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ABSTRACT The fluorescence decay of tryptophan residues in apo and met Aplysia limacina myoglobin and sperm

whale myoglobin were measured in aqueous solution at 10-1450C. In all species, multiexponential behavior was

observed in which the individual components displayed unique frequency-dependent emission characteristics. The
results suggest that the tryptophan fluorescence in all met samples are quenched by rapid Forster energy transfer to the
heme as predicted from the crystal geometry. Fluorescence from the apo protein is similar to that in solutions of free
tryptophans. In addition, the fluorescence properties of the reversible thermal denaturation of Aplysia limacina met

myoglobin was investigated between 250 and 750C.

INTRODUCTION

In recent years there has been considerable interest in the
use of tryptophan as an environmental probe in proteins
(1, 2). Although tryptophan fluorescence has been shown
to be a useful tool in such investigations, interpretation of
the results of these studies is made more difficult because
of the yet unresolved questions regarding the multiexpo-
nential nature of the fluorescence decays of free trypto-
phans and those present in proteins.

Before the development of highly sensitive photon
counting techniques, free tryptophan and its simple deriva-
tives were generally reported to exhibit single exponential
fluorescence decays. When the more sensitive techniques
were applied to the same species, it was found that many
simple tryptophan compounds fluoresced with multiexpo-
nential decay behavior (3-6). The multicomponent behav-
ior observed in these compounds was originally attributed
to emission from two different tryptophan transitions ('La
and 'Lb) (3), and then later to conformationally selective
quenching of the excited indole moiety by the carboxylate
and amino functional groups on the side chain (7). Such
quenching is thought to involve either proton transfer or
electron transfer between the indole ring and the side
groups (4-6, 8). The occurrence of two rather than the
expected three components in the fluorescence decay in
certain species was rationalized by assuming one of the
rotamer configurations to be energetically unfavorable or
that similar quenching mechanisms occur for two of the
rotamers (4-6).
The interpretation of the time-resolved fluorescence

spectra is different when the tryptophan emission results
from residues in heme proteins. In such macromolecules
tryptophan fluorescence is expected to be quenched via
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efficient Forster energy transfer with the heme group. The
effects of there being various rotamer populations on the
fluorescence decays, for example, is negligible when the
energy transfer rate greatly exceeds the various fluores-
cence rates because the observed fluorescence rate is the
sum of the intrinsic rate for the rotamer and the energy
transfer rate. The hemes undergo rapid internal conversion
to the ground state after the energy transfer process. The
different tryptophans are expected to transfer energy at
different rates because of their different distances and
orientations with respect to the heme. For example, dif-
ferent ferrous and ferric derivatives of sperm whale myo-
globins exhibit this multiexponential fluorescence decay
behavior where the dominating lifetime components match
those predicted by the Forster rate equation for each
tryptophan (9). However, these same myoglobins also gave
-I10% or less of long-lived fluorescence decay components
with lifetimes on the order of several nanoseconds, the
same magnitude as that observed in the apo proteins (9).

In a related study on human hemoglobin, Szabo et al.
(10) used time-correlated single photon counting tech-
niques to study tryptophan fluorescence decays. Their
results indicated the presence of three decays with a short
(-90 ps) component, which was attributed to energy
transfer via Forster coupling to the heme, and two longer
lived components (-1.8 and 5 ns), which must be essen-
tially uninfluenced by energy transfer. In these experi-
ments, the two long components comprised -37 and 33%
(human met hemoglobin) of the total integrated fluores-
cence intensity but <10% of the emission signal at zero
time. The authors suggested that the long-lived fluores-
cence results from different rotamers, only one of which is
capable of energy transfer to the heme within the lifetime
of its excited state, due to orientational factors.
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The question arises as to whether at ambient tempera-
ture a tryptophan could maintain in the protein a geomet-
ric relation to the heme such that energy transfer was
prohibited. For this situation to prevail the tryptophan
transition dipole would be required to be fixed perpendicu-
lar to the heme plane for periods of time comparable to the
fluorescence lifetime of a few nanoseconds. Recent energy
transfer calculations of Forster coupling (sperm whale
myoglobin [sw Mb]) as a function of restricted rotation
about the C(fl)-CQy) bond (9), as well as computer-
simulated trajectories (1 1), have not found such configura-
tions. It therefore appears that a purely orientational effect
is inadequate to explain the long-lived (nanosecond) com-
ponents of tryptophan fluorescence in heme proteins. For
example, the trajectory calculations have so far failed to

predict long-lived heme-tryptophan configurations for
which the energy transfer rates match the aforementioned
long-lived components observed experimentally. In addi-
tion, experimental evidence exists that seems to preclude
the possibility of these long components resulting from
some apo protein present in solution. Addition of excess
hemin to solutions of sw myoglobin did not significantly
reduce the fluorescence contribution from the long-lived
components (9).

Here we present the results of time-correlated single
photon counting experiments, which are used to study both
frequency resolved and time domain fluorescence spectra
of met and apo Aplysia limacina myoglobin (Mb). The
choice of Aplysia Mb was suggested by the following
considerations: (a) the two tryptophans, albeit fairly close

FIGURE 1 (a) C-Alpha stereo view of Aplysia Mb backbone. Both Trp(A) 14 and Trp(H) 1 29 are labeled. (b) C-Alpha stereo view of sperm
whale Mb backbone. Both Trp(A)7 and Trp(A)14 are labeled.

BIOPHYSICAL JOURNAL VOLUME 51 1987654



in their three-dimensional structure, are on different
helices Trp (A) 14 and Trp (H) 129 (12), whereas in sperm
whale Mb they are both on the A helix (Fig. 1, a and b);
and (b) this protein undergoes a fully reversible thermal
denaturation with increase in the steady-state fluorescence
emission upon warming (13). The effect of the thermal
denaturation on the time-resolved fluorescence of Aplysia
myoglobin is interesting since the two tryptophans reside
on different chains. If the different fluorescence compo-
nents each resulted from a particular tryptophan, one
would expect the behavior of the individual components to
be sensitive to the different tryptophan environment upon
denaturation. As the protein unfolds upon warming, one
expects that the change in the average distance from the
heme will be different for the two tryptophans, enabling
one to identify a particular fluorescence component with its
tryptophan source. For example, we might guess that the
fluorescence resulting from the tryptophan on the A helix
be more sensitive to the thermal denaturation process since
this chain resides on the protein surface and would be
expected to unfold more readily.
We compare the results on this protein with fluorescence

data obtained here and by others (9) for various derivatives
of sperm whale Mb (Trp [A] 7 and Trp [A] 14), and we
discuss our findings in terms of the likely modes of
tryptophan fluorescence relaxation based on the x-ray
diffraction structures (12, 14, 15).

EXPERIMENTAL

Aplysia met Mb was purified from the buccal muscle of the mollusc by
ammonium sulfate fractionation (16) followed by preparative isoelectric
focusing. Analytical and preparative isoelectric focusing of Aplysia met
Mb were performed on a Multiphor LKB 2117 apparatus (Bromma,
Sweden), applying a pH gradient of 4-6 (17), since the isoelectric point of
this protein is 4.75 (18). Coomassie Blue was used as a stain for the
protein; the homogeneity of the heme-carrying component was checked
by direct observation of the visible absorption. Crystalline sperm whale
met Mb from Sigma Chemical Co. (St. Louis, MO) was purified using
the method of Hochstrasser and Negus (9). Both Aplysia met Mb and
sperm whale met Mb were passed through a Sephadex G25 column,
followed by exhaustive dialysis against distilled water.
The purity of the protein samples is critical for accurate determination

of the fluorescence lifetimes. In fact, samples of Aplysia met myoglobin
that were not purified by isoelectric focusing were heavily contaminated
(up to 30%) by kinetic components whose lifetimes were 10-20 times
longer than the short-lived component, which is the dominant species in
the purified samples.
The apo derivatives of both myoglobins were prepared from the

purified heme-containing proteins by acid splitting and extraction with
3-pentanone and/or acetone at -200C as previously reported (19, 20).
The azide derivatives of Aplysia and sperm whale Mb were prepared by
adding sodium azide to a final concentration of 0.2 M, which is sufficient
for the complete formation of the azide adduct of both the heme proteins
(21, 22). Protein samples were buffered to pH values ranging between 6.8
and 10, using either 0.025 M Tris or sodium tetraborate, and adjusted in
concentration to give optical densities of 0.5-0.9 through a 1-mm
pathlength cell at 280 nm.
The photon counting system used in these experiments consists of a

frequency-doubled, cavity-dumped dye laser synchronously pumped by a
mode-locked argon ion laser. The cooled samples (100-1 50C) were
excited by the doubled output of the dye laser, and front face fluorescence

(magic angle) was collected, filtered through a cutoff filter (model
WG-305; Schott American Glass & Scientific Products, Inc., Yonkers,
NY) and dispersed with a 275-0.2 meter holographic monochromator
(McPherson Instrument Co., Acton, MA) with a 6-nm bandpass. The
output of the monochromator was coupled to a microchannel plate
detector (Hamamatsu Corp., Middlesex, NJ). With this arrangement,
instrument functions (determined by detection of resonant scatter from
the samples) of 120 ps for R6G and 180 ps for R560 were typical.
Multiexponential decays of the form F(t) = 2;Ajexp - (t/T,), where F(t)
is the fluorescence intensity at time t, A, the preexponential factor, and T
the lifetime of the ith component, were convoluted with the instrument
function and iteratively fit to the experimental curves. Fits with a
correlation coefficient of 1.2 or better were considered acceptable. Three
exponential components were included in our fitting routines.

RESULTS

Fluorescence Decay
In both the apo and met preparations of sperm whale and
Aplysia Mb the principal contribution to the fluorescence
results from the tryptophans. In the former case tyrosine
emission is discriminated against by the use of interference
filters and selective monitoring of fluorescence emission
wavelength. Aplysia Mb lacks tyrosine residues (23) and
no added precautions were necessary.

Aplysia Apo Mb. The decay of the fluorescence
intensity was found to be best described as a sum of three
exponentials whose relative weights and lifetimes showed a
marked dependence on detection wavelength. Table I lists
the best fit parameters for various fluorescence detection
wavelengths tuned across the emission band (310-390 nm)
with 283-nm excitation. One notes that the short (subnano-
second) emission is shifted to shorter wavelengths and the
intermediate (- 1 ns) component is shifted to longer wave-
lengths relative to the long-lived component, whose relative
weight is approximately constant across the emission spec-
trum. In addition, one notes the marked lengthening of the
lifetimes of the two long-lived (nanosecond) components
with increasing detection wavelength, while the best fit

TABLE I
TIME-RESOLVED FLUORESCENCE OF TRYPTOPHAN(S)

IN APO APLYSIA Mb AT 283-NM EXCITATION
AS A FUNCTION OF EMISSION WAVELENGTH BASED

ON A TRIEXPONENTIAL FIT

Emission wavelength (nm)

310 320 330 340 350 360 370 380 390

Al 0.305 0.216 0.177 0.160 0.142 0.142 0.131 0.119 0.112
A2 0.394 0.516 0.511 0.568 0.572 0.539 0.524 0.582 0.560
A3 0.301 0.268 0.310 0.273 0.280 0.317 0.344 0.298 0.335
T, 0.135 0.201 0.238 0.262 0.257 0.204 0.203 0.342 0.191
T2 1.16 1.44 1.54 1.63 1.65 1.61 1.60 2.83 1.75
T3 3.16 3.99 3.86 4.53 4.66 4.58 4.59 5.19 5.09

The preexponential factors are normalized to one at each emission
frequency. Estimated error for both preexponential factors and lifetimes
(given in nanoseconds) is <8% for all data presented here.
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FIGURE 2 (a) Log plot of the fluorescence emission at 335 nm from apo
Aplysia myoglobin with 283-nm excitation. Time scale is 10 ns full scale.
The solid line indicates the calculated fit to the experimental points. (b)
Same as a for 335-nm emission from Aplysia met Mb with 283-nm
excitation.

parameters for the short-lived component show no such
trend. Fig. 2 a shows a typical fluorescence decay for apo
Aplysia Mb at 335 nm with 283-nm excitation.
The fluorescence anisotropy of Aplysia apo Mb was

observed to decay with a lifetime of 4.5 + 0.25 ns with an
initial extrapolated anisotropy r(0) of 0.09, which is some-
what smaller in magnitude than reported by Hochstrasser
and Negus for solutions of apo sperm whale Mb at 272-nm
excitation (9).

Aplysia Met Mb. In Fig. 2 b a typical fluores-
cence decay from Aplysia met Mb is shown, which is
markedly different from that observed for the apo Aplysia
preparation. Again, our best fit is obtained when we model
the decay as a sum of three exponentials, with a short-lived
component decaying with a lifetime of 15-30 ps, which
comprises -95% of the total initial fluorescence at 335 nm,
and two longer lived components, which together make up
the other 5% of the initial fluorescence and decay on the
nanosecond time scale. The two longer components decay
with lifetimes comparable to those observed here in Aply-
sia apo Mb samples and those for aqueous tryptophan
solutions (4-6). Table II shows the best fit parameters for

TABLE II
EXCITATION SPECTRA OF TRYPTOPHAN EMISSION

(AT 335 NM) IN MET APLYSIA Mb. Ais
ARE THE NORMALIZED PREEXPONENTIAL FACTORS

AT A GIVEN EXCITATION WAVELENGTH (150C)

Excitation wavelength (nm)
Excitation

275 283 292

Al 0.960 0.960 0.960
A2 0.023 0.020 0.016
A3 0.016 0.016 0.024
T, (ns) 0.022 0.016 0.028
T2 0.823 0.820 0.790
T3 3.34 3.01 2.90

TABLE III
EXCITATION SPECTRUM OF TRYPTOPHAN EMISSION
(AT 335 NM) IN APO SPERM WHALE MYOGLOBIN

Excitation wavelength (nm)

275 286 297

Al 0.230 0.243 0.335
A2 0.423 0.419 0.352
A3 0.346 0.337 0.312
T, (ns) 0.288 0.279 0.207
T2 1.30 1.33 1.35
T3 3.62 3.76 3.90

the fluorescence decay at 335 nm at three different excita-
tion wavelengths. The slightly higher values of the preex-
ponential factors for the long-lived components at 292-nm
excitation suggest that these components may result from
tryptophans in an environment more polar than the short-
lived component.

Sperm Whale Apo Mb. Table III shows the
fluorescence decay parameters obtained for best fits at
different excitation frequencies on sperm whale apo Mb.
We observe the decay as a sum of three similarly weighted
exponentials with two nanosecond components and one
subnanosecond component, the lifetimes of which are quite
similar to the corresponding lifetimes in Aplysia apo Mb.
No remarkable excitation wavelength dependence on
either the lifetimes or preexponential factors is noted. To
the best of our knowledge, only biexponential decays have
been previously reported for apo sperm whale Mb (9).

Sperm Whale Met Mb. Table IV shows the
decay parameters of the three component fluorescence
observed at 335 nm for sperm whale met Mb with 272-nm
excitation. The short-lived (100 ps) component is actually
known from streak camera results to consist of two fast
components (16 and 135 ps), which result from Forster
energy transfer from the two tryptophans to the heme (9).
The long-lived part of the decay is composed of two
components of -0.8 and -3 ns, and must result from

TABLE IV
BEST FIT PARAMETERS FOR THE MULTIEXPONENTIAL
EMISSION AT 335 NM FOR DERIVATIVES OF SPERM

WHALE AND APLYSIA MET Mb

Sw met Mb Aplysia met MbProtein Sw met Mb (aie(zd)
(azide) (azide)

Excitation 272 nm 283 283

Al 0.958 0.853 0.975
A2 0.030 0.138 0.015
A3 0.012 0.005 0.010
T, (ns) 0.111 0.096 0.019
T2 0.872 0.222 0.610
T3 3.08 2.83 3.19
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tryptophans that are somehow prohibited from transfer-
ring a significant fraction of their excitation to the heme.

Azide Derivatives of Sperm Whale and Aplysia
Met Mb. Table IV shows the best fit parameters for the
335-nm fluorescence emission from the azide derivatives of
both sperm whale met Mb and Aplysia met Mb, for the
sake of comparison. In both cases the bulk of the fluores-
cence results from components decaying with subnano-
second lifetimes, while each shows trace emission from a
-3-ns component. The lifetime values of the intermediate-
lived components are considerably different from those
observed for the corresponding unliganded species under
similar conditions.

Thermal Denaturation ofAplysia Met Mb. In
the denaturation experiment of Aplysia met Mb, protein
samples were buffered at pH 8.6 with 0.025 M Tris-HCI,
and 6% (vol/vol) of n-butanol was added (13). The fluores-
cence decay of tryptophan residues (335-nm emission with
283-nm excitation) was measured as a function of temper-
ature between 250 and 700C. The results in Table V show a
long-lived (-3-ns) component that is insensitive to the
denaturation process and an intermediate-lifetime compo-
nent whose relative weight increases monotonically with
temperature until denaturation is achieved, when the
increase is more abrupt and is accompanied by a decrease
in the lifetime. The short-lived decay exhibits a tempera-
ture behavior complementary to the intermediate compo-
nent, its lifetime increasing from 22 to 134 ps as the
temperature was raised from 250 to 680C. The reversibility
of the denaturation is illustrated by the return to the initial
(low temperature) parameters upon cooling of the sample,
as shown in the last column of Table V. The total number
of fluorescence counts dropped by a factor of about two
between 250 and 560C. Over this range there is a color
change and also some precipitation of the protein, but we
have not quantified this behavior.

DISCUSSION

The results obtained here for the fluorescence decay of
tryptophan in apo Aplysia Mb are consistent with the
rotamer models used to explain the multiexponential fluo-
rescence decays observed in aqueous solutions of trypto-
phan and its derivatives (4-8). In this model, the excited
indole nucleus may react preferentially with a side chain
moiety, depending on its rotational configuration, to yield
distinct spectra with different fluorescence lifetimes for the
various rotational species. In apo Aplysia Mb, we observe
three spectrally distinct species with a subnanosecond
(-200 ps) fluorescence component that is shifted to shorter
wavelengths with respect to the two longer lived (- 1.5 and
4 ns) components. In all three species, the lifetimes are
observed to be dependent on detection wavelength. There is
a marked tendency toward longer lifetimes at longer
wavelengths on the fluorescence band.

TABLE V
TEMPERATURE DEPENDENCE OF THE FLUORESCENCE

DECAY PARAMETERS OF APLYSIA MET Mb
IN AQUEOUS-BUFFERED SOLUTIONS (TRIS 8.6)
WITH 6% (VOL/VOL) OF n-BUTANOL ADDED

Temperature (OC)

25 33 44 56 68 15

Al 0.881 0.864 0.823 0.624 0.627 0.915
A2 0.067 0.079 0.113 0.330 0.311 0.054
A3 0.051 0.057 0.064 0.051 0.062 0.030
T, (ns) 0.020 0.024 0.040 0.113 0.134 0.066
T2 0.863 0.862 0.804 0.574 0.595 0.743
T3 2.78 2.77 3.16 2.64 2.37 2.89

The last column corresponds to the protein that has been denatured and
then cooled to 150C.

Fluorescence of tryptophan residues in heme proteins is
expected to differ from that observed in the apo protein in
that the lifetimes directly reflect the tryptophan-heme
energy transfer rate. In view of the heme tryptophan
distances in various myoglobins (- 10-20 A) and hemoglo-
bins, one expects singlet energy transfer to be dominated
by Forster resonance coupling (24). The data obtained
here for met Aplysia myoglobin, as well as those obtained
previously by others (9) for sperm whale myoglobin, seem
to indicate that the bulk of the excited tryptophan popula-
tion participates in subnanosecond energy transfer with the
heme group. The rate constant for energy exchange
between two species coupled by the Forster transfer mech-
anism is given by:

8.8 x I0 Kidk 6E In4TFi4F Eh()XdX, (1)

where K2 is the usual dipole-dipole orientation factor, n is
the index of refraction of the media, r the radiative lifetime
of the donor species, and r the distance between the donor
and the acceptor. The Forster integral at the right of Eq. 1
has the value of 3.58 x 10'4 quanta-nm6.mol-', obtained
from the known heme molar decadic extinction coefficient
(e) at wavelength (X) and the fluorescence data of Ander-
son et al. (25). Assuming an estimated value of 20 ns for
the radiative lifetime of tryptophan and using the known
crystallographic parameters (12) for r and K, we calculate
transfer times of 8.8 and 11.4 ps for Trp (A) 14 and Trp
(H) 129, respectively. In addition, to account for different
orientations of the tryptophan transition moment dipole
with respect to the heme, we calculated the transfer rate as
a function of the angle of rotation (2 7r) about the Trp
C(fl)-C(-y) bond, and found no region where transfer times
were not predicted to be subnanosecond. The results of
similar calculations have been previously reported for
sperm whale Mb (9) for which similar transfer times were
obtained. In addition, energy transfer rates have been
calculated for sperm whale myoglobin based on computer-
simulated trajectories (11). In the trajectory calculations,
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no stable configuration was yet found that could account
for nanosecond energy transfer times in sperm whale Mb.
The proximity of the two tryptophans in Aplysia Mb

(Fig. I a) suggests the possibility that trp-trp energy
transfer might influence the decay characteristics. Using
the fluorescence and absorption data of Anderson et al.
(25) and the crystallographic data of Bolognesi (12) we
find a maximum overlap integral of 6.45 x 1012 quan-
ta nm6 . mol ' at 300 K and the separation between trypto-
phan centers of 6.6 A lead to a transfer time of 23.5 ns
when the crystallographic parameters are used in the
calculation. However, when we calculate the transfer time
as a function of the angle between the two dipoles we find
that the transfer times are <4 ns when the angle is
increased by 150 or decreased by 80 from the equilibrium
(crystallographic) angle of 54.10. The calculated minimum
transfer time was 23 ps. While the longer value of the
transfer time is beyond the time scale of our experiment,
the more rapid transfer times would be observable in a
fluorescence polarization experiment. Trp-trp energy
transfer would be expected to alter the decay of the
fluorescence polarization in both the apo and met Mb
samples. The values of the anisotropy extrapolated to time
zero for met sperm whale Mb were previously reported as
0. 16- for 265 nm-excitation (9), 0.22 for 287-nm excitation
(26), and in the case of apo sperm whale Mb a value of 0.15
was reported for 272-nm excitation (9). The value of 0.09
observed in the present work is significantly lower than the
previously measured values of r(0) for heme proteins. One
possible reason for this discrepancy is that trp-trp energy
transfer occurs rapidly compared with the fluorescence
lifetime of the apo Mb. If 0 is the angle between the
transition moment dipoles of the two trps then the transfer
anisotropy r,l2 is given by (27)

r_2 = 1/5(3 cos2 _ 1) . (2)

In the absence of other processes that give rise to a decay in
the anisotropy, r(t) following a delta function excitation
pulse, will be given by (28)

r(t) = l/2[r(O) - rl.2] exp-2kt + 1/2[r(O) + r,2j, (3)

where k is the excitation energy transfer rate constant.
Using the value of 54.10 for 0, and a value of 0.15 for r(0)
we find that r(t) would decay to a value of 0.088 after one
transfer lifetime. We would therefore expect to observe this
component superimposed on the overall anisotropy decay
resulting from protein motion. With the present sensitivity
of our photon counting apparatus we would expect to be
able to resolve decays in the anisotropy of at least 90 ps.
Also, any component of <90 ps would be expected to
produce an abnormality in the weighted residuals and
effect chi squared for our fit. Our results indicate that the
data are best fit by a single exponential with a lifetime of
4.5 ns and there is no indication for the existence of any

shorter component. As this lifetime is on the order of the
rotational correlation time for the protein it would appear
that energy transfer between the two trps does not occur
within the fluorescence lifetime of the protein. Since most
orientations of the transition moment dipoles give rise to
subnanosecond energy transfer, these results suggest that
the tryptophans are restricted to be near their crystalline
orientations. We cannot yet exclude that the energy trans-
fer occurs on a time scale too rapid for us to observe.
The short-lived (15-30 ps) component we observe in

Aplysia met myoglobin, which is absent in the apo prepa-
ration, is directly attributable to Forster energy transfer to
the heme. Ideally one would expect to observe two short-
lived components reflecting the different transfer rates
from each of the two tryptophans Trp (A) 14 at r = 14 A,
Trp (H) 129 at r = 16 A from the heme (see Fig. 1). The
similarity of the two rates allows us to observe only one
average component with the time resolution of our photon
counting system. In addition, the discrepancy between the
calculated and observed transfer times can likely be
accounted for by the fact that crystalline parameters were
used and that fixed rather than motionally averaged
tryptophan rotational conformations were assumed. The
presence of 1-3% of long-lived (-3 ns) emission from these
samples seems to indicate that a small fraction of the
generated tryptophan population is not transferring excita-
tion energy to the heme. As evidenced by calculated
transfer times, such long-lived behavior is inconsistent with
the certainty of Forster coupling in these proteins. This
suggests that either some of the fluorescence results from
tryptophans much farther from the heme than indicated by
the crystal structure, or that some other process occurs that
inhibits energy transfer and yet still gives rise to the
characteristic tryptophan fluorescence. This fluorescence
apparently does not arise from free apo protein in equilib-
rium with the heme-containing protein since in both the
sperm whale Mb work (9) and the Aplysia Mb results
presented here, addition of an excess of hemin to the
sample did not significantly alter the fluorescence lifetime
components. It therefore appears that some other mecha-
nism is limiting the energy transfer, although it cannot be
excluded that a small population of molecules with incor-
rectly bound heme may exist.

In addition to the long-lived (-3 ns) decay, we observe a
-0.8-ns component that accounts for another 1-3% of the
total initial fluorescence. Again this component is not
predicted by energy transfer calculations that consider
only the crystalline parameters and therefore would
require the persistent existence of protein configurations in
which the interactions between the tryptophan and heme
transition moment dipoles differ substantially from that
predicted by the crystal structure. What is significant
about these long-lived components is that while they
comprise only a small fraction of the total initial time-
resolved fluorescence, together they would account for
=80% of the emission in a steady-state experiment (63%
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for the -3-ns component and 17% for the -0.8-ns compo-
nent).

Increasing the distance between the tryptophan and
heme by a factor of two would decrease the rate of energy
transfer by 64, which is sufficient to increase the fluores-
cence lifetime to 1I ns. The ambiguity of the effects seen
here and with myoglobin (9) and hemoglobin (10) earlier
are explained if the protein undergoes large amplitude
conformational changes to an open structure in which the
A-helix is unfolded and its associated tryptophans are more
distant from the heme. To study this effect, we studied the
fluorescence properties of Aplysia met Mb at various
stages of thermal denaturation of the protein. Initially we
observe a lower value of the preexponential for the -20-ps
component at 250C in the 6% butanol solution as compared
with the (Tris) aqueous-buffered protein samples, indicat-
ing that some degree of denaturation at room temperature
occurs in the mixed solvent. The gradual drop in this
preexponential factor with increase in temperature,
together with the increase in lifetime at temperatures
below the critical denaturation temperature, probably
reflects the increased thermal motion of the protein chains.
The more abrupt change that we observe at the critical
denaturation temperature appears to reflect the decrease
in energy transfer rate with the increase in Trp-heme
distance as the protein chains unfold. The behavior of the
intermediate (-0.8 ns) component appears to be comple-
mentary to that of the short component. The increase in the
weight of this component with temperature suggests that
this fluorescence may indeed result from a protein struc-
ture distinct from that favored in the low temperature
(undenatured) samples, although it is unclear why the
lifetime decreases as the protein denatures.

In contrast to the subnanosecond components, the
parameters for the long (-3 ns) decay indicate that the
fluorescence from this component (which accounts for
1-3% of the total initial emission) is insensitive to thermal
denaturation of the protein. This fact, coupled with the red
shift that we observe for this component in the excitation
spectrum of Aplysia met Mb (Table II), suggests emission
from tryptophans in a more aqueous environment. The
possibility that this emission results from a less favorable
long-lived conformer is not supported by the molecular
dynamics or energy transfer calculations. While we have
observed evidence of such conformers in the apo protein,
and would expect that they exist in the corresponding heme
protein, their presence does not explain the long-lived
fluorescence decay. Because the heme transition is doubly
degenerate, with the two transition moment dipoles arbi-
trarily located in the heme plane at right angles to one
another, there is a very narrow range of tryptophan
orientations that do not lead to efficient (subnanosecond)
energy transfer. In addition, in the apo protein the relative
weights of the short, intermediate, and long-lived compo-
nents immediately after excitation are roughly 18, 51, and
31% at 330 nm. The insertion of the heme is unlikely to

result in such a drastic reapportionment of the relative
rotamer populations such as to yield a rotamer with only
3% of the total population. This suggests that the 3-ns
fluorescence component results from some other source.
The presence of free normal apo protein would have been
detected with the addition of excess hemin, so our results
exclude this as the origin of the long-lived fluorescence.
Since our results were obtained on a system that is
homogeneous in isoelectric focusing, we suspect that the
impurities may constitute a considerable fraction of the
fluorescence observed in a steady-state experiment. In view
of the similarities in structure between Aplysia and sperm
whale Mb, it is quite likely that the long lifetime fluores-
cence component(s) observed in the latter protein (9) are
also the result of impurities that are not removed by
standard purification techniques.

Free tryptophan is known to undergo several well docu-
mented photochemical reactions including photoioniza-
tion, charge transfer, and proton transfer to the side chain
moieties, all of which have been suggested as possible
mechanisms for the multiexponential fluorescence decays
observed in these species (4-6, 8). It is possible that similar
mechanisms may take place in the protein environment,
which is rich in other amino acids that are known to quench
tryptophan fluorescence (e.g., His, Lys, Gly). The trypto-
phan might form a radical cation that would inhibit energy
transfer and on recombination, could give rise to the
long-lived decays observed in these proteins. However,
since these photochemical reactions involve interactions
between specific moieties and the indole nucleus one could
hardly expect such photoproduct configurations to be
insensitive to the drastic structural changes that occur on
denaturation of the protein.

CONCLUSIONS

Tryptophan fluorescence from Aplysia met Mb decays
with a multiexponential behavior similar to that observed
in other heme proteins. The short (15-30 ps) component,
which comprises -95% of the initial fluorescence intensity
and which is absent in the apo protein, is attributed to
relaxation via Forster energy transfer with the heme. The
intermediate component, which decays on a subnano-
second (-0.8 ns) time scale, would not be expected as a
result of Forster coupling if the protein adopted its struc-
ture determined by x-ray diffraction. However, this com-
ponent could result from tryptophan species with orienta-
tions other than those suggested from the crystal geometry,
and does appear to be affected by changes in the protein
structure coupled to thermal denaturation. The long-lived
component, which decays with a lifetime of -3 ns and
accounts for nearly 70% of the steady-state fluorescence, is
insensitive to the thermal denaturation of the protein and
appears to originate from tryptophans in an environment
more polar than the short-lived components. We conclude
that this emission results from impurities that, however,
have not been completely removed by standard techniques.
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In apo Aplysia Mb the fluorescence decay is again
multiexponential, the lifetimes and spectral properties
being consistent with the rotamer model proposed for
fluorescence decays observed in free tryptophan. In addi-
tion, comparison of the fluorescence anisotropy decay
obtained here for apo Aplysia Mb with those obtained by
others (9) for sperm whale apo Mb suggests that energy
transfer between the two tryptophans is not a factor in
these experiments despite their proximity.

The authors wish to thank Professor Martino Bolognesi for providing
details of the three-dimensional structure of Aplysia Mb and for their
fruitful discussions, and Dr. Patrizia Aducci for her valuable assistance in
the purification of Aplysia Mb by isoelectric focusing.

This work was supported by National Institutes of Health grant (GM-
12592). In addition, this work was partially supported by a grant from the
Ministero della Pubblica Istruzione of Italy (to M. Brunori) and by the
laser Research Resource at the University of Pennsylvania.

Received for publication 11 June 1986 and in final form 17 November
1986.

REFERENCES

1. Munro, L., 1. Peckt, and L. Stryer. 1979. Subnanosecond motions of
tryptophan residues in proteins. Proc. Natl. Acad. Sci. USA.
76:56-60.

2. Ross, J. B. A., K. W. Rousslang, and L. Brand. 1981. Time-resolved
fluorescence and anisotropy decay of the tryptophan in adreno-
coritcotropin-(1-24). Biochemistry. 20:4361-4369.

3. Rayner, D. M., and A. G. Szabo. 1978. Time-resolved fluorescence of
aqueous tryptophan. Can. J. Chem. 56:743-745.

4. Szabo, A. G., and D. M. Rayner. 1980. Fluorescence decay of
tryptophan conformers in aqueous solution. J. Am. Chem. Soc.
102:554-563.

5. Chang, M. C., J. W. Petrich, D. B. McDonald, and G. R. Fleming.
1983. Nonexponential fluorescence decay of tryptophan, tryptoph-
glycine, and glycyltryptophan. J. Am. Chem. Soc. 105:3819-
3824.

6. Petrich, J. W., M. C. Chang, D. B. McDonald, and G. R. Fleming.
1983. On the origin of nonexponential fluorescence decay in
tryptophan and its derivatives. J. Am. Chem. Soc. 105:3824-
3832.

7. Ricci, R. W., and J. M. Nesta. 1976. Inter- and intramolecular
quenching of indole fluorescence by carbonyl compounds. J. Phys.
Chem. 80:974-980.

8. Robbins, R. Y., G. R. Fleming, G. S. Beddard, G. W. Robinson,
P. W. Thistlethwaite, and G. Wolfe. 1980. Photophyscis of aque-
ous tryptophan pH and temperature effects. J. Am. Chem. Soc.
102:6271-6279.

9. Hochstrasser, R. M., and D. K. Negus. 1984. Picosecond fluores-
cence decay of tryptophans in myoglobin. Proc. Natl. Acad. Sci.
USA. 81:4339-4403.

10. Szabo, A. G., D. Krajcarski, M. Zuker, and B. Alpert. 1984.
Conformational heterogeneity in hemoglobin as determined by

picosecond fluorescence decay measurements of the tryptophan
residues. Chem. Phys. Lett. 108:145-149.

11. Henry, E., and R. M. Hochstrasser. 1987. Molecular dynamics
simulations of fluorescence polarization of tryptophans in myoglo-
bin. Proc. Natl. Acad. Sci. USA. In press.

12. Bolognesi, M., A. Coda, G. Gatti, P. Ascenzi, and M. Brunori. 1985.
Crystal structure of ferric Aplysia limacina myoglobin at 2.0
angstrom resolution. J. Mol. Biol. 183:113-115.

13. Brunori, M., G. M. Giacometti, E. Antonini, and J. Wyman. 1972.
Denaturation of Aplysia myoglobin equilibrium study. J. Mol.
Biol. 63:139-152.

14. Takano, T. 1977. Structure of myoglobin refined at 2.0 angstrom
resolution 1: crystallographic refinement of metmyoglobin from
sperm whale. J. Mol. Biol. 110:537-568.

15. Takano, T. 1977. Structure of myoglobin refined at 2.0 angstrom
resolution II: structure of deoxymyoglobin from sperm whale. J.
Mol. Biol. 110:569-584.

16. Rossi-Fanelli, A., and E. Antonini. 1957. A new type of myoglobin
isolated and crystallized from the muscles of Aplisiae. Biokhim-
iya. 22:335-340.

17. Karlson, G., H. Davies, Y. Ohman, and V. B. Andersson. 1973. LKB
application note No. 75.

18. Rossi-Fanelli, A., E. Antonini, and A. R. De Stefano. 1958. Research
on the pigments of mollusks; chemical physical properties of
Aplysia Mb. Rend. Acad. Naz. Lincei (VIII). 25:439-444.

19. Adams, P. 1976. The kinetics of the recombination reaction between
apomyoglobin and alkaline haematin. Biochem. J. 163:153-158.

20. Ascoli, F., M. R. Rossi-Fanelli, and E. Antonini. 1981. Preparation
and properties of apomyoglobin and reconstituted hemoglobins.
Methods Enzymol. 76:72-87.

21. Antonini, E., and M. Brunori. 1971. The derivatives of ferric
hemoglobin and myoglobin. In Hemoglobin and Myoglobin in
Their Reactions with Ligands. Elsevier North-Holland Publishing
Co., Amsterdam. Chapter 3.

22. Giacometti, G. M., A. Da Ros, E. Antonini, and M. Brunori. 1975.
Equilibrium and kinetics of the reaction of Aplysia myoglobin with
azide. Biochemistry. 14:1584-1588.

23. Tenori, L., G. Vivaldi, S. Carta, M. Marinucci, E. Massa, E.
Antonini, and M. Brunori. 1973. The amino acid sequence of
myoglobin from the mollusc Aplysia limacina. Int. J. Peptide
Protein Res. 5:187-200.

24. Forster, T. 1965. Light and Organic Crystals: Delocalized Excitation
and Excitation Transfer. Modern Quantium Chemistry. 0. Sina-
noglu, editor. Academic Press, Inc., New York. 93-137.

25. Anderson, S., M. Brunori, and G. Weber. 1970. Fluorescence studies
of Aplysia and sperm whale apomyoglobins. Biochemistry.
9:4723-4729.

26. Negus, N. K. 1985. Picosecond motion and energy transfer in
molecular and biological systems. Ph.D. thesis. University of
Pennsylvania. 244 pp.

27. Tao, T. 1969. Time-dependent fluorescence depolarization and
Brownian rotational diffusion coefficients of macromolecules. Bio-
polymers. 8:609-632.

28. Moog, R. S., A. Kuki, M. D. Fayer, and S. G. Boxer. 1984.
Excitation transport and trapping in a synthetic chlorophyllide
substituted hemoglobin: orientation of the chlorophyll S, transition
dipole. Biochemistry. 23:1564-1571.

660 BIOPHYSICAL JOURNAL VOLUME 51 1987


