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Crystal structure of the TLDc domain of
oxidation resistance protein 2 from zebrafish
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ABSTRACT

The oxidation resistance proteins (OXR) help to protect eukaryotes from reactive oxygen species. The sole C-terminal
domain of the OXR, named TLDc is sufficient to perform this function. However, the mechanism by which oxidation resist-
ance occurs is poorly understood. We present here the crystal structure of the TLDc domain of the oxidation resistance
protein 2 from zebrafish. The structure was determined by X-ray crystallography to atomic resolution (0.97 A) and adopts
an overall globular shape. Two antiparallel B-sheets form a central B-sandwich, surrounded by two helices and two one-turn
helices. The fold shares low structural similarity to known structures.
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INTRODUCTION

Reactive oxygen species (ROS) are highly reactive
byproducts of oxygen produced during normal cellular
metabolism, such as respiration. Due to their high reac-
tivity, ROS can react with lipids, proteins or nucleic acids
and trigger damage to the cells.] ROS can, for example,
modify DNA and initiate tumerogenesis. Cells have
developed numerous strategies to detoxify ROS and to
keep ROS concentration at low level. Numerous enzymes
are indeed involved in ROS processing; among them are
catalase, superoxide dismutase, and peroxidase. Small
compounds such as vitamin C or glutathione also play
important roles in ROS protection.?

In 2000, Volkert et al.3 established an Escherichia coli
based genetic screen to identify potential new human
genes involved in ROS protection. In this study, the
authors identified a gene encoding a novel protein,
named oxidation resistance protein (OXR). Expression of
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the human OXRI1 protein reversed an oxidative mutator
phenotype when expressed in E. coli. Furthermore, the
role of the OXRI1 protein has also been confirmed in
other eukaryotic species. The yeast OXR1 protein pro-
tects cells from oxidative stress and as observed for its
human homolog, gene expression is upregulated under
oxidative stress.# More recently, the involvement of
OXR1 in oxidative stress protection was demonstrated in
mosquito and mouse neurons.>>0 Interestingly, the sole
C-terminal (C-t) domain of the OXR1 protein was suffi-
cient to confer protection against ROS species.6’7
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Crystal Structure of the TLDc Domain

The OXR1 C-t domain was named TLDcS (TBC, LysM,
Domain catalytic) because this domain is very often associ-
ated to either TBC (Tre2/Bub2/Cdcl6) domain found in
Rab GTPAse-activating protein or LysM (Lysin Motif)
domain that is involved in carbohydrate binding. Genes
encoding only the TLDc domain have also been found.8
The TLDc domain is present in all eukaryotes, and the
primary sequence is highly conserved among species
[Fig. 1(A)]. The TLDc domain has been identified in the
NCOA?7 protein, an OXR1 homolog. NCOA?7 is able to
protect against oxidative damages,” but the NCOA7 cyto-
plasmic7 localization differs from that of OXR1, which is
mitochondrial.# NCOA7 interacts with the estrogen recep-
tor and relocalizes to the nucleus on estrogen treatment.”>?
The C-terminal domain from NCOA?7 is sufficient for oxi-
dative protection, and a role of NCOA7 in detoxification
of oxidized estrogen was therefore proposed.”

We have recently identified a NCOA7 homolog named
oxidation resistance protein 2 (OXR2, Genbank:JQ649325)
in the zebrafish genome. As for the human NCOA?7, several
spliced variants have been identified for OXR2 (Laroche
et al, in preparation). According to the SMART server, 10
the longest splice variant encodes the following domains
from N-t to C-t: a predicted unstructured region of 95
amino acids followed by a LysM domain (residues 96:139),
a GRAM domain (residues 145:164), a coiled coil (residues
434:463), and the TLDc domain (residues 635:801).

The involvement of the OXR protein family and the
TLDc in oxidative damage protection has been clearly
demonstrated. Nevertheless, the precise function of the
TLDc and its three-dimensional structure remain
unknown. As a part of a study to identify the function,
of the zebrafish LysM containing proteins, we have inves-
tigated the structure of the OXR2 protein. We have
recently reported the crystallization and preliminary
structural studies of the TLDc domain of OXR2 from
zebrafish.1l We present here the crystal structure of the
TLDc domain of OXR2 at 0.97 A resolution.

MATERIAL AND VIETHODS
Protein expression and purification

The TLDc domain of OXR2 was expressed, purified,
and crystallized as described previously.!l Briefly, the
TLDc gene region encoding for amino acid 636-801 of
OXR2 was cloned into the pET-41 Ek/LIC expression
vector (Novagen). The protein was expressed with a N-t
tag, containing Glutathione-S-Transferase, 6xHis, and S-
tags. A Tobacco Etch Virus protease (TEV) cleavage site
was inserted after the three tags, which on cleavage leaves
the protein with an additional N-t glycine. E. coli BL21
codon plus RIL strain was used for expression. The pro-
tein was purified as follows: first a nickel affinity purifi-
cation, second a nickel affinity purification after cleavage
of the N-t tag by the TEV protease, and a third step, by
size exclusion chromatography on a 24 mL Superdex 75

10/300GL (GE Healthcare). The selenomethionine substi-
tuted protein was purified under similar conditions.!!

Crystallization and data collection

The protein was crystallized using the sitting drop
method at 4°C, in 100 mM Na-HEPES pH 8, 1.8 M
(NH,4),SOy4, by mixing 1.5 pL of reservoir solution with
1.5 pL of a protein solution at 8.7 mg/mL. The seleno-
methionine-substituted protein was crystallized in the
same condition but at a concentration of 7.0 mg/mL.
Crystals were soaked in 100 mM Na-HEPES pH 8, 1.8 M
(NH,4),SO, and 10% glycerol before flash cooling in liquid
nitrogen. A native dataset was collected on the 1911-3 beam-
line at a wavelength of 1 A, at Max-lab, Lund, Sweden. In
addition, a single-wavelength anomalous dispersion (SAD)
dataset was collected at a wavelength of 0.978 A, at the
X06DA beamline of the Swiss Light Source, Villigen, Switzer-
land. Data were processed with the XDS program12 (Table I).

Phasing and structure refinement

The structure was determined by SAD and all six Se
sites were located using the program AUTOSOL from the
PHENIX package.13 A first model was obtained by com-
bining automatic and manual building using, respec-
tively, the AUTOBUILD!4 program from the PHENIX
package and COOT.1> The resulting partial model
was further used as a search model for molecular replace-
ment against the high-resolution native dataset, using
PHASER1® from the PHENIX package. The model was
refined to 0.97 A resolution with the PHENIX package:
after a first rigid body refinement, five steps of refine-
ment and rebuilding using PHENIX and COOT were
performed. Each refinement step was composed of five
macrocycles, and included, refinement of individual
atomic coordinates using gradient driven minimization
(LBFGS) and individual isotropic B-factors. Furthermore,
water molecules were placed automatically by PHENIX.
When Rg.. reached ~ 20%, anisotropic B-factor refine-
ment was used for both protein and water molecules.
Nine steps of LBFGS and individual atomic B-factors
refinement, and rebuilding were then performed. Alter-
nate conformations were included during these steps,
and their occupancies were refined. At this stage, riding
hydrogens were included in the refinement, and water
molecules were manually checked. Finally, two additional
steps of refinement (limited-memory Broyden-Fletcher-
Goldfarb-Shanno (LBFGS), B-factors and occupancy)
were performed, during which weights between X-ray
target and stereochemistry were automatically optimized
by PHENIX. Translation, libration and screw motion
(TLS) were not included in the refinement strategy as it
was increasing the R-values and was not improving the
refinement. The final model possesses 25 side chains in
alternative conformations. The structure quality was
assessed with MOLPROBITY!” and POLYGON from the
PHENIX package (Table I).
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A H1 h2 S1 H3 H4 S2
— G G
OXR1_M.mu. NLSDPSELLLPDQIEKLTKHLFPATICYPWTLVYGTGKHGTSLKTLYATMTGLDTFVLMVIK 645
OXR1_H.sa. NLSDPSELLLPDQIEKLTKHLFPRTIGYPWTLVYGTGKHOTELKTLYATMTGLDTFVLMVIK 645
OXR1_B.ta. NLSDPSHLLLPDQIIKLTKHLFPRTIGY PWTLVYGTREKHOTSLKTLYATMTGLDTFVLMVIK 645
OXR2_D.re. NEPSDLLEAEQIEKLAKHLFPHTIGYPWNLAFSTSKHGMSIKTLYRAMODODSFMLLVIK 695
Ncoa7_M.mu. ILQPHSALLENMHIEQLARRLFARVQUYPWRLAYSTLEHGTSLKTLYRKSASLDSFVLLVIK 646
Ncoa7_H.sa. VLRPHSALLENMHIEQLARRLFARVQUYPWRLAYSTLEHOTSLKTLYRKSASLDSFVLLVIK 645

OXRI_A .Ga. LVGQTEILSEEHREKLCAHLFARAEGYSWSLVFSTSQHOFSLNSLYAKMHKLESFILIVIE 644
53 54 S5 s6  S7
Fe——s I = e ——

OXR1l_M.mu. DSDGQVFGALASEPFKVSDGFYGTGETFVFTFCFEFEVFRKWTGDAMFEIKGDMDSLAFGGGGE 708
OXR1l_H.sa. DSDGQVIFGRLASEPLKVEDGFYGTGETFVFTFCFEFEVFRKWTODHMFF IKGDMDSLAFGGEGE 702
OXR1_B.ta. DSDWQVFGAFASQPFKVEDGFYGNGETFVFTFCFEFEVFKWTGDHMFFIKGDMDSLAFGGEGE 702
OXR2_D.re. DSDGQIFGALASEPFKVEEGFYGTGETFLFTFYFEFEAYKWTGDNLFFIKGDMDSLAFGGGST 752
Ncoa7_M.mu. DMDNQIFGAYATHPFKFEDHYYGTGETFLYTFSFNFKVFKWSGENSYF INGDISSLELGGGGG 703
Ncoa7_H.sa. DMDNQIFGARYATHPFKFEDHY YCTGETFLYTEFSFHFKVFKWSGENSYFINGDISSLELGGGEGE 702
OXR1_A.ga. DTDHNVFGRLTSCSLHVEDHFYGTEESLLYKFNFHFKVFHWSGENLYFIKGNPESLAIGAGDG 701
58 S9 S10
B e e —
OXR1 M.mu. EFALWLDGDLYHGHSHSCKTFGHHTLSKKEDFFIQDIEIWAFE 751
OXR1_H.sa. EFALWLDGDLYHGASHSCKTFGXRTLSKKEDFFIQDIEIWATE 751
OXR1_B.ta. EFALMLDGDLYHGRSHSCKTFGHHTLSKKEDFCIQDIEIWAFK 751
OXR2_D.re. EFGLWLDGDLYHGHNHSCKTFGHPMLSMKEDFFVQDIEIWSFE 801
Ncoa7_M.mu. RFGLWLDADLYHGHSNSCSTFNNDILSKKEDFIVQDLEVWTIE 752
Ncoa7_H.sa. RIGLWLDADLYHGHSNSCSTFN¥DILSKKEDFIVQDLEVWAFD 751
OXR1_A.ga. KFGLWLDGDLNQGHSQHCSTYSHEPLAPQEDFVIKTLECWAFV 750

Figure 1

Overall structure of the TLDc domain. A: Protein sequence alignment of the TLDc domain of OXR1, NCOA7, and OXR2 proteins from, Mus
musculus (M.mu.), Homo sapiens (H.sa.), Bos taurus (B.ta.), Zebrafish (D.re.), and Anophele gambiae (A.ga.). The TLDc secondary structure is
indicated on top of the protein sequence: blue arrows for strands and magenta cylinders for helices. The sequence alignment color code is as
follows, nonconserved residues are black, semiconserved residues are blue, and strictly conserved residues are red. B, C, D: Overall structure of the
TLDc domain, the structure is colored according to the secondary structure, magenta for strands, blue for helices, and gray for coils. S1 to S10 and
H1 to H4 indicate, respectively, the strands and helices numbering; h2 and H3 refer, respectively, to a single turn of 3;o-helix type and a single turn
of a-helix. E, F: Electrostatic potential of the TLDc structure calculated with Pymol with the APBS plugin. The units are given in kT/e. All the
figures were generated with Pymol (www.pymol.org).
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Crystal Structure of the TLDc Domain

Table |
Data Collection and Refinement Statistics
]

Data collection Native Se-peak
Beamline Max-lab 1911-3 SLS X06DA
Wavelength (A) 1.0 0.978
Space group P2,2,2 P2,2,2
Cell dimensions

a, b, ¢ (A) 65.62, 69.11, 36.27 65.65, 69.34, 36.39

Resolution (A) 19.4-0.97 (0.98-0.97)° 50-1.1 (1.16-1.1)
Reas (%) 5.8 (38.1) 6.3 (46.1)
(Ils (1) 256 (3.9) 19.9 (3.2)
Completeness (%) 99.8 (96.9) 98.8 (91.8)
Multiplicity 8.9 (3.6) 6.74 (3.3)
Refinement R

Resolution (A) 19.4-0.97

No reflections 98,078

Rwork/Rfree (%) 11.8/13.8
No atoms

Protein 2833

Water 266
B-factors

Protein overall 10.5

Water 23.7
Root-mean square deviations

Bond lengths (A) 0.010

Bond angles (°) 1.39
Ramachandran plot (%)

In core/allowed 100

"The values in parenthesis are for the last resolution shell.

Data deposition

Atomic coordinates and structure factors have been
deposited to the Protein Data Bank under accession
number 4ac;j.

RESULTS AND DISCUSSION

Overall structure description

The refined model of the asymmetric unit contains
one monomer composed of 167 residues, that is, the 166
residues of the TLDc domain and an additional glycine
and 279 water molecules. The glycine residue in N-t is
the remaining from the TEV cleavage site. The residues
numbering used in the following description corresponds
to the numbering of the OXR2 full-length sequence.
Clear electron density can be observed for all the residues
except the Glu714 side chain. Additional electron density
on the carboxylate group of Glu721 can be seen, suggest-
ing a modification of this residue (Supporting Informa-
tion Fig. S1). We could not however identify this modifi-
cation. The overall structure of the TLDc¢ domain is glob-
ular. The secondary structure was assigned by the
PDBsum server.18 The domain is composed of a B-sand-
wich formed by two antiparallel B-sheets surrounded by
four helices. Each B-sheet is composed of six and four
strands. The first sheet is formed by strands S1, S10, S2,
S3, S4, and S5, where S10 is placed between S1 and S2
[Fig. 1(A-C)]. Strands S6 to S9 form the second sheet.

The two sheets organize as a pseudo-orthogonal B-sand-
wich and interact with each other only by hydrophobic
interactions. The N-t (residues 635:684) is formed by an
unstructured region (residues 635:645) followed by helix
1 (H1, residues 644:651) linked by five residues to a
single turn of 3;4-helix (h2, residues 656:658). Strand 1
(S1, residues 664—668) is intercalated between h2 and H4
(residues; 676:683) by a single turn of a-helix (H3;
residues 669:672). H4 is therefore between SI and S2
(residues 690:696). With the exception of strands S5 and
S6, each strand is separated by B-turns and -hairpins.

As shown in Figure 1, the TLDc surface potential is
negative on one side [Fig. 1(E)] but is mainly hydropho-
bic on the opposite side with only a small electropositive
patch [Fig. 1(F)]. A search for TLDc related structure
using the DALI server!? leads only to poor similarities.
The best hit (Z-score = 4.5; root-mean-square deviation
= 3.3) is the structure of the p-coumaric decarboxylase
from Lactobacillus plantarum20 (PDB: 2W2A). The two
structures display indeed a similar central B-sandwich
(Fig. S2). However, none of the proposed catalytic resi-
dues of the p-coumaric decarboxylase20 are conserved in
the TLDc structure (not shown). This excludes that the
TLDc domain has similar function.

Biological significance of the TLDc structure

Several studies have shown that the OXR protein fam-
ily is involved in oxidation resistance. However, none of
these studies suggested a direct role of these proteins in
ROS processing, and no catalytic activity has been dem-
onstrated for the TLDc domain. Nonetheless, Volkert and
coworkers3%7 have shown that the OXR gene expression
is upregulated on H,0, treatment. Thus, we have investi-
gated if the TLDc domain may have a role in decompos-
ing H,0,, as do catalase or peroxidase enzymes. How-
ever, neither the TLDc domain nor the full-length OXR2
protein displays detectable activity (data not shown).
Similar observation was recently reported for the OXRI
protein.6 Alternatively, OXR1 was proposed to act as a
scavenger of ROS compounds and Cys704 residue
(Cys776 in OXR2) was suggested as an essential residue
for this activity.6 A recent report has also shown, that
the missense mutation Aspl47His and Ala509Val in the
human TBCID24 protein is responsible for familial
infantile myoclonic epilepsy.21 The TBC1D24 protein
modulates the ARF6 protein function, which is involved in
the control of dendritic branching and axon extension.22
The TBC1D24 protein possesses in N-t, a TBC domain
and in C-t, a TLDc. The Ala509Val mutation localized in
the TLDc is sufficient to deregulate the dendritic branch-
ing.21 In the TLDc structure presented here, the equivalent
residue Gly761 positioned at the beginning of strand S8, is in
the vicinity of the reactive Cys. The Ala509Val mutation
would trigger a steric hindrance with the side chain of
Cys that might disturb the reactivity of the Cys residue and
therefore its ROS scavenging function (Fig. 2).
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Cys530
,

.
hindrance

Figure 2

Zoom view of the Cys776 region. A: Region of the Cys776 in the crystal structure of the TLDc of OXR2, Cys776, and Gly761 are colored in yellow,
the black dashed lines indicate the distance between the two residues. B: Model of the mutation in the TLDc reported by Falace et al2! The
presence of the Val509 side chain clashes with the Cys530 ones as indicated by the red arrow. The numbering corresponds to the one of the

Homo sapiens TBC1D24 protein sequence.

To conclude, recent studies have clearly demonstrated
the involvement of the OXR proteins and the TLDc
domain in oxidation resistance. The structure of the TLDc
does not present close structural similarity to any other
protein. Nonetheless, the structure sheds light on how a
missense mutation might affect the function of the TLDc
domain. Biochemical investigations on the OXR protein
family are still needed to characterize further the functions
of these proteins and to determine if the TLDc¢ domain
possesses other function than ROS scavenger.
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