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N-benzoylt-phenylalanyle-phenylalanine is an excellent peptide substrate for carboxy-
peptidase A; at 3@ and pH 7.5K, is 2.6 x 10> M while kg, is 177 st (keof Ky = 6.8 %
10° Mt s1). Indole-3-acetic acid is a noncompetitive or mixed inhibitor towards the pep-
tide and toward hippuryl-phenylalanine; plots d&/V vs [Inhibitor] are linearN-Benzoyl-
L-phenylalanine is a competitive inhibitor of peptide hydrolysis, and plot&/gfvs
[Inhibitor] are again linear. One molecule of inhibitor binds per active site, and these
inhibitors bind in different sites. At constant peptide substrate concentration and a series of
constant concentrations of indole-3-acetic acid, plot&/dfvs the concentration dfl-
benzoylt-phenylalanine are linear and intersect behindeiveaxis and above the [Inhibitor]
axis. This shows that both inhibitors can bind simultaneously and that binding of one facil-
itates the binding of the othef (= 0.18). Employing the ester substrate hippunyR-
phenyllactate, the same type of behavior is observed in the reverse Neresgzoyl+-
phenylalanine is a linear noncompetitive inhibitor and indole-3-acetic acid is a linear compet-
itive inhibitor. Again the two inhibitor plot is linear and intersects above the [Inhibitor] axis
(B =0.12). Previous X-ray crystallographic studies have indicated that indole-3-acetic acid
binds in the hydrophobic pocket of thesite, whileN-benzoylt-phenylalanine binds in the
S-S site. The product complex for hydrolysis Mfbenzoylt-phenylalanyle-phenylala-
nine (phenylalanine N-benzoylt-phenylalanine) occupies both of these sites. However, the
present work shows that the peptide substrate does not bind to the enzyme at pH 7.5 so as tc
be competitive with indole-3-acetic acid. The binding sites may be formed via conformation-
al changes induced or stabilized by substrate and product bindiegooo Academic Press

INTRODUCTION

Carboxypeptidase A (peptidytamino acid hydrolase (EC 3.4.17.1) (CPA a
Zn(Il) metalloenzyme that catalyzes the hydrolysis of C-terminal peptide®-aogl
derivatives of3-phenyllactic acid and mandelic acid (1-3). The enzyme is composed
a single chain of 307 amino acids (3). X-ray crystallographic analysis at 2 A resolut
showed that the poor peptide substrate glycyltyrosine is complexed to Zn(ll) through

1 Abbreviations used: CPA, bovine pancreatic carboxypeptidase A; BBEnzoylt-phenylalanyl:-
phenylalanine; BRY-benzoylt-phenylalanine; IAA, indole-3-acetic acid; HPL, hippunyl-B-phenyllactic
acid; HPA, hippuryle-phenylalanine; PPAN-(phenoxycarbonyl)-phenylalanine; Tris, tris-hydroxy-
methylaminomethane.
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227 COOPERATIVE BINDING EFFECTS WITH A MONOMERIC ENZYME

carbonyl oxygen34). They-carboxyl group of Glu-270 is also located in close prox
imity. On this basis, nucleophilic and general base mechanisms involving Glu-270 v
postulated for peptide hydrolysis, and it was assumed that similar or identical me:
nisms would occur with ester substrates. Christianson and Lipscomb (5) have sug
ed that the carbonyl complexation of glycyltyrosine may be anomalous and that the |
tide carbonyl is normally polarized by hydrogen bonding from Arg-127.

Christianson and Lipscomi,6) determined thal-benzoylt-phenylalanine (BP)
binds in the $-S, subsite of CPA with the carboxyl group complexed with the met:
ion. In the same complaxphenylalanine binds in the hydrophobic region of the S
subsite with the carboxylate anion electrostatically linked to Arg-145. They cons
ered that | represented the productive complex for the synthedisbehzoylt-
phenylalanyle-phenylalanine (BPP). If that is the case, then by the principle of micr
scopic reversibility | should also resemble the productive complex for the hydroly
of BPP since the transition states for the two reactions must be identical.
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There is strong evidence that peptides and esters bind initially to CPA in differ
sites {,8). Indole-3-acetic acid (IAA) is a competitive inhibitor toward ester suk
strates but is noncompetitive toward peptid&s The carbamate estBF(phenoxy-
carbonyl)t-phenylalanine is a linear competitive inhibitor toward the peptide hiy
puryl-L-phenylalanine but is a linear noncompetitive inhibitor toward the est
hippuryl,3-phenyllactateg). The carbamate ester is also an observable substrate
the enzyme at high enzyme concentratiom§M), andK,, = K;. The carbamate is
therefore binding in the catalytic site for peptides.
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The above findings do not rule out similar mechanisms for peptides and 8sters
Furthermore, the catalytic site could be formed by a conformational change indu
or stabilized by substrate binding. Galégsl. (10) and Geoghageet al. (11) have
found that at least two intermediates occur before the rate-determining step (ES
ES) in the CPA-catalyzed reactions of both peptides and esters. The rate-limiting -
in peptide hydrolysis occurs before the formation of an enzyme-product cohplex (

It is clear that insight into the enzyme mechanism is dependent on a deeper ur
standing of the sites in which peptides and esters bind and of the interrelations
between these sites. We have in the present work studied the CPA catalyzed hyc
sis of the large peptide substratdbenzoylt-phenylalanyle-phenylalanine (BPP) in
the presence and absence of the inhibitors IAA and BP. X-ray crystallographic stu
have indicated that these inhibitors bind in thea8d S-S, sites, respectively6(13).
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We have also employed these inhibitors together in the reactions of hippyayl-
phenyllactic acid (HPL), a typical ester substrate for CPA that has been extensi
studied in previous investigation3,7,8).

Multiple inhibition analysis can allow the determination of whether binding of tt
inhibitors to the enzyme is mutually exclusive or whether both can bind simultal
ously (L4). If both can bind simultaneously, then it can be determined whether 1
binding of one hinders or facilitates the binding of the other. As a consequence, «
siderable information can be obtained pertaining to the nature of the binding sites
their possible interactiorfaVe have found that IAA and BP can bind simultaneousk
and that their binding is synergistic, even though CPA is a monomeric enzyme.

EXPERIMENTAL SECTION

N-Benzoyli-phenylalanyle-phenylalanine (BPP) was prepared by benzoylation c
the dipeptide -Phet-Phe (Sigma) by employing the method of Auld and Vallee (16
L-Phet-Phe (1 g) was added to 10 ml of water and 1 ml of 10 N NaOH. To this so
tion was added at°C an equivalent amount of benzoyl chloride (Aldrich) in smal
portions with vigorous stirring over a period of 10 min. The solution was acidifi¢
with 6 N HCI. The white precipitate was washed with water. After recrystallizatic
from water-ethanol and vacuum dessication, the crystalline compound meltec
185-186C. Anal. Calcd for GsH..N,O,: C, 72.10; H, 5.81; N, 6.73. Found: C, 72.19;
H, 5.79; N, 6.56.

Indole-3-acetic acid was purchased from Aldrich. After recrystallization from eth
acetate-hexane it melted at 166-X6.7 N-Benzoyl+-phenylalanine, hippuryl-
phenylalanine, and hippurgk,3-phenyllactate sodium salt were purchased fron
Sigma. Ninhydrin reagent solution (ninhydrin, 20 g/I; hydrindantin, 3 g/l; DMSC
75%; lithium acetate, 1 M) was purchased from Sigma and storé@ airdler nitro-
gen. This assay solution must be stirred gently before its application to the amino
solutions. All buffer components were reagent grade materials, and deionized w
was used throughout.

Carboxypeptidase A from Sigma was dialyzed in 0.05 M Tris-HCI buifes (
0.5 M with NaCl, [Z#*] = 10* M), pH 7.5, at BC for 36 h. The buffer solution was
changed after 18 h. After dialysis the clear enzyme solution was centrifuged
15,000 rpm for 15 min at°®. The supernatant was filtered through Millipore
“Millex” filters and stored at 8C. The protein concentration was determined b
employing the extinction coefficient at 222.5 ner(5.27x 10° Mt cn?) and 278 nm
(e=6.42x 10* Mt cnr?) (17).

Kinetic methodsThe hydrolysis of BPP cannot be followed spectrophotometricall
due to insufficient absorbance changes. Therefore, the hydrolysis reactions were follc
using a ninhydrin assay that detects the release of the primary amino group of pheny
nine (L8). In the initial rate measurements the reaction conditions were chosen so that
than 10% of the substrate was hydrolyzed. Absorbance measurements were carrie
using a Zeiss Model PM2DL spectrophotometer. The background absorbance due t

2An example is the multiple inhibitor analysis that was carried out in reactianglp€eraldehyde-3-
phosphate dehydrogenase (15).
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enzyme was negligible at the enzyme concentration employed . 43-6M). The reac-
tion measurements were carried out in duplicate. Control duplicates that did not incl
CPA gave the background absorbance not due to the enzyme. Under the assay conc
the inhibitors BP and IAA do not react with ninhydrin to a significant extent. At pH 7.
Tris—HCI buffer was employed, which contributes slightly to the background absorbar
An absorbance range of 0.2-1.0 was generally utilized. The reaction temperature
maintained constant at 300.1°C. The reaction was stopped using a 1 M citrate, MIO
EDTA, pH 5.2, solution. The ninhydrin assay has been employed previously to mon
CPA catalyzed peptide hydrolysis in Tris buff&6)

The CPA catalyzed hydrolysis of the ester substrate hippuryB-phenyllactic
acid (HPL) was monitored spectrophotometrically by following the absorbance chan
at 254 nm with a Beckman DU-7500 spectrophotometer. Initial rates were determir
The presence of theisomer has been shown not to affect the kinetics of the CPA c:
alyzed reactionl(7). The concentrations employed were corrected to reflect that of t
L-isomer. The pH measurements were made with a Radiometer PHM-22 pH me
The peptidase activity of the enzyme stock solution was routinely checked with H
and the esterase activity with HPL.

The values of the kinetic parameters were obtained from computer analysis of
of VIE vs [§)], E/V vs 1/[]], andE/V vs [Inhibitor]. The solid lines in the plots pre-
sented for illustration represent the best fit. The conventional nomenclajres (
employed to describe the inhibition experiments, i.e., competitive, noncompetiti
and mixed. Noncompetitive inhibition is strictly an effectlgn If both k., and the
apparenK,, are affected, then the inhibition is mixed. Noncompetitive inhibition ha
Ki (slope) =K; (intercept). In the inhibition experiments in which the substrate col
centration was varied, at least two constant concentrations of inhibitor were emplo

RESULTS

The CPA catalyzed hydrolysis Nfbenzoylt-phenylalanylt-phenylalanine (BPP) at
pH 7.5 and 3% (u = 0.5 M with NaCl) is characterized By, = 177 s', andk.{K, =
6.8 x 10* Mt s, The accuracy of rate measurements with the ninhydrin assay v
less at very low substrate concentrations (lesskKhauthan with higher substrate con-
centrations. The small appardfy, of BPP was therefore measured using a suitabl
competitive inhibitor so that relatively high concentrations of substrate could be ¢
veniently employedN-Benzoylt+-phenylalanine (BP), a product of the hydrolysis of
BPP, was found to be a competitive inhibitor of the CPA catalyzed hydrolysis of BI
The plots of E/V vs 1§)] at constant concentrations of BP shown in Fig. 1 intersect c
theE/V axis and give th& . value of 1774 2 s*. The plots oE/V vs [BP] (Fig. 2) are
also linear. Correlation coefficients were greater than 0.99 for the plots of Figs. 1
2. Dixon plots ofE/V vs [I ] intersect atl[] = —K; when the inhibition is linear compet-
itive. A horizontal line from the point of intersection will then touch Bf€ axis at
1K (14). The intersection of the plots of Fig. 2 for the competitive inhibition by BP
high substrate concentrations occurs close t&Meaxis at ¥ .. because of the required
scale of the [BP] axis. The averaggfrom Figs. 1 and 2 is 2610° M. A K; of 9.2x
105 M was found for BP. Thi&; value compares well with the value of &8.0° M
previously reported in other reactions (19). The slopes of Fig 2Kgkig = 3.6.
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FIG. 1. Plots ofE/V vs 1/[§)] for the CPA (1.4x 10° M) catalyzed hydrolysis of BPP in the presence of
0.002 and 0.004 M BP at 3D, pH 7.5, and: = 0.5 M NaCl.
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FIG. 2. Plots ofE/V vs [BP] for the CPA (1.% 10° M) catalyzed hydrolysis of 1.8 102 and 6.4x 10* M
BPP at 30°C, pH 7.5, and= 0.5 M NacCl.
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Indole-3-acetic acid is a noncompetitive or mixed inhibitor of the CPA catalyz
hydrolysis of BPP, and again plots of E/V vs [IAA] are linear as shown in Fig.
Varying the constant substrate concentration produced nearly identical lines, &
required for noncompetitive inhibition at high)J&,, ratios (see equations IlI-28 and
111-29 in (14)). The value oK is 1.5x 10 M.

Indole-3-acetic acid is a fully noncompetitive inhibitor toward hippuryl-L-
phenylalanine (HPA). The plots BfV vs 1/[5] at 3C°C and pH 7.5 in that case inter-
sect on the 1§ axis, and the values & (slope) an; (intercept) are closely sim-
ilar, 2.1x 10* M and 2.3x 10“ M, respectivelyd = 1.1). The plots oE/V vs [IAA]
are linear. From the point of intersection on the [IAA] axi&; af 2.2x 10* M was
calculated for IAA inhibition of the CPA catalyzed hydrolysis of HPA.

Figure 4 is a plot oE/V vs the concentration of BP at a constant concentration
BPP and a series of constant concentrations of IAA. Equation [1] is applicable to
case of linear competitive and noncompetitive (or mixed) inhibitors, whisr¢he
competitive inhibitor an is noncompetitive. The scheme of Eq. [1] leads to Eq. [2]

| Keat
El E + S ES E + P
Ki Ks
+ + +
X X X [1]
BKx Kx aKy
EIX EX + S ESX
aK,
T T T
0
8
- mo N
™
>
(8]
] 1 ]
1.0 2.0

(AA) x 10*M

FIG. 3. Plot of E/V vs [IAA] for the CPA (1.5x 10° M) catalyzed hydrolysis of 6.4 10* M BPP at
30°C, pH 7.5, angt = 0.5 M NacCl.
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f
E/V x10° (sec)
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FIG. 4. Plots ofE/V vs [BP] at a series of constant concentrations of IAA 0,165, 1x 10, and 2x
10* M) in the CPA (1.5< 107° M) catalyzed hydrolysis of 8 10+ M BPP 30C, pH 7.5, angt = 0.5 M NacCl.

(A [S]
V max I X 11X]0O X
KSS[+E<]i+[I<X]+E3P]<i[K1D+[S]%+c[YI(]X (2]

The equation for the Dixon plot of\l#s [l ] is given in Eq. [3],

X X]0O, K
\1/ VoK [s]gl []D['] C[,K]B % [K]% 3]

max

while that of 1¥ vs [X] is given in Eq. [4] (14).

1_ Il 1 IE[
VK [S] B[K]EH [S]gl g 4]

The plots of Fig. 4 are linear with correlation coefficients of 0.98 or greater, and the sl
increases as the concentration of IAA increases. Therefore, both inhibitors bind to
enzyme simultaneousihl4). The plots intersect behind tB#V axis and above the [BP]
axis, which shows that the binding of one inhibitor facilitates binding of the other. A li
ear plot of the slopes of Fig. 4 vs the concentration of IAA giy#& as the intercept on
the 1AA axis. EmployingKx = 1.5% 10 M, Bis calculated to be 0.18. A linear plot of the
intercepts of Fig. 4 vs [IAA] allows the calculationaif aK, = 1.75x 10* M.

[X] +
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The ester substrate hippumyl;3-phenyllactate (HPL), hds,;andK,, values of 750
stand 1.0x 10* M, respectively, at 3« and pH 7.5. X, of 9x 10° M was pre-
viously reportedq). Indole-3-acetic acid is a competitive inhibitor axidbenzoyl+ -
phenylalanine is noncompetitive. PlotsEs¥/ vs 1/[S)] intersect on th&/V and 1/
axis, respectively, in the presence of constant concentrations of the inhibitor, as |l
trated for BP in Fig. 5. In the noncompetitive inhibition by BP the valu&s (@fter-
cept) andK; (slope) do not differ greatlya(= 0.9). The plots oE/V vs [Inhibitor] are
linear and intersect on the BP axis. In contrast, the linear pldg/ois IAA (not
shown) intersect behind tHgV axis and above the IAA axis. A line from the inter-
section point to th&/V axis is close to ki, The linear plots oE/V vs 1/[5] in the
presence of IAA intersect precisely on ¥ axis at 1K 5 (K. = 752 s'). The values
of K; determined from the Dixon plots are X40* M for IAA and 1.0x 10 M for
BP. Previously reported values Kf for IAA as a competitive inhibitor of ester
hydrolysis and as a noncompetitive inhibitor of peptide hydrolysis arg 106* M
and 1.7x 10 M, respectively 7). The linear plots in Fig. 6 d&/V vs the concentra-
tion of BP at a constant concentration of HPL and a series of concentrations of .
intersect behind thE/V axis and above the [BP] axi € 0.12). Correlation coeffi-
cients for the straight lines in Fig. 6 were again greater than 0.99.

DISCUSSION

N-Benzoyli-phenylalanylk-phenylalanine (BPP) is an excellent peptide substrai
for CPA. TheK,, value at pH 7.5 of 2.6 10° M is the smallest that has yet been mea

E/V x10° (sec)

1 1 ] 1 1 L
0 5 10 15 20 25

1/(50) x10° M

FIG. 5. Plots ofE/V vs 1/[])] for the CPA (2.5« 10° M) catalyzed hydrolysis of HPL in the presence of BP;
1x10*M (@); 5x 10°M (@); and in the absence of inhibitad) at 30C, pH 7.5, angi = 0.5 M NaCl.
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FIG. 6. Plots ofE/V vs [BP] at a series of constant concentrations of IAA (9,104, 1.5x 10, and 2x
10* M) in the CPA (2.5< 10° M) catalyzed hydrolysis of ¥ 104 M HPL at 30C, pH 7.5, angt = 0.5 M
NacCl.

sured for benzoylated peptide substrates of the enzyme. It is quite unlikely that
smallK,, is influenced by nonproductive binding siri¢g (177 s*), which would be
reduced by nonproductive binding, is enhanced over that of usual dipeptide substr
hippuryl+L-phenylalanine (HPA) hdsg, = 100 st at pH 7.5 and 3@ (8). The value
of ke.of Ky, for BPP (6.8x 10F M~ s1) is again the largest yet observed for a benzoy!
ated peptide substrate of the enzyme. Only some dansylated peptides provide |
values R0). It is probable that these favorable values are produced by the multipli
ty of contacts that the substrate can make with the enzyme. In comparisonNHPA
benzoylglycylt-phenylalanine) hashg, of 1023 M andk../K,,= 1 M*stat pH 7.5.
An “edge to face” interaction of a benzyl side chain with an aromatic enzyme resi
(Tyr-198) may contribute to the specificity effects for binding in theuBsite $,21).
Removal of a phenylmethylene group from water to a hydrocarbon environment
proceed with aAG° of —3.6 kcal/mol 22). Consequently, the small&, for BPP in
comparison with HPA can be explained on the basis of the substitution of a phenylal
residue for glycyl. Note that the precision of binding (assumingkihat K, as is the
case with other peptide substrat&g§43,24)), manifests itself in a relatively favorable
k./Kn. The latter constant is the second-order rate constant for reaction of the
enzyme with the substrate and is not affected by any nonproductive binding effects
The discovery of enzyme substrates that give large rate constants can be meck
tically important. In addition to the general base and nucleophilic mechanisms
posed by Lipscomb3(4), more recent suggestions have involved Glu-270 gener
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base abstraction of a proton from a metal ion bound water moleculB)(1§n@ the
kinetically equivalent attack of metal ion bound hydroxide ion (lll) assisted by Gl
270 general acid catalysigy).

H\
e} < 0O
/O\->\c —R "~ e—n
A R— N/ R— N/
/° N/
_ o

Il Il

o) o)
II 111

The latter mechanism is attractive because it should be capable of generating largs
constants and large rate enhanceme2®6), whereas mechanism Il has not beer
shown to be chemically feasible. Metal ion promoted ©talysis has beeronsid-
ered to be a general mechanism for hydrolytic metalloenzy2igsKinetically equiv-
alent mechanisms may be distinguished if one of the mechanisms demands a rate
stant that is greater than that for a diffusion controlled reacticr{@M st in an
enzymatic reaction). If the apparer€,pvalues of 6.3 and 9 are assigned to the cal
boxyl group of Glu-270 and a metal ion bound water molecule, as sugges
(1,2,28,29), then the concentration of active site Il is 500-fold larger than that of acti
site Il at any pH. Therefore, from the experimental rate constant for BPP at pH 7
(7 x 10° M s1), the true rate constant for mechanism Il is calculated to b& 3.5
1 Mt s, This value is slightly greater than that usually considered for a diffusio
controlled enzyme reaction, but does not allow mechanism Il to be ruled ©
However, it is clear that thekp of zinc ion bound water cannot be much greater tha
9 for mechanism Il to be possible. On the other hand, a wKtanpch less than 9,
e.g., 6.3, would preclude the need for general base catalysis by Glu-270 (Mechal
II) because of the high concentration of the ionized species. A mechanism invol
attack of metal ion bound Ohdithout involvment of Glu-270 in the rate-determining
step would be consistent with the pH dependence.ahkpeptide hydrolysis23) if

the water g, is as low as 6.3.

3The ratio of the concentrations of the monoanionic active sites in Il and Ill is given by the ratio of
dissociation constants for ionization of metal ion bound water and ionization gcdrboxyl group of
Glu-270, assuming that these dissociations do not influence each other. Thus:

Kooon 16007 1M ~Hy0]
Ky =H20  [coOHIM!" - OH ]

4The value of the dissociation constant of thé 2,0 of CPA has not been determined unambiguous-
ly; pKa values ranging from near 6 to 9 have been suggested KLloé the aquo complex of Zn(ll) is 8.8.
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Inhibition of CPA.Linear inhibition is observed in the CPA catalyzed hydrolysis o
both peptide and ester substrates. The competitive inhibition by the carbamaté- este
phenoxycarbonyi-phenylalanine (PPA) in the CPA catalyzed hydrolysis of the peptic
hippuryl+-phenylalanine, gives rise to lineafV vs [PPA] plots 8). The same type of
behavior is observed with the competitive inhibitor BP when the peptide BPP is the s
strate. Indole-3-acetate is a noncompetitive or mixed inhibitor towards peptides, and y
of E/V vs [IAA] are again linear. The reverse is the case when the substrate is the ¢
HPL, IAA is then a linear competitive inhibitor, whereas PPA and BP are linear nonco
petitive. The linear plots d&/V vs [1] for the CPA catalyzed hydrolysis of constant con-
centrations of BPP, HPA, or HPL, show that one molecule of inhibitor (PPA, BP, or IA
binds per active site at pH 7.5.

Linear plots oE/V vs 1/[]] intersecting on th&/V axis in the presence of an inhibitor
indicate competitive inhibition but do not establish that the substrate and inhibitor b
in the same site on the enzyme. Partially competitive inhibition, in which an EIS cc
plex can break down to products will also produce such plots. Partially competitive ir
bition can be identified by hyperbolic plots o¥/M4s [I] at a constant substrate concen-
tration. To establish that substrate and inhibitor are mutually exclusive, it is neces
for plots of 1V vs [I] to be linear. Since the plots BV vs [I] are linear in the CPA
catalyzed reactions of BPP, HPA, and HPL, an EIS complex is not formed in the c
petitive cases, and there is direct competition for binding to the active site.

As only one molecule of inhibitor binds per active site at pH 7.5, anid; vedues
are nearly constant regardless of whether the inhibition is competitive or noncom
itive (7,8), it might be reasonably inferred that the binding of each inhibitor is to
single favored site. If it is considered that the inhibitors are binding in the sites in
cated by the X-ray analysis, then the linear competitive inhibition of peptide hydro
sis by BP in conjunction with the observed binding of BP in th&Subsite in the
X-ray crystallographic studies of Christianson and Lipscdsii),(indicates that pep-
tide substrates bind in that site. In view of its structural similarity to BP, PPA prok
bly also binds to the same sig).(L.-Phenylalanine binds in the Ste with the phenyl
group in the hydrophobic pocket, as in structur8,5)( Structure I, the suggested
complex for the synthesis of BPP, would then resemble the productive complex
the forward hydrolysis reaction. However, the lack of apparent competitive inhibiti
of IAA toward BPP and HPA at pH 7.5 poses an interpretive problem.

The X-ray structure of the IAA—CPA complex shows that IAA binds in th
hydrophobic pocket of the;Subsite with the carboxylate group salt-linked to Arg-
145 in the same manner as phenylalanir8. (No other binding sites for IAA were
observed at the concentrations employed (0.01 M). The competitive inhibition shc
by IAA toward esters was considered by Auld and Holmquist to indicate the sa
binding site for those substrates and I1AA. (A different binding site was indicated
for peptides toward which IAA was noncompetitive. Lipscomb suggested that pepti
initially bind in a remote site and that the rate-determining step is migration into 1
Si site, i.e., there are different initial binding sites and rate-determining steps for es
and peptides but the same catalytic e The difficulty of binding peptides in;S
was ascribed to a twisting effect necessary to achieve binding. However, the I
k.ofKm for BPP and dansylated peptidd®,20) implies that the prevalent ES species
is the one in which the substrate is bound efficiently to the catalytic site. Also, re
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determining binding of peptides iri & not in accord with structure-reactivity con-
siderations §). Thus, the problem of the observed noncompetitive inhibition by 1A/
in peptide hydrolysis remains in apparent conflict with the X-ray results.

The pH dependence oKpfor IAA noncompetitive inhibition is a gentle sigmoid
(30), similar to that of phenylacetatglj. L-phenylalanine also gives a sigmoidal log
Ki vs pH plot 82). In contrast, the lo&; vs pH profile for the inhibition toward pep-
tides ofL-benzylsuccinate, which may bind to the metal ion, shows a large pH dep
dence that is nearly linear from pH 6—13B). These results are consistent with the
view that IAA in its noncompetitive mode does not bind to the metal ion.

Carboxylic acids can exhibit different types of inhibition effe8%).(The partially
competitive inhibition of HPL hydrolysis by cyclohexyl acetate was interpreted
terms of an Elcomplex B85). At high concentrations (greater than 0.01 M), a secon
binding site can be detected for carboxylate inhibitors of CPA, and the inhibiti
toward peptides changes from noncompetitive to mixed or competitive at high pH (-
(31,36). In view of the linear inhibition, binding of IAA in the two sites is mutually
exclusive at pH 7.5. Furthermore, a competitive component is not detected wher
peptide HPA is the substrate at pH 7.5; the IAA inhibition is linear noncompetitiv
anda = 1.1.

Linear mixed inhibition can result from the binding of an inhibitor at two differer
but mutually exclusive site87). A scheme involving mixed competitive and non-
competitive inhibition, in which there are two exclusive sites for binding of inhibito
can give results characteristic of noncompetitive inhibition if coincidentglly
(slope) =K; (intercept) 87). However, two preexisting sites for the bindingrifibitor
is not consistent with the X-ray results for IAA3] unless binding in the second site
is very poor.

A scheme involving mixed competitive and uncompetitive inhibition with exclusiv
binding of inhibitor in two different sites is shown in Eg. {9]his scheme will also
appear to be pure noncompetitive

KS kcat
ES —— E + P

E + S

I Ki

yK; | 5]

IE ESI

inhibition if y=1. In Eq. [5] the second binding site for inhibitor is created by the bindir
of substrate. A scheme of that type can explain the observed noncompetitive inhibitiol
IAA in peptide hydrolysis without invoking different binding sites for esters and peptid
or conflicting with the X-ray data. The difficulty in the scheme stems from the requirem
thaty= 1.

L-Phenylalanine might, of course, move into theig after the C—N bond break-
ing step. Such an alternative would imply that the X-ray crystal structure depictec

SUncompetitive inhibition has been reported in CPA catalyzed ester hydrolysis reactions (34).
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| does not represent the initially formed product complex in water. Failure of the
terminal phenylalanine residue of BPP to bind jm8uld then imply a rigid active
site. Conformationally inflexible ES and EP complexes are not, however, consis
with the present double inhibitor experiments.

The double inhibitor plots d&/V vs the concentration of one inhibitor at a series 0
fixed concentrations of the other inhibitor (Figs. 4 and 6), are linear and inters
which shows that both inhibitors can bind simultaneousty.(The value of3 influ-
ences the slope of the plot and determines whether the lines intersect. Interse
indicates the presence of the ternary complex EIX. More@@enotes the effect of
the binding of one inhibitor on the binding of the other (see Eqgs. [3] and [#pfA
oo indicates that binding of the inhibitors is mutually exclusive, and the lines &
parallel. 8 = 1 indicates that binding of one inhibitor has no effect on the binding
the other (Dixon plots intersect on the [inhibitor] axis), wiSike 1 indicates that bind-
ing of one inhibitor promotes the ease of binding of the other. That the plots int
sect above the [inhibitor] axis indicates that binding is synergistic, i.e., binding
one inhibitor favors binding of the other. The value of the inhibitor interaction fact
Bwas found to b&l0.2 when either the peptide BPP or the ester HPL is the substre
Thus, the shape of the plots and the valug8 arfe the same with these structural-
ly different peptide and ester substrates with which different assay methods w
employed.There are at least two distinct but not independent sites for the bindi
of the twoinhibitors. A conformational change is occurring in CPA catalyzed rea
tions that is either induced or stabilized by inhibitor binding, and these conformatio
effects are communicated between sites.

When HPL is the ester substrate and BP is the noncompetitive inhibitor, the val
of K; (intercept) and; (slope) are similar although not identical£ 0.9). If theK; for
IAA acting as a competitive inhibitor vs. HPL is taken as a fixed value clierthe
IAA inhibited reactions of BPPK{ (noncompetitive)X; (competitive)) is 0.68. Thus,
synergistic effects occur predominantly within the EIX complex. A large substre
may make sufficient contacts with the enzyme so that the optimum conformation
binding is achieved with minimum mutual binding effects. Clearly, cooperative bin
ing effects are highly dependent on the structure of the ligands.

Conformational changes of CPA have been noted previddi8ly in particular, the
movement of Tyr-248 and the associated peptide chain, when substrates bind
enzyme. Such conformational changes may affect peptides and esters differe
Tyrosyl acetylation reducds,, for peptides to 3-6% of thk., for the unmodified
enzyme 16,38), but the ester HPL is still hydrolyzed efficiently. Béth andK,, for
HPL hydrolysis are increased by acetylation. Likewise, conformational changes inve
ing Arg-127 occur that could be mechanistically important with peptide substra
(5,39). The extended conformation of Arg-127 can bind to the substrate carbonyl o
gen and thereby exert a polarizing effect. Thus, conformational changes can be cr
in the formation of the catalytic site and are very likely dependent on the ligands.

Cooperative binding of ligands has been frequently observed with enzymes comp
of subunits but is rare in reactions of monomeric enzymes (see (40) and references
in for an example). The classical equilibrium explanations for cooperativif2)
cannot be easily applied to monomeric enzymes. The positive or negative cooperat
effects that often occur with enzymes composed of subunits can be considered to
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so that the enzyme can respond to drastic increases or decreases in the substral
centration. However, with a monomeric enzyme such as CPA, intersubsite coopere
ty is very likely a consequence of the large binding site required for the binding of p
tides and the necessity of high velocity with different substrates. A conformatio
change of a flexible active site induced or stabilized by the binding of substrate wc
allow the formation of the catalytic site in the most advantageous manner with a var
of peptide substratédwith a flexible active site a conformational change need not |
energetically prohibitive. Small molecules that can bind simultaneously in differe
regions of the active site might then bind cooperatively.
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