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ABSTRACT

DYNAMIC INTERACTIONS IN THE HUMAN ERYTHROCYTE MEMBRANE:
STUDIES ON THE LATERAL MOBILITY OF BAND 3, PHOSPHOLIPID, AND CHOLESTEROL

David Eric Golan
Yale University

1982

The human erythrocyte membrane has served for many years as the
prototypical eukaryotic cell membrane. It is composed of approximately
50% 1ipid, which is evenly divided between phospholipid and cholesterol,
and 50% protein. Band 3, the major intrinsic protein, accounts for
approximately 25% of the total membrane protein; extrinsic cytoskeletal
proteins comprise most of the remaining membrane protein. Spectrin
is the major cytoskeletal protein; it is attached to at ieast some of
the band 3 by the linking protein ankyrin. Low ionic strength treat-
ment of erythrocyte ghost membranes destabilizes many interactions
within the cytoskeleton, while hypertonic ionic strength treatment
leads to specific dissociation of the ankyrin-cytoske]eton Tinkages.
This dissertation examines the lateral mobility of fluorescently
labeled band 3, phospholipid, and cholesterol in the plane of the
human erythrocyte membrane, using the fluorescenca phctobleaching
recovery technique. The major conclusions reached in this study
are as follows:

(1) Under physiological conditions of ionic strength and tempera-
ture, band 3 mobility is severely restricted by the proteins of the

erythrocyte cytoskeleton. This restriction is mediated at least in



part by ankyrin. Thus, destabilization of the cytoskeleton by Tow
ionic strength treatment, hypertonic ionic strength treatment, or
addition of a proteolytic fragment of ankyrin leads to greatly in-
creased lateral mobility of band 3. Loss of restriction of band 3
mobility is not associated with dissociation of spectrin from the
membrane; rather, complete loss of restriction is associated with the
specific proteolysis of ankyrin alone.

(2) Band 3 mobility is unrestricted under certain conditions
of ionic strength and temperature. Under these conditions the ratio
between the lateral diffusion coefficient of band 3 and that of
phospholipid or cholesterol is approximately that expected assuming
the same effective membrane viscosity for both protein and lipid
components.

(3) Phospholipid and cholesterol mobilities in the erythrocyte
membrane are identical under all conditions of ionic strength and
temperature.

(4) Both phosphelipid and cholesterol mobilities are partially
restricted by membrane proteins, as shown in experiments comparing
1ipid mobility in erythrecyte ghost membranes with that in liposomes

prepared from extracted erythrocyte membrane lipids.
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DYNAMIC INTERACTIONS IN THE HUMAN ERYTHROCYTE MEMBRANE:
STUDIES ON THE LATERAL MOBILITY OF BAND 3, PHOSPHOLIPID, AND CHOLESTEROL

Preface

The human erythrocyte membrane has served for many years as the
prototypical eukaryotic cell membrane. It is composed of approximately
50% 1ipid, which is evenly divided between phospholipid and cholesterol,
and 50% protein. Band 3, the major irtrinsic protoin, accounts for
approximately 25% of the total membrane protein; extrinsic cytoskeletal
proteins comprise most of the remaining membrane protein. Spectrin
is the major cytoskeletal protein; it is attached to at least some of
the band 3 by the Tinking protein ankyrin. Low ionic strength treat-
ment of erythrocyte ghost membranes destabilizes many interactions
within the cytoskeleton, while hypertonic ionic strength treatment
leads to specific dissociation of the ankyrin-cytoskeleton linkages.
This dissertation examines the lateral mobility of fluorescently
labeled band 3, phospholipid, and cholesterol in the plane of the
human erythrocyte membrane, using the fluorescence photobleaching
recovery technique; The major conclusions reached in this study are
as follows:

(1) Under physiological conditions of ionic strength and tempera-
ture, band 3 mobility is severely restricted by the proteins of the
erythrocyte cytoskeleton. This restriction is mediated at least in

part by ankyrin. Thus, destabilization of the cytoskeleton by Tow
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ionic strength treatment, hypertonic ionic strength treatment, or
addition of a proteolytic fragment of ankyrin leads to greatly in-
creased lateral mobility of band 3. Loss of restriction of band 3
mobility is not associated with dissociation of spectrin from the
membrane; rather, complete loss of restriction is associated with the
specific proteolysis of ankyrin alone.

(2) Band 3 mobility is unrestricted under certain conditions
of ionic strquth and temperature. Under these conditions the ratio
between the lateral diffusion coefficient of band 3 and that of
phospholipid or cholesterol is approximately that expected assuming
the same effective membrane viscosity for both protein and lipid
components.

(3) Phospholipid and cholesterol mobilities in the erythrocyte
membrane are identical under all conditions of ionic strength and
temperature.

(4) Both phospholipid and cholesterol mobilities are partially
restricted by membrane proteins, as shown in experiments comparing
1ipid mobility in erythrocyte ghost membranes with that in 1iposomes

prepared from extracted erythrocyte membrane lipids.

Band 3 was specifically labeled with the covalent fluorescent
probe eosin-5-isothiocyanate. In an initial study, low temperature
(21°C) and high ionic strength (46 mM sodium phosphate) favored im-
mobilization of band 3 (10% mobile) as well as slow diffusion of the
mobile fraction (diffusion coefficient (D) = 4 x 107! cm2sec™!).

Increasing temperature (37°C) and decreasing ionic strength (13 mM
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sodium phosphate) led to an increase in both the fraction of mobile
band 3 (90% mobile) and the diffusion rate of the mobile fraction

(D = 190 x 107! cm®sec!). The increase in the fraction of mobile
band 3 was markedly dissociated, however, from the increase in the
diffusion rate of the mobile fraction. Thus, the fraction of mobile
band 3 always increased at higher ionic strength and lower temperature
than the ionic strength and temperature at which the diffusion rate
increased. This dissociation was manifested kinetically on prolonged
incubation of ghosts at constant ionic strength and temperature: the
diffusion rate of the mobile fraction increased very slowly at first
and much more rapidly after the initial lag period, whereas the
fraction of mobile band 3 increased almost immediately to 90% and
remained maximal for the duration of the experiment. These experiments
were repeated, using an improved and recalibrated fluorescence photo-
bleaching appartus, in the presence of the protease inhibitors ethylene-
diaminetetraacetic acid (EDTA), phenylmethylsulfonyl fluoride (PMSF),
and pepstatin A. The same relative dependencies of the diffusion
coefficient and fraction mobility on ionic strength and temperature
were found, although all diffusion coefficients were two- to four-
fold Tower than previously seen (i.e., extreme values of 1 x 10712

and 50 x 10! cm®sec™!). These effects were shown not to be due to
complete dissociation of spectrin from the membrane. Further, all
increases in fractional mobility and moderate (approximately ten-fold)
increases in diffusion coefficient were not associated with specific

proteolysis of any major membrane component. Extreme (fifty-fold)
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increases in diffusion coefficient were, however, associated with the
specific and substantial (v~ 70%) proteolysis of ankyrin alone.
Experiments testing the effects of hypertonic ionic strength
and proteolytic fragments of cytoskeletal proteins on thé lataral
mobility of band 3 confirmed the central role of ankyrin in the
mediation of band 3 mobility restriction. Addition of hypertonic
KC1 (320 mM) to 40 mM sodium phosphate in the presence of EDTA,
PMSF, and pepstatin A led to increases in both the fraction of mobile
band 3 (90% mobile) and the diffusion rate of the mobile fraction
(50 x 107 cm2sec™). As seen in the low ionic strength experiments,
the increase in the fraction of mobile band 3 was markedly dissociated
from the increase in the diffusion rate of the mobile fraction. This
dissociation was again manifested kinetically on prolonged incubation
of ghosts at constant ionic strength and temperature, under which
conditions there was an immediate, maximal increase in fractional
mobility followed by a more gradual increase in diffusion coefficient.
In a separate experiment, incubation of erythrocyte ghosts at 37°C
in the presence of a 72,000 dalton proteolytic fragment of ankyrin
which serves as the attachment site for spectrin on the inner membrane
surface led to a three-fold increase in the diffusion coefficient and
a two-and-one-half-fold increase in the fractional mobility of band 3,
compared with control values at the same ionic strength and temperature.
This finding implicates the ankyrin-spectrin linkage as one controlling
element in band 3 lateral mobility. Incubation of ghosts in the
presence of an 80,000 dalton proteolytic fragment of spectrin involved

in the polymerization of dimer to tetramer spectrin did not lead to
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any significant change in either the fractional mobility or the
diffusion coefficient of band 3, under all conditions of ionic
strength and temperature examined. It is possible, however, that
this lack of effect was due to an inability to concentrate the
spectrin fragment sufficiently for it to manifest a change in the
spectrin dimer-tetramer equilibrium, since this fragment has much
lower affinity for its spectrin binding site than does the ankyrin
fragment for its spectrin attachment site.

It is striking that the diffusion coefficient of band 3
reached the same maximum value at 37°C under extreme conditions of
both hypertonic and Tow jonic strength. This "rapid diffusion Timit"
for band 3 in the erythrocyte ghost membrane was compared with the
diffusion of specifically labeled 1ipid in the same membrane under
the same conditions. Lipid probes employed in fluorescence photc-
bleaching recovery studies included the fluorescent phospholipid and
cholesterol analogs N-4-nitrobenzo-2-oxa-1, 3-diazole (NBD) phospha-~
tidylethanolamine (NBD-PE) and NBD-cholesterol (NBD-chol), respectively.
In the model Tiposome systems dimyristoylphosphatidylcholine (DHPC),
DMPC + 5-40 molé% choiesterol, egg phosphatidylcholine (egg PC), and
egg PC + 10-50 mole¥ cholesterol, no significant differences were
found between the lateral mobility parameters of the two probes,
except at temperatures below the phase transition in DMPC Tiposomes
to which 5-20 mole% cholesterol had been added. Under these conditions
the cholesterol analog consistently diffused 60-86% faster than the

phospholipid analog, showing that cholesterol in at least some membrane
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systems may be in a different environment from the bulk phospholipid.
In the erythrocyte ghost membrane, NBD-PE and NBD-chol had identical
lateral mobilities under all conditions of ionic strength and tempera-
ture. The diffusion coefficient of the 1ipid probes showed a small
temperature dependence (less than two-fold increase from 15°C to 37°C)
and no ionic strength dependence; the fractional mobility was 80-85%
in ali cases. At 37°C the diffusion coefficient of the lipid probes
was 210 x 107! cm?sec!, or approximately four-fold greater than
the "rapid diffusion 1imit" for band 3. This ratio of diffusion co-
efficients agrees with that expected for two objects of relative
sizes corresponding to band 3 and phospholipid which experience the
same effective membrane viscosity; i.e., in the "rapid diffusion limit®
the lateral mobility of band 3 appears to be restricted only by the
intrinsic viscosity of the 1ipid bilayer.

Comparing the lateral diffusion coefficient of 1ipid in the
erythrocyte ghost membrane with that in the various model membranes,
it was found that both NPD-PE and NBD-chol diffuse four-fold faster
in liposomes prepared from chloroform/methanol extracts of ghost
membranes (D = 800 x 10~*! cm2sec™ at 37°C) than in the ghost membranes
themselves. This difference was not due to changes in the Tipid compo-
sition of the membrane, as the mcle fraction of cholesterol in the
extracted 1ipid liposomes (43%) differed only slightly from that in
the ghosts (53%). Rather, it appears that the membrane proteins
partially restrict the lateral mobility of both phospholipid and

cholesterol in the erythrocyte ghost membrane. The diffusion coefficient
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of both Tipid probes in extracted erythrocyte 1ipid liposomes at
37°C was within a factor of two of that in the model liposome system
egg PC + 50 mole% cholesterol (D = 1500 x 10~ cm?sec™!); this dif-
ference can probably be ascribed to the unusual Tipid composition

of the erythrocyte membrane.
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INTRODUCTION

Cell membranes exist in a dynamic state. The observed lateral
mobility of various membrane components has been instrumental in
the formulation of a series of models for membrane structure and
function introduced over the past decade. The fluid-mosaic model
of Singer and Nicolson (ref. 1, fig. la) proposes that the major
structural feature of cell membranes is a fluid lipid bilayer in
which a population of proteins heterogeneous in size, shape, orienta-
tion, and function is embedded. Such a mosaic has no long range
order, and integral proteins are free to undergo translational dif-
fusion within the membrane at rates determined both by lipid visco-
sity and by specific interactions (unspecified) with other intra-
membranous or extramembranous components. Functional roles for
unrestricted translational diffusion are hypothesized in the enhance-
ment of reaction rates on the membrane and in the rapid comunication of
signals across the plane of the membrane (1,2). Evidence in support
of the fluid-mosaic model has been reviewed (1-3); much of the evi-
dence will be presented in this thesis as part of the Titerature
review.

The concept of controls or restrictions on the lateral mobility

of membrane elements has proven to be an even more interesting

avenue of investigation than the notion of lateral mobility itself.
The fact that ligand binding by a cell surface receptor protein,

for example, can lead to restriction of the lateral mobility of
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Figure 1. Models for Membrane Structure
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membrane components and thereby influence cell behavior has
been shown in several systems (reviewed in 2,4,5). In order
to account for such observations, Edelman (ref. 5, fig. 1b) and
Nicolson (ref. 4, fig. 1c) have stressed the importance of intra-
membranous (and especially transmembranous) forces in the modula-
tion of lateral mobility. Unlike the earlier fluid-mosaic model,
in which the dominant factor affecting protein mobility is assumed
to be the fluidity of the lipids, the later models consider pro-
tein-protein interactions both within the 1ipid bilayer and at
the inner surface of the membrane to be the controlling features
of many systems. Evidence for the importance of such interactions
has come mainly from studies of antibody-induced patching and capping
on lymphoid cells, cross-linking of surface glycoproteins by lectins
leading to inhibitidn of patching and capping on 1ymphoid cells
(anchorage modulation), and ligand-induced redistribution and capping
on fibroblast cells (reviewed in 4,5; see also 6,7).

With specific reference to the erythrocyte membrane, Marchesi
(8) has proposed a fixed protein matrix model as an alternative to
the fluid mosaic model (fig. 1d). In this formulation, protein-
protein interactions are clearly of primary importance. The major
peripheral protein, spectrin, is visualized as being along the inner
membrane surface in a shell or matrix of closely-packed units, which
may interact with integral, transmembrane proteins. This matrix

could then support the overlying lipid bilayer. Translational dif-



fusion of membrane elements is not precluded by such a model, though
one would expect mobility to be much more restricted in a membrane
organized on a framework of fixed protein than in one governed by
a fluid 1ipid bilayer. For example, in order for an integral
transmembrane protein which is complexed to the fixed (inner surface)
protein matrix to undergo lateral diffusion, either the transmembrane
protein-peripheral protein complex would have to be dissociated,
or the peripheral protein matrix itself would have to be disrupted.
This thesis addresses the question of restrictions on the
lateral mobility of a well-characterized transmembrane protein,
band 3, in a well-characterized mammalian cell membrane, that of
the human erythrocyte. Although the erythrocyte does not possess
the microtubule and microfilament systems important in control of
Tateral mobility in other mammalian cells, similar interactions
between transmembrane proteins and peripheral (cytoskeletal) proteins
might be expected to apply. The advantage of studying the lateral
mobility of the major protein of the erythrocyte membrane is that,
if mobility is restricted by membrane-associated forces, it should
be possible to dissect out those forces in detail since all the
major protein and 1lipid components of this membrane are known and
fairly well characterized. Furthermore, there already exists in-
direct evidence for restricted lateral mobility of band 3 (ref. 9,
10). In this thesis, then, I present a systematic and direct study

of the restriction on lateral mobility of band 3 in the human ery-



throcyte membrane. I demonstrate conditions under which the
restrictions on mobility are progressively lifted, and correlate
the changes in lateral mobility with specific biochemical per-
turbations of the erythrocyte cytoskeleton. Finally, I compare
the lateral mobility of band 3 with that of phospholipid and
chelestercl in the erythrocyte membrane, and propose a model
involving at least two separate processes capable of restricting
the lateral mobility of band 3. It is hoped that this research
will lead to even more specific correlations between changes in
lateral mobility of transmembrane proteins and both membrane
structure and membrane function.

This thesis begins with a critical summary of the published
Titerature on the erythrocyte membrane, with particular reference
to band 3 and evidence for its associations with other membrane
components. Various techniques for the measurement of lateral
diffusion of proteins and lipids on membranes are also described,
concentrating on the technique of fluorescence photobleaching re-
covery. Chapters 2-8 comprise the experimental sections of this
report. Finally, chapter 9 includes a discussion of my data in the
1ight of previous work in this field as well as several models for
the interactions of band 3 with the erythrocyte membrane which could

account for my observations.



CHAPTER 1. LITERATURE REVIEW

A. THE ERYTHROCYTE MEMBRANE

1. General Review of Structure

a. The Lipid Bilayer. The 1ipid composition of the erythrocyte

membrane is shown in table 1. These lipids are believed to be
organized as a fluid bilayer extending completely around the sur-
face of the cell (reviewed in 2,11). The first clear demonstration
of the characteristic trilaminar pattern on electron micro-

scopic observation of the erythrocyte membrane has recently appeared
(12), suggesting the presence of a continuous 1ipid bilayer at the
erythrocyte surface. Within the membrane, various phospholipid
classes are asymmetrically distributed in specific halves of the
bilayer (reviewed in 3,11,13,14). Through comparison of phospho-
lipid degradation due to the action of purified phospholipases

(A5,C, and sphingomyelinase) on intact erythrocytes versus that on
permeable ghost membranes, it was shown that approximately 70% of
the membrane phosphatidylicholine and 80-90% of the total sphingo-
myelin (both choline-containing phospholipids) are located in the
outer half of the bilayer. Study of phospholipid labeling on intact
erythrocytes by permeable versus impermeable amino group reagents
further revealed that 80-90% of the membrane phosphatidylethanolamine
and a1l of the phosphatidylserine (both amino-containing phospholipids)

are located in the inner half of the membrane. Although erythrocyte




TABLE 1. ERYTHROCYTE MEMBRANE LIPIDS.

Component

cholesterol
PE?

PS

PI

PC

SM

a abbreviations:

PE,
PS,
PI,
PC,
SM,

Mole ¥ Total Lipid

44.4
13.1
7.3
3.1
19.0
13.1

phosphatidylethanolamine
phosphatidylserine
phosphatidylinositol
phosphatidylcholine
sphingomyelin

Reference

19
20
20
20
20
20



membranes have a high cholesterol content'(approximately equi-
molar with phospholipid), the distribution of this neutral

1ipid between the two halves of the bilayer has not been deter-
mined precisely. It is, however, present in abundance in both
bilayer leaflets (15-17), and its transmembrane movement or
"flip-flop" appears to be quite rapid (half-time of 3 sec at

37°C; see 18).

b. The Proteins. The literature concerning the polypeptides of
the erythrocyte membrane has been extensively reviewed in the

past decade (3,8,11,21-24). Denaturation and separation of the
various polypeptides from the membrane 1ipid and from each other
can be achieved by dissolution of erythrocyte membranes in sodium
dodecyl sulfate (SDS). Polyacrylamide gel electrophoresis of
SDS-treated membranes reveals eight major protein bands when
stained with Coomassie blue and four additional glycoprotein bands
when stained with PAS-Schiff reagent (25); these bands are named
according to their relative mobilities on the gel (fig. 2; table 2).
Singer and Nicolson (1) have categorized the polypeptides according
to the ease with which they can be extracted from the membrane.
Those proteins extractable by simple manipulation of the ionic
strength or pH of the medium (bands 1,2,4,5,6) are considered peri-
pheral or extrinsic to the membrane, and are presumably membrane-
bound through electrostatic interactions alone. Those polypeptides

extractable only with detergents or other chaotropic agents (bands
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TABLE 2. THE MAJOR ERYTHROCYTE MEMBRANE PROTEINS

AND GLYCOPROTEINS®

Component molecular wt. % of total copies/cell % carbohydrate

(daTtons) protein

1 240,000 15 216,000

2 215,000 15 235,000

2.1b 200,000 6 100,000

3 88,000 24 940,000 4-9

4.1 78,000 4.2 180,000

4.2 72,000 5.0 238,000

5 43,000 4.5 359,000

6 35,000 5.5 540,000

7 29,000 3.4 403,000

PAS-1¢ 62,000 d 60
6.7(2.8) 500,000

PAS-2 31,000 | 60

311 values from ref. 24 unless otherwise indicated.
bValues from ref. 26

Values from refs. 24,27

d6.7% by total weight: 2.8% by weight of protein portion.
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3,7,PAS-1,2,3,4) are considered integfa] or intrinsic membrane
proteins; they are presumably anchored in the membrane through
hydrophobic interactions with membrane 1lipid.

More recently, Marchesi (8) has classified the various
membrane proteins according to function. Those polypeptides
exposed to the extracellular environment are termed contact or
receptor proteins; they include glycophorins A and B and band 3
as well as several minor, poorly characterized components. All
of these proteins are glycoproteins oriented such that their car-
bohydrate is accessible at the outer membrane surface. It is
interesting that the major contact proteins are also exposed to
the intracellular surface (3,11); as we shall see, this may be
important in their mode of attachment to various membrane elements.
Transmembrane proteins involved in the transport of ions or meta-
bolites, as well as various glycolytic enzymes which are located
on the inner membrane surface, are grouped together as catalytic
proteins. Bands 3 (anion permeation site) and 4.5 (glucose per-
meation site) are examples of transport proteins; band 6 (glyce-
raldehyde-3-phosphate dehydrogenase) and aldolase are two membrane-
bound enzymes involved in glycolysis. The third major class of poly-
peptides consists of peripheral membrane proteins which are found
exclusively at the inner membrane surface and are invo]véd in
stabilizing the membrane structure. These proteins are named sup-

port proteins, and include spectrin (bands 1,2), ankyrin (band 2.1),
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actin (band 5), and bands 4.1 and 4.2 (refs. 11,26,28). The
remainder of this review of the erythrocyte membrane will focus
on band 3 and its possible interactions with other membrane
proteins, including glycophorin and the various cytoskeletal or

support proteins.

2. Band 3

a. Physical and Chemical Properties. Band 3 1is defined as a

heavily stained, diffuse band of protein of about 90,000 daltons
on SDS-polyacrylamide gel electrophoresis of human erythrocyte
membranes (25; reviewed in 1,11,21-24,29-31). It is the major
protein component of the erythrocyte membrane, comprising approx-
imately 25% of the total membrane protein and approximately 80%
of the intrinsic membrane protein (24,25,32). An approximate
calculation (24,25) estimates the number of band 3 monomers per

cell at about 1 x 106. The apparent molecular weight of band 3

S
!
5
_§}

covers the range 85,000 - 110,000 daltons; this band spread is
usually attributed to extreme heterogeneity of carbohydrate (24,
33-35), although polypeptide heterogeneity cannot be absolutely
ruled out without primary sequence data. Heterogeneity of carbohydrate
has also been demonstrated by the binding of lectins to band 3, in
that concanavalin A binds fairly specifically to band 3 (ref. 37)
but only a fraction of band 3 interacts (38,39).
Band 3 has been isolated and purified in a number of labora-

tories (37,39-45). 1Its carbohydrate content is estimated at 4-9%
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(refs. 24,37,40,46), with mannose, ga]actoée. and N-acetylglu-
cosamine present in approximately 1:2:2 molar ratio, but with
little sialic acid (34,37). This composition suggests the
presence on band 3 of complex-type oligosaccharides attached

to asparagine residues by N-glycosidic bonds (11). Indeed, it

ha§ been shown (34) that there is a single primary site of gly-
cosylation in the COOH-termiral part of the molecule, in a region
with composition Asx;Ser,. The amino acid composition of band 3
is marked by its high proportion (about 40%) of nonpolar residues
(21,37,41,46). This observation is consistent with the solubility
characteristics of band 3. It is a highly hydrophobic protein that
is soluble only in ionic or nonionic detergents (23-25,40,47).
Solubilization by Triton X-100 is accompanied by the binding of
0.77 grams of detergent per gram of protein (48).

Several functions have been ascribed to polypeptides in the
band 3 region. These include anion transport (46,49-56), NaK
ATPase activity (57,58), water permeation (59), acetylcholinesterase
activity (60), and amino acid transport (61), and each is presumably
mediated by a different protein. It is Tikely that some of these
functions involve very small amounts of protein relative to the
total amount in band 3. For example, the total content of NaK
ATPase per cell is estimated at three hundred copies (62). It is
also possible that some of these functions may not be present in

band 3 at all, residing instead in minor proteins which do not



comigrate with band 3 onpolyacrylamide gel electrophoresis but
which are contaminated with band 3 protein in various other
purification procedures. It is pertinent in this regard that
reconstitution experiments have demonstrated that glucose
transport across the membrane, originally thought to be mediated
by band 3 (refs. 63-66), is in actuality probably performed by
band 4.5 protein (67-69; reviewed in 70).

Chemical heterogeneity of protein in the band 3 region has
been shown in several ways. Treatment of intact erythrocytes
with pronase results in cleavage of most of the protein in the
band 3 region, but at least three pronase-resistant polypeptides
always remain at the location of native band 3 in SDS-polyacryla-
mide gels (30). Two-dimensional electrophoresis (71,72) and isoel-
ectric focusing (30) separate band 3 into one major and four or
five minor components. It is likely, however, that an overwhelming

proportion of band 3 polypeptide is homogeneous, since well over

90% of the protein behaves uniformly in various labeling and cleavage

studies (73), and peptide maps of protein taken from all parts of
the band 3 region on SDS gels appear identical (35). In addition,
only a single COOH-terminal amino acid is found (73), as well as
a uniformly blocked NHp-terminus (37,40,41,46,74) and a unique
NH,-terminal tetrapeptide sequence for one proteolytic fragment
of band 3 (35).

b. Conformation in the Membrane. The disposition of band 3 in the

15
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membrane has been extensively studied and recently reviewed (29-
31). Portions of band 3 are exposed to both the extracellular
and intracellular surfaces of the membrane, proving its trans-
membrane orientation. This conclusion is based on a series of
experiments using membrane-impermeable reagents to label either
the extracellular surface of intact erythrocytes, the intracel-
Tular surface of either resealed ghost membranes or inside-out
vesicles (75), or both surfaces of leaky ghost membranes. These
probes include: 1) chemical agents such as FMMP1 (3,76,77) , TNBS
(78), IBSA (46), DIDS (49-51,56), NAP-taurine (79), and others
(32,80-83); 2) proteolytic enzymes (22,24,51,55,75-77,84-88);

and 3) iodination catalyzed by the enzyme lactoperoxidase (89-95).
For example, one study demonstrated that the same band 3 fragment
produced by proteolytic cleavage from the outside was iodinated
from the inside (90), while another study showed that band 3
fragments labeled from the inside were different from those labeled
from the outside (91). The latter experiment, as well as many

others cited above, further implies that the arrangement of band 3

]Abbreviations used in this section include: formylimethionylmethyl-
phosphate, FMMP; 2,4,6-trinitrobenzenesulfonic acid, TNBS; 1-isothio-
cyano-4-benzenesulfonic acid, IBSA; 4,4'-diisothiocyano-2,2'-stilbene-
disulfonic acid, DIDS; N-(4-azido-2-nitrophenyl)-2-aminoethyl-
sulfonic acid, NAP-taurine.



in the membrane is both asymmetric with respect to the two membrane
surfaces and permanent on the time scale of the labeling. It has
also been demonstrated that the linear band 3 sequence must cross
the membrane at least twice, as the membrane-impermeable (96)
sulfhydral reagent N-ethylmaleimide is found to label intracellular
- cysteine residues on both sides of an extracellular proteolytic
cleavage point (97).

Studies completed over the past several years have greatly
advanced knowledge concerning the detailed folding of band 3 in
the membrane. Chymotrypsin treatment of intact cells generates
a pair of membrane-bound fragments of approximate molecular weights
55,000 and 35,000 from band 3, while extracellular trypsin has no
effect on band 3 at physiological ionic strength (73,85,87,98).
At low ionic strength, however, cleavage by trypsin from the outside
can occur (98), implying changes in band 3 conformation with ionic
strength. The blocked NHz-terminus of the protein is located in
the 55,000 dalton fragment, while the COOH-terminus is associated
with the 35,000 dalton piece (34,35,73,98). Intracellular trypsin
treatment produces a membrane-bound fragment of ho1ecu1ar weight
50,000 daltons which stains with a diffuse pattern on SDS gels
(55,74,85,87,98); this fragment contains the COOH-terminus. In
addition, water-soluble fragments of approximate molecular weights
40,000, 18,000, and 22,000 are produced by intracellular trypsin

treatment, where the latter two peptides are fragments generated

17
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from the former by proteolysis at é second cleavage site (87,
99,100). Fukuda et al. (101) used S-cyanylation of the 55,000
dalton chymotryptic fragment of band 3 combined with lactoperoxi-
dase-catalyzed iodination and antibodies directed against the
cytoplasmic region of band 3 to show that the 40,000 dalton
tryptic fragment bearing the NH-terminus is in an intracellular
location. Finally, when cells are treated with chymotrypsin on
the outer surface followed by trypsin on the inner surface, an
approximately 17,000 dalton membrane-bound segment is obtained
(87,102); this peptide is labeled by various anion transport
inhibitors (73,87,102-105). The binding site for one specific,
potent, irreversible anion transport inhibitor has been identified
as a particular lysine residue on band 3 (105) located 9000 daltons
from the extracellular chymotryptic cleavage site and 6000 daltons
from the intracellular proteolytic cleavage site (104). Since
the binding site for this inhibitor appears to be near the outer
membrane surface (59,51, 106,107), the 15,000 dalton membrane-
bound segment may be folded within the 1ipid bilayer itself. These
and other features of band 3 structure have been incorporated into
a linear map of various cleavage sites, together with the minimum
model for fo]ding of band 3 in the membrane consistent with experi-
mental evidence (fig. 3a,b).

Several lines of experimentation suggest that band 3 exists

as a dimer in the membrane. Solubilization of erythrocyte membranes

18
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in Triton X-100 results in 180,000 da{ton protein which can be
quantitatively converted to 90,000 dalton band 3 monomer in de-
naturing detergents (43,48,109,110). Treatment of intact ery-
throcytes with noncleavable disulfide cross-linking reagent (111,
112), cleavable bifunctional cross-linking reagent (112,113),
cleavable bifunctional photoactivatable cross-linking reagent

(114), or membrane-impermeant cleavable bifunctional cross-linking
reagent (115) all lead to production of dimer as the major (111-

113) or only (114,115) cross-l1inked band 3 species. Native and
cross-linked band 3 in the intact ghost membrane have been reported
to have identical rotational correlation times, implying similar
cross-sectional areas in the plane of the membrane before and after
cross-1inking and hence similar states of aggregation in the membrane
(116). Negative cooperativity in the binding of aromatic disulfonates
to band 3, coupled with the estimation of a relatively short distance
between adjacent anion transport sites (28-52A) in the ghost membrane,
suggest that adjacent band 3 monomers are very close together and
may even possess overlapping transport sites (see below; ref. 117).
The site of cross-linking between band 3 monomers appears to reside
in the NH,-terminal, intracellular portion of the molecule (87),
specifically in the cysteine-rich 16-20,000 dalton fragment produced
by intracellular trypsin cleavage at both of its major sites of

proteolysis {99,118) (see fig. 3a).



Freeze-fracture electron microscoby (119-121) of erythrocyte
membranes reveals the presence of 80-85A intramembranous particles
(IMP) in the cleavage plane, which are presumed to be protein
embedded in the center of thé lipid bilayer (122). Early studies
of the particles, including experiments correlating the distri-
bution of ferritin-conjugated lectins with the distribution of
the particles, suggested their connection with glycophorin (120,
122-125). Arguments were soon advanced against glycophorin being
the sole constituent of the particles, however, because of its
small hydrophobic (intramembrane) portion relative to the large
mass of the intramembranous particle (3,21,24). More recent
evidence, including correlation between the distribution of fer-
ritin-conjugated DIDS and the particles, has implicated band 3
protein as the major component of the particles in the intact
membrane (37,54,126). Eighty Angstrom particles have been seen
both in Triton-extracted vesicles containing predominantly (90%)
band 3 along with erythrocyte membrane 1ipids (127) and in
membranes reconstituted from purified band 3 and egg phosphati-
dylcholine (128), as well as in membranes prepared from En(a-)
erythrocytes which lack glycophorin A (129). The total number of
particles in the intact cell is about 5 x 105 (ref. 125), which is

the same as the number of band 3 dimers (24). As the number of

glycophorin monomers is also about 5 x 105, some have suggested that

the contents of one intramembranous particle might be one band 3

21
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dimer combined with one glycophorin monomer (4,126). It has yet
to be demonstrated, however, that there is one particle which
contains both molecules. Whereas band 3 alone appears to yield
particles of similar size in reconstituted membranes to those

in intact cells (128), reconstituted glycophorin particles are
smaller and more aggregated than those in intact cells (130).
This suggests that glycophorin does not form particles of its
own in intact cells, while band 3 may. Rather, glycophorin may
either be included in band 3 particles as postulated above or
exist free of band 3 in the membrane, becoming artificially

included between the particles when they are aggregated (see belowj.

¢. Associations with Other Membrane Proteins. As noted in the

previous section, association between glycophorin monomer and

band 3 dimer in the intramembranous particles has been postulated.
This suggestion has been strengthened by the demonstration of
rotational immobilization of band 3 with bivalent (but not univalent)
antibodies directed against glycophorin (131). The observations
that trypsin degradation of glycophorin in intact cells exposes
additional sites on band 3 for interaction with DIDS (51) and
lactoperoxidase (132) further imply that at least part of band 3

may be shielded from the outside by glycophorin. On the other hand,
extraction of erythrocyte membranes by Triton X-100 readily separates
glycophorin from band 3 (refs. 41,109), and cross-linking between

glycophorin and band 3 has never been demonstrated chemically (133).
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The latter piece of negative evidence ﬁmst be tempered, however,

by the knowledge that glycophorin itself is very resistant to

the action of cross-linking reagents, perhaps because of its lack of -SH

groups or its extensive glycosylation. Unlike glycophorin, bands 4.2 and 6

remain associated with band 3 after extraction with nonionic

detergent. Dissociating agents such as p-chloromercuribenzoate

must be introduced in order to separate band 4.2 from band 3,

while high ionic streﬁgth is sufficient to dissociate the band 3 -

band 6 complex (41, 109). The stoichiometry of band 6 binding

is one-to-one with band 3, and the site is located in the cytoplasmic

NH,-terminal portion of band 3 which is susceptible to trypsin

cleavage (109,134). Specific binding of the enzyme aldolase to

the cytoplasmic domain of band 3 has also been demonstrated, in

the ratio of one aldolase tetramer per band 3 monomer (135,136).

Associations such as these have led some to suggest that the cyto-

plasmic region of band 3 may be thesite of organization of a

number of glycolytic enzymes into functional enzyme complexes (137).
Evidence implicating band 3 in direct interactions with

various cytoskeletal elements has been accumulating. These data

will be presented in a separate section of this literature review,

after the organization of the cytoskeleton has been discussed.

d. Functions. Proteins in the band 3 region have been implicated
in anion transport, NaK transport, water permeation, amino acid

transport, and acetylcholinesterase activity (see above). The



amount of protein involved in the iatter four activities is
likely to be very small compared to the quantity concerned with
anion transport (30). This summary, therefore, will focus on
evidence identifying band 3 as the anion transport protein, in
the expectation that the various structural properties attributed
to the bulk of band 3 will also apply to this functional system.
The importance of anion transport in erythrocytes has long
been recognized. Rapid exchange of chloride for bicarbonate
across the erythrocyte membrane greatly increases the CO, carrying
capacity of the blood (62,138). The evidence that band 3 is
involved in anion permeation is of three kinds: 1) covalent
labeling of band 3 by irreversible inhibitors of anion transport;
2) retention of the anion transport system in erythrocyte membrane-
derived vesicles containing band 3 as their major component; and
3) reconstitution of anion transport activity in phospholipid
vesicles using partially purified band 3 preparations (reviewed in
29,54, 139).
The most potent and site-specific covalent binding inhibitors

of anion transport are the isothiocyano derivatives of stilbene-

disulfonic acid such as [3H]-DIDS, [3H]-H,-DIDS, and [1251]-I,-DIDS.

These compounds irreversibly inhibit anion exchange upon binding,
complete inhibition corresponding to 0.9-1.1 x 108 molecules bound
per cell (49-51,56,140,141). This is also the number of band 3

monomers per cell, providing circumstantial evidence at least for
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the role of band 3 in anion permeation. There is further a

Tinear relationship between the inhibition of transport activity
and the binding of inhibitor. At maximal inhibitory concentrations,
more than 90% of the label is found in the band 3 region on SDS-
polyacrylamide gels. The remaining 7-10% is associated mainly

with glycophorin. Since anion exchange across the membrane is

so rapid, it is argued that the major protein labeled by covalent
anion transport inhibitors must, in fact, be the protein involved

in anion permeation. Unreasonably high turnover numbers would probably
have to be invoked for the exchange process if a minor labeled
component, rather than band 3, were responsible for this activity
(50,51).

Eosin derivatives (isothiocyanate, iodoacetamide, maleimide)
inhibit anion exchange by 50% when approximately 5 x 105 molecules
are bound per cell (142). These compounds are irreversibly bound
and occupy common binding sites with H,-DIDS, although other sites
on band 3 are labeled as well (142). It is curious that a maleim-
ide derivative, which should react specifically with -SH groups,
is reported to be an irreversible ligand for band 3, which has
no external -SH groups (97). This question is not addressed by
the author;, although the recent suggestion that one band 3-
associated -SH group Ties within the intramembranous portion of
the protein (108) may provfde the explanation for this specificity.

There exist substrates of the anion transport system which

are also capable of covalent reactions. Thus reduction of pyridoxal-
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5-phosphate with NaBH, (ref. 83) or photoactivation of NAP-
taurine (143) leads to inactivation of anion exchange and pre-~
ferential (DIDS-inhibitable) labeling of band 3. When inhibitor-
treated (DIDS, pyridoxal phosphate, or NAP-taurine) intact cells
are reacted with proteolytic enzymes under conditions which do
not affect anion transport in native erythrocytes (51), nearly
all of the nonspecific membrane label, as well as the glycophorin-
associated label, is removed from the membrane without affecting
band 3-associated label (51,83,143). Taken together, covalent
labeling studies provide very strong evidence that inhibition
of anion transport is associated with modification of band 3.
Anion permeability is retained in erythrocyte membranes
from which almost all the major proteins have been removed except
band 3. Changes in ionic strength and pH can be used to remove
extrinsic membrane proteins and low concentrations of Triton X-100
to extract the sialoglycoproteins. The remaining vesicles contain
essentially all the original 1ipid of the erythrocyte plus bands 3 and 7.
They retain nearly all the permeability parameters of the anion
transport system, although some kinetic features cannot be entirely
reproduced (127). DIDS-inhibitable anion fluxes can be reconsti-
tuted into artificial 1ipid vesicles using crude Triton X-100
extracts of erythrocyte ghosts (containing band 3 and glycophorin)
(52). Purified band 3 protein reconstituted in vesicles containing

lecithin, erythrocyte 1ipids, and exogenous glycophorin mediates
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anion exchange which is 60% inhibited by pyridoxal phosphate -
NaBH, (42), although it is not at all certain whether this pre-
paration could transport jonsin the absence of glycophorin.

More recently, highly purified band 3 (43-45) has been reconsti-
tuted into egg lecithin/cholesterol (144) and egg lecithin/
phosphatidic acid (43) liposomes; these systems both exhibit sul-
fate fluxes which are inhibitable by stilbene disulfonates.
Reconstitution studies are clearly the only direct and definitive
method for proving the relationship between band 3 and anion
transport in the erythrocyte membrane, and the reconstitution
results to date are not definitive. Nonetheless, an overwhelming
body of indirect data implicates more than 90% of band 3

protein in the activity of anion transport.

3. Cytoskeleton

a. Definition and Components. The erythrocyte membrane cytoskeleton

can be operationally defined as the insoluble material remaining
after extraction of intact erythrocytes or ghosts with the nonionic
detergent Triton X-100 (47,145; see 8,146-149 for review). This
material contains approximately 60% of the original membrane pro-
| tein, including all the spectrin (bands 1 and 2), actin (band 5),
ankyrin (bands 2.1,2.2,2.3,2.6) and band 4.1 as well as portions
of bands 3, 4.2,4.9, and 7 (refs. 47,145,150; fig. 4a). The core
of the cytoskeleton apparently comprises bands 1,2,5,4.1, and 4.9,

since the shape and structure of the skeleton are retained when
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Figure 4. Structure of the Erythrocyte Cytoskeleton
a. Schematized SDS-polyacrylamide gel electrophorogram
of erythrocyte ghost proteins and cytoskeletal
proteins, as revealed on staining with Coomassie biue.
b. Postulated organization of the cytoskeleton
(not to scale).
(taken from ref. 147)
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the other elements are eluted with hypertonic KC1 (151) but
destroyed if either spectrin or actin is removed (152).
Spectrin can be localized to the inner membrane surface through
the use of ferritin-conjugated antibodies (153); this is the
orientation of the cytoskeleton as well.

Early electron micrographs of the cytoskeleton revealed
a continuous web-1ike reticulum consisting of twisted, randomly
orientated microfilaments (5-40 nm diameter) irregularly coated
with nodular protrusions (30-100 nm diameter) (154). The net-
work appeared to cover approximately 30-35% of the inner membrane
surface (146). More recently, thin-section electron microscopy
was used to visualize two distinct layers in the cytoskeleton:
the first, a granular layer of vertical components which are
in direct contact with the overlying 1ipid bilayer; the second,
an anastomosing meshwork of horizontal filamentous components
which are attached to the vertical components (155). This bi-
partite character of the cytoskeleton is reflected in various
biochemical studies as well (see below). In combination with the
cholesterol-rich 1ipid bilayer, the cytoskeletal assembly provides
support and stability for the erythrocyte membrane, endowing the
erythrocyte with both its characteristic shape and its unusual

flexibility (see 149, 156 for review; see also 150,157-165).

b. Spectrin: Structure in Solution. The major pfotein of the cyto-

skeleton, spectrin, is composed of two high molecular weight poly-



peptides, bands 1 and 2 (molecular weight 240,000 and 220,000
daltons, respectively) (see 8,146,147,166-168 for review). These
subunits are similar in structure but not identical (169-171).
Purified bands 1 and 2 may be partially digested with proteolytic
enzymes at 0°C; each subunit yields multiple, unique proteolyti-
cally resistant domains connected by small protease-sensitive
segments (171). The Tinear alignment of these domains along each
subunit has been determined (171), and particular domains serving
specific binding functions have been identified (172, see below).
Bands 1 and 2 associate in solution to form heterodimers (1+2) and
heterotetramers (1+2), at low concentration (173-178), although at
high concentration large oligomeric species are seen as well (179).
Spectrin dimers and tetramers are related through an equi1fbrium
which is readily reversible at 29°C but kinetically trapped at
4°C. The tetramer seems to be the physiological species on the
intact membrane (114,180-182), although appreciable amounts of
dimer (182) and large oligomeric speciés (179) are found in low
ionic strength extracts.

When examined by electron microscopy after low-angle shadowing,
purified spectrin heterodimers appear as long (90-105 nm), slender
(5 nm), flexible molecules in which two distinct strands lie
partially separated or variably coiled in a loose double helix
(183). Associations between the strands appear to be weak except

at the ends of the molecule, where sites of tight binding exist.
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The electron microscopic finding that spectrin dimers exist

as long, thin rods in solution is consistent with the results

of some (173,184), but not all (175,177), hydrodynamic studies.
Spectrin dimers join end-to-end to form tetramers of length
180-210 nm, but higher aggregates are rarely seen (179,183,185).
The latter observation indicates a probable head-to-head binding
of the dimers, since head-to-tail binding would be expected to
produce an abundance of higher order oligomers as well (183).
Head-to-head binding has been recently confirmed by the isolation
of an 80,000 dalton proteolytic fragment of band 1 which is in-
volved in tetramer formation and is located near one end of the

elongated band 1 subunit (172).

c. Spectrin: Polymerization with Actin and Band 4.1. The rarity

with which purified spectrin polymerizes beyond the tetramer in
solution suggests that at least one other membrane element may

be necessary in order to form the anastomosing cytoskeletal retic-
ulum. Stripping of ghost membranes with hypertonic KC1 to
spectrin, actin, and bands 4.1 and 4.9 alone leaves an intact cyto-
skeletal network (151), implicating at least one of the latter
three proteins in the role of cross-linking spectrin. A mixture
containing purified spectrin heterotetramer, filamentous (poly-
merized) actin (F-actin), and band 4.1 at physiological ionic
strength forms a high molecular weight complex consisting of all

three elements (186). Electron microscopy of the ternary complex
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shows actin filaments linked by spectrin bridges, suggesting that
the actin-binding regions of the tetramer are at the tail ends
of the molecule (186). Individual spectrin subunits will not
substitute for heterotetramer in this reaction (178). Spectrin
dimer is univalent in that it binds to but does not crosslink

the actin filaments. Globular (unpolymerized) actin (G-actin)
also fails to form extended complexes, as do mixtures of any

two of the three purified proteins (186).

Other findings consistent with and extending these observa-
tions are the following: 1) a crude spectrin extract consisting
of spectrin, actin, and band 4.1 greatly promotes the binding of
G-actin to spectrin-actin depleted inside-out membrane vesicles
(I0V's) (187) and greatly increases the viscosity of a solution
of exogenous G-actin (188); 2) oligomeric complexes of purified
spectrin, actin, and band 4.1 cause solutions of exogenous actin
to gel at high concentration (189) and increase in viscosity at
low concentration (190); 3) spectrin tetramer crosslinks F-actin
(but not G-actin) into a highly viscous gel, while spectrin
dimer binds to but does not crosslink F-actin (191); 4) spectrin

tetramers stimulate the binding of F-actin to IQV's, and this

stimulation is enhanced by the addition of band 4.1 (192); 5) I0V's

reconstituted with purified spectrin dimer or tetramer induce
large increases in the viscosity of exogenous G-actin (193).

Electron microscopy of such a preparation reveals an extensive
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filamentous meshwork underlying the lipid bilayer similar to that
present in the original erythrocyte membrane (194); 6) binary
complexes between spectrin and band 4.1 (maximum binding ratio 2
band 4.1 monomers per spectrin tetramer; ref. 195), as well as
between spectrin and actin (see 147), can form in solution. Electron
microscopy of spectrin-band 4.1 complexes indicates that the binding
site for band 4.1 (a 60A sphere) is at the opposite end of the
molecule from that involved in the polymerization of dimer spectrin
to tetramer (196), while images of actin cross-linked by spectrin
suggest that the binding site for actin is at the same end of the
molecule as the band 4.1 site (197; see above). Finally, the
kinetics of exogenous actin polymerization by a spectrir/actin
complex suggest the formation of short actin oligomers (average 10
subunits each) cross-linked by spectrin tetramers (198).

Taken together, these studies provide strong evidence for a
basic cytoskeletal network composed mainly of long, flexible, bi-
valent spectrin tetramers cross-linked at each end by actin and
band 4.1 (ref. 116; see fig. 4b). The actin is probably present
in the form of short oligomers, since the ratio of spectrin monomer
to actin monomer in the membrane is roughly one to one (186, 199;
see above). Some nonpolymerized or G-actin may also be present
(200), as well as some spectrin tetramers which are unassociated

with either actin or band 4.1 (ref. 146).
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d. Spectrin: Binding to the Memb}ane. Several modes of inter-

action between the spectrin-actin-band 4.1 complex and the
overlying lipid bilayer have been demonstrated. Purified
spectrin binds specifically to a population (about 100,000

per cell) of high-affinity (KD=10'7M) sites on the inner sur-
face of ghost membranes (201). The binding is ionic strength-
dependent, saturable, and reversible under conditions which
favor extraction of spectrin from red cell membranes. Band 2
appears to contain the site on spectrin which is involved in
binding (172,178,202). Thus, isolated band 2 both binds to

the inner surface of erythrocyte membranes and inhibits the
binding of native spectrin, while isolated band 1 is inactive

in both respects (202); a 50,000 dalton proteolytic fragment

of band 2 also inhibits spectrin binding to inside-out vesicles
(172). Chymotryptic digestion of spectrin-depleted, inside-out
membrane vesicles releases a 72,000 dalton polypeptide which
retains spectrin-binding activity in solution and competitively
inhibits (KI=10'7M) the binding of spectrin to vesicles which
have not been treated with chymotrypsin (203). Antibody to puri-
fied 72,000 dalton proteolytic fragment cross-reacts only with
band 2.1 among the membrane proteins; this reaction is blocked in
the presence of the 72,000 dalton fragment (26,204). The extrinsic
membrane protein band 2.1 is thus identified as the primary attach-

ment site for spectrin in the membrane, and is named ankyrin (26,
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196,204). Peptide maps of bands 2.1,2.2,2.3, and 2.6 are all
homologous with the 72,000 dalton fragment (205,206), suggesting
that a family of closely related spectrin-binding proteins exists
on the membrane. Bands 2.2-2.6 have been shown not to be arti-
factual breakdown products formed from band 2.1 during ghost pre-
paration (207).

Electron microscopy shows the ankyrin binding site on
spectrin to be 200A distal to the end of spectrin involved in the
dimer-tetramer interaction (185,196). The electron microscopic
Tocalization agrees with the biochemical localization of the
dimer-dimer binding region and the ankyrin binding region obtained
through alignment of proteolytic fragments of bands 1 and 2
serving particular binding functions (172). The stoichiometry
of binding on the membrane is not clear. Ratios of spectrin to
ankyrin (2 moles spectrin dimer per mole ankyrin) and spectrin to
high-affinity binding sites (2 moles spectrin dimer per mole of
binding sites) present on the intact membrane might imply that each
spectrin heterotetramer is bound to a single high-affinity membrane
attachment site containing band 2.1 (refs 26,205). Supporting this
notion is the observation that spectrin heterotetramer binding
to inside-out vesicles saturates at a ratio of one tetramer to
one ankyrin binding site (208), even though binding of heterodimer
to ankyrin in solution saturates at a ratio of one dimer per

ankyrin binding site (195,204).
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In addition to the 72,000 dé]ton water-soluble fragment
which interacts with spectrin, anky}in contains a 100,000 dal-
ton domain which does not bind spectrin (26). The larger domain
is membrane-bound but not transmembrane, since it cannot be
labeled from the extracellular surface of the membrane in intact
ceils (24) and since it can be eluted from the membrane in dilute
acid without detergent (26). Interactions between band 3 and
ankyrin, probably involving this 100,000 dalton domain, are
discussed below.

It is important to note that the binding studies summarized above
are performed under conditions such that associations between
spectrin and the membrane with KD > 10°6M would not be detectable
(26). Spectrin may therefore interact in a meaningful way,
although with lower affinity, with proteins other than ankyrin or
with membrane 1ipids. Evidence for spectrin-lipid interactions
includes the following: 1) spectrin extracts stabilize artificial
phospholipid vesicles and prevent calcium-induced vesicle fusion
(209); 2) spectrin stabilizes membrane phospholipid asymmetry in
that oxidative cross-linking of spectrin allows 30-50% of the
inner membrane phospholipids (phosphatidylserine and phosphatidyl-
ethanolamine) to become accessible at the outer membrane surface
(210); 3) spectrin is easily crosslinked to inner membrane phospho-
lipids in the intact red cell (211); and 4) purified spectrin

penetrates synthetic and natural phospholipid monolayers with a
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strong preference for negatively cﬁarged over zwitterionic-or
neutral lipids (212). Band 4.1 may be involved in the attach-
ment of spectrin to the membrane, as it binds to inside-out
vesicles depleted of spectrin and actin (148) and antibodies to
it inhibit the binding of spectrin to such vesicles (202). In
addition to spectrin, actin may play a role in attaching the
cytoskeleton to the membrane, since F-actin but not G-actin
can bind directly to a trypsin-sensitive site on spectrin-de-
pleted inside-out vesicles (187).

One model for the organization of the principal proteins
of the cytoskeleton which is consistent with the data available

is given by Lux (ref. 147; see fig. 4b).

4. Band 3 - Cytoskeleton Interactions

a. Band 3- Ankyrin. Triten X-100 extracts of spectrin-depleted

erythrocyte membranes contain ankyrin tightly linked to band 3 in
one-to-one molar ratio (213). This crude complex, which may also
include some band 4.2, involves 10-15% of the total band 3 in the
membrane. The ankyrin-linked band 3 has a transmembrane orientation
and appears to be nearly identical to the remaining band 3 by pep-
tide mapping and immunologic cross-reactivity. Solubilized ankyrin-
Tinked band 3 binds purified spectrin, while free band 3 does not
(213). A 43,000 dalton proteolytic fragment of the cytoplasmic

domain of band 3 competitively inhibits the binding of ankyrin to



stripped inside-out membrane vesicles (214,215), and the same
fragment associatss with high affinity in a 1:1 ratio with puri-
fied ankyrin in solution (215). There are approximately 100,000
ankyrin binding sites on each ghost membrane, or about 1/10 the
number of band 3 monomers present (214,215). Finally, detergent-
extracted cytoskeleton preparations are always found to contain
a certain amount of firmly bound band 3. Taken together, these
data implicate 10-15% of the total band 3 as the ultimate membrane
attachment site for spectrin, ankyrin serving as a link between
the cytoplasmic portion of band 3 and band 2 of spectrin (213-215).
The stoichiometry of this linkage is as yet unresolved. If
ankyrin-linked band 3 has the same tendency as the major portion
of band 3 to dimerize in situ (41,111,116,128), then one would
expect the ankyrin-linked band 3 oligomer to be arranged with two
moles each of band 3 and ankyrin. Such a stoichiometry is supported
by the finding that band 2.1, 1ike band 3, is cross-linked in dimeric
form (111). On the other hand, ratios of total spectrin to total
ankyrin in the membrane suggest the binding of one spectrin tetramer
by one band 2.1 monomer, if all the spectrin is linked to ankyrin.
Since cross-linking and solubilization studies have consistently
failed to demonstrate the presence of spectrin hexamer or octomer
on the membrane, it seems unlikely that two spectrin tetramers would
be organized in close proximity by (band 3-ankyrin), oligomers.

Assuming that the spectrin tetramer is symmetric (183), with one
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ankyrin binding site per dimer (196), ;uch an arrangement would
also leave one end of each spectrin tetramer unattached to
ankyrin. One possible resolution to this dilemma stems from the
observation that, at physiological ionic strength, approximately
45% of the total spectrin is present as dimers and tetramers

which are unassociated with actin or band 4.1 in both ghost
extracts (216) and membrane cytoskeletons prepared directly from
intact erythrocytes (145,217). If, at any one time, approximately
50% of the spectrin in the intact membrane is also unassociated
with ankyrin (perhaps bound to the membrane through interactions
with 1ipid), and 90% of the band 3 is further unbound to ankyrin,
complexes involving one spectrin tetramer and one ankyrin dimer-1inked
band 3 dimer would be consistent with all the available data

(see fig. 4b).

b. Band 3 - Spectrin. Information regarding direct band 3 - spectrin

interactions on the intact erythrocyte membrane has been gathered
using four general techniques: copurification of detergent-extracted
band 3 with other membrane componenets; inhibition of spectrin binding
to spectrin-depleted inside-out vesicles; perturbation of membrane
composition leading to aggregation of intramembranous particles on
freeze-fracture electron microscopy; and cross-linking of membrane
components in situ under various conditions. No direct associations
between band 3 and spectrin or actin are observed in Triton X-100

extracts of ghost membranes, as judged by the ready separation of
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these proteins on ion exchange chromatoéraphy and rate zonal
sedimentation (41,109). If such associations are especially
sensitive to qissolution by nonionic detergents, however, they
would not be seen in this system. Close proximity between the
cytoplasmic segment of band 3 and the membrane binding site(s)
for spectrin is demonstrated by experiments showing that anti-
bodies directed against the cytoplasmic segment of band 3
inhibit the binding of spectrin to inside-out vesicles (202).
Evidence has been presented linking band 3 to the intra-
membranous particles seen on freeze-fracture electron microscopy.
In the native erythrocyte membrane, these particles assume a
random, dispersed distribution which cannot be perturbed by agents
such as multivalent 1ligands, proteolytic enzymes, or low pH treat-
ments (218,219). When the inner membrane surface is made acces-
sible by hypotonic lysis of erythrocytes, however, low pH (<5.8)
(refs. 218-220) or trypsin treatment (124,220,221) causes the
particles to become clustered. Incubation of ghost membranes with
bivalent but not monovalent antispectrin antibody at the inner
membrane surface also causes aggregation of colloidal iron hydroxide-
labeled sites (glycophorin) at the outer surface (222). A1l condi-
tions which favor precipitation of solubilized spectrin-actin
extracts (low pH, Ca++, Mg++, polylysine, basic proteins) also
induce intramembranous particle aggregation in partially spectrin-

depleted ghost membranes (219,223). The same specirin-aggregating
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conditions also cause release from fresh ghosts of small lipid
vesicles which are free of both spectrin and integral membrane
proteins (223). Low pH -induced clustering of particles recon-
stituted in egg phosphatidylcholine vesicles is dependent on
prior binding of solubilized spectrin-actin extracts (128).
Spectrin (visualized by ferritin-conjugated antispectrin) is
clustered on the inner membrane surface in patches directly
underlying intramembranous particle aggregates (224). Branton
and coworkers have synthesized these data into a model in which
spectrin and intramembranous particles are involved in strong,
specific interactions. The particles are thought to be immobi-
lized by spectrin in the intact membrane. They are therefore
incapable of aggregation, a process which must involve lateral
movement in the membrane. The particles are mobilized only on
partial depletion of spectrin from the membrane, although the
presence of some residual spectrin seems to be necessary for
particle aggregation. It is the precipitation of this residual
spectrin into small patches on the inner membrane surface which
is thought to cause the clustering of the particles (128,129,223,
224).

Chemical evidence of in situ interactions between band 3 and
spectrin is seen in the results of various cross-linking studies
(see 133 for review). Bands 1 and 2 are more readily cross-linked

by dimethylmalonimidate in ghosts which have been pretreated with
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multivalent Ricinus communis lectin (225); which binds fairly

specifically to band 3 on the outer surface of ghost membranes
(38). Cross-linking of ghost membrane proteins induced by
cleavable bifunctional reagents results in very high molecular
weight (>3.5 x 108 dalton) complexes which contain spectrin,
actin, ankyrin, and band 3 as well as bands 4.2 and 6 (refs.
112-114,226). Unfortunately, it is not possible to determine
which of these proteins is cross-linked directly to spectrin.
Disulfide-linked complexes involving bands 143, bands 2+3, and
bands 5+3, as well as heterogeneous aggregates containing bands
14243+4.2+5, are created spontaneously in ghost membranes ex-
posed at low ionic strength to acid pH (pH 4.0-5.5, temperature
0-4°C) or elevated temperature (37°C) (ref. 227). Such complex formation
involving spectrin is maximal near its isoelectric point (228)
which is also its precipitation point in solution

(128,174,219). Furthermore, a complex of bands 1+3 (yield un-
specified) results from catalytic oxidation of ghost membranes

at pH 7.4 and physiological ionic strength (but not at Tow ionic
strength) (167). These observations suggest to the authors that
decreased electrostatic repulsion between adjacent proteins on

the membrane may be responsible for changes in cross-1inking with
pH and ionic strength (167,227). An alternative explanation could
involve more specific rearrangements of cytoskeleton structure
with pH and ionic strength, such as conformatioral changes or poly-

merization of various membrane components.
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The data presented in this éection support the contention
that band 3 interacts rather intimately with spectrin in the
erythrocyte membrane. Whether this interaction involves actual
binding of band 3 by spectrin or simply entrapment of band 3
in the underlying cytoskeletal network is an unresolved question.
High-affinity binding (KD < 10°7M) has been ruled out by
several experiments (26,201,203) but Tower affinity binding
is still a possibility, since the concentration of spectrin
inside red cells may be as high as 1075M (ref. 26). More long-
range, but nonetheless specific, connections involving other
membrane proteins (actin, band 4.1, band 4.2) or even membrane

1ipids are also conceivable.
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B. MEASUREMENTS OF LATERAL DIFFUSION

1. Protein Diffusion: Biological Membranes

Several methods have been devised for the measurement of
protein diffusion in the plane of the membrane (reviewed in 2,
229,230). A1l of the techniques involve labeling of proteins in
some way so that their distribution in the membrane may be visual-
jzed. Changes in distribution with time imply laterai movement;
under appropriate conditions this motion can be shown to be due
to diffusion and can be quantified to permit calculation of dif-
fusion coefficients. The overall scheme of these experiments
consists of setting up, by some means, a non-uniform distribution
of proteins (usually fluorescently labeled) in the membrane. The
relaxation of this distribution to its equilibrium state is then
observed with the aid of a (fluorescence) microscope. The most
widely used methods are cell fusion and, more recently, photo-
b]eaching recovery. These have both been applied to lateral dif-
fusion in the erythrocyte membrane, and will be discussed in detail.
Several other methods involve observation of the spreading of a
patch of fluorescently-labeled anti-membrane protein antibody after
application onto a membrane surface (231), study of the kinetics of
return to uniform distribution of fluorescently-labeled membrane
receptors which have been electrophoretically aggregated at one
end of a cell (232,233), and measurement of the relaxation of a

dipole moment caused by electric field induced displacement of the
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photopigment distribution on é membrane surface (234).

a. Cell Fusion. Frye and Edidin (235) provided the first

evidence that rapid lateral diffusion of membrane proteins may
occur. They used inactive Sendai virus to fuse human and mouse
cells, and observed the intermixing of the human and mouse surface
antigens with time by adding human- and mouse-specific antibodies
labeled with different colored fluorescent dyes. Total mixing

was seen in 90% of the heterokaryons after a forty minute incuba-
tion at 37°C (ref. 235). A coefficient of lateral diffusion (D)
of approximately 2 x 10710 cm2/sec can be estimated from the
intermixing rate (229,236). The intermixing process was insensitive
to metabolic inhibitors but sensitive to changes in temperature.
Further study showed a decrease in the diffusion coefficient with
temperature in the ranges 37°C to 21°C and 15°C to 4°C, but a
paradoxical increase with decreasing temperature from 21°C to 15°C
(ref. 237). This behavior may be a consequence of lateral phase
separations in the membrane 1ipid (238). A more detailed analysis
of the intermixing kinetics revealed that a small population of
heterokaryons (10-15%) had cell surface antigens which diffused
laterally more rapidly (D=1-4 x 107° cm2/sec) than the antigens of
the majority of heterokaryons. This heterogeneity was taken as
evidence that, in the majority of cells, integral membrane proteins
may not be completely free to diffuse on the cell surface (236).

Changes in membrane potential (produced by altering the potassium
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jon concentration of the medium or by adding drugs such as
ouabain, gramicidin, and diphenylhydantoin) were reported to
affect the lateral diffusion rates of surface antigens in those
cells (80-85%) which restricted diffusion to some extent, but
not the rates of the freely diffusing antigens (239).

Lateral mobility of fluorescein-isothiocyanate-labeled
integral membrane protéins of human erythrocytes (>70% of label on
band 3 and PAS-1) has also been examined by the cell fusion technique
(10). A 50/50 mixture of labeled and unlabeled cells in 310 mOsm
phosphate-buffered saline, pH 7.6, was treated with Sendai virus
to fuse the cells, and redistribution of fluorescence from the
labeled to the unlabeled cells was scored with time. A minimum
diffusion coefficient of 4 x 10-1! em?/sec at 37°C was calculated.
Lateral diffusion was found to be highly temperature-dependent
and to be two- to three-fold faster in fresh than in aged (ATP-
depleted) cells (10). Incubation of virus-treated (hence "leaky")
cells with the 72,000 dalton spectrin-binding fragment of ankyrin
resulted in a two-fold increase in diffusion coefficient, although
standard errors for the control and experimental values were not
stated (240).

b. Photobleaching Recovery. Poo and Cone (241) used the natural

chromophore present in rhodopsin to measure the lateral diffusion
of this integral membrane protein in the disc membrane of rod

outer segments. -They partially bleached the rhodopsin molecules
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in one half of a single rod outer segment with a light flash, and
monitored by absorbance the change in the rhodopsin distribution
as the bleached and unbleached molecules diffused laterally in
the membrane. A uniform distribution was approached exponentially
with a half-time of approximately thirty seconds at 20°C,
corresponding to a diffusion coefficient of 4-5 x 1072 cm?/sec.
The first fluorescence photobleaching recovery experiment
was performed on fluorescein-isothiocyanate-labeled erythrocyte
membrane proteins (9). Single ghosts suspended in 7 mM sodium
phosphate buffer, pH 8.0, were observed in a fluorescence microscope
at room temperature (20-23°C) and fluorescein on one half of the
ghost bleached with an intense 1ight beam. No significant diffusion
of fluorescent material into the bleached half of the ghost was
detected in a measuring time of 20 minutes. This data apparently
set an upper limit on the average lateral diffusion coefficient
of the labeled membrane components of 3 x 10~12 cm2/sec at 20-23°C.
More sophisticated versions of the fluorescence photobleaching
recovery (FPR) system have been recently developed (242-252). These
methods involve observation, generally in a fluorescence microscope
using'a sharply focused laser beam for excitation, of a single
c211 membrane containing fluorescently labeled protein or 1ipid.
A small area of the membrane is exposed to a brief intense pulse
of laser light, which causes irreversible photochemical bleaching
of the fluorophore in that area. The rate and total amount of

recovery of the fluorescence in the bleached region, which results



from lateral diffusion of unbleached fluorophore into the bleached
area, are monitored using.a photomultiplier tube connected to the
emission system of the microscope. Appropriate analysis of the
fluorescence recovery curves allows estimation of: 1) the type

of process which is leading to the recovery, i.e., diffusion ys.
flow; 2) the relative amounts of mobile and immobile fluorophore;
3) the lateral diffusion coefficient of the mobile fraction; and
4) the presence or absence of protein or lipid domains in the
membrane comparable in size to the bleaching laser team. One
example of the versatility of the FPR system is seen in an experi-
ment involving the lateral motion of fluorescently labeled
acetylcholine receptors in cultured rat myotube membranes (253).
Two distinct coexisting classes of receptors are found: a mobile,
uniformly distributed population of receptors and an immobile,

dense, patchy population of receptors. Diffusion coefficients
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and fractional recoveries (corresponding to the fraction of fluorophore

which is mobiie) which have been measured for selected membrane

proteins in these and other systems are give in table 3.

2. Lipid Diffusion: Biological Membranes

Electron spin resonance (ESR), nuclear magnetic resonance (NMR),

and more recently, fluorescence photobleaching recovery (FPR) have
all been used to measure lateral diffusion coefficients of lipids

in natural membranes (see 2,230 for review). One caveat in inter-



Table 3. Lateral Mobility of Selected Membrane Proteins

Membrane Label Method  temp,°C Dx10"® f(=) Ref.
mouse/human  £1.AbP  cell fusion 15 10 237
heterokaryon " 21 4 237
" 37 20 235
rat myotube f1.Ab spread of fl. 0 <1 231
spot 21 200 "
Xenopus f1.conA® electro- 22 510 233
myoblast phoresis
frog disc  retinal  APRY 20 350 241,254
FPR® 20 400 255
dynamic Kerr 20 330 234
effect
erythrocyte FITCf FPR 20 <0.3 9
ghost (human) " cell fusion 0 - 0 10
1] 1] 23 0.6 11
1] 1] 30 3 1"
" n 37 4 n
DATFS FPR 30 9.2 256
erythrocyte
host
?normal mouse) DATF FPR 24 4.5 257
(sph/sph mouse) DATF FPR 24 250 "
mouse FITC FPR 23 23 246
fibroblast f1.conA FPR 23 <0.1 258
fl.insulin FPR 23 40 0.60 259
" h " 37 <10 <0.10 "
f1.EGF " 23 34 0.67 "
" 5 " 37 <10 <0.10 "
f1.73 FPR 23 28 0.69 260
mouse 3T3 f'l.s-conAjk FPR 5-10 261
cell £1,conA-p1*  FPR 221 0.451 262
n " 2m 0.45m "
mouse f1.Ab FPR 30 0.70 263
lymphocyte  f1.o-sIgn FPR 22 53° 0.65° 6
fl.a-sIg " " 8P 0.1 ¢
rat myotube FITC FPR 22 0.25 264
f1.conA " 3-4 0.67 "
f1.Ab " 20 0.50 265




Membrane Label
diffuse  f1.BgtY
patch "
diffuse "
patch "

human embryo £1.WeA"

fibroblast

chick embryo  f1.CSP®

fibroblast

rat mast cell f1.IgE

human PMN®  £1.a-HLAY

1.a-C3bRY
human f1.a-HLA
1ymphocyte

mouse ovum

fertilized f1.Ab
unfertilized "

rat tumor f].a-RT1u

rat macrophage
rat lymphocyte

glial cell

neuroblastoma f1.conA

cell

untreated
differentiated

f1.conA

f1.conA
f1.s~-ConA

Method  temp.°C’ Dx10"% f(=) Ref.
n 22 5 0.75 253
n 22 <0.1 0 n
" 37 16 0.75 "
" 37 <0.1 0 n

FPR 25 2-20  0.80 244

FPR 0.9 0.15 266

FPR 21  0.65 267

FPR 15 268
n <~| [

n 69 n
FPR 25 5 0.18 269
" " 4.5 0.40 "
FPR 110 0.73 270
" 130 0.36 "
" 150 0.77 270,

271

FPR 4 272

FPR 12 272

FPR 6 0.35 273

FPR 13 0.36 274
n - 0.07 "
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Table 3. continued.

CC NS OTOIH —~=XCL=TO-HOOO OD
s s e . * o o 8 o & . o o o ¢

diffusion coefficient in cm2sec™!
fluorescent antibody

. fluorescent concanavalin A

absorbance photobleaching recovery (see text)
fluorescence photobleaching recovery
fluorescein-isothiocyanate
dichlorotriazinylaminofiuorescein

epidermal growth factor
3,3,5-triiodo-L-thyronine

fluorescent succinyl-concanavalin A
concanavalin A-conjugated platelets
platelets covering <3% of cell surface
platelets covering >3% of cell surface
antibody against surface immunoglobulin
conA-platelets covering <10% of cell surface
conA-platelets covering >10% of cell surface
fluorescent a-bungarotoxin

fluorescent wheatgerm agglutinin

fluorescent cell surface protein
polymorphonuclear leucocyte

antibody against histocompatability antigens
antibody against C3b (complement) receptor
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preting FPR data on lipid diffusion involves the use of various
fluorescent 1ipid analogs as probes of native 1lipid mobility.

It is not clear that these analogs, which are exogenous compounds
introduced into the natural membrane, are true models for endo-
genous membrane lipid. Diffusion coefficients which have been
measured for 1ipids or lipid analogs in natural membranes are
given in table 4, for comparison with the protein diffusion
coefficients of table 3. In general, it may be noted that lipid
diffusion is much faster than protein diffusion and has higher
fractional recoveries (fraction of mobile 1ipid) than protein
diffusion. These comparisons are strong evidence for restriction
on the lateral mobility of membrane proteins in many biological

systems.



Table 4. Lateral Mobility of Selected Membrane Lipid Analogues

Membrane Label
E. coli 3lp
sciatic nerve IH

sarcoplasmic  31p
reticulum

Tiver SLFAS
microsome "

electroplax IH

erythrocyte dil
ghost (human) "

erythrocyte

ghost .
(normal mouse) NBD-PEY
(sph/sph mouse) "

mouse 3T3 cell dil

mouse dil
1ymphocyte

rat myotube dil

dil

diffuse dil
patch "

chick myotube dil
"

chick myoblast K-1f
during fusion "

Method temp, °C Dx10"? f(«) Ref.
NMRP 31 1800 275
NMR 3] 500 276
NMR 8 600 276
n 25 1800 275
" g 50 1000 276
ESR 25 2500 277
40 6000 "
ESR 20 9500 278
" 30 11000 "
" 40 13700 "
NMR 33 >100 276
FPRY 7 90 279
" 40, 750, "
FPR -3; 100¢ 280
" 40" 230" "
" -3 60! "
" 401 2301 M
FPR 25 1400 281
1" n ] 500 11
FPR 800 266
FPR 1500 1.00 263
FPR 23 >100 1.00 264
FPR 900 1.00 265
FPR 37 150 0.6 282
n 37 120 0.7 n
FPR 12 200 0.9 283
u 30 600 0.9 "
FPR 200 0.85 284
" 300 0.85 "
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Membrane Label

chick embryo fl.gan.k
fibroblast

human PMN!  dil

NBD-PE

human dil
1ymphocyte

mouse ovum
fertilized dil
unfertilized "

neuroblastoma dil

embryonal carcinoma
undifferentiated dil
differentiated "

teratocarcinoma "

S. typhimurium £1.LPS"

human fibroblast dil

Method  temp.°C Dx10"® f(=) Ref.
FPR 45 266
FPR 1700 268
" 2300 "
n 920 n
FPR 25 200 0.05 269
" " 1900 0.28 "
FPR 1010 274
FPR 23 800 0.8 285
FPR " 500 0.8 "
" " 500 018
FPR 20 0.9 286
FPR 5 350 287
" 37 1600 "
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Table 4. continued.

S X =-La30 ~Hh0 QOO TQ
. . 3 . 3 . . e . . . - .

diffusion coefficient in cm2sec™!
nuclear magnetic resonance
spin-labeled phosphatidylcholine
electron spin resonance

spin-labeled fatty acid

carbocyanine dye

fluorescence photobleaching recovery
normal ghost

cholesterol-depleted ghost
374-nitrobenzo-2-oxa-1,3-diazo]e-phosphatidy]ethano]amine
fluorescent ganglioside
polymorphonuclear leucocyte
fluorescent lipopolysaccharide
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3. Protein and Lipid Diffusfon: Artificial Membranes.

Further evidence for the restriction of protein mobility in
biological membranes may be seen in the comparisons between protein
and 1ipid lateral mobilities in artificial as opposed to biological
membranes. Unlike natural membranes, in which 1ipid and protein
diffusion coefficients may differ by several orders of magnitude
(see tables 3,4), artificial membranes exhibit rates of incorporated
protein diffusion which are comparable to those of the bulk 1ipid
(table 5). These relationships will be explored further in the

Discussion section of this dissertation.
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Table 5. Lateral Mobility of Selected Proteins and Lipids in

Artificial Membranes®
Membrane Label temp, °C Dx10" Ref.
DMPCb NBD-PEc 20 <10 245
" 30 8000 "
NBD-PE 25 6000 288
" 35 8500 "
NBD-PE 12 2 247
n 22 20 ®
NBD-PE 24 6300 289
u 38 9300 "
NBD-PE d 28 6300 290
f1.a-hapten 28 5700 "
DMPC:ChO]e(]:l) NBD-PE 20 800 245
" 30 2000 "
EggPCf NBD-PE 25 4000 245
" 37 8000 "
NBD-PE 14 4400 289
" 38 10100 "
EggPC:cho](]:]) NBD-PE 25 1800 245
" 37 3500 "
DMPC FITC-M—13g 25 3000 288
" 35 4500 "
glycophorin >15 1000-2000 291
n <] 5 <5 n
EggPC FIR-M-13 15 2500 292
apoC-II1I1N 20 3000 293
EggPC:cho](l:]) " 20 140 "

a. all lateral mobilities assessed by fluorescence photobleaching
recovery

dimyristoylphosphatidylcholine multibilayers or liposomes
ﬂ;4-nitrobenzo-2-oxa-1,3-diazo]e-phosphatidy]ethanolamine
fluorescent anti-nitroxide spin label antibody

cholesterel

egg yolk phosphatidylcholine

fluorescent M-13 coat protein

fluorescent apolipoprotein C-III

=Q ~hD OO O
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CHAPTER 2. FLUORESCENCE PHOTOBLEACHING RECOVERY

A. THEORY

1. Design of the Experiment

Axelrod et al. (242) have derived a theory to quantitate
lateral mobility parameters obtained from fluorescence photo-
bleaching recovery (FPR) measurements using a focused laser beam
of Gaussian intensity profile. The design of the experiment is
as follows. A sharply focused, circularly symmetric, attenuated
laser beam is used to excite fluorescence in a small region of a
surface containing fluorescent molecules, e.g., a cell membrane
which has been fluorescently labeled. After a measurement of
the initial fluorescence (F(-)) is made, the same laser beam is
employed, now unattenuated, to deliver a brief, intense pulse of
Tight to the same region of the surface. This pulse causes ir-
reversible photochemical bleachingof the fluorophore in the region.
At the end of the bleaching pulse, defined as time zero, periodic
measuring pulses are delivered to the labeled surface, using the
same laser beam attenuated to the same intensity as that used to
measure F(-). A record of the fluorescence excited by these
measuring pulses with time (see fig. 5) can be characterized empi-
rically by two parameters: the first is the fractional recovery

of fluorescence

f(=) = (F(=)-F(0))/(F(-)-F(0)), (1
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FLUORESCENCE
INTENSITY, F(t)

Figure 5.
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20} F(IO)
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-~ kT2

T TS N B B D N BV
O1 23456787 ®
TIME AFTER BLEACH,1+T4/2

Parameters involved in a typical fluorescence photo-
bleaching recovery experiment. F(-), fluorescence before
bleaching; F(0), fluorescence immediately after bleaching;
F(»), fluorescence long after bleaching; T, half-time for
recovery. Dif;usion coefficient D=(w 2/4r%fyn, in which

w_ is the 1/e¢ radius of the Gaussial lasér -beam in the
sample plane and yp is a small correction factor depen-
dent on the magnitude of the bleaching pulse at time

t=0. The fractional recovery, f(=)=(F(=)-F(0))/(F(-)-F(0)),
quantitates the fraction of fluorophore that is mobile,
i.e., that is free to diffuse laterally with diffusion
coefficient D (cmésec-1).
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where F(w)'is the fluorescence value attained long after bleaching
and F(0) the fluorescence at time zero; the second is the time,
11/2, required to reach 50% of the final recovery of fluorescence,
i.e.,

Flry,5) = 1/2 (F(=)-F(0)) + F(0). (2)
Assuming that photochemical recovery of previously bleached
fluorophores does not occur and that the measuring pulses do not
themselves induce bleaching, recovery of fluorescence in the region
of the surface sampled by the laser beam must reflect movement of
unbleached fluorophore into the previously bleached region. Such
movement could occur either by lateral diffusion or lateral flow;

these two cases can be distinguished by the form of the experimental

fluorescence recovery curve (242).

2. Photobleaching

The theory for photobleaching on a two-dimensional, uniform
distribution of fluorophores (242) assumes that the bleaching of
fluorophore to a nonfluorescent compound is an irreversible, first-
order reaction characterized by a rate constant al(r), where o is
a proportionality constant and I(r) is the intensity of the
bleaching laser beam at distance r from the center of the beam.

The instantaneous concentration profile of unbleached fluorophore
at distance r immediately after a bleaching pulse which is short

compared with the characteristic times for diffusion and/or flow
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will then be:

c(r) = Co exp(-aTBI(r)), (3)
where Co is the initial uniform fluorophore concentration and TB
js the duration of the bleaching pulse. The extent of photobleaching
for any given pulse can be completely characterized by the bleaching
parameter K: .

K = aTBI(O), (4)
where I1(0) is the intensity of the laser beam at its center.
Fluorophore concentration profiles immediately after bleaching for
a Gaussian laser beam (i.e., operated in the TEM mode) at
several different values of K are given in fig. 6. Experimentally,
K can be determined from the values of the fluorescence immediately
before and after the bleaching pulse, according to the relation:

F(0)/F(-) = k-3(1-e75). (5)

In fig. 7 this relation is graphically displayed. It should be
noted that this method for calculating the bleaching parameter is
valid for both diffusion and flow recovery curves, since neither

F(0) nor F(-) is dependent on the mode of fluorescence recovery.

3. Fluorescence Recovery Curves

Theoretical recovery curves for diffusion and flow on a two-
dimensional surface can be generated from solutions to the differen-
tial equations of transport subject to the initial condition caused

by photobleaching and characterized by K (derivations in ref. 242).
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UNBLEACHED CONCENTRATION C/C,
[
)

2 i 0 j 2
RADIAL DISTANCE ¢/w

Figure 6. Fluorophore concentration profiles
immediately after bleaching with
a Gaussian laser beam of ('I/e2) radius w,
for various values of bleaching parameter K.
(taken from ref. 242)
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Figure 7. Ratio of fluorescence immediately after
bleaching to fluorescence before bleaching
vS. b1eathing parameter. F(0), fluorescence
jmmediately after bleaching. F(-), fluorescence
before bleaching.
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Such curves have been calculated for a laser beam of Gaussian
spatial intensity profile (242) and are reproduced in figs. 8-10.
The characteristic time for diffusion is defined as

e w02/4D, ‘ (6)
where W, is the 1/e2 radius of the beam at the plane of the
fluorescent surface and D is the diffusion coefficient; Similarly,
the characteristic time for flow is defined as

T = WOIVO, (7)
where Vo is the velocity of uniform flow. Calculation of D from
experimentally determined values of Tp requires an independent
measurement of Wy which may be accomplished by the FPR technique
jtself (242). It should be noted that figs. 9 and 10 are presented
in the form of fractional fluorescence recovery f(t) vs. time, where

f(t) = [F(t)-F(0)]/[F(=)-F(0)], (8)
while fig. 8 is given as absolute fluorescence recovery vs. time.
The variation in initial fluorescence F(0) with bleaching parameter
K can be seen clearly in fig. 8.

More sophisticated versions of the FPR experiment have been
recently devised, entailing both theoretical and methodological
extensions of the stationary spot photobleaching experimént described
above (247-252). Since these methods were not employed in the present

work, they will not be discussed further in this dissertation.




Figure 8. Fluorescence recovery F(t) vs. t/Tp for diffusion,
with Gaussian laser beam, for various values of K.
Fluorescence recovery is normalized to a prebleach
value F(-)=1.0. Tps characteristic time for dif-
fusion (see text). (taken from ref. 242)

Figure 9. Fractional fluorescence recovery f(t) vs. t/1p
for diffusion, with Gaussian laser beam, for various
values of K. f(t)=(F(t)-F(0))/(F(=)-F(0)).
(taken from ref. 242)

Figure 10. Fractional recovery f(t) vs. t/1p for fiow,
with Gaussian laser beam, for various values of
K. (taken from ref. 242)
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B. METHODS

1. Optics and Electronics

The design of the optical system for ?PR measurements was
adapted from Jacobson et al. (244), and is shown in diagrammatic
form in fig. 11. Initial studies on the lateral mobility of band 3
as a function of ionic strength and temperature employed the FPR
apparatus diagrammed in figs. 1la,b (see chapter 4B), while all of
the more recent studies were performed on the same apparatus
modified as shown in fig. 11c (see chapters 4C,6-8). A 4W argon-
jon laser (Spectra-Physics Model 164-08) tuned to 488 nm was used
as the excitation source for a fluorescence microscope (Leitz
Ortholux II or Diavert) equipped for incident-light (Ploem) illu-
mination. Operation of the laser in the TEM00 mode (Gaussian
intensity profile) was checked by expansion of the beam onto a
distant surface, where its circular symmetry could be easily
appreciated (294), as well as by the form of flow recovery curves
obtained on translating a spot bleached in a thin layer of immobile
fluorophore through the beam (242). Excitation filters were not
needed due to the sharpness of the laser line, so the excitation
diaphragm and filter assembly of the conventional Ploem illuminator
was removed. The laser output was controlled by an automatic current
regulator which stabilized the intensity to +1%. The beam was
focused to a waist (w_]) at the secondary image plane of the micro-

scope (IP_]) by a weak planoconvex lens (f=500 mm, quartz, Melles-
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Figure 11c. Modifications to Optical and Electronic System for Fluorescence Photobleaching Recovery
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Griot), and to another waist (wo) at the specimen plane (IPO)

by a 100x oil immersion objective (f=1.9 mm, Leitz Oel 100/1.30)
or a 40x achromatic objective (f=4.6mm, ieitz 40/0.65). A beam
director (Newport Research Corp. Model 675) was used to change

the height of the beam so that it entered the microscope along

the direction used by conventional incident excitation sources.
Various optical elements between laser and microscope (i.e.,
focusing lens, mirror, beam director) were mounted on an optical
rail (Newport Research Corp. URL-18). A pinhole (0.51 mm diameter)
drilled in a brass plate (0.020 inch drill bit, Dixon) and
fastened to an XYZ manipulator (Narishige) for fine positioning
was placed as close as possible to the secondary image plane of
the objective (IP_]) in order to improve the Gaussian beam profile
(see below). The illuminated field could be expanded by placement
of a diffuser plate (Leitz) in the beam approximately 3 cm after
the secondary image plane (IP_]).

Emitted 1ight was collected by the objective and filtered by
the dichroic mirror {Leitz TK510) and a suppression filter (Leitz
K510) to eliminate most of the back-scattered and reflected excita-
tion light. The emission was then passed through a series of
alignment lenses (Leitz, MPV-1) and a monochromator (Schoeffel QPM
30) to an extended S-20 photomultiplier tube (EMI 9558) which was
thermoelectrically cooled (Schoeffel Model DP5001-2T) and driven

by a stabilized high voltage power supply (Schoeffel Model M600) .

A



An adjustable (square) field diaphragm placed in the image plane
(IPZ) was used to discriminate against fluorescence from regions
other than the sample plane of interest (243). The photocurrent
was fed into an electrometer which formed a single unit with the
high voltage power supply and the output read by an XY recorder
operated in the time-base mode (Hewlett-Packard 7004B). A dark
current of 1 x 10”2 amp at a power of 1100 V was obtained with
thermoelectric cooling. The laser, microscope, interposed optical
elements, and photomultiplier tube were all mounted on a 22"x72"x4"
750 1b. granite slab (Colonial Marble) which was resting on four
rubber inner tubes (Sears) in order to provide vibration isolation.
In the initial studies (fig. 1la,b), a mechanical beam stop
within the laser was used to control when the specimen was illu-
minated for measuring and bleaching pulses. The intensity of
illumination for measuring pulses could be adjusted by changing
the power output of the laser or the optical density of a neutral
density filter (Fish-Schurman) which was fixed in position during
the experiment. The b]eachfng pulse was delivered by mechanical
removal of a neutral density filter (0.D. 3.0, Fish-Schurman) as
depicted in fig. 12. Coincident with removal of the attenuating
filter, the shutter to the photomultiplier tube was mechanically
closed to protect the tube from the high level of fluorescence
emitted during the bleaching pulse. The shutter was mechanically

opened at the same time the attenuating filter was replaced in the
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=

end view

Figure 12. Scheme for Rapid Removal and Replacement
of Neutral Density Filter. Neutral density
filter (0.D. 3.0) is mounted on triangular-
based ring stand which can be rapidly and
reproducibly tilted to allow a brief, unattenuated
laser pulse to photobleach the specimen.
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in the beam, in order to obtain an initial fluorescence value as close
as possible to the termination of the bleaching pulse. Periodic
measuring pulses were then delivered by mechanically removing and re-
placing the beam stop within the laser. This was done to avoid ex-
cessive bleaching of the sample by excitation 1ight during the re-
covery period. The entire experiment was conducted in a light-tight
room to reduce background noise.

More recent studies employed a series of three microprocessor-
controlled (M.0.S. KIM-1) electromechanical shutters (Ilex No. 1 Synchro-
electronic) in combination with an interferometer (Ealing) to control
the measuring and bleaching pulses (fig. 1llc). The interferometer served
to split the laser beam into two parts. One part passed twice through a
neutral density filter (0.D. 2.0, Fish-Schurman), providing a measuring
beam which had been attenuated by 10*. The other part was normally
stopped by a closed shutter, which could be opened on command of the
microprocessor to deliver a brief (10-50 msec), unattenuated bleaching
pulse. This arrangement allowed the production of bleaching pulses with-
out movement of any optical elements, thus insuring coincidence of
bleaching and measuring laser beams to a high degree of precision (248,
295,296). The response time of the electromechanical shutters was less
than 10 msec, which enabled the reliable measurement of extremely fast
lateral diffusion (rD > 250 msec). The machine language program for the
KIM-1 microprocessor is reproduced in Appendix A, and the schematic
diagram for the electronic interface between microprocessor and shutters
is given in Appendix B. This interface served both to transform the micro-

processor output into voitages which would open and close the shutters,
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and to prevent accidental exposure.of the photomultiplier tube to the
unattenuated laser beam.

The placement of the weak focusing lens along the optical axis
was critical for obtaining the smallest possible beam at the specimen
plane. The virtual laser beam waist (w.2.) is located near the rear,
flat mirror of this laser (specifically, 1.19 m behind the output
coupler). Here, the 1/e? radius of the (Gaussian) beam is 0.472 mm.
The focusing lens produces another beam waist (w_l) at the secondary
image plane of the micrcscope (IP_,) in accordance with the waist-

waist transformation law:

(1/wp?) = (1/wa?)(1-d1/F)? + (1/F2) (7w /2)? (9)
where w, is the 1/e? radius of the initial waist, wy, the 1/e? radius
of the final waist, di the distance from the initial waist to the lens,
T the focal length of the transforming lens, and A the laser wavelength
(297). For the system employed in initial studies (fig. 1la,b), Wy =
0.472 mm, f = 500 mm, d, = 1220 mm (including the length of the laser),
and A = 4.88 x 107" mm, resulting in a 1/e? radius of the beam of 0.145 mm
at the secondary image plane. This value was used to calculate the ap-
propriate diameter of the pinhole P (see fig. 11), which should be at
least twice the beam diameter in order to avoid truncation errors leading
to unwanted diffraction (297). The distance between the secondary image
plane (IP_l) and the focusing lens which is appropriate for production

of a waist at the image plane was determined by (297):

(dy'-f) = (d-f)F2/[(d1-F)? + (mwa2/2)?], (10)

where d,' is the distance from the transforming lens to the final



waist. Substitution yielded a value for d;" of 568 mm. A
second application of the waist-waist transformation for the
microscope objective (d,=250 mm from the secondary image plane
(IP_]) to the objective, f=1.9 mm for 100x oil immersion
objective) gave a 1/e2 radius of the focused beam in the specimen
plane (wo) of 0.97 ym. For the system employed in more recent
studies (fig. 11c), w, = 0.472 mm, f =500 mm, d, = 1620 mm,
and A = 4.88 x 107% mm, resulting in a 1/e2 radius of the beam
of 0.130 mm at IP_, (eq. 9). By eq. 10, d;' was calculated to
be 579 mm. Finally, the 1/e2 radius of the focused beam in the
specimen plane (wo) was calculated to be 0.91 um using the 100x
0il immersion objective (f=1.9 mm) and 2.2 um using the 40x
objective (f=4.6 mm) (eq. 9). These values were also checked
experimentally (see below).

Alignment of the fluorescent spot in the specimen plane with
the excitation and emission systems was accomplished as follows.
One drop of a 0.5 mg/ml solution of eosin-5-isothiocyanate (Molecular
Probes) in H,0 was placed on a glass slide and covered with a
cover slip. An incandescent 1ight bulb above the field diaphragm
on the emission system was used to image the field diaphragm (which
is also in image plane IPZ) on the region of the specimen plane
whose fluorescence was collected by the photomultiplier tube. The
center of this region thus defined the axis of the emission system.
Adjustments of the horizontal positions of the Ploem illuminator

housing and the microscope base were used to bring the fluorescent
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spot into the center of the emission axié.‘ Fine adjustment of
the position and angle of the upper mirror on the beam director
was then employed to line up the fluorescent (green) spot from
the eosin with the reflected (blue) spot from the cover glass;
perfect alignment indicated that the exciting and emitted light
beams were both vertical with respect to the specimen plane.
Finally, the pinhole was translated into the beam using the XYZ
manipulator; its position with respect to the optical axis was
monitored by the appearance or disappearance of the eosin

fluorescence on the microscope slide.

2. Experimental Data Analysis

A three-point fit of the data contained in one FPR curve
can be used to determine the diffusion coefficient, D, or flow
rate, VO’ if the nature of the transport (diffusion vs. flow),
the final fluorescence value (F(~)), and the absolute beam diameter
and profile (Gaussian vs. uniform circular disc) are known (242).
In general, the nature of transport may be ascertained from the
shape of the recovery curve (see figs. 8-10); flow curves are
sigmoidal at all K values while diffusion curves are sigmoidal
only at very high K values for a Gaussian beam. The shape of the
experimental recovery curve can also bé compared to the shape of
theoretical curves for diffusion and flow at particular K values
(figs. 8-10). The final fluorescence value (F(=)) is simply the

asymptote of the experimentally determined recovery curve (fig. 5).
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The absolute beam diameter in the specimen plane (wo) and profile
can be experimentally determined (see below).

Once these parameters are known, the analysis for a Gaussian
beam profile proceeds as follows:

(1) The time required to reach 50% of the final fluorescence

recovery (t,,,) is determined (eqn. 2).

1/2
(2) The bleaching parameter K is calculated from the
fluorescence values before bleaching (F(-)) and immediately after

bleaching (F(0)) (eqn. 5, fig. 7).

(3) The mobility rates are calculated according to the

formulas:

3 - - - - = 2
Diffusion coefficient: D (w° /411/2)7D (11)
Flow rate: V, = (WO/TI/Z)YF’ (12)

where p and Yp are functions-of beam shape and K. Fig. 13 gives

1p and Yg for diffusion and flow, respectively, with a Gaussian
beam (242). The necessity for these correction factors can be

seen qualitatively in fig. 6, where it is shown that larger K values
lead to bleaching of a wider area on the fluorescent surface. It
will thus take longer for the same amount of recovery to occur at
higher K, and correction must be made for this in calculating
mobility rates. Finally eqn. 1 is used to determine the fractional
recovery of fluorescence, which is a measure of the fraction of

total fluorophore which is mobile.



Figure 13. Factor y (yp or yp) vs. K for a Gaussian beam
(taken from ref. 242)
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3. Calibration of Beam Size and Profile

The FPR technique itself was used to characterize the profile
of the focused laser beam in the plane of the specimen (242). The
experiment involved scanning with known velocity Vo through a spot
bleached in a thin layer of immobile fluorophore in order to
generate a flow recovery curve which could be matched to a theoretical
curve with the same K value. The general shape of the experimental
curve provided information about the beam profile (a Gaussian beam
gives a sigmoidal curve; a uniform circular disc beam yields a

1inear curve), while the = of the curve could be substituted

1/2
into egn. 12 to get the 1/e2 beam radius, Wy

Two methods for the preparation of a thin, immobile layer of
fluorophore were employed (adapted from ref. 298). For the cali-
bration of the FPR apparatus used in initial studies (fig. 11a,b),
twenty 1 of 0.3 mg/ml fluorescein-5-isothiocyanate (FITC, Molecular
Probes) in ethanol were dissolved in 0.5 ml of a clear, colorless
encapsulating resin (Sylgard 184; Dow-Corning). Two ul of the
FITC-resin mixture were placed on a clean glass microscope slide
and covered with a cover slip, and pressure was applied to thin
the sample as much as possible. The mixture was allowed to set at
60°C for 16 hrs. The final thickness of the set mixture, as
measured by a micrometer, was 25 um. For the calibration of the

modified FPR apparatus shown in fig. 11c, ten ul of 0.005 mg/ml

FITC in ethanol was allowed to air dry on a cover slip, which was
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then placed on a glass microscope slide and sealed around the
edges with epoxy (Devcon, "Five-Minute" Epoxy). This method
produced an extremely thin (~ T um) layer of immobile fluorophore.
The FITC-resin or dried FITC slide was placed on the micro-
scope stage of the FPR apparatus. A variable-speed infusion
pump drive (B. Braun, Melsungen, W. Germany), to which a long,
thin rod was attached in place of the syringe barrel, was used
to translate the stage at constant velocity. The slowest
translation speed was 0.23 um/sec as calibrated by a vernier
scale on the microscope stage and a stopwatch; this speed was
used for the beam size calibration experiments. Prior to
bleaching, the infusion pump was started'and enough time allowed
to elapse for all the slack to be taken out of the translation
system. After focusing of the fluorescent spot using the 100x
0il immersion objective, the prebleach fluorescence was measured
and a brief bleaching pulse (<0.5 sec) administered. As the
translation system moved the bleached area out of the (stationary)
beam at constant, known velocity, a flow recovery curve was
gererated. Eqn. 12 and fig. 13 were used to calculate W, from the

and K obtained from the curve, viz.:

values of /2

"‘0 = (VOTI/Z)/YF' (13)

C. RESULTS: BEAM CALIBRATION

A representative example of a flow recovery curve generated

by scanning the focused laser beam at 0.3 u/sec out of a bleached



spot in a layer of resin-embedded immobile f]uoresceih-isbthiocyan-
ate 1is given in fig. 14. The nature of transport (i.e., flow) is
evident from the sigmoidal shape of the recovery curve. In addition,
the experimental points are in good agreement with the theoretical
flow recovery curve for a Gaussian beam, calculated fer the same

K value (242). A series of thirteen such measurements using the
FPR apparatus shown in fig. 1la,b, yielded an average 1/e2 beam
radius of 1.240.3 um. Similarly, a series of thirty-eight such
measurements on the dried FITC sample using the modified FPR
apparatus shown in fig. 11c yielded an average beam radius of
0.85+0.13 ym. The inference that diffusion and/or spontaneous
recovery of fluorescence by previously bleached fluorophore were
not contributing to the recovery process was confirmed by an
experiment in which FITC-resin or dried FITC was bleached in the
absence of translation. In this case, no recovery was observed

over several minutes (fig. 14).

D. DISCUSSION

In this chapter the theory, instrumentation, and data analysis
jnvolved in performing a fluorescence photobleaching recovery (FPR)
experiment are presented. A simple method for calibrating the
size and profile of the laser beam used for bleaching and monitoring
fluorescence recovery is also given. The results of the calibration

experiment show conclusively that the beam has a Gaussian profile.
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Figure 14. Flow Recovery Curve on Immobile
Fluorophore Used for Beam Calibration.
F(-)=100. K=10.

Smooth curve {a) is theoretical recovery

curve for flow with a Gaussian beam.

See text for experimental details.

a. Experimental data in presence of translation
of beam at 0.23 u/sec. 11/2=0.65 sec.

b. Experimental data in absence of translation




The irreversibility of photobleaching for the fluorophore fluorescein-
isothiocyanate is also proven. These two conclusions are the two
most important assumptions involved in the analysis of an FPR curve,
and their confirmation is a necessary prerequisite to accurate

data analysis.

The theoretically calculated 1/e% radii 6f the Gaussian laser
beam (0.97 um for the initial studies, 0.91 um for more recent
studies) are within experimental error of the experimentally
measured radii (1.240.3 ym and 0.85+0.13 um, respectively). 1
shall use the measured values of 1.2 um and 0.9 um in the calculation
of lateral diffusion coefficients from experimental FPR curves in
the initial (chapter 4B) and more recent (chapters 4C,6-8) studies,
respectively. Any systematic error which could be incorporated by
choosing these or any other values for the beam radius would not
affect the major conclusions of this thesis, which are based upon
relative differences in FPR parameters between different preparations.
In those cases where the absolute value of the diffusion coefficient
is of significance (see chapter 9), a systematic overestimation of
the diffusion coefficient by less than a factor of two (i.e., by
(1.2/0.97)2) would not be great enough to substantially affect the

conclusions.
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CHAPTER 3. SAMPLE PREPARATIONS

Eosin-5-isothiocyanate was purchaséd from Molecular Probes.
Sodium dodecyl sulfate (SDS), acrylamide, and N,N'-methylene-bis-
acrylamide were obtained from Polysciences. Triton X-100 was
purchased from New England Nuclear. Neuraminidase (grade IX),
sodium ethylenediaminetetraacetate (EDTA), pepstatin A, and
dithiothreitol (DTT) were from Sigma. Phenylmethylsulfonylfluoride
(PMSF) and 2-mercapto ethanol were purchased from Eastman.
a-chymotrypsin was from Worthington Biochemicals. DEAE-cellulose
(DE-52) was obtained from Whatman. Sephadex G-25 was from Pharmacia.

A1l other chemicals were reagent grade.

A. EQSIN-ISOTHIOCYANATE LABELING OF BAND 3

1. Methods

a. Labeling of Human Erythrocytes with Eosin-isothiocyanate

The labeling procedure was modified from Cherry et al. (299-
301). In the initial studies (chapter 4B), human erythrocytes were
isolated from fresh human blood anticoagulated with acid citrate-
dextrose by sedimentation ai 1 x g in 0.9% NaCl, 0.75% (w/v) dextran 70,
at room temperature for 60 min (302). The resulfing cells were
washed three times in phosphate-buffered saline (10 mM sodium
phosphate, 128 mM sodium chloride), pH 7.4 (PBS) at 4°C. Three mg
of eosin-5-isothiocyanate (EITC) were dissolved in 6 ml of PBS at

room temperature and added to 15 ml of packed, washed erythrocytes.

85



86

This mixture was stirred gently at room temperature in the dark
for three hours. The erythrocytes were then washed with four to
five volumes of PBS three times and subsequently lysed in 750 ml of
5 mM sodium phosphate, pH 7.4, to which 30 nM PMSF had been added,
for 30 min. Following lysis the ghosts were pelleted by centri-
fugation at 21,500 x g for 25 min and washed at least four times
with forty volumes of 5 mM sodium phosphate + 30 nM PMSF, pH 7.4.
An orange precipitate appeared during the first two to three washes
of the labeled ghosts; this was presumed to be EITC which had been
noncovalently bound to the membrane and/or trapped inside the
erythrocytes during the labeling. Washing was continued until a
homogeneous orange-pink ghost pellet with a clear supernatant
resulted. A1l operations except the labeling step were performed
at 0-4°C in the dark. The labeled ghosts were stored up to a week
in 5 mM sodium phosphate - 30 nM PMSF - 10 mM sodium azide at
4°C in the dark. Unlabeled ghosts were prepared from fresh erythro-
cytes by an identical procedure, omitting the three hour labeling
step at room temperature.

For the more recent studies (chapters 4C,6) the eosin labeling
procedure was modified as follows. One mM sodium EDTA was added
to the PBS used in the washes of the eosin-labeled erythrocytes.
One mM sodium EDTA, 60 um PMSF (dissolved at 100 mg/ml in dimethyl-
sulfoxide (DMSO)), and 1 pg/ml pepstatin A (dissolved at 10 m§/m1

in methanol) were added to the erythrocyte lysis buffer and to all
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subsequent ghost washes. Labeled ghosts were stored at 4°C in

the dark in 5 mM sodium phosphate, 1 mM EDTA, 60 uM PMSF, 1 ng/ml

pepstatin A, 10 mM sodium azide, pH 7.4, and used within four days.
For analytical purposes 150 ul of packed labeled ghosts

were dissolved in 1.5 m1 5 mM sodium phosphate + 1% SDS, pH 7.4.

The amount of bound eosin was determined spectrophotometrically

(303), assuming the maximum molar extinction coefficient of

eosin-isothiocyanate to be 8.3 x 10* M1 cm™! (ref. 303; data

not shown). The maximum extinction coefficient of this chromophore

has been shown to change by <5% upon conjugation to protein (303).

The absorption maximum for the solution occurred at 528 nm (Cary 14);

the spectrum was identical in shape to that of published EITC

spectra (303; data not shown). Protein was determined using the

method of Lowry et al. (304).

b. Identification of Labeled Membrane Components

1. SDS-Polyacrylamide Gel Electrophoresis. SDS-polyacrylamide gel

electrophoresis was performed using the discontinuous slab gel
method of Laemmli (305). The resolving gel was prepared from a
solution containing 8.5% acrylamide and 2.6% bis-acrylamide (with
respect to acrylamide), the stacking gel from a solution containing
3% acrylamide. Dimensions of the resolving gel were 0.45 x 12 cm.
One lane of the gel was 1 cm wide. Packed labeled or unlabeled
ghosts as prepared for the initial studies (see above) were solubi-

lized in a solution containing 10 mM Tris chloride, 1 mM EDTA,
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3% SDS, 2% sucrose, and 2% 2-mercaptoethanol (final concentrétions)
at pH 7.4 and incubated for 2 min at 100°C. The solubilized
ghosts containing 0.4 mg protein were then loaded onto the gels
which were run for 3 hr at a current of 100 mA per gel. Duplicate
samples were loaded in a symmetrical fashion about the center lane
of the gel in order to facilitate comparison of Coomassie blue and
PAS stained bands in the same preparation (see below).

When electrophoresis was complete, the various unstained gel
lanes were scanned for eosin absorbance at 515 nm using a spectro-
densitometer (Schoeffel Model SD3000). The absorbance from unlabeled
ghosts could be subtracted directly from that of labeled ghosts in
an adjacent lane by using the double-beam mode of the gel scanner.
The gel was then divided in half with a scalpel to create two
identical sets of sample lanes. One half was stained with Coomassie
blue (25), and the absorbance scanned at 530 nm. The other half was
fixed in 10% acetic acid/25% 2-propanol for two days and stained
using the periodic acid-Schiff base staining procedure (25); the

absorbance was scanned at 560 nm.

2. Selective Extraction Procedures

a. Low Ionic Strength Extraction. One volume of packed labeled

ghosts (approximately 5 mg protein/ml) was diluted with nine volumes
of warm (37°C) 0.1 mM EDTA, pH 8, and incubated for 20 min at 37°C
(ref. 25). The solution was then centrifuged at 35,000 rpm in a
SW-41 rotor (Beckman) at 4°C for 30 min. The pellet was resuspended



in 10 volumes of 5 mM sodium phosphate, pH 7.4 + 1% SDS. Eosin
was determined spectrophotometrically. Protein was assayed by
the Lowry method (304). A1l operations were performed in the
dark.

b. Triton Extraction. One volume of packed labeled ghosts

(approximately 5 mg protein/ml) was diluted with 5 volumes of a
solution containing 0.5% Triton X-100 (vol/vol) in 56 mM sodium
tetraborate, pH 8.0, and incubated for 20 min at 0°C (ref. 47).

The solution was then centrifuged at 15,000 rpm in a SS-34

rotor (Sorvall) at 4°C for 30 min. The pellet was resuspended

in 5 volumes of 56 mM sodium tetraborate, pH 8.0 + 1% SDS. Eosin
and protein were determined as above. All operations were performed
in the dark.

c. Chloroform/Methanol Extraction. One volume of packed

labeled ghosts was diluted to approximately 2 mg protein/ml in a
solution containing 10 mM Tris (hydroxymethyl)aminomethane, 0.1 mi
EDTA, pH 7.4. Nine volumes of chloroform/methanol (2/1; vol/vol)

were added and the solution incubated with vigorous stirring at

room temperature for 30 min (ref. 306). The mixture was then centri-

fuged at 1500 rpm for 10 min at 4°C and the aqueous layer aspirated
off. This layer was recentrifuged at 100,000 x g in a 50-Ti rotor
(Beckman) for 60 min at 4°C, in order to remove traces of the in-
soluble interphase layer remaining in the aspirated aqueous layer.

Al1 operations were performed in the dark. Eosin and protein were
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determined as above. Sialic acid was determined fluorimetrically
by the method of Hammond and Papermaster (307), after sialidase

treatment according to Tomita et al. (27).

2. Results and Discussion

a. Eosin Labeling. Packed labeled ghosts prepared by either method

(see above) generally contained 4-10 mg protein per ml and 6-15 ug
eosinisothiocyanate per ml. The eosin/protein ratio was typically

1.1-2.1 ug eosin per mg total membrane protein.

b. SDS-Polyacrylamide Gel Electrophoresis. Densitometric scans

of eosin absorbance, Coomassie blue stain, and PAS stain from gels
run on labeled ghosts are given in fig. 15. To reduce background
artifacts due to inhomogeneities in the gel, the eosin absorbance
scan is a difference scan between adjacent lanes loaded with the
same amount of labeled and unlabeled ghost protein, respectively.
The same qualitative results were obtained using a single-beam scan
of the labeled ghost lane, since the unlabeled ghost lane showed no
detectable peaks of absorbance at 515 nm (data not shown).

Most of the eosin absorbance is associated with band 3. A
small amount of absorbance is also detected in the region of bands
1 and 2 (spectrin). Only trace amounts, if any, are associated
with other proteins stained by Coomassie blue. In the 8.5% gel
system the peak of the glycophorin A band (PAS-]) is separated from
band 3, although the trailing edge of PAS-1 overlaps the leading edge
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Figure 15. $DS-polyacrylamide gel electrophoresis of

eosin-labeled ghost membranes.
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Major proteins in high molecular-weight region of
the gel are labeled for convenience. F, position

of buffer front. See text for experimental details.




92

of band 3. The peak of eosin absorbance is.clearly seen to run
with band 3 and not PAS-1; a small amount of glycophorin Tabeling
cannot be excluded from the results of this gel scan, however.
Membrane proteins from labeled and unlabeled ghosts appeared
identical on Coomassie blue and PAS staining, indicating that no
major change in the proteins was caused by either eosin Tabeling
or incubation of the intact erythrocytes at room temperature for

3 hrs (data not shown).

c. Selective Extraction Procedures. Selective extractions of

membrane proteins from labeled ghosts were used to confirm the
results of the SDS gel scans and to provide a quantitative estimate
of the amounts of labeling on proteins other than band 3. The
results of these extractions are given in table 6, in addition to
literature values for the same extractions on similar preparations
of EITC-labeled ghost membranes (300). Low ionic strength treat-
ment of labeled ghosts released 24+6% of the total membrane protein
but only 8+2% of the eosin label into the supernatant (N=3). This
treatment is reported to selectively solubilize nearly all of

bands 1, 2, and 5 (refs. 25, 300). Partial solubilization of band 3
with Triton X-100 resulted in release of 69% of the bound eosin
along with 51% of the membrane protein. This experiment was semi-
quantitative at best, since Triton extraction is only partially

selective for band 3 (the major glycoproteins are released as well),
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TABLE 6. SELECTIVE EXTRACTION EXPERIMENTS ON
EOSIN-LABELED GHOST MEMBRANES®

Extraction procedure

Supernatant ' Pellet
% eosin % protein % eosin % protein
norm® raw normb raw normb raw normb raw

Low ionic strength
experimental (n=3) 8+#2 $+3 2446 23#8 9242 105413 7636 69+6
Titerature 743¢ 25+7¢ 744

Triton X-100.
experimental (n=1) 69 59 51 42 31 26 49 40

literature 60-80°¢ 40°¢ 45€
Aqueous Organic
9 protein % eosin % NANAf % eosin % protein
Chloroform/Methanol
experimental (n=1) 5 7 73 0 0
literature 3.79 2 839 0¢ of

3see text for detailed methods of extraction
bnormalized to 100% total for supernatant + pellet
Cref. 299; not stated whether normalized or raw values
dref. 25

Cref. 47

fsia‘lic acid
Sref. 306
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and not all of the band 3 is released (47). Finally, chloroform/
methanol extraction of labeled ghosts resulted in the appearance
of 7% of the total eosin, 5% of the total protein, and 73% of the
total sialic acid in the aqueous phase; the organic phase
contained no detectable protein and no detectable eosin. This
extraction is reported to selectively release nearly all of the
PAS-staining glycoproteins into the aqueous phase (306), and all
of the membrane 1ipids into the organic phase (299,300).

d. Discussion. In this section a procedure for selective labeling
of band 3 with fluorophore in human erythrocyte membranes is
presented. SDS-polyacrylamide gel electrophoresis and selective
extraction experiments together demonstrate that at least 80% of
the eosin-isothiocyanate label is present on band 3, with approxi-
mately 8% present on spectrin and 5-10% present on glycophorin.
Membrane 1ipids do not appear to be labeled at all. These values
accord well with the literature values for EITC labeling by an
almost identical procedure (299-301).

The selective labeling demonstrated in this section and else-
where (299-301) is in accord with the finding that only glycophorin
and band 3 among the major membrane proteins are present on the
extracellular surface of the erythrocyte (3,24,25), although the
small amount of spectrin labeling must be due to permeation of at

Jeast a small percentage of probe through the membrane. Selectivity



of labeling is also consistent with the observation that eosin-
isothiocyanate is a potent inhibitor of anion transport (142,

299). Other inhibitors of anion transport such as DIDS bind
selectively (>90%) to band 3, labeling glycophorin only to the
extent of 7-10% (refs. 50,51). The stoichiometry of eosin binding
(1.1-2.1 ug per mg total membrane protein) corresponds to a molar
ratio of eosin to band 3 of approximately 0.75 (assuming 100%
binding of eosin to band 3, a molecular weight for band 3 of 90,000
daltons, and a ratio of band 3 to total membrane protein of 0.24),
which is close to the theoretical 1imit as well as the experimental

values found for anion transport inhibitors (50,51,56,140,141).

B. 72,000 DALTON ANKYRIN FRAGMENT

1. Methods. The 72,000 dalton proteolytic fragment of ankyrin which
contains the high-affinity binding site for spectrin on the inner
membrane surface was purified according to Bennett (203,204). Human
erythrocytes were isolated from fresh human blood anticoaguiated
with acid citrate-dextrose by sedimentation at 1 x g in.0.9% NaCl,
0.75% (w/v) dextran 70, at room temperature for 60 min. The
resulting cells were washed three times in 4 volumes of PBS (see
above) to which 1 mM EDTA and 10 ug/ml PMSF had been added, lysed

in 25 volumes of 5 mM sodiqm phosphate, pH 7.4, to which 1 mM EDTA,
10 ug/ml PMSF, and 1 ng/ml pepstatin A had been added, and washed

four times in the lysis buffer. Spectrin-depleted inside-out vesicles
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were prepared from the erythrocyte ghosts (25 ml in first

. preparation, 16.6 m1 in second) by incubation for 30 min at 37°C
in 30 volumes of 0.3 mM sodium phosphate, pH 7.4, to which 0.2 mM
DTT and 10 ug/ml1 PMSF had been added. The resulting vesicles
were pelleted at 25,498 x g for 68 min and resuspended in 27.5 ml
or 18.7 ml (first or second preparations, respectively) of 7.5 mM
sodium phosphate, pH 7.4, to which 0.2 mM DTT had been added.
Chymotrypsin was added to a final concentratin of 1 ug/ml. After
a 30 min incubation at 0°C, PMSF dissolved in DMSO was added to

final concentrations 50 ug/ml and 0.5% (v/v), respectively, and

the suspension centrifuged at 193,000 x g for 24 min. The supernatants

from two such preparations were combined with 0.09 volumes of
packed DE-52 beaded cellulose equilibrated with 7.5 mM sodium
phosphate, 0.2 mM DTT, pH 7.5, and mixed gently at 0°C for 30 min.
The DE-52 was packed into a column at 4°C and the sugarnatant
collected. The column was washed with 12 column volumes of 7.5 mM
NaPQ,, 0.2 mM DTT, pH 7.5, followed by 3 column volumes of 80 mM
KC1, 7.5 mM NaPO“, 0.2 mM DTT, pH 7.5. The column was then eluted
with 200 mM and 400 mM KC1 dissolved in 7.5 mM NaPO,, 0.2 mM DTT,
pH 7.5, and the fractions (0.67 m1) collected. Al1 fractions were
monitored for protein (A,go) and selected fractions were assayed
for protein by the Lowry procedure (304). The first protein peak
(fractions 24 and 25, see below) was dialyzed against two changes

of 7.5 mM sodium phosphate, 0.5 mM EDTA, 0.2 mM DTT, pH 7.5 and
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stored frozen in this buffer.

Protein was assayed by the method of Lowry (304). Discontinuous
SDS-polyacrylamide gel electrophoresis was performed by the Laemmli
procedure (305), using a 1.5 mm thick 3% polyacrylamide stacking gel
and a 6% polyacrylamide resolving gel. Gels were stained with
Coomassie blue (25) and scanned at 550 nm with a spectrodensitometer

(Schoeffel SD3000).

2. Results and Discussion. Low ionic strength treatment of erythro-

cyte ghosts (147 mg, 3.5 mg protein/ml) yielded 22 mg of

spectrin-depleted inside-out vesicles. Chymotrypsin treatment of
these vesicles resulted in 9.6 mg of solubilized polypeptides of
which 3.7 mg adsorbed to DEAE-cellulose. Elution of the adsorbed
protein with 200 mM KC1 yielded 1.3 mg present in DEAE peak #1,
while elution with 400 mM KC1 yielded 1.8 mg present in DEAE peak
#2. The elution profile from the DEAE-cellulose column is shown in
fig. i6. Anaiysis of the fractions by SDS-polyacrylamide gel
electrophoresis (fig. 17) indicated that DEAE peak #1 consists
primarily of a 72,000 dalton polypeptide (66% by densitometer scan)
with traces of higher molecular weight polypeptides, while peak #2
contains primarily a 45,000 dalton polypeptide.

In general, the yields from various steps in the preparation,
the DEAE-cellulose column elution profile, and SDS-polyacrylamide
gels of the two main column peaks closely resemble literature

results (203,204). It was therefore assumed that the 72,000 dalton



Figure 16.

Elution profile from DEAE-cellulose column used to
purify 72,000 dalton ankyrin fragment. The super-
natant from a chymotryptic digest of spectrin-
depleted inside-out vesicles was combined with
DE-52 beaded cellulose equilibrated with 7.5 mM
NaP0O,, 0.2 mM DTT, pH 7.5 and packed into a column.
The column was washed successively with buffers
containing 7.5 mM NaP0O,, 0.2 mM DTT, pH 7.5 and
nothing else (fractions 1-14), 80 mM KC1 (fractions
15-18), 200 mM KC1 (fractions 19-56), and 400 mM
KC1 (fractions 57-70). Each fraction (0.67 ml)
was monitored for protein (A2so). Fractions 23-26
are designated DEAE peak #1 (1.3 mg protein);
fractions 61-63 are designated DEAE peak #2

(1.8 mg protein).
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Figure 17.

SDS-polyacrylamide gel analysis of purification of
72,000 dalton ankyrin fragment. Discontinuous SDS-
polyacrylamide gel electrophoresis was performed
using a 3% polyacrylamide stacking gel and a 6%
polyacrylamide resolving gel. (A) Human erythrocyte
ghost membranes (33 ug protein). (B) Spectrin-
depleted inside-out vesicles (25 ug). (C) Chymo-
tryptic digest of spectrin-depleted inside-out
vesicles (13 ug). (D) DEAE peak #1 (18 ug).

(E) DEAE peak #2 (17 ug). DEAE peak #1 consists
primarily of a 72,000 dalton polypeptide (66% by
densitometer scan) with traces of several higher
molecular weight polypeptides.
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chymotryptic fragment purified in the abdve manner was in fact
identical with the proteolytic fragment of ankyrin which serves
as the spectrin binding site on the membrane, and this fragment

was used in FPR experiments withcut further characterization. -

C. 80,000 DALTON SPECTRIN FRAGMENT

1. Methods. A sample of purified 80,000 dalton tryptic fragment
of spectrin band 1 involved in the polymerization of dimer to
tetramer spectrin (171,172) was generously provided by Dr. Jon S.
Marrow, Dept. of Pathology, Yale University School of Medicine,
New Haven, CT. The sterile sample (8.5 ml) was received in
isotonic KC1, pH 7.6, at a concentration of 0.25 mg protein/ml by
the Lowry procedure (304), and stored at 0°C. This sample was
dialyzed twice at 4°C against 1000 m1 of 20 mM sodium phosphate,
1 mM EDTA, 10 pg/ml PMSF, 3 mM sodium azide, pH 7.4, and the
dialyzed sample concentrated at 4°C by pressure dialysis through
Diaflo PMI10 ultrafilters at a pressure of 15-20 psi of nitrogen.
The concentrated solution was then redialyzed against the same
buffer for 24 hr at 4°C, and stored for two weeks at 0°C in the
course of FPR experiments. In addition, the dialysis chamber was
rinsed with PBS and 1 mM EDTA, pH 7.4, to remove a small amount of
precipitate rémaining on the walls of the chamber.

Protein was assayed by the Lowry procedure (304). Discontinuous

SDS-polyacrylamide gel electropnoresis was performed (305) using




1.5 mm thick gels with 6% polyacrylamide in the resolving gel and
3% polyacrylamide in the stacking gel. Gels were stained with
Coomassie blue (25) and scanned with a spectrodensitometer

(Schoeffel SD3000).

2. Results and Discussion. Of the original 2.0 mg of protein,

0.70 mg remained in the dialysis chamber at a concentration of
1.55 mg/ml, 0.65 mg passed into the filtrate during pressure
dialysis at a concentration of 0.08 mg/ml, and 0.55 mg was solubi-
Tized by PBS during the final rinse of the dialysis chamber. SDS-
polyacrylamide gel scans of the starting material and of all three
fractions were viftua]]y identical (fig. 18), with at least 70%
of the protein present as a homogeneous band at 80,000 daltons

and smaller bands present at approximately 70,000 daltons (20%)
and 50,000 daltons (5-10%). The precipitation of some of the
80,000 dalton sample on concentration in 20 mH sodium phosphate
buffer was taken as an indication that further attempts at concen-
tration would be futile, and the concentrated sample (1.55 mg
protein/ml) was therefore used without further purification in FPR

experiments.
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D. NBD-PE AND NBD-CHOL LABELING OF ARTIFICIAL AND ERYTHROCYTE MEMBRANES

A11 experiments involving the 1ipid probes NBD-PE and NBD-chol

were designed and executed in full collaboration with Drs. M. Robert



Figure 18.
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SDS-polyacrylamide gel electrophoresis of purified
80,000 dalton spectrin fragment. Discontinuous SDS-
polyacrylamide gel electrophoresis was performed
using a 3% polyacrylamide stacking gel and a 6%
polyacrylamide resoiving gel. At least 70% of the
protein is present as a homogeneous band at 80,000
daltons.
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Alecio and Robert R. Rando, Department of Pharmacology, ﬁarvard
Medical School, Boston, MA. The preparation and analysis of the
various membrane samples described in this section were performed
in their laboratory, while the FPR experiments themselves were

carried out by the author.

1. Materials and Methods. Dimyristoylphosphatidylcholine (DMPC),

egg yolk phosphatidylcholine (egg PC), and N-4-nitrobenzo-2-oxa-
1,3-diazole-phosphatidylethanolamine (NBD-PE) were purchased from
Avanti Biochemicals. Choesterol was from Sigma. NBD-chol (8(N-
cholesterylcarbamylamino-3,6-dioxaoctyl-1-amino- (N-4-nitrobenzo-
2-oxa-1,3-diazole))) was prepared by Drs. Alecio and Rando as
described (308). Unless otherwise indicated, the buffer for
hydration was composed of 10 mM sodium phosphate, 150 mH NaCl, pH 7.2,
which had been purged with nitrogen for at least 20 min.

a. Labeling of DMPC-cholesterol and egg PC-cholesterol multilamellar

liposomes. The labeling procedure was modified from that of Smith
et al. (292) as follows. Solutions of DMPC or egg PC and cholesterol
(if required) in chloroform were mixed to give a total of 1.5 umole
of Tipid. A solution of either NBD-PE or WBD-chol (2.2 mmole,

0.15 mole%) in chloroform was added. After thorough mixing, the
solvent was removed at 20°C using a rotary evaporator. The 1ipids
were then redissolved in fresh chloroform (200 u1) and again roto-

evaporated to a thin film. Traces of solvent were removed by
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keeping the sample under a pressure of appr&ximate]y 0.5 torr at
20°C for at least 8 hr. The thin lipid film was handled under
nitrogen at all times to prevent oxidation of lipids.

After thorough solvent removal the 1ipid mixture was hydrated
under nitrogen in 1 m] of buffer for 15 min at 40°C and then
vortexed vigorously for 15 sec. This procedure produced large
multilamellar liposomes which were stored on ice and used in FPR
experiments within several hours.

b. Preparation and labeling of multilamellar liposomes from extracted

erythrocyte membrane lipids. Erythrocyte membrane 1ipids were

extracted and purified as described by Rouser and coworkers (309,
310). Briefly, white erythrocyte ghosts in 5 mM sodium phosphate,
1 mM EDTA, 10 ug/ml PMSF, 1 ug/ml pepstatin A, pH 7.4, were
extracted twice with chloroform:methanol (2:1,v:v), once with
chloroform:methanol (1:2,v:v), and finally with chloroform:methanol
(7:1,v:v) saturated with aqueous ammonium hydroxide, and all four
extracts pooled. The product was chromatographed on a washed
Sephadex G-25 column using mixtures of chloroform:methanol:water to
elute as described (310). After chromatography the solvent was
removed by rotary evaporation and the residue stored in fresh
chloroform under nitrogen at -20°C. Total 1ipid phosphate (311) and
total cholesterol (312,313) were assayed as described.

Solutions of total extracted erythrocyte membrane lipids

(3.4 umole total lipid) in chloroform and either NBD-PE or NBD-chol



(2.2 nmole, 0.06 mole%) in chloroform were mixed; and the solvent
removed at 20°C using a rotary evaporator. The labeled thin

lipid film was then washed once in chloroform, dried, hydrated,
and vortexed as described above, and the large unilamellar 1ipo-
somes used in FPR experiments within several hours. Buffers for
hydration included phosphate-buffered saline, pH 7.2 (see above)
and 14 mM sodium phosphate, 1 mM EDTA, 10 ug/m1 PMSF, 1 ug/ml
pepstatin, pH 7.4.

c. Labeling of erythrocyte ghosts. White human erythrocyte ghosts

were prepared as described above with a final wash in 40 mM sodium
phosphate, 1 mM EDTA, 10 ug/ml PMSF, 1 ug/ml pepstatin, pH 7.4.
Unless otherwise indicated, this buffer was used for all experiments
with labeled ghosts.

1. NBD-PE labeling. NBD-PE (110 nmole) was dried from a stock

solution in chloroform, 200 ul of sodium phosphate buffer was added
to the thin film, and the mixture sonicated briefly at 10°C until
clarified. Packed ghosts (200 ul, 7.1 mg protein/ml) were added and
the sample stirred gently at 20°C for 20 min. The labeled ghosts
were washed twice in approx. 75 volumes of the phosphate buffer,
resulting in uniformly fluorescent biconcave discs which were used
immediately in FPR experiments or stored under nitrogen at 0°C for
up to two days before use. For analytical purposes, a small amount
of labeled ghost sample was incubated at 4°C in 50 volumes of 10 mM

triethanolamine, pH 7.6 for 30 min and washed twice in the same
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buffer, to remove all traces of inorganic phosphate. Total 1ipid
phosphate (311) and total cholesterol (312,313) were then assayed
as described. Incorporated fluorophore was estimated from the
absorbance at 462 nm of an ethanol extract of the labeled ghosts
which had been dried for 5 hrs at 20°C under vacuum, assuming an
extinction coefficient of 19,500 cm~IM™! for the fluorophore in
ethanol at 462 nm (Alecio, R.,unpublished data).

2. NBD-chol labeling. NBD-chol (410 nmole) was mixed with 80 ul

of the total extracted erythrocyte membrane lipid solution (2.7
umole total 1ipid) in chloroform, and the solvent removed at 20°C
using a rotary evaporator. The labeled 1ipid film was washed
once in chloroform and dried, and then hydrated and vortexed in
400 u1 of phosphate buffer. The resulting labeled 1iposomes were
stirred gently at 20°C for 2 hr with packed white erythrocyte
ghosts in 40 mM sodium phosphate (400 ul1, 7.1 mg protein/ml), and

the suspension washed twice in approx. 75 volumes of phosphate buffer.

This procedure yielded faintly fluorescent biconcave discs which

were used immediately in FPR experiments.

2. Results and Discussion: Composition of Samples. As mentioned

above, DMPC-cholesterol or egg PC-cholesterol my]ti]ame]]ar ]ibosomes

were_prepared with fluorophore (NSD-PE or NﬁD-cho]) at a final
concentration of 0.15 mole%. Mpltiiame1lar liposomes from ex-

tracted erythrocyte membrane 1ipid§ contained f1yorophore at a

final concentration of 0.06 mole%; these liposomes had a cholesterol/
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phosphotipid (C/P) molar ratio of 0.75." Erythrocyte ghosts labeled

with NBD-PE were found to have a fluorophore concentration of

6.7 mole? and a C/P molar ratio of 0.99. Corrected for addition of
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the exogenous fluorophore, the C/P molar ratio in the labeled erythro-

cyte ghosts was 1.17, which compares favorably with that found
in unlabeled ghosts (1.11). It thus appears that labeling with
fluorophore does not change the overall 1ipid composition of the
erythrocyte membrane.

Several points should be noted concerning the labeling of
the erythrocyte membrane by fluorescent 1ipid probes. First, in
order to obtain a fluorescent signal great enough to allow
performance of thé FPR experiment, it was necessary to label the
erythrocyte ghosts with a much larger concentration of NBD-PE
than that required for the multilamellar liposome samples. It is
hoped that such a perturbation does not affect long-range inter-
actions on the membrane such as those required in lateral diffusion
over um distances. Second, it was surprisingly difficult to label
the erythrocyte ghosts with a large enough concentration of NBD-chol
to perform the FPR experiment. Sonication of a suspension of the
probe in phosphate buffer followed by incubation with ghosts did
not result in detectable labeling (data not shown). Exchange of
NBD-chol from 1iposomes prepared from extracted erythrocyte 1ipids,
a procedure employed with this probe in several other cell types

with great success (Rando, R.R. and F.W. Bangerter, in preparation),
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proceeded only slowly and erratically in erythrocyte ghosts. It
was therefore decided to concentrate on NBD-PE labeled gnosts

for the FPR experiments, with only one series of experiments on
NBD-chol labeled ghosts for comparison. Finally, the C/Pmolar ratio
and final concentration of fluorophore in NBD-chol labeled

ghosts could not be determined quantitatively, given the necessity
of adding the probe in the presence of exogenous lipid. It is
expected, however, that exchange of the probe from erythrocyte
1ipids to ghosts would proceed without significant change in the

C/P molar ratio of the resultant labeled ghosts. The final NBD-chol
concentration can be estimated to be 1-2 mole% in the labeled
ghosts, from a comparison of the fluorescence intensity of a typical
NBD-chol labeled ghost with that of a typical NBD-PE labeled ghost

in the fluorescence microscope (data not shown).



CHAPTER 4. LATERAL MOBILITY OF BAND 3: EFFECT
OF LOW IONIC STRENGTH

Abundant indirect evidence exists implicating the erythrocyte
cytoskeleton in restriction of integral membrane protein mobility
(see chapter 1). In designing the experiments reported in this and
succeeding chapters, it was thought desirable to measure directly
the lateral mobility of band 3 both in the presence and in the
absence of cytoskeletal forces. The usual conditions for complete
dissociation of the cytoskeleton from the membrane, however, lead
to extensive vesiculation of erythrocyte ghosts (219). The re-
sultant vesicles are comparable in size to the focused laser beam
used in the FPR experiment; when subjected to a bleaching pulse,
an entire vesicle will be bleached, leaving no unbleached fluoro-
phore which is capable of lateral diffusion. For technical reasons,
then, FPR cannot be used on such a system.— It was hypothesized
that the same experimental parameters important in complete dis-
sociation of the cytoskeleton - i.e., low jonic strength, high
temperature, and time - might also be involved in a rearrangement
of cytoskeletal membrane proteins which would precede both complete
cytocskeletal dissociation and ghost vesiculation. Such a rearrange-
ment could involve a metastable state of cytoskeleton structure
intermediate between tight binding to and complete dissociation

from the membrane. The lateral mobility of band 3 might also be
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expected to change dramatically under.such conditions. This
chapter, then, examines the effects of low ionic strength,
temperature and time on the lateral mobility of eosin-labeled band
3 in erythrocyte ghost membranes. Al1 three parameters are found
to affect greatly both the diffusion rate of the mobile band 3

and the fraction of total band 3 which is free to diffuse in the

plane of the membrane.
A. METHODS

1. Fluorescence Photobleaching Recovery System

The optics and electronics for the FPR system are described
in chapter 2. In the initial studies (chapter 4B), control of
sample temperatures above room temperature was achieved with an
air stream stage incubator (Nicholson Precision Instruments,
Model C300) placed 4-6 inches from the microscope stage. A
microprobe thermometer (YSI model 423 probe, model 42SC meter) was
taped to the microscope slide to monitor the temperature at the
sample. Once the system was equilibrated (10-15 min), temperature
was controlled to +1°C. One experiment involved FPR measurements
at 10°C. This temperature was achieved by blowing cold nitrogen
gas (cooled by being passed through a coil of copper tubing submerged
in a dry ice/acetone mixture) onto the microscope stage and monitoring
the sample temperature as described above. Temperature was controlled

by this method to +2°C.
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In the later studies (cﬁ;pter 4C), sample temperatures were
controlled both above and below rocm temperature by fastening the
microscope slide in an aluminum sample holder fitted with copper
tubing and connected to a precision water bath (Lauda RC3) as
diagrammed in fig. 19. Sample temperatures were again monitored
by a microprobe thermometer taped to the microscope slide, and
could be controlled to +0.5°C over the entire temperature range

employed in these studies (10°-37°C).

2. Preparation of the Sample

Thirty w1l of packed, eosin-labeled erythrocyte ghosts (4-10 mg
protein/ml, 1.1-2.1 ug eosin/mg protein) in 5 mM sodium phosphate,
10 mM NaN3, 30 nM PMSF, pH 7.4 (initial studies) or 5 mM sodium
phosphate, 1 mM EDTA, 60 uM PMSF, 1 ug/ml pepstatin A, 10 mM NaNj,
pH 7.4 (later studies) were diluted to 300 p1 with various concen-
trations of sodium phosphate buffer, pH 7.4, to which EDTA, PMSF,
and pepstatin A had been added as noted. The diluted ghost suspen-
sion was -‘deoxygenated in a sealed, purged glove bag (Ventron, model
X-27-17) by a stream of argon for 30 min (5.2 mM NaP0, sample),
nitrogen for 3 hrs (all other samples in the initial studies) or
nitrogen for 1 hr (all samples in the later studies) at room
temperature in the dark. The nitrogen and argon were first bubbled
through water to prevent excessive evaporation of the suspension.

Photoinduced oxidation of erythrocyte membrane proteins leading

to extensive cross-linking has been shown in the presence of oxygen
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Figure 19. Aluminum sample holder outfitted for precise
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and fluorescein (314,315) or eosin (142); but ﬁot in the absence

of oxygen (142,314,315). This finding implies that purging cell
suspensions of oxygen prior to FPR experiments should eliminate

the possibility of photosensitized cross-linking. These photo-
oxidation experiments are performed on macroscopic suspensions of
ghosts using large doses of diffuse laser light, though, and their
applicability to the microscopic situation of an FPR experiment is
questionable. For example, the extent of cross-linking decreases
with shorter exposure times to the same total irradiation dose of
exciting 1ight (315), suggesting that the bleaching pulses

involved in FPR experiments (<1 sec duration) may induce only
minimal cross-linking (see also 316,317). In addition, various
control experiments comparing lateral mobility parameters determined
by FPR experiments with those determined by other techniques in the
same system (255,318) have not shown any deleterious effect of
photobleaching on the measurement of these parameters. Both irre-
versible dye bleaching (necessary for FPR measurements) and photo-
sensitized oxidation (leading to production of singlet oxygen with
subsequent cross-linking of membrane proteins) may proceed by so-
called type II mechanisms in which electronically excited dye triplet
state interacts with molecular oxygen to produce singlet oxygen and
either bleached (irreversibly oxidized) or ground-state dye (315).
If this is the case, then removal of oxygen from the system should

mean that a greater number of photons must be directed at the sample
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in order to get the same amount of fluorophore bleaching. This
hypothesis was in fact borne out in the present studies, and the
success. of purging could be determined by the rapidity
with which bleaching of fluorophore occurred at a given laser
intensity (data not shown). It is likely, moreover, that photo-
chemical bleaching of fluorophore can proceed by mechanisms which
do not involve oxygen, while photoinduced cross-linking of membrane
proteins almost certainly involves a diffusible oxygen intermediate.
Purging the eosin-labeled ghosts of oxygen prior to FPR experiments
was thus deemed the best method for eliminating possible adverse
cross-linking effects mediated by excited state molecular oxygen.
One to two ul of the purged ghost suspension was placed on a
microscope slide, covered with a 22 mm x 22 mm cover glass (No. 1
thickness), and sealed with epoxy (Devcon, "Five-Minute" Epoxy),
all inside the glove bag. The ghost suspension spread spontaneously
between the slide and cover glass, yielding a sample of average
thickness 2-4 um (calculated from the volume applied and the area
occupied). This geometry oriented the ghosts parallel to the
microscope slide and maintained them in a fixed position on the
slide, a necessary prerequisite for measurements of diffusion by
FPR. Defocusing effects in bleaching and fluorescence measurements
due to the small depth of field of the 100x objective were also
almost entirely eliminated with a sample of this thinness (see

ref. 244). Thus, it can be calculated that the focused laser beam
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irradiated both the top and bottom ghost membranes with a maximum
difference in beam area of 14% between the two membranes, if the
membranes were separated by 2 um (see ref. 244). This difference
was well within the experimental error of the apparatus. The
volume of the ghost suspension after purging was compared to the
volume before purging, in order to determine the exact concentration
of phosphate buffer in the sample which was sealed on the micro-
scope slide.

In a control experiment, 300 u1 of human hemoglobin in
distilled H,0 (prepared by lysis of intact erythrocytes and centri-
fugation to pellet the membranes, as described in chapter 3) was
deoxygenated with nitrogen for one to three hours and sealed on a
microscope slide with epoxy, all in the glove bag. The absorbance
spectrum (Cary 14) of all of the samples showed only deoxyhemoglobin
immediately after deoxygenation and sealing. No spectrophotometrically.
detectable oxyhemoglobin was regenerated on standing at room
temperature for 24 hrs, confirming that the epoxy was impermeable

to oxygen over a period of at least 24 hrs (data not shown).

3. Fluorescence Photobleaching Recovery Experiment

The deoxygenated ‘eosin-labeled ghost sample was placed either
directly on the microscope stage of the FPR apparatus (initial
studies) or in the aluminum sample holder which was itself on the
microscope stage (later studies). Individual ghosts were located

either by transmitted 1ight or by incident-light fluorescence.



ine latter mode used the fully attenuated laser beam as the
excitation source, with the diffuser plate placed in the beam

in order to expand the area of the microscope field which was
i1luminated (see fig. 11). The cells appeared disc-like to cup-
shaped and were uniformly fluorescent with a bright green perimeter;
they were fairly homogeneous in size‘with diameter 5-9 ym. A
single cell was centered in the field so that the focused iaser
spot fell in the center of the cell. The field diaphragm (fig. 11)
was adjusted to an aréa approximately ten times larger in the
specimen plane than that of the ghost. The laser power output

was adjusted so that a measuring 1ight pulse would produce a con-
venient signal as measured by the photomultiplier tube. Typical
settings were: laser power, 100 mW (attenuated by 5 x 10* to 1 x 10°
by neutral density filters before the beam reached the sample);
voltage to photomultiplier, 1100 V; electrometer, 10-30 x 10°2 amp
full scale. The XY recorder was started in the timefbase mode with
a 0.25 sec filter and several values of the pre-bleach fluorescence
from the laser-illuminated spot were measured. A brief (<1 sec

in initial studies, 10-100 msec in later studies) intense bleaching
pulse (approximately 1 mW) was delivered as described in chapter 2.
Periodic measuring pulses (duration 1 sec) were delivered until a
stable post-bleach fluorescence level was reached. Under certain
circumstances the fluorescence recovery was seen to proceed with

extreme rapidity (11/2<5 sec); in these cases, the beam stop
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(initial studies) or measuring electromechanical shutters (later
studies) were left open for the entire recovery period and a
smooth recovery curve was obtained. Sometimes a ghost was bleached
two to four times in succession in the same spot, in order to
compare diffusion coefficients and fractional recoveries of
fluorescence when some of the (immobile) fluorophore in a given
region of the cell was already bleached. At the conclusion of
the experiment, a very long bleaching pulse was delivered (90-120
sec) in order to bleach all of the fluorophore in the illuminated
area. The residual fluorescence value after this bleaching pulse
(usually <5% of the fluorescence of an unbleached spot) was a
measure of the background Tight level in the system. This value
was taken to be the zero level in calculating the K parameter
from the immediate pre- and post-bleach fluorescence values

(egn. 5).

In a control experiment a single cell was centered in the
field and, with the diffuser plate in the beam and the field
diaphragm wide open, the fluorescence produced on the illumination
of the entire cell was measured. The whole cell was then bleached
in the usual manner by the unattenuated laser beam while keeping
the diffuser plate in the beam. No recovery of fluorescence was
observed over a period of 15 min, indicating that spontaneous photo-
chemical recovery of eosin fluorescence was not contributing to the

recovery process in the normal FPR experiment, i.e., that bleaching
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was in fact an irreversible process (data not shown).

B. RESULTS: INITIAL STUDIES.

The results of the initial series of fluorescence photo-
bleaching recovery experiments on eosin-labeled erythrocyte ghosts
are summarized in table 7. Incubation conditions ranged from 5.2 mM
to 46 mM sodium phosphate buffer at pH 7.4 (all sample buffers also
contained 1 mM NaN; and 30 nM PMSF) and from 21°C to 37°C in tempera-
ture. Typical experimental recovery curves under the extremes of
these incubation conditions are given in fig. 20 and compared to
theoretical FPR curves for diffusion with a Gaussian beam (242).

In general the fit is excellent, implying that lateral diffusion

is the only process which is contributing significantly to fluores-
cence recovery. This notion was confirmed, albeit in a qualitative
way, by the visual observation that the cell which had been bleached
was immobile over the time course of the FPR experiment, retaining
the same position in the microscope field at all times. The
experimental data tended to be more scattered under conditions of
high ionic strength and Tow temperature, where fractional recoveries
of fluorescence were low (fig. 20C). This was mainly a signal-to-
noise problem, since the percentage contribution of noise to the
experimental data was greater with smaller changes in signal. This
scatter was also reflected in the relatively large error in fractional
recovery at 46 mM phosphate and 21°C (table 7). Nonetheless, even

under these conditions the data fit a theoretical diffusion curve well.



122

TABLE 7. EFFECT OF LOW IONIC STRENGTH ON LATERAL MOBILITY OF BAND 3: INITIAL STUDIES

21°¢P 30°C¢ 37°¢d

[P0,], mM® Dx1011, cm?/sec £ (o) N D £ () N D £ () N

5.2 5.0 + 2.2¢ 0.72 + 0.02° 4 11 1 0.69 + 0.08 2 --f -—-

9.4 9.5 + 2.3 0.51 + 0.14 5 —— —
13.3 6.7 £ 0.2 0.3+ 0.05 3 14+5 0.60 +0.12 4 65 + 40 0.83 + 0.06 3
18.8 8.7 + 1.8 0.37 £+ 0.09 3 7.9+1.2 0.79+0.05 3 658+ 8 0.73 + 0.11 2
21.4 8.2 1.2 0.36 + 0.09 6 29 + 10 0.75 + 0.11 7
269 7.0 £ 3.0 0.33+0.09 4 7.0+3.0 0.71+0.10 2 14z 4 0.75 + 0.13 2
46 4.3 £ 0.2 0.11 + 0.08 2 4.6 + 0.8 0.41 + 0.12 3

aamn samples also buffered in 1 mM NaN;, 30 nM PMSF, pH 7.4
caum hr incubation, except 5.2 mM PO, which was 1-2 hr incubation
€0.5-1 hr incubation, except 5.2 mM PO, which was 0.25-0.5 hr
ao.mua hr incubation

€A11 values expressed as mean + S.D.

ﬁmxumxdsm:ﬁ prevented by 100% Q:Oma vesiculation

m>vusox*smﬁm concentration

lllllllli
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Figure 20. Experimental FPR curves on eosin-labeled erythrocyte ghosts
at the extremes of ionic strength and temperature used in this
study. Theoretical curves for diffusion with a Gaussian beam
were fit to experimental points by hand. The geod agreement
between FPR data and theoretical curves demonstrates that
Tateral diffusion is responsible for the observed fluorescence
recovery under all conditions of ionic strength and temperature.
The parameter f(t) represents the fractional recovery of
fluorescence at time t; f(t)=(F(t)-F(0))/(F(-)-F(0)). Curves
on left, 219C; curves on right, 370C. Curves at top, low
jonic strength; curves at bottom, high ionic strength. Note
large differences in time scale (i.e., diffusion coefficient)
and fractional recovery (i.e., mobile fraction) under various
conditions.

(A) 5 m4 NaP0,, 21°C; D=6.2 x 10°1} ensec?, £(=)=0.65.
(8) 13 m1 NaP0,, 37°C; D=130 x 10"} cn’sec”], f(=)=0.94.
(C) 46 nt NaPO,, 21°C; D=2.1 x 10721 enlsec™!, f(=)=0.20.
(D) 46 mM NaPO,, 37°C; D=4.4 x 1071 enlsec™t, £()=0.50.
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1. Effect of Ionic Strength. Low temperature (21°C) and high

ionic strength (46 mM phosphate) favored immobilization of band 3
(1148% fractional recovery) as well as slow diffusion of the
mobile fraction (D=4.3+0.2 x 10~11 cm2/sec) (table 7). Decreasing
the ionic strength at the same temperature caused 1ittle if any
change in diffusion coefficient (D=5-10 x 10~1! cm2/sec at all
phosphate concentrations) but a marked increase in fractional
recovery (f(=)=7242% at 5 mM phosphate) (fig. 21).

At 37°C much of the band 3 was mobile even at high ionic
strength (41+12% fractional recovery at 46 mM phosphate), although
diffusion of the mobile fraction was still slow (D=4.6+0.8 x 10711
cm?/sec). Decreasing ionic strength led first to a rapid increase
in fractional recovery to 75+13%, followed by a sharp rise in
diffusion coefficient to 65+40 x 10711 cm2/sec (fig. 21). It
should be noted that the sharp increase in diffusion coefficient
occurred over an ionic strength range in which the fractional
recovery was not changing at all. Measurement of lateral mobility
at phosphate buffer concentrations less than 10 mM at 37°C was
prevented by rapid (<15 min) and total vesiculation of ghost
membranes. The 1-2 um diameter vesicles produced were easily
identified in the fluorescence microscope. In addition, cells
containing endocytotic vesicles showed no fluorescence recovery
after bleaching, since the vesicles which were bleached were approx-

imately the same size as the bleaching laser beam (data not shown).
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Diffusion coefficients (A) and fractional recoveries

of fluorescence (B) obtained from FPR experiments on
eosin-labeled erythrocyte ghosts as functions of ionic
strength, at various temperatures. The fractional
recovery represents the fraction of band 3 molecules
that is free to diffuse laterally. Each point represents
the mean of twc to seven independent determinations

on separate ghosts (see Table 7).
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2. Effect of Temperature. Increasing temperature leéd to increases

in both diffusion coefficient and fractional recovery. These
changes occurred over different ranges of ijonic strength and
temperature, however, and were thus dissociated from one another
(fig. 21). At 46 mM phosphate, for example, increasing temperature
from 21°C to 37°C caused a significant increase in the fractional
recovery (11+8% to 41+12%) but no change in the (still slow) dif-
fusion coefficient. Conversely, at 5 mM phosphate increasing
temperature from 21°C to 30°C led to an increase in the diffusion
coefficient (5+2 to 11+1 x 10711 cm2/sec) but no change in the
(already high) fractional recovery. At intermediate phosphate
concentrations, increasing temperature resulted first in an increase
in fractional recovery (from 30-40% to 60-80%), followed by a sharp
rise in diffusion coefficient (fig. 21). In all cases the fractional
recovery increased to 60-80% before the diffusion coefficient began
to rise.

The ability of the two FPR parameters to change with decreases in
temperature provided further evidence of their dissociation (fig. 22).
At jonic strengths of 13 mM and 21 mM phosphate, incubation of
ghosts at 37°C for 2.5 hr produced large increases in both diffusion
coefficient and fractional recdvery when compared to the initial
values at 21°C. Cooling of the samples back to 21°C for two hours
resuited in a return of the diffusion coefficients to the initial

values, while the fractional recoveries remained elevated on cooling
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Reversibility of diffusion coefficients and fractional
recoveries of fluorescence. Eosin-labeled ghost samplies
were incubated at 21°C for 4.5 hrs after which time FPR
measurements were taken. The temperature was then
increased to 37°C for 2.5 hrs and FPR experiments

again performed. Finally the temperature was lowered
back to 21°C for 2 hrs and FPR parameters were again
measured.

(a) ghost sample prepared in 13 mM NaP0,

(b) ghost sample prepared in 21 mM NaPO4
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even at 24 hrs (fig. 22a). The molecular interpretation of this
reversibility data is far from clear, however (see below).

It was possible to inhibit completely the lateral mobility
of band 3 in the membrane. A sample of labeled ghosts was pre-
pared in the usual manner (see Methods) and incubated for 24 hrs
at 4°C in the dark. The slide was then placed on the precooled
microscope stage (10°C) and the FPR experiment performed at 10+2°C.
No fluorescence recovery was detected in 30 min after bleaching.
Warming of the sample to 21°C for 60 min resulted in a recovery
curve whose parameters (diffusion coefficient, fractional recovery)
were within experimental error of those from a sample at the same
ionic strength and temperature which had not been incubated in the

cold (data not shown).

3. Effect of Time. Under the proper conditions of ionic strength

and temperature, the diffusion coefficient and fractional recovery
of fluorescence were extremely sensitive to the time of incubation.
Figure 23 presents the results of an experiment in which the FPR
parameters were determined every 15 minutes for 3 hours after raising
the temperature of the sample from 21°C to 37°C. A different cell
was used for each point to avoid bleaching an area in a cell which
had been bleached previously in the experiment. Within 50 minutes
the fractional recovery increased to a maximum value of 88+10%

and remained at that value for the duration of the experiment. On

the other hand, the diffusion coefficient increased slowly for the
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Figure 23. Diffusion coefficients (A) and fractional recoveries of
fluorescence (B) as functions of incubation time at 37°C
in 13 mM NaPO4 buffer. Horizontal broken lines represent
jnitial values at 21°C, before temperature had been in-
creased to 37°C. Smoothed curves are drawn through the
experimental points by pairwise averaging of adjacent
datz points. At t=0, curves are extrapolated back to the
values obtained at 30°C in the same buffer (probably a
slight underestimate for the initial values at 37°C). The
vertical broken line represents return of temperature to
21%c. Temperature equilibration time was 10-15 min. Each
experimental point was obtained from a separate erythrocyte
aghost in the sample.



first hour and much more rapidly over the fo1lowin§ two hours,
reaching an average value of 1.9+0.3 x 107% cm?/sec (N=4) at

the end of three hours. Reversal of the incubation temperature
resulted in prompt reversibility of the diffusion coefficient

but only minimal reversibility of the fractional recovery (fig. 23;

but see Chapter 4C).

4. Rebleaching Experiments. Successive bleaches of the same

fluorescently-labeled region on a cell membrane should theoretically
result in increasingly greater fractional recoveries of fluorescence
with each bleach (264,265). This is because the fractional

recovery of fluorescence reflects the ratio of unbleached mobile

to immobile fluorophore in the region prior to bleaching, and
successive bleaches lead to progressively greater increases in

this ratio. If the mobile fluorophore is only free to diffuse
within discrete membrane domains significantly smaller than the

size of the cell but comparabie in size to the bleaching laser beam,
however, a limiting fractional recovery which is considerably less
then 100% would eventually be reached no matter how many bleaches
are delivered (273).

To test this in the eosin-labeled band 3 system, successive
rebleachings were performed under a variety of jonic strength and
temperature conditions (table 8). In all cases the fractional
recovery increased with each succeeding bleach, reaching a value

of 80-100% after the third or fourth bleach. Unless the fractional
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REBLEACHING EXPERIMENTS ON EOSIN-LABELED

TABLE 8.

GHOST MEMBRANES

bleach #  K°  Dx10%%, cm?/sec  f(=)

temp, °C

1+
=
E
L]
m
K3
o
Q.
—

— N

21

46

O WO ™~ O
L] L] . .
L OV AV = o

oM <

37

oom
S
NN

[op M Ve Reo)
L L] .
i

-~ Nl ™M

21

21.4

— O\

37

66.
57.

.
o~

— N

37

18.8

o0
~

H O
L] L
— N

21

9.4

DO
. * L .
NN

TN M
. . L L4
NN —

—NM <

21

T NS
- L L L
oY WO W

MO <O
e o o @
N MHM

— N

21

@41 mM NaNs, 30 nM PMSF

bb]eaching parameter

C+10 mM NaNs, 30 nM PMSF




recovery was very high on the first bleach (60-70%), it did not
reach 80-100% after the second bleach because the bleaching of
jmmobile fluorophore by two laser pulses with K parameters of
2-5 was still incomplete. Subsequent bleaches approached 100%

recovery in all cases.

C. RESULTS: ADDITION OF PROTEASE INHIBITORS.

A variety of erythrocyte membrane-associated proteases
have been characterized in the past several years (319-330). The
functional importance of these proteases has been demonstrated
jn several recent experiments concerning the stability and integrity
of various cytoskeletal proteins (152,204,330). For example,
endogenous proteases which attack membrane-bound ankyrin were
found to be inhibited by a combination of the calcium chelator
EDTA with the sulfonyl fluoride PMSF (326), while the yield of
purified ankyrin from erythrocyte ghosts was greatly increased by
the inclusion of EDTA, PMSF, and the acid-protease inhibitor pep-
statin A in lysis, washing, and storage buffers (204). Of perhaps
the most relevance to the present study is the finding, in rat
erythrocytes, of a calcium-activated (EDTA-inhibited) thiol-containing
protease which degrades various membrane proteins (probably in-
cluding spectrin, ankyrin, and band 3) and leads to increased free-
dom of lateral motion of intramembranous particles (330). In the
light of this evidence, it was deemed prudent to examine the effect

of protease inhibitors on the low ionic strength-induced increase
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in band 3 lateral mobility. The reader is reminded that all FPR
experiments in this section and, indeed, in the remainder of
this dissertation were performed on the improved, recalibrated

apparatus described in chapter 2.

1. Effect of PMSF Alone.

Eosin-labeled erythrocyte ghosts were prepared as for the
initial studies in chapter 4B, except that PMSF was added to a
final concentration of 30 uM (instead of 30 nM) in all washing,
1ysis, and storage buffers. The ghosts were then incubated in
16.2 mM sodium phosphate, pH 7.4, containing final concentrations
of PMSF from 3 to 130 uM. Results of a series of FPR experiments
on such ghosts are given in table 9 and reproduced in graphical
form in fig. 24. Above 30 uM PMSF, there was little change in
either the diffusion coefficient or the fractional recovery of
the eosin-labeled band 3. Below 30 uM PMSF, however, there were
sharp increases in both lateral mobility parameters which are
especially evident at high temperature.

These data were taken as evidence for a PMSF-sensitive
process, most likely proteolysis, contributing to the Tow ionic
strength-induced increase in band 3 Tateral mobility reported in
the previous section. It was decided to pursue the problem in two
complementary manners. First, the Tow ionic strength dependence of
band 3 lateral mobility was re-examined in the presence of three

protease inhibitors known to be effective on erythrocyte membrane-
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TABLE 9. EFFECT OF PMSF ON LATERAL MOBILITY OF BAND 32

21°cP 30°CC
e Dx10'?!,
[PMSF], uM cm?sec” ! f () N D f () N D
3 2.8 + 0.3 0.36 = 0.11 2 3.5 £ 0.6 0.62 + 0.07 2 26
31 1.7 £+ 1.2 0.16 = 0.07 3 3.0 £+ 0.8 0.56 + 0.14 3 6.6 ¢
130 1.6 + 0.6 0.24 + 0.01 3 2.6 + 0.7 0.23 + 0.15 2 3.6 ¢

3A11 values expressed as mean + S.D.
cmnw hr incubation

€0.5-1 hr incubation

d9.67-1.33 hr incubation

€A11 samples also buffered in 16.2 mM NaPO,, 1 mM NaN;, pH 7.4

11
1.5
2.0

37°¢d

f ()
0.85 + 0.06
0.50 + 0.09
0.32 + 0.06

3
3
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Diffusion coefficients (A) and fractional recoveries of
fluorescence (B) obtained from FPR experiments on eosin-
labeled erythrocyte ghosts in 16.2 M NaP0, buffer as functions
of the concentration of PMSF, at various temperatures.

Each point represents the mean of two to seven independent
determinations on separate ghosts (see Table 9).
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associated proteases (i.e., PMSF, EDTA, and pepstatin A). Con- .
centrations of protease inhibitor were chosen in accord with
literature values (204,326) and in consideration of the results
shown in table 9. Second, dissociation and proteolysis of various
membrane protein components under the incubation conditions of the
FPR experiment were investigated directly by SDS-polyacrylamide
gel electrophoresis. The results of the former set of experiments
are reported in the remaining sections of this chapter, those of

the Tlatter series of experiments in the following chapter.

2. Effect of Ionic Strength and Temperature.

Even in the presence of the protease inhibitors PMSF, EDTA,
and pepstatin A, the lateral mobility of band 3 was strongly
dependent on jonic strength and temperature (table 10, fig. 25).
These dependencies were similar to those seen in the presence of a
small concentration of PMSF alone (table 7, fig. 21),
in that low ionic strength (13.9 mM NaP0,) and high temperature
(37°C) favored large increases in both diffusion coefficient (24+7 x
10711 cm?/sec”!) and fractional recovery (0.66+0.08) over high
jonic strength (42 mM NaP0,) or low temperature (21°C) values.
Further, the increases in fractional recovery were somewhat dis-
sociated from those in diffusion coefficient, although this dis-
sociation was less striking than that seen in the absence of pro-
tease inhibitors. The lateral mobility increases appeared at lower

ionic strength in the presence of protease inhibitors than in their
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TABLE 10. EFFECT OF LOW IONIC STRENGTH ON LATERAL MOBILITY OF BAND 3:
ADDITION OF PROTEASE INHIBITORS®

21°cP 30°¢S 37°¢d
e Dx101t,

[PO,], mM* cm2sec ! f () N D f () N D f () N
13.9 1.3+0.5 0.17+0.06 5 1.9+0.8 0.40+0.11 4 24+7  0.66+0.08 6
17.9  1.3+0.1 0.20£0.00 2 2.1+0.8 0.28¢+0.11 2 5.1¢+0.6 0.570.14 2
23.9 1.5+0.4 0.20+0.01 2 2.1+0.4 0.19+0.00 2 0.95+0.10 0.40 + 0.12 3
42.0 1.3+0.5 0.12+0.09 6 1.9+0.9 0.16+0.07 5 1.3 4+0.4 0.21 +0.13 8

311 values expressed as mean = S.D.
cmuw hr incubation

€0.5-1 hr incubation

d9,67-1.33 hr incubation

€A samples also buffered in 1 mM NaN;, 60 uM PMSF, 1 mM EDTA, 1 pg/ml pepstatin A, pH 7.4

ll o
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Diffusion coefficients (A) and fractional recoveries of
fluorescence (B) obtained from FPR experiments on eosin-
labeled erythrocyte ghosts, in the presence of the protease
inhibitors PMSF (60 yM), EDTA (1 mM), and pepstatin A

(1 ug/m1), as functions of ionic sfrength, at various
temperatures. Individual points represent the average

of two to eight independent measurements (see Table 10).

139



AL At it A

140

absence, as expected from the results of the previous section
(table 9). Nonetheless, as we shall see in the next chapter,
these increases at relatively short incubation times were not
associated with the specific proteolysis of any major membrane

component.

3. Effect of Time.

The effect of incubation time on band 3 lateral mobility
under very ]ow jonic strength (13.9 mM NaP0,), high temperature
(37°C) conditions was not cubstantially changed by the addition of
the protease inhibitors PMSF, EDTA, and pepstatin A to the incubation
medium. Figure 26 presents the results of two such kinetic experi-
ments, in which a FPR measurement was taken every 15 min after
increasing the temperature of each sample from 21°C to 37°C. Some
variability may be seen in the data, especially in the measurement
of diffusion coefficient at long incubation times and in the length
of the lag period preceding Tlarge increases in lateral mobility.
Several consistent findings should be noted, however. First, as
seen in the absence of protease inhibitors (fig. 23), there was an
approximately 50-fold difference between the lateral diffusion co-
efficient of band 3 at room temperature (D=1.3+0.5 x 10711 cm2sec™?,
N=5) and the fastest diffusion coefficient at long times of incuba-
tion at 37°C (D = 54419 x 10711 cm2sec™?, N=9). These extremes are

both approximately 4-fold lower than comparable measurements in the
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Figure 26. Diffusion coefficients (A,C) and fractional recoveries of
fluorescence (B,D) obtained from two independent FPR experi-
ments on eosin-labeled erythrocyte ghosts, in the presence
of the protease inhibitors PMSF (60 uM), EDTA (1 mM), and

: pepstatin A (1 ug/m1), as functions of incubation time at

i 37°C, in 13.9 mM NaP0O, buffer. Panels A,B and C,D represent

g the results of experiments performed on separate ghost

g samples. on different days. Horizontal broken lines rep-

resent initial values at 21°C, before the temperature had

been increased to 37°C. Smoothed curves are drawn through

the experimental points by pairwise averaging of adjacent

data points. At t=0, curves are extrapolated back to the

values obtained at 30°C in the same buffer. Vertical broken
lines represent return of temperature to 21°C. Temperature
equilibration time was approximately 10 min. Each experimental

point was obtained from a separate erythrocyte ghost in the
sample.
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absence of protease inhibitors (fig. 23), although some of this
difference may simply be due to the more accurate calibration

of the FPR apparatus employed in gathering the data shown in

fig. 26 (see chapter 2). Second, there was a 1-2 hr lag period
preceding very large increases in diffusion coefficient, again
paralleling results seen in the absence of protease inhibitors.
Third, in both sets of kinetic measurements the fractional recovery
increased to maximal values (70-80%) before very large changes in
diffusion coefficient occurred, although this dissociation was

less striking than that observed in fig. 23. Finally, both kinetic
experiments showed only partial reversibility of diffusion coef-
ficient, and no reversibility of fractional recovery,upon return

of the sample temperature to 21°C following 3 hr incubations at
37°C. This is not surprising in the light of experiments reported
in chapter 5, which demonstrate the specific proteolysis of the

: particular cytoskeletal protein ankyrin under the conditions of low

; jonic strength, high temperature, and Tong incubation time.

J D. DISCUSSION

é This chapter presents the results of fluorescence photobleaching
é recovery experiments on eosin-labeled band 3 in erythrocyte ghost
membranes under various conditions of ionic strength, temperature,

and time, both in the presence and absence of the protease inhibitors
EDTA, PMSF, and pepstatin A. Experimental recovery curves were

closely fit by theoretical curves for diffusion, proving that
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fluorescence recovery after photobleaching represented']ateral
diffusion in the plane of the membrane with negligible contri-
bution from any systematic flow process. Low jonic strength and
high temperature promoted rapid diffusion of band 3 and a high
proportion of mobile to total band 3 molecules; high ionic strength
and low temperature favored slow diffusion of band 3 and immobili-
zation of band 3 molecules on the time scale of the experiment.
This generalization was true both in the presence and absence of
protease inhibitors, even though at least one of these inhibitors
(PMSF) was shown to have an effect on band 3 mobility at moderate
jonic strength. It was repeatedly demonstrated, moreover, that
the diffusion and the immobilization processes have different
dependencies on ionic strength, temperature, and time. In all cases,
increases in the diffusion coefficient occurred at lower ionic
strength, higher temperature, or longer incubation times than
comparable increases in fractional recovery. An important con-
sequence of this result is that very large increases in the dif-
fusion coefficient occurred only when the fractional recovery was
already high, i.e., when nearly all the band 3 molecules were free
to diffuse in the plane of the membrane. Furthermore, changes in
the diffusion coefficient over almost two orders of magnitude were
at least partially reversible, while two- to three-fold changes in
the fractional recovery were, under some conditions at least, ir-

reversible. Any model for erythrocyte membrane structure must take
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these observations into account; several such models are presented
and discussed in chapter 9.

The question of reversibility of lateral mobility parameters
will be more fully discussed at the end of chapter 5, after various
biochemical correlates between changes in lateral mobility and in
the protein composition of the erythrocyte cytoskeleton have been
explored.

Several qualifications must be placed on the theoretical
1imits of the experimental data obtainable by the actual FPR experi-
ment, due to both the finite size of the erythrocyte membrane and
the finite length of time in which a single FPR curve is obtained.
As noted in chapter 2, the 1/e2 radius of the Gaussian laser beam
used for bleaching is approximately 1 um. The percentage of the
total erythrocyte membrane surface (top and bottom) which is il-
luminated by the beam is approximately 6%, assuming a surface area
for the membrane of 150 um2. A bleaching pulse characterized by a
K value of 2-5 therefore bleaches approximately 4-6% of the total
fluorophore present on the membrane surface (see fig. 6), and the
maximum possible fractional recovery of fluorescence is 94-96%
rather than 100%. After correcting for the finite size of the cell,
then, the maximum mobile fraction of fluorophore observed in these
FPR experiments (fig. 23) is (88/10)/95, or 93+10%. Unfortunately,
the experimental error precludes a definitive statement as to whether

all the band 3, or simply most of the band 3, is free to diffuse
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under these conditions. If it is assumed that eosin labeling
of spectrin occurs to the gxtent of 8% (see chapter 3), and that
most if not all of the spectrin is immobile on the membrane
(see chapter 1), then the experimentally observed maximum mobile
fraction of band 3 is probably 100+10%. If the ankyrin-linked
band 3 (10-15% of total band 3) is ever free to diffuse in the
plane of the membrane, then either band 3-ankyrin, ankyrin-spectrin,
or some other spectrin-membrane bonds must be broken. The impli-
cations of this statement are discussed more fully in chapter 9.

The finite length of time for which fluorescence recovery
after bleaching is monitored leads to an estimate of the maximum
possible diffusion coefficient for the fraction of fluorophore
which is immobile on the time scale of the experiment. Assuming
an observation time of 20 minutes after bleaching and a bleaching
parameter (K) of 2, and taking a 20% change in fluorescence to
be the minimum significant difference observable, a maximum dif-
fusion coefficient for the immobile fraction of 1 x 10712 cm?/sec
can be calculated (see fig. 9, egn. 11). This number is at least an
order of magnitude less than the minimum diffusion coefficient
determined for the fraction of fluorophore which is mobile on the
time scale of these experiments.

Under all conditions of ionic strength and temperature tested,
successive bleachings on the same region of the ghost membrane re-

sulted in 80-100% fractional recovery of fluorescence after the
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third or fourth bleach. This is the result expected if mobile
fluorophore is capable of diffusing over distances on the
membrane much greater than the size of the laser beam (265). In
particular, this result implies that bounded domains of protein
or 1ipid were not responsible for the restricted lateral mobility
of band 3 under various conditions of ionic strength and temperature
in these FPR experiments. As noted above, a typical bleaching
pulse leads to irreversible bleaching of approximately 5% of the
total fluorophore on the membrane. Since the fractional recovery
of fluorescence on repetitive bleaching is greater than 80%, the
membrane area in which the fluorophore is freely diffusing can be
no smaller than 5%/(100-80%), or at least 1/4 the area of the
intact erythrocyte. Large domains of this size are highly unlikely.
The technical aspects of the experiments reported in this
chapter are very reassuring in that the internal strucutre and
consistency of the data excludes many potential artifacts from
playing a major role in the results. The large dynamic range of
values observed for both diffusion coefficients and fractional
recoveries under various conditions implies that all the values
are meaningful, especially in comparison with one another. In
addition, as noted above, relative differences between diffusion
coefficients under various conditions are independent of the
diameter of the laser beam used for bleaching, and a slightly

smaller or larger value for the beam size would not affect these
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comparisons. Indeed, although a 4-fold difference was observed
between the extreme values of the absolute lateral diffusion
coefficient of band 3 in the experiments reported in chapter 4B
and those in chapter 4C, the same relative difference between the

extreme values was obtained in both cases.

147



CHAPTER 5. MEMBRANE PROTEIN DISSOCIATION AND

PROTEOLYSIS: EFFECT OF LOW IONIC STRENGTH

The lateral mobility of band 3 in the erythrocyte membrane
is highly dependent on the same experimental parameters which
favor complete dissociation of the cytoskeleton from the membrane
(see chapter 4). In this and the following chaptef attempts are
made to elucidate the molecular basis for changes in the lateral
mobility of band 3. Biochemical evidence for the role of the
erythrocyte cytoskeleton, and in particular the cytoskeletal
protein ankyrin, in the control of band 3 mobility is presented
in this chapter. First, the ionic strength dependence of dissocia-
tion of spectrin, the major cytoskeletal protein, from the ghost
membrane is examined. While spectrin dissociation is indeed found
to be dependent on ionic strength, complete dissociation of spectrin
occurs over a range of ionic strengths much lower than that over
which dramatic changes in lateral mobility are seen. This is true
even under the high temperature, long incubation time conditions
which Tead to the largest changes in band 3 mobility. Similarly,
specific proteolysis of no major erythrocyte membrane protein is
associated with large changes in fractional mobility and moderate
(10-fold) increases in lateral diffusion coefficient of band 3.
Large (50-fold) increases in the lateral diffusion rate of band 3

under low ionic strength, high temperature, long incubation time
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conditions are, however, found to be associated with specific

proteolysis of the particular cytoskeletal protein ankyrin.

A. IONIC STRENGTH - DEPENDENT DISSOCIATION OF SPECTRIN

1. Methods. The method used for analysis of spectrin dissociation
was taken from Bennett and Branton (201). In the initial experi-
ment, four ul of packed, eosin-labeled erythrocyte ghosts (10.9 mg
protein/ml; 1.1 ug eosin/mg protein) in 5 mM sodium phosphate, 10 mM
sodium azide, 30 nM PMSF, pH 7.4 were suspended in a 200 ul volume
containing 1 mM sodium azide, 30 nM PMSF, and various concentrations
of sodium phosphate, pH 7.4. After incubation for 60 min at 37°C,
the samples were sonicated 15 times for 1 sec at 30 W (Ultrasonics
model W-225R, microprobe tip), gently shaken, layered onto 200 ul

of 20% sucrose in 500 u1 microfuge tubes, and centrifuged (Eppendorf
model 5412) at 4°C for 40 min at 15600 x g. The sonication and
shaking steps were used to facilitate release into free solution of
any solubilized protein molecules which had been entrapped within
the ghosts. The resulting supernatants were carefully removed and
discarded, and the orange-pink pellets dissolved in 50 wi of 10 mM
Tris chloride, 1 mM EDTA, 3% SDS, 2% sucrose, 2% 2-mercaptoethanol,
pH 7.4. The composition of the dissolved pellets was analyzed by
discontinuous slab gel electrophoresis according to Laemmli (305).
The stacking gel was 3% in acrylamide, the resolving gel 7.5% in

acrylamide and 2.7% in bis-acrylamide (with respect to acrylamide).
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Dimensions of the gel were 0.15 x 12 cm. Following staining with
Coomassie blue (25), the gel lanes were scanned at 550 nm (Schoeffel
spectrodensitometer, model SD3000). The amount of spectrin (bands

1 and 2) remaining in the membrane pellets relative to band 3

(which was presumed inextractable without detergent) was estimated

by the comparison of the heights of or the areas under the peaks
corresponding to bands 1, 2, and 3. A control sample was maintained
at 0°C in 16 mM sodium phosphate, pH 7.4 for 60 min and then subjected
to the same analytical procedures as the experimental samples. The

percent dissociation of band 1 was calculated as
(height band 1/height band 3)experimenta1,

(height band 1/height band 3)control i

of band 2 was obtained from a similar equation. The average dis-

the percent dissociation

sociation of spectrin (bands 1+2) was calculated either as

[(height band 1 + height band 2)/height band 3]
[(height band T + height band 2)/height band 3]

exger1menta1; or as
control

(area bands 1+2/area band 3)

experimental
(area bands 1+2/area band 3) ’

control
calculation for the average dissociation of spectrin yielded the

These two methods of

same results within experimental error (+10%). Using an identical
procedure, Bennett and Branton (201) have shown that less than 4%
of the extracted spectrin is pelleted through 20% sucrose when centri-
fuged in the absence of membranes.

It may be noted that the assay for spectrin dissociation des-

cribed above relies on the abi]ity of spectrin, a heterodimer of
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approximate molecular weight 430,000 daltons, to penetrate the
erythrocyte membrane upon sonication and shaking of the ghosts
incubated at 37°C for 60 min. To further test this assumption,
the ionic strength dependent dissociation of spectrin was examined
in the presence of saponin, a permeabilizing agent which may
interact with cholesterol (331-2) and which allows the entry of
ferritin (a particle 110A in diameter) into erythrocytes at
concentrations as lTow as 30 ug/ml (333-337). Four ul of packed,
eosin-labeled erythrocyte ghosts (20.1 mg protein/ml; 1.1 ug
eosin/mg protein) in 5 mM NaP0,, 10 mM NaN;, 30 mM PMSF, pH 7.4
were suspended in a 200 ul1 volume containing either 0 or 100 ng/ml
saponin (U.S, Biochemical), 1 mM NaN3, 30 nM PMSF, and various
concentrations of NaPO,, pH 7.4. Samples were incubated and
assayed for spectrin dissociation as described above. Control
samples were maintained at 0°C in 20 mM NaP0,, pH 7.4 for 60 min

and assayed as described. Ratios of bands 1+2 to band 3 were not

significantly different between the control samples with and without

saponin addition, so these two samples were pooled as a single 0°C

control.

2. Results and Discussion. The ionic strength dependence of spectrin

dissociation from eosin-labeled ghosts on incubation without saponin

at 37°C for 60 minutes is presented in figure 27. At phosphate
concentrations greater than 5 mM, approximately 15-20% of bands 1

and 2 were dissociated; this amount did not change with increasing
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Figure 27. Dissociation of spectrin from eosin-labeled erythrocyte
ghosts with decreasing phosphate concentrations. -Eosin-
labeled erythrocyte ghosts were suspended in various
concentrations of NaP04, pH 7.4, and incubated for 60 min
at 37°C. Dissociation of spectrin from the ghost
membranes was assayed as described by Bennett and Branton
(201). The percent dissociation is expressed relative
to a control sample maintained at 0°C in 16 mM NaP0,,
pH 7.4, for 60 min.




SR B b 200 S RO TN 28 32 S0 B A 2 S92 T Y0 4 s >

jonic strength at least up to 44 mM phosphate. Below 5 mM
phosphate there was an abrupt transition in the stability of
the spectrin-membrane complex leading to 74% dissociation of
spectrin (band 1:80%; band 2: 64%) at 0.1 mM phosphate. At 2 mM
phosphate the degree of dissociation of band 1 (45%) was signi-
ficantly greater than that of band 2 (18%); at all other buffer
concentrations the extents of dissociation of the two components
of spectrin were not significantly different.

The addition of 100 pg/ml saponin to the incubation medium
did not significantly alter the dependence of spectrin dissociation
on low iomic strength as assayed by the Bennett and Branton pro-
cedure (fig. 28). Although more spectrin was released into the
supernatant at very low ionic strengths (0.3-2 mM NaP0,) in the
presence than in the absence of saponin, the amounts of spectrin
dissociation under these two conditions were not significantly
different in the ionic strength range of interest (5-40 mM NaP0,).

Figures 27 and 28 are in agreement with previous reports of
spectrin elution from erythrocyte ghosts at low ionic strength
(25,26,174,201,219,338-341). Quantitative measurements of spectrin
elution vs. KC1 concentration (pH 7.6, incubation for 30 min at
37°C) showed a relationship very similar to that found in this
report for spectrin dissociation vs. phosphate concentration. Thus,
=20% dissociation at KC1 concentrations greater than 10 mM was

found, with a sharp increase in elution below 10 mM KC1 Tleading to
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Figure 28. Dissociation of spectrin from eosin-labeled erythrocyte
ghosts with decreasing phosphate concentrations in the
presence (0--0) and absence (0—o) of 100 yg/ml saponin.
Eosin-labeled erythrocyte ghosts were suspended in various
concentrations of NaPO,, pH 7.4, in the presence or absence
of saponin, and incubated for 60 min at 37°C. Dissociation
of spectrin from the ghost membranes was assayed as described
by Bennett and Branton (201). The percent dissociation is
expressed relative to control samples maintained at 0°C in
20 mM NaP0O,, pH 7.4, for 60 min.
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a maximum of 60-80% dissociation of 0 mM KC (ref. 201). The
buffer concentration at which 50% dissociation occurred was

5 mM KC1 (ionic strength (u) = 5 mM, ref. 201) compared with
2 mM NaP0, (u = 5 mM, this study).

Figure 27 also presents a comparison of the jonic strength
dependence of spectrin dissociation with that of the diffusion
coefficient for eosin-labeled band 3 in ghost membranes. In both
cases, the ghosts were incubated for 60 minutes at 37°C, elimina-
ting the effects of temperature and time from the comparison. It
is readily apparent that changes in spectrin dissociation occurred
only at very low ionic strengths whereas increases in the dif-
fusion coefficient occurred at much higher phosphate concentrations.
The elution of 10-20% of the total spectrin at high ionic strengths
is an interesting observation in its own right, and may indicate
heterogeneity of spectrin binding to the membrane (ref. 201; see
chapter 9). This is especially noteworthy because the 20% dis-
sociation seen on incubation at 37°C did not occur in the control
samples, which were incubated at 0°C. Nonetheless, this degree
of spectrin dissociation was nearly constant over the ionic
strength range in which the lateral mobility of band 3 changed
greatly, and complete spectrin dissociation alone cannot explain
the increases in diffusion coefficient.

The relationship between spectrin elution and ghost membrane

vesiculation is intriguing. As noted in chapter 4, photobleaching
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recovery experiments at 37°C at phosphate buffer concentrations
less than 10 mM were prevented due to rapid and total membrane
vesiculation. Extensive ghost membrane vesiculation was also
seen at 37°C in 8 mM NaP0, buffer in another study (219). In

this section, however, it was shown that significant (>20%)

elution of spectrin from the ghost membrane did not occur until
the buffer concentration was decreased below 5 mM phosphate.

From these data, it would appear that membrane vesiculation occurs
just before complete dissociation of spectrin, the major cyto-
skeletal protein. This is yet another indication that signifi-

$ cant changes in membrane structure are possible without total

removal of the cytoskeleton.

B. TIME-DEPENDENT DISSOCIATION OF SPECTRIN

In the preceeding section it was shown that complete spectrin
dissociation cannot be the molecular explanation for ionic strength-
dependent changes in the lateral mobility of band 3 on incubation
: of erythrocyte ghost membranes at 37°C for 60 min (as seen in
fig. 21). The time-dependent dissociation of spectrin at 37°C
under both low and high ionic strength conditions is investigated
in this section; complete spectrin dissociation is found not to

correlate with even the largest changes in band 3 mobility.

1. Methods. Ten ul of packed, eosin-labeled erythrocyte ghosts
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(4.9 mg protein/ml; 1.4 ug eosin/hg protein) in 5 mM NaPO,, 10 mM
NaN;, 1 mM EDTA, 60 uM PMSF, 1 pg/ml pepstatin, pH 7.4 were sus-
pended in a 200 u1 volume containing 100 ug/ml saponin, 1 mM EDTA,
60 uM PMSF, 1 ug/ml pepstatin, 0.1 mM NaN3, and either 14 mM or
40 mM NaP0,, pH 7.4 (final concentrations). Samples were incu-
bated at 37°C for 0, 1, 2, or 3 hours, and analyzed for spectrin
release into the supernatant as described above (chapter 5A).

The percent dissociation of spectrin at 1, 2, and 3 hours was
expressed relative to that at zero time for each ionic strength

series.

2. Results and Discussion. The time dependence of spectrin dis-

sociation from eosin-labeled ghost membranes under low (14 mM NaP0,)
and high (40 mM) ionic strength conditions, in the presence of the
protease inhibitors PMSF, EDTA, and pepstatin A and of the per-
meabilizing agent saponin, is shown in fig. 29. At all times of
incubation there was a small (<20%) degree of spectrin dissociation,
in accordance with previous results (figs. 27,28). Moreover, as
seen by others investigating spectrin dissociation as a function

of KC1 concentration (201), the amount of dissociation at each ionic
strength reached a plateau by the one hour time point. The time
dependence of spectrin dissociation may be compared with that of
band 3 lateral mobility at low ionic strength (14 mM NaP0,) and 37°C
(fig. 26). It is evident that complete spectrin dissociation from

ghost membranes cannot explain the largest observed changes in
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Figure 29. Dissociation of spectrin from eosin-labeled erythrocyte
ghosts with increasing time of incubation under low and
high ionic strength conditions. Eosin-labeled erythro-
cyte ghosts were suspended in 14 (0--0) or 40 (o—o0) mM
NaPO., PH 7.4, in the presence of 60 M PMSF, 1 mM EDTA,
1 ug/ml pepstatin A, and 100 ug/ml saponin, and incubated
for 60-180 min at 37°C. Dissociation of spectrin from
the ghost membranes was assayed as described by Bennett
and Branton (201). The percent dissociation is expressed
relative to that at t=0 for each ionic strength series.
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band 3 diffusion rate under low ionic strength, high temperature,

Tong incubation time conditions.

C. IONIC STRENGTH- AND TIME-DEPENDENT PROTEOLYSIS OF MEMBRANE PROTEINS

As noted above, there are several proteases which have been
associated with the erythrocyte membrane (319-330). Although the
protease inhibitors PMSF, EDTA, and pepstatin A were added during
eosin-labeled ghost preparation and incubation for FPR experiments
(chapter 4C), it was decided to test their efficacy directly.
Macroscopic samples of eosin-labeled erythrocyte ghosts were in-
cubated at low and high ionic strengths under conditions identical
to those employed in FPR experiments, and membrane protein integrity
over time was assayed by SDS-polyacrylamide gel eletrophoresis.
The results implicate the specific cytoskeletal protein ankyrin as
a key mediating element in the restraint on the Tateral mobility

of band 3.

1. Methods. Sixty-four ul of eosin-labeled erythrocyte ghost membranes
(4.5 mg protein/ml; 1.7 ug eosin/mg protein) in 5 mM NaP0O,, 10 mM

NaN3, 1 mM EDTA, 60 uM PMSF, 1 ug/ml pepstatin, pH 7.4 were mixed

at 0°C with 336 u1 of buffer containing 1 mM EDTA, 60 uM PMSF,

1 ug/ml pepstatin, and either 40 or 14 mM NaP0,, pH 7.4. The ghost
suspensions were then incubated at 37°C; 50 u1 aliquots were taken

at 0, 1, 2, and 3 hr and mixed immediately with SDS gel sample

buffer (comprising 10 mM Tris chloride, 1 mM EDTA, 3% SDS, 2% sucrose,
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and 2% 2-mercaptoethanol, finé] concentrations) at 0°C to stop
any reaction. SDS-polyacrylamide gel electrophoresis was per-
formed using the discontinuous slab gel procedure (305); the
resolving gel was 6% and the stacking gel 3% in acrylamide. The
gel lanes were stained with Coomassie blue (25) and scanned at
550 nm with a spectrodensitometer (Schoeffel SD3000). The amount
of protein in bands 142 (spectrin), 2.1 (ankyrin), 3, 4.1, 4.2,
and 5 (actin) in each sample was quantitated as the area under
the appropriate peak of the gel scan, and expressed relative to

the amount present at zero time.

2. Results and Discussion. The results of gel scans analyzing

membrane protein integrity over time during 37°C incubations at

Tow and high ionic strengths are presented in table 11 and re-
produced in fig. 30. There is no significant proteolysis of band
3, spectrin, band 4.1, or band 4.2 under either low or high ionic
strength conditions during the 3 hr incubation period. Although
there is a significant degree of proteolysis of band 5 (actin), the
amount of proteolysis (30-40%) is the same under low and high ionic
strength conditions. Actin proteolysis alone, therefore, cannot be
responsible for band 3 lateral mobility changes which are observed
only at low ionic strength (cf. figs. 25,26). The one striking
difference in membrane protein integrity between low and high ionic

strength incubations is the stability of ankyrin (band 2.1). While



Table 11. Proteolysis of Membrane Proteins®

Band¢
NaPO., iM° Time, r® 1+2 2.1 3 41 42 5
40 0 100 100 100 100 100 100

1 o4 8 93 100 101 64

2 2 94 93 94 92 6

3 . 93 109 103 112 8 62

" 0 100 100 100 100 100 100

1 104 8 90 84 93 75

2 109 67 97 8 90 68

3 % 27 8 718 71 55

3A11 values are normalized to 100% at zero time of incubation.

bA]] samples were also incubated in 1 mM EDTA, 60 uM PMSF, 1 ug/ml
pepstatin, 1.5 mM NaN;, pH 7.4.

CA11 incubations were at 37°C.

dQuantitation of protein bands was by gel scans of Coomassie blue
stained SDS-polyacrylamide gels.
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Integrity of erythrocyte membrane proteins as a function
of incubation time at 37°C under low and high ionic
strength conditions. Eosin-labeled erythrocyte ghosts
were incubated in 14 (C,D) or 40 (A,B) mM NaPQ,, pH 7.4,
in the presence of the protease inhibitors PMSF (60 uM),
EDTA (1 mM), and pepstatin A (1 ug/ml), at 37°C. Aliquots
were taken at 0,1,2 and 3 hr and analyzed by SDS-poly-
acrylamide gel electrophoresis for membrane protein
integrity.- (A) and (C), amount of band 3 remaining rela-
tive to that at t=0 for each ionic strength series. (B)
and (D), amount of membrane protein remaining in each
band relative to that at t=0 for each ionic strength
series, normalized to the amount of band 3 present at
each time of incubation.

162



163

this protein remains intact when erythrocjie ghosts are incubated
at 37°C for 3 hr in high ionic strength buffer, it undergoes
significant and systematic proteolysis in low ionic strength buffer.
The time course of ankyrin proteolysis at 37°C in low ionic
strength medium (fig. 30) may be compared with that of band 3
lateral mobility under identical incubation conditions (fig. 26;
see also fig. 23). Large changes in the fractional mobility of
band 3, as well as moderate increases in the lateral diffusion
coefficient, occur over a time range (1 hr) during which the bulk
of ankyrin remains intact. The largest increases in diffusion
coefficient (at 2-3 hr) do correlate, however, with the specific
and substantial (~70%) proteolysis of this critical cytoskeletal
protein.

The association between large increases in the lateral dif-
fusion rate of band 3 and specific proteolysis of ankyrin may serve
to explain results both in the literature and in the present study.
It has already been noted (204,326) that ankyrin is a protein espe-
cially sensitive to membrane-associated proteolysis; indeed, this
finding was the original impetus behind the addition of various pro-
tease inhibitors in the FPR experiments reported in chapters 4C and
6. The correlation between significant ankyrin proteolysis and
extremely rapid transmembrane protein diffusion may imply that such
proteolysis occurs only under conditions leading to a "loosened”

state of the cytoskeleton, in which ankyrin becomes increasingly
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exposed to some endogenous membrane proiease. This notion is
supported by the observation that band 3 lateral mobility increases
somewhat before ankyrin undergoes proteolysis, but that band 3
lateral mobility increases to a maximum only after a significant
percentage of ankyrin has been proteolytically cleaved. The
former changes may be due to some cytoskeletal rearrangement or
relaxation, the latter to complete loss of cytoskeletal restraint.
The proteolysis of ankyrin at long incubation times under Tow
jonic strength, high temperature conditions may explain the data
on reversibility of changes in band 3 lateral mobility depicted in
figs. 22,23, and 26. Cytoskeletal protein proteolysis might be
expected to lead, not only to increased lateral mobility of con-
strained transmembrane proteins, but also to overall membrane in-
stability and eventual vesiculation. Indeed, such vesiculation was
often observed in the present study under conditions leading to
rapid band 3 diffusion. If there were present a population of
erythrocyte ghosts heterogeneous in cytoskeletal fragility and/or
deformability, one might expect the least stable erythrocyte mem-
branes to undergo the sequence of events, characterized by pro-
gressive release of constraints on transmembrane protein mobility
accompanied by specific proteolysis of a critical cytoskeletal
protein and culminating in ghost vesiculation, at a faster rate
than the more stable membranes. As such a ghost population was

incubated under destabilizing conditions for various lengths of time
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(e.g., 37°C incubation at Iwo ionic strength) and then returned to

more stabilizing conditions (e.g., 21°C incubation), a spectrum of
possible results would obtain. First, under all destabilizing condi-
tions an increased standard deviation of diffusion coefficients would
accompany the general increase in lateral mobility; this was observed
in the present study (figs. 23,26). Second, under mild destabilizing
conditions not resulting in significant ankyrin proteolysis, the

Tateral mobility changes at 37°C would be totally reversible; this

also may have been observed (fig. 22b), although membrane protein in-
tegrity under the incubation conditions of fig. 22b was not assayed
directly. Third, under severe destabilizing conditions subtle dif-
ferences between ghost populations would be manifest in the exact
kinetics of lateral mobility changes, as well as in the time required
for all of the least stable cells to vesiculate while leaving intact
the more stable ghosts; this too was seen in the present study (fig. 23,
26). Finally, under all conditions destabilizing enough to result in
significant ankyrin proteolysis, lateral mobility changes would not

be totally reversible; this was observed for increases in both fractional
mobility (figs. 22,23, and 26) and diffusion coefficient (fig. 26). The
apparent total reversibility in diffusion coefficient seen in fig. 23
may be secondary to a mechanism alluded to above, in which vesiculation
of an entire population of destabilized erythrocyte membranes leaves

remaining a few extremely stable ghosts with intact cytoskeletons.



CHAPTER 6. LATERAL MOBILITY OF BAND 3: EFFECT
OF SPECIFIC CYTOSKELETAL PERTURBATIONS

In the preceding chapters it has been demonstrated that
conditions similar to those which destabilize several associative
interactions in the erythrocyte cytoskeleton (e.g., spectrin
dimer-tetramer association, spectrin-actin association, spectrin-
ankyrin association; see chapter 9) also result in progressive,
large increases in the lateral mobility of the transmembrane
protein band 3. Moreover, the greatest changes in band 3 mobility
have been correlated with specific proteolysis of the particular
cytoskeletal protein ankyrin. The putative role of ankyrin in
mediating cytoskeletal restraint of band 3 lateral mobility is
further explored in this chapter, in which the effects of several
cytoskeletal perturbants on band 3 mobility are examined. Condi-
tions affecting cytoskeletal perturbation include hypertonic ionic

strength, which destabilizes both the ankyrin-band 3 (196,204,214)

and ankyrin-spectrin (151,204,213) linkages while leaving intact
k the spectrin-actin-band 4.1 complex; and proteolytic fragments of
particular cytoskeletal proteins containing "univalent" binding
sites which would be expected to compete, on the intact ghost

membrane, with "bivalent" cytbskeleta] proteins.

Four proteolytic fragments were considered as potential agents

of cytoskeletal destabilization: a 72,000 dalton fragment of ankyrin
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involved in binding band 2 of spectrin (26,171,172,202,206); an
80,000 dalton fragment of band 1 of spectrin important in the
association of spectrin dimers to tetramers (171,172); a 43,000
dalton fragment of band 3 which binds ankyrin (213-215); and a
50,000 dalton fragment of band 2 of spectrin which binds ankyrin
(172). The effect of the latter two fragments on band 3 mobility
was not examined, because these fragments are reported to have
significantly lower affinities for their respective binding sites
on ankyrin than those of the native protein molecules from which
they are derived. Effective competition for binding sites on
the intact ghost membrane would have therefore required prohibi-
tively high concentrations of the proteolytic fragments. The
former two fragments, however, are reported to have approximately
the same affinities for their membrane attachment sites as the
proteins from which they are derived, making the 1ikelihood greater
that they would be able to compete effectively on the intact
membrane. Thus, the 72,000 dalton ankyrin fragment inhibits binding
of purified spectrin to inside-out vesicles with K; = 10-7M (203),
while the 80,000 dalton band 1 fragment binds to dimer spectrin in
solution with K, = 2.7 x 1076M (172).

In this chapter, then, the effects of hypertonic ionic
strength, the 72,000 dalton ankyrin fragment, and the 80,000 dalton
spectrin fragment on the lateral mobility of band 3 are reported.

The results confirm the central role of ankyrin in ths mediation of
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band 3 mobility restriction.
A. METHODS

The FPR apparatus employed in these studies was the improved,
recalibrated system described in chapter 2 (fig. 11c). Sample
temperature was controlled to +0.5°C with the thermostatted aluminum
sample holder (fig. 19), and monitored by means of a micro-
probe thermometer. Eosin-labeled erythrocyte ghosts were prepared
in the presence of PMSF, EDTA, and pepstatin A, and stored in 5 mM
NaP0,, 1 mM EDTA, 60 uM PMSF, 1 ug/ml pepstatin, 10 mM NaNj, bH 7.4,
at 4°C in the dark, until use (see chapter 3). Samples were mixed
and incubated as described below; they were then deoxygenated by a
stream of nitrogen for 1 hr and sealed on a microscope slide with
epoxy, all inside a pre-purged glove bag, as described in chapter 4A.

The FPR experiment was performed as noted above (chapter 4A).

1. Hypertonic KC1 Incubation. Thirty ul of eosin-labeled ghosts

was diluted to 300 ul with buffer comprising various concentrations
: of potassium chloride (approximately 0-1 M), 40 mM sodium phosphate,
é 1 mM EDTA, 60 uM PMSF, 1 ug/ml pepstatin A, and 1 mM NaN3, pH 7.4

(final concentrations), and the suspension incubated on ice for
15 min. Samples were then deoxygenated at room temperature and sealed

on a glass slide as described above.

2. 72,000 Dalton Ankyrin Fragment Incubation. Four ul of eosin~
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labeled ghosts (4.5 mg protein/ml; 2.1 ug eosin/mg protein) was added
to 76 ul of a solution of purified 72,000 dalton fragment in 7.5 mM
NaP0,, 0.5 mM EDTA, 0.2 mM DTT, pH 7.5 (i.e., pooled fractions 24
and 25 from DEAE-cellulose column chromatography; 0.3 mg protein/ml,
66% pure 72,000 dalton fragment by densitometer scan), and the
suspension incubated on ice for 30 min. This preincubation at

0°C, under low jonic strength conditions, in the presence of EDTA,
was designed to maximize the likelihood that the ankyrin fragment
would be able to penetrate freely the ghost membrane. Sixteen ul

of buffer was then added to bring the solution to 40 mM sodium phos-
phate, 1 mM EDTA, 60 uM PMSF, 1 nug/ml pepstatin A, 0.5 mM NaNj,

0.2 mM DTT, pH 7.4 (final concentrations), and the mixture incubated
on ice an additional 15 min. The final concentration of 72,000
dalton fragment in the solution was 2.6 x 10" ° M, and the excess

of fragment molecules to competing ankyrin molecules on the membrane
was 40:1. Samples were prepared for FPR experiments as described

above.

3. 80,000 Dalton Spectrin Fragment Incubation. In the first experiment,

2.5 1 of eosin-labeled ghosts (4;0 mg protein/ml; 1.8 ug eosin/mg
protein) was added to 50 ul of a stock solution of concentrated
80,000 dalton fragment in 20 mM NaPO,, 1 mM EDTA, 60 uM PMSF, 3 mM
NaN,, pH 7.4 (i.e., concentrated by pressure dialysis; 1.55 mg
protein/ml, 67% pure 80,000 dalton fragment by densitometer scan),
and the suspension incubated on jce for 60 min. One-half ul of a
stock solution of pepstatin was added to bring its concentration to

1 ug/ml, and the sample was immediately prepared for the FPR
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experiment. The final concentration of 80,000 daiton fragment in
this solution was 1.2 x 1075 M, and the excess of fragment molecules
to competing spectrin dimers on the membrane was 90:1. In all

other experiments, 3.5 ul of eosin-labeled ghosts (5.6 mg protein/mi;
2.1 ug eosin/mg protein) was mixed with 41.5 pl of 1 mM EDTA in

H,0 and 25 ul of the stock solution of concentrated 80,000 dalton
fragment, and the suspension incubated on ice for 1-64 hr (see below).
As above, these long preincubations at 0°C under conditions of low
jonic strength were designed to allow maximum diffusion of the
fragment across the ghost membranes. Final concentrations of constit-
uents in this pre-incubation medium were: NaPO,, 7.4 mM; EDTA,

1 mM; PMSF, 24 uM; pepstatin, 0.05 g/ml; NaN;, 1.6 mM; and 80,000
dalton fragment, 4.7 x 107¢ M. The excess of fragment molecules to
spectrin dimers on the membrane was 23:1. Small amounts (10-15 ul)
of buffer were then added to bring the solution to various concen-
trations of sodium phosphate (23-45 mM), 1 mM EDTA, 60 uM PMSF,

1 ug/ml pepstatin, 1.6 mM NaN;, pH 7.4 (final concentrations),

and the mixture incubated on ice an additional 15 min.

B. RESULTS

1. Hypertonic Ionic Strength. The results of a series of fluorescence

photobleaching recovery experiments on eosin-labeled erythrocyte
ghosts under hypertonic conditions are summarized in table 12 and
reproduced in fig. 31. These results are compared to those at

40 mM NaPO, with no added KC1, under which conditions there was, as
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TABLE 12. EFFECT OF HYPERTONIC KC1 ON LATERAL MOBILITY OF BAND 3°

21°cP 30°C¢ 37°¢cd
KC1, mM® Dx10'!, cm?sec™?} £ () N D £ (o) N D £ () N
945 2.1 0.6 0.13 £ 0.04 2  ---f ---f ---f ---f
589 ---9 0.08 + 0.08 2 1.1 +0.1 0.35 + 0.08 2 -f ---f
320 1.7 £ 0.6 0.24 +0.14 9 1.7 +0.7 0.42 +0.15 6 12+9  0.68 +0.16 8
0 1.3 + 0.5 0.12+0.09 6 1.9 +0.9 0.16 +0.07 5 1.3 +0.4 0.21 +0.13 8

3A11 values expressed as mean * S.D.

P23 hr incubation

€0.5-1 hr incubation

qo.uua.w hr incubation

€A samples also buffered in 40 mM NaP0O,, 1 mM EDTA, 60 uM PMSF, 1 ug/ml pepstatin A, 1 mM NaN;, pH 7.4
ﬁmxvmﬂﬂsmswm prevented by 100% ghost vesiculation

ozoﬂ determined
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Diffusion coefficients (A) and fractional recoveries of
fluorescence (B) obtained from FPR experiments on eosin-
labeled erythrocyte ghosts, as functions of ionic
strength, at various temperatures. All experiments were
performed in the presence of 40 mM NaP0O,, 60 uM PMSF,

1 mM EDTA and 1 wg/ml pepstatin A at pH 7.4. Individual
points represent the average of two to nine independent
measurements (see Table 12). '
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expected, a high degree of band 3 jmmobilization (10-20% mobile) as
well as slow diffusion of the mobile fraction (D = 1.5 x 10712 cm?sec ?)
at all temperatures. In many respects the hypertonic KC1 results
parallel those observed on low ionic strength incubation of eosin-
Jabeled ghosts (chapter 4; figs. 21, 25). At very high KC1 concentra-
tions as at very low ionic strengths, FPR measurements were prevented
by rapid and total ghost vesiculation, especially at elevated tempera-
tures. As the KC1 concentration was decreased from these very high
levels, significant increases over control values in both fractional
recovery and diffusion coefficient were observed. These changes

were dissociated from one another, as in the low ionic strength
experiments, in that fractional recovery increases occurred at lower
temperature than diffusion coefficient increases. For example, at
30°C the fractional mobility of band 3 was significantly greater in
320 mM or 589 mM KC1 buffer than in control buffer while the diffusion
coefficient remained unchanged.

The only hypertonic condition under which FPR measurements could
be obtained at 37°C was 320 mM KC1 buffer. A detailed comparison
between results obtained in this vs. control buffer is shown in
fig. 32C,D. Significant differences in band 3 diffusion coefficient
at 37°C (p < 0.02) and fractional mobility at both 30°C (p < 0.01)
and 37°C (p < 0.001) are evident.

As in the low ionic strength experiment (figs. 23, 26), the
lateral mobility of band 3 was sensitive to incubation time at
37°C under hypertonic conditions. Figure 33 presents the results

of a kinetic experiment in 320 mM KC1 buffer, in which FPR parameters
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———T2K FRAGMENT ——— ———320mM KCl ————
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Figure 32. Effect of specific cytoskeletal perturbation on diffusion
coefficients (A,C) and fractional recoveries of fluorescence
(3,D) obtained from FPR experiments on eosin-labeled erythro-
cyte ghosts. (A,B) Ghosts were incubated in 40 mM NaPO,
buffer, pH 7.4 containing 60 yM PMSF, 1 mM EDTA, and 1 ug/ml
pepstatin A, in the presence (hatched bars) or absence
(stippled bars) of a 2.6 x 10°° M concentration of purified
72,000 dalton ankyrin fragment containing the high-affinity
spectrin attachment site. Incubations were carried out for
1 (30°C, 37°C) or 3 (21°C) hr. Individual points represent
the average of two to eight independent measurements; error
bars represent mean + S.E.M. Significant differences (*,
p<0.02; **, p<0.01) between values in the presence and in
the absence of the ankyrin fragment were found for both
diffusion coefficients and fractional recoveries at 37°C.
(C,D) Ghosts were incubated in 40 mM NaPO, buffer, pH 7.4
containing 60 uM PMSF, 1 mM EDTA, and 1 ug/ml pepstatin A,
in the presence (hatched bars) or absence (stippled bars)
of 320 m¥ KC1. Incubations were carried out for 1 (30°C,
37°C) or 3 (21°C) hr. Individual points represent the
average of five to nine independent measurements (see
Table 12); error bars represent mean + S.E.M. Significant
differences (*, p<0.02; **, p<0.01; ***, p<0.001) between

_ values in the presence and in the absence of hypertonic.KC1
were. found for diffusion coefficients at 37°C and fractional
recoveries at 30°C and 37°C.
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Figure 33.
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Diffusion coefficients (A) and fractional recoveries of
fluorescence (B) obtained from FPR experiments on eosin-
labeled erythrocyte ghosts as functions of incubation time
at 37°C. The buffer comprised 40 mM NaPO,, 320 mM KC1,

60 uM PMSF, 1 mM EDTA, 1 wg/ml pepstatin A, pH 7.4. Hori-
zontal broken lines represent initial values at 21°C, before
the temperature had been increased to 37°C. Smoothed curves
are drawn through the experimental points by pairwise averaging
of adjacent data points. At t=0, curves are extrapolated
back to the values obtained at 30°C in the same buffer.
Vertical broken lines represent return of temperature to
21°C. Temperature equilibration time was approximately

10 min. Each experimental point was obtained from a
separate erythrocyte ghost in the sample.
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were determined every 10-20 min after increasing the incubation
temperature to 37°C. An immediate increase in fractional recovery
to 85-90% (probably maximal under these conditions; see chapter 4)
was followed by a more gradual increase in diffusion coefficient to
52 + 12 x 107 cm2sec”® (N=2),or about 50 times the room temperature
value. Reversal of the incubation temperature to 21°C resulted in
partial reversibility of both diffusion coefficient and fractional
recovery. All of these features of the kinetic experiment have
their parallels in the Tow ionic strength case (figs. 23, 26).

It should be noted that, while large fractional recoveries were
always observed under hypertonic (320 mM) KC1, 37°C, long incubation
time conditions, 50-fold increases in diffusion coefficient were
only observed in two out of four eosin-labeled ghost preparations
examined. This variability was manifested statistically by the
relatively large standard deviation of the diffusion coefficient
under these conditions (table 12). The reason for the variability
is unknown; it may relate to subtle biochemical differences among
the various ghost preparations. In particular, different ghost

membrane preparations might have different susceptibilities to

endogenous proteases (or even different numbers of active protease
molecules) whose action in the specific proteolytic degradation
of ankyrin is necessary prior to complete release of band 3 from

cytoskeietal restraint (see chapter 9).

2. 72,000 Dalton Ankyrin Fragment. The lateral mobility of eosin-

labeled band 3 in the presence and absence of a 72,000 dalton
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proteolytic fragment of ankyrin which serves as the high-affinity
binding site for spectrin on the membrane is shown in fig. 32A,B.

A11 samples were buffered in 40 mM NaPO,, pH 7.4, in the presence

of the protease inhibitors EDTA, PMSF, and pepstatin A. In the
presence of the 72,000 dalton fragment both the diffusion coefficient
and fractional recovery were increased over control values at all
temperatures, but the differences reached statistical significance
only at 37°C (p < 0.02 for diffusion coefficient, p < 0.01 for
fractional recovery). Under these conditions the fractional mobility
of band 3 was increased 2i-fold, and the diffusion coefficient of

the mobile fraction 3-fold, over control values.

3. 80,000 Dalton Spectrin Fragment. The lateral mobility of eosin-

labeled band 3 was apparently unaffected by the presence of an
80,000 dalton fragment of band 1 involved in the dimer-tetramer
interaction of spectrin, under a variety of pre-incubation and
incubation conditions (table 13; cf. control values in table 10).
The bulk of the pre-incubations of ghost; with concentrated 80,000
dalton fragment was performed in 7.5 M NaPQ, buffer at 0°C, under
which conditions a substantial amount of the 72,000 dalton ankyrin
fragment was apparently able to penetrate the ghost membrane (as
assessed by its positive effect on band 3 lateral mobility; cf. fig.
32). Even upon incubation at relatively low ionic strength (23 mM
NaP0,), however, the diffusion coefficient and fractional mobility

of band 3 were not significantly changed by the addition of the

spectrin fragment.
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TABLE 13. EFFECT OF 80K SPECTRIN FRAGMENT ON LATERAL MOBILITY OF BAND MW

21°cP 30°cS 37°¢4
NaPO, ,© mM =w~opm o

s cm?sec £ () N D f () N D () N
23f 1.1 0.06 + 0.06 2 1.2+0.0 0.32+0.03 2 1.4%0.8 0.46+0.09 5
269 1.9 0.13 + 0.01 2 1.3+ 0.4 0.23 ¢ 0.07 4
32h -1 0.05 + 0.04 2 1.7 £ 0.6 0.26 £ 0.07 5
45" 1.6 0.08 + 0.07 2 0.87 0.21+0.11 2 1.5+0.4 0.23+0.05 3
243 -t 0.04 + 0.02 2 1.8 £ 0.3 0.36 £ 0.06 4

3A11 values expressed as mean + S.D. Concentration of 80K fragment was
except 24 mM NaPO, where concentration was 1.2 x 1075 M

b2_3 hre incubation

€0.5-1 hr incubation

99.5-3 hr 4ncubation

®A11 samples also buffered in 1 mM EDTA, 60 uM PMSF, 1 ug/ml pepstatin,
ﬁwuavdm was pre-incubated at 0°C for 64 hr in 7.4 mM NaPO,

amwsv_m was pre-incubated at 0°C for 42 hr in 7.4 mM NaPO,

:wmav_m was pre-incubated at 0°C for 1 hr in 7.4 mM NaPO,

*zo« determined

umwav_w was pre-incubated at 0°C for 1 hr in 19 mM NaPO,

4.7 x 10°¢ M in all preparations,

1.6 mM NaNs, pH 7.4
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C. DISCUSSION

This chapter presents a series of fluorescence photobleaching
recovery experiments in which the lateral mobility of eosin-Tabeled
band 3 in erythrocyte ghost membranes was measured as a function of
various treatments known to perturb specifically interactions with
the erythrocyte cytoskeleton. Incubation in hypertonic KC1 buffer
led to large increases in both the fraction of mobile band 3 (90%
mobile) and the diffusion rate of the mobile fraction (50 x 107!
cm2sec”!). The increase in the fraction of mobile band 3 was disso-
ciated from that in the diffusion coefficient, under conditions
of varying ionic strength (fig. 31), temperature (fig. 32), and
incubation time (fig. 33). These features of the hypertonic KCI
experiments all had close parallels in the low ionic strength experi-
ments (chapter 4); this in turn may imply a common, or at least
overlapping, biochemical basis for the observed lateral mobility
changes under both sets of conditions. In particular, it suggests
that specific proteolysis of ankyrin might be the universal biochemical
correlate of extremely rapid band 3 diffusion (see chapter 9). It
may be noted that, as in the low ionic strength experiments, hyper-
tonic conditions identical to those employed conventionally to
achieve a particular biochemical effect (e.g., the extraction of

ankyrin from erythrocyte cytoskeletons (204) or spectrin-actin
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depleted vesicles (196) with 1 M KC1) were too strong for the FPR
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experiments in the sense that they led to rapid and complete ghost

vesiculation. Milder but qualitatively similar conditions (e.g.,




320 mM KC1) were, however, very effective in producing large lateral
mobility changes without immediate vesiculation.

Treatment of eosin-labeled erythrocyte ghosts with a 72,000
dalton proteolytic fragment of ankyrin containing the high affinity
binding site for spectrin on the inner membrane surface led to
approximately 3-fold increases over control values in both diffusion
coefficient and fractional mobility of band 3. The concentration
of 72,000 dalton fragment was approximately 25 times greater in

this experiment than that needed to produce its in vitro biochemical

effect (see above). Using the cell fusion technique for lateral
mobility measurement (see chapter 1), Fowler and Bennett (240)

showed a two-fold increase in the lateral diffusion of fluorescein-
labeled erythrocyte transmembrane proteins (chiefly band 3 and
glycophorin) in the presence of the 72,000 dalton fragment. The
concentration of fragment required to achieve this effect was within
a factor of two of that used in the present study. These experiments
implicate the ankyrin-spectrin linkage as one controlling element

in band 3 lateral mobility. It is evident that other forces must

be involved as well, however, since the increase in lateral mobility
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achieved by the ankyrin fragment alone was still an order of magnitude

less than that observed under both low and hypertonic ionic strength
conditions (see above and chapter 9).

In contrast to the 72,000 dalton ankyrin fragment, the 80,000
dalton band 1 fragment involved in the polymerization of dimer
spectrin was unable to produce increases in band 3 lateral mobility.

For technical reaons it was possible to incubate eosin-labeled ghosts
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with a concentration of 80,000 dalton fragment only 2- to 4-fold
greater than that which binds to dimer spectrin in solution (172,
see above). The inability of such a Tow concentration of fragment
to compete effectively with its binding site on the membrane may
verywell be the explanation for the lack of change in band 3 lateral
mobility. In particular, it may not be concluded from this data
that the spectrin polymerization process is not involved in the

regulation of mobility of the transmembrane protein band 3.




b
A
‘.'4
e
i
20
4
"3‘
N
k<
)
=
=1
]
]
3
4
1
¥4

A s TR

CHAPTER 7. LATERAL MOBILITY OF PHOSPHOLIPID
AND CHOLESTEROL: MODEL SYSTEMS

It has been shown that, in both low and hypertonic ionic
strength medium, the lateral diffusion coefficient of band 3 in
the erythrocyte ghost membrane may reach a maximum value which is
approximately 50-fold greater than that seen under more physiologic
conditions. The hypothesis was conceived that this rapid lateral
mobility might signify the "diffusion 1imit" for band 3 in the ghost
membrane, i.e., that a diffusion coefficient of 50 x 107*! cm?sec~?
might represent the fastest possible rate of lateral mobility for a
90,000 dalton transmembrane protein in a 1ipid bilayer composed of
the mixture of phospholipids and cholesterol given in Table 1. The
most direct experimental approach to test this hypothesis, it was
thought, would be to measure the lateral diffusion, under the same
membrane under the same conditions, of an object whose mobility was
governed only by the viscosity of the 1ipid bilayer. Such an object
is present in abundance in the erythrocyte membrane in the form of
phospholipid or cholesterol. The phospholipid probe employed in
these FPR studies was NBD-phosphatidylethanolamine (NBD-PE); the
cholesterol probe was NBD-cholesterol (NBD-chol). Since the latter
js a fluorescent cholesterol derivative newly synthesized in the labo-
ratory of Dr. Robert R. Rando, Dept. of Pharmacology, Harvard Medical
School (308), it was thought desirable to compare its lateral mobility

with that of the conventional phospholipid probe NBD-PE in several
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model systems before incorporating the probes into erythrocyte ghost

membranes. In this chapter, the lateral mobilities of NBD-PE and

%
|
|

NBD-chol as functions of temperature and composition are compared in
multilamellar liposomes composed of pure dimyristoylphosphatidyl-
choline (DMPC), DMPC + 0-40 mole % cholesterol, pure egg phosphatidyl-
choline (egg PC), and egg PC + 0-50 mole % cholesterol. Studies of
these probes in the erythrocyte ghost membrane appear in the following

chapter.
A. METHODS

The FPR apparatus employed in these studies was the improved,

recalibrated system diagrammed in fig. 1lc. Sample temperatures were

‘ controlled to + 0.5°C with the thermostatted sample holder shown in

g fig. 19. Solutions of DMPC or egg PC and cholesterol (if required)

] were labeled with 0.15 mole % NBD-PE or NBD-chol and multilamellar

: 1iposomes prepared as described (chapter 3). Many such Tiposomes were
in excess of 20 um in diameter, making possible the use of the 40 X
objective (1/e® radius (w) = 2.2 um; see chapter 2) instead of the

100 X objective (w = 0.9 um) for more accurate measurement of extremely
rapid lateral diffusion. Three hundred ul solutions of liposomes

: were deoxygenated for an additional hr and samples sealed on a microscope

slide with epoxy as described (chapter 4A). The FPR experiment was
performed as noted in chapter 4A, except that the XY recorder filter

was switched to 0.00 sec for experiments in which extremely rapid

Tateral diffusion (1% = 0.25 - 2 sec) was measured.
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B. RESULTS

1. lateral Mobility of NBD-PE and NBD-chol in DMPC Liposomes:

Temperature Dependence. Lateral diffusion coefficients for NBD-PE

and NBD-chol as a function of temperature in pure DMPC multilamellar
liposomes are presented in fig. 34. Both probes manifested a sharp,
50-fold change in diffusion coefficient at 24°C, the main phase transi-
tion temperature (Tm) for the bulk phospholipid. Diffusion coefficients
for the two probes were not significantly different from each other at
temperatures both above and below Tm. There was some variability in
measurements of diffusion coefficients below Tm, which may reflect
subtle differences in phospholipid packing resulting from small varia-
tions in sample preparation (e.g., degree of hydration; see ref. 342)
from day to day. When careful comparisons between lateral mobility
parameters of NBD-PE and NBD-chol were made in identical DMPC multi-
lamellar liposome preparations on the same day, however, diffusion
coefficients for the two probes were within experimental error of

one another both above and below Tm (fig. 34; table 14). Fractional
recoveries averaged 0.85 for both probes at all temparatures examined

(data not shown).

2. Lateral Mobility of NBD-PE and NBD-chol in Binary Mixtures of DMPC

and Cholesterol: Composition Dependence. Lateral diffusion coefficients

for both 1ipid probes were strongly dependent on the mole fraction of

cholesterol (X ]) in multilamellar liposomes prepared from mixtures

cho
of DMPC and cholesterol (fig. 35; table 15). Below the main phase
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Lateral diffusion coefficient of NBD-phosphatidylethanolamine
(closed symbols) and NBD-cholesterol (open symbols) in dimy-
ristoylphosphatidylcholine multilamellar liposomes, as a
function of temperature. Lipid probes were added to a final
mole fraction of 0.15%. Points connected by curves represent
measurements performed on a single liposome preparation by
scanning temperature from lowest to highest. Identical
symbols (triangles, diamonds) represent direct comparisons
between the two fluorescent 1ipid probes in identical
liposome preparations measured on the same day. Each

point represents the average of 2 (0,0), 4 (0 ,¢) or

6 ( A,a,8 ) independent measurements. There is no signi-
ficant difference between the diffusion coefficients of

the two probes at any temperature examined. Fractional
recoveries of fluorescence averaged 0.85 for both probes

at all temperatures.
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Table 14. LATERAL MOBILITY OF NBD-PE AND NBD-CHOL IN DMPC
MULTILAMELLAR LIPOSOMES: DIRECT COMPARISONS®

%
§
;

Probe Temp, °C Dx10!°, cm2sec™! f(=) N
NBD-PE 10.3 1.1 +0.1 0.89 + 0.05
NBD-chol 10.5 1.0+ 0.4 0.89 = 0.04
NBD-PE 19.0 2.1 £ 0.2 0.79 = 0.04
NBD-chol 19.0 1.7 £ 0.6 0.77 + 0.04
NBD-PE 26.0 180 + 20 0.91 + 0.06 4
NBD-chol 26.0 160 = 30 0.91 + 0.04 4

2 Measurements at a given temperature were performed on identical
Tiposome preparations on the same day. Measurements are reported
as mean * SD.
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Figure 35. Lateral diffusion coefficient of NBD-phosphatidylethanolamine
(closed symbols) and NBD-cholesterol (open symbols) in binary
mixtures of dimyristoylphosphatidylcholine and cholesterol,
as a function of cholesterol mole fraction, at temperatures
above and below the main phase transition temperature for
the pure phospholipid (24°C). Measurements at any given
1ipid composition were performed on identical 1iposome
preparations on the same day. Individual points represent
the average of three to six independent measurements. Error
bars (mean + S.E.M.) are shown for comparisons in which
there are significant differences (*, p<0.03; **, p<0.02)
between diffusion coefficients of the phospholipid and

3 cholesterol probes. The sample temperature was measured

i to an accuracy of + 0.5°C with a thermistor. There are

3 significant differences between diffusion coefficients of

the two probes only for cholesterol mole fractions between

5% and 20% at the temperature below the phase transition

temperature for the pure phospholipid.




TABLE 15a. LATERAL MOBILITY OF NBD-PE AND NBD-CHOL IN OMPC/CHOLESTEROL

mm MULTILAMELLAR LIPOSOMES; T < Tm®
NBD-PE NBD-CHOL:

Dx10%1, c

xPchol cm?sec” (=) N D (=) N P
0.00 2.1 £ 0.2 0.79 + 0.04 4 1.7 + 0.6 0.77 + 0.04 5 Nsd
0.05 2.7 £ 0.3 0.75 = 0.05 5 4.3+ 1,0 0.78 + 0.05 6 <0.02
0.10 1.7 £ 0.2 0.85 + 0.01 4 2.7 £ 0.7 0.84 £ 0.02 6 <0.02
0.15 2.4 £ 0.1 0.86 + 0.03 3 4.0 £ 0.7 0.91 £ 0.02 4 <0.03
0.20 13¢6 0.91 + 0.06 6 23 + 3 0.93 t 0.04 4 <0.02

0.25 20 + 3 0.93 + 0.10 3 28 £ 5 0.86 + 0.04 3 NS

0.30 32+4 0.86 + 0.05 4 313 0.93 + 0.02 4 NS

0.35 332 0.91 + 0.05 6 37 £ 6 0.92 + 0.06 6 NS

0.40 37+ 6 0.95 + 0.04 4 38+1 0.95 + 0.03 4 NS

3Measurements at a given cholesterol mole fraction were performed on identical 1iposome
preparations on the same day. Temperature was 19°C. Measurements are reported as mean * SD.

vnso_omnmso_ mole fraction

CYest of significance between diffusion coefficients of NBD-PE and NBD-chol (Student's two-tailed t test)

dNot significant (P > 0.03)

I T T RN A NI T I e T ) BT RS S N

2 e Elaoaio DR e




189

TABLE 15b. LATERAL MOBILITY OF NBD-PE AND NBD-CHOL IN DMPC/CHOLESTEROL

MULTILAMELLAR LIPOSOMES: T > Tm®

NBD-PE NBD-CHOL

b owHocup

X"chol cmesec f(=) N D f(=)
0.00 18 £ 2 0.91 + 0.06 4 16 £+ 3 0.91 + 0.04
0.05 19 £ 4 0.84 £+ 0.08 6 19+ 3 0.88 + 0.04
0.10 17 £ 1 0.88 + 0.04 4 141 0.95 x 0.01
0.15 8.6 £ 0.4 0.92 + 0.03 4 8.0 £ 0.5 0.92 ¢+ 0.93
0.20 9.4 + 1.2 0.86 + 0.04 4 7.9+ 1.8 0.92 + 0.05
0.25 5.1 £ 0.9 0.87 £ 0.02 3 5.3+ 0.3 0.88  0.03
0.30 6.4 £ 0.6 0.92 + 0.04 4 5.8 + 0.9 0.94 = 0.01
0.35 5.9 £ 0.7 0.92  0.02 4 4.8 £ 0.8 0.95 t 0.03
0.40 6.4 £ 0.5 0.94 £ 0.02 4 6.0 £ 0.7 0.97 £ 0.02

NS
NS
NS
NS
NS
NS
NS
NS
NS

-h-h-hw-h-h&@-blz

3Measurements at a given cholesterol mole fraction were performed on identical liposome
preparations on the same day. Temperature was 26°C. Measurements are reported as mean = SD.

vnsodowemxo_ mole fraction.
CTest of significance between diffusion coefficients of NBD-PE and NBD-chol

dNot significant (p > 0.03)

(Student's two-tailed t test)
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transition temperature for the bulk phospholipid (T < Tm), there was
a sharp 10-fold increase in the diffusion coefficient of both NBD-PE
and NBD-chol at xcho] = 0.20; at T > Tm, there was a more gradual
3-fold decrease in the diffusion coefficients of both probes over the
range Xcho] = 0.10 - 0.25. The diffusion coefficients of NBD-PE and
NBD-chol were within experimental error of one another except under
the conditions of T < Tm, Xcho] = 0.05 - 0.20, where the cholesterol
probe consistently diffused 60-80% faster than the phospholipid
probe. Fractional recoveries for the two probes were not signifi-
cantly different from one another under any conditions of temperature

and composition (table 15).

3. Lateral Mobility of NBD-PE and NBD-chol in Egg PC Liposomes:

Temperature Dependence. The two 1ipid probes manifested identical

lateral mobility behavior in egg PC multilamellar liposomes (fig. 36;
table 16). The lateral diffusion coefficients showed a very weak
temperature dependence, as expected for diffusion in a heterogeneous
mixture of various phosphatidylcholines. In particular, there was

no recognizable phase transition over the temperature range 10°-37°C,
and diffusion was rapid over the entire range of temperatures (fig. 36).
NBD-PE and NBD-chol diffusion coefficients in egg PC iiposomes were
jdentical to those in DMPC liposomes at temperatures greater than Tm,
the main phase transition temperature for this homogeneous saturated

phospholipid (fig. 36).



191

107,

OIFFUSION COEFFICIENT D, cm?sec™!
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! Figure 36. Lateral diffusion coefficient of NBD-phosphatidylethanolamine
: (closed symbols) and NBD-cholesterol (open symbols) in egg
phosphatidylcholine multilamellar liposomes, as a function
of temperature. Lipid probes were added to a final mole
fraction of 0.15%. Measurements at a given temperature

were performed on identical liposome preparations on the

same day. Each point represents the average of three to
five independent measurements (see Table 16). There is no
significant difference between the diffusion coefficients

of the two probes at any temperature examined. Fractional
recoveries of fluorescence averaged 0.88 for NBD-phosphatidyl-
ethanolamine and 0.93 for NBD-cholesterol; these were not
significantly different at any temperature. For comparison

i the range of values of the lateral diffusion coefficient

g of the 1ipid probes in dimyristoylphosphatidylcholine

; multilamellar liposomes is shown (stippled area; see

Figure 34).
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TABLE 16. LATERAL MOBILITY OF NBD-PE AND NBD-CHOL IN
EGG PC MULTILAMELLAR LIPOSOMES?

Probe Temp, °C Dx10°, cm®sec”!  f(=) N
NBD-PE 10 1.8 0.2 0.84%0.09 4
NBD-chol 10 1.7 0.2 0.90 £ 0.02 4
NBD-PE 15 1.9 £0.3 0.8 + 0.08
NBD-chol 15 1.7 0.3 0.92£0.03 5
: NBD-PE 22 2.1+0.3 0.91+0.04 4
E |
j NBD-chol 22 2.3+0.1 0.93:0.08 4
] NBD-PE 30 2.8+0.3 0.89+0.08 3
'3 NBD-chol 30 2.6 +0.4 0.97 £ 0.01
1
1 NBD-PE 37 2.8+0.3 0.87:0.04 3
j NBD-cho] 37 2.8+0.2 0.94*0.01

dMeasurements at a given temperature were performed on identical
: liposome preparations on the same day. Measurements are reported
; as mean + SD.
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4. Llateral Mobility of NBD-PE and NBD-chol in Mixtures of Egg PC

and Cholesterol: Composition Dependence. As in egg PC multilamellar

liposomes, the phospholipid and cholesterol probes manifested identi-
cal lateral mobility behavior in multilamellar Tiposomes composed of
egg PC and cholesterol over the entire composition range from Xcho] =
0.0 to Xcho] = 0.5 (fig. 37; table 17). Diffusion coefficients

showed a gradual two-fold decrease with increasing cholesterol mole
fraction at both 15°C and 37°C (fig. 37); this may be compared with the

three-fold decrease exhibited by the two probes in binary mixtures of

DMPC and cholesterol above the main phase transition temperature for

the bulk phospholipid (fig. 35).
C. DISCUSSION

In this chapter the lateral mobilities of the phospholipid
analog NBD-PE and the cholesterol analog NBD-chol in various model
membrane systems have been examined. Both probes exhibited relatively
stow diffusion (D < 10-° cm2sec™?) in membranes comprised mainly of
"solid" 1ipid regions (i.e., DMPC/cholesterol liposomes at Xcho] < 0.20
and T < Tm), and relatively fast diffusion (D > 10~° cm®sec™!) in
membranes containing large amounts of "fluid" phase lipid (i.e., DMPC/
cholesterol liposomes at xcho1-3 0.20 and/or T > Tm, and all egg PC/
cholesterol liposomes). Increasing temperature led to increases in
the lateral diffusion coefficient of both probes in all 1iposome

systems, with sharp 50-fold changes at the main phase transition

temperature of the bulk phospholipid (Tm) in DMPC 1iposomes. The

N FP e S NP
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Figure 37. Lateral diffusion coefficient of NBD-phosphatidylethanolamine
(closed symbols) and NBD-cholesterol (open symbols) in
mixtures of egg phosphatidylcholine and cholesterol, as a
function of cholesterol mole fraction, at two different
temperatures. Measurements at any given lipid composition
were performed on identical liposome preparations on the
same day. Individual points represent the average of two
to five independent measurements (see Table 17). There is
no significant difference between the diffusion coefficients
of the two probes at any lipid composition at either tempera-
, ture. For comparison the mean value of the lateral diffusion
3 coefficient of the 1ipid probes in binary mixtures of dimy-
3 ristoylphosphatidylcholine and cholesterol above the main
phase transition temperature for the bulk phospholipid is
shown (dashed line; see Figure 35).
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Temp,

°C

TABLE 17.

xPchol

10

15

21

37

0.0
c.#

0.0
0.1
0.2
0.3
0.4
0.5

0.0
0.5

0.0
0.1
0.2
0.3
0.4
0.5

LATERAL MOBILITY OF NBD-PE AND NBD-CHOL IN EGG PC/CHOLESTEROL

MULTILAMELLAR LIPOSOMES?

Dx108,
cm?sec™?
1.8 = 0.2
1.8 £+ 0.2
1.9 £ 0.3
1.8 £+ 0.2
1.5 £ 0.2
1.1 £ 0.1
0.9 + 0.1
1.0 £ 0.1
2.1 £+ 0.3
1.0 £ 0.1
2.8 + 0.3
2.2 £ 0.4
2.4 £ 0.3
1.8 + 0.1
1.7 £ 0.1
1.6 £ 0.3

NBD-PE

fl=) N
0.84 + 0.09 4
0.88 + 0.03 4
0.88 + 0.08 4
0.98 + 0.01 4
0.90 £ 0.08 4
0.94 £ 0.02 4
0.94 + 0.11 2
0.83 + 0.14 3
0.91 + 0.04 4
0.95 = 0.3 3
0.87 + 0.04 3
0.97 + 0.01 4
0.94 + 0.02 4
0.92 + 0.01 4
0.90 = 0.05 2
0.93 = 0.04 3

D
1.7 £ 0.2
1.6 £ 0.2
1.7 £ 0.3
1.8 £ 0.2
1.6 £ 0.2
1.1 £ 0.1
0.8 £ 0.0
1.0 £ 0.1
2.3 1 0.1
0.9 £ 0.1
N.m H o.N
2.6 £ 0.2
2.5+ 0.6
2.0 £ 0.1
1.8 £ 0.5

1.4 £ 0.2

NBD-CHOL
£
0.90 + 0.02
0.84 = 0.01
0.92 + 0.03
0.87 + 0.02
0.89 = 0.06
0.97 = 0.02
0.91 = 0.07
0.87 + 0.04
0.93 = 0.08
0.97 + 0.03
0.94 + 0.01
0.87 = 0.01
0.87 + 0.03
0.96 + 0.04
0.96 + 0.03
0.98 + 0.02

L W W d ws » o SN W PO aalz
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Table 17 (continued)

3Measurements at a given cholesterol mole fraction were performed on identical liposome
preparations, on the same day. Measurements are reported as mean * SD.

uo:odmmamsod mole fraction.
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mole fraction of cholesterol (X ]) in binary mixtures of phospho-

cho
1ipid (DMPC or egg PC) and cholesterol was directly related to the
lateral diffusion coefficient (D) of both probes at temperature (T)
below Tm and inversely related to D at temperatures above Tm; sharp
10-fold increases in diffusion rate at Xchol ~ 0.20, T < Tm, in DMPC/
cholesterol liposomes were also observed. NBD-PE and NBD-chol mani-
fested identical lateral mobilities in all model systems except DMPC
liposomes to which 5-20 mole % cholesterol had been added, at tempera-
tures below Tm. Under these conditions the cholesterol probe consis-
tently diffused 60-80% faster than the phospholipid probe. Lateral
mobility parameters for the phospholipid probe NBD-PE obtained in

the present study agree, both qualitatively and quantitatively, with
those presented in the literature for model membrane systems composed

of pure DMPC liposomes (290) or multibilayers (245,247,289), egg PC
multibilayers (245,289), DMPC/cholesterol liposomes (290) or multi-

bilayers (245,343), and egg PC/cholesterol multibilayers (24%,289)
(see table 5).

O IISPEVRNPIE TS SN e S RPN S ORI S SAVE SR T ARG G T TP G & b ris N ris 6572 pior s 4 oes & AR s A AT A T VLN Lo s TR TR A AN I e e

The concordance between the lateral mobilities of NBD-chol and
NBD-PE in model membranes under nearly all conditions implies that this
novel fluorescent cholesterol analog functions as a true probe of
1ipid (and more specifically, cholesterol) mobility. Further, this
agreement suggests that any significant difference between diffusion
coefficients of NBD-chol and NBD-PE in a particular membrane system
reflects a real distinction between the environments of the bulk

(unlabeled) cholesterol and phospholipid. Such a difference was found
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in the present study for DMPC/cholesterol 1liposomes at cholesterol
mole fractions between 5 and 20% and temperatures less than the main
phase transition temperature for the phospholipid (fig. 35). That
this difference was due to the addition of bulk cholesterol to DMPC
and not to temperature alone is evident from the observation that
tracer quantities of NBD-PE and NBD-chol have identical lateral
mobilities in pure DMPC 1iposomes at temperatures both above and
below Tm (fig. 34, table 14). Low concentrations of cholesterol
(5-20 mole %), when added to gel-phase DMPC, thus appear to parti-
tion in the membrane such that the bulk of the cholesterol is in a
different physical environment from the bulk of the phospholipid.
Two models for the molecular packing in binary mixtures of DMPC and
choiesterol have recently appeared in the literature; both suggest

a lateral phase separation between "solid" regions containing pure
phospholipid and "fluid" regions containing phospholipid + 20 mole %
cholesterol, under the conditions T < Tm, xcho] < 0.20 (refs. 344,
345). The first model postulates a separation based on alternating
parallel bands of solid and fluid 1ipid (344) and is supported by freeze-
fracture electron microscopic studies (346); the second hypothesizes
unoriented islands of solid and fluid lipid (345). From the
present data it is impossible to choose between these competing models,
since they both would predict only a small difference between the
measured diffusion coefficients of cholesterol and phospholipid in
DMPC/cholesterol multilamellar liposomes using the FPR technique.

Thus, the large discrepancy between the size of the putative iipid
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domains (0.01 - 0.1 um width) and the diameter of the bleaching laser
beam (2 ym), as well as the spatial averaging over all possible
domain orientations in a multilamellar system, both tend to minimize
the measured difference between the diffusion coefficients of the
two probes (see, for example, fig. 7 of ref. 344).

In contrast to the results obtained in DMPC/cholesterol 1ipo-
somes at X, q < 0.20, T < Tm (in which 1ipid lateral mobility is
greatly slowed by significant amounts of "solid"-phase 1ipid), cho-
lesterol and phospholipid have the same lateral mobility in all model
membranes composed of "fluid"-phase 1ipid only. This result is of
interest in 1light of the hypothesis that coexisting, jmmiscible fluid
domains may be present in model membranes under certain conditions
(347). The present observations would imply either that cholesterol
is present to the same extent in all of the fluid domains, that Tipids
in all of the domains have the same lateral mobility, or that the FPR
technique is not sensitive enough to detect small differences in micro-

environment between adjacent fluid 1ipid domains.



CHAPTER 8. LATERAL MOBILITY OF PHOSPHOLIPID AND
CHOLESTEROL: ERYTHROCYTE MEMBRANE

In the preceding chapter the utility of the fluorescent
phospholipid and cholesterol analogs, NBD-PE and NBD-chol res-
pectively, in the measurement of phospholipid and cholesterol

lateral mobility has been demonstrated. Based on the model system

studies, it might be predicted that cholesterol and phospholipid

3 should have identical lateral mobilities in the erythrocyte ghost
membrane, which contains a heterogeneous mixture of 1ipids (table 1)
that are not organized into laterally separated domains (see chapter 4).
Studies in the present chapter address this question directly. In
addition, the relationships between band 3 and 1ipid mobility in

the human erythrocyte ghost membrane, and between 1ipid mobility

in the ghost membrane and in liposomes prepared from whole lipid

; extracts of the ghost membrane, are explored.
A. METHODS

The improved, recalibrated FPR apparatus.diagrammed in fig. 1llc
was employed in these studies. Sample temperatures were controlled
to + 0.5°C with a thermostatted sample holder (fig. 19).

As described in chapter 3, multilamellar 1iposomes were prepared
from extracted erythrocyte membrane 1ipids (cholesterol/phospholipid (C/P)

molar ratio of 0.75) and either NBD-PE or NBD-chol (final fluorophore

§ concentration of 0.06 mole %). Erythrocyte ghosts (C/P molar ratio of 1.11)

200
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were labeled directly using a sonicated solution of pure NBD-PE (final
fluorophore mole fraction of 0.067), then washed twice inone of several
phosphate buffers (see Results). Ghosts were also labeled by ex-
change using a suspension of NBD-chol labeled liposomes prepared
from total extracts of erythrocyte membrane 1ipid. The final mole
fraction of NBD-chol in these ghosts was estimated to be 0.01 - 0.02.
As noted in chapter 3, NBD-chol exchange into ghost membranes
proceeded slowly and erratically. Such exchange most likely involves
a water-soluble intermediate rather than a fusion event between
liposome and ghost membrane (348-350), implying that the problem
with exchange in the present case occurs in either the reiease of
NBD-chol from the liposome or the insertion of the solubilized probe
jnto the ghost membrane. The latter possibility is made less likely
by the observation that the cholesterol content of erythrocyte ghost
membranes can be varied markedly by equilibration with phospholipid
dispersions containing the appropriate level of cholesterol (351).
Since NBD-chol does, in fact, readily exchange from simple phospho-
lipid/cholesterol dispersions into cell membranes of several other
types (Rando, R.R. and F.W. Bangerter, in preparation), there may
well be a unique interaction between the probe and the particular
mixture of lipids in the erythrocyte membrane which prevents efficient
solubilization (release) of the cholesterol derivative from the eryth-
rocyte 1ipid liposomes. .

Three hundred ul solutions of labeled liposomes or ghosts were

deoxygenated and the samples sealed on a microscope slide with epoxy, as
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described in chapter 4A. The FPR experiment was performed as described

(chapter 4A).
B. RESULTS

In multilamellar 1iposomes prepared from total 1ipid extracts
of erythrocyte ghost membranes, NBD-PE and NBD-chol manifested identi-

cal lateral mobilities within the temperature range 15°C to 37°C.

e e e A R T e G L NN EI I SRR U

Diffusion coefficients and fractional recoveries of fluorescence had

no dependence on ionic strength for either probe (table 18). As

seen in the model systems egg PC and egg PC:cholesterol (1:1, mol:mol),

the temperature dependence of the diffusion coefficient was small

(1ess than two-fold increase from 15°C to 37°C); fractional mobilities

of the probes were greater than 0.90 in all cases (fig. 38, table 18).
Because of the difficulties involved in the incorporation of

NBD-chol into erythrocyte ghost membranes (see chapter 3), compari-

sons between lateral mobility parameters for NBD-PE and NBD-chol

were possible only in 40 mM NaP0, buffer. Under these conditions

the cholesterol and phospholipid probes exhibited identical lateral

mobility between 15°C and 37°C (fig. 38, table 19). Again the tempera-

ture dependence of the diffusion coefficient was small; fractional

recoveries of fluorescence averaged 0.79 for NBD-PE and 0.75 for

3 NBD-chol in this buffer system.

: There was no significant ionic strength dependence of the

lateral mobility parameters of NBD-PE in erythrocyte ghost membranes.

Buffers employed in this study included isotonic phosphate-buffered
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TABLE 18. LATERAL MOBILITY OF NBD-PE AND NBD-CHOL IN EXTRACTED

ERYTHROCYTE LIPID MULTILAMELLAR LIPOSOMES®

0.4
0.8
0.7

0.1
0.3

NBD-PE —
Dx10°,
Buffer Temp, °C cm?®sec™? (=) N D
b 15 4.8 + 0.2 0.91 + 0.05 3 4.9
21 5.6 + 0.5 0.92 + 0.04 2 5.2 &
37 7.1 £+ 1.4 0.88 + 0.03 4 8.5 &
c 15 5.8 + 0.4 0.90 + 0.04 4 5.4 ¢
21 5.7 + 0.3 . 0.94 = 0.02 4 5.4 ¢
37 8.5 + 0.7 0.95 + 0.01 4 7.8 &

3Measyrements are reported as mean = SD.
bps; 10 mM NaP0,, 150 mM NaCl, pH 7.2

€14 mm NaPO,, 1 mM EDTA, 10 ug/ml PMSF, 1 ug/ml pepstatin A, pH 7.4

0.6

NBD-CHOL

=)

0.98 £+ 0.01
0.95 + 0.02
0.88 + 0.02

0.93 = 0.06
0.91 + 0.04
0.94 + 0.01

+
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Figure 38. Lateral diffusion coefficient of NBD-phosphatidylethanolamine
(closed symbols) and NBD-cholesterol (open symbols) in egg
phosphatidylcholine multilamellar 1iposomes (Egg PC); egg
phosphatidylcholine:cholesterol (1:1, mol:mol) multilamellar
1iposomes (Egg PC:CHOL (1:1)); multilamellar liposomes
prepared from total 1ipid extracts of erythrocyte ghost
membranes (RBC Lipids); and erythrocyte ghost membranes
(RBC Ghosts); as a function of temperature. Lipid probes
were added to final mole fractions of 0.15% in the Egg PC

, and Eqg PC:CHOL (1:1) samples, 0.06% in the RBC Lipids

s sample, and 6.7% (NBD-PE) or approximately 1.5% (NBD-chol)

1 in the RBC Ghosts sample (see text). Measurements at a

4 given temperature were performed on identical 1liposome or

ghost preparations on the same day. Buffers comprised

: 10 mM NaPO,, 150 mM NaCl, pH 7.2 for all samples except

3 RBC ghosts for which the buffer comprised 40 mM NaPO,,

: 66 uM PMSF, 1 mM EDTA, 1 ug/ml pepstatin A, pH 7.4. Each

point represents the average of two to five indepcndent

measurements (see Tables 16, 17, 18, 19). There is no
significant difference between the diffusion coefficients
of the two 1ipid probes under any conditions.
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TABLE 19. LATERAL MOBILITY OF NBD-PE _AND NBD-CHOL IN ERYTHROCYTE GHOST MEMBRANES?® P

NBD-PE ———— NBD-CHOL
Temp, °C Dx10?, cm?®sec”? (=) N D (=) N
15 1.3 + 0.2 0.79 + 0.06 5 1.3 £ 0.1 0.81 = 0.06 4
21 1.6 £ 0.4 0.77 + 0.06 5 1.5 + 0.1 0.75 = 0.04 3
37 2.0 £ 0.3 0.80 + 0.02 4 2.2 £ 0.7 0.68 £ 0.10 4

dMeasurements are reported as mean t SD.

vmcﬁmmx comprised 40 mM NaPO,, 1 mM EDTA, 10 ug/ml PMSF, 1 ug/ml pepstatin A, pH 7.4
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saline, pH 7.2, as well as 14 and 40 mM NaPQ, to which 1 mM EDTA,
10 ug/m1 PMSF, and 1 ug/ml pepstatin A, pH 7.4, had been added
(table 20).

C. DISCUSSION

Phospholipid and cholesterol probes have identical lateral
mobilities in the erythrocyte ghost membrane, under all conditions
of ionic strength and temperature examined. There is a small de-
pendence of the 1ipid lateral diffusion coefficient on temperature
over the range 15°C 1 37°C, with no suggestion of a "break point"
that would signify a membrane 1ipid phase transition in this tempera-
ture range. At 37°C the diffusion coefficient of the 1ipid probes
is 2.1 x 107° cm?sec~!, or approximately four-fold greater than the
band 3 "rapid diffusion limit." This comparison will be discussed
in greater detail in the following chapter.

Lipid diffusion data obtained in the present study agree, both
quantitatively and qualitatively, with those available from the
Titerature. Thompson and Axelrod (180) and Kapitza and Sackmann (279)
independently measured the lateral mobility of the 1ipid probe dil
(3,3'-dioctadecylindocarbocyanine) in the human erythrocyte ghost
membrane, the former over the temperature range -3°C to 40°C and
the latter over the range 10°C to 45°C. Both groups reported a small
temperature dependence of diffusion coefficient (11 to 2-fold change
between 15°C and 37°C measurements); the dil diffusion coefficient

at 20°C was approximately 1.0 - 1.5 x 10~° cm2sec™ in both cases.
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TABLE 20. EFFECT OF IONIC STRENGTH ON LATERAL MOBILITY OF

NBD-PE_IN ERYTHROCYTE GHOST MEMBRANES?

AMeasurements are reported as mean * SD.

Ppgs; 10 mM NaP0,, 150 mM NaCl, pH 7.2

d

Buffer Temp, °C Dx10°, cm®sec™! (=) N

b 15 . 1.0%£0.3  0.82%0.03 4

21 1.4£0.2  0.82+0.05 4

30 2.1£0.3  0.84%0.00 3

: 37 2.2+0.4  0.84%0.02 3

: c 15 1.1+£0.2  0.88%0.04 4

: 21 1.4+0.3 0.83+0.02 5

: 30 2.0£0.5 0.8 = 0.02 4

: 37 2.2+0.3  0.86%0.04 5
3 d 15 1.3£0.2  0.79 + 0.06
| 21 1.6 £ 0.4  0.77 + 0.06
37 2.0 £0.3  0.80 % 0.02

€14 mM NaP0,, 1 mM EDTA, 10 ug/ml PMSF, 1 ug/ml pepstatin A, pH 7.4

; 40 mM NaP0,, 1 mM EDTA, 10 wg/ml PMSF, 1 ug/ml pepstatin A, pH 7.4
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More recently, Koppel et al. (281) observed a diffusion coefficient

E
S
3
p
s
*.

for NBD-PE lateral mobility of 1.4 x 10~ cm2sec™® in the mouse.
erythrocyte ghost membrane at 23°C. The order-of-magnitude difference
between this and the results described for the hyman erythrocyte

ghost may reflect a real interspecies difference in membrane fluidity;

BFP RRAR N ERE TN i 2 8

experiments on both human and mouse cells using the same FPR apparatus
would have to be performed, however, in order to exclude inter-labor-

atory variation in apparatus calibration as the cause for this ap-

E. parent discrepancy (see chapter 2).

Both NBD-PE and NBD-chol diffuse four-fold faster in liposomes
prepared from chloroform/methanol extracts of erythrocyte ghost
membranes (D = 8.0 x 10-° cm?sec™!) than in the ghost membranes them-
selves. As noted in chapter 3, the mole fraction of cholesterol in
the extracted lipid liposomes (0.43) differed only slightly from

that in the ghost membranes (0.53). Based on the model system studies,

sadidion s bd

such a small difference in membrane composition would not be sufficient

to account for a four-fold change in 1ipid diffusion coefficient (see

fig. 37). It appears, rather, that the presence of membrane proteins
partially restricts the lateral mobility of both phospholipid and
cholesterol in the erythrocyte ghost membrane. This restriction could
be mediated through a nonspecific reduction in membrane "fluidity"

by the addition of membrane proteins to a pure 1ipid bilayer (see,

for example, refs. 352-355), analogous to the "solidifying" effect
of cholesterol on pure phospholipid bilayers above the main phase
transition temperature (see fig. 35). Alternatively, a specific

interaction between both phospholipid and cholesterol and some slowly
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diffusing or immobile integral membrane proteir might exist, leading
to a slowing of the 1ipid diffusion rate (see ref. 287). It is
unlikely, however, that molecules as different as phospholipid and
cholesterol should interact in exactly the same manner with membrane
protein to produce the same degree of slowing of both 1ipid components.
Restriction of Tlipid lateral mobility by membrane protein has
also been shown by Jacobson et al. (287), who compared the diffusion
of the 1ipid probe dil in plasma membranes of human fibroblasts with
that in multibilayers reconstituted from fibroblast plasma membrane

lipids. Between 25°C and 40°C dil diffusion was four times faster

in the extracted lipid multibilayers than in the plasma membranes
themselves, a difference identical to that observed in the present
study. Qualitatively similar results were also obtained in studies
of fluorescence polarization of the membrane probe diphenylhexatriene,
in which greater anisotropy changes (interpreted as faster rotation)

were observed in extracted membrane 1ipid bilayers from mouse LM

IITRLN S RO

cells (356) and human lymphocytes (357) in the plasma membranes themselves.
; Phospholipid and cholesterol diffusion in liposomes prepared

from extracted erythrocyte lipids (X = 0.43) is very

cholesterol
similar to that in the model Tiposome system egg PC + 50 mole %

cholesterol (fig. 38). Phospholipid and cholesterol mobilities are

identical within each membrane system, and the lateral diffusion coef-
ficients exhibit the same small temperature dependence in the two mem-
branes. The absolute diffusion coefficient of the lipid probes is

approximately two-fold greater in the egg PC/cholesterol membrane
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than in the extracted erythrocyte 1ipid membrane; this difference
can probably be ascribed to the unusual 1ipid composition of the

erythrocyte membrane (see Table 1).
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CHAPTER 9. DISCUSSICN

The data reported in this dissertation describe a wide range
of phenomena concerning the lateral mobility of band 3, phospholipid,
and cholesterol in the human erythrocyte membrane. Within a fairly
narrow range of temperatures and ionic strengths, conditions are
described under which fifty-fold changes in diffusion coefficient
and nearly maximal changes in the mobile fraction of band 3 occur.
Under the same conditions, in contrast, phospholipid and cholesterol
diffusion rates change by less than two-fold. Clearly the lateral
mobility of this integral membrane protein is regulated in some
systematic way. In this discussion six possible models for intra-
membranous forces capable of restricting translational diffusion
of band 3 are presentéd.. Careful consideration of the present data,
as well as other observations from the literature, leads to a re-
jection of all but two of the models as 1ikely options. Both of
these involve an intimate association between the cytoplasmic portion
of band 3 and the cytoskeleton of the erythrocyte membrane: one pro-
poses a specific complex between the bulk of band 3 and some immobile
cytoskeletal component (most likely spectrin or ankyrin); the other
postulates a nonspecific entangiement of band 3 in the cytoskeletal
reticulum formed by spectrin, actin, and various other peripheral
membrane proteins. Although it cannot be determined from the present
data which model is, in fact, the correct one, it is clear that the cyto-
skeletal protein ankyrin plays a crucial role in mediating the

restriction on band 3 lateral mobility.
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A. COMPARISONS WITH MEASUREMENTS OF TRANSLATIONAL AND ROTATIONAL
DIFFUSION

Before considering specific models of erythrocyte membrane
structure, it is relevant to compare the lateral mobility data
obtained in this work with various measurements of translational
and rotational diffusion for integral membrane proteins (including
band 3) and 1ipids in the Titerature. Peterset al. (9) reported a
maximum translational diffusion coefficient of 3 x 1022 cm?/sec
for fluorescein-isothiocyanate (FITC)-labeled human erythrocyte
membrane proteins in ghosts suspended in 7 mM NaPO, buffer, pH 8.0
(u = 25 mM) at 20-23°C. This value is in apparent disagreement
with the results of the present study, in which a diffusion coeffi-
cient for band 3 in ghost membranes of 9.5 * 2.3 x 1072 cm?/sec
(with a fractional recovery of 51 + 14%) in 9 mM NaP0, buffer, pH 7.4
(v = 23 mM) at 21°C was observed. In hindsight, however, there were
several erroneous assumptions made in the paper of Peters et al.
which led to an artificially low estimate of the diffusion coeffi-
cient of the integral membrane proteins. An SDS-polyacrylamide gel
scan of FITC-labeled ghosts (see fig. 3b of ref. 9) shows approximately
40% of the label on band 3 or glycophorin, with about 10% on spectrin
and about 50% either bound to Tipid or noncovalently attached to the
membrane in some way.- The label on spectrin would presumably be im-
mobile, while the 1ipid-bound or noncovalently bound fluorophore

would probably exhibit extremely rapid diffusion. The authors took



213

their first measurement of fluorescence recovery at 3 to 3.5

minutes after bleaching, however, by which time.all the rapidly

diffusing fluorophore could have recovered. It can also be calcu-

lated that, within this time period, about 40% of the maximum band 3-

associated fluorescence recovery would have already occurred,

given a lateral diffusion coefficient of 9.5 x 107** cm?/sec (see

figure 2 of ref. 9). Since the fractional recovery of band 3

fluorescence at this ionic strength is only about 50% (table 7),

the expected overall recovery of fluorescence between 3 and 23

minutes after bleaching is 40% x 60% x 50%, or about 12%. In fact,

Peters et al. estimated a fluorescence recovery during this time

period of 9 *+ 7%, indicating actual agreement with the present study.
Fowler and Branton (10) used inactivated Sendai virus to fuse

a 50/50 mixture of unlabeled and FITC-labeled erythrocytes (> 70%

of Tabel on band 3 or PAS-1) in 310 mOsm phosphate-buffered saline,

pH 7.6, at 0°, 23°, 30°, and 37°C. Translational diffusion coeffi-

cients for the integral membrane proteins were determined from the

rate of appearance of fused cell pairs with "uniform" distribution

of fluorescence, based on a model for diffusion from one half of a

- spherical shell into the other (see table 3). Given the uncertainties
[F concerning the (possibly temperature-dependent) effects of Sendai

:; virus fusion, the unknown influence of immobile fluorophore on the

scoring system used to determine the percentage of fused cells which

are “uniformly fluorescent" (see fig. 3 of ref. 10), and the fact

that a spherical-shell model for diffusion will only approximate the
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actual diffusion coefficient in an hourglass-shaped system (see fig.
2b of ref. 10), the cell fusion results compare favorably with the
FPR measurements at high ionic strength of this work (see tables 7,
10).

Sheetz, Koppel and coworkers (256,358,359) pretreated human
erythrocytes with diisopropylfluorophosphate (DFP), labeled the
surface glycoproteins (primarily band 3 and glycophorin) with dichlor-
otriazinylaminofluorescein (DTAF), and measured protein lateral
mobility using a combination of cell fusion and fluorescence photo-
bleaching techniques(see table 3). In buffers comprising 5 (ref. 359)
to 6 (refs. 256,358) mM sodium phosphate, 46 (ref. 359) to 72 (refs.
256,358) mM NaCl, and 1 (ref. 359) to 5 (refs. 256,358) mM EDTA,
pH 7.4, average diffusion coefficients for membrane protein lateral
mobility of 4 - 9 x 10~ cm?sec~! at 30-37°C were obtained. Fractional
recoveries of 0.87 on overnight incubation of membrane samples at
37°C were also reported (358). Differences in sample preparation
and data analysis are probably great enough to explain discrepancies
between these data and those of the present study. Thus, the methods
of Sheetz et al. include prolonged incubation of erythrocytes in pH
10.1 buffer, a treatment which may have a deleterious effect on the
membrane cytoskeleton. Many of the fusion measurements were made
after treatment with polyethylene glycol, which may have secondary
effects on observed diffusion coefficients and fractional mobilities
of membrane components. DTAF labeling is only approximately 60%

specific for band 3; the remainder is found on glycophorin and other,
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unidentified, high molecular weight membrane proteins (256).
Analysis of data from cell fusion experiments yields approximate
diffusion coefficients, owing to the complex geometry of the fused
cell system (9,248,256). Finally, estimation of glycoprotein
fractional mobilities after prolonged incubation of erythrocytes
at elevated temperatures, without full biochemical characterization
of the membranes after such treatment, may result in values which

do not reflect the physiologic condition (see chapter 5).
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Two laboratories have measured lateral diffusion coefficients
for the lipid analogue diI in the human erythrocyte ghost membrane
(279,280). Over the temperature range of interest in the present
study, dil diffusion coefficients increased from 1.4 - 1.6 x 10-°

cm®sec™t at 15°C. to 2.2-3.0 x 107° cm?sec™! at 37°C. These values are

in excellent agreement with those reported in chapter 8.

Comparing lateral mobility data obtained for band 3, phospho-

1ipid, and cholesterol in the human erythrocyte ghost membrane with

those found for other membrane proteins and 1ipid analogues (tables 3,

4,5), it is evident that both protein and 1ipid mobilities are
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slower in the human erythrocyte membrane than in many other natural
membranes, and much slower than in artificial membrane systems.

For example, the fastest diffusion coefficient observed for band 3
under certain conditions (54 + 19 x 10-! cm?sec™!) is still nearly
an order of magnitude less than that of rhodopsin in the frog disc
membrane (D = 350 + 150 x 10~!! cm?sec-'), a molecule whose mobility

is believed to be restricted only by the bilayer viscosity (2,241).
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Similarly, diffusion coefficients for both phospholipid and cholesterol
in the human erythrocyte (210 + 40 x 10~° cm2®sec™® at 37°C) are up
to an order of magnitude less than those of dil and NBD-PE in
several biological membranes (table 4). These observations may
imply that, due to its unique 1ipid composition (table 1) and cyto-
skeleton structure, the human erythrocyte is less "fluid" than most
other biological membranes.

It is instructive in this regard to estimate the viscosity of
the erythrocyte membrane at 37°C, assuming that a translational dif-
fusion coefficient of 5.4 x 10-1° cm?/sec represents unrestricted
lateral mobility for band 3, and that a diffusion coefficient of
2.1 x 107° cm?/sec represents unrestricted mobility for phospholipid

and cholesterol. There are two models for diffusion in a viscous

medium which can be employed for such a calculation. The Einstein-
Sutherland diffusion equatian (cited in ref. 241) relates the transla-

tional diffusion coefficient DT of a large spherical particle of

B NS SIS PN I M PR RN SM AT I 7O R b R Sk LT ST i gy i s S

radius r in an isotropic (three-dimensional) medium to the viscosity

of the medium n:

n = (kT)/6mDsr), (14)
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where k is the Boltzmann constant and T is the absolute temperature.
An approximate radius for the intramembranous portion of the band 3
dimer (mol. wt. approximately 100,000 daltons) of 40A is assumed,
as this value is approximately twice the radius estimated by Poo

and Cone (241) for the rhodopsin monomer (38,000 daltons) in the




217

disc membrane and approximately half the diameter of the intramembranous
particles in the erythrocyte membrane (which may be an overestimate).
The resultant viscosity for a translational diffusion coefficient
of 5.4 + 1.9 x 1072 em?/sec (n=9) at 37°C is 11 + 4P. This value
compares rather favorably with previous estimates of erythrocyte
membrane viscosity based on measurements of fluorescence polariza-
tion (360-365) and methanol diffusion (366), and with estimates
of membrane viscosity in other systems (see table 21).

The Saffman-Delbruck equation (ref. 367) considers the transla-
tional diffusion of a cylinder of radius a and height h through a
two-dimensional viscous medium of viscosity n (i.e., the lipid bi-

layer) which is bounded on either side by a much less viscous

medium of viscosity n' (i.e., the intracellular and extracellular

aqueous fluid):

_ kT ;. nh
] Dy = Zrmm(inrg = ) (15)

where vy is Euler's constant (0.5772). Again assuming the radius

of the band 3 dimer to be 40A, and taking values for the thickness

‘ of the hydrophobic membrane core of 40A and for the aqueous phase

E viscosity of 1 x 10-2P, the bilayer viscosity implied for DT =5.4 %
1.9 x 107*° cm®/sec at 37°C is 140 * 60P. Similarly, assuming a
radius for phospholipid or cholesterol in the membrane of 4A (see

; ref. 281), and assuming that 1ipids in one leaflet of the bilayer
diffuse independently of 1ipids in the other leaflet (i.e., that

the effective thickness of the hydrophobic membrane core is 20A for
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Table 21. Estimates of Membrane Viscosity

Membrane Temp. Viscosity Method Label Ref.
°C (poise)
erythrocyte 20 1.2 f1. pol.2 perylene 360
ghosts
" 37 1.7 " " !
" 21 1-10 f1. pol. retinol 361
" 20 5-7 £1. pol. DPHP 362
E " 37 2-4 " " "
: " 25 2.6 f1. pol. perylene 363
:; " 4 16.0 f1. pol. DPH 364
y 25 6.3 " " "
" 37 4.0 " " "
" 10 1.0 f1. pol. DPH 365
n 35 0.4 " " "
% " 20 1.7 methanol diff. methanol 366
} " 21 25-100 rot.diff.band 3 EITCC 299
E " 37 25-100 rot.diff.band 3 EITC 116
" 37 7-158  lat.diff.band 3 EITC this study
80-200¢ " " "
60-1008  lat.diff.lipid  NBD-PE "
] NBD-chol
f frog disc 21 0.6-6.09 rot.diff.rhodopsin retinol 368
g amphibian disc 21 1-4d lat.diff.rhodopsin retinol 368
; mouse-human 37 8-10d  1at.diff.surface fl.antibody 2,235
= heterokaryon antigens
_Z 2 fluorescence polarization d calculated according to eqn. 14
b 1,6-diphenyl-1,3,5-hexatriene € calculated according to eqn. 15
¢ eosin-5-isothiocyanate f average of all data for NBD-PE,
NBD-chol (n=20)
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an individual phospholipid or cholesterol molecule (see ref. 383)),
the bilayer viscosity obtained for DT =2.1+0.4 x 1072 cm?/sec
(n=20) at 37°C is 80 = 20P. It should be noted that these estimates
of viscosity are inversely proportional to the value chosen for the

membrane thickness but relatively insensitive to even large changes
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in particle radius, while the viscosities estimated from the Einstein-

Sutherland relation are linearly related to particle radius but
(of necessity) independent of membrane thickness.

The bilayer viscosity as estimated by the two-dimensional
diffusion equation from measured diffusion coefficients of band 3,
phospholipid, or cholesterol differs by an order of magnitude from
that calculated assuming diffusion in an isotropic three-dimensional
medium. It is in agreement, however, with the estimate of viscosity
based on rotational diffusion of eosin-labeled band 3 in the ghost
membrane (table 7). It is not at all clear that the bilayer viscos-
ity sampled by small molecular probes such as diphenylhexatriene
and methanol is the same effective viscosity governing the motion
of larger membrane proteins.or lipids, nor is it obvious that a
threeédimensiona1 diffusion equation has any quantitative bearing
on a two-dimensional diffusion process. Furthermore, it is not
unreasonable to image a considerably greater viscosity for the
cholesterol-rich, sphingomyelin-rich erythrocyte membrane than for
other biological membranes which do not contain as much cholesterol

and sphingomyelin. The agreement between viscosity etsimates based
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on models for both translational and rotational diffusion of band 3,
and for translational diffusion of phospholipid and cholesterol, in

a two-dimensional viscous medium is striking, and suggests that the
effective viscosity of the erythrocyte bilayer sampled by this integ-
ral membrane protein and by various membrane 1ipids may be consider-
ably higher than previously estimated. Further, the concordance
between viscosity estimates calculated from lateral diffusion rates
of band 3, phospholipid, and cholesterol in the same membrane implies
strongly that the lateral diffusion coefficient of band 3 employed

in this calculation represents unrestricted mobility (i.e., restricted
only by the viscosity of the bilayer) for this integral membrane
protein.

Rotational diffusion of eosin-labeled band 3 has been studied

by observing the decay of flash-induced absorption or phosphorescence
anisotropy of the eosin probe (116,131,299-301,369-373). A single
rotational correlation time of about 0.5 msec at both 21°C (299-301)
and 37°C (116) in 5 mM NaP0, buffer, pH 7.4 was originally estimated.
More recently, two components of the decay of flash-induced aniso-

tropy have been reported (369-371,373), but their relationship to
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any physical model (such as rapidly and slowly rotating forms of

FRERAYH

band 3) cannot be unambiguously stated. In particular it is dif-

ficult from this data to implicate any particular membrane-associated
process in restriction of the rotational mobility of band 3, since

the physical meaning of the anisotropy decay components is highly
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uncertain. In the rapid translational diffusion limit, however, a
comparison between the translational and rotational diffusion coef-
ficients is instructive. In low ionic strength (5 mM sodium phos-
phate, pH 7.4), high temperature (37°C) buffer, the average rota-
tional correlation time of eosin-labeled band 3 is between 0.5

(116) and 1.0 (370) msec. This corresponds to a rotational dif-
fusion coefficient about the membrane norwal (DR) of between 200 sec-?
(ref. 370) and 500-2000 sec=! (ref. 116). The theoretical relation-
ship between translational and rotational diffusion coefficients
for protein embedded in a 1ipid bilayer (367) can be used to esti-
mate the translational diffusion coefficient which should be sup-

ported by the 1ipid viscosity at 37°C:

=a% (In 3= - v). (16)

For a bilayer viscosity of approx. 100P (see above), a maximum transla-

tional diffusion coefficient of 3-30 x 107%° cm?/sec would be expected.

The agreement between the predicted value and the value obtained in

] the present study (5.4 £ 1.9 x 107*° cm?/sec) is striking, suggesting
that in the rapid (or unrestricted) mobility limit at least, rotation
and translation of band 3 are governed by identical forces. It
should be noted that rotational diffusion of band 3 has only been

¥ measured at low ionic strength, where the fraction of band 3 which

is free to diffuse laterally is very high. Measurements of rota-

tional mobility under high jonic strength, low temperature conditions
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would be very instructive in deciding whether the membrane-associated
process which causes translational immobilization of band 3 (i.e.,
Tow fractional recovery) also induces rotational immobilization of

'band 3.

B. MODELS OF ERYTHROCYTE MEMBRANE STRUCTURE

From the data presented in this dissertation, it appears that
there are at least two separate processes restricting the lateral
mobility of band 3 in the human erythrocyte membrane. One process
regulates the fraction of band 3 which is free to diffuse in the
plane of the membrane; the other controls the rate at which the

mobile fraction of band 3 diffuses. Both processes are dependent

on ionic strength and temperature, in that high ionic strength

(40 mM phosphate) and low temperature (21°C) favor immobilization

% (10% mobile) and slow diffusion (D = 1 x 10" cm?/sec) of band 3,
while Tow (13 mM phosphate) or hypertonic (320 mM KC1 + 40 mM phos-
¥ phate) ionic strength and high temperature (37°C) favor mobilization
(> 75% mobile) and fast diffusion (D = 5 x 107 cm?/sec) of band 3.
Detailed analysis of the ionic strength and temperature dependencies
of these two experimental parameters reveals, however, that they are
clearly dissociated and therefore must result from at least two dif-
ferent membrane-associated processes. Thus, increases in the fraction
of mobile band 3 to near maximal levels (> 75%) always precede (i.e.,

occur at more moderate jonic strengths and lower temperatures than)
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large increases in the diffusion coefficient. Similarly, prolonged
incubation of ghosts at constant low or hypertonic ionic strength

and high temperature leads to rapid increases in mobile fraction;

the diffusion rate of the mobile fraction increases more slowly

and gradually. Further evidence for the dissociation of the processes
responsible for regulating immobilization and diffusion is the dif-
ference in reversibility of these two parameters: changes in the
diffusion rate of band 3 with temperature are at least partially
reversible whereas increases in the mobile fraction of band 3 are
minimally if at all reversible.

There are at least six theoretical membrane-associated processes
capable of regulating the lateral mobility of band 3 to some degree.
In increasing order of likelihood, these include: 1) electrostatic
repulsion between putative band 3-glycophorin complexes; 2) 1ipid
domain formation on the membrane; 3) planar aggregation of band 3
dimers; 4) 1ipid viscosity; 5) specific complex formation between
band 3 and some immobile cytoskeletal component; and 6) nonspecific
entanglement of the cytoplasmic portion of band 3 in the cytoskeletal
network.

An association between band 3 and glycophorin in the intra-
membranous particles revealed on freeze-fracture of the erythrocyte
membrane has been postulated for some time (see chapter 1). Such
a complex might render band 3 mobility susceptible itc ionic strength
changes, since the electrostatic repulsion between such particles

(due to the very large amount of negatively-charged sialic acid
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present on each glycophorin monomer) would become accentuated at
low jonic strength. One would not expect the lateral mobility of
the putative band 3-glycophorin complex to be especially temperature-
sensitive, however, if electrostatic repulsion were the major factor
governing restriction of mobility. Electrostatic effects would be
expected to become manifest instantaneously upon changes of ionic
strength or other conditions; the slow rise in diffusion coefficient
on prolonged incubation at 37°C (figs. 23,26,33) argues strongly
against the importance of such effects in causing these diffusion
rate changes. Finally, the effect of low ionic strength on electro-
static repulsion should be opposite to that of hypertonic ionic
strength; that these two treatments are, in fact, similar in effect
on lateral mobility is inconsistent with the postulate that an electro-
static mechanism causes large changes in lateral mobility.

The likelihood of domain formation in the erythrocyte membrane

is Tow on several accounts, including the results of the present

study. X-ray diffraction studies indicate that there is negligible -
liquid-crystalline phase 1ipid present in the erythrocyte membrane
above 0°C (ref. 374). Differential scanning calorimetry could not

:ﬁ detect a phase transition below 40°C (ref. 375), and the present
study failed to demonstrate a phase transition by fluorescence photo-
bleaching recovery over the temperature range 15°C to 37°C (see fig.
38). A1l of these studies are consistent with the high cholesterol

content and heterogeneous 1ipid composition of the membrane. In
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chapter 4 the presence of domains smaller in area than about 1/4

of the total membrane surface was explicitly ruled out over a wide
range of ionic strengths and temperatures, since rebleaching laser
pulses delivered to the same area of eosin-labeled ghost membrane
consistently resulted in 80-100% fractional recovery of fluorescence
after the third or fourth bleach. Had bounded domains comparable

in size to the focused laser spot been present, fractional recoveries
on rebleaching would never have reached these high levels. The
identity between the lateral mobility parameters of NBD-PE and NBD-
chol in the erythrocyte membrane further suggests that lateral phase
separations between phospholipid and cholesterol do not exist in this
membrane. This conclusion is strengthened by the observation that
the slopes of the curves of log (diffusion coefficient) vs. tempera-
ture=! (i.e., the activation energies for diffusion) for both NBD-PE
and NBD-chol are similar in intact erythrocyte ghost membranes and

in multibilayers composed of extracted erythrocyte lipids (data from

fig. 38; see also ref. 287).

Self-aggregation of band 3 dimers has been postulated as the

{3 physical explanation for the temperature dependence of the two compon-
' ents of rotational diffusion of eosin-labeled band 3 (ref. 369).

; Large aggregates are highly unlikely, since crosslinking and solubil-
% ization. studies show mainly dimers of band 3 (with some trimers and

tetramers, but no higher aggregates) and since no temperature-

dependent aggregation of band 3-associated intramembranous particles
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in the erythrocyte membrane has ever been seen. The increased
trypsin susceptibility of band 3 at low ionic strength (74) may
imply a conformational change in band 3 structure with jonic
strength; there is no a priori reason to suppose, however, that
such a change would necessarily be associated with aggregation of
band 3 dimers. Nigg and Cherry (369) invoke microaggregates of
5-10 band 3 dimers as sufficient to explain the temperature
dependence of the data on rotational diffusion. Assuming a dependence
of translational diffusion coefficient on particle size of D = 1/r,
where r is the radius of the particle, however, an aggregation of
at Teast 2500 band 3 dimers would be necessary to explain a 50-fold
change in diffusion coefficient. Even this is probably an under-
estimate, since D may actually have a log (1/r) rather than a 1/r
dependence on particle size (cf. eqn. 15 vs. egn. 14). Clearly the
large changes in diffusion coefficient seen in the present study
under various conditions of jonic strength and temperature cannot
be explained on the basis of planar aggregation alone. It is at
least theoretically possible, however, that microaggregates of 2-10
band 3 dimers could be tightly bound to individual ankyrin monomers
through a single high-affinity ankyrin-band 3 bond, providing a
mechanism for Tow band 3 fractional mobility under physiologic ionic
strength or Tow temperature conditions (see below).

Lipid viscosity appears not to be a major mediator of large
changes in the Tateral mobility of band 3. Obviously 1ipid viscosity

plays a crucial role in setting a "baseline" level of lateral mobility
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for integral membrane proteins (see eqn. 14,15); it is interesting
that this viscosity, as assessed for the erythrocyte membrane by
the lateral mobility of fluorescent phospholipid and cholesterol
analogues, may be quite high compared to that of other biological
membranes and various model membrane systems (cf. tables 4,5,21;
fig. 38; ref. 280). There are several pieces of evidence, however,
against this factor as a regulator of changes in lateral mobility
in the erythrocyte membrane. Much data has accumulated indicating
that the lateral diffusion coefficient of the 1ipid probes in
erythrocyte ghosts changes little between 0°C and 40°C (refs. 279,
280; chapter 8), implying that the membrane viscosity also changes
little over this wide range of temperatures. Similarly, ionic
strength affects the lateral mobility of the probe NBD-PE not at
all (table 20). Finally, we have shown temperature effects on the
diffusion coefficient of band 3 to be highly time-dependent, with
a lag of more than 60 minutes between warming up to temperature
and achieving of the maximum rate of diffusion at that temperature.
Viscosity effects should become manifest almost instantaneously on
warming up to a given temperature. It is highly unlikely, therefore,
that large changes in 1ipid viscosity are responsible for major
alterations in the lateral mobility of band 3.

There are now several systems in which cytoskeletal elements
have been shown to be important in controlling the distribution and
dynamics of integral membrane proteins (e.g., refs. 6,262,376-9).

In particular, there is a great deal of experimental evidence to
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support the contention that band 3 interacts intimately with the
cytoskeleton of the human erythrocyte membrane. It would be sur-
prising on steric grounds alone if such associations did not occur,
since the anastomosing cytoskeletal reticulum covers approximately
1/3 of the inner membrane surface (146) and a considerable portion

of the band 3 molecule is entirely intracellular. Much of this

data is summarized in chapter 1, and will not be repeated here.

Of particular interest are the observations that: 1) cross-linking
between band 1 of spectrin and band 3 at pH 7.4 is ionic strength
dependent (occurring in isotonic KC1 but not in 10 mM KC1) (167);

2) antibodies directed against the cytoplasmic portion of band 3
inhibit spectrin binding to inside-out vesicles (8); 3) approximately
10-15% of the total band 3 is tightly linked to ankyrin, a cyto-
skeletal protein (213); and 4) enhanced clustering of concanavalin

A receptors (i.e., band 3; see ref. 37) occurs in domains of neonatal
human erythrocyte and reticulocyte membranes which are deficient in
spectrin (380). None of these findings, however, is conclusive

proof that the major portion of band 3 forms a specific complex

with the cytoskeleton in a manner which could restrict lateral
mobility. Although up to 40% of band 3 remains with the cytoskeleton
upon Triton X-100 extraction of erythrocyte ghosts in isotonic buffer
(151), band 3 cannot be solubilized with the major cytoskeletal
proteins (spectrin, actin) in Tow ionic strength medium and it does
not serve as a high-affinity binding site (KD < 1077M) for spectrin

on the inner membrane surface (201).
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Correlations between changes in the lateral mobility of band 3
induced by various experimental perturbations and the biochemical
effects of these treatments on the erythrocyte membrane provide
strong evidence for cytoskeletal control of band 3 lateral mobility.
Low ionic strength incubation of ghost membranes at 37°C for one
hour leads to a twenty-fold increase in the lateral diffusion coef-
ficient of band 3 (from 1.3 x 10-** to 24 x 10~*! cm?sec!) and a
three-fold increase in fractional mobility (from 21% to 66%); at
three hours even greater mobility is seen (D = 54 x 10°! cm2sec~?,
f() = 75%). Effects of low ionic strength on erythrocyte membrane
structure include disruption of ankyrin-spectrin bonds with eventual
formation of spectrin-depleted inside-out vesicles (e.g., ref. 196),
disruption of spectrin-actin (e.g., ref. 25) and spectrin-band 4.1
(e.g., ref. 196) bonds with dissolution of the cytoskeletal shell,
shift of the spectrin dimer-tetramer equilibrium toward the dimer
form {181-2), and possibly disruption of ankyrin-band 3 bonds (215)
although the latter effect has not been observed by all investigators
(214). In addition, low ionic strength changes the susceptibility
of membrane-bound band 3 to proteolysis (98) and to cross-linking
with spectrin (167), presumably through protein confcrmational changes.
At the ionic strengths employed in the present study, there is less
than 20% dissociation of spectrin from the ghost membrane. Low ionic
strength incubation of ghosts at 37°C for one hour does not result
in the specific proteolysis of any major membrane component; at

three hours, ankyrin alone undergoes specific (70%) proteolysis.
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Hypertonic ionic strength treatment of ghost membranes at 37°C also
results in large increases in both the lateral diffusion coefficient
(from 1.3 x 10-*! to 52 x 107** cm?sec~!) and fractional mobility
(from 21% to 90%) of band 3. Biochemical effects of such treatment
include disruption of bonds between ankyrin and band 3 (refs. 196,
204,214,215) and between ankyrin and spectrin (151,204.213); the
spectrin-actin-band 4.1 cytoskeletal shell remains intact under
hypertonic conditions (151). Finally, incubation of ghost membranes
with the 72,000 dalton proteolytic fragment of ankyrin which serves
as the high-affinity binding site for spectrin on the membrane
causes a two- to three-fold change in both diffusion coefficient
(fig. 32, ref. 240) and fractionai mobility of band 3. This
fragment presumably acts by disrupting specifically ankyrin-spectrin
bonds, although treatment of intact erythrocyte ghost membranes
with the ankyrin fragment alone does not release spectrin from the
membranes into the supernatant (240).

The similarity between the effects of low and hypertonic ionic
strength on both the diffusion coefficient and fractional mobility
of band 3 is striking, and suggests that these two treatments may
affect erythrocyte membrane structure in the same way to cause
changes in band 3 mobility. For example, both of these incubation
conditions result in disruption of ankyrin-spectrin and (perhaps)
ankyrin-band 3 bonds, while hypertonic ionic strength does not

shift the spectrin dimer-tetramer equilibrium or disrupt the spectrin-
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actin-band 4.1 cytoskeletal shell. The 72,000 dalton ankyrin frag-
ment, Tike Tow and hypertonic ionic strength treatments, causes
disruption of ankyrin-spectrin bonds; changes in band 3 lateral

mobility upon incubation with this fragment are not nearly as great,
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however, as those achieved with jonic strength perturbations. Taken

together, these observations imply that the breakage of ankyrin-spectrin

linkages may be sufficient to cause relatively modest increases in
band 3 mobility, but that disruption of high-affinity ankyrin-band 3

bonds is necessary for large changes in lateral mobility. The notion
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that. direct connections between at least some of the band 3 and other
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cytoskeletal components are involved in restricting the lateral
mobility of the bulk of band 3 is further supported by the finding
that band 3 conformation itself may be significantly altered at low
ionic strength (see above). The increased susceptibility of ankyrin
to proteolysis under conditions which favor rapid diffusion of band
3 is a final piece of evidence that ankyrin linkages are directly
involved in the control of band 3 lateral mobility.

It is claimed that the rotational diffusion of band 3 has the
same characteristics (rate, temperature dependence, etc.) in spectrin-
depleted membrane vesicles as in native ghost membranes, and that
this evidence excludes the spectrin-actin network from any possible

role in restriction of rotational diffusion (299,369). These experi-

ments were performed in low ionic strength buffer (5 mM NaP0,),
however, under which conditions we find the (laterally) mobile

fraction of band 3 to be high (> 70%). Unless the cytoskeleton is
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free to diffuse laterally on the membrane (which is unlikely but

not impossible), one would expect specific band 3-cytoskeleton

bonds to immobilize totally the band 3 involved. Such interactions
would surely decrease the fraction of band 3 which is mobile but
might not affect the diffusion coefficient of the mobile fraction.
Since the rotational diffusion measurements were gathered under
ionic strength and temperature conditions such that the (laterally)
mobile fraction of band 3 is already high, they can tell us nothing
about any process responsible for changing the percentage of total
band 3 which is mobile. If specific band 3-cytoskeleton complexes
were the physical explanation behind a decreased fractional recovery
of fluorescence at Tow temperature and/or high jonic strength, then
any change in rotational diffusion due to such complex formation
would not have been seen by Cherry et al., even in intact ghosts.
Thus, although specific interactions between the major portion of
band 3 and the cytoskeleton have never been conclusively demonstrated,
they have not been ruled out either. In particular, a low-affinity
(Kp = 107° -107°M) complex between band 3 and spectrin would not be
inconsistent with any available data. If such a complex were to form
at physiologic ionic strength and/or low temperature, then it could
easily lead to total immobilization of the band 3 involved and hence
a decreased fractional recovery of fluorescence in FPR experiments
(see below). Similarly, a process involving increased aggregation

of band 3 dimers, of which one per aggregate is coupled through a
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high-affinity band 3-ankyrin bond to the cytoskeletal shell,
would also lead to immobilization of the bulk of band 3 in the
membrane. |

While formation of a stable, long-lived complex between
band 3 and some immobile cytoskeletal element could explain changes
in fractional recovery under various conditions, it could not
explain variations in the diffusion coefficient of the mobile
fraction of band 3. A satisfactory explanation for the large
changes observed in diffusion coefficient in this study must
involve more dynamic membrane forces affecting the long-range
environment in which the individual band 3 molecules are diffusing.
As noted above, 1ipid viscosity, domain formation, planar aggrega-
tion, and electrostatic repulsion are unlikely candidates for this
dynamic membrane force. Nonspecific entanglement of the cytoplasmic
portion of band 3 in the cytoskeletal reticulum in a manner which
is dependent on ionic strength, temperature, and time is one pos-
sible explanation for the data on diffusion coefficients. This
mechanism has been named the "polymer matrix model” for control of
protein diffusion in membranes (281,381); it has been invoked as
the dominant force regulating lipopolysaccharide diffusion in multi-
bilayer membranes reconstituted from E. coli outer membrane compo-
nents (381) and transmembrane protein diffusion in mouse erythrocyte
ghost membranes (281). In brief, the model proposes that a membrane
cytoskeleton can function as a labile polymer network capable of

sterically hindering the long-range lateral diffusion of trans-
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membrane proteins but not of membrane lipids. The network is en-
visioned to be dynamic, with cross-Tlinks that can continually
break and reform, thus allowing hindered diffusion of entrapped
membrane proteins. Measured diffusion coefficients, according

to this model, are functions of the density of matrix cross-links
on the membrane and their rate of breaking down (281). In the
human erythrocyte membrane system, it is not difficult to imagine

a metastable state of cytoskeleton structure intermediate between
tight binding to and complete dissociation from the membrane which
would allow rapid lateral diffusion of band 3. Indeed, heterogeneity
of spectrin binding to the membrane in the form of high-affinity
interactions with ankyrin as well as low-affinity interactions with
other membrane proteins or membrane 1ipid has been postulated by at
least one author (201; see below). The stabilities of the 1lipid-
free cytoskeleton formed on Triton extraction of ghosts and of the
pure spectrin-actin-band 4.1 shell produced after hypertonic treat-
ment of the intact cytoskeletal reticulum (151) are further indica-
tions that, under some conditions at least, the cytoskeleton may be
attached to the membrane by very tenuous forces without involving
actual membrane fragmentation.

An alternative mechanism for the restriction of transmembrane
protein mobility by a membrane cytoskeleton involves specific,
reversible binding of the transmembrane protein to some immobile
cytoskeletal component. If the binding interaction is long-lived

compared to the characteristic time for diffusion, the transmembrane
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component will appear to be immobile on the time scale of the

FPR experiment (see above); if many binding encounters can occur
within the diffusion half-time, the diffusing protein will appear
to be mobile. The diffusion coefficient of the mobile species is
a function of the density of binding sites on the membrane and the
equilibrium constant for the binding interaction, according to the

following relation (ref. 7; E. Elson, personal communication):

D - Dfree
measured 1+ chyto (17),
where Dmeasured and Dfree are lateral diffusion coefficients in the

presence and absence, respectively, of the hindering cytoskeleton;
K is the equilibrium constant for association between the trans-
membrane protein and the immobile cytoskeletal component; and Ecyto
is the total concentration of cytoskeletal binding sites on the
membrane. This model has already been offered as a plausible alterna-
tive to the polymer matrix model in explaining the control of 1ipo-
polysaccharide diffusion in reconstituted E. coli outer membrane
(382). With reference to the human erythrocyte ghost membrane, it

is instructive to calculate the equilibrium constant for a putative

band 3-spectrin interaction which would account for a 50-fold change

in the diffusion coefficient of the mobile band 3 upon removal of

the cytoskeletal (spectrin-binding) constraint. From eq. 17 we find

that Ke =z 50 for Dfree/D 50. The effective concen-

cyto measured

tration of hypcthetical band 3 binding sites on spectrin, assuming
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one site per spectrin heterodimer, can be determined from the total
number of heterodimers per erythrocyte membrane (approx. 200,000),
the inner membrane surface area of the erythrocyte (approx. 150 um?),
and the thickness of the sub-1ipid bilayer space within which spectrin
and band 3 would be expected to interact (approx. 25 nm; see fig. 2a
of ref. 12). This concentration is approximately 8 x 10~° M; it
implies a maximum dissociation constant (1/K) for the putative

band 3-spectrin complex of 2 x 10°* M. As has been noted (chapter 1;
ref. 26), interactions of such low affinity between spectrin and
other erythrocyte membrane components have not been heretofore
amenable to analysis. It is quite possible, then, that the lateral

mobility of mobile band 3 in the intact erythrocyte membrane is

controlled by specific, low-affinity, rapidly reversible binding to
some immobile cytoskeletal component, most 1ikely spectrin.

In summary, then, the model for erythrocyte membrane structure
most consistent with the data presented in this dissertation is as
follows. Under conditions of high ionic strength and low temperature,
nearly all of the band 3 is totally immobilized on the membrane,

either through specific, low-affinity complexes between the band 3

molecules and some immobile cytoskeletal component(s) (most likely
spectrin in addition to ankyrin), or through severe restriction
within very small domains (molecular size) by entrapment in a

tightly bound cytoskeletal net. As various cytoskeletal interactions

are perturbed by changes in ionic strength and temperature or by




the addition of cytoskeletal fragments, two sequential processes
occur which progressively 1ift the restrictions on band 3 lateral
mobility. The first process allows a greater and greater propor-
tion of band 3 molecules to diffuse over large distances (at least
4u) on the membrane. This process probably involves either the
breaking of Tow-affinity bonds between the cytoskeleton and band 3
(if such are actually formed), the disruption of low-affinity bonds
between spectrin and other membrane elements such as 1ipid, the dis-
ruption of some high-affinity bonds between spectrin and ankyrin,

or the disaggregation of band 3 microaggregates from their high-
affinity ankyrin binding sites. While the first membrane-associated
process is sufficient for increases in the percentage of the total
band 3 which is mobile on the membrane surface, it does not allow
that mobile fraction to diffuse much faster. For this a second,
separate process is required, which is more difficult to set in
motion than the first process but which is at least partially
reversible on a change of conditions back to the original. The
second process almost certainly involves disruption of some spectrin-
membrane bonds, as it occurs to an appreciable degree only under
conditions which approach (but do not include) complete spectrin dis-

sociation from the membrane and vesiculation of ghost membranes.
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It may also involve disruption of high-affinity ankyrin-band 3 linkages

(see above). Disruption of these bonds would lead to a very loose

but metastable state of cytoskeleton structure which would allow



238

unrestricted - lateral mobility of band 3 in the plane of the
membrane, either through decreased binding of band 3 to some im-
mobile cytoskeletal component or through decreased influence of

the cytoskeletal matrix on band 3 mobility. Parenthetically, it
would also result in a state of cytoskeleton structure in which
ankyrin is sensitive to one or another membrane-associated protease.
Cleavage of ankyrin in this loosened cytoskeletal state would
further result in at least partial irreversibility of the ionic
strength- and temperature-induced changes in band 3 lateral

mobility.

C. CONCLUDING REMARKS

This thesis describes a series of phenomena concerning the
restriction of lateral mobility of band 3 in the human erythrocyte
membrane. Possible molecular bases for these phenomena are discussed,
but further experimental work is needed to elucidate more definitively
the mechanisms underlying the control of lateral mobility. Such
work would include studies of glycophorin and even spectrin mobility
on the membrane, using specifically labeled endogenous proteins or
labeled exogenous protein fragments. Direct comparisons between
lateral and rotational diffusion of band 3 molecules under the same
experimental conditions would be informative in deciding between
the matrix control model and the specific low-affinity binding model

of band 3 mobility regulation.




It is highly likely that changes in cytoskeletal .structure
are responsible for part or all of the changes in lateral mobility
observed in the present study. If this is the case, then a detailed
analysis of changes in lateral mobility should help answer the as
yet unresolved questions relating to molecular interactions both
within the cytoskeleton and between the cytoskeleton and various
other membrane components. Such interactions are important in main-
taining red cell shape and flexibility, and may be governed by
dynamic equilibria regulating the state of phosphorylation of
membrane elements such as spectrin and band 3. The study of these
interactions is important not only for its clinical relevance to
various diseases of erythrocyte membrane structure (e.g., hereditary
spherocytosis), but also for its basic implications concerning the
structure and function of cytoskeleton-containing membrane systems

more complex than the erythrocyte.
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Appendix A. Machine Language Program for KIM-1 Microprocessor

1.

B.

C.

Parameters.

A.

Data

0000
0001
0005
0006
000A
0008
0010
0011
0012
0013
0014
0015
0016
0017
0018
0019
001A
001B

(0000-001B)

Working registers

00AO
00A1
0080
00B1

Display

0OF9
OOFA
00FB

(INH)
(POINTL)
(POINTH)

measure on time, sec
measure on time, .0l sec
1st bleach on time, sec
1st bleach on time, .01 sec
2nd bleach on time, sec
2nd bleach on time, .01 sec

1st measure
1st measure
2nd measure
2nd measure
3rd measure
3rd measure
4th measure
4th measure
5th measure
5th measure
6th measure
6th measure

off time,
off time,
off time,
off time,
off time,
off time,
off time,
off time,
off time,
off time,
off time,
off time,

sec
.01 sec
sec
.01 sec
sec
.01 sec
sec
.01 sec
sec
.01 sec
sec
.01 sec

working bleach on time, sec
working bleach on time, .01 sec
working measure off time, sec
working measure off time, .0l sec

.01 sec elapsed

sec elapsed

shutters open (04

272

06

S1, 05 = S1 + S3,
S1 + 52)
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2. Keyboard Commands.

jump to
0 Abort, reset parameters ABORT
3 Start measuring cycle (on first) START
4 Stop measuring, wait MEOFF
7 Start bleaching cycle BLEAON
8 Start measuring cycle (off first) MEASOFF
1 Transfer 1st bleach on time BLEACH1
2 Transfer 2nd bleach on time BLEACH2
A Transfer 1st measure off time MEAS1
B Transfer 2nd measure off time MEAS2
C Transfer 3rd measure off time MEAS3
D Transfer 4th measure off time MEAS4
E Transfer 5th measure off time MEASS
F Transfer 6th measure off time MEAS6
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3. Programs
Main Frame

Address Code iabel OP Code  Operand Comments
0200 A9 00 Main LDA #00

2 85 F1 STA P

4 85 F9 STA INH

6 85 FA STA POINTL

8 85 FB STA POINTH

A 8D FA 17 STA 17FA

D A9 1C LDA #K

F 8D FB 17 STA 17FB
0212 A9 EO LDA CLOCKL

4 8D FE 17 STA 17FE

7 A9 03 LDA CLOCKH

9 8D FF 17 STA 17FF

c 20 82 03 JSR MEAS1

F 20 70 03 JSR BLEACH1
0222 20 IF IF IDLE JSR SCANDS

5 20 00 03 JSR DIRECT

8 4c 22 02 JMP IDLE

B A9 00 START LDA #00

D 8D 06 17 STA 1706
0230 85 F9 STA INH

2 85 FA STA POINTL

4 A9 FF LDA #FF

6 8D 01 17 STA 1701

9 A9 05 LDA #05 S1 +8S3

B 8D 00 17 STA 1700

E 85 FB STA PCINTH
0240 A9 9B LDA #9B
0242 8D 0OE 17 STA 170E

5 20 IF IF MONLOOP1 JSR SCAND5

8 20 00 03 JSR DIRECT

B AS F9 LDA INH

D c5 01 CMP 0001

F DO 06 BNE MONLOOP1
0251 A5 FA LDA POINTL

3 c5 00 CMP 0000

5 FO 03 BEQ MEASOFF

7 4c 45 02 JMP MONLOOP1

A A9 00 MEASOFF LDA #00

c 8D 06 17 STA 1706

F 8D 00 17 STA 1700
0262 85 F9 STA INH

4 85 FA STA POINTL

6 85 FB STA POINTH

8 A9 9B LDA #9B

A 8D 0OE 17 STA 170E

D 20 IF IF MOFLOOP JSR SCAND5
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Main Frame (continued)

Address Code Label OP Code Operand Comments
0270 20 00 03 JSR DIRECT
3 A5 F9 LDA INH
5 C5 Bl CMP 00B1
7 DO 06 BNE MOFLOOP
9 A5 FA LDA POINTL
B c5 BO CMP 00BO
D FO AC BEQ START -84
F 4C 6D 02 JMP MOFLOOP
0282 A9 00 BLEAON LDA #00
4 85 F9 STA INH
6 85 FA STA POINTL
8 A9 06 LDA #06 S1 +S2
A 8D 00 17 STA 1700
D 85 FB STA POINTH
F A9 9B LDA #9B
0291 8D 0E 17 STA 170E
4 20 IF IF BONLOOP1 JSR SCAND5
7 20 6A IF JSR GETKY
A c9 00 CMP #00
C FO 06 BEQ JDIR
E C9 04 CMP #04
02A0 FO 02 BEQ JDIR
2 DO 03 BNE CONT
4 20 00 03 JDIR JSR DIRECT
7 A5 F9 CONT LDA INH
9 c5 Al CMP 00A1
B DO 06 BNE BONLOOP1
D A5 FA LDA POINTL
F cs AO CMpP 00A0
02B1 FO 03 BEQ BLEAOFF
3 4c 9 02 JMP BONLOOP1
6 A9 04 BLEAOFF LDA #04 S1
8 8D 00 17 STA 1700
B 85 FB STA POINTH
D A9 00 LDA #00
02BF 8D 06 17 STA 1706
02C2 85 F9 STA INH
4 85 FA STA POINTL
6 A9 9B LDA #9B
8 8b 0E 17 STA 170E
B 20 IF IF BOFLOOP JSR SCAND5
E A5 F9 LDA INH
02D0 c5 05 CMpP #05 50 msec
2 DO F7 BNE BOFLOOP
4 A9 00 MEASON2 LDA #00
6 8D 06 17 STA 1706
S A9 05 LDA #05 S1 +S3
B 8D 00 17 STA 1700
E 85 FB STA POINTH
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Main Frame (continued)

Address Code Label OP Code Operand Comments
02E0 A9 9B LDA #9B
2 8D OE 17 STA 170E
5 20 IF IF MONLOOP2 JSR SCAND5
8 20 6A IF JSR GETKY
B c9 00 CMP #00
D FO OA BEQ JDIRECT
F C9 04 CMP #04
02F1 FO 06 BEQ JDIRECT
3 c9 08 CMP #08
5 FO 02 BEQ JDIRECT
7 DO 03 BNE CONTIN
9 20 00 03 JDIRECT JSR DIRECT
C 4C E5 02 CONTIN Jmp MONLOOP2
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Directions Ladder

Address Code Label OP Code Operand Comments
0300 20 6A IF DIRECT JSR GETKY
3 co 00 . CMP #00
5 FO 31 BEQ OJUMP +49
7 c9 03 CMP #03
9 FO 30 BEQ KN +48
B cg 04 CcMP #04
D FO 2F BEQ 4 +47
F c9 07 CMP #07
0311 FO 2E BEQ 7J +46
3 co 08 CMP #08
5 FO 2D BEQ 8J +45
7 c9 01 CMP #01
9 FO 2C BEQ 1J +44
B c9 02 CMp #02
D FO 2C BEQ 2J +44
F C9 OA CMpP #0A
0321 FO 2C BEQ AJ +44
3 c9 0B CMpP #0B
5 FO 2C BEQ BJ +44
7 c9 oC CMP #0C
9 FO 2C BEQ CJ +44
B cg 0D CMP #0D
D FO 2C BEQ DJ +44
F C9 OF CMP #0E
0331 FO 2C BEQ EJ +44
3 cC9 OF CMp #0F
5 FO 2C BEQ FJ +44
7 60 RTS
0338 4Cc CO 03 O0JumMp  JMP ABORT
B 4c 2 02 34 JMP START
E 4c CB 03 4 JMP MEOFF
0341 4c 82 02 7J JMP BLEAON
4 4C 5 02 8 JMP MEASOFF
7 20 70 03 14 JSR BLEACH1
A 60 RTS
B 20 79 03 A JSR BLEACH2
E 60 RTS
F 20 82 03 AJ JAR MEAS1
0352 60 RTS
3 20 8 03 BJ JSR MEAS2
6 60 RTS
7 20 94 03 CJ JSR MEAS3
A 60 RTS
B 20 99 03 DJ JSR MEAS4
E 60 RTS
F 20 A6 03 EJ JSR MEASS
0362 60 RTS
3 20 AF 03 FJ JSR MEAS6
6 60 RTS
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Transfer Data Subroutines

Address Code Label 0P Code Operand Comments

0370 A5 05 BLEACH1 LDA 0005
2 85 A0 STA 00AC
4 A5 06 LDA 0006
6 85 Al STA 00A1
8 60 RTS

0379 A5 0A BLEACH2 LDA 000A
B 85 A0 STA 00AO
D A5 0B LDA 000B
F 85 Al STA 00A1

0381 60 RTS

0382 A5 10 MEAS1 LDA 0010
4 85 BO STA 00BO
6 A5 11 LDA 0011
8 85 Bl STA 00B1
A 60 RTS

038B A5 12 MEAS?2 LDA 0012
D 85 BO STA 00BO
F A5 13 LDA 0013

0391 85 Bl STA 00B1
3 60 RTS

0394 A5 14 MEAS3 LDA 0014
6 85 BO STA 00BO
8 A5 15 LDA 0015
A 85 Bl STA 00B1
C 60 RTS

039D A5 16 MEAS4 LDA 0016
F 85 BO STA 00BO

03A1 A5 17 LDA 0017
3 85 Bl STA 00B1
5 60 RTS

03A6 A5 18 MEAS5S LDA 0018
8 85 BO STA 00BO
A A5 19 LDA 0019
c 85 Bl STA 00B1
E 60 RTS

03AF A5 1A MEAS6 LDA 001A

03B1 85 BO STA 00BO
3 A5 1B LDA 001B
5 85 Bl STA 00B1

7 60 RTS
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ABORT, MEOFF Subroutines

Address Code Label OP Code Operand

03Co A9 00 ABORT LDA #00

2 8D 06 17 STA 1706

5 8D 00 17 STA 1700

8 4Cc 00 02 JMP MAIN
03CB A9 00 MEOFF LDA #00

D 8D 06 17 STA 1706
03D0 8D 00 17 STA 1700

3 85 F1 STA P

5 85 F9 STA INH

7 85 FA STA POINTL
9 85 Fe STA POINTH
B 4C 22 02 JWp IDLE




280

Clock IRQ
Address Code Label OP Code Operand

03EO 48 CLOCK PHA

1 A9 9B LDA #9B

3 8D OE 17 STA 170E

6 F8 SED

7 18 CLC

8 A5 F9 LDA INH

A 69 01 ADC #01

c 85 F9 STA INH

E c9 00 CMP #00
03F0 DO 06 BNE CONT

2 A5 FA LDA POINTL

4 69 00 ADC #00

6 85 FA STA POINTL

8 D8 CONT CLD

9 68 PLA

A 40 RTI




Appendix B. Schematic of Shutter Interface for KIM-1
Microprocessor
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