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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 Il) subfamily. Repulus trichocarpdrx is the first Prx

shown to be regeneratéal 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 gentral
sheet and differs from the interface of A- and B-Prx dimers, where proteins associate in the plane parallel
to the 5 sheet. The homodimer interface involves residues strongly conserved in the D (type Il) Prxs,
suggesting that all Prxs of this family can homodimerize. The study provides a new insight into the Prx
oligomerism and the basis for proteiprotein and enzymesubstrate interaction studies by NMR.

Peroxiredoxins (Prx$)are thiol-specific antioxidant pro-  peroxinitrite, and hydroperoxides, some of the reactive
teins that catalyze the reduction of hydrogen peroxide, oxygen species responsible for oxidation and degradation of
lipids, nucleic acids, and proteins. The first Prx was
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Table 1: Structures of Prxs

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

rPrxl A 1Q0Q2 Rattus noregicus C-SS-C oy 2.6 3175

hPrxll A 1QMV Homo sapiens C-S0O~ (02)s 2.7 1-198

TryP A 1E2Y Crithidia fasciculata C—-SH (02)s 3.2 6-166

AhpC A 1H40 Salmonella typhimurium  C—SS-C (02)s 25 1-165

AhpC A 1NJ8 Salmonella typhimurium  C—SH (02)s 2.2 1-186

hPrxVI B 1PRX Homo sapiens C—SOH V) 2.0 2-224

hPrxVv D 1HD2 Homo sapiens C—SH o 15 1-161

hPrxVv D 10C3 Homo sapiens C-SSs-C o 15 1-161

PrxV hybrid D 1INM3 Haemophilus influenzae  C—SH o 2.8 3-239

EcTPx E 1QXH Escherichia coli C-SS-C v 2 2.2 2-165

SprPx E 1PSQ Streptococcus pneumoniae C—SH o2 2.3 1-163

HiTPx E 1Q98 Haemophilus influenzae  C—SS-C o 1.9 2-165

this study D 1TP69 Populus trichocarpa C—SH o 1.6 2-162
in all organismsZ—5). Prx functions are still far from being From the comparison of the peptidic sequences, Prxs

understood, and their catalytic efficiency is somewhat low, appear as a very diverse family of proteins and can be
about 16 M1 s (2, 3). Common features of Prxs include classified into five subfamilies named A, B, C, D, and3;: (
the presence of one strictly conserved catalytic cysteine, 24). In plants, four groups are found,(5). Exemplified by
called the peroxidatic cysteine, located in the N-terminal part Prxs with solved 3D structures, A Prxs encompass proteins
of an o helix, together with a proline, an arginine, and a homologous to human PrxIlL@) and rat Prxl 18) 2-Cys
hydroxylated residue conserved in the active site. The Prxs, whereas B Prxs are homologous to human PrxVI 1-Cys
peroxidatic cysteine, after reacting with the hydroperoxide, Prx (7). C Prxs include bacterioferritin comigratory proteins
is oxidized into a sulfenic acid Cys-SO8#, (7). The oxidized and PrxQs found in bacteria and plants and are characterized
Prx is then regenerated by a thiol-containing substrate. Threeby an active-site sequence CXXXXQY, 26). No structures
mechanistic groups (1-Cys, 2-Cys, and atypical 2-Cys Prxs) of this subfamily have been solved. D Prxs are homologous
have been identified, according to the catalytic steps fol- to yeast type Il AhplZ4, 27—29) and include human PrxV
lowing the sulfenic acid formation. In 1-Cys Prxs, the (21, 22) and hybrid PrxV 80) from Haemophilus influenzae
sulfenic acid was shown to be directly reduced by a reductant, Finally, E Prxs consist of bacterial Prxs only, named thiol
such as glutathione, lipoic acid, or cyclophili®—<10), peroxidases (TPx), with the recently solved structur& of
whereas in 2-Cys Prxs, the sulfenic acid reacts with a secondcoli TPx (23).
conserved cysteine of another subunit, called the resolving The oligomeric state of Prxs is intensively investigated.
cysteine, to form an intermolecular disulfide bridge. The The oligomeric properties in solution of A Prxs (typical
disulfide is then reduced by a disulfide oxidoreductase 2-Cys Prxs) are mainly linked to the redox state of the
[thioredoxin (Trx) (1), tryparedoxin {2), alkyl hydro- proteins, the ionic strength, and the pB.(Structural studies
peroxide reductase D (AhpD)1®), alkyl hydroperoxide have shown that A Prxs are decamers in the reduced and
reductase flavoprotein (AhpFl4), or glutathione 15)]. The over-oxidized (sulfinate) redox states, whereas they are
third mechanistic group of Prxs is the atypical 2-Cys Prx homodimers in the oxidized stat&, (17, 19, 20). B and E
group, in which the disulfide is formed between the sulfenic Prxs are thought to be homodimers, according to their
acid and a second cysteine located in the same peptidiccrystallographic structures(23). The oligomerism of D
subunit. This intramolecular disulfide is reduced by disulfide (type Il) Prxs including the human PrxV is unclear from the
oxidoreductases such as Trig). literature @1, 22, 27, 30). Atomic resolution studies are
The structural events linked to the Prx catalytic mechanism necessary for a precise knowledge of the enzyme oligomeric
have been highlighted by the resolution of Prx 3D structures state in solution. This is essential in the context of the
in various redox states (Table 1). The typical 2-Cys Prx numerous proteiprotein interactions in which Prxs are
mechanism is particularly well-documented, (17—20). involved.
Briefly, the peroxidatic sulfenic acid of 2-Cys Prxs is located ~ To gain insight into the oligomerism of D (type II) Prxs
in the first turn of ar helix that unwinds to form a disulfide  and to understand the glutaredoxin (Grx) dependence, we
bridge with the C-terminal resolving cysteine of another have undertaken a combined X-ray and solution nuclear
subunit. The disulfide is reduced, and the peroxidatic cysteinemagnetic resonance (NMR) study of a plant Prx from
loop returns to a helical conformation. Structural data are Populus member of the D (type Il) Prx2{, 24, 31). The
scarce for atypical 2-Cys Prxs. Resolution of the human PrxV poplar Prx possesses two cysteines, but mutagenesis studies
structure in the reduced state has shown that formation ofhave shown that only one cysteine is necessary for the
the intramolecular disulfide requires a conformational change, catalytic cycle 81, 32). The plant Prx is the first Prx shown
because the two cysteines, which are separated by ca. 10@o be regeneratéed vitro by both Grx and Trx systems (31).
amino acids, are more than 13.8 A ap&1,(22). Recently, Since then, other plant D Prxs have been shown to be reduced
the structure of an atypical 2-Cys Prx frdgscherichia coli by Grx only 33), and fusion proteins containing both Prx
(TPx) has been resolved in the oxidized st&®.(Together and Grx domains in the same sequence have been found in
with the modeling of the reduced form, the crystal structure pathogenic bacteria28, 34—36). For the first time, the
suggests that the two loops containing the peroxidatic and combination of the crystal structure and the solution NMR
resolving cysteines likely undergo a conformational change dynamics provides evidence of a conserved homodimeric
upon oxidation similar to the one making the disulfide state of the reduced Prx in the crystal and in solution. We
formation possible in 2-Cys Prx2J). show that the PrxPrx interface involves a surface perpen-
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dicular to the centralp sheet with conserved interfacial inthe most favored area, 77 residues in the additional allowed
residues, which suggests that all D (type Il) Prxs could area, 1 residue in the generously allowed area, and none in
homodimerize. Such an interface has been also characterizethe disallowed area. The coordinates and the structure factors
in E Prxs @0) but is very different from the interaction have been deposited in the Protein Data Bank (PDB) at
surface of A- and B-Prx dimers, which is parallel to e  Research Collaboratory for Structural Bioinformatics (PDB
sheet 2, 7). The two types of PrxPrx interfaces described  entry 1TP69).

so far for the different Prx oligomeric states are discussed NMR Relaxation Measurementall relaxation experi-

in the global structure and also at the interaction level. ments were performed with a 0.8 mM protein sample at 500
MHz and 38 °C. R; (longitudinal relaxation rate)R.
EXPERIMENTAL PROCEDURES (transverse relaxation rate), and the steady-steité®N

, L nuclear Overhauser effect (NOE) measurements were per-

Expression and Purification of D (Type Il) Poplar Prx.  ¢5-m1a4 using the usual pulse sequend &nd in identical
Samples for crystallization were produced as previously experimental conditions used for yeast Ahp1 Fa#)( The
described §7). NMR samples were prepared from 0.08 10 g "angR, experiments were collected with 130 complex t1
0.8 mM, 50 mM phosphate buffer at pH 7.2, as previously jncrements, 1024 t2 points, and 48 scans for each FID. For
described 8). R, measurements, spectra were recorded with six inversion

Crystallization, Data Collection, Structure Determination, recovery delays of 22, 55, 155 (twice), 255, 500, and 755
and RefinemenCrystallization conditions of the poplar Prx  ms. For R, measurements, spectra were recorded at five
have been described previously7). Briefly, monoclinic  Carr—Purcel-Meiboom-Gill (CPMG) delays of 17, 33, 50,
crystals were obtained in the presence of 30% poly(ethylene67, and 83 ms and spectra were duplicated at 33 and 67 ms.
glycol) (PEG) molecular weight (MW) 4000, 0.1 M Tris- A total of 900 ms separated two 18@°N pulses in the
HCl at pH 8.0, and 0.2 M 1.BO;, at a protein concentration  CPMG sequencéH-15N NOE spectra with 130 complex t1
of 15.6 mg/mL. A complete native data set was collected increments, 1024 t2 points, and 304 scans per FID were
on beam line DW32 at the LUREL(= 0.948 A, Orsay,  recorded in an interleaved way with and without proton
France). Crystals belong to space grd®f with unit cell saturation during relaxation delay. Recycle delays of 5 and
parameters = 59.26 A,b = 68.80 A,c = 75.71 A, and 2 s were used for the spectrum recorded respectively in the
= 93.45 and contain 4 molecules per asymmetric unit. They absence and occurrence of proton saturation.Fheatura-
diffracted to 1.62 A, with data completeness anhe(l) of tion was achieved by the application of £28H pulses
95.8 and 15%, respectively, overall, and 83.5 and 4% for separated by 5 ms, for a period of 3 s.
the 1.68-1.62 A shell 87). Using the coordinates of human  Rotation Diffusion AnalysisThe rotational diffusion tensor
PrxV (PDB entry 1HD2) as a search model, a molecular of the protein was derived from the orientation dependence
replacement solution was found for a V152C mutant Prx, of
for which triclinic crystals contain only 2 molecules per
asymmetric unit37). Several cycles of refinement alternated 2R, -1 3)(wy)
with manual rebuilding were carried out to improve this first ?1 o ~ 2 J(0)
model. Regions 1925 and 116-127 were not defined in
the electron density maps. The structure of the partially  The primes inR, and R, indicate that these relaxation
rebuilt V152C monomer has then been used as a molecularates were modified to subtract the contributions from high-
replacement template for the wild-type structure. Arp/WArp  frequency components of the spectral density as described
was used in molrep mode to refine the positions of the in previous papersié—46). The advantage of using the ratio,
molecules obtained in first instance by molecular replacementg /R, instead of the individual values of these parameters
and then in automatic rebuilding mode. Cycles of refinement js that this ratio is independent, to a first approximation, of
(CNS) @9) alternated with manual rebuilding (TURBO  the site-specific variations in the strengtheE15N dipolar
FRODO) @0) and inclusion of higher resolution data were coupling and>N chemical-shift anisotropy. Moreover, in the
carried out to improve the models. A total of 10% of the case of protein core residues, tiR/R, ratio primarily
data was set aside fd¥. calculations. Water molecules  depends on the overall tumbling and is practically insensitive
were added automatically using the automated proceduretg fast, subnanosecond backbone dynamics, because the order
implemented in CNS suite and checked manually. Their parameters of local motions in the numerator and the
positions were kept only where interactions were favorable genominator of eq 1 cancel owt?). In the present study,
and where theR, — F) difference Fourier map showed a g6 residues in well-ordered secondary structure element with
density of more than 3.0. Some residues (regions 127 NOE > 0.7 were used to derive rotational diffusion
and 143-148) were badly defined and needed to be rebuilt characteristics. The crystal structure of the mono- and
manually. The Igst refinement steps w.ere.carried out using homodimeric protein were protonated using Molma8)(
Refmac5 41) with the geometrical weighting term set to  \hereas optimization of the rotational diffusion tensor against
0.5. The finalR factors values for the Workinﬂ and the experimenta| data was performed by using ROTD|E9)(
test Rree) Sets are 18.9 and 22.4%, respectively, and the  Hydrodynamic CalculationsTheoretical prediction of the
figure of merit reaches 86.1% at the last step. rotational properties of proteins in solution is complex.

Structure Analysis and Final Structure Parametefhe Indeed, it has to account for the size and shape of the protein
final model contains residues-162 in molecules A, B, and  under study as well as the hydration shell formed by water
C, residues £160 in molecule D, 623 water molecules, and molecules moving together with the tumbling protein. We
2 sulfate ions. The stereochemical analysis was carried outused here the “shell modeling” strategy from Garcia de la
with Procheck 42) and highlighted 471 nonglycine residues Torre implemented in the HYDRONMR softwargd). The

(1)
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latter approach is characterized by a single paranzetine a \
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 ofdlmarameter

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
T4/T, values over all of the residues, namelx,(51). Here,

we found that the relative deviations of thdactor over all
residues are already insensitive (data not shown). As a
consequence, the complete algorithm to select the optimal
value has been implemented in Matlab (The MathWorks,
Inc.) for a set of 20 values ranging from 2 to 4 A. All of the
calculations were performed by using the viscosity of water
at 37°C, n = 0.667 Ns/m. 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 A. The latter value is in active site
good agreement with the averagevalue (e.g., 3.3 A) cysteine
determined previously by Bernado et al. on a set of 15 N
different proteins §1).

Modeling.A dimeric form of the poplar Prx in which the
monomers associate in the plane parallel togtsheet was
calculated using Modeller5@). 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 StructureThe crystal structure of poplar D Prx
has been resolved at 1.6 A 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 (k61
K545 and K62, and E156) and several hydrogen bonds
between residues at position-668 (helixa3) in molecule
A and residues 156160 (helix a5) from molecule B.
Another salt bridge (E94-K54¢) 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 A for theoCatoms. For
molecules A, B, and C, the mean rms values vary from 0.25
to 0.33 A and the main structural difference concerns the ,

Ficure 1: Structure of the monomer (molecule A of the asymmetric

orlen'Fatlon of the N-terr_mnad%]_._ p2 region relative to the unit) of the poplar Prx and superimposition based on thea®ms
protein core. The superimposition of molecules A, B, and C 4 popiar Prx with Prxs of different subfamilies. (a) Structure of
on molecule D shows a higher rms deviation (rmsd) close the poplar Prx is shown in a ribbon representation. (b) Structure of
to 0.6 A. In addition to the N- and C-terminal extremities, the poplar Prx (in red) is superimposed on the structures of different

the solvent-exposed logil—A2 and the region 5668 from  Prxs (in cyan). (1) Superposition with A Prx frollomo sapiens
helix o2 in close vicinity to the C terminus do not LP™!I(19), PDB entry IQMV]. (2) Superposition with A Pr from
. . Rattus novegicug[rPrxI (18), PDB entry 1QQ2], (3) Superposition
superimpose very well with the three other molecules. The with B Prx from H. sapienslhPrxVI (7), PDB entry 1PRX]. 4)
lack of interactions between molecule D and the three other Superposition with E Prx fronE. coli [ECTPx 23), PDB entry

molecules of the asymmetric unit can partially account for 1QXH]. The ribbon representation was done with Molm#8)(and
these conformational differences. the superimposition was done with Isqai9).

To date, 12 crystal structures of Prxs have been solved inshows a conserved fold of the protein core and more precisely
various redox and diverse oligomeric states (Table 1). The of the Trx fold (Figure 1). The Trx fold is completed by
superimposition of the poplar Prx structure with other Prx onea helix and thregg strands in the poplar Prx, forming a
structures from different subfamilies (A, B, and E Prxs) seven-stranded centialsheet surrounded by five helices

C-ter
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Table 2: Data Collection and Refinement Statistics

data collection
space group
unit cell (A, deg)

P2,
a=59.26,b = 68.80,
c=75.714=93.45

z 8

nominal resolution (A) 19.881.62

outermost resolution shell (A) 1.68.62

unigue reflections 79011

completeness (%) 95.8 (8325)

meanl/o(l) 15 (4p

Rmerge(%0)° 6.2 (19.0%
refinement statistics

R factor (%} 18.9

Riree (%)¢ 22.4

rmsd from ideal geometry

bond lengths (A) 0.020

angles (deg) 1.79

dihedral angles (deg) 23.3

improper angles (deg) 0.82

averageB factor (A%
protein atoms

(main chains/side chains)
sulfate anions

water molecules

22.25 (20.9/23.65)

37.0
29.3

2Values in parentheses refer to the outermost resolution $hell.
factor for symmetry-related intensitiesCrystallographicR factord R
factor for a randomly selected 10% reflections not included in
refinement.

(Figure 1). An independent two-strandgdsheet 6—/37)

is found in the loop connecting heli®4 and strands8
(Figure 1). This loop is a region of the protein that presents
variable structures in Prxsx helix in human PrxV 21), 5
hairpin in hybrid PrxV or A Prxs 19, 20, 30), or a
noncanonical structure7( 18). The rmsd values from the
superimpositions of poplar Prx with A Prxs [rPrxl8) and
hPrxIl (19)], B Prx [hPrxVI (7)], and E Prx [ECTPx Z3)]

are between 1.5 and 1.6 A for 107, 111, 109, and 84 C
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
additionala. helix (residues 9397 using poplar Prx number-

FIGURE 2:
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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 Prx\BQ) 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 A,
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-P®tx Inter-
action).

NMR Assignment3Ve have recently reported the NMR
assignment of the poplar Prx obtained witkld, 13C, 50%
°H 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. Moreovér,and¥ backbone
angles predicted from the NMR assignments by Tabk8 (
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 4147, 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 N—C51 S, 3.3 A), and T48 (distance of C5I'S
T48 O/, 3.2 A) (Figure 2). A water molecule (wat289) might
also interact with the C517Sitom at a distance of 3.4 A. 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-

R129

o C51

Stereoview of selected amino acids in the poplar Prx active site in fhe-(R) electron density map (contour level of la).
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peroxide b4). This suggests that the mutations affect the much larger than expected for a monomeric protein, as
active-site structure but not the thiol-dependent regenerationdeduced from the Stokeginstein relation (5.35 ns for a
of the enzyme %4). nonhydrated protein and 8.38 ns if a 3.2 A water layer is

The Cata'ytic Cysteine Of pop'ar Prx iS reduced in the inCluded). The SlOWer OVera” I’Otation Of the poplar Prx Could
CrystaL However’ no reducing agents have been used to grov\pe due to a protein dimerization in solution. In the CryStal,
the crystals, suggesting a low sensitivity of the cysteine to €ven though a dimer is not found in the asymmetric unit
auto-oxidation. Such a behavior of the enzyme has already(see above), reconstruction of the crystal lattice reveals a
been observed in the protein production steg®.(In the significant dimeric association involving a protein surface
human PrxVI structure (B Prx), the catalytic cysteine is Perpendicular to thg sheet (see below). Then, to analyze
oxidized into a sulfenic acid. A histidine residue (H39), the NMR relaxation data, both dimeric and monomeric forms
together with the putative presence of a ¥Mdon, was of the poplar Prx were used as structural models.
proposed to stabilize the sulfenic acid and to prevent over-  The rotational diffusion tensor orientation was accurately
oxidation (7). The active site of the poplar Prx also contains determined with respect to the protein inertial tensor for the
a histidine residue (H55), but the histidine is not as close to mono- and dimeric Prx (Table 3). On the basis of the ratios
the cysteine as in B Prxs. The neutral histidine H55 is of the principal components of the inertia tensor (1.00:0.99:
involved in a hydrogen-bonding network withyli—Hz12 0.34), the homodimeric protein is expected to have a
of the invariant arginine (R129) and with the S153 carbonyl. substantially anisotropic diffusion tensor. The isotropic,
This network is also found in human PrxV and hybrid PrxV  axially anisotropic, and fully anisotropic models of rotational
structures. tumbling satisfy the experimental data. However, the fit

Oligomerization of the Poplar D PrdIMR relaxation data  improvement achieved with the fully anisotropic model is
are sensitive to the overall reorientation of proteins in solution not statistically significant, as determined byraest p =
and to the protein local dynamics and can therefore provide 0.065). The axially symmetric model agrees with the
valuable information regarding the oligomerization state of experimental relaxation data significantly better than the
proteins.’®N Ry, R,, and'H->N NOE relaxation data were isotropic model (Table 3), as determined by dest © =
recorded on a uniformly>N-labeled sample of the poplar 7.23 x 107'%). Moreover, the orientations of the diffusion
Prx at 38°C and'H = 500 MHz. The relaxation data are and inertia tensor principal axis nearly coincide with an
shown in Figure 3. The poplar Prx is overall well-structured angle difference of 2.3Figure 4a). The axially symmetric
from the N to C terminus and does not present strongly model is characterized liy/o = 1.60+ 0.05 andr. = 14.11
disordered regions correlating with X-ray diffration that gave + 0.40 ns, with the principal axis orientation with respect
a set of electronic densities for all residues. The mean valueto the crystal structure defined ay = 21 + 5° andf =
for the >N R; and R are 1.084 0.15 and 15.H- 2.3 s'%, 103 + 5° (Figure 4a). If the crystallographic monomeric
respectively. It is noteworthy that both values are signifi- model of the Prx is used, the relaxation data are no longer
cantly different from expected for a monomeric protein of consistent with the overall correlation time (Table 3). In
ca. 18 kDa $5). The experimental overall reorientational addition, the angle difference between the diffusion and
tumbling calculated from the relaxation data (14.0 ns) is inertia tensors is 18°1(Figure 4b). These relaxation data
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Table 3: Rotational Diffusion Tensor Parameters for the Poplar Prx

Monomer (X-ray Structure)

Dy Dy D,
model (10's™ (10"s7Y (10's™) o2 B2 ya 7P anisotropy  rhombicity!  y2/dfe Pf
isotropic 1.16+0.01 1.16+£0.01 1.16+0.01 1433t 0.10 1 0 15.32
axially 0.99+0.04 0.99+0.04 1.59+0.04 13+7 108+7 14.04+ 0.60 1.61+0.07 O 9.17 25% 1078
symmetric
fully 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 10.1x 102
anysotropic
theoretical 2.53 2.77 2.83 15.9 118.9 170.0 6.15
predictior?
Dimer (X-ray Structure)
Dy Dy D,
model (10°s™) (10's™) (10"s™ a2 B2 ya 7P anisotropy  rhombicity!  yZdfe pPf
isotropic 1.16£ 0.01 1.16£0.01 1.16+0.01 1433+ 0.12 1 0 14.5
axially 0.994+ 0.03 0.99+0.03 1.57+0.06 21+5 103+5 14.11+0.40 1.60+0.05 0O 8.15 7.2% 10715
symmetric
fully 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¢ 102
anysotropic
theoretical 0.957 0.959 1.624 21.8 105.2 —10.1 14.12 1.69 4.5 1073
predictiory
Dimer (Model Homologous to AhpC Dimer)
Dy Dy D,
model (10’shy (10'sYH  (10'sh od pa ya 7P anisotropy  rhombicity!  y2/dfe pPf
isotropic 1.16+ 0.01 1.16+0.01 1.164+0.01 14.33:0.17 1 0 19.45
axially 1.03+0.04 1.03£0.04 1.41+0.11 100+ 14 1274+ 25 14.42+0.71 1.36+:0.10 O 14.46 1.16< 1076
symmetric
fully 0.984+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 4.8& 1071
anysotropic
theoretical 0.99 1.017 1.643 80.1 127.3 95 13.66 1.63 #1073
predictior?

aEuler angleq a.5,y} (in degrees) describe the orientation of the principal axes frame of the rotational diffusion tensor with respect to the
protein coordinate framé.Overall rotational correlation time (in nanoseconds) of the moleéulae degree of anisotropy of the diffusion tensor,
2D,/(Dx + Dy). ¢ The rhombicity of the diffusion tensor, 1B{ — D,)/[[D, — Y2(Dx + D,)]. ® Residuals of the fit¥?) divided by the number of
degrees of freedoniProbability that the reduction ip? (compared to the model in the above row) could occur by chaitee results of
hydrodynamic calculations using HYDRONMR. The parametevas set to 3.22 A.

strongly support that the crystal homodimer of the Prx is monomer. Residues F47, T48, and P49 belong to R®p
conserved in solutioin vitro. 02; D81 is part of turmp4—a3; F83, V84, and A87 are helix-
Hydrodynamic CalculationsThe StokesEinstein equa- a3 residues; and L123 and R126 are residues of oép
tion gives only a rough estimate of the molecular tumbling 8. Six intermolecular hydrogen bonds are observed between
in solution. To account for a better estimate of the protein S105 H and Q119 O, G124 Mand S105 @ and R126 H
shape, we performed hydrodynamic calculations using HY- and D81 O.
DRONMR (50). Correlation times of 6.15 and 14.12 ns were  The dimer is very different from the dimer of typical 2-Cys
obtained for the mono- and dimeric states of the Prx, and 1-Cys Prxs (A and B Prxs) (see below). However, a
respectively. These results clearly account for a homodimerichomologous dimer was reported fét. influenzaehybrid
structure of the Prxs in solution. Beside the fact that the PrxV (D Prx), which contains an attached Grx domaif)(
theoretical prediction of the diffusion tensor orientation for This suggests that the dimeric form is conserved upon the
the homodimer nearly coincides with the inertia tensér (1 interaction of the poplar Prx with Grx.
tilted), calculations were able to reproduce the relaxation data Even though the homologous human PrxV was reported
pattern along the residue number (Figure 5). Nevertheless,as a monomer in the crystal structugl), the same Prx
we can notice an opposite profile of the calculated and Prx interactions are found by analysis of the crystal lattice
experimental data spanning residues-1125 corresponding  (30). The residues involved in the interface are conserved
to the 56—[7 region. Such a behavior could account for a in the humanH. influenzaeand poplar D Prxs, except for
discrepancy between the NH vector orientation in the crystal L123, which is replaced in the hybrid PrxV and the human
structure and in solution. PrxV by hydrophobic residues (Figure 7). The PBrx
Prx—Prx Interface of D PrxsThe dimer interface of the interfaces in the three Prxs are roughly perpendicular to the
poplar Prx in the crystal involves nine residues located in plane of the centrgb sheet (Figure 6) and are completely
loop 33—0a2, turnf4—a3, helixa3, and loopad—/A8 (Figure different from the dimer interface in A and B Prxs, where
6). The interface buries 7422%er monomer and is mainly  proteins associate in the plane parallel togreheet (Figure
stabilized by hydrophobic interactions in addition to charge 8) (2, 7, 17—20).
interactions through two salt bridges. Residues T48, P49, To show that the relaxation data provide evidence that the
and L123 from one monomer interact with F83 of the other homodimer in solution corresponds to the homodimer found
monomer, and F47 has van der Waals contacts with residuesn the crystal, we have modeled a homodimer homologous
A87 and V84 (Figure 6). The electrostatic interactions to the AhpC A Prx R0). In this model, the PrxPrx
involve residues D81 of one monomer and R126 of the other interaction surface is no longer perpendicular tofrsheet
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Ficure 4: Rotational diffusion tensor orientation of the ho-

Echalier et al.

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 thez diffusion axis is substantially tilted about
80° from thezinertia 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.

Ahpl (yeast D Prx) has been shown by analytical
ultracentrifugation to be dimeric in solution independently
of the redox state2d4). NMR relaxation data for reduced
Ahpl were similar to the poplar Prx, with averaBe and
R, values in secondary structure elements of (480.08
and 19.7+ 1.9 s, respectively 24). Because no structures
of Ahp1 are available, models of a monomer and dimer were
calculated with Modeller§2), using the crystal structure of
the hybrid PrxV 80). Relaxation data analyzed with the
models clearly show that Ahpl is a homodimer with an
interface perpendicular to thiesheet (data not shown). NMR
relaxation experiments were also recorded for another D Prx

modimeric (a) and monomeric (b) forms of the poplar Prx generated from Arabidopsis thaliangAtPrxII-E) in the reduced state.

using Molmol @8). Rods represent the rotational diffusion axes
derived from relaxation data (bluB,ey), the inertial tensor axes
(red,l,), and the theoretical rotational diffusion axes (yell@gag).

For the homodimeric structure (a), thexis of the diffusion tensor
makes an angle of 2.18vith the corresponding inertia axis, whereas
it is tilted 2.3 from the theoretical diffusion axis. For the
monomeric structure (b), theaxis of the diffusion tensor is tilted
18.1° from z axis of the inertia tensor, whereas a difference of 24.3
is observed with the theoretical diffusion tensor orientation.

but parallel to the5 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

Even if the NMR signals were not assigned, the aveRge
and R, relaxation rate values (0.8t 0.08 and 20.6t 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 Ahpl (FSP). In general, D81 is strictly conserved but
is replaced in Ahpl 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
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Ficure 5: Comparison between experimenidhctor @) and calculate@ factor O) by using HydroNMR for a Prx interface perpendicular
(a) and parallel (b) to the centralsheet. Open bars represent residugd¥ (- p°@9%/g between the theoretical and experimentéctors.
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Ficure 6: Interface of the poplar D-Prx dimer. (a) Overall view of the homodimeric Prx showing theRPxinterface roughly perpendicular

to the centrap3 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.

Prx sub-family Region I
Prx-pop secondary structure || Lpz Jor | [ B3 | 1 wZ |
hPrxII A - XSGHARIGKPAPDF--KATAVV-DGAFKEVELSDYK——GKYVVLEFYPLDOFTEVCP-TE I IAF SHNRREDFRELGCE 70
TryP A MSCGAAKLNHPAPEF - DDMALMPHGTFREVS LSS YE-—GKYVVLFFYPMDF TEVCP-TEI IQF SDDAKRFAEINTE 72
StAhpC A - SLINTEIKPF--KNQAFK-NGEF IEVIEKDTE--GRWSVEFFYPADFTEVCP-TELGDVADHYEELQKELGVD 66
hPrxvI B e MPGGLLLGDVAENE E-ANTTVGRIRFHDF LGDSWG ILE SHE RO BIENGE - BENGRARKLAPEFAKREN-V 67
hErxy o ———————-APIKVGDAIP---—— AVEVFEGEPGNKVNLAELFK-GKKGVLFGVPGAF TPGCSKTHLPGF VEQAEALKAKGV] 68
Prx-pop ] - == -=--MAFIAVGDVLPDG--KLAYF DEQDOLOEVSVHSLVA-GKEVILF GVEGAF TPTCSLEHVEGF IERAGELESKGVT 72
PrxV-hyb D ———————- MSSMEGKEVE -0--VIFRTROGDEWVDVI TSELFD-NKTVIVE SLEGAETPTCSSSHLPRYNELAPVEEEYGVD 70
HiTPx E -MTVILAGNE IEVGGHFPOVGE IVENE I LVGNDLADVALNDFA-SKREVLNIFE S JLGVCA-TSVRKFNOQARKLSH-——T 77
EcTEx E SQTVHEQGNEVTVANSIPQAGSKAQTE TLVAKDLSDVTLGOFA-GKREVLNIFP S L GVCA-ASVRKFNQLATEIDN-——T 78
SpTPx E -=MVTF LGNPVSFTGKQLQVGDKALDF SLTTTDLSKKS LADF D-GKKEVLSVVP S IPfLGICS-TQTRRFNEELAGLDN--~T 76
Pra-pop numbering 1 1 | | I | |
10 20 30 40 50 &0 70
Region II Region III Region IV

Cos1 Ceel Ceo 1
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hErxv ] VVACLSVHPREVT GEWGRATKAEG—--——-——KVRLLADPTGAFGKETDLLLDDSLVS IFGNAFLKRE SMVVODGIVEALNY 142
Prx-pop ] EILCISVHPFEVMEAWAKS YPENK———————— HVEFLAD--GSATYTHALGLELDLOGKGLGTHSRRFALLVDDLEVEAANT 144
PrxV-hyk D DILVVSYNREE EDEKSE NISFIPDGNGEFTEGMGMLVGKEDL-GFG-HESWRY SMLVENGVVEKMFT 141
HiTPx E wLcIsanLeragHFcGREGTEN-—-————- AKTVSTFRNHALHSQLGVDIQTGPLAGLT--—-SR-AVIVLDEQWHVLHS 145
EcTEx E VVLCISADLEFROYHFCGAEGLNN VITLSTFRNAEFLOAYGVAIADGPLEGLT-———AR-AVVVIDENDHVIFS 146
SPTPX E VVLTVSMDLEFAQHHACGAEGLDN-——————— ATMLSDYFDHSFGROYALLIN-—-EWHLL-——-AR-AVEVLDTONTIRYV 141
Prx-pop numbering I 1 1 1 I 1 1

80 90 100 110 120 130 140
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hPrxVI B B~ T TGRNFDE I LRVWISLOLTAEK-RVATPfowkocosVBVLUET IPEEEAKKLFPRGVFTKELPSGRKIlRY TPOP 224
hErxV ] EFDGTG--LTCSLAPNIIS{L-===mm=m=mm -— --- 161
Prx-pop ] EGGGE---FTVSSAEDILKDL 162
PrxV-hyk D EPNEPGDPFKVSDADTMLEYL. . . 162
HiTPx E (LVEE IKEEPHYEAALAVLA=-=====m====m -— --- 185
EcTEx E QLVDEITTEFDYEAALAVLEA 167
SPTPX E EYVDNINSEFNFEAAIARAKAL 163

Prx-pop numbering | |
150 160

FIGUrRe 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-PPxx interface of A- and B-Prx dimers (first type of interface, see the text) are colored

in magenta. The residues involved in the PBex 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.

it is replaced by Ala. A87 is less conserved but is generally Finally, R126 is strictly conserved but in Ahpl (W).
Ala, Gly, or Glu. L123 is conserved in 38% of the D Prxs Therefore, because the interface residues are largely con-
or replaced by hydrophobic Phe in 40% of the sequences.served in D (type Il) Prxs, it is likely that all those proteins
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Py
Ficure 8: First type (a and b) and second type (¢ and d) off interfaces in Prxs. (a) PpPrx interface in A-Prx dimers, first type
of interface parallel to th@ sheet. The Prx is th8almonella typhimuriurAhpC Prx (PDB entry 1N8J). (b) PrxPrx interface in B-Prx
dimers, first type of interface parallel to thfesheet (human hPrxVI, PDB entry 1PRX). (c) Pirx interface in D- or E-Prx dimers,
second type of interface perpendicular to theheet (poplar Prx, PDB entry 1TP69). (d) PRrx interface in A-Prx decamers between two
dimers, second type of interface perpendicular togtsheet §. typhimuriumAhpC Prx, PDB entry 1N8J).

share the same PpPrx association perpendicular to the found between two dimers and is stabilized by hydrophobic
central sheet. contacts. The interactions are located in four regions of the
Prx—Prx Interface of E PrxsRecently, the structure of  protein,33—a2 (region I),44—a3 (region Il),45—04 (region
theE. coli TPx has been reported in the oxidized state, with 1Il), and a4—£8 (region V) (Figure 7) 7, 17—20). The
an intramolecular disulfide bridge28). The E Prx is a regions | and Ill of one monomer interacts with regions Il
noncovalent dimer stabilized by hydrophobic interactions and and IV of the second monomer. The hydrophobic character
hydrogen bonding, with PexPrx contacts perpendicular to  of the residues is conserved within A Prxs (Figure 7). The
the 8 sheet 23). Two other dimeric E Prx structures are interaction surface is similar to the interface of D- and E-Prx
available in the PDB under accession entries 1Q98 (  dimers (Figures 7 and 8).
influenzaeoxidized TPx) and 1PSQS{reptococcus pneu- Two Types of PrxPrx InterfacesFigure 8 illustrates the
moniaereduced TPx). The residues involved in the inter- two types of Prx-Prx interfaces found in the Prx family.
action surface are located in regions similar to D Prxs (Figure The first interface is found in the dimers of A and B Prxs
7). Moreover, the residues are more or less conserved in alland is parallel to the centrglsheet (parts a and b of Figure
known bacterial TpxsA3), suggesting that most E Prxs are 8). The second type of PrpPrx interface is found in D-
dimers with a Prx-Prx interface similar to D Prxs. and E-Prx dimers and uses a surface perpendicular tg the
Prx—Prx Interfaces of A and B PrxsThe interaction sheet (Figures 6 and 8c). This second type of interface is
surface of A- and B-Prx dimers is parallel to tResheet, also used for the oligomerization of A-Prx dimers into toric
with contacts between the external strands, which form a decamers (Figure 8d). This interaction surface is not acces-
largef sheet via a new antiparallel pairing (parts a and b of sible in B Prxs because it is the site of the C-terminal domain
Figure 8) {7, 17—20). The contacts are mainly hydrophobic interaction with the core structure (Figure 8b). The residues
with hydrogen bonds involving the backbone and side chains that stabilize the interface are located in A- and B-Prx dimers
(17). in strand$9 and the C-terminal helix (A Prxs) or in the
There is also another type of PtRrx interface found in C-terminal domain (B Prxs) (Figure 7). These C-terminal
the toric decamers of A Prxs (Figure 8d). This interface is regions are absent in D and E Prxs (Figure 7). Such a
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Ficure 9: Interaction surfaces of the D Prxs with their electron donor. The figure was generated with MdBpofa) Electrostatic

potential surface of the Prx domain of the hybrid PrxV fréininfluenzae(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.

difference in the protein sequence could explain why this Ahpl using ultracentrifugation and NMR relaxation analysis
type of interface parallel to the centfakheet is not observed  (24).
in D and E Prxs. Functional Role of the Dimerizatioms shown in Figure

In A-Prx decamers, the first type of PrPrx interface 8, B, D, and E Prxs form dimers, whereas A Prxs switch
(parallel to theB sheet) is stronger and larger than the second between dimers and decamers. Very recently, the shift from
interface (7). The dimer interaction surface reaches 1280 low MW species to high MW complexes of A Prxs has been
A2 per monomer for rPrxl 18) (A Prx, 15% of the total shown to be linked to a functional peroxidasghaperone
monomer surface), 1050%%or AhpC (20) (A Prx), 1700 switch G7). In hPrxVI (B Prx), the dimerization has been

AZin hPrxVI (7) (B Prx, 17.4%), and 2109 Ain hPrxI| proposed to play a role in shaping the active-site pocket.
(19) (A Prx, 21%). The second type of interface (perpen- The interactions between residues of one monomer and
dicular to theB sheet) reaches 63024n hPrxIl (19) (7%) residues of the second monomer C-terminal domain in the

and 650 & in AhpC (20). In the structure of D Prxs, the  vicinity of the active site make the entrance narrowdr (
dimer interface buries 826 2Aper monomer in the hybrid  The interaction surface of B-Prx C-terminal domain with the
PrxV (30) (10.5%) and 785 Ain the human PrxV (10.6%).  protein core is more or less equivalent to the second type of
The second type of interface has been shown to be interface found in D and E Prxs (see above and parts b and
disturbed upon the formation of the disulfide bridge in A d Of Figure 8). Therefore, the perpendicular interface found
Prxs (L7—20). The helix turn containing the peroxidatic N P-and E-Prxdimers and in reduced A-Prx decamers could
cysteine unwinds, which shifts the preceding residues (regionP!2 @ similar role in the substrate specificity. In agreement
1), disrupts the interactions triggered by the residues F42 andWith this, the ECTPx (E Prx) substrate-binding site has been
F44 (numbering in AhpC), and dissociates the decamer into Shown to extend to the dimer interface by docking calcula-

dimers @0). In the structure of the oxidize&. coli TPx tions @3). However, it would be necessary to gain experi-

(atypical 2-Cys E Prx), the dimer is not disrupte8y, The mental data to better define the substrate-binding site of Prxs.

authors argue that Phe residues conserved in A Prxs are Prx—Grx Interaction.Hybrid Prxs-containing Grx domains
replaced in E Prxs by Asp and Gly (Figure 7). In D Prxs, have been characterized in some pathogenic bacteria and in
residue F42 is conserved and F44 is replaced by a prolinedn anaerobic sulfur-oxidizing phototropB4( 36, 58). So
(Figure 7). However, the oligomerization of the hybrid Prxv far, all of the Prxs that can be reduced by the Grx system
(D Prx) was shown to be independent of the protein redox are D-Prxs 81, 33, 36). The crystal structure of the hybrid
state by analytical ultracentrifugation, light scattering, and PrxV from H. influenzaeis the first direct structural
ge|-ﬁ|trati0n experiments:KO), meaning that the interface is information reported for the interaction of a Prx with its
not broken upon oxidation. There must be therefore some electron donor30). The Prx and Grx domains of different
differences between the D- and E-Prx interface as comparedmonomers interact with each other through charge interac-
to the A-Prx decamer interface, which could explain the tions. As already reporte@(), two of the negatively charged
stronger stability of the interface in D and E Prxs. The most residues important for the interaction are conserved in the
obvious difference is the presence in the latter of inter- poplar Prx (E149 and E156) and other charged residues are
molecular salt bridges between conserved charged residuefound in the surface (Figure 9). The equivalent surface of
(in the squares in Figure 7). Such interactions are not presenfiuman PrxV is much more hydrophobic, in agreement with
in A Prxs (Figure 7). However, the possibility that the dimer its specific Trx interaction only. Such an interaction is also
could dissociate in particular circumstances cannot be Possible for the poplar Pn3() and could be explained by
excluded. Upon dilution from 0.8 to 0.08 mM at 38, the  the presence of hydrophobic residues such as L53 and F47
poplar Prx 15N heteronuclear single-quantum coherence (Figure 9).

spectrum exhibits no significant chemical-shift differences.  Interestingly, a turn with the sequence G146-G147-G148
This indicates that the protein does not dissociate in the is located before the region that contain the residues E149,
experimental conditions used. This fact also strongly cor- E156, and D157, important for the GrRrx interaction. The
relates with the stable homodimer demonstrated for yeasttripeptide could enable some protein conformational adjust-
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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 28je (
Moreover, several residues from the %2 region indicate
exchange terms, particularly in the 15560 region. To better
understand the PrxGrx 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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