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ABSTRACT

A molecular dynamics (MD) simulation is performed
on a DNA photolyase to study the conformational
behavior of the photoactive cofactor flavin adenine
dinucleotide (FAD) inside the enzyme pocket. A DNA
photolyase is a highly efficient light-driven enzyme
that repairs the UV-induced cyclobutane pyrimidine
dimer in damaged DNA. In this work, the FAD con-
formational and dynamic changes were studied within
the total complex structure of a DNA photolyase pro-
tein (containing FADH™, MTHF, and DNA molecules)
embedded in a water solvent. We aimed to compare
the conformational changes of the FAD cofactor and
other constituent fragments of the molecular system
under consideration. The obtained results were dis-
cussed to gain insight into the light-driven mechanism
of DNA repair by a DNA photolyase enzyme—based
on the enzyme structure, the FAD mobility, and con-
formation shape.
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1. INTRODUCTION

One of the most common lesions of living organisms
induced by the UV irradiation of DNA—causing a num-
ber of harmful effects, such as growth delay, mutagene-
sis, and cell death—is a photoreaction of pyrimidine bases
[1]. In particular, thymine dimers (T<>T, cyclobutane
pyrimidine dimers (CPDs)) could be formed after photon
absorption by a thymine monomer, followed by its exci-
tation state and subsequent reaction with an adjacent
thymine molecule. Another type of DNA damage is the
formation of the pyrimidine-pyrimidone (6-4) photo-prod-
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uct (T[6-4]T) [1-3]. Both of these lesions are repaired by
DNA photolyases—enzyme proteins with similar struc-
tures and reaction mechanisms. The DNA photolyase
enzyme repairs UV-induced DNA damage by splitting
the ring of the predominant photoproduct—the cis,syn-
CPD—into the corresponding pyrimidine monomers [1-
7]. Thus, DNA photolyase is also a DNA repair en-
zyme.

Photolyases are monomeric proteins of 450-550 amino
acids and two noncovalently bound chromophore cofac-
tors (in Figures 1(a) and (b)), the top and side views of
the protein are shown, respectively). One of the cofactors
is always FAD (flavin adenine dinucleotide; Figure 1(c)),
and the second is either MTHF (methenyltetrahydro-
folate; Figure 1(d)) or 8-HDF (8-hydroxy-7,8-dide-
methyl-5-deazari-boavin). The latter, MTHF or 8-HDF,
acts as a photoantenna and transfers excitation energy to
the catalytic FADH™ cofactor through non-radiative Forster
resonance energy transfer (FRET)—via a dipole—di-
pole coupling between folate and flavin [1-12]. It is
worth noting that the unique FAD-binding domain with
its high degree of sequence identity in the environment
forms a family of highly homologous photolyase/crypto-
chrome proteins. From bacteria to mammals, these two
types of proteins carry out distinct functions: photolyase
harnesses blue light energy to break bonds and repair UV
photoproducts in DNA; and cryptochrome is a sensor of
environmental light-regulating circadian entrainment in
animals and plants [11].

The FAD is an essential cofactor for both specifically
binding to damaged DNA and catalysis. The second
chromophore (MTHF or 8-HDF) is not necessary for
catalysis and has no effect on specific enzyme—substrate
binding. The conformational behavior of the FAD mole-
cule is very important for understanding the functional
and structural properties of the DNA repair protein
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Figure 1. The ribbon structures of a DNA photolyase pro-
tein ((@) Top view; (b) Side view) with two cofactors and
the DNA chain are shown. The FADH™ (center; FAD) and
MTHF (top; MHF) cofactors and DNA (right) are shown as
spherical balls. Below, the structures of FADH™ and MTHF
are shown separately (c) and (d). E. coli photolyase is
composed of two well-defined domains: an N-terminal
(residues 1 - 131) and a C-terminal (residues 204 - 471),
which are connected to one another with a long interdomain
loop (residues 132 - 203).

photolyase. Knowing the FAD actual conformation can
provide insight into the light-driven DNA repair by the
DNA photolyase enzyme.

The conformational peculiarities of the photoactive
cofactor FAD were the subject of special interest and
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were investigated in several studies [9-16]. The X-ray
structure analysis of DNA photolyase reveals the U-
shaped conformation of the FAD molecule [3]. Based on
the molecular dynamics (MD) method, the FAD struc-
ture conformation was studied in the gas phase and water
in [9-13]. It was found that the FAD molecule could have
both “open” I-shaped and “closed” U-shaped conforma-
tions. The FAD conformation behavior correlates with
DNA photolyase mobility, which is a problem of modern
research. In paper [3], using crystal structure coordinates
of the substrate-free enzyme from Escherichia coli,
docking a thymine dimer to the photolyase catalytic site
was studied. The molecular dynamics of the system was
estimated, and the electron-transfer matrix element be-
tween the lowest unoccupied molecular orbitals of flavin
and the dimer was calculated. The crystal structure of a
DNA photolyase reported in [4] was found to bind to
duplex DNA, which is bent by 50° and forms a synthetic
CPD lesion. This CPD lesion is flipped into the active
site and split thereby into two thymines by synchrotron
radiation at 100K. In [5], two photolyase-related proteins
—PhrA and PhrB—were found to exist in the phytopa-
thogen Agrobacterium tumefaciens. It was shown ex-
perimentally [6] that photoreactivation prevents UV
mutagenesis in a broad range of species. Studies of the
Cry-DASH proteins from bacteria, plants, and animals [7]
show that they are all actually photolyases with a high
degree of specificity for cyclobutane pyrimidine dimers
in ssDNA. Despite being tightly wrapped in apo-GOx by
non-bonded interaction forces, including vdW forces,
and the electrostatic interaction [8], the FAD molecule
still exhibits great mobility in the apo-GOx tunnel. A
number of structural parameters, including distances,
angles and dihedrals, were introduced in this study to
describe the fine structure features and evaluate the mo-
bility of FAD. In [10], the extended FAD molecule also
shows a mobility gradient between the very rigid flavin
(the mean value of (B) = 8.7 A% and the more mobile
adenine (the mean value of (B) = 16.2 A?). The entire
active center is particularly well ordered, with tempera-
ture factors around 10 A2,

In the present work, the FAD conformational and
dynamic behaviors were studied in the whole DNA pho-
tolyase enzyme structure. Unlike the earlier works men-
tioned above, our study simulates the complex structure
of the DNA photolyase protein, containing FADH",
MTHF and DNA molecules, and embedded in different
water solvent baths. Based on the molecular dynamics
(MD) simulation, we aimed to compare the conforma-
tional changes of the FAD cofactor with the constituent
fragments of the molecular system under consideration.

2. MATERIALS AND METHODS

All simulations were performed with the AMBER (ver-
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sions 8 to 11) MD software package for studying
biomolecules [17,18]. The molecular complex of the
DNA photolyase protein (containing FADH™ and MTHF)
and DNA molecules placed in its vicinity were solvated
with two water models (Table 1 and Figures 2(a), (b)).
Correspondingly, two calculation methods (no-cutoff and
cutoff algorithms) were employed. In a periodic simula-
tion, the electrostatic interactions were treated with the
Particle Mesh Ewald (PME) algorithm [17-20]. Non-

Table 1. The parameters of water solvation models and calcula-
tion methods for the electrostatics interactions.

Models Number of Methods for
of solvents water molecules electro-statics interactions
Spherical 12,925 Cutoff (10 A)
rectangular 20,113 PME

(b)

Figure 2. The DNA photolyase protein, containing cofactors
FADH™ (FAD) and MTHF (MHF) and DNA molecule, sol-
vated by periodic (a) and non-periodic (b) water baths.

Copyright © 2012 SciRes.

periodic MD simulation involved cutoff algorithm. The
Cornell et al. all-atom force field was used in the MD
simulations [21,22]. To build the Amber parameter/to-
pology input files for the protein, FADH™ (FAD), MTHF
(MHF) (Tables 2 and 3), and DNA molecules, the LEaP
basic preparation program was used. The atomic charges
were provided by the AM1-BCC charge model of the
Antechamber program; the combinations of CHARMM
and “general Amber force field (GAFF)” parameters
provide the charges closely to the data from [9]; for cre-
ating the missing force field parameters, the Parmchk
program was used. All systems were solvated with
TIP3P molecules [23] produced in a rectangular (peri-
odic) and spherical (non-periodic) water baths. The tem-
perature was kept constant by using the Berendsen algo-
rithm [24]. Only bond lengths involving hydrogen atoms
were constrained using the SHAKE method [25]. The
results of simulations and images of the simulated pro-
teins were analyzed using the RasMol [26], MOLMOL
[27], and Visual Molecular Dynamics (VMD) [28] soft-
ware.

MD Protocol

It should be stressed that we mainly focused on a low-
temperature regime. We have simulated the behavior of
the molecular system under consideration at tempera-
tures T =[50 - 250] K, where the protein, DNA, and wa-
ter structures remain close to a crystalline state (which is
far enough from the liquid phase).

Below, an example of the MD protocol for the peri-
odic PME-NVT simulation is presented:

Potential function:

ntf =1, ntb =1, igh =0, nsnb = 1, ipol = 0, ghsa = 0,
iesp = 0, dielc = 1.0, cut = 10.0, intdiel = 1.0, scnb = 2.0,
scee = 1.2.

Molecular dynamics:

nstlim = 10000, nscm = 2, nrespa = 1, t = 0.0, dt =
0.001.

Berendsen temperature regulation:

temp0 = 200.0, tempi = 0.0, tautp = 0.2.

SHAKE:

ntc = 2, jfastw = 0, tol = 0.00001.

Ewald parameters:

verbose =0, ew_type =0, nbflag = 1, use_pme =1

Box X =103.066, Box Y =83.512, Box Z = 96.459

Alpha =90.0, Beta = 90.0, Gamma = 90.0

NFFT1 =108, NFFT2 =90, NFFT3 =100

Cutoff = 10.0, Tol = 0.100E-04

Ewald Coefficient = 0.27511.

3. RESULTS AND DISCUSSION

The dynamical changes were traced within a long-nano-
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Table 2. The masses and charges of FADH™ (FAD) molecule with its schematic diagram.

Atom m/me, a.m.u. g/e, proton charge Atom m/me, a.m.u. g/e, proton charge
Oy 16.00 -0.2930 H';1 1.008 0.0697
C, 12.01 0.4110 H52 1.008 0.0737
N3 14.01 -0.5855 o, 16.00 —-0.5852
HN3 1.008 0.3785 P 30.97 1.8105
C 12.01 0.8449 O,P 16.00 -0.8064
0O, 16.00 -0.5015 HOP, 1.008 0.5190
N; 14.01 -0.3644 O,P 16.00 —-0.8083
Cio 12.01 0.1567 OsP 16.00 -0.8278
CsX 12.01 -0.0843 PA 30.97 1.8425
Ns 14.01 0.0679 0.A 16.00 —-0.8044
HN;s 1.008 0.3597 HOA, 1.008 0.5090
CsX 12.01 -0.1393 0OA 16.00 -0.8393
Cs 12.01 —-0.1000 OsB 16.00 -0.6102
Hg 1.008 0.1640 CsB 12.01 0.1664
C; 12.01 -0.0513 Hs A 1.008 0.0787
C:M 12.01 -0.0708 Hs,A 1.008 0.0707
HM7, 1.008 0.0727 (O1=) 12.01 0.0641
HM-, 1.008 0.0607 H,B 1.008 0.0887
HMy3 1.008 0.0747 0o,B 16.00 -0.4066
Cs 12.01 0.0537 Ci:B 12.01 0.0921
CsM 12.01 -0.1048 03B 16.00 -0.6208
HMg; 1.008 0.0697 HOzA 1.008 0.4360
HMsg, 1.008 0.1227 Hs;B 1.008 0.1047
HMgs 1.008 0.0747 C,B 12.01 0.0821
Cy 12.01 -0.1570 0,B 16.00 -0.5718
Hg 1.008 0.2090 HO,B 1.008 0.4170
CoA 12.01 0.1267 H,B 1.008 0.1217
N1 14.01 -0.0581 C.B 12.01 0.2168
C; 12.01 0.0113 H,B 1.008 0.1407
Hi1 1.008 0.1087 NoA 14.01 -0.2940
H;z 1.008 0.1047 CsA 12.01 0.3877
C’2 12.01 0.1091 HsA 1.008 0.0688
O'2 16.00 -0.6228 N-A 14.01 -0.5261
HO’2 1.008 0.4520 CsA 12.01 -0.2432
H, 1.008 0.0717 CeA 12.01 0.7672
C’3 12.01 0.1081 NsA 14.01 —0.9505
O'3 16.00 -0.6088 Hes:1 A 1.008 0.4488
HO’3 1.008 0.4570 HeA 1.008 0.4508
H’3 1.008 0.0867 N;A 14.01 —-0.7850
C; 12.01 0.1021 CA 12.01 0.6999
O; 16.00 -0.6258 H,A 1.008 0.0611
HO, 1.008 0.4420 N:A 14.01 -0.7370
H; 1.008 0.0577 C.A 12.01 0.4808
C’5 12.01 0.1554
HN,
H,B |
C!A HO,B ¢ bC/N’\C¢O’
ﬁ’{ Swna QP RS 0,5—HOA HO,  HO | |
HGQN/AQA\ .fa(LA H.5B CIB\C,’E\\ H(l)Al Iiop oo o N'\\cm/ CX\N/ HN,
|6 C\‘A >\IQA’ cB éB/HJB() 5 QA ({P o HIH " H|3 ! Hlu I|\I (,!X
HaA \éA H‘é Mok J;C(B/ i N s C‘\c_;/l ~- “\CO/A? N He
i HA | ()/K 0f W, }|I : H }|I !: ||C i
HA H,A 1 52 O 1 Ho/ 9\\C7/ =\C7M/ 5
HO; | | \HM_Z
cCM  HM,
HM;, EMN
HM,,

second time scale in the molecular system under consid-
eration: a photolyase enzyme, two cofactors (FADH™ and

Copyright © 2012 SciRes.

MTHF) fitted into the pocket, and DNA chain located in
the vicinity of the enzyme; surrounded by water mole-
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Table 3. The masses and charges of MTHF (MHF) molecule with its schematic diagram.

Atom m/me, a.m.u. g/e, proton charge Atom m/me, a.m.u. g/e, proton charge
Cu 12.01 0.4180 His 1.008 0.1390
Hiu 1.008 0.0847 Cis 12.01 -0.0380
Hi 1.008 0.0827 His 1.008 0.1560
Ns 14.01 -0.5684 Cis 12.01 -0.1890
C.A 12.01 -0.0982 His 1.008 0.1530
Cq 12.01 0.7257 Cuwy 12.01 -0.0610
(o) 16.00 -0.5621 Hi7 1.008 0.1360
Ns 14.01 -0.7301 Crp 12.01 -0.1926
C 12.01 0.8331 C 12.01 0.6907
NA; 14.01 -0.8848 0 16.00 -0.6361
HN_; 1.008 0.4008 N 14.01 -0.5739
HN_, 1.008 0.4298 HN 1.008 0.3275
N 14.01 -0.7150 CA 12.01 0.0217
HN, 1.008 0.4588 CT 12.01 0.6081
CsA 12.01 0.2330 (o]} 16.00 -0.5791
Ns 14.01 -0.6990 HO, 1.008 0.4580
Hs 1.008 0.3878 0, 16.00 -0.4990
C, 12.01 0.1508 HA 1.008 0.0907
Hz 1.008 0.0797 CcB 12.01 -0.0814
Hz, 1.008 0.0677 HB, 1.008 0.0847
Cs 12.01 0.1235 HB, 1.008 0.0667
Hs 1.008 0.0777 CG 12.01 -0.1324
Co 12.01 0.1728 HG,; 1.008 0.0817
Ho1 1.008 0.0517 HG, 1.008 0.1077
Ho, 1.008 0.0657 CD 12.01 0.6391
N1o 14.01 -0.6400 OE; 16.00 -0.6091
Cis 12.01 0.1836 HOE, 1.008 0.4460
Cus 12.01 -0.1990 OE, 16.00 -0.5480

HO, —o0, 0,
Hy, 0 \CT{/ HG,
| | | e |
H C, ¢ .CA | cG OE
: N e S N | g
O, H, Hp
7V N/ | | | o |
HN,, N, C, c, _ 5N /CU HN HB, OE,
/ / A\ a DNy 7~
NA,m— / CA = N, l u H, HOE,
N o
HN{ \Nl Cs{ Hy==Co™ Icg T,
/ \ /)
HN, N,— C, !
/ 7/ \
HN,  p, H,,

cules filling up the entire system as shown in Figures
2(a) and (b). To compare the conformational changes of
the components of the simulated system, we introduced
four distances as shown in Figure 3.

Several amino acid residues as shown in Figure 3 are
located in the protein regions interacting with the FADH™
(FAD), MTHF (MHF) and DNA molecules; so the be-

Copyright © 2012 SciRes.

havior of d1 - d4 (t) will demonstrate their relative posi-
tional changes with time.

First, a diagram of the distance between the ASN108
protein amino acid residue and MTHF molecule (Figure
4) is presented. We have estimated the distances between
the carbon atom (CD) of the MTHF molecule and other
heavy atoms: the nitrogen (N) atom, two carbon (CA,

OPEN ACCESS
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¢ MHF

Figure 3. The location of the components of the simulated molecular system (the
ribbon structure denotes the photolyase enzyme; spherical balls—FADH™ (FAD)
and MTHF (MHF) cofactors; and ribbon and balls—the DNA chain). Four dis-
tances d1 - d4 were introduced to compare the positional changes of different parts
of the system during long-nanosecond dynamics.

50 | | T T
‘ | d1[ASN108(N)-MHF(CD)] ——
d1[ASN108(CA)-MHF(CD)] -------
d1[ASN108(CB)-MHF(CD)] ---+----
d1[ASN108(0)-MHF(CD)] e
aof o e -
ok e e ———————- ]
10 1 ! 1 i
0 100 200 300 400 500

time, ps

Figure 4. d1 distance diagram showing the positional changes between the ASN108 amino acid residue

and MTHF (MHF) molecule during dynamical changes.

CB), and oxygen (O) atoms of the ASN108 amino acid
residue. Figure 4 shows that during a long dynamics
simulation, the dl1 distance [MHF-ASN108] does not
change visibly.

The initial distances were as follows:

d1 [MHF(CD) — ASN108(N)] = 12.1 A,

d1 [MHF(CD) — ASN108(CA)] = 11.8 A,

Copyright © 2012 SciRes.

d1 [MHF(CD) — ASN108(CB)] = 12.0 A,

d1 [MHF(CD) — ASN108(0)] = 13.4 A.

All the d1 vary negligibly around their initial values.
In other words, at low temperatures the MTHF molecule
remains frozen inside the enzyme’s pocket during the
whole simulation period.

Next, Figures 5 and 6 show diagrams of the d2 [FAD~
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K. Kholmurodov et al. / Advances in Bioscience and Biotechnology 3 (2012) 169-180 175

50 , , '

1
d2[PHF200(N)-FAD(C8)]
d2[PHF200(CA)- FAD(C8)] ======-
d2[PHF200(CB)- FAD(C8)] -.-+.-.-
d2[PHF200(0)- FAD(CD8)]

r, A

10 i i i :
0 100 200 300 400 500
time, ps

Figure 5. d2 distance diagram showing the positional changes between the PHE200 amino acid residue and FADH™
(FAD) molecule during a long nanosecond MD simulation.

50 :
! ' d3[TYR222(N)-FAD(N3A)]
d3[TYR222(CA)-FAD(N3A)] mnnmme-
d3[TYR222(CB)-FAD(N3A)] -.......
d3[TYR222(0)-FAD(N3A)] wereree
N E— R R R
S ] I __________________________________ __________________________________ _________________________________ ________________________ A

. () H
20 o
A
10 %‘“J
0 100 500

time, ps

Figure 6. d3 distance diagram showing the positional changes between the TYR222 amino acid residue and
FADH™ (FAD) molecule during a long nanosecond MD simulation.

Copyright © 2012 SciRes. OPEN ACCESS
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PHE200] and d3 [FAD — TYR222] distances for the posi-
tional changes of the PHE200 and TYR222 amino acid
residues relative to the FADH™ molecule. The PHE200
and TYR222 residues symmetrically surround the FADH™
molecule on two sides. For PHE200, we calculated the
distances between the carbon atom (C8) of FADH™ and
the nitrogen (N) atom, two carbon (CA, CB), and oxygen
(O) atoms.

The initial distances were as follows:

d2 [FAD(C8) — PHE200(N)] = 30.0 A,

d2 [FAD(C8) - PHE200(CA)] = 29.7 A,

d2 [FAD(C8) - PHE200(CB)] = 29.8 A,

d2 [FAD(C8) - PHE200(0)] = 31.1 A.

Similarly, for the TYR222 residue we calculated the
distances between the nitrogen atom (N3A) of FADH™
and the same atoms as for PHE200.

The initial distances were as follows:

d3 [FAD(N3A) - TYR222(N)] = 12.3 A,

d3 [FAD(N3A) - TYR222(CA)] = 12.2 A,

d3 [FAD(N3A) - TYR222(CB)] = 10.0 A,

d3 [FAD(N3A) - TYR222(0)] = 12.6 A.

Both distance diagrams in Figures 5 and 6 clearly
show the oscillating behavior of the FAD molecule. In
other words, FAD mobility inside the enzyme’s pocket
looks very high. The DNA photolyase itself (viz., PHE200
and TYR222 amino acid residues) shows negligibly small
vibration as the system temperature is still low.

Next, we calculated the positional changes of the DNA

chain, which is located in a close contact region with the
photolyase protein. Figure 7 presents a d4 distance dia-
gram [DNA — TYR222] for the TYR222 amino acid resi-
due position relative to the DNA molecule.

The initial distances were as follows:

d4 [DNA(P) - TYR222(N)] = 37.4 A,

d4 [DNA(P) - TYR222(CA)] =385 A,

d4 [DNA(P) - TYR222(CB)] = 38.2 A,

d4 [DNA(P) - TYR222(0)] = 40.1 A.

From Figure 7 it is easy to see that the DNA position
relative to the protein segment (viz. TYR222) does not
change visibly during a long period of dynamical changes.
The distance diagram in Figure 7 also supports our pre-
vious observations.

The distance diagrams are summarized separately in
Figure 8. The comparisons of the d1 - d4 (t) dynamics
indicate different relative mobility and positional changes
of the DNA photolyase fragments. The structural behav-
ior of the DNA photolyase (with FAD and MTHF co-
factors) simulated at the temperatures T = 50 K, 100 K,
150 K, 200 K, and 250 K unambiguously shows a high
mobility of the FAD molecule inside the enzyme’s
pocket. At the simulated temperatures, protein parts
(MTHF and the DNA chain) as well as water molecules
have very low dynamic mobility and show a slow struc-
tural movement. At the same time, even starting from
low temperatures, the FAD molecule demonstrates rela-
tively fast dynamics and undergoes rapid structural

r, A

10 i f

50 .
? 3| d4[TYR222(N)-DNA(P)]
d4[TYR222(CA)-DNA(P)] -------
d4[TYR222(CB)-DNA(P)] -+ -
d4[TYR222(0)-DNA(P)] o

40 e —

20| I -

0 100 200

300 400 500
time, ps

Figure 7. d4 distance diagram showing the positional changes of the TYR222 amino acid residue and DNA molecule.

Copyright © 2012 SciRes.
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r, A

dl[ASNlOS(N)lMHF(CD)]

d2[PHE200(N)-FAD(C8)] ===nn--
d3[TYR222(N)-FAD(N3A)] .

10 L L

0 100 200

300 400 500

time, ps

Figure 8. d1 - d4 distance diagram showing the positional changes in the photolyase protein molecular complex in-

teracting with the DNA chain.

changes. It is worth noting that in [14] a similar struc-
tural behavior of the FAD molecule at low temperatures
was observed for another type of a protein complex,
namely, for Fre—the NAD(P)H:flavin oxidoreductase. In
more detail, the average positions of the nearby TYR35,
TYR72, TYR116, and FAD were compared in [14]. Fig-
ure 1 [14] shows that the atomic trajectories and cen-
ter-to-center distances between three TYR residues and
the FAD isoalloxazine ring also indicate high FAD high
mobility at low temperatures.

In Figure 9, the dynamic molecular surfaces of the
MHF, DNA, and FAD molecules are compared. It is
clear that the MTHF and DNA molecules undergo negli-
gible configuration changes; MTHF and DNA remain in
a frozen state at a low temperature. At the same time, the
FAD configuration changes periodically throughout the
simulation period, tending from the “closed” U-shaped to
the “open” I-shaped one (Figure 9: from top to bottom).
Such FAD configuration behavior looks like “butterfly
motion” [9,14]. It should be stressed that the transition
from the U-shaped configuration, the FAD’s original one
revealed by X-ray structure analysis, to the I-shaped con-
figuration results in the FAD molecule not being allowed
to stay more inside the enzyme pocket. Obviously, the
DNA photolyase enzyme cannot properly locate FAD’s
I-shaped configuration and keep FAD at a binding site.

Copyright © 2012 SciRes.

The FAD chromophore binding inside the DNA
photolyase pocket has many similarities with 11-cis reti-
nal chromophore in opsin proteins [29-35]. Opsins are
expressed in rods and cones in the back (outer) part of
the retina; photolyase/cryptochrome proteins are express-
ed in the front (inner) part of the retina. Opsins initiate
phototransduction by cis-trans isomerization of retinal by
light; the transition from 11-cis to all-trans puts 11-cis
retinal out of the protein binding. Thus, all-trans retinal
behaves like I-shaped FAD and cannot be allowed to stay
any longer inside the chromophore pocket. On the other
hand, the FAD chromophore, as its form changes from
the “closed” U-shaped to the “open” I-shaped, should
also leave the protein. Thus, two photosensory systems
in mammals—the 3D visual system and the circadian
photosensory system, are correlated by their chromo-
phores. We should note that for the opsin + retinal photo-
receptors, the signal phototransduction mechanism is
already known; for the cryptochromes (circadian photo-
receptors with the folate (MTHF) and flavin (FAD) chro-
mophores), the phototransduction mechanism is still un-
known [1].

4. CONCLUSION

MD simulations were performed on the DNA photolyase
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MHF DNA FAD

(b)

(d)
Figure 9. The configurational shapes of the MTHF (left; MHF),
DNA (middle) and FADH™ (right; FAD) molecules att = 0 (a);

200 ps (b); 300 ps (c) and 500 ps (d) states of the relaxed DNA
photolyase protein.

enzyme structure with two chromophore cofactors (FADH™
and MTHF), which are required for the enzyme func-
tioning. FAD is essential for both specific binding to
damaged DNA and catalysis. In a long nanosecond scale,
dynamical changes were traced in a molecular system
consisting of the photolyase enzyme, FAD and MTHF
cofactors fitted into the enzyme’s pocket, and a DNA
chain located in the vicinity of the enzyme; the system
was solvated with different water models. The structural
behavior of the DNA photolyase (with FAD and MTHF
cofactors) were simulated at low temperatures from T =
50 K to 250 K. The distance diagrams for the key frag-

Copyright © 2012 SciRes.

ments of the DNA photolyase were built, and the com-
parison of the positional dynamics indicates different
relative mobility. The FAD molecule has relatively high
mobility inside the enzyme’s binding pocket. The dy-
namic molecular surfaces of the MHF, DNA, and FAD
molecules reveal transition of the FAD conformation
from a “closed” U-shaped to an “open” I-shaped one.
Such behavior of FAD inside the DNA photolyase en-
zyme can be an important factor for this enzyme binding
to UV-damaged DNA and the following DNA repair
mechanism. Similarities were discussed between the two
photosensory systems: the visual pigment rhodopsin pro-
viding 3D vision and the photolyase/cryptochrome pro-
teins responsible for the circadian function. Their struc-
ture correlations were found to be based on the similari-
ties between the FAD chromophore binding inside the
DNA photolyase pocket and 11-cis retinal binding inside
the opsin’s chromophore center.
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