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Stabilization of enzyme proteins
uiing knowledge on thermophiles and thermophile enzymes

TAIRO OSHIMA

I ntro duct i on

- : . :nophi les are interesti ng microorganisms. Their biopolymers and cell
. - i .-.nts. that is, proteins, enzymes, nucleic acids, ribosomes, membranes,
- - - :-!es. are resistant to heat without any exception. They live in thermal
: - '- -rtcflt. both natural and artifici:tlsuch as hot springs, thermalvents on
- - - - -:-sea bottom, or industrial hc'rt water reservoirs and wastes [1,21.

:-- .\1reme thermophile,Thennus thennophilu,s, was isolated from a hot
- -. :. Izu peninsula, Japan, many years ago [3]. This bacterium is able to

; - -i :.'' 85'C, and used widely in biochemical studies. A taxonomically
:;..rted species, T. aquaticus is irlso used by many investigators. Recently

- -,- . -.li1pphiles were isolated and are used in some laboratories. Hyper-
- - - - : -..lcs are micrc'rc'rrganisms cap:tble of growing at 90 'C or higher tem-

- --: -:,i. .\t moment, the highest record for grclwth is 115'C [4].
. ::'..n,topltilus is a gram negative, aerobic, non-spore forming, rod cell,

: ..:s is unique in the cell structure compared with that of the meso-
-: : -J: as Escheichia coli. Hclwever, the cell structure is more stable, for

- :--:-. ::rc spheroplasts citn be washed with distilled water. Likewise en-
- -:: . '.:rs erlreme thermophile have been shown to be highly homologous

Ta ble l. Tlrennal denattrration temperatures of biopolymen.
Thbu lka l. Teplo ty te rmdlnej de na tr,r riicie biopolymd rov.

, OL\'\IER I
SOTIRCE

Mesoplrilic 2
T. tlrcnrcphihs3

-s0 90

:'(iK 58 100

78 88

I - mezofilrrf mikroorganizmus, 3 - Tlrcnns tlrcnnopltilus.

ro Oshima, Department of Life Sciences, Tirkyo Institute of Technology, Nagatsuta,
i.rlrama 226, Japan.



to the corresponding ones from mesophiles, though their stability to heat is

unusually high. Table f . illustrates examples of thermal stability of enzymes
and tRNAs from Z lhermophilu.s in comparison with those of mesophilic
origin. Usually enzymes from Z thennophilus denatures at 90 "C or higher
temperatures.

These heat stable enzymes lrom thermophiles are of industrial value and
already some are used in diagnostic kits or as a component of commercial
detergents or soups. Thermophile enzymes are also used as reagents in bio-
chemical and molecular biological investigations. The best known example is

DNA polymerase used in PCIR. DNA polymerase from T thermophilus is also
sold under the name of Tth polymerase and is now widely used in DNA
sequencing or ht vitro DNA amplitications.

However it is more important to improve the stability of enzymes of
industrial value than the direct use of thermophile enzymes. Some important
enzymes can not be produced by thermophiles, and in this case artificial
stabilization of the industrial enzyme is essential to develop the Enzyme
Engineering. Enzymes used in industry can be stabilized based on knowledge
obtained from studies on thermophile enzymes.

One example of such demand that improvement of heat stability of
an industrial enzyme is highly required, is ,,glucc'rse ist)merase" used in the in-
dustrial production of fructose and syrup. Cilucose isomerase used in the pre-
sent industry is not stable over 60 "Cl. However, if we could succeed to improve
the thermal stability of this enzyme and operate teh enzymatic process
at higher temperatures, then we can expect the following three industrial
merits. First of all, if the process is carried out at higher temperatures such as

80 oC, risk of microbial contamination during the isomerization process can
be greatly reduced. The secondly, the ecluilibrium between glucose and fruc-
tose depends on the temperature and at higher temperature the production of
fructose is more favored. Finally, viscosity is alsc-r depends on the temperature
and viscosity decreases at higher temperatures. Thus troubles derived from
highly viscsous solution of concentrated glucose is avoidable if the enzyme is

stabilized.
Unfortunately our present knowledge on protein conformational stability

is not sufficient to stabilize enzymes of industrial importance. many attempts
have ben reported to stabilize proteins, however, there is no reliable theory
how to stabilize protein. Our ability to design a robust enzyme is still immature
and needs to improve. From these reasons, it is important to learn the molecu-
lar mechanisms by which thermophile enzymes are conferred their unusual
stabilities against heat.

So far, many theories hirve been prttprtsed to explain the molecular
reasons why thermophile enzymes are stable to heat. But they can explain
the stabilized mechanisms of only specified enzymesand proteins from ther-
mophiles. No generalized or comprehensive theory exists. However, at mo-
ment, two principles are generally agreed among thermophile researches;
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\o 1 small changes are important fbr the increased stability of thermophile
enzymes, and No 2 a variety of tactics can be applicable to improve thermal
stability of an enzyme, and gener:rlly the effect of each tactic is additive, that
is, if combined two different tactics, a more stabilized protein can be created.

We have focused our attention on the molecular mechanism of increased
stability of enzymes from Z thennophilus and attempted to improve the stabi-
lity of model enzymes based on our knowledge obtained from our analyses on
the thermophile enzymes. In this article, two exzrmples of stabilizing experi-
ments will be described. In the first example, it will be shown how protein
stabilization is difficult to understand and our knowledge and our knowledge
on protein stability is not yet suflicient to understand the secrets of thermo-
phile enzymes. In the second example, a new procedure to stabilze enzyme
proteins using thermophiles willbe proposed which seems to be a promising
way for protein designing and for understanding a protein structure-stability
relationships.

Isopropylmalate dehydrogenase as a model protein

The experiment:rl material chosen in the present study is isopropylmalate
dehydrogenase (IPMDH). IPMDH is the third enzyme in leucine biosynthesis.
The enzyme catalyzes hydrogen transfbr to C-2 position of the substrate to
NAD, and at the same time, the enzyme catalyzes the decarboxylation of
COOH group attached to C-3 position of the substrate. The gene coding for
this enzyme is usually called leuB gene. One reason why this enzyme was

chosen is high sequence hc'rmology. St'r far /er.rB gene has cloned and sequenced
from avarietyof organisms including ttweak, two moderate, two extreme, and
a hyper thermophiles. Secluence homology is quite high and many homologous
stretches are present thrc'rughc'rut the secluence as shown in Fig.1.If deduced
amino acid sequence of the T tlunnopltilas IPMDH is compared with that of
a mesophile, for exampl e, Bacillus subtilis, the sequence homcllogy is more than
60 %o. This high sequence homology mitde us possible to produce chimeric
enzymes by irt'r.,itro crossing over of Iwo leuB genes.

The gene for T thennophilu.s enzyme was cloned, sequenced [5], and
expressed in E. coli [6]. The enzyme produced in the mesophile was purified
and enzymatic properties were extensively investigated [7]. The enzyme was
also crrystallized and its three dimensional structure was solved at 1.9A
resolution in cooperation with Prof. Katsube and his colleagues [8]. The en-
zyme is a homodimer and each subunit consists of 345 amino acid residues.
Each subunit can be divided intc'r twt.r cle:rrly isolated domains (see Fig.2.).
The first domain contains both the N :tnd C-terminals and is independent from
the subunit-subunit interirctions. The second domiiin consists of 150 residues
and only this domain is involved in the subunit binding. A hydrophobic core is

present at the center of the first domain, another hydrophobic core is at
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Fig.1. Sequence comparison of IPMDHs.
The first cohrmn represents standard abbre-
viation of microorganisms used for the conr-
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Fig.2,. Backbr)ne stntcture of T. tltennopltilrrs IpMDH.
Obr.2. Strrrktrira lrlavndlro retlzc..i T. tlrcnnopltilns IpMDH
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the center of the secc'rnd domain, and the third hydrophobic side chain clus-
terexist at the subunit/subunit intertirce.

Chimeric enzymes

Many chimeric IPMDHs have been constructed by connecting the ther-
mophile and the mesophile, B. subtilis /euB genes [9]. Among chimeric en-
zymes, the most interesting one is ZT2M6T. The name designates the primary
structure. The first 20 Vo trom the N-terminirl of chimeraZTZMGI is coded by
the thermophile IeuB gene, and the next 20 % is coded by the mesophile gene.
The rest is again coded by the thermophile gene. The denaturation tempera-
ture of the chimeric enzyme is itround 70 'Cl which is about 20 'C lower than
that of the wild type thermophile enzyme. In the rest studies, this chimeric
c nzyme was used ru the starting material, and attempts to stabilize this hybrid
-nzyme were made. In a sense, we have tried to recover this 20'C difference
r denaturation temperature by mttleculztr design.

The chimera,2T2M6l, was puritied and crystallized. Three dimensional
\:ructure was solved with Prof. Kittsube itnd Prof. Thnakzr and their coleagues
,r)1. The backbone structure of the chimera is almost identical to that of

::c original thermophile enzyme cxccpt lor two limited regions; one at around
:.'sition 110. Both positions are in 2M part. Both positions are tbund in loop
\:ructure located clutside of the molccule, that is, these twc-l regiclns seem to be
.:.c most flexible parts of this enzyme.

Fig.3. shows the sequence of 2M part of the chimera in comparison with
.:.c corresponding sequence of the wild type enzyme of the thermophile.
- :i,-rugh this part consists of (r0 residues, due to high sequence homology only

-- residues are different between the chimera and the thermophile enzymes.

-. : hese 22 residues are replaced with the corresponding sequence of the ther-
-. 'phile IPMDII, thermalstabilityof the chimera can be improved to thelevel
: :he T thennophilus enzyme. In n sense, 2T2M6T is a good exercise for

: .:. ,:rie sekvencif IPMDH.
- ::: j\i:1nlje Standardnd skratky
, :i.-:.-znrv pouZfvand v kompa-

/-

-I

120

l # l l i flH.$ i $f l $,f i i $ $'Tffi I [,.ffii l :#: l t $ffi I fil l l l ffi

<{r?.-.-}
'2M'Portion

Fig.3. Arnino acid sequence of 2M part.
Obr.3. Anrinokysclirrovii sekvencia dasti 2M.
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protein chemists who are interested in molecul:rr design of protein stabiliza-
tion, because at least one answer is known.

Based on the three dimensional structure of the chimera, residue substi-
tution at 82 was examined (Numataet al., manuscript in preparation). This
position is occupied by Ser in case of 2T2M({ but the same position is
occupied by Arg in case of the extreme thermophile IPMDH. So a mutant
S82R was made. Thermal denaturation of S82R was higher than that of
chimera TT2M6T. Thus a moleculr design based on crystallographic analysis
seemed to be successful. The denaturirtion temperature was improved by
10'c.

However, this successful mutant gave us a serious problem. When we
locked into the side chain of position 82, it was turned out that this side chain
is isolated from any other group. The position 82 is located on the surface of
the enzyme, and does not interact with any part of the enzyme (Sakurai et al.,
in preparation). Arg-82 does not contribute to anyintramoiecular interaction.
We carefullyanalyzed the 3D structure in detail and fine structure showed that
there is no bound water arc'rund Arg-82. So at moment the reason why Arg-82
is so important fc'rr the increased stability of the protein is unknown. This
example indicates th:tt conlirrmittional stability of a protein is still far from
the comprehensive understanding, and theoretical design for a robust enzyme
is still immature.

Module suhstitution

The substitution at position 110 was also investigated. Since remarkable
displacement was fcrund around position 110 when 3D structures of the chi-
mera and the thermophile IPMDHs were armpared as mentioned above.
Residue-1lO of the thermophile IPMDH is Prcr, whereas the position is
occupied by glutamate in the chimera. At flrst it wiu thought that this residue
is extremelyimportant for the conformational stability of the protein. Position
110 is involved in a sharp turn. The turn consists of 4 residues from 1 10 to 1 13.

Pro at 110 seems to fix the shape of this loop, and the shape is important to fix
two beta strands: one up stream of this lot'rp the other is down stream. And this
fixation of two beta strands seemed to be crucial for the increased stability of
the thermophile enzyme :rs well as the catalytic function.

Thus a mutant enzyme E110P is expected to be much more stable than
the original chimera. The mutant seemed to be a quite rezuonablemolecular
design for improve the stability of the chimera. Tb tour surprise, mutant 8110P
did not show any imprt'rved stability (Numata et al., in preparation).

Careful analyses have been done concerning the conformationalstability
of the loop containing position 110. Position 11 1 is occupied by Gly in case of
the thermophile IPMDH and torsion angle of Gly-l11 is abnormal which is
typical for Gly in beta turn structure. Thus it was considered that both Pro-l10
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and Gly-l11 are important fbr the correct shape and also rigidity of this loop.
Double mutant Eli0P/S111Cl was constructed by site directed mutagenesis,
and our dissapointment was increased. Because the double mutant was more
unstable than 2T2M6T is.

Finally it was noticed that Cilu-113 forms a hydrogen bond with a back-
bone imino group. A triple mutant E110P/S111G/T113E was designed and
constructed. The triple mutztnt drastically improved the stability of the chi-
mera. In this case, any of single mut:rted protein did not show improved
stability. Anyof double mutation also did not improve the stabilityof 2T2M6T.
Only triple mutant improved the thermal stability of chimera. The denatura-
tion temperature was improved by ribout 10 'Cl. When added the first mutation,
S82R, to this triple mutant, the resulted quadruple mutant showed almost
same thermal denaturation prolile as th:rt of the original thermophile en4lrne.
In a sense, our original aim to recover the thermal stability of 2T2M6T was
achieved by substituting four residues in loop regions.

The fact that only triple mutation improved the stability, but any single
mutation did not improvcd the stirbility, indicates thzit there must be a struc-
tural unit in a protein. For stabilizution, unit replacement seems to be more
effectivethan single residue replacements. In this context, module analysis of
a protin will be a promising way to improve the thermal stability. A module is

defined as a compirct unit of it protein consisting 10-40 continuous peptide
fragment [11]. Module structure crtn be irnalyzed by meiusuring the distance
between any two residues [12]. We analyzed module structure of IPMDH of
T thermophilus in cooperation with Prof. Go. The enzyme consists of 21 mo-
dules.

The loop from position 110 to 113 belonp to Module 7. By the triple
mu\atron, sequence oi Modu\e J oi \he ch\rnera wincide vrith \htt oi the ther -

mophile IPMDH except both ends. Thus the triple mutation can be regarded

as module substitution. In short, it c:rn be said thiit the chimera 2T2M6T was

stabilized by replacement of module 7 rather thiin residue replacements.

Moclule replacement would be more eftbctive way than residue replacement

for stabilizing a protein. Module analysis will give us a new clue fc'rr under-

stancting the mechanism of increased stahility of thermophile enzymes.

Evolutionttry Molecular Engineering

Evolutionirry Moleculitr engineering is it strategic concept to improve
propcrties of biopolymers. The first step is to give random mutations to
a desiredgene and the second step is ttt sclect itnd to reproduce a mutant gene

under strong selectivc pressure, of which expression product acquired the de-

sired prgperty. The concept w:s lirst proposed by Eigen and Gardiner [13].
This method can be applicrtble for inrproving binding or catalytic properties
as well as stability of an enzYme.
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Chimera 2TZM6T was stirbilizcd by evolutionary molecular engineering
method (Tamakoshi, M. et al., unpublished data). The experimental proce-
dures are schematically illustrated in Irig.4. The entire coding regicln of leuB
gene was remcrved liom chromosome t->l'7'. thennophilrs strain HB27 by gene
targeting method. If upstream and downstream secluences of leuB gene are
connected to any lbreign gene including one coding lirr chimera 2T2M6T, and
the leuB minus mutant is treated with this DNA, the gene can be integrated
in the position, where originally the coding fritme of. leuB gene is located, in
leucine operon of the chromosomal DNA of the thermophile strain HB27-
The integrated gene cern be automatically expressed under the control of
leucine operon promttter.

When 2TZM6T chimcric leuB gene was used as the foreign gene,
the translbrmant was able to grow in the absence of leucine if the growth
temperature wns zrt or bek'rw 70 '() (the denaturation temperature of the chi-
mera is around 70'(l) as expectcd (see'lirble 2.). Alter prolonged incubation
at higher temperatures such as 76 or 79 'Cl, thermally stabilized mutants, that
is, mutants capable of grc-rwing at the higher temperatures in the absence of
leucine appeared as shown in'litble 2.

3-Isopropylmalate dehydrogenases ol' the stabilized mutiints were ex-
tracted and purified. Using the puril'icd enzymes, it w:rs confirmed that
the gene products of these mutitnts are more stable than the original chimera,
2TZM6T.leuB genes of the mutants were sequenced. So far two mutated genes
have been identified. Both are single base replircement which induces single
amino acid replacement. ()ne is from A to (l in the chimericleuB genewhich
replaces Ile93 (ATCI) with I-eu (C-fCl) in the mutiited enzyme.In the thermo-
phile enzyme, position 93 is ocupied with leucine, so that the laboratory
evolution restored the thermophile secluence around this position. The three
dimensional structure of the stabilized enzyme Ile93leu has been studied
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Table 2. Growtb of transformaut aud mutauts at various growth conditiorx.
Tabulka 2. Rast transformantu a mutantov pri r6znych podmienkach rastu.
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using X-ray crystallographic techniques (Tanaka, N. et al., manuscript in
preparation). The study indicated that the backbone structure of the stabilized
enzyme is almost identical with that of the original chimera 2T2M6T. Only
difference detected is side chain conlormation of the residue at position 93.

The other stabilized muttnt contains thymine at position 515 instead of
cytosine" As the result of this single base substitution, AIa-172 (GCIG) is

replaced with Val (CiTC-i). The methyl group of Ala-172 resides in hydrophobic
core of the second domain. Detailed inspection of the three dimensional
structure of the thermophile 3-isopropylmal:rte dehydrogenase suggested that
a smallgap is present around the methylgroup of Ala-l72 and this gap seems
to be filled by the mutation to Val.

These results rlbtained frrtm the evolutionirry moleculirr engineering
studies strongly suggest that delicate:rrrirngements such as correction of side
chain confbrmation or filling up of small gap inside the hydrophobic core, are
needed to stabilize a protein. Both mutitticrtts are not easy to design theoreti-
cally by simple inspection of the three dimensional structure. In a sense,
the evolutionary molecularenginecring method produced statrilized mutants
which are hard to produce by theoretical methods.

References

1. BROCK T: Science, 230, 1985, p" 132- i38.
2. BROCK T.: Tlrerrnophiles; General, Molecular, and Applied Microbiology, "Iohn Wiley &

Sons, Inc., New York, 1986.

3. OSHIMA, T - IMAFIORI, K,: Intern. J. System. Bacteriol., 21 (I), 1974, p. 102-112.
4. BORMAN, S.: Clhenr. Eng. News, Nov. 4, 1991, p.31-34.
5. KTRINO, H. - AOKI, M. - AOSHIMA M. - HAYASI{I, Y. - OHBA M. - YAMAGISHI,

A. - WAKAGI, T - OSHIMA, T.: Eur. J. Biochem., 220, 1994, p. 27-5-281.

t7

I
\*

STRAINS I
+ I-eucine 2 - Leucine

70 "c 76 "C 70 "c 76"C

HB27 (wild) + + + +

larIJ minus a + +

Tlansfbrmant b + + +

Ile93ku + + + +

Nal7ZYal + + + +
a - AlzuB deleted mutant of strain HB27, b - The deletion mutant was transformed with the



10.

6. ISHIDA M. - OSHIMA T,: J. Bacteriol.,176 p), 1994,2767-2770.
7. yAMAnA, T - AKUTSU, N. - MYIAZAKI, K. - KAKTNUMA K - YOSHIDA M. -

OSHIMA T,: J. Biochem., 108, 1990,449-456.
8. IMADA K. - SATO, M. - TANAKA N. - KAISLIBE, Y. - MAISUURA y. - OSHIMA5

T,: J. Mol. 8io1.,222, 1991,725-738.
9. NUMATA IC - MURO, M. - AKrrTSrr, N. - NOSOH, Y. - YAMAGISHI, A - OSHIMA

T,:Protein Eng.,7 (12), 1994.
ONODERA K - SAKURAI, M. - MORIYAMA H. - TANAKA N. - NLrMAIA IC
OSHIMA T - SAIO, M. - KATSIIBE, Y.: Protein Eng.,7 (1), 1994,453-459.
GO, M.: Nature, 2Ql, 1981,90.
NOGUCIHI,T - SAKAKIBap4 FI. - GO, M.: I'rotein, 16,1993,357.
EIGEN, M. - GARDINER, W.: Pure Appl. Chem.,5J, 1984,967-978.

Do redakcie doilo 7.2.1995.

Stabilizdcia enzymovjch protcfnov
s vyuZitfm poznalkov o termolilnjch mirkoorganizmoch a termofilnjch enzjmoch

TAIRO OSHIMA

Sf hrn. Biopolymdry proteinov termofilndho mikroorganizmu Tltennus tlrcnnophilus
HB 27 sa vyznaduji v porovnanf s bii'rpolyrndrmi mezofilov (napr. Bacillus slbtilrs) vySSou

termostabilitou. Potenciiilne vnrZitie termofilnfch enzymov m6 pre priemyselnd aplikr{cie
mimoriadnyvyznam. Na ziklade doterajlich 5t{dif zrikonitosti medzi Stnrktriror.r a termostabili-
tou en{mu 2 - izopropyhnakitdehydrogendzy (2 - IPMD), vyuZitim biotechnologickych met6d,
modulovej analyzy a substitticie sa stabilizoval chirndrny enzym IPMP oznadeny ako 2T2M6T,
Proteosyntdza tohoto enrymu klonovanyrn mezofilnfm kmeirom bola riadenri gdnom, ktory bol
skorr5truovany spojenfm gd,ncl latB zTltenms lhcntnpltiltc a IeuB z Bacilhts subtilis.2-IPMD
e4rresovanii tymito gdnmi, je jednyrn z kliiiovych pri biosyntdze leucinu.

Chimdrrry enzlm 2T2M6T bol purifikoviiny a vykryStalizovany. Jeho nosn6 Strtrktrjra bola
takmer identickd so Stnrktr.irou privodndho en{mrr 2-II'MP zThenrws lhennoltllilrrs svynimkou
dvoch oblastf - v pozfcii 82 a oblasti 110. Obe diferencie sri v d.esti Stnrktriry 2M, na sludke
Strukt(ry molekuly protefiru. Studovala sa itnrktrira vo vztahu ku konformadnej stabilite sludky.
Sekvendnou analyzou sa identifikovalo poradie aminoLTselin. Cielenorr mutagendzou sa ziskali:
mutant S82R, dvojnrisobuy mutaut E I 10P/S I I 1G. AZ trojnrisobnri mutiicia E 110P/S 111G/T
I l3E zuy5ila termostabilitu chimdrnelro en{rnu o 10 'C. Adfcia prvej mutricie k tejto trojniisob-
nej sp6sobila, Ze termostabilita chimirneho en{mu 2T2M6T produkovandlro klovanfm
kmeriom bola rovnakii ako 2-IPMP produkovandho tcrntofilom Tltennrts llrcnnophilus. Pre sta-
biliziciu protefnu je teda potrebnii zrnena kompaktnej jednotll - modulu.

Met6dou evoludndho molekulovdho inZinierstva, na bize integrdcie DNK obsahujr.icu gdn
pre 2T2M6T s chromozomrilnou DNK recipientndho kmeira Tltennus tltennophilus, sa ziskali
mutanty schopnd rrist' pri teplotrich 7(l aLJ9 "('. Produkovany enzym bol termostabihtej5f neZ
chimdra. Sekvendnou analyzou kddulrlceho jelro produkciu sa zistili zmeny v zloZenf ami-
nokyselin. t.I jedn6ho mutallta bol substituovany izoleucin (I) leucfnom (L) v polohe 93, u indho
v pozicii 515 alanfn (A) za valfn (V). Analyzr trojrozmernej itnrktiry termofilnej 2-izopropyl-
malritdehydrogen{ry rontgenovou analyzou preukizala prenr5enie 5tnrktiry v mieste okolo
metylovej skupiny alarrinu 172. ?.lto prenr5enie bolo mut{ciou za valin odstr6nen6. Medzera
sa nachddzala v hydrofdbnom jadre dnrlrej dorn6ny molekuly protefuu.

Vysledty naznadujti, Ze citlivd zisahy d<.r itnrktt'ir proteinovyclr biopolymdrov vedf k ich
stabiliz{cii.
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