
pro-T cells as descr~bed above. The RNA probes 
were labeled by means of the Genius system (Boeh- 
ringer Mannheim), as described by the manufacturer. 
However, both the SP6 and T7 RNA polymerase 
used were obtained from Promega (Madison, WI). 
The HT-2 probe and pro-Tcell probe were each used 
at 10 ng/ml, and the HC7 and D10.G4.1 probes were 
each used at 5 ng/ml and were combined Into one 
probe mix. The filter lifts of the pro-T cell pJFE cDNA 
library were prehybrid~zed at 42°C for 3 to 6 hours in 
Church's buffer [50% formamide, 6 x  salinesodium 
phosphate-EDTA buffer, 50 mM NaHPO, (pH 7.2), 
7% SDS, 0.1 % N-lauryl sarcosine, and 2% Boehr- 
lnger Mannheim block~ng reagent]. Filters were 
probed overnight in the same buffer conta~ning the 
approprlate probe. Specifically, each filter from the 
set of triplicate filters was probed w~th HT-2 RNA 
probes, pro-T cell RNA probes, or pooled HC7 + 
D10.G4.1 RNA probes. The filters were washed as 
described by the Genius system. Chem~lum~nescent 
detect~on of hybridization was used as described by 
the Genius system. The colonies that were positive 
for hybridizat~on with the pro-T cell probe but not the 
HT-2 or D10.G4.1 + HC7 probes were selected as 
being potentially unique to the pro-Tcell cDNA Ihbrary. 
These clones were selected for sequencing. 

21. Single-letter abbrev~ations for the amlno acid resi- 
dues 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. 
22, lnterspec~fic backcross progeny were generated by 

mating (C57BU6J x Mus spretus) F, females and 
C57BU6J males as described (7 3. A total of 205 N, 
mice were used to map the locus of the gene encod- 
Ing lymphotactin, Ltn. DNA  sola at ion, restrict~on en- 
zyme d~gestion, agarose gel electrophores~s, South- 
ern blot transfer, and hybridization were done essen- 
t~ally as described (78). All blots were prepared w~th 
Hybond-N nylon membrane (Amersham). The probe, 
an -536-base palr fragment of mouse cDNA, was 
labeled w~th [32P]deoxycytidine triphosphate (dCTP); 
wash~ng was done to a final stringency of 0.1 x sodl- 
um chlor~de, sodium cltrate, and sod~um phosphate 
and 0.1 % SDS at 65°C. A fragment of 13.0 kb was 
detected in Sph I-digested C57BU6J DNA, and a 
fragment of 8.6 kb was detected In Sph I-digested 
M. spretus DNA. The presence or absence of the 
8.6-kb M. spretus-specif~c Sph I fragment was fol- 
lowed in backcross mice. Recomb~nat~on d~stances 
were calculated w~th the computer program SPRE- 
TUS MADNESS (National Cancer Institutefreder~ck, 
Research and Development, Freder~ck, MD). Gene 
order was determ~ned by min~mizat~on of the number 
of recomb~nation events requ~red to expla~n the allele 
distribution patterns. The most likely gene order and 
the ratios of the total number of mlce exhibit~ng re- 
combinant chromosomes to the total number of mice 
analyzed for each pair of loci are: centromere-- 
Fasl-0 : 180-At3-3 : 164Sele-2 : 162-Ltn- 

Long-Term Behavioral Recovery in 
Parkinsonian Rats by an HSV Vector 

Expressing Tyrosine Hydroxylase 
Matthew J. During," Janice R. Naegele, Karen L. OIMalley, 

Alfred I. Geller 

One therapeutic approach to treating Parkinson's disease is to convert endogenous 
striatal cells into levo-3,4-dihydroxyphenylalanine (L-dopa)-producing cells. A defective 
herpes simplex virus type 1 vector expressing human tyrosine hydroxylase was delivered 
into the partially denervated striatum of 6-hydroxydopamine-lesioned rats, used as a 
model of Parkinson's disease. Efficient behavioral and biochemical recovery was main- 
tained for 1 year after gene transfer. Biochemical recovery included increases in both 
striatal tyrosine hydroxylase enzyme activity and in extracellular dopamine concentra- 
tions. Persistence of human tyrosine hydroxylase was revealed by expression of RNA and 
immunoreactivity. 

Parkinson's disease (PD),  a neurodegen- 
erative disorder, is characterized by the 
progressive loss of the dopaminergic neu- 
rons in the substantia nigra pars compacta 
that project to  the corpus striatum ( I ) .  
The principal therapy for PD is the oral 
administration of L-dopa (2) ,  which is 
converted to dopamine (DA)  by endoge- 
nous striatal aromatic amino acid decar- 

M. J. During, Departments of Surgery and Medicine, Yale 
University School of Medicine, New Haven, CT 06510, 

boxylase (AADC) (3). Although it is ini- 
tially effective, L-dopa therapy loses effi- 
cacy over a period of several years ( I ) .  
Transplantation of cells that produce L- 
dopa or DA into the striatum can correct 
animal models of PD (4)  but has not been 
a viable therapy in most human trials (5). 
Peripheral cell types that are genetically 
modified to express tyrosine hydroxylase 
(TH)  and produce L-dopa have supported 
only short-term improvement (less than 2 
months) in animal models of PD (6, 7). 

1 : 170--0tf7. The recombinat~on frequenc~es (ex- 
pressed as genetlc distances ~n centimorgans ? 
SEM) are: (Fasl, A t3k1 .8  ? 1 .l-Sele--1.2 ? 

0.9-Ltn-0.6 2 0.6--0tfl. References for the hu- 
man map pos~tions of loci cited In this study can be 
obtained from the Genome Data Base, a computer- 
ized database of human llnkage informat~on main- 
ta~ned by the Willlam H. Welch Medical Library of The 
Johns Hopkins Un~versity (Baltimore, MD). 

23. Polyadenylated RNA was isolated from sorted cell 
populations with the FastTrack mRNA kit (Invitro- 
gen). Samples were electrophoresed In a 1 % aga- 
rose gel contain~ng formaldehyde and transferred to 
a Genescreen membrane (NEN Research Products, 
Boston, MA). Hybridization was done at 65°C in 0.5 
M NaHPO, (pH 7.2),7% SDS, 1 mM EDTA, and 1% 
bov~ne serum albumin (fract~on V) with [3T]dCTP- 
labeled lymphotact~n cDNA at 10' cpm/ml. After hy- 
br~dization, filters were washed three times at 50°C In 
0 . 2 ~  standard saline citrate and 0.1 % SDS and ex- 
posed to f~lm for 24 hours. 

24. K. B. Bacon, R. D. Camp, F. M. Cunningham, P. M. 
Woollard, B r  J. Pharmacol. 95, 966 (1988). 

25. We thank G. Zurawski for help in expressing recom- 
binant lymphotactin and B. Behrens and D. J. Gilbert 
for excellent techn~cal assistance. The GenBank ac- 
cession number for the nucleotide sequence of lym- 
photactin is mLtn: U15607. 
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simplex virus type 1 (HSV-1) vector (10). 
Potential advantages of this approach in- 
clude production of L-dopa at the required 
site of action, so that diffusion over substan- 
tial distances is not necessary, and allevia- 
tion of potential problems caused by graft 
rejection or tumor formation. T o  test this 
strategy, a human T H  complementary 
DNA (cDNA) (form 11) (1 1, 12) was in- 
serted into an  HSV-1 vector (pHSVth). 
Infection of cultured striatal cells with 
pHSVth resulted in expression of human 
T H  RNA, T H  immunoreactivity, and the 
release of L-dopa into the culture medium 
(13). The  amounts of L-dopa released per 
infected cell suggested that pHSVth might 
be evaluated in the 6-hydroxydopamine 
(6-0HDA)-lesioned rat, a model of PD. 

pHSVth virus or pHSVlac virus or ve- 
hicle alone [phosphate-buffered saline 
(PBS)], was delivered by stereotactic in- 
jection into the partially denervated stri- 
atum of unilaterally 6-OHDA-lesioned 
rats (14). The  apomorphine-induced rota- 
tion rate was measured as an  index of 
behavioral recovery. The  average decrease 
in the rotation rate caused by pHSVth was 
64 2 6% at 2 weeks after gene transfer. 
This value remained relatively constant 
over a l-year period, and the decrease 
remained statistically significant at both 6 
months (P  < 0.01) and 1 year ( P  < 0.05) 
after gene transfer as compared with the 

USA. 
J. R. Naegele, Department of B~ology, Wesleyan Univer- 

Genetically modified muscle cells support control groups (Fig. 1 A  and Table 1) .  The  

slty, Middletown, CT 06457, USA. longer improvements ( 6  months) (8), but rotation rate of each rat in the pHSVth 
K. L. O'Malley, Department of Anatomy and Neurobiolo- the viability of a muscle cell graft in the group remained relatively constant and 
gys Washington University School of Medicine, St, Louis' human striatum is not yet clear. A n  alter- was similar to  the rotation rate in the final 
M 0  631 10, USA. 
A. I. Geller, D~vision of Endocrinology, ~ ~ ~ ~ i .  native therapeutic strategy is to  convert a test  a able 1) .  
tal, and Proqram in Neuroscience, Harvard Medical fraction of the striatal cells into L-dopa- T H  enzyme activity and extracellular 
school, ~os ton ,  MA 021 15, USA producing cells by expression of TH- in DA concentrations in the injected striatum 
*To whom correspondence should be addressed. striatal cells (9)  from a defective herpes were evaluated in selected rats 4 to 6 
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months after gene transfer by means of in 
vivo microdialysis (15) (Table 1). A n  in- 
hibitor of AADC [I00 pM NSD 1015 (3- 
hydroxybenzylhydrazine)] was added to the 
microdialysis perfusate, and accumulation 
of L-dopa was measured (15) as an indica- 
tion of T H  enzyme activity (16) (Fig. 1B). 
Ninety minutes after addition of NSD 1015, 
pHSVth directed a 60% average increase in 
striatal L-dopa concentrations as compared 
with those of the control groups (pHSVlac 
or PBS; P < 0.05), whereas normal (unle- 
sioned and uninjected) rats showed 180% 
higher striatal L-dopa concentrations as 
compared with those of the control groups 
(P < 0.01). 

To  determine whether or not pHSVth 
directed an increase in DA production, ex- 
tracellular DA levels were measured (15). 

In the basal state (3 mM Kt) ,  pHSVth 
mediated a 120% (P  < 0.05) increase in 
striatal DA concentrations as compared 
with those of the control groups, whereas 
normal rats showed DA concentrations that 
were 250% (P < 0.01) above those of the 
control groups (Fig. 1C). After depolariza- 
tion of neurons with high Kt (56 mM Kt 
in microdialysis perfusate), pHSVth medi- 
ated a 310% (P  < 0.05) increase in DA 
concentrations as compared with those of 
the control groups, whereas normal rats 
showed an  1150% (P < 0.005) increase in 
DA concentrations. Concentrations of 
y-aminobutyric acid and acetylcholine, the 
predominant neurotransmitters of striatal 
neurons, were unaltered in the pHSVth 
group as compared with concentrations in 
the control groups. 

Fig. 1 .  Rotation rates and striatal 
L-dopa or DA concentrations after 
stereotactic injection of pHSVth, 
pSHVlac, or PBS into the partially 3 
denervated striatum (14). (A) The 100 
rats were tested at various times - E 
(14) for the awomorwhine-induced Z 1201 80 -E- pHSVth 
~, 

rotation rate, and the' values shown + pHSVlac 
are the average percent of the 
baseline rotation rate for each 
group. (B) Striatal L-dopa concen- 
trations were measured by microdi- 
alysis (15) after perfusion with NSD 
1015 as an indication of striatal TH 
activity (16). (C) Striatal DA levels -2 0 2 4 6 8 10 12 14 
were measured by microdialysis in Time (months) 
low K+ (3 mM) and after perfusion 
with high K+ (56 mM) (15). 2507 B 

E .  - . -x- PBS 
4 

150: -+ Unlesioned 
E 

8 : + 
4 

0 . . . . . . . . . . . . . . . . . . . . . . . .  

-20 0 20 40 60 80 100 
Time (min) relative to start of 100 p M  NSD 1015 perfusion 

- .  
25- -+- pHSVth - 

e .  
0 .  

+- pHSVlac - 5 20: 
C .  

-I+ PBS 
a ? .  
U .  Z 15- -A- Unlesioned 
U 

Time (min) relative to start of 5 6  m M  Kt perfusion 

Histological analysis was done 6 to 16 
months after gene transfer. Because these 
defective HSV-1 vectors should not repli- 
cate in vivo (17), gene transfer is most 
likely to occur in striatal neurons and glia 
that are proximal to the injection site. 
However, HSV-1 particles can also diffuse 
through the extracellular space or be retro- 
gradely transported through processes to the 
cell bodies of striatal projection neurons. 
T H  immunoreactivity was detected with an 
antibody to T H  (1 8). The normal rat stri- 
atum lacks cells with T H  immunoreactivity 
(1 9). Striata injected with pHSVth, but not 
pHSVlac or PBS, contained immunoreac- 
tive cells, frequently in clusters spread over 
200 to 300 p m  (Fig. 2, A through C ,  and 
Table I ) ,  and many of these cells displayed 
neuronal morphology (Fig. 2C). Again, 
only in the pHSVth group, two striatal 
projection areas that normally lack cells 
with T H  immunoreactivity, namely the pal- 
lidum (20) and the medial agranular cortex 
(bilateral, layers 3 and 5)  (21), contained 
cells with T H  immunoreactivity (Fig. 3, D 
and E, respectively, and Table 1). One rat 
(pHSVth no. 30) lacked immunoreactive 
striatal cells, although cortical cells with 
immunoreactivity were detected, and this 
was the only rat in the group that did not 
show a decrease in the rotation rate. 

In the pHSVth group, the total number 
of cells containing T H  immunoreactivity 
(18) ranged from approximately 5 to 10 to 
200 to 300, the majority of which were 
striatal cells. The number of immunoreac- 
tive cells did not correlate with the extent of 
behavioral recovery, possibly because multi- 
ple cell types contained T H  immunoreactiv- 
ity and the amount of L-dopa produced by 
recombinant T H  is cell-type-dependent 
(6-8). Cells expressing P-galactosidase (P- 
Gal) were detected with X-Gal (22) in stri- 
ata injected with pHSVlac but not with 
pHSVth or PBS (Fig. 2F and Table 1). 

pHSVth DNA was detected by means of 
polymerase chain reaction (PCR) (23) in 
~HsVth-injected striata for up to 16 
months after gene transfer (Fig. 3A and 
Table 1). pHSVth DNA was detected in 
the uninjected contralateral striatum in two 
rats (pHSVth no. 4 and the rat analyzed 3 
months after gene transfer in Fig. 3A). This 
could be due to pHSVth virus rising up a 
needle track to infect axons projecting from 
the contralateral striatum or neocortex 
[some samples contained small amounts of 
neocortex (23)] or to a projection from the 
contralateral neocortex to the injected stri- 
atum (21). pHSVth DNA was not detected 
in the cerebellum, which does not project 
to the striatum, or in a striatum that re- 
ceived pHSVlac. 

Because the brains of the rats used for 
rotation rate analysis were fixed with 4% 
paraformaldehyde, this tissue was not suit- 
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able for reverse transcriptase-PCR (RT- 
PCR) analysis of human T H  RNA. To in- 
vestigate long-term expression of human 
T H  RNA, pHSVth was injected into the 
striatum (14) of normal rats, and 1 month 
later human T H  RNA was detected (24) in 
specific brain areas in 3 of 10 rats (Fig. 3B). 
The negative rats may be due to the limi- 
tations of the assay or to other possibilities, 
including inefficient gene transfer or loss of 
expression. Typically, 1 week is required 
before HSV-1 particles are absent from the 
brain and a persistent infection is estab- 
lished (25). Thus, expression of human T H  
RNA 1 month after gene transfer indicates 
that the IE 415 promoter can direct persis- 
tent expression in this HSV-1 vector (26). 

The present configuration of the vector 
system has limitations. Virus prepared with 
this packaging system contains wild-type 
HSV-1 (frequency - lop5) (1 7), and HSV-1 
particles contain specific HSV- 1- encoded 
proteins that mediate acute cytopathic ef- 
fects. These factors may have contributed to 
a number of rat deaths (<lo%), that oc- 
curred within 2 weeks after gene transfer 
(27); however, the majority of the rats 
(>90%) were healthy and gained weight 
until deliberately killed. The brains from the 
pHSVth and pHSVlac groups were of nor- 
mal size and showed normal morphology ex- 
cept for a small zone of necrosis around the 
injection sites (pHSVth group, approximate- 
ly 5 1  x lo4 to 5 x lo5 pm2; PBS group, 
approximately 1 x lo5 pm2). No brain tu- 
mors were observed, and no cells contained 
HSV-1 particle immunoreactivity (28). Ex- 
pression of T H  in striatal projection neurons 
could potentially interfere with other brain 
functions, although ingestive and gross mo- 
tor behaviors appeared unaltered (29). In an 
initial comparison of short- and long-term 
expression, significantly more positive cells 
were observed at 4 days than at 1 to 3 
months after gene transfer (14) (pHSVth or 
pHSVlac), although expression occurred in 
the same cell types. The decrease in expres- 
sion could be due to the acute cytopathic 
effects associated with gene transfer, to 
downregulation of the IE 415 promoter, or to 
other properties of the vector system. Thus, 
whereas improvements in the vector system 
are needed, these studies demonstrate the 
feasibility of this approach. 

A n  alternative explanation for the re- 
sults is that trauma to the partially dener- 
vated rat striatum induced trophic factor- 
mediated growth of remaining T H  axons, 
resulting in behavioral recovery (30). This 
is unlikely, because the pHSVlac group did 
not show behavioral recovery, and because 
the number of axons with T H  immunore- 
activity in the injected striatum was similar 
in the pHSVth, pHSVlac, and PBS groups 
and was low. It is also unlikely that the 
vector system induced expression of endog- 

Table 1. Summary of rotation rates and histological analysis of rats receiving pHSVth, pHSVlac, or PBS. 

Decrease in Histological analysis 
baseline 

Rat Injec- rotation rate* Time of Micro- 
tion (%) autopsyt dialysis$ TH-IRB X-Gal TH PCR 1 1  

Average Final S C GP S RS LS CB 

2 pHSVth 57 56 16 N + ++ + + - -  
3 pHSVth 93 97 12 N + - +  ND 
4 pHSVth 46 29 11 N + + -  + + ND 
9 pHSVth 62 62 15.5 N + - -  + - - 

26 pHSVth 39 56 5.5 Y PW + - ND 
27 pHSVth 34 26 5.5 Y ++ ++ ++ + - ND 
30 pHSVth 26 16 6 N - ++ - ND 
31 pHSVth 41 46 8 Y ++ + + - - ND 
33 pHSVth 66 70 6 Y + - -  + - ND 

1 pHSVlac -7 -31 12 Y + 
6 pHSVlac -1 1 0 12 N - - - ++ 
8 pHSVlac -2 -14 10 Y ND 

20 pHSVlac 11 21 13 Y - - - + - - N D  
32 pHSVlac -10 13 11 Y ND 
12 PBS 14 20 13 Y - - -  - 
14 PBS 8 0 6 N 
17 PBS 29 32 12 Y - - -  - 

19 PBS -13 0 12 Y - - -  - 
25 PBS -7 -9 8 Y PP/ND 
38 PBS - 5 3 12 Y - - -  - 

'The two tests from each month of the first 3 months were averaged; those three values and the other monthly values 
(14) were used to calculate the average. tMonths after gene transfer. SMicrodialysis was done (Y, yes; N, 
no). 9-, 0; +, 1 to 3; or + +, 4 to 20 cells contained TH immunoreactivity (TH-IR) in one or more sections (18). S, 
striatum; C, cortex; GP, globus pallidus; PP, poor perfusion: ND or no entry, not done. 11 pHSWh DNAwas detected 
with PCR (23); RS, injected right striatum; LS, uninjected left sttiatum; Cb, cerebellum. ¶Presumably because of 
poor tissue preservation, attempts to detect cells with TH immunoreactivity were unsuccessful, although pHSWh DNA 
was detected with PCR. 

Fig. 2. TH irnmunoreactivity was 
detected with an antibody to TH 
(78), and p-Gal was detected with 
X-Gal (22). (A) through (C) show rat 
pHSVth no. 27. (A) Composite 
drawing of charted sections, show- 
ing the positions of 48 cells contain- 
ing TH immunoreactivity in the stri- 
atum and neocortex. Every third 
section was analyzed. L, lateral; R, 
rostral; scale bar, 2 mm. (B) Low- 
magnification photomicrograph of 
clusters of striatal cells containing " - C?-!i--. --- - .*. - 

TH imrnunoreactivity. Arrowheads 
point to two clusters, and the arrow 
indicates a third cluster [boxed in h . - .  
(A)]; scale bar, 500 pm. (C) High- . . .  v 
magnification view of a cluster of 
striatal cells containing TH irnrnuno- 
reactivity with neuronal morphology - - 
[boxed (A)]; scale bar, 50 prn. (D) - - -.-• n - 8 -  , . .  

and (E) show rat pHSWh no. 31. (D) 
A cluster of pallidal neurons con- 
taining TH irnmunoreactivity; scale 
bar, 50 pm. (E) A cluster of cortical 
neurons (agranular frontal cortex, 
layers 3 and 5) containing TH im- - 
munoreactivity; scale bar, 100 pm. 
(FJ High-magnification view of n- 

X-Gal-positive striatal cells from rat pHSVlac no. 1 ; scale bar, 50 
pm. 
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Fig. 3. Persistence of pHSVth DNA and expres
sion of human TH RNA. (A) DNA was extracted 
from sections and subjected to PCR with the use 
of primers specific to the human TH gene, and 
the products were electrophoresed (23). Age is 
the time after gene transfer a rat was analyzed (6 
months, rat pHSVth no. 27; 16 months, rats 
pHSVth no. 2, and no. 9). Brain areas: R, right 
injected striatum; L, left uninjected striatum; Cb, 
cerebellum. Minus sign indicates no DNA; plus 
sign indicates pHSVth DNA isolated from Esch
erichia coli, which should direct production of a 
186-bp fragment (number of base pairs is shown 
at left). (B) RT-PCR analysis of RNA isolated from 
specific brain areas 1 month after injection of 
pHSVth (14) into the right striatum. Brain areas: 
St, striatum; Ct, cortex; SN, midbrain (substantia 
nigra); Cb, cerebellum. Minus sign indicates no 
RNA; plus sign indicates pHSVth DNA isolated 
from E. coli; the methods used (24) should gen
erate a 160-bp fragment (number of base pairs is 
shown at left). 

enous TH, because the pHSVIac group 
lacked striatal, pallidal, or cortical cells 
with TH immunoreactivity, and because 
human TH RNA was expressed. 

The pHSVth group showed persistence 
of vector DNA, long-lasting expression of 
TH, increased striatal TH activity and ex
tracellular DA concentrations, and long-
term behavioral recovery- The capability of 
a limited number of cells expressing TH to 
support sustained responses might be ex
plained by the relatively wide dispersion of 
the cells, potentially elevating L-dopa con
centrations over an extended area, and by 
observations suggesting that increased dif
fusion of DA occurs in the partially dener-
vated striatum because of reduced concen
trations of DA transporters (31). 
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Binding of Mismatched Microsatelli te DNA 
Sequences by the Human MSH2 Protein 

Richard Fishel,* Amy Ewel, Suman Lee, 
Mary Kay Lescoe, Jack Griffith 

Alteration of the human mismatch repair gene hMSH2 has been linked to the microsatellite 
DNA instability found in hereditary nonpolyposis colon cancer and several sporadic 
cancers. This microsatellite DNA instability is thought to arise from defective repair of DNA 
replication errors that create insertion-deletion loop-type (IDL) mismatched nucleotides. 
Here, it is shown that purified hMSH2 protein efficiently and specifically binds DNA 
containing IDL mismatches of up to 14 nucleotides. These results support a direct role 
for hMSH2 in mutation avoidance and microsatellite stability in human cells. 

Hereditary nonpolyposis colon cancer 
(HNPCC) affects about 1 in 200 people in 
industrialized nations (1 ). Four genes coseg- 
regate with and are the likely cause of 
HNPCC in at least half of the identified 
kindreds (2, 3): Current estimates suggest 
that hMSH2 accounts for 50%, hMLHl for 
30%, hPMSl for 5%, and hPMS2 for 5% of 
the cancers in these kindreds. These genes 

are members of two families of postreplica- 
tion mismatch repair genes, mutS and mutL, 
that are conserved from bacteria to humans. 

Postreplication mismatch repair corrects 
DNA polymerase misincorporation errors, 
which are a major source of spontaneous 
mutations in dividing cells (4). Misincorpo- 
ration errors produce nucleotide mismatches 
that are recognized by the MutS protein as a 
first step in targeting a strand-specific exci- 
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Instability of simple repetitive (micro- 
satellite) DNA sequences has been ob- 
served in sporadic tumors of the colon, 
stomach, pancreas, bladder, hematopoietic 
system, lung, ovary, breast, endometrium, 
prostate, brain, and skin (6, 7), in several 
tumor cell lines (8), and in most tumors 
from HNPCC kindreds (9). Consistent 
with a role in tumor initiation, microsatel- 
lite instability appears to occur early in the 
development of colorectal tumors (7, 10). 
One postulated model for microsatellite in- 
stability invokes DNA polymerase slippage 
during replication, resulting in insertion- 
deletion loop-type (IDL) mismatched 
nucleotides that contain integral numbers 
of the repeated sequence ( I  I ) .  In the ab- 
sence of mismatch repair, these IDL mis- 
matched nucleotides mav be fixed into the 
genome in a subsequen; round of replica- 
tion, producing the phenotype of microsat- 
ellite instability. A direct role for hMSH2 
in maintaining microsatellite stabilitv. - , , 
which would require that the protein rec- 
ognize IDL mismatched nucleotides, has 
been questioned because such mismatches 
are poorly recognized and repaired by the 
bacterial homoloe MutS (1 2) .  a ~, 

We previously demonstrated that puri- 
fied hMSH2 binds efficientlv and with hieh a 

specificity to single base pair mismatched 
nucleotides (13). These results suggested 
that hMSH2 was similar to  the bacterial 
and yeast MutS homologs (14) and were 
consistent with a role for hMSH2 in pos- 
treplication mismatch repair. T o  investigate 
the role of hMSH2 in microsatellite stabil- 
ity, we examined the ability of the purified 
protein (15) to bind IDL mismatched 
nucleotides. 

A gel shift assay was used to assess the 
binding of hMSH2 to IDL mismatched oli- 
gonucleotides (Fig. 1A) (16). Binding of 
hMSH2 produced a shift of the radioactively 
labeled olieonucleotide to a s~ecies  of lower - 
mobility. The results of these experiments 
suggest that purified hMSH2 binds efficient- 
ly to all of the IDL mismatched nucleotides 
(Fig. 1B). Many of the binding reactions 
produced multiple species, some of which 
correspond in mobility to monomers or ho- 
mopolymeric multimers of hMSH2 bound to 
the mismatched DNA (13, 15). To  compare 
the binding of hMSH2 to each IDL mis- a 

matched substrate, we prepared labeled 
probes for each that were of identical spe- 
cific activities. Quantitation of hMSH2 spe- 
cific binding activity (phosphorimager pixel 
counts per square millimeter in the bound 
mismatch complex per microgram of 
hMSH2) did not vary more than fivefold for 
all of the IDL mismatched substrates tested 
(Fig. 1C). The hMSH2 does not bind effi- 
ciently to single-stranded DNA; neverthe- 
less, we undertook several steps to eliminate 
unannealed oligonucleotides from the IDL 
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