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ABSTRACT

PROTEIN-LIPID INTERACTIONS:
THE ROLE OF DIVALENT CATIONS
IN
MIXED LIGAND COMPLEX FORMATION

by

Robert E, Hauser

Advisor: Professor Bernard J. Bulkin

* 3t 3k 3 ki2 ¥* +* 3* w ¥* #* 3k +* 3

A possible mode of lipid-protein interaction
in cell membranes is via mixed ligand complex formation.
In such complexes, divalent cations would link a protein
ligand, coordinated via NH,, coo™, POM- , or the amide
carbonyl, to an acidic phospholipid, e.g., Phogphatidyl-L-
Serine (PS) coordinated via, €007, PO@- or at higher pH,
_NHZ‘ Mixed ligand complexes of this type have been
prepared with Cafz, PS, and a wide variety of amino acids,
several di and tri peptides and three proteins. These

mixed ligand complexes were analyzed using analytical

chemical methods, Infrared and visible spectroscopy.

Results will be presented describing the time,
pH, specifiec ligand and the specific cation dependence
towards these lipid-protein interactions. Further results

will describe the effect of this mixed ligand complex

XII




XI1I

formation on the.permeability of mixed phospholipid
vesicles to glucose and inorganic phosphate. Together
they will focus more attention on thisrmode éf lipid-
protein interaction in cell membrane function and physical

striucture.



INTRODUCTION

BIOLOGICAL MEMBRANES
AND
MOLECULAR COMPLEXES

When one ponders the idea of life itself or more
generally, on independent existence, one must at least
concede the fact that the individual "1life" must be

separated from its enviromment.

Cells exist by virtue of a surface barrier or
membrane and thus this membrane must play a cruqial role
in the physiological funcitions associated with that cell.
Membranes, as they are presently conceived, were first
suggested to exist in the ldte 1800's as a result of
experiments performed on plant cells.l’z’3 However, it

4.5,6 that the role of the

was not until quite recently
biological membrane was considered to be more than a
demarcator of protoplasmic space or a mere diffusion
controlled static barrier. It is now believed that
regardless of which membrane model is in vogue, the
membrane is a dynamic structure in continual compositional
flux about which numerous biochemical and physiological
reactions of life occur in, on and through. Such
processes as oxidative phosphorylation, vision, nerve

impulse conductance, ion tfansport, protein and lipid

biosynthesis, and the Krebs cycle are all membrane phenomena.



Ironically, it is this diversity of both function and
structure coupled with the numerous experimental and
logistical problems of handliing natural biological
membranes which pose a challenge to the blological
sciences to elucidate both the structure and functional

mechanisms of cell membranes.
a) Membrane Composition and Models

in the attempt to elucidate the dynamic
.structure of a cell membrane, a primary point of attack
would be the total molecular composition of that envelope.
However, it is a weli~characterized fact that membrane
composition varies from one class of cells to another 7189
ags to the amount and nature of the lipids and proteins
present. Generally, biological membranes are found to
contain four major classes of molecules! 1) 1lipids,

2) proteins, 3) sterols, and 4) water.

The lipids, essentially all present as
phospholipids, make up from 25 to 50% by weight composition
of the specific membrane.lo Normally, the remaining 50%
of the total weight of the membrane is made up of either
structural, metabolic or transport proteins, or a

combination of each.

Steroids, such as cholesterol are present in all

membranes to varying degrees with the exception of



bacterial membranes. It is believed to play a
significant role in both the structure of the membrane
and in the selective permeability of certain organic
solutes. Water, on the other hand, is associated with
the polar head groups of all species at the lipid/water
interface. Yet knowing the exact composition of a
specific cell membrane does not shed light on the
structure of that membrane nor does it diredtly relate to

the molecular interactions which are ever present.

To compensate for this lack of structural
insight, a number of model lipid-protein systems have
been advanced to simulate a cell membrane structure.
Figure 1 demonstrates the foremost suggested model, the
lipid bilayer system. ZThe idea emanated from the
classical experiment of Gorter and Grendel in 1923.
Knowing that 1lipid molecules arrange themselvesg at an
air/waterinterface with their polar substituents in the
water phase and the hydrocarbon tails in the air, they
estimated the thickness of an erythrocyte membrane by
extracting the lipid and spreading them over such an
interface. Even though their calculated surface area and
total l1ipid composition were incorrect, their conclusion
that the lipids form a double layer was correct. Figure 1
shows this arrangement delineating both the hydrophilic
polar head groups (the circles) and the hydrophobic

hydrocarbon chains (tails). Experimental evidence such



Figure 1

Bilayer Arrangement of Lipids

The circles represent the polar head groups,

the tails are the hydrocarbon fatty acid chains.






as X-ray diffraction.l2 electron microscopy,13 electrical,la

and surface tension measurement 15 supports this arrangement.
In fact, it was the surface tension experiments which led

16

to the Danielli and Davson model which improved the
bilayer model. This system incorporates the 1lipid bilayer
leaflet but also adds a layer of hydrophilic protein to the
polar surfaces above the membrane. Figure 2 shows such an
arrangement with water acting as an intermediary between
the lipid and protein surfaces. ®Subsequent membrane
investigations supported the existence of such a protein

sheath. 7+ 18

Various other models have been proposed 19,20,21

in accord with experimental evidence but only that of
Vanderkooi/Green and S.J. Singer included a dynamic molecular
flux to their model. Known ag the protein liguid crystal
model, Figure 3, it incorporates the lipid bilayer concept
with proteins either in a helical or globular form
distributed above and in the membrane itself. DMogt of the
direct evidence comes from the X-ray diffraction studies of

22423 which indicated a

untreated retinal disc/membranes
constant thermal motion in the plane of the membrane. It is
this model which satisfactorily accounts for the experimental
observations of the properties of cell membranes and the

interrelationships of lipids and proteins.

With this model insight into membrane structure
at hand, scientists can better recognize, understand and
predict the numerous lipid/protein interactions which are

continually present and which comprise the membrane



Figure 2

The
Dgnielli and Davson

Lipid Bilayer Model



y Protein

(;3 Configuration)




Figure 3

Lipid Bilayer Conception
of the Liquid Crystal Membrane Model

The outer membrane protein is expected to be in
the B configuration while the internal protein may be in

a random coil or=helix as depicted.
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envirorment. 1t can be argued from a purely bilochemical
point of view that the physiological functlons and

physical structure of such biological membranes can to

a gfeét cegree be reduced to the interactions of proteins,
peptides, amino acids with phospholipids, metal ions,

and water. These interactions would lead to the

Tormation of molecular complexes, €.8&., Lipo-proteins,‘?‘b”28
which have been found to play a significant role in
various blological processes. UGenerally speaking,
these complex molecular associations, both the lipid/lipid

and lipid/protein interactions can be summarized as followg:
1) &lecktrostatic Interactions:
The direct attraction of oppositely charged
or dipolar species. This interaction would include
hydrogen bonding, Yan derivaalg forces, normal ionic bonding

and metal bridging of anionic functional groups or species.
2) Hydrophobic Interaciions:
The attractive force experienced by the

respective non-polar alkyl chains of both the lipid and

protein gpecies.

However, these interactions can be broken down

. to +the more specific nature of the reactants. In the case
of lipid/lipid interactions, numerous experiments have
been performed in order to prove the existence of the

hydrophobic center array which all membranes are expected

11



to contain29_32 as well as experiments investigating

the primary mode of association. DBriefly, 1t has been
found by Gririen? +that the area occupled by lipids in
vegicleg, mono and bilayers is determined by the nature
of the fatty acid chains present. long chalin saturated
fatty aclds form more compact filmg while unsaturated
chaing lead to more expansive films. Yhe addition of
cholesterol also influences the area of monolayers by
contracting them proportionately through increasing the
hydrophobic interactlons within the system. Yhese data
only approximate the molecular 1lipid/lipid effects in
the membrane but do substantliate the hydrophobicity of
the "corz" of the membrane. Lipid/protein interactions
on the other hand are known to play a more determinate
role in membrane organization. liost of the model systems
previously presented represgent a }3 or extended
configuration protein above the surface of the lipid
presumably associated by elecireostatic atitractions.
However, 1t 1s also widely known that other proteins are
indigenous to the membrane. 1t is now believed that
these intra membrane lipild/protein interactions are mainly
hydrophobic in nature due to the relative ease

of lipid and protein igolation from membranes under
mild conditions. 3%:35 1y fact, Wallach has

shown that the <ertiary structure of the protein in

contact with a membrane is detemined to a great degree

12
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by ‘the amount of hydrophobic attraction it is subjected
to. This does not, however, rule out electrostatic

interactions as a major adhesive or cohesive force.

In the pursult of the lowest free energy state,
it is agreed by a number of investigator836—38 that
multiple forces must be involved as the "organizing

membrane forces." Therefore, it is the combination of

the various 1ipid and protein interactions, hydrophobicity,
dipole/dipecle and electrostatic attractions, which lead to

the formation of the ubiquitous physiological envelope.

Yet throughout the above quoted experiments, one aspect

of electrostatic interactions, the metal bridging of a

protein and lipid, has entirely been intuitive speculation.39-47
However, it is a well-documented fact that biological
fluids are comprised of varying amounts of several mono
and multivalent cations, KT Na? Cé*and Méb%eing the
primary constituents. It is also known that such cations
as Fet3, Mn+2, Cu™2 and Co+? are both present and are
completely necessary for diverse biologilcal, biochemical
and physiological functions. It is this universal
presence of these various ions and the experimental
evidence of both lipid and peptide ion exchange and metal

chelation properties which directs speculation towards

the possibility of a mixed ligand moiety.

It was and is the point of this thesis to

investigate, examine and hopefully characterize this
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possible and often conjectured mode of protein/lipid

interaction, a metal chelated mixed ligand complex.

Results will be presented on the formation of
a mixed ligand complex utilizing the anionic
phosphatidyl-L-gerine, (Figure 4) and various amino
acids, di and tri peptides, fatty acids, organic dyes and
proteins. Results will be presented on the particular
divalent metal, pH and ligand specificity of these
reactions. Work will also be presented on mixed vesicle
systems and the effect of mixed ligand formation on

glucose and phosphate release from these vesicles.,




15

Figure L

Structural Formulae of the

Phospholipids used in +this work

The R's represent hydrocarbon chains, usually

in this case, some of which may be unsaturated.

C17ttss
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EXPERIMENTAL TECHNIQUES

A) Infrared Specirometer:
Infrared spectra were obtained on a Perkin-

Elmer Model 521 dual grating spectrometer with a range

1 to 250 em™t. The instrument was run at a

spectral slit width of about 1 em™*. The chart paper

of 4000 cm™

used to record the spectra had an ordinate which
represented percent transmittance and an abscissa which
was linear in wave number. Samplgs.were either a thin
£film about 10 um thick, held on IR tran-2 plates or a
Mujol mull placed on 1 cm thick CgBr salt plates,

B) U V3 s o4 s :

Absorption spectra were obtained on a Cary 14R
with a range of 1860 A° +to 26,000 A®, The instrument was
run with slit width of 1.0 mm. Ninhydrin samples were
prepared normally and were contained in Luminon 21 Quartz

(10 mm) cells.

C) Vigible Specirophotometen!

Vigible region absorbances were recorded on a
Beclman Model B spectrophotometer. The instrument was
equipped with a red sensitive phototube which gave the
instrument a range of 675 nm through 1000 mm. Runs were

performed with slit width of .1 mm.
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Samples were contained in luminon 21 Quartz

cells (10 mm).
D) PH Meter:

The apparent pH of all samples was obtained
utilizing a Brinkmann E-512 with a Thomas combination
electrode {glass/Ag-AgCl) with a temperature range of
0° - 75° and a pH range of 0 - 12,

£) BSonicaton:

A sonifier cell disruptor from Heat Systems -
Ultrasonics, Inc., Model W140 was used to prepare lipid-
water gels and mixed phospholipid vesicles. Weighed
amounts of lipid were dispersed in an accurately measured
amount of glass distilled, doubly deionized water in a
cooling cell, supplied by the above company. A microtip
was immefsed in the suspension and the material sonified
from 2 throuzh 15 minutes at setting 4 or 5. Optimum
conditions warrants this procedure to be done in an N2
atmosphere to prevent oxidation of the lipids. However,
a stream of N2 applied to the surface of the susgpension

will suffice,

F) Nuclear Magnetic Resonance:

The proton MIR gpectra of the reactants and the
Q
dilipid complexes were obtained on a Model A-60 NMR
Spectrometer from Varian Associates, Inec. Solvents used

were D,0, CD013 and CDBOD'
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CHEMICALS

Phospholipids: All phospholipids used were chromato-
graphically pure (TLC and Column).

A) Phosphatidyl-L-Serine:

This was supplied by Schwarz/Mamn Chemical Co.

38 A(qre gilica gel w/CH CL-ETOH H 0 [?5 25:ly - Vv FEPhY
(TLC-gilica gel w/bn3bh~ LOI~11,0 LP5 2534 = V/EJ solvent

system) showed contaminants at Rf 0.12 and 0.58 which
could easily be separated from the product (Rf 0.66) as
described in the experimental. The molecular weight was
approximately 788 and % P = 3.93. The lipid probably

contains some degree of unsaturated fatty acids.

B) L-Phogphatidyl-Choline (EGG):

The lipid was obtained from Sigma Chemical Co.
in an n-hexane solution Type 111-£, Chromatographically

pure, molecular weight approximately 780.

Amino Acids, Peptides, FProteins:

All amino acids and peptides were
chromatographically pure (TLC)} and metal free. (EDTA

treated). The proteins were obtained as pure as possible

and metal free.

C) L, Alanine: Arginine; Asparagine; Aspartic Acid;
Cysteine; Cystine; Glutamic Acid; Glycine-



All were supplied by the Sigma Chemical

Company.
D) GlyGly-Glycipe and Glycylglycine:

This was supplied by Schwarz Mann Chemical

Company and was TLC pure.

E) Glv-Glv-E -5 :

Prepared from (D) by refluxing (4 hrs.) in
ETOH/HC] solution of Gly-Gly.

F) Glycine-L-Phenylalanine; Glyecyl-Glyeyl-Phenylalanine;
Glycipe=L-Froline; FPhenylalanyl-Phenylalanine;
reduced Qlujaihinné; Alanyl=-Glycyl-Glycine;
Glyeyl-Glycyl-Alanine; Glyeyl-Glyeyl-Leucine;
Lencyl=Glyeyl=Glycine?

A1l supplied by Sigma Chemical Company and were
TLC pure.

G) Aibuymin (Eggl:

Grade V1¢ Salt free and lyophilized. This
was supplied by Schwarz/Mann Company as a (5X crystallized)
white powder. The molecular weight is unknown but is

approximately 43,500 with 5-6 moles mannose/mole and 1%

20
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extranecous protein detected by electrophoresis on
cellulose acetate in barbital buffer; pi .6 ionic

strength 0.075. The isoelectric point is 4.9.

H) Alpupin (Bovine) s
f‘:ly 0 o Tt " » = [ - C - C _
ihis wag supplied Dby =wigma Lhemical Company
(Fraction V) 15.4# I content. <£ssentially fatty acid

free (less than .0054).
1) Fhogvitin (Eggl:
ihis was also supplied by the Sigma Chemical
Company - 11.9% phosphorous molar N/ ratio of 2.7.
Protein treated with LuT4 to insure the absence of bound
metals. #Holecular veight = 33,210.

J)  sguine iomi

-

(liolecular weight is 652); This was supplied
by Sigma Chemical Company.
£) Ipsulin-Chain-A-Oxicized (Glycyl) :
(liplecular weight is 11,466); Thig was supplied
by hamm hesearch Chemical Company.
L) Poly-L-Alanine; ¥oly-Glycine: Foly-L-Hydroxy
Frolines
These also were supplied by the Sigma Company.
holecular weights are high for each (10-25,000) but the

actual value wag not established.
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A1l other chemicals used such as Triketohvdrindene
Hydrate (Ninhvdrin) or TRIS-(Hydroxymethyl-

Aninomethane) were supplied by Aldrich

Chemical Company with 99% + purity.

All the salts used such as Ca.Cl2 were supplied by
Figher Scientific Company as reagent grade

or higher purity.

+ . .
The glucose, phosphate and Ca diagnostic
reagent kits were supplied by Pierce Chemical

Company .

The water ﬁsed throughout these experiments was
normally glass distilled twice and deionized
using a commercial resin deionizer and treatment
with ZDTA followed by a third glass distillation.
The amounts of divalent metals remaining in
the water did not interfere with -the
complexation reactions. This water was boiled

before using to remove excess 002.
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PROCEDURAL TECHNIQUES

A) Preparation of the Mixed Ligand Complex:
Three methods may be used in the preparation

" of mixed ligand complexes.

Procedure 1:

A weighed amount of pure phosphatidyl-L-Serine
is suspended in a measured amount of glass distilled,
doubly deionized water.¥ Dispersion of the 1lipid may be
accomplished by sonication and/or manual or mechanical
agitation. In separate vessels equimolar amounts of the
prospective ligand and the metal chlorides are dissolved
in a measured amount of water. The protein/peptide/amino
acid solution or solid, which works as well, is then addead
to the lipid dispersion with stirring. Finally, the salt
either as the sclid or the solution, is added, usually
accompanied by immediate precipitation. This precipitation
is determined by the molar quantity of the lipid. Usually,

a lipid concentration of 10-& molar will precipitate out.

The +two other procedures are only variations of

Procedure 1.
Procedure 23
It ig basically the same as Procedure 1 except

that the metal chloride is added to the peptide solution

% All glassware was treated with EDTA, rinsed,

soaked in deionized water and oven dried before use.
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which then forms a metal-peptide (1:1) complex, which

is then added to the lipid suspension.

Procedure 3t

A weighed amount of the peptide ligand is
dissolved in a measured amount of water. Te this
solution, an equimolar amount of 1lipid is added with
subsequent dispersion. An equimdlar amount of the metal
chloride is now added as the solid or solution. The
one drawback to this method is that at molar concentrations
(1ipid) in the range of 1071M - 10'3M, the lipid may form
a multilamellar liposome or vesicle which may entrap the
peptide within the liposome thereby reducing the effective
peptide concentration and increasing the likelihood of
dilipid complex formation on addition of the metal
chloride.

It is important to note here, that if the
metal chlori@e is added to the lipid before the addition
of the peptide ligand, only the dilipid complex will form.

Analysis will show absolutely no mixed ligand formation.

Overall, Procedures 1 and 2 give identical
results while Procedure 3 gives a slightly higher dilipidq
complex formation. A gchematic of the above preparatory

reactions are shown below?

. + —_——
Procedure 1/3+ PS + Peptide + M 2 —_
PS - M - Pep + Pep-M' + M(Ps),
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Procedure 2: PS+Pep-M’ === PS_M-Pepth(PS)
+ Peptide

PSHI' 2 —= H(PS)
u(PS) tPeptide 7> N.R,
B) o Adj Lini i S
before Complexationt
The natural pH of the solutions of the
reactants used in this work raﬂged from 3.5 —=5.0,
Adjustments to the pH of these solutions before
complexation may be accomplished by the addition of NaOH
and the appropriate buffer system. For desired pH's
below 7.0, NaOH is added with either a phthalate or
phosphate buffer. However, both these buffer systems will
compete for the divalent metal halide and may precipitate.
| Bxperimental evidence has shown that more of the metal
is necessary to complete the complexation with these
buffer systems. However, mixed ligand complexeg will be
formed under buffered conditions or as was predominately
used in this thesis, in the case where the buffers were
omitted and only NaOH was added. For +the desired pH's
above 7.0, NaOH and/or the appropriate TRIS buffer
system can be used without any interference in the

complexation reaction.

C) Separation and Isolation of Productss
After complexation, the products are centrifuged

down (eclinical centrifuge is adequate). The supernatant
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is decanted off and the precipltate is washed with glass
distilled, doubly deionized water at least three times

to insure the removal of all uncomplexed peptide ligand,
The precipitate may be washed with an ZDTA golution, if
the experiment so warrants. After each washing the
precipitate is centrifuged down, supernatant decanted

and the washing repeated. After the last water washing,
the precipitate is washed with a solution of chloroform -
ethanol-water (65:25:4 ~ V/V}, This will remove any
dilipid complex. Two or three ml. of water is now added
with the formation of a biphasic system. If a mixed
ligand complex ig present, it will remain as a precipitate
at the interface of the dual system. The organic layer
is removed, the precipitate centrifuged down and the
vater layer decanted off. The precipitate is now dried
Tor at least three hours on a high vacuum line equipped
with an Hg diffusion pump and a liquid N2 trap

(approximately 0.3 mm Hg),
. . . . 67
D)  Anion Apalysis (Chloride):

4} Gravimetric - 5.0 ml of the supernatant
liquid (approximately 0.1 M solution) is treated with
3 ml of 6F nitric acid and diluted to 100 ml in a 200 ml
beaker. A 5% solution of AgNOB is added to the cold
solution. The solution is heated to near beiling and the

precipitate digested for 10 minutes., After standing
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overnight in a dark place, the supernatant is filtered
through a weighed filtering crucible. The precipitate
is washed several times with 2 ml of 6F HNOB/liﬁer HEO'

dried at 105° C and the chloride reported as » of AgCl.

B) Volumetric - 5;0 ml of the reaction
supernatant is diluted +to 100 ml with distilled water.
10 édrops of dichlorofluorescein solution (0.15) and 0.1lg
dextrin are now added. JImmediztely, the solution is
titrated using a standard AgNUS (0.1¢) solution until
permanent appearance of pink color is developed. Heport

chloride directly.

Both of the above analytical techniques were
utilized in this thesls to ascertain the amount of chloride
remaining after complexzation. Yhe volumetric procedure
was the method of choice, since it was noted that the
zravimetric procedure at times gave higher valueg for the
remaining chloride presumably due ito the presence of
precipitatéd peptide. Yhe information obtained was usged
in conjunction with the following cation anélyses to help

substantiate the gtolchiometry of the complexes formed.
E) Cation fnalysis:
This analysis can be carried out in three

diatinct manners.
1) Ca -
a) Gravimetric -~ 5 ml aliquot of supernatant

diluted to 50 ml with distilled/deionized water and treated




with 5.0 ml of 6N HCl. The solution was heated for 15
minutes to drive off excess 002. When the mixture
 cooled.to 75% C, 25 ml of a 10% ammonium oxalate
solution is added with 3 drops of methyl orange. A 50%
NHB solution is now added dropwise until a yellow color
formation. A white precipitate forms and after standing
for at least one hour, the mixture is filtered through

a weighed crucible and the precipitate washed and dried.

++ +
Ca  is reported as the % Ca 2

per the oxalate complex.
However, this technique can now be expanded to an

oxalate determination as follows. The crucible is
transferred to a reaction flask which contains 100 ml 4/d
H20 and 50 ml 6N H2504. The solution is heated (precipitate
dissolves). The solution is now titrated with 0.1 N KMno,,

until the slightest permanganate color remains (i.e.,

+
2Hino, - + gt + 5H.,C,0 === Mn 2 + 10C0, + 8H,0). Results

2
are reported as amount oxalate present.

b} Complexometric Titration:

1) Erio T indicator (substitution titration)
5.0 ml of the supernatant is neutralized with NaOH and
diluted to 50 ml. 1 ml pH 10 buffer, 0.5 ml of 0.1 M
Mg-EDTA complex and 2 drops Erio T indicator added. This
is now titrated with standardized 0.01M EDTA with a color

change of red to blue.
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2) bMurexide Indicator (direct titration)
5.0 and 10.0 ml aliquots of the reactions supernatant are
diluted to 50 ml and neutralized with NaOH, 5.0 ml
1.0M NaOH is added followed by the indicator with
immediate titration with standard 0,01M EDTA, The color

change is from red to vieclet.
¢) Colorimetric Determination:

(Pierce Chem. Rapid Stat. Kit). 0.05 ml sample
of the supernatant is mixed with 3 ml of a 1.1 sclution
of a dye feagent (0.018% methylthymol blue, 0.036% 8 -
quinolinel) and base reagent (sodium sulfite,
monoethanolamine). The color develops virtually
instantaneously and the absorbance is read on a
spectrophotometer set at 612 nm. This procedure follows
Beer's Law from 0 — 12.5 mg/dl of sample and ‘the cﬁrve

is shovm below.

Mbgorbance
I T
U;U’U|""‘.‘
i
‘\

- b
1

.05“\'

5 o ias 15

) A+
Concentration Ca 2

(me/d1)



30

The amount of calcium present ig determined through use

of a standard (10 mg/dl) and the following equation:

- _ _
Ca ~ con unknown = Ab.sszrb.a.muﬂnlmmm% ;
Absorbance Standard (.550)% 10 me/dl

There is no interference from the presence of peptide or

other cation species.

2) Mg+2 ~ Complexometric Titration -
direct titration. Acidic 5 ml samples are first neutralized
with 0.1 M NaCH followed by dilution to 50 ml. 1.0 ml
pH 10 buffer (TRIS) and 5 drops Erio-T indicator added
followed by titration with gtandard 0.01 M EDTA, color
change is from red to blue,

+2
+ . .
) Sr 2(Ba"“)_ Complexometric Titration -

3
substitution and back titration. 5 ml of supernatant
neutralized with 0,1 M NaOH and diluted to 50 ml with
H20 and 5 ml 0.1M Mgfz EDTA, 1 ml pHl0 buffer and 2 drops
of Erio-T indicator. Solution is now titrated with 0.01 M

EDTA until color change of red to blue.

L) Mn'? - Complexometric Titration -
direct titration - 5.0 ml of supernatant treated with
5 ml triethanolamine solution (20%) and one spatula full
ascorbic acid, followed by neutralization with NaOH and
adjusted to pH 10 by addition of buffer. Erio-T indicator
added with titration with 0.01 M EDTA until color change

of red to blue.
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5} Fe'3 - Direct Complexometric Titration -
5 ml of the supernatant is first acidified and then
neutralized if necessary with NaOH to the first change-
of Congo red paper (pH2-3). Approximately 0.2 gm glycine
added with a few drops of variamine blue. Titrate with

0.01k EDTA, color change is blue-violet, gray-yellow.
+
6) a1"2 -

The entire supernatant is treated with 1.0M KOH with the
precipitation of Al(OH)B. The mixture is centrifuged

dovn and separated. The precipitate is dissolved in

0.,1M HC1 and EDTA ig added to slight excess. The pH is
now adjusted to 6 by the dropwise addition of N, OH (check
with methyl red paper). Boil and cool mixture. Dilute

to 100 ml and add 3 ml 1M Na acetate. Add 0.2 gm salicylic

acid and titrate with standard 0.1 M FeCl_, until red-brown

3

color persists for a short time.

?) Gu+2

- Electrogravimetric -

The entire supernatant (10-15 ml) is treated with 0.1 M
AgN03 until all free chloride is precipitated. The
solution is diluted to 50 ml and 2 ml con. H2504 and

2 ml 6F HN03 ig added., A weighed platinum electrode is
placed on the negative electrode of a varlable amperage
electrolysis apparatus. Allow 2 amps to pass through the

2

. +2 .
cell until all Cu “ ig deposited. Remove electrode, wash

with absolute ETOH and dry. Reweigh and report amount Cut?

deposited.,
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F) Total Phosphorus Assay: o1

2.0 ml of the sample to be analyzed (suspension
or as a weighed solid complex in 2 ml Hzo) and 0.5 ml
H2304 placed in 12 ml conical centrifuge tube and heated
in an oven at 150° C for 3 hours, After this time,

2-3 drops of 30% H20 is added and the mixture returned

2
to oven for 2 more hours. 4.6 ml of 0.22% ammonium
molybdate and 0.2 ml of the Figke-Subba Row reagent

(0.5 gm, l-amino-2-napthol-4-sulfonic acid and 1.0 gm
anhydrous sodium sulfite in 200 ml 15% sodium bisulfite)
is added, mixed thoroughly and heated in boiling water for
7-10 minutes. The optical density at 830 nm was recorded
on a photometer with a red sensitive phototube. This

method is primarily used for phosphorus bound as
phosphate esters in the original sample.
G) Liposome Preparation:

1) Sonication method -~ This method is
basically described in the ingtrumental section of these
techniques. It should be noted here that this procedure
is a well-documented scheme of producing uniform vesicles
of both pure and mixed lipid systems. 7H,97-99 The average
dismeter of these vesicles is approximately 160 A° (range
125 - 250 4°) 88 .nd have an average molecular weight of
4 x 106. 48 The typical methods of analysis for these

vesicles is either via electron micrograph or gel filtration



on Sepharose 4B Column. However, no vesicle size analysis
was performed on the vesicles of these experiments

since the preparative procedures were followed exactly

to those referenced and the actual liposome size did not

play a critical role in the experiments performed.

The following figures give the amounts of lipid

L

(2 x 1077 mole total) used in the mixed liposome

experimentst

PC (gm) PS (gm)

9/1 - 0.1418 0.0158
3/1 - 0.1181 0.0394
1/1 -~ 0.0788 0.0788
1/3 - 0.0394 0,1181
1/9 - 0.,0158 0.1418
2) Mechanical or manual method - This procedure

is self-explanatory. The lipid is added to a aqueous
medium and agitated. Actually the lipid will disperse

on its own forming a multi-lamellar liposome with

particle sizes ranging from 0.1 to 15 um (95% from 0.1 —==
2 um) as compared to the average sonicated vesicle size

of 16 nm. This system has been criticized by a number of
investigators9? but past workloo'l62 has shown that
heterogeneity of these preparations is not of great
importance. This method was used primarily in the mixed

ligand formation experiments.

33
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3) Non-sonication techniques: ot

An ethanol solution of the lipid(s). is rapidly
injected with a syringe into a 0,16 M KCL solution. All
solutions are purged with Nz. The suspension can be
concentrated by ultrafiltration but larger liposomes may
form if the volume is taken below 2 ml. Infrared spectral
analysils of these vesicles showed no evidence of oxidation
and a homogeneous preparation of liposomes with an assumed
average diameter of 26.5 mm. These vesicles were of the
single bilayer type and are, according to the authors,
(Ref. 101} indistinguishable from those prepared by
sonication., This author did not observe any difference
in the vesicles produced by this method or by those of
the sonicated procedure. Both vesicles reacted in the
exact same manner in the mixed ligand reactionsg and in
the solute efflux experiments and could be used
interchangeably. Infrared and HL MR 6o MHz spectra
did not show any difference in the vesicles from the

sonicated or the injection methods.
H) GIHQQSQ Analmisl
This procedure used the single reagent
quantitative colorimetric determination of glucose
(Pierce Chem. Co.)s 0.0 5 ml of the sample is mixed

with 5.0 ml of a color reagent (active ingredients:

acetic acid, 95.1%; O-toluidine, 4.6%; Thioureu 0.14),
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The mixture is heated for 10 minutes at 100° C, The
solution is cooled for 2-3 minutes and the color intensity
is read at 630 nn. The calculation of the glucose
concenitration is determined by the usge of a standard

and the following equation:

Glucose con Unknovm = A U ar
Abs, Standard (0.182/100 mg/dl)

The reported precision of this method is 0.4%, Beer's

Law holds from 0 through 500 mg glucose/dl.

/.2
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Note: ‘he above graph and those used in the Ca 2 and

phosphorous deteminations were prepared from data given

by the Fierce Chemical Company. ZYersonal spectrometric

analysis before and during each experiment produced identical

results with that given in these graphs.
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0.0 5 ml sample is mixed in a test-tube with
1.5 ml of a reducing reagent (p-methylammonium-phenol
sulfate, 0.5%; sodium metasulfite 1.5%.) Now 0.5 ml of
the molybdate solution is added (ammonium para molybdate,
1.41%; sulfuric acid 2.65%) followed by 0.2 ml of a base
reagent (no active ingredients, 67.5% of a non-reactive
organic base). The mixture is allowed to color develop
for 5 minutes and the intensity is read at 690 nm on a
spectrophotometer. FPhosphorus concentration is

determined by use of standards and the following equations

Phosphorus con Unk = %hs;_gnki_x_5¢%_m§£ﬂ}
bs. Standard (0.245) for 5.0 mg/dl

Beer's Law is observed over the range of 0 through 20 mg/dl
phosphorus. The reported precision is 0.8% for this

method. -
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EXPERIMENTS AND RESULTS

Anionic phospholipids have for a number of years
been considered to be the major lon exchange medium in
biological membranes.qs'm’é2 Numerous studies on the
acidic phospholipids as monolayers,49-5l bilayer852'53 and
54-56

ags multilamellar vesicles and experiments investi-

48,51,57-60

gating the effects of divalent metals on these

same lipid systems have greatly increased the overall
knowledge of possible cell surface reactions.61
Notwithstanding, these and the few experiments on metal
induced protein/lipid interactions,43’44'475119 direct
evidence of a mixed ligand complex in an aqueous medium
was lacking if existent at all. The initial thrust of
this work was to make, isolate and characterigze such a
mixed ligand complex or "tricomplex” as it has been
sometimes referred to in the literature.Bg'uo Figure 5,
- shows graphically this mixed ligand complex and also
shows the possible binding sites for metal induced
chelation. The following experiments and the results
listed in Table 1 and 2.coupled with the preparative
procedure listed under Experimental Techniques will be
indicative of the overall complex formation reactions.
A) Mixed Ligand Preparation and Analysist
0.0788 gm PS (1 x 10_4 Mole) is added to 10 ml

distilled/deionized water or a solution containing the




k=

igure 5

Representation of a mixed ligand complex depileting

all possible metal chelation sites.
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appropriate buffer system and a standard of 0.1 Molar KC1,
The.PS can elther be manually or mechanically agitated
forming a dispersion or multilamellar liposome. It may
also be sonicated if uniform vesicles are desired,
however, this adds to the possibility of oxidation of

the polar head groups or the fatty ester side chains.

Now an equimolar amount of Glycylglycine (0.0132 gm) is
added to the lipid dispersion either as a solid or in
gsolution. The P5/Glygly mixture is agitated again to
insure equal distribution. The pH may be checked at this
point and adjusted to the required level by the addition
of 0.1000 N NaOH golution. After this has been completed,
an equimolar amount of the metal chloride in this case

CaCl, . 2H20 is added to the mixture either as a solid or

2
as a solution. A precipitate will form immediately on

the salt addition. As stated in the preparation

techniques, & definite precipitate formation is dependent

on the overall 1lipid concentration. The precipitate in

this case may either be the mixed ligand complex

(P~ - Ca' " - GlyGly) or the well-known and characterized di-

- . 2 T .
64-66 The dipeptide - Ca = complex is

lipid complex.
soluble in this aqueous system. The precipitate is
centrifuged down and the supernatant is decanted off.

The isolation and separation techniques are listed in the
experimental section and are the same for all the species

shown in Tables 1 and 2. 4#Analysis of the complexation

reactions now follows a three pronged attack: 1) a protein/




Table I
Binding of Amino Acids fo
. +
Phosphatidyl Serine and Ca 2

in a Mixed Ligand Complex

% Mixed Ligand Complex Formation

—Amino Acid —pi 7,0 pH 7.3
D,L, Alanine 35 % 63%
L, Arginine o .1 0
Agparagine 0 0
D,L, Aspartic Acid ho 51
Cysteine 5 1
Cystine 0 0
D,L, Glutamic Acid 0 10
Glycine 68 75
Histidine 54 40
Leucine 65 72
Lysine 5 11
Methionine 0 0
Ornithine 35 L3
L, Proline 52 53
ortho~-Phospho-Serine 65 60
Sarcosine 53 56
D,L, Serine - 38 b5
L, Threonine 28 22
Tryptophan 0 0
b,L, Tyrosine 15 . 15

b,L, Valine 7L 72




Table 1II
Binding of Peptide and Proteins

2

+ W .
to Ca © and Phosphatidyl Serine

ag Mixed Ligand Complexes

% Mixed Ligand Complex

at p
—FPeptide —Zal S/ A N
gly-L phenylal 25% 13%
gly~L-pro 43 40
phenylal-phenylal 3 1
glutathione 88 75
glyeglygly 25 50
glyglyala 35 60
glyglyl-leu 49 50
leuglygly 83 83
glygly-phenylal 68 67

Mples FPS Bound at pi

Protein _6.0 —a O —lals
Phosvitin 0 29-31 29-31
Ege Albumin 0 L,1-4,5 4,1~4.5
Bovine Albumin 0 6.9-7.1 6.9-7.1
Equine Hemin 0 0 0
Insulin-Chain a 0 0 0

oxidized (Glyeyl)

W2
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peptide analysis utilizing a Ninhydrin test of the
supernatant; 2) a cation/anion test of the
supernatant; 3) a TLC and Infrared Spectrum of the
's0lid complex.

I) Niphvdrin Analvsis?

The Ninhydrin test is a sensitive analytical
test for proteins, peptides and free amino acids. A&
typical test would be the addition of 1 or 2 ml of a
0.1 M ninhydrin solution (triketohydrindene hydrate) to
1 or 2 ml of the unknown sample followed by gentle heating.
If the unknown solution contains a free amine (NHZ) Zroup
and a free carboxyl (-COOH) group the test will register
positive by the formation of a color ranging from deep
blue to violet pink in a few minutes. (Proline and
Hydroxyproline will produce a yéllow color). This test
can be made quantitative by observing the absorption
spectra at 590 nm either on a Cary 14 or the Beckman
Spectrophotometer. This analysis will reveal the
concentration of unreacted amino acid or peptide present.
The buffer systems will not interfere with this test

reaction.
I1) Anion and Cation Analvsigt
The cation/anion analysis is primarily used,
in the simple complex formation reactions, to verify the

stoichiometry of the products formed. Since the anion

throughout these experiments was the chloride species,
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either a standard gravimetric or a volumetric analysis
may be used. Both methods were employed in these and
subsequent experiments (see Experimental Techniques)
giving identical results for overall chloride concentration.
Typical results for these stoichiometric investigation868

are listed in Table 3.

The cation analysis depended on the specific
species under investigation., 4As Table 3 demonstrates,
various divalent and trivalent cations were used in the
mixed ligand complex formation reaction. As can be
readily seen Cafz, Mg+2, Sr+2, Mnfz, 2173 ang Fe'3 were
the only ions that would form the mixed ligand complex.
Analysis of each will be briefly described. The Ca' @
determination can be carried out in three manners, a
gravimetric analysis utilizing the oxalate rne't:hocl.é7
a colorimetric determination utilizing the metallochromic

dye methylthymol blue®?

and a complexometric titration
using EDTA and murexide or ERIOCHROME Black T as an
indicator.’0 The method of choice is the colorimetric
determination since the presence of peptide, lipid or
other divalent cations such as Mg++ will not interfere
with the analysis. The oxalate procedure as per Skoog

and Westé? gave consistently low values for Caf+, possibly
due to the fact that the oxalate reaction was in

competition with the peptide ligand or the ligand itself

contaminated the oxalate precipitate. The complexometric

Ll



Table III 45

Stoichiometric Analysis -
Reaction of Metal Ions with
Phosphatidyl-Serine and Glycyl-Glycine =

pi 7.0 -- 7.3
% Glycyl-Glycine
Salf Reacted Complex(es) Formed
+ - - +
Alcl3 8 A1T3.(Ps )2-01( )and mT3
PST ~ Gly-Gly-201*~
BaC_'.I_2 0 Ba+2 - (PS-)2
Call1, > 99 (Max.) Cat? - PS” - Gly-Gly - 01(")
+2 -
Cdcl2 0 Ca - (FS )2
+2 -
00012 0 Co ~ - (PS )2.
+2 -
0?012 0 Cr < - (PS )2
+o .
Cu012 0 Cu = - (PS )2
FeCl, 0 Fe'2 - (psT),
— - + -
FeC:L3 74 Fe+3-(P5 )2-0%( )and Fe 3—PS -
Gly-Gly - 2C1'"
+2 -
HgClz 0 Hg - (PS )2
MgCl, 58 Mgtz)_ PS” - Gly-Cly -
c1'~/ ang Mg % - (PS")2
MnCl, ol Mn'*z..(PS“)2 and Mn'® - PS™ -
Giy-¢1y - C1'-)
- T2 -
NiCl, 0 NiTZ - (PST),
+2 -
PbCl, 0 Pp < - (PS7),
+2 -
SnC1, 0 Sn ¢ - (PS ),
srC1, 8 . Sr 2 - (ps7), and Sr 2 - PST -

G1y-61y-01'-




Table I1lap

% Glyeyl-Glyecine

Salt Regcted Cgmn]gxgesl Formed
+2 —
Z - {PS
Zn012 0 n { )2
Npotegs

1) Initial concentration of all reagents
10"2M

2) Jonic strength maintained by use of
1.0 M KC1

3) Complexes formed arrived at through

compilation of quantitative ninhydrin,
IR, TLC, cation and anion analysisg.

L6
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titration is an accurate quantitative determination for

Ca'’ but the results can be affected by the presence of

other divalent cations.

The remaining mixed ligand forming cations
(Mg+2, Mn+2, Sr+2, Al+3. Fe+3) were all analyzed by
complexometric titrations, after the quantitative ninhydrin
test indicated less than 100% peptide left in the
reaction mixture. Since the other cations in Table 3
gave a 100% peptide ninhydrin test, and a confirming
dilipid complex infrared spectrum, no further analysis
for these cations was necessary. The complete procedures

are listed in the Experimental Techniques section.

III) Thin Layer Chromatography and Infrared
Absorption Spectrat

The final analytical mode for the complexation
reactions was the analysis of the insoluble precipitate.
This analysis was accomplished in two phases: a

qualitative TLC and an infrared spectrum.

It is well-known that lipids can readily be
solubilized in a solvent of CHClB/ETOH/HZO,
(65:25:4 - V/V) or CHC1,/MEOH/H0, (58311 - VAV), 72 It ig
also known that the metal dilipid complex is soluble in
these mixtures.gB’uu’@7 However, the mixed ligand complex
is not soluble in either, but has been found soluble in a

solution of CH013/MEOH/H20-H01, (3:1:0,1 (10 N HC1) ~ V/V),
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This fact is true only when the peptide ligand is an
amino acid, di or tripeptide. The protein/hefal/lipid
system is not soluble at all in these solvent systems.
Therefore, one can use this selective solubility as a
spot test for mixed ligand formation or one can use the
acidic solvent system on a thin layer alumina or silica
gel sheet. Since the precipitate had been washed to
remove all water soluble impurities, two spots on the
thin layer sheet would indicate a mixture of dilipid and
mixed 1lipid complex. This test is norn-conclusive in
itself but it is useful in conjunction with the ninhydrin/

cation and infrared analysis.,

The infrared spectra of these products are
more informative as to the overall mixed ligand formation.
Figure 6 shows the infrared absorption spectra (KBr) of
three different forms of phosphatidylserine.72 Table &4
displays the appropriate band assignments for the
phosphatidylserine species. The structures have been
assigned to these spectra in view of the knowledge that
the metal free form corresponds to the isoelectric
point of the PS species (pH 1.2). The presence of the
1639 em™! band for the mono-sodium salt indicates that
the sodium must be bound to the carboxyl group and not
the phosﬁhate. The amount of ionization of the carboxyl
group can be determined by comparing the peak height of
the 1639 em™L to any CH band. Note also that the



Figure 6

Infrared absorption spectra (KBr) of four

different forms of Phosphatidyl-serine., (a
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Table IV

Infrared Absorption Band Assigmment
for Ionized Phosphatidyl-L-Serine

W N 1) —Group Vibration —Sirength
1739 Egter + COOH Strong
1639 coo - Strong
1555 NH3 Deformation Medium
1420 Anti-Symmetrical Medium

oot~

124 = 5 P =0 Strong
1100 P - O(") Strong
1050 P .. OH Medium
1645 COO(“) - ca’t Strong
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1739 em™t (ester + COOH) band has also been equally

reduced,

Thus, with the knowledge of the assigned bands
of the specfra, it is now possible to analyze for mixed
ligand complexation. Figure 7 shows the Nujol Mull spectra
of native metal free PS5 and the Ca.++ dilipid complex.

The band assignments are analogous to those of the KBr
spectrum and are virtually the same spectra. However,

in the case of a mixed ligand complex one would alseo
expect the representative bands of the peptide ligand

to be present. What will be demonstrated now is the
spectra of a typical mixed ligand moiety, the (glycyl-
glycine ~ Ca' - PSi, Figure 9 and one which is more
dramatic (PS™ - Ca' @ - N - Gly-Gly - L-Phenylalanine),
Figure 13. It must be kept in mind that these spectra

are representative of the spectra obtained for each of the
reactants in Tables 1 and 2 which formed a mixed ligand
complex. JIncorporation of each spectrum would be
cumbersome and would not add significantly to the

overall effectiveness of this method of analysis.

Figure 8 shows the infrared spectrum and band assignment
for the Nujol Mull spectrum of Glyelyglycine. OF
particular importance are the absorptions at 2760 em™ T,
1665 cm'l, 1598 em™L and 960 cm"l, for these absorption
bands will stand unique in the spectrum of the mixed

ligand complex as shown in Figures 9 and 10. On

examination of the spectrum in Figure 10 and comparison



Figure 7

Infrared spectra of A) PS (Nujol Mull) and
i + - - - -
B) PS - Ca -~ PS Dilipid Complex (Nujol Mull).
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Figure 8

Infrared spectrum of Glycylglycine (Nujol Mull)
with major band assignment.
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Figure 9

.Infrared spectrum of the glycylglycine/FS

mixed ligand complex.
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Figure 10

1800 = 700 cm-1 region of the infrared spectrum
of the glycylglycine mixed ligand complex.
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Figure 11

1800 —» 600 em~t region of the infrared

spectrum of the Ca(PS)2 (Dilipid) complex.
CsBr 1 em salt cell)

(Nujol Mull -
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of it to either the PS dilipid complex in Figure 7
or the abbreviated‘spectra of the PS spectra shown in
Figure 11, one can readily see the obvious difference
in the spectra and can alsge compute the amount of

peptide ligand which is present in the complex by

1 1

comparing the increase in the 2760 cm” — and the 960 cm”
band to the ionized phosphate band at 1100 em™t using
the standard base line technique. The band at 1598 em™L,
Figure 8 is thoroughly indicative of a metal - Gly-Gly

carboxyl chelate.

The above spectra of both Gly-Gly and the
Gly-Gly mixed ligand compl%x like the majority of the
spectra taken hinge on ‘the enhancement or appearance
of a new band. Complete analysis of each spectrum was
complicated by the overlapping of numerous bands of both
the PS and peptide species and by the fact that no
solution spectra could be obtained. However, the analysis
did compare well with the data received from the other
modes of analysis. The next set of spectra was slightly
more easy to interpret. Figures 12 and 13 show the
spectra of N-Glyeylglycine-L-Phenylalanine and the mixed
ligand complex of the same. - Although the absorption
bands have not been completely assigned for this species,
one can on inspection observe the number of new bands

which are now present in the mixed ligand species. Such a



Figure 12

Infrared spectrum (Nujol Mull) of N-Glycylglycyl-
Phenylalanine.
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Figure 13

Infrared spectrum (1800 —= 700 em™ 1) of the
mixed 1lipid complex of PS, Ca and N-Glyeylelycyl-
Phenylalanine (Nujol Mull).
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spectrum makes analysis of the complex precipitate more

straightforward and easier to interpret.

B) Point of Chelations

The primary goal of this endeavor had now been
achieved - the formation of the mixed ligand complex.
fnalysis has shown that this complex was in a
stoichiometric ratio of 1:1:1 and that there was a

noticeable specificity for both the cation and the

peptide ligand. However, the point of chelation was

still in doubt. Previous work on PS5 has indicated Ca++
binding to the carboxyl, 6k the phosphate, 48,7k and both
61,65

the carboxyl and the phosphate group simultaneously.
Therefore, it was imperative that the point of chelation

in these mixed ligand systems be known.

Strictly from the interpretation of the
infrared spectra of all the complexes formed, it appears

()

that the ionized phosphate (P-0 - 1100 em™1) band

is unchanged throughout. ZThe band is not shifted in

anyway as is the ionized carboxyl group of the PS (COO(") -

1 in the pH range studies (6.0 —»8.0). The

1639 cm”
carboxyl band is shifted to higher wavenumbers indicating
that the primary point of chelation is at the carboxyl
site and not at the phosphate. However, further evidence
was necessary and was obtained through the negative

results of three experiments. The first experiment

was the reaction of lecithin (Figure 4) in an analogous
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complexation reaction. Since the lecithin has no
carboxyl group, mixed ligand formation could only

occur through the ionized phosphate. The results were
that: 1)} very little precipitate was formed and 2) the
precipitate complex was only the dilipid species. No
mixed 1igand complex was formed no matter what the
ligand (Alanine, Aspartic Acid, Glycine, Glyeylglycine,
Glyecyleglycyleglycine, reduced Glutathione, Glutamic Acid,
Higtidine, Leucine, Proline, Sarcosine, Serine, Valine,
Bge Albumin and Phosvitinl}, pH (5.5—> 8.0) or cation

(game as Table III),

The second experiment was to react an
esterified amino acid (glycine, ethyl ester) and an esterifiead
peptide {glycylglycine-ethyl ester HC1l) with the PS system. |
It has been shown that the amide group may coordinate to a
metal/lipid species,?? thus the carboxyl group of the
peptide ligand may not be the primary chelation site on
the peptide ligand. The results showed that there was
no mixed ligand formation. Attempts to esterify the FS
moiety led to hydrolysis of the fatty acid esters and
thus this experiment could not be performed. The third
experiment was the reaction of PS at pH 3 (iscelectric
point pH 1.2) which contains only an ionized phosphate
with various peptide ligands and cations. The results
again showed no mixed ligand formation which indicates

that for mixed ligand formation the chelation site must
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be the carboxyl group. (This fact is also borne out
in analytical chemistry with the carboxyl group having
a greater affinity for Ca'’ than phosphate.)

C) Attempted Complexation:

Various other molecules were used in the mixed
ligand reaction. These included acetic acid, sodium
acetate, NaHzPoq, methyl red and cresolphthalein all in
an aqueous medium,and the following in a biphasic
solution of HZO/CHClB/ME0H= Stearic, Decanoic, Oleic
and Lauric acids, Poly Glycine, Poly-L-Alanine and Poly-L-
Hydroxy-Proline. The results of the agueous reactants
showed no mixed ligand formation, the dilipid complex
was the sole product in the pH range studied (6.5-7.5),
For the biphasic reaction a complex precipitate formed at
the interface of the mixture on the addition of CaClz.
This method of complexation was utilized by Hendrickson and

Fullington™’’

in their experiments on protein/lipid inter-
actions, but their work was carried out at much higher
pH ranges (9 - 14). In their experiments, as was also
true for those carried out in this thesis, the interface
precipitate would only form after addition of the metal
species. Two possibilities now exist: 1) +the divalent
cation binds +to the lipid reducing its surface potential,

thus favoring a combined hydrophopic and coordination

bonding interaction with the peptide or fatty acid ligand
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(favored by the authors of reference), or 2) a mixed
ligand complex ig formed at the interface through
chelation of the respective carboxyl groups. Suffice it
to say at this time that this author's analysis of

the complex product{s) was inconclusive.

The infrared spectrum for the fatty acid
reaction products showed a different appearance in the
1700 - 1600 cm™t region (Figure 14), but a quantitative
analysis was not possible because of the gross overlapping
of the respective bands. The TLC for the fatty acids
(CH013/ETOH/1i20-H01-3;1=0.1) displayed two spots but this
too was inconclusive because the two products could be
the dilipid complex, a mixed ligand complex or a metal
fatty acid complex. 4&As for the poly amino acids, the
infrared was totally unenlightening while the TLC of the
product(s) formed at the biphasic interface showed three
spots while some precipitate would not dissolve. These
results will be re-evaluated in the discussion section

of thig thesis.

D) Protein Complexes?

Ag can be seen from Table 2, a number of proteins
have been used with varying success in mixed ligand
complex formation. The amount of protein complexation

is reported differently from that of the previous species

and will now be explained. The preliminary reactions for



Figure 14

1800 —» 1500 em™! Infrared spectrum of the
+
Stearic Acid/PS/Ca 2 complex (Nujol Mull).
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each of the proteins was conducted in a 1$1:1 molar ratio
of protein/lipid/caf+. Precipitates were formed slowly
and were isolated, purified and analyzed as previously
idescribed. Generally, it was found that a mixed ligand
complex was formed, but not necessarily in a 1l3l:l
stoichiometric reaction scheme. This phenomenon was borne
out by the total analysis of the reaction products. The
stoichiometry of these complexes was determined in the

experiments reported below:
1) Phosvitin:

This is a phosphoglycoprotein obtained from
hens' egg yolks. It has been chemically characterized 78
and its conformation has also been studied 79 with the
following facts being discovered: Molecular weight - 33,910;
Phosphorus content = 11.8% —==12.5%; Nitrogén content =
13,0% —>13.4%; Amount Ca' and Mg++ bound S° (pH 6.5-6.8) =
127 Caf+ or 103 Mg+2; Number of ionized phosphate/carboxylate

groups per molecule (pH 6.8) = 136 phosphates, 31 carboxylates.

With this knowledge at hand two major experiments
were performed in the attempt to reveal the stoichiometry
of the mixed ligand formation. The preliminary reaction
of a 111:1 preparativé technique produced a mixed ligand
complex/dilipid mixture with the bulk of phosvitin remaining
in the sclution., Therefore, subsequent reaction schemes

followed the exact preparative procedures outlined in the



Experimental section with the following changes in the
reactions. The concentration of PS and Ca in the first

set of reactions was 100 times that of phosvitin. The
second experiment had PS5 and Ca at a 40 times concentration.
Both experiments were conducted at pH 7.0. The isolation
and analysls was done on each as previously described but
with the addition of a total phosphate analysis of the

81482 hethod also described

product using the Bartlett
in the Experimental section. Analysis of each set of

reactions produced the following:

1) 100 Times Conceptration PS/Ca:

The infrared spectrum of the crude product
depicted a mixture of a mixed ligand and a dilipid complex.
Treatment of the crude product with a 3:1:0.,1 solution of
CHCIB/ETOH/Hzo dissolved only a small fraction of the .
precipitate indicating that only a small amount of the
dilipid complex was present. A TLC of the crude product
with the acidified 3:1:0.1 solution produced two distinct
spots while the TLC of the product after workup showed
only one spot which is consistent with the previous

observations.

Analysis of the supernatant using both a
ninhydrin and a biuret test for proteins gave negative
results indicating that all of the protein had been

s s . . . +
precipitated out of solution. A colorimetric Ca 2
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determination discovered that approximately 33-37% of the

original amount of Ca added remained in solution.

The phosphate analysis of the precipitated
complex {after workup) resulted in an increase of 15-31
~ additional phosphates per mole of phosvitin. The average
value for the additional phosphates was 29. These numbers
were arrived at by assuming total carboxylate binding
(31 sites) with phosvitin which would increase the
molecular weight of the PV complex to 59,581.% Utilizing
this number in the calculations in the egquimolar
comparison of PV to the precipitated complex produced
the additional range of phosphates reported. A Ca' 2
determination on +the product was analogous to the

phosphate results.

The phosphate analysis of the dilipid mixture
resulted in approximately 70% of the original PS being
present as the dilipid complex. The Ca’ 2 analysis
supported the above results with 34-36% of the original

2

amount of Ca+ added being found in this species.

2) T4 C i PS/Ca:

The infrared spectrum of the crude product
of this reaction showed only a mixed ligand complex.
Subsequent treatment with a 3:1:0.1 solution of CHClj/ETDH/HZO
and a TLC using the acidified above s=olution showed that the

¥ The molecular weight of 59,581 is derived frgg the
Ca

molecular weight of PV plus 31 moles of and
31 moles of ©'s,



precipitate was primarily one product with a slight amount
of impurity which proved to be the dilipid complex

(Rf values and solution properties).

Analysis of the supernatant for protein
. . . + .
(ninhydrin and biuret test) and Ca 2 produced negative

results.

The phosphate analysis of the isolated mixed
ligand complex resulted in an increase of 25 through 31
additional phosphates per mole of PV, The average
increased value of phosphates was 30;1. The comparison
analysis again assumed total carboxylate binding. Ca'?
detemination of the product resulted in a range of 29
through 32 moles of Ca'? per mole of PV,

2

+
The phosphate and Ca “ analysis of the dilipid

complex supported the above reported resultse.

tach of the above sets of experiments were
performed three times in addition to that reﬁorted above,
each with almost identical analysis of the product with
the exception of the 100 times concentration PS/Ca whose
range was found to be 26-31 in the subsequent reactions.

The average additional phosphate was 29.5.

1t is extremely interesting to note that no more
than 31 PS were complexed with the PV even though there

are numérous jonized phosphate binding sites available.

77
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It appears that this is a supporting case for specific

carboxylate binding in mixed ligand complexes since PV
itself has only 31 ionizable carboxylate groupse.

2) Egg Albumin (Ovalbumin):

A water soluble protein found in egg yolks with
a molecular weight of 43,500 (sedimentation coefficient
3.66)}1? The amino acid analysis shows that there are
141 carboxyl side chain groups comprised primarily of
aspartic acid. This protein was treated with a ten-fold

2 at pH 7.0 in the nommal mixed ligand

excess of PS and Ca”
complex formation reaction. An insoluble precipitate
formed which was on analysis found to be a mixture of the
Ca' dilipid complex and a mixed ligand complex., The
ninhydrin test of the supernatant was positive indicating
the presence of ovalbumin in solution. Of the original
0.2250 gm ovalbumin (1 x 1077 moles), 0.0373 am remained
in solution with approximately 30% of the Ca+2: no PS-
remained in the supernatant. The dilipid complex was
removed and a total phosphate analysis on that species
showed the presence of 6.775 % 10"'S moles of phosphorus.
This indicates that for the complexed ovalbumin

6

(7.5 x 107" mole) there must be approximately 4.3 moles

+ . . .
. of phospholipid bound. The Ca 2 colorimetric analysis
of the precipitate analyzed to 4.9 moles Ca/mole albumin.

This reaction was carried out twice more at the same pi

2

but with the PS and Ca+ in a five~fold excess. The



subsequent analysis of each trial again showed
approximately 25% of the ovalbumin remaining in solution
after complexation (Experiment 1 - 27%; Experiment 2 - 245%)
and ‘the stoichiometry for the mixed ligand complex of
Experiment 1: 4.5 PS/ovalbumin, 5.0 Ca/ovalbumin and
Experiment 2: 4.1 PS/ovalbumin; 4.6 Cafz/bvalbumin. The
complex is assumed to be the mixed ligand moiety chelated

by the Ca'2 que %o its behavior toward the CHClj/ETOH/HZO

gsystem - it would not dissolve which is a consistent trait

79

with a mixed ligand complex. <The infrared absorption spectrum

was inconclusive as to the type of complex but both species

were detected.
3) Bavine Albumin:

A water soluble protein obtained from cow
serum and bought essentially fatty acid free.l18 The
molecular weight is between 65,400 (sedimentation
coefficient = 4.31) for the fatty acid free and 67,000
(sedimentation coefficient = 4.,41). The amino acid
analysis shows 133 carboxylate side chain groups as
agpartic and glutamic acids (not necessarily all exposed).
The normal complexation reaction was followed with the

I

exception of a ten-fold excess of PS5 and Ca'2 (1 x 10™"mole)
to the bovine albumin (1 x 107° mole). An insoluble complex
was formed immediately with the addition of Caclz. This

experiment wasg conducted in duplicate with the following
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analysig: Lxperiment 13 a) supernatant = ninhydrin -
positive test; L.04 x 10"6 moles of bovine albumin
renaining in solution = 46/ of original amount added.

b) precipitate = mixed ligand complex and dilipid complex
mixture. ZTotal phosphorus analysis of dilipid complex =
G6.2740 x 1075 mole IS, “his indicates that 3.7260 x 102
moles IS is complexed to 5.4 =x lO"6 mole Dovine albumin
which corresponds to 6.9 moles Fs/mole bovine albumin.

6

rxperiment 2 a) supernatant: 4,71 x 107~ mole bovine
albunin remaining in solution (quant. ninhydrin test).

b) precipitate! tricomplesx/dilipid mixture. ¥ analysis
of Gilipid complex = 6.2841 x 1072 mole ¥, Analysis
shows that 3.7559 = 1072 mole ¥5 bound to 529 % lO_6 mole
bovine albumin which is 2 ratio of 7.1 moles £8/mole
bovine albumin. Ffor both experiments the Ca+2 analysis

on the precipitaté gave the identical PS5 mole ratio/mole
bovine albumin. #&gain, the mixed ligand complex was agsumed
due to its solvent propertiesg. The infrared absorption
spectrum was again inconclusive but did show mixed ligand
conmplexation.

These three stoichiometric reactions will be
discussed further in the viscussion section of this
disserﬁation.

=) Cation Compeiition:

Up to thils point, a number of mixed ligand

. ++ .
complex species had been prepared with Ca being the

principle chelator. & geriles of divalent and trivalent
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cations were also examined to note their tendencies
towards such mixed ligand formation (Table 3). Since
biological fluids contain a number of cations
simultaneously (Cafz, Mgiz, Mnfz, K+, Na+) and since it
was known that Ca.++ can be displaced from phospholipid

+
or K ,48'50’62 it now

+ o+
moneclayer systems by Mg 2, Na
became of interest to note the competitive binding

. . . ++
tendencles of various catlions to Ca ', Table 5 shows

the results of +these competition studies.

Both monovalent cations, Naf and K*, produced
no effect on mixed ligand formation in the pH range
observed (6.5 - 7.5) as was also true for the divalent
Bafz, NiTR and the trivalent a173,  The remaining 4 cations
produced varying amounts of mixed ligand complex. The
experiment followed the same preparative procedure for
tricomplex formation with the exception that equimolar
amounts of both cations were added simultaneously.
Isolation and analysis of the precipitate and supernatant
was also accomplished in the game manner as per the
techniques with the following exceptions: 1) Mnt2 -
was determined by complexometric titration as per the
experimental techniques except that the Caf+ was removed
from solution by adding a slight excess of EDTA, alkalating
that solution and then adding Na¥ which will masgk the cat2, 83

The mixture is back titrated with a standard Mn solution

(with some hydroxylamine) - Ca is precipitated as the



Table V

Ca+2ﬂmetal Competition Reaction
with Phosphatidyl-Serine and Glycyl-Glycine =~
(Simultaneous Addition of Metals)

Ca/y Metal % Metal X

Bound —pH  Niphydrin 1R
AlC] 0.00 % 7.0 Negative Tricomplex - Cai%
3 0.00 7.3 Negative Tricomplex - Ca
Ba012 0.15 7.0 Negative Tricomplex - Caig
0.00 7.3 Negative Tricomplex -~ Ca
Cucl2 : 11.20 6.8 Positive Dilipid/Tricomplex
Mixture (Cu/Ca +o
0.00 7.0  Positive Dilipid Complex (Ca “)
FeCl 0.00 7.0 Negative Tricomplex - Ca+2
3 0,00 7.3 Positive Tricomplex/Q%lipid
Mixture (Ca <)
Mgl1, 23.09 6.5 DNegative Tricomplex - (Caémg)
0.00 7.0 Negative Tricomplex -~ Cat
23.39 8.0 Posgitive Tricomplex/Dilipid
Mixture (Cafg)
. . ¥
MnClz 0.09 6,5 Negative Tricomplex - Ca+§
0.17 7,0 Negative Tricomplex - Ca
. . _y +
N1C12 2.50 6.5 QNegative Tricomplex - Ga+§
0.00 7.0 Negative ~Tricomplex ~ Ca
: : T
SrClz 7.00 6,0 Negative Tricomplex - Ca+§
0.00 7.0 Negative Tricomplex - Ca
Hotes:

1} IR analysis supplemented with TLC and
cation analysis of precipitate

2) Analysis performed 1 day after metal addition

3) Cation analysis described in Experimental
Techniques section.
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fluoride ~- +the procedure 1ls now the same as stated in
the experimental; 2) analysis of the Sr/Ca mixture was
preceded in all cases by the removal of Caf+ by treatment
of the supernatant with 1.2 M ammonium lactate followed
by filtration of the mixture through a 19 cm long Uowex 50
resin column. At this point the filtrate could either be
analyzed by the titration method or through a gravimetrie

2

procedure in which the Sr? ig precipitated as the sulfate

on addition of K2504 to the filtrate.

Nevertheless, each of the competitive
experiments (Table V) (done in triplicate) was accompanied
by a Ca'" colorimetric determination in which the competing
metals did not interfere with the analysis. Results from
both ion analysils were correlated and agreed within

experimental error.

inspection of Table V reveals Mg¢+ as being the
principal competing ion in these experiments. A more
thorough investigation of this competition was undertaken
and will now be reported. The initial resulits are shown
on Table Vi, The analysis was done approximately 2 hours
after complexation at the effective pH values shown.,
However, the possibility of kinetic control for this
reaction was a likelihood, thus a time extension of this
reaction was undertaken. The results of this work are
shown on Table VII and displayed graphically on Figure 15.

The pH range chosen (6.0 -- 8.0) was selected because



Table VI

+ + .z
Initial Ca 2/Mg 2 Competition Results

—pH 7 Mg Bound, Ninhydrin IR

4,0 0.00 % Positive Dilipid Complex

5.0 20.00 Positive Dilipid Complex

6.0 9.52 Negative Tricomplex

6.2 20.91 Negative Tricomplex

6.5 23.09 Negative Tricomplex

6.8 14.29 Negative Tricomplex

7.0 0.00 Negative Tricomplex

743 12.29 Negative Tricomplex

7.5 7,88 Positive Tricomplex/Dilipid
Mixture

7.8 17.49 Pogitive Tricomplex/Dilipid
Mixture

8.0 23.39 Pogitive Tricomplex/Dilipid
Mixture

9.0 0.00 Pogitive Dilipid Complex

Note

1) Nin: pH 8 > 7.8 = 7.5

2) Analysis Time = 1 & 3 hours after
metal addition

3)  Amount Dilipid Complex: pH 8>7.8=7.3

B) ca'?

and M2 concentration both 2 x 10'4 mole

5) pH adjustment 4.0->6.8 NaOH

7.0->9,0 TRIS Buffer.
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Table VII

Time/pH Dependence
- +2 +2 . s
for Ca /g “ Competition -

Simultaneous Addition

__7 Mg Bound

o 1 - 3 Hrs. 1l Pay 3 Pays 6 Bays ﬁzziizézn AR
6.0 8.91 % 12.86 % 27.50 % 28.00 Negative Tricomplex
6.2 19.45 30.15 33.50 36.60 Negative Tricomplex
6.5 23.10 28.62 29,31 28.91 Negative Tricomplex
6.8 15,01 21,60 22.81 23.01 Negative Tricomplex
7.0 0.00 0.41 0.50 0.64 Negative Tricomplex
7.3 11.96 10.50 13.60 14.00 Negative Tricomplex
7.5 8,00 11.08 14,00 13.96 Positive Tri/Dilipid
7.8 17.79 20.50 20.00 19,60 Positive Tri/Dilipid
8.0 23.60 27,60 28.90 28.70 Positive Tri/Dilipid
Noteg:

1} Tri = Tricomplex; Dilipid = Dilipid Complex

2) Ninhydrin and Infrared Analysis done after Day 6

3} Ninhydrin:

pl 8= 7.8 >7.5

¢8



Figure 15

% Mg bound as a function of time and pH in
. ‘e e+ ek ..
the simultaneous addition Ca / Mg = competition

experiment.
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1)} it is in the physiological pH range; 2) below pH 6.0
only varying amounts of the carboxyl are ionized and the
major product is the dilipid species; 3) above pH 8.0,
the possibility of hydroxide formation is present. The
graph (Figure 15) demonstrates three points: 1) pH
dependence for Ca/Mg binding; 2) a unique metal
specificity at.pH 7.0 and, 3) an obvious time dependence
(measurements were conducted with the supernatant in
contact with the precipitate). These results as seen in
Table VII anad Figure 15, were for the experiment in which
there was simultaneous addition of both Ca/Mg. The exact
experiment was carried out first adding Mg++ to form the
Mg reaction products (mixture of tricomplex and dilipid
complex) with the subsequent addition of Ca++. If this
order is reversed, Mg++ will not displace Ca++ from the
complexes formed. The results of this experiment are
shown in Table VIII" which, when compared to Table VII, are
identical within experimental error. The Ca++/mg++
competition was further carried out with a tripeptide,
reduced glutathione (¥ - L glutamyl-L-cysteinylglycine)

in both the simultaneous addition and the staggered addition
methods. The results of these experiments are shown in
Table IX and are graphed in Figure 17. The data for both
methods is virtually the same above pH 6.8, Below 6.8

the predominant product is the Ca++ dilipid species with

virtually 100% glutathione being present in the

*
The results are graphically depicted in Figure 16,



Table VIII

Cafz/Mg+2 Competition -
Mg+2 Complex Formation
Followed By
Ca' 2 Addition

% e Bound

. Analysis

ol 1 - 13 Hpg, 1 Day 3 Days 6 Dayg Ninhydrin IR

6.0 10.01 % 12.75 % 25,91 % 27.91 % Negative Tricomplex
6.2 20.23 29,55 34,31 36. 44 Hegative Tricomplex
6.5 22.86 28,60 28.75 28.95 Negative Tricomplex
6.8 14,91 20.96 22,09 23.06 Negative Tricomplex
7.0 0.08 0,25 0.43 0.59 Negative Tricomplex
73 11.81 11.99 13.51 13.60 Negative Tricomplex
7.5 8.05 11,73 13.64 13.81 Positive Tri/Dilipid
7.8 17.95 20.09 20.53 20.53 Positive Tri/Dilipid
8.0 23.58 26.59 ° 27.91 27.93 Positive Tri/Dilipid

1) Tri = Tricomplex; Dilipid = Dilipid Complex
2) HNinhydrin and Infrared Analysis done Day 6
3) Ninhydrin: pH 8=>7.8=>7.5

68



Figure 16

% Mg bound as a function of time and pH in
+ + . . . . +
the Ca 2/Mg 2 competition experiment in which the Ca

. +
was added after the formation of the Mg 2 complexes.

2
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a) Simultancous Addition

Table IX

Glutathione Mixed Ligand Complex

+ +
Ca 2/'Mg 2 Competition

% Mg Bound

4 +
b) g 2 Complex,_Ca.2 Addition

Analysis

3 Hrs, 1l Day L Dayg Ninhydrin iR
pH a b a b a b ' a b a b
6.0 0.00% 1.,40% 0.00% 0.00% 0.00% 0.00% Positive Positive Dil Dil
6.2 1.31 1.70 0.00 0.00 0.00 0.00 Positive Positive Dil Di1
6.5 1.46 3.81 1.01 2.16 0.00 1.91 Negative Positive Tri Tri/Dil
6.8 L.67 7.93 L,65 8.13 L.66 8.10 Negative Negative Tri Tri
7.0 0.30 0.40 0.81 0.85 1.54  1.54 Hegative HNegative Tri Tri
743 0.64  0.57 0.53 0,61 0.48 0.63 Negative Negative Tri Tri
7.5 7.38  5.92 35,40 41,68 78.42 63.04 Negative Positive Tri Tri/Dil
7.8 s5h.i7 54,81 54,81 54.97  55.38 55.4k0 Pogitive Positive Tri/Dil Tri/Dil
8.0 12,62 13,10 20,17 20.09 21.53 21.53 Positive Positive Tri/Dil Tri/Dil
Notes

1) Tri = Tricomplex; Dil = Dilipid Complex

2) Ni?hydrina pH 6.0 = 6.2 >=8.0 =7.8 =7.,5

3) Ca 2, Mgiz initial concentration 1 x 10”2 molar

L) Analysis done on Day 4

26



Figure 17

+o . T . s s
The Ca 2/ilg" ¢ (simultaneous addition)
competition experiment with PS and reduced glutathione

as a function of time and pi.
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supernatant analysis. BSince Ca'’ is known to have a
greater affinity for the lipid in the fommation of the
dilipid complex, the results only bear out this fact and
do not bear any relationship to mixed ligand formation
which was the purpose of this experiment., These resulis
and those of the other competition experiments will be

reviewed in the discussion portion of this thesis.

F) pH Dependence. of Mixed Ligand Formation
and Stability:

Besides the obvious pH effect on mixed ligand
formation as demonstrated by the results in Tables I, I1,
V - IX ang Figures 15 and 16, there is also an effect on
the product after formation.68 The Ca/Gly Gly/PS system
is stable from pH 5.0 == 7.6. Above and below these limits
the complex begins to digsociate as 1s evidenced by a _
positive ninhydrin test. Dissociation of the mixed ligand
complex is complete above pH 8.0 and below pH 4.0,
However, if +the pH is adjusted in either direction into
the pH stability limits, the mixed ligand complex will
reform completely. The Mgﬁ+/ﬁly Gly/PS system needs a
more detailed description. Whereas, the Ca complex was
virtually 100% mixed ligand complex, the maximum mixed
ligand complex was 68% of the reaction product and
actually was a mixture with the dilipid complex from pH

2

+
7.0 - 8,0. Thus at pH 7.0, Mg “ does not completely bind

elther PS5 or GlyGly in an inscluble complex. When the ptl



was raised to 8 by the dropwise addition of 0.1 M NaOH,
all of the PS wag complexed as the mixed ligand and
‘dilipid complex mixture. 42/ of the original GlyGly
remained in solution. Lif the pH is raised above this
point, hydroxide Formation is encountered, but if the pH
isg lowered to pH 6, complete dissociation of all

complexes oceurs., Careful reassociation to neutral ph by
the dropwise addition of 0.1 ¥l NaCH led to a2 complex which
was now only 224 mixed ligand complex with 884 of the
GlySly in solution. #Allowing the mixture to stand for a
number oi days (under NZ atmosphere), heating, or Ffurther
pi variation did not alter the mixed complex/dilipid ratio.

G) iembrane Formation:

A most interesting property of the Ca+2 tri-
complex was discovered quite by accident. If the
nrecipitate complex is allowed to remain in contact with
its supermatant, i1t will form a thin multi-layer membrane
which showed remarkable stability to swirling and treatment
with 20TA, The membrane mimicked the pH behavior of a
normal Ca mixed ligand complex but did not dissociate
until the pH was above 8.0. This phenomenon was not shown
by any other of the tricomplex species including the lig
complex. <Thus, Ua+2 must stabilize long range molecular
interactions in such a system. Infrared spectral
evidence indicated that the GlyGly was incorporated within

the membrane.
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i) Liposome investisations:

The phenomencon of mixed ligand complex forxrmation
hag beén demonstrated in the previous section., However,
these reactions were carried.out on agueous dispersions
of ¥¥ or as multi-lamellar structures depending on the
total volume of solvent used. Iin order to expand and
extend the use of the dava presented to pertain to
biological systems, the experimental thrust had to proceed
1o a model membrane system which would eliminate both the
problens of the use of natural membranes and of agueous
dispersion. YThus, experiments were performed on mixed

63,84-85

phospholipid liposomes. The exact methods of
preparation and precautions are listed in the
sxperimental Yechniques section. Throughout these
investigations the following lipid mole ratios of FC/IS
were used: 9/1, 3/1, 1/1, 1/3, 1/9 with the total lipid

. =11
being 2 = 10 i moles.

The preliminary investigation was to note and
+ v + 4 1
observe the effect of both Ca © and Ua Z/GlyGly on these

mixed lipid vesicles. Numerous investigationg have

» 1 + » - )
studied the effects of Ca ~ on pure lipid (PC ang PS)

vegicleg and monolayers”S’SO’61"66’8/’88, ag well as mixed

lipid systems.89—92 It should be noted that some of the

above investigations gave conflicting reports as to the
. oo . . . . - .

binding of Ca 2, size of the liposome, site of chelation

.+ ) .
and the effects of the bound Ca 2 to the vesicle itself.
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Yhe results of this thesis does, however, correlate with
the majority of investigations. Yor pure Fs liposomes
or agueous Glgpersion, depending on the molar concentration
of the PS5, either 2 precipitate is formed (dilipid complex)
or & 1l:1 Cafz/?s complex ig suspended in the dilute
solution. (Yhe 1:1 complex can be collected through
centrifugation or by concentrating the solution at which
time the dilipid complex will form as is confirmed through
analyticel and spectrometric analysis).

Fure FU will not complex as did the ¥S on $he
addition of Ca'? even %o molar concentration of 1072, 4
very small amount of precipitate can be collected after
centrifugation but the bulk of +the lipid remains as the
liposome or dispersion. Ca+2 analysis showed that over 95w
of the available Ca @ remained in that dispersion. %he
effects of Ua+2/GlyGly has already been discussed. Recall
that, at pH 7.0 all the ¥3/Ca/GlyGly is complexed in a
mixed ligand moiety, while for the PC system all the GlyGly
remains in solution with only a small amount of the lipid
being complexed ( € 5») as a Ca/lipid complex.

The mixed phospholipid liposome gystems showed

) _ , .+
varying properties toward Ca 2

and the Cafz/GlyGly systems.
The results are summarized in Table «. It is

interesting to noite that in the more concentrated solutions,
(10 ml total volume) the PS5 seems to "fall out" of the

liposome forming a separate precipitate while at the higher



Table X 99

General Froperties and Cbservations
of the Variable Lipid Vesicles
'  t . T B
When Treated With Ca © or Ca Z/Glyﬁly

e e ] — e e G cmEm ww e ome e dmm et mm mm e e me

+ +
1) Amount of Ca “ and Ca 2/GlyGly complexed to the

variable 1lipid vesicleg was equimolar to the amount of
ra preéentw

1 + ] 1
2 or Ca Z/GlyGly to a con-
_2)

- Wt
2} Addition of Ca

centrated vesicle (2 x 10 M solution caused the P3 to

precipitate out of the vesicles.

3) The supernatant of the solution from (2) con-
1 ! » - + "
tained PC and 50% of the original Ca 2 which was added

< F . .
in the Ca © (only) liposome experiments.

L) A mixed ligand complex would form on the addition

of GlyGly te a dilute vesicle solution which was already

+2

Ca chelated. This phenomena was not observed when the

lipid molar concentration was 2 x 1072 W,

. .. : + . T R .
5) Adaition of other cations (K, Na' and Mg 2) did

\+ 3 !+ + "5
not displace Ca 2 from either the Ca 2 or Ca 2/GlyGly

. . . 2
complexed vesicles at pH 7.0. Small amounts of Ca

2

- .+
(approximately 1 x 10 6 mole) were digplaced by lg at

pHh 6.5 and 7.5,

2

+ . + T +
6) Ca % will totally displace, K, Na and Mg “ +to

2

+ + ]
form the Ca “ and Ca 2/GlyGly complex liposome systems at

pH 7.0,

7) GlyGly is not complexed to the liposomes until

+
the addition of Ca 2.
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volume (30 ml total volume) the PS remains in the vesicle
system with either reacting system. Reducing the volume

of the 30 ml system to 10 ml does not have an effect on

the vesicle itself. It remains intact and the analysis
.ghows that even in the higher percentage PS liposome, the
PC remains in the vesicle and is not dissociated out into
solution as was seen in the lower volume experiment. Again,
it appears from the results that the complexation is
facilitated through the carboxyl of the acidic phospholipid
since only equal amounts of PS and GlyGly complexed with

2 and GlyGly remained in the

Ca+2 while the remaining Ca+
supernatant solution. Figures 18 through 20 show ‘the

typical infrared spectra for three of the five

concentrations of the mixed liposomes studied. Note the
differences in the spectrum of the Ca'? (only) and the

Cafz/ﬁlyGly systems. These spectra show that mixed ligand
formation does occur in mixed lipid ves;cles. The HINuclear

- lMagnetic Resonance spectrum although used by a number of
investigators in the analysis of such mixed 1lipid systems,32’93"96
did not prove useful in these cases because ‘the peptide
peaks were totally enveloped by the predominant phospholipid
peaks. The intergration of the peak area for the N-H

specie of the complexed liposome did, however, show an
increase consigtent with the complexed specie sgtoichiometry
while no acidic protons were observed in the spectra. cl3

Fourier Transform NMR was contemplated but not used because



lo1

-Figure:18

The infrared spectra of the 9/1 mixed ligand
) . . +
PC/PS vesicle after treatment with al) Ca 2 (only) and
+
b) Ca 2/GlyGly.
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Figure 19

The infrared spectra (1800 - 1100 cm™1) of

1 “l L3 » +
the 1/1 PC/ES vesicles after treatment with Ca 2

+
Ca 2/Glyf'rly.
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Figure 20

The infrared spectra (1800 - 1600 cm™) of
the 1/9 mixed 1lipid FC/PS vesicles after treatment with
T T2
Ca” % and Ca Z/GlyGly.
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the sample sgize needed would have meant a dilute system
or a system which would have preciﬁitated the liposomes.
Nevertheless, evidence was present for mixed ligand
formation and +this was the major emphasis of the

preliminary mixed liposome experiments.

The next set of experiments involved the effect
of both Ca'? and Ca+2/GlyGly on the properties of the
liposome itself particularly to the releasge of solute from
the liposome. The author chose glucose and inorganic
phosphate to study the effect of efflux or permeability with

103 103-4 have been

complexation. Both phosphate and glucose
studied on similar liposome systems but no data has been
presented for the efflux of these materials from complexed
vesicles. The following are the results of these

experiments.

The appropriate liposome (9/1, 3/1, etc.) lipids
were sonicated in approximately 5.0 ml of the appropriate
1.0 M solution of either glucose or potassium phosphate.
After sonication, the mixture was ultrafilitered to 1 ml
volume and washed with 10 ml glass distilled/deionized HZO}
This procedure was followed until the supernatant did not
render a positive colorimetric test for either glucose or
phosphate. The filtrates of both preparations were then
analyzed to determine the approximate amount of glucose and
phosphate which was encapsulated in the resgpective vesicles.

The values are shown in Table XI, The mixture was then
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Table X1

Amount of Solute Entrapped
in the Mixed Liposome
Permeability Experiments

Glucose
N +2 2
ative Ca Ca “/GlyGly
Copcentration {Mg/a1) Mg/31) _(Mg/al)
9/1 950 949 956
3/1 906 901 903
1/1 868 860 861
1/3 811 809 814
1/9 741 730 736
Phosphate
9/1 18.9 18.9 18.8
3/1 18.0 17.9 18.0
1/1 17.3 17.2 17.2
1/3 16.9 16.9 16.9
1/9 16.2 16.1 16,0
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diluted to 20 ml by addition of 2.0 ml pH 7.0 buffer and
8,0 ml 0.1 I KC1 solution., Three separate reactions were’
run at each of the five mixed lipid vesicle concehtrations.
One wag allowed to remain as it was - native - the

gsecond treated with an amount of Ca012 which was equimolar
to the PS present and the third was treated with GlyGly
and CaCl2 again equimolar with PS. (The mixed ligand
complex will nesform if pH is 7.6 or greater.) The
mixtures were kept at a constant temperature of 26°C by a
Haake water bath and the appropriate aliquots were taken
from each solution every hour for analysis. The

condensed results from the glucose release Zxperiments are
shovm on Table XIi, while the resulits of the phosphate
release Zxperiments are shown on Table XIII, The amounts
reported for the native liposome release are consistent
with data previously reported. The Ca%+ complex and the
mixed ligand complexed liposome showed a greater tendency
to release both glucose and phosphate. Figure 21 shows

a graphic representation of the i/l mixture glucose
release and is representative of the entire sequence of
experiments. TFigure 22 demonsirates the effect of the
mixed ligand moiety on the vesgicle as compared to the
other concentrations. TFigures 23 and 24 do the same

for the phosphate‘release experiments. If the two
separate experiments are compared, one can see the trend
of greater release of the two quite different solutes

with mixed ligand formation and with decreasing PS
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Table XII

Percent Glucose Release
from Mixed PC/PS Phospholipid Vesicles

as a Function of State and Time (pH 7.0)
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Taple X1ia 111

Percent Glucose Release
from Mixed PC/PS Phospholipid Vesicles
as a Function of State and Time (pH 7.0)

Time Hative cat2 Ca/G1vE
1 0 0 0
2 0 3.4 6.8
3 O 6.8 14.2
Iy 0.7 9.5 22.3
5 1.4 12,2 29,1
6 2'Z 13.6 11,2
7 3, 17,0 47.9
8 L,7 19,7 47.9
9 6.8 23.1° 47,9

10 745 25.1 47,9
11 7.5 26.5 47,9
2 Days 9.5 34.6 bv.9
1 0 0 0
2 0 0 6.?
3 2.2 2.3 13.4
i Lol 6.8 17.9
5 6Ge? 6.8 23.1
6 10.2 10.5 28.L
v 11.1 12.0 29.9
8 1343 1L,3 29,9
9 17.1 17.3 29,9
10 16,3 18.8 29,9
11 17.1 20,3 29,9

2 Days 1708 28-6 29-9
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Figure 21

Graphic illustration of the glucose release
experiments on the 9/1, 1/1 and 1/9 FC/PS vesicles as

a Tunction of time.

(The ordinate is % ltotal glucose released

and the abecissa is time measured in hours).

- Native Vesicle
- +
X - Cg' % Complexed Vesicle

o - Ca+2/UlyGly Complexed Vesicle
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Figure 22

The effect of mixed ligand complexation on

glucose permeability in variable composition vesicles

(FC/ps),
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116
Percent Inorganic Phosphate Release
from Mixed PC/PS Phospholipid Vesicles
as a Function of State and Time (pH 7.0J
42 . . +2
Time HNative La = CagG]xG|x Native £a CangxG]x
1 0 18.4 8.7 0 L,0 19.3
2 0 41,1 18.6 1.1 16,0 36,3
3 5.4 70,2 27.1 7.9  23.3 52,2
L 14.0 86,4 52.1 10.2 36.5 737
5 25.9 87.5 53.2 15,9 38,8 83.9
6 31.3  87.5 53,2 23.8 38.8 83.9
7 33.4  87.5 532 27.2 38.8 85.1
2 Days H48.6 89.6 87.9 38.6 85.5 85.1
1/3
i 0 5.9 1ll.9 0 12.1 11.5
2 1.2  15.4 16,6 6.0 25.4 33.8
3 L, 20.2 22.0 15,7 36,2 55.0
L 10,6 30.9 35.6 23,0 47,7 773
6 20,1 L2, 7 48,7 37.5 49,5 ?8 5
" 2.8 L2 ,"w 43,7 &l.l h9,.5 773
2 Days 5,73 60.5 59.3 70.1 Y73 78.5
L2 Time Native Ca'? Ca/G1yGly
1 0 8.9 12,8
2 3.8 17.8 28,1
3 11-Lr’ 14‘812 "-F’8-5
I 18.9 583 71.4
5 277 7345 82,9
6 37.8 V2.2 82.9
7 Ly, 1 735 82.9
2 Days 76,9 86.2 86;8
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figure 23
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Figure 24

The effect of mixed ligand complexation on the
phosphate permeability of variable composition liposomes

ag a funection of time.
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concentration in the liﬁosome. The results shown are
reproducible if the preparatory procedures are followed
exactly. Discussion of this work will be in the next

section, Discussion I1I,
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DISCUSSION

I, The Role of Ca'? in Mixed Ligand Formation and

Stabhility of Biological Svetems

Ca+2 wag found as early as 1894 to be necessary
Tor the transmission of excitation from nerve to muscle105
and for transmission of impulses across the nerve
synapse.106 From these early experiments to present,
intra and extracellular Ca © has been implicated in
numerous physiological functions such as lipoprotein

Ly, 16,107

formation, cation transmembrane transport,

oxidative metabolism and respliration in the mi't‘.ochond]:':1'.2-3.108"'9
and neural processes.113 Each of these diverse systems
involved acidic phospholipids such as PS5, 4o act as an
ion exchange medium or chelation site for the cellular
surface. Thus Ca.'i-2 ig believed to play a leading role in
the multiple physiological functions conducted by the cell
and 1s virtually necessary for the very existance of each
cell., On the other hand, the acldic phospholipids, e.g.,
P35, which has been discussed in the Introduction, comprise
only from 10 - 20% of the total phospholipid composition
of every cell membrane. However, it is this low
percentage phospholipid content which seems to inter-

connect both the physiological functions of the membrane

with +the indispensible role of Ca' 2,
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The cation binding tendencies of ‘the acidic
lipid. phosphatidyl-l-serine has been the topic of

32,45,48,61,62,64,65

numerous reports and the major facts

are the following:

1. The PS carboxyl group is always accessible
<t s s .
to Ca 2 or other metal binding. The phosphate group

position is dependent on the liposome structure. 120

.'.
2, Ca? abgorption is primarily on the carboxyl
group.

2

+ .
3. The amount of Ca “ bound is not affected by

a pH change in the range of pH 5-8 (see Figure 25).

L, The isoelectric point of ¥S is pH 1.2 at which
point the phosphate is ionized and the free amine of the
seryl group is protonated. The carboxyl pKal ig 4.0 and

the pKaz. the deprotonization of the seryl amine is 75,
5. P35 gshows the following metal affinity:
Ca 3 Ba ) g, &
6. Ca'? may be displaced from a PS monolayer or
bilayer by K" or Na',

. .
7. Ca % binding constant to the carboxyl - 2.9 x

106 6l (ranges from 1.17 x 10@ 55 . 1.4 x 10?. 114

w07 ),

8. PS5 - Cafz complex from pH 5-8 is in a 1:1

ratio (dilute suspensions). 66
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To this information the following can be
added from this work: 1) Addition of an amino acid, di/
tripeptide or a protein to the PS/Ca+2 complex (either
1:1 or 2:1) will mnot form a mixed ligand complex.
2) Addition of an amino acid, etc. o the P5/0a+2
complex in a mixed lipid (PC/PS) vesicle in a dilute
solution will lead to the formation of a mixed ligand
complex. 3) Addition of a Ca+2/amino acid, etc. complexllé.
to PS will produce a mixed ligand complex with the
stabilities given in the I{xperiments and Results section.
) Hixed ligand formation will occur whether one utilizes
sonicated pure PS5 veslcles, mixed lipid FS liposomes, or
multilamellar vesicles. 35) In addition to Ca+2, only
Mg+2 and to a slight extent Mnﬁz, Sr+2, INNE end Fe'3 will
form a mixed ligand complex. 6) There is both a pl and

2 pinding (as the tricomplex) in a

time dependence for Mgﬁ
competitive reaction. 97} Bvidence favors chelation
through the ionized carboxyl group of the respective
gpecies exclusively. 8) The more geometrically simple
amino acids; alanine, glycine, s=arcosine, valine, etc.
show & greater tendency towards mixed ligand formation
than the more complex amino acids. This trend is also
seen in di and tripeptides, note that GlyGly is the best
complexing ligand. 9) Protein will form the mixed ligand

complexes only through their available ionized carboxyl

+ -+ . .
groups. 10) Mg %, K , Na' and the entire series of cations
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used in the experiments of this thesls will pot displace

Ca*? from a mixed ligand complex.

With this collection of facts one must proceed
to a logical explanation of mixed ligand formation
coupled with the pH dependence, the time depenﬁence,‘the
metal and ligand specificity. If one approaches this

problem from a purely analytical chemlstry viewpoint and

2

. » & - + i +
examines the stability constants of various Ca © ana lig 2

complexes (Table 14), one notes the lack of a general

2 2

e qs -+
carboxylate binding over lig
2

. . +
trend Favoring either Ca

. . ' 7t
carboxylate bonding or the opposite case of lig
2

being

. ) +
. However, it does appear that the Mg 2

favored over Ca
and Ca' 2 complex stabilities depend on the structure and
the adjacent enviromment of the specific complex. This
phenomenon, as yet unexplained, is true and is exemplified
by the metal EDTA complexation reaction. In addition to
the above stabilities, i1t has been reported that the PS-
Mg+2 complex (log K = 4,34) is more stable than the PS-Ca" 2
complex (log K = 4,03}, However, this work has found that
under the agueous conditions studied, Cafz not only has

a greater affinity for PS but alse forms a more stable
complex whether it De the mixed ligand or the dilipid
species. Therefore, the greater carboxyl affinity for

+ . ) . . .
the Ca 2 species must play an important role in mixed

ligand formation but does not explain why the various other
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Various Carboxylate Stability Constants

+ +
for Ca 2 and Mg 2

Log of
+2 Equil,.Const.
Ligand I Temp Medium K(10%) Method Analyzed
o+ .
Acetic Ca+§ 25 ionic st K, = 3.0 Glass electrode
Acid Mg 18 —> 0 Kl = 3.43 Conductivity
. T2 F
Malonic Qa+2 25 .2 KC1 Kl = 1.46 H_ electrode
Acid lg 25 .2 KC1 Kl = 1,91 H electrode
. +0 +
Tartaric Ca+2 25 .2 KCi Kl = 1,80 H, electrode
Acig Mg 25 .2 KC1 Kl = 1,36 H' electrode
< +2 +2
Citric Ca” 25 — 0 K(Ca “t+H ,1-2  Glass electrode
Acid Ctp Call,, 1)="3.29
Mg 25 .09 KC1 Kl 23,60 Polarograph
¢lyein CaiZ 25 —=0 €)= 1.35 1,43 Solubility
Acid Mg 25 —>» 0 Kl = 3,4 Glass electrode
A%anlne Ca 25 —>0 K, = L.2b Glass electrode
Acid) Mg 25 —30 Kl = 1,96 Glass electrode
Agpartic Ca 25 .1 KC1 Kl = 1.60 Glass electrode
Acig Mg 25 .1 KC1 Kl = 2,43 Glasg electrode
Glutamice Ca 25 .1 KC1 Kl = 1,43 Glass electrode
Acid Mg 25 .1 KC1 Kl = 1,9 Glass electrode
0,Phospho~ Ca 25 W15 KC1 Kl = 2.3 Glasg electrode
Serine Mg 25 .15 KC1 Kl = 2.4 Glass electrode
Glgcyl— Ca 25 —>0 K, = 1.24 Solubility
lycine lig 25 —>0 Kl = 1,06 Glass electrode
EDTA Ca 25 .l(NaClou) K, = 10.7 Heg Amalgam elec.
: Mg 25 .1(Na0104) K] = 8.9 Hg Amalgam elec,
ATP Ca 20 .1 KC1 Kl = 3,60 Glass electrode
Mg 20 .1 KCJ. Kl = L,00 Glasg electrode

Notet 1) —> 0 = extrapolated to zero
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metals used in the subsequent investigatlions produced
only the dilipid species even when reacted in a directly

competitive mammer (see Table V),

One may also look at the physical properties
of various lons in an attempt to correlate why the
metals act as they do. Table XV ghows such an
abbreviated listing of various ions. One can only

.k
speculate that the Cat 2

ion is of the right geometrical
size for such complexations while the other metals are
too large, have greater coordination numbers or possess
creater nitrogen affinities than Ca' 2, These are all
good tentative explanatlons for the metal role and the
specificity in mixed ligand formation, Tor none isg
definitively known at this time.

The ligand specificity also poses such a

(nl

problem. If one returns to Tables L and 1L, one will
find a wide disparaging range of mixed ligand formation
percentages. Of particular note, is that of aspartic and
glutamic acids. 4t oH 7.0, 20% of the complexation
reaction of aspartic acid PS5 and Ca was that of the

mixed ligand species as compared to  1¥ for the glutamic
acid reaction. At pH 7.3, the ratios were 51% to 10%%.
Structurally the only difference between the two acids is
an added methylene group in the glutamic acid.

Agpartic Aecid Glutami
(HOOC_CHz—CHNHZCODH; HOOC-CH CH CHNH COOH)
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e ate
M &

Table £V

Some Physical Properties of

Hydrated and Unhydraﬁeﬁ fons (155)
Crystal )

AC <o x 10723 & cal/e don A%
1.33 0.87 92 2.2
0.95 0.21 116 3.0
0.99 0.531 10 a5
0.65 0.012 495 5.9
1.35 1.69 346 347
1.13 1.42 370 3.7
0,74 0,11k 528 L5
0.96 0.67 536 4.5
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This fact in itself may add an insight to mixed ligand
Tormation, thalt of molecular geometry. Figure 26 shows
the posgible bonding scheme of both aspartic and glutamic
acid with PS and Ca'2, It is worth noting that the
aspartic acid can form a more stable ring size with less
electrostatic interactions than glutamic acid. (Both
aspartic and glutamic acids are only bound to one PS even
though the possibility exists for dual binding. The
chelation point is assumed to be the amino carboxyl group)
Theprefore, the stability of the ringls) or more accurately,
the molecular geometry, of the mixed ligand complex may
enhance ‘the overall stability of these complexeg and by
so doing, render a plausible explanation as $o the amino
acid, di/tripeptide selectivity shown by the various
ligands used in this work. But the stability of the
mixed ligand complex would also depend on the length,
steric bullk and functional grouvs of the side chaing of
the respective amino acidg or peptides which is being
complexed and not only on the ring size. If this Factor
does have a major role, both steric and electrozstatic
repulsions may hinder formation of such a mixed ligand
complex and by so doing engender a natural selection mode
for specific chelation of various metabolities or

protein species.

In addition to these steric interactions one
must also consider the net ionic charges of beth reacting

species. As noted above, mixed ligand formation may be




of

Figure 25

A graphic depiction of the possible structure

the agpartic snd glutamic acid mixed ligand complex.
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Aspartic“hcidicoﬁplex,'
Ring Sige-7

. Mormal Ring Stabilities: 6>7>8,5>9>4>3




hindered by an lonized functional group which is
actually positionally digplaced from the chelation site
but which does interfere in the coordination sphere.
This interaction seems to be evident‘from the amino acid
data displayed. However, the charge of the lipid is also
important. It has been noted by many workers that PC
(lecithin) having a net zero charge in the pH range
studied, will not bind divalent metals to a great degree
(Figure_zé). P3, on the other hand, does have a net
negative charze and binds very strongly. Therefore, it is
the presence of this net charge or more specifically
irom the lonized carboxyl which facilitates mixed ligand
formation.

The pH dependence of mixed ligand formation
can be interpreted by coupling this phencmenon to two

major factors. +he first is the effect on the metals

themselves. #As the pH ig inecreased, the sphere of hydration

surrounding the ion is stripped off thus presumably
activating the specific metal species toward a specific
ligand. This phenomena is a well-known inorganic

property, and can readlly be observed through the binding
tendencies of various metals to carboxylates such ag
acetates, tartarates, oxalates and ZDTA at various pll
values. The second najor factor is in itself two-fold and
will involve a <time dependence ag well. Thig is the effect

of ‘the pH on the lipid and peptide species. Generally, in

132
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Rigure 26

+ <
Ca' 2 ion absorption per phospholipid molecule

as a function of pH, 51
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‘the ﬁH range used in these experiments both the
phospholipid and the peptide gpecies were fully

ionized., However, as has been showvn in Figure 26, there
is pl effect on Ca' @ binding to PS5 as well as pH effects
on the surface potential and the surface pressure of the
PS5 vesicles, as demonstrated by Figure 27. Nevertheless,
it is not only the above general pH effects on the lipids
and peptide ligands themgelves, but also the sensitive
pH balance oif the multiple equilibria system which thesge
mized llgend formation reactions entail. Graphically,
Figure 28 disgplays the eguilibria among the ioniec groups

2

, . + - .
of PS with Ca'® and . A4g one can see, the pH of the

system becomes a declding factor in this representation,
however, this figure does not include the effect of Ca+2
and H on the amino acid, peptide or proteln species and
does not include the subsequent interaction which leads

to mixed ligand formation. Totaled these comprise a

formidable multiple equilibria system, which as yet has

to be deciphered.

Ve must extend the pi considerations to include
the possible denaturation of proteins or simply an
unraveling effect experienced by most proteins when

placed in various pH enviromments. This phenomena

135

may well be important in the overall mixed ligand complexation

reaction, since experiments carried out by this author

show that both ovalbumin and bovine albumin will not form
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FPigure 27

BEffect of pH on the physiochemical properties
of phospholipids. Surface potential ( V’), surface
+
pressure (7)), Ca' 2 binding ratio (Ca/P).65
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Figure 28

Egquilibria among the ionizable groups of

2 + 65

+
acidic phospholipids, Ca © and H ,
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a mixed ligand complex at pH values lower than 6.35.
Phogvitin also shows the ldentical effect but will Torm
a mixed ligand complex at pH 6.0, while both hemin andg

ingulin - chain-a did not complex at all at any pH (5-9),

1t is a general biological trend in proteins
that as the pH is raised, the proteins begin to swell or
unravel. This unravelling may or may not expose ionized
functional groups to its agueous enviromment. This
denaturation process is experlenced by the protelns in
these experiments but show varying effects. The data
reveals that the proteins,all possessing at least one
ionigzead carboxyl side chain, will not form a mixed ligand
complex below a certain piH level, e.g., 6.0. This may
be due to either the inaccegsibility of the group within
the protein structure or the lack of a formal charge on
that group. However, as the pH is raised, three of the
five proteins bind PS8 in a mixed ligand complex indicating
that for phosvitin, egg and bovine albumin the carboiyl
sites are now exposed and ionized. The lack of
complexzation in the hemin and insulin - chain-a cases
seemg ‘to indicate the inaccessibility of the carboixylate
groups. This topic will again be examined in part II
of +this discussion.

fnother consideration of pll dependence is the

effect it shows on the mixed ligand complex itself. As

. . +
noted in the experiments and results, the Ca' ? complex




showed acidic gtability, while dissoclating in an
o ' 58 sy 1 T2 s 3 * =

allkaline medium (pH 7.6) . The hig mixed ligand complex

was base gtable (in fact, it”only Tully complexcd at

approxzimately pH 7.8), and dissociated in acidic mediun

(pH 6.5). DBoth complexes could be re-established by

careivl adjusting of the respzetive pil's, but only the

IS +2 . * - + ~ n

Ca, mixed ligand complex will rveform completely. The

sy 2 . . W .

Mg‘? complecx shows an increage in the dilipld gpecles as

previously noted. This tendency may be cue to a kinetic

Ve, Tthermodynamically con rolled gituation commected

with the nultiple equilibria system. Yet it is

- » . = r 1. ] +2

surprising and more ox less unique that only the Ca-

mined ligend gysien Jdoes not see such a kinetic effect

, Lt . -
she dirveet g  /Ca competition reactlon. 1
T2

except in

iz even more unique that only the Ca © mixed ligand complex

will form a "membrane” structure on gtanding in its

A
i

supernatant.

So why does a mixed ligand complex form% Is it
- . T Lo T2 T2
only a pi dependent phenomena? 1 so, why do Ba =, b
1 0+2 ! - L) he 1, T
and Hi not form such a milxcd ligend comple:x in the pi
range ecxamined, Could it be that Ba e haz a greater
affinity for PS5 as opposed to the peptide ligand® ‘hy
then doug Ca have a greater affinity Tor Fo than ba
and yet Tomm a nmined ligand complex? ‘Vhy
W Phig effect was not seen with dgg or Bovine
Albumin oxr with a ml ture of dlllp1q/cr1comple

material, If the dilipid species is removed,
the membrane will form.

141
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Ag one can see, there is no simple explanation

for mixed ligand complexation. It appears that all of
the factors previously discussed from the pH effect on
ligand ionization and the subsequent effects on the
multiple equilibria system to the overall geometric
structure of the complex itself play crucial roles in
the formation and stability of the mixed ligand species.
Faetors such as the effective radius of the metal ion,
the overall charge of both the lipid and peptide, the
size, length and composition of the peptide side chains,
the accessibility of carboxyl groups, the stability of the
chelated complex itself and the coordination number of
the metal ion all contribute to the formation of a system
seeking its lowest free energy. GCGraphically, the
complexation observations are as follows?

PS-M'2 + Peptide-M 2 + M'Z (PS),
' PS + Peptide ¥ M2 égg) PS-M-Peptide

PS-M_Peptide + M 2(PS), + Peptide-M 2
Experimentally, Tables I, II and Iil reveal the physical
binding tendencies of various systems with a number of
metal species. The only trends that can be found are that
Cafz is the predominant mixed ligand complexing metal
and that the mixed ligand complexes seem to form more
readily with the geometrically simple amino acids and

peptides. Yet, these trends cannot explain why methionine
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will not foxrm a mixed ligand complex while bovine

albumin will. It appears from the results obtained from
thig thesils that one cammot predict or rule out the
possible formation of a mixed ligand complex from "trends"
alone. Zach case necessgitates individual examination to
agcertain the likelihood of mixed ligand complexation.
However. complicated, the Tfact remains that mixed ligand

complexeg do exist.

One can only speculate at this time that it is
a compilation of the various effects (pH, molecular
geometry, electrostatic interactions, binding affinities
and the numerous equilibrial) which lead to the formation
of and accounts for the stability of the mixed ligand

complex displaying both metal and peptide ligand specificity.



1T, S iric Dinid/Frotein Int ions
There have been a few investigations into
the formation of a protein/lipia comﬁlex mediated
through the use of divalent cations.43"47’ll9 A number
of investigators have noted the necessity or presence of
Ca+2 in such a molecular complex.jo’39’&1'8”'10?f121"23
Two authors, J.G. Mullington and H.5, Hendrickson have
done exiensive work on the interaction of phospholipid-
netal complexes with various proteins. They have found
that dilute suspensziong of the acidic phospholipid-metal
complexed liposomes can interact with various protein
species {water soluble proteins of wheat flour, bovine
serum albumin, histone (ecalf thymus), egg albumin, poly-L-
lysine and poly-L-aspartic acid) to form a lipid/protein
complex. Thelr analysis using starch gel, electrophoresis
have observed these complexes and have also indicated that
a meval ilon ig necegsary for such complex formatlon.,
However, these authors believe that the association of
the lipid and protein ig due the proper orientation of
groups within a protein chelating into an available
coordination position on the metal ion already bound %o a
phospholipic, %heir vork will be contrasted to this
thesis to shovw the differences and similarities of the
two diverse investigations and the comparison itself will
add an insight to such metal induced lipid/protein

interactions,

114l
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Throughout the above mentioned investigations
there was little concerted effort to characterize such
complexeg ag 1o The number of lipid and metal molecules
hound <to the protein or Lo the site of such chelation
on both the protein and the lipid. In the experiments
performed in this thesis, these issues were investigated

and have been reported in the results.

Generally, it can be stated that the anionic
proteins: phosvitin, ovalbumin and bovine albumin will
form mixed ligand complexes at pH 7.0 with the Tollowing
ratioss

Phogvitin: 29-31 moles PS/mole FV

Bovine Albumin: 6.9-7.1 moles PS/mole B.A,

Ovalbumin: £&.1-4.5 moles PS/mole E,4,

In the mass balance of these complexes, there appears o
be approximately an- equimolar amount of Ca'? (40 PS)
bound in these systems. The sites of chelation are
agsumed to be that of ILree carboxyl groups based on the
accunulated experimental evidence in this dissertation.
This evidence includes:

1) PC (lecithin) a lipid without a free carboxyl

group will not form a mixed ligand complex.

2) Both inorganic phosphate and ionized ortho-
phosphoserine will not form a mixed ligand complex
Tthrough the phosphate oxygen.%

* This gbtatement does not imply that such an

interaction cannot exist, it only states that

such an interaction itselfl does not lead to a
stable comple.



3) Infrared analysis of the mixed ligand species
has shovm that the primary point of chelation is on the

carboxyl and not at the phosphate.

4) Reaction of ¥S at a pd where only the phosphate
lg ionized will mnot form a mixed ligand complex but does

Torm the dilipid complex.

It is interesting to note that although Hendrickson and
Mullington did not +try to ascertaln the exact point of
chelavion they did note that both methylation and
acetylation of the protein led to an increase and decrease
respeoti#ely in binding to that protein. They also noted
that the amount of phogpholipid bound to the protein
decreaged with increasing pH; that the binding seemed

to follow no set pattern and that their reaction product
could be separated into a “weakly" bound and "tightly"
bound complex. In contrast to this thesis, it is

obvious that there are some digtinct differences in
observations, Disregarding the fact that most of their
experiments were performed in a biphasic solution and at
a higher pll range, this dissertation noted that there

wag an increase in lipid binding as the pH increased. The
lipid bound¢ was found to be gpecific and reached a
maximum limit. It appears that the complex which
Hendrickson and Fullington have obgerved is only partly
that of +the mixed ligand complex as proposed in this
thesise Their "weakly" and "tightly" bound complexes

seem to be the dilipid-metal complex and the mixed ligand

146
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complex since they were separated by a CH013/ET0H/H20
system which has been shown to solublize the dilipid
complex. Therefore, it appears that their complex is
primarily a lipid/protein species in which there is a
large amount of hydrophobic interaction of the lipiad
fatty acid chains coupled with a coordination of
available sites on the protein. This model is consistent
with their other observations oft 1) reducing the net
positive charge (acetylation) with the increase in lipid
metal binding; and 2) decreasing the net negative charge
{methylation) with the subsequent decrease in lipid
binding (but not elimination). In sharp contrast to the
above work is the fact that from this work the removal of
the net negative charge of a peptide specie led to no
mixed ligand complexation. It appears that the complexes
of both investigations are for the most part different

lipid/protein species.

An important finding in the recognition of
mixed ligand complexes and the reaction site itself is
the actual stoichiometry of the phosvitin complex. For
it is with this protein that the exact number of ionized
accessible carboxyl groups are known to be 31. The
results of these complexation experiments show a range
of lipid complexation of 29 - 31/mole PV but no evidence
for higher binding at pH (7.0). However, at the same

pH there are an additional 136 ionized phosphate groups




vhich can bind an averzge of 127 Cafz/holecule of PV,
Therefore, The possibility exists for a greater number

of lipids 1o be bound to PV but no such case was found.

It is possible from a gteric point of view that only

29 - 31 molecules of 1lipid can bind to the protein buw
this seems +to be to coincidental with the number of
ionized carboxyl groups of PV, The absence of a low
lipid/protein ratio complexes also indicates that there
mugt be a determining factor other than the total number
of accessible ionized group influencing mixed ligand
Tormation. .The total reaction itself was found to be

not as spontaneous as was the other mixed ligand fommation
reactiong, vaking approximately 3 hours <To fully
precipitate. This observation may well be due to the

fact tha<t the numerous ionized phosphates act as an ion
eichange mediun pre#enting the immediate formation of

the dilipid apecies while forming the mixed ligand specles
(with 2 presumably high fommation constant) very slowly

with the available carboxyl groups.

The remaining two proteing, ovalbumin and

148

bovine albumin have also displayed the tendency to presumably

form a mixed ligand complex, This assumption is based on
the experimental evidence ag follows: 1) Both proteins
vhen mixed with PS (without Cafz) form a precipitate
(presumably through hydrophobic and electrostatic
interactions) which is soluble in the CHClB/MEOH (ETOH)/

. + .
Hzo system. The protein-Ca 2_PS system for each proteln
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ig insoluble in this solvent. 2) The protein—Cafz
complex (without PS) when treated with EDTA will

produce a metal free protein. Treatment of either
protein - Ca' "~ PS system has no effect. 3) The

infrared spectra of the precipitates (Nujol Hull) although
guantitatively inconclusgive does display the Ca+2-PS
carboxyl binding Ffrequency (1645-1640 em™ ). L) The

chemical analysis of the precipitates:

e Albumin (Holeg) £ (Holes) ca”?

~a

a) 1 L.3 %.9

B) 1 L,5 5,0

c) 1 ] L,6
Bovine Albumin

a) 1 6.9 6.9

b) 1 7.1 7.1

ig consistent with a mixed ligand =zpecies. 5) Both
bovine and egg albumin were found to form a complex in

the Hendrickson, fullington experiments.

Tt ghould be noted that the above data in (&)
have two epparent inconsistent features. The first is
the non~-intergral number of PS(Ca’ 2) moles bound. This
can be explained by the fact that the true molecular
weight of the albumins is not accurately known. The
presence of impurities (other proteins or mannose) may
lead to such numbers in the subsequent calculations.

' . . . + .
The second disparity is the amount of Ca 2 bound 1in the



150

Egg Albumin results. Although internally consistent,
an added 0.5 mole Factor above the PS5 level, is
indicated. Yhis finding can be Justified by the fact
that the Albumin has many possible binding sites (141
carboxyl side chaing) which may be accessible to Cd+2
binding but not to mixed ligand formation (steric or
electrostatic interactions). The Ffact that the excess
amount of Ca+2 ig consistent throughout geems to
indicate that this is the case. However, it is of
interest to compare the Ca+2 bound results ofi the three
proteins digcussed so far., All three proteins have
anionically charged sites in excess of the amount
complexed by the metal and lipid in a mixed ligand
complex. Yet only the fgg Albumin resulted in an

2

. . + . . .o . s
increased amount of Ca beinz bound. This faclt indicates

that on the egg albumin itself there must be anionic sites

2

* - . + P - - -
which are accessible to Ca © after mixed ligand formation.

t 1s possible that for both phosvitin and bovine albumin
the formatlon of the mixed ligand complex preventis the

2 or more simply that the sites

further chelation of Ca'
are no longer avallable for chelation either by being
sterically blocked or by participating in a coordinate
bonding scheme. levertheless, thé stoichiometry for the
phosvitin egg and bovine albumin mixed ligand complex hasg

heen calculated, the importance of which iz gtill +o be

determined.



It hag been previously mentioned that
Hendrickson and Fullington have investigated lipig/
protein interactions utilizing a mixed solvent s;ysT;c—:‘m.MP
They would dissolve a lipid and protein in a biphasic
solution of CHCIB/MﬁOH/HZO. Addition of a salt (Ca, lg,
or Hi) led to a precipitate formation at the interface of
the aqueous and organic layers., rJ:‘hea;y analyzed these
products by gtarch gel electrophoresis and found both
weakly and strongly bound metal/lipid/protein complexes.
Their complex preoduct for thils reaction has been discussed
previously. IHowever, what will be discussed is the results

m

of similay reactlions carried out in thig thesiso.

Zither poly glycine, alanine or hydroxy
proline was added equimolar to PS5 in a biphasic HZO/CHClB'
system. The mixture was agitated and an equimolar amount
of CaCl2 was added (pH of mixture approximately 7.0). &
precipltate formed at the interface of the HEO and lipiad
rich CHClj phase. This same experiment was carried out
with decanoic, lauric, oleic and stearic acid as well
as ovalbumin, hemin and insulin - chain-a. In each case
a precipitate was formed at the interface. Thé
subsequent analysis showed the following?

1) Adding MEOH o ETOH to the CHGZL3 phase "dissolved"”

completely the precipitates from the hemin and insgulin

experinents,
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2) The alcohol addition reduced or “"partially
dissolved" the amount of precipitate in all the poly
peptide experiments substantially. (Indicates dilipid

complex was present).

3} Acidifying the biphasic system had varying
effects but every precipitate did dissolve to a lesser

(polyaminoacid) or greater degree (fatty acids).

)  LDTA treatment "dissolved" all the precipitates
from the fatty aclid experiments and had no effect on the

others.

Specifically, these results show that hemin and insulin
chain-a do not form a mixed ligand complex as was also

seen in the aqueous experiments.

This fact in itself is interesting from a
biochemical point of view because it indicates that
certain proteinsg will not undergo such chelation reactions.
Wnhether it be the fact that the binding sites of the
protein are inaccessible or that the formétion of the
mixed ligand complex is sterically or electrostatically
impaired by the protein is not drasgtically important.

What is important is the knowledge that certain proteins,
peptides and amino acids have the tendency to form a mixed
ligand complex with PS under physiological conditions
while other proteins, peptides and amino acids will not

(see Tables 1 and I1)., Therefore, it seems probable that

152
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such mixed ligand formation at a membrane surface may
play a pivotal role in many membrane surface or trans-
membrane processes, especially since the formation is
ligand specific, structurally stable and ph controlled.
(in interesting parallel to this idea is the role of

metals in enz;yrne'cafca.l;y*zedfreactj.cms).:LL"8

The poly-amino acid experiments show that a
large part of the precipitate formed is the dilipid
complex which may then interact hydrophobically with the

Wb 149-152  ppiq fact is consistent with the

acid system.
Hendrickson/Fullington experiment since treatment of the
interface precipitate with a UH013/MEOH/H20 solution does
dissolve the precipitate substantially. The remaining
precipitate may well be a mixed ligand complex but the

analytical and spectral data of that precipitate is

inconclusgive.

Ovalbumin forms a mixed ligand complex in
these biphasic experiments but it was not totally
characﬁerized in this set of experiments. The infrared
spectrum of this interface precipitate was identical with
that of the aqueous egg albumin mixed ligand complex. 1t
was therefore assumed that the initial precipitate formed
in this experiment was the mixed ligand complex together

with a large amount of the dilipid complex.

The fatty acids all form what appears to be a

very weak mixed ligand complex (low formation constant).
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In summation the chemical and infrared
spectral analysis was inconclusive for the majority of
reactants examined but it did show that: 1) the
stoichiometry (qualitatively) was much greater than
1:1 for the poly amino acids; 2) there was a
significant and equai increase in the CH and COO(“)
infrared absorbtion bands for the fatty acid complexes;
3) ‘the ovalbumin spectrum was identical to that of the
aqueous preparation; &4) the precipitate in the hemin

2

. . . T s s s .
and insulin experiments was the Ca dillpid specles.

The Hendrickson/Ffullington experiment showed

analagous results except that thelr findings showed that

+ - i . Py
2 g2 £ all formed these mixed phospholipid/

T2

i . . T
bii and Ca

protein complexes. ULa © demonstrated the weakest
chelation or more simply the least stable complex. YThese
authors believe that the metal reduces the surface
potential of either the lipid or the protein. &4s a
consequeince, this effect increases the possibility of
hydrophobic interactions and/or wealk chelation as was
previously discussed. It should be noted that their
experiments were carried out at a pH of 8 or above. At
thig pH, it has been found that a precipitated mixed ligand
Ca' 2 complex is completely dissoclated while a liposome
mediated mixed ligand complex remains partially complexed.

1t is also known that a pH 8, the seryl amine group of PS

igs completely deprotonated. Therefore, there is no real
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inconsistency in the data of this or the Hendirckson/
Fullington experiments because at the higher pH values
one would expect a greater utilization of the nitrogen
in complex formation. Since both Nifénd Mg+2 are
preferentially bound to nitrogen bases (Ca 2 40
multidentate anions) in biological systems, it would.
explain why Hendrickson/Tullington found the stabilities
of the complexes reporlted above. 1t also supportbs the
contention that their complex is not the same complex

as is investigated in this thesis. & graphic represent-
ation of thelr proposed metal complex is shown in

Figure 29.

This author believes that such a structure
may exlist but that experimental evidence bears out the

following facts?

1) Such a FS-lietal complex can only exist at pH's

greater than 8.

2) Thig 1:1 FS-Mietal complex has only been detected

in extremely dilute vesicle gystems.

3) Treatment of the vesicle system in (2) does not

produce mixed ligand formation in the pil range of 6.5 —= 7.5.

L) Preparation of a 1:1 PS-Metal complex in a mixed
ligand vesicle under dilute conditions and subsequent
treatment with a suitable peptide ligand will produce a

mixed ligand complex which is bound through the respective

carboxyl groups.



156

Figure 29

Possible structure for the phosphatidyl-serine

metal complex in the pH range of 9 =14,
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5) ‘'T'reatment of PS as a multilamellar vesicle

+
or a dispersion with Ca 2 produces a dilipid complex.

6) The @ilipid complex will not form a mixed ligand

complex if so reacted.

7)  The dilipid complex may associate with a protein
“but the complex can easily be dissocilated by treatment

with a CH013/MEOH/H20 solution.

8) A mixed ligand complex will not dissociate with

the above golution.

9) &n amino acid (peptide)/metal complex (as the
mono substituted species,116’137"9 i.e., AA-CaT) will
form a mixed ligand complex when added to a PS5 suspension.
(his, of course, is dependent on the metal and ligand
employed) .

2

_ +2 . . :
10) At pH 8.0 the Ca “ mixed ligand complex is at

best only vartially formed and is extremely labile.

Ihe above facts from thig thesis and the
observations and results of the Hendrickson/Fullington
experiments delineate between two separate and distinct

types of lipid/protein complexes. They are:

1) Hendrickson/Fullington complex - a lipid/protein
complex which is formed between a 1:1 metal/PS chelated
complex and a protein. The primary modes of associlation
are believed to be hydrophobic atiractions and electrostatic

coordination of the remaining available metal sites by the
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appropriate functional groups on the protein. The
metal/lipid chelate effectively reduces the net ionic
charge of PS (at pH 8.0) to 0, thus facilitating

the above suspected interactions.

2) Mixed Ligand Complex - A lipid/protein complex
which is formed by the direct chelation of a protein to
an acidic phospholipid. In such a complex, Ca’? actually
chelates or "bridges" the anionic carboxyl groups of PS

with the respective peptide/amino acid or protein species.

Experiment:—illy, it seems ‘that the Hendrickson/
Fullington complex is energetically favored at a pH
greater than 8.0. The stability of this lipid/protein
complex appears to be dependent upon the nitrogen
affinity of the specific metal utilized and the amount

of hydrophobic interactions involved.

The mixed ligand complex, on the other hand,is
favored in the physioclogical pH range of 6.0—=7.6. The
lipid/protein complex is specific in that it is the
direct chelation of the respective carboxyl groups
(verified through thorough chemical and spectral analysis
of the complex). The overall stability of this complex, as
discusged in Section I of the Piscussion, depends on a
variety of factors from the pH and molecular geometry of
‘the complex to the specific peptide ligand and metal

utilized.
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The results do not imply that these lipid/
protein interactions are present in a "living" biological
membrane. However, their chemical presence and their
overall pH and molecular stability warrants that they not
. be discounted in the overall scheme of bilological and

physgiological lipid/protein interactions.
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1ix, Ihe Bffect of Mixed Ligand Complexes on Pure and
Mixed Bipid Vesicles

The use of model systems such as vesicles or
liposomes is a convenient method of being able to simulate
a bilological membrane while circumventing the gross
pitfalls of working with natural membranes. Nueller et
al 25 first reported using a protein-free model membrane
system, the so-called black lipid membrane in 1962. The
merits of this powerful technique were soon realized and
numerous experiments concerning the surface pressure

1 126,7 of these Blilg were undertaken on these

and potentia
mechanically supported membranes. Yet historically,
liposomes, lyotropic smectic mesophases, have most likely
been Tforming and reforming in an agueous environment since
the formation of lipid-like molecules in time. What

this actually entails is the clustering of "lipids"

at an air/water interface.128 Simple principles such

ag agueous hydration, electrostatics and surface free
energy are now recognized as being the major

stabilization of thege membrane structures. JIronically,
the use of liposomes or vesicles was patented in ingland
by J.¥. Johnson.T?? A certain pharmaceutical company

had discovered that certaln drugs when mixed with
lecithing can be injected into the body and released

guite slowly! The preparation of this injection reads

exactly like a standard vesicle preparation technigue

used today. 4#As sclence progressed, lipid agueous




162

suspénsions became more in vogue and scientifically
useful. ZYoday liposomes which can actually Dbe

broken down to three distinet types of phospholipid
assemblages, namely, multilamellar, microvesicular and
macrovesicular, are utilized in various biological
investigations. Briefly, these types differ in size,
preparation and use. The multilamellar structure can be
pilctured as numerous bimolecular leaflets piled on top
of each other with a thin aqueous stratum separating
the “membranes". This system has been the virtual

work horse for biological model investigation.lBo_le
Such studies as cation permeabili‘by,l33 properties of

ion carriers,134 binding of basic proteins such as
cytochrome ¢135-6 and effects an antibioticsl’ all have
been carried out on this system.% They are the easiest
Ilipid system to prepare and one can incorporate or
encapsulate any given solute such as glucose or inorganic

phosphate through simple mechanical or manual agitation

of the lipid/solute/water system.

The microvesicle is a structurally distinct
version of the multilamellar system. The concentration
of phospholipid to H20 is very low and the solution is
ultrasonicated to produce clear sols comprised of single
shelled bilayer spherules with an average diameter of 160

A°, These structures are ideal for studying the ion

#* For more References, see "lethods in Membrane
Biology, 1 (&,D, Korn, ed.) Flenum Fress,
MY, 1974,
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exchange capabiliies of pure acidic phospholipids. It
has also been found that both PS and PC form microvesicles
99

when sonicated.

Macrovesicles are smectic mesophase systems
prepared in a non-electrolyte medium which when prepared
is the "in between" of the multilamellar and microvesicle
systems. Since the presence of electrolytes disrupts
this system, it is used only in very specific cases
involving +the study of non-polar aliphatic materials on

thege "membranes."

Throughout the course of this disseritation, both
the multilamellar and microvesicle systems have been
used and have produced identical results especlally in
the mixed ligand formation and metal competition studies.
However, in the efflux studies it was found that on
ultrafiltration the microvesicles seemed to congeal
forming a multilamellar-like system. Subsequent dilutions
(washing) and reconcentration had the same effect on
the microvesicles so ‘that at the final stage in which
all solute was removed from the supernatant liguid and
the volume adjusted both original preparations appeared
to be similar to that of a multilamellar liposome.
Analysis as to the average size of the liposome wag not

performed but was assumed to be approximately 200 A%,

Uging both the sonication and ethanol injection

methods for microvesicle preparation (see Lxperimental
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Techniques) the mixed phospholipid vesicles (FC/PS5-9/1;
3/1:1/1;1/3:1/9) were prepared as clear sols and initially
used ‘to observe mixed ligand formation. The results of
these experimentg have azlready been reported and discussed
in this thesis. '‘herefore, since mixed ligand complex
Fformation did take place at the surface of the vesicle,

it became of interest to investigate the overall effect

of such complexation on the physical properties of the

vegicle itself.

Numeroug experiments have been performed on
vegicle systems noting the effect of bi and multivalent
metals on surface potential and surface pn.ﬂessm:'e.59’62'88’15br
kegcently, varilous proteins have been observed to increase
the permeability of phospholipid membranes.46’135"6
Although the reason for such increased permeability of
various solutes is unknown, 1t has been correlated with
the degree of penetration of the protein into the lipia
membrane. =22  Lhe decision was, therefore, made to
investigate the effects of mixed ligand complexation on the
glucose and phosphate permeability of wvarlable composition
YC/PS vesicles., Glucose and inorganic phosphate were
selected because previous permeability studies had been

performed on similar vesicle systems thereby giving a basis

of comparison for this experiment.

After the initial preparation of the mixed 1lipid

vesicles encapsulating the glucose and phosphate solute (see

2

’ . . F T .
Procedural Techniques), the Ca © and the Ca 2/GlyGly was
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added to the respective reaction vessels. t this
concentration approximately 1 x 1072 M in lipid, the
obgervation of PS5 disscciating out of the vesicle is not
seen. :The liposomes remain intact. Aliguots were then
removed from the reaction vessels (at constant 26° C
temperatufe) and analyzed as per the Frocedural Techniques
section. The results as shown in Yables £1l ang X111 ang
in FPigures 21-24 can best be interpreted as followst Lhere
is a definite trend in the glucose permeablility experiments
indicating that glucose release is enhanced with mixed
ligand complexation especially in the case of the liposome
containing the least amount of FS. Ironically, it is this
9/1 PC/Fs vesicle which compositionally resembles a natural

. L 42
membrane. The Ca

complexation experiments algo follow
this trend. The difference in the two separate experiments

is primarily the amount of glucose released.

The native liposome experiments in this series
digplays its own peculiar trend of seolute efflux. Glucose
release seems to be favored in the most negatively chargecd
liposome, that of the 1/9 native mixture. This effective
anionic surface charge trend, however, does not appear to
be congistent as can be seen by the amount of glucose
present in the supernatant 2 days after the initial
complexationt 9/1 - 65.93 mg/dl; 3/1 - 93.41 mg/dl;

1/1 - 87.91 mg/dl; 1/3 - 76.92 mg/dl; 1/9 - 131.87 mg/dl.
The same inconsistencies exist as can be readily seen in the
tables for both the Ca' 2 complexed species and the mixed

ligand complexed species. Therefore, a number of factors



must be involved in controlling the efflux of glucose from

the liposomes.

The major controlling factors of glucose
permeability seem to be a combination of the net
surface charge and the lipid composition of the vesicle.
Ag the net natural surface charge {(anionic) of the native
liposomes increases (with FS concentration), glucose
release increases. cxperimentally as the net surface
anionic charge is reduced with either Ca+2 or mixed
ligand formation, glucose release is greatly enhanced,
However, the least naturally charged liposome, the 9/1 -
PC/FS; displays the greatest glucose permeability after
complexation. if one were only considering the net
surface charge of the native vesicles, the 9/1 liposome
would have a slight negative charge diffused through the
surface of the vesicle as opposed to the 1/9 liposome
which has a large net anionic charge. After complexation
with Ca+2 which was observed to be in a 1li:l stoichiometry,
the liposome charge is no longer anionic, it is now
cationic with the 9/1 vesicle acquiring the least overall
positive charge. This charge reversal is also true for
the Ca+2/GlyGly mixed ligand complexation. It is now
interesting to note that the native vesicle with the
greatest negative charge and the complexed veéicles

2

+ T2 . L
gither Ca or Ca 2/LtlyGly with the least positive charge

displayed the greatest glucose permeability. Unfortunately,

a simple correlation of the two effects cannot be made on

the basis of net surface charge because if surface anionic

166
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characteristics are necessary for enhanced glucose
permeability why do the positively charged complexes

show a greater permeability? If neutrality or cationic
surface characteristics are necessary, why then does

the pure PC liposome (neutral)lo5 show the identical

- permeability as the greatest cationically charged liposome
(1/9 complexed) while both are only a fraction of the
permeability of the least positively charged vesicle
(9/1-PC/PS - Ca'2 and Ca+2/GlyGly)?

Although there is no simple solution for the
above question, the results of the glucose permeability
experiments do add a further insight into membrane
specificity. The lipid composition and the pH of the
environment of a membrane controls the net surface charge
of the species which then dictates the amount of
complexation which will/can take place. Experimental
evidence of various investigators have shown that on
addition of divalent cations to mixed lipid vesicles the
following phenomena occur: 1) for PS5 or mixed PS/PC
vesicles with a high () 50%) PS content - vesicle
contract on salt additions; FPC vesicles swell. 140
2) Ca.+2 binds to the PS5 molecules in the vesicle forming
rigid aggregates (Mg¢2 ineffective) thereby separating

68 3) Addition of the proteins

2

the PC into clusters.

. + s
spectrin or albumin to the vesicle (before Ca “ addition)

increases the permeability of both pure and mixed PS/PC

Lé

. ~ + s
liposomes. Subsequent Ca 2 addition would lead to
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perturbations of the bilayer structure increasing
permeability. #4) '"Membrane" formation phenomena
displayed by the mixed ligand complexes incorporates
the ligand within the membrane or for this case the

vesicle.

With this information and the results of the
glucose permeablility experiment, the data become more
easily understood. On the addition of Ca’? or Cafz/GlyGly
to a liposome a complex is formed. Ca' 2 alone will
aggregate the PS5 into rigid clusters allowing the PC
itgelf to cluster. The 9/1; PC/FS liposome for example
would be a nearly homogeneous vesicle with small pockets
of ¥S rigid clusters disrupting or perturbing the vesicle
surface and the hydrophobic interior. The same is true
for the Ca 2/GlyGly systems except that the GlyGly is
incorporated into the vesicle presumably interacting with
the charged FC species quite near the vesicle surface.

In any case, the positive charge of the Glydly is somewhat
displaced from the surface of the vesicle, This charge
displacement may play an important role in the overall

£ and Ca+2/GlyGly

glucose permeabllity since both ‘the Ca’
complexed systems have ldenitical positive charges yet
the Cafz complex which is positionally closer to the
membrane surface displays a lower glucose permeability.

Ag the concentration of PS increases with the analagous
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inecrease in Ca 2 and Ca+2/GlyGly. the complexed systems
become more rigid reducing the fluidity of the PC portion
of the vegicle vhile increasing the positive charge of
the vesicle. <Zxperimentally, this increased rigidity

- lowers the permeébility of glucose from the vesicle
systems. Therefore, 1t appears to.be a combination of
the reductilon of surface charge and the remaining fluid
content of the vesicle which controls glucose permeability
in these experiments. Other possible explanations such
as a dlfferential in the amount of glucose entrapped in
the original liposcme preparation can be disregarded since
the concentration of the glucose entrapped was calculated
for cach preperation and was above the levels indicated
in the results. GLeference to ‘the Julianoc, Kimelberg,
Papahadjopou10346 observation, of increased permeability
with protein and Cafz binding was explained in the
£6llowing manner. Both spectrin and albumin are added
(before Ca+2) to the vesicles (or monolayer) forming a
lipoprotein complex, presumably both hydrophobic and
electrogtatic in nature. These proteins are actually
incorporated into the vesicle, "swelling" the size of +the
vegicle and thus affecting the hydrophobic core of the
liposome, W®ubgequent Ca'2 additlion, experimentally
caused gross perturbations to the lipid structure thus

cq s . .
increasing the permeability of the liposome to Na flux.
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Their experiment and those described here are
quite different. First, glucose permeability is being
measured and second, glycylglycine, a dipeptide, is
being directly chelated to the carboxyls of the vesicles.
Thig peptide cannot interfere with the hydrophobic region
of the vesicle and more probably remain on or near the
surface of the vesicle interacting with the negative
phosphate group of the FPC gpecies. I, therefore, indicates
that mixed ligand complexation, the direct metal chelation
of the carboxyl groups on a lipid anc peptide species, can
play an important role in selective membrane permeability
without a direct interference into the hydrophébic core of

that membrane.

The phosphate analysis may be approached in the
same manner as that of the glucose permeablility study.
The results show that for the native liposomes, phosphate
permeabllity is also enhanced by the presence of an

o
2 and the Ca 2/'Gly(rly complexed

anionic charge. In the Ca'
vesicles, however, a trend is not as obvious. Comparison
of the amount of phosphate released after 2 days is
virtually the same for both complexed species (Figure 23)
but the rate of release and the amounts released in the
Tiret seven hours do not follow a pattern as was seen
with the glucose experiment. The Ca'? 9/1 complex
vesicle, the liposome with the lowest positive charge,

shows the greatest phosphate permeability while the
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i/9 Cal @ vegicle, the liposome with the largest positive
charge, is second. The Cafz/GlyGly experiment is even
more confusing with the 3/1, 1/3 and 1/9 complexed
liposomes showing almost the identical amount of

phosphate released (Figure 24).

These results indicate that the net surface
charge is not directly involved in the permeability of
ionized phosphate or at least plays a minor vrole. In
the overall reaction, there seems to be little difference
in the Ca 2 and Ca+2/GlyGly complexation on the vesicle
permeability to phosphate which supports the above
statement. Therefore, there must be other factors or

combination of such which control phosphate efflux.

One factor which should be considered is the
golute itgelf. The ibnized phosphate encapsulated in a
lipid hydrophobic region would have guite a different
effect on - -that environment fhan would glucose. The
phosphate may itszelf disyupt the hydrophoblc vesicle
interior causing the permeability observed. This facet
of vesicle perturbation may also explain why there is
a much shorter induction period in the phosphate efflux
zperiments. The primary effect of the phosphate in the
lipophilic region may well be a disruption of the natural
fluidity of +the vesicle thereby increasing the rigidity

2

+ % + ! hd > -
effect of Ca © and Ca 2/GlyGly complexation and increasing

the phosgphate effluz,



umerous other biophysical phenomena such as
osmotic presgsure, surface tension and the phosphate
binding affinity may also be involved in the above
experiments but have not been discussed. Obviously, no

one effect can explain the results obtained.

I4 appears that various combinations of factors
such ag: 1) the swelling and contracting of vesicles
by salt or mized ligand formation, 2) the fluid nature
of the vesiecle, 3) the nature of the solute being
studied, &) the guriace charge of the liposome and 5) the
veglcle couposition itseld, all contribute to the
observed permeability and aflfect the rates of release

observed in these and other liposome experiments.

172
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CONCLUSION

The importance of lipid/protein interactions
cannot be overestimated. These interactions lead to the
formztion of lipid/protein complexes which are involved
in a multitude of varilous physiological and biochemical
processes. Specific lipid/protein complexes are the
actual structural macromolecular components of all
biological membranes. Other such complexes are involved

145 46

in cell gecretion) active transport,l cell permeability,
calcification of various human ftumors, neural response and
are an indispensible component of the energy transducing
system in the mitochondria, Zach of these lipoprotein
complezes are functionally and structurally unique, yetb

the modes of lipid/protein interaction are still not fully

understood.

Thisg investigation examined one such possible
mode of interaction, that of mixed ligand metal chelation.
The work demonstrated that: 1) a mixed ligand complex
can be Formed and is gtable under physioclogiczl conditions.
2) ‘he complex is formed by the direct chelation of the
respective ionized carvoxyl groups of both a lipid and
protein by a multivalent cation. Lo phosphate bonding
wag observed. 3) Only certain cations will form such a
complex in the pH range of 6 - 8. They are! Ca+2>> l“’ig-"z)
Sr+2

, Hnt2, 4173, FT3

; . 4) The mixed ligand complex is



ligand selective. 5) The mixed ligand complexes of

Ca'? and Mg+2 demonstrated a pH dependence which in a
natural membrane could well be a mechanism for
regulating cell permeability or transport. 6) The mixed
ligand complex formed with proteins depended on the

. accessibility of carboxyl groups. 7} The stoichiometry

of the mixed ligand complex of PS/Ca and either amineo

acid or peptide ligands was 1t1:l. 8) The stoichiometry

of the protein mixed ligand complexes was as follows!

" +
1. Phosvitin - 29-31 PS5 and Ca Z/PV
o 1 + -
2., Ovalbumin - 4,3 PS and 4.8 Ca ?/Ovalbumln

. . + . .
3, Bovine Albumin - 7.0 PS5 and Ca 2/Bov1ne Albumin

9) Mixed ligand complexes will be formed on mixed lipigd
vesicles. 10) The amount of mixed ligand formation on a

vesicle is dictated by the amount of acldic phospholipiad

present. 11) Mixed ligand Fformation has an extensive effect

on the vesicle permeability of glucose and phosphate.

I{ is not my intention to state that this mode

of lipid/protein interaction exists under the biological

and physiological conditions of the cell. 1t is contended,

however, that mixed ligand chelation, often invoked and
speculated in various investigations, is a viable
possibility in protein/phospholipid interactions as has
been demonstrated by the results of this thesis.

Therefore, mixed ligand complexation, the direct metal
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chelation of the respective ionized carboxylate grouvs,
should notv bhe discounted as a functional and structural

force in blological membranes.



APPENDIX
I. L. P ] l].l C EE. - I

It should be understoed at the outset of this
section that this thesis addendum does in no way modify,
contradict, expand or contract the experimental

observations or conclusions made previously in this

dissertation. The purpose of this section is to qualitatively

calculate the experimental vesicle permeability coefficients,

noting the effect, if any, of metal or mixed ligand
complexation on the vesicle permeation of glucose and
inorganic phosphate. These coefficients can then be
compared to literature values for the same solutes and
vesicle systems thus possibly supplying an added insight

into the membrane efflux phenomenon.

If one assumes that both glucose and inorganic
phosphate permeation follow first order kinetics, the

permeability coefficient, k (kg) or k (x_)

glucose phosphate P
can be calculated from the following equationt 156

= 1In (1 -« A N/A Noo) = (A/V) k ¢
In this case A N and A Neo are the concentrations of glucose
or inorganic phosphate expressed as the % of the total
gsolute efflux at time t and at equilibrium, respectively.

A ig the surface area and V the internal volume of the

vesicle.
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It is at this point that the qualitative nature

of such a calculation becomes evident.

One must now

'estimate both the surface area and the internal volume

of these mixed lipid vesicles. Since there is no literature

data available for such mixed lipid systems, both parameters

were calculated from "known" values for the pure FC or

PS systems. The following base information was obtained

for these systems.

177

PC - surface area -2'1°7 = 1.9 * .2 x 107 cmz/h mole lipid

- internal volume 156,158,159 =

- volume/molecule

1.6+ .1 x 10-4
ml/u mole lipid

62 to 71 A%2

PS - surface area 99 = 2.3 % .1 x 107 cmz/h mole lipid

- internal volume 89 _ 2.0+ .1

- volume/molecule = 70 A®?

L

x 1077 ml/u mole 1lipid

Utilizing this information, the mixed lipid vesicles systems

were estimated as follows:

Surface Area Internal Volume V/A

PC/PS (2107 cn®/u mole 1) (x 107% mi/u mole I) (x 1077 cm)
9/1 1.94 £ .19 1.6 + .1 0.845
3/1 1.90 *+ .18 1.70 & .1 0.895
1/1 2,10 * ,15 1.80 £ .1 0.857
1/3 2,20 * .13 1.90 £ .1 0.864
1/9 2.26 * .10 1.96 £ .1 0.867

The A N and A Neovalues were taken from

Tables X1I, XXIa anda

XIT1I, A N_,was considered that point in which the amount of
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diffused solute remained the same over a period of time.

A N was obtained by halving the eguilibrium time and
utilizing that respective solute value. For the cases in
which no obvious equilibrium concentration was obtained,

the last reading (before 2 days) was used as the A Neowith
A N corresponding to one-half of this time value. Table XVI
shows the permeability coefficients calculated using the
above assumptions. For both the glucose and phosphate
experiments the permeability coefficients increased with
complexation of either Ca™2 or the Ca+2/GlyG1y systens.

However, no further correlation can be made from these

numbers.

If a comparison is now made to permeability
coefficients that have already been documented in the
literature, an interesting obsgervation is made. The below
are permeability coefficients which have been reported.

160
161

PC - glucose permeability a) 2.5 x 10"10

bilayer membrane
b) 4.0 x 10

(unilamellar vesicles at 36°C)

em/sec

-11cm/sec

~12 161

PS - glucose permeability a) 41.3 x 10 cm/sec

-12 161

PS/50% cholesterol - glucose permeability 17.5 x 10~ “cm/sec

Human red cell phospholipid - 6.2 x lO'ch/sec 104

(glucose)
Reconstituted erythrocyte membranes - 3.4 x lo'ch/sec 103
inorganic phosphate

(.5 mM Mg 012) - 8.8 x 10"9cm/%ec
(No data exists for the mixed lipid vesicles systems

used in this thesis.)



179

Table XVI

Vesicle permeability coefficients for the glucose

and phosphate efflux experiments.

kg (em/sec x 10”12)
PC/PS  Native Ca'?  Ca 2/C1yGly

- e ek mE oy s EE B S me e ED e S N ER B R pm Em mw M Em W me we we R oam o

kp (em/sec x 10712)

9/1 1.477 b.95 5.585
Phosphate 3/1  3.339  7.633 8.072
1/1 2.101 5.098 4,787
1/3 4,329 10.50 9,671
1/9 2.865 8.854 7.043
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The striking note is that the coefficients which were
qualitatively calculated from the vesicle data reported
in this thesis are well within the area of the accepted
value for glucose permeability in the pure PS5 vesicle.
Notwithstanding the primary assumptions which were
previously made in order to calculate the permeazbility
coefficients, there is only a 10-20 fold difference in
the respective coefficients. There is no correlation with
the reported pure FC permeability coefficients but for the
50% cholesterol/PS’mixture there is only a 5-10 fold
difference in the reporited and calculated coefficient
values.

It must be reiterated that the above calculated
coefficients are at best described as qualitative. This
permeability treatment suffers from a number of serious

disadvantages. They are:

i. These results cannot be expressed as fluxes
or true permeabilities because the actual surface area of

the dispersion was not measured.

2. The size distribution of the vesicles was not

measured but was assumed to be that of reported preparations.

3. Permeability coefficients are usually calculated
by the flux of a solute into a membrane with subseguent
extrapolation to a vesicle system. These calculations

uged solute efflux data from a vesicle species.
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4, Large liposomes are susceptible to mechanical

rupture.

5, The coefficient itself is dependent upon the time (%)
chosen. One could, therefore chose a time close to the
equilibrium point and thus obtain a greater numerical

value for the permeability coefficient.

6., 1t was assumed that the vesicles were homogeneous

as to the mixture (PC/PS) which was intended.

7. Although the exact amount of solute entrapped
was known, the true internal volume or "trap" volume was

not known.

8. There has been little experimental data on these
mixed lipid vesicles systems which would lead to a beneficial

comparigson of the calculated values.

However, keeping the above pitfalls in mind, the calculated
coefficients do fall into the correct range for the bo
vesicle glucose permeability. Whether this be

serendipitous or concrete experimental evidence is extremely
hard to say. Yet complexation (metal or mixed ligand) does
increase the value of the respective permeability
coefficient for both the glucose and inorganic phosphate
experiments. 7This phenomenon may be due to the effects
discussed previously in this thesis. It is even more
interesting to note that the coefficients for the two vastly

different solutes are virtually the same. There is no



182

apparent answer to this observation and this author will

not speculate on this peoint at this time.

In summation, the calculated permeability
coefficients are consistent with the evidence compiled
from the liposome experiments and can be used qualitatively
to note the effect of complexation (non-hydrophobic core

disrupting) on a vesicle or liposome system.
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