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We examined the dynamic properties of the lipid-water interface region of model membranes using the probe 
2-p-toluldinylnaphthalene-6-sulfonic acid (TNS). For comparison we also examined the temperature-depen- 
dent spectral properties of TNS in the viscous solvent glycerol. Fluorescence phase shift and demodulation 
measurements were used to prove that the membranes relax around the excited state of TNS on the ns time 
scale. The rate of spectral relaxation is thought to reflect the mobility of the polar interface region of the 
membranes on this same time scale. The spectral relaxation times were estimated by the use of phase-sensi- 
tive detection of fluorescence. Using this method one may directly record, in an approximate fashion, the 
emission spectra of the relaxed and the initially excited states of TNS. The relative intensities of these 
phase-sensitive spectra, in combination with the measured phase and modulation values on the short and long 
wavelength sides of the emission, yield the spectral relaxation times. For saturated and unsaturated 
phosphatidylcholines, at temperatures ranging from 5 to 50"C, the relaxation times ranged from 5 to 1 ns. 
The activation energies for spectral relaxation were near 4 kcal/mol. Surprisingly, the relaxation times 
decreased smoothly with increasing temperature, and did not change abruptly at the phase transition 
temperatures. These results indicate that the small molecular motions of the interface region of membranes, 
which are responsible for spectral relaxation, are not dramatically influenced by the phase state of the acyl 
side chain region of the membranes. 

Introduction 

The functional properties of cell membranes 
appear to be dependent upon the dynamic proper- 
ties of the lipid molecules which compose the 
bilayers [1-2]. For example, the activity of mem- 
brane-bound proteins, the passive permeabilities 
of membranes to ions and the adaptation of 
organisms to temperature all appear to be depen- 
dent upon the chemical composition and tempera- 

Abbreviations: TNS, 2-p-toluidinylnaphthalene-6-sulfonic acid; 
DOPC, DMPC and DPPC, dioleoyl-, dimyristoyl-, and di- 
palmit oyl-L-a-phosphatidylcholine, respectively. 

ture-dependent phase behavior of the membranes. 
To explain these phenomena the effects of phos- 
pholipid composition and temperature on mem- 
branes have been widely studied using a number 
of physical methods. Among these methods fluo- 
rescence spectroscopy has been particularly useful 
because of its high inherent sensitivity, its natural 
time window in the ns range, and the ease with 
which non-polar fluorophores can be incorporated 
into both model and natural membranes. Such 
probes typically localize in the acyl side chain 
region of the membranes. Consequently, it is this 
region which has been most widely studied, as is 
typified by the analysis of phase transitions and 
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order parameters using the probe 1,6-diphenyl- 
hexatriene [3-6]. These studies revealed a dramatic 
change in the apparent microviscosities and /o r  
order parameters of the membranes at the phase 
transition temperatures. 

We chose to study a different dynamic property 
of the membranes, this being the ability of polar 
headgroups of the lipids to reorient or relax around 
the increased dipole moment of a fluorophore in 
the excited state. Such motions are the origin of 
time-dependent spectral shifts to longer wave- 
lengths. The rate of these shifts reflects the rate of 
motion of polar groups surrounding the fluoro- 
phore. We will refer to this phenomenon as solvent 
or dipolar relaxation, even when the fluorophore is 
bound to the membranes. As an example of this 
phenomenon we recall the well-known blue shift 
of fluorescence emission spectra at low tempera- 
tures. Such shifts occur because, at lower tempera- 
tures, the solvent relaxation time becomes longer 
than the fluorescence lifetime. Consequently, emis- 
sion from the unrelaxed state is observed. At higher 
temperatures, relaxation is complete prior to emis- 
sion, and the relaxed red-shifted emission is 
observed. A more detailed description of solvent 
relaxation has been presented elsewhere [7,8]. Fre- 
quently, for fluorophores which are bound to mac- 
romolecules, the rate of solvent relaxation is com- 
parable to the rate of fluorescence emission [9,10]. 
Then, following pulsed excitation, the emission 
spectrum displays time-dependent spectral shifts 
to lower energies or longer wavelengths. 

TNS is a fluorophore which is sensitive to 
solvent polarity and which localizes at the lipid- 
water interface region of membranes [ 11-13]. Pre- 
viously, time-resolved emission spectra of TNS- 
labeled membranes were used to determine the 
spectral relaxation rates [9,10]. In contrast to the 
earlier time-resolved studies of spectral relaxation 
we used the techniques of phase-modulation fluo- 
rometry and phase-sensitive detection of fluores- 
cence [14,15]. Using the former method we show 
that time-dependent processes, and not spectral 
heterogeneity, are the origin of the wavelength-de- 
pendent fluorescence decays of TNS-labeled mem- 
branes. Then we used phase-sensitive detection of 
fluorescence to directly record the emission spectra 
of the relaxed and the unrelaxed states [19]. Using 
these data the spectral relaxation times may be 
calculated. 

Theory 

Effects of an excited state reaction on fluorescence 
phase and modulation values 

The phenomenon of solvent relaxation is a 
complex process which involves a number of 
solvent-fluorophore interactions [16]. Solvent re- 
laxation may be described using a continuous re- 
laxation model, as described by Bakhshiev et al. 
[17], using multiple-step models [18], or most sim- 
ply using a two-state model [19]. The latter model 
is aclvantageous, and will be used in our analysis, 
because of its simple theoretical formalism and the 
ease with which the experimental data can be used 
to determine the spectral relaxation time ~'s. Fur- 
thermore, for modest spectral shifts, such as those 
shown by TNS, this simple model provides a good 
approximation of the wavelength-dependent phase 
and modulation data [20,21]. 

In the two-state model it is assumed that upon 
excitation the fluorophore is in an initially excited 
state (F). This state can be decay either by return 
to the ground state with a rate constant F, or by 
relaxation to a red-shifted or relaxed state (R) with 
a rate constant k. For simplicity it is assumed that 
relaxation is irreversible. We also assume that re- 
laxation does not affect the decay rate of the 
fluorophore. Hence, if the R-state could be excited 
directly, its decay rate would also be F. The life- 
time of the F-state is given by rF = (F  + k ) -  1, and 
the lifetime which is unaffected by relaxation is 
r 0 = F-~. The decay of the R-state is doubly ex- 
ponential. The relative quantum yields of the F 
and R states are given by 

r (1) 
a v =  F + k  

k (2) 
a R = F +  k 

This model has been solved previously for the 
case of sinusoidally modulated excitation [19,20]. 
The total intensity at any wavelength X is given by 

I ( X, t )  = aFmFIOF( x ) sin(  ~ t  - 'by)  

+ aRmR/R0 (~) sin(  ~ t  - q~R) (3) 

where ~ is the circular modulation frequency, q'i 
are the phase angles of the F and R states, Ii°(X) 



are the emission spectra normalized to unit area 
and m i are the modulations of the emission of 
each state relative to the modulation of the inci- 
dent light. The phase angles are given by 

tang}F= 6o/ (1"+ k )  = w ,  F (4) 

tang}R= ,o(2r+ k) (5) 
r(  r + k ) - , ~  

and the demodulation factors are 

r + k (6) 
m~- ( ( r+  k ) 2 +  w 2 

r (7) 
m R = m F ~  to2 

Since relaxation is accompanied by a spectral shift, 
one expects that these values of 0i and m i will be 
observed on the blue and red sides of the emission. 
This is in fact observed for excited state processes 
in which the spectral shifts are large [21]. However, 
in many cases, including the TNS-labeled mem- 
branes described in this report, there is significant 
spectral overlap of the emission from the F and R 
states even at the extreme edges of the emission 
spectra. The measured values of 0 and m are then 
a weighted average of those expected for the F and 
R states, with the F-state emission being dominant 
at short wavelengths and the R-state emission 
being dominant at longer wavelengths. 

Conveniently, the measured phase and modula- 
tion values allow time-dependent spectral shifts to 
be distinguished from ground state heterogeneity; 
that is, a mixture of fluorophore populations with 
different lifetimes. The possibility of distinguish- 
ing an excited process from heterogeneity arises 
from the additive property of the individual phase 
angles and the multiplicative property of the de- 
modulation factors (Eqn. 6). Let 00 be the phase 
angle in the absence of relaxation, tan 00 = w%. 
Then, using the law for the tangent of a sum one 
finds that 

* g  = g}v + g}0- ( s )  

The phase angle of the R-state, relative to the 
excitation, is the sum of the phase angles of the 
F-state and that expected for the R-state, if the 
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latter could be directly excited (g'0). Recalling that 
m i = cos 0i [20,22] combination of Eqns. 6, 7 and 
8 yields 

m R cOS¢0COS0F 

cosCg cos(~o+¢~) 
(9)  

Using the law for the cosine of a sum, followed by 
division by cos 00 cos 0F, yields 

m x 1 1 (10) 
COSg} R l - - t a n g } o t a n g } F -  l _ 6d2,r0,r F 

If relaxation is much slower than the decay of 
fluorescence, the R-state is not formed, and Eqn. 
10 is not applicable. However, if decay and relaxa, 
tion occur at comparable rates, then m/cos 0 for 
the R-state exceeds unity. One expects this to be 
observable on the red side of the emission. The 
observation of m/cos 0 > 1 is proof of a time-de- 
pendent process. For a single exponential decay 
m/cos 0 = 1, and for a mixture of fluorophores 
m/cos 0 < 1 [21]. 

Estimation of the spectral relaxation time by 
phase-sensitive detection of fluorescence 

Using phase-sensitive detection of fluorescence 
the emission from any single component can be 
suppressed by selection of the detector phase angle 
(0D). The phase angle for suppression is de- 
termined by the lifetime of the fluorophore. This 
capability is particularly convenient for the analy- 
sis of the two-state model described above. Upon 
examination of the modulated emission with a 
phase-sensitive detector the phase sensitive inten- 
sity is 

l ( x ,  g}o) = ~F'n~I°(X) ~ s ( , v - * F )  

+ axmRl°(h) COS(+D - ¢R). (11) 

By selecting of the detector phase angle to be 90° 
out of phase with either the F or R state emission 
the resulting phase-sensitive emission spectrum is 
representative of the spectral distribution of the 
unsuppressed emission. Specifically, the emission 
spectra of the F and R states can be directly 
recorded by selection of the phase angle of the 
detector. The emission from the R or F state is 
suppressed when 0 D  = 0 R  -- 900  o r  0 D  = OF -I- 900 ,  

respectively. 
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I F ( X )  = I(q~R - 9 0 0 )  = avmvl°(x) sin('~l~ - q 'v)  (12) 

IR(X)=l(q~F+90°)=ar~mal°(X)sin(q~rt--q~F) (13) 

In our case the phase angles for the F and R states 
are not precisely known. This is because of spec- 
tral overlap and the probability that the relaxation 
process is more complex than a two-state process. 
Nonetheless, we used phase suppression on the 
blue and red sides of the emissions to approxi- 
mately determine IR(X) and Iv()~). Conveniently, 
the F and R state emission are both attenuated by 
the same factor sin(~ R - ~ F ) .  The ratio of these 
phase-sensitive intensities can be used to calculate 
the spectral relaxation time T s = k - ' ,  using Eqns. 
1, 2, 12 and 13: 

I F ( X )  mF r mE "r s 

1 R ( X  ) m R k m R "r 0 
(14) 

To calculate ~s we used the demodulation factors 
measured on the blue and red sides of the emission 
as m F and m R, respectively. The detector phase 
angles were those needed to suppress the emission 
on the blue (400 nm) and red (510 nm) sides of the 
emission, and % was the decay time measured 
through a bandpass filter which transmitted the 
entire emission spectrum. 

Materials and Methods 

Synthetic phosphatidylcholines were obtained 
from Sigma. These were suspended at 8 mg /ml  in 
0.01 M Tris buffer, containing 0.05 M KC1, pH 
7.5, and sonicated to form unilammellar vesicles. 
Subsequently these were centrifuged (54000 x g) 
for 1 h to remove larger aggregates. Labeling of 
the lipids was accomplished by mixing the lipid 
vesicles with TNS dissolved in the same buffer 
using an initial absorbance of 1.0 at 350 nm, 
( c = 7 7 0 0  M - l . c m - 1 ) ,  and mixing with addi- 
tional buffer to dilute the lipids to 4 mg/ml ,  
resulting in a lipid-to-probe molar ratio near 100. 
The lipid vesicles were then incubated for 2 h at 
45°C to insure equilibrium of TNS with both sides 
of the vesicles [23] and to remove structural defects 
[24]. TNS in glycerol (A = 0.6 at 350 nm) was 
prepared by first dissolving the desired amount of 
TNS in ethanol or dimethylformamide. The solvent 

was then evaporated under a stream of argon 
using gentle heating via a water bath. Following 
removal of solvent the glycerol was added and the 
solution stirred slowly for at least 24 h. The high 
absorbancy of TNS was necessary to make insig- 
nificant the background fluorescence from the 
glycerol. 

Fluorescence phase shift and modulation mea- 
surements were performed using a modulation 
frequency of 30 MHz. The excitation wavelength 
was 340 nm, with an effective bandpass near 2 nm. 
Apparent phase and modulation lifetimes at vari- 
ous emission wavelengths were measured using 
interference filters with a bandpass of 10 nm. In 
addition, all measurements were performed using 
a Corning 0-52 and a NaNO 2 liquid filter, to 
decrease the intensity of the scattered light. 
Phase-sensitive spectra were measured with an 
emission monochromator, as described previously 
[14,15], with an emission bandpass of 8 nm. All 
phase angles and demodulation factors were mea- 
sured relative to the reference fluorophore p-bis[2- 
(5-phenyloxazolyl)]benzene in ethanol with a refer- 
ence lifetime of 1.35 ns [25]. This procedure mini- 
mizes the artifacts which appear when scattered 
light is used to estimate the phase and modulation 
of the incident light. These artifacts originate with 
non-homogeneous modulation of the incident light 
by the ultrasonic modulator (E. Gratton, personal 
communication). The effect of Brownian rotation 
on the measured lifetimes was avoided by using 
vertically polarized excitation and an emission 
polarizer oriented 54.7 ° from the vertical direction 
[26]. The measured phase angles (~) and demodu- 
lation factors (m) were used to calculate the ap- 
parent phase (Tp) and modulation (~'m) lifetimes 
using 

tan ~ = ~zp (15) 

m = (1 + ~o2'rm 2 ) - I / 2  (16) 

These apparent lifetimes are convenient because 
they are more familiar than are the values of ff and 
m .  

The rotational correlation times (~'c) for TNS in 
glycerol were calculated using the Perrin equation 

~=l+~0/~c (17) 
F 



where r 0 is the fluorescence anisotropy in the ab- 
sence of rotational diffusion, r is the steady-state 
anisotropy, and % the fluorescence lifetime. Using 
our experimental conditions we found r 0 = 0.357. 
These lifetimes (,o) and anisotropies (r 0, r) were 
those observed for the entire emission, as observed 
through a Coming 4-69 filter. 

Results 

Fluorescence spectral properties of TNS in glycerol 
Interpretation of the data for TNS-labeled 

vesicles is facilitated by examination of the data 
for TNS in glycerol. This particular solvent is 
useful because by variation of temperature its 
viscosity can be varied over a wide range, thereby 
varying the rate and extent of solvent relaxation. 
Steady-state emission spectra measured at various 
temperatures are shown in Fig. 1. At low tempera- 
ture ( - 5 5 ° C )  the emission maximum is near 410 
nm. As the temperature is increased the emission 
spectrum shifts progressively towards longer wave- 
length. This shift is essentially complete by 30°C 
(Fig. 4). Such temperature-dependent spectra are 
generally attributed to reorganization of the solvent 
molecules around the increased dipole moment of 
the excited state. This solvent relaxation is time- 

. dependent, and is expected to alter the fluores- 
cence lifetimes, especially when measured at dis- 
crete wavelengths. 

Apparent fluorescence lifetimes for TNS in 
glycerol, measured at various temperatures and 
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emission wavelengths, are shown in Fig. 2. In the 
presence of time-dependent solvent relaxation the 
intensity at any given wavelength is not expected 
to decay exponentially. As a result the phase (%) 
and modulation (~'m) lifetimes, calculated from the 
measured phase angles (0) and demodulation fac- 
tors (m), are only apparent quantities. At the 
lowest ( < - 50°C) and highest ( > 25°C) tempera- 
tures solvent relaxation is either much slower than 
emission or complete prior to emission, respec- 
tively. Then, the emission is predominantly from a 
single state and is expected to decay mostly as a 
single exponential. This was observed at - 5 2 ° C  
and + 55°C. At these temperatures the phase and 
modulation lifetimes are essentially identical, and 
these values are mostly independent of emission 
wavelength. The residual wavelength-dependence 
seen at - 52°C is probably a result of some solvent 
relaxation at even this low temperature. In con- 
trast, at intermediate temperatures, - 14°C in this 
case, the apparent lifetimes are strongly dependent 
upon emission wavelength. Specifically, the ap- 
parent phase lifetime increases by 16 ns and the 
apparent modulation lifetime by 7 ns as the ob- 
servation wavelength is increased from 380 to 520 
nm. The origin of these wavelength-dependent 
lifetimes can be explained in an intuitive fashion. 
On the blue side of the emission the apparent 
lifetime is 1"~ - I =  F + k (Eqn. 4) and is therefore 
shorter than the lifetime in the absence of relaxa- 
tion (% 1 = F). This is because the intensity at the 
shorter wavelengths is decaying by return to the 
ground state with a rate F and by relaxation with a 
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rate k. At longer wavelengths the apparent lifetime 
is greater because one is selectively observing those 
fluorophores which have relaxed prior to emission. 
These relaxed fluorophores display longer ap- 
parent lifetimes because the apparent phase life- 
time is given by the sum of the phase angles of the 
F and the R states (Eqns. 5 and 8). Similar reason- 
ing explains the longer apparent modulation life- 
times at the larger emission wavelengths (Eqn. 7). 

The lifetimes seen for TNS in glycerol at - 14°C 
(Fig. 2) are also indicative of the nature of the 
relaxation process. In particular, both the ap- 
parent phase and modulation lifetimes decrease 
continuously at shorter observation wavelengths. 
Such results are consistent with the predictions of 
the continuous relaxation model of Bakhshiev et. 
al. [17], and with the measurements of Brand and 
co-workers [9] who used time-resolved measure- 
ments and found continous relaxation in glycerol. 
If the relaxation was a two-state process, and if the 
spectral separation of states was adequate for 
selective observation of each state on the edge of 
the emission, then regions of constant apparent 
lifetime are expected and observed at the short 
and long emission wavelengths [20,21]. Evidently, 
our data are not adequate for an unambigious 
distinction between continuous and a two-state 
process. However, we note that in instances where 
spectral separation is small, the time-resolved 
method and the phase method are both inadequate 
to distinguish the continuous and the discrete 
models. 

Conceivably, the wavelength-dependent life- 
times shown in Fig. 2 could be due to the fluoro- 
phore being present in two different environments, 
with the fluorophores emitting at longer wave- 
lengths having the longer lifetime. The two possi- 
ble origins of wavelength-dependent lifetimes, het- 
erogeneity or an excited state process, can be 
distinguished by examination of the time-resolved 
decays of fluorescence intensity. Specifically, a 
mixture of fluorophores results in a multi-ex- 
ponential decay with positive preexponential fac- 
tors. In contrast, an excited state process generally 
yields a term with a negative preexponential factor 
[27]. Fortunately, these cases can also be dis- 
tinguished by phase-modulation fluorometry. This 
requires measurement of both the phase angle and 
the demodulation factor. For a multiexponential 

decay with positive preexponential factors m/ 
cos 4' < 1. For a single exponential decay m/cos  4' 
= 1, and for a decay with a negative preexponen- 
tial factor, due of course to an excited state pro- 
cess, m/cos  4' > 1 [20,28]. The values of m/cos  4' 
for TNS in glycerol are shown in Fig. 3. At the low 
and high temperatures m/cos  4' is approximately 
equal to unity, independent at the observation 
wavelength. In contrast, m/cos  4' is wavelength- 
dependent at intermediate temperatures, and this 
value becomes progressively greater than unity as 
the observation wavelength is increased. The in- 
creasing values of m/cos  4', particularly in excess 
of 1.0, reflect an increasing contribution of the 
relaxed state to the total emission at the longer 
wavelengths. Also, the observation of m/cos  > 1 
proves that an excited state process, and not ground 
state heterogeneity, is the origin of the 
wavelength-dependent lifetimes shown in Fig. 2. 
With regard to Fig. 2 we note that m/cos  4' > 1 is 
equivalent to ~'p > ~'m- 

Our temperature-dependent data for TNS in 
glycerol are summarized in Fig. 4. From these data 
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it is apparent that the m/cos ,~ values on the red 
side of the emission exceed unity at those tempera- 
tures where the emission maximum is also the 
most temperature sensitive. The phase difference 
between the red and blue sides of the emission 
(/t~) is also maximal near -10°C.  These data 
may be regarded as typical of that expected for 
TNS in an environment for which the relaxation 
time is comparable to the fluorescence lifetime. 
Note that values of m/cos ~ > 1 and large values 
of A~, are only seen at the intermediate temepra- 
tures. At high and low temperatures, when relaxa- 
tion is either much faster or slower than emission, 
the spectral properties of the fluorophore are not 
dependent on emission wavelength. In general, 
measurements at various temperatures reveal 
whether the spectral relaxation rate is faster or 
slower than the decay rate. 
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The relaxation times for spectral relaxation can 
be estimated from the phase sensitive fluorescence 
spectra (Eqn. 14). In this measurement we assume 
that the emission on the blue and red sides of the 
emission is dominated by the F and R state emis- 
sions, respectively. Then, upon phase suppression 
at these wavelengths, the phase-sensitive intensities 
represent the relative intensities of the R and F 
states. Typical phase-sensitive spectra for TNS in 
glycerol are shown in Fig. 5. At low temperatures 
suppression on either side of the emission results 
in almost complete suppression of the entire emis- 
sion spectrum. This occurs because at these tem- 
peratures the emission is from a single state and 
the phase angle is nearly constant across the emis- 
sion spectrum (Fig. 4). Similarly, at high tempera- 
ture (50°C) suppression of either side of the emis- 
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Fig. 5. Phase-sensitive emiss ion spectra for T N S  in glycerol. A t  

each temepratur¢ the emission was  suppressed on  the blue and 
red sides of the emission.  S¢¢ Table  I for more details. 
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sion also results in suppression of the entire emis- 
sion. Of course, this is because at 50°C the emis- 
sion is dominated by that of the relaxed state. 
Contrasting results are found at intermediate tem- 
peratures ( -  35 ° to 25°C). Suppression on red and 
blue sides of the emission results in phase-sensitive 
spectra which are similar to the steady-state spec- 
tra seen at low and high temperatures, respectively 
(Fig. 1). As the temperature is increased the inten- 
sity of the relaxed spectrum is increased, relative 
to that of the unrelaxed spectrum. We note that 
the phase-sensitive emission maxima are not inde- 
pendent of temperature. This result indicates that 
either our simple procedure of red or blue suppres- 
sion does not result in complete suppression of 
each state, or more likely, that the simple two-state 
model is not completely adequate to describe spec- 
tral relaxation of TNS in glycerol. Nonetheless, 
phase suppression does result in an approximated 
separation of these states. 

We used the relative phase-sensitive intensities 
at each temperature, along with the measured life- 
times and demodulation factors, to calculate the 
solvent relaxation time (Eq. 14). Some typical val- 
ues of the measured phase, modulation and life- 

time values are listed in Table I. These calculated 
solvent relaxation times are shown in Fig. 6. Also 
shown are the rotational correlation times (~'c) of 
TNS as calculated from the Perrin equation. Evi- 
dently, solvent relaxation occurs more rapidly than 
rotational diffusion, and with a smaller activation 
energy (6.4 vs 12.4 kcal/mol, respectively) This 
disparity is probably a result of the smaller molec- 
ular motions needed for spectral relaxation than 
for rotational diffusion. These results are in agree- 
ment with similar data obtained for a tryptophan 
derivative in a viscous solvent [19]. In total these 
results indicate that the spectral properties of TNS 
are highly dependent upon its time-dependent in- 
teraction with the solvent. These same spectral 
properties for TNS, when bound to phospholipid 
bilayers, should reflect the dynamic properties of 
these membranes. 

TNS-labeled phospholipid vesicles 
Representative steady-state spectra of TNS 

bound to vesicles of dimyristoyl-phosphatidylcho- 
line are shown in Fig. 7. Relative to the emission 
spectra of TNS in glycerol, only a small temper- 
ature-dependent shift was observed. For TNS 

TABLE I 

PHASE ANGLES AND DEMODULATION FACTORS FOR TNS 1N GLYCEROL AND BOUND TO LIPIDS 

~/'0 is the phase angle measured for the entire emission, using a Coming 4-69 filter. For the lipids the subscripts F and R refer to 
measurements at 400 and 520 nm, respectively. In the case of glycerol the wavelengths (X) for measurement were varied with 
temperature, in order to obtain adequate intensities. Hence XF was increased from 395 to 405 nm, and hR from 480 to 520 nm, as the 

temperature was increased from -52°C to + 60°C. 

Sample °C ¢ F d?0 dp R m F m R I F//I  R "r s (ns) 

Glycerol - 32 53.3 59.0 67.9 0.563 0.401 1.50 10.2 
- 18 42.2 59.5 73.8 0.651 0.389 1.51 8.4 

- 4 36.5 57.1 73.1 0.733 0.460 1.27 6.8 
+ l0 27.2 50. l 60.8 0.794 0.590 0.72 3.5 
+ 25 24.7 41.7 45.7 0.807 0.721 0.46 2.0 

DMPC 15 38.1 52. l 60.5 0.657 0.543 0.65 4.2 
25 35.1 49.6 59.7 0.703 0.594 0.66 3.8 
35 26.5 45.9 49.0 0.742 0.692 0.56 2.6 

DPPC 15 41.5 53.0 57.6 0.589 0.512 0.54 4.1 
25 35.7 51. l 55.0 0.655 0.572 0.48 3.1 
35 33.0 47.8 53.1 0.697 0.599 0.52 2.9 

DOPC 15 27.2 45.8 55.0 0.732 0.642 0.55 2.9 
25 25.4 40.3 47.3 0.777 0.683 0.49 2.3 
35 23.6 39.1 41.0 0.802 0.778 0.49 1.7 
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Fig. 6. Arrhenius plot for solvent relaxation (E= = 6.4 kcal /mol)  
and rotational diffusion (E~=12 .4  kcal /mol)  of TNS in 
glycerol. The triangle (1) indicates the spectral relaxation time 
measured by DeToma et. al. [9] using time-resolved emission 

spectroscopy. 

bound to the other lipid vesicles, dioleoyl- or di- 
palmitoyl-L-a-phosphatidylcholine, the temper- 
ature-dependent shifts were comparable or smaller. 
Such spectra were described previously in greater 
detail [29]. The small extent of the spectral shifts 
suggests immediately that the rates of solvent re- 
laxation in bilayers are not strongly dependent 
upon temperature. We used measurements of the 

apparent phase and modulation lifetimes, and 
phase-sensitive emission spectra, to estimate the 
spectral relaxation rates for TNS bound to lipid 
bilayers. 

Wavelength-dependent phase and modulation 
lifetimes, and m/cos ~ values for TNS labeled 
dimyristoylphosphatidylcholine vesicles, are shown 
in Fig. 8. As was found for TNS in glycerol at 
intermediate temperatures, these lifetimes gener- 
ally increase with increasing wavelength. For these 
vesicles this effect appears to be maximal near 
20°C, which is comparable to the phase transition 
temperature of dimyristoylphosphatidylcholine, 
24°C. The occurrence of an excited state process 
around the membrane-bound TNS is proven by 
the observation of ~'p > Zm(m/cos ~ > 1) on the red 
side of the emission. At higher temperatures ~'p and 
T m became more comparable in magnitude and 
m/cos ~ = 1. In addition, the lifetimes became less 
dependent upon emission wavelength. By compari- 
son and analogy with TNS in glycerol, these re- 
sults suggests that the spectral relaxation in these 
membranes is almost complete prior to emission at 
temperatures above 35°C. 

Similar data for vesicles of dioleoylphosphati- 
dylcholine are shown in Fig. 9. These results are 
similar to those found for the dimyristoyl- 
phosphatidylcholine vesicles in that m/cos ~ > 1 
on the red side of the emission. However, in 
contrast with this saturated lipid, the wavelength- 
dependency of the lifetimes is maximal near 5°C 
and decreases quickly at higher temperatures. This 

LC 
N 

~Z 0.-' 

Z 

g 
\ 

400  450 500  550 
W A V E L E N G T H  ( n o n o m i t i r l )  

Fig. 7. Emission spectra of  TNS-labeled vesicles of di- 
myristoylphosphatidylcholine. - - ,  5°C; - -  - -  - - ,  45°C. 
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is expected since dioleoylphosphatidylcholine 
vesicles are more fluid than vesicles of di- 
myristoylphosphatidylcholine. 

We summarize our wavelength-dependent life- 
times for the labeled vesicles by presenting the 
phase difference across the emission spectrum (Fig. 
I0). For dioleoylphosphatidylcholine A@ decreases 
progressively with increasing temperature. For both 
dimyristoylphosphatidylcholine vesicles, with and 
without incorporated cholesterol, A@ shows a broad 
maximum near 25°C. For dipalmitoylphosphati- 
dylcholine A~ is essentially independent of tem- 
perature. Surprisingly, the temperature-depen- 
dence of A@ is rather low for all the lipid vesicles, 
especially when compared with the A@ values ob- 
served for TNS in glycerol (Fig. 4). Furthermore, 
the m/cos  ff values (not shown) measured on the 
red edge of the emission at 520 nm, are mostly in 
the range 1.0-1.2, with the values near 1.0 being 
observed at higher temperatures. These results sug- 
gest that the membrane relaxation rates are tem- 
perature dependent, but that these rates do not 
change markedly at the transition temperatures of 
the lipids. 

Phase-sensitive spectra of TNS-labeled di- 
myristoyl phosphatidylcholine vesicles are shown 
in Fig. 11. As for TNS in glycerol, the red and 
blue suppressed spectra are comparable to those 
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Fig. 10. Phase angle difference (A~p) between the red and blue 
sides of the emission for TNS-labeled vesicles. The wavelengths 
use were 380 and 520 nm, except for dipalmitoyl phosphati- 
dylcholine where the wavelengths were 400 and 520 nm. Upper  
panel: e ,  DOPC; ©, DMPC. Lower panel; e ,  D M P C /  
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expected for the unrelaxed and the relaxed emis- 
sion of TNS, respectively. However, in contrast to 
TNS in glycerol, the relative phase-sensitive inten- 
sities do not vary widely with temperature, and 
furthermore, both states are still observable at the 
lowest (5°C) and highest (45°C) temperatures. 
These results indicate that at these temepratures 
the membranes relaxation rates are comparable to 
the fluorescence lifetime of TNS, and that the 
ratio of the lifetime to the relaxation time does not 
vary greatly from 5 to 45°C (Eqn. 14). Also, the 
phase-sensitive spectral distributions do not vary 
greatly with temperature. This result should not be 
taken as evidence for a two-state relaxation of the 
bilayers around TNS. Rather, the apparent simi- 
larity of the phase-sensitive spectra is probably a 
result of the smaller relaxation-dependent spectral 
shift of TNS in bilayers as compared with glycerol 
(Figs. 1 and 7). 
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Fig. 11. Phase-Sensitive emission spectra of TNS-labeled di- 
myristoylphosphatidylcholine vesicles. 

Similar phase-sensitive spectra were obtained 
for TNS-labeled vesicles of dioleoylphosphati- 
dylcholine or dipalmitoylphosphatidylcholine. The 
relative phase-sensitive intensities and spectral dis- 
tributions varied only slightly with temperature. 
These results, along with the measured phase and 
modulaton values (Table I), were used to calculate 
the rates of spectral relaxation in these bilayers 
(Fig. 12). Perhaps suprisingly, but in agreement 
with previous studies [29], the rates are compara- 
ble among the various phosphatidylcholine vesicles. 
Furthermore, at the lipid-water interface region 
where TNS is probably localized, the spectral re- 
laxation times are not strongly affected by the 
phase transition which occurs in the acyl side 
chain region of these membranes [3]. We conclude 
that the dynamic properties of the glycerol and 
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polar headgroup region of these phosphatidylcho- 
line vesicles are not subject to the dramatic phase 
changes found deeper in the bilayer. We note that 
smaller molecular motions are required for spec- 
tral relaxation than for fluorescence depolarization 
(Fig. 6). The latter process requires displacement 
of the fluorophore, as well as solvent molecules. 
Such a distinction was predicted by Bakhshiev and 
co-workers [31,32]. 

Our results are in good agreement with other 
studies of this region of the bilayer using a differ- 
ent methodology. In particular, Shepherd and 
Buldt [33] determined the dielectric relaxation time 
of the phosphocholine dipole to be 2.3 ns at 50°C, 
a value that is close to those we found for spectral 
relaxation in phospholipids (Fig. 12). As we have 
seen in the case of DMPC, the polar groups of 
DPPC show little change in their motion in the 
presence of cholesterol [34] as determined by 
NMR. Evidently, the NMR spectral parameters of 
the polar headgroups of phospholipids are little 
affected by the composition of the side chains 
(Ref. 35 and references therein). Also, the activa- 
tion energy for rotation of the phosphorus in 
DOPC, as determined by 3tP-NMR, is 4.08 
kcal/mol [36] which is quite similar to the activa- 
tion energy for solvent relaxation in this lipid, 3.7 
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TABLE II 

ACTIVATION ENERGIES FOR SPECTRAL RELAXA- 
TION OF TNS-LABELED LIPIDS 

Lipid E a (kcal/mol) 

DOPC 3.7 
DMPC 3.2 
DPPC 3.2 
TNS in glycerol 6.4 

kca l /mol  (Table II). In addition, the correlation 
time of the phosphate at 5°C (1 ns) is comparable 
to our spectral relaxation time of DOPC at 5°C (3 
ns). However, in the case of DPPE at least, 2H- 
N M R  spectra indicate that the headgroup moves 
very much faster in the liquid crystalline state than 
in the gel state [37]. While the broad similarity of 
our results to these is encouraging, the methods 
and the phenomena they quantitate may be quite 
different, and thus the validity of such compari- 
sons is uncertain. 

Finally, the results indicate that no large dis- 
placement of the phospholipid molecule(s) is nee- 
essary to accomplish the relaxation around TNS. 
The value of the activation energy for relaxation in 
glycerol (Fig. 6) and the fact that the predominant 
intermolecular interaction in this solvent is the 
hydrogen bond suggest that the activation barrier 
being overcome involves breakage of hydrogen 
bonds. Similarly, in phospholipids the activation 
barrier is somewhat lower (Table II), suggesting 
that fewer a n d / o r  weaker hydrogen bonds (or 
other interactions) must be overcome. 

D i s c u s s i o n  

In this report we describe the analysis of flu- 
orescence phase shift and demodulation data to 
reveal the rate of spectral relaxation of a mem- 
brane-bound fluorophore. Intuitively, these spec- 
tral relaxation rates are revealed most directly by 
the time-resolved emission spectra. These are the 
spectra which would be observed at a given instant 
in time following excitation with a 8-function 
shaped pulse of light. Rarely are such spectra 
observed directly, primarily because of the practi- 
cal limitations of available light sources and detec- 
tors. However, time-resolved emission spectra have 

been computed for TNS in solvents and bound to 
model membranes [9,10]. These spectra were 
calculated from the impulse response functions at 
each emission wavelength. These functions are ob- 
tained by analysis the observed decay of emission 
at each wavelength and the time profile of the 
pulsed excitation. The excitation pulse width are 
typically shorter than the decays of intensity. 
Multi-exponential decays may be determined with 
reasonable precision, resulting in the ability to 
determine the time-dependent shift of the emission 
spectra and hence the spectral relaxation rate. 
Under favorable circumstances one can determine 
the time-dependent half-widths of the time-re- 
solved spectra. From these data one can infer 
whether the relaxation is stepwise or continuous 
[7,9]. 

This degree of detail was not available using 
phase and modulation mesurements at a single 
modulation frequency. To obtain information 
equivalent to that described above measurements 
at a reasonable number of modulation frequencies 
(about 10) are required. With such data one can 
determine multi-exponential impulse response 
functions with good precision, allowing the calcu- 
lation of time-resolved emission spectra as de- 
scribed above for the pulse fluorometric method. 
Indeed, this has been accomplished for TNS- 
labeled vesicles (E. Gratton, J.R. Lakowicz and 
co-workers, unpublished data) using a newly con- 
structed variable-frequency phase fluorometer. 
However, the information contained in the single 
frequency data is simply inadequate to determine 
the time-resolved spectra. In our estimation, even 
the use of two or three frequencies, such as are 
available with commercial instruments, do not al- 
low the time-resolved spectra to be determined. 
This is because the available data, although form- 
ally adequate to resolve a multi-exponential decay, 
are inadequate to determine the impulse response 
functions with any reasonable precision. A small 
error in any of the phase or modulation values will 
result in substantial errors. 

In spite of these limitations it is interesting to 
indicate the considerable information which is 
available from the single frequency measurements. 
There are as follows: 1. The wavelength-dependent 
phase and modulation lifetimes increased with 
emission wavelength, indicating the probable ex- 



istence of an excited state process (Fig. 2). 2. On 
the long wavelength side of the emission ~-p >em 
and m/cos q~ > 1 (Figs. 3 and 4). This observation 
proved the existence of an excited state reaction. 3. 
Phase-sensitive detection of fluorescence allowed 
direct recording of the approximate relaxed and 
unrelaxed emission spectra. 4. Finally, these data 
allowed the spectral relaxation rates to be calcu- 
lated. These rates exhibited an Arrhenius tempera- 
ture dependence, which enabled us to obtain 
activation energies for this process in glycerol and 
the bilayers. Thus, it is clear that considerable 
information can be obtained even from measure- 
ments at a single frequency. 

Note moreover that the values of the activation 
energies we obtained seem reasonable when com- 
pared with those from other systems. In particular, 
we found that the values for rotation of and 
relaxation around TNS in glycerol are somewhat 
larger (12.4 and 6.4 kcal/mol, respectively) than 
the corresponding valves for N-acetyltrypto- 
phanamide in propylene glycol (7.8 and 3.0 
kcal/mol, respectively) [19]. Each fluorophore is 
capable of forming several hydrogen bonds in 
these suitable solvents, and hence both are likely 
to behave as isotropic rotors [30]. Being a larger 
solute in a more polar solvent it is not surprising 
that larger activation energies are observed in 
glycerol. 

Finally, it is important to relate our results to 
the most common use of probes such as TNS. 
There are many studies that attempt to deduce the 
polarity of a fluorophore-binding site by compar- 
ing the spectrum of the bound probe with its 
spectrum in a particular solvent. As our results 
and those from other laboratories [10] make clear, 
caution should be exercised in interpreting such 
spectra purely in terms of polarity, since it is 
possible that the binding site may relax at a sig- 
nificantly lower rate than the emission rate of the 
fluorophore. On the other hand, quantitation of 
the relaxation offers the prospect of significant 
dynamic information about the binding site sur- 
rounding the fluorophore. 
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