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INTRODUCTION

General Aspects

Determination of characteristic fluorescence parameters ie. spectral
properties, quantum yields, polarizations, and lifetimes, is important in
the study of excited states of atoms, molecules, and crystals and also for
diagnostic purposes in the physical, chemical, biological, and medical
sciences. The appeal of fluorescence methodologies lies in their intrinsic
sensitivity and also in the characteristic time scale of the emission process.
The excited fluorescent state typically persists for nanoseconds or less, a
period that corresponds to the time scale of many important biological
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106 GRATTON, JAMESON & HALL

processes including diffusion or transport of small molecules over a few
angstroms, rotational motions of proteins, internal motions of protein
residues, proton transfer reactions, and others. Steady state fluorescence
data such as spectra, quantum yields, or polarizations are not always
capable of revealing the molecular origins of the observed effects. The
correct physical interpretation of many fluorescence experiments requires
precise knowledge of the excited state lifetime (59). Moreover, emissions
from even simple biological systems will almost always have heterogeneous
aspects. This heterogeneity may arise as a consequence of the number and
types of fluorophores present or from the complexities of the fluorophore’s
environment. The characterization of heterogeneous emissions and the
assignment of their origins is one of the more challenging problems facing
the fluorescence practitioner, and time-resolved measurements offer a
powerful means of examining and quantitating these emissions. In this
review we describe recent advances of a technique frequently employed for
the determination of fluorescence lifetimes and some relevant applications
to the biophysical field.

A tremendous effort has been expended during the past twenty years on
the development of instrumentation and theory for the measurement and
analysis of fluorescence lifetimes. Most of this effort has gone into the
development of the impulse response technique, which yields direct
recordings of the fluorescence intensity versus time after a brief exciting
pulse (1, 58). The harmonic response technique, although practiced in one
form or another for more than half a century, has only recently become a
popular and powerful alternative to pulse methods. In the traditional
harmonic response approach, fluorescence is excited by light with an
intensity modulated sinusoidally at high frequencies, typically in the
megahertz range. In this case, the fluorescence signal will also be modulated
sinusoidally, but the finite persistence of the excited state will lead to a
phase delay and demodulation of the fluorescence relative to the excitation
(see Figure 1).
provides independent determinations of the fluorescence lifetime (52). The
very recent appearance of true multifrequency phase fluorometry has
enormously extended the scope and power of the harmonic response
technique. In this review we discuss the theoretical basis of multifrequency
phase fluorometry, the practical realization of the method, phase and
modulation data, and the application of the method to spectroscopic and
biochemical problems.

We must clarify at the outset what we mean by multifrequency phase
fluorometry. A true multifrequency instrument permits facile selection of
arbitrary modulation frequencies over a wide frequency range, e.g. from
hundreds of kilohertz to hundreds of megahertz. The aim, however, is to
utilize the optimal frequencies for the particular problem in hand. The
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Figure 1 Schematic representation of the excitation E(t) and fluorescence F(t) waveforms.
Fluorescence is delayed by an angle ¢ and demodulated with respect to excitation.

characteristics of the fluorescence system, i.e. the time scale of the emission
process, and not instrumental limitations, should dictate the number and
choice of frequencies utilized. The criteria for frequency selection is
discussed in detail in a later section.

BASIC PRINCIPLES

The theory of the phase fluorometer was developed by Dushinsky (11). He
demonstrated that a fluorophore characterized by a single exponential
decay time t will, upon excitation by light with an intensity modulated
sinusoidally at an angular frequency, ®, emit light sinusoidally modulated
at the same frequency but delayed in phase and demodulated with respect
to the excitation (Figure 1). The demodulation is the ratio of the signal
amplitude at frequency w to the average signal (the AC/DC ratio). The
relations between phase shift and modulation ratio and the characteristic
time 7 are

¢ =tan (wr"), M = (1+(w™?) V2 L

which provide the basis of two independent determinations of the
fluorescence lifetime, i.e. phase (t¥) and modulation (™) lifetimes.

If the system described above is replaced by a system of noninteracting
fluorophores, each giving rise to a single exponential decay, then a
composite sinusoidal emission waveform will result, with a frequency @ and
a phase delay and demodulation given by

¢ = tan~! (S/G), M =(S*+G?)~ 172 2.
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where
S=3.Msin¢, G=3%. M cos g, 3.

The values of ¢; and M, for each component are given by Equation 1; f; is
the fractional intensity of the ith component (3 ;f; = 1). In such a system
¥ # ™ and t* and ™ are frequency dependent. The functions S and G are
the sine and cosine transforms of the impulse response (60). If I(¢) represents
the free decay after excitation then

S = Joo I(t) sin (wr)dt/ fm I(t)dt,

0 0

G= j ) I(¢) cos (wt)dt / J ) I(t)dt.

0 0

These equations provide the basis for the mathematical equivalence
between the harmonic and impulse response methods and are useful from
the theoretical viewpoint. Certain kinetic decay schemes that are difficult to
describe directly in the frequency domain are amenable to time domain
formulation. Equation 4 then provides the means to obtain the frequency
response of such kinetic schemes. Direct transformation of data between
the frequency and time domains is not possible in practice, however, since
the actual frequency and time ranges utilized do not extend from zero to
infinity, which precludes exact evaluation of the integrals. A critical
comparison of practical differences between the two approaches as well as a
discussion of the validity of Equation 4 are presented in Reference (28).

INSTRUMENTATION
Brief History

The development of phase fluorometry has been reviewed in varying detail
and from different perspectives several times (e.g. see 6, 28, 53). Phase
fluorometers trace their ancestry back to Gaviola’s instrument (13), which
utilized the Kerr effect to modulate the exciting light and relied upon visual
detection of the fluorescence. Some of the important developments in phase
fluorometry in the last half century include ultrasonic diffraction grating
(39, 52), the use of photomultipliers (46), and measurement of the
modulation ratio (4, 21, 52). Many of the early instruments featured direct
measurements of the phase delay at the modulation frequency using devices
such as oscilloscopes, RC phase compensators, cable delays, and light path
compensators (2, 3, 5, 45). Heterodyne techniques permitted the trans-
position of the signal to the low frequency domain, with subsequent
improvement in sensitivity and precision. The advantages of cross-
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correlation techniques (discussed in detail later) were demonstrated by
Spencer & Weber (52). Early cross-correlation techniques, however, wete
limited to a few modulation frequencies (49, 52). The modern approach,
utilizing a wide and continuously variable frequency range, has realized the
full potential of the harmonic method. An excellent account of the
development of phase and modulation instrumentation, including the
heterodyne and cross-correlation techniques, has been given by Teale (53).

In recent years a renewed interest in phase fluorometry has led to the
appearance of a number of instruments (15, 17-19, 25, 38, 47). The more
recent instruments differ in their approach to the light modulation principle
and the strategy for signal detection and processing, but almost all utilize a
CW laser for sample excitation. As we shall see later, synchrotron radiation
is also now being utilized for phase and modulation fluorometry. The
appearance of commercially available phase and modulation fluorometers,
such as the SLM 4800 series, has served to popularize the technique in the
biochemical and biophysical fields.

Modern Multifrequency Instrumentation

A multifrequency phase fluorometer using the method of cross-correlation
has been recently described (15). Figure 2 shows the layout of this
instrument, which was used to obtain much of the data presented in this
review. This particular instrument operates over a frequency range of 1 to
160 MHz and gives a time resolution of several picoseconds. The light
source is an argon-ion laser and the light modulator is a Pockel’s cell. A
frequency synthesizer provides the modulated signal to drive the Pockel’s

L—:\m ) E N

Figure 2 Block diagram of the laser-based cross-correlation phase fluorometer of Reference
(15). L, argon ion laser; A1, 10 W rf power amplifier ; A2, 2W f power amplifier; XTAL, 10
MHz quartz oscillator ; FS1 and FS2, frequency synthesizers ; PS, power splitter; PMT1 and
PMT?2, photomultipliers; M, monochromator; BS, beam splitter; S, sample; A3, pre-
amplifier ; A4, ac tuned amplifier; PHASE, phase meter; MOD, modulation meter.
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cell. A second frequency synthesizer, locked in phase with the first, provides
the signal that modulates the photomultiplier’s response by varying the
voltage at the last dynode. The two synthesizers differ in frequency by a
small increment, 31 Hz, which corresponds to the cross-correlation
frequency. The optical components are standard ; all polarizers are calcite
prisms.

In a typical measurement the phase delay and modulation ratio for
scattered light (from glycogen or a suspension of latex particles) is
determined relative to the signal generated by a reference photomultiplier
(see Figure 2) or an internal electronic reference signal. The phase delay and
modulation ratio of the fluorescence is then determined relative to the
scattered signal (Figure 1). These measurements are repeated at selected
modulation frequencies ; typical results for fluorophores characterized by
single exponential decay and the usual mode of data presentation are
shown in Figure 3. Figure 4 shows data for a double exponentially decaying
system and the result of a two-component analysis ; in this presentation the
lifetime values are utilized rather than phase and modulation values.
Precision of phase and modulation data is on the order of 0.1° and 2 parts
per thousand respectively. Phase and modulation lifetimes are calculated
according to Equation 1. Curves corresponding to various decay schemes
can be plotted over the data and used to evaluate the fit of the data to a
particular scheme.
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Figure 3 Multifrequency phase (+,A) and modulation (x) data for DENS (2,5-diethyl-
aminonaphthalene sulfonate) in water (curves C and D) and p-terphenyl (curves A and B) in
cyclohexane. Solid lines correspond to single exponential decays of 29.28 nsec for DENS and
980 psec for p-terphenyl.
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Figure 4 Multifrequency lifetime data [<F(+), t™( x )] for tryptophan at 20°C, pH 9.25. Solid
lines correspond to the best fit using two exponential components 7, = 3.193+0.026 nsec, 7,
= 9.00 nsec, and f, = 0.396+0.005. As noted in the text ¥ < 7 for heterogeneous emission of
independent species. Also ¥ and t™ reach constant values at the extremities of the frequency
range [see Reference (28) for a discussion of this effect].

ANALYSIS OF FLUORESCENCE DECAYS

One of the most important features of multifrequency phase and modu-
lation fluorometry is the ability to analyze emission processes other than
single exponential decays. Several methods have been proposed for analysis
of heterogeneous emissions in terms of the sum of exponential components.
Weber obtained the exact solution for the derivation of N exponential
lifetime components and their fractional intensities, given phase and
modulation data at N modulation frequencies (61). Methods based upon
nonlinear least-squares statistical analysis have also been described (27, 28).
A critical comparison of the exact and the statistical approaches has
revealed that the exact solution requires very high precision in the data and
that the uncertainty in the derived parameters increases with the number of
measurement frequencies, in contrast to the statistical approach (27). We
should emphasize, however, that the exact solution was developed for
applications wherein only a few modulation frequencies are available.
Analysis of phase and modulation data has the following two important
aspects. We must first recognize which decay schemes are permissible
(single exponential, multiexponential, or nonexponential) using well-
established statistical methods, based on analysis of the chi-square. Once
we adhere to a particular decay scheme, we must evaluate the uncertainty of
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the derived parameters and the correlation between these parameters. Also
in this case, statistical methods furnish a solution based on analysis of the
covariance matrix of the errors associated with the parameters (7).

Coincidence of phase and modulation lifetimes at all modulation
frequencies is a necessary and sufficient condition for correct description of
a decay as single exponential. Since measured quantities have an associated
error, however, and since the frequency range is limited in practice, one
cannot rigorously demonstrate the mathematical equivalence of phase and
modulation lifetimes but rather must consider this equivalence within the
precision of the measurement.

When phase and modulation lifetimes differ, the data must be analyzed
according to a more complex scheme, e.g. multiexponential decay. Emitting
systems that can properly be described by a double exponential decay
include systems composed of two independent emitting species, systems
that demonstrate excited state reactions between well-defined states,
systems exhibiting energy transfer between two species, isotropic rotators
observed through appropriately oriented polarizers, and others. Except for
the systems composed of two independently emitting species, the para-
meters associated with the two-component decay cannot be assigned to
particular molecular entities.

Analysis of a double exponential emission gives three independent
parameters: two lifetime values and one fractional intensity contribution.
We may inquire as to the resolvability of lifetime pairs, given a particular
experimental precision and range of modulation frequencies. Our criterion
for resolvability is that the derived lifetimes be distinct within their
associated errors. Different criteria for resolvability will, of course, lead to
differentresults. The uncertaintyin the values of the derived parameterscan
be determined from the covariance matrix of the errors (discussion of the
covariance matrix can be found in any good statistics text ; e.g. see 7). In our
analysis we assume that the experimental errors in the measured phase and
modulation values are independent of modulation frequency [ see Reference
(15) for a discussion of statistical and systematic errors in phase fluoro-
metry]. In such a case, each term in the covariance matrix has an associ-
ated error that becomes a common factor upon evaluation of the matrix.
The covariance matrix is then a linear function of the errors associated with
the measured phase and modulation values and depends upon the values of
the parameters (7, t,, and f;) and the frequency set utilized. Furthermore,
if the angular modulation frequency range utilized is sufficient to encompass
the inverse of the lifetimes of the two components, then the covariance
matrix will also be largely independent of the frequency set. The important
variables are then the number of frequencies utilized and the values of the
parameters. In the case of a double exponential decay with each component
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contributing equally to the integrated intensity (f; = f,), we can calculate
the minimum ratio of the lifetimes that permit resolution of the com-
ponents. In Figure 5 we report the results of this analysis for a set of eight
frequencies (1, 2, 4, 8, 16, 32, 64, and 128 MHz) with errors of +0.2° and
+0.004 associated with phase and modulation data, respectively. An
interesting feature of this analysis is that the width of the nonresolvability
zone remains approximately constant from 1 to 500 nsec. Two components
(with f; = f;)in this lifetime range can be resolved if the ratio of the lifetimes
isapproximately 1.6. As we have already suggested, the resolvability ratio is
proportional to the precision of the measurements.

The method used for the resolvability analysis has general applicability,
and other cases with f, #f, can be readily evaluated. In Figure 6 we
analyze the dependence of the resolvability ratio on the number of
frequencies utilized. The errors on the parameters are proportional to the
reciprocal of a fractional power (ranging from 1/2 to 1/3in all cases studied)
of the number of frequencies. This analysis demonstrates that decreasing
the errors in the parameters by a factor of two (to subsequently improve the
resolvability ratio twofold) requires that the number of modulation
frequencies be increased by a factor ranging from 4 to 8. The use of a large
number of modulation frequencies is impractical and unnecessary and,
except for special applications, 3 to 10 frequencies scaled logarithmically in
the range of 1 to 200 MHz suffice for practical purposes. A frequency set
such as 1, 2, 4, 8, 16, 32, 64, 128, and 256 MHz is ideal.

| . - L s
I L9] 100 Q00
T, (nsec)

Figure5 Double exponential decay resolvability plot. Lifetime pairs 7, and 7,(f, = f,)in the
shaded region cannot be resolved using the frequency set 1, 2, 4, 8, 16, 32, 64, and 128 MHz if
the precision of phase and modulation measurements is >0.2° and >0.004 respectively.
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Figure 6 Double exponential decay lifetime and fractional intensity uncertainties as a
function of the number of frequencies utilized for the measurements. In parentheses selected
pairs of lifetime in nanoseconds (f; = f,). Arrows indicate the minimum number of frequencies
needed. Frequencies are chosen equally spaced on a log scale in the range 1 to 256 MHz.

In some cases of two independently emitting species, the lifetimes of the
two components may be known already and the fractional contributions
may be the unknown quantities. In such cases, analysis of the covariance
matrix of the errors, similar to that performed for the previous case,
demonstrates the possibility of obtaining the fractional contributions with
high precision (0.7--0.8% error), using a single modulation frequency. The
optimum modulation frequency is that which corresponds to the average
(in the log scale) of the frequencies given by the inverse of the two lifetimes.
Figure 7 shows the error on the fractional intensity as a function of the
modulation frequency for a given lifetime pair. This analysis is pertinent to
the consideration of the optimum modulation frequency for use with phase-
sensitive detection techniques (discussed later). The small error on the
fractional intensities justifies the use of a single modulation frequency to
obtain phase-resolved spectra of individual components in a mixture when
the two lifetimes are given. '

Having outlined the general rules for resolvability of a double exponen-
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tial decay, we may now consider the application of multifrequency phase
and modulation data to other emission decay schemes.

1. The emission from a system undergoing an excited state reaction
between two well-defined states will be double exponential, but the two
lifetime values cannot be assigned to either of the reacting species. Such a
system can be described by six parameters: two radiative decay rates for
each molecular species, the forward and reverse reaction rates, the ratio of
extinction coefficients of each species at excitation wavelength, and the
ratio of fluorescence intensities of each species at emission wavelength.
Since analysis of a double exponential decay yields only three independent
parameters, the system cannot be analyzed in the absence of simplifying
considerations. Simplification is often possible, however, through judicious
choice of excitation and emission wavelengths to minimize the contribution
of one species. Also, in many cases some of the rates are quite large
compared to others. Hence, the number of parameters can often be reduced
and the system fully determined. The form of the equations, applicable in
phase fluorometry, for excited state reactions has been given (34) and can
also be obtained from the impulse response using Equation 4. Systems that
fall in the general category of excited state reactions include collisional
quenching of the fluorescence, energy transfer reactions, excimer formation,
and proton transfer reactions.

2. Measurements on the decay of emission anisotropy will yield a double
exponential decay for the case of an isotropic rotator and for some other
rotational modes as well (60). The harmonic response of these systems

Af
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Figure 7 Frequency dependence of fractional intensity uncertainty for a double exponential
decay (t, = 6.7 nsec, 7, = 15 nsec, and f; = 0.5).
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can be derived from the impulse response through the application of
Equation 4.

Differential Methods

Phase and modulation fluorometry is inherently a differential technique,
since the phase delay and modulation ratio of the emission is measured
relative to a reference. In some cases a convenient choice of the reference
can simplify the analysis and improve the precision of the measurement. We
have pointed out that in the case of aninterconverting system the decay rate
is a property of the system rather than corresponding to particular
molecular entities. If one can isolate the emission from each species of
interest, for example by proper selection of the excitation or emission
wavelengths or appropriately oriented polarizers, then the phase delay
between the two species, and their relative modulation ratios, can be
directly determined. Weber (60) has derived general expressions for the
differential tangent and modulation ratio corresponding to two emissions,
each of which is represented by a sum of exponentials :

A=tan (g, —¢,). Y = MM, 5.

where ¢, M, and ¢,, M, are the phase delay and modulation ratio of the
emission from molecular species 1 and 2 respectively and are given by
expressions such as Equation 2.

1. For the case of two independent species one finds

A = w(t,—1,)/(1 +w%*1t,1), Y? =[1+(wt,)*)/[1+(wT,)?]. 6.

These expressions are often used when the phase and modulation of a
sample are measured relative to a fluorescence reference signal in place of a
scatter solution in order to minimize certain systematic errors such as
wavelength-related time response of the photomultiplier. The shape of the
differential tangent versus frequency curve corresponds to a Lorentzian
with a maximum:

wg‘nax = 1/(zy72). 7.

2. For the case of the parallel and perpendicular components of the
emission from an isotropic rotator, excited with parallel polarized light, one
obtains

A = BwrR)/[(k* + ©®) (1 +r—2r?) + R(R + 2k + kr)],
Y? = {[k+6R/(1—r)]*+ 0?}/{[k+6R/(1+2r)]* + w?},

where r is the limiting anisotropy, R the rotational rate, and k the radiative
decay rate.
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In this case also, the differential tangent versus frequency curve is a
Lorentzian with a maximum given by

02 = k*+ R(R +2k +kr)/(1+71—2r?). 9.

For anisotropic rotators, the frequency dependence of the differential
tangent curve has maxima corresponding to each individual rotation rate,
and the absolute value of each maximum is less than that corresponding to
anisotropicrotator, a difference termed the tangent defect (60). Examples of
isotropic and more complex rotations are given in the applications section.

3. For the case of an interconverting system (e.g. excited state deproto-
nation or energy transfer) in which the back reaction rate is negligible (and
only the initial species is directly excited), the differential tangent and
modulation ratio have a simple expression:

A=ty Y=[1+w,)]" " 10.

In this particular case, differential methods permit us to obtain the forward
reaction rate independently of the radiative decay rate (34).

APPLICATIONS

Noninteracting Systems Characterized By Double
Exponential Decays

The analysis of double exponential decays for the component lifetimes and
their fractional contributions may proceed with two general goals in mind.
The first goal may be a characterization of the nature and extent of the
heterogeneity, with the aim, for example, of studying the molecular
photophysics of a fluorophore, determining distribution of fluorophores in
different environments, or achieving a compositional description of a
system. The second goal may be utilization of the heterogeneity as a tool in
the analysis of the dynamics of equilibria of complex systems. An example
of the latter case would be a titration experiment to determine the extent of
binding in a protein-ligand system.

Phase and modulation lifetime heterogeneity studies have been carried
out on a number of systems including membranes (30, 41) and various
protein systems (10, 12, 22, 24, 44, 48, 50, 51, 57). A study of the pH-
dependent heterogeneity of tryptophan (29) was carried out with the aim of
evaluating Weber’s exact solution. A recent review discusses a number of
these studies (28).

Excited State Reactions

Several types of excited state reactions have been investigated, using phase
fluorometry, with the aim of obtaining information on the reaction rates as
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well as spectral properties. For example, quenching of fluorescence by small
molecules such as oxygen and acrylamide has been extensively studied. In
particular, quenching of the tryptophan fluorescence of a number of
globular proteins was studied by phase fluorometry (37). In these studies,
however, only a single modulation frequency was utilized and only phase
data were obtained. Lifetime results were important in establishing the
dynamic character of quenching but could not be used to analyze the details
of the quenching process. A detailed multifrequency phase and modulation
study on oxygen quenching of the prophyrin emission of iron-free
myoglobin and hemoglobin was recently reported (26). The results were
interpreted in terms of a general model for dynamic quenching of the
fluorescence of globular proteins, which, in the limit of low oxygen
concentrations, yields double exponential decay. The multifrequency data
permitted assignment of the rate of acquisition of quencher by the protein,
the exit rate of quencher from the protein, and the migration rate of
quencher in the protein interior.

Dipolar Relaxations

A complete theory to account for the dynamics of dipolar relaxations in
pure solvents and complex environments such as protein interiors has not
yet appeared. The information we seek from dipolar relaxation studies
concerns the modalities of the relaxation of the initial Frank-Condon state.
A multistate or continuous model is required to describe the phenomenon
accurately. However, theoretical difficulties in elaborating a continuous
model have led many researchers to adopt the simpler phenomenological
approach of considering only an initial unrelaxed and a final relaxed state
(33, 62). In this case the general framework of a double exponential decay
can be applied. In Figure 8 we report the result of this type of analysis
for dansylaziridine derivative [S-(dansyl aminoethyl)-2-thioethanol] in
propylene glycol at —42°C. The results of a double exponential analysis
indicate that the decay rates change in a continuous fashion across the
emission spectrum and that the fractional intensity of one component
increases to a value greater than unity towards the red (note that for a
relaxing system the value of a fractional intensity may exceed unity). For a
two-state system, however, the values of the fractional intensities must
become constant at the two extremities of the spectrum, and the decay rates
of the two components must be wavelength independent. The dansyla-
ziridine derivative results thus demonstrate the inadequacy of the simple
two-state approach.

Spectral relaxation studies are often presented in the form of time-
resolved spectra, i.e. the emission spectra at selected times after the exciting
light pulse. Multifrequency phase fluorometry can also be utilized to obtain
time-resolved spectra as shown in Figure 9 for TNS (p-2-toluidinyl-6-
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Figure8 Double exponential decay analysis of dansylaziridine derivative in propylene glycol
—42°C.

naphthalene sulfonic acid) in glycerol (14). Although this example shows the
capabilities of multifrequency phase fluorometry to accurately record the
characteristics of the emission of relaxing systems, a more complete
theoretical treatment of solvent relaxation processes is required for
rigorous data analysis.

Rotations

Expressions for the differential tangent and ratio of modulations for
isotropicand anisotropic rotators were derived by Weber (60). Mantulin &
Weber (40) performed a number of differential phase measurements at two
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Figure 9 Time-resolved spectra of TNS in glycerol.
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modulation frequencies on a series of unsubstituted aromatic hydro-
carbons (anthracene, perylene, and chrysene) as well as fluorophores
capable of forming hydrogen bonds with the solvent, propylene glycol. In
these studies the rotational rates were altered by changing the temperature,
and hence the viscosity, of the solvent. The results indicated strongly
anisotropic rotations for the unsubstituted fluorophores and isotropic
rotations for those fluorophores capable of forming two or more hydrogen
bonds. Theseinvestigations inspired a number of differential phase studies
on fluorophore rotations in model and natural membrane systems (8, 9, 36).

Multifrequency phase and modulation fluorometry was used extensively
by Hauser and co-workers for investigations of rotation of small molecules
in pure solvents (20, 31, 32). Rotational diffusion times for oxypyrene
trisulfonate, rhodamine 6G, and perylene in water were measured ; only
isotropic rotations were discernible. The phase fluorometer utilized was
operational at frequencies up to 400 MHz, and rotational diffusion rates of
a few tenths of picoseconds were measurable representing the shortest
rotational times directly observed using phase fluorometry.

Figure 10 presents some recent results (Eccleston, Jameson, and Gratton,
unpublished observations) on the differential tangent of a fluorescent
derivative of GDP (2’-amino-2'-deoxy GDP derivatized on the 2" amino
group with fluorescamine) free in solution and bound to elongation factor
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Figure 10 Polarized differential tangent plot for fluoram-GDP free ( x) and bound (+) to
elongation factor TU from E. coli. Excitation wavelength 351 nm, emission wavelength > 460
nm. Solid lines correspond to rotational rate of 68 nsec and limiting anisotropy 008 for the
bound species and rotational rate of 0.15 nsec and limiting anisotropy of 0.35 for the free
species.
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Tufrom Escherichia coli.

was used to obtain data over the frequency range of 1 to 100 MHz. The
bound fluorophore gave the characteristic bell-shaped curve peaking at
intermediate frequencies while the curve corresponding to free fluorophore
(resulting from displacement of the probe from the protein by the addition
of excess GDP) was shifted to higher frequencies. We should note that a
multifrequency analysis on the emission of the free and bound probe
indicated a single exponential decay in each case with lifetimes of 7.70 and
11.03 nsec respectively. This application demonstrates that multifrequency
measurements at a single temperature and viscosity can yield rotational
rates and limiting anisotropies ; the information content is thus the same as
that from decay of anisotropy experiments carried out using pulse
techniques.

Phase-Sensitive Detection

Phase-sensitive detection has been a standard methodology in fluorometry
for many years (6, 28, 53). Veselova et al, however, first applied the
technique to resolve individual intensity components of heterogeneous
emissions from simple fluorescence solutions (54-56). The basic idea of
phase-sensitive detection is that emissions corresponding to two species can
be individually recorded upon illumination of the system with light
modulated at an appropriate frequency if the species differ in lifetime and if
the emission is viewed with a detector sensitive to the phase delay. Two
conditions render phase-sensitive detectionfeasible : first, the total intensity
of a sinusoidally modulated fluorescence signal is the sum of the intensity
components of the individual emitting species ; second, the amplitude of the
phase-detected signal depends upon both the phase angle of detection and
the phase angles of the individualcomponentsrelative to a reference signal
of the same frequency. These considerations are expressed in the relation-
ship (28)

PSD = 3.,1,(2) f;:M; cos (¢; — ¢p), 11.

where 1,(4) is the relative intensity as a function of wavelength, f; is the
fractional intensity contribution, M, is the modulation, ¢, the phase angle
of the ith species, and ¢ the phase angle of the detector. Clearly, setting
¢p = ¢; £90° eliminates the fluorescence of the ith species. Selection of
the appropriate modulation frequency for phase sensitive detection. has
been discussed in the analysis section.

Phase-sensitive detection has been applied to several systems relevant to
the spectroscopy of proteins such as mixtures of tyrosine and tryptophan
(35, 42) and human serum albumin in which the tyrosine contribution was
isolated. The resolution of anthracene-diethylaniline exciplex emission (35)
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illustrated the acquisition of spectra at different detector phase angles. The
effect of dipolar relaxation upon phase-resolved spectra has been in-
vestigated using n-acetyl-L-tryptophanamide in propylene glycol (33); a
simple method for estimating spectral relaxation times from phase sensitive
intensities was given. The effect of modulation frequency upon the resolving
power of the phase-sensitive technique was recently illustrated (42).

CONCLUSIONS AND FUTURE PROSPECTS

In the last few years, multifrequency phase and modulation fluorometry has
developed into a powerful technique for the examination of excited state
processes. Processes amenable to analysis include heterogeneous emissions,
excited state reactions, dipolar relaxations, and rotational motions.
Multifrequency instruments generally utilize sinusoidal modulation of
continuous light sources. Intrinsically modulated sources such as syn-
chrotron radiation and mode-locked lasers may, however, be utilized to
collect phase and modulation data (16, 44). For example, the data in Figure
3 on p-terphenyl and in Figure 4 on tryptophan were obtained with a
multifrequency apparatus utilizing synchrotron radiation at the ADONE
storage ring in Frascati, Italy. The instrumentation used in these studies is
virtually identical to that described in Reference (15), with the exception of
the modulated light source; the frequencies utilized represent the har-
monics of the fundamental ring frequency (8.568 MHz at ADONE). Note
that one cannot distinguish between measurements done with a pulsed
source and those utilizing sinusoidal light modulation. The extensive
wavelength range available from synchrotron radiation is a particularly
advantageous feature, as is the fact that all wavelengths are rigorously
simultaneous. High repetition rate pulsed sources are ideal for multi-
frequency phase and modulation measurements, since the harmonic content
of such sources extends to very high frequencies. The availability of very
high modulation frequencies (in the gigahertz range) would permit
complete characterization of rotational modes of small molecules in fluid
solvents. Such rotational studies would also be extremely useful in
investigation of rotations of tyrosine and tryptophan residues in proteins;
molecular dynamics calculations predict very fast rotations, on the
picosecond time scale, for some of these residues (23, 43).

Since data acquisition and analysis in phase fluorometry is rapid
(compared to the more commonly utilized pulse techniques), one may in
principle perform kinetic lifetime studies on systems with rate constants in
the range of seconds or less. One may also envision the use of multi-
frequency techniques in analytical applications such as quantitation of’
sample purity.
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Finally, we may speculate that multifrequency phase and modulation
fluorometry could eventually prove to be an important diagnostic tech-
nique in cell biology and clinical chemistry. Lifetime measurements offer
distinct advantages over intensity and even polarization data in that the
contributions from various components (scattered light, for example) can
often be unequivocally assigned. The requisite instrumentation is no longer
a laboratory curiosity but is, in fact, easy to operate and readily accessible
to researchers in diverse fields.
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