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Abstract In this study, the unicellular photosynthetic
cyanobacterium Synechocystis sp. PCC 6803 was used as
a model phototroph to study the contribution of enzy-
matic photoreactivation to the overall protection against
UV irradiation. We have isolated genes encoding two
DNA photolyase homologs, phrdA and phrB, from
Synechocystis 6803. phrA encodes an 8-hydroxy-5-
deazariboflavin (HDF) type, Class I DNA photolyase.
By complementing a photolyase-deficient mutant strain
of Escherichia coli, we demonstrated that PhrA is a
DNA photolyase. Analysis of a phr4 knockout mutant
strain suggested that this gene is responsible for the
majority of the observed UV resistance in Synechocystis
6803. Similar studies on phrB demonstrated that it also
contributes to photoreactivation, but to a much lesser
degree. Based on these findings, we conclude that en-
zymatic photoreactivation is the primary process used
for repairing UV-induced damage in Synechocystis 6803.

Key words Cyanobacteria - DNA photolyase -
DNA repair - Photoreactivation - UV stress

Introduction

Photoreactivation, an enzyme-mediated and light-
dependent process that repairs DNA photoproducts in-
duced by UV radiation (Sancar 1994), is the subject of
the present study. It is known that this process greatly
enhances the survival of cyanobacteria and many other
organisms subjected to severe UV stress. The only known
class of proteins involved in this process are the DNA
photolyases. DNA photolyases and related proteins have

W.-O. Ng - H. B. Pakrasi (X))

Department of Biology, Washington University,
Campus Box 1137, One Brookings Drive,

St. Louis, MO 63130, USA

E-mail: Pakrasi@biology.wustl.edu

Tel.: +1-314-9356853

Fax: +1-314-9356803

been identified in a wide range of organisms from
eubacteria and Archaea to eukaryotes, including human
and plants (Kanai et al. 1997). In human, DNA pho-
tolyase-like proteins do not encode DNA photolyase, but
probably play a role in the entrainment of the circadian
clock. In plants, genes encoding DNA photolyases spe-
cific for cyclobutane pyrimidine dimers (CPDs) (Ahmad
et al. 1997) and pyrimidine (6-4) pyrimidone photo-
products [(6-4) photoproducts] (Britt et al. 1993;
Nakajima et al. 1998) have recently been identified. In
addition, blue light receptors from plants and animals
have been found to share a high degree of homology with
DNA photolyases (Cashmore et al. 1999).

The unicellular cyanobacterium Synechocystis sp.
PCC 6803 offers an ideal experimental system for the
study of enzymatic photoreactivation in a photosynthetic
organism. This bacterium is naturally transformable, and
is amenable to various genetic manipulations (Williams
1988). Moreover, Synechocystis 6803 is the first photo-
trophic organism whose complete genome sequence has
been determined (Kaneko et al. 1996). Cyanobacteria are
highly resistant to UV radiation (Van Baalen 1980;
O’Brien and Houghton 1982; Levine and Thiel 1987).
The recent elucidation of the crystal structure of DNA
photolyase from another cyanobacterium, Synechococ-
cus sp. PCC 6301 (also called Anacystis nidulans), has
provided important insights into the structure and
function of the HDF-type of DNA photolyase (Tamada
et al. 1997). We report here the identification and isola-
tion of the two genes that encode DNA photolyase ho-
mologs from the cyanobacterium Synechocystis 6803.
Using mutational analysis, we provide evidence for the
essential role of these DNA photolyase homologs in UV
repair in this photosynthetic organism.

Materials and methods

Bacterial strains and culture conditions

In these studies, a glucose-tolerant isolate of Synechocystis 6803
(Williams 1988) was used as the wild-type strain. Synechocystis



6803 wild-type and mutant cultures were grown in BG-11 medium
(Allen 1968) at 30 °C. The media for the phrA mutant (T1011)
and the phrB mutant (T1099) were supplemented with 20 pg/ml
spectinomycin dihydrochloride and 2 pg/ml gentamycin sulfate,
respectively. The phrd-phrB double mutant (T1011-1099) was
cultured in the presence of both antibiotics. Durlng photoauto-
trophic growth, cultures were grown under 40 pmol/m? per s white
light (General Electric cool white fluorescent lamps). Any radia-
tion below 400 nm was filtered out with a plastic UF 5 filter (UV
cut off =383 nm; Cope Plastics, St. Louis, Mo.). Glucose was
added (5 mM) to the media to maintain heterotrophic growth in
the dark.

The Escherichia coli strains INVaF’ [F" endAl recAl hsdR17
(ry, mf) supE44 thi-1 gyrA96 relAl ¢80lacZAMI5 A(lacZYA-
argF)U169; Invitrogen, Carlsbad, Calif., USA] and TGl [supE
hsdAS5 thi A(lac-proAB) F'(traD36 proAB™ lacl? lacZAMIS);
Sambrook et al. 1989] were used for the general propagation of
plasmids and the construction of the cyanobacterial genomic
library, respectively. All E. coli strains were grown in Luria-Bertani
(LB) medium (Sambrook et al. 1989) at 37 °C. The E. coli strain
NKIJ3002 [endA1 hsdR17 supE44 thi-1 gyrA96 relAl thi A(lac-pro-
AB) F'(traD36 proAB™ lacl? lacZAM]I5) phr20:Kan uvrA::Kan
ArecA; Nakajima et al. 1998], used in the functional complemen-
tation experiment, was grown in medium supplemented with 50 pg/
ml kanamycin sulfate.

DNA manipulations

Southern hybridization, PCRs and other routine DNA manipula-
tions were performed as described by Sambrook et al. (1989). To
confirm the phrA mutation, genomic DNA preparations from
Synechocystis 6803, the phrA mutant and the phrA phrB double
mutant were digested with EcoRI. To confirm the p/irB mutation,
genomic DNA preparations from Synechocystis 6803, the phrB
mutant and the phrA phrB double mutant were digested with Accl.
Digested DNA preparations were fractionated on 0.8% agarose
gels, blotted onto nitrocellulose membranes, and hybridized to 3*P-
labelled phrdA or phrB probes individually. Radioactivity on the
membranes was visualized with a Phosphorlmager (Molecular
Dynamics, Sunnyvale, Calif.). The Phosphorlmager signals were
quantified with the ImageQuant software (Molecular Dynamics).
DNA sequencing was carried out by the dideoxynucleotide chain
termination procedure using the Fidelity DNA sequencing system
(Oncor, Gaithersburg, Md.). The final sequence was determined
from both strands of DNA. Analysis of nucleotide sequences was
performed using the DNASTAR programs (DNASTAR, Madison,
Wis.). For database searches, the BLAST (Altschul et al. 1990)
network service at the National Center for Biotechnology Infor-
mation (Bethesda, Md.) was used.

Cloning and over-expression of DNA photolyase genes

For PCRs, Klentag I DNA polymerase was obtained from
Dr. Wayne Barnes (Washington University, St. Louis). Two de-
generate primers, PHRP1 (5-TGGYWYMGVCRBGAYYTVCG-
3) and PHRP2 (5-GARGCGSYCCACTGCCARCCRCC-3)
were used to amplify part of the phrA gene from Synechocystis 6803
genomic DNA. The primers were designed based on conserved
regions in DNA photolyases (Yasui et al. 1994). The amplified
fragment was then used as a probe to screen a pUC119 library
made from EcoRI- and Hindlll-digested Synechocystis 6803 ge-
nomic DNA. A 2.5-kb EcoRI-HindIII clone (pSL966) containing
the entire ORF of phrA was isolated. The second DNA photolyase
gene, designated here as phrB (CyanoBase accession number:
sl11629; Kaneko et al. 1996), was amplified by PCR using the
primers PHRP9 (5-CGAAAACTGGGCCATGG-3) and
PHRP10 (5-TAATTCTTCCATGGCGC-3’). The resulting PCR
product was digested with Ncol and then cloned into the Ncol and
Smal sites in pUC21 (pSL1086). The genomic clone of phrB was
isolated using the same strategy as described above, but using the

925

phrB PCR product as the probe. A 2.9-kb Sacl-Narl insert in
pUCI119 (pSL1192) was found to contain the entire phrB ORF.

To over-express the phrA and phrB genes in E. coli cells, PCR-
based mutagenesis was used to introduce an Ndel site at the initi-
ation codon of each of these genes. The modified coding regions of
the phrA and phrB genes were then cloned in the pTrcHisC vector
(Invitrogen) to form the plasmids pSL1055 and pSL1356, respec-
tively.

Complementation of the E. coli photolyase-deficient mutant

Each of the plasmids pMS2 (Sancar et al. 1983), pBR322, pSL1055,
pSL1356 and pTrcHisC was transformed into E. coli NKJ3002.
For pSL1055 and pTrcHisC, cultures were induced for 4 h with
1 mM isopropyl-f-D-thiogalactopyranoside (IPTG). Cultures were
diluted and 100 pl of each dilution was plated on an agar plate.
With lids removed, plates were irradiated under a General Electrlc
germicidal lamp (lmax =254 nm) with a total dose of 0.2 J/m?.
Plates that received the photoreactivation treatment were imme-
diately placed about 30 cm from two General Electric black lights
(Zmax = 350 nm) that were wrapped with five layers of Mylar, for 1 h
at 37 °C. Plates that were not photoreactivated were kept in light-
tight boxes and incubated in the dark at 37 °C. The number of
colonies on each plate was determined after 12 h.

Construction of Synechocystis 6803 DNA photolyase mutants

A 2-kb BamHI Q fragment containing the spectinomycin resistance
cassette from pHP45Q (Prentki and Kirsch 1984) was subcloned
into pUCI19 (pSL994). Then the Sacl-Smal fragment from
pSL994 containing the Q fragment was inserted into between the
Sacl and Hincll sites in the phrA gene in pSL966. The resulting
construct, pSL1011, was used to transform Synechocystis 6803. The
resulting phrA deletion mutant is designated as T1011.

To construct a phrB-deficient mutant strain, a Smal fragment of
the gentamycin cassette from pUGM (Schweizer 1993) was inserted
into the Hpal site of pSL1086, yielding pSL1099. pSL1099 was
transformed into Synechocystis 6803 to generate the insertion
mutant of phrB, T1099. Transformation of T1011 with pSL1099
generated the double mutant, T1011-1099, in which both phrA4 and
phrB have been inactivated.

Photoreactivation of Synechocystis 6803

Aliquots (100 pl) of various serial dilutions of log-phase cultures of
the wild-type and mutant cells of Synechocystis 6803 were plated on
BG-11 medium supplemented with 5 mM glucose. With lids
removed, the plates were irradiated with A General Electric ger-
micidal lamp at a fluence rate of 3.7 W/m? for different lengths of
time. The fluence rate of UV-C (200-280 nm) was determined with
an UVX radiometer equipped with a 254 nm sensor (Ultra-violet
Products, Upland, Calif.). To photoreactivate irradiated cells,
plates were immediately placed under UV-filtered (UF5) cool white
fluorescent lamps (40 pmol/m? per s) To avoid inducing photore—
activation, control plates were kept in the dark for 24 h prior to
returning them to visible light. Cells were allowed to grow for
7-10 days, after which the number of colonies on each plate was
determined.

Mixed-culture competition experiments under UV-B stress

Log-phase cultures of Synechocystis 6803 and the phrA mutant,
T1011, were harvested by centrifugation and then washed twice
with fresh BG-11. The harvested cells were mixed and then used to
inoculate fresh BG-11. The mixed cultures were then allowed to
grow without antibiotics under different light regimes. For the UV-
B (280-320 nm) treatment, cells Jwere grown in polystyrene Corning
culture flasks under 42 pmol/m? per s of white light and 0.12 uW/
m? of UV-B from a UV-B lamp (Villa Lighting, St. Louis, Mo.).
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The transmittance of UV-B through polystyrene is about 40% at
310 nm. The UV-B intensity was measured with an UVX radi-
ometer equipped with a 300 nm sensor (Ultra-violet Products). For
treatment with visible light, cells were grown under white light
(40 pmol/m? per s) and all the UV light was screened out by a UF5
filter. All of the cultures were maintained on 12-h light and 12-h
dark cycles. To assess the representation of each cell type, aliquots
of the cultures were plated on BG-11 medium periodically. Colo-
nies were counted after 10 days (total colony count). These colonies
were then transferred to BG-11 medium supplemented with 20 pg/
ml spectinomycin dihydrochloride. The spectinomycin-resistant
colonies represent phrA mutant (T1011) cells in the mixed culture.
The representation of wild-type cells was calculated from the dif-
ference between the total colony count and the spectinomycin-re-
sistant cell count. To assay for potential reversion of the phrA
mutant (T1011), the mutant cells were grown for 5 days without
spectinomycin dihydrochloride. Cells were checked for spectino-
mycin resistance as described above. All recovered colonies
remained spectinomycin resistant, indicating that this strain did not
revert under these experimental conditions.

Results
Cloning of Synechocystis 6803 DNA photolyase genes

The cloning of the photolyase genes was completed be-
fore the genome sequence of Synechocystis 6803 became
publicly available. In the absence of any genome se-
quence information, we decided to clone the photolyase
genes from Synechocystis 6803 by exploiting amino acid
motifs that are conserved among Class I DNA photo-
lyases (Yasui et al. 1994). Using the degenerate primers
PHRPI1 and PHRP2, a 1.16-kb PCR fragment with a
high degree of sequence homology to a Synechococcus
6301 DNA photolyase gene was amplified from the
genomic DNA of Synechocystis 6803. The use of this
PCR fragment as a probe to screen a genomic library of
Synechocystis 6803 resulted in the identification of a
single 2.5-kb EcoRI-HindIIl clone (pSL966). Upon
sequencing, it was found that pSL966 contains a com-
plete ORF encoding a DNA photolyase homolog. This
photolyase homolog is designated as phr4 (GenBank
Accession No. US51943) and corresponds to the
slr0854 locus in the Cyanobase database (http://
www.kazusa.or.jp/cyanobase). The ORF identified is
1467 nucleotides long and encodes a protein of 488
amino acids. The genome sequence of Synechocystis
6803 revealed the presence of a gene encoding another
DNA photolyase homolog, sll1629. Based on its
sequence similarity to known DNA photolyases, we
tentatively designate this gene as phrB.

Synechocystis 6803 PhrA is highly homologous
to HDF-type photolyases

In general, PhrA shares a higher degree of homology
to the HDF-type, Class I DNA photolyases (such as
Synechococcus sp. strain PCC 6301 DNA photolyase,
Halobacterium halobium DNA photolyase and Strepto-
myces griseus DNA photolyase) than to the methenyl-
tetra-hydrofolate (MTHF)-type DNA photolyases (such

as E. coli DNA photolyase) (data not shown). The
highest sequence homology is found between Synecho-
cystis 6803 PhrA and Synechococcus 6301 DNA pho-
tolyase. The binding sites for the cofactors are highly
conserved between these two DNA photolyases. Among
the 12 amino acids that are involved in the binding of
HDF in Synechococcus 6301 DNA photolyase (Tamada
et al. 1997), 10 are perfectly conserved in PhrA. For the
binding of the catalytic cofactor, FADH™, 13 out of 14
amino acids are conserved between the two DNA pho-
tolyases. Notably absent from the primary sequence of
PhrA is the C-terminal extension found in blue-light
receptors of plants (Ahmad and Cashmore 1993), the
green alga Chlamydomonas reinhardtii (Small et al.
1995), human (van der Spek et al. 1996), mouse
(Kobayashi et al. 1998) and Drosophila melanogaster
(Emery et al. 1998; Okano et al. 1999). This fact, taken
together with the above information, suggests that phrA
encodes an HDF-type Class I DNA photolyase.

The PhrB protein is shorter than the PhrA protein.
Like PhrA, PhrB lacks the C-terminal extension found
in blue-light receptors. Of the 14 amino acids implicated
in the binding of the FADH™ in Synechococcus 6301
(Tamada et al. 1997), 11 are identical or similar in PhrB.
It is therefore likely that PhrB binds FADH™. Despite
the fact that PhrA and PhrB are from the same organ-
ism, PhrA is more closely related to the DNA photoly-
ase from Synechococcus 6301 than to PhrB from
Synechocystis 6803. Only 26% sequence identity is
found between PhrA and PhrB. This large degree of
sequence divergence between the two proteins may
indicate that they have different functions. Moreover,
PhrB has only four out of the twelve amino acids known
to be involved in the binding of HDF (Tamada et al.
1997) and one out of the seven amino acids for the
binding of MTHF (Park et al. 1995). Based on this
information, we suspect that PhrB may lack an antenna
cofactor or carry a cofactor other than MTHF or HDF.

Functional complementation of an E. coli
photolyase mutant

To assess the predicted DNA photolyase function of the
phrA and phrB gene products from Synechocystis 6803,
these genes were used to complement a photolyase-
deficient mutant strain of E. coli, NKJ3002 (Nakajima
et al. 1998). Note that, in spite of the absence of HDF in
E. coli, Takao et al. (1989) have successfully comple-
mented the photolyase-deficient E. coli CSR603 mutant
using the Synechococcus 6301 DNA photolyase gene.
The results of the complementation experiment are
shown in Table 1. Over-expression of the Synechocystis
6803 PhrA protein in E. coli NKJ3002 cells transformed
with pSL1055 was confirmed by SDS-PAGE (data not
shown). Both pMS2 (containing the E. coli DNA pho-
tolyase gene; Sancar et al. 1983) and pSL1055 (con-
taining the Synechocystis 6803 phrA gene) restored
photoreactivation in E. coli NKJ3002 cells. As expected,
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Table 1 Functional comple-

mentation of NKJ3002. a Strain Survival rate (%)* Photoreactivation factor®
photolyase-deficient mutant PR® NPRP
strain of E. coli

NKJ3002 0.0037+0.0001 0.0017 £0.0005 2.2

NKJ3002 (pSL1055)° 2.5051+1.6884 0.0108 £0.0026 232.0

NKJ3002 (pMS2)¢ 25.0697£0.3924 0.0005 £0.0001 50139.4

#The data shown (mean + standard deviation) are the average of three independent experiments
®Ratio of survival rates with and without photoreactivation (PR/NPR)
°pSL1055 is an over-expression plasmid containing the phrA gene from Synechocystis 6803, inserted in

the vector pTrcHisC

9 pMS2 contains the phr gene from E. coli, inserted in pBR322

the extent of complementation obtained with the
Synechocystis 6803 phrA gene was less than with the
E. coli DNA photolyase gene. The results for the con-
trols, NKJ3002 (pBR322) and NKJ3002 (pTrcHisC), did
not differ significantly from those for NKJ3002 itself
(data not shown). Despite repeated trials, we have not
been able to express the PhrB protein using the pTrcHisC
plasmid. However, using an alternative over-expression
plasmid, pET3xc, we were able to over-express the PhrB
protein to a high level. Unfortunately, the pET3xc con-
struct cannot function in NKJ3002 and hence we could
not test whether phrB can complement NKJ3002.

Photolyase-deficient mutants of Synechocystis
6803 are hypersensitive to UV

To assess the respective contributions of phrA and phrB
to the overall UV resistance in Synechocystis 6803,
knockout mutants were constructed for both genes. The
phrA and phrB genes were inactivated by targeted in-
sertion of a spectinomycin resistance and a gentamycin
resistance cassette, respectively. Insertional mutagenesis
of each of the two genes was verified by Southern
analysis (data not shown). Synechocystis 6803 is highly
resistant to UV-C (Fig. 1A). When photoreactivating
light was provided, Syrnechocystis 6803 cells survived up
to 111 J/m? UV-C without loss of viability. Wild-type
Synechocystis 6803 cells exhibited photoreactivation as
observed previously with other cyanobacterial species
(Van Baalen and O’Donnell 1972; O’Brien and Hough-
ton 1982; Levine and Thiel 1987). When exposed to up
to 111 J/m? of UV-C, the survival of wild-type Syn-
echocystis 6803 cells, whether photoreactivated or not,
was very similar to that observed in a related cyano-
bacterium, Synechocystis sp. PCC 6308 (O’Brien and
Houghton 1982) and the unicellular cyanobacterium
Agmenellum quadruplicatum strain PR-6 (Van Baalen
and O’Donnell 1972).

The phrA mutant (T1011), on the other hand, was
extremely sensitive (over a million times) to UV (Fig. 1A)
and exhibited very little photoreactivating activity. The
UV survival curves for the phr4 mutant are biphasic.
Below 37 J/m? of UV-C, cells recovered fully, irrespec-
tive of whether or not photoreactivating light was
provided (Fig. 1A). This is due to photoreactivation and

other light-independent processes that repair UV-
induced damage. These repair processes appeared to be
saturated at a low UV dose. At an UV-C dose above
37 J/m?, cell survival decreased exponentially. At mod-
erate doses of UV-C (55.5-111 J/m?), a residual photo-
reactivating activity was observed in the phr4 mutant
cells (Fig. 1A). The highest residual photoreactivating
activity was observed at 74 J/m? UV-C, where the
survival rate for phrA mutant cells was enhanced by
100-fold higher under photoreactivating conditions.

At 111 J/m? of UV-C, the survival rate for the wild
type cells is 1000 times higher than that of the phrA4
mutant cells under non-photoreactivating conditions
(Fig. 1A), suggesting that PhrA may have a role in dark
repair. Similar effects of DNA photolyases on dark
repair have been observed in E. coli and Saccharomyces
cerevisiae cells (Yamamoto et al. 1983a, b; Sancar and
Smith 1989). It is known that such effects are nucleotide
excision repair dependent, and are mediated by inter-
actions between the DNA photolyase enzyme and
components of the nucleotide excision repair pathway in
the dark (Yamamoto et al. 1983a, b; Sancar and Smith
1989).

Photoreactivation is largely intact in the pirB mu-
tant, T1099 (Fig. 1B). With or without photoreactiva-
tion, the phrB mutant survived essentially to the same
level as the wild-type cells. Therefore, inactivation of
phrB alone does not result in any discernible change in
UV sensitivity in Synechocystis 6803. The UV response
of the phrA phrB double mutant (T1011-1099) is very
similar to that of the phr4A mutant (Fig. 1B). However,
between 37 and 111 J/m? of UV-C, the double mutant is
somewhat more sensitive (10 times) than the phrA mu-
tant (T1011) under non-photoreactivating conditions.
Another notable difference between the two mutants is
the significant decrease in the residual photoreactivation
in the double mutant. In the double mutant, this residual
photoreactivation is still present at 55 J/m? but it is
absent between 74 and 111 J/m? of UV-C.

Mixed culture competition experiment
The mixed culture experiment was conducted to inves-

tigate the physiological role of phr4 in the natural
environment. To simulate stress due to solar UV, UV-B
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Fig. 1 A UV sensitivity of Synechocystis 6803 wild type (WT) and
the phrA mutant. B UV sensitivity of the phrB mutant and the phr4
phrB double mutant. Cells were treated as described in Materials
and methods. Each data point represents the mean of three
independent replicates. Error bars denote one standard deviation
from the mean. Abbreviations: PR, photoreactivation; NPR, no
photoreactivation

was used as the source of UV. Cells were grown under
visible light on a 12-h light/12-h darkness cycle. For the
UV-B treatment, cells were exposed to UV-B at a fluence
rate of 0.12 J/m? per s during the 12-h light period. The
resulting daily UV-B dose (5184 J/m?) is comparable to
that to which photosynthetic organisms are exposed in

100 WT-UVB
R
= 80
=
~—d
19 0]
=
g 60 phrd-VIS
=
S
(=)
= 40 WT-VIS
S
o
Q
A
20
phrA-UVB
—a 1 |

3 4 5
Day(s)

Fig. 2 Mixed culture competition experiment with Synechocystis
6803 wild type (WT) and the phr4 mutant strain. Both strains of
cells were cultured together in liquid BG-11. Cells were either
exposed to visible light only (VIS) or to visible light supplemented
with UV-B (UVB). Total daily UVB fluence was 5184 J/m>
The relative representation of each strain was determined at the
indicated times according to Materials and methods. Each data
point represents the average of three replicates and each error bar
denotes one standard deviation from the mean

eastern North America during the summer months [data
from the National UV Monitoring Center Website, http://
oz.physast.uga.edu/docs/Rtp/Rtp98.htm; (last accessed
on 16 June 1999)]. The relative representation of the wild
type and phrA mutant cells changed very little when they
were grown under visible light alone (Fig. 2). However,
under chronic UV-B stress, the representation of the phrA
mutant (T1011) quickly declined from an initial 66% to
0% 1in just 3 days. The doubling time of the phrA4 mutant
under these conditions of UV-B stress is about 19 h (data
not shown). Therefore, the phr4 mutant cells were elimi-
nated from the mixed culture within less than four
generations.

Discussion

In this study, we have provided genetic evidence that
photoreactivation is the major process employed for the
repair of UV-induced damage in Synechocystis 6803. We
have identified a gene for a photolyase homolog, phr4,
from this photosynthetic cyanobacterium. The deduced
amino acid sequence of its product exhibits the highest
degree of homology with the HDF-type DNA photoly-
ases and, hence, we predict that phr4 encodes a HDF-
type, Class I DNA photolyase. This prediction is further
supported by the fact that the phr4 gene product can



complement a photolyase-deficient E. coli mutant. In
addition, we have recently demonstrated that the PhrA
protein purified from Synechocystis 6803 cells exhibits a
cyclobutane-pyrimidine-dimer-specific DNA photolyase
activity (Ng et al. 2000). The PhrB protein, on the other
hand, shows far less homology with known DNA pho-
tolyases. Although it has most of the conserved residues
required for FADH™ binding, it lacks the amino acids
required for the binding of either HDF or MTHF.

Like many cyanobacteria, Synechocystis 6803 exhib-
its a high degree of resistance to UV (Fig. 1A). In this
study, we have demonstrated that this high resistance to
UV is due largely to the photoreactivating activity of a
single gene product, PhrA. In the absence of phrA, cells
are as much as a million times more sensitive to UV.
Through the inactivation of phrA4, the predominant
source of DNA photolyase activity in Synechocystis
6803, we have uncovered a significant residual photo-
reactivating activity in this cyanobacterium (Fig. 1A). In
Synechocystis 6803, inactivation of both the phr4 and
phrB genes in the double mutant (T1011-1099; Fig. 1B)
led to a large reduction in the residual photoreactiva-
tion. This suggests that phrB contributes most of the
residual photoreactivating activity observed in the phrA
mutant.

Recent studies on photorepair in higher eukaryotes
(Todo et al. 1996; Nakajima et al. 1998) have confirmed
the presence of a second type of DNA photolyases that
specifically repair (6-4) photoproducts, one of the most
abundant DNA photoadducts found in UV-irradiated
DNA. In addition, cryptochromes in eukaryotes also
share a high degree of sequence similarity to DNA
photolyases. Based on this information, we speculate
that PhrB may function either as a (6-4) DNA photo-
lyase or a cryptochrome. Further experiments will be
needed to clarify the function of PhrB.

In most of our experiments we used UV-C, but such
radiation is absent in the biosphere. Hence, though we
could demonstrate that the DNA photolyase mutants
are sensitive to UV-C, the phrA gene might not confer
any UV resistance to Synechocystis 6803 in its natural
environment. The mixed culture experiment was de-
signed to address this issue. To mimic the ambient UV
stress normally encountered by the organism, the mixed
culture was exposed to UV-B at a dose comparable to
the solar UV-B dose. Under these conditions, mutant
cells lacking phr4 were quickly eliminated from the
culture, thus demonstrating that phrA is indeed phy-
siologically important for counteracting UV stress in
Synechocystis 6803.

Acknowledgement We thank Dr. Maitrayee Bhattacharyya-
Pakrasi for her generous help, and Dr. Kazuo Yamamoto (Tohoku
University) for his gift of the E. coli NKJ3002 strain. We are
grateful to Drs. Peter M. J. Burgers, T-h. Ho, John S. Taylor, and
Craig Pikaard for helpful discussions. Funding from the Interna-
tional Human Frontier Sciences Program to H.B.P. supported this
work. W.-O.N. was partially supported by a training grant from
the Monsanto Co. to the Plant Biology Program at Washington
University.

929

References

Ahmad M, Cashmore AR (1993) HY4 gene of A. thaliana encodes
a protein with characteristics of a blue-light photoreceptor.
Nature 366: 162-166

Ahmad M, Jarillo JA, Klimczak LJ, Landry LG, Peng T, Last RL,
Cashmore AR (1997) An enzyme similar to animal type II
photolyases mediates photoreactivation in Arabidopsis. Plant
Cell 9: 199-207

Allen MM (1968) Simple conditions for growth of unicellular blue-
green algae on plates. J Phycol 4: 1-4

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990)
Basic local alignment search tool. J Mol Biol 215: 403—410

Britt AB, Chen JJ, Wykoff D, Mitchell D (1993) A UV-sensitive
mutant of Arabidopsis defective in the repair of pyrimidine-
pyrimidinone (6-4) dimers. Science 261: 1571-1574

Cashmore AR, Jarillo JA, Wu YJ, Liu D (1999) Cryptochromes:
blue light receptors for plants and animals. Science 284: 760765

Emery P, So WV, Kaneko M, Hall JC, Rosbash M (1998) CRY, a
Drosophila clock and light-regulated cryptochrome, is a major
contributor to circadian rhythm resetting and photosensitivity.
Cell 95: 669-679

Kanai S, Kikuno R, Toh H, Ryo H, Todo T (1997) Molecular
evolution of the photolyase-blue-light photoreceptor family.
J Mol Evol 45: 535-548

Kaneko T, et al (1996) Sequence analysis of the genome of the
unicellular cyanobacterium Synechocystis sp. strain PCC 6803.
II. Sequence determination of the entire genome and assign-
ment of potential protein-coding regions. DNA Res 3: 109-136

Kobayashi K, Kanno S, Smit B, van der Horst GT, Takao M,
Yasui A (1998) Characterization of photolyase/blue-light re-
ceptor homologs in mouse and human cells. Nucleic Acids Res
26: 5086-5092

Levine E, Thiel T (1987) UV-inducible DNA repair in the cyano-
bacteria Anabaena spp. J Bacteriol 169: 3988-3993

Nakajima S, Sugiyama M, Iwai S, Hitomi K, Otoshi E, Kim ST,
Jiang CZ, Todo T, Britt AB, Yamamoto K (1998) Cloning and
characterization of a gene (UV'R3) required for photorepair of
(6-4) photoproducts in Arabidopsis thaliana. Nucleic Acids Res
26: 638—644

Ng W-O, Zentella R, Wang Y, Taylor J-S, Pakrasi HB (2000)
phrA, the major photoreactivating factor in the cyanobac-
terium Synechocystis sp. PCC 6803 codes for a cyclobutane
pyrimidine dimer specific DNA photolyase. Arch Microbiol
173: 412-417

O’Brien PA, Houghton JA (1982) Photoreactivation and excision
repair of UV induced pyrimidine dimers in the unicellular
cyanobacterium Gloeocapsa alpicola (Synechocystis PCC 6308).
Photochem Photobiol 35: 359-364

Okano S, Kanno S, Takao M, Eker AP, Isono K, Tsukahara Y,
Yasui A (1999) A putative blue-light receptor from Drosophila
melanogaster. Photochem Photobiol 69: 108-113

Park HW, Kim ST, Sancar A, Deisenhofer J (1995) Crystal
structure of DNA photolyase from Escherichia coli. Science
268: 1866-1872

Prentki P, Kirsch HM (1984) In vitro insertional mutagenesis with
a selectable DNA fragment. Gene 29: 303-313

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a
laboratory manual (2nd edn). Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, N.Y.

Sancar A (1994) Structure and function of DNA photolyase.
Biochemistry 33: 2-9

Sancar GB, Smith FW (1989) Interactions between yeast photo-
lyase and nucleotide excision repair proteins in Saccharomyces
cerevisiae and Escherichia coli. Mol Cell Biol 9: 47674776

Sancar GB, Smith FW, Sancar A (1983) Identification and ampli-
fication of the E. coli phr gene product. Nucleic Acids Res 11:
6667-6678

Schweizer HP (1993) Small broad-host-range gentamycin resistance
gene cassettes for site-specific insertion and deletion muta-
genesis. Biotechniques 15: 831-833



930

Small GD, Min B, Lefebvre PA (1995) Characterization of a
Chlamydomonas reinhardtii gene encoding a protein of the
DNA photolyase/blue light photoreceptor family. Plant Mol
Biol 28: 443-454

Takao M, Oikawa A, Eker AP, Yasui A (1989) Expression of an
Anacystis nidulans photolyase gene in Escherichia coli; func-
tional complementation and modified action spectrum of pho-
toreactivation. Photochem Photobiol 50: 633-637

Tamada T, Kitadokoro K, Higuchi Y, Inaka K, Yasui A, de Ruiter
PE, Eker APM, Miki K (1997) Crystal structure of DNA
photolyase from Anacystis nidulans. Nat Struct Biol 4: 887-891

Todo T, Ryo H, Yamamoto K, Toh H, Inui T, Ayaki H, Nomura
T, Ikenaga M (1996) Similarity among the Drosophila (6-4)
photolyase, a human photolyase homolog, and the DNA pho-
tolyase-blue-light photoreceptor family. Science 272: 109-112

Van Baalen C (1980) Mutants of blue-green algae. Methods
Enzymol 69: 38-47

Van Baalen C, O’Donnell R (1972) Action spectra for ultraviolet
killing and photoreactivation in the blue-green alga Agmenellum
quadruplicatum. Photochem Photobiol 15: 269-274

Van der Spek PJ, Kobayashi K, Bootsma D, Takao M, Eker AP,
Yasui A (1996) Cloning, tissue expression, and mapping of a
human photolyase homolog with similarity to plant blue-light
receptors. Genomics 37: 177-182

Williams JGK (1988) Construction of specific mutations in pho-
tosystem II photosynthetic reaction center by genetic engi-
neering methods in Synechocystis 6803. Methods Enzymol 167:
766-778

Yamamoto K, Fujiwara Y, Shinagawa H (1983a) Evidence that the
phr* gene enhances the ultraviolet resistance of Escherichia coli
recA strains in the dark. Mol Gen Genet 192: 282-284

Yamamoto K, Satake M, Shinagawa H, Fujiwara Y (1983b)
Amelioration of the ultraviolet sensitivity of an Escherichia coli
recA mutant in the dark by photoreactivating enzyme. Mol Gen
Genet 190: 511-515

Yasui A, Eker APM, Yasuhira S, Yajima H, Kobayashi T, Takao
M, Oikawa A (1994) A new class of DNA photolyase present in
various organisms including aplacental mammals. EMBO J 13:
6143-6151



