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ABSTRACT: Lysine 73 is a conserved active-site residue in the clagsldctamases, as well as other
members of the serine penicillin-sensitive enzyme family; its role in catalysis remains controversial and
uncertain. Mutation of Lys73 to alanine in thelactamase fronBacillus licheniformisresulted in a
substantial reduction in both turnover ralg.§ and catalytic efficiencyl./Knm), and a very significant

shift in pK; to higher pH in the bell-shaped pHate profiles k../Km) for several penicillin and
cephalosporin substrates. The increaseKn ip consistent with the removal of the positive ammonium
group of the lysine from the proximity of Glu166, to which the acid limb has been ascribed. The alkaline
limb of thek.a/Km Vs profiles is not shifted appreciably, as might have been expected if this limb reflected
the ionization of Lys73 in the wild-type enzyme. Tkg/Kn at the pH optimum for the mutant was down
about 200-fold for penicillins and around “for cephalosporins, compared to the wild-type, suggesting
significant differences in the mechanisms for catalysis of penicillins compared to cephalosporins. Burst
kinetics were observed with several substrates assayed with g7i8étamase, indicating an underlying
branched-pathway kinetic scheme, and rate-limiting deacylation. FTIR analysis was used to determine
whether acylation or deacylation was rate-limiting. In general, acylation was the rate-limiting step for
cephalosporin substrates, whereas deacylation was rate-limiting for penicillin substrates. The results indicate
that Lys73 plays an important role in both the acylation and deacylation steps of the catalytic mechanism.
The effects of this mutation (K73A) indicate that Lys73 does not function as a general base in the catalytic
mechanism off-lactamase. The existence of bell-shaped-p&te profiles for the K73A variant suggests

that Lys73 is not directly responsible for either limb in such plots. It is likely that both Glu166 and Lys73
are important to each other in terms of maintaining the optimum electrostatic environment for fully efficient
catalytic activity to occur.

p-Lactamases are the primary means of defense forresulting hydroxide attacks the acyl carbonyl, hydrolyzing
pathogenic bacteria againsiactam antibiotic medications.  the acyl-enzyme intermediate8)( (2) In an alternative
The mechanism of hoW-lactamase cleaves the lactam amide mechanism¢, 10, Glul66 acts as the general base, either
bond, destroying the antibiotic’s efficacy, has remained activating Ser70 by way of a water molecule that is situated
“enigmatically” elusive {). Only the active-site Ser70 has between the two residues, or directlitlj. While the
had its function firmly established as the nucleophile which deacylation half of this proposed mechanism is essentially
attacks the lactam carbonyl, forming an acyl-enzyme inter- the same in both models, there are major differences in the
mediate as part of a two-step (acylation, deacylation) mechanism of acylation. Additional factors likely to be
mechanismZ—4). Strong evidence has been presented that important in acylation are the presence of an “oxyanion hole”
Glul6é is a catalytic residue involved in deacylatiér-7). that polarizes thg-lactam carbonyl, rendering this moiety

Structural data, as well as modeling studies, in conjunction a better acceptor of the Ser70 nucleophile, and the dipole
with kinetic results from wild-type and site-specific mutants, moment resulting from Ser70’s position at the N-terminus
have resulted in the proposal of several detailed catalytic of the a-helix, which lowers the serine hydroxyl proton’s
mechanisms for the enzymatic hydrolysisfefactams. The pKa (5, 12. Based on solvent kinetic isotope effects, a
two major categories of mechanisms for clagé-lactamases  mechanism involving asymmetric double-displacement, in
are the following: (1) Lys73 acts as a general base, activatingwhich class AB-lactamases use different functional groups
Ser70 for attack on the lactam carbonyl by way of a hydrogen for acylation and deacylation, has been suggest&j Of
bond network involving three protons. A proton is back- the various mechanisms proposed, the major unresolved
delivered to the (leaving group) secondary amine producedquestion involves the details of the acylation reaction, in
upon acylation. Deacylation is effected by activation of a which they-OH of Ser70 is activated to attack the lactam
water molecule by Glul66, acting as a general base. Thecarbonyl, and the leaving lactam amine group becomes

protonated.
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is Glul166. As a consequence, it has been assumed that Lys78erivative utilizing the T7 RNA polymerase promoter system.
is probably most important for the acylation half of the The details of the construction of pELB1 will be reported
reaction. In terms of the catalytic mechanism of the class A elsewhere. The overlagextension PCR methodl) was
fp-lactamases, there are a number of specific questions thatused to produce the site-specific kbysla mutation at
relate to Lys73: For example, what is its role in acylation position 73. To reduce the possibility of mistranslation, two
and deacylation; is it responsible for one of the limbs of the base pairs comprising the substituted alanine codon were
bell-shaped pHrate profile; does it function as an acid or modified. The mutation primers used to produce the K73A
base catalyst? mutation were:

A particular point of contention is whether the side chain )
of Lys73 acts as a general base or general acid catalyst. Sense” primer:

Proposed mechanisms in which it functions as a general base S TGCGTCGACGATTGCCGGCTTTA 3
(by analogy to His57 in the serine proteases) require that«Antisense” primer:
Lys73 be in a nonprotonated state, and thus have a very low 5 CCGCAATCGTCGACGCAAAA 3

pK (around 5) for an ammonium group. It has been suggested
that such a dramatic perturbation of thi€,ps due to local The three-base codon resulting in the substitution of alanine
electrostatic effects8]. NMR and chemical modification  for lysine at position 73 is indicated in boldface. The
experiments to investigate the protonation state for this mutation primers included &al unigue restriction site
residue indicate that thekKp of Lys73 is >10 in the free (underlined) to facilitate screening of candidate subclones.
enzyme, and therefore Lys73 could not act as a general bas®verlap-extension PCR product was cut with restriction
(14). Proponents of Lys73 acting as a general base suggesendonucleaseXba and Sfu, and the resulting DNA gene
that the X may be very different in the presence of bound fragment containing the K73A mutation was ligated into
substrate. pELB1 (from which the corresponding wild-type gene
In an effort to shed further light on the role of Lys73 in fragment had been excised using the same restriction
f-lactamase catalysis, we have mutated Lys73 to alanine inenzymes).
the enzyme fromBacillus licheniformis From a detailed Ligation reactions were used to transfoEn coli DH5a
investigation of the effects of this substitution, especially on cells made competent by the procedure as describ&d (
a variety of substrates (a substrate “profile”), and on the pH- Candidate transformant colonies were screened by growth
dependence of the reaction for both penicillin and cephalo- on LB—carbenicillin plates, as well as by isolating plasmid
sporin substrates, we have discovered a number of very inter-for restriction analysis. Several K73A subclones passing these
esting aspects of the catalytic reaction. Particularly notable screens were sequenced by the Sanger dideoxy metfipd (
are the substantial shifts in the bell-shaped plot&.gKn, Protein Expression, Isolation, and PurificatioRour 1 L
against pH, the small effects d@./Kn at the pH optimum LB medium (plus 50ug/mL kanamycin) cultures were
for penicillin substrates compared to the wild-type enzyme, inoculated using 6 mL starter cultures. The cultures were
and the presence of “bursts” of product in the early stagesincubated at 37C for 6 h under moderate aeration (shaking).
of the catalytic reaction, consistent with rate-limiting de- Cells were harvested by centrifuging the cultures aC4

acylation. and the media supernatant discarded. The pelleted cells were
washed by resuspending in 400 mL of cold 10 mM Tris-
MATERIALS AND METHODS HCI (pH 8.0)/30 mM NaCl buffer. The washed cells were

Materials. Luria—Bertani (LB) medium ingredients were centrifuged 5 min ‘,"‘t 7000 rpm, 2C, to pellet them, and'
purchased from Difco or( Ph)armacia. T%e thermostable then resuspended in 200 mL of 20% sucrose, 30 mM Tris-
polymerase Ultma used for polymerase chain reactions (PCR HCI, _pH 80,1 _mM EDTA. The cells were subsequently
was obtained from Perkin-Elmer. Restriction endonucleases,cemr"c.ugecj 5 min at 5000 rpm, 2C, and the supernatant
DNA ligase, and DNA molecular weight markers were from was discarded. The.ceII' pellets were o_smptlcally shocked
Boehringer-Mannheim or New England Biolabs. The 100 by gently resuspendlng In 20.0 mL of de|or]|zed wqter. The
bp DNA Ladder was supplied by GIBCO BRL. Oligonucleo- cells were on ice _durlng this resuspension (which took
tide primers were synthesized by facilities within the 2PProximately 20 min, due to the fact that the sucrose-treated
Department of Biology, UC Santa Cruz, or purchased from cells were sticky, and reguspend_ed W"Fh some difficulty). The
Genosys, Inc. Plasmid DNA or gel extraction kits were from '€suspended cells (which at this point are assumed to be

Qiagen or Biol01l. Sequenase was obtained from United SPheroblasts) were centrifuged 4 min at 7000 rpiCdand
States Biochemicals. the osmotic shock supernatant was collected for subsequent

Nitrocefin was purchased from Beckton-Dickenson. Benzyl- prE)rtr?inf p”urifi_cation s_tepls;{_ f dat@. Th
penicillin, cefoxitin, cefotaxime, phenoxymethylpenicillin, € following manipulations were periormed ata. 1he

; H of the osmotic shock supernatant was lowered to 4.8 by
and IPTG were purchased from Sigma. PADAC aNe{2- P .
furylacryloyl)penicillin (FAP) were from Calbiochem. the add'“of‘ .Of 100 mL 0f 0.02 M NaOAc (pH 4.8)/0.02 M
PCR, Mutagenesis, and Subclonir@enetic manipula- NacCl. Pr_eC|p|tate was removed by centrifugation at 7000 rpm
tions, as well as protein expression, were carried out using]cor 20 min. The supematant was loaded onto a 25 cm

; : CM-Sepharose column [previously equilibrated to 0.02 M
the high-expression vector pELB1, a pET9a (Novagen) (o ac"(on 4.8)/0.02 M NaCl by washing 5 times with
— — _ 0.2 M NaOAc (pH 4.8)/0.02 M NacCl, and 5 times with 0.02

1 Abbreviations: FAPN-(2-furylacryloyl)penicillin; PADAC, 7-(thien- M NaOAc (pH 4.8)/0.02 M NaCl]. The column was rinsed
yl-2-acetamido)-3-[2-(N,N-dimethylaminophenylazo) pyridinium- . ) ’ ) -
methyl]-3-cephem-4-carboxylic acid; IPTG, isopropy! tile>-galac- with 0.02 M NaOAc (pH 4.8)/0.02 M NaCl buffer until
toside; WT, wild-type; ND, not determined. the absorbance at 280 nm returned to the preloading base-
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line (approximately 300 mL), and then eluted kvia 1 L

salt gradient (0.020.5 M) with absorbance monitoring at o 9 Q\j\%

280 nm, yieldings-lactamase activity at approximately 0.18 Q/ \/KNﬁjs CH, o j\_/\Q—Noz
M NacCl. Fractions showing3-lactamase activity against o N\€<CH3 Nitrocefin €0, {o,
PADAC or nitrocefin were pooled and exchanged into 0.05 o, methyipenicitin -~ €92

M KPhos buffer (pH 7.0) via dialysis. The protein was Q\iﬂ.
concentrated using Centricon 10 filters and stored at either lﬂf

0 j\@
o (o) NS
—20 or 4°C. Q\)‘\NS Cephaloridine C02

. . . . . . S, CH
Physical CharacterizationFar-UV circular dichroism X CH:‘
(CD) measurements were made on an Aviv Circular Dichro- g, o nicitiin ° ca, Q\ix%
ism Spectrometer (model 60DS). Thermal denaturation was H3C0” \;\,oYNHZ
Cefoxitin - o}

monitored by tryptophan fluorescence using a Spex (ISA, o co,

Inc.) Fluoromax 2. A linear gradient of 0°€/min was used Mrs s M

to denature 1.0 mL protein samples of approximateiyvL B N\(<CH3 ﬁ:&?\/ﬂ |

concentration. Data were fit to a sigmoidal two-state folding o, ° o, ‘/2)
N

mechanism according to eq 1: PADAC

N-(2-Furyl)acryloyl Penicillin (FAP)

fu =0 =Y —Y) 1) W H ;NS:CHQ
S

CH3

wherefy represents the unfolded fractiop,andyy represent OcH3

the folded and unfolded states, respectively, ands Cefotaxime

measured fluorescenced). TheTy's reflect the temperature  Ficure 1: Structures of penicillin and cephalosporin substrates used
at which 50% unfolding had occurred. in the present study.

Enzyme Kineticsf-Lactamase activity toward various
penicillin and cephalosporin substrates was determined (pH 8.0-9.0), CHES (pH 9'51_0'0_)’ and CAPS (pH 10'5)'_
spectrophotometrically using Hewlett-Packard 8452A or Cary Buffer concentrations for all kinetic assays were 50 mM, in
118 spectrophotometers. Path lengths employed were 1.00-5 M KCI. lonization constants were determlned. by_flttmg
0.4, or 0.1 cm. Data analyses were performed using a leastN€ ke, Km, andkea/Km) pH profiles to the expression in eq
squares algorithm (Kaleidagraph, Abelbeck Software, Inc.). 2.

The hydrolysis of the amide bond in the lactam ring was

— + +
followed at the following wavelengths: benzylpenicillin (240 Kobs = Kim/[1 + [H /Ky + Kf[HT] + KKy (2)
nm),e = 820 M~ cm™1, Ae = 570 Mt cm%; cephaloridine o ) ) _
(295 nm),e = 1560 M! cm, Ae = 1210 Mt cm™%; Burst Kinetics Burst magnitudes for PADAC, nitrocefin,

cefotaxime (282 nm) = 4630 ML cm™?, Ae = 880 M1 cephaloridine, cefoxitin, and FAP were measured in 0.05 M

cm L FAP (340 nm) ¢ = 3460 M cmr L, Ae = 1905 M sodium pyrophosphate (or sodium phosphate), 0.5 M KClI
cm L nitrocefin (482 nm)¢ = 1405 ML cm %, Ae = 17 400 buffer (at pH 8.0, 15C unless otherwise indicated). Burst

M~1 cmr; PADAC (466 nm),e = 9450 Mt cmi L, Ae = r_nagnitude measurements were m_ade by extrapolati_n_g the
9590 M- cmi-L; phenoxymethylpenicillin (240 nmy,= 845 linear zero-order fit back to the point of enzyme addition.
M~1cmr L, Ae = 520 M~ cm2. Final enzyme concentrations Burst measurements for all substrates were made under a
were usually 3.0 nM for wild-type, 510 uM for K73A, variety of _c:qmblnatlons of [S], [& and temperature in order
and 75uM for K73A/K234A. to detect initial vs steady-state rate changes in the progress

The kinetic parameteri.s and K (and/orkeafKn) were curves as well as burst_ magnitude variations. For_FAP, the
determined by one or more of the following methods: (a) Profile of burst magnitude vs pH was determined by
progress curve data were analyzed by fitting the differential véraging at least three burst measurements at each pH.
form of the Michaelis-Menten equation to the plotted first-  R€actions were buffered as previously indicated forpH
derivative (rate) vs [S] data; (b) initial rates vs [S] were activity profiles.
plotted and fit to the differential form of the Michaekis ~_ 1he numbering scheme developed by Ambler et®9) (
Menten equation; (c) under first-order conditions (where IS used throughout this paper. Reactions between a given
Km > [S]), absorbance vs time data were fit to a single €nzyme and substrate are _|nd|cat.ed by ‘enzyme/substrate’
exponential to obtaitops from which kea/Km was obtained; ~ nomenclature (e.g., K73A/nitrocefin).

(d) abso_rbanc_e vs time data were fit to the integrated form RESULTS
of the Michaelis-Menten equation.

Substrate Specificity ProfileFor several penicillin and Structural Characterization of K73AFar-UV circular
cephalosporin substrates (Figure/A-Jactam hydrolysis was  dichroism (CD) was used to compare K73A protein second-
monitored at 30C, pH 8.0, in 0.05 M sodium pyrophosphate ary structure to that of wild-type at 2% and pH 7.0. The
or sodium phosphate buffer, 0.5 M KCI. K73A and wild-type spectra were superimposable within

pH Profiles.The hydrolytic activity of K73A3-lactamase  experimental error (Figure 2A), indicating the absence of
against nitrocefin, FAP, and benzylpenicillin was assayed any gross secondary structural modification caused by the
over a range of pHs. Each data point represents an averag&73A mutation. The stabilities of wild-type and K73A
of at least three assays at a given pH. All assays were run atmutant/-lactamase toward thermal denaturation at pH 4.0,
30°C. Reactions were buffered by sodium acetate (pH4.0 7.0, and 10.0 were obtained by monitoring tryptophan
5.5), sodium phosphate (pH 6-8.0), sodium pyrophosphate  fluorescence emission (Figure 2B). The thermal stabilities,
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Table 1: Specificity Profile: Comparison of Wild-Type and K7@ALactamase Kinetic Parameters for Different Penicillin and Cephalosporin

Substrates
wild-type K73A
KealKm Keal K relative
substrate Keat (S71) Km (M) M~1s}) Keat (573 Km (M) (M~1s) KealKm
furylacryloylpenicillin 540 4.9x 10°° 1.3x 10 0.11 3.0x 1076 4.2x 104 2.3x 108
benzylpenicillin 2650 1% 10+* 2.2x 10 0.33 6.0x 1076 5.5x 10 25x 108
phenoxymethylpenicillin 2550 1010 25x 107 0.33 1.5x 10°® 22x 1P 8.9x 1078
nitrocefin 500 6.0x 10°° 8.0x 10° 0.28 2.3x 10 1.2x 10° 15x 10
PADAC 667 1.4x 104 46x 10° 1.4x 1073 2.1x10° 673 15x 104
cefotaxime 63 1.6< 1073 3.6x 10¢ 1.6x 1072 8.1x 108 19.3 5.4x 104
a Conditions were 30C, pH 8.0, 0.5 M KCI.
Table 2: Kinetic Parameters at pH 7.0 for Wild-Type vs K78A actamas®
wild-type K73A
FAP nitrocefin benzylpenicillin FAP nitrocefin benzylpenicillin
Keat (571 1060 1390 2650 0.017 ND 0.052
Km (uM) 56 100 120 15 ND 3.8
KealKm (STM 1) 1.6 x 10 1.84x 10 2.15x 107 11700 425 14000

a Conditions were 30C, 0.5 M KCI/0.05 M sodium phosphate buffer. For nitrocefin, the high valu.pprecluded accurate measurement of

the individual values ok.; and Ky,
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Ficure 2: Effects of the K73A mutation on the structural properties
of B-lactamase. Top panel: comparison of the far-UV circular
dichroism spectra of wild-type (squares) and K73A (circles), pH
7.0, 30°C. Lower panel: effect of pH on the thermal stability of
K73A pS-lactamase. The thermal unfolding was monitored by
tryptophan fluorescence at pH 7.0, 3D, and converted to fraction
unfolded Ey). The observed;s are comparable with those of the
wild-type enzyme. Dotted line, pH 4.0; solid line, pH 10.0; dashed
line, pH 7.0.

as represented b¥n,s, suggest negligible effects of the
mutation. At pH 7.0 and 10.0, th&,s for wild-type and

a more cooperative fashion. The far-UV CD spectra of native
and refolded thermally denatured K73A protein were com-
pared and found to be superimposable, indicating complete
reversibility of the process (data not shown). The thermal
stability of the K73A p-lactamase at pH 7.0 was also
monitored by CD, and &, of 70.0 °C was obtained,
confirming theT,, determined by Trp fluorescence. Taken
together, the data indicate that the substitution of Ala for
Lys at position 73 does not result in significant structural
perturbation.

Kinetic Characterization of K73A: Substrate Specificity
Profile. Previous investigations of the effects of mutations
of class Apj-lactamases on the catalytic properties of the
enzyme have shown that some mutations result in significant
differences in the specificity of the enzyme toward penicillins
compared to cephalosporins. Consequently, we chose to
investigate the effects of the K73A substitution on the
catalytic properties of the enzyme on a number of penicillin
and cephalosporin substrates: benzylpeniciNA2-furyl-
acryloyl)penicillin (FAP), phenoxymethylpenicillin, nitro-
cefin, PADAC, cefotaxime, cephaloridine, and cefoxitin (for
structures, see Figure 1). The assays were done at pH 8.0
because the pH-optima for the K73A mutant were shifted
to the vicinity of pH 8.6-8.5 (see below). For the cephalo-
sporin substrate cefoxitin, no reaction with the K78A
lactamase could be detected. For cephaloridine, complex
burst kinetics were observed. For the remaining six substrates
(three penicillins, three cephalosporins), the valueskfgr
Km, andkea{Ky, for wild-type and mutant are summarized in
Table 1. For three of the substrates, we also measured the
catalytic activity as a function of pH. For these substrates,
the kinetic parameters for wild-type and mutant at pH 7.0
(the pH optimum for the wild-type enzyme) are summarized
in Table 2. Thek., andk.o/Km values at the pH-optima for

mutant protein were the same within experimental error (69 Poth wild-type and mutant are indicated in Table 3.

and 57°C, respectively). At pH 4.0, the wild-type protein
Tm (45.6°C) was 10°C lower than that for K73A, indicating
a substantial stabilizing effect of the Lys Ala substitution
at low pH. At all pH values, the K73A protein denatured in

Examination of thek../Ky, data in Table 1, which is
assumed to be a good measure of the overall effect of the
mutation on the catalytic properties of the enzyme, reveals
that at pH 8.0 the major effect of the mutation on the
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Table 3: Kinetic Parameters at the pH-Optimum (Shown in Parentheses) for Wild-Type andXZ&#amase

wild-type K73A
FAP nitrocefin benzylpenicillin FAP nitrocefin benzylpenicillin
Keat (1) 1160 (pH 6.5) 1560 (pH 6.3) 3100 (pH 6.3) 0.47 (pH 9.3) ND 1.2 (pH 10.0)

KealKm (STM™Y)  1.7x 107(pH6.8) 1.2x 10°(pH7.3) 1.7x 10’ (pH6.8) 1.4x 1P(pH9.2) 1180 (pH8.3) 1.k 10°(pH 8.5)
a Conditions were 30 °C, 0.5 M KCI/0.05 M buffer. See text for buffers used.
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Ficure 3: pH-dependence di../Kn of wild-type (top panels) and K73A (lower panel§jlactamase at 30C, pH 7.0. Substrates are
nitrocefin (left), FAP (center), and benzylpenicillin (right). The correspondikg/alues are given in Table 4. Note the different ordinate
scales for the wild-type and mutant enzymes.

enzyme’s specificity i§ a-10-fold greater decrease in actiyity_ Table 4: Effect of the K73A Mutation on thekgs of lonizing
toward cephalpsp_orln substrates compared to penicillin Groups Responsible for the Bell-Shapeg/Km vs pH Ploté
substrates. This is mostly due to effects &g. The

substitution of alanine for lysine resulted in a drogKig of wid-type K73A

1-2 orders of magnitude for the penicillins and PADAC, substrate I P2 PK1 P
and anincreasein Ky, for the other cephalosporin substrates.  benzylpenicillin 5.0 8.5 8.0 8.9
With the exception of PADAC, thé values for all the Eili\rzcefin ‘2% g'g gé 18"31
substrates were decreased about the same amount in the—— ' : ' '
mutant, 4006-8000-fold compared to the wild-typé-lac- * Wild-type values are from3p).

tamase. It is important to note that these comparisons, at pH

8.0, are not comparisons at the pH-optima. If the comparisonsin a substantial shift of the acid limb of the curve to higher
are made at pH 7.0, the pH-optimum for the wild-type pH values for FAP and benzylpenicillin, with shifts af3
enzyme, the differences between the penicillins and cephalopH units in K;. The K, values are listed in Table 4.
sporins become more prominent (Table 2). In fact, the large Significant increases inK» were also observed for the
values ofK, prevented determination of the individual values mutant compared to wild-type. The values éf;dor K73A

of keat and K, due to limited substrate solubility. However, S-lactamase were very consistent with a lysine residue being
using first-order conditions it was possible to measure the responsible for the ionizations reflected in theses The
value of keafKr, for nitrocefin. Whereas this parameter is pH-dependence ok../Km reflects the g.s of ionizable
decreased 14601500-fold for the penicillin substrates, itis groups in the free enzyme and free substrate. Since the
decreased by more than 43 000-fold for nitrocefin at pH 7.0! substrates do not have ionizable groups in the pH range

When comparing the kinetic parameters at the pH-optima, where K; and K, are observed, these ionizations must
however, a different picture emerges, but again the effectsreflect groups in the enzyme. Thus, th€,pralues should
are much more significant on the cephalosporin substratesbe independent of the substrates; however, this is not the
compared to the penicillins. The pH-optima for the wild- case (Table 4), indicating that additional complexities may
type enzyme are in the pH 65 range, whereas for the be involved. It is reasonable to assume th&t for the free
K73A S-lactamase the optima are much higher (mostly pH enzyme is approximately 8.0 for K73&lactamase, and that
9—10). If the reductions in catalytic efficienck{/Km) are pK: is around 9.0. The significantly higher value for FAP
compared at the pH-optima for each enzyme/substrate paircould be a reflection of the potentially different mechanism
(Table 3), then for benzylpenicillin and furylacryloylpeni- at high pH (see below). The effect of varying the ionic
cillin the decrease in the mutant is less than 200-fold, whereasstrength on the reaction of K73-lactamase with FAP at
it is 10 000-fold for the cephalosporin. pH 7.0 was investigated: no effect was observed.

Kinetic Characterization of K73A: pH Profilehe pH- The pH-dependence &f, for FAP and K73Aj3-lactamase
dependence df../Kn, for two penicillins and one cephalo- is compared to that for the wild-type enzyme in Figure 4;
sporin for K73AS-lactamase is compared to that for the wild-  similar-shaped data were obtained with benzylpenicillin. For
type enzyme in Figure 3. In each case, a bell-shaped pHboth wild-type and mutant enzyme, bell-shaped plots are
profile was observed. However, the K73A mutation resulted observed. Again, very dramatic shifts to higher values in the
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40 are manifested as an initial ratg, with progressive inhibition
20 to a steady-state reaction rate valugand may be modeled
by eq 3 @0):
0
ot () — (1 — okt
4 5 8 7 8 9 10 11 P=ut—(ss—v)(d—e )k 3
pH in which P is the concentration of product at tirh@andk is
Ficure 5: pH-dependence df, for wild-type (top panel) and  the rate constant representing the change framus. These
K73A (lower panel)s-lactamase with FAP at 38C, pH 7.0. parameters may be related to the underlying rate constants

in Scheme 2 using the formalism developed by Walkg).(
PKzs are seen for the mutant. For both penicillin substrates, pespite the largeAe for nitrocefin, and the previous
the value ok, for the mutant is decreased by at least 2000- ppservations of bursts with othgrlactamase mutants, and
fold compared to the wild-type at their respective pH-optima. with wild-type B-lactamase at subzero temperatu),
Comparable data for the pH-dependenceélpfare shown e were unable to detect any burst when this substrate was
in Figure 5. Interestingly, in these experiments, CHES buffer reacted with K73A. Progress curves consistent with normal
was found to inhibit K73A catalytic activity against benzyl-  Michaelis-Menten kinetics occurred under conditions that
penicillin at pH's below the K, of CHES. were varied to reveal any differences in transient and steady-

Burst Measurements and Analysgd.actamase is known  state rates characteristic of branched-pathway kine2i@s (

to show “burst” kinetics when reacting with substrates with Thus, for the K73A/nitrocefin reaction, acylation is rate-
large Ae’s under conditions where the acylation reaction is limiting, and branched pathway kinetics are negligible.
fast and deacylation is slow, and also under conditions where Burst kinetics were observed, however, for the reaction
a branched-pathway mechanism (Scheme 2) operates and abetween K73A and the penicillin substrate FAP. The bursts
alternate conformation of the acyl-enzyme accumul&®s ( were fast, occurring within the manual mixing time of the
25). In the former situation, the magnitude of the burst will reaction, and the burst magnitudes were determined to be
be stoichiometric with the enzyme concentration (or less). stoichiometric with enzyme concentration at pH7 and
On the other hand, with a branched-pathway mechanism,greater than the stoichiometric equivalent of enzyme at pH
the magnitude of the burst may correspond to thousands of> 7 (Figure 6). At higher pH, the burst magnitude increased
turnovers R0, 22, 26. Although the presence of a burst to >10x the enzyme concentration, indicative of a branched
suggests that the rate-limiting step is deacylation and not pathway 20, 25 as outlined in Scheme 2. A similar result
acylation, for the branched-pathway mechanism, burst kinet- occurred with the cephalosporin substrate PADAC; the
ics may also be seen under certain conditions wken  magnitude of the burst at pH 8.0 was 28010% of the
(acylation) is rate-limiting 20). Branched-pathway kinetics  stoichiometric equivalent of enzyme present. The atypical
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FiGURe 7: Reaction of K73A3-lactamase (10.0M) with cephalor-
idine (0.5 mM) at pH 7.0, 30C, showing the initial burst reaction.
Wild-type f-lactamase (11.0 nM) was added at 1000 s.

kinetics of K73A with PADAC (see also Table 1) undoubt-
edly reflect additional complexities due to loss of the leaving
group attached to C3 on formation of the acyl-enzy@ig, (
28).

A burst with an extrapolated magnitude much larger than
a stoichiometric equivalent of HE also occurred with
cephaloridine as substrate. A typical kinetic trace is depicted

in Figure 7: this figure also shows the effect of adding wild- penicillins and cephalosporins. Top panel: benzylpenicillin (solid

type -lactamase during the steady-state part of the K73A- |ine) and FAP (dotted line). Bottom panel: cephalosporin C (solid
cephaloridine reaction, which serves as a graphic demon-line) and cefotaxime (dotted line). These difference spectra were

stration of the effect of the K73A mutation. For the wild- obtained by taking the spectrum of the mixture of enzymeu(4

type p-lactamase reaction with cephaloridine, normal PlUS substrate (45M) 2 min after mixing at pH 6.0, and
Michaelis—Menten kinetics are observed with no detectable isduebrf{%;tl"é%r%?ﬁzﬁgwum of the enzyme and substrate alone under
burst (data not shown) (Scheme 1). Interestingly, the wild- ' )

type Staphylococcus aure®C1 class Ag-lactamase exhibits dn‘ferencg spectra for the cephalosporml substra}tes showed
biphasic kinetics with cephaloridin@7). §ub§tantlal at?sorbar_]ce at .17557érmon5|stent with rate-

With the cephalosporin substrate cefoxitin, reaction with limiting acylation. This relationship was also observed for a
wild-type -lactamase resulted in a burst with a magnitude numb_er of other penicillin and cep_halosporl_n s_ubstrates
that was much larger than the total enzyme concentration,8x@mined. The FTIR data thus confirm the kinetic results
again consistent with a branched-pathway mechanism.sudgesting thgt acylation is the rate-limiting step for pemcnl_m
However, neither a burst nor any steady-state activity could Substrates with K73/46-lactamase, whereas deacylation is
be detected with K73AB-lactamase against cefoxitin, the rate-limiting step for cephalosporins.
indicating rate-limiting acylation with this cephalosporin DISCUSSION
substrate.

Burst kinetics for reactions between K73Alactamase Since Lys73 is such a highly conserved residue in the class
and the substrates benzylpenicillin, cefotaxime, and phenoxy-A g-lactamases and related penicillin-sensitive enzymes, one
methylpenicillin could not be detected due to these substrates’'would expect it to play a very critical role in the reaction of
smallAe and the low mutant enzyme activity. Thus, to deter- these enzymes witl-lactams. Thus, there are two very
mine whether acylation or deacylation was the rate-limiting unexpected findings in our results: the valuek@fK., for
step, we turned to an alternative approach, namely, FTIR. penicillins at the pH-optima for the K73A mutant are only

FTIR Analysis of the Rate-Limiting Stefhe reaction of decreased by 16€200-fold over the values for the wild-
K73A p-lactamase with several substrates was monitored type 3-lactamase, and the plots kf./Km for K73A S-lac-
using attenuated total reflectance (ATR) FTIR spectroscopy.tamase are bell-shaped, as they are with the wild-type,
In work to be described elsewhere, we have shown that thealthough there are significant shifts in the correspondikg p
position of the absorbance band corresponding to theln particular, (K, is shifted from a value 0f5.0 in the wild-
carbonyl stretch frequency for noncovalent ES complexes type to~8.0 in the K73A mutant. Substantial increases in
of -lactamase and penicillin or cephalosporin substrates ispK, were also observed, which has shifted from 8.5 with
at 1755+ 2 cnr'?, and that the corresponding frequencies the wild-type to the 9-10 region for K73A5-lactamase. Our
for the acyl-enzyme are typically in the vicinity of 1740cn  data also indicate significant differences in the effects of this
and below. Thus, it is possible, for a given combination of mutation on the catalyzed hydrolysis of penicillins compared
enzyme and substrate, to determine if acylation or deacylationto cephalosporins, in particular, that the rate-limiting step is
is rate-limiting, from the buildup of either the ES complex deacylation for penicillin substrates and acylation for cephalo-
(for rate-limiting acylation) or the acyl-enzyme (for rate- sporins. The remaining key observation is the presence of
limiting deacylation). Some typical data for K73p:lac- greater than stoichiometric bursts with several of the sub-
tamase with FAP, benzylpenicillin, cephalosporin C, and strates, indicating an underlying branched-pathway kinetic
cefotaxime are shown in Figure 8. The reaction of K73A scheme with the K73A mutant. The implications of these
B-lactamase with the penicillins showed bands at 1740'cm  findings on the catalytic mechanism of the clasg3#Aac-
consistent with rate-limiting deacylation. In contrast, the tamases are discussed in detail below.

015
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.005

1800 1750 1700

Wavenumber (cm-')

Ficure 8: FTIR difference spectra of K73/-lactamase with
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The mutation-induced shifts in the pH-dependence of the responsible for the observed s in the wild-type enzyme.

catalytic parameters, which result in significant shifts in the
pH-optima, and large differences in catalytic activity between

Thus, Kz must be due to some group other than Lys73
perhaps Lys234, since clearly the ionization reflects a group

pH 7 and pH 8 demonstrate that kinetic characterization at with a high K, Alternatively, the observedi for K73A
a variety of pH values is essential in analyzing the effects could reflect a different group from that in wild-type

of mutations on enzyme function.

Different Rate-Limiting Steps for Penicillin and Cephalo-
sporin Substrates with K73BLactamaseSeveral observa-
tions suggest that for K73/8-lactamase the rate-limiting

p-lactamase catalysis. Thus, there are four possibilities for
the group(s) responsible foKp in the wild-type: it could

be due to Lys73, Lys234, both Lys73 and Lys234, or another
residue such as Serl30 or a water molecule. The results of

step is acylation with cephalosporin substrates and deacyl-the present investigation, especially with benzyl- and furyl-

ation with penicillin substrates. In contrast, both acylation
and deacylation rates are similar in the wild-ty38,(31]).
The lack of an observed burst in the reaction of K73A
p-lactamase with nitrocefin is strong evidence for rate-
limiting acylation, as is the lack of reaction of K73A with
cefoxitin. The clearest evidence for rate-limiting acylation
for cephalosporins and rate-limiting deacylation for peni-
cillins comes from the FTIR data. The effects of the K73A
mutation onKy, are also most readily explained by rate-
limiting acylation for cephalosporins and rate-limiting deacyl-
ation for penicillins. For example, if the rate-limiting step
for cephalosporins is acylation, théf, = K, and if the
rate-limiting step for penicillins is deacylation, thé&m, =
(ka/ko)Ks. Thus, the much smaller values &%, for the
penicillin substrates with K73/8-lactamase reflect the fact
that K, is decreased by th&s/k, ratio, a value<l by
definition, if deacylation is rate-limiting. The observé&g,

acryloyl-penicillin, are inconsistent with the first possibility.
Since we have previously shown that the K234A (and
K234E) mutants show similar catalytic properties to the
K73A mutant, with the exception of a very broad pH profile
for keaf Km (because I, is shifted to lower values than in
the wild-type, and K is marginally increased), the second
possibility can be eliminated3@). Thus, we are left with
two possibilities: either the alkaline limb for the wild-type
enzyme reflects the ionization of both Lys73 and Lys234 or
it represents the ionization of another group. In the former
case, we are presented with two options: in the wild-type
enzyme, either both lysine residues participate in catalysis,
or only one does, but it can be replaced by the other. Since
plots of keafKr Vs pH indicate only a single ionizing group

is responsible for Ig,, it would seem that either lysine can
replace the other if one is missing. We have shown
previously @) that the heat of ionization of the group

for the cephalosporin substrates represents the substrateesponsible for K, in the wild-type enzyme is large (10 kcal/

dissociation constanks, which is clearly in the millimolar

mol), and indicative of a lysine residue. Finally, the results

range. One possible molecular basis for a decrease in thewith the K234H mutant irS. albusG g-lactamase suggest
rate of deacylation with the mutant is that the deacylating that K, may reflect the K, of residue 234 33) [although
water molecule is not correctly positioned, due to changes this is not true for theB. licheniformisenzyme, in which

in the position of Glu166 due to the absence of Lys73 (in
the wild-type enzyme these two residues are within H-
bonding distance).

conversion of Lys234 to either Ala or Glu had little effect

on pK (32)].
In the case thatlk, is not due to Lys73 or Lys234, the

A complication arises in the cases of the cephalosporins most likely candidates for the group responsible fii pre

PADAC and cephaloridine, which have a potential leaving

group at position C3, since these may form longer-lived acyl-

Ser130 or a water molecule. Both would normally hattg p
values much higher than theKp observed for K73A,

enzyme intermediates following loss of the C3 leaving group, however, it is possible that the active-site environment
leading to apparent burst reactions, which are also observederturbs them substantially, but it is highly unlikely that they

with the wild-type enzyme27). This change in mechanism,
due to the facile loss of the C3 group from the initially
formed acyl-enzyme to yield a long-lived modified acyl-
enzyme, also accounts for the uniquely large decreakgin
for PADAC.
Origins of the pKs in K73Aj-Lactamase CatalysiShe

most notable aspect of the,/Km vs pH curves for the K73A
mutant compared to the wild-type enzyme, with penicillin

would be shifted as low as 8.0 as in the wild-type. Further,
mutations of Serl130 have established that this residue is not
as essential as might be expected if it were the source of
pK2 (10, 39. In addition, the pH-dependence of the group
responsible for [, is active in its acidic state, which makes
it most unlikely that it would be either water or serine.

The interpretation of the pH-dependencekgf is some-
what complicated since it reflects the&Kys in enzyme-

substrates in particular, is that they are so similar except for substrate complexes, and will also be affected by any changes

the 3 unit shift to higher values foia. Since Lys73 is absent

in the rate-limiting step, and possibly by other aspects of a

in the K73A mutant, these bell-shaped transitions cannot complex mechanism. However, in general the effects of the

reflect the ionization of Lys73. The variation itpobserved
for kea/Km Vs pH in the K73A mutant may reflect changes
in the catalytic mechanism, for example, from the simple

K73A mutation ork.y are similar to those oki.o/Km, namely,
a substantial increase irKp
Thus, we conclude thatp in the K73A mutant reflects

acyl-enzyme scheme to a branched-pathway scheme (Schemete ionization of Lys234. This residue makes several key

1 and 2 respectively). As will be discussed in more detail
below, we attribute i, in the k.o/Kn, vs pH plots for K73A
(and wild-type) to Glul66. Thus, the major effect of the
mutation at residue 73 is on th&pof Glul66.

The fact that the plots df../Kn vs pH show an alkaline
limb similar to that for the wild-type enzyme, except for a
somewhat higherlfy, indicates that Lys73 cannot be (solely)

hydrogen bonds in the active site, including one to Ser130,
and is highly conserved in the serifielactamases. This
analysis then raises the issue of the group responsible for
pK2 in the wild-type enzyme. The replacement of either
lysine (73 or 234) by alanine leads to a decreask.dfKm

of about 100-fold for good penicillin substrates and major
shifts in @K, compared to the wild-type enzyme. Replacing
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Lys234 with His inStreptomyces albug j-lactamase led

to a substantial shift in K, for kea/Ky, from 9.9 with the
wild-type to 6.3 with K234H with benzylpenicillin, but only

a 10-fold decrease in magnitude at the pH-optimum. This
observation suggests thdpreflects K234 in the wild-type

Biochemistry, Vol. 39, No. 17, 20001979

chiometric equivalent of enzyme concentration up to pH 7.0,
and then increases exponentially to pH 9.8 (Figure 6). The
simplest interpretation is th&t < k; at all pHs. The pH-
dependence of botk,: and the burst magnitude reflects the
pH-dependence @& and/orks, and presumably the ionization

enzyme. Consistent with this, replacement of Lys234 by Arg of Glu166. We have previously shown with the E166C
in the TEM -lactamase was reported to have little effect mutant that branched-pathway kinetics are observed with a
on the reaction with penicillin substrate35]. There are two magnitude equivalent to the enzyme concentrat@@i (thus,
structural features that Lys73 and Lys234 have in common in the present case, it is likely that the branched-pathway
that are relevant to the catalytic mechanism: they both are scheme also operates at pH, but at higher pH values the
hydrogen-bonded to Ser130, and they both have positively ks/k, ratio (Scheme 2) increases, due to the pH-dependence
charged side chains. Thus, either Lys could, in principle, of ks.

provide a positively charged electrostatic environment around The question arises as to why branched-pathway kinetics
the region of the substrate undergoing reaction, and bothare observed, e.g., with FAP/K73A. As discussed in the

could shuttle a proton to Ser130. The mechanistic implica-
tions of this are considered in the following section. It is
very likely that the position normally occupied by the
ammonium group of Lys73 will be occupied by a water
molecule in the K73A mutant. Such a water molecule would

context of the E166C mutan2$), we believe that that in
any enzyme/substrate combination in which the deacylation
reaction ks) is sufficiently slow, the acyl-enzyme will
isomerize into the alternate more stable conformation (EA*
in Scheme 2). Thus, the observation of the branched pathway

be expected to be able to substitute for the lysine side chainin the case of K73As-lactamase is consistent with rate-
if it acted as an acid/base catalysis, whereas if its main role limiting deacylation.

were electrostatic, then the substituting water would be

Models for theS-Lactamase Mechanismny reasonable

unable to undertake that role. It is clear that electrostatic mechanistic proposal for the catalytic mechanism of the class

interactions are an important component factamase
catalysis.

We now turn to consideration of the expected effect of
the K73A mutation on the K, of Glul66. Assignment of
pK; to Glu166 means that itd4a has been increased by3
units in the mutant compared to the wild-type. In the catalytic
reaction of the wild-typgg-lactamase, I§: (5.0) is virtually
unperturbed from the intrinsic value (e.g., propionfg

A fp-lactamases must account for the conserved nature of
Lys73 in all penicillin-sensitive enzymes. This evolutionary

conservation suggests a role either in acylation and/or in
binding, but does not necessarily preclude an evolutionarily
subsequent role in deacylation as well in the class A enzymes.
Although it has generally been assumed that the role of Lys73
is mainly in the acylation half of the catalytic reaction, our

data suggest that it also may play a very substantial role in

4.9), assuming that it is due to Glul66. Structural analysis deacylation. In previous investigations into the catalytic

indicates that Glu166 is hydrogen-bonded to LysIF3.(The
solvent accessibility of Glul66 (and Lys73) is very low;
consequently, with the removal of the neighboring am-
monium group from Lys73 in the K73A mutant, the
environment around the Glul66 carboxyl will become
significantly more nonpolar, consistent with a substantial
increase in its M, Thus, the anticipated environmental
effects on Glul66 due to the elimination of the Lys73
e-amino group are as follows: (i) removal of the proximal
ammonium group, with the possible introduction of a water
molecule to take its place, resulting in an alkaline shift in
the K, as observed; (ii) possible reorientation of Glu166
to closer association with Asn170, stabilizing charge distri-
bution, and possibly dislocating the putative deacylating
water molecule, creating a less favorable orientation for
deacylation; (iii) Asn132 has been implicated in ground-state
recognition as well as indirect involvement in the catalytic
mechanism 36, 37). Since Lys73 is also hydrogen-bonded
to Asn132 {2), elimination of thes-amino group might allow
Asn132 to reorient itself to interact with Glu166, possibly
contributing to the increase in it¥<p The lack of hydrogen
bonding between Asn132 and Ala73 in the K73A mutant
may allow it to reorient to form a stronger bond with

mechanism, two types of roles have been ascribed to
Lys73: as a general acid, participating in a proton shuttle to
protonate the lactam nitrogen during formation of the acyl
enzyme B89); or as a general base, activating Ser70 for
nucleophilic attack on thg-lactam carbony!§).

Unlike the serine proteases, which catalyze a very similar
reaction toS-lactamase, there is no clear-cut acid/base
catalyst ing-lactamase equivalent to His57 in the serine
proteases. In the serine proteases, His57 initially activates
the serine Oy in the nucleophilic attack on the carbonyl
and then also supplies the proton to the leaving nitrogen. In
the -lactamases, there are two significantly different factors
involved in the acylation reaction: the substrate amide is
in the four-membered lactam ring which is more strained
than a typical peptide bond, and the attacking serine/
substrate carbonyls are in the positive electrostatic field of
the dipole of helix-2, both of which would be expected to
make the acylation reaction significantly more facile in
the p-lactamases. However, Page and co-workers have
provided considerable data to indicate that the nucleophilic
attack by a protonated nucleophile, such as Ser70, would
definitely require the assistance of (general) base catalysis
(40).

substrate. Given the preceding factors, the observed increase For the reasons elaborated below, we believe that the main
in the K, assigned to Glu166 seems reasonable. Attributing role of Lys73 is in facilitating the protonation of the lactam

pK; to Glu166 means the side-chain carboxyl has<a qf
8.5 in K73A—this is very high for a glutamate but not
without precedent38).

Branched-Pathway Kinetic§he observed magnitude of
the bursts for the K73A/FAP reaction is equal to the stoi-

leaving group in acylation and of the Ser70yQeaving
group in deacylation. This is most likely effected through
electrostatic effects on other residues, rather than direct
participation by the lysine. For example, the substantial
activity of K73R f-lactamase &) implies that the positive
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charge is important either directly or less likely as a general
acid.
It has been suggested that Lys73 has an unusually low

Lietz et al.

From examination of the acyl-enzyme structure of the class
A TEM p-lactamaseq), thee-amino nitrogen atom of Lys73
is 3.2 A from the Ser-Q, an eminently reasonable distance

pKa and that it acts as a general base catalyst in the catalysisfor the ammonium group to donate a proton the leaving
i.e., it is responsible for i with the wild-type enzyme§, serine group. Lys234 is located 4.6 A from the Ser7¢ O-
41). However, several observations indicate that Lys73 is in this structure, and thus not in a good position to act as
unlikely to act as a general base in activating Ser70 for the proton donor. However, in the K73A mutant it is possible
nucleophilic attack, for example, the limited impact on that Lys234 moves closer and acts as a surrogate proton
catalysis of the substitution by Arg, which cannot act as a donor for Lys73. As has been noted before, Lys73 is very

general base catalys)( the observed effects orkp (which
would reflect the K, of Lys73 were it to act as a general
base) for mutations at Lys238%), and a K, of Lys73 in
the free enzyme of10 by direct measurementi4). In
addition, calculations suggest that Lys73 will haveka p 10

close to the side chain of Ser130 and is well-positioned to
participate in a proton shuttle in acylation in which a proton
that is transferred from Ser130 to the lactam nitrogen is
replenished by one from Lys73, which is in turn replenished
by a proton from solvent. Interestingly, Lys234 is situated

in both free enzyme and the ES complé2(43. about the same distance from Ser13¢ @s Lys73, and thus
The most likely base catalyst in activating Ser70 is Glu166, could take the place of Lys73 in the K73A mutant in this
either directly or via a bridging water molecule. In the free proton shuttle. It is also possible that Ser130 could be the
enzyme, the distance between Glu166 and Serg0i£t00 ultimate proton donor to the @-of Ser70 in the deacylation
far for direct proton transfer; however, there is a conserved step.
water molecule in hydrogen bonding distance of Glu166 and  ConclusionsAlthough the results of the present investi-
Ser70. The flexibility of the omega loop could potentially gation are very interesting, they do little to dispel the
allow Glu166 to act as the general base in acylation; it is “enigmatic” nature of the mechanism @factamase catalysis
also possible that binding of the substrate results in displace-(1). Our results indicate that there are significant differences
ment of the water bound to Glu166 and Ser70 in the free in the K73Aﬁ-|actamase-cata|yzed hydro|y5is of different
enzyme {1). Mutations at Glu166 have been shown to result g-lactam antibiotics. In particular, the rate-limiting step is
in a greater effect on deacylation than acylation, but the rate acylation for cephalosporins and deacylation for penicillins.
of acylation is also decreased significantly in Glul66 e believe the major role of Lys73 is in the protonation
mutants. The simplest mechanism would involve the bridging steps in both the acylation and deacylation reactions, namely,
water as a transient proton acceptor to form the tetrahedralin donating a proton to the lactam N in the acylation reaction
transition state/intermediate. The partitioning of this species and to the Oy of Ser70 in the acyl-enzyme in the deacylation
is determined by the relative rates of-O and C-N reaction. Our data indicate that Lys73 and Glu166 work in
cleavage, the latter leading to the acyl-enzyme, the former concert, modulating each other in both acylation and deacyl-
returning to the ES complex. Partitioning toward products ation. In the absence of tleamino group of Lys73, a water

will be facilitated by proton donation to the lactam nitrogen.
Page 40) has shown that nucleophilic attack on ffxactam
carbonyl occurs from the exo face, and thus fhkactam

molecule may serve as a less efficient substitute in the proton
shuttle, but cannot substitute for the loss of the positive
charge of Lys73.

nitrogen lone pair is syn to the incoming nucleophile in the

tetrahedral intermediate/transition state. This would favor the ACKNOWLEDGMENT

same residue acting as the general base to extract the serine

O-y and as the general acid to donate the proton to the We thank V. Uversky for assistance with the circular
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responsible for this proton donatiofdj, this seems unlikely
due to the long distance between the carboxyl and the
nitrogen. However, it is possible that the bridging water could
act as a proton shuttle between Glul66 and the lactam N.
The side chain of Glul66 in the acyl-enzyme is well-
positioned to act as a general base in activating the
deacylating water molecule for its attack on the acyl group.
Mutagenesis experiments on Glul66 have generally shown
smaller effects on acylation and major effects on deacylation
rates 6—7, 44—46). The fact that deacylation is rate-limiting
in the reaction of penicillins with K7346-lactamase most
likely reflects the fact that the role of Lys73 as a proton
donor is more critical in deacylation than in acylation. From
the TEM fS-lactamase acyl-enzyme structu,(Lys73 is
within hydrogen bonding distance of Ser70yQand could
thus directly donate a proton during collapse of the tetra-
hedral transition state in deacylation (Lys234 is too far away
to do this). However, Serl30 is also within H-bonding
distance of the Ser70 @; so a proton shuttle could also
operate in deacylation, in which case Lys234 might be able
to substitute for the missing Lys73 in the K73A mutant.
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