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Model building of a thermolysin-like protease by mutagenesis

Francesco Frigerio1, Immaculada Margarit 1, with similar enzymatic characteristics but with large differences
in thermal stability (Priestet al., 1989). The amino acidRenzo Nogarotto1, Guido Grandi1,2, Gert Vriend 3,

Florence Hardy4,5, O.Rob Veltman4, Gerard Venema4, sequences (Figure 1) of several NPs are known, including
those produced byBacillus thermoproteolyticus(thermolysin;Vincent G.H.Eijsink 4,6,7

Titani et al., 1972; O’Donohueet al., 1994),Bacillus cereus1Eniricerche, via Maritano 26, 20097 San Donato Milanese (MI), Italy, (NP-cer; Sidleret al., 1986; Wetmoreet al., 1992),Bacillus3EMBL, Meyerhofstrasse 1, D-69117 Heidelberg, Germany and
stearothermophilus(NP-ste, Takagiet al., 1985) andB.subtilis4Department of Genetics, Centre for Biological Sciences, University of

Groningen, Kerklaan 30, 9751 NN Haren, The Netherlands (NP-sub; Yanget al., 1984). The three-dimensional structures
of thermolysin (Matthews et al., 1972; Holmes and2Present address: Chiron–Biocine, via Fiorentina, 1, 15100 Siena, Italy
Matthews, 1982) and of NP-cer (Pauptitet al., 1988; Stark5Present address: Department of Biology, University of Cergy-Pontoise,

Av. Chauvin 2, 95302 Cergy-Pontoise, France et al., 1992) have been resolved by X-ray crystallography,
6Present address: Laboratory of Microbial Gene Technology, NLH, but attempts to crystallize other NPs have so far not been
PO Box 5051, 1432 Ås, Norway successful (M.Bolognesi, B.W.Dijkstra, F.Frigerio, R.Pauptit
7To whom correspondence should be addressed and H.Rozeboom, unpublished observations). The lack of

additional structural information on the NP family is especiallyThe present study concerns the use of site-directed muta-
unfortunate in the case of NP-sub, since this enzyme is usedgenesis experiments to optimize a three-dimensional model
in various industrial processes that could be improved ifof the neutral protease of Bacillus subtilis (NP-sub). An
rational manipulation of NP-sub properties would be possible.initial model of NP-sub was constructed using the crystal

NP-sub-shares 47% sequence identity with thermolysin.structures of the homologous neutral proteases ofBacillus
Studies of structures of homologous proteins (Chothia andthermoproteolyticus(thermolysin) and Bacillus cereusas
Lesk, 1986; Sander and Schneider, 1991) suggest that a modeltemplates. The largest portion of NP-sub could be modelled
based on such a degree of sequence identity is often fairlysatisfactorily, using standard techniques, but several
accurate in the core region, but larger errors are to be expectedsurface-located regions could only be modelled with a
in surface-located regions. A good model of the latter regionshigh degree of uncertainty. In order to make the model
is of particular importance for engineering the stability ofmore reliable in these regions a ‘model building by muta-
aspecific proteases such as subtilisin and NPs. Surface-locatedgenesis’ approach was adopted. Mutations were designed
regions are of major importance in the partial unfoldingsuch that their effect on thermal stability could indicate
processes that render the protease susceptible to autolysis andhow their local environment should be modelled. This
that are the rate-limiting step in the thermal inactivationapproach provided insight in the local structure of several
process (Dahlquistet al., 1976; Braxton and Wells, 1992;regions in NP-sub that were hard to model on the basis of
Vriend and Eijsink, 1993; Kidokoroet al., 1995). This ishomology with the two known structures alone.
illustrated, for example, by the fact that the difference inKeywords: Bacillus subtilis/homology modelling/mutagenesis/
thermal stability between NP-ste and thermolysin (86 %neutral protease/surface loops
sequence identity) is caused by surface-located amino acid
substitutions only (Eijsinket al., 1995). These results indicate
that a general strategy for the stabilization of NPs by mutagen-Introduction
esis must start with the reduction of the mobility of surface

The merits of modelling proteins based on homology to aareas, that is, those areas that are the least well ‘defined’ in
known structure have recently been reviewed at the Asilomarstructural models built by homology.
meeting on the assessment of protein prediction techniques In order to refine some poorly defined regions in the model
(Moult et al., 1995). This world-wide modelling experiment of NP-sub, a ‘model building by mutagenesis’ strategy was
made clear that model building by homology is a viableadopted. Site-directed mutations were introduced in surface-
technique to arrive at three-dimensional coordinates of proteinlocated areas and the effect of the mutations on stability was
structures when the sequence identity between the model andused to shed light on conformational details in these regions.
the structure is high. Models become less precise when theCompared with the previously available NP-sub models, the
sequence identity between model and structure is lower.new model, obtained after both computational and ‘model
Modelling surface-located loops is not reliably possible withbuilding by mutagenesis’ strategies, contains fewer areas that
today’s techniques (Mosimannet al., 1995). Here we report should be defined as ‘definitely wrong’ and more areas that can
attempts to improve the modelling of surface loops in thebe defined as ‘probably right’.
neutral protease ofBacillus subtilis(NP-sub) by incorporating
data from specifically designed site-directed mutagenesisMaterials and methods
experiments in the modelling process.

Model buildingSeveral members of the bacterial genusBacillus secrete
metalloendopeptidases, which are also called neutral proteases All modelling studies were carried out on Evans and Sutherland

ESV10 and Silicon Graphics 4D/35 interactive graphics(NPs). The NPs form a group of highly homologous enzymes

© Oxford University Press 223



F.Frigerio et al.

Fig. 1. Sequence alignment of NPs. The rows under the amino acid sequences display information concerning the structure of thermolysin and the NP-sub
model. SEC: backbone conformation in thermolysin; S,β-strand; H,α-helix. BAD: ? indicates residues located in the problem regions identified during the
homology model building phase (see text). NOW: estimated quality of the model after mutagenesis studies;1, mutagenesis results were beneficial for the
modelling process; –, mutagenesis was performed but did not provide clues for the modelling process; ?, mutants suitable to probe the local conformation
could not be designed. Throughout this study residues are numbered according to the thermolysin sequence. Insertions in NP-sub are numbered by the
preceding thermolysin residue followed by A, B, C, etc.

systems using the programs WHAT IF (Vriend, 1990) and were compared and the rotamer was taken from the X-ray
structure displaying the highest sequence identity in the directInsightII (Dayringer et al., 1986). For molecular dynamics

and energy minimizations, GROMOS (Van Gunsteren and three-dimensional environment; (c) if the NP-sub sequence
was identical with only one of the two structures, the rotamerBerendsen, 1987) and Discover (Biosym Technologies, San

Diego, CA) were used. of that structure was used; (d) the remaining residues could
not be modelled based on either of the two structures. In theseThe degree of sequence identity between NP-sub and either

of the two structures is roughly identical. We chose the cases a position-specific rotamer search as described by De
Filippis et al.(1994) was performed to select the most probablethermolysin backbone as the main structural template, since

the thermolysin structure is better refined than the NP-cer conformation.
2. Surface loops.Surface loops without insertions andstructure (Holmes and Matthews, 1982). The model was built

in seven steps, as follows. deletions were modelled using similar criteria to those used
for modelling the core. NP-sub loops that clearly showed1. Core regions.As the first step, the complete core

was built. The thermolysin backbone was maintained, which higher sequence similarity to either of the two structures were
modelled using the more similar structure. In other cases thereduced the modelling to positioning side chains. Their

conformations were determined as follows: (a) wherever the loop was modelled using the structure that had the higher
sequence identity in the direct three-dimensional environment.three sequences were identical and thermolysin and NP-cer

had the same rotamer, the thermolysin side chain was kept; 3. Deletions and insertions.These were modelled manually
or by database searches for matching fragments as described(b) if the three sequences were identical but the thermolysin and

NP-cer rotamers differed considerably, the local environments by Jones and Thirup (1986). The sequence alignment shown
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Table I. Problematic regions in the model of NP-sub and thermal stability of mutants made for model-building by mutagenesisa,b

Sequence alignment Location in the Tentative model from Designed mutations Expected effect on∆T50 (°C)c Section in
(NP-sub versus TLN) TLN structure homology building the basis of the the text

initial model

3 amino acids N-terminal NP-sub Res. 1 Ala4→ Thr .. 10.6 A1
deleted β-strand ¥ TLN Res. 4
1 amino acid Loop 25–27 4 amino acid Glu25→ Gln ,, 26.7 A2
inserted β -turn as NP-cer
2 amino acids Loop 33–38 Lys35 and Gln38 Lys35→ Arg .. 22.8 D
inserted as in TLN; manual

adjustments Gln38→ Glu .. 20.8 D
1 amino acid Loop 47–50 From database
inserted search
NP-sub: Phe88 C-terminus A: like TLN Phe88→ His A: .. 20.5 E
TLN: His88 of α-helix B: like NP-cer B:,,
5 amino acids Loop 178–184 From database
deleted search
3 amino acids Loop 192–196 From database
deleted search
Low homology Loop 215–227, From database 1: BETAd 1 DELd .. 11.1 C1

N-terminal part search 2: Asn219→ Lys ,, 21.2
3: N219K 1 BETA .. (compared 20.1

with N219K
only)

4 amino acids Loop 215–227, H-bond Gln160– Gln160→ Glu .. 0.0 C2
inserted centre Arg220A
Low homology Loop 215–227, H-bond Asp226– Asp226→ Asn ,, 23.5 C3

C-terminal part His231; Asp226
is helix N-cap

10 amino acids β-Hairpin Manually
deleted 247–256 modelled
2 amino acids Inter-helix A: deletion in Lys305→ Ser A: ,, 11.0 B
deleted loop 299–304 the loop B:..

B: deletion in Lys305→ Asp A: ,, 11.2 B
helix B: ..

aAbbreviations: TLN, thermolysin;¥, topologically equivalent to;.., stabilizing;,,, destabilizing; A, B, alternative conformations in the initial model.
bFor mutations affecting hydrophobic interactions centred around residue 63, see Frigerioet al. (1996).
cErrors in∆T50 lay within 30% of the∆T50 value, with a maximum of 0.3°C.
dSee text for a detailed description of these complex mutations.

in Figure 1 reveals six deletions and three insertions in NP- parts of the model. In this stage the steps 1–5 were iterated
for several regions of the protein.sub relative to both structures and one insertion in NP-sub

relative thermolysin only. Mutagenesis and production of the mutated proteins
4. Stereochemical optimization of the model.The model was Cloning, subcloning and site-directed mutagenesis of theexamined for unfavourable van der Waals overlaps, whichNP-sub gene were performed either as described by Eijsinkwere removed manually by minimal rotation around side-chainet al. (1992a) or by Margaritet al. (1992). The wild-typetorsion angles. A short energy minimization was carried outsequence of the NP-sub gene has been described by Yangto produce a first version of the complete model. This energyet al.(1984).minimization was performedin vacuo. The culturing ofB.subtilisstrains harbouring a plasmid that5. Model quality.The quality of the model was evaluated contains a wild-type or mutant NP-sub gene, the purificationmanually and by using a variety of computational techniquesof NPs from culture supernatants and the analysis of the purifiedimplemented in the WWW-based Biotech structure and modelenzymes by SDS–PAGE have been described previously (Vanverification server (http://biotech.embl-heidelberg.de:8400/).den Burget al., 1989; Eijsinket al., 1992a; Frigerioet al.,Most quality indicators were within normal ranges. As 1996). With the exception of the D226N mutant, all mutantsexpected, some surface-located regions, especially near inser-described in this study had specific activities towards casein thattions or deletions, were poorly modelled. Regions wherewere similar to the specific activity of the wild-type enzyme.experimental data could help in the modelling process were

Thermal stability measurementsidentified manually.
6. Mutagenesis.Mutations were designed that could provide The thermal stability of the purified enzymes was determined

by measuring the irreversible inactivation which results frominformation about regions in NP-sub that were considered to
be less precisely modelled. These mutations were designed unfolding and subsequent autolysis at elevated temperatures

(Eijsink et al., 1992a). The enzymes were diluted to ~0.1µMto have an effect on the thermal stability that would be
attributable to local structural characteristics. (~3µg/ml) in 20 mM sodium acetate (pH 5.3), 5 mM CaCl2,

0.4% propan-2-ol, 50 mM NaCl. The diluted enzymes were7. Evaluation of mutational effects.The agreement between
the predicted effects and the observed∆T50 values (Table I) incubated at various temperatures for 30 min. Subsequently,

the residual proteolytic activity was determined using awas used for further evaluation and adjustment of the concerned
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casein assay (Fujiiet al., 1983) and expressed as percentage
of the initial activity. Thermal stability was defined asT50,
representing the temperature at which 50% activity was
preserved after incubation for 30 min. Thermal stability of
mutants was expressed as∆T50, being the difference inT50
between the mutant and the wild-type enzyme (the wild-
type enzyme was included as a standard in each assay).
The presented∆T50 values were derived from at least three
independent∆T50 measurements. Errors in∆T50 lay within
30% of the value, with a maximum of 0.3°C.

Results
Initial model of NP-sub
Modelling the core region of NP-sub was fairly straightforward
because 87 out of the 129 residues with less than 5 Å2

accessible surface area are identical between NP-sub and either
of the two structures. Nineteen more buried residues were
conserved in their physico-chemical properties. More problems
were encountered in modelling the surface. Out of the 123

Fig. 2. Ribbon representation of the NP-sub model. Pink spheres indicateamino acids differing between NP-sub and both NP structures,
the Zn21 (larger sphere) and the two Ca21 ions bound to NP-sub. The red85 were solvent exposed in the corresponding structure andstretches represent the problem regions that were subjected to mutagenesis

42 of these were found in non-helix, non-strand regions. studies.
Difficult to model regions in the initial model were con-

sidered poor if they met one or more of the following criteria:
(1) in the modelling process an arbitrary choice between twohave marginal (positive) effects on stability (reviewed by
or more equally acceptable alternatives needed to be made;Matthews, 1991, 1993 and Fersht and Serrano, 1993). Surface-
(2) low packing quality (Vriend and Sander, 1993) or otherlocated electrostatic interactions similar to those affected in
trivially detected structural anomalies (Hooftet al., 1996), the present study have previously been shown to be important
such as bad torsion angles, buried unsatisfied hydrogen bondfor NP stability (Eijsinket al., 1992b; Frigerioet al., 1996;
donors/acceptors or highly exposed hydrophobic side chains,O.R.Veltman, B.van den Burg, G.Vriend, G.Venema and
were observed; (3) large errors were observed at equivalentV.G.H.Eijsink, in preparation).
positions in a model of NP-cer that was built on the basis of The results are summarized in Table I and described in
the thermolysin structure (Vriend and Eijsink, 1993). In total,detail below. It must be noted that the thermal stability of NPs
the following parts of the model were considered to be poor:is determined by autolysis that is preceded by partial unfolding
the N-terminalβ-hairpin, seven out of the eight loops with (Dahlquistet al., 1976; Braxton and Wells, 1992; Vriend and
deletions and insertions and the environment of residue 88Eijsink, 1993; Kidokoroet al., 1995; Eijsink et al., 1995).
(Figures 1 and 2 and Table I). We were fairly certain aboutConsequently, the magnitude of mutational effects is deter-
the stretch around residue 63, but it was included in our studiesmined by the location of the mutation or, in other words, by
because it is a region of special importance for stability inthe extent to which the mutated region is involved in rate-
NP-ste (Van den Burget al., 1994) and because it is related limiting partial unfolding steps. In fact, it has been observed
to the uncertain N-terminalβ-hairpin. The 10-residue deletion that fairly drastic mutations in the ‘wrong’ part of the protein
between residues 246 and 257 was not included in our studiesmay leave the NP stability unchanged (Eijsinket al., 1995;
since there was only one possible conformation for connectingV.G.H.Eijsink, G.Vriend and G.Venema, unpublished observa-
the helices on both sides of the deletion. tions). All mutations in this study concerned mutations at the

protein surface, which is known to be important for NPModel building by mutagenesis
stability (Fontana, 1988; Eijsinket al., 1995). Thus, it was notPresumably poorly modelled regions (Figures 1 and 2) were
unexpected that almost all mutations had significant effects onthoroughly inspected and for most of them mutations were
stability (Table I). The∆T50 values in Table I can, however,designed that, by their effect on thermal stability, could give
be interpreted in qualitative terms only. Their most importantinformation on the local fold. Mutations were as far as possible
characteristic is their sign, indicating whether stabilizing inter-restricted to residues with multiple side-chain interactions and
actions have been improved or detoriated. Mutations with nolimited side-chain conformational space. This was done to
effect on stability (Gln160→ Glu) must be interpreted withreduce the risk of ‘induced fit’ artefacts, that is, artefacts
extra care, since in principle this may simply indicate that theresulting from the fact that an interaction that becomes possible
mutated region is not involved in rate-limiting partial unfoldingonly after mutation may cause the introduced side chain to be
processes.located at a position where the wild type side chain is unlikely

to be located. Selection of this type of mutation implied that(A) The N-terminal β-hairpin and adjacent regions.The
sequence alignment of the first amino acids of NP-sub, NP-all salt bridges that were affected in the present study consisted

of at least one residue of which the side chain was conforma- cer and thermolysin is arbitrary, owing to the low homology
and to the absence of three residues in NP-sub. The structuretionally heavily restricted and not well solvated. Thus, all salt

bridges introduced or detoriated in this study were expected in this region is rather extended, which makes it difficult to
model any deletions. We built the model using the alignmentto be clearly stabilizing, as opposed to salt bridges involving

well solvated side chains, which are generally considered to of Figure 1, in which the deleted residues are entirely located
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suggest that the N-terminal strand in NP-sub is located in a
similar position to that in thermolysin and in NP-cer, meaning
that Ala1 corresponds to Thr4 of the X-ray structures. In a
recent study, Frigerioet al. (1996) manipulated the stability
of NP-sub in a rational way by introducing a series of mutations
clustered around residue 63. For mutant design and the
rationalization of mutational effects, these authors used a
model in which the complete N-terminalβ-hairpin had the
same conformation and location as in the two crystal structures.
Three different mutations in the N-terminalβ-hairpin (positions
9, 11 and 17) gave predictable results, strongly indicating that
the model was correct.

(B) Loop region around residue 300.The alignment shows a
deletion of two residues in NP-sub near residue 300 (Figure
1). This region consists of a loop (residues 297–299) connecting
the N-terminal end of helix 300–314 with the C-terminal end
of the preceding helix 280–296.After an extensive study of
the X-ray structures, it was concluded that there are only two
ways that this deletion can be modelled. In one alternative,
the N-terminal turn of helix 300–314 is kept as observed in
thermolysin and the deletion is placed in the loop (Figure 4A).
In a second alternative, one helical turn is unwound to keep
the number of residues in the loop the same as in thermolysin
(Figure 4B). In the first alternative, the solvent-exposed Lys305
is far away from the N-terminal end of the helix and thus it
is not positioned close to the positive pole of the helix dipole.
Moreover, its positively charged amino group is at salt bridge-
forming distance of Asp302. In the second alternative, there
is a charge repulsion between Lys305 and the helix dipole andFig. 3. The N-terminalβ-hairpin (residues 4–34) in the A4T mutant of

NP-sub. The side chains of Thr4, Glu25 and Arg31 are given (see text, no salt bridge with Asp302. Replacement of the positively
points A1 and A2). The residue numbered 4 in the text is the N-terminal charged Lys305 by an uncharged serine or a negatively charged
residue in NP-sub. aspartate seems to be favourable only if the second alternative

is valid. The Lys305→ Ser (11.0°C) and Lys305→ Asp
(11.2°C) mutations both had positive effects on the thermal

at the beginning of the strand. Three mutations were designedstability of NP-sub (Eijsinket al., 1992b), indicating that the
to verify the model in this region. second alternative (Figure 4B) is correct.

(A1) Ala4 → Thr. Figure 3 displays the structure of the
(C) Extended loop 215–227.The loop 215–227 was particularlyN-terminal region. Since aβ-strand is presumed to be rigidi-
hard to model because it does not display sequence homologyfied by mutations that introduce aβ-branched residue
with either thermolysin or NP-cer. Additionally, there is an(Finkelstein, 1995; Wouters and Curmi, 1995), the proposed
insertion of four residues in NP-sub in this region. Themutation Ala4→ Thr is expected to stabilize NP-sub. The
modelling process was further complicated by the fact thatside chain of this threonine displays close contacts with its
there are only few contacts between this loop and the restown backbone only, when it is modelled in the most preferred
of the molecule. Mutagenesis in this region included tworotamer. Hence, on the basis of the predicted backbone
large mutations: in mutation DEL, the complete 215–227conformation, any observed effects of the mutation can be
stretch in NP-sub was replaced by the corresponding stretchattributed solely to reduced mobility. Upon the Ala4→ Thr
in thermolysin; mutation BETA concerned the introductionmutation indeed a small (0.6°C) but significant increase inT50
of a β-hairpin (247–256) that is only present in the morewas observed.
thermostable NPs and that has important contacts with the(A2) Glu25→ Gln. A salt bridge is observed between Glu25
215–219 region (Figures 1 and 5).and a conformationally restricted Arg31 in the NP-sub model

(C1) Beginning of the loop: BETA1 DEL, Asn219→ Lys.(Figure 3). In NP-cer and thermolysin both the negatively
Introduction of the BETA mutation only resulted in marginalcharged Glu and the positvely charged Arg are replaced by
stabilization of NP-sub, but the effect was larger (11.1°C)uncharged residues and the additional three N-terminal residues
in mutants containing additional ‘NP-sub→ thermolysin’are located in the space occupied by the 25–31 salt bridge in
mutations in the 215–219 region (either the DEL mutation orthe NP-sub model. We did not mutate Arg31 since in an Arg31
Asn216→ His only; Eijsinket al., 1992c; Hardyet al., 1994).→ Xxx mutant Glu25 would still be capable of favourable
Apparently, the stabilizing contacts between the 215–219electrostatic interactions with the N-terminus, which could
region and the 247–256β-hairpin are also possible in the NP-compensate the disruption of the existing salt bridge. Removal
sub variants. From this we conclude that at least residues 216of the charge of Glu25 would, however, undoubtedly result in
and 217 have a similar conformation in NP-sub, NP-cer anddecreased stability if the initial model depicted in Figure 3
thermolysin.were correct. Decreased stability was indeed observed after

In thermolysin and NP-cer close interactions exist betweenthe Glu25→ Gln mutation (Table I).
The results described under A1 and A2 are consistent and the Nζ of Lys219 and the OH of Tyr251 in theβ-hairpin
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a b

Fig. 4. Possible conformations for the loop connecting the two C-terminalα-helices in NP-sub. The ribbon shows residues 294–312 and the side chains of
Asp302 and Lys305 are indicated (see text, point B, for details).

(C2) Centre of the loop: Gln160→ Glu. In thermolysin and
NP-cer the side chain of Glu160 forms H-bonds with the
backbone of Phe281 and the side chains of Tyr217 and Arg220.
In NP-sub the H-bond with the OH of Tyr217 seems to be
conserved, as is the H-bond with the backbone of Phe281 in
the N-terminal turn of the 280–296 helix. The Arg at position
220 is not present in NP-sub, which has Arg at position 220A
instead (Figure 1). The position of Arg220A was verified by
the Gln160 → Glu mutation, assuming that this mutation
would be beneficial in case the side chains of residues 160
and 220A were interacting. The mutation Gln160→ Glu did
not affect the stability of NP-sub, which is likely to reflect the
fact that the side chain of Arg220A is not pointing in the
direction of residue 160. However, since the side chain of
residue of 160 is largely solvent-exposed and already involved
in several hydrogen bonds and since the ‘unknown’ Arg220A
may be fully solvated, it can, not be excluded that a salt bridge
between Glu160 and Arg220A is formed but that its effect on
stability is not noticable.

(C3) End of the loop: Asp226→ Asn.The mutation Asp226
→ Asn was designed to probe the favourable interactions of
the negatively charged Asp residue with the positive end of
the subsequentα-helix and with His231 in the active site
(Figure 6). If Asp226 is located similarly in NP-sub as in the
two X-ray structures, both a destabilization and a change in
specific activity are expected upon the mutation. These effects
were indeed observed (Table I; the effects on activity are
currently being studied in more detail and will be published
elsewhere). The effect of the Asp226→ Asn mutation turned
out to be pH dependent, confirming the electrostatic characterFig. 5. N-terminal part of the 215–227 loop in thermolysin. The ribbon
of the interactions involved (results not shown). Given thatshows residues 214–220 and 247–258; the side chains are those of His216,

Ser218, Lys219 and Tyr251 (see text, point C1). the position of residue 226 is the same in NP-sub as in the
two structures, it is not possible to model residue 227 in any
other way than as in the two structures.(Figure 5). Introduction of the Asn219→ Lys mutation in

In conclusion, the mutations described under C1–C3 indicateNP-sub resulted in a destabilization which could be almost
that the coordinates for the backbone and, where applicable,completely compensated by adding BETA (Table 1). This
the side chains of NP-sub residues 216, 217, 218, 219, 226compensation is likely to result from interactions between
and 227 are likely to be similar to those of the correspondingLys219 and Tyr251, similar to those observed in thermolysin

and NP-cer. residues in the thermolysin structure.
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(E) Local backbone refinement: Phe88→ His. The three-
dimensional structure around residue 88 is significantly differ-
ent between thermolysin and NP-cer. Residues 86 and 89 are
involved in crystal contacts in NP-cer only, which could
explain the structural difference with TLN. Nevertheless,
choosing the thermolysin structure for the NP-sub model was
not obvious, since the residue at position 88 in NP-sub is a
Phe (as in NP-cer) and not a His (as in thermolysin). In
thermolysin the Nε2 of His88 and the OH of the conserved
Tyr83 form a buried H-bond, whereas in NP-cer the different
backbone conformation around position 88 does not allow a
close interaction between these two side chains. The mutation
Phe88 → His would therefore stabilize NP-sub when the
backbone conformation around residue 88 is similar to thermo-
lysin. A destabilization is expected if the local backbone is
more similar to NP-cer, because of the introduction of a buried
unsatisfied H-bond donor/acceptor. A small but significant
destabilization (0.5°C) was obtained upon the Phe88→ His
mutation, suggesting that NP-sub looks more like NP-cer than
like thermolysin is this region.

Discussion
The accuracy of neutral protease models built by homology
could be estimated after the crystal structure of NP-cer became
available (Starket al., 1992). A model of this NP, which
shares 73% sequence identity with thermolysin, had been built
before any information derived from crystals was available.
The atomic misplacement in this model, measured as root
mean square deviation (r.m.s.d.) for all atoms, turned out to
be 1.26 Å (Vriend and Eijsink, 1993). This error is dominated

Fig. 6. The environment of Asp226 in NP-sub. The ribbon shows residues by errors in a limited set of surface-located side-chains with224–234. Side chains are those of Asp226 and His231 and those of the
large conformational freedom and by a difference in hinge-residues coordinating the Zn21 ion (purple sphere; His142, His146, Glu166)
bending between domains (Hollandet al., 1992, 1995; Van(see text, point C3).
Aalten et al., 1995). The latter can be compensated for by
comparing individual domains/regions of the two structures,
giving 1.11, 1.31 and 1.01 Å for the N-terminal, middle and
C-terminal domains, respectively (Vriend and Eijsink, 1993).(D) Insertion between 33 and 38: Lys35→ Arg; Gln38 →

Glu. A number of alternative backbone conformations were For residues with less than 10 Å2 solvent-exposed surface
area, the r.m.s.d. was reduced to 0.55, 0.77 and 0.55 Å,proposed to accommodate a two amino acid insertion in a

difficult-to-model surface loop between residues 30 and 40 respectively.
The modelling of NP-cer gives an indication of the accuracy(Figure 1). To address the conformation of this loop, residues

35 and 38 were mutated. In its preferred rotamer, the side that can be expected for the NP-sub model before mutagenesis
studies. NP-sub has lower sequence identity with thermolysinchain of Gln38 points into the direction of the conformationally

restricted side chain of Arg31. A glutamate at this position than NP-cer and the model is thus expected to be less accurate.
On the other hand, the model of NP-sub was built on the(which has the same preferred rotamer) could give favourable

electrostatic interactions and therefore the Gln38→ Glu basis of two, instead of one, crystal structures. Furthermore,
improved modelling techniques were used, most notably posi-mutation was predicted to be stabilizing. In thermolysin and

NP-cer the conformationally rather restricted side chain of tion specific rotamers searches (De Filippiset al., 1994; Chinea
et al., 1995). In the NP-sub model the domains are orientedArg35 is expected to contribute to stability because it takes

part in several hydrogen bonds and salt bridges (with conserved as in the thermolysin structure (3TLN/8TLN) found in the
structure database (Bernsteinet al., 1972). In this structure,residues Asn21, Asp32 and Asp82; Asp32 is almost completely

buried). The importance of such a cluster of interactions has a dipeptide is bound in the active site and the active site
cleft is more ‘closed’ than in the peptide-free NP-cer (Hollandbeen illustrated by other mutagenesis studies (Horovitzet al.,

1990; Fersht and Serrano, 1993). A Lys at this positionet al., 1992). Thus, the NP-sub model probably represents the
situation in the presence of a substrate. The difference betweenwould give less favourable hydrogen bonding and electrostatic

interactions. Thus, the Lys35→ Arg mutation in NP-sub the ‘closed’ and ‘open’ conformations is of limited importance
for the rational design of stabilizing mutations, since the lattershould be stabilizing, provided that residue 35 is located at

approximately the same position as in the two structures. Both largely involves local interactions.
The mutation studies described above gave indications aboutmutations resulted, however, in a destabilization of NP-sub

(Table 1). We were not able to remodel the loop between how to model several regions that were considered unreliable
in the initial model of NP-sub. Some mutations did not helpresidues 30 and 40 such that these destabilizations could be

explained and it must therefore be concluded that the model to optimize the model, either because they did not changeT50
(see point C2) or because the observed effect did not agreewas and still is wrong in this region.
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Eijsink,V.G.H., Veltman,O.R., Aukema,W., Vriend,G. and Venema,G. (1995)
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the refined model would be the crystal structure of NP-sub.Fersht,A.R. and Serrano,L. (1993)Curr. Opin. Struct. Biol., 3, 75–83.

Finkelstein,A.V. (1995)Protein Engng, 8, 207–209.However, the apparent impossibility of obtaining this crystal
Fontana,A. (1988)Biophys. Chem., 29, 181–193.structure was the very reason for conducting the present study.
Frigerio,F., Margarit,I., Nogarotto,R., De Filippis,V. and Grandi,G. (1996)The lack of structural information limits the accuracy in the Protein Engng, 9, 439–445.

prediction and interpretation of mutational effects. The mainFujii,M., Takagi,M., Imanaka,T. and Aiba,S. (1983)J. Bacteriol., 154,
831–837.risk is that mutational effects are misinterpreted because larger

Hardy,F., Vriend,G., Van der Vinne,B., Frigerio,F., Grandi,G., Venema,G. andstructural adjustments (going further than a change of one side
Eijsink,V.G.H. (1994)Protein Engng, 7, 425–430.chain and, possibly, its rotamer) occur. There exists, however,

Holland,D.R., Tronrud,D.E., Pley,H.W., Flaherty,K.M., Stark,W.,
a large body of (crystallographic) experimental data which Jansonius,J.N., McKay,D.B. and Matthews,B.W. (1992)Biochemistry, 31,
indicates that point mutations generally have very localized 11310–11316.

Holland,D.R., Hausrath,A.C., Juers,D. and Matthews,B.W. (1995)Proteineffects on structure and that changes in backbone conformation
Sci., 4, 1955–1965.are rare (Matthews, 1993; De Filippiset al., 1994). Hence it is

Holmes,M.A. and Matthews,B.W. (1982)J. Mol. Biol., 160, 623–639.not likely that unforseen long-range structural effects generallyHooft,R.W.W., Vriend,G., Sander,C. and Abola,E.E. (1996)Nature, 381,
result in misinterpretation of the effects of a point mutation in 272–272.

Horovitz,A., Serrano,L., Avron,A., Bycroft,M. and Fersht,A.R. (1990)J. Mol.a modelled structure. Concerning the accuracy of interpreting
Biol., 216, 1031–1044.the data, it should be noted that in this study some difficult-

Jones,T.A. and Thirup,S. (1986)EMBO J., 5, 819–822.to-model regions were assessed by various mutations that gave
Kidokoro,S.et al. (1995)FEBS Lett., 367, 73–76.

consistent results (Sections A and C1). This contributes to theMansfeld, J., Vriend,G., Dijkstra,B.W., Venema,G., Ulbrich-Hofmann,R. and
degree of certainty with which the results can be interpreted. Eijsink,V.G.H.(1995) In Geisow,M.J. and Epton,R. (eds),Perspectives

on Protein Engineering.Mayflower Worldwide, Kingswinford, UK,The original aim of the NP-sub engineering projects was to
pp. 205–206.improve thermal stability. In previous studies and during the

Margarit,I., Campagnoli,S., Frigerio,F., Grandi,G., De Filippis,V. andcourse of model building by mutagenesis, it has already been Fontana,A. (1992)Protein Engng, 5, 543–550.
shown that the model of NP-sub can be used to designMatthews,B.W. (1991)Curr. Opin. Struct. Biol., 1, 17–21.

Matthews,B.W. (1993)Annu. Rev. Biochem., 62, 139–160.stabilizing mutations (Tomaet al., 1991; Eijsinket al., 1992b;
Matthews,B.W., Jansonius,J.N., Colman,P.M., Schoenborn,B.P. andMargaritet al., 1992; Hardyet al., 1994; Frigerioet al., 1996).

Dupourque,D. (1972)Nature, 238, 37–41.However, in less recent studies, based on the older variants of
Mosimann,S., Meleshko,R. and James,M.N.G. (1995)Proteins, 23, 301–317.

the NP-sub model, the success rate of predicting stabilizingMoult,J., Pedersen,J.T., Judson,R. and Fidelis,F. (1995)Proteins, 23, ii–iv.
mutations was relatively low. Higher success rates wereO’Donohue,M.J., Roques,B.P. and Beaumont,A. (1994)Biochem. J., 300,

599–603.obtained in predicting stabilizing mutations in modelled NPs
Pauptit,R.A., Karlsson,R., Picot,D., Jenkins,J.A., Niklaus Reimer,A.-S. andwith higher sequence homology to thermolysin (Vriend and

Jansonius,J.N. (1988)J. Mol. Biol., 199, 525–537.Eijsink, 1993; V.G.H.Eijsink and G.Vriend, unpublished obser-Priest,F.G. (1989) In Atkinson,T. and Sherwood,R.F. (eds),Biotechnology
vations). Recent studies with one of the the latter enzymes Handbooks.Plenum Press, New York, Vol. 2, Harwood,C.R. (ed.),Bacillus,

pp. 293–320.(Eijsink et al., 1995; Mansfeldet al., 1995) show that extremely
Sander,C. and Schneider,R. (1991)Proteins, 9, 56–68.stable NPs can be engineered on the basis of accurate three-
Sidler,W., Niederer,E., Suter,F. and Zuber,H. (1986)Biol. Chem. Hoppe-dimensional models.
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