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Conditional IMutatsr Pkenstypes in 
hMSH2-Deficient Turnas. CeII Lines 

Burt Richards, Hong Phang, Geraldine Phear, Mark Meuth" 

Two human tumor cell lines that are deficient in the mismatch repair protein hMSH2 show 
little or no increase in mutation rate relative to that of a mismatch repair-proficient cell 
line when the cells are maintained in culture conditions allowing rapid growth. However, 
mutations accumulate at a high rate in these cells when they are maintained at high 
density. Thus the mutator phenotype of some mismatch repair-deficient cell lines is 
conditional and strongly depends on growth conditions. These observations have im- 
plications for tumor development because they suggest that mutations may accumulate 
in tumor cells when growth is limited. --- , . -- 

T h e  autosomal .~oininant s\-n,iroinc ot 
hereclitarv nonpolvpoiis colon cancer 
( H N P C C )  is characterized 1.y e,~rly o n s t  of 
ioli)n tumors a well a. cancers the  en- 
Llometr i~~m, stomach, upper ilrlnary tract, 
qruall intestine, anLl ovarl-. Mutations in 
t n o  human 11omi)lous of the Escliil~~icl~i~~ C C ~ I  

r n i ~ m ~ ~ t c l ~  repals genes XIutS and 111trL 
(hhfSH2 and hLfLH1) are ~ I I I I L I  in the 
!reat ~ n ~ ~ j o r i t l -  of HV13C:C patients (1 ) .  Less 
f i .eq~~ent  qerml~ne mi~tations ot another 
i i l irL 11i~molog (hPhIS2) are a lw  c~s.ociateii 

it11 this ilisease (2). H N P C C  patients in- 

herit a mutant allele of a r n ~ ~ n l a t c h  repair 
uene j), anil the  ~ecoi1~1 n i l , i- t~pc allclc is 
mutateLl or lokt aa an  earl\- event in t~11niir 
c Ie~-e lo~mcnt  (-3, 4). Thii beci)nLl ex-ent ren- 
dera cell, 1llismatc11 repair-Jeticient (5, 61, 
prcxu~"al-l\- leading to a mutator phenatype 
that drix.es the accumulation of mutations 
reclulr?il t ~ ) r  tumor Lle\-elal~il~ent ( 7 ) .  Tivo 
other genes encoding homolags of the E .  
ioli h11itS gene (IiLlSH? and 111\1SH6) ap- 
rear  to he in~o lve i i  in  the repair of some 
types o f  DNA replicat~on errors or Lla i~~age 
(#?). A T-ar~ety of in \.itro assays in,licate t h ~ t  

- hetercilimers forillecl bet\veen these pro- 
ZepanheiTs 0' 3ncosqlca1 Scerces anci r'aclat~sr 31 -  
clsg,, Eccles Il.st tL te  Gel.et cs, 11, er te im anil 1111SH2 e s h i b ~ t  c~nh i~ ie rab le  
ILtai-. Salt A t e  CI~_. dT 84- 12 ILSA. speciflcit\; in the types of error. the7 reco5- 
-Te eorresl,o-l~el.ee sheul(i be ae,(i.essee,, E.ral: ni:e anti hind. Thus, 11!~1%H2 may play a 
:~alK iieut i ~ g e i e t ~ c s  ~ i a i - . e z ~  central role in  r ecoun l t i~~n  o t  L3S.4 ~reylica- 

tion errors n hile hhflSH3 and hhflSH6 m o ~ l -  
iii- the  speciflcit\- of this recog11ition (S).  

T o  examme the  consecluencea of 
hLlSH3 deficiency in human tumor cells. 
ive measured mutation rates in tn.c-i tumor 
cell line. xvit1-i hXfSH2 mrltatlonc: 5K-UT- 
1, \I-hicli n as iieri\~cd tiom a uterine tumor; 
anil 7774. \vhich origil-iated trom an  ovaria11 
trunor (5, 9-1 1 ). SK-UT-1 has <I 3-1-are 
p ,~ir  (13p) ilcletion in  c s c ~ n  lL7 of the  luZ.ISH2 
cc~diing sequence that results in ,I truncation 
i9);  and 2774 has a base s r ~ h \ t ~ t r ~ t i o n  in  
e u l n  14, resulting In a misscnse mutation 
(;iry 4 Pro! ( I  I?). SK-UT-1 1121s no  iletect- 
able 1-iMSH2 protein. ~vhereas 3774 retainr 
,I full-lcllgth 111~1ta11t yrotein ( I  2 ) .  T h e  lev- 
els c ~ f  hhflLH1 and hPL,lS? in these cell 
lines are similar to thasc in repair-proficient 
cell lines. Surprisingly, lnrltation I-aces c ~ f  
gro\\-ing 3774 and SIC-UT-1 cells a t  the  
X-linkcil Incus cncc~iling the  purine qalvagc 
en:ylnc l~vpc~san th ine  grlanilie p1-iosphor1- 
h o s ~ l  transferase (HPRT) (Tahle 1 )  nc re  
lo\ver than that measrlrcd for the 11-iislnatch 
repair-proficient S\/.i.L7-tranqfor11-icii t i l x -  
l~las t  line L'fRC-5 (rate = 1.4 X 10-' mu- 
tations per ccll per gcncratiim). Thiq con- 
trasts n it11 the  130- to  199-told increase in 
mutation ratc found in tumor cell lilies 
ileiicient in other ~nismatch rep, air compo- 
ne11ts (T,~lile 2 ) .  Other  laboratories have 
reporteil ilifficultiea in  isolating HPRT I ~ L I -  

t,rnts frulll hXISH2-deficient ccll lines (1 3 ) ,  
altho~1~1-i increasecl ~ n r ~ t a t i o n  ratcs have 
beell measurcil in the hhlSH2-iieticle11t 
L ~ \ / L I  cell line (14, 15) .  T u  tect the  possi- 
l?ilit\, that the  lo\v HPRT mrlt,ltion rate in 
the  l-iMSH7-cleficier-it cells ib clue to the  
presence of multiple acticc X chromosomes 
(16) ,  n.e meaaurecl the rate oi inutatlon to 
~>uah~rii-i resihr~~nce (Ozrni'l. Becaure these 
m r ~ t ~ ~ t i o n s  act iiominantly, they are not  oh- 
,scureii 111 pulvy~loiil cells (17) .  Hon.e\.cr, 
even a t  this locus there war no cha11ge in 
mut,~tlo~-i ratc tor cell line 3774 re1ati~-e ti) 
th,rt in micmatch repair-proficient hflRC-5, 
\vhcreas that in SK-UT-1 n.as elevated 7.1- 
k7ld (18). Thus, these Ja ta  ~ndicate  that the 
t\vo hL~I5H?-cIeficiel1t ruinor ccll 111les dc- 
~ . e l ap  a n.eaker muta t~ ) r  phenotype than 
lines d c f i c ~ e ~ l t  111 other mismatch repair 
qenes. 

T o  J e t e r n l ~ ~ l e  xhether  mutation ratcs 
increasecl in  these 11h~lSH2-~Ief1cient cells 
1111~ler less opt1111a1 c~ l l t~ l re  c t i ~ l d i t i ~ ~ l s .  \\-e 
exam~ned  HPRT anil Oua" mutant i r e q ~ ~ e n -  
ciei in 3774 and SK-LT-I  cells that hacl 
been rna~~l ra i~ le i i  for 2 weeks 111 'I high- 
clensitv gron.tl~-lii~~iteill state. For 3774 cells, 
the HPRT mutant freiluency of replicas 
~n~~in ta inec l  at high clensitv was 7900-i;)lil 
higher and the tiequency of Otiic"-il~~ta~lts 
\\-a> >67-folii 111gher relative to those of 
replica c~lltures kept under optimal gro\vth 
conii~ticon\ (Table 1) .  SK-LT-1 cells main- 
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Table 1. Accumulat~on of mutatons In tumor cell n e s  mantaned at hlgh denslty. 

2774 SK-UT-1 
Locus 

HPRT OuaP HPRT 

Culture type* Growng High density Growng Hgh  densty Growng High denslty 
Flna cell number 7.9 x 106 7.6 x I 0" 2.4 x106 7.5 x l o 5  5.1 x 10" 3.1 x 10" 

(mean) 
Repllcas 24 24 17 24 20 12 
Regcas wlth 1 24 0 11 7 11 

mutants 
Mutant range per 0 -1 4-65 0 0-4 0-1 2 0 -29 

repca  
Mutant frequency 7.8 x 6.2 x 10-5 1 3 . 9  x 2.6 x l o - "  3.5 x 1 .2 x I OF 

(mean) 
Mutation rate? 9.3 x N D <4.4 x N D 1.0 x N D 

'Both growng and h~gh-density cultures originated from the sanie pool of replica cultures initated w ~ t h  100 cells per 35-mm tissue culture well. At 2 weeks after inocua:~on 
of the rep~cas,  half of the cultures were treated with trypsln and transferred to 100-nini dishes. These growlng cultures were hanlested for assay of HPRT or OuaR mutants 
5 days later. Cells in high-dens~ty replicas were treated with trypsn and spread on the same 35-mni w e  to Ilmt growth. These cultures were harvested for assay of HPRT or 
O m r  mutants 2 weeks later. The viablity of cells n the cultures maintained under these restrct've growth cond~t~ons was s g h t y  lower, 50°/o for 2774 and 2146 for SK-UT-1 
as compared w ~ t h  64% and 67%, respectvey, for the two llnes maintaned under opt~mal growth condit~ons. Mutant frequencies were corrected for p a t ~ n g  efficiency +The 
mutaton rate was calculated by the method of the mean. ND, not determned. We d ~ d  not calculate the mutation rate of h~gh-density cultures because the mutations occurred 
only after growth was m i ted .  

tamed at high density showed a 34-fold 
increase III frecluency of HPRT mutants. 

T o  determine the nature of the muta- 
tions in the cells maintained in restrict~ve 
conditions, we picked independent colonies 
from each of the replica cultures and gen- 
erated HPRT cDNAs by reverse transcril?- 
tion ( 1  9). The mutant cDNAs were ampli- 
fied and sequenced. Over half of the muta- 
tions (7 of 13) identified in 2774 were 

frame shlfts at mono- or dinucleotide runs 
(Table 3 ) .  The remail~ing HPRT mutations 
were transitions, transversions, and a frame 
shift outside the runs. In SK-LT-1 cells, six 
of seven HPRT mutations were frame shifts. 
This distinctive pattern of frame shifts is 
also e v ~ d e n t  in other log-growing mismatch 
repalr-deficient cell lines (14, 20). 

W e  next examined microsatellites in 
single cell clones isolated frolm line 7774 to 

determine xvhether they exhibited a si~nllar 
conditional i n s t a b ~ l ~ t ~  (21). Four locl were 
amplified 1 ~ 1 t h  L3N.4 purified from 2 O  ~ n d e -  
pendent subclones lsolated from growing 
2774 cells. No novel microsatellite alleles 
xvere detected at these loci (frequency 
<1.7%). 111 contrast, novel alleles were de- 
tected 111 36% of the subclones isolated 
from 3774 cult~ires maintained at high den- - 
sit\-. In some subclones there xvere losses or 

Table 2. HPRT mutation rates in growing and high-density cultures of mishatch repa~r-deficent tumor cells 

DLD-I HEC-I -A 

Culture type* 
Growng High 

density Growing 
Hlgh 

denslty 

Replica 
sample 
control: 

Number of cells per replica (mean) 
5.6 X 10" 

HPRT mutant colonies (left column) and number 
of replica cultures (right columns) 

n = O  0 
2 1 
3- 4 0 
5-8  3 
9-1 6 5 
17-32 5 
33-64 4 
65-1 28 3 
129-256 0 
257-51 2 1 
51 3-1 024 1 
> I024 1 

Mutants per replica 
Range 2-976 
Mean 88.5 

Mutant frequency 1.6 x 
Mutation ratef 2.7 x 10-5 

'Both grow'ng and high-dens~ty cultures org'nated from the same pool of repl'ca cultures n~ ta ted  w t h  100 cells per 35-mm t ssue culture well. At 2 weeks after inocuat on 
of the replicas, 24 of the cultures were treated with tryps'n and plated on 6-thioguan ne (6-tg) med'um for deterni'nat on of the number of HPRT mutants. The remaining 24 
replica cultures were left for an add t  onal 2 weeks before being plated n 6-tg medium. The plat ng eff ciency of these cultures remained at 80 to 3046 after this treatment The 
change 'n the number of mutants per r e p c a  culture between growing and high-density cultures was tested by an Ftes t  for equal variance and found to be h'ghy significant 
(P -: 0 0001). t l n  the r e p c a  sample control, a s  ngle rep  ca culture was allowed to grow to a large cell number. Thls culture was then sampled 12 times (3 8 X l o 5  cells 
per sample) for plating on 6-tg medum Ths  value shows the range n mutant number obtaned from repeated sampling of the sanie culture. $The mutation rate was 
calculated by the method of the mean. ND, not determned (see Table 1) 
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gains of multiple repeat units (Fig. 1). This 
pattern is consistent with a previous report 
of increased microsatellite instability in 
subclones of 2774 maintained for a pro- 
longed period (10). We also examined mi- 
crosatellite stability in HPRT mutants iso- 
lated from cultures maintained at high den- 
sity and again observed dramatic alterations 
in a high proportion (46%) of subclones 
(Fig. 1). 

Our attempts to determine whether oth- 
er mismatch repair-deficient cell lines ex- 
hibit a similar response were complicated by 
the high frequency of mutants accumulat- 
ing in. replica cultures before they reached 
high density. As a result, replica cultures of 
the hPMS2-deficient endometrial carcino- 
ma cell line HEC-1-A maintained at high 
density showed only a small (2.3-fold) in- 
crease in HPRT mutant frequency relative 
to that of growing replicas (Table 2). More 
interesting was the loss of variation in the 
number of mutants in the highdensity rep- 
lica cultures (Table 2). The change in vari- 
ation observed in highdensity cultures was 
highly significant (P < 0.0001), and the 
variation in mutant number per highden- 
sity replica was similar to that found when a 
single culture of HEC-1-A cells was repeat- 
edly sampled (Table 2). Highdensity cul- 
tures of the colon cancer tumor cell line 
DLD-1, which is deficient in hMSH6 and 
has a missense mutation of DNA polyrner- 
ase 8 (22), did not show a similar effect 
(Table 2). Because mutation is a random 
process, the number of mutants is normally 
highly variable, depending on when the 
mutation occurs during the outgrowth of a 

replica culture (1 1, 17). The loss of vari- 
ability in HEC-1-A replicas maintained at 
high density indicates that an inductive 
process leads to the accumulation of mu- 
tants under such conditions. Altemativelv. 
the much lengthened time for the expres: 
sion of the HPRT deficiency in the high: 
density cultures may have improved the 
recovery of mutants. However, the fact that 
DLD-1 did not accumulate mutants at high 
density over the same length of time argues 
against the latter hypothesis. 

Although we have clearly seen the con- 
ditional mutator phenotype in two 
hMSH2-deficient lines, it is not known 
whether this property is restricted to a 
subset of mismatch repair-deficient cells 
or occurs in a wide variety of tumor cells. 
The extraordinary increase in mutant fre- 
quency in 2774 cells could be the result of 
the stable expression of the mutant 
hMSH2 protein. This protein may retain 
some residual activity (6) that suppresses 
the mutation rate under growing condi- 
tions. Under conditions of stress. this ac- 
tivity may be saturated by an elevated 
level of DNA replication errors or damage. 
The increase in mutant frequency in SK- 
UT-1 cells maintained at high density rel- 
ative to that in growing cells was not as 
dramatic. In part this can be attributed to 
the higher (nearly 50-fold) baseline mu- 
tant frequency of the growing cells. HEC- 
1-A. which is deficient in hPMS2. also 
continues to accumulate HPRT mutants 
when maintained under restrictive condi- 
tions. However, the mutator phenotype in 
these cells is not strictly conditional be- 

Fig. 1. Microsatellite instability in single cell clones 
of 2774 cuttures maintained at high density with- 
out selection (A) and in HPRT mutant strains se- 
lected from high-density replicas (B). The dinucle- 
otide repeat locus D10S197 was assayed. The left 
lane of each panel contains microsatellii ampli- 
fied from DNA purified from uncloned, growing 
2774 cells. Single cell clones obtained from grow- 
ing cultures of 2774 had no alterations at this 
locus (21). 

cause HEC-1-A has a high rate of muta- 
tion under optimal growth conditions. 

The frame shifts in hMSH2deficient 
cells at high density indicate that the ele- 
vated mutant frequency is the consequence 
of DNA replication occurring in the ab- 
sence of mismatch repair. This DNA syn- 
thesis could occur in a small subpopulation 
of cells that continue to grow in spite of the 
restrictive culture conditions. Alternative- 
ly, the accumulation of mutations may be 
the product of an error-prone DNA repair 
pathway induced by the suboptimal culture 
conditions. If the first hypothesis is correct, 

Table 3. HPRT mutations in 2774 and SK-UT-1 cells maintained at high densrty. 

Mutant Exon Position* Mutation Target sequencet Alteration 

2774 
DE5.1 1 2 T+C CGTTA T GGCGA Met + Thr 
DE20.1.1 1 27 G +T GTCGT G gtgag Altered splice 
DE3.2 1 706 T+C CGTGg t gagca Altered splice 
DE20.1.5 2 101 +T GGAAA GGGTG Frame shift 
DE2.1 2 1 33 A+G TGGAC A GGACT k g  +Gb' 
DE14.2 3 196 -TG CCCTCTGTGTGCTCAA Frame shift 
DE11.2 3 207 +G CTCAA GGGGGG CTATA Frame shii 
DE19.1 
DE20.1.4 
DE9.1 6 484 A+C TCGCA A GCTTG Ser + Arg 
DE16.1 7 496 -A TGGTG AAAA GGACC Frame shii 
DE18.2 
DE20.1 9 636 -A ACTGG AAAA GCAAAA Frame shii 

SK-UT-1 
DE9.2 3 207 +G CTCAA GGGGGG CTATA Frame shii 
DE8 
DE6 
DE4 
DE1 7 496 -A TGGTG AAAA GGACC Frame shii 
DE9.1 8 602 A+G CAGGG A TTTGA Asp + G~Y 

'Podtion of the mutation in the HPRTcDNA sequence, with nucleotide 1 being the A in the ATG initiation codon. In DE3.2, the mutation occumd at the slice donor just inside intron 
1. The position of this mutation (in italics) represents the nucleotide number in the genomic sequence (19). tNucleotides in upper case represent those in the HPRT coding 
sequence. Lower-case nucleotides are from introns. The nudeotide mutated in these 6-tg-resistant strains is indwted in bold. In the case of the frame shifts in runs of nucleotides, 
the entire repeat is in bold. The position of the frame shift that did not fall in a run is indicated by a gap in the sequence. 
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the  lnutatlon rate must be very hlgh, as only 
a small proportion of cells in these cultures 
17.5%) have a n  S-nhase D N A  content.  T h e  
hlgh level of lnicrosatellite instability in 
subclones isolated from high-density cul- 
tures and the  HPRT mutant strains appears 
to be consistent w ~ t h  the  idea that wide- 
spread catastrophic D N A  synthesis occurs 
in these cells. Thus, the  conditional muta- 
tor phenotype may reflect the  loss of a 
checknoint that  nrevents cells frotn enter- 
ing the  S phase when el~vironlllental con- 
ditions are not  optimal, whlch 1s not unlike 
the  checkpoint that arrests cells exposed to 
hypoxia (23) .  W i t h  respect to  the  possibil- 
~ t v  of error-nrone renair in  cells lnalntalned 
at 'high density, it wis recently reported that 
transient exnosure of a mouse t u n o r  cell 
line to hypoxia modestly Increased the  mu- 
tant frequency of a target gene (24).  ivlls- 
match repalr has thus far been prllnarlly 
associated with c o r r e c t i o ~ ~  of D N A  replica- 
tion errors in growing cells, but lnay have 
another f u n c t i o ~ ~  or f~lnctlons outside the  S 
phase (25) .  

Our  observations raise the  nossibllltv 
that lnutatlons in  solue cells may accumu- 
late In a time-dependent manner in the  
absence of growth, as proposed by Strauss 
(26).  Furthermore, because the  majority of 
cells in a tulnor mav not  be in  a m1croen.- 
vironlnent conducive to the  rapid growth 
that occurs in  cell culture, the  conditions In 
high-denslty cultures described here may 
Inore closely resemble conditions in  the  
tumor. 

REFERENCES AND NOTES 

1 A de la Chapele and P Peltolnak~, Annu. Rev. Gen- 
et. 29. 329 119951: K W Knzer and B. Voaelstein. 
Cell 87 159'(1996) 

2. N C. Ncoades  etal  , ij!ature 371 75 (1 996) 
3. F S. Leach et a/.  Cell 75 1215 (1 993). 
4. D. Shbata, M A Penado Y onov. S. Malkhosyan, 

M. Perucho Nature Genet 6, 273 (1 996) 
5. R. Parsons et a/.  Cell 75 1227 (1 9933. 
6 J. C. Boyer et a1 Cancer Res. 55, 6063 (1995). 
7 L. A Loeb lbid. 51, 3075 (1991) N P Bhatta- 

charyya, A. Skandalis. A Ganesh. J. Groden, M. 
Meuth, Proc. ij!aiI. Acad. Sci. U.SA,  91, 6319 
( I  994). J. R. Eshleman et a/. .  Oncogene 10. 33 
( I  995), V. Lazar et a/. Hum !do/. Genet. 3, 2257 
(1 994) S Markov~~tz et a / . ,  Scle~ice 268, 1336 
(1996), N. Rampno e t a / .  ibid. 275 967 (1997), J. 
Huang e ta / . ,  Pi-oc. Natl. Acaa. SCI. U S.A. 93, 9049 
(I 9963 

8. J. I .  Dr~lmmond, G.-M L M. J. Longley P. Modrlch 
Sc~ence 268, 1909 (I 995), S Acharya et a / .  Proc. 
Natl. Acad Sci. U.S.A. 93 13629 (199G) N. Pap- 
adopoulos et al. Science 268, 191 5 (1 9953, J I. 
Rsnger etal  . i\lature Genet 14, 102 (I 996) 

9. J I. Rsinger e ta / . ,  Cancer Res 55, 5664 ( I  995) 
10. K. Orth eta / . ,  Proc. ij!at/. Acad. SCI. U.S A. 91, 9495 

(I 994). 
1 1 Most of the cell lines used in these experilnents v'lere 

obtained from the American Type Culture Collection. 
MRC-5 was obtaned froln the lnperial Cancer Re- 
search Fund Cell Product~on Facility 2776 was the 
knd  gift of T Kunkel. A cultures were maintaned n 
Dulbecco s modfed Eagle's lnedium suppelnented 
w ~ t h  1096 fetal bovne serum. Mutation rates \!,ere 
determned by the Luria-Delbruck fluctuat'on test 

[S E. Lur~a and M Delbrljck, Genetcs 28, 691 
(1 94333. lnocua contanng I00 cells were groiAJn for 
2 v'leeks on 35-mm tlssue c~~ l t u re  v51ells Colon~es 
formed after t hs  tme  were treated ~'11th trypsn and 
transferred to 100-mm dshes. A%er 5 days the rep- 
c a  cultures were plated on 6-thioguanine (5 l~g 'ml )  
to determne mutation rate at the HPRTocus or on 1 
KM ouaban to deterlnne the rate of mutaton to 
resstance to ths  drug After 2 weeks, plates were 
staned and colones larger than 50 cells iAJere count- 
ed. The lnutation rate was calculated bv the metliod 
of the lnean [R. L. Capzz and J. \JV Jameson Mutat 
Res. 17 147 (1 97311. 

12. B. R~chards, unpubl~shed data 
13 1.V. E Glaab and K. R T~ndall, Carcinogenesis 18 1 

(1 997). 
14 S Malkhosyan, A McCarty H Sav51a1, M Perucho, 

Mutat. Res. 31 6 269 (I 996) 
15 P. Branch, R. Hampson, P. Karran, CancerRes. 55, 

2306 (1 995). 
16 R. S. Freedman E. P~hl C Kusyk, H S. Galleger, = 

Rutledge Cancer 42, 2352 (1 978) 
17 R. M Baker et a / . ,  Cell 1, 9 (I 976) 
18. B Rchards, unpublshed data The rate of mutaton 

to Oua" v/as elevated 24- to 35-fold In tulnor cells 
defcent In other msmatch repar colnponents 

19 Analys~s of HPRT lnutat~ons was perforlned as In 
(203, except that an A B  a~~tornated seqllencer (Mod- 
el 377) v ~ a s  used to deterlnne the base alterations. 
Positons of lnutatons In the codng sequence [D 
Jolly et a / ,  Proc. Natl. Acad. SCI U.SA 80, 477 
(1 983)] are presented ~'11th the A In the ATG nt ia ton 

codon beng nuceotde 1. Mutatons n the ntrons 
that alter s p c n g  are nulnbered ~511th respect to the 
HPRT genolnlc sequence [A. Edv'lards et a / . ,  
Genomcs 6 593 (I 9903]. 

20 N .  P Bhattacharyya et a / . ,  Hum. 1qAo1 Genet. 4, 2057 
(1 995). 

21 Mcrosatel~te n s t a b t y  v/as analyzed as In (20). DNA 
purlfled froln cultures grov51n froln s n g e  cells of the 
ndcated Ihnes v~as  used to a lnpfy  mcrosatelte 
o c ~ .  Four o c  v51ere assayed. BAT26 whch contans 
a mononucleot~de run D10S197 and D16S521, 
v51hch are both dnucleotde repeats; and D7Sl794, 
whch contans a trnucleotde repeat. The frequency 
of n s t a b t y  presented In the text represents the frac- 
t o n  of subclones from each of t i e  n e s  exhbtng 
novel alleles at the loc Patterns of alleles at one of 
the m~crosatell~te loc (C1OSl97) In sngle cell clones 
solated froln 2774 are presented In F I ~  1 

22 F. Paombo et a1 Sclence 268, 191 2 (1 995). L I .  da 
Costa etal. ij!ature Genet 9. 10 (1 995). 

23 T G. Graeber et a / ,  !do/. Cell. Bio/ 14, 6266 (1994). 
24. T Y Reynolds, S Rockv~~ell P. M. Glazer Cancer 

Res. 56 5754 (1 996). 
25. G. Marra et a / .  Oncogene 13 21 89 (I 996); M. Mey- 

ers etal . ,  Cancer Res. 57 206 (1 9973. 
26 B S Strauss, Cancer Res 52 269 (1 9923 
27 We thank D Carroll B Preston, and J Roth for 

c r ~ t ~ c a y  readng ths  lnanuscript Supported by a 
Nat~onal Cancer Institute grant (ROi-CA-G2264) to 
M M and an N H  tranng grant (132-CA-09602) to 
B R 

28 Marc i  1997; accepted 21 JLI~Y 1997 

Observations of Emission Bands in 
Comet Hale-Bopp 

H e i k e  Rauer et al. observed anomalous 
H,Ot and NH,  elnisslon bancis in comet 
~ a l e - ~ o ~ p  (C/1995 01)  at large hel~ocen-  
trlc distances before perlhellon (1 ). T h e  
subject bancis are from benciing vibrational 
transitions, (0,1~,',0)-(0,0,G), of the  A'A, - 
%'B, system of the  two isoelectronic molec- 
ular snecles. Excent a t  the  shortest helio- 
centric distances studied, only enllsslons 
from even bendine vlbratlonal levels were 
observeil, a phenomenon for which existlng 
fluorescence excitation models provide no  
explanation, according to  Rauer r t  al. 

A n  equivalent observation, however, 
bvas made in  conlet Kohoutek by Wehlnger 
et al. ( 2 ) ,  who identified H,O- and attrib- 
uted the  phenolnenon to  fluorescence exci- 
tatloll of lnolecules a t  temperatures below 
50 K. T h e  reason for the  lnisslng vibrational 
bands can be found in the  electronic struc- 
ture of H20-  and NH1 ( 3 ,  4 )  that glves rise 
to optical transitions ~nvolvlng a lower state 
bent asylnlnetrlc rotor w ~ t h  quantum n u n -  
hers ]", N", K,", and Kc" and an  upper state 
linear symmetric rotor with quantum num- 
bers J ' ,  N ' ,  and K', the  latter quantum 
n ~ u n b e r  belng equivalent to  Y,' While 
there is no  vibrational level-dependent 
constraint 011 K," values in  the  ground elec- 
tronic state, odd K' vibronic sublevels of 

the  linear excited state are restricted to  
even bendlng vibrational states, while even 
K' sulllevels are assoclatecd with odd benJer 
states. 

Given the  hKL,  = I 1  selection rule of 
the H,O- and N H 2  ALL4, - Y1B1 transi- 
tions, absorption to the  unobserved odd 

i i ~ L  
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Fig. 1. Fluorescence excitation spectra calculated 
for the H20i A2A,  - X". system at four tem- 
peratures of the ground-state molecule Calcula- 
t~on assumes I -nm resolution and a uniform spec- 
tral sens~t~vity. 




