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1. Introduction 

It has been argued that small amphipathic mole- 
cules cannot bind to the lipid phase of biological 
membranes because of a ‘large internal pressure’ 
caused by the proteins in the membrane [l-3]. This 
idea, if generally true, would have a number of impor- 
tant consequences: (i) It would mean that many 
studies of membranes employing spectroscopic probes 
were incorrectly interpreted since typical electron 
spin resonance (ESR) and fluorescence probes are 
small amphipathic molecules which had been assumed 
to probe the lipid phase of the membrane [4]; (ii) 
Many drugs are small amphipathic molecules which 
have also been assumed to bind to the lipid phase of 
membranes; again this would be in error. The binding 
detected by centrifugal methods [5] had been attrib- 

uted by Singer ‘to some type of mixed micelle forma- 
tion between the amphipath and some small amounts 

of components extracted by the amphipath from the 
membranes’, the mixed micelles being loosely asso- 
ciated with the membrane. 
_ 

The hydrophobic tryptophan analogue N-palmitoyl- 
L-tryptophan-n-hexyl ester was prepared by esterifi- 

cation of tryptophan with thionyl chloride in hexanol 
followed by coupling to palmitic acid with N,iV’- 

dicyclohexylcarbodiimide. Sarcoplasmic reticulum 
was obtained from rabbit muscle as in [6] and 

(Ca’+ + Mg’+)-ATPase was purified from it by the 

cholate procedure in [6]. The final 1ipid:protein 
molar ratio for the (Ca’+ t Mg’+)-ATPase was 30: 1, 

whereas that in the original sarcoplasmic reticulum 
was 90: 1, assuming Mr 115 000 for the ATPase. Lipid 

and protein concentrations were determined as in [6]. 
For convenience, concentrations of purified (Ca’+ + 
Mg2+)-ATPase are expressed in terms of the equivalent 
lipid concentration. 

Here we report ESR and fluorescence studies which 
suggest that amphipathic molecules can bind to the 
hydrophobic phase of typical biological membranes 
such as the sarcoplasmic reticulum from muscle, with 
no evidence for micelle formation. From ESR spectra 
observed for spin labelled fatty acids we argue that 
the fatty acids can bind normally to the membrane. 
We then use the fluorescence quenching properties of 
the spin-labelled fatty acids to argue that a fluorescent 
drug analogue, dansyl propranolol, can also bind to 
the membrane. 

For ESR studies, spin label was dried from metha- 
nol onto the sides of flasks to which the membrane 
in buffer (10 mM sodium phosphate, 0.1 M NaCl, 
pH 7.2) was added. After incubation for 30 min, the 
samples (50 ~1) were placed in melting point tubes. 

Spectra were recorded at 22’C on a Braker 200 D 
ESR spectrometer, digitized using a 12-bit Vector- 
Graphic A/D board and accumulated using a Z-80 
based microcomputer system. Fluorescence spectra 
were recorded on a Perkin-Elmer MPF44A fluorim- 

eter, and digitized using the same microcomputer 
system as for the ESR spectra. Dansyl propranolol 
and spin-labelled fatty acids were added to the mem- 
brane samples as concentrated solutions in methanol. 

Enzyme activity was measured using a coupled 

enzyme system [6]. Free calcium concentrations were 
calculated using the binding constants in [7]. 

2. Materials and methods 

Spin-labelled fatty acids were obtained from Synva 

and dansyl propranolol from Molecular Probes Inc. 

3. Results aud discussion 

Fig.1 compares the ESR spectra of 3 different 
fatty acid probes 
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incorporated into bilayers of dioleoyl phosphatidyl- 
choline and into purified ATPase, at a 1:90 fatty 

acid:lipid molar ratio. Spectra of the [ 12,3] and 
[ 1,141 spin labels are very similar in the 2 systems, 
whereas the [S,lO] spin label shows a greater immo- 
bilization in the ATPase system. The spectra in both 
dioleoyl phosphatidylcholine and in ATPase show 
increasing immobilization as the nitroxide group 

moves closer to the carboxyl group of the fatty acid, 

and an exactly similar result is seen in sarcoplasmic 
reticulum. Many observations of this kind have been 

made for other membranes using spin-labelled phos- 
pholipids and are attributed to the ‘fluidity gradient’ 
present in lipid bilayers with greater fluidity towards 

the centre of the bilayer [8]. These spectra then sug- 
gest that the fatty acid probes are in essentially similar 
environments in lipid bilayers and membranes. The 
greater immobilization seen in the presence of the 
ATPase is consistent with observations made with 
other probe techniques. For example, studies of the 
fluorescence depolarization of diphenyl hexatriene 
show a decreasing ‘fluidity’ with increasing molar 
ratio of protein to lipid, from dioleoyl phosphatidyl- 
choline to sarcoplasmic reticulum to (Ca2+ + Mg’+)- 
ATPase (unpublished). 

Micelle formation by spin-labelled fatty acids would 
be expected to give rise to spectra broadened by 
dipolar and exchange interactions between the nitrox- 
ide groups. Spectra such as those in tig.lb show no 
sign of any such broadening. However, broadening 
can be induced if the concentration of spin label 
within the membrane is increased. This is illustrated 
for dioleoyl phosphatidylcholine in fig2a. 

(i) These spectra demonstrate the partition of spin 
label between the lipid and aqueous phases. With 
decreasing amounts of lipid, there is an increase in the 
magnitude of the ESR spectrum corresponding to 
spin label free in the aqueous phase. 

ATPase (ii) As the lipid concentration decreases, the spin 
1abel:lipid molar ratio within the membrane increases, 

Fig.1. ESR spectra of spin-labelled fatty acids at lipid:probe 
molar ratios of 90: 1 in (A) dioleoylphosphatidylcholine and 
(B) (Cal+ + Mg’+)-ATPase. 

leadingto increased broadening of the spectra. Such 
broadened spectra can be readily simulated (unpub- 
lished) using the theoretical approach in [9]. 
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Fig.2. ESR spectra of [ 1,141 spin-labelled fatty acid (0.21 mM) 
in the presence of (A) dioleoylphosphatidylcholine and (B) 
(Cal+ + MgZ+)-ATPase at the given lipid concentrations. 

As shown in tig2b, similar results are obtained 
with the (Cal+ + Mg2+)-ATPase. Partitioning of spin 
label into this system is greater than for the simple 
lipid bilayer when calculated on the basis of lipid con- 
centration, but this is probably .rather misleading. 
Binding of spin label to the membrane is limited by 

the build up of charge on the membrane [lo], and 
calculations of charge/unit area must take into account 
the area occupied by protein in the (Ca2+ + Mg2+)- 

ATPase . 
It is clear that the observed changes in the ESR 

spectra as a function of spin label concentration are 
similar for dioleoyl phosphatidylcholine and for the 

(Ca” + Mg’+)-ATPase and are entirely consistent with 
lipid and spin-labelled fatty acids forming a.mixed 
phase. If micelle formation had occurred, the ESR 

spectrum would have been expected to be a single, 
very broad line (as seen for micelles of spin-labelled 
fatty acid in water), the intensity of the line simply 

increasing with increasing concentration of spin label. 
These ESRspectra are then entirely consistent with 

the spin labels partitioning into the lipid phase of the 
membrane. This is also suggested by the fluorescence 
quenching experiments shown in fig.3. Addition of 

liposomes of dioleoyl phosphatidylcholine to the 
hydrophobic tryptophan analogue N-palmitoyl-L- 
tryptophan-n-hexyl ester results in a large enhance- 
ment of fluorescence, consistent with partitioning 
into the lipid bilayer. Addition of spin-labelled fatty 
acids results in fluorescence quenching as shown in 
fig3a. The quenching does not follow simple Stern- 
Volmer kinetics but is found to be dependent on 
lipid concentration, with the greatest quenching being 
observed for a given spin label concentration at the 
lowest lipid concentration. This is the expected result 
if it is not the free spin label concentration that is 
significant, but rather the concentration within the 
lipid bilayer. Quenching of the fluorescence of the 
(Ca’+ + Mg2+)-ATPase by spin-labelled fatty acid shows 
a similar dependence on membrane concentration 
(fig.3b), again consistent with partition of the fatty 

acid into the membrane. The majority of the trypto- 
phan residues in the (Ca2* t Mg2+)-ATPase are in 
hydrophobic regions of the sequence, presumably 
located within the membrane phase [ 111. Fluorescence 
quenching by the hydrophilic quencher KI is much 
less marked than that observed with the spin labelled 
fatty acids. 

For all the above reasons, therefore, we believe 
that spin labels do, indeed, probe the hydrophobic 
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Fig.ll.(A) Quenching of the fluorescence of N-palmitoyl-L- 
tryptophan-n-hexyl ester at a lipid:tryptophan molar ratio 
of 3O:l in dioleoylphosphatidylcholine at (1) 180, (2) 60 
and (3) 30 PM, by [ 12,3] spin-labelled fatty acid. (B) Quench- 
ing of the tryptophan fluorescence of (CaZ+ + Mg*+)-ATPase 
at (1) 60, (2) 30 and (3) 15 @M lipid by [ 12,3] spin-labelled 
fatty acid. 

regions of membranes and do not form micelles on 
the membrane surface. It then follows that it is pos- 

sible to use the spin labels as markers for the hydro- 
phobic phase of the membrane in fluorescence 

quenching experiments. We have explored this possi- 
bility with the fluorescent drug analogue dansyl prop- 
ranolol. 

Addition of dioleoyl phosphatidylcholine to dansyl 
propranolol results in a large enhancement of fluores- 
cence that can be attributed to binding to the lipid 
bilayer (tig.4). The resulting spectrum can be well 
fitted to a sum of two skewed Gaussian peaks, one 
centred at 525 nm and characteristic of lipid bound 
probe and a small one centred at 565 nm character- 
istic of dansyl propranolol free in solution. Full 
details of these fitting procedures will be published 
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Fig.4. Fluorescence emission spectrum excited at 340 nm for 
4 PM dansyl propranolol in the presence of dioleoylphospha- 
tidylcholine + experimental data points. Solid lines, least- 
squares, best-fitted spectrum, and the 2 components of the 
fit. 

elsewhere. Addition of (Ca2’ + Mg’+)-ATPase to dansyl 
propranolol also results in an enhancement of fluores- 
cence, but the spectrum is somewhat blue-shifted 
compared to that in lipid alone. The blue shift is more 
marked at an excitation wavelength of 280 nm than 
at 340 nm. The former wavelength excites dansyl 
fluorescence via energy transfer from the protein tryp- 
tophan groups whereas the latter directly excites the 
dansyl fluorescence. As shown in fig.5, the spectrum 
can be well fitted to the sum of two skewed Gaussian 
peaks, centred at 489 nm and 525 nm (when fluores- 
cence is excited at 280 nm, the contribution from 
dansyl propranolol in the aqueous phase is negligible). 
The latter is attributed to dansyl propranolol bound 
to lipid and the former to dansyl propranolol bound 
to protein sites within the membrane. Consistent with 
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Fig.5. Fluorescence emission spectrum excited at 280 nm for 
2.5 PM dansyl propranolol in the presence of 0.4 mg/ml 
(Ca*+ + MgZ+)-ATPase + experimental data points. Solid lines, 
least-squares best fitted spectrum, and the 2 components of 
the fit. 
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this interpretation we find that for sarcoplasmic retic- 

ulum the protein component of the spectrum is 
reduced in intensity relative to the lipid component 
when compared to purified (Ca2+ t Mg2+)-ATPase: 
the protein:lipid ratio in sarcoplasmic reticulum is 

lower than in purified ATPase. The component at 
489 nm is also less marked in spectra excited at 

340nm, again consistent with the 489 nm component 
being due to protein-bound probe. We have found 
that the fluorescence emission spectrum depends 
both on the dansyl probe employed and on the mem- 
brane. Thus in fluorescence emission spectra for dansyl 
propranolol bound to membranes enriched in acetyl- 

choline receptor from Torpedo califomica, the lipid- 
bound component is much reduced compared to the 
protein component (unpublished) and with dansyl 
undecanoic acid, the separation between lipid and 
protein peaksin the spectrum when bound to (Ca2+ t 
Mg2+)-ATPase is greater than with dansyl propranolol 
(unpublished). 
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Fig.6. Fluorescence quenching of 2.5 PM dansyl propranolol 
by [ 12,3] spin-labelled fatty acid. Fluorescence was excited 
at 340 nm and measured at 530 nm: (A) in the presence of 
dioleoylphosphatidylcholine at (1) 180 and (2) 60 NM; (B) 
in the presence of (Cal+ + Mg’+)-ATPase at (1) 60, (2) 30 and 
(3) 15 ~.IM lipid. 
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Fig.7. Effect of dansyl propranolol on the specific activity 
(IU) of (Caa+ + Mg’+)-ATPase at 37°C as a function of [Cal+]: 
(0) zero drug; (=) 2 MM dansyl propranolol. 

Fig.6 shows that spin labelled fatty acids cause a 
very similar quenching of dansyl propranolol in the 
presence of dioleoyl phosphatidylcholine and in the 
presence of (Ca’+ t Mg’+)-ATPase: directly comparable 
results are observed with sarcoplasmic reticulum. The 
dependence of quenching on lipid and membrane 
concentration is again consistent with quenching fol- 
lowing from partition into the hydrophobic phase of 
the membrane. Both protein and lipid components of 

the spectra are quenched, suggesting that the spin 
labelled fatty acids have access to both the lipid and 
protein binding sites. 

Finally, fig.7 shows the effect of dansyl proprano- 
101 on ATPase activity, as a function of [Ca”‘]. As we 

have found for a variety of other positively charged 

drugs, dansyl propranolol causes both a small reduc- 
tion in the Ca2+ affinity of the ATPase and a reduc- 
tion in the maximum activity. The effects are fully 
reversible. 

4. Conclusion 

We draw the following conclusions: 

(1) The similarity of the ESR spectra, spectral broad- 
ening and spin-labelled fatty acid partitioning of 
simple lipid bilayers, sarcoplasmic reticulum and 
(Ca’+ t Mg2+)-ATPase, suggest that the spin labels 
are probing similar hydrophobic regions in both the 
lipid bilayers and the biological membranes. 
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(2) The quenching of protein tryptophan residues on 
the (Ca’+ t Mg’+)-ATPase by spin-labelled fatty acids 
are consistent with contact between the fatty acids 
and the tryptophans present in hydrophobic regions 
of the protein. 

(3) The fluorescence spectrum of dansyl propranolol 
in the presence of membranes suggests that the drug 

analogue can bind to both lipid and protein sites 
within the membrane. 

(4) The quenching of the fluorescence of dansyl 

propranolol in the presence of membranes by spin- 
labelled fatty acids is again consistent with dansyl 
propranolol binding to hydrophobic sites within the 
membrane. 

None of the above observations can be readily 
interpreted as due to micelle formation on the surface 
of the membrane. 
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