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Effects of Internal Rotations on the Time-Resolved
Fluorescence in a Bichromophoric Protein System
Under the Energy Transfer Interaction?t
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Effects of internal rotations of chromophores under the energy transfer interaction in proteins on
the time-resolved fluorescence were examined by numerical calculations. Expressions used for the
calculations are based on the approximations that the energy transfer takes place according to
Forster’s mechanism and the rotational motions of the energy donor and acceptor along the surfaces
of cones are described by a set of rotational diffusion equations. The intensity decay of the donor
depended a little on the rotational diffusion coefficient of the donor in some cases, while that of
the acceptor did very little. Anisotropy of the donor decayed faster as the diffusion coefficient of
the donor increased. Anisotropy decay of the acceptor markedly depended not only on the mutual
configuration of the pair in the protein, but also on the diffusion coefficient of the donor. The
dependence of the time-resolved fluorescence on the diffusion coefficient of the acceptor was not
as great as that of the donor.
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INTRODUCTION

Energy transfer interaction has been frequently
observed in proteins [1,2], and used to determine the
distances between chromophores in the proteins [2],
assuming Forster’s mechanism for the transfer rate [3].
However, a certain arbitrariness cannot be avoided
because of an orientation factor to determine the exact
distance [4]. The orientation factor depends not only on
the mutua configuration of a pair of the energy donor
and acceptor in the proteins, but also on the motional
freedom of the chromophores in proteins. Recent experi-
mental observations have revealed that chromophores as
aromatic amino acid residues possess an appreciable free-
dom of interna rotation [5]. Accordingly, it is required
to work on the theoretical expressions of time-resolved
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fluorescence of the donor and acceptor with rotational
freedom.

The theory of the time-resolved fluorescence of flu-
orophores under the energy transfer interaction has been
reported in many works[6—14)]. In the previouswork [15]
we derived theoretical expressions for the time-resolved
fluorescence of the energy donor and acceptor in aspheri-
cal protein, where both the donor and the acceptor possess
rotational freedom around fixed axes in the protein. In
the present work we have examined the effects of the
rotational diffusion coefficients on thetime-resolved fluo-
rescence of both donor and acceptor in some model sys-
tems.

DIFFUSION EQUATIONS FOR THE
ROTATIONAL MOTIONS OF DONOR
AND ACCEPTOR

Transition moments of absorption and emission of
both donor and acceptor were assumed to be identical
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here. The transition moments of donor and acceptor are
expressed in polar coordinates by my(84, ¢1) and my(d,,
b,), respectively. ¢, and &, are rotational angles of the
donor around the z;-axis and the acceptor around the z,-
axis, respectively. Coordinate systems of the donor and
acceptor are represented by (X1y1z1) and (X,Y,2,), respec-
tively. The entire protein molecule was assumed to be
spherical. The distance between the center of the donor
and that of the acceptor is represented by the vector
R(R{RR,).

The configuration probability of the donor,
p1(0Pd4t), was described by the following diffusion equa-
tion [15]:
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where k; is the rate constant of emission of the donor
without energy transfer interaction. L is Laplacian for
rotational motion of the spherical entire molecule. Diffu-
sion coefficients of rotational motion of the spherical
molecule and the interna rotations of the donor are
denoted D and D, respectively. Rate of energy transfer
is represented by ki(b1d2). pog(dot) isadistribution func-
tion of &, of the acceptor inthe ground state. The configu-
ration probability of the acceptor was described by Eq.
(2) [19].
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where k, is the rate constant of acceptor emission. The
diffusion coefficient of internal rotation of the acceptor
is represented by D.. .

ki(db1d,) is represented as Eq. (3) according to For-
ster [3].

R, 6
k(bido) = K(¢1¢2)2k1 (E) 3

where Ry and R are the critical transfer distance and
magnitude of R, respectively. The explicit form of
k(b1d,)? is given in the previous work [15].

METHOD OF CALCULATIONS

Time-resolved fluorescence of both donor and
acceptor was calculated with the theoretical eguations
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reported in the previous work [15]. In the present systems
we have assumed that the distribution of the transition
moment of absorption of the acceptor in the ground state
is random at the instant of the excitation of the donor.
Figure 1 shows the molecular arrangement of both chro-
mophores in a protein. The transition moments of m, and
m, rotate around the z;- and z,-axes along the surfaces
of the coneswith definiteanglesof 8; and d,, respectively.
It is also assumed that the distance vector, R, between
center of the donor and that of the acceptor moleculesis
along the y;-axis. Time-dependencies of the intensity and
anisotropy are expressed as eigenvalues and eigenvectors
of Hill functions [15] with infinite dimensions. Here we
approximated the Hill functions with determinant of 41
dimensions.

TIME-RESOLVED FLUORESCENCE OF THE
DONOR AND ACCEPTOR IN SOME MODEL
SYSTEMS

First we examine the time-resolved fluorescence
when the z,-axisisin the plane perpendicular to R. Figure
2 shows the time-resolved fluorescence anisotropy of the
donor at 8, = 60°, 8, = 30° and B = 90°. In this case
the rotational axis of the acceptor is perpendicular to
that of the donor. The values of the rotational diffusion
coefficient of the donor in units of ps™* are indicated in

Z1 z

nu ,8

R Vi y2
X1

X2

Fig. 1. Molecular geometry of donor and acceptor in protein. Transition
moments of the energy donor and acceptor are denoted by m; and my,
respectively, where the transition moments of absorption and emission
were assumed to be identical. The transition moment of the donor
rotates around the z;-axis along the surface of a cone with a half angle
of 8, and that of the acceptor around the z,-axis along the surface of
acone with ahalf angle of ,. R represents the distance vector between
the center of the donor and that of the acceptor, and is along y;-axis.
The z-axis is in the plane perpendicular to R, or paralel to R. B is
the angle between the z3-axis (parallel to the z;-axis) and the rotational
axis of z.
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Fig. 2. Anisotropy decays of the donor at B = 90°. The z,-axisis in the plane perpendicular to
R. The rate constant of the emission of the donor without the energy transfer was 0.01 ps™?, and
that of the acceptor, 0.02 ps~1. The ratio of the absolute value of R and acritical transfer distance,
Ry, was 1. Therotational diffusion coefficients of the acceptor, D, and the entire protein molecule,
D, were 0.01 ps™! and 0.001 ps ™, respectively. The values of D, in the inset are indicated in

units of ps*. §; = 60° and 5, = 30°.

the inset in Fig. 2. The other parameters used for the
caculations are indicated in the figure caption. The
decays were apparently two-exponential functions. The
fast decays show the depolarization by internal rotation
of the donor, and slower ones by the spherical entire
molecule [16,17]. Figure 3 shows the anisotropy decays

of the acceptor. Although the absolute values of anisot-
ropy were very little, the profile of the decay changed
drastically with the values of D,. When the internal rota-
tion of donor is dow, the anisotropy increased slowly
from negative to positive values and then decayed to
zero after attained the maxima. As the interna rotation
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Fig. 3. Anisotropy decays of the acceptor at B = 90°. Parameters used for the calculations were
the same as those in Fig. 2. The values of D, in the inset are indicated in units of ps™™.
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becomes faster, the anisotropy increased more rapidly
from negative values to positive maxima. On the other
hand, the intensity decays of the donor and acceptor
changed little with D;.

When the diffusion coefficient of the acceptor (D,)
was changed, the intensity decays of the donor and
acceptor, and also the anisotropy decays of the donor,
depended little on D,. The effect of D, on the anisotropy
decays of the acceptor is shown in Fig. 4. In this case
the value of D, was 0.01 ps~* and the other parameters
are the same as those in Fig. 3.

Figure 5 showsthe dependence of theintensity decay
of the donor on D4, when B = 45°. The other parameters
are the same as those m Figs. 2. The intensity decayed
a little faster as the value of D, increased. The intensity
decay of the acceptor was a'so modified alittle with D.
The anisotropy of the acceptor was initially positive and
decayed to negative minima, then increased to zero (Fig.
6). The profile of the anisotropy decays of the acceptor
in this case is in contrast with that in Fig. 3, only by a
change from g = 0° to 45°.

Figure 7 shows the anisotropy decay of the acceptor
when B = 0°. The other parameters are the same with
those in Fig. 2. In this case the rotational axis of the
acceptor (z,-axis) is parallel with that of the donor (z;-
axis), and so the absolute values of anisotropy were rela-
tively high compared with those above. The profile of
the decays was similar to that in Fig. 6.

Here we examine the change in the time-resolved
fluorescence when the cone angle of interna rotation of
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the donor becomes narrower. Figure 8 shows the anisot-
ropy decays of the acceptor at 8; = 30° and 3 = 0°. The
other parameters are the same as those in Fig. 7 or Fig.
2. The decay profile changed markedly from that in Fig
7. In this case the anisotropy decayed monotonously and
did not show any minima as in Fig. 7.

Next we examine the effect of internal rotation of
the donor on the time-resolved fluorescence when the
rotational axis of the acceptor (z,-axis) isalong R. Figure
9 shows the anisotropy decays of the acceptor at 8, =
60°, which is compared with Fig. 3. Although in both
cases the angle between the rotational axis of the donor
and that of the acceptor is right angle with each other,
in Fig. 3 the z,-axis is perpendicular to R, while it is
paralel to R in Fig. 9. The anisotropy monotonously
increased to zero from the negative initial valuesin Fig.
9, which is quite different from that in Fig. 3.

DISCUSSION

The effects of the internal rotations of the energy
donor and acceptor in a protein system on the time-
resolved fluorescence were examined for some model
systems, where the distance vector between the donor
and the acceptor isalong the y;-axis, by numerical calcu-
lations. Equations used for the calculations of the time-
resolved fluorescence are given in the previous work [15]
by assuming Forster mechanism [3] for the excitation
transfer and Markov process for the internal rotations of
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Fig. 4. Anisotropy decays of the acceptor upon varying the diffusion coefficient of internal
rotation of the acceptor at § = 90°. The value of D, was 0.01 ps™*. The values of D, in the
inset are indicated in units of ps~. The other conditions were the same as those in Fig. 2.
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Fig. 5. Intensity decays of the donor a B = 45°. The conditions for the calculations were the
same as those in Fig. 2. The values of D, in the inset are indicated in units of ps™.

both donor and acceptor and for the spherical protein mol-
ecule.

Recently the time-resolved fluorescence anisotropy
was theoreticaly treated in a system of identical chro-
morphores with the energy transfer interaction, by means
of a stochastic Liouville equation. In these works the
relaxation processes from the higher excited states of the
composite molecules as well as the rotational -dependent
orientation factor have been explicitly considered from

the point of view of the non-equilibrium statistical-
mechanics. The method may be useful when the interac-
tion is so strong that the energy transfer takes place before
the excited state of the donor attains the fluorescent state.
In many proteins the internal rotations of aromatic amino
acid residue as tryptophan or tyrosine were rather slow
(sub-nanoseconds) [5]. Accordingly, the energy transfer
is considered to take place after the excited state attains
the equilibrium state. In the earlier works the observed
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Fig. 6. Anisotropy decays of the acceptor at B = 45°. The conditions for the calculations were
the same as those in Fig. 2. The values of D, in the inset are indicated in units of ps™™.
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Fig. 7. Anisotropy decays of the acceptor at 8 = 0°. The rotational axis of the acceptor is parallel
with the z;-axis. The conditions for the cal culations were the same as those in Fig. 2. The values
of D, in the inset are indicated in units of ps.
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time-resolved fluorescence intensity and anisotropy of
tryptophan were simultaneously reproduced in erabutoxin
b [18] and Sreptomyces subtilisin inhibitor [19] with
the theoretical equations derived by assuming a Markov
processfor theinternal rotations of tryptophan 2[0]. These
results support that the Markov approximation used in

the present work is appropriate for the internal motions
of aromatic amino acid residues in proteins.

Thedecay profileof the anisotropy of acceptor mark-
edly changed not only by the mutual configuration of the
donor and acceptor, but also by the diffusion coefficient
of theinternal rotation of the donor, whereasthe intensity
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Fig. 8. Anisotropy decays of the acceptor at B = 0°. 3; = 30° and 3, = 30°. The rotational axis

of the acceptor is paralel with the z;-axis. The other conditions for the calculations were the
same as those in Fig. 2. The values of D, in the inset are indicated in units of ps™..
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Fig. 9. Anisotropy decays of the acceptor with the rotational axis along R. The parameters used
for the calculations were the same as those in Fig. 2. The values of D, in the inset are indicated
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in units of ps™*.

decay did not change much by these variations. The effect
of internal rotation of the donor on the time-resolved
fluorescence was enhanced when the cone angle of 8,
becamewide. In somemutual configurationstheintensity
decay of the donor was dependent on the diffusion coeffi-
cient of D;. The variation of the intensity decay with D,
however, was not so much as that when the acceptor or
guencher is assumed to befixed in the protein [11,18,20].
The dependence of the intensity and anisotropy decays
of the donor on the diffusion coefficient of the acceptor
was not appreciable in the present models. This may be
ascribed to the fact that the distribution in the direction
of thetransition moment of the acceptor isuniform around
the z,-axis in the present approximation, and so the trans-
fer rate is averaged out over ¢.,.

The dynamic nature of the protein structure in the
time region of picoseconds to sub-nanoseconds has been
investigated by means of the time-resolved fluorescence
[5] and the method of molecular dynamics simulation
[21]. Considering that the anisotropy decay of the
acceptor is very sensitive to both the mutua arrangement
of the donor and acceptor and the rotational diffusion
coefficient of the donor, it is suggested that a precise
feature on the protein dynamics can be obtained by ana-
lyzing the observed time-resolved fluorescence anisot-
ropy of energy transferring protein systems by the
present method.
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