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Abstruct: MoleculesmimicingclassC ~-lactarnasecatalytic reaidueswere synthesizedto study the
effect of proximal positioningof serine, lysine and tyrosine side chains on their pKa values. The three
amino acid side chains were mimicked by hydroxymethylgroup, alkyl ammonium group arrd phenol
which were linked by a short skeleton to ensure interaction among these functionrdities. Comparison
of the mimics in water showeda phenoiic pKa &creaseof up to 3.6 units. The tinding supports the
possible role of tyrosine as a general acidhse catalyst in acylationof class C 13-lactarnase.
@ 1997Elsevier Science Ltd. All rights reserved.

Discussionof the detailedmechanismof class A and C ~-lactarnases has been fieled by the recent
availabilityof high- resolutioncrystrdstructures,combinedwith experimentaland theoreticalstudies.l,z Yet,

besidesthe notionthat they rueboth serinehydrolysesand involveacyl-enzymeintermediates,there is still no
consensus on the steps leading to acylationand subsequenthydrolysis. A recent study focming on the
hydrolysisstephas suggestedthat thecyclicammoniaof the acylatedsubstrateacts as a genemlbase activating
the hydrolyticwater.]’On the otherhand,crystalstructureanalysesandmutationstudiesof class C &t@unase
havesuggestedthatTyr 150participatesin generalacidhse chemistry,particularlyin the acylationstep.ld-fIn
orderfor tyrosineto participatein suchgeneralacidhse reactionsat physiologicalpH, itapKamust be lowered
fromits originalvalue of approximately10 to a near neutralpH. LargepKa alterationhas been seen in some
lysinepaks and diacidswith closelypositionedfunctionalgroups.s Accordingly,small moleculesmimicing
class C (Wctamase activesite were designed,synthesizedand analyzedto see whetherlmge alterationin the
pKa of a phenolis possibleby proximaleffects.

The pH profile of penicillinand cephalosporinhydrolysis by class C ~-lactamasehas indicated two
catalyticallyimportantionizingaminoacidresiduesof pKanear6 and 10,4suggestingthat the residue with pKa
of 6 is that of Tyr 150. Suchlargealterationof phenolicpKa vrduehas been observedfor calix[4]arenes,sap-
nitrophenol(pKa=7.2) and their derivatives.sb The phenomena in calixarene is rationalizedby strong
intramolecuhwhydrogenbondingamongthe phenolicOH groups. The case in nitrophenolderivativescan be
explainedby through-bondinductiveeffect. However, the depressionof pKa in this enzymeis thoughtto be
accomplishedby the presenceof two lysine residuesadjacentto the phenol.ld-e$ In order to study the pKa
behaviorof Tyrpositionedproximalto twoLys andSer residues, a simplemodelcompound(1) was designed
and synthesized(Figure 1).
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In 1, Tyr, Lys and Ser are mimickedby phenol, aikyl ammonium and hydroxymethyl groups
respectively. These ftmctionaiitiesrue linked by a short skeleton to ensure interaction among these
functionaiities.The symmetricnatureof themolecuiesimplifiesits synthesisand anaiyses(Figure 1). Severai
synthetic“mutants”of 1 were aiso preparedand studied for comparison(Scheme 1). Structure2 lacks the
peripheralhydroxylgroupspresent in 1, and ailowsassessmentof the contributionof hydroxylgroups to the
PIG of the phenol. In molecule3, the phenolis protectedas a methylether,such that the pKa of the aminesin
o simiiarsystemcan be isolated. ilkunide4 can stiii have a hydrogenbondingpatternsirniiarto 2 but ailows
unambiguousassessmentof the phenolicpKa, sandwichedby two unchargedNH’s.
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Scheme 1. (a)BnBr, K2C03, acetone, ~flux lzh (90%); b) MeL K2C03. -tone EflUXlzh (65%); (c) (COC1)Z*DMSQ
IEtgN,CH2C12,-78 ‘C to RT (70%); (d) Me3SI, BuJWM CHZCIZ/50%NaOH, RT 12h; (e) NsN3, NH4CI, EtOH, reflux 12h
11:39%:24%racemic/meso); (f) PhJP,H*O,‘IT-IF,RT 48h (90%); (g) Hz2atm,10%Pal-C,EtOH, RT lh (quant); (h) AcCI, pyridine,
:Iretlux 3h (35%); (i) SOC12,O‘C to RT 2h; (j) NsN3,DMF, RT 12h (90%).

The syntheses of the active site mimics and their mutants are outiined in Scheme 1.7 Formation of
Ibis(arninomethyl)-p-cresol2 followedknownprocedures.s

Computationalchemistry. Both molecularmodeling and semiempticaiPM3 molecularorbitai(MO)
maculationswereperformedon A-D (Figure2) and theirconjugatebases to comparethe intrinsicease of pKa
;aiterationof phenolichydroxylandbenzylammoNumdueto proximityeffects.9For C and D, conjugatebases
wereformedby either deprotonatingthe phenolor the ammonium. First, the lowest energyconformationsof
he acids and their conjugatebases were obtainedfrom molecuiarmodeiing(Figure3).10a These conformers
were furtherminimizedby MOcalculationsbefore iinaiiy calculatingthe heats of forrnation.lObFrom these
Iheatsof formationandthat of an isolatedproton,ll the overaildeprotonationenergieswere calculated(Table 1).
“Theseresuitsindicatethatphenoiicdeprotonationenergyis moreeasiiypmturbed(AE= 190kcai/mol)than that
IDfSmXnOlliUm(~ = 60 kcai/mol)when A and B are comparedto C and D. However, the ease of
deprotonatingthe ammoniumor phenolwithinC and D aresimilar. Thus, from gas phase caicuiations,the
functionalitythat is likelyto deprotonatefist in C andD is unclear.

Figure 2
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Figure3. Stereoview of C after minimizationby MacroModel. ● indicates a hydrogenatom and o indicates alone pair

Experimental pKa determination. Simple aqueous acid-basetitrationsof 1-4 were performedat
297Kand the resultsare summarizedin Table 1.12Modelcompound1 equippedwith both functionalities,has
pKavalues of6.3 and 9.0. Clearly,the acidityof oneof the fttrtctionalitieswasgreatlyalteredfroma basicpKa
to a slightly acidic pKa by the presence of other functionaLitiesin close proximity. Removing the
hydmxyrnethylgroups as in 2, thetwo pKs valuesincreaseto 7.0 and 9.7, thus the hydroxymethylgroups
appearto contributeto pKa depression. Furthermore,sincethe pKa valuesof 1 and 2 are similar, hydroxyl
deprotonationin 1 is unlikely. The pKa valuesfor 3 are differentfrom that of 2, and suggests that the two
deprotonationsin 2 are fromone phenoland one ammonium,whereasthe deprotonationsin 3 are from the two
ammoniurns. In structure4, where the amideNH’s me still withininteractingdistanceof the phenol, but at-e
neutraland can no longer deprotonatein the pH range studied, the pbenolicpKa stayed basic at 9.0. l%e
presenceof positivelychargedammoniurnsseemessentialforpKareductionof the phenol.

Table 1. Computational and Experimental DeprotonationBehavior of A-D and 1-4

Computahonal Experimental

Acidity w~ (rim)
Molecule DeprotonationEnergy(kcal/mol) MoleculepKa, pK~ pH2-6 pH7-9 PH1O-13

A 345 9.89 n.a. 270 270
B

287
214-216 : 9.33 n.a. n.d. n.d. n.d.
156(phenol);154-184 (-NH;) 6.3 9.0 282 306

:
302

153(phenol); 147-153 (NH:) : 7.0 9.7 282 306 302
9.2 n.d. n.d.

: ~;~ n.a. 281
n.d.

281 302

Notes:nonapplicabledata(n.a.);notdeterrnineddata(n.d.)

Spectroscopic study. UV absorptionspectra(298K)of 1, 2 and 4 at pH’s correspondingto the
variousprotonationstates identifiedpKa valuescorrespondingto phenoldeprotonation(Table 1).13 In 1, the
red shift from 282 nm to 306 mn upon raisingthe pH from acidicto near-neutral(correspondingto pKa,) is
indicativeof phenoldeprotonation. Furtherraisingthe pH causes a seconddeprotortation,and the absorption
returnsslightlytowardathe blue to 302ntn. This slightabsorptionshiftmaybe a counter-ioneffect.sb For the
threedifferentprotonationstatesof 2, exactlythe same~ valuesas 1 wereobserved.The & values of 4 at
281nmand 302mrtat pH7 andpHl 1respectivelyconfm that this shift is dueto the phenol.

Conclusion. The studyof class C ~-lactatrtssemodel compounds1-4 showedthat adjacentpositioning
of arnmoniurnscan indeedreducethe pKa of a phenol to 6.3 throughproximityeffect, even in an aqueous
solvent exposed system where polarizedinteractionsare expectedto be weakened. This finding lends au
experimentalandphysiochemical supportfor thepossibleroleof Tyr 150as a generalscid/basecatalystin the
scylationof classC ~-lactsmase. Investigationof ~-lactamhydrolysisin the presenceof these models, as well
as developmentof elaboratedstructuresof 1 capableof accelerating~-lactarnhydrolysisare nowunderway.
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