Protein Engineering vol.12 no.1 pp.47-53, 1999

Directed evolution converts subtilisin E into a functional

equivalent of thermitase
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activity (Giver et al, 1998), it will be virtually impossible to
obtain such rules by comparing natural enzymes (Benner and
Ellington, 1988).

A more promising approach to elucidating molecular mech-
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We used directed evolution to convertBacillus subtilis
subtilisin E into an enzyme functionally equivalent to its
thermophilic homolog thermitase from Thermoactinomyces
vulgaris. Five generations of random mutagenesis, recom-
bination and screening created subtilisin E 5-3H5, whose
half-life at 83°C (3.5 min) and temperature optimum for
activity (Top, 76°C) are identical with those of thermitase.
The T, Of the evolved enzyme is 17°C higher and its half-
life at 65°C is >200 times that of wild-type subtilisin E. In
addition, 5-3H5 is more active towards the hydrolysis of
succinyl-Ala-Ala-Pro-Phe{p-nitroanilide than wild-type at
all temperatures from 10 to 90°C. Thermitase differs from
subtilisin E at 157 amino acid positions. However, only
eight amino acid substitutions were sufficient to convert
subtilisin E into an enzyme equally thermostable. The eight
substitutions, which include known stabilizing mutations
(N218S, N76D) and also several not previously reported,
are distributed over the surface of the enzyme. Only two
(N218S, N181D) are found in thermitase. Directed evolution
provides a powerful tool to unveil mechanisms of thermal
adaptation and is an effective and efficient approach to
increasing thermostability without compromising enzyme
activity.

Keywords in vitro evolution/StEP recombination/subtilisin
E/thermitase/thermostability

Introduction

in which the effects of specific amino acid substitutions can
be pinpointed (Fersht and Serrano, 1993; Matthews, 1995).
Specific mechanisms identified through such efforts, however,
can prove difficult to implement for stabilization of useful
proteins in a rational protein design strategy, particularly when
few structural data are available. This is especially true if
improvements in stability are not to come at the cost of some
other property, such as enzyme activity. Engineering highly
stable and active enzymes poses a difficult challenge to rational
protein design.

In contrast, specific functional changes in proteins can be
engineered efficiently by directed evolution. Inspired by natural
Darwinian evolution, directed evolution involves mutation,
recombination and screening or selection to accumulate the
mutations required to achieve significant changes in protein
function (Arnold, 1998). A wide variety of enzyme functions
have been altered by this approach, including expression levels,
enantioselectivity, substrate specificity and activity in non-
natural environments (Kuchner and Arnold, 1997). Directed
evolution can also be used to probe the molecular mechanisms
underlying those improvements. Unlike natural evolution,
directed evolution yields primarily adaptive changes in
response to a specific set of ‘selection pressures’ defined by
the experiment. Hence there is no large and confounding
background of neutral mutations.

We are using directed evolution to probe the molecular basis
of enzyme thermostability and to investigate the relationship
between stability and catalytic activity (Givet al., 1998).
Here we report the directed evolution of the alkaline serine
protease subtilisin E frorBacillus subtilisto create a thermo-
stable counterpart. Similarly to subtilisin BPKvith which it
shares 80% sequence identity), subtilisin E is produced from

Understanding the molecular basis of protein thermostabilityy pre-pro-subtilisin consisting of a 29-residue pre-sequence, a
is central to the dual goals of elucidating the relationshippro-sequence of 77 residues and the mature protease of 275
between protein sequence and structure and engineeringsidues (Stahl and Ferrari, 1984). The pre-sequence functions
improved proteins. Homologous enzymes can be found ims the signal peptide for protein secretion across the membrane
organisms that grow in different environments, covering aWong and Doi, 1986), while the pro-sequence acts as a
temperature span of nearly 200°C. Comparisons of the strucfoldase’ to guide the folding of the subtilisin molecule (Ohta
tures and sequences of these evolutionarily related proteingnd Inouye, 1990; Gallaghest al., 1995). Subtilisin E shares
however, have yielded no general rules for thermostabilizationgnly 43% amino acid identity (157 amino acid differences) with
One reason for this is that stability reflects a complex interplayits thermophilic homolog thermitase frofthermoactinomyces

of forces; proteins are only marginally stable as a result of thgulgaris (Frommelet al., 1978; Melouret al., 1985). Subtilisin
delicate balance of numerous stabilizing and destabilizingg inactivates within minutes at 65°C, whereas thermitase
interactions (Jaenicket al, 1996; Vogt and Argos, 1997; requires temperatures above 80°C for rapid inactivation (Schre-
Richards, 1997)The other important reason is that homologousier et al., 1984). We have used directed evolution to convert
sequences generally differ at a substantial fraction of theigubtilisin E into a functional equivalent to thermitase.

amino acid positions, rendering it extremely difficult to identify )

mutations that confer changes in thermostability. Furthermoréylaterials and methods

if changes in thermostability are merely the products of randonRestriction enzymes were obtainedfrom Boehringer Mannheim
drift or of natural selection for other properties such as enzyméindianapolis, IN) and succinyl-Ala-Ala-Pro-Plgeritroanilide
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(s-AAPFpNa) from Sigma (St Louis, MO). Purified thermitase 8 F

was kindly provided by Dr Wolfgang Hme (Humboldt 7 E

University, Germany). o F _7_
(=}

Random mutagenesis, recombination and thermostability A 6t _7=/7

screening ® s5F

Random mutagenesis was carried out by error-prone PCR and & C .

in vitro recombination by the staggered extension process = 4 —

(StEP) as described (Zhast al, 1998). Purified restricted e : —

inserts from PCR and StEP reactions were ligated with vectors % St —

generated byBanHI-Ndd digestion of pBE3Escherichia ~ ok —

coli-B. subtilisshuttle vectorE.coliHB101 were transformed F -

by electroporation and selected with 1A@/ml ampicillin. A 1L L L L L L L

typical ligation reaction (1@l final volume) contained x T4 0 1 2 3 4 5 6

DNA ligase buffer, ~12 ng inserts, ~50 ng vector and 0.5 U Generation

T4 DNA ligase and was incubated at 15-16°C for 16 h. Thq:. 1. Evoluti q ion of subiilisin E th bil

ltin lasmid library was isolated and transformed int ig. 1. Evolutionary strategy and progression of subtilisin E thermostability,
resu g p y. - Oys measured by In(half-life) at 65°C in 10 mM Tris—HCI (pH 8.0), 1 mM
B.subtilis DB428. Colonies were grown in 96-well plates cacCh. Random mutagenesis and screening yielded five thermostable first-
containing 200ul Schaeffer’s (SG) medium with 3Qg/ml generation variants, which were recombined to create the second-generation
kanamycin After 20 h at 37°C. the plates were centrifuged glibrary, from which the single most thermostable variant was selected. A

' . ! second round of mutagenesis and screening yielded three thermostable third-

3000 r.p.m. for 10 min and fil of supernatant were tr_ansferred generation variants, which were recombined and screened to identify the
Into two erSh pl_a_tes. A 13l volume of SG .med“.lm Was  most stable fourth-generation mutant. A final round of random mutagenesis
added. Initial activity was measured after 5 min of incubationand screening yielded 5-3H5.
in an oven set at a specific temperature; residual activity was
measured after 20 min. Machined aluminum blocks were used
for uniform heating and the 5 min incubation for initial activity 'so )
measurement reduces variability in the assay. Enzyme activityalues of Tsq, the temperature at which 50% of the protease
was assayed at 37°C after addition of 1@0of 0.2 mM s-  activity is lost during a fixed incubation period, were deter-
AAPF-pNa in assay solution (10 mM Tris—=HCI, 1 mM CagCl mined as described (Eijsingt al,, 1992). Aliquots of purified
pH 8.0, prewarmed at 37°C). The activity was determinedsubtilisins were incubated for 20 min at various temperatures.
from the absorbance at 405 nm within 1 min in a ThermoMaxResidual activity was determined and expressed as a percentage
96-well plate reader (Molecular Devices). of the initial activity measured at 37°C.

Enzyme kinetics Results

Subtilisins were purified as described (Zhao and Arnold, , . . .
1997a). All kinetic measurements were made using a thermoI§xper|mental strategy and directed evolution of subtilisin E

stated Milton-Roy Spectronic 3000 spectrophotometer. Purified key element of any directed evolution experiment is the
enzymes were dialyzed in assay solution at 4°C overnigh evelopment of a rapid screen sensitive enough to ensure that

before characterization. Enzyme concentration was determineﬂﬂe expected small changes in thermostability brought about
by measuringA,g, (subtilisin E, ¢ = 35886 M cnrk y single amino acid substitutions can be observed (Zhao and

thermitaseg = 59 055 M cnt). Initial rates of hydrolysis Arnold, 1997b). The screen used here is based on the retention
of s-AAPFpNa in 0.99 ml of assay solution at 37°C and of activity after incubation at an elevated temperature (Bryan

specific activities were determined as described (Z#iaal, €t @k, 1986) and is not designed to distinguish the various
1998). To determiny and Ky for each subtilisin, initial mechanisms of enzyme inactivation. Variants whose ratio of
rates were determined at eight different substrate concentratiofgSidual to initial activity indicated greater thermostability than
over the range 0.02—1.5 mM that brackekggl For thermitase the parent and whose initial activity was comparable to that
the substrate concentration was 0.002-0.08 mM. Data wer@ Wild-type at 37°C were selected for further analysis.
fitted to the Michaelis—Menten equation by non-linear regresjl'hermos_tab|I|.zat|_0n was venﬁet_j.by measuring the _half-llfe_ of
sion. T, was determined by incubating enzymes with s-AAPE-thermal inactivation of t.he purified enzyme. Thg incubation
pNa (2 mg/ml) in assay solution at different temperatures fof€mperature for screening, chosen as the point where the

10 min, after which the product pNa was determined byresidual activity of the parent after incubation is 30—40% of
measuring%lo its initial activity, was gradually elevated with each generation

) ) o of directed evolution.

Half-lives of thermal inactivation Error-prone PCR was used to create a subtilisin E gene
Incubations were carried out in an MJ Research (Watertowrljbrary with an average of 2—3 base changes per gene, a rate
MA) PTC-200 thermocycler for precise temperature controlthat maximizes the population of single amino acid mutants
Purified enzymes were incubated in assay solution at specifiand greatly simplifies analysis of the products. Approximately
temperatures. Aliquots taken at various time intervals weré&000 clones were screened for activity and thermostability,
diluted into 1.0 ml of assay solution with 0.2 mM s-AAPF- with incubation at 65°C. Of the positives, five were confirmed
pNa at 37°C. Typically, inactivation was followed unti80%  to have longer half-lives at 65°C than wild-type (Figure 1).
of the activity was lost. Plots of log(residual activity) versus Equal amounts of these five genes were then recombined using
time were linear. Inactivation rate constants,) were StEP in order to identify the best combination of beneficial
obtained from the slope and half-lives were calculated asnutations present in the parent genes (and at the same time
ti = IN2/Knace remove any deleterious mutations). Approximately 8000 clones
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1.0
Table I. Thermostability of wild-type and evolved subtilisins E o
. o . . = — O~ - Thermitase
Generation  Subtilisin E variant Tgy (°C)  ty2 (min 2
g (°C)  ty2 (min) § N 5-3H5
65°C 75°C 80°C 83°C m 0O o
.H \

0 Wild-type 0 4.9 5 N

4A5 8.2 44.2 =y

15C1 7.6 355 = R
1 32G11 23 9.8 S Na

35F10 7.8 39.5 =

36D10 3.1 15.2 3 N
2 45B5 13.1 250 8.7 E N\

5H2 14.0 345 12.0 {_52
3 16D11 14.1 368 12.8 N

20E8 14.2 391 136 0 ) ) . , XX
4 8B3 15.2 526 183 5.3 :
5 3H5 17.2 1030 103 353 0 2 4 6 8 10 12

Time (min)

Values ofty;, at each temperature are the average of three experiments

(standard deviation<5%). dTs is the increase ifTs in the evolved Fig. 2. Kinetics of thermal inactivation of subtilisin 5-3H5 and thermitase at
thermostable variants with respect to wild-type (59.2°C). All experiments  83°C in 10 mM Tris—=HCI (pH 8.0), 1 mM Cagl

were performed in 10 mM Tris—HCI (pH 8.0), 1 mM CaCMutations in

each variant are listed in Figure 4.

. . _ . Table Il. Specific activities and kinetic constants of wild-type and evolved
from the recombined library were screened, with incubationsytilisin E variants, in 10 mM Tris—HCI (pH 8.0), 1 mM CaGit 37°C

at 75°C. Clone 2-45B7 exhibited the highest thermostability ) — ——
index and the longest half-life at 75°C. This variant was usedseneration Subtilisin E  Specfic activitykeay Ky keafKm

. . i 1 1 —1
to parent a second round of random mutagenesis. From this variant (Umg) (s) (mM) (s"mM™)
library, ~2000 clones were screened for thermostability af Wild-type  20.0 254 0385  66.0
76°C. Three variants were identified and confirmed to have 4A5 40.0 524 0388 135
longer half-lives than 2-45B7. These three genes were recom- 15C1 21.0 294 0384 76.6
bined again by StEP and ~3000 clones were screened at 789C gggllol Z‘g-g gg-g 8-%852 igg
to produce variant 4-8B3 with the highest thermostability 36D10 198 256 0.385 66.5
index and the longest half-life. A third ro_und of mutgg_enesisz 45B7 69.9 55.6 0.152 366
and screening ~2000 clones at 80°C yielded subtilisin E 5- 5H2 71.6 58.8 0.155 379
3H5. The overall strategy and progression towards improved ;(?5811 ;gg gg; 8%22 g%
thermostabﬂ_n_yI are summarized ||_1_F_|gure 1. 4 583 e s66 0153 369
Thermostabilities of evolved subtilisins 5 3H5 71.0 55.8 0.151 373

Thermitase 293 130  0.0146 8910

At elevated temperatures, subtilisin inactivates irreversibly

through aUt0|y§'s (Wells a.r.‘d_ Powers, 1986; M'FCh'nson ar_]q/alues of specific activities are the average of five measurements (standard

Wells, 1989; Vriend and Eijsink, 1993). Preventing autolysiSdeviation<5%). Mutations in each variant are listed in Figure 4.

during stability measurements is extremely difficult and a

rigorous thermodynamic analysis of subtilisin stability is not

possible (Mitchinson and Wells, 1989; Vriend and Eijsink, at 65°C (Figure 1). Thds, of 5-3H5 is 76.4°C, an increase

1993). Therefore, subtilisin thermostability is usually measurewf 17.2°C compared with wild-type.

by the kinetics of inactivation, reported either as the rate of |[rreversible inactivation of subtilisin E at 65°C follows

thermal inactivation (or half-lifet;;) (Mitchinson and Wells, first-order kinetics and the;, is independent of enzyme

1989) orTs,, the temperature at which 50% is lost during aconcentration (data not shown). The inactivation kinetics of

fixed incubation period (Eijsinket al, 1991; Vriend and the evolved thermostable subtilisin E variants are also first

Eijsink, 1993). order and independent of enzyme concentration. Thermitase
Table 1 lists thet;;, and Tso values of wild-type and the 11 inactivation at 83°C is also first order (Figure 2) and independ-

evolved thermostable subtilisins E collected during the fiveent of enzyme concentration (Zhao, 1998).

generations of directed evolution. At 65°C, thg of wild- _— e

type subtilisin E is ~5 min and it3sg is 59.2°C. The first Activities of evolved subtilisins

generation variants have half-lives 2—8 times longer than wildSpecific activities of the wild-type and evolved thermostable

type at 65°C and theifsgs are 2.3-8.2°C higher. The half-life subtilisin variants towards the peptide substrate s-AAPF-pNa

of their recombined product 2-45B7 is ~50 times that of wild- are listed in Table Il. First-generation variants 1-4A5, 1-32G11

type and itsTsg is increased by 13.1°C. A further round of and 1-35F10 are slightly more active than wild-type; 1-4A5

point mutagenesis in the third generation prolongs the halfand 1-35F10 havk;,, twice that of wild-type, while theiiy,

lives by ~50% at 75°C and increases fligs by ~1°C. The remain unchanged; 1-32G11 exhibits about a 2-fold decrease

recombined product 4-8B3 shows a further increasgjmat  in Ky, and a slight increase ik, All variants in subsequent

75°C; itsTsg of 4-8B3 is now 15.2°C above that of wild-type. generations have simil&g, andKy,. The catalytic efficiencies

The half-life of the fifth generation enzyme 5-3H5 is twice of the generation 2-5 subtilisins are 5-6 times greater than

that of 4-8B3 at 80°C and at least 200 times that of wild-typethat of wild-type.
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Fig. 3. Activity—temperature profiles of wild-type subtilisin E (- — -), 5- in 2-4B7
3H5 (—) and thermitase (- - -). y
5-3H5 [N118S (A-G)

. . . S161C (A-T)
Comparison with thermitase PL4L
Inactivation half-lives for thermitase and subtilisin 5-3H5 were N16D
measured at 83°C. As shown in Figure 2, both enzymes exhibit NASID
first-order inactivation kinetics with &, of 3.5 min. This is N218S

similar to the reported thermitasg, of 1.2 min (83°C in 0.1
M HEPES buffer, pH 7.6, 1 mM ca (Schreieret al., 1984)). Fig. 4. Lineage and mutations in evolved thermostable subtilisin E variants.
Activity—temperature profiles of wild-type, 5-3H5 subtilisin B2S¢ mutations are shown in parentheses.

and thermitase are shown in Figure 3. Both 5-3H5 and

thermitase have temperature optima at ~76°C, which is 18"Lf ble NI Effects of ami 4 substituti " bty and acivit
higher than that of wild-type subtilisin E, which is in good 3¢ 1. =Mects of aming acic substituions on thermostability and activity
agreement with the observed increased4p (Table I). The (hydrolysis of s-AAPFENA) of subtilisin E

activity—temperature profile of 5-3H5 is significantly broadened Stability Activity

with respect to the wild-type enzyme and is elevated at alt
temperatures. As shown in Table I, the specific activity ofS?ZL

thermitase at 37°C is ~15 times that of subtilisin E. The highelg37T

catalytic efficiency is mostly a product of its lowéh, for  N76D
this peptide substrate. N118S

- S161C
Sequence analysis C106R

DNA sequences of the 11 thermostable subtilisin E genes werngig1p
determined in an effort to probe the molecular basis ofA192T
thermostabilization and the evolutionary pathway by whichS194P
the enzyme was stabilized (Figure 4). All together these 2185
sequences contain 21 base substitutions, 11 of which cause

amino acid changes. The 21 DNA substitutions are distributed The effects of individual mutations on catalytic activity can
throughout the targeted mature subtilisin E gene. Two bas%fo be discerned. For example, S161C does not affect activity

—
+Too0o4+000500

~

++o+++++o++

changes never appeared simultaneously in a single codon a ; X
the types of substitutions are more or less balanced with regafgf c2use théicaandKy of 1-36D10, which only contains the
to transitions (10) and transversions (11). 161C substitutution, are similar to those of wild-type (Table Il,

Amino acid substitutions S161C, G166R, S194P, N1810" ig“.rg 4|)- 31;?41512(311-35%) 232%;;“3':} eﬁee%t:f.c"\’gc{.o‘.md
and N218S have been identified as thermostable mutations I?{h vious )|/\12185 . .?2 ol (2h (Sij m # 19;\é|;y’
the first-generation variants, while S37T and A192T are neutr ereas increases it 2-fold (Zhao and Arnold, a).

. : : hese mutations are additive in 1-4A5 (N181Db N218S),
(Zhaoet al, 1998). Third-generation mutations S9F, P14L andWhich has the sami,, as wild-type but a 2-fold largek.y,

N76D are thermostabilizing since they are the only non- . X L "
synonymous mutations in their respective genes. Pi4L angiccts Of the 11 amino acid substitutions on stability and
Catalytic activity are summarized in Table IlI.

N76D are recombined in the fourth-generation variant 4-8B3.
The failure to identify a variant with known beneficial mutation _. ,
S9F can occur for one of two reasons (Zteal., 1998): (1) D|scu§3|on

S9F does not contribute to thermostability in the backgroundEvolution strategy

of the other mutations or (2) S9F is too close to P14LThis experiment implemented an evolutionary strategy con-
(only 15 bp apart) to recombine, and therefore recombinansisting of random mutagenesis and screening followed by
thermostable genes will contain one or the other, but not bothrecombination of a few of the best mutants. A round of random
N118S increases the thermostability of wild-type subtilisin Emutagenesis and screening 1000-2000 clones typically yields
(Chuet al., 1995) and is therefore believed to be a stabilizingat least several true thermostable variants. Using only one to
mutation in 5-3H5. It is noteworthy that S161C appearedparent another generation of random mutagenesis would waste
twice, in two different generations. the information contained in the other thermostable genes.
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Hence the most thermostable variants were recombined and ~ -----—-—----
the gene containing the best combination of mutations was
used to parent the next round of random mutagenesis (experi-
mental and mutation results are summarized in Figure 4). An
alternative might be to use recursive cycles of recombination,
relying on the point mutagenesis inherent in the recombination
operation to create new mutations. Implementing recombina-
tion and point mutagenesis in the same operation, however, is
likely to lead to suboptimal results. Recombination increases
screening requirements, because a large fraction of the
sequences created (75%) are parents and grandparents (Moore
et al, 1997). While recombination has the potential to create
novel combinations of beneficial mutations by combining two
neutral or even deleterious ones (non-additive effects), there
is little evidence that this plays an important role in the e —
evolution of single sequences. Because screening requirements :{ o5 a5 208 <[ et s} ! &

Substrate

increase rapidly with increasing number of parent sequences, VR16 VRIS Ser VR
we recombined only the most thermostable gene§)(so 213 €6 217 V,i{'"z
that all possible combinations could be explored. Simple VR19 VRi8 2

recombination statistics and alternative search strategies were ""“'I
discyssed by Mooret al. (;997). . ___C !
Directed evolution has increased the of subtilisin E at ™

o
ggog more thagl 20tO f'czld.ﬂ;l'he eVﬁ!I\(edhenZ)/lme Tﬁﬁlﬁa: Fig. 5. Schematic representation of the secondary structure and topology of
comparable 1o Its thermophilic homolog, Ermiase.g pyjisin E, witha-helices shown as cylinders afiésheet strands as

Similarly to what we observed during the directed evolutionarrows. Solid lines indicate the conserved regions and dashed lines the
of a thermostable esterase (Givaral., 1998), we find that variable regions. Approximate locations of the mair? Gainding sites

enhancing thermostability while maintaining catalytic activity (Cfgl and E‘a?' catalytic (tgad residues 232~|H6‘é~ Siﬁ)21 (by 3_Stefisé<sz*;ind
oY i s ubstrate-binding region (between strands el and elll) are indicated.
at lower temperature (37°C) is sufficient to create an enzymcgocations of stabilizing amino acid substitutions. The most thermostable

that is highly aCti_V.e.at ele_V3-ted temperatures. The activities Ofariant 5-3H5 contains all these mutations except for S9F. Drawn after
the evolved subtilisins E increase with increasing temperaturgiezen and Leunissen (1997).
until the enzymes denature. The increase in the temperature

of optimum activity Toy mirrors the increase ifiso (Andtiz2).  igentify stabilizing mutations based on sequence comparisons
Hence it is not necessary to scree‘zn directly _fpr’ activity at h'gfbf subtilisins from mesophilic and (hyper-)thermophilic organ-
temperature in order to evolve a ‘thermophilic’ enzyme. isms. For example, thermostabilizing mutation S161C is found
Sequence comparisons only once in a mesophilic subtilase frdbrosophila melanog-

Subtilisin E belongs to the superfamily of subtilisin-like serine @Stet G166R appears in another frddacillus subtilis Neither
proteases (‘subtilases’), of which more than 200 membergppearsmt_h_e_known na_tural thermostable subtilisins. Similarly,
are known (Siezen and Leunissen, 1997). Multiple SequenC@ern"_nostabnlzmg mutations S9F and P14L are found ext_:llus—
alignments indicate a high degree of sequence flexibility withirfV€ly in mesophilic subtilases. The well known thermostabiliz-
this family. With the exception of the essential catalytic triad!Ng mutation N218S (Bryaret al, 1986) is found in 67 out
residues (D32, H64 and S221 in subtilisin E) and a singlé’f 127 aligned sequences, including psychrophilic, mesophilic,
glycine residue (G219), it appears that virtually every otherthermophilic and hyperthermophilic subtilisins. On the other
residue has been replaced by one or more amino acids durifnd; neutral mutation S37T is also found in thermophilic
evolution. Large deletions and insertions are also frequentlyUPtilisins. _ . . .

found. Subtilisin E homologs from thermophiles or hypertherm- It has been suggested that certain amino acid residues or
ophiles have also been characterized, including thermitasgert@in @mino acid replacement pairs are used preferentially
from Thermoactinomyces vulgari¢Frommel et al, 1978; N thermophilic proteins (Singletoet al._, 1977; Ikai, 1980;
Melounet al, 1985), aqualysin | fronThermus aquaticu¥T- Ponnuswamyet al., 1982; Menendez-Arias and Argos, 1989).

1 (Matsuzaweet al, 1988) and aerolysin frorRyrobaculum FOr €xample, Lys.Arg and Ser.Ala are more commonly
aerophilum (Volkl et al, 1994). Thermitase, for example found than other substitutions (Menendez-Arias and Argos,
differs from subtilisin E at 157 amino acid positions. However, 1989). However, none of these replacements was needed to

eight stabilizing mutations are sufficient to convert subtilisincOnVert subtilisin E into its thermostable counterpart. Nor did

E into an enzyme of equivalent thermostability. Of the eightVé OPserve other proposed thermo-adaptive changes, such as

stabilizing mutations in 5-3H5 subtilisin E, only N218S and increases in alanine,_ is_oleucine or tyrosine content (Russell
N181D are found in thermitase. As in 5-3H5, however, residuéd Taylor, 1995). It is likely that each mutation will need to
166 in thermitase also has a long side chain (N). e evaluated in its specific structural context.
Based on the subtilisin sequences aligned by Siezen ar@ltructural analysis

Leunissen (1997), all 11 amino acid substitutions that occurre@wo subtilisin structural models were generated to examine
during directed evolution of subtilisin E are found in the further the molecular basis of thermostability and activity for
sequences of at least one other naturally occurring subtilisirthe stabilizing mutations. The first, shown in Figure 5, maps
Hence these amino acid substitutions have been tried in natutbese mutations on to a cartoon of the secondary structure
and found to be acceptable. However, it is impossible tand topology (Siezen and Leunissen, 1997). Most of the
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single amino acid substitutions is unable to uncover these rare
events (Givert al, 1998).

Conclusions

Much effort has been devoted to understanding protein stability
and generating thermostable enzymes. Improved thermal
stability is useful for applications involving exposure to high

temperatures; it is also useful in that it is often accompanied
by increased resistance to inactivation by denaturants (e.g. by
organic solvents) (Cowan, 1997) and proteolysis. Future work
to characterize the stabilities of the evolved subtilisins under
different conditions will help us to assess how well a simple

Fig. 6. Space-filling model of 5-3H5 subtilisin E showing the eight screen for thermostability will extend to evolving overall
thermostabilizing mutations (cyan) and peptide substrate s-ApNRE- enzyme stability.
(gray). b) View after rotation of §) by 180°. A relatively small number of amino acid substitutions is

needed to convert a mesophilic enzyme into a variant as stable

as its thermophilic counterpart, without sacrificing catalytic

thermostabilizing mutations are located in loops connecting,cjyity. This experiment rediscovered known subtilisin-stabil-

elements of secondary structure. The substitution of SerlQ&ing mutations and also a number of others not previously

with Pro probably reduces the entropy of the flexible 100p.qescribed. The stabilizing mutations are distributed over the

Only two mutations (S9F and P14L) are located in helicesy otein surface and are structurally isolated. Their effects on

The proline to leucine substitution (P14L) in helix-B may thermostability are presumed to be independent and, to a large

increase stability by increasing he_hcal propensity. Only twogytent, additive. Various stabilization mechanisms have been

mutations, G166R and S9F, occur in evolutionarily-conservedecruited. The present study strongly supports the notion that

regions (solid lines). Most of the stabilizing mutations appeaienzymes are stabilized by the cumulative effects of small

in variable regions (dashed lines), as was also found fofmprovements at many locations within the protein molecule

mutations that enhance subtilisin activity in non-aqueougJaenickeet al, 1996). Thus the ‘holy grail' for protein

solvents (Chen and Arnold, 1993). stabilization, rules that are general and easy to apply, probably
Figure 6 shows the positions of the thermostabilizing aminajoes not exist. Nevertheless, directed evolution is a ‘holy

acid substitutions in a three-dimensional structure model genegpproach’, a design algorithm that requires no structural

ated using the known structure of wild-type subtilisin E (Chuinformation or knowledge of the principles governing protein

et al, 1995). The amino acid substitutions are all distributedstability. When the selective pressure includes all properties

over the surface of the enzyme (G166R is partially exposeddf interest (‘you get what you screen for’), useful enzymes

and most are far from the active site. Residues 166 and 218an be obtained.

however, are involved in substrate binding, which explains

their effects on catalytic activity. Residue 166 is located at the
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