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ABSTRACT The xeroderma pigmentosum group D
(XPD) protein has a dual function, both in nucleotide excision
repair of DNA damage and in basal transcription. Mutations
in the XPD gene can result in three distinct clinical pheno-
types, XP, trichothiodystrophy (TTD), and XP with Cockayne
syndrome. To determine if the clinical phenotypes of XP and
TTD can be attributed to the sites of the mutations, we have
identified the mutations in a large group of TTD and XP-D
patients. Most sites of mutations differed between XP and
TTD, but there are three sites at which the same mutation is
found in XP and TTD patients. Since the corresponding
patients were all compound heterozygotes with different mu-
tations in the two alleles, the alleles were tested separately in
a yeast complementation assay. The mutations which are
found in both XP and TTD patients behaved as null alleles,
suggesting that the disease phenotype was determined by the
other allele. If we eliminate the null mutations, the remaining
mutagenic pattern is consistent with the site of the mutation
determining the phenotype.

Three genetic disorders, xeroderma pigmentosum (XP), tri-
chothiodystrophy (TTD), and Cockayne syndrome (CS), are
associated with defects in nucleotide excision repair. XP, a
highly cancer-prone disorder, has been studied extensively, and
the seven complementation groups of excision-defective XPs
(XP-A through -G) represent genes whose products partake in
the different steps of nucleotide excision repair. These genes
have now all been cloned, and nucleotide excision repair has
been reconstituted in vitro from purified proteins (1, 2). The
XPA protein is required for binding to damaged DNA (3),
whereas XPG and XPF (together with its heterodimer partner
ERCC1) encode structure-specific nucleases that, respectively,
cleave damaged DNA on the 39 and 59 sides of the damage (4,
5). This cleavage can occur only after the damaged site has
been opened out. This is thought to be achieved by the helicase
activities of XPB and XPD. The latter two proteins are
subunits of the transcription factor TFIIH complex. TFIIH has
two quite separate roles, in nucleotide excision repair and in
basal transcription (6). Since TFIIH is absolutely required for
all transcription by RNA polymerase II, XPB and XPD are
essential genes.

TTD is a disorder quite distinct from XP. Although most
patients are sun-sensitive, they are not cancer-prone, and the
cardinal features of the disorder, namely sulfur-deficient brit-
tle hair, physical and mental retardation, ichthyosis, and
abnormal facies, are not found in XP (7). Despite these
differences, sun-sensitive TTD patients have deficiencies in
DNA repair very similar to those in XP cells, and cell fusion
studies on some 20 TTD families have shown that the defect
in all but two of these families can be assigned to the XP-D
complementation group (8–10). These findings raise the ques-
tion as to how mutations in the same gene can be associated
with disorders with such different clinical features. There are
at least two possibilities. (i) Both disorders may be associated
with similar mutations in the XPD gene, but one or other of
them may have, in addition, mutations in a second gene (11,
12). Although this idea has not been ruled out, we have been
unable to obtain evidence in support of it. (ii) The alternative
explanation is that the clinical phenotypes of the patients are
determined by the sites of the mutations in the XPD gene. We
and others have suggested that XP results from mutations that
affect only DNA repair, whereas the features of TTD result
from mutations that give rise to subtle abnormalities in
transcription (10, 13, 14).

In earlier work in collaboration with the group of C. Weber,
we identified mutations in a few TTD and XP cell lines
(14–16). However, no clear genotypeyphenotype relationships
were apparent from these data. Their interpretation was
complicated by the finding that all of the individuals reported
to date have been compound heterozygotes (i.e., mutations
occur at different sites in the two alleles). In such cases the
phenotype is, viewed most simply, determined by the residual
activity of the less severe of the two alleles. (This assumes that
there are no dominant-negative effects of the more severe
allele.) The XPD gene is highly conserved in eukaryotes, with
50% amino acid identity between Saccharomyces cerevisiae
Rad3, Schizosaccharomyces pombe Rad15, and human XPD
(17–19). Furthermore, most of the mutations that we have
detected in the XPD gene are in highly conserved domains. To
address the question of severity of alleles, for several patients
we have now constructed the analogous mutations in Sch.
pombe rad15 and determined their effects in the haploid state.
We have also analyzed the causative mutations in the XPD
gene in a large number of XP patients. Our data have enabled
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us to clarify genotype–phenotype relationships, and they sup-
port the hypothesis that the clinical features are dependent on
the site of the mutation.

MATERIALS AND METHODS

Cell Culture. All cells were human skin fibroblasts grown in
Eagle’s MEM with 15% fetal calf serum. Cell survival and
unscheduled DNA synthesis (UDS) were carried out as de-
scribed previously (20, 21). XP (listed in Table 1) and TTD cell
strains were assigned to the XP-D complementation group by
using cell fusion followed by measurement of UDS (22, 23).

Mutation Analysis. Mutations in XPD cDNA were analyzed
using procedures described in our earlier work (14, 32). Briefly,
RNA extracted from cells was reverse-transcribed into cDNA
and then amplified in three or four fragments by using PCR.
The fragments were sequenced either directly using cycle
sequencing or after insertion into a pGEM5-based T vector.

To screen for mutations at nucleotide numbers 2125y2126
and 1925, a fragment corresponding to nucleotides 1751–2267
was amplified in 50 ml using primers BB17 (TTGAGAA-
CATCCAGAGGAACAAGC) and BB29 (CGGTG-
GAAGGGCTGTGCCAT). PCR product in 20 ml was di-
gested in 40 ml with 10 units of AciI for 3 h at 37°C, and 15 ml
of the digested product was electrophoresed on a 12% poly-
acrylamide gel for 2 h at 130 V.

Generation of rad15 Mutations. The rad15 ORF was am-
plified using PCR with primers containing NdeI and BamHI at

the N and C termini, respectively. The PCR product was
inserted into the polylinker of pREP81 as a NdeI–BamHI
fragment. Sequencing revealed a single error resulting from
the PCR, which was corrected using site-directed mutagenesis.
Specific mutations were introduced into the rad15 gene by
using appropriate mutagenic primers shown in Table 2 in
which the mutated base was at the center of the primer. The
procedure of Kunkel et al. (33) was used. After the desired
mutant clones had been identified, they were all sequenced
across the entire rad15 ORF to confirm that no spurious
mutations had been introduced. One microgram of mutant
rad15 DNA in pREP81 was used to transform
rad15::ura4yrad151 diploid Sch. pombe cells. Diploids contain-
ing the rad15 mutant plasmids were sporulated, and haploid
cells containing both the ura4 marked deletion and the plas-
mid-borne mutated rad15 gene were selected by plating the
spores on medium selective for ura1 and leu1.

RESULTS AND DISCUSSION

Mutations in TTD Patients. We have previously identified
mutations in the XPD gene in various TTD patients (14, 16).
These are depicted in the lower part of Fig. 1a. Also shown in
this figure are the first homozygous mutations that we have
found, in two French families. In strain TTD9VI we have
identified an Arg-112 3 His mutation, which we had previ-
ously detected in the heterozygous state in TTD2GL. The
homozygous mutation Arg-6583His in the siblings TTD10VI

Table 1. XP patients and cell strains

Cell strain Clinical details (skin)
Neurological
abnormalities Age, yr

UVC cell survival
D10,* Jzm22*

UDS,
%† Ref(s).

XPLABE Sun-sensitive; well protected 2 15 40 24
XP1BR (GM3615) Sun-sensitive Severe 45 1.48 25–35 20 and this paper
XP16BR Sun-sensitive 2 4 0.88 25 This paper
XP1DU Sun-sensitive 0.88 20–35 20 and this paper
XPJCLO Very sun-sensitive 0.6 30 This paper
XP107LO Sun-sensitive; well protected 2 5 0.72 15 25 and this paper
XP111LO Sun-sensitive 2 8 11 25
XP135LO Sun-sensitive; multiple cancers 1 13 1.16 25 This paper
XP9MA Sun-sensitive; several cancers 1 11 15 26, 27
XP1NE (GM436) Sun-sensitive 1 44 1.16 40 20 and this paper
XP2NE (GM435) Sun-sensitive 1 48 0.6 25–40 28 and this paper
XP43KO Sun-sensitive; 1 tumor 2 31 45 29
XP15PV Sun-sensitive 2 6 25–30 This paper
XP16PV Sun-sensitive 2 12 25–30 This paper
XP22VI Sun-sensitive; multiple tumors 1 10 25 This paper
XP23VI Sun-sensitive; 1 tumor 6 20 25 This paper
XP26VI Very sun-sensitive; multiple

tumors
Severe 15 30 30, 31

*UVC dose required to reduce survival to 10%. Because of variations in dosimetry between laboratories and different techniques used, only data
on colony-forming ability from the laboratory of S.A.H. and C.F.A. are shown. D10 values for normal cell strains are in the range 10–15 Jzm22.

†UDS in XP cells expressed as a percentage of that in normal cells.

Table 2. Primers used for mutagenesis of rad15

Oligonucleotide
designation Oligonucleotide sequence

Resulting amino
acid change in

Sch. pombe Rad15

Homologous amino
acid change in
human XPD

r15M2 59-TAAATTTTTGTGACTGGTTAG-39 Arg-1113 His Arg-1123 His
r15M3 59-ACCCCGAGTAACTACTCGTGCAAGTGACAT-39 Del 487–492 Del 488–493
r15M5 59-TGCCATAGTCCATAAAAATTTTTTC-39 Arg-7213 Trp Arg-722 3 Trp
r15M4 59-TGATTACTGCTGGACCATAATGAT-39 Arg-6153 Pro Arg-6163 Pro
ET13 59-CCAAAGCGAGGCGCATATCAGT-39 Ser-712 3 Arg Gly-713 3 Arg
ET12 59-GCAGCATGGCACATGGCATCAAAT-39 Arg-6573 Cys Arg-6583 Cys
ET6 59-GACCGACCATACCATTTATCTGCTA-39 Arg-6823 Trp Arg-683 3 Trp
ET30 59-TCGAGGGGGGATACAGTACCACTCG-39 Leu-4603 Val Leu-4613 Val
ET31 59-AATCCCTTCCTGATCAGAAGCGAGGGACATATCAGT-39 Del 715–729 Del 716–730

Del, deletion of indicated residues.
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and TTD11VI is the same as that previously found in one allele
of TTD3VI (16).

Mutations in XP Patients. We have determined the sites of
the mutations in our collection of XP-D patients. The clinical
features and repair defects of the patients are summarized in
Table 1, and survival and UDS for several of these strains are
presented in Fig. 2. The survivals of the XP-D cell strains
following UVC irradiation were very similar, with D10 of
approximately 0.6–1.5 Jzm22, one-tenth that of normal cells
(Fig. 2a). UDS was also similar in all the cell strains, approx-
imately 30% of that in normal cells (Fig. 2b), as previously
reported for some of these and other XP-D cell strains.

In previous work reported by Takayama et al. (15), three XP
patients had the same heterozygous mutation, C2125T, result-
ing in a change of Arg-683 3 Trp. This mutation destroys an
AciI site. We have made use of this in a rapid screening

procedure to detect this mutation. RNA from XP-D cells was
reverse transcribed into cDNA and subsequently amplified by
PCR between nucleotides 1751 and 2267. The resulting 517-bp
products were digested with AciI, resulting in a series of
fragments ranging in size from 21 to 100 bp (Fig. 3, lane 2).
Mutation at nucleotide 2125 results in the loss of fragments of
21 and 68 bp with the appearance of a novel 89-bp band. Two
examples of this are seen in Fig. 3, lanes 3 and 4. Strains
XP23VI and XP9MA are both homozygous for this alteration.
We found that the majority of the XP-D cell strains had a
heterozygous or homozygous mutation at this locus. To con-
firm the mutation at 2125, we sequenced across this region in
all the patients who were altered at the AciI site. Most of them
contained the expected C2125T mutation, but we were sur-
prised to find in two families a different change, namely
G2126A, resulting in Arg-683 3 Gln rather than Arg-683 3

FIG. 1. Mutations in the XPD protein. The diagrams show the XPD protein with the seven helicase domains highlighted. Amino acid changes
resulting from mutations are shown boxed with the change in black on gray, the cell line designations in black on white (XP) or white on black
(TTD). Subscripts 1 and 2 denote the different alleles. (a) All cell lines (mutations found in XP and TTD patients are respectively shown above
and below the depicted protein). (b) Mutations found in both XP and TTD.
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Trp. This was found in the German patient XP9MA (26, 27)
and the Italian siblings XP15PV and XP16PV. For the latter
the same mutation was found in both parents in the heterozy-
gous state, as expected. Since we have not found mutations at
Arg-683 in any TTD donor, our results imply that changes at
Arg-683 are likely to be XP-specific mutations.

In addition to the Arg-683 mutations, the same AciI digest
revealed the G1925C mutation also found in several cell lines,
as discussed further below. Destruction of this AciI site results
in 70-and 45-bp bands being replaced by a new fragment of 115
bp. This is seen in Fig. 3, lane 7, for XPLABE, which is
heterozygous for this mutation. XP16BR and XP26VI are
heterozygous for both mutations, at 1925 and 2125, so that
both novel bands at 89 and 115 bp are seen (Fig. 3, lanes 5 and
6). The upper part of Fig. 1a shows the distribution of
mutations that we have found in the 17 XP-D patients listed in
Table 1 together with four reported previously (15, 34). Of 21
XP-D patients, 17 contained the Arg-6833 Trp or Arg-6833
Gln mutation in one or both alleles. Of the remainder,

Japanese patient XP43KO was a compound heterozygote for
two mutations not found in other strains; XPLABE had the
change Tyr-5423 Cys in one allele, and Arg-6163 Pro in the
second allele, the latter having been found in other XPD and
TTD strains (see Fig. 1a and below).

XP1NE is the same strain as GM436 examined by Frederick
et al. (34). Using single strand conformation polymorphism
(SSCP), these authors found a single mutation, Leu-461 3
Val, in this strain. This mutation was also found in strains
XP102LO, TTD1VI, and TTD3VI (15, 16), but in all of the
latter three strains it was associated in the same allele, with a
splicing mutation resulting in deletion of 45 bases (2224–2268)
in the cDNA and loss of amino acids 716–730 from the protein.
We have confirmed the presence of the Leu-4613Val change
in one allele of XP1NE, and as we anticipated we did indeed
also detect the 45-bp deletion, confirming that these two
mutations are associated in a single haplotype. The mutation
in the second allele in this cell strain is G217A, which results
in a change of Gly-47 to Arg. This glycine residue is part of the
nucleotide-binding sequence GXGKSyT found in many ATP-
binding proteins and ATP-dependent DNA helicases. This
mutation would be expected to abolish ATPase and DNA
helicase activity of the XPD protein.

Use of Sch. pombe rad15 to Study Mutations in Haploid
State. The distribution of mutations in XP-D and TTD cell
strains shown in Fig. 1a is disease-specific except for three
mutations that we have found in both XP and TTD patients,
namely Arg-6163 Pro, Leu-4613 Val, and Del 716–730, the
latter two being associated with the same allele (Fig. 1b). At
first sight these findings appear to disprove the hypothesis that

FIG. 2. Cell survival (a) and DNA repair (UDS) (b) in fibroblast
cultures of XP-D cells after UVC irradiation. 1BR.3, 251BR, and
48BR are cultures from normal donors. The rest are from XP-D
donors. Results are from single experiments or means of two exper-
iments.

FIG. 3. AciI digests of PCR products from different cell strains.
PCR product from bases 1751–2261 was digested with AciI and
electrophoresed on a 12.5% acrylamide gel. The C2125T or G2126A
mutation results in loss of 21- and 68-bp fragments and a novel band
of 89 bp (lanes 2 and 3 homozygous; lanes 4 and 5 heterozygous). The
G1925C (Arg-616 3 Pro) mutation causes a loss of bands at 45 and
70 bp with a novel band at 115 bp (heterozygous in lanes 5, 6, and 7).

Table 3. TTD and XP mutations in Sch. pombe rad15

Human cell
strain

Repair
phenotype Mutation

Rescue of lethality in
Sch. pombe rad15del

TTD2GL Severe Arg-112 3 His Yes
Del 488–493 No

TTD1BEL Severe Arg-722 3 Trp Yes
Arg-616 3 Pro No

TTD1RO Mild Gly-713 3 Arg Yes
Arg-658 3 Cys Yes

XP-D Severe Arg-683 3 Trp Yes
Various TTD

and XP
Severe Leu-461 3 Val

and Del 716–730
No
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the site of mutation determines the phenotype. However,
patients with these mutations are all compound heterozygotes,
and analysis of the individual alleles from these patients, as
described below, provides an explanation for this paradox.

To study the effects of the individual alleles, we have taken
advantage of the high degree of sequence conservation be-
tween the human XPD and the Sch. pombe rad15 gene. We and
others previously cloned the rad15 gene and showed that it
encodes a 772-aa protein with 55% identity to XPD, and
60–85% identity across the seven helicase domains (18, 19).
Like XPD, rad15 is an essential gene, so that deletion muta-
tions can exist only in the same cell as a functional copy of the
gene. To separate the effects of the two alleles identified in
some of the patients found to be compound heterozygotes, we
have generated homologous mutations in rad15 and assessed
the ability of these individual alleles to rescue the inviability of
a rad15 null mutation. The ORF of the rad15 gene was cloned
into the polylinker of the Sch. pombe expression vector
pREP81, under control of the nmt1 promoter. Mutations
resulting in the same amino acid changes as those found in XP
and TTD patients were introduced into the rad15 gene in
pREP81 using the procedure of Kunkel et al. (33), and the
mutated plasmid was used to transform rad15::ura41yrad151

diploid Sch. pombe cells. Diploids containing the plasmid were
sporulated, and the spores were plated on medium selective for
ura1 and leu1. Only cells containing both the ura4 marked
deletion and the plasmid-borne mutated rad15 gene can
survive this selection. Viable colonies indicated that the mu-
tated rad15 on the plasmid was able to rescue the lethal
phenotype caused by the chromosomal rad15 deletion. On the
other hand, a lack of viable colonies showed that the mutated
rad15 could not complement the deleted chromosomal allele.

Results are shown in Table 3. In two TTD cell lines,
mutations corresponding to one of the alleles were viable,
whereas the second alleles were not. Of particular interest is
the result with mutations corresponding to those found in
TTD1BEL. Arg-6163 Pro is one of these mutations, which we
have found in both XP and TTD patients (Fig. 1b). The
homologous mutation in rad15 failed to restore viability to the
deletion strain, and it can therefore be considered a null allele.
In contrast, Arg-7223 Trp, which has been found only in TTD
patients (Fig. 1a and unpublished results of E.B. and M.S.), was
able to restore viability to the rad15 deletion strain. The other
allele found in both XP and TTD patients, namely the
combination of Leu-4633Val and Del 716–730, also failed to
restore viability to the rad15 deletion.

Both mutations corresponding to those identified in strain
TTD1RO appear to support viability, and the common XP
mutation equivalent to Arg-6833 Trp was also able to rescue
viability.

Plasmids containing mutated rad15 genes were also trans-
fected into wild-type Sch. pombe cells. In no case was the
viability affected, showing that none of the mutations had a
dominant-negative effect on viability.

Causative Mutations. We interpret the data in Table 3 as
suggesting that those mutations which do not rescue the
proliferative ability of the rad15 deletion are null alleles, and
play no part in determining the phenotype in the presence of
a less severe allele. (We have also made the assumption that
the mutation in XP6BE eliminating the whole of exon 3 is likely
to be a null allele.) We have therefore eliminated these
putative alleles from Fig. 1a to produce Fig. 4, in which only
the functional alleles are depicted. Several conclusions can be
drawn from Figs. 1a and 4. (i) Most of the mutations are
clustered in the C-terminal third of the protein, with a
scattering of mutations close to the N terminus. (ii) There is
a region of about 200 aa from residue 234 to residue 460 in
which no mutations have been identified. This could have
occurred either by chance or because mutations in this region
do not generate a recognizable phenotype, or because they

have a dominant-negative effect such that the mutated cells
would be rendered inviable. We propose to examine these
alternatives by using site-directed mutagenesis. (iii) Our data
have not delineated discrete domains in the primary structure
of the protein in which mutations are associated with the
different phenotypes of XP or TTD. This does not, of course,
exclude the possibility that the XP mutations on the one hand,
and TTD mutations on the other hand, may be found in
different physical areas of the protein, when its three-
dimensional structure has been determined. (iv) After elimi-
nating putative null alleles, there are no loci at which the same
mutation is associated with XP and TTD. Changes at Arg-683
are clearly associated with XP, whereas Arg-112 3 His,
Arg-722 3 Trp, and changes at Arg-658 appear to be associ-
ated with TTD. [A TTD patient of Turkish origin was found
to be homozygous for the Arg-658 3 Cys change, previously
found in one allele of TTD1RO, suggesting that this allele is
sufficient for the TTD phenotype (unpublished observations
of N.G.J.J.).] Interestingly, the six mutational changes of
arginine residues at these four sites are all C to T or G to A
mutations at CpG sites which are presumed to result from
deamination of 5-methylcytosine to thymine.

Our findings are consistent with our hypothesis that the site
of the mutation determines the clinical phenotype.

XPD and TFIIH Functions. The XPD and XPB proteins are
subunits of transcription factor TFIIH. Any mutation which
destroys the transcriptional activity of TFIIH will be inviable.
This probably accounts for the rarity of XP-B families, only
three of which have been identified. XPB is therefore pre-
dicted to play a crucial role in TFIIH activity. In contrast, many
different mutations have now been identified in the XPD gene,
implying that TFIIH transcriptional activity is relatively tol-
erant toward amino acid changes in the XPD protein. Likewise
in the Sac. cerevisiae homologues, many mutations have been
isolated in RAD3 (XPD homologue), whereas mutations in
RAD25ySSL2 (XPB homologue) have been very difficult to
isolate. In RAD3, mutation of Lys-48 to Arg destroys the
helicase activity of the protein and confers UV sensitivity, but
does not affect viability (35). This implies that the helicase
activity of Rad3 is required for nucleotide excision repair but
is not involved in transcription. By analogy, it is likely that

FIG. 4. Causative mutations in the XPD protein. Designations are
as in Fig. 1. Null alleles have been eliminated from Fig. 1a, so that only
those mutations thought to be responsible for the phenotype are
shown.
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mutations associated with the XP phenotype destroy the repair
function of TFIIH (perhaps by affecting the helicase activity)
without affecting its transcriptional activity. In support of this,
cell strain XP1NE has one null allele and the second allele
contains the change Gly-47 3 Arg. Since this glycine residue
is an invariant part of the Walker ATP-binding site, it is very
probable that this mutant completely lacks ATPase and DNA
helicase activity. In contrast to the mutations found in XP cells,
we and others have proposed that mutations in TTD patients
both destroy repair activity and result in subtle transcriptional
abnormalities (10, 13, 14). The TFIIH complex contains at
least nine subunits. One can envisage that mutations in the
XPD subunit may cause minor structural changes which could
modulate its interactions with other subunits, thereby modi-
fying the overall transcriptional activity of the complex.

Sung et al. (36) reported that, when expressed in Sac.
cerevisiae, the XPD gene was able to rescue the viability of a
rad3 deletion strain, but it could not restore UV resistance to
a UV-sensitive rad3 point mutant. The rescued cells grew more
slowly than wild-type strains. The same group showed that an
XPD gene containing the mutation Arg-722 3 Trp that we
identified in strain TTD1BEL (Fig. 1a) lost the ability to rescue
the viability of the rad3 deletion mutant (37). These authors
examined the effects of the human gene in the yeast. We have
studied a similar question but with a somewhat different
approach. In our experiments we constructed analogous mu-
tations in the homologous fission yeast (Sch. pombe) gene
rad15 and determined the effect of the mutated yeast gene on
viabilities of the deletion strain. We found, in contrast to the
results of Guzder et al. (37), that at least one of the mutations
found in each TTD strain did restore viability to rad15
deletions. Our different results are likely to result from the
subtle differences in the way our experiments were conducted.
Guzder et al. (37) suggest that interaction of wild-type XPD
protein with other components of Sac. cerevisiae is already
suboptimal, so that introduction of the TTD mutations into the
XPD gene further reduces this interaction to below levels
necessary to support viability. In our experiments we have, in
contrast, used Sch. pombe genes in Sch. pombe cells.

In conclusion, we have made use of the sequence conser-
vation of the XPD gene to unravel the complex genotype–
phenotype relationships associated with this gene. Our results
support the idea that the clinical phenotype (XP or TTD) can
be attributed to the site of the causative mutation. To confirm
this hypothesis, mutant mice that carry some of the XP or TTD
mutations are currently being generated in collaborating lab-
oratories.
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