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thermolabile and thermostable enzymes were then compared to
identify arnino acids, or combinations thereof, which might
determine neutral protease thermostability .

Neutral proteases are generally considered to consist of two
domains (Colman et al. , 1972; Pauptit et al. , 1988). Figure 2,
showing the C-alpha tracing of a B.subtilis neutral protease
model, indicates that the second domain, comprising the residues
155- 3()(), might be divided into a middle and a C-terminal
domain. For thermolysin the C-terminal domain has been shown
to be stabIe by itself after cleavage from the enzyme by subtilisin
or chymotrypsin (Dalzoppo et al. , 1985) .

The comparison of primary and tertiary structures of neutral
proteases indicated that the number of favourable interactions
between the middle and the C-terminal domain is less in
thermolabile than in thermostable neutral proteases, suggesting
that these interactions are irnportant in determining thermal
stability (Eijsink et al. , 1989). One of the interactions, present
in both the thermostable and the thermolabile neutral proteases,
is provided by a hydrophobic residue at the C-terminus, which
resides in a hydrophobic pocket composed of five residues located
in the C-terminal domain, and two residues located in the middle
domain. Figure 3(A) shows the hydrophobic C-terminal residue
and its surrounding arnino acids in thermolysin. Figure 3(B)
shows the equivalent part of the modelof the B. subtilis neutral
protease.

This report describes the experimental verification of the role
of the C-terminal hydrophobic residue in maintaining thermal
stability of the B.subtilis neutral protease. Using site-directed
mutagenesis techniques, Leu3()() (corresponding to position 315
in the sequence alignment of Figure 1) was deleted or replaced
by several other arnino acids. The thermal stability of the enzyme
appeared to be strongly affected by these mutations. The effects
of mutating Leu3()() in the thermolabile B. subtilis neutral protease
were compared to the effects of mutating the functionally
equivalent Val318 in the thermostable B.steal;,othennophilus
neutral protease. Apart from showing the thermosfábility changes
upon mutating the C-terminal hydrophobic residue, the results
also indicate the value of using models built by homology for
protein-engineering experiments .

The role of the C-terminal Leu300 in maintaining thermal
stability of the neutral protease of Bacillus subtilis was
investigated. From model building studies based on the three-
dimensional structure of thermolysin, the neutral protease of
B.thennoproteolyticus, it was concluded that this residue is
located in a hydrophobic pocket composed of residues located
in the C-terminal and the middle domain. To test the
hypothesis that Leu300, by contributing to a stabilizing
interaction between these domains, is important for enzyme
stability, several neutral protease mutants were constructed
and characterized. The thermostability of the enzyme was
lowered by deleting Leu300 or by replacing this residue by
a smaller (Ala), a polar (Asn) or a sterically unfavourable
(Ile) amino acid. Thermostability was increased upon
replacing Leu300 by Phe. These results are in agreement with
model-building studies. The effects on thermostability
observed af ter mutating the corresponding Va1318 in the
thermostable neutral protease of B.stearothennophilus were
less pronounced.
Key words: hydrophobic pocket/molecular modelling/neutral
protease/ site-directed mutagenesis/thermal stability

Introduetion

Neutral proteases are metallo-endopeptidases secreted by several
baeteria including members of the genus Bacillus. The arnino
acid sequences of the neutral proteases from several Bacillus
species have been determined (Titani et al. , 1972; Vasantha et al. ,
1984; Yang et al. , 1984; Takagi et al. , 1985; SictIer et al. ,
1986a), Por two of these neutral proteases (thermolysin, the
neutral protease of B. thermoproteolyticus , and the neutral protease
of B.cereus) the three-dimensional structure bas been solved by
X-ray diffraction (Colman et al. , 1972; Matthews et al. , 1972,
1974; Holmes and Matthews, 1982; Pauptit et al. , 1988). Pigure
1 shows the aligned arnino acid sequences of neutral proteases
from five species of Bacillus. The bacilli show considerable
difference with respect to their maximum growth temperature
(Claus and Berkeley, 1986) and the thermostabilities of their
neutral proteases differ accordingly.

Thermostability differences occurring within the group of
homologous, evolutionary-related neutral proteases were studied
by means of protein-engineering experiments. Models of the
neutral proteases for which there is no X-ray crystal structure
available were built by homology , on the basis of the X -ray crystal
structure of thermolysin. Primary and tertiary structures of

Materials and methods

Three-dimensional modelling and molecular dynamics
The structures of thennolysin and the neutral protease of B. cereus
(73% sequence identity) show no significant differences in their
main-chain confonnations. The local RMS deviation on
equivalent alpha carbon atom positions is < 0. 8 A (pauptit et al. ,
1988). Therefore it was assumed that the neutral proteases of
B.subtilis and B.stearothennophilus (47 and 85% sequence iden-
tity with thennolysin respectively) would also exhibit a sirnilar
backbone confonnation.

In order to obtain models ofthe B.subtilis and B.stearothenno-
philus neutral protease, arnino acids in the refined structure of
thennolysin were replaced, using a distance geometry algorithm
as described by Jones and Thirup (1986). Subsequently,
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Gunsteren and Berendsen, 1987). During all energy minirniza-
tion and molecular dynarnics calculations, restraints were placed
on the alpha carbon positions to keep them within 0.25 A of the
original positions. A11 molecular dynamics calculations were
carried out as though the molecule was at 300 K and in vacuo,
using the atornic partial charges incorporated in GROMOS for
such calculations (Van Gunsteren and Berendsen, 1987).

Por B.subtilis neutral protease models the differences in buried
hydrophobic surface area obtained upon mutating residue 300
were calculated. To this purpose the accessible surface area [as
defined by Lee and Richards (1971)] was calculated for a1l atoms
in all models. Por each residue involved in the hydrophobic
pocket, the buried surface area was calculated by subtracting the
accessibility in the folded state from the accessibility in the
unfolded state. The accessibility in the unfolded state was
deterrnined in a hypothetical, fully extended protein with the
arnino acid sequence of B.subtilis neutral protease. Since a1l atoms
exhibiting significant changes in accessibility were side-chain
carbon atoms, the calculated buried surface areas were considered

hydrophobic.

unfavourable van der Waals overlaps were removed by iteratively
rotating around all freely rotatable side-chain torsion angles of
all amino acids in steps of 120°. The final structures were
obtained by running an energy minimization, followed by 4 ps
molecular dynamics, to get out of high energy local minirna, and
a final energy minimization.

Modelling of the B. subtilis neutral protease was more difficult
than modelling of the B.stearothermophilus molecule, because
of the lower degree of sequence identity between this enzyme
and thermolysin. However, satisfactory models of both enzymes
could be constructed, because most sequence differences occur
at the surface of the molecules, and most of the residues that
are crucial for maintaining the overall structural features are
conserved.

To model the effects of site-directed mutations, the MUT A TE
option of the program WHAT IF (Vriend, 1990) was used in
order to generate side-chain coordinates of idealized geometry
in a fully extended conformation. The side-chain torsion angles
were adjusted to minimize interatomic van der Waals clashes.
Subsequently energy minimization, 2 ps of molecular dynarnics,
to get out of high energy local minima, and a final energy
minimization were carried out.

Molecular modelling was performed using an Evans and
Sutherland PS390 system attached to a micro V AX II, using the
program WHAT IF (Vriend, 1990). Energy minimization and
molecular dynarnics were carried out with GROMOS (Van

Plasmids and strains
For the production of neutral proteases in B. subtilis the npr genes
of B. subtilis and B. stearothermophilus were cloned in the high-
copy number vector pTZ12 (Aoki et al. , 1987), yielding pGSl
and pGE501 respectively (V.G.H.Eijsink and B.K.Stulp,
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Fig. I. Aligned amino acid sequences of neutral proteases of B.thennoproteolyticus (1), B.stearothennophilus (2), B.cereus (3), B.subtilis (4) and
B.amyloliquefaciens (5). The numbering refers to the thermolysin sequence. Conserved residues are indicated by boxes. Asterisks indicate amino acids that
contribute to the hydrophobic pocket; the C-terminal hydrophobic residue residing in the pocket is at position 315. Residues aligned with Val315 in sequence
1 are Val318 (2), Val316 (3), Leu3()() (4) and Leu3()() (5). Enzymes 1 and 2 are thermostable, enzymes 4 and 5 are thermolabile, enzyme 3 exhibits
intermediate thermostability (Endo, 1962; Keay, 1969; Fujii et al. , 1983; Sidler et al. , 1986b).
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unpublished data). The B.subtilis npr gene was from pNP10
(L. Mulleners, Gist-Brocades, Delft, The Netherlands). The
B.stearothennophilus npr gene was from pNP22 (Fujii et al. ,
1983). From pGS1 and pGESO1 suitable npr gene fragments were
subcloned in the Escherichia coli plasmid pMa/c for site-directed
mutagenesis (Stanssens et al. , 1989; see below).

lnitially DB104 (Kawamura and Doi, 1984), a B.subtilis strain
in which the alkaline protease gene is deleted and in which the
neutral protease gene is functionally inactivated by two point
mutations, was used as a host for the production of the neutral
proteases. Since problems arising from recombination between

Fig. 2. C-alpha tracing of B.subtilis neutral protease. The modelof the
B.subtilis neutral protease was built from the known structure of thermolysin
as described in Materials and methods. The potential N-terminal, middle and
C-terminal domains are drawn in standard, thin and thick lines respectively;
the Leu300 side chain is shown as dotted line. The C-terminal residue and
residues at the border between domains are marked.

the plasmid npr gene and tbe resident chromosomal npr gene
were encountered in using DB104 (Kawamura and Doi, 1984;
J.R. Van der Zee, unpublished observations) a npr deletion mutant
ofDB104 was constructed by insertional mutagenesis, essentially
according to Niaudet et al. (1982). In tbe mutant tbus derived,
designated DBl17, tbe npr gene was replaced by tbe pE194
erytbromycin-resistance marker (Horinouchi and Weisblum,
1982). In site-directed mutagenesis procedures E.coli strains WK6
and WK6 mutS (Zeil and Fritz, 1987) were used. Al1 strains were
grown on Trypton- Yeast medium, containing appropriate
antibiotics.

Site-directed mutagenesis

Oligonucleotide primers (Table I) were syntbesized by Euro-
sequence, Groningen, The Netberlands, using an Applied
Biosystems DNA synthesizer. In tbe design of tbe mutagenic
oligonucleotides tbe codon-usage of B.subtilis (Aota et al. , 1988)
was taken into account. To facilitate tbe selection of mutants,
all primers contained extra mismatches to insert or delete a
restriction site. These extra mismatches did not introduce any
changes at tbe amino acid level.

Mutagenesis was performed using tbe gapped-duplex metbod
of Stanssens et al. (1989). Mutation efficiencies were between
15 and 60% .Clones showing tbe desired restriction pattem were
selected and their npr gene fragment was sequenced according
to Sanger et al. (1977). Correct fragments were tben used to
reconstitute complete mutant npr genes on tbe vectors used for
production in B.subtilis. B.subtilis clones showing haloforma-
tion on TY -agar plates, containing 0.8% skirn-milk as a protease
substrate, were screened for the desired restriction pattem and
used for enzyme production.

Characterization of enzymes
Production, purification and SDS -P AGE of neutral proteases
were according to Van den Burg et al. (1989). Bacillus subtilis
DB 117 harbouring a p1asmid containing a npr gene was cultured
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Fig. 3. Stereo view of the hydrophobic C-terminal residue and the hydrophobic pocket. (A) Part of the three-dimensional structure of thermolysin, as
determined by X-ray crystallography (Matthews et al. , 1972). The Val315 side chain is surrounded by seven arnino acid side chains constituting the
hydrophobic pocket (Tyr217, ne236, Phe281, Ser282, Arg285, Phe310 and Val313). (B) Part of the three-dimensional modelof the B.subtilis neutral
protease. Leu300 is surrounded by Tyr210, ne233, Phe268, Lys269, Lys272, Trp295 and VaI298.
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Table I. Oligonucleotides used for site-directed mutagenesis"

Mulation of B.subtilis neutral protease; Leu300 changed into:

Ala: 5'CTAATATCACGCTCCAACAGC3' (SspI, -)

ne: 5'CTAATATTAAATTCCAACAGCGTTCCAGGC3' (BsmI, -.

Phe: 5'CTAATATTAAAATCCAACAGCGTTCCAGGC3' (BsmI, -

Asn: 5'CTAATATTAATrrCCAACAGCATTCC3' (As nI, +)

300 deleted: 5'CTAATATTACAATCCAACAGCGTTCCAGGC3' (BsmI, -

The production of most mutant enzymes was comparahle to that
of the wild-type enzymes. Mutant B.subtilis neutra! proteases in
which Leu300 had heen deleted or replaced hy an Asn were
produced in lower amounts. All wild-type and mutant enzymes
were purified using affinity chromatography on Bacitracin -silica
(Van den Burg et at. , 1989). The purified enzymes a1l had similar
specific activities and exhihited identical electrophoretic mohilities
upon SDS -PAGE.

The thermostahilities of wild-type and mutant B. subtilis neutra!
proteases were determined. Solutions of purified enzyme were
exposed to 56°C, and the residual activity was measured after
various time intervals. The results, presented in Figure 4 and
summarized in Tahle ll(A), show that a!l mutations affected
thermal stahility .Deletion of Leu300 rendered the enzyme
extremely thermolahile, whereas replacing Leu hy Asn, Ala or
ne had more moderate, yet clearly destahilizing effects. In
contrast, the suhstitution of Leu hy Phe conferred a higher degree
of thermostahility to the enzyme.

Tahle ll(B) shows the differences in the amount of huried
hydrophohic surface area which are expected upon mutating
residue 300 in the B.subtilis neutra! protease. The Asn mutant
could not he modelled with any degree of confidence, and is
therefore not included in Tahle ll(B). Comparison of the data
in Tahle ll(A) with the data in Tahle ll(B) shows that the
differences in thermostahility ohserved upon mutating residue 300
are in qualitative agreement with the differences in huried
hydrophohic surface area.

T o examine the effect of mutating residue 318 on the thermal
stahility of the B. stearothennophilus neutra! protease, wild-type
and mutant enzymes were exposed to 71°C and the residual
enzyme activity was measured after various time intervals. The
results, presented in Figure 5, show that the effect on thermal
stahility of mutating residue 318 in the thermostahle B.stearo-
thennophilus neutra! protease is much less pronounced than the
effect of mutating the corresponding residue 300 in the thermo-
lahile B.subtilis neutra! protease.

Fig. 4. Thermostability of B.subtilis neutral protease mutants. Samples were
incubated at 56°C during various time intervals. Residual activities were
determined and expressed as percentage of the initial activity .Wild-
type/Leu300 (.); Phe300 (X), ne300 (+), Ala300 (0), Asn300 (.) and
deletion (*) mutant. Discussion

A possible equation for protein denaturation is:

N (active) = UT (inactive) -Ui (inactive)

in aerated 1000 ml flasks at 32°C. Following the removal ofthe
cells by centrifugation, supernatants were loaded on Bacitracin -

silica columns for affinity chromatography. After washing and
elution of the columns, fractions containing the pure neutral
protease were pooled, desalted and freeze-dried in aliquots.

Protease activity was determined using the chromogenic
substrate Azocoll, in an assay according to Chavira et al. (1984).
The enzyme was assayed at a temperature of 37°C. Al1 measure-
ments were carried out ip triplicate.

Purified freeze-dried enzyme was dissolved in 60 mM sodium
acetate, pB 5.0, 5 mM CaC12, 0.8% (v/v) isopropanol and
0.1 M NaCl, at a concentration of 2-5 X 10-7 M for the
determination of thermal stability .The enzyme solutions were
incubated at 56°C (B.subtilis neutral protease) or 71°C
(B.stearothennophilus neutral protease) for different time
intervals, and the remaining protease activity was determined
using the Azocoll assay, described above. Stability curves were
determined in triplo. In the curves the average error per point
was -3%.

Results

Following site-directed mutagenesis and reconstitution of
complete mutant neutral protease genes, mutant enzymes were
prOOuced and purified as described in Materials and methOOs.
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Here N stands for the native, active protein and Ur and Ui
represent forrns of the protein which are inactive as a result of
reversible unfolding and irreversible processes respectively
(Klibanov, 1983). For proteases the equation is more complex,
since every forrn ofthe protein is prone to autoproteolysis, leading
to irreversibly inactivated enzyme. It has been shown that native
proteins are less susceptible to proteolysis than partial1y and fully
unfolded proteins (pace and Barrett, 1984). Also, autoproteolysis
of neutral proteases was shown to be promoted under slightly
denaturing conditions (Fassina et al. , 1986; Van den Burg et al. ,
1989). Thus, it would appear that partial unfolding followed by
autoproteolytic digestion is the most prominent cause for
irreversible inactivation of neutral proteases. The loss of activity
upon incubation of B.subtilis and B.stearothermophilus neutral
proteases at 56 and 71°C respectively can be nullified by adding
a specific inhibitor (phosphorarnidon) to the enzyme solutions
(V .G.H.Eijsink, unpublished observation). Apparently, other
processes resulting in irreversible inactivation of the neutral
proteases do not occur to a measurable extent, under the
conditions used in our therrnostability assay.

The analysis of structural features deterrnining neutral protease
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Residue 300

Del GlyAsn Ala Val ne Leu Phe

(A)

Change in t50b -16 -13 n.d.a -10 n.d. 8 0 +5

(8)

Pocket residuec

Tyr210

Ile233

Phe268

Lys269

Lys272

Trp295

Va1298

Va1300

-3.9

-9.8

-8.3

-6.0

-10.9

-9.9

-1.2

<-144.7

-2.2
-8.8
-7.1
+0.2
-0.4
-7.4
+2.9

-144.7

-1.1
-1.6
-2.8
-0.5
+0.6
-3.7
+0.5

-85.0

0.0

0.0

-1.7

+1.2

+0.6

-2.1

+0.5

-23.8

-2.1
-1.6
+1.8
-8.8
-4.3
+5.2
-0.5
+3.3

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

1.6

+3.8

+3.5

-3.8

-2.1

+3.8

-3.3

+41.0

Total < -194.7 n.d. -167.5 -93.6 -25.3 -7.0 0.0 +41.3

"n.d. = not deterrnined.

bDecrease (-) or increase (+) of the t50 (time interval of incubation, in minutes, after which the rernaining activity is 50%) upon mutating residue 300. The
t50 of wild-type enzyme (Leu300) was 18 min.
"Buried hydrophobic surface area (in A2) gained (+) or lost (-) in the folded enzyme upon mutating residue 300, per amino acid and in total. Values were
deduced from the models of wild-type and mutant B.subtilis neutral proteases.
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Fig.5. Thennostability of B.stearothennophilus neutral protease mutants.
Samples were incubated at 71°C during various time intervals. Residual
activities were determined and expressed as percentage of the initial activity .
Wild-type/Val318 (.); Ala318 mutant (0); 318-319 deletion mutant (*).

run performed on the modelof this mutant was sufficient to get
out of this local minimum and resolve these sterical prohlems
without the need for large-scale rearrangements of the
surrounding amino acids. Tbe experimental results sbow that the
negative sterical effect created hy the introduction of Pbe is more
than counterhalanced hy the favourahle effect of hurying three
extra methyl groups.

Karpusas et al. (1989) sbowed that the stahilizing effect of
incorporating hulky residues within the core ofT41ysozyme can
he easily offset hy the introduction of sterical bindrance. With
respect to incorporating residues in the bydropbohic pocket
described above this seems to be true for the ne mutant. However ,
the incorporation of Pbe indeed resulted in an increase in
thermostahility .

Val318, the penultimate residue ofthe thermostahle B.stearo-
thernwphilus neutral protease is functionally equivalent to Leu300
at the C-terminus of the B.subtilis neutral protease. The extra
residue present at the C-terminus of the B. stearothernwphilus
enzyme (Tyr319) would not influence significantly the interaction
hetween residue 318 and the bydropbohic pocket. It points
towards the solution and, except for the covalent hackhone
contact, there are no contacts between side cbain and hackhone

103

therrnostability was focused on amino acids or combinations
thereof, that play a role in preventing partial unfolding. It was
anticipated that the C-terminal amino acid belps to prevent
unfolding because its large bydropbobic side cbain is buried in
a bydropbobic pocket made up of residues located in two
domains. The importance of bydropbobic interactions for protem
stability is well known (Cbothia, 1984) and bas been experiment-
ally analysed by protein-engineering experiments (Kellis el al. ,
1988; Karpusas el al. , 1989). In order to analyse bydropbobic
interactions, the stability of a prorem can be related to the amount
of buried bydropbobic surface area (Cbothia, 1984; Eisenberg
and McLachlan, 1986). Recently Matsumara el al. (1988, 1989)
experimentally confirrned this relationsbip by stability analysis
of site-directed mutants of T4 lysozyme. Tbey sbowed that in
some cases stability changes associated with substitutions of amino
acid residues can be determined by simple calculations of buried
bydropbobic surface areas.

Tbe bydropbobic surface area calculations presented in Table
II were carried out on modelled proteins. Tberefore they are not
as accurate as the calculations in the papers cited above, since
the latter were, for a large part, carried out on X-ray crystal
structures. This applies especially to the Asn, Gly and deletion
mutant, wbicb could not be modelled very satisfactorily.
However, the data in Table II provide clear qualitative evidence
of a positive correlation between the extent of buried bydropbobic
surface area and protein stability .

Tbe ne mutant is only sligbtly more therrnostable than the Ala
mutant, notwithstanding the fact that their difference in buried
bydropbobic surface area amounts to 86.6 A2. On model
building of the ne mutant it appeared that the ne side cbain could
only be placed in the model after some relocation of both side
chain and backbone atoms of the surroundmg amino acids. These
sterical effects presumably account for the remarkably low
therrnostability of the ne mutant.

As expected from buried bydropbobic surface area calculations,
an increase in therrnostability was observed upon replacing the
wild-type Leu by Pbe. However, upon this replacement a sligbt
degree of srerical bindrance is observed, whicb cannot be resolved
by energy minimization. The standard 2 ps molecular dynamics~



v .G.H.Eijsink el al.

atoms of residue 319 and the atoms of residue 318 and other
residus making up the hydrophobic pocket. The B.stearothenno-
philus neutra1 protease appeared to be less sensitive to mutations
at the C-terminus than the B.subtilis enzyme. Both replacing
Va1318 by Ala and deletion of residues 318 and 319 resulted in
a decrease in thermostability , which is sma1l compared with the
drastic decrease in thermostability observed upon similar
mutations in the B.subtilis enzyme.

In the B.subtilis enzyme the interaction between the domains
is to a large extent determined by the interaction between the
C-termina1 residue and the hydrophobic pocket and, thus, by the
size and the properties of this residue (Eijsink et al. , 1989). In
the B. stearothernwphilus neutra1 protease severa1 additiona1
interactions exist between the middle and the C-termina1 domain.
These interactions may prevent the enzyme from partia1 unfolding
in the border region between the domains, even when the
C-termina1 hydrophobic residue has been deleted. Other
mutations, designed to ana1yse the nature and the importance of
the contact between the C-termina1 and the middle domain are
presently under investigation. Preliminary resu1ts support our idea
that the interaction between the middle and the C-termina1 domain
is an important determinant for neutra1 protease therma1 stability
(Eijsink et al. , 1989).

The resu1ts presented here support the hypothesis that Leu300,
by interacting with a hydrophobic pocket, contributes to the
therma1 stability of B. subtilis neutra1 protease. This hypothesis
was based on the assumption that this residue is comparable with
Va1315 ofthermolysin. Molecu1ar modelling was performed with
a model ofthe B.subtilis neutra1 protease which was built from
the known thermolysin structure. Despite the fact that these
enzymes have only 47% sequence identity, the predictions made
with respect to mutating residue 300 in the B. subtilis neutra1
protease have proved to be largely correct. Apparently the
differences in amino acid sequence and thermostability observed
within the group of neutra1 proteases are not accompanied by
major structura1 differences.
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