
Engineering of the Lactococcus lactis serine proteinase by
construction of hybrid enzymes

analysis ofthe deduced primary structure has shown that the N-
terminal part of the mature lactococcal proteinase contains
significant sequence homology to the serine proteinases of the
subtilisin family. This homology is highest around the residues
of the aclive site triad Asp-His-Ser and the oxyanion hole Asn,
but also includes the substrate binding region of subtilisin-like
proteases. It is likely that these regions have the same function
in the lactococcal proreinase. An important difference with most
other members of the subtilisin family is the presence in the
lactococcal proteinase of a large, addilional C-terminal domain
of > 1200 amino acids. The funclion of this extra domain is
unknown with the exception of the 30 most C-terminal residues
that may serve as a membrane anchor (Haandrikrnan el al. , 1989;
Vos el al. , 1989a).

The lactococcal proteinases can be divided into two major
groups on the basis of their caseinolytic properties: type rn
proteinases are known to degrade both asl-, (:J- and x-casein,
while type I proteinases rnainly degrade (:J-casein (Visser el al. ,
1986). The p11P genes of a representalive of each group, the type
I proteinase of L.lactis W g2 (Kok el al. , 1985) and the type rn
proteinase of L.lactis SK11 (de Vos, 1986; de Vos el al. , 1989),
have been cloned and expressed in L.lactis .Further studies have
shown that both strains contain a second, divergently transcribed
gene p11M, that is located adjacent to p11P. The p11M gene
encodes a lrans-acting maturation prorein that is required for the
iictivation of the inactive proteinase precursor (Haandrikman
el al. , 1989; Vos el al. , 1989b). The requirement for such a
maturation protein is without a precedent in the subtilisin-family
of serine proteinases.

The type I and type rn proteinases of the L.lactis Wg2 and
SK11 strains were shown to differ in 44 out of 1902 amino acid
residues (Vos el al. , 1989a). In addition, only the SK11
proteinase contains a 6O-residue duplicalion near the C-rerminus.
It bas been shown that C-renninal delelions of -300 arnino acids,
that include the duplication and seven of the 44 amino acid
subslitutions, can be made in the proteinases of strains Wg2 or
SK11 without affecting the caseinolytic specificity (Kok el al. ,
1988b; de Vos el al. , 1989). Therefore, some of the remaining
37 differences in amino acid sequence between the L.lactis W g2
and SK11 proteinases must be responsible for the differences in
casein degradation by both enzymes. We have now undertaken
protein engineering studies to determine which regions of the
lactococcal proreinase, and more specifically which amino acid
residues, contribute to substrate specificity .To this purpose, we
constructed plasmids containing chimeric Wg2-SK11 p11P genes.
These recombinant plasmids were used to produce various hybrid
proteinases in L.laclis that were subsequently isolated and
analysed for their caseinolylic properties. A number of L.laclis
strains containing chimeric p11P genes appear to produce enzymes
with specificities that clearly differ fiom both wild-type W g2 and
SK11 enzymes. Furthermore, we observed that the lactococcal
proteinase contains residues in the C-terminal domain that affect
substrate cleavage specificity and are not present in the other
members of the subtilisin family.
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Plasmids containing wild-type and hybrid proteinase genes
were constructed from DNA fragments of the prtP genes of
Lactococcus lactis strains Wg2 and SK11. These plasmids
were introduced into the plasmid-free strain L.lactis MGl363.
The serine proteinases produced by these L.lactis strains were
isolated, and their cleavage specificity and rate towards asl-
and {3~in was investigated. The catalytic properties of both
the SK11 and Wg2 proteinases, which differ in 44 out of 1902
amino acid residues, could be changed dramatically by the
reciprocal exchange of specific fragments between the two
enzymes. As a result, various L.lactis strains were constructed
having new proteolytic properties that differ from those of
the parental strains. Furthermore, two segments in the
proteinase could be identified that contribute significantly to
the cleavage specificity towards casein; within these two
segments, several amino acid residues were identified that are
important for substrate cleavage rate and specificity. The
results aiso indicate that the lactococcal proteinase has an
additional domain involved in substrate binding compared
with the related subtilisins. This suggests that the 200 kd
L.lactis proteinase may be the representative of a new subclass
of subtilisin-like enzymes.
Key words : caseinolytic specificity /hybrid enzymes/ l.actococcus
lactis/serine proteinase/subtilisin

Introduction

Lactococci are Gram-positive bacteria that are used in the dairy
industry for the production of a variety of ferrnented milk
products. These bacteria have a complex proteolytic system to
degrade milk proteins to small peptides and tree amino acids that
are subsequently used for cell growth (Thomas and Pritchard,
1987). A key enzyme in the proteolytic system is an extracellular ,
cell envelope-located serine proteinase that is involved in the
initia! cleavage of caseins, the major milk proteins. This
lactococca! proteinase is essentia! for growth in milk and,
moreover, it produces casein peptides that contribute to flavour
development in dairy products {Visser et al. , 1988).

Biochernica! characterization of the Lactococcus lactis
proteinase and sequence ana!ysis of its gene bas shown that the
proteinase (prtP) gene encodes a very large pre-pro.-p.rott;:in of
-200 kd. N- and C-terrnina! processing have been postulated
to account for the fact that the size of the purified mature e~xme
is -135 kd {Kok et al. , 1988a; Vos et al. , 1989a). Mor~6ver ,
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Fjg. 1. Construction of hybrid proteinase plasrnids. The relevant restriction maps of the prtP genes of strains SKll (top) and Wg2 (bottorn) showing
fragments used for constructing hybrid proteinases are presented. Black and white bars represent coding sequences of the divergently transcribed prtM and
prtP genes respectively. The hatched region indicates the 180 bp duplication present in the SKll prtP gene (Vos et al. , 1989a). Sizes are indicated in
kilobases as positive and negative integers, relative to the initiation codons of the prtP gene respectivcly. Positions of relevant restriction enzyme cleavage sites
are indicated: B, BamHI; Bs, BstEII; Bg, Bgm: c, Clal; E, EcoRI; H, HjndllI; K, Kpnl; M, Msd; P, Psd; RV, EcoRV; S, Saul; Sc, SacII; Sp, Sphl; St,
Styl. Not all Styl sites are shown. The location and designation of the DNA fragments that have been interchanged between the two proteinase genes are
shown.
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Fig. 2. Schematic representation of hybrid proteinases. White regions represent SKll-derived sequences, whereas Wg2-derived sequences are shown as striped
regions. Sizes are given in kilodaltons (n x 10 kd) relative to the N-tenninal arnino acid of the rnature proteinase. Nomenclature for plasmids and proteinases
is shown at the left and right respectively. At the bottorn the lactococcal proteinase (PrtP) and subtilisin are compared. The dotted N-terminal regions indicate
the signal peptides and cross-hatched regions the pro-peptides. The dotted C-tenninal segment of the lactococcal proteinase represents the cell-membrane
anchor. Homologous active site regions between the lactococcal proteinase and subtilisin are shown in black; D, H and S indicate the active site aspartic acid,
histidine and serine respectively. B indicates homologous substrate binding regions (horizontally striped) .Vertical lines above the lactococcal proteinase
indicate differences between the proteinases of strains SKll and Wg2, and correspond to arnino acid residues 62, 89, 131, 138, 142, 144, 166 in segment a,
222,265,278,310,332,339,342,378,380, 381,382 in segment b, 548,673,693,747,748,855,970,1026, 1060 in segment c, and 1095, 1117,1126,
1129,1131, 1207, 1220, 1261,1328,1336,1363, 1486,1525, 1532,1535,1722, 1761 in segment d (Vos etal., 1989a).

Materials and methods gene and a functional prtM gene of L.lactis subsp. cremoris SK 11
cloned in the lactococcal cloning vector pNZI22 (de Vos, 1986;
de Vos er al. , 1989). Plasmid pGKV552 is a derivative of
pGKV550 and pGKV500 (Kok er al. , 1985; Haandrikman er al. ,
1989) and contains the complete prtP gene and a functional prtM
gene from L.lactis subsp. cremoris Wg2.

Bacterial strains and plasmids

Strain L.lactis subsp. lactis MG 1363 is a plasmid-free derivative
of L.lactis 7l2 (Gasson, 1983), and was used as recipient in a1l
transformations. Plasrnid pNZ521 contains the complete prtP
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Fig. 3. Predicted substrate binding regions in (A) segment a and (8)
segment b of lactococcal proteinase based on amino acid sequence alignrnent
with subtilisin BPN'. :, ldentical residues; *, residues known to be involved
in substrate or inhibitor binding in subtilisin BPN' (McPhalen et al. , 1985;
Wells et al. , 1987). Residues numbering for lactococcal proteinase is at the
top and for subtilisin at the bottom.

additional period of 30 min at 30°C. The suspension was
centrifuged, and the two release fractions were combined. The
isolated proteinase (release fraction) was divided into aliquots,
and stored at -80 ° C .The recovery and purity of the proteinase

in the release fraction was estimated by SDS-10% PAGE and
the amount of proteinase in all samples was normalized before
casein digestions were performed.

Casein degradation

Aliquots of 0, 10, 20 and 50 /101 of each release fraction were
incubated with 100 /1og of purified <Xsl- or fJ-casein (gift of
Dr S. Visser) in a total volume of 100 /101 buffer R for 1 h at 30°C.
The reactions were tern1Ïnated by the addition of an equal volume
of two-times-concentrated protein gel sample buffer. Forty
microlitres of each sample were analysed on a SDS-20%
polacrylamide gel that was cast, run and stained according to
Laemmli (1970).

Results

Construction of chimeric prtP genes
The prtP genes of L.lactis W g2 and SK 11 show 98.8 % nucleotide
sequence homology. Therefore, the physical maps of both
proteinase (prtP) genes are very sirnilar (Figure 1). This highly
facilitated the exchange of corresponding DNA fragments ofboth
prtP genes. For the construction of hybrid proteinases the
plasmids pNZ521 and pGKV552 were used. Both plasmids
contain the structura1 prtP gene as weIl as the essentia1 part of
the prtM gene of L.lactis SK 11 and W g2 respectively. lnitia1ly,
one or more ofthree different DNA fragments, denoted a, b and
c (see Figure 1), were interchanged between the two proteinase
plasmids, resulting in the plasmids pNZ52la, pNZ521b,
pNZ521c, pNZ521ac, pGKV552a, pGKV552b, pGKV552c,
pGKV552ac and pGKV552abc. Subsequently, derivatives of
plasmid pNZ521c were constructed containing only part ofWg2
fragment c (see Figure 1), resulting in plasmids pNZ521c1,
pNZ521c2 and pNZ52lc3. Similarly, derivatives ofpGKV552c
were constructed containing sma1l parts of SK11 fragment a, that
were designated pGKV552a1c and pGKV552a2c respectively.
A schematic representation of the proteinases expected to be
synthesized by L.lactis strains carrying the various plasmids is
shown in Figure 2.

Molecular cloning
Standard cloning techniques were used as described by Maniatis
et al. (1982), with only rninor modifications. A1l enzymes were
purchased from Bethesda Research Laboratories, Boehringer
Mannheim or New England Biolabs Corp. and used according
to the manufacturers instructions. Plasrnids were introduced into
L.lactis MG1363 by electroporation, with selection for resistance
to either chloramphenicol (pNZ-derivatives) or erythromycin
(pGKV-derivatives) as reported previously (de Vos et al. , 1989;
van der Lelie et al. , 1988; Vos et al. , 1989b). Recombinant
L.lactis strains were analysed by restriction enzyme ana1ysis, and
direct sequencing on double-stranded plasrnid DNA (Tabor and
Richardson, 1987; Zhang et al. , 1988) using specific
oligonucleotide primers synthesized on Biosearch Cyclone
(Millipore Corp.) or Model 381A (Applied Biosystems) DNA
synthesizers .

Construction of plasmids
Plasrnids containing hybrid proteinase genes were constructed
by replacilig specific fragments of the L.lactis SK 11 proteinase
gene for the corresponding fragment of strain Wg2, and vice versa
(Figure 1). Fragment a is a 1055 bp Clal-BamHI fragment
containing the coding sequence of the first 173 arnino acids of
the mature proteinase, fragment b is a 970 bp BamHI -SacIl
fragment encoding amino acids 174 -496 and fragment c is a
1778 bp SacIl -BstEIl fragment coding for arnino acids
497 -1089 of the proteinase. In each fragment a, b and c a
restriction site is present, which is unique for either of the two
proteinases, i.e. Pstl, Kpnl and Bgm respectively (Figure 1).
Therefore, the construction of hybrid proteinase plasrnids was
initia1ly verified by restriction enzyme digestion, and subsequently
confirmed by nucleotide sequence ana1ysis of the relevant part
of the plasrnid DNA. The resulting proteinase plasrnids were
designated pNZ521a, pNZ521b and pNZ521c, and pGKV552a,
pGKV552b and pGKV552c (Figure 2). In addition, two or more
DNA fragments were exchanged simultaneously between the two
proteinase genes, resulting in plasrnids pNZ521ac, pGKV552ac
and pGKV 552abc (Figure 2) .A number of derivatives of pNZ521
were constructed containing only part of fragment c of the W g2
prtP gene. The DNA fragments that were exchanged consisted
of: c1, a 1.45 kb EcoRI-BstEIl fragment (corresponding to
arnino acids 605 -1089) ; c2, a 1.11 kb Mstl -BstEIl fragment
(corresponding to arnino acids 721-1089); and c3, a 0.75 kb
Styl -BstElI fragment ( corresponding to amino acids 840 -1089) .
The resulting plasrnids were designated pNZ521c1, pNZ521c2
and pNZ521c3 (Figure 2). Two derivatives ofpGKV552c were
constructed that contained only part of fragment a of the SK11
prtP gene. The fragments included: al, a 235 bp Sphl -BamHI
fragment (corresponding to arnino acids 97 -173); and a2, a 33
bp Saul -BamHI fragment ( corresponding to arnino acids
163-173). The resulting plasrnids were designated pGKV552a1c
and pGKV552a2c (Figure 2).

Isolation of proteinase

Proteinase was isolated by release from the cells essentia11y as
described by Exterkate and de Veer (1985). Lactococcus lactis
cells were grown for 12-20 h in a whey-based medium (de Vos
et al. , 1989). Cells were collected by centrifugation and washed
quickly with buffer R (50 mM Na-acetate/Na-phosphate pH 6.5).
Cells were resuspended in 1/100 ofthe origina1 volume ofbuffer
R and incubated for 30 rnin with gentle shaking at 30°C. The
suspension was centrifuged and the supernatant, which contained
the released proteinase, was stored at o°C. The cell pellet was
again resuspended in release buffer and incubated for an



-Production and features of hybrid proteinases
A1l parental and chimeric plasrnids were introduced into L.lactis
MG1363 and appeared to encode functional, cell-envelope-located
proteinases that allowed the host to grow on rnilk. Wild-type and
hybrid proteinases were isolated from L.lactis strains by release
of the enzyme from the cell envelope by incubation in Ca2+ -free
buffer. All individual proteinase preparations were incubated
separately with asl- and {3-casein, and the degradation products
obtained were ana1ysed on SDS-polyacrylarnide gels.

In the various hybrid proteinases one or more of three specific
segments of the SK11 and Wg2 proteinases were initia1ly
exchanged (Figure 2). Segment a spans the N-tennina1173 amino
acids of the mature enzyme. This segment contains the Asp30
and His94 residues of the catalytic triad and the major part of
the region homologous to the substrate binding region of
subtilisins. In this segment seven arnino acids differ between the
Wg2 and SK11 proteinase, five of which are predicted to be in
the substrate binding region (Figure 3A). Segment b spans arnino
acids 174-496, and contains residue Ser433 ofthe catalytic triad,
the Asnl96 ofthe oxyanion hole, and a sma11 part ofthe proposed
binding region (Figure 3B). Eleven arnino acid differences are
found between the SK11 and W g2 enzymes in this region; only
one substitution (Ser222Thr) is located in the putative substrate
binding region. Segment c comprises arnino acids 497 -1089;
a total of nine amino acid substitutions between both proteinases
are found in this segment. Residues 497-511 are homologous
to the C-terrninus of subtilisins (R.J.Siezen, W.M.de Vos,
J.A.Leuvissen and B.W.Dijkstra, in preparation). The last
segment, d, includes the entire C-terrninus from residue 1090
and contains 17 arnino acid differences between W g2 and SK II.

To describe the hybrid proteinases properly, the following four-
Ietter nomenclature is used: the wild-type SK 11 and W g2
proteinases are designated ABCD and abcd respectively, and the
hybrid proteinases are designated according to the source of the
segments they contain.

Effects of inserting Wg2 segments into the SKll proteinase
The effect of introducing Wg2 segments into the SK11 proteinase
on the caseinolytic specificity was ana1ysed using asl- and {3-
casein as substrates (Figure 4A and B, respectively). Proteinase
ABCD (wild-type SK 11) , specified by pNZ521 , yields efficient
breakdown of asl-casein, while the proteinase abcd (wild-type
Wg2), specified by pGKV552, does not show detectable
asl-casein degradation under these conditions. Moreover, the
parental proteinases show clearly different breakdown of {3-
casein. Other cleavage pattems are found using the hybrid
proteinases aBCD or ABcD, where segments a or c ofthe SK11

proteinase have been replaced by the corresponding Wg2
segments. These hybrid proteinases show novel cleavage
specificities and/or rates towards asl- and {3-casein that are not
found with the parental proteinases.

The change in casein cleavage pattems is even more dramatic
when Wg2 fragments a and c are introduced simultaneously;
hybrid aBcD shows a specificity comparable to that of the
proteinase abcd (not shown). Introduction of fragment b alone
does not seem to have a great effect on cleavage specificity or
rate since the asl- and {3-casein degradation pattems by hybrid
AbCD are comparable to that produced by the wild-type
proteinase ABCD.

These results indicate that the caseinolytic specificity and
cleavage rate of the lactococcal proteinase is largely deterrnined
by segments a and c. This was anticipated in the case of region
a, because of the homology of this region to the substiate binding
region of subtilisins (Figure 3A), but it was not expected for
region c. Segment c corresponds to a region of 593 arnino acids
that contains nine residues that differ between the SKll and Wg2
proteinases and it has no counterpart in other subtilisins (Kok
et al. , 1988a; Vos et al. , 1989a). Therefore, the contribution of
these arnino acid substitutions to the differences in caseinolytic
specificity was further investigated by introducing smaller
fragments of segment c of Wg2 proteinase into the SKll
proteinase (Figure 2). The {3-casein cleavage pattems obtained
with the proteinases ABclD and ABc2D are identical to that
found with proteinase ABcD (Figure 4B). On the other hand,
these {3-casein cleavage pattems differ completely from that
produced by proteinase ABc3D. In fact, {3-casein breakdown
pattems observed with proteinase ABc3D and the parental
proteinase ABCD are identical. Proteinases ABc3D and ABc2D
differ on1y in the two amino acids at positions 747 and 748.
Therefore, the specificity difference and as a consequence the
difference in casein binding capacity of segment c may be
attributed to those residues (Arg and Lys in proteinase ABCD
and Thr and GIn in proteinase abcd respectively).

Effects of inserting SKll segments into the Wg2 proteinase
To investigate the effect of introducing SKll segments into the
Wg2 proteinase, reciprocal exchanges of fragments a, b and c
were realized. The hybrid proteinases were first tested on
asl-casein, allowing an easy detection of new specificities since
the parental proteinase abcd (wild-type Wg2) is unable to degrade
this substrate (see above). The results show that, in contrast to
proteinase abcd, a1l hybrid proteinases show asl-casein degrada-
tion to various extents (Figure 5A). The exchange of both
segments a and c has a stronger effect on the degradation of
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Fig. 4. Caseinolytic specificity of SKll proteinase containing Wg2 segments. Parental and hybrid proteinases were used to digest asl-casein (A) or /3-casein
(B). Panel A: lane 1, no proteinase; lanes 2-6, proteinases ABCD, abcd, aBCD, AbCD and ABcD. Panel B. lane 1, no proteinase; lanes 2-8,
proteinases ABCD, abcd. aBCD, AbCD, ABcD, ABcID, ABc2D and ABc3D.
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abCd. Fragment a2 contains only one substitution at residue
166, while fragment al has additiona1 differences at residues
131, 138, 142 and 144. We find that proteinase A2bCd shows
only very limited asl-casein degradation, similar to proteinase
abCd (Figure 5A). In contrast, proteinase AlbCd does degrade
asl-casein, resulting in a cleavage pattem simi1ar , but not
identica1, to that generated by proteinase AbCd. These resu1ts
indicate that one or more of the four arnino acid differences at
residues 131, 138, 142 and 144 have a major role in determining
the substrate specificity , but that other arnino acid substitutions
in segment a a1so affect substrate binding.

asl-casein and the resulting hybrid AbCd shows the sarne
specificity as the parental SK 11 proteinase ABCD. A rninor effect
on asl-casein degradation was observed when only segment b
was exchanged as in proteinase aBcd. No effect was detected
upon exchange of on1y the C-terrnina1 segment d, since proteinase
ABCd showed the sarne specificity as ABCD .

Introduction of segment a or segment c a1one leads to
proteinases Abcd and abCd, that moderately degrade asl-casein
and show cleavage specificities and rates not rnanifested by either
wi1d-type proteinase. These novel specificities are not limited to
the digestion of asl-casein but are a1so found for {3-casein
degradation (Figure 5B) .Moreover, these unique specificities
are sirnilar to those of proteinases ABcD and aBCD containing
the reciproca1 exchanges of segments a and c respectively.

These results confirm the conc1usions that segments a and c
contribute significant1y to the caseinolytic specificity of the hybrid
proteinases and therefore play an important role in the binding
of casein. We a1so ana1ysed the contribution of specific residues
in segment a, that contains seven amino acid substitutions, by
intr~ucing different fragments of SK11 segment a into proteinase

Discussion

Construction of hybrid fOffi1S of the lactococcal cell-envelope-
located serine proteinase has allowed us to identify specific
regions and residues that determine the cleavage specificity and
rate towards its natural substrate casein. Two regions were found
to play a major role in this caseinolytic specificity and, as a
consequence, in the binding of casein.
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Fig. 5. Caseinolytic specificity of Wg2 proteinase containing SKII segments. Parental and hybrid proteinases were used to digest asl casein (A) and {3-casein
(B). Panel A: lanes 1-9, proteinases ABCD, abcd, Abcd, aBcd, abCd, AbCd, ABCd, A1bCd and A2bCd. Panel B: lane 1, no proteinase; lanes 2-7,
proteinases ABCD, aBCD, ABcD, abcd, Abcd and abCd.

Fig. 6. Computer modelof subtilisin BPN' (code 2SNI in Brookhaven Protein Data Base), illustrating predicted positions of arnino acid differences between
SKII and Wg2 proteinases. Colour code: blue, Ca-atorn backbone of subtilisin; yellow, segments 96-107, 125-130, 152-156, 166, 189 and 217-222
containing residues known to be involved in substrate or inhibitor binding in subtilisin (McPhalen et al. , 1985; Wells et al. , 1987); white, side chains of
cata1ytic triad Asp32, His64 and Ser221 in subtilisin (corresponding to Asp30. His94 and Ser433 in lactococcal proteinase); red, side chains of SK11
proteinase residues, frorn top to bottorn Asnl66, Ser222, Lys138, Vall44, A1a142, Serl31 and Lys89, substituted for the equivalent subtilisin BPN. residues
Pro129, Tyr167, Ser101, ne107, Ser105, Gly97 and Gln59 respectively (see also Figure 3).



proteinases with new specificities by generating single arnino acid
substitutions in the two regions essential for the cleava:ge
specificity .
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One region is included in the N-terrninal 173 amino acid
residues (segment a) and contains homology to the substrate
binding region of serine proteinases of the subtilisin farnily (Kok
et al. , 1988a; Vos et al. , 1989a). Substrate-binding studies
(Exterkate et al. , 1990) and computer modelling based on the
three-dimensional structure of subtilisin (Figure 6) suggest that
a number of the amino acid substitutions between the SK11 and
Wg2 proteinase, viz. Ser131Thr, Lysl38Thr, Alal42Ser,
Val 144Leu and As n 166Asp, are at or near residues that are in
close contact with substrate molecules. We predict that residues
138 and 166 are at the entrance of the substrate binding cleft,
residues 131 and 142 are just outside the cleft, residue 144 is
in the P4 binding pocket, and residue 89 is somewhat further
removed fiom the binding area (Figure 6, bottom right). The
only other difference between SKll and Wg2 proteinase in
segment a, Val62A1a, cannot be modelled since it is located in
a large inserted, extemalloop relative to subtilisin (Siezen et al. ,
in preparation). Therefore, the contribution of segment a in
determining the cleavage specificity of the lactococcal proteinases
was anticipated. Dur analysis of the contribution of specific
residues in segment a confirmed that one or more of the residues
131, 138, 142 and 144 have a major role in deterrnining the
caseinolytic specificity .It is highly likely that other substitutions
in segment a also affect the substrate binding. For instance, it
is conceivable that mutations leading to a change in residue
charge, e.g. Lys138Thr, As n 166Asp and possibly even
Lys89Thr, affect the binding of charged substrate segments.
Further studies using site-directed mutagenesis have now been
conducted to analyse the relative contribution of these individual
residues and others in the binding of casein (P .Vos et al. , in
preparation). Figure 6 also shows the predicted position in the
PI binding pocket of Ser222Thr in segment b. A1l10 other amino
acid differences between SKll and Wg2 are in another large
inserted loop relative to subtilisin (Siezen et al. , in preparation).

Another region that was found to contribute to the cleavage
specificity towards casein is included in amino acid residues
497 -1089 (segment c). A detailed analysis has shown that two
mutations in segment c have a significant effect on substrate
conversion. Those mutations are adjacent and both involve a
change of residue charge, viz. Arg747Leu and Lys748Thr ,
indicating that electrostatic interactions are important in casein
binding. It is conceivable that this section of the polypeptide chain
is folded back towards the substrate binding region in segment
a. It may be speculated that the neighbouring positively charged
residue Lys749 is also important for substrate binding.

Dur observation that segment c also contains residues involved
in the caseinolytic specificity is unexpected, since these residues
are located in a part of the C-terrninal domain that has no
counterpart in other serine proteinases of the subtilisin farnily.
This finding implies that, in comparison to the related subtilisins,
the lactococcal proteinase contains additional sequence elements
that deterrnine casein cleavage specificity .Therefore, the multi-
dornain lactococcal proteinase rnay be the representative of a new
subclass of subtilisin-like enzymes.

Finally, we conclude that type III proteinase specificity (as in
wild-type SK11) can be converted into type I proteinase specificity
(as in Wg2) and vice versa, by exchanging both regions involved
in cleavage specificity .Moreover, by substituting only one of
these regions, we were able to produce hybrid proteinases with
cleavage specificities differing fiom both parental proteinases.
In this way it is possible to create proteinases with novel
caseinolytic specificities, that have potential for application in
dairy products. Presently, we are extending the range of


