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Time-Resolved Emission Spectroscopy of the Dansyl Fluorescence Probe? 
Kenneth P. Ghiggino,i Anthony G. Lee,* Stephen R. Meech,o Desmond V. O’Connor,g and David Phillips$ 

ABSTRACT: Using a cavity-dumped laser system as the light 
source, we have recorded time-resolved fluorescence spectra 
for the dansyl group in a variety of systems. The fluorescence 
spectrum of dansylphasphatidylethanolamine incorporated into 
a variety of lipid bilayer systems at ambient temperatures 
shows very marked time dependence, with red shifts of up to 
40 nm over a 40-11s period. Similarly, large red shifts are 
observed for dansylamide in 1 -butanol at low temperatures, 
which can be tentatively attributed to the initial rapid for- 

Der iva t ives  of the 5-amino- 1 -naphthalenesulfonates, par- 
ticularly the dansyl(5-dimethylamino- 1 -naphthalenesulfonate) 
group, are used extensively as fluorescence probes of the 
structure and dynamics of biological macromolecules. They 
have been used in fluorescence quenching measurements and 
energy transfer studies, both as the donor (Marsh & Lowey, 
1980) and as the acceptor (Haas et al., 1978; Fleming et al., 
1979), and in the study of molecular motion by anisotropy 
decay measurements (Brochon & Wahl, 1972; Tawada et al., 
1978; Wahl et al., 1978; Ikkai et al., 1979). These molecules 
have emission properties which are strongly dependent upon 
the nature of their environment; in particular, they exhibit a 
large red shift on going from a nonpolar to a polar environ- 
ment. This property has commonly been used to study the 
“polarity” of binding sites in membranes and proteins (Leherer 
et al., 1981). 

A number of studies, however, suggest that fluorescence in 
biological systems might be complex. Fluorescence emission 
normally occurs on a nanosecond time scale, whereas the 
relaxation of polar solvent molecules about the changed dipole 
moment of an excited state usually occurs in a few tens of 
picoseconds in fluid media (Halliday & Topp, 1978). Thus, 
solvent reorientation is complete before significant fluorescence 
emission occurs. This process is characterized by a large 
fluorescence Stokes shift with no corresponding change in the 
absorption spectrum. If, however, the fluidity of the medium 
is changed either by cooling the solvent or by incorporating 
the fluorophore into a different environment, such as a protein 
binding site, the environment may relax on the same time scale 
as the fluorescence decay of the molecule. This causes the 
spectrum to shift gradually to the red with time and yields 
complex, wavelength-dependent fluorescence decay kinetics. 
Such effects have been observed for a number of amino- 
naphthalenesulfonates (Chakrabarti & Ware, 197 1; De Toma 
et al., 1976). 

A further complication arises since it has been observed that 
5-amino- 1 -naphthalenesulfonates exhibit a complex depen- 
dence of fluorescence lifetime and quantum yield on solvent 
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mation of an intramolecular charge transfer state, followed 
by reorientation of the polar solvent molecules. The time- 
resolved behavior in the lipid bilayer system can, by com- 
parison, also be at least partly explained by solvent reorien- 
tation, but the possibility of heterogeneity of the binding site 
must also be considered. The complex time dependence of the 
fluorescence of the dansyl group in these lipid bilayer systems 
considerably complicates the interpretation of fluorescence 
quenching and fluorescence energy transfer experiments. 

polarity (Li et al., 1975). It has been suggested that an in- 
version of the two lowest excited singlet states may occur, 
depending upon the polarity of the solvent (Li et al., 1975). 
A further possibility is that a solvent/solute exciplex is initially 
formed prior to solvent relaxation (De Toma & Brand, 1977). 
In either case, it is clear that a change in the nature of the 
emitting state occurs on going from polar to nonpolar media 
and from fluid to glassy polar solvents. 

With the availability of pulsed laser light sources, it is now 
straightforward to study time-dependent fluorescence processes 
in biological systems. We report here on our studies which 
show that the dansyl group exhibits extensive spectral shifts 
with time in both viscous polar solvents and when incorporated 
into biological membranes. 

Experimental Procedures 
Materials. Egg yolk phosphatidylcholine was obtained from 

Lipid Products Ltd., egg yolk phosphatidylethanolamine from 
Koch Light Ltd., and dansylphosphatidylethanolamine from 
Molecular Probes, Inc. Dansylundecanoic acid was prepared 
from dansyl chloride and aminoundecanoic acid. 

Liposomes were prepared by codissolving lipid and probes 
in chloroform and drying onto the sides of flasks using a stream 
of dry nitrogen. Buffer (100 mM NaCl and 10 mM potassium 
phosphate, pH 7.2) was added to the flasks which were shaken 
to give a liposome suspension of 0.05 mg of lipid in 4 mL of 
buffer at a 100/1 lipid/probe ratio. 

Dansylamide was recrystallized from ethanol. Butanol was 
dried with calcium hydride and fractionally distilled. For the 
low-temperature studies, the dansylamide concentration in 
1-butanol was ca. 5 X M. Temperature control was with 
an Oxford Instruments cryostat which was accurate to f0.5 
OC over several hours. This sample was degassed by six 
successive freeze-pumpthaw cycles. Other dansylamide/ 1 - 
butanol samples were undegassed. An excitation wavelength 
of 300 nm and a spectral resolution of 1.5 nm were used 
throughout. 

Methods. Total fluorescence spectra were recorded either 
on a home-built analogue spectrofluorometer or on the single 
photon counting equipment described below. In neither case 
are the spectra corrected for the wavelength response of the 
detector. 

Time-resolved fluorescence measurements were made on an 
instrument which has been previously described (Ghiggino et 
al., 1980). Excitation is by the frequency-doubled output of 
a cavity-dumped Coherent-Radiation 590 dye laser operating 
with rhodamine 6G dye. This is driven by a Spectra-Physics 
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166 4-W argon ion laser. The high, cavity-dumped, repetition 
rate ( 5  MHz) and laser intensity allows the rapid collection 
of fluorescence lifetimes with good signal to noise ratios and 
the rapid recording of time-resolved emission spectra. 

The absolute reproducibility of the pulse shape enables 
accurate computational analysis of fluorescence decay curves. 
Data analysis was performed by using an iterative nonlinear 
least-squares reconvolution procedure (Bevington, 1969). The 
quality of the fit was judged by the value of the reduced x2 
(x2J and the distribution of the residual and autocorrelation 
of residual plots (Grinvald & Steinberg, 1974). 

Time-Resolved Emission Spectra. There are two common 
methods of constructing time-resolved emission spectra using 
the single photon counting technique. In the first method, 
upper and lower level discriminators are set in the multichannel 
analyzer at voltages V,  and V2, corresponding to times t l  and 
t z  in the time to amplitude converter. This sets a gate width, 
6t  ( = t 2  - t , ) ,  which discriminates against photons emitted 
outside that time range. This gate may be set at  any time, 
At, after the onset of the rise of the excitation, which is taken 
as time equals zero. Photons arriving within this gate are 
spectrally analyzed by synchronizing the scanning speed of 
the monochromator with the channel advance rate of the 
multichannel analyzer, operating in the multichannel scaling 
mode, thus creating a time-resolved spectrum. In this method, 
the spectral resolution is set by the monochromator slit width 
and scanning speed. The time resolution is set by the gate 
width 6t and the width of the excitation pulse. 

The decay profile obtained in the single photon counting 
experiment [ Z ( t ) ]  does not represent the true decay of the 
sample but is a convolution of that decay with the excitation 
profile, or instrument response function [ P ( t ) ]  I Thus 

Z ( t )  = J‘P(t’)G(t - t’) dt’ 
0 

where G(t )  represents the true decay of the sample. Hence, 
the time-resolved spectra obtained by the method outlined 
above, which are “time slices” of Z(t),  are somewhat distorted 
by the excitation pulse (Easter et al., 1976; Meech et al., 1981). 
However, at very early times, with narrow gates, the excitation 
corresponds to a 6 function, and at late times, its influence is 
negligible. Nevertheless, if qualitative data are to be obtained 
by analysis of the time-resolved spectra at intermediate At, 
this distortion must be removed. 

A method of creating undistorted time-resolved spectra has 
been previously described (Easter et al., 1976; Meech et al., 
1981). The function I ( t )  is measured at a number of wave- 
lengths across the fluorescence spectrum of the sample, and 
G ( t )  is obtained by deconvolution (O’Connor et al., 1979; 
McKinnon et al., 1977). Convolved [ Z ( t ) ]  and deconvolved 
[G(t)] functions at two representative wavelengths are shown 
in Figure 1. Time-resolved spectra, Y(A,t), are then created 
by dividing the function G(t), obtained at wavelength A, by 
its calculated area, A,  and multiplying by the intensity in the 
total fluorescence spectrum at the corresponding wavelength, 
Z(A), that is 

Thus, photons in discrete “time slices” are summed and ar- 
ranged as a function of wavelength. In this method, spectral 
resolution is set by the number of decays obtained, and time 
resolution is limited only by the channel width in the multi- 
channel analyzer. 

Numerous problems are associated with obtaining G(t )  by 
deconvolution, particularly when physically significant decay 
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FIGURE 1: (A) Impulse response function at 450 (A) and 550 nm 
(A). Solid (450-nm) and dashed (550-nm) lines represent the fitted 
(reconvolved) function. System: 1-butanol/dansylamide at 190 K, 
degassed one channel = 0.76 ns. (B) Deconvolved functions at 450 
(- - -) and 550 nm (-); conditions as for Figure 1A. 

parameters are required [see Wahl et al. (1974) for an ex- 
ample]. However, for the purpose described here, only an 
accurate representation of Z ( t )  is required, which is judged by 
the value of the reduced x 2  (Bevington, 1969). In this case, 
G(t)  was chosen to be a sum of ten exponential terms, i.e. 

10 

i- 1 
G(t )  = CAj7j 

with the r i  values being fixed and the Ai values as variable 
parameters (Ware et al., 1973). Fluctuations, sometimes 
observed at late times in such a function, were not seen in this 
case (Ware et al., 1973). When this function is inappropriate, 
a sum of three exponentials with both A and T values freely 
varying is usually sufficient. The method is described in full 
in Meech et al. (1981). 

Results 
Model System: Time-Resolved Emission Spectroscopy of 

Dansylamide in 1-Butanol. Since the lipid bilayer provides 
a highly heterogeneous medium in which complex fluorescence 
properties are frequently observed (K. P. Ghiggho, D. Phillips, 
S. R. Mesh ,  A. J. Roberts, A. G. Lee, R. Diggins, R. Sharma, 
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FIGURE 2: Temperature dependence of the total fluorescence spectra 
of dansylamide in degassed 1-butanol: (a) 280; (b) 220; (c) 190; 
(d) 160; (e) 85  K. 

and M. Green, unpublished experiments), we initially studied 
the properties of the dansyl chromophore in a viscous polar 
environment. 

Figure 2 shows steady-state fluorescence spectra of dansy- 
lamide in 1-butanol at various temperatures. A rather large 
shift occurs between the solid phase (85 K) and the “soft glass” 
(1 60 K), followed by a smaller red shift and decrease in in- 
tensity with increasing temperature. Figure 3 shows time- 
resolved spectra for this system at two temperatures and il- 
lustrates how the fluorescence emission spectrum shifts to the 
red at increasing times after excitation. These spectra were 
recorded directly as described above and are normalized to 
equal intensity at the peak maximum. The conventional 
fluorescence spectra of Figure 2 represent the sum over time 
of the time-resolved spectra, examples of which are shown in 
Figure 3. It is clear that at 190 K the fluorescence spectrum 
immediately after excitation (At = 0) is rather similar to the 
conventional fluorescence spectrum recorded at 85 K. With 
time, however, the spectrum shifts to the red and 23 ns after 
excitation has a peak maximum at 495 nm. At 235 K, the 
time-resolved behavior, while still present, is much less marked, 
presumably due to the greater solvent mobility at this tem- 
perature (Figure 3). 

As has been described above, these time-resolved spectra 
are somewhat distorted by the excitation pulse, and Figure 4 
compares spectra constructed from the convolved and decon- 
volved decays for early (At  = 3 ns) and late (At = 40 ns) times. 
The differences are quite small, compared to the large shifts 
observed, and would only be important where quantitative data 
are required. It should be noted that even the deconvolved 
spectra are not totally free from distortions due to the wave- 
length dependence of the photomultiplier, which can be es- 
pecially important on the rising edge of the decay curves (Wahl 
et al., 1974) and hence in spectra recorded at very early times. 
Since, using the direct method, time-resolved spectra can be 
recorded in ca. 30 min, whereas the deconvolved spectra re- 
quire very considerable computation time, the direct recording 
method has proved to be the most useful, for qualitative data. 

Representative fluorescence decays for dansylamide in 1 - 
butanol at 190 K were analyzed by conventional methods, 
being fitted to one-, two-, and three-exponential functions. The 
data obtained from these analyses are presented in Table I. 
It is immediately clear that the fluorescence decay in viscous 
media is wavelength dependent and cannot be described by 
any simple kinetic model. The very poor fits to a two-expo- 
nential function and the variation of the fitted decay times 
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FIGURE 3: (A) Convolved time-resolved emission spectra of dansy- 
lamide in 1-butanol at 190 K (undegassed): (i) At = 0 ns, St = 4.5 
ns; (ii) At = 3.3 ns, 6t = 3.3 ns; (iii) At = 8.8 ns, St = 3.8 ns; (iv) 
At = 23.0 ns, 6t = 4.5 ns. (B) Convolved timeresolved emission spectra 
of dansylamide in 1-butanol at 235 K (undegassed): (i) At = 0 ns, 
6t = 4.5 ns; (ii) At = 3.3 ns, St = 3.3 ns; (iii) At = 8.4 ns, St = 2.6 
ns; (iv) At = 26.3 ns, St = 4.5 ns. 

WAVELENGTH, nm 

FIGURE 4: Comparison of time-resolved emission spectra of dansy- 
lamide in 1-butanol at 190 K (degassed), constructed from convolved 
(---) or deconvolved (-) decays: (a) At = 3 ns; (b) At = 30 ns. 

across the emission spectrum rule out the possibility of ex- 
cimer/exciplex formation being the mechanism of the red shift. 
The decay is reasonably well described by a fit to a three- 
exponential function, but, as stated previously, we are reluctant 
to attach any meaning to the numerical results obtained. 

When the decays are analyzed on the red edge of emission 
(500-550 nm), a strong component with a negative preexpo- 
nential factor is required to describe the data, suggesting that 
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Table I: Fluorescence Decay Kinetics of Dansylamide in 1-Butanol at 190 K 

single exponential 420 3.38 ( O . O l ) c  
460 12.11 (0.02) 
500 20.41 (0.02) 

dual exponential 420 0.44 2.38 (0.01) 0.01 
460 0.18 6.07 (0.05) 0.05 
500 0.13 18.60 (0.12) 0.03 

triple exponential 420 0.50 1.79 (0.03) 0.05 
460 0.13 4.31 (0.30) 0.08 
500 0.06 14.38 (0.38) 0.05 

86.1 
124.5 

5.4 
15.36 (0.01) 10.3 
19.93 (0.10) 2.2 
25.71 (0.34) 4.1 

7.44 (0.17) 0.001 56.10 (3.2) 1.2 
10.01 (0.83) 0.034 22.21 (0.5) 1.3 
22.32 (0.98) 0.060 22.35 (0.8) 1.6 

Preexponential factor. Reduced xz. Numbers in parentheses indicate standard deviations. 

the red-shifted components are being created by a means other 
than direct excitation. This is also seen in the deconvolved 
function of the 540-nm decay (Figure lB), where an initial 
rise in the intensity vs. time profile is observed. When the same 
decays are analyzed only at late times, i.e., ignoring the first 
part of the decay, a good fit to a single exponential function 
is obtained; for example, at 540 nm, 7 = 21.91 ns and xZv = 
1.2. These results are consistent with a continuous relaxation 
process occurring on a time scale comparable to that of 
fluorescence decay. As described later, the initial rise, observed 
on the red edge, provides a means for distinguishing between 
static and dynamic processes in lipid systems. 

No further red shift of the deconvolved time-resolved 
emission spectra is observed at times later than 60 ns after 
excitation. Thus, at this time, we are probably observing the 
spectrum of the totally relaxed species, and the single-com- 
ponent decay obtained when the first part of the decay (i.e., 
the first 7.6 ns) is ignored probably corresponds to the decay 
of the totally relaxed species. 

In contrast to the complex behavior in viscous polar solvents, 
the behavior in fluid polar media is simpler. Thus, in methanol 
at 290 K, the fluorescence decays are well fitted to single- 
exponential decay kinetics over the whole of the fluorescence 
spectrum, with 7 = 17.99 ns (x2, = 1.08). At 280 K in 1- 
butanol, no time-resolved spectral behavior is observable, but, 
although a reasonable fit to a single exponential is observed, 
the high x2”value (= 1.8) suggests that there is still a small 
contribution from some unrelaxed components. 

The convolved time-resolved spectra shown in Figure 3 
establish that the red shift is due to a continuous relaxation 
phenomenon. That is, the spectra shift continuously toward 
lower energy as the time gates are set at progressively later 
times. Comparison of the 235 and 190 K results further shows 
that this shift is dependent on the rigidity of the environment. 
The early time spectrum at 190 K shows a blue-shifted 
emission which is almost wholly absent at 235 K. Spectral 
data for temperature dependence of the total fluorescence 
spectra are presented in Table 11. 

It is immediately noticeable (Figures 3 and 5) that the 
spectral shift is accompanied by changes in the bandwidth of 
the time-resolved spectra. The spectrum at time equals zero 
is rather narrow, whereas those at intermediate times are quite 
broad. At later times, as the emission shifts further to the red, 
the spectra again become quite narrow (Figure 5). This is 
inconsistent with a simple solvent relaxation mechanism. The 
possible origins of this behavior will be discussed later. 

Since fluorescence spectra of biological systems are usually 
recorded under undegassed conditions, we have also studied 
the effect of degassing on the spectra of dansylamide in 1- 
butanol. At 280 K, no differences were observable in the 
maxima and bandwidth of the total fluorescence spectra 

Table 11: Total Fluorescence Spectra 

h,, (nm) fwhm 
system temp (K) ( i l  nm) (nm)a 

dansy lamide/ 280 494 I 8  
1 -butanol, 235 496 80 
undegassed 220 493 84 

190 482 80 
160 455 14 
130 442 64 

85 440 56 
dansylamide/ 280 496 76 

1-bu tanol, 235 494 80 
degassed 220 493 80 

190 487 83 
160 481 73 
130 437 65 
85 437 64 

a Full width at half-maximum height (*2 nm). 
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FIGURE 5 :  Deconvolved time-resolved emission spectra of dansylamide 
in 1-butanol a t  190 K (degassed): (a) At = 0; (b) At = 3;  (c )  At 
= 9.1; (d) At = 18.2; ( e )  At = 48.6 ns. bt = 0.76 ns throughout. 

whether or not the sample was degassed (Table 11). At in- 
termediate temperatures (235-1 60 K), however, the unde- 
gassed sample exhibits fluorescence which is to the blue of that 
observed for the degassed sample. This effect is also apparent 
in the time-resolved spectra. The At = 0 spectra, degassed 
or undegassed, at 190 K have the same value of A,-, whereas 
9 ns after excitation the spectrum of the degassed, deconvolved, 
emission is 14 nm to the red of that of the undegassed sample. 
The undegassed time-resolved spectra were obtained by the 
direct (gated) method. However, this shift is not wholly as- 
sociated with the distortion mentioned previously since the 
spectrum constructed from undeconvolved decays, of the de- 
gassed sample, 9 ns after excitation is also to the red of that 
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Table In :  Spectral Data for Dansyl Probes in Lipid 
Bilayer Systems 

At 6 t  A,,, fwhm 
svstem (ns) (ns) (nm) (nrnla 

dansylphosphatidyl- EGSb 0.0 7.7 495 91 
ethanolamine/egg LGSC 42.2 15.4 505 72 
phosphatidylcholine TFSd 503 70 
(1/100) 

dansylphosphatidyl- EGS 0.0 6.4 477 121 
ethanolamine/egg LGS 42.2 12.8 517 64 
phosphatidylcholine/ TFS 513 78 
cholesterol (l/lOO/ 
100) 

dansylphosphatidyl- EGS 0.0 8.4 485 121 
ethanolamine/ LGS 42.2 13.4 513 68 
phosphatidyl- TPS 510 74 
ethanolamine 
(1/100) 

dansylundecanoic EGS 0.0 8.7 515 90 
acid/eggphospha- LGS 31.4 15.3 518 78 
tidylcholine (1/ TFS 517 80 
100) 

a See footnote a of Table 11. 
time-resolved emission spectrum. Late-gated (undeconvolved) 
time-resolved emission spectrum. 
integrated) spectrum. 

Early-gated (undeconvolved) 

Total fluorescence (time- 

observed for the undegassed sample. Time-resolved spectra 
obtained (from the degassed sample) in this way should be 
comparable to those obtained from the gated method. How- 
ever, the maxima for spectra obtained from undeconvolved 
decays are difficult to measure since these tend to suffer from 
poor signal to noise properties (Meech et al., 1981). 

The oxygen quenching results show that a distribution of 
decay times exists when dansylamide is dissolved in a viscous 
polar medium, with the longer lived species being preferentially 
quenched in a diffusion-controlled process. The blue shift 
observed when a quencher is added suggests that the longer 
lived components emit to the red of the spectrum. This is 
consistent with theoretical models for solvent relaxation about 
the altered dipole moment of an excited state (Bakhshiev et 
al., 1966; Rapp et al., 1971). These results are consistent with 
the observed time-resolved spectra and complex fluorescence 
decay kinetics which exhibit a longer mean liftime on the red 
edge of the emission (Figure 1). 

Lipid-Probe System. Detailed study of a heterogeneous 
system such as a lipid/water system is considerably more 
difficult than a simple solute/organic solvent system. We 
chose to study dansylphosphatidylethanolamine incorporated 
into various liposome systems, since there would be no problem 
of partitioning of the probe between aqueous and lipid phases. 
The conventional fluorescence spectra of dansyl- 
phosphatidylethanolamine incorporated into liposomes (see 
Figure 6 and Table 111) show a relatively blue-shifted emission, 
so that the dansyl group must be “folded back” in some way 
from the head group of the lipid into a more nonpolar region 
of the lipid bilayer. In such a system, if we were to see 
time-resolved fluorescence behavior at ambient temperatures, 
there would be two likely explanations. (i) Static. The dansyl 
group is positioned at  a variety of sites within the lipid bilayer, 
each with different fluorescence decay times and different 
fluorescence maxima. (ii) Dynamic. Either solvent reorien- 
tation of the type described in 1-butanol at  low temperature 
is occurring or the dansyl group is moving between different 
environments on the fluorescence time scale, or a combination 
of the two. 

Figure 6 shows undeconvolved time-resolved spectra for 
dansylphosphatidylethanolamine incorporated into liposomes 

W 480t 

WAVELENGTH, nm 

I 1 

0 
390 430 470 510 5 5 0  

WAVELENGTH, n m  

FIGURE 6:  Comparison of time-resolved emission spectra of 
dansylphosphatidylethanolamine in lipid systems, showing early- and 
late-gated emissions (-) and the total fluorescence spectra (- - -). For 
gate settings, see Table 111. (A) Dansylphosphatidylethanolamine 
incorporated into egg yolk phosphatidylcholine. (B) Dansyl- 
phosphatidylethanolamine incorporated into egg yolk phosphatidyl- 
choline/cholesterol ( I /  1). (C) Dansylphosphatidylethanolamine 
incorporated into egg yolk phosphatidylethanolamine. 

of egg yolk phosphatidylcholine at  a 100/1 lipid/probe ratio. 
It is clear that shifts of the spectra with time do indeed occur. 
The late-gated spectrum can be considered as the true spec- 
trum since the effect of convolution with the excitation pulse 
at these times will be negligible. The early-gated spectra will 
be somewhat distorted by the excitation profile because of the 
widths of the gates which were required to give good signal 
to noise ratios. This distortion will, however, be small when 
compared to the magnitude of the shifts observed. The spectral 
data are presented in Table 111. 

Analysis of the decays again yields complex, wavelength- 
dependent, fluorescence lifetimes which are described by a 
minimum of two and more usually three components (Table 
IV). In common with the model system, a negative component 
was required to fit the data obtained on the red edge of the 
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Table IV: Fluorescence Decay Kinetics of Dansylphosphatidylethanolamine in Lipid Systems at 25 O C  

fitted wavelength 
system function (nm) A l a  T,, ns A1 (ns) X2vb 

egg yolk phosphatidylcholine 

egg yolk phosphatidyl- 
ethanolamine 

egg yolk phosphatidylcholine/ 
cholesterol (1/1) 

dansylundecanoic acid/egg 
yolk phosphatidylcholine 

single 

double 

single 

double 

single 

double 

single 

double 

450 
485 
570 
450 
485 
570 
450 
485 
5 70 
450 
485 
570 
450 
485 
5 70 
450 
485 
570 
460 
490 
550 
460 
490 
550 

0.99 
0.05 
0.04 

0.1 1 
0.05 
0.02 

0.12 
0.05 
0.03 

0.28 
0.15 
0.12 

5.45 (0.02)C 
9.39 (0.03) 

14.13 (0.04) 
2.71 (0.07) 
3.43 (0.20) 
4.42 (0.44) 
5.07 (0.02) 
9.65 (0.03) 

2.24 (0.05) 
3.23 (0.16) 
4.15 (0.58) 
6.56 (0.03) 

11.39 (0.04) 
15.01 (0.05) 
2.17 (0.05) 
2.34 (0.14) 
2.25 (0.28) 
7.23 (0.01) 

12.20 (0.02) 
13.24 (0.02) 
3.00 (0.02) 
4.31 (0.05) 
7.08 (0.04) 

14.5 (0.04) 

0.01 
0.03 
0.07 

0.02 
0.03 
0.06 

0.02 
0.04 
0.06 

0.04 
0.09 
0.07 

10.47 (0.24) 
11.71 (0.19) 
12.25 (0.19) 

9.99 (0.17) 
12.3 (0.17) 
13.2 (0.18) 

12.77 (0.19) 
13.53 (0.12) 
13.90 (0.09) 

14.42 (0.09) 
16.23 (0.08) 
19.00 (0.08) 

58.6 
23.4 
16.9 

2.2 
2.3 
3.8 

88.0 
34.0 

9.9 
2.1 
3.1 
3.8 

128.0 
32.0 
11.2 
1.6 
1.4 
1.3 

180.0 
93.0 
70.0 

2.55 
1.85 

10.2 

a Preexponential factor. Reduced XI. Numbers in parentheses indicate standard deviation. 

emission spectrum. These results are qualitatively comparable 
to those obtained for the model system. 

The results suggest that some dynamic motional process is 
responsible for at least part of the observed red shift. This 
would imply that the dansyl group is exposed to a polar en- 
vironment (water or polar groups in the lipid head group) 
within its fluorescence lifetime, as only some interaction with 
a polar medium can give rise to such effects. 

If the motional process were the movement of the dansyl 
groups between different environments, then the motion would 
have to be to an environment of greater polarity in order to 
produce a red shift. This would, in fact, occur due to the 
greater polarity of the excited state of the dansyl group. 
Diffusion from polar to nonpolar sites would be equivalent to 
an energetically unfavorable “antirelaxation”. 

On addition of cholesterol (Figure 6B), both the late-gated 
and the total fluorescence spectra undergo shifts to the red, 
whereas the early-gated spectrum undergoes a substantial blue 
shift when compared to liposomes of phosphatidylcholine in 
the absence of cholesterol. 

We interpret this result as being due to two effects. First, 
cholesterol reduces the amount of the dansyl group in the less 
polar environments, as a result of incorporation of cholesterol 
into the nonpolar regions of the bilayer. Second, cholesterol 
reduces the rate of motion within these less polar regions. 

The first factor will produce a red shift of the total 
fluorescence spectrum. An alternative explanation of the red 
shift, that it is due to a more rapid environmental relocation 
in the presence of cholesterol, is, we feel, unlikely due to the 
known effectiveness of cholesterol in reducing mobility within 
the lipid bilayer (Lee, 1978). 

The second factor will produce a blue shift in the early-gated 
spectrum, as can be seen from the results in 1-butanol, where 
a reduction in temperature causes a large blue shift for the 
early-gated spectra (Figure 3). An alternative explanation is 
that the blue shift of the early-gated spectrum, in the presence 
of cholesterol, is caused by a displacement of the dansyl groups, 
already in relatively nonpolar sites, to even less polar sites, 
presumably nearer the center of the bilayer. This we consider 
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FIGURE 7: Time-resolved emission spectra of dansylundecanoic acid 
incorporated into egg yolk phosphatidylcholine: (a) At = 0 ns, 6t = 
8.7 ns; (b) Ar = 31.4 ns, 6r = 15.3 ns. 

unlikely since the rigid sterol ring of cholesterol extends down 
to about C11 of the lipid fatty acyl chains (Stoffel et al., 1974), 
and from molecular models, it seems unlikely that the dansyl 
group in dansylphosphatidylethanolamine could penetrate the 
bilayer as far as this. 

For dansylphosphatidylethanolamine incorporated into li- 
posomes of egg yolk phosphatidylethanolamine, the fluores- 
cence behavior is intermediate between the cases of phos- 
phatidylcholine with and without cholesterol. This is consistent 
with the known higher density of packing in bilayers of 
phosphatidylethanolamines (Michaelson et al., 1974). 

We have also studied dansylundecanoic acid incorporated 
into liposomes of egg yolk phosphatidylcholine. Again com- 
plex, wavelength-dependent, fluorescence decays are observed. 
In the time-resolved spectra (Figure 7), the spectral maxima 
of early, late, and conventional fluorescence spectra are nearly 
coincident. Nevertheless, there is a marked broadening to the 
blue observed in the early-gated time-resolved spectrum. It 
could well be that this represents blue-shifted components 
which are incompletely resolved because of the wide time gate 
(9 ns) necessary to record reasonable spectra. 
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above assumptions may be invalid. This contention is sup- 
ported by the observation that the deconvolved spectrum at 
At = 0 is narrower than that found 3 ns after excitation 
(Figure 5,  Table 11). This suggests that a rapid change occurs 
in the nature of the emitting state, prior to solvent relaxation. 
This is also evident from the temperature dependence of the 
total fluorescence spectra (Figure 2), which shows a very large 
shift in the temperature region where the motion of the solvent 
molecules would be quite restricted (85-160 K). It is clear 
from these results that some other process is occurring on a 
more rapid time scale than solvent reorientation and is re- 
sponsible, at least in part, for the observed red shift. 

The nature of this fast process has not, as yet, been fully 
characterized. It has been observed that a change in the nature 
of the emitting state occurs, for 5-dimethylaminonaphthalene 
and related compounds, on going from a nonpolar to a polar 
environment (Li et al., 1975) as well as on going from the glass 
to the fluid state as observed here. This has been assigned as 
a level inversion of the first two excited singlet states of the 
5-aminonaphthalene (which are close in energy), in polar 
solvents. The relative contribution from the charge transfer 
configuration in the description of these two states implies that 
S2 (ILa in Platt notation) has a larger dipole moment than S1 
(lLb). Thus, in a polar solvent, the 'La state interacts more 
strongly with the medium than does the 'Lb state. Hence, 
relaxation of the solvent cage may lower the energy of the 'La 
state below that of the 'Lb state such that, in polar solvents, 
the fluorescence emission is from the 'La state (Mataga, 1963; 
Li et al., 1975). This mechanism describes qualitatively the 
observed behavior. However, it does still require the dipolar 
reorientation of a solvent shell. 

It has also been noted that 2-anilinonaphthalene, the 
fluorescence of which is strongly dependent upon solvent po- 
larity, forms a stoichiometric exciplex with alcohols in cy- 
clohexane solution (De Toma & Brand, 1977). The emission 
spectrum of 2-anilinonaphthalene in cyclohexane, when less 
than 1% alcohol (by volume) is present, is substantially red 
shifted from the pure cyclohexane solvent emission spectrum. 
At these low alcohol concentrations, the formation of a solvent 
shell is unlikely; thus, the observed red shift cannot be due to 
a solvent relaxation mechanism. It should, however, be noted 
that there is a substantial difference between the electronic 
structures of the 1- and 2-substituted naphthalenes (Nishimoto 
& Fujishiro, 1964; Nishimoto, 1969). Also, self-association 
of alcohols in hydrocarbon solvents may create localized re- 
gions of a high dielectric constant, which may complicate the 
observations. 

The results presented here suggest that a different mecha- 
nism for the red shift of 5-amino- 1-naphthalenesulfonate de- 
rivatives, in polar solvents, is required. The time-resolved 
spectra establish that the red shift is a solvent relaxation 
phenomenon but also that a change in the nature of the em- 
itting state occurs between the Franck-Condon initially excited 
state and the final, solvent-relaxed state. This is also seen in 
the changing bandwidths of the temperature-dependent total 
fluorescence spectra (Figure 2). The large red shift between 
85 and 160 K suggests that this change in emitting state occurs 
on a time scale somewhat faster than that of conventional 
dipolar reorientation. This may explain the observation that 
the rate of solvent relaxation, as shown by time-dependent 
spectral shifts, is significantly faster than that expected from 
the solvent dielectric relaxation time though other effects may 
be important (Ware et al., 1971). 

It is not the purpose of the present work to establish defi- 
nitely the origin of this fast process; however, one possible 

Discussion 

Most analyses of fluorescence data in biological systems 
assume that the fluorescence decay can be fitted by a simple 
functional form and that fluorescence spectra do not change 
with time after excitation. We have shown that neither of these 
are true for the dansyl group when incorporated into lipid 
bilayers. The complex fluorescence phenomena described 
above, which may be observed either in systems of high vis- 
cosity or where a heterogeneity of binding sites is possible, can 
have a considerable effect on the interpretation of many of 
the fluorescence measurements carried out on biological sys- 
tems. For example, fluorescence quenching is often used to 
test accessibility of groups in proteins to quenching agents. 
If the fluorescence probe being studied shows time-resolved 
behavior, then the spectrum will be shifted to the blue due to 
preferential quenching of the longer lived emission, as shown 
by the oxygen quenching results presented here. This will lead 
to nonlinear Stern-Volmer plots and possible errors in the 
calculation of numbers of exposed groups etc. 

In the measurement of distance by fluorescence energy 
transfer efficiency, the value of the overlap integral I ,  where 

I = JmaD.(v)r,(u) du/u4 

and 6D.(u) is the fluorescence spectral distribution of the donor 
and tA(v) is the extinction coefficient of the acceptor as a 
function of the frequency, u (cm-l), will depend upon the state 
of relaxation of the system and may change during the lifetime 
of the fluorescent state. This will be important when the donor 
exhibits time-resolved emission properties. The system of 
choice for energy transfer measurements would thus be of the 
type naphthalene donor and aminonaphthalene acceptor (Haas 
et al., 1978). Under these conditions, the required measure- 
ments would be made on the naphthalene chromophore which 
does not exhibit such complex behavior. 

In fluorescence anisotropy measurements, as well as in the 
above cases, it is generally assumed that both kF, the radiative 
transition probability, and @F, the quantum yield, are con- 
stants. This may not be the case for the probes considered 
here when incorporated into a rigid polar environment since 
it seems that the nature of the emitting state is changing with 
time. If this is the case, then the angle between the absorbing 
and emitting dipoles may also be time dependent which will 
clearly affect fluorescence anisotropy measurements. 

Although the time-resolved behavior of the type observed 
for the dansyl group will complicate many analyses of 
fluorescence data, it could also be of potential use, since it 
means that fluorescence spectra are dependent both on polarity 
and on fluidity. In order to exploit this motional information, 
it is necessary to develop a model for the fluorescence behavior 
of the dansyl group. Others (De Toma et al., 1976; Gafni et 
al., 1977) have analyzed time-resolved spectra according to 
the model of Bakhshiev et al. (1966). In this model, the decay 
of the sample at energy u (cm-I), I(& is represented as being 
the product of an electronic decay term, i ( t ) ,  and a spectral 
shift term, B(u,t ) ,  which may be obtained from the time-re- 
solved spectra (De Toma et al., 1976; Gafni et al., 1977), 
namely 

Z(v,t) = i ( t )b(u , t )  

If assumptions about the electronic decay of the molecule (that 
quantum yield and radiative transition probability are inde- 
pendent of the state of relaxation) are valid, then i(t) should 
be recoverable as a monoexponential function. This is not the 
case for dansylamide in 1-butanol, which suggests that the 
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FIGURE 8: Diagrammatic representation of relaxation processes. (a) 
Initially excited Franck-Condon state; (b) postulated charge transfer 
state; (c) relaxation of solvent dipoles. Solid lines indicate absorption 
and fluorescence; wavy arrows indicate a relaxation process; other 
radiationless processes are not included. 

explanation is that intramolecular charge transfer in the in- 
itially excited Franck-Condon state, presumably from the 
nitrogen lone pair to the naphthalene velectron system, is 
enhanced by the presence of polar solvent molecules. Such 
charge transfer would be more favored if the amino group 
adopts a different configuration in the excited state [see Li- 
pinski et al. (1980) for an example]. Further work on the 
origin of the postulated, charge transfer state is in progress. 

The substantial narrowing of the time-resolved spectra in 
the single solvent system over the period At = 3-60 ns may 
be explained as follows. In the ground state, the solvent cage 
will adopt a more or less random configuration about the 
chromophore. In the excited state, there will be a preferred 
orientation of solvent dipoles about the postulated, rapidly 
formed, intramolecular charge transfer state. Hence, at early 
times, the fluorophore will experience a random distribution 
of environments, resulting in a broad spectral distribution. The 
least favorable solvent/solute configurations will decay quite 
rapidly; hence, at somewhat later times, the environment will 
be more ordered, and a narrower spectrum will result. The 
spectral characteristics observed for the dansyl chromophore 
in a single environment are summarized in Figure 8. 

In extrapolating from the case of dansylamide in 1-butanol 
to that of the dansyl group incorporated into lipid bilayers, 
it is necessary to consider the possibility that the dansyl group 
might occupy more than one type of site within the bilayer, 
thus exhibiting complex fluorescence characteristics because 
of this heterogeneity. However, a static distribution of sites 
cannot explain all of the observed fluorescence phenomena. 
Fluorescence decays recorded at the red edge of the spectrum 
exhibit a rise time which must result from dynamic processes 
(Figure 1B). These dynamic processes we picture as being 
either motion of polar molecules (water, lipid head group, 
glycerol backbone, etc.) about the dansyl group or movement 
of the dansyl group between sites (see Results). In simple 
organic solvents at room temperature, motion of the solvent 
is fast on the fluorescence time scale so that fluorescence 
spectra are insensitive to the rate of this motion. However, 
on being cooled to near the glass transition, the time scales 
of motion and fluorescence become comparable, and changes 
in the rates of motion produce large changes in the fluorecence 
spectra (Figure 2). Since we see motional effects in the 
fluorescence spectra of lipid bilayer systems, the implication 
is that the rates of motion are more comparable to those of 
a glass than of a fluid organic solvent system. 

We conclude, therefore, that both environmental relaxation 
and multiple siting may be responsible for the time-resolved 
behavior observed for the dansylphosphatidylethanolamine 
probe in lipid systems. It has not, as yet, proved possible to 
assess the relative importance of those two mechanisms to the 
observed time-resolved behavior. Further work is in progress 
using both deconvolved time-resolved emission spectra and 
differential quenching techniques (K. P. Ghiggino, D. Phillips, 
S. R. Meech, A. J. Roberts, A. G. Lee, R. Diggins, R. Sharma, 
and M. Green, unpublished experiments). 

With the current availability of pulsed laser systems, it is 
likely that time-resolved fluorescence studies of biological 
systems will become fairly routine. Such methods will be 
necessary to obtain accurate data for many quenching and 
energy transfer experiments. We are currently analyzing the 
kind of inaccuracies that can arise when time-dependent shifts 
of spectra are ignored in such studies. It is also clear that very 
large shifts in fluorescence spectra can occur for probes bound 
to different sites if the mobility of polar groups at these sites 
differs, even if the “polarities” of the sites are equal. This gives 
the possibility of mapping binding sites in heterogeneous 
systems such as biological membranes. 
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Intracellular pH Measurements by 31P Nuclear Magnetic Resonance. 
Influence of Factors Other Than pH on 31P Chemical Shiftst 
Justin K. M. Roberts,: Norma Wade-Jardetzky,s and Oleg Jardetzky*J 

ABSTRACT: Titration curves plotting chemical shift vs. pH for 
inorganic phosphate and glucose 6-phosphate in solutions of 
various composition are presented. Physiological concentra- 
tions of K+ (0.1 M) and Mg2+ ( 5  mM) are shown to signif- 
icantly shift the titration curve. The Mg2+ effect can be partly 
or completely reversed by addition of sufficient quantities of 
adenosine triphosphate or organic acids. The acidic protein 

s i n c e  1973 (Moon & Richards, 1973) in vivo 31P nuclear 
magnetic resonance has been increasingly and extensively used 
to estimate intracellular pH [see Burt et al. (1 979) and Radda 
& Seeley (1 979) for reviews], The method relies on the fact 
that the chemical shift (6, resonance frequency relative to a 
standard) of 31P in many phosphates is strongly dependent on 
pH; if the titration curve of a given phosphate compound in 
the intracellular milieu is known, a determination of pH from 
a measured 6 is possible. Inorganic phosphate (Pi) and sugar 
phosphate resonances are the most suitable for measurement 
of intracellular pH (Burt et al., 1976), because their pK,'s lie 
near neutrality, and they are often present at high intracellular 
concentrations. The accuracy of the pH measurement (dis- 
regarding limitations imposed by the quality of the spectrum) 
depends on our understanding the extent to which factors other 
than pH influence 6. Analogous problems apply to other 
methods for measuring intracellular pH (Radda & Seeley, 
1979). 

The majority of articles describing application of the NMR 
method either fail to discuss whether or not factors other than 
pH affect the 6 of Pi or state that factors such as Mg2+ (Burt 
et al., 1976, 1979; Navon et al., 1979; Colman & Gadian, 
1976; Hollis, 1980) and ionic strength (Burt et al., 1976, 1979; 
Hollis, 1980) have no effect on the titration curve of Pi or that 
the effects can be ignored. 

Recently an effect of ionic strength has been reported 
(Gadian et al., 1979; Ugurbil et al., 1979; Ogawa et al., 1978); 
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bovine serum albumin and soluble maize root tip protein have 
no noticeable effect on the titration curves, whereas the basic 
protein protamine exerts a profound effect. The results clearly 
indicate that knowledge of intracellular ionic strength and free 
Mg2+ concentrations in the sample are required if the deter- 
mination of intracellular pH by 31P NMR is to be considered 
accurate within f0.05-0.1 pH unit. 

we also reported (Roberts et al., 1980) that Mg2+ and certain 
concentrated polyelectrolytes shift the apparent pK, of Pi. 

Here we describe details of these and other effects, for both 
Pi and glucose 6-phosphate (Glc-6-P). Two observations in- 
dicate that at least some of these effects are significant: first, 
titration of Pi in undiluted, fdtered homogenate of maize tissue 
(root tips or coleoptiles plus primary leaf) yield points that 
clearly do not lie on the titration curve of 5 mM KPi. Second, 
when the cytoplasmic pH of maize root tip cells was induced 
to fall, the 6 for the Glc-6-P resonance indicated a slightly 
larger drop (0.1 pH unit) than that indicated by the cyto- 
plasmic Pi resonance, suggesting that one or both of the ti- 
tration curves we were using to estimate pH did not exactly 
apply to the cytoplasm of these cells (unpublished results). 

Materials and Methods 
Preparation of Homogenates. Maize (Zea mays L.) root 

tips (1 mm long) from 2-day-old plants or coleoptiles and 
primary leaves from 4-day-old dark-grown plants were col- 
lected on ice, and ground in an ice-cold mortar. The homo- 
genate was filtered through two layers of miracloth to remove 
the largest particles and so minimize suspension effects in the 
pH measurement using electrodes (Westcott, 1978). The pH 
was adjusted with 0.5 M NaOH or HCl. 

Titration of Pi and Glc-6-P 6's. Although titration 
curves for Pi and Glc-6-P are plotted together, they were 
titrated as separate solutions-except those involving protamine 
and phospholipids. At least two solutions, separately made 
up, were titrated for each mixture. The pH was adjusted either 
by mixing different proportions of K,HP04 and KH2P04 so- 
lutions or by adding 0.5 M NaOH or HCl. Protamine (free 
base) was acidified with concentrated HC1. 

Potentiometric Titrations. Potassium phosphate or 
Na2Glcd-P (100 mL, 5 mM) was adjusted to pH 2.5-3.0 with 
0.5 M HCl, and titrated with 0.5 M NaOH, the pH being 
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