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 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)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 (1-3). 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
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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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express a (6-4)photolyase in the presence of
photoreactivating light. This functional
complementation assay enabled us to clone
the (6-4)photolyase complementary DNA
(cDNA) from a Drosophila expression library.
Escherichia coli cells carrying the plasmid
containing the E. coli phr™ gene (encoding
CPD photolyase) were used as the host cells
for screening the library. In those cells, CPDs
were repaired efficiently by CPD photolyase
in the presence of photoreactivating light;
thus, the amount of (6-4)photoproduct
alone determined their sensitivity to UV
light. After repeated UV irradiation of E. coli
transformed with the Drosophila ¢cDNA li-
brary followed by visible-light illumination,
we isolated a cDNA clone (pDm64PR) (8)
that conferred light-dependent UV resis-
tance on recA~ uurA~ phr* E. coli (Fig. 1).

The cDNA was 1960 base pairs (bp) long
and contained a single long open reading
frame encoding 540 amino acids with a cal-
culated molecular mass of 62.9 kD. North-
ern (RNA) blot analysis showed that a 2-kb
transcript corresponding to the cDNA was
expressed at high levels only in adult ovary
(9). This expression pattern is consistent
with our previous work showing that the
activity levels of Drosophila (6-4)photolyase
are highest in ovary and embryo (10). The
cDNA hybridized to band 39 B-C of Dro-
sophila polytene chromosome (9).

To verify that the cDNA coded for (6-
4)photolyase, we measured the enzymatic
activity of the recombinant protein ex-
pressed in E. coli. The recombinant protein
purified from E. coli crude extracts by affinity
chromatography with UV-irradiated DNA
attached to beads (11) had a molecular mass
of 62 kD (Fig. 2A). As seen in Fig. 2B, the
recombinant protein bound to the UV-irra-
diated DNA probe TC-3 and to probes from
which CPDs were removed with E. coli pho-
tolyase, but not to probes from which (6-
4)photoproducts were removed with Dro-
sophila (6-4)photolyase, thus showing that
the binding activity of the recombinant pro-
tein is specific for (6-4)photoproduct.

To investigate whether the recombinant
protein could photorepair the (6-4)photo-
product, we added the UV-irradiated DNA
probe to the recombinant protein and ex-
posed the mixture to fluorescent light. Nei-
ther purified Drosophila (6-4)photolyase nor
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the recombinant protein bound to the
DNA probe (Fig. 2C). This absence of
binding was a result of the loss of (6-4)pho-
toproduct from the UV-irradiated DNA
probe, because the binding of the monoclo-
nal antibody specific for (6-4)photoproduct
(64M-2) (12) was also lost. The (6-4)pho-

1071

102

Survival rate

103

-4 . )
10 0 0.5 1

UV dose (J/m?)

Fig. 1. Effects of photoreactivation on the survival
of UV-irradiated E. coli SY32 (pRT2) cells (8) car-
rying an empty vector pSPORTS (circles) or
pDm64PR (squares). After UV irradiation, the E.
coli cells were kept in the dark (closed symbols) or
illuminated (open symbols).

Fig. 2. Photoreactivating activity of cloned (6-
4)photolyase expressed in E. coli. (A) Protein gel
showing purified recombinant Drosophila (6-
4)photolyase from E. coli (17). Cell extracts were
prepared from E. coli carrying an empty vector
(lane 2) or the recombinant plasmid pDm64PR
(lane 3), and recombinant protein was purified by
affinity chromatography with UV-irradiated DNA
bound to beads. A 6-pl sample of each prepara-
tion was resolved by SDS-polyacrylamide gel
electrophoresis and the proteins detected by sil-
ver staining. Lane 1, molecular size markers. The
arrow indicates the 62-kD protein band (79). (B)
Gel shift analysis showing (6-4)photoproduct—
specific binding activity of recombinant (6-4)pho-
tolyase. UV-irradiated TC-3 DNA probe (20) was
mixed with purified Drosophila (6-4)photolyase
(21) (lane 3) or E. coli photolyase (lane 4) and
exposed to fluorescent light for 30 min. The reac-
tion mixture was extracted with phenol, and probe
DNA was recovered by ethanol precipitation. The
DNA was assayed for protein binding by gel shift
with recombinant (6-4)photolyase. Lane 1, unirra-
diated control. Lane 2, UV-irradiated but no pho-
toreactivating treatment. (6-4)PDs, (6-4)photo-
products). (C) Gel shift analysis showing (6-4)pho-
toproduct-specific photoreactivating activity of
recombinant (6-4)photolyase. UV-irradiated TC-3
DNA probe (20) was exposed to fluorescent light
for 30 min with (+) (lanes 2, 4, and 6) or without (—)
(lanes 1, 3, and 5) recombinant Drosophila (6-
4)photolyase. The probe DNA was deproteinized
and assayed for protein binding by gel shift with
purified Drosophila (6-4)photolyase (lanes 1 and

toproduct photoreactivating activity of the
recombinant protein was quantified by
means of an enzyme-linked immunosorbent
assay (ELISA) (Fig. 2D). Binding of the
64M-2 antibody to UV-irradiated DNA de-
creased with increasing amounts of the re-
combinant protein, whereas binding of the
TDM-2 antibody, which specifically recog-
nizes CPDs (12), did not change. Together,
these results show that the cDNA cloned in
pDm64PR encodes the (6-4)photolyase.
There was a striking and unexpected
amino acid sequence similarity between the
Drosophila (6-4)photolyase, class I CPD pho-
tolyases, and the blue-light photoreceptors
(Fig. 3). The CPD photolyase gene has been
isolated from 14 organisms (4, 13), and on
the basis of deduced amino acid sequence
similarities, the genes have been grouped in
two classes (13). The photolyase genes from
microorganisms belong to class I and those
from higher eukaryotes belong to class 11
(Fig. 3). One exception to this rule is the
gene from the archaebacterium Methanobac-
terium thermoautotrophicum, which belongs
to class 1I. The blue-light photoreceptor is
the essential light detector for early plant
development (14). Although this protein
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2), recombinant Drosophila (6-4)photolyase (lanes 3 and 4), and the antibody directed against (6-
4)photoproduct (64M-2, lanes 5 and 6). (D) Disappearance of the binding site for the (6-4)photoproduct-
specific antibody in UV-irradiated DNA. Repair of UV damage in the photoreactivated DNA was quantified
by ELISA by using the antibody specific for (6-4)photoproduct (64M-2, open symbols) or for CPDs
(TDM-2, closed symbols). UV-irradiated salmon sperm DNA was mixed with recombinant Drosophila
(6-4)photolyase (square) or vector plasmid extract (circle) (22).
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does not show CPD photoreactivating activ-
ity, it has strong sequence similarity to the
class I CPD photolyases (14, 15); thus, these
proteins may be considered as composing a
CPD photolyase—blue-light photoreceptor
family. The Drosophila (6-4)photolyase has
20 to 22% sequence identity with the class I
CPD photolyase and 22 to 24% identity
with the blue-light photoreceptor over the
entire protein. The Drosophila (6-4)photo-
lyase also has less but significant similarity
with the class II CPD photolyase, with se-

FE PR R R MR T e SIS R

Amino acid sequence comparison reveals
that the Drosophila (6-4)photolyase, the class
[ CPD photolyases, and the blue-light pho-
toreceptors are closely related. The homolo-
gy with the CPD photolyases is unexpected
because the structures of the (6-4)photo-
products and CPDs are very different (3),
and thus the mechanism of photoreactiva-
tion was thought to be different (16). Both
CPD photolyases and the blue-light photo-
receptors use flavin-adenine dinucleotide
(FADH™) as the catalytic cofactor (5, 15,
17). The crystal structure of the CPD pho-

quence identity as high as 13% (Fig. 3).
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Fig. 3. Comparison of the amino acid sequence of Drosophila (6-4)photolyase and its human homolog
with the CPD photolyase—blue-light photoreceptor family (4, 73, 714, 15, 23). The amino acid sequences
of the Drosophila (6-4)photolyase [listed as (6-4)] and the human homolog (H.s., Homo sapiens) were
aligned with class Il CPD photolyases (D.m., Drosophila melanogaster; M.d., Monodelphis domestica),
class | CPD photolyases (A.n., Anacystis nidulans; E.c., E. coli), and with the blue-light photoreceptors of
plants (S.a., Sinapis alba; A.t., Arabidopsis thaliana). Amino acid identities with Drosophila (6-4)photol-
yase are shown as white letters on a black background. The photolyases of Saccharomyces cerevisiae,
Halobacterium halobium, Streptomyces griseus, Potorous tridactylis, Oryzias latipes, Carassius auratus,
Bacillus firmus (24), Neurospora crassa, Salmonella typhimurium, and Methanobacterium thermoau-
totrophicum and the blue-light photoreceptor of Chlamydomonas reinhardtii (25) were also analyzed for
the sequence similarity. The four conserved regions of the alignment were underlined (a, b, ¢, and d).
Amino acids predicted to interact with FAD are marked with an asterisk below the alignment. The amind
acid sequences were aligned by a program with a tree-based algorithm (26) and Dayhoff's score table
(MDM78) (27). The obtained alignment was modified by visual inspection to increase sequence similarity.
A dash indicates a gap for insertion or deletion of amino acid residues. The nucleotide sequences for the
Drosophila (6-4)photolyase and the human homolog have been deposited in GenBank (accession
numbers D83701 and D83702, respectively). Abbreviations for the amino acid residues are as follows: A,
Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin; R,
Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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tolyase from E. coli has shown that the en-
zyme consists of two major domains, an o/
domain and a helical domain, the latter of
which contains the FAD binding site (18).
This domain corresponds to the highly con-
served region between the Drosophila (6-
4)photolyase and the CPD photolyase—blue-
light photoreceptor (regions ¢ and d under-
lined in Fig. 3). Furthermore, the amino acids
predicted to interact with FAD in the E. coli
enzyme are conserved in the Drosophila (6-
4)photolyase (marked with an asterisk in Fig.
3). These results suggest that the Drosophila
(6-4)photolyase also uses FADH™ as the cat-
alytic cofactor, and that the basic mechanism
for receiving and converting light energy may
be the same as that of the CPD photolyase
and blue-light photoreceptor.

A homology search of the National Cen-
ter for Biotechnology Information—ex-
pressed sequence tag (EST) human cDNA
database using the BLAST program revealed
a partial sequence, R19031, that was highly
related to the Drosophila (6-4)photolyase.
Polymerase chain reaction primers were de-
signed from the EST and used to generate a
probe for screening a human brain ¢cDNA
library. A 2-kb ¢cDNA was cloned, and after
extension of the cDNA by the rapid ampli-
fication of 5' cDNA end (5'-RACE method),
a 3-kb ¢DNA was isolated and sequenced.
The predicted amino acid sequence of the
human protein had 48% identity with the
Drosophila (6-4)photolyase over the entire
protein (Fig. 3); therefore, we refer to it as
human (6-4)photolyase homologous protein.
Northern blot analysis indicated that the
transcript is expressed in multiple tissues (9).

Living organisms use light energy in var-
ious ways. Proteins classified within the
DNA  photolyase—blue-light photoreceptor
family are responsible not only for protecting
organisms from the damaging effects of UV
light, but also for providing an early develop-
mental signal in plants. Although proteins in
this family are functionally divergent, they
have a common mechanism for receiving and
converting light energy in a variety of phe-
nomena by using blue light (wavelength of
350 to 450 nm). The biological function of
the human (6-4)photolyase homolog is an
interesting puzzle that remains to be solved.
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Silk Properties Determined by Gland-Specific
Expression of a Spider Fibroin Gene Family

Paul A. Guerette, David G. Ginzinger, Bernhard H. F. Weber,*
John M. Gosline¥

Spiders produce a variety of silks that range from Lycra-like elastic fibers to Kevlar-like
superfibers. A gene family from the spider Araneus diadematus was found to encode
silk-forming proteins (fibroins) with different proportions of amorphous glycine-rich do-
mains and crystal domains built from poly(alanine) and poly(glycine-alanine) repeat motifs.
Spiders produce silks of different composition by gland-specific expression of this gene
family, which allows for a range of mechanical properties according to the crystal-forming
potential of the constituent fibroins. These principles of fiber property control may be
important in the development of genetically engineered structural proteins.

Individual spiders generate up to seven me-
chanically distinct silk fibers by drawing lig-
uid-crystalline proteins (1) from separate
gland-spinneret complexes (2), but it is not
known how spiders modulate the mechani-
cal properties of silks. Silks are macromolec-
ular composites of amorphous protein do-
mains that are cross-linked and reinforced
by B-sheet microcrystals; the degree of crys-
talline cross-linking and reinforcement
largely determines functionally important
mechanical properties (3, 4). For example,
spider dragline silk, which forms the spider’s
safety line and the frame of its web, contains
20 to 30% crystal by volume (4, 5), forming
a fiber that is stiff (initial Young’s modulus,
10 GPa), strong (tensile strength, 1.5 GPa),
and tough (energy to break, 150 MJ] m™3)
(4). Spider viscid silk, which forms the spi-
ral, glue-coated, capture portion of the web,
contains =5% crystal by volume (6) and is
mechanically similar to a lightly cross-linked
rubber, with low stiffness (initial Young’s
modulus, 3 MPa) and high extensibility (4).

Factors that influence the formation and
size of the crystals include the primary and
secondary structure of the proteins, control
of the genes that encode these proteins, and
the chemical and mechanical processing of
the proteins during spinning. X-ray diffrac-
tion studies on silks and synthetic polypep-
tides indicate that the amino acid sequence

P. A. Guerette and J. M. Gosline, Department of Zoology:
University of British Columbia, 6270 University Boule-
vard, Vancouver, British Columbia V6T 1Z4, Canada.
D. G. Ginzinger and B. H. F. Weber, Department of Med-
ical Genetics, University of British Columbia, 2125 East
Mall, Vancouver, British Columbia V6T 124, Canada.

*Present address: Molekulare Humangenetik, University
of Wlrzburg, D-97074 Wirzburg, Germany.
+To whom correspondence should be addressed.

SCIENCE e« VOL.272 « 5 APRIL 1996

motifs that form B-sheet crystal domains are
either poly(alanine) repeats (for example,
spider silk) (4, 5, 7) or repeat motifs where
glycine alternates with either alanine or
serine (for example, the GAGAGS repeat
in Bombyx mori cocoon silk) (8, 9). In ad-
dition, a large fraction of the protein in silk
appears noncrystalline or “amorphous” by
x-ray diffraction (8), and therefore other
sequence motifs may direct the organization
of amorphous domains. In the fibroins of the
spider Nephila clavipes, the crystal-forming
poly(alanine) blocks are separated by gly-
cine-rich domains that are similar to the
turn—forming motifs in elastomeric proteins
(10). We will refer to these as amorphous
domains, although they may contain a de-
gree of local order.

To investigate the control of crystallinity
in silks, we examined the amino acid sequenc-
es of the silk proteins from the orb-weaving
spider Araneus diadematus. Complementary
DNA (cDNA) libraries were constructed
from the major ampullate gland (MA; drag-
line silk), the flagelliform gland (FL; viscid
silk), and the cylindrical gland (CY; cocoon
silk) (11). These libraries were screened with
probes that were based on the previously
cloned spidroin-1 and spidroin-2 from the
spider N. clavipes (12), hereafter called
NCF-1 and NCF-2. Four distinct, partial
silk cDNAs were isolated, each of which
contained silklike protein repeat motifs, 78
to 101 residues of a nonsilk COOH-termi-
nal protein domain, and a unique 3’ un-
translated region (UTR). The silklike pro-
tein repeats of the four cDNAs are shown
in Fig. 1 and are named ADF-1 through
ADF-4 (ADF, A. diadematus fibroin).

Of the silklike protein encoded by the






