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The UV-induced DNA lesions, cyclobutane pyrimidine di-
mers (CPDs) and pyrimidine (6-4) pyrimidone photoproducts
(6-4 photoproducts), can be directly photorepaired by CPD
photolyases and 6-4 photolyases, respectively. The fully
reduced flavin (hydroquinone, HQ) cofactor is required for the
catalysis of both types of these photolyases. On the other hand,
flavin cofactor in the semireduced state, semiquinone, can be
utilized by photolyase homologs, the cryptochromes. However,
the evolutionary process of the transition of the functional
states of flavin cofactors in photolyases and cryptochromes
remains mysterious. In this work, we investigated three
representative photolyases (Escherichia coli CPD photolyase,
Microcystis aeruginosa DASH, and Phaeodactylum tricornu-
tum 6-4 photolyase). We show that the residue at a single site
adjacent to the flavin cofactor (corresponding to Ala377 in
E. coli CPD photolyase, hereafter referred to as site 377) can
fine-tune the stability of the HQ cofactor. We found that, in the
presence of a polar residue (such as Ser or Asn) at site 377, HQ
was stabilized against oxidation. Furthermore, this polar res-
idue enhanced the photorepair activity of these photolyases
both in vitro and in vivo. In contrast, substitution of hydro-
phobic residues, such as Ile, at site 377 in these photolyases
adversely affected the stability of HQ. We speculate that these
differential residue preferences at site 377 in photolyase
proteins might reflect an important evolutionary event that
altered the stability of HQ on the timeline from expression of
photolyases to that of cryptochromes.

The cryptochrome/photolyase family (CPF) represents a
large protein family that is widely distributed in all kingdoms
of life (1). Most CPF members contain a flavin adenine
dinucleotide (FAD) cofactor, which may be in different redox
states, such as fully reduced hydroquinone (HQ, FADH"),
neutral semiquinone (SQ) (NSQ, FADH®), anionic SQ (ASQ,
FAD®"), and fully oxidized (OX) state (2). Photolyases are
enzymes that repair UV-induced DNA lesions by using
external light energy. There are two major UV-induced DNA
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lesions, cyclobutane pyrimidine dimers (CPDs) and pyrimi-
dine (6-4) pyrimidone photoproducts (6-4 photoproducts).
These lesions can be recognized and repaired by two types of
photolyases, named CPD photolyases and 6-4 photolyases,
respectively (1, 3). The repair mechanisms of both types of
photolyases are similar that require a FAD cofactor in the HQ
state. Briefly, a photolyase binds to a segment of DNA con-
taining a lesion at first. Then, the lesion is flipped out of the
DNA duplex into the active site of the enzyme to form a
stable complex. The energy of one or two photons is directly
absorbed by the FAD cofactor in the HQ state or transferred
to the cofactor via an antenna cofactor to generate excited
HQ. The excited HQ donates an electron to the lesion to
form a charge-separated radical pair (lesion radical + NSQ).
Finally, the lesion radical is split to give two pyrimidines and
the excess electron returns to the NSQ to restore the HQ
state (3—6). Despite the similarities in the catalytic process,
the substrates of these two types of photolyases are not
interchangeable. The catalytic quantum yields of 6-4 photo-
lyases (0.05—0.10) are much lower than those of CPD pho-
tolyases (0.40-1.00) (3-6). Moreover, some characteristic
functional motifs are found only in 6-4 photolyases but not in
CPD photolyases, such as the phosphate-binding motif, the
Pro-Lys-Leu protrusion motif, and the sulfur loop (7).
Recently, a functional conversion study showed that a 6-4
photolyase can be engineered into a CPD photolyase by
mutagenesis, but the attempt to convert a CPD photolyase to
a 6-4 photolyase was not successful (8). It was proposed that
CPD photolyases are ancestors of CPF instead of 6-4 photo-
lyases (9).

Cryptochromes (CRYs) are the proteins that share highly
homologous sequences and structures with photolyases but
usually lack DNA repair activity (2). Plant CRYs are photore-
ceptors that regulate the blue light—-dependent growth and
development of plants, such as inhibition of hypocotyl elon-
gation, stimulation of cotyledon expansion, and promotion of
floral initiation (10). Animal CRYs can be divided into several
types. Type I animal CRYs (such as dCRY in Drosophila) are
the light-dependent receptors for the entrainment of the
circadian rhythm. Type II animal CRYs (e.g.;, CRY1 and CRY2
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in mouse and human) are light-independent regulatory com-
ponents of the circadian clock (2). Type 0 CRYs are found in
sponges, which may sense light in the primordial eyes of
sponges (11, 12). Type IV animal CRYs are discovered in birds,
amphibians, fish, and reptiles, which may act as light-
dependent magnetosensors (12—14). Phylogenetic analysis
shows that different types of CRYs have diverse evolutionary
histories. Plant CRYs are similar to CPD photolyases, whereas
animal CRYs are closely related to 6-4 photolyases (2, 12, 15).
In contrast to photolyases, plant and animal CRYs do not
possess the HQ but the SQ (NSQ for plant CRYs and ASQ
for type I animal CRYs) in their possible signaling states
(2, 10, 16).

Another type of CRY, named DASH, is found in many
prokaryotes and eukaryotes, which has a close relationship to
the animal CRYs and 6-4 photolyases (2, 12, 17). However,
DASH proteins are highly stable in the HQ state, and some of
them have repair activity for CPDs in ssDNA or dsDNA, which
should be better categorized as a special class of CPD photo-
lyases (18—24). Due to possessing the possible dual function as
DNA repair activity and photoreceptor, DASH proteins may
therefore represent an evolutionary intermediate state between
photolyases and CRYs (23-26). Nevertheless, a number of 6-4
photolyases, such as Phaeodactylum tricornutum 6-4 photo-
lyase (PtCPF1), was shown possessing CRY-like functions,
indicating that they are also intermediates between photo-
lyases and CRYs (27-30).

During the evolution process from photolyases to CRYs, the
functional states of the FAD cofactor are changed from the
HQ to the SQ state. It is intriguing to find out which differ-
ences in the structures of photolyases and CRYs are the key
reasons for the transition of the functional states of FAD. The
most prominent structural differences are found at a site
proximal to the N5 of FAD (Asn378 in Escherichia coli CPD
photolyase [EcCPD], hereafter referred to as site 378). An
asparagine (N) residue is conserved in CPD photolyases, 6-4
photolyases and DASH proteins (31-35). In contrast, an
aspartic acid (D) and a cysteine (C) were found at site 378 of
plant CRYs and type I animal CRYs, respectively. These two
residues were considered to be crucial for stabilizing the NSQ
and ASQ states in plant CRYs and type I animal CRYs (33,
36-40). However, the mutation researches showed that N378D
and N378C mutants of EcCPD did not represent the exact
features of corresponding CRYs (33, 34). These results indicate
that a single residue change is not enough to convert a pho-
tolyase to a CRY, the substitutions of other residues must be
necessary.

In our previous work, it was found that the residues at a site
that is located above the si face of the isoalloxazine ring of the
FAD cofactor (Ala377 in EcCPD, site 377) have an interesting
distribution pattern in the CPF proteins. Most CPD photo-
lyases and DASH proteins contain small or polar residues
such as Ala, Ser, or Asn at this site. Meanwhile, most 6-4
photolyases and animal CRYs contain hydrophobic residues
such as Ile, Leu, or Val at this site (41). It was demonstrated
that replacing Ala377 in EcCPD with hydrophobic residues
impaired the binding affinity for the HQ state FAD.
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Conversely, the FAD cofactor was photoreduced beyond the
ASQ state to the HQ state after extensive illumination in the
dCRY mutants in which the homologous residue at site 377
(Val415) was mutated to polar residues. These results
implicated that the residues at site 377 affect the preferences
of the CPF proteins to the HQ state FAD (41). However, there
are some shortcomings of our previous work. The observed
lower affinity for the HQ state FAD might result from
denaturation of the mutant proteins after prolonged red light
illumination under aerobic conditions. And we found that a
number of 6-4 photolyases with hydrophobic residues at site
377 associate with the HQ state FAD tightly after being
photoreduced. Nevertheless, more CPF proteins are needed
to verify the exact effect of the residues at site 377. In this
study, we focused on site 377 in three representative CPF
proteins (EcCPD, Microcystis aeruginosa DASH (MaDASH),
PtCPF1) to gain deeper insights into the site. Mutants of the
three photolyases at site 377 were constructed and investi-
gated. The results revealed that the residues at site 377 have
an appreciable impact on the HQ stability against oxidation of
these proteins. Based on these findings, we speculated that the
different residue preferences at site 377 in CPD photolyases,
DASH proteins, 6-4 photolyases, and CRYs may reflect a
series of evolutionary events from CPD photolyases to animal
CRYs, with DASH proteins and/or 6-4 photolyases as the
intermediates.

Results
Sequence and structure analyses of the CPF proteins

Photolyases and CRYs belong to the same protein family
named CPF and share many structural features. However, they
have diverse functions accompanied with different functional
states of their FAD cofactors. Photolyases could repair CPDs
or 6-4 photoproducts in DNA only with FAD in the HQ state
(3—6). Meanwhile, plant CRYs and type I animal CRYs require
the NSQ and ASQ to perform their signaling functions,
respectively (2, 10, 16). To elucidate the molecular foundation
of these differences between photolyases and CRYs, sequence
analyses of the CPF proteins were conducted. The phyloge-
netic tree showed that the CPF proteins were divided into
seven main groups as previously reported: class I CPD pho-
tolyases, class III CPD photolyases (including plant CRYs),
DASH proteins, 6-4 photolyases (including animal CRYs),
class II CPD photolyases, FeS-BCP (iron-sulfur bacterial
CRYss and photolyases), and SPL (short photolyase-like)
proteins (Fig. 1) (2, 9, 41, 42). Class II CPD photolyases,
FeS-BCP, and SPL proteins have low sequence homology to
other groups, which formed three separated clusters. In
contrast, class I CPD photolyases, class III CPD photolyases
(including plant CRYs), DASH proteins, and 6-4 photolyases
(including animal CRYs) branched from one node (marked
with an asterisk in Fig. 1) in the tree, indicating that they might
have a common ancestor. Because class I and class III CPD
photolyases are predominantly found in prokaryotes, DASH
proteins are found both in prokaryotes and eukaryotes, 6-4
photolyases are dominantly observed in eukaryotes, we
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Figure 1. Phylogenetic tree with 37 selected CPF proteins. The evolutionary history was inferred by using the maximum likelihood method and 500
bootstrap iterations. Numbers above nodes represent the bootstrap support percentage values. The CPF proteins were divided into seven main groups:
class | CPD photolyases (CPD | PL), class Ill CPD photolyases (CPD Il PL), DASH proteins, 6-4 photolyases (6-4 PL), class Il CPD photolyases (CPD Il PL), FeS-
BCP, and SPL proteins. Plant CRYs, and type 0 to type IV animal CRYs were are clustered as the subgroups of CPD Il PL and 6-4 PL, respectively. The node
contains CPD | PL, CPD Il PL (including plant CRYs), DASH proteins, and 6-4 PL (including animal CRYs) was marker with an asterisk. CPD, cyclobutane

pyrimidine dimer.

proposed that the common ancestor at the node should be a
protein like a class I/III CPD photolyase. DASH proteins might
be intermediates between class I/III CPD photolyases and 6-4
photolyases/animal CRYs. Therefore, a possible evolutionary
route from photolyases to animal CRYs was proposed:
ancestor like a class I/III CPD photolyase — DASH proteins —
6-4 photolyases — animal CRYs. Nevertheless, another
evolutionary route cannot be ruled out, that 6-4 photolyases
were directly evolved from an ancestor like a class I/III CPD
photolyase, and derived various animal CRYs.

Next, we investigated the structural features of the CPF
proteins. Figure 2 shows the aligned structures of the FAD
cofactors and the closely interacting residues of EcCPD (Pro-
tein Data Bank [PDB] ID: 1DNP) (43), Synechocystis DASH
(PDB ID: 1NP7) (17), and Arabidopsis thaliana 6-4 photolyase
(PDB ID: 3FY4) (44). The FAD-binding pocket consisted of
five residues and was highly homologous in CPF proteins (45).
In each structure, a highly conserved salt bridge is formed
between an arginine and an aspartic acid (Arg344 and Asp372
in EcCPD) behind the re face of the isoalloxazine ring of FAD.
An asparagine residue (Asn378 in EcCPD) interacts with N5 of
FAD, which is conserved in CPD photolyases, DASH proteins,
6-4 photolyases, and type II animal CRYs but is replaced with
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an aspartic acid in plant CRYs and with a cysteine in type I
animal CRYs. Two residues are located above the si face of the
isoalloxazine ring (Ala377 and Gly381 in EcCPD). It was re-
ported that the equivalent residue of Gly381 (Gly389 in Syn-
echococcus elongatus CPD photolyase) ensured the kinetic

Figure 2. Structure alignment of the FAD cofactors and the closely
interacting residues of three CPF proteins. The cofactor and residues of
EcCPD (PDB ID: 1DNP) were shown in green stick representations. Those of
Synechocystis DASH (PDB ID: TNP7) and Arabidopsis thaliana 6-4 photolyase
(PDB ID: 3FY4) were shown in cyan and magenta lines, respectively. FAD,
flavin adenine dinucleotide; PDB, Protein Data Bank.
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stability of the NSQ state (19), which is replaced with an
asparagine in DASH proteins, 6-4 photolyases, and type I
animal CRYs and with a serine in many type II animal CRYs.
Sequence alignments showed that the distribution of the res-
idues at site 377 has an interesting pattern in the CPF proteins.
About 86% of CPD I/III photolyases have residues with small
or polar side chains, such as Ala, Ser, and Asn, at this site.
About 90% of DASH proteins contain Ser at this site. By
contrast, ~91% of 6-4 photolyases and all animal CRYs have
bulky hydrophobic residues such as Ile, Leu, and Val at this site
(41). Above all, only Ala377 have greater diversity in different
CPF proteins, especially between CPD photolyase and 6-4
photolyase family.

In our previous study, it was found that the presence of
polar residues at site 377 increased the preferences of EcCPD
and dCRY (a type I animal CRY) for HQ, while the presence of
hydrophobic residues had an adverse effect (41). In this work,
we conducted an intensive investigation on the effect of site
377 on the stability of HQ in three selected photolyases:
EcCPD, a representative of class I/III CPD photolyases with
Ala at this site; MaDASH, a representative of DASH proteins
with Ser (Ser386) at this site; and PtCPF1, a 6-4 photolyase
with Ile (Ile423) at this site. The sequence alignment of these
three proteins was shown in Fig. SI.

Spectroscopy of the WT and the mutant photolyases

WT EcCPD and the A377S, A377N and A3771, A377L,
A377V mutants were purified with the antenna cofactor
methyltetrahydrofolate (MTHF) and with most of the FAD
cofactor in the NSQ state. The fresh purified A377I mutant

also showed absorption peaks around 450 nm, indicating that
it contained some OX state FAD. For the convenience of
spectroscopic analyses, the MTHF cofactor in these proteins
was removed by water washing and sodium borohydride
treatment (46, 47). The absorption peak of the D, to D;
transition of the NSQ in EcCPD (584 nm) was blue-shifted to
582 nm in A377S and to 580 nm in A377N; conversely, in
A3771, A377L, and A377V about this absorption peak was
red-shifted to 588 nm, 589 nm, 587 nm, respectively (Figs. 34
and S2, black lines). Nevertheless, the absorption peak of the
So to S; transition of the OX in EcCPD (443 nm) was blue-
shifted to 441 nm in A377S and was red-shifted to 447 nm
in A3771 and A377V, and to 448 nm in A377L (Figs. 3A and
S2, red lines).

Purified MaDASH and its Ser386 mutants also contained
the antenna cofactor MTHF that had strong absorption at
~384 nm (the insets of Fig. 3B). The MTHF cofactor could be
decomposed by photobleaching (48). However, we had found
that this treatment would change the structure and the redox
properties of the proteins. Therefore, these proteins were
analyzed without removing the MTHF cofactor. The FAD
cofactor in the fresh purified MaDASH and the S386N mutant
was mainly in the HQ and NSQ states, which showed that
these proteins had high HQ stability against oxidation.
Meanwhile, the fresh S386A and S3861, S386L, S386V mutants
contained some amounts of the OX in addition to the NSQ
and HQ, indicating that their HQ stability was impaired. The
absorption peak of the Dy to D; transition of the NSQ in
MaDASH was significantly red-shifted to 594 nm compared
with that in EcCPD (584 nm). In the S386A and S386I mu-
tants, this absorption peak was further red-shifted to 596 nm

A \ 443nm EcCPD 441 nm A377S ;443 nm A377N 447.nm A3771
\ N N\ \ A p/ N
g o10] /| [\ A VN J
S [/ N/ [/
3 V| /) ara
g \ \ |
o |
-g 0.05 ‘ 584 nm / ‘\‘ 580 nm
< \ \ \
0.00 1S \ \
400 500 600 700 400 500 600 700 400 500 600 700 400 500 600 700
B Wavelength (nm)
| S386A \“w‘fa"m /\ MaDASH S386N gyoinm S3861
@ 0.10 \ )
N \\ 02 \ = \ 02
© \ N\
2 .0 oo 3 0 0
o 0.05 400 500 600 700 | 400 500 600 70Q 400 500 600 700 400 500 600 700
B 600 nm
< 596 nm 594 nm 589 nm \\
0.00 — —
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@ 0.10
o ﬂ
g V
o 0.05
2 oy | 594 nm
< 587 nm 585 nm \\
0.00 - ~
500 600 700 400 500 600 700 400 500 600 700

Wavelength (nm)

Figure 3. Absorption spectra of photolyases and their mutants. A, EcCPD and its mutants, (B) MaDASH and its mutants, and (C) PtCPF1 and its mutants.
The black lines were of fresh proteins and the red lines were of fully oxidized proteins. The representative absorption peaks of the HQ, SQ, and OX states FAD
were indicated. All spectra were recorded with ~10 uM of the proteins. FAD, flavin adenine dinucleotide; HQ, hydroquinone; OX, oxidized; SQ, semiquinone.
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and 600 nm, respectively. In contrast, the NSQ peak in the
S386N mutant was blue-shifted to 589 nm (Fig. 3B, black
lines). The absorption peak of the S to S; transition of the OX
in MaDASH was at 448 nm, which was barely changed in its
Ser386 mutants (Fig. 3B, red lines).

PtCPF1 and its 1423A, 1423L, and 1423V mutants were
isolated with the FAD cofactor in a mixture of the NSQ and
OX states, without any antenna cofactor (Figs. 3C and S2). The
spectra of the fresh purified 1423S and 1423N mutants showed
that they had absorption peaks at ~371 nm (Fig. 3C, black
lines). There was no evidence that these mutants contained an
antenna cofactor because the oxidized 1423S and 423N pro-
teins showed the typical spectra of the protein-bound OX
without an additional peak at ~371 nm (Fig. 3C, red lines).
Nevertheless, the spectra of the "fresh” 1423S and 1423N pro-
teins could be reproduced with the oxidized proteins when
they were photoreduced and partially oxidized again. There-
fore, the peaks at ~371 nm are indicative of the presence of
HQ in the fresh 1423S and 1423N proteins, implying that these
two mutants had significantly improved HQ stability. The
absorption peak of the Dy to D; transition of the NSQ in
PtCPF1 (594 nm) was blue-shifted in 1423A (590 nm), 1423S
(587 nm), and 1423N (585 nm) (Fig. 3C, black lines). The ab-
sorption peak of the Sy to S; transition of the OX in PtCPF1
(448 nm) was blue-shifted in 1423S (444 nm) (Fig. 3C, red
lines).

Photoreduction of the WT and the mutant photolyases

Photolyases need HQ to perform their repair functions
(3—6). The FAD cofactor of photolyases in the OX or the NSQ
state can be photoreduced to the HQ state in the presence of
external electron donors such as DTT (49). To investigate the
effect of the residues at site 377 on photoreduction, the
quantum yields of photoreduction from NSQ to HQ in the
WT and mutant photolyases were determined. The protein
samples were supplemented with 10 mM DTT and illuminated
under anaerobic conditions with a red LED lamp (Aax
~632 nm), which exclusively excites the NSQ. The spectra of
the samples were recorded at intervals. The fraction of the
NSQ remaining at time ¢ ([NSQ],/[NSQ]o) was fitted with a
single-exponential equation:

[NSQJ, / [NSQ]y=e*" 1)

Where k, is the photolytic constant and [ is the irradiance in
W m™> The quantum yield of photoreaction (@) could be
obtained by the equation (50):

@ =5.2x10%k, (m*] )N (mm)e™ (M em) (2)

Where A is the wavelength of illumination, and ¢ is the molar
extinction coefficient at A.

The photolytic constants and the calculated quantum
yields of photoreduction are listed in Table 1. It was found
that the A377S and A377N mutants showed higher quantum
yields (0.064 and 0.100) than EcCPD (0.049), which was very
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Table 1

Photoreduction of the wild-type and mutant photolyases from NSQ
to HQ

Protein 632 M em™) ® ky (% 10074 m2 )P ¢
EcCPD 4060 242 +0.14 0.049 + 0.003
A377S 3950 3.06 + 0.17 0.064 + 0.004
A377N 3170 3.84 + 0.89 0.100 + 0.023¢
A3771 5390 0.71 + 0.15 0.011 + 0.002¢
A377L 4251 0.31 + 0.08 0.006 + 0.002¢
A377V 4040 0.90 + 0.03 0.018 + 0.001¢
MaDASH 4420 0.57 + 0.07 0.011 £ 0.001
S386A 4720 0.43 + 0.09 0.007 + 0.002°
S386N 4230 0.46 + 0.03 0.009 £ 0.001
S3861 4390 0.24 + 0.05 0.004 + 0.001°¢
S386L 5032 043 + 0.04 0.007 + 0.001°
S386V 4368 041 + 0.11 0.008 + 0.002°
PtCPF1 5080 7.39 = 0.66 0.120 £+ 0.011
1423L 4323 6.09 + 3.60 0.116 + 0.068
1423V 4670 8.91 + 0.05 0.157 + 0.001
1423A 4820 7.39 + 045 0.126 + 0.008
1423S 3530 7.15 + 0.16 0.167 + 0.004
1423N 3910 7.62 + 1.27 0.160 + 0.027

“ €632, the molar extinction coefficient at the wavelength of illumination, 632 nm.

b ky, the photolytic constant.

¢ @, the quantum yield of photoreduction.

4 p < 0.05 versus EcCPD.

¢ p < 0.05 versus MaDASH.

/p < 0.05 versus PtCPF1. Data are mean + SD, n =3. Statistical analyses were one-way
ANOVA, post-hoc Tukey test.

similar to quantum yields (0.059) in early research (51).
However, the quantum yield of the mutant A3771 (0.011),
A377L (0.006), and A377V (0.018) were dramatically
impaired (p < 0.05). The photoreduction quantum yield of
MaDASH was only 0.011. The quantum yields of the S386A
and S386N mutants (0.007 and 0.009) were comparable to
MaDASH but that of the S3861 mutant (0.004) was much
lower (p < 0.05). Under the same conditions, PtCPF1 had an
obviously higher quantum yield (0.120) compared with the
other photolyases. The quantum yields of 1423S (0.167) and
1423N (0.160) were even higher than that of PtCPF1, although
the significant difference was only between those of 1423S and
PtCPF1 (p < 0.05).

Oxidation kinetics of the WT and the mutant photolyases

To further explore the roles of site 377, the oxidation ki-
netics of the WT and the mutant photolyases were investi-
gated. The protein samples were quickly photoreduced to the
HQ state and were then allowed to be oxidized under aerobic
conditions in the dark. The absorption spectra were recorded
at intervals. The time-dependent fractions of the HQ, NSQ,
and OX in each sample were calculated according to the
spectra. Representative results are shown in Figures 4 and
S3-S7.

The kinetics of the HQ and NSQ components were analyzed
according to the following schemes (19):

1(1 k2
HQ — NSQ—0X

1(3
HQ—>0X

Assuming each step proceeded with the irreversible first-
order kinetics, the time-dependent concentrations of the HQ
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Figure 4. Oxidation kinetics of photolyases and their mutants. A, EcCPD and its mutants, (B) MaDASH and its mutants, and (C) PtCPF1 and its mutants.
The time-dependent concentrations of the HQ (blue box), NSQ (magenta circle), and OX (yellow triangle) in each sample were shown. For all samples, the
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and NSQ components could be simulated by the following
equations:

[HQ], = [HQJ,e k4" (3)

ky

—(ky+ks)t _ ,—kot +INS —kot
Oky—(ky1+ks) ¢ ¢ INSQoe

(4)

INSQJ, = [HQ|

Where the indices 0 and ¢ specify the concentrations of the
HQ and NSQ at ¢t = 0 and ¢. The item [NSQ], was added to
address any NSQ component that was not reduced at ¢ = 0.
The fitting results are shown in Table 2. Among three WT
photolyases, PtCPF1 had the highest oxidation rate of HQ (k; +
ks = 24.22 x 10~* s71). This was in accordance with the obser-
vations that many 6-4 photolyases were oxidized much faster
than CPD photolyases during purification (52—56). The results
also revealed that substituting different types of the residues at
site 377 in these proteins affected the stability of HQ toward
oxidation in different manners. Among each WT photolyase
and their respective mutants, the proteins containing the hy-
drophobic residue Ile, Leu, and Val at site 377 (in EcCPD,
MaDASH, and WT PtCPF1) had the highest oxidation rates of
HQ. Meanwhile, the proteins containing polar residues such as
Ser or Asn at this site always had the lower oxidation rates of
HQ. The oxidation rates of the HQ in the proteins containing
Ala at this site were at intermediate levels among these proteins.
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For EcCPD and PtCPF1 and their mutants (except for
A3771, A377L, and A377V), their rate constants of direct
oxidation from HQ to OX (k3) were negligible, which revealed
that HQ in these proteins was oxidized in a sequential manner.
However, direct oxidation from HQ to OX contributed a
significant part of the HQ oxidation in MaDASH and its
mutants. The effect of residue substituting at site 377 on the
oxidation rates of NSQ (k) in these proteins was obscure. The
A377N mutant had a lower oxidation rate of NSQ compared
to its WT. But in most of the other mutants, the k, values were
largely elevated. It might be due to that the stability of NSQ
was very sensitive to the subtle changes in the structures of the
mutants.

Repair activity of the WT and the mutant photolyases in vitro

The effect of residue substituting at site 377 on the repair
activity of the photolyases in vitro was investigated. The results
were shown in Table 3 and Figs. S8, S9. For three kinds of
photolyase, a longer initial lag phase was observed in mutants
with Ile, Leu, and Val residues. Interestingly, WT photolyase
and its mutants had significant differences on repair rates and
quantum vyields for CPD lesions in DNA. In EcCPD and
MaDASH photolyase, the repair activity of mutant with hy-
drophilic residues was higher than that with hydrophobic
amino acids, and the apparent quantum yield was much more
than that of the latter. The repair function of mutant A377S
and A377N were enhanced but A3771, A377L, and A377V had
the exactly opposite effect. Moreover, the repair rates of the
S3861 mutants were obviously lower than that of MaDASH
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Table 2
The oxidation kinetics of the WT and mutant photolyases

Protein ki + k3 (x 107 s7h) ki (x 107*s7h) ks (x 107*s71) ky (x 107°s71)
EcCPD 4.94 + 0.74 4.65 + 0.51 0.29 2.16 + 0.08
A377S 2.70 + 0.34 2.60 + 0.30° 0.10 2,67 + 0.76
A377N 3.53 + 0.46 343 + 0.57 0.10 1.56 + 0.03
A3771 28.31 + 2.05° 21.50 + 0.76 6.81 439 + 2.69
A377L 24.00 + 4.04* 14.30 + 5.62° 9.67 142 + 0.29
A377V 15.80 + 0.28° 6.00 + 0.01 8.38 5.18 + 0.04
MaDASH 4.19 + 0.93 2.24 + 0.94 1.95 6.82 + 0.33
S$386A 12.40 + 1.70° 10.80 + 1.08" 1.60 51.02 + 3.60°
$386N 6.30 + 0.14 2.60 + 0.42 3.70 18.78 + 1.54°
$3861 30.13 + 4.29° 2622 + 5.42° 3.91 30.31 + 0.28"
S386L 12.40 + 2.19° 2.10 + 0.52 10.30 443 + 0.57
$386V 11.51 + 2.32° 9.32 + 1.51" 2.19 833+ 1.72
PtCPF1 24.22 + 0.44 24.13 + 0.65 0.09 743 + 0.15
1423L 20.60 + 2.17 18.45 + 10.60 2.14 18.73 + 1.59
1423V 8.63 + 1.45° 9.72 + 0.67° -1.08 10.51 + 1.72
1423A 12.20 + 0.98¢ 11.81 + 1.09¢ 0.39 16.03 + 0.22
1423S 6.44 + 0.06° 6.32 + 0.97° 0.12 16.39 + 0.16
423N 1.87 + 0.12% 2.22 + 0.21¢ -0.35 80.51 + 1.30°

“ p < 0.05 versus EcCPD.
bp < 0.05 versus MaDASH.

€ p < 0.05 versus PtCPF1. Data are mean + SD, n =3. Statistical analyses were one-way ANOVA, post-hoc Tukey test.

and S386N. The initial lag phase of the S3861 mutant was
longer and the repair activity was dramatically impaired. It was
found the quantum vyield of MaDASH (0.111, with the MTHF
cofactor) for CPDs in oligonucleotide was lower than that of
EcCPD (0.503, without MTHF, which was similar to that of
0.626 reported by Payne G & Sancar A (57)). In addition,
PtCPF1 and its mutants had similar rates and quantum yields
during repairing 6-4 photoproducts in DNA, but the initial lag
phases of PtCPF1 and 1423A were longer compared to those of
1423S and I1423N.

Repair activity of the WT and the mutant photolyases in vivo

To verify whether the residues at site 377 affect the pho-
torepair activity in vivo, the genome of E. coli MG1655 was
edited using the CRISPR-Cas9 system to express A377S,
A377N, and A3771 and KO Aphr mutant of EcCPD. The WT
and the mutant strains were irradiated with UVC and then

illuminated under 380 nm UVA light to conduct photorepair.
The repair kinetics were analyzed through the survival rate in
unit time, which was calculated by the ratio of initial UVC-
untreated CFUs (CFU,) and UVC-treated CFUs. As shown
in Table 4, Figs. 5 and S10, the photorepair activity in the
mutant strains was comparable to that in the WT MG1655
strain. Due to having no photolyase gene, the survival rate of
Aphr mutant kept much lower level than other strains. And,
compared to E. coli MG1655, the photorepair activity of
A377S and A377N remained almost the same but that of
A3771 performed obviously a lower level, which was nearly
consistent with repair activity of the WT and the mutant
photolyases in vitro. It was shown that the hydrophilic amino
acids at 377 site indeed had enhanced effect on the photo-
repair activity of CPD photolyase but hydrophobic residues
play an impaired role of repair rate of CPD photolyase
in vivo.

Table 3
Photorepair activity of the WT and mutant photolyases in vitro

Protein £350 M ecm™) ® lag (s) b ky (% 103 m?JY)© @!
EcCPD® 4444 63.41 + 2041 1.59 + 0.13 0.503 * 0.041
A3775¢ 4213 51.97 + 8.10 1.58 + 0.16 0527 + 0.053
A377N° 4113 25.95 + 9.30' 1.75 + 0.02 0.598 + 0.007"
A3771° 5349 248.92 + 32.30' 0.65 + 0.08' 0.171 + 0.021°
A377L¢ 4831 216.67 +16.02' 1.27 + 0.10 0.369 + 0.029'
A377V¢ 4844 399.87 + 63.80" 0.46 + 0.09' 0.133 + 0.026'
MaDASH 39,300 -2.49 + 2,01 3.16 + 0.09 0.111 + 0.032
S$386A 41,000 1.98 + 4.31 1.28 + 0.048 0.043 + 0.012¢
$386N 38,200 -3.84 + 0.45 1.78 + 0.038 0.064 + 0.010°
$3861 40,400 90.41 + 31.12¢ 0.08 + 0.018 0.029 + 0.004%
PtCPF1 5690 12.80 + 3.21 0.26 + 0.03 0.064 + 0.007
1423A 5520 23.95 + 497" 0.27 + 0.01 0.074 + 0.001
1423S 5500 442 + 0.69" 0.30 + 0.02 0.068 + 0.003
423N 5300 2.95 + 0.32" 0.27 + 0.02 0.068 + 0.004

“ €380, the molar extinction coefficient at the wavelength of illumination, 380 nm.

® The initial lag phase time was estimated as the abscissa-intercept of the fitted line.
¢ kp, the photolytic constant.

4 @, the quantum yield of photorepair.

¢ The MTHF cofactor was removed.

fp < 0.05 versus EcCPD.

¢ p < 0.05 versus MaDASH.

h p < 0.05 versus PtCPF1. Data are mean + SD, n =3. Statistical analyses were one-way ANOVA, post-hoc Tukey test.
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Table 4
Photorepair activity of the WT and mutant photolyases in vivo

Protein E.coli MG1655 A377S A377N A3771 Aphr
Activity ( x 1072 sec™) 0.336 + 0.041 0.345 + 0.004 0.322 + 0.009 0.226 + 0.070° 0.063 + 0.007°

“ p < 0.05 versus E. coli MG1655.

Discussion

In this study, we investigated three representative photo-
lyases (EcCPD, MaDASH, and PtCPF1) and the roles of
different residues at site 377. It was found that in PtCPF1,
which contained a hydrophobic residue Ile at site 377, the HQ
FAD oxidized much faster than that in the other two ones.
Nevertheless, the mutants containing polar residues such as
Ser or Asn generally had higher photoreduction quantum
yields and lower oxidation rates of HQ compared with their
respective WT, and for the mutants containing the hydro-
phobic residue Ile at site 377, the opposite was always true.
Most importantly, it was shown that the hydrophilic amino
acids at 377 site enhanced the photorepair activity of CPD
photolyase but hydrophobic residues play an opposite role of
repair rate in vitro and in vivo. These results demonstrated that
the residues at site 377 could turn the stability of HQ. As
previously reported, 377 site of most photolyases were
preferred to choose Ala, Asn, and Ser residues but the fre-
quency of Ile, Leu, and Val were at a low level under natural
conditions (41). Why 377 site have a preference for hydrophilic
amino acids in photolyase? What is the mechanism of HQ
stability? We speculated that there is an interaction between
377 site and pyrimidine ring of FAD. Because of N atom of
pyrimidine containing a certain extent polarity, FADH™ with
negative charge could attract to hydrophilic residues and sta-
bilize construction FAD-binding pocket. Adversely, hydro-
phobic amino acids would have a repulsive interaction to
FADH™ pyrimidine so that decline affinity of fully reduced
FAD cofactor and protein. The stable FADH™ is crucial to
repair DNA lesions for photolyase, which perhaps explains
why polar residues always occur in 377 site. Just as the pho-
torepair experiment showed that the activity of EcCPD pho-
tolyase with Ala, Asn, and Ser at 377 site were obvious superior
to these protein with hydrophobic residues in vitro or in vivo.
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Figure 5. The photorepair kinetics of in vivo photorepair kinetics of
E. coli MG1655 (m) and A377S (e), A377N (a), A3771 (v), Aphr (e). The
survival was plotted versus the illuminating time. Each point represents
three data measurements, and the bars represent the SDs.
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Both CPD and 6-4 photolyases require the HQ FAD for
catalysis (3—6). Therefore, the stable HQ state would be of
benefit in maintaining the activity of photolyases. Indeed, most
CPD photolyases (including DASH proteins) have the residues
with small or polar side chains (Ala, Ser, and Asn) at site 377.
However, most of 6-4 photolyases, including PtCPF1, con-
tained hydrophobic residues at site 377, which would desta-
bilize the HQ state. Actually, although the WT PtCPF1 and its
mutants at site 377 had similar repair rates and quantum
yields, the initial lag phase of the WT was a bit longer than
those of the mutants containing Ser or Asn at site 377. It was
also found that the mutants of EcCPD and MaDASH con-
taining Ile, Leu, and Val at site 377 had longer initial lag
phases. The physiological significance of the presence of hy-
drophobic residues at site 377 in most of 6-4 photolyases re-
mains unclear. Perhaps it might be beneficial to the primitive
CRY activity of some 6-4 photolyases (27-30).

As most 6-4 photolyases, animal CRYs also contain hydro-
phobic residues at site 377. It was showed that WT dCRY
could only be photoreduced to the ASQ state. But its V415S
and V415N mutants (Val415 is the equivalent residue at site
377) could be further photoreduced to the HQ state, indicating
the stability of the HQ was increased in these mutants (41).
Therefore, the roles of the residues at site 377 on the stability
of HQ might be universal throughout the CPF proteins. The
occurrence of hydrophobic residues at site 377 should be an
important event during the evolution of animal CRYs from
photolyases, which might help animal CRYs to utilize the SQ
state as their possible signaling states.

A common effect of residue substituting at site 377 was on
the spectra of the proteins. Replacement of the residue at site
377 with the hydrophobic residue Ile generally led to a red-
shift of the absorption peaks of FAD. Meanwhile, in the mu-
tants containing the polar residues such as Ser or Asn, the
peaks of FAD were blue-shifted. We speculated that the hy-
drophobic residue at site 377 might disperse the electron in the
isoalloxazine ring of FAD, causing more extended delocaliza-
tion of the m-electron system. The repulsive force between the
hydrophobic residue and the polar isoalloxazine ring might
also destabilize the electron-rich HQ state. In contrast, the
polar residue at site 377 might attract the electron in the
isoalloxazine ring, causing less extended delocalization of the
ni-electron system, and stabilize the HQ state.

It is interesting that although PtCPF1 has a lower HQ sta-
bility, it has a higher photoreduction quantum yield compared
to the other photolyases. It seems that PtCPF1 has gained
improved photoreduction ability during evolution to
compensate its lower HQ stability. It was also found that dCRY
and other type I animal CRYs have high photoreduction
quantum yields (37), which may contribute to their highly
photosensitivity. It was found that 6-4 photolyases contain
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some distinct structural features, such as the phosphate-
binding motif, the Pro-Lys-Leu protrusion motif, and the
sulfur loop, which also found in animal CRYs (7). The sulfur
loop is located near the external end of the Trp electron
transfer chain for photoreduction. The electron-rich sulfur
residues in the sulfur loop (such as Met318 and Cys324 in
A. thaliana 6-4 photolyase, Met331 and Cys337 in dCRY) may
facilitate the photoreduction of 6-4 photolyases and animal
CRYs (7). In PtCPF1, the corresponding residues are Met340
and Ala346; the former may act as the electron donor.
Nevertheless, besides the classic Trp triad that is conserved in
many photolyases and CRYs, a fourth electron-transferring
Trp was exclusively found in 6-4 photolyases and animal
CRYs, including PtCPF1 and Drosophila CRY (58). The fourth
electron-transferring Trp might also increase the photore-
duction efficiency of 6-4 photolyases and animal CRYs.

The phosphate-binding and Pro-Lys-Leu protrusion motifs
of 6-4 photolyases constrict the entrance to the substrate-
binding cavity above the FAD cofactor (7). These structures
may help 6-4 photolyases hold FAD tightly even in the un-
stable HQ state. During the repair reaction of the 6-4 photo-
product, there is a transient water molecule or a hydroxyl
group to be transferred to the 3’ base (59, 60). The constricted
binding cavity may be crucial for the catalysis. In FeS-BCP
proteins, a long linker after helix-a7 that wraps around the
active site may perform a similar function (61, 62). Therefore,
the failure to convert a CPD photolyase to a 6-4 photolyase (8)
may be due to the absence of these structural features in CPD
photolyases.

It was observed that the NSQ oxidation rates of MaDASH
and PtCPF1 were faster than that of EcCPD. This difference
might not be attributed to the residues at site 377 because the
mutants of this site had different effects on the oxidation rates
of NSQ. Other structural differences might be responsible for
the changes of the oxidation rates of NSQ. One candidate is
site 381 (Gly381 in EcCPD, Asn390 in MaDASH, and Asn427
in PtCPF1), which was proved to affect the kinetic stability of
the NSQ state (19). During the evolution route from photo-
lyases to animal CRYs, these changes might have happened:
class I/III CPD photolyases (with highly stable HQ state, highly
stable NSQ state) — DASH proteins (with highly stable HQ
state, low stable NSQ state) — 6-4 photolyases (with low stable
HQ state, low stable NSQ state) — animal CRYs (with no
stable HQ state, low stable SQ state). The faster oxidation rates
of SQ enable CRYs to recover to the OX state quickly in dark.
Further investigation on key residues that are different in
photolyases and CRYs may shed new light on the evolutionary
route between them.

Experimental procedures
Sequence analyses

Sequences of the CPF proteins were retrieved from the Na-
tional Center for Biotechnology Information (NCBI, http://www.
ncbinlm.nih.gov). Multiple sequence alignments were per-
formed using Clustal W with Identity protein weight matrix (63).
Phylogenetic analyses and tree constructions were performed
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using MEGA 7.0 (http://www.megasoftware.net) with the
maximum likelihood function (64). The final phylogenetic tree
was constructed with 37 selected sequences. The reliability of the
final tree was evaluated using 500 bootstrap iterations.

Cloning, mutagenesis, expression, and purification

The plasmid phr(N + X) harboring the E. coli phr gene was
used to overexpress EcCPD (46). The algae strains
M. aeruginosa and P. tricornutum were purchased from the
Freshwater Algae Culture Collection at the Institute of Hy-
drobiology. The M. aeruginosa DASH gene was obtained by
PCR with genomic DNA of M. aeruginosa as the template. The
P. tricornutum 6-4 photolyase gene (PtCPFI) was obtained by
RT-PCR with total RNA of P. tricornutum as the template. The
two genes were cloned into pET22b, to obtain the plasmid
pMAdash and pPT64, respectively. Site-directed PCR muta-
genesis was used to generate the mutants of EcCPD (A377S,
A377N, A3771, A377V, and A377L), of MaDASH (S386A,
S386N, S386l, S386V, and S386L), and of PtCPF1 (I1423A,
1423S, 1423N, 1423V, and 1423L). The recombinant plasmids
were transformed into competent BL21(DE3) or Rosetta(DE3)
cells (Novagen). The cells were grown at 37 °C in LB medium
containing 100 pug ml™" ampicillin. When A4y reached 0.8 to
1.0, protein expression was induced with 1 mM IPTG. The
cells were further incubated overnight at 20 °C and then
harvested and disrupted by sonication in lysis buffer (50 mM
Tris—HCl, pH 7.2, 100 mM NaCl, and 10% glycerol). The
proteins were purified using Ni**-chelating sepharose (GE
Healthcare) and size-exclusion chromatography on a Superdex
200 10/300 GL column (GE Healthcare). For EcCPD and its
mutants, the MTHF cofactor could be removed by washing
with deionized water (46) and then with 20 mM sodium
borohydride (47) during the first purification step. The purified
proteins were stored in protein buffer containing 50 mM Tris—
HCI, pH 7.2, 200 mM NaCl, 1 mM EDTA, and 10% glycerol.

UV-visible spectroscopy

UV-visible spectra from 750 to 200 nm were recorded on a
UV-1800 spectrophotometer with a temperature controller
(Shimadzu). During spectrum recording, the protein sample
was injected into a semimicro quartz cuvette of 800 pl, and the
temperature was held at 18 °C. The molar extinction co-
efficients of the different redox states of the flavin cofactor in
the proteins were calculated using the spectra taken before and
after boiling and using the extinction coefficient of released
free FAD,y (€450 = 11,300 uM ™ ecm ™).

Quantitative analyses of photoreduction

The photoreduction processes from NSQ to HQ in various
protein samples were monitored. The fresh samples were used
that were partially in the NSQ state. Before photoreduction,
10 mM DTT was added to the protein samples. The samples
were then bubbled with argon for 10 min and sealed with
paraffin oil. A red LED (A, ~632 nm) was used as the light
source. Its irradiance was determined by a spectral irradiance
colorimeter (OHSP-350, Hopoocolor). The absorption spectra
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were monitored at intervals by which the quantum yields of
the photoreaction were calculated.

Quantitative analyses of oxidation

Each protein sample was quickly photoreduced in the
presence of 10 mM DTT under a mixture of blue and red light
(446 nm and 632 nm) in an ice-water bath. The photoreduced
sample was put into the UV-1800 spectrophotometer with a
temperature-controlled cell holder and oxidized under aerobic
conditions. The temperature was set at 18 + 0.5 °C. The ab-
sorption spectra were automatically recorded at intervals. For
EcCPD, PtCPF1, and their mutants, the HQ, NSQ, and OX
components at each interval were quantified from the spec-
trum by multiple linear regression using the molar extinction
coefficient spectra of those components as the independent
data (53). For MaDASH and their mutants, this approach was
not feasible because of the absorption of the antenna cofactors
in these proteins hampered us to obtain the molar extinction
coefficient spectra of their FAD components accurately.
Instead, the time-dependent changes of the absorption peaks
at ~580 to 600 nm in these proteins were used to calculate the
kinetics of NSQ. And the time-dependent changes of the
isobestic points of the NSQ and the OX at ~485 to 495 nm in
these proteins were used to infer the kinetics of the HQ.

Activity assays in vitro

The activity of EcCPD, MaDASH, PtCPF1, and their mu-
tants was measured using the methods adapted from a previ-
ous study (41). Oligo-thymidylate (oligo(dT),s) was dissolved
in water and irradiated with 254 nm UVC light to form ~3.5
dimers (containing both CPDs and 6-4 photoproducts) per
molecule. The MTHF cofactor of EcCPD and its mutants was
removed prior to the assays. For EcCPD, MaDASH, and their
mutants, the activity was assayed in a 600 pl system with
0.1 uM of each protein, 10 uM UV-oligo(dT);s, and 1 mM
DTT in the protein buffer. For PtCPF1 and their mutants, the
assay system contained 0.5 puM of each protein, 10 uM UV-
oligo(dT);6, and 1 mM DTT. The samples were illuminated
with a UVA LED (A,,.x ~380 nm, irradiance of ~150 W m™2).
Absorption changes at 265 nm and 325 nm were recorded to
determine the activities of the CPD and 6-4 photolyases,
respectively.

Genome editing to make mutations of E. coli CPD photolyase

The pTargetF and pCas9 plasmids (Genscript) were used to
edit the genome of the E. coli MG1655 strain (65). To lower
the risk of repeated cutting the target sequence by single guide
RNA (sgRNA)-Cas9 complex during making point mutations,
a two-round genome editing protocol was used (66). Two sets
of plasmids derived from pTargetF were constructed. The first
set of plasmid pTargetF-phr expresses sgRNA with the original
20 bp protospacer (Nyg) sequence of the E. coli phr gene
(GGTGATTTGGCAGCCAATAA) before a protospacer
adjacent motif. Plasmid pTargetF-phr also provides a donor
DNA containing the upstream and downstream sequences of
the original Ny, sequence of the E. coli phr gene and an
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inserted new Ny sequence CAGCTCTCGGCACTGTAATC
between them. The new Ny, sequence was the artificial
sequence as a protospacer of second round editing that had no
chance to match anywhere in the original E. coli genome. The
second set of plasmids pTargetF-A377S, pTargetF-A377N, and
pTargetF-A3771 express sgRNA with the new N, sequence
and provide donor DNA sequences of the corresponding
mutant photolyases, respectively. To edit the genome, E. coli
cells were electrotransformed with plasmid pCas9 and grown
at 30 °C in LB with 50 pg ml™'kanamycin. Arabinose of 10 mM
was added to the culture when the Agyy reached 0.1 to induce
the A-Red recombinases, which could to improve the recom-
bination efficiency. In the first round, plasmid pTargetF-phr
was electrotransformed and spread onto a LB plate containing
50 pug ml™" kanamycin and 50 pg ml™' spectinomycin. After
incubation at 30 °C overnight, transformants were picked and
verified whether the original N,, sequence had been replaced
by the new N,, sequence in the E. coli genome. To cure
plasmid pTargetF-phr, the correct colonies was cultured at
30 °C in LB with 50 pg ml™" kanamycin and 0.5 mM IPTG.
The second round editing was performed using plasmids
pTargetF-A377S, pTargetF-A377N, and pTargetF-A3771 to
obtain the A377S, A377N, and A377I mutant strains, respec-
tively. To cure plasmid pCas9, cells was cultured at 43 °C
overnight in LB.

Determination of photolyase activity in vivo

The photolyase activity of the WT E. coli MG1655 and the
A377S, A377N, and A377I mutant strains was investigated
using a method adapted from previous work (67). These
strains were cultured at 37 °C to stationary phase (Agoo ~ 3.0).
The cells were harvested, washed, and diluted to a proper scale
with saline solution. The cell suspensions were irradiated by
254 nm UVC light to give a dose ~80 J m 2. Then, the samples
were illuminated under a 380 nm UVA LED (A, ~380 nm,
irradiance of ~150 W m’z) up to 90 min. At regular intervals,
aliquots of the illuminated samples were withdrawn and
spread onto LB plates. The activity of WT photolyase and the
mutants in vivo was calculated according to the survival rates
before and after illumination.

Data availability

All data are contained within the article. Sequences of the
CPF proteins are available at the National Center for
Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.
gov). The protein structures used in this study are available
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