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LCM3B, Groupe Biocristallographie, UniVersitéHenri PoincarésNancy1, UMR CNRS 7036, 54506 VandoeuVre, France,
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ABSTRACT: Peroxiredoxins (Prxs) constitute a family of thiol peroxidases that reduce hydrogen peroxide,
peroxinitrite, and hydroperoxides using a strictly conserved cysteine. Very abundant in all organisms,
Prxs are produced as diverse isoforms characterized by different catalytic mechanisms and various thiol-
containing reducing agents. The oligomeric state of Prxs and the link with their functionality is a subject
of intensive research. We present here a combined X-ray and nuclear magnetic resonance (NMR) study
of a plant Prx that belongs to the D-Prx (type II) subfamily. ThePopulus trichocarpaPrx is the first Prx
shown to be regeneratedin Vitro by both the glutaredoxin and thioredoxin systems. The crystal structure
and solution NMR provide evidence that the reduced protein is a specific noncovalent homodimer both
in the crystal and in solution. The dimer interface is roughly perpendicular to the plane of the centralâ
sheet and differs from the interface of A- and B-Prx dimers, where proteins associate in the plane parallel
to the â sheet. The homodimer interface involves residues strongly conserved in the D (type II) Prxs,
suggesting that all Prxs of this family can homodimerize. The study provides a new insight into the Prx
oligomerism and the basis for protein-protein and enzyme-substrate interaction studies by NMR.

Peroxiredoxins (Prxs)1 are thiol-specific antioxidant pro-
teins that catalyze the reduction of hydrogen peroxide,

peroxinitrite, and hydroperoxides, some of the reactive
oxygen species responsible for oxidation and degradation of
lipids, nucleic acids, and proteins. The first Prx was
discovered in 1988 as a yeast antioxidant protein devoid of
a prosthetic group and selenium (1). Since then, the number
of identified Prxs has increased steadily, and heterologues
have been found in bacteria to humans with several isoforms
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in all organisms (2-5). Prx functions are still far from being
understood, and their catalytic efficiency is somewhat low,
about 105 M-1 s-1 (2, 3). Common features of Prxs include
the presence of one strictly conserved catalytic cysteine,
called the peroxidatic cysteine, located in the N-terminal part
of an R helix, together with a proline, an arginine, and a
hydroxylated residue conserved in the active site. The
peroxidatic cysteine, after reacting with the hydroperoxide,
is oxidized into a sulfenic acid Cys-SOH (6, 7). The oxidized
Prx is then regenerated by a thiol-containing substrate. Three
mechanistic groups (1-Cys, 2-Cys, and atypical 2-Cys Prxs)
have been identified, according to the catalytic steps fol-
lowing the sulfenic acid formation. In 1-Cys Prxs, the
sulfenic acid was shown to be directly reduced by a reductant,
such as glutathione, lipoic acid, or cyclophilin (8-10),
whereas in 2-Cys Prxs, the sulfenic acid reacts with a second
conserved cysteine of another subunit, called the resolving
cysteine, to form an intermolecular disulfide bridge. The
disulfide is then reduced by a disulfide oxidoreductase
[thioredoxin (Trx) (11), tryparedoxin (12), alkyl hydro-
peroxide reductase D (AhpD) (13), alkyl hydroperoxide
reductase flavoprotein (AhpF) (14), or glutathione (15)]. The
third mechanistic group of Prxs is the atypical 2-Cys Prx
group, in which the disulfide is formed between the sulfenic
acid and a second cysteine located in the same peptidic
subunit. This intramolecular disulfide is reduced by disulfide
oxidoreductases such as Trxs (16).

The structural events linked to the Prx catalytic mechanism
have been highlighted by the resolution of Prx 3D structures
in various redox states (Table 1). The typical 2-Cys Prx
mechanism is particularly well-documented (2, 17-20).
Briefly, the peroxidatic sulfenic acid of 2-Cys Prxs is located
in the first turn of anR helix that unwinds to form a disulfide
bridge with the C-terminal resolving cysteine of another
subunit. The disulfide is reduced, and the peroxidatic cysteine
loop returns to a helical conformation. Structural data are
scarce for atypical 2-Cys Prxs. Resolution of the human PrxV
structure in the reduced state has shown that formation of
the intramolecular disulfide requires a conformational change,
because the two cysteines, which are separated by ca. 100
amino acids, are more than 13.8 Å apart (21, 22). Recently,
the structure of an atypical 2-Cys Prx fromEscherichia coli
(TPx) has been resolved in the oxidized state (23). Together
with the modeling of the reduced form, the crystal structure
suggests that the two loops containing the peroxidatic and
resolving cysteines likely undergo a conformational change
upon oxidation similar to the one making the disulfide
formation possible in 2-Cys Prxs (23).

From the comparison of the peptidic sequences, Prxs
appear as a very diverse family of proteins and can be
classified into five subfamilies named A, B, C, D, and E (3,
24). In plants, four groups are found (4, 5). Exemplified by
Prxs with solved 3D structures, A Prxs encompass proteins
homologous to human PrxII (19) and rat PrxI (18) 2-Cys
Prxs, whereas B Prxs are homologous to human PrxVI 1-Cys
Prx (7). C Prxs include bacterioferritin comigratory proteins
and PrxQs found in bacteria and plants and are characterized
by an active-site sequence CXXXXC (25, 26). No structures
of this subfamily have been solved. D Prxs are homologous
to yeast type II Ahp1 (24, 27-29) and include human PrxV
(21, 22) and hybrid PrxV (30) from Haemophilus influenzae.
Finally, E Prxs consist of bacterial Prxs only, named thiol
peroxidases (TPx), with the recently solved structure ofE.
coli TPx (23).

The oligomeric state of Prxs is intensively investigated.
The oligomeric properties in solution of A Prxs (typical
2-Cys Prxs) are mainly linked to the redox state of the
proteins, the ionic strength, and the pH (2). Structural studies
have shown that A Prxs are decamers in the reduced and
over-oxidized (sulfinate) redox states, whereas they are
homodimers in the oxidized state (2, 17, 19, 20). B and E
Prxs are thought to be homodimers, according to their
crystallographic structures (7, 23). The oligomerism of D
(type II) Prxs including the human PrxV is unclear from the
literature (21, 22, 27, 30). Atomic resolution studies are
necessary for a precise knowledge of the enzyme oligomeric
state in solution. This is essential in the context of the
numerous protein-protein interactions in which Prxs are
involved.

To gain insight into the oligomerism of D (type II) Prxs
and to understand the glutaredoxin (Grx) dependence, we
have undertaken a combined X-ray and solution nuclear
magnetic resonance (NMR) study of a plant Prx from
Populus, member of the D (type II) Prxs (27, 24, 31). The
poplar Prx possesses two cysteines, but mutagenesis studies
have shown that only one cysteine is necessary for the
catalytic cycle (31, 32). The plant Prx is the first Prx shown
to be regeneratedin Vitro by both Grx and Trx systems (31).
Since then, other plant D Prxs have been shown to be reduced
by Grx only (33), and fusion proteins containing both Prx
and Grx domains in the same sequence have been found in
pathogenic bacteria (23, 34-36). For the first time, the
combination of the crystal structure and the solution NMR
dynamics provides evidence of a conserved homodimeric
state of the reduced Prx in the crystal and in solution. We
show that the Prx-Prx interface involves a surface perpen-

Table 1: Structures of Prxs

Prx name subfamily PDB code source redox state oligomeric state resolution (Å) residues observed

rPrxI A 1QQ2 Rattus norVegicus C-SS-C R2 2.6 3-175
hPrxII A 1QMV Homo sapiens C-SO2

- (R2)5 2.7 1-198
TryP A 1E2Y Crithidia fasciculata C-SH (R2)5 3.2 6-166
AhpC A 1H4O Salmonella typhimurium C-SS-C (R2)5 2.5 1-165
AhpC A 1NJ8 Salmonella typhimurium C-SH (R2)5 2.2 1-186
hPrxVI B 1PRX Homo sapiens C-SOH R2 2.0 2-224
hPrxV D 1HD2 Homo sapiens C-SH R2 1.5 1-161
hPrxV D 1OC3 Homo sapiens C-SS-C R2 1.5 1-161
PrxV hybrid D 1NM3 Haemophilus influenzae C-SH R2 2.8 3-239
EcTPx E 1QXH Escherichia coli C-SS-C R2 2.2 2-165
SpTPx E 1PSQ Streptococcus pneumoniae C-SH R2 2.3 1-163
HiTPx E 1Q98 Haemophilus influenzae C-SS-C R2 1.9 2-165
this study D 1TP69 Populus trichocarpa C-SH R2 1.6 2-162
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dicular to the centralâ sheet with conserved interfacial
residues, which suggests that all D (type II) Prxs could
homodimerize. Such an interface has been also characterized
in E Prxs (30) but is very different from the interaction
surface of A- and B-Prx dimers, which is parallel to theâ
sheet (2, 7). The two types of Prx-Prx interfaces described
so far for the different Prx oligomeric states are discussed
in the global structure and also at the interaction level.

EXPERIMENTAL PROCEDURES

Expression and Purification of D (Type II) Poplar Prx.
Samples for crystallization were produced as previously
described (37). NMR samples were prepared from 0.08 to
0.8 mM, 50 mM phosphate buffer at pH 7.2, as previously
described (38).

Crystallization, Data Collection, Structure Determination,
and Refinement.Crystallization conditions of the poplar Prx
have been described previously (37). Briefly, monoclinic
crystals were obtained in the presence of 30% poly(ethylene
glycol) (PEG) molecular weight (MW) 4000, 0.1 M Tris-
HCl at pH 8.0, and 0.2 M Li2SO4 at a protein concentration
of 15.6 mg/mL. A complete native data set was collected
on beam line DW32 at the LURE (λ ) 0.948 Å, Orsay,
France). Crystals belong to space groupP21 with unit cell
parametersa ) 59.26 Å,b ) 68.80 Å,c ) 75.71 Å, andâ
) 93.45° and contain 4 molecules per asymmetric unit. They
diffracted to 1.62 Å, with data completeness andI/σ(I) of
95.8 and 15%, respectively, overall, and 83.5 and 4% for
the 1.68-1.62 Å shell (37). Using the coordinates of human
PrxV (PDB entry 1HD2) as a search model, a molecular
replacement solution was found for a V152C mutant Prx,
for which triclinic crystals contain only 2 molecules per
asymmetric unit (37). Several cycles of refinement alternated
with manual rebuilding were carried out to improve this first
model. Regions 19-25 and 110-127 were not defined in
the electron density maps. The structure of the partially
rebuilt V152C monomer has then been used as a molecular
replacement template for the wild-type structure. Arp/wArp
was used in molrep mode to refine the positions of the
molecules obtained in first instance by molecular replacement
and then in automatic rebuilding mode. Cycles of refinement
(CNS) (39) alternated with manual rebuilding (TURBO-
FRODO) (40) and inclusion of higher resolution data were
carried out to improve the models. A total of 10% of the
data was set aside forRfree calculations. Water molecules
were added automatically using the automated procedure
implemented in CNS suite and checked manually. Their
positions were kept only where interactions were favorable
and where the (Fo - Fc) difference Fourier map showed a
density of more than 3.0σ. Some residues (regions 17-27
and 143-148) were badly defined and needed to be rebuilt
manually. The last refinement steps were carried out using
Refmac5 (41) with the geometrical weighting term set to
0.5. The finalR factors values for the working (R) and the
test (Rfree) sets are 18.9 and 22.4%, respectively, and the
figure of merit reaches 86.1% at the last step.

Structure Analysis and Final Structure Parameters.The
final model contains residues 1-162 in molecules A, B, and
C, residues 1-160 in molecule D, 623 water molecules, and
2 sulfate ions. The stereochemical analysis was carried out
with Procheck (42) and highlighted 471 nonglycine residues

in the most favored area, 77 residues in the additional allowed
area, 1 residue in the generously allowed area, and none in
the disallowed area. The coordinates and the structure factors
have been deposited in the Protein Data Bank (PDB) at
Research Collaboratory for Structural Bioinformatics (PDB
entry 1TP69).

NMR Relaxation Measurements.All relaxation experi-
ments were performed with a 0.8 mM protein sample at 500
MHz and 38 °C. R1 (longitudinal relaxation rate),R2

(transverse relaxation rate), and the steady-state1H-15N
nuclear Overhauser effect (NOE) measurements were per-
formed using the usual pulse sequences (43) and in identical
experimental conditions used for yeast Ahp1 Prx (24). The
R1 andR2 experiments were collected with 130 complex t1
increments, 1024 t2 points, and 48 scans for each FID. For
R1 measurements, spectra were recorded with six inversion
recovery delays of 22, 55, 155 (twice), 255, 500, and 755
ms. For R2 measurements, spectra were recorded at five
Carr-Purcell-Meiboom-Gill (CPMG) delays of 17, 33, 50,
67, and 83 ms and spectra were duplicated at 33 and 67 ms.
A total of 900 ms separated two 180° 15N pulses in the
CPMG sequence.1H-15N NOE spectra with 130 complex t1
increments, 1024 t2 points, and 304 scans per FID were
recorded in an interleaved way with and without proton
saturation during relaxation delay. Recycle delays of 5 and
2 s were used for the spectrum recorded respectively in the
absence and occurrence of proton saturation. The1H satura-
tion was achieved by the application of 120° 1H pulses
separated by 5 ms, for a period of 3 s.

Rotation Diffusion Analysis.The rotational diffusion tensor
of the protein was derived from the orientation dependence
of

The primes inR′2 and R′1 indicate that these relaxation
rates were modified to subtract the contributions from high-
frequency components of the spectral density as described
in previous papers (44-46). The advantage of using the ratio,
R′2/R′1, instead of the individual values of these parameters
is that this ratio is independent, to a first approximation, of
the site-specific variations in the strength of1H-15N dipolar
coupling and15N chemical-shift anisotropy. Moreover, in the
case of protein core residues, theR′2/R′1 ratio primarily
depends on the overall tumbling and is practically insensitive
to fast, subnanosecond backbone dynamics, because the order
parameters of local motions in the numerator and the
denominator of eq 1 cancel out (47). In the present study,
66 residues in well-ordered secondary structure element with
NOE > 0.7 were used to derive rotational diffusion
characteristics. The crystal structure of the mono- and
homodimeric protein were protonated using Molmol (48),
whereas optimization of the rotational diffusion tensor against
experimental data was performed by using ROTDIFF (49).

Hydrodynamic Calculations.Theoretical prediction of the
rotational properties of proteins in solution is complex.
Indeed, it has to account for the size and shape of the protein
under study as well as the hydration shell formed by water
molecules moving together with the tumbling protein. We
used here the “shell modeling” strategy from Garcia de la
Torre implemented in the HYDRONMR software (50). The
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latter approach is characterized by a single parametera, the
atomic element radius that represents the sum of the thickness
of the hydration shell and the average van der Waals radius
in the molecule. Nevertheless, the choice of thea parameter
is a critical point and needs to be optimized against the
experimental relaxation data. The procedure described by
Bernado and colleagues is based on the insensitivity of the
T1/T2 values over all of the residues, namely,∇i (51). Here,
we found that the relative deviations of theF factor over all
residues are already insensitive (data not shown). As a
consequence, the complete algorithm to select the optimala
value has been implemented in Matlab (The MathWorks,
Inc.) for a set of 20 values ranging from 2 to 4 Å. All of the
calculations were performed by using the viscosity of water
at 37 °C, η ) 0.667 Ns/m2. A first estimate of the atomic
element radius was obtained and then refined a second time
to give rise to a best value of 3.22 Å. The latter value is in
good agreement with the averagea value (e.g., 3.3 Å)
determined previously by Bernado et al. on a set of 15
different proteins (51).

Modeling.A dimeric form of the poplar Prx in which the
monomers associate in the plane parallel to theâ sheet was
calculated using Modeller (52). The model was used to
analyze the relaxation data. The structure of the dimer found
in the decamer of the AhpC A-Prx protein was used as a
template (PDB entry 1N8J).

RESULTS AND DISCUSSION

Crystal Structure.The crystal structure of poplar D Prx
has been resolved at 1.6 Å resolution in the reduced state
(Figure 1 and Table 2). The crystal contains four molecules
per asymmetric unit without any direct angular relationships.
Three of the four molecules (called A, B, and C) interact
together, while the fourth molecule (D) is separated by a
solvent channel. The strongest contacts are found between
molecules A and B and involve two salt bridges (E61A-
K54B and K62A and E156B) and several hydrogen bonds
between residues at position 65-68 (helix R3) in molecule
A and residues 156-160 (helix R5) from molecule B.
Another salt bridge (E94B-K54C) and one hydrogen bond
participate in the interaction between molecules B and C,
while the AC interface involves one hydrogen bond only.
No significant structural differences are observed between
the four molecules, with the mean root-mean-square (rms)
values varying from 0.25 to 0.59 Å for the CR atoms. For
molecules A, B, and C, the mean rms values vary from 0.25
to 0.33 Å and the main structural difference concerns the
orientation of the N-terminalâ1-â2 region relative to the
protein core. The superimposition of molecules A, B, and C
on molecule D shows a higher rms deviation (rmsd) close
to 0.6 Å. In addition to the N- and C-terminal extremities,
the solvent-exposed loopâ1-â2 and the region 56-68 from
helix R2 in close vicinity to the C terminus do not
superimpose very well with the three other molecules. The
lack of interactions between molecule D and the three other
molecules of the asymmetric unit can partially account for
these conformational differences.

To date, 12 crystal structures of Prxs have been solved in
various redox and diverse oligomeric states (Table 1). The
superimposition of the poplar Prx structure with other Prx
structures from different subfamilies (A, B, and E Prxs)

shows a conserved fold of the protein core and more precisely
of the Trx fold (Figure 1). The Trx fold is completed by
oneR helix and threeâ strands in the poplar Prx, forming a
seven-stranded centralâ sheet surrounded by fiveR helices

FIGURE 1: Structure of the monomer (molecule A of the asymmetric
unit) of the poplar Prx and superimposition based on the CR atoms
of poplar Prx with Prxs of different subfamilies. (a) Structure of
the poplar Prx is shown in a ribbon representation. (b) Structure of
the poplar Prx (in red) is superimposed on the structures of different
Prxs (in cyan). (1) Superposition with A Prx fromHomo sapiens
[hPrxII (19), PDB entry 1QMV]. (2) Superposition with A Prx from
Rattus norVegicus[rPrxI (18), PDB entry 1QQ2], (3) Superposition
with B Prx from H. sapiens[hPrxVI (7), PDB entry 1PRX]. 4)
Superposition with E Prx fromE. coli [EcTPx (23), PDB entry
1QXH]. The ribbon representation was done with Molmol (48) and
the superimposition was done with lsqab (59).
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(Figure 1). An independent two-strandedâ sheet (â6-â7)
is found in the loop connecting helixR4 and strandâ8
(Figure 1). This loop is a region of the protein that presents
variable structures in Prxs:R helix in human PrxV (21), â
hairpin in hybrid PrxV or A Prxs (19, 20, 30), or a
noncanonical structure (7, 18). The rmsd values from the
superimpositions of poplar Prx with A Prxs [rPrxI (18) and
hPrxII (19)], B Prx [hPrxVI (7)], and E Prx [EcTPx (23)]
are between 1.5 and 1.6 Å for 107, 111, 109, and 94 CR
atoms, respectively (Figure 1). Apart from the loop confor-
mation differences, the topology differences reside mainly
in the C-terminal extension and in the presence of an
additionalR helix (residues 93-97 using poplar Prx number-

ing) for A and B Prxs and in a N-terminal extension for E
Prx (Figure 1). Two structures of D Prxs have been
determined in addition to the poplar Prx: the human PrxV
(21, 22) and the Prx domain of hybrid PrxV (30) that share
42.4 and 36.5% of sequence identity with the poplar Prx,
respectively. Accordingly, the crystal structures are very
similar and superimpose with a rmsd of 1.0 and 1.1 Å,
respectively. Therefore, the redox dependence to Trx and
Grx should be due to the proper surface interaction driven
by amino acid side chains (see below, the Prx-Grx Inter-
action).

NMR Assignments.We have recently reported the NMR
assignment of the poplar Prx obtained with a15N, 13C, 50%
2H labeled sample [BioMagResBank (BMRB) entry 6132]
(38). Together with the secondary chemical shifts of the
backbone atoms, NOE correlations and hydrogen-exchange
experiments enabled to check that the solution structure is
similar to the crystal structure. Moreover,Φ andΨ backbone
angles predicted from the NMR assignments by Talos (53)
for the protein in solution are similar to the angles in
the crystal except for four residues (P49, D103, T151, and
S153).

ActiVe Site.The active site is roughly divided into two
parts. The first part, exposed to the solvent, is polar and
positively charged, whereas the second part is more hydro-
phobic (residues 41-47, 56-60, and 88). The position of
the catalytic cysteine C51 allows side-chain interactions with
R129, a residue strictly conserved among Prxs (distance of
R129 Nε-C51 Sγ, 3.3 Å), and T48 (distance of C51 Sγ-
T48 Oγ, 3.2 Å) (Figure 2). A water molecule (wat289) might
also interact with the C51 Sγ atom at a distance of 3.4 Å. A
sulfate molecule is present in the active site of molecules A
and B of poplar Prx (Figure 2). This sulfate anion is stabilized
by interactions with T50 and K121 and with a water
molecule. T48V and R129Q mutants of the poplar Prx have
shown that both residues are necessary for the reduction of
substrates such as the hydrogen peroxide and tertiary butyl
hydroperoxide but not for the degradation of cumyl hydro-

Table 2: Data Collection and Refinement Statistics

data collection
space group P21

unit cell (Å, deg) a ) 59.26,b ) 68.80,
c ) 75.71,â ) 93.45

Z 8
nominal resolution (Å) 19.88-1.62
outermost resolution shell (Å) 1.68-1.62
unique reflections 79 011
completeness (%) 95.8 (83.5)a

meanI/σ(I) 15 (4)a

Rmerge(%)b 6.2 (19.0)a

refinement statistics
R factor (%)c 18.9
Rfree (%)d 22.4
rmsd from ideal geometry
bond lengths (Å) 0.020
angles (deg) 1.79
dihedral angles (deg) 23.3
improper angles (deg) 0.82
averageB factor (Å2)
protein atoms
(main chains/side chains)

22.25 (20.9/23.65)

sulfate anions 37.0
water molecules 29.3

a Values in parentheses refer to the outermost resolution shell.b R
factor for symmetry-related intensities.c CrystallographicR factor.d R
factor for a randomly selected 10% reflections not included in
refinement.

FIGURE 2: Stereoview of selected amino acids in the poplar Prx active site in the (2f0 - fc) electron density map (contour level of 1.0σ).
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peroxide (54). This suggests that the mutations affect the
active-site structure but not the thiol-dependent regeneration
of the enzyme (54).

The catalytic cysteine of poplar Prx is reduced in the
crystal. However, no reducing agents have been used to grow
the crystals, suggesting a low sensitivity of the cysteine to
auto-oxidation. Such a behavior of the enzyme has already
been observed in the protein production steps (31). In the
human PrxVI structure (B Prx), the catalytic cysteine is
oxidized into a sulfenic acid. A histidine residue (H39),
together with the putative presence of a Mg2+ ion, was
proposed to stabilize the sulfenic acid and to prevent over-
oxidation (7). The active site of the poplar Prx also contains
a histidine residue (H55), but the histidine is not as close to
the cysteine as in B Prxs. The neutral histidine H55 is
involved in a hydrogen-bonding network with Nη1-Hη12
of the invariant arginine (R129) and with the S153 carbonyl.
This network is also found in human PrxV and hybrid PrxV
structures.

Oligomerization of the Poplar D Prx.NMR relaxation data
are sensitive to the overall reorientation of proteins in solution
and to the protein local dynamics and can therefore provide
valuable information regarding the oligomerization state of
proteins.15N R1, R2, and1H-15N NOE relaxation data were
recorded on a uniformly15N-labeled sample of the poplar
Prx at 38°C and1H ) 500 MHz. The relaxation data are
shown in Figure 3. The poplar Prx is overall well-structured
from the N to C terminus and does not present strongly
disordered regions correlating with X-ray diffration that gave
a set of electronic densities for all residues. The mean value
for the 15N R1 and R2 are 1.08( 0.15 and 15.1( 2.3 s-1,
respectively. It is noteworthy that both values are signifi-
cantly different from expected for a monomeric protein of
ca. 18 kDa (55). The experimental overall reorientational
tumbling calculated from the relaxation data (14.0 ns) is

much larger than expected for a monomeric protein, as
deduced from the Stokes-Einstein relation (5.35 ns for a
nonhydrated protein and 8.38 ns if a 3.2 Å water layer is
included). The slower overall rotation of the poplar Prx could
be due to a protein dimerization in solution. In the crystal,
even though a dimer is not found in the asymmetric unit
(see above), reconstruction of the crystal lattice reveals a
significant dimeric association involving a protein surface
perpendicular to theâ sheet (see below). Then, to analyze
the NMR relaxation data, both dimeric and monomeric forms
of the poplar Prx were used as structural models.

The rotational diffusion tensor orientation was accurately
determined with respect to the protein inertial tensor for the
mono- and dimeric Prx (Table 3). On the basis of the ratios
of the principal components of the inertia tensor (1.00:0.99:
0.34), the homodimeric protein is expected to have a
substantially anisotropic diffusion tensor. The isotropic,
axially anisotropic, and fully anisotropic models of rotational
tumbling satisfy the experimental data. However, the fit
improvement achieved with the fully anisotropic model is
not statistically significant, as determined by aF test (p )
0.065). The axially symmetric model agrees with the
experimental relaxation data significantly better than the
isotropic model (Table 3), as determined by aF test (p )
7.23 × 10-15). Moreover, the orientations of the diffusion
and inertia tensorz principal axis nearly coincide with an
angle difference of 2.13° (Figure 4a). The axially symmetric
model is characterized byD|/⊥ ) 1.60( 0.05 andτc ) 14.11
( 0.40 ns, with the principal axis orientation with respect
to the crystal structure defined byR ) 21 ( 5° and â )
103 ( 5° (Figure 4a). If the crystallographic monomeric
model of the Prx is used, the relaxation data are no longer
consistent with the overall correlation timeτc (Table 3). In
addition, the angle difference between the diffusion and
inertia tensors is 18.1° (Figure 4b). These relaxation data

FIGURE 3: Reduced poplar Prx15N-relaxation parametersR1, R2, and15N {1H} NOE versus the residue number. The error bars represent
standard deviations in the estimated parameters.
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strongly support that the crystal homodimer of the Prx is
conserved in solutionin Vitro.

Hydrodynamic Calculations.The Stokes-Einstein equa-
tion gives only a rough estimate of the molecular tumbling
in solution. To account for a better estimate of the protein
shape, we performed hydrodynamic calculations using HY-
DRONMR (50). Correlation times of 6.15 and 14.12 ns were
obtained for the mono- and dimeric states of the Prx,
respectively. These results clearly account for a homodimeric
structure of the Prxs in solution. Beside the fact that the
theoretical prediction of the diffusion tensor orientation for
the homodimer nearly coincides with the inertia tensor (1°
tilted), calculations were able to reproduce the relaxation data
pattern along the residue number (Figure 5). Nevertheless,
we can notice an opposite profile of the calculated and
experimental data spanning residues 114-125 corresponding
to theâ6-â7 region. Such a behavior could account for a
discrepancy between the NH vector orientation in the crystal
structure and in solution.

Prx-Prx Interface of D Prxs.The dimer interface of the
poplar Prx in the crystal involves nine residues located in
loopâ3-R2, turnâ4-R3, helixR3, and loopR4-â8 (Figure
6). The interface buries 742 Å2 per monomer and is mainly
stabilized by hydrophobic interactions in addition to charge
interactions through two salt bridges. Residues T48, P49,
and L123 from one monomer interact with F83 of the other
monomer, and F47 has van der Waals contacts with residues
A87 and V84 (Figure 6). The electrostatic interactions
involve residues D81 of one monomer and R126 of the other

monomer. Residues F47, T48, and P49 belong to loopâ3-
R2; D81 is part of turnâ4-R3; F83, V84, and A87 are helix-
R3 residues; and L123 and R126 are residues of loopR4-
â8. Six intermolecular hydrogen bonds are observed between
S105 Hγ and Q119 O, G124 HN and S105 Oγ, and R126 Hη

and D81 Oδ.
The dimer is very different from the dimer of typical 2-Cys

and 1-Cys Prxs (A and B Prxs) (see below). However, a
homologous dimer was reported forH. influenzaehybrid
PrxV (D Prx), which contains an attached Grx domain (30).
This suggests that the dimeric form is conserved upon the
interaction of the poplar Prx with Grx.

Even though the homologous human PrxV was reported
as a monomer in the crystal structure (21), the same Prx-
Prx interactions are found by analysis of the crystal lattice
(30). The residues involved in the interface are conserved
in the humanH. influenzaeand poplar D Prxs, except for
L123, which is replaced in the hybrid PrxV and the human
PrxV by hydrophobic residues (Figure 7). The Prx-Prx
interfaces in the three Prxs are roughly perpendicular to the
plane of the centralâ sheet (Figure 6) and are completely
different from the dimer interface in A and B Prxs, where
proteins associate in the plane parallel to theâ sheet (Figure
8) (2, 7, 17-20).

To show that the relaxation data provide evidence that the
homodimer in solution corresponds to the homodimer found
in the crystal, we have modeled a homodimer homologous
to the AhpC A Prx (20). In this model, the Prx-Prx
interaction surface is no longer perpendicular to theâ sheet

Table 3: Rotational Diffusion Tensor Parameters for the Poplar Prx

Monomer (X-ray Structure)

model
Dx

(107 s-1)
Dy

(107 s-1)
Dz

(107 s-1) Ra âa γa τc
b anisotropyc rhombicityd ø2/dfe Pf

isotropic 1.16( 0.01 1.16( 0.01 1.16( 0.01 14.33( 0.10 1 0 15.32
axially

symmetric
0.99( 0.04 0.99( 0.04 1.59( 0.04 13( 7 108( 7 14.04( 0.60 1.61( 0.07 0 9.17 2.57× 10-8

fully
anysotropic

0.91( 0.10 1.08( 0.10 1.57( 0.15 10( 8 106( 9 159( 30 14.02( 0.80 1.58( 0.20 0.437( 0.080 8.9 10.1× 10-2

theoretical
predictiong

2.53 2.77 2.83 15.9 118.9 170.0 6.15

Dimer (X-ray Structure)

model
Dx

(107 s-1)
Dy

(107 s-1)
Dz

(107 s-1) Ra âa γa τc
b anisotropyc rhombicityd ø2/dfe Pf

isotropic 1.16( 0.01 1.16( 0.01 1.16( 0.01 14.33( 0.12 1 0 14.5
axially

symmetric
0.99( 0.03 0.99( 0.03 1.57( 0.06 21( 5 103( 5 14.11( 0.40 1.60( 0.05 0 8.15 7.23× 10-15

fully
anysotropic

0.91( 0.07 1.07( 0.08 1.57( 0.12 21( 7 102( 6 27( 23 14.08( 0.65 1.59( 0.15 0.393( 0.059 7.93 6.5× 10-2

theoretical
predictiong

0.957 0.959 1.624 21.8 105.2 -10.1 14.12 1.69 4.5× 10-3

Dimer (Model Homologous to AhpC Dimer)

model
Dx

(107 s-1)
Dy

(107 s-1)
Dz

(107 s-1) Ra âa γa τc
b anisotropyc rhombicityd ø2/dfe Pf

isotropic 1.16( 0.01 1.16( 0.01 1.16( 0.01 14.33( 0.17 1 0 19.45
axially

symmetric
1.03( 0.04 1.03( 0.04 1.41( 0.11 100( 14 127( 25 14.42( 0.71 1.36( 0.10 0 14.46 1.16× 10-6

fully
anysotropic

0.98( 0.13 1.09( 0.13 1.41( 0.16 99( 28 128( 18 59( 40 14.38( 0.90 1.37( 0.20 0.417( 0.140 14.23 4.88× 10-1

theoretical
predictiong

0.99 1.017 1.643 80.1 127.3 95 13.66 1.63 4.7× 10-3

a Euler angles{R,â,γ} (in degrees) describe the orientation of the principal axes frame of the rotational diffusion tensor with respect to the
protein coordinate frame.b Overall rotational correlation time (in nanoseconds) of the molecule.c The degree of anisotropy of the diffusion tensor,
2Dz/(Dx + Dy). d The rhombicity of the diffusion tensor, 1.5(Dy - Dx)/[Dz - 1/2(Dx + Dy)]. e Residuals of the fit (ø2) divided by the number of
degrees of freedom.f Probability that the reduction inø2 (compared to the model in the above row) could occur by chance.g The results of
hydrodynamic calculations using HYDRONMR. The parametera was set to 3.22 Å.
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but parallel to theâ sheet, as observed in the dimer of the
AhpC A Prx (Figure 8a). The relaxation data were analyzed
using this new model (Table 3 and Figure 5). In this case,
the axially symmetric model still prevails with a lower

anisotropy of 1.36( 0.1. However, the residual of the fit
divided by the number of degrees of freedom exhibits a
higher value (14.46) compared to the value obtained when
relaxation data are fitted against the “perpendicular” homo-
dimeric model of the protein (9.17). Furthermore, the
orientation of thezdiffusion axis is substantially tilted about
80° from thez inertia axis, and the space-sampling parameter
(56) is not as relevant (0.011) as for the perpendicular model
(0.007). Hydrodynamic calculations were performed for this
model and gave rise to a large discrepancy between the
predicted and experimental relaxation data (Figure 5). At this
stage, NMR discriminates unambiguously the dimer type of
the poplar Prx in solution.

Ahp1 (yeast D Prx) has been shown by analytical
ultracentrifugation to be dimeric in solution independently
of the redox state (24). NMR relaxation data for reduced
Ahp1 were similar to the poplar Prx, with averageR1 and
R2 values in secondary structure elements of 0.81( 0.08
and 19.7( 1.9 s-1, respectively (24). Because no structures
of Ahp1 are available, models of a monomer and dimer were
calculated with Modeller (52), using the crystal structure of
the hybrid PrxV (30). Relaxation data analyzed with the
models clearly show that Ahp1 is a homodimer with an
interface perpendicular to theâ sheet (data not shown). NMR
relaxation experiments were also recorded for another D Prx
from Arabidopsis thaliana(AtPrxII-E) in the reduced state.
Even if the NMR signals were not assigned, the averageR1

andR2 relaxation rate values (0.81( 0.08 and 20.6( 2.0
s-1, respectively) suggest that the protein is also a dimer in
solution (data not shown).

We have previously analyzed 60 peptidic sequences of
the D-Prx subfamily (24). Residues F47, T48, and P49
involved in the interface are strictly conserved in all
sequences except for two mitochondrial Prxs (YTG) and
yeast Ahp1 (FSP). In general, D81 is strictly conserved but
is replaced in Ahp1 by Asn. The hydrophobic F83 is highly
conserved or replaced by Tyr or His. Residue V84 is highly
conserved except in two mitochondrial Prxs and Ahp1, where

FIGURE 4: Rotational diffusion tensor orientation of the ho-
modimeric (a) and monomeric (b) forms of the poplar Prx generated
using Molmol (48). Rods represent the rotational diffusion axes
derived from relaxation data (blue,Dz,exp), the inertial tensor axes
(red,Iz), and the theoretical rotational diffusion axes (yellow,Dz,calc).
For the homodimeric structure (a), thezaxis of the diffusion tensor
makes an angle of 2.13° with the corresponding inertia axis, whereas
it is tilted 2.31° from the theoretical diffusion axis. For the
monomeric structure (b), thez axis of the diffusion tensor is tilted
18.1° from zaxis of the inertia tensor, whereas a difference of 24.3°
is observed with the theoretical diffusion tensor orientation.

FIGURE 5: Comparison between experimentalF factor (b) and calculatedF factor (O) by using HydroNMR for a Prx interface perpendicular
(a) and parallel (b) to the centralâ sheet. Open bars represent residuals (Fexp - Fcalc)2/σ between the theoretical and experimentalF factors.
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it is replaced by Ala. A87 is less conserved but is generally
Ala, Gly, or Glu. L123 is conserved in 38% of the D Prxs
or replaced by hydrophobic Phe in 40% of the sequences.

Finally, R126 is strictly conserved but in Ahp1 (W).
Therefore, because the interface residues are largely con-
served in D (type II) Prxs, it is likely that all those proteins

FIGURE 6: Interface of the poplar D-Prx dimer. (a) Overall view of the homodimeric Prx showing the Prx-Prx interface roughly perpendicular
to the centralâ sheet. The regions involved in the interaction surface are indicated (see also Figure 7). (b) Zoom of the interface showing
the side chains of the residues that interact to stabilize the dimer. One monomer is colored in blue, and the other monomer is colored in
red.

FIGURE 7: Structure-based sequence alignment of A, B, D, and E Prxs. The secondary structure elements and the numbering of the poplar
Prx are indicated. The residues involved in the Prx-Prx interface of A- and B-Prx dimers (first type of interface, see the text) are colored
in magenta. The residues involved in the Prx-Prx interface of D- and E-Prx dimers and in A-Prx decamers (second type of interface) are
colored in yellow. Residues of D and E Prxs in boxes are involved in intermolecular salt bridges.
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share the same Prx-Prx association perpendicular to the
centralâ sheet.

Prx-Prx Interface of E Prxs.Recently, the structure of
theE. coli TPx has been reported in the oxidized state, with
an intramolecular disulfide bridge (23). The E Prx is a
noncovalent dimer stabilized by hydrophobic interactions and
hydrogen bonding, with Prx-Prx contacts perpendicular to
the â sheet (23). Two other dimeric E Prx structures are
available in the PDB under accession entries 1Q98 (H.
influenzaeoxidized TPx) and 1PSQ (Streptococcus pneu-
moniaereduced TPx). The residues involved in the inter-
action surface are located in regions similar to D Prxs (Figure
7). Moreover, the residues are more or less conserved in all
known bacterial Tpxs (23), suggesting that most E Prxs are
dimers with a Prx-Prx interface similar to D Prxs.

Prx-Prx Interfaces of A and B Prxs.The interaction
surface of A- and B-Prx dimers is parallel to theâ sheet,
with contacts between the external strands, which form a
largeâ sheet via a new antiparallel pairing (parts a and b of
Figure 8) (7, 17-20). The contacts are mainly hydrophobic
with hydrogen bonds involving the backbone and side chains
(17).

There is also another type of Prx-Prx interface found in
the toric decamers of A Prxs (Figure 8d). This interface is

found between two dimers and is stabilized by hydrophobic
contacts. The interactions are located in four regions of the
protein,â3-R2 (region I),â4-R3 (region II),â5-R4 (region
III), and R4-â8 (region IV) (Figure 7) (7, 17-20). The
regions I and III of one monomer interacts with regions II
and IV of the second monomer. The hydrophobic character
of the residues is conserved within A Prxs (Figure 7). The
interaction surface is similar to the interface of D- and E-Prx
dimers (Figures 7 and 8).

Two Types of Prx-Prx Interfaces.Figure 8 illustrates the
two types of Prx-Prx interfaces found in the Prx family.
The first interface is found in the dimers of A and B Prxs
and is parallel to the centralâ sheet (parts a and b of Figure
8). The second type of Prx-Prx interface is found in D-
and E-Prx dimers and uses a surface perpendicular to theâ
sheet (Figures 6 and 8c). This second type of interface is
also used for the oligomerization of A-Prx dimers into toric
decamers (Figure 8d). This interaction surface is not acces-
sible in B Prxs because it is the site of the C-terminal domain
interaction with the core structure (Figure 8b). The residues
that stabilize the interface are located in A- and B-Prx dimers
in strandâ9 and the C-terminal helix (A Prxs) or in the
C-terminal domain (B Prxs) (Figure 7). These C-terminal
regions are absent in D and E Prxs (Figure 7). Such a

FIGURE 8: First type (a and b) and second type (c and d) of Prx-Prx interfaces in Prxs. (a) Prx-Prx interface in A-Prx dimers, first type
of interface parallel to theâ sheet. The Prx is theSalmonella typhimuriumAhpC Prx (PDB entry 1N8J). (b) Prx-Prx interface in B-Prx
dimers, first type of interface parallel to theâ sheet (human hPrxVI, PDB entry 1PRX). (c) Prx-Prx interface in D- or E-Prx dimers,
second type of interface perpendicular to theâ sheet (poplar Prx, PDB entry 1TP69). (d) Prx-Prx interface in A-Prx decamers between two
dimers, second type of interface perpendicular to theâ sheet (S. typhimuriumAhpC Prx, PDB entry 1N8J).
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difference in the protein sequence could explain why this
type of interface parallel to the centralâ sheet is not observed
in D and E Prxs.

In A-Prx decamers, the first type of Prx-Prx interface
(parallel to theâ sheet) is stronger and larger than the second
interface (17). The dimer interaction surface reaches 1280
Å2 per monomer for rPrxI (18) (A Prx, 15% of the total
monomer surface), 1050 Å2 for AhpC (20) (A Prx), 1700
Å2 in hPrxVI (7) (B Prx, 17.4%), and 2109 Å2 in hPrxII
(19) (A Prx, 21%). The second type of interface (perpen-
dicular to theâ sheet) reaches 630 Å2 in hPrxII (19) (7%)
and 650 Å2 in AhpC (20). In the structure of D Prxs, the
dimer interface buries 826 Å2 per monomer in the hybrid
PrxV (30) (10.5%) and 785 Å2 in the human PrxV (10.6%).

The second type of interface has been shown to be
disturbed upon the formation of the disulfide bridge in A
Prxs (17-20). The helix turn containing the peroxidatic
cysteine unwinds, which shifts the preceding residues (region
I), disrupts the interactions triggered by the residues F42 and
F44 (numbering in AhpC), and dissociates the decamer into
dimers (20). In the structure of the oxidizedE. coli TPx
(atypical 2-Cys E Prx), the dimer is not disrupted (23). The
authors argue that Phe residues conserved in A Prxs are
replaced in E Prxs by Asp and Gly (Figure 7). In D Prxs,
residue F42 is conserved and F44 is replaced by a proline
(Figure 7). However, the oligomerization of the hybrid PrxV
(D Prx) was shown to be independent of the protein redox
state by analytical ultracentrifugation, light scattering, and
gel-filtration experiments (30), meaning that the interface is
not broken upon oxidation. There must be therefore some
differences between the D- and E-Prx interface as compared
to the A-Prx decamer interface, which could explain the
stronger stability of the interface in D and E Prxs. The most
obvious difference is the presence in the latter of inter-
molecular salt bridges between conserved charged residues
(in the squares in Figure 7). Such interactions are not present
in A Prxs (Figure 7). However, the possibility that the dimer
could dissociate in particular circumstances cannot be
excluded. Upon dilution from 0.8 to 0.08 mM at 38°C, the
poplar Prx 15N heteronuclear single-quantum coherence
spectrum exhibits no significant chemical-shift differences.
This indicates that the protein does not dissociate in the
experimental conditions used. This fact also strongly cor-
relates with the stable homodimer demonstrated for yeast

Ahp1 using ultracentrifugation and NMR relaxation analysis
(24).

Functional Role of the Dimerization.As shown in Figure
8, B, D, and E Prxs form dimers, whereas A Prxs switch
between dimers and decamers. Very recently, the shift from
low MW species to high MW complexes of A Prxs has been
shown to be linked to a functional peroxidase-chaperone
switch (57). In hPrxVI (B Prx), the dimerization has been
proposed to play a role in shaping the active-site pocket.
The interactions between residues of one monomer and
residues of the second monomer C-terminal domain in the
vicinity of the active site make the entrance narrower (7).
The interaction surface of B-Prx C-terminal domain with the
protein core is more or less equivalent to the second type of
interface found in D and E Prxs (see above and parts b and
d of Figure 8). Therefore, the perpendicular interface found
in D- and E-Prx dimers and in reduced A-Prx decamers could
play a similar role in the substrate specificity. In agreement
with this, the EcTPx (E Prx) substrate-binding site has been
shown to extend to the dimer interface by docking calcula-
tions (23). However, it would be necessary to gain experi-
mental data to better define the substrate-binding site of Prxs.

Prx-Grx Interaction.Hybrid Prxs-containing Grx domains
have been characterized in some pathogenic bacteria and in
an anaerobic sulfur-oxidizing phototroph (34, 36, 58). So
far, all of the Prxs that can be reduced by the Grx system
are D-Prxs (31, 33, 36). The crystal structure of the hybrid
PrxV from H. influenzae is the first direct structural
information reported for the interaction of a Prx with its
electron donor (30). The Prx and Grx domains of different
monomers interact with each other through charge interac-
tions. As already reported (30), two of the negatively charged
residues important for the interaction are conserved in the
poplar Prx (E149 and E156) and other charged residues are
found in the surface (Figure 9). The equivalent surface of
human PrxV is much more hydrophobic, in agreement with
its specific Trx interaction only. Such an interaction is also
possible for the poplar Prx (31) and could be explained by
the presence of hydrophobic residues such as L53 and F47
(Figure 9).

Interestingly, a turn with the sequence G146-G147-G148
is located before the region that contain the residues E149,
E156, and D157, important for the Grx-Prx interaction. The
tripeptide could enable some protein conformational adjust-

FIGURE 9: Interaction surfaces of the D Prxs with their electron donor. The figure was generated with Molmol (48). (a) Electrostatic
potential surface of the Prx domain of the hybrid PrxV fromH. influenzae(PDB entry 1NM3). The residues involved in the interaction
with Grx are indicated. (b) Electrostatic potential surface of the poplar Prx (PDB entry 1TP69). The negatively charged residues conserved
in the equivalent surface of the Prx as compared to the hybrid PrxV are labeled. The hydrophobic residue L53 that could be involved in
the interaction with Trx is indicated. (c) Electrostatic potential surface of the human PrxV (PDB entry 1HD2). The hydrophobic residues
that could interact with Trx are indicated.
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ment upon interaction with the Grx. A glycine residue is
present in this region in 82% of the D Prxs. The region
D145-D157 has been shown to be predisposed to confor-
mational change in the structure of an oxidized form of
human PrxV that could correspond to a metastable state (22).
Moreover, several residues from the 143-162 region indicate
exchange terms, particularly in the 155-160 region. To better
understand the Prx-Grx interaction at the structural and
dynamic level, NMR experiments will be conducted to study
the nature of the transient complex between Prx and Grx.
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