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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

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



K. BREDDAM: Serine carboxypeptidases

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 betw