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ABSTRACT. Glutaredoxins are glutathione-dependent enzymes that function to reduce disulfide bonds in
vivo. Interestingly, a recent discovery indicates that some glutaredoxins can also exist in another form, an
iron—sulfur protein [Lillig, C. H., et al. (2005Proc. Natl. Acad. Sci. U.S.A. 1083168-8173]. This
provides a direct connection between glutaredoxins and-saifur proteins, suggesting a possible new
regulatory role of iron-sulfur clusters along with the new functional switch of glutaredoxins. Biochemical
studies have indicated that poplar glutaredoxin C1 (Grx-C1) is also such a biform protein. The apo form
(monomer) of Grx-C1 is a regular glutaredoxin, and the holo form (dimer) is ar-Bolfur protein with

a bridging [2Fe-2S] cluster. Here, we report the structural characterizations of poplar Grx-C1 in both the
apo and holo forms by NMR spectroscopy. The solution structure of the reduced apo Grx-C1, which is
the first plant Grx structure, shows a typical Grx fold. When poplar Grx-C1 forms a dimer with an iron
sulfur cluster, each subunit of the holo form still retains the overall fold of the apo form. The bridging
iron—sulfur cluster in holo Grx-C1 is coordinated near the active site. In addition to the-sufur
cluster linker, helixa3 of each subunit is probably involved in the direct contact between the two subunits.
Moreover, two glutathione molecules are identified in the vicinity of the 4rsulfur cluster and very

likely participate in cluster coordination. Taken together, we propose that the bridging [2Fe-2S] cluster is
coordinated by the first cysteine at the glutaredoxin active site from each subunit of holo Grx-C1, along
with two cysteines from two glutathione molecules. Our studies reveal that holo Grx-C1 has a novel
structural and iror-sulfur cluster coordination pattern for an iresulfur protein.

Glutaredoxins (Grx$)are glutathione-dependent redox protein disulfide bonds or proteirglutathione mixed disul-
enzymes that catalyze essential biosynthetic reactions andide bonds. To date, the biochemical and structural studies
regulate many biological processel).(Grxs can reduce  of Grxs have been mainly focused Becherichia coliyeast,
and mammalian Grxs, and a number of structures of Grxs
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Ficure 1: Amino acid sequence alignment of Grxs. Sequences were aligned using Cluslavid represented using ESPripf). Only
the N-terminal sequence &. coli Grx2 is shown for comparison. Secondary structure elements of poplar Grx-C1 are indicated at the top.

in a dimeric form. The irorsulfur cluster (ISC) was  with Complete, an EDTA-free protease inhibitor cocktail
proposed to serve as a redox sensor for the activation of this(Roche). Oxygen was removed from the sample buffer by
Grx (13). Iron—sulfur proteins are found in all life forms; repeated vacuuming and argon gas purging to stabilize the
most of them act as electron carriers, while some of thedron sample.

sulfur clusters serve as catalytic centers, regulators, and To express poplar holo Grx-C1, the bacteria were cultured
sensors 14—17). Although it has been reported that glu- in 2 L of LB medium at 37C. When the ORy, of the culture
taredoxins are involved in the ISC assembly of ir@ulfur reached 0.6, the cells were collected by centrifugation and
proteins (8, 19), human Grx2 is the first protein reported resuspended in 500 mL of M9 medium with additional 20
to be both a glutaredoxin and an iresulfur protein. This uM FeCk. After incubation for 30 min at 37C, protein
finding strongly suggests a more direct connection betweenexpression was induced by addition of 1081 IPTG. The
glutaredoxins and iroasulfur protein families. bacteria were harvegte! h later and resuspended in 25 mL

Poplar Grx-C1 fromPopulus tremulax tremuloides  Of 50 mM Tris-HCI buffer (pH 7.0). The cells were first
contains 117 amino acid residues and has a CGYC activelysed by freezing and thawing, followed by sonication. The
site (Figure 1). Like human Grx2, poplar Grx-C1 has been Supernatant o_f cell lysate was applied onto a Q-Sepharose
found to exist not only as a monomer (apo form) with Fast Flow anion exchange column (Amersham, Uppsala,
glutaredoxin activities but also as a dimer (holo form) with Sweden) at pH 7.0. The flow-through fraction was collected,
a bridging [2Fe-2S] iromsulfur cluster, which was con- and the pH was adjusted to 5.0 before Fhe sample was loaded
firmed by extended X-ray absorption fine structure (EXAFS) ONt0 an SP-Sepharose Fast Flow cation exchange column.
spectroscopy and other spectroscopic studies (N. Rouhier efl '€ Protein was eluted using a linear pH gradient from 5.0
al., manuscript to be submitted for publication). However, to 6.4 and was further purified by gel filtration V.‘”th a
the cysteines proposed to coordinate the ISC in human erzSuperdex 75 _column (Amersham). The br_own fraction was
are not conserved, and they are not present in poplar er—the holo protein. The y_|eld of the ho_Io protein waS0 T“Q’L
C1 (13). Therefore, the ISC coordination pattern in poplar f culture. The pratein sample with 3%30";“280 ratio of
Grx-C1 should be different from that of human Grx2. Human ~ 0> Was considered to be more tha.n 95% pure.

Grx2 and poplar Grx-C1 are the only two proteins known ~NMR SpectroscopyAll NMR experiment data were
to be both glutaredoxin and irersulfur protein. It is still  collected at 293 K on a Bruker Avance 500 MHz spectrom-

not clear why these two Grxs can dimerize and become-ron €tér with a triple-resonance cryoprobe or a Bruker Avance
sulfur proteins while others cannot. Here, we report the 600 MHz spectrometer with a triple-resonance probe. Proton
solution structure of the reduced apo poplar Grx-C1, the first chemical shifts were referenced to internal DS8L. and**C
plant Grx structure, along with the structural characterization cheémical shifts were referenced indirectly to DSI)(*H,

of the iron—sulfur protein form of poplar Grx-C1 by NMR N, and™*C resonance assignments of apo Grx-C1 have been
spectroscopy. reported 20). Three-dimensional (3D¥N-edited NOESY-

HSQC and 3D3C-edited NOESY-HSQC spectra were

EXPERIMENTAL PROCEDURES collected with mixing times of both 120 and 60 ms. A 3D
BC-edited NOESY-HSQC spectrum for the aromatic carbons

Sample PreparatioriThe apo form of poplar Grx-C1 was Wwas also recorded.

expressed and purified according to the procedure described The backbone assignments of holo Grx-C1 were obtained

previously @0). The NMR sample contained-1 mM on the basis of two-dimensional (2Bj—°N HSQC, 3D

uniformly 3C- and'®N-labeled protein in 40 mM potassium HNCA, CBCA(CO)NH, HNCO, and HN(CA)CO spectra.

phosphate buffer with 90% 40/10% DO at pH 6.4, along 2D H—1N HSQC,'H—1N TOCSY-HSQCH—H TOC-

with 40 mM DTT, 0.01% Nal and 0.01% DSS, SY,andH—H DQF-COSY spectra were used in identifying
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Ficure 2: Solution structure of reduced poplar apo Grx-C1. (A) Stereoview of the backbone superimposition of 20 structures. (B) Stereoview
of the ribbon representation of the mean structure.

glutathione. All NMR spectra were processed using NM- function values were selected for refinement with AMBER

RPipe £2) and analyzed using NMRView2g). 7 (27). Again, SANE was used to assist in NOE assignment.
A simple delay-90°—acquisition pulse sequence was The top 20 structures with the lowest AMBER energy were
employed in collecting the one-dimensional (1'B) NMR selected for final analysis. The mean structure was generated

spectra of the hyperfine-shifted signals for the holo protein; using MOLMOL (28) and was energy minimized with
2048 data points were digitized (500 ppm spectral width) AMBER.
with a cycling time of 13 ms. All 1D hyperfine NMR spectra  Structure Analysis and Homologous Modelifigpe quality
were processed and analyzed using XWINNMR version 3.5 of structures was analyzed using MOLMOL and PROCHECK-
(Bruker). NMR (29). The figures of structures and electrostatic surfaces

Structure Calculationsinitial structures were generated Were prepared using MOLMOL. Homologous modeling of
using CYANA with restraints from the CANDID module human Grx2 was performed using the SWISS-MODEL
(24). Distance restraints were derived from NOESY spectra Server 80). o
with a mixing time of 120 ms. These initial structures were ~ PH Titration and pk Estimation.The NMR sample for
then used as filter models for SANRH) to obtain further ~ PH titration contained~0.3 mM uniformly**N-labeled apo
NOE assignments, and the new distance restraints were thefrotein. The pH of the sample was adjusted using HCI.
used for another round of CYANA calculation. Dihedral ~ Overall, 10 2D*H—*N HSQC spectra were recorded at
angle restraintsgandy) and hydrogen bond restraints were different pH values. Thek, values were estimated by fitting
also used for the structure calculation. Dihedral angle the chemical shift data to the Hendersdtasselbach equa-
restraints were obtained using TALOS6|. Hydrogen bond ~ tion
restraints were added according to the secondary structures
predicted on the basis of chemical shifts and NOEs. 0 =0ua — (Oya — O)/(1 + 10°%PH)

When the lowest CYANA target function value was
smaller than 0.5 Aand the number of NOE violations was whered is the measuretHN or 15NH chemical shift an@dya
less than five, a total of 200 structures were calculated usingandda are the correspondingd™ or SN" chemical shifts of
CYANA and the 100 structures with the lowest target the protonated and deprotonated side chains, respectively.
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Table 1: Restraints and Structure Statistics

conformational restraints (no.)

Biochemistry, Vol. 45, No. 26, 2006001

pK, of the First Actve Site Cysteing-or glutaredoxins,
it is reported that the first cysteine thiolate at the Grx active
site has a K, value significantly lower than that of a free

NOE restraints 4845 . ) ) L
intraresidue 1257 cysteine, and thely is a key determinant of the reactivity
sequential 791 of the thiol 31, 32). We measured thel value by
medium-range 617 monitoring the NH peak chemical shift changes in the 2D
g’nq%}gm%‘; 1%%% 1H—15N HSQC spectra. Since the protein precipitated below

dihedral angle restraints 160 pH 4.8, the approximateify value is estimated from the data
@ 79 obtained between pH 4.83 and 7.03. Apparently, the pH-
Y _ 81 dependent chemical shift changes of residues 3 are

hydrogen bond restraints 47 significantly larger than those of other residues (Figure 3).

chirality restraints 403 - . . . :

o angle 116 In addition, unlike other residues, the chemical shift changes
side chain 287 of residues 3134 are nonlinear in this pH range. It is
— , assumed that th&HN and >N" chemical shift changes of
structure statistics of final 20 conformers residues 3334 are mainly caused by the protonation of the
violations [no. (maximum violation)] A C31 thiolate nearby. The estimateld values of C31 thiolate
g:ﬁ?;g?;iztlrealrgtsstraints %(0'198 ) are listed in Table 2, ranging from 4.4 to 4.9, which are

rmsd significantly larger than those of human Grx%3.5) 32

backbone heavy atoms 0.88,32 and pig Grx (3.8) (34).

all heavy atoms 1.130.68 Characterization of Holo Grx-CIThe backbone chemical
PRrr?c?s}t{fngred regions (%) 88.8 shift assignments were determined for holo Grx-C1. Almost

generously allowed regions (%) 0.5 spectrum were assigned for the holo protein (Figure 4). In

disallowed regions (%) 0.0 the HSQC spectrum, only one set of peaks was observed,

except that the C-terminal residues have small satellite peaks
due to the isomerization of the N11®114 peptide bond,
the same as that of apo Grx-C1. This indicates that the two
subunits are symmetric in the holo protein.

Solution Structure of Apo Grx-CHigh-quality structures The paramagnetic effect of the [2Fe-2S] cluster would
were obtained for the reduced apo poplar Grx-Cl. A cause signals broadened and shifted for residues close to the
superimposition of the final 20 conformers with the lowest cluster and thus would result in these signals being undetect-
AMBER energies, together with the ribbon representation able in normal NMR experiments. For holo Grx-C1, we were
of the mean structure showing the secondary structureable to assign the backbone NH resonances from 100 of 113
elements, is shown in Figure 2. A summary of restraints used non-proline residues. Besides the three N-terminal residues
in structure calculations and statistics for the structure that were also not observed in the ZBI—1°N HSQC
ensemble is listed in Table 1. Both trans and cis conforma- spectrum of apo Grx-C1, residues K28, Y30, C31, G32, Y33,
tions were observed for the N12P114 peptide bond, and C34, N35, R36, S57, and V75 are completely missing in
the trans conformation is the major form. Therefore, only the 2DH—N HSQC spectrum of holo Grx-C1 (Figure 5).
the trans conformation restraints were used in the structureSimilarly, the C chemical shifts of most residues were
calculations. It has been shown that the N-terminal cysteine obtained for holo Grx-C1 except residues Y30, C31, G32,
of the Grx active site is a thiolate anion at physiological pH Y33, C34, N35, and V75. Most of these residues with
(9, 31-33). Hence, thiolate C31 is used during the structure missing signals are located at or near the Grx active site in
determinations. the apo Grx-C1 structure, except S57.

Residues 4110 of the apo poplar Grx-C1 fold into a A comparison of the 2BH—N HSQC spectra of apo
compact structure, whereas the first three residues and theand holo Grx-C1 is shown in Figure 4. Most of the peaks
last seven residues are unstructured. The first two residuesrom holo Grx-C1 can overlap with those from apo Grx-C1.
were invisible for NMR, while the peaks of C-terminal The 'H and **N combined chemical shift differences)(
residues are strong and sharp with only intraresidue or between the apo and holo forms are plotted in Figure 5A.
sequential NOEs. The reduced poplar apo Grx-C1 exhibits Among the 100 residues that have been assighe@ues
a typical thioredoxin/glutaredoxin fold, and the structure of 77 residues are less than 0.1 ppm0O(05 ppm for 48
comprises fivea-helices (11, residues 419; a2, residues  residues) which means no significant chemical shift devia-
32—44; a3, residues 5970; 04, residues 8896; andab, tion. There are only 12 residues with large chemical shift
residues 106106) and fouB-strands 61, residues 2327; changes¥0.15 ppm): F26, T29, K38, Q61, S64, R72, N77,
2, residues 4952; 33, residues 7780; andp4, residues G87, C88, D89, T90, and V92. Also, thet Chemical shift
83—-87) with an al—f1l—a2—p32—a3—3—p4—ad—o5 differences between the holo and apo forms are quite small
sequential connectivity (Figure 2B). The fqgkstrands form for most residues<0.2 ppm for 95 residues) (Figure 5B).

a mixedS-sheet. Strandg1 and32 are parallel; strand3 We also compared the ratios of normalized peak intensities
is antiparallel withg1 andp4. Helicesal anda3 pack on between apo and holo Grx-C1, and residues K4, K12, V25,
one side of thg3-sheet, whileo2, a4, ando5 are on the V37, K38, L53, T74, C88, D89, and T90 exhibit significant
other side. The packing of the sandwichlike fold is mainly intensity changes (Figure 5C).

contributed by the hydrophobic interactions between the sheet Reduction and Disassembly of the ISC with Dithionite
and helices. Hyperfine-shifted'H signals were observed in the 1B

2 All residues.? Regular secondary structure.

RESULTS
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residues 3134, the lines are the fitting curves and the correlation coefficients for all fittings are greater than 0.99. For the other residues,

the lines are a simple connection of the data points.

Table 2: Estimated C31 ThiolateKp Values from H' and N
Atoms of Residues 3134

from HN

C31 4.42+0.17 4.76:0.07 Y33 4.78:0.07
G32 4.91+0.07 4.87+0.07 C34 4.6%t0.07

from NH

4.73+ 0.07
4.72+0.08
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FiGURE 4: Overlay of 2D*H—1N HSQC spectra of holo (black)
and apo (green) poplar Grx-C1. The assignments of the holo form

under anaerobic conditions resulted in no change in the 1D
IH NMR spectrum (data not shown). The 2B—°N HSQC
spectra of holo Grx-C1 were also identical before and after
addition of dithionite (data not shown). Thus, unlike most
other [2Fe-2S] proteins such as ferredoxins, the ISC of holo
Grx-C1 cannot be reduced by dithionite. One possible reason
for this is that the redox potential for the ISC of holo Grx-
C1l is unusual and the cluster is beyond reduction by
dithionite. The dithionite-treated sample was stable under
argon for at least 1 week.

Surprisingly, if oxygen was not pre-removed from the
sample buffer, adding dithionite to the holo Grx-C1 sample
resulted in the loss of the brown color in a few minutes, and
white precipitate formed in the sample. Therefore, the [2Fe-
2S] cluster was lost due to dithionite under this condition.
After the precipitate had been removed, the NMR spectra
of the remaining sample solution exhibited signals mainly
from a small molecule, while most of the protein signals
were missing. This indicates that the precipitate is mainly
the protein. In the 20H—N HSQC spectrum, only two
sharp peaks were observed, suggesting that this small
molecule is labeled with°N and should be copurified with
holo Grx-C1 (Figure 7A).

To identify the small molecule, the 2BH—15N TOCSY-
HSQC spectrum (Figure 7B) for @N-labeled sample and
2D 'H TOCSY (Figure 7C) and DQF-COSY spectra for an
unlabeled sample were recorded. Analysis of these NMR
spectra revealed that the small molecule is reduced glu-

are labeled in black. The assignments for the three cysteines of thetathione (GSH). The assignéld chemical shifts agreed with

apo form are colored green. The weak peak of C88 observed in
the HSQC spectrum of the holo form is denoted with an underlined
label.

NMR spectrum of holo Grx-C1 (Figure 6). Three broad
hyperfine-shifted'H peaks appeared in the 450 ppm
region. Attempts to reduce the [2Fe-2S] cluster by introduc-
ing 2 mg of solid sodium dithionite into the NMR sample

the published chemical shift values of GSBb). However,

no signal from GSH was observed in the #D-15N HSQC
spectrum of holo Grx-C1 before the cluster fell off. Fur-
thermore, adding DTT to holo Grx-C1 caused no difference
in the 2D H—-5N HSQC spectrum (data not shown),
indicating that the GSH does not form a disulfide bond with
cysteine residues of the protein.
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andody are the chemical shift differences between the apo and holo C 1.6
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form. (B) C, chemical shift differencesog,) between holo and =
apo Grx-C1 vs residue number. (C) Ratios of normalized intensities = )
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E‘?URE 6: Hyperfine-shifted 10H NMR spectrum of holo Grx- from holo Grx-C1. Peaks from one spin system are connected by
: lines.

The number of GSH molecules per holo Grx-C1 molecule determined by comparing the integral of the peak friif
was estimated using 1EH NMR spectroscopy. The holo  of the glutamate residue of GSH and that of methyl protons
protein concentration of the sample is0.72 mM, as of sodium acetate (1 mM) added to the sample. Therefore,
determined byAzgo according to the predicted extinction the ratio of GSH to holo protein is2.3 (1.65/0.72), which
coefficient. The concentration of GSH was 1.65 mM, as indicates that there should be two GSH molecules in one
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holo Grx-C1 molecule when the experimental uncertainties detection for regular NMR experiment37). The backbone

are considered.

DISCUSSION

Structural Comparison with Other GrxsThe solution
structure of the reduced apo poplar Grx-C1 is the first plant
Grx structure. Although all Grxs with known structures adopt
a typical Trx fold, the structure of poplar Grx-C1 is more
similar to that of the mammalian Grxs than the others. The

backbone heavy atom rmsd between poplar Grx-C1 and

human Grx1 is~1.4 A. The only one significant difference
is that the N-terminal helix of poplar Grx-C1 is much longer
than those of mammalian Grxs (Figure 8A). Mdst coli

and phage T4 Grxs lack the corresponding N-terminal and/

or C-terminal helices. However, all plant Grxs may have the
same core structure of five-helices and foup-strands as

poplar Grx-C1 according to the sequence alignment of plant

Grx isoforms (data not shown).

The active site conformation of poplar Grx-C1 is also quite
similar to that of human Grx1 (Figure 8B). The major
difference between them is the side chain of the first active

NH group located between 8.5 and 11 A from the iron would
also experience NMR signal broadening, but some of them
can still be detected in the 2BH—15N HSQC experiment.
However, their peaks have much weaker intensities and
sometimes are also shifted. Therefore, the information about
missing signals and weakened signals can be used to locate
the position of the [2Fe-2S] cluster in holo Grx-C1. In the
2D 'H—'N HSQC spectrum of holo Grx-C1, the backbone
NH signals from 10 residues are missing. When these missing
residues are mapped on the structure, it is found that most
of them are located at or near the Grx active site, except
S57 (Figure 9B, red spheres). Since the NH peak of S57 is
also very weak in apo Grx-C1, the loss of this peak in the
holo protein is probably caused by dynamics. On the other
hand, the other missing residues are clustered together, and
the loss of their NH signals should be due to the paramag-
netic effect of the [2Fe-2S] cluster. These residues should
be located in the vicinity of the ISC. In another sense, the
[2Fe-2S] cluster must be coordinated near the glutaredoxin
active site.

Besides the missing residues, there are also some residues

site cysteine. Among the 20 conformers, theangles of  hat exhibit large chemical shift and/or peak intensity changes
the first active site cysteine in human Grx1 mainly show a i the HSQC spectrum of holo Grx-C1. These changes could
trans conformation, while those of poplar Grx-C1 mostly pe mainly attributed to two reasons. One is the paramagnetic
adopt a g conformation. Comparison of the surface effect of the ISC, and the other is the direct contact between
electrostatic distributions between poplar Grx-C1 and human o subunits. Signals affected by the paramagnetic effect
Grx1 shows that the active site regions for both proteins are yoy|d have chemical shift changes and weaker peak intensi-
similarly positively charged (Figure 8C). However, itisless g5 while the direct contact between two subunits will

positively charged around the first active site cysteine thiolate mainly cause the chemical shift changes. When the residues
in poplar Grx-C1 than in human Grx1. For human Grx1, \ith |arge chemical shift changes and/or peak intensity

this thiolate is surrounded by four positively charged residues changes are mapped on the apo Grx-C1 structure, we found
(K20, R28, R68, and R72), whereas for poplar Grx-C1, three that most of these residues are around the active site as
positively pharged resudugs (K28, R36, and R72) are |°Catedexpected, except residues K4, K12, S60, Q61, Q63, and S64
on one side of C31 thiolate and two negatively charge (rigure 9B). Since residues K4 and K12 are scattered in the
residues (D54 and DS5) are on the other side, away from mapping and distant from the Grx active site, their intensity

the active site (Figure 8C). The difference in charge
distributions could well explain why theKa value of
N-terminal active site cysteine of poplar Grx-C1 is higher
than that of human Grx1, since the thiolaté,palues of
Grxs have been attributed to the peripheral charge36).
Structural Insight of Holo Grx-C1Since most peaks in
the 2D™H—"5N HSQC spectrum of the holo Grx-C1 can be
superimposed on those of apo Grx-C1 (Figure 4), the
structure of each subunit of holo Grx-C1 should be very
similar to that of the apo form. This can be demonstrated
more clearly by mapping the residues without significant
chemical shift deviationsd(< 0.1 ppm) on the apo Grx-C1
structure (Figure 9A). Apparently, the residues without

changes are probably not due to the paramagnetic effect.
Residues S60, Q61, Q63, and S64 are on one region of helix
o3 which is a bit far from the active site. They have large
chemical shift changes but no significant intensity changes.
Therefore, helixa3 may be involved in direct contact
between two subunits.

Coordination of the ISCNormally, a [2Fe-2S] cluster is
coordinated by four sulfur atoms from cysteines. Because
of the paramagnetic effect of the ISC, the residues involved
in the cluster coordination will not be observable in the
HSQC spectrum. In one holo Grx-C1 molecule, there are
eight cysteines: three from each subunit (C31, C34, and C88)
and two from the two GSH molecules. Among these

significant chemical shift changes are distributed in all Cysteines7 C88 can be excluded as the |igands of ISC since
secondary structure elements. Thus, when two apo Grx-Clits peak can be observed in the HSQC spectrum of holo Grx-
molecules are linked by a [2Fe-2S] cluster and become anC1 (Figure 4). The GSHs cannot be observed in the HSQC
iron—sulfur protein, no significant structural change occurs spectrum of holo Grx-C1. This suggests that the GSHs in
and each subunit of holo Grx-C1 retains the overall fold of holo Grx-C1 are close to the ISC. In addition, the GSHs

apo Grx-C1. Therefore, the structure of apo Grx-C1 can be cannot be released from holo Grx-C1 by DTT treatment, and
used to obtain further structural information about the holo they were freed after the ISC fell off. These indicate that
protein. the GSHs are not covalently attached to the protein, and their
The paramagnetic effect of the iresulfur cluster will cysteines do not form disulfide bonds with the protein
cause NMR signals to be broadened and/or hyperfine-shiftedsubunits. Therefore, the most reasonable explanation for the
for residues close to the cluster. For rubredoxin, which has involvement of GSHs in holo Grx-C1 is that the two GSH
a single iron cluster, backbone NH signals from residues molecules participate in the ISC coordination. Since two
within 8 A of theiron are severely broadened and are beyond GSHs only provide two cysteines, the other two coordination
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Y33/Y25
G32/P24

C31/C23
C34/C26

Y30/T22

K28/K20

poplar Grx-C1 human Grx1

Ficure 8: Structural comparison of poplar Grx-C1 and human Grx1. (A) Stereoview of the aligned structures of poplar Grx-C1 (blue) and
human Grx1 (red). (B) Stereoview of the active site conformations of poplar Grx-C1 (blue) and human Grx1 (red). Only bonds between
heavy atoms are shown for clarification. Structures are aligned using the backbone heavy atoms of active site residues. Sulfur atoms of
cysteines are shown as spheres. (C) Electrostatic surfaces of poplar Grx-C1 (left) and human Grx1 (right). Charged residues near the active
sites are indicated. The mean structure of human Grx1 was generated from PDB entry 1JHB using MOLMOL and was energy minimized
with AMBER.

cysteines should be from one of the active site cysteines of completely buried. So, it is most possible that the first active
each subunit. In the structure of apo Grx-C1, the side chainsite cysteines from two subunits serve as the other two
of the first active site cysteine is relatively exposed to the ligands for the ISC in holo Grx-C1. Therefore, on the basis
protein surface, and the second active site cysteine is almosbf our NMR studies, we proposed that the ISC in holo Grx-
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Ficure 9: (A) Mapping of the residues with smalH and *°N
combined chemical shift differencesQ.1 ppm). These residues
are indicated on a ribbon diagram of the poplar apo Grx-C1 structure
in blue. The sulfur atoms of cysteines are shown as yellow spheres.
(B) Mapping of residues with large chemical shift changes and/or
the peak intensity changes in the 2B—1N HSQC spectra of the
structure. The nitrogen atoms corresponding to the missing peaks Poplar Grx-C1

in holo Grx-C1 are shown as red spheres. The nitrogen atoms of figyre 10: Comparison of the holo forms of poplar Grx-C1 and
residues with large intensity changes are shown as pink sphereshyman Grx2. (A) Iror-sulfur cluster locations for holo poplar Grx-
The nitrogen or carbon atoms of residues with large chemical shift ¢1 and human Grx2. The structure of human Grx2 is obtained from
changes, but no intensity change, are shown as blue spheres. Thomologous modeling. The sulfur atoms of cysteines are shown as
sulfur atoms of cysteines are shown as yellow spheres. yellow spheres labeled with residue numbers. (B) lllustrations of
the coordination patterns of irersulfur clusters for holo poplar

C1is coordinated by the cysteines from two GSHs and the Grx-C1 and human Grx2.
first active site cysteines from two subunits.

The ISC coordination pattern in holo Grx-C1 is quite Peptide, can catalyze oxidation of protein disulfides in the
different from that of the holo form of human Grx2, although Periplasmic space and serve as a protein disulfide carrier to
the ISCs in both Grxs are bridging two subunits. The two complement the activity of the DsbA/DsbB system in vivo.
Grxs have two different ISC coordination patterns, and both It is also found that both the [2Fe-2S] cluster and the third
of them are very unique. The ligands in human Grx2 were free cysteine are important for the function of this thioredoxin
proposed to be the two non-active site cysteines that aremutant, and the ISC is lost upon dithionite reduction.
located on opposite sides of the active site (Figure 10A). If the holo poplar Grx-C1 indeed has two GSHs as ISC
The ISC in holo Grx-C1 is coordinated by the active site ligands, its situation would be quite similar to that of the
cysteines along with the cysteines from two GSHs, and holo CACC thioredoxin mutant, with one bridging [2Fe-2S]
Grx-C1 has a novel structural and ISC coordination pattern cluster and a free cysteine at the active site. Therefore, one

Human Grx2

(Figure 10B). could speculate that poplar Grx-C1 could possibly play a
Structure-Functional ImplicationsNormally, one of the ~ similar role in catalyzing the oxidation of protein disulfides
Fe(lll) atoms in most [2Fe-2S]-type irersulfur proteins, i vivo.

such as ferredoxins, would be reduced to Fe(ll) by the The GSH molecules in holo poplar Grx-C1 should be very
dithionite. It is unusual that the [2Fe-2S] cluster of holo Grx- important for its function and regulation. GSH serves as
C1 cannot be reduced by dithionite under anaerobic condi- glutaredoxin reductase and is the natural electron provider
tions and the cluster is lost when dithionite is added in the for the glutaredoxin. Holo Grx-C1 keeps the glutaredoxin
presence of oxygen. Similarly, human Grx2 also loses its and GSH together, and therefore, the GSH molecules can
[2Fe-2S] cluster upon dithionite reductiob3j. The loss of be utilized intermediately for the glutaredoxin function after
ISC has been shown to play important roles in protein the ISC falls off.
activity, such as in aconitase that catalyzes the stereospecific It would be more interesting to identify some unique
isomerization of citrate to isocitratd , 38). The aconitase  features from the structure of poplar Grx-C1 to reveal the
has a [4Fe-4S] cluster that serves as its enzymatic activestructure basis for its dual-form existence. As mentioned
site. However, the loss of the [4Fe-4S] cluster converts it above, the structure of human Grx1 is quite similar to that
into an iron regulatory protein (IRP), which is a translation of poplar Grx-C1. However, human Grx1 does not have an
regulator. Likewise, a regulatory role of the ISC for the iron—sulfur protein form. When these two protein structures
enzyme activity and biological functions may be postulated are compared, one notable difference is that the first active
for poplar Grx-C1. site cysteine thiolate for human Grx1 is surrounded by
Interestingly, it has recently been reported thaEarmoli positive charges while that thiolate for poplar Grx-C1 is not
thioredoxin mutant, with a CACC active site sequence, can completely surrounded by positive charges and one side of
form a dimer with a bridging [2Fe-2S] cluste39). The first it is negatively charged (Figure 8C). Since the ISC is
two cysteines of the active site from both subunits serve aspositively charged, one may suspect that formation of the
the ISC ligands. This thioredoxin mutant, fused to a leader ISC can benefit from the negative charge. In addition, the
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active site sequence of poplar Grx-C1 is CGYC, which is 17.Kiley, P. J., and Beinert, H. (2003) The role of-F& proteins in
different from the classical active site CPYC sequence in  $ensing and regulation in bacte@rr. Opin. Microbiol. 6 181~
human G.rX]" In general, glyc_ine is more structurglly ﬂ_eXible 18. Rodriguez-Manzaneque, M. T., Tamarit, J., Belli, G., Ros, J., and
than proline. When the ISC is formed at the active site, the Herrero, E. (2002) Grx5 is a mitochondrial glutaredoxin required
Grx active site may undergo local conformational changes for the activity of iron/sulfur enzymes/ol. Biol. Cell 13 1109~

and CGYC should be more favorable than CPYC in that 1121.

sense. However, these structural differences are still minor 19-Muhlenhoff, U., Gerber, J., Richhardt, N., and Lill, R. (2003)
Components involved in assembly and dislocation of-rsulfur

and cannot reasonably explain why poplar Grx-C1 forms an clusters on the scaffold protein ISUTPMBO J. 22 4815-4825.
iron—sulfur protein. Further biochemical studies are needed 20. Feng, Y., Rouhier, N., Jacquot, J. P., and Xia, B. (2005) Letter to

to reveal the detail and exact mechanism. the Editor: *H, >N, and*C resonance assignments of reduced
glutaredoxin C1 fronPopulus tremula x tremuloides. Biomol.
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