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1. Introduction

ABSTRACT

Reported time-resolved Stokes shifts (TRSS) of free tryptophan (Trp) and free p-coumaric acid (CA) in
water, and Trp in monellin, apomyoglobin, and isoalloxazine (Iso) of flavin mononucleotide (FMN) in
the reductase component (C; protein) of p-hydroxyphenylacetate hydroxylase were analyzed with con-
tinuum model. All unknown parameters of these systems in the theoretical equations were determined
to obtain the best fit between the observed and calculated TRSS, according to a non-linear least square
method. TRSS of free Trp at 295K was also analyzed with four sets of reported dielectric constants and
solvent relaxation times of water. Agreement between the observed and calculated TRSS of the free Trp
was excellent. In CA the calculated TRSS could satisfactorily reproduce the observed one. Frequency-
dependent dielectric constants of Trp in the proteins and Iso in C; protein were expressed with 2- and
3-relaxation times. Static dielectric constant, €¢, intermediate permittivity, €1, dielectric constant of Iso,
&¢, 2-relaxation times, 1 and 73, e and Dy in the 2-relaxation time analyses were determined by the
best-fit procedures. Agreements between the observed and calculated TRSS of Trp in native, denatured
monellins, apomyoglobin, and Iso in C; protein were excellent. No further improvements were obtained
with 3-relaxation time analyses. Origin of the slow decaying component of TRSS in apomyoglobin was
interpreted with continuum model and compared with molecular dynamics (MD) simulation model and
a continuum model by Halle and Nilsson [J. Phys. Chem. B 113 (2009) 8210]. Frozen states revealed with
MD model were reproduced with the 3-relaxation time analysis.

© 2010 Elsevier B.V. All rights reserved.

Rotational motion of solute is related both to TRSS [1] and
time-resolved fluorescence anisotropy (TRAN). Dielectric friction

Since seminal theoretical reports on Stokes shift (SS) [1,2],
dipole moments of dyes in the excited states can be experimentally
determined under steady-state excitation. Theoretical expressions
of time-resolved Stokes shift (TRSS) was first derived by Bagchi et
al. based on continuum theory [3,4]. After these reports a num-
ber of investigations on solvation dynamics of organic dyes have
been carried out experimentally by means of time-resolved fluores-
cence spectroscopy [5-11]. Molecular dynamics simulations have
also been applied to TRSS [12-14].
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given by Nee and Zwantig [15] was introduced into rotational
motion of solute molecules, and unified expressions of TRSS and
TRAN were derived using the continuum theory [16]. The theory
was applied to TRSS and TRAN of a rod-like molecule of p-cyano-
p’-methoxydiphenylethin [17]. Both of the TRSS and TRAN were
analyzed using common parameters.

In the last decade, solvation dynamics of chromophores at
water-protein interfaces have been investigated by many research
groups [18-22]. TRSS of the chromophores displayed unusual slow
decaying components, which have never been found in solution.
Intrinsic fluorophore of tryptophan (Trp) located at protein-water
interface also exhibited slow decaying component in many pro-
teins [23-33]. Peon et al. [25] demonstrated that a decay constant
of the slow decaying component in TRSS of Trp3 in monellin was
16 ps, which was 12 times longer than that of the faster com-
ponent. Origin of the slow component was explained in terms
of the dynamical exchange of water molecules between free and
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immobilized water molecules at the protein surface. Nilsson and
Halle [27] interpreted the slow component of their TRSS data
of Trp3 in monellin as a reflection of protein dynamics and the
self-motion of Trp3 according to its molecular dynamics (MD) sim-
ulation. Li et al. [30] obtained 5ps and 87 ps correlation times
of Trp7 in apomyoglobin. They interpreted the TRSS data by MD
study that the initial dynamics in a few picoseconds represents fast
local motions such as reorientations and translations of hydrat-
ing water molecules, followed by the slow relaxation involving
strongly coupled water—protein motions. Golosov and Karplus [31]
also supported the concept of coupling of the hydration with
protein conformational dynamics for the longer correlation time
by MD. Li et al. [30,32] found by MD that protein flexibility is
required to observe the slow component of Trp7 in apomyo-
globin. More recently Halle and Nilsson [33] have claimed that
the slow relaxation in TRSS can be explained by solvent polar-
ization mechanism, with no need to invoke slow water motions
or dynamic coupling with protein motions, using continuum
model.

Recently, we have shown for the first time for flavopro-
teins that TRSS of FMN in the reductase component (C;) of
p-hydroxyphenylacetate hydroxylase (C; protein), displayed bi-
phase behavior in the spectral correlation function with 0.455 ps
and 250ps of the correlation times [34], which are similar to
Trp in monellin and apomyoglobin, though the longer compo-
nent was much longer than those of Trp in proteins. In the
present work we have analyzed TRSS of free Trp [25,35] and
free CA [34] in water and Trp in native and denatured mon-
ellin [25], in apomyoglobin [30], and Iso in C; protein [34],
using expressions obtained by the continuum model [16,17].
Relationship between the continuum model and the MD model
was discussed for the slow decaying components in TRSS of
proteins.

2. Methods of analyses
2.1. MO calculation

Dipole moments of a solute in the ground and excited states
were calculated by a semi-empirical molecular orbital method
(PM3) with a software package of WinMOPAC (Fujitsu, Japan). Sol-
vent effect was taken into account with EPS key word (visit for
meaning of the keyword: http://openmopac.net/). Molecular sizes
of chromophores were also determined with PM3.

2.2. Continuum theory of TRSS

Frequency-dependent dielectric constant with 2- and 3-
relaxation times are expressed by Eq. (1):

glw)=¢e+ (g9 — S)Z

(1)

1—1a)fj

Here n (=2 and 3) is number of relaxation times, w is frequency of
an external electric field, t; jth relaxation time of solvent, and g;
fraction of jth relaxation time.

n
2 5=
j=1

g1=(e0—¢1)/(eo—¢) and gr=(e1-¢)/(eo—¢), when n=2,
g1=(g0—¢&1)/(g0 - &), =(e1—€2)/(eo—€) and g3=(&2—-¢)f
(e0—¢€), when n=3. gy and ¢ are static and optical dielectric
constants of a solvent, respectively, and ¢ and ¢, intermediate
permittivities.

TRSS with two relaxation times can be described by Eq. (2):

CA: CB}

$Sa(t) = Cra(p2 + p2 - ZMeMng@)ZZX -
]

i=1 j=1
x exp{—(Xa; + Xg;)t} (2)

Coefficients and rate constants in Eq. (2) are given in Supplemental
Material A.
TRSS with three relaxation times is expressed as in Eq. (3):

CAI CB]

SS3(t) = Cra(ped + pg — ZMGMECOSO)ZZX i + X
5]

i=1 j=1
x exp{—(Xa; + Xp;)t) (3)

Coefficients and rate constants are described in Supplemental
Material B.

2.3. Determination of unknown parameters containing in the
theories of TRSS

Physical constants of Trp and CA are listed in Table S1 (Sup-
plemental Material C). Decay parameters of Sobs(t) for free Trp
reported by Shen and Knutson [35] and Peon et al. [25], and
for CA reported by Chosrowjan et al. [34], are also listed in
Table S1 (Supplemental Material C). Dielectric constants and
solvent relaxation times of water were reported by several
groups [36-39]. Frequency-dependent dielectric constants were
expressed with two relaxation times. These physical constants are
listed in Table S2 (Supplemental Material C).

Deviation between SS;(t) and the observed SS in water, and its
%2 are expressed by Eqgs. (4) and (5):

SSz(t,‘) - SObS( t,‘)

DeVS(t,‘) = (4)
\/SS2(t;)
18
= N—SZ:{DevS(t,-)}2 (5)
i=1

e, g, &c and Dy were determined to obtain the minimum value of
x% with using all sets of physical constants reported [36-39]. TRSS
does not depend on Dz [16].

We do not have any information on physical constants of sol-
vents in proteins. Firstly the observed TRSS data were analyzed
using the frequency-dependent dielectric constant with two relax-
ation times [n=2 in Eq. (1)]. In this analysis &g, €1, &c, Do, te, T1,and
7, (see the meaning of these constants at Supplemental Material A)
were varied to obtain the minimum value of x2 in Eq. (5). Secondly
the data were analyzed with three relaxation times [n=3in Eq.(1)].
In this analysis Eq. (6) was used for the calculation of x2.

SS3 ( ti) - SObS( t,‘)

1/ SS3(t;)

In this analysis &g, €1, &2, &, Do, U, T1, T2 and T3 were unknown
parameters (see the meaning of these parameters at Supplemental
Material B). In all analyses described above these unknown param-
eters were determined at a certain value of Dy, which was
sequentially varied till the values of x2 attained the minimum [16].
&=4 was used for all analyses.

DevS(t;) = (6)
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Fig. 1. Dipole moment of chromophores in the excited state obtained by MO
method. O, C, and H atoms are indicated by red, green and blue colors. Magnitude of
the dipole moments were 7.31 D in CA in water, and 12.6 D in Lfin water. The values
were obtained by a semi-empirical MO method of PM3. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

3. Results

3.1. Directions of dipole moments of chromophores in the excited
states obtained by MO

Directions of dipole moments of chromophores in the excited
states studied in the present work were obtained by PM3 method
and are shown in Fig. 1. Theoretical dipole moments and the other
physical constants are listed in Table S1. The dipole moments in the
excited states were 18.5D in Trp of zwitterions form, and 7.3 D in
CA and 12.6D in Lf in water. A dipole moment of 3-methylindole
in water was 5.73 D. Chromophore of Trp in proteins was assumed

to be 3-methylindole. It was also assumed that directions of these
dipole moments do not alter with solvent polarity.

3.2. TRSS of Trp and CA in water

TRSS of Trp in water was reported in sub-picosecond time
domain by Shen and Knutson [35] and Peon et al. [25]. Stokes shift,
$S,(0) — SSz(00), was 0.412 kK (1000 cm~1) [35] and the decay con-
stants [25] ¢, (fraction 1) and ¢, (fraction o) were 0.180 ps (0.2)
and 1.11 ps (0.8), respectively. Physical constants of Trp and water
used for the analysis are listed in Tables S1 and S2 (Supplemen-
tal Material C), respectively. Dielectric constants and relaxation
times of water were reported by four research groups [36-39].
Relaxation process of water can be expressed by two relaxation
times as listed in Table S2. Dependence of SS,(t) on the rotational
diffusion coefficient of solute was very little. Therefore, it was dif-
ficult to obtain reasonable values of Dy, when it was included in
the best-fit procedure like other unknown parameters. D¢ and
Dyjip were obtained from hydrodynamic constants of water and
molecular size of the symmetry top solute [5] and used as Dg. The-
oretical value of g obtained by PM3 was also used for the analysis,
since TRSS depends on (jie — ig)?, where the dipole moments are
vectors. Itis quite difficult to determine these dipole moments sep-
arately. These values are listed in Tables S1 and S2. Fig. 2 shows
TRSS of Trp in water. Agreement between the observed and calcu-
lated SS,(t) was optimum when dielectric constants and relaxation
times reported by Kindt and Schmuttenmaer [37] were used, and
stick model for the rotational diffusion coefficient. (e and . were
obtained to be 20.2D and 31.4, respectively. Theoretical value of
e was 18.5D. Dipole moments of free tryptophan in water were
much larger than 3-methylindole because of its side chain. Calcu-
lated Stokes shift, SS;(0) — SSy(0), was 0.415 kK, while 0.412 kK in
the observed one [35]. Table 1 lists the best-fit parameters with
Model A, B, C and D using Dgici or Dgjip. The best-fit values of pe
and &c, and also x2 did not differ much when Dy or Dygjip was used.
The values of &c and x2 were, however, markedly dependent on the
Model A to D, while pe did not change much with the calculated
diffusion coefficient and the model employed. Model B was best
among the four, as judged from x2.

Fig. 3 shows TRSS of CA in water. The observed decay parameters
were @1 =0.053 ps (14%) and ¢, =0.64 ps (86%) [34] as shown in

Table 1
Best-fit parameters of TRSS of Trp and CA in water?.
Chromophore Method® Diffusion SS2(0) — SSz(00)C (KK) Best-fit parameter x24(x1079)
coefficient
Obs Calc e (D) &c
Trp A Stick 0.412 0.444 20.3 315 26.1
Slip 0.412 0.444 20.3 31.8 25.8
B Stick 0.412 0.415 20.2 314 0.162
Slip 0.412 0.414 20.2 31.6 0.164
C Stick 0.412 0.372 20.9 24.6 8.49
Slip 0.412 0.372 20.9 24.8 8.50
D Stick 0.412 0.408 20.0 35.7 0.444
Slip 0.412 0.412 20.0 35.9 0.451
CA A Stick 1.300 1.471 8.61 31.6 609
Slip 1.300 1.470 8.61 31.7 607
B Stick 1.300 1.452 10.1 223 121
Slip 1.300 1.452 10.1 224 120
C Stick 1.300 1.239 11.0 19.2 137
Slip 1.300 1.239 11.0 19.3 137
D Stick 1.300 1.418 9.01 29.2 914
Slip 1.300 1.417 9.00 293 91.2

2 Physical constants of solutes are listed in Table S1 in Supplemental Material C, respectively. Temperature was 295K, and 7 of water 0.958 (mPas). Theoretical values

were used for ug and rotational diffusion coefficient of solute (Dsci or Dyjip; see Table S1).
b Dielectric constants and relaxation times reported by four groups are listed in Table S2.

¢ SS,(t)is given by Eq. (2).
d %2 is given by Eq. (4).
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Fig. 4. Energy shift of Trp in monellin in water. SS,(t) is specified as in Eq. (2) (unit
in kK). The observed TRSS was taken from Ref. [25]. iie, €0, €1, &c, T1, T2, and Dy were
obtained by the best-fit procedure as described in Section 2.3, and listed in Table 2.
The other physical constants are listed in Table S1. Temperature was 295 K.

3.3. TRSS of Trp and Lf in proteins

3-Methylindole was used as a substitute for Trp in proteins.
Characteristics of 3-methylindole are listed in Table S1. First the
observed TRSS data were analyzed with frequency-dependent
dielectric constant with single relaxation time, but never obtained
reasonable results. Then the data were analyzed with two relax-
ation times. In 2-relaxation time analysis &g, €1, &c, Do, e, T1, T2
were unknown parameters. The theoretical value was used as (g
listed in Table S1. Fig. 4 shows TRSS of Trp in native monellin. The
observed data were taken from the results of Peon et al. [25]. Agree-
ment between the observed and calculated SS,(t) was excellent
(the value of x2 was 6.68 x 10~17). Table 2 lists the determined
parameters. The best-fit values were g9 =784, g1 =6.47, ec=4.51,
Dyp=1.86x10851, 1e=9.86D, 71 =0.161ns and 7,=2.17ps. =4
was used for all systems. The values of g, (0.9-0.96) of Trp in
proteins were much greater than those of water (0.02-0.03, see
Table S2). The Stokes shift, SS;(0) —SS;(o0), was 0.96 kK, which
was the same as the experimental value [25]. The obtained decay
constants of SSy(t) were also the same as the experimental decay
constants.

Fig. 5 shows TRSS of C; protein. Chromophore was assumed to
be Lf. The experimental decay parameters were taken from the
results by Chosrowjan et al. [34]. Agreement between the both
SS,(t) was again excellent with the value of x2 of 4.64 x 10~23, The
best-fit parameters in C; protein were g9 =77.7, €1 =20.4, . =8.36,
Dg=1.30x10°s"1, e =23.0D, 71 =0.912 ns and 7, =1.91 ps. These
parameters together with those of denatured monellin and
apomyoglobin are listed in Table 2.

Fig. 5. TRSS of C1 protein in water. SS,(t) is described as in Eq. (2) (unit in KK). The
observed TRSS was taken from Ref. [34]. The calculated TRSS was obtained using
the best-fit parameters of e, 71, T2, €0, €1, &, and Dy, as in Fig. 4, and listed in
Table 2. The value of x? was 4.64 x 10-23. The other physical constants used for the
calculation are listed in Table S1.

Agreements between the observed and calculated decay con-
stants in SSy(t) and the amounts of the Stokes shift were striking in
all systems. The values of ¢g were 73-78, which were similar to or
a little smaller than that of water as listed in Table S2. The values of
gc were ca. 5 in Trp in the proteins, and 8.4 in Lf of C; protein, which
were much smaller than those of free fluorophores in water. Rota-
tional diffusion coefficients of Trp in proteins and Lf in C; protein
were in the range of 10°-107 s—1, which were compared to those of
free fluorophores in water, 108-10°s~1. The diffusion coefficient
was least in the denatured monellin, suggesting that the indole
ring is not free to rotate even though the protein is denatured. The
values of (e were 8-10D in Trp of proteins, and 23D in Lf in C4
protein, which were much greater than the theoretical values of 3-
methylindole, 5.73 D, and Lf in the excited states, 12.6 D in water.
In the proteins ionic amino acids may exist near the fluorophores,
causing the microenvironment to be different from water. The
Stokes shift, SS;(0) — SS;(o0), of Lf in C; protein was 2.262 kK, while
it was 0.5 kK in the Stokes shift of riboflavin tetrabutylate obtained
under steady-state excitation [41]. The extraordinary large Stokes
shiftin C; protein compared to the one obtained in organic solvents
was interpreted in terms of the presence of ionic amino acids in the
protein [34].

The shorter relaxation times, 1, were 2-10 ps, and the longer
relaxation times, 75, 0.2-0.9 ns in all systems. The fractions (g7 ) for
71 and g, for 7, were 0.03-0.2,and 0.95-0.91, respectively. g; (0.22)
in C; protein was much greater than those of Trp in the proteins
(0.03-0.1). 75 in the proteins was in the range of sub-nanoseconds
while it was ps in water. Long tail of TRSS found in TRSS of flu-
orophores in proteins can be ascribed by the presence of 7, in
sub-nanosecond time domain.

The observed TRSS data were also analyzed with three relax-
ation times in the frequency-dependent dielectric constant in Eq.
(1). The obtained parameters were listed in Table 3. Agreements
between the observed and calculated TRSS were excellent, but any
improvements in x2 were not obtained, even two parameters (&;
and t3) were added. Comparing to the results of the 2-relaxation
time analysis (Table 2), the values of g; obtained from 2- and
3-relaxation analyses were not different much, though &y, were
greater by 15-35 in the 3-relaxation time analysis. The values of
the additional relaxation time (t3) were almost same with those of
T,, which suggests that two relaxation times are enough to describe
the observed TRSS in proteins.

3.4. Comparison between MD model and continuum model for
TRSS in proteins

It is very important to compare solvation dynamics of the chro-
mophores in proteins between continuum and MD models. TRSS of
proteins is often decomposed into three parts in MD model [33].

SSm(t) = SSw(t) + SSwp(t) + SSp(t) (7)

W, WP, and P denote water, water-protein interface and protein,
respectively. To compare continuum model with MD model, we use
the results obtained by the 3-relaxation time analysis (see Table 3).

SSc(t) = SSq(t) + SSy(t) + SS3(t) (8)

In the continuum model TRSS may be divided into three parts cor-
responding to contributions from t1, 75, and 73. Decay constants
and amplitudes of SS;(t) are ¢; and «; (i=1-3), respectively. We
assume that SS;(t) is from water molecules almost freely mobile,
SS,(t) from water at the protein-water interface, and SS3(t) from
the protein part near a chromophore, though SS,(t)and SS3(t) could
not be experimentally separated. Despites the similarity in mag-
nitudes of 7, and 13, g, (70-90%) was much greater than g3 (5%).
Fig. 6illustrates changes in TRSS of apomyoglobin as a function of 7,
(Fig. 6A) or t3 (Fig. 6B). As the relaxation time became slower, TRSS
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Fig. 6. Dependence of TRSS of apomyoglobin on the relaxation times. Panels A and
B indicate dependencies of SS;(t) on 7, and 73, respectively. The inset in A shows the
values of 7;, and in B shows those of 73. According to the calculations the parameters
other than 7; in A and 73 in B were kept constant, as listed in Table 3. At enough
long 7, SS3(t) in A apparently decayed with two phases with very short and long
decay constants. In B the dependence of SS;(t) on T3 was minimal. In both cases the
slower components became flat when the responsible relaxation times were long
enough.

changed drastically; at enough long 7, the slow component was
going to be flat (no decay as in frozen state in MD model [30,32]).
There still remained, however, a fast decaying component even at
50ns of t,. Fig. 6B shows dependence of SSs(t) profile on t3. The
change in SS3(t) as a function of 73 was minimal. Fig. 7 shows depen-
dencies of amplitudes of a1, o and a3, and decay constants ¢,
@2, and @3 on 7. Relationship between these observed decay con-
stants and 7; (i=1-3) are not straightforward (see Supplemental
Material B). At the very short time range of 75, &1 was dominant
(the values of ¢ was around 5 ps and almost independent of 7;),
followed by o3 and «,. According to the best fit in the natural state,
7, (0.878 ns), a3 =0.63 (corresponding to «; in Table 3), oy =0.37,
o ~ 0, were obtained. Fig. 7Cand D show dependencies of the decay
constants on 7;. The values of ¢, increased gradually in the short
range of 75, and then drastically above 5 ns of 75. The values of ¢3
slightly increased from 0.7 ns to 8 ns as 75 increased from 0.1 ns to
50 ns. These results in Figs. 6 and 7 suggest that the slow component
becomes flat when the protein part or the water—protein interface
is frozen. This behavior of TRSS in continuum model is similar with
the freezing state obtained by MD model [30,32].

4. Discussion

&c was first introduced into the theoretical expression of TRSS
by Bagchi et al. [3], and subsequently . was considered to be opti-
cal dielectric constant of solute in the ground state [1,2,16,17],
according to Battcher [40]. In the present work &; was interpreted
to be dielectric constant of solute in the excited state. Agreement
between the observed and calculated TRSS in water was very good
in free Trp according to Model B [37], and quite good in CA according
to Model D [39].

The molecular mechanism of underlying slow relaxation pro-
cesses of chromophores in proteins near the protein—water surfaces
has been investigated by several groups, using MD model. Bagchi
and Zewail group [20-26] proposed a mechanism in which water

Fig. 7. Dependencies of @ and ¢ of Trp in apomyoglobin on 7,. (A) « in the long time region of 7. (B) « in the short time region of 7,. (C) ¢ in the long time region of 7. (D)
@ in the short time region of t,. Alpha1l, Alpha2 and Alpha3 in the inserts of A and B denote o, & and a3, respectively. Phil, Phi2 and Phi3 in the inserts of C and D denote
@1, 2, and @3, respectively. The other parameters are listed in Table 3. Meanings of «’s and ¢’s are described at footnotes in Table 3.
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de (><10‘17)
1.8

16.0 (0.54)

©2° (ps) (2 ©)

Calc

©1° (ps) (1 ©)
1.30 (0.46)

Calc

$S3(0) — SS3(00)

(KK)
Calc
0.960

73 (ns) (g3)
0.122 (0.045)

72 (ns) (g2)
0.122 (0.905)

71 (ps) (g1)
2.12 (0.049)

e (D)
5.63

Do (ps1)

9.70

Ec
23.6

&2
8.02

Best-fit parameter
€1
12.4

&o
93.2

System (fluorophore)
Native monellin

Best-fit parameters of proteins obtained with three relaxation times?.

Table 3
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molecules near the fluorophores both without much motional free-
dom at the interface and with the partial freedom in the hydrated
layer are responsible for the slow components. According to their
model, the observed slow dynamics is directly related to water res-
idence times at the sites, and dynamic exchange of water molecules
is important between the bound and “quasi-free” water molecules.
Nilsson and Halle [27] concluded that the slow decay is closely
related to protein dynamics near the chromophore, and a collective
motion of the water molecules at the hydrated layer is important.
Li et al. [30,32] have found that when either of protein or water
molecules is frozen, the slow component disappeared. They also
emphasized that the slow component results from strongly coupled
protein—water motions, and requires protein flexibility.
Agreement between the observed and calculated TRSS of pro-
teins investigated using the continuum model were all excellent,
while MD calculations always give much greater fractions of TRSS
with faster decay constants both in free Trp and Trp in proteins. The
fractions of TRSS with faster and slower decay constants of free Trp
obtained by MD [27] were 0.86 with the decay constant, 0.07 ps,
and 0.14 with 0.7 ps, respectively, while the experimental values
[25,35] were 0.2 with 0.18 ps and 0.8 with 1.11 ps (see Table 1),
respectively. In native monellin the decay parameters of Trp3
obtained by MD were 0.66 with 0.07 ps and 0.22 with 1 ps and 0.12
with 23 ps, while the experimental values were 0.46 with 1.3 ps and

4.08
0.283
166

56.0(0.28)
87.0 (0.633)
250(0.184)

0.455 (0.816)

3.5(0.72)
5.0 (0.367)

0.960
0.660
2.262

RN 0.54 with 16 ps (see Table 2) [25]. Li et al. [30] also reported that
S oS oS total Stokes shift in both isomers of Trp in apomyoglobin obtained
§ § § by nop-equilibrium MD was 17.7-22.5 k]/rpol., while 7.9 k]/mol by
s S o experiment, and further no faster decay within 1 ps was observed
in the experiment, but more than 50% of the total Stokes shift was
s & < obtained in this time domain of the simulations.
8 & R The values of &¢ in the proteins were close to one of water, and
% ;f’; ?5 71 close to free water. It is reasonably assigned this component as
] R 3 freely mobile water molecules near the chromophores. Fraction g;
°c < ° was 4-12% in Trp and 23% in Iso. In C1 accessibility of Iso to freely
mobile water molecules may be quite great. Though in the natural
v ® =z state 7, and t3 were similar, the values of g, (72-91%) were much
s 2 2 greater than those of g3 (5-6%). If we consider that such great Stokes
g ¢ = shift has never taken place when a chromophore is buried inside a
o o~ = protein, it is not unreasonable to assign the dominant component
with 75 is from water molecules at the interface, then 73 from the
5 2 < protein part. In the present physical picture of the Stokes shift in
® S ® proteins, motions of water molecules at the interface may be coop-
erative with those of amino acids near the chromophores, because
the values of T, and t3 were similar. This is in accordance with a
o = = model by Halle and Nilsson [33].
@ 3 2 According to the model by Halle and Nilsson [33] Stokes shift
comes from the water—protein interface with effective permittivity
o % & which is different from ¢¢ of water, and is divided into two parts,
8 8 R as in Eq. (9).
AE = AEp + AEy (9)

9.61
9.03
9.04

(3-methylindole)

~ Here AEp is Coulomb interaction energy between a chromophore
o < o ;': ” and nearby amino acids, and AEy is the energy between the chro-
R & F|22 mophore and water molecules at the interface. They assumed that
R AE=AEp/e, and
I w|22E
= 22 g« 1
2T S|TE AEW=AE—AEP=—(1——) AEp (10)
s 5 S &
T O i1 . .
k] Fa . Namely, AEp and AEyy are not independent in Eq. (9). Eq. (10) was
£ T T |ELEe extended to the slow component of TRSS in proteins.
£S5 _|ggze
EEEES|EEZz ssw(t) = — (1- 1) ssp(o) (1)
529283 z
E E EE 2o E _;'j e Eq. (11) indicates that SSw(t) and SSp(t) are not independent,
e glbEE = neither of them is frozen (at infinite relaxation time), and the slow

decaying component disappears. When the whole slow decaying
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TRSS is considered, SS(t)=SSp(t) where there is no contribution
from water molecules at the interface to SS(t). This scenario does
not seem to be reasonable, because ¢ is different from &g, and
accordingly, each water molecule is considered as a solute, and
therefore, the interaction at the interface with dielectric constant
& between the chromophore and each water molecule must be
explicitly taken into account. According to the model by Halle and
Nilsson [33], the slow decay in TRSS arises from the polarization
of the solvent induced by the time-dependent electric field from
the probe and protein charges. The fast decay is originated by very
slight orientational preferences among a large number of water
molecules, within and beyond the hydration layer in a time scale
of a few picoseconds.
We propose Eq. (12) instead of Eq. (9).

AE=AEWﬁ+AEp

(12)
In Eq. (12) AEw and AEp are independent, and specify the energy
of water molecules at the interface with the relaxation time of
7,5, and of flexible protein part near the chromophore with t3,
respectively. Eq. (12) is a simplified model for our method using
3-relaxation time analysis. With this model the frozen state of
protein or water molecules at the interface was also consistent
with a long relaxation time. Our model is in accordance with
one given by Halle and Nilsson [33] in the natural state, which
claims that AEy is dependent (cooperative) on AEp, because the
magnitudes of 5, and 73 are similar. However, the both mod-
els should be different at extreme conditions as in the frozen
state.

Recently, Jesenska et al. [42] have reported that TRSS of
DbjA from Bradyrhizobium japonicum USDA11019 and DhaA from
Rhodococcus rhodochrous NCIMB13064 decay in sub-nanoseconds
and several nanosecond time domains, not in the picosecond
domain. Time-resolution of their instrumental system, however, is
not high enough to observe sub-picosecond decays of TRSS. Accord-
ingly, the presence of fast decay components of TRSS in these
protein systems is not clear.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jphotochem.2010.07.018.
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