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ABSTRACT: The backbone and tryptophan side-chain dynamics of both the reduced and oxidized forms of
uniformly !SN-labeled Escherichia coli thioredoxin have been characterized using inverse-detected two-
dimensional 'H-!N NMR spectroscopy. Longitudinal (7)) and transverse (7) !N relaxation time constants
and steady-state {{H}-!"N NOEs were measured for more than 90% of the protonated backbone nitrogen
atoms and for the protonated indole nitrogen atoms of the two tryptophan residues. These data were
analyzed by using a model free dynamics formalism to determine the generalized order parameter (S2),
the effective correlation time for internal motions (r.), and *N exchange broadening contributions (R.x)
for each residue, as well as the overall molecular rotational correlation time (7,). The reduced and oxidized
forms exhibit almost identical dynamic behavior on the picosecond to nanosecond time scale. The W31
side chain is significantly more mobile than the W28 side chain, consistent with the positions of W31 on
the protein surface and W28 buried in the hydrophobic core. Backbone regions which are significantly more
mobile than the average include the N-terminus, which is constrained in the crystal structure of oxidized
thioredoxin by specific contacts with a Cu?* ion, the C-terminus, residues 20—22, which constitute a linker
region between the first a-helix and the second 8-strand, and residues 7375 and 93-94, which are located
adjacent to the active site. In contrast, on the microsecond to millisecond time scale, reduced thioredoxin
exhibits considerable dynamic mobility in the residue 73-75 region, while oxidized thioredoxin exhibits no
significant mobility in this region. The possible functional implications of the dynamics results are discussed.

Thioredoxin is a ubiquitous, multifunctional protein, with
the conserved active site residues Cys-Gly-Pro-Cys forming
a disulfide bridge in the oxidized form (thioredoxin-S,)!
(Holmgren, 1985; Gleason & Holmgren, 1988). Thioredoxin-
S, is reducd by NADPH and the flavoprotein thioredoxin
reductase to form thioredoxin-(SH),, which contains two thiol
groups (Holmgren, 1985). Thioredoxin-(SH), is a powerful
protein disulfide reductase, and thioredoxin catalyzes dithiol—
disulfide exchange reactions (Holmgren, 1985).

In addition to the role of thioredoxin as a redox catalyst,
Escherichia coli thioredoxin-(SH); is required as a subunit
to induce the DNA polymerase and exonuclease activities of
the phage T7 gene 5 protein in E. coli cells infected with
bacteriophage T7 (Modrich & Richardson, 1976; Adler &
Modrich, 1983; Huber et al., 1986) and to support filamentous
phage assembly (Russel & Model, 1985, 1986). Thioredoxin-
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S,is unable to promote these activities, but mutant thioredoxins
containing Cys to Ser or Cys to Ala mutations at one or both
of the active site cysteine residues retain partial activity,
indicating that the requirement for the reduced rather than
the oxidized form resides, at least in part,in a structural rather
than a chemical difference between the two forms (Huber et
al., 1986). Detailed characterization of the structure and
dynamics of both oxidation states of thioredoxin is required
in order to understand the activity differences.

E. coli thioredoxin is an 11.7-kDa protein containing 108
aminoacids. The structure of a Cu?* complex of the oxidized
form has been solved and refined to 1.7-A resolution
(Holmgren & Saderberg, 1970; Holmgren et al., 1975; Katti
et al., 1990); the crystals used in this study contained two
molecules of thioredoxin-S; per asymmetric unit, and local
structural differences resulting from crystal contacts were
observed between the two molecules. No crystals have been
obtained for the reduced form. Complete !H and >N NMR
resonance assignments have been obtained for both the reduced
and oxidized forms in solution (Dyson et al., 1989; Chan-
drasekhar et al., 1991), and the solution structure of thiore-
doxin-(SH), has been calculated from NMR distance re-
straints (Dyson et al., 1990). Reduced thioredoxin and
oxidized thioredoxin have identical secondary structures and
tertiary folds, consisting of a five-stranded twisted 8-sheet
surrounded by three a-helices and one 3¢ or irregular helix.
The active site cysteine residues are located on a turn between
the second S-strand and the second a-helix, and the loop
residues 75-76 and 91-93 are close to the active site and,
together with active site residues 33 and 34, form a hydrophobic
surface (Eklund et al., 1984). Structural differences between
the reduced and oxidized forms are extremely subtle and are
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limited to theimmediate vicinity of the active site, as evidenced
by chemical shift differences in this region (Dyson et al., 1988)
[the conclusion that the x! angle of C35 differs by 122°
between the two oxidation states (Dyson et al., 1990) was
based on an erroneous assignment of an NOE (Dyson et al.,
unpublished results)]. While these minor differences between
the crystal structure of the oxidized form and the average
solution structure of the reduced form could contribute to the
observed activity differences, an alternative possibility is that
changes in dynamics accompanying the oxidation state change
allow the reduced form access to structural states which are
unavailable to the oxidized form. In order to investigate this
possibility, we have undertaken a detailed study of the
backbone dynamics of both reduced and oxidized thioredoxin
based on 1N NMR relaxation measurements.

The measurement of !N and 13C NMR relaxation rates
provides information about the internal dynamics of proteins
on time scales faster than the rotational correlation time. The
primary mechanism of relaxation for these nuclei is the dipolar
interaction with the directly bound protons; chemical shift
anisotropy (CSA) provides a secondary relaxation mechanism
at high magnetic field strengths (Abragam, 1961; London,
1980). Recently, a number of reports have appeared in which
IH-detected two-dimensional heteronuclear NMR experi-
ments have been used to characterize !N or 13C relaxation
in proteins (Nirmala & Wagner, 1988; Kay et al., 1989;1992;
Clore et al., 1990a; Palmer et al., 1991a; Schneider et al.,
1992; Stone et al., 1992; Kordel et al., 1992; Nicholson et al.,
1992; Barbato et al., 1992). Generally, the experimental
results have been analyzed using the model free formalism of
Lipariand Szabo (1982a,b), in which the motions are described
by the overall rotational correlation time, r,, a generalized
order parameter, S2,and an effective internal correlation time,
7.. In particular cases, extensions to this formalism may be
warranted (Clore et al., 1990a,b; Fedotov & Kivayeva, 1987,
Zang et al., 1990).

EXPERIMENTAL PROCEDURES

Sample Preparation. Uniformly labeled recombinant
thioredoxin was obtained as described previously (Chan-
drasekhar et al., 1991). Samples were prepared for NMR
spectroscopy by solvent exchange on a Sephadex G25 column.
Reduced thioredoxin was obtained by the addition of dithio-
threitol to a solution of oxidized thioredoxin (Dyson et al.,
1989; Chandrasekhar et al., 1991).

NMR Measurements. The SN T, and T, relaxation time
constants and {{H}-1>N NOEs were measured from SN-1H
correlation spectra, recorded using the sensitivity-enhanced
H-detected pulse sequences described by Kordel et al. (1992).
The interval between the refocusing pulses in the !N Carr—
Purcell-Meiboom-Gill (CPMG; Carr & Purcell, 1954;
Meiboom & Gill, 1958) sequence of the T, experiment was
1.0 ms, which is sufficiently short to effectively spin-lock the
heteronuclear spins (Vold & Vold, 1976; Palmer et al., 1992).
In the T and T experiments, the spectra obtained from each
orthogonal magnetization component were added together to
yield a single spectrum with a sensitivity enhancement of v/2
relative to a conventional spectrum recorded in the same time
(Palmer et al, 1991b). In the NOE experiment, each
orthogonal component was used to obtain an independent
measurement of the NOE; thus, performing the experiment
twice afforded four independent measurements of the NOE,
required for the NOE uncertainties to be estimated.

All NMR spectra were recorded at 308 K on a Bruker
AMXS500 spectrometer, equipped with a three-channel in-
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terface. For the T, experiments, an auxiliary amplifier
(Model 3205, American Microwave Technology) was used to
generate high-power SN pulses at the repetition rate neces-
sitated by the CPMG sequence. The duty cycle during the
5N CPMG sequence was <10% in order to minimize
contributions from sample heating and T3,. A total of 4K
complex points were acquired in w), with a spectral width of
12.5 kHz, and the 'H carrier was placed on the H,O signal;
400 increments were collected in w; with a spectral width of
2.04 kHz and with the !N carrier at 120.5 ppm. Solvent
suppression in all experiments was achieved by the use of
spin-lock purge pulses (Messerle et al., 1989) and postac-
quisition application of a low-pass filter to the time domain
data (Marion et al., 1989).

For measurements of T, and T rate constants, a recycle
delay of 1.7 s was used between acquisitions to ensure sufficient
recovery of |H magnetization. For measurementsof the {{H}-
15N NOE, a recycle delay of 5.0 s, approximately five times
the longest 1SN T, was used between scans to ensure that
maximal NOEs developed before acquisition. The T; and T,
experiments were repeated using several different values of
thedelay T (used to denote the longitudinal relaxation period
in the T experiment or the duration of the CPMG sequence
in the T, experiment). For T| measurements seven T delays
were used [37, 123, 242, 500, 1014, 2026, and 3037 ms for
thioredoxin-(SH), and 36, 121, 238, 491, 996, 1988, and
2981 ms for thioredoxin-S,], while for T, measurements eight
T delays were used [4, 42, 100, 200, 350, 500, 800, and 1200
ms for thioredoxin-(SH), and 4, 42, 80, 200, 350, 500, 800,
and 1200 ms for thioredoxin-S;].

Data Analysis. Spectra were processed on Sparc SLC or
Iris Indigo computers using modified versions of the FTINMR
software package (Hare Research). Each spectrum was
processed twice in order to evaluate separately well-resolved
and moderately overlapped cross peaks. In the first instance
4-Hzline broadening was applied in w,; in the second instance
a Lorentzian—Gaussian transformation was used. In both
instances a cosine bell followed by a Lorentzian—Gaussian
transformation was used in w;. These weighting functions
were selected to minimize the uncertainties in the measured
peak heights while avoiding any systematic errors arising from
cross-peak overlap or FID truncation artifacts. A simplespline
baseline correction routine was employed in w;.

Relaxation rate constants and NOE enhancements were
calculated from cross-peak heights in the 'TH-5N correlation
spectra. Data analysis was performed on a Convex C240
computer with programs written in FORTRAN 77; com-
mercial (IMSL, Houston, TX) and published (Press et al.,
1986) numerical algorithms were used as applicable. The
uncertainties in the measured peak heights were estimated by
repeating the experiments at the shortest and longest time
points for T, measurements and at four time points [T = 4,
80o0r 100, 200, and 800 ms] for T, measurements. Differences
between peak heights in the duplicate spectra were evaluated
for a representative set of cross peaks, and the standard
deviation of the differences were divided by /2 to yield the
uncertainty in the peak heights themselves (Palmer et al.,
1991a). Uncertainties for those time points not duplicated
were estimated by interpolation of the uncertainties for the
duplicated points.

The longitudinal relaxation times, T, were obtained by a
three-parameter nonlinear least-squares fit of the equation

I(T) = I.- [I. - L] exp(-T/T}) 1)
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tothe experimentaldata, while the transverse relaxation times,
T, were obtained by two- or three-parameter nonlinear fits,
respectively, of the equations

I(T) = I, exp(-T/T,) 2)
or
IT)y=1_+1I,exp(-T/T),) 3)

Ineq 1-3, Ipand /.. are the initial and final cross-peak heights,
respectively. Curve fitting used the Levenburg-Marquardt
algorithm (Press et al., 1986) to minimize the value of a x?2
goodness-of-fit parameter, as described previously (Palmer et
al., 1991a;Stone et al., 1992). Uncertainties in the relaxation
rates were taken to be the standard errors of the fitted
parameters. The sufficiencies of the monoexponential decay
functions given by eq 1-3 were evaluated with a x2 test, as
described by Palmer et al. (1991a). For the T, data, the
significance of the improvement afforded by the three-
parameter model (eq 3) over the two-parameter model (eq 2)
was evaluated using an F statistic (Ratkowsky, 1983; Wright
et al., 1988; Stone et al., 1992).

The steady-state NOEs were calculated as the ratios of
peak heights in the spectrum recorded with proton saturation
to those in the spectrum recorded without saturation; the
average values of the NOEs and standard errors in the mean
were determined from the four separate data sets.

As described in detail elsewhere (Kay et al., 1989; Clore
et al., 1990a; Stone et al., 1992), the relaxation of protonated
15N nuclei is dominated by dipolar and chemical shift
anisotropy (CSA) interactions with the attached protons,
which in turn are dependent on the values of the spectral
density function J(w) at five characteristic frequencies; in
specific cases, a contribution to the 15N transverse relaxation
rate (1/T3) due to conformational exchange (R.;) may also
be significant (Clore et al., 1990a; Stone et al., 1992). Since
there was insufficient experimental relaxation data to deter-
mine uniquely these five values of the spectral density function,
J(w) was approximated by using the model free formalism of
Lipari and Szabo (1982a,b)

S*rm L (1=-SH)r ]
+
1+ ((.u‘rm)2 1+ (wr)?

inwhich S?is the generalized order parameter, which measures
the degree of spatial restriction of the unit bond vector, and
1/ = 1/t + 1/7,, where t is the overall rotational
correlation time of the molecule and 7. is the effective
correlation time describing internal motions. In this model,
the overall tumbiing of the molecule is assumed to be isotropic;
the principal components of the inertial tensor of thioredoxin-
S, are calculated from the crystal structure to be in the
approximate ratio 1.00:1.16:1.37, indicating that the overall
motion is unlikely to be significantly anisotropic. The value
of S2 ranges from 0, generally taken to indicate isotropic
internal motions (although specific anisotropic motional
models can yield S? = 0; Lipari & Szabo, 1982a), to 1 for
internal motion that is completely restricted relative to a fixed
molecular frame of reference. If all internal motions are very
fast (7, < 10 ps), the spectral density function (eq 4) may be
simplified to

J(w) = (2/ 5)[ 4

J(w) = (2/5)S*r,/[1 + (wr,)?)] )

Calculation of the model free parameters from the measured
relaxation rate constants and the NOE enhancements was
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performed by minimization of the target function

r r
X' = zri = Z[(Rli - R0, + (Ry-Ry*)/ 0y +
= =1

(NOE, - NOE,*)*/ o051 (6)

in which I'; is the sum of the squared residuals; Ry;, Ry, and
NOE;arethe experimental values of the relaxation parameters
(R, = l/T1 and R, = 1/Ty); o1, o2, and oNoE; are the
uncertainties in the rate constants and NOEs; and R;;*,R,;*,
and NOE;* are the values of the relaxation parameters back-
calculated from the model free dynamics parameters for the
ith 15N nucleus. The summation extends over the » nuclei
included in the calculation. Procedures used to find the
optimum values and uncertainties of the model free parameters
based on the measured relaxation rate constants and NOE
enhancements were identical to those described by Palmer et
al. (1991a); the difference between parallel and perpendicular
components of the chemical shift tensor was taken to be ~160
ppm for backbone amide NH groups (Hiyama et al., 1988;
Shoji et al., 1989) and -89 ppm for tryptophan side-chain
indole NH groups (Cross & Opella, 1983).

RESULTS

Resolved Peaks. The 'H and !N resonances of the
backbone NH groups and the two tryptophan side-chain NH
groups in thioredoxin have been assigned previously (Dyson
etal., 1989; Chandrasekharet al., 1991). Inthe present work,
98 cross peaks for thioredoxin-(SH), and 95 cross peaks for
thioredoxin-S; were sufficiently well resolved for peak heights
tobe measured accurately in the T, T>,and NOE experiments;
these included the side-chain NH groups of W28 and W31
in both forms. The backbone resonances of D9 and F102
could be quantitated in the T, and NOE experiments with
thioredoxin-S, but were not identified in the T experiment.

Asinearlier studies (Palmeretal., 1991a; Stoneetal., 1992;
Kordel et al., 1992), peak heights rather than volumes were
used to characterize the intensities of resonances in the
heteronuclear correlation spectra. Uncertainties in the peak
heights for T; and T, measurements were estimated by
recording duplicate spectra. Thevariancesin the peak heights
were close to the variances in the baseplane noise levels for
the later time points; however, for the earlier time points the
peak height uncertainties exceeded the root mean square (rms)
noise levels by factors of 1.7-8. Asobserved previously (Stone
et al., 1992), both peak height uncertainties and rms noise
levels decreased at later time points in the inversion—recovery
and CPMG experiments, possibly as a result of improved
solvent suppression at longer time points.

T; Values. The peak heights of several resonances in each
form of thioredoxin are plotted against time T'in Figure 1 and
fitted by nonlinear regression toa three-parameter exponential
decay (eq 1). The x? test indicated that the curve fits were
adequate statistically and that the peak height uncertainties
had been estimated realistically. The decay constants, T},
and uncertainties, for backbone resonances, are plotted versus
residue number in panels A and B of Figure 2 for oxidized
and reduced thioredoxin, respectively. The average uncer-
tainties in the measured T values are 2.4% for oxidized and
1.0% for reduced thioredoxin. The data show similar trends
for both oxidized and reduced forms. For most residues, the
T, values lie in the range 0.4-0.5 s. While there are no T}
values significantly lower than 0.4 s, residues with T values
conspicuously higher than 0.5 s include G21, A22,R73,G74,
A93,194,and A108. Inaddition, the two residues closest to
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FIGURE 1: T relaxation curves (left panels) for oxidized (Ox) and reduced (Red) thioredoxin, fit to eq 1, for T14 (@), C32 (m), R73 (a),
and A108 (#). T, relaxation curves (right panels) for oxidized and reduced thioredoxin for H6 (@), Y49 (m), and G65 (A), fit to eq 2 or
3, selected according to the criteria discussed in the text; Y49 and G65 in reduced thioredoxin are fit to eq 3, while all other T, curves are
fit to eq 2. Peak heights are shown on arbitrary absolute scales, and the uncertainties in the peak heights are less than 0.05 and 0.06 unit
for the T, measurements of oxidized and reduced thioredoxin, respectively, and less than 0.9 and 0.5 unit for the 7> measurements of oxidized

and reduced thioredoxin, respectively.

the N-terminus whose amide resonances have been identified,
K3 and 14, both have T values slightly higher than 0.5 s.

T; Values. Curve fits were performed for two-parameter
and three-parameter exponential functions (eq 2 and 3,
respectively); examples of the fits are shown in Figure 1. Three-
parameter fits were used for all residues for which the Fstatistic
exceeded the 95% critical F value, while two-parameter fits
were used for all other residues (Stone et al., 1992). Using
this criterion, T, relaxation data were selected to be fitted by
the two-parameter function for 90 resonances of thioredoxin-
S, and 69 resonances of thioredoxin-(SH),. Inthe remaining
cases, where the three-parameter function was used, the fitted
final cross-peak height (/., eq 3) was never more than 3% of
the initial cross-peak height (I,). The x2 values indicated
adequate statistical fits and well-estimated peak height
uncertainties. The T values and uncertainties are plotted in
panels C and D of Figure 2; the average uncertainties are
1.0% and 1.6% for oxidized and reduced thioredoxin, respec-
tively. As observed for the T, data, the T, data show the
same trends for both the oxidized and reduced forms. Most
residues have T, values in the range 0.10-0.13 s. However,
a number of residues exhibit slower relaxation; these include
K3, 14, D20, G21, A22, G74, L94, and A108.

NOE Values. The NOE of each residue was determined
foreachdata set as the ratio of the peak height in the spectrum
recorded with proton saturation to that in the spectrum
recorded without proton saturation. The average NOEs and
uncertainties, determined from four independent NOE mea-
surements resulting from two sensitivity-enhanced experi-
ments, are plotted in panels E and F of Figure 2. The average
uncertainties are 1.5% for thioredoxin-S; and 2.8% for
thioredoxin-(SH),. Once again, oxidized thioredoxin and
reduced thioredoxin exhibit very similar trends. For most
residues the NOE:s lie in the range 0.70-0.80. The NOEs of
residues G21 and A108 are negative, while those of K3, I4,
D20, A22, R73, G74, A93, and L94 are all significantly less
than 0.70.

As has been discussed previously, if the T of the water is
sufficiently long and chemical exchange or spin diffusion

between the amide protons and the water is sufficiently fast,
the measured NOE may be artificially decreased as a result
of incomplete equilibration of the amide !N and 'H mag-
netization during the experiment acquired without proton
saturation (Jelinski et al., 1980; Smith et al., 1987; Kayet al.,
1989; Clore et al., 1990a; Stone et al.,, 1992). In studies of
other proteins, these errors have generally been sufficiently
small to be ignored (Clore et al., 1990a; Stone et al., 1992;
Kordel et al., 1992). In the present work, the water T was
measured to be 4.3 s in both samples studied, and the relevant
relaxation delay was 5.0 s; these are similar values to those
used in earlier studies. Furthermore, order parameters
calculated using only the T and T data were qualitatively
and in most cases quantitatively the same as those calculated
using all three relaxation parameters. Thus, the NOE data
were considered to be unaffected by exchange or spin diffusion
errors.

Tryptophan Side-Chain NH Groups. The relaxation data
for the side-chain indole NH groups of W28 and W31 were
analyzed in a manner identical to that of the backbone amide
groups; the T}, T, and NOE values are listed in Table I. The
parameters for the W28 side-chain NH groupare in the normal
range for backbone NH groups. However, the T value of the
W31 side-chain NH is considerably higher than the normal
backbone range in both thioredoxin-S; and thioredoxin-(SH),,
and the T, value is below the normal backbone range in
thioredoxin-S; and close to the lower limit in thioredoxin-
(SH),. The relaxation data were included in the model free
analyses described below using a chemical shift anisotropy of
-89 ppm (Cross & Opella, 1983).

Initial Estimation of v,,. Under conditions where 7, < 100
Ps, Tm > 1 ns, and T is not shortened significantly by chemical
exchange, the ratio T/ T is essentially independent of S? and
7. and provides an initial estimate of the overall molecular
correlation time ,, (Kay et al., 1989; Clore et al., 1990a).
Using the average T/ T, ratio, 7, was estimated to be 6.57
ns for thioredoxin-S, and 6.54 ns for thioredoxin-(SH),.

Model Free Analyses. Criteria are required to determine
whether an effective internal correlation time, 7. (eq 4) and/
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FIGURE 2: Measured relaxation parameters (7', T», and {{H}'*N NOE) and 7'/ T, ratios for the resolved backbone NH groups in oxidized
and reduced thioredoxin: T values for (A) oxidized and (B) reduced thioredoxin; T, values for (C) oxidized and (D) reduced thioredoxin;
{'H}-'’N NOEs for (E) oxidized and (F) reduced thioredoxin; and T/ T, ratios for (G) oxidized and (H) reduced thioredoxin. T, and T
data were obtained by fitting the measured peak heights with eq 1-3, as appropriate. NOE values and their uncertainties are the averages
and the standard deviations, respectively, of the values determined from each of four data sets.

ora N exchange broadening term, R.,, must be incorporated
into the model free analysis in order to satisfy the experimental
data for each residue; the molecular correlation time 7, and
the order parameter S? were always included. Clore et al.
(1991a) have used the following criteria: 7. was included if
the 7,/ T; ratio was more than one sample deviation below
the mean, and R was included if the T/ T ratio was more
than one sample deviation above the mean. The T /T, ratios
for thioredoxin are plotted in panels G and H of Figure 2 for
backbone resonances and listed in Table I for tryptophanside-
chain resonances. Applying the above criteria (Clore et al.
1991a) to these data, 7. would be selected for the backbone
resonances of residues 3, 10, 21, 65, and 108 of thioredoxin-S,
and residues 3, 21, and 108 of thioredoxin-(SH),, while R,
would be selected for residues 29, 32, 36, 38, 45 and 91
(backbone) and residue 31 (side chain) of thioredoxin-S; and
residues 32, 33, 38, 45,73, 74, 75, 85, and 91 (backbone) and

residue 31 (side chain) of thioredoxin-(SH),. An alternative
variable selection protocol (Stone et al., 1992) involves a series
of Monte Carlo simulations of trial analyses that include the
various possible terms and then selection of those variables
which are non-zero in the trial analyses. This alternative
method was used in the current study because it allows
incorporation of both 7. and R, terms for a single residue and
it can allow identification of residues whose 7. and/or R
values are statistically non-zero but which were not selected
by the Clore et al. criteria (Stone et al., 1992). Thus, the
model free analyses for each form of thioredoxin were
performed as follows:

(a) A preliminary calculation was performed in which 7,
was fixed at the estimated value, R, was held at 0, and S?2
and 7. (eq 4) were optimized for each resonance. In cases
where the optimized value of 7. was non-zero (within 95%
confidence limits), 7. was optimized in the final calculation.
Otherwise, 7. was assumed to be 0 in the final calculation.
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Table I. Relaxation and Dynamics Parameters for Tryptophan
Side-Chain NH Groups®

— W28 w3l
meter oxidized reduced oxidized reduced
T (s) 0.51 £ 0.01 0.501 &+ 0.004 0.57 +0.01 0.560 £ 0.006

T, (s) 0.126 £0.002 0.127 £0.002 0.093 £ 0.002 0.106 £ 0.002

NOE 0.74 & 0.02 0.69 + 0.02 0.71 £ 0.02 0.66 % 0.02
/T, 41%£0.2 3.96 £ 0.09 6.1+£0.3 53£0.2
52, 0.91 % 0.04 0.93 £ 0.04 0.82+0.04 0.81 £0.04
7e (ps) 11.8%£0.5 56%3 147£0.8 35%£2

R (Hz) 0.44 £0.02 b 40+£0.2 28£0.1
Sy 1.00 &+ 0.04 0.95 + 0.04 0.95 £ 0.04 0.90 + 0.04

4 Shown are the measured relaxation parameters (T, T, and {{H}-
15N NOE), the T/T; ratio, and the calculated dynamics parameters
(82, e, and R.y) for the side-chain indole NH group of each tryptophan
residue in oxidized and reduced thioredoxin. The order parameter S%,
for each tryptophan backbone NH group is also listed. # The Rex term
was not selected for optimization for the W28 side-chain NH group in
thioredoxin-(SH),.

Table II: Dynamics Parameters Optimized in Final Model Free
Calculations?

oxidized reduced
no. of resonances in calculation 95 98
neither 7. nor R was optimized for 2 1
7. was optimized but R.; was not for 49 62
R, was optimized but 7, was not for 4 4
both 7. and R.x were optimized for 40 31
total no. of input relaxation parameters 285 294
total no. of dynamics parameters optimized 229 227
optimized molecular correlation time, 641 £0.04 6.3020.01
Tm (nS)

% Shown is a summary of the input relaxation parameters and optimized
dynamics parameters in the final model free calculations for oxidized and
reduced thioredoxin; parameters were selected for optimization using the
criteria discussed in the text. The optimized values for the overall
molecular rotational correlation time, 7, are also listed.

(b) A second preliminary calculation was performed in
which 7, was held at the estimated value and 7. was held at
0, while S2 (eq 5) and R, were optimized for each resonance.
In cases where the optimized value of R.x was non-zero, R
was optimized in the final calculation. Otherwise, R x was
assumed to be 0.

(c) A final calculation was performed by optimizing rr, for
the whole molecule, S2 for each resonance, and 7. and/or Rex
for the resonances selected in (a) and (b) above. The
parameters chosen for optimization and the optimized 7y,
values are listed in Table II; the optimized S?, 7, and Rex
values are plotted in Figure 3 for backbone resonances and
listed in Table I for tryptophan side-chain resonances.

The average (£standard deviation) of the order parameters
is 0.86 £ 0.01 in the oxidized and 0.87 % 0.01 in the reduced
form of thioredoxin. Resonances which have S? values
statistically lower than average in both forms are K3, 14, T14,
D20,G21,A22,R73,G74,A93,L94,and A108;these residues,
and residues 1 and 2, are colored red in the backbone trace
of thioredoxin-S; shown in Figure 4. There are no resonances
whose order parameters are lower than average in only one
form although comparative data were unavailable for D9,
E30, G33, K36, D43, E44, A46, 160, K96, F102, and L107.
Furthermore, the only resonances whose order parameters
are statistically different between the two forms are K3, G21,
175, E85, V91, and D104; of these, the SZ value of 175 differs
by 3.2 standard deviations between the two forms (being lower
in the reduced form) while for the other five resonances the
S? values differ by 2.1-2.3 standard deviations.

In order to assess the reliability of the 7. and R., data, a
series of simulations were performed for a subset of the residues
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in which the sensitivity of the optimization function, T; (eq
6), to variation of either 7. or Rex was evaluated (Figure 5).
In about half of the cases studied (e.g., D20 and QS50 in
thioredoxin-S;, panel A, Figure 5), the optimization function
had a sharp minimum when 7. was varied, giving confidence
in the optimized 7, values; in the remaining cases (e.g., Q98
and L103 in thioredoxin-S,, panel A, Figure 5), the curves
showed very broad minima, implying that the 7. values are
poorly defined. The curves showing the dependence of the
optimization function on variation of R (panel B, Figure 5)
exhibited well-defined minima, indicating that the Rx values
are unlikely to be in error by more than 0.5 Hz, although the
uncertainties obtained using Monte Carlo simulations may
be underestimated. These simulations also indicated that the
optimized values of S? were not very sensitive to the values
at which 7. and R., were fixed as long as these values were
chosen within a realistic range (data not shown).

Considering the results of these simulations, the 7. values
(panels C and D of Figure 3) cannot in general be interpreted
with confidence; in contrast, confident interpretation of the
R, values (panels E and F of Figure 3) is justified. For most
resonances, the R values are less than 1.5 Hz. The only
resonances with R, values significantly greater than 1.5 Hz
were the side-chain resonances of W31 in both forms, the
backbone resonances of 145 in both forms, and G33, 138,
R73,G74,and 175 in the reduced form; all of these resonances
have significantly higher than average T'/T; ratios.

The sufficiencies of the fits in the model free analyses were
evaluated by comparing the experimentally determined re-
laxation data with relaxation parameters back-calculated from
the optimized dynamics parameters. These values generally
agreed to within 10%, so incorporation of a second time scale
into the model free analysis would not have been justified
(Clore et al., 1990a,b).

DISCUSSION

Backbone Dynamics. The order parameters for reduced
and oxidized thioredoxin are remarkably similar. For both
forms of the protein there are five regions, highlighted in Figure
4, which exhibit higher than average mobility on the picosecond
tonanosecond time scale. The C-terminal residue, A108, has
the lowest order parameter (0.22), indicating that this residue
is highly mobile. Similarly, while the amide resonance of
residue D2 has not been observed (itself an indication of
mobility and/or rapid exchange), both K3 and 14 have order
parameters significantly lower than normal, suggesting that
the N-terminus is also highly flexible. Flexibility of the
terminal regions is consistent with previous structural studies
of thioredoxin. In solution, the first 8-strand (8;) begins at
residue 4, according to dihedral angles, but I5 is the first
hydrogen-bonded residue (Dyson et al., 1989, 1990); the
extension of strand 8, to residue 2 in the crystal structure of
thioredoxin-S, is probably due to binding of a Cu?+ ion in this
region (Katti et al., 1990). Indeed, the absolute requirement
of Cu?* for crystallization seems to reflect a need to damp the
motions of the disordered N-terminus [attempts to crystallize
thioredoxin-(SH), under analogous conditions to thioredoxin-
S, have been unsuccessful since Cu?* oxidizes thioredoxin-
(SH); (Holmgren, 1985)]. Crystallographic B values for the
N-terminus of thioredoxin-S;, are only slightly higher than
average. While the amide proton of the C-terminal residue
is hydrogen bonded to the carbonyl group of D104 in 11 of
the 12 best restrained solution structures of thioredoxin-(SH),,
the medium-range NOEs involving A108 are weaker than
would be expected for a regular a-helix, and there is a large
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FIGURE 3; Calculated dynamics parameters (S2, 7., and Ry,) for the resolved backbone NH groups in oxidized and reduced thioredoxin:
generalized order parameters, S2, for (A) oxidized and (B) reduced thioredoxin; effective internal correlation times, 7., for (C) oxidized and
(D) reduced thioredoxin; and SN exchange broadening terms, R.,, for (E) oxidized and (F) reduced thioredoxin. Data were calculated from
the relaxation parameters shown in Figure 2 according to the criteria discussed in the text and summarized in Table II.

FIGURE 4: Stereoview of the backbone structure of oxidized thioredoxin with the active site cysteine residues (side chains shown) in yellow
and the residues with statistically lower than average order parameters in red; also in red are residues 1 and 2 which are assumed to be highly
flexible. Residues 1-4 are at the top right; residues 14 and 20-22 are at the top left; residues 73-74 are at the bottom left; residues 93-94
are at the bottom right; and residue 108 is at the top center at the back. Coordinates are those of molecule A in the thioredoxin-S; crystal

structure (Katti et al., 1990).

backbone deviation between the two molecules of thioredoxin-
S; in the asymmetric unit of the crystal, suggesting that the
backbone is flexible in this region. Low order parameters are
commonly observed at the N- and/or C-termini of proteins
(Kay et al., 1989; Clore et al.,, 1990a; Palmer et al., 1991;
Schneideretal., 1992; Stone et al., 1992; Kérdel et al., 1992).

There are three internal regions where the S? values are
significantly lower than average for both forms of the protein
(Figure 4). The first of these, residues 20-22, is situated
between the first a-helix («;) and the second g-strand (8,).

In a number of the solution structures of thioredoxin-(SH),
the peptide groups involving the amide nitrogens of D20, G21,
and A22 are involved in backbone-backbone hydrogen bonds
(Dyson et al.,, 1990). However, hydrogen bonds involving
both the carbonyl group of G21 and the NH group of A22
are mediated through water molecules in the thioredoxin-S;
crystal structure, and while there are five reverse turns in
thioredoxin-S; which conform to one of the six normal
classifications (Richardson, 1981), the geometry of the chain
reversal at residues 19-22 cannot be classified in this way
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FIGURE 5: Graphs illustrating the sensitivity of the sum of the squared
residuals (I';, eq 6) to variation of (A) 7 for D20 (m), Q50 (), Q98
(A),and L103 (@) in thioredoxin-S; and (B) R,, for D10 (m), C35
(#), 175 (a), and K100 (®) in thioredoxin-(SH),. Each point on
these curves was obtained by performing a model free calculation in
which either 7. or R,, was fixed at the value indicated on the horizontal
axis while the other of these two variables was fixed at zero, 7, was
fixed at the optimized value listed in Table II, and S? was varied until
the minimum value of I'; was obtained.

(Katti et al., 1990). Again, there is a large difference in this
region between the two molecules in the asymmetric unit; in
particular, the D20 side chain of one molecule forms an
intermolecular hydrogen bond to E85 in the other molecule.
Considering that this turn is situated on the opposite side of
the molecule from the active site, the high mobility is unlikely
to be of functional importance. Indeed, in phage T4 thiore-
doxin (glutaredoxin) the peptide chain starts with the
equivalent of the second §-strand in E. coli thioredoxin
(Soderberg et al., 1978).

The two other internal regions with significant picosecond
to nanosecond time-scale mobility are R73—-G74 and A93-
L94 (Figure 4). Residues R73 and G74 are located between
the region of irregular helical structure (residues ca. 64-72)
and the fourth B-strand (84, residues 77-82) and are exposed
to solvent; residues 74-77, including cis-Pro76, form a type
VIb B-turn. Residues A93 and L94 lie between the last
B-strand (residues 88—92) and the C-terminal a-helix (residues
96-108), and 94 has unusual x! and x? angles in the crystal
structure of thioredoxin-S,, allowing the side chain to pack
getween [38 and the initial residues in the C-terminal a-helix.
Both of these regions are spatially close to the active site, as
illustrated in Figure 6; possible functional consequences of
the mobility in this region are discussed below.

The only other residue whose order parameter is statistically
lower than average (Figure 4) is T14, which occurs in the
middle of a; (residues 11-18). The NH group of T14 is
hydrogen bonded to the carbonyl group of D10 in 10 of the
12 best restrained molecular dynamics structures of thiore-
doxin-(SH); (Dyson et al., 1990), but the helical structure of
ay in both the crystal and the solution is irregular, with T14
and adjacent residues have unusual ¢ and ¢ angles (Katti et
al., 1990; Dyson et al., 1990). In one of the two molecules
inthe crystal asymmetric unit, residues 11-21 lack well-defined
density, implying that «, is disordered. However, picosecond
to nanosecond time-scale fluctuations in solution are localized
to residue 14.

While the residues with low order parameters are generally
found in loop or terminal regions, not all loop residues have
low order parameters. No significant correlations could be
identified between order parameters and (a) secondary
structure type, (b) participation of the NH group or the
associated carbonyl group in hydrogen bonds, (¢) amide 'H
or N chemical shift differences between thioredoxin-(SH),
and thioredoxin-S,, (d) root mean square deviation from the
average positions of backbone amide 'H and/or N atoms in
the solution structure of thioredoxin-(SH),, or (e) thioredoxin-
S, crystallographic B factors. The lack of such correlations
is generally consistent with studies of other proteins (Kay et
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FIGURE 6: View showing the packing of residues adjacent to the
activesite of molecule A in the thioredoxin-S, crystal structure (Katti
etal., 1990). Residues 28-38 are shown in white, with the exception
of C32 and C35 which are in yellow, residues 73-76 are shown in
red, and residues 91-94 are shown in blue. The surfaces of contact
between the three regions are illustrated in the same colors as the
participating residues; these surfaces were generated using the
molecular surface (ms) program (Connolly, 1983). This figure was
produced using the graphics program GRAMPS (O’Donnell & Olson,
1981).

al., 1989; Clore et al., 1990a; Schneider et al., 1992; Stone et
al., 1992; Kordeletal., 1992), although, in the case of ubiquitin,
a dependence of S? on participation in hydrogen bonds was
proposed (Schneider et al., 1992) and, in the case of calbindin
Doy, S?values correlated with both crystallographic B factors
and hydrogen-exchange rates (Kordel etal., 1992); hydrogen-
exchange rates have not been measured for thioredoxin.
Although the factors which govern the picosecond to nano-
second time-scale mobility of NH groups in proteins remain
poorly understood, the consensus of this and earlier studies
is that residues which are buried within the hydrophobic core
or which occur in the middle of regular secondary structures
rarely have S? values significantly lower than average, while
those which occur in irregular secondary structure, in loops,
or on the protein surface often, but not always, have low order
par: ameters.

In the current study, the only significant dynamic difference
identified between the reduced and oxidized forms of thiore-
doxin s that residues 73, 74, and 75 show considerably higher
microsecond to millisecond time-scale mobility in the reduced
form, as indicated by the R values (panels E and F of Figure
3). Since the only chemical difference between the two
oxidation states of thioredoxin occurs in the C32 and C35 side
chains, the observed dynamic difference must result from the
changes that occur at these active site residues. Although the
residue 73-75 region is distant in the peptide sequence from
the active site cysteine residues, the side chain of 175 packs
directly onto the disulfide bridge in the crystal structure of
thioredoxin-S,, as illustrated in Figure 6 (Katti et al., 1990).
Itis therefore physically reasonable that breaking the disulfide
bond should result in greater mobility of I75. Indeed, this is
the only residue with a significant mobility difference between
oxidized and reduced states on both picosecond-nanosecond
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and microsecond-millisecond time scales. Residues R73 and
G74 are not in direct contact with the active site residues
(Figure 6). However, the side chain of R73 points into the
solvent, and G74 lacks a side chain, so these residues are
unrestrained by packing interactions. It appears that the
increased microsecond to millisecond time-scale mobility of
175 is propagated through the backbone to the preceding two
residues. In contrast, the residues following 175 are cis-P76,
which is likely to be inherently less flexible than other residues,
and T77 and L78, which are constrained within the antiparallel
B-sheet. Relaxation parameters were not measured for the
proline residues in thioredoxin since they lack amide protons.
No significant mobility changes on reduction were observed
for residues 77 and 78. We note that the microsecond to
millisecond time-scale mobility in this region cannot be
associated with cis—trans isomerization of P76 (Langsetmo et
al., 1989) which would be expected to occur on a much slower
time scale (Grathwohl & Wiithrich, 1981). There are other
indications that the active site region of reduced thioredoxin
has greater flexibility on this time scale. The Rexvalue of 138,
whose side chain packs between those of C35, P76, and 1L.94
in the crystal structure of thioredoxin-S,, is slightly larger in
thioredoxin-(SH),. In addition, the R, value of G33 is high
in thioredoxin-(SH),; relaxation data for G33 in thioredoxin-
S, were not measurable due to a low signal to noise ratio for
this peak. Thus, it appears that several of the residues
surrounding the active site are more flexible in the reduced
than in the oxidized protein.

The fact that residues 73-75 are far removed in the primary
sequence from the active site cysteine residues yet still exhibit
flexibility changes on disulfide oxidation-reduction provides
dramatic evidence that backbone mobility in proteins may be
influenced by the packing of side chains in the tertiary protein
structure. It was noted earlier that dynamics is also affected
by participation in regular secondary structure.

Tryptophan Side-Chain Mobility. This is the first report
of model free dynamics parameters calculated for the side-
chain NH groups of tryptophan residues in a protein. Both
of the tryptophan residues in thioredoxin are located close to
the active site. The side chain of W28 is packed in the
hydrophobic core, although the NH group of this side chain
is hydrogen bonded toa water molecule in the crystal structure
of thioredoxin-S,. In contrast, the W31 side chain is situated
on the protein surface, packed against the C32 and 175 side
chains, with its indole NH group hydrogen bonded to the
carboxyl group of D61 in the crystal structure (Katti et al,,
1990). Consistent with the different structural environments
of these side chains, the order parameter of the W31 side-
chain NH is significantly lower than that of the W28 side-
chain NH (Table I), although both are within the same range
as most backbone NH groups. In addition, the microsecond
to millisecond time-scale mobility of the W31 side chain, as
indicated by R, values (TableI), is much higher than average,
while motion of the W28 side chain is not significant on this
time scale. The order parameters for side-chain NH groups
are generally slightly lower than those for the backbone NH
groups in the same tryptophan residue (Table I), indicating
that some side-chain motions may be occurring independently
of backbone mobility in these residues.

Comparison with Previous Studies. The dynamics of
thioredoxin has been studied by time-resolved tryptophan and
tyrosine fluorescence spectroscopy and molecular dynamics
simulations (Elofsson et al., 1991). Fluorescence measure-
ments of wild-type and W31F mutant thioredoxin in both
reduced and oxidized forms generally yielded molecular
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rotational correlation times in the range 5-7 ns, consistent
with the values obtained in this study, although the tryptophan
fluorescence of wild-type thioredoxin-S, gave anomalously
low values of 2.3 and 3.5 ns for 280- and 300-nm excitation
wavelengths, respectively. The latter values were taken as an
indication that the motional behavior of the W28 side chain
was more complex than the simple assumed model of
independent internal and overall motions. In constrast, the
current NMR data appear to fit this simple model satisfac-
torily. In studies of a zinc finger peptide and calbindin Do,
molecular rotational correlation times measured by NMR
and fluorescence have been in good agreement (Palmer et al.,
manuscript in preparation; Kordel et al., 1992).

Using the Stokes—Einstein equation (Dwek, 1973) and
values for partial specific volumes reported by Kaminsky and
Richards (1992), the rotational correlation times at 308 K
are calculated to be 2.60 and 2.46 ns for oxidized and reduced
thioredoxin, respectively. These valuesare considerably lower
than the experimentally determined correlation times, as has
also been observed for enzyme ITAG!c (Stone, unpublished
results) and calbindin Dgg (Kérdel et al., 1992). Inaddition,
the partial specific volume of thioredoxin-S, is 5 & 1% higher
than that of thioredoxin-(SH),, implying that the 7p of
thioredoxin-S, should also be 5 £ 1% higher. The current
data indicate that the 7, of thioredoxin-S; is 2-2.5% higher
than that of thioredoxin-(SH),, which is at least qualitatively
inaccordance with the partial specific volume measurements.

Molecular dynamics simulations of oxidized and reduced
thioredoxin (Elofsson et al., 1991) indicate that the W28 side
chain is highly motionally restricted on the picosecond time
scale in both forms, while the W31 side chain is considerably
more mobile. The present data correlate well with these
simulations. Slight differences between the tryptophan side-
chain mobility in the oxidized and reduced states predicted
by the molecular dynamics simulations were not detected in
the present study.

Functional Implications of Dynamics. The flexibility of
the N- and C-termini of thioredoxin and the residue 20-22
region is unlikely to be of functional importance since these
regions are not known to participate in interactions with other
proteins. In contrast, the spatial proximity to the active site
of mobile residues 73-75 and 93-94 suggests a possible
functional role. The structure of thioredoxin in the vicinity
of the active site is shown in Figure 6. Eklund et al. (1984)
have identified residues 33-34, 75-76, and 91-93 as a flat
hydrophobic surface, conserved throughout members of the
thioredoxin/glutaredoxin family, adjacent to the active site
and implicated in binding to protein substrates. In E. coli
thioredoxin W31 also contributes to this surface while residues
38,73,74,and 94 are immediately adjacent to this hydrophobic
region. Although it is not known whether the structure of
thioredoxin changes on binding to other proteins, the observed
conformational flexibility of the loop residues 73—74 and 93—
94 on a picosecond to nanosecond time scale may be important
in allowing structural rearrangement or assisting the binding
of other proteins at the active site region of thioredoxin; a
mobile loop adjacent to the active site has also been identified
in enzyme ITAS¥ (Stone et al., 1992).

While no significant structural differences have so far been
detected between the average solution structure of thioredoxin-
(SH); and the crystal structure of thioredoxin-S;, the
difference in microsecond to millisecond time-scale dynamics
between the two forms of thioredoxin in solution implies that
certain structural states are kinetically accessible to thiore-
doxin-(SH,) which are not accessible to thioredoxin-S,. This



Dynamics of Thioredoxin

could potentially explain the ability of reduced but not oxidized
thioredoxin to induce the DNA polymerase and exonuclease
activities of the phage T7 gene 5 protein.
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SUPPLEMENTARY MATERIAL AVAILABLE

Two tables giving the values and uncertainties, for each
residue, of the experimentally determined Ty, T», and NOE
data, the optimized order parameters, and (where applicable)
internal correlation times and !N exchange broadening terms
(6 pages). Ordering information is given on any current
masthead page.
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