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SUMMARY

The complete assignment of 'H and '*N backbone resonances and near-complete 'H side-chain resonance
assignments have been obtained for the reduced form of a mutant of human thioredoxin (105 residues) in
which the three non-active site cysteines have been substituted by alanines: C62A, C69A, C73A. The assign-
ments were made primarily on the basis of three-dimensional .'’N-separated nuclear Overhauser and
Hartmann-Hahn spectroscopy, in conjunction with two-dimensional homonuclear and heteronuclear correla-
tion experiments. Based on comparisons of short-range and interstrand nuclear Overhauser effects, patterns
of amide exchange, and chemical-shift differences, the structure appears essentially unchanged from that of
the previously determined solution structure of the native protein [Forman-Kay. J.D. et al. (1991) Biochem-
istry, 30, 2685-2698]. An assay for thioredoxin shows that the C62A, C69A, C73A mutant retains activity.
The assignment of the spectrum for this mutant of human thioredoxin constitutes the basis for future studies
aimed at comparing the details of the active-site conformation in the reduced and oxidized forms of the pro-
tein.

INTRODUCTION

Thioredoxin is a ubiquitous protein which is involved in many aspects of thiol biochemistry in
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dimensional primitive exclusive correlated spectroscopy; TPPI, time-proportional phase incrementation; 2D,
2-dimensional; 3D, 3-dimensional.
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the cell, acting as a general catalyst for dithiol-disulfide interchange, as well as a specific disulfide
reductant for a number of proteins (Holmgren, 1989). The structures of a number of different
thioredoxins have been determined, with the aim of shedding light on the catalytic mechanism of
thioredoxin. In particular, the structures of oxidized E. coli (Holmgren et al., 1975; Katti et al.,
1990) and T4 (S6derberg et al., 1978) thioredoxin have been determined by X-ray crystallography,
and the solution structures of the reduced forms of E. coli (Dyson et al., 1990) and human
(Forman-Kay et al., 1991) thioredoxin have been determined by NMR. At the present time, how-
ever, there is no high-resolution structure of an oxidized and reduced thioredoxin of the same spe-
cies determined under the same conditions.

Based on the results of early biochemical and spectroscopic experiments on E. coli thioredoxin,
a mechanism of thioredoxin action was proposed (Kallis and Holmgren, 1980). This involves nuc-
leophilic attack by the Cys* thiolate anion on a disulfide-containing substrate, producing a
mixed-disulfide intermediate, which is then attacked by the thiolate of Cys® to yield a reduced
substrate and free, oxidized thioredoxin. No clear structural argument for the stabilization of the
Cys*? thiolate anion, a crucial aspect of the proposed catalytic mechanism, has emerged from the
studies of E. coli or T4 thioredoxin. The high-resolution NMR solution structure of the reduced
form of human thioredoxin, however, reveals a-hydrogen bond between the amide proton of
Cys? located at the N-terminus of helix a» and the Cys*? sulfur atom (Forman-Kay et al., 1991),
yielding compelling evidence for the stabilization of the Cys3? thiolate anion at physiological pH
values and accounting for the anomalously low pK, value of 6.3 for Cys’?* (Forman-Kay et al.,
1992).

Clearly, a structural comparison of the oxidized and reduced forms of human thioredoxin
would yield more insight into the interactions which control the catalytic thiol chemistry of thiore-
doxin. Unfortunately, human thioredoxin contains five cysteines, two in the active site (Cys*? and
Cys?) and three others, at positions 62, 69 and 73, which are only found in mammalian thioredo-
xins. Although Cys®? is totally buried, both Cys®® and Cys”? are exposed with surface accessibili-
ties of 20 and 60%, respectively, relative to a Gly-Cys-Gly tripeptide. As a result it has not proven
experimentally feasible to produce a sample of oxidized human thioredoxin without concomitant
intermolecular disulfide bridge formation and consequent aggregation. To circumvent this
problem we have constructed and expressed a mutant of human thioredoxin in which the three
additional cysteines have been substituted by alanines. In this paper, we present the 'H and "N
resonance assignments and secondary-structure determination of the reduced form of the C62A,
C69A, C73A mutant. We show that the structure of the mutant appears to be unchanged from
that of the native protein and that the mutant retainj enzymatic activity. Hence, this study shows
that the C62A, C69A, C73A mutant can be used in future work aimed at a detailed structural
comparison of the reduced and oxidized forms of the human enzyme.

MATERIALS AND METHODS

Materials

Calf thymus thioredoxin reductase was the kind gift of Dr. A. Holmgren of the Karolinska In-
stitute in Stockholm. Bovine insulin (25 units/mg) and NADPH were products of Sigma, St.
Louis, MO. All other reagents were analytical grade and obtained from commercial sources.
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Sample preparation

The C62A, C69A, C73A mutant of human thioredoxin was constructed using mutagenic oligo-
nucleotides in conjunction with PCR (Saiki et al., 1988) technology. All cloning procedures fol-
lowed standard protocols (Maniatis et al., 1982). The mutant gene was expressed under the
control of the Ap. promoter using the Mu ner ribosome binding site.from a plasmid containing
the tetracycline resistance gene and the clts repressor gene (Allet et al., 1988). The coding se-
quence resides on a 320-bp Ncol/Xbal fragment and was verified by DNA sequencing (Sanger et
al., 1977).

The 'N-labeled mutant protein was produced by growing bacteria in minimal medium with
ISNH4CI as the sole nitrogen source and purified essentially as described in Wollman et al. (1988).
Amino acid analysis confirmed the mutant composition and N-terminal sequencing revealed two
species of protein, differing in the presence or absence of the N-terminal methionine. The ratio of
these two forms, N-Met and N-Val, was close to 1:1, which was in agreement with the relative
peak intensities in the NMR spectra, with slightly more of the N-Val form.

For NMR samples, 0.5 ml of a 1.17-mM solution of '*N-labeled protein was reduced in excess
dithiothreitol (DTT), dialyzed against 100 mM sodium phosphate buffer with 0.2 mM deuterated
DTT, pH 5.5, lyophilized and redissolved in argon-purged 90% H,0/10% D,0 or 99.996% D,0,
sealed in tubes with airtight rubber septa, and blanketed with argon for 30 min (Forman-Kay et
al., 1989). For pH titrations, the pH was adjusted by the addition of small amounts of concentrat-
ed HC] or NaOH. Measurements of the pH of the sample were not corrected for deuterium iso-
tope effects and were taken before and immediately after the NMR experiment, with-the latter
measurement considered the most accurate. These values differed by less than 0.1 pH units in
most cases. Although the C62A, C69A, C73A mutant can be easily oxidized by stirring in air at
10 uM concentration to yield a disulfide between the two active-site cysteines, the protein was fully
reduced for all studies reported here, with both active-site cysteines existing as free sulfhydryls.

NMR spectroscopy

All experiments were recorded on a Bruker AM600 spectrometer at 25°C. Quadrature detection
in the t; dimension was carried out using the TPPI method (Marion and Wiithrich, 1983) for 2D
spectra and the States-TPPI method (Marion et al., 1989a) for 3D spectra.

NH and '’N chemical shifts for pH titration curves were measured from 2D 'H-'’N Overbo-
denhausen correlation experiments (Bodenhausen and Ruben, 1980; Bax et al., 1990) recorded in
H,0 at multiple pH values. Figure 1 shows the 'H-'’N correlation spectrum of the reduced form
of the C62A, C69A, C73A mutant of thioredoxin at pH 5.5.

All other spectra were recorded on a sample with a pH value of 5.5. A HOHAHA (Braun-
schweiler and Ernst, 1983; Davis and Bax, 1985) spectrum, utilizinga WALTZ17 mixing sequence
(Bax, 1989) sandwiched between 1.5-ms time pulses, was recorded in D,0, with a mixing time of
38 ms. A PE-COSY (Mueller, 1987) experiment with a 35° mixing pulse was also recorded in
D50, as described by Marion and Bax (1988). In addition, a 150-ms NOESY experiment (Jeener
etal., 1979; Macuraet al., 1981) was recorded in D,0.

A 3D '*N-separated HOHAHA experiment with a mixing time of 32 ms and a 3D '"N-separat-
ed NOESY experiment with a mixing time of 150 ms were recorded as described by Marion et al.
(1989b). These spectra were recorded with 128 complex points in F, ('"H), 32 complex points in F;
('5N) and 1024 real points in F3 ('"H) with spectral widths of 11.41 ppm, 34.99 ppm and 13.89 ppm,
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Fig. 1. ¥N (F, axis)-NH 'H (F; axis) region of the SN-'H Overbodenhausen correlation spectrum of the reduced form of
the C62A, C69A, C73A mutant of human thioredoxin in H,O at 25°C and pH 5.5. 'SN-'H correlation peaks of the active-
site region from Asp? to Cys* and of the region of the mutations from Asp®' to Thr™ have been labeled. -

respectively. After zero-filling, the real portion of the final processed 3D data matrix comprised
256 x 64 x 1024 points.

3D spectra were processed on a Sun Sparc workstation using in-house routines for Fourier
transformation (Kay et al., 1989), together with the commercially available software NMR2
(New Methods Research, Inc., Syracuse, NY). Analysis of the 3D spectra was aided by the use of
the peak-picking and display programs CAPP and PIPP (Garrett et al., 1991).

PH titrations ]

Heteronuclear "'N-'H Overbodenhausen correlation experiments were recorded at six pH
values: 5.5, 5.7, 6.0, 6.3, 6.6 and 7.1. 'H chemical shifts were calibrated with respect to the internal
'H,0 resonance and corrected for the small pH dependence (~0.02 ppm) of water, as de-
scribed by Forman-Kay et al. (1992).

Thioredoxin assay

A modified spectrophotometric insulin reduction assay, similar to that described by Luthman
and Holmgren (1982), was used to determine whether the C62A, C69A, C73A mutant retains
redox activity. The assay mixture contained 50 mM potassium phosphate buffer (pH 7), 80 pM
bovine insulin and 0.1 mM NADPH. The solution was protected from light and used immediately
in the assay at room temperature. Thioredoxin (1-3 uM final concentration) and calf thymus thio-
redoxin reductase (1 pg) were added to 0.5 ml of the assay mixture in a cuvette and the reaction
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rate was followed from the oxidation of NADPH at 340 nm. In a second assay (Holmgren, 1979),
the catalytic activity of the different thioredoxins on DTT-dependent insulin reduction was inves-
tigated. In a total volume of 1 ml, the reaction mixture contained 100 mM potassium phosphate
buffer, pH 7, 0.16 mM bovine insulin and thioredoxin at a concentration in the range of 0.1-0.7
uM. The reaction was initiated by the addition of 0.5 mM DTT and the absorbance at 650 nm was
followed over 40 min.

Calculation of the pK, of Cys’’

The active-site pH titration curves were analyzed as described in Forman-Kay et al. (1992) by a
nonlinear least-squares fit using the program FACSIMILE (Chance et al., 1977; Clore, 1983) to
the following relationship derived from the Henderson—Hasselbalch equation:

8 = [Bacia + Bpase 10PH-PRA/[1 4 10(PH-PKa)]

where 8 is the chemical shift of a resonance as function of pH, and 8,.q and 8y, represent the
chemical-shift values at the low and high extremes of pH, respectively.

RESULTS AND DISCUSSION

Resonance assignment

The assignment of the 'H and '"N NMR spectra of reduced C62A, C69A, C73A human thio-
redoxin was accomplished using 2D and 3D NMR. Backbone resonances were assigned using 3D
I5N-separated HOHAHA and NOESY spectra which provide through-bond and through-space
connectivities, respectively, via conventional sequential assignment methods (Wiithrich, 1986;
Clore and Gronenborn, 1987) as described by Driscoll et al. (1990). In this manner, amino acid
spin systems identified in the 3D 'SN-separated HOHAHA spectrum can be linked via sequential
through-space (<5 A) connectivities derived from the 3D '*N-separated NOESY spectrum. The
resolution afforded by the additional '>N dimension permits the straightforward interpretation of
the spectra and obviates the need for comparison with the native spectra to resolve ambiguities in
the sequential assignment. Figures 2A and B show composites of narrow strips of 2D contour
plots that are taken from different 'H(F,)-'H(F3) planes of the 3D '"N-separated HOHAHA and
NOESY spectra in the region of the mutations, from Asp®' to Thr’*, demonstrating the clarity of
the assignment.

A minor complication in assignment arises from the duplication of resonances for approxim-
ately one-third of the residues of the protein due to the N-terminal heterogeneity as a result of the
presence of an approximately 1:1 mixture of the N-Met and N-Val forms in the sample. In almost
all cases, these duplications were paralleled by duplications in the spectrum of the native protein
(Forman-Kay et al., 1989,1990). Knowledge of the spectrum of native human thioredoxin was of
help in this regard, although not all duplicated resonances had a corresponding one in the native
protein. For example, the duplication of the amide proton resonance of Ala%, seen in Fig. 2, was
not present in spectra of the native form of human thioredoxin.

Although some side-chain assignments could be made on the basis of the 3D '"N-separated
HOHAHA, most of the side-chain assignments were obtained using 2D 'H-'H PE-COSY and
HOHAHA spectra recorded in D,O to demonstrate direct and multiple relayed through-bond
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Fig. 2. Amide strips extending from Asp®' to Thr’, covering the region of the three mutations, taken from the 3D 'SN-se-
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'H AND "N RESONANCE ASSIGNMENTS FOR THE REDUCED FORM OF THE C62A, C69A, C73A MUTANT
OF HUMAN THIOREDOXIN AT 25°C AND pH 5.5

Residue NH N CeH CPH Others

Ml b b 4.02 2.18 CrH 2.59

V2 8.68 124.6 4.38 1.67 CvH 0.45,0.86

K3* 8.26 128.6 4.59 1.85,1.71 c

K3 8.22 127.9 4.56 1.83,1.77 CvH 1.35,1.28; C8H 1.73, 1.63; C*H 2.99

Q4+ 8.71 126.4 4.67 2.07,2.02 CH 2.37, 2.25; N=H, 7.63, 6.94; 'SN=
112.5

Q4 8.65 126.4 4.7 c c

I5* 8.66 126.1 4.35 2.06 CrH 0.90

15 8.64 125.6 4.41 2.07 C™H 0.91

E6 9.12 1239 4.56 2.00 CrH 2.26

S7 7.29 110.2 5.06 4.27,4.04

K8 9.44 122.6 3.95 1.87, 1.80 CvH 1.48; C*H 1.70: C*H 2.96

T9 8.22 115.5 4.02 4.06 CH 1.24

AlQ 7.78 123.7 4.22 1.59

Fll 8.19 120.7 4.11 3.31,3.02 C%H 6.95; C=H 6.90; C:H 6.78

Q12 8.13 117.4 3.59 2.20,2.13 CrH 2.44, 2.38; N¢H, 7.70,-6.83; I*N=
114.5

El3 8.19 117.4 4.00 2.08,1.98 CrH2.49,2.22

Al4 1.7 121.6 4.08 1.35

L15 7.73 117.4 373 1.60, 1.00 CYH 0.90; C*H —0.09, —0.22

D16 8.22 119.9 432 2.71,2.64

Al7 8.07 121.3 4.19 1.45

Al8 7.16 118.7 3.94 1.38

G119 7.57 105.8 3.93,3.77

D20 9.08 128.9 4.66 2.77

K21 7.79 119.3 4.31 1.93, 1.88 CrH 1.55; C5H 1.75, 1.65; C*H 3.06

L22 8.85 122.8 4.4 1.99 CiH 1.04

V23 9.02 125.8 4.87 "1.97 CvH 0.83,0.62

V24* 9.16 126.5 4.44 1.55 CYH 0.57,0.46

V24 9.13 126.6 4.49 1.47 CvH0.52,0.43

V25 9.17 126.4 4.70 1.97 CvH 0.90, 0.02

D26* 8.33 123.2 4.29 2.27,1.34

D26 8.36 123.3 4.25 2.23,1.27

F27* 8.94 125.5 498 2.97,2.37 C3H 6.83; C=H 6.79; C°H 6.70

F27 8.87 125.0 c c c

S28* 8.66 117.9 4.52 3.42

S28 c c 4.50 3.38

A29 6.65 118.8 4.70 0.27

T30 9.65 117.3 3.84 4.15 CrH1.23

W3l 6.70 1158 4.64 3.62,3.19 22H 7.39; C=3H 7.36. C"?H 7.18; C¥H
7.09; C8'H 7.28; NetH 11.23; 5N¢! 134.6

C32 6.61 120.6 4.65 3.18,2.95

G33 9.59 121.1 4.27,4.00

P34 - b 4.46 2.64,1.76 CvH 2.33, 2.08; CtH 3.97, 3.87

C35 8.16 110.3 4.27 3.96,3.16

K36 7.82 121.2 4.01 2.08,2.01 C¥H 1.51; C3H 1.76, 1.66; C*H 3.03

M37 7.64 116.9 4.29 2.30 C7H 2.80. 2.64

138 7.64 115.6 4.60 1.96 C'H 2.09, 1.85; C™H 1.23; C°H 0.92

K39* 7.58 125.5 4.33 2.13,2.03 CrH 1.33; C®H 1.78; CH 2.97
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TABLE | (continued)

Residue NH BN CeH CPH Others

K39 7.51 125.5 4.27 2.09,2.00 c

P40 - - b 4.42 2.37 CvH 2.18,2.04; C°H 3.89, 3.76

F41* 7.49 120.0 4.49 3.50,3.24 C8H 7.24; C=XH 7.52

F41 7.45 120.1 4.53 3.52,3.27 C8H 7.26; CH 7.49; C°H 7.54

F42* 8.89 122.0 3.99 3.57,3.15 C8H 7.37; C=%H 7.66

F42 c c 4.01 3.60,3.16 C?H 7.35; C=4H 7.68

H43* 843 114.5 3.80 3.28 C82H 7.32

H43 8.38 114.2 37 3.27,3.23 C82H 7.42

S44* 8.49 119.1 4.18 394

S44 8.62 119.8 4.11 3.94

L45* 7.95 122.9 3.84 1.54 CYH 1.11; C3H 0.68

L45 8.27 123.7 3.82 1.67 CYH 1.11; C3H 0.69

S46* - 6.73 114.5 3.32 2.87

S46 6.64 115.5 3.04 3.18,2.42

E47* 6.81 118.8 4.06 1.96 CvH 2.20,2.09

E47 6.74 119.5 4.13 .~ 2.03,1.88 C'H 2.19

K48* 7.17 119.6 4.02 ; 1.63, 1.56 C'H 1.11,0.50; C®H 1.49, 1.41; C=H 2.77,
2.71

K48 7.19 120.1 - c c [

Y49+ 8.09 118.8 4.80 3.05 C%H 7.33; C=H 6.89

Y49 8.00 118.5 c c c

S$50% 7.82 115.1 4.44 4.03,3.90

S50 7.78 1149 c c

N5l 9.13 118.5 4.82 2.98,2.88 N3®H, 7.63,6.82; *N8 112.5

V52* 7.51 121.1 4.47 2.13 CvH 0.88,0.22

V52 7.49 121.1 4.50 2.18 CvH 0.89,0.28

I53* 8.86 127.8 4.40 1.90 CmH 0.87

153 891 128.0 4.36 1.93 Cm™H 0.86

F54* 8.63 125.9 5.21 2.81,2.41 C8H 6.63; C=H 7.10; C°'H 6.74

F54 8.96 126.2 . 5.18 3.07,2.38 C8H 6.56; C=H 7.07; C*H 6.71

L55* 9.37 122.3 . 5.41 1.65,1.29 CvH 1.50; C®H 0.84, 0.57

L55 9.40 122.3 5.59 1.70, 1.31 c

E56* 8.49 120.5 4.92 1.83 CrH 2.15,2.03

E56 8.52 121.0 4.99 1.78 - c

V57* 8.37 123.2 4.04 1.14 C'H0.62,0.13

V57 8.43 124.4 4.06 1.15 CrH 0.65,0.15

D58 9.11 128.8 495 2.84,2.30

V59* 8.72 118.3 3.66 2.21 C'H 0.96,0.84

V59 8.77 118.4 c c c

D60 8.26 118.5 4.84 2.84,2.76

D6l 8.29 120.9 4.63 2.86,2.65

A62 8.18 125.0 4.95 1.17

Q63 7.83 120.7 4.11 2.16 CvH 2.55, 2.37;, N*H, 7.67, 6.83; 15N«
111.7

D64 9.03 118.2 4.32 2.86,2.61

V65 7.55 1224 3.44 1.99 CtH 0.63,0.37

A66* 7.80 120.2 3.76 1.43

A66 1.76 120.2 c c

S67 8.41 111.8 4.26 3.97

E68 1.77 123.4 4.10 2.13 CYH 2.46,2.38

A69 7.66 119.4 445 1.23
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TABLE | (continued)

Residue NH SN CtH CPH Others

E70 7.65 114.7 3.76 2.13 CH2.19

V71 7.48 118.5 3.60 1.37 CH 0.53, —0.20

K72 8.71 127.1 4.42 1.90, 1.62 C'H 1.32;C*H 2.92

A73 1.57 121.7 4.62 1.31

T74 8.48 110.6 4.67 3.92 C'H0.83

P75 - b 5.10 2.26,1.40 CvH 1.85, 1.71; C®H 3.66, 3.42

T76* 8.23 118.0 4.60 3.5 CH1.11

T76 8.17 118.1 c c c

F77* 8.96 125.4 5.67 2.23,1.98 C*H 6.57; C*H 7.00; C°H 6.87

F717 c c c c C%H 6.59; C°H 7.05; C°H 6.88

Q78 8.64 118.5 5.04 2.19,1.97 CYH 2.35; N°H, 6.76, 6.47; '*N* 106.0

F79 8.02 119.0 5.55 2.62,247 C®H 6.95; C*H 7.14; CH 7.23

F80 9.99 122.1 5.62 2.72,2.59 C%H 6.74; C*H 7.39; C*H 7.79

K8l 8.87 118.3 4.57 1.73, 1.65 CH 1.42; C*H 1.76; CH 3.05

K82 10.21 128.5 3.99 2.11,1.82 CvH 1.48, 1.41; C®H 1.73; CH 2.99

G83 9.35 104.2 4.19,3.36

Q84 1.78 118.5 4.75 2.13,1.98 CrH 2.37; NtH, 7.53, 6.87; '*N¢ 112.5

K85 8.99 126.0 3.96 1.78 CvH 1.08; CH 2.92

V86 9.21 121.3 4.57 245 CrH 0.96, 0.65

G87 7.48 107.9 4.31,3.72

E88 8.63 118.2 5.37 2.15 CrH 2.37 :

F89 8.94 117.9 5.07 3.54,3.42 C?H 7.32; C*H 7.39; C°H 6.80

S90 9.07 115.4 5.39 3.88,3.73

G91 8.18 110.2 4.74,3.76

A92 8.75 123.7 447 1.38

N93 7.54 122.1 483 - 2.89,2.66 © N®H,7.59,6.98; SNS 112.8

K94* 8.62 125.0 3.62 1.35.1.24 ~ CrH0.66; C®H 1.04; CtH 2.61

K94 c c 3.65 1.38,1.26 CvH 0.68; C*H 1.06; C°H 2.59

E95 8.38 119.0 4.09 2.13,1.96 CrH 2.37,2.25

K96 7.81 121.1 3.87 " 1.34,0.95 CvH 0.74,0.27; C®H 1.12, 0.92; C=H 2.58,
2.47

L97 8.07 122.9 4.19 2.34 C'H 1.54; C*H 0.87,0.72

E98 7.88 117.3 3.88 2.28 CrH 2.55

A99 8.40 120.4 4.14 1.41

T100 8.06 115.2 3.68 3.95 CrH0.24

1101 7.45 120.1 3.24 1.71 CvH 0.81,0.75; C™H 0.16; C’H 0.86

N102* 7.53 113.3 4.32 277,271 NéH, 7.37,7.29; "N8 113.1 -

N102 7.48 113.1 ¢ c c

E103 1.75 118.1 4.13 2.15,2.04 CH 2.39,2.25

L104 7.38 117.5 4.42 1.43 C'H 1.65; C°H 0.72,0.33

Vi0s* 7.54 123.5 381 2.15 C'H 1.02,0.98

V105 7.52 123.6 c c c

» Residues which give different chemical shifts for the N-Met and N-Val forms of human thioredoxin are denoted with an
asterisk (*) at the amino acid name for the resonance arising from the slightly more abundant N-terminal Val species. 'H
chemical shifts are expressed relative to 4,4-dimethyl-4-silapentane-1-sulfonate and measured with respect to the water
resonance which has a chemical shift of 4.76 ppm at 25°C. '*N chemical shifts are reported with respect to external liquid
NH;.

® Unassigned or undetected resonance.

< The resonances of the N-Met and N-Val forms are indistinguishable or those of the N-Met form were undetected.
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scalar connectivities, respectively. Comparison with the native spectrum was quite useful at this
stage of the assignment process, due to the significant overlap in the aliphatic region of the
spectrum.

The 'H and PN assignments for the reduced C62A, C69A, C73A mutant thioredoxin at pH 5.5
and 25°C are provided in Table 1, and resonances of the N-terminal Val species which are distinct
from those of the N-terminal Met species are indicated by an asterisk.

Structure of the mutant

A summary of the sequential and short-range (|i—j| < 3) NOE connectivities involving the NH,
C°H and CPH protons, together with the slowly exchanging amide protons, is shown in Fig. 3. No
significant differences were observed in the pattern of the NOEs for the N-Met and N-Val forms
of the enzyme. A comparison of these data for the mutant with the native human thioredoxin re-
veals that the secondary structural elements of the C62A, C69A, C73A mutant are the same as
those in the native protein (Forman-Kay et al., 1989, 1991), as indicated below the NOE connecti-
vities in Fig. 3. The presence of five B-strands [Val® to Ile* (B;), Leu?? to Ser®® (B,), Ile*? to Val*®
(B3), Pro’® to Lys®' (B4) and GIn3* to Gly®' (Bs)], characterized by strong C*H(i)-NH(i+ 1) NOEs
and four a-helices [Ser’ to Ala'” (a,), Gly*? to Tyr*® (a»), Ala®? to Glu™ (a3) and Lys* to Val'%
(a4), as well as a helical turn from Asp® to Ala®?, characterized by a stretch of NH(i)-NH(i + 1),
C*H(i)-NH(i, i+2,3) and C*H(i)-CPH(i + 3) NOEs, is clearly supported by the NOE and NH ex-
change data.

A qualitative analysis of NOE peaks corresponding to connectivities across the B-strands con-
firms that the topology of the five-stranded B-sheet is also retained in the C62A, C69A, C73A mu-
tant. This is illustrated in the schematic diagram presented in Fig. 4 which depicts the B-sheet of
the mutant protein as deduced from the pattern of interstrand NOE connectivities and slowly ex-
changing amide protons.

Thus, as evidenced by both the preservation of secondary-structure elements and overall B-
sheet topology, the global structure of the C62A, C69A, C73A mutant appears to be nearly identi-
cal to that of native human thioredoxin. Although Cys® is totally buried in the native protein and
the surface accessibility of Cys® is only ~20% relative to that in a Gly-Cys-Gly tripeptide (For-
man-Kay et al., 1991), the conservative substitutions for alanine have allowed the structure to be
preserved with little change. (Note that the surface accessibility of Cys’3, located in an extended
loop region, is much greater, at about 60%, while Cys®2 and Cys® are found in helical structures.)

Differences in the chemical shifts of spectral resonances of the native and mutant thioredoxins

The chemical shifts of the resonances of the C62A, C69A, C73A mutant human thioredoxin did
not differ for the most part from those of the native protein, confirming the expectation that these
substitutions would not change the structure of the protein significantly. Since chemical shifts are
extremely sensitive to very subtle changes in structure, the observed small changes are a stronger
confirmation of the retention of native structure than the NOE patterns. The differences in NH
proton and "N chemical shifts between the mutant and native enzyme are also included in Fig. 3.
The greatest chemical-shift differences are observed at the three positions where the substitutions
were made (Ala®, Ala®® and Ala’) and at the near-by active-site residues Ala?® and Cys®. A
ribbon diagram of the structure of the native human thioredoxin with the locations of the three
cysteine-to-alanine substitutions is shown in Fig. 5. Residues whose NH chemical shifts differ by
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Fig. 3. Summary of the sequential and short-range (li-j| < 3) NOEs involving the NH, CtH and CPH protons, as well as the
C?H protons of proline residues, the amide exchange data, and the NH and 'SN chemical-shift differences from the native
spectrum observed for the reduced form of the C62A, C69A, C73A mutant of human thioredoxin, together with the se-
condary structure derived from the previously determined solution structure of native human thioredoxin (Forman-Kay
et al., 1991). The thickness of the lines reflects the relative strength of the NOEs. Open boxes and dashed lines represent
potential sequential connectivities obscured by resonance overlap. For residues having duplications arising from the
N-terminal heterogeneity, intensities are taken from peaks of the N-Val form. Amide protons which were present in the
homonuclear HOHAHA spectrum recorded after redissolving a lyophilized sample in D,O are indicated by filled circles.
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Fig. 4. Schematic representation of the B-sheet of the C62A, C69A, C73A mutant of human thioredoxin deduced from a
qualitative analysis of the NMR data. Observed interstrand NOE connectivities between backbone C*H or NH protons
are indicated by solid arrows. In the case of resonance overlap, the potential NOE connectivity is indicated by a dashed
arrow. Slowly exchanging amide protons are circled. Hydrogen bonds suggested by the NOE patterns and slowly exchang-
ing NH protons are marked with dotted lines.

greater than or equal to 0.2 ppm from the corresponding resonance in the spectrum of the native
protein at pH 5.5 and 25°C or whosé amide 'SN chemical shift differs by 1.0 ppm, or more are indi-
cated. These residues lie in the regions of Ile’ to Ser’, Ala? to Cys*>, Val*” to Ala®, Ser®’ to Val!,
Ala’ and Thr’, all of which are in close spatial proximity to the sites of mutation.

Thioredoxin activity )

The activities of E. coli thioredoxin, native human thioredoxin and the C62A, C69A, C73A
mutant of human thioredoxin were assayed using a modified spectrophotometric insulin reduc-
tion assay, as described in Holmgren (1979) and Luthman and Holmgren (1982). Figure 6 shows
the results for the reduction of insulin disulfide bridges by DTT catalyzed by different concentra-
tions of human wild-type and mutant thioredoxins as well as, for comparison, by E. coli thioredoxin.
All three thioredoxins assayed exhibited activities within the same order of magnitude, indicating
that the mutation had not affected the catalytic activity adversely.

pK, of Cys*?
The 'H and '’N chemical shifts for backbone amide groups of residues near the active site of the
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Fig. 5. Ribbon diagram based on the coordinates of the previously determined solution structure of the native human thio-
redoxin (Forman-Kay et al., 1991) indicating the position of the three cysteine-to-alanine substitutions and the two active-
site cysteines. The residues having amide chemical-shift differences greater than or equal to 0.2 ppm for 'H or 1.0 ppm for
5N, are indicated in black. These include residues Iles to Ser’, Ala® to Cys, Val¥ to Ala%?, Seré” to Val”!, Ala™ and Thr’s.
This ribbon drawing was produced with the program MOLSCRIPT (Kraulis, 1991). ’

C62A, C69A, C73A mutant of human thioredoxin were measured from 'H-'SN Overbodenhau-
sen correlation experiments performed at six different values from pH 5.5 to 7.1. Titration curves
were derived for Asp2, Phe?’*, Phe?’, Ser?8, Ala%, Thr’, Trp!, Cys®, Asp®', Ala% and GIn%?
amide NH and '°N resonances, as well as the sidé-chain N*'H and 'SN#' of Trp?'. (Note that the
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Fig. 6. Thioredoxin-catalyzed reduction of insulin by dithiothreitol. The absorbance at 650 nm is plotted as a function of
time. (a), {c), (e): 0.13 uM, 0.35 uM, 0.65 pM C62A, C69A, C73A mutant human thioredoxin, respectively; (b), (d), (f): 0.13
UM, 0.35 uM, 0.65 uM wild-type human thioredoxin, respectively; (g) | uM E. coli thioredoxin; (h) without thioredoxin.
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titration curve for the amide of Cys®? itself could not be analyzed, since the amide proton rapidly
exchanged above pH 5.5.) These resonances exhibit the largest titration shifts over this pH range
and are identical to those with the largest titration shifts in the native human thioredoxin
(Forman-Kay et al., 1992). The chemical shifts of these resonances were also the most sensitive to
the protonation state of Cys32 in the study of the native protein. The Cys33 amide NH and "N ti-
tration curves are almost direct probes for the Cys*? pK, due to the close interaction of the side-
chain SY of Cys*? with the amide of Cys* in the structure of the reduced form of native human
thioredoxin (Forman-Kay et al., 1991). A qualitative analysis of the Cys3* amide NH and "N ti-
tration curves and other curves for amide groups near the active site clearly demonstrates a titra-
tion with a pK, between pH 6.0 and 6.3, near the observed pK, of 6.3 + 0.1 found for Cys3? in the
wild-type protein. Simultaneous fits to the curves from the Phe?’, Ser?, Ala?, Thr®, Trp*!, Cys®
amide NH and '*N resonances, and side-chain N¢'H and "N&! of Trp?! yielded pK, values in the
range 5.5-6.3 confirming the notion that the C62A, C69A, C73A mutant and wild-type thioredo-
xins are structurally and electronically very similar.

CONCLUDING REMARKS

The assignment of the 'H and >N NMR spectra of the reduced form of the C62A, C69A, C73A
mutant of human thioredoxin has been accomplished. Based on comparisons of short-range
(Ji-jl £3) and interstrand NOEs and amide exchange rates, the secondary structure and topology
appear to be nearly identical to those found in the previously determined solution structure of the
native protein (Forman-Kay et al., 1991). In addition, the observation of only minor differences
in chemical shifts between thé native and mutant thioredoxins also supports the conclusion that
the mutant retains native structure. Finally, the mutant retains enzymatic activity and the active-
site Cys®? appears to have a similar pK, (~6) to that of the native protein. Since the mutant re-
tains both native structure and biological activity, and can be oxidized without intermolecular di-
sulfide bridge formation and aggregation, it will facilitate comparative studies of the reduced and
oxidized forms of human thioredoxin. Thus, the 'H and '°N resonance assignments of the mutant
reported in this paper provide a foundation for future work probing the structural basis of the cat-
alytic mechanism of the thiol chemistry in the active site of thioredoxin.
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