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Abstract. The photolyase–blue-light photoreceptor
family is composed of cyclobutane pyrimidine dimer
(CPD) photolyases, (6-4) photolyases, and blue-light
photoreceptors. CPD photolyase and (6-4) photolyase are
involved in photoreactivation for CPD and (6-4) photo-
products, respectively. CPD photolyase is classified into
two subclasses, class I and II, based on amino acid se-
quence similarity. Blue-light photoreceptors are essential
light detectors for the early development of plants. The
amino acid sequence of the receptor is similar to those of
the photolyases, although the receptor does not show the
activity of photoreactivation. To investigate the func-
tional divergence of the family, the amino acid sequences
of the proteins were aligned. The alignment suggested
that the recognition mechanisms of the cofactors and the
substrate of class I CPD photolyases (class I photolyases)
are different from those of class II CPD photolyases
(class II photolyases). We reconstructed the phylogenetic
trees based on the alignment by the NJ method and the
ML method. The phylogenetic analysis suggested that
the ancestral gene of the family had encoded CPD pho-
tolyase and that the gene duplication of the ancestral
proteins had occurred at least eight times before the di-
vergence between eubacteria and eukaryotes.
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Introduction

UV light induces DNA damage such as CPDs and (6-4)
photoproducts. Corresponding to the damage, there are
two types of DNA photolyases. One of them specifically
exerts the activity on CPD whereas another repairs only
(6-4) photoproducts (reviewed by Sancar 1996). The
former is called CPD photolyase and the latter (6-4) pho-
tolyase. The amino acid sequences of the two enzymes
are similar to each other (Todo et al. 1996), although the
chemical structures of their substrates are quite different
(Brash 1988; Mitchell and Nairn 1989; Taylor 1995).

CPD photolyases are divided into two subclasses,
class I and II, based on the sequence similarity, which is
here referred to as class I photolyases and class II pho-
tolyases, respectively. CPD photolyases contain two
types of cofactors. One of them is two-electron–reduced
FAD, which acts as the active-site cofactor. Another co-
factor is MTHF, or 8-HDF, which acts as the photoan-
tenna. Based on the kind of photoantenna, class I pho-
tolyases are further divided into two subgroups, which
are here denoted as MTHF-type photolyase and 8-HDF–
type photolyase, respectively (Yasui et al. 1994). The
photoreactivation mechanism of MTHF-type or 8-HDF–
type photolyases has been investigated in great detail: (1)
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the photoantenna (MTHF or 8-HDF) absorbs a blue-light
photon; (2) the excitation energy is transferred from the
photoantenna to active-site cofactor (FAD) by dipole–
dipole interaction; (3) the excited FADH radical donates
an electron to a CPD, splitting the cyclobutane ring; and
(4) finally, the electron is transferred back to FADH,
accompanied by the generation of the two canonical
bases (Hearst 1995; Kim et al. 1991, 1992). The effi-
ciency of energy transfer from 8-HDF to FAD is 98% in
eubacteriumAnacystis nidulans8-HDF–type photolyase,
while that from MTHF to FAD is 63% in anEscherichia
coli MTHF-type photolyase (Kim et al. 1992). Therefore,
it was suggested that 8-HDF–type photolyases are able to
eliminate CPD more rapidly than MTHF-type photoly-
ases (Malhotra et al. 1992). The crystal structure of
MTHF-type photolyase fromE. coli was determined
(Park et al. 1995). The structure consists of two domains,
an N-terminala/b domain and a C-terminal helical do-
main, connected by a loop of 72 residues. MTHF binds
in a cleft between the two domains, whereas FAD is
included in the helical domain and is accessible through
a hole in the surface of the domain. CPD binding sites
have not been identified, but the hole in the helical do-
main has shape and polarity suitable for CPD binding.
Therefore, the hole is considered to correspond with pu-
tative CPD binding site (Park et al. 1995). In contrast,
investigation of the photoreactivation mechanism of
class II photolyases has not advanced. However, the co-
factors of a few class II enzymes have been elucidated.
The class II photolyase fromDrosophila melanogaster
has FAD and MTHF (Kim et al. 1996a), while FAD and
8-HDF are included in the enzyme from an archaebac-
terium, Methanobacterium thermoautotrophicum(Kie-
ner et al. 1989). Yasui et al. (1994) reported that the
enzyme from a eukaryote,Potorous tridactylis,includes
FAD, although the second cofactor has not been detected
in the enzyme.

(6-4) photolyases have been identified recently (Todo
et al. 1993), but the presence of cofactors has not been
confirmed and the precise photoreactivation mechanism
has not been well elucidated. The fluorescence and ac-
tion spectra ofXenopus laevis(6-4) photolyase sug-
gested that the cofactor composition of the enzyme is
different from those of CPD photolyases (Kim et al.
1996b). On the other hand, it was suggested that the
enzyme includes FAD as the cofactor of theX. laevis
enzyme (Todo et al. 1997). Further studies are required
for the identification of the cofactors for (6-4) photoly-
ases. Two (6-4) photolyase homologues have been found
in Homo sapiens(Todo et al. 1996; Hsu et al. 1996).
However, the homologues, which contain FAD and
MTHF as the cofactors, show neither (6-4) nor CPD
photolyase activity (Hsu et al. 1996). The function of the
homologues has been unknown, although Hsu et al.
(1996) suggested that the homologues may act as blue-
light photoreceptors.

Blue-light photoreceptors are essential light detectors
for the early development of plants (Ahmad and Cash-
more 1993). In addition, they mediate phototropism, hy-
pocotyl elongation, stomatal opening, and expression of
specific genes (Kaufman 1993; Short and Birggs 1994;
Liscum and Hangarter 1994). The nucleotide sequences
of the cDNAs for the receptors were recently determined
(Ahmad and Cashmore 1993; Batschauer 1993; Malhotra
et al. 1995). The deduced amino acid sequences were
unexpectedly similar to those of photolyases (Ahmad
and Cashmore 1993; Batschauer 1993; Malhotra et al.
1995). The receptors from the eukaryotesSinapis alba
and Arabidopsis thalianaoverexpressed inE. coli also
contain FAD and MTHF as the cofactors, although the
receptors do not show photoreactivation activity (Mal-
hotra et al. 1995).

Table 1 summarizes the classification of the family.
The functions carried by the members of the protein
family are highly divergent. However, the evolutionary
process of the functional divergence of the family has not
been sufficiently studied. Yasui et al. (1994) reported the
molecular phylogeny of CPD photolyases by the NJ
method (Saitou and Nei 1987), although they used only
13 sequences, which did not include (6-4) photolyases or
blue-light photoreceptors. Now, 22 sets of sequence data
of this family are available. We compared the amino acid
sequences to reveal the evolutionary relationship among
the members of the photolyase–blue-light photoreceptor
family. The evolutionary history of the family will be
discussed based on the reconstructed phylogenetic trees.

Materials and Methods

The 22 amino acid sequences used in this study are listed in Table
1. A multiple sequence alignment was constructed with the pro-
gram Clustal W 1.4 (Higgins et al. 1991; Thompson et al. 1994), which
was then modified by visual inspection with an alignment editor,
BIORESEARCH/AE 3.0 (Fujitsu Ltd. 1995). To examine the conser-
vation of aligned sites, amino acid residues were classified into six
physicochemically similar groups based on the criteria of Schwartz and
Dayhoff (1978): (1) positively charged group: Lys, Arg, His; (2) nega-
tively charged group: Asp, Asn, Glu, Gln; (3) small hydrophilic group:
Gly, Pro, Ser, Thr; (4) hydrophobic group: Leu, Ile, Met, Val; (5)
aromatic group: Phe, Tyr, Trp; (6) Cys. The last category consists of
only Cys residue.

All the sites containing gaps were excluded from the alignment
for the following phylogenetic analyses. At first, we performed the
NJ inference to obtain an overview of the evolutionary relationship of
the photolyase–blue-light photoreceptor family. The genetic distance
for each aligned pair was calculated with the program PROTDIST in
PHYLIP 3.5c (Felsenstein 1993, 1996), where the amino acid substi-
tution model, PAM001 (Dayhoff et al. 1978), was used. Then, an
unrooted NJ tree was constructed with NEIGHBOR in PHYLIP 3.5c.
The statistical significance of each cluster in the tree was evaluated
with 1,000 iterations of bootstrap resamplings and tree reconstructions
(Felsenstein 1985) using PROTDIST, NEIGHBOR, SEQBOOT, and
CONSENSE in PHYLIP 3.5c.

To further examine the phylogenetic relationship obtained by the
NJ method, we employed the ML method (Felsenstein 1981; Kishino et
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al. 1990). However, it was difficult to apply the ML analysis to all the
22 sequences, since a large number of possible trees are generated. We,
therefore, selected the proteins derived from nodes with less than 50%
bootstrap probabilities in the NJ analysis, as well as the representative
proteins of each subgroup. Then, nine amino acid sequences were
selected, which were subjected to the ML analysis with PROTML in
MOLPHY 2.3b3 (Adachi and Hasegawa 1996). In the analysis, AIC of
each possible tree was calculated based on the four different amino acid
substitution models—the JTT (Jones et al. 1992), Dayhoff (Dayhoff et
al. 1978), JTT-F, and Dayhoff-F models (Adachi and Hasegawa 1995).
AIC is defined as −2 × (log-likelihood) + 2 × (number of free param-
eters) (Akaike 1974). The tree with minimal AIC was considered to be
the most appropriate tree. The statistical significance of each cluster in
the ML tree was evaluated by the bootstrap analysis with 1,000 itera-
tions.

The obtained phylogenetic trees were drawn with TREETOOL
2.0.2 (Maciukenas and McCaughey 1994).

Results and Discussion

Functional Implications Derived From Multiple
Sequence Alignment

Figure 1 shows a multiple alignment of the photolyase–
blue-light photoreceptor family. Since the N- and C-
terminal regions of the members were highly diverged in
residue and length, they were excluded from the align-

ment. The crystal structure of class I photolyase fromE.
coli has been determined recently (Park et al. 1995),
which revealed MTHF and FAD binding sites of the
enzyme. In addition, the CPD binding sites were puta-
tively assigned to a hole of the crystal structure. These
sites play important roles for the function of the enzyme.
Therefore, it is expected that the comparison of the resi-
dues at these sites would provide much information
about the functional divergence of the protein family.
Table 2 shows the summary of the comparative study,
although the alignment in Fig. 1 also includes the same
information. As shown in Table 2, the protein family was
divided into five groups based on the functional differ-
ence as follows: group A, MTHF-type photolyases;
group B, 8-HDF–type photolyases; group C, (6-4) pho-
tolyases; group D, blue-light photoreceptors; and group
E, class II photolyases. For simplicity, (6-4) photolyase
homologues were included in group C, although their
functions have remained unknown. The functional clas-
sification roughly corresponded with the phylogenetic
clustering as described below. In the current approach,
class I photolyases were classified into two groups, based
on the available second cofactors (groups A and B). In
contrast, group E, or the group of class II CPD photoly-
ases, was not further classified, because identification of
the second cofactors of the photolyase has not advanced
(see Table 1).

Table 1. List of proteins used in the current analysesa

Type of protein
(abbreviation) Species Kingdom

Abbreviated
name

Accession No.
(DB)/References Characterized cofactors

MTHF type class I CPD Bacillus firmus Eubacterium PHR_BACF Q04449 (sp) FAD, MTHF (Malhotra et al. 1994)
photolyase (C1MPHR) Escherichia coli Eubacterium PHR_ECOL P00914 (sp) FAD, MTHF (Johnson et al. 1988)

Salmonella typhimurium Eubacterium PHR_SALT P25078 (sp) FAD, MTHF (Li and Sancar 1991)
Saccharomyses cerevisiae Eukaryote PHR_SCER P05066 (sp) FAD, MTHF (Sancar et al. 1987;

Johnson et al. 1988)
Neurospora crassa Eukaryote PHR_NEUC P27526 (sp) FAD, MTHF (Eker et al. 1994)

8-HDF type class I CPD Anacystis nidulans Eubacterium PHR_ANAN P05327 (sp) FAD, 8-HDF (Eker et al. 1990)
photolyase (C18PHR) Synechocystis sp. Eubacterium PHR_SYNE U51943 (gb)

Streptomyces griseus Eubacterium PHR_STRG P12768 (sp) FAD, 8-HDF (Eker et al. 1981)
Halobacterium halobium Archaebac-

terium
PHR_HALH P20377 (sp) FAD, 8-HDF (Iwasa et al. 1988)

(6-4) photolyase (64PHR) Drosophila melanogaster Eukaryote 64_DROM D83701 (gb)

(6-4) photolyase Homo sapiens Eukaryote 64_HUMA1 D83702 (gb) FAD, MTHF (Hsu et al. 1996)
homologue (64PHR) Homo sapiens Eukaryote 64_HUMA2 Hsu et al. 1996 FAD, MTHF (Hsu et al. 1996)

Blue-light photoreceptor Chlamydomonas reinhardtii Eukaryote BLR_CHRE S57795 (pir)
(BLR) Sinapis alba Eukaryote BLR_SIAL P40115 (sp) FAD, MTHF (Malhotra et al. 1995)

Arabidopsis thaliana Eukaryote BLR_ARTH S66907 (gb) FAD, MTHF (Malhotra et al. 1995)

Class II CPD photolyase Myxococcus xanthus Eubacterium PHR_MXU U44437 (gb)
(C2PHR) Methanobacterium

thermoautotrophicum
Archaebac-

terium
PHR_METH P12769 (sp) FAD, 8-HDF (Kiener et al. 1989)

Drosophila melanogaster Eukaryote PHR_DM S52047 (pir) FAD, MTHF (Kim et al. 1996a)
Carassius auratus Eukaryote PHR_CA A45098 (pir)
Oryzias latipes Eukaryote PHR_OLAP D26022 (gb)
Monodelphis domestica Eukaryote PHR_OPPO D31902 (gb)
Potorous tridactylis Eukaryote PHR_PTRI D26020 (gb) FAD (Yasui et al. 1994)

a ‘‘DB’’ denotes the symbol of database : sp, SWISS-PROT release 33.0; gb, GenBank release 95.0; pir, PIR protein sequence database release 49.0
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Fig. 1. Alignment of the amino acid sequences of DNA photolyases
and blue-light photoreceptors. Theresidue numberof beginning amino
acid of each sequence is shown at the left side of the sequence. The
information about the secondary structures, domains, interactions with
cofactors, binding with CPD, and electron transfer derived from the
crystal structure of DNA photolyase fromE. coli (Park et al. 1995) is
also shown in the alignment. The line ‘‘Structure’’ shows the second-
ary structures (a:a helix, b: b strands, 3: 310 helix). For example, in
the case of ‘‘an>>>>a,’’ where ‘‘an’’ means the beginning of then-th
a helix, ‘‘>’’ indicates the continuation of the structure. The last

‘‘ a’’ denotes the end of the structure. The line ‘‘Domain’’ indicates the
regions of the two domains and an interdomain loop in the DNA
photolyase. The line ‘‘Interaction’’ denotes the residue sites which
interact with the cofactors. The characters ‘‘f ’’ and ‘‘ F ’’ indicate
residues which interact with FAD, while ‘‘m’’ and ‘‘ M’’ indicate
residues which interact with MTHF. Thecapital letter means the di-
rect H bond to the cofactors. Thelowercase letterindicates the water-
mediated H bond to the cofactors. ‘‘C’’ shows putative CPD
binding site. Abbreviated name of each sequence is shown in Ta-
ble 1.
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Table 2(a) shows the comparison of the MTHF bind-
ing residues. X-ray crystallographic analysis revealed
that seven residues of MTHF-type photolyase fromE.
coli (PHR ECOL in Table 2) are involved in the MTHF
binding function of the enzyme. Surprisingly, five out of
the seven residues were not conserved among the mem-

bers of group A. Only Glu residue at alignment site 536
was invariant, and alignment site 243 was occupied by
the residues of the negatively charged group. However,
the remaining five sites included physicochemically dif-
ferent residues. Payne et al. (1990) reported that MTHF-
type photolyase fromE. coli shows photolyase activity,

Fig. 1. Continued.
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even without MTHF. The observation suggested that the
second cofactor or photoantenna is not essential for the
photolyase activity, which could explain the weak con-
servation of the MTHF binding sites among the members
of group A. Blue-light photoreceptors utilize MTHF as
the second cofactor as well. However, these sites of the

members of group D were occupied by physicochemi-
cally different residues from those of PHRECOL, even
at the alignment sites 243 and 536. The high variability
of MTHF binding sites in the members of group and D
could be explained by the weak functional constraint
described above. Another possible interpretation of the

Fig. 1. Continued.
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observation is that the members of group D may have a
different MTHF binding mechanism than those of group
A. It is difficult to definitively describe the problem at
this stage, and further study is required. There were no
data available to identify the 8-HDF binding sites of the
members of group B. Therefore, we just examined the

residues of the members of group B, which correspond to
the seven MTHF binding sites. As expected, these sites
were not conserved among the members of group B. In
addition, the physicochemical characters of the amino
acid residues at the five alignment sites, 169, 243, 244,
464 and 465, of the members of group B were quite

Fig. 1. Continued.
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different from those of group A, although the several
residues at remaining two sites, 536 and 548, were simi-
lar or identical between the members of groups A and B.
The residues of the seven sites of the members of group

B seemed to be rather similar to those of group D, al-
though the functional meaning of the similarity was not
clear. Here, we refrain from discussion of the second
cofactor binding sites of groups C and E, because the

Table 2. Comparisons of residues of (a) MTHF, (b) FAD, and (c) CPD binding sitesa

(a) MTHF binding sites

Site 169 243 244 464 465 536 548

Interaction m M M M M m m

Group A PHR_ECOL C1MPHR H N E C K E L
PHR_SALT C1MPHR H N E C K E L
PHR_SCER C1MPHR H D E S M E S
PHR_NEUC C1MPHR H D E C M E F
PHR_BACF C1MPHR A D G C K E P

Group B PHR_STRG C18PHR G Y A – – A V
PHR_ANAN C18PHR A Y G L A E L
PHR_SYNE C18PHR E Y A L A E L
PHR_HALH C18PHR A L A V V Y T

Group C 64_DROM 64PHR M Y S F D Q W
64_HUMA1 64PHR S F G F D M W
64_HUMA2 64PHR S F G F D V F

Group D BLR_ARTH BLR Y L S S H M L
BLR_CHRE BLR F I S I H L L
BLR_SIAL BLR F V S T H M L

Group E PHR_CA C2PHR L I P – – – W
PHR_OLAP C2PHR E E P – – – W
PHR_OPPO C2PHR L H H – – – W
PHR_PTRI C2PHR L H H – – – W
PHR_DM C2PHR L L P – – – W
PHR_MXU C2PHR P I I – – – W
PHR_METH C2PHR P I Q – – – W

(b) FAD binding sites

Site 385 399 400 401 402 403 442 450 510 513 545 547 550 551

Interaction F F F F F F F f F F F F f F

Group A PHR_ECOL C1MPHR Y T S R L S W R W N D D A N
PHR_SALT C1MPHR Y T S R L – W – – N D D A N
PHR_SCER C1MPHR Y T S G L S F R Y N D D S N
PHR_NEUC C1MPHR Y T S N L S W R Y N D D S N
PHR_BACF C1MPHR Y T S R L S F R W N D D S N

Group B PHR_STRG C18PHR Y T S R L S F R W N D D N N
PHR_ANAN C18PHR Y T S G L S W R W N D D A N
PHR_SYNE C18PHR Y T S Q L S W R W N D D A N
PHR_HALH C18PHR Y T S R L S F R Y N D D N D

Group C 64_DROM 64PHR F T T V L S L R W H D D L N
64_HUMA1 64PHR F P T G L S L R W H D D I N
64_HUMA2 64PHR Y P T G L S L R W H D D V N

Group D BLR_ARTH BLR Y T S F L S F R W D D D S D
BLR_CHRE BLR F T S R L S F R W N D D C D
BLR_SIAL BLR Y T S L L S F R W N D D C D

Group E PHR_CA C2PHR F L S H L S F R W A R Y K K
PHR_OLAP C2PHR F L S Q L S F R W A R Y K K
PHR_OPPO C2PHR F L S N L S F R W A R Y K K
PHR_PTRI C2PHR F L S N L S F R W A R Y K K
PHR_DM C2PHR F L S G L S F R W A R Y Q K
PHR_MXU C2PHR Y Q S N L S F R W A R L K K
PHR_METH C2PHR F L S N M S F R W A R Y K K
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second cofactors of (6-4) photolyases and the most of
class II enzymes have not been identified.

FAD is considered to be included in all the members
of the protein family, and 14 FAD binding amino acid
residues have been found in the crystal structure of
PHR ECOL. Alignment sites 385, 400, and 402 were
occupied by physicochemically similar residues, respec-
tively. Alignment sites 403 and 450 were invariant ex-
cept for the deletion in MTHF-type photolyase fromSal-
monella typhimurium(PHR SALT). Alignment site 510
was occupied by aromatic residues, which was also de-
leted in PHRSALT. Alignment site 442 was also occu-
pied by aromatic residues, except for three members of
group C. Thus, FAD binding sites seemed to be highly
conserved, comparing to the case of MTHF binding sites.
However, alignment sites 399, 513, 545, 547, and 551
were occupied by the residues with different physico-
chemical characters between group E and the other
groups. As discussed below, group E was distantly re-
lated to the other members of the family. In addition, the
members of group E included a long deletion in the
C-terminal helical domain (alignment sites 520 to 539).
Such a deletion was not found in the other members of
the family. The different conservation pattern between
class II photolyase and the others may reflect the change
of FAD binding mechanism caused by the deletion in
class II photolyase or the insertion in the others.

CPD binding sites were putatively assigned in the

crystal structure of PHRECOL. The putative sites con-
stitute a hole in the structure, to which CPD is supposed
to be bound. One face of the hole consists of seven
hydrophobic residues, while seven polar residues form
another surface of the hole. Table 2(c) summarizes the
comparison of the residues at the putative CPD binding
sites. CPD is the substrate for the members of both group
A and B. Alignment sites 449, 513, 514, 517, and 570
were invariant among the members of groups A and B. In
addition, four sites, 293, 389, 445, and 557, were occu-
pied by physicochemically similar residues, and two
sites, 442 and 564, were nearly invariant. Site 565 was
occupied by physicochemically similar residues, except
for 8-HDF–type photolyase fromStreptomyces griseus
(PHR STRG). The observation suggested that these sites
are important for CPD binding activity of the members
of groups A and B. The members of group D follow a
conservation pattern similar to those of groups A and B,
although the members of group D do not have photolyase
activity. The members of group C share residues similar
or identical to those of groups A, B, and D at the align-
ment sites 293, 389, 513, and 570. However, the amino
acid residues at the alignment sites 444, 513, 514, 517,
and 565 were conserved among the members of group C.
These residues were physicochemically different from
corresponding residues of the members of groups A, B,
and D. (6-4) photolyase fromD. melanogaster
(64 DROM) uses (6-4) photoproduct as substrate instead

Table 2. Continued

(c) Putative CPD binding sites

Hydrophobic Polor

Site 293 441 449 442 517 557 565 389 444 445 513 514 564 570

Group A PHR_ECOL C1MPHR F V W Y M W A R N E N R D R
PHR_SALT C1MPHR F V W Y M W A R N E N R D R
PHR_SCER C1MPHR F N W Y M F A K K E N R D R
PHR_NEUC C1MPHR Y R W Y M F P R S E N R D R
PHR_BACF C1MPHR F – W Y M W A R K E N R D R

Group B PHR_STRG C18PHR F A W H M W D H R Q N R T R
PHR_ANAN C18PHR Y V W Y M W P R Q E N R D R
PHR_SYNE C18PHR Y T W Y M W P R Q E N R T R
PHR_HALH C18PHR Y A W Y M W A R G Q N R D R

Group C 64_DROM 64PHR Y S W Y H W F N G Q H L F R
64_HUMA1 64PHR Y S W F H W F R G Q H L F H
64_HUMA2 64PHR Y S W F H W F R G Q H L F H

Group D BLR_ARTH BLR F L L S V Y S R K S D R D R
BLR_CHRE BLR F D Y S V Y A R Q Q N R D Y
BLR_SIAL BLR L L L S V Y G S R G N R D R

Group E PHR_CA C2PHR R – R A L A – R E E A Q – I
PHR_OLAP C2PHR R – R T M T – R E E A Q – L
PHR_OPPO C2PHR R – R A M R – R E E A Q – I
PHR_PTRI C2PHR R – R A T R – R E E A Q – I
PHR_DM C2PHR R – R A L A – R E E A Q – I
PHR_MXU C2PHR R – R G L P – R E E A Q – A
PHR_METH C2PHR K E R S M D – R E E A Q – L

a The information is derived from the alignment in Fig. 1. See legend of Fig. 1 for notation of the characters in the line ‘‘Interaction’’
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of CPD, and the difference in the conservation pattern
may be correlated with the substrate specificity of the
enzymes, although (6-4) photolyase homologues fromH.
sapiens(64 HUMA1 and 2) show neither CPD nor (6-4)
photolyase activity (Hsu et al. 1996). On the other hand,
the members of group E also utilize CPD as their sub-
strate. However, they showed a conservation pattern
similar to those of groups A and B at only the three sites
389, 445, and 517, and the remaining 11 sites diverged
highly from those of groups A and B. As described
above, group E was distantly related to the other mem-
bers of the protein family, and the C-terminal helical
domain of class II photolyase included a long deletion.
The deletion was observed close to and within the puta-
tive CPD binding sites. The observation suggested that
the CPD binding mechanism of class II photolyase is
different from those of MTHF-type photolyase and 8-
HDF–type photolyase, although they share CPD as their
substrate.

Phylogeny of the Photolyase–Blue-Light
Photoreceptor Family

Figure 2 shows an unrooted phylogenetic tree by the NJ
method, which was divided into two clusters. The clus-
ters are here referred to as clusters 1 and 2. Cluster 1 was
composed of (6-4) photolyases, blue-light photorecep-
tors, and class I photolyases, while cluster 2 consisted of
only class II photolyases. The phylogenetic clustering
roughly corresponded to a functional classification of the
family in the previous section, except for the 8-HDF–
type photolyase.

In cluster 1, MTHF-type photolyases, (6-4) photoly-
ases, and blue-light photoreceptors constituted three dis-
tinctive subclusters, which corresponded to groups A, B,
and D in the previous section. On the other hand, 8-
HDF–type photolyases did not form a single subcluster.
That is, the functional classification of group B had no
evolutionary meaning. As shown in Fig. 2, the roots for
the subclusters (6-4) photolyase, blue-light photorecep-
tor, and MTHF-type photolyase were located at nodes A,
B, and F, respectively. The tree topology suggested that
present (6-4) photolyases have derived from an ancestral
enzyme at node A, which carried (6-4) photolyase activ-
ity. Similarly, an ancestral protein corresponding to node
B was considered to carry blue-light photoreceptor ac-
tivity, from which current photoreceptors have evolved.
The present MTHF-type photolyases originated from
node F, which corresponded to an ancestral CPD pho-
tolyase with MTHF. This view is supported by the high
bootstrap probabilities for nodes A, B, and F, which were
100.0%, 100.0%, and 62.5%, respectively. On the other
hand, the tree topology suggested that there are two in-
dependent lineages to 8-HDF–type photolyase. One of
them branched off at node C, including only one enzyme
from S. griseus,whereas another lineage consisted of
two enzymes from eubacteria:Synecocystissp.;A. nidu-
lans; and an enzyme from an archaebacterium,Halobac-
terium halobium.The branching point for the latter lin-
eage was node D. Thus, the topology of the two lineages
was not consistent with the pattern of ordinary species
divergence and suggested two independent lineages to
8-HDF–type photolyase. The lineage consisting of the
enzyme fromS. griseuswas statistically significant,

Fig. 2. An unrooted phylogenetic tree obtained by the neighbor-joining method. Thenumbersat the nodes indicate the bootstrap probabilities.
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since the bootstrap probability for nodes C is high
(90.1%). On the other hand, the bootstrap probability for
nodes D is quite low (30.6%). In addition, the bootstrap
probability for node E, which corresponds with the di-
vergence point between eubacteria and archaebacterium
in the former lineage, is only 31.3%. Thus, the topology
about the divergence of 8-HDF–type photolyases from
Synecocystissp., A. nidulans,and Halobacterium halo-
bium was not statistically significant.

In cluster 2, class II photolyase was divided into two
subclusters at the node G. One of them includes the
enzymes from eukaryotes, whereas another consists of
the enzymes from an archaebacterium and a eubacte-
rium. Therefore, node G is considered to correspond to
the gene duplication of the enzymes before the diver-
gence between eubacteria and archaebacteria. The tree
topology in cluster 2 is considered to be significant be-
cause high bootstrap probabilities are evaluated for most
of the nodes in the cluster.

As described above, the NJ tree included several
nodes with low bootstrap probabilities. However, some
of these nodes were related to positions in the tree crucial
to a description of the evolutionary history of the family.
To check the tree topologies at the nodes, ML analysis
was applied to the aligned sequences. However, it re-
quires enormous computational time to examine all of
the 22 sequences. Therefore, we selected the following
nine sequences, which were related to the crucial nodes
or representatives of each subcluster: four 8-HDF–type
photolyases fromA. nidulans, Synechocystissp.,S. gri-
seus,andH. halobium;MTHF-type photolyase fromE.
coli and Bacillus firmus; class II photolyase fromD.
melanogaster;(6-4) photolyase fromD. melanogaster;
and blue-light photoreceptor fromChlamydomonas rein-

hardtii. Only one enzyme from cluster 2 was included in
the selection, since the topology of cluster 2 was shown
to be statistically significant by NJ analysis. The enzyme
was used as an outgroup of the remaining eight se-
quences from cluster 1.

We examined four amino acid substitutions models
for the ML analysis, among which the JTT-F model pro-
duced a tree with minimal AIC. Figure 3 shows the un-
rooted tree. The differences between the minimal AIC
and the AICs of the other possible trees were greater than
1.0, which suggested that the tree topology shown in Fig.
3 is statistically significant.

In the ML tree, eight sequences from cluster 1 of the
NJ tree formed a cluster against class II photolyase from
D. melanogaster.Hereafter, the cluster was also referred
to as cluster 1. As in the case of the NJ analysis, (6-4)
photolyase, blue-light photoreceptor, and MTHF-type
photolyase also constituted distinctive subclusters in
cluster 1. However, the relative position of each subclus-
ter in the tree was slightly different from that of the NJ
tree. Contrary to the result by NJ analysis, most of the
nodes in cluster 1 of the ML tree contained high boot-
strap probabilities, greater than 70%. We, therefore, con-
sidered that the topology of cluster 1 in the ML tree was
more reliable than that in the NJ tree. The evolutionary
divergence of the three subclusters will be discussed in
the next section.

The NJ tree suggested two independent lineages to
8-HDF–type photolyase. In contrast, the ML analysis
suggested that there are three independent lineages to
8-HDF–type photolyase. In addition, the relative posi-
tions of the enzymes were different from those in the NJ
tree. The enzymes fromA. nidulansand Synechocystis
sp. branched at node H, while the enzymes fromH. ha-

Fig. 3. An unrooted phylogenetic tree obtained by the maximum likelihood method. Thenumbersat the nodes indicate the bootstrap probabilities.
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lobium diverged at node I. The locations of the nodes
suggested early and independent divergence of the en-
zymes in cluster 1, while the enzyme fromS. griseus
diverged from the lineage to the subcluster to (6-4) pho-
tolyase at node J. The bootstrap probability for node J
was high, 70.4%, while the bootstrap probability for
node I was only 49.8%. The probability for node H is not
shown in the figure, because it was identical to that for
the node I. Thus, the ML analysis, as well as the NJ
analysis, suggested several independent lineages to
8-HDF–type photolyases, although the branching pattern
of the lineages in the ML tree was different from that in
the NJ tree. Therefore, the tree topology among the lin-
eages could not be uniquely determined in the current
approach.

Evolutionary Scheme of Photolyase–Blue-Light
Photoreceptor Family

As described above, the NJ tree is composed of two
clusters. The two clusters are connected by the longest
branch in the tree. In addition, both clusters include the
enzymes from three primary domains of organisms, ar-
chaebacteria, eubacteria, and eukaryotes. The observa-
tions suggest that the root of the family may be placed on
the longest branch. Introducing the putative root, the
schematic phylogenetic tree is redrawn (Fig. 4) where the
topologies of cluster 1 and 2 were reconstructed based on
those in the ML and NJ tree, respectively. The node 1 is
the putative root of the tree, where the first gene dupli-
cation occurs. Both clusters include CPD photolyases,

which are derived from eukaryotes, eubacteria, and ar-
chaebacteria. The observation suggests that the ancestral
protein at node 1 was a CPD photolyase. However, we
could not identify the second cofactor of the ancestral
enzyme, because both MTHF and 8-HDF are used as the
second cofactors for CPD photolyases belonging to clus-
ters 1 and 2.

We searched for such nodes as correspond to the di-
vergence between proteins from eubacteria and those
from eukaryotes or archaebacteria in the schematic phy-
logenetic tree. Then, nodes A and C were selected as
putative species divergence points between eubacteria
and eukaryotes (see ‘‘The upper limit of species diver-
gence points between eubacteria and eukaryotes’’ in Fig.
4). Here, we assumed that archaebacteria are evolution-
arily closer to eukaryotes than eubacteria (Iwabe et al.
1989). Nodes 1 to 8 (Fig. 4) in the upstream to the
putative divergence points were, then, considered to cor-
respond to the gene duplications, which had occurred
before the species divergence between eubacteria and
eukaryotes. As described above, node 1 corresponded to
the putative root of the tree, where the ancestral genes for
class I photolyases and class II photolyases diverged.
The gene duplication of the ancestral enzyme is consid-
ered to have occurred at least eight times, and the pro-
totypes of the current genes formed before the diver-
gence between eubacteria and eukaryotes. The genomic
redundancy of the photolyase genes in the ancestral or-
ganisms may be an adaptation against the high UV ra-
diation on the ancient Earth.

It is interesting and important to investigate which

Fig. 4. Scheme of evolutionary process for the photolyase-photoreceptor family. Thecircles with figuresindicate the nodes corresponding to gene
duplication before the divergence between eubacteria and eukaryotes.
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was the second cofactor of the ancestral CPD photolyase
at node 1, MTHF or 8-HDF. In addition, the problem is
related to the change in the second cofactor during the
evolution of the protein family. As described above, 8-
HDF–type photolyase derived from several different lin-
eages. Figure 4 shows a model with three lineages based
on the ML analysis. However, the interpretation of the
model differs depending on the second cofactor of the
ancestral enzyme. MTHF is widely distributed over the
current living organisms, while 8-HDF is rare. Therefore,
it seems likely that MTHF was used as the second co-
factor in the ancestral enzyme. If so, 8-HDF–type pho-
tolyase had independently appeared three times from the
enzymes in cluster 1 (nodes 2, 3, and 7 in Fig. 4). In this
case, MTHF-type photolyase was present on the line
connecting nodes 4 to 7 via node 6. Blue-light photore-
ceptor had functionally diverged from the CPD photoly-
ase at node 6. The gene duplication at node 7 was fol-
lowed by the functional divergence of each copy. One of
them evolved to be (6-4) photolyase, while another re-
mained CPD photolyase, although the second cofactor
changed from MTHF to 8-HDF. In cluster 2, 8-HDF–
type enzyme appeared at node C. On the other hand,
there is a report that 8-HDF is a more efficient photoan-
tenna than MTHF, whose ratio of electron transfer is one
and a half times higher than MTHF, including enzyme
(Kim et al. 1992). Thus, 8-HDF seemed more suitable to
adapt to the high UV environment on the ancient Earth,
and the ancestral enzyme may have used 8-HDF as the
photoantenna. Then, 8-HDF gradually replaced MTHF
as UV radiation on Earth decreased, because MTHF was
more abundant than 8-HDF. This idea also seemed as
likely as the former one. In this case, the ancestral pro-
teins on the line, connecting nodes 1 to 4 through nodes
2 and 3, were considered to have been 8-HDF–type pho-
tolyase. Similarly, 8-HDF–type photolyase were present
on the line connecting nodes 4 and 7 via node 6. The
change of the second cofactor from 8-HDF to MTHF
occurred on three lines in cluster 1. One of them con-
nected nodes 4 and 5, from which MTHF-type photoly-
ase appeared. The second line connected node 6 to blue-
light photoreceptor. The third one was a line connecting
nodes 7 and B. In cluster 2, the change of the second
cofactor from 8-HDF to MTHF occurred at node 8. As
described above, it was difficult to identify the second
cofactor of the ancestral enzyme in the current approach.
Future study of this problem will reveal the adaptation
strategy of ancestral organisms on ancient Earth.
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