15.

18.

20.
21,
22.
23.
24.

25.

26.

27.
28.
29.
30.

31.

(Rs = 30.5 A). Purified hMutSa-eluted at a value for
R4 of 67 A. Band sedimentation through 10 to 30%
sucrose gradients in buffer A was performed at 4°C
at 68,0009 for 24 hours in a Beckman SW 50.1 rotor.
Sedimentation markers run in parallel tubes were
catalase [sedimentation coefficient (s,,,,) = 11.38],
y-globulin (s,,,, = 7.1S), and ovalbumin (s, ,, =
3.555). Sedimentation relative to these markers
yielded a value of s ,, for hMutSa of 9.0S.

L. M. Siegel and K. J. Monty, Biochim. Biophys. Acta
112, 346 (1966).

. E.J.Cohnand J. T. Edsall, in Proteins, Amino Acids,

and Peptides as lons and Dipolar lons, E. J. Cohn
and J. T. Edsall, Eds. (Hafner, New York, 1943), pp.
370-381.

. Peptide sequence analysis was performed as de-

scribed (9), after resolution of subunits (about 100
pmol) by electrophoresis in the presence of SDS.
Attempts to obtain the NH,-terminal sequence of ei-
ther subunit were unsuccessful; however, sequence
information was obtained for seven intemal tryptic
peptides of p160. Three of these were unambiguous,
and the mass of each peptide was consistent with the
mass predicted from the sequence. These were
PT48 (GGHFYSALPEILR), PT56 (VHVQFFDDSPTR),
and PT64 (TLLEEEYFR). Two others gave secondary
sequences in early cycles, and only the unambiguous
sequence information is given here: PT36 (DAAW-
SEAGPGPR) and PT40 (SVLEGDPSENYR). Abbrevi-
ations for the amino acid residues are: A, Ala; C, Cys;
D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L,
Leu; M, Met; N, Asn; P, Pro; Q, GiIn; R, Arg; S, Ser; T,
Thr; V, Val; W, Trp; and Y, Tyr.

S.-S. Sy, R. S. Lahue, K. G. Au, P. Modrich, J. Biol.
Chem. 263, 6829 (1988).

. N.-W. Chi and R. D. Kolodner, ibid. 269, 29984

(1994).

E. Alani, N.-W. Chi, R. Kolodner, Genes Dev. 9, 234
(1995).

M. Grilley, K. M. Welsh, S.-S. Su, P. Modrich, J. Biol.
Chem. 264, 1000 (1989).

A.Umar, J. C. Boyer, T. A. Kunkel, Science 266, 814
(1994).

G.-m. Li, M. J. Longley, J. T. Drummond, unpub-
lished results.

W.-h. Fang and P. Modrich, J. Biol. Chem. 268,
11838 (1993).

V. S. Goldmacher, R. A. Cuzick, W. G. Thilly, ibid.
261, 12462 (1986); A. Kat et al., Proc. Natl. Acad.
Sci. U.S.A. 90, 6424 (1993).

J. Holmes, S. Clark, P. Modrich, Proc. Natl. Acad. Sci.
U.S.A. 87,5837 (1990); D. C. Thomas, J. D. Roberts,
T. A. Kunkel, J. Biol. Chem. 266, 3744 (1991).

L. T. da Costa et al., Nature Genet. 9, 10 (1995).

F. Palombo et al., Science, 268, 1912 (1995).

N. Papadopoulos et al., ibid., p. 1915.

Cell lines HelLa S, H6, SO, TK6, and MT1 were
grown as described (2, 25, 26). The HCT-15 cell line
obtained from the American Type Culture Collection
was cultured in roller bottles (850 cm?) in RPMI 1640
medium supplemented with 20% fetal bovine serum
(Hyclone, Logan, UT). LoVo cells were cultured in a
similar manner in McCoy’s 5A medium containing
glutamine (4 mM final concentration), 10% fetal bo-
vine serum, penicillin (100 U/ml), and streptomycin
(0.1 mg/ml).

Phage f1 heteroduplexes representing eight base-
base mispairs and two-, three-, or four-nucleotide
loopout, slipped-strand insertion-deletion mismatch-
es were prepared as described (2, 18). Bacterio-
phage fIMR21 and f1MR22 were prepared by inser-
tion of synthetic oligonucleotide duplexes (5'-AGCT-
GCAGCCAAAAAGGCTTGG-3' annealed with 3'-
CGTCGGTTTTTCCGAACCGATC-5' or 5'-AGCTG-
CAGCCAAAAAAGGCTTGG-3' annealed with 3'-
CGTCGGTTTTTTCCGAACCGATC-5, respective-
ly), into fIMR1 replicative form DNA (78) that had
been cleaved with Hind Il and Xba I. Resulting iso-
lates were used to prepare heteroduplexes contain-
ing ,A, and ,T, insertion-deletion mismatches within
overlapping restriction sites for Bgl | and Xcm |. Mis-
match repair assays (2, 26) were performed with 50
g of nuclear extract and 24 fmol (0.1 pg) of hetero-
duplex DNA in 10 wl at 37°C for 15 min. All results are
averages of at least two determinations. For band
shift assays, oligonucleotide duplexes containing a
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G-T mispair, a T, insertion mismatch, a ,TTT, inser-
tion mismatch, or a control A-T base pair were
formed by annealing radiolabeled 5'-32P-GCTAG-
CAAGCTTTCGAT TCTAGAAAT TCGGC-3' with un-
labeled 5'-GCCGAAT TTCTAGAATCGAGAGCT TG-
CTAGC-3’, 5'-GCCGAATTTCTAGAATCGAAGC-
TTGCTAGC- 3', 5'-GCCGAATTTCTAGAATCGGC-
TTGCTAGC-3', or with 5'-GCCGAATTTCTAGA-
ATCGAAAGCTTGCTAGC-3', respectively.

32. J.T.D. isolated and characterized hMutSa and dem-
onstrated that HCT-15 and MT1 cells are deficient in
this activity. G.-M.L. identified the selective repair
defects in HCT-15 and MT1 cell lines and demon-
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GTBP, a 160-Kilodalton Protein Essential for
Mismatch-Binding Activity in Human Cells
Fabio Palombo, Paola Gallinari, Ingram 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-binding factor consists of two
distinct proteins, the 100-kilodalton hMSH2 and a 160-kilodalton polypeptide, GTBP (for
G/T 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 finding that tumor-derived cell lines devoid of either protein are 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)]. 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 identification of an ever-
growing family of MutS homolog (MSH)
genes (3). Proteins encoded by three mem-
bers of this family (Saccharomyces cerevisiae
MutS homologs MSH1 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
hMSH?2 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
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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 (11) 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 (I14), 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, Cl1, contained an insert of 3992
nucleotides with an ORF encoding a
polypeptide of 1292 amino acids and a pre-
dicted molecular mass of 142 kD (Fig. 1A).
As all seven peptides obtained from the mi-
crosequence analysis of the 160-kD protein
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 numbers on the left indicate amino acid position. (73). The peptides identified
by microsequencing are boxed. The first amino acid residue of construct FLY5 (15) is
Asn''6. 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 | to IV. Se-
quences reported in the alignment correspond to entries MSH2YEAST (MSH2) and MUT-
SECOUI (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
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revealed that the GTBP amino acid se- g5 as carried out as de- . - = Nonspecifc Noikoicilo
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MSH family of proteins, particularly at the
COOH-terminus (Fig. 1B). GTBP can thus
be considered a new member of the MSH
family.

Selective antisera (17) were then used to
investigate whether hAMSH2 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 in both hMSH2 alleles, contain
no mismatch-binding activity (Fig. 2B). This
activity was absent also from another colorec-
tal cancer cell line, DLD1 (Fig. 2B), in which
neither AMSH2 allele appears to be mutated
(18). Two lines of evidence indicate that the
DLDI cells are devoid of functional GTBP:
(i) No full-length GTBP was detected in
DLD1 extracts by immunoblot analysis (Fig.
2C). (ii) Sequence analysis of GTBP cDNA

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-
amide gel run in tris ace-
tate EDTA (TAE) buffer.
(B) Mismatch-binding ac-
tivity is absent from cell

-4 Free probe

extracts lacking hMSH2 or GTBP, as indicated by this gel-shift Cc

assay showing that mismatch-specific complexes are absent

-« Free probe

Hela

0\
JLoVo) S| M |

from extracts from LoVo and DLD1 cells and present in extracts , - '_';EO
from Hela cells. Experimental conditions were as in (A). (C) Im-
-116

munocblot analysis of extracts from Hela, LoVo, and DLD1 cells.
M, molecular size marker (BioRad). In the two left lanes, antisera to

-92

GTBP and to hMSH2 were used alone with the Hela extract to 423 S Anti-GTBP M

” . s y +
demon;trate their selectivity for the 16Q- and 100-kD proteins, (99 \\:&3‘ Anti-hMSH2
respectively. In the other lanes, both antisera were used togeth- L

er.The bands were visualized with alkaline phosphatase—conju-

gated goat antibodies to rabbit immunoglobulin G (Fc) (Promega) as directed by the manufacturer. The amount
of hMSH2 and GTBP in DLD1 and LoVo extracts, respectively, was considerably lower than that in the Hela
cell extracts, possibly because the two proteins are unstable when not in a complex (70).

from DLDI cells showed that both alleles are
inactivated by frameshift mutations (19). To-
gether, these data strongly suggest that the

mismatch-binding factor in human cells is
composed of two proteins, hMSH2 and
GTBP.
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We then expressed the two polypeptides
in a cell-free translation system and assayed
their ability to bind mismatch-containing
substrates. We used a hMSH2 ¢DNA 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 h(MSH2
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 hAMSH2 and FLY5 translation

2
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Fig. 3. Reconstitution of mismatch-binding activ-
ity with in vitro translated GTBP and hMSH2. (A)
Translation of hMSH2, GTBP (clone C1), and
FLY5 mRNAs in a reticulocyte lysate system (Pro-
mega) produced polypeptides of 113, 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 G/T heteroduplex. The figure is an
autoradiogram of a native 6% polyacrylamide gel
run in TAE buffer.
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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 HelLa
cells, which they call hMutSa, 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 (19), 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, hMLHI, hPMSI, 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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The C1 and FLY5 ORFs were introduced into pCite-
2b (Novagen). The hMSH2 ORF was inserted into
pCite-1 (Novagen). In vitro transcription and transla-
tion reactions were carried out as described in (20)
and included a control reaction without added DNA.
353-labeled translation products were analyzed on
an SDS-polyacrylamide gel that was treated with
Amplify (Amersham), dried, and autoradiographed.
Gel shift was carried out as in (9). Five-microliter
samples of single in vitro translation reactions were
tested. In the premixing experiments, 2.5 ml of each
of the two translation reactions were mixed and in-
cubated for 15 min at room temperature before the
addition of the probe. Adenosine monophosphate (5
mM) was included in all the DNA binding reactions to
overcome the effect of ATP in the reticulocyte lysates
[it prevents the formation of mismatch-specific pro-
tein-DNA complexes (70)].
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