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obtainedfrom the American Type Culture Collection 
was cultured in roller bottles (850cm2)In RPMl 1640 
medium supplemented with 20% fetal bovine serum 
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glutamine (4 mM final concentration), 10% fetal bo-
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31. Phage f l  heteroduplexes representing eight base-
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GTBP, a 160-Kilodalton Protein Essential for 
Mismatch-BindingActivity in Human Cells 

Fabio Palombo, Paola Gallinari, lngram laccarino, Teresa Lettieri, 
Melya Hughes, Antonello D'Arrigo, Oanh Truong, 

J. Justin Hsuan, Josef Jiricny* 

DNA mismatch recognition and binding in human cells has been thought to be mediated 
by the hMSH2 protein. Here it is shown that the mismatch-bindingfactorconsists of two 
distinct proteins,the 100-kilodalton hMSH2 and a 160-kilodalton polypeptide, GTBP (for 
GTT binding protein). Sequence analysis identified GTBP as a new member of the MutS 
homolog family. Both proteins are required for mismatch-specific binding, a result con-
sistent with the findingthat tumor-derivedcell linesdevoid of either proteinare also devoid 
of mismatch-binding activity. 

Cells from human hereditary nonpolyposis 
colorectal cancers (HNPCC) exhibit a mu-
tator phenotype with a marked instability of 
microsatellite sequences, a phenotype that 
has been traced to defects In DNA mis-
match repair [reviewed in (1)I. The seren-
dipitous discovery of open reading frames 
(ORFs) encoding murine and human 
polypeptide homologs of the Escherichia coli 
mismatch-binding protein MutS (2) paved 
the way for the ident~ficationof an ever-
growing family of MutS homolog (MSH) 
genes (3). Proteins encoded by three mem-
bers of this family (Saccharomyces cerevisiae 
MutS homologs MSHl and MSH2, and the 
human homolog hMSH2) have been shown 
to bind to DNA mismatches in vitro (4). 
The link between the biological function of 
hMSH2 and the phenotype of the HNPCC 
tumors was forged when the hMSH2 gene 
was shown to segregate with a known 
HNPCC locus on chromosome 2p (5), and 
the hMSH2-deficient colorectal tumor cell 
line LoVo was shown to be deficient in 
mismatch repair (6) as well as in mismatch-
binding activity (7) and to exhibit a marked 
instability of microsatellite sequences (8). 

We identified a mismatch-binding factor 

F. Palombo, P. Gallinari, I. laccarino, T. Lettieri, M. 
Huahes. A. D'Arriao, J. Jiricnv, lstituto di Ricerche di 

in HeLa cells (9) that binds preferentially 
to heteroduplexes containing G/T mispairs 
and one- and two-nucleotide loops (7). Pu-
rification of this DNA binding activity by 
G/T mismatch affinity chromatography 
(10) yielded a mixture consisting of a 100-
kD protein that we later showed to be 
hMSH2 ( I  I )  and a second protein with an 
apparent molecular weight of 160 kD. As it 
was this latter polypeptide that became co-
valently bound to the G/T substrate in 
cross-linking experiments, we named it 
GTBP (10). To identify GTBP and eluci-
date its role in mismatch binding, we sub-
jected a purified sample to proteolysis and 
microsequence analysis (12). Seven peptide 
sequences were obtained: VRVHVQFFDD, 
KLPDLERLXSK, LSRGIGVMLPQVL, TL-
DTLLEEEYFREK, SYGFNAARLANLPE-
EVIQ, NPEGRFPDLTVELN, and IIDFLS-
ALEGFK (13). Following the strategy de-
scribed in (14), we identified a unique 
DNA sequence encoding the central eight 
amino acids of the peptide SYGFNAAR-
LANLPEEVIQ (13). We then prepared a 
double-stranded DNA probe based on this 
sequence and used it to screen a HeLa 
complementary DNA (cDNA) library in 
phage lambda (15). The longest identified 
clone, C l ,  contained an insert of 3992 
nucleotides with an ORF encoding a 

~ i i o g i aolec cola re P. ~ngelett;,Via Pontina km 30.600, polypeptide of 1292 acids and a i r e -
00040-Pomezia, Italy. 
0.Truong and J. J. Hsuan, Ludwig Institutefor Cancer dieted mass of 142 kD (Fig' lA)' 
Research,UniversityCollege London Medicalschool, 91 AS all seven peptides obtained from the mi-
Riding House Street, LondonW1P 8BT, UK. crosequence analysis of the 160-kD protein 
*Towhom correspondenceshould be addressed. were located within this ORF, we concluded 
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Fig. 1. Predicted amino acid sequence of GTBP. (A)Sequence of the protein encoded by 
clone C1.The numberson the left indicateamino acid position. (13).The peptides identified 
by microsequencing are boxed. The first amino acid residue of construct FLY5 (15) is 
Asn116. The cDNA sequence has been deposited in GenEmbl Bank (accession no. 
U28948). (B) Alignment of the amino acid sequences of the conserved COOH-terminal 
regions of the mismatch-binding proteins GTBP (Homo sapiens), hMSH2 (H. sapiens), 
MSH2 (S. cerevisiae), and MutS (E. coli). Conserved amino acid residues are boxed. The 
ATP binding site consensus sequences (3)are indicated by roman numerals I to IV. Se-
quences reported in the alignment correspond to entries MSH2YEAST (MSH2)and MUT-
SECOLI (MutS) in the SwissProt databank or to the coding region of GenBank entry 
HSU04045 (hMSH2). The alignment was carried out with the use of the GCG Pileup 
program.The figure was generated with the use of the Prettyplot option. 

AKNLNGGLRR SVAPAAPTSC DFSPGDLWA KMEGYPWWPC LWNHPFDGT 
FIREKGK* VHVOFFDDSF~TRGWVSKRLL KPYTGSKSKE AQKGGHFYSA 
KPEILRAMQR ADEALNKDKI KRLELAVCDE PSEPEEEEEM EVGTTWTDK 
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that clone C1 encodes GTBP. Northern 
(RNA) blot analysis revealed that the 
mRNA encoding the 160-kD protein is ap-
proximately 4.2 kb in length (16), which 
indicates that our cDNA was incomplete. 

Computer search of protein databanks 
revealed that the GTBP amino acid se-
quence is highly homologous to that of the 
M S H  family of proteins, particularly at the 
COOH-terminus (Fig. 1B). GTBP can thus 
be considered a new member of the M S H  
family. 

Selective antisera (17) were then used to 
investigate whether hMSH2 and GTBP bind 
as a complex to DNA mismatches. Preincu-
bation of HeLa cell nuclear extracts with rab-
bit antiserum to either protein, but not with 
preimmune sera, before addition of the G/T 
heteroduplex probe inhibited the formation of 
the protein-DNA complex (Fig. 2A), suggest-
ing that the mismatch-binding factor consists 
of both proteins. This finding implied that 
extracts from cells lacking either protein 
should be devoid of mismatch-binding activ-
ity. Thus, we could confirm an earlier finding 
(7) that LoVo cells, which contain a homozy-
gous deletion inboth M.ISH2 alleles, contain 
no mismatch-binding activity (Fig. 2B). This 
activity was absent also from another colorec-
tal cancer cell line, DLDl (Fig. 2B), inwhich 
neither M.ISH2 allele appears to be mutated 
(18). Two lines of evidence indicate that the 
DLDl cells are devoid of functional GTBP: 
(i) N o  full-length GTBP was detected in 
DLDl extracts by immunoblot analysis (Fig. 
2C). (ii) Sequence analysis of GTBP cDNA 

Fig. 2 (A) Effect of anti-
sera to hMSH2 (anti-
hMSH2) and to GTBP 
(anti-GTBP) on the for-
mation of the specific 
mismatch-binding com-
plex. This gel-shift analy-
sis was carriedout as de-
scribed (9),except that 
nuclear extracts were 
used (23). The antisera 
were added to the reac-
tion mixtures 20 min be-
fore the radioactively la-
beled probe. The figure is 
an autoradiogram of a 
native 6% polyacryl-

+NonspecMc 
complexes 

B 
HeLa I LoVo 1 DLDl 

~ C ~ ~ ~ ~ T ~ G K ~ ~ ~ ~ G I l ' ~ l i l T- +Specific 
complex 

+Nonspecific 
complexes 

amide gel min t is  ace-
tate EDTA (TAE) buffer. 
(B)Mismatch-bindingac-
tivrty is absent from cell 

r Free probe 

extracts lacking hMSH2 or GTBP, as indicated by this gel-shft C 
assay showing that mismatch-specfic complexes are absent 

I l l , , , 
Hem , L N q & h 4 1  

from extracts from LoVo and DLDl cells and present in extracts 
kD 

from HeLa cells. Experimentalconditionswere as in (A).(C) Im- !F:-2m 

munoblot analysis of extractsfrom HeLa. LoVo, and DLD1 cells. -116 

M, molecular sizemarker (BioRad).Inthetwo left lanes,antiserato ,a -92 

GTBP and to hMSH2 were used alone with the HeLa extract to 1%,p1 Cr :s-GiCP I bq 1 
demonstrate their selectivity for the 160- and 100-kD proteins, ,-,',sH2 
respectively. In the other lanes, both antiserawere used togeth- pf p-C 
er.The bands were visualized with alkaline phosphataseconju-
gated goat antibodiesto rabbit immunoglobulinG(Fc)(Promega)as directedbythe manufacturer.The amount 
of hMSH2 and GTBP in DLDl and LoVo extracts, respectively,was considerably lower than that in the HeLa 
cell extracts, possibly because the twoproteins are unstable when not in a complex (70). 

from DLDl cells showed that both alleles are mismatch-binding factor in human cells i s  
inactivated by frameshift mutations (19). To- composed of two proteins, hMSH2 and 
gether, these data strongly suggest that the GTBP. 
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We then expressed the two polypeptides 
in a cell-free translation svstem and assaved 
their ability to bind mismatch-containing 
substrates. We used a hMSH2 cDNA clone 
and the GTBP clones C1 and FLY5 (15) as 
starting materials for the in vitro transcrip- 
tion and translation reactions (Fig. 3A), 
which were carried out as in (20). Gel-shift 
assays (Fig. 3B) revealed that mismatch- 
specific binding activity was dependent on 
the expression of both hMSH2 and GTBP. 
Thus, although neither protein alone was 
active in this assay, mixing of the hMSH2 
and GTBP translation products increased 
the mismatch-specific binding activity. We 
confirmed this result with GTBP cDNA 
clone FLY5, which encodes a truncated 
GTBP protein (15). As shown in Fig. 3B, 
mixing of the hMSH2 and FLY5 translation 

- 4 Free probe 

Fig. 3. Reconstitution of mismatch-binding activ- 
ity with in vitro translated GTBP and hMSH2. (A) 
Translation of hMSH2, GTBP (clone Cl) ,  and 
FLY5 mRNAs in a reticulocyte lysate system (Pro- 
mega) produced polypeptides of 11 3, 144, and 
122 kD, respectively (24). The figure is an autora- 
diogram of a denaturing 7.5% SDS-polyacryl- 
amide gel. M, molecular size marker (Amersham). 
(B) Gel-shift analysis, performed as in Fig. 2, 
showing the binding of the in vitro-translated pro- 
teins to  the GTT heteroduplex. The figure is an 
autoradiogram of a native 6% polyacrylamide gel 
run in TAE buffer. 

products with the G/'T' probe produced a 
new band with faster electrophoretic mobil- 
ity than that of the endogenous complex, as 
would be expected of a smaller species. 

What is the biological role of the 
hMSH2-GTBP complex? In an independent 
study (21 ), Modrich and collaborators isolat- 
ed a mismatch-binding factor from HeLa 
cells, which they call hMutSor, that is iden- 
tical to the hMSH2-GTBP complex de- 
scribed here. Their experiments indicate 
that this complex is necessary for the correc- 
tion of base-base mispairs and one- or two- 
nucleotide loops, but that it may not be 
absolutely required in the correction of larger 
insertions and deletions such as those asso- 
ciated with microsatellite instability (21). 
Their findings are substantiated by data from 
Vogelstein and collaborators (1 9), who have 
shown that the genomic instability in tumor 
cell lines devoid of GTBP is manifested pri- 
marily as small rather than large changes in 
CA repeats, changes that are associated with 
mutations in the four known HNPCC loci 
hMSH2, hMLH1, hPMS1, and hPMS2. A 
number of tumors display mutator pheno- 
types with a similarly low degree of micro- 
satellite instability (22). Future studies will 
reveal whether these tumors are defective in 
GTBP. 
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