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ABSTRACT. The resistance of bacteria to the normally lethal actiof-tdctam antibiotics is largely due

to the production oB-lactamases that catalyze the hydrolysis of@Hactam. One class of these enzymes

is a zinc-dependent metalgactamase for which there are no clinically available inhibitors. The hydrolysis

of cephalosporii-lactam antibiotics generates dihydrothiazines which subsequently undergo isomerization
at C6 by C-S bond cleavage and through the intermediacy of a thiol. These thiols can be trapped by the
pB-lactamase fronBacillus cereuscausing inhibition of the enzyme. The rate of production of the thiol
corresponds to the rate of inhibition, and the inhibition constants are in the micromolar range but vary
with the nature of the cephalosporin derivative. NMR studies have identified the structure of the thiols
causing inhibition and also show that the thiol binds to the zinc ion, which in turn perturbs the metal-
bound histidines. Inhibition is slowly removed as the thiol becomes oxidized or undergoes further
degradation. The thiol intermediate generated from cephalothin is a slow binding inhibitor. There is no
observed inhibition from the analogous degradation products from penicillins.

p-Lactamases inactivat@-lactam antibiotics, such as Scheme 1

penicillin (1), by catalyzing the hydrolysis of the four- RCONH( ; s _g RCONH
membered ring (Scheme 1), and these enzymes play a major ,j< H,0 om
role in the emergence of pathogenic bacteria that are resistant oF N p-Lactamase o N~

to these important antibacterial agerits The-lactamases co,- 2 €Oy
that contain an active site serine residue, which acts as a
nucleophile to attack thg-lactam carbonyl carbon (classes of B-lactam antibiotics including third generation cepha-
A, C, and D), have been extensively studidjl However, losporins and carbapenems. They have been classified into
the class B3-lactamases or metallgHactamases (MBLS) three groups according to their amino acid sequendgs (
are metalloenzymes that require zinc ion for their activity Subclass B1 is the largest and contains three well-studied
and are less well understoo@)( The first metallos- p-lactamases: Bcll fromB. cereus(5, 6), CcrA from
lactamase to be discovered was produced by an innocuousBacteroides fragilig7—9), and IMP-1 fromPseudomonas
strain of Bacillus cereusbut in the last 20 years, MBL-  aeruginosa10, 11). The most common enzyme of subclass
mediated resistance has appeared in several pathogenic strairB2 is CphA fromAeromonas hydrophilavhich differs from
and is being rapidly spread by horizontal transfer, involving other MBLs regarding zinc dependence and substrate profile
both plasmid and integron-borne genetic eleme8}s ( (12). Finally, subclass B3 contains the only known tetrameric
Metallo3-lactamases use one or possibly two zinc ions zinc g-lactamase, the L1 enzyme froBtenotrophomonas
as cofactors and are capable of hydrolyzing a large variety maltophilia (13), although tetramerization is not shared by
other members of this subclaskd).
" This research was supported by the European Union research | he Structures of several MBLs have been determined by
network on metallgs-lactamases within the Training and Mobility of ~ X-ray diffraction and all, Bcll §, 15), CcrA (7, 16), IMP-1
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or water b, 7, 16, 21) but is missing in one structur@3) Scheme 2

and in structures with inhibitors boundll). The two metal RCONH (=

ions are relatively close to each other, but the distance S RCONH B R°°NH>_\_.C‘S
between them varies from 3.4 to 4.4 A in different structures 0 (u% = og d«% = o G.J<
of the Bcll and CcrA enzymes$(7, 11, 15, 16, 21). Several €o; " o " -

2

structures of the CcrA enzyme show a bridging water ligand
between the two metals, which is thought to exist as a
hydroxide ion ¥, 21). In a structure of Bcll containing two
zinc ions determined at pH 7.5 there is also a similar bridging th
water moleculeZ3), but in structures of this enzyme at lower
pH this solvent molecule is strongly associated to the zinc
in site 1 6, 21). The coordination and geometry of the metal
ions are thus quite variable.

2

The normal hydrolysis product gi-lactam antibiotics is

e result of opening the four-membered ring to give the

corresponding-amino acid?2 (Scheme 1). In penicillins this

hydrolysis is followed by a much slower reversible ring

opening of the five-membered thiazolidine ring, resulting in

) ) S epimerization at C5 by rapid ring closure of the thiotate
X-ray structures obtained in the presence of inhibités (  jminium ion intermediate (Scheme 2)1). In cephalosporins

21, 24) have suggested several important interactions betweerg, B-lactam ring opening to give the 3,6-dihydrétaL,3-

subclass B1 enzymes and their substra®& guch as that  hjazine derivativest can be followed by expulsion of a

between (i) thgs-lactam carbonyl oxygen with the first zinc leaving group from C3to generate an.,S-unsaturated imine

ion and the side chain of a well-conserved asparagine, (i) g (Scheme 3). The latter can subsequently undergo Michael

the substrate carboxylate and the second zinc ion, and (iii) agqdition by nucleophiles to regenerate derivatives of the

substituents of substrates attached toftectama-carbonyl jnitially formed enamines. These hydrolysis products also

carbon and a hydrophobic pocket. can undergo a slower epimerization at C6, again by reversible
In the majority of MBLS, zinc can be exchanged with ring opening of the six-membered dihydrothiazine and

cadmium to yield catalytically active enzymes).(The use formation of a thiolate-iminium ion intermediat& (Scheme

of a combination of NMR and PAC spectroscopy to study 3) (42).

cadmium binding toB. cereusMBL has revealed a rapid Given the known ability of thiols to inhibit class B

intramolecular exchange of the metal between the two sitesg.|actamases, we were interested in exploring the possibility
in the m_on_ocadm|um enzyme and negative cooperativity in of the enzyme trapping the intermediate thiols using the
metal binding 26). molecular recognition provided by the bagidactam anti-
Inhibitors of the class A seringlactamases, such as clavu- biotic substrate structure.
lanic acid, have been very widely used to protect penicillins
from B-lactamase-catalyzed hydrolysis. However, MBLs are EXPERIMENTAL PROCEDURES
resistant to sering-lactamase inactivators, and the search . : N .
for a clinically useful inhibitor of MBLs remains a desirable Mate”?'s- Reagents used in .aI.I Kinetic expenmen_ts were
objective. A number of compounds have been synthesizedmc an_alytlcal grade; c_epha_lorldme and _cephalothm were
and investigated as inhibitors of MBLs such as trifluoro- SUPPlied by Glaxo Smith Kline. Cephalexin was purchased
methyl alcohols and ketone27), hydroxamates2@), thiols from Sigma and used without furthe_r purification. Deionized
(29-33), including cysteinyl peptides3@), thioester deriva- ~ Pure water was used for preparation of buffers and other
tives 30, 35, 36), biphenyl tetrazoles3(), thiocarboxylates aqueous 'soluu'ons. Phospha?e and MOPS puffers were
(33), succinic acid derivative4), tricyclic natural products prepared just prior to the experiment, _and potassium chioride
(38), and sulfony! hydrazone89). Some of the thiol inhib-  WaS used to maintain a constant ionic strength.
itors of Bcll show stereochemical preferences which was Enterobacter cloca€99-lactamase (Speywood, Maid-
rationalized by assuming that the thiol of the inhibitor binds enhead, England) was obtained in powder form and dissolved
to the active site zinc30). Thiomandelic acid¢-mercapto- in 0.1 M MOPS before us®. cereu69/H/9 (Bcll metallo-
phenylacetic acid) is a broad-spectrum and reasonably potenf-lactamase) was prepared as an aqueous suspension in 10
inhibitor of MBLs (33), and structureactivity relationships MM HEPES buffer as previously describetby.
show that the thiol is essential for activity, and it was  Equipment.pH Measurements used @40 pH meter
postulated that the inhibitor thiol binds to the zinc ion. (Beckman, Fullerton, CA) with a calomel glass electrode

There have been several suggestions regarding the catalyti¢Beckman). NMR experiments used a 400 MHz instrument
mechanisms of both the mono- and dizinc forms of the (Bruker). UV spectrometry was carried out on a Cary 1E
enzymesZ?). We have shown that th&kgof the water bound UV —Visible spectrometer equipped with a 12-compartment
to zinc in Bcell is 5.8 and is therefore ionized at neutral pH Cell block thermostated by using a peltier system (Varian).
and that there is a need for a second catalytic group to be Inhibition StudiesFor Bcll-catalyzed hydrolysis experi-
ionized, thought to be Asp120 30). In the mononuclear  ments, 2 mL of buffer solution (0.1 M MOPS, pH 7.0, |
enzyme, the hydroxide ion bound to zinc has been proposed= 1 M, 30°C, [Zr?"] =5 x 1075 M, unless otherwise stated)
to be the nucleophile responsible f8flactam hydrolysis  was equilibrated in the thermostated cell block of the UV
(30), whereas in the binuclear version, it is the bridging spectrophotometer. To this solution was added the desired
hydroxide ion ). However, the precise role of the two concentration of enzyme and inhibitor, either together, if they
metals in catalysis remains unclear; mechanisms have beemad been incubated with each other, or separately, followed
proposed in which only the histidine site zinc plays a direct by the substrate. Hydrolysis of the substrate was followed
role in catalysis 0) or in which the two zinc ions are both by measuring the decrease in absorbance at 260 nm for
involved as a binuclear cente, (17, 40). cephaloridine, cephalothin, and cephalexin and at 235 nm
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for benzylpenicillin and the increase in absorbance at 490 Scheme 4
nm for nitrocefin.

k2

The kinetic constants were generally measured by follow- ’y S —-Evp
ing the entire course of the reaction. Rate constants were E” K
estimated by using Cary Win UV kinetics application Version Kl
02.00 Q6). N\ g — er

Preparation of Cephaloridine, Cephalexin, and Cephal- ky
othin Hydrolysis Products at p 7, Enzymatically, Using ) . . ) .
E. clocae P99-LactamaseTo 0.6 mL of 102 M cepha- The assumptions involved in using this model are as

losporin (0.1 M MOPS, pH=7.0,1 = 1 M, 30 °C) was follows: ES reaches the steady-state instantaneolsdy;
added 6uL of a 10 M stock solution ofE. clocaeP99 K- kil, andk-s are much greater thaa andk 4 k-4 < ki

B-lactamase, and the mixture was left for about 10 min at @nd the depletion of the free substrate is negligible.
30 °C until the hydrolysis of the antibiotic was complete. The progress curves of nitrocefin hydrolysis were recorded

The enzyme was then removed from the mixture by &t30°Cin 0.1 M MOPS buffer, pH=7.0,1 = 1M, [Zn*’]

centrifugal ultrafiltration using a Microcon (Millipore) = = 9 x 10°° M, in the presence of different concentrations
centrifugal filter device, with a YM-10 (green top)10000 of cephalothin degradation product, obtained after 6 h
NMWL sample reservoir. incubation in 0.1 M MOPS buffer, pkE 7.0, as described

Estimation of Kinetic Parameters for Slow Binding Inhibi- Previously. The reaction was initiated by the addition of
tion. The model used for treating cephalothin degradation €nZyme (0.25 nM) to a mixture of nitrocefin (#8v) and
product inhibition of Bell (Scheme 4) was that proposed by c&Phalothin degradation product (no preincubation)u§0
Morrison and Walsh43) for the action of slow binding mL BSA Was_added in the assay cell solution to minimize
inhibitors. the denaturation of Bcll present at low concentrations.

The progress curves of Bcll-catalyzed hydrolysis of Yo Vs andkwere determined by fitting the progress curves
nitrocefin, P, in the presence of cephalothin degradation t© €d 1 for each inhibitor concentration, using SCIENTIST

product were fitted to the equation: (Micromath Scientific Software) software. Plots oi’d And
1/vs against inhibitor concentration ga¥e andK;*, respec-
P=ud+ (vp— vl — e Yk (1) tively (egs 2 and 3). The value &f, was determined by

fitting the dependency df on| to eq 4, with SCIENTIST,
wherevg, v, andk represent respectively the initial velocity, using thek; andK;* values previously obtained, ard was
the final steady-state velocity, and the apparent first-order calculated from eq S/max andK, were calculated by fitting
rate constant for the establishment of equilibrium between directly the initial rates to the MichaetidMenten equation.

El and EI* and are defined by the equations: Determination of Thiol Concentration Using Ellman’s
ReagentEllman’s reagent [5,&dithiobis(2-nitrobenzoic acid)
Y = VinaS 2) (DTNB)] stock solution (20uL, 1072 M) in dioxane was
0 g+ K(1+ 1/K) injected into 2 mL of 0.1 M MOPS|, = 1 M, at 30°C. To
this solution was added 20 of a 1072 M stock solution of
V.= VinaS ©) cephalosporin hydrolysis product, and the increase in ab-
$ S+ K1+ 1K) sorbance was measured at 412 nm, corresponding to the
| release of 3-carboxy-4-nitrothiophenolate anion. The extinc-
1+ KA+ K tion coefficient of this anion, determined by calibration with
k= k *( m) @) L-captopril, is 13500 M* cm™%, and the thiol concentration
—4 14 I in the assay cell was calculated using the LambBger law
K1+ SK,) (44).

NMR SpectroscopyH NMR spectra were recorded on a
where K; = k_s/ks is the dissociation constant of the EI Bruker AMX-400 spectrometer using an initial cephalosporin
complex andK* is the overall dissociation constant: concentration of x 1072 M in deuterated buffer (phosphate,

MOPS). The ionic strength was kept constant, 0.5 M, by
Ki* =k Kil(k 41 ky) (5) means of potassium chloride. pD values were taken as pH
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Ficure 1. Variation of UV absorbance at 260 nm)(and 331 nm M) of 1072 M cephalexin incubated in 0.1 M NaOH and then diluted
(100-fold), at various times, into 0.1 M MOPS, pH 7.0. The solid lines represent the sequential first-order fit of the experimental data
points. Standard deviations are below 10%.
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66% 33%
meter readings- 0.40. The buffer solutions and the NMR  hydrolysis so that the ratio of normal hydrolysis0f to

core were thermostated at 30; the temperature in the NMR  aminolysis product is 2:1 (Scheme 5). The enzyme-catalyzed
spectrometer was calibrated by measuring the shift differencehydrolysis of cephalexing) by both serine and metal|é-
between the Cland the OH peaks\) of a recently prepared  lactamases yields the hydrolysis produt®)(only. It was
sample of 100% ethylene glycol using the equatior= possible to compare the effectiveness of the inhibitory
(4.637 — A)/0.009967 as in the VT-Calibration Manual properties of the two different products, that from intramo-
(Bruker Instruments). To some of the solutions was added lecular aminolysis, the diketopiperazin®@),(and that from

0.5 mg of P99-lactamase. The degradation reactions were normal hydrolysis 10). The intramolecular aminolysis
also studied in KD. Samples were taken at adequate time product of cephalexin9) was prepared as described previ-
intervals, frozen with liquid nitrogen, and freeze-dried and ously @5), and the hydrolysis product of cephalexihOyf

the spectra recorded. The sample tube diameter was 5 mmwas obtained enzymatically using P99 serfhactamase.

and 3-(trimethylsilyl)-1-propanesulfonic acid (DSS) was used  pjiquots (20uL) of a stock solution of cephalexin (10
as internal reference. Chemical shifts are in parts per million. \y ere incubated in 0.1 M sodium hydroxide and then, at
The spectroscopic data obtained were similar to those givenyarious times, injected into 2.0 mL of MOPS buffer (0.1
by previous authors4@, 45, 46, 47). M), pH 7.0, containingB. cereuss69/H/9 class B metallo-
5N,'H experiments were performed on a Bruker Avance B-lactamase (Bcll) (16 M) and nitrocefin (105 M) to
DMX-600 instrument, and long-rang&N(C)H correlations  mgnitor enzyme activity. It was found that the measured
detected byH—**N HMQC (heteronuclear multiple quantum ¢ty of the enzyme was dependent on the length of time
coherence) with a refocusing delay of 16.7 Afgl{c)) were cephalexin had been incubated in the sodium hydroxide
used to observe the histidine imidazole rings as describedgg|ytion (Figure 2) and the amount added (not shown). For
previously €6). The®N NMR experiments of the complex  example, after 20 h incubation in sodium hydroxide solution,
between the*N-labeled BCII and cephalexin degradation  ihe mixture of hydrolysisX0) and intramolecular aminolysis
product were carried out by adding 1aQ of neutralized  (g) products from 16* M cephalexin causes complete loss
102 M cephalexin degradation product., obtained in 0.1 M (>98%) of enzyme activity. However, after 1 week of
NaOH, to 1 mL of 1 mM BCII solution in pH= 7.1, 0.01  jycypation, the solution of degradation products caused no
M HEPES, 0.1 M NaCl, and 0.005 mM Zhat 298 K. loss of enzyme activity. Incubation of cephalexin in aqueous
sodium hydroxide produces an inhibitor of Bcll within 1 h.
RESULTS AND DISCUSSION The degree of enzyme activity, after the addition of degrada-
(i) Hydrolysis and Degradation of Cephalexithe tion products (1x 104 M total), as a function of the time
degradation of cephalexiB)in water as a function of time  cephalexin had been incubated in 0.1 M sodium hydroxide
can be monitored by a change in its UV spectrum at 260 is shown in Figure 2. Variation of the concentration of
and 331 nm (Figure 1) and by NMR. degradation product added indicated that inhibition was
The degradation route of cephalexin in aqueous solution competitive with an apparei of 0.4 uM, determined after
depends markedly upon pH& ). From pH 7 to pH 9 the 28 h, at [Zr#*] = 1 uM. This inhibition constant represents
major product results from intramolecular aminolys® (  a minimum indication of the potency of the inhibitors because
whereas in 0.1 M sodium hydroxide there is competitive it is calculated on the assumption that all of the cephalexin
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concentration in the assay cell was determined using Ell-
man’s reagent44). That inhibition is due to the formation

of a thiol from the degradation products was demonstrated
by a similar time response to Ellman’s reagent, the amount
of enzyme inhibition being proportional to the amount of
thiol present. Maximum inhibition of Bcll occurs at a point
corresponding to maximum thiol concentratior 80%)
derived from9 and 10, which is reached faster (4 h) for the
intramolecular aminolysis produc®)((Figure 3) than from
the hydrolysis product (23 h)LQ) (Figure 4). This may be
due to the diazadione side chain giving a more stable
intermediate compared with a carboxylate anion. The re-
covery of enzyme activity is due to the loss of the thiol which

cephalexin degradation product, as a function of the time cephalexinis removed by a pH-dependent reaction. For example, if the
has been incubated in 0.1 M agueous sodium hydroxide. The SOlldth|0| generated from Cepha'exiﬁ)(by incubation in 0.1 M

lines represent the sequential first-order fit of the experimental data

points. Standard deviations are below 10%.
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Ficure 3: Variation of the thiol concentratiom{ as a function of

the time the cephalexin intramolecular aminolysis prod@c¢10—2

M) has been incubated in 0.1 M sodium hydroxide and then diluted
100-fold into 0.1 M MOPS, pH 7.0. Variation of Bcll activitym,
after adding 10* M cephalexin intramolecular aminolysis product
(9), as a function of the time compouchas been incuated in 0.1

M sodium hydroxide. The solid lines represent the sequential first-

order fit of the experimental data points. Standard deviations are

below 10%.

sodium hydroxide for 20 h is transferred to solutions of
different pH, the rate of recovery of enzyme activity varies
with pH (Figure 5). If the thiol solution is kept at pH 13,
then it remains an effective inhibitor for Bcll for more than

2 days because the thiol is stable under these conditions,
although it is eventually removed after about 1 week by
oxidation following hydrolysis of the imine. Conversely, at
pH 7 and 2 the inhibitory properties are lost as the thiol is
oxidized over 12 days.

These observations are compatible with the reactions
outlined in Scheme 6. It is known that the hydrolysis products
of cephalosporins undergo epimerization and degradation
(48). Epimerization at C6 involves ring opening of the
dihydrothiazine to generate a thiol intermediad&)( Two
thiols (11 or 12 and 13 or 14) can be potentially generated
by dihydrothiazine ring opening which are a tautomeric
equilibrium of imine and enamine. The thiol iminium ion
(13 or 14) is formed directly by unimolecular ring opening
whereas the thiol enaminéX or 12) is the result of base-
catalyzed elimination across €6 and ring opening
(Scheme 6). It is presumably one of the thidld 6r 12, or
13 or 14) shown in Scheme 6 that causes inhibition of the

derivatives were present as the inhibitor. Furthermore, thesemetallof-lactamase by coordination to the active site zinc,

products are derived from a mixture of the hydrolysis product
(10) and the intramolecular aminolysis produg}. (Solutions
of 9 and10, 102 M, were incubated in 0.1 M NaOH at 30

as has been suggested for other thi@8).( The iminium
ion (13, 14) is slowly hydrolyzed to the corresponding alde-
hyde at C6 {7 or 18) and the thiol enamin€l@). The latter

°C, and, as described above, after different incubation times,can also undergo further hydrolysis to teketo-d-thiocar-
the UV absorbance of the solutions was monitored and their boxylic acid 0), which can form the thiolactone()(46)

effect on Bcll activity measured. In addition, the thiol

Boll activity/%

or be oxidized to the disulfide2@), thus removing the thiol.

20 30

timeffours

50 60 70 80

Ficure 4: Variation of the thiol concentrationa] as a function of the time the cephalexin hydrolysis prodd€) (102 M) has been
incubated in 0.1 M sodium hydroxide and then diluted 100-fold into 0.1 M MOPS, pH 7.0. Variation of Bcll aclitgfter adding 10*

M cephalexin hydrolysis productL(), as a function of the time compourd® sodium hydroxide. The solid lines represent the sequential
first-order fit of the experimental data points. Standard deviations are below 10%.
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Ficure 5: Variation of Bcll activity, after adding I@ M cephalexin degradation product that has been kept for 20 h in 0.1 M sodium
hydroxide, as a function of the time it has then been incubated at #,2H 7 @), and pH 13 4); time O corresponds to the incubation

of cephalexin (10?2 M) in 0.1 M sodium hydroxide for 20 h. The solid lines represent the first-order fit of the experimental data points.
Standard deviations are below 10%.
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Ry o Ficure 6: Plot of the evolution of cephalexin degradation products,
the acid @, 10) and its epimer £, 16), at pD 12.4 and 30C
o No" 0 " followed by H NMR and Bcll activity @) as a function of time
15,16 20 at the same conditions. The solid lines represent the first-order fit
»:/ wdaﬁo,, of the experimental data points. Standard deviations are below 10%.
S
o ) . .
j/:z “'2";' leading to H-D exchange. Consequently, it appears that
HO

epimerization occurs through iminium ion formatidr) and
that the ring closure occurs faster than enarmingne
" o b i o i tautomerization. This suggests that thiol imiis present
0.13,1517 S~ = P“Ij_ 1 = = IQ: in solution, and although not present in high concentrations
R2 N Rz "% it is sufficiently long-lived for it to be trapped by the
metalloenzyme and by Ellman’s reagent.
Time-dependentH NMR studies of the degradation of
To distinguish which of the possible thiols present in the the cephalexin hydrolysis produdt@) at pD 12.4 show that
systemllor 12, 13o0r 14, or19or 20 (Scheme 6) is causing maximum epimerization at C6 occurs withl h (Figure 6),
inhibition, *H NMR studies were carried under the same and the epimers are very stable, in agreement with the
condition used to generate the thiol inhibitors. When ceph- inhibition profile. As no other significant breakdown products
alexin hydrolysis productlO, obtained enzymatically, is were detected over a period of 30 h, it appears that
incubated in pD 12.4, the main components after 30 h are derivatives such a$2, 19, or 20 are not present in solution
10 and its C6 epimel6. The hydrogens H6 and H7 a0 during the maximum inhibition period. The thiol responsible
and16 appear as doublets, indicating that there has been nofor Bcll inhibition is therefore most likely the intermediate
deuterium exchange. Ring opening and thiol formation as a 14. However, the intermediaté4 in solution could not be
result of proton abstraction at C7 and elimination across C7 detected directly byH NMR, suggesting that its steady-
and C6 would generate an enamih2 Subsequent ring  state concentration is less than 10% of the total degradation
closure to give the C6 epimer requires reprotonation at C7 product. Consequently, the rdglvalue for the competitive

21

10,12,14,16,18 R1=—CO;  R2 = PhCH(NH,)CONH-
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Ficure 7: H—1N HMQC spectra optimized for imidazole observation of Bcll in the presence and absence of cephalexin degradation
products at pH 7.1. The cross-peaks are shown in black for the spectrum of the enzyme alone and in red for that of the complex with
cephalexine degradation products. The four metal-bound imidazoles are labeled: His116, His118, and His196 in site | and His263 in site
Il. The three observed imidazole NH are labeled: His116-NH, His118-NH, and His263-NH.

inhibition of Bcll with the thiol intermediatd 4 is less than a hydrophobic core or for imidazoles that are involved in
40 nM. very strong hydrogen bond49). Of the seven histidines of
5N NMR studies of the complex betweéiN-labeled Bcll Bcll, all four that chelate the two metals (H116, H118, H196,
and the cephalexin degradation product, obtained in 0.1 M and H263) have observable imidazole signals. These signals
NaOH, show that binding of the inhibitor affects substantially disappear when the metals are removed with EDTA.
both zinc binding sites in the enzyme. The resonances of all In the case of the monocadmium Bcll, none of the metal-
the unprotonated imidazole nitrogens involved in zinc bound imidazole signals can be observed because of the fast
binding (Ne for His116 and His196 and Nfor His118 of chemical exchange caused by the “jumping” metal ion
the histidines in site |, and &for His263 of the histidine in between the two site2¢). Therefore, the observation by
site 1) show large downfield shifts: 8 ppm for His116; 18 *H—'N HMQC of the four active site imidazoles involved
ppm for His196, 9 ppm for His118, and 10.5 ppm for His263, in metal binding is only possible for the dimetallic enzyme.
much larger than those reported previously for the complex In the present situation with cephalexin degradation products,
between Bcll andR/S)-thiomandelate3J). It appears that  the four metal-bound histidine imidazole signals are observed
the thiol of the degradation product binds to the zinc ion, and are the only imidazole signals affected by the presence
which in turn perturbs the metal-bound histidines. of the inhibitor. This situation is very similar to that observed
NMR experimentdH—15N HMQC optimized for observa- ~ with the inhibition by thiomandelate, which has been fully
tion of the long-range couplings in the imidazole rirf&pY characterized by Cd, N, and H NMR as a dimetallic enzyme
allow one to correlate two nitrogens with the two (C)H (50). There is therefore little doubt about the presence of
protons within each imidazole. The imidazole resonances of two metal cations in the complex with cephalexin degradation
the metal binding histidine residues (His116, His118, and products. In the case of the monocadmium Bcll, the inhibitor
His196 in site |, His263 in site 1I), have been assigned to (R)-thiomandelate induces a very strong positive cooperat-
individual residues for the free enzym@gf. Whereas there  ivity for binding the second cadmium cation, but this has
are changes id°N and (C)H chemical shifts on inhibitor ~ not been explored with the thiol from cephalexin.
binding, the pattern of connectivities in the HMQC spectrum  TheH—N HMQC experiments show that the four metal-
(Figure 7) permits the assignment of the imidazole reso- bound imidazole nitrogens are more affected in the complex
nances in the spectrum of the cephalexin degradationwith the cephalexin thiol (Figure 7) than in the complex with
products as done previously foR} and ©-thiomandelic (R)-thiomandelate 33). The backbone NH chemical shift
acid complexes by comparison with the spectrum of the free differences between the complex and free enzymeRpr (
enzyme 83). The observation by NMR of both the imidazole thiomandelate and cephalexin thiol show that both inhibitors
(N)H resonance and the imidazole N(C)H correlation in affect the backbone the same way.
aqueous solution is rare because of the fast chemical (ii) Cephaloridine and Cephalothin Degradation Products.
exchange with water protons. These signals are observed onlynhibition of Bcll was also observed by the degradation
for imidazoles that are protected from the bulk water as in products from cephaloridine28) and cephalothin 24).
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Scheme 7

However, these antibiotics generated less effective inhibitors
than that from cephalexin. Cephaloridine degradation prod-
ucts, generated by incubation of cephaloridine in 0.1 M
sodium hydroxide, inhibit Bcll with an apparei§ of 35
uM, at [Zr?*] = 1 uM, whereas those from cephalothin give
akK; of 45uM, at [Zr?t] = 1 uM.

Cephaloridine Z3) and cephalothin24) hydrolysis prod-
ucts differ from that derived from cephalexin because
pyridine and acetate, respectively, at C3 are expelled to give
thea,f-unsaturated imin@5 (Scheme 7)48). Although, in
this case, the imin&5 cannot readily undergo unimolecular
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presence of thiol using Ellman’s reagent, which indicated
that the total amount of thiol present in the assay cell, at the
time corresponding to maximum inhibition, is about 41,
representing 9% of the total original cephaloridine concentra-
tion.

Similar behavior was seen using the hydrolysis product
derived from cephalothin, obtained enzymatically with
P99 -lactamase, under the same conditions as above but
using 8.11uM Bcll. The minimum enzyme activity, 7%,
was attained afte7 h 20 min ofincubation of the hy-
drolysis product at pH 7.0, in the presence of the enzyme

(I
S

ring opening to generate a thiol, because of generating an(Figure 8). When the hydrolysis product was incubated at

unstable carbocation at C6. However-§ bond cleavage
can occur by a slower process involving base-catalyzed
elimination across CG#C6 to generate the conjugated imine
26 (Scheme 7) and as shown by the observation of deuterium
exchange and epimerization at C&7).

The hydrolysis product from cephaloridin23j (1072 M),
obtained enzymatically using P@9actamase, was incubated
in MOPS buffer at pH= 7.0, [I] = 1.0 M, [Zr*"] = 5 x
10°° M, in the presence of 3.24M Bcll. At different
incubation times, 1@L aliquots of this solution were injected
into 2 mL of MOPS buffer, and the enzyme activity was
measured against a control. There was a reduction in activity
to less than 10% (aftel h 40min), followed by a subsequent
reactivation of the enzyme after about 1 day (Figure 8). A
similar inhibition profile was obtained if the cephaloridine

hydrolysis product was incubated under the same conditions

as above, but without the enzyme present in the incubatio
mixture. The incubation mixture was also tested for the

n
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Ficure 8: Variation of Bcll activity as a function of the time Bcll
has been incubated with 10M cephaloridine 4) or cephalothin
(m) hydrolysis product, in 0.1 M MOPS, pH 7.0. The solid lines
represent the sequential first-order fit of the experimental data
points. Standard deviations are below 10%.

pH = 7.0 in absence of the enzyme, its activity was reduced
to only 28%.

In contrast to these observations, the cephalexin hydrolysis
product incubated at pH 7.0 does not show any significant
inhibition of Bcll, due probably to the reduced stability of
intermediatel4 in neutral pH, compared with the neutral
imine at higher pH. With cephalexin, inhibition only occurs
when the hydrolysis product has been incubated in 0.1 M
sodium hydroxide, as described previously.

Scheme 8 shows the main degradation pathways for
cephaloridine and cephalothin at pb7.4 and 3C°C. Time-
dependent product analysis By NMR correlates well with
the results obtained from the kinetic inhibition experiments.
The dimer30 of the ketothiol28 was detected soon after
the hydrolysis products from cephaloridine and cephalothin
were formed, and it was therefore possible tB&twas
responsible for the inhibition of Bcll. However, a kinetic
analysis of the evolution of the NMR signals indicates that
the rate of oxidation o28to 30is too fast to correspond to
the rate of recovery of enzyme activity. The din3&rcould
be reduced to the thid28 by the addition of DTT to the
solution of the hydrolysis products after 20 h of incubation
at pD=7.4. The signals 080 broadened and shifted upfield,
indicating that the disulfide bridge was broken and the new
signals were due to the formation @B. When Ellman’s
reagent was added after the same time period, there was no
signal shift, which would be expected if the signals were
due t026 or 28 rather than30.

Further evidence for the degradation pathway of cepha-
loridine and cephalothin following that shown in Scheme 8
comes from experiments carried out under the same condi-
tions as those above but in the presence of Ellman’s reagent.
Ellman’s reagent traps the intermediate t26l forming a
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disulfide bridge and so prevents ring closure and epimer-
ization to give27. No 'H NMR signals corresponding to
the C6 epimer27 appear, and those corresponding to the
C2 protons of intermediate6 are shifted slightly and appear
as an AB system, indicative of magnetic nonequivalance in
the Ellman disulfide adduct. A similar situation occurs with
the C2 proton signals of the dim&0, which, after the ¢ T " - T
addition of DTT, are shifted back to their original positions Time /hours

and multiplicity. Ficure 9: Plot of the evolution of (a) cephaloridine and (b)
Plots of the integrals of compounds shown in Scheme 8 cephalothin degradation products, the ac#, 25 and the
against reaction time (Figure 9) demonstrate that the intermediate 4, 26), at pD 7.4 and 30C followed by 'H NMR
concentration of intermedia®6 builds up at the same rate ?ﬂd F’C” activity -)t asa fU“Ct'Ot.“ loff t"t“e gt ”]}.‘? same CO“d'.t'O”St- |
as that fqr the loss of enzyme gctivity. The time at wHiéh . datea 'Sgif]trse_ péizggardedsé?/?:t?gn? a;:as bgo&vr 1'080_ € expenmenta
reaches its highest concentration matches the time at which
the enzyme shows its greatest inhibition. Furthermore, as
the concentration d6 slowly decreases, the enzyme activity and the inhibitor would become apparent (Scheme43). (
recovers at a similar rate. With lower enzyme and higher substrate concentrations and
If the hydrolysis products of cephalexin, cephaloridine, in the presence of different concentrations of cephalothin
and cephalothin (1@ M), obtained enzymatically using P99, hydrolysis product, an initial “burst” of the rate, was
respectively, are reacted with Ellman’s reagent (1) in followed by a progressive decay to a steady-state rate
MOPS buffer (0.1 M, pH 7.0, [ZnE5 x 10°M,[I] =1.0 (Figure 10). Bothyy and vs were found to decrease with
M), the slow increase in absorbance at 412 nm, correspond-increasing inhibitor concentration, and reaching the steady-
ing to formation of a thiol, reaches a maximum after about state rate was faster at high inhibitor concentrations, in
15 h. The amount of thiol formed corresponds to 67% of agreement with the model in Scheme 4 and to eg4.2
the total cephalexin hydrolysis product concentration butto  The parameters depicted in Scheme 4 are presented in
only 15% and 9% of the total cephalothin and cephaloridine Table 1 and were determined as described in the Experi-
hydrolysis product concentrations, respectively. mental Procedures. The inhibitor concentration used in the
When the hydrolysis products of cephaloridine and cepha- calculations was 10% of the total cephalothin degradation
lothin are incubated with the enzyme, there are higher levels product added, as determined #y NMR (Figure 9b) for
of inhibition compared with no enzyme present. This could intermediate26. A good fit of the data (Figure 10, solid lines)
be explained either by a slow binding between the enzyme was obtained using these parameters, suggesting that inter-
and the inhibitor or by the fact that the enzyme stabilizes mediate26is a slow binding inhibitor of Bcll. Also, because
the active form of the inhibitor by favorable binding the concentration required for detectable inhibition is much
interactions. To distinguish between the two mechanisms of greater (2-3 orders of magnitude) than that of the enzyme,
inhibition, the conditions used to monitor the enzyme activity the thiol intermediat&6 is not a tight binding inhibitor of
were modified so that a slow interaction between the enzyme Bcll.

Relative Concentration (referred to 1 H)
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Ficure 10: Inhibition of Bcll as a function of the concentration
of thiol intermediate26. All assays are performed in 0.1 M MOPS
buffer, pH 7.0 = 1 M, [Zn?"] =5 x 10-5 M. The concentrations

of the substrate and enzyme wereil and 0.25 nM, respectively.
The reaction was initiated by addition of enzyme to a mixture of
substrate and thiol intermedia®6 at the concentration indicated

in the figure. The filled squares represent the experimental data
points and the solid lines, the fit of the progress curves to the eq 1,
using thevg, v, andk values calculated from eqs—2 with the
parameters in Table 1. Standard deviations are below 10%.

Table 1: Parameters for Inhibition of the Bcll-Catalyzed Hydrolysis
of Nitrocefin by Thiol Intermediat@6?

parameter calcd value parameter calcd value
[E] (nM) 0.25 Ki (uM) 3.74
[S] (uM) 75 Ki* (uM) 0.5
Km («M) 211 ks (x10¢s7Y) 195
Vmax (NM/s71) 5.16 ko4 (x10¢sY) 3.01

a Standard deviations are below 10%.

The fact that, under the same conditions, the thiol
intermediatel4 produced from the degradation of cephalexin
in 0.1 M NaOH does not show slow binding inhibition of
Bcll suggests that the slow step may be due to the lower
degree of flexibility in the three conjugated double bond
systems in the thiol intermedia®6 compared with the two
conjugated double bond system in the thiol intermedidte
The slow binding inhibition of IMP1 and Bcll by thiols has
been reported previoushbl). It was found that the slow
binding character is significant for neutral thiols but decreases
on introducing anionic groups into the molecule, with

decreasing distance between the thiol and anionic substituent.

The molecular mechanism proposed for the slow interaction
involves the rearrangement of the enzyme, following the
rupture of theu-OH bridge upon coordination of the thiol
to the Zn(2), or the replacement of theOH bridge by the
u-SR bridge. The rate constaisandk_, for the rearrange-
ment of the El complex for IMP15() and benzylmercaptan
are 16- and 45-fold, respectively, greater than those for Bcll
with the thiol imine26. The slower reaction in the latter
case is indicative of the slow step being a rearrangement of
the thiol intermediaté26 in the enzyme active site, rather
than the enzyme rearrangement or the nucleophilic substitu-
tion of OH by SR proposed for neutral thiols.

The recovery of enzyme activity of Bcll after it has been
incubated with the inhibitor does not return to 100%, possibly

because, after long incubation times, a subsequent oxidation

Biochemistry, Vol. 44, No. 24, 2008587

occurs between the thiol groups of the inhibitor and the
cysteine residue in the enzyme active site, with the formation
of a disulfide bond which irreversibly inactivates the enzyme.

Interestingly, under the same conditions, the benzylpeni-
cilloic acid generated from benzylpenicillin does not give
any degradation products that cause inhibition up to 1 mM.
This is presumably because the analogous ring-opened
thiazolidine (Scheme 2) is less stable and cannot be trapped,
even though it is known that penicillin derivatives also
undergo epimerization at C5 and Cl(52). We make no
claims about the physiological relevance of our observations,
but the data presented here do raise the possibility that
suitably substituted cephalosporins could be used for inhibit-
ing both transpeptidases and metgliactamases.
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