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ABSTRACT. Oxidation—reduction midpoint potentiaE,) versus pH profiles were measured for wild-type
thioredoxins fromEscherichia coliand from the green algahlamydomonas reinhard@ind for a number

of site-directed mutants of these two thioredoxins. These profiles all exhibit slopes of approxima®ely

mV per pH unit, characteristic of the uptake of two protons per reduction of an active-site thioredoxin
disulfide, at acidic, neutral, and moderately alkaline pH values. At higher pH values, these profiles exhibit
slopes of either-29.5 mV per pH unit, characteristic of the uptake of one proton per disulfide reduced,

or are pH-independent, indicating that neither proton uptake nor proton release is associated with reduction
of the active-site disulfide. Reduction of the two wild-type thioredoxins is accompanied by the uptake of
two protons even at pH values where the more acidic cysteine thiol group of the reduced proteins would
be expected to be completely unprotonated. The effect of site-directed mutagenesis of two highly conserved
aspartate residues that play important structural and/or catalytic roles in both thioredoxins, and which
could in principle play a role in proton transfer, on thi€pralues of redox-linked acid dissociations
(deduced from changes in slope of tBg versus pH profiles) has also been determined for otholi
thioredoxin andC. reinhardtii thioredoxinh.

Thioredoxins are ubiquitous proteins, of ca. 11 kDa structures of the reduced and oxidized formsEof coli
molecular mass, with a multiplicity of functiond)( The thioredoxin are very similar, with the only significant
active site of the reduced forms of thioredoxins contains two differences being at the active si#, 5).
cysteine residues, separated by two intervening amino acids |t has been known for some time that oxygenic photo-
(usually glycine and proline). The two-electron oxidation of - synthetic eukaryotes (i.e., plants and algae) contain at least
thioredoxins results in the formation of a disulfide bond foyr different types of thioredoxins, two of which (thiore-
between the two active-site cysteines. The first thioredoxin doxins f and m) are located in the chloroplasts, one
to be discovered, that frofscherichia colican serve asa  (thjoredoxinh) that is located in the cytoplasni,(6, 7),
hydrogen donor to ribonucleotide reductase, plays a role in and one (thioredoxim) that is located in the mitochondria
sulfur assimilation and phage assembly, and serves as gg). The role of thioredoxing and m in the regulation of
general disulfide oxidoreductas@)( The amino acid se-  metabolism has been extensively documented, and many
quence oE. colithioredoxin has been known for some time  target enzymes for these thioredoxins have been identified
(3). A high-resolution three-dimensional structure is known, (1 6 9—11). Recently, two additional forms of chloroplastic
from X-ray crystallography, for the oxidized protein (PDB  thioredoxins, thioredoxim (12—14) and thioredoxiry (15),

2TRX, ref4), and a solution structure, determined by nuclear have been discovered, but their specific functions have not
magnetic resonance (NMR) spectroscopy, is available for yet peen fully elucidated.

the reduced protein (PDB 1XOB, rej). The tertiary Relatively little is known about the function of the

cytosolich-type thioredoxins, 7), but amylase inhibitors
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spectroscopyl(7), and X-ray crystal structures are available thioredoxins from the pH-dependencekf values 83), we

for wild-type C. reinhardtii thioredoxin h and two site- have undertaken a detailed studyEf versus pH profiles
directed variants of the proteirl® 19). The structure of  for wild-type E. coli thioredoxin andC. reinhardtii thiore-
wild-type C. reinhardtiithioredoxinh shows many similari- ~ doxin h. To explore the possibility that amino acids other
ties to that of. colithioredoxin (, 17). In fact, the structures  than the two active-site cysteines may be involved in proton
of other thioredoxins also resemble thoseEofcoli thiore- uptake coupled to disulfide reductid, versus pH profiles

doxin andC. reinhardtii thioredoxinh, and the common  have also been obtained for several site-directed mutants of
features of a central five-strand¢tpleated sheet surrounded both proteins.

by several shorti-helices is commonly referred to as the

thioredoxin fold @0). E. coli thioredoxin andC. reinhardtii MATERIALS AND METHODS

thioredoxinh also show considerable sequence homolegies ) o ) )

a number of aspartate residues are absolutely conserved, and Wild-type E. coli thioredoxin 84) and its D26N 84),

the two proteins have identicaVCGPCK active-site D26L (34), CWGC @0), and D6IN 41) variants were
sequencesl]. The two proteins also have similar oxidatien ~ €xpressed and purified as described previously. Wild-type
reduction midpoint potentialsEg,) at pH 7.0, with values ~ C- reinhardtii thioredoxinh (24, 42) and its W35A g4)
near—270 mV having been reported f&: coli thioredoxin and D30A (8) variants were expressed and purified as

(21-23) and a value 0fF-290 mV having been reported for described previously. The D65A variant 6f reinhardtii
C. reinhardtii thioredoxinh (24). thioredoxinh was generated by PCR site-directed mutagen-

The catalytic ability of thioredoxins as a disulfide oxi- €SiS; using the oligonucleotides DESA, UP (GAAGGTCGA-
doreductase at pH values near neutrality exceeds that of[GTTGCTGCCGTCGCGGCTGTTGCCG) and DE5SA,
dithiothreitol (DTT)! one of the most active nonprotein DOWN (CGGCAACAQCCGQGACGGCAQCAACATQj
dithiol/disulfide couples, by ca. 10 000-fol®2%). The  GACCTTC). Mutagenesis, cloning, expression, and purifica-
enhanced reactivity of thioredoxins, as compared to that of fion of this variant were performed as previously described
molecules such as DTT, no doubt arises from the one or for wild-type thioredoxin and the other varian#2( 43).
more unique aspects of the microenvironment of the active ~Oxidation—reduction titrations were carried out using
site of thioredoxin. In fact, the active-site disulfides Bf redox buffers containing different defined ratios of oxidized
coli thioredoxin andC. reinhardtii thioredoxin h are in and reduced DTT, followed by labeling of cysteine thiols
relatively hydrophobic environments, @, 5, 17—20). There with the fluorophore monobromobimane (mBBr), as de-
are, however, important differences in the local environments scribed previouslyd4, 44). Fluorescence was measured using
of the two active-site cysteines, the only two cysteine residuesan Aminco-Bowman Series 2 Luminescence Spectrometer,
present in either proteinl). In both proteins, the more and redox titration data were fitted to the Nernst equation
N-terminal of the two cysteines (Cys32Hn coli thioredoxin for a two-electron redox couple as described previoudy (
and Cys36 in Creinhardtii thioredoxinh) is significantly 44). All the titrations used gave an excellent fit to the Nernst
more exposed to the solvent than the second cysteine (Cys3®quation for a single two-electron component. A value of
in E. colithioredoxin and Cys39 in Geinhardtii thioredoxin —327 mV for theEn of DTT at pH 7.0 was used in the
h). One would expect that these differences would result in calculations 43), and X, values of 9.2 and 10.1 were used
differences in the acidbase dissociation properties of the for reduced DTT in calculating, values at pH values other
thiol groups of the two active-site cysteines. This appears to than 7.0 45). In the case of the CWGC variant &. coli
be the case for both. colithioredoxin and folC. reinhardtii thioredoxin, because of its more positi&, value, glu-
thioredoxin h. The acid/base titration behavior of both tathione rather than DTT redox buffers were usdé)(
thioredoxins is in fact complex, which has resulted in Values of —240 mV for theE, and glutathione at pH 7.0
different interpretations of the data. Thus, while there is (46) and 8.7 for the K, of the thiol group of reduced
reasonably good agreement that thg pf Cys32 (the more  glutathione 47) were used for these titrations. The pH-
solvent-exposed cysteine) &. coli thioredoxin is near 7  dependencies of the, values were fitted to the following
(reported values range from 6.3 to 7.5, 126s-38), estimates ~ equation 83):
for the K, of Cys35 (the more buried cysteine) Bf coli
thioredoxin vary widely, ranging from 7.0 to greater than E_=E° — (RT/nF) In{ U([HT? +
11.0 29-39). It appears likely that microscopid<gs are in L .
fact being observed3d). NMR spectroscopy has been used [H7 1K + [H7]KR + KyKep} (1)
(24) to estimate [, values of 7.0 for Cys36 df. reinhardtii
thioredoxinh (the more solvent-exposed cysteine that cor- WhereR is the universal gas constarf, is the Faraday
responds to Cys32 ifi. coli thioredoxin) and 9.5 for Cys39  constantnis the number of electrons transferred in the redox
of C. reinhardtiithioredoxinh (the more buried cysteine that ~ reaction (= 2 for the case of all the disulfide/dithiol couples
corresponds to Cys35 I. coli thioredoxin). As it is possible ~ €xamined in the experiments reported nek),represents
to estimate K, values for acie-base groups involved in  the intrinsic tendency of the disulfide bond to undergo
proton uptake or release coupled to redox reactions of reduction, an&n, andK are the first and secondpvalues

for acid/base equilibria coupled to the redox reactigf (

1 Abbreviations: AMP, 4-acetamidd-fnaleimidylstilbene-2,2dis- was set 39 thateq 1 gave Em value at pH_7.0 that matched
ulfonic acid; Bis-Tris propane, 1,3-bis[tris(hydroxymethyl)methy- the experimentally determined value, whilg andK, were

laminopropane; CABS, 4-[cyclohexylamino]-1-butanesulfonic acid; determined as best-fit parameters using MicroSoft Excel).
mBBr, monobromobimane; MES, 2{morphilino]ethanesulfonic acid; . .
MOPS, 3-N-morpholino]propanesulfonic acid; DTT, dithiothreitol; The following pH buffers, all at a concentration of 100

Tricine, N-tris[hydroxymethyl]methylglycine. mM, were used: acetic acid/sodium acetate for pH values
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between 5.00 and 6.00; MES for pH values between 6.00 A 12
and 6.75; MOPS for pH values between 6.75 and 7.75; tricine ..
for pH values between 7.75 and 8.75; bis-Tris propane for !
pH values between 8.75 and 9.50; AMP for pH values S 08
between 9.50 and 10.50; and CABS for pH values between §
pH 10.50 and 11.50. e 06
The E, values measured at pH 7.0 were independent of S 04
redox equilibration time over the range from 1.0 to 3.0 h B
and were independent of the total DTT concentration of the w 02 g )
redox buffer over a range from 1.0 to 5.0 mM. All titrations 0
at other pH values were carried out using a total DTT
concentration of 5.0 mM and a redox equilibration time of 02
2.0 h. In the case of the titrations of the CWGC variant of 360 340 320 300 280 260 -240 220 -200
E. colithioredoxin, where glutathione rather than DTT redox E,(mV)
buffers were useds, values were also independent of time B '
and of redox buffer concentration. Alit,, values reported 10
represent the average of at least two independent titrations.
Although all of the redox titrations shown next were carried 3 08
out under aerobic conditions, control titrations carried out 2 06
under an argon atmosphere gave results that were identical, %
within the experimental uncertainties of the measurements, € 04
to those carried out under aerobic conditions. Furthermore, £ 02
it was shown that reduced DTT and reduced glutathione were
stable against oxidation under the conditions of the aerobic 00
titrations for at least 4.0 h. In the case of wild-tyge o2

reinhardtii thioredoxinh, a control redox-titration at pH 7.0
using NADP/NADPH mixtures for redox-poising and the
NADPH-dependent thioredoxin reductase frémabidopsis
thaliana to catalyze redox equilibrium gave df, value
identical to that measured using the mBBr methad) .(

RESULTS

Figure 1A shows the results of a redox titration of wild-
typeE. colithioredoxin carried out at pH 7.0. The data give
a good fit to the Nernst equation for a single two-electron
component withe,, = —275 mV. The average value, from
five replicate titrations, for th&, value of wild-typeE. coli
thioredoxin at pH 7.0 was-285 + 10 mV. Although the
En = —285 mV value is slightly more negative than the these mutate#. colithioredoxins at pH 7.0 are D26k,290
values ranging from-260 to—275 mV reported previously £+ 10 mV; D26N,—290 + 10 mV (replacement of Asp26
in the literature 21—23), it agrees with the average of values by alanine had previously been shown to have little effect
measured by other techniques within the experimental on the E, value of the active-site disulfide oE. coli
uncertainties of the methods used. Figure 1B shows thethioredoxin—ref48); and D61N,—280+ 10 mV. Thus, with
results of a redox titration of the CWGC variant Bf coli the exception of the CWGC variant, none of these mutations
thioredoxin @0) carried out at pH 7.0. This variant, in which  have a major effect on thg, value ofE. colithioredoxin at
the CGPC active-site sequence of the wild-type protein haspH 7.0.
been replaced by the sequence CWGC, was chosen for study Figure 2A shows the pH-dependence of Hgvalue of

-300 -280 -260 -240 -220

Eq (mV)

Ficure 1: Oxidation—reduction titrations of wild-typeE. coli
thioredoxin and its CWGC variant at pH 7.0. (A) Wild-tyjie
coli thioredoxin, at a concentration of 10@/mL, was titrated in
100 mM MOPS buffer (pH 7.0), at a total DTT concentration of
2.0 mM, with a redox equilibration time of 2.0 h. (B) CWGE

coli thioredoxin, at a concentration of 10@/mL, was titrated in
100 mM MOPS buffer (pH 7.0), at a total glutathione concentration
of 5.0 mM.

-200 -180 -160 -140

might play a role in delivering protons to the active-site
disulfide during reduction of the protein. T, values for

because both itE, value at pH 7.0 and theky of its more

wild-type E. coli thioredoxin over the pH range from pH

acidic cysteine, Cys32, have been reported to be changed.0 to 11.0 (the protein was too unstable to titrate at pH

significantly from those of wild-typ&. coli thioredoxin @0).

The results give a good fit to the Nernst equation for a single
two-electron component with,, = —215 mV. The average
value, from three replicate titrations, for thg value of this
variant ofE. colithioredoxin at pH 7.0 was210+ 10 mV,

values above 11.0). Th&, versus pH profile from pH 6.0
to approximately pH 9.0 exhibits the59 mV/pH unit slope
expected for the uptake of 2.0 protons by thioredoxin per
active-site disulfide reduced, and tkg versus pH profile
at pH values near 11.0 are most consistent with the

in good agreement (within the experimental uncertainties of pH-independen&,, value that would arise from a redox
the measurements) with the previously reported value of reaction associated with no net proton uptake or release. The
—200 mV @0). We have also carried out redox titrations of entire data set gives a good fit to eq 1, with identicil p
variants of E. coli thioredoxin in which each of two values of 10.0 for two acid/base groups coupled to the redox
conserved aspartate residues (Asp26 and Asp6l) werereaction. Although thermodynamic relationships can be used
replaced by residues that can neither take up nor releasdo calculate both the number of protons taken up during the
protons. The tertiary structure of thioredoxin suggests the reduction of thioredoxin and theKp values for the acid/
possibility that, at least in principle, either of these aspartatesbase groups involved from thg, versus pH profile, these
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A 200 Thus, if the values near 7.0 reported for the,pf Cys32
are correct, some amino acid(s) other than this cysteine (or
-250 perhaps a bound water) must be involved in taking up one
proton at pH values between 7.0 and 9.0 (assuming that
-300 Cys35 is responsible for the uptake of the second proton).
To test the conclusion that the reduction Bf coli
-350 thioredoxin can be accompanied by the uptake of two protons
per active-site disulfide reduced at pH values above ke p
400 of Cys32, experiments similar to those summarized in Figure
2A were carried out with the CWGC variant &. coli
490 L) thioredoxin, a variant in which the K3 of Cys32 is
approximately 1.4 units more acidic than is the case for the
5 6 7 8 9 10 11 12 wild-type protein 84). Figure 2B shows the pH-dependence
pH of the E, value of the CWGC variant dE. coli thioredoxin
B over the pH range from 6.0 to 10.0 (this variant was too
unstable to titrate at pH values more alkaline than 10.0). The
slope of theE, versus pH profile of Figure 2B is close to
-200 the —59 mV/pH unit value expected for the uptake of two
protons per reduction of the active-site disulfide up to pH
values slightly above 8.0, more than 2.0 units above the value
-300 of 5.9 estimated for the Ky of Cys32 in thisE. coli
thioredoxin variant 40). The complete data set of Figure
2B gives a good fit to eq 1, with identicaKp values of 9.4
~400 for two acid/base groups coupled to the redox reaction.
Two aspartate residues k coli thioredoxin, Asp26 and
Asp61, are well-conserved in thioredoxins; thus, it was of
-500 interest to determine whether replacement of these two
residues by amino acids incapable of proton uptake or release

FIGURE 2: Ep, vs pH plots of wild-typeE. coli thioredoxin and its ha(_:i any 5|gn|f|cant effe(_:t on t, versus pH profile foE.
CWGC variant. (A) Average values &, (mV) for wild-type E. coli thioredoxin. A possible role for Asp26 in proton uptake

coli thioredoxin are plotted against the pH value at wHighwas coupled to the reduction d. coli thioredoxin seemed of
measured (closed circles). Eq 1 was used to calculate values ofparticular interest to investigate, given the reports that the

10.0 for both a1 and Ka2 (B) Average values oEy, (mV) for pK, of the side-chain carboxyl group of this amino acid has

CWGCE. colithioredoxin are plotted against the pH value at which an unusually alkaline valu8{, 34, 36, 49-51), that it might

]I%n; vt\)/gtshn&?is:rzzdp((calzc.)sed triangles). Values of 9.4 were CalCUIatedinteract with Cys32 34, 35). and that it might play an

important role as a general acid/base catalyst in the reaction

cycle of thioredoxins 35, 52). As the side-chain carboxyl
relationships cannot identify the specific groups involved in group of Asp61 forms a structurally important hydrogen bond
proton uptake or release. Nevertheless, the simplest modelwith the indole ring of Trp314) and Trp31 is a functionally
for proton uptake accompanying thioredoxin reduction would important part of the active-site domainfcoli thioredoxin
predict the following: the uptake of two protons per disulfide (53), it also seemed important to examine the possible role
reduced at pH values below th&pvalues of both active- of Asp61 in proton uptake during reduction &. coli
site cysteines (i.e., one proton being taken up by a sulfur onthioredoxin.
each of the two cysteine residues formed during reductive  Figure 3A shows thé&,, versus pH profile for the D26N
cleavage of the active-site disulfide); the uptake of one proton variant ofE. colithioredoxin. The data give a good fit to eq
per disulfide reduced at pH values above tKg of the more 1 with pK, values of 8.8 and 11.0 (the instability of the
acidic active-site cysteine but below th&pvalue of the protein at pH values above 11.0 that made obtairtig
less acidic active-site cysteine (i.e., after reduction, one values at pH values more alkaline than 11.0 make it
cysteine exists as the protonated thiol and the other as thesomewhat difficult to estimate the secon#,pvalue ac-
unprotonated thiolate anion); and no proton uptake at pH curately). TheE,, versus pH profile for a second variant of
values above thelf, of the less acidic active-site cysteine E. colithioredoxin at this position, D26L, also gives a good
(33). Given the consensus that th&pvalue for the more  fit to eq 1, with K, values of 8.9 and 9.9 (data not shown).
acidic Cys32 is near 7.0 and that the less acidic Cys35 hasFigure 3B shows thé,, versus pH profile for the D61N
a considerably more alkalinekp value, one would thus  variant of E. coli thioredoxin. Somewhat surprisingly, the
predict a transition in the slope of tii&, versus pH profile profile for thisE. colithioredoxin variant shows no deviation
from —59 mV/pH unit to a slope 0f29.5 mV/pH unit, with from the—59 mV/pH unit slope characteristic of the uptake
the transition centered near pH 7.0. In fact, as shown in of two protons per disulfide reduced even at pH 11.0, the
Figure 2A, theE,, versus pH profile for wild-typeE. coli most alkaline pH value at which the protein was stable
thioredoxin displays the-59 mV/pH unit slope characteristic  enough to titrate. One might have expected that, if either
of the uptake of two protons coupled to the reduction of the Asp26 or Asp6l is a site of proton uptake coupled to the
active-site disulfide up to pH values near 9.0, some 2.0 pH reduction of thioredoxin at pH values more alkaline than 6.0,
units above the Ig, estimated for the thiol group of Cys32. replacement of these residues by amino acids incapable of

E, (mV)
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-250

E, (mV)

-350

-450

pH
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PH FiIGURE 4: En vs pH plots of wild-typeC. reinhardtii thioredoxin

FIGURE 3: En vs pH plots of D26N and D61N mutants Bt coli h and W35A mutant of. reinhardtii thioredoxinh. (A) Average
thioredoxin. (A) Average values di, (mV) for D26N E. coli values ofE, (mV) for wild-type C. reinhardtii thioredoxinh are
thioredoxin are plotted against the pH value at whigh was lotted against the pH value at whid®, was measured (gray
measured (closed squares). Values of 8.8 and 11.0 were calculatetgirdes). Values of 9.3 and 10.0 were calculated fory and px,
for pKa1 and [Kqp, respectively. (B) Average values &, (mV) respectively. (B) Average values d, (mV) for W35A C.

for DE1N. E. coli thioredoxinEr, are plotted against the pH value  yeinnarditii thioredoxinh are plotted against the pH value at which
at whichEn, was measured (closed diamonds). Bakmnd paz En was measured (gray squares). Values of 9.0 were calculated
were estimated to be 11.0. for both K1 and K.

proton uptake would result in the uptake of less than 2.0 sjte cysteines of the reduced protei®d). Although one
protons over the pH range from 6.0 to approximately 9.0. would not expect Trp35 to serve as a proton carrier, the
The fact that this is not the case (in fact, some of these indole ring of Trp35 inC. reinhardtii thioredoxin h is
replacements extend the pH range over which 2.0 protonshydrogen bonded to the side chain of Asp65 (Asp65 in the
are taken up per disulfide reduced) suggests that neither ofalgal thioredoxin is equivalent to Asp61 . coli thiore-
these conserved aspartate residues plays a significant roleloxin—refs 18 and 19) and replacement of Trp35 by a
in proton uptake couple to the reduction ©f coli thiore- nonaromatic residue affects the activities of the prot2#).
doxin. Figure 4A,B shows, respectively, the similgf, versus
We have previously measurég, versus pH profiles for ~ pH profiles for wild-typeC. reinhardtii thioredoxinh and it
wild-type C. reinhardtiithioredoxinh and its W35A variant ~ W35A variant. Averagé,, values at pH 7.0 were-300 +
(Trp35inC. reinhardtiithioredoxinh corresponds to Trp31 10 mV for wild-type thioredoxin and-290 + 10 mV for
in E. coli thioredoxin) but carried out these measurements the W35A variant, in excellent agreement with the values
over a relatively narrow range of pH valuesl). Given the reported previously24). Both proteins proved too unstable
unexpected ability oE. coli thioredoxin, described previ- to titrate at pH values above 9.5, and so Eeversus pH
ously, to take up 2.0 protons at pH values substantially more profiles are somewhat limited as compared to those obtained
alkaline than the likely K, of the more acidic active-site  for wild-type E. coli thioredoxin and its variants. In fact, it
Cys32 and the considerable structural similarity between  was not possible to determin&gpvalues for acid/base groups
coli thioredoxin andC. reinhardtii thioredoxinh, it seemed coupled to the redox reaction for either protein but instead
of interest to carry out a more extensive study of the pH- to only place lower limits, using eq 1, of 9.3 and 9.5 on the
dependence of the redox properties of the wild-type algal pK, values for the wild-type protein and it W35A variant,
thioredoxin and its W35A variant. Such studies are particu- respectively. What can be said is that the slope of these
larly attractive in light of the fact that there is high-resolution profiles shows little deviation from the-59 mV/pH unit
structural data for wild-typ€. reinhardtiithioredoxinh and value characteristic of the uptake of 2.0 protons per disulfide
for several site-specific variants of the proteiry{19) and reduced over the entire pH range from 6.0 to 9.0. As the
because K, values have been estimated for the two active- pK, of Cys36 has been estimated to be 7.0 in wild-tgpe
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A D30A variant of C. reinhardtii thioredoxinh and two K,
@ values, both>9.3, for the D65A variant.
0 DISCUSSION
-300 The disagreement between published values for e p
s of Cys32 inE. coli thioredoxin, obtained using a number of
L.ETE -350 quite different techniques, prompted us to utilize the ther-

modynamic relationship between the pH-dependends,of
values for thioredoxin reduction and thEjvalues of acid/
base couples associated with reduction of the protein in an
attempt to provide new information about thisjand other
thioredoxin K, values. We were encouraged in this effort
5 6 7 8 8 10 11 12 by the fact that the I§, value for the more acidic regulatory
pH cysteine residue in spinach phosphoribulokinase had been
B 00 successfully measured in our laboratory using this technique
A (44). Although we were unable to determinKjvalues for
the active-site cysteines in eithBr coli thioredoxin or in
C. reinhardtii thioredoxinh using this approach, the ther-
-300 modynamic approach did prove fruitful in that it demon-
strated that these two structurally similar thioredoxins both
_350 unexpectedly take up two protons on reduction at pH values
significantly more alkaline than the reportel pvalues for
-400 the more acidic active-site cysteine instead of the one proton
that would be predicted by the simplest models.
-450 On the basis of the complex*C]NMR-based acid/base
titrations of reducedt. colithioredoxin, it was proposed that
-500 Asp26 interacts with Cys32 at the active site of the protein
in a manner that requires the invocation of microscopig p

Ficure 5: En vs pH plots of D30A and D65A mutants df. \.;.?llueshOft?'? g_n? 9.2 fog t?ese two coupled ;eSId?' ( id
reinhardtii thioredoxinh. A. Average values oE,, (mV) for D30A € shortest distances between an oxygen from the side-

C. reinhardtii thioredoxinh are plotted against the pH value at ~chain carboxyl group of Asp26 and the sulfur of Cys32 (i.e.,
which E,, was measured (gray squares). Values of 8.7 ah.0 5.9 A in reducecE. coli thioredoxin and 5.6 A in oxidized

were calculated forlg,; and (Ko, respectively. (B) Average values  E_ coli thioredoxin 64)) are too large for any direct

of Em (V) for DBSA C. reinhardiii thioredoxinh are plotted 1, 4r59en-honding interaction between these two amino acids.

against the pH value at whidh, was measured (gray diamonds). -

Values of 9.4 were calculated for botig and paz. Nevertheless, support for the idea that Cys32 and Asp26 are
coupled came from both site-directed mutagenesis studies
and from acid/base titrations of the oxidized protein. The

reinhardtii thioredoxinh and 8.3 in its W35A variant24), observation that acid/base titrations of Asp26 in oxidized,

one again has a situatietras has been demonstrated above wild-type E. coli thioredoxin (where there is no thiol group
for E. coli thioredoxin—in which reduction of the active- on Cys32 to interact with Asp26) gave well-defined curves
site disulfide is accompanied by the uptake of 2.0 protons that could be fitted to the equation for an acid dissociation
at pH values where Cys36 is likely to be present entirely as characterized by a singlekp value of 7.5 84), in contrast

-400

-450 @)

=500

-250

E, (mV)

pH

the thiolate anion after reduction. to the more complex titration curves observed for the wild-
We next examined a possible role for Asp30 and Asp65 type protein, is consistent with this proposal. Furthermore,
in proton uptake coupled to the reduction®f reinhardtii if this interpretation is correct, then making the Cys32/Asp26

thioredoxin h (these two aspartate residues correspond, interaction impossible by site-directed mutagenesis of Asp26
respectively, to Asp 26 and Asp61 i coli thioredoxin). should alter the acid/base titration behavior of Cys32 so that
AverageEn, values for these two variants at pH 7.0 were microscopic K, values no longer need be invoked. In fact,
—290+ 10 mV for D30A and—300+ 10 mV for D65A, acid/base titrations of Cys32 in the reduced forms of both
so neither substitution produces any significant change inthe D26L and D26N variants d. coli thioredoxin exhibit
the Er, value of the protein. Figure 5A,B shows, respectively, well-defined curves characteristic of a singl&,p(34),

the similarEy, versus pH profiles for the D30A and D65A  consistent with this hypothesis. Similar considerations apply
variants ofC. reinhardtiithioredoxinh. As was the case for  to C. reinhardtii thioredoxinh, where the recent 2-42.2 A

the wild-type protein and its W35A variant, stability con- resolution X-ray crystal structures of wild-ty reinhardtii
siderations limited thé&,, data for the D65A variant o€. thioredoxinh and its D30A variant 18) have allowed the
reinhardtii thioredoxin h to pH values<9.5, while the question of a possible direct interaction between Asp30
slightly greater stability of the D30A variant allowes, (which corresponds to Asp26 iB. coli thioredoxin) and
determinations up to pH 10.0. T, versus pH profile for Cys36 (which corresponds to Cys32En coli thioredoxin)

the D30A and D65A variants dE. reinhardtii thioredoxin in the algal protein to be examined. It was concluded that
h are, in general, quite similar to those obtained for the wild- the 5.9 A distance between the OD1 carboxylate oxygen of
type protein and its W35A variant. Fitting the data sets of Asp30 and the SG sulfur of Cys36 is too great to allow any
Figure 5 to eq 1 yieldsk, values of 8.7 and-10.0 for the direct, proton-sharing interaction between these two amino



Effect of pH on Oxidatior-Reduction Properties of Thioredoxins

acids (8). However, molecular dynamics simulations and
solvent isotope effect measurements suggest that an oriented

11.

water molecule may bridge the gap between Asp30 and Cys |,

36 (19).

In conclusion, it should be stressed that reduction of
thioredoxins involves the uptake of both electrons and
protons, with the number of protons taken up per two-
electron reduction of an active-site disulfide depending on

the ambient pH and theig values of amino acids involved
in redox-coupled proton uptakg&. coli thioredoxin andC.
reinhardtii thioredoxinh are ideally suited to studying this

13.

14.

15.

16.

coupling because three-dimensional structures are available 17,

for both proteins, because site-specific variants of both
proteins are readily available, and because both proteins are
stable over a wide range of pH values. All of the currently

Biochemistry, Vol. 42, No. 50, 20034883

Balmer, Y., Koller, A., del Val, G., Manieri, W., S¢hmann, P.,
and Buchanan, B. B. (200®roc. Natl. Acad. Sci. U.S.A. 100
370-375.

Mestres-Ortega, D., and Meyer, Y. (1999%¢ne 240307—-316.
Meyer, Y., Vignols, F., and Reicheld, J.-P. (2002gthods
Enzymol. 347394-402.

Collin, V., Issakidis-Bourguet, E., Marchand, C., Hirasawa, M.,
Lancelin, J.-M., Knaff, D. B., and Miginiac-Maslow, M. (2003)
J. Biol. Chem. 27823747 23752.

Lemaire, S. D., Collin, V., Keryer, E., Quesada, A., and Miginiac-
Maslow, M. (2003)FEBS Lett. 54387—92.

Lemaire, S. D., Keryer, E., Stein, M., Schepens, I., Issakidis-
Bourguet, E., Gerd-Hirne, C., Miginiac-Maslow, M., and
Jacquot, J.-P. (199F)lant Physiol. 120773-778.

Mittard, V., Morelle, N., Brutscher, B., Simorre, J. P., Marion,
D., Stein, M., Jacquot, J.-P., Lirsac, P. N., and Lancelin, J.-M.
(1995) Eur. J. Biochem. 229473-485.

18. Menchise, V., Corbier, C., Didierjean, C., Saviano, M., Benedetti,

available models for proton uptake coupled to the reduction 19,

of the structurally relatedt. coli thioredoxin andC. rein-

hardtii thioredoxinh would predict a transition, centered near

pH = 7.5 (the K, of Cys32), from the uptake of 2.0 protons

per thioredoxin reduced to 1.0 proton taken up per thiore-

doxin reduced for the D26L and D26N variants ©f coli

thioredoxin and a similar transition, centered near pH 7.0

(the Kj of Cys36) for the D30A mutant of. reinhardtii

thioredoxinh. However, as can be seen from the data of
Figures 3A and 5A, this is not the case. It thus must be
concluded that either bridging water molecules and/or some

other amino acid(s), perhaps including Lys57 En coli
thioredoxin 86) and Lys61, the corresponding residuedn
reinhardtii thioredoxin h, contribute to proton uptake ac-

companying the reduction of the two thioredoxins in this
pH region. If an extensive network of amino acids exists
for the transfer of protons during thioredoxin reduction, it

20.

21.

22.

23.

24.

E., and Jacquot, J.-P. (200Bjochem. J. 35965—75.

Menchise, V., Corbier, C., Didierjean, C., Jacquot, J.-P., Benedetti,
E., Saviano, M., and Aubry, A. (200Biopolymers 561—7.
Eklund, H., Gleason, F., and Holmgren, A. (19®Idteins 11
13—28.

Moore, E. C., Reichard, P., and Thelander, L. (1968jol. Chem.

239, 3445-3452.

Krause, G., Lundstrum, J., Barea, J. L., de la Cuenta, C. P., and
Holmgren, A. (1991)J. Biol. Chem. 2669494-9500.

Salamon, Z., Gleason, F. K., and Tollin, G. (19823h. Biochem.
Biophys. 299193-198.

Krimm, I., Lemaire, S. D., Ruelland, E., Miginiac-Maslow, M.,
Jacquot, J.-P., Hirasawa, M., Knaff, D. B., and Lancelin, J.-M.
(1998)Eur. J. Biochem. 255185-195.

25. Holmgren, A. (1979). Biol. Chem. 2549113-91109.

29.

may be necessary to analyze thioredoxin variants mutated 30.

at multiple positions to fully understand the coupling of

proton uptake to disulfide reduction in these ubiquitous 31-

proteins. Nevertheless, the data presented previously provide
significant evidence for the apparent complexity of the

coupling process.
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