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phenotype increases and the ( - )  strand 
ohenotvoe decreases. , L 

We first prepared extracts of two human 
cell lines, HeLa cells and TK6 l v m ~ h o -  , 

blasts, and assayed their ability to repair the 
An activity in human cell extracts is described that repairs DNA with loops of five or more M13mp2 substrates. Both extracts efficient- 
unpaired bases. Repair is strand-specific and is directed by a nick located 5' or 3' to the ly repaired heteroduplexes containing mis- 
loop. This repair is observed in a colorectal cancer cell line that is devoid of a wild-type matches or 1 to 16 extra nucleotides (Table 
hMLHl gene and is deficient in repair of mismatches. However, a cell line with deletions 1 and Fig. 2). Repair was preferentially di- 
in both hMSH2 alleles is deficient in repair of both loops and mismatches. Defects in loop rected to the ( - )  strand containing the 
repair may be relevant to the repetitive-sequence instability observed in cancers and other nick, since regardless of the location of the 
hereditary diseases. loop in the (+) or ( - )  strand, the reduc- 

H u m a n  homoloes of the Escherichia coli - 
mismatch repair genes mutS and mutL have 
been found at loci associated with heredi- 
tary nonpolyposis colorectal carcinoma 
(HNPCC), and mutations in these genes 
have been found in HNPCC kindreds (1,  
2). Mutations in either of these genes are 
believed to inactivate mismatch repair to 
yield a mutator phenotype that could alter 
critical genes and lead to tumor formation. 
In support of this hypothesis, several endo- 
metrial and colorectal carcinoma cell lines 
have been shown to be defective in mis- 
match repair (3,  4 )  and three of these lines 
contain mutations in either the mutS ho- 
molog hMSH2 or the mutL homolog 
hMLHl (1,  2, 4).  Furthermore, these cell 
lines, as well as tumor cells from patients 
with cancer of the colon and several other 

hundred base pairs away, or in the co- 
valently-closed (+) strand. The  nick was 
intended to be a signal to direct repair to 
one strand. as a nick is known to be a sienal 

u 

for strand-specific repair of single-base mis- 
pairs and one- or two-base loops in human 
cell extracts (12, 13). The  two strands en- 
code different M13 plaque colors-blue or 
colorless. If an unre~aired heterodu~lex is 
introduced into an E.  coli strain that is 
unable to repair it (for example, a mutS 
strain), plaques show a mixed phenotype on 
indicator plates because both strands are 
expressed (13). Repair of the substrate in a 
cell extract reduces the percentage of mixed 
plaques and increases the percentage of 
pure color plaques ( 14). If the nick directs 
repair to the ( - )  strand, the (+) strand 

tion in percentage of mixed plaques was 
accom~anied bv a selective decrease in the 
nicked ( - )  strand plaque phenotype with a 
concomitant increase in the covalently 
closed (+) strand plaque phenotype. That  
the nick serves as a signal for repair of DNA 
containing a loop is indicated by the fact 
that strand-specific repair in an extract of 
TK6 cells was greatly diminished when a 
covalently closed circular substrate was used 
(Table 1).  Finally, repair of substrates con- 
taining 5, 8, or 16 unpaired bases occurred 
when the nick was located on either the 3' 
or 5' side of the loop (Fig. 2 and Table 1). 
This observation suggests that strand-spe- 
cific repair of heteroduplexes containing 
loops has bidirectional capability, just as 
does repair of DNA containing mismatches 
or one or two extra bases (2 ,  3 ,  15, 16). 

T o  explore the genetic requirements for 
repair of heteroduplexes containing 2 5  ex- 

- - 

Methvl-directed mismatch r e ~ a i r  in E.  

tissues, exhibit genome-wide instability in 

coli does'not correct DNA hete;oduplexes 
with more than four consecutive unpaired 
bases (9). However, human DNA contains 
numerous microsatellites comprised of both 
long repeating units and many consecutive 
repeats (10). Because the number of un- 
paired bases resulting from strand slippage 
during replication (I  1 ) could exceed four if 
the misalignment involved more than a 
single repeat or a single repeat motif of 
more than four bases, we investigated 
whether human cell extracts can repair 
DNA containing several unpaired nucleoti- 
des (loops). 

We constructed M 1 3 m ~ 2  DNA sub- 

simple repetitive DNA sequence elements 
(microsatellites) (5-7). This type of insta- 
bility is also observed in yeast cells with 
mutations in homologs of the E ,  coli mutS 
or mutL mismatch repair genes (8). 

strates (Fig. 1 )  containing loops of increas- 
ing size within the coding sequence of the 
lac2 a complementation gene. The  extra 
nucleotides were either in the ( - )  strand, 
which also contained a nick located several 
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Fig. 1. Heteroduplex DNA substrates. Substrates were prepared as in (13). Heteroduplexes with 
unpaired bases are depicted by the symbol R followed by the number of unpaired bases. The (+) or (-) 
indicates whether the extra bases are present in the (+) or (-) strand and the numbers indicate the 
position of the mutation, where position +I is the first transcribed base of the IacZa-complementation 
gene in M13mp2. The phosphodiester bond interruption in the (-) strand is shown either to the left (at 
position -264, 3'-nicked substrate) or to the right (at position +276, 5'-nicked substrate) of the mispair 
or unpaired base. The phenotypes of the (+) and (-) strands are shown as W for white (colorless), LB for 
light blue, or B for blue. 
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tra bases, we used extracts of human cell 
lines that exhibit microsatellite instability 
and are defective in repair of DNA contain- 
ing mismatches or an extra base (4). Two of 
these lines contain known genetic defects. 
In one sporadic colorectal carcinoma cell 
line, HCT116, the hMLHl gene contains a 
C+A transversion that generates a termi- 
nation codon, thus yielding a truncated 
polypeptide and no detectable wild-type 
gene product (2). An extiact of HCT116 
cells was defective in repair of DNA con- 
taining a single mispaired or unpaired base 
(3, 4) and of DNA containing 2, 3, or 4 
unpaired bases (Fig. 2). However, in parallel 
reactions, the same extract repaired hetero- 
duplexes containing 5, 8, or 16 unpaired 
bases. This observation suggests that repair 
of heteroduplexes containing loops of five or 
more bases is distinct from repair of smaller 
mismatches, in that the former does not 
require the wild-type hMLHl protein. The 
truncated hMLHl protein in HCT116 cells 
may be sufficient for repair of substrates 
containing loops, or such repair may be 
completely independent of hMLHl protein. 

W HCTI 16 
LoVo 

Fig. 2. Repair efficiencies in extracts of four hu- 
man cell lines. Reactions were incubated for 30 
min. Results are expressed as total repair efficien- 
cy and are based on counts of several hundred to 
several thousand plaques per variable (see Table 
1). Data reproducibility is indicated by the fact that 
measurements with multiple substrates gave con- 
sistent repair or lack thereof, and by the fact that 
multiple determinations with the same substrate 
gave similar values. For example, the mean and 
standard deviation for repair in a HeLa cell extract 
was 72 + 11 % (four determinations) for a G-G 
mispair at position 88, and 68 2 8% (five determi- 
nations) for repair of a substrate containing a five- 
base loop. Repair values between 0 and 10% 
represent experimental fluctuation in this assay. 
Thus, we cannot conclude that extracts of LoVo 
cells are completely devoid of repair. When no bar 
is shown (for example, fh3 with TK6 cell extracts), 
this variable was not examined. For l25 repair, the 
loop was in the (+) strand. 

Extracts of HCT116 cells efficiently re- 
paired a substrate containing a five-base 
loop in one sequence context but did not 
repair a substrate with the four-base loop in 
a different surrounding sequence (Fig. 2). 
To distinguish whether this difference re- 
sulted from the one additional base in the 
loop or from a difference in flanking nucle- 
otide sequences, we examined repair of two 
substrates that had the same sequence con- 
text but differed by one extra base in the 
loop. Both substrates were efficiently re- 
paired (Fig. 3). Thus, although a HCT116 
cell extract did not repair heteroduplexes 
containing mismatches or loops of 1,2, or 3 
bases (Fig. 2) (3,4), it did repair heterodu- 
plexes containing loops of 5, 8, or 16 bases 
and one of two heteroduplexes containing a 
4-base loop. The efficiency of repair of 
looped heteroduplexes in HCT116 extracts 
may therefore depend not only on the num- 
ber of nucleotides in the loop but also on 
the surrounding sequence. 

In a second sporadic colorectal carcino- 
ma cell line, LoVo, both alleles of the 
M4SH2 gene contain deletions (4). Like 
HCT116 extracts. an extract of LoVo cells 
was defective in repair of DNA containing 
a single mispaired or unpaired base (Fig. 2) 
(4, 17). However, in contrast to HCT116 
extracts, the LoVo extract was also defec- 
tive in repair of a heteroduplex containing 
two to five extra bases (Fig. 2). This result 

suggests that repair of looped heterodu- 
plexes may require the hMSH2 protein, 
although it is possible that LoVo cells con- 

" 
Hela TK6 HCTI 16 

Fg. 3. Repair efficiencies of heteroduplex sub- 
strates containing four or live unpaired bases in the 
identical sequence context. Reactions were per- 
formed as in Fig. 2. Substrates contained either 
four or live unpaired bases between nucleotide po- 
sitions 70 and 74 of the lacZa gene, within the 
same surrounding sequence. The phenotype of the 
(+) strand is colodess and the phenotype of the (-) 
strand is blue. The nick is present in the (-) strand 
at position -264. 

Table 1. Repair by human cell extracts of heteroduplexes containing unpaired bases. Reactions (25 pI) 
contained 30 mM Hepes (pH 7.8); 7 mM MgCI,; 4 mM adenosine triphosphate (ATP); 200 pM each of 
cytidine triphosphate (CTP), guanosine triphosphate (GTP), and uridine triphosphate (UF); 100 pM each 
deoxy-ATP, deoxy-GTP, deoxythymidine triphosphate (dTTP), and deoxy-CTP; 40 mM creatine phos- 
phate; 100 &ml creatine phosphokinase; 15 mM sodium phosphate (pH 7.5); 1 fmol of heteroduplex 
DNA; and 50 pg of extract protein. After incubation at 37OC for 15 min, the reactions were processed for 
repair (4). Total repair efficiency was calculated (13) as 100 x (1 minus the ratio of percentages of mixed 
bursts from extract-treated and untreated samples). For calculation of (-) strand-specific repair, the 
fraction of (+) strand phenotype plaques observed without extract treatment was multiplied by (1 minus 
the total repair efficiency). This value was then subtracted from the observed percentage of plaques with 
the pure (+) strand phenotype after extract treatment. Repair of the (+) strand was then obtained by 
subtracting (-) strand repair efficiency from total repair efficiency. 

Cell Loop Location Total 'Iaque Repair effic'hcy (%) (%I 
extract of nick plaques 

Size Strand Mixed (-1 (+) Total (+) (-1 

None 5 (+) 3' 524 45 43 12 0 
HeLa 5 (+) 3' 725 22 27 51 51 6 45 
TK6 5 (+) 3' 350 15 17 68 67 3 64 
None 5 (-1 3' 692 33 31 36 0 
HeLa 5 (-1 3' 496 18 19 63 46 2 44 
TK6 5 (-1 3' 470 10 16 74 70 7 63 
None 8 (+) 5' 772 21 71 8 0 
HeLa 8 (+) 5' 442 10 52 38 52 18 34 
TK6 8 (+) 5' 866 6 24 70 71 3 68 
None 16 (-1 5' 942 19 61 20 0 
HeLa 16 (-1 5' 432 8 45 47 56 18 38 
TK6 16 (-1 5' 577 5 29 66 74 5 61 
None 5 (+) 3' 550 37 50 13 0 
TK6 5 (+) 3' 771 6 11 83 84 3 81 
None 5 (+) None* 736 32 48 20 0 
TK6 5 (+) None* 768 27 42 31 16 2 14 

'This subshate was covalently cl& circular DNA, prepared and gel-purified as in (13). 
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tain other mutations that are res~onsible for 
the loop repair defect. W e  examined loop 
repair in 13 additional cell extracts ( I s ) ,  
including several made from tumor cell 
lines that exhibit microsatellite instability. 
All extracts efficientlv re~aired a heterodu- , 
plex containing a five-base loop. One  ex- 
tract was from an endometrial tumor cell 
line (HEC59) known to be defective in 
mismatch repair and to contain a mutation 
in one hMSH2 allele (4). Thus, whether 
hMSH2 participates in loop repair remains 
to be resolved. 

Candidate gene products that may be re- 
quired for repair of DNA with loops include 
putative mismatch repair proteins already 
identified, such as other MSH or MLH ho- 
mologs, or proteins yet to be discovered. The 
latter could include a human homolog of a 
yeast protein that specifically binds to DNA 
substrates containing loops of three to nine 
bases, a protein found even in yeast msh2 and 
msh3 mutants (19). The ~ossible existence of . . 
mutant cell lines defective in some but not 
all forms of heteroduplex repair is suggested 
by reports indicating both qualitative and 
quantitative differences in the stability of 
various microsatellite alleles in tumor cells 
and tumor cell lines (5, 6). Identification of 
extracts defective in repair of loops but not 
mismatches would reinforce the suggestion 
that mismatch and loop repair activities 
have one or more distinct reauirements. 

Note added in proof: The  recent demon- 
stration that purified human MSH2 protein 
binds to DNA containing loops of up to 14 
nucleotides (20) is consistent with a possi- 
ble role for MSH2 protein in loop repair 
activity. 
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Ligands for EPH-Related Receptor Tyrosine 
Kinases That Require Membrane Attachment or 

clustering for Activity 
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The EPH-related transmembrane tyrosine kinases constitute the largest known family of 
receptor-like tyrosine kinases, with many members displaying specific patterns of ex- 
pression in the developing and adult nervous system. A family of cell surface-bound 
ligands exhibiting distinct, but overlapping, specificities for these EPH-related kinases 
was identified. These ligands were unable to act as conventional soluble factors. However, 
they did function when presented in membrane-bound form, suggesting that they require 
direct cell-to-cell contact to activate their receptors. Membrane attachment may serve to 
facilitate ligand dimerization or aggregation, because antibody-mediated clustering ac- 
tivated previously inactive soluble forms of these ligands. 

Intercellular communication is often medi- 
ated by protein factors produced in one cell 
and recognized by receptors on  the surface of 
other cells. Many of these factors, such as 
insulin and nerve growth factor, bind to and 
activate cell surface receptors with intrinsic 
protein tyrosine kinase activity (1). Ligand- 
mediated activation of these receptor ty- 
rosine kinases regulates cell growth, survival, 

and differentiation in various cell types (1). 
There remain numerous receptor-like ty- 
rosine kinases whose ligands have yet to be 
identified, and many of these orphan recep- 
tors are specifically expressed in the nervous 
system (2). The  EPH-related kinases consti- 
tute the largest known family of orphan re- 
ceptor-like tyrosine kinases, with several 
members of this family displaying specific 
expression in the developing and adult ner- 
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