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Photolyases (PHRs) and cryptochromes (CRYs) belong
to the same family known as blue-light photoreceptors.
Although their amino acid sequences and corresponding
structures are similar to each other, they exert different
functions. PHRs function as an enzyme to repair UV-
induced deoxyribonucleic acid (DNA) lesions such as a
cyclobutane pyrimidine dimer (CPD) and a (6-4) photo-
product ((6-4)pp), whereas CRYs are a circadian photo-
receptor in plants and animals and at the same time they
control the photoperiodic induction of flowering in
plants. When a new type cryptochrome was identified, it
was assumed that another type of CRYs, cryptochrome-
DASH (CRY-DASH), which is categorized as a subfamily
of photolyase/cryptochrome family, would possess the
DNA photolyase activity. However, CRY-DASH had a
weak DNA photolyase activity, but the reason for this is
still unclear. To clarify the reason, we performed molecu-
lar dynamics (MD) simulations for a complex of CPD-
PHR or CRY-DASH with damaged double-stranded
DNA (dsDNA) and estimated the binding free energy,
AG,,..» between the protein and the damaged dsDNA by
using a molecular mechanics/Poisson—Boltzmann surface
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« Significance »

If the UV-induced DNA damages are not repaired, they inflict enormous damage on life. The photolyases have the DNA repair function and the
existence of that has been identified in the species from bacteria to plant. The homolog of photolyases, cryptochrome-DASH, has been identified
in human. However, cryptochrome-DASH did not indicate the repair quantum yield of equality to photolyases. To clarify that reason, we investi-
gated the duplex DNA binding affinity for photolyases and cryptochrome-DASH by using molecular dynamics simulation and molecular mechanics/
Poisson-Boltzmann surface area method. We indicated that the contribution of the protein surface to duplex DNA binding was important.

area (MM/PBSA) method. AG,, , for both proteins were
—35 and 57 kcal mol™, respectively, indicating that the
structural stability of CRY-DASH was lower than that of
CPD-PHR upon the damaged dsDNA binding. In partic-
ular, the number of amino acid residues relevant to the
damaged dsDNA binding on the CRY-DASH surface was
smaller than that on CPD-PHR. Therefore, the present
result suggests that CRY-DASH has a weak DNA photo-
lyase activity because it has a lower binding affinity than
CPD-PHR.
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Sunlight is undoubtedly essential for all living organism
on Earth, but the UV light in sunlight sometimes exerts
adverse effects that cause deoxyribonucleic acid (DNA)
damage in genes. Irradiation with a wavelength below
300 nm such as UV-B and UV-C light is extremely harmful
to DNA. UV light induces photoexcitation of nucleobases,
resulting in covalent bond formations especially between
neighboring pyrimidine bases. The covalent bonds in photo-
induced DNA lesions are mainly categorized into two types.
One is a so-called cyclobutane pyrimidine dimer (CPD) in
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Figure 1 Conformational changes from normal thymine bases (TpT) to UV-lesions. (left) cyclobutane pyrimidine dimer (CPD). (right) (6-4)
photoproduct. These conformations are induced by UV light absorption, and UV lesions are repaired by photolyases.

which two covalent bonds are formed between the pyrimidine
rings in the adjacent pyrimidine bases at the S5-position
(C5-C5) and at the 6-position (C6-C6) to produce a four
membered ring. The other is a so-called (6-4) photoproduct
((6-4)pp), whose covalent bond is formed between the adja-
cent pyrimidine rings at the 6- and 4-positions (C6-C4) (see
Fig. 1) [1-5]. If these photoproducts were to exist in DNA
without any repair, they would lead to serious damage to an
organism. For example, this damage causes a growth delay
in plants, skin cancer in mammals, and so on [1,2—7]. There-
fore, to avoid fatal photoinduced damage, all organisms
possess diverse DNA repair systems essential for recogniz-
ing and removing these photoproducts efficiently.

In particular, several plants possess photolyases (PHRs)
to repair UV-induced DNA lesions. PHRs involve flavin
adenine dinucleotide (FAD) as a cofactor. The oxidation and
protonation state of FAD in the ground state is FADH™ in
PHRs, and DNA repair occurs by a photoinduced electron
transfer reaction from FADH™ to CPD or (6-4)pp [8—-11,12—
20]. PHRs are categorized into two types as (a) CPD-PHR
and (b) (6-4)pp-PHR, which specifically repair CPD and
(6-4)pp, respectively. The repair mechanism of CPD by
CPD-PHR illustrated in Figure 2 is briefly explained as fol-
lows: (i) PHRs recognize UV-induced DNA lesions and bind
to the DNA. (ii) FADH" is excited to FADH™* by blue-light
irradiation (wavelengths of 350—450 nm). (iii) An electron
transfer from FADH* to CPD occurs. (iv) The covalent
bond (C5-C5) in CPD is first cleaved to provide an electron.
(v) Subsequently, another covalent bond (C6-C6) is cleaved.
(vi) Finally, the electron returns from a pyrimidine pair to
flavin radical (FADH").

Several preceding theoretical studies have mainly investi-
gated the electron transfer (ET) reaction processes for CPD
repair [13—15]. These studies proposed the different ET path-
ways (i.e., a pathway via the adenine moiety of FADH", a
direct pathway from FADH™ to CPD, and pathways via the
adenine moiety of FADH™ and some amino acid residues).
The experimental studies also investigated the ET pathways
by using femtosecond-resolved transient absorption spec-
troscopy for the different types of pyrimidine dimers, T<>T,
T< >U, U< >T, and U< >U in CPD-PHR. They also pro-
posed an ET pathway via the adenine moiety of FADH~
[16,17]. However, the authors stated that the electron passes
only through the adenine moiety in FADH™. Although there

o 0 (o] o
HNZ 4 ¢ 43NH .e_ HN3 4 s st 4 3NH
. .2 FADH-‘ 2 46 s1/2L
o N N~ >0 07N N~ 0
e

FADH®

{ Blue|Light
ﬁJ\SNH /

FADH- <——— %H E&NH
6le 1

\_/ e

Figure 2 Repair mechanism of CPD by CPD-PHR.

TpT

exists a hot debate on the ET pathways of CPD-PHR, few
studies on the binding mechanisms of protein to DNA have
been conducted so far.

Besides the studies on PHRs, cryptochromes (CRYs),
which belong to the same family as PHRs known as blue-
light photoreceptors, were identified in bacteria, algae, plants,
fish, and animals as in a diverse group of flavoproteins.
CRYs function as UV-A or blue-light receptors and fulfill
versatile functions such as flower initiation, circadian clocks,
magnetic receptors, and so on [8,19-22]. Although CRYs
share homologies in their sequences and have a common
FAD cofactor with PHRs, they lack the DNA repair function
[23,24]. Cryptochrome-DASH (CRY-DASH), which belongs
to one of the subfamilies of the photolyase/cryptochrome
family, was identified from Drosophila, Arabidopsis,
Synechocystis, and Human. (DASH is named after these
four species.) The structure of CRY-DASH resembles those
of PHRs [19,25-27]. Five amino acid residues relevant to
the active space in E. coli CPD-PHR are Glu274, Trp277,
Asn341, Met345, and Trp384, whereas those in Arabidopsis
thaliana CRY-DASH are Glu325, Trp328, Asn391, GIn395,
and Tyr434, indicating that three of the five amino acid resi-
dues commonly exist in both CPD-PHR and CRY-DASH.
(Note that the common amino acid residues are denoted with
underlines.) On the basis of site directed mutagenesis, it was
pointed out that Met345, which is missing in CRY-DASH,




20 Biophysics and Physicobiology  Vol. 15

UV-damaged duplex DNA

Interaction

Bindiny

\ “ ot

Interaction

Vinding?
- 2

Figure 3 Duplex DNA binding scheme for CPD-PHR and CRY-DASH. The base flipping of the lesion moiety will occur by the interaction
between UV-damaged duplex DNA and protein. But due to the interaction of CRY-DASH is weak, the base flipping might not occur in CRY-DASH.
Next, CPD-PHR and CRY-DASH recognize the lesion moiety and bind the duplex DNA. Here the binding affinity of CRY-DASH will be less than

that of photolyase.

might be important for the repair reaction [28]. To prove the
assumption, molecular dynamics (MD) simulations were
previously performed for the wild-type (WT) of CPD-PHR
with double-stranded DNA (dsDNA) and the WT and mutants
of CRY-DASH (CRY-DASH®%* and CRY-DASH®M)
with single-stranded DNA (ssDNA) [28]. It was found that
hydrogen bonds between CPD and Glu were not formed in
CRY-DASH"YT with ssDNA but were formed in CPD-PHR"T
with dsDNA. On the other hand, they were formed in CRY-
DASH®*M_ indicating that Met mainly contributes to the
formation of these hydrogen bonds. Interestingly, Selby and
Sancar have reported that CRY-DASH does not perform the
repair function on dsDNA lesions but does perform it on
ssDNA lesions in vitro [23]. The latter fact suggests that
CRY-DASH itself has the DNA repair ability. Thus, it is
highly plausible that a difference between the binding of
dsDNA and ssDNA to CRY-DASH plays a key role in the
repair function.

During the past decades, it has not been fully understood
why CRY-DASH is unable to express the repair function for
UV-induced DNA damage. In previous work, we have inves-
tigated the base flipping mechanism of a UV-induced dsDNA
lesion using MD simulations with an efficient conforma-

tional search algorithm proposed by us [29]. We found that
the CPD damaged dsDNA cannot expose the lesion moiety
in solution spontaneously. This result indicates that the flip-
ping of the lesion moiety occurs after its binding to CPD-
PHR. Judging from the difference between the electrostatic
potentials around the DNA binding sites in CRY-DASH and
CPD-PHR, CRY-DASH may not induce the flipping of the
dsDNA lesion moiety owing to a weaker interaction than
with CPD-PHR (see Fig. 3). Because ssDNA lesions are
exposed on the outside of the strand without the flipping, it
is possible that CRY-DASH may bind to the ssDNA lesions
and eventually repair the lesions.

In the present study, we further investigated the reason
why CRY-DASH does not possess the repair function on the
dsDNA lesions by using MD simulations for complexes of
CPD-PHR or CRY-DASH with the CPD damaged dsDNA,
which we hereafter call the CPD-PHR complex or CRY-
DASH complex for simplicity. We first modeled a CRY-
DASH complex and showed how CRY-DASH binds the
damaged dsDNA, because no X-ray structure is available for
the CRY-DASH complex. We then compared the obtained
structure of the CRY-DASH complex with that of CPD-PHR.
Moreover, the binding affinity between them was quantita-



tively investigated by using a molecular mechanics/Poisson—
Boltzmann surface area (MM/PBSA) method, and the amino
acid residues relevant to the binding were detected using
the analyses. In the following section, we explain structure
modeling, numerical details of MD simulations, and binding
energy analyses. Subsequently, we present the results and
discussion. Finally, concluding remarks are described.

Methods

Structure modeling

To model a CRY-DASH complex with damaged dsDNA,
we performed the docking simulation using MEGADOCK
[30,31]. In Supplementary Text S1, the docking calculation
scheme is shown. Here, in our docking simulation using
MEGADOCK, we adopted a default parameter set. Among
2000 snapshots, the structure with the best score was chosen
for further analyses (S=4152.19). The docking scores are
shown in Supplementary Figure S1, and the model structure
of the CRY-DASH complex is illustrated in Supplementary
Figure S2 (see supporting Supplementary materials for
details). Here, for the initial modeling, the X-ray structures
of dsDNA with CPD (PDB ID: 1TEZ) [32] and CRY-DASH
(PDB ID: 2VTB) [25] were utilized. Here, the -O—CH,-O-
part of CPD was replaced with -O—PO,-O— using Winmostar
[33].

Molecular dynamics simulations

In the present study, all the MD simulations were per-
formed using the AMBER 14 program package [34]. We first
performed the geometry optimizations for CPD, FADH",
7,8-didenethyl-8-hydoroxy-5-deazariboflavin (8-HDF), and
methenyltetrahydrofolate (MTHF) with the B3LYP/6-31G(d)
level of theory using Gaussian09 [35]. Based on the obtained
structures, the force field parameters for the MD simula-
tions were constructed using the antechamber module in
AMBERI14. In the actual MD simulations, we used these
obtained force fields for these unconventional molecules
(CPD, FADH", 8-HDF, and MTHF), the AMBER ff14SB
force field [36] for the amino acid residues and nucleic acids,
and the TIP3P model for water [37]. Next, we set up the
initial state using the tLeap module in AMBER14 for both
CPD-PHR and CRY-DASH complexes. Herein, in the case
of CPD-PHR, the numbers of atoms for the protein, FAD,
8-HDF, Na*, water, and the damaged dsDNA were 7480, 85,
43,17, 107052, and 630, respectively, whereas in the case of
CRY-DASH, those for the protein, FAD, MTHF, Na*, water,
and damaged dsDNA were 8081, 85, 56, 15, 115686, and
630, respectively. Finally, the total numbers of the atoms in
each system were 115307 for CPD-PHR and 124553 for
CRY-DASH. Subsequently, for each system, we performed
energy minimizations under positional constraints with respect
to the heavy atoms (the force constant was 10 kcal mol™' A2)
for 5000 steps, and performed energy minimizations without
the constraints for 10000 steps. Then, the temperature of each
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system was gradually increased from 0K to 300K during
100 ps. In the equilibration processes, MD simulations were
carried out with an isobaric isothermal (NPT) ensemble (P=1
atm and 7=300 K) during 100 ns. Subsequently, MD simula-
tions were carried out under an NPT ensemble (P=1 atm and
7=300K) during 50 ns in the production runs. The simula-
tion time step was set to 2 fs, and the periodic boundary con-
dition was considered, in which the electrostatic interaction
was treated with the particle mesh Ewald (PME) method
[38]. Here, the SHAKE algorithm was used for the con-
straints [39], the Langevin thermostat for the temperature
regulation [40], and the Berendsen barostat for the pressure
regulation [41]. A snapshot was recorded every 20 ps, and
the total snapshots obtained were 25000 after 50 ns for sta-
tistical analyses.

Binding free energy calculation

To investigate the bonding affinity, we performed the
MM/PBSA method [42,43] for the obtained snapshots. The
MM/PBSA method can evaluate the binding free energy,
AG,, ,, between a given protein and a target ligand. AG,, , is
estimated by the following equations:

AGbind = AGcomplex,solv - (AGprulein,sulv + AGligand,sul\') (1)’
where AG

complex,solv? AGpmtein,sulv’ and A(;ligund,solv are the free
energy differences for the complex, the protein, and the
ligand with or without solvent, respectively. Herein, a sub-
script “solv” in Eq. (1) represents the aqueous solution. The
solvation free energies are calculated as follows;

AGy g1 = Eyit T AG g1vaiion — TSootue (),
Eyn = B+ Eatee T Evaw 3),
Eia = Epona T Eanglc = E o rsion 4),
AG 1 aiion =AC givation etec +AGnunpolar ).

where X in Eq. (2) represents the complex, the protein, and
the ligand. E,,,, is the molecular mechanics (MM) energy
from the force field without the solvent. £, consists of
three intramolecular contributions, i.e. £, £,y a0d E, -
E,.. and E_ are the intermolecular electrostatic and van der
Waals interaction energies, respectively. AG_, ... 1S the sol-
vation free energy, andAG, o eec 1 €Stimated from the
Poisson-Boltzmann method. AG, . is estimated from the
solvent-accessible surface area (SASA). T and S, are the
temperature and the entropy of a solute. We show the rela-
tionship for each energy in Figure 4. To evaluate the entropic
contribution S, ., the normal-mode analysis was performed
under the quasi-harmonic approximation [44] implemented
in AMBER14. We performed MM/PBSA for 25000 frames
from 100 ns to 150 ns in order to estimate averaged value of
AG,, ,and its root-mean-square deviation. Then, we obtained
partial binding free energy contribution to the amino acid
residue Y, AG}, ,, by using Per-residue decomposition proto-

col in MM/PBSA.py [43]. Per-residue basis decomposition
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Figure 4 Computational schemes of the binding free energies based on MM/PBSA. The free energies colored in black are directly calculated,
while the free energy of interest colored in red is indirectly did using the thermodynamic cycle of other free energies.

can estimate the contribution of each residue to the total
binding free energy [45-49]. To obtain AGY, , we first divide
terms in Eq. (2) into its atomic contribution. The contribu-
tion of each atom a to the total electrostatic interaction
energy is obtained by

o -1 9.4
elec = izb#a r bb (6)9
where ¢, and ¢, are atomic partial charge of the atom @ and
b, r, is the distance between them. Similarly, one half of
the pairwise energy for van der Waals interaction energy
between protein and ligand, £, to avoid double counting.
Using the SASA of each atom «, a non-polar part of solvent
effects on binding free energy is represented as
AGa —

nonpolar,solv

y{SASAa,complex _ (SASAa,protein + SASAa,liand)} (7),

where SASA®Perin gnd SASA«Hand jg equal to zero depend-
ing on which component the atom belong to. v is set to
0.0072 kcal mol"' A2 in AMBER 14. To calculate the contri-
bution of atom « to the electrostatic part of solvent effects,
the generalized Born (GB) approach is used. The contribu-
tion of atom « is given by;

qaqb
r ab

®),

1 ey g,
AG‘;lec,solv = _7217 (1 - ) 1 qb

1
J’_i
& [ fon(ry) 2 Lo

G 5 _rzab 12
fab = rab+aaab exp( 4aaah )] (9)9
where « is the Debye-Hiickel screening parameter. € is a
dielectric constant for the solvent (80). &, and o, are the effec-
tive Born radii of atoms a and b, respectively. Using these
contributions to each atom, the partial binding free energy
contribution to the amino acid residue Y is evaluated as

AGY = Z ey (B HE W +AG + AGZlec,solv)
(

nonpolar,solv
10).
Note here that the entropic and intra-molecular contributions
appearing in Eps. (2) and (3) are neglected in this analysis.

Results and Discussion

Comparison of the active site of CPD-PHR and
CRY-DASH

We compared the energy minimized structures starting
from an X-ray structure of the CPD-PHR complex and from
a model CRY-DASH complex (see Supplementary Fig. S3).
We investigated the atomic distances between CPD and
Glu282 (Glu326), Asn348 (Asn392), and FADH™ for CPD-
PHR (CRY-DASH), where the definition of them is given in
Figure 5. These distances for CPD-PHR, d,, d,, d, d,, d;, and
d, were 3.37,4.98, 2.96, 2.76, 3.02, and 3.53 A, while those
for CRY-DASH were 2.80, 5.24, 2.93, 2.85, 2.86, and
3.91 A. Therefore, it is confirmed that the model structure of
CRY-DASH at the active site resembles that of CPD-PHR.
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Figure 5 Definition of bond distance among amino acid residue,
FADH", and CPD. E282 (E326) and N348 (N392) are the amino acid
residue in CPD-PHR (CRY-DASH). d,, d,, d;, d,, d,, and d are the
distances between O1 of CPD and O1 of E282 (E326), between N2 of
CPD and O2 of E282 (E326), between N1 of CPD and O of N348
(N392), between O2 of CPD and N of N348 (N392), between O1 of
CPD and N of FADH", and between O2 of CPD and N of FADH",
respectively

Furthermore, total root mean square deviations (RMSDs)
measured from initial structures for CPD-PHR and CRY-
DASH were 1.98+0.09 and 3.15+0.08 A, respectively (see
Supplementary Fig. S4). The partial RMSDs of the protein
and DNA for CPD-PHR were 1.75+0.07 and 3.25+0.32 A,
while those for CRY-DASH were 2.63+0.05A and
5.12+0.24 A. Although RMSD of CRY-DASH was large
compared to that of CPD-PHR, these were considered to
be the equilibrium states because of maximum fluctuation
being within 5%. On the other hand, RMSDs measured from
averaged structures of CPD-PHR and CRY-DASH obtained
by MD simulations were 1.32+0.01 and 1.37+0.08 A, respec-
tively (see Supplementary Fig. S5). Judging from these
RMSD values with smaller fluctuations, obtained trajecto-
ries are sufficiently relaxed from the initial models. In the
structures with the lowest RMSD value with respect to the
averaged structure, the distances of d, and d, were 3.67 and
3.17 A for CPD-PHR (RMSD=1.08 A) and 3.27 and 3.19 A
for CRY-DASH (RMSD=1.13 A), respectively. In addition
to the hydrogen bonds between Asn348 and CPD, other
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hydrogen bonds were formed between Glu282 and CPD in
CPD-PHR complex, while they were not found in the CRY-
DASH complex (see Fig. 6). These average distances for
CPD-PHR (CRY-DASH), d,, d,, d; d,, d;, and d; were
2.85+0.12A (4.84+£0.86 A), 3.59+0.61 A (3.53£0.50 A),
3.27+£0.28 A (3.10+£0.20 A), 2.88+0.12A (2.90+0.13 A),
3.50+0.34 A (3.40+0.36 A), and 3.10+0.24 A (3.20+0.28 A),
respectively. These results indicate that the hydrogen bonds
between the 3’ side of CPD and Asn are stable for each sys-
tem, whereas the bond between the 5’side of CPD and Glu is
unstable in CRY-DASH complex. Therefore, the active site
of CRY-DASH is less stable than that of CPD-PHR, and the
electron transfer reaction is less likely to occur on CRY-
DASH.

The preceding studies by Essen and Klar proposed that
the proton transfer would occur from Glu283 to CPD during
the repair reaction [4]. Later, Liu and co-workers used CPD-
PHR mutant changed from Glu to Ala and observed the
repair efficiency change upon the mutation. According to
their result, the repair quantum yields dramatically decreased
from the WT (0.82) to the mutant (0.40) [17]. Previously,
Sato and co-workers theoretically indicated that these hydro-
gen bonds were not formed in the CRY-DASH and ssDNA
with CPD [28]. Therefore, these hydrogen bonds play an
important role in the UV lesion repair reaction deduced from
the averaged structural analyses performed here.

Estimated binding free energy and partial contributions
of amino acid residues on the active site

We elucidated the important amino acid residues for DNA
binding using MM/PBSA. AG,;, for the CPD-PHR and
CRY-DASH complex were —35+14 and 57419 kcal mol™,
respectively. Note here that the previously study investigated
the AG,, , for CPD-PHR, and that value was —32 kcal mol™
[50], which is in reasonably good accordance with the for-
mer value. The binding affinity of CRY-DASH to the dam-
aged dsDNA was evidently lower than that of CPD-PHR,
indicating that the CRY-DASH complex seemed to be unsta-
ble. In Table 1, we listed the common amino acid residues in
each protein with large contributions to the DNA binding.
Especially, the common amino acid residues nearby the

Figure 6 Active sites strucutres of CPD-PHR and CRY-DASH with the lowest RMSD values. Dotted lines correspond to the bond among
amino acid residures, FADH", and CPD. And dotted arrows represent the position the hydogen bond is formed.
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Table 1 Decomposed binding free energy on a per-residue basis
of the common amino acid residues largely contributing
to the DNA binding, AGpny° < —1.0 kcal mol™

CPD-PHR CRY-DASH
Vall47 -3.3+£0.8 Val194 -3.2+0.6
Tyr148 -3.6+0.9 Tyr195 -4.2+0.6
Lys160 -1.4+0.3 Lys205 -1.6+0.3
Arg231 -3.4+0.9 Arg277 -3.1+£1.4
Trp285 -2.3£0.6 Trp329 -2.5+0.6
Arg286 -1.7+£0.3 Arg330 -3.2+0.5
Asn348 -1.9+0.7 Asn392 -3.5+£0.7
Arg349 -8.4+2.1 Arg393 -8.8+1.9
Arg351 —2.4+0.5 Arg395 -3.5+0.5
Arg403 —3.1£2.5 Argd47 -9.6x1.5
Phe405 -3.8+1.5 Phe449 -1.3+£0.4

Amino acid residue / Per-residue free energy decomposition [kcal/mol]

active site were as follows: Vall47 (194), Tyr148 (195),
Lys160 (205), Arg231 (277), Trp285 (329), Arg286 (330),
Asn348 (392), Arg349 (393), Arg351 (395), Argd03 (447),
and Phe405 (449), where the numbers in parenthesis are the
corresponding amino acid residue numbers in CRY-DASH.
As shown in Figure 7(a), these common amino acid residues
were often located around the active site (<15 A from CPD).
On the other hand, the non-common amino acid residues

with large contribution to the DNA binding were listed in
Table 2. As shown in Figure 7(b), some non-common amino
acid residues were located on the protein surface (>15A
from CPD). Moreover, the number of the amino acid residues
that distribute to protein surface in CPD-PHR was larger
than that in CRY-DASH, indicating binding ability to the
DNA depends strongly on the surface amino acid residues.
As described in the Introduction, the Met352 of CPD-PHR
contributed favorably to dsDNA binding (—1.9 kcal mol™),
whereas the GIn396 at the same position in CRY-DASH did
not (1.5 kcal mol™). Judging again from the results, a muta-
tion from Met to Gln may result in a reduction of photolyase
activity on the dsDNA lesions.

Contribution of amino acid residues to duplex DNA
binding on the protein surface

Large differences between CPD-PHR and CRY-DASH
were observed for the amino acid residues on the protein
surface attributed to the attractive interaction with dsDNA.
We showed the contact surface between dsDNA and protein
in Figure 8. The contact area between CRY-DASH and
dsDNA is less than that of CPD-PHR. As shown in the left
upper panel of Figure 8, some amino acid residues enfold
dsDNA in CPD-PHR to tightly bind to the dsDNA. How-
ever, in CRY-DASH, the numbers of the amino acid residues

CPD Photolyase

Cryptochrome-DASH

Figure 7 Amino acid residues which have the partial binding free energy contribution lower than —1.0 kcal mol .

(a) The common amino acid residues in both CPD-PHR and CRY-DASH are Val147 (194), Tyr148 (195), Lys160 (205), Arg231 (277), Trp285
(329), Arg286 (330), Asn348 (392), Arg349 (393), Arg351 (395), Argd03 (447), Phe405 (449). Here, the numbers in parenthesis are the residue
numbers in CRYDASH. (b) The non-common amino acid residues in CPD-PHR are Argl0, Argl06, Ser139, Gly140, Tyr145, Gly149, Pro150,
Asnl54, Lys247, Arg273, Arg277, Arg305, Met352, Lys360, Arg367, Trp391, Pro399, Pro401, Asn406, Ser409, GIn410, Lys412, Lys413, Lys434,
Argd59, Lys461, Lys464, and Lys471, and those in CRY-DASH are Thr196, GIn197, Arg199, Lys200, Arg259, Kys274, Lys288, Arg334, Lys339,

Arg351, Arg404, Asn441, Pro443, Arg444, Lys453, Asn457, and Lys496.
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Table 2 Decomposed binding free energy on a per-residue basis of the non-common amino acid residues largely contributing
to the DNA binding, AGiny® <—1.0 keal mol™!

CPD-PHR CRY-DASH
Argl0 -1.2+0.2 Arg367 -1.1+0.2 Thr196 -3.4+0.8 Lys453 ~7.2+2.8
Argl06 -1.0+0.2 Trp391 -2.0+0.7 GIn197 -1.8+1.0 Asn457 —2.2+1.2
Ser139 —1.1x1.2 Pro399 -2.9+0.5 Arg199 -3.4+0.4 Lys496 -1.5+0.2
Gly140 -1.6£0.8 Pro401 —4.2+0.8 Lys200 -1.7£1.8
Tyrl45 -1.7£0.9 Asn406 -2.0+1.3 Arg259 -1.2+0.3
Gly149 —2.1£0.5 Ser409 —2.9+2.1 Lys274 —2.4+0.2
Prol150 —2.5+0.6 Gln410 —4.8+2.7 Lys288 -1.8+0.4
Asnl54 -1.3+0.5 Lys412 -1.8+0.4 Arg334 -1.8+0.4
Lys247 -1.2+0.2 Lys413 —6.2+2.2 Lys339 -2.6+0.5
Arg273 -1.2+0.2 Lys434 —-1.0+0.1 Arg351 -3.6+0.4
Arg277 -2.0+0.3 Arg459 -1.2+0.2 Arg404 —4.0+0.4
Arg305 -2.6+0.4 Lys461 -1.6+0.3 Asn441 -1.2+0.3
Met352 -1.9+£0.5 Lys464 -2.3+£1.2 Pro443 -3.1£0.6
Lys360 —2.1£0.7 Lys471 —4.8+2.2 Argd44 -10.3+1.2

Amino acid residues / Per-residue free energy decomposition [kcal/mol]

Front view Back view

Cryptochrome-DASH

Figure 8 Contact surface between protein and DNA. Blue and red
color surfaces are duplex DNA with FADH", and the amino acid resi-
dues that largely contribute to the DNA binding, respectively.

that bound to dsDNA is less than that in CPD-PHR. There-
fore, the contact area between CRY-DASH and dsDNA is
narrower than that of CPD-PHR.

As shown in Supplementary Figure S6, an a helix was
formed both in CPD-PHR and CRY-DASH, whereas the
loop structure found in CPD-PHR, which tightly binds to
dsDNA, was missing in CRY-DASH. The amino acid resi-
dues that comprise the o helix in CPD-PHR were Phe405,
Asn406, Pro407, Ala408, Ser409, Gln410, Ala411, Lys412,

and Lys413, whereas those in CRY-DASH were Phe449,
Ser450, Ile451, Pro452, Lys453, Gln454, Ala455, GIn456,
and Asn457. As shown in Supplementary Figure S7 (see the
licorices colored with red), some of the amino acid residues
in the a helix significantly contributed to the dsDNA legion
binding. For example, the binding free energies with DNA
were —3.8 (Phe405), —2.0 (Asn406), —3.0 (Ser409), —4.8
(GIn410), —1.8 (Lys412), and —6.2 (Lys413) kcal mol ™! for
CPD-PHR and —1.3 (Phe449), —7.2 (Lys453), and 2.2
(Asn457) for CRY-DASH, respectively. The binding affinity
of CRY-DASH to the dsDNA was obviously less than that of
CPD-PHR in total. Therefore, the reason why the damaged
dsDNA cannot bind to CRY-DASH is attributed to the insuf-
ficient number of amino acid residues mainly in the a helix
that contribute to the stability of damaged dsDNA binding.

On the other hand, we found some amino acid residues
with a highly repulsive contribution in the CRY-DASH com-
plex. In particular, the binding energies of Asp442, Glu445,
and Asp446 with DNA were 4.7, 20.9, and 19.3 kcal mol™,
respectively. In CPD-PHR, the amino acid residues at the
same position are replaced by Asp398, Pro401, and Leu402,
the binding energies with DNA were 2.3, —4.3, and
—0.7 kcal mol ™!, respectively. Here the amino acid residues
(Asp and Glu) with a positive value indicate a negative
charge, and the DNA is also a negative charge. Therefore,
one of the reasons why the CRY-DASH complex is unstable
might be because of this strong repulsive interaction between
the negatively charged amino acid residues with the back-
bone of dsDNA.

Judging from the above analyses, if the relevant amino
acid residues in CRY-DASH were mutated to adequate
amino acid residues that largely contribute to DNA binding
in CPD-PHR, it is expected that the binding affinity of
dsDNA with CRY-DASH might increase and result in suffi-
cient DNA repair ability. To prove the hypothesis, we need
to perform the same analyses presented here for mutants
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with amino acid residues that significantly contribute to the
binding of dsDNA. In future works, the analyses of CRY-
DASH mutants will be carried out.

Conclusion

To elucidate the reason why CRY-DASH cannot repair
dsDNA in vivo, we calculated the binding free energies of
CRY-DASH and CPD-PHR with dsDNA, AG,,,;, by using
the MM/PBSA method. The total AG,, , of CRY-DASH was
positive, whereas that of CPD-PHR was negative, indicating
that the complex of CRY-DASH with the damaged dsDNA
is unstable. Furthermore, we decomposed AG,, , into the
contributions from individual amino acid residues. Accord-
ing to the analyses, it was found that the amino acid residues
around the active site had a large contribution to AG,; , in
both CPD-PHR and CRY-DASH. However, the Met352 and
Trp391 of CPD-PHR contributed favorably to the DNA
binding, whereas the GIn395 and Tyr435 of CRY-DASH did
not. It was also found that the differences in individual bind-
ing energies between CPD-PHR and CRY-DASH originated
mainly from the amino acid residues on the protein surface.
In particular, the number of amino acid residues of the a
helix in CRY-DASH that contributed to the DNA binding
was less than that of CPD-PHR, and some amino acid resi-
dues in the CRY-DASH complex contributed to a highly
repulsive, negative charge for the damaged dsDNA binding.
These facts might be some of the major reasons why CRY-
DASH cannot repair the UV-induced DNA damage of dssSDNA.
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