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ABSTRACT  The dynamics of protein molecules in the
subnanosecond and nanosecond time range were investigated
by time-resolved fluorescence polarization spectroscopy. Syn-
czrotron radiation from a storage ring was used as a pulsed light
source to excite the single tryptophan residue in a series of
proteins. The full width at half maximum of the detected light
pulse was 0.65 nsec, making it feasible to measure emission
anisotropy kinetics in the subnanosecond time range and
thereby to resolve internal rotational motions. The proteins in-
vestigated exhibit different degrees of rotational freedom of
their tryptophan residue, ranging from almost no mobility to
nearly complete freedom in the subnanosecond time range. The
tophan residue of Staphylococcus aureus nuclease B (20,000
daltons) has a single rotational correlation time (¢) of 9.9 nsec
at 20°C, corresponding to a rotation of the whole protein mol-
ecule. By contrast, bovine basic Al myelin protein (18,000 dal-
tons) exhibits ¢ of 0.09 and 1.26 nsec, showing that the trypto-
phan residue in this protein is highly flexible. The single tryp-
tophan of human serum albumin (69,000 daltons) has almost no
rotational freedom at 8°C (¢ = 31.4 nsec), whereas at 43°C it
rotates rapidly (¢; = 0.14 nsec) within a cone of semiangle 26°
in addition to rotating together with the whole protein (¢; = 14
nsec). Of particular interest is the large angular range isemian-
gle, 34°) and fast rate (¢; = 0.51 nsec) of the rotational motion
of the tryptophan residue in Pseudomonas aeruginosa azurin
(14,000 daltons). This residue is known to be located in the hy-
drophobic interior of the protein. The observed amplitudes and
rates of these internal motions of tryptophan residues suggest
that elementary steps in functionally significant conformational
changes may take place in the subnanosecond time range.

The importance of protein flexibility in catalysis, allosteric
regulation, energy transduction, signaling, and other biological
processes is becoming increasingly evident (1-4). Some inter-
esting questions now are: What is the range of motions in pro-
teins? On what time scale do they occur? How are some of these
motions controlled and coordinated? Experimental and theo-
retical studies indicate that proteins undergo rapid fluctuations
in structure. Lakowicz and Weber (5) measured the effect of
oxygen on the fluorescence intensity and excited-state lifetime
of tryptophan residues in a series of proteins. They found that
all tryptophan residues in the proteins studied were dynamically
quenched by oxygen. The accessibility of internal tryptophan
residues to quenching by oxygen molecules during their ex-
cited-state lifetime showed that proteins undergo structural
fluctuations on the nanosecond time scale. The recent theo-
retical studies by McCammon et al. (6) indicated that some of
these fluctuations may in fact occur in the picosecond time
range. Their simulation of the dynamics of the internal motions
of bovine pancreatic trypsin inhibitor showed root mean square
atom fluctuations of 0.9 A in times of picoseconds.

We have carried out time-resolved emission anisotropy
studies of the tryptophan fluorescence of a series of proteins to
determine the angular range and kinetics of internal rotational
motions of this chromophore. Nanosecond emission anisotropy
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studies have previously provided information concerning the
segmental flexibility of domains of immunoglobulins (7, 8) and
myosin (9). These studies had a time resolution of several
nanoseconds and used extrinsic fluorescent probes. By using
synchrotron radiation, we are now able to monitor directly the
rotational motions of tryptophan residues in proteins, obviating
any perturbations that may be caused by the insertion of an
extrinsic probe. The distinctive properties of synchrotron ra-
diation for these studies are its subnanosecond pulse width, high
repetition rate and reproducibility, and high intensity in the
ultraviolet region (10, 11). Proteins with a single tryptophan
residue were studied because the interpretation of their emission
anisotropy kinetics is more definitive than for proteins with
multiple tryptophans. The molecules investigated were human
serum albumin (69,000 daltons) (12), Staphylococcus aureus
nuclease B (20,000 daltons) (13), human basic A1 myelin protein
(18,000 daltons) (14), and Pseudomonas aeruginosa holoazurin
and apoazurin (14,000 daltons) (15).

THEORY AND ANALYSIS

In a time-resolved emission anisotropy experiment, an isotropic
sample is excited by a pulse of y-polarized (vertically polarized)
light, which produces an ensemble of preferentially aligned
excited molecules. The orientations of the excited molecules
then become randomized by rotational Brownian motion. For
a fluorescent chromophore in a macromolecule, the rate of
randomization depends both on the degree of flexibility of this
group with respect to the macromolecule and on the size, shape,
and internal motions of the macromolecule. These rotational
motions can be monitored by measuring y(¢) and x(t), the in-
tensities of the y-polarized and x-polarized (horizontally
polarized) components of the fluorescence emission as a func-
tion of time (for reviews, see refs. 16 and 17). The total fluo-
rescence intensity F(¢) and the emission anisotropy A(t) are
defined by
F(t) = y(t) + 2x(t) (1]
A(t) = [y(t) — x(t)]/[y(2) + 2x(t)]. (2]
The simplest case is a chromophore with a single excited-state
lifetime rotating in common with a rigid sphere. F(t) and A(t)
are then given by
F(t)=Foe™t/" (3]
A(t) = Age™"/? (4]
in which Fy is the initial fluorescence intensity and 7 is the ex-
cited state lifetime. For a rigid sphere, the rotational correlation
time ¢ is given by
¢=Vn/(kT)=M® + h)n/(kT) (5]
in which V is the molecular volume, 7 is the viscosity of the
medium, k is the Boltzmann constant, T is the absolute tem-

perature, M is the molecular weight, © is the partial specific
volume, and h is the degree of hydration.
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The excited state and emission anisotropy kinetics of a
chromophore in a macromolecule are likely to be more complex
than represented by Egs. 3 and 4. If the chromophore has more
than one kind of environment during the excited-state lifetime,
F(t) is given by a sum of exponential terms

F(t)= Zil fie=t/m (6]

in which f; is the initial intensity of the ith component. If the
macromolecule is nonspherical (18) or if there are any modes
of flexibility (19), A(t) is given by a sum of exponential
terms

A(t) =L ajet/% (7]
i

in which g; is the initial emission anisotropy of the jth compo-
nent. Suppose that the emission transition moment of a fluo-
rescent chromophore attached to a macromolecule rotates
freely within a cone of semiangle . A(t) is then given by

A(t) = ale-‘/¢l + aze-t/¢2 [8]

in which the first term arises from rotation inside the cone and
the second, from rotation in common with the macromolecule
(19-21). In this expression, ¢ is the rotational correlation time
of the macromolecule, and ¢, depends both on the diffusion
constant within the cone and on its angular range. The sem-
iangle a of this cone is related to these coefficients by

as/(ay + as) = az/Ag = cos2a(l + cosa)?/4. 9]

For isotropic rotations, the rotational diffusion coefficient R
(rad? sec™1) is equal to 1/6¢. For diffusion within a cone of
semiangle o (G. Weber, personal communication),

R = (1/6¢1)[a?/(n/2)%]. (10]

The preceding equations for F(t) and A(t) assume that the
light pulse as measured by the detection system is a & function.
However, the actual light pulse has a finite duration, and so the
experimentally observed quantities y,(¢) and x,(t) are convo-
lutions of y(t) and x(¢) with the light pulse. These convolutions
were taken into account in deriving amplitudes, excited-state
lifetimes, and ¢ values from y,(t) and x.(t). We used a non-
linear least squares fit procedure (22-25) to analyze excited-
state decay data and extended this method to analyze emission
anisotropy kinetics.

MATERIALS AND METHODS

Synchrotron Radiation Source and Fluorescence Detection
System. Synchrotron radiation from the Stanford positron-
electron accelerator ring (SPEAR) was used as the pulsed light
source (1.28 MHz) in these studies (26). A collimating lens, 45°
mirror, and focusing lens brought the beam into a Heath /6.8
Czerny-Turner monochromator. The bandwidth was 4 nm or
less in our emission anisotropy experiments. The excitation
beam was passed through a Glan-Thomson prism polarizer and
focused by a silica (Dynasil 1000) lens to a 0.2-mm-diameter
spot in a 1 X 1 cm thermostatted quartz cuvet. The emission
viewed at 90° was passed through 1.0 M CuSOj (1-cm path) to
reject scattered light, collected by a silica lens, and transmitted
through an ultraviolet sheet polarizer (3M type 105UVWRMR)
onto a RCA 8850 photomultiplier tube.

The emission kinetics were measured with a single-photon
counting apparatus (7, 16). The start pulse into the time-to-
amplitude converter (Ortec model 457) came from the anode
of the photomultiplier (operated at 2950 V) after it was am-
plified by a Hewlett-Packard preamplifier (22 db, type
10855A) and shaped by an Ortec constant fraction discriminator
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(model 473A). The stop pulse, also shaped by a constant fraction
discriminator, came from a Philips 56 AVP photomultiplier
(operated in the multiphoton mode at 2600 V) which monitored
about 10% of the incident light (through a Corning 7-60 filter)
before it entered the monochromator. A Hewlett-Packard
multichannel pulse height analyzer (model 5421) detected the
output of the time-to-amplitude converter. The fluorescence
intensity or scattered light intensity was attenuated when
necessary to set the photomultiplier count rate below 12 KHz
to avoid distortions due to multiphoton events.

Experimental data were collected in the following sequence.
First, the instrument response function L(t) was measured by
using an aluminum reflector as a light scatterer. The timing and
shape of the photomultiplier output depend on wavelength,
whereas the temporal characteristics of synchrotron radiation
are independent of wavelength (11). Consequently, L(t) was
measured by using incident light at the wavelength of maximal
fluorescence emission rather than at the excitation wavelength.
The sample was then excited with vertically (y) polarized light.
Emission anisotropy kinetics were measured by alternating the
emission polarizer setting from vertical (y) to horizontal (x)
every 20 sec (27). Data were collected for periods ranging from
10 to 40 min to accumulate at least 50,000 counts in the peak
channel. The y and x components of a buffer blank were then
collected and subtracted from the respective components of the
sample fluorescence.

Proteins. Azurin from P. aeruginosa with an A go/ Aggs ratio
of 2 and apoazurin were prepared as described (28, 29). Nu-
clease B was isolated from S. aureus (13). Human serum albu-
min, purchased from Sigma, was chromatographed on Se-
phadex G-150 to remove oligomers. Bovine basic A1 myelin
protein was prepared according to the published procedure
(30). Nuclease B was dissolved in 0.1 M Tris, pH 8.1/10 mM
CaClg. All other proteins were in 0.15 M NaCl/0.05 M sodium
phosphate, pH 7.4. The concentrations of proteins were adjusted
to give an absorbance of 0.1 at the excitation wavelength of 300
nm.

RESULTS

The time course of the synchrotron light pulse at 340 nm as
detected by the single-photon counting system is shown in Fig.
1A. The full width at half maximum was 0.65 nsec. The full
widths at 0.1, 0.01, and 0.001 maximum were 1.2, 1.9, and 3.2
nsec, respectively. The number of photons per pulse at the
sample cell was 104 at 340 nm for a 4-nm bandpass and a cir-
culating electron current of 10 mA. The effect of the finite
duration of this detected light pulse on the emission anisotropy
kinetics is shown in the simulations of Fig. 1B, which were
calculated by convolving the light pulse with an excited-state
lifetime of 5.0 nsec, an Ag of 0.2, and a series of ¢ values ranging
from 0.1 to 10 nsec. The initial portions of these plots of the
logarithm of the emission anisotropy versus time exhibit cur-
vature because more molecules with a high emission anisotropy
are excited than decay during the light pulse. The slopes of
subsequent portions of these plots are inversely proportional
to ¢ except for ¢ values that are less than the width of the light
pulse. These calculations show that ¢ as short as 100 psec can
be measured with this light pulse and detection system.

The emission anisotropy kinetics of N-acetyltryptophana-
mide in glycerol/water mixtures (Fig. 1C) were measured to
test the detection system and to obtain ¢ values for the trypto-
phan chromophore in isotropic media of known viscosity. An
excitation wavelength of 300 nm was chosen to obtain a high
initial emission anisotropy (31). Also, tryptophan residues in
proteins can be excited at this wavelength without exciting
tyrosines (32). The observed ¢ values were 16.8, 3.7, 0.8, and
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FI1G. 1. (A) Time course of the synchrotron light pulse at 340
nm detected by an RCA 8850 photomultiplier tube and a single-
photon counting apparatus. The full width at half maximum is 0.65
nsec. (B) Simulated emission anisotropy kinetics for ¢ = 0.1, 0.2, 0.5,
1,2, 5,and 10 nsec for Ag = 0.2 and 7 = 5.0 nsec. The light pulse shown
in A was used in the convolution. (C) Emission anisotropy kinetics
of 10 uM N-acetyltryptophanamide in glycerol/water mixtures at
20°C excited at 300 nm. The observed ¢ values (mean + SD) are 16.8
+ 0.3 nsec in pure glycerol (top curve), 3.7 £ 0.1 nsec in 92% (wt/wt)
glycerol, 0.38 + 0.10 nsec in 66% glycerol, and <0.05 nsec in 12%
glycerol. The excited-state lifetimes are 5.8, 5.3, 5.1, and 3.9 nsec,
respectively.

<0.05 nsec in glycerol/water mixtures having viscosities of
1445, 304, 17, and 1.4 cp, respectively, at 20°C.

The emission anisotropy kinetics of nuclease B and myelin
basic protein (Fig. 2) illustrate the range of rotational freedom
in proteins. The tryptophan residue in nuclease B undergoes
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a single mode of rotational motion, with Ag = 0.177 and ¢ =
9.85 nsec. This rotational correlation time is comparable to the
value of 7.6 nsec calculated frem Eq. 5 for a 20,000-dalton rigid
hydrated sphere at 20°C, assuming & = 0.73 cm3/g and h = 0.2
cm3/g. Thus, the tryptophan residue in nuclease B has little
internal rotational freedom. By contrast, the tryptophan
chromophore in myelin basic protein undergoes very rapid .
rotational relaxation. The observed ¢ values of 0.09 and 1.26
nsec are much shorter than the 6.9 nsec calculated for an
18,000-dalton rigid hydrated sphere at 20°C. The absence of
any long rotational component in the observed anisotropy ki-
netics indicates that the tryptophan residue in myelin basic
protein has a very high degree of rotational freedom.

The effect of temperature on the emission anisotropy kinetics
of human serum albumin is shown in Fig. 3. At 8°C, the tryp-
tophan in this protein exhibits essentially one kind of rotational
motion, with Ag = 0.19 and ¢ = 31.4 nsec. This ¢ is comparable
to the value of 39.9 nsec calculated for a rigid hydrated sphere,
indicating that it arises from a rotation of tryptophan together
with the whole protein or a large domain of it. At 43°C, this
tryptophan residue acquires rotational freedom independent
of the whole protein, as reflected in the rapid component with
a1 = 0.064 and ¢; = 0.14 nsec, which was essentially absent at
8°C. The long component hasa; = 0.17 and ¢ = 14 nsec. The
amplitude of the 0.14-nsec component indicates that it could
arise from a very rapid rotation of the tryptophan residue within
a cone of semiangle 26°, as calculated from Eq. 10.

Two distinct kinds of rotational motions are also evident in
the emission anisotropy kinetics of holoazurin (Fig. 4). The
tryptophan residue in this protein exhibits both a very rapid
rotation (¢; = 0.101 and ¢; = 0.51 nsec) and a slower rotation
(ag = 0.132 and ¢ = 11.8 nsec). The observed ¢, can be at-
tributed to a rotation of tryptophan together with the whole
molecule because it is larger than the ¢ of 8.5 nsec calculated
for a 14,000-dalton rigid hydrated sphere at 8°C. The ampli-
tude of the 0.51-nsec rotational component can be interpreted
to indicate that the tryptophan residue in holoazurin rotates
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Fi1G. 2. Comparison of the emission anisotropy kinetics of S.
aureus nuclease B with those of myelin basic protein. The best-fit
parameters for nuclease B (20°C, excited at 300 nm) are 7 = 5.05 nsec,

Ao =0.177 £ 0.001, and ¢ = 9.85 £ 0.17 nsec. For basic myelin protein

(20°C, excited at 300 nm), f; = 0.69, 71 = 1.97 nsec, fo = 0.31, 79 = 4.7
nsec, a; = 0.15 £ 0.006, ¢; = 0.09 £ 0.004 nsec, a = 0.106 + 0.001, and
¢2 = 1.26 + 0.02 nsec.
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FIG. 3. (A) Emission kinetics of human serum albumin at 8°C
excited at 300 nm. The observed fluorescence kinetics fit the convo-
lution of the light pulse with a two-component decay in which f; =
0.039, 71 = 2.78 nsec, f2 = 0.61, and 72 = 9.37 nsec. (B) Emission an-
isotropy kinetics of human serum albumin at 8°C and 43°C. The
observed anisotropy kinetics at 8°C fit the curve calculated for a; =
0.003 £ 0.001, ¢; = 0.76 + 0.4 nsec, as = 0.19 + 0.0002, and ¢ = 31.4
+ 0.3 nsec. At 43°C, a; = 0.064 £ 0.03, ¢; = 0.14 + 0.1 nsec, ay = 0.17
+ 0.002, and ¢ = 14 £ 0.6 nsec.

very rapidly within a cone of semiangle 34°. The emission
anisotropy curve for apoazurin lies below that of holoazurin,
showing that the removal of the active site copper ion increases
the flexibility of the molecule. The angular range of the very
rapid rotational motion of tryptophan is larger in apoazurin
(44°) than in holoazurin. Furthermore, the ¢ of 5.8 nsec ob-
served for apoazurin is significantly less than the value, 8.5 nsec,
calculated for a rigid hydrated sphere.

DISCUSSION

The use of synchrotron radiation as a pulsed light source en-
abled us to measure the emission anisotropy kinetics of the single
tryptophan residue in a series of proteins and thereby monitor
the rotational motions of this chromophore. Tunable mode-
locked lasers with pulse widths of less than 50 psec and high
repetition rates, which are now becoming available (33), will
complement synchrotron radiation in the study of these very
rapid processes. We found that tryptophan is nearly immobile
in some proteins whereas it has a high degree of subnanosecond
rotational mobility in others. The virtual absence of rotational
freedom of the tryptophan residue in nuclease B is consistent
with the x-ray crystallographic finding that the tryptophan of
nuclease A is hydrogen-bonded and in close contact with the
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FIG. 4. Comparison of the emission anisotropy kinetics of the
holoprotein (HOLO) and apoprotein (APO) forms of P. aeruginosa
azurin (8°C, excited at 300 nm). The best-fit parameters for the hol-
oprotein are f1 = 0.50, 71 = 0.75 nsec, fo = 0.50, 72 = 4.15 nsec, a; =
0.101 £ 0.002, ¢; = 0.51 £ 0.02 nsec, ag = 0.132 + 0.0008, and ¢ = 11.8
+ 0.3 nsec. For the apoprotein, f; = 0.40, 7, = 0.88 nsec, f2 = 0.60, 72
=4.79 nsec, a; = 0.139 £ 0.002, ¢; = 0.49 £ 0.01 nsec, as = 0.092 +
0.0006, and ¢2 = 6.84 £ 0.12 nsec.

carboxy-terminal helix (34). By contrast, the tryptophan residue
in myelin basic protein has ¢ values that are much shorter than
the value calculated for a rigid macromolecule. This finding
of a very high degree of rotational freedom agrees with hy-
drodynamic, circular dichroism, and low-angle x-ray scattering
studies (35-37) showing that myelin basic protein behaves as
a random coil. The tryptophan residue in holoazurin exhibits
two distinct modes of rotational freedom. The amplitude of the
very rapid component (¢; = 0.51 nsec) can be interpreted in
terms of a free rotation of the tryptophan chromophore within
a cone of semiangle 34°. This large angular range is striking
because tryptophan is known to be located in the interior of
azurin. The tryptophan fluorescence of nearly all proteins
studied thus far consists of a structureless band with a peak
between about 325 and 355 nm (31). By contrast, the trypto-
phan residue in azurin exhibits a fluorescence spectrum with
vibrational fine structure peaking at 308 nm, indicating that
itis in a highly hydrophobic milieu (38). Furthermore, recent
x-ray crystallographic studies of azurin show that its tryptophan
residue is surrounded by nonpolar side chains in the interior of
the molecule and that it is not hydrogen-bonded (39).

The significance of these experiments is twofold. First, the
range of observable rates of rotational motion has been extended
by two orders of magnitude. Nuclear magnetic resonance
spectroscopy previously provided information about rotational
motions of aromatic groups in proteins occurring in times of
1078 to 1 sec (40-44). Second, we have found that the trypto-
phan residue of some proteins is in fact mobile over a large angle
in the subnanosecond time range. Our emission anisotropy
studies of azurin demonstrate that a protein can have an interior
that is fluid-like in the subnanosecond time range, as suggested
by theoretical calculations (6). However, it must be stressed that
fluidity on this time scale is not characteristic of all proteins, as
shown by the relatively rigid environment of tryptophan in
nuclease B and human serum albumin. It will be interesting to
relate subnanosecond motions in proteins to biological activities
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such as catalysis and transport. Subnanosecond structural
fluctuations may be the elementary steps in conformational
transitions that are essential for these processes.
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