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Abstract — Molecular characteristics and improving methods for thermal stability of enzyme
have been considered. Intrinsic and extrinsic stabilizing mechanisms are two governing princip-
les for enhanced thermal stability of enzyme in molecular basis. Factors contributing to the
former and the latter mechanisms may be involved in the enhanced thermal stability of enzyme
complementarily. Also, the methods for improving thermal stability of enzyme which comprise
reaction in organic solvent system, chemical modification, immobilization, sequential unfolding
and refolding, gene manipulation techniques and enzyme-antibody complexing are reviewed.

The stability and activity of enzyme are determin-
ed by its three-dimensional conformation. Because
hydrophobic interaction, electrostatic interaction
hydrogen bond etc. which stabilize native structure
of enzyme are easily inactivated by drastic condi-
tions such as high temperature, extreme pH and
chemicals encountered with in vifro (1), the efforts
to use enzymes in food processing, biological syn-
thesis, medicine, analytical purpose and other uses
are often hindered (2,3). Hence, the subject of enz-
yme stabilization has been in the spotlight in recent
years {4-6). The importance of thermal stability in
enzyme technology is well manifested by the fact
that nearly 90% of world enzyme market is occu-
pied by thermostable enzymes (7). Starch hydroly-
sis, brewing, baking, detergent industry, maltodext-
rin hydrolysis, high glucose and fructose syrups
production, juice clarification, cellulose hydrolysis

etc. are well known industrial application fields of
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thermostable enzymes (8). Therefore, the molecular
reasons of enhanced thermal stability of the enzy-
mes from thermophilic microorganisms have been
scrutinized by many workers (9-20).

According to the results accumulated till now,
the increased thermal stability of thermostable en-
zymes can be explained in terms of following two
mechanisms. These mechanisms comprise intrinsic
stabilizing mechanism, in which the molecular stru-
cture of enzyme itself is of central importance for
improved thermal stability (9-13) and extrinsic sta-
bilizing mechanism, in which the multipoint intera-
ction of enzyme with other cellular components (14-
17) and the presence of specific thermo-stabilizing
factors (18-20) are important for increased thermal
stability. In thermostable enzymes, one or both of
these mechanisms are developed well than corres-
ponding thermolabile enzymes (11-13, 15-19). Fac-
tors contributing to the former mechanism are ele-
ctrostatic interaction (e.g., formation of salt bridge)
(11, 21), hydrogen bond (22, 23), hydrophobic inte-
raction (22, 24, 25), content of aliphatic amino acids
(26, 27), intramolecular disulfide linkage (26,28) and
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compact packing (25, 29). Factors contributing to the
latter mechanism are protein-protein contact (14-
17), bindings of substrates and other cellular com-
ponents of low molecular weight (14-17), prosthetic
groups (18, 19), metal cations etc. (20).

Evaluation of Various Molecular
Mechanisms Involved in the
Stabilization of Enzyme

It 1s imperative that we evaluate the contribution
of each stabilizing factor properly because various
factors of intrinsic and extrinsic stabilizing mecha-
nisms are involved in the stabilization of enzyme

complementarily. Welder ¢f al. (30,31) have reported
a close relationship between thermal stability and
some general stabilizing factors, e.g., hydrophobic
interaction, content of aliphatic amino acids and ra-
tio of Arg/(Arg+Lys) in 220 functionally different
proteins isolated from closely related thermophilic
and mesophilic microorganisms.

From these contributing stabilizing factors, hy-
drophobic interaction that seems to be the only sta-
bilizing force which 1s strengthened with tempera-
ture at least up to 60~70C, plays a significant role
in stabilizing protein structure (32, 33) (Fig. 1). In
fact, some thermostable proteins undergo essential
conformational changes at 55~70C, which, never-
theless, does not lead to the loss of catalytic acti-
vity. This phenomenon can be explained as mea-
ning that thermostable enzymes only rearrange
their structures in order to strengthen hydrophobic
interaction at high temperatures where thermola-
bile enzymes usually denature (34-36). In case of
tryptophane synthetase a-subunit from Escherichia
colt, the substitution of Met for Glu 49 in the hyd-
rophobic interior causes stabilization of enzyme due
to the increase in hydrophobicity (37).

[kat (38) have elucidated the correlationship bet-
ween the stability of thermostable proteins and the
content of aliphatic amino acids by intreducing so
called aliphatic index A, which is equal to Xa+
aXy+b(X;+X;), where X4, Xy, X; and X, are the
mole fractions of Ala, Val, lle and Leu, respectively.
a and b are numerical coefficients that depend on
the sizes of the residues. According to the Ikai's
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Fig. 1. Temperature dependence of the free energy va-
lues of the principal interactions contributing to stability
in the proteins,

A, hydrophobic interaction; B, hydrogen bond; C, con-
formational entropy. Adopted from reference 32

report, the aliphatic index of thermostabie proteins
is much higher than that of thermolabile proteins.
He calculated an increase 1n the aliphatic index
by 10 has resuited in additional stabilization by 5-
7 kcal/mol (38). Nevertheless, Ikai failed to find out
the relationship between the thermal stability of
enzyme and the overall hydrophobicity. He only ex-
plained this in terms of the fact that aliphatic hyd-
rophobic interaction only increases with tempera-
ture (38).

Yet, proteins from extreme thermophiles are sta-
ble at 75~85C and some are even stable at the
temperature of boiling water. This fact strongly su-
ggests the involvement of other stabilizing factors
because extreme stability is unlikely to be maintai-
ned at the expense of hydrophobic interaction as
the strength decreases above 70~80C (32, 33).

Perutz and Raidt (11, 39} have found that surface
salt bridge contributes to the enhanced thermal
stability of monomeric proteins {(e.g., ferredoxin),
whereas the extra salt bridge and hydrogen bond
on subunit interface are important stabilizing fac-
tors of oligomeric proteins (e.g., hemoglobin).

The number of hydrogen bonds is reported to
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be related considerably with the enhanced thermal
stability of enzyme. For examples, 19 additional hy-
drogen bonds were detected in thermostable pro-
teases (22) which are not present in the thermol-
abile counterparts. A greater number of hydrogen
bonds was also reported for thermostable enolase
(23). Additional intramolecular disulfide linkages
are also involved in the enhanced stability of ther-
mostable enzymes (40).

The compactness of protein structure is also 1m-
portant for the thermal stahlization of enzyme. In
case of thermolabile glyceraldehyde 3-phosphate
dehydrogenase and lactate dehydrogenase, four
substitutions which result in the compactness of
interior region of enzymes (e.g, Gly—Ala, Ser
—Thr, Lys—Arg and Asp—Glu) greatly contribute
to the enhanced thermal stability (41).

On the other hand, thermal stability of proteins
also seems to be nversely related with solvent-ac-
cessible surface area of proteins (42). In this insta-
nce, the polymerization of globular subunits and
the folding of single polypeptide chain into multiple
globular domains are occasionally found in thermo-
stable proteins (42).

Enzymes generally become more stable when
they are complexed with substrates or cofactors
than in the free forms (43). Thus, glutamate syn-
thetase from Bacillus stearothermophilus, which nor-
mally loses its activity at 65C, is stable in the pre-
sence of NH;"!, glutamate, Mg?* and ATP. It is
even stabilized by feedback inhibitors such as ala-
nine and histidine (44, 45).

Metal cations such as Ca?" and Na'" can be also
acting as specific stabilizing cofactors. For example,
a thermostable a-amylase is stable at high tempera-
ture only in the presence of Ca*” and Na'' ions
(46). Similarly, a thermostable protease (thermoly-
sin) is stable when Ca*" ion is present (47).

Methods for Improving Thermal
Stability of Enzyme

One way for obtaining thermostable enzymes 1s
the isolation from microorganisms which naturally
exist in extreme thermophilic environments (e.g.,
hot spring) (48, 49). This method can easily provide
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thermostable enzymes free from genetic variability
for biotechnology. However, we can not solely de-
pend on this method because of the difficulty in
cultivating thermophilic strains with high content
of a given enzyme (50) and the reduced growth
efficiency of thermophilic bacteria (51, 52) which
may cause low enzyme productivity. So, various
methods for obtaining thermostable enzymes have
been devised and a brief review on this point will
be done in the following paragraphs.

Reaction in organic solvent system

In recent times, 1t i1s known that even a monola-
ver of water suffices for enzyme catalysis (53). Sin
ce In organic solvents enzymes in some Instances
exhibit activity comparable to that in water, one
can assume that the enzyme structures in organic
solvents are not radically different from those in
water (5b4). This belief i1s generally accepted by the
fact that structures obtained by X-ray crystallogra-
phy are a good approximation to the real protein
structure found in water (54). As a variety of dele-
terious processes which lead to the irreversible
thermo-inactivation of enzyme involve water as a
reactant (55), it 1s not surpnsing that enzyme 1s
extremely thermostable in water-restricted enviro-
nments such as orgainc solvents (56). In this insta-
nce, the major reason for enhanced stability of enz-
yme at high temperatures in organic solvents seems
to be decrease in dielectric constant which results
in the weakening all electrostatic interactions invol-
ved in the mnactivation process of enzyme (54). Re-
cently, Zaks and Khbanov have reported that lipase
is even stable at 100C for several hours in microa-
queous system which has the moisture content of
0.015% (57). Subtilisin present in tributyrin in mic-
roaqueous system 1s known to be stable for 80 mi-
nutes at 120C (54). In many cases, however, the
enzymatic reactions in organic solvents are hinde-
red by the denaturation and the inactivation of enz-
yme caused by organic phase. To minimize these
problems, some enzymatic reaction systems which
comprise reversed micellar system (58, 59), two
phase system (60, 61) and microagueous system (62,
63) have been designed. As hydrolytic enzymes (e.
g., protease and lipase) catalyze reverse reactions



Vol. 19 No. 1

due to the equilibrium change in organic solvents
(64-69), reaction in organic solvent system can be
successfully apphed to peptide synthesis by pro-
tease and trans-esterification or/and ester synthesis
by lipase (64-69).

Chemical modification

Functional groups which are present on the sur-
face of enzyme are essential for the maintenance
of native structure. Hence, considerable stabilization
1s expected to be gained by chemical modification
of some key functional groups located on the sur-
face of protein. In this instance, the mechanism of
stabilization is that chemical modification eliminates
electrostatic repulsion of charged
groups which facilitates unfolding of catalytically
active conformation. Alternatively, chemical modifi-
cation may increase hydrophobic interaction in glo-
bule (70-72).

The chemical modification methods which are ef-

unfavorable

fective for stability improvement of enzyme include
modifications by low molecular weight compounds
and water soluble high molecular weight compou-
nds.

It is reported that the free amino group modifica-
tion with succinic anhydride, maleic anhydride and
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O-methylisourea (73-76), the indole group modifica-
tion with N-bromosuccinimide (77) and the phenolic
hydroxyl group modification with tetranitromethane
(78) improve thermal stability of enzyme like pro-
tease considerably. These are good examples of
chemical modification by low molecular weight com-
pounds.

Table 1 shows modifiers and target proteins
which are used for chemical modification with wa-
ter soluble high molecular weight compounds (67).
In recent years, polyethylene glycol has become one
of the most promising modifiers for improving sta-
bility of enzyme (66, 67). In polyethylene glycol mo-
dification of enzyme, polyethylene glycol (M.W. 5,
000), one of amphiphatic substances, is firstly acti-
vated with cyanuric chloride to yield activated PEG
». Then, activated PEG, is coupled to the free amino
groups (e.g., e-amino group of Lys) of target enzy-
mes such as protease, lipase and asparaginase. The
net increase in hydrophobicity of enzyme results
in improved thermal and solvent stabilities (66, 67).
Furthermore, polyethylene glycol modified enzymes
can be magnetized for dual purposes of stability
improvement and recovery after use (79, 80).

Immobilization

Table 1. Modifiers and target proteins used for the chemical modification with water soluble high molecular weight

compounds

Modifier

Target protein

Synthetic polymer
poly-L-aspartic acid, polyaspartic
acid derivative, polyethylene glycoli,
poly(D-glutamic acid-D-lysine), poly-
D-lysine, poly-L-lysine, poly(maleic
acid)-styrene oligomer, polyvinyl
alcohol, pvran copolymer
Polysaccharide
agarose, carboxymethyl celluiose,
dextran, pullulan

Enzyme
arginase, L-asparaginase, batroxobin, catalase,chymotrypsin,
elastase, a-(B-)galactosidase, B-glucosidase,
B-glucuronidase, L-glutaminase, L-asparaginase,

Protein
blood coagulating factor VIII, IX, bovine serum albumuin,
hemoglobin, immunoglobulin G, insulin, lactoferrin, a-ma-

phenylalanine ammonia lyase, streptokinase,
superoxide dismutase, trypsin, uricase, urokinase

croglobulin, neocarzinostatin, ovalbumin

Allergin

a-amylase, bovine serum albumin, catalase,

flagellin, lysozyme, mite, ovalbumin,
ragweed pollen, timothy grass

Adopted from reference 67.
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Fig. 2. Thermal stability of polyacrylamide gel-entrap-
ped trypsin compared with that of free enzyme. Free
and immobilized enzymes were heat-treated at each te-
mperature for 10 minute before enzyme assay.
O—C, free enzyme; @—@, immobilized enzyme. Ado-
pted from reference 82

When immobilized by physical and chemical me-
thods such as adsorption, entrapment, microencap-
sulation etc., enzymes become to be placed in mi-
cro-environments different from those of free enzy-
mes. In many cases, the net effects of enzyme 1m-
mobilization are changes in pH and temperature
profiles and enhancement of thermal stability (81).

That 18, Kim et al. (82) have shown that trypsin
entrapped by polyacrylamide gel holds enhanced
thermal stability, compared with free enzyme (Fig.
2). In case of caldolysin immobilized to Sepharose
4B and CM-cellulose resins, 2-3 fold increase in
thermal stability was also found, with the concomi-
tant shift of optimum pH to acidic region by 1 pH
unit (83). Papain covalently attached to polyacrolein
micro-spore possesses nearly 100% of the original
activity, whereas free enzyme loses 23% of the ori-
ginal activity after heat-treatment at 37C for 1 hr
(84). Cellulase immobilized to iron oxide (Fe;(Oy)
was found to have a broader range of temperature
profile compared with free enzyme due to the stre-
ngthening of weak ionic forces and hydrogen bonds
induced by immobilization (85). Kimura ef al (86)

Kor. ] Appl. Microbiol. Biotechnol.

Refolding under conditions
Unfolding which increase hydrophobic interaction
g e s N G
active
Refolding after chemical stabilized
SH modification enzyme

Fig. 3. Schematic representation of stabilizing enzymes
by sequential unfolding and refolding.
Adopted from reference 94

have reported that maltotetraose-forming amylase
immobilized to a macroporous hydrophobic adsorp-
tion resin (Diaion HP-50) holds good thermal stabi-
lity in batch and continuous operations. Thermal
stability was also greatly increased by immobiliza-
tion in cases of thermolysin (87), acid phosphatase
(88), glucose oxidase (89), endo-polygalacturonase
(90), pullulanase (91) and B-glucosidase (92).

Sequential unfolding and refolding

It can be also a good way for improving thermal
stability of enzyme to increase the hydrophobicity
and to provide additional disulfide linkages, salt
bridges and hydrogen bonds in the internal nucleus
of globule.

Mozhaev and Martinek have suggested the follo-
wing two-step procedure comprising sequential un-
folding and refolding for improving thermal stability
of enzyme through the modification of the internal
regions (Fig. 3) (93, 94).

At first, protein 1s made to unfold into a random
coll-like state under the presence of reversible de-
naturants such as urea and guamidine hydrochloride
with simultaneous splitting of disulfide linkages in
the protein using B-mercaptoethanol and dithioth-
reitol. In the next stage, the conformation of protein
1s altered to strengthen the binding forces descri-
bed above. The methods for conformation change
comprise refolding under the conditions which in-
crease hydrophobic interaction like concentrated
solutions of salts, polyols, elevated temperatures
and certain organic solvents, refolding in the prese-
nce of substances which interact with protein 1n
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a noncovalent fashion like transition metals, amphi-
phatic substances and nonpolar substances partici-
pating in the formation of hydrophobic interior (so-
called capture on refolding) and refolding after che-
mical modification of enzyme in the unfolded state
(94). They increased the thermal stability of trypsin
immobilized to polyacrylamide gel greatly (over 2
folds) by the refolding at elevated temperature (50
C) using thiol-disulfide exchange catalyst such as
glutathione (94).

Gene manipulation techniques

The improving methods for thermal stability of
enzyme by gene manipulation have been recently
developed. There are two kinds of gene manipula-
tion techniques for obtaining thermostable enzymes.
One method is to produce thermostable enzymes
by means of transfering thermostable enzyme genes
originated from thermophilic bactenia with slow
growth rate to appropriate mesophilic bacteria ha-
ving fast growth rate. That 15, CPC-Intérnational
Co. has shown a dramatic increase in the produc-
tion yield due to the enhanced growth of recipient
microorganism when a-amylase gene of B. stearo-

thermophilus is transferred to B. subtilis (95,96).
The similar result has also been found when the
recipient microorganism 18 yeast (97).

The other method for obtaining thermostable en-
zymes is protein engineering technique. In this te-
chnique, the amino acid sequence of target enzyme
1s altered at one site or a few sites to induce con-
formational change of enzyme. For the sake of this
purpose, 1t 1s imperative that structural analyses
using nuclear magnetic resonance, X-ray crystallo-
graphy, circular dichroism, ultraviolet and fluores-
cence be done and computer graphics modelling
on three dimensional structure of protein be perfo-
rmed.

Based on these basic informations, the specific
tn vitro mutagenesis is done on the gene coding
target enzyme to contribute to the molecular me-
chanisms involved in the improvement of thermal
stability. Among in vilro mutagenesis techniques,
oligonucleotide-directed mutagenesis 1s the mare
powerful and versatile than restriction fragment
deletion, nucleotide removal at restriction site and
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Fig. 4. General scheme for oligonucieotide-directed
mutagenesis.

CC-DNA, closed circular DNA; SS-DNA, single-stran-
ded DNA. Adopted from reference 99

insertion of an oligonucleotide (98). The general
scheme of oligonucleotide-directed mutagenesis is
depicted in Fig. 4. In this instance, the gene coding
target enzyme must be obtained as single-stranded
form. Therefore, M-13 vector system i1s generally
used (99). Estell et al. (100} have improved chemical
stability of subtilisin greatly by oligonucleotide-di-
rected mutagenesis. The single amino acid substi-
tutions by oligonucleotide-directed mutagenesis in
Cro (101" cytochrome C (102), barnase (103) and
trypto I ine synthetase (104) resulted in the inc-
rease ; n thermal stability (1.e., ATms were in the
rang2 of 11~17C). It is encouraging that large inc-
reases in thermal stability can be achieved by si-
ngle amino acid substitutions. Several studies have
shown that the effects of amino acid substitutions
may be localized so that their effects on the stahi-
lity are additives (105). Therefore, more increase

in thermal stability is expected to be obtained in
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¥ig. 5. Thermostability of a-amylase-antibody complex.
Human salivary c-amylase was complexed with specific
rabbit polyclonal antibody and then placed in a 70°C
water bath.

O—0O, free enzyme; @—®, enzyme-aniibody complex.
Adopted from reference 108.

the near future.

Recently, the site-specific incorporation of unna-
tural amino acids (e.g., D-Phe or p-NO,-Phe substi-
tution for Phe 66 1n B-lactamase) by way of oligonu-
cleotide-directed mutagenesis has been devised to
make novel proteins that possess unique structural
and functional features (106, 107). By this proce-
dure, it becomes possible to circumbent the limita-
tion of protein size or selectivity of incorporation.

Enzyme-antibody complexing

Very lately, the protein stabilization method ex-
ploiting Immune system has been reported. Al-
though most enzymes can be inhibited by certain
antibodies, some antibodies might interact at sites

where protein unfolding s mitiated or the mbabi-
tory antibodies are not accessible (108). For the
average affinity antibody-antigen binding (10° M1,
the interaction could reduce the free energy of the
antigen by about 10 kcal/mol. In a general thermod-
ynamic sense, this 1s sufficient to confer increased
stability since the differences in free energy bet-
ween the folded and unfolded states for active pro-
teins are in the range of 5-15kcal/mol (109).
When human salivary a-amylase was complexed
with 1its polyclonal antibody, the thermal stability
was greatly increased compared with that of free
enzyme; activity half-life was as much as 200 times
as long (Fig. 5) (110). In this mstance, the absence
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of significant inhibition by antigen-antibody comple-
xing was also noticed (110).
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