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CONFERENCE PROGRAM
‘ Session Titles, Names, and Titles of presentations

WEDNESDAY, OCTOBER 24

Enerqy Transduction

8:30 AM BLUMENFELD: Physics of ATP formation in the energy-transducing
membranes of mitochondria and chloroplasts

9:00 FISHER: The transduction of protein-ligand binding energy into driving

forces for catalytic, mechanical, conformationsl, and
other forms of biological work

9:30 (coffee)
10:00 RUBIN: Conformational dynamics and electron transfer (E¢) in

photosynthetic membrane proteins

10:30 TSONG: Electric energy enforced conformational oscillations of
membrane proteins for energy and signal transductions

11:30 Lunch

Channels

1:00 PM  COLOMBINI: Insights into how electric fields can control the
structure of membrane proteins from studies on the
mitochondrial channel, VDAC

1:30 HUANG: Alamethecin and gramicidin channels

2:00 - (coffee)

2:30 MARSHALL: Helical transitions in peptides as possible gating
mechanisms

3:00 VODYANOY: Alamethecin - a voltage dependent ion channel

3:30 WEBB: Conformational dynamics of a transmembrane channel




THURSDAY, OCTOBER 25

8:30 AM
9:00

9:30

10:00

10:30

11:30

1:00 PM

2:00

3:00

Sensing and Detection
FESENKO: Photo reception and olfaction
KALMIJON: Transduction of nanovolt signals: limits of electric-field
detection

(coffee)

LOEW: Imaging membrane potential on nonexcitable cells

PARSEGIAN: Seventy water molecules: unrecognized actors in the hemoglobin

play

Lunch

Electroporation and Electrofusion
ABIDOR: Cell contact and Electrofusion

CHERNOMORDIK: Electropores in lipid bilayers and cell membranes
CHIZMADZHEV: Mechanism of electrotransfection of animal cells

(coffee)

DIMITROV: Mechanisms of membrane electrofusion and electroporation
SOHEﬁgz What is membrane electrofusion and why do I study it?
ZELENIN: Electrofusion: new approaches, mechanisms, applications and

comparison of DNA electrotransfection with Biolistic
technology




FRIDAY, OCTOBER Z6

8:30 AM

9:00

9:30

10:00

10:30

Charges, Fields, & Membranes

BUDKER: Interaction of neutrally charged liposomes with
polynucleotides in the presence of divalent cations

MCLAUGHLIN: Electrostatics, dimensionality, stoichiometry,
cooperativity and the binding of basic amino acids
in peptides and proteins to acidic phospholipids in

membranes

(coffee)

FOSTER: Dielectrophoresis and levitation of cells: how are they
related and what do they show?

PASTUSHENKO: Theoretical investigation of DNA translocation through
the cell membrane

11:30 Lunch

1:00 PM

1:30

SJODIN: Ion transport across excitable cell membranes studied with
tracers

TEISSIE: Lateral proton conduction along 1ipid monolayers at the
air/water interface




ABIDOR

CELL CONTACTS AND ELECTROFUSION
1.G.ABIDOR
A.N.Frumkin Institute of Electrochemistry of the USSR Academy of Sciences

Moscow
\

It is common accepted that efficiency of cell electrofusion is

higher when cells are preliminary brought in closer contact. On this base
two new approaches in cell electrofusion have been developed. The first
one, fusion of cells on an electroconductive (cellulose) film, is very
effective for spreading cells (e.g. mouse L-cells) that are able to attach
to solid surfaces. The second, more universal, approach is electrofusion
of cells in centrifugated pellets. Specific features of cell contacts and
possible mechanism of electrofusion are discussed. Electric fields are
supposed to initiate fusion process only in areas where plasma membranes
of contacting cells are divided narrow extended gaps.fhese double-membrane
structures have high electric and hydrodynamic 1ater§$\r

applied to such a structure electric field promotes bringing of membranes
in closer contact, bearing concentric pores in the contacting membranes,
bending and pressing edges of pores toward each other. As a result the
pore edges are fused to form the membrane tube connecting both membranes
and cytoplasm. The cell contacts in the form of the double-membrane
structures may also considerable effect on the osmotic behaviour of cell
systems. If, by any reason, there are osmotic flows of water in cells the
pressure between the contacting membranes drops pressing them to each
other. This dynamic osmotic effect can lead to narrowing of the
intracellular contacts in cell pellets and increasing of electrical
resistance of cell pellets after moderate pulse electrotreatment.

esistances..Béing
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BLUMENFELD

Physics of ATP Formation in the Energy-transducing kembranes of
Mitocondria and Chloroplasts ‘

(Theses of presumble report)

1. Isolated ATPases from differeat sources (CP; factor from
chloroplssts of uigher plants, ATPase from Lactobacillus kassey,
myosin ATPase, etc.,) are able to synthesize ATP from ADP and
after jump-like increase of the solution pH value.

2. The obligatory condition of ATP synthesis is in this case
deprotonization of certain acid groups in the enzyme molecule.
This leads to tne appearance of the enzyme conformationally non-

equilibriun state during relaxation of which the energy-accepting
act of tightly bound ATP liberation takes place.

3. New schene of stationary ATP formation in the processes
oxidative phosphorylation in mitochondria and photosynthetic '
paosphorylation in chloroplasts is proposed.

4. Analysis of chemical reactions within small vesicles by
methods of statistical thermodynamics has shown that in such
vesicles mass action law breaks down. This compels us to recon-
sider the thermodynamics of transmembrane particles transfer

in these cases.,

Main topics of interests: physical mechanisms of enzyme

catalysis and intracellular energy transduction.

Background: physical chemistry, quantum chemistry, general
biophysics, ESR spectroscopy.

References
t. L.A.Blumenfeld "Problems of Biological Physics", Springer, 1981
2¢ LeA.Blumenfeld "Physics of Bioenergetic Processes™,Springer,1
3¢ LesA.Blumenfeld, D.S.Burbayev, R.ii.Davydov "Processes of Confo!—
tional Relaxation in Ensyme Catalysis", in: "The Fluctuating Engzyme",
Ed. G.R.Welch, Jonn Wiley & Sons, N.Y. 1386.




BUDKER

INTERACTION OF NEUTRALLY CHARGED LIPOSOMES WITH POLYNUCLEOTIDES IN
THE PRESENCE OF NIVALENT CATIONS

V.G.Budker

Nnvosibirsk Institute of Bioorganic Chemistry, Siberian Division of

the USSR Academy of Sciences, Novosibirsk, USSR

Large wunilamellar liposomes (LUL) composed either of lecithin or
lecithin/cholesterol mixture (7:3, M/M) avidly bind a varietv of
polynucleotides in the presence of divalent cations. The adsorption
results in changes of physico-chemical properties of the polvnucleo-
tides. After the dissociation of the polynucleotide-LUL complexes by
an excess of EDTA, a part of polynucleotide (2-30%) remains irrever-
sibly bound with LUL. This fraction is resistent to DNAse 1 treat-
ment, inaccessible to fluorescent dye ethidium bromide and recovered
bv osmotic or ultrasonic destruction of LUL, which suggests its lo-
cation within the LUL. The polynucleotide up*take is not accompanied
by fusion of LUL or loss of LUL content and is associated with in-
ternalization of LUL membrane. The efficiency of the uptake is de-
pendent on the size and concentration of polynucleotides and LUL,
phase state of LUL membrane, concentration of di- or trivalent ca-
tions in the medium, osmolarity inside the LUL as compared to that
outside the LUL and LUL surface/LUL volume ratio. It can be signifi-
cantly enhanced by applying a short-term electric field to the incu-

bation mixture. A model of the uptake has been proposed which in-

volves the following steps: (i) adsorption of polynucleotide mole-
cules or clusters of the molecules onto LUL surface; (ii) formation
of polynucleotide-containing invaginations in LUL membrane; (iii)

closing up the invaginations and separation of resulting vesicles
inward the LUL. The model gains support from electron microscopic
analysis of DNA-LUL complexes formed in the presence of UO§+-ions,
by which DNA-containing membrane invaginations and vesicles within
the LUL have been revealed. In addition to polynucleotides, small
negatively charged liposomes have been shown to be uptaken into LUL

as well, evidently, by the same mechanism.




CHERNOMORDIK

ELECTROPORES IN LIPID BILAYERS AND CELL MEMBRANES. L.V. Chernomordik, Frumkin

Institute of Electrochemistry, Academy of Sciences o the USSR, Moscow, 117071,
USSR.

The properties of the electropores as well as the pore formation and
evolution regularities for the 1ipid bilayers (planar membranes and 1iposomes)
and for the membranes of cells (mainly erythrocytes) were investigated. The
experimental approaches used in our studies were based on electrical measurements
on the single membranes and on the measurements of permeability for suspensions
of cells and 1iposomes. The mechanism of pore arising, characteristic times and
sizes in pore evolution will be discussed. We shall consider also the role of
cytoskeleton, colloid-osmotic swelling, and electroosmosis that can modify
properties of pores in cell membranes. Role of electropores in fusion and
transfection of cells by electrical treatment l1ooks not too direct and obvious.

The possible mechanisms of the phenomena mentioned will be discussed as well.




CHIZMADZHEV

MECHANISII OF ELECTROTRANSFECTION OF ANIMAL CELLS

Yu. Chizmadzhev, The A.N. Frumkin Institute of
Electrochemistry, Academy of Science of the USSR, 117071,
Moscow, V=71, Leninsky Prospekt 31

We studied the cell line cos 1 and plasmide pCM 110 which
can replicate in these cells. The plasmide containes the
gene lac Z responcible for the expression of B-Gal. We
measured the activity of B-Gal which is proportional to the
efficiency of electrotransfection (transient expression).
Concentration of the cells in PBS (Mg2+, ca?t free) was
107/m1, concentration of the plasmide - 17 4g/ml. We used
electric pulses 4 kV/cm, 100 u#s duration. To elucidate
transport stages we investigated the influence of Ficoll
400 on efficiency of electrotransfection (ET). It was shown
that ET decreases with increase of the viscosity of the
solution. It means that diffusional stage is important.

It is known that inulin inhibit osmotical lysis of the
cells. In our experiments we see no inhibition of ET by
inulin. So, osmotic influx is not important for ET. Than we
had shown that ET depends on time interval t between
electric pulse and introduction of the plasmide in cell
suspension: ET increases with the time of preincubation, at
t > 0, ET is small but # 0. ET increases with T and
decreases under influence of Mg2+. Using DNAase we had
shown that DNA penetrates faster than 0,5 min. Changing
polarity of the pulses we had shown that electrophoretic
stage is important factor. In conclusion some theoretical
estimations of possible mechanisms are considered.

I like to indicate the members of our ET-team:
L. Chernomordik, D. Klenchin, S. Leikin. S. Sukharev.




COLOMBINI

Biophysics of Transmembrane Electric Fields

Participant: Marco Colombini
Labs. of Cell Biology
Department of Zoology
University of Maryland
College Park, MD 20742

Insights Into How Electric Fields Can Control th. Structure of
Membrane Proteins from Studies on the Mitochondrial Channel, VDAC

Electric fields are known to be able to alter the structure
and function of proteins. Some proteins, however, seem to be
finely tuned to respond to changes in the electric field. These
proteins are located within cell membranes where the ultra-thin
nature of the structure converts small electrical potential
differences into very large electric fields. In addition to
their location, these proteins are thought to possess specialized
domains that constitute a voltage sensor. This structure would
have special properties (charge, strong dipole, ability to move
or orient relative to the field, etc.) allowing the protein to
respond to relatively small changes in the electric field.
Although these ideas are fine in principle, what happens in
practice when one examines voltage-dependent proteins?

The VDAC channel [1], located in the outer membrane of
mitochondria, is an ideal protein for gaining insight into the
molecular basis for voltage dependence. This channel is highly
conductive and steeply voltage-dependent but yet is composed of
only a small amount of protein (a dimer of 30 kDa subunits). The
combination of a large pore size (1.5 nm in radius), small amount
of protein, and the requirement to form a wall separating
environments of radically different electrical polarizability
greatly reduces the possible conformations that the protein can
be proposed to take. The availability of primary sequences and
the use of site-directed mutations have provided further
censtraints [1,2]). We now have strong evidence for the molecular
nature of the channel in its open state [3] and mounting evidence
for the nature of the voltage-dependent gating process.

The open state of the channel is thought to be a cylinder
composed of two identical subunits arranged in opposite
directions (see figure). The result is a structure with two-fold
rotational symmetry around an axis in the plane of the membrane
that bisects the protein between the subunits. Each subunit is
composed of one transmembrane a helix and 12 transmembrane
antiparallel B strands. The major lines of evidence in favor of
such a structure [1-3] are: 1) the estimates of pore radius and
length, 2) the presence of two voltage-gating processes, one at
positive and the other at negative electric fields, 3) the
appropriate location of the charged and strongly non-polar amino
acids in the folding pattern, 4) the location of prolines and
other secondary structure breakers at turns in the pattern, and
most importantly 5) the use of site-directed mutations to
localize charged residues to the transmembrane spanning domains
by looking for changes in the ion selectivity of the channel.

The closed state of the channel is proposed to result from
the translocation of a portion of the wall of the channel from a
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transmembrane location to a location on the surface of the .
membrane [1)(see figure). This translocation would result in the
movement of charges through the electric field resulting in the
voltage-dependent energy change responsible for the observed
voltage gating. For simplicity and consistent with current
results, we propose that one subunit responds to positive
potentials and the other to negative potentials. This mechanism
of channel closure is consistent with estimated changes in pore
radius and volume and the large change in channel ion
selectivity. It also accounts for voltage dependence and how the
translocation of a voltage sensor would be coupled to a reduction
in channel conductance. Most importantly, this mechanism is
supported by site-directed mutations both those that influence
and those that do not influence the steepness of the voltage
dependence. In addition, mutations in the portion of the channel
that is proposed to translocate across the membrane have (as
required by the proposed mechanism) twice as great an effect on
the selectivity of the open state as they do on that of the
closed state.

In the membrane channel, VDAC, a discrete voltage sensor
seems to be present but it is not as highly charged as the
structure proposed for the voltage-gated Na™, K", or ca™"
channels. 1In any event, a discrete protein domain seems to be
involved. In the case of VDAC, the linkage between the movement
of the sensor and the reduction in channel conductance is
straight forward.

The nature of the selectivity filter in a large agqueous pore .
can be understood by examining the VDAC channel. The use of
site-directed mutations has allowed us to selectively introduce,
remove, or change the sign of charges on the protein wall forming
the agqueous pore. We have found that the changes thus introduced
resulted in qualitative alterations of ion selectivity as
expected from the change in charge. Quantitatively, the
magnitude of the selectivity alteration did, in general parallel
the magnitude of the charge change with few exceptions. Multiple
changes in charge resulted in a remarkably additive change in ion
selectivity (3].

A third aspect of the work addresses the question of how
predictions of a membrane protein's secondary and tertiary
structure based on its primary structure correspond to reality?
This is a particularly important question for membrane proteins
where less information is available and yet the non-polar nature
of the membrane makes predictions of the folding pattern much
more enticing. Some of the rules developed for soluble proteins
may not apply, at least not in the same way. The simplicity of
the structure of the VDAC channel has allowed us to test the
predictions made based on the primary sequence. With a
conservative predictive approach we obtained agreement between
experiments and most predictions but, not surprisingly, a few
clear disagreements were also encountered.

References: .

1. Colombini, M. 1989. Voltage gating in the mitochondrial
channel, VDAC. Journal of Membrane Biology, 111: 103-111.
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2. Blachly-Dyson, E., Peng, S. Z., Colombini, M. and Forte, M.
1989. Probing the structure of the mitochondrial channel, VDAC,
by site-directed mutagenesis: a progress report. Journal of
Bioenergetics and Biomembranes, 21:471-483.

3. Blachly-Dyson, E., Peng, S. Z., Colombini, M. and Forte, M.

1990. Alteration of the selectivity of the VDAC ion channel by
site-directed mutagenesis: implications for the structure of a

membrane ion channel. Science, 247:1233-1236.
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CORNELL
ELECTRIC FIELD EFFECTS ON MEMBRANE CONFORMATION

*
Peter Osman , Frances Separovic#, Ross SmithTand Bruce Qangll#

#C'SIRO Div. Food Processing, P.O. Boz 52 North Ryde, Sydney, N.S.W. 2113 Australia
*

CSIRO Div. Applied Physics, P.O. Boz 218 West Lindfield, Sydney, N.S.W. 2070 Australia
+Department of Biochemistry, University of Queensland, St Lucia, Qld 4067 Australia

Title Sentence:
The study, by solid state NMR of the effect of electric field on the conformation,

morphology and order of membrane lipids and polypeptides.

Research Interests:

Melittin and gramicidin A facilitate the transport of monovalent cations across lipid
bilayer membranes. The mechanisms whereby conduction is achieved is very different for
the two peptides. Gramicidin A forms end—to—end membrane—spanning #—helical dimers,
stabilised by intramolecular CO..HN hydrogen bonds between peptide planes six residues
apart. This structure results from the backbone sequence of alternating L and D residues
[1]. Melittin is thought to induce ionic conduction through voltage—stimulated insertion
into the membrane creating aggregates that form channels [2]. Many differences exist in the
properties of these two ionophores including: the voltage dependence of their conductance,
the statistics of ion gating, and the effect these compounds have on membrane stability. Of
particular interest to this workshop is the conformational and orientational changes which
underly these differences and which occur upon the application of a potential gradient
across the membrane. The § helix adopted by gramicidin A possesses a very small overall
electrical dipole moment owing to the inherent cancellation of the dipole contributions

from the individual peptides. By contrast the 3!° helix of melittin has a cumulative dipole
moment of order 100D.

The present work builds upon a series of studies by solid—state NMR of the
organisation and order of gramicidin A and of melittin when they are dispersed in lipid
bilayer membranes, aligned on insulating or metal coated glass slides {3,4,5]. Other
compounds studied include, phospholipids [6], glycolipids, ubiquinones [7] and the
interaction of these species within multilamellar lipid membranes [8,9]. To obtain a
quantitative interpretation of the geometry of a specific site it is usually necessary to
synthetically incorporate NMR~visible, carbon—13 or deuterium—2 labels. The membrane
ionophores, gramicidin A and melittin, have been labelled with carbon—13 nuclei at the
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individual peptide carbonyls, providing information on the conformation and order of these
ionophores within the membrane environment. Gramicidin A, was additionally labelled at ‘
the C2 carbons of the indole ring of the tryptophan side chains [10]. This permitted an
estimation of the conformation and order of the ionophore side chains. Also studied has

been the effect on the backbone and sidechain order of changing the membrane thickness

[11], the lipid class, and the ion concentration within the aqueous component of the
phospholipid—gramicidin A dispersions [12].

Our present work is directed towards the study, by NMR, of carbon—13 labelled
sites within melittin incorporated at the peptide carbonyl of both leu—16 and leu—4, and
changes in the orientation and conformation of melittin upon the application of a
trans—membrane electric field. A technique for applying pulsed, charge—balanced potential
gradients to multilamellar liposomes has been developed, based on metal coated stacks of
glass coverslips. Through the appropriate metal patterning of these slides, when stacked
form a series of interdigitated capacitor plates between which the aligned multilamellar
dispersions act as a dielectric. Impedance spectroscopy is employed to follow the
equilibration of the dispersion and the formation of its optimal impedance. The
conductivity of the ion channels is also characterised by standard BLM and patch clamp
techniques.

The effects of electric fields on lipid bilayer dispersions reported by Stulen [13], have
been repeated and identified as arising from cooperative, morphological changes in the lipid
assembly rather than from significant intramolecular conformational changes. Theoretical
estimates of the energy of interaction between the electric fields and the dipole moments
which exist within the lipid molecules indicate that intramolecular conformational effects
would not be apparent until the potential differences are well in excess of the membrane
breakdown voltage.

Two approaches will be discussed at the workshop: (a) measurements of the effect of
electric fields on the peptides gramicidin A and melittin via observations of the lipid and
(b) via direct observation of labelled ionophores.

References:

1. Cornell B.A. 1987. Gramicidin A—phospholipid model systems: a minireview. J.
Bioenergetics and Biomembranes 19: 655-676.

2. Kempf C., Klausner R.D., Weinstein J.N., Renswoude J.V., Pincus M. and Blumenthal
R. 1982. The Journal of Biological Chemistry 257: 2469—2476.

3. Smith R. and Cornell B.A. 1986. Dynamics of the intrinsic membrane polypeptide
gramicidin A in phospholipid bilayers. Biophysics J. 49: 118—121.
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4. Smith R., Thomas D.E., Separovic F., Atkins A. R. and Cornell B.A. 1989.
Determination of the structure of a membrane—incorporated ion channel. Biophysics J.
56: 307-314.

5. Cornell B.A., Separovic F., Baldassi A.J. and Smith R. 1989. Conformation and
orientation of gramicidin A in oriented lipid bilayers measured by solid—state carbon—13
NMR. Biophys. J. 53: 67—76.

6. Braach—Maksvytis V.L.B. and Cornell B.A. 1988. Chemical shift anisotropies obtained
from aligned egg yolk phosphatidylcholine by solid—state C—13 nuclear magnetic
resonance. Biophysics J. 533: 839—843.

7. Cornell B.A., Keniry M.A., Post A., Robertson R.N., Weir L.E. and Westerman P.W.
1987. Location and activity of ubiquinone 10 and ubiquinone analogues in model and
biological membranes. Biochemistry 26: 7702—-7707.

8. Cornell B.A. and Keniry M. 1983. The effect of cholesterol and gramicidin A' on the
carbony!l groups of dimyristoylphosphatidylcholine dispersions. Biochimica et Biophysica
Acta: 732. 705-710.

9. Cornell B.A., Weir L.E., and Separovic F. 1988. The effect of gramicidin A on
phospholipid bilayers. Fur. Biophys J. 16: 113-119.

10. Cornell B.A., Separovic F. and Smith R. 1988. Side chain and backbone conformation
of gramicidin A in lipid bilayer membranes. " Transport Through Membranes: Carriers
Channels and Pumps", A. Pullman, J. Jortner and B. Pullman (eds), Kluwer Academic
Publishers, Dordrecht, 289—295.

11. Cornell B.A., Separovic F., Thomas D.E., Atkins A.R. and Smith R.S. 1989. Effect of
acyl chain length on the structure and motion of gramicidin A. Biochimica et Biophysica
Acta, 985: 229-232.

12. Smith R.S., Thomas D.E., Atkins A.R., Separovic F. and Cornell B.A. 1990. Solid
—state C—13 NMR studies of the effects ofsodium ions on the gramicidin A ion channel.
Biochimica et Biophysica Acta, in press.

13. Stulen G. 1981. Electric field effects on lipid membrane structure. Biochimica et
Biophysica Acta, 640: 621—627.




DIMITROV
MECHANISMS OF MEMBRANE ELECTROFUSION AND ELECTROPORATION:
Dimiter S. Dimitrov+ and Arthur E. Sowers
American Red Cross, Holland Laboratory/Cell Biology .

15601 Crabbs Branch Way
Rockville, Md 20855

ABSTRACT: Fusion requires membrane contact and destabilization. Electric fields
were used to achieve both because: i) they can be precisely and easily
controlled, ii) they are very fast, iii) the close membrane apposition can be
reversible and iv) the membrane-membrane contact, the fusogen and the chemistry
of the medium can be manipulated relatively independently of one another. To
understand mechanisms of membrane fusion we investigated i) destabilization of
membranes by high voltage pulses - membrane electroporation monitored by the
transfer of the water soluble FITC-dextran, ii) approach and contact of Dil-
labeled membranes induced by AC fields and iii) kinetics of fusion of Dil-labeled
with unlabeled membranes, recorded by low light level video microscopy.

The main results are:
I. Electroporation

1. There is no delay in the transfer of the labeled dye from the
cytoplasmic compartment of the erythrocyte ghosts (time resolution 17 ms - one
video frame). Formation of large pores (radius larger than 2.3 nm) is fast.

2. Electroosmosis is the dominant mechanism of molecular exchange
in electroporation of erythrocyte ghosts. The hydrodynamic flows through the
pores are very fast - rates of the order of 1 m/s.

3. Bending of membranes around pores can be induced by inertial
forces due to hydrodynamic flows after the pulse. Formation of such microfunnel
membrane structures with heights of the order of 10 nm was recently confirmed
by electron microscopy of membranes frozen within 3 ms after the pulse (Chang
and Reese, Biophys. J. (1989) 55: 136a).

I1. Membrane approach by dielectrophoresis

1. There is time delay to get membranes at contact by electric fields
due mainly to the viscous resistance of the liquid layer between the membranes.

2. The delay increases with the increase of the medium viscosity and
decrease of the electric field strength.

3. The force of intermembrane attraction strongly increases with
increasing the field strength and decreasing the membrane separation.

4. The membranes bend at close apposition. The membrane bending
increases the time delay.

III. Membrane electrofusion

1. Reproducible delays between the application of a pulse and first
detection of fluorescence in the unlabeled adjacent membranes were found.

2. The delay decreases with an increase of the field strength,
decrease of the medium viscosity and decrease of the intermembrane separation.

3. The delay in electrofusion resembles the delay in fusion of
vesicular stomatitus viruses with red blood cells (Blumenthal et al. (1989)
Conclusion The delay may reflect a long-lived intermediate state in
electrofusion. It can be partly due to the mutual approach of membranes to reach
molecular contact and/or relatively slow molecular rearrangements leading to
membrane merging after the pulse and formation of intermembrane channels or more
complicated fusion complexes, where the membrane bending can be important.

]
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PHOTOTRANSDUCTION IN VERTEBRATES: REGULATION OF CATIONIC CONDUCTANCE
IN PLASMA MEMBRANE OF ROD OUTER SEGMENTS BY c¢cGMP AND TRANSDUCIN
PREPARATION. E. Fesenko, Institute of Biological Physics, USSR Academy of Sciences.
Pushchino, Moscow Region, 142292, USSR.

The Main Results in Sensory Reception
In_Photoreception:

Confirmation of the mediator role of ¢cGMP in vertebrate phototransduction by patch-
clamp method. It was shown that cGMP directly (without phosphorylation of protein substrates)
regulates the cationic conductance of the plasma membrane.

The ¢cGMP-sensitive channel possesses the smallest (0.1 pS) unitary conductance of any
channel vet studied. According to this fact, the plasma membrane of rod outer segments contains
a great number of open channels. This may explain the low level of noise of the photoreceptor
cell. The matter is that the relative value of noise is equal to 1/ N, where N - the number of
open channels. The ¢cGMP-activated conductance may be completely and reversibly suppressed
by transducin preparation, obviously, at the expense of direct inhibition of the open channel by
transducin. The anti-idiotypic antibodies for the channels have been obtained. These antibodies
modulate the ¢cGMP sensitive conductance and could be used to isolate the channel and study the
properties.

The new fast conformational rearrangement in rhodopsin was found. This led to
demasking the retinal-opsin NC-bond. This "demasking" re-arrangement was isochromic. not
associated with known rhodopsin conformational transitions and, judging by its time characteristics
(time constant 0.1s at physiological temperatures), it may be of a functional importance; for
example, it may play a key role in switching off the light-induced state of rhodopsin, activating
transducin. (along with the process initiated by 48 kDa protein).

In Olfaction:

The >pec1f:c membrane glycoproteins (molecular mass 140 kDa) with high affinity for
odorants (K = 10719 - 10°°M) were isolated from olfactory epithelium of different animals (frog,
rat, carp an(? scate). They consisted of two subunits (88 - 98 kDa and 55 kDa). The 88 - 98 kDa
subunit has a binding to odorants. Antibodies to these glycoproteins inhibited both the
electroolfactogram and the binding of odorants showing them to be receptor molecules. The 55
kDa subunit possesses GTP-ase activity, which may be regulated by the 99 kDa subunit bound
to a ligand.
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THE TRANSDUCTION OF PROTEIN-LIGAND BINDING ENERGY INTO DRIVING FORCES FOR
CATALYTIC, MECHANICAL, CONFORMATIONAL, AND OTHER FORMS OF BIOLOGICAL WORK

Harvey F. Fisher and Narinder Singh, U. of Kansas Med. Cent., VA Med. Cent.,
4801 Linwood Blvd., Kansas City, MO 64128, (816) 861-4700 X3455.

The idea that enzyme-ligand binding energy can somehow be converted
into a catalytic driving force, originally suggested by Pauling (1), is
now widely accepted. Elegant theories based on this idea have been developed,
but they are not subject to experimental testing (2). Lumry (3) has suggested
a mechanism for such energy transduction in which ligand-induced changes
in protein free energy are arranged to be complementary to the corresponding
features for the chemical reaction coordinate (Fig. 1). We have found
a specific enthalpic signal which permits us to track a ligand-induced,
highly energetic protein macrostate transition in pyridine nucleotide dehydrogenases
which appear to fulfill Lumry's criterion of complementarity.

The High Enthalpy, Ligand Induced Transitions. The phenomenon are described
in detail in reference 4, and are summarized here: 1. All of the many
binary and ternary complexes of glutamate dehydrognease (GDH) are characterized
by the presence of a two-state transition whose AH is invariably 22,000
cal.mol"l, but whose T® values (which are AG° functions vary widely among
the various enzyme forms, as shown in Fig. 2A. 2. The distinctive shape
of the temperature dependence of the enthalpy from such two state-transitions
as seen in Fig. 2A, permits the assignment of the changes in AG® of the
enzyme molecule itself induced by the various ligands (coenzymes, substrates,
modifiers, HY, etc.) as shown in Fig. 2B. 3. A set of such protein-component
AG°'s obtained for the various enzyme complexes that occur along the reaction
path provides us for the first time with the opportunity to actually isolate
the heretofore hypothetical component shown as the dashed line in Fig. 1.

Energy Transduction Machinery in Enzyme Reactions. It is easily shown
that the occurrence of such ligand induced two-state transitions does increase
the AG®° of the protein at the expense of some of the AG®° of binding of
the ligand. This does not, however, constitute storage in any real sense
and is not in itself sufficient to constutute an energy transduction machine.
The minimal requirements for such a machine are: 1. an energy input step,
2. a transmission step (or steps), 3. a power stroke, 4. a return step.

A Proposed Transduction Model for the Energetics of the GDH Reaction.
A machine of the sort we propose has two essential features. If each of
the enzyme forms along the reaction pathway has the particular "T," necessary
at that point in the sequence, then that series of interconversions between
their high and low enthalpy forms can constitute the linked four-step machine
necessary for the transduction of binding energy into catalytic driving
force. A second necessary feature of this machine is the blockage of such
interconversions by high energy barriers at certain critical points in
the sequence, and the absence of such barriers at other critical points.

The Glutamate Dehydrogenase (GDH) Catalyzed Reaction Viewed as an Energy
Transduction Machine. We have found evidence that the complexes of GDH
do indeed have these necessary properties. The behavior of the system
is shown in Fig. 3. The AG® values and degree of displacement of the E <>E'
equilibrium for the various complexes were obtained by calorimetric and
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free energy measurements as described in reference (4). The operation

of this reaction viewed as a machine appears to proceed as follows: A.

Energy input step. The binding of R (NADPH) to the enzyme raises the free '
energy of the protein by about 5 kcal.mol~l at the expense of a correspondingly
weakened binding of the coenzyme. B. Transmission step. The binding

of K (a-ketoglutarate) to the high energy ER form releases only a part

of the energy induced in the system. This partial release accomplishes

two functions: it provides a kinetic force to drive the overall reaction

at the necessary speed and it tightens the binding of K at the expense

of R--a local energy transduction feature. C. Power stroke. The addition

of N (NH3) to ERK initiates the actual chemistry of the reaction, releasing

most of the remainder of the original energy input and thereby drives the
catalytic step. D. Return step. The energy of the protein in the enzyme
product complex is only slightly higher than that of the free enzyme itself,
satisfying the necessary condition here. Thus, the system appears to demonstrate
binding energy transduction.

The Nature of the E<E' transition. We have found that the transition
itself in this particular system is driven by complex set of proton ionizations
(5), involves substantial changes in protein structure, (as shown by large
changes in the denaturation properties of the various complexes, and is
subject to allosteric control by anion binding site (6). Kodama (7) has
observed a very similar temperature-dependent binding enthalpy in the myosin
ATPase system and has proposed a model very similar to ours for that well
known energy transduction system. Privalov (8) has found such predenaturational
enthalpic phenomena to be a widespread feature among proteins. There is
no reason why the machinery described here (to the extent that it exists
at all) should be limited to driving catalysis. It would appear to be
applicable to any biological energy transduction process. One such application .
that can be imagined is the transduction of specific ion binding energy
to drive the physical deformation of proteins comprising ion transport
channels in membranes.
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Figure 1. The Lumry "free-energy complementarity" concept. The dashed line represents the level
of ligand binding energy stored in the protein molecules itself.

Figure 2. Thermodynamic parameters for a ligsnd-induced two stats protein transition. A. Temperature
dependnece of Hopgqrved fOr thebinding of NADPH to glutamace dehydrogenase. XXXX's ars experimental
pointe. The line correspondes to eq. (11) of ref. (4). Arrows indicate values of T, (the temperaturs
at vhich AG® » 0 for an E<«*E' transition) for the enzyme-ligand complex and for the fres enzyme
respectively. B. The dependence of AH® and AG® of the protein component alone (observed at 25°C) om
the T° value for that form.

Figure 3. The liver glutamace dehydrogenase reasction as a 1i transduction machine.
The dashed band corresponds to the relative AG™ of the protein component only, corresponding to the dashed
line of Fig. 1. Values of AG® and IR'/(E+E') have been calculated from experimental dats cited in ref. 4.
The values for the reactive ROC and EOC' complexes have been calculated from the properties of the
corresponding D-glutamate complexes. E snd E' represnet the lowv and high enthalpy states of the various
enzyme forms. R is NADPH; K is a-ketoglutarates; N in ammonia, O is NADP; G is glutamats.
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ABSTRACT

The initial step in the electrofusion process is the field-induced .
aggregation of cells into pearl chains. This effect arises from the
mechanical force exerted on the cell by the applied electric field, but is
difficult to analyze rigorously. I review two other kinds of field-induced
forces on cells: a linear force acting on a cell located in an inhomogeneous
field, and a torque exerted on a cell located in a circularly polarized
electric field. Both forces can be described theoretically in terms of a
single complex quantity, u*, which is the induced dipole moment of the cell.
A simple theoretical analysis relates these two different forces and shows
their relation to the dielectric properties of the cell. The study of field-
induced forces can provide important information about electrical properties
of cells in suspension.

INTRODUCTION

The initial step in electroporation is the formation of linear
aggregates ("pearl chains") of cells using an electric field. The pearl
chains are created by the mechanical force exerted on the cells by the field.
This phenomena is difficult to analyze, in part be.ause of the complicated
field pattern that exists in a concentratea suspension of cells; extensive
experimental studies on the effect have been reported by Schwan and
colleagues.

I describe two different field-induced forces on cells: linear forces
acting on a cell that is located in an inhomogeneous field, and torque exerted
on a cell located in a circularly polarized electric field. Both of these
effects have been used to study the electrical properties of cells and other ‘
small particles [1] [2] [3] [4]. 1 present a simple analysis that
shows the close relationship between these two electromechanical effects and
the underlying dielectric properties of the cell.

THEORETICAL BACKGROUND

Consider a particle of dielectric properties (¢, and o,) suspended in a
medium of properties (¢, and 0.). The complex permittivity efand conductivity
g are:

o+ = 0 + jwe (1)

€x =€ - jo/w (2)

(Complex quantities are denoted by *). The dielectric properties of the
suspension (e,, o,) are approximately given by the Maxwell mixture theory:
if the dielectric properties of the suspended and continuous phases are (e,
og,) and (€., 0,):

ux = (e+p, - €x,)  (or, - 0%,) %)
(o, 383 27 2er, Ca i 3700 &
(o*, + 20%,) - (e*, + 2e*,) =P .
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where p is the volume fraction of the suspension and u* is the Clausius-

Mossotti ratio. Solving Eqs. 3 and 4 to obtain the dielectric properties of
the suspension:

9po.2 . 20« (1 - p) 9pq.p1{1 - p)

%% G e 2 +8)  owg2 +p) s0e(1-p))(2 - p)? ()
In the limit of small p, this reduces to
ox, = O*,(1+3pux) . (6)
DIELECTROPHORESIS AND TORQUE
The force F on an uncharged dielectric particle in an inhomogeneous
electric field is:
F = 2ne,r*V(E?) Re(ux) (7)
where
Re(us) = wlle, - €,) (€, + 2€,) + {0, - 0,) (g, + 20, (8)

wi(e, + 2¢,)% + (0, + 20,)?

This force arises from the interaction between the field and the induced
dipole moment of the particle, and is directed towards regions of higher or
lower field intensity (positive or negative dielectrophoresis) depending on
the sign of the numerator of Eq. (8).

The torque on the particle is given by the cross product of the field
vector with the induced dipole moment. In rotation experiments the applied
field is circularly polarized, and u* rotates at the same circular frequency
as the field but with a phase lag. In that case the torque is [5]:

T = 4ne,rE*Im(ux) (9)

where

3w(e. o, - €0.)
Im(u*) - = sz m-p > (10)
w?(2€, + €)% + (20, + 0y)

The torque can either be in the same or opposite sense as the rotation of
electric field vector (cofield or counterfield torque) depending on the sign
of the numerator in Eq. (10).
Both the force and torque are frequency-dependent. A partial fraction
expansion of u* gives
A

ur = (s + w,) . B “b

with s = j w. This has a simple pole at the frequency -w. where
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(€,0, - €,0,)

A .

€,-€,

B = —— -
2e, + €, (13)
wa = - (204, + 0,)/(2€n + €;).

The real and imaginary parts of u#* are

w

Re(ux) =A—"___ + B (14)
w2 + W)

Im(d) = 29 _ (15)
w? + 0l

Thus, the force (Re(u*)) increases (or decreases) monotonically with frequency
with a breakpoint at w,. The torque (Im(u*)) has a broad peak (which may be
positive or negative) at w,, and then falls off linearly with frequency. This
dispersion (the so-called Maxwell -Wagner dispersion) is observable in the buli-
dielectric properties, and arises from the charging of interfaces in the

suspension. .
Now consider a particle whose dielectric properties are characterized by
a single time constant 7’ (relaxation frequency w' = 1/7'). Thus,

o
o, =0+ (0, -0 ) —39° 16
p ° 1+ jot’ (16)

Expanding u* by partial fractions yields:

*
u = c + D -1 (17)
S + W, S + W, 2

In this case the force and torque exhibit two dispersions. The force is
described by two monotonic segments with midpoints at w, and w,; the torque
has maxima (or minima) at w, and w,. Expressions for the amplitudes C and D
and poles -w, and -w,; are algebraically complicated and omitted here.

An interesting case is when r’ >> r., This applies, for example, to
dielectric relaxation in cells, which typically show relaxation time constants
in the microsecond range [6] [7]. By expanding C, D, w, and w; to first
order in w' we find:

/
C = _3wlo,(0. - 0,) (18)
(o, + 20,)2
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Jw/o (o, - o kY,
D= m( d °) + hod (19)
(0. + 20,)2 4e,

w'(20, + 0,)

W, = 20
1 o + 20, (20)
o, + 20 / -
W, = —= n, @(0.- 0, (21)
2€, g, + 20,

One term in this expansion corresponds to the Maxwell-Wagner dispersion of the
suspension; the other to the dielectric dispersion of the particles.

This analysis can be extended to more complicated systems. Dielectric
relaxation of any system can be described as a superposition of first-order
processes [8]. Thus, u* can be expanded into a sum of first order terms.

The number of terms (hence the number of relaxations in u*) exceeds by one the
sum of the number of relaxations in each phase.

This analysis allows a simple comparison of the dielectrophoretic and
rotation spectra. Each consists of a superposition of first-order processes
with peaks (in torque) or midpoints (in force) at frequencies w,, w,... (the
poles of u*). The strength parameters A,B,C,... are either positive or nega-
tive depending on the dielectric properties of the particle vs. the medium.

Membrane covered spheres This result can be readily applied to the case

of a membrane-covered sphere, used to model a biological cell. From the
Maxwell mixture theory, the effective conductance o. of the cell is obtained
from [6]}

oc - o.. = (R =~ d)3 01 - om (22)
Og * 20-0. q? Oy + 20-..

where g, and 0.. are the complex conductivities of the interior of the sphere
and membrane, and d and R are the thickness of the membrane and radius of the
sphere. For a thin membrane (d << R)n this reduces to

Gyg + zou%
g, = + Se.
e do, i (23)
1 +
Ra-n-

Neglecting the permittivity of the cytoplasm, i.e.
Im(oy) = 0
and defining the membrane capacitance and conductance:
Ca = €,d
Ga = gn/d
leads to the result
1 1 1

_— R — 24
g; R(G, + sC,) (24)
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This can be written in the form of Eq. 16 with

1+RG,/0; g, ‘

o =1/t = = 1 25
C.R/0; C,R (25)

o] = = RGy = RG 26
b,o c,0 l"'RGm/Ol m ( )
Ope=0..=0; (27)

€ = €; (28)

Inserting this into Eqs. 18-2] gives

w/(20,+G,R) _ w/(20,)
g;+20, 0;+20,

w, = (29)

g,+20, . o 0;-RG,

w, =
2 .
€;+2€, 0,+20,

(30)

c- 3w'e,(0; - RG,) 31y
(0; + 20,)2

- 3 6% ~ &On  , 0,0/ (0; - RG,)
(2e, + €,)? (g; + 20,)?2

(32)

Of the above equations, Eqs. 30 and 32 depend mostly on the dielectric
properties of the medium and cytoplasm; the terms containing w’ (i.e. the
membrane properties) are small and probably negligible. In contrast, Eqs. 29
and 31 strongly depend on the membrane properties. Both the levitation and
rotation spectra are thus very sensitive indicators of the electrical
properties of the cell, particularly the membrane capacitance. They offer
complementary approaches for studying the electrical properties of cells.
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ALAMETHICIN AND GRAMICIDIN CHANNELS

Huey W. Huang, Physics Department, Rice University, Houston, TX 77251
[Phone (713) 527 4899; FAX (713) 527 9033; E-mail HUANG@physics.rice.edu]

I would like to discuss in molecular detail two examples of electric field interacting with
membrane via ion channels. First on the voltage gating mechanism of the alamethicin channel.
Second on x-ray diffraction on the gramicidin channel in membrane.

Alamethicin Channel

Alamethicin, an antibiotic produced by the fungus Trichoderma viride, is a linear
icosapeptide which spontaneously inserts into black lipid membranes and the membranes of some
living cells producing a voltage-dependent ion conductance (Mueller and Rudin, 1968). The
peptide forms an amphiphilic helix in crystals, with its polar residues lying along a strip parallel to
the axis (Fox and Richards, 1982). In membrane-associated states, perhaps 60-70% of

alamethicin residues are in the a-helical form. Presumably the alamethicin channel is a pore
formed by an aggregate of such partial helices, similar to the pores in channel proteins. Thus it is
of interest to study alamethicin as a simple model of voltage-gated ion channels. Its change of state
with voltage may also illuminate the nature of protein-lipid interactions in general.

The assumption that alamethicin monomers form a water-filled conducting pore like the
staves of a barrel is supported by most kinetic data of ion conductions (Latorre and Alvarez, 1981).
However the conducting state represents only the end state of a voltage-dependent process. In
order to understand the voltage-gating mechanism, one also needs to know the initial state, and the
intermediate states, if any. Conduction experiments provided no clues for the non-conduction
state, either about the location of the molecule (relative to the membrane) or its configuration.
Given its molecular structure, four plausible states have been suggested for alamethicin in the
absence of an electric field, i.e., dispersed in the aqueous solution, bound parallel to the lipid-water

interface, incorporated in the bilayer, or partly incorporated in the bilayer (presumably the a-helical
part) and the rest either projecting into the solution or bound to the interface. In each of these
states, the peptide may be either monomers or aggregates. Thus there are many alternative
theoretical pathways that alamethicin might take in response to an applied electric field, and each
may satisfy the voltage dependence of the measured macroscopic conductance. In the last ten
years, numerous spectroscopic and other methods have been used to study the non-conducting
state, including Raman spectroscopy (Lis et al., 1976; Banerjee et al., 1985; Knoll, 1986), 'H, 2H
and 3P nuclear magnetic resonance studies (Banerjee et al., 1983; Banerjee et al., 1985), infrared
attenuated total reflection spectroscopy (Fringeli and Fringeli, 1979), alamethicin-phospholipid
cross-linking studies (Latorre et al., 1981), titration and stopped-flow analyses using circular
dichroism (CD) and fluorescence to monitor the alamethicin-lipid interactions (Schwarz et al.,
1986; Schwarz et al., 1987; Rizzo et al., 1987); capacitance studies (Vodyanoy et al., 1988), and
studies of synthetic analogues (Vodyanoy et al., 1982; Hall et al., 1984; Menestrina et al., 1986).
The results have led to many different conclusions. In particular, there are conflicting conclusions
as to whether, in the absence of a transmembrane electric field, alamethicin partitions into the
apolar region of a lipid bilayer or adsorbs to the lipid-water interface. Lis et al (1976), Banerjee et
al. (1983), Banerjee et al. (1985) and Vodyanoy et al (1988) found evidence for interfacial
interactions. But Fringeli and Fringeli (1979), Latorre et al. (1981), Knoll (1986), Schwarz et
al.(1986), Schwarz et al. (1987) and Rizzo et al. (1987) concluded that alamethicin inserts into
bilayers.
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Here I report the discovery of a new phenomenon of alamethicin-membrane interactions.
We discovered a phase transition between a state in which all alamethicin molecules bind parallel to
the membrane surface and a state in which all alamethicin molecules insert perpendicularly into the
membrane, as a function of lipid/peptide ratio and of the chemical potential of water. The state of
alamethicin was monitored by the newly developed method of oriented circular dichroism (OCD;
Wu et al., 1990) using aligned multilayer samples in the liquid crystalline L, (smectic A) phase (no
lipid phase transitions are involved). If the lipid/peptide ratio exceeds a critical value, all
alamethicin molecules are on the membrane surface. If the lipid/peptide ratio is below the critical
value, all alamethicin molecules are incorporated in the membrane when the degree of hydration is
high; when the degree of hydration is low, alamethicin is again on the membrane surface. The fact
that all alamethicin molecules are sensitive to the chemical potential of water indicates that
alamethicin incorporated in membrane is associated with water, probably all in the water-filled
barrel-stave forms. In a typical conduction experiment, alamethicin molecules are partitioned
between the aqueous phase and the lipid phase; in the lipid phase, the lipid/peptide ratio is such that
alamethicin is on the membrane surface in the absence of a field. As I will show, when an electric
field is applied, it is those surface peptides (rather than those in the aqueous phase) which will
probabilistically turn into the membrane to form channels. This model is in agreement with most
ion conduction data. The confusion and contradiction reported in the literature are due to the lack
of information on the dependence of the state of alamethicin on the lipid/peptide ratio and on the
type of lipid.

The phase transition can also be understood. Since this is a macroscopic cooperative
phenomenon, there must be long-range interactions between peptide molecules in membrane. We
believe that an alamethicin channel fits into a bilayer by matching its (exterior) hydrophobic and
hydrophilic regions with those of the surrounding lipids; and this fitting causes some distortion of
the peptide-free equilibrium configuration of the bilayer. The range of such a distortion can indeed
be long (many nanometers; see Huang, 1986); and within that range, the fitting of another channel
into the bilayer is facilitated. Such membrane-mediated intermolecular interactions between protein
molecules have been discussed before (Marcelja, 1976; Schréder, 1977; Owicki and
McConnell,1979), in particular by Pearson et al. (1984) who used a general (or nonspecific) free
energy for membrane deviated from equilibrium, and by Huang (1986) who used the elastic free
energy for membrane deformation. I will present a model to qualitatively explain the phase
diagram of the phase transition mentioned above (Huang, 1975)

Gramicidin Channel

Gramicidin, a linear pentadecapeptide, is by far the most extensively studied membrane-
active peptide which forms a transmembrane ion channel. It is now generally accepted that the

gramicidin channel is a cylindrical pore formed by two monomers, each a single-stranded (36-3
helix and hydrogen-bonded head-to-head at their N-termini (Urry, 1985; Arseniev et al., 1985).
The pore selectively facilitates the diffusion of monovalent cations across bilayer membranes, but
does not transmit anion aid divalent cations (Hladky & Haydon, 1984). There are extensive
kinetic data describing the effect on the channel conductivities of a great number of variables
including amino acid variation, membrane variation, ion valence variation, cation variation, etc.
(Hladky & Haydon, 1984; Andersen, 1984; Andersen et al.; 1987, Koeppe & Andersen, 1987).
The relatively simple structure and the wealth of experimental data on its ion conductions make
gramicidin an ideal model system for the study of the principles governing ion transport across
lipid membranes. In particular, many molecular dynamics computations and simulations have been
performed in an attempt to understand the detailed properties of the channel, such as the free
energy profiles of ions, the hydrogen bonding pattern of water, the ion and water motions, etc.
(Mackay, et al., 1984; Pullman, 1987; Roux and Karplus (1988); Jordan, 1988; Chiu et al.,
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1989). Unfortunately, the lack of molecular data for comparison makes it difficult to evaluate these
theoretical and computational results. One of the desirable molecular data is the location of the ion
binding sites, which, we believe, is the key to the ion selectivity.

I will report the first x-ray diffraction on gramicidin in its membrane-active form by using
uniformly aligned multilayer samples of membranes containing gramicidin and ions (T1*, K+,
Ba++, Mg*+ or without ions). From the difference electron density profiles, we found a pair of

symmetrically located ion binding sites for TI* at 9.640.3A and for Ba*+ at 13.040.2A from the
midpoint of the gramicidin channel.

Gramicidin in the same conformation as defined by CD has been examined for its helical
sense. It was first determined to be left-handed by 13C NMR chemical shift measurements (Urry
et al., 1979; Urry, 1985), but a more recent 2-D 1H-NMR study determined it to be right-handed
(Arseniev et al., 1985; see also Comell ez al., 1988 and Nicholson & Cross, 1989). In either case,
it is quite natural to suggest that the ion binding site is on the first turn of the helix from the mouth
(Hladky & Haydon, 1984, Jordan, 1988). At the mouth of the channel, the last six carbonyls (D-
Leu-10 to L-Trp-15) are hydrogen-bonded only to one neighbor; three unbonded carbonyl oxygens
(Leu-10, 12, 14 in the case of a right-handed helix, Trp-11,13,15 in the case of a left-handed) are
pointing toward the outside of the channel, as is the hydroxyl group of the ethanol amine tail. The
surprising finding of our experiment is that the TI* binding site, at 9.64£0.3 A from the channel
mgidpoint, is either near the bottom of or below the first turn of the helix (Koeppe & Kimura,
1984).

On the other hand, Ba** ions, at 13.0+0.2 A from the channel midpoint, apparently bind to
the channel near the ends. This location is consistent with the experimental observation that
divalent cations do not permeate but block the channel (Bamberg and Liuger, 1977). Thus we
suggest that the separation between two opposite Bat+ binding sites, i.e., 26.010.4 A, is a good
measure for the length of the gramicidin channel. The molecular basis for the selectivity against
divalent cations is probably straightforward. The gramicidin channel is a pore of 4 A in diameter
separated from the a hydrophobic dielectric medium only by a single layer of polypeptide
backbone. A cation entering the channel must overcome its dehydration energy (Pullman, 1987)
and encounters an image potential (Parsegian, 1969). Both the dehydration energy and the image
potential are greater for divalent cations than for monovalent cations.
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TRANSDUCTION OF NANOVOLT SIGNALS: LIMITS OF ELECTRIC-FIELD DETECTION

Life scientists of diverse backgrounds gathered in La Jolla, California,
for three days in November 1989 to discuss the extreme electrical senmsitivity
of marine sharks, skates, and rays. The meetings were held at the Scripps
Institution of Oceanography under the auspices of the Office of Naval Research,
Igor Vodyanoy, Scientific Officer, Ad. J. Kalmijn, Convener.

After reviewing the results of earlier studies on the electric sense at
the animal and system levels, the participants discussed the basic process of
signal transduction in terms of voltage-sensitive ionic channels. Struck by the
small charge displacements needed for excitation, they strongly recommended that
sensory biologists, physiologists, and biophysicists join in a concerted effort
to initiate new research on the ionic mechanisms of electric-field detection.
To obtain detailed information on the electroreceptive membrane and its ionic
channels, high~resolution recording techniques will be mandatory.

Marine elasmobranch fishes detect dc and low-frequency electric fields as
weak as 5 nV/cm. The animals rely on their acute electric sense when homing in
on the common bioelectric fields of prey, in orienting to the electric fields
of ocean currents, and, perhaps, even in sensing their magnetic compass headings
by detecting the fields they themselves induce when moving through the earth’s
magnetic field (Refs. 3, 4). Other, e.g., electrochemical and electrokinetic,
fields may provide significant sensory cues as well.

The oceans” electric fields indeed present a wealth of sensory information.
Nevertheless, as a group, apparently only the elasmobranch fishes have developed
the sensory apparatus -- consisting of the ampullae of Lorenzini -- necessary to
take full advantage of this sensory modality in the marine habitat. Scattered
families of freshwater fishes either detect envirommental electric fields that
are about two orders of magnitude stronger, or they operate at higher frequen-
cies in response to discharges of specialized electric organs.

The high electrical semsitivity of elasmobranch fishes is dictated by the
low strengths, in terms of voltage gradients, of the signals in the oceans. The
limits of electric-field detection ocre set by the noise per bandwidth of the
sensory system and, ultimately, by the quantal nature of the ionic charge
carriers. It is still uncertain, however, whether the transduction process is
based on a refinement of familiar ion-channel kinetics, or whether the system
functions in a different, more sophisticated manner.

The ampullae of Llorenzini are located in the head region. Each ampulla
(Fig. 1) connects to the seawater by a jelly-filled canal, up to several centi-
meters in length, leading to a small pore in the skin. Important sources of
noise are the receptor cells in the ampulla proper and the jelly of the ampulla-~
ry canal. The thermal noise of the canal is coherent with regard to the recep-
tor cells; the physiological noise of the individual receptor cells, however, is
incoherent and may be reduced effectively by peripheral and central averaging.
The noise of the many ampullary organs naturally is incoherent as well.

In addition to signal averaging, the animals may follow several strategies
of active bandwidth reduction to enhance the relevant electrical signals and to
suppress environmental and system noise. Sharks may need the full dc to 8 Hz
system bandwidth to detect the steep, transient signals when approaching prey.
In orientation, however, the signals resulting from the animals” swaying mode
of locomotion through electric and magnetic fields are periodic. Since they
are under direct control of the recipient animal, these signals lend themselves
excellently to bandwidth reduction by coherent detection.




KALMIJN

Moreover, the animals need not analyze the incoming signals in full detail
to suppress noise but may focus on the salient stimulus features expected on the
basis of former experience. In predation, for instance, the apparent rotation
of the electric field with respect to the body axes during the early stages of
the approach may offer less noisy semsory cues for guiding the animals to their
targets than the weak intensity gradients of the source fields, although the
intensity gradients may become more conspicuous and useful close to the source.

Notwithstanding the several strategies of noise suppression, it remains to
be explained how the receptor-cell membrane detects threshold signals of 50 nVv
or less, calculated for envirommental fields of 5 nV/cm known to elicit meaning-
ful behavioral responses in small stingrays having their ampullary pores maxi-
mally 10 cm apart. Theoretically, a 50-nV threshold stimulus in the form of a
step function yields a threshold current through the 8 um2 apical membrane of
each receptor cell (Fig. 2) of an estimated 12 electron charges per second.

The number of electromic charges needed to excite the receptor cells give
direct hints as to the kinds and numbers of ionic channels involved (Ref. 2).
At most two ionic channels per cell per second can be opened if each channel
requires transmembrane ‘r nsport of 6 gating charges, or four channels for 3
gating charges, etc. The channels that open must give rise to further depolar-
ization of the apica’ membrane, perhaps in cooperation with the basal membrane
of the receptor cell by positive feedback (Ref. 1). Since the ampullary nerve
fibers are spontaneously active, no absolute threshold exists unless the system
is limited by the quantal nature of the ionic charges.

The highest electrical sensitivity known in the Animal Kingdom demands full
attention in its own right. Most excitable cells apparently operate at voltage
levels sufficiently far from the limits of electric~field detection to be rela-
tively insusceptible to the effects of noise and interference; conversely, other
excitable cells may respond to lower electric-field levels than has been thought
possible. Hence, man-made fields may be relatively harmless to most, but not to
all cells, tissues, and organs of the human body.

The electroreceptive membranes also provide a unique opportunity for com-
paring the ionic mechanism of the animals versus the electronic mechanism of
solid-state devices that have been adapted to detecting oceanic electric fields
by use of ionic/electronic electrode interfaces. Operating near or, perhaps,
at the limits of electric~field detection, marine sharks, skates, and rays set
the Navy a real-life example of how to detect underwater objects at short range
by sensing and appropriately processing their electric fields.

At the meetings, Charles S. Cox described the oceans” electric fields.
Ad. J. Kalmijn, Carl D. Hopkins, and Harold H. Zakon reviewed the electric sense
at the animal and system levels. Michael V. L. Bennett and William T. Clusin
detailed the physiology of the receptor epithelia and sensory cells. Harvey M.
Fishman and James C. Weaver discussed the electrical properties of excitable
membranes. Maurice S. Montal and William F. Gilly considered the kinds of ionic
channels likely to be involved. Leon J. Brunner and Charles N. Rafferty took an
active part in the ensuing discussions. Robert Newburgh and Igor Vodyanoy out-
lined Navy needs. David W. Adelson served as the workshop secretary.

Ad. J. Kalmijn, Scripps Institution of Oceanography, La Jolla, CA 92093
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Legends

Figure 1. Ampulla of Lorenzini. Ampullary canal (cut), sensory lobules of
ampulla proper, and afferent nerve fibers. The walls of the lobules constitute
the single-layered semsory epithelia, see Fig. 2. (After Waltman, Ref. 5.)

Figure 2. Sensory epithelium with pear-shaped receptor cells (clear) lodged
between supporting cells (shaded). Each receptor cell has a true kimocilium
(kc) protruding from the apical membrane into the ampullary jelly. The apical
contacts between cells of the sensory epithelium feature tight junctioms (tj).
Afferent nerves form synapses (sa) at the basal membranes of the receptor cells.
Sensory transduction takes place at the small apical membrames. The function
of the kinocilium is unknown. (After Waltman, Ref. 5.)

Fig.1 Fig.2
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IMAGING MEMBRANE POTENTIAL ON NONEXCITABLE CELLS

Leslie M. Loew
Department of Physiology
University of Connecticut Health Center

Farmington, CT 06032, USA.

INTRODUCTION

This laboratory has recently developed 2 sets of potentiometric indicators which have been shown to be
capable of reporting membrane potential in single cells (Gross et al., 1986; Ehrenberg et al., 1987; Ehrenberg et al.,
1988; Gross and Loew, 1989). The structures and a summary of the properties of examples of each are depicted in the
attached data sheets. This paper outlines several new imaging approaches which extend the utility of these dyes.
Specifically, we will show that dual wavelength ratiometric measurements can be applied to the fast membrane staining
dyes (Montana et al., 1989), and that simultaneous monitoring of plasma and mitochondrial membrane potentials is
possible with the slow redistribution dyes via feature extraction and confocal microscopy (Farkas et al., 1989).

SIMULTANEOUS MEASUREMENT OF PLASMA AND MITOCHONDRIAL MEMBRANE POTENTIAL.

We have tested a series of highly fluorescent cationic redistribution dyes which have low membrane
affinities and do not aggregate (Ehrenberg et al., 1988). Their distribution across the plasma membrane is governed
primarily by the Nernst equation. Since the conditions of low self-association and low background binding to cellular
components are met, the total fluorescence of cell suspensions containing these dyes is not sensitive to changes in
membrane potential; however, after correction for a small amount of non-potential dependent binding, the ratio of the
fluorescence intensity inside to that outside any particular cell corresponds to the Nemstian distribution of dye
concentration, thus allowing determination of the membrane potential.

TMRE is one of the best behaved of these dyes in that it is rapidly and reversibly taken up by cells. It is, therefore,
more suitable for dynamic and in situ quantitative measurements than the excellent mitochondrial stain rhodamine 123,
which is a close structural analog. In a typical experiment, a digital video microscope is used to acquire a time series of
fluorescence images of cells plated onto a coverslip in the presence of 0.1 uM TMRE. The coverslip is placed on a
microscope flow chamber so that the solutions bathing the cells can be easily exchanged. In this way, reagents which
may perturb the permeabilty of the membrane or the metabolic activity of the mitochondria may be introduced and their
effect on the dye distribution monitored. The more punctate regions of fluorescence within each cell are associated with
the mitochondria. If only the plasma membrane permeability is affected, the mitochondrial fluorescence drops
concertedly with that of the cytosol, as would be expected for a dye in a dynamic equilibrium between compartments
held at differing electrical potentials, but the punctate pattern is maintained. This indicates that the plasma membrane
potential is dropping, but the mitochondrial potential is being conserved. If both the plasma and mitochondrial
membranes are permeabilized, fluorescence is lost from the entire cell. If a mitochondrial uncoupler is introduced, the
contrast between the cytosolic and mitochondrial fluorescence is lost.

These cases can be analyzed and the kinetics estimated via digital image processing. Before any changes
take place, an image of the cell is segmented according to the different intensity ranges corresponding to the
mitochondrial and cytosolic regions. Thus, 2 templates are produced which can be used to analyze intensity variations
within thes regions in all subseguent images. Image sets and analyses representing all of these situations are included i
a recent paper from our laboratory (Farkas et al., 1989). Oue example, in which the cell is treated with the uncoupler
FCCP, is analyzed in Figure 1. As dye spills out of the mitochondria, there is actually a transient increase in cytosolic
fluorescence. The punctate fluorescence characteristic of polarized mitochondria disappears and the cell becomes
uniformly bright. Intensities from these regions are differentiated by the creation of binary templates from one of the
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pre-FCCP images. These templates are produced interactively by setting high and low thresholds that highlight the
respective regions within the cell. A single pair of templates is used to analyze fluorescence in all the images. Figure 1
also illustrates the equilibration time for accumulation of the dye - in these cells t, ,, = 30s.

Digital video imaging with a standard fluorescence microscope is suitable for following changes in membrane I
potential and differentially analyzing the effects of a membrane active agent on the plasma and mitochondrial
membranes. It cannot, however, quantitate the potential difference across either of these membranes. This is because the
conventional light microscope produces images with rather broad depths of field. Thus, the intensity measured from the
cytosol contains contributions from fluorescence emanating from outside the cell. This problem can be overcome by
using a microscope photometer with small pinholes at the conjugate image planes where the field and measuring
diaphragms are normally situated (Ehrenberg et al., 1988), but these are purely intensity measurements with no spatial
information content. The confocal microscope solves the depth of field problem by producing an image of a thin optical
slice of a cell. We can use this feature of a confocal microscope to determine the potential difference across the inner
mitochondrial membrane as well as the plasma membrane. The images produced show very distinct mitochondrial
fluorescence even in rounded cells and the digitized fluorescence intensities from these regions can be analyzed (Farkas
et al. 1989) In one such measurement, the ratio of intensities from the mitochondria, cytosol and extracellular medium r
are 4700:22:1, respectively. For a cell depolarized via a high K' medium and valinomycin, the contrast is significantly
lower and the corresponding intensity ratios are 15:3:1. These latter values can be used as correction factors for non-
potential dependent binding (see Ehrenberg et al., 1988 for a description of this analysis) leading to potentials in the
untreated cell of -150 mV and -52 mV for the mitochondrial and plasma membranes, respectively, relative to an
extracellular ground. The plasma membrane potential is in good agreement with previous reports (Ehrenberg et al.,

1988, and references cited therein), but the measurement of mitochondrial membrane potential from individual

mitochondna inside a living cell is clearly unprecedentd. We feel, however, that the estimate should be considered a

lower [imit since not even confocal imaging may be able to extract fluorescence exclusively from a volume as small as

the mitochondrion. We hope to be able to apply 3-D deconvolution algorithms to these data to further refine the '
intensity measrements. The major experimental problem, however, is the high laser intensities required in the current
generation of laser scanning confocal microscopes. The resulting photobleaching and photodynamic damage limits not

only our ability to obtain a full series of optical slices, but also precludes the substitution of confocal for conventional
microscopy in the acquisition of time sequences.

DUAL WAVELENGTH RATIOMETRIC MEASUREMENT OF MEMBRANE POTENTIAL

We have developed a series of fast potentiometric dyes that undergo a small spectral shift in response to
voltage changes across a lipid bilayer membrane (Fluhler, et al., 1985) via a putative electrochromic mechanism (Loew,
et al., 1978; Loew, et al., 1979). Among the best of these dyes is di-4-ANEPPS, with a spectral shift large enough to
produce a 10%/100mV fluorescence change at the optimal combination of excitation and emission wavelengths. Since
the dye fluorescence is extremely sensitive to environment (e.g. binding to membrane causes a 100 fold increase in
fluorescence quantum yield) the emission intensity can never directly measure membrane potential and has been used
primarily to monitor potential transients; i.e. the scope of its usefulness is similar to that of other fast dyes. But the
spectral shift has never been fully exploited.

We have recently shown (Montana et al., 1989) that a dual wavelength ratiometric scheme, similar to that developed
for cation measurements (Grynkiewicz et al., 1985; Tsien and Poenie, 1986; Rink et al., 1982), can be applied to
membrane potential measurements with fast membrane staining dyes like di-4-ANEPPS. It simply takes advantage ot
the spectral shift associated with the dye’s sensitivity to voltage. Excitation is alternated between the blue and red wings
of the absorption band and the fluorescence resulting from one wavelength divided by the fluorescence excited by the
other. This ratio is linearly related to membrane potential for both macroscopic preparations, such as lipid vesicles in a
fluorometer cuvette, or microscopic preparations, such as single cells attached to a cover slip (Montana et al., 1989).

Results of an experiment which incorporates microscope imaging are shown in Figure 2. In this experiment, Hela ‘
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cells on a glass coverslip are subjected to a uniform externally applied electric field. For a round cell, this induces a
membrane potential which varies along the surface according to the cosine between the field direction and the
membrane normal; thus, one hemisphere of the cell is hyperpolarized and the other is depolarized (see Gross et al.,
1986, for details). This is a rather uncommon technique for producing a well controiled potential but is actually quite
convenient in that it operates on all the cells in the sample and nicely highlights the ability of the dye to measure
variations in potential along the cell surface. A series of images was obtained at different external field strengths with
blue and green excitation for 4 round or nearly round cells. Intensities from the 2 excitation wavelengths were
integrated over a small patch of membrane at the poles of the cells and the corresponding ratios plotted against the |
membrane potential in Figure 2. The data is fit to a straight line via linear regression analysis. The slope i1s 0.09 ratio
units / 100 mV and the fit has a correlation coefficient of 0.99.

CONCLUSION

We have presented a brief overview of some new approaches toward combining improved potential-sensitive dyes
with emerging microscope imaging technologies. The templating technique uncovers distinct patterns of fluorescence
changes corresponding to how membrane-active agents affect the mitochondrial and plasma membrane potentials. Laser
scannung confocal images offer the possibility of quantitating the membrane potential in individual mitochondria in a
living cell. Dual wavelength ratiometric measurements of fast membrane staining dyes can map out the vanations in
potential along the surface of a cell. These approaches open new experimental possibilities for monitoring membrane
potential at the microscopic level in non-excitable cells - measurements which have very rarely been previously
attempted.

A major limitation that remains for application to neuronal systems, is that the temporal resolution of the apparatus
is still too low to permit monitoring of events as fast as action potentials. For some experimental objectives this
limitation can be ignored and video technology can serve beautifully (Kauer, 1988). In most case, however, the
photodiode array, pioneered by L. B. Cohen, offers an acceptable compromise by sacrificing spatial resolution to attain
fast data acquisition times.
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Figure 1. Fluorescence changes following treatment of TMRE-stained
J774 cells with FCCP. At time 0, 0.1 uM TMRE is introduced and
allowed to equilibrate with the cells. At 13 min 0.1 uM FCCP is
introduced. Notice - mitochondrial fluorescence eventually merges
with that of the cytosol.
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Figure 2. Ratios of intensities from excitation at 450 and 530 nm vs.
membrane potential calculated from a solution to Laplace's equation
for a spherical dielectric shell in a conducting medium. Data
obtained from individual HeLa cells stained with di-4-ANEPPS at
several applied field strengths. (reprinted from Montana et al.,

1989)
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Key to Potentiometric Probe Database

NAME - Name used most commonly in the Loew lab. JPW dyes were synthesized by Joe Wuskell. Most of the ASP and
ANEP dyes were originally synthesized by Dov Bimbaum.

OTHER NAMES - Alternate names, especially those given by other labs. RH dyes were originally synthesized by Rena
Hildesheim in Amiram Grinvald's Lab. RGA dyes were synthesized by Ravinder Gupta in Alan Waggoner's lab.
WW dyes were originally synthesized by C.-H. Wang in the Waggoner lab. NK are commercially available from
Nippon Kankoh Shikiso Kenkyusho Co., Ltd.

DESCRIPTION - The general chemical classification of the dye based on the molecular structure of the chromophore.

MW - Molecular weight.

CLASS - Fast < ms ; slow 2 s.

ABS PBS - Absorption maximum in aqueous solution, am.

ABS ETOH - Abs max in ethanol.

ABS MEM - Abs max of dye in the presence of liposomes.

EM PBS - Emission maximum of an aqueous dye solution.

EM ETOH - Em max of dye in ethanol.

EM MEM - Em max of dye in the presence of liposomes.

FL INTENSITY - Weak: quantum yield < 0.00S; strong > 0.1.

REL TR/100 mV - Fractional change in transmitted light for a 100 mV voltage pulse across a spherical lipid bilayer
membrane.

BEST ABS - Wavelength at which the transmitted light response is greatest on the spherical bilayer.
REL FL/100 mV - Fractional fluorescence change for a 100 mV potential pulse across a spherical lipid bilayer membrane.

BEST EX-EM - Excitation and emission wavelength combination with the best fluorescence change in the voltage clamped
spherical bilayer.

FL S/N SQ - Signal to noise for the fluorescence change with a 50 mV voltage pulse across a dye-stained squid giant axon.
ABS S/N SQ - Signal to noise ratio for the transmitted light change of a dye-stained voltage clamped squid axon.
4

AVAILABILITY - Quantity currently on hand.

COMMENTS - Usage, solubility, staining procedures, etc.
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HELICAL TRANSITIONS IN PEPTIDES AS POSSIBLE GATING MECHANISMS

Garland R. Marshall,* Denise D. Beusen, John D. Clark and Edward E.
Hodgkin. Center for Molecular Design, Washington University, St. Louis, MO
63110 USA

The primary interest in peptaibol antibiotics, such as alamethicin, is
related to their ability to induce voltage-dependent conductance changes
in artificial bilayer membranes. The presence of a,a-dialkyl amino acids,
such as a-methylalanine (MeA, aminoisobutyric acid, Aib), in these
microbial natural products argues strongly for a special role related to
function. One aspect is the conformational restrictions imposed by these
amino acids. Despite the variety of conformations theoretically available to
a,x-dialkyl amino acids, the impact of multiple substitutions of these
amino acids on the overall conformation of a peptide is dramatic forcing of
an o- or 31p-helical conformation in most cases. The crystal structure of
alamethicin, which contains eight MeA residues out of twenty, is
predominantly a-helical, with NMR data supporting a similar solution
conformation in methanol. According to our studies, those factors which
govern helical preference include the inherent relative stability of the «-
helix compared with the 31¢-helix, the extra hydrogen bond seen with 3g-
helices, and the enhanced electrostatic dipolar interaction of the 3j¢-helix
when packed in a crystalline lattice. The balance of these forces, when
combined with the steric requirements of the amino acid sidechains,
determines the relative stability of the two helical conformations under a
given set of experimental conditions.

Transitions between the two helical forms may be responsible, in
part, for the sensitivity to voltage seen with pores formed by peptaibol
antibiotics, such as alamethicin. One motivation to consider the 3j¢-helix is
the activity of emerimicin on bilayers. Its length of 15 residues is
insufficent to span the dielectric thickness of the membrane in the «-

helical conformation (15 x 1.5 A per residue = 22.5 A), while the 3¢-
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helical conformation (15 x 2.0 A per residue = 30 A) is sufficient. In
natural ion channels, a bundle of four amphipathic «-helices has been‘
suggested as a plausible structure for the pore-forming element of voltage-
gated channels. Transition between the a- and 31¢9-helix would change the
relative orientation of sidechains at the channel interface, increasing the
opposition of Lys and Arg sidechains which occurs at every third residues,
and increase the diameter of the pore by electrostatic repulsion. This
helical transition with the associated increase in length per residue of 0.5
A should also be considered as a possible transduction mechanism for
transmembrane signaling in receptors which have a single transmembrane
segment such as the insulin receptor.

In order to evaluate the feasibility of the 3j¢-helix having a
significant role in biological systems, we have determined the relative
stability of model systems containing multiple o,c-dialkyl amino acids in
the two helical conformations and determined the transitional energetics
through molecular dynamics simulations. The energy differences between
the a-helix and the 3ig-helix for decamers of MeA is the same order of
magnitude as an additional hydrogen bond. The energetic transition.
barrier between the two helices is quite low suggesting that environmental
effects, such as solvation, the external electric field and ligand binding,
could trigger a conformational transition. While the presence of multiple
MeA's decreases the energy difference between the a-helix and the 3;g-
helix in peptaibol antibiotics and restrict the overall conformations to
helical, similar transitions in membrane proteins could be responsible for
transduction as the energy differences between helical types with normal
amino acids are well within the range of environmental modulation.
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Electrostatics, dimensionality, stoichiometry, cooperativity and the binding of basic amino
acids in peptides and proteins to acidic phospholipids in membranes. Stuart McLaughlin,
Jiyun Kim, and Marian Mosior. Dept. of Physiology & Biophysics, HSC, SUNY, Stony
Brook, NY 11794. FAX 516-444-3432.

Phospholipid bilayers and monolayers have been used to test the Gouy-Chapman
theory of the diffuse double layer. This theory predicts how the potential in the aqueous
phase at the surface of a bilayer membrane depends on the surface charge density and
monovalent salt concentration. Several different experimental techniques demonstrate the
Gouy-Chapman theory, as modified by Stern to include ion adsorption, describes adequately
the dependence of surface potential on charge density and salt concentration. The Gouy-
Chapman theory also predicts how the potential should fall with distance from the surface:
we have examined experimentally the profile of the potential. The theory assumes the
charges on the surface acre uniformly smeared over the interface; we examined
experimentally the discreteness-of-charge effect on the adsorption of ions to charged bilayer
membranes.

We are interested in the binding of small basic peptides to phospholipid bilayer
membranes for two reasons. First, many intrinsic membrane proteins have clusters of basic
residues on their cytoplasmic surfaces. Glycophorin provides a well studied example; 4 of
the first 6 cytoplasmic residues after the single transmembrane region are positively charged
In a recent review Von Heijne (1990) concluded that "there is a strong correlation between
the transmembrane topology of integral membrane proteins of all classes and the
distribution of positively charged residues around the hydrophobic transmembrane regions.”
Furthermore, experiments from several different laboratories suggest that these clusters of
positive charges play a major functional role and that "the difference in the charges of the 15
residues flanking the first internal signal-anchor determines its orientation, with the more
positive portion facing the cytosol” (Hartmann et al., 1989). The mechanisms by which these
clusters of positive residues help determine the orientation of the transmembrane proteins is
not known. However, Hartmann et al. (1989) suggest that these positive residues might
sense the local electric potential produced by negatively charged phospholipids, which are
preferentially located on the cytoplasmic surface of the membrane. Thus we would like to
know how regions of proteins containing clusters of positive charges distribute themselves in
the electrostatic diffuse double layer adjacent to the membrane (McLaughlin, 1989) and how
tightly these positive charges bind to the negative lipids. Second, we are interested in the
binding of basic peptides to membranes because a number of cytoplasmic proteins bind to
the negative lipid phosphatidylserine (PS) in both biological membranes and phospholipid
bilayers. Protein kinase C is an important example (Nishizuka, 1988; Kikkawa et al., 1989;
Parker et al., 1989). I will discuss the possibility that when the cluster of 5 basic residues on
the putative psuedosubstrate site of PKC moves away from the § contiguous acidic residues
on the putative substrate binding site, the basic residues can bind to acidic lipids on the
cytoplasmic surface of the plasma membrane.

We measured the binding of Lys,, Arg, (n = 1-5) and a peptide identical to the
pseudosubstrate region of PKC to phospholipid bilayer and monolayers. To investigate how
the binding energies depend on the proximity of the lysine residues, we measured the
binding of peptides with 5 lysine residues but with 1 or 2 alanine residues between each of
the lysines. We studied the binding by making microelectrophoresis measurements on
multilamellar vesicles, fluorescence measurements with the probe 2-(p-1
toluidinyl)naphthalene-6-sulfonate (TNS) on unilamellar vesicles, surface potential
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measurements with an ionizing electrode positioned above a monolayer, and equilibrium
dialysis measurements with large unilamellar vesicles. ‘
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Carnie, S., and S. McLaughlin. 1983. Large divalent cations and electrostatic potentials
adjacent to membranes. Biophys. J. 44:325-332,

Carnie, S. L., and G. M. Torrie. 1984. The statistical mechanics of the electrical double
layer. Adv. Chem. Phys. 56:41-253.

Langner, M., D. Cafiso, S. Marcelja, and S. McLaughlin. 1990. Electrostatics of
phosphoinositide bilayer membranes: Theoretical and experimental results.
Biophys. J. 57:335-349.

McLaughlin, S. 1977. Electrostatic potentials at membrane-solution interfaces. Curr. Top.
Membr. Transp. 9:71-144,

McLaughlin, S. 1989. The electrostatic properties of membranes. Annu. Rev. Biophys.
Biophys. Chem. 18:113-136

Sharp, K., and Honig, B. 1990. Electrostatic interactions in macromolecules: theory and
applications. Annu. Rev. Biophys. Biophys. Chem. 19:301-332.

Reviews of the calcium/phospholipid second messenger system

Kikkawa, U., A. Kishimoto, and Y. Nishizuka. 1989. The protein kinase C family:
heterogeneity and its implications. Annu. Rev. Biochem. 58:31-44.
Nishizuka, Y. 1988. The molecular heterogeneity of protein kinase C and its implications
for cellular regulation. Nature (London). 334:661-665.
Nishizuka, Y. 1989. Studies and prospectives of the protein kinase C family for cell .
regulation. Cancer. 63:1892-1903.
Parker, P. J., G. Kour, R. M. Marais, F. Mitchell, C. Pears, D. Schaap, S. Stabel, and C.
Webster. 1989. Protein kinase C -- a family affair. Molecular and Cellular
Endocrinology. 65:1-11.

Clusters of basic residues on transmembrane proteins determine orientation

Hartmann, E., T. A. Rapoport, and H. F. Lodish. 1989. Predicting the orientation of
eukaryotic membrane-spanning regions. Proc. Natl. Acad. Sci. USA. 86:5786-5790.
von Heijne, G. 1990. The signal peptide. J. Membrane Biol. 115:195-201.

Stoichiometry, cooperativity, dimensionality, Hill coefficients

Adam, G., and M. Delbriick. 1968. Reduction of dimensionality in biological diffusion
processes. In Structural Chemistry & Molecular Biology. A. Rich and N. Davidson,
editors. W.H. Freeman & Co., San Francisco. 198-215.

Berg, H. C. 1983. Random Walks in Biology. Princeton University press.

Berg, H. C,, and E. M. Purcell. 1977. Physics of chemoreception. Biophys. J. 20:193-219.

Cantor, C. R, and P. R. Schimmel. 1980. Biophysical Chemistry. W. H. Freeman and Co.,
San Francisco. (see Chapter 15)

Reynolds, J. A. 1979. Interaction of a divalent antibody with cell surface antigens.
Biochemistry. 18:264-269.




PARSEGIAN

SEVENTY WATER MOLECULES: UNRECOGNIZED ACTORS IN THE HEMOGLOBIN PLAY
Marcio F. Colombo, Donald Rau, Adrian Parsegian, NIADDK, WNational
Institutes of Health, Bethesda, Maryland 20892, USA

The ability of proteins to perform the functions necessary for

cellular vitality depends critically on an ability to regulate

conformational states. Different structural states of biological
macromolecules vary greatly in functional efficiency. Regulation of
blological activity is frequently accomplished through the control of
the equilibrium between these states. Several kinds of conformational
transitlions can occur, from small displacements of amino acid tilt,
to large changes in configuration or polymerization state of subunits.
Intrinsic to these conformational changes are changes 1in the
organization of water associated with the proteins, reflecting changes
in accessible solvent surface area and in protein-bounded cavity
volume. There exist effectors that are capable of regulating the
equilibrium between these structural states. Despite water being the
most abundant molecule in the cell and despite the water content of
proﬁeins being subject to change accompanyng conformational changes,
little attention is given to its role as a regulator of biologically
active conformations.

Results from this laboratory have previously shown that the
equilibrium between open/closed channels 1is sensitive to water
activity, or osmotlic pre=ssure. These results are most easily viewed as
the osmotlc work done to change the water volume of the protein
bounded channel from open to <closed state. Martin Blank has
convincingly argued that there is a parallel between channel gating
conformational changes and those that govern the oxygen loading of
hemoglobin. The logic guiding these arguments is based on the Gibbs
adsorption isotherm and the Gibbs/Duhem equation to connect the free
energy of different conformational states with the adsorption of
several llgands.

In this work, we show how a change in the water activity of the
solution wlll alter the equilibrium between two protein conformations
of hemoglobin with two different water accessible surface areas.

Recall that hemoglobin 1s a tetrameric macromolecule that binds

oxygen reversibly and cooperatively. Its cooperativity results from




PARSEGIAN

differences in 02 affinity brtween two allosteric conformers. The MCW

model, based on this, with a T conformer with low affinity for 02 and

R high one, provide a theoretical framework to describe the ‘
oxygenation of Hb. X-Ray diffraction studies of Hb have shown two

distinct structures between deoxygenated (T) and oxygenated (R) states

of this protein. Moreover, the oxygen binding properties of Hb are

affected by the binding of several non oxygen ligands at non-oxygen

binding sites, 1like 2,3-DPG, H+. Cl- and COZ’ which trigger
heterotropic interactions responsible for the physiological control of

the protein activity.

The oxygenation of normal Hb, stripped of inorganic phosphates
and ions, had been Investigated measuring the partial oxygen
saturation as a function of oxygen pressure, in buffered solutions
with different water actlivities. To control water activity, we have
used several different and chemical distinct molecules, sucrose,
stachyose, polyethylene-giycol 150, ©polyethylene-glycol 400 and
glycerol. In solutions with different concentrations of these solutes,
we observed that the affinity of Hb decreases with the rising of
solutes concentrations, i.e, with the decreasing of water activity in
the range studied, up to the osmotlic pressure corresponding to about
50 atmospheres. .

The data obtained have been analyzed via on the Gibbs-Duhem
equation, assuming no interaction between cosolvent and Hb. Since we
assume that the only two chemical components interacting with the

proteln are oxygen and water molecules this equation ls expressed as,
Nay duoz +n, duw =0 (1)

where Noo and n, are the number of oxygen and water, respectively,
bound to the Hb and Hoo and M, the chemical potential of oxygen and
water. By cross differentiation we obtain

(Gn02 / auw)“ = ( 6nw / 6u02 ) (2)

02 Hy

This relates the change in the oxygen saturation of Hb with the
change in the water activity at constant oxygen pressure to the change ‘
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in the number of bound waters to the protein with the charge in "ne
oxygen activity at constant water activity.

The left term of equation (2) was obtalned plotting the partial
oxygen saturatlon at one oxygen pressure as a function of water
activity. Doing this procedure for the whole oxygen loading curve, we
could integrate these quantities as a functlon of the oxygen pressure
to get the numbers of waters which 1s bound in excess to the Hb when
it change its conformation from the deoxy to the fully oxygenated
state.

Consistently, we found that aproximately 70 water molecules bound
to Hb upon going from deoxy to oxy form. This number ls independent of
the nature of the solute used, showing that the assumption of no
interaction between cosolvent and protein is correct. Therefore, the
effect of water activity on the oxygen affinity can be rationalized
only considering the linkage between oxygen binding with the change in
the protein hydration that follow the structural transition from T
(deoxy) to R (oxy) structure upon oxygenation.

These results show that i{s possible to determine the number the
water molecules linked with conformational transitions of native
proteins by following the effect of water activity on the functional
properties of these proteins and point out the possibility of using
osmotic experiments to test models of protein activity in which

changes in the conformatlion are assumed to occur.
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THEORETICAL INVESTIGATION OF DNA TRANSLOCATION THROUGH THE CELL
MEMBRANE
V.Ph.Pastushenko
The A.N.Frumkin Institute of Electrochemistry of the USSR
Academy of Sciences, Moscow V-71, Leninsky prospekt 31.

Like in electroporation and electrofusior nZ cells EF plays
essential role in translocation of DNA through the cell membrane
in electrotransformation experiments. Several questions are
important for theoretical elucidation of the mechanism of DNA
translocation: 1) how many molecules penetrate into the cell
during electric pulse; 2) do the DNA molecules penetrate through
membrane pores freely due to electrophoresis or essential
interaction between the molecules and the cell membrane takes
place; 3) is the interaction between DNA and membrane strong
enough to cause the 1inorease of pore size or membrane
invagiration? To answer these questions one should know 1) the
permeabilized state of the cell membrane, i.e. size and
distribution of pores at cell poles; 2) the distribution of EF
around the cell permeabilized by strong pulse of EF; 3) the
behaviour of DNA approaching the pore; 4) the forces exerted on
the cell membrane due to its interaction with DNA moleoculs.

Assuming that the membrane conductivity at cell poles is
known we find theoretically the EF distribution inside and
around the cell. The volume of reaction zone (region from which
the molecules reach the permeabilized portion of the membrane
during EP pulse) can be directly caloulated basing on this
distribution and neglecting dependence of electrophoretioc
mobility on DNA conformation and orientation. Multiplied by DNA
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concentration this volume enables the upper estimation of the
number of molecules penetrating into the ocell during one E”
pulse.

The molecular orientation is favored by inhomogeneity of EF
which increases the probability that the molecule enters the
pore normally to the membrane surface and penetrates into the
cell electrophoretically. The force of interaction between the
molecule - free to move electrophoretically through the pore and
pore walls is estimated; this force deoreases exponentially with
inorease of the pore radius, oharacteristic length is the Debye

- Huckel radius. The force increases essentially if the molecule

moves slowly through the pore due to its steric interaction (of
different nature) with the membrane.

If nonoriented molecule approaches the pore its penetration
into the cell is possible if the molecule or the membrane sufrer.
deformation. The forces characterizing the molecule/membrane
interaction and necessary for molecule/membrane deformation are
discussed and estimated theoretically. The possibility of the
field induced membrane invagination and formation of vesiocle

containing DNA is discussed.
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ARSTRACT (F Biochemistry 29.76. 1990
Amphiphiles respond both to polar and non-polar solvents. In this paper X-ray diffraction and
osmotic stress have been used to examing the phase behavior, structural dimensions, and the work of

deforming the monolayer-lined aqueous cavities formed by mixtures of
dioeoyiphosphatidylethanolamine (DOPE) and dioeoyiphosphatidyicholing (DOPC) as a function of
concentration of the two solvents, water and tetradecane (td). In the absence of td, most PE/PC
mixtures show only lameliar phases in excess water; all of these become single reverse hexagonal
(Hi) phases with addition of excess td. The spontaneous radius of curvature, Rg, of lipid monolayers,
as expressed in these Hi| phases, is allowed by the relief of hydrocarbon chain stress by td; Rp
increases with the ratio of DOPC/DOPE. Mixtures with very large Rq's can have water contents higher
than the La phases that form in the absence of td. The drive for hydration is understood in terms of
curvature energy to create large water cavities in addition to direct hydration of the polar groups.
Much of the work of removing water to create hexagonal phases of radius R < R, goes into changing
monolayer curvature rather than dehydrating polar groupe.

Single Hii phases stressed by limited water or td, show several responses. (a) The molecular area
is compressed at the polar end of the molecule and expanded at the hydrocarbon ends. (b) For circuiarly
Symmetrical water cylinders, the degree of hydrocarbon chain splaying and polar group compression
are different for molecules aligned in different directions around the water cylinder. (c) A pivotal
position exists along the length of the phospholipid molecule where little area change occurs as the
monolayer is bent to increasing curvatures. (d) By defining Rg at the pivotal position, we find that
measured energies are well fit by a quadratic bending energy Ko/2 (1/R - 1/Rg); the fit yields bilayer
bending moduli of Kg=1.2 - 1.7 *10°12 ergs, in good agreement with measurements from bilayer
mechanics. (¢) For lipid mixtures, enforced deviation of the Hy monolayer from Rg is sufficiently
powerful to cause demixing of the phospholipids in a way suggesting that the DOPE/DOPC ratio seif-
adjusts so that its Rg matches the amount of td or water available, and that curvature energy is
minimized.
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It is now generally recognized that hydration forces dominate close interactions of lipid hydrophilic
surfaces. The commonality of their characteristics have been reasonably established. However
ditferences in measured net repulsion, particularly evident when comparing phosphatidylethanolamine
(PE) and phosphatidyicholine (PC) bilayers, suggest there exists a variety of behavior wider than
expected from earlier models of hydration and fluctuation repulsion balanced by van der Waals
attraction. To find a basis for this diverse behavior we have looked more closely at measured structural
parameters, degrees of hydration and interbilayer repuisive forces for the lameliar phases of the
following lipids; 1-palmitoyl-2-oleoyl-PE (POPE), egg PE, transphosphatidylated egg PE (egg PE-
T). mono- and di- methylated egg PE-T, (MMPE and DMPE), 1-stearoyl-2-cleoyl-PC (SOPC), and
mixtures of POPE and SOPC. POPE and SOPC bilayers ditfer not only in their maximum degrees of
hydration but also in the empirical hydration force coefficients and decay lengths that characterize
their interaction. When mixed with POPE, SOPC effects sudden and disproportionate increases in
hydration. POPE, egg PE and eggPE-T differ in their degree of hydration, molecular area and hydration
repulsion. A single methyiation of eggPE-T almost completely converts its hydration and bilayer
repuisive properties to that of egg PC; little progression of hydration is seen with successive
methylations. In order to reconciie these observations with the conventional schemg of balancing '
interbilayer hydration and fluctuation-enhanced repulsion with van der Waals attraction, it is
necessary 10 relinquish the fundamental idea that the decay of hydration forces is a constant determined
by the properties of the aqueous medium. Altematively one can retain that fundamental idea if one
recognizes the possibility that polar group hydration has an attractive component to it. In the latter
view, that attractive component originates from interbilayer hydrogen-bonded water bridges between
apposing bilayer surfaces, arising from correlation of zwitterionic or other complementary polar
groups or from factors that affect polar group solubility. We suggest that the full range of degrees of
hydration and of interbilayer spacings observed for different neutral bilayers resuits in part from
variable contributions of the attractive and repulsive hydration companents. The extromes are
exemplified by the dominance of attraction between PE bilayers with crystalline hydrocarbon chains
and the dominance of repulsion and full hydration of meited PC bilayers. Within the variabie hydration
of the PE's with melted chains, one sees evidence of variable hydration attraction. With or without the
postuiated attraction though, good estimates of aghesion energy can be obtained. It is necessary
therefore to make other ¢ritical tests to distinguish the alternatives.




R. P. RAND and J. COORSSEN, Brock University, St. Catharines, Ontario, Canada.

Interactions between all phospholipid membranes near contact are dominated by a strong hydration
repulsive force resulting from the work of removing water from the hydrophilic polar groups. One
widely used method capable of overcoming this force and enhancing contact is by triggering the
interaction of bilayers made of acidic phospholipids with divalent cations. Such intgractions can
produce adhesion énergies so strong that the bilayers undergo major structural changes and near-
complete dehydration. This is accompanied by the destruction of vesicular systems, the expuision of
enclosed aqueous contents and the formation of condensed muiltilamellar structures. Increasing the
neutral lipid content of such bilayers decreases the energy of contact but often results in the separation
of the different lipid components into two different regions. It is often difficult to distinguish whether
those two regions are within each bilayer, lateral segregation, or are separated from ¢ach other, bulk
segregation. Such a distinction is important in the context of bilayer contact since lateral segregation
requires a reconciliation of hydration forces of the different lipids, while bulk segregation would allow
each lipid to express its own hydration properties. Indeed we have argued that different hydration
energies can be expected to drive lipid segregation when mixed lipid bilayers are forced together. We
have investigated in some detail the structure of the Ca-induced contacts formed between bilayers
containing dioleoyl-phasphatidylserine (PS) and -choline (PC) over the entire range of mixtures. X-
ray diffraction, freeze-fracture electron microscopy, density gradient centrifugation and osmotic
stress methods were applied to the structures formed after triggering the interaction of unilameliar
bilayer vesicles. From 100 to ~ 50 mole % P8, the contact is nearly completely dehydrated.
Importantly, even with one of the polar groups most difficult to dehydrate, all the PC is found in the
contact region. This PC must be nea- tully dehydrated, the energy for which must come from the
farmatinn nf a Ca.PS complox. For inoroasing NC esntents abovs S0 mMoisth thed i a sysleiialh
increase in the interbilayer distance and PC remains in the contact region. The lipids in this more
hydrated contact however are susceptible to bulk segregation into lamellar phases resembling the pure
components.
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CONFORMATIONAL DYNAMICS AND ILEZCTRON TRANSFER (E)
&
IN PHCPOSYNTHETIC Eif3RANZ PROTZINS

Andrew 3, “ubin
Woscow State University, “epartment of 3iophysics

Zlectron transport torough the plotosyntinetic electrom cnain
is accompanied by generation of local electric fields, The upset
of equilibrium in tkhe distribution of the ions leads to the
generaﬁion of a transmembrane alectrocinemical gradient, an energy
store utilized for ATP synthesis, Following the primary charge
separation within the protein of the photoactive reaction center
(sC) of purple bacteria, an electron is transferred for 5-6 pa
through intermediate electron carriers (bacteriopheophytin)
causing reduction of the secondary quinone for about 100 ms,
The electron transfers within the reaction centers occur even
at low temperatures, suggesting that the transfer of un electron
is by tunneling, The problem is to elucidate the involvemant of the
structural components of the photosynthetic membrane and photoactive
reaction center protein in the above process,

By radioscopic techniques (ESR, gamma-resonsnce spectroscopy)
it bas been found that conformational mobility of the reaction

center protein increases over the temperature range (250-200 K)
witbin which the functional activity of electron transfer from the
primary to secondary quinoné (Q;;’QB) was seen %o increase,

In denydrated RC preparations which loose functionsl activity and

in chromatophore films of purple bacteria, increasing the preparation

hydration caused a recovery of functiomal activity simultaneouly

with activation of dntramolecular motions within the bydration range
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(relative values of 0,2 to 0.3 P/Po) where the primary hydration
shell is formed over the reaction center protein, Using NiR ‘
spectroscopy and varying tne hydration cf the preparation, we
monitored tue mobility of tne comgponents of the photosyantnetic
membrane by measuring spin-lattice (Tl) and spin-spin (Tz)
relaxation times of the P31 and 013 nuclei of the hydration water,
It appeared that the acceleration of electron transfer through thLe
QA*-QB patuway at P/P°'~ 0,3 was accompanied by a more intense
rotational motion of the hydrocarbon moiety in the hydrophobic
region of the memyrane. ¥hen the oxidation of cytochrome ¢
by photoactive pigment P* occurs at a faster rate, the protein
and lipids show much more mobility at high hydration (P/Po"'0.7).
The cause of this is large-scale structural rearrangements that
the membrane proteins, cytochrome and reaction center undergo
in attaining the appropriate mutual orientation, In the paper, .
models of intramolscular conformational mobility of the membrane-
associated proteins are discussed based on motions of enzymes in
Leavily viscosous medium, In the aystem under consideration,
a sharp retardation of intramolecular motions is observed along
some degrees of freedom at low temperature, The transafer of an
electron to the acceptor moiety and generation of local electric
fields result in a polarization of the nearest protein surrounding
and its structural/conformational rearrangement.

qe conducted experiments on chromatophore preparations from
purple bacteria and inveatigated low-temperature reactions of
quinones after freezing the samples in the dark and light, In
samples frozen in the light, the primary quinone is reduced (Q-

Due to the polarization and resrrangement within the proteip

carrier in this case, quinone Q: is shifted from P* toward Q
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by as large as 1 K. Phis provides a condition for a directional
transfer of the electron to occur, The rate of the { to QB slectron
transfer 4t 77 K wus smller in the dark-frozen sample, as comparad
with that for the sample frozen in the ligut (ld3 s-l) to the same
temperatura, A reverse relationship of the rates nolds for the
vack return of the electron from Q, to P* (5 o~ in the dark and

1 s~ in the light), Applied electric field may influence the
polarization-induced rearrangements in the protein, Tiis was seen
as fisld-induced (107 v mfl) spectral changes in the photosynthetic
membranes (absorption changes in the spectral region where carote~
noids absorbdb; rise of delayed luminescence), In experiments using
air-dried films of purple membrane we observed that in applied
slectric field (~10' Vv a ') the photointermediate i, , of the
bacteriorhodopein photoreaction cycle decays more slowly, Slectric
field applied to such films in the dark at room temperature caused
absorption changes, indicating the formation of the batho~BR (K)

form of the first photointermediate of the photocycle,

Ps570
Cnder these conditions, the polarization effects of dpplied electric
£ield cause a proton displacement about the Schiff base, and also
affect .the proton translocation through the proton-pumping channels.z
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Ion Transport Across Excitable Cell Membranes
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Simultaneous bidirectional magnesium ion flux measurements in

single barnacie muscle cells by mass spectrometry
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ABSTRACT  Stapie isotopes of Mg were
used o0 measure bidirectional magne-
sium 10n fuxes in singie barnacle giant
muscle fibers immersed n Ca- and
Na-free, isosmotic media. Measure-
ments were made using a mass spec-
trometric techrique. thermal onization
mass spectrometry (TIMS), in conjunc-
tion with atomic absorption spectros-
copy. Kinetic relations based on a first-
order model were developed that
permit the determination of unidirec-
tional rate coefficients for Mg influx, &,
and efflux, k,, in the same experiment
from knowledge of intial conditions
and the initial and final ratios of ®Mg/
Mg and ®Mg,**Mg in ambient solu-
tions (i.e., by isctope dilution). Such
determmations were made for three

vaiues of the external Mg ron concen-
tration: 5. 25. and 50 mM. At the con-
centration {(Mg~%, = 5 mM. &, and k,
were about equal 3t a value of 0.01
min~". At the higher vaiues of (Mg~?,
the vaiues of k, ncreased along a
curve suggesting saturation. whereas
the values of k, remained assentiaity
constant. As could te 2xpected on the
basis of a censtant «., the nitial influx
rate varied in direc: linear groportion to
[Mg %, and was 1.3 cmot cm’s when
Mg "3, was 5 mM. <owever. the initial
efflux rate appeareq to ncrease nontin-
earty with (Mg -3, varying fror- 3.4
pmol/cm?®s (Mg~%, = 5 mM) to ~80
pmol/cm?®s (Mg, = 60 mM). The
results are consistent wmith a model that
assumes Mg influx to te mainly an

electrodiffusive :nward ieak with Pg =
0.07 cm, s and Mg efflux to be amacst
2ntirely by active transport crocesses
Where comparisons can e mage. ‘he
rate coefficients determined from sia-
ble 1sotope measurements agree with
those previously obtained using -a-
dioactive Mg. The rate coefficients can
be used to correctly predic: ‘ime-
dependent zhanges in totat dber Mg
content. The resuits suoport the zon-
clusion that nonradicactive tracers can
be used to measure :on fluxes ang on
flux ratios in excitable cells: t s
expected that this methog wil greatly
assist in the stuqy of Mg regulaticn n
general.
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THE ADDITIVITY OF PULSE ENERGY AND THE ROLE OF THE ELECTRIC FIELD
STRENGTH IN THE ELECTROFUSION OF RABBIT ERYTHROCYTE GHOSTS

Raymond A. Sjodin, Yankuan Wu, and Joseph G. Montes
Department of Biophysics, School of Medicine,
University of Maryland at Baltimore, Baltimore, MD 21201

ABSTRACT

Electrically induced membrane fusion can be produced in two ways. One is the usual
electrofusion protocol (CF protocol). The other means is the reverse process of the CF protocol, that
relying on the so-called "long-lived fusogenic state” (PF protocol). The mechanistic hypotheses for
the fusion states produced by the PF protocol fall into two categories: electropore hypotheses and
point-defect hypotheses. To study the relationship between the long-lived fusogenic state and the
"usual” electrofusion state and the possible mechanisms of membrane fusion, fusion yield for rabbit
erythrocyte ghosts was determined using a "PF-CF" protocol, whereupon ghosts are first treated with
a train of prepulses of the same electrical characteristics and then immediately subjected to a typical
CF protocol. The polarity of the prepulses in a train can be either the same or it can be varied. In
our studies, experiments were conducted in a suspension of low cell population density (107 cells/ml)
in a 20-mM sodium phosphate buffer (pH 8.5). Fusion yields were measured using Dil as the
fluorescent label. The detailed experimental protocols and resuits are on the following page. Fusion
yields were generally not increased with an increase in the number of prepulses beyond two; instead,
a small decrease in the yields was typically observed. Nonetheless, fusion yields were still increased
by using a couple of prepulses which have the same or alternative polarities before applying the final
pulse. This effect may be due to an increase in cell sphericity which allows cells to make a larger
zone of contact with each other following the prepulses; the general decline in fusion yield observed
with a further increase in the number of prepulses may be a consequence of a reduction in the
nercentage of cells that aggregate into pearl chains under those conditions (data not shown). When
the electric field strength of the prepulses was equal to or lower than that of the final pulse, fusion
yields were close to those for the CF protocol; however, they were closer to those for the PF protocol
when the strength of the prepulses was higher than that of the final pulse. It was evident that the CF
protocol for cell fusion was more efficient than the PF protocol. Varying the decay haif-time (T, /2)
(i.e., the power) of the prepulses had little or no effect on the fusion yields in most of the
experiments, indicating that changing the electric field strength is the major way to increase the
fusion yield. The results clearly show that the effect on membrane fusion yield of the electric energy
delivered by the pulses is not additive, but rather suggests saturability of the long-lived fusogenic
state and possible identity of that state with the state occurring with the usual electrofusion protocol,
at least under certain conditions. Since the effect of electric pulses on the cell membrane couid
conceivably be reversible, we performed experiments whose purpose it was to "erase” the "memory”
of previously applied prepulses by immediately following the prepulses with prepulses of the same
energy but opposite polarity. There was no significant difference in fusion yield whether the polarity
of prepulses was alternated or not. These resuits appear to favor an electropore hypothesis rather than
a point-defect hypothesis, and suggest that the mechanism for both the long-lived fusogenic state and
the usual electrofusion state may be the same.
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WHAT IS MEMBRANE ELECTROFUSION AND WHY DO I STUDY IT?
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Rockville, Maryland 20855

*_owned and operated by the American Red Cross
What is membrane electrofusion?

Membrane electrofusion is an artificial method of inducing membrane
fusion which uses an electric field pulse as the fusogen.

Why is membrane fusion important?
Membrane fusion is essential in:

A. Biological processes (eg. cellular infection by enveloped
viruses [including HIV], differentiation, secretion,
exocytosis, and reproduction)

B. Biotechnology processes (eg. genetic engineering, drug
delivery, hybridoma production, construct formation, and
specialized studies)

C. Certain fate pathways in interacting lipid systems (vesicles).

While the phenomenon of membrane fusion is highly characterized in

many of the above contexts, the mechanism is very poorly understood. While
fusogenic agents can be identified whether they be chemical in nature (eg.
calcium, polyethylene glycol), a specialized protein (eg. influenza HA
spike glycoprotein), a natural protein or peptide used under unnatural
conditions, or an energy pulse (electric field, laser light), it is open
for argument as to what the definition should be for a fusogen.

D. There are two additional ways that the study of membrane
electrofusion can contribute to membrane biology and biophysics:

i) A variety of interacting phenomena, forces, and
membrane properties can be probed by
an electric pulse as a perturbing force.
ii) New biophysical membrane properties and phenomena
may be discovered.

How might electrofusion contribution towards understanding membrane fusion?

The use of an electric field pulse as a fusogen has the following unique
characteristics:

A. A1l fusion events are synchronized
B. The fusogen is non-chemical
C. High fusion yields are possible




A second electric field effect, called dielectrophoresis, takes place when
a low strength alternating electric field passes through a suspension of
membranes and causes them to line up in the so-called pearl chain
formation. This results in the membranes coming into contact with each
other at two point on each membrane (one point if the membrane is at the
end of a chain). The use of dielectrophoresis to induce membrane-membrane
contact has the following unique set of characteristics:

D. The method is mild

E. The method is non-chemical

F. The method is completely reversible

G. The method can cause almost 100 % aligmment in
only a few secords.

H. The method is simple and inexpensive

Items D, E, and F, together with item B above, make it possible to

separate from one ancther the fusogen, the contact of membranes, and the
chemistry of the medium. Items G and B (above) make it practicable to study
many details of single fusion events if imaging techniques are used.

Essentials of our protocol:

Our experiments utilize ghost membranes from erythrocytes of mammalian
species (primarily rabbit and human, but occasionally rat, sheep, dog, cat,
cow, horse, and guinea pig). These membranes are arrested in terms of
their intermediary metabolism and genetic expression systems, thereby
simplifying and controlling their properties. Also, they have: i) a well
understood camposition, ii) representative camponents of all cell membranes
(i.e. phospholipids, cholesterol, integral proteins, glycocalyx, and
cytoskeleton), and iii) are easy to cbtain and many protocols have been
worked out. They represent an ideal campramise between simple and pure
lipid systems such as vesicles and camplex systems such as viable rmucleated
cells. Fusion is measured quantitatively and rigorously by following the
movement of a fluorescent lipid analog which is used to label a fraction of
all cells, from an original labeled membrane to an originally unlabeled
membrane.

Abbreviated chronology of ele:“rofusion with an emphasis on contributions
towards understanding the me.nanism fram our laboratory.

Many early studies of membrane permeabilization by electric pulses
(=electroporation= EP) were

reported for the at least one decade before the discovery of electrofusion
(EF) . Publications in reviewed journals reporting the discovery of
electrofusion and its broad applicability from laboratories of Neumamn,
Senda, Tsong, and Zimmermann appeared between 1979 and 1980 (Zimmermann
claims to be the discoverer based on an abstract published in 1978). The
first speculation on the EF mechanism was proposed by Pilwat et al., 1981,
and proposed that a fusion intermediate was camposed of two concentric
pairs of pores (cne in each of two close-spaced membranes). 2Zimmermann's
most highly cited review on electrofusion was published in 1982. The
appearance of a paper by Neumann et al. (1982) showed that electroporation
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could be used for efficient gene transfer, and is also a highly cited
paper. Our second EF paper, which characterized EF in the erythrocyte
ghost, also stated the discovery of the long-lived fusogenic state and the
erythrocyte ghost shape change phencmenon (Sowers, 1984). Use of
electrofusion for variety of applications (eg. hybridama and genetic
engineering starts in 1981 - and continues throughout the present with scame
diminution as newer techniques displace old and use of EF for some
applications falls out of favor or new limitations are discovered. More
information can be found in the monograph by Neumann, et al. (1989).
Reports of asymmetric permeabilization by Rosignol et al. (1983) and Merhle
et al (1985) was confirmed in our lab (Sowers & Lieber, 1986), but was
found in the opposite hemisphere of the membrane. We found (Sowers, 1986;
1987) that the long-lived fusogenic state was found to be not laterally
mabile in plane of membrane. We also fourd that use of contents mixing
indicators as rigorous confirmation for membrane mixing indicators was
contaminated by an artifact fram electropores but this cbservation allowed
the formulation of the hypothesis for electroosmosis in electropores which
also resolved the asymmetric permeabilization discrepancy (Sowers, 1988).
Experimental demonstration that fusion event probability can be modulated
by biologically relevant changes was shown (Sowers, 1989a) as well as a
"averaging" and "dominance" effect when the camposition of two membranes to
be fused are dissimilar (Sowers, 1989b). Evidence confirming the
electroosmosis effect in electropores was rer antly published (Dimitrov and
Sowers, 1990a) as well as our report of initial cbservation of 0.1 to 4
sec, reproducible, time interval between application of fusogen and
earliest cbservation of evidence for fusion (Dimitrov and Sowers, 1990b,
accepted for publication in Biochemistry). A partial analysis of the
forces acting on the erythrocyte ghost during dielectrophoresis was also
published recently (Dimitrov, et al., 1990). lLastly, we discovered the
strong effect of macramolecular solutes on electrofusion yield although its
basis is still unclear (Sowers, 1990).

My assessment of the state of our knowledge of the electrofusion mechanism
(and its relationship to electroporation) is that much has been learned
about the functional relationship between the electric field pulse and both
physmal parameters and same biological parameters. Further progress in
developing mechanisms (or confirming early speculative proposals) will be
best aided by additional studies which are aimed at uncovering
relationships between functional characterizations and structural
correlates.

Related work from other laboratories includes: i) a preliminary study of
electropore induction by time-resolved freeze fracture electron microscopy
which shows that electropores may have microfunnel ultrastructures (Chang
& Reese, 1989), ii) a study of electropore induction in lipid bilayers and
cell membranes which shows that the electropores do not reseal quickly
(Chernamordik et. al., 1987), and iii) extensive work on both electropore
induction and electrofusion in CHO cells in J. Teissie's laboratory at the
C.N.R.S. (Toulouse) (eg. Teissie et. al., 1989; Rols, et. al., 1990).
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LATERAL PROTON CONDUCTION ALONG LIPID MONOLAYERS
AT THE AIR/WATER INTERFACE
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Experimental evidences have been gathering which suggest that lateral
proton conduction may occur along restricted domains in biological
membranes. A '"microlocalized" pathway would then link the proton pump
and the proton sink in a coupling unit and the exchanged proton would
not need to be delocalized in the bulk water phase (1).
A direct experimental evidence to the "localized" proton transfer is
obtained by a fluorescence assay on lipid monolayers spread at the
air/water interface (2). A pH sensitive chromophore covalently bound to
the polar group of a phospholipid provided a reliable probe of the
proton concentration in the interface region when embedded at a low
concentration in the Host lipid matrix (3).
Following a pH jump close to the interface, transfer of proton was
observed specifically along the interface (2, 4) and the thickness of
the proton conductive pathway was estimated by surface potential
measurements (5). The transfer occured along the polar headgroups but
only when the film was organized (2). It was modulated by the nature of
the polar head groups not as a function of their electrical charge but
rather of their size (6). It was observed only in the liquid expanded
(LE) state of the film (6). No conduction was detected when the film was
compressed to the liquid condensed (LC) and solid condensed (SC) states
(6). When present in the subphase, Ca** was suppressing the
facilitated conduction along PE monolayers.
Lateral proton conduction was found to occur with monolayers of ether
phospholipids of halophilic archeabacteria examined at reduced surface
pressure (less than 25 mN/m) on subphases of low (1 mM) and high (4 M)
ionic strength (7). Proton conduction was also detected in highly
condensed monolayers (pressure larger than 35 mN/m) of the naturally
occurring phospholipids (PGP, PG) but was abruptly terminated in tightly
packed monolayers of the corresponding deoxy compounds (dPGP, PG, ddPG)
on low ionic content subphases (8). Conduction did occur, however,
along monolayers of the deoxy compounds at high surface pressure when
spread on a subphase of high ionic strength (4 M). The abrupt
termination of conduction upon compression of monolayers of the deoxy
compounds on low ionic strength subphases cannot be attributed to any
lipid phase transition nor to changes in the lateral fluidity of the
monolayers, nor was the pK of the fluorescent interfacial proton
indicator affected at high surface pressures. We suggest the occurrence
of a conformational change in the polar headgroup region of the deoxy
compounds under high compression of the monolayers, but not in that of
the naturally occuring phospholipids.
From what 1is known on proton transfer in solution (9), we proposed that
our experimental observations were linked to a network of hydrogen bonds
at the level of the polar head groups (6). Any theoretical attempt to
describe chemical reactions such as proton transfer at the
membrane/water interface must taske into account the peculiarities of the
system (10). Reduction of dimensions (11, 12), organization of adjacent
water molecules (13, 17), electric field inversion (14-16) and hydrogen

-1-




TEISSIE

bonding should be taken into account when trying to describe proton
transfer at the 1lipid/water interface. At the present stage of our
investigations, we suggest that the continuity of the hydrogen bond
network between polar headgroups and interfacial water molecules is a
request for the occurence of this conduction. This 1is strongly
supported by the experiments with the deoxy compounds. The most likely
change in the polar headgroup of the deoxy compounds would be the
formation wunder high surface pressure of internal hydrogen bonding which
would expel water molecules and result in disruption of the conducting
network. In the natural phospholipids PGP and PG the presence of the
central hydroxyl group would facilitate the formation of stable
intramolecular bonding which would render the molecular structure of
their headgroups insensitive to high surface pressure and hence preserve
the proton conduction network.

As a general conclusion, a precise molecular description of the exchange
steps involved in the lateral proton conduction we observed is still
lacking at the present stage of investigations. The complexity of the
processes favors the experimental approaches as developped in our
laboratory and by others (18) which both conclude on repeating hopping
of protons along the surface.

(Thanks are due to my coworkers M.Prats, B. Gabriel, A. Lemassu, J.F.
Tocanne and to the collaboration with Prof. M. Kates. This work was
supported by the CNRS)
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Electric Energy Enforced Conformational Oscillations of

Membrane Proteins for Energy and Signal Transductions

Tlan Y. Tsong

Department of Blochemistry
University of Minnesota College of Blological Sciences
St. Paul, Minnesota 55108

A protein embedded in a cell membrane is restricted in its motions. it may be allowed to rotate
or to wobble around an axis normal to the plane, or to diffuse laterally, but it may not be allowed to
flip-lop across the membrane. A chemical reaction catalyzed by such an enzyme is anisotropic or
vectorial. An anisotropic chemical system when interacti..g with a force field that is also a vector
quantity may give rise to many interesting effects uncommon to chemistry of a homogeneous phase.
Among these is the absorption of energy from a force field by the system and its conversion into
other energy forms. A four-state membrane transporter will be used as an example to illustrate how
this mechanism can be used to absorb electrical energy and use this energy to pump ions or to
synthesize ATP. Among many properties of the field-protein interaction, an applied periodic field is
shown to enforce the conformational oscillation of the transporter within its catalytic cycle, thus,
enabling the transporter to trun over following a stipulated path. An electroconformational coupling
model based on the above concept has been proposed to interpret experimental results of the
electric activation of Na,K-ATPase and mitochondrial ATPase. Experimentally, Na,K-ATPase of
human erythrocytes has been shown to pump Na', Rb" and K up their respective concentration
gradients apparently in the absence of ATP consumption. For each pumping activity there are an
optimal amplitude and an optimal frequency for the conversion of electric energy into energy of the
concentration gradient. Mitochondrial ATPase has also been shown to use electric energy for the
synthesis of ATP, in the absence of metabolic sources. These data will be presented and analyzed
by the electroconformational coupling model. The same concept has also been extended to
construct a piezo-electric coupling model which can convert a pressure or an acoustic signal into
the electrochemical potential of an ion.
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‘ ALAMETHICIN - A VOLTAGE DEFENDENT ICN CHANNEL

Igcr ‘“Yeoavanaoy, University of Califormia, Irvine CA: Qffice of
Naval Research, Arlington VA. USA

Alamethicin is a small channel-forming peptide only 23 amino
acids long it is thus simple to modify it in ways which alter its

function more or less predictably. The crystal structure of
alamethicin is known, and :ts properties and conformation in organic
non—golar solvents have been extensively investigated. These

results indicate that alamethicin has a stable alpha-helical
ccnformation of about ten residues 1long beginning at the N
terminus and at least in some solvent systems, a region of beta-
sheet at the C - terminus.

Alamethicin induces a very voltage-dependent conductancs in
planar bilayers and in the membranes of some living ceils. BRecause
several alamethicin monomers must aggregate together to +orm a

channel, its study provides direct information about the forces
which hold channels tagether.

ALAMETHICIN ADSORPTION

a. Kinetics

One difficulty in the study of alamethicin as a model for
farmation of channels in biological membranes has been obtaining
information about the non-conducting state. We know how many

‘ channels form at a given voltage for a given aqueous concentration
of alamethicin, but we do not have a very good idea of how many
alamethicin molecules are adsorbed to the planar bilayer or of the
physical state of the adsorbed molecules. Recent studies of
alamethicin interaction with lipid vesicles using circular dichroism
support ’he notion that alamethicin incorporates into the lipid
phase to a significant extent.

Rizzo, Stankowski and Schwarz using a general thermodynamic
approach, have shown theoretically that the concentration
dependence of the alamethicin-induced conductance could be
explained by a voltage—-dependent adsorption and aggregation of
alamethicin mediated by interaction of the alamethicin dipole and an
applied electrical field. Thus it is very important to understand
how alamethicin adsorbs to the lipid bilayer.

We were able to study the voltage dependent alamethicin
adsorption experementally. We have shown that alamethicin
monomers interact with each other beeng adsorbed and that
interaction is strong even at the small applied voltages.

If we assume that alamethicin conduction is due to an ionic
channel consisting of aggregated alamethicin n-mer then such
kinetics are consistent with the idea that aggregation of
alamethicin molecules proceeds as a bimolecular reaction.

The course of aggregation with time is determined by two
factors, the Brownian motion and by the molecules interaction when
they come close together. If we assume that molecules form a

. permanent contact at the first encounter then the problem will be
identical to the so called ‘rapid coagqulation’. The rate of such
aggregation was analized by Von Smoluchowski.
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Dur results show that the alamethicin-induced transmembrane
current increases to i1ts maximum value in about 3-6 minutes after
alamethicin addition and then declines to a steady—-state value over
the next ZS5-3¢ minutes. We suggest that the alamethicin molecules
aggregate first into dimers and after a certain time additional
monomers collide with these multimers. The multimers also collide
amongst themselves. Thus the surface concentration of the
conducting species appears to increase with time to a maximum and
decrease toward its 2quilibrium value. The steep rising phase can
be attributed to rapid formation of the n—-mer conducting species,
and the falling phase is due to the diminution of the concentration
of this species as more and more alamethicin monomers becomes
incorporated in higher than n order non conducting aggregates.

b. Pseudocapacitance

Alamethicin and its derivatives modulate the voltage-dependent
capacitance at voltages lower than the voltage at which
alamethicin—induced conductance2 is detected. The magnitude and sign
of this alamethicin-induced capacitance change depends on the
aquecus alamethicin concentration and the kind of alamethicin used.

Our experimental data can be interpreted as a potential-—
dependent pseudo-capacitance associated with adsorbed alamethicin.
Pseudo-capacitance is expressed as a function of alamethicin
charge, its concentration in the bathing solution and the applied
electric +field. The theory describes the dependence of the
capacitance on applied voltage and alamethicin concentration. When
alamethicin is neutral the theory predicts no change of the
voltage—-dependent capacitance with either sign of applied voltage.
Experimental data are consistent with the model in which alamethicin
molecules interact with each other while being adsorbed to the

membrane surface. The energy of this interaction depends on the
alamethicin concentration.

ALAMETHICIN TETRAMER CONDUCTANCE

An alamethicin pore was designed with an amide backbone mouth
at the C-terminus. The actual peptide is a t=tramer of alamethicin
1-17 in which four monomers have been attached to a tetramer o+
lysine through the epsilon amino groups. Our preliminary data show
that this peptide, which we refer to as Ac—-(Lys(Alamethicin 1-
17))4—NH2, after addition to the phosphatidylethanolamine bilayer,
causes voltage-dependent conductance with a reduction of
concentration dependence and a current—-voltage curve steepness of
about S mV per e-~fold of the current. The conductance is expressed
as channels of the basic unitary conductance (about 2.5 nS). These
data are in accord with our channel model in which voltage-
dependence is explained by interaction aof the electric field with
the dipole moment of the alpha helical part of alamethicin.
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The alamethecin channel now provides an attractive experimental system to
observe the dynamics of fluctuations and conformational changes of membrane
proteins through several synergistic experimental approaches based on high
resolution single channel electrical recording of the channel conductance. We are
measuring conductance state switching probabilities and kinetics and their multiple
correlations and the conductance fluctuations in each open conductance level.
These properties are being measured as @ (unction of key environmental
parameters: membrane potential, lipid umposition with respect to head group size
and charge, curvature propensity and hydrocarbon chain length, aqueous phase
ionic strength, viscosity and hydration chemical potential, and (perhaps most
important) membrane tension. In addition certain site specific mutations of the
alamethecin monomer molecule are being introduced by protein engineering
techniques to test our understanding of channel structure.

These experiments have revealed three unusual phenomena which are
currently being measured systematically to gain understanding of the molecular
dynamics of this channel protein:

1) The conductance noise spectra of the channel during its residence time in
each open state is being measured systematically and found to exceed the intrinsic
ion shot noise by several orders of magnitude at low frequencies and to extend
smoothly, at nearly constant in power spectral density, to our measurement limits
around 40 kHz. We tentatively attribute this noise to conformational fluctuations
of the channel protein assembly and are currently carrying out diagnostic
experiments to test this idea. The original strategy underlying this program on
alamethecin was to measure such conductance fluctuations in order to probe the
low frequency cooperative vibrational modes of membrane proteins in order to
identify the "soft” modes that must exist to accommodate the changes of
conformation state that underlie ion current switching. That strategy appears to be
working,.

2) The dependence of state switching on membrane tension has been
measured to determine that the alamethecin channel is strongly stretch sensitive.
This stretch sensitivity is a common property of many cell membranes and is
believed to provide the fundamental mechanism of mechano-electrical
transduction that underlies hearing and sensation of six components of acceleration.
Membrane tension is induced by applying a controlled transmembrane pressure and
is measured by monitoring membrane curvature. The stretch sensitivity found in
alamethecin reconstituted into pure lipid membranes is highly reproducible, unlike
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most cell membrane stretch sensitivity, and appears to be attributable to a
mechanical work term in the relative free energies of the channel states.

3) Measurements of the conductance state occupation probabilities and
switching dynamics, incidental to the above two directed projects, have been
analyzed by Stefan Brundobler. His analysis revealed anomalous dynamics
including a non-exponential distribution of the residence times and an apparent
history-dependence of the probability distribution of the residence times of the
various states. The most interesting result can be described by naming the
distinguishable conductance levels 0, 1, 2, 3, 4, . . . n in order of increasing
conductance; then we find that the up switching events, say n to n+1, are
distinguished from the down events, say n to n—1, and that the residence times in
various levels depend on both the class of event by which the system departed the
level (as is generally true) and by which the system entered the level (as would be
true if the system remembered its previously occupied level). Thus conditional
dynamics differ for pairs of transition like (1, 2, 1), (3, 4, 3) from those like (3, 2, 1)
and (5, 4, 3), and those like (2, 1, 2) and (4, 3, 4). This sort of result implies non-
Markovian processes, that is, a system that has a memory and violates the principle
of microscopic reversibility, a concept whose application to channels excites
continuing controversy. On the other hand, we can account for our results as a
conventional Markov process if we invoke the idea that each conductance level
may really consist of several different states of indistinguishable conductance but
different free energy. In the sense of statistical thermodynamics, these are non-
degenerate states that are not distinguished by the conductance.

These experiments suggest some interesting concepts about channel molecule
structure and its relation to channel function.
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Research interests and possible topics of my presentation:

1. New approaches to cell electrofusion

A. Electrofusion of cells growing on conductive film

B. Electrofusion of cells in the course of centrifugation
2. Cellular and membrane mechanisms of cell electrofusion
3. Applications of cell electrofusion

A. Hybridoma production
B. Obtaining of hamster x human cell hybrids
C. Regulation of DNA synthesis in heterokaryons obtained by

electrofusion.

4. Introduction of foreign genetic material into animal cells by high
velocity mechanical DNA injection (biolistic technology);
comparison with other methods including electrotransfection.




