
to the gut l u r n e ~ ~ .  Further studies with other 
mucosal pathogens are needed to determine 
the ge~leral applicability of this protective 
mechanism. 

The mAhs 7119 and lOClO inhibited 
replication (-if at least two separate ~nurine 
rotavirus strains (EC and EW; Fig. 1 ,  A and 
B) and reacted with virtually all other 
lllallullallan strains in ELISA (15) .  Irnrnu- 
11i:ation with VP6-encodi~lg LINA has also 
heen S ~ C I L V I I  to protect mice fro111 rotavirus 
challenge in recent studies (20). If VP6- 
specific IgA antibodies with sirrlllar protec- 
tive activity are generated after ~ l a t ~ ~ r a l  ro- 
tavirus i~lfection or vacci~lation, the\- are 
likely to pla\- a role in the heterot\-pic im- 
munity ohserved in a variety of vaccine 
field trials and epidernloli~gic studies. 
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Asymmetries Generated by 
Transcription-Coupled Repair in 

Enterobacterial Genes 
M. Pilar Francino, Lin Chao, Margaret A. Riley, 

Howard Ochman* 

Although certain replication errors occur at different frequencies on each of the com- 
plementary strands of DNA, it remains unclear whether this bias is prevalent enough 
during chromosome replication to affect sequence evolution. Here, nucleotide substitu- 
tions in enteric bacteria were examined, and no difference in mutation rates was detected 
between the leading and lagging strands, but in comparing the coding and noncoding 
strands, an excess of C+T changes was observed on the coding strand. This asymmetry 
is best explained by transcription-coupled repair on the noncoding strand. Although the 
vast majority of mutations are thought to arise from spontaneous errors during replication, 
this result implicates DNA damage as a substantial source of mutations in the wild. 

O n e  of the fundamental a s s ~ ~ ~ n p t i o ~ l s  in 
molecular evolution is that mutations are 
equall\- likely at any site of the genome. 
Evidence indicates that the probability of a 
n~lcleotide substitution may depend on po- 
sitional factors, including the LINA strand 
on  which the n~~cleot ide 1s located (1-4). 
Recause of the complementary and an tpa-  
rallel nature of the LINA douhle helix, each 
strand is renlicated in a very different man- 
ner. O n  one strand, the 'leading strand, 
replicatio~l proceeds continuousl\-. whereas 
on  the other strand, the lagging strand, 
replication occurs discontinuously hy the 
s\-nthesis and joining of short Okazaki frag- 
rrlents (5) .  Several experi~nental systerrls 
have revealed that the l agg i~~g  strand MI- 
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dergoes a higher incide~lce of certain repli- 
cation errors, such as ~llisrrlatche Induced 
hv an excess of deoxvthvmidine trinhos- , , 
phate or deoxyguanosine triphosphate dur- 
ing in vitro replication in h~11na11 cell ex- 
tracts ( 1 ,  2)  and deletions during plasmid 
replication in Escherichia coli (3,  4) .  O n  an 
evolutionary timescale, a consistent strand- 
hias in the introduction of mutations would 
strongly affect the patterns of change in 
DNA sequences, and juch an asymmetry 
L V O L I I ~  he detected hv reconstructine the 
suhstitutio~ls that have occurred ;imong ho- 
rnulogous regions (6). 

Not all replication errors are equall\- fre- 
quent. The i ~ l t r o d u c t i o ~ ~  of a pyrimidine 
opposite a ternplate p\-rimidine is a very rare 
event relative to other mismatches (7); 
therefore, most tra~lsversion\, that is, muta- 
tlons from a purine (R)  to a pyrimidine ( Y )  
or vice versa arise through R:R mismatches. 
Thus, a Y-R transversion on a given 
stra~ld of LINA res~~l t s  from an R:R rnis- 
match introduced during the synthes~s of 
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t l ~ a r  >tral~cl, l3~1r ,111 ll->Y r r ~ ~ ~ s \ , e r \ i c ) ~ l  o n  
t l ~ a t  same s t r a ~ ~ i i  1s i n ~ l ~ ~ c c i l  1.y an  R:R mi.- 
~ l ~ a t c h  orlpil~atin: <)n the cilmylementarv 

i1~1ri11~ the  previo~lq ~ C I L I I I ~  of I-eplica- 
tion. C c ) ~ ~ s e ~ ~ u e ~ ~ t l \ ,  hv c o r n y a r i ~ ~ s  the rclteb 
( i t  Y->R and R+Y sul~st~tur ioin~ ,1rno11p 
l i ~ i ~ l ? o l o ~ i ) ~ ~ s  e q l i e ~ ~ c c ' s ,  it 1.; pi)js~hle to rest 
\\-lietl~el. error rare, il~fter .;ii.niticantly for 
the  l r a i l~s~g  a11J laogil~g srr,inil\ L l ~ r r ~ ~ l g  chrP- 
111~7>L>l11<11 repllc<Atle>ll 111 \,1ve>. 

In an anal\-si> ot inrer?enic repic~ns troll1 
tl>e p-g1c>1311> c~3111~lex <it prl111<1rC~\ ~ ' L I  c311L1 

rate.;. Hci\\ el er, \vhen rlle sanle je i lne~~ces  
are a~~al \ . re i l  Iliare cc)nxr~.atively bv c o n ~ i d -  
er i l~g 0111~ 111022 ~ ~ ~ l l ~ t i r ~ ~ r i t ~ ~ ~ s  tll'it can 132 

~ l n , ~ n l l ~ i g l ~ o u l \ ~  il~ierrecl by p a r i r n o ~ ~ r - ,  the 
;iymmetr\- Jia,~yre,lrs (3). E~1k~1ryotic ,e- 
ilLIence> are 110t p , ~ ~ - t ~ c ~ i l ~ r l v  tve11 2~11tec1 tor 
s~icll  a11 a ~ ~ a l y s i ~  of ~ n r ~ t , l r ~ i ~ n a l  a,ymmetrle> 
I:ecc3~~ze the  pcs i t~os i  of mc>:t L I ~  the origins 
L I ~  rerlic~lrion ali)11g a c l i ro~ni~some are not  
kl1c~a.11, mal<~ng tlle e l i s t i ~ ~ c r i i i ~ ~  I ~ e r \ ~ e e n  
len~dillg mil l a o g i l ~ ~  str,i~~cli 1myi7ssil~le (9). 
Iio\\-ex-er, tl11s rrohlem IS elilnil1,lteii \vl1e11 
examining bacterial qeneimes h e c a ~ ~ s e  their 
?111gle r?pllc<itie>11 LlrIg111 a l l ~ ) \ ~ s  (711C t ~ l  Ll11- 

eq~ i ivora l l~ -  estahlisl~ 1t a gene 15 coL1eil <xi 
rlie lc,ie~inc cir 1,lgging s r ~ - , ~ n J .  

LX'e f1r.t e ~ ~ ~ ~ m ~ n e i l  the pattei.11~ ot ,mh- 
Y~IELIEIOII<  111 ~L>LII .  ~ C I I C ~ >  i ~ l L l I 1 ,  p~itP, g~l[1.4, 

Fig. 1. Coi;lper.sor-s of coinpIe,nentary sirbstl- 
tvt10r-i fr-eqiienc~es 1C->Tvers~ls G->A and Y+P 
iJei-sus P-V I ~n E c31, and S, el-te:-lca. Se- 
qrences were obta~ned froln the folo?/~ng 
soL:rces. 1773:7 ( is;,  g i ? 3  (73;, CUP 1: 7 1 ,  a l i c lga~A 
! 72'1. Geca~rse rnean seqirernce dit!er.gence does 
not exceed 5'0 ~. \ i thn and i6"3 oet j~een,  spe- 
ces  (301, secr~lence aignr.ients jr.ere per-formed 
manilally. 2nd no gaps ?/er-e intr-od~rced. Fol 
e2cii gene o l iy  suostitirtioris tiiat cocid oe vr?- 
al~?o~girousy reconstr-ircted jr.ere scor-ed on tiie 
cod~ng strznd, along tlie rriost parslmonloLls 
~:liylogeriet~c reconstr-iictons ,Id, 751. Scibstit~l- 
t ~ o n  fr-eq~rencies %c!ere comp~:ted as tile nirjnber 
of a ~art ic i ra i -  s~:ostitution d v d e d  oy tile total 
nillmoer of tile or~giria~ nvcleot~de i r i  the seqirenc- 
ss considered ,X ;  0001 and coiripal-ed oy rmeans 
of y' tests !2). 

Coding = Coding = 
leading strand lagging strand 

Fig. 2. /A; i ~~ fap  postion and cor;:pler:ientalg tiar:- 
stion fr-eq~enc~es c i  genes coded or- the (51 lead- 
ing and iCI layy~iig strands of the E cc; cliroino- 
sorne. Because r-ep~catoti proceeds b~drec ton-  
ally f r o l ~  a single o r~gn ,  tlie codng strands of 
pn3A. o,irp, g:?d, and :ncih are r-epl~cated as lead- 
n g  sir-ands, ?/her-eas ti:ose of c:-/ a r c  gc,tB are 
replicated as lagg~ng. Sequences l.ier-e ootained 
fr-orm the follo,.!ing soirrces: D%A (37). ?-311 (70'1 
g:?d (73'1, ,n,itp 1 i y i ,  ar:d cr,r arid gcitB (27). For 
each germ the mean sequence di\.,ergence !was 
.=5": and the substitcitio~is 3v'!er-e scor-ed as for- Fig. 
; (32). Total su!;stiti~tion freqirelic~es for eacl: 
class of genes [tiiose coded on tile eadng strand 
(6'1 alid tilose on tiie lagg~rrg strand (C;] lwer-e ob- 
tailled by Siiilirlilig the nuriisels of svbstit~~tiorls 
for eaci: gerne i ~ ~ t h i n  each class and dividng b), 
ti:e total numbel of tile or-~giiial n~lcleotide acr-oss 
gelies in that class ;X i  000) Eecairse of sar~iple 
sires, co~nplernentat-j traiisltion fr-equeiic~es !were 
compared b i  means of L= tests (9) +or genes 011 
the leadipig str-and and by tneans of a one-tailed 
binomial test for those oii tiie aggng sir-and. 

and gild, in l~a ru r~ l l  srralns <) t  E coli , ~ n ~ i  
SLilinoileiln enlerica. SLII-qtitutions in tllese 
gellei \\;ere r e c o ~ ~ s t r ~ ~ c t e i l  along their ylly- 
logenies ohtained hy both ~ l e i q l l l ~ ~ ) r - j o i ~ ~ i ~ ? n  
(1;-13) ancl parcimon\- lnethoiis ( 1  4, 15). 
Freijne11cies of cc~mplement~~ry  .uhsr i t~l t ia~~s 
along each phylo:el~etic tree \\?ere com- 
pclre;i 1)oth with111 each speclei :lncI tor S .  
zllti.rica and E. coli tc-yetl~er. Fi9~1re 1 illus- 
trates the 11ic)st s,llienr tearuse of tlie pat- 
t e r ~ ~ ~  i)hta~neci, ~vhis l i  appeared in all genes 
i7xrcr horh syec~es, ,111~1 , i l~i~lg  either type of 
pll\-l(7ge11etic recanstrucrlon. Tlle only co11- 
siitent ,isvmmetrv ~ietecteil is l>etweel~ the  
ci~mplemelitary transitions C->T an,l 
(;+A. \\,hereas nc asvmmet~-ies I>e t \ i i . e~~  
ii71li~>lt'li?e11ta1-y rranrverslons ( Y e l l  a~icl 
R4Y! \yere oI~ser\~ecl 111 .my gene. 

To ,aLlilre.s the  orlulils of this asvmmetrv. 
11-e ,in:ily:c~l the pattel-na of s ~ t h s t i t ~ ~ t ~ o n s  in 
three a~ic l~t io~lal  sene.;, phoA, u r .  ~ n ~ l  p~irB. 
eaclh of mhich ha, I3een i e ~ ~ ~ ~ e n c e i i  in nu- 
merou, stra~ns of E .  coll. T h e  location and 
or~entat~cin  of these penes on the E .  ioli K l ?  
chrt~mosome, as \yell as tllose ot , p l ,  ntdh, 
,111~1 /xrtP, are >llo\vn in Fig. 2. From the lnap 
po~~t i c )n  of these genes, ~t c , ~ n  lye iletlucecl 
~vhetller t l le~r  coding stmnils ,Ire .;vntl~esirecl 
a leacling or as lagqin: strands: 2nd. ~ntiis, 
pitti'', ,incl phoA are codeil 1-y the leacling 
stranci, and c:-r and g11tB are coclecl on the 
l ~ ~ p i n , ~ .  For all genes, C+T transitions are 
mi~re  trequent than G->;Z n h c n  sulwtitu- 
tions ,ire scorcii on the cod~l l r  .tranci (Fig. 
1). Therefore, asymmetry is generater1 hi- .I 
proieis tlxit e i ~ i t ~ ~ l g ~ ~ ~ s l ~ e q  13etn.een the cc~cl- 
1 1 1  ancl the 11i)nc~~cling strands of a :em, neit 
o n  the  mocle of replication. 

A l t h o ~ ~ g h  llatural ,e lect~on ci)ulrl poten- 
t ~ ~ i l l y  produce ~isymmetrie.; hi- 6avoring cer- 
tam sui~st i tu t~ons over tl-ie~r c i ~ m p l ~ r n c n t a r ~ -  
changes, ~t IS not 11l;el~ to 11~ive generaterl 
the observed difkre~nces in the rates c'f 
C->T and G4;Z transit~onq. In that 85 to 
0C7"'11 at the sul~.;titutio~-is in e,lch gene n-ere 

C>II~IIIOLI, s ~ ~ i ~ s t i t ~ ~ t i o n . ; ) ,  only .;election act- 
ill? (711 codo11 ch(lice cc>ulil potentially cre- 
,ite the detecteel asymmetry. However, nei- 
ther tile corlon preierellces in E .  2011 i 16)  
liar the  rules tliat pred~ct  such prefercnccs 
( 1  ,-) \v(>~~l i l  result 111 cons~stznt  C+T versus 
(;+A asymmctr~es. Therefijre, these asym- 
m e t r i c ~  must be ~ c n e r ~ ~ t e i l  hv iilffcrcnces in 
the  ciccur~-ence or repair (or botli) of C+T 
or G->?i change5 the  coiling anLl 11011- 

ccii-illlg str<lnLls. 
O n e  P(>ss~l>~l i ty  1s that the  single- 

stranilcc-i nature o t  tlie coding stra~iii  wliile 
RNA ia heing syntlie~~:ed o n  the  noneoil- 
ins  stranil makes ~t prone to  DNA iialllage 
( I d ) .  T h e  iiea1l1111atioli t3f C to U (or T 
if methylated) is o17er 100 time.; as fast 
111 single-strandeil aq in double-stranilei1 
DNA ( 1 9 ,  2O), i ~ ~ ~ i i  our r c s ~ ~ l t . ~  could rep- 



resent an excess of C + U / T  dcanlinat~on 
events on the coi i~ng stranii resulting f r o ~ n  
transcription, paralleling recent experi- 
ments in yeast sho~ving increased m~l ta -  
tion rates x i t h  higher levels of transcrip- 
tion (21 ). However, the exposure of short 
single-stranded regions during R N A  syn- 
thesis 1s prohably too transient to account 
for the level of asymmetry observed be- 
tween the strands (18) .  , , 

In contrast, the alternative process, tran- 
scr~ption-co~~pled repair, is highly strand- 
specific and also predicts the obserl,ed differ- 
ences bet~veen C+T anci G + A  suhstitu- 
tion freauencies. In E.  coli, this reuair is 
known to act on ultrav~olet-indl~cd pyrim- 
idine dilners and is targeted to the tran- 
scribed (that is, noncoding) strand (22).  Be- 
cause C+T transitions are the primary mu- 
tations induced by pyrimidine di~ners (23), 
transcript~on-coupleci repair w~l l  result In a 
deficlt of C+T changes on the transcrihed 
strand, ~ v h ~ c h  translates into an excess of 
C+T over G + A  changes on the coding 
strand (24), as detected in the genes that we 
analvzed. If this nrocess is resaonsible for the 
ohserved transitional asylnmetry, the frac- 
tion of C+T chanees at dit7vrimidlne sites 

L ,  

\v\;o~~ld exceed 70'35, the expectation based on 
the trinucleotide co~nposition of the E .  coil 
genonle (25). Of the loci in Fig. 2, this 
fraction is above 80% in pt~tP and gutB, 
sllpporting transcription-co~~pled repair at 
dipyrimidine sites as the cause of asymmetry; 
but at ~ndh, phoA, and crr, this fraction is 
helow 65%. Because transcri13tion-med~ated 
repair systems have heen hypothesized to 
operate on other types of DNA damage, 
inclllding dearnillation of C, any C+U/T 
change on the transcribed strand could be 
preferentially corrected (1 8 ,  26). 

If the C+T versus G + A  asymmetry is 
introduced during transcription, we would 
expect that cryptic genes, which are ex- 
pressed only occasionally on an el,olution- 
ary timescale, ~vould not display such bias. 
We diii not detect any difference between 
complementary transition rates for the 
cryptic gene celC in E. coli (27), although 
the sample sile is ad~nittedly slnall (five 
C+T changes coinpared lvith four G + A  
changes; P > 0.5). A role for transcription- 
coupled repair in the evolution of entero- 
bacterial genes has two i~nplications regard- 
ing the process of mutatLon: ( i )  The rates of 
certain mutations will decline with increas- 
ing levels of gene expression, as recently 
suggested (28, 29), hecause fi-ecluent tran- 
scripti011 increases the opportunity for tran- 
scription-col~pled repair; and (ii) DNA 
damage, rather than spontaneous replica- 
tion errors, causes a substantial fraction of 
naturally occurring mutations. The excess 
of C+T over G + A  subst~tlltions reare- 
sents nearly 20% of all changes in the genes 
analyzed, making this a minimum estimate 

of all naturally occurring lnutations attrib- 
utable to unrepaired DNA damage. 
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Similarity Among the Drosophila (6-4)Photolyase, 
a Human Photolyase Homolog, and the DNA 
Photolyase-Blue-Light Photoreceptor Family 

Takeshi Todo,* Haruko Ryo, Kazuo Yamamoto, Hiroyuki Toh, 
Taiichiro Inui, Hitoshi Ayaki, Taisei Nomura, Mituo lkenaga 

Ultraviolet light (UV)-induced DNA damage can be repaired by DNA photolyase in a 
light-dependent manner. Two types of photolyase are known, one specific for cyclobu- 
tane pyrimidine dimers (CPD photolyase) and another specific for pyrimidine (6-4) pyrimi- 
done photoproducts [(6-4)photolyasel. In contrast to the CPD photolyase, which has been 
detected in a wide variety of organisms, the (6-4)photolyase has been found only in 
Drosophila melanogaster. In the present study a gene encoding the Drosophila (6-4)pho- 
tolyase was cloned, and the deduced amino acid sequence of the product was found to 
be similar to the CPD photolyase and to the blue-light photoreceptor of plants. A homolog 
of the Drosophila (6-4)photolyase gene was also cloned from human cells. 

Cyclobutane pyrimidine dilners (CPDs) 
and pyrilnidine (6-4) pyri~nidone photo- 
products [(6-4)photoprodl1cts] are the t \ ~ o  
major classes of cytotoxic, mutagenic, and 
carcinogenic photoprcjd~~cts ~ ~ O ~ L I C C C I  in 
DNA \\hen cells are irradiated with UV. 
light (1-3). The phenomenon of photore- 
activation-the reduction of lethal and mu- 
tagenic effects of UV radiation hy sim~llta- 
neous or sl~bscqllcnt irrad~ation with near 
UV or visihle lieht-has been identified in - 
a variety of organisms ( 1  , 4).  The enzyme 
responsihle, called DNA photoreactivating 

enzyme (CPD photolyase), repairs CPDs by 
reverting thelu to nor~nal  hascs using light 
energy (4, 5). W e  d~scovered another type 
of photolyase in Drosophiia melnnogaster (6 ,  
7 )  that catalyzes the light-dependent repair 
of (6-4)photoprodllcts rather than CPDs. 
To inl,estigate the lnechanis~n by which the 
( 6 - 4 ) p h o t o P r o d ~ ~ c t ~ a r  repaired, we cloned 
the Drosophiin (6-4)photolyase gene. 

Escherichia coli normally do not photore- 
actil~ate (6-4)photoprodllcts (7) and thus 
would be expccteci to sho~v an increased 
resistance to UV light when engineered to 

SCIENCE VOL 272  5 APRIL 1996 109 




