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Background: Thioredoxin is a ubiquitous protein and
is involved in a variety of fundamental biological func-
tions. Its active site is conserved and has two redox ac-
tive cysteines in the sequence Trp-Cys-Gly-Pro-Cys. No
structures of the oxidized and reduced states from the
same species have been determined at high resolution
under the same conditions and using the same methods.
Hence, any detailed comparison of the two oxidation
states has been previously precluded.

Results: The reduced and oxidized states of the (C62A,
C694, C73A) mutant of human thioredoxin have been
investigated by multidimensional heteronuclear NMR.
Structures for both states were determined on the basis
of approximately 28 experimental restraints per residue,
and the resulting precision of the two structures is
very high. Consequently, subtle differences between the

oxidized and reduced states can be reliably assessed
and evaluated. Small differences, particularly within and
around the active site can be discerned.
Conclusions: Overall, the structures of the reduced
and oxidized states of the (C62A, C69A, C73A) mutant
of human thioredoxin are very similar (with a back-
bone atomic root mean square difference of about 0.9 A)
and the packing of side chains within the protein core
is nearly identical. The conformational change between
oxidized and reduced human thioredoxin is very small
and localized to areas in spatial proximity to the redox
active cysteines. These subtle structural differences, in
addition to the restriction of conformational freedom
within the active site upon oxidation, may be important
for the different activities of thioredoxin involving a va-
riety of target proteins.
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Introduction

Thioredoxin is a ubiquitous dithiol oxidoreductase
found in many organisms and involved in numerous
biochemical processes [1,2]. Although the most widely
studied thioredoxin is from Escherichia coli, thiore-
doxins from other bacteria, bacteriophages, plants, and
mammals have also been isolated and sequenced, and
have been found to exhibit between 25 and 70 % se-
quence identity with E. coli thioredoxin [3]. Thiore-
doxin activity is related to the thiol-disulfide redox
chemistry of two cysteine residues found in the con-
served active site sequence Trp-Cys-Gly-Pro-Cys which
is present in all species [1,2]. Thioredoxin acts as a
hydrogen donor for reductive enzymes such as ribonu-
cleotide reductase [4,5]; functions as a general reduc-
tant for disulfides in proteins including insulin, oxy-
tocin, and fibrinogen [1]; and serves as a regulatory fac-
tor for enzymes or receptors in photosynthetic systems
[6]). Specific activities associated with human thiore-
doxin include the induction of interleukin-2 receptor
expression [7], autocrine growth factor properties (8],
and the stimulation of the DNA-binding activity of the
transcription factor NF-xB [9,10].

The mechanism of the redox-related functions of E.
coli thioredoxin has been proposed to involve nucle-
ophilic attack by the more reactive Cys32 thiolate anion
on a disulfide-containing substrate, producing a mixed-
disulfide intermediate, which is then attacked by the

thiolate of Cys35 to yield a reduced substrate and free,
oxidized thioredoxin [11]. A number of experimen-
tal measurements including fluorescence [12], NMR
[13-15], hydrogen exchange [16], specific volume and
adiabatic compressibility [17] have indicated that there
are subtle conformational differences between the oxi-
dized and reduced states of thioredoxin, the nature of
which have not yet been characterized.

E. coli thioredoxin also has several non-redox related
functions. For example, it constitutes an essential sub-
unit in the phage T7 DNA polymerase and is required
in the assembly of filamentous phages [18,19]. These
activities are associated with the reduced protein, and
it has been established that the redox cycle is not re-
quired since mutants of thioredoxin with one or both
active site cysteines replaced by serine or alanine are
also active [19]. Subtle structural and dynamic differ-
ences between the reduced and oxidized forms have
been invoked to explain these functional changes [20].
Mutagenesis studies indicate that the conserved active
site region plays an important role in interacting with
other proteins for both redox and non-redox related
functions of thioredoxin [18,19,21-24]. In contrast to
our extensive knowledge about E. coli thioredoxin, lit-
tle is known about the functional activities of human
thioredoxin beyond its general redox properties.

The three-dimensional structures of a number of dif-
ferent thioredoxins have been determined, with the
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aim of shedding light on the catalytic mechanism of
thioredoxin. These include the structure of oxidized E.
coli thioredoxin by X-ray crystallography [25,26], and
the solution structures of reduced E. coli [27] and hu-
man [28] thioredoxins determined by two-dimensional
NMR. The E. coli and human proteins exhibit very sim-
ilar three-dimensional folds despite the large variation
in amino acid sequence (25 % sequence identity with
some deletions and insertions). However, none of the
structures were determined at high resolution under
the same conditions and using the same methods for
both the reduced and oxidized states of thioredoxin
from the same species. Hence, dny detailed compar-
isons of the oxidized and reduced states is precluded,
particularly as the structural differences are clearly very
subtle in nature. Moreover, the precision and accu-
racy of the two previous NMR structure determinations
of reduced E. coli [27] and human [28] thioredoxins
would be insufficient to permit the detection of minor
changes between the reduced and oxidized states.

Clearly, a detailed structural comparison between re-
duced and oxidized forms of human thioredoxin will
be of considerable importance for understanding the
functional properties of human thioredoxin and of
thioredoxins in general. The comparison may also shed
light on the structural role of the reduced state of
thioredoxin for its non-redox related function.

In this paper we present high-resolution three-dimen-
sional structures of the reduced and oxidized states
of the triple Cys —Ala mutant (C62A, C69A, C73A) of
human thioredoxin in solution using multidimensional
heteronuclear NMR spectroscopy. This mutant, rather
than the wild-type protein, was chosen for study in
order to circumvent any problems arising from inter-
molecular disulfide bond formation by the three free
non-active site cysteine residues upon oxidation. Pre-
vious studies have shown that this mutant has virtually
the same activity as the wild-type protein and that the
structures of the mutant and wild-type proteins are es-
sentially indistinguishable [29]. The present structures
have been determined on the basis of about 28 experi-
mental restraints per residue. As a result, the precision
with which the coordinates have been determined is
very high, namely 0.18-0.19 A for the backbone atoms,
0.58-0.60 A for all atoms, and 0.30-0.31 A for all atoms
of residues which do not exhibit conformationat disor-
der in solution. This represents an approximately 50 %
increase in the number of nuclear Overhauser enhance-
ment (NOE) derived interproton distance restraints, a
120 % increase in the backbone precision and a 70 %
increase in the precison of ordered side chains relative
to our previous structure determination of wild-type
reduced human thioredoxin [28]. As a result, subtle
differences between the oxidized and reduced states
can be observed with great confidence. We show that
while the global fold is extremely similar between the
reduced and oxidized forms of human thioredoxin,

there exist some important localized conformational
differences particularly in the active site region.

Results and discussion

The converged structures

With the exception of interproton distance restraints
between NH protons which were derived from a
three-dimensional (3D) 15N-separated NOE spectrum
[30,31], all the interproton distance restraints were
derived from 4D 15N/13C-separated and 13C/13C-sep-
arated NOE spectra [32-34]. In the 4D 15N/13C-sep-
arated spectrum, through-space interactions between
NH protons and carbon-attached protons are ob-
served, while in the 4D 13C/13C-separated spectrum
the through-space interactions involve only carbon-
attached protons. Examples of the quality of the 4D
heteronuclear-separated spectra are shown in Fig. 1.
The final sets of 40 simulated annealing structures for
the reduced and oxidized states of the (C62A, C69A,
C73A) mutant of human thioredoxin were based on
2933 and 3018 experimental NMR restraints, respec-
tively. For the reduced structures, these comprise 2571
approximate interproton distance restraints, 273 tor-
sion angle restraints and 89 3Jyy, coupling constant
restraints. For the oxidized structures, these comprise
2649 approximate interproton distance restraints, 278
torsion angle restraints and 91 3]y, coupling constant
restraints. As in all structure determinations from our
laboratory [35], the NOE-derived interproton distance
restraints are treated in a very conservative manner and
are simply classified into four distance ranges: 1.8-2.7 A
(1.8-2.9A for NOEs involving NH protons), 1.8-3.3A
(1.8-3.5A for NOEs involving NH protons), 1.8-5.04
and 1.8-6.04, corresponding to strong, medium, weak
and very weak NOEs, respectively [36,37]. In addition,
stereospecific assignments were obtained for 51 out of
the 69 B-methylene groups, and for all methyl groups of
the 6 leucine and 11 valine residues. Thus, the average
number of experimental NMR restraints per residue
is 27.9 for the reduced state and 287 for the oxi-
dized state. If one considers that the inter-residue NOE
distance restraints affect two residues, while the intra-
residue ones affect only one residue, there are an av-
erage of 42.0 and 43.7 experimental distance restraints
affecting the conformation of each residue for the re-
duced and oxidized states, respectively. A summary of
the distribution of NOEs per residue is shown in Fig. 2,
and a plot of the backbone chemical shift differences
between the two oxidation states is provided in Fig.
3. A summary of the structural statistics, and of the
atomic root mean square (rms) differences and angular
standard deviations of the backbone and side chain tor-
sion angles is provided in Tables 1 and 2, respectively.
Plots of the atomic and torsion angle rms deviations of
the coordinates of the simulated annealing structures
as a function of residue are provided in Figs 4a and
5b, respectively, and best fit superpositions of the en-
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sembile of structures are shown in Fig. 6. All the struc-
tures satisfy the NMR interproton distance, torsion an-
gle and 3Jy;n,, coupling constant restraints within exper-
imental error, display very small deviations from ideal-
ized covalent geometry, and exhibit good non-bonded
contacts as exemplified by large negative values of the
Lennard—Jones van der Waals energy (Table 1). There
are no violations >0.34 for the interproton distance
restraints or >3° for the torsion angle restraints, and
there are no systematic interproton distance violations
between 0.1 A and 0.3 A among the two ensembles of
calculated structures. In addition, all the ¢, \ backbone
torsion angles lie within the allowed regions of the Ra-
machandran plot. Specifically, excluding glycines, 80 %
of the residues lie in the most favored regions and 20 %
in the additional allowed regions of the Ramachandran
plot as defined by the program PROCHECK [38].

As is evident from the data in Table 2 and Figs 4, 5
and 6, the structures are exceptionally well-determined
with a backbone atomic precision of 0.19 A and 0.18 A
for the reduced and oxidized states, respectively, and
average ¢ and \ angular rms deviations of about 1.5°
and 3°, respectively. (Note that the precision of the
coordinates is given by the value of the average atomic
rms deviation of the individual structures in a given en-
semble from the overall mean coordinate positions for
the ensemble.) In addition, the precision for ordered
side chains (0.3A) is only slightly higher than that for
the backbone atoms. As a substantial number of the
side chain atoms at the surface of the molecule are
disordered, the precision of all atoms is clearly lower
(~0.64). A key aspect of being able to compare the
structures of the reduced and oxidized states lies not
only in the precision of the structures but, more im-
portantly, in their accuracy. A recent detailed investi-
gation of the factors affecting the precision and accu-
racy of NMR structures showed that the overall ratio
of precision to accuracy for an ensemble of calculated
structures remains fairly constant and, taking into ac-
count uncertainties arising from the representation of
the non-bonded interactions, has a value of ~0.4 for
backbone atoms, ~0.6 for all atoms and ~0.5 for all
ordered atoms [39]. This translates into an estimated
accuracy for the ensemble of calculated structures of
~0.54 for the backbone atoms, ~1.0A for all atoms
and ~0.6A for all ordered atoms. However, the ac-
curacy of the mean coordinates is always higher than
that of the ensemble [39,40] and the ratio of the mean
coordinate position accuracy to the ensemble accuracy
is also approximately constant with values of ~0.8,
~0.6 and ~0.7 for backbone atoms, all atoms and all
ordered atoms, respectively [39]. Thus, the estimated
accuracy of the mean coordinates for the reduced and
oxidized states is ~0.4A for the backbone atoms and
all ordered atoms, and ~0.6A for all atoms.

An independent assessment of accuracy can be ob-
tained by complete cross-validation [41]. To this end,

a series of simulated annealing calculations with com-
plete cross-validation was carried out on the final sets
of 40 structures for both the reduced and oxidized
states. In these calculations, the experimental NOE re-
straints were randomly partitioned into a test set com-
prising ~10% of the data (which is left out of the
target function) and a reference set. Because each NOE
is specific to a pair of protons and because certain
NOEs carry more structural information than others
(for example, NOEs between residues far apart in the
sequence compared with intra-residue or sequential
NOEs), the test set is different for each structure cal-
culation. By this means, it is possible to assess not
only how well the omitted restraints in the test set
are predicted by the remaining restraints in the ref-
erence set, but also how the omission of data affects
the coordinate positions. The average rms deviation
from the interproton distance bounds in the test data
sets is 0.13A which is a factor of 10 higher than in
the reference set and the average number of violations
>0.54 (but <1.0A) for the test sets is 3.0 + 1.7 and
3.1 £2.1 for the reduced and oxidized ensembles of
cross-validated strcutures, respectively. (Note that the
violations in the test sets invariably involve surface side
chains.) These values are a factor of about two smaller
than those for the high-resolution NMR structure of
the immunoglobulin-binding domain of protein G [41]
and demonstrate the high degree to which each inter-
proton distance is predicted by the remaining ones.
The precision of the ensemble of structures calculated
with complete cross-validation relative to the structures
calculated without it is unchanged for all atoms and
only 20% lower 'for the backbone atoms. Moreover,
the shift in the mean coordinate positions between the
structures calculated before and after complete cross-
validation is 0.08 A for the backbone atoms of both the
reduced and oxidized states, and 0.16 A and 0.15A for
all atoms of the reduced and oxidized states, respec-
tively. Thus, the difference between the mean coordi-
nate positions before and after complete cross-valida-
tion is significantly smaller than the precision of the
ensemble of structures. These results indicate the high
degree of completeness of the experimental data and
provide a reliable indication of the accuracy of the
structures.

The overall fold

The three-dimensional structure of the (C62A, C69A,
C73A) mutant of human thioredoxin is clearly very
similar to that of the wild-type protein. The backbone
atomic rms differences between the mean structures of
the reduced wild-type [28] and reduced mutant pro-
teins and between the mean structures of the reduced
wild-type and oxidized mutant proteins are 0.79 A and
0.714, respectively. Given the precision (0.4A) and
consequent accuracy ( ~0.84; [39]) of the mean back-
bone coordinate positions of the reduced wild-type
protein [28], one can conclude that, within the errors
of the coordinates of the wild-type protein, there is
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Fig. 1. Examples of (a),(b) 3C(F,}~H(F,) planes of the 4D 15N/13C-separated NOE spectra and (c),(d) 4D 13C/13C-separated NOE spectra
of the reduced and oxidized states of the (C62A, C69A, C73A) mutant of human thioredoxin. Spectra of reduced thioredoxin are shown
in (a) and (©) and of oxidized thioredoxin in (b} and (d). The destination proton in (a) and (b} is the NH of Ser28 and in (c) and (d) is the
CY2H;3 methyl §roup of Val25. Peaks that are not labeled in (c) and (d) have their maximum intensity in an adjacent plane and do not

involve the CY2H; group of Val25.

no significant difference between the structures of the
wild-type and mutant proteins. The structures of the
human protein are also closely similar to those of the E.
coli protein [26] exhibiting a backbone rms difference
of 1.5-1.7 A with 99 to 101 residues superimposed, as
expected given their 25 % sequence identity.

The key question in understanding the enzymatic prop-
erties of thioredoxin concerns the differences between
the oxidized and reduced protein. Spectroscopic stud-
ies of the E. coli protein [12] demonstrate a confor-
mational change, but in order to assess the magni-
tude and pertinent features of this change, a com-
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parison of high quality structures is necessary. The
structures of the reduced and oxidized states of the
(C62A, C69A, C73A) mutant of human thioredoxin
are such structures, and, perhaps surprisingly, no ma-
jor differences are apparent (Fig. 6). The structures
comprise a five-stranded B-sheet (residues 1-5, 22-28,
53-59, 75-81 and 84-91) surrounded by four a-helices
(residues 7-17, 3349, 62-70 and 94-105) and a small
helical turn (residues 58-62). The five strands are ar-
ranged in a —2x, +1x, —2, —1 topology [42] with
a B1(p)B3(p)B2(a) B4(a)B5S arrangement. Helices al,
o2 and a4 are oriented approximately parallel to the
direction of the sheet, while helix a3 is oriented ap-
proximately perpendicular to the direction of the sheet.
Helices a2 and o4 are located on one side of the sheet
and display many characteristics of coiled-coil helix in-
teractions as described previously [28]. The active site
loop which forms a nob-like protrusion on the exterior
of the protein extends from Ala29 at the end of strand

B2 to Lys36 at the end of the first turn of helix o2,
encompassing the active site cysteines at positions 32
and 35.

Differences in experimental NMR parameters between
the oxidized and reduced states

3June coupling constants and backbone (NH, 15N,
CoH, 13C* and 13CB) chemical shifts are highly sen-
sitive markers for local conformational and electronic
changes. Plots of the differences in 3]y, coupling con-
stants and chemical shifts between the oxidized and re-
duced states are provided in Figs 2 and 3, respectively.
The accuracy with which the 3Jy,, coupling constants
are measured is +0.5Hz, so differences greater than
0.8 Hz can be considered significant. Deviations of this
magnitude are seen in the middle of helix a1 (residue
10), at the beginning (residue 24) and end (residues
28 and 29) of strand B2, towards the end of helix o2
(residue 46), towards the end of strand B3 (residue
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where the summation extends over the
five atoms, and d.4 and 8, are the
chemical shifts observed in the re-
duced and oxidized states, respectively,
and Amax is the largest chemical shift
change observed for each type of nu-
cleus [88]. In the case of the chemical
shift differences for the two active site
cysteine residues at positions 32 and 35,
the difference is taken relative to the
random coil shifts of free and disulfide

10 40 Residue 7080 90 100 linked cysteines (i.e. {[§;e4- Oeqlrandomi-
[8,,- 8o randoml]} in order to remove
ﬂ-] a B2 @ B3 ;: @ T ? ’ ag th%x effgéts of disulfide bond formation

56), in the small helical turn (residues 58 and 62), at
the end of helix a3 (residue 69), and at the beginning
of strand B4 (residues 76 and 77). Unfortunately, no
accurate values of 3Jpng coupling constants could be
measured for the active site (residues 32-35). In con-
trast to the lack of coupling contant information within
the active site, the largest chemical shift differences are
observed for a region extending from the end of strand
B2 (residue 28) to the middle of helix a2 (residue 40)
which includes the active site (residues 29-36). In ad-
dition, chemical shift differences are found for residues
extending from strand P1 to the beginning of helix ol
(residues 2-9), from the end of strand B3 to the begin-
ning of helix a3 (residues 57-64), and in the loop con-
necting helix a3 to strand B4 (residues 69-76). Thus, in
general, there is good agreement between the coupling
constant and chemical shift data.

The principal source of structural information used to
compute three-dimensional structures by NMR lies in

on the cysteine chemical shifts.

the interproton distance information derived from the
NOE spectra. There are numerous differences both in
pattern and relative intensities spread throughout the
structure. Many of these differences, however, are sub-
tle. At a global level, regions that are distinct in the
oxidized and reduced structures may be appreciated
by a comparison of the number of NOEs observed per
residue (Fig. 2e). The largest differences in number of
observed NOEs occur in helices al and o2. In partic-
ular, Leul5 (which is located towards the carboxy-ter-
minal end of helix «1) stands out, exhibiting substan-
tially more NOEs in the oxidized than in the reduced
state. Closer inspection of the identity of these NOEs
reveals an approximately three-fold increase in medium
and long range NOEs. These do not necessarily reflect
major structural changes as the r~¢ dependence of the
NOE makes it exquisitely sensitive to the distance sepa-
rating a given proton pair. Moreover, NOEs can also be
attenuated by internal motion. Inspection of the calcu-
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Table 1. Structural statistics and atomic rms differences.2

Reduced Oxidized
<SAred> (SAredr <SAg> (SAgr
Rms deviations from experimental distance restraints (A)

All (2571/2649) 0.008 £ 0.0003 0.006 = 0.0005 0.010
Inter-residue sequential §i—j| = 1) (589/521) 0.008 £ 0.0003 0.070 0.003 £ 0.0009 0.004
Inter-residue short range (1 <} —j|<5) (470/530) 0.009 £ 0.0007 0.015 0.009 + 0.001 0.014
Inter-residue long range { — j) > 5) (677/795) 0.008 £ 0.0006 0.011 0.007 + 0.0006 0.013
Intra-residue (731/709)¢ 0.005 £ 0.0005 0.005 0.003 £ 0.0003 0.004
Bound water (44/52)de 0.009 £ 0.002  0.008 0.009 + 0.002  0.010
Hydrogen bond (60/42)¢ 0.011 £ 0.002  0.008 0.010 £ 0.002 0.010

Rms deviations from complete cross-validated experimental distances (A 0.13 £ 007 0.13 & 0.06
Rms deviations from 3),, couping constants (Hz) (89/91)8 0.33 £ 0.008 0.36 0.31 &+ 0.009 0.32
Rms deviations from experimental dihedral restraints (*) (273/278)bh 0.160 £ 0.015  0.160 0.160 £ 0.024  0.222

Deviations from idealized covalent geometry
Bonds (A) (1653/1654)
Angles {°) (2985/2986)
Impropers () (838/838)

Fnoe keal mol =i

Fdihed kealmol =i

0.003 £ 0.00005 0.004
0.480 £ 0.003  0.504
0.227 £ 0.003  0.248
833 + 0.54 14.1
0.44 £+ 0.09 0.44

0.003 + 0.00005 0.004
0.475 £ 0005 0511
0.225 £ 0.004  0.261
5.47 £ 0.93 14.5
046 £ 0.15 0.87

Feoup tkcal mol =i 107 £ 05 11.2 87 05 9.3
Frepel (keal mol =) 137 £ 06 17.6 133+ 09 17.9
E.y tkealmol — Mk —493 7 ~—476 —479%7 —472
Eseg (keal mol =1k -121+3 —126 —-122 %2 —128
Radius of gyration (A} 1291 £ 002 1294 1289 +£ 002 1293

aThe notation of the NMR structures is as follows: <SA 4> and <SA,, > are the ensembles comprising the final 40 simulated annealing structures of
the reduced and oxidized states of the (C62A, C69A, C73A) mutant of human thioredoxin, respectively; SA,oq and SA are the mean structures obtained
by averaging the coordinates of the individual structures in the <SA.4> and <SA,> ensembles, respectively, best fitted to each other; @Xred)r and
(SAyr are the restrained minimized mean structures obtained by restrained regularization of the mean structures SAqqand SA,,, respectively [74]. The
number of terms for the various restraints is given in parentheses and applies to the entire dimer. ®None of the structures exhibit distance violations
greater than 0.3 A, dihedral angle violations greater than 3°, or 3J, coupling constant violations greater than 2 Hz. Furthermore, the average number
of 3Jng coupling constant violations between 1 and 2Hz is 0.03 £ 0.16 and 1.18 £ 0.74 for the <SAoq> and <SA., > structures, respectively. <Only
structurally useful intra-residue NOEs are included in the interproton distance restraints. Thus, intra-residue NOEs between protons separated by two
bonds or between non-sterospecifically assigned protons separated by three bonds are not incorporated in the restraints. 9For the reduced protein, the
distance restraints involving the six bound water molecules comprise 16 interproton distance restraints between protein protons and water protons
and 28 distance restraints relating to hydrogen bonds; for the oxidized protein there are an additional 8 distance restraints for a seventh bound water
molecule which comprise 2 interproton distance restraints between protein protons and water protons and 6 distance restraints related to hydrogen
bonds. ¢For each backbone hydrogen bond there are two distance restraints: ryy o, 17-2.5A; ry_o, 2.3-3.5A. These hydrogen bonding restraints
account for the slowly-exchanging amide protons and were only included in the final stages of refinement. fSimulated annealing with complete cross-
validation [41] was carried out on the final set of <SA, > and <SA.,q> structures, and the average rms deviation for the test sets comprising
~10% of the data is reported. (Note that the test set for each structure calculation is different.) 8The 3),;y4 coupling constants included directly in
the refinement comprised only those that could be measured from the three-dimensional HNHA experiments to an accuracy of 0.5Hz or better [52].
Thus, couplings associated with resonances that exhibit overlap of their 1N and NH chemical shifts were not included. hThe torsion angle restraints
comprise 104 ¢, 71 {, 78 y, and 20 y, angles for the reduced state and 104 ¢, 76 {, 78 ¥ and 20 y, angles for the oxidized state. The minimum
ranges employed for the &, Y, ¢, and y, restraints were +10°, £50°, £20° and £20°, respectively. The narrow range for some of the drestraints
was made possible by the availability of highly accurate 3), coupling constant data obtained from the three-dimensional HNHA experiment [52]. In
all cases, the angular standard deviations of the torsion angles for the ensemble of <SA,q> and <SAg, > structures were much smaller than the
ranges employed for the corresponding torsion angle restraints. iThe improper torsion restraints serve to maintain planarity and chirality. iThe force
constants for the square-well quadratic potentials representing the NOE (Fyop) and dihedral angle (Fgineq) restraints and for the harmonic potential
representing the coupling constant restraints (F.o,,,) were 50kcal mol=1A~2 200kcal mol~"rad =2 and Tkcalmol~"1Hz=2, respectively. The force
constant for the quartic van der Waals repulsion term (Fgpe) is 4 kcal mol 1 A~ 4 with the hard sphere van der Waals radii set to 0.8 times their values
in the CHARMM PARAM19/PARAM20 energy parameters [83,84]. kE, _; is the Lennard—Jones van der Waals energy calculated with the CHARMM [83,84]
empirical energy function and Egg is the solvation free energy of folding calculated as described in [85]. These two terms are not included in the target
function for simulated annealing or restrained minimization.

lated structures does indeed reveal that Leul5 is more
closely packed in the oxidized than in the reduced state

states as defined by the presence of NOEs between a
particular residue pair in one state and their absence

against residues located in the carboxy-terminal end
of strand B4, the loop connecting B4 and BS, and the
amino-terminal end of strand B5 (residues 8-85). Table
3 summarizes some of the major differences in long
range NOE contacts between the reduced and oxidized

in another state. The majority of these involve NOE
side chain—side chain contacts across the strands and
between strands and helices within the protein core,
indicative of minor side chain rearrangements. In ad-
dition, there are significant differences in the NOEs in-
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Table 2. Atomic rms differences and torsion angle deviations for the
simulated annealing structures of the reduced and oxidized states of
the (C62A, C69A, C73A) mutant of human thioredoxin.

Atomic rms Backbone All All ordered
differences (A) atoms atoms atomsb
Reduced
<SAreq> Vs SAreq 019+£002 060003 030002
<SAg>Vs BAgr 020002 069 +004 035003
(SAreg)t V5 SAreq 0.08 0.34 017
Oxidized _
<SAg> VS Sﬁ,x 0.18 £ 0.02 0.58 + 0.03 0.31 4+ 003
<SAgy > vs (SA 0.20 £+ 0.02 0.65 £ 0.05 0.36 £ 0.04

(SAGr vs SAg, 0.08 0.34 0.17
Reduced versus oxidized

[<SAq>Vvs <SAg> 092+£004 131+005 107 £ 005
SArq V5 SAgy 0.86 1.00 0.94
(SAeg)r vs (SA,)r 0.85 107 096
<SAeq> VS SAny 088+£004 116£005 099 +004
<SAg > VS SAreg 088+ 004 115+ 004 099 + 004
Angular standard deviations (°) <SAreq> <SAy >
¢ 14+ 26(104) 14 %22 (104
V 29 + 3.4 (104 3.3+ 36 (104
Y4 82£167(89) 84 % 16.2 (89)
%19 27 % 2.2 (80) 3.5+ 4.1 (81)
%2 298 4298 (64) 287  29.4 (64)
28 6.5+ 8.5 (38) 7.0 £ 96 (38)

aThe notation of the structures is the same as in Table 1. bThe atoms included
comprise all N, C2, C, O and CP atoms of residues 1—105; all water molecules;
the complete side chains of residues 2, 5, 7-9, 10, 11, 14, 15, 17-19, 22-25,
27, 29-35, 38, 4043, 45, 46, 49-55, 57, 59, 60, 62, 65-67, 69, 71, 73-80, 83,
86~92, 97 and 99-105; and the side chains of Met1 up to CB, Lys3 up to CY,
GIn4 up to C8, Glué up to CY, Lys8 up to C3, GIng up to C3, GIn12 up to
CB, Glu13 up to CY, Asp16 up to CY, Asp20 up to CY, Lys21 up to C8, Asp26
up to CY, Ser28 up to CP, Lys36 up to C5, Met47 up to CB, Lys39 up to C3,
Ser44 up to CB, Glu47 up to C, Lys48 up to C8, GluS6 up to C5, Asp58 up
to CY, Asp61 up to CY, GIn63 up to CPB, Asp64 up to C, Glué8 up to CE,
Glu70 up to C3, Lys72 up to CY, Lys81 up to C3, GIn84 up to CY, Lys85 up
to C8, Gluss up to CB, Asn93 up to CY, Lys94 up to C¥, Glug5 up to C7,
Lys96 up to C3, and Giu98 up to C. <The number of residues is given in
parentheses. 9Angular standard deviations for %, and %, angles, excluding

angles with angular deviations of >40°.

volving the active site residues, Ala29 and Trp31, specifi-
cally to Asp60 in the helical turn and to Pro75 in strand
B4 which are present in the reduced state but not
the oxidized state. Interestingly, a large number of the
residues in Table 3 are conserved in all thioredoxins
and have been proposed to reside in the interaction
sites with other proteins [3].

Structural differences between the oxidized and reduced
states

A superposition of the backbone atoms for the ensem-
ble of simulated annealing structures of the reduced
and oxidized states (40 structures each) is shown in
Fig. 6¢, and a superposition of the backbone of the
mean coordinates is shown in Fig. 7. From these figures
it is apparent that although the overall difference be-
tween the two states is small, regions of noticeable dif-
ferences exist, as manifested by areas where the ensem-

ble of structures for the two states do not overlap (Fig.
6¢). A quantitative assessment of whether the regions
of difference are significant can be obtained by com-
paring the atomic rms differences between the mean
coordinate positions with the sum of the coordinate
precisions for the two ensembles (Fig. 4b). The overall
ratio for these two numbers is ~ 2.3 for the backbone
atoms, ~0.9 for all atoms and ~1.5 for all ordered
atoms. Whenever this ratio exceeds one, the probabil-
ity of the two ensembles being genuinely different is
greater than 95 %. Significant differences at the local
level can be extracted by comparing the torsion an-
gle rms differences between the two mean coordinates
with the sum of the torsion angle standard deviations
for the two ensembles (Fig. 5b). In general, the areas
of difference at the structural level correlate well with
the chemical shift and coupling constant differences
discussed above.

Inspection of the data in Figs 4b, Sb, 6¢ and 7 re-
veal that the most significant backbone differences are
found in the active site, in particular residues 30-32, in
helices &2, a3 and a4, and in the loop connecting helix
al and strand 2.

A detailed view of the active site, including side chains,
is provided by the superposition of the restrained min-
imized mean structures of the oxidized and reduced
states shown in Fig. 8a. Substantial differences (>15°)
in the ¢ torsion angles of residues Ser28, Ala29, Thr30,
Trp 31, Cys32, Cys35 and Lys36 and in the { an-
gles of residues Ser28, Ala29, Thr30, Pro34, Cys35 and
Lys36 are observed between the reduced and oxidized
states. This can be attributed to a slight shortening of
the Co—C distance by approximately 0.1A between
Cys32 and Cys35 upon formation of the disulfide bond
(Table 4), and a change in the y; angle of Cys35 from
—50.9 £3.1° in the reduced state to —39.1 £0.7° in
the oxidized state. The latter difference is clearly ap-
parent in Fig. 8a. The difference in the y; angle of
Cys32 in the two states (166.5 £1.1° in the reduced
form and 160.6 £0.8° in the oxidized form), on the
other hand, is much smaller. Associated with this, the
parameters for the hydrogen bond between the SY
atom of Cys32 and the backbone amide of Cys35,
which is in part responsible for the anomalously low
pK, (~6.3) of Cys32 [43] and hence its high reactiv-
ity [11], are very similar in the two oxidation states
(Table 4). Indeed, the SY (Cys32)-NH(Cys35) and SY
(Cys32)-N(Cys35) distances in the two states are iden-
tical within the errors of the current coordinates, and
the only significant change is a ~9° reduction in the
SY (Cys32)-NH(Cys35)-N(Cys35) angle upon oxida-
tion. This suggests that the hydrogen bond between
SY (Cys35) and NH(Cys35) is slightly weaker in the
oxidized than in the reduced state. Thus, the ~1.14
reduction in the SY-SY distance from 3.11 £0.084 in
the reduced state to 2.02 £0.01 A in the oxidized state
is mainly accomplished by a change in the ¥, angle of
Cys35, as well as accommodating backbone changes.
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Fig. 4. (a) Atomic root mean square (rms)
distribution of the individual simulated
annealing structures about the mean
coordinate positions for reduced (blue)
and oxidized (red) states of the (C62A,
C69A, C73A) mutant of human thiore-
doxin. (b) Comparison of the atomic
rms difference between the restrained
minimized mean structures of the re-
duced and oxidized states of the (C62A,
C69A, C73A) mutant of human thiore-
doxin (green) with the sum of the atomic
rms distribution about the mean coor-
dinate positions for the oxidized and re-
duced states (magenta).
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Fig. 5. (@) Angular standard deviations
for the backbone torsion angles for the
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T simulated annealing structures of the re-
duced (blue) and oxidized (red) states of
the (C62A, C69A, C73A) mutant of hu-
man thioredoxin as a function of residue
number. (b) Comparison of the angular
rms difference between the restrained
minimized mean structures of the re-
duced and oxidized states of the (C62A,
C69A, C73A) mutant of human thiore-
doxin (green) with the sum of the angu-
lar standard deviations for the oxidized

The small difference in the position of the Trp31
side chain in the two states is also easily appreciated
from Fig. 8a and is mainly attributable to the changes
in backbone torsion angles and a 10° change in the
X2 angle (from —77.8 £2.0° in the reduced state to
—87.0 £2.1° in the oxidized state). The y; angle of
Trp31, on the other hand, is only minimally altered
(54.8 £1.3° and 59.1 £1.4° in the reduced and oxi-
dized states, respectively). These minor changes in the
environment of Trp31 are borne out spectroscopi-
cally since only marginal differences are observed in
the tryptophan fluorescence spectrum between the re-
duced and oxidized (C62A, C69A, C73A) mutant of hu-
man thioredoxin (unpublished data).

The differences in the helices between the two states
arise from rigid-body motions of the helices relative to
the underlying sheet. This can be appreciated qualita-
tively from the superpositions shown in Figs 6¢ and
7, and quantitatively by the C*-C% distances from the

and reduced states {magenta).

terminal residues in the helices to residues in the un-
derlying sheet (Table 5). Helices a2 and o3 are dis-
placed outwards at their carboxyl termini in the oxi-
dized state relative to the reduced state. Thus, the
Co—C distances at the amino termini of helices a2 and
a3 between Cys35(a2) and Ser28(f2) and between
Ala62(a3) and Glu6(p1), respectively, are the same in
the oxidized and reduced states. The C*-C% distances
at the carboxyl termini of helices a2 and a3, on the
other hand, between Ser46(a2) and Phe54(B3) and
between Ala69(a3) and Lys85(f5) are 18 % and 13 %
longer, respectively, in the oxidized state relative to the
reduced state. The orientation of helix a4 with regard
to the underlying sheet remains essentially unchanged
(Table 5), but it appears to exhibit a systematic sliding
displacement between the two states (Fig, 7a). Finally,
the orientation of helix a1 with regard to the underlying
sheet also remains unchanged but it is packed slightly
more tightly against residues 80-85 comprising the end
of strand B4 and the beginning of strand B5. This is



Oxidized and reduced states of human thioredoxin Qin, Clore and Gronenborn

Fig. 6. Superpositions of the 40 final
simulated annealing structures of the
reduced and oxidized states of the
(C62A, C69A, C73A) mutant human
thioredoxin. Stereoviews of the best
fit superposition of the backbone, or-
dered side chains and active site cys-
teines for the reduced (a) and oxidized
(b) states, respectively. The backbone
atoms, the side chains and active site
cysteine residues are shown in blue, red
and green, respectively. (c) Stereoview
showing a best fit superposition of the
backbone (N, C% C) atoms, the active
site cysteine residues and the bound
water molecules of the oxidized and
reduced states. The backbone, active
site cysteine residues and bound water
molecules (V-shaped) are shown in blue,
green and blue, respectively, for the re-
duced state, and in red, yellow and pink
for the oxidized state, respectively. The
models were generated with the pro-
gram AVSXPLOR [86].

reflected by a 5% reduction in the C*C2 distance be-
tween Leul5(a1) and Phe80(B4) in the oxidized rela-
tive to the reduced state (Table 5).

As viewed in Fig. 7b, there is also a difference in the ap-
perture of the central cleft formed by the active site and
the two opposing loops (residues 74-76 and 90-92)
which is associated with the changes in the orientation
of helices a2 and o4. This is reflected in a ~10% in-
crease in the C%—C® distances between the triad formed
by Cys35, Pro72 and Ala92 upon oxidation (Table 5).
Thus, the packing of the surface side chains in this
region of the protein is slightly tighter in the reduced
state than in the oxidized state. Interestingly, this is
the site of proposed protein—protein contacts between
thioredoxin and other proteins [2,3,19].

The packing of side chains within the protein core is
very similar between the two states and is illustrated in
Fig. 8b. Indeed, there are only 17 and 7 residues that
exhibit a difference in y; and ¥, angles, respectively,
of greater than 10° between the two states that can
be considered significant (i.e. where the sum of the
torsion angle rms deviations of the two ensembles of
structures is less than the angular rms difference be-
tween the mean coordinates of the two states). These
residues comprise Gln4, Lys21 and Ile38 for y; and %,
Ser7, Lys8, Thr30, Cys35, Phe42, Ser46, Ser50, Asn51,
Aspb4, Val71, GIn84, Ser90, Glu95 and Vall105 for y;
only, and Ile5, Phe27, Trp31 and GIn78 for %, only.
Only 8 of these 21 residues are completely buried with
surface accessibilities of <1542, namely Ile5, Phe27,
Cys35, lle35, Ue38, Phe42, Ser46, Val71 and GIn78.
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Table 3. Major differences in long range NOE contacts between the
reduced and oxidized states of the (C62A, C69A, C73A) mutant of
human thioredoxin.2

NOE contact Reduced Oxidized
Lys3 (81) Glu56 (B3) + -
lle5 (B1) Asp58 (B3) - +
Phe11* (@1)  Phe80 (B4) + -
Val24* (B2)  lle53 (83) + -
Asp26* (B2)  Leu55 (B3) + -
Asp26* (B2)  GIn78 (B4) - +
Phe27* (B2)  Clus6 (83) + -
Ser28 (B2)  Thr76 (B4) - +
Ala29* (AS)  Asp60* (HT) + -
Ala29* (AS)  Pro75* (B4) + -
Trp31* (AS)  Asp60* (B3) + -
Thr76 (B4 Gly91* (B5) - +
Phe77 (B4  Gly91* (B5) - +
Phe77 (B4) - Asn93 + -
Phe77 (B4)  Lys94 (a4) + -
GIn78 (B4)  Glug9 (B5) + -

@0Only contacts that are present in one oxidation state (indicated by a
plus sign) but absent in the other (indicated by a minus sign) are sum-
marized. The asterisks indicate residues that are conserved in all species
of thioredoxins. The location of the residue within particular secondary
structure elements is indicated in parentheses (AS indicates the active
site, and HT signifies a helical turn; Asn93 is located just prior to the
start of helix a4 at residue 94).

Table 4. Comparison of the active site conformation involving the
cysteine residues in the oxidized and reduced states of the
(C62A, C69A, C73A) mutant of human thioredoxin.2
<SAred> <SAy> E. coli oxidized?2

Distance (A)

Cys32 C%-Cys35 C* 5.65 % 0.05 5.54 £ 0.02 5.22/5.16

Cys32 SY—Cys35 SY  3.11+ 0.08 2.02 £ 0.01 2.09/2.05

Cys32 SY-Cys35 N 312003 308001  323/320

Cys32 ST-Cys35 NH  2.22 £ 0.03 2.25 £ 0.01 -
Angle ()

C32Y-C35NH-C35N 151.6 £+ 2.2 1425 £ 07
Disulfide bond
torsion angles ()

%2 (C32) 166.5 % 1.1 160.6 + 0.8 165/167

%2 —165.1+ 16 —1605+10  —132/—136

%a 618475 726+ 05 81/72

% 89.7 £ 1.1b 857 £ 04 79/82

%1’ (C35) —509 £ 3.1 —39.2+07 —62/—62
aValues are given for molecules 1 and 2 in the asymmetric unit (from [26]).
bThe values are given for the y,, X3and X’ torsion angles for the reduced
state of human thioredoxin across a virtual $Y(Cys32)}-S¥(Cys35) bond.

Another method of assessing differences in side chain
conformations and packing is to examine the differ-
ences in surface accessibility. The surface accessibil-
ity of only five residues is increased by more than
125A2 in the oxidized state relative to the reduced

Fig. 7. Two stereoviews (a),(b) showing
a best fit superposition of the back-
bone (N, C% C) atoms of the restrained
minimized mean structures of the re-
duced and oxidized states of the (C62A,
C69A, C73A) mutant of human thiore-
doxin. The backbone atoms, cysteine
side chains and bound water molecules
(spheres) are shown in blue, green and
blue, respectively, for the reduced form,
and in red, yellow and pink, respec-
tively, for the oxidized form. Note the
presence of an additional bound water,
W?7, in the oxidized form. The models
were generated with the program VISP
1871



Oxidized and reduced states of human thioredoxin Qin, Clore and Gronenborn

Fig. 8. Best fit superposition of (a) the
active site and (b) a portion of the
hydrophobic core of the restrained min-
imized mean structures of the reduced
and oxidized states of the (C62A, C69A,
C73A) mutant of human thioredoxin.
The backbone and side chains are
shown in dark and light blue, respec-
tively for the reduced form, and in red
and pink, respectively, for the oxidized
form. The models were generated with
the program VISP [87].

state, namely Ser46, Glu47, GIlu70, Thr74 and Thr75,
and only one of these (Glu47) is increased by more
than 2542, In a similar vein, the surface accessibility of
only five residues is increased by more than 12.5A42 in
the reduced state relative to the oxidized state, namely
Metl, GIn4, Thr30, lle53 and Lys81, and none is in-
creased more than 25 A2, Further, the differences in sur-
face accessibility for Met1 and Glu70 cannot be consid-
ered significant as they are smaller than the sum of the
rms deviations in their respective surface accessibilities
for the ensemble of reduced and oxidized structures.

Differences in water structure in the reduced and
oxidized states

Using 2D H,0O-NOE/rotating frame Overhauser en-
hancement (ROE)-1H-13C heteronuclear single quan-
tum correlation (HSQC) and H,O-ROE-1H-15N HSQC
spectroscopy [44—46], we were able to ascertain the
location of six bound water molecules in the reduced
state plus an additional bound water in the oxidized
state. Examples of these spectra are shown in Fig. 9,
and the location of the bound waters is displayed in
Figs 6¢, 7 and 10. Three of these water molecules were
previously identified in the reduced wild-type structure
[47]. Waters W1, W4 and W5 are involved in bridging
backbone hydrogen bonds between the turn connect-
ing helix a1 and strand B2 and the turn connecting
strands B4 and B5. They form a triangular hydrogen-
bonded cluster of water molecules. Water W1 accepts
hydrogen bonds from the backbone amides of Lys&3

and Gly83 and donates a hydrogen bond to the back-
bone carbonyt of Glyl9. The amide proton of Gly19
is in turn hydrogen bonded to water W5 which also
donates a hydrogen bond to Leul5. The third water
molecule of this triad, W4, bridges the backbone car-
bonyl of Ala18 with the backbone amide proton of
Lys21. Water W2 bridges backbone hydrogen bonds
between the end of strand B1 (backbone carbonyl of
Ie5) and the helical turn between strands f3 and helix
a3 (backbone amide of AspS8). Water W3 is involved
in bifurcating hydrogen bonds stabilizing the helical
turn between strands B3 and helix o3. It is located
in a pocket lined on two sides by the side chains of
Ala29 and Val59, and accepts a hydrogen bond from
the backbone amide of Asp60 and donates hydrogen
bonds to the side chain carboxyl groups of Asp60 and
Asp58. Asp60 and Asp58 are also hydrogen bonded to
the side chain N€IH of Trp31 and the backbone amide
of Thr30, respectively. Water W6 is involved in bridging
hydrogen bonds between the backbone amide of the
amino-terminal residue of strand P2 (Leu22) and the
backbone carbonyl of Asn51 in the turn connecting
helix o3 and strand B3. Finally, water W7, which is only
observed in the oxidized state, is involved in bridging
hydrogen bonds that stabilize the turn between helix
o2 and strand B3, accepting a hydrogen bond from
the backbone amide of Val52 and donating hydrogen
bonds to the backbone carbonyls of Tyr49 and Val52.
In the case of W1, W3, W4 and W5, negative NOEs
are observed indicating a residency time greater than
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Table 5. Comparison of some conformationally sensitive distances
in the oxidized and reduced states of the (C62A, C69A, C73A)
mutant of human thioredoxin.2
Ce—C distance (A)
<SAied”> <SAg>
Helix—sheet orientations
Helix a1
T 1581 6.22 + 008 592 %+ 0.06
15(1-23(B23) 7.54 £ 009 7.58 £ 0.08
15(c1-80(B4) 830+ 012 794+ 008
18 1)-53(B3) 685+ 008 699+ 022
Helix o2
35(02)-28(B2) 595+ 014 6.24 £ 0.06
390t2)-56(B3) 911+ 015 9.81+020
46(02-54(B3) 634+ 010 7.45+0.14
Helix o3
62(a3)-6(B1) 5124 007 524 £ 006
69(c3)-85(B5) 987 £ 010 11.14 £+ 0.28
Helix 4
96(ct4-91(B5) 882+ 008 899 +008
104(a4)-86(pB5) 822+ 010 8.29+0.20
Triad between catalytic site and loops
preceding strand B4 and helix a4
Cys35-Pro75 590 + 0.20 6.42 +0.08
Cys35-Ala92 787 £0.15 846+ 0.12
Pro75—Ala92 610 £ 008 6.64 £ 0.13
aThe notation of the structures is the same as that given in footnote a
to Table 1.

about 500 ps; the NOEs for waters W2, W6 and W7, on
the other hand, are too weak to be observed and only
ROEs are seen, indicating a residency time between
200-500 ps [46,48].

In addition to waters whose positions can be clearly
defined with regard to hydrogen bond donors and ac-
ceptors, further interactions with water are observed
at the surface of the protein. Indeed, almost all surface
exposed methyl groups give rise to ROEs with water.
For the majority of these no NOEs could be detected
indicating lifetimes in the 200-500ps range. A small
number, however, namely Alal7, Val86, Leul04 and
Val103, exhibited positive NOEs indicative of lifetimes
<300 ps. It is also interesting to note that some aspects
of surface water are clearly different between the two
oxidiation states. Thus, in addition to NOEs involving
water W7, negative NOEs to water are observed for the
methyl groups of Leul5, Val25, and Leu55 in the oxi-
dized but not the reduced state. These form a cluster of
hydrophobic residues at the surface of the protein (Fig.
10). Similarly, the ROE from water to the CYH; methyl
group of Ile5 is only observed in the reduced state, but
no NOE is observed for this interaction indicating a life-
time of 200-500 ps. Interestingly, changes in the solvent
layer around the protein surface have been invoked
to explain the difference in adiabatic compressibility
observed for reduced and oxidized E. coli thioredoxin
[17]. It remains to be established whether the differ-

ences observed in bound water structure for human
thioredoxin are in any way connected with the large dif-
ference in partial specific volume for the E coli protein.

Functional implications of the structures of reduced and
oxidized human thioredoxin

What are the crucial differences between the oxidized
and reduced states of human thioredoxin and how may
they further our understanding of its enzymatic func-
tion and shed light on its numerous non-redox related
functions? The present structures reveal that the differ-
ences between the two states are indeed very small and
subtle. To detect these minor differences with confi-
dence it was essential to determine highly-refined struc-
tures for both states. Such data were not previously
available. A superposition of the active site regions for
oxidized E. coli thioredoxin (both molecules within
the asymmetric unit) and reduced and oxidized hu-
man thioredoxin is depicted in Fig. 11. All four struc-
tures are very similar in this region, both with respect
to the backbone conformation and side chain orienta-
tions. The location of the Trp31 side chain is essentially
identical in the reduced and oxidized structures, being
held in place by a hydrogen bond between the Neé1H
proton and the side chain carboxyl group of Asp60.
The presence of this hydrogen bond is indicated by
the downfield shifted resonances for both the NelH
and 15Nel resonances of Trp31. In addition, both res-
onances titrate with a pK, of ~3.8, characteristic of
an aspartate side chain. This side chain—side chain in-
teraction connects the helical turn between strand B3
and helix a3 to the active site region, namely the loop
between strand B2 and helix a2, thereby closing off
part of the interior of the protein and determining the
relative orientation of these two loops. The orientation
of the side chain of Trp31 in the human thioredoxin
structures is slightly different from that observed in the
E. coli structures due to small changes in backbone tor-
sion angles throughout the active site region as well as
small differences in y; and ), angles. These differences
are probably the result of crystal packing in the X-ray
structure,

Given the close similarity between the active sites of
the human and E. coli proteins, it is possible that the
difference in activity between the reduced and oxidized
states with regard to non-redox functions may not only
be related to the small structural differences between
the isolated reduced and oxidized states, but also to
their ability to undergo the appropriate conformational
changes when interacting with target proteins. The for-
mation of the disulfide bond makes the active site and
the two opposing loops (residues 74-76 and 90-92)
that constitute all known interacting sites on thiore-
doxin [2,3,19]), more rigid [20]. Hence, the confor-
mational entropy of the oxidized state is diminished
relative to that of the reduced state, and it is therefore
possible that the oxidized state of thioredoxin cannot
adopt the appropriate conformation, thereby rendering
it inactive.
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Fig. 9. The methyl region of the H,O-NOE-TH-13C HSQC spectrum for (a) the reduced and (b) the oxidized state of the (C62A, C69A,
C73A) mutant of human thioredoxin. The methyl region of the H,O-ROE-TH-13C HSQC spectrum for (c) the reduced and (d) the oxidized
state of the (C62A, C69A, C73A) mutant of human thioredoxin. All spectra were recorded with NOE and ROE mixing times of 100 ms

and 60 ms, respectively.

Biological implications

Thioredoxin is a ubiquitous protein found through-
out all living organisms. The active site of the
enzyme contains two redox active cysteines
within the conserved sequence Trp-Cys-Gly-Pro-
Cys (residues 31 to 35). The dithiol form of the
protein is a powerful general protein disulfide
reductase and the disulfide-containing oxidized
form can be reduced to the dithiol form again by

reduced nicotinamide adenine dinucleotide phos-
phate and thioredoxin reductase. Thioredoxin is
involved in a variety of fundamental biological
functions; it acts as a hydrogen donor for ribonu-
cleotide reductase, regulates the activity of pho-
tosynthetic enzymes, and is involved in the in-
duction of interleukin-2 receptor expression and
the activation of the transcription factor NF-xB.
In addition to the above processes which involve
thioredoxin as an oxidoreductase, others, like its
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involvement in filamentous phage assembly, rely
on the conformation of the reduced protein, but
not its redox function. It is therefore of consid-
erable interest to compare the three-dimensional
structures of oxidized and reduced thioredoxin
with the aim of understanding its enzymatic func-
tion.

In this paper we present high-resolution three-
dimensional structures of the reduced and oxi-
dized states of the (C62A, C69A, C73A) mutant of
human thioredoxin using multidimensional het-
eronuclear NMR spectroscopy. The present struc-
tures have been determined with high precision
and accuracy. As a result, subtle differences be-
tween the oxidized and reduced states can be re-
liably determined. We show that while the global
fold of the reduced and oxidized forms of human
thioredoxin is very similar, there exist some im-
portant localized conformational differences, par-
ticularly in the active site region and regions close
by. Differences (> 15°) in the ¢ torsion angles of
residues Ser28, Ala29, Thr30, Trp31, Cys32, Cys35
and Lys36 and in the Y angles of residues Ser28,
Ala29, Thr30, Pro34, Cys35 and Lys36 are ob-

Fig. 10. Location of bound waters in
the (C62A, C69A, C73A) mutant of hu-
man thioredoxin. The backbone (of the
oxidized state) is shown in blue, the
tightly bound waters that are common
to the reduced and oxidized states as
blue spheres, and the additional tightly
bound water in the oxidized form in
pink. Surface side chains that exhibit
ROEs to water in both the oxidized and
reduced states are shown in red, surface
side chains that exhibit ROEs to water in
the reduced state but not the oxidized
state in green, and surface side chains
that exhibit ROEs to water in the oxi-
dized state but not the reduced state in
yellow. The model was generated with
the program VISP [87].

Fig. 11. Best fit superposition of the ac-
tive site of the restrained minimized
mean structures of the reduced and oxi-
dized states of the (C62A, C69A, C73A)
mutant of human thioredoxin and the
two independent molecules in the X-
ray structure of oxidized E. coli thiore-
doxin. The backbone and side chains
are shown in green and red for the re-
duced and oxidized states of human
thioredoxin, respectively, and in blue
and pink for the two molecules of oxi-
dized E. coli thioredoxin. The coordi-
nates of oxidized E. coli thioredoxin are
from [26].

served between the reduced and oxidized states.
These can be attributed to a slight shortening of
the C*—C* distance by approximately 0.1A be-
tween Cys32 and Cys35 upon formation of the
disulfide bond, and a change in the x; angle of
Cys35 from —50.9 +£3.1° in the reduced state to
—39.1 £0.7° in the oxidized state. A very small
difference in the position of the Trp31 side chain
in the two states is also observed and is mainly at-
tributable to the changes in backbone torsion an-
gles and a 10° change in the Y, angle. The changes
in the active site are propagated to the neighbor-
ing helices, a2 and a4, whose orientations with
respect to the underlying B-sheet are slightly dif-
ferent in the two states, as well as to the two
loops (residues 74—76 and 90-92) that oppose the
active site. As a result, the width of the cleft which
is formed by the active site and the two opposing
loops and which encompasses all known inter-
acting sites on thioredoxin, is increased by about
10 % in the oxidized state relative to the reduced
state. Given the close similarity between the ac-
tive sites of human and Escherichia coli thiore-
doxins, it is possible that the difference in
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activity between the reduced and oxidized states
with regard to non-redox functions may not be
related so much to the small structural differ-
ences between the isolated reduced and oxidized
states, but rather to their ability to undergo the re-
quired conformational changes when interacting
with the target protein.

Materials and methods

Sample preparation

The (C62A, C69A, C73A) mutant of human thioredoxin was
prepared as described previously [29]. Uniform (>95 %) 15N
and/or 13C labeling was achieved by growing the bacteria on
minimal medium with 15NH,CI and/or 13C4-glucose as the sole
nitrogen and carbon sources, respectively.

Samples of reduced human thioredoxin were prepared by re-
ducing a 1.3 mM solution of 15N and/or 15N/13C-labeled protein
with excess dithiothreitol (DTT) at pH 7.0, and dialyzed and con-
centrated by centrifugation against 100 mM sodium phosphate
buffer pH5.4 with 0.2mM deuterated DTT. The samples were
kept in argon.-purged buffer containing either 90 % H,0O/10 %
D,0 or 99.996 % D,0, in NMR tubes sealed with airtight rubber
septa. Under these conditions reduced human thioredoxin can
remain in a reduced state for ~4 months. This was verified by
periodically recording 'H-I5N correlation spectra on the sam-
ples. The oxidized samples were prepared by stirring a reduced
sample at 10 pM concentration in air at 25°C for 10h to yield a
disulfide between the two active-site cysteines and then concen-
trated to 1.2mM.

NMR spectroscopy

All NMR spectra reported were recorded at 25°C on Bruker
AMX600 and AMX500 spectrometers equipped with a triple-res-
onance self-shielded z-gradient probe. Quadrature detection in
the indirectly detected dimensions was obtained using the TPPI-
States method [49]. Spectra were processed using the in-house
program nmrPipe (F Delaglio, unpublished program) and ana-
lyzed using the interactive software PIPP, CAPP and STAPP ([50]
and DS Garrett, unpublished program).

Chemical shift assignments

The sequential assignment of the 1H, 13C and 15N chemical shifts
was achieved by means of through-bond heteronuclear corre-
lations along the backbone and side chains (for reviews see
[35,51]) using the following series of 3D spectra: HNHA [52],
CBCANH [53], CBCACONH [54], HBHACONH {55], C(CO)NH
[56], H(CCO)NH [56], HCCH-COSY [57] and HCCH-TOCSY
(58] to demonstrate CoH(i)-15N(i)-NH(i), 13CB/C(i)-15N(i)-
NH() and 13CB/Ca(i— 1)-15N(i)-NH(i), 13CB/C*(i—1)-15N(i)-
NH(1), CBH/CoH(i— 1)-15N(i)-NH(i), 13C;(i— 1)-15N(i)-NH(i),
Hy(i = D-5NG)-NH(), Hi13C-13C; 4 1-H; 14, and H13C;13C; 4 -
Hj 4, correlations, respectiveiy (note that i refers to the residue
number, and j to the carbon position along a side chain). During
the course of this work it became apparent that the 15N and
1H resonance assignments that we had previously reported for
the reduced form of the (C62A, C694, C73A) mutant of human
thioredoxin [29] were in fact those of the oxidized form.

Torsion angle restraints and stereospecific assignments

¢, ¥, and ¥, torsion angle restraints and stereospecific B-methy-
lene assignments were derived from 3Jyn, and 3J,g coupling
constants supplemented by intra-residue and sequential inter-
residue distances involving the NH, C*H and CPH protons us-

ing the conformational grid search program STEREOSEARCH
[59]. The sequential inter-residue distances were derived from
3D 15N-separated and 13C-separated ROE experiments (mixing
times 35ms) to circumvent problems arising from spin-diffu-
sion. Quantitative 3Jyyn,, coupling constants, measured to an ac-
curacy of +0.5Hz, were obtained from a 3D HNHA experi-
ment [52], and qualitative 3], coupling constants were derived
froth a 3D 15N-separated HOHAHA experiment [60]. The stere-
ospecific assignments and the presence of rotamer averaging
wete also verified from a qualitative assessment of the 3Jyyp
and 3Joopp heteronuclear couplings derived from .3D HNHB
[61] and HN(CO)HB [62] experiments, respectively. Quanti-
tative heteronuclear 3Jc,n and 3J¢yco coupling constants, ob-
tained from 2D 13C-{15N}- and 13C-{13CO}-spin-echo difference
constant time heteronuclear single quantum coherence spectra,
respectively, were used to determine the y; angles of threo-
nine and valine and stereospecific assignments of valine methyl
groups [63,64]. ¥, restraints for isoleucine and leucine and
stereospecific assignments for the methyl groups of leucine were
obtained from 3J¢¢ coupling constants and the pattern of intra-
residue NOEs [65]. The 3] coupling constants were measured
from a 2D long-range carbon—carbon correlation spectrum [66].
Stereospecific assignments were obtained for 51 out of the 69
B-methylene groups, and for all 11 valine and 6 leucine methyl
groups.

Interproton distance restraints

NOEs between NH protons, between NH and carbon-attached
protons, and between carbon-attached protons were assigned
from 3D 15N-separated NOE [31], 4D 15N/13C-separated NOE
[32] and 4D 13C/13C-separated [33,34] NOE spectra, respec-
tively, recorded with a mixing time 120 ms. The two 4D het-
eronuclear separated spectra were recorded with two scans
per increment and a total measuring time of about 84h us-
ing sinebell shaped pulsed-field gradients to eliminate undesired
coherence transfer pathways [67] exactly as described before
[34]. The NOEs were classified into strong, medium, weak and
very weak categories corresponding to interproton distance re-
straints of 1.8-2.7 & (1.8~2.9A for NOEs involving NH protons),
1.8-3.34 (1.8-3.5A for NOEs involving NH protons), 1.8-5.04,
and 1.8-6.04, respectively [36,37]. The upper bounds for dis-
tances involving methyl protons and non-stereospecifically as-
signed methylene protons were corrected appropriately for cen-
ter averaging [68], and an additional 0.5A was added to the
upper distance limits for NOEs involving methyl protons [69,70].

Hydrogen-bonding restraints

The hydrogen-bonding restraints were deduced on the basis
of slowly-exchanging NH protons and the pattern of sequential
and inter-strand NOEs involving the NH and C*H protons {71].
Slowly-exchanging NH protons were identified from a series of
2D 15N-1H Qverbodenhausen correlation spectra [72,73] ac-
quired over a period of 24 h starting within 5 min of dissolving an
unexchanged sample of lyophilized protein in D0 {29,49]. Two
distance restraints were used for each hydrogen bond: one (of

.1.5-2.3 A) between the hydrogen and the acceptor atom and one

(of 24-3.3 A) between the donor heavy atom and the acceptor
atom. These were only introduced after the initial set of structure
calculations.

Localization of bound water molecules

Bound water molecules were located on the basis of 2D H,0-
NOE/ROE 1H-13C HSQC and H,0-ROE-H-15N HSQC experi-
ments [43—45] recorded with NOE and ROE mixing times of
100ms and 60ms, respectively. We accurately located six and
seven bound water molecules in the interior of reduced and oxi-
dized human thioredoxin, respectively. In addition, we observed
numerous water molecules at the surface of the protein.
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Structure calculations

Structures were calculated using the hybrid distance geometry-
dynamical simulated annealing method of Nilges et al [74] with
minor modifications [75], making use of the program X-PLOR
[76-78]. The target function that is minimized during simulated
annealing (as well as during conventional Powell minimization)
comprises only quadratic harmonic terms for covalent geom-
etry (that is bonds, angles, planes, and chirality), square-well
quadratic potentials for the experimental distance and torsion
angle restraints [37], an harmonic potential for the 3, cou-
pling constant restraints [79,80], and a quartic van der Waals
repulsion term for the non-bonded contacts [74,81,82]. All pep-
tide bonds were constrained to be planar and trans, with the
exception of the peptide bond between Thr74 and Pro75 which
was constrained to be planar and ¢is on the basis of the NOE
data which unambiguously indicated the presence of a cispro-
line. There were no hydrogen-bonding, electrostatic, or 6-12
Lennard-Jones empirical potential energy terms in the target
function.

The coordinates of the simulated annealing structures for the
oxidized and reduced forms of the (C62A, C69A, C73A) mu-
tant of human thioredoxin (40 each), together with the cor-
responding restrained minimized mean coordinates, have been
deposited in the Brookhaven Protein Data Bank, together with
the complete set of 'H, 13C and 15N resonance assignments and
experimental NMR restraints.
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