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complements DNA repair defect in human XPA-deﬁcient cells
ALISHA A GALANDE1,2, MASAFUMI SAIJO3, SAROJ S GHASKADBI4 and
SURENDRA GHASKADBI1*
1

Developmental Biology Group, MACS-Agharkar Research Institute, Pune 411 004, India
2
3

Department of Biotechnology, Fergusson College, Pune 411 004, India

Graduate School of Frontier Biosciences, Osaka University, Osaka 565-0871, Japan
4

Department of Zoology, Savitribai Phule Pune University, Pune 411 007, India
*Corresponding author (Email, ghaskadbi@gmail.com)
MS received 14 November 2020; accepted 28 April 2021

Nucleotide excision repair (NER) pathway is a DNA repair mechanism that rectiﬁes a wide spectrum of DNA
lesions. Xeroderma pigmentosum group of proteins (XPA through XPG) orchestrate the NER pathway in
humans. We have earlier studied XPA homolog from Hydra (HyXPA) and found it to be similar to human
XPA. Here, we examined if HyXPA can functionally complement human XPA-deﬁcient cells and reduce their
sensitivity to UV radiation. We found that HyXPA was able to partially rescue XPA-deﬁcient human cells from
UV by its binding to chromatin of UV-irradiated cells. However, HyXPA failed to bind replication protein A
(RPA70), a key interacting partner of human XPA in NER pathway. This could be attributed to changes in
certain amino acid residues that have occurred during evolution, leading to prevention of some interactions
between Hydra and human proteins.
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1. Introduction
DNA being the genetic blueprint of life, its integrity
and stability needs to be maintained at all times.
Therefore, organisms have evolved a variety of DNA
repair mechanisms. Nucleotide excision repair (NER)
pathway is one of the most versatile among these and is
present in eubacteria, archaebacteria and eukaryotes
(Sancar 1996). Bulky adducts, such as, cyclobutane
pyrimidine dimers (CPDs) and 6,4 photoproducts (6,4
PPs), induced by UV radiation are repaired by NER
(Sancar 1996). Eukaryotic NER involves the activity of
about 30 proteins, whose functions include (i) recognition and veriﬁcation of DNA damage, (ii) incision and
excision of damaged strand, followed by (iii) synthesis
of new strand using intact DNA as a template and its
subsequent ligation (Pulzová et al. 2020). There are

two types of NER pathways, namely, global genome
repair (GG-NER) and transcription-coupled NER (TCNER). GG-NER repairs damage throughout the genome while TC-NER rectiﬁes damage in actively-transcribing regions of DNA (Pulzová et al. 2020). In
humans, the xeroderma pigmentosum (XP) group of
proteins XPA through XPG are involved in NER
pathway (Pulzová et al. 2020).
Human XPA is a 31 kDa protein composed of 273
amino acids (Tanaka et al. 1990). It consists of three
domains—a central globular domain and disordered Nand C-terminal domains (Pulzová et al. 2020). The
central globular domain contains a DNA binding
domain (DBD) with a C4 type zinc ﬁnger motif. This
motif is important for structural integrity and function
of the protein (Kuraoka et al. 1996). The N- and
C-terminal domains are poorly structured imparting
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ﬂexibility to the protein enabling its interactions with
various other proteins (Li et al. 1994; Nocentini et al.
1997). The proteins which bind to XPA include replication protein A (RPA) (Matsuda et al. 1995), ERCC1
(Nagai et al. 1995), TFIIH (Park et al. 1995) and DNA
damage binding 2 (DDB2) (Wakasugi et al. 2009). In
the NER pathway, XPA associates with RPA32 and
RPA70 to verify the DNA damage (Mer et al. 2000).
XPA also recruits ERCC1-XPF nuclease complex at
the site of damage (Li et al. 1994).
The basal metazoan Hydra does not exhibit
organismal senescence (Martı́nez and Bridge 2012).
Since accumulated DNA damage is one of the
important causative factors of aging, we have been
studying DNA repair mechanisms in this potentially
immortal
model
organism
(Barve
et
al.
2013a, b, 2021; Pekhale et al. 2017; Galande et al.
2018). Hydra is a freshwater organism made up of
two layers-outer ectoderm and inner endoderm separated by mesoglea (Bode 1996). It has three stem cell
lineages—ectodermal epithelial, endodermal epithelial
and interstitial stem cells. The cells in the body of
Hydra actively divide and older cells are pushed
towards the extremities and ultimately lost (Bode
1996). It is not yet fully understood how the stem
cells continue to divide without errors in DNA
replication (Barve et al. 2013a, 2021).
NER pathway remains to be studied in detail in
simple metazoans, such as, sponges and cnidarians.
XPA, a critical component of the evolutionarily conserved NER pathway, was identiﬁed and characterized
from Hydra vulgaris Ind-Pune by us (Barve et al.
2013b). In silico analysis of HyXPA revealed presence
of a zinc-ﬁnger motif, a RPA-binding site and an
ERCC1 binding domain. Phylogenetic analysis showed
a close similarity of HyXPA with its vertebrate homologs. Further, we have identiﬁed and characterized two
important NER helicases, XPB and XPD from Hydra,
with 30 ? 50 and 50 ? 30 helicase activity, respectively, indicating that the functions of these important
proteins arose early during evolution (Galande et al.
2018).
Since HyXPA shares high sequence similarity and
identity with human XPA at the amino acid level and
possesses all the required domains for interaction
with other important NER proteins, we decided to
ﬁnd out if HyXPA is capable of complementing
human XPA-deﬁcient cells. We ﬁnd that HyXPA is
indeed able to partially rescue human XPA-deﬁcient
cells. Further, we ﬁnd that though HyXPA binds to
UV-irradiated chromatin, it is unable to interact with

human RPA 70, which probably allows only incomplete rescue.
2. Materials and methods
2.1 Hydra culture and maintenance
A clonal culture of Hydra vulgaris Ind-Pune (Reddy
et al. 2011) was maintained in hydra medium (1 mM
CaCl2, 0.1 mM MgSO4, 0.1 mM KCl, 1 mM NaCl and
1 mM Tris Cl, pH 8) at 18 °C with 12:12 h light and
dark cycle. The polyps were fed with freshly hatched
Artemia nauplii on alternate days.
2.2 Whole mount in situ hybridization
In order to localize XPA transcripts in Hydra, wholemount in situ hybridization was carried out with
digoxigenin (DIG)-labelled riboprobes. DIG-labelled
sense (control) and antisense riboprobes were generated by in vitro transcription following the protocol of
Martinez et al. 1997. Brieﬂy, 36–48 h starved polyps
were made to relax in 2% urethane and ﬁxed in 4%
paraformaldehyde overnight at 4 °C. Hybridization of
the polyps with the probe was carried out at 60 °C for
2 days and excess probe was washed with MABT
(100 mM maleic acid pH 7.5, 150 mM NaCl and 0.1%
Tween 20) solution. Animals were incubated in antidigoxigenin antibody (Roche, Germany) conjugated
with alkaline phosphatase and the signal was detected
using the substrate NBT-BCIP (Roche, Germany).
Results were documented using Olympus SZX16
microscope (Olympus, Japan).
2.3 Cloning of HyXPA in p3X-FLAG-CMV-10
vector
Complete CDS of HyXPA was cloned in a mammalian
expression vector, p3X-FLAG-CMV-10 (Sigma, USA).
The primers used for cloning were as follows:
FW: GATCAAGCTTATGGATGATAAAGTATCAG
REV: GATCGGATCCCTACATTTTTTCATATTTT
AAC
PCR was set up using pGEMT-E HyXPA as a template and the primers. PCR product and vector p3XFLAG-CMV-10 were digested using HindIII and
BamHI for 3 h at 37 °C and ligated overnight at 4 °C
using T4 DNA ligase (Promega, USA). E. coli DH5a
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cells were transformed with this recombinant vector.
Transformants were screened and conﬁrmed by colony
PCR and restriction digestion followed by sequencing.
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plotted. Data are expressed as average of at least three
independent experiments.
2.7 Binding of XPA to chromatin

2.4 Generation of a plasmid for human XPA
expression
The HindIII site of p3xFLAG-CMV-hydra XPA, which
is located between 3xFLAG and hydra cDNA, was
converted to EcoRI site, and hydra XPA cDNA was
exchanged for human XPA cDNA between the EcoRI
and BamHI sites of the vector.

2.5 Expression of hydra and human XPA
in XP12RO cells
XP12RO cell line, derived from a XP-A patient and
immortalized with SV40 large T antigen, was used.
Cells were cultured in DMEM containing 10% FCS
and antibiotics at 37 °C in 5% CO2. Cells were transfected with 3xFLAG-HA-hydra XPA or 3xFLAG-HAhuman XPA expression constructs using Effectene
(Qiagen, USA). To isolate stable transfectants, transfected cells were incubated in the presence of G418
(500 lg/ml) for 12–14 days. G418-resistant clones
were assayed for expression of 3xFLAG-HA-XPA by
western blotting with anti-FLAG or anti-XPA antibody.
To prepare whole cell extracts, 5 9 105cells were
lysed with 100 ll of SDS-PAGE sample buffer
(62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol,
0.01% bromophenol blue, and 2.5% mercaptoethanol)
by boiling for 5 min.

2.6 UV survival assay
UV survival of transfectants was determined by measuring colony-forming ability post-UV radiation. For
this 1000–2000 XPA-deﬁcient XP12RO or normal
human WI38 cells were seeded onto 10 cm dishes and
incubated overnight. Cells were washed once with PBS
and exposed to UV radiation. XP12RO cells were
irradiated with 1 or 2 J/m2 UVC while WI38 cells and
transfectants were irradiated with 2, 4 or 6 J/m2 of
UVC radiation. Culture medium was added immediately after UV irradiation. Cells were cultured for
10–14 days, ﬁxed with 3.7% formaldehyde in PBS,
and stained with 0.1% crystal violet solution. Colonies
were counted using a stereo microscope. A graph of
percent survival versus different UVC doses used was

After irradiation with 20 J/m2 UV, irradiated and nonirradiated cells were incubated for 1 h and harvested.
1 9 106 cells were resuspended in 600 ll of CSKTriton buffer (10 mM PIPES (pH 6.8), 100 mM NaCl,
300 mM sucrose, 3 mM MgCl2, 0.5% Triton X-100,
1 mM EGTA, 1 mM DTT, and protease inhibitors)
with gentle vortexing and incubated on ice for 10 min.
The lysates were centrifuged (6000 rpm, 3 min, 4 °C),
supernatant was removed and pellet was washed once
with CSK-Triton buffer, boiled in SDS-PAGE sample
buffer, and used as the insoluble fraction, which contains chromatin-bound proteins.
2.8 Immunoprecipitation
Cells transfected with XPA were lysed in NETN buffer
(50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM
EDTA, 1% NP-40, 1 mM DTT, and complete protease
inhibitor cocktail (Roche, Germany) at 4 °C for
30 min. Cell lysates were clariﬁed by centrifugation at
17,600g for 10 min and incubated with protein
G-Sepharose (GE Healthcare, USA) at 4 °C for 1 h.
The lysates were centrifuged at 3800g for 1 min and
the supernatant was incubated with anti-FLAG M2
antibody-conjugated agarose (Sigma, USA) at 4 °C for
4 h. Resin was washed ﬁve times with NETN buffer
and then boiled in an equal volume of 29 SDS-PAGE
sample buffer (125 mM Tris-HCl, pH 6.8, 4% SDS,
20% glycerol, 0.02% bromophenol blue, and 5%
mercaptoethanol). SDS-PAGE was performed and
separated proteins were transferred unto a PVDF
membrane. Immunoblot detection was performed with
indicated antibodies using Pierce Western Blotting
Substrate Plus (Thermo Scientiﬁc, USA). Antibodies
used for western blotting were: anti-XPA monoclonal
antibody (FL-273, #sc-853; B-1, #sc-28353, Santa
Cruz, USA), anti-lamin B monoclonal antibody (C-20,
#sc-6216, Santa Cruz), anti-RPA70 monoclonal antibody (Ab-1, #NA13, Calbiochem, USA) and antiFLAG monoclonal antibody (F1804, Sigma, USA).
2.9 In silico analysis of XPA and RPA
Annotated protein sequences of different organisms
were retrieved from NCBI and UniProt, respectively.
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The sequences for construction of phylogenetic trees
for XPA were Hydra vulgaris Ind-Pune (AER00322.1),
Nematostella vectensis (XP_032218220.1), Trichoplax
sp. H2 (RDD36954.1), Caenorhabditis elegans
(CAA95829.1), Drosophila melanogaster (P28518.3),
Danio rerio (XP_009304696.1), Xenopus laevis
(NP_001081354.1), Gallus gallus (P27089.1), Mus
musculus (Q64267.2) and Homo sapiens (P23025.1).
Similarly, sequences for construction of phylogenetic
trees for RPA70 were as follows: Hydra vulgaris IndPune (XP_012564229.1), Nematostella vectensis
(XP_001628182.1), Trichoplax sp. H2 (RDD46427.1),
Caenorhabditis elegans (Q19537.1), Drosophila melanogaster (NP_524274.1), Danio rerio (Q6NY74.1),
Xenopus laevis (NP_001081585.1), Gallus gallus
(XP_015151236.1), Mus musculus (EDL12800.1) and
Homo sapiens (P27694.2). Phylogenetic trees were
generated by MEGA X (https://www.megasoftware.
net/).
Clustal omega software (http://www.ebi.ac.uk/Tools/
msa/clustalo/) was used for multiple sequence alignment of different protein homologs of XPA. Various
important amino acid residues and domains were
manually assigned in the sequence referring to the literature. Homology modelling was done using the
Swiss Model (http://swissmodel.expasy.org) tool.
Using Swiss PDB Viewer (http://www.expasy.org/
spdbv/), predicted protein models were generated for
DNA-binding domain of HyXPA and superimposed on
the solved crystal structures of human XPA using
iterative magic ﬁt tool. ProtParam tool (http://web.
expasy.org/protparam/) from Expasy was used to
determine sequence-speciﬁc characteristics, such as,
molecular weight and theoretical isoelectric point of
HyXPA.
3. Results
3.1 Physicochemical properties of HyXPA and its
expression in Hydra
HyXPA is composed of 257 amino acids, has a
molecular weight of about 31 kDa, and theoretical
isoelectric point (pI) of 7.55. HyXPA appears to be an
unstable protein with instability index of [40 (46.61)
as determined by ProtParam tool.
In situ hybridization with whole polyps revealed that
HyXPA is expressed all over the body of Hydra
(ﬁgure 1A).

3.2 Comparative in silico analysis of XPA
and RPA homologs from Hydra and human
The DNA-binding domain of human XPA is located
between 98 and 239 amino acids (Sugitani et al. 2014).
Lian et al. (2019) have crystallized this human XPA
domain and have determined its structure by X-ray
diffraction. Predicted protein model was generated for
DNA binding domain of HyXPA using human XPA
DNA binding domain template. Both the structures
were superimposed unto each other and low RMS
value obtained (0.14 Å) indicated close similarity in
structures (ﬁgure 1B). In HyXPA, the corresponding
residues are present between 80 and 220 amino acids.
This region of human and HyXPA shares 58.5%
identity and 90% similarity at the amino acid level
(ﬁgure 1C).
RPA is a heterotrimer, consisting of 70, 32 and
14 kDa subunits, which binds single-stranded DNA
and is essential for NER (Wold 1997). Homologs of
all the three RPA subunits are present in Hydra.
HyRPA70 is composed of 636 amino acids and
shares 48% identity and 75% similarity with human
RPA70. HyRPA34 is composed of 268 amino acids
and shares 38% identity and 73.6% similarity with
human RPA34. RPA14 subunit is composed of 113
amino acids and shares 24.8% identity and 61.2%
similarity.
Human XPA is known to interact with RPA70
through amino acids 153–176 (Li et al. 1995). This
interaction of RPA70 and XPA is essential for NER
(Li et al. 1995). The corresponding region in HyXPA
is located between amino acids 134–157 and exhibits
70.8% identity and 95.8% similarity with the region
of human XPA. Further, the zinc-binding motif in the
N-terminal of human XPA (98–219 amino acids) has
been shown to interact with RPA70 (Ikegami et al.
1998). Corresponding region in HyXPA is present
between amino acids 80–200 and exhibits 57.4%
identity and 86.9% similarity with this region of
human XPA (supplementary ﬁgure 1). Surprisingly,
in spite of moderate sequence identity and similarity
of the regions of human XPA which interact with
RPA, HyXPA did not co-immunoprecipitate with
human RPA70. It is known that despite high protein
sequence identity/similarity among homologous proteins, there is reduced conservation of protein-protein
interactions (Lewis et al. 2012). This might account
for the lack of interaction between HyXPA and
human RPA.

Partial rescue by HyXPA in human XPA-deﬁcient cells
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Figure 1. Expression of HyXPA and comparison of human (Hs) XPA DNA-binding domain (98–239) and HyXPA (Hv)
DNA-binding domain (80–220): (A) HyXPA transcripts were detected in the tentacles and all over the body column,
indicating its ubiquitous expression. Inset: Polyp hybridized with sense riboprobes. Scale bar = 200 lm. (B) Homology
modeling was performed using Swiss Model. The template selected for modeling was obtained from PDB (ID 6j44.1.A).
Using Swiss PDB Viewer (http://www.expasy.org/spdbv/), predicted protein models were generated for DNA binding domain
of HyXPA. Both the structures were superimposed unto each other and low RMS value obtained (0.14 Å) indicated close
similarity in structures. (C) Multiple sequence alignment of DNA binding domains of human XPA (grey) (98–239) and
HyXPA (red) (80–220). This region of human and HyXPA share 58.5 % identity and 90 % similarity at the amino acid level.

3.3 Establishment of human and Hydra
transfectants

3.4 Partial rescue of human XPA-deﬁcient cell line
by HyXPA

XP12RO cells stably expressing 3xFLAG-human XPA
or 3xFLAG-hydra XPA were prepared. Expression of
XPA in 3xFLAG-human XPA transfectant (clone #24)
was found to be higher (2x–5x) than expression of
endogenous XPA in WI38 (normal) cells (ﬁgure 2A).
Expression of 3xFLAG-human XPA in other transfectants was higher than or equal to that in #24 (data not
shown).
Expression of 3xFLAG-hydra XPA was checked
in six transfectants (clone #9, #13, #35, #43, #52,
#63) in comparison with expression of 3xFLAGhuman XPA in #24 (ﬁgure 2B, supplementary ﬁgure 2). The expression in clone #9 is 1/2x*1/5x of
that in #24, which is comparable to XPA expression
in WI38. The expression in #35 is *1/10x of that
in #24, which is lower than endogenous XPA
expression. The expression in other clones was
much lower.

UV sensitivity assay was performed with these transfectants (ﬁgure 3, supplementary ﬁgure 3). Human
XPA transfectant #24 showed UV sensitivity similar to
normal cells. While Hydra XPA transfectants were
more sensitive to UV than normal cells, they were less
sensitive to UV than parental XPA-deﬁcient cells.
Surprisingly, though the expression of Hydra XPA in
#9 was highest among the transfectants, it exhibited
more UV sensitivity, the reason for which is not yet
known. These results indicate that HyXPA partially
restores UV resistance in human XPA cells.
3.5 Interaction of HyXPA with chromatin
and human RPA70
XPA is known to bind to UV-irradiated DNA. Therefore, we examined if Hydra XPA binds to chromatin
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Figure 2. Expression of human and Hydra XPA in XPA-deﬁcient cells after transfection. (A) Expression of 3xFLAGhuman XPA in transfectant #24 was higher than that of XPA in WI38 (normal) cells. To compare XPA expression levels, the
extract of transfectant #24 was diluted with extract from XP12RO (lacking XPA expression). 1/2, 1/5 and 1/10 indicate
extracts of transfectant #24 of 1.25 9 104, 5.0 9 103 and 2.5 9 103 cells, respectively. Indicated amounts of puriﬁed
N-terminal His-tagged XPA were also subjected to western blotting for comparison. (B) Comparison of expression of
3xFLAG-hydra XPA in transfectants #9 and #35 with expression of 3xFLAG-human XPA in transfectant #24. Lamin B is the
loading control. HyXPA is detected in both the transfectants.

after UV irradiation. Human XPA transfectant #24 and
Hydra XPA transfectants #9 and #35 were irradiated
with 20 J/m2 UV (controls were non-irradiated) and
incubated for 1 hr. CSK-triton insoluble fractions,
which contain chromatin-bound proteins, were prepared from the cells and western blotting was performed (ﬁgure 4A). Hydra XPA was detected in CSKtriton insoluble fractions after UV irradiation, although
to a lesser extent than human XPA.
Since human XPA interacts with RPA, we checked
interaction of HyXPA with human RPA by co-immunoprecipitation. RPA was found to be co-precipitated with human XPA, but not with HyXPA
(ﬁgure 4B).

3.6 Phylogenetic analysis

Figure 3. UV sensitivity of transfectants. Human XPA
transfectant #24 exhibited UV sensitivity similar to WI38
(normal) cells. Though Hydra XPA transfectants (#9 and
#35) were more sensitive to UV than WI38 cells, they were
much less sensitive to UV than parental XPA-deﬁcient
XP12RO cells indicating partial complementation by
HyXPA. Standard deviation of each data was calculated by
a software ‘‘Kaleidagraph’’ and added as error bar.

Using MEGA X tool, XPA and RPA70 homologs
from different organisms were aligned by MUSCLE
program and the alignment was used to construct
phylogenetic trees by neighbor-joining (NJ), maximum likelihood (ML) and minimum evolution (ME)
methods. 1000 bootstrap replicates were considered
for generation of each tree. XPA from Hydra vulgaris
Ind-Pune clusters with XPA homolog from Nematostella vectensis since it shares 53 % identity and
79.3 % similarity, followed by placozoan Trichoplax
sp. H2 XPA and Drosophila and C. elegans XPA
homologs. As observed from the phylogenetic tree,

Partial rescue by HyXPA in human XPA-deﬁcient cells

Figure 4. Binding of HyXPA to UV-irradiated chromatin
(A) and RPA70 (B): (A) Hydra XPA was detected in CSKtriton insoluble fractions after UV irradiation, though to a
lesser extent than human XPA. Lamin B is the loading
control. (B) RPA70 was found to be co-precipitated with
human XPA, but not with HyXPA, indicating absence of
binding of HyXPA to human RPA70.

HyXPA is also closely related to XPA homologs from
other vertebrates including humans (ﬁgure 5A). Similarly, RPA70 from Hydra vulgaris Ind-Pune clusters
with RPA70 homolog from Nematostella vectensis
since it shares 56.3% identity and 81.4% similarity,
followed by placozoan Trichoplax sp. H2 RPA70 and
Drosophila and C. elegans RPA70 homologs. Similar
to HyXPA, HyRPA70 also is closely related to RPA70
homologs from vertebrates and humans (ﬁgure 5B).
Comparable results were obtained when phylogenetic
trees were generated by ML and ME methods for
HyXPA (supplementary ﬁgure 4) and HyRPA70
(supplementary ﬁgure 5).
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Figure 5. Phylogenetic analysis of HyXPA and HyRPA70.
Phylogenetic trees were constructed using MEGA X software for XPA (A) and RPA70 (B) using protein sequences
from different organisms. Bootstrap of 1000 replicates was
considered for generation of the trees.

4. Discussion
In silico analysis revealed that HyXPA is very similar
to human XPA with comparable physicochemical
properties. Therefore, it was interesting to examine if
HyXPA can functionally complement human XPA. We
cloned HyXPA into a mammalian expression vector
and transfected human XPA-deﬁcient XP12RO cells.
UV survival of stable transfectants was assessed.
Interestingly, HyXPA was able to partially rescue XPAdeﬁcient human cells. HyXPA bound to chromatin
from UV-irradiated cells indicating its ability to recognize UV-damaged DNA. Human XPA is known to
interact with RPA70 during NER. We therefore
checked the interaction of HyXPA with human RPA70
by co-immunoprecipitation. HyXPA failed to interact
with human RPA70; this might be one of the probable
reasons for incomplete rescue of human XPA-deﬁcient
cells.
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Human XPA is a metalloprotein containing C4 zinc
ﬁnger motif in its central globular domain. This motif
consists of four cysteine residues, C105, C108, C126
and C129, which coordinate one zinc ion (Morita et al.
1996). Mutagenesis in any one of these key cysteine
residues drastically reduces UV survival of cells
(Miyamoto et al. 1992). These essential cysteine residues are present in HyXPA at positions 87, 90, 108 and
111, indicating importance of their conservation. When
we analyzed XPA homologs from a demosponge
(Amphimedon queenslandica), a placozoan (Trichoplax
adhaerens) and two other cnidarians (Stylophora pistillata and Acropora digitifera), these key cysteine
residues were found to be present in their XPA
sequences. In addition, phylogenetic analysis conﬁrms
close relationship between XPA and RPA70 homologs
from Hydra and other organisms. This points towards
early origins of XPA in the course of evolution of DNA
repair proteins.
Human XPA has been shown to directly interact with
ssDNA, dsDNA and Y-junction via interaction with its
a residues K168, K179, K221, K222, K224 and K236
(Hilton et al. 2014). Out of these, K179 is an important
residue for interaction of ssDNA and RPA70 (Hilton
et al. 2014; Saijo et al. 2011). This key lysine is present
in HyXPA as well, at position 160. K141, another
lysine residue from human XPA essential for interaction with damaged DNA (Camenisch et al. 2007) is
also present in HyXPA at position 122, which seems to
have allowed it to bind chromatin post-UV exposure in
transfectants.
Interaction of human XPA with TFIIH complex
enables its recruitment at the site of damage (Park et al.
1995). C-terminal region of human XPA (aa 226–273)
has been shown to bind TFIIH (Nocentini et al. 1997;
Park et al. 1995). Such a region is present between aa
207–257 in HyXPA and shares 41% identity and 71%
similarity with the comparable region of human XPA.
The smallest subunit of TFIIH, Trichothiodystrophy
group A (TTDA), is important for interaction with XPA
(Ziani et al. 2014). HyTTDA (accession no.
AYE54241.1) shares 58% identity and 94% similarity
with its human counterpart. Region 185–225 in human
XPA has been found to be necessary for its interaction
with DDB2 (Wakasugi et al. 2009). In HyXPA, the
corresponding region is present between aa 166–206
and exhibits 55% identity and 92.5% similarity with its
human counterpart.
A 14 aa (67–80) stretch in N-terminal region of
human XPA is essential for its binding to ERCC1-XPF
(Tsodikov et al. 2007). This region is present in
HyXPA from aa 49–62 and shows 50% identity and

93% similarity with human XPA. The region of human
XPA containing the glutamic acid cluster (E-cluster)
spanning aa 78–84 is required for its interaction with
ERCC1 (Li et al. 1994; Nagai et al. 1995). HyXPA,
however, does not possess E-cluster but instead possesses ‘‘EPEDDNN’’ between aa 60–66. P61, N65 and
N66 are neutral amino acids and there seems to have
been conservative substitution at positions 63 and 64
with aspartic acid. Drosophila XPA (Dxpa) also does
not possess E-cluster (Shimamoto et al. 1995).
Absence of E-cluster might also be one of the reasons
why HyXPA only partially complemented human
XPA-deﬁcient cells like Dxpa (Shimamoto et al. 1995).
Interaction of human XPA with other small proteins
is necessary for its functionality in NER. Regions 4–29
(Saijo et al. 1996) and 29–46 in human XPA (Mer et al.
2000) interact with RPA32 and their deletion disrupts
this interaction (Saijo et al. 2011). HyXPA is smaller
than human XPA and lacks many of the N-terminal aa
required for its interaction with human RPA32. Further,
mutations in key aa residues K141, T142, K167 and
K179 have been shown to reduce binding of human
XPA to RPA70 (Saijo et al. 2011).These key aa residues (K122, T123, K148 and K160) are present in
HyXPA. Recently, residues D101, E106, K110 and
E111 are shown to be important for binding of human
XPA to RPA70 (Topolska-Woś et al. 2020). Since these
residues are absent in HyXPA, one might infer that in
spite of HyXPA exhibiting high similarity with human
XPA in its DNA binding domain, it lacks aa required
for interaction with human RPA70. Thus, inability of
HyXPA to bind to human RPA70 is probably responsible for only partial complementation of human XPA.
Cross-species complementation may not always be
completely successful even when there is considerable
identity and similarity in homologous protein sequences. This might be due to differences in the protein–
protein interactions. However, unlike our previous
study (Galande et al. 2018), wherein HyXPB and
HyXPD failed to complement human XPB and XPDdeﬁcient cell lines, HyXPA was able to partially rescue
human XPA deﬁcient cell line from effects of UV
radiation. This ﬁnding is signiﬁcant because it gives
insights into the evolution of DNA repair repertoire
which originated millions of years ago.
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