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Abstract

Xeroderma pigmentosum type G (XPG) proteins are involved in DNA lesion recognition and promotion
of nucleotide excision repair. Specific mutations in these proteins may lead to Cockayne syndrome, in which
the patients may display severe developmental retardation and neurological abnormalities. No structural
information is available for their spacer region or the C-terminal domain, which are important, respectively,
for specific nucleotide excision repair activity and substrate specificity, as well as nuclear translocation.
Immunofluorescence studies suggested two specific regions of the XPG C-terminus as potential bipartite
nuclear localization sequences, which would be responsible for its translocation to the nucleus by the classical
nuclear import pathway mediated by the importin‐α (Impα). Thus, in order to test these hypotheses and gain
insight into the structural basis for the nuclear import process for the XPG protein, we solved the crystal
structures of complexes formed by the Impα and peptides corresponding to both putative nuclear localization
signal (NLS) sequences (XPG1 and XPG2) and performed isothermal titration calorimetry assays to
determine their binding affinities. Structural experiments confirm the binding of both NLS peptides to Impα but,
unexpectedly, they bind to the receptor as monopartite NLSs. The isothermal titration calorimetry assays
demonstrated that XPG1 and XPG2 peptides bind to two separate binding sites, but with high affinity to the
major NLS-binding site of the Impα, resembling classical monopartite SV40 TAg NLS. The results lead to
insights about what distinguishes monopartite and bipartite NLSs, as well as the differential roles of XPG1 and
XPG2 NLSs in the nuclear localization of XPG.

© 2016 Elsevier Ltd. All rights reserved.
Introduction

Xeroderma pigmentosum proteins are involved in
DNA lesion recognition and promotion of nucleotide
excision repair (NER) [1]. Xeroderma pigmentosum
proteins are classified in seven groups (XPA through
XPG) associated with distinct steps of NER [2].
They also interact with proteins critical for genome
er Ltd. All rights reserved.
organization and maintenance not involved in NER
[3]. Mutations in xeroderma pigmentosum proteins
are often related to different cancer types and are
responsible for the disease xeroderma pigmentosum,
an autosomal recessive skin disorder characterized
by extreme UV sensitivity and an increased incidence
of sunlight-induced skin cancers. Xeroderma pigmen-
tosum type G (XPG) proteins (also known as excision
J Mol Biol (2016) 428, 2120–2131
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Fig. 1. Schematic diagram of the XPG domains and its putative NLS regions. Nucleases domains (N and I) are shown in
blue, spacer region is in salmon and the two putative NLS regions (termed here as XPG1 and XPG2) are in red. Both
putative NLS sequences [12] are also shown.
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repair cross-complementation group 5) belong to the
FEN-1 family of structure-specific nucleases and play
an essential role in both NER pathways, transcrip-
tion-coupled repair and global genome repair [1,4–8].
Mutations in XPG proteins may also lead to the
Cockayne syndrome, associated with severe devel-
opmental retardation, dwarfism and neurological
abnormalities [9,10].
XPG proteins are large proteins (134 kDa) that

have two nuclease domains similar to FEN-1
proteins but also contain a spacer region of
approximately 600 amino acids between them, as
well as a C-terminal region of approximately 300
amino acids [11] (Fig. 1). Despite that both XPG and
FEN-1 contain nuclease domains, they present
different activities; FEN-1 is primarily involved in
DNA replication, while XPG is involved in DNA repair
by NER, which is a function mainly attributed to the
spacer region. Domain-swap studies between
FEN-1 and XPG indicated specific regions of XPG
involved in its NER activity and substrate specificity
[11]. Immunofluorescence studies suggested two
regions of the XPG C-terminal domain as potential
nuclear localization signals (NLSs) [12] responsible
for the translocation of the XPG to the nucleus.
Structural data of the XPG are scarce; structures are
available for its nuclease domains [13], but no
structural information is available for the spacer
region or for its C-terminal domain.
Thus, in order to learn more about structure–

function relationships in XPG, it is essential to
understand how its transport to the cell nucleus
occurs and how it is regulated. Several proteins
whose functions are associated to DNA replication
(such as FEN-1) or DNA repair [14–17] are imported
to the cell nuclei by the so-called classical nuclear
import pathway. This is the best characterized and
probably the most used protein import mechanism to
the cell nucleus, which involves the binding of the
cargo protein via nuclear localization sequence
(NLS) recognized by the importin‐α protein (Impα).
Impα is an adaptor that binds to the carrier importin‐β
(Impβ), forming the cargo protein–Impα–Impβ com-
plex. This complex is transported to the nucleus
through interaction between Impβ and proteins from
the nuclear pore complex, known as nucleoporins
[18]. Classical nuclear localization sequences
(cNLSs) are the best-characterized targeting signals
that link the cargo proteins to the Impα import
receptor. They are formed by one or two basic
clusters of amino acid residues, termed monopartite
or bipartite NLSs, respectively, and have the
following consensus sequences: K(K/R)X(K/R) for
monopartite cNLS and KRX10-12K(K/R)X(K/R) for
bipartite cNLS (where X corresponds to any residue
and residues in boldface indicate critical residues)
[19,20]. Impα receptor is able to bind these positively
charged clusters at two different sites, called as
minor or major binding sites [21]; monopartite
sequences usually bind to the major binding site,
and bipartite sequences bind at both sites.
Previous studies with peptides from the XPG

C-terminal region, using in situ immunofluorescence
localization of transiently expressed β-galactosidase
fusion proteins, uncovered two putative bipartite
cNLSs [12] (Fig. 1). The authors of this study also
hypothesized that one of these peptides may contain
a putative nuclear retention signal (NRS) [22]. Thus,
in order to test these hypotheses and gain insights
into the structural basis for nuclear import for the
XPG protein, we solved the crystal structures of the
complexes formed by Impα and both putative NLSs
sequences (termed here as Impα-XPG1 and
Impα-XPG2). Furthermore, we also performed iso-
thermal titration calorimetry (ITC) assays aiming to
quantify the binding process between XPG NLS
peptides and Impα. Structural experiments con-
firmed the binding of both NLS peptides to Impα,
but surprisingly, they bound to the receptor as
classical monopartite NLS peptides. ITC assays
demonstrated that XPG1 and XPG2 peptides bind
with high affinity to the major NLS-binding site of the
Impα, similarly to the classical monopartite SV40
TAg NLS [23,24].



Table 1. X-ray data collection and refinement statistics

Impα-XPG1 NLS Impα-XPG2 NLS

Diffraction data statistics
Unit cell (Å)
a 78.6 78.5
b 89.5 90.8
c 99.8 101.0
Space group P212121
Resolution (Å) 40.0–2.0

(2.07–2.0)a
40.0–2.8

(2.88–2.8)a

Unique reflections 47,986 33,617
Multiplicity 4.3 (4.0)a 4.4 (4.3)a

Completeness (%) 99.4 (99.1)a 99.3 (100)a

Rmerge
b (%) 12.9 (64.1)a 13.8 (94.9)a

Average I/σ(I) 6.3 (2.4)a 6.9 (1.5)a

Refinement statistics
Resolution (Å) 40.0–2.0

(2.07–2.0)a
40.0–2.80

(2.88–2.80)a

Number of reflections 47,972 17,937
Rcryst (%)c 17.1 17.1
Rfree (%)d 19.2 21.7
Number of non-hydrogen atoms
Protein 3250 3163
Peptide 139 107
Solvent 189 02
Mean B-factor (Å2) 46.5 77.0
Coordinate error (Å)e 0.20 0.33
RMSD from ideal valuese

Bond lengths (Å) 0.007 0.010
Bond angles (°) 1.08 1.28
Ramachandran plot (%)
Residues in most favored
(disallowed) regionsf

99.7 (0.23) 95.3 (1.40)

a Values in parentheses are for the highest-resolution shell.
b Rmerge = ∑hkl(∑ i(| Ihkl,i − 〈Ihkl〉|))/∑hkl,i〈Ihkl〉, where Ihkl,i is

the intensity of an individual measurement of the reflection with
Miller indices h, k and l, and 〈Ihkl〉 is the mean intensity of that
reflection. Calculated for IN−3σ(I) [40].

c Rcryst = ∑hkl(||Fobs,hkl | − |Fcalc,hkl ||)/|Fobs,hkl |, where
|Fobs,hkl | and |Fcalc,hkl | are the observed and calculated
structure factor amplitudes, respectively.

d Rfree is equivalent to Rcryst but calculated with reflections (5%)
omitted from the refinement process.

e Calculated based on Luzzati plot with the program SFCHECK
[44].

f Calculated with the program PROCHECK [44].

2122 Xeroderma Pigmentosum Type G NLS and importin-α structure
Results

Structure of Impα complexed with NLS peptides
corresponding to different regions of the XPG
protein

Peptides corresponding to two different regions of
the human XPG (XPG1 NLS and XPG2 NLS) were
co-crystallized with N-terminally truncated mouse
Impα lacking residues 1–69 (ImpαΔIBB); the truncat-
ed residues are responsible for its autoinhibition [25].
Mouse Impα is a suitable model for the human protein
as the residues interacting with NLS peptides are
strictly conserved, as previously observed [17,21,26].
The co-crystals were grown under similar conditions
to other mouse Impα-NLS peptides complexes and
were isomorphous to them [17,26,27]. The structures
were refined at 2.0 and 2.8 Å resolutions, respective-
ly, for Impα-XPG1 NLS and Impα-XPG2 NLS com-
plexes (Table 1). Electron density maps based on the
Impα model clearly showed electron density corre-
sponding to fragments of the peptides in two different
regions of the protein, known as major and minor
binding sites (Figs. 2 and 3). These NLS-binding sites
are located in a concave groove on the surface of
Impα formed by the H3 helices. Themajor binding site
is located at armadillo (ARM) repeats 2–4, while the
minor site is located at ARM repeats 6–8. The Impα
structures in both XPG1 and XPG2 NLS complexes
are essentially identical with that of full-length Impα
and other complexes with monopartite NLS-like
peptides reported previously. The root-mean-square
deviations (RMSDs) of Cα atoms of Impα residues
72–496 are 0.24 and 0.30 Å between the full-length
Impα (PDB ID 1IAL) and the Impα-XPG1 or
Impα-XPG2 complexes, respectively. The equivalent
superpositions between Impα-SV40 TAg NLS (PDB
ID 1EJL) and the Impα-XPG1 NLS or Impα-XPG2
NLS complexes yield RMSD values of 0.25 and
0.32 Å, respectively.

Binding of XPG1 NLS to Impα structure

The crystal structure of Impα-XPG1 NLS complex
showed the presence of two peptides bound to Impα.
Although the peptide contains two clusters of
positively charged amino acids, it appears to interact
with its NLS-binding sites resembling a monopartite
NLS sequence [21]. The peptides bind with their
main chains positioned in antiparallel configuration
when compared to the direction of the ARM repeats
and the sequences could be identified unambigu-
ously in the electron density maps. At the major
NLS-binding site, the electron density is present for
seven peptide residues (1069LKRKRLS1075) with an
average B-factor of 53.8 Å2 (the average B-factor for
entire Impα is 52.4 Å2) (Fig. 2). The residues bound
to the core of major NLS-binding site (residues
1070–1074; positions P1–P5) have lower average
B-factors (49.6 Å2) compared to Impα. The residues
K1071 and R1074 (positions P2 and P5) have the
lowest B-factors (41.6 and 46.5 Å2, respectively)
and the largest number of interactions between NLS
side chains and side chains of conserved residues of
Impα (Fig. 4). At the minor site, the electron density is
present for six peptide residues (1069LKRKRL1074)
with an average B-factor of 61.8 Å2 (Fig. 2). The
residues bound in the core of the minor NLS-binding
site (residues 1071–1074; positions P1′–P4′) have
higher average B-factors (58.2 Å2) compared to the
entire protein. The buried surface area between the
protein and the peptide corresponds to 775.0 Å2 at
the major site and 570.3 Å2 at the minor site. The
superposition of Cα atoms between XPG1 and SV40



Fig. 2. Crystal structure of the Impα-XPG1 NLS complex. (a) Overall structure of the Impα-XPG1 NLS complex. Impα is
shown as a ribbon diagram and XPG1 NLS peptide at major and minor binding sites are shown in stick representation. (b)
Electron density omit map of the XPG1 NLS peptide at the minor site region of Impα (contoured at 2 S.D.). The main
peptide residues are labeled in their corresponding binding position. (c) As in (b), but for major site region of the Impα.
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TAg NLS peptides yields an RMSD of 0.11 Å for the
major binding site and 0.12 Å for the minor binding
site (Fig. 5).

Binding of XPG2 NLS to Impα structure

The crystal structure of Impα-XPG2 NLS complex
showed the presence of two peptides bound to Impα,
again interacting with its NLS-binding sites resem-
bling a monopartite NLS sequence [21]. In this case,
some ambiguity was observed in the electron
density for few positions of the minor binding site,
which could be related to multiple binding confor-
mation of the peptide and to the moderated
resolution of the data. At the major NLS-binding
site, the electron density is present for eight peptide
residues (1168GKKRRKLR1176) with an average
B-factor of 84.0 Å2 (the average B-factor for Impα
is 74.4 Å2) (Fig. 3). The residues bound in the core
of the major NLS-binding site (residues 1169–1073;
positions P1–P5) have lower average B-factors
(69.9 Å2) compared to Impα. The residues K1070
and R1073 (positions P2 and P5) have the lowest
B-factors (64.9 and 67.8 Å2, respectively) and the
largest number of interactions between NLS side
chains and side chains of conserved residues of
Impα (Fig. 4). At the minor site, the electron density
is present for five peptide residues (1182RKRKT1186)
with an average B-factor of 80.9 Å2 (Fig. 3). The
residues bound in the core of the minor NLS-binding
site (residues 1183–1186; positions P1′–P4′) have
higher average B-factors (80.3 Å2) compared to the
entire protein. The buried surface area between the
protein and the peptide corresponds to 666.7 Å2 at
the major site and 530.4 Å2 at the minor site. The
superposition of Cα atoms between XPG2 and SV40
TAg NLS peptides yields an RMSD of 0.09 Å for the
major binding site and 0.53 Å for the minor binding
site (Fig. 5).

Comparison between the binding of XPG1, XPG2
and other NLSs to Impα

The comparison between XPG1, XPG2, SV40
TAg and other NLS peptides displays high conser-
vation of the peptides conformation in major site
region but higher deviation for the minor biding
site, particularly for the XPG2 peptide (Fig. 5). The
alignments of XPG1, XPG2, SV40 TAg and other
monopartite NLSs are shown in Table 2. It can be
observed that XPG1 and XPG2 NLSs bind accord-
ing to the established consensus sequence in the
major binding site. Furthermore, XPG1 and XPG2
NLSs have KR residues, respectively, at positions
P1′ and P2′ of the minor binding site; this is the
pattern adopted for the majority of monopartite NLS



Fig. 3. Crystal structure of the Impα-XPG2> NLS complex. (a) Overall structure of the Impα-XPG2 NLS complex.
Impα is shown as a ribbon diagram and XPG2 NLS peptide at major and minor binding sites are shown in stick
representation. (b) Electron density omit map of the XPG2 NLS peptide at the minor site region of Impα (contoured at
2 S.D.). The main peptide residues are labeled in their corresponding binding position. (c) As in (b), but for major site
region of Impα.
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peptides, which bind to both major and minor binding
sites (SV40 TAg NLS is an exception where
alternative registers were observed [21]).

Calorimetric assays of XPG1 and XPG2 NLSs
and Impα

Representative thermograms of calorimetric titra-
tions for both complexes are shown in Fig. 6. Binding
isotherms for XPG1 and XPG2 NLS peptides and
Impα receptor were best fitted with a non-linear
regression model of two binding sites. Thermody-
namic parameters determined in the data analysis
are presented in Table 3. The dissociation constants
(Kd) of XPG1 and XPG2 NLSs for major binding site
of Impα are in the same order of magnitude;
however, for the minor binding site, the binding
affinity for XPG2 NLS to the receptor is very low
(140 ± 20 μM). Thermodynamic parameters (ΔH and
ΔS) are very similar for the major NLS-binding site
for both XPG1 and XPG2 NLSs, with favorable
enthalpic and entropic contributions to the binding
Gibbs energy. However, the interaction in the minor
NLS-binding site differs significantly not only in
affinity but also in the partition of the Gibbs energy
into binding enthalpy and entropy.
Discussion

XPG1 and XPG2 are classical monopartite NLSs

The crystal structures of Impα-XPG1 NLS and
Impα-XPG2 NLS complexes are very similar to other
monopartite NLS-Impα complexes for Impα from
Mus musculus [17,21,26] and from other organisms
[23,28–30]. Impα structures have conserved con-
cave surfaces, formed by α-helices where the
NLS-binding sites are localized. Conserved Asn
residues form hydrogen bonds with the cNLS
backbone, and Trp side chains form an array of
binding cavities with negative residues located at the
end of these grooves. The disruption of this Trp-Asn
array in the ARM repeats 5 and 6 is also a conserved
feature in all Impα structures, creating a region
where the so-called linker region for bipartite NLSs is
accommodated. The presence of an Arg residue in
the ARM repeat 6 and a Tyr residue in the ARM
repeat 5 can increase the affinity of the NLS linker
region to Impα [17,31].
Structural comparisons of XPG1 and XPG2 bound

to Impα, with the cNLS monopartite peptides, such
as SV40 TAg, Ku70 and Ku80 NLSs bound to Impα,



Fig. 4. Schematic diagram of the interactions between the XPG1 and XPG2 NLS peptides and minor and major binding
sites of Impα. The peptide backbone is drawn in purple [(a), XPG1 NLS] or in orange [(b), XPG2 NLS] with the residues
identified by the one-letter code. Impα side-chain residues interacting with the peptide are indicated with their names and
different colors. Polar contacts are shown with broken lines, and hydrophobic contacts are indicated by arcs with radiating
spokes.
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show that these structures are well conserved, as
observed in Fig. 5. Other structural studies also
demonstrated the high structural conservation of
monopartite NLS peptides [26] when bound to the
protein receptor. ITC assays using XPG1 and XPG2
NLS peptides reveal two binding sites of Impα with
different affinity values, similar to the monopartite
SV40 TAg NLS peptide [23,24]. Kd values for XPG1,
XPG2 or SV40 TAg NLSs binding to the major
binding sites of mammalian or Neurospora crassa
Impα proteins are of similar magnitude. This fact is
consistent with the high conservation of residues in



Fig. 5. Comparison of NLS peptides in the minor and major NLS-binding sites. XPG1 (purple), XPG2 (orange), SV40
TAg (pink) [31], Ku70 (cyan) [26] and Ku80 (yellow) [26]. Positions binding to the major (P1–P5) and minor (P1′–P4′)
binding sites are identified along the chains.
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the most important positions of major binding sites,
consistent with the consensus sequence (Table 2).
Thus, structural and calorimetric data unambiguous-
ly show that XPG1 and XPG2 NLS peptides bind to
Impα as a classical monopartite NLSs.
At the minor binding site, the XPG2 peptide has a

slightly higher RMSD to the SV40 TAg NLS peptide,
compared to XPG1, but the residues in the key
positions P1′–P2′–P3′ positions are structurally
conserved (Fig. 5). However, the analysis of the
electron density map of the XPG2 NLS peptide
shows some ambiguity, particularly at the N- and
C-termini of the peptide, which could be caused by
multiple interaction modes between the peptide and
Table 2. Binding of monopartite and bipartite NLSs to specific

NLSs Minor

Monopartite P1′ P2′ P3′ P4′

Ku80
Ku70 K V T K R K H D
PLSCR1
AR R K C Y E A G
SV40 P K K K R K V
CN-SV40 K K R K V
c-Myc K R V K L
mPet TM K K R R E A
XPG1 S L K R K R
XPG2 R K R K T

Bipartite P1′ P2′ P3′ P4′ L

FEN-1 S S A K R K E P E
NP A V K R P A A T
RB K R S A E G S
N1N2 R K K R K T E E E S
CBP80 S R R R H S D E N
mCBP80 M S R R R H S Y E N
yCBP80 N R K R R G D FDEDE
TPX2 K R K H ...
Prp20 K R T V ATNGDA
BIMAX1 P R K R P L E W D E
BIMAX2 R R R K R K R E W D D
Consensus K R 10–12 res

Ku80 [26]; Ku70 [26]; PLSCR1 [46]; AR [24]; SV40 [21]; CN-SV40 [27];
CBP80 [49]; mCBP80 [19]; yCBP80 [19]; TPX2 [50]; Prp20 [51]; BIMA
the receptor, peptide staggering and the moderate
resolution of the data. This behavior may be due to
the presence of several Lys/Arg residues in three
different regions of the XPG2 NLS (Table 2), which
may enable multiple binding modes. Peptide stag-
gering has been also observed in the minor
NLS-binding site of the SV40 TAg NLS structure,
which also has a large content of basic residues [21].
The ITC assays performed using XPG2 NLS peptide
show lower-affinity values compared to XPG1 NLS
(40-fold difference). The structural reasons for this
are not entirely clear, but we suggest that it may be
related to the multiple binding modes of peptide with
the protein receptor. Nuclear localization patterns
binding pockets of M. musculus Impα

Major

P1 P2 P3 P4 P5

E D G P T A K K L K T E
N E G S G S K R P K

G K I S K H W
M T L G A R K L K K L G

A A P P K K K R K V E
... A P P K K K R K V

P A A K R V K L D
F K K K R R E A

S L K R K R
G K K R R K L R

inker P1 P2 P3 P4 P5

P K G S T K K K A K T
K K A G Q A K K K K L
N P P K P L K K L R G
P L K D K A K K S K G
D G G Q P H K R R K T S
D G G Q P H K R R K T S

NYRDFRPR M P K R Q R I P
... V K M I K L

SGA H R A K K M S K
D E E P P R K R K R L W
D D D P P K K R R R L D

idues K R/K X R/K

c-Myc [47]; mPet TM [48]. FEN-1 [17]; NP [21]; RB [27]; N1N2 [27];
X1[19]; BIMAX2 [19]. Consensus [33].



Fig. 6. Calorimetric titration of XPG1 and XPG2 NLS peptides into Impα. The upper panel shows the raw data
thermogram (thermal power as a function of time) of the titration of Impα with (a) XPG1 and (b) XPG2 NLSs. The lower
panel shows the binding isotherm (ligand-normalized integrated heat as a function of the molar ratio). Affinities and
enthalpy changes were determined by a general non-linear regression model considering two ligand binding sites
(continuous line).
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differ between XPG1 and XPG2 [13], which may be
caused by the binding differences between the NLS
peptides.

Why XPG1 and XPG2 NLS peptides do not bind
to Impα as classic bipartite NLSs?

Candidates for NLS in the XPG protein have been
tested using in situ immunofluorescence localization of
transiently expressed β-galactosidase fusion proteins
[12]. The authors of the study proposed two peptides
from the C-terminal region of XPG: NLS-B or XPG1
(1057KRGITNTLEESSSLKRKRL1074) and NLS-C or
XPG2 (1169GKKRRKLRRARGRKRKT1186) as puta-
tive bipartite NLSs. This conclusion is partially support-
ed by the analysis using the PSORT program [32],
which predicts only the XPG1 sequence as a probable
bipartite NLS. Surprisingly, our structural results clearly
show that both peptides are bound to the Impα receptor
as classic monopartite NLSs. Furthermore, ITC results
for XPG1 and XPG2 NLSs demonstrate that the
ligands bind to the receptor at two sites with different
Table 3. Thermodynamic parameters for binding of XPG1
and XPG2 NLSs to Impα

Major
binding site

Minor
binding site

Impα-XPG1 NLS Kd (μM) 0.45 ± 0.05 3.4 ± 0.5
ΔH (kcal/mol) −3.2 ± 0.3 3.8 ± 0.3
−TΔS (cal/mol/deg) −5.3 ± 0.3 11.1 ± 0.1

Impα-XPG2 NLS Kd (μM) 0.91 ± 0.09 140 ± 20
ΔH (kcal/mol) −6.9 ± 0.8 −21 ± 1
−TΔS (cal/mol/deg) −1.2 ± 0.8 16 ± 1
affinities, similarly to the classical monopartite NLS
SV40 TAg, supporting the structural results [24].
Taking into account that the current consensus

sequence for a classical bipartite NLS is
KRX10-12K(K/R)X(K/R) [27,31,33], it is possible to
conclude that the XPG2 sequence does not match
the consensus sequence for bipartite NLSs because
a Lys residue should be present in the position P1′
and an Arg residue should be present in the position
P2′with a minimum of 10 residues in the linker region
[31] (Table 2). On the other hand, XPG1 matches all
requirements for a classical bipartite NLS; however,
the structural data obtained here indicate that the
C-terminal basic cluster (KRKR) of the peptide has a
higher affinity for the minor site than its N-terminal
basic cluster (KR).
It has been suggested that the positions preceding

the P1′ and following P2′ contribute significantly to the
binding with theminor site [16,19,31]. Additionally, the
content of acidic, proline and hydrophobic residues in
the linker region also has a role in the stabilization of
bipartite NLS peptides [17,19,34,35]. It can be
observed in the Impα-XPG1 NLS structure that P3′
and P4′ positions are often occupied with, respective-
ly, Lys and Arg residues (Table 2). The Lys side chain
at the P3′ position interacts to N283, T322 and G381
by hydrogen bonds and with other residues by
hydrophobic contacts (Fig. 4). These interactions
would not occur if the peptide bound to Impα as a
bipartite NLS because a Gly residue would be in the
P3′ position (Table 2). Similarly, the Arg side chain at
the P4′ position is hydrogen-bonded to E354, R315
and N319 (Fig. 4). These interactions would be not
possible if the Ile residue would be in this position for a
supposed bipartite interaction of the XPG1 peptide.
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Furthermore, the putative linker region of the XPG1
peptide presents several uncharged polar residues
and just two polar residues. These residues do not
present favorable interactions with Impα according to
previous studies [19,35]. It has also been observed
that the 12-residue length for linker region, as for
XPG1 NLS, is less favorable compared to the
11-residue length or the 10-residue length [27].
It can be noted from Table 2 that the majority of

bipartite NLS sequences bound to Impα present Lys/
Arg residues in the P3′ position and it was observed
that monopartite NLS peptides that only bind to
major binding site do not contain three sequential
Lys/Arg residues; their binding to the minor binding
site is therefore not favored (Table 2). These
observations point to the importance of Lys/Arg
residues at the P3′ for minor site binding. Similar
features are observed in the P3 position (major
NLS-binding site),where the side chain of a basic
residue is hydrogen-bonded to Asn of Impα and it is
not a mandatory residue for peptide binding but
strengthens its affinity (e.g., TPX2 and Prp20
peptides do not contain basic residues in the P3
position; Table 2).

What is the role of XPG1 and XPG2 sequences in
the XPG protein ?

XPG is a protein with a molecular mass of 134 kDa
(1186-amino-acid residues for human XPG) that
needs to be actively translocated to the cell nucleus
to promote DNA repair by NER. It has been
experimentally demonstrated that NLSs are respon-
sible for the delivery of XPG into the nucleus [12] and
that a β-galactosidase fusion protein containing
the C-terminal region of the XPG protein (residues
1146–1185) localizes to the nucleus after UV
irradiation [6]. These authors [6] also observed that
the XPG protein is retained within the nucleus by a
tight, but reversible, association with nuclear struc-
tures and its distribution in the nucleus may regulate
relative NER rates in the transcriptionally active and
inactive nuclear compartments. Indeed, as previ-
ously discussed here, localization of transiently
expressed β-galactosidase fusion proteins identified
two putative bipartite cNLSs in the same C-terminal
region [6].
In the light of structural and calorimetric studies

presented here and the functional studies with the
C-terminal region of XPG protein [6,13], some
questions arise:
- Are the two adjacent NLS sequences required
to translocate the XPG protein?

Because only one is sufficient for nuclear transloca-
tion, and taking into account the affinity measurements
presented here (2-fold lower affinity for the major
NLS-binding site and 40-fold lower affinity for minor
NLS-binding site for XPG2 compared to XPG1), it is
likely that only the XPG1 sequence is the NLS
responsible for the translocation of the XPG protein
to the nucleus.

- Is the XPG protein translocated to the nucleus
via a monopartite or bipartite NLS process?

The results presented here unambiguously dem-
onstrate that the NLS peptide binds to Impα as a
monopartite NLS. However, the binding of full-length
XPG to Impα may be more complex. It is likely that
the main basic cluster identified in this work (KRKR)
only binds to the major binding site due to steric
hindrance; thus, the minor binding site would be
empty and available for eventual binding of KR
residues to P1′ and P2′ binding pockets. However,
as discussed here, due to the relative low affinity of
this region of NLS to the receptor, this is not a
mandatory event for the translocation process of the
XPG protein and an eventual mutation in these
residues will not affect significantly the nuclear
import process. Thus, the monopartite NLS binding
is the major event for the XPG dockage to Impα.

- What is the role for XPG2 sequence in the
XPG protein?

Park and colleagues [6] suggested XPG2 as a
putative NRS [22], based on functional experi-
ments. Our affinity experiments demonstrated the
lower affinity for this peptide fragment to NLS-bind-
ing regions to both binding sites of Impα. How-
ever, this sequence is a suitable candidate for an
NRS.
In conclusion, based on crystallographic and

calorimetric assays, we demonstrate that a C-termi-
nal region previously proposed to be a potential NLS
sequence of the XPG protein (XPG1 fragment) is
able to bind with high affinity to Impα receptor as a
classical monopartite NLS sequence. By contrast,
the other C-terminal basic cluster (XPG2), previously
also proposed to be an NLS, binds to Impα with
lower affinity and possibly using multiple binding
modes. This latter sequence may therefore function
instead as an NRS, rather than NLS.
Materials and Methods

Synthesis of NLS peptides

The pept ides corresponding to XPG1 NLS
(1054KTQKRGITNTLEESSSLKRKRLSD1076) and XPG2
NLS (1166VFGKKRRKLRRARGRKRKT1186) were synthe-
sized by Proteimax (Brazil) with purity higher than 99%.
The peptides have additional residues at the N- and
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C-termini to the minimal identified NLS [36] to avoid
artifactual binding at the termini [21].

Protein expression and purification

Hexa-His-tagged truncated M. musculus Impα2, com-
prising amino acids 70–529 (ImpαΔIBB), was expressed
and purified by nickel affinity chromatography as de-
scribed previously [37]. The protein was eluted using a
gradient of imidazole followed by dialysis. The Impα
sample was stored in a buffer composed of 20 mM Tris–
HCl (pH 8.0), 100 mM sodium chloride and 10 mM DTT
at −20 °C. The purity was estimated to be 98% by
SDS-PAGE.

Calorimetric assays

ITC assays were used to quantify the binding of XPG1
and XPG2 NLS peptides and ImpαΔIBB. ITC measure-
ments were performed using a MicroCal iTC200 microcal-
orimeter (GE Healthcare) calibrated according to the
manufacturer's instructions. All samples were dialyzed
against the ITC buffer [20 mM Tris–HCl (pH 8.0) and
100 mM sodium chloride] and degassed before titration.
The sample cell was loaded with 30 μM (200 μl) of
ImpαΔIBB that was individually titrated with the NLS
peptides at a concentration of 300 μM XPG1 and 450 μM
XPG2. Titrations were performed at 20 °C with 20
injections, first containing 0.4 μl (excluded from data
analysis) and the following containing 2 μl with an interval
of 240 s with an 800-rpm homogenization speed. Heats of
dilution and mixing were measured by titration with XPG1
or XPG2 NLSs into the ITC buffer and the values were
subtracted for data analyses. Data were analyzed with
binding polynomials [38,39].
Crystallization and crystal structure determination

ImpαΔIBB was concentrated to 18 mg/ml using a
Vivaspin 20, 30 kDa (GE Healthcare) and stored at
−20 °C. Crystallization conditions were screened by
systematically altering various parameters using, as a
starting point, the crystallization conditions that had been
successful for other peptide complexes [21,27]. The
crystals were obtained using co-crystallization, by com-
bining 1 μl of protein solution, 0.5 μl of peptide solution
(peptide/protein molar ratio of 4 for XPG1 and of 8 to XPG2
peptides) and 1 μl of reservoir solution on a coverslip and
suspending the mixture over 0.5 ml of reservoir solution.
Single crystals were obtained with a reservoir solution
containing 0.6–0.7 M sodium citrate (pH 6) and 10 mM
DTT after 15–20 days.
X-ray diffraction data were collected from a single NLS

crystal at the National Synchrotron Light Source, Upton,
New York, with a Pilatus 6M detector at the beamline X25.
For the Impα-XPG2 complex, X-ray diffraction data were
also collected from a single crystal at Laboratório Nacional
de Luz Síncrotron, Campinas, Brazil, with a MarMosaic
225 detector (MAR Research) at the beamline MX-2.
Crystals were mounted in nylon loops, transiently soaked
in a reservoir solution supplemented with 25% glycerol
and flash-cooled at 100 K in a nitrogen stream (Oxford
Nitrogen Cryojet XL, Oxford Cryosystems). Data were
processed using the HKL2000 package [40]. Crystals
have the symmetry of the P212121 space group and
are isomorphous to other mammalian ImpαΔIBB-NLS
peptide complexes (Table 1). The structure of the complex
with CN-SV40 TAg NLS (PDB ID 1Q1S [31]), with the NLSs
peptides omitted, was employed as the starting model for
crystallographic refinement. Refmac5 [41] and PHENIX [42]
programs were used to refine the structures and the Coot
[43] program for manual modeling. The final models consist
of 424 residues of ImpαΔIBB for both complexes and of 185
and 2 water molecules, respectively, for Impα-XPG1 NLS
and Impα-XPG2 NLS structures. For both complexes,
fragments of the NLS peptides were found in the minor
and major binding sites of the protein (residues 1069–1075
and 1069–1173 in themajor binding site and residues 1069–
1074 and 1182–1186 in the minor binding site, respectively,
for Impα-XPG1NLSand Impα-XPG2NLS). Structure quality
was checked with the program PROCHECK [44] and the
contacts were analyzed by the program LIGPLOT [45]
(Table 1).

PDB accession codes

Coordinates and structure factors from both structures
have been deposited in the PDB under accession codes
5EKF (XPG1 -NLS :m ImpαΔ I BB ) a n d 5EKG
(XPG2-NLS:mImpαΔIBB).
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