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Introduction

b-Lactam antibiotics are the largest class of antibacterial
agents administered worldwide. However, shortly after the in-
troduction of the first b-lactam antibiotics, antibiotic resistance
emerged as a real threat to the use of these drugs. The most
common bacterial resistance mechanism to these drugs is the
expression of b-lactamase enzymes, which inactivate the anti-
biotics by hydrolyzing the drug’s b-lactam core.[1] Significant
resources have been devoted to the development of new gen-
erations of b-lactams that cannot be inactivated by the b-lacta-
mases. Currently, so-called third-generation cephalosporins are
normally reserved for the most resistant strains of bacteria,
since these drugs are not inactivated by either class A or
class C b-lactamases. Recently however, clinical isolates of both
the class A[2–6] and class C[7–10] enzymes have been identified
with increased activity towards the once-dependable oxyimi-
no-containing third-generation cephalosporins, such as cefo-
taxime and ceftazidime.
Crystallographic studies have helped to shed light on the

mechanism of resistance in the class C enzymes. As illustrated
in Figure 1, Shoichet and co-workers proposed that ceftazidime
was a potent inhibitor of the wild-type (wt) class C enzymes
because of the fact that the tetrahedral intermediate formed in
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the enzyme’s acylated state cannot achieve a conformation
that is competent for deacylation due to steric clashes be-
tween the oxyimino side chain and the dihydrothiazine ring of
ceftazidime.[11] Knox and co-workers solved the crystal struc-
tures of a wt class C b-lactamase and the extended-spectrum
class C b-lactamase GC1, both with a phosphonate transition-
state analogue containing the C7 side chain of cefotaxime.[12]

Based on their crystallographic data, the authors propose that
the active site of the wt b-lactamase assumes a “closed” con-
formation, where the aminothiazole ring of the cefotaxime an-
alogue has a perpendicular quadrupolar interaction with the
phenol ring of the tyrosine at position 221 (Tyr221), which
leads to the deacylation-deficient enzyme-bound intermediate.
On the other hand, the GC1 enzyme, which has a three amino
acid repeat inserted in its W loop, can assume two conforma-
tions upon substrate binding. The less occupied conformation
is the “closed” conformation, while the majority of the bound
enzyme is found in an “open” conformation, where Tyr221 is
fully removed by 10 @ from its position in the wt enzyme, al-
lowing a catalytically competent transition state to be ac-
cessed.
Mutagenic analysis by Zhang et al. has reinforced the view

of the importance played by the Tyr221 residue in the inhibi-
tion of the class C enzymes by oxyimino-containing third-gen-
eration cephalosporins.[13] Cassette mutagenesis of the 21
amino acid residues that make up the active site of the class C
b-lactamase P99 from Enterobacter cloacae identified several
single amino acid mutations that conferred resistance towards
the third-generation cephalosporin ceftazidime. Mutants that

conferred the highest degree of resistance towards ceftazidime
were those that replaced Tyr221 with smaller amino acids,
such as Ala or Gly. The authors hypothesized that the Y221A
and Y221G mutations not only remove the quadruolar interac-
tion between Tyr221 and the aminothiazole ring but also
create more space to allow the oxyimino group to rotate into
the position originally occupied by the phenol group of
Tyr221, wich is similar to the position of the oxyimino side
chain found in Knox’s GC1 structure.
In this study, chemical complementation was employed to

investigate the evolution of resistance to a third-generation
cephalosporin by a class C b-lactamase. Our laboratory has pio-
neered the use of chemical complementation as a general
assay for enzyme catalysis. Chemical complementation links
enzyme catalysis of bond cleavage or bond formation to tran-
scription of a reporter gene in vivo. As our laboratory has
shown, one can study a number of different enzyme/substrate
pairs by simply expressing the desired enzyme within the
yeast cells and making the enzymatic substrate the bond be-
tween the chemical inducers of protein dimerization.[14–16]

In this study, chemical complementation was first shown to
be able to distinguish between the wt P99 class C b-lactamase
and the extended-spectrum GC1 variant in the presence of dif-
ferent cephalosporin antibiotics. Next, by using saturation mu-
tagenesis at position 221 in P99, the system was used to evalu-
ate the role this residue plays in conferring resistance towards
inhibition by the third-generation oxyimino-containing cepha-
losporin cefotaxime. Finally, larger libraries exploring multiple
residues surrounding the C7 position of the cephalosporin
were screened in a high-throughput fashion to shed light on
the mechanism and likelihood of resistant mutations.

Results

Chemical complementation screen

It was envisioned that chemical complementation could be
adapted to evaluate enzyme inhibition (Figure 2). The chemical
complementation system originally reported by our laboratory
linked b-lactamase activity to transcription of a lacZ reporter
gene in vivo through a methotrexate–cephem–dexamethasone
(Mtx–Cephem–Dex) heterodimer substrate.[14] In this system, a
heterodimeric Mtx–Cephem–Dex small molecule dimerizes di-
hydrofolate reductase (DHFR), which binds to Mtx,[17] and the
hormone-binding domain of the glucocorticoid receptor (GR),
which binds to Dex.[18] DHFR is fused to a DNA-binding
domain (DBD) and GR is fused to a transcription activation
domain (AD), such that Mtx–Cephem–Dex effectively reconsti-
tutes the transcriptional activator (DBD–AD) and activates tran-
scription of a downstream reporter gene. To detect b-lacta-
mase activity, the Mtx and Dex molecules are linked by a
cephem bond, such that cleavage of the cephem bond dis-
rupts dimerization of the transcriptional activator, thereby
ablating activation of the lacZ reporter gene. As the third-gen-
eration cephalosporins form a long-lived acyl-enzyme inter-
mediate with the b-lactamase, these inhibitors should block
cleavage of the Mtx–Cephem–Dex heterodimer by the b-lacta-

Figure 1. Ceftazidime bound in the active site of the wt AmpC class C b-lac-
tamase. The structure was obtained by Powers et al. (PDB code: 1iel).[11]

Tyr221 and the enzyme acylated form of ceftazidime are shown in stick rep-
resentations. A space-filling representation is used to highlight the steric
clash between the oxyimino side chain of ceftazidime and the dihydrothia-
zine ring of the cleaved cephem core, which prevents a conformation that is
accessible to the nucleophilic water, shown as a ball, to deacylate the antibi-
otic. The steric bulk of Tyr221, also shown in the space-filling representation,
is positioned based on its quadrupolar interaction with the aminothiazole
ring of ceftazidime and prevents the oxyimino group from rotating into the
binding pocket and accessing a deacylation-proficient enzyme intermediate.
In the extended-spectrum GC1 mutant, it has been shown that an opening
of the active site allows the oxyimino side chain to assume the position oc-
cupied by Tyr221 in the wt enzyme, thereby relieving the steric interference
with the dihydrothiazine ring. The protein structure was generated by using
the Mistro software.
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mase, thereby resulting in an increase in transcription of the
lacZ reporter gene in the chemical complementation assay. b-
Lactamase variants that are not inhibited by the third-genera-
tion cephalosporins would cleave the Mtx–Cephem–Dex heter-
odimer and could thus be detected based on a decrease in
transcription of the lacZ reporter gene.
Several changes were made to the original chemical comple-

mentation screening strain used by Baker et al.[14] to optimize
the transcription read-out for the enzyme inhibition screen.
The original chemical complementation strain expressed both
DBD–DHFR and AD–GR from the galactose-inducible GAL1 pro-
moter integrated into the yeast chromosome. To increase the
absolute levels of lacZ reporter gene transcription, strain
BC1187Y was used here instead; this increases the expression
levels of both the AD–GR fusion protein and the lacZ reporter
gene by placing the genes encoding these proteins on high-
copy 2m plasmids. Strain BC1187Y also had its PDR1 gene
knocked-out to increase the permeability of the yeast to the
small-molecule antibiotics. The PDR1 product Pdr1p positively
controls the expression of PDR5, SNQ2, and YOR1, which
encode ATP binding cassette (ABC) transporters that pump out
a wide variety of different small molecules.[19–21] PDR1 knockout
strains have been used in a number of studies to increase the
permeability of yeast to various small molecules.[22] To further
increase the sensitivity of the yeast to the small-molecule anti-
biotics the medium was supplemented with 1% dimethyl sulf-
oxide (DMSO). Finally, it was found that, for strain BC1187Y, use
of 0.5% galactose, 1.5% glucose, and 2% raffinose gave the
optimal signal-to-noise ratio for the lacZ reporter gene.
Several control experiments also had to be performed to

eliminate false positives and negatives. To insure that the re-
duction in lacZ expression level was the result of enzymatic
cleavage of the cephem bond and was not due to the loss of
one or both of the AD–GR- or lacZ-containing plasmids, each
strain was further tested by using a Mtx–Dex small molecule
with a noncleavable linker. Furthermore, to eliminate strain-to-

strain variations in background lacZ expression levels, each
strain was tested in the absence of the small molecule. Thus,
the lacZ transcription was evaluated as a fold activation by di-
viding the strain’s lacZ signal in the presence of small molecule
by the strain’s background signal. Additionally, plasmids con-
taining mutant enzymes that were found to be resistant to in-
hibition by cefotaxime were extracted from their yeast strains
and retransformed into a new strain to validate that it was the
mutant-enzyme-containing plasmid, and not a mutation in the
yeast strain, that was causing the decrease in the lacZ signal.

Detection of a known b-lactamase-resistant variant

The first test of the chemical complementation system was its
ability to distinguish the inhibition of wt P99 from that of the
extended-spectrum GC1 variant. Thus, plasmid expressing
either P99 or GC1 was transformed into screening strain
BC1187Y and then assayed for the levels of lacZ transcription
by using standard conditions in liquid culture with O-nitro-
phenyl-b-D-galactopyranoside (ONPG) as the substrate after
four days of growth with 5 mM Mtx–Cephem–Dex alone or in
the presence of 100 mM cefotaxime, cefuroxime, or cefoxitin
(Scheme 1). P99 is known to be inhibited by all three cephalo-
sporins, while GC1 is inhibited by cefoxitin but is resistant to
cefotaxime and cefuroxime. As shown in Figure 3, in the ab-
sence of inhibitor, expression of both P99 and GC1 disrupted
lacZ transcription, presumably because they efficiently cleaved
Mtx–Cephem–Dex inside the cell. Upon addition of any one of
the three inhibitors to cells expressing P99, the levels of lacZ
transcription increased, presumably because of inhibition of
P99 and hence Mtx–Cephem–Dex cleavage. In the case of cells
expressing GC1, only addition of cefoxitin resulted in a signifi-
cant increase in lacZ transcription.

Figure 2. Chemical complementation as a screen for active enzymes resistant to inhibition. The wt b-lactamase (purple) is unable to cleave the cephem bond
in Mtx–Cephem–Dex due to the presence of an inhibitor (cyan) in its active site; thus, Mtx–Cephem–Dex is able to bring together a DNA-binding-domain–re-
ceptor fusion protein and an activation-domain–receptor fusion protein, thereby activating transcription of a downstream reporter gene in vivo. However, by
using mutagenic techniques, such as error-prone PCR, saturated mutagenesis, or DNA shuffling, indicated by the three arrows, active mutants (green) that are
resistant to inhibition can be identified by using the chemical complementation assay since their active site is available to cleave the cephem bond of Mtx–
Cephem–Dex and thus turn off transcription of the downstream reporter gene. The wt class C b-lactamase AmpC is shown as a ribbon diagram in purple
bound to ceftazidime (PDB code: 1iel),[11] while the extended spectrum class C enzyme GC1 is shown in green (PDB code:1gc1).[38]
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Tyr221 saturation library

Crystallographic, as well as mutagenic, data had al-
ready suggested the importance of Tyr221 in prevent-
ing the class C b-lactamases from being able to effec-
tively deacylate oxyimino containing third-generation
cephalosporins.[12,13] From the work of Zhang et al. ,
Y221G and Y221A mutants of P99 had been identi-
fied that conferred 8- and 21-fold increases, respec-
tively, in the minimum inhibitory concentration (MIC)
towards ceftazidime, as compared to that of the wt
b-lactamase.[13] This mutagenic data combined with
the crystallographic data from Knox and co-workers
suggested that the Tyr221 might need to be mutated
to a much smaller amino acid in order to prevent the
steric crowding that forces the oxyimino side chain of
the third-generation cephalosporins to protrude out
from the enzyme pocket and assume a deacylation-
deficient conformation in the enzyme’s active site.
Thus, in order to gain a better understanding of how
mutations at position 221 impart resistance to third-
generation cephalosporins and to evaluate the preci-
sion and accuracy of the chemical complementation
screen, saturation mutagenesis with a degenerate
NNS codon (N=A, C, G, or T; S=C or G) was used to
mutate residue Tyr221 in P99 to all 20 amino acids. A
vector encoding the P99 Tyr221 saturation mutagene-
sis library was transformed into selection strain
BC1187Y; 95 individual transformants were randomly
selected and assayed by using the chemical comple-
mentation lacZ transcription assay. With codon redun-

Scheme 1. Structures of the small molecules used in this study, along with the structure of ceftazidime (CFZ), which was not used in this study but is shown
for comparison to cefotaxime.

Figure 3. Chemical complementation can distinguish the wt class C b-lactamase P99
from the extended spectrum GC1 variant by using a series of second- and third-genera-
tion cephalosporins. Three separate transformants of the BC1187Y screening strain con-
taining either P99 or GC1 were grown in SC media containing galactose (1%), glucose
(1%), raffinose (2%), and DMSO (1%) buffered at pH 7.0 and containing the appropriate
selective nutrients with 5 mM Mtx–Cephem–Dex (MCD) in the presence or absence of
100 mM cefotaxime (CFT), cefuroxime (CFR), or cefoxitin (CFX). After 4 days of growth at
30 8C with shaking (80 rpm), the strains are assayed for lacZ transcription by using a
liquid ONPG assay. Controls are performed to assess the basal level transcription of the
lacZ reporter gene with no Mtx–Cephem–Dex. Signals are reported as fold activations
relative to this basal level transcription. While both P99 and GC1 effectively cleave Mtx–
Cephem–Dex in the absence of any added inhibitors, thereby reducing the lacZ signal
down to its background level, P99 is clearly inhibited by all three inhibitors tested, as
seen by the fourfold increase in its lacZ transcription signal, while GC1 is only inhibited
by the presence of cefoxitin. Error bars represent plus or minus the standard error ob-
tained for three separate transformants.
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dancy and library integrity taken into account, it was estimated
that 95 transformants would be sufficient to cover all 20 amino
acids with 95% confidence. In addition to the 95 Y221X mu-
tants, three wt P99 transformants were included as controls.
The 95 Y221X library members and 3 P99 controls were as-

sayed in duplicate for lacZ transcription levels after 4 days of
growth in the presence of 1 mM Mtx–Cephem–Dex with and
without 100 mM cefotaxime by using standard lacZ liquid assay
conditions. By using the noncleavable Mtx–Dex control, it was
found that 10 of the 95 library members were false positives
and showed no activation in the presence of Mtx–Dex, pre-
sumably due to loss of one or both of the AD–GR- or lacZ-con-
taining plasmids.
The remaining 85 transformants could be grouped into one

of three categories based on comparison of their fold activa-
tions in the lacZ assay in the presence of Mtx–Cephem–Dex
with and without cefotaxime with the fold activations found
for the P99 control strains. For reference, the P99 controls gave
fold activations of 1.0�0.3 in the absence of cefotaxime and
2.4�0.1 in the presence of cefotaxime. As judged by the
chemical complementation system, 34 (40%) of the 85 trans-
formants contained inactive b-lactamases, with fold activations
greater than 1.3, which is above one standard deviation of
those obtained for wt P99 in the presence of 1 mM Mtx–
Cephem–Dex and in the absence of cefotaxime. The assay
identified 20 (�25%) of the 85 library members that behaved
just as the wt enzyme, that is, giving fold activations that were
below 1.3 in the absence of cefotaxime but then showing an
increase in their fold activation above 1.3 upon addition of ce-
fotaxime. The final category of Tyr221 mutations were those
deemed to be both active b-lactamases and not inhibited by
cefotaxime, that is, giving fold activation below 1.3 regardless
of the presence or absence of cefotaxime. Over 35%, 31 of the
85 library members, were grouped into this category.
To test the precision of the chemical complementation

system, P99 variants from each of the three categories were re-
tested. The P99 encoding plasmids from these colonies were
isolated and retransformed into BC1187Y; then 3 separate
transformants were assayed under identical conditions to
those used in the initial screen. It was found that 7 of the 8
selected colonies would have been placed into their original
categories (data not shown). The one colony that gave incon-
sistent results was found to contain multiple plasmids.
To determine the sequence of the P99 variants, the region

surrounding the Tyr221 mutation for the 85 colonies was se-
quenced by using a 96-capillary MegaBACE 1000 DNA se-
quencing system by the energy-transfer dideoxy-terminator
method, which yielded reliable sequence data for 80 of the
85 mutants.[23] Of the 80 sequences obtained, 8 were shown to
contain multiple plasmids and thus were removed from further
analysis. Sequencing showed that 13 of the 80 sequences
(�15%) contained deletions or insertions in the region sur-
rounding the Tyr221 mutation. Two colonies introduced stop
codons into the b-lactamase sequence. All 15 of these colonies
failed to express b-lactamases and were all easily identified as
inactive b-lactamases in the chemical complementation system
by their high fold activations in the presence of Mtx–Cephem–

Dex. The library was also found to contain 4 wt P99 enzymes.
All four were correctly characterized as active b-lactamases in-
hibited by cefotaxime. The library showed a substantial bias to-
wards Tyr221 being mutated to Leu, with approximately 15%
of the library containing this mutation. The consistency of the
assay was confirmed by the fact that 11 of the 13 Y221L mu-
tants were placed in the same category and deemed to be
both active and not inhibited by cefotaxime. As illustrated by
the 13 Y221L mutants identified in the screen and shown in
Figure 4 for Y221F, Y221V, Y221K, Y221R, and Y221S, not all

mutants with the same mutation at this position grouped to-
gether in the same category. With the high DNA copy error
rate observed just in the region around position 221 that was
sequenced, our assumption is that these discrepancies are due
to bonus mutations occurring outside position 221 and caus-
ing mutants that have the same Tyr221 mutation to behave
differently. This phenomenon was observed clearly with the
three Y221S mutants identified. Two of these mutants were
classified as active and inhibited, while one was classified as
active and resistant. Upon examining the sequence of these
three enzymes outside position 221, the two active and inhibit-
ed enzymes were both found to have bonus mutations at dif-
ferent positions within the W loop, while no such mutations
were found in the active and resistant Y221S mutant.

Figure 4. Y221X mutants of P99 characterized by using the chemical com-
plementation screen. Mutations are grouped as hydrophobic amino acids (A,
F, I, L, V), negatively and positively charged amino acids (D, E, K, R), polar
amino acids (C, H, N, Q, S, T, Y), stop codons (*), or deletions and insertions
(D/I). The height of the bar represents the number of each mutant found
in the 85 member library screen and the color of the bar represents which
of the three categories the mutant was placed in according to its fold acti
vation in the lacZ assay. Each mutant was categorized as either an inactive
b-lactamase (fold activation>1.3), or an active b-lactamase (fold activa-
tion�1.3), based on the signals obtained from the liquid ONPG assay after
4 days of growth in the presence of 1 mM Mtx–Cephem–Dex. Active b-lacta-
mases were further categorized as inhibited (fold activations>1.3) or resis-
tant (fold activation�1.3) to cefotaxime, based on the signals obtained
from the liquid ONPG assay after four days of growth in the presence of
Mtx–Cephem–Dex (1 mM) and cefotaxime (100 mM).
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While the library size was selected to obtain a 95% confi-
dence of selecting every amino acid mutation at position 221,
the large number of deletions and insertions, combined with
the bias towards the Leu mutation and the colonies that
showed no Mtx–Dex-induced lacZ transcription, reduced this
confidence interval and the sequencing data showed that the
library possessed no Gly, Trp, Met, or Pro mutations. Mutants
were found possessing the remaining 16 amino acids at posi-
tion 221 and the activities of these mutants, as determined by
the chemical complementation system, are shown in Figure 4.
While it was mostly the introduction of deletions, insertions,

or stop codons that led to the production of inactive b-lacta-
mases in the library screen, a few amino acid mutations at po-
sition 221 also produced inactive P99 mutants. Placement of a
Gln residue or one of the negatively charged amino acids, Asp
or Glu, seems to lead to an inactive, or at least a less active, b-
lactamase, as one of each of these mutants was found. In addi-
tion to the four strains containing wt P99 that were properly
identified in the library screen, mutants changing the Tyr221
residue to Asn, Thr, or Ile were also identified as active b-lacta-
mases but were inhibited by the presence of cefotaxime. Most
surprising were the large number of single amino acid mutants
and the diversity of these mutations that allowed P99 to effec-
tively avoid the cefotaxime inhibitor. From the early mutagenic
studies of P99, it was expected that only small amino acid sub-
stitutions would be identified at position 221; instead, both
large and small hydrophobic amino acids, namely, Ala, Val, Leu,
and Phe, as well as polar amino acids, Cys and Ser, and posi-
tively charged amino acids, Arg, His, and Lys, were found to
confer resistance when substituted for Tyr at position 221.
Mutants from each of the three categories, as well as wt

P99, were purified by Ni-affinity chromatography for further in
vitro characterization. Each protein was judged to be >95%
pure based on sodium dodecylsulfate polyacrylaminde gel
electrophoresis (SDS-PAGE) and staining with Coomassie blue.
Furthermore, each single amino acid mutation was shown not
to cause any major perturbations in the protein structure, as
CD wavelength scans of each mutant protein were obtained
and shown to be similar to that obtained for wt P99, with a
minimum at 217 nm (data not shown). Sequencing of these
genes in full confirmed that they contained only the single
mutation at position 221.
Kinetic characterization of these mutants with cefotaxime is

shown in Table 1. Steady-state kinetic constants were deter-
mined for each purified enzyme with cefotaxime by monitor-
ing the decrease in UV absorbance upon cleavage of the b-
lactam bond at 260 nm (De260=6510 cm�1

M
�1)[24] at several dif-

ferent substrate concentrations around the Michaelis constant
(KM). Inhibition constants (KI) were obtained for at least one
mutant from each category with cefotaxime by monitoring the
increase in absorbance upon cleavage of the b-lactam bond
of a fixed amount of nitrocefin at 486 nm (De486=
16000 cm�1

M
�1)[25] with various amounts of cefotaxime. Fur-

thermore, steady-state kinetic constants were obtained for at
least one mutant from each category with Mtx–Cephem–Dex
(Table 2) by monitoring the decrease in UV absorbance upon
cleavage of the b-lactam bond at 265 nm (De265=

7600 cm�1
M
�1)[16] with several different concentrations of Mtx–

Cephem–Dex around the KM value.
Of the original 85-member library screened, 35% of the col-

onies yielded mutants that were both active and resistant to
inhibition by cefotaxime as judged by the chemical comple-
mentation screen. All 4 of the mutants selected from this cate-
gory for in vitro characterization showed a substantial increase
in their rate of catalysis (kcat) values with cefotaxime, as com-
pared to that of wt P99, with changes ranging from a 430-fold
increase in the kcat value with Y221L to a 2700-fold increase
with Y221A. In addition, the KM values for all four of these mu-
tants were also increased by at least tenfold over that for the
wt enzyme, a result leading to an overall improvement of 100-
fold or more in their catalytic efficiency (kcat/KM).
Of the original 85-member library, 25% of the mutants were

deemed to be active but inhibited by cefotaxime according to
the results of the chemical complementation screening. While
the two mutants selected from this category, Y221N and
Y221T, showed an increase in the kcat value with cefotaxime
over wt P99, this increase was only 15- to 30-fold, while their
KM values were decreased by 4-fold. While the kcat values to-
wards cefotaxime for both Y221N and Y221T showed substan-

Table 1. Kinetic characterization of selected mutants from the Y221X
screen with cefotaxime.[a]

Enzyme Cefotaxime
kcat [s

�1] KM [mM] kcat/KM [s�1 M�1] KI [mM]

wild type:
P99 0.0253�0.0008 8�1 3R103 0.0115�0.0005
active and resistant:
Y221A 69�4 130�20 5.3R105 184�8
Y221L 10.9�0.5 100�10 1.1R105 170�30
Y221R 64�5 610�70 1.0R105 N.D.
Y221H 48�1 95�5 5.1R105 N.D.
active and inhibited:
Y221T 0.66�0.01 1.9�0.2 3.5R105 0.93�0.04
Y221N 0.43�0.01 2.5�0.3 1.7R105 1.8�0.2
inactive:
Y221E 11�1 460�80 2.4R104 590�20

[a] N.D.=not determined.

Table 2. Kinetic characterization of select mutants from the Y221X screen
with Mtx–Cephem–Dex.

Enzyme Mtx–Cephem–Dex
kcat [s

�1] KM [mM] kcat/KM [s�1 M�1]

wild type:
P99 150�30 100�30 1.5R106

active and resistant:
Y221A 60�10 110�40 5R105

active and inhibited:
Y221T 26�2 70�10 4R105

inactive:
Y221E 1.2�0.1 100�20 1.2R104
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tially less than the 430- to 2700-fold increase found for the re-
sistant mutants, the KM values for these mutants were also
lower, thus leading to kcat/KM values that were comparable to
those for the resistant mutants.
Comparison of the catalytic turnover of Mtx–Cephem–Dex

for the selected mutants with wt P99 shows that the chemical
complementation assay is able to readily distinguish active b-
lactamase mutants from inactive mutants. The mutants group-
ed as active b-lactamases have kcat/KM values that are compara-
ble or only 3- or 4-fold down from wt P99, while the inactive
Y221E mutant has a catalytic efficiency that is over 100-fold
down from wt P99. The Y221E mutant does show a substantial
increase in its kcat value for cefotaxime (400-fold over wt P99),
but it also shows a substantial increase in its KM value (50-fold
over wt P99). These factors combine to give the Y221E mutant
a 5-fold lower kcat/KM value for cefotaxime than any other
single amino acid mutant tested.
It has been shown that there is a large discrepancy (almost

1000-fold) between the KM and KI values determined for P99
with cefotaxime. Pratt and co-workers recently suggested that
this is due to cefotaxime causing P99 to be distorted into a
less active enzyme form and thus it is the KM value of this dis-
torted P99 that is observed under steady-state conditions
when a large excess of cefotaxime versus P99 is used.[24] Pratt
and co-workers showed that the true KM value of the undistort-
ed P99 can be obtained by measuring the KI value of cefotax-
ime with a good substrate, because smaller amounts of cefo-
taxime are necessary and the enzyme is not distorted in the
first few turnovers of cefotaxime measured in the inhibition ex-
periments. In this study, nitrocefin was used as a good sub-
strate for the P99 variants. Interestingly, none of the mutants
with single amino acid mutations at position 221 show this dis-
crepancy between KM and KI values.
While we hesitate to speculate on exactly what kinetic and

thermodynamic properties lead to a mutant being selected by
the chemical complementation system as either resistant or in-
hibited by cefotaxime, we believe that it most likely has to do
with both the mutant’s kinetic properties with Mtx–Cephem–
Dex and its KI value with cefotaxime. We believe that this is
similar to our findings in studying the transcriptional readout
of the chemical complementation system with mutants of P99
that had different kinetic properties with Mtx–Cephem–Dex.[16]

In that study, it was found that the lower the catalytic turnover
of Mtx–Cephem–Dex, the longer the half-life of Mtx–Cephem–
Dex in the yeast cells and the greater the transcription of the
lacZ reporter gene. As the catalytic turnover increases, the
half-life of Mtx–Cephem–Dex decreases; thus, less transcription
of the reporter gene can take place. In our present study, we
believe that, in the presence of mutants with a high catalytic
turnover of Mtx–Cephem–Dex and a high KI value towards ce-
fotaxime, the half-life of Mtx–Cephem–Dex is not very long
and transcription of the lacZ reporter gene is very low. In the
case where a mutant has either a low catalytic turnover of
Mtx–Cephem–Dex or a high catalytic turnover but an extreme-
ly low KI value towards cefotaxime, then the half-life of Mtx–
Cephem–Dex is going to be sufficiently longer to allow more
transcription of the lacZ reporter gene.

High-throughput screening by using chemical complemen-
tation

Chemical complementation was next employed in a high-
throughput screening (HTS) application to examine whether
multiple amino acid mutations in and around the active site of
P99 in the region surrounding the C7 side chain of cefotaxime
might lead to mutant enzymes with even larger increases in
catalytic activities and to further probe the role played by the
W loop in conferring resistance on these antibiotics. This
screen was also used to evaluate the robustness of the chemi-
cal complementation assay on a large scale. Towards this end,
cassette mutagenesis was used to simultaneously randomize
positions Asp217, Ala220, and Tyr221 with degenerate NNS
codons. As judged from the crystallographic structure by Knox
and co-workers, these residues all lie within 7 @ of the C7 side
chain of cefotaxime.[12] Furthermore, Palzkill and co-worker’s
studies, targeting the active-site residues of P99, suggest that
not only were mutations at residues Asp217 and Ala220 toler-
ated but that a few of these single-point mutatations even
conferred a slight increase in resistance towards ceftazidime.[13]

The mutagenized library was subcloned into a yeast expres-
sion vector and transformed into the BC1187Y screening strain.
Then, 960 individual colony transformants were randomly se-
lected and arrayed in 10 96-well plates. While screening 105

colonies would be necessary to achieve 95% confidence of
screening every member of the library, screening 103 colonies
was sufficient for identifying several mutants that were both
active and resistant to cefotaxime inhibition and for estimating
the frequency of resistant mutants.
All of these strains were screened in the presence of 1 mM

Mtx–Cephem–Dex and 100 mM cefotaxime. Additionally 6 indi-
vidual transformants of the most active single-point mutant,
Y221A, identified in the Y221X selection, and 6 transformants
containing wt P99 were also screened as controls. Of the
960 mutant enzymes screened, 67 were selected for further
analysis based on the fact that they gave lacZ transcription
levels below those found for the Y221A control strains under
the same conditions.
These 67 selected P99 mutants were subjected to another

round of screening where they were assayed in triplicate in
the presence of 1 mM Mtx–Cephem–Dex with and without
100 mM cefotaxime. Control assays were performed with no
small molecule, as well as with a Mtx–Dex control molecule
with a simple hydrocarbon linker. No colonies had to be ex-
cluded due to low lacZ transcription with the Mtx–Dex control.
Strains containing Y221A and wt P99 controls were again as-
sayed under the same conditions.
The P99 Y221A control strains gave a fold activation of 1.2�

0.4 in the presence of Mtx–Cephem–Dex alone and 1.2�0.2 in
the presence of Mtx–Cephem–Dex with cefotaxime. While the
P99 control strains gave a fold activation of 1.2�0.4 in the
presence of Mtx–Cephem–Dex alone, the signal was increased
upon addition of cefotaxime to 2.4�0.6. For the 67 members
of the library, 46 mutants, almost 70%, were judged to be as
active as the Y221A controls based on the fact that their fold
activation in the chemical complementation system was less
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than or equal to 1.4 in the presence of Mtx–Cephem–Dex and
cefotaxime during this second screening. Sequences of the
mutated regions of these 67 members of the library were ob-
tained by using a 96-capillary MegaBACE 1000 DNA sequenc-
ing system. The sequences of mutants selected from the library
that were deemed to be both active and resistant to inhibition
can be found in the Supporting Information.
Every single amino acid mutant that was selected from the

Y221X library as being resistant to inhibition by cefotaxime
was also found in the Asp217/Ala220/Tyr221 library in combi-
nation with other mutations at positions 217 and 220. Further-
more, several Y221X mutants that were not present in the orig-
inal library, due to the fact that complete amino acid coverage
was not obtained, were found to be resistant in the three-
member library, including Y221M and Y221W. Y221T, which
was clearly shown to allow inhibition as a single-point muta-
tion, was found to be in a resistant mutant in the three-
member library when in combination with D217I. Perhaps
most interesting, due to the importance of the Tyr221 residue
in conferring inhibition towards cefotaxime, was the presence
of 4 selected mutants that maintained Tyr at position 221.
The two mutants A220N/Y221V and D217W/A220S/Y221L,

which gave the lowest signals in the lacZ assay in the presence
of both Mtx–Cephem–Dex and cefotaxime, were purified by
Ni-affinity chromatography by using His6 tags. In addition to
these mutants, one mutant possessing the P99 triple mutant
D217L/A220F/Y221A and one possessing the P99 double
mutant A220N/Y221H were also selected and purified under
the same conditions, since these single amino acid mutations
had been selected from the Y221X screening and shown to
have the highest catalytic turnover with cefotaxime. Further-
more, two of the four mutants selected as both active and re-
sistant to inhibition that still retained Tyr at position 221 were
also selected for in vitro characterization. Each protein was
judged to be >95% pure based on SDS-PAGE and staining
with Coomassie blue. CD wavelength scans of each mutant
protein were obtained and shown to be similar to that ob-
tained for wt P99 (data not shown). Sequencing of the entire
P99 genes revealed that four of the six selected enzymes con-
tained an additional mutation outside the targeted region, as
shown in Table 3.
Kinetic characterization of the selected mutants with cefo-

taxime is shown in Table 3. Kinetic characterization was carried
out essentially as described for the Y221X mutants. Overall, the
6 selected P99 mutants showed kinetic constants for cefotax-
ime that were comparable to those obtained for the Y221X li-
brary, with both increases in their kcat values of 100- to over
5000-fold, as well as increases in their KM values of 2- to 100-
fold as compared to those of wt P99. In comparing the single
mutants to those obtained from the three-member library, the
D217W/A220S/Y221L/I263V mutant showed a fourfold de-
crease in the kcat value as well as a fivefold decrease in the KM
value as compared to those of the Y221L single mutant, result-
ing in a comparable catalytic efficiency. The kinetic constants
obtained for the D88N/D217L/A220F/Y221A mutant were com-
parable to those obtained for the Y221A mutant. Overall, the
A220N/Y221H/N226D mutant gave both the highest kcat and

highest KM values obtained for any mutant tested, with a kcat
value that was 5600-fold higher than that obtained for wt P99
and a KM value that was 100-fold higher than that obtained for
wt P99. Characterization of the mutants that retained Tyr221
showed that, just as in the case with GC1, it is not necessary to
mutate Tyr221 at all to obtain highly active mutant b-lactamas-
es towards cefotaxime, as both of these mutants showed large
increases in their kcat values (up to 4000-fold for one of the mu-
tants), as well as large increases in their KM values, as compared
to those of wt P99.
Thus far, all of the mutants that lacked Tyr at position 221

had failed to show the large discrepancy between their KM and
KI values towards cefotaxime that is observed for the wt
enzyme. One wonders if mutant enzymes that retain the tyro-
sine, but possess other mutations might also cause P99 not to
exhibit this discrepancy. As shown in Table 3, the KI values for
all of the mutants tested were nearly identical to their KM
values, even for the two mutants that retained Tyr at posi-
tion 221.

Discussion

Perhaps the most surprising result to emerge from this study
is the large number of mutations at position 221 or positions
217/220/221 that confer resistance toward cefotaxime without
impairing b-lactamase activity. First and foremost, this result is
of concern because it suggests that it is in fact quite easy for
b-lactamase enzymes to evolve resistance to third-generation
cephalosporin antibiotics, which differ in their C7 substituents.
Combinatorial mutagenesis has identified the 217/220/221
loop as a region that the enzyme can afford to mutate without
losing b-lactamase activity. Thus, this region perhaps should
not be targeted in future drug discovery efforts. Combinatorial
mutagenesis could be further used to identify regions of the
enzyme that are intolerant to substitution on which to focus
future drug discovery efforts.
One explanation for the impaired deacylation of third-gener-

ation cephalosporins by class C b-lactamases is that the C7

Table 3. Kinetic characterization of selected mutants from the D217/
A220/Y221 library.

Enzyme Cefotaxime
kcat [s

�1] KM [mM] kcat/KM
[s�1 M�1]

KI [mM]

wild type:
P99 0.0253�0.0008 8�1 3R103 0.0115�0.0005
active and resistant:
A220N/Y221H/
N226D

140�20 800�100 2R105 800�100

D88N/D217V/
A220F/Y221A

78�6 210�40 3.7R105 160�15

D217K/A220P/
K290R

106�8 470�60 2.3R105 500�100

D217T/A220G 12.7�0.9 62�13 2.0R105 83�4
A220N/Y221V 11.5�0.3 43�3 2.7R105 N.D.
D217W/A220S/
Y221L/I263V

2.4�0.06 20�2 1.2R105 N.D.
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side chain of these cephalosporins blocks formation of the
conformation needed for stabilization of the high-energy de-
acylation tetrahedral intermediate by the enzyme.[11] The large
percentage of mutations at position 221 that appear to relieve
this inhibition is quite surprising. These results were particular-
ly unexpected because a previous resistance study identified
only the Y221A and Y211G variants from a selection with cefta-
zidime.[13] The fact that not only small amino acid mutations,
but also large hydrophobic, as well as polar and basic amino
acids, relieve inhibition is consistent with a hypothesis that it is
loop dynamics, rather than the specific nature of any one of
these amino acid mutations, that determines this relief of in-
hibition. The isolation of several multiple mutants with Tyr221
further supports such a hypothesis. The difference in posi-
tion 221 variants identified in the two studies could simply re-
flect the different methodologies, a selection intended only to
identify the most active variants versus a screen covering the
entire library of position 221 mutants here. Alternatively, the
position 221 variants may differ in their activity with cefotax-
ime versus the bulkier C7 of ceftazidime used in the previous
study.
This study was also undertaken to evaluate the suitability of

chemical complementation for high-throughput applications.
While a number of other assays are certainly available to study
b-lactamase activity, we focused on the chemical complemen-
tation assay here because of its potential generality. The chem-
ical complementation assay has been designed to detect
enzyme catalysis of both bond-cleavage and -formation reac-
tions. As has been shown in our laboratory, one can readily
adapt the chemical complementation assay to study a wide va-
riety of different enzyme/substrate pairs, which requires simply
subcloning the gene for the desired enzyme into a yeast ex-
pression vector and synthesizing a new Mtx–linker–Dex
enzyme substrate, with the desired substrate functionality in-
corporated as the linker.[14–16] Our laboratory has strategically
planned the synthetic route of the Mtx–linker–Dex small mole-
cules to readily incorporate different substrates as the linker
between Mtx and Dex.[26;27] Our laboratory has recently been
able to adapt the chemical complementation system to study
glycosynthase enzymes, which are difficult enzymes to work
with but which have proven readily amenable to the chemical
complementation system.[15]

This study expands and verifies the use of the chemical com-
plementation system in two very important ways. For one, it
shows that chemical complementation can be used to evalu-
ate enzyme inhibition and that a variety of inhibitors can be
evaluated by using the same chemical dimerizer. By using the
Mtx–Cephem–Dex small-molecule dimerizer, this study was
able to evaluate a given b-lactamase’s ability to hydrolyze cefo-
taxime; however, as shown in Figure 3, one could have just as
easily studied cefuroxime, cefoxitin, or any other number of b-
lactam drugs that work in a similar manner. Thus, the chemical
complementation assay holds the power to evaluate and dis-
tinguish between a number of different protein–drug interac-
tions by using a single chemical dimerizer.
The second advance made in this study was to show that

the chemical complementation system was adaptable to a

high-throughput screening application. Not only was the
method able to correctly evaluate 16 different amino acid
mutations at the Tyr221 position, but it was also shown to be
able to screen libraries that approach thousands of com-
pounds and it could easily be expanded to rapidly evaluate
104–105 different protein mutants or different drug targets, by
simply scaling up the procedure followed in this study. The
procedures used here lend themselves readily to automation,
where greater than 106 different proteins or drug targets could
be evaluated on a daily basis.
One of the limitations of the chemical complementation

assay that is illustrated in this study is the inability to distin-
guish between P99 mutants that were placed into the same
category to see which enzyme was most inhibited or resistant
to cefotaxime. As was found by our laboratory in testing the
dynamic range of the chemical complementation assay, al-
though the assay could distinguish between enzymes that dif-
fered in their catalytic turnovers by over four orders of magni-
tude, the assay was unable to distinguish between enzymes
that possessed catalytic turnovers within the same order of
magnitude of each other.[16] One notices that all of the mutants
that were grouped together had kinetic properties with cefo-
taxime that were all within an order of magnitude of each
other. However, we believe that this limitation is due more to
the lacZ reporter gene and, as more sensitive reporter genes
become available, this limitation should be eliminated.

Conclusion

In this study, chemical complementation has shown to be a
powerful tool for studying enzyme–drug interactions in vivo.
The screen was not only able to distinguish two enzymes, P99
and GC1, based on their activity profiles with a number of dif-
ferent antibiotics but was also applied in a high-throughput
fashion to identify a number of mutant enzymes that were
shown to have increased catalytic activity towards the third-
generation cephalosporin cefotaxime. Interestingly, it appears
that multiple mutations in the W loop region of P99 lead to
mutants that are not inhibited by cefotaxime, which could
lead to potential problems for the continued use of the oxy-
imino-containing third-generation cephalosporins.

Experimental Section

Chemical synthesis: The synthesis of Mtx–Cephem–Dex has been
previously described.[14;16] Mtx–Dex is described in full elsewhere.[28]

NMR spectra of both compounds can be found in the Supporting
Information.

Biological methods: A more complete description of the general
methods for molecular biology, as well as for the construction of
plasmids used in this study, is given in the Supporting Information.

Construction of P99 mutant libraries: Cassette mutagenesis by
using a two-step PCR fusion method was used to completely ran-
domize P99 at position 221. Two halves of the P99 gene were gen-
erated by using primers VWC1264 5’-GCATACGTCCTGCAGATG-
ACGCCAGTTAGTGAAAAACAGCTGGCGGAG (PstI) and VWC1277
3’-GCACGTTGGTTTTCACGCCSNNGGCTTGTGCATCCAGCATAC (N-
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terminal half) and primers VWC1269 5’-GGCGTGAAAACCAACGTG
and VWC1265 5’-GCATTGCTGAAGCTTTTAATGATGATGATGATG-
ATG (HindIII ; C-terminal half) form pVC172, which contains wt P99
under control of the MET1 promoter in a yeast expression vector,
by using Vent Polymerase under standard conditions. The N-termi-
nal half contains the DNA coding from the ATG start site of P99,
with a PstI site upstream, to 18 bp past the TAT codon encoding
Tyr221, which is completely randomized by using an NNS codon in
the 3’ primer. The C-terminal half contains the DNA from the
codon for Gly222 to the stop codon with the HindIII site down-
stream. The two halves were gel purified on a 2% agarose gel and
used as templates for the fusion PCR. The fusion PCR was run by
using Vent Polymerase and approximately equimolar amounts of
each half with primers VWC1264 and VWC1265 to generate the
DNA encoding the P99 gene with the residue at position 221 com-
pletely randomized; this was designated P99Y221X.

Both the product of the fusion PCR and the pRSS425Met plasmid
were digested with PstI and HindIII and gel purified by using a 1%
agarose gel containing crystal violet, which allows the DNA bands
to be extracted without being exposed to UV light. Ligations were
set up according the manufacturers suggestions by using digested
pRSS425Met425 plasmid (500 ng) and digested P99Y221X (300 ng)
in the presence of 1 mM spermidine and were run on the MJ Re-
search PTC-200 Pellier Thermal Cycler with alternating cycles (30 s)
of 30 8C and 4 8C for 24 h. The ligation was heat inactivated by
heating at 65 8C for 10 min, was ethanol precipitated by using
pellet paint, and was resuspended in sterile deionized water (3 mL).
The ligation was transformed into electrocompetent TG1 cells,
transferred into 1 mL Luria broth (LB), and subjected to 37 8C and
shaking (240 rpm) for 1 h. After this time, serial dilutions were
plated on to 50 mgmL�1 spectinomycin plates to estimate the li-
brary size and the remainder of the culture was placed into LB
(50 mL) containing 50 mgmL�1 spectinomycin and allowed to grow
at 37 8C and with shaking (240 rpm) overnight. A QIAprep Spin
Miniprep Kit was used to extract the plasmid DNA from 3 mL of
the overnight culture to obtain the pBC1348 library, which was
estimated to contain >105 different plasmids based on the serial
dilution of the ligations.

Cassette mutagenesis was used to simultaneously randomize posi-
tions Asp217, Ala220, and Tyr221 of the P99 gene essentially as de-
scribed for the Y221X library, except due to contamination of the
fusion halves by the wt gene, outside primers were introduced
during the fusion PCR step which amplify only the primers
VWC1404 5’-CGGCAGACTGGATTCGCTGCAGATGACGCCAGTGTC-
AG (PstI) and VWC1405 5’-CAGACCCAGTTACGTCTAAGCTTT-
TAATGATGATGATGATGATG (HindIII) and have no homology to the
original P99 gene. Furthermore, each fusion half was purified twice
by using 2% agarose gels. Thus, the two halves of the three-
member library were generated byusing primers VWC1404 and
VWC1382 5’-CACGTTGGTTTTCACGCCSNNSNNTTGTGCSNNCAG-
CATACCCGGCGAAA (N-terminal half) and primers VWC1269 and
VWC1405 (C-terminal half) by using pVC172 as the template. Taq
Polymerase was used to perform the PCR fusion on equimolar
amounts of each half under the manufacturer’s recommended con-
ditions by using primers VWC564 5’-CGGCAGACTGGATTCG and
VWC565 5’-CAGACCCAGTTACGTCT. The fusion product, designat-
ed P99217.4, was digested with PstI and HindIII and subcloned
into the corresponding sites in pRSS425Met under identical condi-
tions to those described for the creation of the P99Y221X library.
Serial dilutions on spectinomycin plates showed the three-member
library possessed >106 different plasmids, which is substantially
larger than the library size, which is 323=3.3R103.

Construction of the chemical complementation screening strain:
Yeast strain V1016Y was constructed by integrating the gene en-
coding LexA–DHFR under the control of the GAL1 promoter at the
chromosomal loci ade4 and the lacZ gene under the control of
8 LexA operators at the chromosomal loci ura3–52 in EGY48 con-
taining pMW2(GSG)2rGR2, by using the auxotrophic markers HIS3
and URA3, respectively, essentially as previously described.[14;29]

Strain V1019Y was constructed from strain V1016Y by replacing
the URA3 gene with the ADE4 gene by using homologous recombi-
nation as described previously.[15] Homologous recombination with
the Kluyveromyces lactis URA3 gene was used to knock-out the
PDR1 gene in strain V1019Y by using a technique described by
Reid et al.[30] The pdr1 knockout was confirmed by showing that
the strain was more sensitive to growth on YPD media containing
0.2 mgmL�1 cycloheximide, as compared to the parent strain, as
well as by colony PCR of the genomic DNA of both strains by
using primers VWC1558 5’-GCAGGGATGCGGCCGCTGACTATTATC-
CTTTGCCATAGCGAT and VWC1561 5’-CCGCTGCTAGGCGCG-
CCGTGTTAGCTTTTTTTACGTTAGCCTCATAT, which gave a 904 bp
fragment, corresponding to deletion of the PDR1 gene, thus creat-
ing BC1176Y. BC1176Y, which is V1019Y pdr1, was transformed with
pMW112 to give the chemical complementation screening strain
BC1187Y by using a standard lithium acetate procedure.

Strain construction: The yeast strains used in this study are given
in Table 4 and were prepared by using a lithium acetate transfor-
mation method followed by selection on SC media containing 2%

glucose and lacking the appropriate selective nutrients as de-
scribed.[31] The chemical complementation screening strain
BC1187Y was transformed with either plasmid pVC172, pDS927,
pBC1348, or pBC1351, which are described in the Supporting Infor-
mation. BC1187Y was also transformed with several selected
pBC1348 mutant plasmids, such as pBC1354 which contains the
P99 Y221A mutant, isolated by using yeast plasmid extraction from
selected strains after screening the Y221X library, as described in
the yeast plasmid extraction section in the Supporting Information.

LacZ transcription assays: Liquid assays were performed to assess
the level of transcription of the lacZ reporter gene, by using ONPG
as a substrate for the lacZ gene product, b-galactosidase, essential-
ly as previously described.[32] All yeast strains were stored as 20%
glycerol stocks in 96-well plates at �80 8C. The yeast strains were
first phrogged from a 96-well plate glycerol stock into 96-well
plates with SC media containing 2% glucose but lacking the ap-
propriate selective nutrients and were then incubated at 30 8C with

Table 4. Strains used in this study.

Strain Genotype Source/Ref

TG1 Stratagene
Tuner (DE3) Novagen
EGY48 MATa trp1D 63 his3D200 ura3–52 lexAop(6x)-

LEU2 GAL+

R. Brent

V1016Y EGY48 ura3-52::lexAop(8x)–lacZ(URA3)
ade4::PGAL/LexA–eDHFR(HIS3) pMW2(GSG)2rGR2

[29]

V1019Y EGY48 lexAop(8x)–lacZ ura3::ADE4
ade4::PGAL/LexA–eDHFR(HIS3) pMW2(GSG)2rGR2

[39]

BC1176Y V1019Y pdr1 this study
BC1187Y BC1176Y pMW112 this study
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agitation (80 rpm) for 3 days. The saturated yeast cultures (5 mL)
were used to inoculate SC media (95 mL) containing the appropri-
ate galactose, glucose, and raffinose concentration and lacking the
appropriate selective nutrients. The media was supplemented with
the appropriate concentrations of Mtx–Cephem–Dex with or with-
out cefotaxime; alternatively other b-lactamase inhibitors or non-
enzymatically cleavable Mtx–Dex small molecules were used as
supplements. Optimized screening conditions were found to be SC
media possessing 0.5% galactose, 1.5% glucose, 2% raffinose, and
1% DMSO, buffered at pH 7.0 by using phosphate buffer with the
appropriate selective nutrients and containing either no small mol-
ecule, or 1 mM Mtx–Cephem–Dex with or without 100 mM cefotax-
ime, or 1 mM Mtx–Dex. The cultures were allowed to grow for
4 days at 30 8C with shaking at 80 rpm. After this time, the cells
were harvested by centrifugation at 3000 rpm for 5 min by using a
Sorvall RT7 Plus centrifuge; the pellets were subsequently resus-
pended in distilled water (100 mL). Next, the cultures were transfer-
red to a flat-bottomed 96-well plate for reading the absorbance at
600 nm (A600). The cultures were centrifuged and the pellets were
resuspended in the Y-Per Protein Extraction Reagent (100 mL). Lysis
was allowed to proceed for 30 min. Then, a 10 mgmL�1 ONPG so-
lution (8.5 mL) was added to the extracts and the mixture was al-
lowed to incubate for 60 min at 37 8C and with shaking at
240 rpm. The b-galactosidase activity reaction was stopped with
the addition of 1M sodium carbonate (130 mL). The extracts were
centrifuged and the supernatant was transferred to a flat-bot-
tomed 96-well plate, where the A420 value was measured. The fol-
lowing equation was used to calculate b-galactosidase units: b-gal-
actosidase=1000 R (A420/[A600 R time in minutes R volume as-
sayed in mL]). Data are reported as fold activation values, which
are the b-galactosidase signal obtained from a given yeast strain
under a set of given conditions, divided by the basal level tran-
scription of the lacZ gene, as determined by assaying the strain
under identical conditions without small molecule.

High-throughput DNA sequencing: All 85 members screened in
the P99 Y221X library, as well as the 67 members of the P99217.4
library selected from the first round of screening, were sequenced
in mass by using the MegaBACE 1000 capillary sequencer by the
energy-transfer dideoxy terminator method. Yeast containing the
different P99 mutants were phrogged from 96-well 20% glycerol
stock plates into 96-well plates containing SC media (150 mL) con-
taining glucose and the appropriate selective nutrients and were
grown to saturation at 30 8C and shaking at 80 rpm. The yeast
strains were then phrogged onto SC agarose plates containing glu-
cose and the appropriate selective nutrients and were incubated
at 30 8C for 3 days, effectively creating patches of all of the yeast,
with each patch containing a different P99 mutant. The entire P99
gene for each mutant was amplified by using Taq Polymerase by
placing a small amount of each patch into a PCR reaction mix
(20 mL) with primers VWC1264 and VWC1265 for the Y221X library
and primers VWC1051 5’-CGTGTAATACAGGGTCGTC and
VWC1052 5’-GGGACCTAGACTTCAGGTTG for the three-member li-
braries. The cells were lysed by heating at 95 8C for 5 min and the
DNA was amplified by using 30 cycles of 95 8C for 30 s, 55 8C for
30 s, and 72 8C for 1 min, followed by 72 8C for 10 min. The PCR re-
action was quantitated by running 2 mL of the reaction on a 1%
agarose gel with known standards. Normal yields were around
50 ng per mL of reaction. Cycle sequencing was performed by
using PCR product (100 ng), DYEnamic ET terminator premix (8 mL;
Amersham Biosciences), and primer VWC649 5’-GGCAGCCG-
CAGTGGAAGCC (5 pmol) and diluting the final volume to 20 mL
with deionized water. Amplification was performed by using
30 cycles of 95 8C for 30 s and 60 8C for 90 s. After isopropanol pre-

cipitation and 70% ethanol washes, DNA sequencing samples
were suspended in MegaBACE formamide loading solution (20 mL)
and loaded onto a MegaBACE 1000 capillary sequencer through
electrokinetic injection by applying 3000 V for 60 s. The samples
were separated electrophoretically by applying 9000V for 120 min.
The resulting sequencing data were transformed into electrophero-
grams; base calling was performed by using the Cimmaron Slim
Phredify 1.53 Basecaller (Amersham Biosciences). Quality scores for
the resulting electropherograms were calculated by using the
Phred method.[33;34] All sequences with a read length <100 bp or
not maintaining an average Phred score of at least 14 were re-
moved from subsequent analysis. By using these criteria, 75% of
the selected members of the P99217.4 library and greater than
90% of the 85 members of the Y221X library were sequenced with
an accuracy of greater than 96%. For the Y221X and P99217.4 li-
braries, the average Phred score was 21.7 and 16.1 and the aver-
age read length was 474 and 250 nucleotides per sequence
sample, respectively.

Protein purification: Protein purification of P99 and selected mu-
tants was carried out by overexpression in Escherichia coli Tuner
(DE3) cells, followed by purification through the carboxy-terminal
His6 tag contained by each protein by using Ni-NTA affinity chro-
matography essentially as described.[35] A cell pellet from culture
(750 mL) known to express protein based on analysis by SDS PAGE
was used to inoculate LB medium (100mL) containing 30 mgmL�1

kanamycin. This culture was grown at 37 8C and with shaking
(240 rpm) until it reached mid-log phase (A600�0.6–0.8), at which
time expression of the b-lactamase was induced by adding isopro-
pyl-b-D-thiogalactopyranoside (IPTG) to a final concentration of
0.1 mM. After growth for an additional 3 h, the cells were divided
into 2 cultures (50 mL each) and harvested by centrifugation at
3000 rpm for 15min by using a Sorvall centrifuge; the cell pellets
were stored at �80 8C. The pellet was thawed and cells lysis was
performed by adding BugBuster Protein Extraction Reagent (1 mL)
and allowing the cell suspension to sit at room temperature for
30 min. The proteins were purified from the soluble portion of the
cell lysis under native conditions by using a Ni–nitrilotriacetate (Ni-
NTA) Spin Kit from QIAgen. Elution fractions containing protein
were then immediately dialyzed against phosphate-buffered saline
(PBS; containing 137 mM NaCl, 2.7mM KCl, 4.3 mM NaH2PO4, and
1.4 mM KH2PO4 at pH 7.0). The enzyme concentration was deter-
mined on the basis of the A280 value with e=71000 cm�1

M
�1 for

wt P99.[36] Since most of the selected mutants of P99 replaced the
Tyr residue at position 221, assumptions were made that a trypto-
phan contributed 5690 cm�1

M
�1 to the extinction coefficient, while

a tyrosine residue contributed 1280 cm�1
M
�1 and a cysteine residue

contributed 120 cm�1
M
�1.[37] The proteins were judged to be

>95% pure based on Coomassie staining of an SDS polyacrylamide
gel. Proteins were stored at 4 8C at concentrations of 50–120 mM.

Circular dichroism: Wavelength scans were measured for each pu-
rified protein to ensure the mutants’ overall structures were similar
to wt P99. Proteins were diluted to a final concentration of 1 mM by
using a solution of PBS buffer (pH 7.0) and deionized water (1:10).
CD wavelength scans were measured on an Aviv Circular Dichroism
Spectrometer Model 215. Spectra were recorded from 190–300 nm,
every 1 nm, with 3 accumulations for each sample.

Kinetics: b-Lactamase activity with cefotaxime, Mtx–Cephem–Dex,
and nitrocefin in the presence of cefotaxime was detected by
using a Spectramax 384 UV/Vis 96-well plate reader in 96-well
Costar UV plates by monitoring a decrease in the A260 or A265 or an
increase in A486, respectively. Extinction coefficient changes for the
substrates that were employed were 6510 cm�1

M
�1 for cefotax-
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ime,[24] 7600 cm�1
M
�1 for Mtx–Cephem–Dex,[16] and 16000 cm�1

M
�1

for nitrocefin.[25] Activity was assayed in a solution composed of a
1:1 mixture of enzyme diluted in PBS buffer (pH 7.0) and substrate
in 10 mM sodium phosphate buffer (pH 7.0) with a final reaction
volume of 200 mL for the determination of the kcat, KM, and KI
values for cefotaxime and a final reaction volume of 150 mL for the
determination of the kcat and KM values for Mtx–Cephem–Dex. All
enzyme dilutions were supplemented with 0.1 mgmL�1 bovine
serum albumin. Reactions were initiated by the addition of 100 mL
of enzyme solution to 100 mL of substrate solution for the determi-
nation of kinetic constants for cefotaxime and 75 mL of enzyme so-
lution to 75 mL of substrate solution for the determination of kinet-
ic constants for Mtx–Cephem–Dex; the progress was monitored
over several minutes. Enzyme concentrations were adjusted to
give rates that would be linear over the first several minutes,
except for P99 with cefotaxime, which was monitored over an
hour due to its extremely low kcat rate. For the kinetic characteriza-
tion of P99 and its mutants with cefotaxime, the final enzyme con-
centrations used were 5 nM for Y221A and Y221H, 10 nM for all of
the selected 217.4 mutants, except the D217T/A220G and D217W/
A220S/Y221L/I263V mutants, which were used in 20 nM and 50 nM
concentrations, respectively, 20 nM for Y221L and Y221R, 50 nM for
Y221T, 100 nM for Y221N and Y221E, and 1 mM for P99. For the
kinetic characterization of P99 and selected mutants with Mtx–
Cephem–Dex, the final enzyme concentrations used were 2.5 nM
for P99, 10 nM for Y221A and Y221T, and 100 nM for Y221E. The
final concentrations of cefotaxime ranged from 1 to 500 mM and
were adjusted in attempts to have several readings above and
below the KM value of the enzyme; this condition was hard to
meet for mutants with extremely high KM values, such as the
Y221R, Y221E, A220N/Y221H/N226D, and D217K/A220P/K290R mu-
tants, as well as mutants with extremely low KM values, such as
Y221T and Y221N. The final concentrations of Mtx–Cephem–Dex
ranged from 1 to 80 mM. Initial velocities were measured for seven
different substrate concentrations for cefotaxime and six different
substrate concentrations of Mtx–Cephem–Dex, in triplicate, and
were fitted to the Michaelis–Menten equation, uo=VmaxR {[S]/(KM +
[S])}, where uo is the initial velocity, Vmax is the maximal velocity for
a given enzyme concentration, KM is the Michaelis constant, and [S]
is the substrate concentration, by nonlinear regression analysis
with the Kaleidagraph software (Synergy Software). Representative
kinetic graphs for both cefotaxime and Mtx–Cephem–Dex can be
found in the Supporting Information.

Inhibition constants for cefotaxime were also obtained for P99 and
a subset of the selected mutants by using nitrocefin. Kinetic con-
stants were first obtained for each enzyme with nitrocefin as a sub-
strate. By using this same enzyme concentration and a fixed nitro-
cefin concentration, normally threefold higher than the KM value of
the enzyme for nitrocefin, the amount of cefotaxime in the reac-
tion was varied from no inhibition to almost complete inhibition of
the initial velocity of the enzyme for nitrocefin. Enzyme concentra-
tions used were 100 pM for P99, 1 nM for Y221A, Y221T, and
D217T/A220G, 10 nM for Y221L, Y221N, A220N/Y221H/N226D, and
D217K/A220P/K290R, 20 nM for D88N/D217L/A220F/Y221A, and
50 nM for Y221E. The cefotaxime concentration was varied from 0–
2.5 mM depending on the enzyme used. Initial velocities were mea-
sured for seven different substrate concentrations, in triplicate, and
fitted to the following equation: uo=VmaxR {[S]/(KM(1 + [I]/KI) +
[S]), where uo is the initial velocity, Vmax is the maximal velocity for
a given enzyme concentration with nitrocefin, KM is the Michaelis
constant for nitrocefin, [S] is the nitrocefin concentration used, [I]
is the cefotaxime concentration used, and KI is the inhibition con-
stant, by nonlinear regression analysis with the Kaleidagraph soft-

ware (Synergy Software). Representative kinetic graphs for the de-
termination of the KI values can be found in the Supporting Infor-
mation.
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