to the gut lumen. Further studies with other
mucosal pathogens are needed to determine
the general applicability of this protective
mechanism.

The mAbs 7D9 and 10C10 inhibited
replication of at least two separate murine
rotavirus strains (EC and EW; Fig. 1, A and
B) and reacted with virtually all other
mammalian strains in ELISA (15). Immu-
nization with VP6-encoding DNA has also
been shown to protect mice from rotavirus
challenge in recent studies (20). If VP6-
specific IgA antibodies with similar protec-
tive activity are generated after natural ro-
tavirus infection or vaccination, they are
likely to play a role in the heterotypic im-
munity observed in a variety of vaccine
field trials and epidemiologic 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.

One of the fundamental assumptions in
molecular evolution is that mutations are
equally likely at any site of the genome.
Evidence indicates that the probability of a
nucleotide substitution may depend on po-
sitional factors, including the DNA strand
on which the nucleotide is located (1-4).
Because of the complementary and antipa-
rallel nature of the DNA double helix, each
strand is replicated in a very different man-
ner. On one strand, the leading strand,
replication proceeds continuously, whereas
on the other strand, the lagging strand,
replication occurs discontinuously by the
synthesis and joining of short Okazaki frag-
ments (5). Several experimental systems
have revealed that the lagging strand un-
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dergoes a higher incidence of certain repli-
cation errors, such as mismatches induced
by an excess of deoxythymidine triphos-
phate or deoxyguanosine triphosphate dur-
ing in vitro replication in human cell ex-
tracts (1, 2) and deletions during plasmid
replication in Escherichia coli (3, 4). On an
evolutionary timescale, a consistent strand-
bias in the introduction of mutations would
strongly affect the patterns of change in
DNA sequences, and such an asymmetry
would be detected by reconstructing the
substitutions that have occurred among ho-
mologous regions (6). .

Not all replication errors are equally fre-
quent. The introduction of a pyrimidine
opposite a template pyrimidine is a very rare
event relative to other mismatches (7);
therefore, most transversions, that is, muta-
tions from a purine (R) to a pyrimidine (Y)
or vice versa arise through R:R mismatches.
Thus, a Y—R transversion on a given
strand of DNA results from an R:R mis-
match introduced during the synthesis of
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that strand, but an R—Y transversion on
that same strand is induced by an R:R mis-
match originating on the complementary
strand during the previous round of replica-
tion. Consequently, by comparing the rates
of Y=>R and R—Y substitutions among
homologous sequences, it is possible to test
whether error rates differ significantly for
the leading and lagging strands during chro-
mosomal replication in vivo.

In an analysis of intergenic regions from
the B-globin complex of primates, Wu and
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Fig. 1. Comparisons of complementary substi-

tution frequencies (C—T versus G—Aand Y—R .

versus R—Y) in E. coli and S. enterica. Se-
quences were obtained from the following
sources: mah (10), gnd (13), putP (11), and gapA
(72). Because mean sequence divergence does
not exceed 5% within, and 16% between, spe-
cies (30), sequence alignments were performed
manually, and no gaps were introduced. For
each gene, only substitutions that could be un-
ambiguously reconstructed were scored on the
coding strand, along the most parsimonious
phylogenetic reconstructions (74, 15). Substitu-
tion frequencies were computed as the number
of a particular substitution divided by the total
number of the original nucleotide in the sequenc-
es considered (X 1000) and compared by means
of x2 tests (8).
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Maeda (6) concluded that a difference ex-
isted between Y—R and R—Y substitution
rates. However, when the same sequences
are analyzed more conservatively by consid-
ering only those substitutions that can be
unambiguously inferred by parsimony, the
asymmetry disappears (8). Eukaryotic se-
quences are not particularly well suited for
such an analysis of mutational asymmetries
because the positions of most of the origins
of replication along a chromosome are not
known, making the distinction between
leading and lagging strands impossible (9).
However, this problem is eliminated when
examining bacterial genomes because their
single replication origin allows one to un-
equivocally establish if a gene is coded on
the leading or lagging strand.

We first examined the patterns of sub-
stitutions in four genes, mdh, putP, gapA,

A phoA
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E. coliK-12 4 putp
mdh
\
gnd Y Terminus
~
gutB :;,
B Coding = C Coding =
leading strand lagging strand
g 157  (p<ooot) 157
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Fig. 2. (A) Map position and complementary tran-
sition frequencies of genes coded on the (B) lead-
ing and (C) lagging strands of the E. coli chromo-
some. Because replication proceeds bidirection-
ally from a single origin, the coding strands of
phoA, putP, gnd, and mdh are replicated as lead-
ing strands, whereas those of crr and gutB are
replicated as lagging. Sequences were obtained
from the following sources: phoA (31), mah (10),
gnd (13), putP (11), and crr and gutB (27). For
each gene, the mean sequence divergence was
<5% and the substitutions were scored as for Fig.
1 (32). Total substitution frequencies for each
class of genes [those coded on the leading strand
(B) and those on the lagging strand (C)] were ob-
tained by summing the numbers of substitutions
for each gene within each class and dividing by
the total number of the original nucleotide across
genes in that class (X1000). Because of sample
sizes, complementary transition frequencies were
compared by means of x? tests (8) for genes on
the leading strand and by means of a one-tailed
binomial test for those on the lagging strand.
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and gnd, in natural strains of E. coli and
Salmonella enterica. Substitutions in these
genes were reconstructed along their phy-
logenies obtained by both neighbor-joining
(10-13) and parsimony methods (14, 15).
Frequencies of complementary substitutions
along each phylogenetic tree were com-
pared both within each species and for S.
enterica and E. coli together. Figure 1 illus-
trates the most salient feature of the pat-
terns obtained, which appeared in all genes
over both species, and along either type of
phylogenetic reconstruction. The only con-
sistent asymmetry detected is between the
complementary transitions C—T and
G—A, whereas no asymmetries between
complementary transversions (Y—R and
R—Y) were observed in any gene.

To address the origins of this asymmetry,
we analyzed the patterns of substitutions in
three additional genes, phoA, crr, and gutB,a
each of which has been sequenced in nu-&
merous strains of E. coli. The location and—
orientation of these genes on the E. coli KIZE
chromosome, as well as those of gnd, mdh, &
and putP, are shown in Fig. 2. From the map';;
position of these genes, it can be deduced §
whether their coding strands are synthesized o
as leading or as lagging strands: gnd, mdh, ©
putP, and phoA are coded by the leading @
strand, and crr and gutB are coded on the €
lagging. For all genes, C—T transitions are ©
more frequent than G—A when substitu- ©
tions are scored on the coding strand (Fig.
2). Therefore, asymmetry is generated by a =
process that distinguishes between the cod-
ing and the noncoding strands of a gene, not
on the mode of replication.

Although natural selection could poten-
tially produce asymmetries by favoring cer-
tain substitutions over their complementary
changes, it is not likely to have generated=
the observed differences in the rates of 2
C—T and G—A transitions. In that 85 toQy
90% of the substitutions in each gene were
at third-codon positions (where transitional
changes will almost invariably result in syn-
onymous substitutions), only selection act-
ing on codon choice could potentially cre-
ate the detected asymmetry. However, nei-
ther the codon preferences in E. coli (16)
nor the rules that predict such preferences
(17) would result in consistent C—T versus
G— A asymmetries. Therefore, these asym-
metries must be generated by differences in
the occurrence or repair (or both) of C—T
or G—A changes on the coding and non-
coding strands.

One possibility is that the single-
stranded nature of the coding strand while
RNA is being synthesized on the noncod-
ing strand makes it prone to DNA damage
(18). The deamination of C to U (or T
if methylated) is over 100 times as fast
in single-stranded as in double-stranded

DNA (19, 20), and our results could rep-
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resent an excess of C—U/T deamination
events on the coding strand resulting from
transcription, paralleling recent experi-
ments in yeast showing increased muta-
tion rates with higher levels of transcrip-
tion (21). However, the exposure of short
single-stranded regions during RNA syn-
thesis is probably too transient to account
for the level of asymmetry observed be-
tween the strands (18).

In contrast, the alternative process, tran-
scription-coupled repair, is highly strand-
specific and also predicts the observed differ-
ences between C—T and G—A substitu-
tion frequencies. In E. coli, this repair is
known to act on ultraviolet-induced pyrim-
idine dimers 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 dimers (23),
transcription-coupled repair will result in a
deficit of C—T changes on the transcribed
strand, which translates into an excess of
C—T over G—A changes on the coding
strand (24), as detected in the genes that we
analyzed. If this process is responsible for the
- observed transitional asymmetry, the frac-
tion of C—T changes at dipyrimidine sites
would exceed 70%, the expectation based on
the trinucleotide composition of the E. coli
genome (25). Of the loci in Fig. 2, this
fraction is above 80% in putP and gutB,
supporting transcription-coupled repair at
dipyrimidine sites as the cause of asymmetry;
but at mdh, phoA, and crr, this fraction is
below 65%. Because transcription-mediated
repair systems have been hypothesized to
operate on other types of DNA damage,
including deamination of C, any C—U/T
change on the transcribed strand could be
preferentially corrected (18, 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 evolution-
ary timescale, would not display such bias.
We did not detect any difference between
complementary transition rates for the
cryptic gene celC in E. coli (27), although
the sample size is admittedly small (five
C—T changes compared with four G—>A
changes; P > 0.5). A role for transcription-
coupled repair in the evolution of entero-
bacterial genes has two implications regard-
ing the process of mutation: (i) The rates of
certain mutations will decline with increas-
ing levels of gene expression, as recently
suggested (28, 29), because frequent tran-
scription increases the opportunity for tran-
scription-coupled 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 substitutions repre-
sents nearly 20% of all changes in the genes
analyzed, making this a minimum estimate

of all naturally occurring mutations 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 Ikenaga

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)photolyase]. 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 dimers (CPDs)
and pyrimidine (6-4) pyrimidone photo-
products [(6-4)photoproducts] are the two
major classes of cytotoxic, mutagenic, and
carcinogenic photoproducts produced in
DNA when cells are irradiated with UV
light (I-3). The phenomenon of photore-
activation—the reduction of lethal and mu-
tagenic effects of UV radiation by simulta-
neous or subsequent irradiation with near
UV or visible light—has been identified in
a variety of organisms (I, 4). The enzyme
responsible, called DNA photoreactivating

SCIENCE ¢ VOL.272 « 5 APRIL 1996

enzyme (CPD photolyase), repairs CPDs by
reverting them to normal bases using light
energy (4, 5). We discovered another type
of photolyase in Drosophila melanogaster (6,
7) that catalyzes the light-dependent repair
of (6-4)photoproducts rather than CPDs.
To investigate the mechanism by which the
(6-4)photoproducts are repaired, we cloned
the Drosophila (6-4)photolyase gene.
Escherichia coli normally do not photore-
activate (6-4)photoproducts (7) and thus
would be expected to show an increased
resistance to UV light when engineered to
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