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The conserved Class A B-lactamase active site residue
Tyr-105 was substituted by saturation mutagenesis in
TEM-1 B-lactamase from Escherichia coli in order to
clarify its role in enzyme activity and in substrate sta-
bilization and discrimination. Minimum inhibitory con-
centrations were calculated for E. coli cells harboring
each Y105X mutant in the presence of various penicillin
and cephalosporin antibiotics. We found that only aro-
matic residues as well as asparagine replacements con-
ferred high in vivo survival rates for all substrates
tested. At position 105, the small residues alanine and
glycine provide weak substrate discrimination as evi-
denced by the difference in benzylpenicillin hydrolysis
relative to cephalothin, two typical penicillin and ceph-
alosporin antibiotics. Kinetic analyses of mutants of in-
terest revealed that the Y105X replacements have a
greater effect on K, than k_,,, highlighting the impor-
tance of Tyr-105 in substrate recognition. Finally, by
performing a short molecular dynamics study on a re-
stricted set of Y105X mutants of TEM-1, we found that
the strong aromatic bias observed at position 105 in
Class A p-lactamases is primarily defined by a structural
requirement, selecting planar residues that form a sta-
bilizing wall to the active site. The adopted conforma-
tion of residue 105 prevents detrimental steric interac-
tions with the substrate molecule in the active site
cavity and provides a rationalization for the strong ar-
omatic bias found in nature at this position among Class
A B-lactamases.

During the past decades, B-lactamase production (EC
3.5.2.6) has become a significant problem in bacterial strain
resistance to widely used clinical antibiotics. Among these en-
zymes, the prevalent type has always been the Class A active
site serine hydrolase B-lactamases, which have become model
enzymes extensively studied by protein engineering with re-
spect to site-directed or combinatorial mutagenesis (1-5),
structure determination (6—10), and molecular simulations
(11-13). Over the years Escherichia coli TEM-1 B-lactamase
has become an impressive example of the rapid evolution rate
of proteins occurring within natural bacterial isolates subjected
to selective pressure. Ever since the clinical introduction of
B-lactam compounds and the discovery of TEM-1 B-lactamase,
both in the 1940s (14), natural mutations have generated a
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large number of single and multiple mutants of this enzyme
(for an extensive list see www.lahey.org/Studies/temtable.asp).

The high rate of occurrence of mutated enzymes capable of
hydrolyzing higher generation cephalosporins has stimulated
research of B-lactamase adaptation to these new substrates in
order to understand the molecular basis of this evolutionary
chain of events. Consequently, a number of studies have suc-
cessfully predicted the in vitro appearance of new mutations
conferring resistance before their appearance in natural iso-
lates (for an overall view, see Ref 1). To provide more informa-
tion regarding these mutations in enzyme catalysis and/or sub-
strate stabilization, multiple mutagenesis replacements have
been undertaken in Class A B-lactamases to residues in close
proximity to the active site cavity that are most likely to be in
direct contact with the substrate, allowing for modified cata-
lytic parameters (2—4). In conjunction with the SDN loop (3),
the Class A conserved residue Tyr-105 delineates one of the
edges of the active site cavity of TEM-1 as a result of the
position of its side chain near the thiazolidine ring of penicillin
substrates and the dihydrothiazine ring of cephalosporin sub-
strates. To date, two independent mutagenesis studies were
performed to modify Tyr-105 to Phe and Cys on the Class A
B-lactamases of Bacillus licheniformis and Bacillus cereus, re-
spectively (15, 16). The B. licheniformis Y105F mutant dis-
played a 52% catalytic efficiency toward benzylpenicillin com-
pared with its corresponding wild-type enzyme. Based on these
results, the Y105F mutation rules out a critical role of the
hydroxyl group of the wild-type Tyr residue toward enzyme
activity or stability. Moreover, the B. cereus Y105C mutant
displayed native-like catalytic activity under standard nitroce-
fin assay conditions, demonstrating that the aromatic moiety
at this position is not essential for enzyme activity or stability.

On the other hand, the location and the strong conserva-
tion of aromatic character of this residue among Class A
B-lactamases suggest that residue 105 may play a role in
substrate recognition and/or stabilization. This hypothesis is
based on crystallographic data of many Class A enzymes
showing that the Tyr-105 side chain is significantly displaced
upon binding of substrates or mechanism-based inhibitors as
a result of a flipping motion (7, 17-21). In fact, it has been
suggested that the Tyr-105 side chain may “stack” with the
thiazolidine ring of penicillins (21, 22) as well as form van der
Waals and hydrophobic interactions with the benzyl side
chains of substrates (7, 12) or inhibitors (18, 19), suggestive
of its active participation in substrate and inhibitor position-
ing at the active site. As a result of this characteristic, resi-
due 105 has been considered a determinant of susceptibility
to mechanism-based inhibitors (23).

To our knowledge, apart from the Y105F and Y105C muta-
tions (15, 16), no further site-directed mutagenesis studies
have been undertaken specifically at this critical active site
position. Huang et al. (24) previously reported a three-codon-
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based combinatorial mutagenesis for the entire gene of TEM-1
but conducted no detailed analysis of residue 105 with respect
to substrate recognition. Nevertheless, their results suggest
that only the Y105H mutant is able to confer wild-type activity
for ampicillin upon selecting for survival in the presence of 1
mg/ml antibiotic. However, these Y105X mutations were per-
formed only with other simultaneous mutations at positions
103 and 104. Although the high activities observed with the
Y105F and Y105C mutants suggest that hydrophobicity may be
a determining factor at this active-site position, the effects of
variables such as side-chain volume, polarity, and flexibility at
this position have not been specifically addressed.

Thus, the importance of sequence conservation at position
105 is unclear, and the role of residue 105 has yet to be
elucidated in detail with respect to enzyme stability and
substrate stabilization and discrimination for Class A B-lac-
tamases. Consequently, to clarify the importance of residue
105 in TEM-1 B-lactamase as well as its potential role in
other Class A B-lactamases, we performed saturation mu-
tagenesis at position 105 on TEM-1. In vivo antibiotic sus-
ceptibility tests and in vitro kinetic studies were carried out
using penicillin as well as first- and third-generation cepha-
losporin substrates to assess the impact of the mutations on
substrate recognition and enzyme catalysis. Finally, molecu-
lar modeling studies of mutants of interest were undertaken
to evaluate the structural importance of residue 105 in sub-
strate stabilization. Our results identify residue 105 as a
weak substrate determinant of TEM-1 B-lactamase.

EXPERIMENTAL PROCEDURES

Reagents—Restriction and DNA-modifying enzymes were purchased
from MBI Fermentas (Burlington, ON) and New England Biolabs, Ltd.
(Mississauga, ON). Ampicillin was obtained from BioShop Canada, Inc.
(Burlington, ON), and benzylpenicillin, cephalothin, cefazolin, cefo-
taxime, and Fast-Flow DEAE-Sepharose were purchased from Sigma-
Aldrich. Nitrocefin was purchased from Calbiochem.

Bacterial Strains and Plasmids—E. coli XL1-Blue (supE44, hsdR17,
recAl, endAl, gyrA46, thi, relAl, lac F' [proAB™, lacl?, lacZAM15,
Tn10(tet")]) was used for the propagation and expression of all plasmids.
Plasmid pQE32Chl in which the bla gy, gene of pQE32 (Qiagen, Mis-
sissauga, ON) was replaced by a chloramphenicol acetyltransferase
gene was a generous gift from Francgois-Xavier Campbell-Valois and
Stephen W. Michnick (Département de Biochimie, Université de Mon-
tréal, QC) and was used for protein expression. It was maintained using
12.5 pg/ml chloramphenicol (Chl).! Plasmid pBR322, which contains
the wild-type blagy ., gene (without the V841 and A184V mutations)
was kindly provided by Luis A. Rokeach (Département de Biochimie,
Université de Montréal, QC).

Oligonucleotides and Saturation Mutagenesis—Oligonucleotide
primers used for mutagenesis were synthesized by Alpha DNA (Mon-
tréal, QC) and Integrated DNA Technologies (Coralville, TA). Oligonu-
cleotide primers used for DNA sequencing were synthesized by Li-Cor
Biotechnology (Lincoln, NB). The Y105X mutants of TEM-1 were con-
structed using the site overlap extension mutagenesis method (25). The
861-bp blargy.; gene was PCR-amplified from plasmid pBR322 using
the terminal oligonucleotides BamHITEMF (5'-CACACAGGATCCAC-
ATGAGTATTCAACATTTCCGT-3') and TEMHindIIIR (5'-ACACACA-
AGCTTTTACCAATGCTTAATCAGTGA-3’) containing the BamHI and
HindIII restriction sites (underlined), respectively. The 19-amino acid
possibilities at codon 105 were introduced by a set of three complemen-
tary pairs of degenerate oligonucleotides (only the coding strands are
shown): TEM105NTSF (5'-ATGACTTGGTTGAGNTSTCACCAGTCAC-
AG-3'), TEM105NGSF (5'-ATGACTTGGTTGAGNGSTCACCAGTCAC-
AG-3'), and VMS105F (5'-ATGACTTGGTTGAGVMSTCACCAGTCAC-
AG-3'). The use of three separate degenerate oligonucleotides encoding
the possibilities NTS, NGS, and VMS instead of a single NNS codon was
justified by the elimination of the wild-type tyrosine residue as well as
the three stop codons.

! The abbreviations used are: Chl, chloramphenicol; AMP, ampicillin;
BZ, benzylpenicillin; CF, cephalothin; CZ, cefazolin; MIC, minimum
inhibitory concentration.

Site-saturation Mutagenesis of Tyr-105 in TEM-1

The recombinant TEM genes were digested with BamHI/HindIII and
cloned into BamHI/HindIII-digested and calf intestinal alkaline phos-
phatase-treated pQE32Chl before electroporation into E. coli XL.1-Blue
cells. Colonies were individually picked after selection on a Luria-
Bertani (LB) medium containing 12.5 ug/ml Chl, and the sequence of
each mutant was confirmed by the dideoxy chain termination method
with the Thermo Sequenase Cycle Sequencing kit (Upstate Biotechnol-
ogy Corp., Cleveland, OH) using a dye-labeled primer and a Li-Cor
automated sequencer (Lincoln, NB).

Expression and Purification of Mutant B-Lactamases—An overnight
culture of each XL1-Blue/pQE32Chl-TEM(Y105X) clone was used to
inoculate 50 ml of LB that was grown with agitation at 37 °C until
Agoo nm = 0.6. After the addition of 1 mMm isopropyl 1-thio-p-D-galacto-
pyranoside, the cultures were propagated for an additional 3 h. After
induction, the cells were pelleted by centrifugation (30 min, 3000 X g,
4 °C), resuspended in 10 ml of 10 mm Tris-Cl buffer, pH 7.0, and
separated in 1-ml aliquots. A gentle lysis of the outer membrane of
E. coli was performed by 3—4 1.5-min freeze-thaw cycles using a dry-
ice/ethanol and a 37 °C water bath followed by a centrifugation (15 min,
20,000 X g, 4 °C) to collect the supernatant.

Purification of TEM(Y105X) mutants of interest was performed ac-
cording to the following single-step anion-exchange chromatography
procedure. All steps were undertaken at 4 °C with a flow rate of 1
ml/min on a System Gold high performance liquid chromatography
apparatus (Beckman Coulter Canada, Inc., Mississauga, ON). Super-
natant (10 ml) was applied to a DEAE-Sepharose column (2 X 25 cm)
followed by a wash of 2.5 column volumes with 10 mwm Tris-Cl, pH 7.0,
buffer. Mutant enzymes were eluted with a linear gradient of 10-150
mM Tris-Cl, pH 7.0, buffer (1.5 column volume), and a subsequent wash
with the same buffer was finally performed (2.5 column volumes).
Fractions containing B-lactamase activity were identified by a qualita-
tive nitrocefin hydrolysis test and pooled for subsequent analysis. Ali-
quots of each clone were analyzed by SDS-PAGE gel, and the purity was
estimated in all cases to be between 80 and 90% using the public
domain image analysis software Scion Image (National Institutes of
Health, rsb.info.nih.gov/nih-image). The column was regenerated by
applying 5 volumes of 8 M urea followed by 5 volumes of 10 mm Tris-Cl,
pH 7.0, buffer between each purification. No significant B-lactamase
activity carryover was detected by nitrocefin assay upon running a
mock purification (cells expressing no TEM-1 B-lactamase) following a
purification of the native TEM-1.

Antibiotic  Susceptibility—Minimum inhibitory concentrations
(MICs) were determined by broth microdilutions according to Cantu et
al. (26). The ranges of antibiotic concentrations tested were as follows
(by stepwise 2-fold increases): 125—-4000 ug/ml for benzylpenicillin and
ampicillin, 4-500 pug/ml for cephalothin, 1-125 pg/ml for cefazolin, and
4-500 ng/ml for cefotaxime. Each MIC determination was performed at
least in triplicate in independent experiments.

Enzyme Kinetics—The kinetic constants K,, and %, for benzylpeni-
cillin and cephalothin were determined at room temperature in 50 mm
sodium phosphate buffer, pH 7.0, for the mutants presented in Table
III. The following extinction coefficients (27) and concentration ranges
were used: A€ygp ,m = 1100 M~* em ™! for benzylpenicillin (50200 pm)
and Aé€ygp = 7960 M~ ! cm ™! for cephalothin (30-300 uM). Substrate
hydrolysis was monitored according to initial steady-state velocities for
a minimum of six substrate concentrations generally flanking the K,,
values (when the molar extinction coefficients and the K, value allowed
it) using a Cary 100 Bio UV-visible spectrophotometer (Varian Canada,
Inc., Montréal, QC). For each assay the concentration of enzyme was
kept at least 500 times lower than substrate for benzylpenicillin (BZ)
and was generally 50 times lower for cephalothin (CF). The kinetic
parameters were determined from the rates of hydrolysis calculated
from the initial linear portion of the curve and fitted to a Lineweaver-
Burk (1/[S] versus 1/[V]) and a Hanes ([S] versus [S]/V) plot. In most
cases initial rates were also analyzed with the software Graphpad
Prism (Graphpad Software, San Diego, CA) by a non-linear regression
curve corresponding to the Michaelis-Menten equation. The %, param-
eter was determined using the equation k., = V, . /[E], where the
concentration of enzyme was determined by a Bio-Rad protein assay kit
(Bio-Rad) taking into account its purity, estimated as described above.

Computer Modeling—All computations were performed with the
InsightII package, version 2000 (Accelrys, San Diego, CA). The
BIOPOLYMER module was used to modify molecular structures, and
all energy minimizations and molecular dynamics calculations were
performed with the DISCOVER module using the consistent valence
force field. The dynamic trajectories were analyzed using the DECI-
PHER module. We performed the simulations with the coordinates of
an acyl-enzyme intermediate of TEM-1 complexed with benzylpenicillin
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(BZ), and we created an acyl-enzyme model of TEM-1 complexed with
CF to compare the behavior of this substrate with that observed for BZ
over the course of a 200-ps dynamics. We also conducted molecular
dynamics studies using the coordinates of an apoenzyme structure of
TEM-1 with residue 105 mutated, to assess conformation before sub-
strate binding. Comparison of these systems (BZ acyl-enzyme, CF acyl-
enzyme, and apoenzyme) allowed for the evaluation of the conformation
of residue 105 before and after substrate recognition.

The 1.8-A crystallographic structure of the E. coli TEM-1 B-lacta-
mase (Protein Data Bank, Brookhaven National Laboratory, code
1BTL) (28) was used for the starting coordinates for apoenzyme calcu-
lations, and the 1.7-A crystallographic structure of a E166N deacyla-
tion-defective mutant of the same enzyme (PDB code 1FQG) (8) was
used for the starting coordinates for calculations involving benzylpen-
icillin-bound enzyme. The crystallographic water molecules of both
enzymes were conserved. The active site SO, molecule was deleted from
1BTL, and the E166N mutation of 1IFQG was reverted to wild type.
Hydrogen atoms were added at the normal ionization state of the amino
acids at pH 7.0. For 1FQG, the atomic potentials of the BZ substrate
were fixed according to the consistent valence force field atom types
recommended by the manufacturer. These coordinates served as the
starting points for all the subsequent calculations in presence (1FQG)
or absence (1BTL) of BZ.

The Y105G, Y105L, Y105N, Y105Q, Y105R, and Y105W mutations
were introduced. Before minimization, the tryptophan side chain was
repositioned according to the crystal structure of the structurally ho-
mologous Class A PER-1 B-lactamase (PDB code 1E25) (9). Residues
contained in a simulation area within 15 A from any atom of BZ (1IFQG)
or residue 105 (1BTL) were allowed to move as well as the loop encom-
passing residues 96—116, with the remainder of the protein being fixed.
A layer of 5 A of explicit water was added to the surface of this
assembly, and a nonbonded cutoff of 20 A was fixed to reduce the time
of calculation. Each structure was energy-minimized by applying 100
steps of steepest descents followed by a conjugate gradient minimiza-
tion until convergence of 0.001 kcal mol~* A=, A short molecular
dynamics simulation was performed starting from the energy-mini-
mized structures. Accordingly, the molecular system was allowed to
equilibrate at 310 K for 100 fs followed by the actual simulation to
explore conformational space for 200 ps at the same temperature (time
step = 1 fs). Snapshots were taken each picosecond, generating 201
different conformers. At this point the trajectories obtained for each
mutant were analyzed.

To create the acyl-enzyme intermediate models of TEM-1 with ceph-
alothin (TEM-CF and Y105G-CF), the atomic coordinates of CF were
taken from the crystal structure of an acyl-enzyme intermediate of
TOHO-1 B-lactamase (PDB code 1IYP) (10) and fitted to the 1.8-A
crystallographic structure of the E. coli TEM-1 B-lactamase (PDB code
1BTL). The active site SO, molecule was deleted from 1BTL, and the CF
substrate was positioned according to BZ in 1FQG by applying torsions
to the CB-Oy bond of Ser-70. Hydrogen atoms were adjusted to pH 7,
and the atomic potentials of CF were adjusted as described herein. An
energy minimization was performed on this structure by applying 100
steps of steepest descents followed by a conJugate gradient minimiza-
tion until convergence of 0.001 kcal mol *A~*. This structure served as
the starting coordinate for all subsequent steps of minimization and
dynamics studies, which were performed as described above.

RESULTS

Antibiotic Susceptibility—We mutated position 105 (Tyr) of
TEM-1 B-lactamase to the 19 other possibilities and confirmed
through DNA sequencing of the entire gene that no secondary
mutations had occurred. To assess the effect of the Y105X
replacements on the capacity of TEM-1 to hydrolyze penicillin-
type and cephalosporin antibiotics, MICs were calculated for
E. coli XLL1-Blue cells alone or expressing TEM-1 mutants. The
antibiotics used are presented in Fig. 1. Table I presents MIC
values determined for all mutants toward two classical peni-
cillin-type substrates, BZ and ampicillin (AMP) as well as two
typical first-generation cephalosporins, cephalothin (CF) and
cefazolin (CZ). Thus, in vivo cell survival at higher antibiotic
concentrations reflects a higher rate of hydrolysis by the en-
zyme. Because they are performed in vivo, MIC values serve as
points of comparison rather than precise values and do not
directly correlate with the K, or k., parameters of each mu-
tant enzyme. They nevertheless offer a rapid, qualitative as-
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Fic. 1. Structures of B-lactam antibiotics used in this study.
Ampicillin and benzylpenicillin are classical penicillins, whereas ceph-
alothin and cefazolin are first-generation cephalosporins. Cefotaxime is
a third-generation cephalosporin.

sessment of the efficiency of mutants and allow for the identi-
fication of mutants deemed to be the most interesting with
respect to detailed kinetic analysis.

As seen in Table I, the range of resistance is higher for the
penicillin substrates (500—4000 ug/ml for BZ and 500-7500
ug/ml for AMP) than for the cephalosporin substrates (16-125
png/ml for CF and 4-250 ug/ml for CZ). This result was expected
since Class A B-lactamases hydrolyze penicillins much more
efficiently than cephalosporins, the latter having been histori-
cally developed to counteract the appearance of natural resist-
ance to penicillins (29, 30). Nonetheless, the 20 mutants allow
for a comparable breadth of resistance with respect to these
four substrates. Thus, the ratio between the least and the most
active mutants for BZ hydrolysis is approximately one order of
magnitude (500 pug/ml relative to 4000 ug/ml), similar to that
observed for CF hydrolysis (16 ug/ml relative to 125 pg/ml).
AMP and CZ allow for slightly broader ranges but remain in
the same range of resistance as BZ and CF, respectively.

This breadth of resistance illustrates that position 105 re-
placements can alter enzyme efficiency up to a factor of 10-fold.
Nonetheless, this relatively weak effect confirms previous ob-
servations suggesting that position 105 cannot be considered
essential for enzyme catalysis in Class A B-lactamases (15, 31).
To understand the source of the effect, we examined the fol-
lowing hypotheses; (a) disparity in enzyme solubility conferred
by the Y105X replacements, (b) changes in periplasmic local-
ization efficiency of some Y105X mutants, (c¢) an active site
cavity disruption modifying substrate recognition or catalytic
turnover. We verified that the mutations at position 105 have
little effect on solubility and on periplasmic localization by
quantifying the soluble expression levels for each Y105X mu-
tant after outer-membrane lysis. The soluble, periplasmic
B-lactamase concentration observed by SDS-PAGE for all
Y105X mutants was within a factor of 2 relative to the wild-
type enzyme. The small variations observed did not correlate
with the MIC results and are most likely slight clonal varia-
tions (data not shown). This result indicates that the mutations
at position 105 do not significantly affect solubility or periplas-
mic localization, suggesting little impact on enzyme structure.
This observation is consistent with previous results of circular
dichroism studies on the Y105F mutant of the Class A B-lacta-
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TABLE 1
MICs of E. coli XL1-Blue cells expressing TEM-1 B-lactamase with Tyr-105 replacements

MIC (pg/ml) Benzylpenicillin (BZ) Ampicillin (AMP)
Amino Acid 105° Amino Acid 105
7500 A
4000 aBcE~NMH v K
2000 C, K M,P,0s (AT Nk L,P,Q,S, T,V
1000 HioR TV LM
500 R
125 None’ None
MIC (pg/ml) Cephalothin (CF) Cefazolin (CZ)
Amino Acid 105 Amino Acid 105
250 m
125
63 N E
32 M, P N
16 AcHGLKLOoRST V,None G,P
8 AcHLKMoR S TV
4 L, None

“ Aromatic residues are boxed in bold, and charged residues are boxed in white. Residues Asn and Gln are in italics, and Ala and Gly are

underlined.
® E. coli XL1-Blue.

mase of B. licheniformis (15). Thus, these results imply that the
Y105X replacements have an effect on substrate recognition
and/or turnover in the active site of TEM-1.

A considerable number of mutants confer antibiotic resist-
ance in the same range (or higher) as the wild-type enzyme for
all of the substrates tested. This provides confirmation that
position 105 does not need to be strictly conserved for enzyme
activity and suggests that the observed differences in activity
may result from a structural disturbance within the active site
cleft that alters substrate recognition. It is striking to note that
only aromatic replacements as well as Asn and the small res-
idues Ala and Gly in some cases allow for survival rates in the
same antibiotic concentration range as the wild-type enzyme
for the four substrates tested. Notwithstanding a general sim-
ilarity in the effects of the mutations toward penicillin-type and
cephalosporin substrates, important differences were observed.
Thus, Table I shows that all Y105X mutants confer at least a
minimal resistance to BZ and AMP, which is not the case for
CF and CZ. For instance, the lowest MIC recorded for BZ
(Y105D) still confers a resistance to this antibiotic at least four
times higher than the E. coli cells alone. On the contrary the
majority of Y105X mutants were unable to confer any survival
over background in the presence of CF or conferred at most a
2-fold higher MIC than background toward CZ. These results
demonstrate that the Y105X replacements are more deleteri-
ous toward turnover of the cephalosporin substrates than they
are for the penicillin counterparts.

All except one of the highly active Y105X mutations (Ala)
are found at the corresponding position in other natural
Class A B-lactamases, which have a strong preference for
aromatic residues, although Asn and Gly have also been
identified to date (Table II). Accordingly, the Y105X mutants
show a high in vivo antibiotic resistance bias for aromatic
residues as well as Asn at position 105 for all the substrates
tested. The occurrence of Asn and two small, non-polar resi-
dues (Ala and Gly) among the most highly BZ- and AMP-
resistant mutants confirms that aromatic residues are not
essential for hydrolysis of penicillins. This relation is not so
clear in the case of cephalosporin resistance, where the Ala
and Gly mutants are in the lower portion of the resistance

TaBLE II
Sequence alignment of residues 103-107 for major representatives of
Class-A B-lactamase

Data were compiled from previously published reports (9, 40).

Residue number”

Enzyme

103 104 105 106 107
TEM-1 Val Glu Tyr Ser Pro
SHV-1 Val Asp Tyr Ser Pro
TOHO-1 Val Asn  Tyr Asn  Pro
PC-1 Val Ala Tyr Ser  Pro
PSE-4 Val Thr Tyr Ser Pro
P. aeruginosa Val  Thr  Tyr Ser  Pro
Staphylococcus aureus Val Ala Tyr Ser Pro
B. licheniformis Val Asn  Tyr Asn  Pro
B. cereus 111 Ser Asn  Tyr Asn  Pro
PER-1° Leu Thr Trp Ala  Pro
VEB-1° Leu Thr Trp Ser  Pro
Klebsiella oxytoca Val Val Trp Ser Pro
CME-1° Leu Thr Trp Ser  Pro
NMC-A Glu  Phe His Ser Pro
IMI-1 Glu  Phe His Ser  Pro
SME-1 Glu Tyr His Ser  Pro
M. fortuitum Val Pro Asn Ser Pro
Stroptonyces cacaoi blaU  Val  Asp  Asn Ser  Pro
S. albus G Glu Asp Gly Ala Pro
Stroptonyces lavendulae Phe Gly Pro

“ Residue numbering according to Ambler et al. (40).
® These B-lactamases harbor a three-residue insertion between posi-
tions 103 and 104.

spectrum for CF and CZ, suggesting that the identity of the
residue at position 105 may participate in ligand selectivity.

For BZ and AMP recognition, no charged mutant (Lys, Arg,
Asp, and Glu) allowed for cell growth at concentrations greater
than half that displayed by the native enzyme, whereas for CF
and CZ, these mutants conferred a resistance to concentrations
4 and 8 times lower than the parental enzyme, respectively.
These results suggest that aromatic residues as well as Asn at
position 105 participate in substrate recognition or turnover,
perhaps by providing favorable interactions with the substrate,
whereas in the case of other residues at position 105 the inter-
actions would be detrimental or simply absent.

To characterize the impact of Y105X mutations toward rec-
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TasLE IIT
Kinetic parameters for wild-type TEM-1 B-lactamase and Y105X mutant derivatives

. relativ K, relativ K, relativi
Substrate TEM-1 variant keat fga\tzvifdaltt}r pi K, & omwifdatty pi keoi/K,, kc?(‘-)/w’ﬁ det;[t) o €
s! M uls?
Wild type 1240 = 125 1.00 43 9 1.00 2.9 X 107 1.00
Y105D 255 = 20 0.21 369 = 23 8.58 6.9 X 10° 0.02
BZ Y105G 1203 = 350 0.97 152 = 61 3.53 7.9 X 10¢ 0.27
Y105N 1616 = 339 1.30 276 = 84 6.42 5.9 X 106 0.20
Y105R 525 =70 0.42 156 + 38 3.62 3.4 x 10¢ 0.12
Y105W 900 = 78 0.73 23+9 0.53 3.9 X 107 1.34
Wild type 105 = 11 1.00 177 = 27 1.00 5.9 X 10° 1.00
Y105D 51 =11 0.49 2860 * 540 16.2 1.8 x 10* 0.03
CF Y105G 45 + 18 0.43 1630 = 750 9.21 2.8 X 10* 0.05
Y105N 61 + 17 0.58 303 = 97 1.71 2.0 X 10° 0.34
Y105R 90 = 28 0.86 546 *= 34 3.08 1.6 x 10° 0.27
Y105W 65 =8 0.62 74 = 22 0.42 8.8 X 10° 1.49

ognition of higher generation cephalosporins, MIC values were
also determined for cefotaxime, a third generation cephalo-
sporin substrate that is not efficiently recognized by wild-type
TEM-1 (2). No cell survival above background for E. coli XL1-
Blue cells was observed for the parental enzyme or for any
Y105X mutant (results not shown).

Enzyme Kinetics—The MIC values for various antibiotics
allowed us to identify specific Y105X mutants of interest for
further enzymatic characterization, notably the Trp, Asn, Gly,
Arg, and Asp mutants. Trp was chosen because of its aromatic
similarity with the native Tyr, its high in vivo activity, and also
because of its frequent occurrence in other Class A B-lacta-
mases (Table II). Asn was chosen because its side chain is
non-aromatic and much smaller while still being a highly ac-
tive mutant also occasionally represented in other Class A
B-lactamases. To our knowledge Gly has been identified in one
Class A B-lactamase (Table II) and was selected because, like
Ala, its in vivo behavior is different toward penicillins and
cephalosporins. Finally, Asp and Arg are two charged residues
that were chosen because of their low in vivo activity. Neither
of the latter residues has been identified at position 105 in
Class A B-lactamases. We performed the in vitro assays using
BZ and CF as representatives of the penicillin and first gener-
ation cephalosporin substrate classes, respectively.

The steady-state kinetic parameters for native TEM-1 and
the five selected mutants were calculated for BZ and CF (Table
III). The greater catalytic efficiency (k.,./K,,) of the wild-type
TEM-1 for BZ is attributed to a 4-fold decrease in K,, and a
12-fold increase in k., toward BZ hydrolysis relative to CF.
The most active mutant tested (Y105W) has a catalytic effi-
ciency in the same range as the native enzyme, whereas the
least active one (Y105D) displays a reduction of 2 orders of
magnitude in its catalytic efficiency with respect to both sub-
strates. Although both Y105G and Y105N have catalytic effi-
ciencies 3-5 times lower than the wild-type enzyme for BZ,
their kinetic properties with respect to CF hydrolysis are not
alike. Indeed, although Y105N is 3-fold less efficient than the
wild-type enzyme, the efficiency of Y105G drops to a value that
is 20-fold lower for CF hydrolysis as a result of a significant K,
increase. The different effect of the Y105G mutation on K,,
values for the two antibiotics indicates that the Y105G mutant
behaves in a different manner with respect to penicillin and
cephalosporin recognition, confirming the trend that was ob-
served in the MIC determinations.

In general, the deleterious effects of many of the Y105X
mutations on catalytic efficiency is the result of a greater
disruption of K,, than k., although this trend is more pro-
nounced for CF hydrolysis than for BZ. The greatest k., de-
creases observed were for BZ hydrolysis for the Y105R and
Y105D mutants, which display a turnover number (& ,,) ~2.5

and 5 times lower than the parental enzyme, respectively.
However, Y105G, Y105N, and Y105W hydrolyze the penicillin
at maximal rates =30% relative to the native enzyme. With
respect to K,,,, the most active mutant (Y105W) shows a 2-fold
decrease in K,, compared with the parental enzyme. Other
mutants show important K,, increases that range from 3.5-fold
(Y105G and Y105R) to 8.6-fold differences (Y105D). These com-
bined effects on %, and K,, result in catalytic efficiencies for
BZ hydrolysis that range between 20 and 130% of wild-type
TEM-1 for mutants Y105G, Y105N, and Y105W, which showed
native-like BZ MICs, whereas Y105R (12%) and Y105D (2%)
are also less efficient in vivo (Table I). These results indicate
that position 105 mutants displaying a catalytic efficiency ap-
proximately one-fifth or higher than that of the wild-type en-
zyme (Y105G, Y105N, Y105W) confer in vivo survival rates in
the same range as the wild-type parent for BZ hydrolysis,
whereas those with lower efficiency (Y105R, Y105D) result in
poor in vivo performance. Thus, the K,, of Y105R may define a
threshold below which there is enough productive binding
in vivo to guarantee drug resistance.

Although the five characterized mutants hydrolyze CF with
a k., that remains within 50-100% of the wild-type enzyme,
K,, is modified much more importantly. As with BZ, the most
active mutant (Y105W) shows a 2-fold decrease in K,, com-
pared with the parental enzyme for CF hydrolysis. However,
the other mutants show K,, increases ranging from 1.7
(Y105N)- to 16.2 (Y105D)-fold higher than the wild-type en-
zyme. K, differences are, thus, the greatest contributor to the
differences seen in the catalytic efficiency of every mutant
tested for CF hydrolysis, confirming the implication of Tyr-105
in CF recognition by TEM-1 B-lactamase.

Moreover, the comparison of £, and K,,, of the best and the
worst mutants toward CF and BZ hydrolysis demonstrates
the importance of residue 105 with respect to affinity as
opposed to catalysis. In fact, although %, differs by 4.9-fold
for BZ and 2.3-fold for CF when comparing the best and the
worst mutants with respect to &, (wild-type/Y105D for BZ,
wild-type/Y105G for CF), the comparison of K, values yields
differences of 16-fold for BZ and 39-fold for CF (Y105D/
Y105W for BZ and CF). These observations lend further
support to previously published results describing the Y105F
mutant of the B. licheniformis B-lactamase, which suggested
that the main effect on activity was on substrate binding as a
result of a 3—4-fold increase in K,, (15). Although K, for BZ
hydrolysis does not vary as much as for CF hydrolysis, &, is
affected to a somewhat greater extent for less active mutants.
These differences suggest that residue 105 may be a weak
substrate determinant in TEM-1, participating in substrate
stabilization and providing an element of selectivity in the
recognition of penicillins and cephalosporins. To further in-
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FiG. 2. Superimposition of residues 104-107 of 5 Class A B-lac-
tamases crystal structures. The following enzymes were used with
the corresponding PDB entries; blue, Pseudomonas aeruginosa PER-1
apoenzyme (1E25) (9); green, M. fortuitum apoenzyme (1IMFO); white,
S. albus G apoenzyme (1BSG) (38); red, Enterobacter cloacae NMC-A
apoenzyme (1BUE) (39); yellow, E. coli TEM-1 complexed with BZ
(1IFQG) (8). The structural alignment was undertaken using the back-
bone atoms of residues 104-107 with InsightIl. Main chain atoms
between residues 103—-108 of TEM-1 are represented as a yellow ribbon.

vestigate the in vivo and in vitro results obtained with BZ
and CF as representatives of the penicillin and cephalosporin
substrate classes, molecular dynamics studies were under-
taken with selected TEM-1 B-lactamase mutants in the pres-
ence and in the absence of these substrates.

Computational Models—Tyrosine 105 is a solvent-exposed
active site residue with a side-chain conformation that is struc-
turally conserved among almost all Class A B-lactamases of
known structure. Fig. 2 shows the superimposition of residues
104-107 of the crystal structures of five Class A B-lactamases
found in natural isolates harboring different residues at posi-
tion 105 (Tyr, Trp, His, Asn, and Gly). Of these five structures
only TEM-1 is complexed with a substrate molecule (BZ). In all
cases, this 104-107-residue area defines one of the walls in
contact with the substrate and constitutes the turn within a
relatively rigid loop-helix motif encompassing residues 96-116.
Although the side chain of residue 104 is quite flexible, resi-
dues 106 and 107 have a structurally conserved conformation,
as does position 105, unless it is an Asn. In all cases the side
chain of residue 106 points toward the interior of the 96-116
loop-motif as a result of the sequence-conserved Pro107 (Table
II) creating a characteristic distorted Type-I B-turn in the
structure (23, 24, 28). When the residue at position 105 is
aromatic, it always lines up in an edge-to-face manner against
Pro-107 (Fig. 2). However, Asn-105 of the Mycobacterium for-
tuitum enzyme points away from the motif directly toward the
active site cavity. Despite the absence of a side chain in the
Streptomyces albus G enzyme (which harbors Gly at position
105), it is interesting to note that the turn is conserved and that
the shape of the 104107 element is unaltered. This suggests
that the identity of the residue at position 105 does not deter-
mine or greatly influence this helix-loop conformational bend.
The structural homology in these natural p-lactamases with
varying residues at position 105 is consistent with our obser-
vation that Y105X mutations did not have drastic effects on
TEM-1 structure, as evidenced both by conservation of the
protein solubility and by retention of at least a fraction of
substrate recognition and catalytic capacity. Consequently, we
performed molecular dynamics simulations of the Y105X mu-
tations in TEM-1, assuming that no gross structural changes
had occurred.

The Trp, Asn, Gly, Arg, Gln, and Leu mutants of TEM-1 in

Site-saturation Mutagenesis of Tyr-105 in TEM-1

the presence of BZ were studied for the following reasons; Trp,
as a positive control for highly active, aromatic residues; Asn,
because of its native-like activity despite its small, non-aro-
matic side chain; Gly (with BZ and CF), because of its different
kinetic behavior toward those substrates despite the lack of a
side chain; Arg, as a weakly active mutant with a bulky and
charged side chain; Gln, as a weakly active mutant structurally
similar to the highly active Asn; and finally Leu, as a weakly
active mutant with a neutral and branched side chain. In all
models the backbone of the entire 96-116 loop-motif displayed
little motion during the 200-ps dynamics simulation (root mean
square deviation <0.86 A). Throughout the dynamics, Tyr-105
is rigidly positioned in the center of an ~8-A-wide cavity be-
tween Pro-107 and the substrate molecule in a manner that is
quite similar to the crystallographically determined conforma-
tion of other position 105 aromatic residues in Class A B-lac-
tamases (Fig. 2). The BZ substrate also shows little motion
relative to the crystal structure (root mean square deviation <1
A). Previous studies suggest that this precise positioning of the
aromatic moiety of Tyr-105 allows it to stack between Pro-107
and the thiazolidine ring of the substrate, although the nature
of the proposed interaction has not been described in detail (21,
22). Our modeling results show that the distances maintained
between the phenol ring of Tyr-105 and the thiazolidine ring on
one side and Pro-107 on the other (~3.5 A on both sides) and
the nature of the proximal atoms are consistent with van der
Waals interactions. Furthermore, no significant difference was
observed in the free-form model of TEM-1 regarding rigidity or
conformation of Tyr-105 (not shown).

Thus, the aromatic side chain of Tyr-105 forms a “wall”
preventing the thiazolidine ring of BZ from moving into the
small cavity facing Pro107 (Fig. 3A). The Trp mutation (Fig.
3A) behaves in the same manner as the wild-type enzyme,
which is consistent with the native-like in vivo and in vitro
activities observed for the Y1I05W mutant and is also consist-
ent with high productive binding reflected by low K,, values
(2-fold decrease for CF and BZ). Although the side chain of
Asn is considerably smaller than the aromatic residues, the
Y105N mutation appears to behave in a very homologous
manner, positioning the planar, structurally constrained
v-amide group parallel to the conformation adopted by the
modeled aromatic side-chains Tyr and Trp (Fig. 3A). This
again forms a wall in front of Pro-107, preventing the sub-
strate from moving from its original position toward Pro-107,
consistent with the high survival rates observed in the MIC
determinations for the Y105N mutant.

In contrast with those mutations, the Y105G replacement
leaves the active site cavity considerably more open (Fig. 4).
Over the course of the 200-ps trajectory, the thiazolidine ring of
BZ fills the cavity facing Pro-107, where it remains relatively
rigid once placed in this alternate position. Accordingly, &, is
unaffected, whereas K,, increases by a factor of 3.5-fold. Nev-
ertheless, these modifications have virtually no impact on the
survival rate of this mutant with respect to BZ hydrolysis. On
the other hand, CF recognition is more strongly affected by the
mutation to glycine, as can be seen by the 9.2-fold increase in
K,, coupled to a 2-fold drop in k,, which correlates with the
low survival rates conferred by the Y105G mutant with respect
to CF hydrolysis. To better characterize the in vivo and in vitro
differences observed for BZ and CF with the Y105G mutant, we
performed molecular dynamics studies with a TEM-1 model
complexed with CF for the wild-type enzyme (Tyr-105) and for
Y105G (not shown). Although we observe subtle differences in
the positioning of CF relative to BZ, our models do not offer a
clear explanation for the high substrate discrimination con-
ferred by the Y105G mutant with respect to BZ and CF.
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Fic. 3. Superimpositions of snap-
shots from a 200-ps molecular dy-
namics simulation of various Y105X
mutants of TEM-1, shown in stereo. A,
superimposition of residues 105 and 107
for the 200-ps snapshot of wild-type
TEM-1 and mutants Y105W and Y105N.
Although only the 200-ps snapshot is
shown for each of the three mutants, the
side chains of residues Tyr, Trp, and Asn
are all in the same plane, rigidly posi-
tioned in the center of an ~8-A-wide cav-
ity between Pro-107 and the substrate
molecule (BZ) throughout the entire
200-ps dynamics simulations. B, superim- Wi
position of residues 105 and 107 for the
80-, 120-, and 160-ps snapshots of mutant
Y105L. The increased flexibility of the

branched side chain of Leu-105 prevents I N
adoption of the physical barrier shown in Syoe 'f

panel A, resulting in substrate destabili- S 1105
zation at the active site. For both A and B Ny /
representations, only residues 104-107 }Trr
and the BZ substrate are shown. For clar-

ity, the side chains of residues 104 and ‘L\
106 are omitted. 5
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Fic. 4. Conformation of benzylpenicillin in the active site of wild-type TEM-1 (A) and mutant Y105G (B) at the end of a 200-ps
dynamics trajectory. The shortest distance between the C3-carboxylate moiety of the thiazolidine ring of BZ to the guanidinium moiety of
Arg-244 is represented. The Y105G mutation results in removal of the wall created by Tyr-105, shifting the thiazolidine ring of the substrate in
the direction of Pro-107. This resulting conformation of BZ prevents direct contact of the C3-carboxylate with Arg-244 in the Y105G mutant.
Backbone direction between residues 104-107 and 235-245 is represented by a ribbon and is shown in the same orientation as in Fig. 3. Residues
from B-strands 3 and 4 (except Arg-244) are omitted for clarity. Similar results were observed with CF.

Most other residue replacements at position 105 had a det-
rimental effect on TEM-1 activity toward both penicillins and
cephalosporins. After a 200-ps dynamics simulation performed
with BZ for Arg or Gln at position 105, we observed large
differences relative to position 105 mutants Trp, Asn, and Gly.
The Arg-105 side chain rapidly shifts toward the entrance of
the active site cavity, placing the charged group in direct con-
tact with the solvent (results not shown). Consequently, the
Arg side chain does not create the previously described physical
barrier between BZ and Pro-107 in the same manner as the
higher activity enzymes (Tyr, Trp, Asn). The resulting shift in
the substrate is constrained by the presence of the long ali-
phatic side chain of Arg, which results in important steric
interactions with the substrate molecule. Thus, a greater lat-
eral movement of the BZ substrate is observed throughout the
simulation, which may account for the 2.5-fold decrease ob-
served in k.. In fact, the sulfur atom of the BZ thiazolidine
ring in the Y105R mutant moves 2.65 A from its original
position during the 200-ps simulation relative to 0.36 A for the
wild-type complex. It should be noted that the Arg-105 side
chain also shifts toward the entrance of the active site cavity in
the absence of BZ, suggesting that solvation of the guanidinium

group (rather than steric hindrance of the bound substrate)
promotes this shift.

In the case of the Y105L mutant (Fig. 3B), the side chain of
Leu is very flexible throughout the 200-ps trajectory (root mean
square deviation = 1.35 A as opposed to root mean square
deviation values <0.8 A for all other modeled mutants), possi-
bly disrupting the efficient binding and stabilization of the
substrate in the active site cavity. Similarly, we observed that
the amide side chain of Gln is unable to adopt the parallel
conformation shown for the aromatic and Asn mutants as a
result of its greater length and flexibility (not shown). It is
worth noting that both of these mutations (Leu and Gln) have
a greater effect on the MIC values of cephalosporins than
penicillins, suggesting that the bulkier dihydrothiazine ring of
cephalosporin substrates does not support as much flexibility
at position 105 than the thiazolidine ring of penicillin sub-
strates. Taken with the poor MIC results of all other non-
aromatic, branched mutations (with the exception of Asn), this
suggests that a greater side-chain flexibility and size conferred
by branched residues at position 105 have a detrimental effect
on substrate binding. By conserving the planar conformation
lined up against Pro-107, small or aromatic residues would
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prevent steric interactions with the substrate by forming a
stabilizing wall that restricts the active site cavity size and,
thus, substrate movement.

Finally, by monitoring the dynamics trajectory of the Y105X
mutants in the presence and absence of BZ, we determined that
the whole-residue distance between residues 105 and 107 for
aromatics (Tyr, Trp) is ~1 A wider in the absence than in the
presence of substrate. This difference is less pronounced (~0.5
A) for the Asn mutant but is not discernible for three other
mutants tested (Gly, Arg, Gln). The difference in distance
(*substrate) appears to be correlated to in vivo and in vitro
activity, further suggesting a role for residue 105 in substrate
stabilization at the active site.

DISCUSSION

The results we have obtained indicate that the nature of the
residue at position 105 in TEM-1 B-lactamase has an important
effect on substrate recognition and stabilization at the active
site. Stabilizing effects have been previously proposed for Tyr-
105 with respect to substrates and inhibitors. Notably, Mobas-
hery and co-workers (32, 33) suggest the existence of a hydro-
phobic pocket created by the side chains of Tyr-105 and Val-216
in TEM-1, whereas other studies on Class A enzymes pointed
out that the hydroxyphenyl group of Tyr-105 was within van
der Waals distance of the thiazolidine ring of penicillin sub-
strates or inhibitors (9, 18, 34, 35). Consequently, these crystal
structure observations have led to the suggestion that Tyr-105
“stacks” with the thiazolidine ring of BZ or inhibitors (21, 22).
Our studies suggest that the strong bias for aromatic residues
at position 105 is not a functional prerequisite of hydrophobic-
ity so much as a structural necessity to prevent unfavorable
substrate displacement within the active site. This hypothesis
is strengthened by the polar Asn side chain of the Y105N
mutant, whose activity is in the same range as the wild-type
enzyme for all substrates tested. Thus, polarity can be toler-
ated at position 105 as long as the residue causes no perturba-
tion to substrate positioning. Moreover, as evidenced by com-
paring the relatively high penicillin hydrolysis of the Y105G,
Y105N, Y105S mutants with the more hydrophobic Y105C
mutant, hydrophobicity cannot be considered as a variable
defining the stabilizing interaction conferred by Tyr-105 in
TEM-1 and other Class A p-lactamases.

Aromatic residues and Asn would, thus, be favored at posi-
tion 105 because of the intrinsic planarity of their side chains,
which enables them to adopt a structurally “non-destructive”
conformation where they fill the small cavity between the thiol
ring of the substrate on one side and Pro-107 on the other,
preventing extensive motion of the substrate within the active
site cavity. This wall, formed by Tyr-105, has previously been
suggested as an important determinant in clavulanate suscep-
tibility for several Class A enzymes (23), although this asser-
tion needs more thorough investigation with respect to the
susceptibility of Class A B-lactamases that do not harbor an
aromatic residue at position 105. Because the Asp mutant
would also be able to adopt the same planar conformation as
that of Asn, it is reasonable to assume that the low in vivo and
in vitro activities observed for Y105D with all the substrates
tested is related to its negative charge. The presence of the
wild-type glutamate residue at position 104 coupled to the
Y105D mutation would generate a strong negative potential,
which may account for the altered kinetic parameters. Finally,
the side chains of other residues appear to be disfavored at
position 105 as a result of their bulkier size, charge, and/or
their inability to retain the particular non-destructive planar
conformation described herein, which prevents unfavorable
steric clashes of residue 105 with the substrate. Hence, small
residues create a gap in this barrier, allowing for greater sub-

Site-saturation Mutagenesis of Tyr-105 in TEM-1

strate displacement within the active site cavity, whereas
larger and non-planar residues (except Asn) are too bulky
and/or possess too many degrees of freedom to adopt this bar-
rier conformation, interfering with productive substrate posi-
tioning. In the evolutionary context of this particular residue,
our results are in accordance with the non-planar and bulky
amino acids naturally excluded from this position, as their
physical characteristics constitute a clear disadvantage with
respect to catalytic efficiency, as opposed to the strongly con-
served, structurally non-destructive residues (aromatics, Gly,
Asn) found at position 105 in all Class A B-lactamases (Table
II). As noted above, we were unable to select a Y105X mutation
of TEM-1 that allowed recognition of a higher generation ceph-
alosporin. That the conformation of residue 105 is not in the
immediate vicinity of the bulky C7 side chain of third-genera-
tion cephalosporins (Fig. 1) suggests this residue may not be a
primary target for future adaptive mutations found in natural
isolates of TEM variants.

Although the planar characteristic conferred by aromatic res-
idues and Asn at position 105 appears to be essential for efficient
cephalosporin hydrolysis, it is not a definitive requirement of
high activity for penicillin substrates since high survival rates
are additionally observed for mutants with small amino acid side
chains at position 105 (Y105G and Y105A). This observation
suggests that cephalosporin stabilization in the active site of
TEM-1 is more precarious and requires a greater structural
integrity of the active site than penicillin substrates. This differ-
ence in recognition and stabilization may be attributed to the
greater size of the 6-membered dihydrothiazine ring of cephalo-
sporins coupled to the fact that these substrates always harbor a
bulkier C3 substituent compared with the smaller, less substi-
tuted 5-membered thiazolidine ring of penicillins. Aromaticity,
although not essential, may still contribute to affinity since the
elimination of the aromatic moiety at position 105 results in K,
increases that could be explained by the loss of weak stabilizing
forces conferred by aromatic residues. Accordingly, the lower K,
values observed toward BZ and CF for the Y1I05W mutant may
result from the higher electron density of the Trp indole side
chain compared with the hydroxyphenyl moiety of Tyr, resulting
in stronger van der Waals contacts of the indole side chain with
the substrate.

In the wild-type enzyme, ion-pairing interactions (36) and
hydrogen bonding (37) of the C3 (C4) carboxylate group of
substrates to the guanidinium group of Arg-244 have been
suggested to play a role in stabilizing the substrate in the
ground and transition states, although these assumptions have
been the subject of debate (2, 4). Although our model of the
acyl-enzyme intermediate cannot account for ground or transi-
tion states, the wild-type acyl-enzyme with BZ or CF supports
this hypothesis by confirming the maintenance of appropriate
distances between Arg-244 and the C3 (C4) carboxylic acid
groups of both substrates throughout the 200-ps dynamics
(shown in Fig. 4A for BZ). However, the large shift of the thiol
rings of both BZ and CF observed for the Y105G mutant pre-
vents any direct hydrogen bonding or ion-paring interaction of
the C3 (C4) carboxylate moieties of substrates with Arg-244 as
a result of increased distances (Fig. 4B). Should the increased
distance also exist at the ground or transition states, this
suggests either that interaction with Arg-244 is not essential
for activity or that a bridging water molecule (as proposed by
various authors (Ref. 4 and references therein)) would be dis-
placed concurrently with the substrate, since the Y105G mu-
tant is highly active for BZ hydrolysis.

We observed that the amide of Asn is positioned differently
in the modeled, ligand-bound Y105N mutant and in the free-
form crystal of the M. fortuitum enzyme. This suggests that the
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position of residue 105 is different in the free and ligand-bound
enzymes, possibly as a result of substrate binding. Our moni-
toring of the distance between residues 105 and 107 during the
200-ps dynamics trajectory of the Y105X mutants modeled in
the presence and absence of BZ supports this hypothesis. The
correlation between the difference in distance (*substrate) and
in vivo and in vitro activity suggests that aromatic residues at
position 105 (and Asn to a certain extent) adopt two distinct
conformations in the presence and absence of substrate and
could, thus, be a determinant of recognition for substrate sta-
bilization. This conformational change is in agreement with
backbone NMR relaxation studies of TEM-1 showing that res-
idue 105 harbors a higher-than-average flexibility in solution.?
Moreover, previously published crystal structures of inhibitor-
bound Class A B-lactamases showed Tyr-105 as a potentially
flexible residue harboring distinct positions in the free and
inhibitor-bound enzymes (17-21). Recently, a 1-ns molecular
dynamics simulation of TEM-1 with BZ showed that the side
chain of Tyr-105 can flip in the same plane to make favorable
contacts with the phenyl moiety of this substrate (12). Al-
though the side chain of Tyr-105 does not display this impor-
tant conformational shift in our shorter modeling studies of
TEM-1, our results nevertheless suggest that Tyr-105 as well
as highly active Y105X mutations adopt slightly differing con-
formations in the presence and in absence of substrate.

In conclusion, our systematic investigation of the in vivo and
in vitro kinetic effects of Y105X mutants of TEM-1 B-lactamase
coupled to molecular dynamics simulations identify this resi-
due as being involved in B-lactam substrate selectivity and
stabilization at the active site. We propose that the residue at
position 105 is most propitious to substrate binding when it can
stably adopt a planar conformation between the substrate and
the conserved Pro-107, whereas more flexible residues create
unfavorable steric hindrance with the substrate. Polarity (but
not charge) is tolerated, whereas reduction of bulk at this
position results in discrimination between penicillin and first-
generation cephalosporin substrates. We obtain good agree-
ment between in vivo, in vitro, and in silico results, which also
correlate well with the natural diversity observed at this posi-
tion among Class A B-lactamases, thus suggesting a basis for
the evolutionary selection of residues adopting a non-destruc-
tive conformation at position 105 in Class A B-lactamases.
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