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Abstract

A serine alkaline protease (SapSh) from a psychrophilic bacteSiemanella sp. strain Ac10 is a cold-active subtilase with
low thermostability [Appl. Environ. Microbiol. 65 (1999) 611-617]. By means of homology modeling with other subtilase
structures, we have constructed a mutant SapSh containing an extra salt bridge on its surface that exhibits higher thermostability
and even higheVmay/Km, app value than those of the wild-type SapSh.
© 2003 Elsevier Science B.V. All rights reserved.
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Cold-adapted microorganisms produce cold-adaptedtemperatures, these enzymes would prove useful in
enzymes that show specific activities much higher a wide variety of industrial applications. However,
than those of their mesophilic and thermophilic coun- several site-directed mutagenesis studies suggested
terparts at low temperatures such as 0:Q01]. Due that the instability and “cold-activity” of cold-adapted
to their high catalytic efficiency at low temperatures, enzymes may be inseparable from each ofBgr
cold-adapted enzymes have numerous potential appli- Recently, we isolated a gene coding for a serine al-
cations in the biotechnology industrigd. However, kaline protease (SapSh) from strain Ac10 of the genus
the thermostability of these enzymes is generally Shewanella, a psychrotrophic bacteriufd]. We pu-
lower than those of mesophilic and thermophilic rified the recombinant enzyme to homogeneity from
counterparts, and this has precluded the establishmenta culture filtrate of the transformafischerichia coli
of their use as industrial enzymes. If the stability cells and characterized it. It had properties typical
of cold-adapted enzymes could be enhanced with- of cold-adapted enzymes: high activity at low tem-
out deteriorating their catalytic competence at low peratures toward macromolecular substrates and low

thermostability[4]. Primary structure analysis showed
"+ Corresponding author. Tek:81-774-38-3240: that SapS_h ;hould .be a member of thg superfamily
fax: +81-774-38-3248. of subtilisin-like serine proteases (subtila§d; EC
E-mail address: esaki@scl.kyoto-u.ac.jp (N. Esaki). 3.4.21.) with an overall sequence similarity of 25—-28%
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to the other members of the family. In this study, we
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inspection of the 3D model predicted that introduc-

have attempted to engineer, by rational approaches, ation of the Asn251Glu mutation into SapShHg. 1)

SapSh mutant with enhanced thermostability and en-

hanced catalytic efficiency at low temperatures.
A mature form of SapSh (426 amino acid residues
in length) has the putative catalytic domain exhibit-

ing appreciable sequence similarities (40-48% iden-

tity) to subtilases with different thermostabilities, such
as subtilisin BPN [6], subtilisin Carlsberd7], and
thermitase[8] (Fig. 1). Thus, as the first step to en-

should restore a salt bridge Arg2431u25T (origi-
nally present in subtilisin BPNand thermitase, see
alsoFig. 2) and may have such effects.

The Asn251Glu substitution was introduced into
the plasmid pSapSh3 encoding the full-length SapSh
gene by PCR according to the overlap extension
method of Ito et al[14]. Using DNA sequencing, we
verified that the mutations were introduced only into

gineer more thermostable SapSh, a three-dimensionaldesired positions. The wild-type and the Asn2Giu

(3D) structural model for the putative “catalytic core”
of SapSh, which lacks the 152-residue ingdtt(see
alsoFig. 1), was constructed on the basis of the crys-
tal structure of subtilisin BPN6] and compared with
those of these subtilasdsig. 1). Homology modeling
was performed by means of a program MODELER
version 4 (Accelrys, San Diego, CA, USA) that was
run on a Silicon Graphics Indigo2 workstation. The

mutant SapShs were assayed with azocasein as a
substrate, expressed i coli cells, and purified to
homogeneity in the same manner as described previ-
ously [4]. The molecular mass of the purified SapSh
was determined to be 43,709 Da by ion-spray mass
spectrometry with a PE-Sciex API Ill mass spec-
trometer (Sciex, Thornhill, Ont., Canada). This value
exactly corresponds to the 426 amino acid SapSh

model was generated by complete optimization cycles sequence extending from the N-terminal Alafb

by means of conjugate gradients and simulated an-

nealing. The quality of the structure was examined by
PROCHECK (Accelrys). The final model was evalu-
ated with Protein Health and 3D profile modules of
QUANTA version 4.0 (Accelrys). All other estima-

the C-terminal Ala275[4]. The Asn251Glu mutant
showed a mobility which was indistinguishable from
that of the wild-type SapSh by SDS-PAGE analysis
[15], suggesting that the mutant should also undergo
processing in the same manner as the wild-type

tions of structural parameters were done with software enzyme.

packages QUANTA version 4.0 or Insight Il (Accel-
rys). A salt bridge was defined as an ion pair with

To analyze the effect of the Asn25&lu mutation
on the thermostability of SapSh, the wild-type and

a distance of 2.5-4 A between charged non-hydrogen mutant enzymes were incubated in 50 mM Tris—HCI

atoms[9]. A distance cutoff was applied to carboxy-
late oxygen atoms of Glu and Asp; NE, NH1, and NH2
of Arg; NZ of Lys; and ND1 and ND2 of His. The

(pH 8.5) containing 2mM Caglat 55°C. At ap-
propriate time intervals, aliquots were withdrawn and
placed into tubes in ice and assayed for remaining

rotamer conformations of charged residue pairs were activity. The courses of inactivation of the wild-type

taken from QUANTA rotameric libraries and checked
for the possibility of salt bridge formation.

We have predicted that the thermostabilities of sub-
tilases are strongly correlated with the number of salt
bridges: thermitase, subtilisin Carlsberg, and subtil-
isin BPN contain 10, 3, and 5 salt bridges, respec-

and mutant SapShs followed pseudo-first order kinet-
ics with an apparent half-life values of 382 and
59+ 4 min, respectively, indicating that the thermosta-
bility of the Asn25T¥Glu mutant was higher than that
of the wild-type enzyme. Thus, the thermostability of
SapSh could be enhanced by introduction of an in-

tively, whereas the 3D model of SapSh has only one tramolecular salt bridge that is located far from an
salt bridge. These observations in turn have raised active site.

the possibility that the introduction of additional salt

A steady-state kinetic analysis of the reactions

bridge(s) may enhance the thermostability of SapSh in catalyzed by the wild-type and mutant SapShs was

the same manner as previous repfir€. Most impor-
tantly, we presumed that introduction of a salt bridge
at a site far from the active site may minimally af-
fect the cold-activity11-13] resulting in a more sta-
ble SapSh with its characteristic cold-activity. A close

performed over a temperature range of 42G0The
results showed that thénax values of the Asn251GIu
mutant decreased by 32-56% compared with those
of the wild-type enzymeTable ). Importantly, how-
ever, the catalytic efficienciesVgax'Km, app of the
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230*

thermitase (Thm), and serine alkaline protease from

220*

270"
according to this notation, is indicated by an asterisk. The catalytic residtieslig&p3and

type on a black background. Amino acid residues are numbered so as to correspond to thef numbering o

260"

290*

and positional numbering,

190*
250"

Ser22%, are indicated by open circles under the sequences. The location of the unique 152-residue insertion in SapSh is indicated with “is” in the $apShisiequeas
omitted in the modeling studies. Secondary structupest{ands andx-helices) of subtilisin BPNare denoted by arrows and rectangles, respectively, above the Sbt sequence.

Fig. 1. Amino acid sequence alignment of the catalytic domains of subtilisin’ EBbt), subtilisin Carlsberg (Sbc),

Shewanella Ac10 (SapSh). Identical residues are shown in white

subtilisin BPN on the basis of this alignment
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Fig. 2. Close up view of Asn25GIlu mutant. The mutated residues
and those engaged in salt bridge formation are shown by sticks.

Asn25FGlu mutant were 1.3-3-fold higher than
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local flexibility of the active site for cold-activity
under such conditions. These results provide good
evidence for the possibility to create enzymes with
enhanced thermostability and unchanged (or even
improved) cold-activity.

The wild-type enzyme underwent substrate inhi-
bition at high substrate concentrations>Km, app),
which could be explained in terms of the non-produc-
tive binding of a second substrate molecule to the
“enzyme—substrate” complex, as have also been ob-
served with other subtilas¢$7,18] It was observed
that the Asn251Glu mutation caused the changes
in affinity of the “enzyme—substrate” complex for
non-productive binding of substrate (s@able J),
suggesting that this mutation should cause an alter-
ation of the conformation of the “enzyme—substrate”
complex, and this may be related to the small diminu-
tion of Vmax value upon mutation. These results may
illustrate the complex nature of structural changes in-
duced upon mutation: even if the substitutions occur
far from an active site, they may affect the stability,
catalytic action, and protein—protein interactions of
an enzyme, probably through long-range interactions

those of the wild-type SapSh in the temperature range that result in changes in the mobility of different areas

of 4-30°C. The VmaxKm,app Value represents the

first order rate constant at very low substrate con-

centrations «Km, app) and this observation could be

of an enzyme. Although the possibility of such unpre-
dictable effects upon mutation must be considered,

the present results prove the validity of our rational

explained in terms of a retained (or even enhanced) approach—rigidifying the enzyme by introducing salt

Table 1
Kinetic parameters of wild-type SapSh and the AsriZdl mutant

Km (mgml1) Vmax (chromophore production,$) VmaxKm (Mls~Img1) Ki (mgmi1)
Wild-type (°C)

4 0.21+ 0.05 1.7+ 0.3 8.6+ 0.9 134+ 3.1
20 0.29+ 0.07 5.8+ 1.3 20.8+ 1.6 4.6+ 0.5
30 0.46+ 0.09 10.5+ 0.6 248+ 4.4 NDP
Asn25FGlu (°C)

4 0.049+ 0.009 1.1+ 0.2 23.1+ 2.5 16.2+ 0.7
20 0.15+ 0.04 3.4+ 0.3 25.5+ 3.6 NDP
30 0.10+ 0.03 7.1+ 04 81.5+ 24.3 ND?

aA steady-state kinetic analysis was performed with azocasein as a substrate. The amount of chromogen liberated from azocasein wa:

determined by measuring absorbance at 36g#mAn extinction coefficient of the chromophorezes = 900 M~ cm1, was used for

calculations. Hyperbolic or non-hyperbolic kinetics was obtained, depending on the assay temperatures and enzymes. The non-hyperbolic
kinetics, where the specific activity decreased at high substrate concentrations, could be consistently explained in terms of substrate inhibition
[16], where the binding of a second azocasein molecule to the enzyme at saturating substrate concentrations yields a non-productive

complex [17,18] The Ky, app Value, the inhibition constank, and theVmax value were determined as described previodsh]. The
non-linear least square fit of the data was performed using Kaleida Graph (Synergy Software, Reading, PA). Values arstaraiars

errors of three—four independent experiments.

b ND, the inhibition was not detectable in the investigated substrate concentration range 0.075—7-5.mgml
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bridge(s) at a local site far from the active site—
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[7] D.J. Neidhart, G.A. Petsko, Protein Eng. 2 (1988) 271-276.

as one possible strategy for engineering cold-active [8] A.V. Teplyakov, I.P. Kuranova, E.H. Harutyunyan, B.K.

enzymes with enhanced thermostability, and this ap-
proach would enhance the usefulness of cold-active

enzymes in biotechnology.
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