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ABSTRACT

Medium chain acyl-CoA dehydrogenase (MCAD) binds flavin adenine dinucleotide (FAD) as cofactor, and
catalyze o,[3-dehydrogenation of fatty acid acyl-CoA conjugates as the first step of 3-oxidation of fatty
acids in mitochondria. The dynamic properties of geometrical factors as distances between isoalloxazine
(Iso) and the aromatic amino acids of Trp and Tyr were studied by molecular dynamic (MD) simula-
tion. The center-to-center distances (R.) between Iso and aromatic amino acids were shortest in Tyr365
(0.99nm) and then in Trp156 (1.00 nm), Tyr123 (1.29 nm), Tyr362 (1.42 nm). The Iso moiety was buried
inside the protein, and surrounded by rigid and hydrophobic amino acids. The motions of the aromatic
amino acids were suggested to be cooperative and synchronized with each other at some places in the
protein. H-bonds were formed between Iso and Tyr123, Val125, Thr126 and Thr158. Photoinduced elec-
tron transfer (ET) from aromatic amino acids to the excited Iso (Iso*) was analysed from the reported
ultrafast fluorescence dynamics of MCAD with Kakitani and Mataga (KM) theory. The ET rate was fastest
from Trp156, and then from Tyr365, Trp47, Tyr302 and Trp165 in this order. Physical constants contained
in KM theory were determined by a best-fit procedure between the observed and calculated fluorescence
decays. Most of those quantities were similar to those derived from other flavoproteins. The free energy
related to electron affinity of Iso* (G?SO) and dielectric constant (o) were, however, quite low compared
to their mean values among four other flavoproteins, which was elucidated by the low polarity around
Iso. The energy gap law of ET was examined and revealed that ET in MCAD takes place in the normal

region.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Acyl-CoA dehydrogenases constitute a family of flavoproteins
that catalyze the o,[3-dehydrogenation of fatty acid acyl-CoA con-
jugates with various carbon-chain lengths, and are essential for
[-oxidation of fatty acid in mitochondria in cells [1,2]. The impor-
tance of such acyl-CoA dehydrogenases is illustrated, for example,
by that genetic deficiencies in acyl-CoA dehydrogenase function
are lethal, causing sudden infant death syndrome (SIDS) [3]. Acyl-
CoA dehydrogenases contain flavin adenine dinucleotide (FAD) as
a cofactor. The FAD in the proteins is reduced by two hydrogen
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atoms from the acyl-CoA, and then transports the electrons to
the electron transferring flavoprotein. Since the three-dimensional
structure has already been determined by X-ray diffraction method
[4], medium chain acyl-CoA dehydrogenase (MCAD; 396 amino
acids with Mw 47 kDa) is the best-studied member of the class and
serves as a model for the study of their catalytic mechanisms. The
isoalloxazine ring (Iso) of FAD in MCAD forms a charge transfer
complex (CT) with various substrates during the enzymatic reac-
tion [1,2]. The reaction mechanism has been studied through CT by
various physico-chemical techniques, including Resonance Raman
spectroscopy [5], 13C-NMR spectroscopy and molecular orbital cal-
culation (MO) [6].

Ultrafast fluorescence dynamics of several flavoproteins, includ-
ing MCAD, have been studied by a fluorescence up-conversion
method [7-10]. These flavoproteins appear practically non-
fluorescent, but the fluorescence was found to decay in the
sub-picosecond time domain upon excitation with very short
pulsed laser (0.1 ps of pulse width). Such fast decays were ascribed
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to photoinduced electron transfer (abbreviation ET in the present
work is used for electron transfer in the excited state) from Trp
and/or Tyr to the excited Iso (Iso*) [11,12].

Since Marcus first proposed an electron transfer theory [13-15],
it has been improved by many workers [16-20]. These theories
are, however, modeled for electron transfer processes in bulk solu-
tion. Electron transfer phenomena in proteins have been precisely
described [21,22]. However, it has been difficult to study the ET
mechanism by determining every physical constant in the theo-
ries, because the theories contain several unknown parameters.
We have been trying to establish a method for analysis of ET
in flavoproteins, with the atomic coordinates being obtained by
molecular dynamic (MD) simulation, and Kakitani and Mataga the-
ory (KM theory) [20]. Every physical constant in the KM theory
were determined by analyzing fluorescence dynamics of flavopro-
teins, according to a non-linear least-square method [23-27]. The
non-linear least-square method has been useful to determine sev-
eral parameters contained in a theory, which cannot be determined
by experiments, and has been used for Global analysis type meth-
ods [28]. Once the method is established, it may also be applied for
electron transfer processes in the dark.

Ultrafast fluorescence dynamics of MCAD were reported to have
a 1.9 ps average lifetime [7]. However, the whole picture of ET in
MCAD has not yet been made clear. In the present work, the ET
mechanism from Trp or Tyr to Iso* in MCAD was analysed to deter-
mine the physical constants contained in the ET theory from the
ultrafast fluorescence dynamics of MCAD with the atomic coor-
dinates obtained by MD, and compared with ET mechanisms of
other flavoproteins. We hope that this contribution will be useful
especially for engineering flavoprotein redox potentials, current
and prospective biotechnological and bioelectronics applications,
including biosensors.

2. Methods of analyses
2.1. Molecular dynamics simulation

MD simulations were started from a MCAD-FAD complex which
has been determined by the X-ray crystallographic methods (pdb
code: 3MDD) [4]. All heavy missing atoms in the initial struc-
ture were added using Discovery Studio 2.0 software (Website,
http://www.discoverystudios.com). All hydrogen atoms of the pro-
tein were added using the LEaP module of the Amber 10 software
package [29]. The force field parameters of FAD were given by
Antechamber and the Gaff [29]. Charges of atoms in FAD were
obtained by Gaussian 03 [30] with the Hartree-Fock method and
6-31G* basis set. The MCAD was minimized with 1000 steps of
the steepest decent minimization, followed by 2000 steps of con-
jugate gradient minimization to remove the geometrical strain. The
protein then was solvated by 14926 TIP3P water molecules. To
neutralize the negative charges of the system, 3 sodium counter
ions were added to the regions with the largest positive Coulom-
bic potentials. Subsequently, secondary minimization of the whole
system was carried out with 2000 steps of steepest decent and 3000
steps of conjugate gradient methods. This minimized and solvated
system was then used as the starting structure for all the subse-
quent MD calculations. Afterwards, the whole system was heated
from 100K to 298 K over 25 ps and was further equilibrated under
periodic boundary conditions. The MD systems were set under the
normal temperature and pressure (NPT) with a constant pressure of
1 atm and constant temperature of 298 K. The SHAKE algorithm [31]
was employed to constrain all bonds involving hydrogen atoms.
The long-range electrostatic interactions in periodic boundary con-
ditions were described with a particle mesh Ewald method [32]
with a spherical cutoff of 10.0 A for non-bonded interactions. The

MD calculation was carried out for 7ns of the simulation time
with 0.002 ps time step. The stability of the system was observed
by global root of mean square deviation (RMSD) and MD snap-
shots were collected from 5 ns to 7 ns (net 2 ns) of the production
phase with 10 fs intervals, giving 200,000 snapshots for the analysis
of ET in MCAD (see Fig. S1 in Supplemental Material for time-
evolution of RMSD).

The residue-based root mean square fluctuation (RMSF) of each
amino acid, which indicates the structural flexibility for each amino
acid residue, was obtained by superposition of the trajectory con-
formations and the reference conformation of amino acid over
equilibrium MD snapshots using the ptraj module of the Amber pro-

gram. The RMSF defined as RMSF(i) = <(R,~ - <Ri> )2>, whereR; is

the position vector of atom i (in this study, the Ca, N, and O atoms
coordinates were evaluated). The chevron brackets represent the
time average over the whole trajectory.

2.2. ET theory

The original Marcus ET theory [13-15] has been modified in
various ways [16-20]. In the present analysis, the Kakitani and
Mataga (KM) theory [20] was used, because it is applicable for both
adiabatic and non-adiabatic ET process. In fact, the structure of pro-
tein is always dynamic. Therefore, the adiabatic and non-adiabatic
properties can partially incorporate all the time. The ET analyses
by using KM theory have been found to give satisfactory results for
static analyses in several flavoproteins [10,33,34], and dynamic ET
analyses in FMN binding protein (FMN-bp) [23,24,27] and the anti-
repressor of the photosynthetic gene expression regulon (AppA).
The ET rate described by KM theory is expressed by Eq. (1).

_ %o
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Here k’ET is the ET rate from a donor j to Iso* and index q
denotes Trp or Tyr. vg is an adiabatic frequency, B9 is the ET
process coefficient. R; and Rg is the donor j-Iso distance and its
critical distance for the ET process, respectively. R; is expressed
as a center-to-center (R.) distance rather than edge-to-edge (Re)
distance [10,23-27,33,34]. The ET process is adiabatic when R; <
Rg, and non-adiabatic when R; > Rg. kg, T and e are Boltzmann
constant, temperature and electron charge, respectively. ES; is elec-
trostatic (ES) energy, which is described below. MCAD contains 4
Trp and 17 Tyr residues. In the present work the ET rates from all
of these aromatic amino acids to Iso* were taken into account for
the analysis.

Ag’ is the solvent reorganization energy [10,11] of the ET donor
g and j, and is expressed as Eq. (2).

i 1 1 1 1 1
a4 _ 2 IR I
s =e (Zalso + 2a4 Rj> (em gg) (2)

where aj5 and aq are the radii of Iso and Trp or Tyr, with these reac-
tants being assumed to be spherical, and €., and sg are optical and
static dielectric constants. The static dielectric constants for elec-
trostatic (ES) energy between Trp156 (eg") or Tyr365 (ag) cation
and Iso anion, —ez/ngj, and the solvent reorganization energies
for these ET donors were separately evaluated, because the val-
ues of R. for these donors are quite close within 1 nm, and hence
amino acids rarely exist between the donors and acceptor. This
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situation may be quite different from the ES energy between the
ionic species of photoproducts and the other ionic groups in the
protein as described below. The distances between Iso anion or the
donor cations and the ionic groups were longer than those between
the donor cations and Iso anion, so that many amino acids were
existed between the ionic photoproducts and the other ionic groups
in the protein. The optical dielectric constant used was 2.0. The radii
of Iso (ajso), Trp (atrp) and Tyr (ary) were determined as before
[20,21], to be 0.224 nm, 0.196 nm and 0.173 nm, respectively.

The standard free energy change was expressed with the ion-

ization potential of the ET donor, EH,, as Eq. (3).

AG) =E}, - G, (3)

Here, G?SO is standard Gibbs energy related to electron affinity
of Iso*. The values of Elql, for Trp and Tyr were 7.2eV and 8.0eV,

respectively [35].
2.3. Electrostatic energy in the MCAD

Protein systems contain many ionic groups, which may influ-
ence the ET rate. MCAD contains Iso as the ET acceptor, with
four Trp residues (Trp47, Trp156, Trp165 and Trp307) and 17 Tyr
residues (Tyr32, Tyr38, Tyr79, Tyr104, Tyr110, Tyr123, Tyr148,
Tyr166, Tyr267, Tyr302, Tyr317, Tyr318, Tyr325, Tyr350, Tyr362,
Tyr365 and Tyr384) as potential ET donors. The FAD cofactor in
MCAD has 2 negative charges at the pyrophosphate, whilst MCAD
itself contains 31 Glu, 16 Asp, 25 Lys and 21 Arg residues.

The ES energy between Iso anion or donor cation j and all other
ionic groups in the protein is expressed by Eq. (4)

31 16 25

. C‘ Celu CJ : CAsp CJ ) CLyS
EG) =D 2oR/(Glu —1) Z EoRj(Asp —1) | > £oRi(Lys — 1)
i=1 i=1
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4
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where j=0 for the Iso anion, 1-4 for the Trp cations and 5-21 for
the Tyr cations. G is the charge of the aromatic ionic species j, that
is —e for j=0 and +e for j=1-21. Cg), (=—e), Casp (=—¢), Crys (=%e),
Carg (=te) and Cp (=—e) are the charges of the Glu, Asp, Lys and
Arg residues plus the phosphate anions, respectively. We assumed
that these groups are all in an ionic state in solution. The distances
between the aromatic ionic species j and the ith Glu (i=1-31) are
denoted as R; (Glu —1i), whilst the distances between the aromatic
ionic species j and the ith Asp (i=1-16) are denoted as R; (Asp — i),
and so on. The dielectric constant in this ES energy was g9 which
was separately evaluated from ng or ‘90 The reason was described
above.
ES; in Eq. (1) was expressed as follows:

ES; = E(0) + E(j) (5)

Here j is from 1 to 21, and represents jth ET donor as described
above.

2.4. Fluorescence decays
The observed fluorescence decay function of MCAD was

reported by Mataga et al. [7], and is expressed by Eq. (6) in Method
A.

t
I (1) = 0.837exp (0299) +0.127exp (1 09)

+0.036 exp <42t) (6

~

The lifetimes were indicated in unit of ps. The calculated decay
function is expressed by Eq. (7).

21
F ()= <exp— > k() r> )
= AV

Fluorescence decays were calculated up to 10ps. The {(...)ay
means the averaging procedure of the exponential function in Eq.
(7)overt upto2nswith 0.1 ps time intervals. In Eq. (7) we assumed
that the decay function at every instant of time, t’, during the MD
time range can be always expressed by the exponential function.
The present method is mathematically equivalent to the reported
one [36] when the time range (2 ns) of MD data is much longer
than one (10 ps) of fluorescence data. The mathematical basis of
this approach is described in Supplemental Material.

In Method A the unknown ET parameters (vi, 8%, and R{, for Trp
and Tyr, GISO and &g ) contained in the KM theory were determined so
as to obtain the minimum value of Xf\, defined by Eq. (8), by means
of a non-linear least squares method, according to the Marquardt
algorithm, as previously reported [23-27].

N {Calc(t, Obs(ti)}2

Z calc(t’)

Here N denotes number of time intervals of the fluorescence
decay, and was 500 with the time intervals of 0.02 ps.

In Method B, the observed fluorescence decay curve instead of
the observed decay function expressed by Eq. (6), as in Eq. (9).

(8)

:!>

t
P = / (t — OO () (9)
0

Eq. (9) shows a convolution of the calculated decay function
Calc(t’) given by Eq. (7) with an instrumental response, P(t —t'),
which is illustrated in the reported work [7]. The unknown ET
parameters were determined so as to obtain the minimum value
of x% defined by Eq. (10).

% _ Z { calc obs(tl)}

calc
F§,(t)indicates the observed decay curve reported [7]. The devi-
ation between the observed and calculated fluorescence decays
were obtained by Eq. (11).

{Fcalc(ti) - Fobs(ti)}
V Fcalc(ti)

InEq.(11)Fyps(t) denotesF ps(£)inMethod Aor FS, (t)inMethod
B, and F,(t) F (t)in Method Aor F¢ (t)in Method B.

" cale calc

(10)

Deviation(t;) = (11)

3. Results
3.1. Geometrical factors near FAD binding site

The protein structure of MCAD at the FAD binding site is shown
in Fig. 1. The mean R and R. distances and the inter-planar angles
between Iso and aromatic amino acid residues and the adenine
moiety over a MD time range of 0.1 ps time intervals are listed in
Table 1. Tyr365 displayed the shortest R from Iso, and followed by
Trp156, Tyr362, Tyr123, Tyr38 and Tyr166. These six amino acid
residues were also the closest to Iso by Re, although the ranked
order was slightly different from that of R.. The time-dependent
changes in the R of the four Trp residues revealed that the R; of
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Fig. 1. The protein structure of MCAD at the FAD binding site.

Trp156 displayed a tendency to decrease a little with time, whilst
the other three Trp residues increased a little with time (Fig. 2).
Instantaneous fluctuations in Rc were, however, rather small. The
corresponding time-dependent changes in the R. of the five clos-
est Tyr residues (based on R values, see Table 1) revealed that the
R. values increased a little with time (Fig. 3). The time-dependent
changes in the inter-planar angles between Iso and the four Trp
amino acid residues showed a decrease from around 75° to 40°
for Trp47 at 0.4ns, whilst Trp307 increased from —90° to —60°
at around 0.2 ns. Although the angles of the other Trp residues
were relatively constant (Fig. 4), all showed remarkable instan-
taneous fluctuations by as much as £20°. The mean angles are
listed in Table 1. The time-dependent changes in the angles of the
five selected Tyr residues (see above) showed that Tyr123 tends
to increase from —70° to —50° with time, whilst Tyr362 decreased
from 50° to 30° (Fig. 5).

Table 1
Geometrical factors between Iso and adenine/aromatic amino acids.?

Adenine and amino acid R (nm) Re (nm) Inter-planar angle (°)
Adenine 1.64 1.15 85.0
Trp47 2.68 1.79 421
Trp156 1.00 0.30 -33.6
Trp165 2.08 1.15 -80.6
Trp307 3.20 2.62 -74.0
Tyr32 229 1.60 65.2
Tyr38 1.64 0.96 57.3
Tyr79 2.58 1.92 -110.8
Tyr104 3.41 2.51 -52.9
Tyr110 2.54 1.67 64.6
Tyr123 1.29 0.28 -61.8
Tyr148 2.97 1.99 -61.8
Tyr166 1.69 0.78 74.7
Tyr267 3.42 2.81 87.8
Tyr302 2.29 1.83 24.2
Tyr317 2.74 2.18 -50.7
Tyr318 2.82 2.23 -82.5
Tyr325 2.55 1.99 —34.5
Tyr350 3.19 2.45 -39.9
Tyr362 1.42 0.83 32.2
Tyr365 0.99 0.37 -21.8
Tyr384 3.50 2.93 -4.3

3 The mean of the geometrical factors are derived from over 20,000 snapshots
with 0.1 ps time intervals.

00 05 10 15 20 25
Time (ns)

Fig. 2. Center-to-center distances (R.) between Iso and the four Trp residues.
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Fig.3. Center-to-center distances (R.) between Iso and the five selected Tyr residues
(those closest to the Iso, as defined by R. values).
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Fig. 4. Inter-planar angles between Iso and the four Trp residues.
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Fig. 5. Inter-planar angles between Iso and the five selected Tyr residues.



84 K. Lugsanangarm et al. / Journal of Photochemistry and Photobiology A: Chemistry 224 (2011) 80-90

Y =0.7425X + 0.3728

=

g
-

Rc of Tyr302
N
[A]

2.2 -
21 t t t t
23 24 25 26 2.7 28
Rc of Tyr79
B 8 Y =0.9X +10.462
+« 1 R!=055
[ ]
S 60 - * gt
o™ *
2oL
4 40 — — -
* *
2 |, ’
2 20 13 2
< ‘:,
*»
0 t t t t t
0 10 20 30 40 50 60
Angle of Tyr362
C 1.9 Y =-0.0013X + 1.5542
o R?=0.63
o 18 4
(=)
e
=47
[=]
P
1.6 -
1.5 t t t
-200 -150 -100 -50 0

Angle of Tyr384

Fig. 6. Correlation between two independent geometrical factors. The R. and inter-
planar angle between Iso and the three indicated aromatic amino acid pairs.
Pearson’s correlation coefficients were 0.825 in A, 0.740 in B and —0.785 in C. Red
solid lines indicate the linear regression, with the equation and R? coefficient shown
in the insert. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

3.2. Correlation between geometrical factors relative to Iso

Correlations between the R. and inter-planar angle between Iso
and the aromatic amino acids were examined with analysis using
Pearson correlation coefficients and linear regression. Fig. 6 shows
the correlations of the three paired factors that had Pearson correla-
tion coefficients higher than 0.7 (absolute value). This shows that (i)
the relationship between the R. values of Tyr302 and Tyr79, with
a reasonably high Pearson correlation coefficient (0.825) and lin-
ear regression (Fig. 6A); (ii) the inter-planar angles of Tyr302 and
Tyr362, again with a reasonable Pearson’s correlation coefficient
(0.740) (Fig. 6B); (iii) the Rc of Tyr166 and the inter-planar angle
of Tyr384, which were inversely related with a Pearson correlation
coefficient of —0.785 (Fig. 6C). The other pairs with a relatively high
Pearson correlation coefficient, defined as >0.7 for R. and >0.6 in
absolute values for the inter-planar angle, are listed in Table 2. Some

A 20

1.8 -
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E In6
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]
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0.8 s : . .
0.0 05 1.0 15 20 25

Time (ns)

=~

—
[ ]
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—
=
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Angle (deg)
2 8

da
=

[y ]
=

00 05 10 L5 20 25
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Fig. 7. Dynamics of the FAD geometry within the MCAD protein. (A) The R. and Re
between Iso and the adenine moiety and (B) the inter-planar angle between Iso and
adenine.

pairs of amino acids were found to be correlated, which are spatially
located at distant places to each other and with no geometrically
apparent relationship between them.

3.3. Dynamics of FAD structure

The time-dependent changes in the R. and R, values between
Iso and the adenine moiety are shown in Fig. 7A, where the R. val-
ues varied from 1.45 nm to 1.75 nm, which is much more marked
compared to that observed for the Trp or Tyr amino acid residues.
It seemed to display a long period fluctuation in sub-nanoseconds,
in addition to the instantaneous fluctuation. The time-dependent
changes in the inter-planar angle between Iso and adenine (Fig. 7B)
displayed marked fluctuation compared to Trp buried in the pro-
tein.

3.4. Rigid and flexible parts of MCAD

Residue RMSF can be used to measure protein flexibility,
and the results for MCAD are shown in Fig. 8 where the

loop-I loop-11
(Ser172 - Alal80) (Lys266 - 111284)

o
o
T

o
o

High flexible

e
=

RMSF (nm)

Moderate

o
w

[Rigia

i I I I L I

1 50 100 150 200 250 300 350
Residue number

Fig. 8. Residue RMSF in MCAD. The RMSF (nm) of each amino acid residue of MCAD.
The rigid and flexible parts were defined by having a residue RMSF of <0.3 nm and
>0.4 nm, respectively.
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Table 2

Pearson correlation coefficients between the two paired geometrical factors (R, Re and inter-planar angle) of the aromatic amino acids relative to Iso for those pairings with
a significant correlation (>0.7 for R. and R. and >0.6 for interplanar angles, respectively).?

Geometrical factor (A) Geometrical factor (B)

Amino acid Correlation Amino acid Correlation Amino acid Correlation Amino acid Correlation
coefficient coefficient coefficient coefficient
RTrp47 RTyr32 0.709 RTyr79 0.764 RTyr302 0.723 RTyr362 0.735
RTrp165 ATyr384 —0.656
RTrp307 RTyr302 0.733 RTyr318 0.748
RTyr32 RTyr38 0.718 RTyr79 0.745
RTyr79 RTyr267 0.729 RTyr302 0.794 RTyr362 0.825 RTyr365 0.713
RTyr166 ATyr384 -0.727
RTyr302 RTyr318 0.733 RTyr325 0.722 RTyr362 0.821 RTyr365 0.718
RTyr318 RTyr362 0.720
RTyr325 RTyr362 0.749
RTyr350 RTyr362 0.718 ATyr384 -0.637
RTyr362 RTyr365 0.814 ATyr362 —-0.652 ATyr384 -0.603
RTyr384 ATyr384 —0.785
ATrp47 ATyr302 0.620 ATyr362 0.675
ATyr38 ATyr123 -0.611 ATyr302 0.601 ATyr317 0.214
ATyr123 ATyr362 —0.682
ATyr302 ATyr318 0.620 ATyr362 0.740

2 Pearson correlation coefficients are listed between geometrical factors A and B. R and A denotes the R. and interplanar angle between Iso and indicated amino acid,
respectively. Coefficients are listed only for those that are greater than 0.7 for R. and 0.6 for the angle.

criteria used to define rigid and flexible amino acids was a
RMSF residue of <0.3nm and >0.4nm, respectively. The RMSF
values were highest (most flexible) at the Ser172-Ala180 (loop-
I) and Lys266-11e284 (loop-II) regions, and lowest (most rigid)
around residue No. 250. Fig. 9A shows the locations of the rigid
(blue) and flexible (red) amino acids. Rigid amino acids were
Leu51-Pro57, Gly64-Gly102, Ala292-Trp307, Thr316-GIn332 and
Asp358-Gly367, whilst flexible amino acids were Thr7-Leu63,
Asn103-Pro118, Lys140-Asn155, Ser172-Ala180, Asp192-Gly199,
Phe217-Glu225, Lys266-11e284 and GIn339-Pro351. The lower
panel in Fig. 9B shows a close view of the Iso binding site, which
suggests that Iso is buried in some of the most rigid amino acids.
The amino acid residues near (within 6A) Iso are Thr86, Ala90,
Leu93, Tyr123-Thr126, Pro128, Gly129-Asp133, Trp156-Thr158,
Asn204, GIn207, Thr212, 1le361, lle364-Thr368, GIn370 and Ile371,
which only Pro128, Gly129-Asp133, Thr368, GIn370 and Ile371
have the moderate flexibility. Fig. 9C shows a close view of ade-
nine part of FAD. Adenine part was exposed into water layer at
the protein-water interface, not buried in the protein, which is in
accord with marked fluctuation of inter-planar angle between Iso
and adenine as stated above (see Fig. 7B).

3.5. Hydrogen bonding interaction of FAD with surrounding
amino acids

The hydrogen bonding (H-bond) interaction, represented as a
percentage occupation, was determined with the following crite-
ria: (1) the distance between proton donor (D) and acceptor (A)
atoms was equal to or less than 0.35 nm and (2) the D-H---A angle
was equal to or greater than 120°. The likely H-bond pairs found are
listed in Table 3, and the likely H-bond interactions between FAD
and the surrounding amino acids are shown as dotted lines together
with the distances (Fig. 10A), and as the percentage occupations
of potential H-bonds pairs (Fig. 10B). From these data it is con-
cluded that major H-bonds are formed between Iso and the MCAD
Tyr123,Val125,Thr126 and Thr158 residues. In addition, the 04 and
N3H of Iso formed strong hydrogen bonds with water molecules,
having 90% and 75.3% occupancy. The alcohol oxygen atoms of
the ribityl chain form H-bonds with the MCAD Glu366NH/C2*0,
Gly367NH/C4*0 and Ser1320/C4* pairs (see Chart 1 for atom nota-
tions of FAD), whilst the oxygen atoms of the FAD pyrophosphate
formed H-bonds with the peptide NH of the MCAD Gly131, Gly129
and Ser132 residues. On the other hand, only one hydrogen bond

was found between adenine and Thr368 with 64.8% occupancy, but
then again the adenine moiety has a much higher motional freedom
in the water layer as discussed above.

3.6. Fluorescence dynamics and physical constants related to ET

The observed fluorescence decay of MCAD was analysed
with two methods (Method A and Method B) described in
Section 2. Fig. 11 shows the observed and calculated decays
obtained by Method B. The ET parameters in KM the-

ory determined by Method A were vgrp:1164ps*1, vgyr:

-1 Trp — -1 Tyr — -1 Trp
1.78ps~!, B'™=7.04nm~!, BY¥'=0.677nm~', R;" =0.738nm,

ngr =1.63nm, G =6.23eV, and p=4.22, &)’ =2.54, and &} =

Iso
2.27. The ET parameters obtained by Method B were vgrp =

1135ps~!, v¥" =4.78ps~!, TP =420nm"!, F¥'=0.606nm"!,
Ry® = 0.786nm,R’" = 1.18nm, G2 = 6.18eV,and eg=3.29, ¢} =
2.71, and 82)( = 2.13. The decay was calculated with these quan-
tities obtained by Method B. The values of Xf\ defined by Eq.
(8) was 3.11x 1073, and x2 obtained by Eq. (10) 1.25x 1072,
The value of x3 was much greater than one of x3. This may be
ascribed to experimental variation in Fj, (t). Deviations between
Fops(t) and Fg,c(t) should increase when the observed intensities
are used for the analysis, instead of the smooth decay function.
The extent of the agreement between Fs(t) and F,c(t) may not
be different much in both analyses with Method A and Method
B. The physical constants of ET in MCAD were listed in Table 4,
together with those in other flavoproteins for comparison. The
mean values of the four systems (4 of flavodoxins, 3 of AppAs
and 2 kind of FMN-bp) other than MCAD were vgrp =1900ps~!,
vgyr =1400ps~!, BT =29nm~1, A" =72nm1, Rgrp =0.64nm,
ngr =0.98nm, G2 = 8.6eV. The values of vgrp, A and G in
MCAD were quite lower than the respective mean values. The value
of &g should be dependent on the protein system. The value of gg
in MCAD was quite lower than those of other systems, 4.22 by
Method A and 3.29 by Method B. The MCAD is an enzyme and binds
substrates of fatty acid derivatives. To bind such hydrophobic sub-
strates the protein must be hydrophobic. In fact Iso moiety was
completely buried in the protein, and surrounded by Thr86, Ala90,
Leu93, Tyr123, Cys124, Val125, Thr126, Pro128, Gly129, Ala130,
Gly131, Ser132, Asp133, Trp156, Ile157, Thr158, Asn204, GIln207,
Thr212, 1le361, 1le364, Tyr365, Glu366, Gly367, Thr368, GIn370,
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Table 3
Percentage occupation of H-bonds between FAD and MCAD amino acid residues.?
No. FAD atom Residue Distance (nm)/angle (°) Percentage occupation Moiety in FAD
1 02 Thr126(NH) 0.29/168.6 100.0 Iso
2 N3H Tyr123(0) 0.30/160.2 100.0
3 N1 Thr126(0G) 0.28/166.6 99.8
4 02 Val125(NH) 0.34/152.9 98.8
5 04 Water(H) 0.27/167.2 90.8
6 02 Thr126(0G) 0.30/139.8 89.8
7 N3H Water(H) 0.37/133.6 75.3
8 04 Thr158(NH) 0.33/160.2 69.8
9 c2*0 Glu366(NH) 0.30/166.9 99.4 Ribityl
10 C4*0 Gly367(NH) 0.31/157.7 98.0
11 Cc4*0 Ser132(0) 0.28/174.3 65.5
12 ort Gly131(NH) 0.32/148.6 90.0 Pyrophosphate
13 AoPt Gly129(NH) 0.32/150.6 82,5
14 or2 Gly131(NH) 0.28/151.4 64.7
15 or? Ser132(NH) 0.30/163.5 62.3
16 AC3*0 Thr368(0H) 0.29/166.4 64.8 Adenine

2 Atom notations in FAD are indicated in Chart 1. NH and O in the residues denote peptide NH and O. OG in Thr126 is the O atom in the side chain.

Ile371 (stated above, see Fig. 9) within 0.6 nm of the distances to Iso.
Among these amino acids only Asp133 is ionic, and most of them
are hydrophobic. The reason why &g is low, may be elucidated by
these facts.

The dielectric constants between Trp156 and Iso (e‘é") and
between Tyr365 and Iso (sg) were 2.5 and 2.3 by Method A, and 2.7
and 2.1 by Method B, respectively. These values were also quite low.
In the recent work on FMN-bp [27], the dielectric constant between
the ET donors and acceptor was separately evaluated from those in
the entire proteins, and displayed lower than those of the entire
proteins.

3.7. ETrates and ES energy in MCAD

The time-dependent changes in the ET rates from five aromatic
amino acids (one of the four Trp and four of the Tyr residues) are
shown in Fig. 12, whilst the natural logarithm of the mean ET rates
is listed in Table 5. The ET rate from Trp156 was the fastest among
the 21 aromatic amino acids, although the values of R. were almost
identical between Trp156 (1.00nm) and Tyr365 (0.99 nm), fol-
lowed by Tyr123 (1.29 nm), Tyr362 (1.42 nm) and Tyr38 (1.64 nm)
and Tyr166 (1.69 nm) in this order.

Fig. 13 shows time-evolution of net ES energies between the
photoproducts and other ionic groups in the protein, given by Eq.

pyrophosphate. The ES energies of the ET donors were all negative.
Mean net ES energies (ES;) given by Eq. (5) over the MD time range
(Table 5) were lowest in Tyr302 (—1.168 eV) and highest in Tyr317
(0.815eV), whilst the ES energies (— ez/eoRj) between the Iso anion
and donor cations (Table 5) were lowest in Tyr365 (—0.695 eV) and
highest in Tyr384 (—0.125eV). AGEI’ were 0.74 eV and 1.54 eV for all

Trp and Tyr residues, respectively. The values of Agj (Table 5) were
lowest in Tyr365 (0.14 eV), and highest in Tyr384 (0.1.37 eV).

3.8. Energy gap law

The total free energy gap is expressed by Eq. (12).

2
CAGY(iY — _ES. o & Ao
AGY(j) = ES]+80Rj AGS (12)

The original energy law is expressed by Eq. (13), when pre-

exponential terms and kg are not changed appreciably with ET
donors.

(5). Ejso was always posmvg, which is ascribed to‘the repulsion In klET o — {)"g’ n AG?(]‘)} (13)
energy between the Iso anion and the two negative charges at
Table 4
Comparison of physical constants of ET between MCAD and other flavoproteins.?
System Trp Tyr
vg”’ (ps™')  B™ (nm~') Rg"p (nm) ngr (ps™") vgy" (nm-1) AV (nm) G (eV) & ey XM x2
MCAD Method A 1164 7.04 0.738 1.78 0.677 1.63 6.23 4.22 2.54 2.27 3.11x 1073
Method B 1135 4.20 0.786 4.78 0.606 1.18 6.18 3.29 271 2.13 1.25x 1072
Flavodoxin® WT 3090 55.6 0.772 2460 9.64 0.676 7.67 5.85
Flavodoxin® Y97F 478
Flavodoxin® W59F 4.04
Flavodoxin® Y97F/W59F 2.28
AppA® WT 2304 18.1 0.539 2661 6.25 2.74 8.53 29.0
AppA° W104F 13.7
AppA® Y21F 2.45
FMN-bp¢ 1016 21.0 0.570 197 6.64 0.00 8.97 9.86
FMN-bp® 1016 21.0 0.663 197 6.25 0.499 9.22 8.03

2 Physical constants contained in KM theory were determined by the observed fluorescence dynamics. The meaning of the constants are explained in Eq. (1) and below

Eq. (1).
b Data taken from Ref. [47].
¢ Data taken from Ref. [23].
d Data taken from Ref. [25].
¢ Data taken from Ref. [24].



K. Lugsanangarm et al. / Journal of Photochemistry and Photobiology A: Chemistry 224 (2011) 80-90 87

Table 5
Mean physical quantities over MD time range and energy gap law.?
ET donor RP Inkl_ 2Jd ESje —e2/elR)! AGYE —~AGY()" —~AGY(j)/AY Inkl /2%
Trp47 2.68 -17.90 1.25 —0.949 -0.163 0.744 0.368 0.296 -144
Trp156 1.00 1.12 0.66 —0.842 —0.545 0.744 0.643 0.977 1.7
Trp165 2.08 —23.77 1.22 —0.479 -0.210 0.744 —0.055 —0.045 -19.6
Trp307 3.20 -31.20 1.26 —-0.359 -0.137 0.744 —-0.248 -0.197 —24.7
Tyr32 2.29 —34.31 1.32 —0.625 -0.191 1.544 -0.727 —0.550 -259
Tyr38 1.64 —-43.31 1.27 -0.370 —0.266 1.544 —0.908 -0.712 -34.0
Tyr79 2.58 —36.06 1.34 -0.573 —0.170 1.544 —0.802 —0.600 -27.0
Tyr104 341 —60.74 1.36 —-0.019 -0.128 1.544 -1.396 -1.024 —44.5
Tyr110 2.54 —49.22 1.34 —0.262 -0.172 1.544 -1.109 -0.831 -36.9
Tyr123 1.29 —39.96 1.23 —0.426 —0.340 1.544 -0.778 —0.634 -32.6
Tyr148 297 -57.39 1.35 —0.086 —0.147 1.544 -1.310 -0.970 -42.5
Tyr166 1.69 —38.27 1.28 —0.601 —0.259 1.544 —0.684 -0.535 -29.9
Tyr267 3.42 -51.95 1.36 —0.307 -0.128 1.544 -1.109 -0.813 —38.1
Tyr302 2.29 —22.37 1.32 -1.168 —-0.191 1.544 -0.185 —0.140 -16.9
Tyr317 2.74 —96.36 1.34 0.815 —0.160 1.544 —2.200 -1.637 -71.7
Tyr318 2.82 —84.22 1.35 0.603 -0.155 1.544 -1.992 —1.480 —62.6
Tyr325 2.55 —37.55 1.34 —0.625 -0.172 1.544 —0.748 —0.560 -28.1
Tyr350 3.19 —33.76 1.36 -0.797 -0.137 1.544 —-0.610 —0.449 -249
Tyr362 142 —26.23 1.25 —0.856 —0.309 1.544 —0.380 -0.304 -21.0
Tyr365 0.99 0.18 0.14 -1.107 —0.695 1.544 0.258 1.834 13
Tyr384 3.50 -93.75 1.37 0.645 -0.125 1.544 —2.063 -1.511 —68.7

The physical quantities are means of 20,000 snapshots for MD calculation time. Notations for the physical quantities are indicated in Eq. (1) in text.

a

b Center-to-center distance in unit of nm.

¢ ker is expressed in unit of ps—-

d Reorganization energy is given by Eq. (2).

¢ Net ES energies are given by Eq. (5) in unit of eV.

f ES energy between donor and acceptor is given by —e?/¢lR; in Eq. (1) (eV).
& AGy° is given by Eq. (3).

h The total free energy gap is given by Eq. (12) in unit of eV.

When }\gi appreciably varies with the ET donors, the following
modified energy gap law may be useful.

(nky) [ 1+A630)

A9 29 e
S S

Table 5 lists the values of physical quantities needed for the plots
of the 21 ET donors. Fig. 14A demonstrated the original energy gap
law given by Eq. (13), and in Fig. 14B shows the modified energy gap
law, according to Eq. (14). In Fig. 14A In ki increased with — AGY(j).
The red solid line denotes an approximate parabolic function of
Inkl.; against — AG2(j), Y=—5.0414X2 + 24.89X — 16.982, where Y is

Inkl;, and X, — AGO(j). The value of AGY(j) at the maximum ET rate

was 2.5¢eV. In Fig. 14B AG?U)/A;U was plotted against AG?U)/A?.
The red solid line indicates an approximate parabolic function,
Y=-3.1043X2 +19.284X — 13.188, where the Y is Inkl;/A¥, and X,

AG?U)/A?. In the modified energy gap law Inkl;/A¥ displayed a

maximum at 1.5 ofAGQ(j)/AQi, whilst no such maximum displayed
in the normal energy gap law.

4. Discussion

MCAD is a flavoenzyme, which is different from electron trans-
port proteins, such as FMN-bp, and flavodoxins. The Iso of FAD
was buried in the protein and surrounded by rigid amino acids.
Substrates of MCAD are very hydrophobic, being medium chain
acyl-CoA, only one amino acid (Asp133) among 29 amino acids that
exists near Iso (within 0.6 nm) is ionic. The low g in MCAD may be
ascribed to these characteristics of the protein. The major H-bonds
formed between Iso and Tyr123, Val125, Thr126 and Thr158. It is of
interest that some of the geometrical factors, such as Rc and inter-
planar angle between Iso and the aromatic amino acids displayed a
high correlation with the other geometrical factors. Such two aro-
matic amino acids with a high correlation coefficient are located
at distant places in the MCAD protein and do not seem to have

any relationship between them. Unless this simply represents a
stochastic chance event, this suggests that motions are cooperative
or synchronized with each other at some places in the MCAD.

Such cooperative motions may be related to ET rates. Table 6
lists the correlation coefficients between ET rates and geometri-
cal factors as Rc or net ES energy for six fastest donors. ET rate
of Trp156 was fastest and then follow by Tyr365, Trp47, Tyr302,
Tyr165, and Tyr362, respectively. Quite good linear relations in
Trp156 were obtained with the correlation coefficients (r=-0.52
for Rc and r=-0.64 for net ES energy). The correlation of ET rate
with net ES energy was better than one with R of Trp156. The
correlation coefficients between ET rate and net ES energies (ES;)
were always quite high in the all donors, whereas the coefficients
between ET rate and R, were negligible except for Tyr362.In Tyr362
ET rate may be correlated with R. of other donors in addition to R
of Tyr362 itself, though the ET rate was low. These results suggest
that net ES energies are more important for ET rate in MCAD, which
is in accord with the previous works [10,27].

The maximum rate was obtained with the approximate parabola
function at —AG?U) = 2.5eV, which was much greater than those
of flavodoxin (0.9 eV) [47] and FMN binding protein (0.16eV) [27].
The extraordinary high value of —AG?U) at the maximum rate in
Trp156 with fastest ET rate may be ascribed to very low dielectric
constant of the entire protein, accordingly highest net ES energy
in magnitude (—0.84eV) in MCAD among three protein systems
(—0.08 eVin FMN binding protein [27], —0.02 eV in flavodoxin [47]).
The highest value of —AG?U ) may be also ascribed to lowest value
of G?SO (6.2eV in MCAD, 6.8 eV in FMN binding protein [27], and
7.7 eV in flavodoxin [47]).

The redox potential of FAD in the ground state of MCAD has
been calculated, by means of combined quantum mechanical and
molecular mechanical simulation [37], to be —30mV whilst the
experimental value is —135 mV. In this work the 04, N3H and O2 are
reported to form H-bonds with Thr158, Tyr133 and Val125, respec-
tively, which is in accordance with the present work (see Fig. 10A).
The vibrational frequency and effect of the H-bond on the C4=04
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Table 6
Correlation coefficient between ET rate and related quantity.?

Rate Trp156 Rate Tyr365 Rate Tyr47 Rate Tyr302 Rate Tyr165 Rate Tyr362

R:.156 -0.518 Net365 —0.837 Net47 —0.949 Net302 —0.642 Net165 —-0.630 R.A47 —0.525

Net156 —-0.638 Net384 -0.731 Net156 —0.690 Net317 -0.744 Net123 -0.614 R:.165 —0.548

Net165 -0.761 R:302 -0.527
R:318 -0.517
R:325 —0.562
R:350 -0.521
R:362 —0.650
Angle362 0.511
Angle384 0.544

2 The correlation coefficients (Pearson) with greater than 0.5 are listed in the table. R, Angle, and Net denote center-to-center distance between Iso and a donor, inter-planar
angle between Iso and a donor, net ES energy (ES;). Numbers beside these quantities indicate the residue numbers, of which amino acids (Trp or Tyr) are shown in Table 5.

Order of ET rates were Trp156, Tyr47, Tyr302, Tyr165, and Tyr362 (see Table 5).

vibrational frequency in MCAD have also been studied before by
Resonance Raman and NMR spectroscopies [38].

Agreement between the observed and calculated decays was not
very good. The value of x2 was 3.11 x 10~3 in MCAD using decay

Ser172-Alal80 ——

>-terminal ———
(Lys385)
Lys140-Asn155

Phe217-Glu225

Asn103-Prol18
Asp192-Gly199

«—————— Thr7-Leu63
Lys266-11e284

Fig. 9. Rigid and flexible parts of MCAD. The rigid (blue) and flexible (red) amino
acids, based on the RMSF residual values (see Fig. 8) (A). The close view of the Iso
binding site. Iso is buried inside the protein (B). The adenine binding site, which is
exposed into water layer (C). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

functions (Method A), which are compared to those in FMN bind-
ing proteins, 2.49 x 103 [27], and in flavodoxin 9.60 x 10~4 [47].
The significant deviation seems to be caused by the marked non-
exponential nature of the observed decay in MCAD, in which ratio of
the longest lifetime to the shortest one was as much as 140, whilst
the ratios were 9.0 in WT FMN binding protein [27], 16 in Y97F
flavodoxin, and 17 in W59F flavodoxins [47]. The present method
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Fig. 10. H-bond formation between FAD and the surrounding MCAD amino acid
residuess. (A) Schematic representation of the H-bonds between FAD and the
neighboring amino acids with distances annotated in nanometers. (B) The percent
occupation pattern of H-bonds (see Chart 1 for atom notations of FAD).
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Chart 1. Chemical structure of FAD including the atomic numbering.

may not be good enough to simulate such high non-exponential
decays. One of possible reason for it may be that any of static
dielectric constants may be time-dependent, not constant. If a time-
dependent dielectric constant is introduced, then fluctuation of ET
rate with time may be enhanced, and accordingly the high non-
exponential decay can be reproduced by the present method.

The energy gap law has been examined by many workers
[10,35-38] in solution to test the Marcus theory [13-15], and espe-
cially for ET in the inverted region, which is critical for the Marcus
theory. Rehm and Weller [39,40] systematically investigated the
energy gap law in solution, but could not succeed to find it. Later
Close et al. [41], and Mataga et al. [42,43] reported the ET phe-
nomena in the inverted region. The energy gap law in proteins was
firstexperimentally demonstrated in the reaction center of the pur-
ple bacterium, Rhodobacter sphaeroides by Gunner and Dutton [44],
and the plant photosystem I and in the reaction center of the pur-
ple bacterium by Iwaki et al. [45]. In these systems, the ET takes
place in the normal regions. The energy gap law in flavoproteins
has been investigated in wild type flavodoxin and its mutated iso-
forms by Lugsanangarm et al. [46,47] and in wild type FMN-bp and
four mutated FMN-bp systems by Nunthaboot et al. [27]. The ET in
these flavoproteins also took place in the normal region.

Deviation
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Fig. 11. Fluorescence decay of Iso in MCAD. The observed and calculated decays
were obtained by Method B. Fobs and Feac in the insert mean F§ (t) and F¢, () given
by Egs. (9) and (10), respectively. The upper panel shows the deviation between the
observed fluorescence (ngs(t)) and the calculated (Fccalc(t)). Fcfalc(t) were calculated
with the best-fit ET parameters determined by Method B (see Table 4). (For color in

this figure, the reader is referred to the web version.)
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Fig. 12. Time-dependent changes in the ET rates from the five selected aromatic

amino acids to Iso*. ET rates were calculated with ET parameters determined by
Method B.
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Fig. 13. Net ES energy between photoproducts and the other ionic groups in the
MCAD Protein. The ES energies were obtained by Eq. (5) with &¢ = 3.29 determined
by Method B (see Table 4).
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