
cessed for mRNA In sltu hybrldlzatlon 'idlth 431 1 ,  
fit-1. and file-1 rboprobes as descrbed (28). Enibr)/- 
os or organs were staned w ~ t h  X-gal as descrbed 
(251, and no background stanng 'idas detected In all 
control tssues. Sectons were counterstaned w~ th  
n~~c lear  red. 
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Requirement of the Yeast RTHl 5' to 3' 
Exonuclease for the Stability of Simple 

Repetitive DNA 
Robert E. Johnson, Gopala K. Kovvali, Louise Prakash, 

Satya Prakash* 

Simple repetitive DNA sequences are unstable in human colorectal cancers and a 
variety of other cancers. Mutations in the DNA mismatch repair genes MSH2 MLH1, 
and PMSl  result in elevated rates of spontaneous mutation and cause a marked 
increase in the instability of simple repeats. Compared with the wild type, a null muta- 
tion in the yeast RTHl gene, which encodes a 5' to 3 '  exonuclease, was shown to 
increase the rate of instability of simple repetitive DNA by as much as 280 times and 
to increase the spontaneous mutation rate by 30 times. Epistasis analyses were con- 
sistent with the hypothesis that this RTH1-encoded nuclease has a role in the MSH2- 
MLH1-PMS1 mismatch repair pathway. 

Defec t s  in  DNA mismatch repair in  ~ s c h -  
erichia coli and yeast result in  a n  increase in  
the  instability of simple repetitive D N A  
sequences (1 ,  2).  Turnors from hereditary 
no~lpolyposis colorectal cancer ( H N P C C )  
kindreds contain frequent alteratio~ls in the  
length of microsatellites (3 ) ,  and mutations 
in  any of the  four k n o w ~ l  human mismatch 
repair genes, hMSH2, hMLH1, hPMS1, and 
hPIMS2, are associated with most of these 
cancers (4,  5). H N P C C  patients account 
for 3 to 6% of colorectal cancers each year 
(6) .  Colorectal cancers also occur in pa- 
tients without a strong family history of the  
disease, and these too display lnicrosatellite 
instability ( 3 ,  5 ,  7). However, a large pro- 
portion of the  sporadic turnor cell lines ~ . i t h  
microsatellite instability do not co~ l t a in  
mutations ill the  four mismatch repair 
genes, which suggests that other genes may 
contribute to  ~nicrosatellite instability and 
cancer (5) .  

In  eukaryotes, long-patch D N A  repair of 
both base mismatches and loops has bidi- 
r e c t i o ~ ~ a l  excision capability (8); hence, 5'  
t o  3' and 3' to 5 '  exo~lucleases may play a 
role in the  repair process. T h e  RTHl  gene 
of Saccharomyces cerevisiae encodes the  yeast 
counterpart of the  lnamlnalian 45-kD 5' t o  

3' exonuclease required for lagging-strand 
D N A  sy~lthesis in reco~~st i tu ted systems (9 ,  
10).  After the  ribonuclease HI-catalyzed 
cleavage of primer R N A  one nucleotide 5 '  
of the  RNA-DNA ju~lction, the  5 '  t o  3' 
exonuclease removes the  r emai~ l i~ lg  
monoribonucleotide of the  R N A  primer 
(1 0) .  A null ~nu ta t ion  of RTHl  ( r t h l l )  
causes co~lditional lethality a t  37°C; mu- 
tant cells are blocked in nuclear division 
and have a morphology typical of mutants 
defective ill D N A  replication. A t  the  per- 
missive temperature, rates of spdntaneous 
mitotic recornbil~atio~l are elevated in  the  
rthl h strain. and sensitivity to  the  alkvlat- 
ing agent ~ i e t h y l  methane'sulfo~~ate is' en- 
hanced 19). Here, we show that the  r t h l h  
mutation increases the  instability of simple 
repetitive sequences. 

Poly(GT) repeat sequences ranging i n  
size from 10 to 30 repeats are present in 
most eukaryotes, including humans (1 1) .  
T o  examine the  effect of R T H l  o n  the  
stability of poly(GT) repeats, we used two 
types of low-copy centro~neric plasmids. 
Plaslnid pSH91 contai~ls a n  in-frame 33- 
base pair (bp) poly(GT),,G i~ l se r t io~ l  with- 
in the  coding sequence of a modified URA3 
gene (2) .  Alterations of the  tract that pro- 
duce a n  out-of-frame 1nutatio11 produce 
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p-galactosidase gene (12). Alterations of 
the  tract that restore the  correct frame pro- 
duce blue colonies o n  medium containing 
X-Gal (5-bro1no-4-chloro-3-inilolyl-P-~- 
galactopyranoside) T o  monitor frame shift- 
ing within the  chromoso~ne, we used yeast 
strain SH75,  in which a n  out-of-frame 29- 
bp poly(GT),4G sequence col l ta i~l i~lg  a 
P-galactosidase construction similar to that 
in  pSH3 1 has been integrated illto the  yeast 
genoine a t  the  LYS2 locus (1 2).  

T h e  rthl h mutation increased tract insta- 
bility in all three systems. In  the two plas- 
mid-based systems, we observed rates of tract 
alteration in the r t h l l  mutant that were 100 
to 280 times the wild-type rate (Table 1) .  
Tract instability within the  chrolnosome 
also increased in the  rthlA strain, but its 
lnag~litude (43 times the wild-type rate) was 
less than that in the plaslnid systems. This 
result is consistent with the observation that 
tract illstability is less pronou~lced ill the  
chroinosolne than in the  plasmids in  the 
pmsl mutant (2) (Table 1). T h e  rate of tract 
alteration in the rthl l strain was one-half to 
one-third the rate in the  isogenic strains that 
co~ l t a i~ led  rnutatiol~s in MSH2, M L H I ,  or 
PMSl (Table 1 ) .  T h e  PMSl and MLHl 
genes act in the same pathway of mismatch 
repair, because double lnutallts show micro- 
satellite instability silnilar to that of single 
mutants (2).  Conversely, a double mutant 
carrying a pmsl mutation in  co~nb ina t io~ l  
with a pol2 mutation, which abolishes the 3 '  
to 5 '  proofreading exonuclease activity of 
D N A  poly~nerase E, exhibits mutation rates 
that are the product of the relative mutation 
rates of pol2 and pmsl single mutants (13);  
this finding i~ldicates that rnislnatches that 
accumulate in the  absence of POL2 proof- 
reading activity are removed by the mis- 
match repair system. 

T o  determine whether RTHl  f u ~ ~ c t i o ~ ~ s  
in concert with MSH2, MLHl , and PMS1, 
we exarnined tract instability in the  double 
mutants rthl Amsh2A, rthl l m l h l  A, and 
rthlApmslA. W e  found that the  r t h l l  mu- 
tation in colnbination with ally of the  mis- 
match repair lnutations resulted in rates of 
tract instability tthat were about three times 
those of isogenic strains defective in a single 
rnisnlatch repair gene. These observations 
suggest that in  addition to  playing a role in  
the  MSH2-MLHI -PMS 1 mismatch repair 
pathway, R T H l  effects lnislnatch removal 
by another minor repair pathway. 

Previous studies have suggested that the  
MSH2-MLHI -PMSl pathway of ~nislnatch 
repair primarily corrects i~lsertions or dele- 
tions of one or two units of dinucleotide 
repeats (2).  T o  determine the  types of re- 
peat alteratio~ls generated in  the  r t h l l  
strains, we sequenced plasmid D N A  that 
contained tract alterations from 5-FOA- 
resistant colonies or from blue colo~lies o n  
X-Gal plates (Table 2). Wi th  the  exception 
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of one 14-bp deletion, the  rthiA strains 
sho\ved only insertions of one or two repeat 
units. In contrast, the  msh2A, mihl A, and 
b m s l l  strains and the  rthlAmsh2A double 
mutant showed both i~lsertio~ls and dele- 
tions of one or two repeat units (2)  (Table 
2).  The  bias for additions in the  rthl A strain 
is consistent with a role of R T H l  exonucle- 
ase in the  retnoval of short insertions from 
the newly synthesized D N A  strand. It is 
possible that the R T H l  protein affects the  
recognition by the  ~nislnatch repair proteins 

of small loops in the  newly synthesized 
strand. T h e  correction of deletions of one or 
two repeat units in the  rthl h strain implies 
that  there is a n  as yet unidentified 3' t o  5' 
exonuclease activity involved in  mismatch 
repair that  performs this function. 

Mutations in MSH2,  MLHI , and PMSl 
cause a marked increase in  spontaneous mu- 
tation rates (14). W e  found that the rate of 
spontaneous forward mutation to canava- 
nine resistance (canl ')  i n  the  rthl A strain is 
about 30 times the  rate in the  isogenic wild- 

Table 1. Effect of the rth7A mutation on the stab~lity of poly(GT) tracts. lsogenic r t h l l  strans were 
generated by transformation of the respective wild-type or mismatch repair defective strans with pasmid 
pR2.10 ( 7  7 )  Ateratons of tract length were monitored and rates of tract ~nstab~l~ty were determned as In 
(781. FOA', resstance to 5-FOA; P-GAL, p-gaactos~dase. 

Tract Rate 

Stran Genotype nstabilty Tract Rate of tract relative 
detect~on locat~on nstab~lity (2SD) to w d  
method type 

W~ld type 
rthl A 
msh2A 
mih IL 
pms 7 L 
rth 7Lmsh2L 
rth7lmih71 
rth7lpmslA 
W~ld type 
rth7L 
msh2L 
rth 7Lmsh2L 
W~ld type 
rthlL 
pms 7 A 

FO A' 
FO A' 
FOAr 
FO A' 
FOAr 
FOAr 
FOAr 
FOA' 
P-GAL 
P-GAL 
P-GAL 
P-GAL 
P-GAL 
p-GAL 
P-GAL 

Pasm~d  
Plasm~d 
Pasmd 
Pasm~d  
Pasmd 
Pasmd 
Pasm~d 
Pasmd 
Plasm~d 
Pasmd 
Plasmd 
Pasmd 
Chromosome 
Chromosome 
Chromosome 

Table 2. Types of poly(GT) tract alterations generated n the r t h l l  stra~n. Plasmids Isolated from 
5-FOA-resistant (pSH91) or blue (pSH31) colonies were propagated in E. coif, and the poly(Gi) tracts 
were sequenced with the use of double-stranded DNA and the "-40" primer a s  n (72). 

Number of tracts with base pair Tract Number of 
Strain tracts deletions ( - )  or additions (t) 

location sequenced -4 -2 t 2  t 4  Others 

MS71 W~ld type pSH91 19 0 2 13 0 4' 
YRTH29 r t h l l  pSH91 35 0 0 29.1: 5 1 % 
YRTH29 rth71 pSH31 17 0 0 17 0 0 
YRP27 msh2L pSH91 18 0 12 6 0 0 
YRTH33 rth7lmsh2l pSH91 29 1 8 16 4 0 

'The f o ~ ~ r  other alteratons obsenled In the 'idld-type strain 'idere -14, - 10, +14, and +14, -+The other alteraton 
obsewed In the r t h l I  strain was 1 4 .  :!.The lack of tracts wlth deletons of one or Pido repeat un~ts In the r t h l l  
mLltant compared wlth the msli2h and i i l i l  hmsh2h mutants is highly signfcant as detertnned by ,y2 analyses (P << 
0.005). 

Table 3. Effect of the r t h l l  1111 I on on the rate of spontaneous forward mutat~on to canavanne 
resstance (can?') Strans were dentcal to those In Table 1 ,  except that they d d  not carry the poly(Gi) 
plasm~d Mutat~on rates were determ~ned as In (79) 

Stra~n Genotype Rate of foward mutaton Rate relat~ve to 
to can?' (2SD) w~ld type 

MS71 W~ld type 3 8 (21 0) X lo-' 1 
YRTH29 rthlL 1 2  ( 2 0 3 )  X 10 32 
YRP27 msh2l  1 3  ( 2 0 3 )  x 10 34 
YRTH33 rth 7 l m s h 2 l  4 7 ( 2 0  9) x lo-5  124 

type strain (Table 3) .  A similar increase in  
mutation rate occurs in the  msh2 l  strain. As 
was observed for tract length instability (Ta- 
ble I ) ,  the ~ t h l  hmsh2h double mutant ex- 
hibited a somewhat higher  nuta at ion rate 
than that of the  rthl h and msh2h single 
mutants (Table 3). T h e  reuuirement of yeast 
RTHl  fo; the stability of DNA repeats riises 
the possibility that mutations in  the  h ~ u n a n  
RTHl  counterpart that produce defects in 
mismatch repair contribute to colorectal and 
other cancers that are associated with mi- 
crosatellite illstability (15).  
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High Concentrations of Toxaphene in Fishes distlngulsh hetween the "surreptitious dump- 
ing" and "food-chain length" hypotheses. 

from a Subarctic Lake Traditional studies of contaminant bio- 

Karen A. Kidd," David W. Schindler,-i- Derek C. G. Muir, 
W. Lyle Lockhart, Raymond H. Hesslein 

Concentrations of toxaphene and other organochlorine compounds are high in fishes from 
subarctic Lake Laberge, Yukon Territory, Canada. Nitrogen isotope analyses of food 
chains and contaminant analyses of biota, water, and dated lake sediments show that the 
high concentrations of toxaphene in fishes from Laberge resulted entirely from the bio- 
magnification of atmospheric inputs. A combination of low inputs of toxaphene from the 
atmosphere and transfer through an exceptionally long food chain has resulted in con- 
centrations of toxaphene in fishes that are considered hazardous to human health. 

lnagnif~cation in lacustrine food webs have 
used dlscrete t r o ~ h i c  classifications based 
o n  inferred feeding behavior or analyses of 
stomach contents (9 ,  10).  However, inter- 
pretatlon is complicated for species such as 
lake trout that may he plscivorous, ornniv- 
orous, or insectivorous in different lakes, 
feeding o n  varying comhinatlons of terres- 
trial and benthic insects, other fish, or 
plankton (12).  Stahle nitrogen Isotope ra- 
tios (615N) 

L a k e  Laherge (61°11'N, 13 i012 'W)  is lo- 
cated in  southern Yukon Territory, Canada. 
Although the  town of Whitehorse has 
grown along the  Yukon River upstream of 
the  lake, Lake Laberge and its watershed are 
symbols of pr is t~ne wilderness for Canadians 
(1 ). In 1991, a routme survey of contami- 
nants in  fishes from Yukon lakes revealed 
that lake trout iSalvelinus namavcush) and 
burbot (Lota loti) from Lake ~ a b e r g e  were 
contaminated with amounts of toxaphene 
and other lipophilic contaminants several- 
fold greater than in  the  same species from 
other subarctic and arctic lakes and rivers 
(2 ,  3). As a result of the  high toxaphene 
concentrations, f ~ s h  consumption advisories 
were issued hy Health Canada (4), and the  
commercial, sport, and native subsistence 
fisheries were closed. 

Toxaphene was once used in  North  
America as a piscicide (fish-killing agent) 
to remove rough fish species and as a n  
agricultural pesticide (5). Although Canada 
and the United States discontinued its use 
in the  early 1980s, it 1s currently used in  
Eurasla and Central America and is carried 
by long-range atmospheric transport to suh- 
arctic and arctic reglolls (6).  As a result, 
elevated concentrations of toxavhene have 
been found In ~lpper-trophlc-level blota 
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from the  A r c t ~ c  (7 ) ,  desplte thelr distance 
from the  orleinal source. 

0 

O n e  possible cause for the  contarnina- 
tlon of flshes in  Laheree was surreDtltlous " 

dutnp~ng.  It is known that one lake in  
northern central Yukon was treated with 
toxavhene 111 1963 18). Alternativelv. the  ~, , , 
elevated concentrations of toxaphene co~l ld  
be attributed to biomaenificat~on throueh " " 
the  food cham hecause concentrations of 
persistent chlor~nated organics such as tox- 
aphene increase from prey to predator (9)  
and are highest in fish from lakes with the  
longest food chains (10). Signif~cant bio- 
magnification of lipophilic contaminants 
occurs a t  suharctic and arctlc latitudes, 
where aquatic organisms must surl-ive win- 
ters lastmg several months (1 I ) .  Here, we 
analvied food-chain oreanisms, water, and 
sedl tknts  of Yukon lakYes for toxaphene to 

have heen used as a n  index of trophic level 
for freshwater organisms (1 3-1 6). This ratio 
increases a n  average of 3 to i per mil from 
prey to  predator (13, 16). Stahle 615N val- 
ues in  f ~ s h  represent the integral of several 
months of feed~ng,  thereby providing a con- 
tlnuous measure of trophlc posit1011 (17).  
Recently, Cabana and Ras~nussen (18) 
demonstrated that 61iN in  lake trout mus- 
cle 1s correlated w ~ t h  food-chain length 
across a large n ~ u n b e r  of lakes. W e  hypoth- 
esized that 615N would he directly correlat- 
ed with contatnlnant concentrations In in- 
d~viduals varying in trophlc position. 

Large-volume water samples from six 
lakes on the Yukon River system and ""b- 
dated sediment core slices from Laherge, 
Fox, and Kusawa lakes (19) were used as 
surrogate measures for toxaphene inputs 

Table 1. Surface and maxmum fluxes of toxaphene ( n  nanograms per square meter per year) and the 
median dates of slces In sediment cores from lakes in Yukon Territory [YT; thls study (21)], Northwest 
Terrtories [NWT; (26)], and two lakes treated with toxaphene in Alberta [AB; (25)], Canada. Peanut and 
Chatwin fluxes were not corrected for sediment focusng and the mean dates of these slices are given. 

Lake 
Surface 

Date 
Maxmum 

flux flux 
Date 

Laberge-2, YT (61 "1 1 'N, 135"12'W) 
Laberge-3, YT 
Fox, YT (61 "1 4'N. 135"28'W) 
Kusawa, YT (60°20'N, 136"22'W) 
Far, NWT (63"42'N, 90°40'W) 
Hawk, NWT (63"38'N, 90°42'W) 
Amltuk, NWT (75"03'N, 93"48'W) 
Hazen. NWT (81 "45'N, 71 "30'W) 
Peanut, AB (54"OI 'N, 114"21 'W)  
Chatwn, AB (54"15'N, 1 10°51 'W)  
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