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ABSTRACT. Time-resolved infrared difference spectroscopy has been used to show that the carbonyl group
of the acylenzyme reaction intermediate in igrobacter freundiif-lactamase-catalyzed hydrolysis of
methicillin can assume at least four conformations. A single-turnover experiment shows that all four
conformations decline during deacylation with essentially the same rate constant. The conformers are
thus in exchange on the reaction time scale, assuming that deacylation takes place only from the
conformation which is most strongly hydrogen bonded or from a more minor species not visible in these
experiments. All conformers have the same (10 8mmarrow bandwidth compared with a model ethyl
ester in deuterium oxide (37 cr§) which shows that all conformers are well ordered relative to free
solution. The polarity of the carbonyl group environment in the conformers varies from ‘ether-like’ to
strongly hydrogen bonding (20 kJ/mol), presumably in the oxyanion hole of the enzyme. From the
absorption intensities, it is estimated that the conformers are populated approximately proportional to the
hydrogen bonding strength at the carbonyl oxygen. A change in the difference spectrum at 1828 cm
consistent with a perturbation (relaxation) of protgirsheet occurs slightly faster than deacylation.
Consideration of chemical model reactions strongly suggests that neither enamine nor imine formation in
the acyl group is a plausible explanation of the change seen at 1628 Arturnover reaction supports

the above conclusions and shows that the conformational relaxation occurs as the substrate is exhausted
and the acylenzymes decline. The observation of multiple conformers is discussed in relation to the poor
specificity of methicillin as a substrate of thidactamase and in terms of X-ray crystallographic structures

of acylenzymes where multiple forms are not apparently observed (or modeled). Infrared spectroscopy
has shown itself to be a useful method for assessment of the uniqueness of esmpsteate interactions

in physiological turnover conditions as well as for determination of ordering, hydrogen bonding, and
protein perturbation.

Many approaches have been used to gain a deeper insigh(l). While X-ray crystallography can provide a detailed
into the mechanism of action gflactamases, which confer  picture of the static enzyme or ‘stable’ reaction intermediate,
resistance upon bacteria agaifistactam antibiotic action infrared spectroscopy can be used to obtain time-resolved
information concerning the ‘working’ system in close to
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fast but structurally weak methods of UV/vis absorbance and cm™, a very small peak at 1709 cihfrom residual aldehyde,
fluorescence spectroscopiks 4). To our knowledge, there  and a band at 1643 crharising from the Schiff's base-
is only a single example in the literature of the application C=N-— group. The relative absorbance intensity of the imine
of IR spectroscopy to the study of tifelactamase mecha- group as compared with the aldehyde carbonyl group (ca.
nism. Thus, Knowles and co-workets) Gtudied the interac-  30%) was calculated by using the cyano group absorbance
tion of the class A, plasmid-encodé&d coli RTEM enzyme in the parent aldehyde and Schiff's base as a reference.
with the cephalosporin cefoxitin. They observed the forma-  TheCitrobacter freundii(E. coli Amp-C type)s-lactamase
tion and subsequent decline of an absorption band characwas prepared and its concentration determined as previously
teristic of an ester carbonyl group upon acylation with the described12). For IR experiments, the enzyme (5 mL) was
antibiotic. This was taken as evidence that catalysis of the concentrated to 0.5 mL, washed, and reconcentrated with 3
hydrolysis of cefoxitin proceeds via an acylenzyme. On the x 5 mL of 10 mM Tris buffer, pH 7.0, using an Amicon
basis of subsequent model studies, performed in our labora-pressure concentrator, freeze-dried, and then dissolved at 0.5
tory (4), it may be concluded that this ester carbonyl, whose mM in 10 mM Tris buffer, pM 7.25, made up in deuterium
absorption at 1753 cm decays over a period of several oxide. This solution was kept at€ for 48—72 h prior to
minutes, is poorly, if at all, hydrogen bonded into the experiments to ensure extensive hydrogdeuterium ex-
oxyanion hole catalytic device. This correlates with cefoxitin change.
having a low deacylation rate and being a very poor substrate  |nfrared ExperimentsMethicillin was dissolved in the
for the enzyme with respect to turnover. In this paper we same buffer immediately prior to experiments. The reaction
report some IR spectroscopic measurements ofai®®-  mixture for the turnover experiment, in which there was a
bacter freudii (AmpC) enzyme acylated with the semi- 2 7.fold excess of methicillin over the enzyme, comprised
synthetic penicillin methicillin 7). Methicillin was introduced  g_jactamase (10@L, 0.5 mM) and methicillin (1QuL, 15

mM) of which 90uL was injected into the ‘in situ’ IR cuvette
HH described previouslyd( 13. For the single-turnover experi-
H, ment, 2ulL of methicillin solution was used to ensure that
"CH, [E] = [S]. IR spectra were measured using a Bruker IFS66
€0, Na* spectrometer, and 256 scans were accumulated, centered
upon 30 s intervals, over a period of 20 min at 4 ¢ém
resolution and a scan rate of 17'swith a scanner
modulation frequency of 180 kHz. The absence of interfer-

Lor dt:slatsrir;egt ?Lgrsat‘;n'ﬁ c’l‘sj'é'gsc'glf ecetlnc;gs”iﬁggés Irteisslsst%r\l,\tllto ence by water vapor bands in the IR difference spectra was
yaroly y pny P : Y ascertained by superposition of a water vapor spectrum to

hydrolyzed by the class C enzymes and therefore makes a o
; show that there were no coincident bands.

useful probe for the mechanisms of these enzy@edany

common structural features are shared amongStlecta- RESULTS AND DISCUSSION

mases and the antibiotic target transpeptidases, which

indicates that these protein families have a common ancestry Single-Turneer Experimentln the single-turnover experi-

CH;

Methicillin (1)

(7, 8. The Citrobacterenzyme is a class C enzyme g ment shown in Figure 1, the bands assigned to the acyl
39 000 and is chromosomally encoded. It is inducible in the carbonyl group occur at 1742, 1728, 1707, and 1683'cm
presence ofi-lactams, and mutants derepressed/fdac- There is some noise in the spectra, but kinetic analysis shows

tamase synthesis can be selected in the presence of antibiothat all of these bands decline during deacylation with
ics. The structure of the enzyme acylated with aztreonam essentially the same first-order rate constant [8.8.9) x

has been reported®). A well-organized interaction of the 1072 s7%, 18 data points used for estimation of each rate
aztreonam acyl carbonyl group with the oxyanion hole is constant]. This implies that the conformers are in exchange
present in this complex. A single conformer of the acyl group on the time scale of the experimerit3( 25, 2. Product
has been modeled to fit the electron density. This and other(carboxylate) formation is represented by the band at 1593
similar structures 10, 11, 25, 2§ form the basis for the ~ cm™, and the rate constant for the formation of this band is
discussion of the properties of the acylenzyme with methi- (1.2 + 0.2) x 102 s™! (18 data points), in reasonable

cillin. agreement with that for the loss of the acylenzyme species.
While the assignment of the three bands at 1742, 1728, and
MATERIALS AND METHODS 1707 cmlis satisfactory, it is possible that the band at 1683

Materials. Deuterium oxide (99%))-cyanobenzaldehyde, cm? a_lrises fr_om perturbation of the protein structure upon
and ethylamine hydrochloride were supplied by Aldrich, acylation. This could occur in one or mofeturns in the
Gillingham, Dorset, U.K. All other chemicals were obtained Protein or reflect a change in the minor high-frequency
from Sigma, U.K. component of antiparallgl-sheet, since both these structural

The Schiff's base formed betwegrcyanobenzaldehyde features absorb in this reg'iomé(, 15. Protein pert'urbatiqn
and ethylamine by elimination of water was prepared by bands are often complex in shape so the relatively simple

stirring p-cyanobenzaldehyde (0.1 g) with ethylamine hy- Gaqssmn form of the band at 1683 ¢hargues in favor of

drochloride (0.07 g) and triethylamine (0.1 mL) in ethanol aSSignment to a strongly hydrogen bonded ester carbonyl
(2 mL) for 48 h at room temperature. The crystalline product 9rOUP conformer. Measurements made on substrates in f_ree
was collected by rotary evaporation and was used as sucksolution and model esters suggest that the absorption
for preparation of a KBr disk from which the IR spectrum
was obtained. The product showed a CN absorbance at 2229 ! Abbreviation: pM, pH meter reading in deuterium oxide solution.
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FIGURE 2: Time dependence and identities of some of the spectral
changes seen in Figure 1. The lines are calculated from the rate
constants given in the text.
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FIGURE 1: Time course of a single turnover in ti@itrobacter ever, since ethyl ester model of the acylenzyme absorbs at
freudii f-lactamase-catalyzed hydrolysis of methicillin. The first 1727 cn1? in deuterium oxide, the bands at 1707 and 1683
spectrum was recorded ca. 40 s after mixing of the enzyme (0.5cm™! would have to represent conformers with carbonyl
mM) and methicillin (0.3 mM) in 10 mM Tris buffer, pM 7.25, in roups in environmentsery much more polar than water.

deuterium oxide. Subsequent spectra were recorded at 30 s interval imat timat fth . . tal dielectri
as described under the Materials and Methods. Difference spectra PProxXimate estimates or tne microenvironmental dielectric

were constructed by dividing each of the single beam spectra by constants for the carbonyl groups of these conformers from
the last one. A total of 19 spectra were used for kinetic analysis, IR studies of model esters gives values of 110 and 180,
and those near the end of the reaction were superimposable (subjegiespectively {7). While not impossible, since formamide has

to noise fluctuations), which showed that the reaction was complete. ;| 1o of 110, these high values are more likely to arise
A subset of early spectra is shown in the Figure. Note that the ~ . iy f hvd bondi

unusual form of the difference spectra results from the ‘first minus Primary irom nydrogen bonding. _ .
last method used for their construction. Thus, all the product ~ The time courses of several of the dynamically changing

absorbance is present in the first difference spectrum and is afeatures seen in Figure 1 are plotted in Figure 2. It is apparent
negative feature which disappears with time. The acylenzyme that the change seen at 1628 émroceeds at a similar but

features, fully formed before the first spectrum was taken at 40 s, _: _ 2 1
decrease with time. The absorbance scale refers to the first spectrun§IIghtIy faster ratel, = (ZZOi 0'2.) x 107 577 comp a_red
but is the same for all the stacked plots. Only the zero level has tO that of product formation. This frequency is within the

been shifted downward for the subsequent plots. range for a change in structure of protélrsheet (1626

1640 cmY), and therefore the change may be ascribed to a
coefficients of the carbonyl groups in each of the conformers relaxation of the structure coincident upon or immediately
are likely to be similar4, 16, 17. Therefore the distribution  prior to deacylation14, 15. The observation of relaxation
of the conformers can be calculated from the band areas toupon deacylation requires that a structural change of the same
give the following: 1737 cmt, 10%; 1727 cm?, 20%; 1707 form is induced upon acylation but that it is complete, as is
cmt, 29%; and 1683 cm, 41%. There is a progression in  acylation (since there is no absorbance at 1760 'cm
the population of the conformers as the hydrogen bonding characteristic of theg-lactam ring), in the first difference
and/or the polarity of the carbonyl environment increases, spectrum measured at 40 s. There is much kinetic evidence
since hydrogen bonding and an associated (or conceivablyfor protein structural isomerization of classfdactamases
independent) increase in the polarity of the environment haveas a consequence of acylation and turnover; indeed, the
the effect of lowering the carbonyl frequency (see below). approach to the steady state in the hydrolysis of furoylacry-
The width of an IR band is inversely proportional to the loylpenicillin by the freundii enzyme shows double-
mobility or dispersion of the absorbing species, and it has exponential behaviorl@). The kinetic model which fits these
generally been observed that ‘productively’ bound, strongly data requires three interconvertible enzyme forms. Despite
hydrogen bonded conformers show narrow IR bands com-the above, it is not possible to categorically assign the change
pared with a model compound in free aqueous solutibn ( seen at 1628 cnt to a change in3-sheet for the reasons
16). Unexpectedly, the four bands assigned to acylenzymegiven below. First, the absorbance change is not sufficiently
conformers here all have similar very narrow bandwidths of large to be able to exclude a change in the ligand rather than
ca. 10 cm?, which implies a high degree of ordering and the protein structure as being responsible for this feature.
lack of mobility in all conformers, when compared with the Thus, on acylation by benzylpenicillin, ti8trep. pneumoniae
bandwidth of the model compound ethyl benzylpenicillinoate transpeptidase PBP2x IR spectrum shows a large change at
in deuterium oxide of 37 cnt (4). We cannot rule out the 1640 cntt. The intensity of the change is much larger than
existence of conformers with even lower frequencies and the intensity changes associated with the substrate and
that are even more strongly hydrogen bonded, since there isacylenzyme and so could not be explained by a change in
a distinct but complex feature centered around 1660'cm  the ligand structure. It is thus necessary to consider what
This is close to the region where tleehelix absorbs, and  changes might occur in the methicillin ester ligand of the
this absorbance might thus arise from a relatively minor freundii acylenzyme. It has been observed that absorbance
distortion of a-helix. develops at 280 nm in the UV spectrum during turnover in

As mentioned above, the possibility exists that the class Cp-lactamase catalysis (piperacillirfg. coli, AmpC;

frequency shifts arise from differences in polarity rather than M. G. P. Page, unpublished observations). When the substrate
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is exhausted and the enzyme deacylates, the absorbance atoss
280 nm disappears. The formation of absorbance at 280 nm
could represent development of a (@56) enamine

(> C=C—N <) with consequent thiazolidine ring opening and
thiolate formation. Such behavior has been observed in the
alkoxide ion catalyzed hydrolysis of benzylpenicillin, where .0
the enamine is formed from the ester intermediate as a
transient side product that reconverts to the ester and hence
the acidic product as the reaction reaches completl@n (
19). At the conclusion of the reaction, there is no residual
enamine. Aliphatic enamines, such as would be formed from __‘]“‘_%,\_,\W\/\’A,\NW
methicillin, absorb strongly in the IR with a frequency near

1655 cn! (20) and hence might be a candidate for the 1790 1720 169 L6t 159 1540
change at 1628 cm. The enamine absorption frequency is Wavenumber e

rather high but might be lowered in the enzyme active site pgyre 3: Difference spectra, acquired as in Figure 1, for 2.7
environment. The change in absorption at 1628 %tm turnovers of theCitrobacter freundiis-lactamase-catalyzed hy-
represents an increase toward the end of the reaction, not arolysis of methicillin. The enzyme (0.5 mM) was mixed with
decrease as seen for the change at 280 nm in the AmpC methicillin (1.36 mM) ca. 40 s before the first spectrum was
catalyzed hydrolysis of piperacillin. o_r.in the alkoxide ion- noqﬁ]f;uég?éi\g'tgssﬁ]bﬁfguurin;_SpeCtra being acquired at 30 s intervals.
catalyzed hydrolysis of benzylpenicillin. As far as we are

aware, there is no precedent for the formation of enamine ¢
as a persistent product, and on this basis, we conclude that s
this is not a viable explanation.

Another potential candidate is the imine groefd=N—),
which absorbs in the same region. This grouping forms in
the tautomerization of the enamine but is generally less
favorable energetically in solution chemistry than is the
enamine 20). The imine group of the unprotonated Schiff’'s
base prepared fromcyanobenzaldehyde and ethylamine has
an absorbance at 1643 ci This frequency is again
significantly higher than the spectral change observed at 1628  ° o o . e
cm L. The methicillin-derived imine would not be expected Time seconds
to absorb at 280 nm or to accumulate as a product sincericure 4: Time dependence of some of the spectral changes seen
thiazolidine ring closure should be a rapid intramolecular in Figure 3. Note that only the acylenzyme carbonyl band at 1706
addition process. The iminium form is not a candidate as €M is plotted. Tbhe %ther bands, a“hg,Ugh visible, are |inﬂu|em;1e'dh
e K, 1 near 50, wel below the p ofthe experiment 21 SE AL S8 Sl o @ nose e e

We conclude on the basis of the above that the observed1762 cm! represents thg-lactam carbonyl, while that at
spectral change at 1628 chend that seen at 280 nm inthe ca. 1593 cm? represents the formation of the carboxylate
E. coliAmpC experiment are most readily explained in terms product upon deacylation. The changes in these bands, as
of a conformational change of the enzyme. The perturbation, turnover proceeds, show the predicted behavior, i.e., a nearly
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as we have proposed f@trep. PneumoniaBBP2x ), is linear loss of methicillin and accumulation of product
likely to be in the five-strandefl-sheet region close to the respectively until the antibiotic is exhausted. Near-linear
active site, sited at the junction of tifesheet andr-helical behavior is expected on the basis of the reported Michaelis
domains of the protein, that is conserved amghigcta- parametersm, = 2 nM, ks = 0.01 s, (6)], since the

mases, transpeptidases, and carboxypeptid@es( that enzyme would be saturated until virtual completion of the

it relaxes somewhat faster than deacylation. This suggestseaction. The acylenzyme concentrations remain essentially

that conformational relaxation is a prerequisite for deacyla- constant until the substrate is exhausted and then decay with

tion, although the kinetic data presented here are too sparseffectively the same first-order rate constant as in the single-

to provide rigorous support for this hypothesis. Mobashery turnover reaction [(9.1 1.0) x 1072 s1]. Although the

and co-workers have used time-resolved CD spectroscopyk..: value measured here is in good agreement with the

to show that reciprocal conformational changes occur upon literature value, th&,, value seems very low by comparison

acylation and deacylation of thE. coli TEM1, class A with literature values for mang-lactamases and a wide range

p-lactamase during catalysis of the hydrolysis of imipenem of substrates. Accordingly, we have measurediheralue

(22) and cefepimeZ3). Such conformational changes may for methicillin using the method of referenéeand obtain a

thus be a general feature @actamase-catalyzed hydrolysis value of 490+ 40 nM. Although this value is much larger

of poor substrates. than the literature value, it does not negate the deductions
Turnaver Experiments in the Presence of Excess Methi- made above and implies that acylation is very much faster

cillin. The IR difference spectra showing the time course of than deacylation3).

the turnover of a 2.7-fold excess of methicillin is shown in ~ The band at ca. 1630 crhis, as in the single turnover

Figure 3, and the time dependence of the various componentexperiment, tentatively assigned to a perturbation in the

is shown in Figure 4. The prominent positive absorption at -sheet structure of the enzyme. This also changes only near
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the end of the overall reaction and is apparently maintained acillin shows two conformers: one reasonably well-organized
as long as there is excess substrate by rapid reacylation. Irand moderately hydrogen bonded and one where the carbonyl
turnover conditions, the steady-state concentration of thegroup is apparently exposed to solvedix. (The most likely
perturbed intermediate remains constant. reason for the observation of multiple conformers in the
Hydrogen Bond Strength in the Acyl Group Conformers. methicillin acylenzyme is the lack of specificity and hence
Ester carbonyl groups absorb at relatively high frequency lack of fit in the active site of the substrate, for which, as
[e.g., 1742 cm’ for ethyl benzylpenicillinoate in diethyl ether ~ far as deacylation is concerned, it was indeed designed to
(4)] in apolar solvents, but hydrogen bonding or a polar frustratef-lactamases! The second-order constant for acy-
environment lowers the frequency to an extent that dependslation by methicillin is a healthy 5.0« 10° M7t s7%
on the strength of hydrogen bonding or degree of polarity. presumably driven in large part by the intrinsic chemical
The ester carbonyl (Figure 1) which absorbs with the highest energy of the lactam ring-opening process, while the deacy-
frequency at 1742 cm represents a conformer in which the lation rate constant is a paltry 0.01!¢6). For benzylpeni-
carbonyl group is apparently in an environment that is well cillin, the acylation rate constant is near-diffusion-limited at
ordered (narrow bandwidth, see above) but much less polar75 x 10° M~* s71, while the deacylation constant is 31's
compared with water. The carbonyl group must thus be some 3000-fold faster than with methicillin. Unfortunately,
buried in the protein and experience no hydrogen bonding since the reaction is so fast, we are not able to perform the
in an environment with a dielectric constant similar to diethyl obvious experiment, namely, to measure the equivalent
ether D = 4). The conformer that absorbs at 1728 ém  spectra with benzylpenicillin as substrate. We conclude, then,
has the same frequency as the model ester in deuteriunthat the enzyme is simply not able to correctly position the
oxide, and so the carbonyl may be exposed to aqueousmethicillin framework, with its bulky side chain, into a
solvent. It is not properly aligned in the oxyanion hole and properly productive conformation with water correctly
represents another nonproductive confornig, (17. The positioned for deacylation. Because it cannot achieve this,
conformer at 1707 crt shows significant hydrogen bonding, the energy barriers for acquisition of other conformations
presumably but not necessarily in the oxyanion hole; it again are readily surmountable: the acyl group ‘flops about’ in
cannot be aligned optimally. The strength of the hydrogen the active site. Interestingly, Mobashery, Samama, and co-
bonding, calculated from the frequency shift, using the Morse workers have predicted, on the basis of X-ray crystal-
potential @), is ca. 12 kJ/mol, capable of providing a modest lographic structures and molecular dynamics simulations, that
rate acceleration of ca. 100-fold, if it was correctly oriented two conformers of the acyl group are in rapid exchange in
(17). The putative conformer which absorbs at 1683 €m acylenzymes of imipenen2$) and Gx-(hydroxymethyl)-
experiences strong hydrogen bonding of ca. 20 kJ/mol, andpenicillanate 26) with TEM1. In each case only a single
we might expect this to be the ‘productive’ conformer for conformer is seen in the crystallographic structures. We trust
entry into the deacylation reaction channel. Hydrogen that we have demonstrated in this communication how IR
bonding of this magnitude would provide rate acceleration spectroscopy can add an extra dimension to crystallographic
of 3000-fold if the strain induced in the ground state is and computational studies by observation of the ‘working
directed to transition state formation. We cannot rule out machine’ in solution.
the presence of other conformers with even stronger hydro-
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