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Abstract: The diversity in substrate recognition spectra exhibited by various p-lactamases can
result from one or a few mutations in the active-site area. Using Escherichia coli TEM-1
p-lactamase as a template that efficiently hydrolyses penicillins, we performed site-saturation
mutagenesis simultaneously on two opposite faces of the active-site cavity. Residues 104 and 105
as well as 238, 240, and 244 were targeted to verify their combinatorial effects on substrate
specificity and enzyme activity and to probe for cooperativity between these residues. Selection
for hydrolysis of an extended-spectrum cephalosporin, cefotaxime (CTX), led to the identification
of a variety of novel mutational combinations. In vivo survival assays and in vitro characterization
demonstrated a general tendency toward increased CTX and decreased penicillin resistance.
Although selection was undertaken with CTX, productive binding (Ky;) was improved for all
substrates tested, including benzylpenicillin for which catalytic turnover (k..;) was reduced. This
indicates broadened substrate specificity, resulting in more generalized (or less specialized)
variants. In most variants, the G238S mutation largely accounted for the observed properties, with
additional mutations acting in an additive fashion to enhance these properties. However, the most
efficient variant did not harbor the mutation G238S but combined two neighboring mutations that
acted synergistically, also providing a catalytic generalization. Our exploration of concurrent
mutations illustrates the high tolerance of the TEM-1 active site to multiple simultaneous
mutations and reveals two distinct mutational paths to substrate spectrum diversification.

Keywords: TEM-1 p-lactamase; combinatorial mutagenesis; protein engineering; antibiotic
resistance; extended-spectrum p-lactamase; plasticity

Abbreviations: AMP, ampicillin; BZ, benzylpenicillin; CAZ, ceftazidime; CF, cephalothin; Chl, chloramphenicol; CTX, cefotaxime; CV,
column volume; CZ, cefazolin; ESBL, extended-spectrum f-lactamase; MIC, minimum inhibitory concentration.

Pierre-Yves De Wals’s current address is Verdezyne, Inc., 26061 Merit Circle #101, Laguna Hills, CA 92653-7010, USA.
Nicolas Doucet’s current address is Department of Chemistry, Yale University, 225 Prospect Street, P.O. Box 208107, New Haven,
CT 06520-8107, USA.

Grant sponsors: Natural Sciences and Engineering Research Council of Canada (NSERC), The Canada Foundation for Innovation
(CFI).

*Correspondence to: Joelle N. Pelletier, Département de Chimie, Université de Montréal, C. P. 6128, Succursale Centre-Ville,
Montréal, Québec, Canada H3C 3J7. E-mail: joelle.pelletier@umontreal.ca

147 PROTEIN SCIENGE 2009 ‘ VOL 18:147-160 Published by Wiley-Blackwell. © 2008 The Protein Society



f'ff’”OH
0

Benzylpenicillin (BZ)

0
NH l;ls
NH; /];Tr\)(
o]
#/~OH
o}

HO™ "0

Cefazolin (CZ)

=

HO™ "0

Cefotaxime (CTX)

Figure 1. B-lactam antibiotics used in this study. BZ and AMP are classical penicillins, CF and CZ are first-generation
cephalosporins, whereas CTX is an extended-spectrum cephalosporin. The location of Ry and R, substituents is identified to
highlight differences between substrates. Note the bulkiness of Ry from CTX relative to CF and CZ.

Introduction

The rapid evolution of the hydrolase specificity in B-
lactamases is an important contributor to antibiotic re-
sistance worldwide. B-Lactamases have developed
ever-increasing sequence diversity, with decades of
penicillin and cephalosporin antibiotic use providing
the required selective pressure. The appearance and
combination of point mutations have resulted in var-
ied recognition spectra for p-lactam antibiotics of ear-
lier generations. More recently developed cephalospo-
rins were designed to elude this process but,
increasingly, resistant mutants are reported. Such
extended-spectrum pB-lactamases (ESBLs) efficiently
hydrolyze B-lactam antibiotics not normally recognized
by native B-lactamases. The amino acids responsible
for ESBL activity are generally near the substrate-
binding site and do not directly contribute to cataly-
sis.' Residues at positions 104, 238, and 240 (number-
ing according to Ambler et al.*) are frequently associ-
ated with ESBL resistance and have been previously
characterized by mutagenesis in several class A B-lac-
tamases.3 Mutation G238S°® appears to expand the
active-site cavity to accommodate substrates such as
the extended-spectrum cephalosporin, cefotaxime
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(CTX), which harbors a large, branched R1 substituent
(see Fig. 1).”7'° Mutation E104K also results in ESBL
activity, through the possible formation of an electro-
static bond between the side chain of Lys-104 and the
bulky R, substituent of an extended-spectrum cephalo-
sporin.>#*'" Similarly, the E240K substitution has been
proposed to improve binding of the extended-spec-
trum cephalosporins ceftazidime (CAZ) and CTX.”

TEM-1 B-lactamase belongs to the serine hydro-
lase class A family and is the most prevalent member
found among gram-negative bacteria.'> Many drug-re-
sistant mutants of TEM-1, both clinically identified
and laboratory-generated, have been character-
ized."®1314 Importantly, the acquisition of resistance
toward extended-spectrum cephalosporins has gener-
ally resulted in a concomitant decrease of resistance
toward classical substrates such as penicillins and
first-generation cephalosporins.3'5'® For example, mu-
tant G238S increased TEM-1 resistance toward CTX 8-
fold with a concomitant 4-fold decrease in ampicillin
(AMP) resistance.®

Here, we investigate the potential for increased
recognition of an extended-spectrum cephalosporin by
targeted sequence variation in TEM-1. The
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Figure 2. Schematic representation of the active site of TEM-1 B-lactamase. Residues targeted for saturation mutagenesis
(Glu-104, Tyr-105, Gly-238, Glu-240, and Arg-244) are represented in blue according to their Connolly surface, defined by a
1.6 A solvent radius. These amino acids belong to two distinct faces of the active-site cavity. Residues known to be involved
in the catalytic mechanism (Ser-70, Lys-73, Ser-130, and Glu-166) are colored in red. The cocrystallized BZ is shown in
ball-and-sticks representation and is displayed to illustrate its proximity to the targeted active-site positions. PDB coordinates
1FQG. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

combination of mutations in B-lactamases can yield
multiplicative effects as opposed to simple additive
effects on enzyme activity. Such synergy has been
observed for the double mutants G238S:E240K® and
E104M:G238S® toward CAZ and CTX hydrolysis,
respectively. The E104M:G238S variant has the char-
acteristic that the two mutations belong to opposite
faces of the active-site cavity (see Fig. 2). These resi-
dues may form contacts with distinct atoms of the
substrate such that the effect of their concurrent muta-
tion cannot be predicted. To verify if further, similarly
successful solutions to CTX-resistance frequently result
from multiple, simultaneous active-site mutations, we
explored concurrent mutations of a restricted subset of
residues in close proximity to the substrate and which
include known solutions to CTX resistance. We also
investigated whether switching the substrate profile
was general or whether it was mutation-specific. To
this end, we mutated Glu-104 as well as its neighbor
Tyr-105, which is moderately conserved in class A B-
lactamases.”” On the opposite face of the active-site
cavity, we mutated Gly-238 and Glu-240 as well as
Arg-244. The latter is partially conserved in class A B-
lactamases® and its mutation has led to inhibitor re-
sistance,®'3 although no changes in substrate spectrum
recognition have been reported upon its mutation.
Because of its close three-dimensional proximity to
residues Gly-238 and Glu-240, we included Arg-244 in
the combinatorial mutation scheme, to verify whether
the effect of mutating it may be different in the con-
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text of simultaneously mutated neighboring residues.
In addition, by mutating opposite faces of the active
site simultaneously, we probed the extent to which
mutations that contact different functional groups of
the substrate work in concert to modify substrate
recognition.

Selection of the mutated TEM-1 variants yielded a
variety of combinatorial mutants with increased
extended-spectrum  cephalosporin  resistance and
decreased penicillin resistance. Although mutants dis-
played increased affinity toward all substrates, turn-
over was enhanced only for CTX and considerably
reduced for penicillins. Overall, our results show that
the active site of TEM-1 B-lactamase tolerates a variety
of multiple simultaneous amino acid substitutions,
indicating active-site plasticity that allows for substrate
spectrum diversification.

Results

Selection of resistant mutants from the
combinatorial library

To gain a better understanding of the role of specific
residues giving rise to ESBLs, TEM-1 residues 104,
105, 238, 240, and 244 (see Fig. 2) were combinatori-
ally mutated using a semi-random saturation muta-
genesis approach.’® Prior to selection, DNA sequencing
of 36 randomly picked clones from the library revealed
no unexpected mutations. The randomized nucleotides
diverged quantitatively from the expected distribution
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Table I. TEM-1 B-Lactamase Mutants Selected on
Media Containing 250 ng/mL CTX

o a
Mutated positions Frequency of

104 105 238 240 244 occurrence
E Y G E R o (WT TEM-1)
E Y S K R 14
E Y S R R 4
Q w S E R 4
E Y S T R 3
\% N S T R 2
R S S T R 2
E Y N H R 1
P H S E R 1
R W S E R 1
S w S S R 1
A% N S L R 1

# Bold-type identifies mutations relative to WT TEM-1.

although all expected nucleotides were encoded at a
frequency ensuring adequate randomization of the five
target residues.

Selection against CTX yielded 34 resistant clones,
several of which were redundant (Table I). The double
mutant EYSKR® was the most prevalent variant
selected, representing over one-third of the sequenced
population. The 4 double-, 3 triple-, and 4 quadruple-
mutant combinations identified include nine novel
mutational combinations, as well as two previously
characterized combinations (EYSKR and EYSRR).”*9

The opposite active-site walls 104-105 and 238-
240-244 exhibited different mutational patterns in the
selected variants (Table I). Roughly two-thirds of all
variants displayed native amino acids at positions 104
and 105 while position 238 was mutated in all cases.
In fact, with the sole exception of variant EYNHR, all
selected mutants encoded the G238S mutation, which
is sufficient to confer extended-spectrum antibiotic re-
sistance on its own.® Similarly, position 240 was
mutated in all but three cases. Interestingly, all
selected mutants carried the native arginine at position
244, suggesting that this residue is intolerant to muta-
tion in the context of selection against CTX.

We selected a subset of the mutants for further
characterization, with the goal of obtaining a broad
amino acid divergence at the five mutated positions.
The novel variants VNSLR, SWSSR, PHSER, and
EYNHR were thus chosen for characterization by in
vivo antibiotic resistance and enzyme kinetics. Mutant
VNSTR was also characterized for comparison to
VNSLR, as they differ only at codon 240 (Leu or Thr).

Bacterial antibiotic susceptibility
Minimal inhibitory concentrations (MICs) were deter-
mined for E. coli XLi-Blue expressing the TEM-1

*The five-letter nomenclature identifies mutants according to the
one-letter code of the amino acids at positions 104, 105, 238, 240
and 244, respectively.
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mutants VNSTR, VNSLR, SWSSR, PHSER, and
EYNHR to assess the effects of the multiple mutations
on bacterial antibiotic resistance (Table II). E. coli
expressing or lacking wild-type (WT) TEM-1 served as
controls. The point-mutant E240H was also created
and its MICs determined to assess the impact of this
mutation, which is contained in the variant EYNHR.
MICs were obtained for two classical penicillins (ben-
zylpenicillin (BZ) and AMP), two first-generation
cephalosporins (cephalothin (CF) and cefazolin (CZ)),
and the extended-spectrum cephalosporin CTX that
was used during selection.

The concentrations inhibiting bacterial growth
were higher for penicillins (64-10,000 pg/mL) than
for cephalosporins (0.125-125 pg/mL). This result was
not unexpected as cephalosporins were developed to
counteract the resistance observed with standard peni-
cillins.>*>** This difference was yet more pronounced
for CTX, which belongs to a subsequent generation of
cephalosporins that are not efficiently hydrolyzed by
WT TEM-1.>* As a consequence, the WT MIC for CTX
was no higher than for the negative control (Table II).

MICs for CTX were significantly increased for the
five characterized combinatorial mutants, up to one
order of magnitude, consistent with the fact that the
variants had been selected against CTX (Table II). The
sensitivity of all combinatorial mutants toward first-
generation cephalosporins (CF and CZ) remained in
the same range as WT TEM-1: a maximum 2-fold
decrease for CF was observed. Importantly, these
CTX-resistant variants all exhibited an important
reduction in resistance toward penicillin substrates.
For both AMP and BZ, MIC values dropped by at least
one order of magnitude relative to WT TEM-1.

Despite their different mutations, the MICs
observed for the five characterized combinatorial var-
iants were similar, with only 2- to 4-fold differences
amongst each other. This suggests that TEM-1 can
withstand various combinations of multiple mutations
in the vicinity of the active site while maintaining a
certain level of resistance, albeit lower than WT TEM-1
in the case of penicillins. The E240H point mutant,
which had not been identified upon selection for CTX
resistance, was created as a control to compare the
impact of that mutation alone to its contribution
within mutant EYNHR. In contrast to the combinato-
rial variants, point mutant E240H showed no increase
in CTX hydrolysis and significantly decreased MICs for
all other substrates tested.

Enzyme kinetics

Steady-state kinetic parameters (k. and Ky;) were
determined for the five selected mutants as well as for
WT TEM-1 and point-mutant E240H, toward BZ, CF,
CZ, and CTX (Table III). The low molar extinction
coefficient of AMP (900 M " cm ™ %; Ref. 8) resulting in
a weak signal-to-noise ratio, as well as deviations from
linear kinetics (lag phase) precluded spectrophotometric
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Table II. Minimum Inhibitory Concentrations of E. coli XL1-Blue Expressing Wild-Type TEM-1 or Mutant

B-Lactamases

Substrates (pug/mL)

B-Lactamase variants CTX AMP BZ CF CzZ
None? 0.125 64 250 32 8
WT TEM-1 (EYGER)P 0.125 10,000 10,000 125 64
VNSLR 0.5 250 500 64 64
PHSER 0.5 250 500 125 32
EYNHR 0.5 500 500 64 16
SWSSR 0.75 1,000 1,000 64 32
VNSTR 2 250 1,000 64 32
E240H¢ (EYGHR) 0.125 1,000 1,000 32 32

2 E. coli XL1-Blue

 The five-letter nomenclature identifies mutants according to the one-letter code of the amino acids at positions 104, 105, 238,
240, and 244, respectively. Bold-type identifies mutations relative to WT TEM-1. Variants are listed according to increasing

CTX MIC.

¢ Control point-mutant, not obtained by selection against CTX.

Table III. Kinetic Parameters for B-Lactam Hydrolysis by Wild-Type and Mutant TEM-1 B-Lactamases Containing

Mutation G2388S or Related to Variant EYNHR

kcat KM kcat/KM kcat/KM
relative Ky relative relative relative
Substrates TEM-1 variants keat (571 to WT (uM) to WT to WT to G238S
CTX TEM-1 WT (EYGER?) 0.74 + 0.1° 1 840 + 160 1 1 0.02
VNSTR 23 +7 31 72 + 13 0.09 360 6.9
VNSLR 20 + 2 27 28 +7 0.03 810 16
SWSSR 20 + 2 27 40 £ 7 0.05 570 11
PHSER 61+ 6 82 110 £ 9 0.13 610 12
G238S (EYSER)® 3.8 0.08 52 1
EYNHR 55 £ 10 74 61+9 0.07 1020 —
G238N (EYNER)® 1.4 0.16 10 —
E240H (EYGHR) 2.7 + 0.8 3.6 620 + 190 0.74 5 —
CF TEM-1 WT (EYGER) 77 + 4 1 180 + 28 1 1 0.84
VNSTR 10 + 0.3 0.13 16 + 0.6 0.09 1.5 1.3
VNSLR 16 + 0.5 0.21 5+1 0.03 7.4 6.2
SWSSR 24 + 3 0.31 10 £ 5 0.06 5.6 4.7
PHSER 31+ 6 0.40 7+2 0.04 10 8.5
G238S (EYSER)® 0.03 0.02 1.2 1
EYNHR 31+5 0.40 1+ 1 0.06 6.5 —
G238N (EYNER)® 0.13 0.29 0.44 -
E240H (EYGHR) 63 +7 0.82 23 + 10 0.13 6.3 —
CZ TEM-1 WT (EYGERP) 69 + 13 1 130 = 9 1 1 0.80
VNSTR 38+t7 0.55 83 +7 0.67 0.87 0.69
VNSLR 41+ 1 0.59 28 + 2 0.22 2.8 2.2
SWSSR 50 +9 0.72 55 + 14 0.44 1.7 1.4
PHSER 88 +4 1.3 61+ 9 0.49 2.6 2.1
G238S (EYSER)? 0.85 0.68 1.3 1
EYNHR 82+ 9 1.2 120 + 23 0.98 1.3 —
G238N (EYNER) ND* ND ND —
E240H (EYGHR) 118 £ 6 1.7 95 + 24 0.73 2.3 —
BZ TEM-1 WT (EYGER) 1660 + 230 1 62 + 21 1 1 50
VNSTR 19 +£1 0.01 17+ 7 0.27 0.04 2.0
VNSLR 29 + 2 0.02 15 + 2 0.24 0.07 3.5
SWSSR ND ND ND ND ND ND
PHSER 20 + 4 0.01 31+ 6 0.50 0.02 1.2
G238S (EYSER)® 0.003 0.16 0.02 1
EYNHR 82 +t9 0.02 106 + 18 1.7 0.01 —
G238N (EYNER)® 0.02 0.12 0.19 —
E240H (EYGHR) 2000 =+ 420 1.2 420 + 110 6.8 0.17 —

# The five-letter nomenclature identifies mutants according to the one-letter code of the amino acids at positions 104, 105, 238,
240, and 244, respectively. Bold-type identifies mutations relative to WT TEM-1.

® Mean value =+ standard deviation.

¢ Data from Ref. 5; values relative to WT were calculated using the WT values reported in the same study.
4 Data from Ref. 23; values relative to WT were calculated using the WT values reported in the same study.

¢ ND, not determined.
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Figure 3. Variation in the relative catalytic efficiencies of
the mutant p-lactamases relative to WT TEM-1, plotted on
a logarithmic scale. The greatest increase in activity was
observed toward the extended-spectrum cephalosporin,
CTX, used in the selection. Activity toward two
first-generation cephalosporins, CF and CZ, increased only
slightly relative to TEM-1. However, the important loss of
activity toward the native substrate, BZ, was a negative
trade-off to the increased CTX activity.

characterization of its hydrolysis. In agreement with
previous reports,>** WT TEM-1 exhibited low CTX
turnover (k1) and poor productive CTX binding (Ky),
resulting in weak catalytic efficiency (k..;/Ky) toward
CTX hydrolysis (Table IITI). Comparison of catalytic
efficiencies of the selected variants relative to the WT
(Table III) yielded high values for CTX and low values
for BZ. Importantly, the greatest differences lie in
comparing all selected variants to the WT; differences
among the selected variants were much less important
for any given parameter (see Fig. 3), consistent with
the results of in vivo resistance experiments (Table II).
Interestingly, while all selected variants displayed simi-
lar improvements in Ky relative to WT toward CTX
(extended-spectrum cephalosporin) and CF (first-
generation cephalosporin), the relative turnover rate
increased only for CTX hydrolysis, resulting in greater
improvements in relative catalytic efficiency toward
CTX (Table III).

Impact of additional mutations in the

context of G238S

Point mutant G238S is known to enhance extended-
spectrum hydrolysis.>® To discern the effects of the
additional mutations relative to the G238S point
mutation, kinetic parameters of the selected variants
were compared with those determined for G238S
under similar conditions (Table III). For the combina-
torial variants that include mutation G238S, the rela-
tive catalytic efficiencies (k../Ky) for the four sub-
strates tested were generally improved relative to the
G238S mutant as a result of the additional mutations
at positions 104, 105, and 240. The most important
increases were seen for CTX hydrolysis, consistent

High Tolerance to Active-Site Mutations in TEM-1

with this extended-spectrum cephalosporin having
been used in the selection, and for hydrolysis of the
first-generation cephalosporin, CF.

The relative catalytic efficiencies for CTX hydroly-
sis were improved ~10-fold relative to the G238S mu-
tant. In the variants including G238S, K{X was simi-
lar to that of G238S, whereas kC:X was increased by
roughly one order of magnitude relative to G238S. The
increase in catalytic efficiency (kc./Ky) thus resulted
from increased turnover. This differs from the effect of
mutation G238S relative to WT TEM-1, where
increased CTX hydrolysis resulted primarily from
improved K{{X. Thus, the additional mutations had a
modest additive effect toward CTX hydrolysis in the
context of mutation G238S, and the nature of their
effect on hydrolysis differed from that of mutation
G238S.

Variant PHSER showed the greatest improvement
in k{IX (~80-fold enhancement). This variant also
exhibited the greatest reduction of BZ hydrolysis,
where kB2 = 1% of WT, as for variant VNSTR. Variants
VNSLR and VNSTR differ only by the substitution of
the native Glu240 by Leu or Thr, respectively. Overall,
mutant VNSLR exhibited among the best productive
affinities (Ky;) and catalytic efficiencies (kc./Ky) for
most substrates tested. VNSTR and VNSLR exhibited
10- to 30-fold improvements in their k{IX (increased)
and K{{X (decreased) relative to WT. Ky decreases of
the same order were observed for the first-generation
cephalosporin CF but smaller Ky; decreases (1.5- to 5-
fold) were seen for CZ as well as for BZ. However, the
keat for hydrolysis of both first-generation cephalospo-
rins decreased similarly by a maximum of 8-fold and
dropped to 1—-2% of WT activity for BZ. Importantly,
the additional mutations did not reduce the overall
catalytic efficiency (k../Ky) of BZ or CZ hydrolysis
relative to mutant G238S. Thus, the impact of the
additional mutations is greatest toward CTX hydrolysis
and important (except for mutant VNSTR) for CF
hydrolysis.

Resistance of variants excluding G238S
The double mutant EYNHR harbors the G238N muta-
tion rather than G238S. This combinatorial variant
displayed the highest relative catalytic efficiency (kcat/
Ky for CTX hydrolysis (Table III), confirming that
mutations of Gly238 to residues other than serine can
provide high resistance.® The G238N mutation has
previously been shown to be approximately one order
of magnitude less efficient in extended-spectrum ceph-
alosporin hydrolysis than G238S although it provides
a catalytic efficiency 10- and 5-fold greater than WT
toward hydrolysis of CTX and CAZ, respectively.® This
indicates that the additional mutation, E240H,
contributed to the resistance phenotype of variant
EYNHR.

The previously unreported point mutant E240H
was not identified during selection against CTX,
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suggesting that it does not, by itself, offer a high level
of resistance. We created it and determined that it dis-
played a slight improvement in catalytic efficiency to-
ward the three cephalosporins tested and a small
decrease of efficiency toward BZ, but the differences
were much smaller than for the double mutant
EYNHR (Table III). Both mutations contributed to the
decreased K{X. In fact, the AAG for ke../K§{™ of the
double mutant EYNHR (—4.1 kcal/mol) relative to ei-
ther point mutant G238N (—1.4 kcal/mol) or E240H
(—0.9 kcal/mol) indicates that the mutations behave
in a synergistic manner toward CTX hydrolysis (rather
than an additive manner®?), which is also reflected by
the difference in the k., values.

Discussion

In this work, we systematically investigated the poten-
tial cooperative effects of amino acid substitutions at
five positions belonging to two opposite active-site
faces of TEM-1 pB-lactamase. Selection against CTX
allowed identification of several active TEM-1 mutants
displaying a variety of substitutions at four of the five
targeted positions. Contrary to our expectations, we
saw no evidence of cooperativity between the two faces
of the active site: mutations identified in addition to
the highly effective G238S mutation procured only
small, additive increases to CTX hydrolysis efficiency,
with no particular pattern related to either of the two
faces.

Gly-238

Earlier studies focusing exclusively on the TEM-1 237-
240 region identified ESBL mutants harboring either a
serine or an asparagine at position 238, consistent
with our results.’ The fact that no further sequence
variations were identified in this study immediately
indicates that the concurrent mutations on the oppo-
site face (104-105) did not importantly modify the out-
come at position 238. Thus, the two faces can be
mutated relatively independently of each other, illus-
trating the important adaptive capacity of the active
site. Approximately 20% of natural TEM ESBL isolates
include the G238S mutation; TEM-19 is the clinically
relevant G238S point mutant. The G238N and the
G238D substitutions are found in combination with
E104K and one other mutation (see http://lahey.org/
studies/temtable.asp), but do not occur alone in iso-
lates. Although the G238N mutation provides only for
modest ESBL activity and is approximately one order
of magnitude less efficient in extended-spectrum ceph-
alosporin hydrolysis than G238S, it provides a catalytic
efficiency one order of magnitude greater than WT to-
ward hydrolysis of CTX and CAZ (Table III; Ref. 5).
The observation of the G238S and G238N mutations
in all our CTX-resistant variants suggests that their
functional effect on CTX hydrolysis is unmatched by
any other mutation at this position.
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Substitution of the native Gly238 has been sug-
gested to displace the B3 strand,”® expanding the
active-site cavity to accommodate bulkier subs-
trates (i.e., extended-spectrum p-lactam antibiotics).
Although elements of kinetic evidence support an al-
ternative shift of the Q-loop,>** analysis of crystal
structures of ESBL mutants has substantiated the B3
strand displacement hypothesis.>'® Considering the
modest increase of CTX hydrolysis resulting from
additional mutations at positions 104, 105, and 240
relative to mutant G238S, it appears likely that the
position 238-dependent displacement of the B3 strand
is an independent and compulsory structural require-
ment of CTX hydrolysis in TEM-1 that is expected to
be present in most, if not all of the selected mutants.

Glu-240

Position 240 displayed diverse substitutions in the
selected CTX-resistant variants (Glu, Arg, Lys, Thr,
Ser, His, and Leu), consistent with other TEM ESBLs
(http://lahey.org/studies/temtable.asp). The most fre-
quent mutation observed in natural isolates, E240K,
was identified only in our most frequently selected
variant: EYSKR, which is the doubly mutated, clini-
cally relevant TEM-712° (Table I). The E240K muta-
tion may aid binding of extended-spectrum cephalo-
sporins through electrostatic or hydrogen bonding
interactions.>” The diversity observed confirms that
mutations other than E240K are compatible with CTX
hydrolysis, when combined with mutations at posi-
tions 104, 105, and/or 238. Among the mutations, all
but Leu have hydrogen-bonding capacity, suggesting
that this feature is important. However, the previous
selection of mutant E240G,*” which also displays an
increased catalytic efficiency toward CTX,2® indicated
that a H-bonding side-chain is not essential. Indeed,
for the three cephalosporins tested, variant VNSLR
(containing mutation E240L) exhibited slightly better
Ky values (~2.5-fold reduction) relative to VNSTR
(containing mutation E240T; Table III), in the context
of identical mutations at positions 104, 105, and 238.
This comparison demonstrates that the ESBL pheno-
type can be observed either in the presence of hydro-
phobic bulk (Leu) or of a hydrophilic side-chain (Thr)
at position 240.

Arg-244

Among the five randomized positions, only Arg-244
remained invariable. This conservation was not
entirely unexpected because Arg-244 mutations in
TEM-1 are not associated with ESBL activity, but
rather with inhibitor resistance.®’*> We nonetheless
randomized this residue to evaluate whether changes
in its environment resulting from neighboring, con-
comitant mutations would allow its contribution to the
ESBL phenotype. Its strict conservation is consistent
with its proposed role in substrate stabilization®® and
suggests that the role of Arg-244 in CTX recognition
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cannot be compensated by a mutation (or combina-
tions of mutations) at positions 104, 105, 238, or 240.

Tyr-105

With few exceptions, aromatic and small amino acids
are conserved at position 105 in class A B-lactamases,
a structural and functional requirement that has been
rationalized by the necessity to form a stable ligand
binding surface within the TEM-1 active-site.”” The
mutations selected at position 105 in this study (Tyr,
Trp, His, Asn, and Ser) are consistent with the neces-
sity for this residue to be small or planar to prevent
steric clashes with the substrate. Mutations at position
104 and/or on the opposite face at positions 238 and
240 did not broaden the variety at position 105, dem-
onstrating that its role in binding and catalysis cannot
be readily compensated by neighboring mutations.
Interestingly, the native Tyr-105 was selected only in
combination with the native Glu-104 (Table I), sug-
gesting that they constitute a favored pair and act in
an interdependent fashion. Mutation of either allowed
mutation of the second, consistent with results of a
combinatorial study of TEM-1 residues 103-105."4

Glu-104
Among class A B-lactamases, position 104 displays a
modest variety of side chains, either hydrophobic (Val
or Pro), polar (Ser) or charged (Glu).>'#3° In TEM-1,
Glu-104 is involved in positioning the catalytically sig-
nificant SDN loop (residues 130-132).# In natural
ESBL TEM isolates, only the E104K mutation is
observed, and is present in >25% of cases (http://
lahey.org/studies/temtable.asp). The E104K mutation
has been suggested to hydrogen-bond with the oxime
substituent of CTX and to form an electrostatic contact
with the oxime carboxylate of CAZ.®> Although the
E104K mutation increases hydrolysis of extended-spec-
trum cephalosporins, it is not sufficient to confer
in vivo resistance unless combined with G238S, yield-
ing the clinically significant double mutant E104K:
G238S (TEM-15).3%3% Although we sequenced the
E104K mutation among the non-selected clones, we
did not observe it in any CTX-selected mutant, sug-
gesting that other E104 replacements offer similar or
greater catalytic advantages in this combinatorial con-
text. In fact, the selected mutants displayed a variety
of amino acids at position 104 (Gln, Val, Arg, Pro,
Ser), always concurrently with mutation G238S as well
as a mutation at position 105, and did not produce
large changes in kinetic parameters. This suggests
that, once the threshold for CTX resistance has been
met via the G238S mutation, the concurrent presence
of a mutation at position 105 broadens the mutational
permissivity at position 104, giving rise to a chemically
diverse set of CTX-resistant environments that is not
restricted to the E104K mutation.

The fair chemical diversity observed at positions
104 and 240 did not result in large differences in ki-
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netic parameters. This may result from both positions
being solvent-exposed and relatively unconstrained.
Because residues 104 and 238 are involved in loop
positioning and because residue 240 is the immediate
neighbor of 238 (TEM-1 has no residue 239), their
mutation may also contribute to active-site expansion,
favoring binding of bulkier substrates as observed in
BlaC B-lactamase from Mycobacterium tuberculosis.??
We propose that replacements at positions 104 and
240 mainly fulfill steric requirements that support
productive binding of CTX, rather than to provide spe-
cific contacts with the substrate. Our results are con-
sistent with active-site expansion both through dis-
placement of the pB3-strand (mutations G238S or
G238N) and with flexibility of residues 104 and 240,
which could open the active site from opposite faces of
the cavity and allow expansion.

Catalytic properties of the combinatorial
mutants

Upon simultaneous mutation, residues may behave ei-
ther in an independent or in an interdependent fash-
ion toward protein function.3* In TEM-1, synergy has
been observed toward CAZ hydrolysis for mutant
G238S:E240K,® harboring neighboring mutations,
and toward CTX hydrolysis for mutant E104M:
(G2388S,'° where the mutations are on opposite faces of
the active site. Additivity has been reported for mutant
E104M:G238S (mutations on opposite faces) toward
cefuroxime hydrolysis (second-generation cephalo-
sporin).*°

Synergy in neighboring mutations
The double mutant EYNHR (G238N:E240H) that does
not harbor the G238S mutation conferred an impor-
tant 1000-fold improvement in catalytic efficiency rel-
ative to WT TEM-1. As the G238N and E240H muta-
tions accounted only for a 10-fold and a 5-fold
increase, respectively, in CTX hydrolysis efficiency (Ta-
ble III), the G238N:E240H combination behaved in a
synergistic manner. The synergy upon Ky; was marked:
G238N provided only a 6-fold K{* decrease® and
E240H had a negligible effect on K{{X, which was
reduced 14-fold in EYNHR relative to WT (Table III).
In addition, k.,; was increased only 3.6-fold in E240H
and hardly modified in G238N,” whereas the
G238N:E240H combination exhibited a 74-fold keat
increase. Thus, both productive binding and turnover
were synergistically enhanced by the combination of
the neighboring mutations, in a manner that was not
predictable from the contributing point mutants.
Variant EYNHR also displayed decreased penicil-
lin resistance. This was attributed to the s50-fold
decrease in k% for G238N,° equivalent to the effect on
kBZ in EYNHR and consistent with the observation
that E240H had little effect on kBZ2. G238N provided
mild improvements in Kj; toward penicillins® while
the E240H mutation resulted in a 6.8-fold increase in

PROTEINSCIENCE.ORG 154



KBZ relative to WT. It thus appears that G238N atte-
nuated the effect of E240H in EYNHR, which dis-
played only a 1.7-fold increase in K%2. The G238N°
and E240H variants both provided mild improvements
in K§f, resulting in a 16-fold improvement in EYNHR.
The combined mutations of EYNHR resulted in the
most pronounced switch in the substrate profile
among the selected variants, to strongly disfavor peni-
cillin hydrolysis in favor of cephalosporins (see Fig. 3).
The neighboring G238N:E240H mutations were suffi-
cient to extend the substrate spectrum with no muta-
tion at the opposite face of the active site (residues
104/105).

Additivity of mutations within the active-site
cavity of TEM-1

In most of the variants selected in this study, the
major contributor to increased CTX hydrolysis effi-
ciency was mutation G238S. The quadruple mutant
SWSSR (E104S:Y105W:G238S:E240S) encodes the
previously characterized E104S and Y105W mutations.
The former procures a modest increase in ke/KGX
relative to WT# while the latter, taken alone, does
not.”” The added thermodynamic -contribution of
E104S with G238S, on the opposite face of the active
site, can account for the effect of the quadruple mu-
tant, suggesting an additive effect of the mutations
across the active-site cavity. Interestingly, the 6-fold
increase in MIC“™ for SWSSR relative to WT was
more modest than the 130-fold increase observed for
the SHV-1 B-lactamase double mutant D104S:G238S."
Mutations Y105W and/or E240S in SWSSR may have
a damping effect on CTX resistance; alternatively, the
different context of the mutations in TEM-1 relative to
SHV-1 may modulate the effect of those specific muta-
tions. Nonetheless, the trend seen for the TEM-1 vari-
ant SWSSR and the SHV-1 variant D104S:G238S indi-
cates that the TEM-1 active site tolerates multiple
simultaneous mutations.

The triple mutant PHSER (E104P:Y105H:G238S)
combines the previously characterized E104P and
Y1o5H mutations, on one face of the active site, with
G238S on the opposite face. Mutant E104P is advanta-
geous toward the affinity and hydrolysis of various
substrates (including CTX),* whereas mutant Yio5H
displays WT-like levels of resistance toward penicillins
and first-generation cephalosporins.’” As with SWSSR,
the combined mutations in PHSER resulted in a mod-
est increase in cephalosporin hydrolysis relative to
G238S, again supporting an additive effect of muta-
tions on the two faces of the active site. In SHV-1,
MICs of mutant D104P:G238S revealed a cephalospo-
rin resistance one to two orders of magnitude above
WT, very similar to the triple mutant PHSER. How-
ever, the SHV-1 variant was practically unchanged in
its MICAMP1 while PHSER showed an important
decrease in AMP resistance (Table II). The antagonis-
tic effect toward AMP hydrolysis may result from
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mutation Y105H or from the specific context in which
these mutations arise.

The quadruple mutants VNSTR and VNSLR
(E104V:Y105N:G238S:E240T/L) share three muta-
tions. On one face of the active site, E104V, which has
been observed in a CTX-hydrolyzing B-lactamase from
Kebsiella oxytoca,?> was coupled with the highly active
Y105N mutation.”” On the opposite face, G238S was
combined with either the novel E240L replacement
(VNSLR), or the E240T substitution (VNSTR). The lat-
ter mutation has been observed in other class A B-lac-
tamases®3° but not characterized. Comparison with
G238S again supports additivity between mutations on
the two faces of the active site, as hydrolytic efficiency
was improved for most substrates.

Thus, a variety of multiple active-site mutants,
each including the G238S mutation and chosen from a
larger panel of similar selected variants (Table I), dis-
play improvements in CTX hydrolysis efficiency that
are consistent with additive effects of mutations on the
same face or on the opposite face of the active site.
Some mutations have little effect on the kinetics, indi-
cating tolerance to a variety of chemical groups and
sterics within the immediate vicinity of the bound sub-
strate. Synergistic effects on catalysis were also seen,
but only in variant EYNHR, between neighboring resi-
dues (238 and 240). Within our sample, improved
CTX hydrolysis was readily achieved via a variety of
solutions.

Promiscuity, robustness, and plasticity in
substrate binding

Our results illustrate that TEM-1 tolerates several com-
binations of mutations in the active site with conserva-
tion or improvement of hydrolysis toward a variety of
substrates. It has been noted that mutants at position
238, alone and in combination with substitutions at
position 104, lose much activity toward the penicillins
AMP and BZ while increasing their efficiency toward
extended-spectrum cephalosporins.'®*3:3" Similarly, in
this study, all variants selected against CTX showed a
two- to three-order of magnitude improvement of cat-
alytic efficiency toward CTX hydrolysis, a conservation
or slight improvement in the hydrolysis of first-genera-
tion cephalosporins and a one- to two-order of magni-
tude decrease in BZ hydrolysis (Table III). Similar
trends have been observed in other TEM ESBL var-
iants but are not limited to this family of
enzymes.>>337739 Thus, while selection was directed
exclusively toward CTX hydrolysis, the evolution of
this promiscuous binding function (CTX binding)*°
remained compatible with recognition of first-genera-
tion cephalosporins. Being relatively innocuous toward
enzyme function, the additional mutations at positions
104, 105 and 240 indicate a degree of robustness in
TEM-1,*" which tolerated multiple active-site muta-
tions and still allowed recognition of related com-
pounds. Such emergence of a new phenotype (CTX
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Figure 4. Generalization of the mutant f-lactamase
activities. The logarithm of catalytic efficiencies of WT and
mutant pB-lactamases toward the native penicillin substrate,
and the extended-spectrum cephalosporin used in
selection, CTX, were related. The gray-scale gradient
represents a hypothetical route leading from a specialized
enzyme (BZ specialist; light gray) toward a new
specialization for another substrate (CTX specialist; dark
gray); enzymes displaying intermediate efficiencies toward
both substrates map between the two extremes: these
show “generalized” activity. Here, WT TEM-1 was the most
BZ-specialized, displaying high BZ hydrolysis and low CTX
hydrolysis. The point mutants, E240H, G238N, and G238S,
and the combinatorial mutants, VNSTR, VNSLR, PHSER,
EYNHR, were successively more generalized, where the
combinatorial mutants were more efficient than the point
mutants toward CTX hydrolysis. Figure based on Ref. 42;
the data was plotted using GraphPad Prism 5 and the
graphics overlayed with CoreDRAW X3.

resistance) by the introduction of a small number of
mutations has been defined as enzyme plasticity.**
This trait can allow enzymes to recognize a broad
range of substrates. It has been observed in many pro-
tein families*> and confirms that enzyme active sites
have evolved to work as cooperative entities that do
not simply rely on a restricted set of amino acids for
catalysis.** In different enzymatic systems displaying
plasticity, one to four mutations at the active site (as
in the present case) can increase a promiscuous activ-
ity up to 1000-fold while reducing the native activity
of the enzyme less than 5-fold,** although heavier
trade-offs are also observed (see Ref. 45 and references
therein). The mutants characterized herein displayed a
promiscuous activity (CTX hydrolysis) increased up to
1000-fold while the native function (BZ hydrolysis)
was reduced up to 100-fold.

In most directed evolution experiments, trade-offs
that compromise the original activity are generally
weak and yield “generalized” enzymes that conserve
significant native activity while gaining the second.
Strong trade-offs are often seen in dual selections as a
greater loss of overall activity occurs.** Our selection
for CTX hydrolysis was done at the cost of weak to
moderate trade-offs, where the native, BZ-hydrolyzing
activity was reduced but remained significant (see Fig.
4). This is consistent with the fact that mutations
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introduced by rational or semi-random methods (as in
the present case) generally show greater negative
trade-offs relative to random mutagenesis studies.**
Rational and semi-random methods generally target
active-site residues, whereas random methods also
yield beneficial mutations located far from the active
site; the latter may be less likely to induce negative
trade-offs on activity. In this study, the selected
mutants apparently evolved until the generalized stage,
allowing binding and catalysis of many substrates
rather than becoming specialized CTX-hydrolyzing f-
lactamases (see Fig. 4). We note that they remain less
specialized than other engineered p-lactamase
mutants. 274

The capacity of an active site to accommodate
mutations is a function of the relation between the tar-
geted residues: by maintaining a degree of independ-
ence between key residues, mutations will not neces-
sarily be deleterious for enzymatic activity. Such
weakly linked residues can lead to robust systems,
which may serve as starting points for evolution of
new enzymatic functions. According to Wagner,*' an
enzyme that can perform its native function following
multiple neutral mutations should possess the neces-
sary characteristics for emergence of a promiscuous
activity. The significant drop in penicillin-hydrolysis of
the selected TEM-1 variants may indicate that the
native and promiscuous activities are mutually exclu-
sive, because of structural requirements for the specific
recognition and hydrolysis of each substrate. The addi-
tive catalytic efficiency enhancements relative to mu-
tant G238S were modest, suggesting that the mutated
residues behave independently. However, mutant
EYNHR displayed mutational synergy, illustrating that
complex effects can prevail depending on the identity of
the residues. Globally, we observed no evidence of
mutational linkage between the two active-site faces we
modified, despite some previous evidence to this effect
(mutant E104M:G238S, Ref. 16), suggesting that these
two areas of the active site are not highly interdepend-
ent. This may be an evolutionary strategy to limit loss
of activity that would otherwise occur upon mutation of
highly linked residues. Nonetheless, evidence of some
degree of linkage between positions 104 and 105 sets a
restriction to the robustness of the active site.

Methods

Reagents

All enzymes were purchased from MBI Fermentas
(Burlington, ON) or New England Biolabs (Missis-
sauga, ON). Nitrocefin was purchased from Calbio-
chem (Mississauga, ON), chloramphenicol (Chl) from
A&C American Chemicals (Montréal, QC), AMP from
Bioshop Canada (Burlington, ON), while BZ, CF, CZ,
CTX, and Fast-Flow DEAE-Sepharose were obtained
from Sigma-Aldrich (Oakville, ON).
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Bacterial strains and plasmids

Escherichia coli strain SS320 (F~ lacI22 lacZ pro-48
met-90 trpA trpR his-85 rpsL azi-9 gyrA A~ P1%) was
used for site-directed mutagenesis and E. coli strain
XL1-Blue (supE44, hsdR17, recA1, endA1, gyrA46, thi,
relA1 lac™ F' [proAB™" lacI? lacZAM15 Tnio(tet")]) was
used for the propagation and expression of plasmid
DNA. Plasmid pQE32Chl"7 was used for protein
expression. The chloramphenicol acetyltransferase
gene replaces the blargy., gene as the selectable
marker, allowing plasmid maintenance using 12.5 pg/
mL Chl. The blargy., gene was then subcloned under
control of the IPTG-inducible promoter, as previously
described,"” and mutated. The resulting constructs har-
bor a 6-histidine tag that is N-terminal to the native
TEM-1 signal peptide. Upon processing of the signal
peptide during expression and maturation in E. coli,
the histidine tag is also removed.

Oligonucleotides and library creation
Oligonucleotide primers used for mutagenesis were
synthesized by Alpha DNA (Montréal, QC) or Inte-
grated DNA Technologies (Coralville, IA). PCR reac-
tions were performed with a PTC-200 DNA Engine
Thermal Cycler (Bio-Rad, Mississauga, ON).

The five positions selected for mutagenesis were
initially split into two libraries: library 104-105 and
library 238-240-244. Library 104-105 was constructed
using the Site-Overlap Extension (SOE) method,*”
whereas library 238-240-244 was constructed using
the Megaprimer technique.*® In all cases, the positions
to be mutated were encoded by the 5-NNS-3' codon
(coding strand), allowing 32 possible codons and all
20 amino acids. The 861-bp blargy., gene was PCR-
amplified from pBR322 (lacking the V84I and A184V
mutations)*® using the previously described terminal
primers BamHITEMF and TEMHindIIIR, containing
the BamHI and HindlIII restriction sites respectively.'”
Library 104-105 used degenerate primer Lib104-
105NNSR (5'-GATGCTTTTCTGTGACTGGTGASNNSN-
NAACCAAGTCATTCTGAGAATAGT-3') and primer
Lib104-105F (5'-TCACCAGTCACAGAAAAGCATC-3'),
whereas library 238-240-244 used degenerate primer
Lib238,240,244NNSF (5'-GATAAATCTGGAGCCNNSN
NSCGTGGGTCTNNSGGTATCATTGCAGCA-3'). The
point mutant E240H was synthesized using primers
E240H-F (5'-CTGATAAATCTGGAGCCGGTCACCGTGG
GTCTCGCGGTATC-3') and E240H-R (5-GATACCGC-
GAGACCCACGGTGACCGGCTCCAGATTTATCAG-3'). It
should be noted that there is no residue 239 in TEM-1
according to the Ambler numbering scheme.® Diges-
tion of the full-length amplicons with BamHI/HindIII
was followed by subcloning into BamHI/HindIII-
digested and shrimp alkaline phosphatase-treated
PQE32Chl. The ligated DNA was electroporated into E.
coli SS320. Plasmid DNA was harvested and libraries
104-105 and 238-240-244 were combined via the
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TEM-1 internal PstI restriction site for transformation
into E. coli XLi-Blue, generating the combina-
torial library 104-105-238-240-244. Prior to selection,
library quality was assessed by DNA sequencing. Plas-
mid DNA was prepared as previously described.>®
Sequencing of 34 clones was performed by the dideoxy
chain termination method using the Thermo Seque-
nase Cycle Sequencing Kit (USB Corporation, Cleve-
land, OH) with a dye-labeled primer and a Long
ReadIR 4200 Li-Cor automated DNA sequencer (Li-
Cor Biotechnology, Lincoln, NB).

Selection of cefotaxime-resistant variants

The 104-105-238-240-244 combinatorial library was
plated on Luria-Bertani (LB) medium containing
250 ng/mL CTX, thus inhibiting WT growth. The the-
oretical library is comprised of ~3.4 x 107 DNA var-
iants (32 possible codons per mutated position = 32°)
encoding 3.2 x 10° unique protein variants (20 possi-
ble amino acids per mutated position = 20°). Overall,
less than 1% of the whole library was screened. CTX-
resistant colonies were individually picked for identifi-
cation of mutations by DNA sequencing.

Antibiotic susceptibility

Minimum inhibitory concentrations (MICs) were
determined by broth microdilutions according to
Cantu et al.'® Briefly, 1 x 10* E. coli XLi-Blue CFUs
were inoculated into 96-well microtiter plates contain-
ing 100 pL of LB media and appropriate dilutions of
the antibiotic being tested. The ranges tested were as
follows: 250-10,000 pg/mL BZ, 64-10,000 pg/mL
AMP, 32-125 pg/mL CF, 8—-64 pg/mL CZ, and 0.125—
2 pg/mL CTX. Each MIC determination was per-
formed in triplicate. The plates were examined visually
and the lowest antibiotic concentration at which bacte-
rial growth was inhibited was recorded as the MIC.

p-Lactamase expression and purification
A 10-mL overnight culture of each selected mutant of
interest was used to inoculate 1 L of LB without antibi-
otics. Cells were propagated at 37°C with agitation
until Agoo nm = 0.6—0.8. Protein expression was
induced with 1 mM isopropyl 1-thio-B-p-galactopyra-
noside (IPTG) at 37°C for an additional 3 h until the
culture reached late log phase. Cells were pelleted by
centrifugation (20 min, 6000g, 4°C), resuspended in
10—15 mL of 10 mM Tris-Cl buffer pH 7.0 and sepa-
rated into 1 mL aliquots. A gentle lysis of the outer
membrane of E. coli was performed by four 2-min
freeze-thaw cycles using a dry ice/ethanol bath and a
37°C water bath. After -centrifugation (15 min,
20,0009, 4°C), the supernatant was pooled (~15 mL).
Purification of mutants was performed as previ-
ously described,” with the following modifications.
Purifications were undertaken at room temperature on
a Pharmacia LKB high performance liquid chromatog-
raphy system (Pharmacia LKB Technology, Uppsala,

De Wals et al.



Sweden). Following sample application, the DEAE-
Sepharose column (1.6 cm x 30 cm) was washed with
4.5 column volumes (CV) of 10 mM Tris-Cl buffer pH
7.0, the gradient to 150 mM Tris-Cl pH 7.0 was over
6.5 CV, and the column wash was performed over 3
CV. The column was regenerated by applying >6 CV
of 1 M Tris-Cl pH 7.0. A mock purification was run by
injecting 10 mM Tris-Cl buffer as a sample, followed
by a nitrocefin assay and SDS-PAGE, confirming that
no PB-lactamase activity was carried over between runs.
Fractions containing f-lactamase were identified by a
nitrocefin hydrolysis assay and SDS-polyacrylamide gel
electrophoresis with Coomassie Brilliant Blue staining.
Analysis of gel patterns with Scion Image (National
Institute of Health, http://rsb.info.nih.gov/nih-image)
allowed determination of the yield and purity. Enzyme
concentration was determined by Bradford assay using
the Bio-Rad protein assay solution and normalized
according to its purity.

Enzyme kinetics

Ky and k., for BZ, CF, CZ, and CTX were determined
at room temperature in 50 mM sodium phosphate
buffer pH 7.0. The following extinction coefficients
and concentration ranges were used: A¢yzn nm = 1100
M ' ecm ' for BZ (50-300 uM),”" Ats6o nm = 7960
M em™! for CF (20-250 uM),”", Atogo nm = 7900
M™ em™* for CZ (20-250 pM),%* and Agsey nm =
7250 M~ em ™! for CTX (25-250 uM).> Substrate hy-
drolysis was monitored according to initial steady-state
velocities for six substrate concentrations generally
flanking the Ky values (where allowed by the extinc-
tion coefficients and the Ky; values) using a Cary 100
Bio UV-visible spectrophotometer (Varian Canada,
Montréal, QC). The kinetic parameters were deter-
mined from the rates of hydrolysis calculated from the
initial linear portion of the curve and fitted to a Line-
weaver-Burk (1/V vs. 1/[S]) 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 Michae-
lis-Menten equation to verify results from linear
analyses.

Changes in transition-state stabilization energy for
keat/ Kyt were caleulated as AAG = —(RT In keye/Kp)™ ™/
(RT In keae/Ka)WT (R is the gas constant and T is the
absolute temperature).*® According to double-mutant
cycles, AAG for a multiple mutant is roughly equiva-
lent to the sum of AG for each point-mutant when the
effects of mutations are additive, indicative of func-
tional independence of those residues. When the abso-
lute value of AAG is significantly smaller than the sum
for the single mutants, the mutations are considered
to be antagonistic. When AAG is significantly larger
than the sum for the single mutants, the mutations are
considered to be synergistic.

High Tolerance to Active-Site Mutations in TEM-1

Conclusions

All the novel TEM-1 variants described herein dis-
played improved affinities toward all antibiotics inves-
tigated relative to the WT TEM-1, consistent with
functional diversification and adaptability. This dem-
onstrates that the active site of TEM-1 can sustain
multiple simultaneous substitutions to broaden its
substrate spectrum and thus allow a better fit of the
aminothiazole moiety as hypothesized by Bush and
coworkers.® Our results support the hypothesis that
active-site cavities can tolerate a relatively large num-
ber of mutations that confer “evolvability” toward
related substrates and highlight different strategies to
achieve substrate generalization.
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