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TEM-1 B-lactamase is the most common plasmid-encoded
B-lactamase in Gram-negative bacteria and is a model class A
enzyme. The active site of class A -lactamases share several
conserved residues including Ser’®, Glu'®®, and Asn'7° that
coordinate a hydrolytic water involved in deacylation. Unlike
Ser’? and Glu'®®, the functional significance of residue Asn'"? is
not well understood even though it forms hydrogen bonds with
both Glu'®® and the hydrolytic water. The goal of this study was
to examine the importance of Asn'” for catalysis and substrate
specificity of B-lactam antibiotic hydrolysis. The codon for posi-
tion 170 was randomized to create a library containing all 20
possible amino acids. The random library was introduced into
Escherichia coli, and functional clones were selected on agar
plates containing ampicillin. DNA sequencing of the functional
clones revealed that only asparagine (wild type) and glycine at
this position are consistent with wild-type function. The deter-
mination of kinetic parameters for several substrates revealed
that the N170G mutant is very efficient at hydrolyzing sub-
strates that contain a primary amine in the antibiotic R-group
that would be close to the Asn'”° side chain in the acyl-inter-
mediate. In addition, the x-ray structure of the N170G
enzyme indicated that the position of an active site water
important for deacylation is altered compared with the wild-
type enzyme. Taken together, the results suggest the N170G
TEM-1 enzyme hydrolyzes ampicillin efficiently because of
substrate-assisted catalysis where the primary amine of the
ampicillin R-group positions the hydrolytic water and allows
for efficient deacylation.

B-Lactam antibiotics (e.g. penicillins and cephalosporins) are
among the most often prescribed drugs to treat bacterial infec-
tions (1, 2). Their frequent use over several decades, however,
has led to the widespread selection of B-lactam-resistant bac-
teria. 3-Lactamases catalyze the hydrolysis of B-lactam antibi-
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otics and represent the most common mechanism of bacterial
resistance to the drugs (3). There are four different classes
(A-D) of B-lactamases based on primary sequence homology.
Class B B-lactamases are metallo-enzymes that use zinc ions to
hydrolyze the B-lactam ring, whereas classes A, C, and D -lac-
tamases utilize a catalytic serine as the primary nucleophile (4).

Class A B-lactamases exhibit a broad substrate hydrolysis
profile that includes penicillins, cephalosporins, and, for a few
enzymes, carbapenems (5—7). TEM-1 B-lactamase is a class A
enzyme and is the most common plasmid-encoded B-lacta-
mase in Gram-negative bacteria (8). TEM-1 B-lactamase effi-
ciently hydrolyzes penicillins and many cephalosporins, but it is
not an effective catalyst for extended spectrum cephalosporin
turnover (9). In addition, small molecule mechanism-based
inhibitors of TEM-1 B-lactamase such as clavulanic acid are
often used in conjunction with penicillins to avoid hydrolysis of
the antibiotic (10). TEM-1 B-lactamase-mediated resistance
has evolved over the past several years, however, because of
mutations in the blap,, ; gene that result in amino acid sub-
stitutions that allow the TEM enzyme to hydrolyze extended
spectrum cephalosporins or to avoid the action of mechanism-
based inhibitors (11, 12).

The current view of the class A 3-lactamase catalytic mech-
anism is divided into two stages: acylation and deacylation (13).
During the acylation step, a proton is removed from the cata-
lytic Ser”® residue (14). The process by which the proton is
removed is currently under debate as to whether it is trans-
ferred to the side chain amine group of Lys”? directly or if it is
transferred to a water molecule that is coordinated by Ser”®,
Glu'®®, and Asn'”® (14-22). Currently, there is evidence for
both pathways, and it has been proposed that perhaps both
actions are possible and function together to remove the proton
from Ser”® (23). The oxygen of Ser”® then attacks the carbonyl
group to break the amide bond of the B-lactam (20). At this
point, an acyl-intermediate is formed, and the same water that
was coordinated by Ser”®, Glu'®®, and Asn'’® in acylation is
activated to attack the covalent bond formed in the acyl-inter-
mediate structure, which results in hydrolysis of the B-lactam
antibiotic and regeneration of the enzyme (20, 22, 24, 25).

An omega loop structure within the TEM-1 active site contains
residues Glu'®® and Asn'”® that coordinate the hydrolytic water
discussed above (22). Glu'®® is known to be crucial for deacylation,
and changing this glutamate to other residues results in the forma-
tion of a stable acyl-enzyme intermediate (24, 26 —29). For exam-
ple, a TEM-1 E166N enzyme has been crystallized, and its struc-
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ture has been determined in the acyl-enzyme form (20). Although
the significance of Glu'®® is well documented (24, 26 —28), less
work has been done to determine the functional role of Asn'”°
even though it forms hydrogen bonds to Glu'®® and to the hydro-
lytic water that is also coordinated by Glu'®® (22, 30).

The importance of Asn at position 170 for ampicillin hydro-
lysis was assessed by randomizing the position 170 codon to
create a library containing all 20 possible amino acids. The
library was sorted for mutants proficient at ampicillin hydroly-
sis by introducing the library into Escherichia coli and spread-
ing the transformed cells on agar plates containing a concen-
tration of ampicillin that selected for mutants exhibiting wild-
type levels of hydrolysis. DNA sequencing of the bla ;. ; gene
from functional clones indicated only asparagine (wild type) or
glycine at position 170 was consistent with high level function.
The determination of kinetic parameters for several substrates
revealed that the N170G enzyme is very efficient at hydrolyzing
substrates that contain a primary amine in the antibiotic side
chain. In addition, the x-ray structure of the N170G enzyme in
the absence of substrate indicated that the position of the
catalytically active water was altered in comparison with the
wild-type structure. The kinetic parameters and structure
determination results suggest that the N170G TEM-1 enzyme effi-
ciently hydrolyzes substrates containing an amino group in the
side chain, such as ampicillin, because of substrate-assisted catal-
ysis, whereby the amine coordinates the hydrolytic water and
facilitates an efficient deacylation reaction.

EXPERIMENTAL PROCEDURES

Construction of the Position 170 Random Library and Selec-
tion of Functional Clones—The position 170 random library
was constructed by overlap extension PCR using sense and
antisense strand primers complementary to the regions sur-
rounding codon 170 (31). The oligonucleotides contained the
sequence NNN, where N is any of the four nucleotides, in place
of codon 170. The sense and antisense strand primers outside of
the blargy., gene were PD-blal and TEM-Xbal-bot, which
contained the Sacl and Xbal sites, respectively, at the 5'-ends
as follows: TEM-N170X, top, 5'-GGG AAC CGG AGC TGN
NNG AAG CCA TAC CAA A-3'; TEM-N170X, bottom,
5'-CGT TTG GTA TGG CTT CNN NCA GCT CCG GTIT
CC-3'; PD-blal, 5'-CGG GGA GCT CGT TTC TTA GAC
GTC AGG TGG CAC-3’; and TEM-Xbal, bottom, 5'-GCG
TGG TGC AAG TCT AGA TTA CCA ATG CTT AA-3'".

The pBG66 plasmid contains the wild-type bla gy, gene
and was used as template for the PCRs. The final PCR product
was digested with Sacl and Xbal restriction endonucleases and
ligated into Sacl-Xbal-cut pTP123 plasmid (32). The ligation
mixtures were used to transform E. coli XL-1-Blue (Stratagene)
by electroporation, and colonies were selected on LB agar plates
containing 12.5 ug/ml chloramphenicol. Plasmid DNA was iso-
lated from several transformants, and the region encoding the
Asn'”® codon was sequenced to ensure that different codons
were present at position 170 among the transformants. The
colonies were pooled from the LB plus 12.5 pg/ml chloram-
phenicol plates to create the N170X library.

The library cells were then spread on LB agar plates contain-
ing either 12.5 wg/ml chloramphenicol or 1 mg/ml ampicillin.
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The agar plates containing 1 mg/ml ampicillin were used to
select clones from the library that provide wild-type levels of
ampicillin resistance because this is the highest concentration
of ampicillin on which an E. coli cell containing the TEM-1
plasmid can grow (33, 34). The plates were then incubated at
37 °C overnight. The clones that survived on the 1 mg/ml ampi-
cillin agar plates were picked and grown in LB broth containing
12.5 pg/ml chloramphenicol, and plasmid DNA was purified
using the QIAprep Spin Maniple kit. Once the plasmids were
isolated, the blatg,.; gene was sequenced to determine the
amino acid sequence of position 170 among the functional
clones.

Site-directed Mutagenesis—The N170G and N170A mutants
were constructed in the pET-TEM-1 plasmid using overlap
extension PCR (31). The pET-TEM-1 plasmid used here
encodes the wild-type mature portion of TEM-1 B-lactamase
fused to the ompA signal sequence as previously described (35).
The T7 forward and reverse primers were used in combination
with the primers to introduce the glycine and alanine substitu-
tions (N170G forward, 5'-GTT GGG AAC CGG AGC TGG
GTG AAG CCA TAC CAA ACG-3'; N170G reverse, 5'-CGT
TTG GTA TGG CTT CAC CCA GCT CCG GTT CCC AAC-
3’; N170A forward, 5'-GTT GGG AAC CGG AGC TGG CTG
AAG CCA TAC CAA ACG-3’; and N170A reverse, 5'-CGT
TTG GTA TGG CTT CAG CCA GCT CCG GTT CCC AAC-
3’). The PCR product was introduced into the pET-TEM-1 vec-
tor through a DNA ligation reaction using T4 ligase and the
BamH1 and Ndel restriction sites. The ligation reactions were
then transformed into XL-1 Blue E. coli cells. DNA sequencing
was used to confirm that the mutation was introduced and that
no extraneous mutations occurred.

The N170G, E166A, and E166A/N170G mutants were cre-
ated by overlap extension PCR with oligonucleotides encoding
the desired mutations (31). The TEM-1 E166A/N170G clone is
a double mutant. The sense and antisense strand primers out-
side of the bla . ; gene were PD-blal and TEM-Xbal-bot,
which contained the Sacl and Xbal sites, respectively, as
described for the library construction above. The final PCR
product was digested with Sacl and Xbal and ligated into SacI-
Xbal cut pTP123 plasmid (32). The ligation mixtures were used
to transform E. coli XL-1-Blue by electroporation, and colonies
were selected on LB agar plates containing 12.5 ug/ml chlor-
amphenicol. DNA sequencing was used to identify clones con-
taining the correct mutant sequence.

Minimum Inhibitory Concentration Determination—The
plasmids encoding the wild-type and mutant TEM-1 genes
were transformed into E. coli XL1-Blue cells and grown over-
night in 4 ml of LB broth containing 12.5 ug/ml chloramphen-
icol. The overnight culture was diluted 100-fold and grown at
37 °C for 3—4 h until the cultures reached mid-log (A4, =
0.4-0.5). A cotton swab was placed into the culture and then
spread over a warm LB agar plate. An Etest strip (AB Biodisk)
was placed on the plate and incubated at 37 °C overnight. The
minimum inhibitory concentration (MIC)? was determined the
next day in accordance with the company standards.

3 The abbreviation used is: MIC, minimum inhibitory concentration.
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The MIC was also determined by liquid broth dilution by
doubling the amount of ampicillin in culture to confirm the
observations above and to determine an accurate MIC of the
E. coli cells containing the wild-type TEM-1 and the N170G
mutant plasmids. Overnight cultures were grown at 37 °C by
inoculating 4 ml of LB broth containing 12.5 ug/ml chloram-
phenicol with single colonies. 10* colony-forming units/ml
cells were used to inoculate LB broth containing increasing
amounts of ampicillin starting with a concentration of 2 pg/ml.
The MIC was determined after an 18-h incubation at 37 °C.

Kinetic Analysis of the B-Lactamase Enzymes—The in vitro
kinetic parameters were determined as previously described
(9). The amount of wild-type TEM-1 or mutant enzyme that
was used varied between the enzymes and the substrates tested.
In addition, a 1-cm-pathlength quartz cuvette was used to mon-
itor ampicillin and penicillin G hydrolysis, whereas a 0.1-cm
quartz cuvette was used for cephalothin and cephalexin reac-
tions due to the high absorption of the cephems at the concen-
trations relevant to the assay. The initial velocities were mea-
sured with a DU 800 spectrophotometer, and the data were
fitted to the Michaelis-Menten equation, v = V,__ [S]/(K,, +
[S]), using GraphPad Prism5 to determine k_,, and K,,,. When
the TEM-1 mutants had high K, values that prevented deter-
mination of V,__, the catalytic efficiency (k_,/K,,) was deter-

max’ cat!

mined using the equation, v = k_, /K, [E][S], where [S] < K|,
(36). The initial velocities were measured in at least duplicate
and averaged to determine the kinetic parameters.

TEM1 B-Lactamase Purification and Crystallization—
TEM-1 B-lactamase and its mutants were purified as described
previously using a zinc chelating column followed by gel filtra-
tion (9). After the gel filtration column, the N170G TEM-1
B-lactamase was dialyzed into 60 mM sodium phosphate buffer,
pH 7.8. The sample was condensed to a concentration of 30
mg/ml. Hanging drops were then set up using a TTP LabTech
mosquito instrument. The reservoir contained 70 ul of 0.2 M
LiCl, 0.1 m Hepes, pH 7.0, and 20% polyethylene glycol 6000
(Qiagen) and a 2-ul hanging drop (1:1 ratio of protein solution:
mother liquor), and the trays were maintained at 20 °C. The
crystals were visible after 24 h and were harvested after 2 weeks.
The crystals were cryoprotected with the mother liquor plus
20% glycerol and stored in liquid nitrogen until data collection.

Data Collection and Refinement—The x-ray crystallography
data were collected using the Advanced Photon Source at
Argonne National Laboratory Synchrotron. The data were
integrated and scaled using HKL2000 (37). Six molecules/
asymmetric unit were found using molecular replacement with
the Phaser program as a part of the CCP4i suite (38, 39). The
reference molecule (Protein Data Bank code 1BTL) used was
the wild-type TEM-1 B-lactamase molecule (22). After molec-
ular replacement, a total omit map was created by the program
SFCHECK to minimize model bias (40). The model was then
fitted to the total omit map using Coot (41). The Phenix pro-
gram was used to refine the structure with TLS and noncrystal-
lographic symmetry restraints. Ordered solvent was also added
using Phenix (42). A list of the data collection and refinement
statistics are provided in Table 3. The analysis of the structure
was done using both the Pymol and Coot programs (43). The
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Asn170 5-AAT-3

5-NNN-3
Naive library 1 mg/ml AMP
ATG M AAT N (8)
AAG K AAC N (3)
TTT F GGT G (2)
TTC F GGC G (1)
AAT N
ATT T
TTG L
TAT Y
CCA P
GAA E (2)
CTA L

FIGURE 1. Results of DNA sequence analysis of mutants from the N170X
random library. The column on the left shows sequences of N170X mutants
picked from the naive library before selection on ampicillin. These mutant
sequences indicate that the Asn'’® position was randomized in the library
and that there is no obvious bias among the sequences. The column on the
rightindicates sequences of mutants from the N170X library after selection for
functional clones on agar plates containing 1 mg/ml ampicillin. The numbers
in parentheses indicate the number of times the indicated codon was identi-
fied among the mutants sequenced.

coordinates of the TEM-1 N170G mutant structure have been
deposited in the Protein Data Bank (code 3JYI).

Molecular Modeling—The TEM-1 E166N acylated interme-
diate structure (Protein Data Bank code 1FQG) with penicillin
was used to approximate the space available in the acylated
intermediates of the N170G and N170A mutants. These substi-
tutions were introduced to the 1IFQG acyl-enzyme structure in
conjunction with the addition of an amine group to the penicil-
lin substrate to create ampicillin. The appropriate distance
measurements were estimated using Pymol (43). The models
and distances were used to assess the potential of the primary
amine from the ampicillin side chain to fill the void left from the
position 170 mutants in the acyl-intermediate of catalysis.

RESULTS

Randomization of Position 170 and Selection of Functional
Mutants—As a first step in understanding the role of aspara-
gine at position 170 in the active site of TEM-1 3-lactamase, the
effects of amino acid substitutions at this residue were studied
by randomizing the position 170 codon from AAT to NNN,
where N is any of the four nucleotides to create a library of all
possible amino acid substitutions. To determine which amino
acid substitutions at position 170 are consistent with wild-type
levels of function, the random library was introduced into
E. coli, and the transformed cells were spread on agar plates
containing a concentration of ampicillin (1 mg/ml) that selects
for wild-type levels of ampicillin hydrolysis by -lactamase. The
DNA sequence of the bla gene of functional mutants revealed
that the spectrum of amino acid substitutions that are consis-
tent with high level ampicillin hydrolysis includes only the wild-
type asparagine and glycine (Fig. 1). This result indicates that,
other than the wild-type asparagine, only a glycine substitution
at this position results in an enzyme able to hydrolyze ampicil-
lin at levels comparable with wild type. It is also interesting to
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TABLE 1

Minimum inhibitory concentrations of ampicillin for omega loop
mutants

E. coli containing TEM-1

. Broth dilution MIC Etest MIC
plasmids

pug/ml ug/ml
E. coli XL-1 Blue 2 15
pTP123 2 1.5
Wild-type TEM-1 2048 >256
N170G 2048 >256
E166A 4 2
E166A/N170G 8 4

TABLE 2

Kinetic parameters for hydrolysis of 3-lactam antibiotics by TEM-1
and mutant B-lactamases

k.o is expressed in s, and K, is expressed in uM. NA, not available, K, too high to

c;

determine accurately. ND, not detected.

Substrates
Enzyme — -
Ampicillin  Penicillin G Cephalexin Cephalothin

Wild-type

ke 1085 = 137 950 = 41 13=1 146 * 16

K, 3818 28+ 5 1162 = 250 182 + 58

kadK,, 29 34 0.01 0.80
N170G

Keat 467 £ 76 64+ 2 16 =3 31 *5.0

K, 56 = 28 3+05 2590 £ 758 1501 =* 449

kK, 83 21 0.006 0.02
N170A

ke 2+1 45+ 2 1+0.08 NA

K, 13£3 8+2 1561 *+ 294 >2000

kol K, 17 5.6 0.001 0.004
E166A

Keat ND ND ND ND

K, ND ND ND ND

ket K, ND ND ND ND
E166A/N170G

Kea 09008 0.8 *0.04 ND ND

o 24 *+ 54 20 =35 ND ND
ke K, 0.04 0.04 ND ND

note that for both asparagine and glycine, two different codons
are represented among the functional mutants, suggesting that
many codons were sampled from the library, but only those
encoding Asn or Gly are consistent with high level function.

Characterization of the TEM-1 N170G Mutant—To confirm
that E. coli containing the N170G mutant exhibits resistance
levels similar to wild type, the MIC of ampicillin was deter-
mined and found to be in the same range as wild type (Table 1).
The mutant was further characterized by expressing N170G in
E. coli and purifying the enzyme to homogeneity as judged by
SDS-PAGE fractionation and visualization. Kinetic parameters
were determined for ampicillin hydrolysis for wild-type TEM-1
and the N170G enzyme, and it was found that K,,, values were
similar, whereas k_,, of N170G was approximately one-half that
of wild type (Table 2). Therefore, consistent with the random
library selection results, the N170G enzyme proficiently hydro-
lyzes ampicillin.

To assess the impact of the N170G substitution on substrate
specificity, kinetic parameters were determined for the wild-
type and mutant enzymes for penicillin G hydrolysis. The wild-
type enzyme hydrolyzed penicillin G with k_,, and K, values
similar to those obtained for wild type with ampicillin as sub-
strate (Table 2). In contrast, the N170G enzyme exhibited
greatly reduced k_,, and K, values for penicillin G hydrolysis
compared with those obtained with the same enzyme for ampi-
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FIGURE 2. Schematic illustration of penam and cephem substrates used
in this study.

cillin. In addition, the N170G enzyme exhibited greatly reduced
k... and K, values for penicillin G hydrolysis compared with
those observed for the wild-type enzyme with this substrate.
Thus, the wild-type enzyme hydrolyzes ampicillin and penicil-
lin G with similar kinetic parameters, whereas the N170G
enzyme exhibits significantly different specificity between
these substrates. The reduction in K, of the N170G enzyme for
penicillin G hydrolysis served to balance the lowered k_,, value
so that catalytic efficiency (k. /K,,) was reduced less than
2-fold compared with wild type (Table 2). Nevertheless, the
striking difference in k_,, and K, values suggests that a rate-
limiting step may be altered for penicillin G hydrolysis by the
N170G enzyme.

The only difference in structure between ampicillin and pen-
icillin G is the presence of an amino group positioned after the
amide group and adjacent to the benzyl group in the side chain
of ampicillin (Fig. 2). This difference in substrate structure pre-
sumably results in a change in kinetic parameters of the N170G
enzyme for ampicillin versus penicillin G hydrolysis and for the
difference in penicillin G hydrolysis by the N170G S-lactamase
versus penicillin G hydrolysis by the wild-type enzyme. In the
wild-type TEM-1 enzyme structure, the Asn'’® side chain
forms a hydrogen bond with the catalytic water molecule (22),
presumably to help position the water for interaction with
Glu'®® (18, 20), which serves as a general base to activate the
water for deacylation (Fig. 3) (20, 24, 29).

The structure of a TEM-1 E166N mutant that had been acy-
lated by penicillin G was previously solved (20), and the carbon
position to which the amino group of ampicillin is attached is
only 3.2 A away from the nitrogen in the side chain of Asn'”®
that hydrogen bonds to the water (Fig. 44). When the Gly'”°
substitution is modeled into the acyl-intermediate structure,
the distance from the carbon of interest on penicillin to the
alpha carbon of glycine is 5.3 A. When the primary amine of
ampicillin is added to the N170G acyl-intermediate model, the
distance from the modeled nitrogen to the alpha carbon of gly-
cine is 4.5 A. Furthermore, the benzene ring of the substrate is a
full 6.0 A away from the alpha carbon of glycine (Fig. 4B). Thus,
there is sufficient space for the amino group from the ampicillin
R substituent to be repositioned to occupy the former position
of the Asn'”? side chain. These findings suggest that the amino
group in ampicillin may replace the Asn'”° side chain nitrogen
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FIGURE 3. The diagram illustrates the overall structure and the active site
of the wild-type TEM-1 enzyme (22). A, a cartoon representation of the
overall structure of TEM-1 B-lactamase is shown with the active site boxed.
B, the active site is shown with several of the conserved residues labeled and
the hydrogen bonding environment near the hydrolytic water illustrated
including Asn'’°, which is one of the three residues that position the water
(Protein Data Bank code 1BTL) (22).

in the N170G enzyme and serve to position the catalytic water
molecule for the deacylation reaction by substrate-assisted
catalysis. This hypothesis would explain why the N170G en-
zyme hydrolyzes ampicillin with kinetic parameters similar to
the wild-type enzyme but exhibits a significantly reduced k_,,
for penicillin G hydrolysis.

Molecular modeling of the TEM-1 E166N enzyme acylated
with penicillin G (20) indicates that the addition of the amino
group to mimic ampicillin requires removal of the entire Asn'”°
side chain to allow room for the amino group to occupy a posi-
tion to hydrogen bond to the catalytic water. When an N170A
substitution was modeled into the acyl-intermediate structure,
the carbon position to which the amino group of ampicillin
would be attached is only 3.8 A from the methyl group of Ala'”°.,
When the amino group of ampicillin is modeled into the acyl-
intermediate, the distance from the modeled nitrogen to the
methyl group of Ala'”® is only 3.0 A. In addition, the benzene
ring of the substrate is 4.7 A away from the methyl group of
Ala'”® (Fig. 4C). This suggests that the methyl group of Ala'”°
could create steric clashes with the amino group of ampicillin,
hindering the primary amine from coordinating the hydrolytic
water. Thus, the modeling results suggest that even an N170A
substitution does not create sufficient space for the amino
group to occupy the position of the Asn'” side chain nitrogen.

To test these modeling results, an N170A TEM-1 enzyme
was created by site-directed mutagenesis and purified to deter-
mine its kinetic properties. The N170A enzyme hydrolyzed
penicillin G with kinetic parameters very similar to those
observed for this substrate with the N170G enzyme. However,
the kinetic parameters for ampicillin hydrolysis were greatly
different for the N170A enzyme compared with wild-type or
the N170G enzyme in that both k_, and K, values were
reduced, which is similar to the observations with the N170G
enzyme with penicillin G as substrate (Table 2). These findings
are consistent with the molecular modeling results and suggest

Asn170Ala

FIGURE 4. Molecular modeling of the TEM-1 B-lactamase acyl-intermediate. A, the acyl-intermediate with TEM-1 (in green) covalently bonded to penicillin
Gis shown toillustrate that the benzene ring of penicillin (in yellow) is close to Asn'”° (Protein Data Bank code 1FQG) (20). The carbon position that contains the
amine group in ampicillinis 3.2 A away from the side chain of Asn'”°. B, when ampicillin and the glycine 170 substitution are modeled into the acyl-intermediate
structure, the alpha carbon of glycine is 4.5 and 6.0 A from the primary amine and the benzene ring of the ampicillin R substituent, respectively. C, TEM-1
ampicillin acyl-enzyme model from B with the alanine substitution modeled into position 170.
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TABLE 3

Data collection and refinement statistics for TEM-1 N170G
PB-lactamase structure (Protein Data Bank code 3JYI)

P4,2,2

Space group )
Unit cell a, b, ¢ (A) 88.1, 88.1, 500.4
Resolution range (A) 50-2.70 (2.75-2.70)
Molecules/asymmetric unit 6

Number of unique reflections 55,684
Completeness (%)* 99.9 (99.2)
Redundancy” 6.5 (5.5)
I/o” 16.1 (2.0)
merge (%)° 10.8 (56.0)
Ry (%) Ree(%) 23.0/26.0
Number of protein atoms 12242

Number of waters 174

Average B-factor protein (solvent) 53.36 (44.10)
Root mean square deviations
Bond lengths (A) 0.008
Bond angles (°) 1.1
Ramachandran analysis
Preferred (%) 94.1
Allowed (%) 4.5
Qutliers (%) 1.4

“ The values in parentheses correspond to the highest resolution shell.

that there is not sufficient space for the amino group of ampi-
cillin to occupy a position to hydrogen bond with the catalytic
water molecule in the N170A TEM-1 enzyme.

X-ray Structure Determination of the TEM-1 N170G Enzyme—
The hypothesis that the TEM-1 N170G enzyme hydrolyzes
ampicillin via substrate-assisted catalysis, whereby the side
chain amino group helps to position the catalytic water to par-
ticipate in deacylation, predicts that the catalytic water is absent
or in an altered position in the N170G enzyme in the absence of
substrate. This prediction was tested by determining the x-ray
structure of the N170G enzyme. The N170G enzyme was crys-
tallized exhibiting a large unit cell (2 = 88.1 A, b = 88.1 A, c =
500.4 A) with the space group P4,2,2. Molecular replacement
found six molecules/asymmetric unit, and the structure was
refined to 2.7 A resolution (Table 3).

When the native TEM-1 (Protein Data Bank code 1BTL) and
N170G mutant structures were aligned, the root mean square
deviation was found to be ~0.51 A for all six molecules, indi-
cating that the overall structure of the N170G mutant was
strongly conserved (Fig. 5A). Position 170 is located at the apex
of the omega loop (residues 161-179). When this region was
aligned to the wild-type structure, the root mean square devia-
tion was merely 0.23 A for all six molecules. The low root mean
square deviation values indicate that the structure of the omega
loop is also strongly maintained in the N170G enzyme relative
to wild type. In addition, the position of Glu'®® is not signifi-
cantly altered in the N170G structure, despite the fact that glu-
tamate forms a hydrogen bond with the Asn'”® side chain in the
wild-type structure.

The most significant observation in the N170G enzyme
structure is that the catalytic water molecule that is coordinated
in the wild-type structure by Ser”®, Glu*®®, and Asn'”° is par-
tially occupied and exhibits altered coordination in the N170G
structure. The density for these catalytic waters are only weakly
present in the total omit map and were found only after refine-
ment. The catalytic water is found in five of the six N170G
molecules. However, they were not all present in the same loca-
tions throughout the six molecules and were coordinated by
different residues throughout the active site. In chains A and E,
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the hydrolytic water was repositioned about 2 and 2.4 A away
from its original location, respectively. This change in position
allows the water to be coordinated by only Glu*®® while moving
away from the catalytic Ser”® (Fig. 5B). In chains B and C, the
water is coordinated by the main chain carbonyl group of Ala**”
and the conserved water found in the oxyanion hole of the
enzyme. The catalytic water is repositioned 1.9 and 1.6 A away
from its original location, respectively. This new coordination
allows the water to move to a position where it is >3.6 A away
from both Glu'®® and Ser”® (Fig. 5C). In contrast, chain F
revealed the hydrolytic water in a very similar position to the
wild-type structure. In this chain, the hydrolytic water has only
moved 0.5 A away from its original position and is still coordi-
nated by Glu'®® and Ser” (Fig. 5D). This partial occupancy
among the N170G molecules suggests that the hydrolytic water
is still present in active site; however, it is loosely coordinated in
comparison with the wild-type structure. These findings are
consistent with the predictions of the substrate-assisted catal-
ysis hypothesis in that, in the absence of the ampicillin sub-
strate, the deacylation water is absent or moved. Thus, the rate
of the deacylation reaction would be expected to be altered.

Hydrolysis of Cephalosporin Substrates with N170G Enzyme—
The penam substrates ampicillin and penicillin G offer a clear
test of the role of the amine group in the side chain of the
antibiotic because the only difference between these molecules
is the amine group. The cephem substrates cephalexin and
cephalothin offer a similar comparison in that cephalexin con-
tains a side chain structure identical to ampicillin, and cepha-
lothin lacks the amine group in the side chain (Fig. 2). The
cephalothin molecule also differs in that it contains a thiophene
rather than benzyl ring and a different R-group at the C3 posi-
tion of the cephalosporin ring structure (Fig. 2). The N170G
enzyme hydrolyzes cephalexin with similar kinetic parameters
as the wild-type enzyme, which is similar to the behavior of this
enzyme with the analogous ampicillin as substrate (Table 2). In
contrast, the N170G enzyme displays greatly reduced catalytic
efficiency compared with the wild-type enzyme for cephalothin
hydrolysis because of a reduction in k_,  and a large increase in
K,,. Thus, hydrolysis of the cephalosporin substrates by the
N170G enzyme follows the same general trends as observed for
the penams with the substrates containing an amine side chain
hydrolyzed with similar kinetic parameters as by the wild-type
enzyme, whereas substrates lacking an amine side chain are
hydrolyzed with altered kinetic parameters compared with wild
type.

Role of Glu'®® in the Function of the N170G Enzyme—As
described above, the Glu'®® residue is critical for 8-lactam hy-
drolysis and, in particular, the deacylation reaction of the wild-
type TEM-1 B-lactamase (18 -21, 24, 27, 28). According to the
substrate-assisted catalysis model, the Glu'®® residue will also
be essential for N170G hydrolysis of ampicillin in that it is
hypothesized to serve the same function as in wild type as a
general base in the deacylation reaction. Therefore, the impact
of a E166A substitution on N170G function was assessed by
constructing and analyzing the E166A single mutant and
E166A/N170G double mutant. As expected the E1I66 A mutant
exhibited little activity, with an ampicillin MIC value of 2 ug/ml
by the E-test method and 4 ug/ml by broth dilution (Table 1).
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FIGURE 5. The crystal structures shown are of the TEM-1 N170G mutant and the wild-type TEM-1 enzyme (Protein Data Bank code 1BTL) superimposed
(22). A, superimposition of the molecules demonstrates that the overall structure and the omega loop of N170G (in yellow) and TEM-1 (in green) are highly
conserved. However, the hydrolytic water is moved or absent in five of the six TEM-1 molecules. B, illustration of the superimposition of chain A of the N170G
mutant structure onto the structure of the wild-type enzyme. In this diagram, the hydrolytic water in the mutant structure (red sphere) is ~2.0 A away from its
location (gray sphere) in the wild-type structure. C, illustration of chain B where the hydrolytic water is moved away from both Glu'®® and Ser’® and is
coordinated by the water in the oxyanion hole and the main chain carbonyl group of Ala?*”. Hydrolytic water from mutant structure is a red sphere, and the
wild-type water is a gray sphere. D, position of the hydrolytic water (red sphere) in chain F of the mutant structure. The hydrolytic water occupies a similar
position as the water in the wild-type structure (gray sphere). The electron density map (2F, — F_) is shown in blue at a contour level of 1.0 o-and the difference

map (F, — F.) in green at a contour level of 3.0 0. Some of the other active site waters and peripheral side chains were removed for clarity.

Both of these numbers are barely above the ampicillin MIC
obtained for the E. coli XL1-Blue strain in the absence of a
B-lactamase (Table 1). The E166A/N170G double mutant also
exhibited little activity, which is consistent with Glu'®® playing
an important role in the hydrolysis of ampicillin by the N170G
enzyme. Surprisingly, however, the E166A/N170G double
mutant exhibited a 2-fold increased ampicillin MIC value rela-
tive to the E166A mutant. It was expected that the E166A/
N170G double mutant would provide less ampicillin resistance
because of the removal of two residues that position the cata-
lytic water molecule for deacylation.

The E166A and E166A/N170G enzymes were purified, and
kinetic parameters for substrate hydrolysis were determined to
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further characterize these enzymes. It was not possible to detect
ampicillin or penicillin G hydrolysis by the E166A enzyme at
concentrations up to 100 um of enzyme and 1 mm of substrate.
In contrast, the E1I66A/N170G enzyme exhibited measurable
catalytic activity at 100 nm of enzyme. The enzyme hydrolyzed
ampicillin and penicillin G with similar k_,, and K, values for
both substrates. Although the catalytic efficiency of the E166A/
N170G mutant is far below wild-type levels, the enzyme clearly
exhibits increased substrate hydrolysis relative to the deacyla-
tion-deficient E166A enzyme (Table 2). Taken together, these
results indicate, first, that the Glu'®® residue is important for
high level ampicillin hydrolysis by the N170G enzyme, and
therefore the substrate-assisted catalysis mechanism is depen-
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dent on the Glu'®® side chain, and, second, that the removal of
the Asn'”° side chain somehow enhances the catalytic activity
of the E166A enzyme.

DISCUSSION

The class A B-lactamase TEM-1 presents a significant clini-
cal antibiotic resistance problem because of mutations that
alter the substrate specificity to allow hydrolysis of extended
spectrum cephalosporins or provide for inhibitor resistance
(3—8). The serine B-lactamase mechanism is similar to that of
serine proteases (44), in that a proton is abstracted from the side
chain oxygen of serine that acts a nucleophile and attacks the
amide bond of the B-lactam ring (14, 15, 17-21, 24). An acyl-
intermediate is then formed, and a highly ordered water mole-
cule is activated for deacylation to hydrolyze the B-lactam and
return the enzyme to its native state (20, 22, 27-29).

We previously compiled a collection of over 150 class A
B-lactamase sequences, and analysis of this collection indicated
that the residues Ser’®, Glu'®®, and Asn'”° are stringently con-
served throughout class A enzymes (45). The catalytic Ser”® and
Glu'®® are invariant in class A B-lactamases because of their
direct role in catalysis. Asn'”° is also conserved in over 96% of
class A B-lactamase sequences, indicating that the three resi-
dues that coordinate the hydrolytic water are conserved
through the vast majority of class A B-lactamases.

To investigate the significance of residue 170, the codon for
this position was randomized to create all 20 possible amino
acids in the TEM-1 enzyme. When E. coli containing this
library was selected on agar plates containing a high concentra-
tion of ampicillin, the surviving clones encoded only asparagine
or glycine at position 170. Further characterization of the
N170G mutant revealed that its ampicillin MIC was the same as
E. coli containing the wild-type enzyme, and the steady-state
kinetics for the mutant and wild-type enzymes for ampicillin
are also comparable. However, when the N170G enzyme was
assayed against other B-lactam antibiotics, it was observed that
the substrates capable of being hydrolyzed at levels comparable
with wild type were those containing a primary amine in the
side chain of the antibiotic, suggesting a role for this group and
the possibility of substrate-assisted catalysis by the N170G
enzyme.

Substrate-assisted catalysis refers to the ability of a func-
tional group in a substrate to contribute to the catalytic mech-
anism of the enzyme (46). Classical evidence of substrate-as-
sisted catalysis is when a functional group or residue is
subtracted from the enzyme with a loss of activity that is then
restored by the replacement of a similar functional group on the
substrate. In the case of the N170G TEM-1 mutant, the amine
group of the asparagine is replaced by the primary amine of
ampicillin or cephalexin. Examination of the acyl-intermediate
structure of EI66N TEM-1 covalently bonded to penicillin G
(20) suggests that the primary amine of ampicillin could fill the
void left by the N170G mutant. In support of the substrate-
assisted catalysis hypothesis, it was found that removal of the
amine group of ampicillin, i.e. penicillin G, resulted in kinetic
parameters that are drastically altered for the N170G mutant
but not wild type, suggesting that the amino group is participat-
ing in its own catalysis in the mutant enzyme. Similar methods
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FIGURE 6. Protein sequence alignment of the omega loop (positions 161-
179) of several class A B-lactamases chosen as representative of the
large enzyme family. Over 96% of class A B-lactamases contain an aspara-
gine at position 170. GES-1 and PER-1 are shown as examples of the class A
B-lactamases where the asparagine is absent. In addition, the omega loop
sequence of the PER-1 enzyme is significantly different from the majority of
class A enzymes. This figure was made using ClustalW2 (63).

have been used to investigate substrate-assisted catalysis of
engineered serine proteases (47, 48). When a H64A substitu-
tion was made in the catalytic triad of the serine protease BPN’,
it altered the substrate specificity of the enzyme to preferen-
tially hydrolyze peptide substrates containing histidine at the
proper positions. However, even the histidine-containing sub-
strates did not restore the catalytic efficiency of the protease
near wild-type levels, unlike the N170G mutant presented in
this paper (47, 48).

A glycine at position 170, instead of the conserved asparagine
has been found in the wild-type class A B-lactamase GES-1 (49,
50), (Fig. 6). GES-1 is an extended spectrum B-lactamase that
has been shown to alter its substrate specificity by altering the
residue at position 170 (6, 7, 49 —54). One such substitution
included a mutation to asparagine at this position in the GES-2
enzyme (52). The GES-1 structure was solved at atomic resolu-
tion, 1.1 A, and revealed that the hydrolytic water was loosely
coordinated despite the coordination of Ser’® and Glu'®®
because the density was found only in the later stages of refine-
ment in the F, — F_ difference Fourier maps (53). The authors
also state that other surrounding waters were better defined
than this key hydrolytic water (53). The coordination of the
hydrolytic water in the GES-1 enzyme is similar to that of the
N170G TEM-1 structure presented here with the removal of
the conserved Asn'”°. In our structure of N170G TEM-1, the
water was found in five of the six molecules only after refine-
ment and is improperly coordinated in four of the six mole-
cules. This partial occupancy and improper coordination indi-
cates that its use in enzyme catalysis would be inefficient and
more difficult for the water to be properly activated by Glu*®®
for deacylation.

The PER-1 enzyme is an extended spectrum class A B-lacta-
mase that contains a histidine instead of asparagine at position
170 (Fig. 6) (55-58). Examination of its crystal structure
revealed that the omega loop is altered to allow for a glutamine
at position 69 to act as the third ligand of the hydrolytic water
instead of asparagine (59). This structure suggests that a third
ligand to coordinate the hydrolytic water is important for func-
tion in that there has been a selection for three coordination
sites at least two independent times.

As discussed above, the coordination of the hydrolytic water
by Asn'”? is highly conserved among class A B-lactamases. The
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FIGURE 7. Schematic representation of the wild-type p-lactamase mech-
anism compared with the proposed substrate-assisted catalysis mecha-
nism of the TEM-1 N170G mutant. A, hydrolysis reaction catalyzed by B-lac-
tamase shown with ampicillin as the B-lactam substrate. The region of
ampicillin implicated in substrate-assisted catalysis and shown in B of this
figure is bracketed on the structure. B, the wild-type mechanism (left) and the
substrate-assisted catalysis mechanism (right) are divided into two stages. In
the wild-type mechanism, the hydrolytic water is coordinated by Ser’®,
Glu'®®, and Asn'”°, whereas the hydrolytic water in the N170G mutant is
weakly coordinated in the absence of substrate. The primary amine of ampi-
cillinis shown to act as a ligand for the water in the acyl-intermediate step of
catalysis instead of the wild-type Asn'’° residue side chain to position the
catalytic water to be activated by Glu'®® for deacylation.

results of this study suggest that the amino group provided by
the ampicillin substrate serves the role of Asn'”® by coordinat-
ing the hydrolytic water in the N170G enzyme (Fig. 7). This
mechanism of substrate-assisted catalysis for N170G TEM-1 is
similar to that of cytochrome P450eryF, where crystallographic
and kinetic analysis demonstrated that the substrate, 6-deoxy-
erythronolide B, stabilizes a catalytic water (60— 62). The activ-
ity of this enzyme is decreased when a key hydroxyl group of the
substrate is missing. Similarly, the activity of the N170G mutant
is altered when the primary amine of the ampicillin side chain is
removed. This change in activity in conjunction with the move-
ment of the key hydrolytic water in the native structure suggests
that the primary amine is aiding in the positioning of the hydro-
lytic water to facilitate its activation by Glu'®.

The role of Glu'®® in the context of the N170G substitution
was assessed both within the cell and using purified protein.
The double mutant E166A/N170G was found to exhibit drasti-
cally reduced activity compared with the N170G substitution
alone. This marked decrease in activity demonstrates that
Glu'®® is important for the catalytic mechanism of the N170G
enzyme, as it is for the wild-type enzyme (20, 24, 26, 27, 55). A
puzzling observation, however, is the increase in activity of the
E166A/N170G double mutant in comparison with the single
mutation of E166A. The mechanism is unclear, but the
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improvement in catalytic activity is not likely to be due to sub-
strate-assisted catalysis because the E166A/N170G enzyme is
able to hydrolyze both ampicillin and penicillin at similar rates.
The poor catalytic efficiency toward ampicillin and penicillin G
is likely due to inefficient activation of water for deacylation
because of the absence of Glu®® (18, 20, 24, 26 -28, 55). The
lack of both the Glu'®® and Asn'”? side chains may result in an
enzyme that relies on nonenzyme catalyzed water attack on the
acyl-intermediate for deacylation. The E166A/N170G substitu-
tions could result in a more open active site to allow more
access for water molecules to enter the active site and function
in deacylation.

In conclusion, the coordination of the hydrolytic water is an
important component for efficient hydrolysis of B-lactam anti-
biotic by class A B-lactamases. Sequence alignments and struc-
tural data suggest that two independent mechanisms for water
coordination have evolved among class A enzymes, and evi-
dence is provided here for a third, substrate-assisted mecha-
nism where the primary amine of the substrate fulfills the role
of the amine group of Asn'”® in water positioning for TEM-1
B-lactamase. The presence of the antibiotic side chain amine
allows for proficient catalysis at rates comparable with wild type
rates. Thus, it appears that TEM-1-mediated B-lactam hydro-
lysis is most effective when a third ligand is present to coordi-
nate the hydrolytic water in the active site of the enzyme.
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