Lawrence Berkeley National Laboratory
Recent Work

Title
ELECTROPHORETIC AND BIOCHEMICAL STUDIES OF ERYTHROCYTE MEMBRANE STRUCTURE

Permalink
https://escholarship.org/uc/item/27w1lvegm|

Author
Hutchinson, M.S.

Publication Date
1984-12-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/27w1v6gm
https://escholarship.org
http://www.cdlib.org/

s

S ue-v¢
LBL-18458
<]

E Lawrence Berkeley Laboratory

NS

UNIVERSITY OF CALIFORNIA RrEcEeiveDp

I A5l ol Va3

BERKELEV LABOPATORY
Feis 171985

LIBRARY AND
DOCUMENTS SECTION

ELECTROPHORETIC AND BIOCHEMICAL STUDIES OF
ERYTHROCYTE MEMBRANE STRUCTURE

M.S. Hutchinson
(Ph.D. Thesis)

December 1984

o lc":;'iﬁhi‘séi. l.‘:||:":'lf‘:‘lt‘:'l-!’

3iologyS
cdicine
iGen

T RS L

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 -

2SH R\ 1T



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-18458

ELECTROPHORETIC AND BIQCHEMICAL STUDIES
OF ERYTHROCYTE MEMBRANE STRUCTURE

Majorie Smit Hutchinson

PhD Thesis

(Submitted in partial satisfaction of the requirements for the degree of
Doctor of Philosophy in Biophysics, University of California, Berkeley)

December, 1984

Research support was received from the Office of Health
and Environmental Research, O0ffice of Energy Research,
¥ U.S. Department of Energy, under Contract No. DE-ACO3-
' 76SF00098 with the Lawrence Berkeley Laboratory,
University of California.



i1

Electrophoretic and Biochemical Studies
of Erythrocyte Membrane Structure
Marjorie Smit Hutchinson
Department of Biophysics and Medical Physics
University of California
Division of Biology and Medicine

Lawrence Berkeley Laboratory
Berkeley, California 94720

Abstract

The chemical composition of the outer surface of the human erythrocyte was studied by
combining electrical-surface-charge measurements (microelectrophoresis) with selective chemi-
cal modification procedures that alter various classes of ionogenic groups known to reside
within the membrane. The chemical procedures that were used included: (i) the removal by
enzymatic methods of sialic acid residues from membrane saccharides; (ii) removal of the cho-
line and phosphoryicholine moieties present in the polar headgroups of membrane phospholi-

pids; (iii) the alteration of surface charge by various charge-blocking agents.

In order to stabilize the cells against hemolysis caused by several of the chemical modifi-
cation procedures, the erythrocytes were fixed with glutaraldehyde under various conditions. In
this manner ﬁxation conditions were arrived at that left unaltered the electrophoretic mobility

at all ionic strengths and pH’s.

The particular enzymes employed were neuraminidase, phospholipase C from B. cereus
and from C. perfringens, and phospholipase D from peanut and from S. chromofuscus. Chemi-
cal assays were performed to determine the amount of sialic acid, phosphate, or choline
removed by the various treatments. The neuraminidase results strongly suggest that the native

cell has a non-zero surface conductance, which is lost in the neuraminidase-treated cell.
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iii

The phospholipase results suggest that membrane-component rearrangement occurs after
removal of choline moieties from membrane phospholipids, with the remaining phosphatidic

acid probably flipping to the inner surface of the membrane.

Taken 4_togcthcr, the results of this dissertation provide new information and insights on
membrane structure, stability, and biophysical responses. These include the location 61' the
phospholipids, the physical extent and conductance of the outer carbohydrate-and-protein layer,
the role of sxahc acid, the ability of the membrane components to rearrange, and the nature of

the fixation process.
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CHAPTER 1

Introduction

1.1. Membrane models

Modern membrane-model theory began w_rith the lipid bilayer concepts which arose from
the experiments of Gorter and Grendel (1925), in which lipids when spread in a Langmuir
trough were found to cover an area approximately twice the estimated area of the cell surface. |
Although some of these estimates were later shown to be incorrect, these experiments led to the
model proposed by Danielli and Davson (Danielli and Davson, 1935). In this model the
membrane was thought to be composed of a lipid bilayer in which the hydrophobic chains of
the lipids interacted in a water free environment, while the polar head-groups were oriented

towards the more hydrophilic environment of the inner and outer membrane surfaces.

At that time the membrane proteins were thought to form layers covering the inner and
outer surfaces. Belief that this model was largely correct was strengthened by the unit-
membrane appearance seen in electron micrographs (Robertson, 1963). Further data, however,
cast doubt on the complete correctness of this theory. Isotopic labeling experiments indicated
that many proteins spanned the membrane, and that others were bonded to hydrophobic
portions of lipids (Richardson, et al., 1963; Singer and Nicolson, 1972). In addition, freeze-
fracture studies showed globular units of about 7.5nm diameter which appeared to be present in
the interior (Branton, 1966; Pinto da Silva and Branton, 1970) Finally, infrared spectroscopy
(Maddy and Malcolm, 1965), optical rotary dispersion (ORD) and circular dichroism (CD)
experiments (Wallach and Zahler, 1966; Lenard and Singer,1966) showed that there was no

detectable protein in beta form, as shoﬁ.ld be the case if the protein was in sheets on the outside



of the membrane. To have protein in globular form would require a membrane larger than the

7.5 to 9.0nm generally seen (Singer and Nicolson, 1972).

The modern membrane model, now usually called the fluid mosaic model, answered
these objections (Lenard and Singer, 1966; Singer and Nicolson, 1972). This model still

incorporates the lipid bilayer concept but places the protein throughout the membrane. One

class of proteins, the “integral” proteins, can only be removed by drastic treétments such as by -

detergents or organic solvents. Once removed, they are found to be hydrophobically bound to
membrane lipids, or to be insoluble in neutral aqueous buﬂ'erﬁ. The ease of extraction of lipids,
'either from membranes or mémbrane lipoprotein, indicates that the lipid-protein binding is not

covalent. Proteins in another class, the “peripheral™ proteins, are easily removed by increases

in ionic strength or by chelating agents. This suggests that they are weakly bound to the inner

and outer surfaces, perhaps by ionic bonds. The carbohydrates, which include sialic acid,

hexose and hexosamines, are attached to both lipid and protein moieties at the outer surface..

Lipid organization into some form oﬁer than a bilayer has also been suggested. Lipids
and proteins might form conglomerates, with the lipid hydrocarbon chains inserting into the
hydrophobic portions of the protein, forming large subuniis that Qodd then interact w?th each
other to constitute the membrane (Vanderkooi and Green, 1970). In this model, the polar head
groups would not line up to the extent that they would in the bilayer. Another possible model
is one in which many of the lipids would be in micelles, each of whicix coﬁtained large numbers

of lipid molecules that interact with the proteins only at the outer edge of the micelle.
1.2. Evidence for membrane bilayer structure

The existing evidence indicates that at least part of the membrane lipid is in a bilayer
arrangement. In the myelin membrane, the lipids have been shown, conclusively, to be in a

bilayer arrangement, but the myelin membrane has a much higher proportion of lipid than do

e
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most membranes. For the erythrocyte, the evidence is strong but notvovcrwhelming. Freeze-
fracture experiments in which the membrane splits down the center are taken to be good
evidence for a bilayer (Branton, 1966; Pinto da Silva and Branton, 1970). Spin-label studies
have shown that lipids rapidly diffuse in the plane of the membrane, (Kornberg and
McConnell, 1971a), while they diffuse only very slowly across the membrane (Kornberg and
McConnell, 1971b). Some studies on model membrane systems indicate that there might be
two pools of lipids, one easily diffusible in the plane of the membrane, presumably within the
bilayer, while the other is “bound” lipid, probably hydropﬁobimlly bound to protein (Jost, et
al, 1973). Wallach and Zahler (1966), with ORD studies on plasma membranes of Ehrlich
acites carcinoma, and Lenard .and Singer (1966) on human erythrocytes, showed that protein
conformation was consistent with the interaction between the proteins and lipids being
hydrophobic in nature. Wilkins et al. (1971) performed an x-ray diffraction analysis of |
erythrocyte membrane fragments, and found a repeat distance of 4.5nm which they interpreted

as the thickness of the lipid bilayer.

If there is strong evidence that the membrane lipids are at least partially organized into a
bilayer structure, the extent of thls has not been proven. Electfon micrographs are made on
dehydrated and embedded membrane samples, and it is well known that removal of water from
lipid dispersions does cause the lipid to form bilayers, whether or not they were previously so
organized. Further, Lenard and Singer (1968) showed that the fixatives used in the preparation
of electron micrographs, led to altered conformation of the membrane proteins. Also, the use
of techniques such as ﬂuorcsccnt. probes and spin labels requires the insertion into the
membrane of foreign molecules which could be perturbing the membrane and changing its

characteristics (Op den Kamp, 1979).



1.3. Membrane asymmetry

Several studies indicate that the erythrocyte membrane is asymmetric with respect to the
lipids and proteins. (Bretscher, 1972 and 1973; Gordesky and Marinetti, 1973; Zwaal and
Roelofsen, 1976). The principle lipids of the erythrocyte membrane, and the points of action of
the various enzymes, are shown in figure 1.1. Zwaal and Roelofsen (1976), by means of
phospholipase studies, have determined that in the human erythroqyte, 80% of the
phosphatidylethanolamine (PE), and all of the phosﬁhatidylscﬁne (PS) appear to be at the inner
surface, while the phosphatidylcholine (PC), tﬁe sphingomyelin, and up to 20% of the PE, are
accessible only at the outer surface of the membrane. These conclusions come from analysis of
the reshlts of combined enzyme actions on intact cells and ghosts. Bretscher (1972) in
experirhents in which he reacted the free amino group of PE with formyl-3ss-met.honyl
(sulphone) methyl phosphate also came to the conclusion that the menibmne was asymmetrical
in its lipid components. Finally, vcvidence for protein asymmetry has been found in studies on
the availability of protein to proteases and to lébels, in intact cells and in ghosts (Steck, 1974).
From this asymmetry it is evident that the membrane molecular structure is other than random

in nature.
1.4. Location of phospholipid components

It is interesting to examine the location of .the membrane phospholipids, and the
possibility that they might be masked by proteins. The membrane is made up of about 52%
protein, 40% lipid and 8% carbohydrate by weight, and, as seen in electron micrograph sections,
is approximately 7.50m in thickness (Steck, 1974). If such a membrane includes of a lipid
bilayer of 4.5nm thickness, as seen by Wilkins et al. (1971), then the remaining proteins and
carbohydrates must take up no mdre than about 3.0nm. If we start with the simplest

assumption for the distribution of the protein and carbohydrate, and allocate 50% to each



Figure 1.1
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Figure 1.1. The principle lipids of the erythrocyte membrane showing the points of attack of
e the various phospholipases (Modified from Zwaal and Roelofsen, 1976). R, Rl’ R2 are fatty

acyl chains.



surface, we would expect that the phospholipid head groups could be as far into the membrane
as 1.5nm. However, the outer layer is apparently less than 1.5nm thick, since according to
Rothman and Lenard (1977), and Steck (1974), labeling studies have shown that the majority of
proteins (all But two of the major oﬁes) are exposed only at the inner surface. (The remaining
two major proteins are glycoproteins that are exposed at both surfaces). Thus, a reasonable
assumption would be that much le§s than half of the protein is at the outer surface, and that the
lipid head groups should, therefore, be less than about lnm from the surface. Therefore, if -
mdeed, the phospholipids are tﬁat close to the cell surface, it should be possible to detect them

electrophoretically. .

It is also possiblg that the ﬁhospholipids might be masked by the carbohydrates.
However, using data from several sources, Tenforde (1-970) estimated _that the maximum
surface area on the human erythrocyte covered b;' the carbohydrate is only 38% of the cell’
surface. Finean et al. (1971) estimated (from shrinkage of the membrane after PLC treatment)
that 70% of the erythrocyte surface is occupied by lipid, which presumably would be vlargely
phospholipid. Therefore, it is unlikély that the carbohydrates, alone, could effectively mask the

phospholipids.
1.5. Role of the present work — experimental strategies

If the bilayer hypothesis is correct, the ‘charg'e on the lipids should be detectable by the
rﬁicroclectrophoresis technique, when the electrophoretic mobility is measured in a solution of
sufficiently low ionic strength. At low ionic strength, the charge-screening decreases due to the
lower concentration of counterions. Therefore, charges which lie deeper in the membrane will
contribute to the electrical potential (so called {-potential) effective at the surface of shear
(Tenforde, 1970). The quantitative theoretical measure of this depth, measured inward from

the surface of shear, is the Debye length (€,). That is, a charged particle must be within one



Debye length of the surface of shear for it to contribute to the potential at the surface of shear,
and hence for it to be detected electrophoretically. At 25°C, the Debye length is given
approximately by the relationship ZD-O.BOS/ VT/2 (nm), where I'/2 is the ionic strength. An
ionic strength of 0.0029 corresponds to a Debye length of 5.7nm. This is much deeper than
would be needed to detect charges at the expected locations of the polar head groups of the

membrane lipids as described above.

The strategy of the present éxperiments is to alter the membrane with enzyme tréatments,
and also to apply charge-neutralizing agents, particularly free-amine-combining agents, and to
then measure the mobility of the treated cells at several different ionic strengths and pH values.
In this way it may be determined whether there is a change in the membrane surface charge
caused by the treatments, and, if so, at approximately what depth within the membrane such a
change occurs. By measuring the mobility at several pH values, it is possible to determine the
pK of the diSsoéiating groups and, therefore, to infer specific charge groups that might be
responsible for the electrophoretic surface-charge density. The particular enzymes used are

neuraminidase and several phospholipases.

Phospholipases: phospholipase C (PLC) from B. cereus, removes the phosphocholine
groups from phosphatidyicholine; PLC from C. perfringens removes the phospholipid head
group from PC, PE and sphingomyelin. phospholipase D (PLD) from peanut or Streptomyces
chromofuscus, removes only the positively-charged choline group, leaving the negatively-
charged phosphate still in the membrane. As in the case of the PLC, the action of the two PLD
enzymes is slightly different. The peanut PLD removes the choﬁne head groups of i’C and the
ethanolamine group of PE but does not effect sphingomyelin. By contrast, the S. chromofuscus
PLD enzyme acts on the PC and PE as above, but removes choline from sphingomyelin as well.

Figure 1.1 shows the points of attack of each of the above enzymes.



Before treating the cells with any of the enzymes, except for S. chromofuscus PLD, the
cells were necessarily fixed (with glutaraldehyde) to prevent hetﬁolysis and cell destruction.
Although, glutaraldehyde was assumed to play a passive role, it was necessary to investigate
whether it, in itself, led to electrophoretic mobility changes. A similar point could be raised as
to possible irreversible effects of low ionic strength acting on the membrane. It was therefore
also necessary to investigate the possibility that the low-ionic-strength solutions, themselves,
caused a permanent change in the cell surface charge (mobility).

Neuraminidase from Vibrio cholerae, removes neuraminic acid (sialic acid) from the
terminal position of cell surface oligosaccharides. The rationale for the series of neuraminidase
experiments is that sialic acid is the main cause of the net negative surface charge of the
membrane. Thus, after removal of the sialic acid, the depth of the remaining charges could be
estimated, by using the low-ionic-strength technique. By using neuraminidase in conjunction
with the phospholipases, additional kinds of information can be gleaned. The effect of
neuraminidase on the portion .of the electrophoretic mobility that is due to the phospholipids
might be quite different, depending upon how the sialic acid might interact with other

membrane components.

Some possible effects of the removal of the sialic acid, either by itself, or in conjunction

with phospholipase action are:

(1) Removal might change the location of the surface of shear, bringing the phospholipids
closer to the outer surface where their charge would have a greater effect. Although, from the

calculations described in section 1.4 this appears unlikely, it cannot be entirely excluded.

(ii) Without affecting the surface of shear or access to the phospholipids, removal of the
phospholipid head groups might lead to rearrangement of the sialic-acid-bearing molecules,

causing a change in the membrane charge distribution. Removal of the sialic acid would
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eliminate this source of confusion for the electrophoretic results.

(iit) Sialic acid might stearically mask the phospholipids so that the PLC and PLD
enzymes could not reach the substrate. Removal of the sialic acid, then, could lead to a
significant increase in the amount of substrate removed by the enzymes, and hence to a change

in the surface charge detected electrophoretically.

(iv) Sialic acid removal might have no effect on the charge-altering action, if any, of the

phospholipases.

In sum, experiments following the above-indicated lines should lead to new insights
about the location of the lipid head groups in the membrane, the location of the sialic acid
moieties, the exiﬁtcnce of electrophoretically detectable amino groups in the outer surface of the
membrane, and the charge-interaction between the various molecular spe;ies in tﬁc membrane.
Furthcrmore,'such results might also provide new information about thé location and_extent of
the lipid bilayer. For example, if the choline removal by PLD could be detected
electrophoretically, the extent of the surfacecharge change, and the Debye length at which the
chargechange were detected, could provide new estimates of the extent and depth of the
bilayer. In addition, since rearrangement within the membrane might lead to a charge change,
this provides further opportunity to learn about the interactions of the membrane molecules
with each other. And finally, because some experiments can be performed on both fixed and
unfixed erythrocytes, this provides an opportunity to learn more about the fixation process

itself, and the condition of the fixed cell.
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CHAPTER 2

Methodology and Materials

2.1. Cell Electrophoresis

2.1.1. Basic relationships

The surfaces of living cells contain charge-bearing molecules that cause the cell to move
when an electric field is applied. The velocity of the cells can be used to determine the

electrophoretic mobility,
u=v/E | eqn. 1
where Vv is the velocity (um/sec) and E is the electric field strength (V/cm).

The relationship between the electrophoretic mobility and the surface charge density has
been derived and is discussed in Tenfordé (1970), Overbeek and Lijklema (1959) and Brinton
and Lauffer (1959). Henry (1931) arri\;ed at a relationship for spherical particles between u and
the zeta potential ({) where { is the electric potential at the surface of shear. The surface of
shear is the imaginary surface surrounding the cell within which all ions and bound water of

hydration move with the cell when the electric field is applied. Henry’s relationship is
p = {ef(xa)/4mn ' ' eqn. 2

where ¢ is the dielectric constant, « is the Debye-Hickel constant, g is the radius of the sphere,
and 7 is the viscosity of the medium. The function f(xa) exhibits a complicated dependence on

ionic strength and has been plotted by Henry. Smoluchowski (1903) had earlier derived the

»
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equation u=¢{/4xn. When g is much larger than 1/x, as is the case of intaét cells, f{xa)= 1 and
Henry’s equation reduces to Smoluchowski’s equation. When a is much less than 1/, flxa)
approaches 2/3. ' A further assumption implicit in the derivation of these equations is that the

particle is non-conducting.
Henry’s equation for a conducting sphere is the following.

u= (geflxa)/6rn) (34/(2A 4 +A)) eqn. 3

. where A, and A; are the conductivity of the external solution and the cell respectively. When

Ai is zero, as is the case for a nonconducting sphere, this equation simplifies to egn. 2.

The zeta potential mn be related to the surface charge density o using the Gouy-
Chapman equation. This approximation treats the membrane as a planar surface with fixed
charges, and it treats the counter-charge as a ﬁpace charge extending out into the medium. The
derivation makes use of the Debye-Hiickel approximation (for which the potential, ¥, in the

double layer can be approximated by Vzw - xznp) which is valid for an impenetrable surface

‘when the electrostatic potential, ¢ is much less than kT/zie, where k is the Boltzmann constant,

T is the temperature, z; is the charge per ion, and e is the electronic charge. When the Gouy-
Chapman approximation is carried out for a solution of singly charged ions, the surface charge,

a, can be expressed as
o = (kTx/2xe) sinh (e$/2kT) ' " eqn. 4

When the further approximation is made for the case where {<25mV at room temperature, ¢

can be expressed as:
omunx = un/l D _ “eqn. S

where (D -] /x is known as the Debye length, and is considered to be the thickness of the ionic
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double layer. For erythrocytes at room temperature, { is about 13mV. In equation 5, ¢ is in

1

unitsome—z,uinum s—l/ch- ,  in poise, and £y in nm.

Haydon (1964) discussed the errors involved in these mlcglations and concluded that
most of the errors are probably small with the possible exception of the error that occurs if the
membrane is penetrable to charged species. He calculated that if the membrane were
penetrable the true charge density could be as much as twice that of the calculated charge

density.
'2.1.2. Low ionic strength effects

The Debye-Huckel constant, «, and its reciprocal, fD, are functions of the ionic strength

of the medium:
€= (1000ekT/8xNe? I/2)" eqn. 6
which at 25°C is approximately 0.305/(T/2)" nm

where N is Avogadro’s number and I'/2 is the ionic strength = szciziz. As the ionic strenigth
decreases, the Debye length (i.e. double layer thickness) increases; fewer membrane surface
charges are masked by counterions, and charges deeper in the membrane are able to contribute

to the potential at the surface of shear, and hence affect the electrophoretic mobility.

2.1.3. Details of apparatus and techniques

Cell electrophoresis was performed using the modified Zeiss Cytopherometer described
in Tenforde et al. (1973) employing a rectangular chamber in a lateral position. The electrodes
consisted of two zinc posts immersed in saturated ZnSO4 solutions. The electrodes were

attached to a polarity-reversing switch placed in series with a constant-current power supply.
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Velocity measurements were made by measuring the time to traverse a known distance
between two grid lines. Each set of measurements was made on an average of at least 10 cells;
measurements were made at the front and back stationary levels, and each cell was measured
with both polarities of the applied field to cancel the effect of fluid drift. The stationary levels

were determined by methods described in the manufacturer’s manual (Carl Zeiss,

Oberkochen/Wuertt, West Germany). The microscope was focused on the front and back

walls, and the displacement of the microscope’s ocular stage required to focus on the two walls
was related to the chamber depth, t, using the manu_facturer’s tables. The positions' of the front
and back stationary levels were calculated by multiplying the chamber depth by 0.2024 and

0.7976, respectively (Bull, 1971). The chamber depth was approximately 700um.
The electric field strength, E, was calculated from the relation,
E=lpmt = - eqn. 7

where 7 is the current m amperes, p is the specific resistance of the chamber in Q«cm, h is the
chamber height (1.40cm), and t is the chamber depth in cm. The specific resistance, p, was
determined by measuring the conductivity of the medium with a Leeds and Northrup
conductivity meter. An experimental curve of solution resistance (R) vs. specific resistance was

used to determine the cell constant, ¢, where {=R/p. (See Jones and Bradshaw, 1933)

The velocity measurements were then averaged and divided by the electric field strength

to obtain the electrophoretic mobility, according to eqn. 1.
2.14. Electrophoresis buffers

Mobility measurements at physiological ionic strength were made in.a buffered saline
solution that was 0.145M in Na(Cl and 0.0003M in NaHCO3, hereafter referred to as Standard

Buffer. Low-ionic-strength buffers were prepared at several dilutions as shown in table 2-1.



TABLE 2-1

Composition of low-ionic strength buﬁ'ers made up to a total volume of 200 ml
- using 0.3mM Na HCO,

Debye Ionic mosm/Kg mosm/Kg - 145M Sucrose
Length  Strength NaCl® Sucrose NaCl® ®)
(nm) (ml) :
0.46 0.435 813 0 (4.751 g)© 0
1.13 0.0725 135.5 135.5 9.3 9.27
1.38 0.0483 90.3 180.7 6.2 12.37
1.78 0.0290 54.2 217 3.7 14.86
2.19 0.0193 36.1 235 248 16.09
252  0.0145 27.1 243.9 1.86 16.70
3.09 0.00967 - 18.1 253 1.20 17.32
3.58 0.00725 13.6 2514 0.90 . 17.62
4.74 0.00414. _ 7.7 263.3 0.48 ‘ 18.03
5.64 0.00290 5.4 265.6 033 . 18.18

(a) - The osmolarity of Standard Buffer was measured to be 271 mosm/Kg.
The osmolarity of the low ionic strength NaCl solutions were calculated from
the dilution used.

(b) - The required mM NaCl was calculated from the mosm/Kg NaCl. For
ionic strengths below 0.01, the contribution from the 0.3 mM NaCl has been
subtracted.

(c) - This, the only non-low ionic strength buffer, was made by adding solid
Na(l to the 0.3 mM NaHCO,.
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Sucrose was added to restore the tonicity to that of the Standard Buffer. Low-ionic-strength
media were prepared by diluting 1.45M NaCl with 0.0003M NaHCO3 to the proper

concentration and adding sucrose to bring the tonicity to a nominal 270 mosm.

Low-ionic-strength samples were prepared for electrophoresis in the following manner.
Three or four drops of cell suspension were transferred to a 35ml centrifuge tube, the tube was
filled to 30ml with the low-ionic-strength solution, then centrifuged at 1100 X g for native cells
or 810 X g for GA-fixed cells. The supernatant was removed by vacuum aspiration, the tube
was refilled to the 30ml mark with the.correct solution. The pH was corrected to pH 7.2+0.2

with an HCl or NaOH solution of the corresponding ionic strength.

2.1.5. Viscosity adjustments -

Viscosity adjustments for the calculation of the surface charge density from the measured
electrophoretic mobility (eqn. §), were made using the data in figure 2.1. These data represent
viscosity measurements made for buffer solutions of several ionic strengths containing
sufficient sucrose to give isotonic conditions, using an Ostwald 80-100 sec viscometer (VWR-
Scientific Co.) to measure the viscosity, determined from the time required for the solution to
move a fixed distance under the influence of gravity. A giass pycnometer (constructed at
Lawrence Berkeley Lab) was used to determine the density of the sample (o) relative to that of
deionized water (po) by weighing a sample of both. The relative viscosity (”r)’ was then

calculated from the relationship (Bull, 1971)

where t and 5 are the outflow time and viscosity, respectively, of the electrophoretic buffer
solution and t and 1, are the corresponding quantities determined for deionized water at the

same temperature. Whenever it was necessary to compare mobilities at different ionic
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Figure 2.1
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Figure 2.1. Relative viscosity vs. Debye length for the buffered saline solutions (containing
added sucrose), which were used for the electrophoretic mobility measurements. Measurements

were taken as described in the text.
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strengths, viscosity adjustments were also made to the mobilities (without necessarily

proceeding with the full surface-charge-density calculations).
2.1.6. Statistical methods

When several experiments of the same type were carried out, the data were averaged,
and the errors were calculated as the standard error of the mean. Tests of significance of
differences between two populations were made using Student’s t-test (Spatz and Johnston,

1981).
2.2. Cell preparation techniques
2.2.1. Native cell suspensions

Expired human blood was obtained from the Alameda-Contra Costa blood bank. Fresh
" rat blood samples were drawn from the vena cava of anesthetized WAG/Rij rats (bred at the
Lawrence Berkeley Laboratory). All blood samples were washed in approximately 15 volumes
| of Standard Buffer (0.145M NaCl and 0.0003M NaHCO3). The cells were spun at 1100 X g
for three mihutcs, the buffy coat was removed by aspiration, and the cells were washed three
additional times, spinning at 1100 X g each time. They were then suspended as a “cell stock
suspension” in an equal volume of Standard Buffer and kept at in an ice bath until needed.

Cell samples were used the same day, usually within four hours after prepération.
2.2.2. Ghost preparation

2.2.2.1. Historical background

The effects of variations in the osmolality and the pH of phosphate buffer on the

integrity of erythrocyte ghosts were studied by Dodge, et al. (1963). They concluded that 20
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mosm and pH 7.4 were obtimﬁm conditions for performing erythrocyte lysis while minimizing
the loss of membrane components. Bramely et al. (1971) did studies on the effects of variations
in osmolality, using bicarbonate buffers containing no divalent cations. They tested for
hemoglobin and non-heme protein retention, and also tested membrane function using
measurements of phosphatase activity, cholinesterase activity, and ATPase -éctivity. They
found that the most drastic effects on membrane integrity and ﬁxncﬁon occurred below 20

mosm, while hemoglobin retention increased above 40 mosm.

Johnson (1975) showed that the hemoglobin retained after ghost preparation was
probably trapped inside the cell during resealing. In order to minimize the possible effect of
hemoglobin adsorbed at the outer membrane surface on electrophoretic mobility

m&asurements, the 20 mosm buffer was used for hemolysis in the experiments reported here.

Several researchers tested the effects of Ca*t™* and MgH' on ghost preparation. Johnson
and Kirkwood (1978) and Bramely and Coleman (1972) found that Ca** or Mg*™ ions restore

the impermeability of the membrane, and prevents loss of resealing ability.

Bodeman and Passow (1972) studied the effects of temperature on the resealing process
and showed that no resealing takes place at 0°C but does at higher temperatures. .

2.2.2.2. Present experiments

In the experiments reported here, .the 20 mosm phosphate buffer of Dodge et al. (1963)
was supplemented with ImM MgC12 to minimize the loss of membrane components. The cells
were collected and washed in Standard Buffer. ‘Twenty five ml of the hemolysing solution was
added to 3ml stock cell suspension. The cells were spun at 13,000 X g for 10 minutes and
washed 3 times in a 20mM phosphate solution containing 1mM MgCl,. Care was taken to

remove the red pellet at the bottom of the tube since this has been shown to contain protease
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a;:tivity (Fairbanks, et al., 1971). The cell membranes were then resuspended in 30ml of

Standard Buffer and allowed to reseal for 10 minutes at room temperature. They were then

~ centrifuged once again at 13,000 X g, suspended 50% (v/v) in Standard Buffer, and retained in

an ice bath until used.
2.2.3. Glutaraldehyde fixation

A glutaraldehyde concentration of 2.5% (v/v) was initially used for fixation. The 2.5%
fixation method was carried out in Sorensens buffer (1 vol. 0. 067M KH2P04 +4 vol. 0.06T™M

NaZHP04-7H20 pH 7.4). Exght percent glutaraldehyde (Polysciences, Inc., Warrington, Pa.)

was dih_xted with Sorensens buffer to 5% (w/v). Cells diluted 1:20 (v/v) with Sorensens buffer

were mixed with an equal volume of 5% glutaraldehyde and incubated at room temperature for
10 minutes, and then spun at 1100 X g for 3 minutes and washed similarly three times in

Standard Buffer.

However, Mel and Yee (1975) showed that a 2.5% concentxﬁtion of glutaraldehyde
produces changes in cell size and shape. These changes can be prevented by using a lower
concentration of glutaraidehyde in a hyperosmolal solution. Based on their findings the
following method was used for most of the work reported here. Eight percent glutaraldehyde
(Polyscienccs, Inc.,, Warrington, Pa.) was diluted with Dulbecco’s phosphate-buffered saline
(PBS from Grand Island Biological, Grand Island, NY) to a 0.25% (v/v) concentration. The
osmolality was increased to 355 mosm by the addition of NaCL Five ml of stock cell
suspension (at a concentration of approximately SXII()9 cells/ml) were added dropwise with
mixing to 35ml glutaraldehyde, and allowed to sit undisturbed for 30 minutes, The sample was
centrifuged at 810 X g, the supernatant discarded, and the cells washed once in PBS and once

in Standard Buffer at 810 X g.
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2.3. Agglutination techniques

Concanavalin-A (lectin) from Jack Bean (Sigma Chemical Co., St. Louis, Mo.), and
wheat germ agglutinin (B grade; Calbiochem-Behring Corp, La Jolla, Ca.) were both prepared at
a 1 mg/ml concentration in buffer solutions of the desired ionic strength. Erythrocytes were
counted in a hemocytometer, and diluted in a pH 7.4 solution at the desired ionic strength to
IO8 cells/ml (Schnebli and Bachi, 1975). Equal volumes of cell suspensions and lectin solution
were transferred to a comj:artment of a 3040 Microtest II, flat bottom tissue culture plate
- (Falcon, Oxnard, Ca.). The plates were shaken for one minute on a rotary shaker and then left
undxsturbed for one hour. Agglutination was observed at 40X magnification and scored as (-),

(+=), (+), (++) or (+++).
2.4. Assay Methods
2.4.1. Phosphate assay

Two phosphate assay methods were used, as described in Dittmer and Wells (1969). The
method of Fiske and Subbarow was used in early measurements. The Bartlett modification of
the Fiske and Subbarow method was employed in later measurements since it could detect

smaller amounts of phosphate.
2.4.1.1. Fiske and Subbarow method

The reducing agent was prepared using 30g sodium bisulfite, 6g sodium sulfite and 0.5g
1,2,4-aminonaphthol sulfonic acid in 250 ml deionized water. This solution was kept in the
dark for three hours and was then filtered into an amber bottle and kept refrigerated until used,

but never longer than 8 weeks.

Samples were transferred to a round bottom tube, the liquid was evaporated over a
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boiling water bath, 0.8 ml perchloric acid was added, the tubes were closed with a marble and
the samples heated over a heating mantle for 20 minutes oi until clear. Standards were
prepared containing 0.1, 0.5 and 1.0 umoles 1(1-12P04 (Mallinckrodt, St. Louis) in 0.1ml HZO'
Perchloric acid was added but standards were not heated, following Dittmer andv. Wells (1969).

To both standards and samples, 6 ml of water was added, followed by 0.5 ml of a 5%
ammonium molybdate solution in water. The tubes were shaken on a vortex mixer. Then 0.4
ml reducing agent was added, plus water to bring the final solution to 10ml. After thorough
mixing, the solutions were allowed to stand for one hour at room temperature. The optical
density was read at 660nm on a Gilford spectrophotometer (Gilford Instrument Laboratories,
Inc, Oberlin, Oh). |

2.4.1.2. Bartlett Assay

The reducing agent prepared as described above was diluted 1:12 in water. The samples were
digested in 0.4ml of 70-72% perchioric acid as in the Fiske and Sﬁbbarow assay. The
ammonium molybdate was prepared using 1.1g ammonium molybdate, 3.5ml reagent grade
10N sulfuric acid, plus water to yield a final volume of 250mL

After digestion, the samples were cooled, and 2.4ml ammonium molybdate solution was
added. The samples were heated in a boiling water bath for 10 minutes, cooled, and the

absorbance was read at 830nm on the Gilford spectrophotometer using a red filter.
2.4.2. Choline Assay

The choline assay used was the reineckate method described in Dittmer and Wells

- (1969), as modified by Argoudeles and Tobias (1975) to use acetonitrile as the solvent.

Standards containing 0.15, 0.2, 0.3, 0.4 umoles choline iodide were prepared and adjusted to

3ml with water. Both samples and standards were cooled, brought to pH 10.5+0.5 with
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concentrated NaOH, and the volume adjusted to 6ml with water. The solutions were filtered
through Whatman #1 filter paper into round-bottom centrifuge tubes. The paper and the
interior of the tubes were washed with three 0.5ml aliquots of water, and the washings
combined with the samples which were placed in an ice bath. A solution of Iml of 5%
ammonium reineckate (I(NH3)2Cr(SCN)4]-NH4H20) in methanol was added, ahd the samples
were kept on ice in the dark for two hours. They were then centrifuged ét 4°Cat 3000 X gina
Beckman J6B centrifuge for 10 minutes, and the suWMt was removed by vacuum
aspiration. The residue was next washed two or threc times with 1ml ice-cold propanol, rinsing
the sides of the tubes and mixing well, followed by centrifugation in the cold at 3000 X g. The
precipitate was suspended in 3ml acetonitrile (photrex reagent, J.T.Baker, Phillipsburg, N.J.)
and the optical density was measured at 312nm using uv illumination on a Gilford

spectrophotometer.

Several precautions were necessary for this assay to be successful. All glassware was
washed in an acid bath, the solutions were kept cold and wei'e protected from light as much as
possible, the vacuum aspiration was done with great care to prevent the removal of any

precipitate, and the samples were well mixed before each centrifugal wash.
2.4.3. Sialic acid assay

Sialic acid was assayed usmg the method of Warren (1959). The following solutions
were prepared. |
A. Sodium periodate (meta), 0.2M in 9M phosphoric acid.
B. Sodium arsenite, 10% in 0.5M sodium sulfate-0.IN H,SO .
C. Thiobarbituric acid, 0.6% in 0.5M sodium sulfate.
A standard containing 0.04umoles of neuraminic acid in 0.4ml water was prepared. A 0.4ml

aliquot of each sample was transferred to a 12ml centrifuge tube with 0.2ml of solution A. The
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tube was shaken and allowed to stand 20 minutes at room temperature. One ml of solution B
was added and the tube was shaken until the yellow-brown color disappeared. Three ml of
solution.C was then added, the tube capped with a glass bead, and boiled vigorously in boiling
water for 15 minutes. The tube was then placed in cold water for § minutes, and 2ml was
transferred to a tube cdntaim'ng 2ml of cyclohexanone. The tube vw_as shaken twice, then
centrifuged at 1100 X g for three minutes. The upper layer was removed and the optical
density measured on a Gilford spectrophotometer at 549nm and 532nm in visible light with no
filter. The sialic acid was mlculated using the relationship (Warren, 1959):

umoles sialic acid = 0.09X(OD)g 9 — 0.033X(OD)53,
2.4.4. Lowry protein assay

The method used is that of Lowry, et al., 1951, Three solutions were prepared.

A 2% Na,CO4 in 0.10N NaOH.

B. 0.5% CuSO,4.5H,0 in 1% Na-K-Tartrate.

C. 50ml A + 1ml B (used the same day). |
Standards containing from 25ug to 250uxg protéin in 0.5ml saline were prepared from purified
bovine serum albumin (Pentex, Miles-Lab, Inc,, Kankakee, I1). Half an ml of each sample was
mixed well with 4ml of solution C and allowed to stand at room temperature for at least 10
minutes. Half an ml of Folin-Ciocaleau phenol reagent (Uni-tech, Sun Valley, Ca, diluted 1:1
with water just before using) was added, mixed very quickly (1 or 2 seconds), and allowed to
stand for 30 minutes. The optical densities were then read at 600nm on a spectrophotometer

(Bausch and Lomb, Rochester, NY).
2.4.5. Azocoll analysis for proteolytic enzymes

Azocoll analysis (Calbiochem-Behring) for contaminating proteolytic enzymes (Seam;m
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et al. 1967; Tenforde, 1970) was carried out on several of the phospholipase enzymes. This
procedure involves a colorimetric measurement of the amount of dye released by a proteolytic
enzyme from an insoluble collagen-azo dye complex. The sample is incubated at 37°C for 15
minutes, the insoluble substrate is removed by filtration (Swinnex #13 filter), _and the optical
density of the supernatant is read at 580nm with a Bausch and Lomb specﬁ'ophotometer. Asa
standard, the amount of dye solubilized by 0.1mg/ml trypsin (highly purified porcine pancreas
trypsin from Sigma Chemical, St. Louis), pH 7.4, was determined. The activity of the sample is

reported as the ratio of its optical density to that of the standard, in “equivalent trypsin units”.

Some measurements of the proteolytic activity were also carried out in the presence of
ImM Di-isopropyl-fluoro-phosphate (DFP) from Aldrich (St. Louis, Mo.) and with 1mM
‘ phenyl methyl sulfonyl fluoride (PMSF) from Calbiochem-Behring, La Jolla, Ca., both of which
inhibit proteolytic enzyme activity of serine proteases. The former is an extreme poison and
must be handled with care. Both inhibitors were a gift of Herb Moise and Junko Hosoda of

Lawrence Berkeley Lab.
2.5. Enzyme treatments
2.5.1. Neuraminidase treatment

Neuraminidase from Vibrio cholerae, (Calbiochem-Behring Corp., La Jolla, Ca.) was
mixed with 1% CaClz (w/v) in Standard Buffer in a concentration of 62 units/mi, where 1 unit
is the amount of the enzyme required to release 1 ug of N-acetylneuraminic acid from human
al-acid glycoprotein in 15 minutes at 37°C. The pH was adjusted with 0.145M NaOH to fall
within the range of 7.0 to 7.2. Inactivated neuraminidase for the controls was prepared by

heating in a boiling water bath for 5 minutes.

Cells and neuraminidase at a concentration of 62 units neuraminidase per 1010 cells
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were incubated at 37°C for 30 minutes. The samples were spun down and the supernatant was
saved for later sialic acid determination. The sample was then washed two times in Standard

Buffer (method modified from Tenforde, 1970).
2.5.2. Phospholipases
252.1. Phospholipase-C treatment

Phosphblipase-C (PLC) from Bacilus cereus (50 units/mg solid) and Clostridium
- perfringens (210 units/mg protein, 7% protein) were obtained from Sigma Chemical Co. (St.
Louis, Mo.). PLC from both B. cereus or C. perfringens sources removed phosphocholine from
glutaraldehyde-fixed cells. (Neither enzyme could be used on unfixed cells without some
hemolysis). Both require calcium ions for full activity. The C. perfringens enzyme from-Sigma
Chemical was chromatographically purified by the manufacturer. Another C. perfringens
enzyme from Calbiochem-Behring (La Jolla, Ca.) was not highly purified. Table 272 contains

results of testing these enzymes for proteolytic activity using the azocoll method.

TABLE 2-2
Proteolytic activity of PLC enzymes using the Azocoll method.

% activity relative to 0.1mg/ml trypsin®
Eniyme tested Enzyme alone  Enzyme with PMSF®
PLC (B. cereus) (Sigma) 1.4
PLC (C. perfringens) (Calbxochem-Behrmg) 39. 36.
PLC (C. perfringens) (Sigma) 1.7

chromatographically purified

(a) - Highly purfied trypsin from Porcine Pancreas (Sigma Chem, St. Louis)
(b) - Phenyl methyl sulfonyl fluoride (1mM)
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For treatment with B. cereus PLC, glutaraldehyde fixed erythrocytes were suspended at a
concentration of 2.5 X 10° cells/ml in Standard Buffer containing 1mM CaCl, and 10 units of
B. cereus PLC. (One unit liberates 1.0 umole of water-soluble organic phosphorous from
soybean lecithin per minute at 37°C, pH 7.3). Half of the cell suspension was made 4mM in o-
phenanthroline which acts as an inhibitor of PLC activity (Ottolengh_i and Bowman, 1970).
The cells were incubated at 37°C for 10 minutes, and then spun at 810 X g. The supernatant
was saved for later phosphate assay. The cells were washed three times in Standard Buffer at

810 X g

For treatment with C. perfringens PLC, glutaraldehyde-fixed cell suspensions at 2.5 X
109 cells/ml were suspended in an equal volume of Standard Buffer containing 1.0mM CaC12 '
and 15 units of the enzyme (1 unit releases 1 umole of water-soluble organic phosphorus from
L-a-phosphatidyl choline per minute at 37°C, pH 7.3). The control was made 4mM with o-
phenanthroline which acts as an inhibitor of PLC. The cells were incubated at 37°C for 15

minutes, centrifuged at 810 X g, and washed twice in Standard Buffer.
2.5.2.2. Phospholipase-D treatment

Phospholipase-D (PLD) from several sources was used in these in\}estigaﬁons.' PLD
from peanut was obtained from Sigma Chemical Co. (St. Louis, Mo) and from Calbiochem-
Behring (La Jolla, Ca). Since this enzyme lysed unfixed cells it was used only on
glutaraldehyde-fixed cells. PLD from Streptomyces chromofuscus was obtained from Dr. Milton
Friedman and Dr. Nejat Duzgenes of the University of California, San Francisco and from Dr.
Shigeyuki Lmamura of the Toyo Jozo Co., LTD. (Mifuku 632, Ohito-Cho, Tagata-Gun,
Shizuoka, 410-23, Japan). The enzyme from Dr. Imamura, a very highly purified enzyme, was
received and kept suspended in 25% sucrose-10mM tris-HCl buffer at pH 8.0. This enzyme

could be used on the intact cell without extensive hemolysis. Only the highly purified enzyme:
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could be used on erythrocytes. A less highly purified enzyme, also received from Dr. Imamura,
caused hemolysis of the unfixed erythrocytes, and was only slightly active on GA-fixed
erythrocytes.

The proteolytic activities of the peanut enzyme and a cabbage PLD from Sigma
Chemical Co. (catalog number P-7758) were assayed using the azocoll method described in
section 2.4.5. The results, shown in table 2-3, show very little, if any, proteolytic activity of any
of these enzymes. (Since only a .few attempts were made to use the cabbage enzyme at an early

stage in the experiments these results are not included in the discu.ision).

TABLE 2-3
Proteolytic activity of PLD enzymes using the Azocoll method.
% activity of 0.1mg/ml trypsin
Enzyme Enzyme
Enzyme ' Alone - with DFP
PLD (cabbage-Sigma) . 1 -
PLD (peanut - Sigma) 3 2
PLD (peanut - Calbiochem-Behring) 1.2 1

25.2.2.1. Peanut PLD

The peanut enzyme was assayed by Sigma at 100 units/mg where one unit will Liberate 1
umole choline per hour at 30°C, pH 5.6. To verify the activity, Sigma’s assay method (see -
Sigma Chemical reference) was used to assay the activity by measuring the release of !4C.
choline from L-a-phosphatidyl [N-methyl-4C] choline, dipalmitoyl (Specific activity 254Ci/ml,
from Amersham Corp, Arlington Heights, II). The radioactive choline was quantitated in a

scintillation counter after extracting the choline from the 1ml reaction mixture with 4 volumes
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of chloroform/methanol (2:1). A 0.5ml aliquot of the upper methanol-water phase was
removed, and added to 10ml Aquasol scintillation fluid (New England Nuclear, Boston, Ma.).
Reineckate-choline assays (see section 2.4.2) were done in parallel using the same reaction
conditions (0.1M acetate, 2.5mM sodium laury! sulfate, 50mM CaC12) on a substrate of 0.05m!

lecithin (5umoles/ml) with 0.05mg PLD/sample in a total volume of 1ml.

Assays gave results consistent with those of Sigma Chemical with activities of from 65 to
109 units/mg. A time study of enzyme activity using both the radioactivity assay on lecithin
" substrate and the reineckate-choline assay on cells (table 2-4) showed that under these reaction

conditions, the reaction was almost complete after 90 minutes incubation.

TABLE 24
PLD (peanut) reaction time study
Reaction umoies released umoles released
time from | umole lecithin  from 10'° cells
(min)
30 0.20 -—
60 . 0.50 0.42
.90 0.87 0.53
120 0.90 0.55

The following methbd was used to treat the cells with the peanut enzyme. Cells fixed
with glutaraldehyde (0.25% v/v) to stabilize them against hemolysis, were washed once in a
0.1M acetate solution. Two and one half mli cells (50% v/v in the reaction solution) were added
to 1.3ml of the reaction mixture (0.1M acetate, 2.5mM sodium laury! sulfate and 50mM
calcium chloride) containing 1mg PLD (100 units/sample). The control sample was incubated
in the same reaction mixture but without the PLD. All samples were incubated with shaking at

30°C for 90 minutes, the samples were spun at 810 X g, the supernatant was
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removed and mixed with 4 volumes chloroform/methanol (2:1). The phases were separated by
centrifugation and the upper methanol/water phase was removed and saved for later assay of
choline. The cells were washed twice in Standard Buffer and kept on ice until used for

electrophoresis. Unless otherwise noted, cells were used the same day. '
2.5.2.2.2. S. chromofuscus PLD

The treatment with the S. chromofuscus enzyme was carried out on unfixed oeils for
most experiments, and on 0.25% glutaraldehyde-fixed cells to prevent hemolysis at extreme
values of pH during the measurements of electrophoretic mobility vs. pH. Early attempts to
incubate the cells in weakly-buffered standard saline as in Fujii and Tamura (1979) were
unsuccessful, probably because of the difficulty in keeping the pH at a constant value. The
method reported in the authors’ later paper (Tamura and Fujii, 1981) using txisfHCl saline was
more successful in removing choline from the cells. The cells were washed once in a tris-HCl -
saline solution made 5SmM in CaClz and 0.25mM in MgClz, pH 7.4. PLD (0.25 ml, 170 U/ml)
in 5ml of the tris solution was mixed with 0.5 ml stock cell suspension. The reaction mixture
contained about 40 units of the PLD enzyme. The control contained no PLD. The mixture
was incubated with gentle shaking at 37°C for 2 hours, then spun down at 1100 X g, and the
supernatant was treated as above with chloroform/methanol (2:1) and saved for later choline -

assay.
2.6. Lipid extraction

Lipid extraction in chloroform/methanol was performed using the method described in
NMelson (1967). One ml of glutaraldehyde-fixed erythrocytes was added to 17ml methanol while
stirring with a magnetic stirrer. 34ml chloroform was added and stirring continued for 5
minutes. The samples were centrifuged at 1100 X g, and the extract filtered through fast filter

paper (Whatman #41) and saved for later assay.
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Lipid extraction with ethanol was performed as in Tenforde (1969). Erythrocytes were
collected and washed in Phosphate-buffered saline (Grand Island Biological Company, Grand
Island, N.Y.), fixed in 0.25% glutaraldehyde, and suspended in 10 volumes of 100% ethanol for
40 minutes at room temperature, then spun at 810 X g. The supernatant was retained for later
assay. The cells were washed three times with Standard Buffer. An attempt was made to break
up the cell clumps by either shaking on a vortex mixer or expulsion through a #25 gauge (5/8”)

needle. The latter method was slightly more effective but neither was truly successful.
2.7. Charge blocking agents

In several experiments, charge blocking agents were used to determine if positive groups

were contribuﬁng to the surface charge of the cell membrane.
2.7.1. 1,5-difluoro-2,4-dinitrobenzene

1,5-difluoro-2,4-dinitrobenzene (DFNB) from J.T.Baker, Phillipsburg, N.J., was prepared
at a concentration of 2.8mM by first mixing 2 mg DFNB with 20m! methanol, and then
diluting a 0.57ml aliquot to 100ml in Standard Buffer as described in Berg et al. (1965). One
ml of cells (1:1 in Standard Buffer) was added to 20ml DFNB solution and incubated at room
temperature with occasional stirring. A control in Standard Buffer was similarly incubated.
After 30 minutes, the suspensions were spun at 1100 X g, and then washed three times in

Standard Buffer at 1100 X g
2.7.2. P-toluenesulfonyl chloride

P-toluenesulfonyl chloride (tosyl chloride, J.T.Baker, Phillipsburg, N.J.) was used as an
amino group blocking agent. The compound was difficult to solubilize and caused slight
hemolysis of unfixed cells. The method used was based on that described in Seaman and

Heard (1960). Five volumes qf tosyl chloride (1 mg/ml) in Standard Buffer was mixed on a
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magnetic stirrer for 30 minutes, and then mixed with 1 volume stock cell suspension and
incubated 30 minutes at 37°C. Controls were similarly incubated in Standard Buffer. Samples
were washed three times in Standard Buffer at 810 X g

2.7.3. Acetaldehyde

The acetaldehyde treatment method was that of Haydon and Swman (1962). Twenty
volumes of 1% acetaldehyde (w:v) in 50% 0.145M saline, 50% Sorensens phosphate buffer
(0.0667M, pH 7.4) was added to a 50% cell suspension (v:v). After incubating at room
‘temperature for 30 ininutcs, the suspension was cenuiﬁged ’avt 810 X g and washed once in
Standard Buffer. (Some earlier acetaldehyde treatments were done in Standard Buffer rather
than the more strongly buffered Sorensens buffer.)



32

CHAPTER 3

Effects of ionic strength, pH, and cell treatment

3.1. Effects of ionic strength on cell agglutinability

Because low ionic strengths were used in many of my expeﬁments, 1t was impor‘tant to
investigate certain possible specific effects of low ionic strength on the membrane. It is possible
that the low-ionic-strength medium might cause a rearrangement of the membrane structure, or
the elution of components from the membrane surface. To investigate such effects on the
carbohydrate-containing components of the membrane surface, several experiments were
conducted to examine the effect of agglutinins (which are known to combine with the
carbohydrates) on human erythrocyte membranes at low ionic strengths. Changes in membrane
-carbohydrate concentrations or orientations would be expected to lead to a change in

agglutinability of the erythrocytes.

| The agglutinins (or lectins) used were concanavalin A (CdnA), wheat germ agglutinin
(WGA), and soy bean agglutinin (SBA). These three agglutinins bind to different structures on
the membrane. ConA binds to nonreducing terminal D-mannose, D-glucose or D-
fructofuranosyl units, WGA binds saccharides colntainin,g N-acetyl-glucosamine (D-GlcNAc)
residues, vwhile soybean agglutinin binds to N-acetyl-galactosamine (D-GalNAc). Trypsinized
célls are known to be agglutinated by several lectins. As a test of the activity of the lectin,
trypsinized cells were treated with agglu;inins and tested for agglutinability inA a 0.145M Na(l
solution, and all of the lectins used caused agglutination of trypsinized cells. Cells in the

absence of lectin showed no agglutination under any conditions.

Non-trypsinized cells were tested at an ionic strength of 0.145 and at lower ionic
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strengths. ConA agglutinated the native erythrocytes at all ionic strengths, with a slight
decrease in agglutinability at low ionic strengths (see téble 3-1). This was gvidently not due to
any permanent change in the cell surface as was shown by resuspending cells in 0.145M buffer
after keeping them in a low-ionic-strength solution for one hour. All were as strongly
agglutinated by ConA as was the 0.145M NaCl control. Other workers found that ConA does
not aggiutinate freshly drawn erythrocytes but Singer and Morrison (1976) determined that it

does agglutinate ATP-depleted cells.

Cells fixed in 2.5% glutaraldehyde were also treated with ConA. The results were similar
fo those of the unfixed cells, except for a larger decrease in agglutinability at the lowest ionic
strength (Débye icngth - 5.7nm). The decrease in agjlutination at low ionic strength might be
a result of the reduced accessibility of specific groups by -the lectin caused by the increased |
unshielded charge at low ionic strength. The additional reduction upon fixation might be due

10 the rigid structure of the fixed membrane.

Wheat germ agglutinin ied to larger effects at the low ionic strengths, with no
agglutination at all oocufring at the lowest ionic strength (table 3-1). To test whether an
irreversible denaturing 6f the WGA itself might be occurring at low ionic strength, some of the
WGA in the low ionic strength medium was brought back up to high ionic ;trength by adding
NaCl, and then tested for its ability to agglutinate cells. It induced near-normal agglutination
under these conditions. Cells were also tested for any permanent (irreversible) effects of the
low-ionic-strength exposure, by resuspending them in Standard Buffer and retesting for
agglutination. All showed at least normal agglutination. Thus, it appears that either the WGA
or the structures containing D-GIcNAc are affected by low ionic strength media, but that the

effects are reversible.

Soy bean agglutinin did not agglutinate the normal red cells to any significant degree.
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- TABLE 3-1

Agglutination of human erythrocytes. Agglutination was tested with
Conconavalin A and wheat germ agglutinin®. Control experiments on cells
without lectin were carried out for all samples and showed no agglutination
(results not shown). ' ) '

ConA® | WGA®©
(0.5mg/ml) (0.5mg/ml)

Ionic Dil- Native@ GA-fixed® Native@ GA-fixed®

Strength = ution | Erythrocytes Erythrocytes | Erythrocytes  Erythrocytes
—

0.145M /1 . ++ ++ ++ ++
0.029 1/5 + ++ + +
0.0145 1/10 ++ _ ++ L 4= +=
0.00725 1720 + + +- +-

0.00290 1/50 + -

(a) - ConA and WGA from Boehringer Mannheim Biochemicals, Indianapolis,
Indiana. Soybean agglutinin from Miles-Yeda Ltd., Israel, at a concentration of
200 ug/ml showed no agglutination with this technique.

(b) - Average results of four experiments.

(c) - Results of one experiment

(d) - As a reversibility test, cells at all low ionic strengths were resuspended in
0.145M Standard Buffer and tested for agglutinability; they were scored ++ with
ConA, and +++ with WGA. _

(e) - Cells were fixed with 2.5% glutaraldehyde.
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SBA did, however, agglutinate trypsinized cells.

3.2. Comparisons of unfixed and fixed erythrocytes, and ghosts
3.2.1. Variation of mobility with ionic strength and pH.

. Furchgott and Ponder (1941) did important early studies in the electrophoretic properties -
of erythrocytes at varying ionic strengths. They measured the mobility of unfixed erythrocytes
| as a function of both pH and ionic strength, and showed that at neutral pH, the electrophoretic.
mobility increased approximately linearly with Debye length, until the ionic strength fell below

0.02 (Debye length ~ 2 nm).

Most of the dcﬁx_iitive eleétrophoretic work on the erythrocyte using low-ionic-strength
solutions has been by Seaman and his associates. Heard and Seaman (1960) determined the
effects of pH- and ionic-strength-variétions on the untreated erythrocyte. Isotonicity was
maintained at low ionic strength by addition of sorbitol. Measurements were also taken
without sorbitol, and these gave identical results, when corrected for the change in viscosity. |
These authors showed that the mobility increased as the ionic strength decreased, indicating
that more negative charge was contributing to the mobility at the lower ionic strength. -
However, the calculated negative surface charge decreased (see chapter 2, eqn. ), as the ionic
strength decreased. This calculation indicated, then, that the increase in mobility was not due
to new negative charges on the membrane, but father to greater unmasking of charges, as a
result of fewer counterions at the lower ionic strengths. And, in fact, the calculations would
indicate that perhapé fewer negative charges were actually on the membrane at the lower ionic
strengths, or that positively charged groups were contributing to the mobility in low-ionic-

strength media. -

These authors found that there was a pH range within which the cells remained stable,



36

(i.e. where reversible behavior occurred), and that this range became increasingly narrow as the
ionic strength decreased. They determined mobility-pH curves at a series of ionic strengths,
within the ranges for which the cells were stable at each ionic strength. Their conclusion was
that no simple amino groups could be present in the outermost 1 to 2 nm of surface, since the
mobility at each ionic strength was essentially constant, from pH 5.5 to 10.0. A further support
for Heard and Seaman’s conclusion came from their observation that thérc was no difference in
the mobility of cells in aqueous solutions of chloride, bromide, iodide or thiocyanate ions at
~any ionic strength. If there were either non-ionic binding or ionic binding to positive groups,
the degree of binding should depend upon the radius of hydration of the ion and should be

different for different ions. (Some slight differences were seen for iodide ions.)

Figure 3.1 presents my electrophoretic data for one experiment on unfixed human red
cells. Erythrocytes were suspended in solutions of low ionic strength made isotonic by the
addition of sucrose. The electrophoretic mobility was measured and corrected for the increased
viscosity of the sucrose solution using the data in figure 2.1. Also plotted is the surface charge

density (figure 3.2), calculated using the equation o = un/€p, , (Chapter 2, eqn. 5).

Examination of figures 3.1 and 3.2 show that the results are similar to those of Furchgott
and Ponder (1941), and Heard and Seaman (1960). Note that as the Debyé length increases,
the mobility also increases. However, as in the case of Heard and Seaman’s data, this mobility
increase is evidently not due to a'true‘inm in membrane surface charge, as can be seen
from figure 3.2. The calculated surface charge decreases as the Debye length increases, when
the effect of the decreased screening of charge groups (at the lower ionic strength) is taken into
effect by the Debye-Huckel calculations. Possible charge groups that could contribute to such a
positive charge are the positive amino groups of protein side chains (lysine, arginine and

histidine), the positive choline of PC or sphingomyelin, or the positive amino group of PE.
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Figure 3.1
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Figure 3.1. Viscosity-corrected electrophoretic mobility vs. Debye length for unfixed human
erythrocytes. The cells were collected and washed, and the low ionic strength (high Debye |
length) suspensions were prepared, as described in section 2.1.4. Measurements were made at
pH 7.2+0.2; each mobility is the average for 20 measurements, on a total of 10 cells, 5 at each
of the two stationary layers, with measurements in each direction for each cell. Viscosity
corrections have been made using the data from figure 2.1. The arrdw indicates the Debye

length corresponding to isotonicity.
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Figure 3.2
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Figure 3.2. Surface charge density vs. Debye length for unfixed human 'e'rythrocytés. The sur-
face charge density, o, was calculated from the data of figure 3.1 qsing the relation, tr-#n/(’D,
where u is the electrophoretic mobility in um s—l/V cm l, n is the relative viscosity of the
medium in poise, and (DEl/x is the Debye length in nm. The arrow indicates the Debye

length corresponding to isotonicity.
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To further test for the presence of amino groups at the surface, native human
erythrocytes were treated with tosyl chloride and DFNB (as described in chapter 2). Tosyl
chloride reacts with positive amines. DFNB reacts with amino, sulfydryl, tyrosyl, or histidyl
groups, forming cross-hnks between groups if they are separated by about 0.5n_m .(Berg, et al.,
1965). The results, shown in figure 3.3 (tosyl chloride) and figure 3.4 (DFNB), confirm Heard
and Seaman’s ﬁndmgs that no positive amino groups are available to these probes, at least to a

depth of 5.7am below the hydrodyniinic surface of shear.

The presence of the other above mentioned positive groups will be discussed later.

3.2.2. Aldehyde fixation.

Several aldehydes have been used for fixation including glutaraldehyde (GA),
acetaldehyde, and formaldehyde. Tenforde (1970) summarized the action of these fixatives.
Briefly, glutaraldehyde reacts only with positive amino bases, forming a five-carbon bridge
between neighboring groups. Evidence is that the amino groups of phosphatidyl serine,
phosphatidyl ethanolamine, and lysine residues all can bparticipate in the crosslinking reaction.
The amino groups are thought to be converted to secondary amines, rather than Schiff bases,
with the reaction product remaining stable at extremely acidic pHs. The probable reaction is

shown in figure 3.5.

Acetaldehyde and formaldehyde are belie\"ed. to combine. with the positive amino groups
of protein side chains, and with the amino group of phosphatidyl ethanolamine, but they
apparently do not form cfoss bridges. Acetaldehyde, unlike glutaraldehyde, also combines w1th
the guanidinium base of arginine. The reaction of acetaldehyde forms a Schiff base (figure 3.6),
which again effectively neutralizes the positive charge, but the product may not be stable at low

pH.
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Figure 3.3. Electrophoretic mobility as a function of Debye length for native- (o) and tosyl-
chloride- (®) treated human erythrocytes. For the tosyl chloride treatment, five volumes of
tosyl chloride (1mg/ml) in Standard Buffer were mixed with 1 volume stock cell suspension for

30 minutes at 37°C.
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Figure 3.4
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Figure 3.4. Electrophoretic mobility as a function of Debje length for native- (0) and DFNB-
(®) treated-human erythrocytes. For the DFNB treatment, 20 volumes 2.8mM DFNB in Stan-
dard Buffer, were added to 1 volume stock cell suspension, and incubated for 30 minutes at

room temperature.
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Figure 3.5
0 H
R, — NH.* + R, - NH,* + G = (CH,), — C.
1 3 2 3 y, 2’3 AN
H 0
H H

XBL 8411-8937

Figure 3.5. The presumed reaction of glutaraldehyde with positive amino groups. The primary
amines of the reactants are protonated at pH 7.4, while the secondary amines of the reaction

products are not.
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Figure 3.6
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Figure 3.6. The presumed reaction of acetaldehyde with positive amino groups with the forma-

tion of a Schiff base.
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Heard and Seaman (1961) also measured the electrophoretic properties of human
erythrocytes using cells that had been fixed in formaldehyde and acetaldehyde. They found
that in the range of pH where the unfixed cells were stable, the fixed cells had the same
electrophoretic mobilities as the unfixed cells, and that in the “metastable regions” (regions
where the mobilities varied in time but could be restored to the initial values by washmg and
resuspeﬁding the cells in vStandard Buffer), the fixed cells with added hemolysate gave the same
results as the initial values of the unfixed cells. This indicated that the main_ effect of the
instability at the pH extremes was the alteration in mobility due to hemoglobin leakage and
adsorption. The aldehyde-fixed cells could not be taken below pH 2.7 without irreversible
effects occurring. (Mel et al. (1973) were able to show that GA-fixed (rat) cells could be taken

to low pH without irreversible effects; see below).

Heard and Seaman determined from the mobility-pH measurements that hydrogen ion
dissociation occurs over a pH mﬁge of 2.5 to 4.0 for all ionic strengths. tested, and they reported
that an isoelectric point exists at about pH 2.5 for acetaldehyde-fixed cells. The aldehyde
would be expected to combine with free amines. Since the aldehyde-treated cells and the native
cells had the same mobility in the pH range of 6 to 10, this was further evidence that no amino
groups were contributing to the mobility. (One caveat in the interpretation of these results is
the work of Bishop and Richards (1968), who reacted glutaraldehyde with alpha-lactoglobulin
' lysine residues. They found that although glutaraldehyde reacts with primary amines, it has a -
minimal effect on pK; reducing it by at most 1 or 2 pK units. There have apparently been no

similar studies using acetaldehyde).

Vassar et al. (1972) examined the effects of acctaldehydc, formaldehyde and
glutaraldehyde (1.65%) on human erythrocytes. They determined that both acetaldehyde- and
forméldehyde-ﬁxcd cells showed great leakage of hemoglobin whereas glutaraldehyde-fixed cells

showed no leakage of hemoglobin. Their electrophoresis results, unlike Heard and Seaman’s,
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showed that the mobility of the glutaraldehyde-fixed cells increased by 10% at pH 7. They also
~ determined an isoelectric point of 1.5 with the 1.65% glutaraldehyde-fixed cells, using cells that

were examined from | hour to several days after glutaraldehyde fixation.

Mel, et al. (1973) examined some of the mdm in low pH measurements using an
independent technique (stablc-ﬁow free boundary electrophoresis on rat erythrocytes) and
showed that the report by Haydon and Seaman (1967) that erythrocytes do not have a positive
mobility at low pH, was incorrect. They attributed variations in the electrophoretic mobility
to operational factors causing changes in electro-osmotic flow profiles due to increased adhesion
between cells and the glass chamber walls. Such adhesion has been observed for aldehyde-fixed
cells at low pH. They gave a reasonable explanation for the greater distortion seen with the
cylindrical chambers used by most experimenters, as opposed to the rectangular chamber used

in their experiments (and the present experiments).

‘ The effect vof glutaraldehyde at certain concentrations on the charge properties of
neuronal membranes has been demonstrated by Burry and Wood (1979) using electron
micrographs of cationized-ferritin-treated cultured neurons. They determined that
glutaraldehyde in high concentrations greatly changed the membrane surface charge of these

cells. However, neuronal membranes differ in composition from erythrocyte membranes.

Because of the great variety of results reported in”the literature regarding the effects of
different concentrations of glutaraldehyde, it was necessary to repeat some of these experiments,
using both a high (2.5%) and a low (0.25%) concentration of glutaraldehyde. Mel and Yee
(1975) have shown that low concentrations of glutaraldehyde (0.05 to 0.25%), coupled with a
specified higher sait content of the (hyperosmolar) medium, left the cells unchanged in size and
form. The data described below show that higher concentrations of glutaraldehyde do in fact .

lead to a change in membrane electrophoretic properties, but that this change is not seen in



preparations treated at the lower (0.25%) fixative concentration.

As described in Chapter 2, human erythrocytes were fixed with 2.5% or 0.25%
glutaraldehyde while rat erythrocytes (in earlier experiments) were fixed with 2.5%
glutaraldehyde. The results of electrophoretic mobility measurements, as a function of Debye
length, for the 2.5% GA-fixed human cells are shown in table 3-2 and figure 3.7, and for the rat
cells in table 3-3. The results for the 0.25% GA-fixed human cells are shown in table 34 and in
figures 3.8 and 3.9. The tables display both the mobilities and the calculated surface charges.
Table 3-4 shows the surface charge calculations for a single experiment in greater detail. Figure
3.8 (raw mobilities) and figure 3.9 (viscosity corrected) display average data from a number of

experiments.

The data show that a change in negative mobility occurs after fixation thh 2.5%
glutaraldehyde, and is especially pronounced at the lower ionicvstrengths. The human GA-fixed
cells had significant (as determined by Student t-test) changes in mobility, which ranged from a
13% increase in Standard Buffer to a 17% decrease at 0.0029M (Debye length = 5.7am). The
rat erythrocyte data showed qualitatively similar resuits, but the Student t-test indicated that

the differences were not significant.

For the 0.25% GA-fixed human cells, no significant difference is observed between the
fixed and unfixed cell mobilities over the range of ionic strengths used. Thus the apparent
effects of glutaraldehyde on electrophoretic mobility measurements are apparently the result of
fixation at high GA concentration. With the lower concentration of glutaraldehyde in a

355mosm solution, the effect disappears.

Figures 3.10 (Standard Buffer) and 3.11 (low ionic strength medium, Debye length =
2.53nm) display the mobility vs. pH data for human erythrocytes. An isoelectric point of pH

2.75 was found for these cells, which is to be compared with Heard and Seaman’s pH value of



TABLE 3-2.

Electrophoretic properties of native and 2.5% glutaraldehyde-fixed human
erythrocytes. The mobility and surface charge density are reported for several ionic
strengths. The errors are standard errors of the mean.

Electrophoretic mobility (u)®

Surface charge density

(ums~YVem™)) (1073Cm™%
Debye
Length  Dil- Native®  GA-fixed® % p Native  GA-fixed
(nm)  lution | Erythrocyte Erythrocyte | change Value@ Erythrocyte  Erythrocyte
0.80 1/1 1.17+0.02 1.32+0.03 12.8 <0.001 13.1+£0.2 14.8+0.3
1.79 - 1/5 2.17+£0.04 2.03+0.05 -6.5 0.02<p<0.03 10.9+0.2 10.2+0.3
2.53 1/10 2.58+0.06 2.31+0.06 —10.5 <0.01 - 9.110.2 8.2+0.2
3157 1720 2.86+0.09 2.431+0.06 -—15.0 <0.01 7.210.2 6.1+£0.2
5.65 1/50 3.0210.11 2.50+£0.07 -17.0 <0.01 48+0.2 4.0+0.1

(a) - Mobilities include a viscosity correction.

(b) - Each datum represents 340 measurements carried out in 17 separate experiments.

(c) - Each datum represents 180 measurements carried out in 9 separate experiments.

(d) - Calculated from Student’s t-test.

LY
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Figure 3.7
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Figure 3.7. Viscosity-corrected electrophoretic mobility as a' function of Debye length for

native- (0) and 2.5% GA-fixed- (®*) human erythrocytes.  Data from table 3-2.



TABLE 3-3

Electrophoretic properties of native and 2.5% glutaraldehyde-fixed rat erythrocytes.
The mobility and surface charge density are reported for several ionic strengths. The
errors are standard errors of the mean.

Surface charge density

Electrophoretic mobility (u)®
(um s~V em™) (1073Cm™}

Debye ' '

Length  Dilu- Native GA-fixed % P Native GA-fixed

(nm) tion Erythrocyte Erythrocyte change Value® Erythrocyte  Erythrocyte
080 /1 1.37£0.03 (20)9 1.47+0.04  (16)© 7.3 0.05 | 15303 16.4+0.4
1.79 1/5 266+0.11 ( 6) 2.50+0.22 ( 6) -6.0 >0.5 13.3+06  12.5+1.1
2.53 1/10 | 3.22+0.06° ( 5) 282+0.19¢ (7 —-12.4 - >0.1 11.410.2 10.0+0.7
3.57  1/20 | 3.941+0.14 (13) 3.40+0.24 (7N -13.7 >0.05 99+04 8.5+0.6
5.65 1/50 | 4.2010.17¢ (15) 3.52+£027¢ (7) -16.2 6.6+0.3

0.02<p<0.03

5.6+0.4

(a) - Mobilities include a viscosity correction.

(b) - Calculated from Student’s t-test.

(c) - Numbers in parentheses represent the number of separate expenments, each of whrch represent 20

measurements.

(d) - When samples were resuspended in slandard buffer, the mobility was 1.38 for the l/ 10 and 1.42 for
the 1/50 sample.

(e) - When samples were resuspended in standard buffer, the mobility was 1.35 for the 1/10 and 1.27 for
the 1/50 sample.

6b



glutaraldehyde-fixed human erythrocytes.

TABLE 34
Electrophoretic mobility and surface charge density as a function of Debye length for 0.25%

Debye Uncorrected Viscosity - Viscosity ‘Surface charge

Length  Dilu- mobility (u) adjustment corrected density (o)
(nm) tion (um s~/Vem™) factor mobility (1073 Cm™
0.46 3/1 0.88 1.03 0.91 17.5
0.80 1/1 1.30 1.03 1.34 " 149
1.13 1/2 1.54 1.14 1.76 13.8
1.30 1/3 1.78 1.20 2.14 14.6
1.79 1/5 1.90 - 1.23 2.33 11.5
2.19 ° 1/7.5 1.94 1.25 2.43 9.8
2.53 1/10 2.10 1.26 2.65 9.3
3.10 1/15 2.11 1.27 2.68 7.6
3.58 1/20 2.11 1.29 2.71 6.7
4.74 1/35 2.13 1.31 2.79 5.2
5.67 1/50 2.15 1.32 2.84 4.4

(a) - (0) = un/€,, where €, is the Debye length and », the viscosity, is the

viscosity correction factor times the viscosity of water (0.008904 poise).

50
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Figure 3.8
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Figure 3.8. Electrophoretic mobility as a functioﬁ of Debye length for native- (o) and 0.25%
glutaraldehyde- (GA) fixed (®) human erythrocytes. Fixation was accomplished by incubating
the cells for 30 minutes at a GA coneemratioﬁ of 0.25% at room temperature. Mobility was
-measured in Standard Buffer at pH 7.2+0.2. Error bars are shown for points measured in

more than one experiment, and represent + 1 standard error.
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Figure 3.9
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Figure 3.9. The data of figure 3.8 after makihg the viscosity correction.
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Figure 3.10
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- Figure 3.10. Electrophoretic mobility of human erythrocytes fixed in 0.25% GA, measured in
Standard Buffer (Debye length = 0.8nm) as a function of pH. The mobilities have not been
corrected for the effects of viscosity. The pH adjustments were made using 0.145M NaOH and

HCL.
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Figure 3.11
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Figure 3.11. Electrophoretic mobility of human erythrocytes fixed in 0.25% GA, measured in |
low ionic strength buffer (Debye length = 2.53nm) as a function of pH. The suspension
medium was 0.0145M buffer made isotonic by the addition of sucrose. The pH adjustments

were made with 0.0145M NaOH or HCl.
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2.5 for acetaldehyde-fixed cells.

It should be pointed out that the lack of any effect of glutaraldehyde on the mobility is‘
further evidence that the increased positive charge at low pH and low ionic strength is not due

to positive amino groups, at least not amino groups which are accessibie to glutaraldehyde.

Table 3-5 contains isoelectric point estimates from several experiments. Much of this
data is from control curves measured for other experiments. Those experiments will be
described in later sections, but the isoelectric point data is compiled here for completeness. In
those cases where a range of pH xs given, the data was not complete enough to determine an
accurate isoeiectric point. Also included in table 3-5 are isoelectric points for neuraminidase-
treated cells. These data will be described in section 3.3. The figure numbers from which the
data were derived are given in the table. The data show that the isoelectric point varies with

. increasing Debye length, first mcreasmg slightly and then decreasing.

In summary, the first few figures in this section indicate that the high concentrations of
glutaraldehyde used in many studies change the surface properties of the cells, while a lower
(0.25%) concentration in a hypertonic solutidn leaves the membrane surface charge properties

unchanged.

A few words on acetaldehyde use in these studies is appropriate here. Both acetaldehyde -
and glutaraldehyde neutralize positive amino groups, but acetaldehyde also reacts with .
guanidinium bases. In order to detect any positive groups that may have been uncovered by

other cell treatments, post-treatment with acetaldehyde was therefore used.

3.2.3. Lipid extraction

Seaman and Cook, 1965, treated acetaldehyde-fixed cells with ethanol, methanol, ether

and chloroform-methanol, and measured the mobilities in 0.145M NaCl. They detected no
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TABLE 3-5

Isoelectric points for GA-fixed and neuraminidase-treated human
erythrocytes.®

Isoelectric point
, : GA-fixed GA-fixed,
Debye length - o Figure | neuraminidase-

(nm) Dilution number treated
0.80 1/1 3.10 2.75

4.14 2.7

4.23 2.7

424 2.7

419 ' 3.2
1.79 1/5 3.19 3.5

v 4.10 3.2 '

2.19 1/7.5 411 33

4.25 2.9
2.53 110 311 21

' 3.20 2.5-3.3®

(a) - All cells were fixed with 0.25% glutaraldehyde.
Neuraminidase treated cells were incubated for 30 minutes at
37°C in a Standard Buffer solution containing 120 units -
neuraminidase (V. cholerae) per 10'° cells.

(b) - The data were not complete enough to make an accurate
estimate.

Note: Heard and Seaman (1961) measured an isoelectric point of
2.5 for acetaldehyde and formaldehyde fixed human erythrocytes - -
at Debye length 0.8nm.
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differences in the mobilities of the extracted cells relative to the controls. Thus, they concluded
that cholesterol and phospholipids must play very little or no role in the mobility measured at

an ionic strength of 0.145. However, they did not measure the mobilities at low ionic strengths.

In my experiments, several studies were performed at low ionic strength to determine the

effect of lipid extraction on the electrophoretic mobility of GA-fixed cells. These studies were
. difficult to perform because the cells formed large clumps which caused extraneous convective
currents in the measuring chamber. Generally, the l'ow-ionic—stmnéth samples clumped less
m did the higher-ionic-strength samples. For electrophoresis it was helpful to break up some
of these clumps by ejecting the cell suspensions through a #25 needle. This was more effective

than shaking the suspensions in a vortex mixer, but neither was truly effective.

The mobility vs. Debye length curve for chloroform/methanol-extracted samples is
shown in figure 3.12. The phqsphafe assay data for this experiment détermined that 3.48
umoles phosphate were removed per lOm cells treated. Steck, et al. (1971) estimated the total
phospholipid for ghost membranes to be 3.84 umoles per 10lo cells. The error bars show the
larger-than-usual standard errors of the extracted-cell méasurcments. Although no difference is

seen at the high ionic strength, a decrease in mobility. is seen at low ionic strengths.

The mobility vs. Debye length results for ethanol-extracted cells are shown in figure 3.13
for one experiment and in figure 3.14 and in table 3-6 for the average of several experiments.
The data in figure 3.14 are expressed as fractions of their corresponding control values, so as
better to compare results of different experiments. These data also show little, if any, variation
at high ionic strength, in agreement with the Seainan and Cook (1965) experiments. A slight
decrease in mobility of the extracted sample is seen at medium ionic strengths (Debye length of
1.5 to 2.5). This would suggest that the negative groups of the phospholipids may have a

greater effect on the mobilities at medium ionic strengths than do the positive groups of the
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Figure 3.12
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Figure 3.12. Uncorrected electrophoretic mobility of chloroform/methanol- extracted (®), GA-

fixed, human erythrocytes as a function of Debye length (see text). The controls (o) were not

treated with chloroform/methanol. The error bars indicate +1 standard error.
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Figure 3.13

-3 -
:\
I
£
Q
>
NN -2
1
[72]
-
g
~ .
> o Control
=
.8 e Ethanol extracted
£
0 T T T T 7 '
0 1 2 3 4 5 6

Debye length (nm)

Figure 3.13. Uncorrected electrophoretic mobility of ethanol-extracted (®) and non-extracted
(o), GA-fixed, human erythrocytes as a function of Debye length (the mobilities measured in a

single experiment).
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Figure 3.14
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Figure 3.14. Electrophoretic mobility of ethanol-extracted, GA-fixed, human erythrocytes as a
function of Debye length (averages for two to four experiments). The ordinate is expressed as a
fractional mobility, compared to the control mobility at the same ionic strength. See table 3-6

for details.



- TABLE 3-6

Glutaraldehyde fixed human erythrocytes treated -
with ethanol.® Electrophoretic mobility as a

function of debye length. Expressed as fraction of

the control.

Debye length Fraction Number of
(am)  Dilution | of control experiments®
-0.46 3/1 1.20 1
0.80 1/1 1.06 + 0.08© 4

1.13 1/2 1.00 | 1
1.39 1/3 0.97 £ 0.05 3
1.79 1/5 0.93 = 0.02 4
2.19 1/7.5 0.93 + 0.01 3
2.53 1/10 0.97 + 0.02 4
3.10 1/15 | 0.95 1
3.58 1/20 0.98 + 0.01 3
4.74 1/35 1.05 1
-5.65 1/50 1.06 = 0.003 2

(a) - Washed cells were fixed in 0.25% glutaraldehyde for 45
minutes, and then suspended in 10 volumes 100% ethanol
for 30-40 minutes at room temperature. Controls were
similarly treated but suspended in standard buffer.

(b) - Each experimental result was based on an average of
twenty measurements.

(c) - Errors are standard errors for the average of the several
means.
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phospholipids.

A phosphate assay using the Fiske and Subbarow method was performed on some of the
ethanol extracts to document the removal of phospholipid. Table 3-7 shows some
representative assay data for four separate experiments on GA-fixed cells, with each .sample
normalized to a 50% (v/v) packed cell fraction. If we assume a rough approximation of 5X lO9
cells/ml, the average of the four experiments (0.37umoles/ml),. correspoﬁds to 0.74ﬁmoles/10'10
cells or 19% of _ the total phosphate found by Steck, et al. (1971). Gigg and Payne (1969) and
Roozemond (1969) showed that neither PE nor PS can be extracted with organic solventS after

GA-fixation.

TABLE 3-7
Phosphate assay for glutaraldehyde-fixed human erythrocytes treated with ethanol. -

umoles Phosphate per ml cell suspension
Expt
No. Control Ethanol extract Difference
1 0.22 ' 0.22
2 0.27 ' 0.56 0.30
3 0.16 093 0.77
4 0.16 - 0.36 0.20
Mean 0.37

The cells were treated with 100% ethanol as described in Table 3-6.

Studies were also performed comparing phosphate removal in unfixed cells to that of
GA-fixed cells. The ﬁxed. cells released approximately half the phosphate of the unfixed cells
(0.409 umoles/ml vs. 0.853 umoles/ml for the unfixed). Because_ the unfixed cells formed a
sticky brown residue Qt the bottom of the tube, they could not be used for electrophoresis. The
percent ethanol used in the extraction was also significant to the assay results. When 50%

ethanol was used on fixed cells, rather than the usual 100%, only about half the phosphate was
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released (0.215 umoles/ml vs. 0.409 umoles/ml)

In summary, the mobilities after lipid extraction were difficult to measure because of the
increased aggregation of the cells. However, it appears that some decrease in mobility does
occur at low ionic strengths. From these data, the most probable location of the lipid head

groups is at a depth of between 2 and 3 nm beneath the surface of shear.

Another possible explanation for the decreased mobility is an increased conductivity of
.the membrane after lipid removal. As can be seen in equation 3 of chapter 2, if the membrane
became conductive, the ﬁxobility could decrease by a factér of 2, evén with no surface charge
change. Ghosh and Bull (1963) showed, in experiments on glass beads, that the effect of surface
conductance is negligible at ionic strengths greater than 0.01 but that it becomes important at
lower ionic strengths. However, complete particle conductance can have an effect on the
mobility, even at the higher ionic strengths. This was demonstrated by Einolf and Carstensen
(1967) on bacterial cells. Peros (1981_), using resistive pulse sbectroscopy, showed that the
membrane became transparent to an elecﬁ‘ic field v?hen all lipids were removed with Triton X-

100.
3.2.4. Resealed ghosts

Ghosts have been used extensively in experiments to study the difference between the
inner and outer surfaces of the membrane. An implicit assumption has been that the
membrane has not been drastically modified by the lysis and subsequent resealing of the cells.
Cabantchik, et al. (1975) detected no difference between ghosts and native cells in the response
to surface probes such as 4,4’-diisothiocyano-2,2’stilbene disulfonic acid (DIDS) and pyridoxal
phosphate as seen afier .sodium dodecylsulfate/acrylamide gel electrophoresis. Staros, et al.
(1974), also using the gel separation technique, did detect a difference in the labeling by N«(4-

azido-2-nitrophenyl)-2-ethane sulfonate (NAP-taurine).
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Furchgott and Ponder (1941) first measured the electrophoretic mobility of ghost
membranes. Their measurements, at an ionic strength of 0.172, were made on ghost fragments
which were produbed by hemolysis in distilled water. Their results showed variability of
mobility with time, but, when measurements were made immediately, the mobilities were the

same as those of native cells.

Table 3-8 and figure 3.15 contains my mobility vs. Débye length data for human
erythrocyte ghosts. For these measurements the ghosts were formed ai 20 mosm, as descnbed ,
ih the Chapter 2; the ghosts were then resuspended in Standard Buffer to allow for resealing,
before transferring them to the measuring solution. The results show that there is no significant

difference between the mobilities of the intact cells and the ghosts.

Table 3-9 contains the mobility vs ionic strength data for rat erythrocyte ghosts. Again,
there is no significant difference between the mobilities of the intact cells and the ghosts except
at the lowest ionic strength (Debye length = 3.6nm) where a weakly significant p-value of 0.014

indicated the 11% decrease in mobility may be a real effect.
3.3. Neuraminidase treatment

Most of the negative surface charge density of human erythrocytes has been shown to be
due to the negative-carboxyl groups of N-acetyl-neuraminic acid (sialic acid). The pK of sialic

acid has been determined by Svennerholn (1956) to be about 2.6.

A number of researchers have measured electrophoretic properties of neuraminidase-
treated erythrocytes. Cook et al. (1961) measured the mobility of cells treated with what was
then called “recepter destroying enzyme” (RDE) and measured the pH mobility curve for
unfixed cells between pH's 3.0 and 9.5. They determined by direct chemical analysis that twice

as much sialic acid was removed from the cell surface than could be accounted for by the
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TABLE 3-8

Electrophoretic properties of native human erythrocytes and ghosts. The mobilities
and surface charge densities are reported for several ionic strengths. The errors are
_standard errors of the mean.

Electrophoretic mobility () Surface charge density
Debye (um s~V ecm™ 1)@ p (1073Cm™?
Léngth . Native Resealed | Native Resealed
Value®
(nm) Dilution Erythrocyte®  Ghost® alue_ Erythrocyte  Ghost
0.80 /1 1.17£0.02 1.17x20.05 >0.5 13.1+0.2 13.1+£0.6
1.79 1/5 2.17+0.04 - 2.21+0.09 >0.5 10.9+0.2 11.0x0.5
2.53 1/10 2.58+0.06 2.52+0.13 >0.5 9.1+0.2 8.9+0.5
3.57 1/20 2.86+0.09 2.98+0.11 >0.4 7.2+0.2 7.5+0.3
5.65 1/50 3.02+0.11 3.06+0.21 >0.5 4.8+02 48+0.3

(a) - Mobilities include a viscosity correction.

(b) - Each datum represents 340 measurements' carried

experiments.

(c) - Each datum represents 140 measurements carried out in 7 separate

experiments.

(d) - Calculated from Student's t-test.

out in 17 separate



66

Figure 3.15
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Figure 3.15. Viscosity-corrected electrophoretic mobility as a function of Debye length for
resealed human erythrocyte ghosts (4). Controls (0) were mobility measurements made on

non-hemolysed cells of the same blood sample. Data from table 3-8.



TABLE 3-9

Electrophoretic properties of native rat erythrocytes and ghosts. The mobility and
surface charge density are reported for several ionic strengths. The errors are standard
errors of the mean.

Electrophoretic mobility (u)® Surface charge density
(ums~/Vem™) - - (1073 Cm™?

Debye - ' ,

Length  Dilu- Native Resealed % P Native Resealed
(nm) tion Erythrocyte® - Ghost change Value® | Erythrocyte Ghost
080 1/1 1.37+£0.03 (20)® 1354005 (12)® | —-15 >07 153203  15.1106

1.79 1/5 2.66+0.11 ( 6) 2.44+0.09 (7 -83 >0.1 13.310.6 12.2+0.5
253 110 | 3.22+006 ( 5) 3.12+0.11 (8) =31 >05 11.4+£0.2 11.0+04
3.57 1/20 | 3.941+0.14 (13) 3.49+0.08 (14) ~11.4 0.014 9.9+0.4 8.7+0.2
5.65 1/50 | 4.20x0.17 (15) 4.28+0.22@ (18) 19 >07 | 66x03 6.8+0.3

(a) - Mobilities include a viscosity correction.

(b) - Numbers in parentheses represent the number of separate experiments, each of which represent 20
measurements. _

(c) - Calculated from Student’s t-test.

. (d) - When samples were resuspended in 0.145M standard buffer, the mobility was 1.35 for the 1/10 sample and
1.27 for the 1/50 sample. ,

L9
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decrease in mobility from 1.08 to 0.38 umoles s 1 /Vem™ l. They repeated the measurements
on cells that were fixed for 20 days with acetaldehyde. The acetaldehyde-fixed, neuraminidase-

treated cells showed a slight increase in mobility over those of the unfixed cells.

Eyler et al. (1962) examined neuraminidase-treated, native cells from several species of
animals, including humans. In an ionic strength 0.072 phosphate buffer, the mobility-pH curve
could be measured between pH’s 3 and 9. The isoelectric point was estimated for the
untreated cells to be approximately 2.8. The isoelectric point for the neuraminidase-treated cell

increased to 5.5.

Haydon and Seaman (1967) fixed human cells in acetaldehyde first, and subsequently
reacted them with neuraminidase. They found no. positive branch to the mobility-pH curve’
under those circumstances. However, as stated above in the section on aldehydes, Mel et al.
(1973) showed that this lack of a positive branch is due to operational factors in the apparatus

used and is not a property of the cells.

Vassar, et al. (1972), using a cylindrical chamber, measured the pH vs. mobility in
Standard Buffer for neuraminidase-treated cells that were postfixed with glutaraldehyde. They
found an isoelectric point of about 3.25 for the neuraminidase-treated vs. 1.5 for the non-

neuraminidase-treated cells.

In an attempt to study the residual charge at low ionic strength, I treated both unfixed
and glutaraldehyde-fixed human erythrocytes with neuraminidase. The sialic acid assay data
are shown in table 3-10. No difference was seen between unfixed and fixed cells for either the
assay data or the mobility measurements. A representative ionic strength vs. mobility curve on
unfixed cells is shown in figure 3.16, alohg with data from a control sample. Averages from
results of 4 to 8 experiments (GA-fixed cells), at 5 different ionic strengths, are tabulated in

table 3-11. The mobilities are plotted in figure 3.17, and the corresponding calculated surface



TABLE 3-10
Sialic acid removed from neuraminidase-treated, glutaraldehyde-fixed and unfixed
human erythrocytes.®
ug/10'0 cells umoles/10'° cells
Experimerit I:
Unfixed erythrocytes 116 _ 0.37
GA-fixed erythrocytes 131 0.42
Experiment II:
Unfixed erythrocytes 186 0.60
GA-fixed erythrocytes 103 0.33
Experiment III:
GA-fixed erythrocytes © 129 0.42
Mean +S.E. 133+12.7 0.43+0.04
Cook et al., 1961 (RDE) 42.8-108.1
Eylar et al., 1962 (RDE) 04

(a) - Cells were collected, washed, fixed in 0.25% glutaraldehyde, and incubated
for 30 minutes at 37°C in Standard Buffer solution containing 120 units
neuraminidase (V. cholerae) per 10'° cells.

Lowry protein assay of the extract found no detectable protein removed with

the sialic acid.

69
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Figure 3.16
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Figure 3.16. The effects of neuraminidase (V. cholerae) on the (uncorrected) electrophoretic
mobility of unfixed human erythrocytes as a function of Debye length. The treated cells (4) -
were incubated for 30 minutes at 37°C in Standard Buffer solution conmining 120 units neu-
raminjdase/lolo cells. Control cells (o) were similarly incubated in a solution.containing neu-

raminidase that had been inactivated by heating in a boiling water bath for § minutes.



TABLE 3-11 .

Electrophoretic mobility and surface charge density as a function
of ionic strength for neuraminidase treated glutaraldehyde fixed

human erythrocytes.®

Debye : Uncorrected Number of Surface charge
length  Dilution e ) ® density(o)©

(am) | mobility experiments (10-3 C m~?)
0.80 1/1 0.26 + 0.06@w 6 3.01 £ 0.64

1.79 1/5 0.55 = 0.06 8 3.35 £ 0.38

2.19 1/7.5 0.75 £ 0.07 4 3.81 £ 0.35

2.53 1/10 0.87 £ 0.05 8 3.88 + 0.22

3.58 1720 1.01 £ 0.04 4 3.24 £ 0.13

(a) - Cells were collected, washed, fixed in 0.25% glutaraldehyde, and
incubated for 30 minutes at 37°C in a standard buffer solution
containing 120 units neuraminidase (V. cholerae) per 10' cells.

(b) - Each experimental result was based on an average of 20
individual measurements.

(c) - 0 = un/€, where n=viscosity and € =Debye length.

(d) - Errors are standard errors of the mean.
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Figure 3.17
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Figure 3.17. The effects of neuraminidase on the (uncorrected) electrophoretic mobility of GA-
fixed human erythrocytes as a function of Débye length. Erythrocytes were collected, washed
and fixed in 0.25% glutaraldehyde, then treated with neuraminidase (120 units/ 1010 cells). The

error bars depict the standard errors of the mean for the several experiments. (Data from table

3-11).
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charge densities are plotted in figure 3.18 (the bottom curve). The surface charge density curve
for the untreated cells from figure 3.2 is repeated in ﬁgure 3.18, for ease of comparison (top

curve). Reversibility data is tabulated in table 3-12.

The curves show that aithough the mobility at physiological ionic strength falls to a very
low value, it rises to and remains at a much higher value at the low ionic strengths. There is
also a possible inﬂecgion point around ‘Debye length 1.7 to 2.5nm where some increase in
negative surface charge is seen. The relative constancy of the surface-charge-density plot
indicates that the higher mobility at lower ionic strength is mostly due to the decreased masking

of charges at the low ionic strength caused by a reduction in the number of counter ions.

PH vs. mobility curves after neuraminidase treatment of GA-fixed cells were measured
at 1/5th and at 1/10th physiological ionic strength (Debye lengths 1.79 and 2.53nm). The
results given in figures 3.19 and 3.20 show that the isoelectric point at these ionic strengths
occurs at pH 3.5 for the 1.79nm sample and between 2.5 and 3.3 for the 2.53nm sample.
When these isoelectric points are compared with control values measured in othef experiments,
a slight increase in isoelectric point is seen at low ionic strength (see table 3-5) for the

neuraminidase-treated sample.

Because there was the possibility that the added sucrose might be affecting the results, a
few additional points wer¢ measured with no sucrose present in the solutions. When these
points are compared with thev'viscosity-corrected mobilities of the sucrose-containing solutions,

no significant variation is found.

Neuraminidase-treated, GA-fixed cells were also treated with DFNB to ascertain if any
positive gi'oups were available after neuraminidase treatment. As discussed previously in
section 3.2, positive amino groups would be expected to react with the DFNB such that the

treated cells would have a higher (negative) mobility than the untreated cells. Examination of
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Figure 3.18
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Figure 3.18. Surface charge density as a function of Debye length for neuraminidase-treated,
GA-fixed huinan erythrocytes (0). (Data from table 3-11). The upper dashed curve (shown for

comparison) is the relevant portion of the native cell surface charge from figure 3.2. -
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Electrophoretic ‘reversibility as a function of Debye length for neuraminidase
treated glutaraldehyde fixed human erythrocytes.®

7 Control Neuraminidase treated
Debye Fraction of Number of Fraction of Number of
length  Dilution | Standard Buffer . o | Standard Buffer . ®)
(am) - Value Experiments Value Experiments
,

1.79 1/5 1.01 1

2.19 1/7.5 1.05 1 1.42 + 0.078¢ 2
253 1/10 1.03 =+ 0.03 3 1.08 + 0.12 4

3.58 1/20 .98 1 1.41 = 0.07 3

(a) - Cells were collected, washed, fixed in 0.25% glutaraldehyde, and incubated for 30
minutes at 37°C in a standard buffer solution containing 120 units neuraminidase -

(V. cholerae) per 10'° cells.

(b) - Each experimental result was based on an average of 20 individual measurements.

(c) - Errors are standard errors of the mean.
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Figure 3.19
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Figure 3.19. Viscosity-corrected electrophoretic mobility of GA-fixed, neuraminidase-treated
human erythrocytes as a function of pH: Effects of low ionic strength (Debye length = 1.79nm),
and of sucrose. Human erythrocytes were collected, washed, fixed with 0.25% glutaraldehyde,
and treated with neuraminidase (120 units/ 1010 cells). The pH adjustments were made with
0.029M NaOH or HCL. Some mobility measurements (o) were made in 0.029M saline buffers
with sucrose. added to bring the osmolality to 0.145M. Other measurements (A) were made in

buffers with no added sucrose.
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Figure 3.20. Viscosity-corrected electrophoretic mobility of GA-fixed, neuraminidase-treated

human erythrocytes as a function of pH: Effects of low ionic strength (Debye length = 2.53nm)

and of sucrose. Human erythrocytes were collected, washed, fixed in 0.25% GA and treated

with neuraminidase (120 units/ 10lo cells). The pH corrections were made with 0.0145M

NaOH or HCl. Most mobility measurements (0) were made in 0.0145M saline with sucrose

added to bring the osmolality to 0.145M. A few measurements (A) were made in buffers with

no added sucrose.
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figure 3.21 shows that there is no evidence of this occurring. However, in a separate
experiment reported in section 4.2.1, neuraminidase-treated, GA-fixed erythrocytes were treated

with acetaldehyde. This treatment did slightly increase the (negative) mobility of the cells.

What can we say about the effects of neuraminidase on the erythrocyte? Compare the
two curves in figure 3.18. If we ignore for the moment the slight increase in charge in the
bottom curve, the remaining charge density after sialic acid removal is constant over ihe'entire '
Debye length range, indicating that all of this negative charge is within 0.8nm- of the surface of
shear. On the other hand, cxéminau‘on. of the upper curve shows a. continual decrease in
negative charge as the Debye length increases with, apparently, increasing positive charges
becoming uncovered at the greater Debye: lengths. Could it be possible that neuraminidase is
removing all this positive charge, down to a depth of 5.7nm, leaviné only some negative charge
groups within 0.8nm of the surface of shear? This seems unlikely.

However, an alternative explanation exists. The neuraminidase: may be changing the
location of the surface of shear. Further, the decreased surface charge seen for the native cell
(upper curve) at higher Debye lengths, may not be a true charge decrease, but rather, an artifact
caused by the high conductivity within a sparsely populated outer surface containing mostly
sialic acid. Once sialic acid is removed, the surface of shear moves toward the “true” non-
conductive cell surface and the remaining surface charges are mostly within 0.8nm of that
surface. The results with DFNB indicate that the residual surface charge after sialic acid
removal does not contain amino, sulfhydryl, tyrosyl or histidyl groups that are accessibie to the
probe. However, the acetaldehyde results (section 4.2.1) indicate that either an amino group or

a guanidinium base may be uncovered by the action of neuraminidase.
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Figure 3.21
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Figure 3.21. Effects of 1,5-difluoro-2,4-dinitrobenzene (DFNB) on the (uncorrected) electro-
phoretic mbbility of neuraminidase-treated, GA-fixed, human erythrocytes as a function of
Debye length. Cells were collected, washed, fixed with 0.25% GA, treated with neuraminidase
(120 units/lOlo cells), and tﬁen incubated for 30 minutes at room temperature in Standard
Buffer that was made 2.8mM in DFNB (*). A control (0) was similarly treated but incubated in
Standard Buﬁ'er without DFNB. The arrow heads of the dotted lines depict the reversibility
measurements, made by resuspending the low ionic strength samples (2.53nm points) in Stan-

dard Buffer.
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3.4. Summary

The principle results of this chapter may be summarized as follows. Low-ionic-strength
buffers have an effect on the agglutinability of erythrocytes but the results are reversible.
Therefore, no permanent effect occurs on the charge moieties responsible for agglutination.
Low-ionic-strength buﬂ'ers cause an increase in the (negative) électrophoretic: mobility of hmn
erythrocytes, and a corresponding decrease in the surface charge density. Treatment of the cells
with tosyl chloride, DFNB, and glutaraldehyde demonstrated that this decrease in mobility is

probably not due to amino, sulfhydryl, tyrosyl, or histidyl groups.

Glutaraldehyde in high concentrations (2.5%, w:v) affects the cell mobility, but lower
concentrations (0.25%) in a hypertonic buffer, do not affect the mobility at any ionic strength

tested.

Removal of the bulk of the lipid by treating the GA-fixed cells with
chloroform/methanol caused a large decrease in the_oell’s mobility in low-ionic-strength buffers.
However, it is not possible to separate the effect of the increased electrical conductivity of the

cell from the effect of the change in surface charge.

Extraction of a portioxi of the lipids with ethanol led to a slight decrease in mobility in

the range of Debye lengths from 1.5 to 2.5nm.

Resealed ghosts from both human and rat erythrocytes, made by the method of Dodge et
al. (1963) but with added Mg“, had the same mobility at all ionic strengths as did the native

erythrocytes.

Neuraminidase treatment removes most of the negative charge of the membrane but a
small residual negative charge remains. This residual charge could be from the carboxyl groups

of proteins or phosphorous-containing groups of the phospholipids. At low ionic strength this
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charge does. not change appreciably (except for a slight increase in the Debye length range of 2.
to 3nm), suggesting that all but a small portion' of the surface charge remaining after
neuraminidase ireatment occurs within 0.8nm of the surface of shear. The data strongly
suggests that the major effect of sialic acid removal is to move the surface of shear éloser' to the
. cell membrane, and that the decreasihg surface charge as a function of mcreasmg Debye length
seen in the native cell is an artifact. of the high conductivity of the more sparsely populated

outer section of the membrane surface.

The isoelectric point of the neuraminidase-treated cells increased slightly over thét of the

untreated cells.
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CHAPTER 4

Effects of phospholipases

The cell membrane bilayer structure has been shown to be asymmetric with respect to
the lipid (Gordesky and Marinetti, 1973; Bretscher, 1973; Zwaal and Roelofsen, 1976). The
inner layer contains most of the phosphatidylethanolamine (PE) and phosphatidylserine (PS)
while the outsid_e layer contains phosphatidyicholine (PC), sphingomyelin, and possibly as

- much as 20% of the total PE (Zwaal and Roelofsen, 1976).

There is some evidence that the phosphate groups of the outer membrane layer may be
accessible to chemical probes, and hence would be expécted to contribute to the membrane
surface charge. Burry and Wood (1979) used the electron microscope to detect the markers,
anionized ferritin and cationized. ferritin, in lipid vesicles. They determined that the
phosphates of PC vesicles did reéct in a limited manner with cationized fen'itiﬁ, indicatihg that
the phosphate group is partially accessible. Hdwever, when free glutaraldehyde was present in
the reaction mixture, PC no longer reacted with cationized ferritin. Burry and Wood (1979)
further found that PE vesicles also react with cationized ferritin. That the choline head group is
in an aqueous environment was demonstrated by Chapman (1968) with NMR studies. Phillips
et al. (1972) believe from x-ray data that the choline head group of PC is perpendicular to the
cell surface while the head group of PE is parallel to the membrane surface. The PC result
supports the similar conclusions of Shah and Schulman (1967) derived from Ca+2 binding
studies on lecithin bilayers. The choline head group is not rigid but can bend to expose

phosphate groups (Burry and Wood, 1979).
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4.1. Phospholipase-C treatment

Two phospholipase-C (PLC) enzymes were used to remove phosphocholine groups from
_the membrane of human erythrocytes: PLC from Bacilus cereus and PLC from Clostridium
perfringens. The B. cereus enzyme has been shown to attack the phosphocholine of lecithin but
not that of sphingomyelin; however, in the purified form it is inactive against the intact cell
membrane (Zwaal and Roelofsen, 1976), at least under the conditions of their experiments. On
the other hand, the C. perfringens enzyme attacks phosphocholine of both lecithin and
sphingomyelin. it also hydrolyzes PE at a very slow rate, but does not hydrolyze PS. This.
form of the enzyme is believed to be active on the erythrocyte membrane; causing hemolysis of
the native cell (Zwaal and Roelofsen, 1976).

4.1.1. Bacilus cereus PLC

As stated above, Zwaal and Roelofsen (1976) found the B. cereus enzyme to be inactive:
on the native erythrocyte. This was also true even after pretreatment of the cells with pronase,
trypsin or neuraminidase. However, it has been shown to be active on erythrocytes after
sphingomyelinase treatment (Colley, et al, 1973), and after ATP depletion (Frish, et al., 1973).
My results obtained with this commercial version of the enzyme, on glutaraldehyde-fixed
erythrocytes, and using expired blood from a blood bank, do show-activity. The phosphate
assay indicated an average of 0.69 umoles phosphw were removed per 1010 cells (table 4-1).
The mobility vs. ionic strength data after treatment vﬁth the B. cereus PLC are also given in
table 4-1, and plotted in figures 4.1 (average of two experiments), 4.2 and 4.3 (the individual
experiments). In these experiments the controls contained either o-phenanthroline (which acts
an inhibitor) with PLC, or in some cases, contained no PLC in the reaction mixture. No
mobility differences were observed for these two treatments. Altﬁough these measurements

show no significant effect of this commercial grade enzyme on the electrophoretic mobility of



TABLE 4-1

Electrophoretic properties of fixed human erythrocytes treated with PLC

(Bacilus cereus).

Uncorrected mobility @
wms'/Vem™)

Number of

Debye length Dilution Control® PLC treated'®
~ (nm) experiments®

0.80 /1 1.00 + 0.06© 0.92 + 0.025@ 2

1.79 1/5 1.82 + 0.30 1.69 + 0.28 2

2.19 1/1.5 1.98 + 0.23 1.74 £ 0.20 2

2.53 1/10 1.93 + 0.23 1.80 = 0.12 2

3.58 1/20 1.94 2.03 1
umoles phosphate / 10'9 cells 0.69 + 0.11 7

(a) - All cells were fixed in 0.25% glutaraldehyde prior to phospholipase treatment.

(b) - Control cells were incubated either with PLC plus o-phenanthroline, or with neither of these in
the reaction mixture. No mobility differences were observed for the two treatments.

(c) - PLC treatment consisted of 10 minute incubation at 37°C in Standard Buffer with 10 units PLC,

5X10° cells, and 0.5mM CaCl,.

(d) - Each experimental result was based on an average of 20 individual measurements.

(e) - Errors are standard errors of the mean.

¥8
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Figure 4.1
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Figure 4.1. Uncorrected electrophoretic mobility of PLC (B. cereus)- treated (®) and untreated
(0), GA-fixed, human erythrocytes as a function of Debye length. Data are the averages for two
experiments (plotted separately in figures 4.2 and 4.3), from table 4-1. Error bars are the stan-

dard errors of the mean.
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Figure 4.2
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Figure 4.2. Uncorrected electrophoretic mobility of PLC (B. cereus)- treated (®) and untreated
(0), GA-fixed, human erythrocytes as a function of Debye length. Data are from the first exper-

iment included in the average results plotted in figure 4.1 (and table 4-1).
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Figure 4.3. Uncorrected electrophoretic mobility of PLC (B. cereus)- treated (®) and untreated
(o), GA-fixed, human erythrocytes as a function of Debye length. Data are from the second of

the two experiments included in the average results of figure 4.1 (and table 4-1).
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the cells, it is suggestive that once again a slight decrease is seen in the range 1.5 to 2.5nom, as

with ethanol extraction.

Neuraminidase-treated, GA-fixed cells were also reacted with B. cereus PLC. The results
of these experiments are shown in figure 4.4. In these experiments the controls contained PLC
that was inhibited with o-phenanthroline. The PLC removed 1.2umoles phosphocholine per
10lo cells, which is a larger amount than was removed in any of the non-neuraminidase-treated
samples No effect of the PLC on the mobility is seen. (The apparent positive shift for the low-
Debye-length control probably is a result of chamber drift for this, the first measurement of the

day; Numerous other results, eg. figures 3.16 and 3.17, show no such effect.)

Thus the results of the B. cereus enzyme (less purified) indicated very little effect, if any,
of the PLC on the electrophoretic mobilities except for the slight decrease of the mobility in the
Debye length range of 1.5 to 2.5nm. Since other workers with hiéhly ‘purified enzymes did not
find the acmnty that I did, it is possible that the contaminants in the commercial enzyme are
partially responsible for the activity. Another explanation is that the age of the cells or the
fixation procedure might have modified the membrane and allowed the enzyme to better
interact with the substrate. Because of these considerations, I repéted some of these

experiments with a more highly purified enzyme from another source.
4.1.2. Clostridium perfringens PLC

Highly purified PLC from C. perfringens was used on GA-fixed cells. The phosphate
assay indicated that approximately 0.79 micromoles of phosphate were removed per 1010 cells
(Table 4-2). Data on the electrophoretic mobility vs. Debye length for these cells are tabulated
in table 4-3, and plotted in figures 4.5 and 4.6. The former shows the uncorrected data, the
latter the data corrected for the viscosity of the sucrose in the low ionic strength solutions. The

PLC-treated cells appear to have a somewhat less negative mobility than the untreated cells,
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Figure 4.4. The effect of PLC (B. cereus) on neuraminidase-treated, GA-fixed, human erythro-
cytes: uncorrected electrophoretic mobility as a function of Debye length. Neuraminidase treat-
ment was performed on 0.25% GA-fixed cells using V. cholerae neuraminidase (60 units/ml in
Standard Buffer, 1% CaClz, pH 7.1x0.1) for 5 minutes at 37°C. PLC tréatment (®) consisted of
10-minute incubation at 37°C in Standard Buffer with 10 units PLC, 0.5mM CaCl,, and 5X 10°
cells. Controls (0) were treated the same way except for the addition of 4mM o-phenanthroline.

010

The phosphate assay indicated that 1.2 umoles phosphate was removed per 1 cells. Error

bars represent + 1 standard error for each average.
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TABLE 4-2
Phosphate removed by treatment with phospholipase-C from C. perfringens.

Micromoles phosphate®

Per 2 ml cells - Difference: PLC-control
Expt. Control® PLC treated Per Per 10'0 cells
No 2 mli cells
1 0.66 1.80 1.14 0.95
2 0.46 1.25 0.79 0.86
3 1.02 1.47 0.45 0.49
4 1.02 1.93 0.91 0.99¢©
S 1.40 2.30 0.90 0.98¢
6 0.88 1.47 0.59 0.64©
7 1.07 1.76 0.69 0.75¢©
8 1.13 1.87 0.74 0.69
Mean 0.79 + 0.06¥

(a) The assay used was that of Fiske and Subbarow.

(b) The “control” samples contained PLC that was inactivated by the
addition of o-phenanthroline (4mM).

(c) An average cell count of 0.922X10'° cells per 2ml sample was used
for these experiments. This was the average from 5 experiments in
which cell counts were made (1.38X10Y, 1.2X10'0, 1.08X10'°,
2.7X10° and 6.8X10%).

(d) The error is the standard error of the mean.



- TABLE 4-3

 Electrophoretic properties of fixed human erythrocytes
treated with PLC (C. perfringens).

Uncorrected mobility ® -
wms~'/Vem™h
Debye length Dilution Control® PLC treated® Number of
(nm) experiments@
0.80 i1 1.16 + 0.04 © 1.13 £ 0.02 5
1.39 1/3 1.53 + 0.06 141 = 0.07 3
1.79 1/5 1.65 £ 0.03 1.56 + 0.03 5
2.19 1/7.5 1.78 + 0.05 1.64 + 0.05 5
2.53 1/10 1.93 + 0.08 1.79 + 0.11 5
358 1720 1.93 1.65 |
umoles phosphate / 10'0 cells 0.79 £ 0.06 8

(a) - All cells were fixed in 0.25% glutaraldehyde prior to PLC treatment. .

(b) - Control cells were incubated either with PLC plus o-phenanthroline, or with neither of these in
the reaction mixture. No mobility differences were observed for the two treatments.

(c) - PLC treatment consisted of 10-minute incubation at 37°C in Standard Buffer with 10 units PLC,
5X10? cells, and 0.5mM CaCl,.

(d) - Each experimental result was based on an average of 20 individual measurements.

(e) - Errors are standard errors of the mean.

16
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Figure 4.5
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Figure 4.5. Uncorrected electrophoretic mobility of PLC (C. perfringens)- treated, GA-fixed,
human erythrocytes (*) as a function of Debye length. The controls (o) were similarly treated
but without PLC. Error bars are standard errors of the .mcan. Data from table 4-3. See figure

4.7 for reversibility data.
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Figure 4.6. The data of the figure 4.5 but after making the viscosity correction. See figure 4.7

for reversibility data.
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especially between Debye lengths 1.5 and 2.5nm, but the significance of each individual
difference is margmal (P>.05 as determined by the Student t test). However, the Wilcoxon
matched pairs signed rank test, performed on all the data at all low ionic strengths, shows that
the data from the two treatments differ with a level of significance of <.0l. Interéstingly, this
Debye-length range (1.5 to 2.5) where the difference is most mgmﬁmnt is the same range in
which a decrease in mobility was seen after treatment with PLC from B. cereus, (section 4. 1. 1)

and with ethanol treatment (section 3.2.3).

The reversibility measurements for the C. perfringens treated cells are shown in figure
4.7. These data were obtained by resuspending each low-ionic-strength sample in Standard
Buffer, measuring the electrophoretic mobility and expressing the result as a ﬁ'action of the -
mobility of the original-Standard Buffer sample. These data represent the average values from
several experiments: 2 experiments at Debye length 1.39, 3 at Debye lengths 1.79 and 2.19, and
4 at Debye length 2.53. The results show that the cells pass the reversibility test reasonably
well. Therefore, the low-ionic-strength buffers havé not, themselves, caused a permanent

change in the electrophoretic properties of either the control- or the PLC-treated cells.

Postfixing PLC-tmatedvcells with acetaldehyde produced little eﬁ‘ect on the mobilities
(table 4-4, figures 4.8 and 4.9), although a slight increase is seen in one of the experiments in
the range of Debye lengths in which the decrease in mobility was seen in figures 4.5 and 4.6.
However, this increase is within the measurement errors of the technique. Therefore, I -
conclude that little, if any, of the mobility increase is due to the uncovering of free amines by

the enzyme action.

The pH vs. mobility measurements at low ionic strength showed little effect of the PLC
treatment: figure 4.10 (Debye length=1.79nm) and figure 4.11 (Debye length=2.19nm).. The

mobility values for the PLC-treated cells were generally lower than for control cells over the pH
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Figure 4.7
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Figure 4.7. Reversibility data for the data presented in figures 4.5 and 4.6. After making the
mobility measurements at the indicated ionic strengths, the samples were centrifuged -and
resuspended in Standard Buffer and the mobility was again measured. The data are presented
for both the PLC-treated (®) and controls (o), as the fraction of the mobility of the original
Standard-Buffer sample. The number of experiments (shown in parentheses) for each Debye

length was: 1.39(2), 1.79(3), 2.19(3), 2.53(4). Error bars are the standard error of the mean.



were prefixed with 0.25% glutaraldehyde.

TABLE 44
Effects of acetaldehyde fixation on PLC (C. perfringens)-treated human erythrocytes that

96

Uncorrected negative electrophoretic mobility®
(wms™'/Vem™)

| No PLC® PLC
Debye Dilution Expt. # No Postfixed No Postfixed
length acetaldehyde with acetaldehyde with
(nm) acetaldehyde acetaldehyde
0.80 1/1 1 1.10 1.15 1.05 1.14
2 1.56 1.66 1.62 1.53
1.79 1/5 I, 1.84 1.77 1.77 1.78
2 243 2.43 2.23 2.32
219 1/1.5 1 2.00 2.08 1.83 1.89
2 2.45 2.52 - 2.28 241
Micromoles phosphate(® 1.47

0.88

(a) - Each value is the average from 20 measurements on 10 cells.

(b) - The “No PLC” samples contained PLC that was inactivated by the addition of o-

phenanthroline (4mM).

(c) - The two experiments contain data collected on different days. The second experiment
shows unusually high mobility values due to an equipment calibration problem. It is presented
here for horizontal comparison only. '

(d) - Phosphate assay is from experiment | only.
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Figure 4.8
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Figure 4.8. The effects of post-fixation with acetaldehyde on the electrophoretic mobilities of -
PLC (C. perfringens)- treated, GA-fixed, human ‘erythrocytes as a function of Debye length.
The.data are from the first experiment of each of the three data sets in table 4-4. All cells were
collected, washed, fixed §vith 0.25% glutaraldehyde, treated with PLC. The postfixed cells (A)
were then incubated in 0.5% (w/v) acetaldehyde plus Standard Buffer for 10 minutés at room

temperature. The non-postfixed cells (®) were similarly incubated in Standard Buffer.
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Figure 4.9
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Figure 4.9. A repeat of the experiment in figure 4.8, data taken from the second experiment of
each data set in table 4-4. The mobilities here were unusually high due to an equipment- -

calibration problem, but are presented here for internal comparisons.
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Figure 4.10
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Figure 4.10. Uncorrected electrophoretic mobili_ty of PLC (C. perfringens)- treated (®) and
untreated (0), GA-fixed, human erythrocytes, measured in low ionic strength buffer (Debye
length = 1.79nm) as a function of pH. The suspension medium was 0.029M buffer made iso-

tonic by the addition of sucrose. The pH adjustments were made with 0.029M NaOH or HCL
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Figure 4.11
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Figure 4.11. Uncorrected electrophoretic mobility of PLC (C. perfringens)- treated (®) and
untreated (0), GA-fixed, human erythrocytes, measured in. low ionic strength buffer (Debye
length = 2.19nm) as a function of pH. The suspension medium was 0.019M buffer made iso-
tonic by the addition of sucrose. 'i'he pH adjustments were made with 0.019M NaOH or HCl .
The arrow ends of the dotted lines depict reversibility measurements, made after raising the pH
of the lowest pH sample, then femeasuring the mobilities.  The measurements demonstrate that

the cells were unstable at the lowest pH.
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range 2 to 12, but the differences between the two samples were very small. However, at a
Debye length of 2.19nm a difference is noted at the lowest pH, but the PLC-treated cells, and to
some éxtent the controls, were electrically unstable at this pH and ionic étrength, even though
fixed with glutaraldehyde. This behavior is reflected in figure 4.11 by the lack of reversibility of
the low pH sample. The phosphate assay showed that the enzyme was active on these cells;

removing approximately 1.5umoles phosphate for each sample.

The results with the PLC enzymes were somewhat. inconsistent between experiments.
Both PLC enzymes caused a slight decrease in (negative) electrophoretic mobility between
DeBye lengths of approximately 1.5 and 2.5nm. This is the same range of Debye lengths where
a decrease was seen after ethanol treatment (Section 3.2.3). However, for the two samples for
| which the pH xhobility curves were measuréd, less éﬁ'ect of the PLC was seen Also, when

neuraminidase-treated cells were reacted with PLC, no effect was seen.

From the results of several experiments with the two PLC enzymes, and particularly the
combined results of the several experiments shown in figures 4.5 and 4.6, I conclude that there
“is a real effect of the phosphocholines on the electrophoretic mobility. However, the effect is
| very small and I must conclude that any effect of PLC on the charge prpperties of the
membrane is close to the limits of precision of the measurements (i.e. that any contribution to

the membrane surface charge from the phosphocholine is very small)-
4.2. Phospholipase-D treatment

As indicated previously,_phospholipase-D (PLD) removes choline but not the phosphate
from phospholipids (see figure 1.1). If the positive choline is removed, and if the phospholipid
head groups are contributing to the surface charge, the negative electrophoretic- mobility should
increase after treatment. Treatment of human erythrocytes was carried out with PLD enzymes

from two different sources. The PLD from peanut was used bnly on glutaraldehyde-fixed cells,
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since it hemolysed the unfixed cells. By contrast, PLD from S. chromofuscus could be used on
unfixed cells without excessive hemolysis. The peanut enzyme hydrolyses PC, PE, and PS, but
not sphingomyelin, (Heller, 1978). The S. chromofuscus enzyme hydrolyzes all of these plus

sphingomyelin as well (Imamura and Horiuti, 1978).

Several workers have reported different positive actions on red cells with various PLD
treatments. Fujii and Tamura (1979) induced invagination in human- erythrocytes using S.
chromofuscus PLD. Treatment was in 0.9% NaCl with SmM CaClz. After 2 hours of
incubation only about 60% of the PC remained in the cell. No change occurred in PE, PS, or
sphingomyelin content. The phosphatidic acid content increased, but by less than the amount
needed to make up for the decreased PC. ‘With cabbage enzyme, they found no effect on cell

shape. This is consistent with Zwaal et al. (1975), who reported that cabbage PLD is inactive

on the human erythrocyte.

Muller, et al. (1981) used conditions of ATP depletion, and examined the mobility of the
lipid vesicles formed by the blebs lost from the membrane. They found an increase in the
mobility of these vesicles when the cells had previously been treated with PLD from cabbage.

This increase was preserved after neuraminidase treatment.

Zwaal and Roelofsen (1976)' state that PLD produces an accumulation of phosphatidic
acid in the membrane, accompanied by an increase in negative charge. However, no

supporting data were given.

In my experiments, both of the enzymes used were shown to remove choline as
determined by the choline reineckate assay, but the S. chromofuscus enzyme removed larger
amounts: an average of 1.11+0.17 umoles/lolo cells for the S. chromofuscus enzyme, as
compared to 0.50 + 0.07 umoles/ 1010 cells for the peanut enzyme (discussed with tables 4-6

and 4-9, below).
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4.2.1. Peanut PLD

The properties of the peanut-PLD enzyme have been extensively studied by Heller et al.
(1975). This enzyme has a very narrow pH range for maximum activity with a peak about pH
5.6. In my experiments this pH was maintained with an acetate buffer. A very high Ca"'2
level, of at least 50mM, is also required. A detergent such as lauryl sulfate serves as an
activator of the reaction. In order to determine the effects of these additional chemical
conditions on erythrocytes, the electrophoretic mobilities of cells. incubéted in this solution
were compared with those for cells incubated for the same length of time in Standard Buffer.
The results, shown in table 4-5, indicate little effect of these conditions on the mobilities of the
erythrocytes. Since ach individual experiment. includes its own controls, which are treated
with identical conditions except for the absence of PLD, slight differences will not affect the

comparisons of the PLD-treated and the controls.

The choline assay data are given in table 4-6. They indicate that on the average 0.50 +
0.07 umoles choline were removed from 1010 cells, when incubated with the peanut-PLD for
90 minutes. Assays for phosphate and sialic acid were also performed to determine 1f either of
these moieties was lost from the membrane as a result of treatment with the PLD enzyme.
Examination of the. data in table 4-7, shows that this was not the case (i.e. in no case is the
result for the test sample greater than that for the (sum of the) controls). Assays for protein
also showed that no detectable protein was removed by the peanut enzyme. (In a 0.5ml aliquot
taken from the supernatant after treatment, 80ug protein was recdvercd from the enzyme-

treated cell sample, 75ug from the PLD control, and 15:g from the untreated-cell control).
Measurements on PLD-(peanut)-treated, GA-fixed cells.

The results of measurements of mobility vs Debye length after treatment with peanut

PLD are given in table 4-8 and figure 4.12. The same data are plotted slightly differently in
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TABLE 4-5

The effects of incubation in acetate, lauryl sulfate and calcium chloride on the
electrophoretic mobility of GA-fixed human erythrocytes.

Uncorrected Electrophoretic
Mobility
(ums~!'/Vem™hH
Debye length  Dilution Control® Test cells® | number of
(nm) ‘ experiments(®
- 0.80 1/1 1.19 + 0.03@ 1.11 £ 0.03@ 3
2.53 1/10 _ 2.06 £ 0.08 1.97 £ 0.06 3

(a) - Control cells were incubated in Standard Buffer.

(b) - Test cells were prepared by incubating 0.25%-GA-fixed human

erythrocytes for 10 to 30 minutes at 30°C in a solution containing 0.1M acetate,

2.5mM sodium lauryl sulfate and S50mM CaCl,, at pH 5.6. The control cells
were incubated in Standard Buffer.

(c) - Each experimental result was based on an average of twenty individual
measurements.

(d) - Errors are standard errors of the mean.



TABLE 4-6
Choline removed by treatment with peanut PLD.
umoles choline per 10'° cells
_ Controls Test sample
Expt. Cells, No cells, Cells . @
No. | noPLD® PLD® | with pLD® | Diference
1 0 0 — 053 053
2 0.04 —_ 0.76 0.72
3 0.13 —_ . 0.40 0.27
4 - 029 | 093 | 064
5 0 0 0.31 - 0.31
6 0 0 0.51 “0.51
Mean 0.50+0.07®

(a) - Control cells were treated in the same manner as the test
sample but without PLD.

(b) - These controls, containing PLD but no cells, were treated
in the same manner as the test sample.

(c) - Test cells were incubated for 90 minutes at 30°C, with
shaking, in a solution containing PLD (33 U/ml), 0.1M sodium
acetate, 2.5mM lauryl sulfate, and 50mM CaCl,. The cells were
centrifuged, the supernatant was removed and mixed with 4
volumes chloroform/methanol (2:1). The upper layer was
saved in the freezer for the assay.

(d) - Difference between the test-sampie result and the sum of
the control values.

(e) - The error is the standard error of the mean.
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TABLE 4-7

Phosphate and sialic acid assays™ after treatment
of GA-fixed human erythrocytes with PLD

(peanut)®.
umoles per 10'0 cells
Controls Test sample
Assa Cells, No cells, Cells
SASsdy no PLD® PLD® | with PLD®
Phosphate 0.180 0.096 0.216
Sialic acid
Predigested‘® 0.042 - 0.006 0.033
Not predigested 0.030 0.026 0.033

(a) - The ph’osphaté assay was that of Bartlett, the sialic
acid assay that of Warren.

(b) - PLD treatment and controls as in Table 4-6.

(c) - Predigested in 0.IN H,SO, at ’80°C for 1 hour.
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TABLE 4-8

Viscosity corrected electrophoretic mobility as a
function of Debye length for Ga-fixed human .
erythrocytes treated with PLD (peanut).

Electrophoretic mobility
(um s™!//Vem ™) ,
| Control® l ~ PLD treated®
Debye length  Dilution |  Mobility Number of Mobility Number of
experiments® experiments®
0.8 1/1 | 1.03 + 0.05@ 4 1.03 + 0.02@ 4
.79 . 1/5 1.94 1 1.89 1
2.19 175 | 2.86 1 2.51 1
2.53 1/10 |29 +0 2 2.78 + 0.04 2
3.57 1/20 | 3.25 = 0.15 3 2.84 + 0.25 3

(é) - Fixed cells were incubated in PLD (100 units/2.5ml of 50% cell suspension (v:v)) for 90
minutes at 30°C in a buffer containing 0.1M acetate, SmM sodium laury! sulfate and 50mM
CaCl,. Controls were similarly incubated but without PLD.

(b) - Viscosity corrections were made using the data in Figure 2.1.

(c) - Each experimental result was based on an average of twenty individual measurements.

(d) - Errors are standard errors of the mean.
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Figure 4.12
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Figure 4.12. Viscosity-corrected electrophoretic mobility of PLD (peanut)-treated (®) and
untreated (o), GA-fixed, human erythrocytes as a function of Debye length. Data from table 4-
8. Error bars, representing standard errors of the mean, are presented for those data which are

averages of more than one experiment.
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figure 4.13, as the fraction of the control mobilities after PLD treatment.- Error bars
representing the standard errors of the mean are shown for those points that are based on more
than one measurement. The curves indicate a slight decrease in the (negative) mobility at the
lower ionic strengths after PLD treatment. If the only eﬁ'e_ct on the surface charge were that

due to the removal of the positive choline, an increase rather than a decrease would be

expected.

Figure 4.14 shows the results of measuring electrophoretic mobility vs. pH, in Standard
Buffer, for thé (peanut) PLD-treated cells. Care was taken to measure points for both curves at
the same pH, as nearly as possible. In all of these data below pH 7, -;he mobility value of the
PLD-treated cells is lower than that of the untreated cells. The isoelectric point increased from

about 2.75 for the untreated to 3.0 for the PLD-treated cells.

In order to test fdr positive amino groups, that might contribute to the mobility .after :
PLD treatment, control and PLD-treated cells were pos‘tﬁxed with aéetaldehyde. The results
are shown in figure 4.15. From a comparison of ﬁgure'4.15 with figure 4.14, I conclude that
acetaldehyde has little or no effect on the decreased negative mobilities of the PLD-treated cells

and hence that amino groups are not responsible for the measured effect.

In preparing the analysis for this section, another possible basis for the “positive shift”
came to mind, namely that Ca+2 in the enzyme-treatment medium might be exerting a specific -
effect (i.e. reacting with the phosphatidic acid after the choline removal), even though the cells
were washed twice in Ca+2 free buffer following incubation wnh the eni’yme solution. [ was
able to test this idea with a single experiment, at several different ionic strengths, by placing the
cells in a 10mM EDTA solution (which would presumably remove the Ca+2) and measuring
the electrophoretic mobility. The result was that in some cases the mobility of the EDTA-

treated cells increased slightly, but not systematically, and not up to the values for the non-

|
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Figure 4.13
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Figure 4.13. The data of figure 4.12 plotted with the ordinate expressed as the fraction of the

control mobility.
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Figure 4.14
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Fiéurc 4.14. Uncorrected electrophoretic mobility in Standard Buffer of PLD (peanut)-treated

(®) and untreated (0), GA-fixed, human erythrocytes as a function of pH.
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Figure 4.15
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Figure 4.15. The effect of post-fixing with acetaldehyde on the uncorrected electrophoretic
mobility of PLD (peanut)-treated (*) and untreated (o), GA-fixed, human erythrocytes at low
pH. All cells were incubated in 1% acetaldehyde in Standard Buffer for 30 minutes at room

temperature.
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PLD-treated cells. Another argument against Ca*'2 playing a significant role comes from the
pH-mobility experiments. If Ca+2 were binding to the phosphorus group, it would be expected
that at low pH, the Ca+2 would be displaced by singly-charged protons, and therefore, that the
mobility difference between the two curves would decrease. Examination of the pH vs.

mobility curve plotted in figure 4.14 shows that, in fact, the opposite effect is seen.
Measuremeﬁts on PLD (peanut)-treated, neuraminidase-treated, GA-fixed cells.

The peanut-PLD treatment was also applied to neumminidasé-mted, GA-fixed cells in
order to test whether the presence of smlxc acid affected either the action of the enzyme or the
positive-shiﬁ experimental result. The amount of choline removed from the treated cells, in
~one experiment, was 0.21 umoles per 10lo cells, compared to 0.28 umoles per lOlo from the
non-neuraminidase-treated, GA-fixed cells. Therefore, based on this (one) experiment, mmom
of sialic acid does not allow an increased action of the PLD enzyme. Figures 4.16 (mobility)
and 4.17 (surface charge density) display the average values (for 2 to 4 experiments) as a
function of Debye length. In every case, the PLD-treated cells had a higher (negative) mobility
than did the untreated. Reversibility measurements (back to Standard Buffer) were also
conducted for one of the experiments contributing to the average mobility in figure 4.16, for
each of the two highest Debye lengths; reversibility was found to be almost perfect. Though in
the non-neuraminidase-treated cells, choline removal did not lead to an increase in the
(negative) mobility (the expectation which originally motivatéd the PLD experiments), such an
increase is now seen once the sialic acid has been removed. However, the mobility increase
after PLD treatment is much less than would be expected if there were a omne-to-one
correspondence with the amount of choline removed. Some rough calculations demonstrate this
point. A 0.001 C/m2 charge-change corresponds to 8.7 X 105 charges/cell, assuming 1.4 X
0l0

lO—IOmz/ccll as the cell surface area. The removal of 0.21 umoles choline per 1 cells

translates to 1.26 X 107 charges per cell, a figure more than an order of magnitude larger than
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Figure 4.16
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Figure 4.16. The effect of PLD (peanut) on neuraminidase-treated, GA-fixed, human erythro-
cytes: uncorrected electrophoretic mobility as a function of Debye length. Neﬁraminidasc treat-
ment was performed on 0.25% GA-fixed cells using V. cholerae neuraminidase (60 units/mi in
Standard Buffer, 1% CaClz, pH 7.1 +0.1), at 37°C for 5 minutes. For the PLD treatment (°®),
cells were incubated in peanut PLD (100 units/2.5ml of 50% cell -suspensioﬁ, v/v) for 90
minutes at 30°C in a buffer containing 0.1M acetate, SmM sodium lauryl sulfate and 50mM

CaClz. Controls (o) were similarly incubated but without PLD.
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Figure 4.17
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Figure 4.17. The surface charge calculations made fr_om the data of figure 4.16.
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the observed surface-charge change.

Might amino groups be exerting some influence on the electrophoretic mobility once the
sialic acid is removed? To test this idea, a few mobility measurements were made on
acetaldehyde-post-treated cells. (figure 4.18). The mobilities of the PLD-treated cells were
unchanged. The mobilities of the wnﬁols, however, came up to those of' the PLD-treated cells.
The presc-ncev of free amines after neuraminidase treatment is consistent with the results. of
Cook et al. (1961), who also saw an increase in (negative) mobility after acetaldehyde treatment
of neuraminidase-treated cells. What is not at all clear, however, is why this increase should
bring the mobility up to almost exactly that of ihe PLD-treated cells. It is possible that these
amines are associated through ionic bonds to the choline head groups, and the amino- |
‘ containing moieties are lost from the membrane when the choline groups are removed
enzymatically. Alternatively, the membrane surface components may rearrange after the
removal of choline groups in such a way the the amines are no longer electrophoretically
detectable. A rearrangement of membrane lipids may also explain the absence of a
contribution to the negative surface charge by the phosphatidic acid residues that remain at the

cell surface following removal of choline groups by PLD.

Another possible explanation for the increased mobility after PLD, on neuraminidase-
treated cells, is that the removal of sialic acid allows the collapse of the remaining surface -
components, which might, thereby, increase the surface charge density. To test this hypothesis,
microhematocrit measurements were performed in collaboration with Dr. Gary Richieri. In no
case was the size of the neuraminidase-treated cells less than that of the non-neuraminidase-
treated cells, thus ruling out this explanation. Much more work is required to explain the

increased mobility after PLD-treatment of neuraminidase-treated cells.

Several mobility measurements were also made on the above cell samples at high and
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Figure 4.18. The effect of acctaldehyde on the cells from one of the experiments of figure 4.16.

Triangles represent cells postfixed with acetaldehyde. Twenty volumes of acetaldehyde (1%,

w/v, in a 50%, v/v, mixture of Sorensens Buffer and Standard Buffer), were added to 1 volume

of a 50% cell suspension in Standard Buffer, and incubated at room temperature for 30

minutes.
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low pH values (figure 4.19). At high pH (pH 10), the cells retained the mobility separation
between the control and the PLD-treated cells. Furthermore, when reversibility measurements
were performed, the mobilities were reversible when resuspended in a pH 7.4 (Standard Buffer)
solution. At-lower-than-normal pH values (pH 4 to 4.5) the PLD-treated cells displayed highly
irreversible mobilities (the mobilities increased sharply when remeasured at about pH 7, as
shown in figure 4.19). At pH 3 and below, the PLD-treated cells becamen very unstable. The
large asterisks in figure 4.19 show the mobility measurements that were made on a few cells in

the short time before all the cells lysed.

Several plausible explanations exist for this array of results with neuraminidase-treéted,
GA-fixed cells that were post-treated with PLD. First, rearrangement pf membrane
components méy occur after PLD treatment. This could result from the flipping of some of the
(negative) phosphatidic acid molecules to the inner surface, and/or from the flipping of
positively-charged lipids or proteins from the inner to the outer surface of thel membrane. An
additional coﬁsequence of the rearrangement could be the neutralization of some of the
phosphatidic acid moieties by positive amines in proteins. This latter appears unlikely,
however, considering that acetaldehyde failed to increase the (negative) mobility of the PLD-
treated cells. A second explanation is that phosphatidic acid may be lost from the membrane.
No phosphate was detected in the supernatant from PLD-treated cells, but no test was made for
phosphate after PLD treatment of neuraminidase-treated cells. A third explanation which -
cannot be ruled out by the available data is the following.. The increase in mobility after PLD
treatment might be due to a loss from the membrane of the positive groups that are uncovered |
by the neuraminidase treatment. That these positive groups are electrophoretically detectable
was shown by the acetaldehyde experiments. As previously suggested, if these positive groups
were held in place by ionic bonds to the choline groups, choline removal could release them as

well. The failure to detect a contribution to the negative surface charge by the phosphatidic
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Figure 4.19
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Figure 4.19. Uncbrrected electrophoretic mobility in Standard Buffer of PLD (peanut)-treated,
neuraminidase-treated, GA-fixed human erythrocytes as a function of pH. Enzyme treatments
were as in figure 4.16.v The large asterisks represent cells that disintegrated before more-than-a-
few mobility measurements could be made. The arrow heads of the dotted lines depict reversi-
bility measurements. To study reversibility of "the. surface charge, after determining the mobil- -
ity of cells at a given pH, the cells were resuspended in Standard Buffer, and the pH and the

mobility measured again.
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. acid residues that are present after enzymatic removal of the choline groups suggests that the
phosphate groups are rearranged within the membrane following PLD treatment, possibly by

“flipping” to the inner membrane surface.

The instability of the cells in the low-pH solutions, once the sialic acid has been removed
 as well as the choline, demonstrates that the resulting membrane is held in a somewhat
precarious balance. The excess of protons in the. low pH solutions | may upset the: c.;har‘ge o
balance,» leading to cell destruction. Thus the sialic acid moieties appear to be playing a role of

their own, along with the protein and lipids, in insuring membrane stability.
Summary of PLD (peanut) results.

In summary, PLD (peanut) ?lowcr.ed the (negative) mobility of non-neuraminidase-
treated, GA-fixed erythrocytes, when an increase would be expected if the only effect of the
PLD on the membrane were the removal of the positive choline. Associated with this charge
change, the isoelectric point of the treated cells increased by about 0.25 pH units. The excess
positive charge after PLD treatment was not due to amino groups. In contrast, the peanut PLD
' did increase the mobility of neuraminidase-treated, GA-fixed cells, although less than would be
expected from an analysis of the choline removed. In addition it produced cells that were -
unstable at low pH but not at high pH. Acetaldehyde had no effect on thé PLD-treated cells,

but increased the control-cell mobility to that of the PLD-treated cells.
4.2.2. Streptomyces chromofuscus PLD

The highly purified S. chromofuscus enzyme was active on the unfixed cell and did not
usually cause hemolysis of the cell. Therefore, the use of this enzyme provides us an unique
opportunity to compare the effects of the PLD on the fixed cell with those on the unfixed cell.

The assay of the choline removed by this enzyme is shown in table 4-9, and demonstrates that



TABLE 4-9

Choline removed by treatment with phospholipase-D from
S. chromofuscus .

umoles choline / 10'° cells
Expt.
No. » Test cells with PLD®
1 0.73®
2 1.48®
1.78®
3 : 0.81®
: 0.65©
4 | 1.26)
Mean 1.11 £ 0.179¢

(a) - Test cells were treated with 85 U PLD/ml of 50% cell
suspension containing § mM CaCl,, tris-HCl buffered saline
and incubated for 2 hours at .37‘8 with shaking. The cells
were centrifuged, the supernatant was removed and mixed
with 4 volumes chloroform/methanol (2:1). The upper layer
was stored at —20°C prior to the assay. Control sampies
containing either no PLD or no cells were similarly treated
and in all cases they yielded negligible quantities of choline
(not included).

(b) - The cells used for the PLD treatment were washed with
the tris buffer but were unfixed.

(c) --The cells used for the PLD treatment were first fixed in
0.25% glutaraldehyde, then washed in tris buffer.

(d) - Error is the standard error of the mean. -
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a considerable quantity of choline was removed (about twice that removed by the peanut PLD,
1.11 = 0.17 umoles/ lO10 cells). Steck et al. (1971) determined that a total of 3.84 umoles
phospholipid is contained in 1010 cells. This assumes a value of 5.7 X 10_10 mg of
protein/ghost as determined by Fairbanks et al. (1971). No consistent difference was observed

in the amount of choline removed from GA-fixed, compared to unfixed cells.

Tenforde (1970) calculated the number of molecules per cell of each type of phospholipid
using the data of Ways and Hanahan (1964). He mlculafed .th_at the numbers of PC, PE, PS,
and sphingomyelin, respectively, were 10.7X107, 9.3X107, 5.4X10’, and 8.6X10’. In
umoles/ 1010 cells, this corresponds to 1.78, 1.55, 0.9 and 1.43 respectively. These numbers add
up to more than the total determined by Steck. However, _if we use these as a rough estimate of
the true values, And assume that choline ‘is removed by the PLD only from PC as was found by
Fuji and Tamura (1979), it appears that about 60% of the choline was removed by the enzyme.
(By comparison, Fuji and. Jamura (1979) found about 40% was removed). The difference
between the actions of the peanut (section 4.2.1) and the S. chromofuscus enzymes may be due
to the removal of a larger prqportion of the choline of the PC molecules by the latter enzyme.
An alternative explanation, that the difference is due to removal of the sphingomyelin cholines
by the S. chromofuscus enzyme appéars unlikely in view of the results of Fuji and Tamura
(1979).

To obtain .further information on other possible effects of this enzyme, sizing
experiments were conducted following treatment with the S. chromofuscus enzyme, as shown in
table 4-10. Resistive pulse spectroscopy (RPS) was kindly performed on these GA-fixed cells by
Dr. Gary Richieri of Donner Laboratory, UC, Berkeley. (See Akeson and Mel (1983) for a
discussion of the method). The results showed a decrease of 16 to 18% in the cell size.

Microhematocrits performcd on the same cell samples showed a 12.5% decrease.



Resistive

TABLE 4-10

Pulse Spectroscopy
hematocrit on GA-fixed human erythrocytes
after treatment with PLD (S. chromofuscus)

sizing and

Uncorrected, normalized peak channel
- (proportional to cell volume)

Current )
uamp No PLD PLD % Decrease
100 30.94 25.88 16%
200 - 31.35 26.12 17
400 32.00 26.35 18
800 32.46 26.69 17
1600 33.37 28.17 16
Hematocrit - 32% 28% 12.5%
Cells/ml 1.5x10° 1.47X10°

Choline removed

1.2umoles/10'0 cells
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The results of table 4-10 can be summarized as follows. (i) A size decrease after S.
chromofuscus PLD treatment averaging 16.8% is measured by RPS after PLD treatment. (ii)
This is not inconsistent with the results from the independent microhematocrit test showing a
decrease of 12.5%. (iii) No greater relative size reduction is seen in the high-current RPS than
in the low-current RPS. This indicates that PLD treatment has not led to any electrical
“leakiness” of the cell membrane. This result is to be contrasted ﬁth a related type of
experiment whereby the (kinetic) removal of lipids from the GA-fixed red cell membrane, by
action of low concentrations of Triton X-100, did lead to a complete electrical transparency of

the membrane (Peros, 1981).
Mobility measurements for PLD-(S. chromafuscus)-treated cells.

Figure 4.20 presents the mobility as a function of Debye length for unfixed human
erythrocytes treated with the S. chromofuscus PLD. The data are the means for the three
individual experiments tabulated in table 4-11. The curve shows that there is no effect of this
enzyme on the mobility of unfixed cells over the entire ionic strength range used. Results of
reversibility measurements for this system are given in figure 4.21. These data were collected
by using samples at the indicated ionic strengths, resuspending them in Standard Buffer, and
remeasuring the electrophoretic mobility. The results are plotted as the fraction of the original
Standard-Buffer mobility. Within the accuracy of the measurements, the cellulaf mobilities at

low ionic strength are reversible for the unfixed cells.

A different result for the mobility vs. Debye length is obtained for PLD-treated, GA-fixed
erythrocytes, figure 4.22 and table 4-12. Here, the (negative) mobilities of the PLD-treated cells

are clearly /ower than those of the untreated cells.

Figures 4.23 (combined data) and 4.24 (single experiment) show results of electrophoretic

mobility vs. pH in Standard Buffer for the PLD-treated, GA-fixed erythrocytes. These plots



125

Figure 4.20
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Figure 4.20. Uncorrected electrophoretic mobility of PLD (S. chromofuscus)- treated (®) and
untreated, unfixed, human erythrocytes as a function of Debye length. For the PLD treatment,
cells were washed with tris-HCl saline, pH 7.4, and an aliquot of cells was incubated with 80
units PLD (in tris-HCl-saline, 5SmM CaClZ) per ml cells, for two hours at 37°C with constant
shaking. The data are the averages shown in table 4-11. Error bars are standard errors of the

mean.



"TABLE 4-11

Effects of PLD (S. chromofuscus) on the electrophoretic mobilities of nauve human
erythrocytes at several Debye lenglhs

Uncorrecied negative electrophoretic mobilities
(ums™'/Vem™)

No PLD PLD
Debye  Dilution | Expt. Individual Individual
length No. expts. mean expts. mean
(nm)
0.80 1/1 I 1.10£0.13 (20)® 1.07£0.11 20)®
IL 1.15+0.14 (24) 1.17£0.05® 1.09£0.11 (20) 1.14£0.06®
1L 1.28+0.12 (24) S.D. 0.13 (11%)® | 1.2910.13 (30) S.D. 0.12 (11%)©
179 15 1 1.48£0.17 (20) 1.530.25 (20)
1L 1.92+0.23 (20) 1.8110.15 1.66 £ 0.25 (20) 1.76 1 0.15
1L 2.07+0.29 (30) $.D. 0.23 (13%) 2.11+0.31 (38) S.D. 0.25 (14%)
219 1/1.5 L 1.69+0.25 (20) . 1.6910.25 (20) ,
1L 1.701£0.17 (20) 1.9110.19 1.7710.14 (20) 1.94+0.18
HL 2.36+0.27 (20) S.D. 0.23 (12%) 2.3810.29 (24) S.D. 0.23 (12%)
2.53 1710 L 1.75+0.31 (20) 1.8010.20 (20)
IL 1.81+0.16 (20) 1.96+0.16 1.82+0.18 (20)  1.9710.15
I 2.341+0.34 (20) S.D. 0.27 (14%) 2.3410.36 (26) S.D. 0.25 (13%)
3.57 1720 L 1.8710.21 (20) 2.0710.28 (20)
IL —_ : 2.10+0.18 — 2.29+0.17
I, 2.3510.31 (34) S.D. 0.26 (12%) 2.5310.47 (40) S.D. 0.38 (16%)

(a) - Errors are standard deviations and the numbers in parentheses represent the number of mobility
measurements.

(b) - Errors are standard errors of the mean.

(c) - S.D. is the mean of the standard deviations. The numbers in parentheses represent the standard
deviation as the percentage of the mean.

971
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Figure 4.21
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-Figuré 4.21. Reversibility measurements for some of the data in figure 4.20. After making the |
mobility measurements at the indicated ionic strengths, the..‘samples were centrifuged and.
resuspended in Standard Buffer, and the mobility was again measured. The data are presented
for both the PLD-treated cells (®) and the control cells (0), as the fraction of the mobility of the

original Standard Buffer sample.
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Figure 4.22
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Figure 4.22. Uncorrected electrophoretic mobility of PLD (S. chromofuscus)- treated, GA-fixed,
human erythrocytes as a function of Debye length. PLD treatment was as described in figure
4.20, but on 0.25% GA-fixed erythrocytes. The data are the averages shown in table 4-12. The

error bars are the standard errors of the mean.



TABLE 4-12

Effects of PLD (S. chromofuscus) on the electrophoretic mobilities of GA-fixed, human
erythrocytes at several Debye lengths.

129

Uncorrected negative electrophoretic mobilities®

(wms~!'/Vem™)

No PLD

PLD

Debye Dilution Mobility Number of Mdbility Number of
length expts. expts.
(nm) 7

0.80 1/1 | 1.25+0.02® 6 | 1.09+0.03 5

1.79 /s 1.69£0.003 2 | 1.41%0.003 2
2.19 175 | 1912004 9 1.62£0.06 10

2,53 1/10 1.94£0.07 4 1.75+0.05 4

3.57 1/20 2.18+0.04 3 1.76 £0.05 3

(a) - GA-fixed human erythrocytes were mixed with PLD at a concentration of 80 uhits/ml

50% cell suspension (1:1 in tris-buffered saline, SmMCaCl, and 0.25mM MgClz)
samples were incubated with gentle shaking for 2 hours at 3
treated but without PLD.

(b) - Errors are standard errors of the mean.

The -

7°C Controls were similarly
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Figure 4.23
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Figure 4.23. Uncorrected electrophoretic mobility in Standard Buffer of PLD (S.
chromofuscus)- treated, GA-fixed, human erythrocytes as a function of pH. PLD treatment as
in figure 4.20. Data from two cxperimenis are shown. One of the‘se experiments is shown in
figure 4.24. The arrow heads of the dotted lines depict the reversibility measurements, made by

readjusting the pH with 0.145M NaOH.
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Figure 4.24
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Figure 4.24. Uncorrected electrophoretic mobility in  Standard Buffer of PLD (S.
chromofuscus)- treated, GA-fixed, human erythrocytes as a function of pH. PLD treatment as
in the previous figures. One of the experiments plotted in the previous figure. The arrow
heads of the dotted lines depict two of the reversibility measurements (those at the lowest pH
for both the control and the PLD-treated samples). For reversibility tests, after making the
mobility measurements at the indicated pH’s, the pH of the samples were adjusted back to neu-
tral pH by the addition of 0.145M NaOH or HCl and the mobility was again measured.” The
following are the reversibility values expressed as % of the expected mobility: Control samples:
pH 2.37, 94%; pH 10.45, 103%. PLD samples: pH 2.32, 101%; pH 4.45, 96%; pH 5.53, 106%;

pH 10.45, 102%.
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show a small but definite decrease in mobility for the PLD-treated samples at all pH values,
coupled with an increase in the isoelectric point, from about pH 2.7 to pH 3.2. Figure 4.25
shows a similar plot for an experiment at a Debye length of 2.19nm. The mobilify decrease is
even more apparent at this ionic strength. Here the isoelectric point shift is from pH 2.8 in the

untreated to 3.4 in the PLD-treated sample.

Thus, for the GA-fixed cells, highly significant decreases.in negative mobility are seen,
when an increase would be expected if the only effect were associated with the PLDvacting to
remove positively charged choline moieties. A similar, though smaller, decrease was seen with
the PLD (peanut) enzyme as discussed above. These results, in the face of no changes in the

electrophoretic mobility for unfixed cells, require an explanation.
Possible explanations for the decreased mobility following PLD treatment.

What are some of the possible explanations for these results? First, the more positive -
mobility for the PLD-treated, GA-fixed cells could reflect an actual change in surface charge.
This could arise by either the loss of negative groups such as the carboxyl group of sialic acid,
or by the uncovering of positive groups such as amines, or by the interaction of Ca+2 ions with
the phosphatidic acid that remains after choline treatment. Why would this mobility change
not be seen for the unfixed cells? Their membrane components being less constrained, they
would possibly be able to rearrange their surface structure after treatment, for example by losing -

components or by pushing charged: groups to the interior of the membrane.:

To determine whether there were sialic-acid-containing membrane components being
removed along with the choline during PLD treatment, the supernatant following PLD
treatment (GA-fixed cells) was assayed for sialic acid. The results, shown in table 4-13, indicate

that a negligible amount of sialic acid was lost from the cell membrane. -
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Figure 4.25
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Figure 4.25. Uncorrected electrophoretic mobility at ldw tonic | strength (Debye length =
2.19nm) of PLD (S. chromofuscus)- treated, GA-fixed, human erythrocytes as a function of pH.
PLD treatment as in figure 4.20. The arrow heads of the dotted lines show reversibility meas-
urements made by restoring the pH to a value of 7.0+0.5, then spinning down, and resuspend-

ing in the low ionic strength medium.



134

TABLE 4-13

Sialic acid assay of Ga-fixed human erythrocytes after treatment with PLD
(S. chromafuscus)

umoles sialic acid / 10'° cells

Controls - PLD test sample
Cells, no PLD No cells, PLD Cells with PLD
0.001 0.003 0.003

The assay was that of Warren, 1959. A standard containing
0.04 umoles neuraminic acid yielded 0.038umoles.

If new positive charges were being uncovered by the treatment, it is likely that this
charge would be an amine. Since acetaldehyde reacts with amines the (negative) electrophoretic
mobility should increase after acetaldehyde treatment. Table 4-14 gives the results of several
experiments in which the mobility was ma;urcd at Debye length 2.19nm for Vacetalde'hyde-
treated erythrocytes. The results show no increase in mobility following acetaldehyde treatment
either with or without PLD pretrcﬁtment. In these several experiments, there was either no

effect of acetaldehyde, or a slight decrease in mobility.

Figure 4.26a displays mobility as a function of pH, at Debye length 2.19nm, with and
without PLD treatment. Figure 4.26b show the effects of acetaldehyde on the mobility of the
PLD-treated sample. Examination of the figure indicates that, once again, no uncovering of

positive groups induced by PLD treatment can be electrophoretically detected.

Although the possibility that the Ca"'2 ions were interacting with the phosphatidic acid

was not explicitly tested with the S. chromofuscus PLD, arguments against this explanation
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TABLE 4-14

Effects of acetaldehyde on the electrophoretic mobility of PLD
(S. chromofuscus) treated, GA-fixed, human erythrocytes measured at
Debye length 2.19 om®

Uncorrected negative electrophoretic mobilities®™
(kms~'/Vem™)
No acetaldehyde * With acetaldehyde
Expt. Control PLD Control PLD
1 202+ 0.269 1.83+0.309 |2.04+0.299 1.77 + 0.38©
2 2.10+0.30 1.78 £0.31 1.82+046 @ 1.52+0.51
— — [1.862030 —
3 2.03+0.37 1.80+0.39 1.87+£0.23 1.81 1‘0.50
1.99+0.30 1.80+£0.45 _ 1.76 +0.34
mean® 2.03+0.02 1.80+0.01 1.90+0.04 1.71 £0.06
mean S.D.“X®) 1 0.31+0.02 0.36+0.03 0.32+0.04 0.43x£0.07

(a) - GA-fixed human erythrocytes were mixed with PLD at a concentration of 80
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units/ml 50% cell suspension (1:1 in tris-buffered saline, SmMCaCl, and 0.25mM |

MgCl,). The samples were incubated with gentle shaking for 2 hours at 37°C.
Controls were similarly treated but without PLD. Half of each sample was then

incubated for 30 min at room temperature with 1% (w/v) acetaldehyde in Sorensen’s

phosphate buffered saline, pH 7.4. The. other half (controls) was incubated in
Sorensen’s buffered saline alone.

(b) - Each mobility is the mean for at least 20 measurements.
(c) - Errors are standard deviations.

(d) - S.D. values are the mean of the Standard Deviation values reported above.
Errors are the standard error of the mean. .

(e) - All blood was obtained from the blood bank. Expt ! used fresh blood
“presurned normal from a therapeutic phlebotomy.” Mobilities were measured the
day after cell treatment. Expt 2 used the same blood sample but measurements were
made two and three days after cell treatment. Expt 3 used expired “normal” blood
and measurements were made the day of cell treatment.



136

Figure 4.26 A
-5
T
5 - .
> *\‘
A
i -1
(7]
£
I,
= o Control
= 14 1
X e PLD
E
2 T~
4 L) [ 7 ] 9 10
pH
Figure 4.26 B
-3
il
E
o ]
> PO 2 H-
-\ "(—ﬁ ..... ® :44 ............... —
l‘n :
E -1
I
- e PLD
2 s PLD with acetaldehyde
£
) 1

T T ™ Y Y ~
4 H s ? [} 9 10
pH

Figure 4.26. Effect of acetaldehyde on the electrophoretic mobility of PLD (S. chromofuscus)-
treated erythrocytes measured in low ionic strength (Debye length = 2.19nm) and at several pH
values. PLD treatment (S. chromofuscus) was as in figure 4.20. For acetaldéhyde treatment,-
twenty volumes of acetaldehyde (1%, w/v in a 50%, v/v, mixture of Sorensen’s buffer and Stan-
dard Buffer), was added to ! volume of a 50% cell suspension in Standard. Buffer, and incu-
bated at room temperature for 30 minutes. Figure 4.26A shows the control- (0) and the PLD-
(®) treated cells for this sample. Figure 4.26B shows the PLD treated cells with (A) and without
acetaldehyde (®). The arrow head of the dotted lines in each case depict reversibility measure-
ments. After making the mobility measurements at the indicated pH’s, the pH of the samples

were adjusted by the addition of 0.145M NaOH or HCl and the mobility was again measured.



137

were presented in conjunction with the peanut PLD results.

A second possible explanation is that the GA action might have introduced a “hidden”
chemical artifact, i.e. a chemical change that is not seen electrophoretically until the choline has
been removed by the enzyme. Recall that a higher concentration of GA (2.5%) was observed to
lead to an artifactual mobility reduction, and similar high-concentration, GA-induced
alterations have also been observed in other systems (Peros, 1981). It was for this reason that
the lower concentration of 0.25% GA was adopted for the present experiments. There is even
slight evidence of such a “hidden” effect even for GA ‘conc_entmtions of 0.25% (Peros, 1981). If
this were the case, the surface rearrangement explanation for the lack of a PLD-induced

mobility drop for unfixed cells would not be the relevant one.

A rather different role might conceivably be ascribed to the glutaraldehyde: introduction
* of mechanical tension into the rigid membrane, which may be relieved, with shrinkage, upon
removal of membrane components by PLD. This amounts to a membrane mrrangément for
the fixed PLD-treated cell that could conceivably cause hitherto-hidden-positive chargés to
become seen electrophoretically. What evidence can be cited for this hypothesis? (i) GA-
fixation kinetics indicate that it is during the course iof cell-shrinkage that the cells become
“frozen” during fixation (Yee and Mel, l§78). (ii))RPS measurements plus the single hematocrit
measurement both indicate a shrinkage of the fixed cells (~12-16%) following the PLD
treatment. (ii1)) When fixed cells were completely delipidized, using Triton X-100 in the Peros
(1981) experiments, the results of the sizing data taken at high- and low-field strengths were
consistent with an actual physical shrinkage being one component of the effect. (iv) The
instability of the PLD-(peanut)-treated, neuraminidase-treated, GA-fixed cells discussed in
section 4.1 are consistent with the tension hypothesis. An argument against this mechanism of
revealing positive charges, is the lack of effect on the mobility of PLD-treated, GA-fixed cells

when acetaldehyde post-treatment is used to block positively-charged amine groups at the cell
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surface.

- A fourth possibility for the decrease in mobility after PLD treatment is a change in
internal conductivity within the membrane of the cell. The RPS experiments described above
ruled out the possibility of the membranes becoming transparent to the electric field, but they
~did not rule out a moderate increase in conductance within the surface of the membrane.

Henry’s equation for the electrophoretic mobility of a sphere having a conducting surface is
= [feflca)/6xn]3 /(24,5 +A))

(chapter 2, eqn 3, whcre_Ao and Ai are the external and the in-membrane conductances,
respectively). Thus, if the electrical conductivity of the meémbrane increases, the mobility
would be expected to decrease. A difference in mobilities of PLD-treated and control cells was
observed only for GA-fixed erythrocytes. It is possible that the GA-fixation, in preventing
membrane rearrangement aﬁer removal of membrane components by PLD treatment, opens a
less-encumbered, ahd hence lower-electrical-resistance pathway, leading to an increased in-

membrane conductance.

A final possibility to consider is that the decrease in mobility following PLD treatment is
an artifact of the measuring technique. The PLD-treated cells tend to form slightly more
clumps than do the untreated (or the PLC-treated cells), and thus they may adhere to the sides

of the measuring chamber and modify its electrical characteristics.

Attempts were made to minimize this possible effect by cleaning the chamber with
bleach between samples (followed by thorough rinsing) and by always measuring control and
PLD-treated cells alternately to prevent any long-term change in chamber characteristics from

affecting the difference in mobility between controls and treated cells.

If any such effects were taking place during the course of a single sample measurement, it
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would be reasonable to expect that the 'mobility would change with time, as more cells attached
themselves to the chamber walls. In figure 4.27 is shown a series of measurements taken over

time at the front stationary layer of the chamber. No time effect is seen in these plots.

4.3. Summary

Four phospholipase enzymes were used, and all were active on -the membrane of GA-
fixed erythrocytes (i.e. thef removed either phosphocholine or choline). The two PLC enzymes
removed nearly the same amount of 'phOSphocholine per 1010 cells (0.69 for the B. cereus
"~ enzyme and 0.79 for the C. perfringens cnzyme). The twb PLD enzymes removed quite
different quantities of choline (0.50 for the peanut enzyme compared to 1.11 for the S.

chromofuscus enzyme).

The PLC enzymes caused a very slight but apparently real decrease in mobility, and the
difference was greatest in the Debye-length range of 1.5 to 2.5nm. This effect was not noted on

all cell preparations, and was not seen after neuraminidase treatment.

The PLD enzymes caused a definite decrease in mobility for GA-fixed cells, at all low
ionic strengths, and the effect was much greater with the S. chromofuscus enzyme than with the
peanut enzyme. However, when unfixed cells rather than GA-fixed cells were treated with the
S. chromaofuscus enzyme, no mobility effect was noted. Furthermore, when the peanut PLD

was used on neuraminidase-treated cells, a slight increase in mobility was observed.

Several possible explanaﬁons for these results have been considered. The unmasking of
electrophoretically detectable amino groups as an explanation for the mobility decreases has
been ruled out by acetaldehyde post-treatment after the PLC and PLD treatments. Similarly,
the loss of membrane charges associatﬁd with sialic-acid residues, lipid phosphates, and

membrane protein following PLD treatment has been ruled out, at least for the numerous
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Figure 4.27. Effect of experimental measurement time on- electrophoretic velocity measure-
rhcnts at various ionic strengths and currents. Velocity measurements on representative single
cells over time are shown for; A - control cells, B - PLD-treated cells, C - control cells postfixed
with acetaldehyde, and D - PLD-treated cells postfixed with acetaldehyde. The label *“cell
number” refers to the sequence in time for each successive measurement, for each experimental
series. Approximately 5 to 10 minutes is reqmred to measure 10 cells. The different symbols

depict different experimental sequences.
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conditions for which chemical assays were carried out.

For the mobility decrease after PLD treatment of GA-fixed cells, five potential
explanations were evaluated. These alternatives will be considered in more detail in the next

chapter.
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CHAPTER 5§

Summary and Conclusions

§5.1. Overview

The bulk of this work has involved treatment of native and GA-fixed human
erythrocytes with phospholipases and neuraminidase followed by measurement of the

electrophoretic mobility of the cells in solutions of several low ionic strength and pH values.
Treatments which leave the cell mobility unaltered.

The experiments described in the preceding chapters have showh that several chemical
and physical treatments of human erythrocytes leave their electrophoretic properties unaltered,
over a range of ionic strengths and over a broad pH range. These treatments include:

(i) For native red cells, low ionic strength buffers, by themselves, cause no irreversible
membrane changes that are detectable with agglutinins or by electrophoretic mobility
measurements.

(i) Fixation, aloné, of both human and rat erythrocytes, in 355 mosm, 0.25% (w/v)
glutaraldehyde, leaves the surface charge properties unchanged; this v_ is not true for 2.5%
glutaraldehyde.

++), and subsequent resealing

(iii) Hemolysis in 20 mosm saline (containing 1mM Mg
in Standard Buffer, leaves the electrophoretic mobility unchanged over the entire ionic strength
range tested (Debye length 0.8 to 5.7nm).

(iv) Phospholipase D (S. chromofuscus) treatment of unfixed erythrocytes leads to no
change at all in the electrophoretic mobility of the cells, except possibly at a Debye length of

3.5nm.
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Treatments which alter the electrophoretic mobility of the cells.

On the other hand, several other treatments of the cell do cause modification of the
electrophoretic properties of human erythrocytes:

(i) Fixation in high concentrations of glutaraldehyde (2.5%) leads to an increase in
electrophoretic mobility at physiological ionic strength and a decrease in mobility at low ionic
strengths.

(ﬁ) Ncumminida_se treatment of  either native or GA-fixed cells decreases
electrophoretic mobility at .all ionic strengths, although all the mobilities increase with
mcmsmg Debye length. The calculated surface charge densities show disparate behavior: For
the untreated cells, .t.he negative charge density decreases signiﬁmntly with increasing Debye
length, while for the neuraminidase-treated cells, charge density remains nearly constant (with a
slight increase between Debye lengﬂ)s 1.7 and 2.5nm).

- (i) Ethanol extraction of membra.ne lipids from GA-fixed erythrocytes leads to a slight
decrease in mobility in the Debye length range of 1.5 to 2.5nm.

(iv) Chloroform-methanol extraction of membrane lipids from GA-fixed erythrocytes
leads to a major decrease in mobility at Debye lengths >2nm.

(v) Phospholipase C (B. cereus and C. perfringens) treatment of GA-fixed human
erythrocytes leads to a slight decrease in mobility in the Debye length range l.l5 to 2.5nm.

(vi) Phospholipase D (S. chromofuscus) treatment of GA-fixed cells causes a decrease in
mobility. PLD from a different source (peanut) also leads to a mobility decrease, albeit a
smaller one. | | ‘

(vii) .PLD (peanut) treatment of neuraminidase-treated, GA-fixed cells causes a small

increase in negative surface charge density and leads to cells that are unstable at low pH.

What kind of cell-membrane structure can fit all of these obser(ran'ons? Consider first

the effects of neuraminidase. In Chapter 1, several possible effects, in conjunction with
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phospholipase action, were postulated.

(i) Removal of sialic acid might change the location of the surface of shear, bringing
the phospholipids closer to the outer surface (so that their charge contribution could then be
“seen” electrophoretically.

(ii) Removal of sialic acid might lead to rearrangement of the membrane components,
thereby changing the location of phospholipid polar groups.

(iii) The removal of sialic acid might lead to an increase in the amount of substrate
available to the phospholipases.

(iv) Sialic acid removal might have no effect on the action of phospholipaSeS.
What can we now say about those possible effects?

Neuraminidase: changes ‘in the location of the surface of shear or membrane

rearrangement.

(i) Did the neuraminidase treatment change the loqnion of the surface of shear? The
discussion in section 3.3 indicates there is a high probability for this to be the case. The two
curves in figure 3.18 demonstrate the very different behaviors of the non-neuraminidase-treated
cells, when compared to the neuraminidase-treated. This is best explained if we assume that
the surface of shear of the untreated cells is located a considerable distance from the true
nonconductive cell surface, while that of the neuraminidase-treated cells is very close to that
surface. The alternative explanation, that neuraminidase removes both negative and positive
moieties down to a depth of 5.7nm appears unlikely, particularly in view of the (estimated)
membrane thickness of only 7.5nm and the specificity of the enzyme’s action for negatively
charged neuraminic acid residues.

(ii) What about rearrangement of membrane components as a consequence of the

removal of sialic acid? This also appears unlikely as an explanation for the full effect, since this
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hypothesis would require that all charges, originally at a depth of 0.8 to 5.7nm within the
membrane, be moved out to the outermost 0.8nm. My results do not preclude smaller
molecular rearrangements following neuraminidase treatment, but do exclude this possibility as

the principal explanation for the full observed surface charge density variations.

PLC plus neuraminidasé plus GA: Surface conductance and membrane reai'rangement. :
(iii) The phosphate assay after PLC (B. cereus) treatment of neuraminidase-treated,
GA-fixed human eryﬂ;rocytes indicated that 1.2umoles of phosphate were removed per 1010
ccﬁs, while tht;. average removed from untreated GA--ﬁxed cells was 0.79x0.17. This
experiment does suggest that ‘more 'phosphocholine was indeed rémoved from the
neuraminidase-treated cells. However, a single experiment performed with peanut PLD on
neuraminidase-treated, GA-fixed cells indicated a slight decrease occurred in the amount of
choline removed. It may be that the negative sialic acids aid the action of the peanut PLD, but
hinder the action of the B. cereus PLC.
- (iv) Since removal of sialic acid did affect thé action of the PLC, as stated above, the

possibility of “no effect” must now be discarded.

What eise can we conclude from the PLC results? Phospholipase C (B. cereus) acting on
neuraminidase-treated, GA-fixed erythrocytes removed significant quantities of phosphocholine,
but had nb effect on the mobility of the cells at any ionic strength. Bearing in mind Henry’s
equation for the mobility of a conducting sphere (Chapter 2, eqn 3), it is apparent that removal
of phosphocholine does not cause an increased surface conductance of the cells. The decrease
in mobility of a conducting sphere, in low ionic strength solutions was demonstrated by Ghosh’
and Bull (1963). Thus, the lack of such an effect after PLC treatment is at least mildly
surprising since the bi-products of PLC treatment are lost from the cell, and hence might be
expected 1o leave gaps in the membrane. If the membrane is able to close up gaps ieft by lost

components, it must be doing so in spite of fixation. This is consistent with, but does not
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require, the possibility that the GA-fixed cell is under increased surface tension as discussed in

section 4.2.2.
PLC without neuraminidase.

PLC acting on the GA-fixed erythrocytes that were not treated with neuraminidase, did
cause a slight decrease in mobility. This may be due, not to a loss of the phosphocholine, but
rather to a simultaneous loss of a small amount of sialic acid at the same time. If this is the.
case, this sialic acid is located at a depth of from 1.5 to 2.5nm into the membrane.

Unfortunately this sialic acid elution was not tested.
Lipid extraction: membrane conductance changes.

What about  ethanol and chloroform/methanol treatments? The ethano!l results,
discussed in Chapter 3, are very similar to the PLC results, in that both lead to a small decrease:
in mobility in the Debye-length range 1.5 to 2.5nm. The same argument can be made, that the
slight decrease in (negative) mobility is a result of a slight loss of sialic acid but again, this was
not tested. (Note: since the sialic acid-contn’bufes most of the charge to the red cell membrane,

it is a likely candidate for affecting charge change.)

The chloroform/methanol treatment which caused a large decrease in cell mobility, may
best be explained in terms of an increase in conductivity across the' treated-cell membrane
system. The results of Peros (1981) showed unequivocally that the membranes of GA-fixed
cells became transparent to an electric field after delipidization with Triton X-100.
Surprisingly, in his experiments the GA-fixed cytoplasm conducted electrically almost like that

of the unfixed cytoplasmic hemoglobin.
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PLD: unfixed vs. GA-fixed cells.

The PLD results are puzzling Fuji and Tamura (1979), using 2-dimensional thin layer
chromatography, measured the lipid composition of the membrane following PLD (S.
chromofuscus) treatment. They demonstrated that (negative) phosphatidic acid remains in the
membrane following PLD treatment, and hence one might expect a large increase in (negative)
clectrophorctic. mobility following treatment (removal of positive choline), at least for low ionic
strengths. (The action of PLD on the PC molecule is shown in figure 1.1). Both of the PLD
enzymes acting on GA-fixed erythrocytes caused a decrease in mobility at all low ionic
strengths. Tﬁc PLD (peanut) enzyme acting on neuraminidase-treated, GA-fixed cells led to an
increase in mobility at all ionic strengths, but the increase was less than expected from the
amount of choline removed. However, the (highly purified) S. chromofuscus enzyme acting on
unfixed cells led to absolutely no change in mobility (except pos'sibly at a Debye length of 3.5).
The PLD (peanut) enzyme, acting on neuraminidase-treated, GA-fixed cells led to an increase
in mobility at all ionic strengths, but the increase was less than that eipccted ﬁ'om the choline
removed. Acetaldehyde fixation incﬁmted that the effect on the surface charge may have been
due to loss of positive amines which may have been lost from the membrane surface along with

choline groups.

Let us first consider only the unfixed-cell resuits. A direct chemical assay indicated that
choline was indeed removed. Fuji and Tamura (1979), using the same S. chromofuscus
enzyme, determined that phoSphan'dic acid (in large quantities) remained in the membrane
after PLD treatment, but that the amounts were not quite sufficient to make up for. the
decreased phosphatidyl choline. - (They attributed this discrepancy to errors in recovering all the
phosphatidic acid.) And yet, I observed absolutely no change in mobility (except for a non-

significant increase at a Debye length of 3.5nm).
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What about applying the argument to the unfixed cells that I used in section 4.2.2 to
explain the PLD effects on GA-fixed cells — namely that an increase in surface conductance
might occur after PLD treatment? Such a change in conductance would have to be such as to
exactly equal the change in mobility due to the increased negative charges. It appears quite

unlikely that this would occur at all ionic strengths.

Another possibility is that the phosphatidylcholine head group is at a depth greater than

3.5nm, and that the non-significant result for Debye length 3.5nm represents a real effect.

Although my data are from only two experiments, in both cases the PLD (S. ch}omoﬁ6cus)- '

treated cells had a somewhat higher mobility than the untreated. The problem with this
explanation is that 3.5nm is probably too far into the membrane as a location for the outer
head groups of the lipid bilayer. That is, when the known components of the outer membrane
are considered, there is not enough other matenal (proteins or carbohydrates) at the outer
surface to fill such a large volume. However, we can perhaps reconsider this possibility in light
.of the conclusions drawn from the neuraminidase results. Since, in the untreated cell, increased
membrane surface conductance may have been detected with the low-ionic-strength technique,
it is apparent that the outer membrane surface may be loosely packed. The probable
explanation for the constant surface charge density after the removal of the smhc acid is a
collapse of the remaining outer protein and carbohydrate moieties. It is therefore likely that the

molecules of protein and sialic acid taken together, do extend to a greater distance from the

phospholipid head groups than would be expected if the outer components were more tightly

packed.

Another explanation also seems plausible: membrane rearrangement. This could come
about either by the phosphatidic acid flipping further into the membrane, such that its charges
would not be detected electrophoretically, or by some other positive group rearranging to the

vicinity of the phosphatidic acid. There is evidence that modification of membranes can
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increase the “flip-flop™ rate of some lipid species. Experimems by de Kruijff and Baken (1978)
on dimyristoyl lecithin vesicles show that after treatment with PLD, the half time for lecithin
flip-flop decreased from several days to 8 hours. In addition, in other artificial membrane
systems, the presence of glycophorin increases the flip-flop rate by two orders of magnitude (de
Kruijff et al, 1978). In a somewhat different kind of experiment, transfer of phospholipids
between labeled scgled ghost membranes and PC liposomes, Bloj a_nd Zilversmit (1976) found a
half-time rate of 2.3h in the presence of purified phospholipid exchange protein from beef heart
cytosol. Based on all these results, it wogld not be surpnsmg if removal of choline by the PLD

alsb caused increased flip-flop between the inner and outer layers.

The PLD results obtained for GA-fixed cells were discussed extensively in the previous
chapter. The mobilities of the PLD-treated, GA-fixed cells were lower at all ionic strengths and

pH values. The possible explanations put forth for these unexpected results were:

(i) GA-fixation might constrain the membrane from rearranging, and thus allow a real gain of

positive or loss of negative charges, which became electrophoretically detectable.

(if) GA-fixation might bave introduced a “hidden” chemical artifact. -

(iit) GA-fixation might have introduced mechanical tension imo the membrane structure,
which would serve as a driving force for a membrane rearrangement enabled by removal of
membrane components by PLD.

(iv) GA-fixation might constrain the mcﬁ:branc from filling in gaps, causing an increase in
membrane surface conductance after PLD treatment.

(v) The result may be an artifact of the experimental measuring technique. =

The first explanation does not seem plausible, based on the information available. No
sialic acid, phosphate, or protein moieties were lost from the membrane as a result of treatment
with PLD. No positive amino groups were detected electrophoretically following acetaldehyde

treatment. The negative phosphatidic acid is known to remain in the membrane following
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PLD treatment (Fuji and Tamura, 1979). What about the possibility, however, that Ca** from
the treatment medium may have become bound to the phosphatidic acid molecule. This does
not appear likely as an explanation because the decrcased negative mobility after PLD
treatment becomes even more pi'onounced in low pH solutions. It would be expected that, as
the pH was lowered, the Ca*™ would be displaced by singly charged protons, with the lessening
of the observed effect. Other evidence against this possible explanation ‘was found in the -
EDTA experiment. The EDTA treatment did not cause a consistent change in the mobility of

the PLD-treated cells.

The second possibility cannot be ruled out, but there is no evidence that the GA effects

cited in the previous chapter would carry with them such a consequence for surface charge
change. ‘ ‘

If the third explanation were to be valid, the effect of this mechanical tension would
have to be to push the phosphatidic acid to the interior of the memb.ranel (vsince'no phosphate
was detected in the supernatant after PLD treatment). If inside-out vesicles could be formed
after PLD treatment, further experiments with the effects of GA on that system might throw

more light on the subject.

The fourth, or surface-conductance explanation, cannot be ruled out with the
information at hand. - |

. Regarding the fifth explanation, all efforts were made to minimize this possibility, and
the existing data strongly suggest that it is-not a basis for the observed surface charge effects of

PLD on GA-fixed cells.

The third and fourth possibility seem to describe the most probable explanations for the -

GA-fixed cell results.
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5.2. The bilayer revisited

In Chapter 1 it was stated that one of the aims of this research was to determine the
extent and the location of the lipid polar groups relative to the surface of shear. What can we
say about this now? Most of the new data are not fully supportive of a very extensive bilayer,
but neither do they rule out this model. The increase in surface charge density that would be
expected after PLD treatment of a bilayer structure was not seen (except possibly after
neuraminidase treatment). Several plausible explanations were given for this result that are not

inconsistent with the bilayer hypothesis.

However, another explanation, that the lipid is not in-a bilayer, or at least that the
bilaye; is not very extensive, is certainly viable, based on these results. If the lipid is more
thoroughly mixed with the proteins, in some instances forming micelles or just miniature
“local” bilayer regions, it would seem more likely that rearrangement would take place after
any perturbation in the local charge properties by removal of choline. In this event, the lipids
might not be as near to the outer surface as a bilayer would postulafe, and the unchanged
mobility that was seen after PLD treatment would then be reasonable. Alternatively, PLC or
PLD treatment could lead to some rearrangement of membrane proteins that were previously
held in place by the intact lipid polar groups. The decreased mobility following PLD treatment

of GA-fixed cells would then have to be due to negative charges leaving the outer surface of the

membrane, rather than positive charges appearing there, since acetaldehyde post-treatment gave .

no evidence for the presence of positive amines, at least not electrophoretically detected ones.

8.3. Conclusions

One conclusion that can be drawn, based on the experiments with neuraminidase, is that
the native-cell membrane is partially electrically conductive below the surface of shear, but that

removal of sialic acid exposes the non-conductive surface — possibly (although not necessarily)

gy
v
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the polar head groups of the lipid bilayer.

In addition it can be said that positive amino groups must exist near the outer
membrane surface that can be electrophoretically detected once the sialic acid has been

removed.

Another conclusion that can be drawn about the lipid head groups is that the charges of
the choline and phoéphorus groups are probably in close enough proximity to each other to
effectively neutralize one another. This follows from the lack of any charge change after

removal of the two groups following treatment of the neuraminidase-treated cell with PLC.

I believe the most probable distance of the lipidv head groups from the surface of shear,
based on these experiments, to be about 3.5nm. This conclusion is a preliminary finding from
the experiments with the S. chromofuscus enzyme, in which no charge increase was seen until
the mobility was measured in a 3.5am Debye length solution. In drawing this conclusion it is
assumed that the correct explanation for the lower mobility seen at the higher ioniq strengths is -
either an increased surface conductance of the cell, or a surface-component rearrangement.
However, not all of the data support the 3.5nm estimate. No mobility increase at 3.5Snm was
seen after treatment with PLD (peanut). (In this case, however, less choline was removed with
" the peanut PLD, and the total charge-change seen after the b&nut enzyme treatment was
smaller than it was fdr the S. chromofuvcw" enzyme.) The slight decrease in mobility seen after
PLC treatment or ethanol treatment of GA-fixed cells in the Debye-length range of 1.5 to 2.5nm
is probably best ascribed to the removal of small amounts of protein or sialic acid along with

the phospholipids.

Conclusions can also be drawn about the ability of the membrane components to
rearrange after molecular modification. The complete lack of any surface charge change in the

unfixed cell following treatment with the S. chromofuscus PLD strongly suggests that the lipids
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are able (and, in fact, are in some way required) to rearrange, to restore the original charge
properties of the surface. The manner in which this rearrangement occurs is changed by GA-

fixation.

Several unexpected results of GA-fixation were observed. High concentrations of
glutaraldehyde led to a decrease in membrane electrophoretic mobility. (This is, however, not
inconsistent with other reports of alterations to red cell membranes by such high concentrations
of glutaraldehyde.) Lower concentrations, in a hypertonic solution, did not have this effect.
Glutaraldehyde used in combination with PLD (S. chromofuscus) treatment, indidtes that the

effects of GA-fixation on rearrangement of membrane components are complex.
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