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ABSTRACT. A non-prolinecis peptide is present between Glu166 and lle167 in the active siidamtamase

from Staphylococcus aured®C1. To examine the role of the interaction between the side chain of Asn136
and the main chain of Glul66, the site-directed mutant N136A was produced. The enzyme shows no
measurable hydrolytic activity toward a variety of penicillins or cephalosporins except for the chromogenic
cephalosporin, nitrocefin. For nitrocefin, the progress curve exhibits a fast burst with a stoichiometry of

1 mol of degraded substrate per mole of enzyme followed by a slow phase with a hydrolysis rate that is
reduced by approximately 700-fold compared with that of the wild-type enzyme. Thus, the mutant enzyme
is deacylation defective. Monitoring the hydrolysis of nitrocefin after preincubation with a number of
p-lactam compounds shows that cephalosporins form stable acyl complexes with the enzyme, whereas
penicillins do not. The molecular weight of the mutant was determined by electrospray mass spectrometry,
and the presence of the stable acyl enzyme adducts with cephaloridine and cefotaxime was confirmed by
both electrospray and MALDI mass spectrometry. Therefore, in addition to impairing deacylation, the
acylation machinery has been altered compared with the wild-type enzyme to act on cephalosporins and
not on penicillins. Urea denaturation and thermal unfolding studies show that the N136A mutant enzyme
is less stable than the wild-type enzyme. However, stability against chemical denaturation of the mutant
enzyme is enhanced in the presence of cephaloridine beyond the stability of the wild-type protein. This
is attributed to accumulation of favorable interactions between the cephaloridine and the protein, which
play a role in the folded state and not in the unfolded state.

p-Lactamases (EC 3.5.2.6) are a family of bacterial via a mechanism that involves an acyl enzyme intermediate
enzymes that inactivajélactam antibiotics by hydrolyzing  at the O atom of an invariant serine residue that acts as the
the S-lactam amide bond typical of this group of compounds nucleophile (Knott-Hunzikeret al, 1979; Cartwright &
(Abraham & Chain, 1940). The proliferation of these Coulson, 1980; Cohen & Pratt, 1980; Fislegral., 1981).
enzymes among pathogenic bacteria has considerably refollowing the consensus numbering scheme of Ambter
duced the usefulness gflactam antibiotic therapy. They al. (1991), this serine is at position 70.
have been extensively studied because of both their clinical
importance and interesting biochemical properties (Hamilton-
Miller & Smith, 1979; Coulson, 1985; Fre & Joris, 1985;
Knowles, 1985; Herzberg & Moult, 1991a). There are three
sequence-based classegdlctamases that utilize an active
site serine. Of these, the class A enzymes are plasmid-
encoded monomeric molecules, approximately 250 amino
acid residues in length (Ambler, 1980), common in Gram-
positive and Gram-negative bacteria. For the sefihac-
tamases, hydrolysis of the-lactam amide bond proceeds

A number of high-resolution crystal structures have been
determined revealing that the structures of enzymes from
different organisms are similar, consistent with the sequence
homology (Herzberg & Moult, 1987; Herzberg, 1991;
Moews et al, 1990; Knox & Moews, 1991; Jelscét al,
1992, 1993; Strynadkat al, 1992). In addition to Ser70,
Lys73 and Glul66 have been shown to be key catalytic
residues. The role of these, as well as that of Ser130 and
the mechanistic similarity to the class C serfhilactamases,
has been the subject of much discussion (Herzberg & Moult,
1987, 1991a; Gibsoret al, 1990; Ofneret al, 1990;

Ig:ﬁg?r:tec%r%wglr?ia?rg nLtJiRn?é;l)?lziZgShents and materials are Strynadkeet al, 1992; Lobkovskyet al, 1994; Dambloret
identified in this paper in o?dee to sp’ecify the expérimental procedure al., 1996). An analogy to the meChamsm of the serine
as completely as possible. In no case does this identification imply a Proteases can be drawn because of the involvement of the
recommendation or endorsement by the National Institute of Standardsactive site serine and the possible role of an oxyanion hole
and Technology, nor does it imply that the material, instrument, or i, catalysis (Herzberg & Moult, 1987). Controversies arise
equipment identified is necessarily the best available for the purpose. .

*To whom correspondence should be addressed. Telephone: 301-2t several levels relating to how exactly Lys73, Glu166, and
738-6245. Fax: 301-738-6255. E-mail: osnat@elanl.carb.nistgov. Ser130 may assist catalysis, and to whether the machinery

; Hgt'i‘genr;:t%’ng;mtaeg"g;‘aEa'lﬁthecmo'ogy Institute. for acylation is the same as that used during deacylation (note

O National Institute of Standards and Technology. that, throughout the paper, the term acylation refers to the

® Abstract published irAdvance ACS Abstract#yugust 15, 1997. chemical step of formation of the acyl enzyme from substrate
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and free enzyme and deacylation refers to the conversion of ILE 167

the acyl enzyme into a free enzyme and a hydrolyzed & non-proline

substrate). % cis peptide bond
The class A enzymes contain a water molecule with L

enhanced nucleophilicity due to its interaction with Glu166. p @ ®

It has been proposed to be the hydrolytic water molecule e ¥ l‘; g ASN 136

(Herzberg & Moult, 1987; Herzberg, 1991). Mutagenesis & 8 ¢ e

and crystallographic studies support this proposal and suggest o I ] TN ©3

that the role of Glu166 is predominantly during deacylation. ® -1

In the P54 mutanf-lactamase fronstaphylococcus aureus GLU 166 -

PC1 (with the D179N replacement), Glul66 is conforma-
tionally disordered, and deacylation becomes the rate-limiting
step (Herzbergt al,, 1991). In theEscherichia colTEM-1
and Bacillus licheniformis S-lactamases, replacement of
Glul66 by a noncharged residue resulted in accumulation
of the acyl enzyme intermediate (Adaetial, 1991; Escobar
et al, 1991). One of these mutant enzymes (E166N) was
used to determine the crystal structure of an acyl enzyme of FIGURE 1: Q-Loop region off-lactamase. The trace ofcarbon
the TEN:-1-lactamase (Stynadietal, 1992). Recertly, S = NOTIGed I Yelow Sxcrt [ sl 100 30 107
the mutant N1_7OQ o8. aureusPCllﬂ-Iactam_ase has been scheme is as follows: gray, carbon;pred, oxygen; and blue, nitrogen.
produced and its structure determined showing that the waterrhe electrostatic interaction of the side chain of Asn136 with the
molecule site is blocked by the glutamine side chain main chain atoms of Glul66 is shown in dashed lines.
(Zawadzkeet al, 1996). Consequently, the enzyme can be
acylated by substrates, but deacylation is impaired. Thesecontribute to a larger conformational flexibility of ti§&-loop,
data are in conflict with the proposal of Gibsetal. (1990) even though that region is well-ordered in the crystal
and Lamotte-Brasseuet al. (1991), who proposed that structure. This hypothesis is supported by the report that
Glul66 acts as the general base during both the acylationthe E. coli TEM-1 mutant enzyme P167T is less stable
and deacylation steps, with the proton first being transferred compared with the wild-type enzyme (Vanhaateal., 1996).
from Ser70 to the carboxylate group via the bridging water Further, guanidine hydrochloride unfolding experiments of
molecule. the TEM-1 wild-type and mutant proteins have been
An interesting feature of the structure of tBeaureus?C1 interpreted in terms of theransto cis isomerization of the
B-lactamase is the presence of a non-protiilsgeptide bond  non-proline peptide bond comprising the rate-limiting step
between Glu166 and lle167 (Herzberg, 1991). Non-proline in the folding process (Vanhowt al., 1996).
cis peptide bonds are rare in proteins of known structure. The carboxylate group of Glul66 forms electrostatic
This is not surprising because there is an approximately 2.8interactions with the side chains of Lys73 and Asn170.
kcal/mol energy difference between thes and trans These are relevant to function and, in addition, may help
conformations of a non-proline peptide bond as revealed by maintain the structural integrity of the loop. Only three other
NMR experiments (Drakenbergt al, 1972), and thecis side chains fornf2-loop-associated interactions which are
conformation may be further destabilized by longer range conserved in all class B-lactamases of known structure. A
interactions, resulting in an expected frequency of occurrencepair of side chains flanking the loop (Arg164 and Asp179)
of about 0.1% in the denatured state (Ramachandran & Mitra,form a salt bridge. Elimination of this salt bridge by the
1976). Analysis of the few crystallographically observed D179N mutation of P54-lactamase has a profound func-
non-prolinecis peptides in proteins revealed that they are tional and structural impact. The hydrolytic activity is much
associated with active sites (Herzberg & Moult, 1991b). The reduced, and folding experiments indicated that the molecule
importance of thecis peptide bond for thes. aureusPC1 is trapped in a conformational state corresponding to a late
B-lactamase function is obvious in light of the crucial role step of the folding pathway as assessed by urea gradient gels
of the carboxylate group of Glul66. Tlus peptide bond (Craiget al, 1985). The crystal structure of PB4actamase
is located on afi2-loop encompassing residues 165378, a revealed disorder in th&-loop region, including that of
structural unit which is not well packed against the rest of Glul66, and stopped-flow kinetics showed that the mutant
the molecule, with several intervening internal water mol- enzyme is deacylation-impaired (Herzbesgal, 1991).
ecules (Herzberg & Moult, 1987; Herzberg, 1991). In  The third invariant residue associated with adoop is
addition to the coordinates of th®. aureusg-lactamase  Asnl136. Its side chain amido group interacts with both the
[Brookhaven Protein Data Bank (PDB) entry code 3BLM], main chain amide and the carbonyl groups of Glul66,
the coordinates of two other class Arlactamases are assisting in the precise positioning of this peptide bond
available in the PDB, those of the enzymes frdsn (Figure 1). This study investigates this interaction. The
licheniformisand fromE. coli (entry codes 4BLM and 1BLT,  mutant enzyme N136A has been produced, and the impact
respectively). The latter two molecules contain a proline of the elimination of the side chain amido group on the
cis peptide, an energetically more favorable arrangement, andactivity and stability of the enzyme has been analyzed. The
in addition, their respectiv€-loops are more efficiently  results provide further support for the proposal that the non-
packed against the rest of the structure with no internal water proline cis peptide contributes to the marginal stability of
molecules. One would expect that the non-protiisgeptide the Q-loop. In addition, a surprising altered substrate
and the inefficient packing that differentiate tBe aureus recognition pattern of the mutant enzyme is revealed. Unlike
enzyme from its two counterparts are features that could the nativeS. aureuss-lactamase, it forms an acyl enzyme
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with cephalosporins, including third-generation cephalospor- 1987). The compound was provided by R. Pratt (Wesleyan
ins, but not with penicillins. University). Its hydrolysis was monitored at 290 nfxefqo
= 2290 Mt cm™, as determined in this work).

Preincubation kinetic experiments were carried out ac-
cording to the following protocol. The mutant enzyme was
first incubated with an approximately 2-fold excess of the
substrate for a period of 90 s. Tfidactam compounds that
were preincubated with the enzyme were benzylpenicillin,
ampicillin, methicillin, cloxacillin, oxacillin, FAP, cephalo-
ridine, cefotaxime, and ceftazidime. Each mixture was added
to a cuvette containing an approximately 80-fold excess of
nitrocefin over enzyme, and the nitrocefin hydrolysis was
monitored in the usual manner.

Mass Spectrometry Electrospray mass spectra were
obtained on a JEOL SX102 mass spectrometer equipped with
an Analytica electrospray source and on a Finnigan TSQ700
electrospray mass spectrometer. Samples were run in one

MATERIALS AND METHODS

Mutagenesis, Expression, and Protein Purificatidd136A
pB-lactamase frons. aureusPC1 was cloned, expressed in
E. coli TG1, and purified following a protocol similar to
that in Zawadzket al. (1995), with modifications described
in Zawadzke et al. (1996). The four-primer overlap-
extension method (Het al., 1989) was used to produce the
single-site mutant from thg-lactamase gene on pTS32
(blaz). The two external primers were oligonucleotides
LZBAMHI (5'-GTCCGGCGTAGAGGATCCGGAATTCT-
CATG-3) and TSHIND3 (5ATCAGTTTTTGATAT-
CAAGCTTATACATGTCAACG-3), and their respective
internal mutagenic primers were oligonucleotides SBN136A1
(S-AATACAGCAAAC GCAAAAATTATAA-3')  and of the following solutions: (a) 10 mM ammonium acetate;
SBNl:_36A2 (BTTTATAATTTTGTCGTTTGC.TGTATT' (b) 10 mM ammonium acetate with an equal volume addition
3), which substitute an alanine for an asparagine (the change%f hexafluoro-2-propanol: (c) sample b with the addition of
relative to the wild-type enzyme are shown in bold letters). 5o cetic acid to hexafluoro-2-propanal (1:1); (d) desalted
Th_e single-site DNA mutar’_ﬂlaZ gene was then resequencgd solution with an equal volume of hexafluoro-2-propanol; (e)
using double-strand plasmid DNA with the Sequenase Quick- ;5 1h1e d with the addition of 5% acetic acid to hexafluoro-
Denature Plasmid DNA sequencing kit (U. S. Biochemicals, 2-propanol. The needle voltage was maintained at ap-
Cleveland, OH). The engineered gene includes an additionalproximately 5 kV on the Analytica source and 4.5 KV on
N-terminal methionine compared with the native amino acid the Finnigan. In all cases, the spectra were deconvoluted

sequence. using the standard software to produce mass (charge-
Protein concentrations were estimated from the absorbancendependent) spectra. MALDI spectra were obtained on a
of solutions at 280 nm by using the value fgso0f 19500  Kratos MALDI Ill mass spectrometer operated in the linear
M~tcm™ (Carrey & Pain, 1978). For storage, the proteins mode at an accelerating voltage of 22 kV, with samples
were kept at 4°C in solutions Containing 60% saturated desorbed from a Sinapinic acid matrix (3,5_dimethoxy_4_
ammonium sulfate. This is essential for the N136A enzyme hydroxycinnamic acid) using a nitrogen (355 nm) laser. In
because this mutant is more susceptible to residual proteolyticpreparation for mass spectrometry, the ammonium sulfate-
activity compared with the wild-type enzyme. In the absence and phosphate buffer-containing protein sample was dialyzed
of ammonium sulfate, the mutant enzyme is completely against 10 mM ammonium acetate at pH 7. The acyl enzyme
degraded within a few days. Ammonium sulfate was complexes were formed by adding a 2-fold molar excess of
removed by alternating steps of dilution and concentration -lactams to the mutant enzyme. The mass spectrometry

in the centrifuge, using a Centricon 10 membrane.

Enzyme Kinetics All kinetic assays were performed at
25°C in 0.1 M potassium phosphate buffer at pH 6.8 on a

analysis was carried out over a period of 7 days, yet the
acyl enzyme complexes remained intact.
NMR SpectroscopyOne-dimensional proton NMR spec-

Hewlett-Packard 8452A diode array spectrophotometer. Thetra were acquired on a Bruker AMX-500 spectrometer at 25
data were analyzed using the computer package SigmaPlofC. A 90% H0O/10% DO solution containing 240 and 250
(Jandel Scientific). Nitrocefin was purchased from Unipath uM protein for the wild-type and mutant-lactamases,
(Ogdensburg, NY). @&-[(Furylacryloyl)amido]penicillanic respectively, 150 mM ammonium sulfate, and 90 mM
acid triethylamine salt (FAP) was purchased from Calbio- potassium phosphate at pH 6.8 was prepared. Solvent
chem (La Jolla, CA). Othep-lactam antibiotics were  suppression was achieved through weak presaturation at the
purchased from Sigma (St. Louis, MO). Hydrolysis of the water frequency. A spectral width of 6024 Hz was used
chromogenic cephalosporin, nitrocefin, was monitored by the with 2048 complex points. No resolution enhancement or
increase in absorbance at 500 mMvadpo= 15 900 Mt cm™? baseline correction was used in processing the spectra.

for the difference in absorption between the intact and Differential Scanning Calorimetry Differential scanning
hydrolyzed compound). The hydrolysis of other substrates calorimetry (DSC) measurements were performed with a Hart
was monitored by loss of absorbance as follows: benzyl- 7707 DSC heat conduction scanning microcalorimeter. Half-
penicillin (Aezz, = 940 M~ cmt), methicillin (Aezzs = 960 milliliter samples of wild-type and mutanf-lactamases
M~ cm™t), ampicillin (Aexzs = 820 Mt cm™Y), cloxacillin containing 2.5 mg of protein in a solution of 2.5 M
(Aezgo = 1060 Mt cm™1), oxacillin (Aezeo = 1010 M? ammonium sulfate and 0.1 M potassium phosphate at pH
cmY), FAP (Aezqq= 1330 M1 cm™2), cephaloridine Aezso 6.8 were used. A scan rate of 15 K'hwas applied. To
=10 700 Mt cm1), cefotaxime Aeze, = 7250 M cmY), determine any dependence of the parameters on scan rate,
and ceftazidimeAeeo = 10 200 M cm™1). These extiction scans were also performed at 30 Kth A least-squares fit
coefficient values were determined previously (Ellegbyl., of the two-state transition modekoReq < Punfoided 10 the
1990; Zawadzket al,, 1995). In addition, the enzyme was transition peak data was performed by the EXAM program
assayed with the acyl-Ala-p-Ala analogue acyclic dep-  (Kirchoff, 1993). The program utilizes a sigmoidal baseline
sipeptidem-[[(phenylacetyl)glycyl]loxy]benzoic acid, which  to yield a van't Hoff enthalpy4H,) and transition temper-

is hydrolyzed by the wild-type enzyme (Govardhan & Pratt, ature [T, the temperature at half of the peak area) and the
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Ficure 2: Scheme of thg-lactam antibiotics selected for this study. FAP is an abbreviation foi{(@drylacryloyl)amido]penicillanic
acid.

calorimetric enthalpyAH., the transition peak area divided buffer (pH 6.8) to obtain the closest lower urea concentration
by the number of moles of protein in the cell). The ratio of value used in the unfolding experiment. The CD spectra
AHJAH, yields the cooperativity of the transition. were then collected, and the ellipticity was monitored at 222

Circular Dichroism Circular dichroism (CD) spectrawere nm. The analysis included the appropriate correction factors
measured with a Jasco 720 spectropolarimeter using a waterfor dilutions.

jacketed cylindrical cell with a path length of 1.0 mm.  Following the same protocol, the denaturation and rena-
Temperature control was provided by a Neslab RTE-110 tyration experiments were repeated with the N135/c-
circulating water bath interfaced with a MTP-6 temperature tamase, incubating the enzyme with ]m Cepha|0ridine
programmer. All experiments were done in the presence of for a period of 10 min prior to the addition of urea. The
0.1 M potassium phosphate buffer at pH 6.8. concentrations of urea ranged from 0 to 5.5 M.

Far-UV CD spectra of the wild-type and N136A mutant e kinetics of refolding of the N136A mutant enzyme
f-lactamases were scanned between 200 and 250 nm at 23,55 getermined by incubating the protein solution in 5.5 M

°C. '_I'hree scans were averaged. The protein S‘?‘mple%rea for a period 2 h and diluting the enzyme/urea mixture
contained 0.8 M ammonium sulfate. Unfolding transitions i potassium phosphate buffer (pH 6.8) to a final urea
were monitored at 222 nm, varying the temperature from O ., centration of 0.08 M. Aliquots were taken after 1, 2,
t0 90°C at a rate of 'C/min. After reaching 90C, the  5n4 5 min and in increments of 5 min thereafter and assayed
system was cooled to its initial temperature i@ and the ¢, 5 cfivity with nitrocefin. The final concentration of the
spectra were measured again to assess whether refolding was, :ant enzyme in the assay was QuM, while the

complete. _ . _ concentration of nitrocefin was 10@M. Rates were
Urea denaturation and renaturation experiments Weremeasyred over 90 s for the first time point and for 150 s for

performed with wild-type and mutant protein samples in the o remaining points. The catalytic ratks,, were analyzed
presence of 80 mM ammonium sulfate and 0.1 M potassium 4q 5 function of elapsed time for refolding.

phosphate buffer at pH 6.8. Samples containing enzyme and

urea were prepared, with the urea concentration varying from ResyLTS

0 to 6.0 M and the enzyme concentration at:3d. After

the fact that incubation fol h is required to reach Enzyme Actiity. With the series of substrates used in this
equilibrium between the folded and unfolded species was study (Figure 2), the N136A mutafitlactamase hydrolyzes
established, the mixtures were incubated at’@5for 2 h only nitrocefin and the depsipeptider-[[(phenylacetyl)-
and the CD spectra were measured, monitoring the ellipticity glycylloxy]benzoic acid. Hydrolysis of all other substrates
at 222 nm. For the refolding reaction, each of the previously were undetectable. With nitrocefin, the progress curve of
equilibrated urea/enzyme mixtures was diluted into phosphatehydrolysis exhibits a fast initial phase followed by a slower
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Ficure 3: Kinetics of N136Ags-lactamase. (a) Progress curve of
nitrocefin hydrolysis by N136A3-lactamase. The concentrations
of the enzyme and nitrocefin were 1.4 and 100, respectively.
The circles represent individual data points. (b) Hydrolysis of
nitrocefin (Ncf) by N136A3-lactamase after incubation with various
p-lactam antibiotics. The preincubation period was 90 s. The
concentrations of the mutant enzyme, preincubgtéactam, and
nitrocefin were 1.3, 2.6, and 1QM, respectively. Representative
members of different types of progress curves are shown: benzyl-
penicillin (Pen-G), methicillin (Meth), cloxacillin (CIx), cephalo-
ridine (Cpl), and ceftazidime (Cft). See Table 1 for data on the
complete set used.
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Table 1: Nitrocefin Hydrolysis Rates by N13gALactamase
Following Incubation with Varioug-Lactam Antibiotic

preincubated v x 1% vs x 107 k x 1%
B-lactam (s (s (s} burst
none 1.19+ 0.01 2.02+0.02 0.60+ 0.02 1
none, 1.9 M (NH).SQs 1.35+0.01 3.69+ 0.02 0.28+ 0.01 1
benzylpenicillin 1.00+ 0.03 1.97+0.02 1.30+0.04 1
ampicillin 1.07+0.06 1.93+0.04 1.31+0.07 1
methicillin 0.70+0.01 1.69+0.01 0.39+0.03 1
oxacillin 0.18+0.01 1.48+0.62 0.05+0.01 —
cloxacillin 0.18+0.01 1.41+0.75 0.06£0.01 -—
cephaloridine 0 0 0 -
ceftazidime 0 0 0 -
cefotaxime 0 0 0 -

@ The errors associated with the fit to the general integrated equation
are provided.

Nitrocefin hydrolysis by the N136AS-lactamase was
followed in the presence of 1.9 M ammonium sulfate, to
assess whether the burst kinetics is due to the purely defective
deacylation apparatus or whether it is associated with
substrate-induced progressive inactivation, also termed
branched pathway (Waley, 1991). The rationale is that, if
there is partitioning between active and inactive acyl enzyme
forms, a stabilizing agent such as ammonium sulfate
(Michinson & Pain, 1985) would decrease the conversion
into the inactive acyl enzyme and the size of the burst would
increase (Escobat al, 1994; Zawadzket al, 1996). The
burst amplitude remained 1 at high ammonium sulfate
concentrations, indicative of simple impairment of the
deacylation machinery rather than progressive inactivation.
The lag was still observed (data not shown).increased
slightly to 0.0135 s?, andys increased to 0.0369 5(Table
1). That ammonium sulfate accelerates the catalytic rates
of the S. aureusp-lactamase is not unusual. This was
previously reported for both the native enzyme and the
deacylation-impaired P54 mutagfitlactamase (Herzbergt
al., 1991).

The hydrolysis rate constant of the depsipeptide by the

phase (Figure 3a). The slow phase has a slight lag beforen136A mutant enzyme was 0.118'ssomewnhat higher than
reaching the steady state, whereas no lag occurs with thene rate constant of 0.077for the wild-type enzyme. The

wild-type enzyme (Herzbergt al,, 1991; Zawadzket al.,
1995). The amplitude of the initial burst corresponds to a
stoichiometry of 1 mol of product per mole enzyme. Note
that the absorption of the acyl enzyme is similar to that of
hydrolyzed nitrocefin and therefore the stoichiometric burst
represents the formation of an acyl enzyme rather than a
complete hydrolytic cycle. The slow phase was analyzed
in terms of the general integrated equation
P=ut— (vs— )1 — ek 1)
whereP is the concentration of the product at tigey; is
the initial velocity, vs is the steady state velocitif), and
kis the rate constant characterizing the change from the initial
to the steady state rates.

The ko derived from the slower phase was 0.0202 s
(Table 1). TheK,, for the steady state phase was less than
1 uM and could not be determined accurately. By com-
parison, thek.,; value for nitrocefin hydrolysis by the wild-
type enzyme was 14.0'%5 as was redetermined in the current
study, and in agreement with the previously reported value
for native S-lactamase of 11.47% (Herzberget al., 1991).
The K, value for the native enzyme is M, higher than
the value for the N136A mutant enzyme.

latter value agrees well with the rate constant reported
previously (Govardhan & Pratt, 1987).

The substrates that are not hydrolyzed by N136kc-
tamase were further investigated for complex formation with
the mutant enzyme. Each substrate was mixed with the
enzyme, and after a preincubation period of 90 s, the kinetics
of nitrocefin hydrolysis was monitored. The data show that,
following preincubation with the traditional penicillins,
benzylpenicillin and ampicillin, the activity toward nitrocefin
is essentially unaltered, whereas other substrates do affect
nitrocefin hydrolysis (Table 1, Figure 3b). Preincubation
with penicillins with bulky side chain substituents on the
B-lactam ring (methicillin, cloxacillin, and oxacillin) pro-
duced the following effects. Nitrocefin hydrolysis rates were
reduced, with methicillin having less impact than cloxacillin
and oxacillin; the lag of the slow phase was longer, again
with the least effect observed with methicillin, and the
stoichiometric fast burst was eliminated after preincubation
with cloxacillin and oxacillin but not with methicillin.

Preincubation with cephaloridine and with the third-
generation cephalosporins, cefotaxime and ceftazidime,
resulted in the most dramatic changes. Both the burst and
the hydrolytic activity toward nitrocefin were eliminated.
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Note that the ceftazidime preincubation experiment was o, 202289
repeated with the wild-type enzyme because it also does not
hydrolyze this compound. In contrast to the mutant enzyme, oo, 288817 I
the kinetics of nitrocefin hydrolysis by the wild-tygelac-
tamase was unaltered, indicating that it does not interact 50, % H
tightly with ceftazidime. ,,,f Wiy,
Mass Spectrometry of the Enzyme/Cephalosporin Com- se oA
plexes In order to determine the nature and stoichiometry a
of the addition products, the free N13gAlactamase and
the adducts formed with cephaloridine and cefotaxime were ,
examined by mass spectrometry. MALDI spectra were Ll
obtained for the free mutant protein and the adducts. These a Mﬁvﬂah,\nﬂ\ﬁc” i
showed an addition of only one molecule of antibiotic to ~ ° ™ zeiee  zssor  so00 ~ Zsieo  zsd0 | zeeoo  ZeBo0 39000
the protein. No dissociation (as would be ex_pecte.d_|f.a Ficure 4: Mass spectrum of the adduct formed between cefotaxime
noncovalent adduct were formed) of the protein/antibiotic ang N136Ap-lactamase. The protein solution was desalted and
complex was observed. Previous studies of the hydrolysismixed with an equal volume of hexafluoro-2-propanol. The
of cephalosporins bys-lactamase fromS. aureusPC1 predicted weight of the adduct was 29 277.4, but decarboxylation

concluded that the 'Substituents (R2 in Figure 2) of Was observed to occur in most electrospray runs. The single peak

cephalosporins may be eliminated prior to deacylation (Faraci indicates that only a 1:1 antibiotic/protein adduct is formed. The

! ) inset shows the free protein (calculated weight of 28 882.4).
& Pratt, 1985). The mass shifts predicted for the cephalo-
ridine and cefotaxime if no elimination of thé-8ubstituents 120
occur are 415 and 455, respectively. After elimination, the
predicted mass shifts are 336 and 395, respectively. For each

antibiotic, MALDI gave varying answers that were both = 6.0 |y

above and below the predicted masses without the elimina- £ r

tion of the 3-group. This was attributed to adduct formation g r

with the ammonium salts as the tops of the peaks were £ 0.0 4%
E

always multiplets. The protein samples were desalted by E
precipitation with acetone and analyzed by electrospray mass <
spectrometry on an Analytica source in a 5% acetic acid/ @ o
hexafluoro-2-propanol (1:1) solution. Under these denaturing
conditions, a noncovalently bound substrate would dissociate
whereas a covalently bound adduct can be detected. The 12,0 P T S
free protein was measured at 28 881.7 (calculated mass of 200 225 250
28 882.4), and the two adducts were measured at 29 176.2
(if the 3-substituent were eliminated, the calculated mass
of the cephaloridine/protein complex would be 29 218.4) and Eigg}igi la';?;#;sgisr‘;:'%: dilczgrr";;?hsl;fgtr;ae thPeesivc\i/ﬂg-glri)et iiirt]d
29 228.9 (th_e ma'ss of a Cefo_taXIr_ne_-bound enzyme would is plotted as a function of Wavelengtlh. The concentration F(;f egch
be 29 277.4 if the 3substituent is eliminated). In each case, protein was 3Q:M, and the solutions contained 0.8 M ammonium
the results obtained were approximately 44 mass units lesssulfate and 0.1 M potassium phosphate at pH 6.8.
than expected, and this was attributed to decarboxylation
adjacent to the '3group that occurred in the mass spectrom- NMR spectrum of the mutaifi-lactamase shows that as with
eter. In order to try to prevent decarboxylation, the samples the wild-type enzyme the spectrum of the mutant enzyme is
were run at pH 7 in the absence of acetic acid, but the samewell-dispersed (Figure 6). The CD and NMR spectra,
result was obtained. The result for cefotaxime is shown in together with the observation that the mutant enzyme
Figure 4. As none of the samples (protein and complexes) undergoes acylation with some substrates, indicate that the
gave spectra when sprayed from the 10 mM ammonium molecule adopts a unique global fold.
acetate solution alone, the samples were desorbed from a Thermal Stability The DSC of wild-type3-lactamase in
1:1 solution of 10 mM ammonium acetate and hexafluoro- an ammonium sulfate solution revealed a single transition
2-propanol. In this case, variable spectra were obtained. Inpeak closely fitted to the two-statg R4 < Punfoldegtransition
most, decarboxylation was complete or almost complete, butmodel with aT,, of 77.04+ 1.0°C. The transition peak did
in some, especially on the Finnigan source, an almost totally not re-appear upon a subsequent cooling and re-heating of
nondecarboxylation product spectrum was obtained for the the solution, indicating that the transition was irreversible.
cephaloridine adduct (two runs, 29 217.5 and 29 228.0). An irreversible transition was also reported by Rahil and Pratt
Therefore, decarboxylation may be a feature of the electro- (1994), who using the protein absorption at 280 nm observed
spray ionization process. It did not seem to occur in the aTy, value of 41.9°C and a broader transition. The sharper
MALDI experiment, but these were considered less accuratetransition at higher temperature observed in the current study
because of the involvement of peak multiplets. is attributed to the high ammonium sulfate concentration
Structural Information Figure 5 shows far-UV CD  used.
spectra of the wild-type and the N136A mutant enzymes. From the fit of the two-state model, theH; is 134+ 1
The mutant enzyme exhibits a considerable amount of regularkcal/mol and theAH, is 304 £ 17 kcal/mol, yielding a
secondary structure, although the signal is somewhat lowercooperativity of 0.5. Since the same result was obtained at
than that for the wild-type protein. The one-dimensioil twice the scan rate, it was assumed that the irreversible

L e e e e
£
5

A (nm)



Asn136— Ala in Class Ap-Lactamase Biochemistry, Vol. 36, No. 36, 199710863
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WM AN § 0.40
|59}
10.0 8.0 6.0
ppm 0.20
b 000 lc r\lo n 1 I 1
0.00 2.00 4.00 6.00
‘ [Urea],M
\ FiGure 7: Apparent unfolded fractions of wild-type (open circles)
N and N136A (filled circles)s-lactamases as a function of urea
N “W“/ concentration. The fraction of unfolded protein was calculated from
LA the CD signal at 222 nm. The concentration of each enzyme was
10.0 8 0 60 30uM. Note that the data points at 0.6 M urea for the mutant and
ppm wild-type enzymes overlap.
Ficure 6: One-dimensional proton NMR spectra of (a) wild-type
and (b) N;36A[3-Iactamases showing the amide and aromatic 1.00 *8” o‘So
proton regions. i ) Do 8o
.. . L o
transition could be treated as a thermodynamic two-state %8
transition. Thus, the discrepancy betwe#hl; and AH, - r Opg A0 °
implies that, under the experimental conditions, wild-type S o060 F o ° o
p-lactamase unfolds as a dimer at its thermal denaturation < L O A
temperature. 8 040 L
The DSC of the N136A mutari-lactamase yielded the = O A °
same values oAH. andAH, as calculated for the wild-type i O a
enzyme but a substantially lowér, of 64.0 &+ 1.0 °C, 020 g A °
indicating that the mutant enzyme is conformationally less L Oow w
i i i u]
stable_ in solution than the wild-type enzyme. _ 0.00 . ! . ) il _ECW NN
A similar trend for T, values was seen in the CD in the 0.0 20 40 6.0

presence of 0.8 M ammonium sulfate. The wild-type protein
unfolded at 74+ 1 °C and the N136A mutant protein at 68 [Urea), M

+ 1 °C. As with the DSC, the transition fits a two-state FIGURE8: Unfolding of the wild-typgs-lactamase (filled triangles),
model and is irreversible under the conditions of the N136A/-lactamase (open squares), and N13BRctamase plus

: . cephaloridine (open circles) by urea. The fraction of unfolded
eXpe”me.m' When the solution was slowly COOIed. oD protein was calculated from the CD signal at 222 nm. The final
the CD signal did not recover to that observed prior to the concentrations of the enzymes were/88, and the concentration

heating. of cephaloridine was 100M.
Urea Denaturation The unfolding off-lactamase from

S. aureusPCl1 in urea is reversible, and the rate constant is  Kp values for unfolding extrapolate to 883.3 and 38.5 in
independent of enzyme concentration (Mitchinson & Pain, the absence of urea for the wild-type and N136A mutant
1985; Craiget al, 1985). The comparison between the enzymes, respectively. The free energy of foldifGioiding,
unfolding profiles of the wild-type and the N136A mutant at 25°C is —4.0 kcal/mol for the wild-type protein and2.1
enzymes, followed by CD, reveals that the midpoint transi- kcal/mol for the mutant enzyme. The results for the wild-
tion for the mutant enzyme occurs at a considerably lower type protein are consistent with those reported by Mitchinson
urea concentration (Figure 7). Since the unfolding is and Pain (1985).
reversible, the data were analyzed by a two-state equilibrium: ~ To further investigate the enzymeubstrate interaction,
the unfolding experiment was repeated for the N136A

Ko enzyme that was preincubated with cephaloridine. The data
Prolded = Punfolded are shown in Figure 8, together with the unfolding data for
the mutant enzyme alone and for the wild-type protein.
The apparent equilibrium constali was calculated fol-  |ncubation with cephaloridine resulted in the increased

lowing the analysis of Santoro and Bolen (1988), using stability of the mutant enzyme beyond the stability of the
nonlinear least squares to fit the data to the exponential wild-type enzyme. Also, the transition curve exhibits a

equation that can be reduced to biphasic transition, which may indicate the existence of
intermediates in the unfolding pathway. The data were fitted
f=1—1/1+ ™M (2) to two independent two-state unfolding processes according

to the scheme
wheref is the fraction of unfolded protein estimated from

the loss of ellipticity at 222 nm at each urea concentration, Ko, Kb,
m, = —In Kp, mp = A(—In Kp)/A[urea], andx = [ureal. Proided < Pintermediate™ Punfolded
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0.018 involves an acyl enzyme intermediate (Knott-Hunzikeal,,
0016 k 1979; Cartwright & Coulson, 1980; Cohen & Pratt, 1980;
' Fisheret al,, 1980). The simplest mechanism that accounts
0.014 for the acyl enzyme intermediate is shown in Scheme 1:
—~ 0012
= 0010 Scheme 1
g Kk kg
0.008 E+S<=ES—EC—E+P
0.006 ,
where the enzyme, substrate, and product are depicted by
0.004 E, S, and P, respectively, ES denotes the Michaelis complex,
0.002 and EC denotes the acyl enzyme complex. The acylation
l . L step is considered irreversible when the deacylation step is
0.000 @ lu oty : S :
fast, but with deacylation-impaired enzymes, reversibility of
0 500 1000 1500 2000 2500

the acylation may need to be considered.
time (s) With the exception of nitrocefin, the mutation N136A
FicuRe 9: Refolding kinetics of urea-denatured N13pAactamase ~ a@bolished the ability of the enzyme to hydroly2dactam
followed by the recovery of the nitrocefin hydrolysis rate. Enzyme compounds. For nitrocefin, a fast initial burst corresponds
samples were diluted into a final urea concentration of 0.08 M. to the appearance of a stoichiometric amount of acyl enzyme.
e e crrmion s ey o Ssaegs T fllowing slower phase eflecs he ncompetenc of e
was 0.7uM, and the concentration of nitrocefin was 1001. mutant enzyme to c_at_alyze the deacylation _step (Figure 3a).
The slow phase exhibits a short lag, suggestive of a substrate-
whereKp, andKp, are the apparent equilibrium constants induced activation. However, this is a subtle effect, and for

for the two processesKp, andKp, extrapolate to 3.83« for the sake of simplicity, the kinetics of nitrocefin hydrolysis
10% and 3.70x 1CPin the absence of urea, respectively. The by this mutant enzyme will be treated according to Scheme
corresponding values @Gioging for the processesiRed = 1. The magnitude of the burst is not affected by the addition

Pintermediate@Nd Rhtermediate™ Punfolded &t 25 °C are —4.8 and of ammonium sulfate, ruling out the kinetic scheme of a
—7.6 kcal/mol, respectively. The plateau region of the branched pathway mechanism corresponding to substrate-
proposed folding intermediate is not well-defined. Thus, induced progressive inactivation (Waley, 1991; Escaddar
these values are not accurately determined and should bel., 1994; Zawadzket al, 1996).
regarded only as estimates. The burst and the steady state hydrolytic rate for nitrocefin
The kinetics of refolding was monitored by measuring the are similar to those measured with two seemingly very
increase in the nitrocefin hydrolysis rate of urea-denatured different mutang3-lactamases: D179N (termed P54) (Herzberg
samples after dilution into a urea-free solution for increasing et al, 1991) and N170Q (Zawadzle al, 1996). With the
time periods (Figure 9). The refolding of the wild-type first mutant enzyme, a salt bridge at the bottom of@h#oop
enzyme occurs too rapidly to be monitored in this manner, has been eliminated. Part of the loop becomes disordered,
but the refolding of the N136A mutant enzyme is sufficiently including Glul66, the residue that enhances the nucleophi-
slow. The data were analyzed by a single-exponential licity of the hydrolytic water molecule. Consequently,

function according to deacylation is impaired. In the second mutant enzyme,
e N170Q, the site of the hydrolytic water molecule has been
Keati = Kear A1 — € ) ) blocked by the glutamine, also leading to impaired deacy-

. ] ] lation. The N136A mutation was engineered to destabilize
whereke is the rate constant of hydrolysis at tirhafter the Q-loop by removing key electrostatic interactions
the dilution, keats is the final hydrolytic rate constant, akd  petween the amido group of Asn136 and the main chain
is the folding rate constant. The exponential fit yielded a  a10ms of Glu166, interactions that assist in fixing the position
of 0.0022:+ 0.0003 s* and akea;0f 0.01574 0.0005 S™. ¢ the sterically strained non-prolirés peptide bond (Figure
Note that only 80% of the catalytic rate was recovered. Partial 1) - The hypothesis was that these interactions are crucial to
recovery of activity of refolde®. aureusPC1p-lactamase  the structural integrity of the loop because only a few other
was previously reported (Mitchinson & Pain, 1985) and was jnteractions are formed with the rest of the molecule. Indeed,
attributed to partial adsorption and/or aggregation of unfolded 55 \ith P54p-lactamase, the N136A mutant enzyme is
enzyme. deacylation defective. In fact, the kinetic consequences of
DISCUSSION the N136A re_placement are more severe than those of the

D179N mutation of the P54 enzyme. Whereas the hydrolysis
Enzyme Actiity. The three-dimensional atomic structure rate of benzylpenicillin by the P54-lactamase is substan-
of the N136A mutanis-lactamase is unavailable because tially reduced, but is still measurable, the N136A enzyme
crystals suitable for X-ray work have not been obtained so does not hydrolyze any of thg-lactams that have been
far. Nevertheless, the CD and NMR data are consistent with studied except for nitrocefin.
a protein adopting a global folded state. Also, the measurable The P54 enzyme exhibits residual activity with a number
enzymatic activity toward nitrocefin implies that the spatial of penicillins and cephalosporins (Herzbetgal,, 1991; O.
arrangement of at least part of the catalytic apparatus isHerzberg and A. F. W. Coulson, unpublished results).
preserved; hence, the structure integrity is also preserved.Therefore, the activity may perhaps be attributed to infre-
Using mechanism-based inhibitors, it has been establishedquent sampling of the native conformation of f2eloop in
that the hydrolysis gf-lactams by the class A-lactamases  which Glu166 and its adjacent water molecule are positioned
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appropriately for deacylation to occur. In contrast, the failure fected because of its proximity to tlé&loop. In the absence
of the N136A mutant enzyme to undergo deacylation with of the constraints imposed by the loop, thestrand may
any of the penicillins or cephalosporins except for nitrocefin shift such that the positions of the oxyanion hole and Lys234
indicates that the productive conformation of ®Rdoop is relative to the catalytic Ser70 hydroxyl group may change.
not sampled at all. If so, the low hydrolysis rate of nitrocefin Two key groups of theS-lactam antibiotics anchor the
and also of the depsipeptide may be attributed to alternativecompound to the oxyanion hole and to Lys234: the carbonyl
mechanisms which are unavailable for the rest of the oxygen atom of thg-lactam bond and the carboxyl group
pB-lactam substrates. The nature of such mechanisms is yebn the fused ring. These groups are oriented differently in
unknown, but perhaps tt& aureug-lactamase acyl enzyme penicillins and cephalosporins. Therefore, even a subtle
complexes of these two compounds are chemically unstable,change in thg-strand may lead to a new substrate preference
allowing a less nucleophilic water molecule to play the (Herzberg & Moult, 1991a). The disorder of ti§e-loop
hydrolytic role. may also account for the ability of the mutant enzyme to
A single acylation step is undetectable in assays using bind g-lactams with bulky side chains because the active
pB-lactam antibiotics with low extinction coefficients mea- site gully, where the side chain is accommodated, should be
sured at wavelengths where the protein absorbs as well.more open and perhaps more flexible.
Therefore, the nitrocefin activity was used to indirectly assess  Stability of N136A3-Lactamase Both thermal denatur-
whether these compounds bind to the N136A mutant enzyme.ation and urea-induced denaturation show that the mutant
Nitrocefin was used previously as a reporter substrate for enzyme is less stable than the wild-type enzyme. The 2 kcal/
pB-lactam compounds that inactivgfelactamases (Galleni  mol stability difference revealed by the urea denaturation
& Frere, 1988; Matagnet al, 1990). In the current study, experiments should not be attributed solely to the loss of
for thoses-lactams that form stable acyl enzyme complexes, two hydrogen bonds arising from the replacement of Asn136
incubation of the compounds with the protein in close to by an alanine, because the expected structural changes are
stoichiometric amounts followed by assaying for nitrocefin substantial. At least the following two changes are expected
activity should be manifested by elimination of nitrocefin to be energetically favorable. First, the loss of tiepeptide
hydrolysis. The caveat is that a very tight noncovalent bond would relieve steric strain. Second, disorder of the
complex may also produce the same kinetic effect. Perform- Q-loop is entropically favorable. On the other hand, the loss
ing the mass spectrometry under denaturing conditions of hydrophobic and electrostatic interactions between the
distinguished between the two possibilities. loop and the remaining molecule is energetically unfavorable.
For the series gB-lactam antibiotics used, elimination of In principle, there may also be a free energy effect on the
nitrocefin hydrolysis occurred with the traditional cepha- unfolded state. It is the energy balance between all these
losporin, cephaloridine, and with the third-generation cepha- terms that ultimately results in destabilization by 2 kcal/mol
losporins, cefotaxime and ceftazidime (Figure 3b, Table 1). of the mutant protein compared with the wild-type protein.
A control experiment with the wild-type enzyme showed that ~ The replacement of Asn136 by an alanine also slowed the
nitrocefin hydrolysis is unaffected by preincubation with folding process considerably compared with that of the wild-
ceftazidime, confirming that in that case ceftazidime does type enzyme. While wild-type protein refolding is much too
not form a stable acyl enzyme. fast to follow by recovery of enzymatic activity, the refolding
Both MALDI and electrospray mass spectrometry revealed of the mutant enzyme could be followed in this manner. If
adducts with a stoichiometry of 1:1 between the mutant indeed theQ-loop is disordered in the mutant enzyme, it is
protein and the antibiotic. Moreover, all experiments were tempting to speculate why its integrity is important for the
carried out under denaturing conditions, when a noncovalentkinetics of folding. Because of its location at the interface
complex would dissociate. Therefore, they confirm the of two domains, the loop may help accelerate the process of
formation of stable acyl enzyme complexes between N136A domain association. On the other hand, the inability of the
f-lactamase and either first- or third-generation cephalospor-loop to adopt a unique conformation because of the N136A
ins and rule out tight noncovalent complexes that do not replacement may increase the mobility of the polypeptide
undergo acylation. Clearly, the active site of N136A chain and interfere with folding.
pB-lactamase recognizes first- and third-generation cepha- Finally, in the presence of cephaloridine, a compound that
losporins rather than penicillins. The implication is that for forms a stable complex with the N136#lactamase, the
acylation, the mutant enzyme exhibits altered specificity stability of the mutant enzyme is enhanced beyond the
compared with the wild-type enzyme. stability of the wild-type enzyme (Figure 8). In addition,
Structure-Activity Relationship The structural rationale the folding curve is biphasic, indicative of an intermediate
for the kinetic properties of N136/48-lactamase remains  which is not seen with either the wild-type or the mutant
speculative in the absence of a crystal structure. Neverthe-enzymes alone. Binding is in a depression, at the interface
less, with the structure of the native and P54 enzymes inbetween the two domains of the molecule. Favorable
mind, we propose that, by eliminating the key interactions hydrophobic and electrostatic interactions would be formed,
between the side chain of Asn136 and the main chain which may compensate for the loss of interactions due to
carbonyl and amide groups of Glul66, this peptide is disorder of theQ-loop. Note that the stability of wild-type
destabilized and part or all of tHe-loop unfolds. Without enzyme is not expected to increase in that manner because
Glul66 in position to enhance the nucleophilicity of the it hydrolyzes cephaloridine and does not form a stable
hydrolytic water, the mutant enzyme is deacylation defective. complex. However, compounds that form stable complexes
Moreover, without theQ-loop in its native conformation,  with the wild-type enzyme lead to a similar phenomenon,
other polypeptide segments within the active site may be as has been reported previously for fhiactamase frons.
perturbed, leading to altered specificity. For example, the aureusPC1 in the presence of phosphonate inhibitors (Rahil
edgef-strand comprising residues 23239 could be af- & Pratt, 1994).
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