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Site-directed mutagenesis was carried out to investigate the functional roles of amino
acid residues of Rhizomucor pusillus pepsin (RMPP) in substrate-binding and catalysis.
Mutations of two amino acid residues, E13 in the S3 subsite and N219 in the S3/S4 sub-
sites, caused marked changes in kinetic parameters for two substrate peptides with dif-
ferent sequences. Further site-directed mutagenesis at E13 suggested that E13 plays a
critical role in forming the correct hydrogen bond network around the active center. In
the crystal structure of Rhizomucor miehei pepsin (RMMP), which is an aspartic pro-
teinase produced by Rhizomucor miehei and shows 81% amino acid identity to RMPP,
the Og atom of N219 forms a hydrogen bond with the N-H of isovaline in pepstatin A, a
statine-type inhibitor, at the P3 position, suggesting that the loss of the hydrogen bond
causes an unfavorable arrangement of the P3 residue. Among the mutants constructed,
the E13A mutant showed a 5-fold increase in the ratio of clotting versus proteolytic
activity without significant loss of clotting activity. This mutant may present a promis-
ing candidate for a useful milk coagulant.

Key words: aspartic proteinase, milk-clotting enzyme, Rhizomucor pusillus pepsin, site-

directed mutagenesis, subsites.

Two aspartic proteinases, chymosin obtained from calf
stomach (1) and Rhizomucor pusillus pepsin (RMPP) pro-
duced by a filamentous fungus, Rhizomucor pusillus (2),
have been widely used as milk coagulants because of their
highly selective cleavage of k-casein along with their low
non-specific proteolysis. X-ray crystallographic studies of
several aspartic proteinases have shown them to exhibit a
bilobal structure forming a deep cleft for substrate-binding
(3). Two aspartate residues, D32 and D215 in pepsin num-
bering, essential for catalytic function, are located at the
bottom of the cleft, and several amino acid residues along
the cleft are proposed to participate in forming subsites for
substrate recognition.

We cloned prochymosin ¢DNA and the proRMPP gene (4,
5). We also developed efficient systems to produce large
quantities of these enzymes in recombinant form (6, 7), and
to convert them to active forms (8, 9) using Escherichia coli
and Saccharomyces cerevisiae as hosts. Using these sys-
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tems, we examined site-directed mutants of these two milk-
clotting enzymes (10-13). We generated a series of mutant
enzymes with replacements at position 75, which is in-
volved in the S1 subsite, and revealed that Y75 participates
in stabilizing an intermediate of the transition state of the
scissile peptide (10, 12). In addition, we showed that W39
contributes to holding Y75 in a proper orientation for catal-
ysis (13).

X-ray crystallographic structures of RMPP have identi-
fied several residues as being involved in subsite formation
(14). The crystal structure of Rhizomucor miehei pepsin
(RMMP), which shows 81% amino acid identity to RMPP,
was determined by Yang et al. (15, 16). The 3D structure
revealed that the tertiary structures of these two Rhizomu-
cor pepsins are very similar to each other (15). Further
studies of the enzyme-inhibitor complex of RMMP with
pepstatin A revealed that the enzyme and its inhibitor
interact via hydrogen bonds and van der Waal’s contacts
(16). These crystallographic data enabled us to pinpoint
several amino acid residues in RMPP whose replacement
might influence substrate-binding and catalysis of the en-
zyme. However, systematic mutagenesis of other residues
participating in forming subsites in RMPP have not yet
been done. This paper describes site-directed mutagenesis
of these residues conducted to elucidate the function of
each residue in catalysis.
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MATERIALS AND METHODS

Preparation and Characterization of RMPP and Its Mu-
tants—Site-directed mutagenesis was carried out by the
method of Kunkel (17) with the following oligonucleotides:
ACCGGCACCAGCTTC (N219S), ACCGGCACCCAATTC
(N219Q), AATGGCGTAGTCCTCCAACTC (E13D), AATG-
GCGTACGCCTCCAAGTC (E13A), AATGGCGTAGTTCT-
CCAAGTC (E13N), AATGGCGTACTTCTCCAAGTC (E13-
K), AATGGCGTACTGCTCCAAGTC (E13Q), CTTCTTCA-
CCGCACCCTC (I222T), TTGATGGTCTCTTCGGCGC
(I120L), and TACTTCTTCAACGATGCC (F189N). RMPP
and its derivatives were produced and purified in the same
way as described previously (12, 13). Briefly, plasmid pJP1
and its derivatives, in which the RMPP gene was placed
under the control of the GAL7 promoter, were constructed
in E. coli TGl and introduced into S. cerevisiaze MCI16.
RMPPs were purified to homogeneity from culture media of
yeast using a series of column chromatographies. The puri-
fied enzymes were deglycosylated by endoglycosidase H
and further purified as described previously (I18). The
active site of the enzymes in each preparation was titrated
using pepstatin A to test whether the activity of the en-
zyme was fully recovered during purification (12).

Assays of milk-clotting and proteolytic activity have been
described previously (19, 10). Two synthetic peptides [pep-
tide 1: Leu-Ser-Phe(NQO,)-Nle-Ala-Leu-OMe and peptide 2:
Lys-Pro-Ile-Glu-Phe-Phe(NO,)-Arg-Leu] were used for ki-
netic analysis as described previously (12).

RESULTS

Preparation of RMPP Mutants—Mutant enzymes pos-
sessing amino acid substitutions were produced with atten-

-

TABLE I. Catalytic properties of various mutant RMPPs.

J. Aikawa et al.

tion on positions at which residues are expected to be in-
volved in the formation of subsites based on X-ray crystallo-
graphic studies of RMPP (14), RMMP (15, 16), and other
aspartic proteinases (20, 21). Five positions, 13, 120, 189,
219, and 222 in pepsin numbering, were selected, because
amino acid residues at these positions have been proposed
to form subsites in the coordinates of RMPP (14) and
RMMP (15, 16) (Fig. 1). We replaced these amino acid resi-
dues with those in pepsin or some other residues.

We employed the yeast expression system (18) to obtain
recombinant RMPPs in amounts sufficient to analyze their
catalytic properties. Each mutated form of RMPP was
secreted efficiently from yeast cells as a 46 kDa protein, the
same molecular mass as the non-mutated enzyme (data not
shown). The 46 kDa protein contains two oligosaccharide
chains at Asn72 and Asnl71 (I8). These results indicate
that none of mutations constructed in this study affected
secretion or glycosylation (12, 18). Full recovery of enzyme
activity in the purification steps was confirmed by titration
of the active site with pepstatin A (data not shown). As
shown in previous studies (I18), deglycosylation of these
proteins was also performed to evaluate their proper activi-
ties, because enzymes with two asparagine-linked oligosac-
charides lower milk-clotting activity in most mutants.

Catalytic Properties of Mutants at Subsites—We ana-
lyzed milk-clotting and proteolytic activity using skim-milk
and acid-denatured hemoglobin, respectively, as substrates.
The results indicated that all of the enzymes exhibited
measurable but lowered activities (Table I). It is higly prob-
able that mutations of the amino acid residues forming
subsites 1, 2, 1, and 2’ affected activity, because the muta-
tions were introduced near the scissile bond of the sub-
strates. In the present study, however, mutations intro-
duced at the S2 and S2’ sites did not cause a significant
loss of activity. On the other hand, N219S (S3/S4) and

Fig. 1. Structure around the

active center of RMMP/pep-

statin A complex. Entry code

¥ s for the coordinate in the Protein

Data Bank is 2RMP. Two cata-

lytic aspartic acids, D38 and

D237 (D32 and D215 in pepsin

numbering), and other residues

including E19 (E13 in pepsin

numbering) and N241 (N219 in

pepsin numbering), both of

which are involved in subsite

1 formation, are shown. Residues

- in pepstatin A at P4 (green), P3

(TR (yellow), P2 (red), P1-P1’ (ma-

genta), P2’ (blue), and P3’ resi-
dues (cyan) are indicated.

s

.

Peptide 1

Enzyme Subsite K G P P Y Clotting activity (U/pg)  Proteolytic activity (G/pg)  C/P ratio
Non-mutated 83 10.0 0.12 (100 7.26 3.13 2.32
N219S S3-S4 320 2.0 0.0063 (5.3) 0.52 0.57 0.91
E13D S3 93 0.6 0.0064 (5.3) 1.04 0.33 3.15
1222T S2 29 0.5 0.017 (14.2) 441 1.49 2.96
1120L S1 130 89 0.068 (56.7) 0.18 0.26 0.69
F189N S2 79 3.5 0.038 (31.7) 5.13 2.45 2.09

%Values in parentheses are percentages of activity
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TABLE II. Catalytic properties of various mutants at positions 13 and 219.
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Peptide 1 Peptide 2 Cloti . Proteolvti . o
Enzyme ra e K. & e kdK. ott}%g/ ac)tmty teo([y};/lc z;ctmty o
WM (D) (s WM-1) WM (s (5T uM) e HE

Non-mutated 83 10.0 0.12 (1007 12 56 4.7 (100)® 7.26 3.13 2.32
E13D 93 0.6 0.006 (5.0) 134 97 0.72 (15.3) 1.04 0.33 3.15
E13A 140 1.3 0.0093 (7.8) 16 10 0.65 (13.8) 4.54 0.47 9.66
E13K . 110 0.05 0.00045 (0.4) 76 4 0.053 (1.1) 0.013 0.006 217
E13N 120 0.3 0.0025 (2.1) 47 45 0.96 (20.4) 0.52 0.18 2.89
E13Q 65 0.8 0.012 (10.0) 45 42 0.93 (19.8) 3.08 0.75 411
N219S 320 2.0 0.0063 (5.3) 67 61 0.91 (19.4) 0.52 0.57 091
N219Q 140 v 0.3 0.0021 (1.8) 107 68 0.64 (13.7) 0.20 0.025 8.00

*Values in parentheses are percentages of activity.

E13D (83) mutations as well as I120L (S1) caused greatly
decreased enzyme activity.

We next analyzed the properties of the mutants using a
chromogenic synthetic substrate (peptide 1) with a se-
quence analogous to the recognition sequence in k-casein to
calculate and compare their kinetic parameters (Table I).
The effects of the mutations on the K values for the sub-
strate were small, although a 2.5-fold increase and a 3-fold
decrease were observed for mutants N219S and 1222T,
respectively. On the other hand, a marked decrease in the
k., value was found for mutants N219S, E13D, and 1222T.

Properties of Mutants with Different Amino Acid Resi-
dues at Positions 13 and 219—As described above, muta-
tions introduced at the S3 and S4 subsites for substrate
recognition affected the kinetic properties of RMPP. To elu-
cidate the role of these subsite residues further, we con-
structed several site-directed mutants at positions 13 and
219 and examined their catalytic properties (Table II).
When the oligopeptide substrate peptide 1 was used, muta-
tions at position 13 to A, K, N, and Q were all found to
cause a decrease in the %, value, while only a moderate
change in the K value was observed. The kinetic profiles
of the mutant carrying Q at position 219 (N219Q) were
similar to those of N219S for both synthetic substrates,
although the %, value of N219Q for peptide 1 was smaller
compared to that of N219S. We also conducted a similar
analysis using another chromogenic oligopeptide, peptide 2,
as the substrate. In most cases, a marked increase in the
K, value was observed; in particular, 11- and 9-fold in-
creases were observed for E13D and N219Q, respectively.
In addition to the changes in the K, value, a variety of
changes in the &, values were observed; E13D and N219Q
replacements caused an increase in the %, value, while the
E13A and E13K replacements decreased the k&, value. It
was unexpected that lysine introduced at position 13
caused the largest decrease in the &, values for both sub-
strates, peptides 1 and 2.

Clotting and proteolytic activities were also measured in
the same way as described above. In most cases, both activ-
ities were significantly decreased by the mutations, the ex-
ceptions being mutants E13A and E13Q. These two mu-
tants retained clotting activity to some degree. Again the
E13K replacement significantly decreased both activities.

DISCUSSION

In this study, we show that mutations introduced at posi-
tion 13 fail to show %, values comparable to that of the
wild-type enzyme. This indicates that E13 is critical for
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enhancing the catalytic rate of RMPP. The role of the
amino acid residue at position 13 has also been analyzed in
porcine pepsin and plasmepsin II from Plasmodium falci-
parum, the malaria parasite (22, 23). Those studies showed
that E13 serves to increase the specificity constant, & /K,
for substrate peptides having lysine or arginine at the P3
position, suggesting a direct electrostatic interaction of E13
with the side chain of the peptide. In RMPP and RMMP,
however, the side chain of E13, unlike in other aspartic pro-
teinases, forms a hydrogen bond with the carbonyl group of
G217, which then connects to the hydrogen bond-network
around the active center of the enzyme (24). In addition,
crystallographic studies of RMMP have revealed that the
Ocl atom of E13 forms a hydrogen bond with the N32 atom
of Asn at position 303, which is believed, in the case of
renin, to be a key residue involved in the upward shift of
the optimum pH to neutral (11, 25). Thus, E13 in RMMP
and RMPP may not be involved in a direct interaction with
the side chain of the substrate. All these results suggest
that a partial loss of the hydrogen bond network disturbs
the proper orientation of the catalytic residues as well as
the side chain at the P3 position, resulting in a decrease in
catalytic efficiency. Consistent with this, introduction of the
positively charged residue, K, at position 13, which could
cause charge repulsion with native hydrogen-bonding coun-
terparts, actually causes the greatest damage to the cata-
lytic efficiency. As for position 219, the crystal structure of
the RMMP/pepstatin A complex reveals that the O¢ atom of
N219 forms a hydrogen bond with the N-H of isovaline in
the inhibitor at the P3 position. Loss of this hydrogen bond
by mutation could cause an unfavorable arrangement of
the P3 residue of the substrate in the binding pocket at the
S3 subsite, which might result in a large loss of catalytic
efficiency.

The amino acid residue at position 120 participates in
forming the S1 subsite. Aspartic proteinases including
RMPP favor hydrophobic amino acid residues, especially
aromatic ones, at the P1 site of the substrate. The crystal
structure of the RMMP/pepstatin A complex shows that the
side chain at the P1 site is recognized by hydrophobic inter-
action with L36, Y82, P117, and L132 (Fig. 1; L30, Y75,
P111, and L120 in pepsin numbering), all of which are con-
served in RMPP as L30, Y75, P111, and 1120. We previ-
ously showed that Y75, which forms the S1 subsite, plays
an indispensable role in catalysis (12). In addition, we also
showed that loss of the hydrogen bond between Y75 and
W39 destabilizes the correct orientation of Y75 (13). There-
fore, a mutation at position 120 could cause a change in the
proper hydrophobic environment of the S1 subsite, includ-
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ing dislocation of Y75, resulting in a decrease in the &2_/K
value.

The amino acid residue at position 222 participates
mainly in the S4 subsite. Since peptide 1 lacks the P4 resi-
due, a pocket at the S4 subsite would not be occupied, sug-
gesting that the mutation does not affect catalysis. The
amino acid residue at position 222 also participates in the
52 subsite in endcthiapepsin and RMPP, A kinetic study of
human cathepsin D, an aspartic proteinase, using a series
of peptides with various P2 derivatives indicated that sub-
stitutions of P2 decrease the k_, values for these peptides
(26). In that case, an increase in the hydrophobicity of the
side chain at P2 leads to an improvement in catalytic effi-
ciency. RMPP also possesses a hydrophobic S2 subsite con-
taining 1222 and 1329 (Fig. 1). This suggests the im-
portance of the hydrophobic P2-S2 interaction for efficient
catalysis. However, this may not be applicable to the pres-
ent study because peptide 1 and k-casein possess Ser at the
P2 position. At present we have no plausible explanation
for the dramatic change in kinetic parameters of 1222T
using peptide 1 as a substrate.

The ratio of clotting activity to proteolytic activity (C/P
ratio) is a key parameter for enzymes to be used as milk
coagulants in the cheese industry. Therefore, it should be
noted that mutant E13A shows a marked increase (5-fold)
in the ratio without a significant loss of clotting activity,
making it an improved enzyme for use as a milk coagulant.
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