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ABSTRACT

Homologs of the Escherichia coli (mutL, S and uvrD) and Streptococcus pneumoniae (hexA, B) genes
involved in mismatch repair are known in several distantly related organisms. Degenerate oligonucle-
otide primers based on conserved regions of E. coli MutS protein and its homologs from Salmonella
typhimurium, S. pneumoniae and human were used in the polymerase chain reaction (PCR) to amplify
and clone mutS/hexA homologs from Saccharomyces cerevisiae. Two DNA sequences were amplified
whose deduced amino acid sequences both shared a high degree of homology with MutS. These
sequences were then used to clone the full-length genes from a yeast genomic library. Sequence
analysis of the two MSH genes (MSH = mutS homolog), MSH1 and MSH2, revealed open reading
frames of 2877 bp and 2898 bp. The deduced amino acid sequences predict polypeptides of 109.3
kD and 109.1 kD, respectively. The overall amino acid sequence identity with the E. coli Mut§ protein
is 28.6% for MSH1 and 25.2% for MSH2. Features previously found to be shared by MutS homologs,
such as the nucleotide binding site and the helix-turn-helix DNA binding motif as well as other highly
conserved regions whose function remain unknown, were also found in the two yeast homologs.
Evidence presented in this and a companion study suggest that MSHI is involved in repair of

mitochondrial DNA and that MSH2 is involved in nuclear DNA repair.

EPLICATION fidelity is essential to ensure that
genetic information is faithfully passed from one
generation to the next. Errors not corrected by the
proofreading mechanism of DNA polymerases must
be repaired by another mechanism or mutations re-
sult. One repair system that has been well character-
ized at the biochemical level, the mutHLS system of
Escherichia coli, removes misincorporated nucleotides
in a manner dependent upon the methylation state of
d(GATC) sites. The result of the removal of mis-
matched nucleotides from the nascent strand is fre-
quently referred to as mutation avoidance (for review
see MODRICH 1987).

An in vitro methyl-directed mismatch repair system
has been characterized in E. c¢oli (LU, CLARK and
MobricH 1983). This system was found to require
the gene products of the mutH, mutL, mutS and
mutU(uvrD) genes. In addition to the mut gene prod-
ucts, the in vitro repair reaction also requires SSB
(single-stranded binding protein), DNA ligase, exo-
nuclease I, DNA polymerase III holoenzyme, ATP,
and the four deoxynucleoside triphosphates (MoD-
RICH 1987). Specific functions have been assigned to
several of the mut gene products: MutH protein is a
d(GATC) specific endonuclease which makes a nick
in the unmethylated strand at a hemimethylated
GATC site and is required for strand discrimination
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(WELSH et al. 1987); MutS protein binds to DNA
containing a mismatch (SU and MobRICH 1986), and
has weak ATPase activity (HABER and WALKER 1991);
and MutU protein (UvrD) is DNA helicase II and is
thought to act in the excision stage of the reaction
(MaTsoN and GEORGE 1987; MobricH 1987). No
precise function has been elucidated for the mutL gene
product although the purified product increases the
size of the nuclease protection pattern of MutS protein
on mismatched DNA substrates (GRILLEY et al. 1989).
Mutations in any of the mut genes result in a mutator
phenotype (Cox 1976; GLICKMAN, VAN DEN ELSEN
and RADMAN 1978; GLICKMAN and RADMAN 1980).
Studies have also shown that the mutHLS system func-
tions in vivo to repair different mismatches with dif-
ferent efficiencies (KRAMER, KRAMER and FRITZ
1984).

Mismatch repair systems studied in other organisms
share similarity to the mut system of E. coli. Salmonella
typhimurium possesses homologs of all of the mut genes
and these genes are capable of complementing corre-
sponding mutations of E. coli (PANG et al. 1984). The
gram-positive bacterium Streptococcus pneumoniae has
the hex repair system which repairs heteroduplex
DNA containing mismatches (CLAVERYS and LACKs
1986). Two loci have been identified which are nec-
essary for this long-patch mismatch repair, hexA and
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hexB. hexA is homologous to mutS and hexB is homol-
ogous to mutL (PRIEBE ¢t al. 1988; PRUDHOMME ¢t al.
1989). No pnreumococcal mutH homolog has been dis-
covered. The mechanism of strand discrimination re-
mains unknown in §. pneumoniae, although single
strand breaks in the nascent DNA strands have been
proposed as a potential recognition signal which could
explain the lack of a requirement for a mutH homolog
in 8. pneumoniae (CLAVERYS and LAcCKs 1986).

In eucaryotes, mismatch repair systems remain less
well defined. Mismatch correction has been demon-
strated in cell-free extracts of Saccharomyces cerevisiae
(MusTER-NassaL. and KoOLODNER 1986). Transfor-
mation of yeast with mismatch containing DNAs has
directly detected mismatch repair in vivo and demon-
strated that different mismatches are repaired with
different efficiencies (BisHop and KOLODNER 1986;
BISHOP et al. 1987; KRAMER ¢ al. 1989a; BIisHOP,
ANDERSON and KOLODNER 1989). The PMSI gene of
S. cerevisiae has been cloned and is homologous to the
E. coli mutL gene (KRAMER et al. 1989b). Mutations in
PMS1 cause a mutator phenotype and cause an in-
crease in the ratio of post-meiotic segregation events
to gene conversion events during meiotic recombina-
tion, consistent with a defect in mismatch repair (WIL-
LIAMSON, GAME and FOGEL 1985). In addition, pms]
mutations decrease the frequency of mismatch repair
following transformation with heteroduplex DNA,
decrease the repair of G-G mismatches during gene
conversion at the arg4-nsp allele, and decrease mis-
match repair-induced meiotic recombination (BisHop
et al. 1987; BisHOP, ANDERSON and KOLODNER 1989;
KRAMER et al. 1989a; LICHTEN et al. 1990; BORTS et
al. 1990). The RADH/HPR5/SRS2 gene of S. cerevisiae
is homologous to the mutU(uvrD) gene of E. coli
(ABOUSSEKHRA et al. 1989; RONG et al. 1991). radH/
hpr5/srs2 mutants have increased sensitivity to killing
by UV irradiation and certain kpr5/radH/srs2 alleles
bestow a hyper-gene conversion phenotype, although
a direct role in mismatch repair has not been demon-
strated (RONG et al. 1991).

Mismatch repair in higher eucaryotes has been dem-
onstrated in cell-free extracts of Xenopus laevis and
human cells (VARLET, RADMAN and BRrROOKs 1990;
HoLMEs, CLARK and MODRICH 1990; THOMAS, ROB-
ERTS and KUNKEL 1991). A system for transfection of
SV40 DNA molecules containing mismatches into
simian cells has been used to demonstrate general
mismatch correction in vivo (BROWN and JIRICNY
1988). This system has also revealed the presence of
a specific mismatch repair pathway capable of restor-
ing G/C pairs lost via deamination of 5-methylcytosine
residues (BROWN and JIRICNY 1987). Several proteins
from mammalian cells specifically bind to certain mis-
matches, although their role in mismatch repair has
not been demonstrated (JIRICNY et al. 1988; Stephen-

son and KARRAN 1989). Molecular analysis of the
DHFR loci in both human and mouse has revealed an
adjacant gene whose deduced amino acid sequence
has a high degree of homology to E. coli mutS (Fujn
and SHIMADA 1989; LINTON et al. 1989). No other
evidence exists as to the potential function of these
homologs in mismatch repair.

To characterize mismatch repair in S. cerevisiae
more thoroughly, we decided to determine whether
yeast possesses a homolog of the E. coli MutS and S.
pneumoniae Hex A proteins. We report here the clon-
ing and sequence analysis of two yeast genes, MSH I
and MSH?2 (mutS homolog) whose deduced amino acid
sequences are highly homologous to mutS and hexA.
We were surprised to find two mutS homologs in yeast
and propose a possible differential function based on
analysis of the sequence data. A companion study
(REENAN and KOLODNER 1992) describes the pheno-
types and genetics of insertion muiations in the two
MSH genes and further supports the interpretation of
function based on the sequence data.

MATERIALS AND METHODS

Enzymes and chemicals: Restriction enzymes were from
New England Biolabs (Beverly, Massachusetts). T4 DNA
ligase was prepared by R.D.K. using a method similar to
that of TAIT, RODRIGUES and WEST (1980). The Klenow
fragment of DNA polymerase I and a random primed DNA
labeling kit were obtained from Boehringer Mannheim (In-
dianapolis, Indiana). Teg DNA polymerase was purchased
from Perkin Elmer-Cetus (Norwalk, Connecticut). Sequen-
ase DNA sequencing kits were from U. S. Biochemical Corp.
(Cleveland, Ohio). {a-**P][dATP used in random primed
labeling and [a-**S]JdATP used in DNA sequencing were
from Amersham (Arlington Heights, Illinois).

Oligonucleotides: Oligonucleotides were synthesized on
an Applied Biosystems 380A DNA synthesizer using phos-
phoramidite chemistry and deprotected using standard
methods. Degenerate oligonucleotides for polymerase chain
reactions (PCR) were further purified by electrophoresis
through a 15% denaturing acrylamide gel followed by pu-
rification on a Waters (Milford, Massachusetts) Sep/Pak
column as per the manufacturers’ instructions.

Strains and media: The S. cerevisiae strain NKY858
(MATa ura3 lys2 leu2::hisG ho::LYS2 his4x) used in this study
for the isolation of genomic DNA is derived from SK1 and
was the gift of NANCY KLECKNER (Harvard University, Cam-
bridge, Massachusetts). Methods for the construction and
manipulation of this strain have been described elsewhere
(T1SHKOFF, JOHNSON and KOLODNER 1991; Cao, ALANI and
KLECKNER 1990). E. coli strain HB101 (BoYER and Rour-
LAND-Dussorx 1969) was the host for the YCP50 library
(ROSE et al. 1987). E. coli strain RK1400 (SYMINGTON,
FoGARTY and KOLODNER 1983) was used as the host for all
other plasmids. E. coli JM101 was the host for recombinant
M13 phage (MESSING 1983). All E. coli strains were grown
in L broth (LB) with appropriate antibiotics. Strains used
for M13 infections were grown in 2xYT (MESSING 1983).
M13 phage, the YCP50 library and all plasmids were from
our laboratory collection.

Plasmids: Plasmids were constructed using standard pro-
cedures (SAMBROOK, FRITSCH and MANIATIS 1989). Small
scale plasmid preparations were performed by the boiling
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method of HOLMEs and QUIGLEY (1981). Large scale plas-
mid preparations were prepared by a modification of the
Triton-lysis method with subsequent purification of form-I
plasmid DNA by centrifugation in CsCl-ethidium bromide
density gradients (SAMBROOK, FRITSCH and MANIATIS 1989)
DNA for double-stranded DNA sequencing was purified
using two cycles of CsCl-EtBr density gradient centrifuga-
tion. Preparation of single-stranded M13 DNA for sequenc-
ing was essentially by the polyethylene glycol precipitation
method (MESSING 1983). E. coli transformation procedures
used were based on a standard Mg-Ca transformation pro-
cedure (WENSINK et al. 1974).

PCR amplification products of the MSHI and MSH2 genes
were inserted into the BamHI site of M13mp19 to generate
M13mp19-39 and M13mp19-45, respectively. These inserts
will be referred to as ms351-I and ms351-11 for convenience.
pI-Ab (containing MSH1) contains a Sau3A partial digest
fragment from chromosome VIII of S. cerevisiae inserted
into the BamHI site of YCP50. plI-2 (containing MSH2)
contains a Sau3A fragment from chromosome XV of §.
cerevisiae inserted into the BamHI site of YCP50. These two
plasmids and their less well characterized overlapping clones
(see Figure 3, a and b) were recovered from the library
constructed by ROSE et al. (1987).

PCR techniques: Based upon protein sequence compari-
sons, the following three regions of protein sequence were
selected and used to design the indicated degenerate oligo-
nucleotides: (1) F(A/V)THY, 5’-CTGGATCC(G/A)TA(G/
A)TG(G/A/T/C)GT(G/A/T/C) (G/A)C(G/A)AA-3'; (2)
TGPNM, 5’-CTGGATCCAC(G/A/T/C)GG (G/A/T/
C)CC(G/A/T/C)AA(T/C)ATG-3’; and (3) H(P/A)V(V/I/
M)(D/E), 5-CTGGATCCA(T/C)XG/C)C(G/A/T/C) GT
(GA/T/CYG/A)T(G/A/T/C)GA-3'. The sequence
CTGGATCC at the 5’ end of each oligonucleotide is a
BamHI restriction enzyme cleavage site added to facilitate
cloning of the amplification product. PCR was performed
in 50-ul volumes containing 10 mM Tris, pH 8.3, 3 mM
MgCl;, 50 mMm KCl, 0.01% gelatin, 1.0 umt of Tag DNA
polymerase, 25 pmol of each degenerate primer and 1 ug
of yeast chromosomal DNA. The cycle for amplification
using these degenerate oligonucleotides was as follows: (1)
denaturation 1 min, 94°; (2) annealing 2 min, 55°; (3)
polymerization 20 sec, 72°. The reaction was continued for
30 cycles. PCR amplification products for cloning were
digested with BamHI and passed over a Sephadex G-50
column run in 10 mM EDTA pH 8.0 to remove linkers and
primers.

Colony hybridizations: Colonies were grown overnight
on LB plates, lifted off onto Genescreen (Du Pont) and
autoclaved at 120° for 2 min. The filters were washed in
40 mM NaHPO, buffer, pH 7.2, at 65° until all cellular
debris was removed. Hybridization reactions contained: 0.5
M NaHPO, buffer, pH 7.2, 0.5% w/v bovine serum albumn,
1 mm EDTA, 5% sodium dodecyl sulfate (SDS) and 0.5 ug
(10® cpm/ug) of **P-labeled probe made from the M13mp19
containing the appropriate 351-bp PCR product insert by
the random priming method of FEINBERG and VOGELSTEIN
(1983). Hybridization was allowed to proceed overnight at
60° followed by four 30-min washes with 40 mm NaHPO,
buffer, pH 7.2, 1 mM EDTA and 1% SDS at 65°. Filters
were exposed to x-ray film to detect the hybridizing colo-
nies.

Southern hybridization analysis: DNA was transferred
from agarose gels to Genescreen membrane (Du Pont) in
25 mM NaHPO, buffer, pH 6.5, and UV cross-linked to the
membrane (CHURCH and GILBERT 1984). Hybridization was
performed as described above except washes were done for
30 minutes with a solution containing 2 X SSC and 1% SDS

at 65° with constant agitation. The hybridizing DNA bands
were then detected by autoradiography.

DNA sequencing: Single-stranded M13 and double-
stranded plasmid DNAs were sequenced by the dideoxy-
chain termination method using Sequenase and the proto-
cols supplied by the manufacturer. Double-stranded se-
quencing templates were prepared as follows: covalently
closed circular template DNA was denatured in 0.2 M
NaOH, 0.2 mM EDTA for 30 min at 37°. The mixture was
neutralized with 0.1 volume of 3 M sodium acetate, pH 4.5,
the DNA precipitated with 4 volumes of ethanol and resus-
pended in 5 mM Tris, pH 7.5, 0.5 mM EDTA. The Mn**
sequencing buffer supplied by the manufacturer was used
to determine DNA sequences close to the primer. The DNA
sequences reported here have been submitted to GenBank
under accession numbers M84169 for MSHI and M84170
for MSH2.

Sequence analysis: Homology searches and alignments
were performed using the Eugene program (Lark Sequenc-
ing Technologies, Ltd., Houston, Texas) run on a Sun
Microsystems Sparkstation 1. Sequence alignment of the
various MutS homologs was performed by subdividing the
sequence into smaller blocks of homology. The anchor
points of these smaller domains were chosen based on the
Lawrence homology search (LAWRENCE and GOLDMAN
1988), which defines homology domains between peptide
sequences. The Dayhoff cost matrix of the Lawrence ho-
mology search was used which reports a minimum homology
domain of 10 residues with a minimum acceptable standard
deviation from chance of 3.0. Once regions of sequence
were anchored by homology domains, the Altschul program
(ALTscHUL and ERICKSON 1986) was used to compute a
globally optimal alignment using the SS2 algorithm. Both
the Dayhoff and the genetic distance cost matrices were
used with the Altschul program (ALTSCHUL and ERICKSON
1986). The penalty for gap opening was either 1.5 or 2.0
and the incremental penalty for each null in the gap was
1.0.

The amino-terminal 21 amino acids of MSH1 were ana-
lyzed in detail to identify features associated with mitochon-
drial targeting sequences. The presence of sequences with
the potential to form amphiphilic helices was determined
using the analysis of voN HEINE (1986). Estimations of
hydrophobic moment, maximal hydrophobicity and surface
seeking potential %surf and surf(E) were performed using
the methods of EISENBERG, WEISS and TERWILLIGER (1984)
and EISENBERG ¢t al. (1984). The normalized consensus scale
(E1SENBERG, WEISS and TERWILLIGER 1984) was used in all
calculations of hydrophobicity as follows: R = ~2.53, K =
—1.50,D=-0.90,Q =-0.85,n=—0.78, E=—0.74, H =
—0.40, 8§ = —-0.78, T = —0.05, P = 0.12, Y = 0.26, C =
0.29,G=0.48, A= 0.62, M =0.64, W = 0.81, L = 1.06,
V=108 F=1.19,1=1.38.

RESULTS

PCR amplification of mutS homologs from Sac-
charomyces cerevisiae: Degenerate oligonucleotide
primers were designed based upon protein sequence
comparison of mutS homologs from two gram-nega-
tive bacteria, a gram-positive bacterium and human.
Primers 1 and 2 lie on the boundary of a highly
conserved region of 117 amino acids that is perfectly
aligned between the four sequences (see Figure 1).
Primers 1 and 2 yielded a product from §. cerevisiae
genomic DNA that corresponded in size to the pre-
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primer 2
—

primer 1
—

L o s

FIGURE 1.—Comparison of bacterial, mouse and human MutS
homologs within the putative nucleotide binding site. The align-
ment of the nucleotide binding site domains of the various homologs
is shown. The location of the sequences which were chosen for the
synthesis of degenerate oligonucleotide primers 1 and 2 are marked
with arrows. The sequences are designated as follows: coli, E. coli
MutS (KEN STACY, unpublished results; also GenBank Accession
number M64730); typh, S. typhimurium MutS (HABER et al. 1988);
pneu, S. pneumoniae HexA (PRIEBE et al. 1988); mice, predicted
product of the mouse Rep-1 gene (LINTON et al. 1989 and personal
communication from GRAY CROUSE); uman, predicted product of
the human DUC-1 ¢cDNA (Fujit and SHIMADA 1989). Boxed se-
quences represent identity with E. coli MutS.

dicted 351 bp E. coli amplification product (Figure 2).
Several of the minor and one of the major contami-
nating amplification products were the result of spu-
rious priming amplification by one individual primer
(Figure 2, control lanes). Primer 3 in combination
with primer 1 did not result in significant amplifica-
tion under any conditions.

Sequence analysis of the cloned products: Se-
quence analysis was performed using eight independ-
ent single-stranded M13 clones containing the cloned
351-bp fragment. Four of the clones contained one
DNA sequence and the other four clones contained a
different DNA sequence, whose predicted amino-acid
sequence in both cases was highly homologous to the
mutS homologs. The two different DNA sequences
shared 56% identity and 66% similarity when con-
servative, third position changes were included. The
predicted amino acid sequences shared 51% identity
and 71% similarity when conservative amino acid
substitutions were considered (see Figure 5). The two
different 351 bp inserts were designated ms351-I and
ms351-11.

Determination of the number of potentially clon-
able sequences: There could have been other clonable
sequences in the 351-bp band that were not included
in the eight sequenced clones. The sequence data
from the two cloned fragments were used to devise a
restriction digestion strategy which would selectively
eliminate one or both fragments from the 351-bp
band and thus allow detection of any remaining DNA.
Two unique 6-bp cutting restriction enzymes were
chosen for each fragment (HindlIl and Xbal for
ms351-1 and Mbo 11 and EcoRI for ms351-1I) and all
combinations of restriction digestions were performed
(data not shown). Single digests of the PCR amplifi-
cation products showed that the ms351-1 amplification
product was 5-10-fold more abundant than the

template:
primer (s) :

1,353
1,078

603

310
281/271

234
194

FIGURE 2.—The PCR amplification product from S. cerevisiae is
identical in size with the amplification product from E. coli. S.
cerevisiae genomic DNA (S) or E. coli genomic DNA (E) was used as
template in PCR and the DNA products were analyzed by agarose
gel electrophoresis. Reactions contain either primer 1 (5), primer 2
(2) or both primers 1 and 2 (2x5) as described under MATERIALS
AND METHODS. The marker lane contains Haelll fragments of
phiX174 RF DNA.

ms351-11 product. In all four cases where double
restriction digests should have cleaved both 351-bp
fragments, no detectable DNA remained at the posi-
tion of the 351-bp fragment. This analysis suggests
that the primer set used yields only two major ampli-
fication products and that both had been cloned.
Genomic restriction map and full-length genomic
clones: The two different 351 bp clones were uni-
formly *?P-labeled and used to probe Southern blots
of various restriction digested S. cerevisiae genomic
DNAs and a YCP50-genomic library from §. cerevisiae.
The probes detected single-copy DNA and allowed
the construction of restriction maps of the genomic
loci (see Figure 3, a and b). Four clones were obtained
for the ms351-1 probe and two for the ms351-11 probe
by screening approximately 15,000 colonies. The full
length genes will be referred to as MSH1 and MSH2
(mutS homolog). The restriction maps of the clones
are shown in Figure 3. pI-Ab and plI-2 were chosen
for further analysis since they most likely contained
the entire coding region. This assumption is based
upon the size of the bacterial genes and the assumed
location of the 351-bp conserved region close to the
carboxyl terminus of the gene. High resolution restric-
tion mapping and later PCR analysis of chromosomal
DNA performed using pairs of sequencing primers
demonstrated that the sequenced MSH loci present in
pI-A5 and pII-2 corresponded to the sequences pres-
ent in the genomic DNA. These two plasmids were
used as hybridization probes against a library of or-
dered cloned S. cerevisiae chromosomal DNA frag-
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ments which allowed unambiguous determination of
the chromosomal locations of the genes (L. RILES and
M. OLSEN, Washington University, St. Louis, Mis-
souri, personal communication). The MSHI gene is
located on chromosome VIIIR between cdcl2 and
SUF8, near cdcl12, and the MSH2 gene is located on
chromosome XVL between adhl and gic4, near adhl
(Figure 3).

The sequence of the MSHI gene: The sequence
(Figure 4A) revealed a large open reading frame of
2877 bp capable of encoding a polypeptide of M,
109,322. The sequence of 5" flanking DNA revealed
a 73% A-T rich region which extended from —98 to
—180 relative to the putative start site (CHEN and
STRUHL 1988). Within this region is a 12-bp sequence
(TGTCATTTTTTT)at position —139 of MSH I that
is identical to the 12-bp sequence at position =127 of
MSH2 (see Figure 4 and description of MSH2 se-
quence below). A potential TATA element was found

at —41 bp (WoBBE and STRUHL 1990). The sequence
also revealed that the MSH1 gene may be a poorly
expressed gene based on the sequence context of the
putative ATG (HAMILTON, WATANABE and DE BOER
1987) and the low codon-adaptation-index (C.A.L) of
0.120 (SHARP ¢t al. 1988). Downstream of the putative
stop codon of MSH 1 are several potential polyadenyl-
ation sites (AATAA) (FITZGERALD and SHENK 1981).
The MSHI gene possesses a transcriptional termina-
tion signal (ZARET and SHERMAN 1982) about 70 bp
downstream of the putative stop codon (see Figure
4A).

Sequence comparison of the MSH1 ORF with those
of the bacterial and human mutS homologs showed
striking similarity (Figure 5). The predicted MSH1
protein sequence shared 28.6% identity to the mutS
gene product of E. coli and 45.5% similarity when
conservative amino acid substitutions were consid-
ered. Several noteworthy features were found to be



-423 TGTATCTATGCACTGCGTGATATCGCGGCAAGCGAAGAGTTCACATATGATTACAAAT TTGAGAGAGAAAAGGATGACGAGGAAAGACTTCCT TG TTTATGTGGAGCACCTAATTGTAAAGGTTTCTTGAACTGACGATGATACATTGATT TG TTT
~367 GGAGCTTCCTGATTTAACATATCGTTGCTTTCCAGCAARAGGTAAAGATAAATACTAAACTGTATACATCTATAAGTAATCTCGGCCATTATTTTAACGATTAG TACTTTTGT TCCIGTCATTTTTTTGGAAAATT TTGCGATCTCTCACTGTTGA
~111 AGAATAAAGATTTCGCGATGACTTTTGCTTGCAGAGAAATGCCTGAAAACACGAACAT TCAATAATATAGATGGTACATAACATATGCGCAAGAAAACGTAAAGGCCACGGATGAAGCATTTCTTTAGGCTACCGACAGCATTCCGGCCCATTTCT

M K HFFRLPTATFR RTPTIS
46 AGGGTTTCCTTACGATATTCTAGTACTGATACCGCTUAACCAAAAATATCAAAACTCAAAATTAGTTTTAATAAAATT TCTGAATCAAATAGCGAAAAAARAGATAATTTGCCTTCAATTGACACACGAARTTG TCTTTCGACTCAGCAAGATGAC
RV 8LRY S STDTA AQUPI KTISI KTLIE KTIUSTPFUNIE KTISESNZSETZ KT KU DUNILGSTIUDTH RWMNZ CLZSTIGQOQDTD
202 AAACTATCAAGCACTGAGCCCTCGAAGGCTTCCCTTCCACCATCATTACAATATGTTCGTGACTTGATGGATT TG TATAAGGATCATG TGGTTTTAACACAAATGGGGTCATTTTATGAACTTTACTTTGAACAAGCAATTAGATACGCTCCAGAA
K L 8 8 TE EUP S KASSLUPUPSL QY VR RDLMDILYZ XKDHVY VLTOQQM¥GSFJYE EILYT FEUGQATITRTYATPE
358 TTAAATATATCATTGACGAATCGAGCTTATACTCATGGCAAAGTTCCATT TGCTGGGT TTCCTGTACACCAGTTAAGTCGACATT TAAAAATGCTTGTTAACAATTGCGGATACAGTGTAACTA TCGCAGAGCAATTCAAAAAAAAGGACGTGGCA
L NI SLTNR RAYSHGTE KTVPFAGTFTPVHO QLS SRHTLEKMLYNENSC ECGY SV TIAET QTFTEKTEKTEKT DLVaA
514 GATAATGAAGCCAATAAATTCTATAGGAGAGTGACTAGAATCGTTACTCCCGGCACTTTTATTGATGAAGCATTTGAAAATTTGAGGGAAAATACATATCTCCTGAACATCGAATTTCCTGAAAACTGTATGAG TCAAGTGGC AGACACGAGTCTA
DNEANEKTFYRRYTRTIVT®PGTTFTIDEA ATFENTLRENTYTLLNTIETFTEPENCMSQVADTS L
670 AAAGTTGGTATATGTTGGTGTGATGTGAGTACTGGGGAGATATTTGTTCAACAAGTGTATCTTAGAGATT TGG TT TCTGCAATAACAAGAATTCAACCTAAGGAGATT TTATTAGATGAAAGATTACT TGAGT TTCATATCGAGTCAGGGACGTGG
K v ¢ I ¢cwW ¢ DV STGEZIFVQQVYLRUDILVY SSATITHRTIUGQPZ KT ETITLTLDTEIRTILILETFHTIESGTW
826 TATCCTGAACTTGTTGAGCTTAAAAAATTTTTITATAAAATATCAGAAAATGCCCAGTCAACATCGCACTATTGAATCATTCTATGGGCTGTTTAATTTGGGAGGTAAAGAAGCAACGGARAGGCAATTGAAAATCCAATTTCAAACTTTTACTCAG
Y P ELVELTEXKTZKTFTFTIZEKTYR QEKMPS8OQHRTTITESTFTYOGLFNTLSG GG XKTEHATTET R QLTEKTIG®QTFOQTTFTQ
982 AAGGAGTTAGCTGCTTTGAGGAATACATTAATATACGTAAGTAATCATCTACCTGATTTCTCTATTAATTTTCAGATTCCTCAGAGACAATTAGCAACGGCGATAATGCAAATTGATTCAAGAACCAGCACTGCACTTGAATTGCATTCTACTGTA
K EL A A LRWNTTLTIYV S NI HTLUPUDTFSTINTFOQTIZPOQRUQILATA ATIMZYTID SR RTS ST ALTETLHSTV
1138 AGAGACAACAATAAAAAAGGCTCTCTGTTATCATCTATAAGAAGGACAGTTACACCTTCAGGAACAAGACT TCTGTCTCAATGGTTGAGTGGACCTTCCCTTGATTTGAAAGAAAT TAAAAAGCGTCAGAARATTGTAGCATTTTTCAAAGACAAC
R D NNIXKIKGSLULSSIRRTUVTZ®PSSETRTILLSOQWIL S GP S L DL KETITI KT K ROQEKTIVAFTFIEKTDHRN
1293 CGTGATATCACTGAAAACCTACGGACTATGTTGAAAAAAGTAAATGATCTATCCCGTATACTTCAAAAGTTTAGTTTCGGAAGGGGCGAGGCATTAGAACTTATTCAAATGGCACGTTCACTAGAGGT TTCAAGAGAAATAAGAAAATATTTACTA
RDITENTLI RTMLIKTEKTYNDLSRTILGO OQEKTFSTFGRG GEHARALETLTIS QMAaRSLETVSRETILIRTEKTYLL
1449 AATAACACGTCGTTGATGAAAGCTACATTAAAGAGTCAAATCACACAGCTGACTGAGTCTTTAAAT TTTGAAAARART TTGAT TGATGATATT TTGAAGT TTTTAAATGAGGAAGAGCTAGCAAAGTCACAAGATGCTAAACAGAATGCAGATGTA
N NTSLMEKATLEKS S QITQLTESTLNTPFETEKI?NLTIDDPTILIEKTFTLINETETETLH ATEKST SO QDA AEKT QHNRAZDYV
1605 ACTAGAATGCTTGACATAGATGTAAAAGACAAGAAAGAAAGTAACAAAGATGAGATTTTTGAATTAAGAGATTTTATCGTAAACCCTTCGTTCAATACCAAACTTAGGAAATTGCATGACACT TATCAGGGCGTTTGGCAAAAAAAAACTCAGTAC
TR ML DIDV KDIKTIKTETSNTZEKTDETITFELRTDTFTIVUNZEPEPSBFDNTIZ XKTILIRIEKILUHEDTYOQGV WQEKIKTTE.Y
1762 AATGCTTTATTAAAAGGTTTTTTTGTTGGCGACCTAGGTGCTAAGACTTTCACCTTGAAGGAAAGGCAAAACGGTGAGTATGCCCTCCATGTGACAGGAACAGCCTCTAGTTTAAAGAAAATTGATGAGTTAATTAGTAAATCGACGGAGTACCAC
N ALL X G F PV GDULGATI KTTFTLIEKERZ QNSGETYALHVYT GTASSLIKIEKTIUDETLTISIKSTTEYH
1918 GGAAGTTGCTTCCATATTTTGCAAAAATCAAGCCAAACACGATGGTTGAG TCACAAAATTTGGACAGACT TCEGGCACGAGTTGGAAT TATTAAATTTAAAGATTAGGAATGAAGAGGCTAATATT AT TGATCTTTTTAAAAGGAAAT TTATTGAT
6 8 ¢ FHILOQZX S8 8 QTR RWULSHI KTIWTUDULSGHETLTETLULNUSNTILIEKTIR RNEEH AWRLUNTITIDTILTFTZ KT RIEKT FTITD
2074 AGAAGTAACGTGGTCAGACAAGTTGCAACTACACTGGGCTATCTTGATACCTTATCGTCCTTTGCTGTGTTAGCTAACGAGAGAAATTTAGTCTGCCCAAAAGTGGATGAGAGCAATAAACTAGAAGTAGTGAATGGGAGACATCTAATGCTTGAA
RSNV VRQVATTLGYULDTTLSSTFAVLANETRINTLVYVCPZ KV VDTESTSUNZEKTLEVVVHNGRHTLUMLYVE
2230 GAGGGTCTTITCCGOGCGCTCTTTCGAGACATTCACGGCCAATAACTGCGAATTCGCGAAGGACAATTTATGGG TAATTACCGGTCCCAATATGGGTGGTAAATCTACATTC TTAAGACAGAATGCAATTATAGTCATTCTGGCGCAAATTGGATGT
EGLSARGSTLTETTFTANNTOCETLA ATEKTDNTLWYV 1[r ¢ P N MGGk sTFLRGQNATITIVILARQTIGEC
2386 TTTGTTCCATGCAGTAAGGCGCGTGTCCCTATTGTAGATAAGCTTTTTAGCCGAGTTGGTTCAGCAGATGATC TGTACAATGAGATGAGTACGTTCATGGTTGAGATGATAGAAACGTCGTTCATCTTGCAAGGAGCTACGGAACGGTCTTTAGCT
FVPCS8SKARUVGIVDI KILTFSRVY GGSADDULYUNZEMMSTTF FMUVEMTITETS ST FTILUGQSGATTET RSTLA
2542 ATTCTAGATGAGATTGGCCGAGGGACTAGTGCTAAAGAAGGCATTAGCATCGCTTATGCAACTTTAAAGTATT TG TTAGAGAACAATCAATGCAGAACGCT TTTTCCTACACATTTTGGTCAAGAACTGAAGCAAATCATTGATAACAAATGTTCG
I LDETIGRGTSGXKTETGTISTIAYATTLTE RTYTLTLESNSNS® G EcRTTL[EATHTFGQELTZ XS Q@TITIDEKTEKTECS
2698 AAAGGAATGAGCGAAAAGGTCAAGTTTTACCAAAGCGGAATCACTGATTTAGGTGGAAACAATTTTTGTTACAACCATAAGTTGAAGCCGGGCATCTGCACGAAATCAGATGCCATTAGAGTTGCGGAATTGGCCGGATTTCCAATGGAAGCGTTA
K G M S EKVKTFUYOQSGTITDLGGNNTFT CYUNHEKTELTEXTPGTICTZ KSDATILIRYAETLHAGCGTFTPMEA AL
2854 AARGAAGCCCGCGAAATATTGGGATAACTTTTGAATACAACTATTAATTGTATATAAT TTGACATGTAATATAATAAGATCTCGAATCAATTTCCCTCTCTTITITTICAAAAGCGACTGTCAAGATACTTAGAAAATGGCARAAACGGTAGTTTG
K EARETITL G

3010 CARATTTCCGTAGTTTGTCGCGCGAATCATATTAGCGGAAACAARACGATCAAACCTTATACCATGAATATAATGGTGGATAT TTATTACGGTAAGGAAACACTCTGAGCCAGGCT TGTAAATAGCGG TTATCTAAGC PTG TAACTAAAGARATCA
3166 ATTTGCATCTTTCGTCCATCAGTGTCAGCCTTGACCARACGCTCOGCATTCAGAATAAAAGTTACGCACGTGTTGGATGTAGTTACTGAAGGAAGAT TG TATTCGTTCAATTCATCCAACAACACTCTTACTATCCARACAACAAAGAAGAATCAAT
3322 CTCCACAAAACTTCAAGGTGATAAAATGTACATTCATCAAGCATTTGGAAGTCATTGGTGATAAGCCCTCGTTTAACTCATTCAAARAGCAACAAATCAAACCCTCATATG TCAACGTGGAAAGAGTTGAGAAGCTTTTGAAAGAAAGTGTAATAG
3478 CATCTAAAAGAAAGAACTCTTAAGGGCAAGGGTGTGAGTGCAGAGGETCAGTTCATTT TCGATCAAATCT TCAAGACCATAGGAGATACTAAGTGCGTGCCTAAAGACATCAT TATTCTTCATGACGT TAAGGTGCAACCTCCATACAAGG TCGAA
3634 GATATCAAAGTCCTACATGAGGGAAGTAACCAATCCATTACATTAATTCAAAGAATAGTGGAAAGAAGCTGGGAGCAGCTAGAACAAGACGATGGTAGGAAAGGCGGATAGAT TAATTAATGACGGAAACGATARTATACGTTATATATTTTTATC
3790 CGTACTTCTATAATGTCAACTATTGTTTATAAAGAGATCCAT TTGAGTCTACAGATTTTTCTATT TATCAAACTATAATATTCCACCACTCTCTTC TCAGTCGCAATGCTTGGG TG TACGG TG TTTGAATAAT TGAAT TAGATTTAAAGCGAATAA

3946 GTGATGACTAACAAGCARAAAAATCGAGTATTTCAAGATC

B

=123 GTA’K:AACTAGmAGMGM’["I‘CCGCGCTAGMGAACAMGATMCAAGACTAWTMACWAMGAMAAGMGCGCMTTMAMGWMA“ECAAAHTPGMG’PPAGAAACAACMACMGGCCI‘ACMAACPMATACMGGAGGC -1078

-1077 TCTCTCGGAAAATAAGAAAATAAAAGAGGCTTTCAAAGAACTAGACAATGAGTCATACAATCACGATGAGGAATTACTAAAARAATACAAATATAC AACCTT: ACAGCAATTAATCATTGATCAAAACGAGTT -912

-921 TTTGAAGAAAAGTGTCAATGAACTACAAAATGAGGTTAATGCTACCAACTTCAAGTTCTCTTTATTTAAAGARAAATATGCAAAATTAGCTGATAGCATCACTGAATTGAATACCTCTACGAAAAAA ¢ AMACTTAACTTT -766

-765 TGAATGCAATGAATTAAAAGAAATATGTTTGAAATACAAAAAAAACATCGAAAATATATCAAATACCAATAAGAATTTACAAAATTCGTTCAAAAATGAAAGGAAAAAAGTTTTAGATTTGAGAAATGAGAGAAATTTGTTGAAAAAGGARATACT  -610

-609 GTTGATTGAATGTCATGGTTCATATTCTCTACTCCTTGTATCTAATATTCTGACATGTTATCGGTTCTTACTGCCAAGTGATACTATTATTGAAACTGAAAGC TTAATTAAGGAGCTACTCAACATGAATAATTCACTTTCGAACCATGTGTCTTC -4 54

-45) TTCTGACGAGCCTCCAGC TACTCGAAA TAGAATTAAA. AAAGTTACTTTATTTCTATCAAGAACTTGT ‘GAAGAAAAT GTCATTTACAAGTGCTTTATTAATTATTACAAGAAAAGTAGGCA  -298

-297 AACTGACCAAAAATCCAATCAGAACTCCA NACNCGTATAMCMAGCCAAAGACMG'I'I‘CC@AC"l‘CCA'ICAAG'R;MCCNAACAGCFACACAm’ﬂ'l'l‘ATM'K‘CCﬂAATAmTATATATACATA‘I'ATGAMMATAGMMCGCGAMA -142

-141 WAGGCG'HWATMTATACTGAMATAAAMGAGGCT(.‘ITTAMTG’H'GACACTCTACTCCAATATCAACNTAMMATCTCWI‘ATC'ICCTGACCTMCANMAATCCNAGATI‘AMAGTATG'I‘CCTCCACTAGG 15
M 8§ § T R

16 CCAGAGCTAAAATTCTCTGATGTAT AACTTCTATAAGAAGTATACAGGGTTGCCGAAGAAACCATTAAAAACCATTAGATTAGTGGATAAAGGCGACTATTACACAGTTATAGG TTCAGATGCGATATTTG TGGCAGATTCAGTC 171
PELKTPF S DV SEERNTFTYZEKZ KT YTGTLZ®P?PKTZ KT PULTZEKTTIRTLVYVDIEKTGDYZYTVIGSDATITFUVADSV

172 TATCATACTCAATCTGTTTTAAAGAACTGCCAATTGGACCCTGTAACGGCAAAGAACTTCCATGAACCAACTAAATATGTTACTG TTTCGCTACAAGTTC TTGCCACTC TGCTGAAGTTATG TTTGTTGGATCTGGGATATAAAGTTGAGATATAC 327
YHTQSVLKNCQLDPVTAKNFHEPTKYVTVSLQVLA’I‘LLKLCLLDLGYKVEXY

328 GATAAGGGTTGGAAATTAATAAAAAGCGCATCTCCAGGGAACATTGAGCAAGTTAATGAGC TAATGAATATGAATATTGATTCGAGTATCATCATTGCAAGTTTGAAAGTTCAATGGAATTCCCAAGATGGARACTGCATTATTGCAGTTGCTTTC 483
DKGWKLIKSASPGNIEQVNELHNMNIDSSIlIASLKVQWNSQDGNCIIGVAF

484 ATT CCACTGCATACA TOCTTGATATTGTCGATAATGAAGTGTATTCCAACCT! TTCTTGATTCAATTGGGTGTAAAGGAATGTTTGE TTGACATCAAATTCAAACTCCAATGCTGAAATGCAGAAAGTA 639
1DTTAYKVGHLDIVDNEVYSNLESFL!QLGVKECLVQDLTSNSNSNAEMQKV

s40 ATAMNTMTMANGCI‘GWWACAWAmAMMC'lCAGM'I'H'I’CTGMAAAGATGTCGAACNGA‘I‘]'I‘MCCAAG'I'I‘ACTGGGCGANATI'IGGCATI‘AMTPACCACAAAMTACNTMAHATCTATGGG‘IGCATGC 798
INVIDRCGCVVTLLKNSEFSEKDVELDLTKLLGDDLALSLPQKYSKLSHGAC

796 MmmA’I'KDGATAmACMT‘lmAGAGCMGA'I’CMG‘TAGGCAAGTATGMTTA(?I'I'GMCATMA'l'l‘AMGGAG'ﬂ'Z‘AmG’l'l‘GGA’K;CCTCCGCI‘ATI‘AMGCCC'I‘I‘M’I'PTATPCCCAQAGGACCACMM'ICCAT'H‘GGT 951
NAl.IGYLQLLS!QDQVGKYELVEHKLKEFHKLDASAIKALNLFPQGPQNPFG

952 Aecucnmm’a'mmmmmmm’ec’mc’rummGwmmAcﬂAmmAmwcmmmmmmmmmcmucmccnmccummmamnur 1107
SNNLAVSGFTSAGNSGKVTSLFQLLNHCKTNAGVRLLNEWLKQPLTNXDEZN

1108 AAAAGACATGATTTAGTCGACTATCTAATTGACCAAATCGAGTTAAGAC! TGACTTCTGAATATTTACCCATGATTCC. TGACTAAGAAATTAAATAAAAGAGGAAACTTAGAGGATGTCTTGAAAATTTACCAATTC 1263
KRHDLVDYLIDQIBLRQHLTSEYLPHIFDIRRLTKKLNKRGNLEDVLKXYQF

1264 AGTMMTMCAGAMWMACMGGACGACAGCCCCAC‘K‘GAACCAGTAMCGAACmCCGC‘ICCGMAGCNWMGCCACCACGmMmTCCmmGMGMAmMACA 1414
SKR1PlIVQVFTSPL!DDSPTEPVNELVRSVWLAPLSHHVEPLSKFEEMVET

1420 ACGGTTGATTTOGATGCTTATGAAGAAAATAACGAATTTATGATTAAAGTTGAGTTTAAT AAGATA. AAC GTTGCGTGATGAAATTCATTCAATCCATCTTGATTCTGCTGAAGATCTAGGATTCGATCCG 1575
TVDLDAYEENNEFMIKVBFNEELGKIRSKLDTLRDF.XHSIHLDSAEDLGFDP

1576 GACAAAAAAC’K“AG’I'PGGAGAACCATCA’ICTGCA'['GGI"I’GGTGTANAGGmACACG'I'AATGACGCCAAGGAG1‘1‘ACGTAMCATMGAAGTACAmAGTTG’PCGACAGTMMGCmTATATI‘I‘mAGTACCMACMTTMAGTCMTC 1731
DKKLKLENHHLHGHCHRLTRNDAKBLRKHKKYIELSTVKAGIPFSTKQLKS!

1732 GCCMTGAAACCAA’I‘ATNT!CMMGGA@PACGACAAGCAACMTCGGCTCTGGITAGAGMA'I'I‘ATAMTA’I'!‘ACATTMCGTACACACCAGTH‘T!‘GMAAACTATCC’H‘AGTCHAGCGCA'I'I'I‘AGA'IVI‘GA’!'K\GCCKC’I‘I'H‘SC'ICATACT 1887
AN!TNILQKEYDKQQSALVREIINITLTY’I‘PVFEKLSLVLAHLDVIASPAHT

1088 TA' ATAC 'CCA, AHHGCANCCANGAWGMGMCTCACCTMTMGCTCCCGTCATCCAGTACMAAANCAAGACGATATMOCTI'TATAMMNATGTCACATTAGAGAGTGGMAGGGC 2043
SSYAPIPYIRPKLHPHDSBRRTHLISSRHPVLEHQDDISFISNDVTLESGKG
2044 GACTTTTTAATCATAACTGGACCAAACATGGGAGCTAAATCTACTTACATCAGACAGGTTGGTGTGATTTCTTTAATGGCCCAAATTGGTTGTTTCGTACCT AGAAGCTGAAATAGCC, TGCAATTCTTTGCAGGGTCGGGGCA 23199
pFLI1II[TGPNMGSGEKSTSTYTIRSGEYVGYTISLMKAQTIGCTFVPCEE®RMETIATIVDATLILCRVUVGA
2200 GGAGATTCCCAATTGAAAGGTGTTTCCACATTTATGGTTGAAATATTGGARACTGCTTCTATACTAAAGAATGCGAGTAAGAATTCTTTGATTAT ACTAGGGCGTGGTACTAGTACATATGATGGTTTTGGTCTAGCTTGGGCAATT 3355
¢ DS QLKGVSTFMVETILTLETA ASTITLEKSNASTEKNSZLIIVDELSGRSGTSTYDGTFGLAWRSATI
2356 GCTGAACATATCGCAAGTA TTCGCTTTGTT AAL'I’CAC’rﬂm‘t‘GAA’I'I'GACAGMm'R:'!‘GAAAAA‘H\:CCCAA'KGT‘CMGAATA'I‘GCATGTI‘(:‘!'I‘GCACATATCGAGMAAAH'PAMAGMCMAMCATGACGATGAG as11

A E H I A S KTI G CF A L|F A TH HELTTETLSEJ KTLTPNTYVIEKNMEHEVYVY V AHTIETZKNTILEKTETZ QZXTHDTDE
2512 GACANACG'K'IVI'K‘ATACmemTAmGATCAmAmANmAGMmAA’]'I'ICCAGAMAAAT’I’GTI‘AMAmTMACG'X‘MAGCCAATGMTI’GGACGATCFAAMACTMTMTGMGATm 2667
D ITLLYJ XKV VETPGTISDG QSTFGTIHTVYAEVVQFPETZKTIUVIEKM?ZMK R K AN E L D DULKTNNETDL

2668 AAAAAAGCTAAGCTATCATTACAGGAAGTTAACGAAGGTAATATTCGTTTGAAGGCTTTACTGAA T AARGTGA TTTACATGACCCAAGCAAAATTACTGAAGAAGCTTCCCAGCATAAAATACAAGAGCTATTG 2823
KAKLSLQEVNEGNIRLKALLKEWIRKVKEEGLHDPSKITEEASQHK!QELL
2824 COTGCTATAGCAAATGAACCAGAAAAGGAAAACGATAATTACCTTGAAATATATAAAAGCCCTTGTTGTTATAATTAATATTACAACGACATCTTA ATCGA’ A TACAAATAGTACATATAATATGGATTCCGAAAGA 2979
A1 ANEBEPEIKTENDNYTLETITYZKSZPCOCCYN
2980 ATTITATTTIIIACAATCTT AAGGTA TTAT AMA l\.ACGMAGMTMNTCTGNATAGANMWCTMAGGCAATMGGCMAMAGCTMGMAWATNCACNTCA@AHM 3135
3136 AATTAGAATTTTC, A TCC ACTATGGAT AACA. GTTAGGTCCGAACGAATT ATC TCCTTTCCTATTTGAAGATGGCGATAGGTCTC 3291
3292 CAAAATT TT TT .nmmcmnm’crccm'rmm'rm\mmmcmcccmci‘cmcummmmcmmacmmmm&wcecnvmm 3847
3440 GTAAAGM‘]'GGMAGMCCATANAmAGACTCATMﬂAmTCGACM‘FICAN'l'l'l'l‘A'l'(.'l'l'l'C'ﬂ’GMTGCATAATAACT'I'K:G’I'I‘Amm‘cATCATMGGTT'!‘AGMTCAAATATIGACGTAGMTCGMAMGCANATMC 3603
3604 GTTGCAAAACGTATT AAAA AACACAATCAA \.CA'["I‘]GACA'I‘TGTCAMCAGCTCANA'I'K'I'K‘CTCCCAC'X‘MTCGATCATAAGAH'!'!'K"FPAGGATATCGATGAWACCTCACC’PMAGANGT 3759
3760 TCATA'K'I‘A’X’CCACMCGTAAMGAAGAGAACMACATAGCAGTAGAC“ACNATACATMCCmATACATATGCGCMMWWCMCAWMCAWACWM GTATTGACTTGAAAAAAGAATGAATA 3915
3916 GCTGAGGAATATCA' T 'GTTCGTTA' AA'l’CMTAAGGATGTAG‘ICA‘ICATGC‘KCMMNAC'K'I'I'AGMTA‘I‘AGCGCOCTMMTGACMH'CAAMCACGAGAGCATGCMTCTCAAMCI'TAMGCCG}AT'H'P 4071

4072 C’HWGAWAGCGTAAAGTACCGATMATACNmATMC’l'l‘l"H‘AGTH'CATAC’I'I‘ACG‘IGCMG'K'K?K:'PCTCCAA‘I'PGT’NAAAGMTCA’I'PGAGA‘PC‘H‘TGA’HTI‘A‘TCMGCA’IGGCANGMNMAGATCTAGAGTACI‘TCTGA 4277
4238 CAGCAAAACRAGTAGAGTATATTTTACTCTCAATACTAACCAATTT AACATA AA TGCTGACAAAAATTTACAACTACATTCAATGCAGAGTTGACATCAGTAATTTTATCGAGATCCACAGGAC 4374

-263
-112
45
201
357
5§13
669
825
981
1137
1293
1449
1605
1761
1917
2073
2229
2388
2541
2697
2853
3009
3165
3321
3477
3633

3789
3945



col
sty
str
mshl
msh2

Mismatch Repair in Yeast

969

col TRMMAR...... .EKAQHPEILLEY SL aceP IBMAGIEN VE‘.Nm Al

ty bpB-H..... .1 F A H 1 i
Zu): ..... .1 FF - I H N-DN AQQHf . D
mshi HPRLL - - - - -FYBHOLEEVVILEG- B - - N B suckvFL FHARLSRAD, Ki
IV 1cE S tvadsvyRTAVERMERS . .. .- - . .- DV TAKRFLEPTKER £ V!

D
PLKTI

col FGIGDPATSKGPVE IVTPGTI

K E.
VI ==
NEANkf -----
msh2 LLDLGY IYDKG. IKSA: Q

% -E*f‘i’fﬂ“m‘-ﬁ?&ﬂfﬁ-- ﬂ‘a

msh2 Ernfyk

t i s TTTT
zt¥ -ME: -V K...HHoV}---NVHBS.K. . oo v o civeee i v e o o o PDS-NFFR. 0 c e e e a0 VS DREGNQ
mshl —FKK niefpencmSQVAD

SEY  caiecerccccvansssassasesVIGULDFT¥GEI-NLKA-evvigyDFrp-t..cceenanons
mshl LV BL IE
msh2 LVQ NSNS . NAEMORVIMG. I

sty s Q
str VHR--MRE-N-LKPVIRYEIK

mshl .........

msh2 (ﬂJL@D’QKYS
col [FVTEM SWRTFMWHQWVLLE@TIGAH

R WERE A J%ﬁ%

L VIENHLPDFSINFQIP! LATAL
RHLOLLSEQDQVGKYELVEHKLK

col VGFGVENAPR E .ﬁamKDTQRTTLPHXRSITMERE:QDSI 1
________ S- , ; \ ool
SK. E

9

A t- El:FQ
L
col gQLE&?

col VL GKA
sty -~
str M-EARE-SAl

mshl RWLB:&WT
msh2 TNIL(

‘ GFNA! 101
Zymed] Lz
hs DY -KK s
_ml ERQNG
EEbdk 5 NHH

22— __ -
TITGPNMGGKSTYMR(Y 5 YNP I
rf&—— rﬂ%ﬂ AL

VAFI@‘

. AAIW G

FIGURE 5.—Comparison of the
predicted protein sequences of the
MSH I and MSH2 genes with bacterial
and human MutS homologs. Se-
quences were aligned as described
under MATERIALS AND METHODS.
The positions of primers 1, 2 and 3
are indicated above the relevant se-
quence. Boxed regions represent
either MSH protein identity with £,
coli MutS (as indicated by -) or iden-
tity of one MSH protein and another
non-£. coli MutS homolog (as indi-
cated by lettering within a boxed re-
gion). Sequence abbreviations are as
follows: col, E. coli MutS; sty, S. #-
phimurium MutS; str, S. pneumoniae

LALRTARBa h AR

pCASGA-PS-—S—.
LAS- . I
GEAL
0;35 1BV

TF%DKPGEE---ITE VVEQV HexA; hum, protein sequence pre-
-G-DSQ-D. . . -RH - dicted from the human DUC-I
DESNKLE. . . V] G

)

APMDSER ChLIS: cDNA. Other abbreviations used are:

WVGMDDLAS SRSTFMVEMTETW
| -

(.) a gap in the sequence; (-) identical

amino acid; lower case, sequence

-S10TH - 3 H
L-0=-CF-- 17
~-Q--CP--CEEA=

EI IDEECSKGMSEK

present in one protein where there is

ieknlkegkH

a gap in all of the other proteins.

o] 3 R R
SLY it e i e -

1 8 I QKL
T o S b(9]

msh2 teeasghkiqellraianepekendnyleiykspcCYN

conserved between MSHI and the other mutS homo-
logs, including MSH2 (see below) and these features
are summarized in Figure 6. First, the predicted
MSHI1 and MSH2 proteins each possess a putative
Mg** ATP- bmdmg site (Figures 5 and 6). The se-
quence comparison with other ATP-binding sites
shows the highly conserved GKS/T sequence respon-
sible for binding the phosphoryl moiety of ATP (GORr-
BALENYA and KOONIN 1990). MSH]1 also contains the
invariant DE sequence responsible for chelating the
Mg®* ion of Mg®* ATP. Second, a putative helix-turn-
helix DNA binding motif (PABO and SAUER 1984)
common to the carboxyl termini of the other muS

SISPH\AATQVDGTQ sEPH leAVEAH-ZNLDPDSLTPRQA WIKR
i i 3
1@} nagtEsp-Puro-savTE- TE-FORAH- . H- ILE-H\K-—VYNM—-M VMRVLVE

homologs was identified in MSH1 (Figure 6). How-
ever, the motif is located only 3 amino acids from the
carboxyl terminus. This location for the helix-turn-
helix differs from all other known mutS homologs,
which have at least 50 amino acids between the end
of the helix-turn-helix and the carboxyl termini (see
Figure 5). Third, another conserved region was found
in the amino terminus (MGDFY to RIVTPG corre-
sponding to bases 304-567 on the MSHI DNA se-
quence and amino acids 101-189 on the protein se-
quence, see Figures 4A and 5). This region showed a
high degree of conservation with the bacterial but not
the human or MSH2 sequences. Overall, the MSH1

FIGURE 4.—Complete sequence of the MSH1 and MSH2 genes of S. cerevisiae. The sequences of the MSH1 (A) and MSH2 (B) genes are
presented along with 5’ and 3’ flanking sequences. The boxed protein sequences represent the sequences to which primers 1 and 2 were
directed. The underlined sequence to the 5’ of the AUG of both genes indicates the shared TGTCATTTTTTT sequence. The underlined
sequences 3’ to the putative stop codons are potential transcriptional termination sites. The adenine of the putative start codon, in both

cases, is designated as position number 1.
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FIGURE 6.—Illustration of structural features predicted to be
present in MSH1 and MSH2 proteins. (A) MSH1 protein. Features
illustrated are: mitochondrial targeting sequence located between
amino acid positions 1 and 21 (mts); nucleotide binding fold GKS
located at amino acid position 776 and DE located at amino acid
position 850 (nt binding); helix-turn-helix AIRVAELAGFPME-
ALKEARE located at amino acid position 937-956 (hth). (B) MSH2
protein. Features illustrated are: nuclear targeting sequences FYKK
YTGLPK and LPKK PLK TIR located at amino acid positions 19
and 26, respectively (nuc); nucleotide binding fold GKS located at
amino acid position 693 and DE located at amino acid position 767
(nt binding); helix-turn-helix GIHVAEVVQFPEKIVKMAKR lo-
cated at amino acid position 855-874 (hth).

protein is more homologous, especially in the amino
terminus, to the bacterial mutS homologs than to the
predicted gene products of the MSH2 gene or the
human gene.

Amino-terminal non-homology in the MSH1 pro-
tein: The predicted MSH1 protein has a region of 68
amino acids at the amino terminus that is not present
in the other proteins (Figures 5 and 6). Analysis of
the 21 amino-terminal residues revealed an exception-
ally good mitochondrial targeting sequence by several
criteria. First, studies have shown that many mito-
chondrial targeting sequences possess the potential to
form amphiphilic helices (voN HEIJNE 1986) and such
a potential amphiphilic helix is present in the first 21
amino acids of MSH1. Second, the calculated hydro-
phobic moment, py,and the maximum hydrophobicity
of the hydrophobic face of MSH1 (amino acids 4-21)
are among the highest observed for amphiphilic hel-
ices known to function as mitochondrial targeting
sequences and, among the MutS homologs, only
MSHI1 has an amino terminus that qualifies as a sur-
face-seeking peptide by these criteria (VON HEIJNE
1986). Third, analysis by the method of EISENBERG,
WEISs and TERWILLIGER (1984) and EISENBERG et al.
(1984) showed that only the MSH1 amino terminus
qualified as a surface seeking peptide, although it
should be noted that many mitochondrial targeting
sequences fail to satisfy the Eisenberg criteria (VON
HEINE 1986). This analysis suggests that the protein
encoded by MSH 1 is imported into mitochondria and
functions there.

The sequence of the MSH2 gene: Sequence analysis
of the MSH2 genomic clone revealed a large open
reading frame of 2898 bp capable of encoding a
polypeptide of M, 109,073. The sequence of 5" flank-
ing DNA revealed an 82% A-T rich region extending
from —93 to —198 relative to the putative start site.
Within this region is the 12-bp identity with the up-
stream region of MSHI mentioned above (at —127,
see Figure 4B). Potential TATA elements were lo-

cated at —45 and —54. The MSH2 sequence also
revealed that it may be a moderately expressed gene.
The sequence context of the putative ATG is near
the consensus for highly expressed genes and the
codon-adaptation index (0.177) is indicative of a mod-
erately expressed gene. As with the MSHI gene, po-
tential polyadenylation sites are present downstream
of the MSH2 stop codon. A match to the consensus
transcriptional termination signal is found at nearly
the same position downstream of the stop codon as in
the MSH1 gene. Comparison of the sequence pre-
dicted for the MSH2 protein with the bacterial and
human MutS homologs revealed striking similarity
(Figure 5). MSH2 shared 25.2% identity with E. coli
MutS and 42.7% similarity when conservative amino
acid substitutions were considered. A comparison be-
tween MSH1 and MSH2 revealed that they are 17.2%
identical and 31.5% similar when conservative amino
acid substitutions are considered. Thus, the MSH]I
and MSH2 proteins are less homologous to each other
than either is to its bacterial counterparts.

As with the predicted MSH1 protein, the predicted
MSH2 protein also has shared structural motifs with
the other MutS homologs. First, the Mg®* ATP-bind-
ing site shares the invariant sequences GKS/T and DE
with all of the MutS homologs including MSH1 as
well as highly conserved blocks of homology through-
out the region (see Figures 5 and 6). Second, the
helix-turn-helix motif is present and located 92 amino
acids from the carboxyl terminus (see Figures 5 and
6) so that the carboxyl terminus of MSH2 is extended
by an additional 30-40 amino acids from this feature
with respect to the other homologs (except MSHI).
The length of the amino terminus of MSH2 appears
to closely match the bacterial sequences (see Figure
5).

Overall, the predicted MSH2 protein contains less
extensive amino terminal homology to the bacterial
homologs than does MSH1 (for MSH1 there is 37%
identity to the amino terminal 156 amino acids of the
E. coli MutS protein, whereas MSH2 shows only 16%
identity for the same region). The amino terminus of
MSH2 contains two potential nuclear localization sites
at amino acid positions 19 and 26 (MORELAND et al.
1987; RICHARDSON, ROBERTS and SMITH 1986) (Fig-
ure 6). The presence of putative nuclear localization
sequences suggests that MSH2 functions in the nu-
cleus.

DISCUSSION

We have identified two yeast genes, MSHI and
MSH?2, whose putative gene products show a high
degree of homology (>25%) to the predicted products
of the E. coli mutS gene and the S. pneumoniae hexA
gene which function in mismatch repair and mam-
malian mutS homologs for which no function has yet
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been identified. The rationale for searching for such
homologs was provided by the identification of a mutL
homolog (PMS1) in yeast (KRAMER et al. 1989a; Pru-
DHOMME ¢t al. 1989) and the existence of higher
eucaryotic homologs of S. pneumoniae hexA and E. coli
mutS. We were surprised to identify two mutS homo-
logs in yeast.

The predicted molecular masses of the MSHI and
MSH2 gene products are nearly identical even though
they share only 17% identity. The yeast proteins (109
kD) are larger than the procaryotic proteins (95 kD)
and smaller than the mouse or human proteins (123
and 127 kD, respectively). Another feature of the
primary structure of the two yeast proteins is their
carboxyl termini. The MSH1 carboxyl terminus is
located 3 amino acids after the putative helix-turn-
helix, whereas the carboxyl terminus of the procar-
yotic and mammalian proteins is located approxi-
mately 60 amino acids after the helix-turn-helix. The
carboxyl terminus of the MSH2 protein is 40 amino
acids further from the helix-turn-helix than the pro-
caryotic or mammalian proteins and almost 100 amino
acids further from the helix-turn-helix than in the
case of the MSH1 carboxyl terminus. The carboxyl
termini regions of both MSH1 and MSH2 have in
common the highly conserved nucleotide binding do-
main and the putative helix-turn-helix motifs. This
strongly suggests that the carboxyl-terminal region of
the MSH proteins possess the DNA binding region
rather than a region for potential MSH/MutL homo-
log interaction. One might expect to find such a MutL.
interaction domain in a more divergent region such
as in the amino-terminal half of the MSH proteins.
This is because we imagine there are less evolutionary
constraints on protein-protein interactions where
compensating changes can occur in two proteins than
on protein-DNA interactions where the structure of
the DNA containing the mispair is fixed.

The amino-terminal regions of the MSHI1 and
MSH2 proteins provide a preliminary indication of
the function and localization of these proteins. The
amino terminus of the MSHI protein possesses a
potential mitochondrial targeting sequence that is ab-
sent in the other MutS homologs and suggests that
MSH1 functions in the mitochondria. Recent analysis
of the purified MSH1 protein indicates that its amino
terminus is processed in a manner consistent with its
being imported into mitochondria (N.-W. CHi, E.
Arant and R. KOLODNER, unpublished). One the
other hand, the MSH2 amino terminus possesses two
potential nuclear localization sites, suggesting that the
MSH2 functions in the nucleus. The strong homology
of MSH1 and MSH2 to the procaryotic MutS homo-
logs known to function in mismatch repair suggests
that the yeast homologs are involved in mismatch
repair of DNA.

The data presented in this report suggest that yeast
possesses a mismatch repair system similar to the
hexAB system of S. pneumoniae and the mutHLS system
of E. coli even though the yeast system is unlikely be
methyl-directed like the E. coli system. A third yeast
mutS homolog (now called MSH3), which could not
have been identified using our primer set, has been
identified and is more closely related to the mamma-
lian mutS homologs than MSHI and MSH2 are (GRAY
CROUSE, personal communication). The observation
of multiple homologs in yeast suggests that it may not
be straightforward to define a function for the single
presently identified mammalian gene encoding a mutS
homolog. The existence of three yeast mutS homologs
suggests the possible existence of multiple mismatch
repair pathways and more mutL homologs than just
PMS1. This is true since the MSH1 and MSH2 genes
appear to have repair functions in different organelles
as demonstrated in a companion study (REENAN and
KOLODNER 1992). A remaining question is whether
yeast contains homologs of uvrD and mutH. Yeast lacks
detectable DNA methylation (PROFFITT et al. 1984)
and therefore is unlikely to possess a methyl-directed
mismatch repair system. This suggests that mutH hom-
ologs, which would be expected to recognize asym-
metries in DNA methylation (Lu, CLARK and Mob-
RICH 1983; LAHUE, SU and MODRICH 1987; WELSH et
al. 1987), may not be required in yeast. However,
there may be as yet unidentified mutH homologs re-
sponsible for directing the strand specificity of the
repair process in some way other than recognizing the
state of methylation. The RAD3 gene, which encodes
a helicase, and the HPR5/RADH/SRS2 genes are ho-
mologous to the E. coli uvrD gene, which is the DNA
helicase involved in UV excision repair and methyl-
directed mismatch repair excision (MODRICH 1987;
ABOUSSEKHRA ¢t al. 1989; RONG et al. 1991; SUNG et
al. 1987). Although some alleles of HPR5/RADH/
SRS2 confer a hyper-gene conversion phenotype
(RONG et al. 1991) and one allele of RAD3 confers
increased spontaneous mutability (GOLIN and Espos-
ITo 1977, MONTELONE, HOEKSTRA and MALONE
1988), neither the HPR5/RADH/SRS2 gene nor the
RAD3 gene have been definitively implicated as en-
coding the mismatch repair helicase of yeast. The
multiple mutS homologs of yeast suggest that there
may also be multiple as yet unidentified wvrD homo-
logs.
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