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Ixrl, a Yeast Protein That Binds to Platinated DNA 
and Confers Sensitivity to Cisplatin 

Steven J. Brown, Patti J. Kellett, Stephen J. Lippard* 
Structure-specific recognition proteins (SSRPs) bind to DNA containing intrastrand cross- 
links formed by the anticancer drug cisplatin. A yeast gene encoding an SSRP, designated 
IXR1, was cloned and sequenced. The Ixrl protein, a member of the high mobility group- 
box protein family, bound specifically to DNA modified with cisplatin but not inactive 
platinum compounds. A yeast strain with an inactivated lXRl gene was half as sensitive 
to cisplatin and accumulated one-third as many platinum-DNA lesions after treatment with 
cisplatin as the parental strain. These findings suggest that SSRPs play a role in mediating 
the cytotoxicity of cisplatin. 

T h e  antitumor drug cis-diamminedichloro- 
platinum(I1) (cis-DDP or cisplatin) is wide- 
ly used in cancer chemotherapy and is 
especially effective in the treatment of tes- 
ticular and ovarian cancer (I). We have 
identified SSRPs that bind to the major 
cisplatin-DNA adducts, 1,2-intrastrand 
d(GpG) and d(ApG) cross-links, but not to 
DNA damaged by inactive platinum com- 
pounds such as trans-diamminedichloro- 
platinum(I1) (trans-DDP) (2). The SSRPs 
contain the recently identified high mobil- 
ity group (HMG)-box motif (3). Several 
HMG-box proteins bend DNA (4, 5),  and 
we have suggested that HMG-box proteins 
recognize and bind specifically to locally 
bent and unwound DNA, such as DNA 
that has been modified by cisplatin (6). 

Elucidation of a role for SSRPs in the 
mechanism of action of platinum antitu- 
mor drugs could greatly facilitate the de- 
sign of new cancer therapies. Several mod- 
els for the modulation of cisplatin cytotox- 
icity by SSRPs have been proposed (7). 
One model postulates that when SSRPs 
bind to platinated DNA they shield the 
DNA lesions from repair. As a result, the 
platinum-DNA adducts persist, block DNA 
replication, and ultimately lead to cell 
death. In this model, removal of the SSRPs 
would confer cisplatin resistance to the cell 
but would have no effect on the cytotox- 
icity of inactive platinum compounds. 

We have used the yeast Saccharomyces 
cerevisiae to study the role of SSRPs in 
mediating cisplatin cytotoxicity. We 
screened a Agtll yeast expression library 
with radiolabeled, platinated DNA and iso- 
lated one partial clone, AyPt (8, 9). A 
3.0-kb Sac I DNA fragment containing the 
full-length IXRl gene was obtained by 
screening a -yeast DNA library (1 0). Se- 
quence analysis revealed a single, large 
open reading frame (OW) encoding 591 

A 
1 MNTGISPKQDDASNSNLLNIGQDHSLQYQGLEHNDSQYRD 

41 ASHQTPHQYLNQFQAQPQQQQQQQQQQQQQQQAPYQGHFQ 

81 QSPQQQQQNVYFPLPPQSLTQPTSQSQQQQQQYANSNSNS 

121 NNNVNVNALPQDFGYMQQTGSGQNYPTINQQQFSEFYNSF 

161 LSHLTQKQTNPSVTGTGASSNNNSNNNNVSSGNNSTSSNP 

201 TQLAASQLNPATATTAAANNAAGPASYLSQLPQVQRYYPN 

241 NMNALSSLLDPSSAGNAAGNANTATHPGLLPPNLQPQLTH 

281 HQQQMQQQLQLQQQQQLQQQQQLQQQHQLQQQQQLQQQHH 

321 HLQQQQQQQQHPWKKLSSTQSRIE- 

361 1 

401 1 

441 

481 YKKRLKEWEDENDPNGNPTGHSHKAMNMNLNMDTKI 

521 MENQDSIEHITANAIDSVTGSNSNSTNPNTPVSPPISLQQ 

561 QPLQQQQQQQQQQQHMLLADPTTNGSIIKNE 

B 
1 1 . o k b  1 

3.0-Id, Sac I fragment 
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amino acids. The deduced Ixrl protein 
contains several long stretches of Asn and 
Gln residues (Fig. I) ,  a feature that is 
common in transcription factors (1 1, 12). 
A database search revealed that Ixrl is a 
member of the HMG-box protein family 
(3) and contains two repeated HMG-box 
motifs within residues 347 to 493. The best 
alignment of the HMG-box domain of Ixrl 
occurs with ABF2 (ARS-binding factor 2) 
from S. cerevisiae (13), which shares 56 
identical residues with Ixrl over a 151- 
amino acid region. 

DNA hybridization experimerrts indicat- 
ed that IXRl is a single-copy gene localized 
on yeast chromosome XI (14), and North- 
e m  (RNA) blot analysis revealed that it 
produces a 2.1-kb transcript. We disrupted 
the lXRl gene by replacing the Eco RV-Pst 
I region of the 3.0-kh Sac I fragment with a 
copy of the LEU2 gene. A diploid strain 
(15) with a null allele of lXRl was ob- 
tained, and tetrad analysis demonstrated 
that the IXRl gene product is not essential 
for cell growth. The ixrl haploid cells were 
not obviously different in phenotype from 
IXRl cells. For example, they displayed 
similar growth rates at temperatures ranging 
from 20" to 40°C, and homozygous ixrl 
diploid cells sporulated normally (1 6, 17). 

To investigate the DNA binding prop- 
erties of Ixrl, we analyzed AyPt Escherichia 
coli iysogen and whole-cell extracts pre- 
pared from the wild-type (IXRI) and mu- 
tant (ixrl) yeast strains (18) by a modified 
Western analysis in which the protein blot 
is probed with radiolabeled DNA (8). The 
AyPt P-galactosidase fusion protein bound 
to cis-DDP-modified DNA and had an ap- 
parent molecular mass of 176 kD (Fig. 2). 
Extracts from wild-type yeast contained 
several proteins that bound specifically to 
cis-DDP-modified DNA; these proteins 
were - 100, 80, 55, and 20 kD in size. The 
80-kD protein was absent from the ixrl 
strain and, thus, most likely represents the 
IXRl gene product. The AyPt P-galacto- 

Fig. 1. (A) Deduced sequence of the Ixrl pro- 
tein. The two consecutive HMG boxes are un- 
derlined. Double-stranded plasmid DNA was 
alkaline denatured for the sequencing reactions. 
We performed sequencing by the dideoxy chain 
termination method with T7 DNA polymerase 
(United States Biochemical). Database homolo- 
gy searches were performed with the BLAST 
network service provided by the National Center 
for Biotechnology Information. Abbreviations for 
the amino acid residues are as follows: A, Ala; C, 
Cys; D, Asp; E ,  Glu; F, Phe; G, Gly; H ,  His; I ,  Ile; 
K, Lys; L, Leu; M,  Met; N,  Asn; P, Pro; Q, Gln; R ,  
Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. The 
DNA sequence has been submitted to GenBank 
(accession number L16900). (B) Restriction map 
of the lXRl gene. RI,  Eco RI; P, Pst I ;  RV, Eco RV; 
and S, Sac I. 
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sidase fusion protein and Ixrl did not bind 
to unmodified DNA or to DNA modified 
with trans-DDP (1 9). The -55-kD protein 
is probably a degradation product of Ixrl 
because its relative abundance varied 
among different extracts and was inversely 
correlated with the amount of the 80-kD 
protein. Moreover, the -55-kD protein 
was absent from the ixrl extracts. The 
20-kD protein is tentatively assigned as 
ABF2, which also has an HMG-box do- 
main and migrates with an apparent molec- 
ular mass of 20 kD (1 3). 

We next examined the cytotoxicity of 
cis-DDP in haploid lXRl and ixrl yeast 

97.4 - 
Ixrl - 

69 - 

Fig. 2. Modified Western analysis of proteins that 
bind to cis-DDP-modified DNA. Lanes labeled 
Agtll and AyPt contain protein (10 pg) from E. 
coli Y1090 phage lysogens induced with isopro- 
pyl p-D-thiogalactopyranoside. Lanes labeled 
lXRl and ixrl contain protein (50 pg) from yeast 
whole cell extracts. The samples were resolved 
by 8% SDS-polyacrylamide gel electrophoresis, 
electroblotted onto nitrocellulose, and treated as 
in (8). The probe was a 123-bp DNA fragment 
modified with cis-DDP (23) at a bound platinum to 
nucleotide ratio of 0.021. 

strains. Over a concentration range of 50 
to 1000 p,M cis-DDP, the IXRl strain was 
twice as sensitive to the drug as the ixrl 
strain lacking the Ixrl protein (Fig. 3A). 
In contrast, trans-DDP was equally toxic 
to both strains (Fig. 3B); at the solubility 
limit of this compound (-3.3 mM) , about 
one-third of the cells survived. As an 
additional control, we examined the sen- 
sitivity of ixrl and IXRl cells to ultraviolet 
irradiation. Absence of the Ixrl protein 
did not alter the response of yeast to 
ultraviolet-induced damage (1 9). Disrup- 
tion of the IXRl gene, therefore, did not 
sensitize yeast to all DNA damaging 
agents but was specific for cisplatin. 

We also investigated the effect of Ixrl 
on the ratio of bound platinum per DNA 
nucleotide (rb) in yeast cells treated with 
cisplatin for 4 hours (20, 2 1 ) . The rb values 
for ixrl and lXRl cells treated with cisplatin 
were 0.0008 and 0.0024, respectively. The 
rb values for yeast treated similarly with 
trans-DDP were 0.0020 for ixrl cells and 
0.0024 for IXRI. Thus, although the ab- 
sence of the Ixrl protein had no effect on 
trans-DDP binding to DNA, it diminished 
the amount of bound cisplatin. The lesser 
amounts of bound platinum on DNA in the 
ixrl cells correlated with their reduced sen- 
sitivity to the drug. These findings support 
the notion that SSRPs play a role in medi- 
ating cisplatin cytotoxicity. The normal 
function of Ixrl in yeast is unknown. 

The most prevalent cisplatin-DNA le- 
sions are 1,2-intrastrand d (ApG) and 
d(GpG) cross-links (22), both of which are 
bound specifically by HMGl (23, 24). In- 
terestingly, human cell extracts that are 
competent for excision repair do not repair 
a platinated plasmid containing a single 
d(GpG) intrastrand cross-link (25). Simi- 
larly, yeast extracts do not remove lesions 
from cisplatin-modified plasmid DNA (26). 
The inability of eukaryotic cell extracts to 
repair the cisplatin intrastrand d(GpG) 
cross-link, and the present observations 
that ixrl cells are more resistant to cisplatin 
and contain fewer platinum-DNA lesions 
than IXR 1 cells, are consistent with a mod- 

Fig. 3. Cytotoxicity of (A) cis-DDP 
on lXRl (0) and ixrl  (a) yeast 
strains, and (B) trans-DDP on 
lXRl (A) and ixrl (A) yeast $ 
strains. Yeast strains SB2 (ixrl) Zl0 and SB3 (IXR1) were grown to 2 
saturation in complete media 5 
(YPD). The cells were washed 
twice and resus~ended in svn- 
thetic minimal (SD) media. Ap- 
proximately 2 x lo7  cells in 1.0 ml 
- - 

0.0 0.3 0.6 0.9 1.2 I%.o 1.2 2.3 3.5 
of SD media were treated with cis- [cis-DDP] (mM) [trans-DDPl (mM) 
or trans-DDP at the indicated con- 
centration. The cells were incubated in the drug solution for 2 hours at 30°C with constant shaking, 
washed once with SD media, and plated on solid YPD media. We incubated the plates for 2 days 
at 30°C before scoring them for colony formation. Each point is an average ? SD of three plates. 

el in which SSRPs shield intrastrand cross- 
links from DNA repair enzymes. We spec- 
ulate that in mutant cells lacking the Ixrl 
urotein the shield is absent. therebv allow- 
ing repair to occur, and the cells become 
less sensitive to the drug. 

Other interpretations are possible, how- 
ever. For example, SSRPs may facilitate the 
formation of toxic cisplatin-DNA lesions, 
or perhaps the SSRP-cisplatin-DNA terna- 
ry complex provides a stronger block to 
replication or transcription or both than do 
cisplatin-DNA adducts alone. Although 
the levels of SSRPl mRNA in human 
tissues do not correlate with the tissue 
specificity of the drug (6), the platinated 
DNA binding properties of SSRPl might be 
modulated in various tissues, for example, 
by post-translational modification or by the 
formation of complexes with other DNA 
binding proteins. In addition, other SSRPs 
may contribute to the activity of cisplatin. 

Finally, these results predict that one 
could sensitize cells to cisplatin by increas- 
ing the concentration of the SSRPs. In- 
deed, a two- to threefold increase in sensi- 
tivitv would be of clinical simificance for - 
cisplatin-resistant human tumors (27). 
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A Detailed Genetic Map for the X Chromosome of 
the Malaria Vector, Anopheles gambiae 

Liangbiao Zheng, Frank H. Collins, Vasantha Kumar, 
Fotis C. Kafatos*? 

Anopheles gambiae, the primary vector of human malaria in Africa, is responsible for 
approximately a million deaths per year, mostly of children. Despite its significance in 
disease transmission, this mosquito has not been studied extensively by genetic or mo- 
lecular techniques. To facilitate studies on this vector, a genetic map has been developed 
that covers the X chromosome at an average resolution of 2 centimorgans. This map has 
been integrated with the chromosome banding pattern and used to localize a recessive, 
sex-linked mutation (white eye) to within 1 centimorgan of flanking markers. 

W e  describe the development of a de- 
tailed genetic map of the principal malaria 
vector, Anopheles gambiae, using microsat- 
ellite markers (1 ) . Microsatellites are tan- 
dem arrays of simple sequence repeats and 
have the advantage of being abundant, 
widely dispersed in the genomes of hu- 
mans and other higher organisms, exten- 
sively polymorphic, and easily assayed by 
the polymerase chain reaction (PCR) (1). 
Despite the difficulties in maintaining in- 
bred strains and performing crosses in 
anopheline mosquitoes, the advantages of 
microsatellites greatly facilitated construc- 
tion of a map consisting of 24 sex-linked 

microsatellite markers. This map is an- 
chored to the white eve (w) mutation ( 2 )  . . ,  ~, 

and is usable with any of the An. gambiae 
strains examined to date (3). 

To generate the map, we isolated 
clones containing dinucleotide repeats 
from libraries of total adult mosquito ge- 
nomic DNA (4) or chromosomal division- 
specific DNA pools (5) by screening with 
oligonucleotide probes: (GT) ,,, or more 
rarely (CA) ,, or (GA) ,,. Tandem arrays 
of 5 to 48 repeats were revealed by se- 
quencing in 125 '(GT) ,,-positive clones, 
some of which contained interrupted ar- 
rays. For selected clones, pairs of primers, 

usually 20 nucleotides in length and based 
on unique sequences flanking the repeat 
array, were designed, synthesized, and 
used to amplify by PCR the corresponding 
genomic DNA fragment (6) from individ- 
ual mosquitoes of five An. gambiae strains 
(3). The sizes of the amplified fragments 
were evaluated by electrophoresis in a 
sequencing gel. Markers encompassing as 
few as 6 dinucleotide repeats were found to 
be polymorphic between strains, the size 
difference ranging from 1 to more than 30 
repeats. The inter-strain polymorphism 
between two strains, Suakoko" and WE, 
was on the order of 85%. and within- 
strain polymorphism was also observed for 
many markers. 

We constructed the genetic map and 
simultaneously mapped the w mutation by 
performing crosses involving the WE strain 
(homozygous for w) (3) and the Suakoko 
strain (homozveous for w+. the dominant 
allele for the'vwild-type Ark purple eye 
color). These strains are largely homose- 
quential, that is, they do not seem to differ 
in terms of gross chromosomal inversions 
on the X. F, females were generated by mass 
mating between WE males and Suakoko 
females and were individually backcrossed 
with WE males by forcible pair mating (7). 
From such pairs five families (A to E) 
totaling 248 progeny were obtained; they 
contained 45, 63, 76, 13, and 5 1 progeny, 
respectively. Chromosomal DNA was pre- 
pared from each mosquito ( B ) ,  and small 
portions (typically corresponding to 11200 
of a mosquito) were amplified with a pair of 
primers (6) and scored for the correspond- 
ing marker on a sequencing gel. All alleles 
(electro~horetic bands) behaved as codom- 
inant Mendelian factors. For 24 markers, 
the male progeny received one of the ma- 
ternal (F,) alleles and no paternal (WE) 
allele, indicating linkage to the X chromo- 
some. These markers were designated 
AGXH (An. gambiae X chromosome, Har- 
vard) followed by a clone number; they are 
identified in Table 1. The AGXH prefix 
will be omitted hereafter for convenience. 
Genotypic scoring for one of the markers is 
shown in Fig. 1 and the radts.of scoring 
family A for all loci are summarized in 
Table 2. 
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