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g ‘ Q§TRACT .

lThe tryptic digestior; of human erythrocyte mewbrane proteins
has been fnvestigated. About 70%-of the peptide bonds invo'lving, -
Iysine.and arginine were hydrolyzed by trypsin. This extent-of digestion
was observed for both membranes and isolated protein indicating that
membrane structure did.not limit the availability of bonds to trypsin.
The intact erythrocyte was’resistant to trypsin, only 1 to 4% of the
peptide bonds being hydrolyzed.

Trypsin digestion of aqueous protein‘ solutions led to the
formation of a high molecylar wejght aggregate comprising about 20%
of ih_ protein. This aqgr;gate contained over €0 moleX

and might have been derived from hydrophabic portidns

apoiar amino g}ci
of intrinsic membr
- in the release of 40% of the protein, 35% of the carbohydrate, 65% of

the sfalic acid and 14% of the 11pid into solution. Membranes isolated

sip-digestion of membranes resulted

from erythrocytes which had been digested with trypsin were’ bfound to* -
contain 24 times the usual amount of hemoglobin. This increase could
be prevented if the cells were washed with trypsin 1nh1b1:br prior to
hemonsi.s, indicating that it was due to digestfon of membranes during ’
hemolysis rather than to digestion of the exterior surface of the erythrocyte.
quuentfal ‘digestion' of erythrocytes and of membranes pm;duced
from them indicate that there were substantial cr:ranges‘in the membrane
during hemolysis. ™ ,

Trypsin digestion did not rdfhove the response of membranes



to added salt, as measured by chaﬁ”ges in pH, turbidity, viscosity,

ORD and CD, S/}udies with the ﬂerSCfnt prob2 1-anilino-naphthalene-
8-sulphonate, which indicated aq’ increase in fluorescence efficiency on’
addition 01: salt could bq explained by an expulsion of wat‘;er f,| the

s L3

membrqne. . ) -
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SECTION I: GENERAL INTRODUCTION

A. MEMBRANE STRUCTURE . '

1. Introduction: '

It was recognized as early as 1855 by Carl Ndgeli (1) that ‘
the cell surface could be distinguished from the cytoplasm. He discovered
that many cells 1nc1n;d1ng those of plants > algae, fungi agg moss were .
impermeable to pigments either in their cytoplasm or in the external
wedium. The surface was noted to be more dense, viscous and otherwise
distinguishable from the cytoplasm. xNngH.caHed this outer 1q¥er the
p’lafm mesbrane. He demonstrated, by observing plasmolysis of plant.
T:;l 1s,that the plasma membrane possessed osmotic properties. - o
Overton (2) studied the phrmeability properties-of membranes
and suggested that they were primarily 1ipid in nature. The same
conclusion was reached by Fritke (3-5) from studies of the electrical
i)roperties‘ of various cells. Mudd and Mudd (6) postulated a Hpie nature
for the erythrocyte membrane. ‘

1i. Unit Mesbrane Concept:
Gorter and Grendel (7) proposed that the lipids extracted from
erythrocytes would form a monolayer of twice the area of the intact cell.
L]

L)

This observatfon lead them to suggest the existance of a bimolecular
Tayer of 1ipid at the cell interface. *
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Danielli and Harvey {8) showed that the tension at the surface
of certain cells was much less than at ordinary oil-water interfaces.
This was attributed to the presence of a layer of protein adsorbed onto
the membranhe lipid. From theské observations, and from the bilayer nature

of the 1ipid.as suggested by Gorter and Grendel (7), Danielli (9) -
“proposed his classic model for the structure of cellular membranes,

couposed of a lipid bilayer to which a protein coat is bonded by fonic
forces or by hydrogen bonds.

The presence of a lipid bilayer was supported by the observations
of Schmidt and his co-workers who studied birefrir;genee of erythrocyte
m-brane (11-13) and of myelin (14). They showed that within these menbranes
there were molecules whose axes were arranged perpendicular to the mmbrwe'
surfa_c;. Perturbation of this birefringence by organic solvents, and
its presence ﬁ; phosphatide bilayers suggested that it arose due to
the arrangement of hydrocarbon chains as proposed in the Damenf-Davsén
model.

*

Swall angle X-ray diffraction studies of peripherﬂ nerve myeHn (14)
demonstrated the presence of concentric layers 180 x apart, A -
comparison with X-ray diffraction data for mixed nerve 1lipids led to

L

"the conclusfon that the Tayers in myelin represented two concentric bi-

molecular 1ipid leaflets -each with its surface covered by a protein coat.
Finean (15) found a period half that previously obsérved.

This was thought to be consistent with a ;-epeating Yipid bilayer of

51 R o width. The Danfelli hypothesis has been incorporated into

Robertson's (10) unit membrane concept, i1lustrated in figure 1.

v
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Fig. 1: Schematic representation of models for the organization of the
phospholipids and proteins of membranes. {a) The Davson-
Danielli-Robertson model, (b) the Benson lipoprotein subunit
model, (c) the Singer 1ipid-globular protein mosafc model, and
(d) the Green protein crystal model. Sywbols p, h and T de-
note the polypeptide chains of the protein, the polar and fonic
heads of the phospholipids and the fatty acid tails of the
phespholipids. Symbols b and e denote bimodal, intrinsic,
proteins and extrinsic proteins. The + and - signs represent
the fonic residues of the protein. a - c from (54), d from (250).

o
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_ Much of the evidence on which Robertson based this concept was
gathered from observations of mewbranes with the electron wmicroscope.
Cellular membranes, when appropriately stained, appeared as trilaminar
structures, consisting of two electron dense regions separated by a less
dense zone. Robertson (10) cbserved that all cell mesbranes and also
artificial phosphatide bilayers had this general characteristic. Mhen
allowances were made for changes during fixation and staining of myelin
preparations, the electron wicroscopic observations agreed with the
X-ray diffraction patterns (16). Because myelin arises from the plasma
membrane of Schwann cells, it was suggested (17) that ml;n. wight serve
as a general model for cellular mesbranes. - |
, » The unit ueuprane concept, however, is not so gener;l as was
first thought. It cammot, as was believed, account for the movesment
of various solutes through cellular membranes. Maddy, Huang and
Thowpson (18) have made impedance measurements of plasma membranes.

The results were not consistent with a continuous 11pid bilayer.

- Doubt has been cast on the measurements of Gorter and Grerdel.
It has been suggested {}9) ﬂ;at they underestimated the surface area and
1ipid content of the red cell mewbrane. Bar et al (20) have shown that
the :;‘ea of a 1ipid bilayer is dependant on the surface pressure.
Thompson (21) demonstrated that phospholipid bilayers themselves may
have a low surface tension, thus in part neut‘alizing the argument of
Daniellf and Harvey (8). . N

Measurements of mesbrane birefringence (11-14), while demonstrating

the presence of molecules aligned perpendicular to the membrane surface,
did not provide 1nfomt1'on about the nature of these molecules. Results

¥
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. ‘baseé on perturbation by organic solvents (11-13) were equivocal as
these agents cam denature protein as well as dissolve Hp’id. In the ~
case of myelin it seemed likely that the birefringence was due to

Tipid as it accounted for 80% of the membranes mass (22). Many other
membranes, however, have protein contents of 60 to70% (22) and }}1t L

seemed likely that in these cases the birefringence may have arisen from —
the membrane protein as wells . ’ -

X-ray diffraction studies have bee:; restricted mostly to the
lamellar systems, especially n@jﬁ. . The results obtained with myelin,
while compatible with the Robertson model, are subject to other
interpretations. Low-angle X-ray diffraction gave on'l,y an estimate of
the eTectmvnknsity distribution in a direction perpendicular to the
membrane plane, They did not define the néture of th\e” molecules giving
rise t6 the observed distributions. Recent diffraction analyses aw‘: .

7 g resolution by Kirschner and Caspar (23) have gone further toward a
correlation of the electron density distribution with the speciﬁé
arrangement of the molecular constituents- within the membrane. Their
data have been further substantiated by comparison with neutron
diffraction analyses, Kirr;chner and Caspar (23) provide evidence for
the presence of a 1ipid bilayer. ‘ '

The unit membrane concept is primarily dapenél\ﬂ: upon the )
interpretation of the electron microscopic images of cellular membranes.
Korn (19) has questioned what this image actually represents in
molecular terms. It has been shown (24) that electron microscopic
images of various cellular membranes differ mtly in their width.

It is possible that they cannot be assumed te represent a single type
of molecular arrangement. Fleischer, Fleischer and Stoeckenius (25) and

Napolitano, Lebaron and Scaletti (26) have shown that the trilaminar



arrangement of inner mitochondrial membrane and of myelin rminl;d
unchanged after removal of lipid. It was further pointed out that
mechanism of osmium tetroxide and of potassium permanganate fixation
have been subject to 1ittle scwt;ny. Conclusions’as to the mative

molecular arrangewments could not be drawn as/the changes accompanying
fixation were not known. - Korn (19) has ;bsemd that there was '

increasir;g electron microscopic evidence for globular substructures in
wmany membranes.

Th; above observations raise doubts as to/ the validity of
much of the evidence on which the Danielli-Davson and Robertson ’
hypotheses were founded. As well, there has been an aceumulation of

A

datz apparently incompatible with the unit membrane mncépt. Implicit
in Robertson's model is ionic bonding between the membrane 1{pid
bilayer and the associated protein. There appears to be little
evidence of this type of interaction in biological membranes. Many
workers (27-33) have postulated non-polar or hydrophobic interactions
between the proteins and 1ipids of many fbmbrane systems.

The uni:t menbrane concept of Robertson requires that a portion
of the membrane protein be in the g-conformation. Infra-red studies
of erythrocyte mesbranes (34), of tumor cell membranes (28) and of
myelin (35) revealed no evidente of protein in this conformation.
Studies employing optical rotatory dispersion and circular dichroism of
tumor cell mewbranes (28-30), erythrocyte ghosts (35,36),  bacterial
uubranes"(35,36). nituchor;dria (37) and of myelin (35) all indicated
the prgsmce of a considerable portion of the neﬂ:ran: protein in an

k.4
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a-helical conformation, Their opi.:ical spectra appeared to exhibit
certain characteristics initially atéributed to the hydrophobic
environment of the protein (é8-30,37). Lately these characteristics
have been attributed to optical artifacts inciuding Mie scattering (38),
" and absorbtion flattening (40). It has also been shown that the
inorganic cation content of. the membrane can influence the optical rotatory
/,.;ﬁspersion and circular dichroism spectra (41).

Studies of variou$ membranes by nuclear magnetic resonance
technigues has added further 1nfonnatfon concerning the nature of Tipid-
protein interactions in biological membranes. Chapman et al. {31 ,32):
using eryt;lroc,yte membranes, have shown that the choline residues of

_meubrane lecithins are in an aqueous environment, In additipn, they
i sugges'ted a close association between the hydrocarbon chai;ts of membrane
1ipid and protei‘ns.' These observations do not appear to be consistent

with the requirements of the unit membrane concept.

iii. Lipoprotein Subunit Models:

s

A new model was proposed to accommodate experimental evidence '
which was incompatible with the unit membrane concept of Robertson. The
;ssential features leading up to this model were presented by Singer (42)
and by Benson and Singer (43). The proposed model, based.on specific
1ipid-protein interactions, shown in figure 1, was presented by Benson (44).
The protein was presumed to be largely globular and_ to be nn?tly in
the interior of the membrane, to maximize hydrophobic interactions. In
contrast to the Danielli-Davson and Robertson models, Benson proposed
that xﬂm 1ipid was not in a bilayer, but that their individual fatty
acid chains were intercalated into folds of the protein chain. The
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polar heads of the 1ipids were thought to be in contact with water. This
type of structure resulted in a more or Tess uniform 1ipoprotein complex.
These c;:qﬂem were presumed to exist as morphological subunits and
were thought to be held together in the plane of the mesbrane minly

by hydrophobic interactions.
Similar ‘types of models, 1ncorpomting mpeating Hpoprutein

These models were derfved from chemical and biochemical studfes of

the internal mesbranes of witochondria and chloroplasts. A1l these
models éonsidgnd the 1ipid and protein to be arranged in sowe wanner

in subunits. The presence of 1ipid in a continuous bilayer was excluded.

At this time, however, evidence from four areas resulted 1n;
revival of the 1ipid bilayer concept. Studies (47) of the rapoo'ns;
of both artificial phospholipid bilayers and natural mesbranes to agents
including valinomycin and other peptide antibfotics suggested that they
possessed identical structures, t{lat is, a bilayer structure.

Studfes (48) of the passive permiability properties of inner
mitochondrial mesbrane indicated that it behaved as though its 1ipid
was in a bilayer.

Electron microscopy, in conjunction with the techniques of
freeze-cleaving and etching, supported the hypothesis that the 14pid -
of several membranes m in the bilayer form {49). The membranes
studied, showed-cleavage planes similar to those seen with agtificial )
1ipid bilayers (49), *

e P

(

*

" subunits were also proposed by Park and Pon (45) and by Green and Perdue (46).




The thermotropic change in state of membrane 1ipids has bgen
measured by differentfal scanning calorimetry. Steim (50) has shown
that a marked phase transition in the 1ipid of ujcoglasma laidlawii

occurred at the”same temperature whether the Tipids were in membrane

or in a protein free water dispersion.

. &e Studies by electron spin resonance of paramagnetic probes such
as nitroxide-labelled fatty acids and steroids incorporated into
membranes and phospholipid suspensions 'demnstrated the fluidity of
certain lq;pid components within the membrane (51). Thgse observations
were consistent with the presence of 1ipid as a bﬂayer. While it is
now, Tikely that the 1ipid of biological membranes exists in a bilayer (52),
it appears that the bilayer may not be continuous (53)

iv. Biuoda'l Concept: "
Recent evidence has suggested that proteins assocfated with

membranes may be'divrlded into two general categories, peripheral or
extrinsic and integral or intrinsic (54). Proteins of the peripheral -~
class are easily dissociated from the mubrape.- Much of the cytochrome ¢ of
mitochondria way be dissociated by high salt:;:oncentrations, and 1s
thus thought to be peripheral. Spectrin (55), which may constitute up
to 20% of the hemoglobin-free red blood?cell mesbrane can be isolated’
‘ by-wmild treatment ﬁwolving,chelating agents. It too is thought to be
peﬂPhEraI ‘
Peripheral proteins’ m also be characterised by a Tow or
* negligeable content of 1ipid whenr dissociated from the membrane. In
normal agueous buffers they would be expected to be soluble and to be
wolecularly dtpersed. In the membrane they would'be expected to be

-
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globular in order to maximize their hydrophobic and hydrophilfc
interactions («_;56);{ St

To dissociate integral proteins from membranes, on the other
‘hand, requires much more drastic trutnmts* such as detergents, bﬂe
acids, or pmtein denaturants. _psually some lipid resains associated
with these proteins and when de'lipidate; they’ become highly insoluble
and tend to aggregate in aqueous buffers at neutral pH.

Richardson et al (57) postulated the presence of specific
strucg;érg}:pﬁﬁ?n: fr; membranes. T_hese proteins were to ;Jrovide the
matrix of t;se‘ lipoprotein subunits. It was thought that they would
have no other function beside their structural role, Recent Bevidence (58, -
59) however is not consistent with the view that 2 discrete structura]
protein characterises each membrane,-but rather it suggests that
membrane proteins are grossly heterogeneous. It appears that the
integral membrane proteins may fill the role of s,tructdra'! proteins,
though' at the same time they may have enzymatic function.

e Thus integral proteins are'distinguished _from peripheral
proteins by their inﬁmat;- association with membrane lipid. This
e association may be due to some structural feature of tl1e protain (36).
The intrinsic proteins would have an amino acid seguenc;e which allows
hydrophobic interactions of the protein molecule to be maximized by
association with the hydrophobic envivonment provided by the 1ipids of
the interior of the uuhrane. The ionic groups of the protein and lipid
must be in contact with the bulk aqueous phase {n order to maximize.
hydr;)philic interactions. This suggests that the integral proteins of

the membrane will have fonic amine. acid residues distributed asymmetrically
-




) | ( “ n
over the su;-face of the moTecule',{’mqfcél;trafed at those portions of’ the
surface exposed to the aqueou; pha;é and absent\\(rom those portions in
contact with the Tipid phase. This results in a protein which is
essentially bimoda}, having an area predominantly hydrophob'fq and an
area predominantly hydrophilic. On the other hand, the amino acid
sequence of extrinsic proteins nﬁ’s?(t be such that it a'ﬂ}st hydrophobic
interactions to be maximized 1nte;na y within i:he individual poly-
peptide chain or within subunigs of protejn matecules. At the sa?ne
time, hydrophilic interactions are satisfied externally by the‘presencz
of sufficient numbers of jonic charges more or less evenly distributed
over the external surface of the molecule.

The concept of bimodality defines the backboné on which the
functional membrane i:s built, in terms of invariant components, that is,
the bimodal profeins agd Tipids. The.proteins and l'fpids may be bonded

together in several yays, permitting different types of arrangements.

e
. B

’ The unifying concept of bimodality deals with the properties of the

components rather than with their structural arrangements. .
While bimodality mey, represent a new unifying concept of
general membrane structure, there do;s not appear to be any general "
agreement as to the molecular nature and structure of the proteins
associated with the 1ipid bilayer. It is generally agreed that the
prote'ir; has a high helical content and is largely globular in nature.
Urry (62) has suggested the presence of other conformations in proteins
of axonal and oxyntic cell membranes. . '
Different models of membrane structure, based on the concept

of bimodality, aportion varying amounts of structural role to the

[
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diffamt w stm {63) has W ) Hpﬁ-ﬁmhr protein
wosa il wodel (see fig. 1). In this wode) intrinsic sesbrese proteins T
are thought to be ¥loating freely in @ 1iptd bilayer. The fonic and f
palar groups of the proteins are ‘hrgﬂy Tocated on the mambréne
) surface, in cmtact with the m medium, vhﬂe the pon-polar residues . .
are oriented sway from the wﬂw phase, mﬂ the mewbrane interior.
The agphipathic protein units are intercalated into a discontinuous
Tipid bﬂw Singer proposed (&) that the Hp'ld would form the
basic structural eleent of the membrane and be in a fluid state, |
rather than 111 a crystanine one, under normal phxsio'logieﬂ ewd‘ltiousl
Themsaicwus expected mbeadyna-ic one with the cowpoients being
sble to undergo tremslational diffusion in the plane of the mesbrene. As
a Ee/su’!t\tt\m thought that no Eong range order would be fmposed on .
the protein. ™
Green { )mbheathrhmdhaspmmudapruuincrysta‘l
mdel {see fig. 1) for mewbrane structure. He proposed that the intrinsic
‘proteins were 11 together by prouin—pmte'!n interaction futo sets.
One set might be 1inked to other sets, multiag in protein du-ﬂns.
mestpmmindmimwou!dfmﬂnhackbmefﬂumstwctm
The lipid, as a bilayer, mld i1 the interstices bm snu or °
domains of protein. Grebn's model then differs from that of Singer's in
proposing a Iongwomffortbemuiu. which forms the backbone of
the mewbrane. Nevertheless, both -oib.!s un simtlar in ﬁnt they qﬂay
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B. THE ERVIHROCYTE MEMBRANE:,

-

The‘zrytiwoeyte mmbrag\e is composed of L cm:Maatim of

1ipids, proteins, carbohydrates, -metal jons and water. . To characterize
each of these comoments a;\i to dpﬂne thefr location withiq the mewbrane '
structure is fpro&’!am of great magnitude. Present knowledge of some '
of these aspects as related to the hmxerythrocyte menbrang will be
« sumwarized, ¢ '
i, Lipids . ‘

' It has been shown that lipids constitute from 35 to 40% of
the dry we‘lgl;t of the human erythrocyte membrane (64). The nature of ) <
the 1ipid has been the subject of a number of rev.iews (65-.6‘7). The
lipid composition is smﬁzed in Table I.

1 . \ :

TABLE 1 R o
" LIPID COMPOSITION OF HUMAN ERYTHROCYTE MEMBRANE* ° .
- . .. L "
. gm x 10713 per cell moles per cell  mole L
Total 11pid o £.76 X 100
Cholesterol ,, 120 o 3.20 T oae
Phospholipids - 3.20 4.01 54,1
Glycolipid 0.8 0.20 © a1’

CO

- ¥ "

* Modified from table 3 ref. (67).

-

#

v & a



L

*,

The study of mﬂtmy’u mesbranes is cowplicated by the fact
"that they are heterogeneous. Erythrocytes have a 1ife spm of about
120 days during which time they can-undergo structural and dimemsiona)
changes that can be associated with 2 Toss of 1ipid (68). In general,
young cells contain more Hpid than do o'lder cells (69,70). Most

notably. older cells*have lost cholesterol and phospholipid (71). There

is a general decrease in the amount of exchangable glycerophospholipid
with age (72). Kot only s-11pid lost, it may also undergo changes.
For example, phosphaticbﬂemnqlm is converted fo lysophospha-

tidylethanolamine (73). Peroxidation of some 1ipids has been shown

to occur (784). There is also evidence of a repid exchange of lipid
between the nnbym of the plasm, especially of cholesterol, fitty

acids and phosphatidylchefine (65). The glycosphingolipids on the other

hand‘are relatively inert (65).

Cholesterol accounts for more thin 99% of the neutral Tipids
of the mature humen erythrocyte (75). The resminder of the neutral
1iptds are made up of cholesterol esters, trigiycerides and free fatty
acids (73,76,77), Substantial amounts of diglyceride have also been
reportéd (78). -

The fnjoﬁty of the mewbrane cholesterc] is exchangeeble ﬁth
that 1n the d%asn, about eight hours being required for complete *

exchange C:Z
Estera‘i“iﬁd phoiiho‘l{piﬁu prasent in close to 1:1
molar ratio. Cholesterol and phosphatidyicholine in particular are
Arthought to be c‘!mlly associated (65). Chapmen ’aad sallach (83)
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have speculated that cholesterol may alter the fluidity of the fatty icid
chains of the phospholipid molecules.
The phospholipids comprise 50 to 60% of the total 1ipid of

the membrane (84),

The major phospholipids include phosphatidylcholine,

phosphatidylethanolamine, phosphatidylserine and sphingomyelin while
the 'Iysopmsphat:}s, plasmalogens, phosphatidylinositols, phosphatidic
i

acids and cardio ip

ns appear as minor _constituents.

The phospholipid

composition of the human erythrocyte membrane is summarized in Table II,

®* TABLE II

( PHOSPHOLIPID: COMPONENTS OF HUMAN ERYTHROCYTES*

o

Phosphatidylethanolamine
Phosphatidylcholine

Sphingomyelin

Phosphatidylserine
Phosphatidic acid
Phosphatidylimnositol
Lysophosphatidylcholine
Minor components .

* Modified from table 4, ref. (67).

% Total Lipid Phosphorous

e

' 26.03

28.25
24.57
13.38
2.07
1.13
1.06
3.52

It s of interest that human erythrocyte membranes contain equimolar
asowts of cholink and wonicholine containing phosphelipids.
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The fatty acids of the pn(m/puoupw fraction have been

characterized as shown in Table III (74,85).
-~ ©% ‘ - ¢ .

TABLE III
FATTY ACID COMPOSITION OF MAJOR PHOSPHOLIPIDS OF HUMAN ERYTHROCYTE GHOSTS*

T ! %
Fatty ’ .
Acid ’ Percent Total fFatty Acid - - ]
Phosphatidy- Phosphatidyl~ Phoimatmﬂ- Sphingo-
ethanolanine serine Tine myelin
16:0 - : 15.5 ° 44 M7 4.3
18:0 Y 11 29.7 13.8 9.1
. 18:1 17,2 9.8 21.1 " 5.2

18:2 5.6 2.6 21.4 3.7

20:4 21.8 23.5 . 6.7 0.1
! 22:0 7 8.0

' 22:4 T 1.8
» 22:5 4.6 . 2.9
' 2236 8.9 7.0

24:0 o , < 8. 15:0%
; 24:1 . 3.7 15,8
e NN froR GBTE S, et (6T).
- . & .
T The fatty acids\of the phospholipid fractiom turn over rapidly,
v ,‘ ' exchanging with those in the serum (86). Involved especially are ;
: Tinoleate (18:2), olexte (18:0), and arachidingte (20:4).
* ‘ / « %
%, ’ .
S - &y . - ¢ uoae g
PR R RS S o I S et
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While the glycolipids compnjse less than 5% of the total 1ipid,
they appear to be of great’ importance because of their blood group ~
activity (87,88), Sweely and Dawson (65) have shown that human membranes
contain four glycosphingolipids called &-1, 6L-2, GL-3 and GL-4 of
0.50, 1.43, 1.27 and 7.05 umoles per 100 ml ghosts respectively.

Tl:ei r structures have beéen determined and are shown in Figure 2,

In addition to these four glycosphingolipids, other carbohydrate
containing 1ipids include gangliosides and blood group substances. Of
the more than sixty known blood group substances at least five are‘
known to be glycosphingolipids (88,89), the most important being the .
A, B and Lewis activities. The main function of the glycolipids is
1ikely to be their role as tissue antigens and their 1nvo:tvement in

" the recognition process between cells.

ii. Proteins:
Protein accounts for about 50% of the dry weight.of the erythrocyte

membrane (90). It is not clear how many proteins are located in the
erythrocyte mewhrane. The best studies are based ondissolution of the
membranes, followed by electrophoresis in polyacrylamide gels in the
- presence of sodium dodecylsulphate. Wot only ‘does this technique gfive ’
an estimate of the numbers of polypeptide chains in the mesbrane, but
also it gives information about their‘mlecular weights. There are,
however, certain complications involved with this technique. The presence
of either carbohydrate (91) :r Tipid (92) may result in anomalous
mobilities, resulting in error in molecular weight deterwination. The
presance of 11pid as well may lead to the appearance of multiple bands (92).

-~
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GL-4
N-Acetylgat-(1-3)-gal- (1-4-gal- (1-4)-glu-ceromide

GL-3 | . | :
- (1-4-gal-(1-4)-glu-ceramide
GL-2 o
' - gal-(1-4)-glu-ceramide
_GL~1 . '
glu-ceramide
! - [
’ o,

vy -
12

Y Fig. 2: Structure of huhan gl{wfmﬁpﬁs. .

. The symbols gal and glu represent galactese and glucose,
) N-Acetylgal represents N-Acetylgalactossmine.
From ref. {65). )
!
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Protein charge has also been showm ta affact the electrophoretic
mobi11ty of protein in the presence of sedium dodecylsulphate (93). Despite
these potential problems, however, ele:tropheresis on polyacrylamide

" gels in the presence of sodium dodecylsulphats can give usefuf information

concerping the proteins of the erythrocyte mesbrane.
) Several reports have appeared on the distribution of polypeptide r
chains in the erythrocyte membrane (94-106). There are from seven to
nine major bands corresponding to polypeptide chains ringing from -
15,000 to 250,000 daltons. There also appear to be three carbohydrate
c&ntaining bands.

The following proteins have been identified.

a) Tektins ]

Gel electrophoresis showed two major bands of about 250,000
daltons. These are amongst the largest known polypeptide chains (107),
and they were extracted from the membrane by washing with hypotonic
solvents {67,97,108-110). T"hese extracts contained two chains of about
250,000 daltons plus a chain of about 45,000 daltons (67-90)}. These
chains have been resolved and analysed. Mazia and Ruby (111) have
called the large polypeptides tektins. Although it has been suggested
that the 45,000 dalton component was associated with the tektins (122),
this was not suppdrted by data from cross-1inkjng of membrane proteins
(123). Clarke (110) has examined the tektins from bovine erythrocytes.
Bovine tektin A had two polypeptide chains o and ol of 220,000 and- -
240,000 daltons respectively. The material had a sedimentation co-
efficient of approximately Spg,y = 805.Viscosity measurements indicaéod
that the molecule was highly asymmetric, being rod-like with an axial

~\
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ratio of about 45. Cross-linking studies using the bifunctional re-
agent dimethylsuberimidate suggested that the native molecule consisted
of two palypeptide chains, of the form (sal), or possibly of dur aains “
of the form (.0 !). It has been demonstratéd that the tektins are |
Tocated at the inner surface of the erythrocyte membrane (95,96,102,114-
119).
~ Mwino acid analyses of the high molecular weight chains from
human eﬁythmcytei showed that they had an amino acid cowposition similar
to rabbit muscle myosin and very different from muscle actin (67). The
complex extracted from erythrocytes may correspond to spectrin, isolated
by Marchesf and Steers (112), which appears fibrous in the electron
wicroscope (55,112-113), The complex may also be related to hollow :
cylinders of protein described by Harris (120,121).
" b) Glyceraldehyde-3-phosphate dehydrogenase

Another protein of the erythrocyte wesbrane can be extracted
by 0.1 M EDTA at pH 7.9 or by 0.15 M sodfum chloride (87). This
component has a molecular weight of 35,000 daltons and has been
identified as glyseraldehyde-3-phosphate dehydrogenase (124), Tanner  #-
a’nd Gray (124) have, however, suggested that this enzyme may not in fact
be a component of the membrane, but that it is a soluble enzyme which
1s reversibly bound to the mesbrane. It may be associated with twp
other componénts of the membrane of molecylar weights 88,000 and 72,000
daltons (108). '

The component of 72,000 da{tons wight represent a polypeptide
chain of a protein responsible for glucose transport nza); The 58,000
dalton component, which has been shown (125) to contain & ssall swount

. A
B
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of carbohydrate, may be related to membrane acetylchoﬁnestens; (123).

\ c) Blycoproteins -
Kobylka et al. (126) have examined erythrocyte membrane
proteins by n;lectrophoresis in the presence of sodfum dodecylsulphate.

The patterns for human, dog, cat, cow, pig and sheep proteins were
similar, showing nine major bands which were not affected by the method
ofﬁv;lysis. Differences were noted in the glycoprotein components.

The human membrane appeared to contain 3 or 3 glycoproteins {97,126,127).
The major glycoprotein has be;n isolated and extensively
characterized (91,116,128-135). However, there has been so;e controversy
concerning i1ts molecular weight. Early studies of the glycoprotein by -

. e1ectroghore is in the presence of sodium dodecylsulphate suggested
that it had lm‘lacu‘llr weight of about 100,000 daltons (100,116) -
whereas studies by ultracentrifugation and by column chromatography
indicated a molecular weight of 31,000 to 55,000 daltons (129,132,
136,137). Analysis of the chemical composition of the glycoprotein and
of glycoprotein fragments suggested a molecular weight of 50-55,000 daltons
(128).

) This glycoprotein is 60% carbohydrate and contains sialic acid °
{25%}, galactose {10-12%), N-acetylglucosamine {6%) and R-acetylgalactos-~
amine (12%) plus small amounts of mannose and fucose, as well as about
200 amino acid residues (128).

There are two types of carbohydrate chains attac.had to, the
polypeptide backbone as shown #n Figure 3. These chains are attached to
the N-terminal half of the paptide chain and are exposed to the external
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a) - - ,
NANA FUCOSE NANA
w2-3) ,‘mz(@) l (+2-6)
GAL . GAL  GAL  GAL
@1-3) I(B'») l(ﬁ) | @13
NANA-(«2-6NAcgal NAcglu NAcglu NAcglu 8
(,E\ '(,& / A .
—Serine— MANN
.o
N Threonine— NAcgiu
; ~ASparagine —
" b
ﬁ ‘
6000) spoa <zpoo>
(11,000) ) \

Fig. 3: Structure of the major mewbrane glycoprotein, -
a) Carbohydnte Units: The symbols are: MANA = sfalic acid;
galactose; &yl = N-Acetylgalactosamine; Tu = )

l—latyislumni&, = pannose. From Ref. (136).

b) Po]ypept‘lde backbone: oﬁmacdnﬁch wits are represented
by i and + . The arrows indicate sites of cleavage by
trypsin, the broken srrow being 4 site not attached in the
intact erythrocyte. Fm Ref. (128).
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environment of the cell. The C-terminal third of the polypeptide chain

appears to be Tocated internal to the 11pid barrier of the mesbrene

and way in part extend fnto the cytoplasm of the cell., These two

- portions are conmected by a segment composed predominantly of non-polar 3

and hydrophobic amino acids, about 35 residues which span the membrane (131).
Another glycoprotein of about 100,000 daltons has been shown

to contain 10% carbohydrate by weight (90)’.“ More than 50% of its

amino acid-residues are non-polar (90). This cmor;ént appears to be

exposed to the exterior surface of the mewbrane (90,116,117,139,140) and

possibly also to the interior surface {116,117).

i1i. Inorgamnic Ioms:

The role of inorganic ionsvin the erythrocyte membrane is not
cfeor. Rosenbery and Guidotti (94) have observed that the presence of
catt tends to stabilize the membrane structure; preventing the extraction
of some mewbrane proteins. Reynolds (141) and Reynolds and Trayer (99)
have exawinéd the solubility of wembrane ’1n agueous media. They found
that up to 90X of the erythrocyte mesbrane proteins cot]ld be solubilized
by exposure to either 5 x 10™> M EOTA, pH 7.5 or 0.1 M tetramethyl-
ammonium bromide. They suggested that inorganic cations played a major
role in stabilizing protein-1ipid interactions in the membrane. Reynelds
(141) suggested three possib)e modes by wlﬁch such. a stnbinTng effect
could be achieved. First by formation watemary coqﬂex involving‘
protein, cation and 1ipid pohr head group. The protein could be axtcma{
to the 1pld structure, or 1t could be partially intercaiated,- Secondly,
& 1ipid-protein cowplex could be bound to the 1ipid bilayer through .
ternary cationic bridges. Finally, a binding site for pretein within -
the mesbrane 1ipid hﬂw cquld pe stabilized by a ternary cationic bﬁdgt
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between 1ipid head groups,
Forstner and Manery (142,143) found that mwost Ca** of the

-membrane was bound to protein carboxyl groups rather than lipid.

Horvath and Sovak (144) have suggested that calcium binding
my serve tt; regulate the activity of mewbrane bound enzymes. This was
thought to occur by‘ coarctation, that is a shrinking and hardening of
the membrane due to an increase in the degree of cross-linking when the

calcium concentration was 1ncréased in the surrounding solution.

C. DISPOSITION OF COMPONENTS WITHIN THE MEMBRANE :

"

Proteolytic enzymes may be used%o study the proteins exposed
on the outside of intact erythrocytes.” There appears to be more than
one class of protease susceptible protein exposed on the exterior
surface. Carraway and coworkers (145.i46) have shown that trypsin hydrolgses

only one protein on the erythrocyte exterior surface. This is the major -

glycoprotein s;f the mewbrane. Pronase on the other hand has been slmm

to cleave 2 or more proteins (117,118,122,139,146-148). The samé has been
shown for chymotrypsin (148).4#Wyleast one of the proteins hydm'lyud

by pronase is responsible for the acetﬂchoﬁngstarase activity of the
erythrocyte mesbranes (117,147),

Another method of attacking the question of the topo‘logiea] §¢
distribution of protefns within the membrane is by the use of spectfic—:
protein labeling reagents. Maddy (149) outlined the regu‘fmnts for
such reagents. The reagent u'nst be selectad so that 1t will not pass A
through the osmotic barrier of the mesbrane. This may be achieved by -
making the moleculs sufficiently hydrophilic, either by 4ntroduction of
hydrophilic groups sueh_u sugars, or by introduction of charged groups ,
such as the sulphonate group. Also, the resgent mist react with the
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membrane under physiclogical conditions of te&aerature, pH and tomicity
without disrupting the cell. Finally, it must be possible to detect
the “label in small quantitie;,. In essence, this means the label must
be ﬂMmht or radiocactive. OFf course the reagent mrxst& also be
reactive toward some part of the protein. )

‘Maddy (149) proposed the use of 4-acetawi do-4) -mothiocyano-
stilbene-2 21-d1su‘lphonic ao(_(SITS), and described its react'lon with
bovine erythrocytes. At that time no attempt was made-to identi fy the
reactive proteibs. ) v '

Another Tabeling reagent which has been employed is the diazonium

. salt of sulphanilic acid. Berg (115) using this reagent showed that

one band of the polyacrylamide gel electrophoretic pattern of the

¢

” ‘o M
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membrane proteins was reactive 1n intact human erythrocytes. This band
was assigned a molecular weight of 140,000 on the basis of its electro-
phoretic mobility.

The same reagent was used by Carraway et al. (145) to show
that two components were labeled in bovine erythrocytes, one was the
major glycoprotein, and the other a polypeptide chain of 108,000 daltons.
Carraway (145). did suggest that the 108,000 daTton component was Tess

-

L4

accesible than the glycoprotein. i
Bretscher (116,139,140, 15 »151) has used formylmethionylsulphone-

methyl pl'érsphlte {FMP) for labeling procedures. Using this reagent,

in combination with proteolytic digestion, he was able to demonstrate

the labeling of two components, one a protein of 105,000 daltons, the

other the major glycoprotein. He further showed (140) that both these

components appeardd to span the tqgkms of the u‘rme. being

exposed 4t both surfaces. Based on the reactivity of 1ipid with FMWP
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) he also suggested (150,151) that phosphatidylethanolamine and phospha-
. tidylserine were distributed asymmetrically in the mesbrane since .
T 'f;»etther was reactive in the intact ghost.

The related reagents trinit;-obenm sulphonate (TNBS) and
picrylchloride (PC) have also been used for labeling of mesbranes
(148,152,153). Bonsall and *hnt (152) described the reaction of
prythrocyte membranes with TNBS. They suggested that the reagent did

-~ not penetrate the membrane. Arrotti and Garvin (153),0n the other hand,
. showed that TNES penetrated the mewbrane and could react with hemoglobin -
A within the intact cell. Picrylchloride (153, lacking the charged sulphonate
s group; penetrated the membrane more rapidly than did TNBS. Both Arrotti
and Garvin (153) and Steck (148) found that TNBS labgled protein
> compoments in the region of: 90-100,000 daltons. Picrylchloride, on
. the other hand, labeled the high molecular weight bands. It was
thought that the difference in reactivity might represent different
pathways through-the membrane. The picrylchloride, being 1ipophilic,
was thought to diffuse throigh the 1ipid bilayer while TNBS was thought
to be convey-d\iiﬁmyl the membrane by hydrophobic channels.
Schwidt-Ul1rich et al. (154) have used dansylchloride to label
- "membranes. They have shown that this reagent labels similar classgs
of preteins as, do other reagents. This labeling pattern was maintained
even though dansylchloride which is 1ipophilic, readily penetrated the .
mesbrane. They suggested that this observation cast Some doubt on the ]
use of small molecular labels, at least in terns of their use as
- svectorial m'ﬂr.ubcs:1 '
’ Their: results, however, are in contrast with those obtained using
o other 1ipid soluble reagents, notably picrylchloride and acetic anhydride.
- As mentioned previously, picryichloride was found to label ?nly the
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two high molecular weight bands (153). Acetic anhydride on the other
hand has been found to label all the;poiype;‘ttide chains of the mesbrane,
either in intact cells or in ghosts (155). The pattern of labeling,

as well as depending on the availability of reactive groups will also
depend on the amount of .reagent, the rate at which it penetrates the
m::rane and the rate at which it reacts both with membrane components
and aiso with intracellular cosponents, especially hemoglobin (153).

- The fact that only a Timited number of coq:on;nts are exposed
on the outer surface of intact erythrocytes is supported by the work of
Phillips and Morrison (119, 156, 151). They have labeled tyrosine residues
in proteins with 1125. using a reaction catﬂy_sed by the enzyme lacto-
peroxidase. This enzyme is not likely to penetrate the membrane due to
its high molecular weight (75,000 daltons).

At ieast two enzymatic acti\(%tie; have been assigned to proteins
exposed on the outer surface of intact erythrocytes. As mentioned
previously, digist'lon with proua;e has beén shown t9 destroy acetyl-
cholinesterase aptivity in intact cells (117,147). Herz and Kaplan (158)
have also shown that this enzyme 1s’presen't at or near the cell surface,
Acetylchoﬁnesi;ense has a molecular weight of 90-108,000 daltons (15?»160).
Bellhorn et al {160) have labeled acetylcholinesterase in ghosts with
tritiated dii‘sopmpylﬂuorophbsphlte and founc? a molecular weight of
180,000 which reduced to 90,000 in the presence of sulphydryl reagents,
Steck (123) has shown that a band of molecular weight of 88,000 daltons
may be cross-linked by several }reagents to give a dimer of 165,000 daltons
and suggests that this might rép;'esent acetylcholinesterase. However,
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while Bellhorn et al (160) estimated that there were less than 10
acetyicho] inesterase sites per ghost, both Bretscher (116) and
Fairbanks et al. (97) have suggested that there were 105 chains of the
aa.mo’dalton component per ghost.

Ohta et al (m}‘ have coupled pCMB to a high molecular weight
carrier (2§0,000 daitons). Using this reagent they have shown that
there are “sulphydryl groups on the exterior of the erythrocyte which
are essential for the activity of the (Na' +“x+)~ATPase. Marchest etd.
(162}, on the o%r)and. have shown that the ATPase is localized at
the imner surface of the ghost. This suggests that the ATPase may in ..
fact penetrate the mewbrane. =

The ATPase may also be labeled with y-S2P-ATP (163,164).

Arruch and Fairbanks (163) reported that incubation of erythrocyte ghosts
with y-32P-ATP resulted in the labeling of 3 bands on polyacrylamide
gel electropherograms of the membrane dissolved with sodium dodecyl-
sulphate. Of the three bands labeled only one was believed to be poly-
peptide in nature. Thfs had a molecular wejght of 105,000 daltons.
The other bands wére ATP and phospﬁolipid. -

J Hilliams (1543 has reported that & polypeptide of about
100,000 daltons could be labeled mhoy-“p-mg. He also found that

a high molecular weight polype;atide (220,000 daltons) was labeled.

This chain corre:sponds to tektin « (110,117}, Williams (164)
suggested that’the fact that one of the two tel:tin} was efzymatically
labeled with 52p from v-32P-ATP may indicate that the protein was
possibly operatind in some energy related process such as erythrocyte

shape maintenance.
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Both the acetylcholinesterase and ATPase have ;obﬂities
corresponding to molecular weights of about 90,000 daltons. It has
been shown that a protein of * molecular weight penetrates the
membrane (117). Evidence suggests that this may be the ATPase, It
is not clear if the acetylcholinesterase also penedrates the membrane.

Lipases have also been used in studies of the erytl‘wocyte.
Lankish,and Yogt' (165) gbserved that phospholipase A would not lyse
normal erythrocytes. 1If the cells were exposed to conditions which
caused them to swell they became susceptible to lysis by ‘phospholipase A.
This was taken as an indication that there was sm;ne fundamental change
in the structure of the membrane during lysis in hypotonic solutions. A
simflar conclusion has been reached by others using phospholipase C and
A, (166.167). , : ¥

. Information has also been gained with respect to the distribution
of components within the plane of the membrane. Murphy (168) has
shown that cholesterol is clustered around the periphery of the normal
biconcave disc, especially on the convex surface the cell,

Studies with phospholipase Az have shown that there are
discrete areas on the cell surface which are susceptible to hydrolysis
(169). These areas do not appear to coalesce and they appear to be
randomly ;ﬂstr'lbuted. e

The antigenic sites of the cell wembrane have also been
studied (170,171). It has ‘been shown that both Rh (D) and A sites
are randowmly distributed over the cell surfa;:e. 3

ey



D. USE OF PROTEASES FOR STUDYING MEMBRANES:

Studies of membranes using proteolytic or lipolytic enzymes may
be directed toward two areas. First, enzymtic digestion may be used
as 2 probe to study the effects of 1ipids on the avaflability of
proteins to’protein reagents or to proteolytic enzymes. The reverse may
also be exawined, that.is, the effect of protein on the avafﬂabﬂity
of Hpids to ’Eipases. The second a;ref which may be investigated is the
topological distribution of individual components within the mémbrane
structure.
The use of proteolytic enzymes in studies of the surface
: components of the erythrocyte was df;cussed in section» IQ, The effect
of Tow cmc;ntrations of proteo!gtic enzywes on ghosts has also been'
studied, Avruch et al. (172) have examined the effect of ‘tow levels
* of trypsin on the erythrocyte membrane. Digestion of erythrocyte
mewbrane with 1 ug trypsin per ml. of ghosts resulted in the forgation
of smll closed vesicles by a process of exocytosis, The vesicles
so formed were less leaky to hexoses than were the parent ghosts. They
have a particle density of 1.01, a decrease from 1.06 for normal ghosts,
Such a decrease has also been noted by Okhuda et al. (173) who observed
the formation of two discrete populations, with bouyant ciensittgs
1.106 and 13125, following trypsin treatment of ghosts of densi% 1.149,
The \/vesicles prepared by Avruch et al.{172) were found to be
right side out as shown by the accesibility of theia: sfalic acid to
neuraminidase. Only two of the major po‘lypeptn'ldes,of 89,000 and 77,500
daltons, were attacked, No protein was released from the menbra'ne under
th;se conditi‘ons. Avrtfch et al, (172)~ also found that the p;vset of
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glucose transport by the vesicles could be correlated with the digestion
of these two mewbrane proteins. - Extensive trypsinization (100 ng per
ml. of ghosts) did not abolish this glucose transport.

Jung et al. (174) have noted a similar effect of limited .
;;rbteolysis on ghosts., They found that pronase treatment which resulted
h! the release of up to 50% of the ghost protein did not cause ghosts
to lose their gl_mge carrier activity. The changes in membrane
structure which the 1imited proteolysis is causingwere not clear,

Another area in which proteases may be employed is the study

*of the effect of 1ipid on the protein structure. Pasquali et al (175)
have observed that the protein of electron transport particles,
jsolated from mitochondria; is hydrolyzed by proteolytic enzymes to the
same extent and at the same rate either in the presence or in the
absence of 1ipid. This was taken to sug‘gest that there was no strict
interdigitation of membrane 1ipid and protein, as might be expected,
for example, for lipo-protein subumit models.

E. OPTICAL ROTATORY DISPERSION AND CIRCULAR DICHROISM:

Membrane proteins have been studied by the techniques of
optical rotatory dispersion and circular dighroisa in the ultraviolet:
region of the spectrum. A discussion of the theory of optical rotatory
dispersion and circ;ﬂar dichroism has been given by Levine (176).

, The absorption bands of the peptide bond {observed between
195 and 250 mm) are used in the study of pn;tem conformation. The
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Tongest wavel corresponding to the Towest energy, is due to
the h-«* transition resulting from the pro-)tifon of an electron from
the non-bonding a rhital of an oxygen to an antibonding
wolecular orbital involving the axygen, carbon and nitrogen atoms
separately (see Figure 4). The band centered around 220-240 nm is .
characterized by a very low extinction coefficient. The x-x*
transition of the electron cloud in a » non-bonding orbital /into the
»* antibonding orbital (Fig. 4) gives risg to an absorbtion band around .
200 nm. -

When the polypeptide chain is in an unordered’ conformtion
the optical activity is dominated by the x-x* transition at 198 nm
giving rise to an intense, negative CD band. There is a small positive
band at 223 nm due to a weak n-s* transition. Mhen in the a-helical
conformation the s-x* transition gives rise to two strong.{D bands, a
negative band at 206 nm and a positive one at 192 mm. The n-»* tramnsition
at 224 nm overlapping the negative component of the »-x* transition gives
rise to a negative winimum at 225 nm. In the g-conformation there is a
positive bgﬁ‘l at 195 nm due to the ;-;* tr;ansitiai and & single
negative band at 218 nm due to the n-»* transition. .

The ORD spectra have been discussed by Chapmen and Wallach (83).
In unordered polypeptide chains the s-+* transition at 198 nm results
in a large negative ORD extresum at 205 nm. In the right handed o-
helical comformation the ORD spectra are characterized by a large
negative band at 233 rm, a point of zero rotation at 223 nm, a shoulder
near 210 nm and a posftive band at 198 nm. The negative band is due
primarily to the n-x* trensition. Polypeptides in the Bvcpnfomtion

P




Fig.' 4 Molecular orbital representations of the n-and w-orbitals
of the peptide 1ink. Only the upper lohes of the x
orbitals are shown. Lower lobes are mirror images of the
upper lobes in the plane of the paper but opposite in sign.
From ref. (176)
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S;IOU a negative peak at 230 nm, ; cross over at 220 nm and a positivg
wmaxima at 205 nm,

| The CD spectra obtained for suspensions of mesbranes were
found to be similar to those of a-helical polypeptides with two
exceptions (38,40,177). Although the shape closely approximated that of
a right handed o-helix, the n-«* band was red shifted from 222 nm to ’
223-225 nm. The value of the ellipticity at the maximum at 194 nm was lower
than expected.

There has been much Speculation as to the cause of these
anomalies in the CD spectra. Gordon et al. (177) have stated that the
CD spectra can be explained as arising from proteins containin? 50-60%
a-helical regions with the(r-ast of the peptide chains assuming a random
cofl conformation. They did not feel that the Tight scattering properties
of membrane suspensions could explain tt;e anomalies of the observed
spectra.

The red shift of the x-»* transition has been attributed by
Wallach and Zahler {28) and Urry et al. {37) to the localization of ,
helical segments in a; hydrophobic environment.” Lenard and Singer (35)

' attribnteq the red shift to packing of the a-helices in parallel, a
sftuation, analogous with aggregates of helical polypeptides.

. M equl:l mixture of left and right handed a-helices could
account for the low amplitudes and for the shape of the curve. However,
according to Chapman and Wallach (83) such a mixture would not produce
the red shift observed in the spectra.
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Both Chapman and Wallach (83) and Gordon et al. (177)
have shown that contributions to the spedtrum from chromophores other
than the peptide 1inkages are quite small. The large band width of the
n-v* transition has also been attributed to 1ipid-protein and protein-
protein interactions which are sensit'l';fe to 1ipid. Gordon et al (177)
have shown that this band narrows affer treatment with phospholipase A,
lysolecithin and digitonin. They also pbserved a broadening of the band
after treatment with phospholipase C. Suth a change, however, was not
observed by Glaser et al. (178).
- The observed anomalies in the spectra have recently been
attributed to optical artifacts. Gordon amdi Holzworth (38) and Gordon (39)

-

have applied classical Mie scattering theory to the ORD and CD of
red blood cell ghosts, The optical cénstants of the suspension were
calculated from the optical constants and geometry of the suspended
particles. For red blood cells, the opt:;ca} constants were derived
from measured optical spectra of ghosts dissolved in 0.1% sodium
dodecylsulphate. The ghosts were considered to be spherical shells
with a thickness of 70 A and a radius of 3.5 u. The red shifts and
relative amplitudes of the bands at 205-210 and 220 nm were quite well
reproduced by these calculations. A similar set of calculations were
made for the ORD curves. As with the CD, application of Mie scattering
theory resulted in a reproduction of the observed anomalies,

Mie theory was also applied to differential scattering and
absorbtion of left and right circularly polarized 118ht for the CD of

-
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red cell ghost suspensions. The absorbtion component of the CD was
flattened relative to the CD of the ghost in solutions of sodium ’
dodecylsulphate. This flattening was most pranounced at lower wave-
Tengths., The scattering component resembled the ORD curve. From this
amalysis it seemed that the red shift of the spectra could be accounted
for by scattering. The effects on the relative amplitude of the negative
bands was a result of the combined effects of scattering and“fhttening.
Gordnn' and co-workers conglnded that the observed anomalies need not
be attributed to unique protein conformation, nor to interactions with
miMﬁng 1ipid ar protein molecules, but i;hat they may be directly
accounted for by scattering. i
Urry (40), on the other hand has attributed the anomalies to
two abforption dampening effects: absorption flattening of Duysens
and absorption obscuring resulting from Tight scattering, and to an
increase in measured absorbance due to scattering of light in directions
“away from the phototube. These effects were Mt to be operating in
circular dichroism as well, They could be treated as a simple
difference in suspension absorbanc; for left and right circularly
polarized 1ight. Therefore, in CD of optically active membrane suspensions,
would be differential absorption flattening, differential
absorption obscuring and differential 1ight scattering.
. trry (40) has described absorption flattening as being ‘due to
the shadow cast by a particle occluding particles behind 1t from the
1ight path. In CD measurements this effect would be augmented by \
differences in particle absorption for Teft and right circularly
polarized light, . »

-
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Differential 1ight scattering would arise because the. refractive
index of the particle ;s 's1ightly d'ifferent for left and rig’mt circufarly
- polarized light and because Tight 'scattering depends on the square
of the difference of particle and solvent refractive index.

Urry (40) has described a method for correcting ¢D data for
optical artifacts using a pseudoreference state approach. Utilization
of this technique is hampered by the fact that it requires simultaneous
determination of absarption and circular dichroism using the same
phototube.

Yerpoorte and Smith (41) have examined the optical rotation
and circular giichroisn of mewbrane preparations. They found that the
optical properties were dependant on salt concentration. Changes
observed in the opticai rotation and circu'lar dichroism as a result
of the addition of sodium chloride were accoﬁmﬁed by an increase in
turbidity and a decrease in pH and viscosfty‘ of the membrane suspensions.
Solubilization of membranes by sodium dodecy1su1phate resulted in a
Jower viscosity and loss in turbidity but had little effe;ct on optical
activity. Membrane protefn solutions prepared by extraction of membrane
T1ipid with n-butanol had optical activities similar to those of salt-free
megbrane sus ons. Both the addition of sodium dodecylsulphate and
éxtrnction with n-butanol eliminated the gffect of salt on the rotation’
and dichroism spectra. They proposed that salt reduced the electrostatic
repulsions between phospholipid molecules favouring the formation of a
+ more compact mesbrane structure with reduced hydration. The effect of

-
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reduced hydration on CD and ORD spectra of films of po?y amino acid
has been demonstrated by’ Fasum and co-workers (249). On the other
hand, Schneider and Schmfﬂer (251) have shown that hydration had no
effect on the CD of films of membrane protein between 92% and 0%
relative humidities. Therefore there is still some westiog as to the
effect of hydration on the joptical properties of membrane proteins.

-

F. FLUORESCENT PROBES:

The use of fluorescence as a tool in the study of wembranes
has beenathe subject of a number of recent reviews (176,179,180). The
theory 0'1; fluorescence is discussed in these reviews.

One of the most widely used, non-covalently bound fluorescent
probes is 1-anilinonaphthalene-8-sulphonate (ANS). In aqueous media
ANS has a very low quantum yield of 0.004 {181). on binding to profein
or membrane the quantum yield increases up to fold. At the same
time the wave lengtii of t;te emission maximum is shifted from 525 to
about 470 nm (180). The mafn factors involved in changes of this type
are solvent viscosity, temperature, proton transfer to the excited
state, the rates of intersystem crossing and. internal conversion,
possible inversion of the energy levels of n-»* and n-»* states and
the polarity of the medium (148). The significance of these effects
with respect to the fluorescence of ANS in membrane suspensions is not
vet known with certainty (148). .

McClure and Edelman (182) and Oster and Nishijima (183) have
shown that the quantum yield of ANS dyes increased with increas ;19

solvent viscosity at constant dfelectric constants. Oster and Nishijima (183)
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“have also shown that the wicroscopic rather than the bulk viscosity is

of importance, The viscosity effect was smaller than that produced*
by Towering the dfelectric constant, This may be attributed to suppression
of vibronic deactivation of fhe excited state by intramolecular motion
between the phehyl and naphthyl rings (184,185). ‘
The major effect on ANS fluorescence appeared to arise from
solvation of nthe excited state and was related to the dielectric
constant of the medium (186,187). The long wavelength band of ANS is
dl;e to a n-a* t‘ransition. The excited state,s*, is more polar than
the ground state (188). Polar solvents therefore interact more strongly
with molecules in the excited state than with those in the ground state.
This excited state solvation lowers the energy of the excited state,
thus decreasing the energy difference bebve_e;n exc%ted and ground state.
A red-shift is therefore expected as solvent polarizability increases.
A strong solvent-interaction with the excited state assists the vibronic
dissipation of the excited state energy and results in a vibrationally
excited ground state. Thus in a polar solvent ANS would be expected
to have a broad emission band of Tow quantum yield, a; was observed,
The fluorescence _of ANSi‘my be used to determine the microscopic polarity
of complex het‘emgeﬂmﬁus biological systems (179).
ANS interacts with erythrocyte membranes and mewbrane protein
resulting in enhanced fluorescence (189-194). There is some question-
as to the location of the ANS within the membrane. The fluorescence
spectra of ANS in erythrocyte membranes was found to be similar to that

of ANS in 1ipid (]95). Furthermore, the fluorescence of ANS in membranes
and in 1ipids responded to alterations in pH -and fonic strength (191,
196). These observations suggested that membrane 1ipids were important
sites for ANS binding. . ‘
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The effect of solvent quenching of ANS fluorescence has been
exuinad Radda -and co-workers (180,197) have shown, by comparing the
fluorvescence of ANS in mesbranes suspended in water or in 029, that
the ANS is seasitive to solvent. °
The removal of phospholipid by treatment of membranes with

phospholipase C was shown to res}lt in decreased fluorescence (1“,126.

198,199). While these experiments indicated that the presence of
Tipid simifiqantly‘contributed to the binding of ANS by mewbranes,
they did not show that Hpidu provided the only binding domain. In
fact Neidekam et al. (194) suggested that the data supported ﬂ;e
hypothesis thgt the ANS was binding to‘pl:otein. Lesslaver (252) has suggested
on the basis of X-ray stidies that ANS way also be binding to the
mesbrane protein. In addition, he has suggested that at higher con-
centrations ANS may perturb the Tipid region of the mewbrane,
] The ;rmsfer of energy from tryptophan ‘residues of the
erythrocyte mesbrane protefn to ANS has been desonstrated (199-201).
These data indicated that the average distance between ANS and tryptophan
was 20-25 X In other words, the le’binding sites were close todé’;
membrane proyﬁ (197).

* " gulik-kraywicki et al. (202) have studied the Tocation of
AXS in model sydtess. In simple npid—m{er systems of the L o lamellar
phase, that is of stacked and equivalent 1ipid lamellae separated by
water ‘l*ayers, the ANS was ewbeded in the 1ipid -letﬂet.’ﬁkely at or near
the lipid-water interface. In lipid-protein-water systems in which
the bonding was primarily electrostatic, -type e, the ANS seemed to
be located at the 1ipi r interface, especially where the negative
c’hg&es of the/'liplds : Tized by positive chargas of protein.

)
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On the other hand,in 1ipid-protein-water systens of type h, that is
stabilized by hydrophobic interactions, the ANS was lTocated at
even less #r sites than in systems of type e, possibly at areas of
hydrophobfc contact between protein and Tipid. These possibilities are
summarized in Figure 5. S . .
Gulik-Krzywicki et al. (202) suggested that the above conclusions
could only be reached-with systems where the affinity of ANS for the
interface between the polar anfi hydrophobic regions was much higher
than for protein, and that the situation was 1ikely to be much more
coupfex with membranes or model systems containing more than one type )
« of protein, . . c
It therefore appears that ANS will be located at polar-apolar
interfaces, probably at areas of lipid-pratein, lipid-water or lipid-
protein-water contacts (180).

- The fluorescence of ANS is enbanced and the wavelength of the
emission is shifted in the presence of membranes (189«192,194,1@-201,
203,204). The interaction of ANS with neobrangs is sensitive both to
external conditions and to the state of the membrane.

The interaction between ANS and membranes has been shown to be
_biphasic (192,199,203,205,206). There is a fast reaction of 1-2 seconds
duration and a slow reaction with a half time of 6-8 seconds (193). The
sTow change has been s{nm to constitute about 10% of the total
enhancement (192,205,206). When the membrane was disrupted by sonfcation
only the fast reaction was observed (192). If, on the other hand, the
ghosts had been resealed, as judged by the decreased rate of K* efflux
from loaded cells, then the sTow phase was {ncreased, contributing
almost 50% of the total enchancement (205,206). It was also found that
“in this case the rate of enhancement was slower (205,206).
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Fig. 5: Location of ANS in protein-l1ipid-water systems. The cross- -
hatched areas represent protein, the stippled areas represen
water. ANS molecule Is shown in the lower panels. The
dark area represents the polar portion of the molecule. The
phases shewn are: e, 1ipid-protein primarily electrostatic
bonding; 1-1ipid water; and h-1ipid pmtein,irinrﬂy hydrophabic
bonding. From ref. (202). .
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Fortes and Hoffwan (193) have S;IM that added organic anions
decreased the amount of ANS bound and that this ANS had contriabuted "
primrily to the siow component of the enhancement. These sfudies
suggested that ANS was bound at polar-nonpolar regions, within the
membrane, that contained charged groups as well as water (180).

These sites may also be the anion binding sites of the membrane (180).

The fluorescence intensity of membrane-ANS suspensions is
strongly influenced by salt concentration. Addition of salt increased
the fluorescence of ANS-membrane suspensions (190). Ft was found that
cations of different valencies increased the fluorescence in the order:
tetravalent > trivalent > divalent > monovalent (190). With micro's':mal
membranes from brain it was found that monovalent cations increased’
the fluorescence in-’the order?* NH4+ > it > Nat > ot s st {207).

This is in the same order as the size of the non-hydrated catio;l. This
sugg“ested that during the process of binding to the membrathere was
displacement of water molecules from the hydration shells. The increased
fluorescence was attributed to increases in the amount of dye bound.

Both Lantelme and Stock (207) and Vanderkooi and Martonosi (196)
have suggested that the effect of cations was not simply related to
the ionic strength of the medium. It has been suggested that Debye
shje]ding of charged groups of the mewmbrane may ‘be involved (208).

' The pH of the medium influences the fluorescence :)f ANS-membrane
su’sqensions (190,192), as does the addition of agents such as the
local anaesthetic, butacaine (191). & '

Al1 these observations suggest that the amount of ANS bound

depends on membrane charge (180). Membrane charge, while including the

nusber of cationic and anionic groups on the membrane surface, may also
-] B
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include other areas of the mewbrane bearing charges such as channels (180)
and intrinsic groups associated with specific components of the membrane
' (193,199,208).

The binding of ANS to the membrane appears to be complex.
While some reports (190,191) have determined binding constants and
nusbers of binding sites by Klotz type plots (212) or by Scatchard plots
(213), others (193,196) have shown that these plots are linear over ‘
only a narrow range of membrane_or ANS concentrations. This would
suggest that there may be a heterogeneity c;f wenbrane regions with
respect to their affinity for ANS. /This is also supp;rted by the
observation that at low ANS concer;tations the quantum yield of bound
" dye is increased by the addition of added fons (193). It was suggested
that under these conditfons only regions with high affinities for-ANS
would be involved in the binding and that as a result differences
would be observed in the average quantum yields (193).
“ Even though the binding of ANS to mewmbranes is quite complex,
Radda and Vanderkooi (180) felt that fluorescent probes of this type were
sujted for detecting changes in membrane structure.
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SECTION II: MATERIALS AND METHODS

A.  MATERIALS:

A1l chemicals used were of reagent grade unless otherwise
specified, Water used in all experiments was distilled and deionized.

n-Butanol (Fischer Spectranalyzed) was redistilled prior to
use, the fraction distilling between 118-119° C being collected.

Trypsin used had been pretreated with L-(tosylamido-2-phenyl)
ethyl chloromethyl ketone to inhibit chymotryptic activity, and was
obtained in this form from Worthington Biochemicals. Lima bean trypsin
inhibitor was also obtained from Worthington. - - - u

Carboxypeptidase B, treated with di 1sop;'o|;y1ﬂuoropho§phate
was also obtained from Worthington.

ANS was obtained as the sodium salt, technical grade, from
Eastman Kodak Company. It was recrystaﬂjzed as ‘descriged by Weber and
Young (232), ‘

Polyamide sheets were obtained from the Chen-Chin Trading
Company, No, 75, Sec. 1, Hankow St., Taipei, Taiwan.

TNB;‘. was obtained from Pierce Chemicals.
) " Anti-M serum was obtained from Dnde,: anti-N from Hylan&.

Dansylchloride was obtained from.3igma Chemicals.



B. METHOOS:
- Ad

1. Preparation of Erythrocyte Mesbrenes: )

Normal humen O positive erythrocytes were used in all
experiments. The cells were washed three times in 0.9% sodimm ’ch'loride
using a clinical centrifuge (l‘nte‘mt'lml Clinical Centrifuge, Model CL,
International Equipment Company) at maximum speed. The supernatant and
buffy coat were removed. .

For the preparation of mewbranes, washed cel7§ were wmade wp to
a hematocrit of 30% with saline. The cell suspension was treated by the
method of Langley and Axell (212) as described by Smith (213). The ’
suspension was mixed with seven volumes of buffer I (Table IV).
The mesbranes were separated from the hemolysate by centrifugation at
10,000 x g for 15-winutes in a Sorval RC2B centrifuge at 4°. The membrane
pellet was then u;hed once with buffer II and three times with buffer 1II. )
The membranes were dialysed overnight against distilled water. Following
dialysis the membranes were collected by centrifugation at 20,000 x g for
30 minutes. The mewbrane ’pel‘let thus obtained was suspended in distilled
water to the desired concentration.

TABLE IV
BUFFERS FOR PREPARATION OF MEMBRANES

Buffer I Buffer II Buffer III
5 x 107° M EDTA 9.6 x 1072 N Tris 4.8 x 1072 M Tris
3.7 x 1073 M Ko HPo, 2.0 x 1072 W Mac (( 1.114 x 1072 1 MaCl
1.3 x 1073 M Ku,Po, 1.0 x 1073 disod!a}glﬂ 1.03 x 1072 K disodium EDTA

1.0 x 1073 N.NaCl

ATl buffers to pH 7.2
N




ii: Preparation of Membrane Protein Solution:

Erythrocyte membrane protein solution was prepared by a
modification of the procedure of Maddy (214) as described by Smith (213).
Any pfecfpitate which formed at the butanol-water interface was discarded.
The aqu;eous phase was dialysed ag;inst distilled water rather than
against 1 mM phosphate, pH 7.2, as used by Smith (213).

jii: Protein:
“Protein was determined by the procedure of Lowry et al. (215)
using bovine serum albumin as standard.

iv. Carbohydrate: ”

cirbohydrai:e (neutral sugars) were determined by the phenol-

subphuric acid method as described by Dubois et al.%(216) using glucose
as standard.

v. Sialic Acid;
Sialic acid was determined by the thiobarbituric acid method
described by Warren (217) following hydrolysis of the sample by 0.1 N

sulphuric acid, at 80° for one hour. N-acetylneuraminic ‘acid was
used as standard. When membrane samples were analysed, absorbance at

both 549 and 532 nm (were measured to correct for {nterference by Vipid (217).

vi. . Amino Acids: v
Protein samples were hydrolysed in 6 N hydrochloric acid, under

- nitrogen, at"l10° for 24 hours. Analyses of hydrolysates were performed
with a Beckman Model 120 C automatic amino acid analyser with the
system of Moore and Stein (218).
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Separate samples were oxidized with perforwic acid according
to Hirs (219) and assayed for cysteic acid and nthﬁine sulphone
following acid hydrolysis. /

-

vii, Lipid:
The 1ipid content of membrane samples was determined gravimetrically

following the extractioéprocedure as described by Reed et al {76).

viii. Henoglotgl:—\ .

Hemoglobin was determined by the benzidine method as degcribed

L4

by Waimwright (220). -

LN

ix. Phosphorus: .
Phosphorous was determined by the method of Bartlett (221)
3

x. N-terminal Amino Acids: ) -
N-terminal amino acids were qualitatively determined by

chromatography of dansyl derivatives, prepared according to Gross and
Labouesse (222), on polyamide sheets as described by Woods and Wang {223).

_xi, Anti MM Activity:

The ability of samples to inhibit the agglutination of fresh’
human 0 positive, MN erythrocytes by anti-M andznti-l sera was
determined following preincubation of 0.1 ml. sample with 0.1 ml. of
the antisera at room temperature for 30 winutes. The sample-antisera
solutfons were then mixed with an equal volume of erythrocytes, 0.2%
in phosphate buffered saline pH 7.2, After 5 minutes the samples were
wbserved for signs of agglutination.
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xit. Polyacrylamide Gel Electrophoresis:
Po'lyacryhmide gel electrophoresis was performed as descr-ibed
by Nevﬂle {224) using gels containing 11% (w/v) acrylamide and 0.1

(w/v) mthy'lenebisacryhmide. Following electrophoresis, gels were
stained for protein with Coomassie Blue and for carbohydrate by a
perfodic acid Schiff stain, both as described by Fairbanks et al. (97).

Gels were scanned using a Joyce-Loebel scanner.

-

xiii. Peptide Mapping:
Samples were applied to sheets of Nhatma;l 3 MM chromatography / .

paper. Ascending chromatography was carried out with butanol?ucetic acid:

water (4:1:5). High voltage electrophoresis was carried out using a
Savant cold plate apparatus (Savanz Instruments Ltd.) using pyridine
acetate buffer pH 3.6 at 6000 volts. The peptide maps were stained with
cadmium acetate-ninhydrin as described by dHenthcoate and Washington (225),

xiv. Turbidity:

o . Turbidity of membrane suspensions was estimated from the .

1gf)pticeﬂ density at 600 nm using a Zeiss PM-QII spectrophotometer, as
5 va
. dgscﬁbed by Verpoorte and Smith (41). .

-

¥ XV, Viscosity:
The reduced viscosity of samphy/was determined from flow
times measured in a Ubelhode viscosity pipette as described by Verpoorte

and Smith (41). Measurements were -pérformed at 26°. No corrections

by

for end effects or kinetic effects were applied.

»

#



xvi. ‘Optical Rotatory Dispersion and Circular Dichroism:
The optical rotation and circular dichroism of samples were

measured on a Cary wodel 6001 recording spectropolarimeter with circular
dichroism attachment. Measurements were performed at 26°. The rotation
and ell1pticities were calcylated on the basis of dry weight of membrane. '
The units of specific rotation and ellipticity ave in dagrees cuz per gram.
No attempts were made to correct the spectra for optical ifacts

since varibus theories are not in accord (see discussion, re (38)).
The spectropolarimeter was not equipped to read absorbance as is

required to perform some corrections (40).

xvif. Assay of Tryptic Activity: - -
Trypsi'n activity was assayed by the spectrophotometric method
described by Schwert and Takanka (235), based on the hydrolysis of

benzoyl-arginine ethyl ester. . .

‘ xviii. Sedimentation and Diffusion Studies:

. Measurements of sedimentation and diffusion coefficients were
carried out ww; a Spinco Model E ultracentrifuge equipped with an °
e1e_ctronic speed control. Sedimentation velocity measurements were
carried out at 56,000 rpm with a double sector cell with a synthetic
boundary centerpiece at 20°. Sedimentatfon coefficients were converted
to the value that would be obtained in pure water at 20° using corrections
from Interr;atimi Critical Tables (226).

Diffusion coefficients were estimated according to the method described

by Schachun (227) using a double sector cell with a synthetic boundary
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centerpiece. The sample was centrifuged at 6,000 rpm. Photographs
of the schlieren pattern were taken at 8 minute intervals. Diffusion
coefficients were calculated by the height area method and by the
second moents method.

xix. Coluwn Chromatography:

&mjss were chromatographed ‘'on columns of Sephadex 6-100
(1.5 x 90 cm) as described by the manufacturers (246). The eluting
buffer was 0.1 M asmonfum bicarbonate. Fractions were collected using
an LKB fraction collector (RadiRac, LKB Produkter, AB Stockholm Bromma-1,
Sueden) The optical density of fractfons was measured at 280 nm with
a Zeiss PMQII spectrophotometer. Aliquqts.’gz:ere analysed for carbohydrate
by the procedure of Dubois et al. ,(2]55)‘ /

xx. ' Trypsin Digestion:

1) pH stat: Trypsin digestion of membrane protein preparations
was carried out at the desired pH l.gsing a ratio of pratein to enzyme of
100:1 (w/w). The pH was maintained by the addition of 0.1 N NaOH,
ct.)ntro'ned by a Radiometer Titrator II equipped with a syringe burette
type SBU la, the pH being measured with a Radiometer pH meter, model 26,
using a combination electrode.

2) Buffer digestions: Tryptic digestions were also performed -
in phosphate buffer as described by Winzler et al. (228). If digestiens
were to be stopped by trypsin inhibitor, a three fold excess was added
to ta;te sample suspension.

- ’

xxi. Extent of Digestion:
1) Alkalt consumption: The extent of digestion of samples

by trypsin, using the pH stat, was calculated from the amount of base

¢
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consmd A pK of 7.5 was assumed for tha new a-amino groups created
by hydrolysis of a peptide bonﬁ As titrations were carried out at
pH 7.0, this meant that 0.24 H \nre released for each bond cleaved. -
The total number of lysine and arginine residues was determined by
amino acid analysis of I:l aliquot of the sample.
” 2? Determination of a-amino groups: o-Asino groups were
determined by reaction with TNBS as described by Satake et al (229),
Reaction u;s carried out at pH 8.5 in 0.2 M borate buffer. The molar
extinction coefficient of the TNP-amino acid was assumed to be 1.0 x 1074
(229). The number.of new amino groups created was determined and the
extent of hydrolysfs was calculated from the amino acid composition ot
an aHr;uot, of sample. ¥ é

3) Determination of C-terminal lysine and arginine: C-terminal
lysine and arginine were detemﬂnec} foﬂouiq‘g‘&gydrolysis with carboxy-
peptidase B as described by Ambler {230). Digestion was carried out
at pH 7.0-7.4 for at Teast & hours at 37°, Digestion was terminated by
addition of trichloroacetic acid. Excess trichloroacetic acid was
removed, after the protein precipitate had been removed, by extraction
with ether. Following lycphylization, lysine and arginine were ]
determined with the automatic amino acid analyser. The extent of
digestion was estimated from the increase in C-terminal lysine and
arginine following trypsh; digestion and from the total lysine and
arginine content determined on an aliquot of sample.

-
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-

. xxii. Cyanogen Bromide Treatment: v . ‘
: . ‘ Samples were treated with cyanogen bromide as described by .
v Gros (231). The extent of digestion by cyanogen bromide was determined

@

from the decrease in methionine and from the formation of homoserine.
After acid digestion homoserine lactone Was converted to homoserine %
heating in 0.1 N pyridine-acetic acid at pH 6.5 for one hour at 110°,
Homoserine was determined on an amino acid analyser by the method of
Schroeder et al, (24%). '

(4

xxiii. Flueresceiice Measurements:

Fluorescence measurements were performed with an Aminco Bowman
spectfofluorimeter, In most experiments excitation was at 370-375 nm
and emission at 470 nm. ’ In energy tra‘nsfer experiments excitation
was at about 285 nm, emission at 470 nm. A 1 cm. cell was used in all
experiments., All dsmp'les were buffered ai? pH 7.0-7.4 with 0.01 M

tris~hydrochloric acid buffer,

Y

< , 3 a
Apparent binding constants were determined from double

reciprocal plots as described by Gomperts et al. (207).

‘The binding of ANS to mesbranes was also determined as described
by Collier (204). Membranes were exposed to ANS, at room temperature
for at least 30 wminutes, after which time they were centrifuged at
20,000 x g for one hour in a Sorval RC2-B centrifuge. The optical
density at 350 nm of the supernatant was determined using a ZefSs PMyII

-

spectrophotometer. The amount of bound ANS was determined the
difference between the observed optical density and that of a control
] sample to which no membranes had been added. The u;lar extinction
- coefficient of ANS was assumed to be 4950 (232). -




. SECTION £11:° EXPERIMENTAL DATA

A\

A, INTRODUCTION
> " Proteolytic enzymes havée been esployed in several studies of

cell membranes. Little is known about either the extent of proteolytic

digestion of e proteins or of its effect on their physica{

properties (175)}ifMIth this in wind, the tryptic digestion of humen

erythrocyte membrane proteins has been examined. The extent of digestion

of erythrocyte mesbrane proteins in aqueous solution, in membranes or

in intact erythrocytes was estimated by the following methods:

-

" deterwination of hew o-amino groups by alkali titration and by reaction

with trinitrobenzene sulphoste and by the increase in C-tersinal lysine
and arginine released by urbomeptitiase B. .
The effect of trypsin digestion on the composition and on sowe
physical properties of the membrane were studied. Properties exawined
included viscosity, optical rotatory dispersion and circular dichroism.

" The effect of trypsin digestion on the interaction of membranes with

T-anilinonaphthalene—~8-sulphonate was also investigated.

12

-~

B. DATA

"

e
I. ‘Ctnracter:ization of Membranes and of Mewbrane Protein Solution
a) Results ) -
Membranes were prepared as indicated in Section II, B.

-
e o
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Examination of the membranes, fallowing d'mysis against distilled water,
showed that they had retained their discoid shape. ¢

Am]yses of membrane suspensipns and of membrane protein solutions,
for protein, neutral carbobydrate and sialic acid are given in Table V.
Amino acid analyses are presented in Table VI.

g - TABLE V ' n
COMPOSITION OF HUMAN ERYTHROCYTE MEMBRANE AND PROTEIN SOLUTION

°

. Protein® " *  Carbohydrate® ‘Sialic Acid®
Membrane - 1.90 : . 0.093 0.116
Protein Solution 1.16 ’ 0.040 0.074

t
L]

4) values are reported as mg. per mi. packed erythrocytes.
Values are mean of 6 determinations.

b) Discussi.on

Membranes prepared from one ml. of packgd erythrocytes were
found to contain 1\.90 mg. protein, 116 ug, sialic acid and 93 ung. neut;r'al
carbohydrate. Hoogeveen et al. (95) have isolated a similar membrane
preparation which contained 1.84 mg. protein per ml. packed cells, with

it

160 ng. sialic acid andy. neutral carbolwdra’tg

E 29

£
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TABLE VI . o
ANINO ACID COMPOSITION OF HUMAN ERYTHROCYTE MEMBRANE AND OF PROTEIN SOLUTION ~
3 Membrane* i Protein Solution® .

Lysine . 516 5.3
Histidine 2.12 2.77
Arginine . 4.54 ' 5.10
‘Aspartic acid | 8.715 Z.BO
Threomine 5.18 / 5.40

_ Serine 7.68 6.43
Glutamic acid 12.34 ) 1?.34

 Proline 588 . 5.0Y
Glycine w~  6.73 6.93
Alanine a.n 7.99
Valine ' : 5.7 . A
Methionine 2.44 2.38.
Isoleucine 5.06 : 5.28
Leucine | " 12.42 ' 12.24
Tyrosine 2.51 , 2.43
Phenylalanine SRS Y T a
Cysteic acid ‘ T 0.66 . 0.70
Tryptophan not determined not detersiined

!

*values reported as mle%, are the mean of 3 determinations.

L3
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' The agueous protein solution contained 1.16 mg. protein, 40 ug.
mtn‘?’ cnrbdaydrate’wd 74 ug. sialic acid per ml. packed cells. Thus
only 65% of the mewbrane protein was recovered in the aqueous phase
following the extraction of membrane 1ipids with n-butanol. Swith (213)
has reported that 85% of the protein could be recovered. Part of this .

'

be the method used to oftain salt free membrane suspensions. Smith (213)
washed the membranes by 1ghvspeed centﬁfugati\on. She observed, by
phase-contrast microscopy, that following this treatment the membranes
uere;frag\ented. Salt free mewbranes prepared by dialysis: on the other
handrstj‘n retained the discoid shape. It is possﬂﬁe that the fragmentation
of the mewbranes, cbserved following high speed centrifugation, accounted
for the hiéher\recovery of protein in the aqueous phase fo'l'lowing butanol
treatment. J )

The amino acid compositions of the membranes and of the protein
solution derived from them were not significantly different, as shown in

¢Table VI. The coipositions were similar to those reported by Smith (213). .

o
-

II. Extent of Digestion of Human Erythrocyte Membrane Protein by Trypsin

B

€

a) Results - ‘
The data on the extents of digestion of membrane protein are
summarized in Table VII. ‘ -

o

°
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TABLE VI1
EXTENT OF DIGESTION OF HUMAM ERYTHROCYTE MEMBRANE PROTEINS BY TRYPSIN

13

»

Protein Method Extent of Digestion_ (%)
Aqueous protein Alkali titration, pH 7.0 69.2
solution 1 PH 8.0 71,0
Amino group determination 97.0
Isolated mesbranes Alkali titration, pH 7.0 64.8
Amino group determination 107.0 -
C-terminal determination _ 74.0

Intact erythrocytes  Amino group determination, ,

no trypsin inhibitor 6.8

- ‘ with trypsin inhibitor 4,8
. C~-terminal determination,

no trypsin inhibitor . 1?2

with trypsin inhibitor




Fi

025} _
B
8 . 020
0 O
o a
“ .
S
2 E: 015
U Z».
L =2
=] ‘010
)
' 005

Time (hours)

F‘Rﬁeamf«sialic acid during digestion of h rsc ytes
by trypsin (0.25 mg. trypsin per ml. packed cells at 25”)

&

59

»

2



[y

14

(i) Extent of digestion of isolated membrane protein
- 1. by alkali titration ’

Aquecus solutions of human erythrocyte wﬁ\muu were
prepared by butanol extraction of membrane 1ipid (Section 11, Bif).

The digestion of the protein solution by trypsin was followed with a pH’
stat at pHi 7.0. The extent of digestion was estimated from the amount
of alkali consumed and from the total number of lysine apd arginine
residues. It was found that 69:2% (mean of 6 determinations) of the
bonds were cleaved. This figure was based on the assumption that the
pK of a newly created a-amino group was 7.5 (234).

2. by detergjqationmf amino groups ) .

The extent of digestion of aqueous membrane protein solution was
also determined from the increase in o-amino groups. These were measured
colorimetrically following reaction with 2,4,6-trinitrobenzene sulphonate.
By this method it was deterwined that 97% {n = 3) of the total peptide
bonds involving TysTne and arginine restdues were hydrolysed.

(i1) Effects of pretreatnents and of digestion conditions on the
*  extent of digestion . . . )

Atte-pts were made to increase the extent of digestion of aqueous
solytions of membrane proteins, as msured uith the pH stat. Pretreatment .
of membrane protein with 0.1 N sulphuric acid at 80° for one hour, which
remved essentially all the sfalic acid residues, did.not increase the
extent of digestion over that observed @\on-treated protein. Pre-
treatment with cyanogen bromide which resulted in the loss of 70-751 of
methfonine residues also did not increase the extent of digestion.




Extraction of the pratein, prior to digestion, with chloroform:methanol:
concentrated hydrochloric acid (200:100:1), which removed most of the
remaining phospholipid (5), also had no effect on the extent of .
digestion. ‘

The digestion proc%eded to the same extent as normal in thé
presence of 2M urea, whereas in 25% propanol only 25% of the bonds were
hydrolysed, and in the presence of 0.02-0.2 M ca™* the digestion was
completely inhibited. When the digestion was followed with the pH stat
at pH 8.0 it was found that 71% of the bonds were cleaved.

L

{iii) E;ztent of digestion of pro‘teins in isolated membranes:
1. by alkalj titration ‘
It wa;s’found, using the pH stat, that 64.8% (n = 6) of Tysin;
and arginine bonds were hydrolysed by irypsin at pH 7.0.
2. by determination of amino groups

61

“The extent of digestion of proteins in membranes was determined

by reaction of amino groups‘with tmnitmbenzene sulphonate, as for &
isolated protein. It was found that 107% (n = 3) of the possible 'Bﬁnds
were hydrolysed.

3. by determination of the increase in C-termina] Tysine

i

and arginine.
The extent of digestion of proteins in’isolated membrane by
trypsin was estimated by determining C-terminal lysine and arginine

residues re]easedcby carboxypeptidase B. From the increase in C-terminal

lysine and arginine faﬂow%ng trypsin treatment, it was estimated that
78% (n = 3) of lfhe bonds were i;ydrd]ysed.
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(iv} Extent ' stion of membrane proteins in intact srythrocytes
It was diffiﬁ follow the digestion of intact erythrocytes,

in physiological saline, with the pH stat. The rate of consumption of

alkali in the absence of added trypsin was high and several hours were

required before this approached zero. At this time the erythrocytes

hm{ysad after only brief exposure to trypsin. For this reason, digestion

of proteins of intact erythrocytes was not followed with the pH stat but

rather was performed in 0.1 M phosphate buffer at pH 7.0. Under these

conditions less than“1% of the cells had hemlysed, as estimated frw

the release of hemsﬂobin, after 6 hours exposure to trypsin. The

progress of digostion was- followed by release of sialic acid (Fig. 6) amd

by release of peptide material. The digestion was essentially complete

within 3 hours, The addition of more trypsin at that time did not result

" in release of more material from the erythrocyte. .

1. by determination of amino gronf:s

The extent of digestion of proteins in intact ewthmc.ytei was
estimated using the reaction of amino groups with trinitrobenzenesulphonate.
Following trypsin treatment the supernatant and the cells were separateq
and each was reacted with trinitrobenzene sulphonate. No hemolysis of
the cells was observed after reaction with trinitrobenzene sulphonate.
Membranes wereﬂpreparedx from -these cells, Themts of « amino greups
in each fraction were determined and the extent of d'lges{ion was estimated.

It was found that when trypsin inhibitor was added to the cell
suspension to stop digestion, 4.8% (n = 3) of the susceptible bonds
in the membrane were hydrolysed. On the other hand, if no inhibitor was_

-




63

used and the cells were only washed with saline, then 6.8% of the bonds
were hydrolysed.
2. by determination of C-terminal lysine and arginine
Membranes were prepared from trypsin treated and control erythrocytes
and each was digested With carboxypeptidase B. The lysine and arginine
‘residdes released were measured. The same measurements were performed
— « on the peptides released from the cell during the trypsin treatment. 'It
~was found that 1.6% (n = 3) Qf_the total peptide bonds involving lysine .
and arginine were hydrolysed"in membranes 'of intact cells. Thi;; value
‘ - was only obtained when trypsin inhibitor was added to the digest before )
s- preparation of the membranes. In other experiments in which the trypsin
treated cells were washed with saline, 1t was found that 10.2% (n = 3) of

the bonds were hydrolysed.

b) Discussion

The isolated proi:eins of the human ery®hrocyte membrane have been
found to be susceptible to trypsin digestion. When diges;ign was followed
with the pH stat, at pH 7.0, it was found that about 69% of the peptide
bonds were hydrolysed. The value wf 69% \;ms based on the assumption a
that the pK of the new a-amino groups was 7.5 (234). On this basis, 0.24

2”wdrogen ‘1969 wolfld l;e release;‘ for each peptide bond hydrolysed.

On the other hand, at pH 8.0, 0.72 hydrogen jons would have been titrated
for each peptide bond‘broken. However, at this pH the rate of A
consumption of alkali in the absence of added trypsip was high. making
estimation of the amount of alkal 'i_,used Jess reliable than at pH 7.0.
Estimates at both pH 7.0 and 8.0 were, however, similar being 69% andsﬂz

respectively. -




Estimtesof the extent of digestion of mesbrane protein by
trypsin by the colorimetric determination of amino groups following
reaction with trinitrobenzene sulphonate were complicated by the fact
that this reagent also reacts with other amino groups, especially amino
groups of lipids. Bonsall and Hunt (152) have shown that 5BY% of phospholipid’
amine groups in ghosts react with trinitrobenzemne sulphonate while one-third
of “the prot;:‘ln amino groups react. Solubilization of the membrane with
Triton X-100 resulted in the reaction of all the phospholipid amine
groups, while there was essentially no change in the reactivity of the 3
protein amino groups.

It is quite possible that many amino groups are not reactive in
the protein prior to tryptic digestion but they become exposed dﬁringa
digestion and then react with trinitrobenzene sulphonate, resulting in
an overestimation of the amount of new o-amino groups. This may account
for the difference between the estimates based on alkali titration .
and on reactivity with trinitrobenzene sulphonate.

- The determination of C-umin;l lysine and arginine.by hydrolysis
with carboxypeptidase B should give a reliable estimate of the extent of
‘digestion of membrane protein. The estimate may be Tow if some of the
C-terminal J¥sine and arginine a;e not susceptible to hydrolysis by
cartgo)o'pept'ldase B. However, the gstin;es based on the determination of
‘C-terinal amino acids agreed with those-estimated from alkali consumption.
* The proteins of the human er.);throcyte membrane do not appear to
be especially resistant to tryptic hydrolysis. About 70% of the peptide
bonds in the isolated membrane, involving lysine or arginine, are ’
susceptible to tryptic hydrolysis. Th!s value could not be increased by

w

aliering the conditions of digestion or by various pretreatments of the /7

% . v

grotein.

r©
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The proteins appear to be equally susceptible to tryptic hydrolysis
either when part of the naswane, or when isolated in aqueous solution.
The presence of the Hpid of the membrane doesn't appear to hinder the
action of trypsin. A simﬂar obsgrvation has been made by Pasquali et-al. (175)
for mitochondrial mesbrane prc%ein. The rates of di gestion and extents
of hydrolysis of mitochondrial partic‘les and of lipid depleted vpa‘rticles
by both trypsin and pronase were similar {175). These aythors also
reporteci' that digestion by pronase was not enhanced by the addition of
detergent or by‘ denaturation of the protein.
It thus appears that in at least two membrane systems the ﬁpresence
of Tipid does not hindeﬁ: the action of proteolytic enzymes on membrane
protei;ts. The fact-that’ 1ipid does not protect proteins from digestion
by trypsin would seem to rule out the possibility of close association of
protein chains with individuzal phosphoMpid molecules, as would be expected
in Tipoproteins. .Also, since. the removal of lipid by butanol extraction
does not alter the extent of digéstfon of membrane proteins it could be
suggested that this extractiun had little effect on the protein structure. r\\ J
Such a conclusion has been reached by others (236 »237). )
Conversly, the membrane proteins in intact er:ythrocytes are
relatively inert to trypsin. This has been observed by others (117,118,146),
from J;he effec:ts of protec’ytic digestion as revealed by gel electrophoresis.
It is felt (117,118, 146) thatvon'ly two proteins are c?eaved.by trypsin
in the i‘ntact‘er:ythrocyte, these being the major glycoprotein and a
protein of 100,000 daltons molecular ueighty.u' This is brought about

©
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by the hydrolysis of 1 to 4% of the susceptible bonds of the membrane
protein.
It has been found that addition of trypsin inhibitor to trypsin
treated erythrocytes prior to lysis, resulted in a tion of the
observed digestion from 8-10% to 1-4% of the 'potent'iqlly isceptible
bonds in the membrane. This suggests that in the absence of trypsin
inhibitor, trypsin is not complately removed by washing the cells and . .
that 1t could still be active during the preparation of the membranes.
This possibility was examined further (Section III, p.63).

1II.- Effect of Trypsin Digestion on Chesical Cowposition of Membranes

F

2) Results .-

The various membrane preparations and digests analysed are
outlined below (see Figure 7). )

Analyses of/newran'es prepared from erythrocytes treated with
trypsin are given in Table VIII. No~trypsin inhibitor was used 1‘13 these

13

experiménts.

TABLE VIII
COMPOSITION OF MEMBRANES: EFFECT OF TRYPSIN DIGESTION OF ERYTHROCYTES*

M-1 (control - M-2 (membranes from

9 memb ranes ) trypsin treated cells)
Protein X 1.90 - ° 2,15
Carbohydrate 0.093 ’ ' 0.120
Sialic Acid " Q.116 ; 0.058
Lipid 1.46 : 1.48 '
Hemeglobin 0.0057 0.1368

[N

*A11 valfue;:;;l*vean of 6 detdrminations except 1ipid and hemg\obin which
are of gthree and are given in mg. per ml, packed cens‘

¢
#
¥ »‘ 3

[
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Washed erythrocytes

a ¢ t—aP-le—— ¢

 Fig:*7: Scheme of treatment of erythrocytes, where a represents -
preparation of membranes, b répreser’lts butanol extraction, L/

¢ represents trypsin digestion and d represents treatment
with trypsin inhibitor.«

f :
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> Digestion of inuct erythrocytes resulted in a loss of 50% of the
sfalic acid. These wesbranes contained only 0066 wg. per ml. packed
cells while the normal content was 0.116 mg. per ml. packed cells. At \
the same time, the amount of protein and ‘carbohydrate 1in these membranes - \
was %ncreased. They contained2.15 wg. protein per ml. of packed cells |

2

as compared to‘] 90 mg» per mi. packed cells for normal membranes. This \ .

b

increase was part‘l_v due to an increase “in the hemglobin content. -

Membranes prepareu fmn'i trypsin treated erythrocytes contained 136.8 ug. \

hemoglobin per nﬁ packed cells, a 24 .fold incréase over that of mmal n b
¢ membranes which coritained 5.7 ug. per ml. packeg cells, . : J \

. |
: Digestion of intact erythrocytes, did not result in loss of Hpid. |
L]

Hembranes prepared from trypsin treated erythrocytes contained 1.46 mg. ef I
. §
. 'Hpid per mt. packed ce‘llsﬂhﬂe-nml met&aranes were found to contain ° i

Aﬁ P °

i

1 48 mg. per mi. packed cells.. - ’ B
The protejn solutions prepared from normal membranes and from
© membranes of" tryp&in yeated erythrocytes were also cmpared. These
results are showi in Table IX. ol ¥ " i
) ’ &
‘ TABLE"T¥
. COMPOSITION OF QAQUEOUS /PROTEIN SOLUTIONS*

- © ", WsP-1 (Protein WsP-2 (Prepar

° from pormal membranes)  from membranes\of
- ’ - : & trypsin treated erythrocytes)
Pretein , :0 B o 16 089
. sCarbohydrate ,° - 0.040 ) ’ 0.027
-  salic Acid < X ‘ © 0.025
NV < I - ” ° *

*alues arehne&n of 6 determinatidns, reported as mg./ml. packed cells.

}
'
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.« in the butanol phase during the butano] extraction.
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. ( Y,
In contrast to the results obtained with membranes, the protein

: soiujt‘fons prepared from membranes from trypsin freated erythrocytes did

not contain greater amounts of protein than expe(cﬁted. The extra material
whioh had been isolated with ne:nbranes M-2 might either have precipitated
at the water-~butano't interface, or have rematned associated with lipid
It has previously been' ‘shown that trynsin digests about 10.2% of
_ the susceptible bonds m the membrane of” intact erythrocytes. Hdwever, a
value of 1.6% was obtamed when the erythrocytes were washed with trypsin

1nhib1tor pmor' to membrane preparation. The' increased number of bonds N

-broken when the cells were. net washed with trypsin inh‘ib'iton sudgested

that erythrocytes had bound trypsin which continued to digest protein
during preparation of the membranes. Therefore, the tryptic activity” of
saline ‘washes of erythnocytes.of the hemol,ysi‘s buffer and of the subsequent
buffter washes, was determined. Of the total tryptic activity added to the
erythrocytemsuspensiou only 62% was recovered“n the saline solutions used
to wash the erythrocytes. Thus 40% of the activity, or about 100 ug,._

tryp 1n per ml. “packed cells remained bound ‘to the erythrocytes. (Of this

bound trypsin 74% was ‘recovered in the buffer after hemolysis. This

left 10% of tt% total activity still attached top the membrane. A large

amount of this activity was recovered in the first buffer used to \ . ]

2

wash-the ghosts. No detectable tryptic activity was found in the subsequent
buffers used to wash thie membranes. . ;j

To inhibit the bound trypsin, lima bean tr,ypsin inhibitor was

, added to the erythrocyte suspension at the end of the digestion period.

! i

* o
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. The cells wer;. then ‘washed with saline and membranes were prepared in the
* usual manner, Membranes prepared in this manner are compared uith normal
membranes in -Table X.- The hemglobin contents of the nubrane preparations

[

are given in Table XI. . e
( : N
¥

’ TABLE X
CbﬂPOSIfION OF MEMBRANES: EFFECT OF TRYPSIN INHIBITOR*

-

s -
Normal Membranes  °  Membranes From Trypsin Treated Erythrocytes
s )/ ' M2 e . M2l
X \ {no inhibitor) (with inhibitor)
Protein | 1.90 2.15 .
 Carbohydrate * 0.093 0.120 . 0.078
- i .
Sialic Acid 0.116 " 0.058 0.081

) - "'.$

*%;Iues are mg. per ml. packed cells and ar2 the n of 6 determinations
- except for M-2I which are the mean of 3 determinations.

“w
‘&rgnes prepared from cells washed wii:h tryps‘in inhibitt;r after
,  the trypsin digestion was completed contained abo;At twice the normal amounts ’
of hemoglobin, 0.12% compared to 0.06%. Similar preparations in which - ™
. trypsin .inhibitor was not used contained 1.4% hemoglobin, about 24 times ‘
the nom'l amount. The further diges}ion of any of these menbranes by
trypsin resulted in the release of hemg‘lob'tn. .




TABLE XI
* . HEMOGLOBIN CONTENTS' OF MEMBRANES* v
e : . uwg. perml.
) I % dry weight packed cells
'
; : P

M-1 (nérmal membranes) [ 0.06 ° 567
M-2 (membranesfrom cells treated . ’
+ with trypsin) 1. 40 " . 136.80
M-21 (membranes from cells treated o
» with trypsin then with trypsin v

inhibitor) . 0.12 ) 10.08
M-4 (M-1, treated with trypsin) . 0.08 ’ 4.59
M-3 (M-2, treated with trypsin) 0.14 ) * 6,03
M-31 (M-21 treated with trypsin) 0.06 '2.97

*Values are the mean-of 3 determinations

a

— -

The effeci? of tﬂrypsfn inhibitor on tl;e composition of membranes
from trypsin treated cells was 3oticeable (Table X). Instead of an,
increase in protein fr'om 1.90 to 2.15 mg. per ml. packed ce‘ﬂs. this
value decreased to 1.65 mg. per mi. packed ceﬂs. This represents a
ng\uction of about 13.2?{ in protein. The amounts of carbohydrate and
) sialic acid also decreased, the former from 0.093 to 0.078 mg. per ml.
packed cells, the-latter from 0.116 to 0.081 mg. per wml. packed cells.-
The 1ncrease previousiy seen in the carbbhydrate content of membranes
prepared from trypsin tmted erythrocytes th.-re no trypsin inhibitor

o . ! ; .
A N~ :

&
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r

‘was used, was not evident when inhibitor was added. Also, the decrease
in sialic acid content was less when trypsin inhibitor was added, than

in its absence.

As well as resulting in a loss of hemoglobin as shown in Table XI, ¢
the digestion of any of the membranes by .trypsin resulted in loss of more /\Nn
protein, carbohydrate and sialic acid as shown h; Tabéle X11.
' TABLE XII
EFFECT OF TRYPSIN DIGESTION OF MEMBRANES ON COMPOSITIONS®

Protein  Carbohydrate Sialic Acid  Lipid©

M-1 (normal membranes)®,  1.90 = 0.093 0.116 1.46
M-4'(M-1, treated with ' g
trypsin)b 1.21 0.059 0.040 . 1.25
, @ L3

"M-3 {membranes from trypsin
treated erythrocytes,b - .
treated with trypsin) 1.25 0.097 0.038 - 1.48

M-3I {membranes, from trypsin
treated erythrocytes washed -

with trypsin inhibitor, . .
treated with trypsin)®  1.13 0.064 0.035 ,

a) all values are mg. per ml. packed cells.
b} mean 6 determinations. 4 . .

c) mean 3 deteminationsx
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. ‘treatment to about 30% of the amount usually found in membranes. The

A
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B
P "

P

In all cases the sfalic acid content of membranes was reduced by trypsin

amount of carbohydrate was also ;eduged by trypsin treatment to about 65% |,

of the normal amount, except when tﬁZ“membrapes were prepared from

erythrocytes which had been treated with trypsin but not with trypsin inhibit&;.
In this case the amount of carbohydrate was s¥ightly greater than normal,

0.097 mg. per ml. packed cells as compared to 0.093 mg. per ml. packed cells.
This increased amount of sprbohydrate was a ref]ect1on of the already
increased carbohydrate contené of the membranes, prepared from %cxpsjﬁ?
treated erythrocytes without the use of inhibitor, which had 0.120 mg. per

- I

El

ml. packed cells as was shown in Table XI.
Digestion of intact erythrocytes had 1ittle effect on'%hg\1ipiq
content of the membranes. Normal me&branes contained 1.46 mg. lipjd ’
per m{ packed cells while membranes from trypsin treated cells cbﬁtaiped
*1.48 mg. per ml. packed ceIIs. On the other hand, digestion of membranes
resutted ih a substantial loss of 1ipid, these membranes containing only _
-1.25 mg. lipid per ml. of packed cells. This represented a loss of
14.4% of t;e total Tipids.
- The peptides, P-1, which were re]easeé during the digestion of
intact erythrocytes, and P-2, which were re1e;sed*during the digestion

of membranes prepared from the tnypsin treated erythrocytes were ana]ysed
(Tablé XI1II). g . .

T
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© TABLE XIII

CONPOSITIOMOF RELEASED PEPTIDES® £
| P . P-2 C
y . .
Protein ‘ 0.18 0.47
Carbohydrate X o.014 " 0.013
sialic Acid © 0,055 © 0,017, . :

I |

*Average of 6 determinations, reported as mg. per ml. packed cells.

-
-

-

Both sialic acid and carbohydrate were released in P-2, even
though thesg peptides were obtained from membranes prepared from )
erythrpcytes which had been treated with trypsin to completion. That
the digestion of: the erythrocytes had gone to completion was shom} by the

e T

failure of added trypsin to effect the release of additional material.
}V e
\/  Both P-1 and P-2 were tested fqr their ability to inhibit

L]

the agglutination of erythrocytes by anti-M and anti-N sera., Results
are presented in Table XIV. '

€

Pﬁ-‘l at concentrations.of 1.2 to 2.5 mg. protein per ml. was
able to inhibit the agglutination of erythrocytes by anti-M serum. All
dilutions of P-]1 tested (0.¢ to 9.8 mg. per ml.) were shle to inhibit
the agglutination of erythrocytes by anti-N senfm. P-2 was not'as
effective as P-1. The agglutination of erythrocyte§ by anti-M serum

. . -

v
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TABLE XIV ‘ .y
INHIBITION OF AGGLUTINATION OF ERYTHROCYTES BY ANTI-M AND ANTI-N SERA

l Dﬂution}'ﬁested ¢ .
L Cstack 1 1:4 1:8 1:16
M - - + - . -
N - - - - -
M ) -+ o © -, H
. - s ++ - H+ v o H

=-“ indic;tes no agglutination; +, ++, ++ indicate increasing agglutination.
P-1: 9.8 mg. protein/ml.; 0.14 mg. carpohyq;-ate/ml. of stock. >
P-2: 1.9 mg. protein/ml.; 0.01 mg. ‘carbohydrate/ml, of stock.,

- - —‘ L}
% - .
. , . ?
e, -
‘ -

was only partia‘ny inhibited by the most concentrated stﬂutmn of P-2,

. 1.9 mg. per ml. Furthermore, only the most concentrated soTut'ions of

&

P-2, 0.95 and 1.9 mg. per ml., were able to inhibit the agglutination
of erythr:ocytes by anti-N sérdm. ) ) ) . \/

“A summary of the analyses of the various membrane prepa”r?fions '

i

is given in Table va ' ] “ ”

-



76

TABLE XV

ANALYSES OF MEMERANE, MEMBRANE FRAGMENTS, MEMBRANE PROTEIN ’
SOLUTIONS AND DIGES'[;—\

’ £
'meein . CarbohNrate~ : Lipid
S I T X @ RN
. w2 2,15 .. 0.120 ', 1.48
M-3 Lz ' 0,097 ‘ :
M-21 1.65 0.078
M-31 133 . 0.064 , ‘
- N-4 1.1 - { “0.058 - o, - '1.25
WSP-1 1.6 ° % 0.040 . , .

WSP-2 0.89 ’ 0.027 C Y S

WSP-3 0.38 0.017 0.0084
q tp-1 ( 0:18 - 0.04 0.055
- TPz 0.47 .  'p.013 0.017
” *A‘H values are mg, per ¢ packed cells and are the mean of 6 determinations
LA o except for M-2I and M-31 which are the mean of 3 deteminations.
° T - b) Discussion
. S Mranes prepared from erythrocytes which had been digeste

to tompletion wi th trypsin were found to contain e]avated levels of

pratein and car-bohydrate whﬂé’;gs?*alic acid-levels were veduced by 50% as
cmpared to menbranes from non-treated erythmcytes. A large part of the
increased pmtein content could be attributed to 1ncreased hemoglobin
content. If, on fhe other hand, trypsin inhibitor was added to thg

jad - - \




hemoglobin contents. The removal of‘éigﬁc acid, however, cannot be

- « - 1 = 77
- . ) {
rythrocyte suspension ‘at the end of the digestion period, the, membranes

from these cells did not contain elevated levels of protein or

when no trypsin inhibitor was used. ?

) That trypsin digestion of intact erythmcytes leads to the
retention of hemoglobin has been noted prevmusly (238), though no |
explanation was offered L . T

- Weed et al. (239) lfave observed that digestmn of. er_ythrocytes h
with neuraminidase resu]ted in thelisﬂation of membranes With increased V]
the major factoy in the increase in hemoglobin observed here, because .
wht;n trypsin inhibitor is added, muct 1ess hemoglobin is retained in
the menbranes ‘even though they have lost 30% of their sialic acid. ’é'

The observation that addition of trypsin inhibitor preventdd _

the increase in hemoglobin content of the membranes_suggested that the
enzyme was able to act on the membrane during or following hemolysis.
It was found that after the first hemolysis step, the membranes stﬂ1
contained‘ﬁmQ ug. of the 250 ug. of trypsin added per ml. packed ceHs. -
Digest‘ion of ghosts by lower conc,entrations of frypsin than this have
been shown (172,174) to result in the b?oduqtio‘:} vesicles with( .
enhanced capacity for' glucose. It is poss;ble‘that the digestion of
the membranes by remaining trypsin is resulting in the formation of similar
vesicles which retain hem;tg'tobin. These vesic]es would have to be more
stalﬂe to hypotonic buffers than are normal erythrocytes as the subsequent
buffer washes _fai led to remove the hemoglobin. However,-as opposed to -
intact erythrocytes, the proteins of these vesicles must stﬂ] be
susceptible to ‘hydrolysis by trypsin, as digestion of M-2' reteased
protein, ca:rb;:h}drate, sialic acid and hemoglobin, i !

3

s

L] €

.carbohydrate.* The loss of sich acid was also less than observed -
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i The reduction in sia!\ic aa‘fé content -of meybraﬁes by trypsin

‘. digestion’ of 1ntact er,ythrocytes was not as great when trypsin inhibitor

was added to stop the digestion as compared to digestions where none

uas "added. In the fomr case the sialic acid content was reduced by

0% while in the latter 1t was reduced by 50%. The loss in stalic acid . .

observed when no trypsin inhfbitar was used was, similar to that reported .

‘ " by Carraway et al. (145) who reported that a total of 60% of ‘the sialic

! acid was lost. They observed ‘that-of the tota'l amq&nt lost, half was

recovergd from the supematant of the di gesti on while half appeared to be

lost during the preparation of the membrane. Theg‘( stuggested that the

.sialoglycopeptides prcduced by trypsin cleavage were differenti al ly

re'ieas;d from the mnb;ane, 30% during the digestién of the”iptact cell,

30% duri;g membrane preparation and 40% not released. . In~v;lew of the -

results presented here, it seems er’!y that the 30% of the toia'l sialic

acid lost during the preparation of the membranes was actually 1ost .

due to the action of bound trypsin. ' _ ‘
Further digestion of membranes prep;regvfrom ‘trypsin treated

erythracytes st11 resulted in the Toss- of additional stalic acid and -

carbohydrate”in fraction P-2. The peptides in this f’raqc:t*loln~ had a

similar, though less pofent, ability to inhibit the agglutination of

.
Rl
Y

+ human erythrocytes by ant‘l—ﬂ and anti-N sera, tndicatfng their simﬂar
nature. This finding, plus the pbsew&tion of Eylar et al. (240)

that all sich qcid is on the pxterior of the érythrocytes, suggested

that at least some of the material of P-2 was derived from the outer surface
,of the membrane. This occurred even though the digestion of the cells from

iy - ~ #




- 79
which\thesé membranes were isblated had proceeded to completion as \j
indicated by the failure of added trypsin to release sialic acid.

This may be explained in gititer of two' ways. First, digedtton of the
isolated mfrane“from the inner surface could produce situctural changjes
fexpg.sing additional peptide bonds on the outer surface, or secondly, the
process of hemo'ly‘sis. ‘could produce changes in-the membrane structure »
resu'ltin’g in the exposure of more external peptide bonds te trypsin. \Tl;is
'latter possibility 1s supported by the observations of other workers (155-157)
. which indicate profoynd changes in the s!:ructure of the membrane during

- hemo‘lysis.

5

v

. Harchesi et al. (128) have described the structure of \g'lycophorin,
the ma:jor glycoprotein of t(;e human erythroeyta ’menbrane. G'chophorin

. 1s known to have at least one peptide bond that is resistant to trypsin ;
in the intact erythmcyte. j§ 4 1s quite possib'fe that this is' the bond -

3
1

{
f being hydro]ysed in M-2, resulting in the release of peptidzya{eria?
x\n .

&

into fraction P-2. If this is the case the released glycopeptide is
the g-peptide of Marchesi (see Fig. 3). It has recent'ly béen shown (241) 4

&

< " that this peptide has similar antigenic activity as the other peptides ' >

desi guated ay.

] * -

Tryptic digestion of the isolated erythrocyte membrane resulted
in the réleasé of 14% of the membrane Tipid. Okhuda et al(72) have
reported that"no phos;')hoHpid or cholesterol was released during the
trybtic*digesti:on ‘of ghosts prepared by the Dodge method.(242) The
‘ differences in results may be due tb.the differing methods of membrane
. preparatian. The 1ipid released here may be 1lipid which is closely associated

&

LI
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with protein, rather than being in a 11;@@ The existance of ¢

such a 1ipid fractionrhas been suggested by Jost et a}.(243) for

membranous cytochrome oxidase. ’ - -

g

¥
1V.- Effect of trypsin digestion on aqueous protein solutions
[

a) Results- o ’ .
7ﬂAqueous protein so]utions were prepared by n-butanol extraction
’ of normal membranes, M-1, menhranes, M-Z, prepared from erythrocytes—/\g
treated with trypsin without the Gse of trypsin inhibitor, and of membranes, -
M-3, preparéd by digestion of M-2 with trypsin. These protetn solutions
Wsequmtly digested with ttiypsin, at pH'7.0 with ‘the‘ pH stai. .
The digests were examined by gel filtration on a Sephadex/G-100 column ‘
(1. 5ox 90 cm.). Typical elution proﬁles are shown. in Fig. 8. The -~
digest could be divided into four fractions, A, B, ¢, D. s,
1} bDigest of protein solution of norma‘l menbranes.
_ The elution profile of the tryptic digest of the agueous
protein solution, WSP-1 prepared from normal erythrocyte membranes is ’
shown in* Figure 8a. The results of‘chémical a;:aTyses are given in T

Tables XVI and XVII.

*

1) Fraction A: -
Fraction A eluted at the void volume of the Sephadex G-100

2
- -

.colum. It was. found fhat aufract1on of similar ¢hro aph‘ic behaviour

could be #solated by centrifugatj%_@:otﬂ digest of WSP-1

at TQ,OOO g. for 15 minutes. This removed essentially all materiaT which

* eluted at this positien from the digest About 20% of the dry weight of .

the dig,estw{%dimuted in this manner. o
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Fig. 8a: Elution profile of WSP-1 following chg tography on a |
. ] Sephadex G-1T00 column (1.5 x 90 cm.) de’\ll‘:loped with 0.1T'M
ammonium bicarbonate. The solid 1ine represents absorbance
at 280 nm, the broken Tine absorbance developed with the
Dubois reaction for neutral sugars.
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8b:, Elution prefile of WSP-2 following ehronatography on a
Sephadex 6-100 column (1.5 x 90 'cm.) developed with 0.1 M ~
ammonium bicarbonate. The solid l1ine represents absorbance
at 280 nm, the broken 1ine absorbance deve!oped with the Dubois
redction for neutral sugars
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. A
Elution profile of P-2 following chromtographymephadex
G-100 column (1.5 x 90 cm.) developed with 0.1 M ammonium -
bicarbonate. The solid 1ine represents absorbance at 280 nm,
the broken Tine absarbance developed with the Dubois reaction
for neutral sugars.
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- MNALYSES OF FRACT IDNS' FROM_SEPHADEX 6-100 CHROMATOGRAPHY

TABLE XVI
/ o -
h Protein'
&«
! . \ 1 2
o i

© WSP-1 A .38 20,3
B .0% 5.
S & a6 2.4
’//_\\\”//j/:‘ D .357 18.8
Pl A 0 0.6

B . T oM 2.3
st 084 4.4
D s .00 1.6
WSP-2 A .29  15.6

B " 063 3.3
c 237 12,5
S 220 11.6

L] /-\ )

) P2 A 073 3.8
B 081 43
) o 223 1.7

‘ D 123 6.5

1} mg./ml. packed red blood cells.

2) % total in membrane M-1.
>

-

Carbohydrate
L1 2
.0126 13.5
. .0104 1.2
0154 - 16.6
.0064 6.9
.00bg 1.0
,0097 10.4 ~
,0030 3.2
.0019 2.0
.0098  10.5
,0050 5.4
.0038 a1
.0018 1.9
.0032 34
|
.0024 2.6 |
0057 - 6.3
|
.0024 2.6 ]
&

85

Stalic Acid ‘

1

0115
,0608

0176’

.0026

.0047
.0462
.0041
.0016

.0070
.0098
.0069
.0011

.0035
.0045
.0070
0074

2

9.9
52,4
15.2

2.2

4.1
39.8
3.5
1.4

6.0
8.4
5.9
0.9

3.0
3.9
6.0
1.2
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\ ., TABLE XVII

AMINO ACID ANALYSIS OF VARIOUS MEMBRANE PROTEIN FRACTIGNS .

3

Amino Acid Composition (mole %)

WSP-1  WSP-2  WSP-3 ' A B c
lys. 5.3  5.50 2.18 3.87 447  7.82
His. 277 242 .2.02  1.89 458  2.38
Arg. 5.10 4,70 3.50  ,4.03, 411 : a2
Asp. 7.80  8.54 8.06 7.07 1022 10.59
Thr. 5.40  5.04°  5.03 .98 16.92  5.32
Ser. 6.43  5.90 6.44 5.22 18.21 5.5
Glu, . 12.38 ' 1274 11.66 9.49  9.28  17.54
Pro. 5.01 4,99 4.95 4,88 4,23 4.82
aly. 6.93 . 6.9 7.63 779 4.47  6.45
Ala. 7.99  8.20 8.22 7.6 6.1  8.80
val. 707 7.3 -0 8.82  6.35  6.65
Met. 2,38 231 2.5 5 135 042  1.4%
Ile. 5.25  5.31 5.99 y.90 317 3.95
Leu. 2.2 12.18 13.07 1474 3.7 ' 10.76
Tyr. 2.43  2.56 " 2.66 217 3.06 1.8
Phe. 7.4 493 570  6.50 059 2.5
Cya. . o7 0.40 0.59 .67 0.35 0.36

- <

A-D: Fractions from Sephadex G-100 chromatography of WSP-1.

J

6.54
1.35.
7.67
9.36
4.70
. 6.47

14.92

2.89
7.22
8.57
5.68
0.83
4.59

12.41
2.7
4.10

86



*

o*

a7

Once fraction A had been lyophylized it could not be
redissolved in aqueous solution, \A suspension of Fracil:ion A was not
solupjiized byt exposure to trypsin, pepsin or iaronase. nor did it seem
ta be digested by pronase ’Tm the presence of 0.1% sodium dodecylsulphate
as shopm by the lack of alkali consuni)tion v;ith the pH stat. On the
other hand, fraction A was susceptible to attack by cyanogen bromide,u
70% of its methionine residues being destroyed. | .

The material of fraction A, when studied with the ultracentrifuge

* prior to fréeze—dryizng, was very hetero;;eneous. The agueous solutfo;l,

- at low sa’lt' concentration,showed a peak with a sedimentation coefficient
of 60S which increased to 765 in the presence of M sodium chloride.
Addition of formic acid to aqueous solutions of fraction A reduced the

. sedimentation coefficient to 30S in 30% formic acid and to 1QS in
70% formic acid. In 44 guanidine hydrechloride the sedimentation co-
efficient was 20S. dFo'Howing freeze-drying, fraction A was ;;oér‘l,y
soluble in guanidine hydr(;chloride, even at concentrations of 6M.

Fraction A was analysed by polyagry1amide gel electropharesis -
in the presence of sodium dodecylsulphate. A single band was observed
which moved wvery near the buffir front: This corresponded to a molecular
weight qf 15,000 or less.

Examination of fraction A by high voltage electrophoresis and
paper chromatography revealed 7 to 10 conponénts although most of these
shm;rextensive tailing. |

_ The amino acid composition of fraction A (Table XVII) showed
it to contain an exceptionaﬁy high percentage o# apolar amino acids, 6244)

\

-
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which accounted for over 60 mole¥. N-terminal amino acids were four;d/to \
include isoleucine, Jeucine pheny‘la'lénine, valine, glycine, argfrpne.
histidine, glutamic acid and threonine.
Analysis of the total digest of WSP-1, showed it to contain
0.12% of its dry weight as phosphorus. Of this, 67% was recovered in
fraction’ A Up to 90% of the phosphorus ‘of fraction A could be extracted

with chlovoform:methanol :concentrated hydrochloric acid (200:100:1).

Y

2) Fraction B: o ) v !

¢ ]

This fraction contained at least 50% of the total sialic acid } _
of” the membrane. Nevertheless, 57% of the dry weight of this fraction ’
was protein, 6% neutral carbohydrate and 36% s1‘ch acid,

Pooled material of fraction B was chipmhtographed a second *
“time on a Sephadex G-108 column (1.5 x 90 cm.) and eluted as a single
peak. When examined in the ultracentrifuge it appeared to be a homogenous
material with a sedimentation coefficient of 1,705 and a diffusion
l g:oefficient of 8.60 x 16"7 cen® se(;'l. * Assuming a par}:‘lal’ spef.‘lﬁc volume
of 0.63, this corresponds to a molecular weight of about 13,000 daltons.

Despite the apparent hémogeneity in the ultracentrifuge, .this
material ‘gave three bands after polyacrylamide gel electrophoresis in .
the presence of sodium dodecylsulphate, o

Analyses of the amiho acid composition (Table XVII) showed
that 352 of the total amino acids were accaunted for by, threonine and
serine, while there was a low amount of squhur containing amino acids.
About 32% of the residues were apolar. No N-terminal amino acids could

be detected. B . “
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This material was found to inhibit the agglutination of
erythfocytes by both anti-M and anti-N sera. . 1 .

‘ -

3) Fractions C and D:

Peaks c and D, which were distinguished by their carbohydrate
contents, could not be separated by measuring the optical demsity at
289 nm. Thie distribution of carbohydrate in C and D varied more between

. different membrane preparations than thatg of A and B. In most expériments

sia‘iic acid was' not detected in peak D, although this material dird contain
neutral carbohydrate. '

Hany N-vtermina'l amino acids were detected in peak C-D,
induding isoleucine, lgucine, phenylalanine, vaHne. glycine, glutamic

acid, serine, thfeonine, arginine and histidine.

1) Diges\ts of ‘protein so]utious, of membranes of trypsin treated
erythrocytes

, Aqueous protein solutions from trypsin treated erythrocytes
(HSP-?.) and from similar membranes digested with trypsin (WSP-3) were
examined- in the same way as aqueows protein Jso‘!utions of normal membranes
> (WSP-1). The WSP-3 became insoluble after freeze-dryin'g as did WSP-1
and wsp:z. However, WSP-3 dfd’not redissolve on exposure to trypsin as
¢id the others. Mo uptake of alkali was cbserved with the pH stat, at
pH 7.0, 1nd§cat1ng that WSP-3 was not digested by tr:ypsin: WSP-3 w;s not -
" examined chromatbgrapfdcaﬂy as were W5P-2 and WSP-1,
A typical elution profile of a digest of WSP-2 is shown in -

o

Figure 8b. The chemical analyses of this fraction are given in Tables XVI
and XVII. “The chromatographic pattern of the peptides re]eaéeq’during
o, the digestion of intact cells, P-1, and of membranes prepared from these

o

cells, P-2, are also presented in Figure 8c,d.




b) Discussion
- Fraction A appeared to be of high molecular weight as shown
by its behaviour on the Sephadex 6-100 columm, and by its beh;vinur in
the ultracentrifuge. It was, however, obviously an aggregate of a large
number of small peptides, because it contained many N-terminal amino
acids, showed several spots on peptide maps and yet gave only one fast
moving band following electrophoresis in polyacrylamide gels in the
;presence of sodium dodecylsulphate. That the matérial was aggregated
was a'iso shown by the effect of various solvents on its sedimentat'ion
coefﬁcient Aggregation might be expected ‘fn aqueous solution, due to
, the large percentage of apolar amino acids present
Palmer and Verpoorte §24)‘ have reported that tt;e human erythrofyte
membrane contains about 0.03% phosphopretein phosphorus. The amount of
non-extractable phosphorys 1in fraction A is sufficient to account for:
50% of this phosphoprﬂtéin phosphorus. _ *
At Teast 90% of the peptides of fraction A remained associate;\i
with the membrane Tipid. Very 1ittle of this material was found in the
peptide fraction P-f, obtainec{ by digestion of intact erythrocytes. Some
material of the peptide fraction P-2 chromatographed at the posi tionl
) of)fraction A. However, this material represented only about 10% ;)f
the total fraction A-obtained from WSP-1.
It has recently been suggested \(54) that intrinsic mewbi‘é;\e
- proteins are bimodal in nature (sée’ﬁgure 1). These proteins have a
predominantly hydrophobic domain which is oriented toward and interacts
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with the 1ipid bilayer. This portion, in effect, is assumed to be

dissolved in the 1ipid bilayer. It has also been sugge‘::d »(244)

gher percentage
than usual of apolar amino acid residues. Because of the high percentage

that intrinsic membrane proteins are chnra;terized by a
of apolar amino acids found in fraction A and also because of its, -
association with the membrane lipids, it seems Tikely that these peptides >
may -be derived from the hydrophobic domain of intrinsic membrane proteins.

The material of peak B is mostly reléased into fraction P-1. v

" This syggegts that these peptides are located on the exterior of the

membrane as might be expected from theig: sialic acid content,

The majority of the components in C and D are released in P-2 '
which suggests that they ‘are mainly associated with the inner surface
of the membrane, with the possible exception of those Fontaiping c,arbohyc!rate.,
These peptides have a Tower content of apolar amino acids than usual. It
is possible then that these peptides are derived from the hydrophilic
portion of bimodal, intrinsic membrane proteir:)s: ar that they are derived

from extrinsic membrane proteins,

V. Effect of trypsin digestion on gel electrophoretic patterns

a) Results )

The effecf of trypsin digestion of intact erythrooytes was
examined by polyacrylamide gel electrophoresis of membrane proteins in
the presence of sodium dodecylsulphate. Normal membranes ’(u-l),
membranes prepared from trypsin treated e'rythurocytes either with (M-21) f?

or without (M-2) the use of trypsin fnhibitor, and the corresponding
membranes digested with trypsin (M-4, M-31 and M-3) were examined. A

-
»
2
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schematic diagram of thé separation obtained is shown in Figure 9,

while densitometer t;acing are shown in Figure 10. -The mjor bands'
stained by Coomassie Blue were numbered consecutively start%ng from the
origin, The same numbering was used for the other patterns as well. Any

"additional bands. were labeled qﬂphal;eﬁcan:v. Bands staining for

carbohydrate were labeled separately with roman numerals.

’ The pattern for M-1 and for M-21 werekquite"sim;Tar except that -
M-21 did not show bands 1, 11, 13 and 16 but instead had bands 13a, 16a
and 16b. The pattern for H-2was very different from either M-1 or A
M-21, Bands 2 and 3were reduced in intensity while 5, 6, 9, 10,13 .

- and 15 were missing.i New bands Ja and Ic were ébund betwéen 1 and 2,
3a and 3b between 3 and 4, 9a between 8 and 11, and !?é between 12 and 14.

 Membranes M-3,"M-31 and M-4, all of which had been digested to

523 completion with trypsin, showed a great reduction in the number of bands.

Except for band 2, none of the remaining bands corresponded to those of
M-1. -

Gels were also stained for carbohydrate. (In menbranes M-1, only
one major band was observed, band IV, which corresponded to band 14 of
the protein pattern. ‘A less intensly stained band, III, was observed
which correspondeé to band 11 of the protein pattern. Two very faint
bands, I and II, were observed which corresponded to bands 2 and 3 of
the protein pattern. All of these bands disappeared following exposure
to trypsin, They were replaced'hy a single band which moved fast;r than
the hemoglobin band. A1l other membrane sanplés only showed the faint

bands corresponding to 1 and 2.
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Fig. 9: Schematic diagram of gel electrophoretic separation of mewbrane
proteins. Samples are a, b; M-1;.c, d, &-2; e, f-M-21;
g,M-3; h,M-3I; {,M-4. Gels a, d, f, g, h, 1 are stained by
Coomassie Blue, gels b, c, e periodic acid-Schiff stain.
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to that of hemoglobin. The origin is at O, hemoglobin at 1.0.

i‘ 5
“
.
.




*

™o

0

L - ° 3 I|[ . \ ];

1 i

, ¥ +

- 3 ﬁ - ,F'
’ n ] 1 ﬂ * ’ .
-

Q-
Hemoglobin “ Origin

\

Fig. 10: Densitometer tracings of polyacrylamide gels stained with
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b) Discussion

The gel electrophoretic pattern observed for membranes M-1
following staining with Coowassie Blue was similar to that reported by
K;ijkn et al. =(126). Several ;nrkers (.122.1‘5447) have observed that

Jtryptic digestion of intact erythrocytes produces 1ittle alteration in the

protein pattern. It was found that to keep the alteratfons to a minimum |

it was ‘,necessm"to inhibit trypsin by adding trypsin inhibiter, On

the other hand, ohc¢e the mesbranes had been prepared from erythrocytes,
none of the bands seemed to be resistant to proteolysis, confimming the
observation of Carraway et al. (145) and of Steck et al. (122). /

It was observed that when trypsin inhibitor was not used, there '~

was a selective proteolysis of only a few bands, notably 2, 3, 5, 6, 9 and 10
The digestion of sowe or al of these polypeptide chains way have been
responsible for the changes observed with mewbranes M-2, such as the &

" increased binding of nemglobin_: B

° w*

VI. Effect of trypsin digestion on the intersction of mewbranes with salt

e

4

&
as shown by changes in optical“activity, viscosity and 1ight scattering.

e

o a) Results > . 5
Yerpoorte and Swith (41) have shown that the optical properties

of erythrocyte sembranes prepared by osmotic hemolysis in the presence of

EOTA are dependant on the salt concentration of the medium. Changes in
optical r-?tation and circular dichroism as a result of addition of sodium
cgﬂoride were accompanied by a%hcmse in turbidity and a decrease in

both pH agd ﬁssosity. The effects of trypsin digestion of membrane proteins
or; these changes has been examined. )
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1) Turbidity and pH.
The optical density at 600 nm, at constant pH, and the pH of .
o .
suspensions of normal erythrocyte membranes (M-1), of membranes from )
»

erythrocytes treated with trypsin (M-2) and of these b\eni?ranes digested
with trypsin ‘(M-3) were measured. The results are shown in Figure 11.
Chang;sjn both optical dens}ty and in pH had reached their maxima at ‘
0.1 'M sodium chloride, with the largest change occurring before 0.05 M.
The digestion of membranes did not significantly influence the effect of
salt on thesg properties.

1) Viscosity . ' .

The viscosities of normal membranes (M-1), of membranes
prepared from trypsin treated erythrocytes, (M-2 M-2I), and of these
menbranes digested with trypsin (M-4, M-3, M-31) were detemi;!ed in

k

aqueous suspension and in 0.05 M sodium chloride, Results ave presented

- in Table XVIII. ’

"N~ The reduced viscosity of normal membranes.was found to b\;'about
60 ml. per g. at a concentration of about 10 mg. membrane per ml.
suspension. Addition of sodium chloride to‘ 0.05 M decreased this to

44 ml. per g. The membranes prepared from erythrocytes digested with
trypsin (M-2 and M—?I) exhibited a higher reduced viscosity. In aqueous
suspensions this was 140-160 ml. per g. while in sodium chloride it was
40 to 60 ml. per gm. The membranes which had been digested with trypsin
all exhibpited increased values of reduced viscosities. .The digestion of
M-1 increased the reduced viscosity from 60 ml. per g. to 340 ml. per }
gn. (see M-4), digestion of M-2 1ncreas¢;d ‘the value from 160 to 420 wl. per gm.
(see M-3) while digestion of M-21 increased 1t from 140 to 354 ml. per gm. g

pet”

{
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{(see M-31I), In the presence of 0,05 M sodium chloride all these values
‘ were reduced, M-3 to 54 m‘l.g". M-31 to 109 llﬂ.g'], am} M-4 to 107 ml.q

/ '
TABLE XVIII
VISCOSITY OF HUMAN ERYTHR&CYTE MEMBRANE SUSPENSIONS* "
- Reduced Viscosity {ml.g™' )
in distilled water in 0.05 M sadium c¢hloride
N-1; normal mewbranes 61.5 - s 4.1 N
§
M-2; membranes from trypsin
.- treated erythrocytes 161.2 39.3
M-3; M-2 digested by trypsin 4%4.1 54,5

M-2I; mewbranes from tryps?ﬁ
. treated erythrocytes,
“7 trypsin inhibitor added be~

. fore mewbrane preparation 133.1 ) + 60,8
M-31: M-2I digested by trypsin ¥ 354.1 ' 109.8
M-4; M-1 digested by trypsin-  343.3 - 107.0

(1] ” ’

. -

*All membranes at a concentmation equivalent to about 10 ng./n'l.j
Yalues mean 6 determinations on each of 3 different preparations.

-
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111) Optical rotatory dispersion and circular dichroism.

Optical rotatory disperdion and circular dichroism spectra ar&
presented in Figures 12-17. The optical rotation of salt free erythrocyte ;
membranes suspended in distilled water was characterized by a maximum

-hegative rotation at 233-234 nm of -260 deg en® g™', and a maximm

positive rotation at 202 nm of 1020 deg c:nz g"‘. Zero rotation was -
found at 225-226 nm. The positive peak exhibited av shoulder in the
region 210-220 nm. In the presence of 0.05 M sodium chloride the

spectra were shifted to longer -wavelengths and the values of the observed
rotations uen; decreased. The maximum negative rotation which now
occured at 237 nm had decreased to -120 deg en® g"‘. The point of zerd
rotation was shifted to 229 om. The positiye peak was shifted to 204 nm
and had decreased to 480 deg ca’ g 1.

Membranes M-2, ‘prepared from trypsin treated erythrocytes
showed an optical rotatory dispersion similar to that for M-1. The same
red shifts in the spectra were seen when in 0.05 M sodium chloride though
the reductiﬁons in rotation were less. The spé&tra had a maximum negative )

_rotation of -270 deg caz g"1 at 234 nm and a positive maximum of 990 deg cm&g'1
at 202 nm. In the presence of 0.05 M sodium chloride these reduced to

201 deg co? g°1 at 237 nm and to 780 deg of gV at 204 mm respectively.

The point of zero rotation shifted from 226 nm to 228 nm.

The mewbranes M-3, resulting from the tryptic digestion of
mesbranes M-2 had lower rotations than either M-1 or M-2 and thetr

spectra had shifted to the red. Though addition of sodium chloride
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reduced the magnitude of the negative maxima from -175 deg cif g"1
0 -99 deg cn® g ', 'the wavelength of the trough remmined at 237-239/hm.
" The'point of zero rotation shifted from 226 nm to
chmqe in either the position or the magnit
It remained 580 deg cn’ g"] at 204 nm.

nm. Theve was no

of the positive mextma.

The circular dichroism of aqueous suspensions‘ of membranes (H-‘J)
was characterized by two negative bands centered at 222 nm with an
el"lipticity of 495 deg ot g"1 and at 208 nm with an ellipticity of
~425 deg ca’ g"l. Addit;on of sodium chloride to 0.05 M resulted in a
reduction of the ellipticites, that at 222 nm decreasing to -380 deg cm® g !
while that at 208 decreased to -250 deg cn’ g"‘. The band at 208 also
seemed to be shiftegl to 209-210 nm.

Meubranes. M-2, prepared from trypsin treated em}throéytes“
exhibited similar circular dichroism.r The two negative.bands occured at
. 222 nm and 209 nm and had ellipticities of -550 deg cn? g” ' and
" -480 deg cu’ ! respectively. In the preSence of 0,05 M sodium chloride
these decreased to -470 deg cnf g"1 at 222 nm andl to -405 deg o’ g"]
at 210 nm. ’

; Menbranes M-3, prepared by trypsin treatment of M-2, exhibited
lazp;r eMipticities. In aqueous suspension thgse npnbranes had negative
bari‘qs of -360 deg P g'] at 222-223 nm and of -299 deg cn® g"'I at 212 nm.
Mtﬁpum these reduced to -330 deg cn? Ag"1 and 220 deg t:m2 g"I
respéptiveiy when sodfum chloride was added, no wavelength shift was
obser'iged. -
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prepared by treating M-2 with trypsin, suspended in distilled
water {~—) and in 0.05 M sodiuw chloride (---).
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b} Discussion

It appeared that tryptic digestion of erytl;rocyte mewbranes
while re§u'lting in the release of about 50% of the sialic acid, 40% of
the protein and 15%°of the 1ipid did not greatly influence the observed .
changes in turbidity angpﬂ when Sodiun chioride was added. The pattern
oF the changes in turbidity and pH with increasing salt concentration <
were similar for the membranes examined, M-1, M-2 and M-3. The portions
of the mesbrane removed by trypsin therefore do not participate
significantly in the observed action of salt. This lack of effect of ’
tryptic digestion on these properties provides indirect support for the
hypothesis of Verpoorte and Smith {41) who have proposed that :Electro-
static repulsion of the negative charges of the phospholipid groups may
hold the membrane in an expanded form. Addition of salt is thought to
decrease the electrostatic repulsion between charged groupr; and thus ‘to
cause a-shrinking effect. This could result.in a decrease in pH and an .
ninc:ease in turbidity as was observed. ‘ @

- The reduced viscdsity of erythrocyte, membranes suspended at ¥
a concentration of 'lo’ng. per ml. in distilled water was about 60 ml. g"‘.
This decreased by 28% to 44 wl. g™ in 0.05 M sodiuw chloride. These
viscosities are lower than those reported by Verpoorte and Smith (41) who
‘observed a value of 90 ml. 9'1 for membrane suspensions ?f 2-4 mg, per ml.
in distiTled water. Their mesbrane preparations were likely more
fragmented, (see section IIIB Ib). This and the differences in concentrations
may have resulted in Tower reduced viscosities. They observed a decrease
of 33%, from 90 to 60 ml. g~' in 0.05 M sodium chPPide, similar in
magnitude to that reported here. |
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Digestion of intact erythrocytes resulted in membranes with
substantially increased vismsil‘.ies, about 140 mi. g" for M-2I and
160 ml. é" for M-2. These viscosities decreased by 56% and 76%
respectively when measured in 0.05 M sodium chloride. 'Fi;ﬁs ‘(igcregse
was much larger than that observed for normal membranes.. * o

Capaldi (248) has shown ?&:he glycoprotein of beef erythrocyte
menbranes is not cross-linked by glutaraldehyde. He suggested that the
high negative charge of these mgjecules would \prevent their assuci:tin}n
with other proteins: due to electrostatic repulsion. .The remo‘ral‘of about
60% of the sialic acid by tryptic digestion might decrease this repulsion,.
allowing aggregation of the residual peptide. Gingell (245) has postulated
that aggregation of mobile membrane proteins, such as the glyg:oprgtein,
may lead to«schanges in some pmpt;r-ties of the membrane inc‘ludjng Tocal
increases in membrane permeability resulting in exocytosis,p pinocytosis
and functiopal coupling. This could be a reason for the increased values
of the reduced viscosities of membranes from trypsin treated erythrocytes.

- Membranes M-3, M-3I and M-4 produced by trypsin digestion of '
M-2, M-2I and M-1 all showed greatly increased values of reduced viscosity.
_The digestions which i:roduced these me:lbranes could have -increqsed stﬂiL .
further the interaction between the membrane fragments to result in the
higher values of reduced viscosity observed. All showed a reduction in
values of reduced viscosities of'70 to 90%.in sodium chloride solutions.

The effect of trypsin inhibitor, added following the digestion
of intact erythrocytes,is also of interest. ' The membranes M-21 prepared
from these cells had a lower reduced viscosity than did membranes M-2,

prepared without inkibitor, 139 ml, ™) and 161 ml. g~ respectively.



Similarly M-31 had a Tower reduced viscosity, 354 ml. g ', than did -3

which had a reduced viscosity of 424 ml. g~'. Thus mhmct produced

by trypsin inhibitor per‘stsu;! even after the membranes were again
, )

'

exposed to trypsin.

ATY Mrams-, either digested with trypsin or not; still -
exhibited a decu‘a’se in viscosity when exposed to 0.05 M sodium chloride
a!thoggn the magnitude of the effect did vary. Since removal of proteins
by tryptic digestion d&c not eliminate the effect of salt on visc;asity,
Tipids are believed.to be involved. * .

The optical rotatory dispersion and circular dichroism of membrane
suspensions were not greatly affected by trypsin digestion of the

erythrocytes from which they were prepared; even though the viscosity was

. affected. Likely, the material resoved from the erythrocytes was located
~w K] ks - .

exterior surface of the membrane and did not contribute significantly
optical activity.
(> It was noticed that with M-2 the decrease in magnitude of

~F " the optical rotation at 235 and 204 wh and of the ellipticities at 222 and

208 nm on addition of sodium chloride was not as great as seen with M1, It
has previously been shown:that these membranes contain sﬁdﬂmt amounts of
hewoglobin (see Table XI). As this hemoglobin is not an intrinsic jart
of the mesbrane its optical activity would not 1ikely be affected by expulsion
of water from the 1ipid bﬂayers.. .

While the obsemd rotations of membrane suspensions were

decreased by trypsin digastion. there was 1ittle change in the rotation

when expressed on the basis of protein rather than dvy weight of the
menbrene. With mesbranes M-3 there was fess reduction in rotation and
1ittle shift in wavelengths of the bands when sodium chloride was added.
These results were confirmed by circular dichroism experiments which also

€3
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showed 11ttle change in fﬂipticities and m‘changg in the position of
thd optically active bands,_ )
The effects of trypsi‘n digestion on the response of membrane
suspensions to addtled salt, as seen by the optical rotatory dispersion .
and circular dichrofsm could possibly be explained by postulating a
close association of the .remai'ning péptides with lipids. Dué to this
close association the remaining optically active r;esidues would be in a
hydrophobic environment. The addition of sodium t\:mor"!de. which is
tm;udwt (41) to cause a shrinkage of the membrane with concomitant expulsion
of water ther;zfore might not result in.a shift in the parameters of the
optical effe&t;. Such a close association of 1ipid and protein is
in fact postulated by recent theories of membrane structure which
. emphasize hydmpﬁobic interactions betweenlbimoda'l proteins and 1ipids
(see sectipn I). | _
| . Z‘he fashion in which trypsin digestion alters the response of
membranes to‘soflium chloride, as revealed by changes in pH, turbidity,
viscosityx, optical rotatory dispersion and circular dichroism is
consistent with the hypothesis of Verpoorte and Smith (41).

VII. Effect.of trypsin digestion on the interaction of membranes with
the fluorescent probe 1-anilinonaphthalene-8-sulphonate

a) Results

The effect of trypsin digestion on the interaction of erythrocyte
wembranes with the fluorescent probe ANS has been studied. The excitation
and emission spectra of a membrane-ANS suspension are shown in Fig. 18.
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The addition of 0.5 mg. of membrane to 8-80 yM ANS vesulted in 5 to 10
-fold increases in’ flyorescence. The emission maximum of ANS ftuorescence
was shifted from 525 nm to 470-475 nm. Similar characteristics were
observed with trypsin treated newran;s. Although these observations
were Similar to those reported by others (192) the degree of enhancement
of: fluorescence :}: less. . '

The change in fluorescence with .time, following the addition
of ANS to membrane suspensions is shown in Figure 19. Normal and. tryps;n
treated menbranes in the presence and absence of sodium chloride were
used. The reaction with normal membranes, M-1, was essential 1y coganefe
within 20 seconds. Addition of sodium t;hlaﬁde to the membm;e suspension,
while resulting in enhanced fluorescence, did not alter the rate of
interaction of ANS with mesbrane. Mesbrane M-2 showed both a fast and a
slow reaction. The slow reactiim was most evigant from 10 to 60 speconds
after addition of ANS and still persisted after 120 seéconds. Membranes
M-3 also showed both a fast and a slow, reacf,:ion. As wi’th H—I',“however‘,
the addition of sodium chloride to suspensions of efther M-2 or M-3 ’ 3
did not alter the rate. of interaction. ]

Verbranes M-21 and H—3§,. ‘prepared fro; tr:ypsin treated erythrocytes
to which trypsin inhibitor was added, did not give the extensiye slow
reaction seen with M-2 and M-3. '

As shown in Figure 19, addftion of sodiumchloride to ANS-membrane
suspensions, at constant pH, resulted in increased fluorescence. This
iacrease could be du? to either an increase in the quantum yield of bound
dye or to an increase in the total amount of dye bound. Double reciprocal
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Fig. 19: Rate of development of fluorescence measured by adding ANS to
suspensions of membrane in 0.01 M Tris-HC1 buffer pH 7.2,
Fluorescence is in arbitrary units. * Excitation was at 375 mm,
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. blots of fluorescence intensity versus protein concentration at
constant concentrations of. ANS were used to distinguish between these
possibilities. The Fluoréscence (F°) at the intercept on the reciprocal
fluorescence axis represents the maximum obtainable when all the dye is
bound. A change in the value of this 1nter¢':¢pt on addition of sodium
chloride would mean that the fluorescence efficiency of bound dye had
changed. A change in slope woul¢ indicate that the number of dye
molecules bound had changed./z
Figure 20. It was evident from these data that addition %f sodium

" chloride to 0.1 M resulted in a change in both intercept and glope. For
all mewbranes tested, the value of F° in 0.1 M sod?um ehloride was about

twice that in disti1led water. Digestion of erythtvcytes or membranes
. with trypsin did not affect this increase. ;

example of such a plot is shown in |

The results f.s\uggest that.both quantum yield and the number of
mlecule; of dye bound are anging. The effect of sodium chloride on
ANS binding was determined y centrifuging the membranes and measuring
free ANS remaining in the supernatant. Results are ppresented in Table XIX.
It 1s’uev1dent that the ;ddition of sodium chloride resulted in an increase
in the amount of dye bound.

Further insight 'into the increase in- fluorescence was gained
by examining the effect of sodium chloride an the emission spectra
obtained when tbe'éuspension was excﬁgd at 286 nm. "It has been shown
that energy transfer may occur between excited tryptophan and ANS (199-201).
The efﬁci‘ency of this transfer depends on the distance separating the
amino acid residue and the ANS. Due to the energy transfer, the emission

L]
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Fig. 20: Double reciprocal plot of membrane concentration on a dry weight
basis versus fluorescente (meter reading), in presence (—) and
absence (---) of 0.1 M sodium chlorfde. Norwal mesbranes (M-1)
were suspended in 76 pM ANS in 0.01 M Tris-HC1 buffer, pH 7.2.
Excitation was at 375 nm, emission at 470 nm.
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TABLE XIX

. 4
EFFECT OF SODIUM CHLORIDE ON BINDING OF ANS BY HUMAN ERYTHROCYTE MEMBRANES* 1

Sodfum Chloride ’ Fluorescence ANS bound
concentration (M) ’ , ] (uM)
. X
0 0.936 * -1.42
0.02 1.716 ' - 7.88
0.04 1.986 ©70.11
0.06 2.151 10.71
: i
0.08 - 2.256 - 11.92
0.10¢ 2.331 11.52

*Membrane suspension, 5.6 mg., was added to a solution of ANS in
buffer at pH\?.Z. The final concentration of ANS was 53.5 M,

1 These data show a 10 fold increase in bound ANS and only a

3 fold increase in fluorescence. It therefore seems that the ANS
molecules which bound after addition of NaCl have a Tower quantum

yield than the strongly bound ANS molecules which bound already in

the absence of salt. Fig. 20 suggests that the quantum yield was
doubled in 0.1 M NaCl, however, these values dre obtained at infinite
protein concentration and thus apply to ANS molecules at high affinity
sites in the membrane. Data here are at Tower protein concentrations
and therefore also apply to ANS molecules at lower affinity sites

' which could have Tower quantum yields. Fig. 21 and the non-linearity

o§ Scatchard and Klotz plots indicate heterogeneity of ANS binding
sites. - .

t
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of tryptophan at 350 nm will be quenched while emission by ANS at 470 nm
will 'Incmse: Memhrane-ANS suspensions would theévefare show 2 dec%ased
fluorescence at 350 nm and an increased fluorescence at 470 nm if more
" ANS bim’ts_ at sites close enoudfto tryptophan for energy transfer to
océ‘ur. ‘
When sodium chloride-was added to membrane-ANS suspensions
(Fig. 21) there was no decrease in emission at 350 nm while there was an
increase in emission at 470 nm.
Figure 22 shows the change in ﬂuoresi:ence :fﬁciency, as
measured by the value of I-:°, with increasing sodium chloride
concentration. A1l membranes, whether normal or treated with trypsin, | .
gave similar results. The changes in F° occurred.at the same concentrations
of sodium chioride as did the changes in turbidity and pH (Fig. 23).
+ The effect of trypsin digestion of membrane protein on the
1nter§'étion wi t: ANS was examined by digestion of a membrane-ANS
suspension. Fluorescence was determined during the course of the digestion
‘ (Fig. 24). There wes an immediate increase in fluorescence on the .

(o - addition of trypsin., As digestion by trypsin progressed the fluorescence
of the suspension decreased to a value lower than that ofAthe original
membrane-ANS suspension.

The apparent dissociation constants of ANS and of Nat were
determined from double reciprocal plots (Fig. 25,26). Values of the
dissociation constants are given in Table XX. In all cases the dissociation

constant was essential ly'independaht of membrane concentration.
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Fig. 21: Effect of sodium chloride on the emission spectrum of membranes
M-1 (0.5 mg./ml.) suspended in 60 uM ANS in 0.01 M Tris-HCl

buffer, pH 7.2. Sodium chloride concentrations were:
1, none; 2, .04 M; 3, .05 M; 4, .06 M; 5, .07 M; 6, .08 M;
7, .00 M; 8, .10 M. Excitation was at 286 mm.
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Fig. 22: Effect of sodium chloride on the maximal fluorescent intensity (F%)
of ANS-membrane {M-1) suspensions in 0.01 M Tris-HC] buffer,
pH 7.2. Concentration of ANS was 76 uM, Values of the
maximal fluorescent -intensity were determined as in Figure 20,
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Fig. 24: Fluorescence of ANS-membrane (M-1) suspension in .1 M.
*  phosphate buffer pH 7.0, during trypsin digestion. :Trypsin
was added at 0 hours. Fluorescence was measured at 470 nw,
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Double reciprocal plot of fluorescence versus ANS. concentration
for membranes M-1 (6.5 mg./ml.) suspended in 0.01 M Tris-HCl
buffer, pH 7:2. Fluoreseence was measured at 470 nm with excitation
at 370 nm. Fluorescence was measured in the absence, a, and
presence, b, of sadium chloride (0 ™). .
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TABLE XX .

DISSOCIATION CONSTANTS FOR ANS AND SODIUM

Kans (M) Kya (nM)

e
M-1, normal membranes 43 9.2
M-2, menbranes from trypsin
treated erythrocytes 45 13.0

X

M-21I, membranes from trypsin treated
erythrocytes, washed with trypsin
inhibitor

M-4, membranes M-1 treated with
trypsin

M-3, membranes M-2 treated with
trypsin

M-31, membranes M-21 treated with
trypsin

17

23

12

13.1

9.0

13.1

12.8
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The dissoctation constant for ANS was about 43 uM for normal
® membranes, M-1, or for mesbranes -prepared from erythrocytes treated with
trypsin, ¥-2 and M-21. D‘igust"lnﬁ of M-1, M-2 and M-2I resulted in
decressed dissociation constants.

Normal membranes had a dissociation constant of 9 mM for
sodium whereas mesbranes M-2 or N-21, from-erythrocytes pretreated with
trypsin had dissoctation constants ef about 13 M. Further digestion
of any mesbrane did not aJter its dissociation constant for sodium,
Thus M-4 had a dissociation constant of 9 mM, identical with {-1 from
which it was derived. S'Ilﬂar'ly, H—3 and M-31 had constants of 13 ﬂl

/1dentfcﬂ with thase of M- and H—ZI.

b) Discussion
Freedman and Raddy (192) have reported that the interaction
of ANS with erythrocyte membranes prepared by the Dodge method (242)
occured in two stages, - They ducribed a fast reaction of less than 10
seconds duration and a slow react'lon of about 200 seconds duration. When
wnnes were disrupted by son‘lcutim only the fast reaction was .
rved. They suggested that thF fast reaction might repnsent the
interaction of the dye at the surface of the mesbrane while the slow
reaction might represent diffusion of the dye into the md‘)rme. v
. As no slow reaction ua; observed with mewmb MN-1 it is
possible that mesbranes prepared with tris-EDTA buffers according to
Smith «(213) are ;rl fngnntcd than those prepared by the Dodge method (242).

t

> .
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Mesbranes M-2 and M-3 prepared from erythrocytes which had
been treated with trypsin showed both a fast and slow reaction. In
this respect they hled membranes prepar;ed by the Dodge method (242),
suggesting that trypsin digestion of er_ythrocytes “resulted in a
significant alteration of membrane structure, possibly resulting in
creation of a diffusion barrier to ANS. This could result from
production of vesicles dyring trypsin digestion as 'was suggested by
the' increased retention of hemoglobin. As with the retentfon of hemoglobin,
the washing of digested erythrocytes with trypsin inhibitor befo; the
preparation of membranes prevented the effects on the rate of interaction
of wewbranes with ANS. Thus neither M-2I nor M-3I showed the slow
interactibn with ANS. .
Addition of sodium chloride t6 wmembrane suspensio* in ANS
resulted in both increased dye binding as well as inr:a;ed fluorescence
efficiency. The ‘increase in fluorescence efficiency“seemed to parallel
the changes seen in turbidity and pH.‘ An 1ncrea§e in fluorescence
efficiency of ANS may be attributed to a decrease in the polarity of
the environment of the dye. Such a change could result from expulsion
of water from the wicroenvironment of the dye(192). This is consistent
with the observation of Yerpoorte and Smith (41) that addition of
sodium chloride to mesbranes réfults in a shrinkage of the membrane and
expulsion of water. .
Besides an increase in the fluorescence efficiency of ANS there,
was_aﬂso .an increase in the amount of bound dye on addition of
sodium chloride. None of this extra dye seemed to show energy transfer

L
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with tryptophm This suggests that these molecules are located
at sitas in:the mewbrane removed from the mewbrane protein.

When membranes were digested with trypsin the fluorescence of

- ANS decreased. This was observed when membranes were digested in

the presence of MS and also with uu:brane; M-2 and M-3 prepared from
Jiormal nubn;A M-1. That the fluorescence decreases Jsuggests that
proteolysis is destroying some of the ANS binding sites.

higestion of intact erythrocytes did not alter the binding
constant for ANS. The dissociation constant for normal membranes, M-1,
was 43 uM while av;abranes 'H;g and M-21 prepared from trypsin treated
erythrocytes had constants of 45 w uM respectively. On the other
hand, digestion of isolated membranes resulted in a reduction of the
dissociation constant to about 12-23,)M. ) '

On the other hand, digestion of intact erythrocytes altered
the binding of sodium. Normal mewbranes had a dissociation constant
of about 9 mM while uedwar;es from erythrocytés treated with trypsin
had dissociation constants of about 13 mM: Unlike t;l'e binding of ANS,
digestion of isolated membranes did not alter the dissociation constant
for sodium. Thus M-4, derived from H—1 had a constant of 9 m while
M-3 and M-3I derived from M-2 and M-21 had constants of aboht 13 mM,

.Digestion of the exterior surface of erythrocytes appears to

result in some change in the membrane affecting its affinity for

sodium ion. This change may have resulted! prior to or during hemolysis
as digestion of isolated mewbranes did not|alter the d‘lssoci‘mticm
constants, even though in the digestion of M:1 to give M-4 the same

bonds would have been hydrolysed as in the digestion of intact erythmcytes
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to give M-2 or M-2I.

’ The alterations in binding of ANS and of sodium do not appear
to be related. Digestion of intact erythrocytes gaw;e membranes with
decreased affinity for sodium while not affecting ANS binding.

On the other hand, digestion of isolated membranes increased the
affinity for ANS but did not alter that for sodium. The use of trypsin
inhibitor at - the efid of the digestion of intact erythrocytes did not -
alter the changes in dissociation constants, therefore they must be

~

unrelated to the changes resulting in increased retention of hemoglobin.

3]
Ed

VIII. Summary ' °
It has been shown that the proteins of the human erythrocyte

are_not especially resistant to proteolysis by trypsin. Up tp 70% of
\— the peptide bonds involving lysine and arginine were hydrolysed whether
the pmtelin was present in membranes or in aqueous solutions, This
suggeste& that digestion of protein was not affected by the presence
of 1ipid as might be expected if it were associated with 1ipid as in a
." 1ipoprotein complex. These data also support the sugg;estion by others
(236,237) that extraction of 1ipid with n-butanol does not affect the
protein structure. T
It has been demonstrated that pr"oteolysis of intact erythrocytes
results in binding of hemoglobin by membranes only if removal of trypsin
before hemolysis is not complete. Théa increased retention of hemoglobin
_could be prevented by addition of trypsin_inhibitor. Gel electrophoresis

has shown that only a limited number of polypeptide chains need be
W N

I

<& 4




\

129
‘hydrolysed to cause the increased retention of hemoglobin. The presence
‘of trypsin during the hemolysis of cells may also explain the observation
of Triplett and Carrsway (146) that up to 30% of the total sfalic acid
of erythrocytes exposed to the enzyme may be lost at this stage.

The proteins of the intact erythrocyte were mch less susceptible
to trypsin than were those of the mewmbrane. A second treatment with
trypsin released additional carbohydrate and sialic acid containing ;;eptides
‘from mesbranes prepared from erythrocytes which had been digested to
completion. Both these obsur'nt-ions suggested that there were major
changes in structure during hemlysis and washing of the membrane. This
supports the observation made by others (166,167) that at best the ghost
must be regqrdedas a derivative of the mewbrane as it exists in the
intact, functional cell. Great.care must be taken when ghosts are used
as models for the behaviour of the mesbrane of cells.

Tryp;in digestion of 1solated mesbrane protein led to the
formation of an aggregate of small peptides cnntainingba large percentage
of apolar amino acids. It was suggested that these may be derived
from hydropﬁeb‘ic portions pf bimodal mesbrane proteins.

Changes in turbidity and pH and in fluorescence of .AXS on
addition d/f sodium chloride seeméd to be related. The increased
ﬂuorescgnce efficiency suggested an expulsion of water from the membrane.
This supported the suggestion by Verpoorte and Smith (41) that changes
in viscosity, ORD and CD as well as turbidity and pH could be attributed
to changes in water content of membranes as a result of mesbrane shrinkage.
The effect of proteolytic digestion on the ORD and CD of @ﬂnes as

they respondedég changes in salt content were also consistent with the

hypothesis of Yerpoorte and Swith (41).
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