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ABSTRACT: The P, substrate preference of serine carboxypeptidases, as expressed by the Lys/Leu ratio,
differs by up to 105-fold. Predictions of the major determinants of this preference are made by correlating
primary and tertiary structures to substrate preferences. In carboxypeptidase Y from yeast it is predicted
that Trp312 constitutes such a determinant, reducing the P; Lys/Leu substrate preference of this enzyme.
The predictions are tested by the construction and kinetic characterization of ten mutant enzymes of
carboxypeptidase Y. All of these enzymes exhibit changes in their P, substrate preference. Generally,
small decreases in activity (k../Km) are observed with substrates containing uncharged P; side chains.
With substrates containing acidic P; side chains, i.e., FA-Glu-Ala-OH, the activity generally increases
slightly, 7-fold in the case of W312K. The most dramatic effects of the Trp312 substitutions are observed
with substrates containing basic P; side chains, i.e., kca/Kn for the hydrolysis of FA-Lys-Ala-OH with
W312E has increased 1150-fold, exclusively as a result of increased k¢, values. Similar results have
previously been obtained by mutational substitution at position 178 of carboxypeptidase Y. The construction
and kinetic characterization of position 1784312 double mutants demonstrate that the kinetic effects of
substitutions at these two positions are not additive. The P; Lys/Leu substrate preference of one double
mutant, L178D+W312D, has changed 380 000-fold as compared to the wild type enzyme, and the overall
P, substrate preference of this enzyme closely resembles that of carboxypeptidase WII from wheat.
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The serine carboxypeptidases is a group of proteolytic
enzymes that catalyze the sequential removal of amino acids
from the C-terminus of peptide substrates. The primary
structure (amino acid sequence) of about 30 enzymes has
been determined, but less than one-third of these enzymes
have been purified and characterized kinetically. Although
all the enzymes characterized so far exhibit rather broad
substrate preferences, both with respect to the C-terminal
(P1") and penultimate (P,) amino acid residue of the substrate,
they can nevertheless be divided into two distinct groups on
the basis of their P; substrate preferences. One group
exhibits a very high preference (about 10°—10*fold) for
substrates containing hydrophobic P, side chains relative to
basic P; side chains, while the other group of enzymes
exhibits a weak preference (about 1—50-fold) for substrates
containing basic P; side chains. Hereafter, these two groups
of enzymes will be referred to as having low and high P;
Lys/Leu substrate preferences, respectively.

The tertiary structure has been determined for two serine
carboxypeptidases, carboxypeptidase Y (CPD-Y)! from yeast,
Saccharomyces cereviciae (Endrizzi et al., 1994) and car-
boxypeptidase II (CPD-WII) from wheat, Triticum aestivum
(Liao & Remington, 1990). These two enzymes are ex-
amples of the two groups of serine carboxypeptidases, as
they differ more than 103-fold with respect to their P; Lys/
Leu substrate preferences. However, the tertiary structures
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of the two enzymes are similar and do not provide an
explanation for the huge difference in substrate preference.

Thus, in an attempt to gain new insight into the nature of
the different P, substrate preferences of serine carboxypep-
tidases we have turned our focus to the primary structures.
By correlating an alignment of the primary structures of all
known serine carboxypeptidases with the P; substrate prefer-
ence of characterized enzymes we predict which structural
features, identified in the tertiary structures of CPD-Y and
CPD-WII, are important for the P; Lys/Leu substrate
preference of such enzymes. These predictions are tested
with CPD-Y as a model by the construction and kinetic
characterization of mutant enzymes.

MATERIALS AND METHODS

Database Search and Alignment. The EMBL database
was analyzed for sequences similar to CPD-Y and/or CPD-
WII using the TFASTA program while the Swissprot and
PIR databases were analyzed using both the BLAST and
FASTA programs on the BIOBASE server at the University
of Arhus, Denmark. The alignment of sequences displaying

! Abbreviations: CPD-Y, yeast carboxypeptidase Y; CPD-WII, wheat
carboxypeptidase II; dsDNA, double-stranded DNA; FA, 3-(2-furyl-
acryloyl); kDa, kilodalton; LB, Luria broth; L178X, mutant protein
with leucine 178 replaced with amino acid X; L178X+W312Z, mutant
protein with leucine 178 replaced with amino acid X and tryptophan
312 replaced with amino acid Z; ssDNA, single-stranded DNA; Wi,
wild type; W312X, mutant protein with tryptophan 312 replaced with
amino acid X. The binding site notation is that of Schechter and Berger
(1967). Accordingly, the C-terminal amino acid of the substrate is
denoted P,’, and those in the amino-terminal direction from the scissile
bond are denoted P, Py, ..., P,. In analogy, binding sites are denoted
Sl' and Sl, Sz, vev s Sn.
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significant similarity was constructed in Excel 5.0 by manual
alignment of sequences.

Reagents and Strains. FA-Lys-Ala-OH, FA-Arg-Leu-OH,
and FA-Lys-Leu-OH were from Bachem AG, while other
FA-dipeptides were synthesized as previously described
(Olesen et al., 1994). Oligonucleotides were synthesized on
an Applied Biosystems 394 DNA/RNA synthesizer. LB,
2x YT, and SOC media were prepared according to
Sambrook et al. (1989). SC and YPD media were prepared
according to Sherman (1991). Escherichia coli BMH71—
18mutS {thi supE A(lac-proAB) [mutS::Tn10} F'[proAB*
lagld lacZAM15]} (Kramer er al., 1984; Zell & Fritz, 1987),
E. coli IM109 {recAl supE44 endAl hsdR17 gyrA96 relAl
thi A(lac-proAB) F'[traD36 proAB* lagll lacZAMI15]}
(Yanisch-Perron et al., 1985), and S. cerevisiae K2579LLR
(Olesen & Kielland-Brandt, 1993), a spontaneous mutant of
W2579 (MATa Aprcl leu2—3 leu2—112 ura3—52 vpsi—1)
(Nielsen er al. 1990) able to grow on low leucine concentra-
tions, were from in-house stocks.

Transformation and Isolation of Single-Stranded DNA.
Transformation of E. coli was performed by electroporation
with a Bio-Rad Gene Pulser set at 25 uF, 200 €, and 2.5
KV in 2 mm cuvettes according to Dower et al. (1988).
Transformation of yeast was performed according to Schiestl
and Gietz (1989) and Gietz et al. (1992). Single-stranded
DNA of pYSP1 (Olesen & Kielland-Brandt, 1993) was
prepared from a transformed culture of JM109 as described
by Olesen and Kielland-Brandt (1993).

Mutagenesis and Sequencing. Mutagenesis was performed
by a modification of the procedure by Lewis and Thompson
(1990). Single-stranded pYSP1 (0.2 pmol) was mixed with
0.5 pmol of ampicillin-repair oligonucleotide (Promega,
Altered Sites Kit) and 2 pmol of the mutagenic oligonucle-
otide in 80 uL of 1x annealing buffer (20 mM Tris-HCl,
pH 7.5, 10 mM MgCl,, 50 mM NaCl), heated to 70 °C for
5 min, and cooled slowly (~1 h) to room temperature. After
the annealing reaction 10 uL. of 10x synthesis buffer (100
mM Tris-HCl, pH 7.5, 5 mM of each of the four dNTPs, 10
mM ATP, 20 mM DTT), 10 Weiss units of T4 ligase (New
England Biolabs), 20 units of T4 DNA polymerase (Prome-
ga), and H,O to 100 ul. were added. The polymerase/
ligation mixture was incubated at 37 °C for 2 h. Subse-
quently, it was phenol extracted, ethanol precipitated,
resuspended, and used to transform electrocompetent E. coli
BMH71—18mutS cells. After incubation for 30 min at 37
°C in SOC, an aliquot of the transformed cells was plated
on LB with 60 mg of ampicillin/L to determine the number
of transformants while the rest of the cells were grown
overnight in 50 mL of LB with 60 mg of ampicillin/L. A
plasmid preparation from this primary culture contains up
to 50% ampiciilin-sensitive plasmids originating from the
unmutated parent strand. To enrich for mutants, 1 ug of
miniprep DNA from this culture was used for a secondary
transformation of JM109, followed by a second prepara-
tion of plasmid DNA. Sequencing was performed by the
Applied Biosystems dsDNA Taq DyeDeoxy terminator
procedure for use with the Applied Biosystems model
373A DNA-sequencing system to confirm the introduced
mutations and to ensure that no secondary mutations had
occurred. Mutagenic oligonucleotides were 33 bases long
with the mutated codon situated at the center. Double
mutants (L178X+W312X) were constructed by simultaneous
mutagenesis with two oligonucleotides.
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Isolation and Kinetic Characterization of Mutant CPD-
Y. Overexpression of mutant enzymes was performed
according to Nielsen et al. (1990). The mutant BamHI-
BamHI PRC1 fragments of pYSP1 were inserted into the
GAL-expression vector pPRA21 (Olesen & Kielland-Brandt,
1993) and introduced into yeast strain K2579LLR. Mutant
forms of CPD-Y were purified from culture supernatants by
affinity chromatography as described by Johansen et al.
(1976). The purity of the mutant enzymes was ascertained
to be >98% by SDS—PAGE on 12.5% homogeneous gels
using the PhastSystem from Pharmacia. Enzyme concentra-
tions were calculated using e;o = 88 mM™! c¢m™! for
enzymes mutated at position 312, €230 = 95 mM~! cm™! for
all other enzymes, and MW = 64 kDa. The rates of
hydrolysis of FA-peptide substrates were measured spectro-
photometrically at 337—352 nm (depending on substrate
concentration) in 50 mM MES, 1 mM EDTA, pH 6.5, 25
°C. The following substrate concentrations were used: FA-
Phe-Ala-OH, 0.05—0.5 mM; FA-Leu-Ala-OH and FA-Val-
Ala-OH, 0.2—2.0 mM; FA-Ala-Ala-OH, 0.1—2.0 mM; FA-
Ser-Ala-OH and FA-Arg-Leu-OH, 0.1-1.0 mM; FA-Glu-
Ala-OH, 0.5-5.0; and 0.25—2.5 mM for the remaining
substrates. Precautions were taken to avoid exposure to light
due to the sensitivity of the FA group (Kanstrup & Buchardt,
1991). Kinetic parameters were determined by fitting data
to the Michaelis—Menten equation using the GraFit 3.01
program from Erithacus Software (Sigma).

RESULTS AND DISCUSSION

Alignment of Serine Carboxypeptidase Sequences. Align-
ments of serine carboxypeptidases previously published have
been based on only a few primary structures [e.g., Sgrensen
et al. (1987)]. Since large portions of the structures differ
and many insertions/deletions are necessary to maximize the
identity, the reliability of such alignments is very limited.
To overcome this problem we have included all primary
structures from the EMBL, Swissprot, and PIR databases
(Table 1) that are similar to CPD-Y and CPD-WII in our
alignment (Figure 1). In the region corresponding to
positions 200—320 of CPD-Y the enzymes show only little
identity, causing errors in previous alignments, but due to
the number of sequences included in our alignment we
believe that the identity we find in this region is reliable.
The identity among the primary structures is not evenly
distributed throughout the sequences. Rather, regions of high
identity alternate with regions of low identity which often
contain numerous insertions/deletions. In the tertiary struc-
tures of CPD-Y and CPD-WII, regions of high identity
generally are situated in the interior of the enzymes while
regions of low identity reside on the surface of the enzymes.
Structurally, two families of serine carboxypeptidases exist;
some, like CPD-Y, consist of a single polypeptide chain
while others, like CPD-WII, consist of two chains as a result
of either a nick or the excision of an internal part of the
protein during maturation of the proenzyme. The resulting
C- and N-terminal parts of the resulting two peptide chains
are cross-linked through a disulfide bridge (corresponding
to positions 262 and 268 in CPD-Y). This disulfide bridge
is also present in most of the one-chain enzymes. The KEX1
enzyme contains a 235 amino acid C-terminal extension
relative to CPD-Y (Dmochowska et al., 1987). This exten-
sion, probably preventing peptides other than the mating
factor from being substrates, is not included in the alignment.



Carboxypeptidase Y Specificity

Biochemistry, Vol. 34, No. 48, 1995 15691

Table 1: Serine Carboxypeptidases (and Carboxypeptidase-like Hydroxy Nitrile Lyases)

enzyme species / database entry / reference
CPD-Y baker’s yeast (8. cerevisiae / SW:CBPY_YEAST / Valls et al,, 1987; Svendsen et al.,, 1982
YBY9 baker’s yeast (. cerevisiae) /| SW:YBY9_YEAST / Becam et al., 1994
KEX1 baker’s yeast (8. cerevisiae) / SW:KEX1_YEAST / Dmochowska et al., 1987
SXA2 fission yeast (S. pombe) / SW:SXA2_SCHPO / Imay & Yamamoto, 1992
CPY1 yeast (Candida albicans) /| SW:CBPCANAL / Mukhtar et al., 1992
CPD-S1 Penicillium janthinellum (fungus) / SW:CPS1_PENIJA / Svendsen et al., 1993
CPD-S3 Penicillium janthinellum (fungus) / / Svendsen & Day, 1995
PEPF/CPD-An2 Aspergillus niger (fungus) / PIR3:847152 / van den Homberg et al., 1994
CPD-As Aspergillus satoi (fungus) / D25288 / Chiba et al., 1995
CPD-Z Absidia zychae (zygomycete) | EMBL:AZSCPZ / Lee et al., 1995
CPD-M1 barley (Hordeum vulgare) / SW:CBP1_HORVU /Doan & Fincher, 1988; Sgrensen et al., 1986
CPD-M2 barley (Hordeum vulgare) / SW:CBP2_HORVU / Sgrensen et al., 1987
CPD-M2-1 barley (Hordeum vulgare) | EMBL:HVACXPII1 / Dal Degan et al., 1994
CPD-M2-2 barley (Hordeum vulgare) / EMBL:HVACXPII2 / Dal Degan et al., 1994
CPD-M2-3 barley (Hordeum vulgare) / PIR3:544191 / Dal Degan et al., 1994
CPD-M3 barley (Hordeum vulgare) /] SW:CBP3_HORVU / Sgrensen et al., 1989
CPD-W2 wheat (T. aestivum) / SW.CBP2_WHEAT / Breddam et al., 1987
CPD-W3 wheat (T. aestivum) / SW.CBP3_WHEAT / Baulcombe et al., 1987
CPD-R1 rice (Oryza sativa) / SW:CBP1_ORYSA / Washio & Ishikawa, 1994
CPD-R3 rice (Oryza sativa) / SW:CBP3_ORYSA / Washio & Ishikawa, 1992
CPD-R3~1 rice (Oryza sativa) | PX:D17587 / Washio & Ishikawa, 1993
CBP-X mouse-ear cress (Arabidopsis thalina) /| SW:CBPX_ARATH / Bradiey, 1992
HNL-Sb sorghum (Sorghum bicolor)  EMBL:SBHYDMAN / Wajant et al., 1994
CPD-cef13d12 Caenorhabditis elegans (nematode) / EMBL:CEF13D12 / Wilson et al., 1994
CPD-cef32a5 Caenorhabditis elegans (nematode) / EMBL:CEF32a5 / Wilson et al., 1994
CPD-cef41c3 Caenorhabditis elegans (nematode) / EMBL:CEF41c¢3 / Wilson et al., 1994
CPD-Nf Naegleria fowleri (amoeba) / PIR3:A43828 / Hu et al., 1992
CPD-Ae yellow fever mosquito (Aedes aegypti) / PIR2:A41612 / Cho et al., 1991
PRTP-M mouse (Mus musculus) / SW.PRTP_MOUSE / Galjart et al., 1990
PRTP-H human (Homo sapiens) / SW:PRTP_HUMAN / Galjart et al., 1988

Finally, it is interesting to note that a high similarity exists
between serine carboxypeptidases and hydroxy nitrile lyase
from Sorghum bicolor (HNL-Sb) (Wajant et al., 1994).

S Binding Pockets of CPD-Y and CPD-WII. So far, only
the three-dimensional structures of CPD-Y (Endrizzi et al.,
1994) and CPD-WII (Liao & Remington, 1990) have been
determined. Both of these enzymes belong to the o/f3
hydrolase fold (Ollis et al., 1992), and generally, the tertiary
structures of the two enzymes are very similar. However,
due to the insertions/deletions in the region corresponding
to residues 180—317 of CPD-Y, which represents an
insertion into the basic o/f hydrolase fold, the structure of
this region is different within these two enzymes (Endrizzi
et al.,, 1994). As a consequence, an a-helix, situated on the
rim of the S; binding pocket of CPD-Y is positioned at a
distance from the binding pocket in CPD-WII. Hence, the
S| binding subsite is more secluded from solvent water in
CPD-Y than in CPD-WII. Furthermore, some of the amino
acids constituting the S; binding pockets of the two enzymes
reside within this region. Thus, as the structures of this
region differ, the S; binding pockets of the two enzymes
are not entirely composed of the same portions of the primary
structures. In CPD-Y, the S; binding pocket comprises the
residues Tyr147, Leul78, Tyr185, Tyr188, Trp312, Ile340,
and Cys341, while in CPD-WII the residues Tyr156 (cor-
responding to position 147 of CPD-Y), Leul87 (178),
Phe224, 11e225, Val334 (340), and Val335 (341) constitute
the solvent accessible surface of the S; binding pocket. If
viewed from the point of the catalytically essential Ser146,
the S, pockets can be defined as having a left side, a right
side, an end, and a floor. By this definition, in CPD-Y Ile340
and Cys341 constitute the left side, Tyr147 and Trp312 the
right side, Tyr185 and Tyr188 the end, and Leu178 the floor
of the binding pocket (Figure 2A). In CPD-WII Val334 and
Val335 constitute the left side, Tyr156 the right side, Phe224

and I1e225 the end, and Leul87 the floor of the binding
pocket (Figure 2B). It should be noted that when the P,
side chain of a substrate is bound to the binding pocket of
either enzyme it may be partially accessible to solvent
upward as the binding pockets have no “roof”.
Relationship between Primary Structure, Tertiary Struc-
ture, and P; Lys/Leu Substrate Preference. On the basis of
sequence identity and lengths of inserts/deletions in the
region corresponding to positions 180—317 in CPD-Y we
predict that the 12 uppermost enzymes listed in the alignment
share the CPD-Y-like fold (a-helix on the rim of the S;
binding pocket, single peptide chain), while the 14 bottom-
most enzymes share the CPD-WII like fold (no a-helix on
the rim of the S; binding pocket, consisting of two peptide
chains). The fold of the remaining four enzymes cannot be
predicted. When correlating P; substrate preferences (when
known) to the primary structures, it is observed that all
enzymes predicted to share the CPD-WIi-like fold have a
high P; Lys/Leu substrate preference, regardless of the nature
of the amino acids within the S; binding pocket (Table 2).
On the other hand, not all enzymes predicted to share the
CPD-Y-like fold exhibit a low P; Lys/Leu substrate prefer-
ence. For the CPD-Y-like enzymes the residues correspond-
ing to Tyr147, Tyr188, I1e340, and Cys341 in CPD-Y are
fully conserved. Residues 178, 185, and 312 vary for
enzymes exhibiting a high P; Lys/Leu substrate preference
(z1), while for those with a low P; Lys/Leu substrate
preference (1) they are conserved as Leu, Tyr, and Trp,
respectively (Table 2). Thus, the determinant for either low
or high P; Lys/Leu substrate preference appears to be residue
178, 185, and/or 312. In CPD-S1 and CPD-Z, position 178
is occupied by Trp and Phe, respectively. It has previously
been shown that the P; Lys/Leu substrate preference of
CPD-Y increases 50-fold (to 0.003) by substituting Leul78
with a Trp and 24-fold (to 0.0015) with a Phe (Olesen et
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at least 50% of sequences) are

indicated by white letters on black background, while semiconserved positions (similar in at least 50% of sequences) are indicated by white
letters on grey background. Numbers correspond to amino acid positions of mature CPD-Y. Disulfide bridges and N-glycosylation sites of
CPD-Y are indicated by *-5-S-" and “NAG", respectively. Residues of the catalytic triad are indicated by “T", while residues constituting
either S;, S;” or the binding pocket for the C-terminal carboxyl group of the substrate are indicated by “S;”, S, and “C", respectively.
Pre- and proregions are not included. Sequences with N- or C-terminal extensions (in the mature enzyme) relative to CPD-Y are truncated

al., 1994), but this is still far lower than the P, Lys/Leu
substrate preference of 64 observed for CPD-S1 (Breddam,
1986) and 2 for CPD-Z (Lee et al., 1993). Hence, the major
determinant for high versus low P, Lys/Leu substrate
preference in CPD-Y appears to be position 185 and/or 312,
neither of which has previously been the target for a
mutational investigation.

Mutagenesis of CPD-Y. To investigate the significance
of positions 185 and 312 for the P; Lys/Leu substrate
preference of CPD-Y. we have employed a strategy of
random mutagenesis combined with functional screens as
previously described (Olesen & Kielland-Brandt, 1993). For
the sake of completion, position 188 was also included. as
this would otherwise be left as the only uninvestigated
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to the same N- or C-terminal position as CPD-Y; the length of the extension is indicated. Known N- and C-termini are indicated by “NH,-"
and “-OH7, respectively. For two chain enzymes the number of amino acids excised are indicated. CPD-M2—3 and HNL-Sb are partial
sequences; the unknown C-terminal parts are indicated by “7”. Enzymes predicted to share the CPD-Y-like fold (top) or the CPD-WII-like
fold (bottom) and enzymes that could not be assigned to either fold (middle) are separated by horizontal lines. Other partial sequences from
the databases similar to serine carboxypeptidases but shorter than 200 amino acids. such as “expressed sequence tags™ from Caenorhabditis
elegans, Arabidopsis thalina, and Dictyostelium discoideum (EMBL:DD20608), rice and human, are not included in the alignment.

residue of the S, binding pocket in CPD-Y. The strategy
involves making a library of random mutants by degenerated
oligonucleotide directed mutagenesis, identifying transfor-
mants of yeast expressing active CPD-Y by a chromogenic
overlay assay and finally, estimating the substrate preference
of active mutants by a chromogenic coupled microtiter assay
using CBZ-Xaa-Leu-OH substrates where Xaa = Phe, Gly,
Pro, Glu, His, or Lys. As expected, no position 188 mutants

with pronounced changes in substrate preference were found,
consistent with it being fully conserved regardless of the
substrate preference of the CPD-Y like enzymes. For
positions 185 and 312, enzymes with elevated activity toward
CBZ-Lys-Leu-OH were only isolated if Trp312 had been
replaced by Asp or Glu, respectively. Hence, this position
was chosen for a more detailed investigation, and another
seven mutants were produced by site-directed mutagenesis
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A

Tyr 185
Tyr 188
Trp312
Leut78
lle340
Cys341
Asp338
Tyr 147
Ser146
His397
B ile225
Phe224
Leu187
Val334
g Val335
Tyr156

Asp332
Ser155
His385

FIGURE 2: Catalytic triads and residues constituting the S; binding
pockets of CPD-Y (A) and CPD-WII (B). In CPD-Y, Serl46,
His397, and Asp338 constitute the catalytic triads while in CPD-
WII it is constituted by Serl155, His385 and Asp332. In CPD-Y,
Leul78 constitutes the floor of the S; binding pockets, 1le340 and
Cys341 constitute the left side, Tyr147 and Trp312 constitute the
right side, and Tyr185 and Tyr188 constitute the end. In CPD-WIIL
Leul87 constitutes the floor, Val334 and Val335 constitute the left
side, Tyr156 constitutes the right side, and Phe224 and I1e225
constitute the end of the S; binding pockets. Numbers refer to amino
acid positions of the mature enzymes.

in which Trp312 had been replaced by Phe, Leu, Ala, Ser,
Gln, Asn, or Lys. Finally, as CPD-S1 has a Glu at position
185 and displays a high P; Lys/Leu substrate preference, a
mutant was produced in which Tyr185 had been replaced
by Glu. ,

Kinetic Characterization. The resulting 10 mutants were
characterized kinetically with respect to their P; substrate
preferences using a series of FA-Xaa-Ala-OH peptide
substrates systematically varied at the P; position. The P,
substrate preference of CPD-WII has previously been
described using Bz-Xaa-OMe substrates (Breddam et al.,

Olesen and Breddam

Table 2: Predicted Folding Type, S; Binding Pocket Constitution,
and Py Lys/Leu Substrate Preference of Characterized
Carboxypeptidases (with Known Primary Structure)

P; Lys/Leu
enzyme fold S, residues® substrate preference (ref)
CPD-Y Y YL YYWIC 0.00005
CPD-S1 Y YWEYN IC 64 (Breddam, 1988)
CPD-Z Y YF YYG IC 2.0(Leeetal., 1993)
CPD-M3 Y YL YYWIC 0.0037 (Breddam &
Sgrensen, 1987)
CPD-S3 Y YWSYI IC 1.3 (Dey & Aasmul-Olsen,
1993)
PEPF/CPD-An2 ? YC 77 VI 4.2 (Dal Degan et al., 1992)
CPD-M1 WII YV WN CV 15 (Breddam & Ottesen,
1983)
CPD-M2 WII YL FI VV 7.1 (Breddam, 1985)
CPD-W2 WII YL FI VvV 52

@ 81 residues of enzymes with CPD-Y-like fold correspond to amino
acid positions 147, 178, 185, 188, 312, 34,0 and 341 in the alignment,
while S, residues of enzymes with CPD-WII-like fold correspond to

positions 147, 178, 222, 223, 340, and 341 in the alignment.

Table 3: Kinetics of CPD-Y and CPD-WII

kcat Km kcat/ Km
substrate enzyme (min™) (mM) (min~!'-mM™)

FA-Phe-Ala-OH CPD-Y 6700¢ 0.18¢ 38000
CPD-WII nd? nd 1800

FA-Leu-Ala-OH CPD-Y 3800 0.11¢ 35000¢

CPD-WII 1500° 0.98¢ 1600

FA-Val-Ala-OH CPD-Y 4102 0.17¢ 2400¢

CPD-WII nd nd 30

FA-Ala-Ala-OH CPD-Y nd nd 2300

CPD-WII 430¢ 1.6¢ 270°

FA-Ser-Ala-OH CPD-Y 500¢ 1.0¢ 4907

CPD-WII 574 1.74 34¢

FA-Glu-Ala-OH CPD-Y nd nd 414

CPD-WII nd nd 114

FA-Arg-Ala-OH CPD-Y nd nd 14¢

CPD-WII nd nd 72007

FA-Lys-Ala-OH CPD-Y 94 54 24

CPD-WII 2000 0.24¢ 83007

4 Standard deviation, £0%—10%. ® nd, not determined due to high
Ku. € SD £10%—20%. ¢ SD, +20%—30%.

1987), but in order to allow for direct comparison with the
CPD-Y mutants the preference toward FA-Xaa-Ala-OH
substrates was determined (Table 3). For the W312X
mutants the substrates have been divided into two groups,
one with uncharged amino acid residues (Phe, Leu Val, Ala,
or Ser) (Table 4) and one with charged amino acid residues
(Glu, Arg, or Lys) (Table 5) in the P, position.

With substrates containing hydrophobic P; side chains the
general effect of substitutions at position 312 is a slight
decrease in activity, up to 22-fold in the case of W312D
with FA-Val-Ala-OH, primarily as a result of increased Ki,
values. With this substrate acylation is probably the rate-
limiting step (k; < k3) in the CPD-Y-catalyzed hydrolysis,
as it is normally the case with serine protease-catalyzed
peptide hydrolysis (Fersht, 1985), and hence Ky, &~ K,. Thus,
the increases in K, reflect weaker binding of the substrate
as a result of reduced hydrophobic interactions with the
position 312 residue. The substrate FA-Phe-Ala-OH repre-
sents an exception from this general trend as it is hydrolyzed
with increased k./Kym values by most mutant enzymes,
primarily as a result of decreased Ky, values. Presumably, a
Phe side chain is too large to be accommodated in the S,
binding pocket when a bulky Trp resides at position 312.
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Table 4: Kinetics of CPD-Y Mutants toward Peptide Substrates
Containing Uncharged P, Residues

Table 5: Kinetics of CPD-Y Mutants toward Substrates Containing
Charged P; Residues

kcat Km kcat/Km kCE[ Km kcal/Km
substrate enzyme (min~!) (mM) (min~'mM"7) substrate enzyme (min~!) (mM) (min~'mM™!)
FA-Phe-Ala-OH  wild type 6700¢  0.18¢ 380004 FA-Glu-Ala-OH  wild type nd* nd 41%
W312F 7100 0.047¢ 1500004 W312F nd nd 120%
W31i2L 8300¢ 0.076° 110000¢ W312L nd nd 160?
W312A 17000¢  0.26° 560007 W312A nd nd 11¢?
w3128 6800°  0.20* 350004 W3128 nd nd 84%
W312N 10000°  0.26* 41000° W312N nd nd 85¢
W312Q 8400¢  0.066¢ 1300007 W312Q nd nd 130*
W312D 4700¢  0.17¢ 270007 W312D nd nd 120°
W312E 6400°  0.096” 67000° W3I12E nd nd 170¢
W312K 6400°  0.86* 7400° W312K 8506  2.9¢ 290¢
FA-Leu-Ala-OH  wild type 3800¢ 0.11% 35000* FA-Arg-Ala-OH  wild type nd nd 14¢
W312F 5000¢  0.26° 190002 W3I12F nd nd 190*
W312L 7200¢  0.39° 18000° W312L nd nd 410°
W312A 5900¢ 0.39® 15000° W312A nd nd 35°
w3128 3600¢ Q.51 70004 w3128 nd nd 49%
W312N 5000¢  0.45° 11000 W312N nd nd 53¢
W312Q 9700°  0.44¢ 22000° W312Q nd nd 180°
Ww312D 3400¢ 0.43¢ 80007 W312D nd nd 830°
W312E 3900¢  0.28¢ 14000¢ W312E nd nd 680°
W312K 3000¢  1.7% 18007 W312K nd nd 3.6°
FA-Val-Ala-OH  wild type 41060 0.17¢ 24004 FA-Lys-Ala-OH  wild type 9¢ 54 2.0°
W312F 2004 0.43¢ 4507 W312F nd nd 8.4%
W312L 180 0.34¢ 510¢ W312L nd nd 16
W312A 2704 1.1° 250¢ W312A nd nd 26
w3128 2404 0.72¢ 3404 w3128 nd nd 64°
W312N 230¢  0.71¢ 320¢ W312N nd nd 500
W312Q 1704 0.67° 260° W312Q 340 3.2 110
W312D 1200 1.1¢ 1102 W312D 5700¢  6.6° 860°
W312E 150 0.60¢ 2504 W312E 3000° 1.3¢ 2300°
W312K 360  1.6° 230¢ W312K nd nd 0.62°
FA-Ala-Ala-OH  wild type nd® nd 23004 FA-Arg-Leu-OH  wild type 130> 0.34° 380°
W3I12F 160¢  0.27¢ 580 W312N 2000¢ 1.94 1000?
W312L 630¢ 0.67° 9404 Ww312Q 37007 1.5% 2400°
W312A nd nd 7904 W312D 8000® 0.71% 11000°
w3128 13000 236 5804 W312E 3700°  0.69° 5400°
W312N 1600¢  1.7¢ 9407 FA-Lys-Leu-OH  wild type 29 0.68¢ 43b
W312Q 5100 0.71¢ 720° W312F nd nd 240°
W312D 710¢ 1.4 5304 W312L 4902 2.0¢ 2500
W312E 1000¢  1.1% 8804 W312A nd nd 750°
W312K nd nd 2704 W3128 nd nd 660°
FA-Ser-Ala-OH  wild type 5000 1.0¢ 4907 W312N nd nd 610
W312F 470¢  0.62¢ 7504 Ww312Q nd nd 600?
W3I12L 340¢  0.584 580« W312D 7800% 1.4% 56000
W312A 350 0.58¢ 610¢ W312E 11000*  0.71% 15000°
w3128 3200 0.77¢ 4207 W312K nd nd 9.3¢
b
W3I2N 4500 0.85° 530" “nd, not determined due to high K. ?SD, £0%—10%. < SD,
ws12Q 330° 043 7600 +10%—20%. ¢ SD, £20%—30%
W312D 110° 043¢ 2502 oTeR S i
W312E 2200 0.44¢ 520°
W312K 840¢ 34¢ 250

48D, £0%—10%. ? SD, £10%-20%. < nd, not determined due to
high K.

This idea is supported by the finding that for the wild type
enzyme K, is actually smaller with Leu in P; than with Phe,
even though the latter has the potential to make stronger
hydrophobic contacts with the binding pocket. Furthermore,
substituting Leul78 with the much larger Trp has no effect
on Kn with Phe in P; while it increases K., by a factor of 5
with Leu in P; (Olesen et al., 1994),

The activity with FA-Ser-Ala-OH, with an uncharged
hydrophilic P, side chain is only slightly affected by the
Trp312 substitutions. Presumably, Trp312 does not interact
with the Ser side chain. Consistently, the k../Ky values with
this substrate are comparable to those for substrates contain-
ing Val or Ala in P; lacking hydrophobic interactions in the
mutant enzymes.

With FA-Glu-Ala-OH the activity increases slightly, up
to 7-fold with W312K. With this substrate it is interesting
to note that the activity also increases with W312D and
W312E. Potentially, when both the S; binding pocket and
the P; side chain are negatively charged, charge repulsion
could occur. However, at least at the pH used for kinetic
characterization (6.5), the distal ends of the position 312
residue and a P, Glu side chain appear to be sufficiently
separated, or otherwise one or both side chains are uncharged.

The largest effects of the Trp312 substitutions occur with
substrates containing basic P; side chains, where kq./Kum
increases up to 1150 times in the case of W312E with FA-
Lys-Ala-OH. Only when Trp312 is replaced by a basic
residue does the activity with such substrates decrease. To
facilitate the determination of k., and K, with Arg and Lys

_in P;, some mutants have also been characterized with FA-

Arg-Leu-OH and FA-Lys-Leu-OH (Table 5). The kinetics
with these substrates demonstrate that the increases in activity
with substrates containing basic P; side chains are entirely
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Olesen and Breddam

Table 6: Kinetics of CPD-Y and Y185E

Table 7: Kinetics of CPD-Y Double Mutants

kcat Km kcat/Km
substrate enzyme (min~!)) (mM) (min~'mM™!)
FA-Phe-Ala-OH  wild type 6700¢  0.18° 38000°
Y185E 8600  0.22° 390004
FA-Leu-Ala-OH  wildtype  3800¢ 0.11% 35000¢
Y185E 3500« 0.27¢ 13000
FA-Vai-Ala-OH  wild type 410+ 0.17¢ 2400°
YI85E 240¢  0.24¢ 10002
FA-Ala-Ala-OH  wild type nd® nd 23004
Y185E nd nd 1400¢
FA-Ser-Ala-OH  wild type 500« 1.0¢ 490
Y185E 340¢ 1.6 210¢
FA-Glu-Ala-OH  wild type nd nd 412
Y185E nd nd 9.0
FA-Arg-Ala-OH  wild type nd nd 14¢
Y18SE 45t 1.7° 26°
FA-Lys-Ala-OH  wild type 94 54 20
YI85E 6= 134 124

28D, +0%—10%. ¢ SD, +10%—20%. ¢ nd, not determined due to
high Kp. ¢ SD, £20%—30%.

due to increases in k.. Thus, the beneficial effect of the
Trp312 substitutions for the catalysis of these substrates is
not on the ground state but entirely on the transition state
complex.

The effects of the Tyr185 to Glu substitution are generally
similar to those observed for Trp312 substitutions, except
that the activity with Glu in P, decreases rather than increases
and that the beneficial effects for the hydrolysis with Lys
and Arg in P; are much smaller and are due more to changes
in K, than in k., (Table 6). Since CPD-Z exhibits a high
P; Lys/Leu substrate preference with a Tyr at position 185,
the position corresponding to 312 in CPD-Y is the major
determinant for high versus low Lys/Leu ratio of the CPD-Y
like carboxypeptidases.

Interplay of Positions 178 and 312. The altered substrate
preference of some of the W312X mutant enzymes are very
similar to those previously observed with some of the L178X
enzymes (Olesen et al., 1994). In both cases a decrease is
observed in activity toward substrates with uncharged amino
acids in the P; position, primarily as a result of increased
K, values, and an increase in activity toward those with basic
P; side chains, as a result of increased k., values. Thus, it
was of interest to investigate whether these residues interfere
leading to nonadditive effects of the mutational replacements,
especially with respect to the hydrolysis of substrates with
basic P; side chains.

To investigate this, three double mutants, L.178S+W312N,
L178D+W312N, and L178D+W312D, were constructed
and characterized kinetically (Table 7). Like each of the
corresponding single-substituted enzymes, all of these double-
substituted enzymes exhibit decreased kc./Kn values with
substrates containing an uncharged P, side chain and
increased k../Ky, values with those containing basic P, side
chains, the latter again primarily due to increases in k.. With
L178D+W312D it is again of interest to note that k/Kn
for the hydrolysis of FA-Glu-Ala-OH has increased although
this enzyme possesses two potentially negatively charged
residues in the S, binding pocket with the capacity of
repulsing a negative charge of the Glu side chain of the
substrate.

If the kinetic effects of substituting Leul78 and Trp312
of CPD-Y were additive, then the change in activation
energy required for the enzymatically catalyzed transition

kcal K kca(/Km
substrate enzyme (min™) (mMM) (min~'mM™)

FA-Phe-Ala-OH  wild type 6700¢ 0.18¢ 380004
L1788 + W312N  1200¢ 0.24¢ 4700°
L178D + W312N  260¢  0.42° 620°
Li78D + W312D 1302  0.27¢ 5004
FA-Leu-Ala-OH  wild type 38004 0.11° 35000%
L1788 + W312N  770¢  0.60¢ 13004
L178D + W312N 1407 1.1¢ 1304
L178D +W312D  70¢ 1.4% 514
FA-Val-Ala-OH  wild type 410 0.17¢ 2400°
L1788 + W312N 424 0.684 62¢
L178D + W312N 107 0.884 122

L178D + W312D 2.1¢ 0.58¢ 3.6°
FA-Ala-Ala-OH  wild type nd¢ nd 23004
L1788 + W312N  320¢ 1.3 2509
L178D + W3I12N  nd nd 214
L178D + W312D nd nd 12¢
FA-Ser-Ala-OH  wild type 5004 1.0 4904
L1788 + W3I2N  120°  0.53¢ 2304
L178D + W312N  23¢ 0.87¢ 274
L178D + W312D  6.5¢ 0.394 174
FA-Glu-Ala-OH  wild type nd nd 414
L1788 + W312N  74° 1.1¢ 692
L178D + W312N  nd nd 304
L178D + W312D  6.3¢ 0.0684 93¢
FA-Arg-Ala-OH  wild type nd nd 144
L1788 + W3I2N nd nd 6404
L178D + W312N nd nd 2104
L178D + W312D 280  0.39¢ 7104
FA-Lys-Ala-OH  wild type 94 5¢ 24
L1788 + W312N  nd nd 20074
L178D + W312N  nd nd 1504
L178D +W312D  330¢  0.32¢ 11004

28D, +0%—10%. * SD, £10%—20%.  nd, not determined due to
high K... ¢ SD, £20%—30%.

of a substrate into product(s) with a double mutant
[AAG;(WtﬂL178X+W312X)] should equal the sum of
each individual single mutant [AAG;(Wt—-’LHSX) +
AAGHWi—W312X)], where AAGHWt—mutant) =
AAGHWt) — AAG;(mutant) = RT In[k../Kn(Wt)] — RT
In[k../ Km(mutant)] (Fersht, 1985). Qualitatively, this relation
has been considered met when an observed value does not
deviate by more than 4—6 kJ/mol from its corresponding
calculated value fe.g., LiCarta and Ackers, (1995)]. Hence,
by this definition, the kinetic effects of replacing Leul78
and Trp312 appear to be additive in about fifty percent of
the cases (Table 8). However, if the data is viewed as a
whole the observed data should relate to the calculated
data according to the function AG?(observed) =1 x
AG;-(calculated) in case of additivity. As seen in Figure 3
this is not the case; rather the data relate by the function
AGj(observed) = 0.64 x AGi(calculated) (r = 0.98). If
instead the values observed for the double mutants instead
are plotted against the numeric maximum values of the
corresponding single mutants (rather than their sum), it is
observed that this set of data correlate with a slope of 0.9 (r
= 0.97) (Figure 3). Hence, rather than inheriting the sum
of the effects of the Leul78 and Trp312 substitutions, the
double mutant enzymes exhibit characteristics corresponding
to the most significant of the single mutations with respect
to the activity toward each substrate.

Salt Dependency. The activity of W312D, W313E, and
L178D+W312D (potentially with a negative charge in the
S; binding pocket) toward FA-Glu-Ala-OH increases relative
to the wild type enzyme. This is not due to a cation-mediated
binding of the negatively charged Glu side chain of the
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Table 8: AAG;(Wt—'mutant) Values of CPD-Y Double-Mutant and Corresponding Single-Mutant Enzymes

tAAG} (kJ/mol)
substrate enzyme L178—X Ww312—X )y obsd
FA-Phe-Ala-OH L178S+W312N 2.3 -0.2 2.1 5.2
L178D+W312N 12.3 -0.2 12.1 10.2
L178D+W312D 12.3 0.8 13.1 10.7
FA-Leu-Ala-OH L178S+W3I12N 5.9 2.9 8.8 8.1
L178D+W3I12N 16.9 29 19.8 13.8
L178D+W312D 16.9 3.8 20.7 16.1
FA-Val-Ala-OH L178S+W3I12N 7.4 5.0 12.4 9.0
L178D+W312N 19.1 5.0 24.1 13.1
L178D+W312D 19.1 7.6 26.7 16.1
FA-Ala-Ala-OH L1788+W312N 4.6 2.2 6.8 5.5
L178D+W312N 14.7 22 16.9 11.6
L178D+W312D 14.7 3.6 18.3 13.0
FA-Ser-Ala-OH L178S+W312N 2.1 -0.2 1.9 1.9
L178D+W3I12N 39 -0.2 3.7 7.2
L178D+W312D 39 1.7 5.6 8.3
FA-Glu-Ala-OH L178S+W312N -0.2 -1.8 -2.0 —-1.3
L178D+W312N 4.1 —1.8 23 0.8
L178D+W312D 4.1 -2.7 1.4 -2.0
FA-Arg-Ala-OH L178S+W312N -9.1 —-33 —12.4 -94
L178D+W312N =72 -33 -10.5 —-6.7
L178D+W312D -7.2 —10.1 —-17.3 -9.7
FA-Lys-Ala-OH L1788+W312N —10.5 =79 —184 —-114
L178D+W3I12N —11.1 -79 —19.0 —-10.7
L178D+W312D —-11.1 —15.0 —26.1 —15.6
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FIGURE 3: AAG;‘-(observed) of double-mutant enzymes plotted

against AAG;(sum) (O) and AAG;(max) (@) values of corre-
sponding single-mutant enzymes. Line indicates a one to one
relationship.

substrate since the influence of NaCl, KCl, LiCl, MgCl,, or
CaCl; on the activity toward FA-Glu-Ala-OH is indistin-
guishable from that with FA-Leu-Ala-OH. The activity of
these enzymes toward substrates with a basic P, side chain
also increases. This is probably not due to the formation of
a salt bridge between substrate and enzyme since the activity
is not affected by addition of 0—1 M NaCl.

Substrate Preference. The two model enzymes, CPD-Y
and CPD-WII, differ 10°-fold with respect to their P; Lys/
Leu substrate preference (Table 1, Figure 4), to some extent
due to the higher activity of CPD-Y toward substrates
containing hydrophobic P, residues but in particular due to
its much lower activity toward substrates containing basic
P, residues (Table 1, Figure 4).

The properties of the amino acids constituting the S;
binding pockets of the two enzymes offer no obvious
explanation for this difference in substrate preference. The
main difference between the two binding pockets is that the
S: subsite of CPD-Y is more secluded from solvent water

: 3
P, of FA-Xaa-Ala-OH

FIGURE 4: Substrate preference profiles of wild type CPD-Y (O),
L178D (a), W312D (v), L178D+W312D (W), and CPD-WII (x).
Substrates are ordered according to decreasing activity with wild
type CPD-Y, and connecting lines are entirely pictorial.

g

5

Glu

due to the a-helix on the rim. This may account for the
higher activity of CPD-Y relative to CPD-WI toward
substrates containing hydrophobic P; side chains.

It is highly unusual that the activity toward substrates
containing basic P; side chains may be increased to such an
extent by such a varied array of modifications, not only at
one but at different positions within the S; binding pocket.
It is unlikely that all of these modifications could lead to
similar beneficial interactions between basic P; residues and
the S; binding pocket. Likewise, the high activity of CPD-
WII with these substrates cannot be accounted for by specific
interactions between residues of the S; binding pocket and
the distal positive charge of the P; side chain. Our
interpretation is that binding between CPD-WII and a basic
P: side chain involves hydrophobic interaction between the
S, binding pocket and the hydrophobic part of the side chain
while the distal hydrophillic charge remains “dissolved” in



15698 Biochemistry, Vol. 34, No. 48, 1995

solvent water. In CPD-Y, this may not be possible due to
the a-helix on the rim deepening the binding pocket. Thus,
reducing the bulk character of the position 312 residue
renders the distal charge of the bound P; side chain accessible
to solvent water through the side of the binding pocket. In
the case of the Leul78 mutants it is possible that mutational
substitution at position 178 causes Trp312 to adopt a tertiary
conformation different from that in the wild type enzyme.
If this is the case, then some of the catalytic effects of
substituting Leu178 may reflect altered substrate interactions
with Trp312 and hence, the position 178 mutants are in a
sense already “double mutants”. This would also explain
the lack of additivity of the Leul78 and Trp312 substitutions.

Enzymes like L178D, W312D, and L178D+W312D
display substrate preferences very different from CPD-Y but
quite similar to CPD-WII (Figure 4). In the case of L178D
the change in substrate preference is primarily due to an
extreme reduction in activity with substrates containing
hydrophobic P; side chains, while in the case of W312D it
is primarily due to a large increase in activity with substrates
containing basic P; side chains. L178D+W312D inherits
both the very adverse effect of the 1.178—D substitution with
respect to hydrolysis of substrates with hydrophobic P, side
chains as well as the very beneficial effect of the W312—D
substitution with respect to hydrolysis of substrates with basic
P; side chains. As a consequence, this enzyme exhibits a
larger change in P; Lys/Leu substrate preference than any
of the corresponding single mutants (Figure 4). While the
P; Lys/Leu substrate preference of the L178D and W312D
enzymes has changed 80 000- and 1900-fold respectively,
relative to the wild type CPD-Y, it has changed by 380 000-
fold with the double mutant.

A number of mutation studies have been performed on
other proteases in order to reveal the nature of substrate
preference. With respect to producing mutant enzymes with
greatly changed substrate preference one of the most suc-
cessful examples comes from the studies of trypsin (Hed-
strom et al., 1992), in which case the P substrate preference
was changed 3.5 x 10%-fold. This example resembles our
work with carboxypeptidases in two ways: (a) it was based
on primary structures, tertiary structures, and substrate
preferences of enzymes similar to trypsin, and (b) the effects
were achieved by altering both the activity toward hydro-
phobic P; side chains as well as toward basic P; side chains.
However, in one respect the example of trypsin is very
different from that of the carboxypeptidases. With trypsin
the level of activity toward substrates containing basic P;
side chains was dependent on specific beneficial interactions
between the S; binding pocket and the charge of the P, side
chain, whereas with the carboxypeptidases it is dependent
on the availability of solvent water to the charge of the P;
side chain.

It is curious why, during the course of evolution, Trp at
position 312 has been selected in CPD-Y, since with many
other amino acids at this position the average catalytic
capacity increases without a detectable decrease in the
expression level of the enzyme. For example, with Gln or
Glu at this position the activity dramatically increases with
substrates containing Arg or Lys residues at the P, position,
slightly increases with substrates containing Phe, Ser, or Glu,
slightly decreases with Leu or Ala, and only decreases
dramatically with Val. Although overexpression of mutant
enzymes like W312D and W312E, both in a secreting vps!
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strain and a nonsecreting VPS! strain of yeast, does not seem
to have any adverse effect on the growth of the cells, these
enzymes might degrade peptides required at other stages of
the yeast life cycle, e.g., mating, sporulation, or cell
dormancy. If so, Trp could have been selected in the course
of evolution to reduce activity with substrates containing Arg
or Lys at P; in order to minimize hydrolysis of essential
peptides. However, CPD-Y is generally thought to be
involved in the breakdown of proteins in the vacuole, and
therefore, we think that it is more likely that Trp at position
312 has been selected to optimize activity toward substrates
with small nonpolar amino acids in P;. Hence, Trp repre-
sents a compromise, which allows reasonable activity with
small nonpolar P, side chains, especially Val, at the expense
of optimal activity with Phe in P; and the almost total
sacrifice of activity toward Arg and Lys. Conceivably, other
carboxypeptidases are responsible for the breakdown of
peptides containing Arg or Lys in the P; position.

CONCLUDING REMARKS

We have shown that the substrate preference of one
enzyme, CPD-Y, could be engineered to closely resemble
that of another enzyme, CPD-WII, by combining information
from primary structures, tertiary structures, and substrate
preferences of similar carboxypeptidases. In the process it
has been demonstrated that with serine carboxypeptidases
the level of activity toward substrates containing basic P,
side chains is not dependent on specific electrostatic interac-
tions between the P; side chain and the S; binding pocket
of the enzyme. Rather, with these enzymes the activity
toward such substrates is dependent on the accessibility of
solvent water to the distal charge of the P, side chain.
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