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Thioredoxin. A Localized Conformational Change 
Accompanying Reduction of the Protein to 
the Sulfhydryl Form" 

Lubert Stryer, Arne Holmgren, and Peter Reichard 

ABSTRACT: Thioredoxin is a low molecular weight 
protein which acts as a hydrogen donor in the enzymatic 
reduction of ribonucleoside diphosphates. The oxidized 
form, which contains two tryptophan residues and one 
disulfide bridge, is reduced by reduced triphosphopyri- 
dine nucleotide (TPNH) and a specific enzyme, thio- 
redoxin reductase, to the sulfhydryl form. Reduction 
led to a 2.5-fold increase in the quantum yield of the 
tryptophan emission of thioredoxin, whereas the wave- 
length of the emission maximum was unaltered. The 

T hioredoxin is a protein of molecular weight 12,000, 
which acts as the hydrogen donor in the enzymatic 
reduction of ribonucleoside diphosphates to deoxy- 
ribonucleoside diphosphates in Escherichia coli (Laurent 
et ai., 1964). The protein contains two tryptophan 
residues and one disulfide bridge. This oxidized form 
of thioredoxin (thioredoxin-Sz) is reduced by TPNHl 
and a specific enzyme, thioredoxin reductase (Moore 
et a[., 1964), to the sulfhydryl form (thioredoxin- 
(SH)z) (reaction 1). 

thioredoxin-Sz + TPNH + H + +  

thioredoxin-(SH)z + TPNf (1) 

The sulfhydryl form then reduces a ribonucleotide 
(e.g., CDP) in the presence of two additional protein 
fractions from E. coli enzymes B1 and B2 (Holmgren 
et al., 1965) (reaction 2 ) .  

thioredoxin-(SH)* + CDP --f 

thioredoxin-Sz + deoxyCDP (2) 
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fluorescence polarization of a dimethylaminonaph- 
thalenesulfonyl derivative of thioredoxin did not 
change on reduction of the protein, nor was there any 
appreciable difference in the optical rotatory dispersion 
or circular dichroism of the oxidized and reduced 
forms. These findings suggest that the conforma- 
tional change which accompanies the reduction of thio- 
redoxin is localized in nature and that one or both 
tryptophan residues are located near the active site of the 
protein. 

Thus thioredoxin can be regarded as a cofactor in 
ribonucleotide reduction ; it is alternately reduced by 
thioredoxin reductase and oxidized by enzymes B1 
and B2. 

A spectrofluorimetric and spectropolarimetric study 
of the reduced and oxidized forms of thioredoxin was 
carried out to determine whether any conformational 
changes accompany the reduction of thioredoxin-Sz. 
The reduction was carried out either enzymatically 
according to reaction 1 or chemically by dithioeryth- 
ritol. The present studies suggest that reduction is 
accompanied by a localized conformational change 
near the active site involving one or both tryptophan 
residues of the protein. 

Experimental Section 

Materials. TPNH and DTE were obtained from 
Sigma. Potassium phosphate buffer (0.1 M, pH 6.8) 
was used throughout this study. Two different prepara- 
tions of thioredoxin were used. Most of the experi- 
ments reported here were carried out with material 
of an estimated purity of 85% prepared according to 
Laurent et al. (1964). A second preparation of better 
than 96% purity was obtained by preparative poly- 
acrylamide electrophoresis (Jovin et al., 1964; A. 
Holmgren and P. Reichard, to be published). This 
material was used to check the results obtained with the 
less pure preparation. Both preparations were lyo- 
philized with a tenfold excess (by weight) of mannitol. 
Lyophilization and storage of the protein did not de- 
crease its activity, as measured in reaction l. 

Thioredoxin reductase was prepared according to 
Moore et al. (1964), as modified by L. Thelander 
(to be published). This enzyme was shown to be homo- 
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geneous. 
Dansylation of Thioredoxin. Thioredoxin (0.023 

pmole), containing 4 mg of mannitol, was dissolved in 
0.15 ml of buffer. 1-Dimethylamino--%naphthalene- 
sulfonyl chloride (0.015 ml of a 10-mg/ml solution in 
acetone) was added slowly and the mixture was shaken 
at room temperature for 4 hr and then kept at 4" 
overnight. After centrifugation, the supernatant solution 
was passed through a column of Sephadex G-25 (0.24 
X 18 cm), which was equilibrated with buffer. Fractions 
containing the dansylated protein were localized by 
their fluorescence, combined, and used for the fluores- 
cence polarization experiments. From the optical 
density at 340 and 280 mp it was estimated that an 
average of two dansyl groups were attached to each 
molecule of thioredoxin. 

Reduction of Thioredoxin. ENZYMATIC REDUCTION. 
Thioredoxin (2.6 mpmoles) and TPNH (8.5 mpmoles) 
were dissolved at 5" in 3 ml of buffer. The reduction 
started on addition of 1.4 pg of thioredoxin reductase 
and was followed by the decrease in the fluorescence 
of TPNH at 460 mp, on excitation at 365 mp. In a 
separate experiment under identical conditions, the 
increase in the fluorescence at 342 mp on excitation 
at 280 mp was measured. 

CHEMICAL REDUCTION. Thioredoxin (4.5 mpmoles) 
was dissolved at 5" in 3 ml of buffer. Dithioerythritol 
(0.01 ml of a 0.5 M solution) was added and the increase 
in fluorescence at 342 mp on excitation at 280 mp 
was measured. The reaction was complete after 15 
min. In a fluorescence polarization experiment, 5.0 
mpmoles of dansylated thioredoxin, dissolved in 0.28 
ml of buffer, was reduced by the addition of 1 p1 of 0.5 
M dithioerythritol. 

Fluorescence. Fluorescence emission spectra were 
obtained on a recording spectrofluorimeter (Stryer, 
1965). The intrinsic fluorescence of thioredoxin was 
excited at 280 mp. The emission was focused on a 
Bausch and Lomb grating monochromator, Model 
33-86-45-69, operated at a half-band-width of 3.3 
mp. The amplified output of an RCA 1P21 phototube 
was recorded on a Varian X-Y recorder which was 
coupled to the emission monochromator wavelength 
drive. The emission spectra shown in Figure 1 are the 
direct recorder tracings which have not been corrected 
for the variation with wavelength in the sensitivity 
of the detection system. The relative sensitivity of the 
detection system was found to 0.94, 1.13, 1.15, 1.18, 
1.06, 1.04, 0.98, 0.90, and 0.76 at 10-mp intervals from 
320 to 400 mp. The absolute quantum yield was de- 
termined by integrating the emission spectrum, using 
L-tryptophan in water as a standard of quantum yield 
0.20. 

A direct measure of the fluorescence polarization 
was obtained by use of a ratio amplifier (Stryer, 1965). 
The sample in a 2-mm path-length cell was excited 
with x-polarized light, and the emission was observed 
at right angles by two phototubes, one admitting x- 
polarized light, the other y-polarized light. The ratio 
of these emissions, r = F,/F,, is related to the custom- 
ary measure of polarization p by the expression p = 

320 340 360 380 400 420 
Emission wavelength, mp. 

FIGURE 1 : Fluorescence emission spectra of the oxidized 
(- - - -) and reduced (-----) forms of thioredoxin. 
The fluorescence was excited at 280 mp. There is a 
2.5-fold increase in quantum yield upon reduction of 
thioredoxin, whereas the emission maximum is un- 
altered. The corrected emission peak is at 342 mp. 
Spectra were taken at 5 " .  

(Fz - Fy)/(Fz + Fv) = ( r  - l)/(r + 1). The light 
output of a mercury arc filtered by a Corning CS 7-60 
filter and a Polaroid type HNB sheet polarizer was 
used to excite the emission of the dansyl chromophore 
attached to thioredoxin. The emission was isolated 
by a Corning CS 3-71 filter. 

Optical Rotatory Dispersion and Circular Dichroism. 
A Durrum-Jasco ORDjUV5 instrument was used 
to measure optical rotatory and circular dichroism 
spectra. The cell path was 1 cm and the protein con- 
centration was 0.16 mg/ml. The mean residue weight 
of thioredoxin is 115. [ M ' ]  is the mean residue rotation 
in degrees per centimeters squared per decimole. The 
mean residue ellipticity [e] is defined as [e] = (2.303- 
(~SOO)/T)(CL - ER), where (EL - ER) is the difference 
in extinction coefficient (expressed in centimeters 
squared per millimole) for left and right circularly 
polarized light. The units of [e] are degrees per centi- 
meters squared per decimole. 

Results 

Fluorescence Emission Spectra and Quantum Yields. 
Oxidized thioredoxin shows a corrected emission 
maximum at 342 mp (Figure l), indicative of fluores- 1017 
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FIGURE 2: Kinetics of the enzymatic reduction of thioredoxin (- - - -) and of the increase in quantum yield of 
fluorescence (- 1. 

cence from the tryptophan residues of the protein. 
Reduction of the disulfide bond leads to a striking 
change in the quantum yield of fluorescence, while 
the wavelength of the emission maximum remains 
the same (Figure 1). The quantum yield of emission 
of oxidized thioredoxin is 0.04, while that of reduced 
thioredoxin is 0.10, on excitation at 280 mp. The ratio 
of the fluorescence intensities of the oxidized and re- 
duced forms is constant for excitation wavelengths 
between 270 and 300 mp. Reduction of thioredoxin 
by excess DTE gave the same increase in quantum 
yield as reduction by TPNH in the presence of thio- 
redoxin reductase. The effectiveness of DTE in com- 
pletely reducing thioredoxin was confirmed by the 
observation that the chemically reduced material no 
longer reacted with TPNH in the presence of thiore- 
doxin reductase. 

The time course of increase in quantum yield closely 
paralleled the kinetics of reduction (Figure 2). The 
extent of reduction of thioredoxin by the enzymatic 
system was determined fluorimetrically by following 
the conversion of TPNH to TPN+. 

Fluorescence Polarization. The fluorescence polariza- 
tion of the dansyl chromophore was measured for the 
oxidized and reduced forms of thioredoxin which 
contained an average of two covalently attached dansyl 
groups per protein molecule, based on the absorbance 
at 280 and 340 mp, Dansylation of oxidized thioredoxin 
did not interfere with its capacity to be reduced either 
by DTE or by thioredoxin reductase. For the fluores- 
cence polarization measurements, the dansylated 
enzyme was reduced by DTE to avoid a significant 
background fluorescence from excess TPNH. 

The fluorescence polarization of the oxidized form 
of dansylated thioredoxin was appreciably lower than 
the limiting polarization that would be observed in the 
absence of molecular rotation (Table I). Thus, the 
fluorescence polarization of the attached dansyl group 
should be sensitive to either an increase or decrease 
in the rotational relaxation time of thioredoxin. The 1018 

significant finding is that the fluorescence polarization 
of dansylated thioredoxin was virtually unaltered on 
reduction of the disulfide bond (Table I). 

TABLE I: Fluorescence Polarization of Dansylated 
Thioredoxin: 

P 

Oxidized thioredoxin 0.256 f 0.003 
Reduced thioredoxin 0.253 =t 0.003 
Limiting polarization (po)  0,364 f 0.003 

a The polarization of oxidized and reduced thiore- 
doxin in 0.1 M phosphate buffer (pH 6.8) was measured 
at 5 O. The limiting polarization was the asymptotic 
value obtained on measuring the fluorescence polari- 
zation of reduced thioredoxin in a 2 : l  glycerol-water 
mixture between - 5 and 20". 

Optical Rotatory Dispersion and Circular Dichroism. 
The optical rotatory dispersion curves of the oxidized 
and reduced forms of thioredoxin are quite similar 
between 220 and 300 mp (Figure 3). For these experi- 
ments, thioredoxin was reduced with DTE to avoid 
an optical density and optical rotatory contribution 
from TPNH and TPN+. Both forms of thioredoxin 
showed a trough at 234 i 2 mp and a crossover point 
at 223 =t 2 mp. The mean residue rotation [M']  of 
the oxidized form was -2050 f 100, while [M']  
of the reduced form was - 2250 i 100. 

The circular dichroism of the oxidized and reduced 
forms of thioredoxin between 215 and 300 mp were 
nearly superimposable (Figure 3). A minimum was 
observed at 221 * 2 mp, where the ellipticity was 
- 5000 + 1000 deg cm2/dmole. 
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Discussion 

The large increase in fluorescence quantum yield 
accompanying reduction of thioredoxin indicates 
that there is a significant change in the environment 
of one or both tryptophan residues when the disulfide 
bond is reduced to give the sulfhydryl form of thiore- 
doxin. This conformational change could either be 
localized to the region of the protein containing the 
tryptophan residues or it could be more extensive. 
An ocer-all conformational transition on reduction of 
tlzioredoxin seems unlikely since little change was ob- 
serred in the optical rotatory and fluorescence polariza- 
tion spectra. The similarity of the optical rotatory 
dispersion and circular dichroism spectra of the oxidized 
and reduced forms of thioredoxin indicates that there 
is no appreciable change in the a-helical content upon 
reduction. It is likely that a change in the helicity of 
five residues would have been detected. The values 
obtained here for [M']233 and for [&,, suggest that 
thioredoxin has a low a-helical content (Carver et al., 
1966; Holzwarth and Doty, 1965). The small differ- 
ences in the optical rotatory and circular dichroism 
spectra of the oxidized and reduced forms may reflect 
the rotatory contribution of the disulfide chromophore 
(Beychok, 1966). A second finding, based on the con- 
stancy of the fluorescence polarization of dansylated 
thioredoxin in the oxidized and reduced forms, is that 
the rotational relaxation time of the protein is unaffected 
by reduction of the disulfide bond. This observation 
suggests that reduction of thioredoxin does not lead 
to a large change in the shape or flexibility of the 
molecule. The fluorescence of the dansyl chromophore 
attached to thioredoxin is only partially polarized, 
and so fluorescence polarization would have revealed 
large-scale structural changes if they had occurred. 
In addition, in a previous experimental study (Laurent 
et al., 1964), there was no detectable difference in the 
sedimentation coefficient of the oxidized and reduced 
forms of thioredoxin. The absence of any change in 
the translational frictional cvefficient also suggests 
that there is no gross conformational change on reduc- 
tion of thioredoxin. These findings lead to the conclu- 
sion that there is a localized conformational change on 
reduction of thioredoxin. Furthermore, one or both 
tryptophan residues are located near the actice site of 
the protein. 

The 2.5-fold increase in quantum yield on reduction 
of thioredoxin is one of the largest observed fluorescence 
changes accompanying a conformational change in a 
protein. It should be noted that the present data do 
not reveal whether the increased quantum yield arises 
from a change in environment of one or both of the 
tryptophan residues in the enzyme. A study of the 
nanosecond kinetics of the tryptophan emission might 
distinguish between these alternatives. 

2 This conclusion is supported by the recent unpublished 
work of A. Holmgren on the amino acid sequence of thiore- 
doxin. A decapeptide obtained in 40% yield from a partial pep- 
sin digest contains two tryptophans and two half-cystines. 
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FIGURE 3 : Optical rotatory dispersion and circular 

forms of thioredoxin. Spectra were taken at 25". 
dichroism of the oxidized (- - - -) and reduced (- 1 

The sensitivity of the quantum yield of fluorescence 
to the structural change accompanying reduction of 
thioredoxin is related to the low quantum yield, q = 
0.04, of the oxidized form. This value should be com- 
pared with the quantum yield of L-tryptophan in 
water, q = 0.20, and the yields of a series of tryptophan 
containing proteins for which q ranges from 0.038 to 
0.152 (Teale, 1960). These values of q are based on 
over-all quantum yield at 280 mp. When corrected 
for the fractional absorption of tryptophan at 280 
mp, q' ranges from 0.05 to 0.475 for these proteins, 
while for oxidized thioredoxin, q' = 0.052. On reduc- 
tion, the quantum yield of thioredoxin increases to a 
value more typical of proteins that contain tryptophan. 
It is evident that the conformational change accom- 
panying reduction of thioredoxin abolishes a strong 
quenching interaction present in the oxidized protein. 

The fluorescence of tryptophan can be quenched 
in a number of ways. Proton-transfer reactions may 
occur during the excited-state lifetime (Weber, 1961). 
Loss of the ring NH proton probably gives rise to a 
nonfluorescent species. Alternatively, a proton may be 
transferred to the excited ring. The recent finding of a 
deuterium isotope effect on the quantum yields of 
tryptophan and indole suggests that proton transfer 
is an important mechanism of quenching (Stryer, 1966). 
In addition, hydrogen bonding between the imino 
hydrogen of the indole nucleus and an acceptor such 
as the carbonyl oxygen of the peptide backbone has 
been implicated as an interaction that results in quench- 
ing (C.  H. Suelter and G. Weber, to be published). 1019 
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Finally, it seems likely that interactions between adja- 
cent tryptophan residues tend to lower the quantum 
yield, since a block copolymer of lysine and tryptophan 
has a lower quantum yield than the randomly sequenced 
copolymer (Fasman et af., 1966). It is not yet possible 
to determine which of these interactions is altered 
when thioredoxin is reduced. 

In contrast to the quantum yield, the wavelength 
of the emission maximum is the same for the oxidized 
and reduced forms of thioredoxin. The emission maxi- 
mum of tryptophan is known to be sensitive to the 
polarity of its environment. In native proteins, the 
emission maximum ranges from 328 mp, indicative 
of a nonpolar environment, to 342 mp, for a highly 
polar environment (Teale, 1960; Green, 1964). The 
emission maximum of thioredoxin, 342 mp, reveals 
that its tryptophan residues are in a distinctly polar 
environment. The constancy of the emission maximum 
on reduction indicates that the polarity of the environ- 
ment of the tryptophan residues is unaffected by the 
conformational change. 

This study emphasizes the usefulness of fluorescence 
techniques in investigating certain types of conforma- 
tional changes in proteins. The recent observation of 
fluorescence changes accompanying the binding of in- 
hibitors to lysozyme shows that the intrinsic fluores- 
cence of proteins is sensitive to small conformational 
changes at the active site if tryptophan residues are 
located in that region (Lehrer and Fasman, 1966). In 
lysozyme, it is known from X-ray studies that the 
binding of inhibitors does not lead to gross structural 
changes (Johnson and Phillips, 1965). 

The conformational change accompanying the con- 
version of oxidized to reduced thioredoxin may affect 
the binding affinity of thioredoxin to other proteins. 
Oxidized thioredoxin must be bound by thioredoxin 
reductase in order to be converted to the reduced 
form. In  turn, reduced thioredoxin must interact with 
the B1 and B2 enzymes. The binding sites of oxidized 
and reduced thioredoxin necessarily overlap to an 
appreciable extent, since the disulfide or sulfhydryl 
group is common to both. Preferential binding of the 
oxidized form of thioredoxin to thioredoxin reductase 
would be favored by a conformational difference be- 

tween the oxidized and reduced forms of thioredoxin 
apart from the state of the disulfide bond. Similarly, 
such a conformational change might favor preferential 
binding of the reduced form to the B proteins. Studies 
on the binding affinities of these proteins are needed 
to test this hypothesis. 
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