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ABSTRACT: The kinetic parameters for the hydrolysis of the heptapeptide Pro–Thr–Glu–Phe-(4-NO2)Phe–Arg–Leu
by the pepsin model compound tetrabutylammonium monosalt ofm-aminobenzoic acid diamide of fumaric acid
(TBA m-FUM) and porcine pepsin were determined using a spectrophotometric technique. According to theDS≠

values obtained, in the transition state the inner motion in the TBAm-FUM–heptapeptide complex is more restricted
than that in the pepsin–heptapeptide complex. The model compound TBAm-FUM can cause a cleavage of the Phe—
(4-NO2)Phe bond in the substrate molecules following a mechanism similar as that suggested for pepsin, but its
catalytic activity is much lower. Copyright 2001 John Wiley & Sons, Ltd.
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INTRODUCTION

The activity of pepsin has been assayed by hydrolysis of
naturally occurring proteins such as hemoglobin.1 How-
ever, many bonds in hemoglobin molecules have been
cleaved simultaneously and therefore this compound
appeared unsuitable for mechanistic studies.2 Conse-
quently, other substrates, i.e. dipeptides and polypep-
tides, were used in investigations of the catalytic action of
enzymes.3–5The kinetic data for the hydrolysis of a series
of peptide substrates have revealed that the Phe—Phe and
Phe—(4-NO2)Phe bonds were hydrolysed more rapidly
than the other peptide bonds,5 while the reaction rate was
markedly affected by the structure of residues on both
sites of the scissile bond. The heptapeptide Pro–The–
Glu–Phe–(4-NO2)Phe–Arg–Leu was designed as one of
the best substrates for detailed studies on the stereo-
chemistry and intermolecular forces in the active site of a
number of the aspartic proteinases.6 By x-ray investiga-
tion it has been shown that an active site fissure of porcine
pepsin can be occupied by a heptapeptide.7 Such a result
was previously predicted by theoretical calculations.8

Analysis of heptapeptide hydrolysis products indicated
the formation of two peptides, Pro–Thr–Glu–Phe and (4-
NO2)Phe–Arg–Leu).6 It has been found that the kinetics
of the peptide bond splitting can be observed by a
spectrophotometric method involving measurement of
the change in absorbance at 300 nm.5,6,9,10

Recently, monosaltsof o-, m- andp-aminobenzoic acid
diamides have been synthesized as model compounds
resembling the active site of pepsin.9 These compounds
include two carboxylic groups with a different distance
between them. Three of the model compounds showed
hydrolytic activity with respect to oxindole, while
tetrabutylammonium monosalt ofm-aminobenzoic acid
diamide of fumaric acid (TBAm-FUM) also caused
cleavage of the heptapeptide Pro–Thr–Glu–Phe–(4-
NO2)Phe–Arg–Leu.9 The aim of this work was to study
the kinetics of this reaction. For the sake of comparison,
the reaction with pepsin was also investigated under
comparable experimental conditions.

EXPERIMENTAL

Porcine pepsin and substrate

Pepsin was obtained from Aldrich-Chemie. The heptapep-
tide Pro–Thr–Glu–Phe–(4-NO2)Phe–Arg–Leu and isova-
lerylpepstatin were purchased from Bachem. All these
compounds were used as received. The activity of pepsin
was determined by titration of the enzyme against a
solution of isovalerylpepstatin as described by Dunnet al.6

Synthesis of tetrabutylammonium monosalt of
m-aminobenzoic acid diamide of fumaric acid
(TBA m-FUM)

Synthesis of m-FUM. m-FUM (Fig. 1) was prepared
from fumaric acid andm-aminobenzoic acid. Fumaric
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acid (0.01mol) and oxalyl chloride (0.05mol) were
stirred and refluxed for 24h in chloroform. Fumaryl
chloridewasseparated,diluted in 50cm3 of dioxaneand
stirredwith m-aminobenzoicacid for 24h. Dioxanewas
evaporatedunderreducedpressure.Them-FUM obtained
wasfiltered,washedwith wateranddried.Thepurity was
confirmedby elementalanalysis:C 60.9 (61.0), H 4.1
(4.0), N 7.9 (7.9)%. The compound melted with
carbonizationat 300°C. The reactionyield was78%.

The 1H 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 theclosenessof carboxylicandamide
groups.The two acidic protonsare found at 12.5ppm.
Protons,whichareattachedto thedoublebondedcarbons
and to the amidegroups(NH), havesignalsat 7.2 and
10.93ppm,respectively.

Synthesis of tetrabutylammonium monosalt of m-
FUM (TBA m-FUM). A solution of 8.80mg
(2.5� 10ÿ5 mol) of m-FUM in 5 cm3 of ethanol was
addedto 0.025cm3 of 1 m tetrabutylammoniumhydro-
xide in methanol.The alcohol was evaporatedunder
reducedpressureandthem-FUM monosaltwasdissolved
in 25cm3 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-
NO2)Phe–Arg–Leuwith TBA m-FUM was performed
on an AMD 604 two-sectormassspectrometer(AMD
Intectra, Germany) of BE geometry. m-Nitrobenzyl
alcohol(NBA) wasusedasa matrix.

Determination of kinetic parameters

Solutions of the heptapeptidePro–Thr–Glu–Phe–(4-
NO2)Phe–Arg–Leuof concentrationranging from 5.2
to 209mm werepreparedin water(in thecaseof TBA m-
FUM) or in 10ÿ3 m hydrochloric acid (in the caseof

pepsin).Theprogressof thesubstratehydrolysisby TBA
m-FUM or porcinepepsinwas monitoredby recording
the changein absorbanceat 300nm versustime (Figs 2
and3). Thekinetic runswerecarriedoutusingastopped-
flow spectrophotometer(Applied Photophysics)with the
cell block termostatedto �0.1°C.

Theleast-squaresprocedurewasappliedfor computa-
tion of the initial reactionrates(V) with at leastseven
values of the substrateconcentration ([S]) at each
constantconcentrationof the enzymemodel compound
or enzyme([E]). In all cases,a hyperbolic V vs [S]
dependencewas obtainedaccordingto the Michaelis–
Mentenequation.The maximumvelocity of the hepta-
peptide hydrolysis (VMAX) and the Michaelis–Menten
constant(KM) werederivedfrom a non-linearregression
analysisof theexperimentaldataanda linear regression

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

Figure 2. Change in UV absorbance of the heptapeptide
Pro±Thr±Glu±Phe±(4-NO2)Phe±Arg±Leu. Temperature,
293 K; solvent, hydrochloric acid (0.001 M), time interval,
10 s; heptapeptide concentration, 105 mM, pepsin concen-
tration, 23 nM

Figure 3. Change in UV absorbance of the heptapeptide
Pro±Thr±Glu±Phe±(4-NO2)Phe±Arg±Leu. Temperature, 293 K;
solvent, water; time interval, 10 s; heptapeptide concentra-
tion, 105 mM; TBA m-FUM concentration, 99 mM
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analysis of the Lineweaver–Burk,Hanes and Eadie–
Hofsteeplots.11,12Thecatalyticconstants,kcat= VMAX /
[E], were calculatedusing the experimentallyobtained
VMAX valuesandthe appropriateconcentrationof TBA
m-FUM or porcine pepsin.The pseudo-first-orderrate
constants(kobs) werefoundfrom thetime dependenceof
absorbanceaccording to the equation kobsÿ (1/t) ln
(A?ÿ Ao)/(A?ÿ At), where A0 initial absorbance,
At = absorbanceat time t andA? = absorbanceat infinite
time. The activationentropy(DS≠), enthalpy(DH≠) and
free enthalpy(DG≠) were evaluatedfrom the Eyring’s
equationby a linear least-squaresfit of ln kobs vs 1/T.

RESULTS AND DISCUSSION

The hydrolysis of the heptapeptidePro–Thr–Glu–Phe–
(4-NO2)Phe–Arg–Leuas a substrateby TBA m-FUM
yields two peptides,which were identified by mass
spectrometry technique. An example of the mass
spectrumof theproductmixturetakenhavingcompleted
thehydrolysisof theheptapeptideby m-FUM is givenin
Fig. 4. Examinationof this massspectrumconfirmsthe

conclusiondrawnfrom UV andIR datathattheonly bond
cleavedis thePhe–(4-NO2)Phebond.9 The formationof
the tripeptideandtertrapeptideis well evidencedby the
peaks:m/z480for (4-NO2)Phe–Arg–Leuandm/z493for
Pro–Thr–Glu–Phe.The m/z353peakcanbeassignedto
them-FUM anion.

The kinetic parametersof the Michaelis–Menten
equationaregiven in Table1. The valueof kcat./KM for
pepsinis considerablyhigherthanthatfor TBA m-FUM,
whereasthe affinity of TBA m-FUM to the substrateis
twicehigher.Thecatalyticactivity (kcat) of TBA m-FUM
in thehydrolysisof thesubstratemoleculesis aboutthree
ordersof magnitudelower than that of porcinepepsin.
This difference in kcat values may be causedby the
specificinteractionsexistingbetweenvariouspartsof the
heptapeptideand pepsinbut not betweenthe substrate
andTBA m-FUM.

The pseudo-first-orderrateconstantsfor the reactions
of heptapetidewith porcinepepsinandTBA m-FUM are
given in Tables 2 and 3, respectively.In the caseof
pepsin, with increasing temperaturethe kobs. values
increasecontinuously,whereasin the caseof TBA m-
FUM, thekobs.valuesincreaseonly upto 308K. Because

Figure 4. LSIMS of the product mixture obtained having completed hydrolysis of the heptapeptide Pro±Thr±Glu±Phe±(4-
NO2)Phe±Arg±Leu by TBA m-FUM

Table 1. Kinetic parameters for the hydrolysis of the heptapetide Pro±Thr±Glu±Phe±(4-NO2)Phe±Arg±Leu by TBA m-FUM and
porcine pepsin at 293 K

Substance [E] (mM) AverageKM (mM) AverageVMAX (mMsÿ1) kcat. (s
ÿ1) kcat./KM (mMÿ1sÿ1)

TBA m-FUM 99 61� 8 0.25� 0.01 (2.5� 0.1)� 10ÿ3 (46� 6)� 10ÿ3

Porcinepepsin 29� 10ÿ3 113� 16 0.31� 0.02 10.7� 0.7 95� 8
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of the possibledecompositionof the model compound
(TBA m-FUM) at higher temperatures,the Michaelis–
Mentenkinetic parameterswereobtainedat 293K (see
Table 1). Changesin pH conditionsof the hydrolysis
reactionsmay be a further factor contributing to the
differencesin theobservedkinetics.

The activationparametersare listed in Table 4. The
entropy of activation (DS≠) reflectsthe changesin the
numberandkind of thedegreesof freedomif thereagents
form anactivecomplex.Whenthecomplexmovementin
thetransitionstateis limited or impeded,(DS≠) decreases.
Consequently,thepossibilityof innermotionin theTBA
m-FUM–heptapeptidecomplexshouldbemorerestricted
than that of the pepsin–heptapeptide complex. The

negativevalue of the (DS≠) explainsthe higher (DG≠)
valuefor the reactionof heptapetidewith TBA m-FUM,
althoughtheactivationenthalpyis clearly lower.

Previouswork onthemechanismof thepepsinactivity
suggestedthat the H2O or OHÿ specieswerelocatedin
the active centreof pepsin9,13–15 and, consequently,a
basemechanismof hydrolysiswas proposed.Recently,
we have also assumedthis type of mechanismfor the
cleavage of heptapeptide Pro–Thr–Glu–Phe–(4-
NO2)Phe–Arg–Leu) by TBA m-FUM.9 The above-
presentedkinetic data for the heptapeptidehydrolysis
by both pepsinand TBA m-FUM supportthis assump-
tion.

Themechanismof theTBA m-FUM activity is shown
in Fig. 5. The water molecule bound between the
carboxylic and carboxylate groups of TBA m-FUM
becomesdistortedwhenapproachedby theheptapeptide
molecule.Thecarbonylgroupof theheptapeptideforms
a hydrogenbondwith the carboxylic groupof TBA m-
FUM while thenegativepartial chargeof theO atomof
waterattackstheelectrophiliccarbonatomof thepeptide
bond.Theformationof internalhydrogenbondsis easily
visible in theFTIR spectrum.9 Thehydroxyl ion resulting
from the split H2O moleculeaddsto thecarbonatomof
the peptide bond of heptapetide.Simultaneously,the

Table 3. Pseudo-®rst order rate constants kobsfor the hydrolysis of the heptapeptide Pro±Thr±Glu±Phe±(4-NO2)Phe±Arg±Leu by
TBA m-FUM in water, with TBA m-FUM concentrations of 49.71±198.87 mM as indicated

Temperature kobs (sÿ1)

(K) 49.71mM 99.44mM 148.31mM 198.87mM

288 0.0032� 0.0001 0.0059� 0.0001 0.0094� 0.0001 0.0113� 0.0002
298 0.0055� 0.0001 0.0080� 0.0002 0.0127� 0.0001 0.0181� 0.0003
308 0.0072� 0.0001 0.0140� 0.0002 0.0260� 0.0002 0.0267� 0.0004
318 0.0048� 0.0001 0.0092� 0.0001 0.0141� 0.0002 0.0159� 0.0003

Table 4. Activation parameters for the hydrolysis of the
heptapeptide Pro±Thr±Glu±Phe±(4-NO2)Phe±Arg±Leu by
TBA m-FUM and porcine pepsin

Activation Activation Free
enthalpy,DH≠ entropy,DS≠ enthalpy,DG≠

Substance (kJmolÿ1) (Jmolÿ1Kÿ1) (kJmolÿ1)

TBA m-FUM 31� 3 ÿ100� 7 61� 3
Porcinepepsin 53� 5 36� 2 41� 5

Figure 5. Suggested mechanism of the hydrolysis of the heptapeptide Pro±Thr±Glu±Phe±(4-NO2) Phe±Arg±Leu by TBA m-FUM
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amidebondis brokenandtheprotonaddsto thenitrogen
atom.

Conclusions

The steric arrangementof carboxylic and carboxylate
groups in the tetrabutylammoniummonosalt of m-
aminobenzoicacid diamide of fumaric acid (TBA m-
FUM) hasprovedbeneficialfor catalytic hydrolysisof
the heptapeptidePro–Thr–Glu–Phe–(4-NO2)Phe–Arg–
Leu in water.The mechanismof cleavageof the Phe—
(4-NO2)Phebondby TBA m-FUM is similar to that of
pepsin.However,the catalyticactivity of TBA m-FUM,
indicatedby the kcat values,is much lower than that of
pepsin, although the affinity of TBA m-FUM to the
heptapeptideis higher than the affinity of pepsin.As
follows from theactivationparameters,the innermotion
in the complexof the TBA m-FUM–heptapeptidein the
transitionstateis morerestrictedthanthat in thepepsin–
heptapeptidecomplex.

REFERENCES

1. AnsonML. J. Gen.Physiol.1938;22: 79–89.
2. Jardillier JC,RenaudD, Vatierm J, AgnerayJ. Clin. Chim.Acta.

1972;38: 187–197.
3. BakerLC. J. Biol. Chem.1951;193: 809–819.
4. BakerLC. J. Biol. Chem.1954;211: 701–716.
5. InouyeK, FrutonJS.Biochemistry1967;6: 1765–1777.
6. Dunn BM, JimenezM, PartenBF, Valler MJ, Rolph CE, Kay J.

Biochem. J. 1986;237: 899–906.
7. SieleckiAR, FedorovA, BoodhooA, AndreevaNS,JamesMNG.

J. Mol. Biol. 1990;214: 143–170.
8. PowersJC, Harley AD, Myers DV. Acid Proteases,Structure,

FunctionandBiology. PlenumPress:New York, 1977;141–157.
9. Iliadis G, BrzezinskiB, Zundel G. Biophys.J. 1996; 71: 2840–

2847.
10. HofmannT, HodgesRS.Biochem.J. 1982;203: 603–610.
11. Elmore DT, KingstonAE, ShieldsDB. J. Chem.Soc.1963;2070–

2078.
12. WilkinsonGN. Biochem.J. 1961;80: 324–332.
13. BeveridgeAJ, HeywoodGC. Biochemistry1993;32: 3325–3333.
14. VeerapondianB, Cooper JC, Sali A, Blundell TL, Rosati RL,

Dominy BW, DamonDB, HooverDJ. Protein Sci.1992;1: 332–
347.

15. ZundelG, Iliadis G,BrzezinskiB. FEBSLett.1994;325: 315–317.

Copyright  2001JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 103–108

108 B. SWOBODAET AL.


