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Abstract

We measured the emission spectra, intensity decays and anisotropy decays of the single tryptophan residue of
human serum albumin (HSA) resulting from one-photon (295-298 nm) and two-photon (590-596) excitation.
The emission spectra and intensity decays were independent of the mode of excitation, The anisotropy decays
were superficially similar for one- and two-photon excitation. However, upon consideration of the different
orientation photoselection for one- and two-photon excitation, the anisotropy data reveal different angles
between the absorption and emission oscillators for one-photon and two-photon excitation. This result
suggests different relative one-photon and two-photon cross-sections for the 'L, and 'L, transitions of the
indole residue. This first report of the time-resolved anisotropy decay of a protein resulting from two-photon
excitation suggests that such mcasurement will yield insights into the complex photophysical properties of

tryptophan residues in proteins.

Kcywords: Tryptophan fluorescence intensity decay; Tryptophan anisotropy decay; One- and two-photon excitation; Human serum

albumin

1. Introduction

Time-resolved measurements of the intensity
and anisotropy decays of the intrinsic tryptophan
fluorescence of proteins are widely utilized to
study the structure and dynamics of proteins [1,2].
To date, such measurements have relied almost

Correspondence to: Dr., J.R. Lakowicz, Center for Fluores-
cence Spectroscopy, Department of Biological Chemistry,
University of Maryland, School of Medicine, 660 W. Redwood
Street, Baltimore, MD 21201, USA.

exclusively on one-photon excitation (OPE) of
flunorescence. However, excitation of fluorescence
by simuitaneous absorption of two-photons, here
called two-photon excitation (TPE), is known to
follow different selection rules and thus probe
electronic states and/or transitions normally in-
visible to one-photon spectroscopy [3-6]. Two-
photon spectroscopy has been used to investigate
a variety of chromophores [6-8], and the differ-
ential absorption of linear and circular polarized
light has been used to investigate the electronic
properties of indoles [9,10]. To date, there is only
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a single report of the steady state emission spec-
tra of proteins observed for two-photon excitation
[11], and there have been no reports of the time-
resolved emission of proteins resulting from two-
photon excitation. In the present report, we de-
scribed frequency-domain measurement of the
intensity and anisotropy decays resulting from
OPE and TPE of the single tryptophan residue in
human serum albumin (HSA).

2. Experimental methods

HSA obtained from Calbiochem (> 99%), lot
number 126658, was used without further purifi-
cation. To facilitate comparison of the OPE and
TPE experimental data, we used the same con-
centration of HSA (67 mg/ml or 1073 M) for the
OPE and TPE experiments, in 50 mM tris 100
mM NaCl, pH 8, 20°C. The HSA fluorescence
emission was observed through Schott WG320
and Corning 7-54 filters, which blocked scattered
light for both onc- and two-photon excitation.

Single photon excitation was accomplished us-
ing the frequency-doubled output of a cavity-
dumped rhodamine-6G laser at 295 to 298 nm.
For two-photon excitation we used the funda-
mental output from 590 to 596 nm, which was
focused in the sample using a 5 cm focal length
fens. IFor both OPE and TPE, the pulse width
was about 5 ps at a repetition rate of 3.795 MHz.
Sigral from the solvent alone was less than 0.5%
for both one- and two-photon excitation. Steady
state anisotropy spectra were obtained in the
usual L-fermat manner {12].

Because of the high concentration and ab-
sorbance of HSA, it was not possible to use the
usual right-angle geometry with the focal point in
the center of the cuvette. For OPE we used 0.5
cm X 0.5 cm cuvettes with excitation and emission
located near a corner of the cuvette. This cuvette
was positioned off center in a 1 cm X 1 ¢cm cu-
vette holder. For the TPE, we used 1.0 X 0.5 cm
cuvettes, with the long axis aligned along the
incident light path and with the focal point posi-
tioned about 0.5 cm from the surface facing the
incident light. The position of the cuvette and the
lens were adjusted so that the focal point of the
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laser excitation was located near the observation
window.

Frequency-domain intensity and anisotropy
decays were obtained on the GHz instrument
described previously [13,14]. Intensity decays were
measured using magic-angle conditions. Intensity
decays (I(z)) were fit to the multi-exponential
medel using

I(t) = Za,- e~/ n

where «; are the amplitudes associated with the
decay tiine 7, The mean decay time (7) is given
by () =X,a;7?. The differential phase and
modulated anisotropy data were fit to the multi-
correlation time anisotropy decay (r(r)) model
using

r(t)= ):ruj e=t/% (2)
i

where ry; is the amplitude of the total anisotropy
(ry=Xry;) which decays with a correlaticn time
e,

! The frequency-domain intensity and anisotropy
decays were analyzed as described previously
[15-17]). For anuiysis of the intensity decays the
uncertainties in phase and modulation were as-
sumed to be 0.2° and 0.005, respective?y. For
analysis of the anisotropy decays the same uncer-
tainties were assumed for the differential polar-
ized phase (A) and modulation ratios (A), respec-
tively [17].

3. Theery

in previous reports, we described the steady
state and time-resolved anisotropy decays of
molecules with collinear absorption and emission
dipoles from OPE and TPE [18,19]. For such
molecules, the value of ry is near 0.40 for OPE.
However, the value of r, for TPE was found to
be larger on (.40, apparently because TPE de-
pends on cos*@, where 6 is the angle between the
electronic vector of the incident light and the
absorption transition moment of the fluorophore.
In contrast, the absorption probability for OPE
depends on cos?d. This difference can be re-
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garded as a trivial, ie, ncn-molecular effect, of
comparing OPE and TPE anisotropy data. Sup-
pose a fluorophore is motionless between excita-
tion and emission, and that the angle 8 describes
the angle between the absorption and emission
moments. The anisotropy is then given by

r'(8) =3(3 cos? - ) 3)
and
r?(8) = $(3 cos’8 - 1) 4)

where the superscripts ! and 2 refers to OPE and
TPE, respectively. Hence, the individual data sets
for OPE or TPE can be analyzed using egs. (3) or
(4), respectively, to recover the angle 8. If the
values of B are different, then the data suggests
different relative absorbance of the 'L, and 'L
transitions. Alternatively, the OPE and TPE data
sets can be analyzed globally to determine
whether they are consistent with a single value of

B.
4. Results and discussion
4.1 Emission spectra of HSA
Emission spectra of HSA are shown in Fig. 1.
Issentially the same emission spectra were ob-

served for one- {-—-) and two-photon ( )
excitation. At this time, we dc not know if tiie
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Fig. 1. Fluorescence emission spectra of human serum albu-
min for excitation at 295 (- - ~) and 590 nm ( )
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Fig. 2. Dependence of the fluorescence intensity of HSA on
the excilation intensity at 295 (©) and 590 nm (e).

small change in spectral shape is significant. The
HSA emission showed a quadratic dependence
(Fig. 2) on the incident intensity at 590 nm (e},
but linearly dependent in intensity at 295 (o).
This quadratic dependence on intensity demon-
strates that the observed emission was in fact due
to a biphotonic process at 590 nm.

4.2 Intensity deceys of HSA

The frequency-response of the HSA emission
is shown in Fig. 3 for OPE (top) and TPE (bot-
tom). The frequency responses for OPE and TPE
were essentially ideniical, or can be seen from the
mcan decay time ((7)) and the «; and 7; values
from the double-cxponcntial fit (Table 1). We do
not feel the small decrease in (7) is significant,
but similar sinall decreases in the mean decay
times of 1,6-diphenylhexatriciic {15] and 2,5-di-
phenyloxazole [16] were observed for TPE. We
note that the values of xy2 for a frequency-do-
main analysis depend on the assumed uncertain.
ties and are not necessarily near unity [15-17].
The vaiues of x% did not decrease further for a
triple-exponential fit, which indicates that two
decay times are adequate to account for ihe pre-
sent data.

4.3 Anisotropy decay of HSA

In contrast to the frenuency-domain (FD) in-
tensity decays, the FD anisotropy data for HSA
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Fig. 3. Frequency-response of the intrinsic tryptophan emis-

sion of HSA for one-photon (top, ©) and two-photon (@)

excitation. The solid lines represent the best two-exponential
fit to the data (Table 1).

are markedly different for OPE and TPE (Fig. 4).
The differential phase angles are comparable in
magnitude (top) but the modulated anisotropies
are distinct (bottom). When analyzed individually,
the OPE and TPE data yield nearly identical
correlation times (Table 2), The values of y3 did
not decreuse further for a three correlation time
fit, so that the slightly elevated value of y3 for
the OPE anisotropy analysis is the result of some-

Table 1

. Multi-exponential analysis of the HSA intensity decays result-
ing from one- or two-photon excitation

Excitation (M a; i’ X&
_ {ns) (ns) (ns)

One-photon 1.42 0.159 0.043 -
298 nm 5.85 6.06 0.841 0.957 1.7
Two-photon 5.76 2.12 0.270 0.112 -
596 nm 6.22 0.730 0.888 1.9
a (T) = Z"_fi’f".

br o
fi= a,-'r,./):jaj'rj.
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Fig. 4. Frequency-domain anisotropy data for the tryptophan
emission from HSA for excitation at 298 (O} and 596 nm (e).
The solid lines represent the best two-correlation time fits to
the data assuming independent values of r, at each excitation
wavelength. The dashed lines represent the best fit assuming
the rq value for 298 and 596 nm are linked by eqs. (3) and (4).

what larger random error in this particular data
set. .

As is typicai for tiyptophan residues in pro-
teins, the anisotropy decay contains a short corre-
lation time due to segmental motions of the tryp-
tophan residue, and a longer correlation time
reflecting overall rotational diffusion of the pro-
tein. However, the initial anisotropies, whether
obtained from the FD data (rq=Lry;) or from

Table 2

Anisotropy decay analysis of HSA fluorescence in 50 mM
Tris, pH 8 at 20°C

Excitation B ro; o; X&
(deg) (ns)
One-photon 30 0.074 0.17 -
298 nm 0.170 38.6 2.2
Two-photon 36 0.075 0.21 -
596 nm 0.201 38.4 1.0
Global one- 34.6 0.058 0.19 -
and two-photon 0.149 38.6 111.2
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Table 3

Comparison of the initial anisotropies (r,) and HSA*® and
indole derivatives * for one-photon and two-photon
excitation ©

Compound OPEat TPE at Expected ©
298 nm 596 nm ¢
Indole 0.29 0.31 0.41
NATA 0.30 0.17 0.43
Trp 0.30 0.18 0.43
2,3-Dimethyl indole  0.32 0.28 0.46
5-Methoxy indole 0.28 0.10 0.40
HSA 0.25 0.28 .36

* 70% (v/v) Propylene glycol /water, —60°C.

b Propylene glycol, —60°C.

¢ The OPE and TPE measurements of each compound were
performed on the same solution, using the geometry de-
scribed in Section 2. The flucrophore concentrations were
in the range of 5107 % to 2X10~3 M.

d Observed value.

¢ Expected value assuming rZ = r].

measurement in vitrified solutions (Table 3), are
not related by the expected factor of 10/7 ob-
taincd by comparison of egs. (3) and (4). This
suggests that the values of B are different for
OPE and TPE. We note that the anisotropy data
for OPE and TPE were obtained using the same
HSA sampie and same HSA ‘concentration. Also,
the size of the HSA molecule precludes close
contact between the tryptophan residues. For this
reason energy transfer between the single trypto-
phan residue in each HSA molecule is unlikely.
Further evidence against any effects of energy
transfer or cuvette geometry is that other results
with colinear oscillators [18—19] resulted in the
expected increase in anisotropy resulting from
cos*@ versus cos?@ photoselection.

To evaluate the apparent values of B, the FD
anisotropy data were analyzed in terms of egs. (3)
and (4), for the OPE and TPE data, respectively.
Since the values of r, can be altered by changes
in the value of B, the goodness-of-fit (y3) values
are the same as found using eq. (2). However, the
values of B are different for OPE and TPE.
Additional support for different effective 8 val-
ues for OPE and TPE is seen from our attempt
to analyze both types of data with the single value
of B. This attempt resulted in an extremely poor

fit (see Fig. 4, ——-) and a 50- to 100-fold in-
crease in the value of yg=111.2 (Table 2).
Hence, the electronic transitions contributing to
the values of r, are differentially weighted in the
OPE and TPE experiments.

4.4 Steady state anisotropies of ISA and indole
derivatives

We questioned whether the OPE and TPE
values of other indole derivatives were linked by
the photoselection factor of 10/7. Hence, we
examined the OPE and TPE steady state
anisotropies (7} and r?) of indole derivatives and
HSA in frozen solution (Table 3). In all cases, the
value of r} was not 10/7 larger than r}. In some
cases, r; was less than r}. These data strongly
suggest that either the relative absorbance of the
L, and 'L, transitions are different for OPE and
TPE, or that additional states are probed by the
TPE experiment. We note that these OPE and
TPE anisctropies were measured on the same
solution at the same fluorophore concentration.
At this concentration of 2 m M or lower, in polar
solution, where there exists a significant Stokes’
shift, energy transfer between the indole deriva-
tives will not be significant. Also, OPE anisotropy

‘measurements in more dilute solution yield iden-

tical anisotropy values. For all these reasons we
believe energy transfer between the indole
derivatives and /or geometric effects are not sig-
nificant for the OPE and TPE measurements.

5. Discussion

At first examination, one may feel troubled by
an inability to explain the OPE and TPE data
using the expected scale factor which accounts
for one-photon and two-photon photoselection.
However, we now .recognize that these results
indicate that the OPE and TPE data either probe
different electronic transitions of proteins, or dif-
ferent cross sections for the transitions. In either
event, this indicates that the TPE data contains
different information from the OPE data. Conse-
quently, time-resolved two-photon spectroscopy
of proteins contains new information on the pho-
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tophysics of protein and can provide a cruciai iest
of models describing the electronic spectra of
tryptophan residues in proteins.
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