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ABSTRACT: We have determined the 1.65 Å crystal structure of human thioredoxin-1 after treatment with
S-nitrosoglutathione, providing a high-resolution view of this important protein modification and mechanistic
insight into protein transnitrosation. Thioredoxin-1 appears to play an intermediary role in cellular
S-nitrosylation and is important in numerous biological and pathobiological activities.S-Nitroso
modifications of cysteines 62 and 69 are clearly visible in the structure and display planar cis geometries,
whereas cysteines 32, 35, and 73 form intra- and intermolecular disulfide bonds. Surprisingly, the Cys 62
nitroso group is completely buried and pointing to the protein interior yet is the most readily formed at
neutral pH. The Cys 69 nitroso group is also protected but requires a higher pH for stable formation. The
helix intervening between residues 62 and 69 shifts by∼0.5 Å to accommodate the SNO groups. The
crystallographic asymmetric unit contains three independent molecules of thioredoxin, providing three
views of the nitrosated protein. The three molecules are in general agreement but display subtle differences,
including both cis and trans conformers for Cys 69 SNO in molecule C, and greater disorder in the Cys
62-Cys 69 helix in molecule B. Possible mechanisms for protein transnitrosation with specific geometric
requirements and charge stabilization of the nitroxyl disulfide reaction intermediate are discussed.

Nitric oxide is widely synthesized in higher eukaryotic
cells for the regulation of numerous physiological processes,
including blood pressure, tissue development, memory
formation, cell growth, and cell death (1). Paradoxically,
higher levels of NO, produced in response to inflammation
and infection, may be toxic and contribute to, for example,
septic shock (2) and neurodegeneration (3). The best-
characterized NO-dependent signaling processes occur through
binding to the heme of soluble guanylate cyclase (sGC),1

stimulating the protein to convert GTP to cyclic GMP and
initiating a cGMP signaling cascade (4). However, much of
the NO produced in the cell does not lead to such complexes
but rather to various nitrosations and nitrations, or to nitrite
and nitrate. Many of these products may be signaling
intermediates in their own right, particularlyS-nitrosocysteine
(5). For example, nitrosation (nitrosylation)2 of â-Cys 93 in
human hemoglobin occurs readily and is sensitive to the
hemoglobin conformation, leading to the proposal that

hemoglobin delivers NO to oxygen deficient tissue, resulting
in vasodilation (6). More than 100 proteins have been shown
to be S-nitrosylated in vivo (5, 7), and a broad array of
cellular functions appear to be under the influence of
S-nitrosylation, particularly with respect to gene regulation
and apoptosis. Structural and chemical insight into these
protein modifications have lagged behind the biology, and
only one structure of an S-nitrosated protein has been
reported, a specialized case involving a thiol-linked heme
in a nitrophorin (8). Attempts to determine the structure of
S-nitrosohemoglobin through direct reaction with NO have
led to structures with modifiedâ-Cys 93, but with geometry
more consistent with a thionitroxide modification (9, 10).

Thioredoxin has recently emerged as a central intermediary
in cellular S-nitrosation events. All cells use thioredoxin for
maintaining an appropriately reducing cytosol through oxi-
doreductase activities involving a Cys-Gly-Pro-Cys motif and
NADPH-dependent thioredoxin reductase (11). In mammals,
thioredoxin-1 is important in numerous additional activities,
including cell growth, cell death, oxidative and nitrosative
stress, and tissue development (12, 13). Thioredoxin-1 is
overexpressed in many cancers and directly binds to many
tumor-promoting proteins, including NFκB, Ref-1, AP-1,
PTEN, HIF1-R, and ASK-1, and thioredoxin-1 gene disrup-
tion in mice is embryonically lethal (14). Human thiore-
doxin-1 (hTrx) is readily S-nitrosated (nitrosylated) both in
vitro and in vivo (15-18), and high levels of hTrx lead to
increased levels of protein S-nitrosylation in cell culture or
heart tissue, while low levels of hTrx lead to low levels of
S-nitroso protein (16, 17). S-Nitrosated hTrx (hTrx-SNO)
can directly transnitrosate caspase-3, leading to inactivation
of this important protein (18), and can be taken up by heart
tissue, where it exerts a cardioprotective effect (17).
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The mechanism by which cellular nitrosothiols initially
form is not known, but it has been proposed to occur through
reaction of free thiols with N2O3 and other products of nitric
oxide and oxygen, through direct reaction with thiol followed
by one-electron oxidation by oxygen or metal centers, or
through direct reaction with thiyl radicals generated by one-
electron oxidation. Glutathione (GSH), at 1-10 mM, is the
most prominent initial cytosolic target, yieldingS-nitroso-
glutathione (GSNO) as the reaction product. Once formed,
the nitroso group (formally NO+) can be transferred between
thiols, ultimately residing on those thiols providing stability
for the SNO moiety. Competing with this process is SNO
degradation, which can occur spontaneously or via several
other processes, including reduction of GSNO by GSNO
reductase/formaldehyde dehydrogenase (19). An understand-
ing of the dynamics surrounding nitrosothiol flux in vivo
has not yet been realized, but it is clear that the majority of
isolatable nitrosothiol groups in the cell reside on proteins
(19, 20). Here, we provide the first view of a transnitrosated
protein, hTrx-SNO.

MATERIALS AND METHODS

Materials. Recombinant wild-type and C73S mutant
human thioredoxin-1 (hTrx) were expressed inEscherichia
coli without purification tags and isolated by column
chromatography as previously described (21, 22). Mass
spectral analyses of the wild-type protein indicated the
N-terminal methionine was largely, but not completely,
processed away during expression, leaving perhaps 10%
unprocessed protein.S-Nitrosoglutathione (GSNO) was
prepared from reducedL-glutathione and sodium nitrite
(Sigma) as described previously (23) and recrystallized from
a water/acetone mixture. Other reagents were purchased from
Sigma unless otherwise noted.

Quantifying hTrx-SNO Formation.S-Nitrosation of hTrx
was examined under a variety of conditions. The variables
that were examined included protein and GSNO con-
centrations, pH, molar ratios, time, temperature, and the
presence or absence of glutathione. In the first series of
experiments, the concentration of hTrx was varied from 10
to 200µM and mixed with 1-10-fold molar excess of GSNO
on ice and in the dark. The reactions were performed in either
100 mM potassium phosphate buffer (pH 7.0) or 100 mM
sodium glycine buffer (pH 9.0), each supplemented with
metal chelators diethylenetriaminepentaacetic acid (DTPA)
and neocuprione, 50µM each. After equilibration for 30 min
to 2 h, excess GSNO was removed by repeated ultrafiltration
using a Centricon filter with a 10 kDa cutoff.

The SNO contents of the retentate and filtrate were
determined using the Griess-Saville method (24, 25). In
brief, a standard curve was generated using sodium nitrite
and Griess reagent. Portions of the retentate and last filtrate
were supplemented with fresh Griess reagent and incubated
for 10 min. These solutions displayed zero absorbance at
540 nm, indicating that the nitrite concentration was less than
1 µM. Addition of excess mercury(II) acetate (from a 20
mM solution) converted SNO to nitrite, leading to reaction
with Griess reagent and absorbance at 540 nm. The final
concentration of hTrx-bound SNO was calculated as the
difference between the retentate and filtrate SNO concentra-
tions, and the concentration of hTrx was determined by

absorbance at 280 nm (ε280 ) 7266 M-1 cm-1). A somewhat
jaggedA280 band was found for the material, most likely due
to disulfide bond formation or multiple environments for the
single tryptophan residue.

In experiments designed to assess S-nitrosation of hTrx
in the presence of GSH, 10µM hTrx was mixed with 50
µM GSNO and 1 mM GSH. After incubations ranging from
2 to 24 h, at 0 or 37°C, and pH 7 or 9, hTrx-SNO and
GSNO were separated by ultrafiltration and SNO content
determined as described above. Of these variables, only pH
led to a change in the SNO content of hTrx.

S-Nitrosation for Crystallization. Preparative quantities of
hTrx-SNO for crystallization were obtained by mixing 200
µL of hTrx (42 mg/mL) and 100µL of 50 mM GSNO in
700µL of either sodium phosphate buffer (50 mM, pH 7.0)
or sodium glycine buffer (50 mM, pH 9.0), supplemented
with 50 µM neocuprione and 50µM DTPA. After equilibra-
tion for 90 min on ice in the dark, hTrx-SNO and GSNO
were separated by repeated washing of the sample with 20
mM phosphate buffer (pH 7.0) using ultrafiltration (10 kDa
cutoff Centricon filter). The SNO contents in the retentate
and the last filtrate were determined either by the Griess-
Saville method or spectroscopically at 335 nm (ε335 ) 927
M-1 cm-1) (26). This material exhibited SNO content similar
to that prepared at lower concentrations (Table 1). The final
hTrx-SNO material was concentrated to∼1.5 mM and stored
in 100 µL aliquots at-80 °C.

S-Nitrosation of hTrx with similar results was also
obtained by combining equivolume solutions of hTrx (42
mg/mL) with a freshly prepared mixture of 0.5 M Cys-HCl
and 0.5 M sodium nitrite in 0.5 M sodium glycine buffer
(pH 9). This sample was kept in the dark on ice for 30 min
followed by washing using ultrafiltration.

Crystallization. The hTrx-SNO crystals were obtained
using the hanging drop method by combining 2µL of hTrx-
SNO (∼1.5 mM) with 2µL of 32% (w/v) PEG 1500 buffered
with 50 mM sodium phosphate (pH 7) and equilibrating at
room temperature against the same solution in the well. The
morphology for the rod-shaped crystals, which grew spon-
taneously to dimensions of approximately 0.1 mm× 0.1 mm
× 0.7 mm, was improved through macroseeding into a
solution slightly lower in protein concentration (∼1.2 mM)
and lower in PEG 1500 (16%), again buffered in 50 mM
sodium phosphate (pH 7). The crystals were isomorphous
with those previously obtained from a 2-methyl-2,4-pen-
tanediol (MPD)/acetate solution (pH 3.8) (22), which display
a rhombohedral habit and a single molecule in the asym-
metric unit. Flash-freezing of the new crystals in liquid
nitrogen led to unacceptable streaking in the diffraction

Table 1: Representative SNO Measurements

SNO/hTrx molar ratio

[hTrx]
(µM)

[GSNO]
(µM)

[GSH]
(µM) pHa Griess/Saville A335

10 50 0 9.0 1.96 -
10 50 0 7.0 0.89 -
10 50 1000 9.0 0.56 -
10 50 1000 7.0 0.29 -

1500 15000 0 9.0 2.13 2.19
600 1000 0 7.0 1.06 1.19

a pH values of 5.6 and 4.0 were also examined but display no SNO
formation.
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pattern. Soaking of the crystals for 24 h in 35% PEG 1500
buffered at pH 4.0 and flash-freezing led to improved
diffraction and data set hTrx-SNO III (Table 2).

A more dramatic improvement in diffraction quality was
achieved by transferring the hTrx-SNO crystals to 100%
ethanol, equilibrating overnight and flash-freezing. The
improved diffraction was a consequence of a solid-state phase
transition in the crystals, which produced a new crystal form
with a 3-fold larger volume and three molecules per
asymmetric unit rather than one. The transformation from
small to large unit cell is as follows:a′ ) a + 2c, b′ ) b,
c′ ) a - c. Data were measured from two such crystals
[hTRX-SNO I and II (Table 2)].

The C73S mutant was crystallized from 25% (w/v) MPD,
10 mM sodium acetate (pH 3.8), and 8% H2O2 through
equilibration at room temperature against the same solution
with 50% MPD. The crystals were flash-frozen in the mother
liquor.

Structure Determinations.Diffraction data for hTrx-SNO
(data sets I and III) and C73S were measured in house at
100 K on a Rigaku R-Axis IV++ imaging plate system with
Max-Flux confocal optics and processed with d*TREK (27)
(Table 2). Diffraction data were also measured for hTrx-
SNO crystals (large cell) using synchrotron radiation at APS
beamline 14 BM-C (BioCARS). Data were measured at 100
K for a total of 90 min (λ ) 0.9 Å), resulting in excellent
data to 1.2 Å (data set II). The hTrx-SNO structure (large
cell) was determined by molecular replacement using MOL-
REP in the CCP4 program suit (28), and wild-type hTrx as
a starting model (PDB entry 1ERT) (22). Three independent
protein molecules were found in the asymmetric unit,
modeled with COOT (29), and refined with REFMAC5 (28).
Molecules A and B form a homodimer with a noncrystal-
lographic 2-fold axis approximately parallel to crystal-

lographic directionb. Molecule C constitutes half of another
homodimer, of which the other monomer can be generated
by the crystallographic 2-fold axis atx ) 0.5a andz ) 0.
The dimers are formed through disulfide bond linkage
between Cys 73 of each monomer. The active site cysteines,
Cys 32 and Cys 35, also form disulfide bonds, and Cys 62
and Cys 69 are nitrosated in all three molecules. Bond lengths
and bond angles for SNO were restrained during refinement
to the values found in small-molecule crystal structures (30,
31), and the SNO group was restrained to be planar (Table
3). Minor alternate SNO conformations were found for Cys
62 molecule A and Cys 69 molecule C.

We attempted to extend the resolution of this structure
using synchrotron radiation; however, this led to photore-
duction in the crystal. Both SNO and disulfide modifications
proved to be sensitive, and all displayed evidence of
photoreduction and bond cleavage. The refined structure of
the frozen crystal retained the SNO-induced changes in
protein conformation, and the higher resolution was useful
for interpreting these changes in addition to providing clear
evidence of photoreduction. Only Cys 69 in molecules A
and C retained any indication of SNO, and these were
included in the model with partial occupancy, with the Cys
69-SNO group in molecule C adopting a trans conformation.
The disulfide bonds were all modeled as a mixture of reduced
and oxidized species. A similar photoreduction of the active
site disulfide bond inTrichomonasVaginalisthioredoxin has
been reported (32).

The structure of hTrx-SNO III (small cell) was determined
by difference Fourier analysis using the unmodified structure.
The structure reveals that treatment with GSNO at pH 7 leads
to a fully nitrosated Cys 62 with cis geometry (ø1 ) -65°,
ø2 ) -82°, andø3 ) 1°). Cys 69 was almost completely
free of modification and did not display the local expansion

Table 2: Crystallographic Data

hTrx-SNO hTrx-SNO hTrx-SNO C73S

data set I II III
PDB entry 2HXK 2IFQ 2IIY 2HSH

Crystal Preparation
pH of S-nitrosation 9.0 9.0 7.0 not applicable
cryoprotection ethanol ethanol PEG 4K MPD
unit cell

a (Å) 116.4 116.1 66.9 66.1
b (Å) 25.7 25.8 26.2 26.4
c (Å) 86.0 85.9 51.3 51.1
â (deg) 98.2 98.0 95.0 95.5

space group C2 C2 C2 C2
Z 12 12 4 4
VM

a (Å3/Da) 1.82 1.82 1.92 1.90

Data Collection
X-ray source RAXIS 14BM-C RAXIS RAXIS
wavelength (Å) 1.5418 0.9002 1.5418 1.5418
resolution (Å) 1.65 1.20 1.70 1.35
no. of observed reflections 77519 396551 38295 53737
no. of unique reflections 29229 79717 9820 16046
completeness (%)b 99.0 (99.9) 97.1 (98.4) 98.0 (94.0) 86.2 (50.6)
I/σ(I)b 16.1 (3.6) 9.1 (3.3) 20.8 (4.2) 30.1 (3.9)
Rmerge

b 0.04 (0.14) 0.07 (0.24) 0.04 (0.19) 0.03 (0.14)

Structure Refinement
Rcryst

b 0.19 (0.31) 0.18 (0.16) 0.21 (0.31) 0.12 (0.21)
Rfree

b 0.24 (0.34) 0.21 (0.18) 0.24 (0.32) 0.17 (0.30)
rmsd for bonds (Å) 0.021 0.021 0.019 0.018
rmsd for angles (deg) 1.9 1.8 2.0 1.6

a VM is the Matthews coefficient.b Overall (outer shell).
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that accompanies nitrosation at pH 9. Active site residues
Cys 32 and Cys 35 form a well-ordered disulfide bond, while
Cys 73 was modeled as 50% disulfide-linked and 50%
reduced. Interestingly, Cys 62-SNO occupies the minor
conformation seen in molecule A of hTrx-SNO I (large cell),
rotated∼90° aboutø2 with respect to the major conformation
(Table 1). Possibly, rotation of Cys 62-SNO in the crystal is
linked to the change in the crystal form. We also examined
hTrx-SNO prepared at pH 9 in the smaller unit cell, which
produced a preliminary model very similar to that for the
pH 7 material, except with a prominent SNO group on Cys
69. These data were poorer in quality than those for the
large unit cell and were not pursued further. Figures
were prepared with SigmaPlot (SPSS, Inc., Chicago, IL),
MOLSCRIPT (33), BOBSCRIPT (34), RASTER3D (35),
PyMOL (W. L. DeLano, http://www.pymol.org), and Adobe
Illustrator 9.0.

Crystal Spectroscopy.Crystal spectra were recorded using
a microspectrophotometer consisting of an optical stage with
focusing optics (4DXray Systems), a xenon lamp, and a
CCD-based spectrophotometer (Spectral Instruments). The
crystal was kept at 100 K using an Oxford cryosystem.

Gel Analyses. We examined GSNO stimulation of hTrx
covalent dimer formation by Western blot analyses, using
an anti-human thioredoxin antibody (BD Bioscience). Samples
prepared with or without GSNO were subjected to SDS-
PAGE run without reductant or prior boiling, to preserve
the existing disulfide bond character in the solution. We also
examined hTrx obtained from cultured HT1080 cells, a
human fibrosarcoma cell line, after addition of GSNO. The
cells were grown in tetracycline free media and harvested
using 0.25% trypsin, as previously described (36). After
being washed in phosphate-buffered saline (PBS), the cells
were lysed in PBS containing 1% Triton X, 12 mM
deoxycholate, 0.1% SDS, and a protease inhibitor cocktail
(Sigma) and analyzed after cell debris had been pelleted and
the supernatant incubated with GSNO for 3.5 h.

We also examined the biotin-switch approach for detecting
hTrx-SNO (37). In brief, this approach first modifies free
sulfhydryls in S-nitrosated proteins with methylmethaneth-

iosulfonate (MMTS), followed by reduction and cleavage
of the SNO bond with ascorbic acid, biotinylation of the fresh
sulfhydryl group, and detection by Western blot analysis.
We found hTrx-SNO to be resistant to both the original
method (37) and modifications to this method. Ultimately,
conditions for specifically labeling a small percentage of the
SNO groups in hTrx-SNO by increasing the ascorbic acid
concentration 100-fold (to 100 mM) and using 1 mM
N-ethylmaleimide (NEM) rather than MMTS were identified.
Apparently, something about the buried, hydrophobic envi-
ronments for Cys 62-SNO and Cys 69-SNO in hTrx interfere
with the method.

RESULTS

Transnitrosation of hTrx.We incubated recombinant hTrx
with GSNO and examined the formation and stability of
S-nitrosothioredoxin under both analytical (10µM hTrx and
50 µM GSNO) and preparative (1.5 mM hTrx and 15 mM
GSNO) conditions, and at two pH values, 7.0 and 9.0.
Formation of hTrx-SNO readily occurred under all conditions
and was stable for days if the resulting material was stored
in the dark and in metal-free buffer.S-Nitrosocysteine was
quantified using the Saville-Griess assay and absorption
spectroscopy (Figure 1). In all cases,∼1 mol of SNO/mol
of hTrx was found for material prepared at pH 7.0 and∼2
mol of SNO/mol of hTrx was found for material prepared
at pH 9.0 (Table 1), highlighting the importance of pH and
protein environment in the reaction, since hTrx contains five
cysteines (Figure 2A). Importantly, essentially identical SNO
yields were obtained under both preparative and analytical
conditions, consistent with transnitrosation mechanisms

Table 3: SNO Geometry

torsional angle (deg) bond angle (deg) bond length (Å)

ø1 ø2 ø3 C-S-N S-N-O S-N N-O

restrainta NA NA 0/180 100 114 1.80 1.20
Cys 62 Ab -53 -89 2 101 118 1.80 1.21

-70 -166 0 100 118 1.81 1.22
B -93 -156 -1 104 118 1.81 1.21
C -64 -175 5 99 118 1.80 1.22
Cys 69 A -67 -76 0 101 119 1.80 1.21
B -64 -81 2 106 118 1.80 1.20
Cc -68 -72 3 103 123 1.81 1.20

-63 -107 179 103 114 1.81 1.23

a Value for restraint in refinement.b Two SNO conformations were
observed: ø2 ) -89° (60% occupancy) andø2 ) -166° (40%
occupancy).c Two SNO conformations were observed: cis (70%
occupancy) and trans (30% occupancy).

FIGURE 1: hTrx-SNO solution and crystal spectra. (A) Solution
absorption spectra of hTrx before (‚‚‚) and after transnitrosation at
pH 7 (- - -) and pH 9 (s). TheA280/A335 ratio is consistent with
0, 1, and 2 mol of SNO/mol of protein. The inset shows data for
hTrx-SNO (pH 9), highlighting theA550 SNO absorption band. (B)
Spectra of an hTrx-SNO crystal, displaying a prominentA335 SNO
absorption band.
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occurring in both cases (38), although alternative mechanisms
have not yet been ruled out. Others have also reported a
maximum transnitrosation of 2 mol of SNO/mol of hTrx
(15, 17).

We examined the effect of glutathione onS-nitrosothiore-
doxin by mixing GSNO and thioredoxin in a solution
containing 1 mM GSH. Under these conditions, hTrx-SNO
was again stable, reaching values after 24 h of∼0.3 mol of
SNO/mol of hTrx at pH 7 and∼0.6 mol of SNO/mol of
hTrx at pH 9 (Table 1). These values were independent of
which reagent was added first, GSNO or GSH, or temper-
ature (4 or 37°C), suggesting the system was under
thermodynamic control with an equilibrium constant favoring
hTrx-SNO over GSNO. This is consistent with hTrx-SNO

measurements in endothelial cells (16). The stability of
hemoglobin-SNO to GSH, particularly in the R state, has
also been reported (39).

Crystal Structures of hTrx-SNO.We crystallized the
purified, transnitrosated protein prepared at two different pH
values, leading to three crystal structures. We also examined
the protein after peroxide oxidation. Two crystal forms were
obtained, a larger cell with three molecules in the asymmetric
unit and a smaller cell with one molecule in the asymmetric
unit. The best electron density for SNO was obtained from
protein transnitrosated at pH 9, crystallized in the larger cell,
and measured with a rotating anode X-ray source, yielding
a 1.65 Å structure (Rcryst ) 0.19 andRfree ) 0.24). All five
cysteines were modified in each of the three hTrx molecules,
but only two of the five display SNO moieties, Cys 62 and
Cys 69 (Figure 2). Cys 32 and Cys 35, which are required
for redox activity, are disulfide-linked, and Cys 73 forms
an intermolecular disulfide bond with Cys 73 from another
hTrx molecule, giving rise to disulfide-linked homodimers
similar to those previously described by our group (21, 22).
Using synchrotron radiation, diffraction to 1.0 Å was
obtained but both SNO and disulfide bonds were photore-
duced in the intense synchrotron beam (see Materials and
Methods).

The three views of Cys 62-SNO and Cys 69-SNO provide
a wealth of new data, with the electron density for Cys 62
(molecule C) and Cys 69 (molecule A) being particularly
clear (Figure 2B,C). The protein-SNO stereochemistry is as
expected from small-molecule crystal structures (30, 40)
(Figure 2D,E), and refinement using small-molecule con-
straints was well-behaved (Table 3). Three torsional angles,
ø1-3, are important in defining the SNO geometry, particu-
larly ø3, which defines the rotation about the S-N bond
(Table 3). The SNO group is planar due toπ orbital
conjugation in much the same way as peptide bonds are
planar, andø3 is therefore restricted to either 0 or 180° (cis
or trans, respectively). In general, the SNO groups in hTrx
adopt a cis conformation, although Cys 69 (molecule C)
displays both cis (∼70%) and trans conformers. The values
for ø1 andø2 are much less restricted. Forø1 (rotation about
the CR-Câ bond), all of the Cys-SNO groups reside in the
most common cysteine rotamer (41), approximately-65°.
For ø2 (rotation about the Câ-S bond), Cys 62 clusters at
approximately 180° and Cys 69 at approximately-85°.

Perhaps the most surprising aspect of the SNO-modified
molecules is that the Cys 69-SNO is at the bottom of a deep
depression (Figure 2G) and the Cys 62-SNO is completely
buried and pointing to the protein interior (Figure 2F), placing
severe constraints on the transnitrosation reactions at both
positions. Both groups form mainly hydrophobic contacts
with the protein but lie near hydrophilic side chains (Figure
2D,E). Interestingly, in one recent SNO proteomics study
involving tubulin, six of seven nitrosylated cysteines were
found to lie in the protein interior (7), and in a second study,
SNO modifications were discovered in stretches of hydro-
phobic amino acids (42). Furthermore, specifically nitrosy-
lated cysteines in hemoglobin, dynamin, and the ryanodine
receptor are all thought to reside in hydrophobic environ-
ments (reviewed in ref5). Crystals of hTrx after mutation
of Cys 73 to serine and oxidation with hydrogen peroxide
diffracted particularly well, providing an excellent model for
comparison with hTrx-SNO. This structure, refined to 1.35

FIGURE 2: hTrx-SNO structure. (A) Ribbon drawing of hTrx
indicating cysteine positions and highlighting the helix between
Cys 62 and Cys 69. (B and C) Electron density for Cys 62-SNO
(molecule C) and Cys 69-SNO (molecule A), respectively. (D and
E) Ball-and-stick models for the region surrounding Cys 62-SNO
and Cys 69-SNO, which display typical SNO stereochemistry. For
Cys 69, the SNO group lies on top of Phe 80 and Phe 11 and the
SNO oxygen is near Lys 85 and Gln 78. For Cys 62, the SNO
group lies in a hydrophobic pocket formed by the side chains of
Ile 5, Phe 11, Val 57, and Val 65 and the backbone of Ser 7. The
SNO oxygen is somewhat aligned with the positive (N-terminal)
end of the short helix spanning residues 62-69 and may be
influenced by the helix dipole. On the surface of the protein,∼5 Å
from the Cys 62 sulfur, are the carboxylates of Asp 61 and Asp
64. (F and G) Surface views, emphasizing the buried nature of Cys
62-SNO and the hydrophobic pocket for Cys 69-SNO.
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Å resolution (Rcryst ) 0.12 andRfree ) 0.17) revealed a fully
oxidized Cys 32-Cys 35 disulfide bond and fully reduced
Cys 62 and Cys 69 residues. Overall, the mutant structure is
very similar to hTrx-SNO but reveals a local expansion at
both Cys 62 and Cys 69 upon formation of SNO, and a
rotation of the 62-69 intervening helix by∼0.5 Å. This
helix may move even farther during transnitrosation for
GSNO to reach the cysteine residues, particularly buried Cys
62. Importantly, this helix is poorly ordered in molecule B
of the hTrx-SNO structure, confirming larger motions are
possible, as previously suggested (43).

We also crystallized hTrx-SNO prepared at pH 7 to
examine the pH dependence for transnitrosation, leading to
a 1.7 Å structure in the smaller unit cell (Rcryst ) 0.21 and
Rfree ) 0.24). We expected Cys 69 to be more readily
transnitrosated due to its greater accessibility, its proximity
to Lys 85, which could lower its pKa, and its apparent role
in apoptosis (16). However, Cys 69 was largely unmodified
at pH 7, while Cys 62 was fully transnitrosated, buried, and
in the usual cis geometry.

GSNO-Induced Disulfide Bond Formation.Our data
indicate Cys 32 and Cys 73 readily react with GSNO but do
not lead to stable adducts. Cys 32 is known to have a reduced
pKa (12), favoring reaction with GSNO, but the modification
is readily resolved through reaction with Cys 35, which is
in van der Waals contact with Cys 32, leading to disulfide
bond formation. This reaction can lead to the direct release
of NO from GSNO, which may have additional functional
importance (44, 45). Likewise, Cys 73 modification leads
to intermolecular disulfide bond formation, at least in vitro
(Figure 3A). Homodimerization, however, could not be
induced in cell extracts (Figure 3C) and therefore does not
appear to occurin ViVo. Possibly, dimerization is blocked
by protein-protein interactions, for example, with apoptosis
signal-regulating kinase 1 (ASK1) (46) or thioredoxin
binding protein 2 (47) or by glutathionylation at Cys 73 (48).
Indeed, the dimerization surface is the same surface that binds
peptides from NFκB and REF-1 (49, 50).

Detecting hTrx-SNO Using the “Biotin-Switch” Protocol.
The biotin-switch method is designed to exchange Cys-SNO

conjugates for more stable Cys-S-biotin conjugates that can
then be examined by Western blot or mass spectrometry (37)
and has become popular for detecting specifically nitrosated
proteins in complex mixtures. In anticipation of such
experiments involving hTrx, we sought to characterize hTrx-
SNO using the biotin-switch approach. In our hands, we
found Cys 62-SNO and Cys 69-SNO to be resistant to the
biotin-switch protocol, even with purified material that
exhibited clear modifications by spectroscopy, Saville-
Griess, and crystallography (Figure 3D). This difficulty is
possibly related to the buried nature of the SNO groups in
hTrx. Detection was enhanced (but still weak) after modi-
fication of the procedure to use excess reductant (100 mM
ascorbate acid) and a more potent methylating agent (N-
ethylmaleimide).

DISCUSSION

Protein S-nitrosation is implicated in numerous physi-
ological processes; however, the biochemistry behind these
events is unclear, and structural data are virtually nonexistent.
To begin filling this gap, we examined GSNO transnitrosa-
tion of human thioredoxin, a protein implicated in several
SNO signaling and metabolism pathways. Using physiologi-
cally relevant concentrations of GSNO, we detected one SNO
moiety per hTrx molecule for reactions at pH 7.0 and two
SNO moieties per hTrx molecule at pH 9.0 (Table 1). No
transnitrosation was detected at pH 5.6. These modifications
were relatively stable, even in the presence of 1 mM
glutathione, a concentration similar to that found in eukary-
otic cells.

We determined crystal structures of hTrx-SNO to reveal
which of the five cysteines were modified and to uncover
factors of importance to SNO formation and stability.
Surprisingly, the most buried cysteine, Cys 62, forms the
most stable SNO adduct: crystal structures of hTrx-SNO
prepared at pH 7.0 revealed a Cys 62-SNO modification,
while protein prepared at pH 9.0 revealed Cys 62-SNO and
Cys 69-SNO modifications (Figure 2). The SNO groups in
these structures in general adopt cis planar geometries and
display good stereochemistry (Table 3). The helix intervening
between Cys 62 and Cys 69 rotates outward by∼0.5 Å to
accommodate the SNO groups. The remaining cysteines in
the protein form intramolecular disulfide bonds (Cys 32-
Cys 35) or intermolecular disulfide bonds (Cys 73).

Transnitrosation Models.Taken together, our data suggest
a new mechanism for stable transnitrosation of hTrx and
possibly many other proteins (Figure 4). In this model, SNO
exchange takes place in a protected pocket where the leaving
and forming SNO groups can simultaneously adopt planar
geometries, and where intermediate charge buildup can be
stabilized. GSNO is expected to bind to the protein with its
SNO group in the trans isomer, which alleviates steric
conflict with the protein. Binding of the hydrophobic SNO
group is into a hydrophobic pocket made accessible through
dynamic fluctuations in the helix of residues 62-69 (de-
scribed above) and oriented such that the SNOπ* orbital is
aligned for reacting with the protein’s cysteine. Some means
of reducing the cysteine pKa, normally∼8.5, would enhance
thiolate anion formation and nucleophilic attack. Local
protein environments can readily accomplish this; for
example, thymidylate synthase, which undergoes addition

FIGURE 3: Dimer formation and biotin-switch analyses. (A) Western
blot (nonreducing) of hTrx-SNO prepared by mixing 10µM hTrx
with 50 µM GSNO (pH 7.0) showing formation of a covalently
linked dimer. Detection of hTrx in lanes A-C was with an anti-
hTrx antibody. (B) hTrx protein without GSNO, showing no dimer
formation. (C) hTrx from lysed HT1080 cells, after treatment with
50 µM GSNO, also showing no dimer formation. (D) Western blot
(biotin antibody) of hTrx-SNO [1.5 mM hTrx and 10 mM GSNO
(pH 9.0)] after the biotin-switch protocol. Note the very small biotin
signal. (E) Like panel D but for unmodified hTrx treated with only
biotin. Note the much larger signal and the fact that biotin
modification, like GSNO, can also lead to disulfide-linked ho-
modimers. Control biotin-switch experiments conducted in the
absence of GSNO did not display any biotin ligation (not shown).
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of cysteine to deoxyuridine monophosphate (dUMP), stabi-
lizes the thiolate anion through direct contact with an
invariant arginine (51, 52). For hTrx, Cys 69, which does
not react with GSNO at pH 7, appears not to have a perturbed
pKa despite the nearby Lys 85 (Figure 2e), while Cys 62,
which reacts well with GSNO at pH 7, may have a pKa that
is reduced through interaction with the nearby helix dipole,
despite the relative proximity to Glu 6, Asp 61, and Asp 64
(not shown).

Stabilization of the most likely intermediate would facili-
tate the reaction. The best geometry would be one in which
the developing and breaking S-N bonds are arranged
tetrahedrally around the central nitrogen atom with planar
SNO conformations. This arrangement, termed a nitroxyl
disulfide, has been modeled computationally, leading to a
predicted transition state with most of the charge residing
on the sulfur atoms, rather than on the SNO oxygen (53).
Stabilization of the negative charge on the intermediate would
also be beneficial and might occur through Lys 85 (Cys 69)
and the helix dipole of residues 62-69 (Cys 62).

Placement of the SNO group into a hydrophobic pocket
would stabilize the protein-SNO product. The geometric
constraints of a trans GSNO group reacting with cysteine in
the fixed protein pocket, and the nitroxyl disulfide arrange-
ment described above, would lead to a cis SNO conformation
in the product. Interestingly, both Cys 69-SNO and Cys 62-
SNO display cis conformers (Figure 2 and Table 3).
However, whether this occurs because isomerization is slow
or because the cis conformer is more stable for these groups
is not yet clear. For small molecules in solution, the energetic
barrier to cis-trans isomerization is∼12 kcal/mol (30, 31),
a value consistent with isomerization on the millisecond time
scale. However, in the protein, isomerization rates may be
severely modified due to steric constraints.

Several alternative nitrosation-nitrosylation mechanisms
for protein thiols, some involving S-nitrosylation motifs, have
been proposed (see ref5 for a recent review). One attractive
proposal is the use of acid-base chemistry in SNO exchange,
with base removal of a proton from the attacking thiol, and
acid protonation of the resulting thiolate anion (5, 54, 55).
To be efficient, such a mechanism would require a precise
alignment of the reacting groups and precise matching of
pKa values as typically found in enzyme active sites, but
such an arrangement is not present in our structures and
appears unlikely to occur in hTrx. Likewise, a more
complicated mechanism involving release of NO from GSNO
followed by direct cysteine nitrosylation to give the thioni-
troxide (SNO-), followed by oxidation to give SNO, can be
envisioned on the basis of computational and biochemical

studies described for hemoglobin (10, 56). In particular, since
both NO and O2 preferably partition into hydrophobic
environments, such a mechanism might lead to nitrosylation
of buried thiols (5). However, in preliminary experiments,
NO alone does not lead to hTrx-SNO formation in our hands,
so this mechanism seems to be precluded in this study.
Finally, we have assumed that transnitrosation at Cys 62 and
Cys 69 occurs through GSNO, but it remains possible that
the initial transnitrosation might take place on a different
cysteine, for example, Cys 73, followed by a second
transnitrosation onto the final groups. This possibility is
currently under investigation.

Protein-Protein Transnitrosation. That hTrx is readily
and stably S-nitrosated in our hands is consistent with
previous studies showing that hTrx-SNO interferes with
apoptosis (16, 17) and can transnitrosate caspase-3 in vitro
(18). However, certain details differ between those studies
and the work presented here. In the in vivo studies, Cys 69
was identified as being key for anti-apoptotic activity;
however, cysteines 62 and 73 were not examined, and a His-
tagged version of the protein was employed (16, 17). In the
in vitro study, transfer to caspase-3 was shown to involve
Cys 73 through mutagenesis and mass spectrometry after
the SNO group is exchanged for biotin. This study differed
from ours in that a His-tagged protein was used for some of
the work, a 10-fold higher GSNO concentration was em-
ployed, and incubation took place at 37°C instead of 25
°C. In our hands, with the untagged protein, Cys 73 becomes
disulfide-linked, a reaction that appears to be prevented in
vivo (Figure 3), and Cys 69 is poorly nitrosated at pH 7.0
but readily nitrosated at pH 9.0. Taken together, it seems
clear that all three cysteines are capable of transnitrosation
activities but that the conditions that are employed affect
the outcome (e.g., tagged or untagged protein, pH, temper-
ature, GSNO concentration, in vivo or in vitro, etc.).
Additional studies aimed at examining the roles of these
factors in hTrx function are underway.

Mammalian thioredoxins are highly conserved, being 75%
identical among species ranging from mice to humans, and
are particularly conserved near the five cysteines in question.
This high degree of conservation suggests all five cysteines
may have functional rolesin ViVo, possibly providing
specificity for transnitrosation reactions with other proteins.
The best characterized of these are the oxidoreductase
activities of Cys 32 and Cys 35, which are capable of
reducing oxidized cysteines on other proteins. Here, we show
that reaction with GSNO leads to formation of a Cys 32-
Cys 35 disulfide bond, suggesting the following reaction
scheme may occur in vivo:

FIGURE 4: Possible mechanism for S-nitrosation of hTrx. In the left panel, GSNO is expected to bind to the protein with its SNO group
in the trans isomer. In the middle panel is stabilization of a nitroxyl disulfide intermediate. In the right panel, release of the SNO group into
a hydrophobic pocket would stabilize the protein-SNO product. See the text for additional details.
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where RSNO is an S-nitrosylated protein, Trx-(SH)2 is
reduced thioredoxin, Trx-S2 is oxidized thioredoxin, and TR
is NADPH-dependent thioredoxin reductase. In this way,
thioredoxin might be involved in the removal of SNO groups
from proteins in much the same way that it reduces disulfide
bonds.

The surfaces surrounding the three remaining cysteines
may dictate their roles in reactions between proteins.
Transnitrosation reactions between hTrx-Cys 73 and the
caspase-3 catalytic cysteine (Cys 163) are perhaps facilitated
by their complementary shapes: Cys 73 protrudes from the
hTrx protein surface, and the caspase-3 sulfhydryl lies within
an active site pocket (18). Cys 69-SNO also appears to be
important in apoptosis and is S-nitrosylatedin vivo (16, 17)
but is only marginally S-nitrosated by GSNO at neutral pH
in our hands. Although a mechanism for Cys 69-dependent
anti-apoptosis activity has not yet been identified, it was
proposed that the role of Cys 69-SNO was to modulate hTrx
catalytic activity (16, 17). It should also be noted that those
experiments demonstrating cardioprotective effects of hTrx
(16, 17) are likely to have also included Cys 62-SNO, which
is difficult to detect using a conventional methodology
(Figure 3) but readily apparent in our crystal structures
(Figure 2b). A physiological role for the Cys-62 SNO group
discovered here awaits further study, but in preliminary
experiments, it appears to be capable of transnitrosating at
least one of the 37 cysteines in human sGC (X. Hu and W.
R. Montfort, unpublished data) and may provide for great
specificity in transnitrosation reactions due to its buried state.

In summary, we have determined the first structure of a
transnitrosated protein, hTrx-SNO, which displays an unex-
pected buried SNO moiety. The results suggest a new
mechanism for transnitrosation reactions and further solidify
a role for human thioredoxin in SNO signaling and metabo-
lism.
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