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ABSTRACT: The kinetic parameters for the hydrolysis of the heptapeptide Pro—Thr—Glu—Phe;(RHeGArg—Leu

by the pepsin model compound tetrabutylammonium monosatt-aminobenzoic acid diamide of fumaric acid
(TBA m-FUM) and porcine pepsin were determined using a spectrophotometric technique. According\& the
values obtained, in the transition state the inner motion in the WBRUM-heptapeptide complex is more restricted

than that in the pepsin—heptapeptide complex. The model compound¥BBM can cause a cleavage of the Phe—
(4-NO,)Phe bond in the substrate molecules following a mechanism similar as that suggested for pepsin, but its
catalytic activity is much lower. Copyrighf 2001 John Wiley & Sons, Ltd.
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INTRODUCTION Recently, monosaltsf o-, m andp-aminobenzoic acid
diamides have been synthesized as model compounds

The activity of pepsin has been assayed by hydrolysis of resembling the active site of pepsSifThese compounds

naturally occurring proteins such as hemoglobkiow- include two carboxylic groups with a different distance

ever, many bonds in hemoglobin molecules have beenbetween them. Three of the model compounds showed

cleaved simultaneously and therefore this compound hydrolytic activity with respect to oxindole, while

appeared unsuitable for mechanistic studigSonse- tetrabutylammonium monosalt @framinobenzoic acid

quently, other substrates, i.e. dipeptides and polypep-diamide of fumaric acid (TBAmM-FUM) also caused

tides, were used in investigations of the catalytic action of cleavage of the heptapeptide Pro-Thr-Glu—Phe—(4-

enzymes’ > The kinetic data for the hydrolysis of a series  NO,)Phe—Arg—Lel. The aim of this work was to study

of peptide substrates have revealed that the Phe—Phe anthe kinetics of this reaction. For the sake of comparison,

Phe—(4-NQ)Phe bonds were hydrolysed more rapidly the reaction with pepsin was also investigated under

than the other peptide bondsyhile the reaction rate was  comparable experimental conditions.

markedly affected by the structure of residues on both

sites of the scissile bond. The heptapeptide Pro—The—

Glu—Phe—(4-N@Phe—Arg-Leu was designed as one of EXPERIMENTAL

the best substrates for detailed studies on the stereo-

chemistry and intermolecular forces in the active site of a Porcine pepsin and substrate

number of the aspartic proteinaseBy x-ray investiga- Pepsin was obtained from Aldrich-Chemie. The heptapep-
tion it has been shown that an active site fissure of porcinejye Pro—Thr—Glu—Phe—(4-NgPhe—Arg—Leu and isova-

pepsin can be occupied by a heptapepfigeich a result lerylpepstatin were purchased from Bachem. All these
was previously predicted by theoretical calculatins. compounds were used as received. The activity of pepsin
Analysis of heptapeptide hydrolysis products indicated 55" getermined by titration of the enzyme against a
the formation of two peptides, Pro-Thr—Glu-Phe and (4- gqytion of isovalerylpepstatin as described by Danal®
NO,)Phe—Arg-Leuf. It has been found that the kinetics
of the peptide bond splitting can be observed by a
spectrophotometric method involving measurement of Synthesis of tetrabutylammonium monosalt of
the change in absorbance at 300 hfr?:1° m-aminobenzoic acid diamide of fumaric acid
(TBA m-FUM)

ickienior Unversity, Grunwaidska 6, PL.60780 Poznan. Paiand.  Synthesis of m-FUM. m-FUM (Fig. 1) was prepared
E-mail: bbrzez@mam.amu.edu.pl from fumaric acid andmaminobenzoic acid. Fumaric
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m-FUM COOH

Figure 1. Structure of m-aminobenzoic acid diamide of
fumaric acid (m-FUM)

acid (0.01mol) and oxalyl chloride (0.05mol) were
stirred and refluxed for 24h in chloroform. Fumaryl
chloridewasseparateddilutedin 50cm® of dioxaneand
stirredwith m-aminobenzoiacid for 24 h. Dioxanewas
evaporatedindemreducedressureThem-FUM obtained
wasfiltered,washedvith wateranddried. The purity was
confirmedby elementalanalysis:C 60.9 (61.0),H 4.1
(4.0), N 7.9 (7.99%. The compound melted with
carbonizatiorat 300°C. The reactionyield was78%.

The *H NMR spectrum of m-FUM shows four
aromaticsignalsat 7.75(CH 6,6), 7.51(CH 5,5), 7.96
(CH 4,4) and8.42ppm (CH 2,2). Thesignalof CH 2,2
is shiftedowing to the closenessf carboxylicandamide
groups.The two acidic protonsare found at 12.5ppm.
Protonswhichareattachedo thedoublebondedcarbons
andto the amide groups(NH), havesignalsat 7.2 and
10.93ppm, respectively.

Synthesis of tetrabutylammonium monosalt of m-
FUM (TBA m-FUM). A solution of 8.80mg
(2.5x 10 °mol) of mFUM in 5cm® of ethanolwas
addedto 0.025cm® of 1 m tetrabutylammoniunhydro-
xide in methanol. The alcohol was evaporatedunder
reducedpressurandthem-FUM monosaliwasdissolved
in 25cm? of water.Fromthis stocksolutionwe prepared
dilute solutionsfor further studies.

Mass spectra

Low-resolutionliquid secondaryion massspectrometry
(LSIMS) of the reaction products after completed
hydrolysis of the heptapetide Pro-Thr—Glu—Phe—(4-
NO,)Phe-Arg—Leuwith TBA mFUM was performed
on an AMD 604 two-sectormassspectrometeAMD
Intectra, Germany) of BE geometry. m-Nitrobenzyl
alcohol(NBA) wasusedasa matrix.

Determination of kinetic parameters

Solutions of the heptapeptide Pro—Thr—-Glu—Phe—(4-
NO,)Phe-Arg—Leuof concentrationranging from 5.2
to 209um werepreparedn water(in thecaseof TBA m-
FUM) or in 10 3 m hydrochloric acid (in the caseof

Copyright0 2001JohnWiley & Sons,Ltd.
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Figure 2. Change in UV absorbance of the heptapeptide
Pro-Thr—Glu-Phe—(4-NO,)Phe-Arg-Leu. Temperature,
293 K; solvent, hydrochloric acid (0.001 M), time interval,
10 s; heptapeptide concentration, 105 uM, pepsin concen-
tration, 23 nm

pepsin).Theprogresof the substratéydrolysisby TBA
m-FUM or porcine pepsinwas monitoredby recording
the changein absorbanceat 300nm versustime (Figs 2
and3). Thekineticrunswerecarriedoutusinga stopped-
flow spectrophotometgApplied Photophysicsvith the
cell block termostatedo +0.1°C.
Theleast-squareprocedurevasappliedfor computa-
tion of the initial reactionrates(V) with at leastseven
values of the substrate concentration ([S]) at each
constantconcentratiorof the enzymemodel compound
or enzyme ([E]). In all cases,a hyperbolicV vs [S]
dependenceavas obtainedaccordingto the Michaelis—
Menten equation.The maximumvelocity of the hepta-
peptide hydrolysis (Vmax) and the Michaelis—Menten
constaniKy,) werederivedfrom a non-linearregression
analysisof the experimentablataanda linear regression

Absorbance

240 260 280 300 320 340 360

Wavelengh [nm]

Figure 3. Change in UV absorbance of the heptapeptide
Pro-Thr-Glu-Phe—(4-NO,)Phe-Arg-Leu. Temperature, 293 K;
solvent, water; time interval, 10 s; heptapeptide concentra-
tion, 105 pum; TBA m-FUM concentration, 99 um
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Figure 4. LSIMS of the product mixture obtained having completed hydrolysis of the heptapeptide Pro-Thr-Glu-Phe—(4-

NO,)Phe-Arg-Leu by TBA m-FUM

analysis of the Lineweaver—Burk,Hanes and Eadie—
Hofsteeplots!**? The catalytic constantskea:= Vmax /
[E], were calculatedusing the experimentallyobtained
Vuax Valuesandthe appropriateconcentratiorof TBA
m-FUM or porcine pepsin. The pseudo-first-orderate
constantgkop9 werefoundfrom thetime dependencef
absorbanceaccording to the equation kyps— (1) In
(A — A)I(A, — A), where A initial absorbance,
A; = absorbancattimet andA., = absorbancat infinite
time. The activationentropy (AS"), enthalpy(AH) and
free enthalpy (AG”) were evaluatedfrom the Eyring’s
equationby a linear least-squareft of In kypsvs 1/T.

RESULTS AND DISCUSSION

The hydrolysis of the heptapeptidePro—Thr—Glu—Phe—
(4-NO,)Phe—Arg—Leuas a substrateby TBA mFUM
yields two peptides,which were identified by mass
spectrometry technique. An example of the mass
spectrumof the productmixture takenhavingcompleted
the hydrolysisof the heptapeptiddy m-FUM is givenin
Fig. 4. Examinationof this massspectrumconfirmsthe

conclusiordrawnfrom UV andIR datathattheonly bond
cleavedis the Phe—(4-NQ)Phebond? The formation of
the tripeptideandtertrapeptidds well evidencedby the
peaksm/z480for (4-NO,)Phe—Arg—Letandm/z493for
Pro—Thr—Glu—PheThe m/z353 peakcanbe assignedo
them-FUM anion.

The kinetic parametersof the Michaelis—Menten
equationaregivenin Table 1. The value of ke4/Ky for
pepsinis considerablyhigherthanthatfor TBA m-FUM,
whereaghe affinity of TBA m-FUM to the substratds
twice higher.The catalyticactivity (k.59 of TBA m-FUM
in the hydrolysisof the substratenoleculess aboutthree
ordersof magnitudelower thanthat of porcine pepsin.
This difference in k.o values may be causedby the
specificinteractionsexistingbetweernvariouspartsof the
heptapeptideand pepsinbut not betweenthe substrate
andTBA m-FUM.

The pseudo-first-orderate constantdor the reactions
of heptapetidavith porcinepepsinand TBA m-FUM are
given in Tables2 and 3, respectively.In the caseof
pepsin, with increasing temperaturethe kops. values
increasecontinuously,whereasin the caseof TBA m-
FUM, thekgps valuesincreaseonly up to 308K. Because

Table 1. Kinetic parameters for the hydrolysis of the heptapetide Pro-Thr—Glu-Phe—(4-NO,)Phe-Arg-Leu by TBA m-FUM and

porcine pepsin at 293 K

Substance [E] (um) AverageKy (uM)  AverageVyax (uMs ) Keat. (579 Keat/Kp (MM —1s7h)
TBA mFUM 99 61+8 0.25+ 0.01 (2.5+0.1) x 103 (46+ 6) x 103
Porcinepepsin 29 x 103 113+ 16 0.31+£0.02 10.7+£ 0.7 95+8
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Table 3. Pseudo-first order rate constants kpsfor the hydrolysis of the heptapeptide Pro—Thr—Glu—-Phe—(4-NO,)Phe—Arg-Leu by
TBA m-FUM in water, with TBA m-FUM concentrations of 49.71-198.87 uMm as indicated

I(obs (57 l)

148.31m

198.87iM

Temperature

(K) 49.73um 99.44Mm

288 0.0032+ 0.0001 0.0059+ 0.0001
298 0.0055+ 0.0001 0.0080+ 0.0002
308 0.0072+ 0.0001 0.01404+ 0.0002
318 0.0048+ 0.0001 0.0092+ 0.0001

0.0094+ 0.0001
0.0127+ 0.0001
0.0260+ 0.0002
0.0141+ 0.0002

0.0113+ 0.0002
0.0181+ 0.0003
0.0267+ 0.0004
0.0159+ 0.0003

Table 4. Activation parameters for the hydrolysis of the
heptapeptide  Pro-Thr-Glu-Phe—(4-NO,)Phe-Arg-Leu by
TBA m-FUM and porcine pepsin

Activation Activation Free
enthalpy,AH* entropy,AS" enthalpy,AG*
Substance (kJmol™)  @mol K™ (kIJmol™}
TBA mFUM 31+3 —-100+ 7 61+ 3
Porcinepepsin 53+5 36+2 41+5

of the possibledecompositionof the model compound
(TBA m-FUM) at higher temperaturesthe Michaelis—
Mentenkinetic parametersvere obtainedat 293K (see
Table 1). Changesin pH conditionsof the hydrolysis
reactionsmay be a further factor contributing to the
differencesin the observedkinetics.

The activation parametersre listed in Table 4. The
entropy of activation (AS") reflectsthe changesin the
numberandkind of thedegree®f freedomif thereagents
form anactivecomplex.Whenthe complexmovemenin

thetransitionstateis limited orimpeded(AS") decreases.

Consequentlythe possibility of innermotionin the TBA
m-FUM-heptapeptideomplexshouldbe morerestricted
than that of the pepsin—heptapepte complex. The

negativevalue of the (AS") explainsthe higher (AG")
valuefor thereactionof heptapetidevith TBA m-FUM,
althoughthe activationenthalpyis clearly lower.

Previouswork onthe mechanisnof the pepsinactivity
suggestedhat the H,O or OH™ specieswverelocatedin
the active centreof pepsin®**~°and, consequentlya
basemechanisnof hydrolysiswas proposed Recently,
we have also assumedhis type of mechanismfor the
cleavage of heptapeptide Pro-Thr—Glu—Phe—(4-
NO,)Phe-Arg—Leu) by TBA m-FUM.° The above-
presentedkinetic data for the heptapeptidehydrolysis
by both pepsinand TBA m-FUM supportthis assump-
tion.

The mechanisnof the TBA m-FUM activity is shown
in Fig. 5. The water molecule bound between the
carboxylic and carboxylate groups of TBA m-FUM
becomedlistortedwhenapproachedy the heptapeptide
molecule.The carbonylgroupof the heptapeptidéorms
a hydrogenbond with the carboxylic group of TBA m-
FUM while the negativepartial chargeof the O atom of
waterattacksthe electrophiliccarbonatomof the peptide
bond.Theformationof internalhydrogerbondsis easily
visiblein theFTIR spectrun® Thehydroxylion resulting
from the split H,O moleculeaddsto the carbonatom of
the peptide bond of heptapetide.Simultaneously,the

Figure 5. Suggested mechanism of the hydrolysis of the heptapeptide Pro—Thr-Glu—Phe—(4-NO,) Phe—-Arg-Leu by TBA m-FUM

Copyright0 2001JohnWiley & Sons,Ltd.
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amidebondis brokenandthe protonaddsto the nitrogen
atom.

Conclusions

The steric arrangemenbf carboxylic and carboxylate
groups in the tetrabutylammoniummonosalt of m-

aminobenzoicacid diamide of fumaric acid (TBA m-

FUM) hasproved beneficialfor catalytic hydrolysis of

the heptapeptidePro—Thr—Glu—Phe—(#lO,)Phe—Arg—
Leu in water. The mechanisnof cleavageof the Phe—
(4-NO,)Phebond by TBA m-FUM is similar to that of

pepsin.However,the catalyticactivity of TBA m-FUM,

indicatedby the k.4 values,is much lower thanthat of

pepsin, although the affinity of TBA mFUM to the

heptapeptidas higher than the affinity of pepsin.As

follows from the activationparametersthe inner motion

in the complexof the TBA m-FUM-heptapeptidén the

transitionstateis morerestrictedthanthatin the pepsin—
heptapeptideomplex.

Copyrightd 2001JohnWiley & Sons,Ltd.
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