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1. Introduction

U lfUllllallUll d.lld Ull
the motion of proteins has been obtained by the use of
fluorescent probes covalently bound to certain charac-
teristic amino acid side chains [1]. In the present
report we describe experiments performed in vitro
with 5-dimethyl-amino-1-naphthalene sulphonylchlo-
ride (DNS) conjugated to fragments of excitable mem-
branes (EME) purified from the electric organ of
Electrophorus electricus [2]. Under our experimental
conditions, DNS reacts almost exclusively with mem-
brane proteins at sites which are different " ini the<e
labelled by a noncovalent fluorophore: 1-anilino-8-
naphthalene sulphonate (ANS). However, in agreement
with previous findings with ANS [3], the polariza-
tion of fluorescence (p) of DNS bound at these sites

is not sensitive to changes in solvent viscosity (n) upon
addition of sucrose. Fxnpnmpnh mvnlvmo the sepa-

ration of lipids and proteins, and their subsequent re-
association indicate that this insensitivity requires the
association of lipids and proteins into an organized
membrane structure. In the presence of the non-ionic
detergent Triton X-100, p decreases and becomes sen-
sitive to 7; simultaneously, an important fraction of

memhrana nrataing hecomes snolibhla On the other
MCIMcIalC PrOwCIls OOCUINLCS SUIUCIC, Vil UiC Uuill

hand, in the presence of tyrocidine (Tyr), a polypep-
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tide antibiotic, a slight increase of p is observed. In
vivo, on the electroplax, these two compounds show
mavemmnida affantor Toltma V 1NN cealbi2on 2l o e o e
UPPUDJ.I.C CLlICOULWY. 11LILUIL A~1UU JLAULIILTDS LT TTICH-
brane in a polarized state while Tyr favours a depolari-
zed state of the membrane.

2. Material and methods

EME were prepareu from uumugenates of fresh
electric tissue from Electrophorus electricus by dif-
ferential centrifugation in sucrose gradients according
to the procedure of Changeux et al. [2]. The specific
activity of acetylcholinesterase (AChE) in the purified
EME was approx. 4.0 moles acetylthiocholine/hr/g of
protein,

DNS was con]ugateu to EME as IOllOWS 0.imi of
5 X 10-3 M DNS chioride (K and K laboratories) in

acetone was added to 1 ml of a suspension of EME in

102 M NaHCOj3 and 1 M sucrose containing S mg of
protein per ml. The mixture was left overnight at 4°C.
The next day the conjugated membranes (DNS-EME)
were separated from unreacted DNS by two successive
filtrations on a G-25 Sephadex column equilibrated
with 0.2 M sucrose and 5 X 10-3 M glycylglycine pH

7 n The tatal amaount of NDNQ ~avalantly haund o

The total amount of DNS covalently bound to
EME was measured by absorbance at 340 nm (A 4.3
X 103).

Lipids were separated from the proteins according
to the method of Zahler, Wallach and Liischer [4] by
filtration on an L H 20 Sephadex column equilibrated
with 90% 2-chloroethanol in 0.01 N HCl, of DNS-

TMED Aiconlernd 2en tha ansen svan Al PR ~F
rivir aissoIved it uic 34ine mediuin. I\CLU“BthuLlUl [0)1

membrane structure was achieved by the extensive
dialysis at 4°C of a mixture of lipids and proteins in
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90% 2-chloroethanol pH 2.0 against 0.2 M sucrose,
5 X 10-3 M glycylglycine pH 7.0.

DNS-EME was digested by pronase at 37°C for 24
hr in a medium containing: 0.3 mg in proteins of DNS-
EME, 0.1 mg of pronase (from Calbiochem.), 2 X 10-2
M sodium phosphate pH 7.0, in a total volume of 0.5
I,

Separation of soluble proteins from membrane frag-
ments after treatment of DNS-EME by 1% Triton
X-100 was achieved by ultracentrifugation for 3 hr at
50,000 rpm in a SW6S rotor, of a discontinuous su-
crose gradient consisting of (from the bottom to the
top) 1.0 ml of 1.5 M sucrose in distilled water, 2.5 ml
of 0.4 M sucrose and 0.5 mi of DNS-EME containing
1 mg of proteins per ml in 0.2 M sucrose and 0.1%
Triton X-100, Membrane fragments were collected
in the bottom fractions and soluble proteins in the
top fractions.

Fluorescence intensity and polarization of DNS
were measured according to the method of Monnerie
and Neel [5] with a fluorescence polarization appara-
tus. The wavelength of excitation was 365 nm and the

flunrageenca was aheervad at 5§46 nm Pola atin
1UOICSCeNnCe was OOseIvea at J40 nNim. 1 Uxalmauuu, P,

is defined as

In r r
bP 4z ‘h '
p=-pn—i~1 wherepn=7r377h—,1vand1'h

being the intensity components measured along the
vertical and horizontal directions with unpolarized
exciting light, Except when otherwise indicated meas-
surements were carned out with suspensions of EME
in 0.2 M sucrose and 5 X 103 M glycylglycine pH 7.0.

3. Resuits and discussion

3.1. DNS binding to membrane proteins

In the experimental conditions described in Meth-
ods, DNS attaches covalently to EME in suspension. In
order to identify the component(s) to which DNS
binds, lipids and proteins of DNS-EME were separated
on an L H 20 column in the presence of 2-chloro-
ethanol (see Methods). Fig. 1 shows the result of such
an experiment. DNS fluorescence appears in the first
fractions which contain high molecular weight material
absorbing at 280 nm. Little or no DNS is associated
with the material retarded on the column which, ac-
cording to Zahler at al. [4], corresponds to membrane
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1. Separation of lipids and proteins from DNS-EME. The
optical density was followed at 280 nm as well as the intensity
of fluorescence If of DNS. Total phosphorus content was esti-
mated by the method of Taussky and Shorr [9] after evapora-
tion of 2-chloroethanol and mineralisation by a 2.1.2 mlxture
of concentrated HySO4, 60% HCIO4 and water at 165 °C for

2 hr.
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membrane proteins. Th1s was conﬁrmed by dlgestlon
of DNS-EME by pronase (see Methods). A fter exten-
sive exposure to pronase, 90% of DNS becomes asso-
ciated with small molecular weight compounds re-
tarded on a G-25 Sephadex column in the presence of
an aqueous solvent (in these conditions the lipids make
large aggregates which are excluded by Sephadex).
DNS might thus be used as a probe of membrane pro-
teins.

The absorption spectrum of DNS bound to EME
(45 umoles/g protein) does not significantly differ from
that of DNS bound to BSA (40 umoles/g). On the other
hand, its emission spectrum shows a 6 nm shift to the
biue as compared to that of DNS-BSA (fig. 2). The
polarization of fluorescence p of DNS bound to EME
is 0.240 + 0.003 at 20°C, a value close to that found,
under the same conditions, with DNS-BSA (p = 0.255
at 20°C). For the absolute amount of DNS bound to
EME in the range tested (up to 96 umoles/g of protein)
p does not change by more than 10% which indicates
that, under these conditions, littie or no energy trans-
fer occurs between DNS molecules. p varies with tem-
perature but, in contrast to our observation on ANS,
this variation consistently follows the Perrin law up to
85°C, in a reversible manner (fig. 3). The apparent ro-
tational relaxation time calculated from such values of
p is p = 154 nsec* at 20°C, taking 14 nsec as the life
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Table 1
Consequences of the reaction of DNS with EME on the revers-
ible binding of ANS.
ANS binding
DNS bound

(umoles/g protein) n

Kz X 104M (umoles/g)
0 3.7 33
0.6 34 39
114 4.35 36
59.0 425 18
96.0 4.5 12

Conditions see Methods. EME were incubated overnight with
0, 0.4, 2, 10, 70 X 10-3 M DNS (from the first line to the last).

time of the excited state (1). DNS is thus strongly im-
mobilized by coupling to EME, Its apparent slow motion
is, however, too fast to be assigned to the motion of
EME vesicles with DNS rigidly bound to them. Indeed,
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the diameters of the spherical vesicles, measured on
electron micrographs (2), range from 0.1 to 1 um and
are consequently expected to show rotational relaxa-
tion times in the order of the millisecond. DNS con-
jugated to its receptor protein(s) thus presents an in-
trinsic rotational or vibrational motion within the
membrane which is superimposed on that of the whole
vesicle.

3.2. Comparison between membrane sites for ANS and
DNS

Since ANS and DNS are structurally analogous, it
was of interest to investigate whether they labelled the
same sites in the membrane. Thus we tested the effect
of ANS (5 X 10-3 M) on the reaction of DNS (5 X 10-3
M) with EME (5 mg/ml); no significant effect of ANS
on the amount of DNS covalently bound to EME was
found. In a second group of experiments we followed
the binding of ANS as a function of the absolute
amount of DNS attached to EME. As shown in table 1,
the affinity and number of ANS binding sites do not
change up to a ratio of 60 umoles of DNS per g of

Table 2
Variation of the polarization of fluorescence (p) of DNS bound to EME with membrane environment.

Reconstitution experiment:

0.2 M sucrose 1.5 M sucrose

Native EME 0.240 £0.003 0.240 £0.003
EME proteins 0.250 0.277
Reconstituted EME
(1) After separation of lipids and proteins 0.24 +£0.01 0.23 *0.01
(2) Without separation 0.240 0.240
Crude lipid extract of electric organ 0.137 0.160
EME BSA EME BSA
Effect of detergents:
Native EME 0.240 0.250 0.240 0.301
EME + 1% Triton X-100 0.170 0.252 0.182 0.302
EME + 1% SDS 0.136 0.213 0.156 0.262

Conditions of the reconstitution experiment are described in Methods. In the presence of 90% 2-chloroethanol pH 2.0, the quan-
tum yield of DNS-EME decreases by a factor of ten and p = 0.077. Measurements were carried after extensive dialysis against 0.2 M
sucrose and 5 X 10-3 M glycylglycine pH 7.0. In (1) lipids were separated from the proteins on a LH 20 column; In (2) EME were
dissolved only in 2-chloroethanol pH 2 .0. When the effect of detergents was studied, the compound was added to the suspension
of EME in 0.2 M sucrose pH 7.0 at 22°C. The amounts of DNS bound were: 39 umoles per g of EME protein, 5.5 umoles per g of
crude lipid extract (chloroform-methanol) and 20 umoles per g of BSA. All the measurements were carried out at 22°C.
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Fig. 2. Fluorescence spectra of DNS-EME and of ANS-EME.
a) Emission spectra of DNS-BSA and of DNS-EME in the pre-
sence and in the absence of 0.1% Triton X-100. Spectra
for BSA and DNS-EME where normalized to the same maxi-
mal intensity. 0.2 mg of protein/ml, 40 (resp. 45) umoles of
DNS were bound per g of BSA (resp. EME) protein. Wavelength
of excitation: 350 nm. b) Excitation spectra of ANS-EME:
o—e,2— 22X 10-5 M ANS; o—o, x—x 8 X 10-5 M ANS.
0.2 mg of EME protein/ml. Dots: native EME; triangle and
crosses: EME wese heated at 80°C for 10 min. All measurements
were made at 25°C. The spectra were recorded on a Jobin and
Yvon Spectrofluorometer and normalized to the same number
of quanta using correcting factors computed from the compa-
rison of the observed excitation spectrum of 10-5 M quinine
sulphate in 1 M H2SO4 to its absorption spectrum. Fluores-
cence was observed at 470 nm. Continuous line: absorption
spectrum; absorption and emission spectra are normalized to
the same maximal value at 380 nm. Light absorption due to
scattering by EME (obtained by extrapolation of the absorp-
tion curve recorded at longer wavelengths) was substracted
from the total absorption of the sample. The amounts of ANS
bound per g of EME protein were 0.32 (o), 1.0 (0), 0.67 (&)
and 2.05 umoles (x). The corresponding yields of energy
transfer were 3.9, 12.3, 9.3 and 28.1%.

EME protein. These results suggest that, under our ex-
perimental conditions, ANS and DNS label different
sites on the membrane.

DNS reacts almost exclusively with membrane pro-
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Fig. 3. Effect of temperature on the fluorescence parameters
of various preparations of EME or lipids. The concentration
of EME was 0.2 mg protein/ml, except when tryptophan fluo-
rescence was measured (0.4 mg/ml). When DNS-EME were
used, the amount of DNS covalently bound was 45 umoles/g
of EME protein. The concentration of DNS-BSA was 0.2
mg/ml. In the experiment with “ANS and lipids”’, the lipid
suspension was obtained by sonication of 0.2 mg/ml of a
crude lipid extract of electric organ in a Mullard apparatus for
2 min at 0°C. ANS concentration was 5 X 10-5 M. Fluores-
cence of tryptophan in native EME was measured at 350 nm
with an excitation wavelength of 280 nm. In the experiment
with DNS-EME and Triton X-100, (1) represents an unfrac-
tionated mixture of EME and 0.1% Triton X-100, (2) the
membrane fragments (0.16 mg protein/ml) and (3) the soluble
proteins (0.46 mg/ml) obtained by fractional centrifugation
on sucrose gradient (see Methods).

teins, Could ANS, in contrast, label membrane lipids?
The fact that ANS binds to a suspension of crude
lipids extracted from electric tissue (fig. 3) supports
this hypothesis. However the following observations
dispute this interpretation: 1) p of ANS incorporated
to the lipid suspension is 0.15 at 20°C and corresponds
to a relaxation time of p = 20 nsec which is much
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faster than that of ANS bound to EME; 2) energy
transfer occurs with a high efficiency between the
tryptophans of membrane proteins and ANS (fig. 2).
ANS thus binds in close vicinity with membrane pro-
teins.

We then compared the effects of temperature on
the fluorescence parameters of ANS and DNS bound
to EME. We first confirmed that following the fluo-
rescence parameters of ANS, both with DNS-EME and
EME, a discontinuity in the temperature curve occurs
around 40°C which can be interpreted on the basis of
a structural transition of the membrane. In contrast,
this discontinuity, is absent when p of DNS covalently
bound to EME is measured (fig. 3). This indicates that
DNS is a less sensitive probe than ANS to the thermal
transition of EME. The irreversible thermal transition
was also detected at about 40°C with suspensions of
both crude EME lipids (in the presence of ANS) or in-
tact EME (following tryptophan fluorescence of EME
proteins) (fig. 3). Moreover the energy transfer between
ANS and tryptophans slightly, but significantly, in-
creased in the course of the heat treatment (fig. 2).
The thermal transition of the membrane thus seems to
affect both the lipid and protein components in EME
and their mutual relationships, leaving the properties

026}
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Fig. 4. Effect of tyrocidine on the fluorescence parameters of
DNS-EME and on the light scattering by EME. (Concentration
of EME: 60 ug of protein/m).
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of DNS binding sites unchanged. The apparent con-
tradictory observations that ANS binds in close vicinity
with EME proteins and is an excellent probe for a
thermal transition present with isolated lipids in sus-
pension, might be reconciled if it is assumed that the
ANS binding sites in EME are primarily located in the
areas of contact between lipids and proteins and that
the structure of these hydrophobic areas is altered in
the course of the thermal transition.

3.3. Importance of lipids on the insensitivity of fluo-
rescence polarization to viscosity
In agreement with our findings with ANS, p of
DNS-EME is insensitive to an increase in sucrose con-
centration in the solvent from 0.2to 1.5M [3]. Asa
consequence of the covalent association between DNS
and EME proteins, it is possible to analyse the contri-
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Fig. 5. Effect of Triton X-100 in vivo on the electrical response
of the electroplax to a cholinergic agonist: phenyltrimethyl
ammonium (PTA). Potential and resistance (R/Ro) of the ex-
citable membrane of the isolated electroplax were measured
according to a technique previously described [8, 10]. R re-
presents physiological saline Ringer’s solution. The blockade
of the response to PTA is slowly reversed with time.
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bution of membrane lipids to this effect. Removal of
lipids from EME proteins is not accompanied by a
siginificant change in the value of p but the latter
becomes sensitive to changes in solvent viscosity (table
n

A}.

We were unable to obtain similar information with
lipids extracted from EME since, as mentioned above,
DNS reacts almost exclusively with membrane proteins.
However under the same conditions, DNS reacts slightly
with a total lipid extract (chloroform-methanol) of the
electric organ p of DNS bound to these lipids is low
{(p = 0.137) and sensitive to changes of solvent viscosity.

The insensitivity, of p to n thus seems to be a charac-
teristic of the linid-nrotein comnlex

FULESLAL A LAT AR DAL CUILIPICA.

Reconstitution of membranes structures from their
lipid and protein moieties provided further information
on this point (see Methods). On reassociation no signi-
ficant change of p was observed but solvent insensitivi-
ty reappeared. Solvent insensitivity thus seems to re-
quire the association of lipids and proteins into some

organized membrane structure, One possible interpre-

tation of these results is that DNS bound to its protein
receptor(s) is buried inside the membrane in such a
manner that it does not interact with the solvent during
its motion. The lipids would contribute to a barrier
which separates DNS binding sites on membrane pro-
teins from the solvent.

3.4. Effects of detergents and tyrocidine on the pro-

perties of membrane proteins labelled by DNS

As shown in table 2 exposure of DNS-EME to de-
tergents such as sodium dodecylsulfate (SDS) or Triton
X-100 is followed by a dramatic decrease of p accom-
panied by a slight change in the emission spectrum
(fig. 2). p still varies with temperature according to the
Perrin law but becomes sensitive to changes of solvent
viscosity upon addition of sucrose. However, these
changes are not as large as those expected for a soluble
protein, the sensitivity to solvent being only “partial”.
In order to investigate whether or not this partial sen-
sitization was due to the solubilization of a fraction of
membrane proteins, DNS-EME exposed to Triton
X-100 were layered on top of a sucrose gradient and
centrifuged as indicated in Methods. Under these con-
ditions 60% of the protein remains in the supernatant.
p of DNS bound to these proteins is low (p = 0.091 at
20°C in 0.2 M sucrose) and strongly sensitive to n
(p=0.110in 1.5 M sucrose); in contrast, p of the bot-
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tom fractions is high (p = 0.249) and does not change
with n (fig. 3). From these data, the initial value of p
and its partial sensitivity to solvent in the mixture of
DNS-EME + Triton can be accurately computed. The
decrease of p and its partial sensitization to 7 observed
in the presence of Triton X-100 is thus accounted for
by the solubilization of an important fraction of mem-
brane proteins. These results suggest that the proteins
labelled by DNS have a much slower motion when they
are integrated into a membrane structure than when
they are dispersed in solution.

Tyrocidine (Tyr) has a compietely different effect
on EME; the intensity (If) of fluorescence, the polari-

7af|nn n. and the intencitv of lisht scattering increace
...... 1P, anc ine mniensity of ngnt s¢aiienng mneréase

linearly and in parallel with the concentration of Tyr
up to an end point (fig. 4) which is the same for the
three parameters followed but depends on the con-
centration of membranes. At the end point the ratio
of Tyr to membrane proteins is of about 1.5 and is the
same for EME which has not been coupled to DNS.

A cnmawhat similar affast ic nhearvad with RCA ~nn
LR QUILIWYY LIAEL DLILLIIAL Wilwwt JO UUDVIYVU VWILLIL LJ Vou-

pled with DNS. In both cases, an increase of p is no-
ticed and the effect is reversed by Triton X-100. These
results indicate that 1) as previously suggested [6] Tyr
interacts with membrane proteins in EME and 2) Tyr
tends to decrease the motion of the kinetic element
constituted by DNS bound to its receptor proteins.

In contract with ohearvatione with Tritan Y 100 ar
101 CONUast Wil OoSCIVauiCiis Wiln 1 110l A-i1vuv OF

sodium dodecylsulphate (SDS), Tyr tends to make the
environment of the membrane proteins labelled by
DNS more “rigid”’. These results are in complete agree-
ment with those obtained by different groups of
workers on biological or artificial membranes using
different physical techniques [7] . The observation

thaot e adis Tyusr and Tritan Y 100 hava ~cmanal 4a aof,
uuu_, in VH/U, LYT ana i1iton A-1VUvU nave UPPUBILU <i-

fects on the electrical parameters of the electroplax
membrane is of interest. As previously mentioned [8],
Tyr promotes an irreversible depolarization of the
electroplax membrane accompanied by a decrease of
resistance. On the other hand, exposure of the inner-
vated membrane to Triton X-100 in the concentration
range used in these experiments (half maximum effect:
1/105 v/v both in vitro and in vivo) does not lead to.

a depolarization of the membrane but to a reversible
block of the response to agonists such as carbamyl-
chloline, phenyltrimethyl ammonium or decametho-
nium and even to antibiotics like Tyr (fig. 5). Expo-
sure to Triton X-100 thus tends to stabilize the mem-
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brane in a “polarized” state. In an attempt to correlate
these observations in vivo with those in vitro it can be
suggested that the polarized state is stabilized by agents
which tends to increase the motion of membrane pro-
teins while the depolarized, excited, state is favoured by
compounds which tend to immobilize the membrane
proteins. Thus excitation promoted by physiological
agonists such as acetylcholine might correspond to a
decrease in motion, or immobilization of the cholinergic
receptor(s).

* Note added in proof: Recent studies by Philippe Wahl of the
fluorescence decay of DNS bound to EME indicate that the
intrinsic motion of the proteins labelled by DNS is even much
slower. This observation further strengthens our interpreta-
tion that proteins are strongly immobilized in the membrane
phase.

FEBS LETTERS

March 1970
References

[1] G.Weber, Biochem. J. 51 (1952) 155.
G.Weber and L.Young, J. Biol. Chem. 239 (1964) 1415.
L.Stryer, Science 162 (1968) 526.

[2] J.P.Changeux, M.Gautron, M.Israel and T.R .Podleski,
Compt. Rend. Acad. Sci. Paris 269 (1969) 1788 D.

[3] M.Kasai, J.P.Changeux and L.Monnerie, Biochim, Biophys.
Res. Commun. 36 (1969) 420.

[4] P.Zahler, D.Wallach and E.Liischer, in: Protides of the
biological fluids, Vol. 15 (Elsevier, Amsterdam, 1967)
p. 69.

[S] L.Monnerie and J.Neel, J. Chim. Phys. 61 (1969) 504.

[6] J.P.Changeux, A.Ryter, W.Leuzinger, P.Barrand and T.R.
Podleski, Proc. Natl. Acad. Sci. U.S. 62 (1969) 986.

[7] J.C Metcalfe, P.Seeman and A.S.V.Burgen, Mol. Phar-
macol. 4 (1968) 87.
J.C Metcalfe and A.S.V .Burgen, Nature 220 (1968) 587.

[8] T.R.Podleski and J.P.Changeux, Nature 221 (1969) 541.

[9] H.H.Taussky and E.Shorr, J. Biol. Chem. 202 (1953) 675.

[10] H.B.Higman, T.R Podleski and E.Bartels, Biochim. Bio-

phys. Acta 75 (1963) 187.

19



