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ABSTRACT. The extended-substrate specificity Biiterobacter cloaca&C1l S-lactamase is entirely due

to a three amino acid insertion after position 207. To clarify the reason for the extended-substrate specificity,
Ala, Ala-Ala, Ala-Ala-Ala, and Ala-Ala-Ala-Ala were inserted after position 207 on the basis of the class

C p-lactamase fronk. cloacaeP99, respectively. Thk.;:andKy, values of all the mutant enzymes for
cephalothin, benzylpenicillin and ampicillin were almost the same as those of the wild-type enzyme,
except for those of P99-210-4A which were decreased5tfold. On the other hand, tHeax andKp,

values for oxyiming3-lactams such as cefuroxime, ceftazidime, and aztreonam increased with increasing
numbers of inserted alanines. Tkg values of the mutant enzymes for cefroxime increased-Z400-

fold compared with that of the wild-type. Th&, values also increased with almost the same magnitude,
resulting in about the same@./Kn values as that of the wild-type. On progressive inhibition analysis of
aztreonam of the mutant enzymes, two kinds of inactive acyl-enzyme with distinct stabilities were observed,
and the proportion of the less stable inactive enzyme increased with increasing numbers of inserted alanines.
This suggests that the extension of the substrate specificity is due to instability of the acyl-intermediate
caused by an increased deacylation rate in the reaction process.

Most third-generatiops-lactams which are resistant to class substitution positions were Glu212,(3) and Asp217 4),
A and class (B-lactamases have a bulky and plane group which exist in the omega loop ditrobacter freundiiGN346
such as an aminothiazolemethoxyimino or aminothiazole- class CS-lactamase, resulting in extension of the substrate
carboxypropylozyimino side chain at position 7 of their specificity to oxyiminoS-lactams. The X-ray crystal struc-
cephalosporin nucleus or at position 2 of their monobactam tures of class Gj-lactamases suggest that Glu 219 and
nucleus, and they are named oxyimjfiactams. With the  Asp217 cannot interact in substrate binding since their side
extensive use of oxyiming-lactams, extended spectrum chains point away from the substrate binding sie ).
pB-lactamases capable of hydrolyzing oxyimifidactams Another case is thg-lactamase of GC1, which is a clinical

have been found in the natural environments. Thieke- isolate highly resistant to third-generatigdactams. The
tamases contain one to three amino acid substitutionsGC1 f-lactamase was confirmed to have an effective
compared to their prototypes. mutation of a three amino acid insertion in the omega loop

Most known extended spectrufhlactamases originated ~ '€gion (Figure 1). Because the three amino acid insertion
from plasmid-mediated TEM or SHV typ@lactamases. In  Site is located far from the active site, no direct interaction
the case of TEM types-lactamases, five positions for between the substrate and the inserted amino acids is
effective amino acid substitutions were reported. Since mostexpected. These mutarfi-lactamases could hydrolyze
of these residues are located at the border of the active site?Xyimino f-lactams up to 1000-fold faster than wild-type
cavity, alteration of the forms of the substrates binding to A-lactamases without an effect on the good substrate hy-
the active site is speculated. In the case of class C drolysis.
p-lactamases, the only extended spectrfiArctamases In this study, to examine the effect of a mutation in an
reported have been one from a clinically isolated strain and area far from the substrate binding site on the extension of
two in vitro mutantp-lactamases. In these examples, an Substrate specificity, a series of mutghtactamases, which
omega loop region [positions 18225; assigned by Knox have an insertion of one to four alanine(s) after Arg210 of
(1)] of class Cp-lactamases is the hot spot for mutation to class Cﬂ-lactamases,_was constructed, and their kinetic
obtain oxyiminog-lactam hydrolysis activity. The effective ~characters were examined.

EXPERIMENTAL PROCEDURES
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Ficure 1: 3D structure of class @-lactamase fronk. cloacae
P99 6). Catalytic residues Ser64, Lys67, Tyrl50, and Lys315 of
class C-lactamase are indicated b®). Asp217, GIn219 (Glu219

of C. freundii class @3-lactamase), and Ala208-Val209-Arg210,
mutations known to cause extended specificity to oxyimino
pB-lactams, are indicated byDj. This figure was drawn with the
aid of MOLSCRIPT g3).

Table 1: Amino Acid Sequences of MutgfitLactamases

Enzyme Plasmid Amino Acid Sequence

P99 pCS900 22GYRDGKAVR 2ysPGML
P99-210-1A pCS9-210-1A  2GyRDGKAVR 2''A 212ySPGML
P99-210-2A pCS9-210-2A  ?GYRDGKAVR 2''AA  2'3VSPGML
P99-210-3A pCS9-210-3A 2 ’GYRDGKAVR *!'AAA  2*vsSPGML
P99-210-4A pCS9-210-4A 2V2GYRDGKAVR 2''AAAA 2PVSPGML
GCl1 pCS100 22GYRDGKAVR 2'AVR  21*vSPGML

B-lactam susceptibility of cells bearing the mutd@hlacta-

Nukaga et al.

Enzymes and enzyme kits for DNA technology were
purchased from Takara Shuzo Co. (Kyoto, Japan), Toyobo
Co. (Osaka, Japan), and Wako Nippon Gene Co. (Tokyo,
Japan). §-*?P]dCTP was purchased from Amersham Co.
The antibiotics used in this study (Figure 2) were kindly
provided by the following pharmaceutical companies: ben-
zylpenicillin, ampicillin, and kanamycin from Meiji Seika
Kaisha Ltd., Tokyo, Japan; cephalothin from Shionoge and
Co., Ltd., Osaka, Japan; cefuroxime and ceftazidime from
Nippon Glaxo Ltd., Tokyo, Japan; aztreonam from Eizai Co.,
Tokyo, Japan; sulbactam from Pfizer Seiyaku, Tokyo, Japan;
and chloramphenicol from Yamanouchi Pharmaceutical Co.,
Tokyo, Japan.

Site-Directed Mutagenesishe mutanp-lactamase genes
constructed in this study are summarized in Table 1. Site-
directed mutagenesis was performed by the modification-
of-restriction-site method using the PCR reaction described
by Ito et al. (0) The primers used in this study are
summarized in Table 2. First and second PCR reactions were
performed as described previous8).( The amplified DNA
fragments were separated by agarose gel electrophoresis and
identified by ethidium bromide staining. A slice of an
agarose gel containing the fragment of interest was excised,
and DNA was recovered using a QIAEX Il Gel Extraction
Kit (QIAGEN GmbH, Hilden, Germany). The final ampli-
fied fragment was digested withflll to select the mutated
fragment. The 260 bAflll fragment including the mutation
was used to be replaced with the corresponding region of
the P99p-lactamase gene on pCS900. The region was
entirely sequenced to ensure that the desired mutation was
introduced and that no unwanted mutation was present.

Purification Procedure angi-Lactamase Assay. E. coli
AS226-51 cells carrying pTTQ18K with thg-lactamase
gene under the control of thtac promoter were cultivated
in 5 L of nutrient broth under the same conditions as

mase genes, and as host cells for enzyme preparation in ordetdescribed previoushgj. CrudeS-lactamases were prepared

to avoid contamination by thempCp-lactamase oE. coli.

by disruption of the cells with a French press in 50 mM

pCS100 and pCS900 are the derivatives of pHSG398 into sodium phosphate buffer, pH 7.0, containing 2§/mL

which a 1.55 kb fragment carrying the GC1 and P99

DNase I, followed by centrifugation for 10 min at 1490

p-lactamase genes has been inserted. The names of thand 4°C to remove the cell debris. The supernatant was
mutant S-lactamase genes and the amino acid sequencesentrifuged again fol h at4000@ and 4°C. The crude

around the mutation point are summarized in Table 1.

pTTQ18K is a derivative of pTTQ18 in which the original

enzymes were purified as follows: they were dialyzed against
three changes of 10 mM triethanolamine hydrochloride

ampicillin resistance marker is replaced with the kanamycin buffer, pH 7.0. A sample of each was then applied to a

resistance genes).

Media, Chemicals, and EnzymeBor the transformation
and transfection experiments,x2yeast extract/tryptone
(2xYT) broth and yeast extract/tryptone (YT) ag8) (vere

column of CM-Sephadex C-50 equilibrated with the same
buffer. Thefg-lactamase was eluted with a0.6 M linear
NaCl gradient. The fractions containing the activity were
applied directly to a column aftaminophenylboronic acid

employed. FopB-lactamase preparation, the bacteria were coupled to Affigel 10 (Bio-Rad) equilibrated with 20 mM

grown in nutrient broth (Eiken Chemical Co., Tokyo, Japan).
Heart infusion agar (Eiken Chemical Co.) was used for
measuring the bacterial susceptibility gdactams.

triethanolamine hydrochloride buffer, pH 7.0, and eluted with
a 0-0.6 M linear sodium borate gradieritl). The purified
enzyme was desalted on a column of Sephadex G-25

Table 2: Chemically Synthesized Mutant Primers

primer sequence purpose
ECGCPR-F 5-CGAAGGGATCCAGCATTCCGGCTAT-3 commonly used to amplify thé-lactamase gene
ECGCPR-R 5-CCCGGCAATGTTTTACTGTAGCGCC-3 commonly used to amplify thé-lactamase gene
Mutafl 5-GACGCGGGTCCTTTAGCCGCTCAAG-3 destroyAflll site of base position 994
Ins-1A 5-CAGCATACCCGGCGAAACAGCGCGCACCGCTTTACCGTC-3 insertion of Ala at position 210
Ins-2A 5-CAGCATACCCGGCGAAACAGCTGCGCGCACCGCTTTACCGTC-3 insertion of Ala-Ala at position 210
Ins-4A 5-CAGCATACCCGGCGAAACTGCTGCTGCAGCGCGCACCGCCT-3 insertion of Ala-Ala-Ala-Ala at position 210
Ins-4AF B-AGCGGTGCGCGCTGCAGCAGCAGTTTCGCCGGGTATGCTGGAT-3insertion of Ala-Ala-Ala-Ala at position 210
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FiGURE 2: Structures off-lactams angB-lactamase inhibitors used in this study.
equilibrated with 100 mM sodium phosphate buffer, pH 7.0.  Progressive inhibition was examined as described previ-
All the enzymes were purified to more than 95% homogene- ously (13). 2 uM S-lactamase was incubated at 3D with
ity, as judged on SDSPAGE. 10 uM aztreonam I(E = 5) in 1 mL of 50 mM sodium
Kinetics. Thep-lactamase reaction was assayed in 50 mM phosphate buffer, pH 7.0. At different times, 20 of the
sodium phosphate buffer, pH 7.0, at 3C by the UV reaction mixture was withdrawn and mixed with excess
spectrophotometric method. Substrate hydrolysis was mea-substrate (502M cephalothin), and then the residual enzyme
sured as the change Mgs Or Axgo for cephalothin Azso and activity was determined by the UV spectrophotometric
Agzo for cefuroxime Aggo for ceftazidime Agis for aztreonam, method. The reactivation rate constdnt,; was determined
Axss for benzylpenicillin, or Axze for ampicillin with a from a semilogarithmic plot of the recovered activity versus
temperature-controlled 220A spectrophotometer (Hitachi). the incubation time.

The kear and K, values were determined from the reaction  antibiotic Susceptibility TestingThe bacterial susceptibil-
curve by fitting to the integrated form of the Lineweaver- wy to antibiotics was measured by the serial agar dilution
Burk plot (12). Because th&n values of some mutants for  method, according to the procedure described previously
ceftazidime and cefuroxime were so high that the reaction (14). The susceptibility was expressed as the minimum
could not be saturated, 1Q(M ceftazidime and 50QM inhibitory concentration of a drugeg/mL).

cefuroxime were used to determine thg andK,, values,

and theke./Kn ratio was determined from measurements of RESULTS

the first-order rate of hydrolysis with substrate concentrations

much less than th&, values deduced with the on-line Construction of the Mutari-Lactamase Genes and Their
method. TheK values were determined by competition with  Phenotype. pCS9-210-3A was constructed in a previous
cephalothin as the reporter substrate. Kinetic parameterswork (14). All the other mutant genes were constructed by
were determined at least 3 times. site-directed mutagenesis using PCR. pCS9-210-1A and
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Table 3: MIC Values off-Lactams forE.

coli AS226-51 Carrying Mutang-Lactamase Genes

plasmid
p-lactams pCS900 pCS9-210-1A pCS9-210-2A pCS9-210-3A pCS9-210-4A pCS100

cephalothin 800 800 400 400 200 800
cefuroxime 25 400 400 400 200 400
ceftazidime 3.1 6.3 125 25 25 25
aztreonam 1.6 31 6.3 125 1.6 6.3
ampicillin 100 100 100 100 25 100
benzylpenicillin 1600 800 800 800 200 400

Table 4: Thermal Stability of Mutant Enzymes

enzyme taz at 50°C (min)
P99 93.3
P99-210-1A 84.6
P99-210-2A 90.2
P99-210-3A 64.1
P99-210-4A 56.7
GC1 68.8

pCS9-210-2A were constructed by the modification-of-
restriction-site methodl(). To construct pCS9-210-4A, a
mutation, codon GAT of Asp217 changed to GTT, was
introduced reproducibly. To avoid this unwanted mutation,
primer Ins-4AF was employed for the construction of pCS9-
210-4A by means of the overlap extension methbg).(

The f-lactam resistance levels dE. coli AS226-51
carrying the mutang-lactamase genes were evaluated as
MICs and are summarized in Table 3. The MICs of classical
p-lactams such as cephalothin, benzylpenicillin, and ampi-
cillin of E. colicarrying the mutant genes with a one to three

Table 5: Kinetic Parameters of MutafitLactamases for Favorable
Substrates

kcat Km Ki kca{Km
substrate enzyme (sY) (M) (@M) @M s
cephalothin P99 84.8 10 8.2
P99-210-1A 124.0 39 3.2
P99-210-2A  59.3 37 1.6
P99-210-3A 94.0 34 2.8
P99-210-4A 83.6 148 0.56
GC1 74.8 31 24
benzylpenicillin P99 10.1 3.1 1.6 3.3
P99-210-1A 6.3 2.9 5.7 2.2
P99-210-2A 3.7 3.0 5.0 1.2
P99-210-3A 55 34 37 1.6
P99-210-4A 8.6 25.0 0.34
GC1 5.7 3.1 4.7 1.8
ampicillin P99 0.36 0.97 0.82 0.37
P99-210-1A  0.25 1.0 1.3 0.25
P99-210-2A  0.16 099 1.7 0.16
P99-210-3A  0.60 25 1.9 0.24
P99-210-4A  0.73 8.0 20 0.09
GC1 052 43 4.7 0.12

alanine residue(s) insertion were almost the same as those 2 Theks.andKy, values were determined by the UV spectrophoto-

of E. colicarrying the wild-type gene. The MICs of classical
p-lactams of. coliwith pCS9-210-4A were decreased &
fold compared with those of the wild-type. On the other
hand, the MICs of oxyiming-lactams such as cefuroxime,
ceftazidime, and aztreonam of tle coli strains carrying

metric method, and thk; values were measured by the UV spectro-
photometric method with cephalothin as the substrate.

ampicillin), two oxyimino cephalosporins (cefuroxime and
ceftazidime), and one monobactam, which also contains an

the mutant genes tended to increase with increasing numbepxyimino side chain (aztreonam). As shown in Table 5, the

of Alaresidues. The highest effect on the MICs of oxyimino
p-lactams of the mutation was observed in the cas&.of
coli with pCS9-210-3A. On the other hand, the MICs of
oxyimino S-lactams ofE. coli with pCS9-210-4A were

decreased compared with those of the cells carrying pCS9-

210-3A.

Thermal Stability of the Mutant EnzymeBa a previous
study on the mutants to position 219 ©f freundiiclass C
pB-lactamase, it was found that a lowering of the thermal

Ala insertions did not affect thk., values for cephalothin,
benzylpenicillin, and ampicillin. Thé&,, values were not
influenced by the alanine insertions until three alanines. On
the other hand, thK, values of P99-210-4A for the favorite
substrates were increaseed ¥5-fold compared with those
of the wild-type enzyme, suggesting a structural alteration
in the active site space.
The steady-state kinetics of the oxyimifidactams, i.e.,

cefuroxime, ceftazidime, and aztreonam, were significantly

stability was closely related to an increase in the cefuroxime affected by the Ala insertions (Table 6). Thg: values of

hydrolysis activity. This suggests that structural instability
of the omega loop results in an increase in oxyinfidactam
hydrolysis. To confirm the effects of alanine insertions on
the structural stability, the thermal stability of the mutant
enzymes was examined at 30 and compared with that of
the wild-type enzyme (Table 4). Although a marked

the mutants increased with increasing numbers of ala-
nine(s) inserted. The most striking difference was observed
in the case of cefuroxime, the, values of the mutants being
140-7400-fold those of the wild-type enzyme. The increas-
ing kear Values for oxyiminog-lactams were accompanied
by increases in th&,, or K; values. The increases in the

decrease in the thermal stability of the mutant enzymes waskea, Km, andK; values were all about the same, and ithg
not observed, the alanine insertions tended to decrease th&n, values were less affected by the insertions. The most

thermal stability with increasing numbers of alanines. In

the case of the most labile mutant, the P99-210-4A enzyme,

the half-life period of its activity at 50C was only half that
of the wild-type enzyme.
Kinetic Properties of the Mutant Enzyme<Kinetic

remarkable change in the./Kn value was observed in the
case of cefuroxime and P99-210-3A, there being a 3-fold
increase compared with that of the wild-type enzyme.
Susceptibility of the Mutants t8-Lactamase Inhibitors.
The inhibition constantsk() of the wild-type and mutant

parameters were determined for one traditional cephalosporinenzymes for twgj3-lactamase inhibitors, i.e., ant-ami-

(cephalothin), two traditional penicillins (benzylpenicillin and

nophenylboronic acid, were measured. The chemical struc-
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Table 6: Kinetic Parameters of MutafitLactamases for Oxyimino Table 7: K; Values of Mutanis-Lactamases for Inhibitots
fp-Lactam$ K: (uM)
kcat Km Ki kca{Km .
“ T m-aminophenyl-
Substrate enzyme ) @M)  @M) eMsT) enzyme sulbactam boronic acid
cefuroxime P99 0.024 0.07 0.01 0.33 P99 707 109
P99-210-1A 3.4 33 47 1.0
P99-210-1A 1960 152
P99-210-2A 194 32 0.6
P99-210-2A 1400 242
P99-210-3A  50.4 46 11
P99-210-3A 625 190
P99-210-4R 178 912 0.19
GC1 241 26 0.92 P99-210-4A 640 780
o ' ) GC1 860 155
ceftazidime P%%?Zlo-l,& 207'007 441 1 O%ggg?’ 2The K; values were determined by the UV spectrophotometric
P99-210-2& 3.1 614 0.004% method with cephalothin as the substrate.
P99-210-3R 6.5 575 0.0072
2%91'210'4A 1121%) %21%) %%%812 Table 8: keact Values and Fractions of More Stable Inactive Forms
) : of the Wild-Type and Mutang-lactamases
aztreonam P99 <0.0002 0.052 -
P99-210-1A  0.0006 0.92 react fraction of more
P99-210-2A 0.0056 0.85 enzyme (sh stable enzyme (%)
P99-210-3A 0.009 0.59 P99 <0.0002 94
P99-210-4A 0.05 5.1 P99-210-1A 0.0005 59
GC1 0.011 11 P99-210-2A 0.0024 32
2 The kear andKp, values were determined by the UV spectrophoto- Egggigiﬁ NOS)OSO <136
metric method, and thk; values were measured by the UV spectro- GC1- ) 0.0049 16
photometric method with cephalothin as the substfzide substrate :
concentrations (50&M cefuroxime and 10QuM ceftazidime) are 2 The kieact Values were determined from a semilogarithmic plot of
unsaturated conditions for the enzyme reaction, andk¢hend Kn, the recovered activity versus the incubation time in Figure®3the
values were estimated by extrapolation to the HaiWesolf plot. ¢ The fractions of the more stable inactive enzymes were calculated from

kealKm values were determined using the measurements of the first- the difference in rate between the steady state and without aztreonam
order rates of hydrolysis at the substrate concentrations much less thartreatment® Deduced from thék. values.
Km values.

progressive inhibition profiles of the wild-type and mutant
tures of the inhibitors are shown in Figure 2. Sulbactam, a enzymes with aztreonam at & ratio 5 are shown in Figure
penam sulfone, is known to inhibit class fElactamases 33, All the enzymes except P99-210-4A were fully inacti-
pseudoirreversiblyl(f). Sulbactam, lacking an acyl amino  vated by aztreonam within 1 min. The inactivation of P99-
side chain, may be useful for examining an alteration in the 210-4A could not be observed because of its Highvalue
active site space. Thig values of P99-210-1A and P99-  for aztreonam. The wild-type could not recover its original
210-2A for sulbactam were about 3 times that of the wild- activity within the 2 h reaction time because of a significantly
type enzyme, and evidently higher than those of the other stable acyl intermediate. The phase of the recovery obeyed
mutant enzymes. In the cases of P99-210-3A and P99-210+irst-order kinetics (Figure 3b), and the rate constants were
4A, theK; values were about the same as that of the wild- represented blgeac: Thekeacvalues were almost the same
type enzyme. An appropriate configuration for binding may as thek., values, and increased with increasing numbers of
be restored on further addition of Ala. inserted Ala residues (Table 8).

_Boronic acid derivatives are known to bind to the active 15 jnactive forms differing in stability, i.e., a less stable
site serine in a manner similar to a tetrahedral intermediate s, m and a more stable form, have been reported for an
(17, 18. We usedn-aminophenylboronic acid as a ligand treonam-treated class Glactamase 13, and were
for affinity chromatography for thg-lactamase purification. observed in the cases of the mutant, except for P99-210-
P99-210-1A, P99-210-2A, P99-210-3A, and G@dac-  4a and wild-type enzymes (Figure 4). The proportion of
tamases bound to the ligand equilibrated with 20 mM e ore stable inactive form can be calculated from the
triethanolamine hydrochloride buffer, pH 7.0, with 0.5 M jiterence in activity between the steady-state form and the
NaCl. However, P99-210-4A could not bind to the ligand  yreated aztreonam form. The proportion of the less stable
in the presence of 0.5 M NaCl, but bound to it in the NaCl- jq,ctive form was also calculated from the difference in
free buffer. This suggested the possibility that excess ala”'neactivity between the initial and steady states. The proportion
insertion caused perturbgtion of the active site configuration. o¢ ha"more stable inactive enzymes decreased with increas-
The K; values of the wild-type and mutant enzymes for ing keac@ndkex values ( 8). This suggested that the inserted

m-aminophenylboronic acid are shown in Table 7. Although . \tations disturbed the formation of the more stable inactive
there was no significant difference between GC1, P99-210- enzyme.

1A, P99-210-2A, and P99-210-3A, P99-210-4A showed an
about 7-fold increase iK;, indicating lower binding ability DISCUSSION
as compared ton-aminophenylboronic acid.

Progressie Inactivation of the Mutants by Aztreonam. The P99-210-4A mutant showed a significant decrease in
The progressive inhibition profiles of the reaction between affinity to its favorite substrates, oxyiming-lactams and
class Cp-lactamases and oxyimin@lactams are biphasic. =~ m-aminophenylboronic acid, suggesting that the 4 Ala
The enzymes are completely inactivated in the initial period, insertion had an unfavorable effect on both the initial binding
and then the activity is completely recoverelB); The and the transition state. This mutational effect on the kinetic
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Ficure 3: Progressive inactivation (a) and reactivation of the wild-type and mptéattamases by aztreonam. Wild-tyge)( P99-210-

1A (O); P99-210-2A, B); P99-210-3A 4); GC1 @). (a) After 2uM enzyme had been preincubated with @ aztreonamI(E = 5), the

residual activity, evaluated as the initial rate of cephalothin hydrolysis, was measured as described in the text, and plotted against the
preincubation period. The untreated enzyme activity was taken as 100%. (b) Logarithm of the inactivated fraction of enzyme treated with
aztreonam was calculated from the phase of reactivation in (a) and plotted against the incubation time.

parameters is similar to the case of the mutants for Glu219 Scheme 1

of C. freundii class C f-lactamase §), suggesting that

acceleration of the deacylation step is responsible for the

higher hydrolytic activity toward oxyiming-lactams. There

was no relationship between the Ala insertions and the

observed variation in th&; values for two inhibitors, i.e.,

Ks ko k3
E+S>ES—EA > E+P

e
E-A*

keat Values of mutant enzymes for oxyiming-lactams

chain at position 6 of its nucleus, andaminophenylboronic

unvaried k..{Kn values of mutant enzymes for oxyimino

acid is an analogue of the transition state. This observationg.jactams hydrolysis, the mutations were less effective for
may suggest that a structural modification of the omega I00p the acylation reaction.

structure affects the recognition of the side chain structure  Two types of inactive enzymes were observed in the

at position 6 or 7 of the§-lactam nucleus.

The kinetic process of oxyiming-lactam hydrolysis by
extended spectrum class flactamases is different from
that of class Aj-lactamases. In general, the/Kn, value

oxyimino f-lactam hydrolysis reaction of class £lac-
tamases, and a reaction mechanism with a branched pathway
was proposed in a previous study3f (Scheme 1). In this
study, two inactive intermediates were also observed in the

of class A and (B-lactamases corresponds to an apparent reaction of the Ala-inserted mutants with aztreonam. Ac-
second-order rate constant for acyl-enzyme formation, andcording to an increase in the number of inserted Ala, the
the value is independent of the deacylation rate. Class A proportion of the more stable intermediate{&*) in the

pB-lactamase show lovik.o: and highK,, values similar to
oxyimino S-lactams, resulting in a low./Kn value. The

inactive enzyme fraction evidently decreased. This fact
indicates that an amino acid insertion in the omega loop has

acylation process is the rate-limiting step in the reaction an effect on the acyl-enzyme conformation which results in

sequence. The extended spectyiactamase derived from
the TEM type class A enzyme shows an incredsgd/alue
and a decreaséed, value, resulting in an increaség,/Kn

an increase in the amount of the less stable inactive enzyme
(E—A), which easily undergoes the deacylation reaction.
Recent X-ray crystallographic and computer modeling

value, showing the accelerated acylation reaction in the studies have enabled us to rationalize how a mutation might

reaction sequence. On the other hand, clagd&ttamases
usually show high affinity (lowKy, or K; value) and lowkga

alter the substrate specificity of classflactamases. On
the other hand, class @B-lactamases have been scarcely

values for oxyimings-lactams. The deacylation process is analyzed by an analogous manner. It is difficult to apply
a rate-limiting step in the reaction sequence. The increasedsuch a computer modeling technique to the identification of



Extended Spectrum Class ffSLactamase

Biochemistry, Vol. 37, No. 29, 19980467

0.6 0.6
P99 _ GC1
g &
=] a
Qos} e
8 8
g g
2 | 'g
2 o4 2
- 0.4 -1‘ .
|
|
|
0.3 | ] L 1 0.3 1 1
0 1000 2000 3000 4000 100 200 300
Time (sec) Time (sec)
0.6 0.6
P99-210-1A P99-210-2A
& &
a Q
<} <}
] ]
o [~
[ [
£ £
I} o
7] 7]
o o
< <
L 0.3 L L N
0 200 400 600 800 1000 100 200 300 400 500
Time (sec) Time (sec)
0.6 0.6
- P99-210-3A . P99-210-4A
& &
Q (=)
<} <)
8 8
c <
[] ©
-] -1
B £y
<] o
7] 7]
8 2
< <
0.3 i L
0 100 200 300 0 100 200 300
Time (sec) Time (sec)

Ficure 4: Absorption changes in the reaction mixtures of aztreonam-treated wild-type and héatamases with cephalothin as the
substrate. Thg-lactamases (final concentrationu®1) were incubated with 1@M aztreonam in 50 mM sodium phosphate buffer (pH 7.0)

for 1 min at 30°C. A portion (20uL) was mixed with 3 mL of 50Q«M cephalothin in the buffer, and then the time coursé\gh was
monitored (solid line). The dashed line indicates the absorption change with the same amount of untreated enzyme as treated enzyme.

a structural modification of the loop structure as a cause for cannot interact with the oxyiming-lactams directly. We
the extended spectrum phenomenon, because the highly fre@ropose two possible interpretations of the structural change.
rotation of the loop is deduced. The omega loop region of One is a possibility that the mutant enzymes acquire extra
class Cf-lactamases is different from that of class A space for the large oxyimino side chain in the active site.
pB-lactamases. The twisting polypeptide chain of this region The region around Tyr203 in the loop is located in the
in class Cp-lactamases proceeds in the reverse direction vicinity of Gly321 of thes domain, and a mutation in the
relative to that in the class B-lactamasesf]. Moreover, loop might result in enlargement of the oxyimino side chain
class Cp-lactamases lack a catalytic residue in the loop binding site through a shift of thé3 strand. The movement
corresponding to Glul66 of the classfAlactamasesi©). of the 53 strand might add more space to permit another
The extended substrate phenomenon induced by a mutatiorconformation of the acyl intermediate<E*) with oxyimino

in the loop may be attributed to an indirect effect on the fS-lactams. This assumption reminds us of the extended
active site space, since the three amino acid insertion isspectrum class 4-lactamases, which include mutations at
located too far away from the active site, and each residuepositions 238 and 69 with a buried side chain. Huletsky et
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al. (20) suggested that the replacement of each of the residues 7. Tsukamoto, K., Tachibana, K., Yamazaki, N., Ishii, Y., Ujiie,

at positions 238 and 69 by an amino acid with a larger side

chain might push thg3 strand out and away from the active

Ser70. Extension of the space for the side chain at position
7 of the cephem nucleus may contribute to the extended-

substrate specificities of both class A and3dactamases.
Another possibility is similar to that reported in the case
of a mutation in the omega loop of class A TEM type
fp-lactamases. Argl64 of TEM-B-lactamases forms a
strong ionic bond with Asp179, stabilizing the omega loop
conformation. When Arg164 was replaced by His or Ser,

perturbation of the omega loop was deduced by computer
modeling and resulted in the substrate specificity being

extended to oxyimin@-lactams. The increased proteolysis
sensitivity 1) and the reduced expression leve®?)( of

K., Nishida, N., and Sawai, T. (199®&ur. J. Biochem. 188
15-22.

8. Nukaga, M., Haruta, S., Tanimoto, K., Kogure, K., Taniguchi,
K., Tamaki, M., and Sawai, T. (1995). Biol. Chem. 270
5729-5735.

9. Miller, J. H. (1972) inExperiments in Molecular Geneticg
433, Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY.

10. Ito, W., Ishiguro, H., and Kurosawa, Y. (19%G&ne 10267—

70

11. Cartwrght, S. J., and Walay, S. G. (19&pchem. J. 221

505-512.

12. Fukagawa, Y., Takei, T., and Ishikura, T. (198®chem. J.

185, 177—188.
13. Nukaga, M., Tsukamoto, K., Yamaguchi, H., and Sawali, T.
(1994) Antimicrob. Agents Chemother. 38374-1377.

the Argl64 mutant enzymes suggested that the spectrum 14. Sawai, T., Yoshida, T., Tsukamoto, K., and Yamagishi, S.

extension to oxyiming-lactams is attributable to an increase

(1981)J. Antibiot. (Tokyo) 341318-1326.

in the mobility of the omega loop. In the case of the class 15.Ho, S.N., Hunt, H. D., Horton, R. M., Pullen, J. K., and Pease,

C p-lactamases reported in this study, the extended spectrum

L. R. (1989)Gene 7751-59.
6. Sawai, T., and Yamaguchi, A. (1989iagn. Microbiol. Infect.

; 16.
phenomenon was closely related to a decrease in the thermal Dis. 12 1215-129s.

stability of the enzyme activity. The mobile loop structure

may enable the enzyme to form an unstable acyl intermediate.
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