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ABSTRACT. Two site-directed mutant enzymes of the clasg-factamase fronBtaphylococcus aureus

PC1 were produced with the goal of blocking the site that in the native enzyme is occupied by the proposed
hydrolytic water molecule. The crystal structures of these two mutant enzymes, N170Q and N170M,
have been determined and refined at 2.2 and 2.0 A, respectively. They reveal that the side chain of
GIn170 displaces the water molecule, whereas that of Met170 does not. In both cases, the catalytic rates
with benzylpenicillin are reduced by 48ompared with the native enzyme. With nitrocefin, the N170Q
mutant enzyme exhibits an approximately 800-fold reduced rate compared with the native enzyme and in
addition, a fast initial burst with stoichiometry of 1 mol of degraded nitrocefin/mol of enzyme. Stopped-
flow kinetic experiments establish that the rate constant of the burst is"258 salue comparable with

the rate of acylation of the native enzyme. Two structurally based mechanisms that explain the kinetic
properties of the N170@-lactamase are proposed, both invoking a deacylation-impaired enzyme due to
the elimination of the hydrolytic water molecule. The catalytic rate of the N170M mutant enzyme with
nitrocefin is reduced by approximately 50-fold compared with the native enzyme, and the slow progressive
inhibition that is revealed indicates that the hydrolysis proceeds via a branched pathway mechanism.
This is consistent with the structural data that show that the water site is preserved and that Met170
occupies part of the space that is required for substrate binding. The short contacts between the substrate
and the enzyme may lead to structure perturbation and inactivation.

The class A, C, and [B-lactamases are enzymes that residue. Mutagenesis data are consistent with a catalytic role
utilize a serine residue to hydrolygelactam antibiotics by ~ for Lys73 (Gibson et al., 1990; Tsukamoto et al., 1990;
a mechanism that involves a seryl acyl intermediate. As with Monnaie et al., 1994; Chen et al., 1996), the nature of which
the serine proteases, the process can be divided into acylations still unclear and controversial (Herzberg & Moult, 1991;
and deacylation steps. In addition to the catalytic serine Strynadka et al., 1992; Gibson et al., 1990; Lamotte-Brasseur
[Ser70 in the consensus numbering scheme for the class Aet al., 1991; Damblon et al., 1996).
enzymes (Ambler, 1980; Ambler et al., 1991)], the serine Another anal to the serine proteases is offered by the
pB-lactamases also share an invariant lysine (Lys73 in the class nother-analogy 1o the P -a Dy
A enzymes). Crystal structures of class A and class C presence of an oxyanion hole that_helps stabilize the
f-lactamases show this lysine in close proximity to the negatively charged tetrahedral transition state. Crystal
catalytic serine (Herzberg & Moult, 1987; Herzberg, 1991; Structures of acyl enzymes (Chen & Herzberg, 1992;
Moews et al., 1990; Knox & Moews, 1991: Jelsch et al., Strynadka et al., 1992) and of a tetrahedral transition state
1992, 1993; Strynadka et al., 1992; Ofner et al., 1990; analog (Chen etal., 1993; Lobkovsky et al., 1994) revealed
Lobkovsky et al., 1993). In addition, Ser130 in the class A the expected interaction of the substrate/inhibitors with the
B-lactamases, and its counterpart in the class C enzymesOxyanion hole in both class A and class C enzymes.
Tyrl50, also interacts with the catalytic serine. Herzberg In contrast with the serine proteases, the structural
and Moult (1987) observed that the position of the lysine is information available for the class Alactamases indicates
analogous to that of the histidyl residue in the catalytic triad that the acylation step is assisted by different catalytic
of the serine proteases and proposed that it assists protofnachinery than that assisting deacylation. The class A
transfer during acylation from the hydroxyl group of Ser70 enzymes contain a water molecule that forms electrostatic
to the nitrogen atom of th@-lactam. On the other hand, jnteractions with the invariant Ser70 and with two residues
Ofne.r et al. (1990) and Lobkovsky et al. (1994) suggested located on aQ-loop, Glu166 and Asnl70. It has been
that in the class C enzymes the general base during bothy,h5eq that the interaction with Glul66 enhances the
acylation and deacylation is Tyr150 rather than the lysine nucleophilicity of this water molecule, preparing it for

" Supported by NIH Grant ROL-AI27175 deacylation of the enzyme (Herzperg & Moult, 1987, 1991).

* The coordinates of the N170Q and N17(@Mactamase structures ~ YWhen compared with the direction of attack proposed for
Tﬁxg':bgrelg gﬁ%oEs)itEd in the Brookhaven Protein Data Bank (filenamesthe hydrolytic water in the serine proteases, the deacylaj[ing
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Table 1: Oligonucleotides Used for PCR Mutagenesis and DNA Sequencing

no. oligonucleotide sequenceé (5 3) purpose
1 LZBAMHI GTCCGGCGTAGAGGATCCGGAATTCTCATG PCR
2 TSHIND3 ATCAGTTTTTGATATCAAGCTTATACATGTCAACG PCR
3 LZN170Q1 GAGATAGAATTACAGTACTATTCACC PCR
4 LZN170Q2 GGTGAATAGTACTGTAATTCTATCTC PCR
5 LZN170M1 GAGATAGAATTAATGTACTATTCACC PCR
6 LZN170M2 GGTGAATAGTACATTAATTCTATCTC PCR
7 SEQ420 CTAAAATAGGAGAATAAGCAAC sequencing
8 SEQ534 AACTTTTTTGATTCCACCGATTTC sequencing
9 SEQ652 ACCGAAAGCAGCAGGTGTTGAAG sequencing
10 SEQ831 ACATCATTTCTAGAAGCATATGT sequencing

in the active site to activate a water molecule. As mentioned kinetic data presented here reveal that displacement of the
above, the nucleophilicity of the hydrolytic water is therefore water molecule was achieved with the N17pgactamase
thought to be enhanced by Tyrl50. Hence, despite theand that the enzyme is deacylation-impaired. The water
intriguing structural similarities between the two classes of molecule is still present in the structure of the N170M mutant
serinef-lactamases, they appear to have evolved with two enzyme. Deacylation is impaired, but the kinetics are
distinct catalytic machineries. complex.

Mutagenesis and crystallographic studies support the
proposal that the role of Glul66 is predominantly during MATERIALS AND METHODS

deacylation. In the P54 mutant enzyme fr&itaphylococeus Materials, Mutagenesis, and Protein Purificatioithe S.

aureusPC1, Glul66 is conformationally disordered, and reusPC1A-lactam mutants were engineered. expr d
deacylation becomes the rate-limiting step (Herzberg et aI.,.au eusPC1p-lactamase mutants were engineered, expresse

1991). In theEscherichia coliTEM-1 andBacillus licheni- in the E. coli TG1, and purified as described previously

formisg-lactamases, replacement of Glu166 by a noncharged(z"’“'vadee et a_I., 1995)’ with the following _changes: The
residue resulted in accumulation of the acyl enzyme inter- polymerase chain reaction (PCR) mutagenesis was performed

mediate (Adachi et al., 1991; Escobar et al., 1991). One of using the Vent(exo) DNA polymerase from New England

these mutant enzymes (E166N) was used to determine th(?'o.l"’.lbS (Beverly, MA)' The Femplat_e p!asmld, pPTS32, was
crystal structure of an acyl enzyme of the TEN-lactamase purified W'Fh the Qiagen Ma_X| plasmid kit (Chatsworth_, CA)
(Strynadka et al., 1992). Despite these data, Gibson et aI.and used in D_NA sequencing anc_i PCR mutagenesis.
(1990) and Lamotte-Brasseur et al. (1991) proposed that 1he four-primer overlapextension method (Ho et al.,
Glu166 acts as the general base during both the acylation1989) was used to produce single-site mutants from the
and deacylation steps, with the proton first being transferred #-lactamase gene on pTS38l4Z). The oligonucleotides
from Ser70 to the carboxylate group via the bridging water US€d aré shown in Table 1. The external primers were
molecule. Structural considerations make it difficult to ©ligonucleotides 1 and 2, and their respective internal
envisage how the proton would next be transferred to the Mutagenic primers were oligonucleotides 3 and 4 for the
substrate, because Glul66 is remote from fHactam’s N17OQ replapement and 5 and 6 for the N170M replacement.
nitrogen atom and on the opposite side relative to the TNe single-site DNA mutartlaZ genes were resequenced
hydroxyl group of Ser70. This is substantiated by the various USing double-strand plasmid DNA with either the Sequenase
crystal structures of substrate/inhibitor complexes. Quick-Denature plasmid DNA sequencing kit or the Seque-
The above data pertain to the role of Glu166 and provide Naseé 2.0 kit (United States Biochemicals, Cleveland, OH),
compelling, if indirect, evidence about the identity of the following the manufacturer's protocol for denaturing the
hydrolytic water molecule. In the current study, the identity double-strand DNA. Sequencing oligonucleotides are also
of this water molecule has been directly examined by Presented in Table 1. The LZN170M1 and LZN170M2
employing site-directed mutagenesis, using the eXpr(_:.ssionollgonucleotl_des not only substltute_a methionine fo_r aspar-
system forg-lactamase fronS. aureusPC1 (Zawadzke et ~ @giné at amino acid 170 but also incorporate a tiisg
al., 1995). Asn170, an amino acid residue that interacts with '€Striction enzyme site on the plasmid. The engineered gene
the postulated hydrolytic water molecule, has been replaced'ndUde_S an ad_d|t|onz?1l N-terminal methionine compared with
by amino acids with larger side chains, so as to block the the native amino acid sequence.
niche where the water molecule is normally accommodated. Enzyme Assay and KineticsThe benzylpenicillin was
Mutants that displace the hydrolytic water molecule would purchased from Sigma (St. Louis, MO), and the nitrocefin
be expected to be deacylation-defective and to exhibit burstwas purchased from Unipath (Ogdensburg, NY).53-6-
kinetics characteristics. Two mutant enzymes have been[(Furylacryloyl)amido]penicillanic acid triethylamine salt
prepared. One contains a glutamine at position 170, a(FAP) was purchased from Calbiochem (La Jolla, CA).
conservative replacement in terms of polarity and functional Steady-state kinetic measurements were made on either a
group. The second contains a methionine, a more hydro-Varian Cary 4 spectrophotometer or a Hewlett-Packard
phobic side chain compared with the parent asparagine8452A diode array spectrophotometer. Stopped-flow analy-
residue. The engineering of two functionally different Sis was carried out on a Kintek SF-2001 from Kintek
residues was carried out because it was not obvious whethetnstruments (University Park, PA). All assays were per-
or not the conformation in which the side chain occupies formed at 25°C in solutions containing 0.1 M potassium
the water molecule site would be adopted. Instead, one of phosphate buffer at pH 6.8.
these side chains could protrude into the active site depres- Substrate hydrolysis was monitored by loss of absorbance
sion impairing substrate binding. The X-ray structures and at 232 and 344/345 nm for benzylpenicillin and FAP,
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Table 2: Data Processing Statistics for the N170Q and N170M Table 3: Refinement Statistics
f-Lactamases N170Q N170M
N170Q N170M resolution range (A) 8:02.2 8.0-2.0

space group 1222 1222 no. of unique reflectionss = 20(F) 15046 16582

unit cell parameters (A) a=54.3,0=94.8, a=54.3,b=94.0, R 0.179 0.156
c=1405 c=139.2 no. of amino acid residues 257 257

resolution (A) 2.2 2.0 no. of water molecules 219 162

no. of observations 28166 89328 rmsd from idealgeometry

no. of unique reflections 16464 19020 bond length (A) 0.021 0.019

com_pletene§s 0.87 (0.76) 0.79 (0.42) bond angles (deg) 2.0 1.9

Rocapn vt = 200 T o 1) O o2 "R = SlIFol — IFll/SHFol. where|Fy| and|F| are the observed

sym . - i i and calculated structure factor amplitudes, respectively.

aThe values in parentheses are for the highest 0.1 A resolution shell.

b m— i[l]hl]—lhi/ i|hif try- |tdb '[' .
Rom= 22l (11202l () for symmetry-related observations added to the models once tRevalue reached 0.241 for the

] ] ) N170Q enzyme and 0.205 for the N170M enzynie=
respectively, and by increase in absorbance at 500 nm fors |F " |F.|1/S I Fol, where|Fo| and|F.| are the observed
nitrocefin.  The extinction coefficients used were as fol- 54 calculated structure factor amplitudes, respectively).
lows: benzylpenicillinAezz, = 940 M™* cm™; nitrocefin,  These were assigned using tRe| — |F| difference Fourier
Aesgo = 15900 Mt cm™; FAP, Aegyy = 1330 Mt cm maps with & level cutoff criteria.

(Hewlett-Packard) Aezgs = 1170 Mt cm™! (Varian Cary
4). Enzyme concentrations were determined usig= RESULTS AND DISCUSSION
19500 M1 cm™ (Carrey & Pain, 1978). Kinetic analysis

was performed with the use of the program SigmaPlot by mutant enzymes are summarized in Table 3. The electron

Jandel Scientific. X i . : :
o . density maps associated with the sites of the mutations are

Crystallization and X-ray Data CollectionCrystals of shown in Figure 1. The electron density at the region of
the N170M and Nl?OQB-Ia_ctamases were grown at room yne \|_terminal methionine, inserted for expression purposes,
temperature by the vapor-diffusion method in hanging drops, j ot o fficiently clear for tracing. Within the experimental
equilibrated against reservoir solutlons. containing 84% error, the overall structures are identical to that of the native
saturated ammonium sulfate, 0.4% W/OV dimethylpoly(ethyl- enzyme. When the models of each of the mutant enzymes
ene glycol) 2000 (for N170Q) or 0.2% v/v poly(ethylene are superimposed on that of the native enzyme, the root-
glycol) 1000 (for N170M), 0.3 M KCl, and 0.1 M _NaHQ‘O mean-square (rms) deviations are 0.1 and 0.2 A for the
buffered at pH 8. The_ hanging drops contained equal a-carbon atoms of the N170M and N170Q enzymes,
V°'“".“es of enzyme solutions (+.3 mg/mL) and reservoir respectively. For all atoms, the corresponding values are
solutions. .The crystals b.elong to space groRp2 _(Table 0.4 and 0.6 A, with the largest coordinate differences
2) and are isomorphous with the crystals of the native enzymecorresponding to a few side chains of surface lysine residues.
(Herzberg & Moult, 1987). The most significant structural difference is associated with

X-ray intensity data were collected at room temperature the additional volume of the mutated side chain at position
on a Siemens area detector mounted on a Siemens 3-axi3 70, and the two mutant enzymes differ from each other
goniostat. Focusing mirror-monochromated Cu K-rays (Figure 2). The side chain of GIn170 extends toward the
were generated by a Siemens rotating anode. The data wergijte of the proposed hydrolytic water molecule (Wat2), and
processed with the XENGEN package (Howard et al., 1987). there is no electron density in the niche consistent with the
The statistics of data processing are shown in Table 2. presence of such a water molecule. It should be noted though

Structure Determination and Refinemefithe crystals of that, because of the limited accuracy of the structure
both mutant enzymes were isomorphous with the native determination, partial occupancy of the site of the order of
crystals. Hence, the starting model for refinement was that 10—20% would not be detectable in the electron density map.
of the nativeS. aureuPC13-lactamase (Protein Data Bank The side chain of Met170 protrudes into the active site
entry code 3BLM), except that the amino acid residue at depression, occupying space that in the native structure is
position 170 was truncated to an alanine. The structure available for the substrate. Electron density consistent with
factors were scaled to absolute values with the computerthe presence of a water molecule is apparent in the niche
program ORESTES written by W. E. Thiessen and H. A. flanked by Glul66, Ser70, and Met170 (Figure 1). Except
Levy. The structures were refined with the computer for the mutation site, the conformations of all the key
program package X-PLOR (Bnger et al., 1987), following  catalytic residues and the position of the water molecule that
the positional refinement and temperature factor refinementoccupies the oxyanion hole (Watl) are essentially the same
protocols. Map inspection and manual adjustments werein both mutant molecules as in the native structure.
made using the interactive graphics program TURBO- Kinetic Characterization. Mechanistic studies have es-
FRODO (Roussel & Cambillau, 1989). Two types of tablished the simplest reaction scheme for the sefitae-
electron density maps with the coefficient§&g — |F¢| and tamases as shown in Scheme 1 (Knott-Hunziker et al., 1979;
|Fol — |Fc] and with calculated phases were inspected Cartwright & Coulson, 1980; Cohen & Pratt, 1980; Fisher
simultaneously. The electron density maps after the initial et al., 1980). In this scheme the enzyme, substrate, and
positional refinement revealed that the expected larger sideproduct are depicted by E, S, and P, respectively, ES
chains of the mutated amino acid were present. These werecorresponds to the Michaelis complex, and EC corresponds
incorporated into the models, and refinement was resumedto the acyl enzyme complex. The acylation step is consid-
with the complete protein model. Solvent molecules were ered irreversible, a reasonable approximation if the deacy-

Refinement ResultsThe refinement statistics of the two



16478 Biochemistry, Vol. 35, No. 51, 1996 Zawadzke et al.
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FiIGUure 1: Stereoscopic representation of the electron density maps in the regions of the mutations, displayed together with the protein
model. The maps are calculated with the coefficierits 2 F. and contoured at theollevel. (a, top) N170(B-lactamase. (b, bottom)
N170M S-lactamase.

237 Q237

FIGURE 2: Stereoscopic view of the superposition of the active sites of the native (gold), N170Q (red), and N170N\8{bktajnases.
The water molecule that occupies the oxyanion hole is labeled Watl and is present in all three structures. The proposed hydrolytic water
molecule is labeled Wat2 and is missing in the structure of the N170Q mutant enzyme.

Scheme 1 does not turn over (or turns over more slowly). The progress
curve exhibits an initial exponential phase followed by a

Ke K, ks slower steady-state linear phase. Usually, the initial burst

E+S<—ES—EC—E+P of product is much greater than the concentration of the

lation step is fast. Kinetics studies @flactamase have also enﬁé?oeﬁ- The product formation can be described by the
revealed a more complex reaction termed substrate-inducedd :

inactivation or branched pathway. This usually occurs when P=ut— (vs— )1 — e—kt)/k 1)

the enzyme interacts with the so-called A-type substrates ] ] . )

(Citri et al., 1976; Pain & Virden, 1979; Waley, 1991). whereP is the concentration of the product at tihey; is
Several schemes have been described for the branchedhe initial velocity, s is the steady-state velocity, akds
pathway (Waley, 1991), but the most commonly discussed the rate constant characterizing the change. The branched

is shown in Scheme 2. Here, the initial acyl enzyme, EC, Pathway may be contrasted with a progress curve that follows
Scheme 1, in the case wheee> ks. A fast burst with the

Scheme 2 amplitude that equals 1 mol of product/mol of enzyme is
Ks Yo ¥ characteristic of this mechanism, if the acyl enzyme and the
E+S<—>ES—=EC —~E+P product absorb light similarly. The apparent steady-state rate,
\uﬂm keas IS then equivalent tds, the rate of deacylation. In

addition, Fink et al. (1994) discussed the case in which
< kq in a branched pathway, a condition that may also lead
is converted to a second form of an acyl enzyme, EC*, which to a burst with amplitude of 1.

EC*
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Table 4: Hydrolysis Parameters for N170Q and N17@Mactamases

substrate parameter N170Q N170M wild-type
benzylpenicillin Keat (S71) 0.0094+ 0.0005 0.0118 0.0006 120t 2
FAP Keat (579 0.027+ 0.002 0.22+ 0.01 184+ 3
burst stoichiometry 25 8
nitrocefin v 0Or Keat (S79) 0.01444 0.0002 0.22+0.01 11.4
vR (s 2.31+0.12
kd (s™) 0.0166+ 0.0001
burst stoichiometry 1.2 70
Km («M) <1 55.2+8.1 6.9

aRates from fitting to the burst equatiol® = vd — (vs — vi)(1 — e ¥)/k (Waley, 1991)° Previously reported (Herzberg et al., 1991).

Native S. aureusPC1 f-lactamase undergoes simple 3

acylation/deacylation reactions with the S-type substrates r
benzylpenicillin, the chromogenic penicillin,B{(furylacry-
loyl)amido]penicillanic acid (FAP), and the chromogenic
cephalosporin, nitrocefin. The use of the latter two substrates
is advantageous because of their absorption in wavelength
regions where there is little absorption by the protein.
Nitrocefin is particularly attractive because of the large
absorption change that accompanies the opening of the
fB-lactam ring. These substrates were used in this study, in
addition to the traditional substrate benzylpenicillin. The
absorption of the acyl enzyme is usually assumed to be
similar to that of the hydrolyzed substrate, an assumption P S S S SV S SN SR I B
that may not be entirely correct.

The catalytic rates of benzylpenicillin hydrolysis with both
mutant enzymes are about*16wer compared with the rate
of the native enzyme (Table 4). Pre-steady-state burst cannot
be reliably identified because the extinction coefficient of 220
benzylpenicillin is rather low and is monitored at 232 nm, a 200
wavelength where the protein absorption is appreciable. It 180
was impossible to determine whether the N170Q mutant 160
enzyme exhibits burst kinetics, although there was an 140
indication of a progress curve that follows a branched 120
pathway with the N170M mutant enzyme. 100

Unequivocal results were obtained by monitoring nitro-
cefin hydrolysis. The N170@-lactamase exhibits a fast
burst with stoichiometry of 1 mol of product/mol of enzyme,
assuming the same extinction coefficient for the acyl enzyme
as for the hydrolyzed nitrocefin. This is followed by a 20
steady-state hydrolysis rate which is 800-fold slower than 0
the rate of the native enzyme (Figure 3a, Table 4). Khe 0 200 400 600 800 1000 1200
value is lower than 1uM and could not be accurately Time (s)
dete_rmlned because  of the high enzyme ConcentratlonSHGURES: Progress curves of nitrocefin hydrolysis. (a, top) N170Q
required to follow_th_e re?Ct'On' . . p-lactamase exhibits a burst with a stoichiometry of approximately

To attempt to distinguish between a simple linear mech- 1 mol of product/mol of enzyme followed by a linear phase. The
anism (Scheme 1) and the branched pathway (Scheme 2)¢oncentration of enzyme and the initial concentration of nitrocefin
the reaction was monitored in the presence of 0.5 M \é‘/ek':% $é9aa£:g Gﬁfr\gl "rissg,ecéi\/neé)& ,(%t%%tt%wc)) N:ngg.el\prltgg;l‘ashease
ammonium SUIfaF?' MltCthO.n and Pain (1985) have shown in)ijilte:tive of \g Eragcheévpellthwell\)l/ rrllechanigvm. TKe sltoichigmetr)’/
that sulfate stabilizes the native form fflactamase from ot the purst is approximately 70 mol of product/mol of enzyme.
S. aureushence it was expected that for a branched pathway The circles correspond to the measured data, and the line is that
the burst stoichiometry would increase. A similar experiment resulting from fitting to the equatioR = vt — (vs — v)(1 — e/
has been done with the E16@actamase fronB. licheni-  k (Waley, 1991). The assay was performed with QA2 enzyme
formis, for which a doubling of the burst stoichiometry was and 94uM nitrocefin.
observed in the presence of 0.5 M ammonium sulfate For the N170M mutant enzyme, a slow pre-steady-state
(Escobar et al., 1994). This was interpreted as indicative of burst is observed with a stoichiometry of 70:1 between the
a branched pathway. For the N17QfJactamase in the  product and the enzyme (Figure 3b). This is followed by
current study, the burst amplitude was identical to that an apparent steady-state phase. Accordingly, the progress
observed in sulfate-free solutions. Hence, there is no curves were fitted with the burst equation (Waley, 1991).
evidence to support branched pathway kinetics in this case.The steady-state hydrolysis rate is 52-fold lower andkhe
Interestingly k.ot = 0.035 s%, a 2.5-fold increase compared value is 10-fold higher compared with the values for the
with the rate in a sulfate-free solution. native enzyme (Table 4).

P (mol product/mol enzyme)

0 20 40 60 80 100 120 140 160 180 200
Time (s)

TTTYrr1rrrrrrrrrred

P ( mole product/mole enzyme )
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054 k= K[SJ/(Ks + [S]) ®3)

where [S] is the nitrocefin concentratiok, is the apparent
acylation rate, and is the apparent substrate dissociation
constant (Figure 4b). The resulting apparent rate constants
were

Abs. (500nm)

k,=252+29s' and K,=3004 20uM

The stopped-flow kinetics also confirm that for the N170Q
N pB-lactamasdca << ko.  Previous work has shown the rate of

000 002 004 006 008 010 acylation of nitrocefink,, for the natives-lactamase to be
Time (s) approximately 200 (Herzberg et al., 1991). Clearly, the
N170Qp-lactamase exhibits a rate of acylation comparable
1200 to that of the native enzyme.
100.0 I The chromogenic penicillin, FAP, has a distinctive chro-
_ mophore in the 326350 nm wavelength range. The loss
o 800 of FAP absorption at 344 nm was monitored, where
= 00 i absorption by the enzyme is very low. Thg; value of
-l native-lactamase with FAP is quite comparable to that with
400 F benzylpenicillin (Table 4), and the, values for the N170Q
s and N170Mg-lactamases are reduced by approximately 4
200 r and 3 orders of magnitude, respectively. In addition, a fast
00 A burst is visible with both mutant enzymes. Assuming similar
0 20 40 60 80 100 120 140 160 180 200 extinction coefficients for the acyl enzyme and the product,

the stoichiometry of the burst was approximately 2.5 mol of
_ o ) ) ] product/mol of enzyme for the N170Q mutant enzyme and
FiGURE 4: Stopped-flow kinetics of the hydrolysis of nitrocefin g oy the N170M mutant enzyme. Unlike the nitrocefin
by N170Qg-lactamase. (a, top) A curve representing the average It the 1:2.5 stoichi trv of the N170 tant
of four progress curves at the maximum nitrocefin concentration rgsu the 1258 O'C_ lome _ry 0 e_ _Q mutan gnzyme
used, 15QM. The enzyme concentration was 288 throughout. with FAP appears inconsistent with simple slowing of
The circles represent the measured data, and the overlaid linedeacylation. There may be two explanations for this. Either
corresponds to the fit to the exponential equation (eq 2). The first there is involvement of a branched pathway mechanism or

data points were excluded from the analysis because of mixing T L ;
artifacts. Only 0.1 s of the total of 1 s that was monitored is shown the extinction coefficient of the acyl enzyme for this substrate

in order to highlight the exponential part of the curve. The amplitude differs from that of the product. Modeling shows that, in

of the exponential component equals 0.111 and corresponds to 1contrast to the chromogenic group of nitrocefin that is likely
mol of degraded nitrocefin/mol of enzyme. (b, bottom) The rate to be fully solvated when bound to the enzyme, the
constank as a function of nitrocefin concentration. The substrate chromogenic side chain of FAP appears to interact with the

concentrations ranged between 20 and 480 Each concentration ; : ; P ;
point was derived by averaging four to ten experiments. The curve active site gully in a manner similar to that observed in the

[nitrocefin] uM

corresponds to the fit to a hyperbolic equatidn= k[S}/(Ks + crystal structure of a phosphonate/enzyme complex (Chen
[SD. et al.,, 1993). In that complex, there are extensive contacts
with several hydrophobic residues and with a tyrosine side

To determine the rate of acylation for the N17@Qac- chain. Such a partially desolvated environment would be

tamase, pre-steady-state kinetic experiments have beerexpected to affect the spectrum of the furylacryloyl moiety.
performed in the stopped-flow apparatus, under excess Mechanistic Implications.The kinetic data for the N170Q
nitrocefin concentrations. The enzyme concentration was 3 8-lactamase indicate that its deacylation machinery is
uM enzyme and the nitrocefin concentration ranged from severely impaired. The kinetics should be considered in the
20 to 150uM. Seven substrate concentrations were used, context of the crystal structure that reveals that Glu166 is
and, for each, four to ten measurements were made andpresent in the same conformation as in the native structure
averaged. The reactions were monitored for 1 s. The dataput the water molecule adjacent to it is missing. The site of
were fitted to the equation: the water molecule is partially occupied by the side chain
of the engineered GIn170. No other changes are observed
[Plops=[EC] + [P]= A1 — efkt) + Kt (2) in the active site; hence the reduction in the hydrolysis rate
is attributed to the elimination of the water molecule. Two
where EC is the acyl enzyme and P is the hydrolyzed structurally based mechanisms are envisaged as possibly
nitrocefin, A represents the exponential phase amplitikde, giving rise to the kinetic characteristics. In the first, an
is the burst rate constai,y is the steady-state rate, anig infrequent conformational adjustment of the side chain of
time. An example of a progress curve is shown in Figure GInl70, with the amido group shifted away from the water
4a. Consistent with the steady-state result, the stoichiometrymolecule site, may occur but would not be detectable in the
of enzyme and the degraded nitrocefin during the burst is electron density map. For these molecules, the water
1:1. molecule would occupy the site that enables deacylation. The
Over the concentration range of nitrocefin, the valu& of rate constants may or may not be similar to those of the
increased in a hyperbolic fashion without reaching its wild-type enzyme. The kinetic scheme that describes this
maximum. The data were fitted to the equation: catalytic process is shown in Scheme 3. HefeisEthe
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Scheme 3 that the proposed hydrolytic water is present and the side
s Ko ks chain of Met170 occupies part of the space required for
E+S<—ES ——EC —E+P substrate binding. While the machinery for hydrolysis is
HK4 , , intact, substrate affinity is expected to be reduced because
MY Es e Eic of the interference of the methionine side chain. This is seen
Kz by the increase®, value compared with that of the wild-

type enzyme. Modeling shows that short contacts would

enzyme conformation lacking the proposed hydrolytic water occur between Met170 and the side chain substituent of the
molecule, and E is the enzyme conformation with the water g-lactam. As Met170 resides on ti§2-loop, a potentially
molecule bound as in the native structure. AccordinglZ, E  flexible polypeptide segment (Herzberg & Moult, 1987;
corresponds to an acyl enzyme intermediate that is deacy-Herzberg, 1991), conformational changes may be expected.
lation defective and EC to the infrequently sampled acyl These would be accompanied by branched pathway kinetics
enzyme capable of deacylation. EC an@Ere spectro-  pecause Glul66, also located on tfeloop, would be
scopically indistinguishable. The 1:1 burst stoichiometry displaced. This rationale pertains also to cases in which
represents both forms, and the measured acylation rate angiccess to the active site depression is restrictef-factams
the dissociation constant are composite rates of both reac-with bulky side chain substituents (i.e., A-type substrates).
tions. In addition, becausé@does not undergo deacylation, Such substrates exhibit kinetics that are consistent with a
the reversibility of its acylation step cannot be ignored. If pranched pathway (Citri et al., 1976; Pain & Virden, 1979).
acylation and deacylation of EC are comparable with those  |mplications to the Role of Glu166 and Lys73 in Catalysis.
of the wild-type enzyme, the overall catalytic rate is The fast acylation rate of N170@lactamase, comparable
determined by the partition between the two forms of the with that of the native enzyme, together with the slow
enzyme K,) and by the rate of the reverse acylation reaction catalytic rate discredits the proposal that during acylation
(K-2). Glu166 accepts the proton from Seig@ydroxyl group via

On the other hand, if one assumes that the niche for thethe water molecule (Damblon et al., 1996). Could Glu166
proposed hydrolytic water molecule is always blocked by have another role in acylation? It has been proposed that
GIn170, an alternative mechanism must be invoked. Inthat|ys73 is deprotonated and accepts the proton from Ser70
case, the hydrolytic water molecule is provided by the bulk during the acylation step (Strynadka et al., 1992). On the
solvent, following the formation of the acyl enzyme. The other hand, NMR data for the relat@dlactamase fronk.
substrate moiety acquires additional flexibility because of coli show that Lys73 is positively charged in the free enzyme
the opening of thg-lactam ring and can reorient to relieve  (Damblon et al., 1996). A possible role for Glu166 would
the crowding at the site where originally th&lactam  therefore be to assist in deprotonation of Lys73 upon
nitrogen atom was placed (close to Ser130). This implies a desolvation of the active site by the substrate. The neutral
nucleophilic attack that occurs from the opposite direction lysine could then accept a proton from Ser70 and subse-
compared with that envisaged for Wat2 in the native quently transfer it to thg-lactam nitrogen atom. However,
structure. The direction of attack is analogous to that this does not seem to be an essential role for Glu166 as the
proposed in the mechanism of the serine proteases and alsenutant enzymes with uncharged residues at position 166 are
that implied by the proposed mechanism of the class C siill capable of acylation (Adachi et al., 1991; Escobar et
B-lactamases (Oefner et al., 1990; Lobkovsky et al., 1994). a|., 1991). Either thelf, of Lys73 is dramatically reduced
The caveat is that a serine residue is less likely to activate aupon substrate binding without assistance from Glu166 or
water molecule for a nucleophilic attack compared with the Lys73 cannot provide a proton park in the classical manner
hydroxyl group of a tyrosine of the class C enzymes, hence of a general base. Perhaps these two alternatives could be

the slow deacylation. The kinetic scheme that describes thisresolved by determining thekp of Lys73 in the presence
process is shown in Scheme 4. Here BGhe acyl enzyme  of substrate.
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