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Abstract

Principles of protein thermostability have been studied by comparing structures of thermostable proteins with mesophilic
counterparts that have a high degree of sequence identity. Two tetrameric NADP~H!-dependent alcohol dehydrogenases,
one fromClostridium beijerinckii~CBADH! and the other fromThermoanaerobacter brockii~TBADH !, having ex-
ceptionally high~75%! sequence identity, differ by 308 in their melting temperatures. The crystal structures of CBADH
and TBADH in their holo-enzyme form have been determined at a resolution of 2.05 and 2.5 Å, respectively. Com-
parison of these two very similar structures~RMS difference in Ca 5 0.8 Å! revealed several features that can account
for the higher thermal stability of TBADH. These include additional ion pairs, “charged-neutral” hydrogen bonds, and
prolines as well as improved stability ofa-helices and tighter molecular packing. However, a deeper structural insight,
based on the location of stabilizing elements, suggests that enhanced thermal stability of TBADH is due mainly to the
strategic placement of structural determinants at positions that strengthen the interface between its subunits. This is also
supported by mutational analysis of structural elements at critical locations. Thus, it is the reinforcement of the
quaternary structure that is most likely to be a primary factor in preserving enzymatic activity of this oligomeric bacterial
ADH at elevated temperatures.
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What enables a protein to withstand elevated temperatures or harsh
chemical conditions without losing its biological activity is a ques-
tion of theoretical and practical importance. To address this ques-
tion, crystal structures of several thermostable proteins, both
monomeric and oligomeric, have been determined and compared
to those of their mesophilic counterparts~Jaenicke, 1996!. These
studies point to a number of stabilizing interactions as structural
determinants of thermostability. These include stabilization of the
structure and dipole moments ofa-helices~Hol et al., 1978; Argos
et al., 1979; Nicholson et al., 1988; Davies et al., 1993; Russell
et al., 1994!, increased number of proline residues inb-turns and
external loops~Matthews et al., 1987; Watanabe et al., 1991!, salt
bridges~Perutz & Raidt, 1975; Perutz, 1978; Walker et al., 1980;

Hennig et al., 1995!, increase in the number of interactions be-
tween charged side chains and neutral partners~“charged-neutral”
hydrogen bonds! ~Tanner et al., 1996!, and improvement of hy-
drophobic interactions and oligomeric rearrangements that fill ex-
isting cavities and lead to tighter molecular packing~Kirino et al.,
1994; Delboni et al., 1995; Salminen et al., 1996!. Salt-bridge
networks, energetically more favorable than isolated ion pairs~Horo-
vitz et al., 1990!, have been suggested as the most prominent
structural feature responsible for the unusual properties of hyper-
thermophiles~Hennig et al., 1995; Korndorfer et al., 1995; Yip
et al., 1995; Tanner et al., 1996; Wallon et al., 1997!. It has been
noted that there is usually no single factor that makes a protein
withstand elevated temperatures. Rather, this is accomplished
through a complex combination of subtle changes specific to each
protein ~Matthews et al., 1974!. In certain cases, effects of the
above structural determinants on thermal stability have been tested
by site-directed mutagenesis~Matthews et al., 1987; Hurley et al.,
1992; Tomschy et al., 1994; Watanabe et al., 1994; Moriyama
et al., 1995; Van den Burg et al., 1998; Vetriani et al., 1998!, but
no generalization that explains the underlying principles of stabil-
ization has emerged from these studies~for a recent review see
Jaenicke & Böhm, 1998!.
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Zinc-containing NADP-dependentsec-alcohol dehydrogenases
from Clostridium beijerinckii~CBADH! ~Chen, 1995! andThermo-
anaerobacter~formerly Thermoanaerobium! brockii ~TBADH !
~Lamed & Zeikus, 1981; Peretz & Burstein, 1989! have 75% se-
quence identity~Peretz et al., 1997!, unusually high for proteins
from different organisms, and yet they differ greatly in their
thermostability temperatures of half inactivation in 60 min
~T102

60 min! are 63.88C for CBADH and 93.88C for TBADH ~Bogin
et al., 1998!. In addition to its heat stability, TBADH also tolerates
high concentrations of denaturants such as urea and organic sol-
vents~Zeikus et al., 1979!.

We have crystallized both CBADH and TBADH~Korkhin et al.,
1996! and determined their structures at resolutions of 2.05 and
2.5 Å, respectively~Korkhin et al., 1998!. Comparison of the
three-dimensional structures shows that almost every one of the
structural determinants mentioned above believed responsible for
thermal stability of proteins was more frequent in TBADH. How-
ever, a deeper structural insight, taking into account the location of
the additional stabilizing elements, suggests that TBADH main-
tains its activity at higher temperatures mainly by virtue of a
fortified interface between subunits that preserves its tetrameric
quaternary organization.

Results

Overall comparison

Both CBADH and TBADH are tetramers of 222 symmetry~Ko-
rkhin et al., 1996! with 351 and 352 amino acid residues per
monomer, respectively, and have very similar three-dimensional
structure~RMSDCa 5 0.8 Å!. The monomer is composed of two
domains separated by a deep cleft—the coenzyme binding domain
with a characteristic Rossmann fold and the catalytic domain~Kor-
khin et al., 1998!. Each monomer contains a single zinc atom in its
active site, located in the catalytic domain close to the cleft be-
tween it and the cofactor-binding domain. A molecule of NADP
binds to the cofactor-binding domain of each monomer, also in the
area of the cleft, and is released upon reduction.

Sequence alignment of the two alcohol dehydrogenases is pre-
sented in Figure 1A. The cofactor-binding domain~residues 154–
294!, constituting 40% of the structure, contains 50% of all sequence
differences; most of the intersubunit contacts in the tetramer are
located near the cofactor-binding domain and in a protruding lobe
in the catalytic domain~residues 88–109! ~Fig. 1B!.

Alpha helices

Among the secondary structural elements that are most altered in
TBADH are two interactinga-helices of the cofactor-binding do-
main: a8 ~223–230! and a9 ~246–254! ~Fig. 1B!. These helices
contain fewer polar and more hydrophobic residues in TBADH
than in CBADH. Ina-helix a9, all three serines, which have been
shown to be rare ina-helices of thermostable structures~Argos
et al., 1979!, are replaced by other residues, two of which are
helix-favoring alanines. The dipole moment ofa8 in TBADH is
stabilized~Nicholson et al., 1988; Watanabe et al., 1994! by pro-
line P222 and glutamate E224 at its amino end. Eight of the 11
a-helices in TBADH have at their amino ends either an acidic
residue or a proline, whereas in CBADH, the N-caps of fivea-helices
are stabilized.

Proline residues

TBADH contains eight more proline residues~residues 22, 24,
149, 177, 222, 275, 316, and 347! than the 13 prolines present in
CBADH. These are distributed more or less equally throughout the
structure, but are located in structurally strategic positions. P24 is
located in ab-turn at the end of an extended stretch of residues on
the surface of the molecule~Watanabe et al., 1994!. The flexibility
of this stretch is further restrained by P22; P316 is located in an
external loop of the catalytic domain between thea-helix a10 and
the b-sheetb13; additional rigidity of this loop restrains the ori-
entation ofa10, which is located at a subunit interface. Two pro-
lines are located at the N-cap ofa-helices: P177 capsa-helix a6
and P222 capsa8. P275 is in the center of an extended stretch of
residues involved in dimerization with a second monomer, and
P149 stabilizes the conformation of a sharp bend in an extended
a-helix, a4-a5, that interconnects the two domains of the mono-
mer. P347 is inb-sheetb13, next to the C-terminus of the protein.

Ion pairs

TBADH contains one intersubunit and two intrasubunit ion pairs in
addition to the one intersubunit and nine intrasubunit ion pairs
already seen in CBADH. In TBADH residue R304 from subunit A
~see Fig. 1B for subunit labeling! forms an ion pair with residue
E165 from subunit D and an intrasubunit ion pair with residue
D237. D237 is also involved in another ion pair with residue K257.
The latter ion pair is also present in CBADH; however, only in
TBADH does this ion pair become part of a four-member ion pair
network E1650R3040D2370K257 ~Fig. 2A!.

An additional intersubunit ion pair is formed in TBADH by
replacements Q165E and M304R in the sequence of CBADH, and
one of the intrasubunit ion pairs by replacements V224E and S254K.

The second additional intrasubunit ion pair in TBADH is formed
in an unusual, indirect manner from Asp163 and Lys291, which
exist in CBADH as well but are too far apart to form a salt bridge.
In TBADH, however, replacement of Arg238 and Ile261 of CBADH
with the smaller alanine and valine residues creates a favorable
environment in the vicinity of D163 to allow its approach to res-
idue K291~Fig. 2B!. Such an indirect mechanism for increasing
the number of salt bridges in a protein by removal of an obstacle
to close approach of a pair of oppositely charged groups is reported
here for the first time.

Hydrogen bonds

Statistics on hydrogen bonds in the structures of CBADH and
TBADH are presented in Table 1. Surprisingly, there is more than
a 10% decrease in the number of backbone–side-chain hydrogen
bonds in TBADH vs. CBADH, but this is compensated by a 10%
increase in the number of side-chain–side-chain hydrogen bonds
and a 5% increase in the number of backbone–backbone hydrogen
bonds, so that there is hardly any difference in the total number of
hydrogen bonds between the two structures. What differences exist
are mainly confined within subunits, with almost no difference in
the numbers of intersubunit hydrogen bonds. In the structure of
TBADH, one additional intersubunit “charged-neutral” hydrogen
bond is formed between R97 of subunit A and the main-chain
carbonyl oxygen of P258 of subunit B. Altogether, the structure of
TBADH has 4 intersubunit and 17 intrasubunit “charged-neutral”
hydrogen bonds compared to 3 intersubunit and 19 intrasubunit
hydrogen bonds in the structure of CBADH.
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Fig. 2. A: Additional ion pairs and hydrogen bonds at the interface between subunits in TBADH. Parts belonging to different subunits
are represented in their respective colors: subunit A in yellow, subunits B in green, subunit D in magenta@generated with MOLSCRIPT
~Kraulis, 1991! and RASTER3D~Merritt & Murphy, 1994!#. B: “Indirect” way of ion pair formation in the structure of TBADH
~yellow! vs. CBADH structure~light blue!. Residues D163 and K291 are present in both structures, but due to replacement of R238
and I261 in CBADH by shorter alanine and valine in TBADH the local environment is favorably optimized to allow D1630K291 ion
pair formation.C: Schematic representation of subunit interactions in TBADH. Parts belonging to different subunits are represented
in their respective colors. Ion pairs are represented as solid lines; “charged-neutral” hydrogen bonds are represented as dashed lines.
Interactions that are not present in CBADH are represented in red.
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Molecular packing

The total molecular accessible area of TBADH is slightly smaller
~by 2.7%! than that of CBADH~Table 2!. The occluded area upon
tetramerization is greater by 4% for TBADH. This increase is
associated with the formation of the AB, CD, AD, and BC inter-
faces and not the AC or BD interfaces. The number of cavities in
TBADH is significantly smaller. In the case of CBADH, there are
21 intrasubunit cavities and one at the AB interface, whereas in
TBADH there are six cavities, all of which are within the mono-
mers. This improved overall packing of TBADH can contribute to
its enhanced thermal stability. Specifically, there are several dif-
ferences in the sequence of the two enzymes that lead to different
packing in the hydrophobic core of the cofactor-binding domain
~Fig. 3A!. These differences are mainly in the area surrounding the
a-helix a9, which is a supporting structural element for interacting
parts of monomers A~or C! and B ~or D! in the tetramer.

Location of the stabilizing elements

The most interesting outcome of the structural comparison be-
tween CBADH and TBADH concerns the location of the stabiliz-
ing elements with respect to quaternary organization of the enzyme.
Most of the additional determinants in TBADH provide missing
links or reinforce existing structural elements in the network of
interactions that ensure a more stable interlock between the sub-
units in the tetramer of TBADH than in CBADH. The interfaces
between subunits A and B and between C and D are formed by
hydrophobic interactions and hydrogen bonds betweenb-strands
b12 and stretches of residues 268–278 of both subunits. The strand

b12 is part of the 12-strandedb-sheet that includes 6b-strands
from the cofactor binding domain of each of two subunits of the
AB or CD dimer while the stretch 268–278 is located above it. The
a-helix a9 provides support for the latter stretch forming a hydro-
phobic “cushion” between it and other parts of the cofactor-
binding domain. The stretch 268–278 is extensively modified
in TBADH, and the helixa9 is the most drastically modified
secondary structural element. These modifications and other mod-
ifications in the hydrophobic core of the cofactor binding do-
main provide a more stable interface between the two subunits
~Fig. 3A!. Orientation of a9 with respect to other secondary
structure elements is better secured in TBADH with an addi-
tional ion pair E2240K254 that linksa9 and a8, which other-
wise do not have substantial contact area. Substitution of H222
with a proline restrains the orientation ofa8. Substitutions in
positions 273, 275, and 276 play a key role in creating better
complementarity between two van der Waals surfaces at the area
of interactions~Fig. 3B!. Strategic introduction of a single pro-
line residue~P275! close to the twofold axis, which relates the
monomers in dimers AB and CD leads to increased rigidity of
the resulting structural element and greater stability of subunit
interactions in these dimers.

The role of additional ion pairs in expanding the network of
subunit interactions is schematically illustrated in Figure 2C. In the
structure of CBADH the mutual orientation of stretch 268–278
from subunit A~or C! and its equivalent from subunit B~or D! is
stabilized at both ends of each stretch with intersubunit “charged-
neutral” hydrogen bonds R2780G271. In the structure of TBADH,
another “charged-neutral” hydrogen bond R970P258 is added, which
links the protruding lobe of the catalytic domain of subunit A~or
C! with the cofactor-binding domain of subunit B~or D!. The
adjacent K257 of B~or D! makes an ion pair with D237 of the
same subunit. This ion pair also exists in CBADH, but ion pairs
D2370R3040E165 exist only in TBADH, thus providing an addi-
tional link to subunit C~or A! and better integration of all four
subunits into the tetramer. Replacement of L316 with a proline
restrains the orientation ofa10, thereby improving stability of ion
pairs D2370R3040E165 and an intersubunit “charged-neutral” hy-
drogen bond R3130G192. The ion pair R910D128 between sub-
units A and C exists in both structures, but in the structure of
TBADH this intersubunit salt bridge is better protected from sol-
vent by the hydrophobic phenylalanine residue F25, which re-
places tyrosine Y25 of CBADH. The flexibility of F25, located in
a b-turn, is restricted by addition of proline P24 that replaces the
hydrophilic serine immediately adjacent to F25. Further, a “charged-
neutral” hydrogen bond I1640R189 that links subunits C~or A!
and B ~or D! and is adjacent to the latter ion pair, exists also in
CBADH. But an intrasubunit ion pair D1630K291, present only in
TBADH, links the strandb12 to other elements of the interface
between subunits and further enhances the integrity of the tetra-
mer. Another residue, K288 of strandb12, forms a “charged-
neutral” hydrogen bond with the main-chain carbonyl oxygen of
V256, which is next to the ion pair network K2570D2370R3040
E165. Additional reinforcement is introduced into TBADH at all
subunit interfaces, increasing the strength of association between
subunits throughout the entire tetramer. The general tendency is
toward creating a single inseparable four-subunit entity by making
the density of intersubunit interactions indistinguishable from the
density of intrasubunit interactions. The particular chemical nature
of structural determinants, however, is dictated by the local nature
of interactions between individual subunits. Where the interface is

Table 1. Hydrogen bond statistics

CBADH TBADH

Intra Inter Total Intra Inter Total

Backbone–backbone 916 26 942 960 27 987
Backbone–side chain 348 53 401 304 56 360
Side chain–side chain 128 10 138 140 12 152

1,481 1,499

Table 2. Molecular packing

CBADH
~Å2!

TBADH
~Å2!

Accessible area of isolated monomers
A 15,450 15,284
B 15,686 15,274
C 15,386 15,279
D 15,272 15,264
Total 61,794 61,101

Total molecular accessible area of the tetramer 47,523 46,254

Area occluded upon tetramerization 14,271 14,847
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Fig. 3. A: Molecular surface representation of elements of secondary structure in the hydrophobic core of the cofactor binding domain
of TBADH in the area of interface between subunits A and B. Secondary structure is marked in accordance with assignment presented
in Figure 1A. The strandb129 and the stretch centered at residue P275 represented in cyan belong to subunit B; the rest of the structure
belongs to subunit A. Residues that are not equivalent in CBADH and TBADH are represented in red. Helixa9 is the most variable
region in terms of amino acid composition between the two structures. It provides hydrophobic support for the stretch of residues
centered at P275~magenta! that is involved in subunit interactions. Generated with GRASP~Nicholls et al., 1991!. B: A view of
molecular surfaces between subunits A and B. Portions of the surfaces that are further apart from each other than 2.5 Å are not shown.
In the sequence of TBADH proline P275~leucine in CBADH! is close to the noncrystallographic twofold axis leading to improved
rigidity of the interacting parts of the structure. In TBADH, interacting parts have better complementarity of molecular surface and
deeper interlock. Generated with GRASP~Nicholls et al., 1991!.
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governed by hydrophobic interactions~e.g., dimers AB and CD!
additional stability is achieved by optimizing complementarity of
interacting van der Waals surfaces~e.g., interactions between
stretches 268–278!. Where interacting parts make only a few con-
tacts, an additional salt bridge or a “charged-neutral” hydrogen
bond is added either by introducing residues that can form these
interactions or by optimizing the local environment and allowing
existing residues to interact~e.g., ion pair D1630K291!.

Discussion

Two general mechanisms can be proposed by which the thermo-
stability of TBADH is increased. In the first, all the structural
determinants are more or less equal participants in the effect. In
this case, enhanced stability of TBADH would result from a col-
lection of subtle changes distributed evenly throughout the struc-
ture. In the second mechanism, different structural determinants
are responsible for the effect to different extents, and certain subtle
changes are of greater significance than others due to their strate-
gic location or their chemical nature. In the case of TBADH, our
observations suggest the latter mechanism. Site-directed mutagen-
esis may shed further light on this.

Several of the above structural elements, including extra pro-
lines ~Bogin et al., 1998!, salt bridges, and hydrophobic residues
~Bogin et al., 1996!, have been engineered by point mutation tech-
niques into the sequence of CBADH, and the consequences for
thermal stability of the enzyme were determined. Preliminary re-
sults have shown that the greatest increases in thermal stability of
mutated CBADH were observed when an extra ion pair and a
hydrophobic patch located at the interface between subunits were
incorporated into the structure. Smaller effects were observed when
intrasubunit elements of the same type were introduced~Burstein
et al., 1997!. This strongly suggests that TBADH retains its enzy-
matic activity at higher temperatures than CBADH due to a more
stable interface between subunits that prevents disintegration of
the tetramer; and that the greater thermal stability of TBADH is
due mainly to a few strategically located structural determinants.

In 1975, Perutz suggested that in oligomeric enzymes the extra
energy of stabilization can be provided “. . . by some extra salt
bridges, hydrogen bonds or non-polar bonds at the subunit inter-
faces”~Perutz & Raidt, 1975!. This hypothesis was supported by
several subsequent studies. Comparison of the crystal structure of
the tetrameric GAPDH from the thermophilicBacillus stearother-
mophiluswith that of its mesophilic counterpart from lobster mus-
cle ~Walker et al., 1980! suggested that extra thermal stability was
attributable to two additional salt bridges and improved hydropho-
bicity of residues in an irregular S-loop that constituted a major
part of the subunit interface. Increased S-loop hydrophobicity led
to better contacts between subunits and to a stronger interaction in
the additional intersubunit salt bridge by more effective shielding
from solvent. Recently, Vetriani et al.~Vetriani et al., 1998! have
observed that an intersubunit ion-pair network present in the hex-
americ glutamate dehydrogenase~GluDHs! from the hyperthermo-
phile Pyrococcus furiosuswas substantially reduced in the less
stable GluDH fromThermococcus litoralis.They restored the miss-
ing interactions by two mutations, and improved the thermal sta-
bility of the mutant GluDH over that of the wild-type enzyme.

Nonpolar interactions at the subunit interface were shown to
contribute to thermal stability of 3-isopropylmalate dehydrogenase
from Thermus thermophilusboth by X-ray crystal structure analy-
sis~Imada et al., 1991; Moriyama et al., 1995! and by site-directed

mutagenesis~Kirino et al., 1994!, and of triosephosphate isomer-
ase fromB. stearothermophilus~Delboni et al., 1995!. Thermosta-
bility was attributed to improved subunit interfaces inl-lactate
dehydrogenase fromB. stearothermophilus~Kallwass et al., 1992!,
malate dehydrogenase fromThermus flavus~Kelly et al., 1993!,
inorganic pyrophosphatase fromT. thermophilus~Salminen et al.,
1996!, and ornithine carbamoyltransferase fromP. furiosus~Vil-
leret et al., 1998!. Other studies also indicate that multimer for-
mation and subunit interactions are critical for thermal stability of,
for example, hemocyanin from the ancient tarantulaEurypelma
californicum ~Sterner et al., 1995!, phosphoribosyl anthranilate
isomerase from the hyperthermophileThermotoga maritima~Hen-
nig et al., 1997!, GluDH from the hyperthermophilesP. furiosus
~Vetriani et al., 1998!, and chorismate mutase from the thermo-
philic archaeonMethanococcus jannaschii~MacBeath et al., 1998!.
The findings presented here also favor the correctness of Perutz’s
early suggestion.

Conclusion

In summary, we have determined two three-dimensional highly
homologous structures of thermostable tetrameric alcohol dehy-
drogenases—one fromThermoanaerobacter brockii~TBADH ! and
one fromClostridium beijerinckii~CBADH!. TBADH and CBADH
have only 25% difference in amino-acid sequence but a 268C
difference in temperature of half inactivation. Comparison of the
structures at atomic resolution reveals that TBADH has several
additional structural features that can explain its increased thermal
stability. These include tighter molecular packing, amino acid sub-
stitutions in twoa-helices that are known to stabilize them, addi-
tional prolines at strategically important locations, two intrasubunit
ion pairs~one of which is formed by an indirect mechanism not
previously observed!, one ion-pair network at the subunit inter-
face, and one intersubunit hydrogen bond between an arginyl res-
idue and the main-chain carbonyl oxygen. However, the main reason
for the greater thermal stability of TBADH is the effect of these
stabilizing elements on its oligomeric integrity: the additional struc-
tural elements that are mainly responsible for thermal stabilization
of TBADH are those that promote stability of the subunit inter-
faces in the tetramer.

Taking into account the high degree of sequence identity be-
tween the two enzymes, this structural comparison can serve as a
basis for a systematic site-directed mutagenesis study aimed at
quantifying the extent of thermostabilization that can be attributed
to each of the above structural elements. It could also provide
guidelines for engineering thermostability into other oligomeric
enzymes.

Materials and methods

Crystallization and structure determination of CBADH and TBADH
have been reported earlier~Korkhin et al., 1996, 1998!. Hydrogen
bond networks were optimized with WHATIF~Vriend, 1990!, which
was also used to calculate hydrogen bond statistics and to locate
ion pairs. In all calculations default geometrical parameters of the
hydrogen bonds implemented in WHATIF have been used. Calcu-
lation of accessible molecular surfaces area and search for cavities
were done with GRASP~Nicholls et al., 1991!, using default pro-
cedures of the package. Secondary structure assignment was done
according to Kabsch and Sander~1983!.
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