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A hydrogen-bonding network in mammalian sorbitol
dehydrogenase stabilizes the tetrameric state and is essential
for the catalytic power
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Abstract. Subunit interaction in sorbitol dehydrogen-
ase (SDH) has been studied with in vitro and in silico
methods identifying a vital hydrogen-bonding net-
work, which is strictly conserved among mammalian
SDH proteins. Mutation of one of the residues in the
hydrogen-bonding network, Tyr110Phe, abolished the
enzymatic activity and destabilized the protein into
tetramers, dimers and monomers as judged from gel
filtration experiments at different temperatures com-
pared to only tetramers for the wild-type protein

below 307 K. The determined equilibrium constants
revealed a large difference in Gibbs energy (8 kJ/mol)
for the tetramer stability between wild-type SDH and
the mutated form Tyr110Phe SDH. The results focus
on a network of coupled hydrogen bonds in wild-type
SDH that uphold the protein interface, which is
specific and favorable to electrostatic, van der Waals
and hydrogen-bond interactions between subunits,
interactions that are crucial for the catalytic power of
SDH.

Keywords. Alcohol dehydrogenase, hydrogen-bonding network, Gibbs energy, quaternary structure, sorbitol
dehydrogenase, structural zinc.

Introduction

Protein-protein interaction is an intricate cell function
where different proteins assemble into complex
structures that can create functional units [1]. The
diversity and complexity of such protein-protein
interactions is difficult to study regardless of method
and conditions (in vivo/vitro/silico). The functional
unit of sorbitol dehydrogenase (SDH, EC 1.1.1.14) is a
zinc-dependent homotetrameric enzyme [2] within
the protein family of medium chain dehydrogenases/

reductases (MDR) with a close relationship to alcohol
dehydrogenase (ADH, EC 1.1.1.1) [3]. The mamma-
lian ADHs have a dimeric quaternary structure,
whereas most bacterial and yeast ADHs are homote-
trameric enzymes like SDH [2, 4–6]. The subunits of
SDH are slightly smaller than the mammalian ADH
subunits, with a molecular mass of 38 kDa [7]. SDH
catalyzes the reversible NAD+-linked oxidation of
different polyols into their corresponding ketoses [8],
an enzymatic reaction that is highly pH dependent.
SDH is expressed in nearly all tissues but not in the
intestinal tract [9], and, together with aldose reduc-
tase, SDH metabolically link glucose and fructose in
the polyol pathway. These two enzymes have been
shown to be coexpressed in several cell lines [10], and
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have been extensively studied in connection to
vascular dysfunction and pathology in diabetic com-
plications [11].
Information about the location of possible subunit
interacting areas in SDH has been revealed from
three-dimensional structure determinations of rat and
human SDHs [12, 13], as well as an earlier computer
modeling study into the structure of horse liver ADH
[4]. These studies concluded that two dimers (as in
mammalian ADH) form a tetramer in SDH, but
details of these interactions have not been investigat-
ed further. ADH harbors, beside the active site zinc,
also a structural zinc, where four negatively charged
cysteine residues coordinate the zinc atom [14]. This
structural zinc is conserved in all mammalian ADHs
and is crucial for correct folding and activity [15]. In
the corresponding area in mammalian SDH the
cysteine motif and the structural zinc is missing
where amino acid residues 100–110 form a loop
region, which interacts with the opposite dimer.
Tyr110 at the C-terminal end of this loop region is
strictly conserved among analyzed mammalian SDHs
and was early identified in subunit interaction by
specific labeling [16]. An evolutionary bridge between
the two different mammalian structures of ADH and
SDH can be observed in silverleaf whitefly SDH and
yeast ADH, both of which harbors a structural zinc [5,
17] like mammalian ADHs, but also has a tetrameric
quaternary structure as in mammalian SDHs.
In this study in vitro and in silico methods were utilized
to reveal properties of the subunit interactions in
SDH. Equilibrium constants in vitro between three
different quaternary states: monomer, dimer and
tetramer in wild-type (wt) SDH and in Tyr110Phe
SDH were determined. Differences in Gibbs energy
and alterations in the quaternary stability could thus
be determined. To further understand subunits inter-
actions in SDH we constructed a scoring energy
function that compares the relative enthalpy inter-
action energy between subunits and amino acid
residues 100–110 in the loop region.

Materials and methods

Mutagenesis, expression, purification and character-
ization. Mutagenesis was performed on a construct of
native rat SDH cDNA in expression vector pET12b
(Novagen Inc.) [18]. The U.S.E. mutagenesis kit was
used (GE Healthcare) to incorporate the desired
mutation. All plasmids containing mutated fragments
were checked by DNA sequence analyses for correct
introduction of base alterations. For expression of
recombinant enzymes from the pET12b-constructs,
the E. coli strain BL21 (DE3) was transformed and

cultured in 2 l LB medium supplemented with 100 mg
ampicillin/ml. The protein expression was initiated
with the addition of 0.4 mM IPTG at an OD of 1.5 and
was grown for an additional 2–3 h. Isolation of
proteins from the cell lysates were carried out in two
steps: DEAE-cellulose (DE-52, 2.6�20 cm column;
Whatman) in 0.1 M Tris-HCl, pH 8.0 and a gel
filtration step with a HiLoad Superdex 200 (16/60
prep grade; GE Healthcare), 10 mM Tris-HCl, pH 8.0,
0.2 M NaCl. Typical yields of homogenous recombi-
nant proteins were about 3 mg and 15 mg/l culture for
the mutant and native SDH, respectively. The elution
volume for proteins from the HiLoad Superdex 200
was calibrated with a gel filtration standard kit
(13.7–2000 kDa; Sigma-Aldrich) and ADH2
(80 kDa). The homogenous tetrameric SDH fractions
from the second gel filtration purification step were
collected and used for enzyme activity and further
stability experiments. The temperature of the HiLoad
Superdex column was regulated with circulating
water. To assay for activity, a spectrophotometer
(Hitachi U-3000) was used, monitoring the production
of NADH at 340 nm, with a mixture containing
50 mM sorbitol, 2.4 mM NAD+, 0.1 mM glycine/
NaOH, pH 10.0. The kinetic constants, Km and kcat,
for sorbitol and xylitol were determined with non-
linear regression analysis at steady state under in vitro
conditions of 0.1 M glycine/NaOH, pH 10.0, 1.0 mM
NAD+ and substrate concentration up to ten times Km

for wt SDH; for ethanol the tested substrate concen-
trations were 1.0 mM and 100 mM. Tyr110Phe SDH
did not show a measurable activity at any stage of
purification even at protein concentration of 0.1 mg/
ml. The purity of the isolated proteins was verified by
SDS-polyacrylamide gel electrophoresis.

Mass spectrometry. Protein bands were excised man-
ually from the SDS/PAGE gels and digested using a
MassPREP robotic protein handling system (Waters).
Gel pieces were washed, alkylated and digested with
trypsin [19]. The tryptic peptide extracts from in-gel
digestion were mixed at 1:1 (v/v) with a saturated
solution of a-cyano-4-hydroxy cinnamic acid and
dried on a standard steel target plate followed by
MALDI-TOF mass spectroscopy (Voyager DE Pro,
Applied Biosystems). Mass peaks were identified with
the software PeptideMass [20].

Circular dichroism spectrometry. Circular dichroism
spectra were recorded on protein samples in 20 mM
potassium phosphate buffer, 150 mM NaCl, pH 7.6.
The concentration of the samples ranged between 0.2
and 1.0 mg/ml. Spectra were recorded from 260 to
198 nm at a step resolution of 0.1 nm and at a scanning
speed of 5 nm/min a Jasco CD spectrometer. Wt and
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Tyr110Phe SDHs were treated with urea up to 5 M to
record the denaturing effect with circular dichroism
analysis.

Gibbs energy and apparent equilibrium binding con-
stants. The change in Gibbs energy when passing
between two states in a reversible process at constant
pressure and temperature is equal to the sum of the
heat and work taken up by the system. We have the
following relation for changes in Gibbs energy.

DG = DH � TDS = DG0 + RT � ln(K) (1)

Changes in Gibbs energy can be calculated in vitro or
in silico (Eq. 1). DH represents the enthalpy change in
the system, DS represents the entropy change in the
system, T is the temperature, R is the universal gas
constant and K is the reaction quotient. At equili-
brium, the equilibrium constant (K’0) is calculated
from the fraction of reactants/products ([A] � [A]/
[AA]) between the quaternary states, which is used to
calculate the standard transformed Gibbs energy
(DG’0) of the reaction at specified in vitro conditions
of temperature, ionic strengths and pH:

DGeq = 0) DG’0 = �RT � ln(K’0)
= �RT � ln ([A] � [A]/[AA]) (2)

The change in Gibbs energy (DG’0) in the gel filtration
experiments is calculated from the equilibrium con-
stant (K’0) with Eq. 2, after 60 min of incubation at in
vitro conditions of 10 mM Tris-HCl, pH 8.0, 0.2 M
NaCl, 0.1 mg/ml isolated protein and at temperatures
277–317 K. The difference in Gibbs energy between
wt SDH and Tyr110Phe SDH at each temperature is
given by:

DDG’01 = DG’01wt � DG’01Tyr110Phe (3)

DDG’02 = DG’02wt � DG’02Tyr110Phe (4)

Eq. 3 gives the change in Gibbs energy of the mutation
between the monomeric and dimeric states and Eq. 4
gives the change in Gibbs energy of the mutation
between dimeric and tetrameric states.

Enthalpy calculations and scoring energy function.
For energy calculations the ICM version 2.7 was used
(Molsoft LLC) with ECEPP/3 molecular mechanics
forcefield [21–23]. The structures of human SDH (pdb
entry 1PL7), silverleaf whitefly SDH (pdb entry 1e3j)
and Thermoanaerobacter brokii ADH (TbADH, pdb
entry 1YKF) were obtained from the database RCSB
and hydrogen atoms were added and followed by a
local energy minimization (ICM). All energy calcu-
lations were performed on the human SDH structure

(from pdb entry 1PL7) due to its higher resolution at
the subunit interfaces than in the determined rat SDH
structure. The root mean square distance between c-
alpha in a comparison from a structural alignment of a
single subunit from human and rat SDH was calcu-
lated to 1.0 � (ICM) and between human and silver-
leaf whitefly SDH it was 1.2 � (ICM). Complete
Gibbs free energy calculations from in silico compu-
tations with explicit water can be performed with
molecular dynamics simulations, but because of
computational complexity it is more suitable for
smaller systems than studied here. For our purposes
a simplified scoring energy function was constructed
that compared the relative enthalpy binding energy
between subunits and amino acid residues. The
electrostatic energy was calculated (ICM) with a
distant dependent function. Here we denoted the
enthalpy binding energy as the non-covalent inter-
action in the form of hydrogen bonds, electrostatic and
van der Waals energies. The enthalpy binding energy
between two subunits (A to D or B to C) to form one
complex, i.e. , dimer structure, was calculated and this
energy was labeled DS (Dimer Score). All other
enthalpy binding energies (score energies) were set
relative to this DS defined value (Eq. 5). The follow-
ing formulas were used to compare score energies
between subunits A, B, C and D and specific residues
in human SDH.

DS = E(A_D) = E(C_B) = 1 (5)

TS = E(A_B) + E(A_C) + E(B_D) + E(C_D) (6)

BS = N � E(A(X)_C(Y)) / TS (7)

RS = N � E(A(X)_C)) / TS (8)

TS (Tetramer Score) is the score energy for the
formation of one tetramer (Eq. 6). BS (Bond Score) is
the relative strength of a single bond between two
residues in the formation of a tetramer complex
compared to TS (Eq. 7). RS (Residue Score) is the
relative strength of the interaction between one
residue in one subunit and all other residues in the
reverse subunit compared to TS, where N is the
number of bonds per tetramer (Eq. 8). In this study
the entropy part of Gibbs energy in Eq. 1 is excluded
from our scoring energy function, and thereby no
absolute values of Gibbs energies are given. Further-
more, the scoring energy function does not include
solvent-protein and solvent-solvent interactions.
Water molecules, the solvent, often compete with
internal protein-protein hydrogen bonds, but can also
mediate protein-protein hydrogen bonds. The forma-
tion and breaking of hydrogen bonds between water
and protein is important for both the stability as well
as the catalytic activity of proteins. Hydrogen bonds
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forms and breaks spontaneously at room temperature
making the stability of specific bonds difficult to
determine. In the x-ray-resolved crystal of human
SDH, 1157 oxygen atoms from water molecules were
resolved. The enthalpy energy contribution of the
water molecules is of significance, but in the enthalpy
energy scoring function used we simplified and
focused on the specific protein-protein enthalpy
interaction. However, this simplified scoring energy
function can be used to recognize important binding
regions and possibly identify key amino acid residues
in protein-protein interaction.

Results

Recombinant rat SDH was mutated at position 110 to
exchange a Tyr for Phe, a residue strictly conserved in
all structurally analyzed SDHs (Figs. 1, 2). For subunit
interaction studies, the Tyr110Phe SDH was expressed
in parallel to wt SDH in E. coli and isolated to
homogeneity in a two-step procedure. In the ion-
exchange chromatography step the two proteins
showed identical elution profiles, but in the final gel
filtration step Tyr110Phe SDH was divided into
several fractions. The homogenous tetrameric wt
SDH and Tyr110Phe SDH fractions from the gel
filtration purification step were collected and used for
further catalytic activity measurements, circular di-
chroism analysis and stability experiments. Calibra-
tion of the gel filtration column showed that the
fractions from Tyr110Phe SDH corresponded to
molecular sizes of >300-, 160-, 80- and 40-kDa
proteins, which matches the sizes of aggregate, tetra-
meric, dimeric and monomeric SDH, respectively.

These fractions were verified to contain Tyr110Phe
SDH with MALDI-TOF mass spectroscopy.

Results in vitro. The relative protein concentrations
for monomeric, dimeric and tetrameric wt SDH and
Tyr110Phe SDH were determined with gel filtration
experiments at five different temperatures from 277 to
317 K (Fig. 3). Only the tetrameric state was observed
for wt SDH at temperatures below 307 K, while at
307 K and above also dimeric and monomeric states
were detected (Fig. 3a). Tyr110Phe SDH was divided
into tetramers, dimers and monomers at all temper-
atures investigated, with the relative amount of
tetramers decreasing with increasing temperature
(Fig. 3b). The changes in Gibbs energy (DDG’0) were
calculated by comparison of the equilibrium constants
between the different quaternary states in wt SDH
and Tyr110Phe SDH. The DDG’01 for the difference in
the free energy of monomers and dimers between wt
SDH and Tyr110Phe SDH was 1.4 kJ/mol at 307 K and
3.1 kJ/mol at 317 K (Table 1), respectively. The
DDG’02 for the difference in free energy of dimers
and tetramers between wt SDH and Tyr110Phe SDH
was 8.2 kJ/mol at 307 K and 8.1 kJ/mol at 317 K
(Table 1), respectively. No enzymatic activity was
detectable, even at protein concentrations up to
0.1 mg/ml for Tyr110Phe SDH with the tested sub-
strates (Table 2). The circular dichroism analysis of wt
SDH and Tyr110Phe SDH was similar and showed
typical patterns of ordered secondary structure. The
stability of wt SDH was also studied at high urea
concentration where wt SDH was denatured in 5 M
urea. Subsequent dilution of the denatured protein to
1 M urea did not result in refolding of the protein as
determined from the spectra (data not shown). The

Figure 1. Alignment of amino acid residues in the region 90–140 in sorbitol dehydrogenases (SDHs) and alcohol dehydrogenases (ADHs).
The numbering at top (90–140) refers to human SDH and at the bottom (88–157) refers to human ADH1B1. The local secondary structure
information, as determined from 3D structures of human SDH and human ADH1B1, is marked for b-sheets (b), a-helices (a), 310-helices
(3) and turns (t). The hydrogen-bonding network residues in the region are labeled (*) and the mutated residue Tyr110Phe SDH is marked.
The quaternary structure is given in the T/D column as tetramer (T) or dimer (D). Proteins with structural zinc are marked with Z, as are the
cysteine residues that coordinate the zinc ion in some of the proteins, see bottom line. There are no high resolution structures available for
yeast and Staphylococcus haemolyticus SDH, therefore the two last columns are in parentheses for those sequences.
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enzymatic activity of native SDH started to decrease
at 1.5 M urea and was completely lost at 3.5 M urea.
The addition of ZnSO4 in native SDH alleviated the
activity loss.

Results in silico. The enthalpy between residues and
subunits were compared through the constructed
scoring energy function (score energy), see Material
and methods, and the atomic details behind the
interactions were investigated. The score energy
between subunits A and D and subunits B and C

Figure 2. Tetrameric structure of mammalian SDH. In (a), Tyr110 is shown in thick style (xstick). (b) A close up view of the interaction
between subunits in the loop region 100–110.

Figure 3. Changes in the relative
concentration between the three
states in wild-type (wt) SDH and
Tyr110Phe SDH induced by tem-
perature shifts. The relative con-
centration in vitro after gel filtra-
tion experiments given in percent
for the three states – monomeric
(black), dimeric (gray) and tetra-
meric (light gray) in 10 mM Tris-
HCl, pH 8.0, 0.2 M NaCl, Protein
concentration at incubation
0.1 mg/ml. Five different temper-
atures were measured from
277 K to 317 K. (a) wt SDH, (b)
Tyr110Phe SDH.
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showed the highest values, which suggests dimeric
formations between these couples (Table 3, Fig. 4).
The score energy between the other subunits pairs AB,
AC, BD and CD contributes to the tetrameric
formation (Table 3). The score energy between two
dimer structures (AD or BC) in the formation of a
tetramer structure (ADBC) was calculated to be
comparable to the score energy in the formation of
one dimer structure (Table 3). The entire loop region
including amino acid residues 100–110 contribute to
78% of the total score energy in the formation of a
tetramer (Tables 4, 5). Tyr110 at the C-terminal end of
this loop region forms hydrogen bonds to Glu94 and
Asn301 within the same subunit, which stabilizes the
entire loop (Fig. 2). Tyr110 as single residue, contrib-
ute with only 2% of the total score energy in the
formation of a tetramer but the residue is central in the
hydrogen-bonding network that links the dimer-dimer
interface together (Table 5, Fig. 3). The entire hydro-
gen-bonding network between the subunits comprises
residues Tyr110(subunit A)-Glu94(subunit A)-

Tyr140(subunit A)-Lys106(subunit C)-Asn301(subu-
nit A)-Tyr110(subunit A). The positively charged
Lys106 is by far the residue that contributes the most
to the score energy for the tetramer formation, since it
directly interacts with seven other residues in the
opposite dimer through three separate hydrogen
bonds and with an electrostatic attraction to the
negatively charged Glu94 (Tables 4, 5, Fig. 5).

Table 1. Stability measurements for wild-type (wt) sorbitol dehydrogenase (SDH) and Tyr110Phe SDH.a

Temperature 277 K 287 K 297 K 307 K 317 K

Equilibrium constant 109 � M 109 � M 109 � M 109 � M 109 � M

K’01wt ND ND ND 140 110

K’01Tyr110Phe 100 130 200 250 350

K’02wt ND ND ND 12 20

K’02Tyr110Phe 190 170 180 290 420

Gibbs energy kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol

DG’01wt ND ND ND 40.2 � 1.0 42.3 � 0.8

DG’01Tyr110Phe 37.2 � 0.9 37.9 � 1.6 38.1 � 1.0 38.8 � 2.1 39.2 � 1.3

DG’02wt ND ND ND 46.6 � 0.4 46.8 � 0.4

DG’02Tyr110Phe 35.6 � 0.7 37.1 � 0.9 38.4 � 0.5 38.4 � 1.6 38.7 � 2.0

DDG’01 ND ND ND 1.4 3.1

DDG’02 ND ND ND 8.2 8.1

a In the experiments the equilibrium constant K’0 (Eq. 2) at different temperatures is given in (M), K’01 for monomer to dimer and K’02 for
dimer to tetramer. The standard transformed Gibbs energy (DG’0) of the reaction is given in kJ/mol (� SD) and calculated after four
experiments. The change in Gibbs energy in the comparison of the stability of different states (monomeric, dimeric and tetrameric states)
by the mutation of wt SDH to Tyr110Phe SDH are given as DDG’0 values. DDG1’0 for the monomer to dimer (Eq. 3), and DDG2’0 for the
dimer to tetramer (Eq. 4). ND, not determined because only the tetrameric state in wt SDH could be observed.

Table 2. Catalytic activity determinations for wt SDH and Tyr110Phe SDH.a

Substrate wt Tyr110Phe
Km (mM) kcat (min–1) Km (mM) kcat (min–1)

Sorbitol 0.33� 0.05 42.6 � 1.6 – NA

Xylitol 0.17� 0.05 38.1 � 3.2 – NA

Ethanol – NA – NA

a Catalytic activity for recombinant wt SDH and Tyr110Phe SDH were measured spectrophotometrically, see Material and methods, with
substrate concentrations up to ten times Km for sorbitol and xylitol, for ethanol the substrate concentration was 1.0 mM and 100 mM.
NA, no activity could be measured at protein concentration of 0.1 mg/ml for wt SDH and Tyr110Phe SDH.

Table 3. Score energy of the relative enthalpy binding energy
between subunits in SDH.a

Subunit A B C D

A 0.06 0.18 0.50

B 0.06 0.50 0.18

C 0.18 0.50 0.06

D 0.50 0.18 0.06

a The score energy is calculated according to Eq. 5. The subunits
are labeled as in pdb entry 1PL7 to A, B, C and D (see Fig. 1).
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The tetrameric bacterial ADH from TbADH lacks
structural zinc like mammalian SDHs, and, from the
structural alignment (ICM) with human SDH, the
loop formed by amino acid residues 90–100 in the
TbADH showed a similar structure to the loop formed
by amino acid residues 100–110 in human SDH. The
root mean square distance (RMSD) between all
structural aligned c-alpha atoms of the two tetrameric
proteins was calculated to 1.9 � (ICM). The calcu-

lated score energy between subunits in TbADH
showed that the loop region consisting of residues
90–100 also contribute to the score energy between
subunits in TbADH (data not shown).

Discussion

Protein-protein interactions are essential in many life
processes and therefore of wide interest for biochem-
ical and biophysical investigations. Several studies on
SDH emphasize its implications for diabetic diseases
since the enzyme has a significant role in the polyol
pathway in the metabolism of sorbitol [11]. In this
study the protein-protein interaction between sub-
units in SDH was investigated. The properties of wt
SDH and Tyr110Phe SDH were studied by a combi-
nation of molecular modeling and in vitro determi-
nation of binding constants, circular dichroism and
enzymatic activity. Tyr110 was mutated to Phe to
investigate the importance of the loop region of amino
acid residues 100–110. The in vitro determined
equilibrium constant between the monomeric and
dimeric state is only slightly changed by the mutation
of Tyr110 into Phe in SDH, with a corresponding
change in Gibbs energy (DDG’01) of 1–3 kJ/mol
(Table 1). However, the stability of the tetrameric
state in Tyr110Phe SDH was decreased as compared
to wt SDH where the change in Gibbs energy was
(DDG’02) 8 kJ/mol (Table 1). This change in Gibbs
energy is equivalent to a 20-fold larger equilibrium
constant, which clearly shows that the tetrameric
quaternary structure is destabilized in Tyr110Phe
SDH. Circular dichroism analysis showed that the
overall secondary structure was retained between wt
SDH and Tyr110Phe SDH, indicating that the
mutation primarily affects the dimer-dimer interac-
tion area and not the subunit structure as such.
Molecular modeling yielded a hydrogen-bonding
network (four per tetramer) that stabilizes the loop
consisting of amino acid residues 100–110, which is
pivotal for the tetrameric structure (Table 4, Fig. 5).

Figure 4. Schematic representation of binding between subunits in SDH. The rate of association and rate of dissociation between subunits
are determined by the rate constants. Rate constants between the monomeric and the dimeric state are labeled k1/k–1 and between the
dimeric and the tetrameric state k2/k–2. The subunits are labeled as subunits according to Table 1 and pdb entry 1PL7.

Figure 5. The identified hydrogen-bonding network between sub-
unit A and subunit C in the tetrameric quaternary structure of
SDH. Tyr110 in subunit A participates in a chain of hydrogen bonds
with residues from subunit A and Lys106 in subunit C. Subunit A
are labeled in yellow and subunit C in green. The entire hydrogen
network comprise of residues Tyr110(subunit A)-Glu94(subunit
A)-Tyr140(subunit A)-Lys106(Subunit C)-Asn301(subunit A)-
Tyr110(subunit A). The plus sign (+) shows the positive charge
on the Lys106 residue and the minus sign (–) shows the negative
charge on the Glu94 residue. There are 30 (per tetramer) resolved
water oxygen atoms representing water molecules in the close
proximity (<3.0 �) of the hydrogen-bonding network between the
subunits; these water molecules are hydrogen bonded to protein
atoms and are of importance for the interaction between subunits,
see Material and methods, but have been omitted for the clarity of
the picture.
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Here the importance of a correct loop structure is
exposed, the rupture of which switches the quater-
nary structure from tetrameric to dimeric, which is
the main overall structural difference between the
two mammalian forms of the MDR enzymes, SDH
and ADH [2, 4].
Out of 88 loops in interfaces, studied in different
dimers and tetramers, about 75% show hydrogen
bonds with a secondary structure element from

another subunit, with the majority involving main-
chain groups [24]. Mammalian dimeric ADHs differ
from SDH and tetrameric bacterial ADHs with an
insertion of 20 amino acid residues at position 120 in
SDH [4]. The tetrameric bacterial TbADH and
Clostridium beijerinckii ADH are structurally very
similar but have a large difference in thermostability.
In mutagenesis and molecular modeling studies it was
shown that the main source for the difference in
stability between the bacterial ADHs was due to
critical replacements of residues at the interface areas
between subunits [6, 25]. TbADH shows a theme
similar to SDH, with a small RMSD of the c-alpha
atoms compared to SDH. Score energy calculations
for the subunits interactions in TbADH showed that
the loop region with residues 90–100, which corre-
sponds to the loop region with residues 100–110 in
SDH, is also important for subunit interaction. Studies
of the other tetrameric ADHs show a pattern similar
to that of SDH, e.g. , yeast and E. coli ADH with a
deletion similar to bacterial ADHs, but with a
structural zinc atom [5]. The pattern is also present
within the SDH enzymes, represented by the structur-
ally determined protein from silverleaf whitefly [17].
This SDH harbors a structural zinc, but with a deleted
segment as observed in all SDHs and in most yeast and
bacterial ADHs [5]. The interaction between the loop
region of residues 100–110 with the region of residues
120–140 is the main contributor (78%) to the score
energy between dimers in the formation of a tetramer
structure in mammalian SDHs (Table 4). This inter-

Table 4. Score energy of bonds between residues in the region 100–110 and other residues.a

Subunit 1 (residue) Subunit 2 (residue) Distance (�) N Type BS (%)

N101 A137 3.0 4 vW 4

F138 2.4 4 vW 4

E103 Y140 2.6 4 vW 1

P304 2.6 4 vW 4

K106 E94 5.5 4 el 6

G108 2.4 2 vW 0.5

Y110 2.2 2 vW 2

A137 2.0 4 vW, el, hb 10

F138 3.0 4 vW 6

Y140 2.0 4 vW, el, hb 9

N301 2.0 4 el, hb 5

M107 G108 2.8 2 vW 2

a The score energy between subunits ([A to C] or [C to A] or [B to D] or [D to B]) for amino acid residues in the loop (residues 100–110)
region. The cut-off distance for displayed residues is 3.0 � with the exception of the electrostatic interaction between residues Lys106
and Glu94 (5.5 �). For symmetrical reasons the number of bonds N is two or four per tetramer. Distance gives the closest distance
between an atom of one subunit (Subunit1) to an atom of another subunit (Subunit2). Type is a classification of the energy for the
interaction, where el is electrostatic energy, hb is hydrogen bond energy and vW is van der Waals energy. Bond Score (BS) is the
calculated interaction energy between residues and given in percent according to Eq. 7. The residues in the hydrogen-bonding network
are labeled in bold.

Table 5. Total score energy for each residue in the region 100–110.a

Residue Type RS (%)

E100 el 4

N101 vW 9

D102 – 0

E103 vW 2

F104 – 0

C105 vW 3

K106 vW,el,hb 47

M107 vW 6

G108 vW 1

R109 vW 1

Y110 vW 5

a The score energy of a single residue from the loop region
100–110 for the binding between subunits ([A to C] or [C to A] or
[B to D] or [D to B]). Type is a classification of the energy for the
interaction, where el is electrostatic energy, hb is hydrogen bond
energy and vW is van der Waals energy. Residue Score (RS) is in
relation to the total score energy in the formation of a tetramer
and calculated in percent according to Eq. 8.
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action would probably be spoiled by an insertion of 20
amino acid residues at position 120 as in dimeric
ADHs. Since all tetrameric ADHs also lack this
insertion, this points out the importance of the two
regions, residues 90–110 and 120–140, for the stability
and binding between subunits in both mammalian
SDHs and tetrameric ADHs. The alignment of amino
acid sequences from different SDHs and ADHs
around the region of the structural zinc in ADH and
the deleted segment in SDH clearly shows that the
structural zinc is not a determinant for the state of
quaternary structure (Fig. 1). The general view from
structurally determined SDHs and ADHs is that the
early identified deleted segment in sheep SDH and
yeast ADH will favor the tetrameric structure [2, 4],
which is stressed from the recently determined
structures [5, 17, 25]. Further, in vitro studies of
tetrameric ADHs could verify the importance of these
regions for the thermostability of the bacterial ADHs.
The loop region with amino acid residues 100–110 is
not in close contact with the active site, with the closest
atom 14 � away from the active site zinc atom, which
indicates that subunit interaction is critical for the
enzymatic function, since no enzymatic activity could
be observed in Tyr110Phe SDH. This is in line with
similar observations for the bacterial ADHs [6]. Even
though a part of Tyr110Phe SDH was eluted as
tetramers no enzymatic activity in those fractions was
observed, and this proves that not only association
between subunits in the tetrameric state is sufficient to
induce a catalytic active state. Several site-directed
mutagenesis studies have showed that mutations
primarily involving changes in the net charge have a
significant effect on protein-protein association rates
[26, 27], which suggests that the higher stability of wt
SDH as compared to Tyr110Phe SDH is probably not
caused by a higher rate of association (k2; Fig. 4).
However, electrostatic attraction could still explain
part of the change in binding since the mutated residue
Tyr110 to Phe destroys the hydrogen-bonding net-
work that links the negatively charged residue Glu94
in one subunit to the positively charged residue Lys106
in another subunit (Table 4, Fig. 5). In line with this we
suggest that the decreased stability of the tetrameric
state in Tyr110Phe SDH as compared to wt SDH is
caused by an increased rate of dissociation (k–2) for the
mutant (Fig. 4). The abolished enzymatic function for
the tested substrates in Tyr110Phe SDH is probably
due to structural changes of the active site due to the
altered interaction between subunits. Most likely
these structural changes increase the transition state
energy barrier for Tyr110Phe SDH, which destroys its
catalytic power. The molecular modeling findings of
the hydrogen-bonding network together with the in
vitro experiments of wt SDH and Tyr110Phe SDH

gives support to a mechanism where several hydrogen
bonds in a network of hydrogen bonds stabilizes the
electrostatic attraction between Lys106 and Glu94,
which further increasee the binding between subunits.
This study thereby shows how a network of coupled
hydrogen bonds in SDH upholds a protein interface
that is favorable to electrostatic, van der Waals and
hydrogen bond interactions between subunits, inter-
actions that are crucial for the catalytic power of SDH.
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