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ABSTRACT. We present here the first report of a hydrophilic peptidic inhibitor, ATBI, from an extremophilic
Bacillus sp. exhibiting a two-step inhibition mechanism against the aspartic proteases, pepsin and F-prot
from Aspergillus saitaiKinetic analysis shows that these proteases are competitively inhibited by ATBI.
The progress curves are time-dependent and consistent with slow-tight binding inhibitieni £

(ks, ka) El = (ks, k) EI*. The K; values for the first reversible complex (EI) of ATBI with pepsin and
F-prot were (174 0.5) x 107° M and (3.2+ 0.6) x 1078 M, whereas the overall inhibition constant

Ki* values were (55+ 0.5) x 1072 M and (5.2+ 0.6) x 108 M, respectively. The rate constant

ks revealed a faster isomerization of El for F-prot [(2:30.4) x 102 s71] than pepsin [(7.7 0.3) x

104 s1]. However, ATBI dissociated from the tight enzymimhibitor complex (EI*) of F-prot faster

[(3.8 £ 0.5) x 107° s71] than pepsin [(2.5+ 0.4) x 10°% s71]. Comparative analysis of the kinetic
parameters with pepstatin, the known inhibitor of pepsin, revealed a higher valkésdbr ATBI. The

binding of the inhibitor with the aspartic proteases and the subsequent conformational changes induced
were monitored by exploiting the intrinsic tryptophanyl fluorescence. The rate constants derived from the
fluorescence data were in agreement with those obtained from the kinetic analysis; therefore, the induced
conformational changes were correlated to the isomerization of El to EI*. Chemical modification of the
Asp or Glu by WRK and Lys residues by TNBS abolished the antiproteolytic activity and revealed the
involvement of two carboxyl groups and one amine group of ATBI in the enzymatic inactivation.

The aspartic proteases constitute one of the primary classescheme 1
of proteolytic enzymes utilizing two aspartic acid residues

lytic water molecule 1—3). The study of the kinetic

ES
for their catalytic activity with the direct participation of a « lTk
1 2

s

properties of this class of enzymes frequently has been
motivated by their involvement in physiological and patho-
logical processes of the human. The enzymatic properties
of pepsin (the causative agent for peptic ulcd)) plasma
renin 6), and lysosomal cathepsin B)( as well as several

+
k3

E+l —» El
k.
4

a)

other aspartic proteases of pharmaceutical and commercial b) E+l gk, e
importance 7), have evoked considerable interest for inves- ke > < ks

tigating the kinetic role of their inhibitors. Recent develop- ker ks
ments in the involvement of aspartic proteases in the life 0 g 3I—5 Erxl&—T EF
cycle of human immunodeficiency virus)(and in the bt ks

degradation of hemoglobin by the malarial paras®jeh@ve 3 E stands for the free enzyme, | is the free inhibitor, El is a rapidly

Y complex. Binding between the enzyme and inhibitor may either involve
between potent 'nh'b'torfs and the target enzymes. a single step, having slow association and dissociation rates (Scheme
A number of enzymatic reactions do not respond to the 1a), or have an initial fast binding step, followed by a slow reversible

presence of competitive inhibitors instantly but rather display transformation of El to another entity, EI* (Scheme 1b), or have an
a slow onset of the inhibition. In some cases the inhibitor initial slow interconversion of the enzyme E into another form, E*,
interacts slowly with the enzyme, and in others the formation Which binds to the inhibitor by a fast step (Scheme 1c).

of the enzyme-inhibitor complex takes place in a very short

time. Such inhibition is called slow-binding inhibition, and 1€ inhibitor is referred to as the slow-binding inhibitdot

12). From the kinetic point of view, the possible mechanisms
for the slow-binding inhibition phenomena are described in
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of substrate to product. However, Scheme 1b demonstrates Purification of ATBIL.The inhibitor was purified from the

the two-step slow-binding inhibition, where the first step
involves the rapid formation of a reversible EI complex,
which undergoes slow isomerization to a stable, tightly bound
enzyme-inhibitor complex, EI*, in the second step. Inhibi-
tors which inhibit the enzyme-catalyzed reactions at con-

extracellular culture filtrate of thBacillussp. as described
previously @5). Briefly, about 1000 mL of the extracellular
culture filtrate was treated with 65 g of activated charcoal,
and the supernatant was subjected to membrane filtration
using Amicon UM10 i, cutoff 10 000) and UM2N, cutoff

centrations comparable to that of the enzyme and under2000). The resulting clear filtrate was concentrated by

conditions where the equilibria are set up rapidly are referred
as tight-binding inhibitors. The establishment of the equilibria
between enzyme, inhibitor, and enzymiehibitor complexes

in slow-binding inhibition occurs slowly on the steady-state
time scale 13), which has been thoroughly reviewet4(-

19). Understanding the basis of the isomerization of the El
complex to the EI* complex could lead to the design of
inhibitors that allow titration of the lifetime of the EI*
complex. Early investigations of pepsin and the fungal

lyophilization and loaded onto a prepacked Ultopac Lichro-
sorb RP-18 (LKB) column. The fractions detected at 210
nm were eluted on a linear gradient of 80% acetonitrile
and water containing 0.01% trifluoroacetate. The active
fractions showing the inhibitory activity were pooled and
found to be homogeneous by reverse-phase high-performance
liquid chromatography.

Enzyme Assays. (a) Pepsin Asggpsin, 75 nM (porcine
gastric mucosa), was incubated at°87for 30 min in KCH

aspartic proteases gave rise to a variety of mechanisticHCI buffer, 0.02 M, pH 2.0, with casein (6 mg/mL) or

proposals, which were resolved in favor of the mechanisms
shown in Scheme 12Q, 21). The future development of
slow-tight binding inhibitors will undoubtedly depend on
application of kinetic techniques that yield quantitative
information about the properties of the inhibitors.
Considering the physiological importance of the aspartic
proteases and their role in various diseases, there is a lacun
in the studies of the mechanism of inhibition by slow-binding
inhibitors. To our knowledge, the best-known slow-binding
inhibitors of pepsin are pepstatifg) and its analogue£8,
24). However, the hydrophobic nature of pepstatin holds a
disadvantage for its poor oral bioavailability. In our earlier
report, we have shown that ATBIwith the amino acid
sequence of Ala-Gly-Lys-Lys-Asp-Asp-Asp-Asp-Pro-Pro-
Glu, exhibited inhibitory activity toward HIV-1 proteaseq).
The present study deals with the evaluation of the kinetic
parameters of ATBI, a slow-tight binding inhibitor of the
aspartic proteases (AP), pepsin and F-prot fraspergillus
saitoi. The fluorescence studies revealed that the binding of
ATBI induced localized conformational changes in the
proteases, as reflected during the isomerization of the El
complex to the EI* complex. Further, by chemical modifica-
tion, we have assigned the residues of the inhibitor respon-
sible for the enzyme inactivation.

EXPERIMENTAL PROCEDURES

Bacterial Growth ConditionsThe extremophilidacillus
sp. was isolated in this laboratory from the soil sample of a
hot spring at Vajreswari, Maharashtra, Inde®); Biochemi-
cal and other tests have indicated its resemblan8atilus
pumilus except for its growth optimum at higher pH and
temperature. The optimal growth condition of tBecillus
sp. is pH 10 and 50C. For the production of the inhibitor
the Bacillus sp. was grown in a liquid medium containing
soyameal (2%) and other nutrients as descril29, @t 50
°C and pH 10 for 48 h (the pH of the medium was adjusted
by the addition of sterile 10% sodium carbonate).

1 Abbreviations: AP, aspartic protease; ATBI, alkalo-thermophilic
Bacillusinhibitor; AP-ATBI, first reversible aspartic proteasmhibitor
complex; AP-ATBI*, second slow dissociating aspartic protease
inhibitor complex; F-prot, fungal protease frohspergillus saitaiHIV,
human immunodeficiency virus; rp-HPLC, reverse-phase high-
performance liquid chromatography; CD, circular dichroism; UV,
ultraviolet; TNBS, 2,4,6-trinitrobenzenesulfonic acid; WRK, Wood-
wards reagent K; PCA, perchloric acid.

hemoglobin (5 mg/mL) in a reaction volume of 2 mL. The
reaction was stopped with an equal volume of 1.7 M
perchloric acid (PCA), the mixture was centrifuged (10§00

5 min) and filtered, and the optical absorbance of the filtrate
was measured at 280 nm. The enzyme activity was also
determined by the Folinphenol reagent method by estimat-
g the amount of tyrosine released at 660 nm from the
standard graph. In the presence of the synthetic substrate
N-acetyl+ -phenylalanyle-3,5-diiodotyrosine, pepsin was as-
sayed as described in réf8 in an incubation mixture
containing a range of substrate concentrations.

(b) Fungal Protease Assayrroteolytic activity of the
purified aspartic protease from\. saitoi (F-prot) was
measured by assaying the enzyme activity using hemoglobin.
F-prot (1.5uM) was dissolved in glycineHCI buffer, 0.05
M, pH 3.0, and was incubated with the inhibitor (2M)
for 5 min. The reaction was started by the addition of 1 mL
of hemoglobin (5 mg/mL) at 37C for 30 min. The reaction
was quenched by the addition of 2 mL of PCA (1.7 M)
followed by centrifugation (100@) 5 min) and filtration.
The optical absorbance of the PCA-soluble products in the
filtrate was read at 280 nm.

For initial kinetic analysis, the kinetic parameters for the
substrate hydrolysis were determined by measuring the initial
rate of enzymatic activity. The inhibition constalit was
determined as described by DixoR9] and by the Line-
weaver-Burk equation, and th&, values were calculated
from the double reciprocal plots. In Dixon’s method,
proteolytic activity of the enzymes was measured at two
different concentrations of substrate as a function of inhibitor
concentration. The kinetic constants were determined by
incubating the enzymes in the absence and presence of ATBI
with increasing concentrations of the substrate. The inhibition
of the initial rate of enzyme activity was analyzed by the
double reciprocal plot. One unit of protease activity is defined
by an increase of 0.001 a280 nm/min at pH 3.0 at 37C
measured as PCA-soluble products using hemoglobin/casein
as the substrate.

For the progress curve analysis, assays were carried out
with 2 mL solutions containing the enzyme, substrate, and
inhibitor at various concentrations. Five to six assays were
performed in each slow-binding inhibition experiment: one
without inhibitor and others with different inhibitor concen-
trations. At different time intervals, aliquots were removed,
and the residual proteolytic activity was measured. Further
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details of the experiments are given in the respective figure cence was excited at 295 nm, and the emission was recorded
legends. For the kinetic analysis and rate constant determinafrom 300 to 500 nm at 28C. The slit widths on both the
tions, the assays were carried out in triplicate, and the averageexcitation and emission were set at 5 nm, and the spectra

value was considered throughout this work.

Evaluation of Kinetic Parametergnitial rate studies that
resulted in reversible, competitive inhibition were analyzed
according to the equation

— Vmaxs
K, (1+1/K)+S

)

v

where Ky, is the Michaelis constan¥max is the maximal
catalytic rate at saturating substrate concentrationSk
the dissociation constant for the enzyniehibitor complex,
and| is the inhibitor concentratior3().

The progress curves for the interactions between ATBI

were obtained at 500 nm/min. Fluorescence data were
corrected by running control samples of buffer and smoothed.
For inhibitor binding studies, pepsin and F-prot were
dissolved in the respective buffer systems. Titration of the
enzyme with ATBI was performed by the addition of
different concentrations of the inhibitor to the enzyme
solution. For each inhibitor concentration on the titration
curve a new enzyme solution was used. All of the data on
the titration curve were corrected for dilutions. The magni-
tude of the rapid fluorescence decreaSg < F) occurring
at each ATBI concentration was computer fitted to the
equation Fo — F) = AFma/{1 + (K/[I]) } to determine the
calculated value ofK; and AFnqa The first-order rate

and aspartic protease as per Scheme 1b were analyzed usingpnstants for the slow loss of fluorescenég,s at each

the equation %1, 32)

Vg — VU,
0 % s(l_ e_kt)

[P]= vt + 2)

where [P] is the product concentration at any titne, and
vs are the initial and final steady-state rates, &nis the

inhibitor concentration [I] were computer fitted to the
equationkops = ks[I]/{K; + [I]} for the determination oks
under the assumption that, for a tight-binding inhibitiy,
can be considered negligible at the onset of the slow loss of
fluorescence.

Time courses of the protein fluorescence following the
addition of inhibitor were measured for up to 10 min with

apparent first-order rate constant for the establishment of theexcitation and emission wavelengths fixed at 295 and 340

final steady-state equilibrium. For Scheme 1b, the relation-
ship betweerk, the rate, and the kinetic constants is given
by the equation

K.

/K,
k="6+'<s[m ®)

nm, respectively. Data points were collected at 0.5 s intervals
during time courses. Corrections for the inner filter effect
were performed as described by the form88)(

F. = F antilog[(A., + A.)/2]

whereF. andF are the corrected and measured fluorescence

The progress curves were fitted to eqs 2 and 3 using intensities, respectively, antk, and Ay, are the solution
nonlinear least-squares parameter estimation to determine thebsorbances at the excitation and emission wavelengths,

best fit values.
The overall inhibition constant for Scheme 1b is defined
as

Ks

. [ElN
« ot kg

CTEN+EN

4)

whereK; = kq/ks.

respectively. Background buffer spectra were subtracted to
remove the contribution from Raman scattering.

Chemical Madification of ATBI with 2,4,6-Trinitroben-
zenesulfonic Acid and N-Ethyl-5-phenylisoxazoliuprst8-
fonic Acid. NEthyl-5-phenylisoxazolium-3sulfonic acid
(Woodward'’s reagent K, WRK) has been known to react
with the carboxyl group of aspartate and glutamate residues
(34, 35). To modify the carboxylic groups, ATBI (58M)

For the time-dependent inhibition, there exists a time rangewas incubated in the absence or presence of different

in the progress curves in which formation of EI* is small
(e.g., see Figure 3). Within this time range, it is possible to
directly measure the effect of the inhibitor apg, i.e., to
measure; directly. Values foiK; were obtained from Dixon
analysis at a constant substrate concentration (eq 5).

K
v (1 + 1K)

max

_|_

(5)

_ 1
Vmax
The rate of enzymeinhibitor dissociationks, was mea-
sured directly for the time-dependent inhibition. Small
volumes of concentrated enzyme and inhibitor were incu-
bated to reach equilibrium, followed by large dilutions in

concentrations of WRK at 28C for 1 h. Aliquots were
removed at different time intervals, and the reaction was
guenched by the addition of sodium acetate buffer, pH 5.0,
to a final concentration of 100 mM. Excess reagent was then
removed by gel filtration on a Bio-Gel P2 column, equili-
brated with sodium phosphate buffer, 0.05 M, pH 6.0. The
fractions were eluted at a flow rate of 12 mL/h. The active
fractions were detected by the differential absorption at 210/
340 nm and concentrated by lyophilization, and the residual
activity of the inhibitor was determined by assaying for the
antiproteolytic activity.

ATBI (50 uM) and 0.25 mL of 4% sodium bicarbonate
were incubated with varying concentrations of 2,4,6-trini-

assay mixtures containing near-saturating substrate. The ratérobenzenesulfonic acid (TNBS), a lysine group modifier
of enzymatic activity regain was measured by the rate of (36), at 37°C in a reaction mixture of 0.5 mL in the dark.

product formation.
Fluorescence Analysi§luorescence measurements were

performed on a Perkin-Elmer LS50 luminescence spectrom-

Aliquots were withdrawn at suitable intervals, and the
reaction was terminated by adjusting the pH to 4.6. A control
without the modifier was routinely included, and the residual

eter connected to a Julabo F20 water bath. Protein fluores-activity at any given time was calculated relative to the
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Ficure 1: Time-dependent inhibition of pepsin and F-prot by ATBI. The reaction solution contained pepsin (50 pM, A) and F-prot

(15 nM, B) in respective buffers at increasing concentrations of ATBI using casein (6 mg/mL) or hemoglobin (5 mg/mL). Reactions were

initiated by the addition of the enzymes at 7. The points represent the hydrolysis of substrate as a function of time°&t. Ihe lines
indicate the best fits of data obtained from egs 2 and 3. Concentrations of ATBI were @®nRMQ nM @), 20 nM @), 30 nM ©),
40 nM (#), and 50 nM ©) in panel A and M (m), 1 M (O), 2.5uM (@), 5uM (O, 10 uM (#), and 15uM (<) in panel B.

control. The extent of inactivation of pepsin and F-prot was
determined with the modified inhibitor as described before.

RESULTS

Kinetic Analysis of the Inhibition of Pepsin and F-prot.
ATBI, a peptidic inhibitor of aspartic proteases, was produced
extracellularly by an extremophilBacillussp. In our earlier
report, ATBI was characterized for its anti-HIV-1 protease
activity (25). Initial kinetic assessments revealed that the
aspartic proteases, pepsin and F-prot fidspergillus saitqi
were competitively inhibited by ATBI. Examination of the

7-
A 30{ B
61
] 251
> ° z 201
: 41 -
31 157
21 101
/ -
r T T T ——
04 02 0.0 0.2 04 04 02 00 02 04 06 08 1.0
11[S] mgimi 1/[S] mg/ml

FiGUrRE 2: Initial rate of reaction in the presence of ATBI. Initial
rates of proteolysis by pepsin (A) and F-prot (B) were estimated

progress curves suggested that, in the absence of ATBI, theusing casein (6 mg/mL) and hemoglobin (5 mg/mL), respectively.

steady-state rate of proteolytic activities was reached rapidly

, The enzymes were incubate®)(without the inhibitor or with the

whereas in its presence, the rate decreased in a timednhibitor at ®) 15 nM and &) 25 nM in panel A and at®) 5 uM

dependent manner (Figure 1). The progress curves als
revealed a time range where the conversion of El to EI*
was minimal. For a low concentration of ATBI, the range
was 0-3 and 0-4 min for pepsin and F-prot, respectively,
within which classical competitive inhibition experiments can
be used to determine thi; values (eq 3). From such
experimentsK; for ATBI was determined to be (1 0.8)

x 107° M for pepsin and (3.2t 0.5) x 107 M for F-prot
(Figure 2). TheK; associated with the formation of the
reversible enzymeinhibitor complex (AP-ATBI) determined

()

nd @) 10uM in panel B and assayed at increasing concentrations
of substrate. The reciprocals of the substrate hydrolysis for each
inhibitor concentration were plotted against the reciprocals of the
substrate concentrations. The straight lines obtained indicated the
best fit for the data obtained by nonlinear regression, as analyzed
by the LineweaverBurk reciprocal equation, and th&, andK;
values were determined from the graphs. Velocities are in micro-
moles per minute per milligram.

al

the rate of activity regenerated. The value&gpdetermined
for pepsin and F-prot were (2% 0.4) x 10¢ s* and
(3.8 &£ 0.5) x 10°° s%, respectively, by least-squares

by the Dixon method supported the above values (data notminimization of eq 2 (Figure 4). The final steady-state rate,

shown). The apparent rate of reactikrirom the progress
curves when plotted versus the inhibitor concentration
followed a hyperbolic function (Figure 3), indicating a two-

vs, was from the control containing preincubated enzyme
without the inhibitor. The half-timeg,,,, for reactivation of
AP-ATBI* determined from theks values were 77 and 5 h

step inhibition mechanism. Indeed, the data could be fitted for pepsin and F-prot, respectively. The valuegpthe rate
to eq 3 by nonlinear regression analysis, which yielded the constant for the isomerization of AP-ATBI to AP-ATBI*,

best estimate of the overall inhibition constakt?, i.e.,
(554 0.5) x 10*? M for pepsin and (5.2 0.6) x 108 M
for F-prot.

In an independent method to determiggethe rate constant
for the conversion of AP-ATBI* to AP-ATBI, high concen-
trations of enzyme and inhibitor were preincubated for
sufficient time to allow the system to reach equilibrium.
Further, the enzymeinhibitor mixture was diluted 10000-
fold and assayed at saturating substrate concentratioK,{L00
which resulted in the dissociation and regeneration of
enzymatic activity. Under these conditiong, and the

were obtained from fits of eq 3 to the onset of inhibition
data, using the experimentally determined valuek;adnd
ks (Table 1).

There are two alternative models for the time-dependent
inhibition by Scheme 131, 37). An inhibition model in
which the binding of the inhibitor to the enzyme is slow
and tight, but occurs in a single step (Scheme 1a), is
eliminated on the basis of the data of Table 1, because the
inhibitor has a measurable effect on the initial rates before
the onset of the slow-tight binding inhibition. An inhibition
model where the inhibitor binds only to the free enzyme that

effective inhibitor concentration have been considered to be has slowly adopted the transition-state configuration (Scheme

approximately equal to zero, and tkevas determined from

1c) can also be eliminated by the observed rates of onset of
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Ficure 3: Effect of ATBI on the rate of reactiork) of the proteolytic activity of pepsin and F-prot.The rate constimere calculated
from the progress curves recorded following addition of pepsin (A) or F-prot (B) to the reaction mixture containing the appropriate buffer
and substrate. The solid line indicates the best fit of the data obtained.
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Ficure 4: Dissociation ratekg) for pepsin- and F-prot-ATBI complexes. Pepsin (&M, A) and F-prot (10QuM, B) were preincubated
without (@) or with (®) equimolar concentrations of ATBI for 120 min on ice in the respective buffered solutions. Further, the enzyme
inhibitor mixture was diluted 10 000-fold into the assay mixture containing the substrate k&, {RQ of casein for pepsin, 3.5 mg/mL,
and,Kn, of Hb for F-prot, 4.3 mg/mL). After preincubation,/@d of sample was removed and diluted to 20 mL in the same buffer. At the
specified time, aliquots were removed and assayed for the proteolytic activity using casein or hemoglobin. The effectigewate (
determined as described in the text.

Table 1: Inhibition Constants of ATBI and Pepstatin against Pepsin the mt.rmSIC ﬂuoreSC?nce' negatlr]g a”Y drastic gross con-
formational changes in the three-dimensional structure of the

inhibitors

inhibition enzymes. To monitor the isomerization of AP-ATBI to AP-
constants ATHI pepstatif ATBI*, we have followed the intrinsic tryptophanyl! fluo-

Ki (M) 17+£0.5x 10°° 1.3x 1078 rescence of the complexes as a function of time. Upon the
E:(S(M)) 53 ;—LiO-ggX“E; ‘Z‘gi 8(21: 10 addition of ATBI, a rapid decrease in the quantum yield of
ks (s°9) 254 0.4 x 10°5 3.8+ 0.5 x 10°5 fluorescence was observed, followed by a slow decline to a
ks/ks 310 290 final stable value over a period of 60 and 25 s for pepsin
ty2 (h) 1 2.5 and F-prot, respectively (Figure 5), indicating an exponential

aThe K; values for competitive inhibition were obtained from the decay of the fluorescence intensity. The magnitude of the
steady-state time range. For the composition of buffers and assayrapid fluorescence decrease as a function of time was found
Z‘t’g?'tglr;s' see Experimental Procedufegalues obtained from Rich 1, he similar to the total fluorescence quenching observed

S at a specific ATBI concentration. Thus we have concluded

inhibition. From the observed results, we have concluded that both AP-ATBI and AP-ATBI* complexes have the same
that the inhibition of the aspartic proteases followed the slow- intrinsic fluorescence. Further, titration was performed in
t|ght b|nd|ng mechanism as described in Scheme 1b. which an increased concentration of ATBI was added to the

Fluorometric Analysis of Enzymenhibitor Interactions. enzymes. The magnitude of the initial rapid fluorescence loss
To delineate the conformational changes induced in the (Fo — F) increased hyperbolically (Figure 6), corroborating
aspartic proteases due to the binding of ATBI, the fluores- the two-step, slow-tight binding inhibition of the aspartic
cence spectra of the enzymimhibitor complexes were  proteases by ATBI. The estimated valuekafdetermined
monitored. The tryptophanyl fluorescence spectra of pepsin by fitting the data for the magnitude of the rapid fluorescence
and F-prot exhibited an emission maximanf) at ~342 decreaseRy — F) was (18.94 0.5) x 10°° M, and theks
nm, as a result of the radiative decay of thex* transition value determined from the data derived from the slow
from the Trp residues (data not shown). The binding of ATBI decrease in fluorescence was (830.5) x 107 st for
resulted in a concentration-dependent progressive quenchingepsin. These rate constants are in good agreement with that
of the emission spectra of the enzymes. Howexggy of obtained from the kinetic analysis of pepsin; therefore, the
proteases indicated the absence of the blue or red shift ininitial rapid fluorescence decrease can be correlated to the




11530 Biochemistry, Vol. 40, No. 38, 2001 Dash et al.

120
— 1007 B
3
'2' 110- = g
2 3 o
€ 1007 2
2 Ew
8 907 E
g 8 701
@ 801 ".‘I .
5 sviargly 601
£ 701 Ij__:’s

0 100 200 300 400 500 600 700 0 50 100 150 200 250 300

Time [sec] Time [sec]

Ficure 5: Time-dependent effect of ATBI on the fluorescence quenching of the aspartic proteases. Pepsin (100 nM, A) and fddrot (20

B) were treated at the time indicated by the arrows, and the fluorescence emission was followed for 10 min at a data acquisition time of
0.5 s. The excitation wavelength was fixed at 295 nm, whereas the emission wavelength was 342 nm. The data were the average of five
scans with the correction for buffer and dilutionBl) (indicates absence of the inhibitor, wherel {ndicates 35 nM in panel A and

15 uM of ATBI in panel B.
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Ficure 6: Effect of ATBI concentration on the tryptophan fluorescence of the aspartic proteases. A constant amount of pepsin (100 nM,

A) and F-prot (2QuM, B) was treated with increasing concentrations of ATBI. The fluorescence changes were measuféti(ak2Bation,

295 nm, and emission, 342 nm). Each measurement was repeated five times, and the average values of the fluorescence intensity at 342 nm
were recorded. Control experiments with the buffer and inhibitor were performed under identical conditions. The fluorescence changes
(F — Fo) were plotted against the inhibitor concentrations. The hyperbola indicates the best fit of the data obtained.

formation of the reversible complex AP-ATBI, while the of the double logarithmic plot, indicated the involvement of
slow, time-dependent decrease reflected the accumulation ofa single amine group of ATBI in the enzyme inactivation.
the tight-bound slow dissociating complex AP-ATBI*.

Chemical Modification of ATBI and Assessment of Its DISCUSSION
Antiproteolytic Actiity. The functional groups involved in o
the inhibitory activity of ATBI were elucidated by employing _ 1he data presented here showed that ATBI, a peptidic
chemical modifiers with specific reactivity. The amino acid Inhibitor from an extremophilidacillus sp., was a slow-
sequence of ATBI revealed the presence of Lys, Asp, and tight binding |nh|b|For of .the'aspartlc proteases pepsin and
Glu residues with ionizable side chains. The involvement F-Prot. The determined kinetic data for the enzyrmeibitor
of these groups in the mechanistic pathway was investigatedinteractions were linked with the conformational changes
using WRK, a carboxyl group modifier, and TNBS, an amine induced in the enzymes due to the inhibitor binding. During
group modifier of lysine. Semilogarithmic plots of residual OUr initial kinetic analysis, the inhibitor showed competitive
inhibitory activity against the aspartic proteases as a function inhibition against pepsin and F-prot in vitro. The 1:1 molar
of time were linear (Supporting Information). The modifica- fatio of the interaction of ATBI with the target enzymes
tion of the carboxyl groups of ATBI by WRK was monitored ~ classified it under the “tight-binding inhibitor” groui89,
by the differential absorption at 210/340 nm. Analysis of 40). These results were reinforced by the equilibrium binding
the order of reaction3g) for pepsin and F-prot yielded a studles_of the enzyme and .|n.h|b|tor and by the estimation of
slope of 1.67 (inset of the Supporting Information) and 1.64 the residual proteolytic activity.
(data not shown), respectively, and thus suggested the The slow-binding inhibition of enzymes can be illustrated
involvement of two carboxyl groups in enzyme inactivation. kinetically by three mechanisms as described in Scheme 1.
TNBS caused time- and concentration-dependent loss of theSimple second-order interaction between the enzyme (E) and
inhibitory activity of ATBI. A reaction order of 0.75 (inset  the inhibitor (I) could result in slow-binding inhibition where
of the Supporting Information) and 0.79 (data not shown) the rate of complex formation is slow. Kinetically, when an
for pepsin and F-prot, respectively, determined from the slope inhibitor has a lowK; value and the concentration lo¥aries
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in the region ofK;, both ksl, andk, values would be low. resulting in the formation of a stable enzymiahibitor
These low rates of association and dissociation would leadcomplex. The time-dependent inhibition kinetics of pepsin
to slow-binding inhibition (Scheme 1a). Alternatively, bind- and F-prot by ATBI followed a two-step mechanism, which
ing may also involve two steps where there is a rapid was also reflected in the quenching pattern of the fluores-
formation of an initial collisional complex, El, that subse- cence. On the basis of our fluorescence studies, we propose
quently undergoes slow isomerization to form the final tight that the rapid fluorescence loss was due to the formation of
complex EI* (Scheme 1b). The nature of these changes hashe reversible AP-ATBI complex, whereas the subsequent

been discussed {, 41). The extent of EI* formation depends
on the affinity of the EI complex and the relative rates of
formation of EI* and its relaxation to El. Slow-binding
inhibitor can also arise due to an initial slow interconversion
of the enzyme E into another form E* which binds the
inhibitor by a fast step (Scheme 1c). Kinetically, these
mechanisms can be differentiated by investigating the
behavior of the enzymeinhibitor system at varying con-
centrations of the inhibitor. Scheme 1a would predict that

slower decrease was a result of the accumulation of the
tightly bound AP-ATBI* complex. The kinetically observable
isomerization of AP-ATBI to AP-ATBI* does not involve a
major alteration in the three-dimensional structure of the
enzymes as reflected in the absence of any shift in the
tryptophanyl fluorescence. Further, agreement of the rate
constant values determined from kinetic and fluorescence
analysis prompted us to correlate the localized conforma-
tional changes to the isomerization of AP-ATBI to AP-

in the presence of substrate the initial rate of substrate ATBI*.

hydrolysis will be independent of inhibitor concentrations
as the concentration of El would be significantly low.
However, in Scheme 1b, the inhibitor will inhibit the enzyme

Any changes in the environment of individual tryptophan
residues may result in an alternation of fluorescence char-
acteristics such as emission wavelength, quantum yield, and

competitively at the onset of the reaction, and at increasing susceptibility to quenchingt@). Fluorescence quenching can

concentration of inhibitor, the initial rate of substrate
hydrolysis will decrease hyperbolically. The kinetic proper-

also result from the energy transfer to an acceptor molecule
having an overlapping absorption spectrud8)( As the

ties of the aspartic proteases studied in this report provide ainhibitor has no absorption in the region of 29850 nm,

unigue opportunity to quantitate these rates and affinities.

As found in most of the ground-state inhibitors, formation
of the first reversible complex, AP-ATBI, was too rapid to

we ruled out the quenching of fluorescence due to the energy
transfer between the inhibitor and the tryptophan residues.
The possibility that can be considered for the above inhibitor-

be measured at steady-state kinetics and was likely to beinduced fluorescence decrease is due to the presence of

near diffusion control. The rate of formation of the second
enzyme inhibitor complex, AP-ATBI*, was slow and rela-
tively independent of the stability of the AP-ATBI complex
or of the ability of the inhibitor to stabilize the AP-ATBI*
complex. Thus the major variable for slow-binding inhibition
is ks, the first-order rate at which AP-ATBI* relaxes to AP-
ATBI. An equivalent statement is that the apparent inhibitor
constant,Ki*, depends on the ability of the inhibitor to
stabilize the AP-ATBI* complex. The longer half-life of the
AP-ATBI* signified better stability and the slow dissociating
nature of these complexes.

It is interesting to comment on the kinetic data of ATBI
in the light of the extensive kinetic analysis of pepstatin,
the only known tight-binding inhibitor of pepsin. The values
of Ki andKi* for ATBI were observed to be much lower
than those of pepstatin. ATBI has a longer half-life and a
betterks/ks ratio (the determinant of the kinetic behavior of
AP-ATBI*), which clearly indicated the superiority of the
ATBI inhibition system to that of pepstatin. However, due
to the unavailability of the X-ray crystallographic data of
the pepsir-ATBI complex, we are unable to comment on
the structural comparison between both the inhibitors. It will
be indeed intriguing to compare the X-ray crystallographic
data for the identification of the important contacts between
the enzyme and the inhibitors, which will facilitate the
understanding of the mechanism of inactivation of pepsin
by ATBI. With the existing results, ATBI certainly holds

multiple sites, binding at one induced rapid fluorescence
change and at a second caused the slow fluorescence
decrease. To verify this possibility, a fixed concentration of
the enzymes was titrated with increasing concentrations of
ATBI. The proteolytic activity of pepsin and F-prot decreased
linearly with increasing concentrations of ATBI, yielding a
stoichiometry close to 1:1 expected for the slow-tight binding
inhibition. The effect of ATBI concentration on the fluores-
cence quenching of the enzymes was also consistent with a
1:1 molar ratio. These results are therefore inconsistent with
the presence of multiple high-affinity sites. Irrespective of
the physical explanation for the quenching process, it was
apparent that the inhibitor-induced fluorescence quenching
followed the formation of both the complexes AP-ATBI to
AP-ATBI*.

The amino acids comprising the active center and the
correlation between these residues with the inhibitory func-
tion are essential to understand the mechanism of action of
the inhibitor. Chemical modification and the kinetic analysis
indicated the participation of one amine and two carboxyl
groups of ATBI in the inhibition of aspartic proteases. The
catalytic site of the aspartic proteases consists of two carboxyl
groups and an essential lytic water molecdld) @nd follows
a general acigtbase catalysis mechanism. The probable
explanation for the involvement of two carboxyl groups of
ATBI is that they may form a network of hydrogen bonds
with the catalytic water molecule and with the ionizable

an added advantage over pepstatin because of its hydrophiligroups in the active site of the enzyme. The participation of

nature and longer half-life.

The onset of slow-binding inhibition is caused by a normal
conformational mode of the enzym@hibitor complex that
attains the stable configuration. The slow-binding inhibitors

the Lys residue may be explained by considering its ability
to form hydrogen bonding with the catalytic carboxyl groups
of the enzymes. These interactions may interfere in the native
weak interactions between the carboxyl groups of the active

combine at the active site and induce conformational changessite and the lytic water molecule, leading toward the

that cause the enzyme to clamp down in the inhibitor,

inactivation of the enzymes. However, the crystal structure
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of the enzyme-inhibitor complex will aid in understanding

the mechanism of inactivation of the aspartic proteases in

depth.

The results of our investigation demonstrated that the
inactivation of pepsin and F-prot by ATBI followed the slow-
tight binding inhibition mechanism and can be conveniently

monitored by fluorescence spectroscopy. On the basis of our

foregoing results, we propose that, concomitant with the
kinetic characterization, fluorescence spectroscopy will be
useful for the evaluation of inhibitor kinetic constants in the

absence of enzyme turnover and for the characterization of

the

mechanism of inhibition of aspartic proteases by slow-

tight binding inhibitors.
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