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Fluorescence of Horse Liver Alcohol Dehydrogenase Using
One- and Two-Photon Excitation
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We examined the steady-state and time-resolved emission of liver alcohol dehydrogenase resulting
from one-photon and two-photon excitation. Previous studies with one-photon excitation revealed
that the two nonidentical tryptophan residues display different emission spectra and decay times.
The use of two-photon excitation resulted in similar emission spectra, multiexponential intensity
decays, time-resolved emission spectra, and anisotropy decays as was observed for one-photon
excitation. These results suggest that both nonidentical tryptophan residues are excited to a similar
extent for one- and two-photon excitation. However, the limiting anisotropy (v,) with two-photon
excitation from 585 to 610 nm is below 0.1 and appears distinct from that observed previously
for N-acetyl-L-tryptophanamide.
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INTRODUCTION

The intrinsic tryptophan emission of proteins is
known to depend on the local environment of the trp
residues and to be sensitive to minor changes in protein
conformation. In recent years there has been considera-
ble effort to correlate the spectral properties with struc-
tural features of proteins with the time-resolved fluores-
cence data. One of the best-known examples is horse
liver alcohol dehydrogenase, which has been extensively
studied by several groups, as summarized by Eftink.(
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Liver alcohol dehydrogenase (LADH)* is a homodimeric
protein, with each monomer having 374 amino acids and
a mass of 40 kD. It is known that this protein contains
two tryptophan residues per subunit, trp-15 and trp-314,
and their location is well-known from the crystal struc-
ture of LADH and several of its derivatives and binary
complexes.®® Trp-15 is located at the outer edge of the
catalytic domain and its side chain is accessible to sol-
vent as well as to dynamic quenching by iodide”® and
acrylamide.® Trp-314 is located in the apolar intersu-
bunit region of catalytic domain formed by B-sheet
structures from each subunit, and these residues are in-
accessible to water-soluble quenchers. Apolar side
chains of Val-290, Leu-303, and Met-301 from its own
subunit and Met-303 and Leu-308 from the second su-
bunit have been shown to be in close contact with trp-
314, mostly excluding trp-314 from interaction with
solvent. The indole rings of trp-314 residues from two
subunits are close to one another and the center-to-center
distance between them (~7 A) suggests the possibility
of energy transfer, but the experimental data argue
against significant homotransfer.(" The tryptophan fluo-
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rescence of LADH has also been characterized by time-
resolved methods. Data from many laboratoriesti®!¥
showed a biexponential decay of LADH fluorescence
with a short-lived component (3.4-3.8 ns) from trp-314
and a long-lived component (6.7-7.45 ns) from trp-15.

In recent years, there has been an increased interest
in the use of two-photon excitation to provide additional
information on proteins and other biological macromol-
ecules.(>2» Because of the extensive data on LADH for
one-photon excitation, we chose this protein for use with
two-photon excitation. In particular, we questioned
whether the two tryptophan residues would be excited
to similar or different extents with one-photon excitation
(OPE) and two-photon excitation (TPE). Additionally, it
was not known whether the low anisotropy value ob-
served for indoles with two-photon excitation would also
be observed for an indole residue in a nonpolar environ-
ment (i.e., trp-314). While indole and N-acetyl-L-tryp-
tophanamide have been studied by TPE in viscous polar
solvents,®® no information is available on the effects of
local environment on the cross section for TPE. We ex-
pected the different intensity decay times of the two
tryptophan residues in LADH to provide an indication
of the extent of excitation of each residue by OPE and
TPE. For these reasons LADH provided an ideal protein
to determine whether one can expect selective excitation
or other additional information from the two-photon in-
direct fluorescence of proteins.

MATERIALS

Horse liver alcohol dehydrogenase (LADH; EC
1.1.1.1), lot number 12388822-60, was obtained from
Boehringer Mannheim (Germany) as a crystalline sus-
pension in 20 mM phosphate buffer (pH 7) containing
10% ethanol. The crystalline suspension was dissolved
in an excess of 20 mM phosphate buffer (pH 7.5) and
further purified with a 70% yield with repeated use of
Centriprep-10 Concentrators (Amicon, Inc., Beverly,
MA) to exchange buffer and to remove low molecular
weight contaminations (MW <C10 kD). These lower mo-
lecular weight species showed absorption and emission
in the range 250-290 and 300-380 nm, respectively. Un-
dissolved material was also removed by centrifugation.
After desalting, the solution of LADH (~4 mg/ml) in
20 mM phosphate buffer (pH 7.5) was heated at 50°C
for 15 min, and the resulting white flocculent precipitate
(~25% of protein) was removed by centrifugation. The
heat-treated LADH solution remained clear for at least
3 weeks at 4°C without loss of activity (3.5 U/mg),
which was equivalent in that expected for the 100% pure
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enzyme. The concentration of LADH was measured
spectrophotometrically as described using an optical
density of 4.55 for absorption of 1% enzyme solution at
280 nm.®» Activity of LADH was determined by the
method of Vallee and Hoch®® using the rate of increase
in absorbency at 340 nm, caused by the reduction of 8
mM B-NAD* in 10 mM sodium pyrophosphate buffer
(pH 8.8) containing 0.6 M ethanol as the substrate. One
unit is defined as the amount of enzyme that reduces 1
tmol of B-NAD*/min at 25°C, pH 8.8.

Glycerol (p.a.) was bought from Janssen Chimica
through Spectrum Chemical Mfg Corp. (New Bruns-
wick, NJ). Disodium and tetrasodium pyrophosphates
and B-nicotinamide adenine dinucleotide were obtained
from Sigma Chemical Co. Mono- and disodium phos-
phates were purchased from Fisher Scientific Co. (New
Jersey, NJ). Phosphate buffer (pH 7.5) was made using
Milli-Q water. All other chemicals, reagents, and mate-
rials were of the highest, spectral-grade quality com-
mercially available. They were checked by UV absorp-
tion and/or fluorescence measurements. Absorption
measurements were performed on a Perkin—Elmer
Lambda 6 UV/VIS spectrophotometer (Perkin—Elmer
Co., Rockville, MD). Steady-state fluorescence measure-
ments were carried out at 20°C using a SLM 8000 pho-
ton-counting spectrofluorimeter (with 2-nm spectral
resolution for excitation and emission) equipped with a
Hamamatsu R928 photomultiplier tube. Fluorescence
was excited at several wavelengths in the range 270-300
nm, and fluorescence spectra were recorded in the range
280—400 nm.

FLUORESCENCE SPECTROSCOPIC METHODS

Two-photon excitation was accomplished using the
fundamental output of a cavity-dumped rhodamine-6G
laser from 566 to 610 nm, which was passed through a
Glan—Thompson vertical polarizer and focused in the
sample using a 5-cm-focal length lens. The pulse full
width at half-maximum was about 5 ps at a repetition
rate of 3.795 MHz. One-photon-induced fluorescence
and excitation anisotropy spectra were measured using
the same laser system as two-photon-induced fluores-
cence and fluorescence anisotropy (see above) equipped
additionally with a 390 Frequency Doubler (Spectra
Physics) and a polarization rotator. For comparison of
the steady-state emission spectra with OPE and TPE, we
used an instrument for time-correlated single-photon
counting.®5-?? The steady-state intensity at each wave-
length was obtained by integrating the time-resolved
intensity measurements. In addition to increased sensi-
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tivity, the use of TCSPC allowed us to demonstrate the
absence of scattered light in the detected emission. Use
of the same instrumentation for both modes of excitation
allowed direct comparison of the spectral data. We also
made separate measurements of OPE and TPE emission
spectra of LADH using the same laser system for sam-
ples placed in the SLM 8000 photon-counting spectro-
fluorometer, but with laser excitation. The same results
were obtained using these two instruments.

The samples were contained in 1.0 X 0.5-cm cu-
vettes placed in the thermostated SLM cell holder (Ur-
bana, Champaign, IL), 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 ad-
justed so that the focal point of the laser excitation was
located near the observation window. Fluorescence was
collected by a suprasil lens, filtered from the contami-
nating scatter of the long-wavelength light using two
Corning 7-54 filters (3 mm thick each), and passed
through an ISA (New Jersey) grating monochromator (4~
nm slit bandwidth) and Glan-Thompson polarizer in the
magic-angle position. The wavelength scale of the mon-
ochromator was calibrated using a SCT1 mercury lamp
(Ultra-Violet Products Inc., San Gabriel, CA) as a wave-
length standard. Fluorescence spectra were corrected for
transmittance of the two 7-54 fiiters used to isolate the
emission. The effect of the intensity of incident light on
the one-photon- and two-photon-induced fluorescence
intensity (Fig. 1, insert) was measured using a set of the
neutral density filters to decrease the peak excitation in-
tensity. Signal from the solvent alone was less than 0.5%
and was subtracted from sample fluorescence.

For anisotropy determinations, the polarized emis-
sion was observed through an interference filter centered
at 313 or 340 nm (10-nm band-pass), a Glan—Thompson
polarizer, and two 7-54 filters. The anisotropy r values
were determined from the polarized fluorescence inten-
sities as

r=(gk, — E,)/(gE, + 2F,) ()

where F,, is vertically polarized emission intensity with
vertically polarized excitation, and F,, is horizontally
polarized emission with vertically polarized excitation.
The instrumental correction factor, g, is equal to g =
Fy/F,,, where Fy, is horizontally polarized emission in-
tensity with horizontally polarized excitation, and F,, is
vertically polarized emission with horizontally polarized
excitation. This g factor corrects for the small polariza-
tion bias of the optical system and photomultiplier. The
g factor was usually within a few percent of 1.0. Ani-
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sotropy values presented here were obtained as an av-
erage of at least three determinations.

Time-domain intensity decays were measured using
magic-angle conditions using the same experimental ap-
paratus used for the steady-state measurements. For each
emission wavelength A, intensity decays (x, f) were fit
to the multiexponential model using

T, H =2 a () e 2)

where «, are the amplitudes associated with the decay
time 7, The fractional intensity of each component in
the decay is given by f(\) = a,(\)7/2,0(\)7,. The mean
decay time (7) is given by (1) = Zf (M.

The impulse response functions [Eq. (2)] at each
wavelength were used to calculate time-resolved emis-
sion spectra.®®? This requires normalization of the
preexponential factors, so the time-integrated intensity
represents the steady-state intensity F()\) at each wave-
length. Normalization is accomplished using the factor
H(\), which is calculated using

F(\
Hoy= 2N 3)
f I\ 1) dt
F (A
- - @
(M1 o, (M1 e (M) T
The normalized functions are given by
I'NO=HMNTMN (5)
= Lol e
where
o/ () =H M) o, (A) 6)

For any desired time (), the time-resolved emission
spectrum 13 obtained by plotting the values I'(\, ¢) for
each wavelength.

Frequency-domain intensity and anisotropy decays
were obtained on the gigahertz instrument described pre-
viously.®®3) Data were analyzed as described previ-
ously.®?2% The differential phase and modulated anisot-
ropy data were fit to a multiexponential anisotropy decay
[(£)] model using

r(E) = Xy e %)

where 7, is the amplitude of the total anisotropy, which
decays with a correlation time 0,, and the total anisotropy
is given by (r, = Xr,). For analysis of the intensity
decays the uncertainties in phase and modulation were
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Fig. 1. Fluorescence emission spectra of LADH obtained for one-pho-
ton (@ @ @ @) and two-photon (—) excitation. The inset shows the
dependence of the one-photon (- - O - -)- and two-photon-induced
fluorescence intensity (— @ —) on the intensity of the 295-nm (O)
or 590-nm (@) incident light. The maximum intensities for OPE and
TPE are both normalized to unity in the spectra and the inset.

assumed to be 0.2° and 0.005, respectively.®® For anal-
ysis of the anisotropy decays the same uncertainties were
assumed for the differential polarized phase and modu-
lation ratios, respectively.G?

RESULTS AND DISCUSSION

Emission Spectra of LADH for OPE and TPE

It is well-known that the emission spectra of trp-
314 and trp-15 are distinct as seen from their one-pho-
ton-induced emission spectra.” The short-wavelength
region of the LADH emission spectrum is dominated by
the fluorescence of buried residue trp-314, while the flu-
orescence of trp-15 is red-shifted because it is located in
the outer edge of the catalytic domain and exposed to
solvent. Hence, we expected the emission spectra of
LADH to be sensitive to the relative extent of excitation
of each residue by OPE and TPE.

Emission spectra of LADH in 20 mM phosphate
buffer (pH 7.5) are shown in Fig. | for OPE at 295 and
TPE at 590 nm. For direct comparison, the OPE spec-
trum was recorded on the same instrument as the TPE
spectrum (see Materials and Methods), except for the use
of a frequency doubler for OPE. For one-photon exci-
tation at 295 nm the emission intensity is linearly pro-

portional (insert) to the intensity of the 295 nm incident

light (- -O- -). Fitting of these data to a straight line /(em)
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Fig. 2. Fluorescence emission spectra of LADH obtained for TPE (top)
at 590 nm and OPE (bottom) at 295 nm in the absence (—) and in
the presence of 0.5 M KI (- — —). The maximum intensities for all
spectra are normalized to unity.

= A, (excit) yielded 4, = 1.02. In contrast, for TPE at
590 nm, the intensity is dependent on the square of the
peak laser power (—@—). Fitting of these data from
Fig. 1 to I(em) = B, [I(excit)]" yielded B, = 0.99 and
n = 1.91. The quadratic dependence on the excitation
intensity demonstrates that the observed emission is due
to a biphotonic process at 590 nm. The emission spectra
of LADH are similar for OPE and TPE (Fig. 1). There
was also no significant difference between emission
spectra for OPE at 298 and TPE at 596 nm (data not
shown). The similarity of the emission spectra for OPE
and TPE suggests that the two tryptophan residues are
excited to a similar extent for both modes of excitation.

It is known that the exposed residue trp-15 can be
preferentially quenched by water soluble quenchers.®V
Hence, in the presence of KI the emission is expected
to be blue-shifted toward the shorter wavelength emis-
sion of trp-314, which is then expected to dominate the
emission spectrum. We reasoned that examination of the
emission spectra under these conditions could reveal se-
lected excitation of one of the residues by two-photon
excitation. Emission spectra of LADH in the presence
of KI are shown in Fig. 2. The emission intensity was
~30% lower with 0.5 M KI and the quenched emission
spectrum is blue-shifted for OPE (Fig. 2, bottom), in
agreement with published data on the OPE fluorescence
of LADH.O® The emission spectrum for TPE shows a
similar blue shift with 0.5 M KI (Fig. 2, top). The short-
wavelength part of TPE emission is again dominated by
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Fig. 3. Fluorescence intensity decays of LADH at 20°C in 20 mM
phosphate buffer (pH 7.5) obtained for TPE (top) at 590 nm and OPE
(bottom) at 295 nm. The dotted curves represent the profile of the
excitation pulse (left) and fluorescence decay (right). The solid curves
represent the theoretical values of the best three exponential fits. The
goodness-of-fit parameters x% were equal to 1.13 and 1.17, respec-
tively.

fluorescence of tryptophan residue (trp-314). The data in
Figs. 1 and 2 suggest that one- and two-photon excita-
tion results in similar extents of excitation of the two
tryptophan resides in LADH.

Time-Resolved Intensity Decays With One- and
Tweo-Photon Excitation

Another measure of the relative proportions of ex-
citation of the two tryptophan residues in LADH was
obtained from the time-resolved emission spectra. It is
known that the residues display distinct lifetimes of 7.45
and 3.95 ns for trp-15 and -314,%% respectively. This
fact, coupled with the different emission spectra of each
residue, suggests that the time-resolved intensity decays
and/or emission spectra should provide a sensitive in-
dicator of the degree of excitation of each residue. We
measured the fluorescence intensity decays resulting
from TPE at 590 nm of 0.26 mM LADH in 20 mM
phosphate buffer (pH 7.5) at 20°. These decays were
measured at different emission wavelengths with a spec-
tral resolution of 4 nm. Typical intensity decays profiles
for OPE at 295 nm and TPE at 590 nm are presented in
Fig. 3. Measurements were performed for different emis-
sion wavelengths in the range of 305-385 nm for OPE
and 315-380 nm for TPE. The narrow range of emission
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wavelengths for TPE is due to the very low fluorescence
intensity below 310 and above 380 nm, where we were
not able to obtain reliable decay data. The «,, 7, f;, and
(7) value for OPE 295 nm (Table I) and for TPE 590
nm (Table 1I) are also shown for selected wavelengths.
Examination of Tables [ and II revealed that similar de-
cay times and amplitudes were observed for OPE and
TPE. While some differences in the o, and 7, values were
found for OPE and TPE for some emission wavelengths,
it is difficult to recover their values for a three exponen-
tial decay. We are not certain of the origin of the short
component (0.1 to 0.2 ns) in the intensity decays of
LADH (Tables I and II), which could be due to spectral
relaxation during the excited state lifetime or quenching
processes within the protein. Nonetheless, the amplitude
of this component is low, and the intensity decay is dom-
inated by the 2-ns decay times thought to be represen-
tative of the two tryptophan residues. The intensity
decay data are more reliable compared by examination
of the mean decay times (Fig. 4). As expected, the decay
times increase with increasing observation wavelengths.
However, the mean decay times for OPE and TPE are
similar at all wavelengths (Fig. 4), suggesting a similar
fractional contribution of each residue for OPE and TPE,
in the range of 305-385 nm for OPE and 315-380 nm
for TPE.

Time-Resolved Emission Spectra of LADH

The data in Tables I and I were used to calculate
the time-resolved emission spectra. These spectra result
from numerical calculation of the time-resolved decays
measured for 0.26 mM LADH in 20 mM phosphate buf-
fer (pH 7.5) at 20°. The time-resolved emission spectra
at times ranging from 0.1 to 18 ns are essentially the
same for OPE and TPE (Fig. 5). The fluorescence at
310-320 nm, which is dominated by emission from trp-
314, decays much faster than at 330-380 nm, which is
mainly from trp-15 (Fig. 4). The similarity of the time-
resolved emission spectra for OPE and TPE again sug-
gests similar relative excitation for both modes of
excitation.

Excitation Anisotrepy Spectra of LADH

The excitation anisotropy spectrum of tryptophan is
known to be strongly dependent on the excitation wave-
length. It was reported previously that the excitation an-
isotropy spectrum for TPE of indole and N-acetyltryp-
tophanamide was quite distinct from that observed for
OPE.® Hence, it was of interest to compare the exci-
tation anisotropy spectrum of LADH. Excitation anisot-
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Table I. Multiexponential Analysis of LADH Fluorescence Intensity Decays Resulting from OPE at 295 nm [Intensity decays were measured for
0.26 mM LADH in 20 mM Phosphate Buffer (pH 7.5) at 20°C Using Time-Correlated Single-Photon Counting)

2

Emission Xk
wavelength
(nm) Q, e 7, (ns) (1) (ns)? 1 exp. 2 exp. 3 exp.
308 0.308 0.009 0.092
0.205 0.160 2.444
0.513 0.830 5.045 4.58 1.14 1.09 1.00
318 0.195 0.009 0.172
0.370 0.304 2.987
0.434 0.687 5.778 4.88 1.43 1.15 .11
328 0.158 0.007 0.158
0.256 0.159 2.330
0.586 0.837 5415 4.90 221 1.45 1.28
338 0.125 0.006 0.184
0.281 0.175 2.553
0.594 0.820 5.669 5.09 2.34 1.24 1.18
348 0.185 0.006 0.126
0.345 0.193 2.053
0.470 0.800 6.245 5.40 2.84 1.46 1.31
358 0.097 0.004 0.192
0.233 0.123 2.393
0.671 0.873 5.898 5.44 2.00 1.19 1.16
368 0.118 0.003 0.134
0.267 0.157 2.734
0.615 0.840 6.363 5.77 1.73 1.19 1.17
378 0.087 0.005 0.281 ‘
0.398 0.282 3.761
0.515 0.713 7.332 6.29 1.52 1.15 1.12
388 0.166 0.003 0.105
0.288 0.197 _3.620
0.546 0.800 7.766 6.93 1.47 1‘,19 1.17

of = o,T,/Z; oy,

)y =Z,.fi T

ropy spectra of 0.26 mM LADH in 20 mM phosphate
buffer (pH 7.5) containing 70% glycerol at —60°C are
presented in Fig. 6. These spectra were measured for
OPE at 285-305 nm and TPE at 570-610 nm, and for
313- and 340-nm emission wavelengths. The emission
wavelengths were chosen to obtain emission dominated
by trp-314 or trp-15, respectively. The OPE anisotropy
spectrum for 340-nm emission has the same features as
for 313 nm. This structure is typical for tryptophan-con-
taining proteins.®® Limiting-anisotropy values obtained
for 340-nm emission are lower than for 313 nm for both
modes of excitation. The anisotropy values obtained for
OPE at 295 nm agree very well with the "already pub-
lished steady-state anisotropy values for these fluorop-
hores,'¥ which are 0.21 and 0.265 for trp-15 and
trp-314, respectively.

The TPE anisotropy values are several times lower
than the OPE anisotropy values and the structures of
TPE and OPE anisotropy spectra are different. As dis-
cussed by Callis, there is no unique relationship between
the OPE and the TPE anisotropy values.®” We are sur-
prised that the anisotropies of LADH are lower than
those observed previously for N-acetyl-L-tryptophan-
amide under similar conditions.®® In fact, r, values as
low as 0.1 were observed for 5-methoxyindole,!® com-
pared to 0.28 for OPE. Hence, the low anisotropies ob-
served for LADH are not unexpected, but further
analysis is required to determine if these values reflect
effects of the proteins on the indole residues. The present
results suggest that low TPE anisotropy values appear to
be characteristic of indoles, for both solvent-exposed and
buried residues.
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Table II. Multiexponential Analysis of LADH Fluoescence Intensity Decays Resulting from TPE at 590 nm [Intensity Decays Were Measured
for 0.26 mM LADH in 20 mM phosphate buffer (pH 7.5) at 20°C Using TCSPC]

2

Emission Xk
wavelength
(nm) a, fe 7, (ns) (1) (ns)’ 1 exp. 2 exp. 3 exp.
318 0.270 0.013 0.159
0.372 0.365 3.187
- 0.358 0.622 5.640 4.67 1.14 1.06 1.04
328 0.550 0.013 0.046
0.078 0.077 2.039 )
0.372 0.910 5.013 4.72 1.31 1.06 1.00
338 0.553 0.015 0.055
0.133 0.166 2.600
0.314 0.819 5.460 491 1.50 1.19 112
348 0.506 0.012 0.058
0.148 0.158 2.552
0.346 0.830 5.734 5.16 1.21 1.15 1.07
358 0.707 0.015 0.030
0.060 0.098 2.350
0.233 0.887 5.508 5.12 1.34 1.04 0.99
368 0.723 0.016 0.031
0.160 0.408 3.729
0.117 0.576 7.157 5.65 1.35 1.21 1.16
378 0.799 0.018 0.024
0.063 0.153 2.608
0.138 0.829 6.456 5.75 1.29 1.17 1.1}
°f, = a,7,/%; T,
My = Tfim
w 8 for OPE and TPE data yielded a good fit with the same
2 LADH, 20 °C Y &
~ ’ R single correlation time (6 = 52 ns) and ¥z = 2.1 (Fig.
E Ogg,&gy“’—g" ° 7 and Table III). The values of x% did not decrease fur-
[ A oro- 0= ther for a two-correlation time model. An increase in
5 temperature from 10 to 20°C resulted in a shorter cor-
W ~0=0-, %‘;E relation time, which is the same for OPE at 295 and 300
= et nm. The anisotropy decay does not contain a short cor-
R relation time, which usually reflecis a segmental motion
300 330 360 390 of the tryptophan residue in a typical tryptophan-con-

WAVELENGTH (nm)

Fig. 4. Wavelength dependence of the average lifetime of LADH flu-
orescence obtained for one-photon () and for two-photon (@) ex-
citation at 295 and 590 nm, respectively.

Anisotropy Decay of LADH

Frequency-domain anisotropy decay data for
LADH at 10 and 20°C are presented in Fig. 7 and Table
HI. When analyzed individually, the OPE data at 300
nm and TPE data at 600 nm yielded slightly different
correlation times (Table IIT). However, global analysis

taining protein. Observations of a single correlation time
and the absence of tryptophan segmented motion are in
agreement with earlier studies of LADH dynamics. %%
The initial anisotropies obtained from the frequency-do-
main data agrees with the values measured in vitrified
solutions (Fig. 5). The initial anisotropies for TPE are
much lower than for OPE, as observed for the excitation
anisotropy spectra (Fig. 6). The similar correlation times
for OPE and TPE, and in particular the absence of a
short correlation time in the two-photon-induced anisot-
ropy decay, argues against any significant heating and/or
denaturation of LADH by the locally intense illumina-
tion required for TPE.
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Fig. 5. Time-resolved emission spectra for LADH in 20 mM phosphate
buffer (pH 7.5) at 20°C for 295-nm excitation (OPE; top) and 590-nm
excitation (TPE; bottom). Emission spectra were calculated at the in-
dicated times. The dots are at wavelengths where fluorescence
intensity decays were measured.
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Fig. 6. Excitation anisotropy spectra from 0.26 mM LADH in 20 mM
phosphate buffer (pH 7.5) containing 70% glycerol at —60°C obtained
for emission at 313 and 340 nm and for one-photon (O) and two-
photon (@) excitation, respectively.

DISCUSSION

What are the potential advantages of two-photon ex-
citation for studies of the structure and dynamics of pro-
teins? One possible advantage is the larger time-zero
anisotropy (r,) observed for fluorophores such as 2,5-di-
phenyloxazoale,“” 1,6-diphenylhexatriene,®® and 4',6-
diamiadino-2-phenylindole.?V Larger values of the initial
anisotropy can be expected to yield improved resolution
of complex anisotropy decays. Unfortunately, the initial
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Fig. 7. Frequency-domain anisotropy data for the tryptophan emission
from 0.5 mM LADH in 20 mM phosphate buffer (pH 7.5) at 10°C for
excitation at 300 nm (O) and 600 nm (@). The best global fit with
one correlation time (0 = 52 ns) and xi = 2.1 is represented by the
solid and dashed lines for one- and two-photon excitation, respec-
tively. Experimental conditions are described under Fluorescence
Spectroscopic Methods and in Table III.

Table IIl. Anisotropy Decay Analysis of LADH Fluorescence in 20
maM Phosphate Buffer (pH 7.5) at 10 and 20°C? (Anisotropy Decays
Were Measured Using Frequency-Domain Fluorometry)

Excitation 7y 8 (us) X%

Temperature, 10°C

OPE, 300 nm 0.277 (0.001) 53.3 (1.6) 1.8
TPE, 600 nm 0.094 (0.001) 40.0 (3.5) 22
Global OPE 0.277 (0.001)
Global TPE 0.093 (0.001) 52.0 (1.6) 2.1
Temperature, 20°C
OPE
295 nm 0.177 (0.001) 26.5 (1.5) 1.3
300 nm 0.297 (0.001) 29.1 (1.3) 1.6

« Standard deviation values (in parentheses) represent the 67% confi-
dence intervals. Emission was selected using two Corning 7-54 filters
(each 3 mm thick) and one cutoff filter at 320 nm.

anisotropies (r,) for indole derivatives,?» the single tryp-
tophan protein human serum albumin,*> and LADH are
similar or smaller for TPE than for OPE. As a caveat,
we note that it is possible that the different anisotropy
spectra for one- and two-photon excitation may even-
tually provide advantages in the analysis of complex an-
isotropy decays. If the electronic transitions for one- and
two-photon excitation have different orientations within
the molecular frame, then global analysis of the anisot-
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ropy decays from OPE and TPE may provide increased
resolution of the rotational motions of asymmetric or
hindered rotators. This topic is currently under investi-
gation.

A second possible advantage of TPE could be dif-
ferent sensitivity to solvent for the one-photon and two-
photon transition. The data for LADH suggest that such
differences are minor. However, since LADH contains
both a solvent-exposed and a shielded tryptophan resi-
due, this suggests that differences in OPE and for TPE
will be minor. Of course, more detailed studies may de-
tect different excitation spectra for tryptophan residues
in proteins, but to an initial approximation, these spectra
appear to be similar for one- or two-photon excitation.

One possible advantage of the above results is an
easier comparison of the spectral data for OPE and TPE
of proteins. For instance, TPE has been used in fluores-
cence microscopy“? and in pattern photobleaching with
evanescent illumination.®> The use of TPE allows the
use of long-wavelength sources for excitation of protein
fluorescence. In these cases one can expect similar in-
tensity decay for OPE and TPE, which should facilitate
comparisons of the data from both types of experiments.
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