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Abstract

Xeroderma pigmentosum C (XPC) is a key initiator in the global genome nucleotide excision
repair pathway in mammalian cells. Inherited mutations in the XPC gene can cause xeroderma
pigmentosum (XP) cancer predisposition syndrome that dramatically increases the susceptibility
to sunlight-induced cancers. Various genetic variants and mutations of the protein have been
reported in cancer databases and literature. The current lack of a high-resolution 3-D structure
of human XPC makes it difficult to assess the structural impact of the mutations/genetic
variations. Using the available high-resolution crystal structure of its yeast ortholog, Rad4, we
built a homology model of human XPC protein and compared it with a model generated by
AlphaFold. The two models are largely consistent with each other in the structured domains.

We have also assessed the degree of conservation for each residue using 966 sequences of XPC
orthologs. Our structure- and sequence conservation-based assessments largely agree with the
variant’s impact on the protein’s structural stability, computed by FoldX and SDM. Known XP
missense mutations such as Y585C, W690S, and C771Y are consistently predicted to destabilize
the protein’s structure. Our analyses also reveal several highly conserved hydrophobic regions
that are surface-exposed, which may indicate novel intermolecular interfaces that are yet to be
characterized.
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INTRODUCTION

Humans are exposed to many environmental genotoxins that induce DNA damage, including
UV radiation from sunlight and chemicals from pollution. DNA damage, if not repaired, can
interfere with essential cellular functions such as replication and transcription. Nucleotide
excision repair (NER) is an evolutionarily conserved mechanism to repair a wide variety of
such DNA damage (1-4). Failure in NER can cause the accumulation of DNA lesions that

"To whom correspondence may be addressed: Tel: (254)710-2095, JungHyun_Min@baylor.edu.
*present address: College of Pharmacy, University of Texas at Austin, Austin, TX 78712

Declaration of interest statement. Authors declare no conflict of interest.
Appendix. Supplementary material is found online.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Le and Min

Page 2

lead to mutations and cancers, as manifested in the human xeroderma pigmentosum (XP)
cancer predisposition syndrome.

The versatile NER is carried out in a stepwise manner involving ~30 protein factors. The
first step is lesion recognition, which can occur in two distinct mechanisms. In transcription-
coupled NER (TC-NER), lesions are recognized by an RNA polymerase stalled at a lesion
during the transcription (5,6). Thus TC-NER repairs lesions only on actively transcribed
strands. In global-genome NER (GG-NER), the lesions anywhere in the genome can be
sensed by specialized damage sensors such as the UV-damaged DNA binding protein (UV-
DDB) complex and the xeroderma pigmentosum C (XPC)-RAD23B-CETN2 complex. Once
the lesions are recognized, both TC- and GG-NER proceed through the same subsequent
steps.

UV-DDB is important in sensing cyclobutane pyrimidine dimer UV lesions and helps XPC
to recognize the lesion in the chromatin context (7-10). For many other helix-distorting
and -destabilizing bulky DNA adducts, XPC functions as the primary sensor. Using thermal
energy alone, XPC surveys DNA within chromatin and locates diverse target lesions by
specifically binding to them (11-14). DNA lesions that XPC recognizes for NER include
various intra-strand crosslinks and helix destabilizing/distorting adducts, which are formed
by ultraviolet (UV) light, air and water pollutants, and toxins (15). Once bound to a lesion,
XPC recruits the 10-subunit general transcription factor 11 H complex (TFIIH), which

then verifies the presence of a bulky lesion and recruits other subsequent factors (16-20);
eventually the lesion-containing single- stranded DNA is excised by XPF-ERCCL1 and XPG
endonucleases, and the DNA is restored by repair synthesis and nick sealing by DNA
polymerases and DNA ligases, respectively (15,21).

The versatility of NER in repairing diverse lesions is largely attributed to its unique lesion
recognition mechanism involving the XPC damage sensor. Studies have shown that human
XPC and yeast Rad4 share similar DNA binding and lesion recognition characteristics as
well as their role in the NER initiation (22,23). Though there is no high-resolution XPC
structure available, there are crystal structures of its yeast ortholog, Rad4. The crystal
structures of Rad4 bound to UV-induced 6—4 photoproduct (6—4PP) or mismatched DNA
showed that Rad4 (and by analogy XPC) recognizes the damaged DNA site by inserting

a p-hairpin from its p—hairpin domain 3 (BHD3) into the DNA duplex and flipping

out damage-containing nucleotide pairs to form an “open” conformation (24,25). In this
conformation, Rad4 interacts exclusively with the two nucleotides on the undamaged strand
without making specific contacts with the two damaged residues. This indirect recognition
thus can allow Rad4/XPC to bind to DNA lesions with varied structures (24,25). Recent
structural and biophysical studies have also indicated that the lesion recognition by XPC/
Rad4 may rely on a ‘kinetic gating’ mechanism (26-32). In this mechanism, damaged
DNA may be selectively opened over undamaged DNA by a freely diffusing protein, not
necessarily because the protein is inherently unable to open undamaged DNA, but because
the free energy barrier for opening is high and the protein does not linger long enough at an
undamaged site to efficiently open that site before diffusing away (26). On the other hand,
damaged DNA, since already destabilized, has a lower free energy barrier for opening, thus
increasing the probability that the protein can open that site and not diffuse away. Such a
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kinetically controlled, indirect readout mechanism enables rapid, yet reliable recognition of
diverse lesions dispersed in the predominantly undamaged genomic DNA.

Genetic mutations in human XPC can cause XP cancer syndrome, marked by extreme

sun sensitivity and >1,000-fold higher risk of sunlight-induced skin cancers (33).
Polymorphisms of XPC contribute to a variety of cancers, including lung, prostate, and
bladder cancers (34—-40). Recent studies also implicated XPC in functions other than NER,
such as transcription and base excision repair, but without clear mechanistic explanation
(41-48). However, it has been difficult to assess how the mutations and variations in the
XPC protein may affect its structure or key interactions to lead to the phenotypes, as mainly
hampered by the lack of a high-resolution structure of human XPC.

To aid the structural and mechanistic assessment of known XPC mutations and genetic
variations, we built a homology model of human XPC based on the crystal structures of
Rad4, which remains the only XPC ortholog with an available high-resolution structure.
The homology model was largely consistent with a model generated by a recent, artificial
intelligence-based algorithm, AlphaFold. Subsequently, potential structural impact of each
variant was assessed based on the structural models and sequence conservation, as well as
by computational analyses using FoldX and SDM. The assessments generally agreed with
one another. Notably, known XP missense mutations such as Y585C, W690S, and C771Y
were predicted to destabilize the protein’s structure. Our analyses also revealed several
highly conserved hydrophobic regions that are surface-exposed, which may indicate novel
intermolecular interfaces that are yet to be characterized. Structural models and variant
analyses are also available as downloadable files as Supplementary Information.

MATERIALS and METHODS

Homology modeling and refinement of the human XPC protein

Homology modeling was done in the following steps, largely as described by Petrovic

et al. (49): template selection, sequence and structural alignment, model building, and
refinement. For template selection, the Basic Local Alignment Search Tool (BLAST)

was used to choose the protein exhibiting the greatest sequence identity with the human
XPC isoform 1 (UniProtKB/Swiss-Prot: Q01831-1), within the Protein Data Bank (PDB)
database. Rad4 (PDB: 2QSH_A), the yeast ortholog of XPC exhibited the highest sequence
identity (26.4%) and thus chosen as the template. The sequence alignment between the two
sequences was generated using Clustal Omega (50,51). Next, the homology model structure
was constructed by SWISS- MODEL (52-55) (https://swissmodel.expasy.org) using the
Rad4 crystal structure from the Rad4-Rad23-mismatched DNA structure (PDB: 2QSH) (24)
(Figure S1). Several loop regions containing Ramachandran outliers in the initial model
(residues 291-294, 597-600, 611-616, 631- 637, 718-728 and 742-751) were selected

and further refined using MODELLER loop refinement (version 10.4 in Chimera (version
1.16)) (56-58). This refinement increased the Ramachandran favored residues (82% to 86%)
and decreased the Ramachandran outlier residues (8% to 4%) (Figures S2-S3). The final
model has 95% of all modeled residues in Ramachandran favored/allowed with 86% in
Ramachandran favored. Though 4% were Ramachandran outliers, all of these except for one
residue, Arg293, belonged to the long low-complexity linker region within TGD that lacked
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a structural template from Rad4 (see Results). The final model encompasses residues 191—
829, including the flexible internal loop corresponding to residues 331-520 in human XPC.
More detailed validation for the SwissModel as well as the model generated by AlphaFold
was carried out using ProCheck (59), and the results are included as Sl (Sl Files S2 and S3).
Structural analyses and visualization were done using PyMOL (version 2.5.4).

Multiple sequence alignments of XPC orthologs using Clustal Omega and ConSurf

Multiple sequence alignment (MSA) of representative XPC orthologs was generated with
Clustal Omega using default parameters and an output format ‘ClustalW with character
counts’, and the sequences from UniProtKB/Swiss-Prot, Genbank, and NCBI retrieved in

a FASTA format. The sequence alignment figures were made by Jalview (version 2.11.0)
by importing the output from Clustal Omega. The accession numbers of the ortholog
sequences used are: human XPC (NP_004619.3), S. cerevisiae Rad4 (XP_033765979.1),
mouse XPC (NP_033557.2), chicken XPC (UniProtKB/Swiss-Prot: ELBUG1), fly XPC (D.
melanogaster UniProtKB/Swiss- Prot: Q24595), worm C. elegans (UniProtKB/Swiss-Prot:
QI9N4C3), thale cress A. thaliana (UniProtKB/Swiss-Prot: Q8W489), fugu 7. rubripes XPC
(NCBI Reference Sequence: XP_003963083.2), zebrafish D. rerio XPC (NCBI Reference
Sequence: NP_001038675.1), frog X. tropicalis XPC (NCBI Reference Sequence:
XP_004914219.2), yeast A. nidulans Rad4 (UniProtKB/Swiss-Prot: Q5B6EO), yeast S.
pombe Rhpal (UniProtKB/Swiss-Prot: Q10445), yeast C. glabrata Rad4 (UniProtKB/Swiss-
Prot: AOAOWOCUB84), and yeast K. /actis Rad4 (Genbank QEU62520.1).

Next, we aimed to analyze the sequence conservation on a larger scale. To achieve this,
BLAST was used to retrieve 1000 sequences of XPC orthologs in a FASTA format using
human XPC as a search query (UniProtKB: Q01831). The search was done using default
parameters, except that the number of maximum target sequences was set to 1000 and that
homao sapiens was excluded from search organism. Subsequently, we refined the selection
of 1000 orthologous sequences by limiting the sequence identity from 35% to 95% to
remove sequences that were too different or too similar (60,61), which resulted in 964
sequences. The sequences of human XPC (UniProtKB: Q01831) and S. cerevisiac Rad4
(UniProtkKB: P14736) were manually added to the previous result in FASTA format, as
reference sequences for this study. Clustal Omega was then used to align total 966 XPC
homolog sequences and the result was saved in an .aln format. The file including all
sequences used for our large-scale MSA is included as Sl (S File S4). Finally, to generate
the conservation scores, the ConSurf server (https://consurf.tau.ac.il/) was used: the human
XPC homology model generated above was uploaded as the reference structure, and the
966-sequence MSA was used as the input sequences. The degree of conservation for each
residue position is indicated in scores ranging from 1 to 9: 1 being most variable to 9 being
most conserved (62) (Figure S5).

Assessing the impact of the gene variants on the protein stability (AAG) using FoldX and
Site Directed Mutator (SDM)

The putative effect of each gene variant on the structural stability of human XPC was
analyzed with FoldX (63) and Site Directed Mutator (SDM) (64). The FoldX version
5.0 was run in YASARA version 22.9.24 (65). In FoldX, our human XPC model from
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SwissModel was uploaded, and each gene variant was analyzed using default parameters (1
run, pH 7, 298 K, lonic strength 5, VdW design 2). In SDM, the Mutation List option was
used to analyze multiple gene variants per run. The human XPC model from SwissModel
was uploaded and gene variants were analyzed in a set of 20 each time. The statistical
correlation coefficients between our scores (see Results), FoldX, and SDM were calculated
using IBM SPSS Statistics version 29.0.0.0.

1. XPC homology model and the domain arrangement

The human XPC gene consists of 16 exons on the chromosomal location of 3p25.1 and
encodes a protein of 940 residues (66,67). The XPC protein exists as a heterotrimeric
complex together with RAD23B and CETN2/Centrin 2 in cells (67-71). High-resolution
3D structures that include the human XPC protein are limited to the structures of its
C-terminal peptide (residues 847-863) in a complex with CETN2 (72—74) and the structure
of an N-terminal acidic peptide (residues 124-143) in complex with TFIIH p62 (75). A
low-resolution cryo-EM architecture of the human XPC complex is also available (76).
Therefore, to build a structural model of human XPC, we used one of the highest-resolution
structures available for its yeast ortholog, Rad4 (24). NER machinery including XPC is
evolutionarily conserved in all eukaryotes from yeast to humans. Yeast Rad4 is the ortholog
of mammalian XPC with 27% overall sequence identity. Both form a heterotrimeric complex
in cells with two other proteins, RAD23B and CETN2 (Rad23 and Rad33 in yeast) and
exhibit similar DNA binding and lesion recognition properties for NER (22,23,77,78). Prior
computational study have also suggested a conserved mode of DNA binding between Rad4
and human XPC (79).

Figures 1 and 2 show the homology model of human XPC and sequence alignment of select
XPC orthologs, respectively. The structured domains of XPC/Rad4 contain 4 key DNA-
binding domains: a transglutaminase domain (TGD) followed by three B-hairpin domains
(BHD1-3) (Figure 1c). TGD at its N-terminus contains a ~45-residue transglutaminase

fold (24). Most in the transglutaminase superfamily are enzymes containing a catalytic

triad comprised of a histidine, a cysteine, and an aspartate, but Rad4 and XPC lack the
catalytic triad and have no catalytic activity (24,80). The ensuing three BHDs form a curved
protrusion from the globular TGD lobe. Each span ~50-90-residues to form a winged
helix-turn-helix (WHTH)-like domain with a long B-hairpin that participates in DNA binding
(81). Upon binding to damaged DNA, TGD-BHD1 binds to ~10-bp undamaged portion of
the DNA on the 3’ side of the lesion. BHD2- BHD3 binds to ~4-bp DNA segment where

2 nucleotide pairs containing the lesion are flipped out from both strands (25). Notably,
BHD3 B-hairpin inserts through the DNA double helix, filling the gap resulting from the two
flipped-out nucleotide pairs. The groove between BHD2— BHD3 also holds the backbone

of the undamaged strand and binds the two complementary flipped-out nucleotides. It is
noteworthy that the BHD3’s key contacts involving the inserted hairpin (e.g., F799 in human
(F599 in Rad4)) and the binding pockets for the flipped-out nucleotides remain the same

as the involved residues are identically conserved (e.g., F797 (F597), P806 (P607), F756
(F556), N754 (N554), N758 (N558) in human XPC (yeast Rad4)).
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One of the key differences between yeast Rad4 and human XPC is the presence of a ~175
residue insertion within the TGD domain in the higher organisms (human XPC residues
331~ 520). This ‘linker’ region is enriched with basic residues and is predicted to be flexible
and unstructured. In our model, the linker faces the DNA on the same side as the a2 helix of
TGD which contacts the undamaged portion of the DNA together with the BHD2 B-hairpin
on the opposite side of the DNA. A recent study shows that this region interacts with the
deacetylated histone H3 tail and participates in promoting GG-NER in DDB-independent
manner (82). Human XPC is also predicted to have a shorter 03B2-hairpin in BHD1 and

a longer p-hairpin in BHD2 compared with those in the yeast Rad4 (Figure 2). A shorter
B-hairpin in BHD1 may be allowed because of the presence of the long linker region in
TGD that could have a compensatory role in DNA binding. A longer BHD2 may also allow
more extensive contact with the minor groove around the lesion site (79). These features
may contribute to the higher affinity of human XPC to DNA than that of Rad4 (22,23,83,84).

2. Comparison between the structural models by SwissModel and AlphaFold

Recent development in structural prediction programs using artificial intelligence such as
AlphaFold (https://alphafold.ebi.ac.uk/) have garnered much attention (85). AlphaFold uses
machine learning that combines physical and biological knowledge about protein structure,
multi-sequence alignments with deep learning algorithms.

Overall, the AlphaFold model of human XPC is highly similar to the model generated by
SwissModel. The RMSD for all atoms is 2.618 A (2367 to 2367 atoms), and for Ca is
2.165 A (288 to 288 atoms) within the structured domains (residues 184-330 and 522-831)
(Figure 3). The residue-by-residue confidence estimate as well as the predicted aligned error
plot of the AlphaFold model are shown in Figure S6. The conformation of the AlphaFold
model resembles that of the lesion-bound Rad4 more than that of the apo-Rad4, similarly
as the SwissModel of human XPC (Figure S7). However, it differs in several ways in the
regions including the N- and C- termini and the flexible linker within TGD, compared with
the SwissModel. In general, we find that AlphaFold tends to predict continuous a-helices
in place of two separate helices as in the SwissModel modeled after the yeast Rad4 crystal
structures. AlphaFold also predicted additional helices where it is modeled or predicted to
be unstructured in the SwissModel. Major specific differences between the two models are
described below.

First, AlphaFold predicts a single contiguous a-helix in the N-terminus of XPC (residues
170-225). In the SwissModel of XPC, the residues before residue 184 are not included

as this region in the Rad4 crystal structures is disordered, and the a-helical region

after residues 185 is broken into two helices, al (residues 185-190) and a2 (196-225),
analogously to those in the Rad4 crystal structures (residues 123-128 and 134-163).
Second, AlphaFold also predicts a ~50- residue, contiguous a-helix for residues 815-865
in BHD3 that includes residues 847-863 that bind to CETN2 (72-74), instead of the two
shorter helices, a2 (residues 815-826 corresponding to Rad4 residues 616-627) and a.2’
(residues 828-831 corresponding to Rad4 629-632) in the SwissModel. Third, AlphaFold
predicts a loop for residues 520-526 instead of an a-helix in the SwissModel. AlphaFold
also predicts an a-helix for residues 555-562 instead of a loop in the SwissModel. Fourth,
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AlphaFold models the loop spanning residues 266-281 differently from the SwissModel.
This region in yeast Rad4 is significantly longer (residues 215-246) and is adjacent to its
Rad23 binding site. Fifth, AlphaFold predicts two short a-helices (residues 712—-720 & 722-
725) between the B2 and p3 of BHD2. Sixth, the AlphaFold model also predicts that the
conserved hydrophobic residues, Y660, W736 as well as Y704, pack against one another to
form a hydrophobic interface between BHD1 and BHD?2. Lastly, AlphaFold includes three
additional a-helices beyond the end of (a2”) in BHD3 (residues 891-903, 906-918 and
924-933) albeit with a low confidence level (pLDDT < 70) (Figure S6). Not surprisingly, the
flexible linker within TGD is also modeled with very low confidence (pLDDT <50).

The significance of these differences between the models would be a worthy subject for
future investigations. Most genetic variants discussed in this study fall into the regions where
AlphaFold and SwissModel are largely similar. We used the SwissModel which has better
geometry as our primary model for further discussion and included a comparison with the
AlphaFold model as necessary.

3. Mutations and variants in the XPC gene from databases and clinical literature.

Single-amino acid missense variants in the human XPC gene were compiled from three
different databases: Tumor Portal (TP), International Cancer Genome Consortium (ICGC),
and ClinVar (CL). Though many known pathogenic mutations in the XPC gene (e.g., in XP
patients) encode nonsense or frameshifts that encode truncated proteins with undetectable
protein levels or activities in cells (86), we focus our analyses on missense mutations/
variants whose biological consequence may be more directly influenced by the residue’s
specific role for the protein’s structure and interactions.

TumorPortal (TP) catalogues mutated genes in tumor samples (87). TP identifies possible
cancer genes by using genomic analysis to detect somatic mutations that occur at a
statistically significant rate in comparison to normal tissue samples. Somatic point mutations
in each of the 18,388 genes from 4,742 cancers are shown for 21 different cancer types.

For the XPC gene, there were 31 mutations reported from 16 types of tumor samples (http://
www.tumorportal.org/). (Table S2; see Sl File S5).

The International Cancer Genome Consortium (ICGC) data portal catalogs genomic
abnormalities in 50 types of cancer managed by collaborative institutions (88). The data are
taken from projects such as the Tumor Sequencing Project and include somatic mutations,
structural rearrangements, and germline variations. For the XPC gene, there were 173
mutations reported from 174 donors, of which 4 were high functional impact and 169 were
low impact (https://dcc.icgc.org/) (Table S3; see Sl File S5).

ClinVar (CL) is a public archive of reported relationships among human gene variants and
pathological phenotypes (86). CL organizes reports found in patient samples, assertions

of their clinical significance, and other supporting evidence. The complexity of CL

entries varies, from providing the presentation and interpretation of an allele to structure
observation or experimental evidence about the effect of a genetic variant. The clinical
significance of gene variants is classified according to Richards et a/.(89). The classification
ranges from “likely benign” to “likely pathogenic”, which is strongly expected to cause
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diseases. Benign sequence variants may be single nucleotide polymorphisms (SNPs) or

the result of genomic instability. For the XPC gene, there were 49 missense mutations
reported from germline clinical testing, of which 2 were likely pathogenic, 28 were
uncertain, 6 were likely benign, 9 were benign, and 3 had conflicting interpretations (https://
www.nchi.nlm.nih.gov/clinvar/ (Table S4; see Sl File S5).

Finally, we compiled single-amino acid missense variants from clinical literature. The
analysis provided for each mutation varies, from describing a patient case study to a meta-
analysis of polymorphisms. We include the clinical impact and notes. For the XPC gene,
there were 12 missense mutations reported from patient genotyping (Table 1).

4. Literature survey on functionally important mutations in XPC in vitro.

Here, we have compiled human XPC gene mutations and variants that have been studied and
reported before with various cellular, molecular and biochemical approaches. The mutations
and their effects are listed in Table 2.

5. Structural analyses of XPC genetic variations.

Here, we have mapped the XPC variants compiled above (Tables 1-2 and S1-S5 in Sl

File S5) onto the 3-D models of human XPC constructed using SwissModel as well as
AlphaFold. Out of 246 unique variants, 168 variants were spread over the central domains
of the protein: 53 were in the TGD domain, 11 in BHD1, 12 in BHD2, 39 in BHD3 and 53
were in the linker region within TGD (residues 331-520).

To aid visual inspections and characterizations, we have grouped the mutations into 21
clusters. The clusters are made up of mutated residues that are physically close to one
another within the protein structure; the proximity may indicate a functional connection
among the residues in the cluster. Figure 4 shows each cluster in the context of the

overall structure of XPC. Figures 5-11 show close-up views of each cluster along with

the corresponding lists of mutations. A Pymol pse file in which the clusters and residues can
be easily found as individual selections is also available (see Sl File S6).

Next, we used the structural models together with the sequence conservation among various
orthologs (Figures 2 and S5) (62) to qualitatively assess the putative roles of each residue
and the impacts of their mutations. The degree of sequence conservation computed by
ConSurf is also indicated in Table S1 in Sl File S5. Generally, a score of +3 (high impact)
is assigned for variants at strongly conserved positions that have a published indication to
be pathological or disruptive of the structure/function; +2 (moderate impact) for variants in
conserved positions that are likely to be structurally impactful; +1 (low impact) for variants
in conserved positions yet whose impact is likely small; O (uncertain impact) for those in
most conserved positions whose structural impact is not obvious (e.g., solvent-exposed) or
likely to be tolerated; —1 (no impact) for the variants that synonymous mutations while being
conserved or those that are not conserved with low predicted impacts. These scores were
also used to indicate our predictions for residues in Figures 5 — 10.

Additionally, we quantitatively assessed the potential impacts of the variants using FoldX
(63) and SDM (64). FoldX predicts AAG (kcal/mol) based on polar and hydrophobic
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desolvation, hydrogen bond energy, and electrostatic energy for residues located at the
interface of oligomeric proteins. Here, AAG = AGvariant — AGwildtype. Mutations that are
predicted to have a negative AAG are generally considered stabilizing, while positive AAG
are considered destabilizing (115). The SDM server predicts AAG based on local structural
environment (solvent accessibility, secondary structure, hydrogen bond energy, packing
density, and residue depth). These probability scores are derived from environment-specific
substitution tables (ESSTs) calculated from protein family sequence alignments. Here, AAG
=AGwildtype — AGvariant. Mutations with a negative AAG are considered destabilizing,
while positive AAG are considered stabilizing (64). The AAG’s calculated by FoldX and
SDM showed a statistically significant and a moderate correlation which is negative as
expected (r= —0.496, N=118, p<0.001). The correlation between our scores and those of
FoldX were also significant with a moderately positive correlation as expected (r= 0.490,
N=118, p<0.001). The correlation between our assessment and SDM-calculated AAG values
were also statistically significant with a moderately negative correlation as expected, albeit
with a bit lower correlation coefficient (r= —0.366, N=118, p<0.001) (Figure S8). The scores
from our assessment, FoldX and SDM for each residue are included in Table S1 in Sl File
S5.

Below, we discuss individual variants by the clusters, primarily focusing on the variants that
are predicted or shown to be of high or moderate impact and those that are likely to form
solvent-exposed hydrophobic surfaces, suggesting novel inter-molecular interfaces. The low-
or uncertain-impact residues within a cluster are denoted with a dagger (1) and are described
in Supplementary Information (Text S1 in Sl File S1). The residue numbers in () indicate
the corresponding residue number in Rad4. Residues that are before (/) are conserved in a
majority of orthologs.

Cluster 1 is located around a1 and a.2 of TGD, and contains R191Q, A193VT, K195Tt,
K199N and G200Et (Figure 5).

The conserved R191 (R129; R in most orthologs: R(K/E)) contacts the minor groove of the
DNA: its positively charged guanidino group forms ionic interactions with the negatively
charged phosphate backbone. The mutation R191Q may weaken this interaction as the
positive charge is absent in GIn.

K199 (R137) belongs to a.2; its side chain is flanked between two phosphates groups of the
two DNA strands resulting in narrowing of the minor groove. Notably, the amino acid type
at residue 199 is predominantly K/R indicating its functional importance in XPC. K199N
mutation may weaken the interaction between a2 and the DNA due to the loss of the
positive charge in the residue.

Cluster 2 is located near the a2 and 8 helices of TGD and includes L2141t, A215St,
F218Vt, V578Ft, and D580Y (Figures 5 and S4).

D580 (D374) is located at the end of B8 and is conserved as D/E in all orthologs. The
D580 forms a salt bridge with another highly conserved residue, R597 (R391 in Rad4) in a
partially embedded environment. The carboxyl group of D580 also forms a hydrogen bond
with the backbone amide of T582 of a.11 and the N1-H in the indole ring of W603 of
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al13. T582 and W603 are conserved in most orthologs (T(S/G) and W(Y/F/M/L/V). Taken
together, the mutation D580Y likely have a negative impact on the conserved packing of
alland al2 in the TGD domain.

Cluster 3 is located near the end of the a2 helix and the beginning of the a.3 helix of TGD,
and contains R220Qt, C224Y, P227Qt, R307W, and R307Q (Figure 5).

C224 (1162) in a2 is represented as Cys in most orthologs: C(L/I/A). The side chain of
C224 packs against H300, L303 and L304 in a.8 and is also close to R307 (see below),
which are all relatively well conserved: H300 (G268) is H/Q(/Y/FIT/A), L303 (V270) is
L(/V/IIFICIA), and L304 (A271) is L(/A/I/CIS). C224Y may be too bulky and destabilize
the packing between these a2 and a.8 within TGD.

R307 (R274) is located in a8, partially buried, and identically conserved in all orthologs.
R307 forms H-bonds with N221 (N159) and S225 (N163) of a2, and the carbonyl groups
of 1572 and D573 of B7. N221 is identically conserved in most orthologs N(/S/V/D); the
solvent-exposed S225 is represented as polar residues: N/S(/D/C/L/R). R307W may be
too bulky and hydrophobic, disrupting the packing of a2, a8 and 7. R307Q lacks the
guanidino group to maintain H-bonds and is shorter, which may destabilize the structure.

Cluster 4 is located where the a3, 4, and 5 helices of TGD interact, and contains S235PT,
1236V, W260R, F302S, and G550Ct (Figure 5).

W260 (L209) in a5 faces the loop between a3 and a4. Rad4’s L209 makes hydrophobic
contacts to stabilize the packing. This position is conserved mostly as W(L/I/V/H) in most
orthologs and is facing solvent along with other highly conserved aliphatic/hydrophobic
residues (P238 and F241), which suggests that it may form a binding interface with other
proteins in cells (Figure 12). AlphaFold models these residues as more buried but still

a significant part of them are solvent-exposed. W260R has the potential to maintain the
hydrophobic packing, and thus its destabilizing impact could be relatively small. FoldX and
SDM predicts it to be slightly stabilizing. If W260 in mammalian XPC were to participate
in forming an intermolecular hydrophobic interface with other proteins in cells, we envision
that W260R can have a more significant impact.

F302 (F269) is located in a8 and conserved as F in almost all orthologs: F(/L/A). F302
forms hydrophobic contact with L257 (C206), V258 (M207) and F261 (W210) of a5, L306
(L273) of a8, L532 (C317) of B4, and C547 (P332) of p5. All the contact residues are also
highly conserved as hydrophobic. F302S may disrupt the hydrophobic packing of a8 with
a5, B4, and B5. F302S was shown to impair the recruitment of XPC to 408 nm laser-induced
damage spots in cells (90). This residue also falls in the region (residues 154—-331) that was
previously reported to interact with XPA (111).

Cluster 5 is located near a4 and a5 of TGD, and contains R240C, P246St, and Y252C
(Figure 6).

R240 (K178) is in a4 and exposed to solvent. This position is represented by a basic
residue R/K/H/(G/Y/D) in most orthologs. R240 is within a H-bond distance with Y252
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(D201; see below) where both are solvent-exposed. The impact of R240C is not clear for
the structural integrity and DNA binding function of XPC, but it may be important in other
protein-protein interactions as discussed below with Y252. FoldX and SDM predict it to be
slightly destabilizing.

Y252 (D201) located in a5, is exposed to solvent, and not conserved (represented as
D/Y/L/IVINIG/K) in orthologs) although it tends to be hydrophobic in higher organisms.
Y252 forms a contiguous solvent-exposed interface along with W260 (cluster 4), P238
(P176), and F241 (V179) which are all highly conserved, along with R240 (K178) and K259
(E208) which are conserved as basic residues in higher eukaryotes. This hydrophobic/basic
interface may function in other protein-protein interactions in higher eukaryotes (Figure 12).
Although the impact of Y252C on the XPC structural integrity is unclear in our analysis,
FoldX and SDM predict it to be slightly destabilizing.

Cluster 6 spans a7, 2, and a8 of TGD. It contains E270Dt, F287Ct, S291Ct, R293QT,
and E296KT (Figure 6). No residue in this cluster is predicted to have a significant impact on
protein structure or function.

Cluster 7 is located in a hydrophobic interface that packs a1l and a 14 with the central g
sheet (especially B3, p4 and B5) in the TGD domain. It contains R314Q, W531A, W542A,
Y585C, and E621Q as well as E539Gt and K620Tt (Figures 6 and 11).

Notably, R314, W531, W542, Y585, E621, as well as nearby residues E533, R584 (/K) are
nearly identically conserved in all orthologs as they pack in a hydrophobic core laced with
multiple embedded salt bridges and H-bonds. R314 (R281) is located in f3, W531 (W316)
and E533 (E318) in p4, W542 (W327) in p5, R584 (R378) and Y585 (Y379) in all, and
E621 (E421) in a14. Altogether, they stabilize the packing between p3/B4/p5 and a 11/
ald:

R314 and R584 make multiple salt bridges with E533 and E621. R314 also forms an
Arg-Trp cation-pi stacking between the Arg guanidino group and W542 aromatic ring. R584
also forms a salt bridge with E624 (YY424) and packs with Y585. Y585 H-bonds with E533
and W531 (see below). R314Q (91) lacks the guanidino group to weaken its interaction with
W542 and could disrupt the salt bridge network E533 and E621. W542A would also disrupt
the Arg-Trp stacking with R314. Functional studies show that W542A moderately lowers
accumulation at the lesion and DNA binding (110). Y585C may be too small and likely
destabilizes the protein and results in partial lack of function, as manifested in some XP-C
patients (105). E621Q may weaken Glu’s salt bridges interaction with R314 and R584.

WH531 (W316) is located in p4 and is identically conserved in all orthologs. W531 makes
hydrophobic contact with Y585 (Y379) of a11, 1528 (P313) of the loop between a9 and
4, M566 (L360) of the loop between a.10 and B7, V569 (V363) of B7, V316 (1283)

of 3 and Y559 (S345) between p6/a10. The amine group in the indole group of W531
forms an H-bond with the hydroxyl group of Y585 (Y379) of a11. Y585 is identically
conserved in all orthologs, as mentioned above. 1528 is conserved as Pro in lower orthologs
P(/VITIC/D/A/SIR). Both M566 and V569 are nonpolar in all orthologs as M(/L/V/1) and
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V/(/1), respectively. V316 is also nonpolar in all orthologs V(/1). Y559 is not conserved
(Y/SIFIRIH/E), and the contact between W531 and Y559 is not retained in the AlphaFold
model, which modeled the region around residues 553-566 differently. Functional studies
show that W531A moderately lowers accumulation at the lesion and DNA binding (110).
WH531A may be too small and weaken its hydrophobic interactions.

Cluster 8 is located in the long, unstructured linker between 3 and p4 of TGD, and
contains K332Nt, P334H, and P334S (Figure 6).

P334 (L300/N301) is not conserved (P/S/T/Q/A/LIN). Yet, P334H is reported as a pathogenic
variant in patients (47,91-95,109). Functional studies show p.Pro334His mutation prevents
the stimulation of Oggl glycosylase because it impairs the interaction of XPC with Oggl

as well as with the p62 subunit of TFIIH (109). A recent study shows that the linker region
(residues 331-520) containing P334 interacts with the deacetylated histone H3 tail and
participates in promoting GG-NER in DDB-independent manner (82). The impact of P334H
or P334S on the structure of Rad4 itself or on its DNA binding is likely to be mild, but it
may have different functions through other inter-molecular interactions.

Cluster 9 is located near the loop connecting 6 and p7 of TGD, and contains P321Q,
T557NT, A562TT, P565Tt, and T567NT (Figure 7). This loop is longer in lower eukaryotes
and contains a short a helix in Rad4. P321 (P288) is located at the loop after X3 and
conserved as a Pro in most orthologs P(/A/V). P321 resides in the hydrophobic core of
TGD, forming hydrophobic contacts with Y568 (Y362) of 03B27, H206 (H144) of a2 and
L210 (L148) and L213 (L151) of a2. Y568, H206 and L210 are identically conserved in all
orthologs. L213 is also highly conserved as L(/Q/F). P321Q may disrupt the hydrophobic
packing with B3, p7 and a.2.

Cluster 10 is located near f8 and a13 of TGD. It contains D575ET, E605KT, R608K T,
S6121t, F614ST, and M615T+ (Figure 7). No residue in this cluster is predicted to have a
significant impact on protein structure or function.

Cluster 11 is located around a.12 and a14 of TGD near the TGD-BHD1 hinge. It contains
W589Q, R594H, P633T, P633L, and P633S (Figure 7). W589 (M383) is located in a12 and
is conserved as aromatic in most orthologs W(/Y/F/M/C/L). R594 (R388) is located in a12,
and conserved as R in most orthologs: R(/S/L). W589 and R594 interact with each other
while both are partially exposed to solvent. In the SwissModel, W589 also forms cation-pi
interaction with R594. W589Q and W589S may weaken these interactions. Additionally,
R594 is in close distance from P645 (P445; Cluster 12) in the loop connecting a0 and 1

of BHD1. P645 is Pro in all but one ortholog (/E). R594H or R594C may disrupt the key
interactions important for the hinge interface between TGD and BHDL1.

P633 (G433) is located at the end of TGD domain before the .0 of BHD1 starts. It is
exposed to solvent and is conserved as P in most orthologs (/G/S). P633 may play a role
in coupling the TGD and BHD1 domains. In yeast, there is a Gly, but the junction instead
presents W382 (in place of V588 in humans) to pack a12 and a.0. P633L/T/S may disturb
the coupled movement of TGD and BHD1 in DNA binding.
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Cluster 12 is located around a0 and 1 of BHD1 near the TGD-BHD1 hinge. It contains
Y641C, Y641H, P645H, and L646MT (Figure 7). Y641 (L441) is located in a.0 of BHD1
and is conserved as Y or F in most orthologs Y (/F/L/M). Y641 forms highly conserved
hydrophaobic interactions with L634 (1434) and P635 (P435) between a14 of TGD and a0 of
BHD1, L649 (L449) of p1 of BHD1, C670 (L469) of p2, and V675 (V481) of 3. L634 and
L649 are conserved as hydrophobic in all orthologs L(/1/M). P635 is Pro in all orthologs.
C670 is C(/L/1IV). V675 is V(/1). Since Y641 is involved in a highly conserved hydrophobic
interface that stabilizes the BHD1 core (connecting a0/B1, 03B22, and XX3) as well as the
interaction between BHD1 and TGD, Y641C and Y641H may be disruptive for the protein
structure.

P645 (P445) and L646 (Y446)T are is located in the highly conserved p-turn (XPC 642—
646, Rad4 443-446) connecting a0 and B1 that is part of the inter-domain hinge between
TGD and BHD1. P645 is partially exposed to solvent and conserved as Pro in all but one
ortholog (/E). In XPC, P645 (P445) forms hydrophobic contact with M590 (N384) and
potentially also with R594 (R388; Cluster 11) of .12 of TGD, similarly as in Rad4. P645H
may disrupt the X—turn and destabilizes the packing between the a.0-B1 loop of BHD1 and
al12 of TGD necessary for DNA binding.

Cluster 13 is near 03B23 and a.2 of BHD1. It includes A658D, E662Kt, R671Qt, R671HT,
R671Ct, E673KT, and A674V (Figure 8). A658 (1458) is conserved as nonpolar in all
orthologs A(/V/I/G). A658 (1458) is located in f1° of BHD1 and packs against f3’ of BHD1
in the BHD1- BHD2 interdomain hinge through hydrophobic interactions. Most of the
residues in this interface are highly conserved as hydrophobic/aromatic in higher eukaryotes
compared with lower eukaryotes, consisting of Y660 (K460), Y704 (K510), W736 (E535),
H682 (A488), L684 (L490) as well as A658 (1458). The interdomain packing is especially
extensive in the AlphaFold model, indicating that the BHD1-BHD?2 interaction may be
tighter in human XPC than in Rad4. A658D may disrupt the packing of the interdomain
hinge.

A674 (K480) is located in B3 and conserved as nonpolar A(/L/N/P/K). A674 forms
hydrophobic contact with 1666 (E465) of 2. A674 and 1666 are nonpolar in higher
orthologs in contrast to yeasts. Together with nearby Y676 (Y482) and Y669 (Y468) that
are highly conserved (ConSurf score of 9’s), these residues seem to form a solvent-exposed
hydrophobic surface that may play a role in intermolecular interactions in higher organisms
(Figure 12). The impact of A674V is unclear.

Cluster 14 is located near a1, B3, and B3’ of BHD2. It contains T689M, T689K, W690S,
L691P, P703L, F733A, and T738A (Figure 8). T689 (Q495) is located in a1 and conserved
as polar in most orthologs T(/Q/N/R/K/H/I). Q495 can form H-bond with S492 of a1 and
its amide group hydrogen bond to the phosphate groups of dA15 (W15). Similarly, in XPC,
T689 could interact with the phosphate backbone of DNA as well as S686 (S492) of a.l1.
S686 is conserved as Ser in almost all orthologs (/T/G). T689M (91) may be too nonpolar
for this position though FoldX and SDM predict it to be slightly stabilizing. The impact of
T689K is not clear and likely benign.
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W690 (W496) is located in al and identically conserved in all orthologs. W690 forms
extensive hydrophobic interactions with multiple, highly conserved residues: T738 (T537)
of BHD2 3’, H685 (K491) of BHD2 B3’/a.l loop, F733 (Y532) of 3/a.2 loop, and R695
(R501) of B1’. The amine of the indole group H-bonds with the backbone carbony! of

S686 of al. T738 is identically conserved in all but one ortholog (/M). H685 is conserved
as basic in most orthologs H(/K/R/Q/F/Y). F733 is conserved as aromatic in all orthologs

Y (/F). R695 is identically conserved in all but one ortholog (/L). W690S is reported as a
pathogenic mutation in humans that cause XP (91,96). Functional studies indicate F733 and
W690 cooperate to detect and bind single stranded DNA on the undamaged side of the
DNA duplex with high affinity (110-112). The W690S mutation is shown to increase the
mobility of XPC in cells (13) and drastically lower the /n vivo stability and the /in vitro DNA
binding affinity for both undamaged and damaged DNA (113). Recently, it was reported
that this mutation negatively impacts the association of XPC with Sox2 transcription factor
but not with Oct4 (45). Ser in W690S may be too small and polar and disrupt hydrophobic
packing that stabilizes BHD2 core involving p3’, B3, a1, and p1’. These findings may also
underscore the general importance of BHD2 in the DNA recognition function of XPC.

L691 (Y497) is located in al and is conserved as Leu in all higher orthologs and Tyr in

all yeasts. While L691 does not make significant contacts with other residues in our current
model, it is located in an interface facing a group of highly conserved, hydrophobic residues
in BHD3, including Y741 (Y540), Y760 (E560), F762 (F562), L763 (A563), and M766
(M566).

This packing is more extensive in the AlphaFold model. In Rad4, Y497 is located in al

of BHD2 and packs against a0 and p0 of BHD3 in the interdomain hinge. Y497 forms

an H-bond with E560 of B0 and hydrophobic contact with M566 of a0 and F562 of 0

of BHD3. E560 is conserved as acidic in all yeasts E/D and Tyr in other orthologs. M566

is Met in all but one ortholog. F562 is conserved as F(/W/Y) in all orthologs. It may be
possible that these interactions formed with Y497 in Rad4 are not possible with L691 in
higher organisms. Nevertheless, L691P may destabilize the a1 helix and thus interfere with
the hydrophobic packing that interfaces BHD2 and BHD3. FoldX and SDM predict L691P
to be destabilizing.

P703 (C509) is located in the B1’-B2 loop, partially exposed to solvent, and conserved

as Pro in most orthologs except yeasts: P(/C/A/H). P703 packs against a conserved F733
(Y532, see below) of B3. The impact of P703L (106) is not clear though FoldX and SDM
predict it to be slightly destabilizing.

F733 (Y532) is located in 33 and conserved as Tyr or Phe in all orthologs. F733 forms
hydrophobic contact with W690 (W496; see above) of a1l and P703 (C509; see above).
W690 is identically conserved in all orthologs. P703 is also highly conserved as P(/C/A/H).
F733 also makes hydrophobic contacts with E701 (S507) in the SwissModel or V697
(L503) in the AlphaFold model. E701 is conserved as Glu in all higher orthologs (/S/A),
and V697 is also conserved as small aliphatic residues, V(L/1), in all orthologs. The site-
directed mutagenesis of F733A results in an almost complete loss of DNA binding, reduced
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interaction with single- stranded DNA, and lowered ability to localize to sites of DNA
damage (110,112). F733A may be too small and weaken the hydrophaobic packing.

T738 (T537) is located in B3’ and identically conserved in all but one ortholog (/M). T738’s
methyl group forms hydrophobic contact with W690 (W496; see above) of a1 and its
hydroxy group H-bonds with R695 (R501) of B1°. R695 is identically conserved in all but
one ortholog (/L). T738A (107) may destabilize the hydrophobic core of BHD2 and have an
impact similar to W690S. We note that this missense mutation is also speculated to allow
partial functionality of XPC, which may explain the unusual late onset XP observed in the
patient (107). L691, P703 and F733 in the Cluster 14 form a conserved, solvent-exposed
hydrophobic surface in BHD3 together with V697, L699 and VV702. This surface may
function as a inter-molecular interface (Figure 12).

Cluster 15 is located in the B2-p3 loop of BHD2. It includes R713HT, R715Qt, E721Kt,
Q723t, and D729t (Figure 8). No residue in this cluster is predicted to have a significant
impact on protein structure or function.

Cluster 16 is located near the B turn-p0 loop and the a.1-B2 loop of BHD3. It includes
A746DT, VT47TMT, D748GT, G749W, K750NT, and D789Yt (Figure 8). G749 (G549)
located at the BHD3 B-turn is conserved as Gly in all but one ortholog (/N). G749W may be
too bulky and disrupt the p-turn located in the beginning of BHD3.

Cluster 17 is located near the p-turn region before the B0 of BHD3 and includes P752TT,
R753L, N754A, E755K, F756A, G757W, and G757R (Figure 9).

R753 (K553) is partially exposed to solvent and conserved as basic in most orthologs
R(/K/H/T). R753 forms an H-bond with the carbonyl backbone of C790 (F590) of B2 in
the SwissModel whereas it interacts with D789 (E589) in the AlphaFold model. D789 is
mostly conserved as Asp in most orthologs: D(/E/Q/K/P). R753L may thus destabilize the
interaction of B2 and the p-turn region.

N754 (N554), E755 (T555), F756 (F556), and G757 (G557) are highly conserved and form
a p-turn motif. This B-turn has been proposed to play a role as a sensor for DNA damage
(110). N754 and F756 are predicted to contact DNA together similarly (114) by interacting
with one face of the flipped out dA17 (W17) adenine group opposite of F797 (F597), P806
(P607) and 1794 (V594). N754 (N554) is identically conserved in all orthologs, while F756
(F556) is conserved as aromatic in all but one ortholog (/R). In Rad4, N554 N&2 group also
forms a single H-bond with the dA17 (W17) N6 group. This H-bond could also be found
when the flipped-out nucleotide was a thymine as seen in the structure of Rad4 bound to
TTT/TTT mismatches (PDB ID: 2QSG and 2QSH). N754’s backbone carbonyl group also
H-bonds with the backbone amide of G757 (G557) to form the B-turn. Functional studies
indicate that N754 is important to mobility and the ability to accumulate at the lesion (114).
N754A may abolish these interactions and thus impact Rad4 function. N754A may disrupt
interaction with the flipped out dA17 (W17) adenine group. F756A may be too small and
weaken interactions with the flipped out dA17 (W17). G757W/R may lack flexibility and
disrupt the B-turn. E755 (T555) is conserved as Glu in higher eukaryotes (/D/T/A/F) and
exposed to solvent. E755 has been suggested to have DNA- repellent properties. thereby
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providing the necessary mobility for dynamic lesion recognition (110). In functional studies,
E755K reduces nuclear mobility and causes a significant defect in GG-NER (110) while
F756A is only partially impaired in localizing to UV lesions but fully able to recruit TFIIH
(114). E755K may have DNA-attractive properties and disrupt the mobility of the B-turn.

Cluster 18 is located near the p-turn-p0 loop, p1, and a2 of BHD3. It includes Q742Lt,
QT742ET, P743L, P743T, C771G, C771Y, and E815Kt (Figure 9).

P743 (P542) is conserved as Pro in most orthologs: P(/R/L/A) together with the adjacent
P744 (P543). P743 forms van der Waals contact with the Y741 ('Y540) which is also highly
conserved. P743L/T may disrupt the packing.

C771 (C571) is located in 1 and conserved as Cys in most orthologs: C(/T/G/A; ConSurf
score 9). C771 forms hydrophobic contact with conserved hydrophobic residues such

as 1812 (V613), P768 (P568) and V751 (1551). This packing is more extensive in the
AlphaFold model than in the SwissModel. C771G and C771Y (108) may destabilize these
interactions. C771Y missense mutation is found in an XP patient who was compound
heterozygous in the XPC gene with another intronic variant (XPC ¢.780-1G>A).

Cluster 19 is located near a1l and a2 of BHDa3. It includes L779V, R781Ht, V782M+,
AT783D, L786M, D819ET, and V820M (Figure 9). L779 (A579) is located in a1 and
conserved as nonpolar in all but one ortholog L(/A/I/S). L779 forms hydrophobic packing
contacts to stabilize the core of the BHD3 domain. The contacting residues are L774
(V574) and L776 (N576) of B1, Y811 (1612) of B3, and L821 (1622) of a2. These residues
are mostly nonpolar in orthologs even if some of them are partially exposed to solvent:
L774 L(/V/IM/IIC); L776 L(/N/F/VIH/K/SIN); Y811 Y (V/I/A/F); L821 L(/I/V/F) and also
potentially W825 W(Y/I/L/A) according to the AlphaFold model. L779V may impact the
BHD3 core packing. FoldX and SDM also predict this to be destabilizing. Surrounding
residues (V772, L774, L776, L822 and W825) are likely to form a hydrophobic interface for
other intermolecular interactions (Figure 12).

AT783 (A583) is located in a1 of BHD3 and conserved as Ala in most orthologs A(/C/S).
AT783 forms hydrophobic contact with Y811 (1612) of B3 and L821 (1622) of a.2; the
carbonyl backbone of A783 H-bonds with the amide backbone of 1788. Y811 is aromatic
Y (/F) in some higher orthologs and nonpolar in lower orthologs V(/I/A). L821 is nonpolar
in most orthologs L(/I/V/F). In the AlphaFold model, A783 contacts C790 (F590) of 2,
instead of Y811, which is also highly conserved. A783D may disrupt the hydrophobic
packing of a1, B3, and a2. FoldX and SDM predict it to be destabilizing.

L786 (L586) is located in al of BHD3, partially exposed to solvent, and conserved as Leu
in most orthologs: L(/I/F). L786 forms hydrophobic contact with V820 (A621) and A824
(A625) of a2, as well as with 1788 (V588). V820 is nonpolar in most orthologs (V/A/I/DIT).
A824 is Ala in most orthologs (/\V/1). 1788 is Ile in most orthologs, 1(/VV/K). The impact of
L786M is unclear. FoldX and SDM predict it to be slightly destabilizing.

V820 (A621) is located in a2, exposed to solvent, and conserved as nonpolar in most
orthologs V/A/I/(DIT). It also contacts L786 (L586) as described above. The impact of
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V820M is unclear. We note that V820 (A621), L786 (L586), 1788 (\V588) and F817 (L618)
form a solvent- exposed hydrophobic surface, which may participate in an intermolecular
interaction with another protein (Figure 12).

Cluster 20 includes F797A, D798Ht, F799A, G802S, S804F, H805Nt, and P806L (Figure
10). These residues constitute the tip of a long p-hairpin in BHD3 which inserts into

the DNA duplex to ‘open’ the lesion site in the Rad4-DNA crystal structures (24-26).

In most other orthologs, this tip is one residue shorter than in yeast (e.g., human

XPC (797)FDFHGGYSHP(806) vs. Rad4 (597)FKFERGSTVKP(607)). The B-hairpin
approaches the DNA from the major groove and extends through the width of the Watson-
Crick double helix. The aliphatic portions of side-chain and backbone groups of the -
hairpin pack with the base pairs flanking the flipped-out ones (e.g., dA15 & dG18 in the
undamaged strand (W) and dC8 and dT11 in the damaged strand (Y)) with the plane of the
hairpin at a steep angle to the base pair planes that are still a part of duplexed DNA.

F797, F799, and P806 are all identical in Rad4 (F597, F599, and P607, respectively) and
located in the BHD3 B-hairpin. These residues in Rad4 primarily form van der Waals
contacts with the undamaged strand of the flipped-out (‘open’) DNA segment. F797 (F597)
and F799 (F599) are both located in 2 and conserved as Phe in almost all orthologs (/W
and /Y, respectively). P806 (P607) is located in 3 and conserved as Pro in most orthologs
(/A). In Rad4, F597 and P607 pack with one face of the flipped out dA17 (W17) adenine
group, together with V594 (1794 in humans); both F597 and F599 side chains pack with the
dA15 (W16) ribose group. Functional studies indicate that both F797A and F799A impaired
the ability to recruit TFIIH to the lesion site and caused severe GG-NER defect (114).
F797A, F799A and P806L may impact these DNA binding roles.

G802 (S603) is conserved as Gly in most orthologs: G(/S/R/K) but is a serine in Rad4 and is
located at the very tip of the B-hairpin (p2- p3) of BHD3, making up tight a g-turn. G802S
is likely to disrupt this p-turn, especially when the p-hairpin length is one residue short in
higher organisms than in yeast. FoldX and SDM predict G802S to be destabilizing.

S804 (V605) is located in B3 and conserved as a small residue in most orthologs
(S/CITIVIAIG). In Rad4, V605 packs with the ribose groups of the flipped-out dA16 (W16)
and dA17 (W17) nucleotides. S804 may interact with DNA in a similar manner as V605.
S804F may be too bulky for this position. FoldX and SDM predict it to be destabilizing.

Cluster 21 is located near f1, p2, and p3 of BHD3, and includes Q773K*, A793TT,
V807Mt, T808NT, and 1812Vt (Figure 10). No residue in this cluster is predicted to have a
significant impact on protein structure or function.

DISCUSSION

Here, we have compiled the XPC variants from various tumor databases (ClinVar,
International Cancer Genome Consortium,and TumorPortal) and clinical/biochemical
literature. Out of a total of 246 unique variants, 115 variants were found in the central,
structured domains of the protein: 53 were in the TGD domain, 11 in BHD1, 12 in BHD2,
39 in BHD3 while 53 were in the flexible linker region within TGD (residues 331-520).
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We then mapped these variants on 3-D models of human XPC constructed by SwissModel
as well as by AlphaFold, focusing on the ~115 variants in the structured regions where the
models have higher confidence. In addition to visual structural inspections and assessments,
the potential impact of each variant was quantitatively examined using AAG calculations by
FoldX and SDM. Evolutionary conservation for each residue was also assessed by multiple
sequence alignments over 966 XPC orthologs using Clustal Omega and ConSurf.

Our analyses revealed that many of the known pathological mutations are at highly
conserved positions and are likely destabilize the protein’s structure (Y585C, W690S, and
C771Y). One exception is P334H, one of XP mutations, which falls in the TGD linker
and is not conserved even among mammals. The mutants that are shown to be impactful
in biochemical assays also are in highly conserved, structural positions (W531A, W542A,
W690S, F733A, N754A, E755K, F756A, F797A, F799A).

Most other variants lack relevant studies to probe their pathogenicity or biological impacts.
However, the variants at highly conserved positions that are also predicted to destabilize
the protein’s structure are generally predicted to have high/moderate impacts. Among 41
variants that we predicted to have high/moderate impact (scores 2 or 3), 31 of them are
predicted to be structure-destabilizing by both FoldX and SDM while 8 of them were
predicted to be destabilizing by either FoldX or SDM. Only 1 variant, P806L, which we
assessed to be impactful as it may participate in damaged DNA-binding, is not predicted to
be structure-destabilizing by FoldX and SDM. However, we also note that the correlations
among different scores are not perfect, and certain variants deviate from the general trend.
Our analyses help recognize which these residues/variants are and guide future studies.

Additionally, our analyses revealed that several highly conserved, hydrophobic regions are
also solvent-exposed. These regions are formed around residues W260 (including P238,
F241 as well as R240 and Y252), A674 (including Y669 and Y676), L691 (including P703,
F733 as well as V697, L699 and V702), L779 (including V772, L774, L776, L822 and
W825) and L786 (including V820, 1788 and F817) and may indicate novel intermolecular
interfaces that are yet to be characterized (Figure 12).

We hope that our report will help understand the function of each residue in biological
processes, including NER while we wait for a high-resolution structure of human XPC
protein along with more detailed structural, biochemical, cellular and clinical studies of the
genetic variations.
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List of abbreviations:

BHD1 B-hairpin domain 1

BHD2 B-hairpin domain 2

BHD3 B-hairpin domain 3

H-bond hydrogen bond

NER nucleotide excision repair

R4BD Rad4-binding domain

TGD transglutaminase domain

vdw van der Waals

XPC xeroderma pigmentosum C
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TGD 4 BHD1 BHD2 BHD3
Flexible linker

Figure 1.
XPC homology model from SwissModel bound to DNA shown in cartoon representation.

The transglutaminase domain (TGD) is colored orange, B-hairpin domain 1 (BHD1)
magenta, BHD2 cyan, and BHD3 red, and the disordered linker region is light yellow.

In DNA of (a-b) the 6—4PP lesion is shown in red on the damaged strand (light pink).

XPC directly contacts bases (black) on the undamaged strand (grey), opposite of the 6-4PP
lesion. (c) The domain arrangement of human XPC. Striped/checkered regions correspond
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to the N- and C-termini and the TGD linker; these regions are absent in the template Rad4
structure.
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Figure 2. Sequence alignment of XPC orthologs and secondary structures from Rad4/XPC
models.

The secondary structures of the following structures are shown above the alignment: yeast
Rad4 (PDB:2QSH, black outline), the SwissModel of human XPC (red outline), and the
AlphaFold model of human XPC (green outline).
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\,

AlphaFold

Figure 3. Comparison between the AlphaFold model and the SwissModel.
(a) The AlphaFold model of full-length human XPC. The domains are colored the same as

the SwissModel in Figure 1. The N- and C-terminal regions not included in the SwissModel
are shown in semi-transparent form. DNA is also shown semi-transparent to help orient

the viewer. (b) Superposition between the AlphaFold model and the SwissModel. The
AlphaFold model (green) is superposed on the Swiss Model (colored by the domains as in
Figure 1). The flexible linker within TGD and the N-terminal and C-terminal regions (shown
semi-transparent in panel a) are omitted for clarity.
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180°

Cluster |Domain |Color
7 TGD red

8 TGD blue

9 TGD orange
12 BHD1 magenta
13 BHD1 cyan
14 BHD2 black
15 BHD2 yellow
16 BHD3 gray
17 BHD3 green
18 BHD3 white

Figure 4. Locations of clusters mapped on the overall XPC homology model structure.
(a-b) The overall structure is in ribbon representation. The residues discussed in each cluster

are shown in spheres with colors indicated as in the table.
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Cluster 1

XPC Corresponding ConSurf
Source Mutation Rad4 residue Score
ICGC R191Q R129 8
ICGC | A193V V131 8
ICGC K195T S133 8
CL K199N R137 9
ICGC | G200E K138 7
Cluster 2

XPC Corresponding ConSurf
Source Mutation Rad4 residue Score
ICGC L2141 M152 8
ICGC | A215S V153 9
ICGC F218V F156 7
TP V578F C372 7
ICGC D580Y D374 9
Cluster 3

XPC Corresponding | ConSurf
Source Mutation Rad4 residue Score
ICGC R220Q R158 8
TP,
IcCGC C224Y 1162 8
ICGC P227Q K165 7
ICGC R307W |R274 9
ICGC R307Q R274 9
Cluster 4
Source XPC Corresponding ConSurf

Mutation Rad4 residue Score
ICGC S235P N173 9
ICGC,
cL 1236V L174 7
ICGC W260R L209 9
L F302S F269 8
TP G550C L335 8

Figures 5. Local views for Clusters 1-21.
The amino acids that were indicated in the cluster are shown in stick representation

and all other residues are in line representation. Residues are colored according to their
domains (TGD in orange, BHD1 in magenta, BHD?2 in turquoise, and BHD3 in maroon)
except nitrogen (blue) and oxygen (red). In tables, the XPC mutations predicted to have
a high impact (+++; 3) are shown as red bold; moderate impact (++; 2) red; low impact
(+; 1) orange; uncertain impact (+/-; 0) purple; and no impact (-) black (see Table S1,;
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also see File S6. XPC models.pse). Corresponding Rad4 residues and ConSurf scores for
evolutionary conservation are also indicated for each residue.
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Cluster 5

Source XPC ) Corresponding ConSurf
Mutation Rad4 residue Score

CL R240C K178 5

CL P246S H184 6

CL Y252C D201 3

Cluster 6

Source | Viutaion | Redd rosdue | Seore.

[Cac |E270D | V223 5

CL F287C A254 8

CL S291C G258 8

;I-CPG c |R293Q | G260 7

ICGC |E296K D263 7

Cluster 7

P XPC Corresponding ConSurf
Mutation Rad4 residue Score
R314Q R2 81 9

L W531A [W316 9

CL E539G S324 7

L W542A |[W327 9

L Y585C Y379 9

ICGC | K620T Y420 7

ICGC |E621Q E421 9

Cluster 8

Source XPC ) Corresponding ConSurf
Mutation Rad4 residue Score

ICGC | K332N S299 5

L P334H N3 01 4

CL P334H N3 01 4

CL P3348S N3 01 4

1duosnuely Joyiny

Figure 6. Local structural views for Clusters 5-8.
In Cluster 7, E539 and K620 are omitted in the image for clarity.
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Cluster 9

Solirce XPC Corresponding ConSurf
Mutation Rad4 residue Score

ICGC [P321Q |P288 9

ICGC |T557N L343 5

ICGC | A562T A348 9

ICGC ([P565T M359 9

ICGC |[T567N R361 5

Cluster 10

Souce | Niiaton | Redd feeie | Seore

ICGC D575E K369 5

ICGC |[E605K K404 6

CL R6 08K T407 5

ICGC [S612] R4 11 7

CL F614S N/ A 4

ICGC M615T N/ A 5

Cluster 11

Source XPC ) Correspor_lding ConSurf
Mutation Rad4 residue Score

ICGC |W589S | M383 9

rgéc w589Q | M383 9

ICG R594H R388 9

CL R594C R388 9

ICGC P633T G433 9

ICGC | P633L G433 9

ICGC P633S G433 9

Cluster 12

Souce | NP0, | Somesbondia | Condur

TP Y641C L441 8

CL Y641H L441 8

TP P645H P445 9

ICGC L646M Y446 8

Figure 7. Local structural views for Clusters 9-12.
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Cluster 13

XPC Corresponding ConSurf
Source Mutation Rad4 residue Score
ICGC |[A658D 1458 9
ICGC,
TP.CL E662K G462 5
ICGC [(R671H K477 9
L R671Q K477 9
ICGC,
cL R671C K477 9
TP,
icéc |E673K L479 9
CL A6 74V K4 80 7
Cluster 14

XPC Corresponding | ConSurf
Source Mutation Rad4 residue Score
CL, L [T689M Q495 9
ICGC |T689K Q495 9
L W690S |[W496 9
ICGC |L691P Y497 9
L P703L C509 9
L F733A Y532 8
L T738A T537 8
Cluster 15

XPC Corresponding ConSurf
Source Mutation Rad4 residue Score
CL R7 13H R519 8
At R715Q K521 9
ICGC
CL E721K N/ A 7
ICGC | Q723K N/ A 6
ICGC | D729V D528 9
Cluster 16
S6ilifes XPC Corresponding ConSurf

Mutation Rad4 residue Score
ICGC,
TP A746D A545 9
ICGC |V747TM S546 8
ICGC |D748G S548 8
TP G749W [G549 9
ICGC | K750N E550 8
ICGC |D789Y E589 9

Figure 8. Local structural views for Clusters 13-16.
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Cluster 17

Source XPC . Correspor_lding ConSurf
Mutation Rad4 residue Score

ICGC |P752T T552 9

ICGC |R753L K553 9

L N7 54A N5 54 9

L E7 55K T555 7

L F756A F556 7

ICGC | G757W |[G557 9

ICCC. |e757R | @557 9

Cluster 18

Source XPC ' Corresporjding ConSurf
Mutation Rad4 residue Score

ICGC [Q742L 1541 9

ICGC [Q742E 1541 9

TP P743L P542 9

ICGC ([P743T P542 9

L C771Y C571 9

ICGC |[Cc771G [C571 9

ICGC [E815K K616 8

Cluster 19

SoTieE XPC ' Corresponding ConSurf
Mutation Rad4 residue Score

ICGC |[L779V A579 9

ICGC [R781H K581 9

ICGC ([v78z2Mm [A582 8

ICGC |[A783D A583 9

ICGC (L786M L586 9

ICGC |[D819E E620 7

ICGC |[Vv820M [A621 5

Figure 9. Local structural views for Clusters 17-19.
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Cluster 20

Source | 2PC Corresponding
Mutation Rad4 residue

L F797A |F597

ICGC |[D798H |K598

L F799A |F599

CL G802S |[s603

ICGC |[S804F |V605

ICGC |[H805N |K606

ICGC |Pso6L |P607

Cluster 21

sowe | \ion | Rads eas

ICGC | Q773K |L573

ICGC |A793T |A593

ICGC |Vv807M |V608

ICGC |T808N |L609

ICGC |1812V V613

Figure 10. Local structural views for Clusters 20-21.
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Figure 11. Extensive salt-bridge and hydrophobic packing interactions within Cluster 7.
Packing of a11 and a14 with the central § sheet (83, p4 and p5) in TGD is stabilized by

highly conserved residues forming multiple salt bridges and H-bonds, as shown for (a) Rad4
and (b) XPC.
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a | Site Participating Residues
A W260, P238, F241, R240, Y252
B A674, Y669, Y676
C L691, P703, F733, V697, L699, V702
D L779, V772, L774, 776, L822, W825
E L786, V820, 1788, F817

Figure 12. Putative intermolecular interfaces of XPC.
(a) The residues that participate in each putative interface are listed. The residues whose

variants were discussed in the text are bold; other highly conserved residues are also

indicated. (b) Putative interfaces are indicated as black and labeled according to (a) on a
surface representation of the XPC homology structure. TGD is in orange, BHD1 magenta,

BHD3 cyan, and BHD3 red. A DNA model is shown in semi-transparent wires.
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Table 1.

Page 43

Missense genetic variants/mutations in the XPC gene compiled from clinical literature.

The residue numbers are for the human XPC protein. Corresponding residues in Rad4 are indicated only if the
residue falls into the structured regions in the crystal structure of DNA-bound Rad4 (PDB: 2QSH). Mutations
or variants that fall outside the core region (TGD-BHD3) of XPC were not included. Residue positions that
appear in our model and correspond to XPC domains are shown as orange for TGD, green for the flexible
linker within TGD, purple for BHD1, blue for BHD2, and red for BHD3.

Position

Amino
Acid
Change

Corresponding
Rad4 Residue

Clinical Symptoms/ Notes

Reference

302

F302S

F269

Rare variant identified as associated in bladder cancers. Showed defect
in XPC recruitment to oxidative damage and increased risk of bladder
cancers

(90)

314

R314Q

R281

Polymorphism

(91)

334

P334H

No corresponding
residue

Pathogenic variant. Identified in cell line from an XP-C patient with
neurological symptoms, which is rare.

Also associated with increased risks in hereditary breast/ovarian and
colon cancers.

(91-95)

393

R393W

No corresponding
residue

Rare variant identified as associated in bladder cancers. Showed defect
in XPC recruitment to oxidative damage and increased risk of bladder
cancers

(90)

499

A499V

No corresponding
residue

Somatic substitution in 4 out of 19 (21% frequency) prostate tumors in
African American men

Polymorphism associated with DNA repair deficits associated with
increased overall cancer risk including bladder and ovarian cancers, but
not lung cancer specifically

In acute myeloid leukemia treated with induction chemotherapy, this
variant was linked with lower overall disease-free survival, especially
when combined with an XPD codon 751 AC/CC variant

Associated with variable responses to imatinib in BCR- ABL driven
chronic myelogenous leukemia

(34,37,40,91,96—
104)

Does not alter response to platinum-based chemotherapy

Protective variant against prostate cancer development compared to
controls.

Is independently protective from smoking-associated colorecteral cancer
and adenomas (CRC)

PharmGKB: Genotypes AA (Ala/Ala) + AG (Ala/Val) are associated
with decreased risk of gastrointestinal toxicity, Hematologic Diseases
and Leukopenia when treated with Platinum compounds in people with
Carcinoma, Non- Small-Cell Lung as compared to genotype GG (Val/
Val).

585

Y585C

Y379

Pathogenic variant. A 33 year-old Spaniard with an unusual distribution
of lentigines limited to his upper back and scalp but sparing his face

and forearms, despite excess UVR exposure in his youth. Melanoma
developed on his scalp. UDS in his skin fibroblasts was ~40% of normal
after a UVR dose of 10 Jm=2 The UDS level suggests that the XPC
protein was partially functional.

(105)

689

T689M

Q495

Polymorphism

(91)

690

W690S

W496

Pathogenic variant identified in XP patient. The XPC transcript was
present at a normal level and the XPC protein was detectable, although at
a level lower than normal.

(91,96)

703

P703L

C509

83 year-old French woman with multiple melanomas, severe DNA

repair deficiency in one of the oldest living patients with XP reported
worldwide. Unusual long-term survival may be due to avoidance of

sun exposure. Also had a frameshift mutation in exon 15 (c.2544delG,
p.W848X). Also has a loss-of-function variant of melanocortin 1 receptor
(MC1R).

(106)

738

T738A

T537

Healthy Caucasian male diagnosed with multiple primary melanomas.
Also had ¢.2287delC (p.Leu763Cysfs*4) frameshift. p.Thr738Ala
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Amino :
Position | Acid Corresponding Clinical Symptoms/ Notes Reference
Rad4 Residue
Change
missense mutation may enable partial functionality that causes unusual
late onset XP
C571 Brazilian Caucasian male, diagnosed with XP at 10 mo. Symptoms of
771 Cc771Y lentigines and photophobia. Multiple malignant skin tumors. C771Y (108)

missense is compound heterozygous with XPC ¢.780-1G>A intronic
variant.
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Table 2.

Functionally important XPC mutations reported from in vitro studies.

Page 45

The residue numbers are for the human XPC protein. The types of single amino acid mutations are indicated
along with corresponding residues in Rad4, which are indicated only if the residue falls into the structured
regions in the crystal structure of DNA-bound Rad4 (PDB: 2QSH). Mutations or variants that fall outside the
core region (TGD-BHD3) of XPC were not included. Residue positions that appear in our model and
correspond to XPC domains are shown as orange for TGD, green for the flexible linker within TGD, purple
for BHD1, blue for BHD2, and red for BHDS3.

Position

Mutation

Corresponding
Rad4 Residue

Biochemical Effect

Reference

334

P334H

No corresponding
residue

Variant has active /n vitro NER ability but impairs interaction with TFIIH
p62 and delays XPA recruitment; weakens XPC interaction with Ogg1l. Fails
to fully stimulate XPB ATPase activity. Has no effect on XPC/KAT2A (a
histone acetyltransferase) interaction

(47,109)

531

W531A

W316

Repair defective mutation causes moderate loss of DNA binding. Has a
higher nuclear mobility compared to WT controls.

(110)

542

W542A

w327

Repair defective mutation causes moderate loss of DNA binding. Has a
higher nuclear mobility compared to WT controls.

(110)

690

W690S

W496

This mutation drastically lowers /in vivo stability, lowers DNA binding
affinity for both undamaged and damaged DNA, and fails to recruit TFIIH
and XPA in a stable complex

(13,110-113)

733

F733A

Y532

Repair defective mutation causes near-complete loss of DNA binding with
poor ability to concentrate at the site of the lesion. Has a higher nuclear
mobility compared to WT controls.

(110,112)

754

N754A

N554

Reduces DNA repair activity; abolishes single- stranded DNA binding;
reduces binding to homoduplex DNA,; severely reduces localization at DNA
damaged foci.

(114)

755

E755K

T555

Causes significant GG-NER defect. Has a significantly lower nuclear
mobility compared to WT controls.

(110)

756

F756A

F556

Reduces DNA repair activity; abolishes single- stranded DNA binding;
reduces binding to homoduplex DNA; reduces localization at DNA damaged
foci.

(114)

797

F797A

F597

Reduces DNA repair activity; abolishes single- stranded DNA binding;
reduces binding to homoduplex DNA,; reduces localization at DNA damaged
foci; decreases recruitment of TFIIH complex to lesion sites.

(114)

799

F799A

F599

Reduces DNA repair activity; abolishes single- stranded DNA binding;
reduces binding to homoduplex DNA; greatly reduces localization at DNA
damaged foci; decreases recruitment of TFIIH complex to lesion sites.

(114)

848

W848A

W649

When combined with L851A and L855A, it abolishes interaction with
CETN2 and reduces NER activity in vitro.

(70)

851

L851A

L652

When combined with W848A and L855A, it abolishes interaction with
CETN2 and reduces NER activity in vitro.

(70)

855

L855A

L656

When combined with W848A and L851A, it abolishes interaction with
CETN2 and reduces NER activity in vitro.

(70)
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