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~ E Abstract

‘A novel application of. competitive labelling waé de%elopéd for the
study of lipid bilayer-protein interactions. The raticnale behind this
approach is that tﬁg reactivities of protein and polypeptide functional
groups will be altered upon association t:rith bilayers. From the
distribution of functional groups and the differential changes in their

-reactivitieé, the regions that are involved in the association caﬁ be
deduced. fhe interactioqs.éf insulin, glucagon aﬁd melittin with large
unilammellar vesicles were studied in detail.

In the presence of liposomes, functional group reactivities in
monomeric insulin were found to undergo chreases related to their
proximity to the dimer-forming surface. It was conclqded that the region
involved in adsorption enqpmpasses.this surface.

hY .

The relative reactivities of glucagon's amino-terminal histidine,

. solitary lysine and two tyrosine residues were concentration dependent.
It is concluded‘that glucagon exfEQE'as a trimer in solution at 10-6M
and‘pH 7.5 and dissociates to -the f;ée monomer in more éilute solution

~
(Ktrimerizatiorf= 4.11 x 1013 M~™4). In the presence of liposomes the

reactivities decreased in a pattern' consistent with both trimeric and
monomeric forms of glucagon aasorbing to bilayers via the hydrophobic
patches of their amphiphilic segments.

 The amino groups in the amino and carboxy terminal regions of
melittin displaf similar géncentration deﬁendency in their reactivity
trends in the presence of liposomes. On the basis of this data and the
X-ray crystal structure it is concluded that the dimer is the primary
membrane-active species. In the absence of 1lipid, the relative
reactivities of the melit'tin ﬁunctionél groups showed concentration-
dependent changes consistent with a monomer-dimer-tetramer transition

_ 4oyl ¢
(KdimerizatiOR“' 7.57 x 107 M7%5 K

- 3.25 3 -1
tetramerization = =-20 ¥ 107 M7%),
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- INTRODUCTION: Part 1

1.0 ' Background and Rationale

1.1 First Principles

Nucleic acids are generally assumed today to hold the informational
content that allows living organisms.to manifest themselves in the
phenomenological world. Although this assumption may or may not be an
oversimplification, among the physical structures by which living
creatures mediate the interface between their inherent/inherited
genetical structure and the rest of the universe, we find that proteins
and lipids dominate over other chemical and ﬁolecular forms.

In recent years there has been renewed interest in the specific
ways in which proteins and lipids interact, especially within the
context of biological membranes. Membranes are the basic structural unit
in cell biology (constituting at least 90% of dry cell mass), and their
biochemical characterization is a fundamental challenge. Integral
membrane proteins in particuler, with the recognition of their central
mediating role in both energy and signal transduction processes, are the
subject of intense biochemical and biophysical research.

Techniques for the extraction, isolation and purification of lipids
and proteins have been around for decades, and the increasingly
sophisticated materials for separation procedures that are now
coémercially available indicate that separation science is a specialty
of its own. The difficulty with membrane-associated proteins is that, in
order to maintain the integrity of the system, quite dissimilar

substarces must be co-purified. Thus, the rate limiting step in



elucidating the structire-function relationships of membrane proteins
seems to lie in the difficulties encountered when manipulating mixtures
- of two chemically distinct classes of compounds which nevertheless form
a physically contiguous and functional unit in viveo. The wide range of
amphiphiles and detergents introduced in recent years by commercial
suppliers has simpl?fied many isolation and reconstitution protocqls,
but these compounds cannot provide the specificity of molecular
interaction that makes lipid-protein éystems unique. Similarly, é major
difficulty is the inability of researchers to isolate good crystalline -
arrays of the proteins of interest in their native membrane-bound state
for analysis by X-ray crystallography. In fact it was only in 1974 that
the first crystal structure of 2 natural phospholipid (phosphatidyl-
ethanolamine) was determined (Hitchcock et al., 1974). Some progress is
being made in the cocrystallization of membrane proteins with synthetic

amphiphiles (Eisenberg, 1984), but until a general method for the
N -

crystallization of these types of proteins is found, we must content
curselves with the data obtained from other sources.

We must be careful to avoid oversimplifying the manner in which
proteins and lipids interact, since their modes of associati&n are
varied and complex. The basis for this compiexity lies in the diversity
of structures that can be formed in both the lipid and protein classes..
ASmall changes in substituents amount to large changes that take on
macroscopic significance if the compounds'form part of a larger
ultrastructure. In proteins it is the side chains and their sequence
that confer most of this variability, while in lipids, headgroups,

backbone and acyl chains can be altered and interconverted.

Biologically occurring lipids are able to form many types of



thermodynamically stable, structurally defined aggregates besides
bilayers, from spherical, globular and cylindrical micellés, to
variously textured bilayers and inverted micélles (Figure 1). The
thermodynamically stable structure of a particglar aggregate is largely
determined by the spatial and energetic constraints that are laid upon
the entropically favoured dissociation of a2ll things. The chemical
composition and moleculaT dimensions of particular lipid species
determines the magnitude and directionality of the forces that may
stabili;e these structures. These forces include van der Waals  ionic
and dipole interactions, hydratior, and lack thereof. (It hés in the
past beeﬁ convenient for many authors to speak of 'hydrophobic bonds' to
describe the forces that result in the association of non-polar species
in polar environments. This is not, properly speaking, 2 bond at all,
and this miéleading terminology will not be used here.) The spatial
constraints are relatively Jdavariant, and lipids can therefore be
classified according to their geometry, specifically their "critical
packing shape" (Isréelachvili et al., 1977, 1980), or “dynamic molecular
shape” (Cullis & DeKruijff, 1979). The geometry of the lipid molecules
can oppose the dissociating tendency of entropy by requiring certain
minimal packinéldénfigurations. Thus, particular lipid species cannot be
forced to assemble into smaller (or larger) dimensional aggregates
because fheir shape will not permit them to orient themselves relative
to one another in the required manner.

Aggregates with different numbers of constituent monomers will
interact with the solvent to varying degrees and a range of variously
sized aggregates wbuld have to be represented as having a range of

different chemical pntentials (Israelachvili et zl., 1980). Those



Figure 1: Structures of 1ipid assemblies arising from the packing
shapes of lipids and the resultant steric constraints (from
Israelachvili et al., 1980).
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aggregate structures in which the free energy is minimized will be
favoured over other aggregates. At this point other factors such as
hydrogen ion, salt and sclute concentrétion can modify the properties of
the lipid assembly, especially insofar as these factors affect the
surface polarity and interfacial hydration at the lipid-water interface
{Ceve, 1987). Additional considérations of chemical potential are then
necessary since z new equilibrium state Qill be obtained.

Hydrophobic and lipophilic solutes can inte;act'with the
hydrocarbon core of the lipid structures, while hydrophilic solutes can
influence the solvent-exposed polar groups. Whatever the solute type
however, both polar and apolar regions of a2 lipid assembly will be
affected, to varying degrees. For example, a lipopﬁilic inclusion such
as cholesterol in a phophatidylcholine (PC) bilayer will directly
restrict the acyl chain motions above the gel to liquid crystal phase
transition temperature (TC)(Dufourc et al., 1984}. Indirecﬁly, the
cholesterol will alsc perturbd the relative origntation of fhe
phosphorycholine headgroups, since it separates neighbouring headgroups,
thus modifying their interactions (Yeagle, 1978). Conversely,
hydrophilic solutes (such as some proteins) that interact electro-
statically with the headgroups can also affect the dynamics of the acyl
chains (Boggs, 1983). Amphiphiles, as their name implies, directly
inieract with both polar and apolar regions of the bilayer (Seelig et
al., 1987). Proteins can be hydrophilic, hydrophobic and amphiphilic at
the same time, depending on their primary structure, and therefore
interact with bilayers in all ¢f the above ways. The interactions are
compiex and interdependent, and experiments have shown that all

components of a lipid-protein system, including counter-ions and solvent

|



must be considered (Davis et al., 1983).

These facts, and ﬁhe previously mentioned structural diversity of
lipids, show that protein;lipid interactions ére not confined to the
classical globular pr;teins that float, iceberg-like, in the two-
dimensional surface of the Singer-Nicholson bilayer. Some of the more

obvious protein-lipid associations that occur in vivo are listed in

Table I.

Due to turnover and recycling (which can be considered as quality
control and parsimony on the part of the cell), the individuallmolecules
in these complexes have finite lifespans. However, specific examples of
each of the above classes of protein-lipid complexes are always present
in the organism (allqwing for their €xpression according to
developmental timetables), and past a certain developmental point in the
life of the organism, they will always be present at the required
levels. Effectively, they exist as a2 functional unit, on a2 timescale
that is of the same order of magnitude as the life of the organism.

There also exist proteins whose associations with lipids are no
less intimate, but considerably briefer. These include proteins that are
secreted (and so must pass through a bilayer at some point in time), and
rmembrane tropic proteins. Secretory proteins require a large battery of
accessory structures in order to translocate a membrane bilayer,
including 'leader' or 'signal' sequences, appropriate membrane-bound
receptors for the preprotein, and peptidases for the leader peptide.
Ofter, the process of membrane insertion and translocation is coupled to
translation and a trans-membrane electrical potential is also frequently
requirec (Wickner & Lodish, 1985).

Membrane-tropic proteins can be defined very broadly to include any
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protein whose ultimate goal is to interact with some component of a
membrane. Such an interaction can be constructive, as in the
intraceliular communication mediated by regulatory peptides, or
destructive, as in the transfe; of toxins from one species to another.
Constructive-interactions afe mediated by other membrane combonents such
as receptors and second messengers. Destructive interactions can be
mediated, or not. The binding of cholera toxin te GM; ganglioside is an
example of a membrane constituent-mediated process. Alternatively, the
phospholipases found in venoms éimply breach the membrane directly.
delivering their message without mediation.
It has been suggested in recent vears that transient associatiuns
A
of proteins and peptides with cell membranes are an important element in
the initial stages of certain kinds of sigﬁal transduction. In
particular, this has been proposed as a preliminary step to receptor
binding by polypeptide hormones. There are several lines of reasoning
which make this hypothesis attractive, one based con physical theory, and
the other derived from observed structure-function relationships.

1.2 "Reduction of Dimensionalitv in Biological Diffusion Processes’

Once 2 polypeptide hormone is secreted into the bloodstream, it
reaches its target cell by convection and diffusion. Convection carries
the hormone with other solutes in the flowpath of the bloodstream. At
the same time it diffuses throughout the volume of solvent available to
it., The binding sites on receptor proteins are very small; out of the
kilometers of blood vessels and the litres of blood, the vacant receptor
sites represent a very small fraction of the available surface zrea
available for the hormone t§ recognize and bind to. Biological responses

operate under stringent time limits so the organism car deal effectively
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with whatever stimulus triggered the initial rzlease of hormone. Yet,
for all this,'hormones effectively induce their responses at very low
concentratiéns. No one is quite sure how all the various factors
involved ——flow velocity, viscosity, shear stress at the cell surface,
microviscosity in the 'bound water’, receptor affinity, hormone
solubility and diffusion coefficients—-- contrive together for the smooth
functioning of the organism.

Adsorption of a hormone to its target cell's membrane zan reduce
the time required-to bring about receptor binding and activation,
providing the distance between the site of release and the site of
capture is quite large. If the number of dimensions can be reduced
without restricting access to its target molecule (receptor), then the
mean time of diffusion should be reduced, thus shortening the time
required to effect binding. Further, by increasing the effective
concentration of hormone near the receptors, signal transduction wif&
also be facilitated. These ideas have been suggested before by Trurnit
in 1945, who suggested that surface diffusion ofiacetylcholine may
increase the Speéd whereby it reaches acetylcholinesterase, and by
Bucher in 1933, who suggested that surface diffusion may also increase
the turnover numbers for membrane-bound multienzyme complexes (see Adam
& Delbruck (1968) for references). By restricting the volume available
to a molecule, the collisional frequency is increased. Similarly, if we
restrict the volume to an extreme degree, to the extent of being
effectively confined to a two-dimensional space, the collisional
frequency is greatly increased.

. In such a case it is orly necessary that diffusion on the two-

dimensional surface be significant with respect to the diffusion in
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three dimensions (Kaissling; 1983). The properties of such a mechanism
were explored theoretically by Adam and Delbruck (1968) for spherical
and cylindrical mgdel systems (Figure 2). It was found that if the
receptor site was less than one-tenth the size of the diffusion distance
('a" < 0.1'd"), combined two- and three-dimensional diffusion would be
faster providing the diffusion coefficients in both phases were equal.
If diffusion through the medium was ten times that on the surface, the

-

combined processes would still be faster if 'a' < 0.01'b'. Considering

'a' could equal 1 nm for a receptor binding site, then 'b' need

that
only be greater than-0.1 pm.

Thererare two reasonably distinct tvpes of interaction between
lipid bilavers and soluble proteins. First, there is an initial
adsorption of the peptide to the membrane surface, defined by.the
extrinsic properties of the svstem (such as component concentration) and
non-specific physical forces (van der Waals and electrostatic) arising
between bilaver surfaces and molecules in solution. Once protein and
lipid components are brought together, specific inter and intra-
molecular interactions will he dictated by their unigque chemical and
phyvsical properties. At this sﬂort range, hydropheobic forces and the low
dielectric of the imm~diate environment would be of primary importance
in determining the orientation of amino acid side chains relative to
.each other, followed by van der Waals forces and hydrogen bonding.

Diffusion vf a polypeptide hormone on the membrane surface would
depend on the lateral dynamics of the membf;ne components as Qell as the
affinity of the hormone for the membrane. A corecllary to this scenario

is an equilibrium adsorption/desorptioq process (Figure 3). It is also

possible that adsorption and surface diffusion could operate in
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Figure 2. Models used by Adam and Delbruck (1968) for diffusion
in two- and three-dimensional space. (A) Molecules are initially
uniformly distributed between concentric spheres of radii 'a' and
'b’, and are adsorbed onto the surface of the small sphere (the
'receptor') upon first contact. (B) as in (A), but molecules are
initially distributed within the dashed cylinder and adsorb to
the equatorial plane of the large sphere, diffusing in two

dimensions to reach the receptor.

Figure 3. The path of a diffusing molecule that has some affinity
for a cell membrane surface. If the mean distance travelled away
from the surface between adsorption events is small, the process

approaches two-dimensional diffusion (from Berg & Purcell, 1977).
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different membrane regions; at the polar/apolar interface, the
headgrbup. or via weak binding to surface antigens. At present there is
evidence that many polypeptide hormones may use the mechanism of surface

diffusion and that the adsorption is mediated at the polar/apolar

interface of the membrane.

1.3 Peptides with Meﬁbrane Affinity

It has been known for some time that peptide conformation is
influenced by environment. Additionally, it has been observed that many
polypeptide hormoneg are cap;ble of assuming the secondary structural
feature known as the amphipathic helix, in which one side of the helical
'cvlinder' has predominantly apolar, or hydrophobic, residues, while the
opposite side has mostly polar, or hvydrophilic, residues. The
observation that the association of apolar lipoidal substances (e.g.
detergents) with peptides can stabilize alpha-helix formation (Blundell
et al., 1982) then suggests that proximity to the membrane bilaver can
promote the adoption of an active, receptor binding conformation in the
peptide. In this scenario, the membrane bilaver playvs a role in inducing
an active conformation, broadly analogous to the 'induced fit'
mechanisms between enzymes and their substrates.

The evidence for surface-mediated diffusion is based on patterns of
peptide folding that result in secondary structures possessing
amphipathic and amphiphilic character. 4&n amphiphile is something that
has affection for two sides, and in chemistry refers to compounds with
segregated polar and apolar regions. 'Amphipathic' is a term

appropriated by some investigators (Segrest et al., 1974) to denote a

stretch of alpha helix that has its charged side chains adjacent to one

annther, arranged longitudinally and parallel to the helix axis.
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Similarly, the hydrocarbon-like side chains run longitudinally down the
opposite side of the helix. In a true-amphipathic helix (Segrest &
Feldman, 1977) the chérged side chains are arranged so that positive
charges bracket negative charges, with like charges forming rows that
interact via lon-pairs (Figure 4). A 'reversed' amphipathic sequence
reverses the ordering of the positive and negative charges and
consequently has fewer ién—pairs. A 'nonspecific’ amphipathic sequence
results in a random distribution of charged and polar‘residuéé on the
polar face of the helix. All of these amphipathic heliées have been
observed in proteins; the‘nonspecific' type is a general feature of
globular proteins containing alpha heiices, and has been known for some
time (Perutz et al., 1965).

The apolipoproteins A-I, A-II, C-I and C-III are especially rich in
amphipathic sequences, and studies using synthetic peptides have shown
that both the arrangement of charged residues on the polar face (Segrest
et al., 1983) and the relative hydrophobicity of the apolar face (Ponsin
et al., 1984) are important parameters for the specific interactions
they form with lipids. The relation of amphipathic helical segments to
the rest of the protein of which they 2re a2 part is also important but
not clearly identified, since isolated amphipathic segments of the
native proteins do not always mimic the properties of the native
proteins as well as some model peptides, which often have scant, if any,
homology (Kroon et al., 1978; Yokovama et al., 1980).

The lipid binding properties of apolipoproteins, coupled with their
disproportionate number of amphipathic segments, beg the question of

the possible function dipolar secondary structures may have in other

broteins. Eschewing the use of the word 'amphipathic' for only the



Figure 4. Association .of: an amphiphilic helix with phosphelipids.
CPX represéntations of ";'eSidues 58-67 of apolipoprotein C-III in
helical conformation, showing the hydrophilic (a) and hydrophobic
(b) faces. Rotation of (2) and (b) about their axes by 90° vyields
(c) and (d) respectively, when associated with a2 phospholipid.
The complementarity of charge and polarity is expected to lead to
a stable configuration at the interfacial region of the membrane (e).

(from Segrest, 1977).
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particular structure identified by Segrest and Feldmann’(l977};'the ternm
'amphiphilic' will be used to describe éuch structures in general.
Neither word is wholly satisfactory, since amphipathic is a word of
gfeater generality than the object to which it has been assigned, and
amphiphilic does not sufficiently distinguisﬁ as to the relative size or
placement of the characteristics it seeks to denote. Note that the
termini of an alpha-helical polypeptide can differ in their affinity for
aqueous solution, or can have this affinity partitioned laterally,
depending on the primary structure. An appropriate terminology might
specify between primary and secondary amphiphilicity to differentiate
between the two forms when necessary.

Primary amphiphilicity has been identified in several hormones, and
is a well known structural motif in integral membrane proteins such as
bacteridrhodoPSin (Eisenberg, 1984), where hydrophobic helices
completely span the membrane bilayer. Secondary amphiphilicity is only
present when a peptide assumes a well defined secondary structure, such
as one of‘the helix forms or beta-sheet. In the former case, hydrophobic
residues must be present every 3 or 4 residues (3.6 residues to be
precise), alternating with polar residues. In an amphiphilic beta-sheet,
polar and apolar residues simply alternate one after the other (Kaiser &
Kezdy, 1984). Primary amphiphilicity is not dependent on the size of a
peptide, occurring in small peptides as well as large membrane-bound
enzyme complexes. Secondary amphiphilicity is by its very nature
restricted to small peptides (10 to 50 residues) since these alone
possess the required flexibility, lacking the tertiary structure that
domains and disulfide bridges confer.

Several polypeptide hormones contain sequences that will, upon

2



-16-~

helix formation, be aligned in the manner of amphiphilic secondary
structureé.These include the enkephalins, calcitonin, corticotropin-
releasing factor (CRF), beta-endorphin, glucagon, growth hormone-
releasing factor (GHRF), parathyroid hormone (PTH), and pancreatic
polypeptide (PP) (Kaiser & Kezdy, 1983, 1984, 1987). Diagrams of some of .
these structures are presented in Figure 5. It can be seen that there
are few similarities between these peptides apart-from the commonality
of secondary amphiphilicity. It cép also be seen that the degree of
hydrophobicity varies, as do the num?er and types of inappropriate
residues , i.e. residues which do not conform to the polarity of the
region they find themselves in. This may be an artifact of diagrammatic
representation, or it may be real, perhaps due to some receptor
specificity requirement.

Synthesis of peptide hormone analogues containing minimal sequence
homology but preserving the amphiphilicity of the originél hormones hés
confirmed the importance of this secondary structure in promoting
receptor binding and pharmacological effects (Kaiser & Kezdy, 1987, and
refs, therein), but a full and complete appraisal of the role these
structures play in the molecular mechanism of receptor binding and
activation remain to be assessed.

By contrast, a muoch more quantitative assessment of the structure-
function relationships in primary amphiphilic hormones has been carried
out by Schwyzer's laboratory. The peptides studied by Schwyzer et al.
have primary amphiphilicity at either their C- or N-termini, and the
resultirg hydrophobic helices havelbeen shown by various techniques
(attenuated total reflectance IR spectroscopy, capacitance minimization,

chemical modification; theoretical calculations) to lie perpendicular to



Figure 5. Amphiphilic alpha-helices of some polypeptide hormones,
adapted from published sequences. (2a) salmon Calcitonin I,
resiudes 8-22; (b) Corticotropin Releasing Factor, residues 7-21;
human Parathyroid Hormone, residues 7-13; (d) human Pancreatic
Polypeptide, residues 15-24, Dashed lines separate hydrophilic

regions (@) and hydrophobic ones.
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the plane of the bilayer. The peptides so far studied are ACTH) 5,
{(Gremlich et al., 193&). dynorphin1_13 fErne et al., 1985) and related
opioids (Schwyzer, 1986a), substance P (Schwyzer et al., 1986), bombesin
and ng;romedins B and C fErne & Schwyzer, 1987). One of the most
significant results of these studies is the proposed molecular basis for
recepto; selectivity for opioid peptides (Schwyzer, 198éb). Since all of
the opioid peptides in this study possess the same (enkephalin)message
sequence, differences in agonist p;tency towards the different receptor
subclasses could be correlated directly between peptides based on their
structural differences. Positive correlations are made between published
pharmacological potencies for the different opioid receptor tvpes
(delta, mu and kappa) and the structual differences in terms of the net
positive charge and amphiphilic moment. The amphiphilic moment of a
helix is a vector quantity indicating the relative magnitude of the
hydrophobic interactions (based on the Gibbs free energy change for the
transfer of a residue in a helical conformation from water to a
hydrophobic phase) and the preferred orientation of the amphiphilic
helix -axis relative to the bilaver. Both the effective charge of an
opioid peptide and its amphiphilic moment were found to make
contributions to the specificity of the peptide towards a particular
receptor subclass. Since all of the opioid peptides studied possessed
the same (enkephalin) message sequence, differences in agonist potency
towards the different receptor subclasses tould be correlated directly,
based on the structural differences between the peptides. Quantitative
structure-function_relationships defined with these parameters have

allowed predictions to be made regarding the location of the receptor's

binding site with respect to the membrane, thereby reducing the concept



-19-

of receptor specificity to a combination of receptor and membrane
v

requirements (Schwyzer, 1986b). The result of such a successive, step-

wise interaction involving the membrane and leading to receptor

occupancy is an overall increased efficiency due in large part to the
large number of weak 'binding sites} that a membrane surface can provide
as a preliminary step to productive receptor binding (Schwyzer, 19853).
Thus the lipid phase becomes a catalyst'for the peptide-receptor
interaction (Sargent & Schwyzer, 1986).

If the results obtained by Schwyzer et al. prove to be applicable
to other families of amphiphilic hormones, we should not be surprised.
Analogous processes are seen throughout the bioclogical world, whenever
diffusible substances must traverse large distances. A well known
example is found amongst many species of moths, in which the male must
correctly follow a stream of pheromones to its source in order to mate.
The impressive fan-like antennae of these creatures provides a large
surface are to aid them in their cépture of the diffusing airborne
mating hormone (Kaissling, 1983).

The use of a2 surface to provide a locus for molecular reactions is
not in itself a no;el idea. Surface catalyzed reactions (heterogeneous
catalyses) have been extensively studied and used in physical and
engineering chemistry. The difference in the processes underlying, for
example, palladium/carbon catalyzed hydrogenation of alkenes.and the
putative membrane-catalyzed binding of glucagon to its receptor lies in
the scale of the reactions. In the former case there is the spatial
realiocation and reassignment of bonding electrons to a more stable
conf iguration, in.the latter, the.spatial reorganization of entire

macromolecules to form 2 stable complex.
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1.4 Rationale

The possible importance oflnembrane—catalyzed hormone-receptor
binding in vivo mékes detailed studies of the process a reasonable topic
for investigation. The experimental difficulties inherent in studying
the process in vivo require that suitable model systems be used;
pseferably a model system that is flexible and amenable to further
exploration of all important parameters, should results warrant it. It
is proposed that the model membranes afforded by liposomes can provide a
model membrane with a suitable balance of structural simplicity and
flexibility (section 2.3). The association behaviour of a variety of
proteins should be studied, including those for which a physiologically
relevant interaction with the membrane prior to, or during, recepto:
binding, could be postulated. It is proposed that the protein hormone
insulin (section 2.&): the peptide hormone glucagon (section 2.5), and
the cytolyvtic peptide melittin (section 2.6), are suitable candidates
for study. Insulin and glucagon both regulate intermediary metabolic
processes via receptor-mediated processes, but differ markedly at the
level of their secondary and tertiary structures. Glucagon and melittin
are both peptides of 25-30 amino acids, with secondary amphiphilic

‘helical regions, vet glucagon's membrane-assisted receptor binding is
speculative, wheréas the membrane tropic activity of melittin is widely
known, but not fully understood.

Above all, an appropriate method is required, preferably one that
is widely applicablegénd from which novel structural information can be
obtained. The method of competitive labelling, also known as
differential chemical modification, is a technique used to measure the

chemical reactivities of individual functional groups, thereby providing
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site-specific information on side chain properties and
microenvironments. Perhaps the most appealing aspect of this approach is
that it addresses lipid-protein interactions from the perspective of the

protein (section 2.2).



INTRODUCTION: Part 2

2.0 Methodology and Components of the Model System

2.1 Technicues for Studving Protein-Lipid Interactions

—

The.adsorptiog of lipids to proteins can be measured by such
classical.biochemical techniques as equilibfium dialysis, gel filtration
. -

chromatography and analytical centrifugation (Revnolds, 1982). These
techniﬁues can becapplied to studying protein adsorption to bilaver
liposomes (Kroon et éln 1978; Sparrow & Gotto, 1980), but the
information cbtained lacks resolution at the molecuiar level and may
compromise liposome stability.

The application of spectroscopic techniques to lipid-protein
interactions (fluorescernce, fourier-transform infrared spectroscopy,
Raman spectroscopy) can be extremely valuable, but in complex mixtures
may bT hampered by background noise originating from other chromophores
in the system. Membrane environments obscure protein properties and make
direct measurement difficult by conventional protein analytical
techniques like circular dichroism (CD) (Long & Urry, 1981).
Consequently, experimental datasre often obtained on the physical
properties of lipids in the system and extrapolations subsequently made
to. deduce whgt is happening to the protein structure, For instance,

-

intact membranes are compared with lipid extracts or reconstituted

systems, and protein effects are then measured as a function of various

lipid properties (e.g. Seelig et al., 1982). ’

—

Measurements are made of monolaver surface pressures, areas, and

permeabilities; techniques using X-ray diffraction, differential
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scanning calorimetry (PSC), and spectroscopic’pfbbes are used to study
perturbations in a given membrane property, such as 'fluidity'. These
techniques have provided a great deal of knowledge concerning bilayers,
but less so in terms of their intrinsic proteins. This is because
lipophilic probes, are confined to the region around the protein and.
have limited acceés.to only a portion of the protein's structure.
Multidimensional NMR of selectively labelled protein nuclei is a
promising technique and is now being applied to these systems in various
ways (Wuthrich & Wagner, 1984); however, %dentification of chemical
shifts can still be ambiguous in even small (penta) peptides (Deber &.
Behnam, 1984), and the technique is limited to relatively concentrated
protein solutions (1 mM).

Little is known about the microenvironment a% the protein-1lipid
interface, and since the physico-chemical properties of protein surfaces
are not well understood in simple aque;us solutioqs.(Ninham, 1982), it
is.hardly surprising that the interactions between these two interfaces
are so poorly resolved.

2.2 Competitive Labelling

The term 'structure-function relationships' recognizes that é
complete understanding of how proteins accomplish their.physiologicaf
roles must be accompanied by detailed knowledge of théir‘:ndérlying
stfucture.Macromolecular structure is present at varioug levels of
atomic and molecular complexity, and the relationships among these
levels is frequently elusive. The chemical properties of polypeptides
are usually not specifically probed, although these properties are

clearly of fundamental importance in biological systems. Atom- and

group-specific properties mediate the interactions that arise between
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biomolecules and help provide the basis for the specificity eof all
biochemical recognition processes, _

The present work describes studies employing the method of
competitive labelling (Kaplan et al., (1971), which allows site-specific
measurements to be made of the chemical properties of individual
functional groups in proteins (for reviews, see Glazer, 1976; Bosshard,
1977). Chemical réactivity is an intrinsic property that can be
inkluenced by several factors, inﬁluding medium effects, steric
constraints (March, 1968) and microenvironment. For example, if a group
is involved in hydrogen bonding, ionic interactions, or is buried in the
interior of the protein in a nonpolar environment, its chemical
properties will differ £fom those of the same group interacting freely
with solvent.

Competitive labelling has been used extensively in recent vears to
map contact areas in protein complexes (cytochrome cpicytochromes beg
complex, Bosshard et al., 1987; antibody-bound lysczyme , Burnens et
-al., 1687), and can~b; applied to the study of protein folding
intermediates (Ghelis, 1980). Comperitive labelling has also been used
to measure the pK and relative reactivities of a number of protein
ionizable groups (Duggleby. & Kaplan, 1975; Hefford et al., 1684).

2.2.0 Theorv

If a radioactive labelling reagent is added to a large excess of
protein, the functional groups will compete for the reagent, and the
amount of label incorporated into any specific group will be a function
of it's chemical properties, i.e. it's pK and reactivity. As the ratio
of protein to label is large, only a fraction of the protein molecules,

and an even smaller fraction of each functional group, will react with

‘.‘-"--—
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the reagent. Unlike many conventional chemical modification procedures
in which the perturbation of native structure by the incorporated label
cannot be unequivocally ruled out, the low levels of derivatization
during the competitive 'trace’ labelling ensures that the chemical
properties of the protein's native structure are being measured. In
order to provide a scale of reference against which the protein's
reactivities may be compared, an 'internal standard' nucleophile can be
intreoduced into the rééction mixture.

Upon completion of the trace labelling reaction, the unreacted
nucleophiles in the proteins are modified with an excess of non-
radioactive labelling reagent. In this way, one obtains a population of
protein molecules that is chemically homogeneous, but heterogeneously
radiolabelled according to the relative reactivities of the functional
groups. Although the amount of incorporated label could'no? be
quantified, the measured radiocactivity may not reflect the initial
distribution of label, due to incomplete recovery during isolation, and
comparison between functional groups and the standard nucleophiles would
be impossible. If the isotope used in the trace-labelling was tritium,
this problem may Se overcome in two ways. The first requires the
determination of the specific r&dioactivity of each isolated peptide or
Zunctional group. A more convenient method involves adding an aliquot of

14C~labelled protein and internal standard solution. By counting both

isotopes, the reactivities of functional groups relative to the internal
standard can be determined, based on 3H/l'{‘C ratios. If material is lost
during recovery, the ratio of 3y o laC remains intact. The“main points

of the procedure are summarized in the following diagram:
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\
A\

Protein (P) + Internal Standard (S) mixture
3 trace tapelling
C([PH]-P + P) + ([3H]-S = S)

full derivatization,
Jr A——

with addition of lz‘C

/\

!

purification of derivatized functional groups,

, .
quantification of SH/14C ratios.

Measuring reactivities relative to an internal standard rucleophile
allows one to (1) measure individual pK values for specific groups, or
(2) make comparisons between different labelling experiments.

When pK values are sought, the protein (P) and internal standard
(S8) nucleophiles are labelled over a range of pH values. Since the
reaction is pseudo—firét ovder, the amount of reagent (R) incorporated
into each group will be proportional to the product of the fraction of
unprotonated nucleophile (a) and the second-order rate constants
(kp,ks). If PR and SR are the labelled forms of P and $ after completion
of the procedure, then

/8¢ of PR/ 3H/14C of SR = apkp/agkg,

where o= Xp S/(KP,S + [H']), and KP,S is zhe acid dissociation constant
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for the ionizable groupé P or S, respectively.

Kg is read:ly obtained.by titration of the internal standard. The
value of kg can be determined independently, but the ratio (r) of the
rate constants kp/ks can usually suffices as a measure of the protein
nucleophile's relative reactivity. Upon rearragement of the above
equation} .

apr = ag(3H/14C of PR/ 3H/14C of SR).
A plot of apr versus pd will yield the pK of functional group A and the
value of r (Kaplan et al., 1971).

When determining the steric shielding of a residue upon complex
formation, the reactivity of the internazl standard can provide an
objective point of reference by which to gaugéany.reactivitychanges
that may occur. For instance, two groups mav have similar reactivities
in the free protein, whereas in the complexed protein they may differ
from one another. By relating the reactivities in each case to a non-
interacting standard that is subject to the same experimental
conditions, it is_possible to determine the absolute direction and
magnitude of the observed reactivity changes. If the protein is labelled
when bound to a ligand (L} and when free in solution (F), changes in
reactivity are proportional to: _

(3H/M3C of PR/ 3M/14C of PRR) X (PH/14C of SRp/ 3H/LAC of SRp).
The last term is unity for an internal standard that does not interact
with any of the components of the system. It can readily be seen that
the inclusion of an internal standard in a2 complex~-formdtion study is
not mandatory, and they are frequently not used (Giedroc et al., 1985).
Instead, individual groups within the protein moy be used as a standard

of reference provided they are not affected by complex formation.

[

v
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Adsorbtion or binding of a protein to a liposome surface méy
involve several different groups. However, the site specific nature of
competitive labelling offers an advantage in that only a small region of
a complex biopolymer is probed at any one time. In this way the
complexity of the interaction may be reduced by dissection to the
relevant functional groups. The reactivities of these functional groups
will depend on their accessibility to reagent, inherent reactivity, and
microenvironment. The reactivity data can be combined with a knowledge
of secondary structural constraints, allowing changes in group-group
interactions, local struc;ural rearrangements, and the surface
topography of proteins to be deduced.

2.2.1 Protein Studies in Dilute Solution

 Besides the ability to measure reactivities at specific sites, a
second important feature of competitive labelling is that it allows very
dilute (submicromolar) protein solutions to be examined. Although it is
now routine to detect picomolar quantities of amino acids and peptides,
the measurement of physicochemical properties is limited to solutions
that are much more concentrated. Apart from fluoresenée spectroscopy,
the sensitivity of most techniques (ORD, CD, or NMR) does not allow for
the study of proteins in very dilute solution (less than 10~ M). At
concentrations greater that 1076 ¥ however, many peptides oligomerize,
and exist as equilibrium mixtures of different multimeric forms. Insulin
monomers associate into dimers, tetramers and hexamers as their
concentration increases from 10'6 M to lO'2 M (Blundell et al., 1972).
Glucagon likewise associates into trimers, with accompanyiﬁg changes in
secondary structure (Blundell & Wood, 1982). The pﬁysiolggical

concentrations of these peptides is very low (10'9 M to 1013 M; Ganeng,
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1981), and most likely are monomeric in the circulation. Due to the
sensitivity of the competitive labelling technique, studies can be
carried out at concentrations approaching the physiological. Adsorption
to liposomes should be‘accompanied by changes in the environment of some
of the functional groups, and shielding may also occur. Stabilization of
particular secondary structures would also be expected.

A thorough understanding of protein-lipid interactions Qill require
the evaluation and synthesis of data obtained from a variety of
experimental approaches. Competitive labelling has the potential to
contribute novel information to this problem. In order to assess the
utility of this approach, proteins exhibiting important structural
similarities at 4different levels of biological complexity were studied
(section 1.4). Competitive labelling studies should be able to (1)
propose plausible structure-function relationships for the ., specific
peptides under study; and (2) point to some general methodological
principles that might be useful for future protein-membrane interaction
studies.

Ultimately, the long-range goal of this line of research would be
to apply the methodology to the study of receptor-bound hormones. If
structure-function relationships can be successfully probed with the
liposome model system, further studies using solubilized or

reconstituted receptors would be feasible.
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2.3 Liposomes as Model Membranes

In aqueous systems, vesicular structures can be made from a2 wide
variety of chemical compounds, providing such compounds exhibit some
degree of amphiphilicity (Fuhrhop & Mathieu, 1984). Vesicles made from
biogenic lipids, particularly phospholipids, are generally known as
liposomes ("1lipid bodies") and are frequently used to model bioclogical
membranes. The rationale implicit-in their use is that the lipid
bilayer, which is the main structural feature of liposomes, is also the
main structural feature of Singer and Nicolson's fluid mosaic model
(Singer & Nicolson, 1972). Once it was deménstrated that lipid bilayers
formed spontaneously from phospholipids in aqueous solution, the
controlled variation of such parameters as phospholipid type,
cholesterol content, and degree of fatty acyl chain saturation became
inevitable. The incorporation of appropriate proteins further extended
the experimental use of liposomes, as they could then be made to mimic
many membrane-associated cell processes (Darszon, 1983). The results of
these studies have. generated the paradigms that now govern our
understanding of membrane structure, function and dynamics in vive.

Although liposomes provide a flexible model for investigating a
range of membrane phenomena, they differ from biological membranes in
many respects. Geometrical and topological characteristics (shape,
surface area, radius of curvature, stability of surface structures)
limit their size, so that the largest single-bilayer liposomes which can
be conveniently and reproducibly made are well under a micron in
diameter, less than a £ifth the size of erythrocytes. In solution, the
minimization of interfacial tension at the membrane/solvent interface

dictates that liposomes are predominantly spheroid, a shape that is
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ideal in terms of geometry, but not very similar to most cell types. At
the molecular level, liposomes and biomembranes differ in terms of their
phospholipid packing, resulting in different intramembrane dynamics and
more exposed hydrocérbon acyl chains. Surface charge deﬁsity and
concomitant changes in water structure will also be affected by
differences in the packing of the membrane phospholipids. Thgse
properties vary between ceil types, and also differ between liposomes,
depending on their manner of preparation (Abbott & Nelsestuen, 1987).

In addition to Size and shape differences, liposomes also lack
intrinsic membrane protein, glycoprotein, and glycolipid. Since protein
and carbohydrate frequently make up to at least 50Z of the dry weight of
cell membranes, it may well be that importan: physico-chemical
properties present in biologicai membranes are not present in liposomes.
These large structures on.the membrane surface might seem to provide a
"physical barrier that would prevent soluble molecules, such as
peptides, from approaching the bilayer surface. However, non-specific
physical shielding by large molecules does not necessarily affect
accessibility to the lipids of the membrane. In a study by Peters et al.
(1983), dextran and serum albumin were derivatized with fatty acids so
as to bring them as close to the lipid matrix of the liposomes iﬁ which
they were incorporated. No evidence was found for any shielding of
glycolipid headgroups from hydrolysis by soluble neuraminidase.
Nevertheless, the degreé of subtle comple;ity found in natural
membranes, in terms of total lipid tomposition and distfibution in the
bilayer, and especially their dynamic associations with other molecular
species, may require that extrapolations from results of research based

on liposome models be done carefully and conservatively.

—
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2.3.0 Liposome Design

Liposome preparation and design is an active area of research,
driven by the applications that liposomes have in both basic and applied
science. For example, by the judicious choice of the molecular species
to be used as the liposome components, it is possible to make liposomes
that are temperature, pH, and light sensitive (Weinstein et al., 1979;
Yatvin et al., 1980; Pidgeon & Hunt, 1983). These properties, combined
with their innate capacity to contain a finite volume of solution, make
them promising drug delivery systems (Knight, 1981). Besides the use to
which researchers have been putting liposomes, it is this latter
application that no doubt has encouraged most current liposome research.

There are many ways to make liposomes, each methad possessing
certain advantages and limitations. The type of lipids to be used, and
the size and lamellarity of the final product are of primary importance
if models of biological membranes are .desired. Technically more
challenging are limitations that-may be imposed if compounds (such as
nucleic acids or drugs) are to be encapsulated within the liposome,
since these compounds may not be physically stable to the processes
used, for instance, during sonication, or if exposure to organic
solvents is necessary. The encapsulation efficiency, which is very much
dependent of the method of preparation, is also an important parameter
in such cases. Traces of detergent or organic solvent may or may not be
acceptable contaminants and their possible presence will influence the
choice of method.

Liposomes can be classified as multilamellar vesicles (MLVs) or
unilemellar vesicles. For practical purposes, such single membrane

liposomes have been .divided (somewhat arbitrarily) into two groups on
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the basis of size: small unilamellar vesicles (SUVs) have a diameter éf
lecs than’ 1000 angstroms, while large unilamellar vesicles (LUVs), are
larger (Szoka & Papzhadjopouleos, 1980). Other definitions of SUV and LUV
are in use (pre et al., 1986), and many investigators choose their
definitions according to their own specific criﬁeria.

Liposcmes are characterized by'3 main properties: their physical
size, lamellarity, and their trapped volumes. Electron microscopy using
negative staining is a simple and convenient method of assessing the
approximate diameter of the vesicles; it is often possible to detect the
presence of multilamellar structures as well. In recent years auasi-
elastic light scattering has been used to measure the sizes of lipééoﬁe
preparations (Schurtenburger, 1984). Freeze fracture electron microscopy
is a good technique to obtain information on surface morphology
(Verkleij, 1984), and although it can also reveal the multiple layers
present in MLV, it does not provide conclusive proof that a preparation
is free of multilamellar structures. Thin sections of liposomes can be
made for electron microscopy by eﬁbedding the vesicles in a2 gelatin or
agar matrix (Hamilton et al., 1980)., This technique can size the
vesicles and give an indication of their lamellarity. The mean
dimensions of a liposome population can be combined with entrapped
volume determinations to allow for the calculation of liposome surface
area (Pidgeon & Hunt, 1981). Entrapped volume can be determined by
encapsulating a detectable marker into the vesicle during formation.
Non-entrapped marker can be removed by gel filtration or dialysis and
the ehtrapped marker quantified. The markeréshould be a nonionic and
nonpermeable solute, to aﬁoid artifacts due to non-specific binding.

If a model of the plasma membrane is desired, LUVs are éurrently



the best approximation simply by approaching the gross dimensions of
cell membrane surfaces. The related parameter of surface curvature is
thereby minimized and lipid packing can be assumed to be more or less
'wild-type'. The single bilayer separating the encapsulated volume and
external bulk solution approximates a cell better than a multilamellar
structure, in which interbilayer forces (Rand, 1981) may distort the
properties of the outer leaflet of the outermost bilayer.

Much work has been done on membrane systems where the phospholipid
fatty acid composition is homogeneous (e.g. dilauroyl, dimyristoyl, or
dipalmitoyl PC), a §ituation not regularly encountered in natural
membranes. A more heterogeneous lipid mixture q;ght better reflect the
biophysical properties of naturally occurring membranes and thereby
mimic their ultrastructure and dynamics. The large percentages of PC and
cholesterol found in mammalian cells suggests that these two species
alone may have substantial influence on the overall&architecture of the

{

N
plasma membranes, and this fact, combined with the phvsical stability of
p;
PC:cholesterol mixed bilayers, makes them sui;&ﬁlp components for a
. "

model membrane.
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4 INSULIN

The anabolic role of insulin in intermediary metabolism is well
known and the delivery of appropriate therapeutic regimes to diabetics
has been one‘pf the great successes of modern biochemistry. The
mechanism of action of insulin at the cellular and molecplar level
remains to be derormined however, and to this end site- and region
directed chemical modifications continue to be used te probe structure-
functioﬁ relationships at the level of the hormone-receptor interaction
(Nakagawa & Tager, 1987). This research has been based on the crystal
structure of insulin as determined by Dorothy Hodgkin and co-workers in
1969 (for an informative and perscnal review see the contributioﬁs to

the dedication volume to Dr. Hodgkins, e.g. Perutz, 1981).

2.4.0 Crvstal and Solution Structure

The crystal structure of insulin is built from X-ray diffraction

images of the insulin hexamer, which forms rhombohedral crystals in

vitro and in vivo (Blundell et al., 1582). When the storage granules in .

the pancreatic beta-cells are exocvtosed, the irsulin hexamers
dissociate to lower oligomers via the hexamer-tetramer-dimer-monomer
scheme outlined in Figure 6 (Blundell et al., 1972). Plasma
concentrations of insulin are subnanomolar, normal levels not exceeding
0.5 nM (Ganong, 1981). Published values for the dimerization constant
lie between 1.4 x 10_5 (Pekar & Frank, 1972} and 7.5 x 10-° M {Pocker &
biswas, 1981), indicéting that the circulating form of insulin is the
monomer. It is the monemeric form that binds to the insulin receptor and
presumably elicits the biological.effects. Although the insulin receptor

possesses a dimeric subunit arrangement and is therefore bivalent



Figure 6. Exploded view of the porcine 2Zn insulin hexamer. One
A-chain (a) and one B—chaﬁn'(b) make up molecule 2; another B-
chain (d) and A-chain (e) made up molecule 1 (f). Molecules 1 and
2 combine to form the pseuvdo-symetrical dimer (g), three of which

combine to give the hexamer (h). (from Cutfield et al., 15981).

T~
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(Czech, 198%) there.is no conclusive evidence that both .sites need to be
filled, or ;hat‘dime:ization of bound insulin is required. In any case,
it is clear that a monomer is physiologically favoured to bind to the
receptor, whe}eas a dimer is not.

Indirectly, these ideas have been confirmed by the extensive
modification studies involving the dimer-forming surface of the insulin
monomer, which appears tc be a part of the larger receptor-binding
region (Pullen et al., 1976; Blundell et al., 1982; Gammeltoft, 1984),
The dimer forming surface is hvdrophobic, comprising residues Val-Bl2,
Tyr-Bl6 & B26, and Phe-B24 & 23, and is quite invariant between all
known insulins (Dodson et al., 1983). The receptor-binding region is
postulated to involve the dimer-forming surface as well as Gly-Al, Tyr-
Al9 and Asn-A21, which lie adjacent to it“(Pullen et al., 1976).
) Blundell et. al. (1982) have ilcluded other residues in the proposed
binding region, which lie on the periphery_of the region defined above.
It should be mentioned thatrthe above named residues, Al, A19 & A21,
form part of a second interspecies invariant region along with Glu-A4
and Gln-A5. The involvement of these more polar residues in hydrogen
bonding and oth.:r polar interéctions with the receptor’'s binding site
may help to account for the greater affinit§ of the insulin monomer for
the receptor {ca. 10-9 M), rather than for itself (ca. 10-6 M)
(Gammeltoft. 1984).

As with the other proteins, the structure of monomeric ingulin in
solution is generally assumed to be similar to that found in the
crystal. The only direct evidence supporting this assertion has been
obtained by competitive-lébelling (Kaplan et al., 1984; Hefford et al.,

1986), though the situation is complicated by the fact that a number of
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different crystal structures are known for a single primary sequence
. {Cutfield et al., 1981), The‘first insulin crystal structure was done on
the '2Zn' insulin hexamer, made up of three identical dimers coordinated
‘about two zinec atoms. The monomers making up each dimer are not
identical but nearly so, displaying only slight shifts in the relative
positions of the gpcondary structural element'sr with correspondingly
minor differences in the side chains that interface these elementé
(Chothia et al., 1983). A few side chains show a more significant
deviation between monomers, notably Phe-B25, resulcing in the pseudo-
symmetry at the dimer-forming surface oé the 2Zn structure (Blundell et
al., 1972). In the dimer form the 4Zn irsulin hexamer, one of the
monomers is quite similar to one of the 2Zn monomers, and is also very
similar to both monomers in the symmetrical hagfish insulin dimer. This
common structure is known as molecule 1 according to the nomenclature of
the Bei jing Insulin Research Groups (1981), and provides a useful
reference struéture (Figure 7).

In the 4Zn dimer, molecule 2 is dréstically different from the
other structural forms (Chothia et al., 1983). The B-chain N-terminal
residues BI-8 are folded into an alpha helix that extends the B9-B1§S
helix common to ;ll structures. The result of this new B-chain
conformation is to shift the relative position of the A-chain and alter
the dimer forming surface of the molecule, resulting in a substantially
different hexameric form (Smith et al., 1984). Incidentally, the 4Zn
structure also suggests a molecular mechanism to explain the
ﬁharmacodynamics of this species of insulin. A detail of the B-chain
conformational change is shown in Figure 8.

The structural flexibility of the insulin monomer, perhaps
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Figure/§{/Backbone structures of the four independent_ﬁorcine

insullin molecules, viewed perpendicular to the two-fold axis
(from Cutfield et al., 1981).

Figure 8. Detail of the conformational change involving residues
B1-B8. The structure from tire 4Zn nolecule 2 (heavy line).is

superimposed on that of the 2Zn molecule 1 (light line) (from
Smith et al,, 1984).
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surprising in viéw of the three disulfide bridges present in the small
-protein, has been cited as being important for receptor binding and
activation (Dodson et al., 1983). This is a particularly interesting
possibility when one considers that the 4Zn form of insulin was first
discovered by Schlichtkrull when preparing c¢rystals in sodium chloride
concentration of 6% or more (Schiichtkrull, 1958; Bentley et al., 1976).
Contrary to its designation, it is not the stoichiometry of zinc to.
insulin which is the determining factor in formation of the '4Zn'
crvstal structure, but rather the overall ionic strength, (Chothia et
al., 1983). Specific binding has been'shown te be increased in 6% NaCl
solution (i.e. about 1.0 M salt) (Tatnell & Jone%% 1981) and non-
specific binding to glass surfaces has been shown to'be abolished at
this Same concetration (Kaplan et al., 1984). The importance of the B-
chain N—terﬁinaliconforma:ion change with respect te solution
conformation of the monomer is not known, but there is some reason to
believe it may be present in sclution (Blundell et al., 1982).

Molecular dyhamics simulation; using energy minimization algorithms
have been performed on the 2Zn monomers, resulting in a common low
energy con%iguration that closely resembles molecule 1 (Wodak et a%j.
1984). These findings were qualitatively confirmed by another group
(Kruger et al., 1987), though the similarity of 2Zn molecules 1 and 2 to
each other and to 4Zn molecule 1 is perhaps sufficient testament to the
thermodynamically stable corformation.

It should be noted in passing that one study has suggested that a
loss of helical content sin the insulir molecule upon dissolution of the
dimer %o the monomers IPncke; & Biswas, 1980). The helixes postulated as

being affected are in the A-chain, involving residues 1-4 or 12-19. The

™~
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results of this study, which really pushes the limits of the technique

employed (CD) as ;%r as signal-to-noise is concerned, has not been
{

_substantiated as fet. Blundell & Wood (1982) have suggested that the

technical limitations coupled with possible adsorption of insulin to

container surfaces may invalidate this study.

2.4.1 Adsorption Phenomena of Insulin
At the very dilute physiological concentrations where the free
monomer is the predominant species, insulin is known to strongly adsorb

to many different surfaces. Cuatrecasas & Hollenberg (1975) showed that

lzsl-labelled insulin could bind to a widé variety of materials in both

a non-specific and specific manner. Specific interactions with talc were

found to be saturable, specific, reversible, and of high affinity, all

of these characteristics being common criteria reserved for hormone-

receptor binding /Hhenomena. Binding was also observed with silica,
I} f + - L3 -

protein-agarose derivatives and glass test tubes. The study of insulin

adsorption to glass tubes was extended by this group (Hollenberg &

i
H

Cuatrecasas, 1976), but the effect did not receive attention again until
recently. Studies of the concentratian-dependence of functional group
reactivities have been doﬁe in vessels of varicus materials (Kaplan et
al., 1984). For each material, tested (pyrex glass, Tefzel, polystyrene),
functional group reactivity was effectively‘abolished below insulin
concentrations of 1.0 pM, although there was some variation as to which
functional groups were affected first., These experiments were done in
0.1 M KC1, but when the salt concentration in the glass test tubes was
increésed to 1.0 M, no reactivities were observed to disappear

completely, even at 1077 M. Thus the interaction of insulin with glass

surfaces appears to have.a major electrostatic component, which can-be
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eliminated by charge shielding from high salt concentrations. With glass
adsorption eliminated,;:oncentration-dependent reéctivities could be
ascribed to dimer-monomer- transitions (Kaplan et al..-1984), and
structure-function studies of the insulin monomer were now made possible
(Hefford et al., 1986).

The binding characteristics of insulin to synthetic surfaces
reveals that the molecule has noﬁeworthy adsorptive properties, and it

1

is natural to ask whgther or not these are of any physiological
significance. The ion conten; of blood plasma is dominated by ‘dissolved
sodiuﬁ and its counter-ions, chloride and bicarbonate, with an
osmolarity of about 300 mOsm. Near the electrical double layer of the
plasma membrane the ionic strength must‘be greater (McLaughlin, 1977).
As noted above, the insulin monomer in‘crystal form can ;ndergo ionic
strength-induced revefsible conformational changes, even in the
restrictive environment of the c¢rystal latticé (Bentley et al., 1978),
and these may be important in the stabilization of a receptor-binding
_conformation.

Insulin is known to have effects on the membranes of many receptor-
containing cell types, affecting translational diffusion of lipids and
membrane proteins (Stuschke & Bohar, 1983) as well as lipid structure
(Murray & Nelson, 1981; Hyslop et al., 1984). Although there is no
evidence ﬁhat\these effects are mediated by anything else but the
hormone-induced activation of the insulin. receptor, the binding process
itself can be altered by the membrane structure {(Ginsberg et al., 1982),
a finding congistent with possible membrane involvement in the receptor
recognition step.

Studies concerned with the feasibility of using liposome-entrapped

4
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insulin as a therapeutic vehicle for diabetes would certainly bene%if
from a thorough knowledge of insulin-membrane interactions, but there a
very few published reportsdiggling with this question. At concentrations
where some dimer would still be\pifsé;t (2.75 uM), insulin was found to
i?crease the permeability of planar PC bilavers to ngpOSQ\(Kafka,
}57&). Thei@ncrease in permeability was modest (2-3 fol@)'and could not

|
be increased by having insulin present on both sides of the membrane.

~ Wiessner & Hwang (1982) found that at concentration between 2.7 x 10'4

and 1.7x 10'5 M, insulin was.found to bind to small unilamellar vesicles
(SUVs) made of either DMPC or DPPC. The binding was tempgﬁature—
dependent, becoming negligible at temperatures approaching the T. of\the
SUVs. Insulin d7d not bind to large multi-lamellar vesicles (MLVs), aund
binding was also adversely affected by increasing amounts of membrane
cholesterol. The conclusion was that binding was dependent on’ the
packing of the PC acyl chains, especially insofar as they may be
accessible to the solvent in such a highly curved structure. Since
binding was only observed below physiological temperature, at greater
than physiological concentrations, and with lipid structures of marginal
physiological significénce, the results of this study cannot rule out an
effective in;ulin—membrane interaction in vivo:

'Monolayer studies using a variety\ef natural and syntﬁetic lipids
found that peAetration of monomeric insuliﬁ (ca. 10_7 M)_into a
monolayer was dependent on the initial surface pressure (Schwinke et
al., 1983), as has beeg found for many proteins (e.g. Kimelberg &
Papahadjopoulos, 1971). Decreased ﬁenetration of insulin to the air-
water interface was observed when saturated phophatidylcholines were

employed. In the case of DPPC, this effect could not be reversed by
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addition of 33 moll chelesterol, even though insulin could readily
penetrate cholesterol monolayers alone. Phosphelipid headgroup types did
rot affect the surface active behaﬁiour (PC = PS = PI, with unsaturated
acyl chains) with the exception of phosphatidic acid (PA), which
excluded insulin from the interface. Thus, although hydrophobic
interactions are of primary importance in the interaction of insulin
with monolayers, it is not the only one, and undefined polar group
interactions may also be important.

The finding by Schwinke et al., (1983) with respect to Pi ic
intriguing because PA-containing liposomes can be indu;ed to fuse with
the addition of monomeric insulin between pH 3.0 and 5.3 (Farias et al.,

- 1983). Binding of insulin to mixed lipid liposomes with concomitant
decre;ses in membrane 'fluidity' (or lipid 'order'), and fusion were all
influenced similarly by temperature and salt concentration (Farias et
al., 1986). These effects were enhanced when DMPC was substituted for
EPC, but were abolished when pure EPC vesicles were used.

The differential findings when EPC was used as lipid have been
further complicated by a demonstration that mixed EPC/cholesterol (4:1
mol/mol) will bind insulin monomers (Hianek et al., 1987). Using bilayer
lipid membranes (BLM), insulin was found to increase the negative
“surface charge (at pH 7.4) on the cis- side of the membrane, concomitant
with 2 cooperative decrease in the modulus of elasticity and the related
dynamic viscosity of the acyl chains. These latter effects can bé
interpreted as resulting from insulin binding to the bilaver and
causing a local change in the membrane structure that facilitates
further insulin binding. It is difficult to assess the importance of

these results: the method is based on electrostriction of the membrane,
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induced by an alternating transmembrane voltage, with simultaneous
measurement of the first three harﬁzniés of the induced transmembrane
current. The original references are published in Russian (Hianek et
al., 1987, and references therein) anq‘Fhe precision of this biophysical
technique is not.known. ‘

In summary, the information on the possible interactions of insulin -.
with bilayer membranes is quite limited. This may be related to the
technical difficulties in studying proteins in very dilute solution and
to the fact that insulin monomers adsorb strbngly to the surfaces of the
containing vessels, complicating the interprétation of results.

L
2.4.2 Experimental Approach

As noted above, the presence of 1.0 M salt prevents adsorption to
the reaction vessel surface (Kaplan et al., 1984, Hefford et al., 1686)
and makes it possible té study insulin at monomer concentrations. The
competitive labelling procedure, using FDNB can be used to probe several
sites on the insulin molecule. Of the nine possible labelling sites in
the insulin molecule, two (Tyr-Bl6é & Tyr-B26) are present on the dimer-
forming surface (Blundell et al., 1972), and two (Gly-Al & Tyr-Al9) are
adjacent:to it, part of the proposed receptor binding region (Pullen et
al., 1976). Three residues are located on the hexamer-forming surface
(Tyr-Al4, Phe-Bl, His-BlO) (Dodson et al., 1983), and two remaining
residues are not associated with any known functionally distinguishable
surface (His-B5, Lys—é29). The large number of nucleophiles in insulin
are distributed widely over the protein surface, so it should be
possible to determine whether a specific region of the molecule is

involved or whether the process is a non-specific physisorption.
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2.5 GLUCAGON

Glucagon is a peptide composed of 29 amino acids, and in terms of
its physical chemistry, is the best characterized -member of a family of
related hormones, including secretin, VIP, gastrointestinal inhibitory
peptide (GIP), and others (Bodanszky & Bodanszky, 1986). DCespite the

impressive sequence homology between these regulatory peptides (Table

II) they"do not all cross-react at the level of their adenvlate cyclase-

activating receptors. Rather, c¢ross reactivities are restricted to -

members of subgroups of this peptide family. Glucagon forms one
subgroup, GIP another. and secretin, VIP, PHI and GHRF form the third
group (Rosgelin, 1986). However, whilé gluéagon stimulated adenvlate
cveclase activity.‘mediated by a specific receptor and a GTP-bincing
protein, has long been a paradigm of hormone second messenger systems,
the actual situation is far more complicated. In 1986, Wakelam et al.
demonstrated that liver celis possess, in addition to the classic cAMP
second messenger sysfem, a seceond signal transduction mechanism
involving phosphodiesterase-catalyzed formation of diacvlglvycerol and
inositol-1,4,5-triphosphate. At phvsiological concentrations, it is this
newly discovered ;ystem which is of primary importance in signal
transduction (Peterson &_Bear, 1886). This finding requires a re-
evaluatien of all structure-function studies that have been done to date

on the glucagon family of hormones. )
The dual hepatic receptor system is also significant for the
observation that fragment glucagon;g_ng has been observed to

specifically inhibit the liver Catt pump without effecting adenylate

cyclase activation (Mallet et al., 1987). Proteolytic cleavage on the C-

/
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terminal side of basic resifues is a common occurrence in the procesdsing

of_polvpeptide hormones (Docherty & Steiner, 1982) and cleavage of
glucagon C-terminal to Arg-17 & 18‘reauires a new appreciation of the
numerous reguiatory activities that glucagon may give rise to. It is

useful to note here that glucagon may also be a neurotransmitter, since

-

glucagon immunoreactivity has been found in variouixbrain regions,

including hyvpothalamic synaptosomal fractions (Sasaki et al., 1985).
These rev?iutionary findings occur.hard on the heels of the discovery
that fragm;ht glucagony_g is not active in the in vi;ro liver adenvlate
cycliéf assay (Pelton et al.,, 1983), as had been previously thought, and
upon which much specuiation had bggn built regaerding glucagon's
structure=function relatiénships (Blundell et al., 1982: Redbell, 1983).

2.5.0 Crvstal and Solutidn Structures
o i

> The 48% and 32% sequence homology of secretin and ~IP to glucagon
R

LA A
may be significant in the hormonal regulation of the diacyglycerol-

inositol-1,4,5~triphophate effector system. Further physico-chemical
. SR
studies on glucagon should therefore be carried cut, as they must form
the basis for any comparative biochemical analysis of secretin and VIP.
The importance of such studies in providing a foundatibh of knowledge
lies chiefly in the fact that the information optained will be relevant
regardless of the relative compégteness of understanding of hormonal
signal transduction at the molecular, cellular, or clinical levels.
Like insnlin,:glucagon is a pancreatic hormorne, though synthesis
and storage, in the férm of amorphous zymogen granules, takes place in
the alpha cells, rather than the beta cells (Blundell et al., 1982). The

non-crystalline form of the granules is a likely result_of the extreme

mobility of the monomeric unit, particularly the side chains, and has

q

A Y



been .the source of many préblems associated with its cristallization for
the purpose of X-ray diffraction (Sasaki et al., 1975).

Two crystalline forms of. glucagon are known and have been resolved
to 3I)A-resolution(Sasaki et al., 1975). In each case the unit cell is
built up from four trimers, in which the glucagon monomer is in a
helical configuration. The primary sequence of glucagon confers
secondary’ amphiphilicity in two regions of the molecule (Figure 9). In
tfimer 1, both hydrophobic Eatches are in;olved in stabilization of the
complex, with heterologous contacts being made between the region
involving Phe-6, Asp~9, Tyr-10 & -13, and the fegion invoiving residues
irg-18 (the methylene éroups), Phe-22, Trp-25, and Leu-26 (Blundell,
1983). This order of contacts resul%$ in a three-sided closed loop
strucfure, with hydroph;lic side chadins extending into the centre
(Figure lOL .

o ”
The intramolecular forces stabilizing trimer 2 are homoiogous

N
kS

hydrophobic contacts between residues Ala-19, Phe-22, Val-23, Trp-25,
Leu-26 and Met-27. These contacts hold the carboxy-fg;ﬁini of the three
monomers in close proximity, forming the apex of a tripod-like structure

of which the amino termiqggﬁorm the base (Figure 11). Progressing from

e

the apex of.:he trimer towards’ the amino tefmini, tpere is an increase
in main chain flex?bility starting at Arg-17 & -18 which continues to
the point where residues 1-5 are highly mobile, even in tﬁ; crystalline
state (Sasaki 1975).\Thi§_di?prder may'explain the amorphous nature of
the precipitated glucagon“{n its zymogen storage form. It should be
pointed out that between residues 1 and 18 an alpha-heiical structure is

not required for the meintenance of the trimer 2 configuraticn

(Blundell, 1983), although predicticu methods do indicate a high
+
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Figure Q.Ckﬁﬁhtphilicity in glucagon. Helical wheel;diagrams of
the N- and C-terminsh segments of glucagon, (A) and (B),
respectively. (C) The pgSitiqh of the hydrophobfé side chains
(numbered according to residue) in the helical monomer of
glucagon. Coordinﬁfes were obtained frdﬁ the Brookhaven Protein
Data Bank and displayed on an Evans and Sutherland PS 300 colour

graphics workstation. Van der Waal's radii generated by FRODO,
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Figure 10. The crystallographic structure of the glucagon type 1
trimer, in which the protomers are joined via heterologous
contacts. The trimer is viewed down the three-fold axis of
rotation (from Blundell, 1983).
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Figure 11. The glucagon type 2 trimer, viewed down the 3-fold
axis of rotation (a), and perpendicular to this axis (b) in

stereo projection. (b) was generated by FRODO as described in
figure 9.
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probability of ordered‘structure in residues 5-10, either beta-sheet
(Chou & Fasman, 1975) or alpha-helix (Schiffer & Edmundson, 1970; Lim,
1974). '

The value of the trimerization constant of glucagon at
physiological pH and temperature values has not been reported. At pH
values between 3.5 and 8.5, the Solubility of glucagon in less than 50,
ug/wLl (1.43 x lO"S M), while at extremes of pﬁ (less than 3.0 and
greater than 9.0) solubility is greatly increased to about 2.87 x 1073 M
(Bromer, 1972). The assumption that the monomeric form predominates at
concéntrations below 3 mg/mL ( i.e. 8.6 x 10_4 M) (Panijpan & Gratzer,.
1974) is probably based bn structural changes accompanying aggregation
of glﬁcagbn trimers. Recent studies have all been performed at pH 10.6
and 25°C and give 2 range of values. Formisanc et al. (19%7) have
gﬁg}gged CD data to arrive at a trimerization constant of 1.06 x 100 M~
< éh&ugh the lowest concentraticn of glucagon used was about 1.0 mM. A
later report from this group (Formisano et al., 1978) used sedimentation
equilibrium studies in conjunction with lower concentration CD étudies
to obtain a constant of 2.2 x 107 M~2. Johnson et al. {1979) measured
the heats of dilution of millimolar solutions of glucagon to determine a
trimerization constant of 2.4 x 10° M~2, Wagman et al. (1980) found a
constant of 1.3 x 106 m-2 on the basis of concentration dependent
changes in chemical shift. The relevanée of these constants to the
trimerizati;n of glucagon at physiological pH has not been assessed,
though tﬁ: low solubility of glucagon at intermediate pH values of 6-9
(Sasaki et al., 1975) indicates that glucagon trimerization occurs much
more readily at pH 7.5 than at pH .0.6.

Whatever the precise value of the trimerization constantf at
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physiologfcal concentrations (below 1010 M) glucagon will be a

monomeric 'random coil', probably a mixture of different conformers, the

relative proportions of which depend on the solvent, ionic strength of

the solution and the internal energy of the system. At higher
concentrations (above 10'5<M to 10‘6 M), the trimeric form will
predominate (Blundell, 1979). Of the two known trimers, most
experimental data support the existence of the type 2 (autologous
contacts) trimer in solution. Early CD and ORD studies indicated that an
intitial 10-15% helicai content could be increased to 357 in more
concentrated solutions, though addition of 2-chlorocethanol was found to
increase the helicity even further, especially with more highly
concentrated solutions (Srere & Brooks, 1969). It was postulated that 2-
chloroethanol stabilizes.a largely helical configuration which probably
self-associated. Optically detected NMR studies localized a 15-20%
helical content to the C-terminal end of the molecule (Ross et al.,
1577).

Proton NMR studies have fouid that the sequence corresponding to
residues 22-25 (Phe-Val-Gln-Trp) possess a non-helical, but quite
specific conformation in both 2 model pentapeptide with 2 C-terminal
léucine'and glucagon (Boesch et al., 1978). As this sequence is also
found in PTH, the possibility exists that this is an important
structural feature with a functional role, and may provide a locus for
the initiation of other cﬁnformational transitions. iine width
broadening of proton NMR resonances are significant for C-terminal
residues but not near the N-terminal, indicating low mobility (Wagman et

al., 1980). Monomeric glucagon would seem to be 'primed' for specific
g .

interactions involving the C-terminal hydrophobic residues while the

-
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absence of similar evidence for structure 3n the region encompassing the
N-terminal hydrophobic patch'hust be a reflection of rdisorder in this
region (vide supra). It should be noted however that competitive

Al

labelling suggests that whatever the- structure of the monomer +in

leufion, it is sufficient to perturb the chemical reactivity of the

\\ Lys-12 N¢ amino group, resulting in a lower than average pK (Hefford et

* al., 1985). This may be the result of hydrophobic ;pteractions of the
sidc chain methylene groups (as pér ) Korn & Oﬁteﬂsﬁeyer (1983) model,
vide infra) but there are a sufficiéqt number of polar groups in the
vicinity to, allow for some type of polar interaction as well. This study
did notyfind the reactivity of.tﬂe N-terminal hiétidine nucleophiles
‘(the N -amino and the N —imidazo;e group) to differ from .that in the
model compound histidylglycine, thus supporting the notion of an
unordered N-terminal. In general, entropic effects azre thought to favour
the type 2 trimer in solution rather than the more structured type 1
trimer (Blundell, 1983).

A recent attempt to compile the bulk of experimental findings on
glucagon has led to a detailed model for a solution confoémation which
'takes into account secondary structure prediction methods and data from
fluorescence quenching, CD, NMR and hiigh resolution dark field EM {Korn
& Ottensmeyer:‘TQSB). ihe molecule is posited to be almost globular,
with residues 1-16 beihg wrapped around a helix involving residues 19-

{ﬁ\%9. A large hydrophobic 'groove' exists between residues Tyr-10 and Phe-
22, and a2 fixed orientation of the amino terminal histidine is proposed.
Good steric complementarity between the hydrophobic groove and the

aromatic ring portion of guanesine-5'-triphosphate (GTP) suggests that

this groove may be a transient binding site for GTP, possibly a prior
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.and necessary condition for subsequent adenylate cyclase activation.
Since high concentrations of GTP tend to inhibit glucagon receptor
binding (Rosselin, 1986), this "is a reasonable and interesging
proposition. ‘

2.5.1 Interactions with Lipids

In additicn to concentration and solvent dependency, CD studies on

glucagon show that helical content is also sensitive-to the presence of

_amphiphiles, being stabilized by doderlsulphate {Robinson et al.,

-

1982), lys;LPp (Blundell et al., 1982), and other single chain

surfactants (Wu & Yang, 1980). Lipid induced helix formation has also
been found in_secretin and VI? (Robinson et al., 1982).

Glucagon penetrates surface monolavers composed of the dimyristoyvl

‘and dipalmitorl derivatives of PC and PG in a surface pressure-dependent

manner (Hendrickson et al., 1983). Penetrration was predictably greater

at lower surface pressures, but penetration (measured as the change in

. . Lo R .
surface area) was maximal during the phase trangiiiii;/}ndlcatlng that

the transient packing defects thought to occur in the membrane structure

—

at this point could be exploited by glucagbn.

Monomeric glucagon undergoes structural changes upon interaction
with micellar dodecylphosphocholine, forming stoichiometrically well
defined complexes with a glucagon:lipid ratios of about 1:40 (Bosch et
al., 1980). KMR and ESR data has been presented as showing that the
glucagon helix runs approximately paraliél to the micelle surface, with
the C-terminal half being embedded to the level of the phosphates of the
phosphocholine headgroup (Brown et al., 1981). A more complete and
detailed conformation of micelle-bound glucagon was subsequently worked

out using spatial constraints generated by two-dimensional nuclear
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Overhauser enhancement spectroscopy, with bond angle optimization of the
fesultant structure (Braun et al., 1933). A major conclusio;kof this
study was that glucagon conformation at a 1ipid—watér interface was
determined by the topology of the lipid supporting structure to which it
was bound. F§r some reason however, it was also asserted that this
membrare-bound form is similar to the conformation adopted when bound to
a lipid bilayer (Brgun et al., 1983). This is an unreasonable assertion
given the relative dimensidns of glucagon versus the DDP micelle. These
micelles would have an approxlmate radlus of 25 A (the length of the DDP
monomer, Bosch et al., 1980; Brown et al., 1981), whereas the glucagon
helix itself measures about 36 i. Given the small size of the detergent
micelles, and the presence of possible binding sites for them on the
hydrophobic patches of glucagon, it is not clear which species should be )
“considered the ligand. At the root of this largely semantic argument is

- the assumption that is made regarding the structure of the micelle,
taken to be a sphere with surface péiar groups interiorizing the
nydrophobic hydrocarbon chains. This model is:quite old and was never
mgant to be taken as anything else but %s a physically inaccurate
implification (Hartley, 1936). A more reasonable micelle model would
have a poorly defined outer boundary due to dynamic motions of the lipid
monomers, and 2 rough surface which would have water pockets and
solvent-exposed hydrocarbon chain segments {Menger, 1984). It is
doubtful whether either structure is topologically similar to membrane
bilayers in any way.

The rationale for studying the interaction of monomeric glucagon

with ligids and other amphipathic molecules was initially the suggestion

by Rodbell et al.(1971) that hydrophoblc interactions are an important
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component of glucagon bindiﬂg,to its membrane bound adenylate cyclase-
activating receptor. In earlier studies, no differences in the CD or
fluorescence spectra of glucagon were observed when small ﬁultilamellar
PC liposomes were added to micromolar solutions of glucagon (Schneider &
Edelhoch, 1972), yet a num?er of reports have shown that glucagon does
interact with phospholipid and phospholipid vesicles (Epand, 1980, Epand

et al., 1981, Ernandes et al., 1983). Structures that are quite similar

s

to serum lipoprotein particlé; can be formed from glucagon and DMPC when
“the two are co-solubilized (Epand et al., 1977; Jones et al., 1978). The
structure of glucagon in these complexes is énly slightly affected by
temperature, with decreasing aromatic side chain mobility occurring at
lower témperatures. In anotherrstudy, DMPC-glucagon complexes were found
to t;;hsform into oligolamellar vesicles when the temﬁerature was raised
to the phase transition temperature (Epand et al., 1981). Unfortunately,
neither the physical st;ucture of these glucagon lipoproteins, no;'the
association st;te of glucagon were determined in these studies. Although
glucagon clearly interacts with DMPC, it is premature to make

generalizations as to the 'condensing' effect (Epand et al., 1981) of

this peptide on membrane bilavers.

-

In an attempt to identify some of the specif;c,SQructures important
for the interaction of glucagon with lipids, two glucagon analogues were
synthesized (Musso et al., 1983). The analogues were made with minimal
sequence homology over residues 19-29 but the amphiphilic character of .
this sequence was maintained. One of the peptides did not displace 1251-.
glucagon at all, while the other, which retained Phe-22 and Trp-25,

displayed reduced but specific binding behaviour. Further studies on the

v

membrane-associated configuration of these peptides would be indicated,
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but haye not been reported. In general;: the specific structural features
responsible for fﬁg interactions between phospholipid bilayers and
monomeric glucagon can be tentatively identified as involving portions
of the hydrophoéié patéhes,.but uncertainty as to their relative
contributions gnd‘conformation at the bilaf?%:§gi;ent iﬂterface

s - -

»
¥

persists.-

2.5.2 Experimental Considerations &

The exéremely low solubility of glucagon at neutral pH makes the
detection and measurement of its chemical and physical properties
difficult at physiologica¥ﬂ§{valuéﬁf?ﬁﬁ??ﬁﬁgzgz}ity of the physical

-methods employed to date have required that relatively high
e — R
concentrations of glucagon (> 10.0 pM) be used (Bornet & Edelhoch, 1971,

Schnelder & Edelhoch 1972, Wu & Yang, 1980, Ernandes et al., 1983) In<:
these studies the assoc1at10n state of glucagon was not clearly defined
and therefore the results may not always Héuapplicabéf to the

¥ .

physiologically active'monomeric form of the hormone. Application of tHe

coppetitive labelling prbcedure to the study of dilute glucagon

7 ~solutions are possible (vide sqgra). Extending published studies

¥ (Hefford et al., 1985) to lower concentrations in the presence and
- .
L s
absence of lipid bilayer surfaces may provide insight into a putative

. . R ' s ¢
interaction w1thﬂp=:5rane:surfaces. There are five FDNB-sensitive

nucleophiles onkglupagon that may be probed, and two of these are found .
in one of the hjdropﬂobic patches (TeriPL& -13), with a another on the
opposzte face of. this amphiphilic helix segment (Lys-12). The V—termlnal
hlStldlne provides two other repurter groups in its qu\hlno and N'-

lmldazole functlons. r,/

\
. . i ’
P ' >

vJ. \h‘-/



2.6 e MELITTIN

Melittin is a 26 amino acid peptide that makes up 50% of the dry

weight of the venom of the honeybee, Apis Millifera (King et al., 1976)..
The primary sequences of melitﬁin-in all four Apis sp. are homologous
for the most part, and substitutions are conservative and complementary
(Kreil, 1975). The distribution of amino acids in the primary sequence
immediately suggests an amphiphilic'chara;ter for the mdlecule, and the
high surface aﬁtivity, comparable to lysolecithif and digitonia
(Habermann, 1972), confirms this.étrong interfacial activity is also
;2h2~at the membrane surface, conferring upen melittin marked lytic
activicy. Melittin induces hemolysli and dlsrupts 1euL2cytes, lysosomes
and mltochondrla as well aS‘ibposomes made’ of purlfled lipids and
reconstituted membranes (Se§sa et alf, 1969; Mollay et al., 1976).

The similarity of melittin to the 26~mef‘de1ta-hem01ysin peptide'of

Staphvlococcus aureus is also remarkable in terms of the distributiol of

applar, polar and charged residues QFigure 12). The tﬁo peptides have
sggilar lytic behaviour in many ways (Bhakoo et al., 1985), indicating
that the overall design is uniquely suitable for membrane-lytic

‘Lactivity. A peptide incor@orating the genérél strpcturél features of
these pepti%gs has been syqthésized and exhibits similar cytqutic and
membrane-lytic acti;ity (DeGrado et al.? 1981). -

H/ 2.6.0 Crystal and Solution Structure

‘Despite its high Zontent of apolar amino acids, melittin is quite

-

soluble in aqueous solution, oligomerizing at high\iizcentrations in

¥ order to shleld its hydrophobic side chains. | \\
' ;V/-\
- L The tetramerization of mellttln is not well characg \zed, and most
-y ’ N -"-.’
R - Y | ) ,

~
. -
.y
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Figure 12. (A) Sequences of “melittin [M] and the S-hemolysin [&]

from Staphvlococcus aureus sp., indicating distribution of

charged (+, -) and hydroxyl (oh) residues. (B) Drawvihg of the

melittin monomer in the helical conformation as found in the type

I and II crystals (from Terwilliger & Eisenberg, 1982a).

\
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investigators consider the self-association process as a nonomer-
tetramer transition (Talbot et al., 1979; Quay & Condie, 1983). However,

. j

the tetramerization must take plate via aggregates of intermediate size,

either built up stepwise (eq. 1), or by -subunit assembly (eq. 2):
MM, + 2M—:PI3 + Me=M, (1
M == M, == M, 2.

In (1) and (2), nM represents a stoichiometric number of monomers,
and M,, M3, and M, represent dimeric, trimeric and tetrameric aggregates
of monoﬁer, respectively. In either case tg;\fresence of dimers is
mandatory (3-body collisions being quite r;}éi Equation (1) does not
seem likely for at least two reasons. The fi}sﬁ reason is based on the
known crystal structures of the tetramer ; which are composed of two
equivalent groups of dimers, and not four equivalent monomers
(Terwilliger & Eisenberg, 19823): In both'the form I and II crystals, a
crf@tallograp@ic two-fold axis of symmetry relate the AB dimer to the CD
dimer (Terwiiiiger et al., 19825, whereas chains A and B are related by
2 non-crystallographic two-fold symmetry, the same being true for the C
and D chains) (Terwilliger & Eisenberg, 1982a; Figure 13). This implies
that the association of A with B is not primarily a consequence of the
crystallization process; as a result, the tetramer has pséudo—222

symmetry. The arrangement of the unit cells themselves .n the form I

and IT crystals brings equivalent dimers into close spatial arrangement,
. i
their positions being described by simple translation in the direction

of their helix axes by a distance of one monomer length (approximately

“

| .

.



Figure 13. Drawing of the melittin tetramer showing the relative
orientations of the four protomers A, 3, C, and D, and the

shielding of the hydrophobic side chains (from Terwilliger &
Y
Eisenberg, 1982a}. * e

Y
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the length of.}he unit cel%rin that direction). Thus, the repeating
units of equivalent Aimers can be viewed as'strings'or'ribbéns'of
dimers, the distance betyeén the ribbons being approximately'equal to
1]
the monomer width. These ribbons have a hydrophilic and hydrophobic
side, and, since.(form I) crystals have been observed to grow directly
from the surface of melittin-containing droplets (Terwilliger et al.,
1982), the latter side‘has been postulated to be exposed to the
atmosphere at the ga;—watgr interface, by anélogy to the sdhggptant
behavicour of fatty acids. In terms of structure then, there is no
structural evidence for a metastable trimeric melittin aggregate.
5 —_ .

A second reason for favouring equation (2) is based on
thermodynamic:considerations. If dimer format&on is’ at éil favourable
(as the crystal structure indicates), dimerization would compete with
trimerization and tetramerization for monomers according to equation
(1). In the absence of any mechanism for the transmission of
conformational change (apart from alteration in the chemical potentials
of solvent and solute), the only facter that might bear on the
cooperative oligomerizatior. of melittin would be the availability of a
binding site for successive monomers. The driving force in protein-
protein binding is almost exclusively the result of the stabilizing
effect of decreasing the free energy of apolar residues on the protein
surface. The decrease in free energy, and hence stability pf the
complex, is proportional to the surface area at the interface between
the bound proteins (Chothia & Janin,71975)- Since the cohesive forces in
the melittin tetramer are wholly hydrophobic in nature (Terwilliger &

Eisenberg, 1982a), the contributions to binding energy are derived from

the unfavourable entropy caused by the exposed hydrophobic residues. The
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combined decrease in free energy for the apposition of two dimers would

exceed the free energy decrease for addition of 2 monomer to a dimer, so
‘\ig)l)uld be energetically more favourable to appose two dimers than add

monomers stepwise onto 2 dimer to obtain an increasingly smallex gain in

free energy. Such a process would mark an uncooperative transition, in

which case tetramer formation could only be achieved with difficulty

(ch;tz et al., 1975), contrary to the observation$ of experimental

. _ ;

workers. ' S

-

The confermation of melittin in solution is extremely sensitive to
the type and cencentration of co—solﬁtes. In pure watgr, free melittin'
adopts a largely random coil_ configuration at pH 3.3 (Lauterwein &t al.,
1980), as judged by the si-milarity of melittin's ‘H-NMR resonances to
resonances of a mixture of appropriate model tripeptides. Resonances for
residues at positions 1-3, 10-12, 25, and 26 were found to.be consistent
with a random coil or extended conformation. Differences in chemical
shift and coupling constants were found for Val-5& 8, Pro-14, and the
se‘gment Ile-Ser-Trp-Ile (17-20), but were not indicative of helical
structure. The observation that deuterium exchange from the backbone
amides 1is complet'e in Ia matter of minutes is taken to mean that .the.re is
no significant intrachain hydrogen bonding or chain folding. Dawson et
al. (1978) have analyzed the alpha-helix and beia-sheet .propensities for

melittin and have found no general correspondence to the distinctions -

made between residues according to NMR. This would indicate that some

non-random structure is adopted by particular residues, but that it is -

neither alpha-helix nor beta-sheet. Some residues, for which the NMR
resonances are not clearly &ssignable, are likely in partial alpha

helical form. Talbot et al. (.1979) detected 127% helix in the monomer,



~66—

)
corresponding to about 3 residues. These residues probably provide the
nucleation sites for furthgr helix formation and would be situated
somewhere over positions 4-9 and/or 13-17.

Although melittin is monomeric in pure water even at the relatively
high concentration of 3mM, even slight éhanges in the solvent can induce
aggregétion to tetramers. Increasing the concentration of either
melittin, salt, or hydrogen ions will result in a decrease in the Trp-19
fluorescence maximum, an increase in CD ellipticity, and the formation
of a higher molecular weight species as measured by gel filtration
(Talbot et al., 1979; Bello et al., 1982; Tatham et al., 1983). The<e

results taken together indicate that the peptide undergoes a coil-to-

helix transition, and then associates into tetramers. In Tris-HCl buffer

w

\
(pH 7.5) the maximum helical content for the tetramer was reported at

65% (Talbot et a2l., 1979), while in phosphate buffer a helix content of
80%7 was found (Bello et al., 1982).:Thesé resulgg, while being
qualitatively similar, reflect a real difference in the manner in which
counterions can influence the conformation of mei&ttin.

The effect of phosphate anions is remarkably different from simple
salts. The potency of phosphate anions to facilitate tetramerization is
more than an order of magnitude greater than for chloride ions (Tatham
et al., 1983). An explanation for this effect lié; in the gganidinium
functions of Arg-22 & 24, which likely form doubly hydrogen bonded
:complexES to the phosphate oxyanion in solution. There is considerable
support for such interaction; from crystallographic studies of
guanidinium-phosphate complexes and from observations of increased

" helical content in both poly-(L)-Arg and proteins (Cotton et al., 1973,

and references therein). The difference between the previcusly cited
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helical contents of 65% apd 80% can almost certainly belascribed to the
_effect that hydrogen-bonded phosphates would have in reducing the
electrostatic repulsions between the neighbouring side chains of the
;Lys—Arg-Lys-Arg sequence in the C-terminal (residues 21-24).. The
N}eduction in effect;ve net charge on the peptide would also facilitate‘

aggregation of the monomers and therefore, tetramerization.

2.6.1 Interactions with Lipids

The manﬁer in which melittin interacts with membranes is not
clearly defined, but the known stimulatory effects that melittin has on
phospholipase A, (Mollay et al., 1976) and guanylaté cyclase (Lad &

’Shier, 1979), suggest that membrane components are rearranged on the
scale of binding and active site dimensions (Angstroms), as well as in
terms of the previously cited gross mFrphological perturbations that are
implicit 1n cell lysis. ‘

A number of modéls for melittin association and insertion ;nto

lipid bilayers have been proposed (Dawson et al., 1978; Kempf et al.,

1982; Terwilliger et al., 1982; Posch et al., 1983; Vogel et al., 1983;
Vogel & Jahnig, '1986; Dufourc et al., 1986a). Not sufprisingly,
experimental support for all of these models has been obtained at some
t:‘gme o.r an'qt‘her. It is safe to say however, that the complexix éf the
melittin-phospholipid association problem has only recently become
apparent. This is largely the resulg of the applicati&n of more
sophisticated techniques, notably quasi-elastic light scattering (QLS)
(Prendergast et al,, 1982) and 24_ and 3lp_yMR (Dufourc et al., 1986b).
These techniques have indicated that melitrin-phospholipid vesicle

i (*- 3 - [}
systems are dynamic and heterogeneous, with reverdible associations and

dissociations of various combinations of the component molecules,

3

~—
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varying with temperature and concentration. -
Prendergast et al. (1983) first showed that DMPC vesicles of 750 A
diameter could be brokern down by melittin to non-vesicular structures

-

with diameters of 200-300 A. The effect was dependent on the ratio of
lipiz to peptide (R;) and showed variation with lipid type. Negatively
stained preparations showed the presence of multiple rouleaux that could
be formed by heating the mixtures past the T_. (about 41°C). Raman
spectroscopy of the C—%}and C-H streching modes of DMPC znd DPPC in the
preséhce of melittin ;at R;=5 indicated that discoidal particles with
high conformational order, decreased acyl chain packing, and lower
cooperativity during ﬁhase tran;ition (Lafleur et al., 1987). The
observations were dependent én the thermal history of ﬁhe samples, as
discoidal DPPC/melittin complexes formed larger structures upon heating.
There were noticeable differences in' the affinity of melittin for DMPC
and DPPC, which were ascribed to the greater stabiiity of DPPC

intramolecular chain packing relative to DMPC,

Early 24-NMR studies of lipid-protein iateractions had generally
—_ \'\
found that lipid conformation is not appreciably altered by the presen&e

of even large amo&nts of membrane pfdteins (Seelig er al., 1982).
However,.melittin was found-&o induce large Ri—dependent chgnggglin
bilayer parameters by 2y and S1pP-NMR (Dufourc‘et al., 1986h). At Ry > =
20, and above Tc’ the melittin-lipid system was composed of large
(thousands of Angstroms) structures, whilg below T. thesc structufes
were in revefsible eqdilibiium with much smaller (hundreds o£ Angstrpms)
assemblies. With greater amo&ﬁts of melittin (Ri=4), only the smaller
assemblies were observed.

-

Freeze-fracture EM studies, in conjunction with QLS were used to
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characterize-the small melittin-DPPC caﬁplexeé as a function of
temperature and Ry (Dufourc et al., 1986a). For R; between 10 and 30,
the diameters of the interconverting discs and yesicles were 100-400 A
and 3000-6000 A, respectively. Witﬁ\h;gh melittin concentraéions
(Ri=5'2)' the transition was abolished, particle sizes ranging from 100-
250 A. These results imply that the lipids undergo reversibie 'dis;—to-
vesicle' transitions.

DPPC and EPC systems were characterized with QLS, and indicated
that lipid type affected the transition (Dufourc et al., 1986).
Increasing the meliﬁtin concentration (Ri > 100}, iﬁduces the formation
of particles with MLV disﬁersions of DPPC, their m2ximal radius being
proportionately dependent of their initial size. Presumably DPPC is
forced, at certain melittin concentrations (50 < Ri < 100) to fuse into
larger bilayer sheets, reflecting some gel-phase property of theﬂlipid,
such a§ its critical packing shape. Melittin may in thi; instance be

simply a fusogenic agent as it has been observed to do by others at

similar concentrations (Morgan et al., 1983). At lower R.

50 small discs

are‘again present, visible by EM freeze fracture, their size correlating
with the QLS hydrodynamic radius.

Direct infor;;tion on the é;otein (i.e. meiittin)_portion of these
systems has come from Iluorescence studies of the intrinsic chromophore
Trp-19 (qurghiou et al., 1982) as well as fluorophore-conjugated
melittins’ (Hermetter & Lakowicz, 1986; Vogel & hahnig, 1?86). Polarized

infrared spectroscopy (Vogel et al., 1983) and chemical crosslinking

studies (Hider et al., 1983) have also been employed. As can be judged

‘.from the charécteristic types of information obtainable by these

- methods, the properties of the peptide are not resolved at a2 level much

-
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fither than the size of the entire molecule.

\

.
!

gﬁ The high resolution 1H-NMKf§ork from- the laboratory of K., Wuthrich
(Brawn et al., 1982) is not included with the above téchniqués. Their
studies on melittin, similar tJ their studies on glucagon (vide supra),
involveﬁiii:fﬁagf non-physiological amphiphiles (e.g. DDP) to form
well—defined,melitgin—amphiphile complexes. Such studies clearly
generate useful and detailed information{(perhaps most importantly in
developing methodologies to study l;pid—protein interactions) at the
level of those individual side chain spin systems for which assignments

can be.mgde;'Howéver, because of the flexible nature of both the prétein

~o

and lipid species involved, it is impossible to pass beyond gererzlities
about the relative perturbation of particular residues in the lipid

complex.

2.6.2 Experimental Considerations

7 Unlike insulin and glucégon, the interaction of melittin with
lipids has generated an extensive literature. No consensus on the
mechanisms of melittin-induced bilager perturbétion exists, despite a
number of available models (Bernheimer & Rudy, 1986). In one mpde¥f the
Gly-llamino terminus is believed to extend Into the hydrocarbon phase of
the bilayer (Terwilliger et al., 1982), while in another the Lys-7 N
amino groups ;s placed in this region (Tostéson & Tosteson, 1981).
Competitive labelling studies of melittin at different concentrations,
and in the presence and absence’  of liposomes should be able to
differentiate between these two models, as well as provide information
on the tetramerization of the peptidé. In addition to p;obing the Gly-l-'.

and Lys-12 amino groups, the two lysines at positions 21 & 23 can be

used as reporter groups for the C-terminal segment of the peptide.

- -
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3.0 EXPERIMENTAL PROCEDURES

3.1 Materials

-

The following compounds were obtained from Sigma Chemicél Co. (St.
Louis, MO): glucagon, porcine pancreatic insulin, melittin, pepsin, egg
phOSphatidylchoiine (type V-E), 1—f1uoro—2,&—dinitrobenzene,'all amino
acids and peptides and their derivatives unless otherwise stated. The
purity of the porcine pancreatic insulin was verified by reverse phase
HPLC. Purity of the melitiin was assessed by amino acid analvsis. Purity
of the EPC was checked by thin laver chroﬁatography (TLC) using chloro-
fora/methanol/28% ammonia (63:25:3), and found to be free of lysoPC. All
of the above named Sigma products were used without further
purification. Ultrapure urea (Schwarz/Mann, Canbridge, MA) was used.
Water used in HPLC was distilled, deionized and filtered throwgh a 0.45
um menbranes from Millipore. The acetonitrile and methancl used as
organic modifiers for HPLC were HPLC grade and obtained from either BDH,
J.T. Baker, or Caleden. All other chemicals and solvents used were
reagent grade ér better. [ 1*C]-FDNB and [H]-FDNB were obtained from
Amersham Corp.(Oakville, Ontario, Canada) and NEN Canada (Lachine, P.Q.,
Canada) supplied the Aquasol-2 for scintillation counting.

A standardized buffer was adcpted for the aquéous ph;ses in both
liposome preparation and incubation of the protein-liposome systems. It

consisted of 5 mM Na,HPO, at pE 7.5, with KC1 present at either 1.O M

(insulin experiment) or 0.1 M (glucagon and melittin experiments).

. 3.2 Eaquipment

.

-.-High voltage paper electrophoresis (HVPE) was carried out on

equipment based on the original apparatus of Michl,
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" Samples were spotted on Whatman 3MM paper, and run in a pH 2.1 buffer
compused of formic acid/glacial acetic acid/ dH,0 (1:4:45, v/v).

Thin laver chromatography of DNP—amino‘acids was carried out in
Gelman chromatography chambers, using silica-coated plastic sheets (20
cm x 20 cm) from Eastman Kodak.

Two high-pressure liquid chromatography (HPLC) systems were
employed during the course of this work. ﬁPLC system #1 consisted of
Beckman HPLC pumps, models 110A and 112 and model 421 pump Controller.
The injection port was made by Altex, and a Hitachi 100-40 variable
wavelength spéctrophotometer was used in conjunction with a Spectra-
Physics SP4270 Integrator.

HPLC system #2 ¢onsisted of Waters/Millipore solvent delivery
mcdules, injection port and dual wavelength spectrophotometer interfaced
with a Digital Corporation controller/data collection statiocn.

Fractions were collected in polypropvlene wells with a Gilson FCSO
MicroFractionator.

3.3 Sample Preparation

Liposomes and protein solutions were prepared separately. Large
unilamellar liposomes were made by two methods: the reverse phase
evaporation (REV) method of Szoka & Papzhadjopoulos (1978) was used for
the preliminary, insulin, and glucagon experiments (sections 4.1, 4.2
and 4.3, respectively), while a me;huc based on vesicle extrusion (Hope
et-al., 1985} was devised for the melittin experiment (section 4.4).

3.3.0 Reverse-Phase Evaporation Liposomes Egg PC (120 pl and

cholesterol (60 pl) were dissclved in CHC13/MeOH, combined, and dried
under nitrogen.  After redissolving in 4.5 ml of peroxide-free ether,

1.5 mL of the appropriate standard buffer was added, and the two-phase
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systém sonicated w;th a Branson sonicator using a needle tip probe set
at maximum allowable pow%r in sﬁaced bursts of 1 minute duration. The
temperature of the preparation during sonication was maintained at room
zmperature with a waterrbath. The ether was then removed on a Buchi
rotary evaporator at 37-40°C ﬁnder aspirator-reduced pressure. The
process was continued for 5 minutes past the point at which ether could
no longer be de;ected by odor. The prepération was dileted with 1.5 mL
buffer, further evaporated (30 min) and set aside as a stock liposome

solution. |

Liposomes as prepared by this method are predominantly unilamellar
(Szoka & Papahadjopoulos, 1978). Examination of negatively stained
sampies (urépyl acetate, 2%) by electron microscopy (micrographs not
shown) indicated most liposomes (> 85%) had a diameter of 250 R, the
remainder being larger, up to 1500 A or more.

Although the REV method—produced acceptable liposomes in terms of
their characterization by negative staining, it was felt to be somewhat
cumbersome, requiring a degree of coordination between reagent
preparation and equipment availability that was difficult to manage in
our laboratory. Additionally, although the précedure outlined above
significantly reduced the possibility of ether contamination of the
finished product (Allen, 1984), a preparation method that avoided the
use of organic solvents altogether was felt to be desirable.

3.3.1L Extrusion Liposomes The second procedure used for LUV

formation arose from attempts to duplicate the rapid extrusion technique
developed in the laboratory of P. Cullis (Hope et al., 1985). This
technique involves forcing an agueous dispersion of large multilamellar

vesicles through thin polycarbonate filters of defined pore size, using
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nitrogen pressures of 100-500 lb/in2 as the driving force..liposomes for
the melittinlexperiment were made using an HPLC solven£;pump, injector,
and pre-column inline solvent filter, with saméle collection after the
filter and before the column (Figure l4a). The inline filter (Upchurch
Scientifie, ;ncJ consisted of a passivated stainless steel frit (pofe
size 0.5 pm, thickness 1.6 mm) contained in a stainless steel fitting
(Figure 14b).

For a typical liposome preparation, egg PC and choleséerol (2:1,
éol/mol).were FShelled' on bottpm of a glass test tube (16 x 125 mm)
using niﬁrogen gas. Care was taken to confine the dried lipid to only
that part of the tube that would be in contact with aquecus solution
vhen 1.0 mL of standard (see above) buffer would be added to the tub§;¥\
The buffer was added and the dispersion- was vortexed for one minute. A
measured volume of this mixture was then taken up into a calibrated
syringe and loaded into\ghe sample loop of an HPLC injector. With én
'ongoing flow rate of 1.0 mL/min, a polydisperse MLV suspension was
in jected into the f£low path and forced through the frit at operating
pressures, breaking down the large multilamellar and other hydrated‘
lipid structures, and producing large unilamellar vesicles generally no
larger than the pore size of the frit (O.fj:;;(?igure 15) Depending on
the sample loop size, volumes of 0.25 to 2.0 mL could be injected in
this manner.

Fractions of LUV suspensions Ezepared in this way were coilected as
a function of volume and analyzed..Measurements of absorption at 500 nm
(i.e. turbidimetry) indicated that dilution of the lipid during the
extrusion process was minimal, with the injected lipid being recovered

in a volume 1.5-2.0 times the initial sample volume. Recovery of PC was
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Figure l4a. Apparatus used to make extrusion LUVs. (A) buffer
reservoir, (B) HPLC pump, (C) syringe for loading MLV dispersion -
into sample loop of injector, (D) injector, (E) inline solvent

filter containing porous steel frit, (F) eluate containing LUVs.

Figure 14b. Specifications (in inches) of the inline solvent
filter (A) and replaceable frit (B). The outer part of the frit
is made of Kel-F plastic, and the central filter is made of

passivated stainless steel, with pore sizes of 0.5 micron.
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Figure 15. Electron micrographs of negatively stained liposome
preparations made of EPC:cholesterol (2:1, mpl/mol). {(A) Multi-
lammellar vesicles obtained upon hydration of the dried lipid and
vortexing. Total magnification: 13125 X. (B) Same preparation as
in (A) after passage through the porous steel frit shown in
figure 14. Total magnification: 39375 X.
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: ~
quantitive by phosphate analysis and\EESighe‘determination (KQ§es,

¥ -
1986). Cholesterol recovery was also found to be quantitag?ve according

to a modified Zak procedure (Zak, 1957).Trapped’volume measurements
were m:ﬁe by including 1‘C‘C—glucose into the buffer prior to extrusion
and dialyzing out unencapsulated glucose afterwards.With an initial
lipid concentration 6f 5 mg/mL, the é;;rage captured volume was 3.5 +/-
2.3 pL/umol lipid (n = 11). Star<¢ing with an initial lipid concentration
of 100 mg/mL, the captured volume was 4.8 +/- 0.2 uL/umol lipid (n = 4).
These results compare very well with those obtained by Hope et al.

(1985).

3.3.2 Protein Solutions

In general, stock solutions with equimolar concentrations of the
protein under study and the corresponding internal standard(s) were made
up in the appropriate buffer (section 3.1). When necessary, working
solutions were made £rom the Spock solution and' aliquots were then
transferred to screw cap Pyrex test tubes to give"the desired final
concentrations. Except in the case of the melittin experiment, the
remaining stock. solutions were lyophilized in preparation for la¢
labellirg. For the melittin experiment a fresh solution of equimolar
peptide internal standard was made up.

For liposome containing samples, aliquots'of stock liposome
preparation (vide supra) were added to aliquots of the respective
(protein-+ internal standard) sclutions and made up to a final volume
of 2.0 mL with buffer. The pH of the samples was fine-adjusted if
necessary with 1.0. N NaOH or 1.0 N HCl to pH 7.5. For the control
samples, buffer was substituted for the liposome preparation. Before 3.

trace labelling, all samples except those for the melittin experiment
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- wvere incubated for 3 h in a §Y°C tempergture-controlled water bath witggsr
gentle agitation to ensu;e equilibrium for any proteih—lipid
interaction, Melittin samples were incubated for 15 minutes at room
temperature. This incubation period was chosen because it corresponds to
the endpoint of the initial 'fast phase' of hemoglobin release from
erythrocytes under melittin induced lysis (DeGrado et al., 1982). After
the incubation period, trace-labelling was commenced.

3.4 Competitive Labelling. '

A schematic diagram of the competitive labelling procedure'és
employed in these experiments is shown in Figure 16.

3.4.0 [3H]—Trace—Labelling In the preliminary experiment, as well as

the insulin and glucagon experiments, an aliquot (10 pL) of acetonitrile
containing.ng}-FDNB (1.09 nmol, specific radicactivity 16.6 Ci/mmol).
was added to each sample with vigorous stirring and the reaction left to
proceed in the dark for 18 h with shaking. In the case of the melittin
experiment, the 10 ul §1iquot had a calculated specifig activity.of 14.8
ACi/mmol, and probably contained somewhat less than 1.09 nmol due to
radiolysis. After the 3H-trace labelling, the reactions were left
shaking in the dark overnight ét either 37°C or room temperature.
Complete derivatization of all groups was accomplished by making each
sample approximately 8 M in urea (through addition of 2.0 g ureaj,
adding 0.25 g NaHCO3 and 30 pL of 507 FDNB in acetonitrile (v/v) and
reactingrfor 18 h at room temperature in the dark with shaking. Single
labellings were done for each.data point in the preliminary experiment,
in anticipation of trends in the data. Labellings were done in
triplicate for the insulin and glucagon expefiments, and in duplicate

for the melittin experiment.



Figure 16. Flow chart of the competitive labelling procedure
(from Hefford et al., 1986).
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3.4.1 Preparation and Addition of [1aC]—DNP-Protein and [lAC]—DNP~

Internal Standards Lyophilized stock solutions were dissolved in a

minimal volume of NaHCO, saturated 8 M urea. To this was added 200 pL
of a 257 [laCJ—FDNB solution in acetonitrile (v/v) (2.0 mmol, 125
pCi/mmol), and the reactions were allowed to proceed overnight as above.
. The 14¢c_1abelled protein and internal standard mixtures were separated
into equal aliquots, one being added to each 3H—trace labelled sample.
For the melittin egperiment a fresh solution of equimolar melittin and
Ala, was prepared, which was dinitrophenylated with 14C_FDNB as zbove.
Aliquots of this solution, containing approximately (.93 mg 140_1abelled
' 14 = 3
melittin and 0.05 mg of ““C-labelled Ala,, were added to each sample.

3.4.2 Internal Standard Isolation and Purification With the

exception of the melittin experiment, carrier was added to each of the
samples in the form of non-radioactive DNP-bovine serum albumin (5 mg),
and 0.5 mg each of the appropriate DNP-interral standards. The samples
were extracted with three 5 mL aliquots of CECly to remove the bulk of
the lipid, and then broughﬁ to pH 2 withj;oncentrated HC1. Further
extractions with ether (é x 5 ml) were carried out, and the extracts,
containing the DNP- internal standard, were combined and dried down. The
int§rnal standards were tﬁen dissolved in 95% ethanol, spotted on TLC
siIica plates (Kodak) and separated with 2 CHC13/benzyl alcohol/glacial
acetic acid (70:30:3, v/v) solvent system, @tcording to Brenner et al.
(1961). Alternatively, purification of the internal standards was
accomplished on HPLC system #i-using a 5 um reverse-phase Cyg column
(Beckman Ultrasphere-0DS, 0.46 x 25 cm), with a 10 pm 018 precolumn (3.2

x 40 mm), at room temperature. The solvent system employed various

gradients of HPLC grade acetonitrile against an ammonium formate buffer
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(35 mM formate, pH 3.0; Cockle et al., 1982) at a flow rate of 1.0
ml/min. Eluate was monitored at 320 nm.

' 3.4.3 Functional Group Isolation and Purification After ether

extraction of the acidic aqueous phase, excess ether was evaporated with
a stream of.nitroéen in order to precipitate DNP-protein at the
air/ether-water interface. The mixture was then centrifuged on a bench
top centrifuge, and the pellet washed with successive 5 mL aliquots of
dH20, S0% acetone, and {(v/v in deQ, twice), and 100% acetone. At this
point the insulin and glucagon samples were prepared for acid
hydrolysis; melittin samples were dissolved in 2 small amount of
concentrated formic acid which was then diluted to 10% with dH,0 and
digested with pepsin as described in section 3.3.5). Hydrolysis of the
insulin and glucagon samples was accomplished by adding 1.0 mL of 6 M
HCl to the dried peliet, sealing the tubes under vacuum and subjecting
them to 110°C in a heating block. Insulin hydrolyses were stopped after
4 hours, extracted with ether (4 x 2 mL) to remove DNP-glycine and DNP-
phenylalanine, dried down again and further subjeéted to hydrolysis for
another 14 h. The [3H/1&C]—DNP~glycine and [3H/1&C]-DNP-phenylaianine
N-termini were separated on silica plates by two dimensional TLC uéing
toluene/pyridine/2-chloroethanol /0.8 N ammonia (100:30:60:60,v/v) for
the first dimension and benzene-pyridine-glacial acetic acid
(80:20:2,v/v) for the seconﬁ dimension (Breaner et al., 1961).
Alternatively, the N-termini wefe separated by HPLC as above.

After complete hydrolysis, the hydrolysate was extracted with four
2.0 ml aliquots of diethyl ether to remove 3H/14C-dinitrophenol.
Isoiation of the insulin functional groups was done by high-voltage

paper electrophoresis (pH 2.1, 3500 V, 50 min). The N'-DNP-histidine, N°
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-DNP-lysine and O-DNP-tyrosine bands were cut out, stitched onto
another sheet of papes and electrophoresed a gecéﬁ?rtime {pH 2.1, 3500
V, 75 min), to completely remove cross contamination. The bands were
eluted into counting vials with 107 ammonia and dried down in
preparation for liquid scintillation coﬁnting.

Isolation of the glucagon functional groups was carried out after
complete hydrolysis as above; the N?NT—di—DNP—histidine wvas well
resolved upon paper electrophoresis, while the O-DNP-tyrosine and N -
DNP-lysine bands were cut out and purified by HPLC as above.

3.4.4 Functional Group/Peptide Mapping of Melittin Melittin (5mg)

was dissolved in 2.0 mL of 8M urea, to which was added ca. 1.0 g NaHCO3,
féllowed by 10 plL of 50% FDNB in acetonitrile (v/v). The mixture was
shzkgn in the dark at room temperature gvernight, and then brought to pH
2 with concentrated HC1l. DNP-OH was removed by ether extractions, and
the DNP-melittin was precipitated upon evaporation of residual ether by
a nitrogen stream. The precipitated ﬁrotein was pelleted on a bench top
centrifuge, washed with dH,0, and lyophilized.

DNF-melittin (2.3 mg) was first dissolved in 1.0 mL of 997 formic
acid, and the solution then diluted to 107 formic acid with dH,0. Pepsin
(approx. 0.25 mg) was added and the solution incubated at 37°C overnight
with gentle swirling. Two lyophilizations yielded a fluffy yellow
powder.

Separation of the DNP-peptides was carried out on HPLC systems #1
and #2 using an Ultrasphere ODS reverse-phase C18 column {0.46 x 25 cm)
using 0.CL N HC1l with a gradient of AcCN (Figure 17). Eluate was
monitored ak 320 and 215 nm for detectiocn of DNP-derivatives and

peptides, respectively. Fractions (0.5 mlL), corresponding to peaks A, B,
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Figure 17, HPLC separation of DNP-peptides from a peptic digest
of fully dinitrophenylated melittin, using an aqueous phase of
0.01 N HC1 with acetonitrile as organic modifier (dotted line).

0.D. units at 215 and 320 nm are arbitrary. See text for details.
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and C were pooled from several runs, recycled with the same solvent
system, lyophilized and hydrolyzed (1.0 mL 6N HCI1, lldOC, 18 h, in
vacuo). The hydrolysates were split into two portibns, one of which was
analyzed for the presence of DNP-Gly and N -DNP-Lys by HPLC system #1
using 0.01N HCl with a gradient of MeOH, while the second portion of the
hydrolysate was used for amino acid analysis. The results of these
analyses are listed in Table III,

Based on these compositions, it was possible to assign peptides A,
B.and C to the primary sequence of melittin (Figure 18). The peptic
cleavage sites correspond to those in the literature for melittin
(Habermann, 1972), and are designated by arrows. There is some ambiguity
as to whether Leu-6 should be included in peptide B (see Table III);
dinitrophenylation of Lys-7 may have altered the pattern of peptic
digestion. ‘

The methodology for the purification of the melittin peptides was
devised on HPLC system #1, but the pyrification of the actual 3H/M‘C-
DNP-peptides was performed using HPLC system #2, though Eﬁe same column
was used each ﬁime. During the course of peptide purification a peak
with®absorbance at 320nm was observed to elute closely with peptide B
(data not shown). The identity of this anomalous peak was not
determined, and its 3H/ll‘C ratios did not have any identifiable pattern.
To ensure that the anomalous peak had not contaminated the desired
peptides, 2 few samples were isolated in duplicate, the second being
hydrolyzed. Purification of the resultant DNP-lysines by HPLC (as above)
and subsequent counting showed that the DNP-peptides were sufficiently

pure without recourse to a further purification step (Table IV).

AN
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TABLE III. Composition of DNP-peptides from peptic digest of DNP-
melittin.
Peptide DNP-amino acid Amino acid composition
(from HPLC) (molar ratio: obtained/expected)
A DNP-Gly Gly (1.6/1.0), Ile (1.C/1.0)
B DNP-Lys Glx (0.3/0.0), Gly (1.6/1.0),
Leu (2.6/3.0), Ser (0.6/0.0),
Thr_(2.0/2.0), Val (1.0/1.0)
C

DNP-Lys Arg (2.3/2.0), Glx (1.9/2.0),

Ile (1.0/1.0)

\

E]

5 10
Gly-Ile-Gly=-Ala=-Val-Leu-Lys-Val-Leu=Thr-Thr-Gly-Leu-
A 8
20 25

15

Pro-Ala-Leu-Ile-Ser-Trp-Ile-Lys-Arg-Lys—Arg~Gln-Gin-NH,

Figure 18.

C

Assignment of peptic peptides A,B and C to the primary

sequence ¢f melittin.
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Tabfe IV: Radioactive purity of selected DNP-peptides.

Sample  <H/14C-DNP-peptide 34/14C-DNP-amino acid
Al K-7 - 18.3 16.7
K-21 & 23 33.4 33.9
A2 K-7 18.2 17.9
K-21 & 23 35.1 , 34.8
AL2 K-21 & 23 15.5 15.6

3.5 Liquid Scintillation Counting

All samples weré dried in borosilicate counting iials, dissolved in
100 pl of 0.01 M HCl, and made up to 5 or 10 mL with Aquasol-2.
Scintillation counting was carried out on a programmable Beckman 1800
scintillation counter equipped with automatic quench correction and dpm

converter.



4.0 RESULTS AND DISCUSSION

4.1 Preliminary Experimentation

In order to test the feasibility of the propqsed methodology a
preliminary experiment was carried out in which the reactivities of
three test proteins (lysozyme, insulin, and glucagon) were measured as a

function of total lipid concentration (as REV liposomes).

4.1.0 Internal Standards The internal standards used in this

experiment were the dipeptide arginyl-aspartate (Arg-asp) and
imidazolyl-lactic acid (Imlac). Neither Arg-asp nor Imlac yielded
cogsistent 3H/MC ratios (data not shown). The extreme photolability of
Imlac and its DNP derivative, and the low recovery yields of the latter,
are thought to be responsible for the results obtained. Arg-asp was
originally chosen for its high charge density, which, it was thought,
would minimize interactions with the liposome amphiphiles. Since the
present work was initiated however, a body of evidence has been compiled
indicating that the pairing of an acidic s;de chain with a nearby
arginyl side chain can provide proteins with potent recognition and
binding sites (Kazim & Atassi, 1980; EggleiFon & Hodgson, 1985), and are
responsible for the adhesive properties of such proteins as fibronectin
(Hynes, 1986). The inconsistent results obtained for Arg-asp may
therefore be due to polar and hydrogen bonding interactions peculiar to

this dipeptide with the EPC headgroups and proteins.

4.1.1 Proteins The 3H/MC ratios of the total DNP-proteins were
plotted as a function of total lipid concentration (Figure 19). The

total amovnt of label incorporated into each protein during the 3H-trace



Figure 19. Dependence of total protein ~H/1%C ratios on
concentration of liposomes [lipid]. Glucagon (O——0); Lysozyme
(& —=)5 Insulin (O—{D.
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labelling decreased as the concentration of liposomal lipid increased.
One explanation for this behaviour is that the labelling reagent was
partitioning into the liposomes, resulting -in an apparent decrease. in
overall protein reactivity. If this were true however, all the proteins
would exhibit similar reactivity behaviours towards the 1abe11ing
reagent. Lysozyme and insulin, the latter being present as the dimer at
this concentration, had similar patterns of label incorporation relative
to one another, but glucagon's behaviour differed from both. The
greatest decrease in the rate of label incorporation as a function of
liposome concentration for insulin and lysozyme occurs at the highest
concentrations of liposome. Conversely, the greatest decrease for
glucagon was observed to occur at very low concentrations of liposome
(about 10-5 M). These results can be explained on the basis of the
structures of the protein molecules. Glucagon has regions of exposed
hydrophobic residues, so its association with liposomes will be
| o0
entropically driven, as it seeks to diminish the free energy of its
interaption with the aqueous environment. Lysozyme and dimeric insulin,
which do not have significant degrees of their surface occupied by

apolar residues, will probably interact with the liposomes

elecrostatically, a process that will be concentration-dependent.
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4.2 Insulin

4.2.0 Internal Standards

The ideal internal stvandard is one which dogs not iﬁteract with the
other components of the system, viz. liposomes and insulin. The 3H/1aC
ratios will give some indiceation as to whether the standards are
interacting with the liposomes. Table V shows that the reactivity of
Ala, is not changed at higher concentrztions, and only slightly at lower
concentrations when liposomes are present. Therefore, the reactivity of

.
Ala, does not seem to be greatly affected by the introduction of
liposomes into the buffer, except at the lowest concentration, and then
only slightly. The dipeptidé Ala; therefore, does not appear to interéct
with liposo?es and is therefore suitable for use as an internal standard
under these reaction conditions;

Glycine that is free in solution has an approximate 5-fold lower
reactivity tharn Ala,; due to the higher pK value of its alpha-amino
group (Table V). In the presence of liposomes a 16-19% decrease in free
glycine reactivity is observed at higher concentrations, with a 50%
decrease at 3 X 10~% M. Since the decrease is concentration-dependent,
adsorption is most likely taking place at the low concentrations. This
is evidence that free glycine adsorbs to the liposomes, with increasing
adsorption at lower concentrations. Free glycine in solution cam not be

used as an internal standard in _this case.

4.2.1 Functional Groups of Insulin

Previous concentration-dependence studies have been carried out
under similar conditizcns, though with different internal standards and

specific radioactivity of iswtopes (Kaplan et al., 1984). Examination of

%
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Table VI indicates that the ranking of funetional groups 3H/lz“C ratios
in the control samples at 10—6 M is qualitatively similar to the order
found previously (Kaplan et al., 1984). With the exception of Lys-B29
a1l functional groups experience a diminution in reactivity at lower
concentraéions; again, this mirrors the findings of the previous study,
and indicat@S that dimer dissociation is not complete at 1076 .

The effect of liposomes on the chemical properties of insulin at
each concentration can be quantified by normalizing all reactivities
with respect to the reactivity of the internal standards. This must be
done at each concentration for both the control (C) sample and the
liposome-containing (L) samples. The L/C ratio is a useful expression
that describes_the alteration of functional group reactivity in the
presence of liposomes, with reference to a standard (section 2.2.0). If
L/C is greater than unity (l.0), the presence of liposomes in the
solution has resulted in an increase in the chemical reactivity; if L/C
is less than unity the reactivity has been’ diminished.

Figures 20(a) and (b) show the concentration-dependence of tﬂe L/C
ratios for 2ll of the insulin functional groups tested, relative to the
intefnal standards Alazﬁgnd glycine. The tyrosine and histidine ratios
represent the average reactivities of the four tyrosyl and two histidyl
residues of insulin. In each case the reactivities of all functional
groups except the Phe-Bl amino terminus decreases as the concentration
of insulin becomes more dilute and the free monomer becomes the major
and perhaps only, species. The Gly-Al amino-terminus shows the largest
reduction in reactivity over the concentration range studied, decreasing
to approximately 20% of the control values. It shéuld be noted that for

most of the data points, there is an apparent relative increase in
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TABLE VI: Insulin Functional Group -H/14C Ratios®

group concentration (M) control liposome L/cb
Gaﬁ_-\;u 1 x 107° 1.999 + 0.052 .667 + 0.059 0.56 + 0.05
i 3 x 1077 0.681 + 0.022 .133 + 0.004 0.19 + 0.01
! 1077 0.510 + 0.080 .054 + 0.002 0.11 + 0.01
3 x 1078 0.153 + 0.001 023 + 0.003 0.15 + 0.02
Phe-B1 1 x 107° 0.613 + 0.038 618 + 0.005 1.0l + 0.06
3 x 1077 0.117 + 0.010 164 + 0.009 1.40 + 0.14
1 x 1077 0.066 + 0.012 069 + 0.005 1.05 + 0.21
3 x 1078 0.042 + 0.001 112 + 0.003 2.68 + 0.09
Lys-529 1 x 1070 0.227 + 0.016 480 + 0.089 2.11 + 0.41
3 x 1077 0.218 + 0.004 078 + 0.014 0.36 + 0.06
1 x 1077 0.128 + 0.013 055 + 0.013 0.43 + 0.11
3 x 1078 0.228 + 0.013 063 + 0.003 0.28 + 0.02
Kis-BS, 1 x 1070 0.378 + 0.012 148 + 0.001  0.39 + 0.0l
w0 3 x 1077 0.168 + 0.001 .037 + 0.002 0.22 + 0.01
(average -
of 2) 1 x 1077 0.076 + 0.011 016 + 0.001 0.21 + 0.03
3 x 10-8 0.047 + 0.007 021 + 0.001 0.45 + 0.01
Tyr-alé, 1 x 1075 v.264 + 0.008 .392 + 0.009 1.61 + 0.01
:gig: 3 x 1077 0.161 + 0.005 074 + 0.004  0.46 + 0.03
e 1 x 1077 0.088 + 0.002 055 + 0.002 0.63 + 0.03
(average .
of 4) 3 x 1078 0.075 + 0.001 .032 + 0.004 0.42 + 0.05

®Experiments were done in triplicate and normalized
See text for definition.

with respect to Alas.



Figure 20a (facing page). Reactivity L/C-concentration profiles
of insulin functional groups with respect to internal standard
Alaz;

Figure 20b (following page). Reactivity L/C-concentration
profiles of insulin functional groups with respect to internal
standard glycine:

(D) phenylalanine-Bl; () average of four tyrosines; ([J)
average of two histidines; () glycine—Al; (&) lysine-B29.
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functional group reactivity observed at the lowest concentration when
ratios are calculated with reépect to the glycine internal standard.
This is due to the latter's adsorption to the liposomes {vide supra).

The internal standards are useful in establishing that adsorption
of insulin takes place, but do so from the perspective of an ocutside
observer. Alternatively, .a method of determining whether there are
changes in the chemical properties of specific groups relative to other
groups is to treat each of the functional groups in the molecule as an
internal standard. If this is dome in turn using each functional group,
then, depending on the location and number of groups, it should be
possible to obtain a semi-quantitative assessment of the chemical
topology of the bound molecule.

Figures 21(a) and (b) show the L/C profile of the functional groups
after normalization with réspect to Phe-Bl and GlfQAi. The most
striking feature of the Phe-B1 L/C profile is the resemblance to the
profiles obtained using the internal standards as the reference
nucleophiles. Quantitatively, it a2ppears that crcess of the labeling
reagent to the B chain N-terminal, in both free and bound states, is as
unrestricted as the access to the internal standard nucleophiles. The
relative decrease in reactivity of the other functional groups
immediately suggests that the Phe-Bl has a similar environment in the
free and bound states of insulin.

Examination of the 2Z2n insulin crystal structure shows that Phe-Bl
is located at the opposite end of the molecule from the dimer-forming
surface in both molecules 1 and 2 of 2Zn insulin and molecule 1 of 4Zn
insulin (Bei jing Insulin Structure Research Group nomenclature). An

earlier suggestion that upon dissociation of the dimer, residues Bl-3



Figure 2la (facing page). Reactivity L/C-concentration profiles
of insulin functional groups with respect to Phe-Bl.

Figure 21b (following page). Reactivity L/C-concentration
profiles of insulin functional groups with respect.to Gly-Al.
(@) phenylalanine-Bl; () aver.age of four tyrosines; ()
average of two histidines;' (M) glycine-Al; (&) lysine-B29.
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may pack more closely to the surface of the molecule (Blundell et al.,
1972), is based on the 2Zn crystal structure, in which Phe-Bl is in a
surface pocket bordering the dimer-dimer contact region of the insulin
hexamer. A large body of evidence, including atomic temperature factor
analysis (Tainer et al.,, 1985), antigenicity studies of exposed surface
areas, (Schroer et al., 1983), and earlier labelling and modification
studies (Blundell et al., 1972), supports the idea that in aqueous
solution, the Phe-Bl N%amino group extends into solution, and is
probably not tightly packed against the insﬁlin molecule; the 4Zn
molecule 2 structure would probably not satisfy these requirements
(Figu?es 7, 8). Therefore, in the 2Zn conformation, the amino group of
Phe-Bl is an excellgnt vantage point from which to gauge the change in
chemical reactivities that the other functional groups of the insulin
molecule undergo in binding of gnsulin.

If the Gly-Al amino terminus is taken as the reference
nucleophile, the L/C profile in Figure 21(b) is obtained. Relative to
Gly~-Al, the B chain N-terminus has a greatly zugmented reactivity at all
concentrations, increasing sharply at the lowest concentration. This
apparent increase may reflect a continuing decrease in Gly-Al
reactivity, or, conversely, may reflect a real increase attributable in
part to some membrane-associated conformational change that increases
Phe-Bl reactivity. All the other functional groups also show an enhanced
reactivity over that of glycine.

Like Phe-Bl, Gly-Al is also accessible to the solvent in the
monomer, though situated in a "compact, surface pocket" (Blundell et
al., 1972). Although the position of Gly-41 is altered by the

conformational changes represented in the 2Zn and 4Zn crystal structures
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(Chethia et =21.,, 1983), it is somewhat constrained by its function as a
shielding group for the hydrophobic core of the insulin molecule
(Blundell et al., 1982)7 The Gly-Al amino group is part of a postulated '
receptor binding region (Pullen et al., 1976; Gammeltoft, 1984) and is
adjacent to the hydrophobic dimer-forming surface of the molecule. It is
not unreasonable to propose that if the insulin monomer binds to the
liposome by apposition of the largely hydrophobic dimer-forming surface,
the reactivity of Gly-Al will be diminished. However, the flexibility
and conformation of the molscule at positions B29-30 has to be’
critically assessed since these residues represent a topological
projection separating the dimer-forming face from the vicinity of Gly-Al
in the 2Zn dimer crystal model.

It can be seen from Figure 21 that Lys-B29 undergoes the greatest
relative decrease in reactivity. Previous studies have shown that the pK
of Lys-B29 in monomeric insulin is 9.80 (Hefford et al., 1986), close to
what might be expected for this kind of group in solution. The X-ray
crystallographic structure shows that Lys-B29 is close to the dimer-
forming surface, though it is one of the most flexible parts of the
molecule (Tainer et al., 1985; and references therein). The implication
is that the lysyl side chain of monomeric insulin goes from a fairly
solvent-accessible environment to one which is sterically shielded from
reagent in the presence of liposomes. Its decrea;e in reactivity is
therefore consistent with the dimer-forming surface being part of the
site at which insulin binds to lipeosomes.

Conceptually, it may be useful to consider Gly-Al and Phe-Bl as
lying on opposite ends of a solvent and electrophile accessibility

spectrum when the protein is adsorbed onto the liposome surface, and
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that as Phe-Bl may be a sensitive indicator of conditions external to
the bulk of the molecule, (in the monomeric form), so Glv=-Al may be a
suitable reporter group for the defined region of the molecular surface
that is ad jacent to the hydrophobic dimer-forming surface and which
could reasonably be involved in adsorption or binding to the liposome
surface (Figure 22).

Changes in the other functional groups are intermediate between
those of the A--and B-chain amino-termini, though it is not possible to
draw any specific conclusions since only the average reactivities were
measured. The sharp decrease in tyroéine reactivity is consistent with a
specific shielding effect on the B-chain tyrosines (B16 and B26) that
are directly involved in dimerisation-(Pullen et al., 1976). Tyr-Al9
lies on the periphery of this region and should also expericnce
decreased reactivity if the dimer-forming surface becomes adsorbed to a
surface. Of the four insulin tyrosyvl residues, only Tyr-Al4 should
maintain a substantial reactivity, as it is situated on the opposite
side of the molecule, close to Phe-Bl.

The average reactivity of the two histidine residues (B5 and BlO)
decreases upon liposome association, but not to the same degree as found
with the tyrosine, glvcine, or lysine residues. The decrease is almost
certainly due solely to a less accessible His-BlO side chain, as it lies
closer to the putative adsorption surface than His-B5.

At 10_6 M the four tyrosines and lone lvsine residue show
enhanced reactivity in the presence of lipecsomes. Although it seems
possible that the higﬁ tyrosine reactivity could be due to additivity of
experimental errors, a more satisfying explanation may be that the

presence of a small population of insulin dimers modifies the



Figure 22. View of the insulin monomer showing the putative
receptor-binding site of insulin (smooth thin line), and the
relative positions of the two N-terminal residues. The dimer
forming surface comprises approximately the middle half of the

putative receptor-binding region (from DeMeyts et al., 1978).
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interaction c¢f insulin with the liposome surface. A similar explanation
may account for the apparently enhanced reactivity of the Lys-B29 N¢-
amino group, which would be senéitive to the changes in local dielectric
that are found at membrane/solvent interfaces.

The explanation for the-enhanced reactivity of the Phe-Bl N-
terminus at 3 x 1018 M can onky be speculative. It may be that the
unusual reactivities of Lys-B29 and Phe-Bl are linked via tie coil-helix
transition involving residues Bl1-B8., Proximity of the Phe-Bl aromatic
ring to the lysyl N€-amino group may promote deionization and a higher
reactivity in the 4Zn molecule 2 structure. Such an effect has been
noticed before for the reactivity of the Phe-Bl N —amino group itself
{Friesen, 1980):At low concentrations the Bl1-B8 helix may undergo a
helix~coil transition, thereby exposing the Phe-Bl amino group to

solvent and labelling reagent.
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4.3 , Glucagon
4.3.0 Internal Standards In the control samples, the 3H/MG ratios

of the Ala, internal standard do not vary greatly over the concentration
range studied (Table VII), similar to the results obtained with the
insulin experiment. (section 4.2.0). However, although there is no
concentfapion—dependent interaction between. Ala, and the-glass surface
of the reéction vessel, there is 2 moderate decrease in reactivity below
concentrations of 1 x 1077 M, when liposomes are presentf

. z . o . .
The previous experiment with insulin has shown that in the presence

~of 1.0 M KC1, there is only slight adsorption of Alas to the liposomes

at concentrations below 1 x 107/ M. Thus the \interaction between this
dipeptide and the lipid bilayers is mainly electrostatic in nature, and
the small Hegree of hy?rophobicity characteristic of the méfhyl side
chain is not a major factor in adsorption. Recent NMR studies on the ,
partf}joning pf model tripeptides of the form Ala-X-Ala-O-tert-butyl
into 1ipo§6me bilayers (Jacobs & White, 1986), have also shown that, by
comparison with phenyl or tryptophanyl side chains, a sole methyl
substituent will not cause appreciable partitioning into bilayers.

The reactivity behaviour of glycine was more complicated. Decreases
in the 3H/IZ‘C ratios of free glycine were observéd at ‘low
concentrations, while in the presence of liposomes, substantial and
alﬁost exponential increases in reactivity were observed (Table VII).
These results are contrary to those obtained in the insulin experiment
(section 4.2.0) and must be due to the different KC1 concent;ations used
in each experiment. A concentration of 1.0 M salit, would generate a

substantial electrical double-layer on the membrane surface (McLaughlin,
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1977), shielding the headgroups and reducing the range of their
electrostatic fo;ce fields. In the absence of this high salt
concentration (i.e. at 0.1 M KC1l), interactions with charged sQlutes
would be facilitated. Being quite small, glycire may be able to interact
with the dipoles of the EPC headgroups without disturbing their packing
arrangements. In this position, the pK of the glycine amino group would
be lowered, stabilized by the low dielectric of the immediate
environment.

4.3.1 Functional Groups of Free'Glucagpn in Solution

The chemical reactivity-bf the amino terminal histidine was
measured as the sum of the N amino and N —-imidazole {Bell & Jones,
1674) reactivities. Siﬁilarly, tyrosine reactivity is expressed as the
average of the phenolic hydroxl reactivities of Tyr-10 and Tyr-13
(Table VIII). Figure 23 summarizes the 3H/MC ratios obtained for the N-
terminal histidine, tyrosines 10 and 13, and the lysine—12'N€—amino
group both in the presence and absence of liposomes. In the control
samples, there is little change in reactivity for the histidine and
‘tyrosine gIOoUpS Over the concentration range studied (100 to 3 x 10-8
M), though an increase in Lys-12 reactivity occurs in the middle of this
range.

The pattern o; rcactivities observed is consistgnt with the
dissociation of tvpe 2 trimers to'give the free glucagon monomer
(section 2.5.0). In trimer 1 the tyrosyl side chains are involved in the
trimer-stabilizing hydrophobic contacts, thus, disscziation of trimer 1
should result in g?eatly increased accessibility to both tyrosines and a
consequent increase in reactivity. Side chain accessibility to aqueous

solvent has been calculated by the methods of Lee & Richards (1971) and
’ s



-107-

TABLE VIII: Glucagon Functional Group 34/15C Ratios®

group concentration (M) control liposome L/ch
His 1 1 x 1070 2.56 + 0.26 0.59 + 0.08 .23 + 0.01
3 x 1077 2.46 + 0.23° 0.49 + 0.17 .20 + 0.07
1 x 1077 2.01 + 0.32 0.27 + 0.18 13 + 0.09
3 x 1078 2.46 + 0.85 0.23 + 0.01 .09 + 0.03
Lys-12 . 1 x107° 1.05 + 0.12 0.97 + 0.32 .92 + 0.03
3 x 1077 0.91 + 0.04b 0.78 + 0.11 .86 + 0.12
1 x 1077 1.43 + 0.27 0.36 + 0.17 25 + 0.13
3 x 1078 1.43 + 0.23 0.27 + 0.13 19 + 0.09
Tyr-10, | < 10-0 0.67 + 0.22 0.3 + 0.05 76 + 0.16
e 3 x 1077 0.80 + 0.00 0.25 + 0.02 31 + 0.02

(average -

of 2) 1 x 107/ 0.55 + 0.20 0.04 + 0.02 .07 + 0.04
3 x 1078 0.58 + 0.08 0.12 + 0.12 20 + 0.20

2Experiments were done in triplicate and normalized with respect to Alas.

Results obtained

from duplicates only.



Figure 23. Concentration dependence of 3H/14¢C ratios of glucagon
functional groups in the absence (full symbols) and presence
(open symbols) of liposomes. The ratios were normalized relative
to internal standard Ala,. (l,0) His-1; (@,0) Lys-12; (&,4)
Tyr-10 & -13.
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Finney (1978) for both trimer configurations as well as the helical
monomer from the X-ray crystal analysis (Blundell, 1983). For the
residues whose reactivity we have characteriz;d (His-1, Tyr-10, Lys-12,
Tyr-13), there is no calculated increase in solvent accessibility for
the dissociation of trimer 2 to the monomer. However, dissociation of
trimer 1 should result in greatly increased accessibility for the two
tyrosines, but not for His-1 or Lys-12 (Blundell 1983).

On the basis of our reactivity data, there is no increase in
tyrosine accessibility over the concentration range studied. If trimer
dissociation occurs between 3.0 and 1.0 x 10~' M, our results would
indicate that trimer 2 would be the species involved, supporting the
conclusion of Blundell (1983) that at neutral pH, trimer 1 is likely to
be present in solution in only very small amounts, if at all. The slight
increase in Lys-12 reactivity may be explained by trimer 2 dissociation,
sinﬁe, although this trimer does not reduce accessibility of the side
chain to the solvent, the motions of the adjacent protomers sweep out a
large volume, restricting access to labelling reagent in the bulk
solution. Removal of these bulky neighbouring groups would provide a
number of new angles of attack for approaching FDNB molecules. The lack
of comparable increase for the two tyrosine groups (Figure 23) may be
additional evidence for a local non-random structure inveolving these
groups, as has suggested by NMR experiments (Ph.D. thesis of M.E.
Wagman, 1981, Harvard University, Cambridge, Massachusetts, as cited by
Blundell, 1983). The Lys-12 N®-amino groups is known to have an
unusually low pK of approximately 8.5, as well as a2 lower reactivity

than might normally be expected (Hefford et al., 1985). These data also

support the existence of some sort of localized structure.



-110-

It should be kept in mind that thé reactivities obtained are the
average of two residues and changes in one may be maskeé by changes in
the other. On the basis of these results, it seems likely that the
conformation of monomeric glucagon in solution is similar to its
conformation in the trimer, that is, a combination of locally ordered
segments that can be stable (residues 22-26; Braun ‘et al., 1981), or
transitory (residues 10-13; wvide supra), with 2 considerable amount of
multi-conformational randem coil.

4.3.2 Glucagon Trimerization Constant

The concentrations used in this investigation of glucagon-model
membrane interactions were initially chosen with the expectation that
glucagon would be present as the free monomer below concentrations of 1
x 109 M, in accordance with iiterature values for the association
constant (section 2.5.1). The results we have obtained by assessing the
chemical reactivities of glucagon are inconsistent with a single
molecular species of glucagon being present below this concentration,
indicating that trimerization may occur at lower concentrations under
conditions approaching the physiological. Although trimerization will
proceed via a dimeric intermediate, the lifetime of this species will
likely be very short, since the addition of the third and last monomer
will be evenr more energetically favourable than the initial
dimerization. In dimerization, only half of each protomer's hydrophobic
patch becomes apposed, leaving what 1is essentially a complete
hydrophobic patch still exposed to solvent. The addition of the third
protoﬁer‘s ihydrophobic patch seals off a total of two hydrophobic
patﬁhes from unfavourable solvenﬁ interactions'at one time; this

provides a decrease in free energy approximately twice that of dimer

-
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formation. Due to the highly cooperative nature of the trimerization
process, it seems quite practical to deal with it in terms of a simple
monomer-trimgr transition, neglecting the fleeting existence of the
dimer in solution.

Assuming that the pattern of chemical reactivity changes seen in
the absence of liposomes (Figure 23) is consistent with a monomer-trimer
transition, the midpeoint concentration for this process may be estimated
as being about 1.8 x 10=7 M. Thus, if the transition is represented as

M =T,
where M and T are the concentrations of monomer and trimer,
respectively, then a trimerizaticn constant K1,3, may be defined:
| Ky 5= T (D).
The total concentration of protomers at any time PO, may be expressed as
Po =M+ 3T.
At the midpoint of trimerization, M = 3T, so that

P, = 2% = 6T  (II).

o

Substituting equation (II) into (I):
Ky 3 = (Po/6) / (Po/2)
= (4/3) P72,
Using the estimated midpoint concentration for the trime;}zation,
k) 3= 4.11 x 1013 M2,

This value is approximately six orders of megnitude greater than
the highest previously reported value (Formisano et al., 1978), which
was measured at pH 10.6 using glucagon concentrations of 6.3 x 107> M
and greéter. The known relative insolubility of glucagon in neutral
solution as compared to extremes of pH (Bromer, 1?72) makes such a high

value for trimerization constant seem reasonable. In all previous
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estimates of .the trimerization constant, the values obtained seem to
approach the sensitivity of the experimental methodology employed; this
is not the case in thefpresent work. A trimerization constant of 4.11 x
1013 M~2 corresponds to a free energy change of about —-6.4 kcal/mol
protbmer, entirely consistent with free energy changes observed for the

self-association of other proteins (Schulz & Schirmer, 1979).

4.3.3 Functional Groups of Liposome-Associated Glucagon

The functional group reactivities underwent a drastic reduction in
the presence of liposomes (Figure 23). As the glucagon concentration is
lowered, there is a trend towards a further reduction in chemical
reactivity., The amino terminal histidine and the two tyrosine residues
are aff?cted to a much greater degrée than the Lys~12 residue, which,
over the concentration range of 1.0 x 107% t0 0.3 x 1078 M, does not
have an appreciably different reactivity than iﬁ the control samples.
Below this concentration however, Lys-12 reactivity drops markedly.

Correction for the adsorption of Ala, to the liposomes at the
lowest doncentrations, yields numbers that can be used to calculate a
corrected L/C ratio. The corrected L/C ratios are shown in Figure 24,
which shows the pattern of reactivity changes that take place in
glucagon upon association with liposcmes.

Although there is a significant and parallel decrease in reactivity
for the His-1, Tyr-10 and Tyr-13 groups at all concentrations studied,
the reactivity wf Lys-12 shows no change at the higher concentrations,
but oaly falls markedly at lower concentrations. These results zre
inconéistent with only one form of glucagon existing over the
concentration range studied. The féct-that the reactivities do not

decrease in parallel (Figure 25) deménstrates that, between 1.0 x 10“6



Figure 24. Concentration dependence of corrected L/C ratios of
the functional groups of glucagon. (M) His-1; (@) Lys-12; (&)
Lys-21 & -23.
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and 3.0 x 1077 M, glucagon binds in a specific orientation, and does not
simply adsorb to the liposomes in a random manner. The change in Lys-12
reactivity with concentration could be a consequence of two {(or more)
conformational states, one at'l x 10"6 M, and another at 3 x 10°% M in
which the lysine side chain has different environments. A model
" consistent with these phenomena requires a conformation in which the N-
terminal histidiné and the relatively hydrophobic tyrosine residues may
interact preferentially with the bilayer.

The observed results are consistent with those expected on the
basis of the structure of trimer 2. Since the sequence positionSof
residues Phe-6, Tyr-10, Tyr-13 and Leu-14 satisfy the requirements for
an amphiphilic helix (Figure 9), it is plausible to suggest a2 helical
conformation for this region in the presence of an asymmetric
hydrophobic force field. Association with the liposome surface would
sequester the tyrosyl side chains from the bulk soluticn, resulting in
their decreased reactivity. The conformation of the amino terminal
tetrapeptide (residues 1-4) is highly variable, so it is not reasonable
to postulate a specific conformation for this segment. The data
indicate however, that His-l interacts strongly with the membrane and
is effectively removed from interaction with the aqueous phase.

The simplest explanation for the decreased reactivities is that
binding of gluﬁagon type 2 trimers-(Figure 11) te the membrane surface

¥
is mediated by the N-terminal region of the protomers, specifically
involving residues Phe-6, Tyr-10 & 13, and Leu-14 of the hydrophobic
patch (Figure 25). inspection of the N-terminal residues of the type 2
trimer reveals -that when residues 5 to 15 are in the helical conformer

P .

of the crystal structure, they may easily provide points of contact



Figure 25. The hydrophobic patch of glucagon's N-terminal
amphiphilic segment. The van der Waals surface of hydrophobic
amino arids Phe-6, Tyr-10 and -13, and Leu-1l4 are shown, colour-
coded according to atom (carbon: vellow ; oxygen: red ; nitrogen:
blue). The position of the Lys-12 X'-amino group (at the top
center of the page, labelled as 'NZ 12") is ¢learly to be seen as

lying on the opposite side of the hydrophobic patch.



National Library
of Canada

Canadian Theses Service

NOTICE

~

THE QUALITY OF THIS MICROFICHE
IS HEAVILY DEPENDENT UPON THE
QUALITY OF THE THESIS SUBMITTED
FOR MICROFILMING.

UNFORTUONATELY THE COLOURED
ILLUSTRATIONS OF THIS THESIS
CAN ONLY YIELD DIFFERENT TONES
OF GREY.

o

Bibliothéqﬁe nationale
du Canada

Service des théses canadiennes

AVIS

TS

N

LA QUALITE DE CETTE MICROFICHE
DEPEND GRANDEMENT DE LA QUALITE DE LA
THESE SOUMISE AU MICROFILMAGE.

MALHEUREUSEMENT, LES DIFFERENTES
ILLUSTRATIONS EN COULEURS DE CETTE
THESE NE PEUVENT DCNNER QUE DES
TEINTES DE GRIS.



_1]:5...

/
<




~116-

between the trimer and the liposome surface. Figure 26 is a computer
generated view oflthe N-terminal region as it might present itself to
the bilayer. Once one of the hydrophobic 'feet' of the trimerbecomes
strongly adsorbed, Presumably via hydrophobic stabilization through
contact with the bilayer hydrocarbon phase, the other two 'feet' of the
trimer would tend.to adsorb in a cooperative manner.

The relatively unchanged reactivity of Lys-12 from 1.0 x 1076 to
0.3 x 1070 M suggests that the environment of this residue remains
essentially the same, whether the trimer is free in solution, or
associated with the liposome surface. In a helical conformation, Lys-12
is on the opposite side of the hvdrophobic region comprising Phe-6, Tyr-
10 & 13, and Leujlﬁ (Sasaki et al., 1975), and would therefore be fully
‘accessible to the labelling reagent.

At lower concentrations { 1.0 x 10'7 M and below), Lys-12
‘reactiviky decreased dramaticdlly (Figure 24), indicating a profound
change in environment, structure, or both. By analogy to the changes
observed in the control samples, a possible interpretation-is-that
dissociation of glucagon trimers, whether in solution or memb1 ~e bound,
results in the release of monomers which associate with the membrane in
such a way as to hinder Lys-12 reactivity. Proximity to a membrane
surface could reduce the N®-amino group reactivity in a number of ways:
the protonated amine could form a2 salt bridge to the phosphate group of
a neighbouring PC molecule, or the high dielectric environment of the
headgroup region (Raudino & Mauzerall, 1986) could stabilize the
ionized, unreactive, amine.

It might be argued on the basis of helix stereochemistry that Lys-

12 should extend into the solvent and maintain its reactivity if the
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Figure 26. Residues 1 to 13 of each protomer are shown in this
cross-sectional view of the glucagon type 2 trimer as seen dowr .
the central 3-fold axis of rotation. The remainder of the trimer,
which would extend away from the viewer and into the page, 1is
omitted for clarity. If the trimer were to adsorb to the liposome

surface after the manner of 2 tripod, the threee N-terminal

hydrophobic patches shown here would be presented to the bilayer . -

surface first.
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glugaéon monomer is membrane-bound. This argument assumes a strictly
alpha-helical conf&rmation, but there is evidence suggesting the
possibility of 374 helix over residues 5-11 (Blungéll, 1683). In the
mOSt detai}ed physicél study to date, Braun et al (1983) have shown that
the helices of glucagon bound to DDP micelles are not ideally alpha-
helical, but may be extended. As well, interaction of the C-terminal
hydrophobic patch with the lipid bilgyer may cause a reorientation ¢f
previbusly bound segment; relative to the membrane surface.

Although there is no evidence for His-1 interaction with lipids in
micelle-bound glucagon (Braun et al., 1983) the topology of the
relatively planar LUV surface is vastly different from that of the
quasi-spherical micelles containing about 40 lipid molecules, and this
may explain why such an interaction has not been previously observed.
The structural flexibility of glucaéon is such that a number of
conformations are possible, particularly in the amino terminal half of
the molecule. Prediction methods support the possibility of beta-turns
over residues 2-5, 10-13, and 15-18 (Chou & Fasman, 1975; Korn &
Ottensmeyer, 1983). Whether orlnot these conformations are likely to
occur at a membrane/solvent interface is not known, but these segments
may provide 'hinges' with threshold activation energies that are
sensitive to their local environment. These hinges could be logked into
or out of beta-turn‘conformations.The presence of two arginine residues
at positions 17 and 18 in one of the predicted 'turn' segments may have
important structural consequences for membrane-bound glucagon, since
guanidinium groups are known to form doubly hydrogen-bonded structures

with phosphates (section 2.6.1).
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Melittin

4.5.0 Free Ala, in Solution

A pertinent question to the interpretation of the 3p/%%4¢ data in
this expériment is whether or not the high concentration of nucleophiles
in sclution exceeded the capacity of the tritiated trace labelling
reaction to label the nucleophiles at the relatively high concentrations
emploved in this experiment (above 1 x 10”4 M). Here 'capacity' is
defined as thé upper limit for label incorporation using a small and
finite amount of reagent with an increasing amount of substrate
(nucleophile). With constant amounts of 14C-derivative as background,
the effect of such a dilution of tritium amongst an inigiasing number of
nucleophiles would be a net reduction in the 3H/1%3 ratios for all the
nucleophiles. This is in fact obsérveq: the_N;terminals of both Ala, and
melittin, -as well as the latter's three lysvl amino functions all have
lower 3H/U‘C ratios at concentrations above 1 x lO'A M (Table IX). Since
the dilution of JH-trace label would be distributed.evenly over these
groups, the use of Ala, as an internal standard is not affected, but is
in fact made necessary.

4.4.1 Functional Groups of Free Melittin

i ‘ o
The concentration-dependent reactivity profiles for the melittin

functional groups relative to the internal standard are‘shown in Figure
27. The reactivity/concentration profiles for Gly-1 and Lys-21 & -23 are
bimodal, with 507 reductions ;n reactivity over the first half of the
concentration range; the reactivity is then recovered in the latter
half. This behaviour implies the existence of at least three molecular

St

species over the concentration range studied. The reactivity behaviour
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Figure 27. Concentration-dependence of functional group 3u/14¢c
ratios obtained from free melittin in solution. The ratios are
-normalized relative to the internal standard Ala,. ((J) Gly-I;
(D) Lys=-7; (O) Lys-21 & -23.
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of the Lys-7 residuf\i’s somewhat different, with a less well defined
decrease at intermediate concentrations. A reasonable explanation is
that ‘the bimodal reactivity pattern is due to the presence of three
concentration-dependent and interconvertible forms of melittin, thé
tetramer, dimer, and monomer. The tetrameric form of melittin, present
at high concentrations of the peptide, must be in equilibrium with the
dimeric form, which in turn must equilibrate with the monomer at lower
concentrations.
Glvcine-1, The N-terminal glycine is the most reactive functional
group in melittin towards FDNB (Figure 27). As an aside, this group is
reportedly not reactive towards trinitrobenzenesulfonate (TNBS) (Quay &
Tronson, 1983), which also reacts via an aromatic nucleophilic
substitution reaction. NMR studies indicate that the pK of Gly-1 is 7.7
in monomeric melittin (Lauterwein et al., 1980); though pK values of 7.2
and 6.8, for melittin cdncentrations of 8 x 10~ and 6.3 x 104 M,
respectively, have also been reported (Bello et al., 1982). Despite
these lower pK values, the N-terminal amino group is largely
deprotonated in the tetramer according to NMR chemical shift titration
experiments (Brown et al., 1980). The absence of a charge at the amino
terminus could promote monomer aggregatién by reducing charge repulsions
between the N-terminal and the polycationic C-terminal segments of
ad jacent protomers.

At the extremes of aggregation, that is, either as a tetramer or as
a monomer, Gly-l reactivity is the same. This fact must reflect a
balance of contributing factors: although Gly-1 in the tetramer is
unprotonated and thus highly reactive, it also experiences long-range

steric hindrance due to the bulk of the tetramer. By contrast, in the
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monomeric form of melittin the Gl§;1 reactivity is of similar magnitude,
though the relative importance of the restrictions is reversed: without
the suppression of charge formation in the tetramer, the amino terminal
would be free to ionize, giving rise to the less reactive protonated
amine. Concurrently, the degree of steric shielding is.greatly reduced.
At the midpoint between these extrefs, one might expect to find a point
where the contributioné from ionizaticon state an&\steric factors both
digure promirently. In the dimeric form it would seem that the greater
.agcessibility of the Gly-1 N atom to FDNB is offset by the degree of
ionization, resulting in a net decrease in reactivity. The number of
degrees of freedom lost in dimer formation from a randomly coiled
monomer is much greater thanithe number of degrees of freedom lost when
- N

going froé dimer to tetramer. This aspect likely contributes to the
decreased steric hindrance to reactivity. In the monomer, both protons
and FDXB have relatively unrestricted access to the M-terminal.
Lysine-7. The Lys-7 side chain extends directly out into solution in
the tetramer (Terw@}liger & Eisenberg, 19822), and this would also be
the preferred confgguration in the dimer and monomer. The micro-
environment of Lvs-7 is not expected to change upon dissociation; any
effect on reactivity due to dissociation must be due to long-range
shielding effects. The mass of aggregated protein in the tetramer sweeps
o;t a large volume in the bulk solution relative to the Lys-7 N amino
'‘groups, restricting the exposure to bulk solution and the number of

angles of approach for FDNB. This long-range steric hindrance is removed

at low concentrations of melittin, a slight increase in reactivity is

Al

observed (Figure 27). The effect is similar to the one observed for

glucagon's Lys-12 side chain, which had increased reactivity after
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trimer dissociation (section 4.3.1).

.
Lysines 21 & 23. The interpretation of the reactivity data for Lys-
21 and =23 is not straightforward, as the data represents the average nf
two groups which, despite their similarity in strucgure and§location in
the melittin molecule, may not be equivalent. The atomic coordinates of
the four positively charged residues near the C-terminus are not clearly
resolved in the crystal structure (Terwilliger & Eisenberg, 1982b). In
the crystal tetramer, the orientation of the four helices relative to
one another separagés the positively charged chain segments from one
another, contributing to the high solubility of the melittin tetramer,
Although the side chains of Lys-21 and Arg-22 and -24 extend out into
the solvént, the Lys-23 side chain appears to be inaccessible to the
solvent. (Solvent accessibility is here defined according to the method
of Richards (1974), where water molécules have a van der Waals radius of
1.4 :J This may b& partly an artifact of ¢rystallization, since these
side chains will repel one another resulting in a random ceil in the
absence of phosphate. Conversely, the presence of phosbhate will favour
helix formation (section 2.6.1). C-terminal segment conformations that
are intermediate between random ¢oil and helix zare most likely at the
low phosphate concentrations employed in the present work.

In solution, the teﬁramer structure obtained by crystallography
would be less constrained, and the number of allowable side chain
configurations may be expected to increase. Nevertheless, the aséignment
of qualitatively different environments for the Lys-21 and -23 residues
is a distinct possibility. The data indicate that Lys-21 and -23 are

more reactive in the meonomer than in the tetramer, but that one or both

of these side chains becomes less reactive in the dimer.
P

>



The simple model of \tetramer dissociation to yield the
crystallographic dimers, -and thence to monomers, does not provide any
obvious means, steric or othefwise, of reducing the reactivity of these
groups in the dimer relative to the tetramer:. A reasonable possibility
is that the secondary structure of this segment changes upen both
tetramer dissociation and dimer dissociation. A second possibility is
that,the ionization state is shifted in the tetramer in a manﬁer similar
to the Giv-1 residue, favouring a lower pK and enhanced reactivity,
Perhaps melittin dimers are able to associate in more than one
orientation, Alternatively, reactivities may be decreased due to
interactions, direct or indirect, with a neighbouring side chain. The
aromatic ring svstem of Trp-19 is a good candidate for this since it is
ad jacent to Lys-23 in a helix conformation, and could form an
energetically favourable weakly polar interacticn with-the lysyl N amino
function via its aromatic pi electrons (Burley & Petsko, 1986).

It should be noted tﬁat Quay & Tronson (1983) have measured the
apparent pKs of Lvs-21 & 23 in bbth the monomer and tetramer, usiné
TNBS. Their failure to obtain modification at residues Gly-1 and Lys-7
is in direct contradiction to the unequivocal findings reported here.
The reasons for the non-incorporation of label in Quay and Tronson's
study mav be due to the extreme sensitivity of the reagent to steric
effects (Quay & Tronson, 1983) since other facters, such as net
molecular charge and hydrophobic regions, would tend to facilitate this
reaction (Lundbléd & Noves, 1984).

4.3.2 Do Melittin Dimers Occur in Solution?

There are few published reports of melittin dimers. Most studies

report only the existence of terramers or monomers. Wuthrich's group did

-
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not explicitly seek dimers in their NMR studies of melittin self-
/
aggregation (Brown et al. 1980; Lauterwein et al., 1980). Circular
dichroism SQE?ies ?Tatham et al., 1983) conly detect'changes in secondary
structure, in thts case, coil—helii‘transitions, and probably could not

differentiate between the dimers and tetramers, both of which are

predominantly  alpha-helical (ca. 70-90%). It is also doubtful whether

-

' the other ma jor physicél technique used to study sigf—aggregation)

fluorescence (Talbot'et al., 1979; Quay & Condie, 1983; Thompson &
Lakowicakﬂlgsé), would be able éo detect dimers. The melittin
fluoropéore, Trp-19, is closely surrounded by both apolat and polar
groups in the tetramer, although the N atom of the indole ring, -as well
as one or two other ring atoms, are eqgcessible to the solvemt. This
informatidm-is derived from the crystal sfructure, for which the C-
terminal side chains aré not ﬁﬁll defined {Terwilliger & Eisenberg,
1982a). In solution, the Trp-19 indole ri?g is likely go be even more
b 8

solvent accessible due to side chain _mobility. Such a micreenvironment

supports the moderate blue shifting of the Trp—19.1ma observed bty Quay

x
& Condie (1983) upon tetramerization correspocnds to a 'surface' or
'‘class II' tryptophan according to the classification scheme of Burstein
et al. (1973). In an AB or CD dimer however, the Trp;lg side chain
extends away from the monomer-monomer interface and would not experiénce
any major change in microenvironment &igure 13).

It is difficult to see how the absence of a dimeric intermediate
can be assumed in studies of melittin, irrespective of whether or not
changes in fluoresceﬁce parameters fit models that assume only a

monomer—tetramer equilibrium (Quay & Condie, 1983; Vogel & Jahnig,

1986). Furthermore, Bello et al. (1982) have shown that at high pH
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(>9.0) the degree of helicity derived froﬁ Ch_measurements is not

‘ —

mirrored by parallel changes in the degree of fluorescence polarization.

Hence, fluorescence polarization is not a direct indicator of the coil-

< helix transition which must necessarily accompany dimerization.

Gel filtration through Sephadex G-50 has been used by various
groups studying melittin, and some evidence for the presence of dimers
can be adduced from them. Talbot et al. (1979) féund that in the
presence of 1.5 M NaCl, melittin eluted near cytochrome ¢ with an
apparent molecular weight of about 12,000'daltons MWierramer = 11,360
daltons), whereas in the absénce of éalt, the monomeric weight was
judged to be about 3500 (MW ... -..= 2840 daltons). Although a weight of
3500-3600 is'about 25% greater than the formula weight of a monomer,

. «
this mav reflect some interaction with the gel matrix. For exémple,
melittin's behaviour on Sephadex LQ-EO is certainly known to be
anomalous (see Fig. 6A,B of Dawson et al., 1978). This result should be
compared withiﬁge ;esults obtained by Bello et al. (1982), who found a
épecies eluting at a conc?ntration of 9§ x 10'%§L\with an apparent
molecular weight of 7600 daiéons. This Hs-likely the melittin dimer, as
was interpreted by Belle et al. (I932L

oy

Thus it is reasonz®¥e to assume that dimers exist in solution,

-
—

despite the assertions of Schubert et al. (1985) to’®the contrary. These
workers fit their analytical ultracentrifugatiqn data to a monomer-
tetramer model of association and concluded that the concentration of
dimer cannot exceed 0.5% ofﬂsﬁe total protein concentration. Although
Schubert et al. successfully applied their method to two other self-
associating proteins, the "relative uncertainty... is quite large"

(Schuberr et al., 1985). Since this technique depends upon "precise data .

X
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at very low protein concentrations, the region where experimental
difficulties are most severe'" (Klotz et al., 1975), the conclusions of
Schubert et al. (}985) need not Be considered the definitive statement
on the association equilibrium of melittin.

In a recent review of amphipathic peptides (Kai-ser & Kezdy, 1987),
“unpublished work by G. Yates and H.P. Tao is described in which the rate
of melittin-induced hemolvsis depends solely o‘n'.the conceﬁLra;ion of
dimer in solu;:ion, supporting an earlier study in which the’ SlQ‘n\: phase
of erythrocyte lvsis was found to be proportional to ;Nqua’r{e of the

. Py
melit‘tinfi'\lg‘g_‘cfntration (Degrado et al., 1982). Gi\}'fen the smand

[

function of melittinﬁe can infer that the dimer;}is at least a major
functional form of thi§ 'attjack pep.tidt;', and 'Is/hould be present in
solution. The data presented in Figure 27V, and the foregoing disc.ussicn,
supports t-l;:is condept. A model rof melittin tetramerization is proposed
in Figure Zé, which summarizes the reported conformational transitions
in t‘he lit_erature' in the context of the monomer-dimer-tetramer
association suggested by the present work.

Approximate association constants for.the monomer-;:limer and dimer-
tetrlamer associations under the conditions of this experiment can be
calculated by the method used to obtain the glucagon trimerization
constant (cection 4.3.2). If the equilibrium midpoints are halfwav
bﬁtween.the reactivity maxima and minimum, the midpoint for dimerization
from monomers is estimated from Figure 27 to be 1.65 x 1072 M, vielding
a dimerization constant K1,2’ of 7.57 x 10% M~L. Similarly, estimating a

v - . 9 Y
midpoint for tetramer format-lon to be 3.85 x 10-4 M, K?—.'& is 35-25 x 193

M1, These values are quite similar to those reported in the literature

for the monumer-tetramer transition (Kgjgg = 7.96 x 10-14 M3. Quay &

¢
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Figure 28, Proposed model of melittin self—associatign. The
congéntration of melittin indreases from the top ¢f the page to
—the bottom. In dilute solution, melittin exists as a random coil
(a), in dynamic equilibrium with a conformer containing small
elements of non-random structure, probably helieal (cylinders,
b). Upon increasing the concentration or ioniec strength, a
conformer is induced which is appfoximately 65-707% alpha-helix
(c): This form will dimerize (d) and tetramerize (e} with
increasing concentrations of melittin. Each of these form can

assume conformations which are almost completely alpha-helical in

" the presence of phosphate (f, g, h).
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Condie, 1983), but it should be noted that the self-association process
is very sensitive to even slight changes in experimental conditioms.

4.4.4 Ala, in the Presence of Liposomes Results from the glucagon

experiment (section 4.3) indicated that in very dilute solution (below
107 M), and at 9.1 M salt, adsorption of Ala,;-to bilayers can be
significant, although this was not found to be the case a2t micromolar
concentrationsln the presence of liposomes, Ala, 3H/14C ratios were
simila}.to the contrel samples at micromolar concentrations (Table X).
However, the Ala, L/C ratio shows that liposome-associated Ala,
reactivity decreases in a manner similar to a2 binding curve (Figure 29).

Gel filtration studies were undertaken to determine whether or not
the internal standard was interacting with the melittin.-Ala, did not
significantly alter the patgérn of melittin elution (Figure 36), $0 it
was assumed that Ala, does not interact with melittin to any appreciablé
extent, and that the low 34/14¢C counts for Alas is the re'sult of other
perturbations'within the system. These results can be explained on the
basis of melittin's lytic effects on liposomes and subsequent
reorganization of the lipids involved {vide infra). It seems likely, on
the basis of the results présentg further on, that lipid-melittin-
aggregates are formed which by Alas.

Since'the labelling of free melittin and Ala, was satisfactory
{section 4.4.0), these results were'takeg as the standard by wﬁiih
dilution of the functional groups could be corrected. Functional group
3H/MC ratios were therefore normalized with respect to ﬁhe A132 3H/U‘C
ratios from the contrel samples at the appropriate concentrations. The

average 35/34C ratios were employed for this purpose, and the results

give a first approximation of the relative reactivities of melittin's
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Figure 25. Concentration dependence of Ala, 3u/14¢ ratios in
absence (filled circles) and presence (open circles) of liposomes

(1 mM total lipid). 'Resultant L/C profile is sigmoidal (inverted
triangles).
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'Figure' 30. Sepahdex G-50 gel filtration of solutions of melittin
---); Alag (s ); and both melittin and Ala, together

(—. Concentratidqs in each case are 2 mM.
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functional groups over the concentrations studied.

4.4.5 Melittin-Induced Perturbation of Liposome Structure In light

of the known disruptive effect of, melittin on phosphelipid bilayers, if
would be inappropriate to interpret the data in the same manner as with
the insulin and glucagon experiments..In the case of insulin we have a
protein with well defined tertiary structure; the interaction with a
bilayer surface would zppear to be one of simple apposition or
adsorption, with possible immersion of some non-polar side chains in the
hydrophobic region of the bilayer. In the case of glucaé;n, the
situation may be similar due to the peptide having some amphiphilic
- '

structure, thbugh, being small and flexible, glucagon may be able to

underge mutual adjustments with the phospholipids. Melittin differs from

the other proteins by virtue of its unique structure: it is designed to
o !

associate with and physically distupt membranes. As such it is a good
model for proteins and peptides that have definite interactions with

membranes in vivo.

The functional group reactivities share similar trends in their

t
‘

concentration-dependence (Figure 31), as thek\fiim%n the control

. - . e - .
samples. They are higher at low concentrations, pass tThrough a minimum

—

at 7 x 1075 M, and then show slight differénces in the degree to which
their reactivities increase at higher concentrations. These results
would indicate that the whole molecule expgriences a markedly different
environment at the concentrations near the shared reactivity minimum,
and that there afe more site-specific perturbations in the
micreenvironments of the functional groups at high melittin
concentrations. It is instructive at this point to consider in more

detail the findings of Dufourcq et al.,” (1986) with %iposomes.

-

-
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Figure 31. Concentration-dependence of functional group 3u/tac

ratios obtained from melittin in the presence of liposomes.

3H/MC ratios are normalized relative te the internal” standard

Alap ratios obtained from the control experiment (see text).

(i) Glv-1; (A L}'s—?; (®) Lvys-21 & -23. Mean values from the duplicate

experiments are shown; ranges are 9% or less of the values plotted.
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Figure 32. Data from Dufourcq et al. (1986) adapted to the scale

used in the present workggfor commm illustrates

the effect-of increasing the total concentration of melittin
([ peptide]) on the h}fd-rod}'naﬁi“c—-radius (ryg) of EPC liposomes.
Size changes are observed for both large multilammellar vesicles
(©) and small unilammellar vesicles (@®). The lipid-to—prot.ein
ratio (R;) is indicatéf\ along the top of the figu.re. -
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In order to assess the data properly, it is neceséary to establish

as far as possible what tWe physical state of the system is. The recent

wlrk of Dufourcq et al. (1986), provides information relevant to the
interpretaiioh of the results obtained in.the present work.

. Dufourcq et al. (1986) prepared EPC liposomes two ways; MLV via
simple dispersion (hydration followed by vortexing), and SUV (the MLV
were subsequently %onicaged). The QLS-measured hydrodynamic radii (rH)
of their MLV and SUV were 16,000 and 3540 angstroms, respectively. Upon
increasing the amounts of wmelittin the r'H valuLs for _:Lhese Lwo
morphologically distinct forms converged until a pla eau was reacheq, at
Ri between 13 and 25. At this point, the melittin-EPC structures had a

ﬁ\\rg of 1700 A. At lower lipid-to-protein rations, there is a2 sudden
transitign to smaller- 51zed stru%iures of about 156 g Further 1ncreases
in the melittin concentratlom cause the- rH to. dlmlnlsh even further
entil a limiting ry of about 50 A_is attaired at R; < 6. Data from
- figure 2 of Dufourcq et al. (1986) ha\'e l;een edapted to the cooréli‘nat;es
used in the present work and are shown in Figure 32. hd
B Valid comparisons between thet system of Dufource et al. (1986) and
the present one can be made since differences between the two are of a
relatively minor nature., Dufourcqg et al used a 50 mM phoesphate/ 1 mM
a EDTA buffer, whereas the present work was done klth a 5 mM phosphate/100
mM KCL bu%fer. Ie both ca§es the pH ind temperature was the.same (pH 7.5
at room temperature), and lipid concentrations were similaYy: 2:6 mM
{(Dufourcq et 2l1.) versus 1 mM (present work). Major differences may be
the inclusion of 33 molZ cholesterol aad the presence of the Alag

internal standard..The overall effect oﬁ cholesterol would be to confer

more order and rigidity on an EPC liposome, but not so much as to mimic

-
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a gel phase. Qualitatively, a metaphase midway between gel and léquii
crystalline is reasonable. Assuming this tq‘bg the case, ong might
expect the effects of melittin on EPC:cholesterol as{being inte;médiaﬁe
to Dufourcq et al.'s EPC- and DPPC-melittin preparations.

Abplying the findings of Dgzourcq et al. (1986) to the inter-
pretation of the L/C ratios of fE‘igpre 31, the reactivity minimum,
corresqonding to a R; of about 14.2, could represeqt the metastable
melittgn—lipid complex observed at the plateau value for }3 <Ry <25
(Dufourcq et al., 1986). The formation of these compiexeé, which all
other evidence suggests is a reversible process (Dufourc et al., 1986a;
1986b), would begin-at mdﬁh lower melittin concentratioq?, probably at
the point where melittin dimers begin to make their appearance.

4.4.6 Functional Groups of Liposome —Associated Melittin

Glveine-1 As with the control samples, 3H-incorporation into Gly-1

~

LN .
is an order of magnitude greater than the level of incdorporation into
the lysines. This is not surprising considering the pKs are different by

4
OTEF'I.O pK unit. What is surprising is that the r%activipy of the amino

terminal is greater in the presence of li;Zsomes than in their absence,
at all concentrations except the highest‘(Figure 33). The dielectric
constant of lipid Eilayers changes from a value Lf 78 to 2 over a
distance of about 15 A. Consequently, the deprozbnated form of an amine
would not need to extend deeply into the bilayer in order to experience
a significant change in the effecpive dipoie of the'§urrounding medium.
Such an environment would stabilize this (reactive) form of the
nucleopﬁile. The physical properties of bilayers are insufficiently well

known ta]allow a quantitative estimate of the stabilization afforded by
i . '

the different regions of the bilayer, however, certain structural

3
L



Figure- 33. Concentration dependence of Glycine-l reactivity

relative to internal standard Ala,, in qﬁe/ﬁresence (filled

squares) and absence (open squares) of liposones.
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features of the lipids may also promote an increased reactivity,
Hydrogen bonding of the unprotonated amine to a cholestercl S-hydroxyl
group or to one of the glycerol backbone ester carbonyls could increase
the nucleophilicity of the nitrogen amine via intermolecular field
effects. Enharced reactivity was also observed for the Lys-B29 group of
insulin (section 4.2.0), and the glycine internal standard of the
glucagon experiment (section 4.3.0). It is possible that such an effect
is characteristic of amines at the lipid-water interface.

As the lipid to protein ratio decreases, there is a convergence of
reactivity values between the control and liposome-containing samples,
until at the highest concentration (7'x 104 M), there is no measurable
differenéé between the two; This trend indicates that tetramers
predominate in the incubation mixture, or that lipid—melittin complexes
with a m%f?benvironment around the Gly-1 N%amino group similar to the
microenvironment found in the tetramer, are present at this protein-to-
lipid ratio.

Lvsine=7 The concentration dependence of the Lys-7 reactivity
(Figure,34) indicates that there is a net decrease in reacti%ity at all
concentrations when liposomes are present. The proportional decrease is
maintained at all concentrations, beiﬂé approximately one-third that of
the control. This directly proportionality suggests a single unchanging
factor is responsible, and that its influence is exerted in the context
of the same conformational and chemical changes that account for the
reactivity trends of Lys-7 in the controls. Although for the most  part
_ the trends in reactivity diminution are parallel and proportionate, the
liposome-associated reactivity trends are shifted to 2 lightly lower

concentration. These /data are consistent with melittin's monomer-dimer—



~
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Figure 34. Concentration dependence of Lysine-7 reactivity
relative ro: internal standard Ala,, in the presence’ (filled

triangles) and absence (open triangles) of liposomes.
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_tetramer transition being modified in the presence of lipid.

Lys-7 reéctivity is modified by the lipid in two ways. First, the
binding of melittin to the liposome surface ‘causes a decrease in Lys-7
reactivity due to long-range steric exclusion. Considering the
amp.:iphilicity of this portion of the molecule, the spatial relationship
between the amino group and the lipid phase probably does not change

N
very much, once established. Bound melittin is not likely to undergo

ma jor conformational changes, so the relative decrease in Lys-7
reactivity would remain fairly constant. If this were not the case, one
might expect to see divergence.or convergence of the control and
liposome-centaining samples. The arrangement of residues about the
amphiphilic helix in this region of the moleculc supports this idea, as

do the energy minimization calculations of melittin in an apolar

environment (Pincus et_al., 1982). N

Lvsines 21 & 23 - The reactivities of these two groups are
qualitatively the same as'that of the Gly-1 amino grqup (compare Figures
32 and 35). At low concentrations of peptide, where the monomer
predominates, liposomes markedly increase the‘reactivity of lysines 21
and 23 relative to the interral standard, possibly for reasons similar
to those given for the Gly-~1 reactivity'behaviour (vide supra). As the
concentration of melittin is increased, the reactivities first decrease,
and then increase, cbnverging to the values foqu for the free melittin
when in the tetrameric form. These data indicate that the,C-terminal
segment of melittin is bound to the membrane at low concentrations while
still being accessible to lﬁbelling reagent. $é the c&ncenfration of

melittin increases, the structural changes accompanying the dimerization

process appears to be similar whether lipids are present or not. At the
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Figure 35. Concentration dependence of the mean reactivities of
Lysines-21 and -23, relative to internal standard Alag, in the
presence (filled circles) and absence (open circles) of

liposcmes.
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highest concentratién, the reactivities of the two C-termiral lysyl side
chains is indicative of either a large amount of tetramer being present
in solution, a melittin-lipid complex ﬁhat ciosely mimics the
micreoenvironment of the tetramer, or both.

4.4.7 Model of Melittin-Induced Membrane Lvsis

2

L

L .
With the above information in hand:\iE\is now possible to formulate

a comprehensive model of membrane lysis by melittin. Experiments by

—

_~

other investigators suggest that the mode' of melittin interaction with /

7

lipid bilayers is qualitatively different below peptide concentrationsg

of 10'6 M, since membrane lysis is not observed at these concentrations. |

At concentratioms below 1 pM, melittin adsorbs to bilayers (SCEEED/g
\

Sargent, 1980),\§Ha forms anion-conducting channels (Tosteson &

Tosteson, 1982; Tosteson et al., 1987). The incorporation of monomeric

melittin into lipid bilayers could follow the scheme propsed by
Terwilliger et al.(1982); in which the slightly bent helical rod lies
on top of the membrane with the N-terminal segment penetrating iffo the
hydrocérbon layer at a shallow angle while the charged groups remain
solvent-exposed. It seems likely that the reactivity data reflects such
an interéction, éince the relative reactivities appear to peak at thg
lowest concentrations where the'monomeric form of melittin would be
present (Figure 31). |
Phospholipiﬁ bilayer membranes are stéble structures with
isotropic physical properties th;t.are the result of balancea forces
acting on them. Both the interfacial free energy density (surface

tension} and the two-dimensional compressibility off the bilayer

detefmine the equilibrium state of lipid packing (Evans, 1974). These

‘forces can be altered by the adsorption of other molecules, resulting in
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a new equilibrium state, possibly to the point of membrane disruption.
-

Insertion of a large moleculgﬁsuch as melittin into the plane of

i?}he bilayér will cause cha&ges in the surface chemical potential pf the
i{éuter leaflet, causing an imgélance between the surface tensicns of the
outer and inner monélayers (leaflets), resulting in a bending moment. As
the outer leaflet attéﬁpté‘to éccomo&ate the peptide on its finite
surface area, jt will bulge outwarés, causing thelinner leaflet to thin
out, as this 1atn§r is forced to cover a larger surface area with the
same number of lipid molecules.Thi$ destabilizing influence will be
compounded by’electrostric;ion‘og the bilayer immediately under the
peptide due to the cluster of positive charges on the C—terminal_éegmeﬁt

(Parsegién, 1969). Electrostrictive presstre would be even greater on

physiological membranes, which have 2 net negative surface charge.

Data for the LijY side chain (Figure 34) indicates that the
liposome-associated change in reactivity is prdportiOnal gt all
_concentrations studied, suppbrting the notion that this (charged)
‘ residue does not enter the membrane. The changes in membrane "structure
following destabilization of the once planar lezilets of the bilayer may
leave exposed edges that can be stabilized bé melittin's amphiphilic
helix. 'Edge-active' detergents have been observed to mediate disc-to-
vesicle transitions in dispersions of EPC (Fromherz et al., 1986).
Sufficiently destabilized, the membrane wbuld thin out and the full
complementfﬁf melittin's hydrophobic side chains would seek to minimize

their free energy by association with the lipid hydrocarbon phase.
The crystal structure of the melittin dimer immediately suggests

the most likely mechanism of melittin-lipid association. When viewed

down the crystallographic two-fold axis of symmetry, the apolar residues

vk
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of both protomers form a contiguous hydrophobig-patch. When the dimer is

viewed edgewise (parallel to the'non—crystallographic'two—fold axis) the
AR

segregation of.charged and hydrophobic residues is especially notable

(Figure 36i_The pincer-like shape of the dimer, a consequence of the
" 4

kink introduced by Pro-14, spans a distance of appro§iqately 30 A
between the N-terminal Gly-1 residues, corresponding to the thickness, of

the hydrocarbon region of the lipid bilayer. Edge stabilization would

1
4

occur when_a number of membrane-bound monomers_wopld be able to form a
small pore, Pore size would be Qariable, depending on the number of
edge-wise associated melittip dimers, but a minimum size may be felated
to the previously reported ietramefic ion channel observed a low
concentrations of melittin CTésteson et al.,, 1987). Since the protomers
are paired anti-parallel, the only I%mit as to how many can be

-

associated edge-to~edge would be the radius of curvature of the dimer, a
parameter that.is probably.quite variéble, and very large pores could be
made in a membrane,'staﬁilized by a ring of ;mphiphilic peptide.
Initiation of pore formation would be sensitive to dimer-concent;ation,;
explaining the dependency of the fast phase of hemolysis on the square
of the monomer concentration (Degrado et al., 1982).

At higher concentrations of melittin, the rings of melittin
stabilizing the pore edég; would come into contact with one another, and
the.liposome (or cell) would be bfoken down to smaller vesicular
structures containing melittin pores that are continually changing size.
A minimum size fo; a melittin-containing vesicle would provide the plgteau

region observed by Dufourcq et al. (1986), corresponding in general"

to the region of reactivity minima measured in the present work

(Figure 31).
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Figure % . The melittin dimer. (A)-Viewed down the non-
crystallographic axis of the tetramer, only one dimer is shown.
All amino groups are labelled 'N' according to protomer (A or B)
and residue number. Hydrophobic residues (excluding Trp-19) are
light grey, and the six polar C-terminal residues are in green,
The shape of the dimer is suggestive of pincers from this angle.
(B) View of the dimer after rotating (A) 90°. about a hoi‘izontal
line in the plane of the paper, towards the viewer. The
segregation of charged and apolar residues is clearly to be seen,
so that if the dimer is taken as a2 whole, it can be regarded as a
bipolar amphiphile. These are photographs of a terminal display
generated by FRODO as described in figure .
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Upon further éddition of melittin to the system, a pdint would
finally be reached where the formationiof vesicular structures could no
longer compete with the‘sequestration of the 1ipid by melittin. The
rapid decrease in ry below a lipid-to-protein ratio of lé FFigure 31),
coupled with the observed increases in ééactivity (Figure 36) suggests
that an equilibrium mixture of peptide-delimited bilayer sheets of
various sizes might now appear. A model for melittin—enci}cled bilayer
discs h;s alrea&y appeared in the }itera%pre (Dufourcq et al., 1986),
and have been observed with glucagon:DMPC.éomplexes (Epand & Sturtevant,
1982) and apolipoproteins (Segrest, 1977). Addition of more melittin, to
a R; of 1.4 would give resulﬁ in a mixture of discoidal particles, mixed

micelles and melittin tetramers. Figure 37 is a schematic diagram

outlining the main events in membrane lysis by melittin.

T



Figﬁre 37. Proposed mechanism of vesicle rupture by melittin. (a)
melittin diffuses towards the membrane surface and adsorbs; (b)
monomeric melittin is partially inserted into the outer leaflet..
Ciustering of monomers and Eimer formation increases the outer
leaflet sﬁrfa;e area (c), disrupting the mémbrane‘structure and
“leading to dimer insertion (d), and stabilization of the
‘resultant pore edges (e). Pore enlargement upon incorporation of
more dimer leads to the breakdown of larée vesicles into smaller

ones (£f), culiminating in the formation of edge-stabilized
bilayer discs (g).
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4.5 Summarv of Experimental Findings

The results presented in the preceding secdtions are representative
of a variety of.iipid-prdtein interactions due to the structural
diversit} of the proteins that were studied. In order to determine the
physiological relevance of the observed interactions, the information
that has been obtained should be considered from the perspective of

current models and}expectations.

4.5.0 Internal Standards ' Although internal standards are not

>

necessary to the success of the competitive labelling method emploved in
the present work, thev were invariably included as an adjunct to
interpretation of the experimental data. As & result, 2 number of
interesting observations were made,

The uhsuitability of Arg-asp and imidazolelactate Qs‘internal
standards has been discussed (settion 4.1.0). In another early trizl,

glucosamine was tried as an internal standard, since it was thought that

.
s

the combination of its high water solubility with a ﬁucleophilic amine
would provide an ideal standard.‘DNP—glucosamine‘wgs difficult to purify

-~ ' -
however, owing to its rapid decomposition in sclution (Ckotore, 1976),
and the large n;mber of bv-products formed upon reaction witE_FDNB (data
" not shown; Talieri & Thompsom, 1980).

The applicability of ihe competitive labelling metﬁod to the study
of very dilute solutions of nucieophiles was readily apparent from ‘the
results obtained for the internal stendards glycine and Ala, in th¥®
.insulir-and glucagon experiments (Tables V and VII). At high salﬁ

concentrations (1.0 M KC1), liposome-induced decreases in the 3H/MC

ratios were minor when compared to the perturbations observed at low
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salt concentrations (0.1 M KC1). The results Suggeét that electrostatic
interactions are a preliminary step to the adsorption of these_éolecules
to the bilayer surface, as has been suggested for systems involving
larger molecules by others (Kimelberg & Papahadjoulps, 1971; Boggs,
1983). The effective electrostatic field of zwitterionic membrane lipids
is sensitive to the ionic strength of the solution (Lis et a2l., 1981;
Rand & Parsegian, 1984), as is the degree of pdlar headgroup hydration
(Ceve,. 1G87). Interrelationships between charged solutes and
phospholipid headgroups can result in complex and cooperative changes
affectiﬁg‘the ionization state of chargeé lipids, their intermolecular
hydrogen bonding, and their phase transition behaviour (Boggs, 1986).
Similarly, effecﬁs involving ionization statesJ;;E“chg§ées in pK would
also be expected for molecules adsorbed to Ehe surface, or intercalated'.
amongst,.phospholipid headgroups.

3H/14C‘ratios obtained for submicromolar concentrations of glycine
indicate that the amino group of- this molecule becomes less accessible
or reactive towards FDNB-in 1.0 M salt, but increasingly reactive when a
lower salt concentration is used. These results imply that the glycine
amino group can experience one of two distinct microenvironments,
depending on the salt concentration. At high salt concentrations, weak
electrostatic interactious between the glycine molecule and the surface
polar headgroups probably results in a non-specific adsorption. At lower
salt concentrations, there is a greater degree of headgroup hydration
and less competition for salt interactions with the phosphorylcholine
moiéty.Under these conditions, glycine is probably able to penetrate

into the headgroup layer where hydrogen bonding interactions and the low

local dielectric contribute to an increased reactivity.
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The changes in the 3H/MC ratio for Ala, in the nelittin-lipid
-

system resembled a binding curve after correction for dilution effects
(Figuré 30). Mixed éicellé formaﬁion following the melittim disruption
of LUVs could provide an explanation for this pattern, providing that
xﬁtaaﬁgouiﬁ.be bound in some way to the micellar structures that were
generated. Discoidal lipid particles are formed by the action of
amphiphilic proteins on 1lipids (Segrest, 1977), and have been
visualized by electron microscopy in the  case of melittin (Prendergast
et al., 1983). These particles are frequently observed to stack upon one
another, forming rouleaux, and weakly adsorbed internal standard could

/

be trapped between particles.

4.5.1 Insulin In the case of insulin, the reactivity data supports a
model of insulin adsorption to liposome bilavers that involves the
dimer-forming surface of the insulin monomer. In retrospect, such a
f%ﬁding should not be surprising, since the dimer—form;ng surface
contains 2 high proportion of hydrophobic residues that could decrease
their éntropically unfavourable interactions with the aqueous solvent by
immersion into another solvent of lower polarity, in this case, the
hydrocarbon region of the lipid;bilayer.

Such a model is qualitatively identical to one previously proposed
to describe an observed correlation between protein-induced permeability
of liposomes to ions and the ability of several proteins to increase
monolayer surface pressures (Kimelberg & Papahad jopoulos, 1971). In this
study, human serum albumin, cytochrome ¢ and lysozyme were postulated to

interact with the membrane electrostatically, whereupon a deformation of

tertiary structure would occur in order to maximize the number of
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hydrOphbbic contacts made between the bilayer hydrocarbon phése1ﬂpd the
proteins's aﬁolar residues. The hydrophobic residues, which are normally
in the protein core, would penetrate into the membrane, thus accounting
for the increase in surface pressure. It is well known that proteins
undergo structural changes when they are adsorbed to 'hard' hydrophobic
surfaces like siioxane carbonate (Iordanski et al., 1983), but these
changes are irreversible and are likely the result of denaturation.
Whether or not such change’s could be induced, even partially, on the
more resilient and deformable phopholipid bilaver surface is doubtful.

Indeed,.the flexible and drnamic properties of the bilaver's
constituent molecules have been cited in what is essentially an
extension of the Kimelberg-Papahadjopoulos (1971) model, in an effort to
explain the inserfion and transfocation of apocytochrome ¢ into
mitochendrial membranes (Rietveld & DeKruijff, 1986). These authofs
propose that the headgroupé-of negatively charged phospholipids (PS, PI)
can neutralize positively charged protein residues, moving with them as
the protein penetrates and translocates across the bilaver.
Unfortunately, theoretical calculations on the transfer of charges into
low dielectric membranes indicate that charge 'meutralization' through
the formation of ionic bonds has little or no effect on counterbaléncing
the unfavourable energetics of such a process (Parsegian, 1969), and
this matter was not addressed by the autﬂors.

The basic features‘of the Kimelbqu—Papahadjopoulos model can,
however, be used to explain the adsorption of the insulin monomer. The
insulin monomer has surface hydrophilic groups. Measurement of the
dielectric properties and the viscosity of despentapeptide insulin

solutions implies that it has 2 lower water of hvdration than most

4
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proteins, the hydration shell being less than one water molecule thick
(Laogun et al., 1984). A thinner hydrationsshell ﬁay contribute to the
adsorption of insulin to a bilayer, since fewer intervening water
molecules would separate the protein from the bilay;r su;face and
require removal. The.fact that monomeric insuliﬁ does perturb
phopholipid monolayers (Schwinge et al., 1983), and can induce vesicle
fusion (Fari;; et al., 1985; 1986) is qualitative pré;f for an
interaction of insulin with at least the outer leaflet” of a bilayer. ff’//{
the electrostriction technique of Hianek et al. (1987) is as precise as
the authors suppose, the area of an EPC:cholesterol bilayer that can be
perturbed by a single insulin molecule is slightly larger than the
cross—sectional.afpa « © the protein. Assumigg an insulin molecular
diameter of 3.2 nm, the data of Hianek et al. - (1987) can be used to
Ealculéte the diameter of affected membrane surface upon insulin
adsorption yielding an affected %fea of 3.6 nm (calculations not shown).:
The results of the present work (section 4.2.1) are consistent with
this degree of membrane perturbation, providing evidence that insulin
adsorbs to bilayers, most likely via the hydrophobic residues of the
dimer-forming surface and those polar éroups which immediately surround
this region. It is postulated that the hydrophobic groups would extend
into the bilayer at least past the hydrogen-belt layer, "just beiow\gaé\\
glycerol backbone region. Local clustering of cholesterol molecules
undernezth the adsorbed protein, with stabilizing polar iuteractions on
the periphery, would minimize the impact of the protein on the structure
of the membrane while holding the protein in a specific orientation.

According to this model, no charged groups need enter the bilayer.

Drastic conformational changes, in which the protein might unfold to

\
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insert into the bilayer, are extremely unlikely due to the large number
of disuifide briéges for a protein of its low. molecular wéight
(Richardson, 1981). However the present study does_not rule out the
possibility of a conformational change involving residues B1-B8, The
reactivity data indicate that this conformationél cﬁange would likely
see the Bl-B8 helical extension of the 4Zn molecule 2 sﬁructure uncoil
outwards and away from the liposome-adsorbed face of the protein,
resulting in a structure similar to molecule 1. The high salt
. concentration employed in this study (1.0 M KCl) favours the 4Zn
molecule 2 conformatiﬁn initially (Bentley et al., 1976: Chothia et al.,
1983), while the increased Phe-Bl reactivity at low insulin
concentrations suggest the kind of increased accessibility to solvent
that such az ccnférmational change would impart (section 4.1). A similar
explanation has been proposed to explain reactivity iner€ases observed
in a competitive labelling study of calmodulin-endorphin assnciation
(Giedroc et al., 1985).

The model of adsorption to lipid bilayers proposed above renders
unlikely any analogous process that may occur as a prelude to receptor
binding. Since the residues that have been implicated in receptor
binding are closely associated with, and in some cases overlap the
residues invelved in lip9§ome adsorption, such a process in vivo would
be counterproductive. The affinity of insulin for the liposome surface
has not been measured, but it is bound to be less than it's affinity for
the receptor, for which a Kp of about 109 M has been measured
(Hollenberg & antrecasas, 1976). This value is likely due to a high
degree of surface complementarity between the insulin receptor binding

site and the insulin molecule. However, since the same general surface
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.of the insulin molecule is implicated in both liposome adSorption and
receptor‘binding (Figure 22), the poss$ibility is opened up that receptor
binding may lead to the Bl-BS contformational change, as mentioned above.
Although this concept has been ment%oned before in a general way (Dedson
et al,, 1983) there has never been any evidence for it apart from the
structural heterogeneity seen in the insulin crysital structures. The
present study has shown, via a model system, that this maf be a real
‘possibility. More importantly, the results presented here indicate that
a direct probing of receptor-bound insulin in situ, using the method ok
competitive labelling, could provide information on a receptor-induced
conformational change. Such a study Epuld employ insulin receptor
reconstitued into liposomes. A more detéiled analysis of the labelling
pattern could be made by isolating each individual tyrosine and
histidine residue. Preliminary results (not shown) have shown that
performic acid oxidization of fully dinitrophenylated insulin, followed
by elastase digestion and separation of the peptide digest on HPLC would

yieid the desired peptides.

4.5.2 Glucagon The present work confirms previous speculations
(Kaiser & Kezdy; 1984) that, by virtue of its amphiphilicity, glucagon
may interact with membranes in a stereospecific manner. A major flndlng
was that glucagon associates with membranes both in its trlmerqc and
-monomeric form (section 4.3). The results are consistent Wlt; the
adsorption of the type 2 trimer being mediated by the N-terminal
hydrophobic patch (residues 6, 10, 13 & 14) of each protomer. Due to the
helical arrangement of the side chains in residues 6-15, and the

'quaternary’ structure of the trimer (Blundéll, 1979), it is possible to

define the orientation of the N-terminal amphiphilic segment of the

“y
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trimeric form as being apprqximatély parallel to the memﬁrane normal.
The concentration—depéndence of Lys-12 reactiyity suggests that the
orient&tion of this segment relative to the membrane is not preserved
when thg monomeric form of glucagon is membrane bound. Pos;ible
explanations have been proposed (section 4.2.2), but the primary cause
'for this reorientation remains speculative. Since glucagon circulates in
vivo at nanomolar concentrations, only monomers will be presented to
cell surfaces and their receptors. \
The C~terminal amphiphilic segment of the glucagon monomer must
interact with the lipid bilayer to a greater extent than tﬁe N-terminal
segment since (i) there are no longer any restrictions imposed by
quaternary structureh(ii) the molecule has considerable flgxibility;
and (1ii) there would be-a 337 greater decrease in free energy for .this
segment, 25 estimated from the mean surface area that couid be inserted
into the membrane phase (1168.2 a2 fog the C-terminal segment, 889.5 A2
for the N-terminal segment, as calculated from the amino ac;d side chain
surface area values of Rose et al., 1985). Thus, satisfying the
energetic requirements of the C-terminal segment would be expected to
have priority over those of the N-terminal segment, and this latter
might be induced to roll or be rotated slightly as the C-terminal
segment adjusts to a stable configuration-on the membrane surface. .
What are thé implications of these findings for receptor binding?

The c¢AMP second messenger system is the best characterized of the known
glucagon signal transduction mechanisms, and consists of three distinct
membrane proteins. These are the receptor protein proper, adenylate
cyclase, and a GTP-binding protein that regulates the interaction
between these two (Rodbell, 1983). A number of studies on glucagon

-
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fragmehts have shown that productive binding to the receptor requires
essentially Ehe entire giucagon molecule. The C-terminal portion appears
necesary for binding to the receptor proper, while the N-terminal region
is responsible for the signal transduction process (McKee et ai.. 1986).
Sp;cific residues in glucagon play crucial roles as well. Suﬂstitution
éxperiments suggest that aromaticity at position 1 (His-1), and a
positive charge at p&sition 12 (Lys-12) are essential for signel
transduction, but not binding (Stuieras-Diaz et al., 1984). Residues 10-
13 of glucagon determine the correct positioning of the N-terminal
segment of the molecule relative to the receptor, leading to efficient
signal trans&uction (Krstenansky et al., 1986). The hydroxyl groups of
Tyr;lo énd -13, as well as Ser-11, are also functionally important
structural features in this segment (Krstenansky et al., 1985).

| There clearly exists a large body of evidence for an alpha helical
glucagon molecule inlhydrophobic or amphiphilic environments, and this
conformer is thought to be similar to the receptor-binding conformatior
(section 2.4.2). Data from the present work sdggests that both
hydrophobic patches interact with lipid hilayers. Although the affinity
of glucagon for the lipid phase will be lower than for its receptor, the
very large surface area of a membrane in vivo, compared to the size of
the available binding sites on the receptors, will adsorb scme fraction
of the total monomeric glucagon in solution. The relative amounts of
membtrane-bound hormone, as compared to the receptor-bound hormone will
depend on tlie ratio of the association constants fgr each bound form,
multiplied by a féctor‘that relates the proportion of membrane bilayer
surface area to the area of the binding site. Cazlculations by D.F.

Sargent addressing this consideration have shown that if the membrane
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1ip¥d phase can provide a 'low-affinity high-capacity' site, full
receptor occupancy will occur at lower concentrations than if only the
receptor's 'high-affinity low-capacity' site were involved (Schwyzer,
1985). If the postulates of Schwyzer (1985) are correct (and they seem
reasonable), the binding site on the glucagon receptor must lie adjacent
to the lipid-water interface.

A second known glucagon receptor-signal transduction mechanism
results in the hydrolysis of PI to yield the second messengers
diacylglivcerol and inositolphosphate (Peterson & Bear, 1986). The
assignment of specific glucagon residues to functional roles in the
activation of this receptor have not vet been fully made. Given the full
agonism of Na;trinitrophenyl—l2—homoarginine glucagon, it is at least
cert;in thar the N-terminal segment of the molecule is involved in
receptor binding in a manner similar to the cAMP-mediated receptor
system.

A second possible role for the membrane adsorption of glucagon may
be related to a requirement for further processing of the hormone at the
target tissue. The glucagon fragment glucagonjg_sg is the physiological
ligand responsible for inhibition of the liver Ca™ pump (;allat et al.,
1687). This fragment could be generated by 'a membrane-associated
trypsin-like protease that has been found in liver plasma membranes
(Tanaka et al., 1986). A membrane-stabilized conformation of glucagon
may help to bring the hormone into contact with such a protease, from
whence the processed fragments may proceed to their respective
receptors.Processiﬁg of growth hormone and argininhe vasopressin by
iarget tissues\has already been démonstrated and is known to generate

molecules with new biological activities (Mallet et al.,, 1987).
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That the interaction of glucagon with the cell membrane is a prior
step to receptor binding for this hormone cannot at preéeng be proven,
Considergble insight is first required into tﬁé location of the receptor
binding site relative to the ﬁembrane surface and the conformational
requirements that are made on the glucagon monomer.

4.5.3 Melittin Competitive labelling over a range of concentrations

has provided evidence for the existence of multiple forms of melittin in
solution possessing distinct ﬁhemical properties (section 4.4.2).
Functional group reactivities in the presence of liposomes indicates
that the degrez of involvement of the N- and C-terminal primary amines
in the mechanism of membrane lysis is similar. The similar behaviour
oétained for these groups(ély-l, Lys-21 and -23) indicates similar
changes in microenvironments, and thus, roles, upon association with
bilayer-forming lipids. These data therefore provide support for the
notion that the dimeric fo;m of ‘melittin is the main active form in the
disruption of bilavers and consequent stabilization of the resultant
smaller lipid particles.

The structure of the melittin dimer as derived from the
crystallographic structure explains thg similar behaviour seen for the
C- and N-terminal nucleophiles. The melittin dimer can be regarded as a
bipolar amphiphile: two antipodal polar regions connected by an apolar

¥
one (Figure 36). The precise dimensions of these regions relative to one
another provide the basis for melittin's ability to rearrange
phospholipids and stabilize them in a different aggregate form.
Analogous surface and membrane-lytic activity has been observed in the
Staphslococcal é-hemolysin (Morgan et al., 1986) and the newly

discovered 33-residue ichthyotoxic peptides from the sole Pardachirus

b
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pavoninus, the pardexins (Thompson et al., 1986). The - general features
of these toxic peptides were incorporated into a synthetic peptideighat
displays many of their properries , including tetramerization and
cytolysis (Kaiser & Kezdy, 1987). Common features of these peptides are
(i) a length of about 30 + 5 amino acids, (ii) 2 minimal number of
hydrophilic residues separating stretches of 2-4 hydrophobic residues,
and (iii), C—terhini with a high density of charged/polar side chains.
Hydrophilic residues in these peptides would interact with water viea
hydrogen bonding to seryl and threonyl hydroxyl groups, and hydration of
the charges on lysyl, arginyl, aspartyl and glutamyl residues, as well
as the N- and C-terminal amino and carboxylic functions. The net result
df this spe;ific distribution of side chains is to generate a helical
pepfide that can associate in a limited number of well defined ways.
The concept of 'edge-activity' as applied to these peptides, and
possibly the apolipoproteins as well (Segrest, 1977), would introduce a
new category for biclogical peptides, albeit a small one. Surface free
energy gives rise to the phenomenon of surface tension concomitant with
the minimization of surface area. Similarly, a disc of phospholipid
bilayer with exposed acyl chains would-have a high 'edge free energy’.
The easiest route to minimization of this energy would be via the
formation of a concave/convex structure, followed by contraction of the
'rim' to form a closed vesicle. Melittin is able to stabilize the edge
of discoid phospholipid bilayers because the peptide provides an
interface that satisfies the free energy requirements of the lipid
hydrocarbon region, the polar headgroup region, and the surrounding

aqueous medium.
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5.0 Co;cluéiOn

The application of competitive labelling to the study of protein-
lipid interactidns holds some promise as a general approach for
determining the roles of specific protein residues in lipid bi;ayer—
;;oteiﬁ complexes as well as during the adsorption or binding process
itself. Decreases in relative reactivities due to steric shielding
appear to be good indicators of adsorption for proteins in general.
Increases in relative reactivities indicate the possibility of finding
microenvironments within phosphelipid bilayers that may confer specific
chemical properties on ionizable groups such as amines. The implications
of such interactions for' the processes of recognition and catalysis in
vivo make this possibility worth exploring further. The observation of
relative incréases in the functional group reacgivities of liposome-
bound proteins further suggests that a similar approach could be used to
study receptor-bound proteins and perhgps follow any conformational
changes that may occur there.

Plausible structure-function relationships have been proposed on
the basis of changes in functional group reactivities in various
polypeptides and proteins when they were incubated in the presence of
large unilammellar vesicles. The results are consistent with the
literature,. especially the known X;ray crystallographic strucures: The
monomeric forms of glucagon and insulin, which only egist at very dilute
protein concentrations, could be competitively labelled while involved
in interactions with phosphelipid bilayer membranes. Thus, the
sensitivity of the method has permitted a study of structure-function

relationships to be undertaken for proteins and polypeptides at very

dilute concentrations; these conditions are currently inaccessible to
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analysis by other experimental approaches.

. By applying the competitive labelling procedure over a range of
concentrations, insight has been gained into some of the structural
factors contributing to the roles of specific residues during
adsorption. Thus, in trimeric glucagon, the decrease in Tyr-10 and =13

\reactivities, ;oncomitant with an unchanged Lys-12 reactivity, indicates
the importance of amphiphilicity as a secondary structural element in
the context of bilayer-polypeptide interactions. Similar conclusions
could be drawn from the reactivity behaviour of Lys~7 in melittin Qgen
this polypeptide associated with liposomes. As well, reactivity changes
in melittin's N%amino and Lys-21 and -23 N-amino groups were shown to
be qualitatively identical, indicative of similar roles. and
conformational constraints during membrane lysis.

In conclusion, the methodology developed in this work can provide
detailed quantitative information on protein and polypeptiﬁe structure-~
function relationships in the context of their associations with lipid
bilayers. As such, the approach constitutes a useful tool for the
further characterization of these interactions, and complements the

battery of existing experimental techniques.



~166-

6.0 REFERENCES

Abbott A.J. & Nelsestuen G.L. (1987) Biochem. 26, 7994-8003.

Adam G. & Delbruck M. (1968) in "Structural Chemistry and Molecular
Biology" (A. Rich, N. Davidson, eds.) pp. 198-215, Freeman, San
Francisco-London

"Allen T.M? (1984) in "Liposome Technology" vol. I, (G. Gregoriadis, ed.)
CRC Press Inc., Boca ‘Raton, pp.109-122.

Bailey J.L.(1962)-"Technigues in Protein Chemistry", Elsevier, New
York

Bangham A.D., Hill M.W., Miller N.G.W.(1984) in "Methods in Membrane
Biology" (E.D.Korn, ed.) 1-68, Plenum, New York.

Beijing Insulin Structure Research Group (1981) in "Structural Studies
on Molecules of Biological Interest" (G. Dodson, J.P. Glusker, D.

- Sayre, eds.) pp. 501-308, Clarendon Press, Oxford.

Bell J.R. & Jones J.H.(1974) J. Chem. Soc. Perkins Trans. 1, 2336-
2339.

Bello J., Bello J.R., Granados E.(1982) Biochem. 21, 461-465.

Bentley G., Dedson E., Dodson G., Hodgkin D., Mercola D. (1976) Nature
261, 166-168. |

Bentley G., Dodson G., Lewitova A, (1978) J. Mol. Biol. 126, 871-875.

Berg H.C. & Purcell E.M. (1977) Biophys. J. 20, 193-219,

Bernheimer A.W.(1974) BBA 344, 27-50.

Bernheimer A.W. & Rudy B. (1986) BBA 864, .123-141,

Bisseret P.(1982) Ph.D. Thesis, University of Strasbourg.

Bhakoo M., Birkbeck T.H., Freer J.H. (1985) Can. J. Biochem. Cell Biol.
63, 1-6.

Blundell T.L., Dodson G., Hodgkin D., Mercola D. (1972) Adv. Prot. Chem.
26, 279-402.

Blundell T.L. (1979) TiIBS 4, 80-83.

Blundell T.L., Pitts J.E., Wood S.P. (1982) Crit. Rev. Biochem. 13,141~
213. ' ' _

Blundell T.L. & Wood S.P. (1982) Ann. Rev. Biochem. 51,123-154,

Blundell T.L.(1983) in Handbook of Experimental Pharmacology (P.
Lefebvre, ed.) 66/I, pp. 37-56, Springer-Verlag, Berlin.

Bodanszky M. & Bodanszky A.(1986) Peptides 7, Suppl. 1, 43-48.



-165-

Boesch C., Bundi A., Oppliger M., Wuthrich K. (1978) Eur. J. Biochen.
91, 209-214. '

Boggs J.M.(1983) in "Membrane Fluidity in Biology, vol. 2" (R.C. Aloia,
ed.) 89-130, Academic Press, New York.

Boggs J.M. (1986) Can. J. Biochem. Cell Biol. 64, 50-57.

Bornet H. & Edelhoch H. (1670) J. Biol. Chem. 246, 1785-1792.

Bosch C., Brown L.R., Wuthrich K.(1980) BBA 603, 298-312.

Bosshard H.R. (1979) Meth. Biochem. Anal. 25, 273=301.

Bosshard H.R., Wynn M.R., Knaff D.B. (1987) Biochem. 26, 7688-7696.

Braun W., Boesch C., Brown L.R., Go N., Wuthrich K. (1981) BBA 667, 377-

306,
Braun W., Wider, G., Lee, K.H., Wuthrich, K. (1983) J. Mol. Biol. 169,
921-948,

Brenner M., Niederwieser A., Pataki G. (1961) Experientia 17, 145.

Bresciani D. (1977} Biochem. J. 163, 393-395. )

Bretscher M.S. (1985) Sci. Amer. 253, 100-108.

Bromer W.W. (1972) in "Handbook of Physiolegy - Endocrinology I" (R.O.
Greep, E.B. Astwoed, eds.) p. 133, American Physiological Society,
Washington, D.C.

Brown L.R., Lauterwein J, Wuthrich K. (1980) BBA 622, 231-244.

Brown L.R., Bosch C., Wuthrich K. (1981) BBA 642, 296-312.

Brown L.R. & Wuthrich K.(19812 BBA 647, 95-~111.

Brown L.R., Braun W., Kumar A., Wuthrich K.(1982) Biophys. J. 37, 319-
328.

Burley S.K. & Petsko G.A. (1986) FEBS Letts. 203, 139-143,

Burnens A., Demotz S., Corradin 6., Binz H., Bosshard H.R. (1987)
Science 235, 780-783.

Burstein E.A., Vedenkina N.S., Ivkova M.N.(1973) Photochem. Photcbiol.
18, 263-279. _

Carrey E.A. & Epand R.M. (1982) JBC 257, 10624-10630.

Ceve G.(1987) Biochem. 26, 6305-6310..

Chapman D.(1984) in "Liposome Technology" vol.l (G. Gregoriadis, ed.) 1-
18, CRC Press, Boca Raton.

Chothia C. & Janin J.(1975) Nature 256, 705-708.

Chothia C., Lesk A.M., Dodson G.G., Hodgkin D.C. (1983) Nature 302, 500-
505.



~-166-

Chou P.Y. & Fasman G.D.(1975) Biothem. 14, 2536-2541.

Cockle S.A., Kaplan H., Hefford M.A., Young N.M. (1982) Anal. Biochem.
125, 210-216.

Cotton F.A., Day V.W., Hazen E.E., Larsen S. (1973) J. Am. Chem. Soc.
95, 4834-4840.

Cuatrecasas P. & Hollenberg M.D. (1975) BBRC 62, 31-4l.

Cullis P.R. & DeKruijff, B, (1979) BBA 559, 399-420, °

Cutfield J.F., Cutfield S.M., Dodson E.J., Dodson G.G., Reynolds C.D.,
Vallely D. (1981) in "Structural Studies on Molecules of Biological *
Interest”" (G. Dodson, J.P. Glusker, D. Sayre, eds.) pp. 527-546,

' Clarendon Press..‘Oxford.

Czech M.P. (1985) Ann. Rev. Physiol. 47, 357-351.

Darszon A. (16983) J. Bioenerg. Biomembr.l5, 321-334.

Davis J.H., Clare D.M., Hodges R.S., Bloom M.(1983} Biochem. 22, 5298~
5305. b’ ' o

Dawson C.R., Dra@’.g,a..j@?niwen J., Hider R.C.(1978) BBA 510, 75-86.

Deber C.M., Behnan B.A.(1984) PNaS 81, 61-65.

DeBony J., DuFourcq J., Clin B.(1979) BBA 552, 531-534.

DeGrado W.F., Kezdy F.J., Kaiser E.T.(1981) JACS 103, 679-681.

DeGrado W.F., Musso G.F., Lieber M., Kaiser E.T., Kezd™F.J. (1982)
Biophys. J. 37, 329-338.

DeMevyts P., VanObberghen E., Roth J., Wollmer A., Brandenburg D. (1978)
Nature 273, 504-308. “

Docherty K. & Steiner D.F. (1982) Ann. Rev. Physiol. 44, 625-638.

Dodson E.J., Dodson G.G., Hubbard R.E., Reynolds C.E.(1983) Biopolymers
22, 281-291. .

Dufourc E.J., Parish E.J., Chitrakern 5., Smith I.C.P.(1984) Biochem.
23, 6062-6071.

Dufourc E.J., Faucon J.-F.', Fourche G., Dufourcq J., Gulik—Krzyw‘icki T.,
LeMaire M.(1986a) FEBS Lett. 201, 205-209.

Dufeurc E.J., Smith I.C.P., Dufourcq J.(1986b) Biochem. 25, 6448-6455.

Dufovrecg J., Faucon J.—f‘., Fourche G., Dasseux J.-L., LeMaire M., Gulik-
K-zywicki T.(1986) BBA 839, 33-48.

Dugglebv R.G. & Kaplan H. (1975) Biochem. 14,7 S168-5175.

Edelstein C., Kezdy F.J., Scanu A.M., Shen B.W. (1979) J. Lipid Res. 20,
143-153. '



-167-

Eggleston D.S. & Hodgson D.J. (1985) Int. J. Pept. Prot. Res. 25, 242~
253. ' .

Eisenberg D.(1984) Ann. Rev. Biochem. 53, 5954623.

Engelman D.M. & Rothman J.M.(1972) JBC 247, 3694-3696.

~Epand R.M., Jones A.J.S., Sayer B. (1977) Biochem. 16, 4360-4368.

EEpand R.M. (1978) BBA 514, 185-197.

kEpand R.M. (1980) Can. J. Biochem. 58, 859-864. ‘

Epand R.M., Epand R.F., Stewart T.P., Hui S.W.(1981) BBA 649, 608-615.

 Epand R.M. & Sturtevant J.M. (1982) Biophvs. J. 37, 163-164.

Eriksson J.C. & Gillberg G. (1966) Acta Chem. Scand. 20, 2019-2027.

Ernandes J.R., Eﬁand. R.M., Schreier, S. (1983) BBA 733, 75-86.

Erne D., Sargent D.F., Schwyzer R.{(1985) Biochem. 24, 4261-4263.

Erne D. & Schwyzer R.(1987) Biochem. 26, 6316-6319.

Evans E.A. (1974) Biophys. J. 14, 923-931.

Farias R.N., Lopez Vinals A., Morero R.D. (1985) BBRC 128, 68-74. .

Farias R.N., Lopez Vinals A., Morero R.D. (1986) JBC 261, 15508-15512.

Finnev J.L.(1978) J. Mol. Biol. 119, 415-441.

Fitton J.E., Dell 4., Shaw W.V., (1980} FEBS Let ts. 115, 209-212,

Flanders K.C., Horwitz E.M., Gurd R.S5.(1984) JBC 259, 7031-7037.

‘Formisano S., Johnson, M.L., Edelhoch, H.(1977) PNAS 74, 3340-3344.

Formisano S., Johnson, M.L., Edelhoch, H.(1978) Biochem. 17, 1468-
1473,

Freifelder D.(1982) "Principles of Physical Chemistry with applications
to the biological sciences”, 2ad ed., Jones and Bartlett Pubiishers
Inc., Boston.

Friesen H.-J. (1980) in "Insulin: Chemistry, Structure and Function of
Insulin and Related Hormones" (D. Brandenburg, 4. Wollmér, eds.)
pp. 125-134, W. de Gruvter & Co., Bérlin.

Fromherz P., Rocker C., Ruppel D. (1986) Faraday Disc. Chem. Soc. 81,
39-48.

Fuhrhop J.-H. & Mathieu J.(1984) Angew. Chem. Int. Ed. Engl. 23, 100-
113.

Gammeltoft S. (1984) Physiol. Rev. 64, 1322-1378.

Ganong W.F.(1981) "Review of Medical Physiology" 10ed., Lange Medical

Publications, Los Altos. L



~-168- .
~ N
Georgﬁiou S., Thompson M., Mukhopadhvay A.K.(1982) Biophys. J. 37, 159~
— 161, | -

Ghelis C.(T980) Biophys. J. 32, S03-514.

Giedroc D.P., Sinha S.K., Brew K., Puett D. (1985) JBC 260, 12406-13413.

Ginsberg B.H., Jabour J., Spector A.A. (1982) BBA 690, 157-164.

Glazer A.N.(1976) in "The Proteins" vol. 2 (H. Neurath, R.L. Hill,
eds.) 1-103, Academic Press, New York.

Grant P.T., Coombs T.L., Frank B.H.(1972) Biochem. J. 126, 433-440.

Gregoriadis G. ed.(1984) "Liposome Technology, vol 1, Preparation of
Liposomes” CRC Press, Boca Raton.

Gremlich H.-U., Fringeli U.-P., Schwyzer R.(1984) Biochem. 23, 1808-
1810. '

Grossman M.I.(1976) in "Peptide Hormones" (J.A. Parsons, ed.) _Unive_gsit)‘
Park Press, Baltimore.

Habermann E.(1972) Science 177, 314-322.

Hamilton R.L., Goerke J., Gno L.S.S., Williams M.C.] Havel R.J. (1980)
J. Lipid Res. 21, 981-9G2. .

Hartlev G.S. (1936) "Aqueous Solutions of Paraffin-chain Salts.- A Study
of Micelle Formation", Hermann & Co., Paris.

Hefford M.A., Evans R.M., Oda G., Kaplan H.(1985) Biochem. 24, 867-874.

Hefford M.A., Oda G., Kaplan H. (1986) Biochem. J. 237, 663-668.

Hendrickson, H.S., Fan P.C., Kaufman D.K. & Kleiner, D.E. (1983) Arch.
Biochem. Biophys. 227, 242-247. .

Hermetter 4. & Lakowicz J.R.(1986) JBC @_, 8243-8248.

Hianik T., Zorad S., Kavecansky J., Macho L. (1987) Gen. Phvsiol.
Biophys. 6, 173-183. -

Hider R.C., Khader F., Tatham A.5.(1983) BBi 728, 206-214.

iittchcock P.B., Mason R., Thomas K.M., Shipley G.G.(1974) PNAS 71, 3036~
3040.

Hoilenberg M.D. & Cuatrecasas F. (1976) in "Methods in Molecular

L]

Biology" vol. 9 (M. Blecher, ed.) pp 429-477, Marcel Dekker Inc.,
New York.

Hope M.J., Bally M.B., Webb G, Cullis P.R.(1985) BBA 812, 55-65.

Hope M.J., Bally M.B., Mdyer L.D., Janoff A.S. Cullis P.R.(1986)
Chem. Phys. Lipids 40, 8%5-107.

Hynes R.O. (1986) Sci. Amer. 254, 42-51.



~169-

Hyslop P.A., York D.A.,/Sauverheber R.D. (1984) BBA 776, 267-278.

Iordanski A.L., Polischuk A“LA.. Zaikov G.E. (1983) Rev. Macromol.
Chem. Phys. C23, 33-59. _

Israelachvili J.N., Mitchell, D.J., Ninham, B.W.(1977) BBA 470, 185-

201.
Israelachvili J.N., Marcel je, S., Horn, R.G.(1980) Q. Rev. Biophys. 13,
171-200. ) '
Jacobs R.E. & White S.H. (1986) Biochem. 25, 2605-2612. .

Johnson, R.E., Hruby,-V.J., Rupley, J.A.(1979) Biochem. 18, 1176-1179.

Jones A.J.S., Epand R.M., Lin K<F., Walton D., Vail W.J. (1978) Biochem.
17, 2301-2307. _ A

‘Kafka, M.S. (1974) J. Membr. Biol. 18, 81-94.

Kaiser E.T., Kezdy F.J.(1983) PNAS 80, 1137-1143. )

Kaiser E.T., Kezdy F.J.(1984) Science 223, 249-255. -

Kaiser, E.T. & Kezdy, F.J.(1987) Ann. Rev. Biophys. Biophys. Che%.lg,
561-381.

Kaissling K.-E.(1983) in "Biophysics" (. Hoppe, W. Lohmann, H. Markil,
H. Ziegler, eds.) pp. 697-709, Springer-Verlag, Berlin—Heidelberg.
Kaplan H., Stevenson K.J., Hartle}'B.S(1971)Biochem.J.}jﬁn 289-299,
Kaplan H., Hefford M.A., Chan A. M-L., Oda G.(1984) Biochem. J. 217,
135-143. .
Katez M.(1986) "Tecﬁniques in Lipidology", Elsevier, New York.
Kazim A.L. & Atassi M.Z. (1980) Biochem. J. 187, 661-666.
Kelusky E.C., Dufourc E.J., Smith I.C.P.(1983) BBA 735, 302-304.
Kempf C., Klausner R.D., Weinstein J.N., Van Renswoude J., Pincus M.,
~Blumenthal R.(1982) JBC 257, 2469-2476.
Kimelberg H.K. & Papahadjopoulos D. (1971) BBA 233, 805-903.
King T.P., Sobotka A.X., Kochoumian L., Lichtenstein L.M. (1976) Arch.
Biochem. Biophys. 172, 661-671.
Klotz I.M., Darnall D.W., Langerman N.R. (1975) in "The Proteins", 3rd
ed., (H. Neurath, R.L. Hill, eds.)l, pp. 293-408, Academic Press,
New Yorl,
Knight C.G.(1981) ed., "Liposomes: From physical structure to
therapeutic applications" 497pp., Elsevier/North Holland, Amsterdam
Korn A.P., Ottensmeyer F.P.{1683) J. Theor. Biol. 105, 403-425,
Kragh-Hansen U. (1981) Pharm. Rev. 33, 17-53.



.

~170-

Kreil G.(1975) FEBS Lett. 54, 100-102.

Kroon D.J., Kupferberg J.P., Kaiser E.T., Kezdy F.J.(1978) JACS 100,
5975-5977.

Krstenansky J.L., Gysin B., Trivedi D., Hruby V.J. (1985) in "Peptides:
Structure and Function: Proc. Ninth Am. Pept. Symp. (C.M. Deber,
V.J. Hruby, K.D. Kopple, eds.) pp591-594, Pierce Chemical Co.,
Rockford, Illinois.

Krstenanéky J.L., Trivedi D., Hruby V.J. (1986) Biochem. 25, 3833-3839.

Krager P., Strassburger S.B., Wollmer A., van Gunsteren W.F., Dod son
G.G. (1987) Eur. Biophvs. J. 14, 449-459.

Lad P.J., Shier W.T.(1979) BBRC 89, 315-321.

Lafleur M., Dasseux J.-L., Pigeon M., Dufourcqg J., Pezolet M.(1987)
Biochem. 26, 1173-1179.

Laogun A.A., Sheppard R.J., Grant E.H. (1984) Phys. Med. Biol. 29, 519-
524,

Lauterwein J., Bosch C., Brown L.R., Wuthrich K.(1979) BBA 556, 244-264%.

Lauterwein et al., 1980 Biochem. Biophys. Acta 622, 219-230.

Lee B. & Richards, F.M.(1971) J. Mol. Biol. 55, 379-400.

Lim V.I.(1974) J. Mol. Biol. 88, 857-868.

Lis L.J., Lis W.T., Parsegian V.A., Rand P.R. (1981) Biochem. 20, 1771~
1777.

Long M.M. & Urry D.W. (1981) in "Membrane Spectroscopy" (E. Grell, ed.),
31, 143-171, Springer-Verlag, Berlin. ’

Low M.G. & Saltiel A.R. (1988) Science 239, 268-275.

Lundblad R.L. & Noyes C.M. (1984) "Chemical Reagents for Protein
Modificarion", vol. 1, pp 127-170, CRC Press, Boca Raton.

Mahoney W.C., Smith P.K., Hermodson M.A.(1981) Biochem. 20, 443-448.

Mallet A., Pavoine C., Dufour M., Lotersztajn S., Bataille S., Pecker F.
(1987) Nature 325, 620-622.

March J. (1968) "Advenced Organic Chemistry: Reactions, Mechanisms, and
Structure", 1098 pp., McGraw-Hill, Inc., Toronto.

Maulet Y., Brodbeck, U., Fulpius, B.W.(1982) Anal. Biochem. 127, 61-67.

McIntire L. & Blount H.N. (1982) in "Surfactar}.ts in Solution", vol. 2
(K.L. Mittal, E.J. Fendler, eds.) pp. 1101-1123, Plenum Press, New
York.



-171- .

McKee R.L., Pelton J.T., Trivedi D., Johnson D.G., Coy D.H.. Suieras- /;/”;
Diaz J., Hruby V.J. (1986) Biochem. 25, 1650-1656. //’
McLaughlin S. (1977) Curr. Top. Membr. & Transp. S, 71-144, s~

Menger F.M>(1984) in "Surfactants in Solution", vol 1 (K.L. MittaY, B.
Lindman, /eds.) pp. 347-358, Plenum Press, New York. ;
Menger F.M. (1987) in "Nucleophilicity", Advances in Chemistry Series
vol. 215 (J.M. Harris, S.P. McManus, eds.) pp. 209-218, American
Chemical Society, Washington. ,'

Mollay C.(1976) FEBS Lett. 64, 65-68. — ~

Mollay C., Kreil, G., Berger, H.(1976) BBA 426, 317-324.

Morgan C.G., Williamson H., Fuller S., Hudson B.(1983) BBA 732, 668-674.

Morgan C.G., Fitton J.E., Yianni Y.P. (1986) BBA 8§63, 129-138.

Murray D.K. & Nelson D.H. (1981) Endocrinol. 108, 2014-2016.

Musso G.F., Kaiser E.T. Kezdyv F.J., Tager H.S. (1983) Proc. Eighth Am,
Pept. Symp., pp. 365-368, Pierce Chemical Co., Rockford I11.

Nakagawa S.H. & Tager H.S.(1987) JBC 262, 12054-12058.

Ninham B.W. (1982) in "Biophysics of Water" (F. Franks, S. Mathias.
eds.) 105-119, Wiley, Norwich.

Nozaki Y. & Tanford C. (1971) JBC 246, 2211-2217.

Okotore R.0. (1976) Can. J. Chem. 54, 1394-1399.

Orten J.M. & Neuhaus O.W. (1982) "Human Biochemistry"” 10th ed., C.V.
Mosby & Co., St. Louis. /

Panijpan B, & Gratzer W.B., (1974) Eur. J. Biochem. 45, 547-533.

Parsegian A. (1969) Nature 221, §44-846,

Pekar A.H. & Frank B.E.(1972) Biochex. 11, 4013-4016.

Pelton J.T., Trivedi D., Hruby V.J. (1983) Life Sci. 33, 1307-1314.

Perutz M.F., Kendrew J.C., Watson H.C.(1965) J. Mol. Biol. 13, 669-678.

Perutz M.F.(1981) inl"Structural Studies on Molecules of Biological
Interest” (G. Dodson, J.P. Glucker, D. Sayre, eds.), 5-12,
Ciarendon Press, Oxford.

Peters M.W., Singleton C., Barber K.R., Grant C.W.M (1983) BBA 731, 475-
482. .

Peterson O.H. & Bear C. (1986) Nature 323, 18.

Pidgeon C. & Hunt C.A.(1981) J. Pharmaceut. Sci. 70, 173-176.

Pidgeon C. & Hunt C.A.(1983) Photochem. Photobiol. 37, 491-4%4.

Pincus M.R., Klausner R.D., Scheraga H.A.,(1982) PNAS 79, 5107-5110.



=172~ .

Pocker Y. & Biswas S.B. (1980) Biochem. 19, 5043-5049.

Pocker Y. & Biswas S.B. (1981) Biochem. 20, 4354-4361.

Ponsin G., Strong K., Gotto A.M.Jr., Sparrow J.T., Pownall H.J.(1984)
Biochem. 23, 5337-5342.
Posch M., Rakusch U., Mollay C., Laggner P.(1983) JBC 258, 1761-1766.
Prendergast F.G., Lu J., Wei G.J., Bloomfield V.A.(1982) Biochem. 21
6963-6971. .
Pullen R.A., Lindsay D.G., Wood S.P., Tickle I.J., Blundell T.L.,
Wollmer A., Krail G.,- Brandenburg D., Zzhn H., Gliemann J.,
Gammeltoft $.(1976) Nature 259, 369-373.

QuayS.C. & Condie C.(1983) Biochem. 22, 695-700.

Quay S.C. & Tronson L.P.(1983) Biochem. 22, 700-707.

Quinn P.J. & Chapman D. (1980) CRC Crit. Rev. Biochem. §, 1-117.

Rand P.R. (1981) Ann. Rev. Biophys. Bioeng. 10, 277-314. -

Rand P.R. (1984) Can. J. Biochem. Cell Biol. 62, 50-57.

Rand P.R. & Parsegian V.A. (1984) Can. J. Biochem. Cell Biol. 62, 752~
759. )

Raudino A. & Mauzerall D. (1986) Biophys. J. 50, 441-449.

Reynolds A.J. (1982) irn "Lipid-Protein Inceractions” (0.K. Griffith, P.
Jost, eds.) vol 2, 193-224, Wiley, New York. 1

Richards F.M.(1974) J. Mol. Biol. 82, 1-14.

Richardson J.S. (1981) Adv. Prot. Chem. 34, 167-339.

Rietveld A. & DeKruijff B. (1986) Biosci. Rep. 6, 775-782.

Robinson R.M., Blakeney E.W., Mattice W.L.(1982) Biopolymers 21,1217-1228.

Rodbell M., Birnbaumer L.,’Porl S.L., Sundby F.(1971) PNAS 68, 909-913.

Rodbell M.(1683) in Handbook of Experimental Pharmacology (P. Lefebvre,
ed.) 66/1, pp. 263-290, Springer-Verlag, Berlin.

Rose G.D., Geselowitz A.R., Lesser G.J., Lee RHE. Zehfus M.H. (1985)
Science 229, 834-838.

Ross J.B.A., Rousslang K.W., Deranleau D.A., Kwiram A.L. (1977) Biochem.
16, 5398-5402.

Rosselin G.(1986) Peptides 7, Suppl. 1, 89-100.

Sanger F. (1945) Biochem. J. 39, 507.

Sargent D.F. & Schwyzer R.{1986) PNAS 83, 5774-3778.

Sasaki k., Dockerill S., Adamiak D.A., Tickle I.J., Blundeil T.L.(1975)
Nature 257, 751-757.

*



-173-

Sasaki H., Tominaga M., Marubashi S., Katagiri T.(1985) Biomed. Res. 6,
Suppl., 91-99. - g

Schiffer N. & Edmundson 4.B.(1967) Bicphys. J. 7, 121-134.

Schlichtkrull J.(1958) "Insulin Crystals", Munksgaard, Copenhagen.

Schrteider AB & Edelhoch H. (1972) JBC 247, 4986-4991.

Schoch P. & Sargent F.(1980) BBA 602, 234-247.

Schroer J.A., Bender T:,Feldmann R.J., Kim K.J. (1983) Eur. J. Immunol.
13, 693-700.

Schubert D., Pappert G., Boss, K. (1985) Biophys. J. 48, 327-329.

Schulz G.E. & Schirmer R.H. (1979) "Principles of Protein Structure",

Springer-Verlag, New York, pp 103-104. -
Schurtenburger P.; Mazer N., Kanzig W. (1983) J. Phvs. Chem. 87, 308-
315. . .
Schwinke D.L., Ganesan M.G., Weiner N.D. (1983) J. Pharm. Sci. 72, 244-
248,

Schwyzer R. (1983) in "reptides: Structure and Function: Proc. Ninth Am.
Pept. Symp.(C.M. Deber, V.J. Hruby, K.D. Kopple, eds.) pp. 3-12,
Pierce Chemical Co., Rockford, TI11.

Schwyzer R.(1986a) Biochem. 25, 2481-2486,

Schwyzer R.(1986b) Biochem. 25, 6335-6342.

Schwyzer R., Erne D., Rolka K.(1986) Helv. Chim. Acta 69, 1789—1797.
Seelig J., Seelig A., Temm L.(1982) in "Lipid-Protein Interactions"
(OH.Griffith, P. Jost, eds.) vol 2, 127-148, Wiley, New York.

Seelig J., Macdonald P.M., Scherer P.G.(1987) Biochem. 26, 7535-7541.

Segrest J.P., Jackson R.L., Morrisett J.D., Gotto A.M.Jr.(1974) FEBS
Letts. 38, 247-253.

Segrest J.P.(1977) Chem. Phys. Lipids 18, 7-22.

Segrest J.P. & Feldmann R:J.(1977) Biopolymers 16, 2053-2065.

Segrest J.P., Chung B.H., Brouillette C.G., Kanellis P., McGazhan R.
(1983) JBC 258, 2290-2295.

Sessa G., Freer, J.H., Colaciccg, G., Weissmann, G.(1969) JBC 244,
3575-3582.

Singer S.J. & Nicholson G.(1972) Science 175, 723-731.

Smith G.D., Swenrson D.C., Dodson E.J., Dodson G.G., -Reynolds C.D.(1984)
PNAS 81, 7093-7097.

Sparrow J.T., Gotto A.M.(1980) Ann. N.Y. Acad. Sc. 348, 187-20§3.



~174-

'

Srere P.A. & Brooks G.C. (1969) Arch. Bioch. Biophys. 129, 708-710. ~

Stuschke M. & Bohar H.(1985) BBA 845, 436-444. ' ,

Suieras-Diaz J., Lance V.J., Murphy W.a., Coy D.H. (1984) J. Med. Chen.
27, 310-315. - c

Szoka F. & Papzhadjopoulos D.(1978) PNAS 75, 4194-4198.

Szok-a F. & Papahad jopoulos D.(1980) Ann. Rev. Biophys. Bioeng. 9, 467-
508.

Tainer J.A., Getzoff E.D., Paterson Y., Olsen A.J., Lerner R.a. (1985)
Ann. Rev. Immunol. 3, 501-535.

Talbot J.C., Dufourgq J., DeBony J., Faucon J.F., Lussan C.(1979) FEBS
Letts.102, 191-193.

Talieri M.J. & Thompson J.S. (1980) Carbohydrate Res. 86, 1-6.

Tanaka K., Nakamura T., Ichihara A. (1986) JBC 261, 2610-2615.

Tatham 4.S., Hider R.C., Drake A.F.(1983) Biochem. J. 211, 683-686.

Tatnell M.A. & Jones R.H. (1981) Hoppe-Sevler's Z. Physiol. Chem 362,
1315-1321. - ' ) .

Terwilliger T.C. & Eisenberg, D.(1982a) J. Biol. Chem. 257, 6016-6022.

Terwilliger T.C. & Eisenberg, D.(1982b) J. Biol. Chem. 257, 6010-6015.

Terwilliger T.C., Weissman L., Eisenberg D.(1982) Biophys. J. 37, 353-
361. _

Thompson R.B.& Lakowicz J.R.(1984) Biochem. 23, 3411-3417.

Thompson S.A., Tachibana K., Nakanishi K., Kubota I. (1986) Science 233,
341-343. :

Tosteson M.'I\“'.'-‘& Tosteson D.C.{1981) Biophys. J.36, 109-116.

Tosteson M.T.ﬁ,‘- Levy J.J., Caporale L.H., Rosenblat:t M., Tosteson
D.C.(1987} Biochem. 26, 6627-6631.

Verkleij 4.J.(1984) BBA 779, 43-63.

Vogel H., Jahnig F., Hoffmann V., Stumpel J.(1983) BBA 733, 201-209.

Vogel H. & Jahnig F.(1986) Biophys. J. 50, 573-382.

Wagman M.E., Dobson, C.M., Karplus, M.(1980) FEBS Lett. 119, 256-270.

Wakelam M.J.D., Murphy G.J., Hruby V.J., Houslay M.D. (1986) Nature 323,
08-71. E

Weber X. & Osborne M. (1985) Sci. Amer. 253, 110-120.

Weinstein J.N., Magin R.L., Yatvin M.B., Zazharko D.S.(1979)
Science 204, 188-191.

Wickner W.T. & Lodish H.F.(1985) Science 230, 400-406.



a

=175~

Wiessner J.H., Hwang K.J.(1982) BBA 689, 490-498,

Wilcox C,G., Hu J.-S., Olsen E.N. (1987) Science 238, 1275-1278.

Wodak S.J., Alard P., Delhaise P., Renneboog-Squilbin C. (1984)"J. Mol.
Biol. 181, 317-322.

Wu C.-§.C. & Yang_ J.T. (1980) Biochem. 19, 2117-2122.

Wuthrich K., Wagner G.(1984) TIBS 9, 152-154. '

Yatvin M.B., Kreutz W., Horwitz B.A., Shinitzky M.(1980) Science 210,
1253-1255.

Yeagle P.L.(1978%+Acc. Chem. Res. 11, 321-327.

Yoko;‘e;ma S., Fukushima D., Kupferberg J.P., Kezdy F.J., Kaiser E.T.
(1980) JBC 255, 7333-7339.

Zak B.(1957) Am. J. Clih. Path. 27, 583-3588.



L
7.0 Claims to Original Research

oy

-176-

.

&

1) The development of competitive labelling as a general approach to

studying lipid-protein interactions, with particular application to
the interactions of soluble proteins and peptides with phospholipid

bilayers.

2) Specific structure-function relationships in the context of

3)

4)

membrane-protein interactions were proposed:

a) the adsorption of the insulin monomer to phospholipid bilayers
via 2 region encompassing the dimer-forming surface. ‘

b) evidence consistent with speculations in the literature that
monomeric glucagon adsorbs to bilayers in a specific manner,
via its hydrophobic patches. “

c) evidence consistent with the adsorption of glucagon type 2
trimers to bilaye;s.

d) evidence for a mechanism of membrane lysis by melittin that is
based on the dimer as being the primary membrane-lytic
species, and that invokes the concept of edge-activity.

e) a proposed model of melittin~induced membrane lysis that is
consistent with the extant literature. |

Specific structure-function relationships in the context of

solution conformation and behaviour were proposed:

a) evidence consistent with the existence of glucagon type ﬁ
trimers being present in aqueous solution.

b) the trimerization constant of glucagon at physiological pH and
témperature was determined for the first time and found to be
4.11 x 1013 M2,

c) the first chemical evidence consistent with the existence of
melittin dimers in solution.

d) the determination of the respective association constants for
melittin dimerization (7.57 x 10% M'l) and tetramerization
(3.85 x 103 M‘l) under the experimental conditions employed.

e) a model of melittin self-association is proposed, consistent
with the results obtained and the extant literature.

A new procedure for the manufacture of large unilammellar vesicles

from phospholipid dispersions, utilizing pressure-driven extrusion

through porous steel frits of defined pore size.





