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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
Förster’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 fluorescence of the donor and acceptor with rotational
freedom.

The theory of the time-resolved fluorescence of flu-Energy transfer interaction has been frequently
orophores under the energy transfer interaction has beenobserved in proteins [1,2], and used to determine the
reported in many works [6–14]. In the previous work [15]distances between chromophores in the proteins [2],
we derived theoretical expressions for the time-resolvedassuming Förster’s mechanism for the transfer rate [3].
fluorescence of the energy donor and acceptor in a spheri-However, a certain arbitrariness cannot be avoided
cal protein, where both the donor and the acceptor possessbecause of an orientation factor to determine the exact
rotational freedom around fixed axes in the protein. Indistance [4]. The orientation factor depends not only on
the present work we have examined the effects of thethe mutual configuration of a pair of the energy donor
rotational diffusion coefficients on the time-resolved fluo-and acceptor in the proteins, but also on the motional
rescence of both donor and acceptor in some model sys-freedom of the chromophores in proteins. Recent experi-
tems.mental observations have revealed that chromophores as

aromatic amino acid residues possess an appreciable free-
dom of internal rotation [5]. Accordingly, it is required

DIFFUSION EQUATIONS FOR THEto work on the theoretical expressions of time-resolved
ROTATIONAL MOTIONS OF DONOR
AND ACCEPTOR
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here. The transition moments of donor and acceptor are reported in the previous work [15]. In the present systems
we have assumed that the distribution of the transitionexpressed in polar coordinates by m1(d1, f1) and m2(d2,

f2), respectively. f1 and f2 are rotational angles of the moment of absorption of the acceptor in the ground state
is random at the instant of the excitation of the donor.donor around the z1-axis and the acceptor around the z2-

axis, respectively. Coordinate systems of the donor and Figure 1 shows the molecular arrangement of both chro-
mophores in a protein. The transition moments of m1 andacceptor are represented by (x1y1z1) and (x2y2z2), respec-

tively. The entire protein molecule was assumed to be m2 rotate around the z1- and z2-axes along the surfaces
of the cones with definite angles of d1 and d2, respectively.spherical. The distance between the center of the donor

and that of the acceptor is represented by the vector It is also assumed that the distance vector, R, between
center of the donor and that of the acceptor molecules isR(RxRyRz).

The configuration probability of the donor, along the y1-axis. Time-dependencies of the intensity and
anisotropy are expressed as eigenvalues and eigenvectorsr1(ucf1t), was described by the following diffusion equa-

tion [15]: of Hill functions [15] with infinite dimensions. Here we
approximated the Hill functions with determinant of 41­r1(ucf1t)

­t
5 2k1r1(ucf1t) 1 D Lr1(ucf1t) dimensions.
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0
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First we examine the time-resolved fluorescencewhere k1 is the rate constant of emission of the donor
when the z2-axis is in the plane perpendicular to R. Figurewithout energy transfer interaction. L is Laplacian for
2 shows the time-resolved fluorescence anisotropy of therotational motion of the spherical entire molecule. Diffu-
donor at d1 5 608, d2 5 308 and b 5 908. In this casesion coefficients of rotational motion of the spherical
the rotational axis of the acceptor is perpendicular tomolecule and the internal rotations of the donor are
that of the donor. The values of the rotational diffusiondenoted D and D1, respectively. Rate of energy transfer
coefficient of the donor in units of ps21 are indicated inis represented by kt(f1f2). r2g(f2t) is a distribution func-

tion of f2 of the acceptor in the ground state. The configu-
ration probability of the acceptor was described by Eq.
(2) [15].
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where k2 is the rate constant of acceptor emission. The
diffusion coefficient of internal rotation of the acceptor
is represented by D2.

kt(f1f2) is represented as Eq. (3) according to För-
ster [3].

kt(f1f2) 5 k(f1f2)2k1 1R0

R 2
6

(3) Fig. 1. Molecular geometry of donor and acceptor in protein. Transition
moments of the energy donor and acceptor are denoted by m1 and m2,
respectively, where the transition moments of absorption and emissionwhere R0 and R are the critical transfer distance and
were assumed to be identical. The transition moment of the donormagnitude of R, respectively. The explicit form of
rotates around the z1-axis along the surface of a cone with a half anglek(f1f2)2 is given in the previous work [15].
of d1, and that of the acceptor around the z2-axis along the surface of
a cone with a half angle of d2. R represents the distance vector between

METHOD OF CALCULATIONS the center of the donor and that of the acceptor, and is along y1-axis.
The z2-axis is in the plane perpendicular to R, or parallel to R. b is

Time-resolved fluorescence of both donor and the angle between the z82-axis (parallel to the z1-axis) and the rotational
axis of z2.acceptor was calculated with the theoretical equations
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Fig. 2. Anisotropy decays of the donor at b 5 908. The z2-axis is in the plane perpendicular to
R. The rate constant of the emission of the donor without the energy transfer was 0.01 ps21, and
that of the acceptor, 0.02 ps21. The ratio of the absolute value of R and a critical transfer distance,
R0, was 1. The rotational diffusion coefficients of the acceptor, D2, and the entire protein molecule,
D, were 0.01 ps21 and 0.001 ps21, respectively. The values of D1 in the inset are indicated in
units of ps21. d1 5 608 and d2 5 308.

the inset in Fig. 2. The other parameters used for the of the acceptor. Although the absolute values of anisot-
ropy were very little, the profile of the decay changedcalculations are indicated in the figure caption. The

decays were apparently two-exponential functions. The drastically with the values of D1. When the internal rota-
tion of donor is slow, the anisotropy increased slowlyfast decays show the depolarization by internal rotation

of the donor, and slower ones by the spherical entire from negative to positive values and then decayed to
zero after attained the maxima. As the internal rotationmolecule [16,17]. Figure 3 shows the anisotropy decays

Fig. 3. Anisotropy decays of the acceptor at b 5 908. Parameters used for the calculations were
the same as those in Fig. 2. The values of D1 in the inset are indicated in units of ps21.
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becomes faster, the anisotropy increased more rapidly the donor becomes narrower. Figure 8 shows the anisot-
ropy decays of the acceptor at d1 5 308 and b 5 08. Thefrom negative values to positive maxima. On the other

hand, the intensity decays of the donor and acceptor other parameters are the same as those in Fig. 7 or Fig.
2. The decay profile changed markedly from that in Figchanged little with D1.

When the diffusion coefficient of the acceptor (D2) 7. In this case the anisotropy decayed monotonously and
did not show any minima as in Fig. 7.was changed, the intensity decays of the donor and

acceptor, and also the anisotropy decays of the donor, Next we examine the effect of internal rotation of
the donor on the time-resolved fluorescence when thedepended little on D2. The effect of D2 on the anisotropy

decays of the acceptor is shown in Fig. 4. In this case rotational axis of the acceptor (z2-axis) is along R. Figure
9 shows the anisotropy decays of the acceptor at d1 5the value of D1 was 0.01 ps21 and the other parameters

are the same as those in Fig. 3. 608, which is compared with Fig. 3. Although in both
cases the angle between the rotational axis of the donorFigure 5 shows the dependence of the intensity decay

of the donor on D1, when b 5 458. The other parameters and that of the acceptor is right angle with each other,
in Fig. 3 the z2-axis is perpendicular to R, while it isare the same as those m Figs. 2. The intensity decayed

a little faster as the value of D1 increased. The intensity parallel to R in Fig. 9. The anisotropy monotonously
increased to zero from the negative initial values in Fig.decay of the acceptor was also modified a little with D1.

The anisotropy of the acceptor was initially positive and 9, which is quite different from that in Fig. 3.
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 DISCUSSION
change from b 5 08 to 458.

Figure 7 shows the anisotropy decay of the acceptor The effects of the internal rotations of the energy
donor and acceptor in a protein system on the time-when b 5 08. The other parameters are the same with

those in Fig. 2. In this case the rotational axis of the resolved fluorescence were examined for some model
systems, where the distance vector between the donoracceptor (z2-axis) is parallel with that of the donor (z1-

axis), and so the absolute values of anisotropy were rela- and the acceptor is along the y1-axis, by numerical calcu-
lations. Equations used for the calculations of the time-tively high compared with those above. The profile of

the decays was similar to that in Fig. 6. resolved fluorescence are given in the previous work [15]
by assuming Förster mechanism [3] for the excitationHere we examine the change in the time-resolved

fluorescence when the cone angle of internal rotation of transfer and Markov process for the internal rotations of

Fig. 4. Anisotropy decays of the acceptor upon varying the diffusion coefficient of internal
rotation of the acceptor at b 5 908. The value of D1 was 0.01 ps21. The values of D2 in the
inset are indicated in units of ps21. The other conditions were the same as those in Fig. 2.
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Fig. 5. Intensity decays of the donor at b 5 458. The conditions for the calculations were the
same as those in Fig. 2. The values of D1 in the inset are indicated in units of ps21.

both donor and acceptor and for the spherical protein mol- the point of view of the non-equilibrium statistical-
mechanics. The method may be useful when the interac-ecule.

Recently the time-resolved fluorescence anisotropy tion is so strong that the energy transfer takes place before
the excited state of the donor attains the fluorescent state.was theoretically treated in a system of identical chro-

morphores with the energy transfer interaction, by means In many proteins the internal rotations of aromatic amino
acid residue as tryptophan or tyrosine were rather slowof a stochastic Liouville equation. In these works the

relaxation processes from the higher excited states of the (sub-nanoseconds) [5]. Accordingly, the energy transfer
is considered to take place after the excited state attainscomposite molecules as well as the rotational-dependent

orientation factor have been explicitly considered from the equilibrium state. In the earlier works the observed

Fig. 6. Anisotropy decays of the acceptor at b 5 458. The conditions for the calculations were
the same as those in Fig. 2. The values of D1 in the inset are indicated in units of ps21.
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Fig. 7. Anisotropy decays of the acceptor at b 5 08. The rotational axis of the acceptor is parallel
with the z1-axis. The conditions for the calculations were the same as those in Fig. 2. The values
of D1 in the inset are indicated in units of ps21.

time-resolved fluorescence intensity and anisotropy of the present work is appropriate for the internal motions
of aromatic amino acid residues in proteins.tryptophan were simultaneously reproduced in erabutoxin

b [18] and Streptomyces subtilisin inhibitor [19] with The decay profile of the anisotropy of acceptor mark-
edly changed not only by the mutual configuration of thethe theoretical equations derived by assuming a Markov

process for the internal rotations of tryptophan 2[0]. These donor and acceptor, but also by the diffusion coefficient
of the internal rotation of the donor, whereas the intensityresults support that the Markov approximation used in

Fig. 8. Anisotropy decays of the acceptor at b 5 08. d1 5 308 and d2 5 308. The rotational axis
of the acceptor is parallel with the z1-axis. The other conditions for the calculations were the
same as those in Fig. 2. The values of D1 in the inset are indicated in units of ps21.
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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 D1 in the inset are indicated
in units of ps21.
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