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In this study the technique of scanping densimekry was used

e
Abstrac%<

to investigate the effects of lipophilin, an integral myelin ﬁrotein, on
the packing ?nd phase transitional properties of.ﬁimyristoylphospha-
‘tidylcholine bilayers. ' The technique was:shown to give botg ;recise
and -accurate measurement§ of the volume propertiés of the system.

The phase transition of phospholipids from gel to liquid
crystalline state is accompanied by a 3% increase in volume. Lipophilin
does not significantly alter the phase Eran;ition temperaturq'éf ZAOC'

[

of the pure lipid. However, the phase transition is broadened when the

lipoﬁhilin concentration is greater than 107 by weight. This can be s
" Q ‘ ‘

explained by a decrease in the codpqrativity of the lip}d transition

. !
induced by .the protein.

N

.As the percent lipophilinm incorpbrated into the lipid is

/increased, there is a reduction in the magnitude of the change in partial.
» : . ' .

specific volume which occurs at phasé transition temperature. TFrom

tﬁié data, the number of lipid ﬁolégules surrounding each liﬁophilin
molecule was calculated. The Falcu%ated value of l; lipid moléculeg per
molepuie of protein agree; weil witﬁ estimates based on calorimetric
results. . ' \ .

) Thé partial specifi¢ volume of lipophilin has never been

reported. In this study it was determiﬁé&‘i&\g\pumber of solvents at
20°C. The partial specific volume of lipophilin"iﬁ water was 0.715 ¢

'0.004 ml/g while the partial specific volume in the buffer system

‘emplqyed was 0.732 * 0.003 ml/g. These results are explained in terms’

i
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of differences in the solvation of the ﬁrbtein. B
Assuming no large change in the partial specific volume of
the| protein upon incorporation’ into lipid, the reéultsAdemqnstfate that:

. % . |
lippphilin causes a reduction in the volume of dimyristoylphosphatidyl-

choline bilayersqggldw, above’ and near the phase transition temperature.

»

This may be a fundamental property of boundérz lipid that surrounds

protein .

-\
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,/ Introduction -

Multiple sclerosis (MS) 1is a disease affecting the mature

central nervdous system in whicﬁ moré thah one lgsion,is found, spread
out in time and space. The course of the disease can be remgrkably
variable in each affected individual, But there are usually frequent
successive relapses with periods qf remission. The éamage is largely
restricted to the white matter of the central nervous system where
lesions consist of fibrous plaques of demyelinated merve tract, in -
which the axons are frequently spared. Even’though the disease is
widespread throughout the central nervous system, there seem to be
‘preferred sites for these plaques (Adams, 1977; Cuzner and Davison, 1979) 
Although tﬁere.is no known cause as yet for MS, the major
factor responsible for the symptoms is the demyelination of the nerves.
Therefore.before one can interpret and understand the disease state;
the normal m§elin must first be discussed. |
Myelin is a membrane characteristic af the vertebrate
nervous system, laid down in gsegments along selected‘ner;e fibers,
functioning as an insulator to increase the velocity of stim?li being
transmitted betweeﬂ a nerve cell body and its'tagget. . Structurally

myelin is recognized as a lipid bimolecular leaflet, sandwiched

between two layers of protein and wrapped in a spiral fashion around

¢

a segment of axon. This myelin sheath consists of up to 40 lipo-
protein lamellae encircling the axon (Raine, 1977; Cuzner and Davison,
1979; Braun et al., 1980). ¢

Thg comﬁosicion of the m&elin sheath can be broken up into



«

"two major components: lipid and protein. The myelin sheath contains,

in significant~quantitie§, a greater variety of bipolar lipids than
most membranes. Approximately 70% of the myelin dry weight is.lipid

(Cuzner and Dav£§on, 1979). Even with this large amount of 1lipid there

are only small variations in myelin composition in different species

and in different areas of the central nervous system. The membrane has

a lipid molar ratio of cholesterol:phospholipid:galactolipid varying
between 4:;:2Yand 4:4:2 (Norton, 1977). Cholesterol is the most
abundant lipid in myelin. Since the lipids in myelin are all above their
phase transitions at physiological temperatures, cholesterol decreases
the fluidity of the membrane. Although not exclusive to myelin, the
most characteristi; lipid is the galactolipid, cerebroside. Its con-
centration is directly proportion;} to the amount of myelin in the braiﬁ
(Norton and Poduélo, 1973). Another characteristic marker Ls
ethanolamine plasyologen. The ethanolamine phogpholipid in:the vinyl
form is. located almast exclusively in the white matter (Cuzner et al.,
1965). Small amounts of polyphosphoinositides and gangliosides are also
present in myelin (Eichburg and Dawson, 1965). The monosialoganglioside

GWl accounts for 80-90 mole 7 of myelin ganglioside in the rat (Suzuki

— —

t al., 1968), but an unusual ganglioside, sialosylgalactose-ceramide
(d7? is the major component of human myelin gangliosides (Ledeen et al.,
1973). Despité the large amount of detailed comparative data on lipid
;pmposicion of myelin from many sources, very 1i£tle is known about the
distribution‘of these lipids in the two halves of the bilayef, or the

amounts and types of lipid that interact selectively with each of the

myelin proteins. -This gap in knowledge stems mainly from the way native

e e e
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myelin is found in the myéiin sheath: The spiral fashion in whieh the
sheath ig made makes.it difficult for any exteﬂsive biochemical
analygis to be carried out on intact native myelin.

Central nervous system myelin has a uniquely simple protein
constitution, yet its major proteins include both an intrinsic and an
extrinsic type of membrane protein. This makes it extremely useful for
studying the effects of both types of proteins on membrane structure.

The extrinsic protein is known as the basic protein of myelin
(Kies, 1965), the encephélitogenic protein or the A1 protein (Eylar et '
al., 1971). This protein comprises about 30% of the myelin protein;.
The myelin basic protein has been independenclyrisolated in a2 number of
laboratories (Roboz—Einstein et al., 1962; Lowden et al., 1966; Tomasi
and Kornguth, 1967; Eylar et al., 1969; Carnegie, 1971). Isolation
from épinal cord involvesrpreliminary extraction with acgcone/petrqleum
ether followed by isolation of the protein frém the residue with 5-10%

lKCl (Roboz-Einstein et al., 1962). In other procedures the tissue is
defatted first with chloroform/methanol (Kies et al., 1965; Wolfgram,
1965; Nakoa et al., 1966; Carnggie et al., 1967; To@asi and Kornguth,
1967; Kibler and Shapiro, 1968).

The amino acid séquence of human myelin basic protein.is known '
fCarnegie, 1971) and reveals some igpe:esting features. C(ysteine is
_completely absent and 257% of the residues are basic in nature, i.e.
'lysine, arginine or hist}dine (Lowqeq et al., 1966). There is an
argininé residue at position 107 which is nedr a proline rich region,

Pro-Arg-Thr-ProrPro-Pro. This region may induce a sharp bend in the

molecule, giving it an overall hairpin shape which is in agreement with

e -
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‘Ehe éxial ratio of lb:l (Brostoff and Eylér, 1971; Epand gﬁ al., 1974).
The secondary and tertiary structure is not completely known but the
protein seems to bé without much crhelical‘or B structure (Eylar and
Thompson, £969; Palmer and Dawson, 1969;.Choa and,Eins#ein, 1970). X-
ray scattering data show the protein to be rodlike in structure wigh L
dimensions of 15 by 150 R (Epand gg_gl.,-l974).

‘The location of‘hyelin basic protein in intact myelié‘h;s
been investigated. Poéuslo and Braun (19}5) and Goldg and Braun
(1976) concluded that the protein was present on the inner cytoplasmic
surface of thelmembrane or the major dense line. Wood et al. (1975 and
1977), using a n?n~penétrating reagent found that lipophilin was ten
times more labelled than basic protein. H;{:}chemical (Adams et al.,
1971), immunochemical (Lennon et al., 1973) also showed that the basic
protein is lgcated at the cytoplasmic surface o% the membrane while ;ther
studies suggest it may also be located at the outer surface of the sheath
(Dickenson et al., 1971; Wood et al., 1974). /

Myelin basic protein has been used extensively to elucidate
the effects it has on synthetic bilayers. Numerous studie;}h;ve Been
Qndertaken, but ;iﬁce this protein is not the one used in this groject
only the results will be pr;sented here.

Experiments with myelin basic protein~phospholipid ‘complexes

show that it preferentially interacts with acidic phospholipi@s (Palmer

and Dawson, *1969; Banik and Davison, 1974; Jones and Rumsby, 1977),

but can also cause phase separation of lipids such as phosphatidylsetine,

R I e
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- %
phosphatidylglycerol and phosphatidic acid in mixtures with phospha-
tidylcholine (Boggs et al., 1975). There afe 10~20% 'aeidic lipids’
in the native myelin that provide the domains for the myelin basic
protein-lipid eleétrostatic interactions for this lysine and arginine ,
rich‘protein. However an examination of the séquence reveals 14
segments of hydrophébic_and/or'uncharged residues (Stollery ég_gi.,'
1980). There is considerable evidence that some of these hydrophobic
'

segments may(be able to: interact with the hydrocarbon region of the
bilayer, either by partially penetréting or by deforming the bilayer
enough to allow hydrophobic;contacts at ché lipid-water interface. The
degrge ;f this penetration depends on the lipid polar head group (Demel
et al., 1973; London and Vossenburg, 1973; Boggs and Moscarello, 1978a;
Boggs et al., 1980; Stollery et al., 1980). . |

The protein also increases the permeability of lipid vesicles
to glucose (Goulds‘afg London, 1972), as well as to sodium (Papahadjop-
oulos et al., 1975a). The fact that the protein is partially protected
from enzymatic hydrblysis when interacting with lipid (Loudon et al.,
1973, London and Vossenburg,,l973) also lends credibility to the
conclusion that the protein is partially embedded in the bilayer. In
complexes witﬁ'lipid, this protein. also decreases the enthalpy and
teméératune of the lipid phase transition (Papahadjopoulos et al., 1975a).

The above results describe the effects of myelin basic protein
on lipids and suggest a role for the p;oteip in natural myelin.'.The

pratein tends to stabilize whole myelin by its paqtitionidg in regiouns

" between folded myelin regions (Maten et al., 1973) where it can organize

s - .« . I
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specific lipids into double bilayer repéating units as illustrated
below (Figure 1). These fea;ures suggest a structural roie in either
;he formation (Daéison,‘L970) or maintenance (Rumsby and‘Crang, 1977)
of the compact muitilamgllar structure of native myelin.

Folch'and Lees (1951) described the presence in brain tissue,
of a protéin material insoluble(in water, but soluble in chloroform-
methanol mixtures. Since no othef knoéniprotein was soluble in these
mixtures it was assumed that the protein involved was combined with a
lipid méietj thét gives the complex its particular lipid-like solubility.
The term proteolipid w;s coined to déscribe these complexes. There
aré a number of proteins in the proteolipid fraction.'{Thg préceolipid
apoprotein -(PLA), which is Ehe delipidated form of the white matter
proteolipid, was later shoyh to be the most abundant pratein in the
myelin sheath (Autilio et al., 1964; Conzalez-Sastre, 1970). Many

references to other proteins in the proteolipid fraction can be found

elsewhere (Gagnon et al., 1971; Miyamoto and Kakiuchi, 197Z; Chan_aﬁd Lees,
1974). Y,

There are many different mefhods used to obtain the proteqlipid
protein fraction, inéluding dialysis in organic solvents-and Sephadex
LH~20 chrométoéraphy. However the methods reviewed by Foich—Pi and
Stoffyn (1972) have not yielded a single protein, so the proteolipid
of diffefent workers may vary in composition, depending.on the method.
of preparaéion. Some of the properties of this protein fraction have
been reported by Folch-Pi and Stoffyn t1972). ByAcomparing the amino

acid analysis of their protein fraction'with the purified proteinsof

Gagnon et al. (1971) and Nussbaum et al. (1974), one can immediately

LR A KPR |
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Figure 1. Lipid-protein interactions in unit myelin structure.
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A dlagramatic representation of molecular organization in CNS myelin:

a cros$ sectional view 1llustrating several possible arrangements of
myelin proteins. Lipids which possess a configuration in the membrane
.other than that found in the bilayer are not illustrated in this model.
"The period .svacings are not schematic and are not proportional to the

actual petiodicity. The hatched zone renresents the polar head grouns of

the bilayer. The bilayer itself 1s indicated. IPG, intraperiod gap;
MPG, major period gap: BP, basic protein; PLP: proteolipid protein with
bound fatty acids; X, unspecified proteins, GP; glycovrotein. This dia-
gram does pet dénote size and conformatiom, (Braun, 1977).
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"see several similaritids. Differences in overall composition are noted

in aspartic acid, serine, alanine, cysteineand histidine. However,

B

these may be attributed to specles variatiéa.
The‘major purified srocein fr;m human myelin proteolipid is
termed lipophilin (Boggs et al., 1976), previously bein% called N-2 for
convenience (Gagnon et al., 1971). As the naﬁe implies, lipophilin is
a hydrophobic protein with pronouncéd affinity for lipids and thus
regarded as an intrinsic membrane protein (Moscarello, 1976). To monitor
the purity of their preparation, Gagnon et al. (1971) usea sediméncation
velogity and equilibrium ultracentrifugation. Using the systems of
Takayama et al. (1964) and Weber and Osborn (1969) they were able to

demonstrate the existence of a single component on polyacrylamide gels

“at different pH values.

The amino acid sequence of lipophilin is not known, but the
amino acid composition does affbr& some inform;tion. Approximatgly 66%
of the amino acid residues are apolég {Gagnon g&_é&.,,l971). The N-
terminal sequence of a performic acid—oxidiied'protéin (P7) from rat
brain has been published (Nussbaum et al., 1974). Also the sequence of
sevefal small peptides from enzyme cleavages have been published
(Jolles et al.,1977). The N-terminal sequence of lipophilin is similar
to that of P7. By automatic sequence analysis the first 23 residue§ of
liﬁophilin are.Gly-Leﬁ*Léu-Glu—Cys—Cys—Ala—X—X—LEu—Val-Gly—Ala—Pro-Phe—
Ala—X-Leg—Val;Ala-X—Gly—Leu éBoggs and Moscarello, 1978b).

An interesting structural feature of lipophilin is the presence

of about 27 fatty acid covalently bound fo the’protein. In their review

article, Folch-Pi and Stoffyn (1972) describe how the covalently linked
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fatty acids were found by other researchers. More than 2% fatty acid

+

is associated with th& proteolipid but the attraction is mainly electro-

static and hence these fatty acids can be removed by dialysis. The first

reports of non-removable fattv acids on purified lipophilip was made
by Wood et al. (1971), who said that glycerol was not. found in either

acid or alkaline hydrolyzates of the protein. Neither phosphorus nor

sphingosine was detected by careful analysis. Soxhlet extraction procedures

and the charcoal method of Chen (1967) for the removal of fatty acids
. from serum albumin, proved unsuccessful for the fatty acids attached

to lipophilin, which turned out to be C16 and C It was therefore

18:1°
concluded that the fatty acids were covalently bound to the érotein.
Stoffyn and Folch-~Pi (1971) publishéd a similar study to the one of
Wood et al. (1971). They showed that 2.2-3.6% faccy' acid, which could
not be removed by extensive dialysis with chloroform-methanol, remained
associated_with their proﬁfo}ipid apoprotein. Choline, 1inositol,
sphingosine and hexosamine were not detected, Glycerol was less than
0.03%. Conversion of the fatty acids to their meEhyl esters after
alkaline hydrolysis by reacting them with diazomethane followed by
sodium borohydride reduction, converted them to their corresponding
alcohols. This led to the conclusion that the fatty acids were
esterified to the peptide chain, probably with hydroxy amino acids
(Stoffyn and Folch-P1i, 1971).

The role of the bound fatty acids is not completely known, but
it is assumed that they contribute to the hydrophobicity of the protein.
The hydrophobicity of the protein is important for the intéraccions_
necessar? with the hydrocarbon chdins of the bilaye;.l However, several

integral membrane proteins do not contain bound fatty acids. Some

e
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authors suggest that this bound fatty acid may be involved in preventing
aggregation 'of the protein in the bilayer. These conclusions
corroborate the findings of Moscarello gt al. (1973), who found two mol
of fatty acid per mol of protein and stated that it contributes to the
hédrophobicicy of the protein.

Another interesting feature of the protein is the conformational
flexibility seen in different/environments. Sherman and Folch~Pi
(1971) studied the ORD and CD of the brain proteolipid protein. Their
water-solyble preparation showed a helical content which varied between
16 and 40%. Yo random coil was detected by optical rotatory dispersion
(ORD), but circular dichroism (CD) showed the protein to be highl§
& -helical in chloroform-methanol, but of low helicity in .water.

The protein isolated by Gagnon gg'él. (1971) was studied by a
number of physical techniqgﬁs. Anthony and Moscarello (1971) prepared
a water soluble form of the protein by dissolving it in phenol-acetic
‘acid-water containing 2M urea, followed by dialysis against decreasing
concentrations of acetic écid. A 3 conformation or o -helix tan be
obtained depending on the route of dialysis. Neither the 3 conformation
nor the & -helix form are affected by performic acid oxidation or by the
presence of mercaptoethanol during dialysis. Varying cthe pH from 1.5 -

6.0 also had no effect on the conformation. b

Moscarello et al. (1973) took the above studies one step further.

The & ~helical and 8 conformgtiogs were confirmed by infrared analysis.

They basically confirmed that the protein is highly helical in the
presence of phenol. Removal of phenol and urea simultanéously results

in a preparation with almost 50% helix.:

Recently Cockle et al. (19785) found lipophilin to be 100%

e B e ks e 4 ST
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& -helix in 2-chloroethanol. The helicity drops to 70% when aialyzed ;'

into water from 2-chloroethanol. : ’ o

To determine the molecular weight of the protein, eqﬁiliBrium

ﬁlcracentrifugafion was carried out in water, 98% formic acid aﬁd iﬁ-;
0.01M sodium phosphate buffer containing 0.5% SDS {Moscarello et al.,
1973). 1In formiq\acid an? SPS-The molecular weights are 28,000 and _
\24,009 resbecéively. Thefa-helical form, having a éolecular(wéigxisof

86,000, is a trimer while the 8 form, with a molecular weight of
‘ 1

about 500,000, is an aggr%gate of the protein.

| Although tﬁis p%otein has no enzymatic activity or other
dynamic function, it is ayhydrophobic protein of the intrinsic type
(Papahadjopoulos et al. 19L5) and studies of the interaction of this
prﬁtein with lipid are re%;vant to other membrane proteins.

Brown and Radin &1969) found that a water soluble form of the

prégeolipid apoprotein for#ed recipitable complexes only with acidic
lipids. Delipidéted proteolipid in a water soluble form was found to //ﬁ

increase the surface pressure of lipid monolayers, but only of acidic

.

lipids. This indicates that, once bound, the protein penetrates and

can interact hydrophobically with.bilayers (London et al., 1974). However,

lipophilin can be readily incorporated into neﬁcral lipids as well as
acidic lipids, if both lipid and protein are present initially in

solubilized form. A numb#r of studies have been reported gn.tﬂe ’
|

properties of neutral lipid vesicles containing lipophilin (Vail et al.,

»

1974; Papahadjopoulos et é;., 1975b;" Boggs et al., 1976 and 1977).

The protein form?d intramembranous particles in -the fradture

! . >

faces of the vesicles as observed by freezé fracture electron microscopy,

»

regardless of whether the protein was présént initially or added to preformed

<
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vesicles. This indicated that lipophilin was embedded in thé hydrocarbon'

—

region (Vail et al., 1974: ?agghadjopoulos et al., 1975b; Boggs et al.,

1976).

In an experiment designed 'to determine if lipophilin spanned the

bilayer, single layered protein—iipid vesicles were labelled from the
outside with a ndn—penetrating reagent, (3H)—DIDS. A large proportién
of the protein was labeiled but the results did not suggest that any
of the protein completely spanned the bilayer. i\\ﬁbac:t: that it could
be labelled indicated.that the protein does protrudeN{rom the bllayer

AN

This explained why the hydrophobic protein, which clearly “penetrated
into the hydrocarbon regiom,, could be labelled in intact myelinv?asod
et al., 1977).

Lipophilin~lecithin complexes have provided much information
about intrinsic protein-lipid'inieractions using a‘Qariety of spectro-
scopic, x-ray diffraction and calorim?cric studies (Boggs et -al., 1936
and 1977; Curatolo et al., 1977 and 1978; Boggs and Moscarello, 1978c:

Verma et al., 1980).

Boggs et al., (1977), using differential scanning calorimetry

N

found that phosphatidic acid, phosphatidylglycerol and phosphatidyl-
serine exhibit prefe;ential binding of the hydrophobic apoproteih
although no depeﬁdenée upon fatty acid chain lemngth in the C~14 to C-18
range was noted (Boggs and Mg;carello, 1978¢).

Boggs and Moscarello (}978c) also suggested that lipids with
unsaturated trans fatty acids interact less favorably wﬁsh the apo-
protein. Comparisog of the effects of the proceolipia fﬁ saturated

<

and unsaturated bilaverllplds were made by Curatolo et al. (1978) using
“'_
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dimyristoylphosphatidylcholine (DMPC) and egg yolk phosphatidylcholine
(EYPC). With epoprotein-DMPC recombinants there is greater population
of acyl chain gauche conformers in the gel state and a smaller pop-
ulation of‘gauche conformers in the liquid—crystalline state than for
*a DMPC bilaver alone. Lavialle and Levin (1986)'obtained similar results
using DMPC and lJpalmitoylfzﬁﬁTgﬁy}phosphatidylcholine'(POPC). However,
by ﬁMR, Rice et al. (1979)) showed that with lipophilin-DMPC recombinants
there are more gauche isomérs below the transition temperature in
the presence of brotein, é&t also a more disordered lipid hydrocarbon

’ ¢ r

chain above the transitidn temperatyre.

The effect of lipophilin on lipid‘organization'in vesicles has

been studied using differegtial scanning,calorlmetry, electron spln ’

¥
¥

resonahie spectroscopy and circular dichroism. Lipophilin has

" very little effect on the phase transition temperature of DMPC er DMPG.

The phase transition df.the lipid is broadened and the enthalpy of the
transition s decreased by the protein. This indicates that the cooperativity
of the transition is 1eséened and-that less lipid is participating in

the phase cran31tion (Pap\hadjopoulo et al., 1975b). Boggs et al. (1976),
using spin-labelled fatty acid probes, showed that lipophilin immobilizes

some of the fatty acid chains surrounding itself, similar to what has been
shown for oeher intrinsic membrane proteins (Deﬂlinger et al., 1971;

Jost et al., 1973). This immobilized lipid does not go through.the phase

transition and hence the enthalpy decreases. The decreﬁge in enthalpy

is proportional to the amount of protein added, up ta/ipproximatelv 50% ~

T T—

L

protein by Weight. From the decrease in enthalpy\xt\\\e estimated that

approximately 15 lipid, molecules are in the boundary laver oF each

-
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protein assuming a molecular weight of 25,000 for lipophilin (Boggs et
al., 1976; Papahadjopoulos et al., l978c)¢ Assuming the same molecular
weight for the protein, Boggs and Moscarello (1978c), arrived at 21-25

molecules of lipid per monomer of protein. The number surroundiné the

protein depends on the type of lipid. ThiS‘bouﬁdary lipid has restricted .

motion on the eléctron-spin resonance .(ESR) time scale bgt not on
the nuclear magnetic resonance (NMR) time scale (Rice et al., 1979).
Rice et al. (1979) also suggested that bound;r§ lipid 'is more dis-
ordered than the liquid-crystalline phase lipid. Curatolo g&vgi. (1977)
found a new transition two degrees higher than thééﬁof bure lipid, but
Boggs et al. (1980) were able to show that there was oniy one trans-
ition; that of the bulk lipid. The higher melting éomponent was due to
the presence of decomposition products; namely lysophosphatidylcholine.
In 'this”study,) the ef'f?ccs of lipophilin on DMPC vesicles is
investigated by different techf}ﬁues. A te?perature scanning densi-

meter (Anton Paar, Graz, Auss;ia) is employeh.' Results of the densi-

meter are verified by density gradient ultréﬁentrifugation. Boggs et al.

(1976) found that pure lipophilin, dialyzed from 2-chloroethanol, will

settle between 40 and 50% sucrose, while pufe lipid (DMPC) will settle

between 10 and '15%7 sucrose. Lipid-protein complexes settle somewhere ip -

—

betwegn depending on the composition. In order to degermine if the
protein is embedded, other tests are employed on some iipid-protein
compléxes.

Temperature sganning densimetry is a relatively new technique
which combines the extreme precision of density measurements by the

oscillator principle with the help of continuous scanning of temperature.

-
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The oscillator principle is based on ;he determination of the
natural érequency of an electronically excited mechanical oscillator
whose effective mass is composed of its own unknown mass plus the well
defined, but also unknown, volume of the sample under investigation.
The mode of vibration is the bending "type oscillator, which is designed:
in such a way as to excite and maintaln undamped oécillatioq of  the
filled vibrator as the temperature range is s;anned.

In its traditional form the oscillator method yields the os-
cillation period of the density measaring vibrator by comparing it to
a highly stabilized quartz crystal frequency. Whep using the densimeter
with only one measuring cell, the T values, (the va;ues expressed on
the densimeter), are the absqlute periods of oscillation (l/f), where
f is thg frequency. When using a second density measuring cell, (used

as a reference cell), it becomes a time base for the period measurement

of the first measuring cell (the sample cell). In this mode, the relative

period T* is obtained. This represents the ratio of the periods of
égﬁﬁié\énd\ggference cell. When the cells are coupled within the same
thermostated circuit, the temperature dependagce of the individual cells
are almost ideally cancelled out (Kfatky et al. 1973).

éossible errors ip this technique are limited, but will cause
large deviations in results, One such error involves keeping the tem-
perature increase relatively slow so that the sampleyané reference will
be in thermal equilibrium. Another error is caused by residues in the

—

vibrator which can lead to da& to day variations. This can be eliminated

by careful cleaning of the cells after each experiment. Gas dissolved

in the sample or the reference has only negligible effects on density

N . PN
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measuréments, but bubbles make the measurement completely worthlegs.
Howéver bubbles can not be missed since they make stable read#ngs im-
possible.

( At present this is probably one of the best mgthogs for density
measurements, since it is easy, requires only a sm;ll amount of saméle
and from past studies employing it (Epand and,ﬁpand, 1980; Fodor and

Epénd, 1981), shows a high degree of reproducibility and precision.
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'Materials and Methods.

'

1. Marterials

- Dimyristoylphosphat;dylcholine (DMPC) was obtained ‘from Cal-

biochem: It showed a single spot in TLC using chloroform-methanol-7M

ammonia (230:90:15 v/v/v) and was used without furthur purification.
Lipophilin was a kind gift from Dr. M.A. Moscarello, Sick

Childrens Hospital in Toronto, Ontario. The myelin used for these p;e—

parations was isolated from normal human white matter by®the method of

Lowden et al. (1966). Lipophilin was isolated from this myelin and

purified by chromatography on Sephadex LH-20 in chloroform:methanol =

(1:1 v/v) containing 5% of 0.,1M HCl by the method of Gagnon et al..

(1971) and stored in lyophilize& form.

The buffer system used for mbst experiments cotsisted of 100mM
NaCl, 2mM HEPES (N-Z-HydroxyeChyloiperazine-N';2—ethanesul§anic acid),
"0.1mM EDTA (Ethylenediaminotetraacetic acid) and 0.31lmM sodium ;zide.
The buffer is‘adjusted to a final pH of 7.4.
2. Methods ‘
i) Preparation of lipophilin-containing vesicles.

Pure DMPC was dissolved in a small volume of 2—chloréethanol
(5 mg/ml). Pure lipoﬁhiiin Qas also dissolved (3'mg/ml) in 2-chloro-
ethanoi and sonicated. The 2—chloroethanél Qas purified by redistillation
over charcoal (Cockle et al. 1978c).

When both protein and liéid are solubilized, the two are mixed
so as to obtain the desired protein to lipid ratio. Approximately 5 ml

of the mixture is dialyzed at 25°C against two liters of buffer for

18
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18 hours with two changes of buffer. The buffer is saturated with N2

and air excluded during dialysis. The resulting suspensions are cen-

trifuged at 6800 x g in a Sorvall $5-34 rotor at room temperature for

20 minutes. The supernatant is decanted off and the pellet resuspended

by vortexing into a small amount of buffer,.

Some of the experiments with pure lipdphilin require a water
soluble form of the protein. This was achieved by solubilizing the
protein in 2-chloroethanol (5-10 mg/ml) and dialyzing against distilled
water (Cockle et al. 1978a). The solubilizéd protein (approximately
5 ml total solution) was dialyzed for 18 hours against 2 liters of
dis;illed water with two changes. The resulting solltions are then
centrifuged for 20 minutes at 6800 x g in a Sorvall $S-34 rotor at
room temperature to remove any suspended papticles.

ii) Amino-acid analysis to de;ermine the protein concentration of
the samﬁle.

Approximately 0.3 mg of protein was transferred éo a-hydrolysis
vial with norieucine as an internal standard (10 nmoles norleucine per
40 ug protein). To the, hydrolysis vial wa; the?\addea 1.0 ml of 6M HCl.
The samples were then evacuated, sealed and hydrolyzed for 22 hours in
a 110°C oven. The samples were then brought to dryness ané run on a
Technicon TSM amino acid analyzer at the Hospital for Sick Children in
Toronto, Ontario.
£ii) Phosphate determination to determine lipid concentration of the

samples (Eg}ch et al. 1957; Bartlett, 1959; Rsain, 1969; Murison

et al. 1976).

In this assay the sample sizes should not exceed 150 omoles of

[ VI A
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phosphate., The samples were dried ig\Vacuo and 0.5 ml of 10N HZSO4 was
added to each. The samples were then incubated ovetnight, uncovered, in
a 150°C oven. The following day, 3 drops of BO‘Z’HZO2 were added to each

tube and the tubes returned to the oven for another 1.5 hours. If the
samples did not become clear by this time 3 more drop;;of 30% H202 were
added to them and they were returned to the éven for another 1.5 hours.
Stock solutions:
a. phosphorus standard (20 pg/ml).
b..ION 8,50,
¢. 5% w/v ammonium molybdate
d. reducer: grind together and store in dark:
- 15 g sodium bisulfite
0.5 g sodium sulfite
0.25 ¢ 1—amino—2—na§hthol—&—sulfonic acid
A solution containing 1.6 g/10 ml distilled water was freshly
prepared the day of analysis.
For the standard curve samples wére prepared containing 0,1,2,3,4,6,8,
and 10 ug phosphorus. The total volume of each was brought to 4.1 ml

with distilled water followed by an addition of 0.5 ﬁl of 10N H SO4 to

2
each standard.

For the reaction 4.4 ml of .distilled water was added to each
sample and 0.2 ml of 5% ammonium molybdate was added to all the tubes

(standatds and samples). Immediately after vortexing, 0.2 ml of reducing

solution was added to each tube, again followed by vortexing. All tubes

were then incubated for.10 minutes at 100°C. The tﬁbeé were then cooled .

and the absorbance at 830nm was determined.
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iv) Densimetry measurements.

The density difference between the protein-lipid suspensions and

-

[P S

the buffer was measured with the use of two DMA 602 external cells using

a DMA 60 measuring unit in the phase lock loop mode (A. Paar K.G., Craz

Austria). The temperature of the external cells was ¢ Olled by a

circulating thermostated fluid from a Neslab RTE-4 temperature bath. The
? >

temperature of the ba%h can be varied at a constant rate using a Neslab
ETP~3 temperature programmer. Runs were generally -performed at a scén
rate of O;S°C/minute. The temperature was measured by a thermistor probe
placed next to che.sample.capillary in the thermostated fluid. The ther-
mistor was attached to;a digital thermometer (Precision Digital). The
DMA 60 also provides an analog sigﬁal that is proportional to the last
two digits oé the densimeter reading. The DMA 60 wa; also attached to

a digital printer (mo&el §10, Newport Laboratories Inc.) which allows
direct recording of the densimeter rea&ing. The densimeter and the ther-

mistor were connected to two channels of a Bascom-Turuner disk-storage

microprocessor .unit ‘and the data plotted in an x-y, x-t or y-t mode as

desired.
Solution densities were measured by a procedure recommended by
the manufacturer. All solutions were degassed before measurements were

made. A calibration temperature of 20°C was used and the calibration

constant k, of the instrument was calculated using the instrument periods

T, and the following formula:

k= (Kratky et al. 1973)
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where S0 and Oair correspond to the densities of water and air respec-

? -

‘tively~TFhe—densTIty of air was corrected for atmospheric pressure changes

v

measured by a Fortin tvpe mercury barometer, Scans were performed with
buifer in the reference cell and air, water, buffer and sample suspensions
in the sample cell. Densities of the solutions can be calculated relative

to water at the desired temperature, according to the following formula:
5 .
fQ

= k(T solution ~ H,0

)+ DHZO (McDonald, 1977).

With T values read from the scans, the correspounding sample

0 ,
solution

density at any temperature can be calculated from increments of density

v

relative to the density obtained at the calibration temperature. The
apparent partial specific volume v, was obtained from:

L Plipid’” Ppuffer «

- £

ve ——— (1 - )

Phutfer
where v is the apparent partial specific.volume at a weight concentration
C, and.plipid is the density of thé sample under investigation.

The density measurement§ must be vefy accurate since the density
difference beCWeén;sample and reference is very small. Yith average con-—
centrations of about 5 mg/ml, the -corresponding value§ for
(plipid - Obuffér)/c‘are in the range of lO—l. The densimeter is capable
of measuring deﬁsities to £(1 x 10‘5) g/ml hence allowing for the accurate
_determination of v.

The voluge chanée (Av), at the tramsition temperature was obtained
by extrapolating the variation of v with the c;mperature outside the

phase transition region to the transition temperature and measuring the

difference in volumes between the high and low temperatures respectively.

.
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wasrpaicfﬂgié; from the slopes of the pléts of partial specific 'volume
QerSus temperature.

2-chloroethanol has a density quite” different from the samples.
Therefore if there‘was a substantial amount of 2-chloroethanol present
after dialvsis, the qensicies of -the buffer before and after dialysis
would be different. A substantial difference would indicate the presence
of 2-chloroethanol in the sample. To ascertain this, the densitv of the
buffer before and after dialvsis was determined.

At high protein to lipid ratios, clumping may océur, resulting
in large gits of aggregated material in the sample tube. This may give
different densimetry readings on the same sample. In order to ascertain
what effects this has and to check the precision of the partial specific
volume at high protein to lipid ratios, repeated measurements were made

on the same sample. Between measurements the sample cell was emptied aifid

cleaned thoroughly.

It was necessary to know the partial specific volume of lipophilin

accurateiy to measure its effects on lipid packing, so this parameter of
the protein was determined in a variety of ways. Lipophilin in suspension
form, as well as 1n a water soluble form (Cockle et al. 1978 a and b)

was measured densimetrically at different protein concentrations.

Another way to check the partial specific volume of lipophilin

densimetrically was to measure it in solutions of the protein in 2-chloro-

ethanol. In addition, lipophilin can be solubilized in chloroform:methanol

CE
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g
(2:1 v/v)..After solubilizing lipophilin in this solvent, the protein i
was dried down under a stream of nitrogen, finally dried in vacuo and
resuspended in buffer. Protein concentration was therefore by dry weight
determination (Kupke and Dorrier, 1978). Densimetrv was used tO measure
the partial specific volume of the re;ulcing suspensions.

To determine the accuracy of the densimeter, two well characterized
proteins, BSA and lvsozyme, were run at 25°C to determine their partial
specific volumes and compare them to values cited in literature.

v) Density gradient ultracentrifugation.

Samples with high protein to lipid ratios (weight percent) were
analyzed by‘density gradient ultracentrifugation. Thewgra§ients were
formed by a mechanical gradient maker in cellulose nitrate tubes that
fit into an SW2? swinging bucket type rotor. The gradients were usually
between 20 and 657% sucrose (w/w). Samples were applied so approximately
1 mg of material was introduced to the gradient. Runs were for 24 hours
at 76,000 x g at 20°C. Fractionation was bv an ISCO Density Gradient
Fractionator and collected with a Gilson microfractionator. Fraction
sizes were 25 drops. The limearity of the gradient was ascertained by
determining the refractive index of each tube. :

Protein detection was by a mini Folin-Lowry assay for insoluble
proteins (Hess et al. 1978). «

To assay for any free lipid that may be solubilized in the ;

gradient or not visually detected, each fraction was extracted with

chloroform and the lower phase removed and evaporated to drvness. Phos-

PR

phate decterminations were then performed on the residues.

)

It was necessary to determide the accuracy of the density gradient

4
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results. To achieve this, a labelled protein with a/well characterized
partial specific volume was used (lzst-fibrinogen). The gradients were
made so that the labelled fibrinogen was equally dispersed throughout
the gradient. A lipophilin suspension was also run with this protein.
The tubes were spun in an SW27 rotor at 76,000 x g for 24 hours at 20°C.

Fractionation was as described above. lzsI—fibrinogen was counted by a

gamma counter. Protein determination was as noted above.
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Results

DMPC has a 3.1% increase in v over the main phase transition at
24°C (Figure 2,a). There should also be a premelt transition which is
about one order of magnitude smaller than the main transition and occurs
at 15°C, however, none is observed. Possible reasons for the lack of a
premelt transition in this preparation will-be discussed later.

Incorporation of lipophilin into DMPC(bilayers leads to some
interesting observations. As seen in Figure 2, (b-i) there is very
little change in the transition(tgmperature of 24°C regardless of the
percent lipophilin incorporated. However, there is a broadening of the
transition which is noticeable,begin;ing at 17.8% lipophilin by weight
(Figgre 21,f) and the transition is almost completely abolished by.50%’
lipophilin (Figure 2,j). In addition, the change in v which occurs at

the phase transition temperature (Av) decreases as the weight percent of

lipophilin is increased (Table 1). The_ebserved decrease is greater than

S

that which_yould~be”€§§EEEéd on the basis of the replacement of lipid

by protein (Table 1, Theoretical). This indicates that less lipid goes

~ through the phase transition in the presence of protein.

If it is assumed that there is no volume change on the mixing of

lipophilin with DMPC then:

= v +
vcomplex (weight fraction of 1lipid) (v ) (weight frac%ion of

iﬁpid

)

rotein v ,
P ) protein

- where for a particular temperature ;lipid is the partial specific volume

of pure DMPC, v is the partial specifi:c volume of pure lipophilin

protein

and v is- the partial specific volume of the lipophilin-DMPC complex.

complex

26
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Figuné 2. Densimetry measurements of lipophilin/DMPC complexes.

The samples are dialyzed from 2-chloroethanol into the.
buffer system described in Materials and Methods. The
scan rate for all experiments was O.5°C/mingte. The
average sample copcentration wés'S.mg/mi. Actuai ex-
perimentai procedurg; a;e de;cribed in Matérials and
Methods. Lower case letters represent, by weight,
lipophilin incorporated into the bilayer; a, 0%;

b, 3.0%; ¢, 7.3%; d, 7.4%; e, 9.3%; £, 17.8%; g, 21.7%;

h, 30.7%; i, 46.2%; j, 49.5%; k, 100%.
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Table 1. Change in partial specific volume (Av) for lipophilin-DMPC
comp lexes. Materials and Methods describe the approach taken
to obtain AV. Experimental represents densimetry results

while Theoretical represents Av if there was no effect of

lipophilin on DMPC bilayers. Results are ml/g.

% lipopﬁilin - Experimental Theoretical
by weight
0.0 0.029 —_
3.0 0.027 0.028
3.2 0.026 0.028
7.3 0.026 0.027
9.3 . ————T770.030 0.027
/UJQT“ . 0.026 0.026
/ 17.8 0.032 0.024
20.9 0.015 0.024
21.7 0.023 0.022
30.7 _0.014 0.019
46.2 ' 0.010 0.018 °
49.5 ' 0.006 0.016
72.8 — 0.011 o
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A comparison of the experimental and theoretical values of v are

presented in Table 2, together with a percent diffe;encelbeCWeen the

two. Theoretical values of v are calculated using curves a and k of

Figure 2 to represent pure DMPC and lipophilin, respectively. Graphical

representations of the theoretical curves are shown in Figure 3. These

can be compared with the observed experimental curves of Figure 2.
The shapes of the experimental and theoretical Glgraphs (compare
Figure 2,g with Figiure 3,g) and the values of Av (Table 1) are very

similar up to approximately 227 lipophilin.

Large discrepancies between the experimental and the theoretical

curves appear as low as 21.77% lipophilin (Figure 2 and 3,g) with respect

to the absolute value of v. The experimental values are consistently

lower chan‘tﬁe theoretical values.

The cbefficient of expansion data (0), can be found in Table 3
and illustrated in Figu;e 4, Both Table 3 and Figure 4 depict the
experimental as well as the theoretical situation. Figure 4 illusctrates
that below the phase transition temperature, the & values are very similar

to those above the phase transition. This indicates that the protein has.

the same effects below and above the transition. The & values observed
are similar to those obtained using other perturbants in  the bilayer

(Fodor and Epand, 1981). The largest differences-.-in o occur. through the

main transition. There is quite a large amount of error in these values

because of the marked temperéture dependence of o in this region. However,
there appear to be some similarities between the experimental and
theoretical as through the transition. The similarities do not rest in

the absolute values, but in the shape (Figure 4). Boéh experimental and
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"Table 2. Experimental v (a), Theoretical v (b) and percent difference
between the two (c¢), at different temperatures and weight per-

cents of lipophilin. Densimetry experiments are described in

methods. Approach to determine theoretical results are discussed

in text.
T(°C) 3.07% Lipophilin 3.27% Lipophilin
* a b c a b c
(ml/2) (ml/g) (ml/g) = (ml/e)

10 0.9114 0.9250 1.47 0.8972 0.9246 2.96
11 0.9135 0.9264 1.39 0.8998 0.9260 2.83
12 0.9144 0.9275 1.41 0.9012 0.9271 2.79
13 0.9162 0.9290 1.38 0.9026 0.9286 2.80
14 0.9175 0.9302 1.37 0.9040 0.9298 2.77
15 0.9184 0.9314 1.40 0.9058 0.9310 2.71
16 0.9187 0.9324 1.47 0.9064 0.9319 2.74
17 0.9211 0.9332 1.30 0.9087 0.9328 2.58
18 0.9221 0.9345 1.33 0.9101 0.9341 2.57
19 0.9247 0.9356 1.17 0.9120 0.9352 2.48
20 0.9253 0.9374 1.29 0.9139 0.9369 2.45
21 0.9275 0.9381 1.13 0.9157 0.9377 2.35
22 0.9284 0.9391 1.14 0.9176 0.9387 2,25
23 0.9324 0.9411 0.92 0.9200 0.9407 2.20
24 0.9436 0.9487 0.54 0.9270 0.9483 2.25
25 0.9555 N.9667 1.16 0.9413 0.9662 2.58
26 0.9574 0.9692 1.22 0.9449  0.9688 2.47
27 0.9601 0.9705 1.07 0.9477 0.9700 2.30
28 0.9616 0.9714 1.01 0.9506 0.9710 2.10
29 0.9627 0.9728 1.04 0.9521 0.9723 2.08
30 0.9630 0.9744 1.17 0.9550 0.9739 1.94-
31 0.9636 0.9749 1.16 0.9565 0.9744 1.84
32 0.9656 0.9752 0.98 0.9581 0.9747 1.70
33 0.9663 0.9761 1.00 0.9597 0.9756 1.63
34 0.9675 0.9770 0.97 0.9617 0.9765 1.52
35 0.9694 0.9777 0.84 . 0.9625 0.9773 1.50
36 0.9698 0.9785 0.89 0.9646 0.9780 1.37
37 0.9705 0.9792 0.89 © 0.9666 0.9787. 1.24
38 0.9721 0,9798 0X9 0.9691 0.9793 1.04
39 0.9741 0.9806 0.66 0.9698 0.9801 1.05
40 0.9738 0.9816 0.80 0.9715 0.9811 0.98
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Table 2.

"T(°C)

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

30

31

32

33
34
35
36
37
38
39
40

OO0 00O OO0 DO DOODDODODODDDDODDOOCOOO

32

continued...
7.3% Lipophilin
a ‘ b c

(ml/g)' (ml/g)

.9003 0.9160 1.71
L9019 0.9174 1.69
.9032  0.9185  1.67
L9042 0.9200 1.72
L9051  0.9211 1.74
L9064  0.9223  1.72
.9076 029233 1.70
.9087  0.9241  1.67
.9100 0.9254  1.66
L9110 0.9264  1.66
.9124  0.9281. 1.69
L9142 « 0.9289. 1.58
L9158 0.9298, 1.5
.9197  0.9318 1.30
.9328  0.9391 0.67
.9370  0.9564  2.03
.9397  0.9589  2.00
.9425  0.9601  1.83
L9442 0.9610 1.75
.9458  0.9623 1.71
L9470 0.9638 1.74
.9487  0.9643 1.62
.9498  0.9647  1.54
.9511 0.9656  1.50
.9519 - 0.9665 1.51
.9526 0.9671  1.50
.9534 0.9680 . 1.51
.9544  0.9686  1.47
.9553  0.9693  1.44
L9561  0.9701  1.44
L9572 0.9710 1.41

e l=ReReReReReleoleoReRoNoNoReNeRoNe NoRsNoNaNe NoNeNe No ool e o]

7.4% Lipophilin

a
(ml/g)

. 8966
.8979
. 8989
.9000
.9008
.9026
.9034
.9039
.9055
.9069
.9092
.9097
9114
L9144
L9270
L9404
L9433
L9451
.9466
L9496
L9492
.9510
L9513
.9526
.9535
.9544
L9545
.9561
.9551
.9564
.9568

b
(nl/g)

0.9158
0.9172
0.9183
0.9198
0.9209
0.9221
0.9230
0.9239
0.9252
0.9262
0.9279
0.9287
0.9296
0.9316
0.9339
0.9561
0.9587
0.9599
0.9608
0.9621
0.9636
0.9641
0.9645
0.9653
0.9662
0.9669
0.9677
0.9684
0.9690
0.9698
0.9708

s b b e e b b e b b e R R e R e O R R R D R R R NN NN

.10
.10
.11
.15
.18
11
.12
.16
.13
.08
.01
.05
.96
.85
.27
.64
.61 -
.54
.48
.30
.49
.36
.37
.32
.31
.29
.36
.22
.43
.38
N
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Table 2. continhqaﬁ..

T(;C)

10
11
12
13
14
15
16
17
18
19
20 °
21
22
23
24
25
26
27
28
29
30
31

33
34
35
36
37
38
39
40

32

9.3% Lipophilin

a
(ml/g)

0.8946
0.8957
0.8968

0.8979

0.8995
0.9004
0.9013
0.9Q27
0.9034
0.9050

©.0.9069

0.9086
0.9106

'0.9133

0.9324
0.9376
0.9410
0.9426

"0.9439

0.9444
0.9466
0.9482
0.9487
0.9505
0.9522
0.9527
0.9538
0.9551
0.9552
0.9573
0.9577

b
(ml/g)

0.9119
0.9133
L9143
.9158
.9169
.9181
.9190
.9199
L9211
9221
.9238
.9246
0.9255
0.9275
0.9347
.9516
.9541
.9553
.9562
.9575
.9589

[=NeleNeNoNeoNoNeNoNol

.9598

.9616'
.9622
.9631
.9637
9644
.9652
.9661

=

DO OCOO0OOODOOODDODOCOO

.9594 .

.9607

COOORH OO B H i O 2 b e e b e g

33

.90
.93
.91
.95
.90
.93
.93
.87
.92
.85
.83
.73
.61
.53
.25
W47
. 37
.33
.29
.37
.28
.17
.16
.06
.98
.99 7
44
<89
.95
.79
.87

=

\

10.7% Lipophilin

a
(ml/g)

0.8996
0.9010
0.9022
0.9030
0.9043
0.9055
0.9067
0.9078
0.9095

0.9105 °

0.9121
0.9140
0.9160
0.9187
0.9267
0.9328
0.9362
0.9388
0.9407
0.9426
0.9435
0.9456
0.9464
0.9475
-0.9483

0.9494 "

0.9504
0.9510
0.9521
0.9529
0.9540

b
(ml/g)

0.9089
0.9103
0.9114
0.9128
0.9140
0.9152
0.9161
0.9169

© 0.9182
"0.9191

0.9208
0.9216
0.9225

0.9245

0.9315
0.9482

0.9507

0.9520
0.9528
0.9541
0.9555
0.9560

0.9564 .

0.9573
0.9581
0.9588

0.9596

0.9603
0.9609
0.9617
0.9627

COHMFERFEFHHHEFRERBPOOOODOOOOOKRMHREFKH I -
e
[O%]

o o

N R e R
e A e ——— - o ) B s < F L T S ABAIT AT RS, A LD

e a8 D -

U
e b




Table 2.

T(°C)

10
11
12
13
14
15
16
17

18
19
20
21
22
23
24
25
26
27
28

29

30

31
32
33

34
35
36
37
38
39

40
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34

continued...
17.8% Lipophilin
a b c

(ml/g) (ml/g)

.8697 0.8950 2.83
.8714 0.8964 2.79
.8727 0.8975 2.76
.8741 0.8988 2.75
. 8756 0.9000 2.71
.8762 0.9012 2.77
.8781 0.9020. 2.65
.8795 0.9028 2.58
.8807 0.9040 2.58
.8817 0.9049 2.56
.8830 0.9065 2.59
. 8849 0.9072 2.46
.8865 0.9081 2,38
.8903 0.9101 2.18.
.8973 0.9166 2.11
9047 0.9321 2.94
.9092 0.9346 2.72
.9123 0.9359 2.52
L9145  0.9366  2.36
9170 0.9378 2.22
.9196 0.9391 2.08
.9197 0.9396 2.12
.9210 0.9401 2.03
.9220 0.9409 2.01
.9233 0.9418 1.96
.9243 0.9418 1.86
.9256 0.9432 1.87
.9270 0.9539 " 1.79
.9276 0.9445 1.79
.9292 0.9453 1.70
.9297 0 1.74

.9562

20.9%

(ml/g)

COO0O VOO OO OO0 OO0 O QOO O0OOCOOODOOODODODOOO0

. 8752
.8768
.8778
. 8803
.8837
.8815
.8821
.8831
.8837
. 8849
.8858
.8873
.8894
. 8904
.8946
. 8992
.9014
.9034
.9050
.9062
.9078
.9089
.9096
.9108
.9120
.9133
.9140
9141
.9153
.9163
9173

Lipophilin

s b
(ml/g)

0.8876
.8890
.8901
.8914
.8925

. 8945
.8953
.8965
.8973
.8989
.8996
.9005
.9025
.9088
0.9237
0.9262
0,9247
.9282
.9%92
.9305
.9310
.9315
19323
.9332
.9338
.9346
.9353
.9359
.9367
.9375

OCoOOoOQO000O0DoCOOd

-

COCOOOOOTCOOOAQ

.8937.

RPN NN NLWNNNIOND NN R R R R e O =

.40
.37
.38
.25
.99
.37
.39
.36 .
.43
.38
.46
.37
.23
.34
.56
.65,
.68
.59

.48
.64
.37
.35
.31
.27
.20
.20
.27
.20
.18
.15
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Table 2. continued...

T(°C) 21.7% Lipophilin 30.7% Lipophilin

" 27

a b c a b c

(ml/g) (ml/g) (ml/g) (ml/g)
10 0.8230 0.8859 7.10 0.8121 0.8671 6.34
11 0.8245 0.8873 7.08 0.8132 0.8685 6.37
12 0.8254 0.8884  7.09 0.8142 0.8696 6.37
13 0.8267 0.8897 7.08 0.8151 0.8708 6.40
14 0.8284 0.8908 7.00 °° 0.8167 0.8719 6.33
15 0.8295 0.8920 7.01 0.8178 0.8731 6.33
16 0.8305 0.8928 6.98 0.8189 0.8737 6.27
17 0.8312 0.8936 6.98 0.8203 0.8745 6.20
18 0.8330 0.8948 6.91 0.8215 0.8756 6.18
19 0.8338 0.8956 6.90° 0.8224 0.8764 6.17
20 0.8356 0.8971 ~ 6.86 0.8237 0.8778 6,16
21 0.8378 0.8979  6.69 0.8250 0.8785 6.09
0.8395 0.8988 6.60 0.8266 0.8793 6.06
237 0.8422 0.9008 6.50 0.8287 0.8813 5.97
24 0.8463° 0.9070 6.69 0.8306 0.8870 6.36
25 0.8595 0.9218 7.84 0.8323 0.9000 7.52
0.8516 0.9242 7.86 0.8350 0.9025 7.48
0.8540 0.9255 7.73 0.8368 0.9039  7.42
28 0.8555 -0.9262 7.63 0.8386 0.9045 7.28
29 0.8570 0.9273  7.58 0.8398 0.9054 7.25
30 0.8570 0.9286 7.71 0.8410 0.9065 7.23
31 0.8583 0.9291 7.63 0.8420 0.9070  7.17
.32 0.8590 0.9296 7.59 0.8433 0.9076  7.08
33 0.8597 0.9304 7.60 0.8441 0.9084 ~ 7.08
34 0.8591 0.9312 7.74 0.8452 0.9092  7.04
35 0.8592 0.9319 7.80 0.8466 0.9098 6.95
36 0.8601 0.9326 7.77 0.8471 0.9105 6.96
37 0.8604 0.9333 7.81 0.8482 0.9113 °6.92
38 0.8627 0.9339 7.62 0.8490 0.9118 6.89
39 0.8641 0,9347 7.55 0.8496 0.,9127 6.91
40 0.8664 0.9356 7.40 . 0.8512 0.9134 6.81
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Table 2.

T(°C)

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

33
34
35
36
37
38

" 39

40

continued...

36

46.2% Lipophilin

a
(ml/g)

L7497
.7526
L7542
.7553
.7570
.7583
. 7594
. 7603
. 7620
. 7637
. 7645
. 7657
.7674
.7691
L7713
. 7725
.7748
.7770
.7780
L7787
. 7800
.7823
.7830
.7838
. 7848
.7861
. 7869
. 7887
. 7893
.7898
0.7911

b
(ml/g)

0.8347
0.8361
0.8371
0.8382
0.8392
0.8404
0.8409
0.8517
0.3427
0.8432
0.8445
0.8452
0.8459
0.8479
0.8524
0.8629
0.8652
0.8666
0.8670
0.8676
0.8686
0.8671
0.8698
0.8705
0.8713
0.8719
0.8724
0.8733
0.8738
0.8746
0.8753

C

—

0.2
9.99
9.90
9.89
9.80
9.77
9.69
9.67
9.58
9.43
9.47
9
9
9
9
1
1
1
1
1
1

OOOOOOOOOOOOOO(DOOOOOOOOOOOOOOOO

(ml/g)

49.57

L7249
7266
L7279
.7293
.7306
L7313
L7324
. 7338
.7352
. 7366
.7383
.7388
. 7405
7417
. 7436
. 7455
7476
L7485
. 7490
L7492
.7513
.7518
L7621
.7526
L7516
L7522
.7528
. 7540
.7533
L7543
7549

Lipophilin
b

(ml/2) -

0.8278 12.
0.8292 12.
0.8302 12.
0.8313 12.
0.8323 12.
0.8335 12,
0.8340 12.
0.8347 12.
0.8357 12.
0.8362 11.
0.8374 11.
0.8381 11.
0.8388 11.
0.8408 11.
0.8451 12.
0.8550 12.
0.8573 12.
0.8587 ., 12.
0.8590 12.
0.8596 12.
0.8605 12,
0.8610 12.
0.8618 12.
-0.8624 12.
0.8633 12.
0.8638 12.
0.8643 12,
0.8652 12.
0.8657 13.
0.8665 13,
0.8671 12.
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Table. 2. continued... I
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T(°C) 72.8% Lipophilin
a b c
(ml/g) (ml/g)

10 0.6723  0.7790 13.7
11 0.6722  0.7804  13.9
12 0.6735 0.7815 13.8
13 0.6741 0.7823 13.8
14 0.6755 0.7833 13.8
15 0.6767 0.7845  13.7
16 0.6780 0.7847  13.6
17 0.6764 0.7853 13.9
18 0.6775 0.7861 13.8
19 0.6771 0.7864  13.9 '
20 0.6775 0.7873  14.0 :
21 0.6782 0.7879  13.9 '
22 0.6782 0.7885 13.9
23 0.6790 0.7905 14.1
24 0.6794 0.7931 14.3
25 0.6801 0.7990 14.8
26 0.6895 0.8011 13.9
27 0.6807 0.8026 15.2
28 0.6811 0.8026 15.2
29 0.6819 0.8029 15.1
30 0.6834 0.8035 15.0
31 0.6844 0.8040  14.9
32 . 0.6849 0,8049  14.9
33 0.6864  0.8055 14.8
34 0.6871 0.8063 14.8
35 0.6889 0.8067 14.6
36 0.6902 0.8071L 14.5 :
37 0.6915 0.8081L 14.4 ’
38 0.6933  0.8085 14.3 .
39 0.6946 0.8043 14.2
40 0.6969 0.8098 14.0
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Figure 3.7Theoretidal partial specific volumes (v) for the
. ) complexes versus temperature. The v was calculated

under the assumption that there was no volume change
upon mixing. Therefore v=(wt. "/o)(\-/L)+(wt. ’?)(\7?)
where the vs of lipid and protein are those of pure
lipid and protein respectively. Weight percent lipid
weight percent protein are taken from the composition
of the samples. Lower case letters represent percent
by weight, lipophilin; a, 0%; b, 3.0%; ¢, 7.3%;
d, 7.4%; e, 9.3%; £, 17.8%; g, 2.1.7’5; h, 30.7%;

1, 46.2%; j, 49.5%.
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Figure 4. Coefficient of expansion (o) versus weight percent

lipophilin for densimetry results (E), and theoretical
results (T). The method to obtain & is ‘described in
Materials and Methods. Theoretical as are from the

plots of theoretical vs (Figure 3). The headings

Before, After and Through .are with respect to the’

phage transitionm.
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theoretical plots show a sharp decrease in ¢ up to about 20-257 lipophilin

followed by a gradual.levelling off. The relevance of these findings will
P -ng

‘I' { n
be discussed later. é

The method f&r incorporation éf lipophilin into DMPC involves
dialysis from 2-chloroethaﬁdl‘into buffer. Even though there is an
initial Qolume of approximately 5 ml of 2-chloroethanol which is dialpzed
against 6 lipérs of buffgr, in 2 liter aliquots, theoretically leaving
Anly 1.6 x 107> % of the original 2-chloroethanol in the retentaCe:
However, there may be some additional 2-chloroethanol remaining. If any
is remaining it would probably be trapped within the hydrocarbon region
of the vesicle formed duging dialysis. The density of 2-chloroethancl
at 2@°C is 1.197 g/ml, so it would change the density of the complex
noticeabl? if not completely dialyzed out.

In order-to determine if there was much remaining 2-chloroethanol
in the buffer after di;lysis, the density of the buffer before and after
dialysis was determined. The density of the buffer before dialysis was
l.OOZééé g/ml while it was 1.002675 g/ml after dialysis. The difference
between the two is not significant indicating that all of the 2-chloro-
ethanol was d;alyzed out. However, some 2-chloroethanol may be trapped

inside the vesicles, but as will be shown later, this was not the case.

By visual inspection, lipophilin/DMPC complexes tend to aggregate

K

and clump at high lipophilin percentages. The fact that this occurs
~méy alter the densimetry measurements since the aggregated material may
clump in one areé or another of the sample cell. However, it was found

that this had no substantial effect on the precision of the measurements.

By repeatedly filling and emptying the cell with a complex containing

13
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767 upophiiin, the v was found to be 0.718 * 0.006 ml/g, of similar
precision to measurements of other lipid samples.

However, this still leaves the question of why the v at high
protein to lipid ratios are so low compared to(pure protein alone. The
results obtained for these high protein to lipid complexes may be
influenced by the rate of temperature scanning. Since the sample' is so
highly aggregated it may not have sufficient time to reach thermal

equilibrium. Therefore, the temperature indicated on the thermometer

may not be the actual temperature at which the sample is being measured.

Hence, most later measurements were done isotherma#lly at 20°C. By doing

,isothermal measurements, the samples are allowed to come to equilibrium.

In this respect the results should be more accurate. Although no other

scan rates were used, this seems a logical explanation.-
The measuring capabilities of the densimeter also had to be:-
) evgl;ated. To determine the accufacy of the instrument, two well-
characterized, water soluble proteins were used; BSA aﬁé lysozyme. At
25°C and at a’protein concentration of 2.2 mg/ml we measured vs of
0.7395 and 0.7459 ml/g for BSA and lysozymé respectively. The reported‘
literature values are 0.7376 ml/g for BSA.(Bull and Breese, 1968) and
. 0.7477 ml/g for lysozyme (Blazyk et al. 1975) at infinit; dilution. Tﬁe
literature values and experimégtal values are very similar indicating
that the densimeter gives very accurate values for soluble proteins.
Another reason why the complexes. with high protein to lipid
ratios may give seemingly erroneous results may be tpe possibility that
some of the complex may'adhere to Ehe sample tube and hence be taken:out

of measurements. To try to eliminate this, a water soluble form of the

\
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proté}n wag prepared by dialyzing the protein, solubilized in 2-chloro-
ethanol, against d;stilled w;ter. The partial specific volume was found
to be: v = 0.4947 £ 0.0004 ml/g at C = 0.0580 mg/ml; v = 0.7186 % 0.0004
ml/g at C = 0.933 mg/ml and v = 0.7105 * 0.0005 ml/g at C = 1.874 mg/aml.
Although these values are at high ﬁrecisioﬁ, we believe that the value

for C}= 6.0580 mg/ml is inaccurate due toAundetermined effects such as the
adsorption of-protein to glasé surfaces in the presence of impurities.

4

The other two values are much closer to what would be expected based on

the amino acid composition.

Pure lipophilin dialyzed.from 2-chloroethanol into buffer had a

1]

somewhat higher partial specific volume at 20°C (v = 0.7288 ml/g at C
1.083 mg/ml and v = 0.7353 ml/g ‘at C = 2.828 mg/ml). The differences
between the v of the water soluble form and the buffer suspended form of
lipophilin seems to be due to the solvation of the protein as will be
discussed‘later.

The partial specific volume of lipsphilin was meaSuféd‘in different
solvents in an attempt to determine what effects they héve on the protein.
The v of lipophilin solubilized in 2-chloroethanol was O.;89l ml/g at 20°C.
When lipophilin was solubilized in chloroform:methanol (2;1 v/v), the
'solvent evaporated and the residue resuspended in buffer, the v of
lipophilin at 20°C was 0.7973 ml/g. The implications of this and pdssible
explanations will be discussedtlater.

Sucrose density gradient ultrécentrifugatipn was-pgrformed on
some of the complexes in an attempt to substantiate the densimetry results.
The results are tabulated in Table 4 aﬁd graphically presented in Figures

5 through 14. The results from density gradient ﬁltracentrifugatibn do.

e e i o AR e A A 2 o M SR L ¢
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Table 4. Information obtained from density gradient ultracentri-

Lo

fugation. The procedures for centrifugation and fraction-

ation are described in me thods.

=

% lipophilin (by weight)

0.7
46.2
53.6
66:5
68. 3
75.5
84.0

84.0
(after sonication)_

100

Density (g/ml)

1.1076%0.
1.

1.

1168%0.

1271%0

.1703%0.
.1744%0.
.1909+0.
.1892%Q.

.1896%0.

.2431+0

0030

0081

.0124

0091
0076
0083
00?1

0085

.0083

v (ml/g)

.90290.0077
.89540.0065
.8872+0.0098
.8545£0. 0066
.8515:0.0059
.8397£0,0050
.84060.0050

.8409£0.0060

.8044+0.0020

-
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Figure 5.

Sucrogse density ultracentrifugation results on a sample
comprised of 30.7% (by weight) lipophil{n in DMPC. The
sample is dialyzed from 2-chloroethanol into buffer
(see Materials and Methods) before application to the
gradient. The linearity of the gradientlis checked by
refractometer (---). Centrifugation was in an SW27
rotor for' 24 hours at 76,000 x g at Zd°C. Fractionation
was by an ISCO Density Gradient Fractionator and
collected by a Gilson microfractionator. Fraction sizes
were 25 drops. Protein determi&at}én was by a mini

Folin-Lowry assay for insoluble proteins (see Materials

and Methods) and illuétraced as A750 (—).
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Figure 6.

Sucrose density ultracentrifugation results on a sample
comgrised of 46.2% (by weight) lipophilin in DMPC. The
sample was dialyzed from 2-chloroethanol into buffer
(see. Materials and Methods) before application to the
gradient.. The linearity~§f the gradient was checked by
refractometer (---), Centrifugation was in an SW27
rotor for 24 hours at 76,000 x.g at 20°C. Fractionation
was by an ISCO Density Gradiént Fractionator and A
collected by a Gi%son microfractionator. Fraction sizes
were 25 drops. Protein determination was by a mini

Folin-Lowry assay for insoluble proteins (see Materials

and Methods) and illustrated as A750.(——~),
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Figure 7.

/

Sucrose density ultracentrifugation results on a sample
compriéed of 53.67% (by weight) lipophilin in DMPC. The
sample was dialyzed f;om 2-chloroethanol into buffer
(see Materials and Methods) before application to the
gradient. The linearity of the gradient was checked by
refractometer (---). Centrifugation was in an SW27 rotor
for 24 hours ar 76,000 x g at 20°C. Fractionmation was
by.an ISCO Density Gradient Fractionator and collected
by a Gilson microfractionator. Fraction sizes were 25
drops. Protéin determination was by a mini Folin-Lowry

dssay for insoluble protéins (see Materials and Methods)

C)
and illustrated as A7SO(———).
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Figure 8. Sucrose density ultracentrifugation results on a saﬁble
comprised of 66.5% (by weight) lipophilin.in DMPC. The
sample was dialyzed from 2-chloroethanol into bufier

C(see Materials and Methods) before application to the
gradient. The linearity of the éradient was checked
by refractometer (---), Centrifugation was in an SW27
rotor for 24 hours at 76,000 x g at 20°C. Fractionation
was by an ISCO Density Gradient Fractionmator and
collected by a Gilson microfractionator. Fraction sizes
were 25 drops. Protein determinatiom wasiby a mini

Folin-Lowry assay for insoluble proteins (see Materials

and Methods) and illustrated as A?SO (—).
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Figure 9.

|
Sucrose denmsitysultracentrifugation res%lts on a sample
comprised of 68.3% (by weight) lipophilﬂp in DMPC. The

éamplé was dialyzed from chhloroethanol\intb buffer

: \
(see Materials and Methods) before‘apdlidgtion to the

« |

gradient. The linearity of the gradient y%s checked by
refractometer (~--). Centrifugation was i& an SW27
rotor for 24 hours at 76,000 x g at ZO?C. %ractionation
was by an ISCO Density Grédient Fractionat&r and

collected by a Gilson microfractionator. Fraction sizes

were 25 drops. Protein determination was by a mini

Folin-Lowry assay for insoluble pfoteins (see Materials

and Methods) and illustrated as A —).

750 (

~—

D N
Feaiteni. ’

» ..
Pl ..

e

- NS
MR e G 2




; s e o TN - - - . .
T :
N gt s SR e, . - g N M
W e - N - . - R R T IR THY e g an e g oo
. T gy . e

56

"o X3pUiyau 3

SYuE




57

Figure 10. Sucrose density ultracentrifugation results on a sample

comprised of 75.5% (by weight) lipophilin in DMPC. The
. s '
sample was dialyzed from 2~-chloroethanol into buffer

‘(see Materials and Methods) before application to the

gradient. The linearity of the éradient was checked by

refractometer (~--). Centrifugation was in an SW27 rotor.

for 24 hours at 76,000 x g at 20°C. Fractionation was

byean ISCO Dénsity Gradient Fractionator and

collected by a Gilson microfractionator. Fraction sizes

.

were 25 drops. Protein determination was by a mini
Folin-Lowry assay for insolublé proteins (see Materials

and Methods) and illustrated as A750 (—). iipid

determination was also performed. The fractions were
! - 7
extracted with chloroform, the lower phase evaporated

and phosphate determination performed on the residues.

These resdlts are 1illustrated as A830 («+).
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figure 11. Sucrose density ultracentrifugation on a saméle comprised
of 84.0% (by‘weight) lipophilin in DMPC. The saéple
was dialyzed from 2-chloroethanol into buffer (see
Materials and Methods) before application to the gradient.
‘The linearity of the gradient was checked by refrac-
tometer (---). Centrifugation was in an SW27 rotor
for 24 hours. at 76,000 x g a.t'20°c. Fractionation was
by an ISCO Density Gradient Fractiomator and collected

, by a Gilson microfractionator. Fraction sizes were-

25 drops., Protein detérmination was b&’a mini Folin-
Lowry assay for insolubie proteins (see Materials

and Methods) and illustrated as A750 (—.
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Figure 12.

‘was by a ﬁiqi_Folih-Lowry assay for insoluble proteins

A

Sucrqse density ultracentrifugation results an a
sample comprised of 84.0% {by weight) lipophilin in
DMPC. The sample was dialyzed from 2-chloroethanol
into buffer (see Materials and Methods). The sample

in buffer w;s'sonicaFe& extensively bgfbre‘applicaCidn
to the gradient. fhe linearit§ of the gradient was

checked by refractometer“(——-)f Centrifugation was

P At

in an SW27 rotor for 24 hours at 76,000 x g at-20°C.

L et 5

Fractionation was by an ISCO Density Grad;gpc Fractionator

RN

and collected by a Gilson microfractionator.

Fraction sizes were 25 drops. Protein determination

e Lo
Ve e, om0

ﬁsee Materials and Methods) and illustrated as A7SO
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Figure 13,

‘(==-~). Centrifugation was in an SW27 rotor for 24

Sucrose density ultracentrifugation resuits on a

sample comprised of pure lipophilin. The saﬁple was
dialyzed from 2-chloroethanol into buffer (see Materials
and Methods) before application to the gradient. The

linearity of the gradient was checked by refractometer

3
Lo

hours at 76,000 x g at 20°C. Fractionmation was by an
ISCO Density Gradient‘Fractionator and collected by

a Gilson microfractionator.‘Fractign sizes were 25
drops. Protein determination was by a mini Folin-
Lowry assay for insoluble protegps (see Materials and

Methods) and illustrated as A —_).
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Figure 14, Sucrose density ultracéhtrifugation results on pure

lipophilin and lzsI-fibrinogen. The lipophilin was

dialyzed from 2~chloroethanol into buffer (see Materials

and Methods). The water soluble 125I—fibrinogen was

dispersed evenly throughout the gradient while the
lipophilin was applied to the top of the gradient.

.-
Centrifugation was in an SW27 rotor for 24 hours at

.

76,000 x g at 20°C. The linearity of the gradient

was checked by refractometer (-+-). Fractionation was
by an ISCO Density Gradient Fractionator and collected
by a Gllson microfractionator. Fraction sizes were 25
drops. The labelled protein was counted by a gaaﬁa
counter (---) while the protein determination was by‘
a mini Folin-Lowry assﬁy for insoluble proteins
(see Mater};ls and Methods) and illustrated as A

(—).
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not agree well with the densimetry results. Figure 15 illustrates this

graphically. The v of lipophilin by ultracentrifugation was 0.8044 =
0.0020 ml/g at 20°C (Figure 13), while by densimetry it w:as 0.7146 =
70,0041 ml/g in the water soluble form and 0.7321 + 0.0033 ml/g suspended
in buffer at 20°C. Since the samples used in density gradient ultra-
centrifugation were in the form suspended in buffer, this me thod would
be expected to give the same fesults as densimetry. To ascertain the
cause of the discrepancy, lipophilin was run on a dengity gradient
together with a well-characterized protein,'fibrinogen, as described in
Materials and Methods. Sincé within the time of the experiment the
fibrinogen can not reach equilibrium in the gradient, it was ipitially
dispersed evenly throughout the gfadient. During the time of the
expériment, the protein will begin to accumulate at it§ equilibrium
position, which will show up as a peak of radioactivity. Figure 14
illustrates the results. The partial specific volume of fibrinogen at
20°C 15.0.725 ml/g (Handbook of Biochemistry, 2nd ed., 1970) while,
according to the results presented -in Figure 14, it was 0,.7698-% 0.0105
ml/g. Superficially it seems evident that the density gradients do not
accurately measure the partial specific volume. The second peak of
gadidactivity centered around 507 sucrose in Figure 14 is the lipophilin
peak. The reason for this is that as lipophilin travels down the gradient,
it picks up fibrinogen and traps it since the lipophilin 1is highly
aggregated. Fibrinogen, run aléne, did not band at all in the graﬁient
(results not shown). The reason kor this is the time and the speed of

the- run. For a protein the size of fibrinogen it would take days to

~reach equilibrium at Ehese speeds. Even higher speeds do not significantly
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Figure 15.

Partial specific volume (v) results from three
sources at 20°C. Density gradient ultracentrifugation
(-—-), theoretical results assuming that there is no
volume change upon mixing qf lipophilin and DMPC

(-+-+=) and experimental

-

densimetry results (—).
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sonication. Sample was 84.0% lipophilin by weight). Through sonication

" sonication does ot dis;ﬁpt\gﬁé complex. This could be added evidence
7 «

densiﬁéfriéﬁlly before and after sonicationj\\fhg\partial specific volume

70

alter the time to reach equilibrium. Without the fibrinogen control run,

the density gradieﬁt results are still somewhat ambiguous. Part of the:

difficulty may arise from effects of the high concentrations of sucrose

‘on the v of proteins.

. L.
e A Ay

\ !
" ‘ !
i

"The gradients are still useful to isbla%e.compiexes of varying’ .

. composition. Figure 15 shows that at 20°C the complexes are easily
distinguishable. The density gradieﬁts also show that lipophilin -

incorporates into the bilayer. By doing protein determinations on all

> . o
gradients (Figures 5-13, A?SO)’ it is clearly evident that all -the protein .

is located in the band. ;Ehere is no free DMPC in the gradient as §één iﬁ

Figure 10 (A

E—

o .o FRTLTSEYON
Ly T LU
»

830). The lipid determination on the fractions are not
andtitative. It does not add up to the amount of lipid originally added.
However, this is mainly due to the extraction procedures for DMPC from

the density gradient fractions (see Materials and Methods).

" The density gradients also clear ugqthe possibility that 2-chloro-

s

ethanol may be trapped in the vesicles. Figure 12 shows that the partial

r

specific volume of the complex does not significantly change after

SHear e B

sonfcat;on,.before application to the gradient (;,a 0.8409 £ 0.0050Q ml/g

o m

at 20°C before sonication and v = 0.8406 * 0.0060 nl/g at 20°C after

PR

.

the vesicles would be disrupted to free any trapped 2-chloroethanol. Also

evidént from the profile of the density gradient in Figure 12 is that

\

that lipoph;lin‘is embedded inyfbg\bi;ayer. To substantiate these

findings a{sample comprised of 75:;§\¥hz\feight) lipophilin was measured
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complex.
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before sonication was 0.718 ml/g while it was 0.723 ml/g after sonication.

This is also evidence that there is no 2—chloroethandl remaining in the
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Discussion’

This work can be included with the many that describe lipophilin/
lipid interactions, (refer to references cited in Introduction).

However this is the first investigation of this nature employ the
vibrating reed densimeter to determine the properties gz©the complexes.
' The vibrating reed densimeter has the advantage over other methods for
the determination of densities, that‘it éan'bé performed with absut
one tenth the sample and measurements can be 6Btained easily on commer-
‘ cially available insﬁrumengs: Changeg in volume, which can be easily
measured by chis method, occur upén reaction of proteins with phospho-
lipids, and yield a specific fundamenéa} physical parameter with which

to characterize these systems.

The temperature for the phase transition of pure DMPC, namely

24°C, is in good agreement .with that found by other methods (Mabrey and
. . )

Sturtevant,'197é; Albqn and Sturtevant, 1978; Verma et al. 1980;
Lavialle and ievin, 1980; Fodor and Epand, 1981). This indicates that

the inhomogeneous nature of the sample does not introduce sizable errors

in the results pbtagped by dénsimetry, *

. - L Rl ’ ' "
However the scans for pggﬁ DMPC do not show the expected behiavior
of the lipid. Not evident in Figure 2,a is the premelt transition. This

is a transition which is about one order of maghitude smaller (Laggner.

IS

and Staﬁinger; 1976), océurs at a lower temperature and is much broader

.than the main transition (Melchoir and Steim, 1976; Lee, 1977 a,b,e).

r

A premelt transition occurs in pﬁre lecithins and phosphatidic acid

’
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at high pH, but is absent in any other synthetic lipids (Melchoir and
Steim, 1976; Mabrey and Sturtevant, 1976; Laggner and. Stabinger, 1976;
Mabrey and Sturtevant, 1977). This transition is thought to reflect a

change in the state of the polar head groups in lecithins (Ladbrooke

PR Y

and Chapman, 1969; Janiak et al. 1976). The lack of a‘premelt isrdifficult

to explain. In another study employing this method (Fodor and Epand,

1981) there is a'distinct premelt transition. The lack of one in this

study could probably be explained by some impurity in the lipid. Even
X . ' o .

a small amount of impurity is known to abolish the premelt phase tran-

sition (Lee, 1976; Eliasz et al. 1976; Papahadjopoulos et al. 1976;*

A\

Laggner and Stabinger, ,1976; Mabrey and Sturtevant, 1976 and 1977; Lee,

~

1977; Podo and Blasie, %?76; Usher gggéz. 1978; Wilkinson aAd Nagle,
1979). S

There is considerable evidence ;hat.lipo;hilin is incorporated
into the bilayer b; dial;%is from 2—chloroethanoi (Boggs et al. 1976).
By using 100mM NaCl instead Af 10mM NaCl, Boggs et al. (1976) fougd
better incorporation of ghe lipophi}in, but this gave a more diffuse
band in sucrose gradlent centrifugation. Freeze-fracture showed ghat
the vesicles prepared in this way were multilayered, (using 100mM NaCl),
Vhile they were sipgie layered ue&dﬁ“iQmM Naﬁi'(Boggs et al. 19}6). In
this study no f;eg lipid‘pr free prgZein &as_found outside the band in
sucrose density centrifugation-(refér to Figures'SLIS).
| It has been suggested that the volume changes observed in phos-
ﬁholipid bilayers are caused predominantly by trans to gauche isomeri-

zation of the hydrocarbon chains (Nagle and Wilkinson, 1978). Therefore

the volume coefficient of expansion o, is probably closely related to
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the rate of increase in gauche bouds with increasing temperature. There-

fore at a maximal number of gauche bonds one would expect a low value

A -4 -
of a. This would explain-why DMPC has an ¢ value of 5 x 10 a’deg. 1 at

50°C (Nagle and Wilkinson, 1978). Systems which are particularly stable

2

to changes in temperature,.such as crystalline ﬁorms, may also have
low values of a. Figure 4 and Table 3 show that the volume coefficient
of expansion remains constant both ﬁelow‘and above the main phase tran-

sition as the percent lipophilin is increased in both experimental and

theoretical cases. The decrease in the baseline with higher temperatures

. . .
could be attributed, to 2’ maximal number of gauche bouds being reached.

The greatest change in o .occurs in the region of the phase tramnsitionm.

Even though.there- are -large errors in o some comclusions can-be reached.

Increasing the percentages of 1ipophilin'decreases o] through’the'phase

4

transition. This is evident in both the experimental-and theoretical

- ‘.

cases. As the 1ipophilin concentration increases,\the curve levels out
between 25 and SOZalipophilin. This can be copreiated-wlth tbe coopera—

tivity unit since a-broader transition méans a smdllef cooperativity -
- P Y

.. . ~
.

4 .

L

A recent calorimetric sfudy of proteolipfd apoprotein/DMPC,
‘éomplekes has shown that. in the presence of fLA, a population'of'DMPC

. >

.
molecules undergoes a pexturbed order—&isorder transition (Curatolo et

al. L977) Thermodynamics indicated that this population, referred to

-

as “boundary" lip#d (Jost et al 1973), must possess paftially disordered

P

“acyl nhains below the\transition or partiallyVordered ("Bouhd") acyl .

cchains above the transition, or both. However thermodynamic meaSurements .

TV ¢ . v ,
were insufficient to distinguish between the possibilities. :
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In this study the presence of this‘'so called bouﬁdary,liﬁid is
evident. Using spin-labels, Boggs et al. (1976) concluded that there
were two distinct combonents of the‘;ipid in«’lipophilin~lipid recom-

o ¢

binants. One was immobilized, presumably that which was bound to the

protein. The second component was similar to that of phosphatidylcholine

\

vesicles and thought to be the lamellar phase. In this study the phdse

-

transition temperature of 24°C is altered very little no matter how

much lipophilin is ihcorporated. Even though the phase transitioq tem~-

perafure is altered Gery_liﬁtle, the protein does broaden the phase

transition as the percent lipophilin is increased. The broadening effect

is due to a reduction in the cooperatiwity of the transition. The pro-
N .

tein seemingly takes a layer of lipid surrounding-itself out. of the

normal transition. This bound lipid does not go thfough ghasé gran;
sition. The chaﬁge in state that is seen in cﬁé densiﬁéff:‘;cans—is_f
due to th§ bulk lipid. Figure 16 demonstrates this éoint.‘Fng%; 16

{llustrates the change in partial specific volu&e AV, ﬁlbcteq agéingt

weiéht percent lipophilin. It would seem logical that as moreflipid-is

.

. prevénted from participating in the phase transition; this Av would

. > .
. LS
A . 4 bl ' b b

’

detrease.‘However in Table 1 there is one value of Av that is ébmeqhah o

“.high-even though the general trend is a’ decrease in Av as the weight. -

o 'pércent of liﬁéphilin is increased. This high value can be:éttributed

. . L ' .
f) SX » './~,§b experimental error. In some of the scans it was somewhat arbigrary

P I .

.*lwhéfe the tangent to the lines are drawﬂf(refer.tq‘Figure'Z, gf. Since
A;fis~an indigation of the am6Unt of lipid

¥
v

participating-in.thé phase .

. .* transition one can ‘estimate” the amount of Iipid that the brotgin h&sn

.

_in'{ts boundary fayer. DMPC has a molecular weight of 695.9 while theé
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Change in partial specific volume (AV) vérSus'wéiéht.
percent lipophilin. Procedures used to obtain AV dre
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monomer form of lipophilin has a molecular weight of 25,000. Therefore
if one plots AV versus the weight percent lipophiiin, the number of
lipid molecules surrounding a monomer of lipophi;in,can be estimated
(Figure 16). By doing a linear regression énalysis on the points in
_ Table 1 one arrives at an x-intercept of 657 lipophiiin by weighg. This
jis the point,wﬁéré fﬁééchange in partial specific volume is‘zero, S0
theoretically therelis n; freé lipid. Expres;ed as amolar ratio tgere
are approximately 19 lipid molecules per molecule of lipophilin. This
presumably represents the boundary layer. This value is in'agreement
with that found by Boggs and Moscarello (1978c). They arrived at their
value of 21-25 lipid molecules per molecule o% lipopﬁilin by plotting
the enthalpy of the transition against the’;;otein to lipid mole ratio
" and extrapolé&ing to AH=0. The differénce between the value obtained’
in this study ané those found by ﬁoggs and Moscarello (l9?8c) can be
attributed to the respective methods of in;estigation. In calorimetry
+ * -
one 1s dealing with the first derivative of the curves obtained py
‘ densimetry. The first derivative is more sensitive to baseline shifts
and hencé small changes are more evident. Thereﬁore one c¢an expect a
somewhat pBorer detectioﬁ of broad transitions by‘dengimetry. However
the values for Av at 46.2 and 49.5% lipéphilin can be questdoned.
Thexre seéms’to be very little change in v #t the phase transition. How-
ever the original scans from the den;imeter for these complexes definit-

!

"1y do show a transition. Therefore the values obtained\for Av may be

inaccurate, but are definitely not zero.. Even by placing less emphasis-

on these points when obtaining the line,for Figure 16, the intefcept

ou the x-axis is still close to what is found when these points are
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included.

The amount of boundary 1lipid f0una for lipophilin is comparable
to that found éor other proteins, appra;imately 30 foy the sércoplasmic
reticulum Ca2+, Mg2+— ATPase (Warren 35‘21. 1975) and 47 for cxtochrome
\oxidase (Jost et gl.41973). However these two proteiﬂs have a much
higher molecular weight than iipophilin. The radius of lipophilin in
»
vesicles 1is 542 as determined by x-ray diffréction‘(Brady gé al. 1979).
Th;t means that lipophilin in vesicles has a circuﬁference of 3392
which allows about ?O phospholipids to interact in its boundary layer.
That implies 23 lipids/monomer of protein (Boggs and Moscarellé, 1978¢c)
which is in good agreement with the results of ghis stud?..ﬂowever it
‘is not known what state of association of lipophilin is in the bilayer.
It would be anticipated’tﬂat if the protein were monomeric more lipid
‘ could bind per molecule of‘protein, but th%s may not be the case if
there is some lipid entrapped in an aggregated.form of the protein.
Figures }7-19 shéw what effect lipophilin has on DMPC bilayers.

Figure 15 shows what would be expected.if there was no effect on the

bilayer dye to the incorporation of lipophilin at 20°C (labelled as

theoretical results). The solid line represents the experimental results.

The déviagion from the theoretical is significant, indicating that the
protein does affect the bilayer. At low protein to lipid ratios the -

. differeqces are not great between the theoretical and experimental re~
sults. This is probably due tolthe fact Fﬁat when little protein is
1ncorporateg, most of thé lipid is bulk 1lipid. As the amount‘pf protein
‘is increased its effects become more evident. Figure 17 is a plot of

the partial specific volume of the lipid calculated from the partial
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Figure 17. Calculated partial speqific volume (v) of DMPC from

N ~
varying protein to lipid complexes at 20°C. The

Vompe W3S calculated from the experimentally obtained

partial specific volumes of the complexes assuming

hl

that the partial specific volume of the lipophilin

L4

does not change. Curve was obtained through linear

regression.
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Figure 18. Calculated partial specific Volﬁme of DMPC from
&
varying protein to lipid complexes at 10°C. The ;DMPC'

is calculated from the experimentally obtained partial
specific volumes of the complexes assuming that the
partial specific volume of the 1ipophiiin does not

change. The curve is obtained through linear regression.
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Figure 19. éalculated partial specific'ﬁolumé‘(;)'of DMPC from
yarying protein to lipid complexes at 40°C. The

) ;5MPC is calculsted from the experimentally obtained
pértiél specific volégés of the compléﬁes assuming

o
that the partial specific volume of thé*i{pophilin

dogs not change. The curve is obtained thrgggh linear

regression.
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specific volJme'of the complexes, assuﬁing that the par€ial specific
volume of the proﬁe;n does not change when incorporated into the bilayer.
Thus the'figure.shoys that as the amount of the proceip is iacreasged
there is a decrease in the partial specific volume of the iipid. What

" this means is that the protein imparts a condensing effect on the bi-
layer. Figﬁres‘lS and 19 illustrate what is occuring at 10 and 40°C
respectively. The effects throughout thedte&perature range appear to
be the same. However the two step shapes of Figures 17, 18 and lé can

3

not be taken as proven. One can, by linear regression, obtain a single

- -

line with a regression coefficient between 0.85 and 0:87? while for the

two component system the regression coefficient is about 0.90. The

‘points do have a large amount of error, but do indicate a condensing
effect. At low amounts of protein incorporated, the.changes are similar,

since not much 1lipid is taken out of the bulk lamellar phase. The

changes are much more evident at higher amounts of incorporated ﬁrotein.
-However these points may be in somewhat of error since at higher amounts

of incorporated protein, the densimeter may not give accurate results.

The precision of the densimeter is about 5.5 x'lbn3 ml/g at.high lipo-

philin concentrations in the bilayer (see Results).

il

It is not known in what state of aggregation lipophilin is

found in’ the bilayer. It has been suggested that it is in a ‘trimeric
' Q

state (Boggs and Moscarello, 1978¢), If it is in this state and lipophilin

is somewhat spherical then it is possible that. there may be some lipid

. \ )
that is not in the boundary layer, but could be trapped within Fhe

pocket made by the three lipophilin monomers. Due to its proximity to

-boundary lipids, its conformation may not be like that of the bulk lipid.

vy
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This would give this type of lipid a lower partial specific volume.
Therefore at low protein to lipid ratios there would not be much of

1]

this sort of lipid because the protein would be monomeric. However as
the protein to:lipid ratio incréases the.protein would.begin to
aggregate and hence there would be more‘of this "trapped" form of lipid.
The effects are seen in Figufés 17-19.

Curatolo et al. (1977), using proteolipid apoprotein incor-
poiaced into DﬁPC attempted‘to explain what is occpring as the amount
of PLA is increased. At low PLA coﬁcentrations}there is a lot of free
lipid comparea to bound 1lipid. They:represent bound lipid as concentric
circles around the protein. As the amount of protein 1s inc¢reased. ’these
concentric circles converge, decreasing the ambunt of free lipid. AL

high protein concentrations all the.lipid could quite likely be bound .

lipid. However it is difficult to visualize a discrete boundary between

lipid that is in contact with the prdtein and thgt which is not. Two
recent theorétical studies predicted that‘mehbrane Eroteins shbuld per-
turb several layers of lipid beyond the boundary layer (Marcelja, 1976;
Owicki et al. 1978). Therefore -this perturbed lipid adiaceht to the
‘boundary 1ipid may contribute to thellow partial épecifié volume of
DMPC as the lipophilin percentage is increased.

, The deérgasé in partial specif;c volume of.qhe lipid assumes
that.there is no ch;nge in the partial spe;ifié volume of the protein, .
at the given temperature. Between 10 and AO°C there .is a 2.9% increase .
in the partial specific volume of the protein (Figure 2, k). The iibo-

philin for these experiments is in a highly aggregated form. The partial

specific volume of this form of lipéphilin is 0.732%0.003 ml/g at 20°C

Lan e L L L
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!while the water soluble form of the protein has a partial spécific *
volume of 0.715z0.004 ml/g at 20°C. The-differénces seen seem to be
the result of the hydration states in different solvents. The diffeFedEes
are also émphasi%ed whenrone notes that the partial'specific.volume of
lipophilin in 2~chioroethanol is O.789lm1/g. It is.knOWn that the more
hydrated a protein is, the lower the volﬁme becomes (Haurowitz, 1965;.
The water d&ngent in 2-chloroethanol is less than in buffer which may
‘be the cause of the difference in partial-specifrckvolumeé. The differ-
ences in the éartial specific volume of lipophilin iqtbdffer and water
can be explained if one takes into account the charged species of the
buffer and the aggregation state of lipophilin in buffer. In the buffer-
system, the charéed_s?éc12§ of the buffer would be in competition wicﬂ
water molecules, thﬁé décreasing the amount of hydration'apd consequently
the partialepecific vplume of thé protein. Since the protein éggregates
in buffer this would also change the solvation of the protein which
w;uld incréage the parciai specific volume.

By the method of Zamyatnin (1972), the partial specific volume
of lipophiiin‘at 25°C is Ot7435 ml/g. This method uses odl§ the amino
'ac;d composition éf‘the protein..At 25°C,the gxperimegtal pgrti%% spe-
cific volume of lipophilin is 0.7336 ml/g;‘ﬂowevér this method does not
téke intq account hydratien or any.amino ;;ZE interactions resulting
from tertiary structure. However parfial specifié volume is relatively
:insensitive to these factors. There%oré the partial sbecific vQ lume -
qgiculated by the method of Zgmyatnin (1972) can be,considereq reliable.

It seems that the partial specific volime of the proteinfis

dependent on the environment it is in. Since the protein‘is embedded
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in the bilayer, it 'may have a differemt partial specific volume thgn

n -

it has in buffer since it may interact selectively with charged head
groups and hydration wbuld be minimal within the bilayér.

. However the results obtained from the densimetér can be con-

sidered both accurate and precise. The precision of the partial specific -

volume is about 5.5 x 10'-3 ml/g while the accuracy is almost as good.

The accuracy was determined by measuring the partial specific volume

of BSA and lysozyme and comparing then to literature values (see Re-

sults).

The acrtual method to determine the partial specific wolume has"

2 2 .

limited error, The calibration constant, k, which is T H O—T /

. : 2
has minimal error since QH 0 and oair are interdational values having
2 o

little or no error. The T values are again in errvor of about 1 x 10-5 as
shown by the precision measurements. To calculate the density of the

sample or buffer, the equation used is:

_ 2
= [T sample

2 C ° -5
o) - T " o)/k] + Py o The T values have a 1 x %0

2 2
error inherent in them while k has about 2 x 10“5 error. Most error

sample

comes when partial speéific volume, v, is calculated.

Since V'=' (l/pbuffer‘) 1 - (osample - pbuffer

/C)] we can see by the error
analysis above, that the densities have very little,if amy,error. So

we can with good confidence subtract Obdffer'from 0 . The main

sample

error comes from the concentration. The error in protein determination
is about 5% as it is in the phosphate‘determination. This gives ts an

overall error of about 5% in C, thus.giving‘ad overall error of 5% in v.

~—

Therefore one can see that this method for determiﬁfﬁg\partial spgcif;c-

volume has little ‘error. By looking at the error in Ehe,partial specific -

,07 air’ "B 0" air

R
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volume de;ermination‘of BSA‘and lysozyme we find it to be as_low as
2.5%. So an ove;all error estimate of 5% in partial specific volume
seems quite reasonable. |

Overalf this study has shown a numHef of things. Lipophilin

has a condensing effect on DMPC bilayers throughout the lipophilin

percentages tested, below, near and above the phase transition of the

lipid. Thé partial specific volume. of lipophilin has never been reported.

In this study, this parameter of the protein is evaluated using a rela-
R
tively new technique; namely densimetry. In the course of this study

a
v

the technique itself has been shown to be accurate as_well as precise.
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