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Carboxypeptidases are proteolytic enzymes which only cleave the C-terminal peptide bond in polypeptides.
Those characterized until now can, dependent on their catalytic mechanism, be classified as either metallo
carboxypeptidases or as serine carboxypeptidases. Enzymes from the latter group are found in the vacuoles of higher
plants and fungi and in the lysosomes of animal cells. Many fungi, in addition, excrete serine carboxypeptidases.
Apparently, bacteria do not employ this group of enzymes.

Most serine carboxypeptidases presumably participate in the intracellular turnover of proteins and some of them,
in addition, release amino acids from extracellular proteins and peptides. However, prolyl carboxypeptidase which
cleaves the C-terminal peptide bond of angiotensin II and III is a serine carboxypeptidase with a more specific
function.

Serine carboxypeptidases are usually glycoproteins with subunit molecular weights of 40,000 - 75,000. Those
isolated from fungi apparently contain only a single peptide chain while those isolated from higher plants and
animals in most cases contain two peptide chains linked by disulfide bridges. However, a number of the enzymes
aggregate forming dimers and oligomers.

It is probable that the well-known catalytic mechanism of the serine endopeptidases is also employed by the serine
carboxypeptidases but presumably with the difference that the pK, of the catalytically essential histidyl residue is
somewhat lower in the carboxypeptidases than in the endopeptidases. However, the leaving group specificity of
these two groups of enzymes differ since the carboxypeptidases only release C-terminal amino acids from peptides
(peptidase activity) and not longer peptide fragments. In addition, they release C-terminal amino acid amides
(peptidyl amino acid amide hydrolase activity) or ammonia (amidase activity) from peptide amides and alcohols
from peptide esters (esterase activity) and this property they share with the serine endopeptidases. Like other
proteolytic enzymes the serine carboxypeptidases contain binding sites which secure the interaction between
enzyme and substrate. In this laboratory, the properties of these have been studied for three serine carboxypeptid-
ases, i.e. carboxypeptidase Y from yeast and malt carboxypeptidases I and II, by means of kinetic studies, chemical
modifications of amino acid side-chains located at these binding sites and exchange of such amino acid residues by
site-directed mutagenesis.

Serine carboxypeptidases, such as carboxypeptidase Y and malt carboxypeptidase I which are available in large
quantities, can be applied for several purposes. Their broad specificity and ability to release amino acids from the
C-terminus of a peptide chain can be employed in determination of amino acid sequences, and their ability to
catalyze transpeptidation reactions and aminolysis of peptide esters can be employed to exchange C-terminal amino
acid residues in peptides and in step-wise synthesis of polypeptides, respectively. The type of reactions catalyzed by
these enzymes is limited by their specificities but, fortunately, some of the derivatives of carboxypeptidase Y with
changed specificity due to chemical modifications and genetic substitutions of amino acid side-chains located at
binding sites can be employed with advantage. These modified enzymes are examples on how the different activities
of an enzyme can be perturbed by “protein engineering”, hence rendering the enzyme particularly suitable for
certain processes.
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Abbreviations: Bu = butyl; Br-Hg-CPD-Y = "Hg-CPD-Y reactivated by bromide; Bz = N-benzoyl; Bzl = benzyl;
CPD-Y = carboxypeptidase Y; DF P = diisopropylphosphorofluoridate; FA = furylacryloyl; Hepes = N-2-hydroxy-
ethylpiperazine-N-2-ethane sulfonic acid; "Hg-CPD-Y = CPD-Y inactivated by mercuric ions; HPLC = high
performance liquid chromatography; I-Hg-CPD-Y = "Hg-CPD-Y reactivated by iodide; Mes = 2-(N-morpho-
lino)ethane sulfonic acid; PAB-CPD-Y = CPD-Y modified with phenacylbromide; Ph-Hg" = phenylmercuric ions;
Ph-Hg-CPD-Y = CPD-Y modified with phenylmercuric ions; p-HMB = parahydroxymercuribenzoate; Pr = propyl;
Z = N-carbobenzoxy. Abbreviations of amino acids, amino acid derivatives and peptides are according to the
guidelines of the IUPAC-IUB Commission on Biochemical Nomenclature. The binding site notations for the
enzyme is that of SCHECHTER and BERGER (163). Accordingly, the binding site for the C-terminal amino acid
residue of the substrate is denoted S} and those for the amino acid residues in the amino-terminal direction away
from the scissile bond are denoted S,, S,.....S.. Amino acid residues in the substrate are referred to as Py, P,..., P,
and P} in correspondence with the binding site. A vertical arrow indicates the bond in the substrate being cleaved,
henceforth termed the scissile bond.
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1. INTRODUCTION

It was suggested in 1960 by B.S. HARTLEY (62)
that proteases could be divided into four groups
based on the catalytic mechanism employed: 1)
Acid or aspartyl proteases, 2) sulfhydryl protea-
ses, 3) serine proteases and 4) metallo proteases.
This classification primarily comprised endo-
peptidases because the catalytic mechanisms of
exopeptidases were less understood at the time.
However, more recent studies have demon-
strated that the bacterial metallo endopeptidase
thermolysin and the mammalian metallo exo-
peptidase carboxypeptidase A have similar
constellations of essential amino acid residuesin
their active sites (104) and, as shown in the
present paper, another group of carboxypeptid-
ases exhibit mechanistic similarities with the
serine endopeptidases. Hence, it is reasonable to
include these two groups of exopeptidases in the
original classification of proteolytic enzymes
and it is possible that each of the four groups in
the original classification of proteolytic enzymes
may in the future be subdivided into endopep-
tidases and exopeptidases.

Exopeptidases of widely different specificities
have been isolated: carboxypeptidases and
dipeptidyl carboxypeptidases release C-terminal
amino acid residues and C-terminal dipeptides,
respectively, and analogously aminopeptidases
and dipeptidyl aminopeptidases release N-ter-
minal amino acid residues and N-terminal
dipeptides, respectively. In addition, a variety of
di- and tripeptidases have been described. It is
characteristic for all of these enzymes that they
only cleave peptide bonds at a specific location
relative to the terminus of polypeptide chains in
contrast to endopeptidases which, provided the
side-chain specificity requirements are met,
have the capacity to cleave a peptide bond
regardless of its location in the peptide chain and
even in the proximity of the terminals. Thus, an
endopeptidase may also function as an exopep-
tidase although normally of low efficiency as
demonstrated for trypsin (192). A comparison of
the three-dimensional structures of the active
sites of carboxypeptidase A and thermolysin
illustrates the nature of the restrictions imposed
upon an exopeptidase. The specificity of (met-
allo) carboxypeptidase A towards the C-ter-
minus of a peptide chain can be attributed to the

positively charged Arg-145 which binds the
C-terminal carboxylate group of the peptide
substrate (157), and together with Tyr-248 forms
a dead-end pocket, incapable of accomodating
more than a single amino acid residue on the
C-terminal side of the scissile bond (153). In
contrast, the metallo endopeptidase thermoly-
sin exhibits no restrictions with regard to the
length of the peptide chain on either side of the
scissile bond (104). In terms of the nomenclature
of SCHECHTER and BERGER (163) carboxypep-
tidase A possesses only a single leaving group
binding site, i.e. Si, as opposed to several in
thermolysin, i.e. S}, S;...., S;. Three dimensional
structures of other exopeptidases are not known,
butitis highly conceivable that similar dead-end
pockets as observed in carboxypeptidase A ac-
count for the specificities of all these enzymes.

All known carboxypeptidases may be classi-
fied either as metallo carboxypeptidases or as
enzymes belonging to a group which originally
by ZUBER and MATILE (204) was termed “acid
carboxypeptidases” because the optimum for
their hydrolysis of peptide bonds was in the
acidic pH range as opposed to the metallo
carboxypeptidases which hydrolyze peptides
with the highest rates at basic pH values. How-
ever, this group of enzymes was renamed by
HAvasHI et al. (72) because the original name
suggested that they utilized the mechanism of
the acid proteases and no evidence has been
presented for this. On the contrary, all enzymes
in this group are inhibited by DFP, a specific
inhibitor of the serine proteases (151). The term
“serine carboxypeptidases” was therefore
adopted (EC 3.4.16).

While the metallo carboxypeptidases are well-
characterized both with respect to phylogenetic
relations and catalytic mechanism, much less is
known about the serine carboxypeptidases and
only for one of the enzymes, carboxypeptidase Y
from yeast, is the primary structure known (36).
However, the interest for these enzymes has
increased in recent years as evidenced by the
number of publications concerning their cellular
location, physiological function, structure, me-
chanism of action, and applications in sequence
determination and enzymatic peptide synthesis.
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2. DISTRIBUTION AND FUNCTION OF

SERINE CARBOXYPEPTIDASES

A literature survey suggests that all carboxy-
peptidases found in bacteria are metallo en-
zymes (e.g. 22) since the D,D-carboxypeptidases
from various strains of bacteria which contain
an essential serine residue (193, 201) incorrectly
have been classified as carboxypeptidases: in
addition to cleaving off a C-terminal amino acid
residue from a peptide these enzymes also cata-
lyze transpeptidation reactions with nucleo-
philes containing several amino acid residues,
e.g. pentapeptides (164), and this is in conflict
with the nucleophile specificity of the serine
carboxypeptidases which is limited to single
amino acid residues (see section 6.3). Hence, the
D.D-carboxypeptidases possess several binding
sites for the leaving group, i.e. S, S5...., S, and
cannot be classified as serine carboxypeptidases.

As seen from Tables I, II and III the serine
carboxypeptidases are widely distributed in
fungiand higher plants, and the observation that
lysosomal cathepsin A is a serine carboxypepti-
dase (47) suggests that these enzymes also are
common in animal tissues. In all organisms

Table I. Serine carboxypeptidases from fungi

where they appear they presumably serve one of
the following purposes: as intracellularenzymes,
which are wide-spread in fungi as well as in
higher plants and animals, they participate in the
general turnover of proteins and in providing
free amino acids from storage proteins; as extra-
cellular enzymes, which primarily are found
among fungi, they presumably function to
cleave off amino acids needed for nutrition from
external peptides and proteins.

2.1. Serine carboxypeptidases from fungi

As listed in Table I several strains of penicil-
lum and aspergillus excrete extracellular serine
carboxypeptidases (87, 202). Aspergillus saitoi
in addition contains two intracellular serine
carboxypeptidases with immunological proper-
ties similar to those of the excreted enzyme, but
at present it cannot be established whether these
enzymes are related or identical (88).

The yeasts Saccharomyces cerevisiae, l.e.
baker’s yeast, and Rhodotorula glutinis have
both been shown to contain an intracellular

Molecular weight
Source pl carbo refe-
non-disso- dissocia- dissocia- hydrate rence
ciating ting, not ting, %
conditions  reducing reducing
Bakers yeast 64000 n.d. 61000 36 15-22 72,98
Pycnoporus sanguinus 50000 n.d. 54000 4.8 n.d. 89
Aspergillus saitoi 155000 51000 nd. n.d. n.d. 86
Aspergillus oryzae
Type 1 120000 n.d. n.d. n.d. n.d 140
Type 11 105000 n.d. n.d. n.d. n.d. 141
Type 111 61000 n.d. nd. n.d. n.d. 142
Type IV 43000 n.d. n.d. n.d. n.d. 143
Type 0-1 63000 n.d. n.d. 4.1 nd. 180, 181
Type 0-2 63000 n.d. n.d. 4.2 nd. 180, 181
Aspergillus niger 136000 61000 73000 4.1 22 114
Rhodotorula glutinis 80000 n.d. n.d. n.d. n.d. 78
Penicillum janthinellum
Type $-1 48000 n.d. 48000 3.7 3 79
Type S-2 135000 65000 n.d. 4.7 7 79

n.d. = not determined
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serine carboxypeptidase (68, 78) while extracel-
lular counterparts have not been identified for
either organism. Carboxypeptidase Y from
baker’s yeast resides primarily in the vacuoles
like proteases A and B and aminopeptidase I
(116). Specific inhibitors of each of these en-
zymes are located in the cytoplasm surrounding
the vacuoles (16, 39, 118, 119, 125, 146, 161)
presumably regulating proteolysis (39).
Carboxypeptidase Y 1s synthesized asa 59,000
molecular weight precursor (139) which, due to
glycosylation and incorporation of phosphate,
attains a molecular weight of 67,000 in the
endoplasmatic reticulum and subsequently, one
of 69,000 in the Golgi body (175). This inactive
precursor is converted to the active enzyme by
cleavage of a peptide bond near the N-terminus
of the zymogen thereby releasing a peptide with
a molecular weight of 6,000 - 9,000 (45, 65, 75).
However, the proteolytic enzyme involved in
this activation and its location in the cell is
unknown, but it is probable that this process
takes place subsequent to transferral of the
precursor from the Golgi body to the vacuole
(175). Other enzymes from yeast vacuoles (134)
and from the lysosome (66, 67, 170), the orga-
nelle in animal cells with equivalent function
(126), are similarly synthesized as precursors.
This principle of protein synthesis may serve
several purposes to cells: it may help the correct
folding and crosslinking of peptide chains dur-
ing protein synthesis, e.g. proinsulin (172), orin
cases where the precursor is inactive it may
protect the cell against unwanted enzymatic
action, e.g. trypsinogen (144). Alternatively, an
additional N-terminal peptide segment may
function as a signal peptide guiding the enzyme
to the correct location in the cell (75) in accord-
ance with the hypothesis of BLOBEL and co-
workers (18, 40). Studies by T. STEVENS et al.
(176) have established that a signal sequence of
15 amino acid residues near the N-terminus is
responsible for the translocation of pro-carboxy-
peptidase Y across the endoplasmatic reticulum
and that another short sequence is required for
efficient delivery of the protein to the vacuole.
The carbohydrate portion of carboxypeptidase
Y (see section 3) serves no such recognition
functions since the carbohydrate-free enzyme
synthesized in the presence of tunicamycin was

seggregated into the vacuoles to the same extent
as the intact glycoprotein (166).

2.2. Serine carboxypeptidases in higher plants

Serine carboxypeptidases have been found in
various fruits and seeds (Table II) (49, 50, 109,
110, 111, 127, 128, 165, 188, 205) and some-
times they are induced during germination (49,
52,91,92,152). Plant stems and leaves have also
been shown to contain serine carboxypeptidases
(41, 49, 171, 191) and in one of these cases
wounding of a single leaf caused a three fold
increase of carboxypeptidase activity in other
unwounded leaves (191).

ZUBER and MATILE demonstrated in 1968
{204) that the serine carboxypeptidases in higher
plants were intracellular enzymes localized in
vacuoles and they assumed that they functioned
in intracellular protein turnover. This obser-
vation has been confirmed in the more recent
literature, but the picture is complex since higher
plants are composed of many organs and tissues.
Thus, in rice plants three apparently different
serine carboxypeptidases have been found (49,
50). One was found in the leaves and it also
appeared in the seeds during germination. An-
other enzyme was primarily present in resting
seeds and it decreased during germination, and
a third enzyme was transiently present in young
roots and shoots. These results suggest that
different tissues of plants have different carboxy-
peptidases in amounts which depend on the
developmental stage of each tissue. However, it
has not been established whether these carboxy-
peptidases represent isoenzymes. The carboxy-
peptidases isolated from germinated barley
grains exhibit a similar complexity (11, 28, 37,
135, 154, 190, 200).

The serine carboxypeptidase induced during
germination of cotton seeds functions together
with other proteolytic enzymes to release amino
acids from storage proteins and thus support the
growth of the emerging tissues of the seedling
(91, 92). The synthesis of this carboxypeptidase
stops when the rate of disappearance of the
storage protein is maximal. The carboxypeptid-
ases from germinated barley have similar func-
tions, rendering these enzymes important in the
production of beer (52). In this process carboxy-
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Table 1. Serine carboxypeptidases from higher plants

Molecular weight

Source pl carbo refe-
non-disso-  dissocia- dissocia- hydrate Tence
ciating ting, not ting, %
conditions  reducing reducing

Barley (malt)

Carb tidase I 100000 51000 19000 5.7 8 28
arboxypepti 32000 .
. 27000
Carboxypeptidase I1 120000 61000 34000 n.d. 15 37
. 21000
Rice bran 110000 n.d. 35000 7.8 n.d. 50
25000
Wheat bran 118000 58000 35000 6.0 12 188
Leaves of wounded 105000 n.d. 18000 5.2 nd 191
37000
tomato plants
24000

Germinating cotton 85000 n.d. 31000 nd. 1 91

seedings 33000

Germinated wheat

Type A 63000 n.d. 60000 5.7. n.d. 152

Type B 54000 n.d. 56000 n.d. n.d. 152
Rice leaves 120000 n.d. nd. 6.0 n.d. 49
Watermelon

Type F-1 89000 n.d. n.d. 44 nd 127

Type F-II 110000 n.d. nd. 5.0 nd 127

Citrus Natsudaidai 93000 n.d. nd. nd 10 109

Citrus orange 120-150000 n.d. nd. n.d. nd. 205

Orange leaves 175000 n.d. nd. 4.5 n.d. 171

Mandarin orange

Type Cy. 96000 n.d. n.d. 4.8 7 57
Type Cy, 112000 n.d. nd. 4.7 6 57

n.d. = not determined

peptidases are responsible for the degradation of
polypeptides released from the kernels by endo-
peptidases. After mashing, 10-15% of the grain-
protein has been converted to free amino acids
(52). In this context it has also been suggested
that a chelator-insensitive carboxypeptidase
during malting solubilizes B-glucans released
from the barley, presumably by releasing amino
acids from the glucan (9).

2.3. Mammalian serine carboxypeptidases
Among the intracellular lysosomal proteoly-
tic enzymes, cathepsin A (47, 48, 100, 101, 102,
130) has been positively identified as a serine
carboxypeptidase. The catalytic properties of
the enzyme named cathepsin B2 suggest that it
alsois a carboxypeptidase (1) but inhibition data
have so far not been presented. Dol (47) has
argued that catheptic carboxypeptidase and ca-
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Table III. Serine carboxypeptidases from mammalians

Molecular weight

Source pl carbo refe-
non-disso-  dissocia- dissocia- hydrate rence
ciating ting, not ting, %
conditions  reducing reducing

Rat liver cathepsin

Type A, 100000 nd. several 4.7 n.d. 130
Type Ay 200000 n.d. several 4.8 n.d. 130
Type Ay 420000 nd. several 49 n.d. 130
Pig kidney cathepsin
20000
Type AL 500000 nd. 25000 58 n.d. 100, 102
50000
20000
Type AS 100000 nd. 25000 5.0 nd. 101, 102
50000
Human kidney prolyl 115000 66000 n.d. n.d. n.d. 147
. 45000
carboxypeptidase

n.d. = not determined

thepsin A is really the same enzyme, but both
enzymes are incompletely characterized with
respect to physico-chemical and immunological
properties. The function of the lysosomal en-
Zymes in mammals is presumably similar to the
function of the enzymes localized in the vacuol-
es of yeast cells.

The enzymes in various human organs, in
urine and in leucocytes which cleave the C-ter-
minal Pro-Phe peptide bond in angiotensins II
and III - thereby inactivating their hypertensive
activity — have also been demonstrated to be
serine carboxypeptidases (147, 148). The en-
zyme isolated from the kidney is presumably
located in the lysosome, but its importance in
regulation of the level of angiotensin and hence
blood pressure is still unknown (147).

3. PHYSICO-CHEMICAL PROPERTIES
OF SERINE CARBOXYPEPTIDASES
TablesI, 11, and III list the molecular weights,

isoelectric points and contents of carbohydrate

of serine carboxypeptidases isolated from fungi,
higher plants and animals, respectively. It is
observed that all investigated serine carboxypep-

tidases, with the exception of the one from rice
leaves, are acidic proteins which, apart from the
one from cotton seeds, contain covalently linked
carbohydrate. The molecular weights range
from 43,000 to approximately 500,000 under
non-dissociating conditions, i.e. as determined
by gelfiltration or ultracentrifugation in the
absence of urea, SDS etc. Where measurements
were performed under dissociating conditions
but in the absence of reducing agents, e.g.
mercaptoethanol, molecular weights of 45,000
to 65,000 were obtained, suggesting that the
higher molecular weights are due to association
of monomers into dimers or oligomers.
IcHISHIMA (86) has demonstrated for the carbo-
xypeptidase from Aspergillus saitoi that the
association is influenced by the salt concentra-
tion: in the presence of NaCl the molecular
weight is around 140,000, and in the absence of
NaCl the enzyme exists in two forms of molec-
ular weights 51,000 and 140,000, respectively.
However, similar studies of the influence of
ionic strength on the association properties have
not been performed with other serine carboxy-
peptidases.
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With respect to the number of peptide chains
in the molecule important differences are appar-
ent between enzymes isolated from fungi (Table
I) and those isolated from higher plants (Table
11): serine carboxypeptidases from fungi contain
only a single peptide chain with a molecular
weight of 48,000 - 73,000 (including attached
carbohydrate) while those isolated from tomato
plants, rice bran, wheat bran and germinated
barley all contain two peptide chains of mol-
ecular weights 32,000 - 37,000 for the largest
chainand 19,000 - 27,000 for the smallest chain.
Since these enzymes under non-dissociating
conditions are characterized by molecular
weights of 100,000 - 120,000 it may be assumed
that they normally are dimers and that the
monomers of molecular weights 50,000 -
60,000 are composed of two different peptide
chains linked by disulfide bridges. This structure
may well be shared by other serine carboxypep-
tidases isolated from higher plants which have
not been investigated in similar detail. The
enzyme from germinating cotton seedlings was
shown to contain three peptide chains of mol-
ecular weights 33,000, 31,000 and 24,000, but it
is conceivable, as pointed out by the authors,
that the peptide chain of molecular weight
31,000 is derived from the one of molecular
weight 33,000, such that this enzyme in reality is
composed of two peptide chains.

The limited data available on the subunit
structure of serine carboxypeptidases from
animals (Table 11I) suggest similarities with the
structure of the serine carboxypeptidases from
higher plants. The cathepsins A,S and A,L from
porcine kidney have molecular weights of
100,000 and 500,000, respectively. However,
both enzymes are composed of peptide chains of
molecular weights 20,000, 25,000 and 55,000
(102), which might indicate that the two en-
zymes contain identical subunits but different
degrees of association.

The structural differences between serine car-
boxypeptidases from fungi and those from
higher plants and animals could be due to
different mechanisms of converting the zymo-
gens to active enzymes. Several zymogens, €.g.
chymotrypsinogen, have been shown to be acti-
vated by a proteolytic cleavage of internal pep-
tide bonds located between two disulfide

bridges, such that the active species comprises
two peptide chains linked by disulfide bridges
(145) and this could similarly account for the
existence of two peptide chains in the serine
carboxypeptidases from plants. The existence of
only asingle peptide chain in the active enzymes
from fungi suggests that potential zymogens of
these enzymes might be activated by cleavage of
an internal peptide bond located on the N-ter-
minal side of the disulfide bridges. This mech-
anism of activation has been demonstrated for
the zymogen of carboxypeptidase Y (see section
2.1).

The amino acid composition of several serine
carboxypeptidases has been determined (28, 37,
79,91, 98, 110, 111, 114, 188, 191) and it is
characteristic that the enzymes isolated from
fungi have much higher contents of the amino
acids Asx and Glx and lower contents of the
basic amino acids, i.e. Lys and Arg, than those
from higher plants. All the enzymes contain
disulfide bridges, and the enzymes from yeast (6,
27) penicillum (79) and carboxypeptidase I from
barley (28) have been shown in addition to
contain a single buried sulfhydry! group (further
details are given in section 6). Approximately
98% of the amino acid sequence of carboxypep-
tidase Y has been identified by SVENDSEN and
coworkers (124, 179) utilizing traditional Ed-
man degradation, and DNA sequencing has
recently completed the primary structure (T.
STEVENS, personal communications) (36, 176).
At present, approximately 80% of the amino
acid sequences of the A-chains of malt carboxy-
peptidases I and II are known and they indicate
35% homology with each other and approxi-
mately 30% homology with the N-terminal por-
tion of yeast carboxypeptidase (S. SORENSEN, K.
BREDDAM, . SVENDSEN and M. OTTESEN, un-
published observations) suggesting that the se-
rine carboxypeptidases from higher plants and
those from fungi are related. Very little homo-
logy with sequences of other known proteolytic
enzymes has been observed, suggesting that
serine carboxypeptidases are not or only
distantly related to other serine proteases.

Apart from the enzyme from cotton seedlings
(91)ali the serine carboxypeptidases, which have
been analyzed for carbohydrate content, have
turned out to be glycoproteins (Table I) contain-
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ing neutral sugar (galactose and/or mannose) as
well as glucosamine. Carboxypeptidase Y con-
tains four carbohydrate moieties which are at-
tached to the protein through asparagine side
chains (65, 183) at positions tentatively identi-
fied by amino acid sequencing (36). All four
positions are characterized by an Asn-X-Thr/
Ser sequence which is typical in glycoproteins
with N-linked carbohydrates (85). Like in other
enzymes from the vacuoles of yeast and from the
lysosomes of mammalian cells (64, 66, 67, 184)
each carbohydrate moiety in carboxypeptidase
Y is composed of two N-acetylglucosamine resi-
dues and a branched mannose moiety (63, 184).
Three of these carbohydrate moieties may be
cleaved off by endo-B-N-acetylglucosaminidase
H and each of these contains from 11 to 18
mannose residuesand | or 2 phosphate residues.
The fourth moiety which is only released from
denatured carboxypeptidase (183) contains 8 -
12 mannose residues and no phosphate (184).
This moiety is presumable attached before final
folding of the protein with the consequence that
it becomes inaccessible rendering further attach-
ment of mannose residues impossible as op-
posed to the three accessible carbohydrate moie-
ties {184).

The heterogeneity of the carbohydrate por-
tion of carboxypeptidase Y has resulted in en-
zyme preparations of widely different carbohy-
drate content (120) and enzyme with four
phosphate groups has been separated from en-
zyme with five phosphate groups by ion ex-
change chromatography (63). This probably

explains why an apparently homogeneous prep-
aration of yeast carboxypeptidase (98) with no
evidence for the existence of isoenzymes as
evaluated from sequence studies (179) has been
shown to contain at least two species with
different isoelectric points and slightly different
activities (98). It has not been clarified whether
the phosphate and/or carbohydrate attached to
the enzyme influence enzymatic activity. En-
zymatic removal of the three accessible
carbohydrate moieties did not alter the peptid-
ase activity of carboxypeptidase Y (183), but
since denaturation of the enzyme was needed to
remove the fourth moiety, this could not be fully
answered (43, 183). More direct evidence might
be obtained by kinetic characterization of the
carbohydrate-free carboxypeptidase Y pro-
duced by yeast grown in the presence of tunica-
mycin (65) but such results have hitherto not
been described. It may be noted that malt
carboxypeptidase I also exists in two species with
identical N-terminal sequences but different
isoelectric points. The reasons for this hetero-
geneity may be the same as for yeast carboxypep-
tidase.

4. THE CATALYTIC MECHANISM OF
THE SERINE ENDOPEPTIDASES
The results of chemical modifications and
kinetic studies during the 1950ies and 60ies
suggested that a seryl and a histidy! residue were
involved in the catalytic mechanism of the serine
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Scheme 1. The reaction mechanism of the serine proteases as proposed by BENDER and KEZDY (12). Im =imidazole,
X = OR or NHR in the acylation and OH in the deacylation reaction.
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endopeptidases, and based on these obser-
vations BENDER and KEzDY (12) proposed the
reaction mechanism shown in Scheme 1. It is
seen that the nucleophilic attack by the hydroxyl
group of the reactive seryl residue on the carbo-
nyl carbon atom of the substrate is catalyzed by
a histidyl residue functioning as a general base.
This leads to the formation of a tetrahedral
intermediate and an imidazolium ion. The in-
termediate breaks down by general acid catalysis
to an acyl-enzyme, an imidazole base, and an
alcohol or amine depending on the nature of the
substrate. The acyl-enzyme is hydrolysed
through the reverse reaction pathway with water
functioning as nucleophile instead of the hydro-
xyl group of the seryl residue. The first X-ray
crystallographic studies of chymotrypsin con-
firmed that a histidyl residue is located in the
proximity of the active site seryl residue (131)
and later crystallographic studies have provided
support for the existence of both tetrahedral (83)
and acyl-enzyme intermediates (76, 77) in the
reaction sequences of these enzymes.

X-ray crystallography has furthermore re-
vealed that the histidyl side-chain also interacts
with a buried aspartyl side-chain (19) and it is
generally accepted that all three amino acid
residues, i.e. Ser, His, and Asp, are functionally
essential because they are present in all serine
endopeptidases which so far have been investi-
gated by X-ray crystallography. BLow et al. (19)
proposed that the side-chains of Asp, His, and
Ser form a triad linked by hydrogen bonds
thereby constituting a “charge relay system”
which functions by a partial transfer of the
hydrogen atom of the hydroxyl group of the seryl
residue to the aspartyl carboxylate group, hence
forming a strongly nucleophilic alkoxide group.
However, KRAUT and coworkers (108, 133)

have shown for several serine endopeptidases -

that such a hydrogen bond does not exist be-
tween the seryl and the histidyl residues and
consequently, the seryl side-chain could hardly
be strongly nucleophilic. They proposed that the
seryl residue reacts with the substrate only
because it is in the optimum position to attack
the substrate’s tetrahedrally distorted carbon
atom which has been induced by its binding to
the enzyme. Thus, the only function of the
His-Asp couple would be to transfer a proton

from the seryl -OH to the leaving group in the
acylation reaction. After years of dispute over
the state of ionization of the His-Asp couple
ROBERTS and coworkers (4, 5) have now con-
vincingly demonstrated, by means of "N and °C
NMR spectroscopy that the pK, of the imidazo-
lium cation of the histidyl residue of a-lytic
protease is approximately 7, and that the en-
zyme is in its active form, i.e. pH > 7, when the
histidyl side-chain is protonated at N-3 and
unprotonated at N-1. They consequently sug-
gested that the tetrahedral adduct is formed by
the mechanism shown in Scheme 2 which
deviates from the mechanisms proposed by
other investigators (19, 84) by the aspartyl side-
chain remaining unprotonated during the reac-
tion. It was suggested that this negatively
charged group instead functions in one of the
following ways: a) to favour the correct imida-
zole tautomer, b) to orient the imidazole ring, or
c) to stabilize the imidazolium cation. All these
studies were performed with “resting” enzyme,
1.e. in the absence of substrate, but crystallo-
graphic studies on the complex between trypsin
and pancreatic trypsin inhibitor have suggested
that a hydrogen bond between the seryl and
histidyl residues does exist (83) and NMR stu-
dies of this enzyme-inhibitor complex imply
partial formation of an alkoxide anion on the
seryl residue (121). These results are in conflict
with those obtained by KRAUT and coworkers
(108, 132), suggesting that important differences
exist between “resting” and “working” enzyme
(174), such that observations with resting en-
zyme are insufficient to explain important
aspects of its function.

X-ray crystallography studies on several se-
rine endopeptidases suggest that the binding
sites responsible for the proper interaction be-
tween enzyme and substrate are of three catego-
ries: (a) binding sites for the backbone of poly-
peptide substrates, (b) binding sites for the
amino acid side-chains, and (c) the oxyanion
binding site.

The interaction between enzyme and the
backbone of the acyl portion of polypeptide
substrates was first observed in chymotrypsin
(167) and in subtilisin (107, 158). However,
similar interactions with the backbone of the
imine portion of peptide substrates have not
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Scheme 2. Mechanism of formation of the tetrahedral intermediate as proposed by BacHOVCHIN and ROBERTS (4).

been demonstrated. In subtilisin X-ray crystallo-
graphy has indicated the existence of four bind-
ing sites for the side-chains at the P,, P,, P;, and
P, positions of the substrate (158, 159), and for
trypsin, chymotrypsin, and elastase similar re-
sults have been obtained (169, 173, 177). A
crevice in chymotrypsin for the side-chain in the
P, position is hydrophobic and shaped such that
aromatic side-chains fit much better than other
hydrophobic and hydrophilic side-chains (173).
A corresponding cleft in trypsin is similar in
geometry, but it contains a negatively charged
aspartyl side-chain which renders the enzyme
specific for substrates with a positively charged
side-chain, i.e. Lys and Arg, in the P, position
(177). In elastase two bulky side-chains protrude
into the hydrophobic crevice for the amino acid
side-chain at the P, position hence, reducing its
size and consequently, elastase allows the bind-
ing of the methyl side-chain of an alanyl residue
in the substrate much better than more bulky
side-chains (169). Subtilisin is characterized by a
much wider specificity than chymotrypsin, tryp-
sin, and elastase and consistent with this it
contains a binding site for the side-chain at the P,
position which is sterically much less restrictive
than in the other enzymes. X-ray studies of the
complexes between trypsin and pancreatic tryp-
sin inhibitor (83) have indicated that the side
chains of the amino acid residues in the P{and P}
positions of both inhibitors interact with the
enzyme but in a less specific manner than
observed on the other side of the scissile bond.
However, kinetic studies of several serine endo-
peptidases have provided evidence for the im-
portance of interactions between enzyme and
the side-chains on both sides of the scissile bond
as reviewed by SVENDSEN (178).

The binding sites of proteolytic enzymes de-

termine their specificity but they probably also
function to stabilize the transition state configu-
ration. ROBERTUS et al. (159) have suggested
that this is partially achieved by an increase in
the binding strength between enzyme and sub-
strate at the P, position as the Michaelis complex
is converted into the tetrahedral intermediate
and HENDERSON (76, 77) has proposed the
existence of a specific binding site for the oxyan-
ion in the serine endopeptidases. He suggested
that hydrogen bonds were formed between the
substrate carbonyl oxygen of the acyl-enzyme
intermediate and two amide groups in the back-
bone of chymotrypsin, and that these bonds
might be stronger in a tetrahedral transition
state. A true tetrahedral transition state with a
covalent bond between the serine at the active
site of the enzyme and the substrate has not yet
been observed, but X-ray crystallography of the
complexes between trypsin and pancreatic tryp-
sin inhibitor indicate that the reactive carbonyl
group in the inhibitor is tetrahedrally distorted
with the oxygen atom hydrogen bonded to two
amide groups of the backbone of the enzyme
located in the oxyanion binding site (83). How-
ever, it appears that no covalent bond has been
formed between the substrate and the seryl
residue in the active site since an identical
complex is formed with trypsin where the active
site serine has been converted to dehydroalanine
(83). Hence, the intermediate may be considered
a pretransition state Michaelis complex as op-
posed to a true transition state, and its formation
is apparently dependent on the existence of a
complementary surface on the enzyme, i.e. the
oxyanion binding site and the binding sites for
the side-chains and backbone of the substrate.
However, the results are controversial since
NMR studies have failed to provide confirma-
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tion of the tetrahedrally skewed carbonyl group
(155).

Additional evidence for the existence of an
oxyanion binding site has been obtained by
studying the three dimensional structures of
complexes between serine endopeptidases and
transition state analogues, i.e. substances which
with the reactive seryl residue form stable ad-
ducts with tetrahedral structures resembling the
proposed transition state shown in Scheme 1.
Thus, in trypsin treated with DFP an oxygen
atom of the diisopropylphosphoryl group ac-
cepts hydrogen bonds from the two amide
groups located in the proposed oxyanion bind-
ing site (177). Phenylboronic acid, 2-phenyl-
ethylboronicacid (105, 117, 132), phenylarsonic
acid (17, 59), and various aromatic sulfonyl
flourides (76) have been shown to form similar
tetrahedral adducts to the active site serine
hydroxyl group in serine endopeptidases.

5. THE CATALYTIC MECHANISM OF
SERINE CARBOXYPEPTIDASES
Asdiscussed in section 4 two different features

are responsible for the catalysis of serine endo-
peptidases: a) a catalytic triad, consisting of Ser,
His, and Asp, and b) multiple binding sites for
the substrate. Similar features are probably re-
sponsible for the catalytic activity of serine
carboxypeptidases, but short of X-ray studies an
evaluation of their catalytic properties must be
based on the results of kinetic studies, chemical
modifications, and site-directed mutagenesis.

5.1. Modification of catalytically essential
amino acid residues

DFP has been shown to specifically modify
the seryl residue in the active site of numerous
serine endopeptidases causing inactivation of
these enzymes (e.g. 151). In fact, inactivation of
a proteolytic enzyme with this reagent has be-
come presumptive evidence for the involvement
ofa seryl residue in the catalytic mechanism. All
activities of the carboxypeptidases listed in Ta-
bles I to III are inhibited by DFP demonstrating
that a seryl residue is essential for their catalytic
activity, hence justifying their classification as
serine carboxypeptidases. The site of modifica-

Enzymes

Amino acid sequences

*
Carboxypeptidase Cya -Glu-Gly-Asp-Ser-Gly-Gly-Glu-Leu-

Carboxypeptidase Cyp -Glu-Gly-Asp-Ser-Gly-Gly-Glu-Leu-
Carboxypeptidase Y -Ala-Gly-Glu-Ser-Tyr-Ala-His-Gly-
Trypsin{bovine) -GIn-Gly-Asp-Ser-Gly-Gly-Pro-val-
Chymotrypsin(bovine} -Met-Gly-Asp-Ser-Gly-Gly-Pro-Leu-
Elastase(pig) -GIn-Gly-Asp-Ser-Gly-Gly-Pro-Leu-
Plasmin({ human) ~-GIn-Gly-Asp-Ser-Gly-6ly-Pro-Leu~
Thrombin{bovine) -Glu-Gly-Asp-Ser-Gly-Gly-Pro-Phe-

Subtilisin BPN -Asn-Gly-Thr-Ser-Met-Ala-Ser-Pro-

Scheme 3. Amino acid sequences around the reactive
seryl residue (marked with an asterisk) of typical serine
proteases. Data from ref. 57.

tion has been identified as a seryl residue in three
of these enzymes, 1.e. carboxypeptidase Y (71)
and carboxypeptidases Cy, and Cy, from manda-
rin orange (57). The amino acid sequence
around the reactive seryl residue is compared
with those of subtilisin and mammalian serine
endopeptidases in Scheme 3. It is observed that
similarities exist between the carboxypeptidases
from mandarin orange and mammalian endo-
peptidases while the sequence around the seryl
residue in carboxypeptidase Y exhibits only
slight analogy with other enzymes. It should be
noted that all the listed enzymes contain a glycyl
residue in position 3 in the N-terminal direction
of the active site seryl residue suggesting it to
have arisen as a result of a convergent evolution.

Various chloromethylketones have been
demonstrated to specifically modify the essen-
tial histidyl residue of the serine endopeptidases
(150, 168),and HayAsHI et al. (69) have demon-
strated that a reagent of this type also modifies a
single histidyl residue in carboxypeptidase Y
abolishing both esterase and peptidase activities.
Unfortunately, the position of the modified
residue in the sequence has not yet been identi-
fied. The involvement of a histidyl residue in the
catalytic mechanism of other serine carboxy-
peptidases has similarly been implicated: the
carboxypeptidase from Aspergillus saitoi is also
inhibited by a chloromethylketone (86), and the
carboxypeptidases from Penicillum janthinel-
lum (79) and mandarin orange (112) are inhi-
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bited by photooxidation. The probable import-
ance of a seryl and a histidyl residue suggest that
serine carboxypeptidases employ a mechanism
similar to the one employed by the serine endo-
peptidases. This is supported by the fact that
carboxypeptidase Y, as shown in this laboratory,
is inhibited by p-aminophenylarsonic acid and
phenylboronic acid (98), two compounds which
are considered to be transition state analogues
for the serine endopeptidases (see section 4).
However, as yet no evidence has been presented
for the involvement of an aspartyl residue in the
catalytic mechanism of the serine carboxypep-
tidases.

5.2. Kinetic evidence for the serine mechanism

In the reaction sequence of carboxypeptidase
Y catalyzed hydrolysis reactions only indirect
evidence points to the existence of an acyl-en-
zyme intermediate (122). DOUGLAS et al. (51)
have by means of stopped-flow spectrophoto-
metry observed burst kinetics in the carboxypep-
tidase Y catalyzed hydrolysis of 4-nitrophenyl
trimethylacetate and shown this to be in agree-
ment with the existence of a trimethylacetyl-en-
zyme in the reaction course. However, for a
number of the serine carboxypeptidases listed in
Tables 1, II and III it is observed that esterase
activity is optimal approximately two pH units
higher than peptidase activity and this differs
from the serine endopeptidases for which the
hydrolysis of all substrates is dependent on the
deprotonation of a histidyl residue (4) with a pK,
around 7.0 (12). This brings up the question
whether the influence of pH on the various
activities of the serine carboxypeptidases is com-
patible with the proposed mechanism of the
serine endopeptidases.

Among the serine carboxypeptidases the in-
fluence of pH on the kinetic parameters of ester
and peptide hydrolysis have only been studied
for carboxypeptidase Y and malt carboxypep-
tidase II. With the former enzyme the present
author has shown (27) that k., for the hydrolysis
of Bz-AlaOBzl is dependent on the deprotona-
tion of an ionizable group with a pK, of 5.2 - 5.5
andit remainsconstant in the pHrange 7.5-9.5
(Figure 1A). K,, for the hydrolysis of Bz-Ala!
OBzl is dependent on the deprotonation of an
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Figure 1. The influence of pH on k. and K, for
carboxYpeptidase Y catalyzed hydrolysis of the ester
Bz-Ala”OBzl (Panel A) (27) and the peptide FA-Phe*
Ala-OH (panel B) (34).

ionizable group with a pK, below 5 and remains
constant in the pH range 6 - 9.5. Similar results
have been reported by HAYASHI using Ac-Phet
OEt as substrate (70). For the peptide substrates
Z-Phe*Leu-OH (70) and FA-Phe*Ala-OH (34)
k... is dependent on the deprotonation of a group
with a pK, of 5.4 while K,, increases with
protonation of a group with a pK, around 7
(Figure 1B). Thus, the different pH optima for
hydrolysis of ester and peptide substrates are
primarily due to the influence of pH on K,, for
the hydrolysis of peptide substrates. For amide
substrates the pH dependence of k... and K, have
not been determined because these substrates
cannot be dissolved in sufficiently high concen-
trations, but the pH profiles for hydrolysis rates
suggest similarities with ester substrates (8, 28),
presumably due to the fact that ester and amide
substrates both contain a blocked C-terminal
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Scheme 4. Reaction mechanism for the serine protea-
ses. E = enzyme; S = substrate; ES = Michaelis
complex; K, = dissociation constant of the ES complex;
ES’ = the acyl-enzyme intermediate; P, = leaving
group; P, = hydrolysis product; k, and k, are the rate
constants for the acylation and deacylation reactions,
respectively.

carboxylic acid group. Similar observations
have been made with malt carboxypeptidase II
but with the difference that k., for the hydrolysis
of ester and ?eptide substrates, 1.e. FA-Ala!OBzl
and FA-Phe=Phe-OH, respectively, is dependent
on the deprotonation of a group with a pK,
around 4.0 (38).

The fact that k., for the hydrolysis of both ester
and peptide substrates depend on ionizable
groups with pK, values around 5.4 and 4.0 for
carboxypeptidase Y and malt carboxypeptidase
11, respectively, suggest that the ionization of a
single residue in both enzymes determine their
activities towards all substrates regardless of
whether the carboxylate group on the substrate
is blocked or not. This residue presumably
corresponds to the essential histidyl residue in
the serine endopeptidases, and as mentioned in
section 5.1 a histidyl residue is indeed essential
to the action of carboxypeptidase Y. Accord-
ingly, the high activity of the serine carboxypep-
tidases in the acidic pH ranges relative to the
corresponding endopeptidases can be explained
by unusually acidic essential histidyl residues. A
number of serine carboxypeptidases have been
reported to exhibit optima towards peptides
significantly below that of malt carboxypeptid-
ase II (e.g. 115, 141, 142, 143). However, the
substrates used in these studies contain side-
chains which ionize in this pH range, e.g. Z-Glu®
Tyr-OH, and accordingly the observed pH pro-
files do not necessarily reflect ionizations on the
enzyme.

Assuming the reaction sequence of the serine
endopeptidases (Scheme 4) to be valid for the
serine carboxypeptidases as well, it is possible to
estimate the relative magnitudes of k, and k; for
some of these enzymes. For carboxypeptidase Y
(70), watermelon carboxypeptidase (129) and
cathepsin A (103) it has been demonstrated that
k.. for the hydrolysis of N-blocked dipeptides is
strongly dependent on the nature of the leaving
group, i.e. the C-terminal amino acid residue. A
similar dependence of k.., on the alcohol leaving
group of ester substrates has been demonstrated
for carboxypeptidase Y (8, 27), malt carboxy-
peptidases I and II (30, 38). With the serine
endopeptidases the leaving group influences k..,
for the hydrolysis of amide bonds while for the
hydrolysis of ester substrates it is independent of
the nature of the leaving group. Thisis consistent
with k, <k; for the hydrolysis of amide bonds
and k, > k; for the hydrolysis of ester bonds (12),
and consequently, with the serine carboxypep-
tidases k> <k; for the hydrolysis of both amide
and ester bonds. However, the limited data must
be evaluated with caution since the situation
where k, < k; cannot be distinguished from k, ~
k; as long as only the steady-state kinetics of
hydrolysis reactions have been studied. Deter-
mination of kinetic parameters in the presence
of added nucleophiles is more informative and
such studies have been performed with malt
carboxypeptidase I in this laboratory using Z-
LySQONp as substrate and H-Val-NH, as added
nucleophile (33). Under these conditions the
acyl-enzyme intermediate is partitioned be-
tween hydrolysis and aminolysis products, 1.e.
Z-Lys-OH and Z-Lys-Val-NH,, respectively (see
section 6.3). In case the deacylation reaction
were rate-limiting, k., for the disappearance of
substrate should increase by the addition of
H-Val-NH,. However, no variation of k., was
observed, suggesting that the rate-limiting step
lies ahead of the deacylation step, i.e. acylation
is rate-limiting (k,<k;). The acylation is as-
sumed to be rate-limiting for all N-blocked
amino acid esters with the exception of sub-
strates characterized by an unusually low k;, e.g.
trimethylacetyl nitrophenylester (51). Since the
rate of acylation for ester substrates is much
faster than for amide substrates the acylation
step is also assumed to be rate-limiting for the
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Scheme 5. Substrates of the serine carboxypeptidases. Y = peptidyl or N-blocking group; R, and R} = amino acid

side-chain; X = Me, Et or Bzl.

hydrolysis of N-blocked dipeptides, and conse-
quently k., ~k; and K, ~K; (see Scheme 4).

6. BINDING SITES IN SERINE
CARBOXYPEPTIDASES
6.1. The influence of the substrate structure
The influence of systematic alterations in the
structure of the substrate on the kinetic parame-
ters for its hydrolysis is a commonly used meth-
od to obtain information about the nature of the
binding sites (reviewed by SVENDSEN (178)).
The degree of complementation between en-
zyme and substrate is perhaps best reflected by
k.../K. since proteolytic enzymes as discussed by
FrUTON (56) and FERSHT (54) appear to use
part of the binding energy to increase k.. and
consequently the value for K, (see Scheme 4) is
not necessarily a true measure for the affinity of
the enzyme for different substrates.
Carboxypeptidases are characterized by their
inability to hydrolyse any other peptide bond
than the C-terminal in a polypeptide chain. Such

hydrolysis reactions may formally be considered
as transacylation reactions with a peptide as
acyl-donor, water as acyl-acceptor, and an
amino acid as leaving group. However, like the
serine endopeptidases, the serine carboxypep-
tidases also catalyze reactions with other acyl-
donors and acyl-acceptors, ¢.g. various alcohols
and amines. Thus, two types of specificity must
be considered: the specificity in the acylation
reaction towards the acyl-donor which is the
substrate, and the specificity in the deacylation
reaction towards the acyl-acceptor, i.e. the nu-
cleophile. The present section describes only
hydrolysis reactions and hence only the specif-
icity towards the acyl-donor.
Carboxypeptidase Y and malt carboxypeptid-
ases I and II have in the present laboratory been
shown to catalyze the hydrolysis of substrates of
the types listed in Scheme 5 (23, 28, 37, 98), and
itis probable that other serine carboxypeptidases
which are less extensively characterized have
similar specificities. It is apparent that serine
carboxypeptidases do not exhibit an absolute
requirement for a carboxylate ion on the leaving
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Table IV. Influence of the leaving group on the kinetic parameters for carboxypeptidase Y catalyzed hydrolysis

reactions.
Substrate pH Keas Ka kea/Ken ref.
(Scissile bond) (min™) (mMm) (min”' - mM")
Bz-GlyJ’ Phe-OH 6.5 230 7.7 30 70,73
Bz-Gly-OGly-OH 6.5 1800 56 32 o
Bz-Gly-OPhe-OH 6.5 1100 0.05 22000 98
Bz-Gly-OMe 7.5 150 48 3.1 “’
Bz-Gly-OEt 7.5 150 21 7.1 e
Bz-Gly-O'Pr 7.5 260 20 13 ?
Bz-Gly-OBzl 7.5 1100 1.7 650 “
Bz-Ala-OGly-OH 6.5 3500 14 250 »
Bz-Ala-OMe 7.5 3100 6.3 490 27
Bz-Ala-OBzl 7.5 7400 0.07 106000 27
Bz-Phe-Gly-OH 6.5 690 1.1 630 Y
Bz-Phe-OGly-OH 6.5 2100 24 880 »
Bz-Phe-OMe 7.5 9100 0.18 51000 27
Z-Phe-Gly-OH 6.5 8400 4.0 2100 70,73
Z-Phe-NH, 8.0 320 10 32 8
Z-Phe-NH-CH, 7.5 not hydrolysed 70,73
FA-Phe-Gly-OH 6.5 5800 5.4 1100 34
FA-Phe-Ala-OH 6.5 9700 0.14 61000 34
FA-Phe-Val-OH 6.5 6500 0.047 140000 34
FA-Phe-Leu-OH 6.5 4900 0.021 230000 34
FA-Phe-NH, 7.5 - - 89 34
FA-Phe-Gly-NH, 7.5 - - 160 34
FA-Phe-Val-NH, 7.5 - - 6200 34
FA-Phe-OMe 7.5 11000 0.39 28000 34

* K. BREDDAM. unpublished results

group since they also, like the serine endopeptid-
ases, release alcohols and amines without a
negative charge. Thisis in contrast to the metallo
carboxypeptidases which are specific for pep-
tides and depsipeptides. Thus, although serine
carboxypeptidases do not cleave internal pep-
tide bonds they combine elements from the
specificity of the serine endopeptidases with the
specificity requirements of the metallo carboxy-
peptidases. Nevertheless, carboxypeptidase Y
contains only a single active site since modifica-
tion of either of the essential seryl or histidyl
residues abolishes the activities towards both
peptides and alkyl esters (see section 5.1).

In order to analyze the specificity of serine

carboxypeptidases in further detail it is neces-
sary to analyze how the specificity constant
k../Kn is influenced by variations in each of the
structural features which characterize the sub-
strate (see Scheme 5): a) the nature of the scissile
bond, b) the importance of the negatively
charged carboxylate ion of the leaving group, ¢)
the nature of the N-blocking group Y, and d) the
nature of the amino acid side-chains R, and R.
The latter aspect is normally referred to as
side-chain specificity, and for the sake of conve-
nience the nature of X in alkyl esters is included
in this concept.

Table IV lists the influence of the leaving
group on the kinetic parameters for carboxypep-

98 Carlsberg Res. Commun. Vol. 51, p. 83-128, 1986



K. BREDDAM: Serine carboxypeptidases

tidase Y catalyzed hydrolysis of amide and ester
bonds. Comparing substrates which only differ
in the nature of the scissile bond, one being an
amide bond the other an ester bond reveals that
the ester bond is hydrolysed with much higher
rates than the amide bond. Thus, k../K,, for the
hydrolysis of Bz—Gly£OPhe-OH, an ester sub-
strate with a carboxylate group on the leaving
group, 1s 2-3 orders of magnitude higher than for
Bz-Gly-Phe-OH the corresponding peptide
substrate. For substrates without a carboxylate
group on the leaving group similar differences
are observed ke/K.: for the hydrolysis of FA-
Phe'OMe is approximately 200 tlmes higher
than for the hydrolysis of FA- Phe-NHz and
FA-Phe* Gly NH,. Similar observations have
also been made with the malt carboxypeptidases
and several serine endopeptidases. This influ-
ence of the scissile bond can be attributed to the
higher reactivity of an ester bond as compared
with an amide bond.

The inherent strength of the amide bond
where ammonia functions as leaving group is
similar to the strength of one where the leaving
group is an amino acid. Nevertheless, as shown
in this laboratory, k.../K,, for the carboxypeptld-
ase Y catalyzed hydrolysis of FA- Phe-Gly-OH 1s
7-12 nmes higher than for FA-Phe-NHz and

A-Phe-G]y-NHz, and for FA-Phe Val-OH it is
23 times higher than for FA-Phe!Val- NH, (Ta-
ble IV). This implicates a specific influence of
the carboxylate group and one might expect that
ester substrates would be similarly influenced by
a carboxylate group such that k./K, for the
hydrolysis of depsipeptides would be much
higher than for corresponding alkyl esters. How-
ever, such an effect of a carboxylate group was
not observed in all cases: Bz- Gly-OGly-OH and
Bz-Gly—OPhe-OH are hydrolysed by carboxy-
peptidase Y with higher k../K,, than the corre-
spondmg alkyl ester, i.e. Bz-Gly OMe and Bz-
Gly-Ole respectlvely, but Bz-Phe- OGly-OH
and Bz-Ala-OGly—OH are hydrolysed with lower
K/ K than the correspondmg alkyl esters, i.e.
Bz-Phe!OMe and Bz-Ala—OMe respectively
(Table IV).

The observed effects of a C-terminal carbo-
xylate group in peptide substrates suggest the
existence of a positively charged binding site on
the enzyme for this group. In metallo carboxy-
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Figure 2. Schematic presentation of the binding re-
gions in the active site of carboxypeptidase Y. The
binding notation is that of SCHECHTER and BERGER
(163)(see abbreviations), and the dead-end structure of
the active site is assumed to account for the exo-pepti-
dase specificity of carboxypeptidase Y. The figure
demonstrates conceivable binding modes of peptides,
peptide amides, and peptide esters, accounting for the
peptidase (a), peptidyl amino acid amide hydrolase (b),
amidase (c), and esterase (d) activities of the enzyme.

peptidase A K,, for hydrolysis of peptides is
constantin the pH range 5 - 9 (3) consistent with
the arginyl residue (pK, ~ 12) being the binding
site for the C-terminal carboxylate group of the
substrate (153, 157). Contrary to this, studies in
this laboratory indicate that K., for the carboxy-
peptidase Y (34) and malt carboxypeptidase II
(38) catalyzed hydrolysis of N-blocked dipep-
tides increases sharply above pH 5.5 and pro-
vided that K, is a measure for K, (see section 5.2)
this pH dependence presumably eliminates an
arginyl residue as binding site for C-terminal
carboxylate groups. It is more likely that a
positively charged histidyl side-chain functions
as anion binding site at acidic pH values. How-
ever, the state of ionization of the proposed
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anion binding site has apparently no influence
on the binding of ester substrates to these en-
zymes since K,, for the hydrolysis of esters is
essentially constant in the pH range 6-9. A
possible explanation could be that this binding
site is not in the proximity of the alcohol leaving
group of ester substrates but only “moves into
position” as a consequence of binding of a
substrate with a charged C-terminal as is sug-
gested in Figure 2 which also illustrates how the
various types of substrates might bind pro-
ductively to the enzyme.

Kinetic studies with N-blocked dipeptides
and N-blocked amino acid esters have for some
serine carboxypeptidases provided information
about the side-chain specificities, i.e. the influ-
ence of Ry, R} and X on k./K, (Table V).
Carboxypeptidase Y hydrolyses both ester and
peptide substrates with aromatic and other hy-
drophobic amino acid residues in the P, position
much faster than those with hydrophilic amino
acid residues in this posmon Thus, k../Kn for
the hydrolysis of BZ-Phe-OMe is 4,000 times
higher than for Bz- Arg-OMe and similarly with
peptlde substrates k./K. for the hydrolysis of
Z- Phe—Ala-OH is 20,000 times larger than for
Bz- Lys—Ala-OH (27). These results indicate that
the binding site for the side-chain at the P,
position is hydrophobic like that of chymo-
trypsin (see section 4). In contrast, the serine
carboxypeptidases from watermelon, malt and
porcine kidney rapidly hydrolyse ester sub-
strates both with hydrophobic and positively
charged residues, i.e. Arg, Lys, or His, in the P,
position (Table V) (30, 38, 103, 129). Available
data for peptide hydrolysis by these enzymes
suggest a preference for hydrophobic amino acid
residues in the P, position, but substrates with
positively charged residues have not been in-
cluded in systematic studies (103, 129). How-
ever, itis conceivable that they all hydrolyse such
substrates with high rates as it has been demon-
strated for malt carboxypeptidases I and 1I (K.
BREDDAM, unpublished results). Thus, the
binding sites for the side-chain at the P, position
in the enzymes from malt, watermelon and
porcine kidney are presumably more complex
than that of carboxypeptidase Y since they seem
to accomodate an aromatic and a positively
charged side-chain equally well. Work in this

laboratory with malt carboxypeptidases I and II
has demonstrated that the high k./K. for the
hydrolysis of Bz-Phe= YOMe is mamly due to a
high k., value while for Bz-Arg-OMe itis mainly
due to a low K, value (30, 38). Detailed kinetic
studies with malt carboxypeptidase Il indicate
thataddition of NaCl hasan adverse effect on the
bmdmg of FA-Arg-OMe while the binding of
FA-Phe!OMe appears tighter at higher ionic
strength suggesting ionic forces to be important
for the interaction between binding site, and the
positively charged side-chain of Arg, while hy-
drophobic forces are responsible for the inter-
action with the uncharged side-chain of Phe
(38). These observations are consistent with a
negatively charged residue on the enzyme being
important for the binding of positively charged
side-chains without having any particular influ-
ence on binding of uncharged side-chains (see
Figure 3). The results with malt carboxypeptid-
ase I are qualitatively identical {30). The subtili-
sins have a similar wide specificity with respect
to the P, position, and it has been suggested that
this originates from different modes of pro-
ductive binding for substrates with an aromatic
and a basic residue in the P, position (60).

Other serine carboxypeptidases have not been
studied in similar detail, but their substrate
preferences suggest that they exhibit specificities
with respect to the P, position corresponding to
that of either carboxypeptidase Y or to those of
the carboxypeptidases from watermelon, malt,
and human kidney. Human prolyl carboxypep-
tidase is an exception since it, due to its special
function (see section 2), only cleaves substrates
where the P, position is occupied by a prolyl
residue.

With the exception of malt carboxypeptidase
II all the enzymes listed in Table V exhibit
preferences for substrates with hydrophobic R]
(see Scheme 5) suggesting that they contain
hydrophobic binding sites for this side-chain.
However, it should be noted that aliphatic hy-
drophobic amino acids, i.e. Val, lle, Leu, Met,
and Ala, are released faster than aromatic resi-
dues, i.e. Phe and Tyr. The preference of malt
carboxypeptidase II for basic Rj, i.e. Arg and
Lys, renders this enzyme unique among serine
carboxypeptidases. Since it also releases hydro-
phobic amino acid residues its binding site for
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the side-chain at the P} position presumably
contains separate regions to secure the inter-
action with these groups of different nature. This
is supported by the fact that addition of NaCl has
an adverse effect on the binding of FA-Ala-Lys-
OH, whereas the binding of FA- Phe!Phe-OH is
enhanced (38). This binding site therefore ap-
pears similar to that for the R, group in both
carboxypeptidases I and II. The influence of the
nature of X, i.e. the alcohol leaving group of ester
substrates, on k., has only been investigated for
carboxypeptidase Y and malt carboxypeptid-
ases [ and I, and for these enzymes an increase
ink../K..is observed with increasing size (hydro-
phobicity) of the leaving group, suggesting that
the alcohol leaving group binds to hydrophobic
regions of the S} binding site.

It is known that carboxypeptidase Y hydro-
lyses the substrates listed in Scheme 5 only when
theamino acid residuesin the P, and P} positions
are in the L-form (7, 70) and when the amino
group of the amino acid in the P, position is
blocked, i.e. no hydrolysis is observed when Y =
H. k./K. for carboxypeptidase Y catalyzed
hydrolysis of peptide, amide, and ester sub-
strates is strongly affected by the nature of the
N-blocking group occupying the P, position and
decrease in the following order: Z, Bz, FA, and
Ac (8,27, 34, 70). It is unknown how the length
of the peptide chain influences k../K., for the
hydrolysis of the C-terminal ester or amide
bond.

6.2. Studies with modifiers

The effects on catalysis of substances which
bind specifically to the binding sites, i.e. mo-
difiers, have previously been utilized to study the
nature of binding sites in proteolytic enzymes as
illustrated by the work of INAGAMI and
MURACHI on trypsin (93). This enzyme hydro-
lyses substrates with positively charged side-
chains, i.e. Lys and Arg, in the P, position with
high rates but hydrolyses only very slowly sub-
strates with other amino acid residues in this
position. However, in the presence of positively
charged substances like methyl ammonium,
ethyl ammonium, or l-propylammomum ions
K. for the hydrolysis of Ac—Gly-OEt is drastic-
ally increased while K,, remains unchanged.

They concluded that the combination of an
unspecific substrate and an ammonium ion
simulates the behaviour of the specific substrate
with a positively charged residue in the P,
position. Later work has demonstrated similar
effects of numerous other amine and guanidine
compounds (162, 182, 189).

Among the serine carboxypeptidases three
cases have been reported where addition of a
substance produce activity changes which can be
related to its binding to particular substrate
binding sites. 3-phenyl-l-propanol increases k...
and decreases K., for the carboxypeptldase Y
catalyzed hydrolysis of Z-Gly-Phe OH (6). Since
the hydrolysis of Z-Phe-Leu-OH which has a
bulky amino acid residue in the P, position, is
inhibited by phenylpropanol this substance pre-
sumably binds to the binding site for the side-
chain at the P, position of the substrate. The
hydrophobic nature of 3-phenyl-l-propanol
combined with the fact that the negatively
charged 3-phenylpropionic acid does not bind at
this binding site is consistent with it being
hydrophobic.

The ability of malt carboxypeptidase II to
hydrolyse substrates containing either hydro-
phobic or positively charged amino acid residues
on both the P, and P} positions combined with
the effects of added NaCl already suggested that
within the S, and S; binding sites separate areas
exist to secure the interaction with these side-
chains of different nature (see section 6.1). A
postulated binding region of the active site of
malt carboxypeptidase II, incorporating this
hypothesis, is shown in Figure 3. It is assumed
that the S.. and Si, portion of the S; and S;
binding sites, respectively, contain negatively
charged groups which interact with the posi-
tively charged side-chains of e.g. FA- Arg-OMe
and FA-Ala-Lys-OH The S, and S;, portions,
on the other hand, are assumed to be hydropho-
bic regions which provide the interaction with
hydrophobic side-chains of the substrate. It
appears that phenylguanidine binds to the S,
and S, binding sites of malt carboxypeptidase Il
with an attenuatlon of the binding of FA-Argi
OMe and FA- Ala-Lys-OH as a result (38). In
contrast, the binding of uncharged substrates
containing bulky groups in either the P, or P}
positions, e.g. FA- Phe-OMe is enhanced in the
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S Sip S1a Sip

Figure 3. Schematic representation of the binding
regions in malt carboxypeptidase II. The binding
notation is that of SCHECHTER and BERGER (see
abbreviations), and the dead-end structure is assumed
to account for the exo-peptidase activity of the enzyme.
(A) shows a proposed binding mode of a peptide with
lysyl residues in the P; and P} positions. It is assumed
that the positively charged side-chains of Lys interact
with negatively charged groupsJocated in the S,,and Si,
portions of the S, and S} binding sites, respectively. (B)
shows a proposed binding mode of an analogous
peptide with phenylalanyl residues in these positions.
Here it is assumed that the hydrophobic side-chains
interact with the hydrophobic S,, and S}, regions of the
S, and S; binding sites, respectively.

presence of phenylguanidine. This suggests that
such groups when bound to the S, or S}, sites
interact favourably with the phenyl group of the
phenylguanidine bound at the S, or Si, sites.
When non-bulky groups are bound to both the
Si» and S}, binding sites, viz. FA-Ala-OEt the
interaction with the phenylguanidine appears to
increase k., rather than to increase binding of the
substrate. These results with phenylguanidine
support the model of the binding region of malt
carboxypeptidase Il shown in Figure 3.

The specificity of malt carboxypeptidase I (see
Table V) suggests that its S, binding site com-
prises two distinct regions as indicated for malt
carboxypeptidase II in Figure 3, but its inability

to hydrolyse substrates with basic residues in the

1 position suggests the existence of only a single
region in S} binding site. However, it appears
that phenylguanidine does not bind to the S,
binding site of malt carboxypeptidase I since 1t
enhances the rate of the hydrolysis of Bz- Arg-
OMe. Thus, in spite of apparent similarities in
the S, binding sites of the two malt carboxypepti-
dases, as judged by their specificities, certain
structural differences must exist to account for
their different behaviour towards phenylguani-
dine. The apparent absence of an S}, binding site
in carboxypeptidase I would predict that phenyl-
guanidine should not bind to its S} binding site.
However, in the presence of this substance the
activitiestowards FA-Phe*Ala-OH and FA-Phe*
Gly-NH, are decreased to less than 3% of the
control whereas the activities towards FA- Phe—
OMe and FA-Phe-NHz are increased to 380%
and 220% of the control, respectively. These
results indicate that when the leaving group of
the substrate is large, i.e. an amino acid or an
amino acid amide, it competes with phenyl-
guanidine for the same site. The actwatlon
observed with FA-Phe!tOMe and FA- Phe—NH’
suggests that the binding of phenylguanidine
affects the catalytic properties of the enzyme
without adversely affecting its ability to bind
substrates with small leaving groups, i.e. the
enzyme may conceivably bind both groups si-
multaneously. A kinetic study of the effects of
phenylguanidine on the hydrolysis of ester sub-
strates with leaving groups of different size
confirmed this interpretation (30). While k.., for
the hydrolysis of all the substrates, i.e. Bz-Arg~
OMe, -OEt, -OPr and -OBu, is increased by the
presence of this substance, K,, is affected in a
manner which depends on the size of the leaving
group: it decreases for Bz-ArgQOMe and increas-
es for Bz-Arg-OEt -OPr and -OBu. Thus, it
appears that phenylguanidine binds to the bind-
ing site for the leaving group of ester substrates,
i.e. the S} binding site, and that this position in
the enzyme functions as the binding site for the
leaving groups of all types of substrates. The
effects of chemical modifications of a methionyl
residue located at the S} binding site of carboxy-
peptidase Y on its specificity (see section 6.4)
indicates that this conclusion is valid for carbo-
xypeptidase Y as well.
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Scheme 6. Competition between water (W) and other
nucleophile (N) in the serine protease catalyzed hydro-
lysis of ester substrates as proposed by BENDER et al.
(12). The enzyme (E) and substrate (S) initially form a
complex (ES) with the dissociation constant K.. k, is the
rate constant for the essentially irreversible conversion
of ES complex to the acyl-enzyme intermedidate (ES").
ks and k, are the rate-constants for the deacylation
reactions with W and N as nucleophiles, respectively.
P, is the alcohol leaving group of the ester substrate. P,
and P, are the hydrolysis and aminolysis products,
respectively. This model assumes that neither water
nor added nucleophile bind to the enzyme prior to the
reaction with the acyl-enzyme intermediate.

6.3. Binding sites for nucleophiles

In the serine protease catalyzed hydrolysis of
amide and ester bonds water functions as nu-
cleophile. When such reactions are allowed to
proceed in aqueous solution with another nu-
cleophile added, e.g. an amine compound, a
partitioning of the acyl-enzyme may take place
to yield a hydrolysis product and an aminolysis
product. BENDER et al. (13) and FASTREZ and
FERSHT (53) found that when methanol, etha-
nol, glycine amide or alanine amide were added
as nucleophiles to chymotrypsin it reacted with
ester substrates according to the simple reaction
model shown in Scheme 6, in which it is as-
sumed that neither water nor the added nucleo-
phile bind to the enzyme prior to the reaction
with the acyl-enzyme intermediate. Hence, the
ratio of the two reaction products being formed,

[P:)/[P.], isa linear function of the ratio [N]/[W]
between the concentrations of added nucleo-
phile and water.

Carboxypeptidase Y and the malt carboxy-
peptidases have similarly in this laboratory been
demonstrated to catalyze transacylation reac-
tions to other nucleophiles than water, e.g. to
alcohols, amino acids and amino acid deriva-
tives(24, 33, 38, 195, 196, 197). For carboxypep-
tidase Y it has been shown, using N-blocked
amino acid esters as substrates, that the fraction
of aminolysis, P;/(P,+Ps), is highly dependent on
the nature of the amine nucleophile added. With
H-Asp-OH, H-Asp-u-OMe, H-Asp-a-NH,, H-
Glu-OH, H-Glu-a-OMe, H-Glu-0-NH,, H-Pro-
OH, H-Pro-OMe, and H-Pro-NH, no amino-
lysis is observed. However, with the other L-
amino acids, amino acid methyl esters, and
amino acid amides aminolysis is observed with
the fraction of aminolysis varying with the
nature of the side-chain as seen from Table VI.
D-amino acids, D-amino acid methy] esters, and
D-amino acid amides do not react with the
acyl-enzyme, suggesting that the reaction with
the nucleophile is stereospecific. No aminolysis
takes place with secondary amines, e.g. proline
and sarcosine, and more bulky substituents on
the carbonyl group than -OMe and -NH,, e.g.
-OEt, -O'Bu, and -NH-CH; result in decreased
fractions of aminolysis with the exception of
H-Gly-OEt and H-Gly-O'Bu.

The variations in the efficiency of the nucleo-
philes listed in Table VI cannot be attributed to
different nucleophilicities. This combined with
the stereospecificity of the enzyme towards the
nucleophile would suggest that binding of the
added nucleophile to the acyl-enzyme inter-
mediate, presumably at the S binding site,
preceeds its participation in the deacylation
reaction. In fact, the results listed in Table VI
suggest that the nucleophiles which react with
the acyl-enzyme intermediate exhibit structural
resemblance with the leaving groups (P}) of the
substrates described in Scheme 5. However, the
fact that proline is released from the C-terminus
of peptides by carboxypeptidase Y and never-
theless cannot function as nucleophile in the
deacylation reaction suggest that certain diffe-
rences between the structures of substances
which can function as leaving groups and those
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Table V1. Carboxypeptidase Y catalyzed aminolysis

reactions.

Fraction of
Nucleophile aminolysis
HZN-j:- -OH 0.10 - 0.65
Substitutions on carbonyl group:
HZN-E- -OMe 0.25-0.90
HZN-(T,- -O'Bu” 0 -0.10
HZN-E- -NH, 0.70-0.90
HZN-E- -NH-CH; 0.10

H ZN-E-@—NH-E-@-OH 0
Substitutions on amino group:

H,
HIS\:I-(\?- -OH 0

<C
HN-E- -OH (proline) 0

All reactions are performed with Bz-Ala*OMe as sub-
strate at pH 9.5 using various concentrations of nucleo-
phile. R = amino acid side-chain with the exception of
the side chains of Asp and Glu. Fraction of aminolysis
is defined as P,/(P,+P;) with P, = hydrolysis product
and P, = aminolysis product (see Scheme 5). ¥ H-Gly-
O'Bu is an exception since the fraction of aminolysis
with this nucleophile is as high as with the methyl ester.
Results from ref. 196 & 197.

which can function as nucleophiles do exist.
Although the release of an amino acid ester from
a peptide ester would be difficult toc demonstrate
due to the much faster release of the alcohol
group it should be noted that this reaction has
not been demonstrated and yet, amino acid
methyl esters can function as nucleophiles.
The studies of carboxypeptidase Y catalyzed
aminolysis reactions were originally aimed at
the synthetic aspects of such reactions rather
than investigating in detail the causes for the
different fractions of aminolysis with nucleo-
philes of different structures. Consequently, the

aminolysis reactions were often performed at
arbitrary concentrations of nucleophiles, and
from such results it is not possible to decide
whether a high fraction of aminolysis with a
given nucleophile is due to a tight binding of the
nucleophile to the enzyme or alternatively, due
to an effective attack of the nucleophile on the
acyl-enzyme intermediate. Malt carboxypeptid-
ase I similarly catalyzes aminolysis reactions of
ester and peptide substrates when various amino
acid amides and methyl esters are used as nu-
cleophiles, and these reactions have now been
investigated in further detail (33) than the corre-
sponding reactions with carboxypeptidase Y.
The influence of the concentration of nucleo-
phile on the fraction of aminolysis demonstrated
that the enzyme was easily saturated with nu-
cleophile indicating the formation of a complex
between nucleophile and acyl-enzyme inter-
mediate prior to deacylation. This observation s
consistent with the fact that phenylguanidine,
which has been shown to bind to the S} binding
site of malt carboxypeptidase I (see section 6.2),
when added to aminolysis reactions causes a
drastic increase 1n Kyg,p, the apparent dissocia-
tion constant of the complex between acyl-en-
zyme and the tested nucleophiles. This indicates
acompetition between phenylguanidine and the
nucleophiles for the S; binding site of the en-
zyme. Phenylguanidine has no effect on the
aminolysis reactions with H-Gly-OMe but
strongly affects Ky, for H-Ala-OMe and H-
Val-OMe suggesting that it is the side-chains of
amino acid methyl esters which are bound to the
Sibindingsite in such a manner that they occupy
or overlap with the binding site for phenyl-
guanidine. No such differences were observed
with amino acid amides: phenylguanidine af-
fected Kuepp for all amino acid amides tested
including H-Gly-NH,. Thus indicates that ester
and amide nucleophiles exhibit slightly different
binding modes within the S binding site of the
enzyme. This could explain why amino acid
amides are more effective as nucleophiles than
amino acid methyl esters, viz. the fraction of
aminolysis at saturation with nucleophile is
much higher with amino acid amides(0.90) than
with amino acid methyl esters (0.50). It may also
explain why for amino acid amides Ky 1S
lower and less dependent on the nature of the

Carlsberg Res. Commun. Vol. 51, p. 83-128, 1986 105



K. BREDDAM: Serine carboxypeptidases

amino acid side-chain than for amino acid
methyl esters. However, the binding of both
types of nucleophiles appears to be stereospecific
since with the D-enantiomers H-val-NH, and
H-ala-OMe no aminolysis products are ob-
tained.

FINK and BENDER (55) have previously ob-
served similar binding effects when larger n-
alkyl alcohols were added to papain acting on
p-nitrophenyl ester substrates. They found that
their results could only be explained by adopting
a reaction scheme in which the added nucleo-
phile binds to the enzyme at two different
positions, one of which isidentical to the binding
site for the leaving group, 1.e. the S} binding site.
By studying the influence of H-Val-NH, on the
steady-state parameters, k., and K., for the
action of malt carboxypeptidase on No-CBZ-
Lys-ONp it was demonstrated that this enzyme
also has two binding modes for the added nu-
cleophile, of which only one causes aminolysis of
the acyl-enzyme intermediate (33). More re-
cently RIECHMANN and KASCHE have found
that nucleophiles similarly bind to chymo-
trypsin prior to their participation in the deacyl-
ation reaction (156), suggesting that such bind-
ing is general for proteolytic enzymes. The
results with malt carboxypeptidase I (33) dem-
onstrate that studies of the competition between
water and added nucleophiles in the deacylation
reaction may provide information about the
binding sites of proteolytic enzymes which can-
not be obtained from the study of hydrolysis
reactions.

6.4. Modifications of binding sites

Chemical modifications of amino acid side-
chains in enzymes have been used in numerous
cases to correlate loss of a certain amino acid
residue with changes in activity in order to
establish which side-chains are functionally es-
sential. In such studies it is important to
distinguish between two types of side-chains: a)
those which are essential to catalysis (see section
5.1) and b) those which alone or in combination
with others function in the binding of substrate,
¢.g. the side-chains in chymotrypsin which form
the hydrophobic crevice for the side-chain in the
P, position of the substrate. While chemical

modifications of essential amino acid residues
usually abolish the catalytic activity, modifica-
tions of side-chains at binding sites may have
different effects on activity, depending on the
nature of the reagent and the importance of the
particular side-chain as previously demon-
strated with some proteolytic enzymes (44, 80,
178). Recently, it has become possible by site-di-
rected mutagenesis to specifically exchange
amino acid residues in proteins (206). Modifica-
tions of this type are in many ways less drastic
than the chemical modifications provided that
the mutated enzyme is able to attain its proper
tertiary structure. Both chemically modified and
mutated enzymes can provide insight into the
nature of the binding sites beyond what is
obtained by kinetic studies and in addition, these
may have an altered specificity which is of
potential interest in processes where proteolytic
enzymes are used (see section 7).

6.4.1. Modifications at the S, binding site

It has long been known that carboxypeptidase
Y from baker’s yeast contains a cysteinyl residue
(71) and this has recently, in this laboratory,
been identified in the amino acid sequence as
Cys-341 (36). This residue is inaccessible to
iodoacetate and Ellman’s reagent unless the
enzymeis denatured. However, without denatu-
ration of the enzyme it reacts rather slowly with
p-HMB (k = 0.45 mM’ -sec') producing the
spectral change expected for a cysteine and it
reacts quickly with Hg™ (k = 1000 mm" - sec’)
(6). Only stoichiometric amounts of p-HMB or
Hg'™ are bound, and Hg" apparently binds
tighter to the sulfhydryl group than the mercuri-
benzoate group since addition of 1 equivalent
Hg'"" to carboxypeptidase Y previously modified
with p-HMB results in an instantaneous dis-
placement of the mercuribenzoate group from
the cysteinyl residue. The different reactivities of
mercurials and iodoacetate may be due to diffe-
rent abilities to penetrate the enzyme molecule
before reaction with the sulfhydryl group or
alternatively, due to different abilities to pro-
duce a conformational change rendering the
buried cysteinyl residue accessible.

Modification of the cysteinyl residue with
organomercurials causes significant inhibition
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Table VIL. Relative specificity of carboxypeptidase Y and carboxypeptidase Y modified with I-Hg" and Ph-Hg'.

Substrate CPD-Y I-Hg-CPD-Y Ph-Hg-CPD-Y
Bz-Gly-OMe 1 1 1
Bz-Ala-OMe 160 89 43
Bz-Val-OMe 58 11 4
Bz-Ile-OMe 84 360 2
Bz-Leu-OMe 1800 1700 68
Bz-Met-OMe 900 6100 30
Bz-Phe-OMe 16000 17000 790
Bz-Lys-OMe 0.18 46 0
Bz-Arg-OMe 39 30 0
Bz-His-OMe 4.2 21 0
Bz-Thr-OMe 5.8 13 0.30

The numbers which represent relative k../K. values can only be compared within the same column. The results

are from ref. 27.

of the enzyme, but this residue is nevertheless
not essential for catalysis since substantial activ-
ity is retained towards some substrates (6, 27),
and the pH dependence of k.., for ester hydrolysis
remains unchanged (27). This is consistent with
recent experiments where Cys-341 has been
exchanged by site-directed mutagenesis with a
seryl residue or a glycyl residue. These deriva-
tives of carboxypeptidase Y are active, but the
activity towards peptide substrates is only
around 10% (J. WINTHER, M.C. KIELLAND-
BRANDT and K. BREDDAM, unpublished re-
sults).

Studies in this laboratory have shown that
Hg™",in the absence of halides, i.e. CI', Br, SCN,
and CN', causes complete inactivation of carbo-
xypeptidase Y regardless of the nature of the
substrate (27). This total lack of activity of the
modified enzyme is possibly due to the mercuric
ion forming a -S-Hg-X-bridge between the sulf-
hydryl group and some other amino acid side-
chain X capable of forming a rather tight com-
plex with Hg™", e.g. X = His, Asp, or Glu (194).
This explanation is supported by the obser-
vation that addition of halides which form tight
complexes with Hg'™ (194), partially reactivates
the enzyme without removing the metal from
the enzyme (27). It is conceivable that this is due
to the halide displacing X from the mercuric ion
bound to the sulfhydryl group thus forming an
active enzyme species, e.g. -S-Hg-Cl when CI is
added.

Bal and HavasHI (6) found that the inhibi-
tion of carboxypeptidase Y by organomercurials
is most pronounced when the enzyme is assayed
towards substrates with bulky side-chains in the
P, position, indicating that the sulfhydryl group
is located at the binding site for this side-chain.
This information warranted an extensive study
by the present author of the influence of modifi-
cation with mercurials on the specificity of
carboxypeptidase Y with respect to the P, posi-
tion (27). The kinetic constants for a series of
ester substrates with the general formula Bz-X*
OMe, where X = amino acid residue, have been
determined for unmodified carboxypeptidase
Y, carboxypeptidase Y modified with I-Hg’
(Hg"" modified enzyme assayed in the presence
of I), and carboxypeptidase Y reacted with
phenylmercuric chloride. Modification with
both mercurials causes a decrease in k., and an
increase in K, for the hydrolysis of all substrates
tested with the exception of Bz-LysiOMe where
modification of I-Hg" caused a 40 times increase
in ka. A comparative assessment of the specif-
icity of these three enzymes has been made by
calculating relative k.,/K,, values with Bz-Glyi
OMe serving as reference for each enzyme (Ta-
ble VII). As previously mentioned carboxypep-
tidase Y exhibits a strong preference for sub-
strates with hydrophobic residues in the P,
position, i.e. Phe, Leu, and Met, and only slowly
hydrolyses substrates with hydrophilic residues,
i.e. Arg, Lys, Thr, and Gly. The two modified
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enzymes retain the highest k../K., for substrates
with hydrophobic residues although their rela-
tive preference for the different substrates
deviate substantially and differ from the prefer-
ences of unmodified enzyme. With carboxypep-
tidase Y modified with Ph-Hg', the relative
k./K.. is reduced drastically for all substrates
except Bz-Ala-OMe This is equivalent to an
mcreased preference for Bz- GlyQOMe and Bz-
Ala-OMe, and can be explained by the Ph-Hg"

group introducing a steric hindrance into the
binding site for the side-chain at the P, position
with the consequence that the hydrolysis of
substrates characterized by a bulky side-chain in
the P, position, e.g. Bz—Phe-OMe is much more
affected by the Ph-Hg" modification than the
hydrolysis of substrates with non-bulky side-
chains 1n this position, i.e. Bz-Gly-OMe and
Bz- Ala-OMe Introduction of the I-Hg" group
has not snmllar steric effects since the hydrolysis
of Bz-Gly—OMe and Bz-Phe*OMe are affected to
the same extent, i.e. the relative k./K. for
Bz-Phe!OMe remains unchanged. However, the
drastic increase in the relative k.. /K. for the
hydrolysis of Bz-Lys£OMe and the slight in-
crease for substrates with Val, Ile, Met, Arg, His,
and Thr in the P, position indicate that the
properties of the binding site of the modified
enzyme is different from that of the unmodified
enzyme. The exact nature of this change is
difficult to evaluate; possibly the effects of the
I-Hg' group on Bz-Lys£OMe hydrolysis are due
to attenuation of an unfavourable interaction
between enzyme and substrate.

Malt carboxypeptidase II contains no sulfhy-
dryl group but it is still inactivated by Hg'™ (37).
However, while the carboxypeptidase Y-Hg'
complex exhibits a dissociation constant far
below 10° M in the pH range 4 — 10 (K.
BREDDAM, unpublished results) the formation
of a malt carboxypeptidase II-Hg" complex is
dependent on deprotonation of a group on the
enzyme with an apparent pK, of 6.4 and the
dissociation constant is rater high (1.3 - 10° M at
pH 7.5). The comparatively poor binding of
Hg™" to carboxypeptidase II is also apparent
from the lack of inhibition in the presence of
iodide since this indicates that Hg™ binds less
tightly to the enzyme than to iodide. The site of
reaction in malt carboxypeptidase II is un-

known, but the essential histidyl residue is a
possibility since the histidyl side-chain is known
to form complexes with Hg'™ (194). In this
context it should be noted that CHAMBERS et al.
(42) by X-ray crystallography have demon-
strated that Ag" binds to a position between the
aspartyl and histidyl side-chains of the catalytic
triad in trypsin, and Hg™ might be expected to
have a similar affinity for this position.

The influence of Hg'* on malt carboxypeptid-
ase I which does contain a sulfhydryl group is
essentially identical to that on malt carboxypep-
tidase IT (28) and thus, it is probable that the
inactivation is not due to reaction with the
sulthydryl group. This is consistent with this
group being inaccessible to p-HMB as opposed
to the sulfhydryl group in carboxypeptidase Y
(27). Dilution of malt carboxypeptidase I inac-
tivated by Hg™" apparently causes a dissociation
of the enzyme-Hg"~ complex. However, the
activity of the enzyme was only partially recov-
ered and with increasing reaction period a de-
creasing proportion of the enzyme could be
reactivated. These results indicate that the initial
enzyme-Hg™™ complex undergoes an irreversible
time dependent inactivation presumably due to
denaturation of the enzyme. The time-course of
this denaturation suggests a complex reaction
scheme which might involve conformational
changes as well as a secondary reaction of Hg"”
with the sulfhydryl group.

p-HMB inhibits a number of the serine carbo-
xypeptidases from fungi (Table I) and the vari-
ous types of cathepsin A (Table III) and hence, it
is probable that these enzymes contain a sulfhy-
dryl group of reactivity as the one in carboxypep-
tidase Y. The carboxypeptidases from higher
plants (Table IT) and human prolyl carboxypep-
tidase, on the other hand, are not inhibited by
p-HMB. An inhibitory effect of Hg"™" is often
seen with these enzymes but as shown with the
malt carboxypeptidases this does not necessarily
indicate the presence of a sulfhydryl group.

The serine endopeptidases protease B from
yeast (106) and thermitase from Thermoactino-
myces vulgaris (10) also contain a single sulfhy-
dryl group. Both enzymes are inhibited by p-
HMB and Hg'" but not by other reagents known
to modify thiols indicating that their sulfhydryl
group is buried and of similar accessibility as the
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one in carboxypeptidase Y. A peptide contain-
ing the cysteinyl residue of thermitase has been
shown to exhibit homology with a stretch of the
amino acid sequence of subtilisin. The position
of the cysteinyl residue in thermitase corre-
sponds in subtilisin to Val-68 which in the
three-dimensional structure is located behind
the histidyl residue of the catalytic triad. The fact
that so many genetically unrelated but functio-
nally similar enzymes contain a sulthydryl group
suggests that it has a function although it is not
strictly required in catalysis as indicated by the
studies with carboxypeptidase Y (6, 27). Possi-
bly, it could have a function in stabilizing the
protein structure since carboxypeptidase Y is
destabilized by chemical modification of the
sulfhydryl group (27) and by replacement of the
cysteinyl residue with a glycyl or seryl residue by
site-directed mutagenesis (J. WINTHER, M.C.
KIELLAND-BRANDT, K. BREDDAM, unpub-
lished results).

6.4.2. Modification at the S| binding site

The S; binding site in serine carboxypeptid-
ases presumably consists of binding sites for both
the side-chain and the carboxylate group of the
C-terminal amino acid residue of the substrate
(see Figure 2). KUHN et al. (113) have, based on
chemical modifications with phenylglyoxal,
suggested that an arginyl side-chain functions as
the carboxylate binding site in carboxypeptidase
Y, but results obtained in the present laboratory
on chemical modifications of carboxypeptidase
Y with phenylglyoxal and butanedione have not
provided evidence for this conclusion (21). Malt
carboxypeptidase I has also been treated with
these reagents and no inactivation of this en-
zyme was observed (K. BREDDAM, unpublished
results). In addition, kinetic studies with both
carboxypeptidase Y and malt carboxyptidase II
have suggested that the binding of peptides is
dependent on the deprotonation of an ionizable
group with a pK, around neutral (see section 6.1)
which is far below the pK, of an arginyl side-
chain, but instead suggests the involvement of a
histidyl residue or, alternatively, the N-terminal
a-amino group in the binding of peptide carbo-
xylate groups.

KUHN et al. (113) have described that alkyla-
tion of a methionyl residue in carboxypeptiase Y
with iodoacetamide causes a reduction in the
peptidase activity of the enzyme without signi-
ficantly altering the esterase activity. In this
laboratory, this methionyl residue has been
identified as Met-398 in the amino acid se-
quence (36) and in addition it has been alkylated
with phenacylbromide, m-nitrophenacylbrom-
ide and p-nitrophenacylbromide (34) and oxid-
ized with H,O, (35). All these derivatives of
carboxypeptidase Y have been separated from
residual unmodified enzyme by affinity chro-
matography and characterized kinetically (34,
35). Modification of carboxypeptidase Y with
phenacylbromide influences k.,/K., for the hy-
drolysis of ester and amide substrates in a
manner which is dependent on the size of the
leaving group of the substrate (Table VIII). With
substrates containing a non-bulky leaving
group, i.e. -OMe and -NH,, k../K., is increased
while it is decreased for substrates with larger
leaving groups, i.e. -OFEt and -Gly-NH,, and in
particular for those with very bulky leaving
groups, i.e. -OBzl and -Val-NH,. These results
suggest that Met-398 is located in the S’ binding
site, and presumably in the binding pocket for
the side-chain of the C-terminal amino acid
residue since the hydrolysis of FA-Phe£Val-NH2
is much more affected by the modification than
the hydrolysis of FA-PheiGly-NHz. This sug-
gests that bulky leaving groups of ester substrates
bind to this position as well. Similar activities
were obtained with carboxypeptidase Y alky-
lated with m-nitrophenacylbromide and p-ni-
trophenacylbromide. The enzymes in which the
same methionyl residue has been alkylated with
1odoacetamide to form a non-bulky methionyl
sulfonium derivative (34) or oxidized with H;O,
to form a methionyl sulfoxide derivative (35)
hydrolyse all ester and amide substrates, includ-
ing those containing small leaving groups, at
reduced rates relative to unmodified carboxy-
peptidase Y. Thus, it appears that the modified
enzyme hydrolyses substrates with small leaving
groups at higher rates than unmodified CPD-Y
only when a bulky hydrophobic group, e.g. the
phenacyl group, isintroduced into the S} binding
site.

Alkylation of Met-398 with phenacylbromide
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Table VIII. Hydrolysis of ester, amide and peptide substrates by carboxypeptidase Y and phenacylbromide modified

carboxypeptidase Y.
Substrate Enzyme Kea K. ke./Kn
(min™) (mm) (min" - mM")

CPD-Y 11000 0.39 28000
FA-Phe!OMe

PAB-CPD-Y 6400 0.078 82000

CPD-Y 4000 0.36 11100
FA-Leu£OMe

PAB-CPD-Y 2300 0.041 56000

CPD-Y 11000 0.059 190000
FA-Phe'OFt

PAB-CPD-Y 4500 0.11 41000

CPD-Y 4600 1.0 4600
FA-Ala*OEt

PAB-CPD-Y 30000 14 2100

CPD-Y 9100 0.054 170000
FA-Ala'OBzl

PAB-CPD-Y 680 0.43 1600

CPD-Y 0.95
FA-Val'NH,

PAB-CPD-Y 1.7

CPD-Y 52
FA-Leu!NH,

PAB-CPD-Y 160

CPD-Y 89
FA-Phe!NH,

PAB-CPD-Y 220

CPD-Y 160
FA-Phe'Gly-NH,

PAB-CPD-Y 78

CPD-Y 6200
FA-Phe'Val-NH,

PAB-CPD-Y 71

CPD-Y 5800 5.4 1100
FA-Phe'Gly-OH

PAB-CPD-Y 180 1.6 110

CPD-Y 9700 0.14 61000
FA-Phe'Val-OH

PAB-CPD-Y 260 0.42 620

CPD-Y 4900 0.021 230000
FA-PhefLeu-OH

PAB-CPD-Y 41 0.033 1200

The results are from ref. 34.
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reduces ke, for the hydrolysis of all peptides to
approximately 2% of the values obtained with
unmodified CPD-Y while K, is only slightly
increased (Table VIII). The small influence of
the alkylation on K, suggests that the postulated
positively charged binding site which is expected
to function when the enzyme forms tight com-
plexes with peptide substrates (see section 6.1) is
unaffected by the alkylation of the methionyl
residue. This is consistent with the pH depend-
ence of K,, for peptide hydrolysis remaining
unchanged by the modification with phenacyl-
bromide relative to unmodified carboxypeptid-
ase Y (34). The drastic reduction in ke is
unlikely to be due to the loss of Met-398 since
oxidation of this residue only reduces k. for
peptide hydrolysis to 35 - 50% of the values
obtained with unmodified CPD-Y (35). Fur-
thermore, the derivative alkylated with iodoa-
cetamide hydrolyses peptides with kinetic
parameters similar to those of the derivative
alkylated with phenacylbromide indicating that
the bulkiness of the group introduced only has
little influence. It is more likely that the sulfo-
nium ion introduced into all the alkylated de-
rivatives is the cause of the reduction in k., and
it may be speculated that this group prevents a
conformational change which might be essential
for the high k., values characteristic for hydro-
lysis of peptides. The fact that hydrolysis of ester
and amide substrates is adversely affected only
when the leaving group of the substrate is bulky
would then suggest that the postulated confor-
mational change is not essential for the hydro-
lysis of substrates with blocked C-terminus.

To further study the role of Met-398 this
amino acid residue has been substituted by a
leucyl residue or an arginyl residue by means of
site-directed mutagenesis (199). Compared with
carboxypeptidase Y, Leu-398-CPD-Y generally
exhibits unchanged or moderately reduced k..
values for the hydrolysis of peptide and ester
substrates, whereas K., is affected in a way which
is dependent on the group occupymg the P
posmon For the substrates FA Phe—Gly—OH
FA-Phe-Ala-OH and FA- Ala-OEt whichall are
characterized by relatively small groups at the P
position, K, 1s increased, while for FA-PhclLeu-
OH, FA- Phe-Phe—OH and FA-Ala-OBz] all
characterized by bulky and strongly hydropho-

bic leaving groups, K., is decreased. Correspon-
dingly, Leu-398-CPD-Y exhibits decreased k.../
K., values towards substrates with small leaving
groups, and increased values for the substrates
with large leaving groups. The apparent tighter
binding to Leu-398-CPD-Y of substrates with
bulky and hydrophobic P; groups is in accord-
ance with the leucyl side-chain being slightly
smaller and more hydrophobic than the methio-
nyl side-chain. The increased preference for Phe
in the P} position is essentially independent of
the amino acid residue occupying the P, position
(199) and thus, it appears that only the specif-
icity with respect to the P} position is affected by
the Met to Leu mutation which is consistent
with Met-398 being located in the S} binding site.
Arg-398-CPD-Y exhibits kinetic parameters
similar to those obtained with the enzyme in
which Met-398 has been modified with iodoa-
cetamide and this is consistent with the
structural resemblance between an arginyl resi-
due and this particular methionyl sulfonium
derivative (L. BECH, J. WINTHER, M.C. KIEL-
LAND-BRANDT, K. BREDDAM, unpublished re-
sults).

Treatment of carboxypeptidase Y with H,O,
in acetate buffer rather than in phosphate buffer
converted both Met-398 and Met-313 to the
corresponding sulfoxide derivatives (35, 36).
The influence of the buffer on the oxidation
reaction is presumably due to acetic acid in the
presence of H,O, being converted to peracetic
acid, a much more potent oxidizing agent than
H,0, itself. The enzyme with both Met-313 and
Met-398 oxidized is, relative to the enzyme with
only Met-398 oxidized, characterized by 2-4 fold
higher activity towards all substrates. It has not
yet been possible to establish whether this in-
crease in activity observed upon modification of
Met-313 is due to this residue being located in a
particular binding site. However, it should be
noted that while oxidation of Met-398 has very
little influence on the thermal stability of carbo-
xypeptidase Y, the additional oxidation of Met-
313 causes a drastic decrease in the stability (35).

Treatment of carboxypeptidase Y with fluoro-
dinitrobenzene resulted in the specific modifica-
tion of a tyrosyl residue, forming a DNP-O-Tyr
derivative (35). The specificity of this modified
enzyme suggests that this particular tyrosyl resi-
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Figure 4. Digestion of oxidized ribonuclease with
carboxypeptidase Y. Reaction conditions: 0.5 mm
oxidized ribonuclease, 0.1 M-Mes, pH 7.0, 0.27 uMm-
CPD-Y. For the amino acids released from the C-ter-
minus the following symbols were used: Val,O; Ser,®;
Ala,x; Asp,[7; Phe,A; His,A; Pro,l.
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Figure 5. Digestion of oxidized ribonuclease with
carboxypeptidase Y. Reaction conditions: 0.5 mm
oxidized ribonuclease, 0.1 M-Mes, pH 5.0, 0.8 uM-car-
boxypeptidase Y. The symbols are listed in Figure 4.

dueislocated in the S) binding site. However, its
position in the amino acid sequence has not yet
been identified.

7. APPLICATIONS OF SERINE
CARBOXYPEPTIDASES
7.1. Determination of C-terminal sequences
The ability of carboxypeptidases to sequen-
tially release amino acids from the C-terminus of
a peptide chain has frequently been used in the
elucidation of primary structures of peptides
and proteins. Originally metallo carboxypeptid-
ases A and B which are optimally active at basic
pH values were used (2) but recently serine
carboxypeptidases, and in particular carboxy-
peptidase Y, have gained wide-spread use be-
cause these enzymes release all C-terminal
amino acids from peptides including Pro (74,
185) which is not released by the metallo carbo-
xypeptidases (2). The ability of serine carboxy-
peptidases to act on peptide amides (see section
6.1) allows C-terminal sequence determinations
on these substances although the C-terminal
amino acid residue in cases where the amino
acid amide is released faster than ammonia (23,
34) has to be identified as the released amino
acid amide. Carboxypeptidase Y functions in
denaturing agents such as 0.5% SDS (123) and 6
M-urea (72), and this allows it to be used to digest

peptides which are otherwise insoluble. How-
ever, in 6 M-urea carboxypeptidase Y is inacti-
vated with time, e.g. at pH 7.0: t,, = 2 hours, and
for this reason the reaction should preferably be
completed within a short time. No loss of activ-
ity is registered in 3 M-urea (K. BREDDAM,
unpublished results).

The rates of hydrolysis with serine carboxy-
peptidases are strongly affected by the nature of
the amino acid residuesin the P, and P; positions
of peptide substrates (see Table V), and conse-
quently the individual steps in the sequential
release of amino acids from peptides are charac-
terized by widely different rates. In cases where
aslow step is followed by one or several fast steps
the results are ambiguous and this is often
encountered when the non-specific carboxypep-
tidase Y is used for the digestions. An example is
shown in Figure 4, where oxidized ribonuclease
is digested with carboxypeptidase Y at pH 7.0.
The sequence of the C-terminal segment of this
peptide is: -Pro-Val-His-Phe-Asp-Ala-Ser-Val-
OH, but from the results in Figure 4 it is only
possible to deduce the correct positions of the
two amino acids released first. This is because
carboxypeptidase Y catalyzed peptide hydro-
lysis is very slow at pH 7.0 for substrates with an
Asp residue in the P, position (70). Thus, in the
case of oxidized ribonuclease, the release of Ala
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Figure 6. Digestion of oxidized ribonuclease with malt
carboxypeptidase I. Reaction conditions: 0.5 mM oxi-
dized ribonuclease, 0.1 M-Mes, pH 5.0, 0.25 pM-malt
carboxypeptidase. The symbols are listed in Figure 4.

is very slow, while the following amino acids are
relased with comparatively high rates. Problems
of this nature may in some cases be met by
increasing the rate of the slow step or by decreas-
ing the rate(s) of the following fast step(s). This
may be accomplished by alterations in the reac-
tion conditions, e.g. pH, ionic strength, and
concentration of substrate. Thus, substrates
which at the P, position contain an Asp or Glu
are hydrolyzed much faster at pH 5.0 than at pH
7.0 while for those containing His at this position
the opposite relation holds. These effects of pH
are due to carboxypeptidase Y hydrolysing sub-
strates with charged side-chains in the P, posi-
tion much slower than substrates with an un-
charged side-chain (27, 70). By lowering the pH
from 7.0 to 5.0 in the digestion of oxidized
ribonuclease Ala is released almost as fast as Ser,
while the His-Phe bond is cleaved with a lower
relative rate than at pH 7.0, allowing the position
of Phe in the sequence to be decided (Figure 5).

In cases where alterations in the reaction
conditions are not sufficient to obtain an inter-
pretable sequential release of amino acids from
the C-terminus of peptides additional informa-
tion may be obtained using an enzyme with a
different specificity. Figure 6 shows the time
course for the action of malt carboxypeptidase I
on oxidized ribonuclease. It is apparent that the
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Figure 7. Digestion of oxidized ribonuclease with
Ph-Hg-CPD-Y. Reaction conditions: 0.5 mM oxidized
ribonuclease, 0.1 M-Mes, pH 5.0, 2.2 uM-Ph-Hg-CPD-
Y. The symbols are listed in Figure 4.

Pro-Val bond is cleaved slower than with carbo-
xypeptidase Y and that Pro is not released at all.

Although a combination of the results ob-
tained with carboxypeptidase Y and malt carbo-
xypeptidase I may indicate substantial parts of
the sequence, a single satisfactory time course
has not been produced with either enzyme.
However, when carboxypeptidase Y modified
with Ph-Hg' is used a reaction course is obtained
which easily can be interpreted (Figure 7). This
is because modification of carboxypeptidase Y
with Ph-Hg" results in a drastic decrease in
K/Ka for the hydrolysis of substrates with Phe
in the P, position while the hydrolysis of sub-
strates with less bulky side-chains in the P,
position is less affected (27). Consequently, this
modification causes a much more pronounced
decrease in the rate of cleavage of the Phe-Asp
bond in ribenuclease than the other peptide
bonds towards the C-terminus. This experiment
demonstrates that in cases where an optimiza-
tion of the conditions of the digestion experi-
ment is insufficient to produce a time course
which can be interpreted, modified enzymes
with altered specificities may be employed with
advantage.

The extent of the digestion is also dependent
on the specificity of the enzyme used. This is
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H-His-Ser-GI1n-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp-Ser-Arg-Arg-Al a-Gln-Asp-Phe-Val-GIn-Trp-Leu-Met-Asn-Thr-0H

CPD-Y: R e e e e

malt-Il: (o e T T T T Tt T v ) v s s

Figure 8. Digestion of porcine glucagon with serine carboxypeptidases. Conditions: 285 pm-glucagon, 2.2 uM malt
carboxypeptidase II or 1.9 uM-carboxypeptidase Y, 0.05 M-sodium acetate, pH 4.0. The final aliquot was taken at
3 h. The arrows indicate the interpretable sequential release of amino acids from the peptide. The arrows placed
in parenthesis indicate that the release of these amino acids can be measured, but their positions within this peptide

segment cannot be distinguished.

demonstrated by digestion of glucagon with
carboxypeptidase Y and malt carboxypeptidase
I1. The former of these enzymes will only very
slowly release amino acids from peptides with
Arg or Lys in the penultimate position and
consequently, the Arg-Arg sequence in the
middle of the glucagon peptide will represent an
essentially unsurmountable obstacle for this en-
zyme (Figure 8). However, malt carboxypepti-
dase II exhibits a preference for this type of
sequence {37, 38) and digests glucagon down to
the N-terminal dipeptide, i.e. H-His-Ser-OH.
Thus, the C-terminal sequence can be deter-
mined with carboxypeptidase Y, and after ther-
mal denaturation of this enzyme, malt carboxy-
peptide II can be added to provide additional
sequence information. Recent experiments
have shown that malt carboxypeptidase II is
particularly suited for the determination of C-
terminal sequences of tryptic peptides since it
rapidly releases the C-terminal Lys or Arg of
such peptides and the subsequent amino acid
residues with lower rates (K. BREDDAM and M.
OTTESEN, to be published).

7.2. Debittering of bitter peptides

Enzymatic hydrolysates of various proteins
frequently contain peptides with bitter taste
which limit their use in food. The serine carbo-
xypeptidase from wheat bran has been demon-
strated to release hydrophobic amino acids from
such peptides obtained by pepsin hydrolysis of
casein with the result that the bitterness decrea-
ses (187). This suggests that carboxypeptidases
and other exopeptidases might have applica-
tions in food chemistry.

7.3. Use of serine carboxypeptidases in
peptide synthesis

BERGMAN, FRUTON and FRAENKEL-CON-
RAT demonstrated in 1937 (14, 15) that chymo-
trypsin and papain catalyzed the condensation
of an acylamino acid and an amino acid amide
thus forming a peptide bond according to reac-
tion I in Scheme 7. Reactions of this type have
since been shown to exhibit equilibrium con-
stants K., of 0.3 — 0.5 M" at neutral pH values
(46, 81, 82) and are consequently displaced in
favour of hydrolysis. Significant product yields
can, however, be obtained (a) if the product
continuously is removed from the equilibrium,
¢.g. by precipitation (95, 96, 97), or (b) by using
large concentrations of the reactants thereby
displacing the equilibrium in favour of synthesis
(186), or (c) by changing the polarity of the
reaction medium through the addition of orga-
nic solvents (81).

Protease catalyzed aminolysis reactions of
peptide esters (reaction II, Scheme 7) are energe-
tically much more favourable than condensa-
tion reactions (reaction I) (reviewed by J. FRU-
TON (56)). The ester substrate rapidly forms an
acyl-enzyme intermediate which further reacts,
in competition with water, with the amine nu-
cleophile to form a new peptide bond. By termi-
nating the reaction before final equilibrium can
be established through reactions where the ami-
nolysis product functions as substrate, e.g. via
reaction III, it is achieved that the yield of
aminolysis is not based on an equilibrium con-
stant as in reaction I but rather on the relative
rates of aminolysis and hydrolysis of ester sub-
strates (see section 6.3).

While all proteolytic enzymes may catalyze
reaction I, reaction II is catalyzed only by those
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Reversal of hydrolysis
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Scheme 7. Two different principles of enzymatic peptide synthesis.

enzymes which hydrolyse alkyl esters, i.e. serine
and sulfhydryl proteases. The structures of the
acyl and amine components which may parti-
cipate in the reaction are determined by the
specificity of the enzyme used, and studiesin this
laboratory have revealed that serine carboxy-
peptidases, e.g. carboxypeptidase Y and the malt
carboxypeptidases, as expected, catalyze only
aminolysis reactions with amino acids and
amino acid derivatives as amine components
(33, 38, 196, 197) as opposed to endopeptidases
that in addition to amino acid derivatives also
accept polypeptides as nucleophiles (136, 149).
Consequently, when a carboxypeptidase is used
a peptide chain will only be elongated by a single
amino acid residue in each aminolysis reaction.
This may be achieved in three different ways
using amino acids, amino acid amides, or amino
acid methyl esters as amine components accord-
ing to the reactions listed in Scheme 8.

When amino acids are used as nucleophiles
(method I, reaction a) it is important to perform
the reaction at a pH where the enzyme exhibits
high esterase activity and almost no peptidase
activity such that the product formed in the
reaction is not degraded by the enzyme. In the
case of carboxypeptidase Y thisis achieved at pH
> 9 (see section 5.2) where the enzyme remains
stable (27). Unfortunately, the yield of the ami-

nolysis reaction depends strongly on the particu-
lar amino acid and it is rarely higher than 50%
(197). Malt carboxypeptidase I is unstable at pH
values above 7.5, and at this pH the yield of

Method 1
CPD~Y
a Bz-X-OMe + H-Y-OH ~—— Bz-X-Y-~OH

b Bz-X-Y-OH ——= Bz-X-Y-OMe

Method i
CPD-Y
Bz-X-OMe + H-Y-OMe -——+ Bz-X-Y-OMe

Method W
CPD-Y
a 82-X-OMe + l‘l—Y-NH2 — Bz—)(—Y--NH2

CPD-Y
b Bz-X-Y-NH, ——= Bz-X-Y-OH

c Bz~X-Y-OH ~———> Bz-X-Y~-OMe

Scheme 8. Three different ways of performing one
elongation step in carboxypeptidase Y catalyzed pep-
tide synthesis. Bz—X£OMe represents the peptide ester
functioning as acyl component in the reaction, and
H-Y-OH, H-Y-OMe, and H-Y-NH, represent the
amino acid, amino acid methyl ester, and amino acid
amide, respectively, functioning as amine components
in the reactions. Bz-X-Y‘OMe represents the acyl-
component in the subsequent elongation reaction. The
esterification reactions Ib and Illc are performed
chemically.
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aminolysis using amino acids as nucleophiles
was below 10% conceivably due to an unfavou-
rable ratio of esterase to peptidase activity (K.
BREDDAM, unpublished results). However, malt
carboxypeptidase II is more stable at basic pH
values and at pH 8.5 the yields of aminolysis
appear to be of the same magnitude as obtained
with carboxypeptidase Y (38).

The use of amino acid esters as amine compo-
nents {Scheme 8, method II) is complicated by
the fact that the aminolysis product, like the acyl
component used in the reaction, is a peptide
ester and hence, it may react further in one or
more additional steps resulting in lower yields of
the desired products (196). However, with car-
boxypeptidase Y it has been demonstrated that
the yield of the initial aminolysis product can be
drastically improved by utilizing that N-blocked
amino acid benzyl esters are much better sub-
strates of carboxypeptidase Y than the corre-
sponding methyl esters (29). Thus, by using
N-blocked amino acid benzyl esters asacyl-com-
ponents and amino acid methyl esters as amine
components, peptide methyl esters are formed
as the major product because they are turned
over by the enzyme with a lower rate than the
initial benzyl ester acyl component. Similarly, it
has been shown that high yields of the initial
aminolysis product can be obtained in cases
where the side-chain specificity of the enzyme is
such that the peptide ester formed as aminolysis
product is a poor substrate of carboxypeptidase
Y relative to the substrate used as acyl compo-
nent in the reaction (29). Thus, when e.g. Bz-
Ala!OMe functions as acyl component and
H-Gly-OMe as amine component the amino-
lysis product, Bz- Ala-Gly-OMe is a poor sub-
strate of carboxypeptidase Y relative to Bz- Ala—
OMe, and consequently, Bz-Ala- Gly-OMe re-
acts no further at the concentrations of enzyme
and time needed to consume all Bz-Ala*OMe.
This is due to the ability of carboxypeptidase Y
to hydrolyse ester substrates with Ala in the P,
position much faster than those with Gly in this
position (27). Conversely, when H-Phe-OMe is
used as the nucleophile the product, Bz-Ala-
PhelOMe is a better substrate than Bz-Ala!
OMe, because Phe is preferred to Ala in the P,
position (27), and Bz-Ala- Phe»OMe reacts fur-
ther so that it is obtained in a yield of 2% only

(29). These results demonstrate that the side-
chain specificity of the enzyme is very important
for the yield. Consequently, it would be advanta-
geous to have several serine carboxypeptidases
with different specificities available. Thisisillus-
trated by Bz-Arg-Ala-OMe being produced in
50% yield from Bz-ArgQOBu and H-Ala-OMe
using malt carboxypeptidase I compared to 2%
with carboxypeptidase Y which hydrolyses Bz-
Arg*OBu very slowly (K. BREDDAM, unpub-
lished results).

Since carboxypeptidase Y and malt carboxy-
peptidase II are the only serine carboxypeptid-
ases which are available in such quantities that
they can be commercially utilized in enzymatic
synthesis, it is fortunate that the specificity of
carboxypeptidase Y with respect to the P, posi-
tion of the ester substrate may be altered by
modification of its sulfhydryl group with mer-
curials (see section 6.4.1). Thus, work in this
laboratory has shown that carboxypeptidase Y
modified by Ph-Hg’ is particularly suitable for
the synthesis of peptide esters Bz-X-Y-OMe
where X is a nonbulky amino acid residue and Y
isabulky amino acid residue. Thisis because the
preference of this enzyme towards ester sub-
strates with bulky amino acid residues in the P,
position is lower than that observed with the
unmodlﬁed enzyme such that the reactivity of
Bz-X- Y-OMe relative to BZ-X OMe (-OBzl) is
reduced when compared with the unmodified
enzyme. The HPLC chromatograms in Figure 9
compare the reactant composition of a carboxy-
peptidase Y catalyzed synthesis of Bz-Ala-Leu-
OMe from Bz-Ala*OBzl and H-Leu-OMe (panel
A) with the corresponding synthesis with carbo-
xypeptidase Y modified with Ph-Hg" (panel B).
It is apparent that the initial coupling product,
Bz-Ala-Leu-OMe, is accumulated in much
higher yield with the modified enzyme than with
the unmodified enzyme.

When amino acid amides are used as nucleo-
philes (Scheme 8, method I11, reaction a) it is not
critical to perform the reaction at high pH since
the esterase activities of carboxypeptidase Y and
the malt carboxypeptidases are far higher than
their amidase activities (28, 37) regardless of pH
such that the product, a peptide amide, usually
is not degraded by the enzyme. The yield of
aminolysis is 85 - 95% for most amino acid
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Figure 9. HPLC chromatograms of peptides formed by
CPD-Y (Panel A) and Ph-Hg-CPD-Y (Panel B) cata-
lyzed reaction of Bz-Ala-OBzl in the presence of
H-Leu-OMe. The following peaks were assigned: 1:
Bz-Ala-OH (hydrolysis product), 2: Bz-Ala-Leu-OH,
3: Bz-Ala-Leu-OMe (aminolysis product), 5: Bz-Ala-
OBzl (substrate), 4, 6, 7, 8, 9, 10 are oligomerization
products containing more than one leucyl residue. The
results are from ref. 29.

amides using either the malt carboxypeptidases
or carboxypeptidase Y, but further elongation of
the peptide amide produced in reaction Illa
requires that it is deamidated (reaction IlIb)
prior to esterification (reaction IIlc). Chemical
methods are not suitable for the deamidation
reaction and no native enzyme has been de-
scribed which specifically releases NH; from
peptide amides. Serine and sulfhydryl proteases
do exhibit amidase activity, but in addition they
cleave internal peptide bonds, and are conse-

X-A-B-OH
NH,
|
X~A-B-NHp n \’ H-B-OH
I
H-B-NH, ¥

X-A-OH
Scheme 9. Carboxypeptidase Y catalyzed deamidation
reactions. Reactions I, II, and III represent amidase,
peptidyl amino acid amide hydrolase, and peptidase
activities, respectively. X = N-blocking group; A and B
= amino acid residues. '

quently of limited value in the deamidation of
polypeptide amides. The serine carboxypeptid-
ases also exhibit amidase activity (Scheme 9,
reaction I) and in the case of carboxypeptidase Y
the formed peptide is not degraded via the
peptidase activity of the enzyme (Scheme 9,
reaction III) provided that the reaction is per-
formed at pH 10 (23). However, carboxypeptid-
ase Y in addition exhibits peptidyl amino acid
amide hydrolase activity and consequently also
releases the C-terminal amino acid amide from
peptide amides (Scheme 9, reaction II). The
relative rates of reactions I and II are strongly
dependent on the C-terminal sequence of the
peptide amide (Table IX) but usually the yield of
the deamidated product formed via reaction L is
lower than 70% (23, 34). Thus, deamidation
with carboxypeptidase Y can generally not be
performed in a satisfactory yield but, fortuna-
tely, it has recently been demonstrated in this
laboratory that most peptide amides can be
deamidated in significantly higher yields (80-
100%) using carboxypeptidase Y modified with
phenacylbromide (Table IX). This difference
between the two enzymes is due to alkylation of
a methionyl residue in the S} binding site of
carboxypeptidase Y enhancing the amidase ac-
tivity, i.e. reaction I in Scheme 9, while the
peptidyl amino acid amide hydrolase activity,
1.e. reaction II in Scheme 9, is decreased (see
section 6.4.2). The amidase and peptidyl amino
acid amide hydrolase activities of malt carboxy-
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peptidase I are influenced in a similar manner by
addition of phenylguanidine to the reaction
medium (see section 6.2) and when used in malt
carboxypeptidase I catalyzed deamidation reac-
tions this substance increases the yields of dea-
midation substantially (30). Although the
unique side-chain specificity of mait carboxy-
peptidase 1 (30} potentially could be useful in
deamidation reactions, viz. deamidation of pep-
tide amides with C-terminal lysyl, arginyl or
histidyl residues, malt carboxypeptidase I is
available only in small quantities and conse-
quently, deamidation of most peptide amides is
best performed with carboxypeptidase Y mo-
dified with phenacylbromide.

It is thus apparent that peptide chains may be
elongated by reactions catalyzed by serine carbo-
xypeptidases, provided the peptide ester acyl-
component is a substrate of the enzyme. Unfor-
tunately, Pro cannot be incorporated by either of
the methods L, I, and Il in Scheme 8, and Asp
and Glu only when the carboxylic acid group in
the side-chain is blocked, e.g. by esterification
(196, 197). However, replacements of specific
amino acid residues in the S binding site by
site-directed mutagenesis can conceivably be
employed to enhance the binding of such proble-
matic nucleophiles. The carboxypeptidase Y
containing Leu at position 398 in place of Met
exhibits an increased preference for hydropho-
bic residues in the P} position and this derivative
would presumably bind hydrophobic nucleo-
philes better than the unmodified enzyme. In
analogy, replacements with hydrophilic amino
acid residues might favour binding of hydrophi-
lic nucleophiles. No general rule can be formu-
lated to decide which of the methods in Scheme
8 is the most suitable for incorporation of a
specific amino acid, but the recent development
which allows the deamidation of peptide amides
in high yields suggest that method III in spite of
the extra reaction step (reaction IIIb) will gain
more wide-spread use, especially when itistaken
into consideration that the yields obtained by
methods I and II rarely exceed 65% which is
significantly less than the expected overall yield
of method III (80 — 90%).

Serine and sulfhydryl endopeptidases do not
catalyze reaction I in Scheme 8 but they do
catalyze reactions Il and ITla (136, 149) and may

Table IX. Deamidation of peptide amides by carboxy-
peptidase Y and carboxypeptidase Y modified with
phenacylbromide.

Peptide amide % Yield
CPD-Y PAB-CPD-Y

Z-Ala-Gly-NH, 2 10
Z-Val-Gly-NH, 46 49
Z-Ala-Ser-NH, 0 35
Bz-Phe-GIn-NH, 11 81
Bz-Ala-Ala-NH, 31 100
Z-Gly-Ala-NH, 100

Z-Val-Ala-NH, 94

Bz-Ala-Thr-NH, 9 85
Bz-Ala-Val-NH, 10 926
Bz-Ala-lle-NH, 10 92
Bz-Ala-Leu-NH, 60 98
Bz-Ala-Phe-NH, 66 96
Bz-Phe-His-NH, 28 92
Z-Ala-Met-NH, 36 100

The results are from ref. 34,

therefore be used in step-wise synthesis in com-
bination with serine carboxypeptidases. How-
ever, presumably they will primarily be used to
catalyze reactions in which peptides function as
amine componeunts. [n general, enzyme assisted
peptide synthesis ts characterized by somewhat
lower yields than those characteristic of the
chemical methods (61). Nevertheless, enzyma-
tic peptide synthesis have advantages in many
cases since it is stereospecific and requires min-
imal protection of functional groups in the
side-chains (198).

In conventional peptide synthesis ester groups
can be used to protect carboxylic acid groups but
this requires that the ester group subsequently is
removed without otherwise affecting the
elongated peptide. ROYER (160) has previously
demonstrated that the high esterase and low
peptidase activity of carboxypeptidase Y at pH
> 8 renders this enzyme a useful tool in such
reactions. However, observations in this labora-
tory suggest that carboxypeptidase Y even under
these conditions exhibits significant peptidase
activity, in particular towards peptides with
hydrophobicamino acid residuesin the P, and P}
positions. Thus, after removal of the ester group
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I. Conversion of peptides to peptide esters
{a) Bz-X-Y-OH + MeQOH =3 Bz-X-OMe + H-Y-OH
(b) Bz-X-Y-OH + H-Z-0Me —— Bz-X-Z-OMe + H-Y-OH
II. Conversion of peptides to peptide amides
(a) Bz-X-Y-OH + NH3 —>» Bz-X-NHp + H-Y-OH
(b} Bz-X-Y-OH + H-Z-NHy — B2z-X-Z-NHy + H-Y-OM
1I1. Conversion of peptides to other peptides
Bz-X-Y-OH + H-Z-0H ——» Bz-X-Z-0H + H-Y-OH

Scheme 10. Carboxypeptidase Y catalyzed exchange of
C-terminal residues in peptides. X, Y, and Z represent
amino acid residues.

from the peptide ester carboxypeptidase Y may
degrade the unblocked peptide. Carboxypeptid-
ase Y modified with phenacylbromide has been
shown to exhibit negligible peptidase activity
(see section 6.4.2) and compared with unmo-
dified carboxypeptidase Y this modified enzyme
removes ester groups from peptide esters more
specifically and can consequently with advan-
tage be applied in such reactions (34).

7.4. Exchange of C-terminal amino acid
residues in peptides

All hydrolytic reactions catalyzed by carboxy-
peptidase Y proceed via an acyl-enzyme inter-
mediate, and studies in this laboratory have
shown that all substrates of the enzyme in
principle can be used as acyl-components in
transacylation reactions to other nucleophiles
than water. It is of particular interest that un-
blocked peptides may function as acyl-donors
such that the C-terminal amino acid residue can
be exchanged for various other groups as shown
in Scheme 10 (23, 25).

Carboxypeptidase Y catalyzed transpeptida-
tion reactions using N-blocked dipeptidesas acyl
components and amino acid amides as amine
components normally result in formation of
only two products, a transpeptidation product
where the C-terminal amino acid residue has
been replaced and a hydrolysis product. How-
ever, a carboxypeptidase Y catalyzed reaction
with Bz-LysiAIa-OH as acyl component and
H-Thr-NH, as amine component demonstrated

100

% REACTANTS
o
[e]

REACTION TIME (HOURS)

Figure 10. The action of carboxypeptidase Y on Bz-
Lys-Ala-OH in the presence of H-Thr-NH,. Bz-Lys-
Ala, -@-@-; Bz-Lys-OH, -A-4A-; Bz-Lys-Thr-NH,,
-B-8-; Bz-Lys-Ala-Thr-NH,, -x-x-; Bz-Lys-Thr-
Thr-NH; + Bz-Lys-Thr-Thr-OH, -O-O-. The results
are from ref. 31.

that other products could be formed as well in
cases where the acyl component is a poor sub-
strate of the enzyme (30). The product composi-
tion (Figure 10) indicates that Bz-LysiA]a-OH
functions as acyl component in three reactions
forming Bz-Lys-Thr-NH,, Bz-Lys-Ala-Thr-
NH., and Bz-Lys-OH, and that Bz-Lys-Thr¥NH,
reacts further to yield Bz-Lys-Thr-OH and Bz-
Lys-Thr-Thr-NH, (Scheme 11). The formation
of these additional products is due to Bz-Lysi
Ala-OH being a very poor substrate of carboxy-
peptidase Y (27) such that the rates of the
otherwise fast reactions I and III are reduced to
approximately the rates of reactionsII,IVand V.
The lysyl residue in the P, position of the
substrate is unquestionably the cause for this
atypical reaction course. Consistent with this the
reaction course was drastically altered when
carboxypeptidase Y modified by Hg"" was used,
hence increasing the preference for Lys in the P,
position (26) (Figure 11): only Bz-Lys-Thr-NH,
(95%) and Bz-Lys-OH (5%) were formed. With
malt carboxypeptidase II which exhibits high
activity towards Bz-Lys-Ala-OH a yield of 85%
was obtained using only 0.5 uM enzyme as
compared with 12 uM modified carboxypeptid-
ase Y. These results demonstrate that the speci-
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I. Reactions with Bz-Lys-Ala-OH:

(a) Bz-Lys-Ala-OH + H-Thr-NHy ——>
(b) Bz-Lys-Ala-OH + H-Thr-NHy —>
(c) Bz-Lys-Ala-OH + H0 >
II. Reactions with Bz-Lys-Thr-NHp

{a) Bz-Lys-Thr-NHy + H20 —

(b) Bz-Lys-Thr-NHz + H-Thr-NHy —

Bz-Lys-Ala-Thr-NHp + Hp0
Bz-Lys-0H + H-Ala-OH

Bz-Lys-Thr-OH + NH3
Bz-Lys-Thr-Thr-NHp + NH3

Bz-Lys-Thr-NHs + H-Ala-OH (transpeptidation)

(condensation)

(hydrolysis)

(hydrolysis)

(transpeptidation)

Scheme 11. Reaction courses for the action of carboxypeptidase Y on Bz-Lys-Ala-OH in the presence of a

nucleophile (H-Thr-NH,).

specificity of the enzyme employed imposes
severe restrictions on the type of reactions which
are feasible and in addition, they demonstrate
how chemically modified derivatives of en-
zymes may be useful.

Although the yields of carboxypeptidase Y
catalyzed transpeptidation reactions are strong-
ly dependent on the structures of both the acyl
and amine components used in the reaction (23,
24) they represent attractive possibilities in pro-
tein semisynthesis. Exchange of C-terminal

100 -

3
T
l\

% REACTANTS

TIME (HOURS)

Fig. 11. The action of Cl-Hg-CPD-Y on Bz-Lys-Ala-
OH in the presence of H-Thr-NH,. Bz-Lys-Ala-OH,
-0-@-; Bz-LyssOH, -O-O-; Bz-Lys-Thr-NH,,
~E-B-. The results are from ref. 31.

amino acid residues in peptides, incorporation
oflabelled amino acids as well as reporter groups
and conversion of peptides to peptide esters are
possibilities to be considered.

Porcine and human insulins only differ at the
C-terminal position of the B-chain, porcine
insulin containing an alanyl residue and human
insulin a threonyl residue. The semisynthetic
conversion of porcine insulin to human insulin
has been solved in various ways (26, 32, 58, 94,
99, 137, 138). In the procedure originating from
this laboratory (26) the C-terminal amino acid
residue of porcine insulin is exchanged by a
carboxypeptidase Y catalyzed transpeptidation
reaction using porcine insulin as acyl compo-
nent and H-Thr-NH, as amine component
forming human insulin amide, des(Ala)**(Thr-
NH,)**insulin. However, like Bz-Lys‘Ala-OH
porcine insulin is a poor substrate of carboxy-
peptidase Y because it too contains a lysyl
residue at the P, position. The reaction course of
the transpeptidation reactions with porcine in-
sulin and Bz-Lys-Ala-OH are consequently very
reminiscent in terms of products formed and the
rather low yields of the transpeptidation prod-
ucts. Fortunately, however, the yield of human
insulin amide could be increased from approxi-
mately 25% to approximately 65% by modifica-
tion of carboxypeptidase Y with Hg"™ in analogy
with the observations with Bz-Lys“Ala-OH, and
human insulin could subsequently be obtained
from human insulin amide by a carboxypeptid-
ase Y catalyzed deamidation reaction in essen-
tially quantitative yield (32).

120 Carlsberg Res. Commun. Vol. 51, p. 83-128, 1986



K. BREDDAM: Serine carboxypeptidases

ACKNOWLEDGEMENTS

I am indebted to Professor MARTIN OTTESEN
for his many suggestions, continued support
during the work, and for revising the ma-
nuscript. Thanks are also due to Professors
BENTFOLTMANN and SVENDOLAV ANDERSEN
for valuable suggestions to improve the ma-
nuscript. I also want to thank Drs. JACK JOHAN-
SEN, F. WIDMER, IB SVENDSEN, STEEN BECH
S@GRENSEN, JAKOB WINTHER, LENE BECH and
MORTEN KIELLAND-BRANDT for cooperation
on parts of the project. Finally, the excellent
technical assistance of Mss IRENE SIMONSEN,
PiaA BREDDAM, MERETE SONNE and Mr.
THORKILD BEENFELDT is acknowledged.

REFERENCES

1. AFroz, H, K OTTO,R. MULLER & P. FUHGE: On
the specificity of bovine spleen cathepsin B2.
Biochim. Biophys. Acta 452, 503-509 (1976)

2. AMBLER, R. P.: Carboxypeptidases A and B. Eds.
C.H.N.Hirs &S. N. Timasheff, Academic Press.
Methods Enzymol. 25, 262-272 (1972)

3. AuLD,D.S. & B. L. VALLEE: Kinetics of carboxy-
peptidase A. The pH dependence of tripeptide
hydrolysis catalyzed by zinc, cobalt and manga-
nese enzymes. Biochemistry 9, 4352-4359 (1970)

4. BACHOVCHIN, W. W.&J. D. ROBERTS: Nitrogen-
15 nuclear magnetic resonance spectroscopy.
The state of histidine in the catalytic triad of
o-lytic protease. Implications for the charge-relay
mechanism of peptide-bond cleavage by serine
proteases. J. Am. Chem. Soc. 100, 8041-8047
(1978)

5. BACHOVCHIN, W. R. KAISER,J. H.RICHARDS & J.
D. RoBERTS: Catalytic mechanism of serine pro-
teases: Reexamination of the pH dependence of
the histidyl 'J,con coupling constant in the
catalgftic triad of a-lytic protease. Proc. Natl.
Acad. Sci. USA 78, 7323-7326 (1981)

6. Bal, Y. & R. HavasHI: Properties of the single
sulfhydryl group of carboxypeptidase Y. Effects
of alkyl and aromatic mercurials on activities
toward various synthetic substrates. J. Biol.
Chem. 254, 8473-8479 (1979)

7. BaL Y..R. HavasHI & T.HaTA: Kinetic studies of
carboxypeptidase Y. II. Effects of substrate and
product analogs on peptidase and esterase activi-
ties. J. Biochem. (Tokyo) 77, 81-88 (1975)

8. BaL Y..R. HavasHi & T.HATA: Kinetic studies of
carboxypeptidase Y. III. Action on ester, amide,

and anilide substrates and the effects of some
environmental factors. J. Biochem. (Tokyo) 78,
617-626 (1975)

9. BamFORTH, C. W., H. L. MARTIN & T. WAIN-
WRIGHT: A role for carboxypeptidase in the
solubilization of barley p-glucan. J. Inst. Brew.
85, 334-338 (1979)

10. Baupys, M., V. Kostka, G. HAUSDORF, S. FITT-
KAU & W.E. HOHNE: Amino acid sequence of the
tryptic SH-peptide of thermitase, a thermostable
serine proteinase from thermoactinomyces vul-
garis. Int. J. Peptide Res. 22, 66-72 (1983)

11. BAXTER, E. D.: Purification and properties of
malt carboxypeptidases attacking hordein. J.
Inst. Brew. 84, 271-275 (1978)

12. BENDER, M. L. & F. J. KEzDY: Mechanism of
action of proteolytic enzymes. Ann. Rev. Bio-
chem. 34, 49-76 (1964)

13. BENDER, M. L., G. E. CLEMENT, C. R. GUNTER &
F.J. Kezpy: The kinetics of chymotrypsin reac-
tions in the presence of added nucleophiles. J.
Am. Chem. Soc. 86, 3697-3703 (1964)

14. BERGMANN, M. & J. S. FRUTON: Some synthetic
and hydrolytic experiments with chymotrypsin.
J. Biol. Chem. 124, 321-329 (1938)

15. BERGMANN, M. & H. FRAENKEL-CONRAT: The
role of specificity in the enzymatic synthesis of
proteins. J. Biol. Chem. 119, 707-720 (1937)

16. BIEDERMANN, K., U. MONTALIL B. MARTIN, L
SVENDSEN & M. OTTESEN: The amino acid sequ-
ence of proteinase A inhibitor 3 from baker’s
yeast. Carlsberg Res. Commun. 45, 225-235
(1980)

17. BIRKTOFT,J.J,D. M. MATTHEWS, T. A. POULUS
& J. KRAUT: A crystallographic view of the serine
protease mechanism. Abstract: V. Linderstrom-
Lang Conference. Vingsted, Denmark (1975)

18. BLOBEL. G. & B. DOBBERSTEIN: Transfer of pro-
teins across membranes. J. Cell. Biol. 67, 835-851
(1975)

19. BLow, D. M., J. J. BIRKTOFT & B. S. HARTLEY:
Role of a buried acid group in the mechanism of
chymotrypsin. Nature 221, 337-340 (1969)

20. BLUMBERG,S. & B.L. VALLEE: Superactivation of
thermolysin by acylation with amino acid N-hy-
droxysuccinimide esters. Biochemistry 14, 2410-
2419 (1975)

21. BReDDAM, K.: Isolation and characterization of
carboxypeptidase from yeast. Thesis, in Danish,
University of Copenhagen, september (1975)

22. BrReppAaM, K., T.J. BAzzONE, B. HOLMQUIST&B.
L. VaLLEE: Carboxypeptidase of S. griseus. Im-
plications of its characteristics. Biochemistry 18,
1563-1570 (1979)

23. BREDDAM, K., F. WIDMER & J. T. JOHANSEN:

Carlsberg Res. Commun. Vol. 51, p. 83-128, 1986 121



24,

25.

26.

27.

28,

29.

30.

31

32.

33.

34.

35.

36.

37.

122

K. BREDDAM: Serine carboxypeptidases

Carboxypeptidase Y catalyzed transpeptidations
and enzymatic peptide synthesis. Carlsberg Res.
Commun. 45, 237-247 (1980)

BreppAM, K., F. WIDMER & J. T. JOHANSEN:
Influence of the substrate structure on carboxy-
peptidase Y catalyzed peptide bond formation.
Carlsberg Res. Commun. 45, 361-367 (1980)

BREDDAM, K., F. WIDMER & J. T. JOHANSEN:
Carboxypeptidase Y catalyzed C-terminal modi-

fications of peptides. Carlsberg Res. Commun.
46, 121-128, (1981)

BREDDAM, K., F. WIDMER & J. T. JOHANSEN:
Carboxypeptidase Y catalyzed C-terminal modi-
fication in the B-chain of porcine insulin. Carls-
berg Res. Commun. 46, 361-372 (1981)
BreDDAM, K.: Modification of the single sulthy-
dryl group of carboxypeptidase Y with mer-
curials. Influence on enzyme specificity. Carls-
berg Res. Commun 48, 9-19 (1983)

BReDDAM, K., S. B. SGRENSEN & M. OTTESEN:
Isolation of a carboxypeptidase from malted
barley by affinity chromatography. Carlsberg
Res. Commun. 48, 217-230 (1983)

BrReDDAM, K., F. WIDMER & J. T. JOHANSEN:
Amino acid methyl esters as amine components
in CPD-Y catalyzed peptide synthesis: Control of
side-reactions. Carlsberg Res. Commun. 48,231~
237 (1983)

BreppaM, K. & M. OTTeseN: Influence of gua-
nidine derivatives on the specificity of malt
carboxypeptidase. Carlsberg Res. Commun. 49,
573-582 (1983)

BREDDAM, K., J. T. JOHANSEN & M. OTTESEN:
Carboxypeptidase Y catalyzed transpeptidation
and condensation reactions. Carlsberg Res.
Commun. 49, 457-462 (1984)

BREDDAM, K. & J. T.JOHANSEN: Semisynthesis of
human insulin utilizing chemically modified car-
boxypeptidase Y. Carlsberg Res. Commun. 49,
463-472 (1984)

BRrREDDAM, K. & M. OTTESEN: Malt carboxypep-
tidase catalyzed aminolysis reactions. Carlsberg
Res. Commun. 49, 473-481 (1984)

BreDDAM, K.: Chemically modified carboxy-
peptidase Y with increased amidase activity.
Carlsberg Res. Commun. 49, 535-554 (1984)
BREDDAM, K.: Modification of amino acid resi-
duesin the S binding site of carboxypeptidase Y.
Carlsberg Res. Commun. 49, 627-638 (1984)
BREDDAM, K. & I. SVENDSEN: Identification of
methionyl and cysteinyl residues in the substrate
binding site of carboxypeptidase Y. Carlsberg
Res. Commun. 49, 639-646 (1984)

BreDDAM, K., S. B. SGRENSEN & M. OTTESEN:
Isolation of carboxypeptidase II from malted

38.

39.

40.

41.

42.

43,

44,

45.

46.

47,

48.

49.

50.

barley by affinity chromatography. Carlsberg
Res. Commun. 50, 199-209 (1985)

BrREDDAM, K.: Enzymatic properties of malt car-
boxypeptidase II in hydrolysis and aminolysis
reactions. Carlsberg Res. Commun 50, 309-323
(1985)

BUNNING, P. & H. HoLzER: Characteristics and
biological functions of proteinase inhibitors from
yeast. In: Limited Proteolysis in Microor-
ganisms, G. N. Cohen & H. Holzer eds., USA.
Department of Health, Education and Welfare,
pp. 8§1-85 (1978)

CaMPBELL, P. N. & G. BLOBEL: The role of orga-
nelles in the chemical modification of the pri-
mary translation products of secretory proteins.
FEBS Lett. 72, 215-226 (1976)

CAREY, W.F. &J R E. WELLs: A Plant carboxy-
peptidase of unique specificity. J. Biol. Chem.
vol. 247, 5573-5579 (1972)
CHAMBERS,J.L.,G.G. CHRISTOPH, M. KRIEGER,
L.KAY & R. M. STROUD: Silver ion inhibition of
serine proteases: Chrystallographic study of silver
trypsin. Biochem. Biophys. Res. Commun. 59,
70-74 (1974)

CHu, F. K & F. MaLEY: Stabilization of the
structure and activity of yeast carboxypeptidase
Y by its high-mannose oligosaccharide chains.
Arch. Biochem. Biophys. 214, 134-139 (1982)
COLETTI-PRIVIERO, M. -A., A. PRIVIERO & E.
ZUCKERKANDL: Separation of the proteolytic
and esterasic activities of trypsin by reversible
structural modifications. J. Mol. Biol. 39, 493-
501 (1969)

DisTEL,BE.J. M. AL, H.F. TABAK & E. W.JONES:
Synthesis and maturation of the yeast vacuolar
enzymes carboxypeptidase Y and amino-
peptidase 1. Biochem. Biophys. Acta 741, 128-
135 (1983)

DOBRY, A., J. S. FRUTON & J. M. STURTEVANT:
Thermodynamics of hydrolysis of peptide bonds.
J. Biol. Chem. 195, 149-154 (1952)

Do, E.: Stabilization of pig kidney cathepin A by
sucrose and chloride ion, and inhibition of the
enzyme activity by diisopropyl fluorophosphate
and sulfhydryl reagents. J. Biochem. 75, 881-887
(1974)

DoLE., Y. KAWAMURA. T. MATOBA & T. HATA:
Cathepsin A of two different molecular sizes in
pig kidney. J. Biochem. 75, 889-894 (1974)
Dol E., N. KoMOR1, T. MATOBA & Y. MORITA:
Some properties of carboxypeptidases in germi-
nating rice seeds and rice leaves. Agric. Biol.
Chem. 44, 77-83 (1980)

Dol E.. N. KOMOR1, T. MATOBA & Y. MORITA:
Purification and some properties of a carboxy-

Carlsberg Res. Commun. Vol. 51, p. 83-128, 1986



51

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

K. BREDDAM: Serine carboxypeptidases

peptidase in rice bran. Agric. Biol. Chem. 44,
85-92 (1980)

DouaLas, K. T., Y. NAkaGAwA & E. T. KAISER:
Mechanistic studies of carboxypeptidase Y. Ki-
netic detection of an acyl-enzyme intermediate
in trimethylacetate esterase action. J. Am. Chem.
Soc. 98, 8231-8236 (1976)

Enari, T.-M.: Break-down of proteins during
malting and mashing. EBC-symposium on the
relationship between malt and beer. Hensinki,
November (1980)

FASTREZ, J. & A. R. FErsHT: Demonstration of
the acyl-enzyme mechanism for the hydrolysis of
peptides and anilides by chymotrypsin. Bio-
chemistry 12, 2025-2034 (1973)

FERSHT, A.: Enzyme structure and mechanism.
Freeman, pp. 247-249, USA (1977)

FINK. A. L. & M. L. BENDER: Binding sites for
substrate leaving groups and added nucleophiles
in papain-catalyzed hydrolyses. Biochemistry 8,
5109-5118 (1969)

FRUTON, J. S.: Proteinase-catalyzed synthesis of
peptide bonds. In: Adv. Enzymol., A. Meister ed.,
John Wiley, New York, pp. 239-306 (1982)
FunakosHr, T., S, SHon, R. Yokovama, H
UEKI & Y. KUuBoTA: The active site of carboxy-
peptidase Cy. 1. Evidence for serine in the active
sites of carboxypeptidase Cy, and Cy;,. Chem.
Pharm. Bull. 31, 198-203 (1983)

GATTNER, H.-G., W.DaNHO, R. KNORR, V. Nal-
THANI & H. ZaHN: Peptides 1980. Proceedings of
the sixteenth European Peptide Symposium. Ed.
K. Brunfeldt, Sciptor, Copenhagen 1981, pp.
372-377

GLAZER, A. N.: Inhibition of serine esterases by
phenylarsonic acids. J. Biol. Chem. 243, 3693-
3701 (1968)

GLAZER, A. N.: Esteratic reactions catalyzed by
subtilisins. J. Biol. Chem. 242, 433-436 (1967)
GUEGAN, R. & J. Diaz: Large-scale synthesis of
somatostatin. In: Perspectives in Peptide Chem-
istry. Karger, Basel, pp. 141-155 (1981)
HARTLEY, B. S.: Proteolytic enzymes. Ann. Rev.
Biochem. 29, 45-72 (1960)

HasHiMoTo, C.,R.E. COHEN, W..J. ZHANG & C.
E. BALLON: Carbohydrate chains on yeast carbo-
xypeptidase Y are phosphorylated. Proc. Natl.
Acad. Sci. USA 78, 2244-2248 (1981)

HasILIK, A : Biosynthesis of lysosomal enzymes.
Trends Biochem. Sci. 5, 237-240 (1980)
HASILIK, A. & W. TANNER: Carbohydrate moiety
of carboxypeptidase Y and perturbation of its
biosynthesis. Eur. J. Biochem. 91, 567-575
(1978)

HasILIK, A. & E. F. NEUFELD: Biosynthesis of

Carlsberg Res. Commun. Vol. 51, p. 83-128, 1986

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

lysosomal enzymes in fibroblasts. Synthesis as
precursors of higher molecular weight. J. Biol.
Chem. 255, 4937-4945 (1980)

HasILIK, A. & E. F. NEUFELD: Biosynthesis of
lysosomal enzymes in fibroblasts. Phosphoryla-
tion of mannose residues. J. Biol. Chem. 255,
4946-4950 (1980)

HavasHi, R, S. AIBARA & T. HATA: A unique
carboxypeptidase activity of yeast protease C.
Biochem. Biophys. Acta 212, 359-361 (1970)
HavasHI R., Y. Ba1 & T. HaTA: Evidence for an
essential histidine in carboxypeptidase Y. Reac-
tion with the chloromethylketone derivative of
benzyloxocarbonyl-L-phenylalanine. J. Biol.
Chem. 250, 5221-5226 (1975)

HavasHLL R, Y.Ba1& T.HaTA: Kinetic studies of
carboxypeptidase Y. I. Kinetic parameters for the
hydrolysis of synthetic substrates. J. Biochem.
(Tokyo) 77, 69-79 (1975)

HavyasHI, R, S. MOORE & W. H. STEIN: Serine at
the active center of yeast carboxypeptidase. J.
Biol. Chem. 248, 8366-8369 (1973)

HAvasHL R.,S. MOORE & W. H. STEIN: Carboxy-
peptidase from yeast. Large scale preparation and
the application to COOH-terminal anatysis of
peptides and proteins. J. Biol. Chem. 248, 2296-
2302 (1973)

HAvasHI, R.: Carboxypeptidase Y. In: Methods
Enzymol., L. Lorand, ed., Academic Press, vol.
45, pp. 568-587 (1976)

HAvasHI, R.: Carboxypeptidase Y in sequence
determination of peptides. Eds. C. H. W, Hirs &
S. N. Timasheff, Academic Press. Methods Enzy-
mol. 47, 84-93 (1977)

HeEMMINGS, B. A, G. S. ZUBENKO, A. HaSILIK &
E. W.JONES: Mutant defective in processing of an
enzyme located in the lysosome-like vacuole of
Saccharomyces cerevisiae. Proc. Natl. Acad. Sci.
USA 78, 435-439 (1981)

HENDERSON, R.: Structure of crystalline a-chy-
motrypsin. [V. Structure of indoleacryloyl-a-
chymotrypsin and its relevance to the hydrolytic
mechanism of the enzyme. J. Mol. Biol. 54,
341-354 (1970)

HENDERSON, R., C. S. WRIGHT, G. P. HESs & D.
M. BLow: a-chymotrypsin: what can we learn
about catalysis from X-ray diffraction. Cold
Spring Harbor Symp. Quant. Biol. 36, 63-69
(1971)

HERNANDEZ-JODRA, M. & C. GANCEDO: Charac-
terization of a carboxypeptidase from the yeast
Rhodotorula glutinis. Hoppe-Seyler’s Z. Physiol.
Chem. 360, 581-586 (1979)

HorMmAaNN, T.: Penicillocarboxypeptidases S-1
and S-2. In: Methods Enzymol., L. Lorand, ed.,

123



80.

81.

82.

83.

84.

8s.

86.

87.

88.

89.

90.

91.

92.

124

K. BREDDAM: Serine carboxypeptidases

Academic Press, vol. XLV pp. 587-599 (1976)
HoLMQuisT, B, S. BLUMBERG & B. L. VALLEE:
Superactivation of neutral proteases: acylation
with N-hydroxysuccinimide esters. Biochemi-
stry 15, 4675-4680 (1976)

HOMANDBERG, G. A, J. A. MATTIS & M. Las-
KOWSKY: Synthesis of peptide bonds by protei-
nases. Addition of organic cosolvents shifts pep-
tide bond equilibria toward synthesis.
Biochemistry 17, 5220-5227 (1978)
HOMANDBERG, G. A. & M. LAskowski: Enzyma-
tic resynthesis of the hydrolyzed peptide bond(s)
in ribonuclease S. Biochemistry 18, 586-592
(1979)

HUBER, R., & W. BoDE: Structural basis of the
activation and action of trypsin. Acc. Chem. Res.
11, 114-121 (1978)

HUNKAPILLER, M. W. S. H. SMALLCOMBE, D. R.
WHITAKER & J. H. RicHARDS: Carbon nuclear
magnetic resonance studies of the histidine resi-
due in a-lytic protease. Implications for the
catalytic mechanism of serine proteases. Bio-
chemistry 12, 4732-4743 (1973)

HunT, L. T. & O. DAYHOFF: The occurrence in
proteins of the tripeptides Asn-X-Ser and Asn-X-
Thr and of bound carbohydrate. Biochem. Bio-
phys. Res. Commun. 39, 757-765 (1970)
ICHISHIMA, E.: Purification and characterization
of a new type of acid carboxypeptidase from
aspergillus. Biochim. Biophys. Acta 258, 274-
288 (1972)

IcHisHIMA E. S. SoNOKI K. HIRAL Y. TORII & S.
YokoyaMa: Comparative study on enzymatic
properties of acid carboxypeptidase of molds of
genus aspergillus. J. Biochem. (Tokyo) 72, 1045-
1048 (1972)

IcHISHIMA, E., Y. TsURUDA, T. UsHUIMA, T.
Nowmi, S. Suzukli, M. TAKEUCHI & A. YAMANE:
Soluble and bound forms of intracellular acid
carboxypeptidase in Aspergillus saitoi. Current
Microbiology 4, 85-89 (1980)

IcHIsSHIMA, E., K. YOSHIMURA & K. TOMODA:
Acid carboxypeptidase from a wood-deterio-
rating basidiomycete, Pycnoporus sanguineus.
Phytochemistry Vol. 22, 825-829 (1983)
IcHISHIMA, E. & K. YOMOGIDA: Esterolytic activ-
ity of acid carboxypeptidase from Aspergillus
satoi. Agr. Biol. Chem. 37, 693-694 (1973)
IHLE, J. N. & L. S. DURE: The developmental
biochemistry of cottonseed embryogenesis and
germination. 1. J. Biol. Chem. 247, 5034-5040
(1972)

IHLE. J. N. & L. S. DUrE: The developmental
biochemistry of cottonseed embryogenesis and
germination. II. Catalytic properties of the cotton

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

carboxypeptidase. J. Biol. Chem. 247, 504 1-5047
(1972)

INAGAMIL, T, & T. MURACHI: The mechanism of
the specificity of trypsin catalysis. J. Biol. Chem.
239, 1395-1401 (1964)

INNOUYE, K., K. WATANABE, K. MORIHARA, Y.
TocHINO, T. KANAYA & S. SAKAKIBARA: En-
zyme-assisted semisynthesis of human insulin. J.
Am. Chem. Soc. 101, 751-752 (1979)

Isowa, Y., M. OumoRrl, T. IcHIKawaA, H. Ku-
RITA, M. SaTO & K. MORL: The synthesis of
peptides by means of proteolytic enzymes. Bull.
Chem. Soc. Japan 50, 2762-2765 (1977)
Isowa, Y..M. OHMORI, M. SATO & K. MORI: The
enzymatic synthesis of protected valine-5 angio-
tensin II amide-1. Bull. Chem. Soc. Japan 50,
2766-2772 (1977)

Isowa, Y., T. ICHIKAWA & M. OHMORI: Peptide
synthesis with proteinases. Fragment condensa-
tion of ZLeuGInGlyOH or ZGInGlyOH with
HLeuValNH, using metalloproteinases. Bull.
Chem. Soc. Japan 51, 271-276 (1978)
JoHANSEN, J. T,, K. BREDDAM & M. OTTESEN:
Isolation of carboxypeptidase Y by affinity chro-
matography. Carlsberg Res. Commun 41, 1-14
(1976)

JoNczYK, A. & H. -G.GATTNER: Eine neue Semi-
synthese des Humaninsulins. Tryptisch-kataly-
sierte Transpeptidierung von Schweineinsulin
mit L-Threonin-tert-butylester. Hoppe-Seyler’s
Z. Physiol. Chem. 362, 1591-1598 (1981)
KAwaMURA, Y., T. MATOBA, T. HATA & E. Dor:
Purification and some properties of cathepsin A
of large molecular size from pig kidney. J. Bio-
chem. 76, 915-924 (1974)

KAawaAaMURA, Y., T. MaTOBA, T. HATA & E. Dot
Purification and some properties of cathepsin A
of small molecular size from pig kidney. J.
Biochem. 77, 729-737 (1975)

KAawaAaMURA, Y., T. MATOBA & E. Dor: Subunit
structure of pig kidney cathepsin A. J. Biochem.
88, 1559-1561 (1980)

KawaMURA, Y., T.MaTOBA, T. HATA & E. DoOI:
Substrate specifities of cathepsin A,L and A,S
from pig kidney. J. Biochem. 81, 435-441 (1977)
KESTER, W.R. & B. W. MATTHEWS: Comparison
of the structures of carboxypeptidase A and
thermolysin. J. Biol. Chem. 252, 7704-7710
(1977)

KoOEHLER, K. A. & G. E LIENHARD: 2-
phenylethaneboronic acid, a possible transition-
state analog for chymotrypsin. Biochemistry 10,
2477-2483 (1971)

KominaMmy, E.,, H. HOFFSCHULTE & H. HOLZER:
Purification and properties of proteinase B from

Carlsberg Res. Commun. Vol. 51, p. 83-128, 1986



107.

108.

109.

110.

111,

112.

113.

114,

115.

116.

117.

118.

K. BREDDAM: Serine carboxypeptidases

yeast. Biochem. Biophys. Acta 661, 124-135
(1981)

KraurT,J.,J.D.ROBERTUS,J. S. BIRKTOFT &R A.
ALDEN: The aromatic substrate binding site in
subtilisin BPN” and its resemblance to chymo-
trypsin. Cold Spring Habor Symp. Quant. Biol.
36, 117-123 (1971)

KRAUT, J.: Serine proteases: structure and me-
chanism of catalysis. Ann. Rev. Biochem. 46,
331-358 (1977)

KupoTA, Y., S. SHOJ1, T. FUNAKOSHI & H. UEKIL:
Carboxypeptidase Cy. I. Purification and charac-
terization of the enzyme from the exocarp of
Citrus natsudaidai Hayata. J. Biochem. 74, 757-
770 (1973)

KugoTa, Y..S.SHo, T. FuNakosH! & H. UEKL:
Carboxypeptidase Cy. II. Stability and some
chemical and kinetic properties. J. Biochem. 76,
375-384 (1974)

KuBota, Y., T. FUNAKOSHI, S. SHoJ, M.
MorIYaMa & H. UEkT: Carboxypeptidases from
the exocarp of mandarin orange. II. Chemical
and enzymatic properties of carboxypeptidases
Cy, and Cg,. Chem. Pharm. Bull. 12, 3479-3487
(1980)

KuBoTA, Y., T. FUNAKOSHI, R. YOkOYAMA & S.
SHout: The active site of carboxypeptidase Cy. IL.
Photooxidation of carboxypeptidases Cy, and
Cyp. Chem. Pharm. Bull. 31, 1315-1319 (1983)
KunnN,R. W_ K. A WALSH & H NEURATH: Reac-
tion of carboxypeptidase C with group specific
reagents. Biochemistry 15, 4881-4886 (1976)
KuMAGAL I, M. Yamasaki & N. Ur: Isolation,
purification and some chemical properties of an
acid carboxypeptidase from Aspergillus niger
var. Macrosporus. Biochim. Biophys. Acta 659,
334-343 (1981)

KuMAGAL L & M. YAMASAKI: Enzymatic proper-
ties of an acid carboxypeptidase from Aspergillus
niger var. Macrosporus. Biochim. Biophys. Acta
659, 344-350 (1981)

LENNEY, J. F, PH. MATILE, A. WIEMKEN, M.
SCHELLENBERG & J. MEYER: Activities and cellu-
lar location of yeast proteases and their inhibi-
tors. Biochem. Biophys. Res. Commun. 60,
1378-1383 (1974)

LinpQuisT, R. N. & C. TErRrY: Inhibition of
subtilisin by boronic acids, potential analogs of
tetrahedral reaction intermediate. Arch. Bio-
chem. Biophys. 160, 135-144 (1974)

MAIER, H., H. MULLER, R. TescH, L. WitT & H.
Ho1zER: Amino acid sequence of yeast protei-
nase B inhibitor 1. Comparison with inhibitor 2.
Biochem. Biophys. Res. Commun. 91, 1390-
1398 (1979)

Carlsberg Res. Commun. Vol. 51, p. 83-128, 1986

119. MAIER, H., H. MULLER. R. TESCH, L. WITT & H.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

HowLzer: Primary structure of yeast proteinase B
inhibitor 2. J. Biol. Chem. 254, 12555-12561
(1979)

MarcoLis, H., Y. NAKAGAWA, K. DOUGLAS & E.
KAaISER: Multiple forms of carboxypeptidase Y
from Saccharomyces cerevisiae. Kinetic demon-
stration of effects of carbohydrate residues on the
catalytic mechanism of a glycoenzyme. J. Biol.
Chem. 253, 7891-7897 (1978)
MARKLEY,J.L.,D.E.NEVES, W.M. WHESYLER, L.
B.IBaNEZ, M. A. PORUBCAN & M. BAILLARGEON:
Nuclear magnetic resonance studies of serine
proteases. Dev. Biochem. 10, 31-61 (1980)
MARTIN,B.M,R. W.A OLIVER,]. T. JOHANSEN
& T. ViswANATHA: The carboxypeptidase Y
catalyzed hydrolysis of indoleacryloylimidazole.
Carlsberg Res. Commun. 45, 69-78 (1980)
MARTIN, B., I. SVENDSEN, M. OTTESEN: Use of
carboxypeptidase Y for carboxy terminal se-
quence determinations. Carlsberg Res. Com-
mun. 42, 99-102 (1977)

MARTIN, B. M., L. SVENDSEN, T. VISWANATHA &
J. T. JOHANSEN: Amino acid sequence of carbo-
xypeptidase Y. L. Peptides from cleavage with
cyanogen bromide. Carlsberg Res. Commun. 47,
1-13 (1982)

MATERN, H., M. HoFFMANN & H. HOLZER: Isola-
tion and characterization of the carboxypeptid-
ase Y inhibitor from yeast. Proc. Nat. Acad. Sci.
71, 4874-4878 (1974)

MarTiLE, P. H.: Biochemistry and function of
vacuoles. Ann. Rev. Plant Physiol. 29, 193-213
(1978)

MATOBA, T. & E. Dot: Purification and character-
ization of carboxypeptidases from the sarcocarp
of watermelon. Agric. Biol. Chem. 38, 1891-1899
(1974)

MaToBA, T. & E. Dor: Carboxypeptidase activity
of tomato fruit during the ripening process and
some enzymatic properties. Agr. Biol. Chem. 38,
1901-1905 (1974)

MATOBA, T. & E. Dor: Substrate specificity of
carboxypeptidase from watermelon. J. Biochem.
77, 1297-1303 (1975)

MATSUDA, K. & E. MisakA: Studies on cathep-
sins of rat liver lysosomes. II. Comparative stud-
ies on multiple forms of cathepsin A. J. Biochem.
78, 31-39 (1975)

MATTHEWS, B. W, P. B. SIGLER, R. HENDERSON
& D. M. BLow: Three-dimensional structure of
tosyl-a-chymotrypsin. Nature 214, 652-656
(1967)

MATTHEWS,D. A, R. A. ALDEN,J.J. BIRKTOFT,S.
T. FReerR & J. KrRauT: X-ray crystallographic

125



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145,

146.

126

K. BREDDAM: Serine carboxypeptidases

study of boronic acid adducts with subtilisin
BPN’(Novo). A model for the catalytic transition
state. J. Biol. Chem. 250, 7120-7126 (1975)
MATTHEWS,D. A R.A ALDEN,J.J. BIRKTOFT,S.
T. FREER & J. KRAUT: Re-examination of the
charge relay system in subtilisin and comparison
with other serine proteases. J. Biol. Chem. 252,
8875-8883 (1977)

MECHLER, B, M. MuLLER, H. MULLER, F.
MEUSSDOERFFER & D. H. WOLF: In vivo biosyn-
thesis of the vacuolar proteinases A and B in the
yeast saccharomyces cerevisiae. J. Biol. Chem.
257, 11203-11206 (1982)

MiKOLA, L. & J. MIKOLA: Mobilization of proline
in the starchy endosperm of germinating barley
grain. Planta 149, 149-154 (1980)

MorIHARA, K. & T. OkA: a-chymotrypsin as the
catalyst for peptide synthesis. Biochem. J, 163,
531-542 (1977)

MoRr1HARA, K., T. OkA & H. Tsuzuki: Semisyn-
thesis of human insulin by trypsin-catalyzed
replacement of Ala-B 30 by Thr in porcine
insulin. Nature 280, 412-413 (1979)
MorIiHARA, K., T. Oka, H. Tsuzuki, Y. To-
cHINO & T. KANAYA: Achromobacter protease |
- catalyzed conversion of porcine insulin into
human insulin. Biochem. Biophys. Res. Com-
mun. 92, 396-402 (1980)

MULLER, M. & H. MULLER: Synthesis and pro-
cessing of in vitro and in vivo precursors of the
vacuolar yeast enzyme carboxypeptidase Y. J.
Biol. Chem. 256, 11962-11965 (1982)
Nakapat, T., S. Nasuno & N. [cucHzI: Purifica-
tion and properties of acid carboxypeptidase I
from Aspergillus oryzae. Agric. Biol. Chem. 36,
1343-1352 (1972)

NakaDAl T., S. Nasuno & N. IgucHi: Purifica-
tion and properties of acid carboxypeptidase II
from Aspergillus oryzae. Agric. Biol. Chem. 36,
1473-1480 (1972)

NakaDAl T.. S. NasuNo & N. IgucHI: Purifica-
tion and properties of acid carboxypeptidase ITI
from Aspergillus oryzae. Agric. Biol. Chem. 36,
1481-1488 (1972)

NakaDAl T., S. NAsuNoO & B. IcucHI: Purifica-
tion and properties of acid carboxypeptidase IV
from Aspergillus oryzae. Agric. Biol. Chem. 37,
1237-1251 (1973)

NEURATH, H.: Limited proteolysis and zymogen
activation. Cold Spring Harbor Conf. Cell. Proli-
feration 2, 51-64 (1975)

NEURATH, H. & K. A. WaLsH: Role of proteolytic
enzymes in biological regulation. Proc. Natl.
Acad. Sci. USA 73, 3825-3832 (1976)

NUNEZ DE CASTRO, I. & H. HOLZER: Studies on

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

the proteinase A inhibitor I*3 from yeast. Hoppe-
Seyler’s Z. Physiol. Chem. 357, 727-734 (1976)
OpyA, C.E. & E. G. ERDOs: Human prolylcarbo-
xypeptidase. Methods in Enzymology Vol. 80
(ed. L. Lorand) pp. 460-466 (1981)
Opvya,C.E.,D. V.Marinkovic, K. J. HAMMON,
T. A. STEWART & E. G. ErRbD6s: Purification and
properties of prolylcarboxypeptidase (angio-
tensinase C) from human kidney. J. Biol. Chem.
253, 5927-5931 (1978)

Oka, T.& K. MORIHARA: Trypsin as a catalyst for
peptide synthesis. J. Biochem. 82, 1055-1062
1977)

ONG, E. B, E. SHAW & G. SCHOELLMANN: An
active center histidine peptide of a-chymo-
trypsin. J. Amer. Chem. Soc. 86, 1271-1272
(1964)

OOSTERBAN,R. A,P.KUNST &J. A, COHEN: The
nature of the reaction between diisopropylfluoro-
phosphate and chymotrypsin. Biochem. Bio-
phys. Acta 16, 299-300 (1955)

PrRESTON, K. R. & J. E. KRUGER: Purification and
properties of two proteolytic enzymes with car-
boxypeptidase activity in germinated wheat.
Plant Physiol. 58, 516-520 (1976)

QuUICHO, F. A. & W.N. LipscomB: Carboxypepti-
dase A: A protein and an enzyme. Adv. Protein
Chem. 25, 1-53 (1971)

Ray, L. E.: Large scale isolation and partial char-
acterization of some carboxypeptidases from
malted barley. Carlsberg Res. Commun 41, 169-
182 (1976)

RicHARZ, R, 1. I TSCHESCHE & K. WUTHRICH:
Carbon-13 NMR studies of the selectively iso-
tope-labeled reactive site peptide bond of the
basic pancreatic trypsin inhibitor with trypsin,
trypsinogen and anhydrotrypsin. Biochemistry
19, 5711-5715 (1980)

RIECHMANN & V. KAscHE: Kinetic studies on the
mechanism and the specificity of peptide semi-
synthesis catalyzed by a-chymotrypsin and -
trypsin. Biochem. Biophys. Res. Commun. 120,
686-691 (1984)

RIORDAN, J. F.: Arginyl residues and anion bind-
ing sites in proteins. Molec. Cell. Biochem. 26,
71-92 (1979)

RoBerRTUS,J. D, R. A. ALDEN, J. J. BIRKTOFT, J.
KrAuUT, J. C. POWERS & P. E. WiLcox: An X-ray
crystallographic study of the binding of peptide
chloromethyl ketone inhibitors to subtilisin
BPN’. Biochemistry 11, 2439-2449 (1972)
RoBERTUS, J. D, J. KrRAUT, R. A ALDEN & J. J.
BIRKTOFT: Subtilisin; a stereochemical me-
chanism involving transition-state stabilisation.
Biochemistry 11, 4293-4303 (1972)

Carlsberg Res. Commun. Vol. 51, p. 83-128, 1986



160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

K. BREDDAM: Serine carboxypeptidases

ROYER,P.G.&G. M. ANANTHARMAIAH: Peptide
synthesis in water and the use of immobilized
carboxypeptidase Y for deprotection. J. Am.
Chem. Soc. 101, 3394-3396 (1979)

SAHEK], T, Y. MATSUDA & H. HOLZER: Purifica-
tion and characterization of macromolecular
inhibitors of proteinase A from yeast. Eur. J.
Biochem. 47, 325-332 (1974)

SANBORN, D. M. & G. E. HEIN: The interaction of
trypsin with neutral substrates and modifiers.
Biochemistry 10, 3616-3627 (1968)
SCHECHTER, I. & B. BERGER: On the size of the
active site of proteases. I. Papain. Biochem.
Biophys. Res. Commun. 27, 157-162 (1967)
ScHILF, W. & H. H. MARTIN: Purification of two
D,D-carboxypeptidases/transpeptidases ~ with
different penicillin sensitivities from Proteus
mirabilis. Eur. J. Biochem. 105, 361-370 (1980)
SCHROEDER, R. L. & W. C. BURGER: Devel-
opment and localization of carboxypeptidase
activity in embryo-less barley half-kernels. Plant
Physiol. 62, 458-462 (1978)

SCHWAIGER, H., A. HASILEK, K. VON FIGURA, A.
WIEMKEN & W. TANNER: Carbohydrate-free car-
boxypeptidase Y is transferred into the vacuole.
Biochem. Biophys. Res. Commun. 104, 950-956
(1982)

SEGAL, D. M., J. C. POWERS, G. H. COHEN, D. R.
Dawes & P. E. WiLcox: Substrate binding site in
bovine chymotrypsin A. A crystallographic study
using peptide chloromethyl ketones as site-spe-
cific inhibitors. Biochemistry 10, 3728-3738
(1971)

SHAW, E. M. MARES-GUIA & W. COHEN: Evi-
dence for an active-center histidine in trypsin
through use of a specific reagent, 1-chloro-3-tosy-
lamido-7-amino-2-heptanone, the chloromethy!
ketone derived from N,-tosyl-L-lysine. Biochem-
istry 4, 2219-2224 (1965)

SHOTTON, D. M. & H. C. WaTson: The three
dimensional structure of crystalline porcine pan-
creatic.elastase. Nature 225, 811-816 (1970)
SKUDLAREK, M. D. & R. T. SWANK: Biosynthesis
of two lysosomal enzymes in macrophages. Evi-
dence for a precursor of p-galactosidase. J. Biol.
Chem. 254, 9939-9942 (1979)

SPROSSLER, B., H. -D. HEILMANN, E. GRAMPP &
H. UnLiG: Eigenschaften der Carboxypeptidase
C aus Orangenblattern. Hoppe-Seyler’s Z. Phy-
siol Chem. 352, 1524-1530 (1971)

STEINER,D. F., W. KEMMLER, H. S. TAGER, A. H.
RUBINSTEIN, A. LERNMARK & H. ZUHLKE: Pro-
teolytic mechanisms in the biosynthesis of poly-
peptide hormones. Cold Spring Harbor Conf.
Cell. Proliferation 2, 531-549 (1975)

Carlsberg Res. Commun. Vol. 51, p. 83-128, 1986

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Steirz, T. A, R. HENDERSON & D. M. BLow:
Structure of crystalline a-chymotrypsin. III
Crystallographic studies of substrates and inhibi-
tors. J. Mol. Biol. 46, 337-348 (1969)

Stertz, T. A. & R. G. ScCHULMAN: Crystallogra-
phic and NMR studies of the serine proteases.
Ann. Rev. Biophys. Bioeng. 11, 419-444 (1982)
STeVENS, T, B. ESMON & R. SCHECKMAN: Early
stages in the yeast secretory pathway are required
for transport of carboxypeptidase Y into the
vacuole. Cell 30, 439-448 (1982)

STEVENS, T. H., E. G. BLACHLY, C. P. HUNTER. J.
H.RoTHMAN& L. A. WALLS: Translocation, sort-
ing and transport of yeast vacuolar glycoproteins.
In: Yeast Cell Biology. UCLA Symposia on
molecular and cellular biology, J. Hicks, ed.,
Alan R. Liss Inc. New York. in press

STROUD, R. M., L. M. KAY & R. E. DICKERSON:
The structure of bovine trypsin: Electron density
maps of the inhibited enzyme at 5 A and 2.7 A
resolution. J. Mol. Biol. 83, 185-208 (1974)
SVENDSEN, I.: Chemical modifications of the
subtilisins with special reference to the binding of
large substrates. A review. Carlsberg Res. Com-
mun. 41, 237-291 (1976)

SVENDSEN, [, B. M. MARTIN, T. VISWANATHA &
J. T. JoHANSEN: Amino acid sequence of carbo-
xypeptidase Y. IL Peptides from enzymatic
cleavages. Carlsberg Res. Commun. 47, 15-27
(1982)

TAKEUCHL M., T. USHIJIMA & E. ICHISHIMA: A
new acid carboxypeptidase, O-1, from Asper-
gillus oryzae. Current microbiology 7, 19-23
(1982)

TAKEUCHI M. & E. ICHISHIMA: Mode of action of
a new Aspergillus oryzae carboxypeptidase O-1.
Agric. Biol. Chem. 45, 1033-1035 (1981)
Tanizawa, K., M. NAKOwO, W. B LAWSON & Y.
Kanaoka: Essential roles of alkylammonium
and alkylguanidinium ions in trypsin catalyzed
hydrolysis of acetylglycine esters: enhancement
of catalytic efficiency analyzed by the use of
inverse substrates. J. Biochem. 92, 945-951
(1982)

TRIMBLE, R. B.& F. MALEY: The use of endo-$-N-
acetylglucosaminidase H in characterizing the
structure and function of glycoproteins. Bio-
chem. Biophys. Res. Commun. 78, 935-944
1977)

TriMBLE, R.B..F. MALEY & F. K. CHU: Glycopro-
tein biosynthesis in yeast. Protein conformation
affects processing of high mannose oligosaccha-
rides on carboxypeptidase Y and invertase. J.
Biol. Chem 258, 2562-2567 (1983)
TscHESCHE, H.: Carboxypeptidase C. Eds. C. H.

127



186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

K. BREDDAM: Serine carboxypeptidases

W. Hirs & S. N. Timasheff, Academic Press.
Methods Enzymol. 47, 73-84 (1977)

Tsuzukl, H., T. Oka & K. MORIHARA: Coupling
between Cbz-Arg-OH and Leu-X catalyzed by
trypsin and papain. J. Biochem. (Tokyo) 88,
669-675 (1980)

UMETsU, H., H. MATSUOKA & E. ICHISHIMA:
Debittering mechanism of bitter peptides from
milk casein by wheat carboxypeptidase. J. Agric.
Food Chem. 31, 50-53 (1983)

UMETSU,H., M. ABE, Y. SUGAWARA, T.NAKALS.
WATANABE & E. IcHIsHIMA: Purification,
crystallisation and characterisation of carboxy-
peptidase from wheat bran. Food Chemistry 7,
125-138 (1981)

VaJpa, T. & T.SzaBo: Effect of methylamine on
trypsin catalysis. Eur. J. Biochem. 85, 121-124
(1978)

Visurl K., J. MikoLA & T. M. ENARI: Isolation
and partial characterization of a carboxypeptid-
ase from barley. Eur. J. Biochem. 7, 193-199
(1969)

WALKER-SIMMONS, M. & C. A. Ryan: Isolation
and properties of carboxypeptidase from leaves
of wounded tomato plants. Phytochemistry 19,
43-47 (1980)

WANG. S. S. & F. H. CARPENTER: Kinetics of the
tryptic hydrolysis of the oxidized B chain of
bovine insulin. Biochemistry 6, 215-224 (1967)
WaxMAN, D.J. & J. L. STROMINGER: Sequence of
active site peptides from the penicillin sensitive
D-alanine carboxypeptidase of Bacillus subtilis.
J. Biol. Chem. 255, 3964-3976 (1980)

WEBB, J. L.: Mercurials. In: Enzyme and Meta-
bolic Inhibitors. Academic Press, Vol. 11, p. 729
(1963)

WIDMER. F. & J. T. JOHANSEN: Enzymatic pep-
tide synthesis. Carboxypeptidase Y catalyzed
formation of peptide bonds. Carisberg Res. Com-
mun. 44, 37-46 (1979)

WIDMER, F.. K. BREDDAM & J. T. JOHANSEN:
Carboxypeptidase Y catalyzed peptide synthesis
using amino acid alkyl esters as amine compo-
nents. Carlsberg Res. Commun. 45, 453-463
(1980)

WIDMER, F.. K. BREDDAM & J. T. JOHANSEN:

Accepted by S. O. ANDERSEN

128

198.

199.

200.

201.

202.

203.

204.

205.

206.

Influence of the structure of amine components
on carboxypeptidase Y catalyzed amide bond
formation. Carlsberg Res. Commun. 46, 97-106
(1981)

WIDMER, F., K. BREDDAM & J. T. JOHANSEN:
Carboxypeptidase Y as a catalyst for peptide
synthesis in aqueous phase with minimal protec-
tion. In: Proc. 16th European Peptide Sympo-
sium. K. Brunfeldt ed., Scriptor. Copenhagen pp.
46-55 (1981)

WINTHER, J. R., M. C. KIELLAND-BRANDT & K.
BrReDDAM: Increased hydrophobicity of the S,
binding site in carboxypeptidase Y obtained by
site-directed mutagenesis. Carlsberg Res. Com-
mun. 50, 273-284 (1985)

YaBuucH] S, E. Doi & T.HATA: Studies on malt
carboxypeptidases. Nippon Nogei Kagaku
Kaishi 46, 591-596 (1972)

YocuMm, R. R, J. R. RASMUSSEN & J. L. STROM-
INGER: The mechanism of action of penicillin.
Penicillin acylates the active site of Bacillus
stearothermophilus D-alanine carboxypeptid-
ase. J. Biol. Chem. 255, 3977-3986 (1980)
YokovaMa, S., A. OoBayasHI, O. TANABE, S.
SUGAWARA, E. ARAKI & E. ICHISHIMA: Pro-
duction and some properties of a new type of acid
carboxypeptidase of Penicillium Molds. Applied
Microbiology 27, 953-960 (1974)

YOKOYAMA, S., A. O0BAYASHI, O. TANABE & E.
IcHiSHIMA: Large scale production of acid carbo-
xypeptidase from submerged culture of Penicil-
lum janthinellum, and stability of the crystalline
enzyme. Agric. Biol. Chem. 39, 1211-1217
(1975)

ZUBER, H. & P. H. MATILE: Acid carboxypeptid-
ases: Their occurence in plants, intracellular
distribution and possible function. Z. Natur-
forsch. 23b, 663-665 (1968)

ZUBER, H.: Reinigung und Eigenschaften der
Carboxypeptidase aus Citrusfruchten. Hoppe-
Seyler’s Z. Physiol. Chem. 349, 1337-1352
(1968)

ZoLLER, M. & M. SMITH: Oligonucleotide-di-
rected mutagenesis of DNA fragments cloned
into M 13 vectors. Methods Enzymol. 100, 408-
500 (1983)

Carlsberg Res. Commun. Vol. 51, p. 83~128, 1986



