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Abstract: The hydrolysis of 6-aminopenicillanic acid (APA) at neutral pH, catalyzed by the cl@sattamase of
Enterobacter cloaca®99, was observed frodH NMR spectra to yield an unexpected product, 8-hydroxypenillic

acid, in bicarbonate-containing buffers. This product probably arises from turnover of the carbamate of APA by the
enzyme. 'H and3C NMR spectra of APA in bicarbonate solutions clearly demonstrate the presence of the carbamate.
Turnover of APA at saturating concentrations by the enzyme is accelerated by bicarbonate and by methanol. These
results suggest that deacylation of the enzyme is rate determining and that the presence of the carbamate affects this
step. A mechanism involving rate-determining intramolecular nucleophilic attack by the carbamate on the acyl
enzyme is proposed to rationalize these observations and lead to formation of 8-hydroxypenillate. This reaction can
be seen as an example of substrate-assisted enzymic catalysis. Quantitative analysis of the data indicated a dissociation
constant of the APA-carbamate to APA and bicarbonate of 7 mM at pH 7.5. Thg-R@8amase also catalyzes the
formation of an alternative product from 7-aminocephalosporanic acid in the presence of bicarbonate. Ampicillin
and cephaloglycine which also possess an amine-bearing side chain [Phg8MH react with bicarbonate to

form carbamates at neutral pH but these do not yield alternative products on turnover by tfidde@gmase.

Typical class AS-lactamases do not catalyze 8-hydroxypenillate formation from APA and bicarbonate even when
deacylation is rate determining. This difference is discussed in terridaiftamase active site structure.

Introduction and Co. 3C-Labeled (98 atom %) sodium bicarbonate was purchased
. . . L from Aldrich Chemical Co. and ampicillin from Sigma.

Tr_le interactions of substrates and m_echan!sm-based inhibitors,  Apa was purified by its dissolution in water (1 g/40 mL) containing
particularly those that arg-lactams, with sering-lactamases  he minimum necessary amount of sodium bicarbonate and reprecipi-
have produced an impressive range of chemical reactions andated by acidification to pH 4.5 with hydrochloric acid. After isolation
quite a number of surprisés.In most of these cases, the by filtration, the APA was washed with water and dried at room
covalent acyl-enzyme intermediate has provided the stagingtemperaturén vacua This procedure removed a small amount of an
point for these unexpected reactions. It is now clear therefore impurity which behaved as a transient inhibitor/fdactam?) of the
that product identification must remain an essential component P99 f-lactamase. APA from the three above-mentioned sources
of studies of these enzymes with their broad range of now- contained S|m|!ar amounts of this material. It may be responsible for
available mutansand their even broader range of substrates. [N€ complex kinetics reported for APA and the P9@actamase by
Even with simple and extensively studied substrates surprises’vl"’lt‘r’Igne et at. Certainly, after its removal, we observed clean

. ! ! Michaelis—Menten kinetics with this enzyme. The presence of
can still emerge. The present paper, for example, describes

. ! L - . - zj}mpurities in commercigB-lactam preparations thus represents another
new reaction of 6-aminopenicillanic acid (APA) and its source of unusugi-lactamase kinetics.

cephalosporin analog, 7-aminocephalosporanic acid (AQA, Kinetic Methods. The hydrolysis of APA was monitored spectro-
catalyzed by the class §-lactamase oEnterobacter cloacae  photometrically at a wavelength of either 232 ne(= —830 M2
P99. This enzyme, but not typical classplactamases, was  cm) or 248 nm e = —235 Mt cmY). The hydrolysis of ACA
found to catalyze the reaction of APA with carbon dioxide to was followed in two ways, by disappearance of starting material at
form 8-hydroxypenillic acid. This reaction represents an 285 nm A¢ = —1000 M™* cm™?) and by appearance of product at 320

example of one type of substrate-assisted enzymic catdlysis. "M (Ae = 290 M™* cm™). Steady-state kinetic parameters were
obtained from spectrophotometrically determined initial rate measure-

ments by the method of Wilkinsdn All kinetics studies, except where

S
N2 § Ny otherwise specified, were performed at°@5in 20 mM MOPS buffer
l |\>< at pH 7.50.
N N OAc
o [ 7
1 Ccoy 2 o,

(1) Pratt, R. FThe Chemistry of-Lactams Page, M. I., Ed.; Blackie:
Glasgow, Scotland, 1992; pp 22971.
(2) (a) Matagne, A.; Fre, J.-M. Biochim Biophys Acta 1995 1246
109-127 (b) Knox, J. RAntimicroh Agents Chemothet995 39, 2593—
Experimental Section 2601.
(3) (a) Carter, P.; Wells, J. AScience (Washingtorf)987, 237, 394—
Materials. The f-lactamase ofE. cloacae P99, the TEM-2 399. (b) Carter, P.; Abrahmsen, L.; Wells, J. Biochemistry1991, 30,
S-lactamase fronk. coli W3310, and the PCA-lactamase o§. aureus 6142-6148. (c) Wang, Q.; Withers, S. G. Am Chem Soc 1995 117,
were purchased from the Centre for Applied Microbiology and Research 10137-10138. (d) van Scheltinga, A. C. T.; Armand, S.; Kalk, K. H.;
Porton Down, Wiltshire, U.K.) and used as received. Samples of APA Isogai, A; Henrissat, B.; D|_Jks_tra, B. VBiochemistry1995 34, 15619-
( ’ ' p 15623. (e) Matsumura, J.; Kirsch, J. Biochemistry1996 35, 1881~

were purchased from Aldrich Chemical Co., Fluka Chemical Corp., 1889.

and U. S. Biochemical. ACA and cephaloglycin were gifts of Eli Lilly (4) Matagne, A.; Misselyn-Bauduin, A.-M.; Joris, B.; Erpicum, T.;
Granier, B.; Ffee, J.-M.Biochem J. 199Q 265, 131-146.
® Abstract published ifAdvance ACS Abstract#ugust 15, 1996. (5) Wilkinson, G. N.Biochem J. 1961, 80, 324-332.
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Scheme 1 Table 1. *H NMR Spectra of APA and Its Reaction Products
H,N, H s chemical shift (ppm)
T resonance 1 2 4 6
(CHg)2 153,1.63 1.23,1.56 1.52,1.63 1.50,1.55
o Cs—H2 4.16 3.48 4.17 4.22
1 €Oy Cs—HP 4.58 (4.0) 3.64(8.0) 5.25(4.00 4.19(2.1)
H,N H . H,N q Cs—HP 5.49 (4.0) 486 (8.0) 551(4.0) 5.49(2.1)
\——-‘l/ WS 2 Singlet.” Doublet, coupling constant (Hz) in parentheses.
CO;” NH COy NH\>< Table 2. 3C NMR Spectra of APA and Its Reaction Products
2 COy 3 COy chemical shift (ppm)
B resonance 12 2 4 6
Quantitative initial rate and product analysis data were fitted to (CHa)2 26.6,30.8  26.2,26.3 26.6,30.4 26.1,31.7
Scheme 3 by the Kinsim progrérim the Macintosh versioh. Progress C-2 63.9 59.8 64.2 57.9
curves produced by this program were used to obtain initial rates and C-3 72.8 . 731
product composition at completion. Valueskd, (ko + ko), andky/ C-5 68.5 59.8,63.8, 746 67.9 59'773' §9'6'
f(itkg+ ke) were varied by trial and error in order to obtain the best visual C6 60.4 60.3
: c-7
Synthesis of the Disodium Salt of 8-Hydroxypenillic Acid (3,3- 3-COr } 175.0,179.9 172.4,175.4 174.1,178.3 176.1,177.6
Dimethyl-8-ox0-4-thia-1,7-diazabicyclo[3.3.0]octane-2,6-dicarbox- NH—CO 162.4 164.6
ylic Acid). This compound was prepared in a manner very similar to " - - - - .
the original method of Johnson and Hardca&ti@hus 5 g of APA Assignments following Chang and Heth® Assigned on the basis

of its small intensity with respect to C-3, C-5, and C-@&ssignment

was dissolved in 23 mL of water containing 3.9 g (2 equiv) of sodium between C-5, C-6, and C-7 uncertain.

bicarbonate. Carbon dioxide was slowly bubbled through the stirred
mixture at room temperature for 12 h. Addition of acetone and cooling Closer inspection of théH NMR spectrum of APA in

then produced the disodium salt of the required product, mp-258 . .
°C (lit.5 mp 250-251°C). The'H and**C NMR spectra are described blcarponate showed the presence of .ﬂvb_lctam SPecies, one
below of which was presumably APA itself in view of the similarity

. of its spectrum to those taken in solutions of other buffers. The

NMR Spectra and Product Analysis. *H and'3C NMR spectra . 1 -
were obtained by means of a Varian Gemini-300 spectrometer. other species'ti and *°C spectra reported in Tables 1 and 2,

Chemical shifts are reported as ppm downfield of either tetramethyl- "€Spectively) is suggested to be carbardatdhere is consider-
silane or sodium 3-(trimethylsilyl)propanesulfonate. Product ratios in able evidence for this assignment. First, the quantity of the
the APA experiments were obtained frdh NMR spectra of samples ~ second species relative to the first increased with total carbonate
from the kinetics runs after the reaction had reached completion, as (carbonate plus bicarbonate) concentration. For example, at pH
determined by the absorbance measurements. These solutions werg.7, the amount of, determined from integration dH NMR
removed from the cuvettes, freeze dried, and redissolvéid 0, and peaks, increased linearly (data not shown) with total carbonate
IH NMR spectra obtained. The ratio @ to 6 was obtained from (0—100 mM) from 0% to 25% of the total APA (10 mM).
integration of the methyl peaks at 1.23 and 1.50 ppm, respectively.  qqengially total conversion was achieved M total carbonate.
Second, at constant total carbonate (100 mM), the proportion

Results and Discussion of 4increased as the pH was decreaset% at pH 11.4, 22%

The hydrolysis of purified APA, catalyzed by the P99
pB-lactamase, exhibited classical Michaelldenten kinetics
under steady state conditions wik;= (0.92+ 0.06) s* and
Km = (0.29+ 0.05) mM. It is thus a rather poor substrate of N
this S-lactamasé. It was noticed, however, that the enzyme-
catalyzed reaction yielded an unusual product, X, under condi-

tions comr_nonly_used in this Iabpratory for NMR studietz,, at pH 10.3, 33% at pH 8.9). The amount decreased again at
01 M sodlu.m blcarbonqte solution. pH <7, but carbon dioxide was also lost. The acidification of
The alkaline hydrolysis of APA, as we and othéreave 5 sojution of APA i 1 M bicarbonate to pH 3 followed by
observed, yields first the penicilloa which then epimerizes  4gpiration to remove carbon dioxide and finally rebuffering to
at C-5 to give3 (Scheme 1), almost to completion at equilibrium. pH 7 with phosphate yielded a solution whod¢ NMR
(The'H and**C NMR spectra ofl and2 are reported in Tables  gpectrum showed the presence of only APA. A bell-shaped
1 and 2, respectively.) In neutral phosphate buffer, the P99 gqjlibrium distribution with pH, with maximum around the
p-lactamase catalyzes the hydrolysis of APA to gdnrhich, pK of the amine, is typical of carbamate formation, for example
under these conditions, more slowly epimerizes. In neutral f5m amino acidé! Third, the doublet corresponding ta-@
bicarbonate solutions however the P@9actamase produces yoved downfield from 4.58 ppm if to 5.25 ppm, closer to
X. The addition of bicarbonate ®did not generate X. The  nat in an N-acylated penicillin. A similar downfield shift of

'H and*°C NMR spectra of X are reported in Tables 1 and 2, ¢_ protons has been observed on carbamate formation from

“0,C—NH S

4 COy

respectively. amino aciddia12
. 1 .

(6) Barshop, B. A.; Wrenn, R. F.; Frieden, nal. Biochem 1983 130, Further, in the'H NMR spectrum of APA (0.1 M) in

134-145. NaH3CO; (0.67 M), the resonance peak fos-€H at 5.25 ppm
(7) Wachsstock, D. H.; Pollard, T. Biophys J. 1994 67, 1260-1273. appears as a double doublét= 3.4, 3.9 Hz) rather than the
(8) Johnson, D. J.; Hardcastle, G. A., JrAm Chem Soc 1961, 83,

3534-3535. (11) (a) Lemieux, R. U.; Barton, M. ACan J. Chem 1971, 49, 767—
(9) Galleni, M.; Ffee, J.-M.Biochem J. 1988 255 119-122. 776. (b) Morrow, J. S.; Keim, P.; Gurd, F. R. Bl.Biol. Chem 1974 249,
(20) Carroll, R. D.; Jung, S.; Sklavounous, C. GHeterocycl Chem 7484-7494. (c) Dettman, H. D.; Weiner, J. H.; Sykes, B. Can J.

1977, 14, 503-505. Biochem Cell Biol. 1985 63, 1120-1126.
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Scheme 2
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doublet observed in NaHGO In terms of structured, this
would of course arise through the coupling of boti+€l and
the carbamat&®C to G—H. Finally, thel3C spectrum of 0.667
M APA in 0.0667 M NaH3CO; shows an enhanced peak at
162.4 ppm, just downfield of the ICO;~ peak. Similart3C
chemical shifts for carbamates have been previously repBféd.

It is therefore very likely that the additional peaks observed
in NMR spectra of APA in bicarbonate buffers derive from
carbamated. It further seemed reasonable that the novel
product, X, obtained from APA in these buffers in the presence
of the P993-lactamase, arose from interaction of the enzyme
with 4.

In order to test the hypothesis that X was derived frém
APA (0.1 M) in NaH!3COs; (0.2 M) was converted to X by
addition of the P9$-lactamase. ThéC spectrum of X thus

obtained showed an enhanced carbonyl resonance at 164.6 ppm.

Further, thelH proton spectrum of X (Table 1) showééC
coupling to protons on C-5 (5.8 Hz), C-6 (4.2 Hz), and C-3
(3.7 Hz). These results suggest the skeleton stru&usdere

o
)

Z presumably would be either O or NH. At this stage, perusal
of the literature revealed a well-established reaction of APA in
bicarbonate solutions (Scheme 823 producing 8-hydroxy-
penillic acid6 (although 8-hydroxypenillic acid is the traditional
trivial name for this compound it probably exists predominantly
in the keto formi* as depicted ir6); the mechanism proposed
for the reaction is also shown in Scheme 2.

The disodium salt 06 was prepared as described by Johnson
and Hardcastfeand was found to exhibit identicdH and*3C
NMR spectra to those of X. The identification of X Gwas
thus made. A final point that might be mentioned here with
respect to the nature @& concerns the stereochemistry at C-5
and C-6. The NMR spectra clearly indicate only one isomer is

produced, and the same isomer, in both the spontaneous an

B-lactamase-catalyzed reactions. Casy and Lipczyhbkive
suggested on indirect grounds that the correct assignmeat is
5R6R, the original configuration id. Such a result would imply
epimerization at §; Cg, or both. The mechanisms of Scheme

(12) Armarego, W. L. F.; Milloy, B. AJ. Chem Soc, Perkin Trans 1
1974 1905-1907.

(13) Casy, A. F.; Lipczynski, AJ. Pharm Pharmacol 1994 46, 533~
534.

(14) (a) Petursson, S.; Waley, S. Getrahedronl983 39, 2465-2468.
(b) Declercq, J. P.; Van Meersche, M.; Marchand-BrynaerBull. Soc
Chim Belg 1986 95, 241-245. (c) Stahl, A.; Steckhan, E.; Nieger, M.
Tetrahedron Lett1994 35, 7371-7374.
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Figure 1. Effect of HCQ;~ concentration on the rate of disappearance
of APA (3 mM) catalyzed by the P98-lactamase (1.&M) (A) and
on the fraction o6 among the products of the reaction (B).

Scheme 3

4+ E <=—

Kme
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c

2 and Scheme 5, however, do not require epimerization at either
center. Epimerization atd3eems unlikely on the grounds that
exchange with solvent deuterium was not observed in the
product, and that at C-5 similarly because of the electron-
withdrawing nature of the thiazolidine substituent7i®® The
observed coupling constants also do not support eitRé65
or 56R. Models suggest HCs—Cs—H dihedral angles of
around 22 in the latter copounds and around $10the 5R6R
isomer. The small observed coupling constat {z) is more
in accord with the latter possibility than either one of the former
pair. The evidence thus seems more in accord with fR&R5
stereochemsitry foB, as shown in Scheme 2, than with any of
the alternatives.

The remaining question now involves the question of how
the P993-lactamase might catalyze formation @&f

Kinectis and Mechanism of the P99 f-Lactamase-
Catalyzed Formation of 6. Under substrate saturation condi-
tions (3.0 mM), HCQ™ accelerates the disappearance of APA
(Figure 1A); under the same conditions, HEMas little or no

ffect on benzylpenicillin (0.5 mM) turnover (not shown). In

.2 M HCG;~ and 0.02 M MOPS at pH 7.5 the steady state
parameters for turnover of APA welgy = 1.86+ 0.06 s1
and Ky, = 0.36 & 0.03 mM. There has thus been a 2-fold
increase irkea:  SinceKp, is little affected keafKm is increased
by a similar amount. The acceleration of APA turnover
correlates with the change in product composition fidto 6,
as revealed bjH NMR measurements (Figure 1B). These data
could be quantitatively fitted to Scheme 3, as described in the
Experimental Section, yielding the solid lines of Figure 1.
Values forKn, K, andk, were fixed at the steady state values

(15) Pratt, R. F.; Cahn, D. J. Am Chem Soc 1988 110, 5096-5104.
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Figure 2. Effect of methanol concentration on the rate of disappearance
of APA (3 mM) catalyzed by the P98-lactamase (1.2M), in the
absence®) and presencedX) of 0.17 M HCG™ (panel A). The lower
panel (B) shows the results of the same experiment with ACA (0.75
mM).

Scheme 4
k3[H,0] E+P

ky
E+S E.S——>E-S

K,
ksMeOH] —~ E+Q

described above, 0.29 mM, 0.36 mM, and 0.9% sespectively.
The solid lines of Figure 1 correspond to values kf € k),
ko/(kp + ko), andK. of 1.72 s°1, 0.93, and 7.0 mM, respectively.
The value of k, + k¢) thus obtained at 3.0 mM APA would
correspond, iKyn = 0.36 mM, to akcs value of 1.93 st which

is in good agreemnt with that obtained by direct experiment in
the presence of 0.2 M HGO (1.864 0.06 s1). Partitioning
of the enzyme-carbamate complex, &.between rearrangement
to 6 and hydrolysis ta@2, is required by the product analysis
data of Figure 1B-approximately 7% of the turnovers yield
the hydrolysis produ@ even at saturating HGO concentration.

Mechanistic analysis of these data is informed by an
appreciation of the mechanism of P8%9actamase catalysis and
would be further so by knowledge of the nature of the rate-
determining step under saturating APA conditions, i.e. of the
keat transition state. Figure 2 shows the effect of methanol on
the rate of P993-lactamase-catalyzed disappearance of APA

Pratt et al.

Methanol will obviously accelerate the steady state rate if
deacylation is rate determining at saturation, kg = ks. It
seems likely from the data of Figure 2, that for APA, as for
most substrates of the P@®lactamase, deacylation is rate
determining. The slope of the least-squares line fitting these
data in Figure 3 givé&17” a ky/ks value of 19.3 which is very
similar to the value of this ratio for benzylpenicilliniz. 1616

The acceleration of the enzyme-catalyzed reaction of APA
at saturating concentration (Figure 1A) by bicarbonate probably
then derives from the effect of HGOon the deacylation step.
Given the above considerations and the mechanism of spontane-
ous formation of6 from APA and carbon dioxide shown in
Scheme 2, a rational reaction sequence by which the P99
pB-lactamase would catalyze the formatior6dfand it is greatly
catalyzed since the spontaneous rate under the conditions of
the enzyme-catalyzed reaction is very small) would be that of
Scheme 5. After the normal acyl enzyme is achieved by attack
of the active site serine hydroxyl group E-OH on fhdactam
ring, deacylation occurs, not by the usual enzyme-catalyzed
hydrolysis, but by intramolecular nucleophilic participation by
the carbamateB]. This would regenerate the free enzyme and
the intermediat& which could rearrange t6 while still at the
enzyme surface or after diffusion into solution. The mechanism
of turnover of the APA carbamatewould therefore represent
an example of substrate assisted enzyme catalysis in the sense
the deacylation of the enzyme, the slow step in turnover of APA,
is accelerated, although only slightly in this case, by an
intramolecular nucleophile incorporated in the substrate.

Related precedent for Scheme 5 is available. The hydrolysis
of aryl esters of amino acids is catalyzed by carbon dioxide,
and a mechanism analogous to that of Scheme 3, with an
intermediate Leuchs anhydride analogous 7o has been
proposed? Similar intramolecular catalysis of hydrolysis of
these esters is also observed in the presence of aldehydes by
way of carbinolamine adduct822° Although there have been
many suggestions of intramolecular nucleophilic participation
by amido side chains in the hydrolysis of penicillins and other
p-lactams, the direct evidence for such interactions is slight at
best?! In acylic systems however, with good leaving groups,
as for example in aryl hippurates, such participation is well-
documented? The latter pair of observations may be reconciled
in terms of the difficulty that the famido substituent of a
penicillin has in approaching thlactam carbonyl group on a
suitable trajectory on thg-face of the molecule because of steric
interactions with the sulfur atom ang-2nethyl substituent of
the thiazolidine ring. This same problem may well account for
the slow spontaneous formation of 8-hydroxypenillate from APA
and carbon dioxide. Thg-lactamase is able to catalyze this
reaction because, at the acyl-enzyme stage, after sterically
unhindered attack by the active site serine ondHace of the
B-lactam ring, rotation about the €&6 bond of the penicilloate
occurg324 to relieve the eclipsing interaction between the

under close to saturating conditions (3.0 mM) in the absence S-substituents at C5 and C6, and which, at the same time,

and presence of 0.17 M HGQ In the absence of HCO,

methanol accelerates the disappearance of APA in a linear

fashion. This is similar to the effect of methanol on the reaction
of benzylpenicillif® and other substrat¥s'” catalyzed by this

enzyme, and is interpreted in terms of Scheme 4 where E-S

represents the acyl-enzyme intermedidtand P and Q the
products of its hydrolysis and methanolysis respectively.

(16) Govardhan, C. P.; Pratt, R. Biochemistryl987, 26, 3385-3395.

(17) (a) Mazzella, L. J.; Pratt, R. Biochim J. 1989 259, 255-260.
(b) Xu, Y.; Soto, G.; Hirsch, K. R.; Pratt, R. Biochemistry1996 36,
3595-3603.

(18) Waley, S. Grhe Chemistry off-Lactams Page, M. I., Ed,;
Blackie: Glasgow, Scotland, 1992; pp 19328.

permits more facile access of the carbamate to the acyl group.

(19) (a) Wieland, T.; Lambert, R.; Lang, H. V.; Schramm, [Gebigs
Ann 1955 597, 181-195. (b) Hay, R. W.; Main. LAust J. Chem 1968
21, 155-169.

(20) Capon, B.; Capon, RChem Commun 1965 502-503.

(21) Page, M. |Adv. Phys Org. Chem 1987, 23, 165-270.

(22) (a) de Jersey, J.; Willadsen, P.; Zerner,B&chemistryl1969 8,
1959-1966. (b) Williams, A.J. Chem Soc, Perkin Trans2 1975 947—
953.

(23) Oefner, C.; D'Arcy, A.; Daly, J. J.; Gubernator, K.; Charnas, R.;
Heinz, I.; Hubschwerlen, C.; Winkler, J. Wature (London)1992 359,
700-705.

(24) (a) Kelly, J. A.; Knox, J. R.; Zhao, H.; A J.-M.; Ghuysen, J.-
M. J. Mol. Biol. 1989 209, 281-295. (b) Strynadka, N. C. J.; Adachi, H.;
Jensen, S. E.; Johns, K.; Sielecki, A.; Betzel, C.; Sutoh, K.; James, M. N.
G. Nature 1992 359, 700-705.
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Scheme 5
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In terms of active site interactions, it is believed that substrates S o4l S

bind to the P9¥-lactamase with the amido side chain hydrogen E f‘g- /'

bonded across the active site cleft, between a backbone carbonyl £ -e

of the B3-strand on one side and the side chain of Asn 152 235 o2 /

on the other, as in the acyl-enzy®é® Both of these elements z e
E

= Sert4— 0O
(==) 7o Gly317 0 L L : :
— Yy,
AsnlS2 /\/ y " 1111, . 0 40 80 120 60 200
\‘NHZ/ N-HuunmmQ=—= C’ [HCOé] (mM)
$ /"0=C\ Ser318 Figure 3. Effect of HCQ;~ concentration on the rate of disappearance
R of APA (0.75 mM) catalyzed by the P9%lactamase (1.xM) (A)

2 and on the fraction of nonhydrolytic products of the reaction (B).

are important features of the active site. The adjacent Ser 318spectrum in H3CO;~ shows a strong resonance at 163.0 ppm.
NH of the -strand represents one hydrogen-bond donor of the Thus it is clear that ACA, like APA, reacts with carbon dioxide
oxyanion hole, and Asn 152 is hydrogen bonded to the to form substantial amounts of carbamate at neutral pH.
conserved Lys 67 and thence to the other catalytic res#fues.  On addition of the P9@-lactamase to a solution of ACA (5

In the absence of an amido side chain, such as is so in APAmM) in HCO;~ (0.1 M), complicated changes to thd NMR

and in the unsubstituted penicillanic acid its€lk.is some  spectrum occurred. Apart from the normal hydrolysis product
50 times less andta/Km some 16 times less than that of a 1027 several other cephalosporin-derived species were observed
good substrate such as benzylpenicillin. Although a carbamateas a function of time, some of them not primary products. Their
oxygen of4 could provide interaction with Asn 152, the low  identity was not further pursued although it might be noted that
reactivity of4 with the enzyme suggests that it does not, perhaps there seems no literature precedent to an analo§ fsbm

because of the poor interaction of the other carbamate oxygen,cephalosporins. It seems likely, however, that one of the
replacing R, in a site better suited to hydrophobic substituents.

Rotation around the single bonds-©67 and G—N could place

COy
the carbamate of further into the solvent where it would be  NH, S S
favorably hydrated. The net effect may be to give an acyl
enzyme no more stable than that of APA and hence the minimal HN
oy N\ \‘/N / OH
[¢]
no

effect of bicarbonate ol,,. In solution, however, the carbamate
would be in a suitable position to attack the C-7 ester carbonyl
group from the Re face to initiate the deacylation of Scheme 5. 0 coy
It is also from the Re face that the deacylating water would -
approach in normal deacylation, catalyzed, in the mechanism
of Oefner et al2325by the phenoxide ion of Tyr 150. That the
carbamate does obstruct the approach of other nucleophiles to
the Re face is demonstrated by the data also shown in Figure 2
where it is seen that methanol is unable to attack acyl enzyme
8. The small amount of methanol acceleration of the rate of
reaction of4 that is observed (Figure 2) can be explained in
terms of methanolysis of the residual APA not present in
solution as the carbamate.

7-Aminocephalosporanic Acid (ACA). Many of the phe-
nomena recounted above with respect to APA were also
observed with ACA. In NaHC® solutions an additional
molecular species is observed iH NMR spectra of ACA,
where, as with APA, the £&-H and G—H protons have moved
downfield, from 4.78 and 5.07 ppm respectively in the absence
of HCOs™ to 5.07 and 5.45 ppm respectively in its presence.
That the latter resonance is that of-¢4 was made clear by its

O ) MHCQ. Ko =029 My 018 MM~ 140 Mk~ o
T ) k) = 0.9 s'1, andkJ/(ky, + k) = 0.57. Comparison with the

(25) Lobkovsky, E.; Billings, E. M.; Moews, P. C.; Rahil, J.; Pratt, R.  data for APA described above indicates that the carbamate of
F.; Knox, J. R.Biochemistryl994 33, 6762-6772.

(26) Adediran, S. A.;Deraniyagala, S. A.; Xu, Y.; Pratt, RBfochem- (27) Pratt, R. F.; Faraci, W. S. Am Chem Soc 1986 108 5328-
istry 1996 35, 3604-3613. 5333.

products might bell Certainly, however, there was clear

evidence of novel products derived from the ACA carbamate.
Steady state kinetic parameters for turnover of ACA by the

P99-lactamase werk.,:= 0.89+ 0.06 s andKy, = 0.294+

0.04 mM; ACA is a much poorer substrate of this enzyme than

are typical cephalosporiig2 In 0.2 M HCG;™, the steady state

parameters werk,,;= 0.93+ 0.02 s andK,;,, = 0.184 0.01

mM, little different from in the absence of HGQ In particular,

keat S€EMS essentially unchanged. The latter was verified by

measurement of the rate of disappearance of ACA (0.75 mM)

followed at 285 nm, as a function of HGOconcentration (&

0.2 M), where essentially no change was observed (Figure 3A).

That different products were being formed, however, was clear

by the decrease in absorbance at 320 nm, i.e. of the concentration

of 10, at the end of the reaction, as the HEQoncentration

increased. These data are shown in Figure 3B. The solid line

of this figure is obtained from fitting Scheme 3 to the data with
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ACA is somewhat less stable with respect to ACA tharis PhCHCONH S PhCHCONH S

with respect to APA under the prevailing condition&{walues . | . |
of APA and ACA are very simil&f), and that the rearrangement NHs N NH; N~ OhAc
o

of an enzyme substrate complex with intramolecular carbamate ) o
participation is less facile with respect to hydrolysis with ACA €Oz do
than APA. 1 13 ’

The lack of effect of HC@ on k.4 raised the possibility base in catalysis, particularly of deacylation, the carboxylate
that acylation of the enzyme by ACA might be rate determining 0f Glu 166 in class A3-lactamase&$3°and the anionic form
under conditions of substrate saturation, although this would of the side chain of Tyr 150 in class®# It was of interest
be contrary to all other experiences with cephalospdrifa. therefore to compare class A and C enzymes with respect to
methanolysis experiment however (0.75 mM ACA, 0.17 M their interaction with the APA carbamate since the major effect
HCO;,™, Figure 2B) certainly seemed to reaffirm rate-determin- was seen in deacylation'H NMR spectra of APA (10 mM)
ing deacylation. The effect of methanol on ACA turnover was and ACA (5 mM) in 0.1 M NaHC@Qafter addition of the TEM
very similar to that on APA (Figure 2A). The absence of an B-lactamase were identical to those observed in the absence of
effect of HCQ~ on ACA turnover therefore seems to reflecta HCOs™, viz. spectra o2 and 10, respectively. The spectrum
coincidental similarity of rate constantk.(= ko, + ko). of 2 was also generated on addition of the Bthctamase to
Methanol also had some effect on the rate of reaction of ACA APA in HCO;™. Apparently intramolecular participation by
in the presence of HCO (Figure 2B). The acceleration cannot carbamate § cannot compete with hydrolysis of the acyl
be explained by the amount of free ACA but must also reflect €nzyme in the class A active site. This is perhaps not surprising
some methanolysis of the carbamate (some 35% of total With the TEM p-lactamase which is particularly efficient at
turnover). This would correlate well with the amount of catalyzing penicillin hydrolysi8but is more striking in the case
hydrolysis of the carbamate acyl enzyme revealed by Figure of the PC1 enzyme. This-lactamase is generally not a good
3B, demonstrating again the relatively less facile rearrangementcatalyst of penicillin hydrolysis, from the point of view &a:
pathway in ACA than in APA. at least (comparable to the class C P99 enzyme), and deacylation

Other p-Lactams. H NMR spectra of ampicillin,L2, and is rate determining under conditions of saturating substtate.
cephaloglycine13, each at 10 mM concentration, in 0.2 M  Nonetheless, the PQilactamase behaves like its fellow class
NaHCGQ;, showed the presence in each case of a species otheA €nzyme, the TEMg-lactamase, and differs from the P99
than the pareng-lactam, not present in phosphate buffer, and €nzyme in that penicilloyl-enzyme intermediates aoe sus-
thus likely to be the carbamate. In each case, approximately Ceptible to methanolys. This suggests that external nucleo-
60% conversion had occurred under these conditions. ThePhiles do not have access to the acyl group of class A penicilloyl
addition of the P9®-lactamase led in each case to two products, €nzymes. The normal deacylation sequence is thought to
one of them the expected hydrolysis product (by comparison involve Glu 166 carboxylate-catalyzed attack by an occluded
with the single product observed in phosphate buffer) and the Water molecule on the Si face of the acyl group. The inability
other, mostly likely, the corresponding carbamate. The latter Of class A enzymes to generddeand11 from APA and ACA
conclusion was supported by the effect of adding the same carbamates in the manner discussed in connection with Scheme
amount of NaHC@ to the reaction products generated in 5 is consistent with these observations.

phosphate buffer, which led to formation, again in each case, K led hi h d th h
to the same additional product in similar quantity. Thus Acknowledgment. This research was supported throug
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