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Abstract

The thioredoxin action upon the 2-oxoacid dehydrogenase complexes is investigated by using different thioredoxins,
both wild-type and mutated. The attacking cysteine residue of thioredoxin is established to be essential for the thioredoxin-
dependent activation of the complexes. Mutation of the buried cysteine residue to serine is not crucial for the activation,
but prevents inhibition of the complexes, exhibited by @lamydomonas reinhardtthioredoxinm disulfide. Site-

directed mutagenesis of D26, W3YW12, and YA70 (the Escherichia colthioredoxin numbering is employed for all

the thioredoxins studigdindicates that both the active site and remote residues of thioredoxin are involved in its
interplay with the 2-oxoacid dehydrogenase complexes. Sequences of 11 thioredoxin species tested biochemically are
aligned. The thioredoxin residues at the contact between318,, anda1 helices, the length of thel helix and the

charges in the2-83 andB4-85 linkers are found to correlate with the protein influence on the 2-oxoacid dehydrogenase
complexegqthe secondary structural elements of thioredoxin are defined according to Eklund H et al.Pi@®ins
11:13-28. The distribution of the charges on the surface of the thioredoxin molecules is analyzed. The analysis reveals
the species specific polarization of the thioredoxin active site surroundings, which corresponds to the efficiency of the
thioredoxin interplay with the 2-oxoacid dehydrogenase systems. The most effective mitochondrial thioredoxin is
characterized by the strongest polarization of this area and the highest value of the electrostatic dipole vector of the
molecule. Not only the magnitude, but also the orientation of the dipole vector show correlation with the thioredoxin
action. The dipole direction is found to be significantly influenced by the charges of the residilds 48, and 8385,

which distinguish the activating and inhibiting thioredoxin disulfides.

Keywords: electrostatic dipole vector; homology modeling; long-range electrostatic interactions; protein—protein
recognition; structural analog; thioredoxin; 2-oxoacid dehydrogenase complex

Thioredoxins comprise a family of smallabout 12 kDa

Reprint requests to: Dr. Victoria Bunik, A.N. Belozersky Institute of proteins with a conserved redox active disulfide bridge in

Physico-Chemical Biology, Moscow State University, Moscow 119899, ihair active site. A number of closely related yet function-
Russia; e-mail: vbun@bac.genebee.msu.su. I i h'. . h .
Abbreviations:E1, 2-oxoacid dehydrogenase; E1p, pyruvate dehydrog-2!'Y different thioredoxins have been discovered up to date,

enase; E10, 2-oxoglutarate dehydrogenase; E2, dihydrolipoate acyltransfaiith their number and functions continuing to incred&kiund
ase; E3, dihydrolipoate dehydrogenase; ThDP, thiamin diphosphate; lipet al., 1991; Follmann & H&berlein, 1996; Jacquot et al.,
lipoate; DTNB, 5 5-dithiobis<2-nitrobenzoic acigi NEM, N-ethylma- 19973 Most of the studied biological effects of thioredoxins

leimide; NBD-CI, 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole; DTT, dithio- : . . . .
threitol; v, reaction velocity in the absence of effectarg;reaction velocity are dependent on their general thiol-disulfide oxidoreductase

affected by an effector;dS, thioredoxin concentration required for the half- activity. It has been recently established that mitochondrial
maximal effect; 3D, three-dimensional. 2-oxoacid dehydrogenase complexes are activated by thio-
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redoxin(Bunik et al., 1997a The complexes catalyze irreversible oxidation of 2-oxoacids with production of acyl-CoA's and NADH via
Reactions 1-5:

HOOC—C=0 + 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 )
R R
O=C—S-lip(SH)-E2 + HS-CoA <> O=C—S—C0A + lip (SH)-E2 3)
R R

lip (SH),~E2 + E3(S-S-FAD < lip (S-S-E2 + E3(SH),-FAD (4)
E3(SH),-FAD + NAD* <> E3(S-S-FAD + NADH + H*. (5)

Thioredoxin has been shown to interplay with the complex-
bound dihydrolipoate intermediate at very low concentrationsconcentrations after preincubation of the complexes with 2-oxoacid
of both thioredoxin(10~® M) and the dehydrogenase system and CoA. Both systems were used in this work to compare the
(107° M) (Bunik et al., 1997n Although the complex formation effects of a number of thioredoxin species upon the pig heart
between proteins is usually rather slow at these concentration2-oxoacid dehydrogenase complexes.
thioredoxin was able to compete with the rapid electron transfer Study of different thioredoxins showed that they may not only
Reactions 4 and 5 without any preincubation with the target. Thisactivate (mitochondrial, peam, and Chlamydomonas reinhardtii
work aims to identify the structural features of the thioredoxin h thioredoxing, but also inhibit(C. reinhardtii m thioredoxin
molecule, responsible for its high reactivity toward the 2-oxoacidthe 2-oxoacid:NAD -reductase activity at low NAD concentra-
dehydrogenase complexes. tions (Fig. 1). In spite of the opposite effect, the, Sof thio-

The thioredoxin cross-reactivity is usually lower with a non- redoxin m from C. reinhardtii was close to the values inherent
physiological target as compared to the physiological one, but than the Escherichia coliand peam proteins(Table 1, suggesting
structural requisites for the thioredoxin-target recognition are nosimilar binding affinity. The mitochondrial thioredoxin was an
well understood. No stable native complexes between thioredoxinerder of magnitude more effective than other protdifable 1.
and their target enzymes have been available for characterizatiohioredoxinsh exhibit specific saturation kinetics: S-shaped curves
whereas some of the cross-linked complexes either are difficult teuggesting inefficiency of the low concentrations of these thio-
resolve (Lennon et al., 1997 or include only a small peptide redoxins were obtained with the protein fro@. reinhardtii
fragment of the targeQin et al., 199% An alternative approachto (Fig. 1A) and with Arabidopsis thaliana h5thioredoxin (not
revealing the requisites for recognition may involve the comparashowr. The latter caused no effect below 20M; with the
tive functional study of the enzyme reactivity to a specific ligand concentration increased up to 118, it still showed no more
and its structural analogs. A similar strategy is applied here. Mi-
tochondrial 2-oxoacid dehydrogenase complexes are affected by
mitochondrial thioredoxin and a number of homologous thio-
redoxin structures, including associated mutants and chemically

- . . : i 7014 0,35
modified species. Biochemical characterization of the effects is 1 B
added by multiple alignment of the thioredoxin sequences and o,12} 2 0,3
comparison of their 3D structures. The data obtained provide nevg

I 1

knowledge about the mechanism of the thioredoxin action upor&S 0.1 0251
the dehydrogenase complexes, specificity of the mitochondrial prog 008t 02H
tein in affecting the 2-oxoacid oxidation and structural determi-é
nants of the thioredoxin-target recognition. ; 0,06 0,15

% o i \\‘\

«
Results 002 A 005 ,
The effects of thioredoxin upon dehydrogenases of 2-oxoacids L 0 ) L l
have been revealed under the two sets of conditi@usik et al., O 5 10 15 20 25 0 05 1 & 8
1997a. First, thioredoxins induce an increase in the catalytic rate thioredoxin, uM thioredoxin, uM

of the 2-oxoacid oxidation at low NAD concentrations. Second, . . . . .
Fig. 1. Influence of different thioredoxins on the activity of 2-oxoglutarate

thioredoxins protect the complexes from the catalysis-induced INGehydrogenase complex measuredts and(B) 30 xM NAD *. Thio-

activation upon excessive accumulation of the dihydrolipoate inyedoxins employed are pea (1A), C. reinhardtii h (2A), mitochondrial
termediate; the activity loss can be followed at high NAD (1B), C. reinhardtii m(2B).
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Table 1. Influence of different thioredoxins on pyruvate The differential role of the thioredoxin attacking and buried
and 2-oxoglutarate dehydrogenase compléxes cysteine residues in activation of the 2-oxoacid dehydrogenase
complexes was investigated using combination of site-directed mu-
Sos (uM) tagenesis and chemical modification. Mutation of the buried cys-
2-Oxoglutarate Pyruvate teine inC. reinhardtii hthioredoxin to serine did not result in an
dehydrogenase  dehydrogenase inactive specie, though increased the concentration required for the
Thioredoxin Effect complex complex maximum activation Table 3. In fact, the same activation level
was reached with &M of the wild-type and 17uM of the C35S
Mitochondrial Activation <0.25 <0.1 mutant thioredoxingTable 3, 16uM NAD *). The C35S mutant
E. coli Activation 1.1+ 0.5 0.8+0.2

was also found to be active in the DT T:insulin reduction, catalyz-

mpea. . Ac.tiva.tion 1.2£0.4 22+08 ing this reaction at a rate of 0A4Dgso/min-mg as compared to 2.7
h C. reinhardtii Activation 45+15 3.8+ 0.7 . - . .
f pea None - - ADgso/min-mg of the wild-type protein. Modification of the at-

m C. reinhardtii Inhibition 1.0+ 05 n.db tacking cysteine of the C35S mutant with NEM or NBD-CI abol-
ished both the DT T:insulin oxidoreductase activity and activation
a — i i i . of the 2-oxoacid dehydrogenase complexes. Even an inhibition of
The complex activity was measured in the medium with saturating . . . .
2-oxoacid and CoA at 5 or 3M NAD * in case of activation or inhibi- the co_mpl_exes by the modified thloredox_lns was qbserve_d instead
tion, respectively of activation (Table 3. Thus, the attacking cysteine residue of
bNot determined. thioredoxin is required for activation of the 2-oxoacid dehydrog-
enase complexes. The activation is dependent on the thiol-disulfide
oxidoreductase activity of thioredoxin. Mutation of the buried cys-
teine residue to serine does not cancel this activity and hence the
than 30% of the maximum activation elicited by other species.activation, though it decreases the efficiency of both. Although
Tested up to 2QuM, peaf thioredoxin had no distinct effect.  surprising, the catalytic action of the C35S protein is in accord
Similar differences in the thioredoxin efficiencies were revealedwith the data on a partial activity of the analogous thioredoxin
from the thioredoxin protection of the complexes inactivated byreductase mutariVilliams et al., 1989 Thus, substitution of the
2-oxoacid and CoATable 2. The residual activity after preincu- buried cysteine residue by serine is shown to result in the catalyt-
bation with the substrates was increased already at an extremeigally competent thiol-disulfide oxidoreductases.
low (0.05uM) concentration of mitochondrial thioredoxin and the  Specific action of the attacking cysteine residue in interplay
protection was complete at 04M, whereas 3—uM concentra-  with the 2-oxoacid dehydrogenase complexes was further sup-
tion was required for the full protection Hy. coli, peam, andC. ported by the loss of the thioredoxin-induced activation upon the
reinhardtii h thioredoxins. Three of the five known thioredoxins  D26A substitution. Participating in the charge stabilization in the
from A. thaliana caused only partial effect, with no additional thioredoxin active site Eklund et al., 199, this aspartic acid
protection achieved at further increase in the thioredoxin concenresidue inputs to the unique reactivity of the attacking cysteine.
trations. Other thioredoxingA. thaliana h2, h3peaf, C. rein- Noteworthy, its substitution resulted in an inhibitory specie as has
hardtii m) were not protective. Thus, from the results of the two been also observed with the C32-modified C35S mutaable 3.
independent sets of data thioredoxins could be ordered accordinbhis indicates that the thioredoxin structures with the specifically
to their ability to influence 2-oxoacid dehydrogenase complexes adeteriorated reactivity of the attacking cysteine residue can be
shown in Tables 1 and 2. bound, with the binding inhibiting the 2-oxoacid oxidation. The

Table 2. Thioredoxin protection of the 2-oxoglutarate dehydrogenase complex
from the 2-oxoglutarate, CoA-induced inactivation

va/v (%) at thioredoxin concentratiofuM )

Thioredoxin 0 0.05 0.5 3 5 10 20 80
None 30+ 10

Mitochondrial 59+ 5 100+ 8

E. coli 32+ 10 100+ 12

m pea 22+ 10 100+ 4

h C. reinhardtii 23+ 10 60+ 7 100+ 3

h4 A. thaliana 22+ 10 51+ 7 68+ 8 66+ 8

h5 A. thaliana 32+ 10 60+ 5 70+ 5
hl A. thaliana 33+ 10 52+ 15 51+ 15

f pea 33+ 10 41+ 12 41+ 10

h2 A. thaliana 22+ 10 25+ 14 30+ 14

h3 A. thaliana 43+ 10 31+ 15 11+ 10
m C. reinhardtii 40+ 10 30+ 10 17+ 14 19+ 10

aConditions are described in Materials and methods.
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Table 3. Involvement of the particular amino acid residues of the C. reinhardtii thioredoxin h
in its activation of the 2-oxoglutarate dehydrogenase complex

va/v (%) at NAD™ (uM)

Concentration
Thioredoxinh (uM) 5 16 30
Wild-type oxidized 17 24 40 — 300+ 40
Wild-type reduced 17 268 10 — —
7 — 180+ 20 —
C35S 17 180t 20 180+ 15 190+ 20
C35S, NEM-modified 9 6Ct 7 — —
17 45+ 10 — —
C35S, NBD-CIl-modified 17 5& 10 80+ 10 —
34 — 10+ 6 —
D26A 17 — — 80+ 8
W31A 17 — — 110+ 10
A70Y 17 — — 132+ 11
W12F 17 — — 98+ 9

latter suggests thioredoxin to occupy the catalytically important In contrast to its little significance for the activatiéfable 3 and
area within the 2-oxoacid dehydrogenase systems. In contrast, mprotection(Table 4, mutation of the buried cystein€359 pre-
tation of another invariant group of the thioredoxin active site,vented the inhibition b¥C. reinhardtiithioredoxinm (Table 5. Be-
W31A, decreases the thioredoxin-dependent activation of the conzause the inhibition was observed with the disulfide form of the wild-
plexes, but causes no inhibition even at high concentration of théype protein, stabilization of the reduced form of the attacking
mutant(17 uM, Table 3. This agrees with the assumption that cysteing(C32) in the C35S mutant could be responsible for the dis-
W31 participates in fixing a target for the catalysiklund et al.,  appearance of inhibition. Indeed, the activity of 2-oxoglutarate de-
1991). Its substitution to alanine deteriorates the formation of thehydrogenase complex a8Vl NAD * was decreased by 30% with
thioredoxin-target complex. However, the reactivity of C32 in the 1 uM disulfide, but increased by 50% with AM dithiol forms
formed complex is not changed and therefore no inhibition isof the thioredoxin. Also, the full protectiof®6 + 4% of the resid-
observed. ual activity) was achieved in the presence of the reduCedein-

The C35S mutant o€. reinhardtii hthioredoxin also protects hardtii mthioredoxin, in contrast to no protection observed with the
from the substrate-induced inactivatiofable 4. Compared to the disulfide form(Table 2. Therefore, the reduced state of the attack-
C35S protein, a greater loss of the protective effect is observethg cysteine in the C35S mutant explains the loss of inhibition. Tak-
with the D26A and W31A mutants. Thus, the protection does noting into account that the effect of the dithiol forms of tke
disappear upon substitution of the buried cysteine to serine, bukinhardtii mthioredoxin and other species does not differ, while
requires the high reactivity of the attacking cysteine, dependent othe effects of their disulfides do, a greater selectivity of the de-
D26, and the proper thioredoxin-target interaction, mediated byhydrogenase complexes to the thioredoxin disulfides may be sug-
W31. gested. Probably, the highly reactive dithiol group in the reduced

thioredoxins enables accomplishing their effects less specifically.
Substitutions of the conserved residues of the thioredoxin active
site (C35, D26, W31 and chemical modification of C32 substan-

Table 4. Effect of the C.reinhardtii thioredoxin h mutations on
its protection of the 2-oxoglutarate dehydrogenase complex
from the 2-oxoglutarate, CoA-induced inactivation

) ) ) Table 5. Involvement of the particular amino acid residues
va/v (%) at thioredoxin concentratiofjuM ) P

Thioredoxinh of the C. reinhardtii thioredoxin m in its inhibition of
of C. reinhardtii 0 3 20 2-oxoglutarate dehydrogenase complex
None 30+ 10 Thioredoxinm va/v
Wild type 60+ 7 — of C. reinhardtii (7 uM) (%)
C35S 55+ 12 93+ 4
D26A 41+ 15 — Wild-type 29+ 5
W31A 32+ 14 — C35S 100+ 5
A70Y 28+ 14 — F12W 64+ 5
W12F 14+ 10 — Y70A 55+ 5

aConditions are described in Materials and methods. aReaction rates were measured at@8@ NAD *.
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tiated the role of the catalytically essential amino acids of thio-mutant ofC. reinhardtii thioredoxinh elicited an even lower abil-
redoxin in its reactivity to the 2-oxoacid dehydrogenase com-ity to activate the complexe4€30% when compared to the wild-
plexes. Nevertheless, even with the different active site motif CPPQype protein(300% (Table 3. Although no dependence of the
(Fig. 2), the A. thaliana h4andh5 thioredoxins displayed a stron- thioredoxin efficacy on the tyrosine residue at this position was
ger effect(Table 2 thanh1 andh2 thioredoxins having the regular thus found, the A70Y and Y70A mutants showed that the substi-
CGPC. This indicates that structural elements beyond those at thteted residues influence the thioredoxin function. According to the
active site influence the thioredoxin reactivity, too. To reveal suchresolved structures of tHe. coli, C. reinhardtii mandh thioredox-
elements, the sequences of the employed thioredgkinbngren,  ins (Katti et al., 1990; Saarinen et al., 1995; Jacquot et al., 1997a
1968; Jacquot et al., 1992; Lepiniec et al., 1992; Lopez-Jaramillor 70 interacts through van der Waals contacts with the phenylala-
et al., 1994; Rivera-Madrid et al., 1995; Stein et al., 1995; Spyrowine residue in thexl helix of the thioredoxin moleculéF12 in

et al., 1997 were aligned. The four sequences of mammalianE. coli thioredoxin, Fig. 3. Mutations at this positiofW12F in
mitochondrial thioredoxins available from the SWISSPROT data-C. reinhardtii hand F12W inC. reinhardtii mthioredoxing also
base, i.e., rat, mouse, ox, and human, possess 96—100% identitleteriorated the thioredoxin effect$ables 3-%, pointing to the
with no more than four substitution&/6l, M47V, 168L, I181M). significance of the structural interaction between F12 and Y70 for
The highly conservative structure of the mitochondrial protein sug-the thioredoxin interplay with the dehydrogenase complexes. This
gested no strong deviations in the sequence of this thioredoxin iis further supported by the fact that thalianathioredoxins, which
other mammals as well, enabling us to use one of the knowrtause a low or no effect, form this couple by more bulky and
sequences for the alignment. Figure 2 shows that all of the moréydrophobic residue$W12W70 or W12F70, Fig. 2than those
efficient thioredoxins have Y70, while thioredoxins of low or no (F12Y70 or W12A70 present in effective thioredoxins.
efficiency (h and peaf) do not. Indeed, Y70A substitution i@. A specific feature of all thioredoxink is an elongation of the
reinhardtii thioredoxinm brought about a decrease in its inhibitory a1 helix owing to the three residue insertion between the 19th
action (Table 5, suggesting deteriorated interaction with the tar- and 20th amino acids of thE. coli thioredoxin (Fig. 2). This

get. However, the reverse substitutiordnreinhardtiithioredoxin ~ may contribute to a decreased efficiency of these thioredoxins
h (A70Y) did not improve the efficacy of the latter. The A70Y (Table 2. The elongation of thexl helix is usually accompa-
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CHM : —————————— - AEAGAVNDDTFENVVLE-—-SSVPVLV| ~ENA: DEIAGEYK
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AHI : -——-——————————————— MASEEGOVIACHTVETWNEQLOKANESKTL v E FFADLAEKLP
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E. coli
Secondary structure beta 1 alpha 1 beta 2 alpha 2
Chlamy h
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Fig. 2. Multiple sequence alignment of the thioredoxins studied in this wArkE. coli thioredoxin numbering is given. The degree

of the residue conservation corresponds to the shading inteBsifjhe employed mutants and other residues considered are marked
by the amino acid code and asterisks, respectively. The secondary structure elements of thioredoxnc@oand C. reinhardtii

h are presented below the alignment. The three letter abbreviations at the left refer to the sequencésnaitqureondrial E. coli,
peam, C. reinhardtii m C. reinhardtii h, A. thaliana h1, h2, h3, h4, hBioredoxins(from up to down.
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proteins were available from the X-ray and NMR détatti et al.,
1990; Mittard et al., 1997 The 3D models of other species were
constructed by homology modeling using the known sequences
(Holmgren, 1968; Jacquot et al., 1992; Lepiniec et al., 1992; Lopez-
Jaramillo et al., 1994; Rivera-Madrid et al., 1995; Stein et al.,
1995; Spyrou et al., 1997high degree of the sequence homology,
similar spatial organization and conserved active sites and sur-
roundings of thioredoxins. Figure 4 shows the part of the thio-
redoxin surface around the active site, which interacts with the
target protein in the cocrystallized binary complex of the target
peptide with human thioredoxif@in et al., 199% Diversity in the
electrostatics of this area in different thioredoxins is obvious. There
are mostly negativéFig. 4A), positive(F), and intermediaryB—E)
surfaces. Comparison of the thioredoxin actidable 1 with the
data of Figure 4 indicates that the unspecific cross-reactivity,
i.e., that between the mammalian enzymes and bacterial or plant
thioredoxins, is provided only by the intermediary surfaces
(Fig. 4B-B). Those highly polarizedFig. 4A,F) seem to respond
much more specific, providing either the highest efficiency in a
biologically relevant coupléboth thioredoxin and the complexes
from mitochondria or no interaction at all between the unrelated
specieg plant thioredoxirf and mammalian complexe§ he high-

est reactivity of mitochondrial thioredoxifable 1 corresponds
Fig. 3. The thioredoxin essential residues and structural elements, which
correlate with the reactivity toward the 2-oxoacid dehydrogenase com-
plexes. Numbered of the residues correspond to the mitochondrial thio-
redoxin. Helices are red and strands green-blue. The elongation aflthe
helix is indicated.

nied by shortening the turn between th2 helix andB3 strand
due to the absence of K5&Fig. 2). All thioredoxins with K52,
including the only one ot type (from C. reinhardtii), elicit
100% amplitude of activation. Absence of K52 correlates with a
low (A. thaliana hl, h4, h5pr no (A. thaliana h3, h2peaf)
effect. Thus, the positive charge of K52 in th@-83 linker may
input to the amplitude of thioredoxin action on the 2-oxoacid
dehydrogenase complexes.

The highly homologous sequences of the pea@nekinhardtii
m thioredoxins were compared to find determinants of the inhib-
itory action of the latter. With the most of amino acid residues
conserved and many substitutions being functionally equivalen
(like Sto T, V to |, etc), only a limited number of potentially
significant groups were found to differ. Checking these groups in
other thioredoxins pointed to the systematic features that distin
guish the inhibitory thioredoxim of C. reinhardtii from the well-
activating (mitochondrial,E. coli, peam, and C. reinhardtii h)
specieqFig. 2). First, the latter possess a negative ch&fE3 or
D14) next to the functionally important/®V12 residue, while the
positive charge at this plad&13) is specific for the inhibitory
thioredoxin. Second, an uncharged glycine residue precedes KE
in the a2-B3 linker of the activating species, but it is replaced by
the negatively charged aspartate residue in the inhibiting thio
redoxin Third, theB4-85 linker has the negatively charged [E85
or D83 in activating thioredoxins and positively charged K85 in
that inhibiting. Because all these residues are located on the su
face opposite to the catalytic sitEig. 3), our findings testify to the ‘ _ _ _
influence of the remote electrostatic charges on the thioredoxiﬁ:g-tﬁi0'23‘3;?[]3“3:(';2iﬁgtferg:'taA')pr'gtt g:ﬁgé‘ﬁ(fgdvr‘g?é;‘%pgﬁr?g Gge;nfpfor
reactivity to the 2-oxoacid dehydrogenase complexes. D) C. renhardt h (E) C. reinhardtii m and(F) pea. Isopc;tentigl lobes

The electrostatic features of thioredoxins were further analyzege shown for—2 kt (blug) and +1 kt (red). The view-axis points directly
using their 3D structures. Those for tBecoliandC. reinhardtii h onto the substrate binding site.
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to the area containing more negative charges, which are distinctly A
separated from those positiy€ig. 4A). A less polarized charge /R
distribution in theE. coli, mandh thioredoxins(Fig. 4B-E co-
incides with the decreased affinitidFable 1. The correlation
between the affinity and specific electrostatic pattern of the thio-

redoxin active site surroundings is better than that with the net E*
molecule charge opl value. In fact, the net charge @&. coli
thioredoxin is closer to that of mitochondrial protein and much D C B

lower than those ain andh thioredoxing Table 6. In spite of this,
the efficiency of mitochondrial protein is much higher than that of
E. coli, mandh specieg(Fig. 1; Tables 2, 8 Hence, neither the
similar pl of mitochondrial anckE. coli thioredoxins, nor the dif-
ferentpl’s of the E. coliandmthioredoxing Table 6 could explain F
the difference in §svalues in the former case and the similarity in
the latter ongTable J).

A high degree of charge separation causing the molecule polar-
ization is observed not only in the active site surroundings of
mitochondrial thioredoxir{Fig. 4A), but also in other projections
of this molecule. This results in the highest magnitude of the
protein electrostatic dipole vect@Fig. 5; Table 8. It is remarkable
that the dipole vectors inherent in thioredoxins which actiVate rig 5. stereo view of the dipole vectors of the superpositioned structures
protect have a similar directiotangle difference less than 90  of (A) rat mitochondrial,(B) E. coli, (C) peam, (D) C. reinhardtii h
Moreover, in this case the thioredoxin apparent affiniti€gs, (E) C. reinhardtii m and (F) peaf thioredoxins. The dipole vector of
Table 1) are proportional to the total dipole valu€Eable 6, with C. reinhardtii m _thior*edoxin with the substituted residu¢see text is
both parameters forming the same r@isst four lines in Tables 1, marked by asteriskE=).

6). The dipole vectors of thA. thaliana hthioredoxins are similar
to those of activatory species both in orientation and magnitude

(not shown. This is in accord with the affinities of the active The correlation between the thioredoxin affinityable 1 and
thaliana hpr_otelns to be in the mlc_romolar concentration range, asig integral electrostatic propertié&igs. 4, 5; Table pindicates
can be estimated f_rom the maximum effec_t reach_ed already ghat poth the electrostatics of the active site surroundings and
3 uM (h1, h4proteins, Table 2 The peaf thioredoxin has N0 ,entation and magnitude of the electrostatic dipole of the whole

influence and does not seem to bind to the 2-oxoacid dehydrogs,jacyle may contribute to the thioredoxin-target interplay.
enase complexes so far. This corresponds well to the reversed

polarization of its active site surroundingsig. 4F) and an oppo-
site direction of its dipole vector compared to that of mitochondrial
thioredoxin (Fig. 5. The dipole vector inherent in inhibitory Comparison of a number of thioredoxin species has revealed the
C. reinhardtii mthioredoxin is almost orthogonal to the mitochon- highest potency of the mitochondrial thioredoxin to affect the mi-
drial thioredoxin dipol€Fig. 5. Noteworthy that after substitution tochondrial process of the 2-oxoacid oxidation. This observation
of the residues distinguishing the inhibitory thioredoxrin(K13, points to the specific protein—protein interactions involved, pro-
D51, K85 by those present in activatory thioredoxiis13, G51,  viding enzymological evidence for physiological significance of
E85), the dipole ofC. reinhardtii mthioredoxin significantly changes the thioredoxin-dependent regulation studied. The regulation is
its direction, approximating that in activatory spedi€gy. 5, vec-  basically dependent on the thioredoxin invariant residues, which
tor with asterisk This suggests that the “inhibitory” residues may input directly to the protein thiol-disulfide oxidoreductase activity
affect the thioredoxin function by influencing the dipole orientation. (Eklund et al., 199t C32, C35, D26, W31. However, remote
residues(Figs. 2, 3 have been found to affect the thioredoxin
interplay with the complexes as well. Although the redox proper-
ties of the catalytic disulfide in thioredoxins may be influenced by
Table 6. Electrostatic parameters of different thioredoxins the residues distant from the active si@ane et al., 1995 the
functional groups considered here are not likely to result in sig-
Total dipole value  nificant changes of the thioredoxin standard redox potentials. The
Thioredoxin pl Molecule net charge (Debye values determined for th€. reinhardtii hand pedf thioredoxins
(=290 mV, Hirasawa et al., unpubl. resultdo not differ very

Discussion

Mltochondrlal 4.9 -6 561 much from that known for th&. coli protein(—280 mV, Schirmer

E. coli 4.7 -5 287 . .

m pea 54 o 285 & Schulz, 1987. Thus, the remote groups discusgédgs. 2, 3

h C. reinhardti 5.9 o 205 contribute to general structural features rather than to the thio-
f pea 8.2 +1 326 redoxin redox properties. Taking into account that the thioredoxin
m C. reinhardtii 5.1 -2 241 interplay with the complexes correlates with the elements on the

opposite to the catalytic side of the thioredoxin molecule, i.e., the

apl's and the net charge of the molecules were obtained from//ttp: al helix, charges in thauz-ﬁ3 ar1”dﬁ4-35 Ianers(Flg. 3), this area
expasy.hcuge.gisproyprotparam. Dipole values were calculated as de- May be suggested to “anchor” thioredoxin on the surface of the
scribed in Materials and methods. 2-oxoacid dehydrogenase complex, while the thioredoxin active
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site faces the complex-bound lipodfeig. 6). The known homol-  helix and the different contact of the latter with th8/3;, helix
ogy between dihydrolipoamide dehydrogend&8) and thio-  through the residues 12 and 7Big. 3). Since thea3/3; helix
redoxin reductaséGasdaska et al., 1995; Arscott et al., 199fe belongs to the catalytically important interface presented in Fig-
thioredoxin action competitive to the E3-catalyzed oxidation ofure 4, changes in thel helix may influence the geometry of this
dihydrolipoate intermediatéBunik et al., 1997aand the thio- area through the interaction between the helices. Role of this in-
redoxin binding involving catalytically important areas of the teraction in the thioredoxin function is supported by the fact that in
2-oxoacid dehydrogenase complexd&unik et al., 1997a; this human thioredoxin, Y70 is substituted by one of the additional
work) may point to the “anchoring” near the lipoyl channel of the cysteine residue&ee multiple alignment in Jacquot et al., 1997a
E3 component. The same row of preference to different thioredoxinvolved in the redox regulation of this protei{tasdaska et al.,
ins, exhibited by both pyruvate and 2-oxoglutarate dehydrogenas&997).
complexeg Table 1), also indicates that their common component,  Given the identical mechanism of the thioredoxin-catalyzed thiol-
E3, is involved. The required juxtaposition of the catalytic dithiol disulfide oxidoreduction, provided by the conserved structure of
disulfide couples may be not possible @adthe active site of E3  the thioredoxin active site and surroundings, selective action of a
may be sterically blocked, when the charges in the “anchoring’thioredoxin should stem from specific recognition upon formation
area of the thioredoxin molecule differ, as @ reinhardtii m  of the thioredoxin-target complex. If the recognizing and catalytic
thioredoxin(Fig. 6, dotted ling groups comprise the same area, the high reactivity of the essential
While the interface electrostatics is important for the short-rangecysteine residues may interfere with the cognitive process, and
interactions stabilizing the protein—protein complexes, polarizatiortherefore with the specificity of oxidoreduction. In this case the
of the whole protein molecules is known to help their docking intoimportance of long-range interactions is increased, since they al-
binding siteg DePaskalis et al., 1993; Demchuk et al., J@®ough  low the recognition to start before the highly reactive catalytic
the correct pre-orientation already at the long-range distancegroups are brought together. The spatial separation of the recog-
(Janin, 1997. Proper alignment of dipoles increases the probabil-nizing and catalytic groups as shown in Figure 6 represents an
ity of successful collisions, i.e., the collisions that favor stabiliza- additional way to regulate the thioredoxin selectivity, which may
tion of the complex by the corresponding short-range interactionsbe realized upon the thioredoxin interaction with biological struc-
The increased number of such collisions is equivalent to a decreadares of extended dimensions. Thus, not only the active site area,
in effective concentrations of interacting proteins. This is in accordbut also the integral structure participates in the thioredoxin-target
with the ability of the thioredoxin with the highest dipole magni- recognition. Proteins with improper molecular electrostatics do not
tude (the mitochondrial proteinto work at the lowest concentra- efficiently interact. Those with the proper electrostatics do, but
tions (down to 1077 M, Table 1. Thus, the proper direction and their complex may be catalytically inactive owing to other factors,
magnitude of dipoles increase the thioredoxin affinity to the com-influencing juxtaposition and reactivity of the catalytic groups.
plexes. However, they do not ensure the complex formation unles®nly when both integral and specific criteria are satisfied, the
the corresponding short-range interactions are realized. The latteatalytically competent thioredoxin-target complex is efficiently
depend on the specific electrostatic pattern of the thioredoxin acformed. Such multilevel control is especially important when sev-
tive site surrounding&Fig. 4) and may involve other regions of the eral thioredoxins are supposed to specifically influence the corre-
thioredoxin molecule as wel{lFigs. 3, 5. On the other hand, the sponding disulfidédithiol-containing proteins within the same
thioredoxin-target interplay is determined not only by binding, butcellular compartment. It is obvious that the effective interaction in
also by the following catalysis. Not an affinity, but catalytic in- this case is defined by competition. Structural adaptations in the
competence seems to be responsible for the low effects elicited byhysiologically relevant couple, in particular, the specific pattern
A. thalianathioredoxins(Table 2. Their inefficient catalysis cor- of the binding surface) and proper general electrostatics and
relates with the absence of K52, the increased length oixthe geometry, provide the kinetically and thermodynamically compe-
tent interplay between the specially designed molecules. In its turn,
the high efficiency of the biologically important interaction com-
petitively inhibits any unspecific cross-reactivity.

Materials and methods

2-Oxoglutarate and pyruvate dehydrogenase complexes were iso-
lated from pig heart according {&tanley & Perham, 198Qwvith
modifications given in(Bunik & Follmann, 1993 Thioredoxin
from pig heart mitochondria was isolated by a modification of the
method described earligBodenstein-Lang et al., 1989; Bunik
E3 et al.,, 1997l The preparation of mitochondrial thioredoxin used
in this work showed a single band of 11.8 kDa in the SDS slab gel
electrophoresis under nonreducing conditions and high thioredoxin
activity (4—7ADgso/min-mg protein, measured at 0.01—0.03 /mdp

Ee of thioredoxin in the insulin reduction test according(tdoimgren,

1979.
Expression and purification &. reinhardtiithioredoxinsmand

Fig. 6. Hypothetical scheme of the thioredoxin interaction with 2-oxoacid h and of A. thaliana thioredoxinsh has already been described

dehydrogenase complexes. LD, lipoyl domain; Tx, thioredoxin. Inhibitory (Rivera-Madrid et al., 1995; Stein et al., 199Briefly, E. coli
mode of thioredoxin interaction is shown by the dotted line. BL21(DE3J) cells were transformed by a recombinant mutagenic

o)
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plasmid. A single colony was then used to inoculate 3 mL of Luria Browth medium supplemented ity ®Q ampicillin. The culture
was in turn amplified at 37C to 400 mL(for ca. 9 b in the presence of ampicillin, transferred into 5 L of Luria Browth with no ampicillin
and left shaking for 24 h at 3€. Cells were then harvested by centrifugation at 5,80for 5 min, resuspended in a minimal volume
of 0.03 M Tris-HCI, pH 7.9, and stored frozen. This protocol alleviates the need for induction by isopropyl thiogalactoside and protein
yields are often enhanced in these conditiGlecquot et al., 1997b, 1997t is believed that in a complex medium such as Luria Browth,
lactose can be an alternate inducer to isopropyl thiogalactésldéman et al., 1996 After thawing, the cells were broken by four
passages through a French press cell at a pressure of 18,000 psi and the resulting suspension centrifuged<ag 5@,d08. The
supernatant was then heated for 5 min at@@nd solid ammonium sulfate was added to bring it to 40% saturation. After centrifugation,
the thioredoxin fraction was brought to 80% ammonium sulfate and the precipitate collected by centrif(8ation, 300,000< g). The
pellet was dissolved with 0.03 M Tris-HCI, pH 7.9, and the sample applied on the top of a Sephadex G50(Botuddcm) equilibrated
in the same buffer. The column was eluted overnight by gravity flow°&.4rhe thioredoxin fractions were then applied on a DEAE
Sephacel columf2.5 X 25 cm), which was washed with excess buffer and eluted with a linear gradient 250-250 mL, 0—-400 mM NaCl.
The thioredoxin peak was collected and concentratiadyzed by ultrafiltration on an Amicon cell fitted with a YM 10 membrane.
Thioredoxin samples were kept a20°C at a concentration of 10—-20 mmgL.

Mutagenesis and cloning of the cDNA sequenceS.akinhardtiithioredoxinsh andmwere done as described below. Plasmid pET-Ch1l
(Stein et al., 199bwas used as a template with the following oligonucleotides for mutainginhardtii thioredoxinh WT into D26A

Triplet change
D26Aup 5 AAGCCGATTGTTGTCGCCTTCACTGCTAZGTGAC GCC
D26Ado 35 ACGTAGCAGTGAAGGCGACAACAATCGEBCTTCTC CGC
pETup 8 AGTAGGTTGAGGCCGTTGAGCACCGCCBCCGC
pETdo 5 GCCGCCGCCCAGTCCTGCTCGCTTCETAC

To facilitate the subsequent cloning of the fragments, two “clon-
ing primers”(pETup and pETdphomologous to plasmid sequences et al., 1970. The C35S mutant0.8 mg/mL) was treated with
334 bp upstream of thBcd site and 217 bp downstream of the NEM (5 mM) for 35 min in 0.1 M potassium phosphate, pH 7.0,
BamHI site were used. The D26A mutant was generated in a twoat 25°C. Modification was followed by the disappearance of the
step method. First, two overlapping mutated fragments of ca 450 bPTNB-titratable thiols from 1 to 0 per molecule. This was accom-
were producedprimers pETup and oligo D26A do and primers panied by the decrease in the DT T-insulin reductase activity of the
pETdo and oligo D26A up The two mutated fragments were inturn C35S mutant0.07 mg’'mL) from 0.7 to OADgso/min-mg protein.
used as templates together with oligos pETup and pETdo to gerReduced or modified thioredoxins were separated from the reagent
erate a 880 bp cDNA fragment. The mutated fragment was purifiedxcess using a HiTrdfy 5 mL desalting columiiPharmacia, Upp-
by agarose gel electrophoresis and digested BamHI andNcd. sala, Sweden eluted with 0.1 M potassium phosphate, pH 7.0, at
The resulting 340 bp fragment which contained the mutated thio4 mL/min at room temperature. Thioredoxin concentrations were
redoxinh sequence was then ligated into pET-Bdcoli XL 1 cells determined from their absorption at 280 nM applying molar ab-
were then transformed and analysed for the recombinant plasmidorption coefficients from httg/expasy.hcuge.gprot/protparam.
Midipreps of plasmids of the positive colonies were then sequenced 2-Oxoglutarate and pyruvate dehydrogenase complexes were
and shown to contain the appropriate mutation. All the work in-assayed in standard reaction mixtures as describésglLinik et al.,
volving plasmid preparation, cloning and sequencing was carried out9973. To study the thioredoxin effects, DTT was omitted from
as in(Sambrook et al., 198%r as described by the suppliers. Sim- the assay. The level of CoA reduction was therefore controlled in
ilar mutagenesis and cloning strategy was followed to produce theeparate titration experiments with DTNB or enzymatically, with
W12F, W31A, C35S, and A70Y @. reinhardtiithioredoxinh, using the limiting CoA concentrations and an excess of 2-oxoglutarate
appropriate mutagenic oligonucleotides. The F12W, C35S, and Y70Alehydrogenase complex and other substrates. CoA preparations
mutants ofC. reinhardtiithioredoxinmwere generated in a similar used were reduced to 95% and more. In the thioredoxin activation
way, using the previously described plasmid pET-Ch2 as a templatexperiments, an assay was started with the dehydrogenase com-
(Stein et al., 1996 plex. Thioredoxin-dependent protection was measured after 4 min

Thioredoxins were reduced and chemically modified as follows.preincubation of the enzyme complex in an assay mixture contain-
C. reinhardtiithioredoxinsm (1.6 mg/mL) andh (4 mg/mL) were  ing 2-oxoacid(2 mM) and CoA(0.05 mM); the initial rate of
incubated with DTT(10 mM) for 40 min at £C in 0.03 M Tris-  reaction was then determined after addition of NAR2.5 mM).
HCI, pH 7.9, and 0.1 M potassium phosphate, pH 7.0, respectivelyUnless otherwise indicated, thioredoxins were used in their disul-
The C35S mutant of. reinhardtiithioredoxinh (2.2 mg/mL) was  fide forms. Kinetic measurements were carried out &i2b6n an
modified with NBD-CI(2.4 mM) in the presence of 1 mM DTT in  Uvicon spectrophotometgiKontron Instruments, Neufahrm, Ger-
0.1 M potassium phosphate buffer, pH 7.0, at@%or 40 min. The ~ many) with a 5 sdelay after mixing. Dispersion of the,/v values
addition of DTT prevented the formation of a nonfluorescent ad-given includes experimental errors in determination of hgtand
duct (presumably O-NBD-derivatiyewith A = 406 nm. Mod- v according to:
ified in the presence of DTT, the mutant showed the characteristic ve + Av
spectrum of the S-NBD-derivatiV@ ., = 425 nm, fluorescent at 3
520 nm. Modification of its single SH group was supported by v+ Ao
guantitative determination of 1-1.2 NBD-adduct per molecule. The All modeling procedures were performed using the program
molar extinction coefficient 13,000 M cm~* for the NBD- de-  SYBYL 6.3 (Tripos Ass., 1994 running on an IRIS Indy work-
rivative of free cysteine was used for the calculatid@irkett station. Homology modeling of rat mitochondrial thioredoxin was

= % + [(Avg/v)2 + (vy-Av/v?)?].
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described in detailRaddatz et al., 1997 The 3D structures of erichia coli BL21(DE3) process control yielding high levels of metal-

thioredoxin fromE. coli and thioredoxinh from C. reinhardtii incorporated, soluble proteifrotein Exp Purif 8646-654. .
. . K Holmgren A. 1968. Thioredoxin. 6. The amino acid sequence of the protein from
were obtained from the Protein Data Bank Brookha(@ernstein Escherichia coli B Eur J Biochem 6475484,

etal., 1977, http;//www.pdb.bnl.goy under the entries 2TRX and Holmgren A. 1979. Thioredoxin catalyzes the reduction of insulin disulfides by

1TOF, respectively. Initial construction of the model structures of  dithiothreitol and dihydrolipoamidel Biol Chem 258€627-9632.

. . .. . i« Honig B, Nicholls A. 1995. Classical electrostatics in biology and chemistry.
thioredoxin from other sources, addition of loop regions and miss Science 268144-1149.

ing side chains and preliminary refinement were carried out usin@acquot Jp, Lancelin JM, Meyer Y. 1997a. Thioredoxins: Structure and function
the Swiss-Model Automated Protein Modeling servidstp:// in plant cells.New Phytol 13643-570.

expasy.hcuge.()hFuII geometry optimization was performed with Jacquot JP, Lopez-Jaramillo J, Miginia_lc-MasIo_w M, Lgmaire S, Cherfils J, Chueca
A, Lopez-Gorge J. 1997b. Cysteine 153 is required for redox regulation of

the program AMBER 4.QKollman & Weiner, 1991 running on a pea chloroplast fructose-1,6-bisphosphat&&BsS Lett 401143-147.
CONVEX-220 using the Kollman all atom force fieldMeiner  Jacquot JP, Stein M, Hodges M, Miginiac-Maslow M. 1992. PCR cloning of a
et al., 1984. The structures were solvated in a shell of TIP3P-  nucleotidic sequence coding for the mature parCofamydomonas rein-

P hardtii thioredoxin Ch2Nucl Acids Res 2617.
water (Jorgensen etal, 1983md geometry optlmlzed by 5,000 Jacquot JP, Stein M, Suzuki A, Liottet S, Sandoz G, Miginiac-Maslow M.

steps conjugate gradient energy minimization. Electrostatics po- 1997¢. Residue Glu 91 @hlamydomonas reinhardiis essential for elec-
tential surfaces and dipole vectors were computed with the pro- tron transfer to ferredoxin-thioredoxin reductaS&BS Lett 40293-296.

gram GRASP(Honig & Nicholls, 1995. The calculated dipole Janin J. 1997. The kinetics of protein-protein recognitPmteins 28153-161.

. . . Jorgensen WL, Chandrasekhar J, Madura J, Impey R, Klein M. 1983. Compar-
vectors where visualized with the SYBYL program package. All ™%, ¢ simple potential functions for simulating liquid watéiChem Phys

amino acids were considered to have standard protonation states at 79:926-931.
pH 7.0. Sequence alignment was computed using the prograrfatti SK, Le Master DM, Eklund H. 1990. Crystal structure of thioredoxin from

R Escherichia coliat 1.68 angstrom resolutiod. Mol Biol 212167-184.
CLUSTALW, available at the Internet Server of the Baylor College Kollman PA, Weiner SJ. 1991. AMBER—Assistant model building with energy

of Medicine(BCM) (http://dot.imgen.bcm.tmc.edu:93Band vi- refinement.J Comp Chem 287-299.
sualized with the program GeneD@dicholas & Nicholas, 1997 Lepiniec L, Hodges M, Gadal P, Cretin C. 1992. Isolation, characterization and
nucleotide sequence of a full-length pea cDNA encoding thioredoxin-f.
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