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Abstract

Specificity and efficiency of thioredoxin action upon the 2-oxoacid dehy-
drogenase complexes are studied by using a number of thioredoxins and
complexes. Bacterial and mammalian pyruvate and 2-oxoglutarate dehydro-
genase systems display similar row of preference to thioredoxins that may
result from thioredoxin binding to the homologous or common dihydro-
lipoamide dehydrogenase components of the complexes. The most sensitive
to thioredoxinis the complex whose component exhibits the highest sequence
similarity to eukaryotic thioredoxin reductase. Hence, thioredoxin binding
to the complexes may be related to that in the thioredoxin reductase, a
dihydrolipoamide dehydrogenase homolog. The highest potency of mito-
chondrial thioredoxin to affect the mitochondrial complexes is revealed. A
96-100% conservation of the mitochondrial thioredoxin structure is shown
within the four known sequences and the N-terminus of the pig heart protein
determined. Eleven thioredoxins tested biochemically are analyzed by mul-
tiple sequence alignment and homology modeling. Their effects correlate
with the residues at the contact between the a3/ 310 and a1 helices, the length
of the al helix and charges in the a2-33 and 45 linkers. Polarization of the
thioredoxin molecule and its active site surroundings are characterized.
Thioredoxins with a highly polarized surface around the essential disulfide
bridge (mitochondrial, pea f, and Arabidopsis thaliana h3) show low cross-
reactivity as compared to the species with a decreased polarization of this
area (e.g., from Escherichia coli). The strongest polarization of the whole
molecule results in the highest magnitude of the electrostatic dipole vector
of mitochondrial thioredoxin. Thioredoxins with the dipole orientation simi-
lar to that of the latter have the affinities for the 2-oxoacid dehydrogenase
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complexes, proportional to the dipole magnitudes. Thioredoxin with an
opposite dipole orientation shows no effect. Activating and inhibitory
thioredoxin disulfides are distinguished by the charges of the residues
13/14 (a1 helix), 51 (a2-p3 linker), and 83/85 (f4—p5 linker), changing the
dipole direction. The results show that the thioredoxin-target interplay may
be controlled by the long-range interactions between the electrostatic dipole
vectors of the proteins and the degree of their interface polarization.

Index Entries: 2-Oxoacid dehydrogenase complex; thioredoxin; protein—
protein interaction; electrostatic dipole vector; structural homology.

Introduction

Recently we have shown that thioredoxin stimulates the 2-oxoacid
dehydrogenase reactions, increasing the rate of catalysis and the substrate
conversion degree (1). Thioredoxins are small (approx 12 kDa) thermo-
stable proteins with a conserved disulfide bridge in their active site (2,3).
Most of the biological effects of thioredoxins are dependent on their gen-
eral thiol-disulfide oxidoreductase activity, providing the reversible oxi-
dation/reduction of the dithiol/disulfide groups in target proteins. In
particular, the residues essential for the thioredoxin thiol-disulfide reduc-
tase activity were shown to be required for its effect upon the 2-oxoacid
dehydrogenase complexes (1). The complexes catalyze the irreversible oxi-
dation of 2-oxoacids yielding acyl-CoA’s and NADH via Reactions 1-5:

HOOC-C = O + ThDP-E1 — CO, + OH-C-ThDP-E1 (1)
| |
R R

OH-C~ThDP-E1 + lip(S-S)-E2 — ThDP-E1 + O = C-S-lip(SH)-E2 (2)
| |
R R

O = C-S-lip(SH)-E2 + HS-CoA <> O = C-5-CoA + lip(SH)-E2  (3)
| |
R R

lip(SH) -E2 + E3(S-5)-FAD <> lip(S-5)-E2 + E3(SH),-FAD (4)

E3(SH),-FAD + NAD* <> E3(S-S)-FAD + NADH + H* (5)

Two dithiol-disulfide couples are involved in the catalysis, with
thioredoxin supposed to participate in the thiol-disulfide exchange with
the complex-bound lipoate residue (1). The thioredoxin-dependent activa-
tion of the complexes was revealed in the model system including mito-
chondrial dehydrogenases of 2-oxoacids and bacterial thioredoxin. To
establish whether specific protein—protein interactions contribute to the
interplay, cross-reactivity between a number of thioredoxins and 2-oxoacid
dehydrogenase complexes is studied in this work. Sensitivity of the dehy-
drogenase complexes to the thioredoxin actionis compared with the degree
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of homology between the E3 components of the complexes and eukaryotic
thioredoxin reductase, because the two enzymes belong to the same family
of pyridine nucleotide-dependent disulfide oxidoreductases. The results
point to the thioredoxin interaction with the E3 component of the com-
plexes, related to the thioredoxin binding to thioredoxin reductase. The
highest efficiency of the thioredoxin regulation is found in the system
including both thioredoxin and 2-oxoacid dehydrogenase complex from
mitochondria. Structural determinants for the specific action of mitochon-
drial thioredoxin are investigated by comparison of this protein to other
thioredoxin species. Efficiency and specificity of different thioredoxins are
correlated with features of their amino acid sequences and 3D structures
analyzed by multiple sequence alignment and homology modeling. Inter-
pretation of the biochemical effects on the structural level points to the
polarization of the thioredoxin molecule and some spatial constraints as
factors controlling the thioredoxin—-target interplay. The degree of thio-
redoxin cross-reactivity with different proteins is shown to correlate with
the polarization of its active site surroundings.

Materials and Methods

Materials

Coenzyme A, insulin, and DTNB were obtained from Sigma; ThDP,
glutathione disulfide, and glutathione were from Serva; 2-oxoglutarate,
pyruvate, cysteine, and cystine were from Merck; NAD* and DTT were
from Boehringer; thioredoxin of E. coli was from Calbiochem.

Enzymes and Assays

2-Oxoglutarate and pyruvate dehydrogenase complexes wereisolated
from pig heart as in ref. 6. Thioredoxin from pig heart mitochondria was
isolated according to ref. 7. The preparation of mitochondrial protein used
in this work was characterized by the single band of 11.8 kDa in the sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under
nonreducing conditions and a major peak in high performance capillary
electrophoresis (8) and high-performance liquid chromatography (HPLC)
(see below). The protein exhibited a high thioredoxin activity (4-7 AD_,/
min/mg protein) in the insulin reduction test performed as in ref. 8. Plant
thioredoxins were a generous gift of Prof. Jacquot (Nancy, France). The
concentration of thioredoxins was determined at 280 nm applying molar
absorbance coefficients given by PROTPARAM of SWISSPROT database
(http:/ /expasy.hcuge.ch/sprot/protparam.html). The same tool was used
to obtain the pI of different thioredoxins. The disulfide forms of thio-
redoxins were used.

Activities of 2-oxoglutarate and pyruvate dehydrogenase complexes
were assayed as in ref. 1. Kinetic measurements were carried out at 25°C on
an Uvicon spectrophotometer (Kontron Instruments). Dispersion of the v /v
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values given includes experimental errors in determination of both v _and
v according to the equation:

(v.£Av)/(v+ Av)=v /v =V [(Av /v)*+ (v,- Av/ V%)

N-Terminal Sequence Determination of Mitochondrial Thioredoxin

The samples to be analyzed were applied to HPLC under the standard
conditions, using 0.1% trifluoroacetic acid in water as buffer A and 0.085%
trifluoroacetic acid in acetonitrile as buffer B. HPLC was done on an ABI
173A MicroBlotter (PE Applied Biosystems) with on-line transfer of the
eluent onto ProBlott membrane (PE Applied Biosystems). A column (Perkin
Elmer C18, 0.5 x 150 mm) was equilibrated with 5% of buffer B for 30 min.
After the sample injection, the protein was eluted ina 0.7-mL gradient from
5 to 45% of buffer B. The protein peak was sequenced on an ABI 494HT
protein sequencer (PE Applied Biosystems) with standard cycles and auto-
mated sequence analysis.

Computer Modeling and Alignment

All modeling procedures were performed using the program SYBYL
6.3 (9) running on an IRIS Indy workstation. Homology modeling of rat
mitochondrial thioredoxin was described in detail in ref. 10. The 3D struc-
tures of thioredoxin from E. coli and thioredoxin & from C. reinhardtii were
obtained from the Protein Data Bank Brookhaven (11), entries 2TRX and
1TOF, respectively. Initial construction of the model structures of other
thioredoxins were carried out using the Swiss-Model Automated Protein
Modeling service. Full geometry optimization was performed with the
program AMBER4.0(12) running on a CONVEX-220 using the Kollman all
atom force field (13). The structures were solvated in a shell of TIP3P-water
(14) and geometry was optimized by 5000 step conjugate gradient energy
minimization. Electrostatics potential surfaces and dipole vectors were
computed with the program GRASP (15). The calculated dipole vectors
were visualized with the SYBYL program package. All amino acids were
considered to have standard protonation states at pH 7.0. Sequence align-
ment was computed using the program CLUSTALW, available at the
Internet Server of the Baylor College of Medicine (BCM) and visualized
with the program GeneDoc (16).

Results

Thioredoxin effects on the pyruvate and 2-oxoglutarate dehydroge-
nase complexes from mammalian and bacterial sources are shown in
Fig. 1. Different concentrations of the E. coliand mitochondrial thioredoxins
had to be applied to get the same effects. In all cases bacterial thioredoxin
was less efficient than the mitochondrial one, in spite of their similar activi-
ties in a nonspecific insulin-reduction test. The sensitivity of the distinct
complexes to a thioredoxin also differs. At fixed NAD* and thioredoxin
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Fig. 1. Product accumulation curves of mammalian (A,C) and bacterial (B,D) 2-
oxoacid dehydrogenase complexes at saturating concentrations of 2-oxoacid and CoA
and low NAD". 1, the control; 2, in the presence of thioredoxin from pig heart mito-
chondria; and 3, in the presence of E. coli thioredoxin. (A) Pig heart 2-oxoglutarate
dehydrogenase complex (0.003 mg/mL); 5 uM NAD"; 0.5 uM mitochondrial thio-
redoxin; 1 uM thioredoxin of E. coli. (B) Azotobacter vinelandii 2-oxoglutarate dehy-
drogenase complex (0.008 mg/mL); 16 uMNAD"; 0.5 uM mitochondrial thioredoxin; 1.6 uM
thioredoxin of E. coli. (C) Pig heart pyruvate dehydrogenase complex (0.014 mg/mL); 8 uM
NAD; 0.5 uM mitochondrial thioredoxin; 3 uM thioredoxin of E. coli. (D) E. coli pyru-
vate dehydrogenase complex (0.005 mg/mL); 16 uM NAD"; 2 uM mitochondrial
thioredoxin; 6.8 uM thioredoxin of E. coli.

concentrations, stimulation of the 2-oxoglutarate and pyruvate dehydro-
genase complexes from mitochondria is higher than that of the Azotobacter
vinelandii and E. coli systems (Table 1). The latter represents the least influ-
enced complex, whose activity is increased only at relatively high thio-
redoxin concentrations and prolonged reaction time (Fig. 1D) even in the
presence of thioredoxin from the same source. The sensitivity of the com-
plexes to thioredoxin correlated with the degree of homology between their
dihydrolipoamide dehydrogenase components (E3) and eukaryotic thio-
redoxin reductase. The two enzymes belong to the same family of pyridine
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Table 1
Activation of Different 2-Oxoacid Dehydrogenase Complexes
by Mitochondrial Thioredoxin”

2-Oxoacid dehydrogenase complex Concentration, mg/mL v /v, %
2-Oxoglutarate dehydrogenase pig heart 0.003 650 = 50
2-Oxoglutarate dehydrogenase A. vinelandii 0.003 280 + 25
Pyruvate dehydrogenase pig heart 0.014 190 = 25
Pyruvate dehydrogenase E. coli 0.005 100 = 15

“The ratio of the initial velocity with 0.5 uM thioredoxin to that without thioredoxin (v, /o,
%) is given. Activity was measured at 8 uM NAD*.

nucleotide-dependent disulfide oxidoreductases, suggesting the E3 com-
ponent of the complexes to be involved in the thioredoxin binding. The
alignment of the sequences (17-20) (Fig. 2) showed an increase in the
homology degree from the E. coli to A. vinelandii and mammalian E3 com-
ponents (41,45, and 47% of conservative amino acid residues, respectively;
Table 2), correspondent to an increase in the thioredoxin effect (Table 1).
These data suggest that the complexes may bind thioredoxin in a way
related to that in thioredoxin reductase.

The thioredoxin activation is revealed when the 2-oxoacid dehydro-
genase reaction is measured with high concentrations of 2-oxoacid, CoA,
andlow NAD*(1).In this case thereaction rates in the absence of thioredoxin
decrease with the reaction time (Fig. 1). Preincubation of the complexes
with the components of reaction mixture demonstrated that neither 2-
oxoacid nor CoA alone induced such inactivation, but their combination
caused thelossinV__ . Theinactivationis prevented by thioredoxin (Table
3). Thus, thioredoxin effects on the 2-oxoacid dehydrogenases can be mea-
sured in two sets of experiments. First, thioredoxins induce an increase in
the initial reaction rate of the 2-oxoacid oxidation at low NAD* concentra-
tions (Fig. 1 and Table 1). Second, thioredoxins protect from the V__
decrease on preincubation of the complexes with 2-oxoacid and CoA (Table 3).

Table 4 demonstrates the thioredoxin effects on the reaction rates at
low NAD". It is obvious that thioredoxin from mitochondria was an order
of magnitude more efficient than those from E. coli, pea m, and Clamydomonas
reinhardtii h. Thioredoxin f from pea was inactive, whereas m from
C. reinhardtii caused an inhibition. The S ; value of the latter was close to
those of E. coli and pea m proteins, suggesting similar binding affinity in
spite of the opposite effect (inhibition instead of activation). A small ampli-
tude of the response was inherent in Arabidopsis thaliana thioredoxins. For
instance, h5 protein elicited approx 30% of maximum activation observed
with other species shown in Table 4.

Fig. 2. Multiple sequence alignment of human thioredoxin reductase with the
dihydrolipoamide dehydrogenase components of the complexes studied in this work.
E. coli E3 numbering is given at the top. The particular domains of the enzymes are
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Fig. 2. (continued) indicated below the sequences. Residues are shaded in different
intensities according to the degree of their conservation in different sequences. The
target sequence of mitochondrial E3 (from pig heart) is excluded from consideration.
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Table 2
Conservation Between Sequences of Dihydrolipoamide
Dehydrogenase (E3) from Different Species and Human
Thioredoxin Reductase*

E3 ecoli E3 azovi E3 pig TR human

1 2 3 4
473 38% 40% 2%
1 0 59% 57% 41%
0 2% 3% 6%
187 477 47% 23%
2 287 0 65% 45%
14 0 3% 4%
193 231 474 26%
3 279 316 0 47%
17 19 0 5%
114 116 131 491
4 207 224 234 0
32 24 27 0
1 2 3 4

“E3’sfromE. coli (1), A. vinelandii (2), pig heart (3),and human
thioredoxin reductase (4) are compared pairwise and character-
ized by three distinct values computed with CLUSTALX, which
are expressed in percentages (above the main diagonal) and in
number of amino acids (below the main diagonal). The first
value corresponds to identical amino acids, the second one
equals the identical and structurally homologous amino acids,
and the third value gives the gaps between the sequences.

Table 3
Inactivation of 2-Oxoacid Dehydrogenase Complexes
by Preincubation with 2-Oxoacids and CoA and its Alleviation by E. coli Thioredoxin”

2-Oxoacid dehydro- Concentration, Preincubation Thioredoxin, Inactivation

genase complex mg/mL time (min) (3.5 uM) 1-9v /v (%)
2-Oxoglutarate 0.008 4 - 80
dehydrogenase + 40
A. vinelandii
2-Oxoglutarate 0.009 4 - 50
dehydrogenase + 0
pig heart
Pyruvate 0.002 10 - 75
dehydrogenase + 40
E. coli

“The complexes were preincubated with saturating concentrations of the two substrates in the
reaction medium without NAD". The initial rate of the reactions started by addition of 2.5 mM
NAD*was measured.
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Table 4
Effect of Different Thioredoxins
on Pyruvate and 2-Oxoglutarate Oxidation®

S5 (WM)
2-Oxoglutarate Pyruvate
dehydrogenase  dehydrogenase

Thioredoxin Effect complex complex
Mitochondrial Activation <0.25 <0.1

E. coli Activation 1+05 1+0.2

m pea Activation 1+04 1.5+0.5

h C. reinhardtii Activation 52 41

h5 A. thaliana  Low activation 15+5 Not determined
f pea None — —

m C. reinhardtii Inhibition 1+0.5 Not determined

“The initial activity of corresponding complexes was measured in the
medium with saturating concentrations of 2-oxoacid and CoA and 5 or 30 uM
NAD" in the case of activation or inhibition, respectively.

Similar differences in the thioredoxin efficiencies were revealed from
the thioredoxin protection of the complexes inactivated by 2-oxoacid and
CoA. Theresidual activity was already increased at extremely low (0.05 uM)
concentration of mitochondrial thioredoxin and the protection was com-
plete at 0.5 uM, whereas other species did not exhibit a significant effect
within this concentrationrange (Table 5). The E. coli, peam, and C. reinhardtii
h thioredoxins provided full protection at concentrations 3-5 uM. Three of
the five known thioredoxins h from A. thaliana were only partially protec-
tive, decreasing the inactivation from 70 to 30% (h4,h5) or to 50% (h1). The
further increase in the thioredoxin concentrations gave no additional pro-
tection. The low protection correlated with the partial (in comparison to
other species) activation by A. thaliana h5 protein (Table 4). Thioredoxins
that were not activating (A. thaliana h2, h3, pea f, C. reinhardtii m) were not
effective in the protection either. Thus, on the basis of two independent sets
of data thioredoxins could be ordered according to their ability to influence
2-oxoacid dehydrogenase complexes as shown in Tables 4 and 5.

Multiple sequence alignment was performed using the known
structures of thioredoxins employed (21-27), with numbering the E. coli
thioredoxin residues applied to all the species used (Fig. 3). The four
sequences of mammalian mitochondrial thioredoxins, i.e., rat, mouse,
ox, and human, available from the database SWISSPROT possess 96—
100% identity withno more than four substitutions (V6I, M47V,168L, I81M)
as compared to the sequence of rat mitochondrial thioredoxin presented in
Fig. 3. Sequencing of the pig heart mitochondrial protein used in this work
resulted in the following N-terminus: TTENIQDGPDFQDRVVNSETP
VVVDFHAQ. These 29 N-terminal residues are identical to those of the
bovine and human species and contain the only substitution, 16V, com-
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Fig. 3. Multiple sequence alignment of the thioredoxins used. Numbering of the E.
coli thioredoxinresiduesis given at the top. Residues are shaded in different intensities
asin Fig. 2. The residues discussed are marked at the bottom by asterisks. The second-
ary structure elements of thioredoxins from E. coli and C. reinhardtii h are presented
below the alignment.

pared to rat and mouse proteins. Such conservation of the mitochondrial
proteinstructureis remarkable, sinceitisnota general property of the same
thioredoxin type. For instance, thioredoxin m from higher plants shows
many more substitutions (2, Fig. 2). This indicates that highly conservative
amino acid sequence of the mitochondrial thioredoxin may code some
properties essential for its functioning. As will be shown below, this
sequence provides exceptionally high separation of the charged residues
on the molecule surface in comparison to eight other thioredoxins ana-
lyzed. This unique feature, which seems to be functionally important, is in
accord with the decreased variety of the mitochondrial thioredoxin
sequence, since such a strong positioning of the charged residues within
the given 3D structure of thioredoxins must restrict the number of possible
variations.

An obvious structural difference of the low or not effective thio-
redoxins h is elongation of the a1 helix owing to the three-residue insertion
between the 19th and 20th amino acid of E. coli thioredoxin. In most cases
itisaccompanied by shortening the turn between the a2 helix and 33 strand
due to the absence of K52 (Fig. 2, 2). Noteworthy, K52 is present in all
thioredoxins, including the only thioredoxin of & type (from C. reinhardtii),
which elicit a 100% amplitude of activation. In contrast, the a2—-33 linker
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does not contain the lysine residue in thioredoxins exhibiting a low (A.
thaliana h1, h4, h5) or no (A. thaliana h3, h2, pea f) effect. Thus, the length of
the al helix and the positive charge of K52 in the a.2—33 linker correlate with
the amplitude of thioredoxin action on the 2-oxoacid dehydrogenase com-
plexes. Other factors contributing to the low or no effects observed may
include the active site sequence CPPCin /3, h4, and hb thioredoxins instead
of the regular one, CGPC, in other species and a longer N-terminus of /2
thioredoxin (Fig. 3). The latter presumably comprises a target sequence and
the nonmature proteins are known to be inactive.

Figure 3 also shows that all effective thioredoxins have Y70, which is
not presentin the species eliciting low orno effect. According to the resolved
structures of thioredoxins (28-30), Y70 interacts through van der Waals
contacts with the phenylalanine residue in the al helix of the thioredoxin
molecule (F12 in E. coli thioredoxin). Noteworthy that the A. thaliana
thioredoxins form this couple by more bulky and hydrophobic residues
(W12W70 or W12F70, Fig. 2) than those presentin the reactive thioredoxins.
Hence, not only the length of the a1 helix, but also its interaction with the
a3/3,, helix seems to be important.

The inhibitory action of C. reinhardtii thioredoxin m (Table 4) was
remarkable. Since it was not inherent in the homologous pea m protein, the
structural determinants of this inhibition were studied by comparison of
the similar sequences of both m type thioredoxins used. With most of amino
acid residues conserved and many substitutions being functionally equiva-
lent (likeSto T, V to], etc.), only a limited number of potentially significant
functional groups were found to differ. After checking the corresponding
positions in other activating thioredoxins, the systematic features distin-
guishing the inhibitory (C. reinhardtii thioredoxin m) and activating (mito-
chondrial, E. coli, pea m, and C. reinhardtii h) species were revealed (Fig. 3).
First, all activating thioredoxins possess a negative charge (D13 or D14)
next to the previously discussed F/W12 residue, whereas the positive
charge at this position (K13) is specific for the inhibitory thioredoxin. Sec-
ond, the uncharged glycine residue precedes K52 in the a2—f3 linker of the
activatory species, but it is replaced by the negatively charged aspartate
residue in the inhibitory thioredoxin. Third, the f4—f5 linker has the nega-
tively charged D/E85 or D83 in activatory thioredoxins and the positively
charged K85 in the inhibitory one. All these residues are located on the
thioredoxin surface opposite to the catalytic site. Thus, our findings
show that the remote from the active center electrostatic charges may
influence the thioredoxin reactivity to the 2-oxoacid dehydrogenase complexes.

The available X-ray data, in particular, those for the proteins from E.
coli (28) and C. reinhardtii h (30), the known sequences of other species (21—
27), and similar tertiary structure of all thioredoxins allowed us to apply
homology modeling (10) to the proteins with the 3D structures yet unre-
solved. The 3D models created reveal a remarkable difference in the distri-
bution of the electrostatic charges on the protein surface. Figures 4 and 5
presentits part including the active site disulfide. This part of the molecule
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Fig. 4. Electrostatic potential plot produced with the program GRASP for the
thioredoxin proteins: of rat mitochondria (A), 13 of A. thaliana (B), h5 of A. thaliana (C),
h1 of A. thaliana (D), and pea f (E). Isopotential lobes are shown for -2 kt (grey) and
+1 kt (black). The view-axis points to the active site disulfide and surroundings.

is seen to interact with the target in the cocrystallized binary complex of the
target peptide with human thioredoxin (31). Figure 4 exhibits the diversity
in the electrostatic features of this area in different thioredoxin species.
There are mostly negative (A,B), positive (E), and intermediary (C,D) sur-
faces. The data on thioredoxin action show that the extreme cases (Fig.
4A,B,E) imply more specificity to a target than those intermediary (C,D).
Indeed, both pea f and h3 thioredoxins do not react with the 2-oxoacid
dehydrogenase complexes, which are not their targets. On the other hand,
mitochondrial thioredoxin is highly efficient against these mitochondrial
systems (Tables 4 and 5), but is not reactive toward other thioredoxin-
regulated enzymes (5). Unlike the thioredoxins with highly polarized sur-
facenear the active site (Fig. 4A,B,E), all the species exhibiting a nonspecific
reactivity to the 2-oxoacid dehydrogenase complexes are characterized by
theintermediary charge distribution in this area (Fig.5). In particular, when
the structurally similar h1, h3, and hb thioredoxins are compared, the
cross-reactivity is apparent with h1 and hb species, but not with k3 one
(Table 5). This is in good accord with the fact that 11 and h5 thioredoxins
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&

Fig. 5. Electrostatic potential plot produced with the program GRASP for the
thioredoxin proteins: of rat mitochondria (A); E. coli (B); m of pea (C); hof C. reinhardtii

(D); m of C. reinhardtii (E); and h5 of A. thaliana (F). Isopotential lobes and view-axis as
in Fig. 4.

(Fig. 4C,D) have not so tightly localized charges as the h3 protein (Fig. 4B).
Alower efficiency of h3 protein compared toh1 and h5 species was revealed
also with the sorghum NADP*-malate dehydrogenase (21). Thus, the inter-
mediary polarization of the potential interface (Fig. 5) results in a better
cross-reactivity, while an increased separation of the charges in this region
(Fig.4A,B,E) restricts nonspecific interactions. This result is consistent with
the induced-fit model and multiple binding points on the protein—protein
interactions. When thioredoxin interacts with a protein, there are more
chances tomeetacomplementary charge, if the interacting surfaces possess
the intermediary charge distribution (Fig. 5). Even if the specific residue
designed for this interaction is absent, a neighboring one may happen to
substitute for that specific residue. Contrary to that, with the tightly local-
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Fig. 6. Stereo view of the dipole vectors of the superpositioned structures of rat
mitochondrial (A), E. coli (B), pea m (C), C. reinhardtii h (D), C. reinhardtii m (E), and pea
f(F) thioredoxins. The dipole vector of C. reinhardtii m thioredoxin with the substituted
residues (see text) is marked by asterisk (E¥).

ized charges (Fig. 4A,B,E), their specific positions assume greater impor-
tance. In this case the probability of substitution by a neighboring group is
low, and the binding is therefore much more dependent on the presence of
the specific residue.

A high degree of charge separation causing the molecule polarization
is observed not only in the active site surroundings of mitochondrial
thioredoxin (Fig. 4A), but also in other projections of this molecule. This
results in the highest electrostatic dipole value of the protein (Fig. 6 and
Table 6). It is remarkable that the dipole vectors inherent in thioredoxins,
which activate/protect, have a similar direction (angle difference less than
90°). Moreover, in this case the thioredoxin efficiencies (S, ; Table 4) are
proportional to the total dipole values (Table 6), with both parameters form-
ing the same row (first five lines in the Tables 4 and 6). The pea f thioredoxin
has no effect and does not seem to bind to the 2-oxoacid dehydrogenase
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Table 6
Physico-Chemical Parameters of Thioredoxins Used

Thioredoxin p! Molecule net charge Total dipole value, Db

Mitochondrial 4.9 -6 580
E. coli 4.7 -5 288
Peam 5.4 -2 281
h C. reinhardtii 5.9 -2 227
A. thaliana h5 5.2 —4 227
A. thaliana h3 5.1 -6 267
A. thaliana h1 5.6 -2 333
Peaf 8.2 +1 319
m C. reinhardtii 5.1 -2 244

complexes so far. This is in good accord with the reversed polarization of
its active site surroundings (Fig. 4E) and an opposite direction of its dipole
vector compared to that of mitochondrial thioredoxin (Fig. 6). The dipole
vector inherent in inhibitory C. reinhardtii m thioredoxin is almost orthogo-
nal to the mitochondrial thioredoxin dipole (Fig. 6). Noteworthy that after
substitution of the residues distinguishing the inhibitory thioredoxin m
(K13,D51,K85) by those present in activating thioredoxins (D13, G51, E85),
the dipole of C. reinhardtii m thioredoxin significantly changes its direction,
approximating thatin activating species (Fig. 6, vector with asterisk). Thus,
the “inhibitory” residues may influence the thioredoxin action by change
in the dipole direction.

The A. thaliana h1, h3, and h5 thioredoxins are characterized by dipole
vectors similar to the activating thioredoxins in both orientation (not
shown) and magnitude (Table 6). In spite of the low amplitude of the effects
elicited by A. thaliana thioredoxins (Tables 4 and 5), saturation of the hl
effect is achieved already at 3 uM (Table 5), pointing to the S ;as in other
effective species. The S _ of h5 protein is close to that of C. reinhardtii h
thioredoxin (Table 4). Thus, compared to other thioredoxins, h1 and h5
species have the affinities to the complexes in accordance with their dipole
orientation and magnitudes. However, the properly oriented dipole vector
of h3 thioredoxin cannot help its interaction with the complexes, since the
tightly localized charges in the binding area (Fig. 4B) do not support this
interaction, as pointed above. Obviously, the dipole vector affects the affin-
ity only on the eligible electrostatics of the active site surroundings (Fig. 5),
which is needed for the complex formation.

Thus, with other conditions being equal, the thioredoxin function is
shown to depend on the charge separation in the active site surroundings
and orientation and magnitude of the electrostatic dipole vector of the
whole thioredoxin molecule. The correlation of these electrostatic prop-
erties with the thioredoxin efficiency (Tables 4 and 5) is much better than
that observed between the efficiency and the thioredoxin pI or net charge
(Table 6).
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Discussion

A study of enzyme interaction with aligand and its structural analogs
represents a well-known enzymological approach to characterize a bind-
ing process. In this work, this approach was used to study protein-protein
interactions using a computer-generated comparison of protein structures.
A number of homologous thioredoxins were tested as ligands of different
2-oxoacid dehydrogenase complexes. The highest regulatory potential has
been found in the mitochondrial couple. This result supports the physi-
ological relevance of the interplay between the 2-oxoacid dehydrogenase
complexes and mitochondrial thioredoxin, pointing to specific protein—
protein interactions involved.

Differencesin the thioredoxin efficiencies (Table 4) manifest the essen-
tial role of the thioredoxin structure in its interaction with the 2-oxoacid
dehydrogenase complexes. Similar row of preference to different thio-
redoxins exhibited by both pyruvate and 2-oxoglutarate dehydrogenase
systems (Table 4) suggests that the common component of these multien-
zymessystems, E3, interacts with the effector. The correlation found between
the sensitivity of the corresponding complexes to the thioredoxin action
(Table 1) and the E3-thioredoxin reductase homology (Table 2) is in good
accord with this assumption. Besides, it indicates that thioredoxin may
bind to the E3 component in a way related to that in the thioredoxin reduc-
tase—thioredoxin complex. These findings agree with the kinetic data about
the dependence of the thioredoxin effects on the E3-catalyzed dihydro-
lipoate oxidation (1). Thioredoxin “anchoring” on E3 may be envisaged like
in Fig. 7. Because the action of thioredoxin appears to be influenced by the
structural elements remote from the catalytic center (i.e., the al helix,
charges in the a2—-3 and B4—f5 linkers), the thioredoxin “back” may be
suggested to interact with E3, whereas the opposite site with the active site
disulfide is available to the complex-bound lipoate (Fig. 7). The catalyti-
cally important areas of the 2-oxoacid dehydrogenase complexes appear to
be involved in the thioredoxin binding. This is supported by the inhibition
of 2-oxoacid oxidation, observed in the presence of C. reinhardtiithioredoxin
m (Table 4) or the catalytically inactive E. coli thioredoxin (1). In particular,
the inhibitory action of the modified E. coli thioredoxin shows that the
binding that is not accompanied by thiol-disulfide exchange is inhibitory.
Hence, the reversed charges in the “anchoring” area of the C. reinhardtii m
thioredoxin may result in the inhibition owing to improper orientation of
the catalytic groups and/or steric blockade of the E3 active site in the com-
plex formed with this thioredoxin (Fig. 7, dotted line).

Our data show that the thioredoxin binding depends on polarization
of both the whole thioredoxin molecule and its part facing the target. The
former is known to regulate the long-range interactions between the pro-
teins through mutual orientation of their electrostatic dipole vectors (32),
whereas the latter is obviously important for the short-range interactions
stabilizing the thioredoxin-target complex. A significant role of electro-
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Fig.7. Hypothetical scheme of the thioredoxin interaction with 2-oxoacid dehydro-
genase complexes. LD, lipoyl domain; Tx, thioredoxin. Inhibitory mode of thioredoxin
interaction is shown by the dotted line.

static dipoles of macromolecules in their proper docking into binding sites
was noted in the studies on receptor binding of growth factors (33) and
ferredoxin binding to ferredoxin reductase (34). Theoretical estimations
(32) indicate that polarization of interacting surfaces brings about the
advantage of their correct preorientation determined by the electrostatic
dipole vectors already atlong-range distances. Proper alignment of dipoles
increases the probability of successful collisions, i.e., the collisions that
favor stabilization of the complex by the corresponding short-range inter-
actions. The increased number of such collisions is equivalent to a decrease
in effective concentrations of interacting proteins. This is in accord with the
ability of the thioredoxin with the highest dipole magnitude (the mitochon-
drial protein) to work at the lowest concentrations (down to 107 M; Table
1). However, the proper direction and magnitude of dipoles do not ensure
the complex formation unless the corresponding short-range interactions
are realized. The latter is defined by a specific electrostatic pattern of the
thioredoxin active site surroundings (Figs. 4 and 5). Our data show that the
relative specificity of a thioredoxin may be predicted from this electrostatic
pattern, with more polarization implying more specificity. This finding
could be used to work out a “functional” classification of thioredoxins, in
addition to the phylogenetic analysis of thioredoxin structures, currently
used for their comparison (2,3,21). Atthe moment, many thioredoxins have
been characterized by genome screening, without knowledge of their bio-
logical function. We show in this work that the modeling of thioredoxin 3D
structures, followed by analysis of the molecule electrostatic properties,
may indicate the potential specificity of a thioredoxin, helpful in searches
for the corresponding target system.

Correct electrostatic properties do not compensate other structural
constraints. In fact, h1 and h5 A. thaliana thioredoxins have eligible bind-
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ing surfaces and proper electrostatic dipole vector that provides reason-
able affinities for the complexes. However, their effects are of low ampli-
tude (Tables 4 and 5), which obviously reflects the catalyticincompetence
of these thioredoxins in the thiol-disulfide exchange with the complex-
bound lipoate residue. This may be related to the absence of K52, the
increased length of the al helix and the different contact of the latter with
the a3/3,, helix through the residues 12 and 70. Because the a3/3, helix
belongs to the potential target interface presented in Figs. 4 and 5, changes
in the a1 helix may influence the geometry of this catalytically important
area through the interaction between the helices. Role of this interaction
in the thioredoxin function is supported by the fact that in human
thioredoxin Y70 is substituted by one of the additional cysteine residues
(see multiple alignment in ref. 2) involved in the redox regulation of this
protein (35).

The electrostatic and spatial differences may represent two ways of
adjusting to a target on the level of the thioredoxin integral structure. Mol-
ecules with improper electrostatics do not interact. Those with proper elec-
trostatics do, but their complex may be catalytically inactive owing to steric
factors. Only in the case of both electrostatics and geometry being correct
is the catalytically competent thioredoxin-target complex efficiently
formed. Obviously, this control is especially important when several
thioredoxins are supposed to specifically influence their target enzymes
within the same cellular compartment.

Given the identical mechanism of the thioredoxin-catalyzed thiol-
disulfide oxidoreduction, provided by the conserved structures of the
thioredoxin active sites and surroundings, selective action of thioredoxin
should stem from specific recognition on formation of the thioredoxin—
target complex. If the recognizing and catalytic groups comprise the same
area, the high reactivity of the essential cysteine residues makes the control
of oxidoreduction between dithiol-disulfide couples in thioredoxin and
target difficult. In this case the significance of long-range interactions
should be increased, since they allow the recognition process to be started
before the highly reactive catalytic groups are brought together. The corre-
lation found between the electrostatic dipole vectors and efficiencies of
different thioredoxins argues for the long-range electrostatic interactions
to be of special significance in the thioredoxin-target recognition. The spa-
tial separation of the recognizing and catalytic groups as shown in Fig. 7
represents an additional way to regulate the thioredoxin selectivity, which
may be realized on thioredoxin interaction with biological structures of
extended dimensions.
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