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ABSTRACT. The activity of serine carboxypeptidases is dependent on a catalytic triad, an oxyanion hole,
and a binding site equivalent to those found in the serine endopeptidases. The action of carboxypeptidase
Y on substrates containing amino acids, alcohols, and amines as leaving groups is described. It is
demonstrated that the features common to serine endopeptidases and carboxypeptidases are sufficient for
hydrolysis of ester bonds. However, rapid hydrolysis of amide bonds is dependent on interactions between
the C-terminal carboxylate group of the substrate and the C-terminal recognition site of the enzyme.
Furthermore, on the basis of the pH dependencies of wild-type and mutant enzyme, combined with the
ability of the enzyme to utilize binding energy to promote catalysis, alternative models for the high activity

of carboxypeptidase Y at low pH are discussed. They describe how the catalytically essential histidine
is maintained in its active deprotonated state through perturbation d€iteatue in the enzymesubstrate
complex.

Carboxypeptidase Y (CPD-Y)s a 64 kDa serine car- and ester substrates in a two-step reaction during which the
boxypeptidase isolated fro@accharomyces cerisiae [for catalytically essential serine is acylated by the substrate. A
reviews see Breddam (1986) and Remington and Breddamkey feature of this mechanism is the ability of the histidine
(1994)]. In contrast to the metallocarboxypeptidases, e.g.,to abstract a proton from the serine prior to or simultaneously
carboxypeptidase A, it has been found to catalyze hydrolysiswith the nucleophilic attack on the scissile bond. This can
reactions with a large variety of leaving groups, e.g., amino take place only when the histidine is in the deprotonated
acids, p-nitroaniline, and various alcohols. The serine form. As a consequence, the pH profilekgf;is determined
carboxypeptidases have been classifiedug hydrolases by the K, of the histidine rendering these enzymes virtually
(Ollis et al, 1992; Endrizzet al., 1994), which compose a  inactive at low pH. Nevertheless, important differences do
diverse family of structurally related hydrolases containing exist. In contrast to the serine endopeptidases, the serine
a catalytic triad of the nucleophitehistidine-acid type. The  carboxypeptidases are highly active at low pH, and from pH
a/f hydrolase family contains enzymes capable of hydrolyz- 3 tg 9, k., only increases by a factor of-3! (Breddam,
ing dienelactones, acetylcholine, haloalkanes, lipids, and 1986). Furthermorek., titrates with a [, value about 1.5
peptides (Olliset al, 1992). However, despite the diversity | nits below the value typically found for the essential
of this structural family, it so far does not comprise cysteine pistidine in the serine endopeptidases (Bereteal.,, 1962;
or serine endopeptidases. The three-dimensional structureggrght, 1985). To explain this, recent models suggest that
of CPD-Y and carboxypeptidase Wl from wheat (Endrizzi Gy145 or the C-terminal carboxylate of the substrate
et al, 1994; Liao & Remington, 1990; Liaet al, 1992, nctions as an acceptor of the inhibitory proton from the
Bullqck etal, 19_94) combined with chemical mod|f|cat|o_n positively charged (inactive) catalytic His397 (Bulloekal.,
studies (Hayastet al, 1975) have shown that the catalytic ' 1994. Christensen, 1994). However, we have previously
triad can|sts of Ser146,'Asp3'38, and His397 (CPD-Y shown that the serine carboxypeptidase catalyzed hydrolysis
numt_)erlng). The three-dlmen5|ona_1l arrangement c_)f the of peptide bonds is highly dependent on interaction between
functional groups of these three residues together with thethe C-terminal carboxylate group of the substrate and the

observations that Ser146 may be irreversibly acylated with h g
. X . ydrogen bond donors Asn51 and Glu145 (in its protonated
DFP and that an acyl intermediate may be detected in theform) (Mortenseret al, 1994). In the present communica-

hydrolysis of indole acryloyl imidazole (Martiet al., 1980) tion, this model and the significance of Glu145 in C-terminal

suggests that 'th sefne cart_)oxypepndases ernployaCatalyt'(r"ecognition are investigated and the question of whether
mechanism similar, if not identical, to that of the well-

characterized serine endopeptidases (Bewmdeal, 1962; Glul145 may have more than a single function within the

. : . enzyme is addressed. Alternative models describing how
Fersht, 1985). The serine endopeptidases hydrolyze pem'd%he catalytically essential histidine is maintained in its

deprotonated state through perturbation of ks palue in
the enzyme-substrate complex is discussed.
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1 Abbreviations: CPD-Y, carboxypeptidase Y from yeast; DFP, MATERIALS AND METHODS
diisopropyl phosphofluoridate; FA, furylacryloyl; Phg, phenylglycine;
MES, 2-(N-morpholino)ethanesulfonic acid; HEPEN;(2-hydroxy- Materials MES and HEPES were from Sigma, U.S.A
ethyl)piperazineN'-(2-ethanesulfonic acid); -OGly-OH, glycolic acid; Lo
Ph, phenyl: PMSF, phenylmethylsulfonyl fluoride; PRCL, structural FA-Phe-OMe and FA-Phe-OGly-OH were from Bachem,

gene for CPD-Y; EDTA, ethylenedinitrilotetraacetic acid. Switzerland. FA-Phe-OEt, FA-Phe-NHEt, FA-Phe-Gly-OH,
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FA-Ala-OCH,Ph, FA-Ala-NHCHPh, FA-Ala-Phg-OH, FA- on the catalytic parameters for the hydrolysis of the substrates

Ala-NH(CH,),Ph, and FA-Ala-Phe-OH were synthesized as FA-Ala-OBzl, FA-Phe-OEt, FA-Phe-OGly-OH, FA-Phe-

previously described (Breddam, 1984). The substrates wereleu-OH, and FA-Phe-Ala-OH was determined in 20 mM

crystallized from water:ethanol. Wild-type CPD-Y, FA-Phe- buffer, 0.1 M NaCl, 1 mM EDTA and 2.5% GJ®H using

Ala-OH, and FA-Phe-Leu-OH were from Carlbiotech, Copen- the following buffers: acetic acid, pH 4-(5.5; MES, pH

hagen, Denmark. 3H]DFP was from Amersham, U.S.A.  5.5-6.5; HEPES, pH 6.58.5. No apparent change in the

PMSF was from Boehringer Mannheim, Germany. pUC19 catalytic parameters associated with changes in buffer type

and M13mp19 were from in-house collections (Yanisch- was observed. Hydrolysis rates were determined spectro-

Perronet al, 1985). Coordinates for the three-dimensional photometrically at 329346 nm and 25C using a Perkin

structure of wild-type and EG65ARE145A were kindly  ElmerA7 spectrophotometer. The kinetic parameters as well

provided by Dr. S. James Remington. The water accessibleas the [, values describing their pH profiles were deter-

surface area of His397 in the wild-type and the mutant mined using the nonlinear regression analysis program Grafit

enzyme was determined using Naccess (Hubbard & Thorn-3.01 (Leatherbarrow, 1993). For the wild-type enzyme the

ton, 1993). equations used for the determination of thémlues were
Preparation of Mutant EnzymesS146A was constructed ~ based on the reaction schemes outlined in Figure 1, schemes

as described previously for E145A (Mortensstral, 1994) A and B, valid with uncharged and charged substrates,

using oligo S146A: GGCGTAGGCTTCCCCAGCGAT. respectively (Christensen, 1994). For uncharged substrates

Nucleotides underlined are different from wild-type. E6GSA  the following equations were used:

E145A was prepared as previously described by Mortensen

etal (1994). H397A and D338A was constructed using the KealPH) = [(Kear1€XPio(PH — PKeg) + Kot )/

Oligonucleotide-Directeéh Vitro Mutagenesis System Ver- (1 + expo(PH—pKeI)]

sion 2 kit from Amersham,’'sSGGCGATAAAGCTTTCAT-

CTGT-3 (oligo D338A), B-CGCCATGGTTCCATTTGAC- Ky (PH) = [Kg 1 + expo(pH — pKp) +

GTCCCTGAA-3 (oligo H397A), and a M13mp19 subclone '

of the structural gene for CPD-Y as previously described expyo(PKey — PH))/(1+ expo(PH — pKeg))]

by Bech and Breddam (1989). H397G was constructed using

the polymerase chain reaction on a pUC19 derivative KeafKn(PH) = [((Kear /Ks DEXPIo(PH — PKp)) +

containing a 1112 bparHI-BanHI fragment ofPRC1with (Koot /Ks NI(L + expo(pH — pKg) +

the oligo: B-CGGCATGGTTCCATTTGACGTCCCTGAA- T expyg(PK ey — PH))]

3’ (oligo H397G) and a 24-mer reverse sequencing primer OWTHEH

for M13mp19 equivalent to primer #1233 from New England For the charged substrates the following equations were used:

Biolabs, MA. The resulting PCR product was subcloned as

aMsd-BanH| fragment into the pRA21 expression vector, Kea{PH) = [(Keai1 Kear 2€XPo(PKeps — PH))/

which contains thé?RC1gene under control of th&AL1 (1 + exp(PKens — PH))]

promotor. Mutant enzymes were produced by introduction

of pRA21 into the yeast strain W2579, which is deficient in K, (pH) =

intracellular sorting 4psl) and deleted in th®RC1gene M

(Aprcl), as previously described by Mortensetral. (1994) [(Ks (1 + expo(pPKs — pH))(1 + expo(pH — pKg) +

and purified by affinity chromatography using the method expyo(PKey — PH)))/(1 + exp,o(PKens — PH))]

of Johanseret al. (1976). Reaction of S146A, H397A and

H397G with PMSF was performed using a 10-fold excess K o/Kyy(PH) =

of PMSF in 100 mM NakHPQ, buffer, pH 7.0. The PMSF- at’™M

treated mutant enzymes were repurified by affinity chroma- [((Koat,{Ks,) + (Kear /K €XP1o(PKEr — PH))/
tography, and this treatment was repeated until no additional ((1 + exp,o(pH — pKg) +
loss of activity was observed. All mutant enzyme prepara- expo(PKey — PH))(1 + expy(pKs — pH)))]

tions were homogenous as determined by SPAGE. o
Determination of Kinetic ParametersThe ke and Ky It should be noted that titration of the substrate was taken

values for the hydrolysis of FA-Phe-OMe and FA-Phe-Leu- into account for the charged substrates with the ternt (1
OH were determined at Z& in the buffers 50 mM HEPES,  ©XPu(PKs) — pH)). For E6SAFE145A schemes C and D
2.5% (v/v) CHOH, 1 mM EDTA, pH 7.5, and 50 mM MES, (Figure 1) were used for uncharged and charged substrates,
1 mM EDTA, pH 6.5, respectively. Thie.andKy values respectively. For the charged as well as uncharged ester
for the hydrolysis of FA-Ala-OCkPh, FA-Ala-NHCHPh, substrates the following equations were used:
FA-Ala-Phg-OH, FA-Ala-NH(CH).Ph, and FA-Ala-Phe-OH _ _

were determined at 25C in the buffer 50 mM MES, 2.5% Kea PH) = [Keof (1 + €Xpio(pPKes — PH))

(v/v) CH3;0OH, 1 mM EDTA, pH 6.5. TheandKy values

for the hydrolysis of FA-Phe-OEt, FA-Phe-OGly-OH, and Kw(PH) = [(Ks 1 (1 + exp,o(pKg — pH)))/

FA-Phe-Gly-OH were determined at 2& in the buffer (1 + exp(PKes — PH))]

50 mM HAc, 2.5% (v/v) CHOH, 1 mM EDTA, pH 5.5.

Hydrolysis rates were measured spectrophotometrically at g /k (phH) = K. )/(1 + ex K_— pH

337-346 nm using a Perkin EImet7 spectrophotometer caf K (PH) = [(keal K./ PP — PH))]
thermostated to 25C. The standard deviations on the For the charged peptide substrates the following equations
catalytic parameters were below 10%. The influence of pH were used:
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Kea PH) = [(Kear 1 €XPio(PH — PKEeg) + Kear J/
(1 + expyo(PH — pKeg) + expyo(PKeps — PH))I

Kw(pH) = [(Ks A1 + expo(PH — pKg) +
expyo(PKey — PH)))/
(1 + expo(PH — pKeg) + expo(PKens — PH))

Kca{KM(pH) =
[((Keat, /Ks DEXPLo(PH — PKE) + (Koot /Ks )/

(1 + expg(PH — pKg) + expyo(pKey — pH))]
The pH dependence ok for the wild-type CPD-Y-
catalyzed hydrolysis of FA-Phe-Leu-OH was described by
the equatiorkca{pH) = [(Keat,1 + Keat,2 €Xpro(pKens — pH))/
(1 + expio(pH — pKes) + expio(pKens — pH))], whereas
the pH dependence oKy was described by the same
equation as with the other charged substrates.

For two enzymes or substrates, A and B, the difference in
transition state stabilization energy was calculated from the
Kea/Km values: AAGTF = —RTIN[(Keal Km(B))/ (Keal Km(A))]
(Fersht, 1985). ThAAG:* values obtained when comparing
substrates with and without a C-terminal carboxylate group
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from the protonated form of the catalytic histidine to either
the carboxylate group of Glu145 or the C-terminal carboxy-
late of the substrate may account for the high activity of
serine carboxypeptidases at low pH (Bulloekal., 1994:
Christensen, 1994). This model can be tested by analyzing
a mutant enzyme in which Glu145 has been changed to a
residue without the capacity to accept a proton, e.g., E145A.
This mutant enzyme should reflect the state of ionization of
His397 and therefore exhibit a pH profile equivalent to that
of the serine endopeptidases. However, this experiment is
complicated by the observation that the carboxylate group
of Glu145 forms a hydrogen bond with the buried carboxy-
late group of Glu65, thus forming a glutamic acid bridge
(Liao et al, 1990; Endrizziet al., 1994; Mortenseret al.,
1994; Mortensen & Breddam, 1994). To eliminate the
possibility that in E145A a “liberated” Glu65 could function-
ally substitute for Glu145, the double mutant was constructed.
The resulting enzyme, i.e., E65A145A, has no acidic
groups within the active site apart from Asp338 belonging
to the catalytic triad. The three-dimensional structure of
E65A+E145A shows that the structural changes within the
active site are limited to movement of the flexible side chain
of Met398 (Sgrenseet al, 1995). Furthermore, CPD-Y

were compensated for the presence of enzyme unable to bindand E65A+E145A were reacted with indole acryloyl imid-

substrate due to deprotonation of Glu145 by multiplying the
observedk../Ky value for the charged substrate by {1
expo(pH — pKeugg). This allows assessment of the
transition state activation energy contributed by the interac-
tions between the enzyme and the C-terminal carboxylate
group.

[®H]DFP Inactivation of Wild-Type and Mutant CPD-Y
Wild-type enzyme as well as mutant enzymes (16\5)
were treated with a 5-fold molar excess &f]DFP in 100
mM NaH,PQO, at pH 7.0 for 2 h at room temperature. Upon
completion of the reaction, the sample was diluted 4-fold
and the protein was precipitated using deoxycholate and

azole to establish whether the rate of deacylation was affected
by the mutation. Values of & 104stand 4x 104s™?!

were obtained for CPD-Y and E65AE145A, respectively.
Thus, the rate of deacylation as well as the three-dimensional
structure is only slightly affected by the mutation, and
consequently, the catalytic apparatus is essentially unaffected.

The pH dependence of the catalytic parameters for the
hydrolysis of a substrate without aaterminal carboxylate
group, FA-Ala-OBzl, was determined (Figure 2). The pH
dependence of wild-type CPD-Y showed that the enzyme
exhibits a highk.s even at low pH, i.e., 3000 min at pH
4.5, and thak.y increased to around 5500 minas pH was

trichloroacetic acid (Peterson, 1977). The precipitate Was jncreased to 8.5Ky decreased from 0.34 to 0.04 mM within
washed twice with ethanol:ether (1:1), dried, and resuspendedye same pH interval ankk./Ky increased from 11 000 to

in 100uL of 10 mM Tris, 1 mM EDTA, pH 8.0. An aliquot

of the reaction mixture was added to 5 mL of Packard Gold
scintillation fluid cocktail and counted in a Beckman
LS6000IC scintillation counter for 5 min.

Determination of Deacylation RatesThe reaction was
carried out in 50 mM MES, 1 mM EDTA, pH 6.5, containing
12.5uM indole acryloyl imidazole and a 1.1-fold excess of
CPD-Y or a 2-fold excess of E65AE145A at 25°C.

Spectra were recorded at 60-s intervals on a Perkin EImerKNI values for the mutant e

A9 spectrophotometer. The rate of deacylation was deter-
mined according to Martiret al. (1980).

Reactvation of His397 Mutant EnzymedReconstitution
of activity toward FA-Phe-OMe through addition of imida-
zole was carried out at 25C in 50 mM HEPES, 1 mM
EDTA, 2.5% CHOH, pH 7.5. The ionic strength of the
reaction mixture was kept constant through adjustment with
NaCl. The concentration of FA-Phe-OMe in the assay was
0.2 mM, and the hydrolysis reaction was followed spectro-
photometrically at 337 nm on a Perkin EIm& spectro-
photometer.
to 1, equal to the rate in the absence imidazole.

RESULTS

Does the High Actiity of CPD-Y at Low pH Depend on
Glu1457? It has been proposed that transferral of a proton

The observed reaction rates were normalized

150 000. The data for the pH dependence of the determined
parameters were fitted to the equations derived from scheme
A, describing a system in which the uncharged substrate does
not bind to the enzyme when both His397 and Glul45 are
protonated (Christensen, 1994). The following palues
were determined: Kes= 6.1, Kg = 6.8, and gy = 5.3.

The pH dependence for E65A145A showed an overall
decrease of botk.,;andKy. Importantly, below pH 6kc./
nzyme actually exceed those for
the wild-type enzyme, indicating that Glu145 is not important
for the activation of His397 at low pH. The data for the pH
dependence of E65AEL145A cannot be described by the
equations derived from scheme A since in this enzyme
Glul45 has been replaced. A simpler scheme without the
upper line, i.e., fe, pPKes, andKs 3, was not relevant either,
since it would imply a pH independeht,. Consequently,

the data were fitted to the equations derived from scheme
C, although it isn't possible to determine whethle;
approaches zero or a lower limit. The following palues
were determined: Kes = 4.3 and Kg = 4.9.

To investigate whether the change in th€ yalues were
a general feature or one related to the uncharged ester
substrate, the pH dependencieskgf for the hydrolysis of
a charged ester substrate, FA-Phe-OGly-OH, and a peptide



7134 Biochemistry, Vol. 35, No. 22, 1996 Stennicke et al.

CPD-Y
A.

Kg kca
Glu145~ + His397 E +S e E'S —» E + Products

I b

Let?e BH + Products

Uncharged
substrates

Glu145-H + His397 EH+S
1 KEH
Glu145-H + His397-H* EH, +S

B.

,_3 § Glu145~ + His397 E +S
o S
s :g Glu145-H + His397 EH+S == EHS —2 EH + Products
o 5 ] Kgn KEHS
Glu145-H + His397-H' EH," +§° =¥ EH,S ~™% EH," + Products

E65A + E145A

Uncharged
substrates

His397 E+S =—= fatl F + Products
KEg “KES
Ksg
His397-H* EH +S =2= EH'S *®% EH"+ Products
D.
n
= 9 K
gl) = His397 +S~ E+S =—= ES ZX*L F + Products
T
; v 1 KE KEgs
-] K
&) '§ His397 + SH E+SH == ESH —2% E + Products
7]
e

His397-H'+SH  EH'+ SH —== EH'SH

Ficure 1: Schemes for the pH dependence of wild-type CPD-Y with an uncharged and a charged substrate, schemes A and B, respectively,
and for the mutant enzyme with an ester and a peptide substrate, schemes C and D, respectively. To the left of each scheme are indicated
the species that are believed to be present in the reaction of the corresponding line in the reaction scheme.

substrate, FA-Phe-Ala-OH, were determined (Figure 3). With consistent with the fact that in this enzyme the C-terminal
FA-Phe-OGly-OH and wild-type CPD-Y the pH dependence recognition site has been removed. Tliggvalues for wild

of the catalytic parameters is consistent with scheme B, type and E65AE145A were found to be 5.9 and 4.8,
which is valid for substrates containing a C-terminal car- respectively.

boxylate, since it accounts for the inability of the enzyme to ~ With FA-Phe-Ala-OH and wild-type CPD-Y scheme B
accommodate the substrate when both the C-terminal car-also applied. However, with E65RE145A the pH depen-
boxylate and Glu145 are deprotonated. With E6FAL45A dence ofk.y for the hydrolysis of FA-Phe-Ala-OH is bell-
the hydrolysis of FA-Phe-OGly-OH is better described by shaped, and this may be described according to scheme D.
scheme C, which describes the hydrolysis of an ester The acidic part of the bell-shape is characterized bi{a.p
substrate without a C-terminal carboxylate (FA-Ala-OBzl), = 3.9, whereas the basic part of the bell-shape is character-



Hydrolytic Properties of Serine Carboxypeptidase Y Biochemistry, Vol. 35, No. 22, 199135
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600 2 g g 1
3000 E 1000 - o 1 100 g
400 - S :
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B n
0.5 93 8000 S0 ;
= E
0.4 : = 0 &
3 P 7000 ~
':% 03 s 30
S =& 6000
0.2 5 2
>
ol 5000 10
180 [ 5 4 180 3 4 5 6 7 8 9
160 | {160 & pH
= 140 | 1 140 =% . .
55 0k 10 25 Ficure 3: pH dependence df. for the hydrolysis of FA-Phe-
E_? L j E s OGIly-OH and FA-Phe-Ala-OH by wild-type CPD-YQ) and
Lg 10y ) {100 22 E65A+E145A @). For FA-Phe-OGly-OH the fitted parameters
Jz 80 . L 18 2% for the curve drawn fokgy of CPD-Y are fKens = 6.3+ 0.1, kear1
S ] -% = 4000 4 250 mirl, andkey 2 = 630 £ 80 mimL; those for
40 {9 Jao F (E65A+EL45A) are [Kes = 4.8+ 0.04 anckea = 510 10 mirr 2.
20 $ 120 For FA-Phe-Ala-OH the fitted parameters for the curve drawn for
e E— keat Of CPD-Y are gys = 5.9+ 0.1, Kear 1 = 8450+ 150 mirmr?,
3 4 5 6 7 8 9 andkeat 2= 5100+ 140 min%; those for (E65A-E145A) are [Kes
pH =6.54+0.1, p<EHS =404+0.1, kcat,1= 12+ 2 min‘l, andkcat,z
=49 + 2 min%,

Ficure 2: pH dependence of the catalytic parameters for the
hydrolysis of FA-Ala-OBzI catalyzed by wild-type CPD-¥f and
E65A+E145A @). For CPD-Y the fitted parameters for the curve
drawn forkeg are (Kes = 6.1 & 0.2, kear1 = 6000+ 250 mirr?,

Table 1: Reaction of CPD-Y and Enzymes Altered in the Catalytic
Triad with [FH]DFP at pH 7.0

andkeat 2= 3000+ 250 mirm?; those forky are Kes= 6.1+ 0.2, cpmjug of protein % reacted with
pKen = 5.2+ 0.1,Ks31 = 0.04 £ 0.01 mM, andKs, = 0.06 + enzyme (average of three counts)  [3H]DFP
0.01 mM; and those fokea/Ky are i)Ke = 6.3+ 0.3, Kgy = 5.2 CPD-Y 363 100

+ 0.3, Keat, /Ks,1 = 150 000+ 7 000 mirmt mM~1 andkea; /Ks 2 = S146A 19 5
42000 + 7000 mim! mM~1. For E65A+E145A the fitted H397A o1 6
parameters for the curve drawn fiag; are Kes = 4.3+ 0.1, Keat H397G 13 4

= 1170+ 50; those forKy are Kg = 4.8+ 0.2, Kes= 4.1+ bovine serum albumin 19 5

0.2,Ks;=0.01+ 0.002 mM; and those fdt.o/Kyv are iKe = 4.8
+ 0.1 andkar ¥Ks,1 = 91 000+ 5000 mimt mM~1.
contamination with a serine type carboxypeptidase was
ized by Kes = 6.5. The reason for the drop k. in the investigated by treating S146A, as purified by affinity
basic pH range is currently unknown. chromatography, with PMSF. This inhibitor acts by ir-
A control experiment ensured that the shape of the pH reversibly acylating the catalytic serine, and therefore the
dependence did not originate from the addition of exogenous activity of only the contaminating wild-type enzyme or other
acetate to th_e reaction mixture, i.e., the catalytic parametersggyine proteases, and not S146A, is expected to be inhibited
determined in 20 mM MES, 100 mM NaCl, 1 mM EDTA,  ,y p\MSE. Incubation with PMSF reduced the activity to
pPH 5.5, and In 20 mM HAc, 100 mM NaCl, 1 mM EDTA, 3% of that of the original preparation, and the residual
PH 5.5, were identical (data not shown). . . activity was found to be resistant to any further treatment
Evaluation of the Members of the Catalytic Triad'he with PMSF. Excess reagent and PMSF-modified enzyme
observed kinetic differences relative to the serine endopep- b i d by affinity ch ¢ h
tidases warranted an investigation of the importance of the WEre subsequently removed by affinity chromatography,
individual members of the catalytic triad for catalysis. The SXPloiting the fact that this derivative does not bind to the
affinity resin (data not shown). The mutant enzymes H397A

mutant enzymes S146A, D338A, H397A, and H397G were .
prepared. With these mutant enzymes, which are expected®d H397G were prepared in the same way, but for D338A
to be virtually inactive, even small contaminating amounts this question of contamination was not addressed due to the

of wild-type enzyme or an endogenous protease may COmparatively high activity of this enzyme, i.e., less than
contribute significantly to the activity. The Seri4@la 1000-fold reduction inkea/Kn compared to the wild-type
substitution can only be accomplished by changing a single €nzyme. Reaction of the S146A, H397A, and H397G mutant
base pair. Accordingly, the possibility existed that the mutant enzymes (not previously treated with PMSF) witH[DFP
enzyme S146A was contaminated with extremely small caused very little incorporation of radioactivity, indicating
amounts of wild-type activity as the result of translational that activity inhibited by the PMSF treatment does not
errors (Schimmel, 1989). The possibility of the presence of originate from the mutant enzymes (Table 1).
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Table 2: Catalytic Parameters for the Hydrolysis of FA-Phe-Leu-OH and FA-Phe-OMe at pH 6.5 and 7.5, Respectively, with Wild-Type
CPD-Y, S146A, D338A, H397A, and H397G

FA-Phe-Leu-OH FA-Phe-OMe
Keat Km Keal K KealKm (mut)/ Keal K KealKm (mut)/
enzyme (min?) (mM) (min~t mM~1) Keal Km (Wt) (mint mM~1) Keal Km (Wt)
wild-type 49x 10° 0.021 2.3x 10° 1 2.8x 10 1
S146A 7.5x 1074 0.15 4.9x 1073 21x 108 1.7x 1072 6.0x 1077
D338A 6.2 0.014 4.4 107 19x 1073 1.1x 1% 3.9x 103
H397A 3.3x 1072 0.052 0.63 2.% 1076 0.40 1.4x 10°
H397G 1.3x 1072 0.075 0.18 7.8 1077 0.26 9.2x 1078
m Table 3: Kinetic Parameters for the CPD-Y-Catalyzed Hydrolysis
i - | of FA-Ala-X Substrates Containing Modified Leaving Group
Moieties at pH 6.5
[ ] - kcat KM kcalKM
% substrate (min—1) (mM) (min"tmM™Y)
; [ - FA-Ala-O-CH,Ph 6900 0.07 102 000
LT T = FA-Ala-NH-CHz-Ph nd nd 2
k-] I FA-Ala-Phg-OH 6100 0.53 11 400
o FA-Ala-NH-(CH,).Ph 020 0.21 0.9
| FA-Ala-Phe-OH 16 500 0.60 27 500
gl @ Not determined due to low solubility of the substrate, i.e.inf9]
: | < Kw.
) e
Scheme 1
1 14 EN i 24 40F G B0 . i i
m Imidazole E+S k‘ = ES —— E+P,+P,—= E+P,
Ficure 4: Reactivation of H397A (solid bars) and H397G (hatched B
bars) through addition of exogenous imidazole at pH 7.5.
) g g P koks ksKs kcat_ ko
L . . at™ M K K.
The mutant enzymes were kinetically characterized using ky + ks kytks Ky Kg

a peptide as well as an ester substrate. The results

demonstrate that with S146A, H397A, and H397G khe bonds (ester/amide) with different leaving groups (presence/

values for both ester and peptide hydrolysis were reducedabsence of a C-terminal carboxylate group).

10°—10'-fold, whereas theKy values were only slightly The CPD-Y-catalyzed hydrolysis of various substrates may

affected, confirming the importance of these residues in be described by a simple ping-pong mechanism (Scheme 1)

catalysis (Table 2). With D338k, was only reduced by  (Douglaset al., 1976), and consequentli./Kv equalsky/

103-fold. Ks. Thus, k./Ky is independent of whether acylation or
Previously, Carteet al. (1991) and Peronat al. (1994) ?hea;c¥la;tlo? IS thei{aétla—det?rmln;nrg] fstrep ?;thtiirr]eactlgnt?r;d,

have described how lost functions in subtilisin and trypsin erefore, 1s a suitable parameter for comparing substrates

can be reconstituted through addition of exogenous Com_contamlng dlﬁgrent scissile bonds. :
pounds. Accordingly, it was tested whether the activity of The catalytic parameters for the hydroly3|§ of these
H397A and H397G toward an ester substrate (FA—Phe—OMe)SUb.Strates were determ.m.ed atpH 6.5, since at this pH CPD-Y
could be reconstituted by addition of imidazole (Figure 4). exhibits maximum activity toward both charged and un-
A 20-fold increase in activity could be obtained with the charged substrates (Table 3). FA-Ala- represents the acyl
H397G enzyme, but the increase in activity was limited by componentin all substrates. With _benzyl alcoh_ol as leaving
inhibition of the enzyme at high imidazole concentrations group thek“?‘/K“." was 50. 000-fold h|ghe_r_than with benzy-
L .~ amine, confirming the higher susceptibility of the ester bond
In contrast, a less than 2-fold activation is observed with

H397A. The fact that the subtilisin BPNnutant H57A 25 compared with the amide bond. Addition of @tar-

regains significant activity upon addition of imidazole (Carter boxylate group to the leaving group of the amide substrate
. : -phenylglycine) i Km 5700-fold, th ficial
et al, 1991) suggests a slightly different arrangement of the (L-phenylglycine) increasesa/Ku 5700-fold, the beneficia

O effect being due to an interaction with the carboxylate
catalytic triad in CPD-Y. recognition site on the enzyme. This is also illustrated by
Significance of C-Terminal Interaction in Catalysis the 30 000-fold difference ik./Ku values obtained with
Previous studies have demonstrated that the interactionthe HN-CH,-CH,-Ph/phenylalanine pair of leaving groups,

between the C-terminal carboxylate group of peptide sub- the difference being due to an effectkg exclusively (Table
strates and the carboxylate recognition site of the enzyme is3).

a condition for highk. values (Mortenseet al., 1994). In A similar experiment was performed with a series of
contrast, the hydrolysis of alkyl ester substrates is not substrates containing FA-Phe- as the acyl component and
dependent on such an interaction. This could be due eitherethanol, ethylamine, glycolic acid, and glycine as leaving
to the absence of a carboxylate group on such substrates ogroups (Table 4). As expected, a large differenck.ifKy

to the more labile ester not requiring such additional was observed with the leaving group pair ethylamine/ethanol,
interaction for hydrolysis. To investigate this, substrates i.e., k.o/Km for FA-Phe-NHEt was 0.3 mirt mM™! as
were synthesized which combine the two types of scissile compared with 54 900 mit mM~! for FA-Phe-OEt. In
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Table 4: Kinetic Parameters for Hydrolysis of FA-Phe-X Substratess(NH-CH,-COO™, -O-CH,-COO", -O-CH,-CHjs, and -NH-CH-CHj)
Catalyzed by Wild-Type CPD-Y and E654E145A at pH 5.5

CPD-Y E65A+E145A
Keat Km Keal K Keat Km Keal K
substrate (min?) (mM) (min~t mM~Y) (min~1) (mM) (mint mM~1)
FA-Phe-Gly-OH 3700 0.410 9000 4.8 2.2 2.2
FA-Phe-NHEt nd nd 0.3 nd nd nd
FA-Phe-OGly-OH 1450 0.160 8700 285 0.067 4500
FA-Phe-OEt 4100 0.075 54 900 290 0.028 10 200

@ Not determined due to low solubility of the substrate, i.e.misk Kum.

contrast, with a substrate pair containing a C-terminal
carboxylate thé,/Ky values are almost identical, i.e., 9000
min~—t mM~1 for FA-Phe-Gly-OH as compared with 8700
min~t mM~* for FA-Phe-OGly-OH. With the same substrate
pair and E65AFE145A the following values were found,
i.e., 2.2 mimt mM~!for FA-Phe-Gly-OH as compared with
4500 mimt mM~! for FA-Phe-OGly-OH. To further
examine the influence of a C-terminal carboxylate on ester
hydrolysis, the pH dependencies of the catalytic parameters
for the CPD-Y-catalyzed hydrolysis of FA-Phe-OEt and FA-
Phe-OGly-OH were determined (Figure 5). Tikg values 2.0
were found to be 3-fold higher with ethanol (HOEt) as

_
S N

[}

k, (10° min™)

N A

leaving group than with glycolic acid (HOGIly-OH), contain- g 15
ing the additionaki-carboxylate group, throughout the pH E

range investigated. The pH dependenc&gffor FA-Phe- < 10
OEt resembles that for FA-Ala-OBz| (scheme A) although o

the increase iy at low pH is less pronounced. In contrast,
the pH dependence &y for FA-Phe-OGIly-OH is consistent
with the K values, Kg = 5.7 and Keqn = 5.0, which
correspond to the K values found for the hydrolysis of

peptide substrates (scheme B), e.g., for FA-Phe-Ala-OH the g

pK values are K = 5.9 and Kgy = 5.0 (data not shown). %

Another significant feature is that they values for FA- :

Phe-OGly-OH are smaller than those for FA-Phe-OEt at low <

pH, presumably due to a beneficial effect of the C-terminal g

carboxylate on substrate binding at low pH, in a manner =

similar to the peptide substrates. As a result, khgKwu <e—e o,

values for the hydrolysis of FA-Phe-OGly-OH exceeds those

for the hydrolysis of FA-Phe-OEt at pH values below pH 3 4 5 6 7

45 Ficure 5: pH dependence of the catalytic parameters for the
D ) o hydrolysis of FA-Phe-OEt®) and FA-Phe-OGly-OH®) catalyzed
Previous investigations on the pH dependenck.gfor by wild-type CPD-Y. For FA-Phe-OEt the fitted parameters for

the hydrolysis of peptides substrates have shdwnto the curve drawn fokey are Kes = 5.7 & 0.1, Kear,1 = 14 000+

; ; 750 mirm?, andkear, = 1600+ 450 min?; those forKy are Ke
decrease somewhat at high pH with K palue of 78 259+ 0.1, Koy = 4.2+ 0.1, fKes = 5.7 % 0.1, andKe» —

(Fukuda & Kunugi, 1985; Breddam, 1985). In the present 4 g9+ 001 MM: and those fokea/Ki are fKe = 6.3+ 0.2, fKen
investigation the pH dependence was determined for FA- =524 0.1, kes /Ks 1= 110 000+ 5 000 mirr: mM—2, andKea 4
Phe-Leu-OH, which allows determination of the catalytic Ksz= 210000+ 7 000 mim* mM~*. For FA-Phe-OGly-OH the

rameter hioh pH. With FA-Phe-Leu-OH it w. fitted parameters for the curve drawn fig; are pkeys = 5.9 £
parameters at high p t e-Leu-O t was 0.2,Kear.1= 3100+ 250 mimt, andkea 2= 570+ 75 min%; those

observed _thdtcatdecr_eases with d@v_alue of8.4 (see_ Figure ¢, Ky are ;e = 5.6+ 0.1, (Ken = 5.2+ 0.2, andKs; = 0.24
6) andKy increases in agreement with the observations made + 0.06; and those fok.a/Ku are (Ke = 5.9+ 0.5, Keny = 4.5+
with other peptide substrates. Thi€ palue for the titration 0.6, keat, /Ks 1 = 8600+ 5800 min* mM~%, andkea; /Ks = 20 500
of Glu145, which is responsible for this increaséip, was ~ + 2000 mint mM~,

found to be 5.3+ 0.2. Similar values were found for the
(Olesen & Breddam, 1995; Mortensehal., 1994). Asn51

substrates FA-Phe-Ala-OH and FA-Phe-Gly-OH (data not o4 Gjy145 are of importance for the hydrolysis of peptide
shown). substrates whereas the main function of Glu65 apparently is

The C-terminal binding site of CPD-Y is composed of to maintain the correct orientaiton of Asn51 and Glul45
Asn51, Glu65, and Glul45. An alignment of CPD-Y with (Mortenseret al.,, 1994). With FA-Ala-Phe-OH as substrate,
other serine carboxypeptidases shows that Glu65 and Glul4% /Ky is reduced from 27 500 to 216 mih mM~1 for
are conserved throughout the family of serine carboxypep- E65A+E145A. This reduction in catalytic efficiency origi-
tidases whereas Asn51 may be replaced by residues havingates from a large decreasekig, from 16 500 to 67 min?,
a similar hydrogen bonding potential, i.e., Thr and Gln whereasKy is reduced from 0.60 to 0.31 mM. This is in
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NHCH,Ph), it can be concluded that the addition of a
carboxylate group to the amine leaving group overcomes the
0.5 major part of the energy barrier for peptide bond hydrolysis.
The AAG:* values resulting from removal of the-carboxy-

late group from the phenylalanine or phenylglycine leaving
groups correspond to the energy of formation of two strong
hydrogen bonds between a charged and an uncharged
0.2 hydrogen bonding pair (Fershbt al., 1985; Bone & Agard,

1991).

Comparison ok.,{Ky values for the substrate pairs FA-
Phe-OGly-OH/FA-Phe-Gly-OH and FA-Phe-OEt/FA-Phe-
3 4 5 6 7 8 9 NHEt, provides an additional piece of information. With
pH the substrate pair containing a C-terminal carboxylate the
FIGURE 6: pH dependence df.. (®) and Ky (O) for the wild- AAGy*(FA-Phe-Gly-OH~FA-Phe-OGly-OH)= —0.084 kJ
type CPD-Y-catalyzed hydrolysis of FA-Phe-Leu-OH. Kggthe mol~1, whereas for the pair without this moiety AGr*(FA-
parameters describing the pH-dependence Eegig= 4.5+ 0.3, Phe-NHEt-FA-Phe-OEt)= —31.0 kJ mot!. Thus, there

0.6

0.4

0.3

k_, (10° min™)
w
(W) "y

-1 0.1

PKes = 8.4 % 0.1, koay1 = 5000+ 150 min™, andkea,2= 1500+ is no significant difference in the energy required to
550 mint; those forKy are \Keps= 4.5+ 0.3, Kg = 5.3+ 0.1, hvdrol t d tide bond when both substrat
pKen = 3.9+ 0.2, Ks = 3.44, andKs 1 = 0.6 = 0.05uM. ydrolyze an ester and a peptide bond when both substrates

possess a C-terminal carboxylate group.

agreement with C-terminal interactions only being necessary The C-terminal interaction may also be interrupted by

for transition state stabilization in the hydrolysis of peptides. altering the enzyme. In E65AE145A the hydrogen bonding
potential at position 145 has been removed, and with FA-

DISCUSSION Ala-Phe-OH as substrateAGrH (wWt—E65A+E145A) = 12

The roles of the individual members of the catalytic triad kJ m_ol_'l. With EGSATEL45A and the su¢bstrate pair
in serine proteases have previously been thoroughly inves-containing a C-terminal carboxylate grou;AGTl(FA—Phe-
tigated with subtilisin BPN(Carter & Wells, 1988). With ~ CY-OH ~FA-Phe-OGly-OH)= ~18.9 kJ mol® as com-
CPD-Y the reduction irk.o: when the catalytic residues are pared with the—0:084. kJ mdt_ for the wild-type enzyme.
substituted for alanines is similar to what was observed with Thus, the C-terminal interactions are much more important

subtilisin BPN. Furthermore, the effect ok was larger ~ 0F Nydrolysis of a peptide substrate than for an ester
with the peptide substrate than with the ester substrate insubstrate. Furthermore, the loss of transition state activation

agreement with the ester bond being more labile than the €N€rgy due to substitution of Glu145 for Ala is approximately

peptide bond, which also corresponds to the findings madehal_f o_f that fqund for pomplete loss of C—terminal interaction.
with subtilisin. Thus, based on these observations, combined] NiS IS consistent with the fact that Glu145 is not the only
with the fact that the S146A and H397A enzymes do not hydrogen bond donor but functions together with Asn51
react with DFP, it is concluded that the serine carboxypep- (Mortensenet al., 1994).
tidases share the basic catalytic features with the serine Bullock et al (1994) and Christensen (1994) have
endopeptidases. However, the results with addition of explained the high activity of CPD-Y at low pH by Glu145
exogenous imidazole to the His397 mutants suggest someor theo-carboxylate group of the substrate serving as “proton
steric differences in the arrangement of the catalytic triad sink” for the essential His397 belonging to the catalytic triad.
between subtilisin BPNand CPD-Y. Previously, it has been demonstrated that, in the ground state,
Serine proteases usually hydrolyze ester bonds at higherGlul145 is protonated and the-carboxylate group of the
rates than corresponding peptide bonds, reflecting the highsubstrate is deprotonated (Mortensgial., 1994). If another
energy associated with the breakdown of the partially double- proton is delivered to this system in the transition state, e.g.,
bonded nature of the peptide bond (Fersht, 1971), and CPD-Yfrom His397, it would no longer be possible to form the
is not an exception. With CPD-Y the substitution of an ester predicted strong hydrogen bond between a charged and an
bond for a peptide bond is associated with a significant uncharged partner (see above) but only a weaker one between
increase in the transition state activation energy, i.e., two uncharged partners, resulting in a loss of binding energy
AAGT(FA-Ala-OCH,Ph—FA-Ala-NHCH,Ph) = 26.9 kJ equal to 8-9 kJ mol* (Fershtet al., 1985; Bone & Agard,
mol~*. Addition of a carboxylate group to a peptide substrate 1991). Therefore, such a scheme for deprotonation of His397
greatly enhances the rate of peptide bond hydrolysis, i.e.,seems unlikely. Furthermore, if Glu145 should serve as a
AAGT(FA-Ala-NHCH,Ph—FA-Ala-Phg-OH)= —21.4 kJ, “proton sink” it would be expected that the substitution of
AAGT(FA-Ala-OCH,Ph—FA-Ala-Phg-OH)= 5.4 kJ, and Glu145 for an alalnine would adversely affect the ability of
AAGT(FA-Ala-NH(CH,),Ph—FA-Ala-Phe-OH)= —25.6 kJ the enzyme to catalyze hydrolysis reactions at acidic pH.
mol™L. If these values are compensated for the fact Glu145, However, the mutant enzyme E63A&145A, with no acidic
at pH 6.5, is partially deprotonated and thus, unable to groups within the active site apart from Asp338 belonging
interact with the carboxylate of the substrate the following to the catalytic triad, hydrolyzes FA-Ala-OBz| with higher
AAG+* values are found AAG*(FA-Ala-NHCH,Ph—FA- kea/Km than the wild-type enzyme at pH values below 6
Ala-Phg-OH)= —28 kJ moft, AG{*(FA-Ala-OCH,Ph—FA- (Figure 2). Furthermore, the observation that scheme C
Ala-Phg-OH)= —2 kJ mot?, andAAG#(FA-Ala-NH(CH,)- (Figure 1) accounts for E65AE145A-catalyzed hydrolysis
Ph—FA-Ala-Phe-OH)= —33 kJ mol’. SinceAAG*(FA- of both the tested ester substrates, combined with the high
Ala-OCH,Ph—FA-Ala-Phg-OH) is—2 kJ mol* as compared  similarity of the pH dependencies observed with wild-type
with 26.9 kJ mot? for AAG{*(FA-Ala-OCH,Ph—FA-Ala- enzyme and E65AE145A, indicates that neither the
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Ks1
pan———TN

. . k )
Glul45™ + His397 E +S ES —%» E + Products
A
Kg KEgs
/ KS,Z kcat,2
Glu145-H + His397 EH+S === EHS — EH + Products
[
Ken KEns
. + +’ Ks3
Glul45-H + His397-H EH, +S EH,S

Ficure 7: Scheme for the pH dependence containing two additional reaction pathways, symbolized with the pakampetetsi<eys,
which cannot be validated on the basis of the data presented in the present manuscript but are necessary to explain a system in which
His397 is highly perturbed in the ES complex.

presence of a C-terminal carboxylate on the substrate norwith the C-terminal carboxylate of the substrate in the
Glul45 can serve to explain the high;values observed at Michaelis complex. Thus, theKgs value must represent
low pH. the titration of the catalytic His in the acyl-enzyme, which
For the uncharged substrate./Ky approaches zero at Wwould explain the similarity in the pH profiles fokea
low pH butkey remains high. This unusual pH dependence observed with charged and uncharged substrates.
of ket may be explained by perturbation of th&jof the Atypically low pK, values of His residues have previously
catalytic histidine, in the enzyme substrate complex. This been observed, e.g., in triose phosphate isomerase His95 has
may be achieved either by amino acid residues within the a pK, of 4.5 due to interactions with as+helix microdipole
enzyme or by moieties within the substrate affectingtig p  (Knowles, 1991) and in a derivative of papain resembling
value of His397 in the enzyme substrate complex. the acyl-enzyme the catalytic histidine (His159) haska p
His397 may be perturbed within the enzyme substrate value of around 3.5 (Johnsat al, 1981). In CPD-Y, no
complex by amino acid residues within the active site, positively charged residues which could destabilize the
reducing its [, value below the pH range investigated, i.e., protonated His397 are found (Endriztial., 1994), and thus
below pH 3.5. The scheme outlined in Figure 7 describes the reason for a low value could be the small accessible
the situation in which the titration of His397 in the enzyme surface of His397 (7.6 A as compared to that of the
substrate complex is characterized l§eps rather than Res corresponding histidines in the serine endopeptidases. This
and the substrate is capable of binding to the enzyme whenis supported by the observation that the increase in the
both Glu145 and His397 are protonated, in contrast to the accessible surface area of His397 from 7%ikthe wild-
model described in scheme A (Figure 1) (Christensen, 1994).type enzyme to 21 Ain E65A+E145A is associated with
Such a scheme is consistent with scheme C describing thean increase of thekpvalue for the His residue in the ES
pH dependence for E6SAE145A, in which the uncharged complex, i.e., from below 3.5 to 4.3.
substrate is capable of binding to the enzyme when His397 Bullock et al. (1994) have argued against such a scheme,
is protonated. stating that the rate of proton transfer from the catalytic serine
Accordingly, the increase ks With pH must be due to  to the histidine constitute an upper limit f&g. The free
something other than the catalytic His residue. Thus, the energy barrier of this transfer is determined by the difference
value of Kens may reflect the [ value of His397 when  in the [K, values of the catalytic residues, i.AG* = —RT
Glu145 is protonated. As pH is increased Glu145 becomesAIn(Ky). A pKj value of 13-15.7 for thef-OH of serine
deprotonated (g, = 5.3) stabilizing the protonated form of has been estimated (Bulloekal., 1994; Bendeet al.,, 1975;
His397. Thus, the charged form of Glu145 counteracts the Golubevet al., 1994). With CPD-Y, the highe$t, values
deprotonation of His397 by increasing it&«pin the ES thus far observed are around 15000 min Using the
complex from below 3.5 to around 6. If this is the case, the Arrhenius equationk = A exp(~AG¥RT)) (A is a pre-
argument of Bulloclet al. (1994) against a highly perturbed exponential factor equal to ) and a K, of 13—15.7 for
catalytic His might not reflect the situation in which thk p ~ Ser146 (see above) leads to minimum values of-8.4 as
value of His397 is highly perturbed, since it represdqis the K, of His397. On the basis of these considerations a
at a pH value aboveKxs low pK, value of His397 cannot be excluded. Thus, the high
Glu145, in its protonated state, is essential in transition activity of CPD-Y and other serine carboxypeptidases at
state activation of peptide substrates through interaction with acidic pH may be explained by an unusually acidiG palue
the C-terminal carboxylate group. The model presented Of His397, which, apart from Glu65, Glu145, and Asp338,
(Figure 7) predicts that for such substrakggwill decrease is the only ionizable residue within the active site of CPD-
with the K, value of Glu145 (5.3), since deprotonation prior Y-
to acylation will prevent formation of the acyl-enzyme. A Perturbation of His397 may also be accomplished by
decrease ik, in the basic pH range is observed with the moieties within the substrate, capable of accepting a proton
substrate FA-Phe-Leu-OH, but with &jpvalue of 8.4 from the catalytic histidine during catalysis. According to
(Figure 6). Similar findings has previously been reported the conventional mechanism, a proton is transferred from
for CPD-Y and other serine carboxylpeptidases wiky p  the essential serine to the histidine and the scissile peptide
values of 78 (Fukuda & Kunugi, 1985; Breddam, 1985). bond becomes polarized concomitantly with the nucleophilic
The unexpectedly highkpvalue is probably due to perturba- attack. As a consequence, th&,pvalue of the amide
tion of the K, value of Glu145 due to the hydrogen bond nitrogen increases such that it subsequently can receive this
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AsnSl reaction. Furthermore, the hydrogen bonding network sug-
//c/\ gested in the mechanism at low pH (Figure 8) is similar to
o H/N\ ?ul45 that suggested by Lang (1964) describing the acid-catalyzed
H o ester hydrolysis.
o  His7 [ \ o H o~ 3 In summary, the high activity of CPD-Y at low pH may
C/.:'Q HiC_ ,C"\"o"" be due to a highly perturbed catalytic histidine in the enzyme
Asp33s” O--j. @\ (I:H \ substrate complex. Two different models for the mechanism
NVN:;-H;:-J-NH N~ of perturbation have been discussed. One describes how the
R o \Ce_c%- Oxyanion hole enzyme may function at low pH by direct perturbation of
o J }12 \'H\N/ the catalytic histidine by an apolar environment and how
| the K, value of this residue may be increased by the
Serl46 deprotonation of Glul45. The other describes how serine

FiIGURE 8: Possible mechanism for acylation of CPD-Y with a carboxypeptidases may transfer a proton directly from the
peptide substrate at low pH. essential His to the scissile nitrogen during acylation at low
proton. If the peptide bond of the substrate can be polarizedpH (Figure 8). On the basis of the current data it is not
prior to the nucleophilic attack by the catalytic serine it is possible to discriminate between the two models.
conceivable that it may be able to activate a positively
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