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The short-chain alcohol dehydrogenase from the archaeon Thermococcus sibiricus (TsAdh319) exhibits
adaptation to different kinds of stress: high temperature, high salinity, and the presence of organic
solvents and denaturants. Previously a comparison of TsAdh319 with close structural homologs revealed
an abnormally large number of charged residues on the surface of TsAdh319 tetramer. We further
focused on the analysis of hydrogen bonding of TsAdh319 and its structural homologs from thermophilic
and mesophilic organisms as a structural factor of adaptation to extreme environment. The calculation
and analysis of the dynamics of hydrogen bonds of different kind were performed. In particular, the
intramolecular hydrogen bonds of different kind according to their location and the type of a.a. residues
involved in the bond were analyzed. TsAdh319 showed the greatest contribution of charged residues to
the formation of surface hydrogen bonds, inner hydrogen bonding, and the bonds between different
subunits compared to its structural homologs. Molecular dynamics simulations revealed that, of three
enzyme molecules analyzed, TsAdh319 shows the least change in the number of hydrogen bonds of
different kinds upon a temperature shift from 27 to 85 °C. The greatest changes were observed for a
homologous enzyme from a mesophilic host. Only guanidine hydrochloride being a charged agent was
able to deactivate TsAdh319.

We suggest that the percentage of charged residues plays a key role in the resistance of TsAdh319 to
environmental stress. The analysis shows that salt bridges in TsAdh319 serve as a universal instrument of
stabilization under different extreme conditions.

© 2015 Elsevier B.V. and Société Frangaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
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1. Introduction atoms and solvent. The energetic effect of intramolecular hydrogen

bonds is viewed as entropic because the intramolecular hydrogen

Stabilizing intramolecular hydrogen bonds are formed in pro-
tein during folding and replace hydrogen bonds between protein

Abbreviations: TsAdh319, short-chain alcohole dehydrogenase from the hyper-
thermophilic archaeon Thermococcus sibiricus; SDRs, short-chain dehydrogenases/
reductases; TmDH, short-chain dehydrogenase from Thermotoga maritima; cSR,
sepiapterin reductase from Chlorobium tepidum; CAD, clavulanic acid dehydroge-
nase from actinomycete Streptomyces clavuligerus; SR, L-sorbose reductase from
Gluconobacter frateurii.
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bond formation in aqueous solution is accompanied by the release
of two water molecules [1]. This effect is estimated to be
1.5—1.0 kcal/mol per buried intramolecular hydrogen bond [2]. If
hydrogen bonds are formed by atoms of charged side groups, the
additional electrostatic interactions between opposite charges
significantly increase the strength of hydrogen bonds in proteins
(the enthalpic effect). These hydrogen bonds are called salt bridges
[3—6]. The electrostatic contribution to the free energy change
upon formation of a salt bridge averages to 4.6 + 3.2 kcal/mol [6].
Strictly speaking, the stabilizing effect of salt bridges and hydrogen
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bonds depends on the cost of the dehydration of a.a. residues, the
stringent geometric restraints introduced by hydrogen-bonding
interactions, the environment, and the intrinsic propensity of
interacting atoms etc.; that is, it depends on the location and type of
a.a. residues [3,6,7].

In 1994—-1996, by using different methods, Makhatadze, Priva-
lov, and Pace came independently to a conclusion that the contri-
bution of hydrogen bonds to protein stability and folding is as
important as the hydrophobic effect [2,8]. Salt bridges initially were
considered to play a more significant role in molecular recognition
and catalysis rather than in protein folding and stabilization.
However, it has been consistently observed that salt bridges occur
more frequently in proteins from thermophiles than from meso-
philes [5,9—11]. It has been shown that salt bridges and other sta-
bilizing ion pairs provide added resilience and resistance to
denaturation by increasing the kinetic barrier to unfolding [3,12].
The stabilizing effect of ion pairs drastically increases in the
network [13]. Moreover, recently the increase in the number of salt
bridges with temperature was shown by MD simulation for ther-
mostable hemoglobin and SAICAR synthetase [14,15]. The effec-
tiveness of the contribution of hydrogen bonds and salt bridges to
the thermal stabilization of proteins is achieved by the optimization
of amino acid composition followed by an increase in the packing
density, a change in the length of surface loops, the size and posi-
tion of alpha-helices and beta-sheets, etc. These changes do not
necessarily lead to a more compact structure but generally provide
a balance between integrity and flexibility at a certain temperature
[10,16,17]. In addition, it was noted that the thermal adaptation in
proteins often leads to the polyextremophilicity, including the
resistance to proteolysis, organic solvents, and high salinity [18].

In the present work, we continued the investigation of the
relationship between the stability and hydrogen bonding in pro-
teins. We focused on short-chain dehydrogenases/reductases
(SDRs) — proteins with well organized tertiary structures and their
highly thermostable representative — alcohol dehydrogenase from
the archaeon Thermococcus sibiricus (TsAdh319).

Earlier, we characterized biochemically and determined the
crystal structure of TsAdh319 [19,20]. The comparison of the amino
acid composition of homologs of TsAdh319 from thermophiles and
mesophiles showed a much higher percentage of Arg, Glu and Leu
in SDRs from thermophiles, with TsAdh319 having the largest
percentage of charged residues. The enzyme demonstrated the
highest thermostability (6 h at 90 °C and 20 h at 80 °C) among SDRs
studied [19]; the temperature optimum of activity with 2(S),5(S)-
hexanediol and 2-propanol was 83 °C and 85 °C, respectively [21].
The enzyme was resistant to NaCl concentrations up to 4 M; in the
presence of 1 M NaCl an increase in TsAdh319 thermostability was
detected (calculated half-life values were 37 vs. 20 h at 80 °C and 8
vs. 6 h at 90 °C). The preincubation of TsAdh319 for 4 h at 55 °C in
the presence of 50% [v/v] DMSO, DMFA, methanol, acetonitrile,
chloroform and n-hexane prior to the activity assay did not result in
the decrease in the enzyme activity. The solution of the crystal
structure of TsAdh319 (PDB code 3TN7) revealed that the TsAdh319
subunit consists of the highly structured compact Rossmann fold
(1-190 a.a.) and a low-structured region (191—234 a.a.), which
form active center, the whole construction being typical for SDRs. A
comparison of the structure of TsAdh319 with the nearest struc-
tural homologs (RMSD between 1.02 and 1.60 A) from thermophilic
and mesophilic organisms showed that charged residues in all the
counterparts are located on the surface of subunits, with TsAdh319
having the highest percentage of charged residues in the accessible
surface area. Moreover, nearly 70% of charged residues are involved
in ion-pair interactions with the formation of isolated ion pairs or
an ion-pair network.

In this work, we compared the hydrogen bond scaffolds of

TsAdh319 and its close structural homologs from thermophilic and
mesophilic hosts selected previously on the basis of high structural
similarity [20]: TmDH, the short-chain dehydrogenase from Ther-
motoga maritime (pdb code 1VL8); cSR, the sepiapterin reductase
from Chlorobium tepidum (pdb code 2BDO0); CAD, the clavulanic acid
dehydrogenase from actinomycete Streptomyces clavuligerus (pdb
code 2JAH); and SR, i-sorbose reductase from Gluconobacter fra-
teurii (pdb code 3AI2). All structures were solved at a resolution
higher than 2.0 A and had no breaks in polypeptide chains. All
counterparts in solution are tetramers formed in a similar way
through contacts between neighboring subunits [22]. For each
structure, we analyzed the intramolecular hydrogen bonds of
different kind according to their location and the type of a.a. resi-
dues involved in the bond. We estimated and compared the effects
of urea and guanidine hydrochloride, agents affecting hydrogen
bonds, on the activity and stability of TsAdh319. We took into ac-
count the specific effect of guanidine hydrochloride as a denaturant
due to its ionic properties (because of protonation of GuHCI in so-
lutions with neutral pH) and its ability to mimic the interactions
mediated by the guanidine moiety of the arginine side chain
[23,24]. To gain further insight into the role of hydrogen bonds of
different kind, we performed dynamic studies. In silico molecular
dynamics (MD) simulations revealed an increase in the number of
salt bridges and the destruction of hydrogen bonds between
neutral residues on a temperature shift from 27 to 85 °C in all
analyzed SDRs. Therefore, we suggest that the highest percentage
of charged residues is a crucial factor for the polyextremophilicity
of TsAdh319.

2. Materials and methods
2.1. Procedure for the calculation and analysis of hydrogen bonds

First, for each protein analyzed, a model from the Protein Data
Bank (PDB) was taken, and a file (in the pdb format) was prepared,
which contained only those monomers that form a protein mole-
cule in solution. Water molecules and ligands were removed from
the model. Second, all potential hydrogen bonds in the model were
determined using the program HBOND (http://cib.cf.ocha.ac.jp/
bitool/HBOND). The maximal distance between a donor and an
acceptor atom was 3.5 A. Third, the accessible surface area (ASA) for
each atom in the model was calculated using the program AREA-
IMOL of CCP4 package [25]. Atoms with ASA values equal to 0.0
were considered as inner atoms, while the remaining atoms were
considered as being on the surface. Forth, for a protein model that
contained some residues in multiple conformations, both files
(output of HBOND and AREAMOL) were corrected. These residues
are: His43, Met 46, Lys62, Glu64, 1le166, Asp202, Cys210, Met224
for TsAdh319; Mse122 for clavulanic acid dehydrogenase from
S. clavuligerus, and Ser203 for dehydrogenase from T. maritime.
Fifth, both files (output of HBOND and AREAMOL) were merged
into one single file. Depending on the ASA value and the side group
of each residue, all bonds were categorized into several groups. We
determined the number of hydrogen bonds between inner atoms
(Inside—Inside), between atoms which both were on the surface
(Surface—Surface), between atoms one of which either belonged
to a side group of a neutral residue or was N or O atom of the main
chain and the other belonged to a side group of a charged residue
(Charged-Neutral), between atoms of the side group of neutral
residues and/or N or O atom of the main chain (Neutral—-Neutral),
and between atoms of the side groups of charged residues (Char-
ged—Charged). The difference between the total number of
hydrogen bonds and the sum of Inside—Inside and Surface—Surface
hydrogen bonds is the number of Inside-Surface hydrogen bonds
formed between a solvent-accessible atom and an atom buried
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