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Analysis of Internal Motion of Single Tryptophan in Streptomyces
Subtilisin Inhibitor from lts Picosecond Time-Resolved Fluorescence
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ABSTRACT A mode of internal motion of single tryptophan, Trp 86, of Streptomyces subtilisin inhibitor, was analyzed from
its time-resolved fluorescence. The intensity and anisotropy decays of Trp 86 were measured in the picosecond range. These
decays were analyzed with theoretical expressions derived assuming that the indole ring of tryptophan as an asymmetric rotor
rotates around covalent bonds connecting indole with the peptide chain and an effective quencher of fluorescence of Trp 86
is the nearby SS bond of Cys 35—Cys 50. First, the intensity decays at 6°, 20°, and 40°C were analyzed, and then the both
decays of the intensity and anisotropy at 20°C were simultaneously simulated with common parameters. Constants conceming
geometrical structures of the protein used for the analysis were obtained from x-ray crystallographic data. Best fit between the
observed and calculated decay curves was obtained by a nonlinear least squares method by adjusting a quenching constant
averaged over the rotational angles, k] height of the potential energy, p, and three of six diffusion coefficients, D, D,.D,, D,
D,,, and D,,, as variable parameters. The obtained results revealed that the intemal motion of the indole ring became faster,
the quenching rate of the fluorescence of Trp 86 was enhanced and the height of potential energy became lower at higher

temperatures, and suggested that Trp 86 was wobbling around the long axis of the indole ring in the protein.

INTRODUCTION

It is well known that in many proteins containing a single
tryptophan fluorescence intensity and anisotropy of the tryp-
tophan decay with nonexponential functions (Beechem and
Brand, 1985). It is important to clarify the origin of the non-
exponentiality in the time-resolved fluorescence of the tryp-
tophan in these systems, not only for elucidating the nature
of the microenvironment surrounding tryptophan in proteins,
but also for understanding the dynamic nature of the protein
structure in detail. For this purpose we have derived theo-
retical expressions for the time-resolved intensity and anisot-
ropy of fluorescence of the tryptophan in proteins in previous
work (Tanaka and Mataga, 1987, 1992) and applied them to
the analysis of the fluorescence of erabutoxin b (Tanaka and
Mataga, 1992; Tanaka et al., 1987).

Streptomyces subtilisin inhibitor (SSI) was discovered and
isolated by Sato and Murao (1973) and inhibits preferentially
serine proteases of microbial organ, e.g., subtilisin BPN'.
The protein is a dimer (mol. wt. 23,000) consisting of iden-
tical monomers, which contains a single tryptophan, Trp 86,
per subunit. SSI is one of the proteins of which the structure
and function are the best characterized (Hiromi et al., 1985).
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Three-dimensional structures of SSI and SSI-BPN’ complex
were solved by Mitsui et al. (1979) and Hirono et al. (1984),

respectively.

In the present work we have analyzed the mode of motion
of the indole ring of Trp 86 in SSI by picosecond time-
resolved fluorescence spectroscopy.

MATERIALS AND METHODS

Materials

SSI was purified from the culture filtrate of Streptomyces albogriseolus
S-3253 essentially as described previously (Sato and Murao, 1973). Protein

concentration was determined from ultraviolet absorbance using A = 0.829
at 276 nm of the solution containing 0.1% SSI at pH 7.0.

Measurements

Fluorescence spectra were measured with a spectrofluorometer (JASCO,
FP-770, Japan). Fluorescence decay curves and anisotropy were measured
with a synchronously pumped, cavity-dumped dye laser and a picosecond
time-correlated, single-photon counting apparatus (Yamazaki et al., 1985;
Song et al., 1989). Typical time width of the instrumental response function
was 30 ps. The sample was excited with a vertically pumped, cavity-dumped
dye laser. Fluorescence from the sample was detected at a right angle to the
excitation beam through a Polaroid HNP' B polarizer. The analyzing po-
larizer was set either parallel (/) or perpendicular (7,,) to the polarized laser
light. A wedge depolarizer was inserted between the analyzing polarizer and
a monochrometer. Time-dependent anisotropy, r(t), was calculated accord-
ing to the following equation:

 L- L
= L0+ 2,0 o

The sample was excited at 295 nm and its fluorescence was monitored
at 340 nm. Temperature of the sample was controlled with circulating water.

Best-fit procedure

Fluorescence intensities, /_, were simulated by convoluting an appropriate
decay function, F(t), namely, multiexponential function or theoretical ex-
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pression obtained by a rotational model with observed excitation pulse E(2).

Lo = f E()F(t—t)dr'. (3}
)]

The difference between the observed and calculated intensity at time £,
was expressed by Eq. 3.

Dev(t) = {I () — I.eY\/nl,(t) (i=1,23,---,n) A3)
where I (¢) is observed intensity at #,. Best-fit procedure was performed by
adjusting parameters contained in the decay function so as to obtain the
minimum value of a x? for intensity, x7, according to a method of nonlinear
least squares based on the Marquardt algorithm.

xi = 3 {Devit)) @

When both decays of intensity and anisotropy were simultaneously simu-
lated with common parameters, x for anisotropy, x4, was calculated by the
following equation:

X2A= Z{Ao(ti)
=1
where A (1) and A (z,) are observed and calculated anisotropies at ¢ = ¢, with
a theoretical expression stated below. In this case total value of the )7,
X3, was obtained by a sum of those of intensity and anisotropy.

XT=Xi + Xa (O]

To make values of 2 comparable with x7, 1000 was multiplied by both
A (t) and A (1). In this case the best-fit procedure was applied for x3.

— A (6)FinA,(t) 4

Theoretical model

Theoretical expressions for both decays of the fluorescence intensity and
anisotropy were derived according to the following models as described
in detail elsewhere (Tanaka and Mataga, 1987, 1992). The indole ring of
Trp 86 as an asymmetric rotor is covalently bound to the peptide chain in
the spherical protein of SSI. Molecular systems are illustrated in Fig. 1.
The indole ring possesses a freedom of motion of internal rotation de-
scribed with Euler angles, @ = (aBy), from the spherical protein system
(x'y'Z’) to the indole system (xyz). It is assumed that an effective
quencher of the fluorescence of Trp 86 is a nearby SS bond of Cys
35—Cys 50. The internal motion was described with a diffusion equation
of rotational analogue of Smoluchowski equation (Favro, 1958), and
therein a rotational angle-dependent quenching rate represented by Eq. 7
was introduced.

1
k.(aﬁ)=k::{ 14573 Yr.(a.,B.)Y..(aB)} ™
m=-1
where & is the quenching constant of the fluorescence of Trp 86 aver-
aged over rotational angles of a and B, and Y,_(ap) is the spherical har-
monics. a, and B, are Euler angles of middle point of the S-S bond meas-
ured in the system of (x’y’z"). These values of a 8, were evaluated from
the data of x-ray crystallography of SSI (Mitsui et al., 1979) and are
listed in Table 1. The second term of the right side of Eq. 7 is a solid
angle between a vector formed by coordinates of the origin (C, of CgH))
and the middle point of the SS bond and the z axis. Eq. 7 shows that the
quenching rate is maximum when the z axis of the indole ring directs to
the middle point of SS bond. We implicitly assume here an electron
transfer from the excited indole to the SS bond as a quenching mecha-
nism. Probably, the electron transfer could occur from nitrogen atom of
the excited indole, since the electron density is the highest at the lone pair

on N of the indole ring.
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FIGURE 1 Geometrical arrangement of indole in SSI. The microenvi-
ronment of Trp 86 is illustrated according to the three-dimensional structure
of SSI (Mitsui et al., 1979). Molecular coordinate system of SSI is repre-
sented with (x'y’z"), in which the 2’ axis is vertical to x’y’ plane (not shown).
The coordinate system of indole ring of Trp 86 is denoted with (xyz). The
z axis is along C,-C, and y axis is in the plane of indole and perpendicular
wzammxaxlsspexpendmhrwthcmdolermgmdnemonsof
transition moments of L, state and L, state are indicated with m (L,) and
m (L,), respectively. The direction of quencher (middle point of SS bond
of Cys 35—Cys 50) is represented with (a 8,) of Euler angles in the system
of (x'y'z"). The direction of C4-C, is denoted with («,8,) in the system of
(x'y'2).

A potential energy for the internal motion was also introduced in the form
of Eq. 8,

4 1
Viap) =p{ 15 2 Yr.(a,s,m.(am} ®
-=-1

where p is the height of the potential energy and a, and B, are Euler angles
of C4-C, expressed in terms of (xy"z") system, obtained also from the data
of x-ray crystallography of SSI (see Table 1). The second term of the right
side of Eq. 8 denotes a solid angle between the vector of C,-C, and the z
axis. Accordingly, it is assumed that the potential energy is minimal when
the direction of C4-C, is identical with that of the x-ray structure (Mitsui
et al, 1979).

RESULTS

Fluorescence decay curves were measured at 6, 20, and 40°C.
First, we have approximated the decay curves with a mul-
tiexponential function as in most work reported (Beechem
and Brand, 1985).

2 t

F)=2X q exv(—;)- ©)
i=1 i

Fitting procedure was performed with decay functions of

n = 2, 3, and 4. Best fit was obtained with n = 3 at tem-

peratures of 6 and 20°C, and with n = 4 at 40°C. Obtained
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TABLE 1 Constants used in the analysis
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Direction of transition moments!
Location of energy'
k* Dt (degree) (degree) (degree) (degrec)
(s (s a, B, a, B, 5, . 5, <
0.116 0.0 18 86 68 —40 Variable 90 50 90

* Rate constant independent of the internal rotation. The value is obtained from the longest lifetime of free tryptophan in alkaline solution (Jameson and

Weber, 1981).

# Rotational diffusion coefficient of the spherical protein. The value of the diffusion coefficient was considered to be negligible in most analyses, because
the rotational motion of the SSI (mol. wt. 23,000) as a whole could be slow enough compared with the time region of the preseat measurements.

§ The quencher for the fluorescence of Trp 86 was assumed to0 be -S-S- of Cys35—Cys50. The location of the quencher is taken to be the middle point
between the two sulfur atoms which were determined by x-ray crystallography (Mitsui et al., 1979).

? Potential energy was introduced for the rotational motions with Euler angies of a and B. (a,8,) was obtained from x-ray crystallographic data for the direction

of C,-C, of Trp 86.

'ltwsasmnedtlmthcﬂnawccnceemimionofTrp%wasﬁomlhcl,-ﬂatc,mdﬁ@tah&xpim(exdhﬁmu%m)pthtedbmh[,mdl,m
& and € indicate polar coordinates in the (xyz) system. The directions of the transition moments were obtained from the previous report (Yamamoto and

Tanaka, 1972).

fluorescence lifetimes (7;) and their component fractions (a;)
are listed in Table 2. The shortest lifetimes were 130 ps at
6°C, 171 ps at 20°C, and 13 ps at 40°C, and the longest
lifetimes were 1.08, 3.82, and 0.328 ns, respectively. The
fractions of the shortest lifetimes were quite high, 0.424 at
6°C, 0.673 at 20°C, and 0300 at 40°C. These decays were
unusually fast compared with those of other proteins reported
(Beechem and Brand, 1985; Tanaka et al., 1987). This should
be due to the quenching by the SS bond of Cys 35—Cys 50,
since it is known that SS bond quenches fluorescence of free
tryptophan in aqueous solution (Konev, 1967). We have ana-
lyzed this quenching dynamics on the basis of our theoretical
model (Tanaka and Mataga, 1987, 1992).

Indole is an asymmetric rotor and therefore diffusion pro-
cess of its internal motion may be described with a tensor of
second rank. The diffusion tensor contains six coefficients,
b, D,, D, D,, D, and D,,. Free rotational motion of an
asymmetric rotor can be described with only D, D, and
D,,. In the present case, however, this may no longer be true,
since the internal motion is restricted by covalent bonds.
Accordingly, we have chosen three of these six coefficients.
kJ, p, and a set of the diffusion coefficients were adjusted to
get the minimum value of x?.

The other constants used in the analysis are also listed in
Table 1. The best-fit parameters are listed in Table 3. The
fitting was much worse when D, among diffusion coeffi-
cients was adopted as one of the parameters. Furthermore, it
was also worse when D,, was included in the analysis. In-
troduction of the potential energy improved the fitting at 6°C
and 20°C, but not at 40°C. The value of p which is repre-

sented as dimensionless numeric (energy divided by T be-
came lower as temperature was elevated. The internal motion
of the indole ring of Trp 86 should be enhanced at the higher
temperature, and consequently a population of Trp 86 with
higher energy in SSI could increase. This may bring about
reduction of the relative height of the potential energy, p, to
kT. At 40°C the value of another coefficient, D,,, in addition
to D, and D, increased, while it was negligible at the lower
temperatures. It suggests that freedom of the internal motion
increases at 40°C. It should be noted that the values of the
diffusion coefficients increased as the temperature was
raised. This is also reasonable, since the internal motion
should become faster at higher temperature. Averaged
quenching constant over rotational angles, kj, also in-
creased as the temperature was elevated, which is again
very reasonable.

Analysis of mode of motion of Trp 86 from both
decays of intensity and anisotropy with
common parameters

Time-resolved anisotropy of the fluorescence was measured
at 20°C (see Fig. 3). Apparent limiting anisotropy obtained
at the shortest time (100 ps) was ~0.15. This is much lower
than the limiting anisotropy of 0.4 expected when the tran-
sition moment of absorption is identical with that of emis-
sion. It decayed to <0.1 within 1 ns. The instantaneous de-
polarization from 0.4 to 0.15 may be due to the ultrafast
internal conversion between L, and L, states (Ruggiero et al.,
1990) since the L, and L, bands are overlapped at the ex-

TABLE 2 Decay parameters obtained with multiexponential decay functions

T (O 7, (ns) a, 7, (ns) a 7 (ns) a; 7, (ns) a, x*
6 0.130 (0.424) 0.833 (0.194) 1.08 (0381) 2634
20 0.171 0.673) 0.833 (0282) 3.82 (0.044) 1.148
40 0.013 (0300) 0.090 (0529) 0328 (0.164) 1.88 (0.037) 1284

* ) between the observed and calculated intensities.
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TABLE 3 Best-fit parameters obtained by the analysis of the intensity decay of SSI
o . 1
T ke Diffusion coefficients (ns™')!
§v) @ &7 D, D, D, D, D, "
6 151 0 051 0.08 0.00 452
150 0 052 0.00 0.02 451
3.80 133 291 0.81 264
20 3.17 0 0.06 0.00 024 218
3.49 0 0.10 021 0.00 1.80
359 0.48 0.03 021 1.69
407 0.70 130 137 158
40 9.89 0 1.66 0.00 228 1.63
9.80 0 3. 3.89 155 1.62
9.89 0.07 4.72 5.03 5.00 1.64

* Averaged quenching rate over the rotational angjes.

1 Height of potential energy for the internal rotation of Trp 86. The value of p is expressed in demensionless numeric which was obtained from the energy

height divided by AT.
§ Diffusion cocfficients of the internal rotation.
¥ X* between the observed and calculated intensities.

citation wavelength (295 nm) (Weber, 1960; Mataga et al.,
1964; Valeur and Weber, 1977). Very fast motion of Trp 86
may also contribute to the instantaneous depolarization. Both
decays of the intensity and the anisotropy were analyzed with
common parameters. Direction of transition moment of ab-
sorption was represented by polar coordinates (8, €,) and that
of emission by (8, €) in (xyz) system. The transition mo-
ments were considered to be in the plane of the indole ring
as shown in Fig. 1. Accordingly, €, = €, = 90° (see Table
1). It was assumed that the fluorescence of Trp 86 was emit-
ted from the L, state (emission was monitored at 340 nm).
&, of L, state was taken to be 50° (Yamamoto and Tanaka,
1972). However, §, is not known, becanse the both states of
L, and L, are excited. 8, should be an averaged angle in the
indole plane between the transition moments of the L, state
and the L, state. Hence, it was varied in the present analysis
as an additional parameter. Obtained parameters are listed in
Table 4. The fitting was improved when the diffusion co-
efficients, D, D, , and D , among the six coefficients were
included in the analysis of the intensity decay. D, was neg-
ligibly small. These results indicate that the internal motions
of the indole ring of Trp 86 are taking place around y axis

(long axis of the ring) and around an intermediate direction
between y axis and x axis. The best-fit parameters were
kK =3.64 (ns™"), p = 0.90 (kT), D,, = 0.13 (ns™"), D, =
0.24 (ns™") and §, = 94°. The values of the diffusion coef-
ficients were quite different from those obtained by the in-
tensity decay (see Table 3). When the potential energy was
introduced, the fitting was also improved, as in the analysis
of the intensity. In most analyses, the effect of the depolar-
ization by rotational motions of the protein as a whole was
ignored, since the time domain of the depolarization meas-
ured was rather short. The fitting was not improved when the
rotational diffusion coefficient, D, = 0.023 (ns "), was taken
into account, which was evaluated from the equation of
D, = RT/6Vn, where V was molar volume of SSI, and
7) viscosity of solvent.

DISCUSSION

The usual physicochemical properties of SSI and its complex
with BPN' are well characterized (Tonomura et al., 1985).
The fluorescence emission peak of Trp 86 in SSI is observed
at 340 nm upon excitation at 295 nm (Uehara et al., 1976).

TABLE 4 Best-fit parameters obtained by simuitaneous simulation of the decays of both intensity and anisotropy of SSI*

Diffusion cocfficicats (as”~)

k; P 8}

(ns7) &'TY D, D, D, D, D, (degree) X3 X xi!
352 0 021 035 0.086 ) 467 182 11.69
355 0 0.11 023 0.095 95 361 17 829
3.65 098 0.14 025 0.001 %4 352 1.67 8.06
365 098 0.14 025 % 352 1.67 806
3.64%* 0.90 0.13 024 % 352 1.68 805

* Temperature was 20 °C. Notations are the same as those in Table 3.

! Angle between the z axis and the transition moment of absorption (excitation at 295 nm) in the indole ring.
§ )2 for total data points of decays of the intensity and anisotropy obtained by Eq. 6.

¥ ) for the intensity decay obtained by Eq. 4.

'x’fonhean'notmpydeayobuinedbyliq.iBothvalmofﬂxobsavedandthealcuhtedanisounpiwwmmnlﬁpﬁedbyl(ll)ino:dettoobtzin

comparable values of x2 with those of x7.

"Rotationaldifflsioncocfﬁdcntofspherialpmtein,b,=0.0B(m"),w:sinnMinnod:theauﬁalequaﬁmThevﬂueofD'waswahawd
from the equation of D, = RT/6Vn, where V is molar volume of SSI and 7 viscosity of solvent.
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The quantum yield of the Trp 86 fluorescence is 0.014 at pH
7.0 and 0.049 at pH 2.8, while that of free tryptophan is 0.20.
It drastically increases at pH below 3. Effective quencher for
the fluorescence is considered to be the SS bond, since the
reduction of it with NaBH, leads the fluorescence enhance-
ment. Although the mechanism of quenching by SS the bond
is not very clear at present, a weak charge transfer from the
excited indole ring to the SS bond (Mataga, 1981) or heavy
atom effect by sulfur or both of them might be responsible
for it. Fluorescence lifetime has been also measured with a
nanosecond pulse fluorometry and analyzed with a two-
exponential decay function. The lifetimes reported are 0.4 ns
and 5.5 ns (Hiromi and Miwa, 1985). The three-dimensional
structure of SSI (Mitsui et al., 1979) is shown in Fig. 2. The
extent of exposure of the indole ring to solvent molecules in
crystal was calculated to be 12%. Fluorescence quenching
experiments with trichloroethanol revealed that the extent of
Trp exposure in the native state relative to that in the de-
natured state is 22% (Komiyama and Miwa, 1980).

In the present work, modes of motion of the indole ring
of Trp 86 in SSI were examined on the basis of its time-
resolved fluorescence. Analyses were first performed on the
intensity decay and then on both intensity and anisotropy
decays. From the intensity decay it was found that 1) D, and
D,, among the six diffusion coefficients were appreciable at
6 and 20°C and additionally D, at 40°C; 2) the introduction
of potential energy in the analysis improved the fitting of the
calculated decay curves with the observed curves; 3)k2, and
the diffusion coefficients increased and height of the poten-
tial energy, p, decreased, as temperature was raised. These
results may be reasonable, since k] normally increases at
higher temperatures, and the internal motion of the indole

FIGURE 2 Three-dimensional struc-
ture of SSI. SSI is a dimer consisting
of identical subunits. This illustrates
onc of the subunits. Trp 86 is in the
hydrophobic environment and is cov-
ered mainly by the side chain of Gin
87 (Mitsui et al., 1979).
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ring should become faster and easier in the protein as the
temperature is raised. It should be noted that only the dif-
fusion coefficients related to the y axis seem to be important
and give definite values. This suggests that the internal mo-
tion of the indole ring is wobbling around the y axis
(Kinoshita et al., 1977; Lipari and Szabo, 1982). Both decays
of the intensity and anisotropy were also satisfactorily simu-
lated with common parameters. Conclusions on the nature of
the motion of the indole ring derived by the analysis of the
intensity decay were not altered by this analysis, although the
absolute values of the diffusion coefficients were modified.
The averaged angle, 5,, was obtained to be 94°. The angle
between the z axis and transition moment of the L, state was
reported to be ~50° and that between the z axis and transition
moment of the L, state to be ~140° (Yamamoto and Tanaka,
1972). The obtained value of 5, suggests that both L, and L,
states are evenly excited at the excitation wavelength (Valeur
and Weber, 1977).

The internal motion of Trp 86 has been also investigated
by using a deuterium-labeled SSI with NMR spectroscopy
(Akasaka et al., 1988). In this work, hydrogen atoms of the
indole ring at 5 and 1 positions of Trp 86 were selectively
labeled with deuterium. It was found that Trp 86 displays two
kinds of NMR signals, a broad band with an effective cor-
relation time of 14 ns and a narrow band with that of 0.13
ns at 25°C. It was concluded that in the solution of free
SSI, “tight” and “loose” forms coexist in an equilibrium
and the rate of transformation between the two conform-
ers should be <80 s~

The following are, so far, considered to be the origin of the
nonexponential decay in the fluorescence intensity observed
in a protein containing the single tryptophan: 1) a hetero-
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FIGURE 3 Time-resolved fluorescence of Trp 86 of SSIL Observed
amsouopmandmtcnsmmareshownwﬂhclosedcuclwl‘bebothdemys
were simultancously simulated with common parameters. Calculated
anisotropies and intensities at the best-fit parameters are indicated with solid
curves. Deviations of the intensities were obtained with Eq. 3. Deviations
of the anisotropies were obtained with the equation

Dew(t) = {A(r) — ALY/ nA(1),

where A (1) and A (t,) are the observed and calculated anisotropies at ¢,. The
both values of the observed and the calculated anisotropies were multiplied
by 1000 to obtain values of x% comparable with those of x?. Obtained
parameters are listed at the last line of Table 4. SSI was dissolved into
0.1 M phosphate buffer at pH 7.0 (~0.1 of absorbance at 280 nm). The
temperature was 20°C.

geneous distribution in the orientation of the indole ring in
the proteins with a few discrete lifetimes (Szabo et al., 1983)
or continuous lifetimes (Alcala et al., 1987a,b); 2) a solvent
relaxation of the surroundings of tryptophan; 3) an internal
motion of the tryptophan in the protein (Tanaka and Mataga,
1982, 1987, 1992; Tanaka et al., 1987). Recently, many
workers have attempted to interpret the time-resolved inten-
sity (Henry and Hochstrasser, 1987) and anisotropy (Henry
and Hochstrasser, 1987; Ichiye and Karplus, 1983; Lin et al.,
1988; MacKerell et al., 1989; Axelsen et al., 1988; Axelsen
and Prendergast, 1989) in terms of the method of molecular
dynamics. However, it has been so far difficult to simulate
quantitatively the both decays at once. It is important to point
out that both observed decays of fluorescence of Trp 86 were
able to be reproduced with our theoretical expressions de-
rived for the model system stated above. The present results
support the mechanism that the nonexponentiality in the in-

Analysis of Motion of Tryptophan in SSI 879

tensity decays originates from the internal motion of tryp-
tophan in proteins. In general, the quenching rate should be
dependent not only on the mutual orientation but also on the
distance between the quencher and the indole, whatever the
quenching mechanism is. Although in the present model the
dependence of the quenching rate on the distance was not
taken into account, the above results suggest that the mutual
orientation between the fluorescer and the quencher group is
the most important factor for the quenching of tryptophan
fluorescence in this protein.

We are indebted to the Computer Center, Institute for Molecular Science,
for use of the HITAC M-680 computer.

REFERENCES

Akasaka K., T. Inoue, A. Tamura, H. Watari, K. Abe, and M. Kainosho.
1988. Internal motion of a tryptophan residue in Streptomyces subtilisin
inhibitor. Deuterium NMR in solution. Proteins Struct. Funct. Genet.
4:131-136.

Alcala, J. R, E. Gratton, and F. G. Prendergast. 1987a. Resolvability of
fluorescence lifetime distributions using phase fluorometry. Biophys. J.
51:597-604.

Alcala, J. R, E. Gratton, and F. G. Prendergast. 1987b. Interpretation of
fluorescence decays in proteins using continuous lifetime distributions.
Biophys. J. 51:925-936.

Axelsen, P. H,, C. Haydock, and F. G. Prendergast. 1988. Molecular dy-
namics of tryptophan in ribonuclease-T1. Biophys. J. 54:249-258.

Axelsen, P. H,, and F. G. Prendergast. 1989. Molecular dynamics of tryp-
tophan in ribonuclease-T1. Biophys. J. 56:43—66.

Beechem, J. M., and L. Brand. 1985. Time-resolved fluorescence of pro-
teins. Annu. Rev. Biochem. 54:43-71.

Favro, L. D. 1958. Rotational Brownian motion. /n Fluctuation Phe-
nomena in Solids. R. E. Burgess, editor. Academic Press, New York.
79-101.

Henry, E. R, and R. M. Hochstrasser. 1987. Molecular dynamics
tions of fluorescence polarization of tryptophan in myoglobin. Proc. Natl.
Acad. Sci. USA. 84:6142-6146.

Hiromi, K., K. Akasaka, Y. Mitsui, B. Tonomura., and S. Murao. editors.
1985. Protein Protease Inhibitor: The Case of Streptomyces Subtilisin
Inhibitor (SSI). Elsevier/North Holland, Amsterdam.

Hiromi, K., and M. Miwa. 1985. Electronic spectroscopy. In Protein Pro-
tease Inhibitor: The Case of Streptomyces Subtilisin Inhibitor (SSI). K.
Hiromi, K. Akasaka, Y. Mitsui, B. Tonomura., and S. Murao. editors.
Elsevier/North Holland, Amsterdam. 73-106.

Hirono, S., S. Akagawa, Y. litaka, and Y. Mitsui. 1984. Crystal structure
alZ6Arsohmonofﬂ:cmmplexofmbnhsmBPN’wnhnspmtcma-
ceous inhibitor SSI (Streptomyces subtilisin inhibitor). J. Mol Biol. 178:
389-413.

Ichiye, T., and M. Karplus. 1983. Fluorescence depolarization of trypto-
phan residues in proteins: a molecular dynamics study. Biochemistry.
22:2884-2893.

Jameson, D. M., and G. Weber. 1981. Resolution of the pH-dependent
heterogeneous fluorescence decay of tryptophan by phase and modulation
measurements. J. Phys. Chem. 85:953-958.

Kinoshita, K., S. Kawato, and A. Ikegami. 1977. A theory of fluorescence
polarization decay in membranes. Biophys. J. 20:289-305.

Komiyama, T., and M. Miwa. 1980. Fluorescence quenching as an indicator
for the exposure of tryptophyl residues in Streptomyces subtilisin inhibi-
tor. J. Biochem. (Tokyo). 87:1029-1036.

Konev, S. W. 1967. Fluorescence and Phosphorescence of Proteins and
Nucleic Acids. Plenum Press, New York.

Lin, X.-Q., R. A Engh, A. T. Briinger, D. T. Nguyen, M. Karplus, and G. R.
Fleming. 1988. Dynamic simulation studies of apoazurin of Alkaligenes
denitrificans. Biochemistry. 27:6908-6921.

Lipari, G., and A. Szabo. 1982. Model-free approach to the interpretation
of nuclear magnetic resonance relaxation in macromolecules. 2. Analysis
of experimental results. J. Am. Chem. Soc. 104:4559:4570.



880 Biophysical Journal

MacKerell, A. D. Jr., L. Nilsson, and R. Rigler, R. 1989. Molecular dy-
namics simulations of ribonuclease T1: analysis of the effect of solvent
on the structure, fluctuations, and active site of the free enzyme.
Biochemistry. 27:4547-4556.

Mataga, N. 1981. Properties of molecular complexes in the clectronic ex-
cited states. In Molecular interactions. H. Ratajczak and W. J. Orville-
Thomas. editors. Vol 2. John Wiley & Sons, New York.

Mataga, N, Y. Torihashi, and K. Ezumi. 1964. Electronic structures of
carbazole and indole and the solvent effects on the electronic spectra.
Theor. Chim. Acta. 2:158-167.

Mitsui, Y., Y. Satow, Y. Watanabe, S. Hirono, and Y. Iitaka  1979. Crystal
structure of subtilicin inhibitor and its complex with sub-
tilisin BPN'. Nature. 277:447-452.

Rngxem,A.J D. C. Todd, and G. Fleming. 1990. Subpicosecond Fluo-

Studies of Tryptophan in Water. J. Am. Chem. Soc.
112.1(1)3—1014.

Sato, S., and S. Murao. 1973. Isolation and of microbial
alkaline protease inhibitor, S-SI. Agric. Biol. Chem. 37:1067-1074.
Song, P-S., B. R. Singh, N. Tamai, T. Yamazaki, I. Yamazaki, S. Tokutomi,
and M. Furuya. 1989. Primary photoprocesses of phytochrome. Pico-
second fluorescence kinetics of oat and pea phytochromes. Biochemistry.

28:3265-3271.

Szabo, A G, T. M. Stepanik, D. M. Wayner, and N. M. Young. 1983.
Conformational heterogeneity of the copper binding site in azurin. A
time-resolved fluorescence study. Biophys. J. 41:233-244.

Tanaka, F., N. Kaneda, N. Mataga, N. Tamai, I. Yamazaki, and K. Hayashi.
1987. Analyses of nonexponential fluorescence decay functions of a
single tryptophan residue in erabutoxin b. J. Phys. Chem. 91:6344-6346.

Tanaka, F., and N. Mataga. 1982. Dynamic depolarization of interacting

Volume 67 August 1994

Effects of internal rotation and energy transfer. Biophys. J.
39:129-140.

Tanaka, F., and N. Mataga. 1987. Fluorescence quenching dynamics of
tryptophan in proteins. Effect of Internal rotation and potential barrier.
Biophys. J. 51:487-495.

Tanaka, F., and N. Mataga. 1992. Non-exponential decay of fluorescence
of tryptophan and its motion in proteins. /r Dynamics and Mechanisms
of Photoinduced Electron Transfer and Related Phenomena. N. Mataga,
T. Okada, and H. Masuhara, editors. Elsevier/North Holland, Amsterdam.
501-512.

Tonomura, B, S. Sato, M. Miwa, and T. Komiyama. 1985. General char-
acterization of SSL In Protein Protease Inhibitor: In the Case of Strep-
tomyces Subtilisin Inhibitor (SSI). K. Hiromi, K. Akasaka, Y. Mitsui, B.
Tonomura, and S. Murao. editors. Elsevier/North Holland, Amsterdam.

Uehara, Y., B. Tonomura, K. Hiromi, S. Sato, and S. Murao. 1976. An
unusual fluorescence spectrum of a protein proteinase inhibitor,
tomyces subtilisin inhibitor. Biochim. Biophys. Acta. 453:513-520.

Valeur, B, and G. Weber. 1977. Resolution of the fluorescence excitation
spectrum of indole into the 'L, and 'L, excitation bands. Photochem.
Photobiol. 25:441-444.

Weber, G. 1960. Fluorescence-polarization spectram and clectronic energy
transfer in tyrosine, tryptophan, and related compounds. Biochem. J. 75:
335-365.

Yamamoto, Y., and J. Tanaka 1972. Polarized absorption spectra of crys-
tals of indole and its related compounds. Bull Chem. Soc. Japan. 65:
1362-1366.

Yamazaki, I, N. Tamai, H. Kume, H. Tsuchiya, and K. Oba. 1985.
photon-counting method. Rev. Sci. Instrum. 56:1187-1194.



