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Thermitase, the thermostable alkaline protease from Thermoactinomyces vulgaris, has been crystallised in a 1:1 complex

with eglin, the inhibitor from the medical leech. Two large crystals were grown, with cell dimensions of a=49.3 A,

b=67.3 A, ¢=90.5 A and space group P2,2,2,. The crystals are relatively tightly packed with ¥,,;=2.1 A3/Da. Three-

dimensional data to 1.9 A have been recorded from one of these crystals. The orientation and position of the complex

in the unit cell have been established using the subtilisin Carlsberg-eglin structure as a model. The structure of the complex

is being refined by restrained least-squares. The present crystallographic R factor (=2|| F,— F.||/Z| F,|) is 26% at 2.5 A
resolution.

Thermitase; Serine proteinase; Crystallography; Thermostability; Molecular replacement; Ca?* binding

1. INTRODUCTION

Thermitase is the thermostable extracellular
alkaline protease secreted by Thermoactinomyces
vulgaris [1-3]. The sequence of its 279 amino acids
has been determined [4], and the calculated
molecular mass is 28369 Da. The sequence con-
firms the suggestions from a number of physical
and biochemical observations that thermitase is a
member of the subtilisin family of serine proteases,
with an Asp-His-Ser triad involved in the active
site.

Complete amino acid or gene sequences have
been published for several members of this family
from bacilli, including subtilisins from Bacillus
subtilis strain I 168 [51, B. amyloliquefaciens (sub-
tilisin NOVO or BPN') [6], B. licheniformis (sub-
tilisin Carlsberg) [7], B. amylosacchariticus (8], B.
mesentericus [9] and B. subtilis strain DY [10].
These enzymes are highly homologous to one
another. The three-dimensional structures have
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been determined for the proteins from B. amylo-
liquefaciens [11] and from B. licheniformis
[12,13], the latter in complex with the inhibitor
eglin from the leech Hirudo medicinalis. The ter-
tiary structures show a near identity of the folding
of the proteins. Deletions and insertions are very
small in number and occur in the loops at the sur-
face of the molecules, as do the majority of the
non-conservative amino acid substitutions. None
of these proteins contains a cysteine residue.

A subgroup of the subtilisin family does contain
a single free cysteine residue, at the same point in
the sequence where this is known, and quite close
to the active site in the three-dimensional structure.
This subgroup includes thermitase and also pro-
teinase K from Tritirachium album [14] for both of
which the sequences have been published, the pro-
tease from Malbranches pulchella for which the N-
terminal sequence confirms its similarity to pro-
teinase K [15], and the subtilisins from B. cereus
[16] and B. thuringiensis [17]). The three-
dimensional structure of native proteinase K has
been refined at 1.5 A resolution [18], and an initial
analysis of native thermitase reported at 2.5 A
[19].
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The subtilisins possess activity as proteinases,
esterases and amidases. They have extended
substrate binding regions, with at least 4 or 5 sub-
sites on the N-terminal side of the scissile bond,
and a preference for hydrophobic side chains, par-
ticularly phenylalanine, at the P, site (the first
substrate site on the N-terminal side) [20]. Ther-
mitase, as well as proteinase K and subtilisin
BPN’, has additional specificity sites on the C-
terminal side of the scissile bond: there appear to
be at least 2 such sites (P{ and P3) for subtilisin
and thermitase, and three (P4 also) for proteinase
K. All three enzymes have a preference for small
residues (Gly or Ala) at P{, show slower hydrolysis
for large residues such as Phe or Leu, and no
hydrolysis for Pro at Pj.

The subtilisin family generally require Ca®* for
maximum stability toward thermal or urea induced
denaturation and autolysis, and for optimal activi-
ty. In thermitase biochemical studies suggest that
there are two tightly bound Ca?*, which remain at-
tached during extraction, and one more weakly
bound Ca?* with a dissociation constant of about
107* M at 25°C, pH 3.5-7.5 [3]. The removal of
the weakly bound Ca®* slightly reduces the activity
of the enzyme, and decreases significantly its
stability to denaturation and autolysis. Removal of
at least one of the two tightly bound ions does not
appear to destabilise the enzyme further. The coor-
dination geometry of these Ca®** and their role in
stabilising the three-dimensional structure are of
interest.

We here report the crystallisation of thermitase
in a complex with the inhibitor eglin from the leech
Hirudo medicinalis, and the preliminary structure
analysis at 2.5 A resolution. Analysis of the ther-
mitase structure should shed light on its ther-
mostability and the details of the Ca’*-binding
sites in comparison to other refined subtilisin
structures, especially in comparison with pro-
teinase K, which is missing the Ca”*-binding seg-
ment (amino acids 81—87) common to all other
subtilisins for which structures are available, but
has one additional Ca’*-binding site [18]. The
study will also provide accurate data on the
geometry of the substrate recognition site and its
relation to the activity profile, and give insight into
the evolutionary and functional aspects of this en-
zyme in relation to other members of the family.
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2. MATERIALS AND METHODS

Thermitase was prepared as described previously [2]. In brief,
a crude preparation obtained by sodium sulphate precipitation
from the culture medium was desalted by dialysis and then
purified to homogeneity in a single step by preparative flat-bed
isoelectric focusing.

Eglin was kindly provided by Dr Schnebli of Ciba-Geigy,
Basel. Crystals were grown by the hanging drop vapour diffu-
sion technique [21]. Drops were set up in Linbro plastic tissue
culture dishes. With the limited amount of material available,
two and one half dishes were set up in all, with a total of 60
drops. A 1:1.3 enzyme/inhibitor solution was made up from
the lyophilised samples of thermitase and eglin, the relative con-
centrations being estimated by weight from the molecular
masses. The final composition of the protein solution was §
mg- ml~! of thermitase, 1.7 mg-ml™' of eglin ¢, 37.5 mM
sodium acetate, pH 5.2, 5 mM CaCl, and 5% PEG 4000. A
15 1 drop of this solution was placed at the centre of a
microslide coverslip. This was inverted and sealed over the
reservoirs with silicon vacuum grease. The reservoirs contained
500 xl of an aqueous solution of PEG 4000 in concentration
steps from 8 to 22%: half of the reservoirs also contained 0.5 M
NaCl. The dishes were left to equilibrate at a constant
temperature of 20 + 1°C.

For X-ray studies a single crystal was mounted in 1.0 mm
diameter thin-walled glass capillary tubes and characterised us-
ing an Enraf-Nonius precession camera mounted on an Elliot
GX18 rotating anode generator operating at 2.8 kW. Three-
dimensional data were recorded from the second single crystal
using synchrotron radiation from the EMBL beam line X31 at
the DORIS storage ring, DESY, Hamburg. Data were recorded
at room temperature, on 3-film packs of CEA-25 reflex X-ray
film, with flat-plate cassettes on a modified Arndt-Wonacott
oscillation camera.

Data were first recorded with radiation of wavelength 1.15 A
and a crystal-to-film distance of 56 mm. The rate of rotation of
the crystal was controlled by the current observed in an ionisa-
tion chamber monitoring the direct X-ray beam. 90° of data
were recorded with an oscillation range of 1.25° per film, with
the crystal rotating about the ¢ axis. Typical exposure times
were 10—15 min per pack. The same crystal was then used to
record 90° of low resolution data, with a wavelength of
1.488 A, crystal-to-film distance of 90 mm, an oscillation range
of 2.25° per film, and a limiting resolution of 2.8 A. Typical ex-
posure times were 1-2 min. This was collected to overcome the
problem of saturated reflections at low angle on the high resolu-
tion photographs. No attempt has been made to record those
reflections lying in the blind region.

Films were digitised using an Optronics P-1000 photoscan
microdensitometer interfaced to a VAX 11/750 computer, with
the absorbance range 03 A represented by the integers 0—255;

. and a raster size of 50 xm. The digitised images were evaluated
using the MOSCO programme package [22] to provide in-
tegrated intensities. Later calculations were performed on a
micro VAX-II computer using the CCP4 programme suite.
Both the CCP4 and MOSCO programmes were provided by the
SERC, Daresbury Laboratory. Fitting of the electron density
was carried out on an Evans and Sutherland PS330 interactive
graphics system, using FRODO [23].
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3. RESULTS

In most drops there were no indications of
crystals. In each of two drops a single large crystal
grew on the surface of the glass. The two crystals
were about 0.8 mm in each dimension, with
roughly tetrahedral morphology. Both crystals
grew over reservoirs containing 10% PEG 4000
without sodium chloride. Time for maximum
growth was 6—8 weeks. The total amount of ther-
mitase used to produce the two crystals of the com-
plex and allow a solution of the structure was less
than 5 mg.

One of the crystals was used for the characterisa-
tion of the space group on the precession camera.
Precession photographs allowed the identification
of the space group as P2,2,2; with cell dimensions
a=493A, b = 67.3A and ¢ = 90.5 A. The
volume of the unit cell, with the known molecular
masses of 28309 Da for thermitase and 7990 Da
for eglin, give a volume per Da, Vy,, of 2.1 A3/Da,
assuming one molecule of the complex per asym-
metric unit. With the very limited availability of
crystals, no chemical proof for the existence of the
complex in the crystal was sought: the electron
density reported below directly supports this
assumption however. The value of V,, at the lower
end of the scale usually observed for protein
crystals [24], is typical of other subtilisin pro-
teinases and their complexes.

The second large crystal was used to collect
three-dimensional data to 1.8 A using synchrotron
radiation. The data presented considerable dif-
ficulty in evaluation as the crystal slipped at several
points during data collection: this was in retrospect
due to a cautionary quantity of mother liquor be-
ing left around the crystal in the capillary to ensure
that the single existing large crystal did not dry out.
Data were recorded to two limiting resolutions:
1.8 A and 2.7 A. In spite of the problem with
crystal slipping, the merging factor, defined as
Rym = XX\ I — I;| /X X1, where I is the mean value
of i intensity observations [;, for the 1.8 A data
was 8.2%. For the 2.7 A data, with no crystal slip-
page — the crystal was dried out before collecting
these data, the Rym was 4.2%. For the final merg-
ing of all the data Ryym was 7.2%. There were
26664 reflections in the reduced data, making up
93.0% of the complete data to 1.8 A. 88.4% of
these had an intensity greater than three standard
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Fig.1l. Results of the molecular replacement method with
subtilisin Carlsberg-eglin as a model using the resolution range
between 3 and 10 A: (a) section & = 51° of the rotation map,
(b) section z = 0.33 of the R search map. The function plotted
is the number of standard deviations of the point below the
average R factor for the whole asymmetric unit of the synthesis.

deviations. Details of the data processing and of
the refinement outlined below will be published
elsewhere.

The phase problem was solved using the refined
coordinates of the subtilisin Carlsberg-eglin com-
plex [13] kindly provided by Professor M. James,
Edmonton. The orientation and position of the
complex in the unit cell were readily determined us-
ing the fast rotation function and the R factor
translation search programmes from the CCP4
package (fig.1), in spite of the relatively low se-
quence homology of thermitase and subtilisin
Carlsberg. Alignment of the sequences of the two
proteases gives identical residues at 48% of a possi-
ble total of 267 positions in the two chains, with in-
sertions or deletions at 6 points.
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The model of subtilisin Carlsberg-eglin was now
placed in the correct position in the thermitase-
eglin unit cell, and refined at 3.0 A resolution by
restrained least-squares minimisation for 20 cycles.
The R factor fell from 51.5% to 30.2%. At this
stage the 2| F,| — |F.| map was inspected using
FRODO, and the subtilisin side chains changed to
those of thermitase. It was possible to fit most of
the side chains into the electron density, with some
problems on the surface and in the loops. A fur-
ther 16 cycles of least-squares minimisation were
performed using data from 5.0to 2.8 A, and the R
factor dropped to 25%. An additional 30 cycles of
refinement using data up to 2.5 A resulted in the
current R factor of 26% . The position of almost all
the residues can now be clearly seen in the electron
density, with only a few ambiguities remaining in
the surface loops, particularly where there are dele-
tions/insertions between the two proteins and
there are indications of some changes to the
published sequence. The remaining ambiguities
will be clarified during the refinement of the struc-
ture at high resolution. A representative view of
the present 2| F,| — | F.| map is shown in fig.2 and
a plot of the C, positions in the complex is shown
in fig.3. The eglin electron density is generally less
well defined than that of thermitase, and may
benefit from a rigid-body refinement of the eglin
relative to the protease position: the N-terminal
segment is cleaved off and there is only defined
electron density from Phe-10 onwards.
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4. DISCUSSION

The sequences of a representative set of pro-
teases from the subtilisin family are aligned in
fig.4. The Bacillus sequences shown are those from
B. mesentericus, a mesophilic species, and from B.
amyloliquefaciens (BPN) and B. licheniformis, the
two thermophilic species for which three-
dimensional structures have been determined.
These sequences are highly homologous, with iden-
tical residues at more than 70% of the aligned posi-
tions. There is only one deletion of a single residue
in the B. licheniformis sequence, corresponding to
position 55 in the other two. There are no addi-
tional amino acids at the C- or N-termini. No free
cysteines or disulphide bridges are to be found in
any of the three proteins. The secondary structural
elements of the two three-dimensional Bacillus
structures are shown in the figure, and the posi-
tions of the catalytic residues are marked.

The sequences of the two thermophilic fungal
proteases, thermitase and proteinase K, are also
aligned with those of the Bacillus subtilisins in
fig.4, and the secondary structural elements of the
refined proteinase K are shown. These two pro-
teins have a much lower homology with the
Bacillus enzymes than the internal Bacillus
homology given above. There are roughly 45%
identical residues between thermitase and the
Bacillus enzymes, 40% between proteinase K and
the latter, and indeed only 34% between ther-

Fig.2. A superposition of several sections of the 2| F,| — | F| electron density map at the current stage of refinement. The active site
is shown. The free cysteine is marked by an arrow. The sulphurs in the cysteine 75 and methionine 226 are labelled with S.
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Fig.3. An a-carbon backbone drawing of thermitase (filled lines) complexed with eglin C (open lines). The active site is indicated by
an arrow. The N-terminal start of the interpretable density is labelled at residue 8 and the C-terminus is also labelled.

mitase and proteinase K. There are between 6 and
8 deletions or insertions required to align pro-
teinase K or thermitase with the Bacillus enzymes.
Moreover these do not fall consistently in the same
positions in the two sequences. Only four dele-
tions/insertions are required to align the ther-
mitase and proteinase K sequences with one
another. As would be expected the deletions and
insertions occur systematically on the surface of
the proteins, in the loops between the a-helices and
B-strands, allowing the overall subtilisin fold to be
maintained.

A least-squares superposition of the structurally
equivalent a-carbon atoms of thermitase and pro-
teinase K gives at this stage of refinement an rms
deviation of 0.89 A. This value agrees with the
results of a study of the relationship between se-
quence homology and similarity of three-
dimensional structure of proteins [25] for the
observed homology of 34%. The best agreement is
in the active site region with an rms distance for 50
catalytically important atoms including the free
Cys-75 and Met-226 of only 0.53 A. However the
close similarity of three-dimensional folding, as
for all known subtilisins, is not restricted to the
catalytically essential residues, but also extends to
regions which are known to be involved in the
substrate binding.

Thermitase and proteinase K together with ther-
momycolin form part of that subgroup of the sub-
tilisins which contain a free cysteine SH group,
Cys-75 in thermitase, at the same position in the se-
quence. The sequences of the mesophilic enzymes
from B. cereus and B. thuringiensis containing
such an SH group have unfortunately not yet been
completed; however it is clear that the presence of
the SH group is not restricted to the fungal en-
zymes. The free cysteine is located in the im-
mediate vicinity of the active site and could
influence the substrate cleavage. In this context it
is of interest that in recent experiments with sub-
tilisin BPN’ the Met-222 (which corresponds to
Met-226 in thermitase, fig.2) lying near the active
Ser was substituted by each of the other 19 amino
acids. All the mutants obtained were less active
than the native enzyme, except for Cys-222 which
increased the activity by 38% [26]. Thus the nearby
SH group has a positive influence on the activity of
subtilisin  BPN’. The mechanism of this
phenomenon in the mutant BPN’ and the in-
fluence of the Cys-75 SH-group on the activity of
thermitase are up to now not fully established.

The cysteine in thermitase is placed ‘below’ the
functional His-71, with an S-NE2 distance of
about 4 A (fig.2) and appears to be practically in-
accessible to the solvent. However HgCly is a
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the catalytically active amino acids are indicated by arrows. The free cysteine residue is indicated by an asterisk. Proteinase
shown above and below the sequences respectively.

K is the only member of the family with two disulphide bridges. The secondary structural elements of proteinase K and Carlsberg are

Fig.4. Sequence comparison of thermitase (TH) with proteinase K (PRTK) and the subtilisins BPN' and Carlsberg (CA). The

numbering above the top line corresponds to thermitase, that below the bottom line to subtilisin Carlsberg. Homologous amino acids

are boxed;
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known inhibitor of thermitase through its binding
to the free SH group. Some flexibility in this region
of the protein would be required to allow HgCl,
access to the cysteine thiol group. To identify the
coordination and binding geometry of the Hg>* we
have grown crystals of thermitase in the presence
of HgCl, and plan to determine its structure.

At this stage of the refinement we were able to
make a preliminary identification of two calcium
cations in the structure, on the basis of peaks in the
difference Fourier syntheses, the distance of these
peaks to neighbouring waters and protein oxygens
and the relatively high electron density of the two
peaks. These we assume correspond to the two
tightly bound calcium ions defined in the
biochemical studies. One of these tightly bound
calcium ions is located within the extended loop
segment Ala-81 to Ile-87 which protrudes out of
the surface of the enzyme. The mean distances of
the proposed calcium to the chelating water and
protein oxygen atoms is about 2.4 A. This loop is
absent in proteinase K, which is highly resistant to
autolysis. This calcium site in thermitase is thus
likely to be that which confers protection to
autolysis, the autolysis initiating at this exposed
loop if no calcium is bound.

The second proposed site is located in a rather
small cleft on the surface of thermitase in the
region Pro-172 to Ile-179. It has roughly
bipyramidal coordination to protein and 3—4 water
oxygen atoms. We assume this site is the second
tightly bound calcium necessary for activity of the
enzyme by stabilising the geometry of the substrate
binding region, and also present in proteinase K
[27] and other subtilisins.

A detailed analysis of the geometry of the
calcium sites will be published later after refine-
ment of the two forms of the complex at high
resolution (see below). It appears however that at
least two of the three calcium sites identified from
solution studies are occupied in the present
crystals, where the calcium concentration is 5 mM.

At the time when we were collecting the high
resolution data on the thermitase-eglin complex,
we became aware that P. Gros and co-workers in
Groningen had also obtained orthorhombic
crystals of the complex (Hol, W.G.J., personal
communication). The high resolution analysis of
the structure will therefore be carried out jointly by
the two groups. We have, however, since then
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established that the unit cells of the Groningen and
Hamburg crystals, though both are in space group
P2,2,2;, are quite different. The comparison be-
tween the two structures will allow us to identify
more accurately those surface groups which are
perturbed by crystal contacts in the two crystal
forms and which may deviate from the solution
structure of the complex.

Future work thus includes the refinement of the
structure of the complex, the comparison of the in-
hibited thermitase structure with that of the native
enzyme, and with other members of the subtilisin
family.
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