic serine by glycine on protein stability in serine -
lactamases. Six different enzymes comprising representatives from each of the three classes of
serine B-lactamases were examined including TEM-1, CTX-M-14, and KPC-2 of class A, P99 of
class C, and OXA-48 and OXA-163 of class D. For each enzyme, the wild type and a serine-to-
glycine mutant were evaluated for stability. The glycine mutants all exhibited enhanced
thermostability compared to the wild type. In contrast, alanine substitutions of the catalytic serine
in TEM-1, OXA-48 and OXA-163 did not alter stability, suggesting removal of the Cp atom is key
to the stability increase associated with the glycine mutants. The X-ray crystal structures of P99
S64G, OXA-48 S70G and S70A, and OXA-163 S70G suggest that removal of the side chain of the
catalytic serine releases steric strain to improve enzyme stability. Additionally, analysis of the
torsion angles at the nucleophile position indicates that the glycine mutants exhibit improved
distance and angular parameters of the intra-helical hydrogen bond network compared to the wild-
type enzymes, which is also consistent with increased stability. The increased stability of the
mutants indicates that the enzyme pays a price in stability for the presence of a side chain at the
catalytic serine position but that the cost is necessary in that removal of the serine drastically
impairs function. These findings support the stability-function hypothesis, which states that active-
site residues are optimized for substrate binding and catalysis but that the requirements for
catalysis are often not consistent with the requirements for optimal stability.
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INTRODUCTION

The active sites of enzymes are organized to effectively bind substrates, stabilize transition
states, and release products. Achieving these tasks requires the precise placement of residues
in configurations that may not be optimal for the overall stability of the enzyme. 1-6 The
tension between the requirements for optimal function versus optimal stability has been
articulated as the stability-function trade-off hypothesis.” For example, there is often internal
strain in the active site of enzymes created by the arrangement of the residues involved in
catalysis. Functional residues in the active site, typically polar or charged, can be found
buried in hydrophobic clefts and often adopt unfavorable, strained conformations.8-13
Additionally, hydrophobic patches that evolve to bind substrate are often exposed and
destabilizing in the free enzyme. Residues of the same charge may also cluster together to
improve substrate binding or transition state stabilization.14-16 The acquisition of amino acid
substitutions that improve enzyme function by enhancing the specific interactions with
bound substrates, transition states or products are often coupled with a decrease in
stability. 13 17-20

B-Lactamases are bacterial enzymes that hydrolyze and inactivate B-lactam antibiotics.
Based on mechanism, they are classified as either metallo (Class B) or serine pB-lactamases
(Classes A, C, and D).2! All serine p-lactamases have the same general two-domain (a and
a/p) fold but they differ greatly in amino acid sequence identity across classes (as little as
15% sequence identity in some cases).22 23 Despite the amino acid sequence variability, the
active-site residues involved in hydrolysis are almost completely conserved. Serine f3-
lactamases are mechanistically similar to serine proteases.24 Both types of enzymes are
hydrolases and both use acylation and deacylation of an active site serine in their mechanism
of catalysis (Figure 1). Additionally, they have a residue strategically positioned to act as a
general base to activate the catalytic serine for the nucleophilic attack on the substrate.
Lys73 and Glul66 activate the active-site serine in class A enzymes while Lys67 and Tyr150
perform this task in class C p-lactamases.?> 26 Class D B-lactamases have an unusual N-
carbamylated lysine (Lys73) that acts as the general base.2’

B-Lactamases are an excellent model system to assess questions on structure, function, and
stability. The class C AmpC B-lactamase was previously used as a model to investigate the
stability-function trade-off hypothesis.12 In that study, several key active site residues,
including the catalytic Ser64 residue, were substituted and tested for activity and stability. It
was found that the S64G substitution resulted in significantly increased thermal stability
(AT ,=6.5°C) and greatly reduced catalytic activity compared to the wild-type enzyme. This
result provided evidence that the side chain of the nucleophilic Ser64 residue is associated
with a cost in stability. The structure of the S64G enzyme suggested that relieving the steric
strain from a close contact in the AmpC enzyme between CpB of Ser64 and O of Tyrl50 is
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responsible for the observed increase in stability. However, this has been the only study
examining a mutant of the active-site serine for its effect on stability in serine p-lactamases.
It is unknown whether the increased stability associated with removal of the active-site
serine side chain in AmpC B-lactamase is a general property of all serine B-lactamases.

In this study, a series of thermal stability experiments were performed on six serine p-
lactamases (from classes A, C, and D) and their respective active-site serine mutants (Ser to
Gly or Ala). The serine-to-glycine mutant enzymes exhibited increased (2.1-13.3 °C)
thermal stability compared to the wild-type enzymes. In addition, the crystal structures of
P99 S64G, OXA-48 S70G and S70A, and OXA-163 S70G mutant enzymes were examined.
The crystal structures suggest the increase in stability obtained by removal of the side chain
is due to relief of a steric strain caused by the presence of the serine nucleophile side chain
in the active site, specifically a steric clash involving the methylene group of the serine side
chain. Consistent with this hypothesis, substitution of the catalytic serine by alanine in
TEM-1, OXA-48 and OXA-163 does not increase stability. In addition, an improvement of
the intra-helical hydrogen bond distance (C=0...H-N) and angular (O...H-N) parameters in
the glycine mutants may further contribute to the increased thermostability. The increase in
stability due to removal of the side chain at the nucleophile residue position occurs across a
wide range of enzymes from multiple B-lactamase classes, suggesting that the local
environment of the catalytic serine is similar across these enzymes and that the strained
conformation of the catalytic nucleophile may be an evolutionarily conserved feature of
serine B-lactamases.

MATERIALS AND METHODS

Plasmids and site-directed mutagenesis PCR

The following plasmids that have been described previously were used in this study: pET24a
encoding blargm;20 pTP123%8 encoding blacTx-m-14 and blakpc-2;2% 30 and pET29a
encoding blapgg, blaoxa-as, and blaox a-163.3L 32 The S70G (TEM-1, CTX-M-14, KPC-2,
OXA-48, and OXA-163), S64G (P99), and S70A (TEM-1, OXA-48, and OXA-163) amino
acid substitutions were introduced by Quikchange PCR with Phusion® DNA Polymerase
(New England BioLabs, Ipswich, MA, USA) according to the manufacturer guidelines.
DNA sequencing of the entire b/a gene for each mutant was performed to ensure the absence
of extraneous mutations.

Protein expression and purification

The TEM-1, P99, OXA-48, and OXA-163 B-lactamases and their respective mutants were
expressed in £, coli BL21(DE3) cells as described previously.33 In brief, cells were grown in
500 mL LB broth containing 300 mM sorbitol, 2.5 mM betaine, and 30 ug/mL kanamycin to
an ODgqq of 0.6-0.8 before induction with 0.4 mM IPTG. The culture was then grown at
23°C for 18-20 hours with shaking. Cell pellets were obtained by centrifugation and the
culture supernatant was concentrated 10-fold by ultrafiltration using Vivaflow50 100MWCO
(Sartorius, Goettingen, Germany) followed by dialysis overnight at 4°C against buffer
containing 20 mM Tris, 0.4 M NaCl pH 8.0 for TEM-1, 10 mM MES pH 6.0 for P99, and 20
mM Tris, 0.4 M NaCl pH 8.2 for OXA-48 and OXA-163. TEM-1 was purified using a Fast
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Flow Chelating Sepharose™ column (GE Healthcare, Pittsburgh, PA) loaded with zinc and
eluted with a linear gradient of 200 mM of imidazole. P99 was purified using a HiTrap SPFF
Sepharose™ column (GE Healthcare) eluted with linear gradient of 1.0 M NaCl. OXA-48
and OXA-163 were purified using a Fast Flow Chelating Sepharose™ column (GE
Healthcare) loaded with zinc and eluted with a linear gradient of 150 mM imidazole.32
Purity was determined by SDS-PAGE and protein fractions were concentrated with Amicon
centrifugal filters with a 10,000 MW cut-off (Merck KGaA, Darmstadt, Germany). TEM-1
protein concentrations were determined using the Bio-Rad Bradford protein assay reagent
with a standard curve that was calibrated using quantitative amino acid analysis of the wild-
type TEM-1 enzyme. The P99 protein concentration was determined by absorbance at 280
nm using an extinction coefficient of 84,340 M~1 cm~1-34 The protein concentration of
OXA-48 and OXA-163 was determined by absorbance measurements at 280 nm using an
extinction coefficient of 63,940 M~1 ¢m=1.34

The CTX-M-14 and KPC-2 B-lactamases and their respective serine to glycine mutants were
expressed in £, coliRB791 cells as previously described.29 30 In brief, 1.5 L of LB medium
containing 12.5 pg/mL of chloramphenicol was inoculated with overnight cell culture at
final dilution of 1:100 and grown to ODggg of 0.6-0.8 at 37°C with shaking before induction
with addition of 1 M IPTG at 0.2 mM final concentration. Following induction, the cultures
were incubated overnight at 23°C with shaking. Cells were harvested by centrifugation and
the cell pellet was frozen at —80°C for at least one hour. The periplasmic contents were
released by resuspending the cell pellet in 30 mL of 10 mM Tris pH 8.0, 20% sucrose, 1 mM
EDTA before adding 50 mL of sterile water and shaking vigorously. The mixture was
centrifuged and the supernatant was filtered before passing it through a HiLoad SP column
(Amersham, GE Healthcare, Piscataway, NJ). CTX-M-14 enzymes were eluted with a linear
gradient of NaCl. KPC-2 enzymes were bound to the column by adjusting the buffer to pH
5.5 using MES acid and eluted using a linear NaCl gradient. Fractions were pooled and
concentrated with Vivaspin® Turbo centrifugal filters, 10,000 MW cut-off (Sartorius).
Subsequent size exclusion was performed using a HiLoad Superdex 75 column (GE
Healthcare). Protein purity was determined by SDS-PAGE, and fractions with greater than
90% purity were pooled and dialyzed overnight against 50 mM sodium phosphate buffer pH
7.2. CTX-M-14 and KPC-2 protein concentration was determined by absorbance
measurements at 280 nm using an extinction coefficient of 25,565 M~1 cm~1 and 39,545
M~1 cm™1, respectively.34

Thermal Denaturation

Two-state van’t Hoff thermodynamic parameters were determined from circular dichroism
(CD)-thermal melts. CD experiments were performed as previously described.35-37 In brief,
0.075 pg/mL of protein in 50 mM sodium phosphate pH 7.2 was denatured by raising the
temperature in 0.1 °C increments at a ramp rate of 2 °C min~! using a Jasco J-815
spectropolarimeter (Jasco, Essex, UK) with a Peltier effect temperature controller and an in-
cell temperature monitor. Denaturation was marked by an obvious transition in the far-Uv
CD (223 nm) signal. The B-lactamases were shown to refold in that 95% of the signal was
recovered when cooled back to the starting temperature at a protein concentration of 0.075
ug/mL. Experiments were performed in duplicates or more. The melting temperature (7, is
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the temperature mid-point of protein unfolding and was determined by fitting the data to a
single Boltzmann model. All data were fitted using GraphPad Prism 6 (GraphPad Software,
Inc. La Jolla, CA).

Enzyme Kinetic Studies

Assays were performed on a DU800 spectrophotometer at 30°C in 50 mM sodium
phosphate buffer pH 7.2 as previously described.20 32 Substrate hydrolysis was followed at
235 nm for ampicillin (Ae = -900 M~1 cm~1) and 262 nm for cephalothin (Ae = -7,660
M~1 cm~1). Enzyme kinetics data was analyzed with GraphPad Prism 6 (GraphPad
Software, Inc. La Jolla, CA) and fitted to the Michaelis-Menton equation.

Crystallization and data collection

Crystal conditions were screened with 10 mg/mL protein using commercially available
screens. Crystallization was performed by the vapor diffusion hanging-drop method. P99
S64G crystals formed in 0.1M SPG buffer (succinic acid, sodium dihydrogen phosphate, and
glycine) and 25% PEG 1500. OXA-48 S70G and S70A crystals formed in 0.2M sodium
formate, 0.1M cadmium chloride, and 25% w/v PEG 3, 350, and 0.1M Tris-HCI pH 8.5 and
25% w/v PEG 1000, respectively. OXA-163 S70G crystals formed in 0.2M potassium
acetate and 20% wi/v PEG 3350. Crystals were cryo-protected with the well solution
containing 30% v/v MPD and flash-cooled in liquid nitrogen. Data sets were collected at
beamlines 5.0.1 and 8.2.2 (OXA-48 S70A) of the Berkeley Center for Structural Biology in
the context of the Collaborative Crystallography Program.

Structure determination and refinement

Diffraction data was processed using the CCP4 suite.38 iMOSFLM was used to process and
integrate the images.39 The data was scaled using AIMLESS.4C The crystal structures were
determined by molecular replacement with wild-type P99 (PDB ID: 1XX2), OXA-48 (PDB
ID: 3HBR), and OXA-163 (PDB ID: 4S2L) as the phasing model using MOLREP.41
Structure refinement was done using several cycles of the REFMAC542 program and
phenix.refine*3 from the PHENIX suite.** Concurrently, the model was inspected manually
with COOT.#> TLS groups were determined using the TLSMD?®: 47 server and final
refinement was done using either REFMACS or phenix.refine. The final structure was
validated using PDB_REDO*8 and MolProbity.4°.

The structure atomic coordinates were deposited in the Protein Data Bank®® with accession
code 5HAI (P99 S64G), 5SHAQ (OXA-48 S70G), 5SHAP (OXA-48 S70A), SHAR (OXA-163
S70G). Alignment and RMSD calculations were performed by SSM procedure.>! Al
structural figures were generated with the UCSF Chimera graphics program.>2

Angle measurements and hydrogen bonding distances of serine p-lactamases

All of the angle measurements and bond distances were determined as implemented in VMD
and UCSF Chimera programs.>2: 53 The structures used for the measurements were the
following: TEM-1 (PDB ID: 1ZG4); TEM-1 S70G (PDB ID: 1ZG6); CTX-M-14 (PDB ID:
1YLT) CTX-M-14 S70G (PDB ID: 4PM6); P99 (PDB ID: 1XX2); P99 S64G (this study);
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OXA-48 (PDB ID: 3HBR); OXA-48 S70G (this study); OXA-48 S70A (this study);
OXA-163 (PDB ID: 4S2L); and OXA-163 S70G (this study).

RESULTS

Serine B-lactamase stability

The effect of glycine substitutions of the active-site serine on the stability of serine -
lactamases was examined by CD-monitored thermal denaturation experiments. The thermal
denaturation measurements were done with the following p-lactamases and their respective
active-site serine-to-glycine mutants: TEM-1, CTX-M-14, and KPC-2 of Class A, P99 from
Class C, and OXA-48 and OXA-163 from Class D. In all cases, the glycine mutants showed
higher melting temperatures than their wild-type counterparts (Figure 2, Table 1).

The class A serine-to-glycine mutants all exhibited increased stability, however, the
magnitude of the increase in A7y, was different. The AT, of the TEM-1 S70G mutant
increased 2.1°C while the CTX-M-14 S70G mutant increased 4.0°C and the KPC-2 S70G
mutant increased a remarkable 13.3°C compared to their wild-type counterparts. The role of
the CP at position 70 on stability was also assessed for TEM-1 with an S70A mutant. The
mutant exhibited similar stability as wild-type TEM-1 suggesting that removal of Cp is
important for the observed increased stability of the glycine mutant (Figure 2, Table 1).

The S64G mutant of the class C P99 enzyme also showed a large, 9.6°C increase in 7p,. This
agrees with a previous study of the related class C AmpC S64G enzyme, which exhibited a
6°C increase compared to the wild-type enzyme.12 P99 B-lactamase has a very similar
overall structure (overall rm.s.d. 0.61 A) and 71% sequence identity with the AmpC B-
lactamase. These findings suggest that the stabilizing effect of the S64G mutation is due to a
similar mechanism in both enzymes. It is also noteworthy that the AmpC study showed an
S64A mutant exhibits a 0.7 °C decrease in 7, compared to wild type, consistent with
removal of CP being important for the improved stability of the glycine mutant. 12

The class D enzymes have not been studied as extensively as the other two classes of serine
B-lactamases. The class D family is the most diverse in terms of sequence identity and
possesses an unusual spontaneous post-translational carbamylated lysine that serves as the
general base in the catalytic mechanism.2’ > The class D enzymes examined in this study,
OXA-48 and OXA-163 are closely related and differ by only five residues.>® 56 One
substitution (S212D) and a four-amino acid deletion (214-RIEP-217) converts OXA-48 into
OXA-163 and results in a different substrate profile for OXA-163 compared to OXA-48.32
In terms of thermal stability, the S70G mutants of OXA-48 and OXA-163 show increases in
Tm of 4.6 °C and 3.4°C, respectively. In addition, the role of the Cp at position 70 in class D
enzymes was examined by measuring the stability of the ST0A mutants of OXA-48 and
OXA-163, which had 7, values similar to the wild-type enzyme (Figure 2, Table 1). Thus,
comparison of the effects of the glycine and alanine substitutions consistently shows the
increase in stability observed after removing the serine side chain is associated with removal
of the B-methylene group.
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Steady-state kinetics

In order to determine the impact on catalytic activity upon substitution of the active-site
serine to glycine, steady-state kinetics were performed with a penicillin (ampicillin) and a
cephalosporin (cephalothin) substrate. The steady-state kinetic parameters are listed in Table
2. All of the mutant enzymes exhibited a greatly reduced catalytic efficiency (Aat/ Kim) for
both substrates compared to the wild-type enzymes (up to 9000-fold), which is not
surprising given that the serine residue is a key component of the hydrolytic mechanism.
This result further confirms the stability-function trade-off for the S64G/S70G substitutions
of serine B-lactamases in that the substitution increases stability but decreases catalytic
function indicating the sequence requirements for optimal stability (Gly64/Gly70) and
catalysis (Ser64/Ser70) do not correspond.

An interesting additional finding to emerge from the kinetic analysis is that all of the mutant
enzymes had very similar Ag;i/Km values (0.001-0.007 sec~1uM™1) for both ampicillin and
cephalothin, regardless of the activity of the wild-type enzyme towards these substrates. For
example, TEM-1 is a penicillinase with a Aca/Kp value of 26.2 sec™luM=1 for ampicillin
hydrolysis that is reduced 8700-fold for the S70G enzyme (0.003 sec™uM=1). In contrast,
the P99 B-lactamase has a low catalytic efficiency (Acat/ Km, 0.08 sec™tuM™1) for ampicillin
hydrolysis while the P99 S64G mutant has a Azai/ Ky value of 0.002 sec~1uM=1, which is
very similar to that of the TEM-1 S70G mutant but represents only a 40-fold decrease in
activity compared to wild-type P99 (Table 2). Similarly, both CTX-M-14 and P99 are
excellent cephalosporinases with A4t/ Kiy, values for cephalothin hydrolysis of 16.3 and 7.3
secluM1, respectively, while the TEM-1 and OXA-163 enzymes exhibit modest Az K
values of 0.7 and 0.5 sec2mM~1, Nevertheless, the serine to glycine mutants of these four
enzymes have very similar A5/ Kiy, values for cephalothin hydrolysis (0.003-0.007
sec”ImM~1) (Table 2). Therefore, it appears that the change in catalytic mechanism due to
the loss of the side chain of the serine nucleophile creates a baseline of catalytic activity that
is similar across the serine p-lactamases. The similar, low-level, activity among the mutant
enzymes is likely due to the loss of contributions of residues that are involved in the
acylation and deacylation reactions. The mechanism of the Ser-to-Gly mutants presumably
involves a direct attack on the B-lactam by a catalytic water molecule.5” This water molecule
may be positioned and coordinated in the active site by structural elements common to all
serine B-lactamases. Another interesting finding is that hydrolysis activity of the S7T0A
mutants of OXA-48 and OXA-163 was not detectable using the same conditions as for the
S70G mutants (data not shown). In addition, the ST0A mutant of TEM-1 exhibited 30- and
70-fold decreases in catalytic efficiencies for ampicillin (0.0001 sec™*uM™1) and cephalothin
(0.0001 sec1uM~1) compared to TEM-1 S70G (0.003 sec™*pM~1and 0.007 sec1uM=1)
mainly due to decreased kg (0.21 sec™2 for ampicillin and 0.02 sec™! for cephalothin). The
Ky, values of the TEM-1 S70A mutant were similar to S70G mutant with less than a 2-fold
difference (1500 uM for ampicillin and 149 uM for cephalothin). These results suggest that
the cavity formed by the removal of the serine side chain by substitution with glycine may
accommodate a water molecule that is involved in the hydrolysis mechanism of the S70G
mutants but is displaced when an alanine is present.
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To evaluate the possibility that the steady-state parameters for the S70G mutants are due to
wild-type enzyme contamination, the activity of the S70G mutants for ampicillin (OXA-48
and OXA-163) and cephalothin (TEM-1, CTX-M-14, KPC-2, and P99) were tested in the
presence of avibactam (20 pM).58: 59 Avibactam is a potent non-p-lactam covalent inhibitor
of serine B-lactamases and inhibits the wild-type enzymes with a range of Kj values between
2-20 nM.59 We reasoned that since the serine-to-glycine mutants no longer have the serine
nucleophile they would not be affected by the presence of avibactam. The enzymes were
tested under A,/ K and Vinax conditions and it was found that the activities of all of the
enzymes tested were not affected by avibactam, except KPC-2 S70G for which a decrease in
activity was observed. Since the Kj, value of KPC-2 S70G is 3-fold lower in comparison to
KPC-2 (Table 2), it is unlikely that there is a wild-type KPC-2 present. One plausible
explanation for the reduction of activity of KPC-2 S70G is that avibactam can enter and bind
non-covalently in the active site of KPC-2 and thereby inhibit the enzyme. However, further
investigation of this observation is beyond the scope of this study.

Crystal structures of the P99 S64G, OXA-48 S70G and S70A, and OXA-163 S70G mutants

X-ray crystallography was performed to evaluate structural changes resulting from the
serine-to-glycine substitutions. Crystal structures of the class A enzymes TEM-1 and CTX-
M-14 and their S70G mutant equivalents are available.2 57 However, crystal structures of
the P99, OXA-48 and OXA-163 S70G mutants are not available and were therefore
determined. Attempts to crystallize the S7T0G mutant of KPC-2 were not successful.

The P99 S64G crystal structure was determined to a resolution of 2.74 A (Table 3). The P99
S64G mutant crystallized in the P22;2; space group with one molecule in the asymmetric
unit. Overall, the structure is almost identical with the P99 wild-type structure (PDB ID:
1XX2)80 with an r.m.s.d. of the Ca.’s of 0.36 A. Additionally, the active-site residues adopt
very similar conformations in both structures. The absence of the serine side chain in the
mutant eliminates a close contact of 3 A present in wild-type P99 between Cp of Ser64 and
the On of Tyrl50 (Figure 3). This observation is consistent with a similar observation in a
previous study of the AmpC B-lactamase and its S64G mutant.12 Furthermore, the S64G
substitution creates space for binding of a single phosphate ion that is present in the
crystallization condition at 0.2 M concentration. The binding of the phosphate ion was also
observed in the AmpC S64G crystal structure where it was shown not to have an effect on
the stability of the enzyme.12

The crystal structures of the class D S70G mutant enzymes of OXA-48 and OXA-163 were
determined at 2.14 A and 1.74 A resolution, respectively. Superimposition of the wild-type
structures with the S70G mutant structures gave an r.m.s.d. of 0.32 A for OXA-48 (PDB ID:
1HBR) and 0.23 A for OXA-163 (PDB ID: 4S2L) for the matching Ca atoms. As in the
structures of the wild-type enzymes, extra electron density was observed extended from
Lys73 in the glycine mutants indicating that it is in carbamylated form. Despite these
similarities there are some differences in the active site of the S70G mutants. The most
prominent change is in the conformation of Ser118 (Figure 4). In the wild-type structures,
Ser118 adopts a conformation pointing at Lys208 located on the p5-strand away from the
Ser70. The absence of a side chain at position 70 in the S70G mutants allows Ser118 to
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adopt a different conformation in which it points down at the main chain towards Gly70
(Figure 4). In this conformation, the Oy of Ser118 is within hydrogen bond distance (3.3 A)
to the NC of the carbamylated lysine. This conformation would not be favorable in the wild-
type structures mainly because of a close contact (2.9 A) with the CB of Ser70, which will
introduce a steric strain (Figure 4). Also, in the active site of the S70G mutants, the
carbamylated Lys73 is shifted approximately 0.5 A towards the active-site pocket (Figure 5).
Lastly, in both S70G structures (OXA-48 and OXA-163) there is an anion present in the
active site of the enzyme. In the OXA-48 S70G structure a formate ion is positioned in close
proximity to the main chain of Gly70 and interacts with the carboxy! of the carbamylated
lysine and the hydroxyl of Ser118. In the OXA-163 S70G structure an acetate ion is present
at the same position.

To evaluate if the CB at position 70 plays a role in inducing a different conformation of
Ser118 in the S70G mutant structures of the OXA enzymes, the X-ray crystal structure of an
OXA-48 STOA mutant was determined at 1.89 A resolution. OXA-48 S70A crystallized in a
P6522 (hexagonal) space group with two molecules (one dimer) in the asymmetric unit,
which differs from the two other crystal structures obtained with this protein: monoclinic
(wild type)®? and orthorhombic (S70G mutant in this study). The r.m.s.d of the Ca atoms for
the S7OA enzyme are 0.30 A versus wild type and 0.22 A versus S70G. In the crystal
structure of OXA-48 S70A, Ser118 adopts the same conformation as in the structure of the
wild-type enzyme where it is pointing towards Lys208 and away from the Cf of Ala70
(Figure 4A). This observation indicates that Ser118 is constrained to this conformation
because of the steric strain imposed by the close contact between Oy of Ser118 and Cp of
position 70 (Ala and Ser)(Figure 4A). This observation, along with the finding described
above that the S70A substitution does not significantly stabilize the enzyme relative to wild
type OXA-48, suggests that the movement of Ser118 seen in the OXA-48 S70G structure is
associated with the increased stability of OXA-48 S70G and this movement requires
removal of both the hydroxyl and Cp atom of Ser70.

Analysis of the crystal structures of TEM-1 S70G, CTX-M-14 S70G and KPC-2 B-lactamases

X-ray crystal structures of the class A enzymes TEM-1 and CTX-M-14 and their S70G
mutant equivalents are available.2% 57 To better understand the structural basis of the
increases in stability of the S70G mutants, we examined the structures of these enzymes.
Both enzymes, when superimposed with their S70G counterparts are almost identical, aside
from the absence of the side chain of Ser70 in the glycine mutants. However, there are
differences in the conformation of Ser130, which is the structural and mechanistic equivalent
of Ser118 in the class D enzymes.

In the case of TEM-1, a prominent change is the altered conformation of Ser130, which is
pointing down towards Ser70 in the wild-type enzyme resulting in a mild steric clash
between O+ of Ser130 and CP of Ser70 (3.15 A) (Figure 6). In the S70G mutant, Ser130
adopts a different conformation where it points away from Gly70 increasing the distance
between these residues (6.47 A Oy to Ca). Similarly, the position of Ser130 in the CTX-
M-14 wild-type structure also points down towards Ser70 and its Oy is placed 3.36 A away
from the Cp of Ser70 (Figure 6). In the structure of the S7T0G CTX-M-14 enzyme, Ser130
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adopts a different conformation and is oriented away from the Gly70 increasing the distance
between the residues to 5.61A (6.47 A Oy to Ca). The change in conformation of Ser130 in
CTX-M-14 S70G is identical with the change in conformation of TEM-1 S70G (Figure 6).

In the case of KPC-2 B-lactamase, only the crystal structure of the wild-type enzyme is
available.52 When superimposed to the other two class A enzymes, the active site of KPC-2
has Ser70 and Ser130 closer to each other (Figure 6) with a distance of 3.12 A between CB
of Ser70 and Oy of Ser130, which is the shortest distance observed between these residues
among the three class A enzymes examined. By analogy with the TEM-1 and CTX-M-14
S70G structures, the elimination of the side chain and Cp atom in particular, would be
expected to relieve the steric strain and contribute to the observed increased stability of the
KPC-2 S70G mutant.

Analysis of the nucleophile residue main-chain hydrogen bonds and angle measurements
of wild-type enzymes and S70G mutants

To further examine the internal strain introduced by the serine nucleophile in the active site
of serine B-lactamases, we analyzed the angles (omega and phi/psi) of the nucleophile
position as well as the hydrogen bonds formed by the main chain (C=Ony)...H-N(y+3)) in
the wild type and glycine mutants. The conformation of an ideal peptide unit is planar with
an omega angle value of 180 degrees.®3 Deviations from this value will introduce strain on
the peptide unit that may result in compromised stability. In addition, for all of the enzymes
in this study, the serine nucleophile is located at the N-terminus of an a-helix where the first
five residues of the helix form a 31g-helix characterized with 7 fo 43 main-chain hydrogen
bonds.84 The phi/psi angles of the nucleophile are rather far away from the phi/psi angles of
an ideal 31g-helix (p ~—49°, v ~-27°).55 As a result, the intrahelical hydrogen bond that is
formed by its main-chain carbonyl atom has less optimal distance (C=0...H-N) and angular
(O...H-N) parameters. Additionally, serine compared to glycine has a side chain, which
further restrains the conformational space that can be adapted by this amino acid.%¢ Based
on the aforementioned, we reasoned that in the wild-type enzymes the serine (-COOH and —
NH) would be restrained to a conformation that is suboptimal for stability and by
substituting the serine to glycine this restraint will be relaxed leading to an increase in
stability. Subsequently, the relaxation in conformation by the glycine substitution will
enhance the main chain hydrogen bonding of this position (2.8 A distance and 180° angle)
leading to improvement of the overall hydrogen bond network in the a-helix.

The values of the angles for the nucleophile position together with the respective hydrogen
bonds of the main chain are shown in Table 4. In all of the analyzed enzymes, the omega
values of the nucleophile position in the wild-type enzymes showed greater deviation from
180° compared to the glycine mutants suggesting increased strain of the peptide unit of the
serine nucleophile in the wild-type enzymes. The largest improvement of the omega angles
of the glycine mutants is observed in CTX-M-14 (4°) followed by OXA-48 and OXA-163
(3°), TEM-1 (2°) and lastly P99 had an improvement of the omega angle by 1°.

In addition to improved omega angles, there is a general trend of the glycine substitutions
improving the phi/psi angles by shifting them to the more favorable regions in the
Ramachandran plot.56. 87 The class D enzymes (OXA-48 and OXA-163) have the largest
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change in the phi/psi angles where the S70G mutants shift to a more favorable conformation
by ~14° (phi) and ~10° (psi). It is worth noting that the S70A mutant of OXA-48 has almost
identical phi/psi angles and hydrogen bond distances with OXA-48, which is consistent with
the wild-type-like thermostability for this mutant (Table 1 and Figure 2). Additionally, in the
glycine mutants the hydrogen bond distances and/or the angles associated with them are also
improved. In general, there is a slight decrease in the hydrogen bond distance (0.03-0.21 A)
and increase in the respective angle (7-15°). However, in the case of CTX-M-14 there is not
much difference between the wild-type enzymes and the glycine mutants. Furthermore, the
P99 S64G mutant compared to P99 has very similar phi/psi angles and exhibits longer
hydrogen bond distance (Table 4) indicating little effect on the stability. These observations
are most likely because of the questionably close distances of the hydrogen bonds in P99
wild type (1.97-2.02 A) and CTX-M-14 wild type (1.96 A and 2.32 A) and S70G mutant
(2.00 A and 2.33 A) crystal structures and might be viewed as a relief of a close contact and
steric strain in the S70G mutants. Furthermore, this also illustrates the complexity of protein
stability and the role of each element when deciphering their contribution to the overall
thermostability. Nevertheless, considering the flexibility introduced by the glycine mutants it
is plausible to postulate that a relief of an internal strain, elimination of a close contact by
the glycine substitution, improved omega and phi/psi angles and improved hydrogen bond
parameters taken together result in increased thermostability.

DISCUSSION

Mechanism of hydrolysis of S70G mutants

Considering the critical role of the serine nucleophile for the function of these enzymes, it is
not surprising that the substitution of serine to glycine results in enzymes with poor catalytic
activity. The mutant enzymes must bypass the covalent acyl-enzyme intermediate and
presumably function by direct attack of a water molecule on the carbonyl carbon of the
amide bond in the ring (Figure 1). In this case, a strategically positioned catalytic water
molecule is needed for the hydrolysis to occur.

Based on the crystal structure of the TEM-1 S70G mutant, Stec et al. suggested that in class
A enzymes this catalytic water is coordinated by the side chains of Ser130 and Lys234
(Figure 7A).56 In the structure of the class A enzyme CTX-M-14, the presence of a sulfate
ion in the active site of the S70G would preclude the observation of a water molecule located
approximately in the same position (Figure 7B).29 In the Class D structures, we did observe
a water molecule coordinated by the side chains of Ser118 and Lys208, which are the
equivalents of Ser130 and Lys234 in class A enzymes (Figure 7C and 7D). The equivalent
residues for class C P99 enzyme are Tyr150 and Lys315, however, the 2.74 A resolution of
the S64G structure limits the ability to locate a water. Another possibility is that the water
responsible for deacylation in the mechanism of the serine p-lactamases serves as the
catalytic water in the glycine mutants and this water is present in the TEM-1 and CTX-M-14
S70G structures (Figure 7A and 7B).22: 57 The lower resolution of the P99 S64G structure
prevented accurate identification of the deacylation water.2° In class D B-lactamases the
deacylation water is coordinated by the N-carbamylated lysine.®8 This water, however, was
not observed in the crystal structures of OXA-48 S70G and OXA-163 S70G (Figure 7C and
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7D). The detailed mechanism of hydrolysis by the serine to glycine mutants of the serine p-
lactamases will require additional mechanistic studies.

Relief of a close contact with the nucleophilic serine

A common theme in the structures of the glycine mutants is the elimination of a close
contact between the catalytic serine and a hydroxyl group that occupies a similar position in
all of the enzymes. In the class A enzymes, the hydroxyl is from Ser130 while in class D it is
the mechanistically equivalent Ser118 and in class C it is Tyr150. In all cases, removal of the
catalytic serine side chain and, more specifically, the Cp atom, relieves the close contact. For
the class A and D enzymes, the glycine substitution results in a movement of Ser130/Ser118
while Tyr150 in class C P99 does not change position (Figs. 3—6). Interestingly, the
movement of Ser130 in the class A mutants is different from that in the class D mutants. In
the class A TEM-1 and CTX-M-14 mutants the Ser130 side chain adopts a conformation
where the hydroxyl group points away from Gly70 and towards Lys234. This brings the Oy
of Ser130 and Ne of Lys234 about 0.2 A closer in the class A S70G mutants compared to
the wild-type enzymes. This closer interaction results in strengthening of the hydrogen bond
between these two residues that may also contribute to increased stability. In the glycine
mutants of OXA-48 and 163 the Ser118 conformation orients the side chain towards Gly70,
which is opposite to the change in the class A enzymes. The different orientation of the
Ser118 side chain brings the Oy into hydrogen bond distance (3.00 A) with the Ne of the N-
carboxylated Lys73 and creates a hydrogen bond network between Lys73-Ser118-Lys208
that is not present in the wild-type enzymes and could also contribute to increased stability.

Strained conformation of the serine nucleophile

In addition to the close contact introduced by the active-site serine, the position of the
nucleophile is located at the N-terminus of a 31g-helix and introduces strained interactions in
the active site of serine p-lactamases. This strained conformation of the serine is not unique
to B-lactamases and has been observed in many structures of proteins where an a.-helix
begins with a serine residue.67- 69. 70 |n a detailed study of a large set of crystal structures
(363 polypeptide chains) Pal et al observed that out of the twenty amino acids, serine has the
highest propensity to be in a disallowed region of the Ramachandran plot and contributes to
strained interactions when is located at the N-terminus of an a-helix.”? Although the
nucleophilic serine is not in a disallowed region in the wild-type p-lactamase structures, its
omega and phi-psi angles are not ideal and are improved in the glycine mutants. The
analysis of the crystal structures of the p-lactamases in this study suggest that by replacing
serine with a conformationally less restrained glycine to a large extent relieves the strained
interactions in the mutant enzymes, consistent with increased stability. Substitution of serine
with a glycine residue also allows the placement of its main chain carbonyl oxygen atom in
position to form an intra-helical hydrogen bond with improved distance (C=0...H-N) and
angular (O...-H-N) parameters thereby further contributing to increased protein stability.’

CONCLUSIONS

Serine p-lactamases from multiple classes (A, C, and D) are stabilized by removal of the
side chain at the position of the active-site nucleophile. All of the S70G mutants tested were
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more stable than their wild-type counterparts. The increased thermostability ranged from
2.1-13.3 °C, most likely due to variations in the local environment near the catalytic serine
and the spatial arrangement of the enzyme’s active site. Structural analysis suggests that in
all of these enzymes the serine nucleophile introduces a steric strain in the active site, which
compromises stability. Removing the serine side chain and particularly the Cp atom relieves
this steric strain. Additionally, improvement of the intra-helical hydrogen bond network and
torsion angles of the glycine mutants relative to wild type may also contribute to the increase
in the thermostability. Taken together, these findings suggest that the contacts of the active-
site serine with other catalytic residues in the vicinity that result in internal strain are a
common feature of all serine p-lactamases. The results also support the stability-function
trade-off hypothesis that active-site residues are selected for optimal catalysis even if this is
not consistent with optimal enzyme stability. /- 19 72
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Figure 1.
General scheme of the catalytic mechanism of serine B-lactamases. The p-lactam ring is

shown in red. The serine nucleophile is activated via a general base and attacks the carbonyl
of the B-lactam ring in the acylation step. This results in formation of the covalent acyl-
enzyme complex. In the deacylation step the complex is resolved by a catalytic water
molecule, which is activated by the general base.
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CTX-M-14
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Thermal denaturation curves of six serine B-lactamases. The denaturation curves for the
wild-type enzymes are shown in black and the curves for the active-site serine-to-glycine
mutants are colored orange. The denaturation curves for the S70A mutants of TEM-1,

OXAA48, and OXA-163 are shown in blue.
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Figure 3.

Structure alignment of P99 wild type and S64G mutant p-lactamases. The wild-type P99
structure (PDB ID: 1XX2) is shown in yellow and the P99 S64G mutant structure
determined in this study is shown in cyan. The inset contains a detailed view of residues 64
and 150. The absence of the side chain at position 64 in the S64G mutant (middle panel)
increases the distance between O of the Y150 and position 64 to 3.8 A compared to 3.0 A
in the wild type (top panel).
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Figure 4.
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Overlay of class D enzymes OXA-48 and OXA-163 and their Ser70 mutants. Positions 70
and Ser118 are shown in stick representation. Distances between selected atoms are labeled
and represented as dashed lines. (A) Left panel, structure alignment of OXA-48 B-lactamase
(PDB ID: 3HBR) in grey and the S70A mutant structure in blue. Middle panel, the S70G
mutant structure shown in dark cyan. Right panel, the structure alignment of OXA-48 wild
type with OXA-48 S70A, and S70G mutants. (B) Left panel, the OXA-163 (PDB ID: 4S2L)
structure shown in green. Middle panel, the OXA-163 S70G structure shown in tan. Right
panel, structural alignment of OXA-163 with the S7T0G mutant. In both the OXA-48 and
OXA-163 enzymes, Ser118 adopts a different conformation when Ser70 is substituted to
glycine (middle panels). This conformation is not possible in the wild-type enzymes because
of close contact between Ser70 and Ser118 (right panels).
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Figure 5.
The position of Lys73 is shown in the crystal structure of the S70G mutant of OXA-48 (dark

cyan) aligned with wild-type OXA-48 (PDB ID: 3HBR) in grey (left panel). The right panel
shows the S70G mutant of OXA-163 in tan aligned with OXA-163 (PDB ID: 4S2L) in
green. Selected residues are represented in stick and labeled. Black arrows point at the Lys73
and Ser118 residues outlining the movement of these residues in the S70G mutants in
comparison to the wild-type enzymes.
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Structural representations of the active sites of class A p-lactamases from this study. A)
Wild-type TEM-1 (PDB ID: 1ZG4) is shown in blue and TEM-1 S70G in gold (PDB ID:
17G6). B) Wild-type CTX-M-14 (PDB ID: 1YLT) is shown in purple and the S70G mutant
(PDB ID: 4PMS6) in light green. C) Wild type KPC-2 (PDB ID: 20V5) is shown in yellow.
D) Structural alignment of TEM-1, CTX-M-14, and KPC-2 B-lactamases. Selected residues
are represented in stick and labeled. Dashed lines represent distances between atoms from
2.8 to 3.8 angstroms. Note that KPC-2 has a tryptophan at position 105 while CTX-M-14
and TEM-1 have tyrosine at this position. In addition, CTX-M-14 and KPC-2 have tyrosine
and threonine at positions 129 and 216 while TEM-1 has methionine and valine at these

positions.
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Figure 7.
Representations of the active sites of class A and class D S70G mutants. Position 70 is

colored in red, selected residues and respective anions are represented in stick and labeled;
water molecules are represented as red balls, and dashed lines represent selected
interactions. A) TEM-1 S70G (PDB ID: 1ZG6) is shown in gold, the deacylating water is
coordinated by E166 and N170. Stec et al. proposed that the water molecule coordinated by
S130 and K234 is involved in the hydrolysis mechanism of the S70G mutant.>” B) CTX-
M-14 S70G (PDB ID: 4PM®6) is shown in green, the deacylating water is coordinated by
E166 and N170. S130 and K234 coordinate a sulfate ion that is shown in yellow. C)
OXA-48 S70G (PDB ID: 5HAQ) is shown in dark cyan. S118, K208, and T209 coordinate a
water molecule. Additionally, a formate ion is coordinated by the N-carbamylated K73 and
the -NH of G70. D) OXA-163 S70G (PDB ID: 5HAR) is shown in tan. K208 and T209
coordinate a water molecule. Also, an acetate ion is coordinated by N-carbamylated K73 and
the —NH of G70.
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Melting temperature values of serine -lactamases and their respective serine nucleophile mutants.

B-Lactamase Tm (°C) ATy (°C)
TEM-1 54.2 -
TEM-1 S70G 56.3 21
TEM-1 S70A 54.6 0.4
CTX-M-14 58.2 -
CTX-M-14 S70G 62.2 4.0
KPC-2 63.3 -
KPC-2 S70G 76.6 13.3
P99 61.9 -
P99 S64G 715 9.6
OXA-48 58.9 -
OXA-48 S70G 63.5 4.6
OXA-48 ST0A 59.5 0.6
OXA-163 55.2 -
OXA-163 S70G 58.6 34
OXA-163 ST0A 55 -0.2
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Table 2
B-Lactamase steady-state kinetics parameters.
Ampicillin Cephalothin
Wild type S70G Wild type S70G
TEM-1
Koy (seC7Y) 1653+370 836+01  142+5 13301
Kin (UM) 63+14  2500+430 218+15 17928
keatl Koy (s6C7TIMY) 26.2 0.003 0.65 0.007
CTX-M-14
keat (seC7h) 97.6+4 ND 572+8  0.17+0.01
Kin (UM) 71+16 ND 35+6 50 + 10
Keatl K (SEC™1uM 1) 1.37 - 16.3 0.004
KPC-2
Koy (seC7Y) 39.5+£0.95 0.08+001 1056  0.06+0.01
Kin (UM) 98+2 105 + 16 95+ 8 29+6
Kear K (s€C™TUM™L) 0.4 0.001 11 0.002
P99
Kear (seC7Y) 0.78+0.01 039001 145+5 0.05%0.01
Kin (UM) 10+2 248 +13 20+2 19+2
keal Koy (s6C7TIMY) 0.08 0.002 7.25 0.003
OXA-48
Kot (seC7Y) 208+38 068005 28+01 ND
Kin (M) 1630 +£217  345+22  140%10 ND
Kead Ky (seC™IuM™1) 0.13 0.002 0.02 -
OXA-163
Kot (seC7Y) 86+88 173x0.11 17%01 002001
Kin (M) 737 £23 522+£20 34%04 4+1
Keal K (s€C™IUM 1) 0.12 0.003 0.5 0.005

aND - No detectible hydrolysis with up to 10 UM enzyme and 500 pM substrate.
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Table 3

Crystallography data collection and refinement statistics.

Page 27

Protein P99 S64G OXA48 S70G OXA48 S7T0A OXA-163 S70G
Data collection PDB ID: SHAI PDB ID: 5HAQ PDB ID: 5HAP PDB ID: 5HAR
Wavelength (A) 0.997 0.997 0.919 0.997

Resolution range (A)

Space group

61.9-2.74 (2.84 - 2.74)
P22,2,

60 - 2.14 (2.22 - 2.14)
P2,2,2;

57.1-1.89 (1.96 - 1.89)
P6522

62.38 - 1.74 (1.80 - 1.74)
c222

Unit cell

a b ch) 61.9,69.4,78.1 72.3,73.6,106.3 121.9,121.9, 161.5 44.3,88.0,124.8

a, B,y (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 1200.0 90.0, 90.0, 90.0
Unique reflections 9252 (896) 32093 (3160) 57087 (5591) 25438 (2507)
Multiplicity 6.9 (6.9) 6.5 (6.7) 25.5(21.7) 7.1(7.5)
Completeness 99.5 (98.1) 99.8 (99.7) 99.9 (99.8) 99.7 (100)
Mean I/sigma(l) 5.9 (2.3) 9.2 (2.3) 10.9 (2.1) 13.8 (1.7)
Wilson B-factor (A2) 30.2 28.6 23.2 19.5
Rmerge (%) 6.4 (25) 5.0 (32) 3.8(35) 3.7 (41)
Mean /half-set correlation CCy, 0.9 (0.84) 1.0 (0.84) 1.0 (0.85) 0.99 (0.58)

Refinement

Ruork (Reree) (%) 21.9 (25.2) 19.1 (21.6) 17.2 (19.5) 18.9 (22.6)
Number of non-hydrogen atoms 2819 4181 4374 2228

Protein 2751 3944 3952 1939

Ligands 2 12 129 7

Waters 68 225 293 282
Protein residues 359 482 482 237
r.m.s.d. bond length (A) 0.011 0.009 0.014 0.003
r.m.s.d. bond angle (°) 1.36 1.18 1.59 0.75
Ramachandran favored (%) 98 97 98 97
Ramachandran outliers (%) 0 0 0 0
Average B-factor (A2) 26.6 36.1 30.8 25.2

Protein 26.7 35.9 29.8 235

Ligands 41.6 36.5 55.4 31.2

Waters 24.7 39.9 33.7 36.8
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