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Diffusion of nucleotide excision repair protein XPA along DNA
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Protein XPA plays critical roles in nucleotide excision repair pathway. Recent experimental work showed that the
functional dynamics of XPA involves the one-dimensional diffusion along DNA to search the damage site. Here, we inves-
tigate the involved dynamical process using extensive coarse-grained molecular simulations at various salt concentrations.
The results demonstrated strong salt concentration dependence of the diffusion mechanisms. At low salt concentrations, the
one-dimensional diffusion with rotational coupling is the dominant mechanism. At high salt concentrations, the diffusion
by three-dimensional mechanism becomes more probable. At wide range of salt concentrations, the residues involved in
the DNA binding are similar and the one-dimensional diffusion of XPA along DNA displays sub-diffusive feature. This
sub-diffusive feature is tentatively attributed to diverse strengths of XPA-DNA interactions. In addition, we showed that
both binding to DNA and increasing salt concentration tend to stretch the conformation of the XPA, which increases the
exposure extent of the sites for the binding of other repair proteins.

Keywords: nucleotide excision repair, XPA, one-dimensional diffusion along DNA, molecular simulation
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1. Introduction

Nucleotide excision repair (NER) is the central DNA re-
pair pathway widely observed in eubacteria, eukaryotes and
archaea. It is responsible for the removal of DNA lesions
caused by UV irradiation, chemical mutagens, and other stress
damages.!'! The abnormalities of NER can lead to the xero-
derma pigmentosum (XP) disease, which is featured by sensi-
tivity to sunlight and high risk of developing skin cancers. 7]
XPA (xeroderma pigmentosum complementation group A) is
a key protein in NER, and mutation of XPA gene can lead to
severe disease symptoms.[%®! It has been showed that the XPA

9-121 For example, in addition

may play multiple roles in NER.!
to preferentially binding to various types of DNA lesions and
distorted substrates, 1%-13] XPA has also been found to interact
with several NER related proteins during the damage recogni-
tion and verification steps, acting as a scaffold.[!1-14]

The human XPA has the length of 273 amino acids and is
composed of three domains, including the intrinsically disor-
dered N-terminal region (N-region), the central DNA-binding
domain (DBD), and the intrinsically disordered C-terminal re-
gion (C-region) (see Fig. 1). The flexibility of the two disor-
dered regions were suggested to promote the binding of XPA
to several partners,!'>-1°! while the central globular DNA-
binding domain was found to bind with DNA and interact with
numerous NER proteins as well. [?]

Due to its biological importance in NER, XPA has re-

[7,21

ceived extensive attention.!”->!l Although previous investiga-

DOI: 10.1088/1674-1056/acle0Oe

tions mostly focused on the interactions of the XPA at the
DNA lesion site during the damage recognition and verifi-
cation steps, recent experimental study showed that detecting
the DNA lesions may also involve the one-dimensional diffu-
sion of the XPA at the non-damage site of DNA. [22] Therefore,
more detailed investigations for the molecular dynamics of the
XPA diffusion along the non-damage site of DNA are impor-
tant for deeper understanding the biological function of XPA
in the NER.

Although all-atom detailed molecular dynamics (MD)
simulation has been widely used to directly simulate
the details of the inter-molecular interactions involved in
the protein-DNA recognitions, it is still extremely time-
consuming to study the whole diffusion process of pro-
teins along DNA.[>3-261 Recently, the combination of the
atomic-interaction-based coarse-grained model (AICG2+) for
proteins!?’-?81 and the three-site-per-nucleotide (3SPN.2C)
model for DNA®! has shown great success in studying
the dynamical and structural features of the protein-DNA
interactions. 3331 Here, based on these models, we performed
extensive coarse-grained molecular simulations to study the
diffusion dynamics of XPA along the DNA. From our simula-
tions, we found that XPA diffuses along DNA with the DNA-
binding residues similar to that identified from crystal struc-
ture. It was also found that the diffusion of XPA along DNA is
achieved through combination of one-dimensional and three-
dimensional mechanisms. At low salt concentrations, the one-
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dimensional diffusion with strong rotational coupling is the
dominant mechanism. At higher salt concentrations, the dif-
fusion by three-dimensional mechanism becomes more prob-
able. Meanwhile, the one-dimensional diffusion of XPA along
DNA displays sub-diffusive behaviour at wide range of salt
concentrations. In addition, the simulation showed that the
XPA becomes more extended in the presence of DNA or at
high salt concentration, suggesting that both DNA binding and
increasing salt concentration may promote the binding of other
target proteins to XPA by increasing the exposure extent of the
binding sites.

2. Model and method
2.1. Coarse-grained model of protein-DNA system.

Throughout this work, to model protein (XPA), the
structure-based coarse-grained model was used, where each
amino acid in protein was coarse-grained to a single bead lo-
cated at Co position. The interactions between protein beads
include AICG2+ potentials and Debye—Hiickel-type electro-
static interactions. The AICG2+ energy function is given by
Vaicc2+ = Viocal + Vo + Vexv, Where Vigeal, Voo, and Vexy are
local potentials, non-local structure-based potentials, and ex-
cluded volume potentials respectively. The details of these
terms can be found in Refs. [28,34,35], and the similar en-
ergy function has also been successfully used in the studies
of protein folding, enzyme catalysis, chromatin remodeler and
nucleosome dynamics in recent works.[?’-3401 Note that the
structure-based interactions were omitted for the disordered
regions in XPA, and effects of salt concentration are implic-
itly modeled in the Debye—Hiickel-type interactions with the
details displayed as follows:

qiqjexp(—rij/Ap)

Vele = ;
%47’[8(T,C) i j
Ay — o€k T 05
P\ 2Npe21 )

where Ap is the Debye length, €(T,C) is the dielectric con-
stant, and [ is ionic strength.

To model dsDNA, the 3SPN.2C model,?*! developed by
de Pablo’s group, was used. In this model each nucleotide is
simplified to three CG particles, representing the phosphate
group (P), sugar (S), and base (B). The interactions among
these particles are composed of structure-based local poten-
tials, base pairing, intrastrand base-stacking, interstrand cross-
stacking, excluded volume effects, and Debye—Hiickel-type
electrostatic interactions. The partial charge of the phosphate
beads was set as —0.6e to consider the effect of local coun-
terion condensation effect.3':#!! The 3SPN.2C model model
is able to capture several properties of dSDNA and has been
widely used to study the DNA-protein interactions.

For the protein-DNA interactions, only the excluded vol-
ume effects and the electrostatic interactions were consid-
ered. As the electrostatic interaction plays a dominant role
in protein-DNA interactions, we paid special attention to this
term in the study of protein-DNA binding. For the structured
motif in proteins, the partial charges of the CG beads were
parametrized by the RESPAC method, [*?! which can provide
more accurate description of the electrostatic potential. In de-
scribing the electrostatic interactions between the protein and
DNA, the partial charge of the phosphate bead was set as —1.0,
following the work in Ref. [31].

2.2. Simulation details

The model for XPA was built based on the available crys-
tal structure (PDB entry:6j44!8!) with missing residues added
by modeller9.23.13! The sequence and structure of XPA are
shown in Figs. 1(a), 1(b), and 1(c). For DNA, two random
sequences with different lengths were prepared: R100, R150
(the sequences and the structures are shown in Figs. 1(d) and
1(e)). In our work, the reference structures for DNA were
built with the 3DNA package.**! For the protein-DNA sys-
tem, the initial structures for DNA and protein in all the sim-
ulations were separated and placed randomly. During produc-
tion runs, the center of mass (COM) of DNA was restrained to
the original position and COM distance between XPA (DBD)
and DNA was restrained to be smaller than 250 A. The ionic
strength was set to 50, 150, 250, 350, and 450 mM. At each
ionic strength, 24 simulations were carried out independently,
each lasting for 5 x 108 MD steps for XPA-R100 system and
over 4 x 108 MD steps for XPA-R150 system, respectively. To
characterize the structure features of XPA in the absence of
DNA, we also performed several simulations with cumulative
length of approximately 1 x 10° MD steps. For all the simula-
tions, we recorded the coordinates of XPA and DNA at every
1 x 10* MD steps. The first 2 x 107 frames were omitted in
the calculations of distributions during the posterior analysis.

All the CG
CafeMol3.2 package.3* The simulations were conducted by

simulations were performed by the
Langevin dynamics with friction coefficient ¥ = 0.02 at tem-
perature T of 300 K. The structures were visualized by using
pymol. 4]

2.3. Analysis

To characterize the search modes of XPA on DNA, we
defined a DNA recognition motif consisting of the residues
140, 141, 142, 151, 179, 207, 211,16 which forms contacts
with DNA in the crystal structure. Following the approach
used in Ref. [41], the diffusion is considered as sliding if
at least five of these residues maintain staying within 15 A
from the DNA. Correspondingly, the diffusion is considered as
three-dimensional diffusion if all of the seven residues in the
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recognition motif leaves the DNA surface by at least 25 A. In
comparison, the protein is considered to perform the hopping
dynamics if these residues are 15 A—25 A away from DNA.
Based on above criteria, we classified both sliding and hop-
ping as one-dimensional diffusion mechanism following the
work in Ref [41].

To describe the location of DBD searching site on DNA
during one-dimensional diffusion, we used the mean position
of the nucleotides that closest to the recognition motif (RM):

 LkeRM X jeDNA bpld) ()L

In the above definition, ¢ is simulation time, L is 3.4 A (one
bp along the strand), RM is the recognition motif, composed
of the residues 140, 141, 142, 151, 179, 207, and 211, Ngru is
the number of residues in recognition motif, bp(j ) is the base
pair index of particle j in DNA; 611-‘ =1, if j is the DNA bead
closest to the protein bead k; otherwise 5;‘ =0.31

The protein bead and DNA bead form a contact if their
distance is less than 7 A. Additionally, we defined several lo-
cal coordinate axes, following the procedure in Ref. [47], to

characterize the rotational and translational motions of XPA

X(r) N around DNA.
RM
(a)
N-terminal DBD C-terminal
1 97 239 273
(b) ()
1 » MAAADGALPEAAALEQPAELPASVRASIERKRQRALMLRQARLAARPY /‘A\\/ N
SATAAAATGGMANVKAAPKIIDTGGGFILEEEEEEEQKIGKVVHQPGPV ’; i ‘ 'Y
98& + MEFDYVICEECGKEFMDSYLMNHFDLPTCDNCRDADDKHKLI T TEAK ¥ ’(, 2 /[ o
> — - — ———— - ARy} :
QEYLLKDCDLEKREPPLKFIVKKNPHHSQWGDMKLYLKLQIVKRSLEV w = ? ~ .
= v-74 C-terminal
WGSQEALEEAKEVRQENREKMKQKKFDKKVKELRRAVRSSVWKRET \‘ : *
] f-N-terminal-l ‘,,--\:
240 » IVHQHEYGPEENLEDDMYRKTCTMCGHELTYEKM
= DBD -
helix
- sheet
d . e .
(d) R100: () R100:
HH AW
O TOTGARAARTACAAAATOGATAGACOACAGACTARAGGTAGATAGAGOTT, DU Q‘j“!‘ cad o b \ 5 Rx ‘.‘.
100 f -
ACGCCTCACCTCTATCTTTGAACAGGGACGGTAACGCGATCTTACTCGAT 100 bp
R150: R150:
TN T TCCOTOTO TGO oo TR oGS 50 LR Vo
CGGATCAGTCAACAGGCTATCCGTCTGAATTCGTCCTCTACCTCGCCCGA & ! -\’ WA SN “’hv
AR U £ e N
51 100 i W g RS >
TAACTGATGCGTATATCGCCGTGAGGCTTGAGATTTATTGCACGGAATTA *ﬂ,‘b -
101 150 — |
TCGTGCAAGTCACACTTTTTCAAGACCATCGGTTGCTGGCGCTTACGATA 150 bp

Fig. 1. Sequence and structure of the XPA and DNA studied in this work. (a) Domain architecture of XPA. (b) The sequence of XPA protein with
each domain shadowed by the same color as in panel (a). The secondary structure features of DBD domain is also shown. (c) The available crystal
sturcture of DBD is shown in cartoon representation and the color scheme for secondary structures is the same as in panel (b). The disorderd regions
are represented by dotted lines with the same color as in panel (a). The key DNA-binding residues (residue 140, 141, 142, 151, 179, 207, 211) are
shown in ball-and-stick representation and colored differently. The sequences (d) and structures (e) of DNA in this study.

3. Results
3.1. XPA binding and diffusion along DNA

Firstly, to quantify the structural properties of non-
specific interaction interface between XPA and DNA, based
on two random DNA sequences with different lengths (R100,
R150), we performed MD simulations for the XPA binding
to the nonspecific dsDNA site at various salt concentrations
and calculated the probabilities of contact formation between
the DNA and each residue of the XPA at various salt concen-
trations. As shown in Fig. 2, there is a striking similarity in
the landscape of contact probability between R100 and R150,
indicating the conserved binding interface of XPA regardless
of properties of DNA. Additionally, for both R100 and R150,
one can see that, besides the DBD, residues in the N-region
also have high contacting probabilities with DNA, which sug-

gests that the N-region can be involved in the XPA-DNA inter-
actions during the searching process of damage sites. Mean-
while, the results clearly show that increasing salt concentra-
tions tends to decrease the contact probabilities, but without
altering the peak locations of the contact probability distribu-
tions, which may suggest that the XPA uses the same set of
residues for DNA binding at wide range of salt concentrations.
Particularly, the residues with high contact probabilities have
large overlap with the DNA-binding residues observed in crys-
tal structure of the XPA-DNA complex,*®! demonstrating that
the DNA binding surface in the DBD is conserved in the spe-
cific and non-specific binding. Such behaviour of maintain-
ing binding interface was also observed in other DNA-binding
proteins,*”l and was suggested to facilitate the search of the

cognate site on DNA. [4349
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Fig. 2. Contact probabilities of the XPA residues with DNA at various salt
concentrations. Residues in the DBD domain are shaded by pink backgound.
The key DNA-binding residues in the crystal structure are highlighted by
magenta circles. The result with R100 (R150) is shown in the upper (lower)
panel and a representative structure with DBD bound to R100 is also dis-
played.

Besides the properties of binding interface, we also char-
acterized the binding and diffusion process of XPA along
DNA. Considering the relatively higher probabilities of con-
tact formation with DNA for the residues in the DBD and the
N-region, we plotted the time series of the distances between
the above two protein segments and the DNA surface to illus-
trate the binding dynamics. The centers of mass (COM) of the
DBD and that of the residues 30-50 were used to represent
the positions of the DBD and the N-region relative to DNA
surface. From Figs. 3(a) and 3(b), one can clearly see the at-
tachment and detachment processes of the two XPA segments.
Such attachment and detachment processes are consistent with
experimental observation.[?2! However, it is worthy to note
that, because of the limited accessible time in our simulation,
the repetition of attachment and detachment is only observed
sporadically at relative high salt concentration (Fig. 3(a)).
Additionally, inspection of trajectory of these two protein seg-
ments demonstrated that the attachment/detachment of the
DBD and N-region are correlated, lacking of the anchoring
and binding mechanism mediated by disordered region as
typically observed in other DNA-binding proteins containing
disordered regions.[>°! After the simultaneous detachments
of the N-region and the DBD, the whole XPA performs three-
dimensional diffusion and then rebinds to the DNA (Fig. 3(a)).
For many DNA binding proteins, rapidly finding their spe-
cific binding sites on DNA in response to external stimulus
is vitally important. Thus, in addition to the random three-
dimensional diffusion driven by thermal diffusion, the protein

R100
(a) 300 mm DBD
B N-region
< 200
8 i
=i il |
s |
%z |
A 100 ‘ | |
|
i .‘li | htllhﬂ L.ﬁllm
0ba . : . A .
0 1 2 3 4 5
MD steps (10%)
R150
(b) 300 == DBD
I N-region
< 200
Q
o
=i
<
z 100
(@)
Otu . f . . .
0 1 2 3 4 5
MD steps (108)
R100
(c) i one-dimensional
0.8 m three-dimensional
= 0.6
.2
s
-
2
g 04
i
0.2
50 150 250 350 450
Salt concentration (mM)
R150
(d) i one-dimensional
0.8  three-dimensional
g 0.6
8
it
2
5 04
&
0.2
50 150 250 350 450

Salt concentration(mM)

Fig. 3. (a) and (b) Time series of the distance between the COM of N-region
and DNA surface (green) and that between the COM of DBD and DNA sur-
face (red) at 250 mM with sequence R100 (a) and R150 (b). When calcu-
lating the distance between the COM of N-terminal and DNA surface, only
the residues ranging from 30 to 50, which have high probabilities of form-
ing contacts with DNA, were considered. (c) and (d) Probabilities of one-
dimensional diffusion (green) and three-dimensional diffusion (pink) mech-
anism at different salt concentrations with sequence R100 (c) and R150 (d).
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also uses other searching mechanisms, such as sliding,>!=>3

hopping or intersegmental transfer.>*! During sliding, the pro-
tein can tightly bind to DNA and diffuse along the DNA helix
using the recognition region,!3! in which electrostatic interac-
tion between protein and DNA plays dominant role. Whereas
in the hopping diffusion process, the electrostatic interactions
are much weaker, which allows the protein to diffuse more
freely along the DNA surface and accelerates diffusion by
skipping several DNA bases.[*!] Unlike three-dimensional dif-
fusion, in which the protein can diffuse far away from DNA,
the protein remain staying close to the DNA during the slid-
ing and hopping, which tends to significantly reduce the con-
formational space during target site search and therefore ac-
celerate the searching of the target site in the DNA.P!l Pre-
vious studies showed that the combination of these different
search modes is needed to achieve the maximal target-search
efficiency.’*>°! Therefore, we also analyzed the probabili-
ties of the one-dimensional diffusion mechanism and three-
dimensional diffusion mechanism (criteria about classifying
different mechanisms can be found in Model and Method) at
various salt concentrations for sequence R100 and R150, re-
spectively (Figs. 3(c) and 3(d)). From these results, one can
see that, increasing salt concentration can decrease the prob-
ability of one-dimensional searching mechanism and increase
the three-dimensional searching mechanism for each DNA se-
quence. As shown in the Debye—Hciikel model, the effect of
salt concentration is mainly achieved by changing the length
of Debye radius. With the increasing of salt concentrations,
the screening effect of the implicit salt ions increases, lead-
ing to the decrease of electrostatic interactions. Such results
again suggest the dominate role of electrostatic interaction in
the XPA-DNA binding.

Considering the important role of one-dimensional diffu-
sion, we then analyzed the diffusion kinetics and calculated
the mean square displacement (MSD) of the one-dimensional
DBD translational motions along the DNA (MSD(Ar) =
(X (¢4 At) —X(1))?), where () represents the time average)
as a function of time difference Ar at various salt concentra-
tions, and results are shown in Fig. 4. The fitting by a power
law function MSD(Ar) = KAr* were also shown in the in-
set by log—log scale. From our results, one can clearly see
that the MSD of XPA (DBD) increases upon increasing salt
concentration during one-dimensional diffusion for both R100
and R150. The fitting of the diffusion kinetics by the above
power law function for R100 and R150 both give the @ < 1.0,
which suggests sub-diffusive motion of DBD along DNA (in-
set figure in Fig. 4) at wide range of salt concentrations and
may facilitate the search of target DNA sequences as suggested

[57-59] Furthermore, this kind of sub-diffusion

by other works.
may be related to the diverse strengths of DNA—XPA interac-

tions, which may be ascribed to the variations of the DNA con-

formations and the fluctuations of the DNA-protein binding.
This kind of connection is consistent with those in many other
sub-diffusive dynamics,[59‘69] and can be described with con-
tinuous time random walk (CTRW) model.[%1-%°] Note that the
exponents of the sub-diffusive dynamics are almost invariant
at different salt concentrations for each sequence. This obser-
vation suggests that the distributions of the diverse strengths
are insensitive to the variations of salt concentrations, since
the conformational fluctuations are intrinsic for the the DNA-
protein system. This result bring us more insights on the DNA-
protein interactions.

600
o a: 0.76 == 50 mM
< 261 078 150 mM
= 7
a 0.76 == 250 mM
Z 22 350 mM
= == 450 mM
& 4001 ¥ 18
N 5.6 6.0 6.4
@) log(MD steps)
wn
= 200
R100
0
—~ 1 0.68 mm 50 mM
Y% 2.6 9 150 mM
600f < g8 == 250 mM
) 0.74
n 2.2 350 mM
o = =450 mM
< ® 1.8
=) 400 5.6 6.0 6.4
E log(MD steps)
200
R150
0
0 1 2 3 4

MD steps (10°)
Fig. 4. Mean square displacement (MSD) of the one-dimensional XPA diffu-
sion along the DNA (R100: upper panel, R150: lower panel) as a function of
simulation time at different salt concentrations. The results of power function
fitting & are also shown in the inset.

For DNA-interacting proteins, several studies have sug-
gested that diffusion along the DNA helical path is required to
achieve efficient target search. [55.701 Meanwhile, the rotation-
coupled sliding was proposed to be the general mechanism for
the one-dimensional search of protein on DNA. (711 Therefore,
we also investigated whether the one-dimensional diffusion of
XPA is along helical pitch (rotation-coupled) or not (rotation-
uncoupled), and the results are shown in Fig. 5. To more
appropriately describe this dynamical process, we defined sev-
eral local axes following the Ref. [47]. The coordinates of the
seven residues in the DNA-binding motif mentioned above
were used to calculate the rotational angle and translational
position along the DNA helical axis. In Fig. 5(a), we plot-
ted the time series of rotational and translational motions of
DBD along the R100 and R150 at various salt concentrations
during the one-dimensional diffusion. From these trajecto-
ries, one can see that the protein can diffuse randomly along
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Fig. 5. Translational-rotational coupling in the one-dimensional diffusion of XPA along DNA. (a) Representative trajectory fragments of rotation
(0) and translation (y) of XPA along R100 (R150) at the salt concentrations of 50 mM, 150 mM, and 450 mM are shown in upper panel (lower
panel). Representive structures with DBD bound to DNA at 50 mM and 450 mM are displayed. (b) The correlation plots between A6 and Ay of
XPA at 50 mM, 150 mM, and 450 mM (R100: upper panel, R150: lower panel).

DNA at these different salt concentrations. At relatively low
salt concentrations (50 mM, 150 mM), where the electrostatic
interactions are strong, the one-dimensional diffusion occurs
dominantly by the rotation-coupled mechanism. While at high
salt concentration (450 mM), the electrostatic interactions be-
come weaker, which makes the protein move more freely

along the DNA axis, leading to weak correlation between
translational and rotational motions. To more clearly char-
acterize the relationship between rotation and translation dur-
ing one-dimensional diffusion, we also showed the rational-
translational correlation plot in Fig. 5(b) for all trajectories at
three different salt concentrations. From these results, one can
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see an obvious correlation between the rotation and transla-
tion at low salt concentrations (50 mM), while it disappears
at relatively high salt concentration (450 mM). Particularly,
the rotational—translational correlation is still significant at the
physiological relevant salt concentration (150 mM).

3.2. Structural properties of XPA

In addition to the diffusion features during this dynamical
process, the structural properties of XPA were also studied,
since its structure dynamics will surely affect the binding of
XPA with other binding partners. The results for these two
different DNA sequences are shown in Fig. 6. From our re-
sults, one can clearly see that both the DNA binding and
varying salt concentration can change the structural properties
of XPA and the difference in the effects of R100 and R150
on protein structure at each salt concentration is negligible.
In detail, as shown in Fig. 6(a), at low salt concentration
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2
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o
1=
[a ¥
0.1
0 AR
60 80
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© 100 50 mM
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---- R150
>
=
3
o]
2
o
—
[al}
10~4 . . L
0 40 80 120 160

Contact number (DBD-N/C)

(50 mM), due to the strong intra-molecule electrostatic in-
teractions in XPA, these two disordered regions pack against
the DBD, leading to small radius of gyration (Ry) of XPA
(less than 30 A) in the absence of DNA, but it increases a
lot (around 40 A) upon binding DNA, which may be caused
by the occupancy of intra-molecule interacting sites by DNA.
While at high salt concentration (450 mM), the electrostatic
interactions between intra and inter-molecule is decreased
significantly and consequently the intra and inter molecule
motions are more freely, leading to large R, of XPA with
or without DNA, and the effects of DNA binding is much
deprecated as well (Fig. 6(b)). What is more, in Figs. 6(c)
and 6(d), we also plotted the distribution of contact num-
ber between DBD and the disordered regions. In accordance
with the above analysis, there are a large number of con-
tacts between N(C)-terminal and DBD, and it decreases much
unpon binding DNA at low salt concentration (Fig. 6(c)),

450 mM
(b) 0.12
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- R150
0.08
>
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Fig. 6. Effect of DNA binding and salt concentration on the conformation of XPA. (a) and (b) Ry distribution of XPA with (R100: blue, R150:
purple) and without (black) DNA binding at the salt concentrations of 50 mM (a) and 450 mM (b). The representative structures of XPA are
also shown, and the color scheme for domains is the same as in Fig. 1(a). (c) and (d) Distribution of contact number formed between the DBD
domain and the two disordered regions of XPA with (R100: blue, R150: purple) and without (black) DNA binding at the salt concentrations of

50 mM (c) and 450 mM (d).
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while at high salt concentration, the contact number decreases
significantly with or without DNA. Notably, the contact num-
ber in the absence of DNA is still less compared with bind-
ing DNA. From the analysis of the contact number, it becomes
clear that both increasing salt concentrations and DNA binding
can lead to the decrease of contact number, indicating more ex-
tended conformation of XPA. Based these observations, con-
sidering the dominate role of electrostatic interactions in de-
scribing the XPA-DNA interactioins and N(C)-DBD interac-
tions in XPA, we can conclude that, both the DNA and salt
concentration can act as modulating factors of the XPA struc-
ture.

Nowdays, more and more studies have found that the
conformation of protein is very sensitive to external stimu-
lus, which play an important role in modulating the confor-
mation of protein involed in various biological activities, like
a cascade of reactions or signal transduction in cells, etc.[7>~76]
Interestingly, previously studies have also found that both
salt concentration and binding DNA could affect the protein
structure.”7-82! Hence, toghter with the findings that the XPA
needs to cooperate with other binding partners during the NER
pathway, and multiple binding sites for these partners are lo-
cated at both DBD and disordered regions (N-terminal and C-
terminal), [16:17-20.83-86] \ye can speculate that both the DNA
itself and the salt concentration play a role in modulating the
NER and at high salt concentration, the protein predominately
adopt an extended conformation, ready for interacting with
other partners, while at relative low salt concentration, the dis-
ordered regions tend to pack tightly with the DBD without
DNA, however, upon DNA binding, the N(C)-DBD contacts
are much reduced, which can lead to increased exposure of the
binding sites in XPA for recruiting other partner proteins.

4. Conclusion

Here, we used a coarse-grained model to study the dy-
namical process of XPA diffusion along two different DNAs.
Our results showed that the diffusion properties of XPA along
these two DNAs are pretty similar, which indicates the robust-
ness of dynamical behaviour of XPA along DNA. From more
detailed perspective, our results showed that the XPA diffuses
along the DNA with interface similar to the recognition motif
found in the crystal structure, which may promote the search
efficiency for the DNA target. Additionally, we also charac-
terized the diffusion process of XPA along DNA. The XPA
diffuses along DNA using combination of one-dimensional
and three-dimensional search mechanisms, and increasing salt
concentration can decrease the proportion of one-dimensional
mechanism. During one-dimensional diffusion, the protein
displays subdiffusive motions, which has also been observed
in several biological system. Additionally, the correlation
analysis of rotational and translational motions of DBD along

DNA also showed that at relatively low salt concentration, the
one-dimensional DBD translational motion is coupled to rota-
tion, that is to say, sliding along helical pitch. Whereas at high
salt concentration, the correlation disappears. All these results
suggest that, like many other DNA binding proteins, 3487881
XPA maintains its position and orientation with respect to
targeted DNA base pairs during one-dimensional diffusion at
relatively low salt concentration, ensuring the efficient target
search.

In addition to binding to DNA, XPA has been found to
act a key scaffold protein, interacting with many proteins in-
volved in NER.[® Therefore, we analyzed the structural fea-
tures of XPA at various salt concentrations, in the presence and
absence of DNA, respectively. The results showed that both
DNA and salt concentration can modulate the protein struc-
ture. At low concentration, DNA binding can significantly in-
crease the Ry of protein and decrease the contact number be-
tween DBD and disordered regions, indicating more extended
conformation of XPA. While at high concentration, the weak
interaction between protein and DNA and intra-molecular in-
teraction will let the protein to be in the extensible state as
well. Based on these discussions, we can speculate that even
at relatively low salt concentrations, when XPA bind to DNA,
the contacts between DBD and other disordered regions are
reduced, which tends to increase the exposure extent of the
binding sites for other repair proteins, promoting the scaffold
function of the XPA.
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