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Electrophoretic and Chemical Studies on fhe
Rat Erythrocyte Membrane Interface

 Ton SeBastian Tenforde
ABSTRACT

'Bj combininé microeiéctrophoretic measurementé with'specific:
chemicalrmddificétiéh of fhe'raf efythrocyté mémbréne, én attempt waé
made to idéntify'all of the acidic and.basic‘groups conﬁributing to
the electrophdretic mobility at an idnic strength of O.ih5. As a means
of characferiZingvionogenic groups whose dissociation conSfants iié

outside the‘pH range in which erythrocytes exhibit reversible electro-

kinetic properties (approximately pH 4 to 10), mobility studies were

performed on cells stabilized by fixation with glutafaldéhyde, acetalde~

hydé, and osmiumifetroxide. All of these reagents weré'fduhd to pre-
serve the éurface charge properties 6bserved with unfixed cells over '
the pH range 4 to 10. Only glutaraldehyde fixation,.hdwévef, producéd
a réversible eléctrophoretic behavior from PH l‘tq 13. In 6rder to
clarify the character of the positive surface charge obser&ed bélow
pHIZ; mobility measurements were performed with glutaraldehyde—fixed
cells ovér the pH range 0 to 2 by varying the ionic stréngth from 0.145
to 1.0. | |

As a-meéns of studyiﬁg the effects of glutaraldehyde and osmium

tetroxide on various membrane components, an infrared_analysis was

performed on rat erythrocyte ghosts fixed with these redgents.' Qh»ﬁhis:

bdsis, the membrane protein was found to'rétain primarily an Q~helical

and/or random coil configuration upon fixation.
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’

In order to detect the presence near the surface of shear of
specific ionic m01et1es, electrophore81s was performed on rat erythro-
cytes modlfled chemlcally by a varlety of procedures. These 1ncluded

| reectioh with'p-toluenesﬁlfohyl ehioride, l;S-difluoroe2,h-dinitrobenzene,
vméthahblie:hydrochloride, and a water.soldble'cerbodiimide (1-cyclohexyl~
3-(2-morpholinylethy1) carbodiiﬁide'metho-g-toluenesulfohate); photo~
oxidatdon'in'the presence of methylene blue?»ethanoi.extracfion of
glutaraldehyde~fixed erythrocyfes;_and reaction with neuraminidese (both

from Vibrio cholerae and Clostridium perfringens), asparaginase (Escher-

“

ichia gg&i),'glutahinase (g; ggii), and carboxypeptiddse‘A.

From the amownt of sialic acid released by neuraminidase and the
composition of saccharides aﬁ the cell surface, it was eelculated that
a maximum of 66% of the rat erythrocyte surface area is composed of
carbohydrate. ;On the besis of eleotrophoretic data it was possible to
account for approximately‘80%~of the remainihg surface'area ' From sﬁrface.
charge measurements below pH l it was estlmated that 25% of the cell
surface con51sts of non-lonogenlc regions capable of non-spec1flc
hydrogen ion adsorption. Electrophoretically detectable proton binding |
was also shown to be assoc1ated with a set of weakly basic groups having

‘an approximete pK of 1 6. . These bases are probably side chain amldes

of protein-bound amino acids, and were caleulated.from tﬁeir contribution
to the surface charge density to occupy 1% of the totai surface area.
From mobility studies on neuraminidase-treated erythrocytes,. it was '
>oalculated that two thirds of fhe negative surface charge density is d
assooiated with anionic groups having a surface pKa in the range 2.5 to

3.0. These appear to be primarily protein-bound O-carboxylic acids,
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although some.contribution to the mobility ﬁight bevmade by sidé chéin '
B= and‘7—carboxyls. On the basis of electrophoretic.data, it was calcug
lated that these carboxylic aciés cover 0.8% of the rat erythrocyte
surface. ,NO»evidence was found‘for the presence of strong bases, weak _b

acids, dr.intermediate strength bases near the surface ofishear.
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CHAPTER 1. INTRODUCTION

A. The Microelectrophoretic Method and Previous Studies
on the Surface Charge Properties of Erythrocytes

Free‘solution’electrophoresis provides at present one of the most
powerful techniques for studying the interface ehemistry of biological'

membranes. For thls purpose the mlcroscope method of electrophores1s

2,53

devised by Northrup and Kunltz is most commonly employed Follow-

‘ing 1tsvdevelopment, mlcroelectrophoresls was used to obtain considerable

information on the surface charge properties of living cell membranes.h’s

: Only;during the past two decades, however, has the method been used to-

fullest advantage through the quantitation‘of'changes in surfece charge

1nduced by spe01f1c chemlcal alteratlon of the membrane 1nterface (e.g.,
through:the action of enzymes). In this manner ionic groups respon31ble
for_the nemhrane surface charge may be determined, the’most notable

success to date being the discovery of sialyl oligosaceharides at the

_interface'of'erythroeytes-end many tissue cells.

‘The first evidence that mucoproteins contribute to the surface
charge properties of erythrocytes‘was the observation by Hanig that the
negetive,electrophoretic mobility of human red cells is greatly redueed
through the adsorption and subsequent elution of influenza virus.6 The
resuiting red cells no longer possess the ability to adsorb Virus.v The
inference drawn from these experiments was that the virus attaches it-
self to a reeeptor substance at the erythrocyte surfaee;'by virtue of
an enzyme enbedded in the virus coat, the receptor substance is then

altered in such a way that it will no longer bind the attacking virus.



Tentative identification of the receptor suhstance‘as a mucoprotein Qas
besed on the observation that both urinary‘and snbnaxillary glend maco-
proteins can 1nhibit the process of viral hemagglutination. Chemical
analysis of the products split from the erythrocyte surface by the v1ra1

7,8 Despite

enzyme system later confirmed this in a conclusive manner.
these early experimental resuitslreleting“surfece eherge to muooproteins,
many electrophoreticists contended until as late as 1958 that the
mobilityﬂof erythrocytes resuited‘from the ionized phosphste groups of
nembrane>phospholi§ids} The reasoning of these workers was not alto-
_gether unsound and serves to demonstrate the potential falllblllty of
the electrophoretlc method. FOr that reason 1t is worthwhlle to briefly
review the.physical besis and interpretation of electrophoretic measure-v
ments beforelproCeeding with a'discussion of‘recent studies on the inter-
facehchemistry‘of erythrocytes. | | |

The electrophoretic mobility of a cell may result from two forms
of charglng process: (a) the dissociatlon of 1onic groups within approx1-
mately one Debye length* of the hydrodynamlc surface of shear, and (b)
the adsorption of ions onto non-ionogenic regions of the_surface. It
has aiso been argued by Glaeser with complete theoretical justification
that an internal net charge could contribute to the electrophoretic
mobility.9 In the case ofyret erythrocytes,hhowever, he found no experi-

mental evidence to support this contention. Slmllarly, there does not

appear to be any component of the red cell anodic mobillty attrlbutable

%*

. As used here, the term "Debye length' refers to the electrical
double layer thickness, which is equal in magnitude to the reciprocal
of the Debye-Hlickel constant.




to anion adsorption. This follows from the observation by Heard and
Seaman that the mobility of human erythrocytes at‘neutral pH isriden;
ticaljin sodium salt solutions containing anions with differing hydrated
radii 10 An understanding of the anodlc mobility of erythrocytes thus'
reduces to a determinatlon of the ionic groups at the outer membrane
surface through a combinatlon of electrophoretlc and chemlcal measure-
ments. It should be remarked, however, that some portlon of the cathodlc
moblllty observed at low pH may result from non-speclflc proton adsorp-
tlon at the erythrocyte surface This possibility will be discussed 1n:
lfChapter 2.

- The three basic approaches'to identifying ionic groups responsible
for the surface charge are the following: (a) approximate dissociation
_constants may be calculated from the variation of mobility with pH;

: (h) a charge-reversal spectrum may be determined for the surface of
1nterest and then compared with spectra for charged molecules of known
compos1t10n, the latter. generally being polyac1ds or polybases adsorbed
-to quartz or glass beads for convenlence in making m;croelectrophoretlc
measurements; (c) the surface may be chemically modified through
covalent linkageiof ionogenie groups, elution of membrane components,
or enzymatic cleavege of specific charged groups. Each of these
approaches will now be discussed briefly, with particular emphasis on
" their limitations.. An attempt will also be.made'here to point out the
“haslS'for the misleading interpretations of the electrophoretic pro-
: perties of erythrocytes, which, as previously mentioned, persisted

until the late 1950's.



'(A) Cslculatlon‘gg Dissociation Constants frou MdbilityepH Curvesr'
At the outset it should be stressed that the electrophoretic mobility' |
of & charged colloid at any pH will be a function of thedionicvstrength :
of the suspending medium. This follows from the proportionality of the‘
ﬁebYe length to thevreciprocal square root of the ionic strength. Con-
sequently, as the ionic strength is lowered, the Coulombic screening oft
charged groups is reduced..-In addition, ionogenic groups further from
the surface of shear no longer possess counterlons that move with the
vlcell as a hydrodynamlc unlt. These ionic groups are thus unmasked ‘and
can contribute to the'surface charge measured by electrophoretlc methods.
In the‘case of human ef&throcytes, thevnegative_surface charge density
at neutral pH'remains cdnstantvuntil the ionic strength falls below 0.02,
: ¢orres§onding to a Debye length of approximately 20{Angstroms.l; At
lower ionic strengths, it appears thatvpredominantly baSicrgroups are N
unmasked, leadlng to a reductlon in the calculated surface charge.le It
should be pointed out however, that at low ionic strength the 1nternal |
conductiv1ty of an erythrocyte can no longer be completely neglected
relative to that of the suspending medium, even though the cells are
still very nearly perfect insulators. 13 Failure to correct low ionic
strength mobility measurements for particle conductrvitx}would in itself
lead to a decreaSewin the calculatedvsurface charge,lh 8 fact that;mas'
overlooked by Furchgott and ander;l and Bateman and Zellner.12 The
primary consideration ofvthis thesis, however, is the electrokinetic
character of erythrocytes in a physiological medium of ionic strength
0.145 (with an associated Debye length of 8 Angstroms), and consequently

no further attention will be given to low ionic strength measurements.




The first attempt to characterize‘the ionisation curye_ofherythro-

' cyteshbytelectrophoretic means was made by Furchgott and Ponder.ll They

found at physiological.ionic strength that the‘mobiiityepH.cnrve for

human red cells exhlblted the remarkable property of being 1soelectr1c
at a pH value between 1. 5 and 2. O. (The dlfference between bulk and

15

sgrface.pH does not, of course, 1nfluence the 1soelectrlc point.)
This'reSult suggested the presence of strongly acidlc groups at the :
meﬁiﬁrané‘ interface. D'es'pite the fact that extracted membrane lipids are
isoelectric at pH 2.7, Furchgott and Ponder hypothesized that the enodic
mobility of humen erythrocytes resulted from phosphate radicals asso-
icieted with neﬁbrane phospholipids.l Without being aware‘of'the strongly
.acidic carbohydrate moieties present in the membrane, this was by no o
means an unreasonable,hypothes1s. Bangham, Pethica, and Seaman later
repeated this work using sheep erythrocytes and concluded that the
mobility=pH curve reflected the‘presence of one ionicbgroup'with a pK :
of 2.3, whlch they also believed to be the phosphate group of phospho-
Vllplds 16 . Contrary to Furchgott and Ponder s results with human red
ells, however, Bangham and co-workers concluded that the sheep erythro-
cyte does not have a true 1soelectr1c polnt, 1nd1ceting_that the mem=-
brane interface'is purely anionic in character. The reeson for this
discrepancy is not clesr, but later workers have generalLy'concluded
that most species of erythrocyte possess an extrapolated isoelectric
point at approximately pH 2.17’18

" (d) Charge~Reversal Spectra. The determination of charge-reversal

spectra for sheep erythrocytes and'other'blood cells was undertaken by
Bangham, Pethica, and Seaman, who measured the charge-reversal concen-

trations of several polyvalent cations.16 By comparing their results



with those of Kruyt on phosphatides and carboxylic_acids,l9 they concluded
that the spectrum of sheep erythrocytes\most closely resembled that‘of
phosphate rad1cals., This conclusion was later shown to be incorrect, and
demonstrates the limitations 1nherent in the use of charge-reVersal
spectra. |

(c¢) Chemical Alteration of the Membrane Interface. Chemical modi-

fication of membrane surfaces'ma& be accomplished by three basic methods:
' (i)'speCific'covalent alteretion of ioncgenicvgroups (ii)eiution of
_membrane components by organlc solvents, and (111) enzymatlc cleavage of
charged groups. The first two methods w1ll be considered in later ‘
rsectlons of thls thesis; the thlrd has- played an important role in
elucidating the interface chemistry of erythrocytes and will now be
discussed in some detail. -

At approximately the same time as Hanig's6 experiments'on virsl'
hemagglutlnatlon and surface charge reduction, Burnet and Stonezo’_zl

.dlscovered an enzyme system from Vibrio cholerae which they approprlately

named. ' receptor-destroying enzyme" (RDE) Following treatment with RDE,
erythr0cytes were no longer susceptible to agglutlnatlon by v1ruses,'
suggesting that the wviral receptor in the enythrocyte membrane had been‘
released enzymatlcally It was also noted by Ada and Stone that RDE
produced a large reduction in the electrophoretic melllty of humsn
erythrocytes. 22 Several years later Gottschalk recognized that RDE was
a=glycosidese, and renemed the enzyme "neuraminidase" because of its
ability to liberate N-acetyl and N-glycolyl neuram1n1c acid (sialic acld)

23,2k

through hydrolysis of an a-glycos1dic bond. in 1958 Klenk and

25

Uhlenbruck -~ demonstrated conclusively that the product splitlfrom red

cell membranes by neuraminidase was sialic acid and the suggestion was

4
w
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4action of the enzyme Eer se is unllkeLy to yleld basic groups.

percent. ‘In general the sialic acid released is considerably greater

put forth>by Klenk26 that the.carbonyl group of this molecule was
responsible for the‘surface charge measnred electrophoreticaily. The
identificatlon of the enzymatlcally-spllt product as 51alic acid was of
con31derable 1mportance 51nce earller workers had ascrlbed the reduction
in electrophoretlc mobillty solely to the’ productlon of basic groups‘.

27 This conclusion had been'based on a titra-

at the membrane interfacef
tion atudy of neuraminidase-treated urinary sialyl mﬁcoﬁrotein;ZB After

treatment the mucoprotein possessed cationic'groups_with a pK_ of 11.2,

. but since neuraminidase is specific for the gljcosidic bond’beﬁween ‘

siaiicvacid and its adjacent sugar,23 52k . it has generally been held that

| Follow1ng the work of Klenk several exhaustlve studles were made on ..

‘the presence of sialic acid in the membranes_of erythrocytes and

several_types of tissue cells; The exact composition of the oligosac-

'charide‘and peptide moieties to which sialic acid is generally boundzhas‘
_not been cLarlfied (compare, for example, Seaman and Cook 29 and Winzler
vet al.3 ). vNevertheless, 8 considerable-amountrof evidence now indicates

" that siali‘c acid usually existsv as the terminal group of peptide-bcund

oligosaccharides and is primarily located at the outer membrane surface.

-Only the work on erythrocytes will be discussed here, the most notable

being that of Cook, Heard, and SeamanS- and Eylar, Madoff, Brody, and

Oncley.32
Briefly summarlzing, the above authors found that neuramlnldase .

reduces the mobility of various species of erythrccyte from 20 to 95

4

(by roughly a factor of two) than the amount that would be required

to account for the surface charge reduction calculated from the equations



of eleétrophoreéis._ Seve;al possible explanations have been put fortﬁ
to explain‘this discrepancy.9’32 |

First, it is conceivable that the approﬁriate "electrophorefic
radiué" might be_conéiderébly'smallér than.the physical radius of.tﬁeA
celi.u-In this.fegatélEyiar and co-workers foundvfhat ﬁSing.an electro-
phoreticlradiusrof approximately 20.Angstroms,reconciled ﬁhe_apparent
differenée'befween sialic 'acid removed and the charge reduction calcu-.
lated from eleétrophorefic mobility.32 There does not, howevér, appear
, to be any theoretical justification for the use'of’an.eiectrophéretic
radius other than that of the cell. | o

| Secondiy, the actioh of néﬁraminidase may inéuce chﬁnges iﬁ ﬁhe‘

iOnic characterléf the erythroéyte interface independent of the rémoval
of Sialié‘acid. This might resuli eifher.ffom architéctﬁral reaffange-
ment §f the membfané,br from the fact that the surfaée.bf shear may 1> I
reside severél Angstfoms closer to the membrane matrix after removal
of the outermost layer of sialic acid. |

A third possible reason for the caiculaﬁed_charge‘reduction being
less than'the sialic acid released is thevneglécf.of-éurface condﬁctanéev‘

33 At physiological jonic strength, thisvcorrection should

corréctionsf
result in a small increase in the calculated surface ch&rge density.
In the case §f Pyrex glass beads, the increase‘is hegligible at high
iqnic strength.3u With bacteria, however, the increase in zetea
potential is approximately forty percent at physiological ionic
strength.35. It thus appears that for biological surfaces partial
short-éircuiting of the electric field in the double layer persists

even at high ionic strength. In the case of erythroéytes, the impor-

tance of'correcting for surface conductancF needs to be fully investigated,




and méy possibly lead'to a somewhat larger esfimate'of.chaige reduction
upon neuraminidase treatment.

A fqﬁfth possible explaﬁation for the difference betwéen sialic
aéid*reﬁoved and éalculated charge réduction,is that'a lgrge proportion
'df.tﬁe siﬁiic acid releésed‘by neuraminidase m#& be buried ih‘the mém-‘
brane m@trix or ldéatedvaﬁ the inner surfa¢e. This doés not seem plausible,
héwévér, én thé basis of twé arguments. First, éléctr&h miér@scopic
studies on isolated plaSma membranes from rat liver ceils‘indicaté that

36

vsiélic acid is located at the outer surface. No evidence was found
fof the pfesence of this moleculebat the inner éurface.. In order fo
rdemOnstrate this asymmetric distribution of sialic acid, plasma membraﬁes
were incubated in solutions of qolldidél iron hydfoxidehbelow pH 2. 1In
this pH rénge only thé dissocigted carboxyls of sialic acid (pKa = 2.6)‘
' éhoﬁld be'stained‘eléctrbstdfiéally, a fact confifmed by fhe absenée of =
‘staining‘in neuramiﬁidaseftreated membranes. Uhfortunately; fhe‘appliéa-
'tioh,of thié S£aining procedure4to:erythrocyte ghosﬁ membranes has not
as'yet been reported in the literature. Secondly, on the basis of
ekperiments to be described in Chapter‘2, thebquantitétive yield of
sialié acid upon treatment of glutaraldehyde-stabiliiedlrat erythrqcytes
wifh neufaminidasevis.closely comparable to that from unfixed celis.
mlﬁhough the molecular wéight of purified neuraminidase has not been
determined, it is unlikely that any protein molecule could penetrate the
rigid étructurevof a glutaraldehyde~fixed membrane.

ﬁespite_these arguments ageinst an internal location for the sialic
acid;-it is conceivable that the carbohydrate ' coat of erythrocytes

extends considerably deeper than 8 Angstroms from the surface of

shear. Glaeser and Mel have calculated that the sialyl oligosaéchéride



chains contain roughly five sugar molecules.37

This, however, is only
ahravérgge value based on oveiall composition, and it is Quite possible
that large'variations 6ccur between individual chains. If in facf this -
is the éasé, then a considerable number of fhe terminal.Sialic acid
| residues might be located at positiéns gfedter £han one Debye lengﬁh
frbm the surface of shear, and thereby contriﬁute only slightly or noff
at all to the electrophoretlc moblllty. | | | |

A fifth possible reason for the calculated electrophoretlc charge |
.reduction being less than the amount of sialic acid released by neura-
minidase is ﬁhe assumption'that the membrane surfacévis impenétrable to
counterions. ﬁaydon has shown that charge calculations which assUmé a-

\

rigid surface may be low by as much as a factor of two for a éell inter-

38 Unfor-

face that is porous and allows free diffusioh of counterions.

tunaﬁely,'it is not known to what extent the outer surface of the

erythrdcjte membrane is penetrablevto COunterions; s0 thét.Haydonfs

equations cannot at present be‘appliéd in surface charge calcuiafiohs.ﬂ

It seems likely, however, that porosity of the membrane interfaée ma&
'accognt at least in part for the discrepancy between sialic_acid)removal
© by neuraminidese and calculations of chafge reduction based 6n.the
assumption of a rigid sufface.

) To summarize, electrbphqretic,and chemical studies reported to date
have suppdrted a model of the'erythrécyte membrane interface as éomposed
primariiy of carbohydrate with terminél sialic acid residues serVing as
" major contributors to the electrophoretic mobility. Chemiéal'analysis
of the sialic acid released upon neuraminidase tréatment.yields.an

émount roughly twice that predicted from reduction in the electrophoretic

mobility. The basis for this difference has not been clarifiéd

iy




11

eiperimentally, ﬁutvmay result fromvseveral factors: (a) the appearancé
of new ionic.grqups at the surface &as a fesult‘of physical alteration
of non-carbohydrate portions of the membraneg (b) neglect of surface
cqnductance_corrections; (c) a non-uniform spatial diStribﬁtion of
terminal_éia;ic acid molecules relative to the surfaée7of'shear; and

(4) penetrability of the membrane interface to countefions,

B. Purpose and Direction of the Present Research

': In addition to the need for further clarification of the role of si-

alicvacid-in ¢ontributingtothésﬁrfacecharge properties-of erythrocytés,

two other basic questions remain to be answered. First, the origin of

the large residusl anodic mobility following neuraminidase treatment has

not beeﬁ thoroughly investigated by previous workeré. Secondly, no v;

‘ systematic investigation has been made on the contribution of basic

: groups to the'surface charge. In particular,‘no'attempt has been made

to identify the origin of the large éathodic mobility observed below pﬁ 2.
Ié is an'a?proach to theselquestions that'consfitufes the.pfimaQy objec-
tive qf'thiértheéis. | : T

Broadly speaking, the méthod of attack cénsists of chemical modifica-
tion o?}the membrane interface in combination wifh electfophoretic |
measurgments. ‘In this manner, a charged group may be detected through a
change'in ﬁoﬁi;ity induced either by en;ymatic'cleavage of'the group or
chémical alteration of its ionégenic character. This apﬁroééh is

complicated, however, by the fact that at physiological ionicvstrength

the erythrocyte is only stable against hemolysis from pH k to lO,»>whereas

'charged groups that contribute to the electrophoretic mobility have:

dissociation constants lying outside this range. As a consequence, in
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order t6 study the result of cérﬁain types of chemical'modificatioh,
it has beén-necessary to stabilizé the erythrocyte over a broader pH
range by fixation using reagenﬁs thét do not alter:the chemical éhar-
acter of‘ﬁhe membrane interface. .Only,through-this combihed use of
~ fixation and chemical modification has it,béen pbssible to undertake

a systematic investigation of all acidic and basic groups near the

surface of shear. The results of this study are presented,in Chapter 2,'

and their implications with regard to the chemistry of the rat érythro-

cyte surface are fully discussed in the third chapter.
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CHAPTER 2. CHEMICAL MODIFICATION OF THE RAT ERYTHROCYTE MEMBRANE :
METHODS AND RESULTS

A. Surface Charge Properties of Intact Rat Erythrocytes, Stabilization
Against Hemolysis at Extreme pH by Fixation with Glutaraldehyde,
Acetaldehyde, and Osmium Tetrox1de

The early observatlons of Furchgott and Ponder on the surface charge

properties of human erythrocytes showed that below approx1mately pH Y

‘the moblllty changes as a functlon of tlme 1L As a means of cireum-
. venting thls difficulty, Heard and Seaman stabilized erythrocytes by
‘ fixation with formaldehyde and acetaldehyde.39 In this manner they

were able to extend mobility studies to pH values slightly below 3,'ahd

obtained an extrapolated isocelectric point of 2.4. Glaeser and Mel
later showed that fixation with osmium tetroxide could be used to
stabilize rat erythrocytes at pH values as low as 1, and directly

demonstrated a positive charge'character below pH 1.6.18 Following

‘this‘WOrk, Haydon and Seamsn re-eXaoined the electrophoretic properties

__of'acetaldehyde-fixed hﬁman erythrocytes, and concluded that they are

polyanionic with no positive mobility branch at low pH.*O It ﬁould
appear; therefore, that acetaldehyde reacts with the basic groups
responsihle for the positive surface charge.

At pH valuee‘above 9.5, human erythrocytes are also electro-
kinetically unstable at physiological ionic strength.10: Reagents which
are reactive with strohg bases, e.g., p-toluenesulfonyl chloridel7 and‘

acetaldehyde,39 do not affect the mobility of human erythrocytes at

neutral pH, thereby demonstrating the absence of such groups near the

‘ surface_of shear. Gleeser and Mel, however, found that rat erythrocytes
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flxed with osmium tetroxlde exhlblt an increase in anodic moblllty
above pH 11. 18 They concluded ‘that this must result from the dissocia-
tion of weakly acidic groups, and proposed that these mlght be hydroxyl
groups a53001ated w1th sialic acld molecules

The m1croelectrophoret1c studles descrlbed in the follow1ng para=
graphs were designed to clarlfy the questlon of whether a p051t1ve A
charge branch is present in the mobility-pH curve, and elso to examine
further the ekistence'of weakly acidic dissociating gfoups near.fhe |
surface of shear. The fiiﬁtives used for stabilization at extreme‘
acidic and alkallne PH were glutaraldehyde, acetaldehyde, and osmlum.ﬁ
tetroxide. The reactivity of aldehydes w1th protelns has been well “
characterized the primary reactlon being & crossllnklng of‘amlno
groups hl h2,b3 - Being & bifunctional reagent; glutaraldehyde has a-
considerably shorter reaction time than acetaldehyde, and wasvtherefoie.
utilized more'extensivelyvin.the studies reported belowf YWith osmium-
tetroxide the reaction time was limited to one'miuute, so that the
primary stabilizing effect,was & diester crosslinking of‘unsaturated i
fatty acids associated‘with membrane l:'Lpids.L%’l‘[5 There is some evidence;
however, lhat oxidation_reactionsvcan also occur with‘proteins over uery

'short periods.h6’h7,

As a means of assessing the effects of glutaraldehyde
"and osmium tetroxide on various membrane components,:infrared studies.
- -Were performed using ghosts fixed with these reagents. The results are

described in a latef part of this section.

Materials.and Methods

Blood was drawn from the vena cava of female Sprague-Dawley rats

" anesthetized with ether, and immediately diluted with twenty volumes of

L ’/%%74‘.2&1‘(“}7}4
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0.145M NaCl buffered to pH 7.4 with 3 x lo'l‘M NaHCO3». This buffer -

'systemvwill be referred to in the following as Standard Buffer. "Human

blood was obtained'by'puncture of the forearm and'handled in the same _
manner. Erythrocytes were then spun- down by centrifugation at 1100 x g
for three minutes, and the supernatent and buffy coat removed by asplra-

tion. The cells were washedvthree tlmes by suspendlng them in twenty

volumes of Standerd_Bﬁffer and centrifuging at 1100 x*gefor three minutes.

When’efythrocytes were prepared.for fixation with glutaraldehyde_or
oémiﬁm tetroxide, the buffer sysfem used in the waehing_procedufe:waso
Sorensen's 0.067M phosphate bﬁffer at pH.7.h, Rat erythrocyte ghosts
were'preyared>by the method of Dodge, Mitchell, and Hanghan.uB In order
to stabilize tﬁe ghosts against elution of membrene componenﬁs, one

mllllmolar M3012 was added to the ‘media used for lys1s and washlng M9i

The resultlng ghosts retalned a plnk color. This was reduced, but not

' completely removed, by three washes with distilled water.

'”, leatlves used in these studies were obtalned from the follow1ng
supplier5° ‘osmium tetroxide (0.5 gm vials), Engelhard Industr1es,-~
Newark, New Jersey; glutaraldehyde (25% wt/voi‘ih weter)‘end acetaldehyde
(78.7% wt/vol in water), J. T. Beker Chemical Company, Phillipsburg,

New Jefsey. Glutaraldehyde was distilled twice by heeting at 98° to
100°_C and collecting the vepor at room temﬁerature. The'distillate

wae aSsayed by osmoﬁetry and spectrophotometry using the;method of
Fahimi and Drochmans.50 The concentration following the second distilla-
tion usually ranged ffom 8 to 10% wt/vol;v Acetaldehyde boiling at room
temperature (approximately 21-24° C) was collected into a'bath at
acefdne/dry ice temperature‘and assayed osmoﬁetrically. On this basis

the distillate had the same purity as the commercial reagent.

R
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v Er&fhrécytés Weré fixed with glutaraidehyde.ﬁy‘mixing equal vblﬁmé§
of a 5% vol/vol éell.sﬁspension in éH 7.4 Sorensen phosphaﬁevbuffer with
a 5% wt/vpl glutaraldehyde solution in phosphate buffer;..Fixaﬁionrwaé
allowed to proceéd for ten minutes-at room temﬁératﬁre3‘afﬁéf which the
cells werévpelleted by centrifugafion atAilOO k-gvfbr three minutes.- In ' _9
order to remove residual fixative, the cells wefe washéd three times by
suspension in twénty volumes of Standard‘Buffei folloﬁed'by ceﬁtrifugétiOh
at llOO‘k‘g for three minutes. The same procedﬁre was used\féf fixation |
with dsmiﬁm‘tetrbxide except.that the cell suspension was 10% V6l/vbi and
the fixative was 1% wt/vol. With osmium tetroxide the reaction time was
6ne'hinuté at room temperature. Fixation with'z%'acétaldéhyde'was;fofr
threé;weeks at 4e ¢ and followed the procedﬁre.of Ha&don and”Seaman:ho
Ghosts were fixed in the same ménner as intact efythrocyteé. |

| Microélectrophoreéis was éerformea using the apﬁaratué'described by
'Glaeser wiéh the exéeptiOn of é few minor changeé in the'elecﬁfodé o
assémbly.9' A rectahgular migration.éhamber-(Arthur Tﬁomas'Company,
Philadélphid, F&.)'was employgd in the lateral’positioh.-JAt»éaéh‘of‘the
two stationary levéls'the velocity of five cells vas megsﬁred in both
- directions. fhe velocity measurements were then averaged and divided
By thé electric field strength to obtain the electrophofetic mobility.
fhe figld strength was calculated from the conductivit&, chambér Cross=
sectional area, and current, and in all experiments was roughly 6 volts/ ' -
cm. Sﬁandardeuffer was uéed in all measurements, and the pH of a celll
suspension adjusted by the addition of O.145N NaOH or 0.145N HCL, théreby | )
maintaiﬁing the ionic strength at 0.145. | |
Inffared‘studies were conducted with a Perkin-Elmer Model 421

apparatus. Two or three milligrams of ghosts were washed three times in
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distilled water; then layered on a silver chloride plate coated with
silver sulfide (Harshaw Chemical Co., Cleveland, Ohio) and allowed to
dry on a 40° C plate. Care was taken to protect the silver chloride

plate from both light and direct contact with the metal heating pad.

Results

(1) Surface Charge Properties gg.Unfixed, Glutaraldehyde-fixed.

and Osmium Tetroxide-fixed Erythrocytes The moblllty-pH curves for

unflxed, glutaraldehyde flxed and osmium tetrox1de flxed rat erythro-
cytes are shown in Flgures 1A and 1B.* With both flxatives the moblllty
over the pH range 4 to 10 was found to be the same as that for unfixed
cells. "in addition, both curves exhibit an isoelectric poiht between

pH 2.1 and 2.4. At high pH, however, glutardldehyde-fixed érythrécyteé'
| show no évidenpe for dissociating groups, whereas cells fixed with 6smium
tetroxide exhibit an increase in negative mobility above pH li in agree-
" ment wifh the pfevious observation of Glaeser and Mel.18 As a means of
B clarifying the character of the mobility curve at high pH, eiectrophoretic
data was obtained us1ng cells flxed with both glutaraldehyde and osmium
tetroxlde. The results are shown in Figures 1C and 1D. Following dualr
'fixation with these reagents, thére:is no evidenpe for dissociating
groups at high pH, suggesting that the result with osmium teﬁ?oxidé is an
artifact'resulting from structural.rearrangement of the membrane. : This
is further supported by the observation thgt erythrocytes fixed with

osmium tetroxide hemolyze within approximately two minutes after.expo--

“sure to pH values above 12. An alternative which cannot be ruled out on

Figures are located at the end of the text, beginning on p. 77.
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lesskali-érans'plén;rIChéracter ih red'céll mémbfanes'thaﬁ ié fouﬁd fof‘
phospholipids in a liquid crystalline organizétion. From-Figuie 34, it is
clegr'that rat‘erythrécyte membranes alSo'exhibit'only a small’absorpéioh
-ét 720,ém-l. 'The fact that this resonance is abolished upon reaction of

the membranes with glutaraldehyde and osmium tetroxide suggests that fixa-
tion may result in the absence of any ali-trans planar ordering of fafty
écid methylene groups..-One diffiéulty with this interﬁretﬁtion, howe#ef, is_
i.ntfodﬁégd by the fact that fixation appears .t';o‘reslult in some loss of lipid
‘from the membrane. From Figufés 3é‘and 3ﬁ, it'is clearvthat the lipid C = O
stretching resonance at 1740 em™! is considerabiy‘reduééd following reaction
of.erythroc&ﬁes wifh eithef glutaraldeﬁyde or osmium tetfokide. Ihis appar;‘
ent loss of lipid'upon'fixatioﬁ might be sufficient to cause a disappeafance

of the weak band at 720vcm-l.

Further experiments are needed(to_clarify this
matter. ‘ 7

(3) Surface Charge Properties of Acetaldehyde-fixed Erythrocytes.

, Haydon and Sééman have reported that fixation with 2% acetéldehydeﬁfor ﬁhree.
weeké'yiéided eleétrokineticallyustable'huméh erythroéytéé_whigh gave no
vindiéation of a positive:Surface charge below pH 2;&0 This fesulﬁ ié diév

. rectly céntraiyité that obtained with rat and human erythrocytesrfollowing
eitﬁér glutéraldehyde or osmium tetrbxide fixation, and suggesté'thaf acetal-
dehyde might be feactive with basic groups responsible for the'positive
mobiiity at low pH. In order to examine this further, several attempts were
ma@erto stabilize rat:erythrocytes by acetaldehyde fixation; In all cases,
the results were similar to those shown in Figures 4A and 4B. At pH vaiues
below 3.2, the mobility is time dependent and exhibits an irreversible chaf-
. acter. As a result, a large positive branch afpears in the mobility-éH curve.
A similar bghavior was observed with acetaldehyde-fixéd human eryfhrocytes,

in direct contradiction to the results of Haydon and Seaman.
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As a means of determining whether acetaldehyde is reactlve with the
groups respon51ble for the cathodic mobility below pH 2, erythrocytes were
treated wlth acetaldehyde and subsequently fixed with osmium tetrox1de.
The results are shown in Flgure Le. Erythrocytes handled in this manner
are electroklnetlcally stable at low pH and retaln a large positive
mobility at PH 1. This result was found to be reproducible w1th five
different preparations of rat erythrocytes. In addition; fixation withk
2.5% glutaraldehyde for twenty days at 4° C yielded electrokinetically
stable erythrocytes having & large positive mobility at low pH, a result
shown.in Figure 4D. It thus appears that both.nonoe and bifunctional
aldehydes fail to react over long periods with’the basic groups respon-
sible for the positive surface charge.

‘(4) Electrophoretic Studies on Glutaraldehyde-fixed Erythrocytes

ét Iow pH. On the basis of surface charge properties presented in
Figure 1, it is not possible to estimate either the number of basic
groups contributing to the positive mobility or their pK . This results
'from}the fact that snrface charge measurements cannot be extendeo below
pH 0.9 while'maintaining the ionic strength at 0.145. In order to over-
come'this difficulty, mobility studies were made at pH values between
.0 and 1 by suspending.glutaraldehyde-fixed cells in concentrated hydro-
chloric'acid solutions having ionic strengths ranging from 0.145 to 1.0.
The surface charge was then calculated from the mobility u51ng the Gouy-
: Chapman equation (aqueous solutions at 25° C): 33 |

=.0.1171 ¢ sinn 0.25U
Here o is the surface charge density in coulombs per square'meter,uclis

the molar concentration of uni-univalent electrolyte, and U is the electro-

phoretic mobility expressed in microns/sec/volt/cm. This equation is
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vaiid'forla'éharged particle whose radius of éurvature is at least 300
times gréater in mégnitude than the double layer thickness, a condition
satisfied by rat erythfocytes in the Preseht experiﬁents;

A plotvof the surface charge density from pH O to. 2 is shown in.
Figﬁié_s. It is clear fhat an inflection occuis at aﬁproximatély PH 1,
with a’large iﬁcreasevin positivéfcharge dehsity appearing at iower
values of PH. Betwéen pH 1 and 2 the surfacé'charge density has a loga-
rithmic appearance éharacteristic of proton binding to one type of weakly
basic group, with a maximum contribution to the charge density being +0.009.
cbulbmb per ;quaré meter.' The pKa bf this grbup appgars to be approximately
1.6. Since the”rat erythrocyte-Zéta potential does not exceed 15 millivolts

over the pH range 1 to 2, the difference between bulk and surface le5

will
not influence this value of the pK.a by'more than 0.25 pH units.

Below pH'I the surface charge density was found to give a reasonably

good fit to an adsorption isotherm of the formSS
‘ +
a9, K (n )b
g = —-—-—-—-——-—;——— .
1+K(H)

Here do:is_the.surface charge density when all of the potential binding
sites are dccﬁpied by protons, K is the binding cénstant in units of liters
per mole, a.nd.(H+)b isvthé bulk molar'coﬁcentration of Hydrdgeh ions. By
ﬁaking a least squares fit of the measured surface charge aensity over the
pH‘;ange 0 to 1, the_va;ues obtained for K and g, were, rgspectively,
0.23130.02(SD) liter per mole and +O.33li,0.099;(SD5 coulomb per square
meter, .Tbis vaiue of %)zepresents the extrapolated surface chafge density
af infiﬂitg_hydrogen ion con;entratioﬁ, i.e. when the ionic strength'is in;

finite and the corfesponding Debye length is zero. As shown explicitly-



7 adsorbed charge is + 0.331 coulomb per square meter, or 2.07 x 10

: ”

in Pigure 5,'the»proton binding exhibited over the'pHvrange 0 to 1 is

rever81ble, thereby indicating that the large 1ncrease in p081t1ve
surface charge does not result from structural rearrangement of the

membrane under ac1d1c_cend1tions. From the adsorption 1sotherm 1t can

“also be shown that the surface charge density eentributed by these

proton-binding,groups above pH l'is small,eompared to that which is
measﬁred eleetroﬁhbretically. They are therefore distihét‘from the
weakly bas1c groups of PK, 1. 6. o

‘ Uslng this 1nformation, it is worthwhile to speculate on the char-
acter of membrane componepts respon81ble for the increase in pos1t1ve
eurfece charge below pH 1. The fact that the charge dehsity-is char-.
acterized by one binding constant indicates that it may arise through
proton binding to a‘single'tjpe.of weakly basic group. _Alternatively,
it may‘be‘attributabie to non-specific hydrogeh ion adéorption onto
non-ionic regions'of the cell surface. Unfortunately, it is not‘possible
to iiétinguiSh between these two aiternatives on the basis of surfaee'
charge'measuremente alone. The second proposed charging'ﬁechahism,
however;.is.favered_by the facﬁ that tre contribﬁtion oi these proton-

binding groups to the surface charge density is approximately thirty

',times_es great as that made by any other electrophoretically detectable

membrane»compbnent. This suggests that below pH 1 the electrical dqubie
layer is effectively swamped with hydrogen ions at positions correspond-
ing to non-ionic sites on the membrane surface. Assuming this to be the

case, & célculation can be made of the proportion of the rat erythrocyte

surface capable of non-specific proton adsorption. The maximum possible

18

' hydrogen ions per square meter. Taking the mean corpuscular diameter of



oy

the rat erythrocyte to be 6.3 microns,sh‘the surface area calculated by

the method of ander55

is 83 square microns. On the basis of these

- figures, it is possible to adsorb“l.72’§'108 hydrogen ibns pef cell.
Assuming -that the hydrogen ion exists in solution as a hydrbnium-ion'
with a molecular radius of 1.96 Angstroms (the radius of a sphere having

equivalent'weight'and density), the percentage of the surface area com-

posed of potential binding sites is approximately 25%.

Discussion
'The ihférmatibh obtained from mobility-pH curves fpf rat erythroéytes
étabilized by.fixation with aldehydés and osmium tétroxide may be'sum;
marized as followsf o | |
" (a) Within three PH units of neutrality, the surface éharge pfo;
perties of aldehyde-fixéd efythrocytes are the same As those of unfixed

cells. Since'aldehydes'ére‘reaétive with strbngiy basic groﬁbs,,in

particular the side chain aminos‘df lysine residues,'this‘result indicates -

that near neutral pH the rat erythrocyte.behaves electrophoretically as
a polyanion; _This:is in accord with‘previou§‘studies by Heafdvand Seaman
on hﬁman érythrocy‘bes.l7 -

(b) The existence of weakly acidic dissoéiating gréups‘reported
previously by Glaeser Qnd Mel18 on fhe basis of electrophéfetic studies
on rat‘erythrocytes fixed with osmium tetroxide appears té bé an'artifact‘
~ resulting ffbm.structural rearrangement of the membrane under alkaline -
conditionsf This is clear from both the irreversible eleqtrokinetic
chgracter of oémium tetroxide-fixed cells at high PH, énd from the |
QbsenCé'of a.dissociating éroupvin this pH range when erythrocytes are 

fixed with acetaldehyde or glutaraldehyde.
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(c¢) Erythrocytes fixed with both glutaraldéhyde and osmium
tetroxide eXhibit.a largeiéathodic.mobility below appfoiimétély pﬁ.2.:
This appéars to result from protonatidn of weakly basic groups with an
apparenﬁ PK, of roughly 1.6. Tﬂe observation of Haydbn énd‘Seamahuo

thaf acetaldehyde-fiied»erythrocytes do not have a positivé mobility

branch could not be verified. Cells treéted.with'acetaldehyde and

o subseQuently fixed wiﬁh'osmium tetroxide have a reversible éleétro-

kinetic chéracter at low’pH withia substantial positive Sﬁrface charge
below PH 2. It thus apﬁearé that abetaldehyde is not reactive with
the weakly basic groups responsible for the cathodic mobility.

(d) Below pH 1 glutaréldehyde-fixed rat eryfhrocytes exhibit a

'largé ingredsg in positive surface chgrgevdensity. This appears to

- result from non-specific proton adsorption onto non-ionic regions .

dccupying approximately 25% of the total surface area.

(e). An infrared analysis of membranes stabilized by reaction

. with glutafaldehyde and osmium tetroxide indicates that protein éon-

formation is not affected, ;n;pontrgstmtq the conclusions of Lenard

and Singei'52 based on circular dichroism studies.

B. Chemical Modification via Covalent Linkage of Tonogenic Groﬁps

The results of the previous section indicate that strong bases do

O

ot contribgte'to the surface charge properties of erythrocytes at high
pH. . Also Heard and Seaman have shown that treatment of human erythro-

. cytes with p-toluenesulfonyl chloride, a reagent reactive with amino

17

groups, produces no change in the anodic mobility at neutral'pH. In
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Chemical Compahy, Milwaukee, Wisconsin. The structure of.this carbodi~
imide will be represented here as R = N = C = N - ﬁ”, where R/ ié the
cyclohexyl riﬁg and R’/ the N-methylmofpholinyiethyl group. The (+)
denotes ﬁhé.quaternafy ammonium of the NAméthylmorpholinYlethylugroup.
Reaction with surface carboxyls was performed using glutaraldehyde-fixed
: rat.efythrocytes; TwentyfVOlumes of O.lM»CMC dissolved in Standard
Buffer_was.mixedtwith.ong.volume;of packed cells." The'suspehsipn was .’
thenfwarmed'to'37° C, and the pH adjusted to 4.75 by the dropwise |
_ addition'off;N HC1. 'The‘reactién was aliowed to pfbéeéd’atA37° C for
varying lépgths-bf”ﬁime with'continUOus_stirriﬂg.' (A'more detailed

: descriptidnvof'phe kinetics will be»given/later.) The. reaction was then
- stopped by spinpihgvdown,the cells and washing them thfeé»times with
.Standard Buffer. | |

Results and. Discussion .

(i),'grtolueneSulfoﬁi; chloride and 1,5-difluoro-2,4-dinitrobenzene.

Followipgitosylation,‘the eléctrophoretic mobility of unfixed-rat'erythro- =
cytes was =1.03 micron/séc/volt/cm; compared with a‘control;value‘of
--i{O6ﬂ ,ﬁéth measuremehts:weféfmade at pH 7.45 ivO.lO.i'This differéhéé
in mobility is insignificant in relation to the estimated experimental
effor of.S%.
| VAfter reaction with DFNB, the mobility of unfixed rat'erythrocytes>
‘was 1.0k micron/sec¢/volt/cm, compared Vitﬁ a control value of —1.07..
Both measurements~were méde at pH 7.35 * 0.10.v Again, the change in
mobil;ty is not significaﬁt.‘
' LOn fhg basis. of thése results,»iﬁ may be conclﬁded_that reagénts'
reactivé.with strongly basi¢ groups ?roduce no change in the surface

charge propeftiesiof ra£~erythrocytes near neutral pH. Therefore, no
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strong bases reside within approximately one Debye length of the surface -
of shear.

(2) Methylationvand Reaction with Carbodiimide. The mobility of

giutaraldeﬁyde-fixed.raﬁ erythrocytes was éxnmined at'tﬁé different
stages in the methylation procedure of Haydon.and.Seaman.uo Cells washéd
with 0,05N HC1, then twice with absolute methaﬁol, and finaily three
times with Standard Bﬁffer had a mdbility of -0.80 micfoﬂ/éec/vblt/cm at
pH 6.90. This represents roughly a 25% reduction from the ﬁsual mobility
of”glukaraldéhydé-fixed erythrocyfes ét neutral pH. A brown material wes
., leachédvfrom tﬁevcéils during the methanol ﬁaéhés, possibly resulting )
rin}somé structural réarrangement of‘the membrane.

 Following the complete methylation procédure (sée Materials and

Methods), the mobility at pH 6.86 was =0.55 micron/sec/volt/cm. This is
a 50% decrease from the normal value for glutaraldehyde-fixed erythrocytes.
:Bécauéeﬁthe preliminary acid and methanol washes in themselves produced
a 25% reduction in the net negative surface charge, the interpretation
of this result is‘not clear. It does suggest, however, £hat at least
és% and at most 50% of the anionic groups contributing5to the electro-
‘phofetic mobility are cafboxylic acids susceptible to methylation. It
is also possible that the ésterification was no£ complete, but ﬁo ‘
aﬁtempt was made to study the reduction in ﬁobility after longer periods
of treatment with methanol/hydrochléric acid.

‘The initiél reaction'of surface carboxyls (denoted here as RCOO~)

‘with CMC is of the form:‘57
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R + -';
0 H—N—R/
+ - N i
R/— N=C=N - R’/ + RCOO —R—-C—-0-C
: . . . . 2H+ : ' +
: . . : N_RII

(y - () (111) u.H
As a result, the anionic carboxylic acid (II) is converted to an
acylisourea (III) having a cationic character by virtue of_both the
thethylmorphélinylethyl group and the basic amidine group.l.Figure 6A_
shows the kinetics of surface chérge reduction upon reaction witthMC.
After approximatély three hours, the sﬁrface charge.is reduced to zero
and remains at that level following longer periods of reactiéﬁ. -.
Other‘workers ﬁho have studied the feactioh of carboxylic'acids
with watef soluble carbodiimides suggeét that the reaction produét.(III)
shdwn in the previous paragraph is unstable,'aﬁd réarréﬁgés to give an

acyluree (IV):57’58

- 0 H— N—R/ o , 0O R 0 H
[ N
R—C—0—C — R— C—~N—C—N—R’/ + Hf
: | 4+ (rearrangement) S N
N—R’/ ‘
l
. H _ '
(111) (Iv)

In order to test whether IIT or IV represents the finalvprOduct,rthe
alkaline stability of the reaction product was examined electrophoretically.
The acyliéourea should hjdrolyze in the alkaline pH range, whereas the
aéylurea should be stable under the conditions that electrophoretic meas~ -
'urements are made (i.e., at room temperature and pH values less than 13).

The mobility-pH characteristics of glutaraldehyde-fixed cells reacted




31

with CMC for three hours_ere shown in Figure 6B; When retﬁrned to.neutral
pH after a fifteen.minute exposure to pH 12.75, the anodic mobility is
ap?reximately'BO% of the usual value obsefvedvfor glutaraldehyde=-fixed
cells. This indicates that roughly 80% of the'sﬁiface charge redﬁction _
results from the formation of alkali-labile acylisoureas (III), and 20%
from the conversion of carboxyls to stable-acylureas_(IV).-
In ordef to‘quantitate the percentage ofielectrophorefically
detectable surface carboxyls'conferted tc products III and IV, an experi-
" ment: was pefformed in which £osyl cﬁloride was reacted With:giutaraldehyde-
fixed efythrocytes previously treated with CMC for three hours. As shown
.in:Figure»GA; tosylation under these conditions produces evmobiiity of
-0.33 micron/sec/volt/cm; This results from covalent linkage to .
acylisourea amidine groups, thereby remov1ng thelr catlonlc character. o
| From this 1nformat10n, it may be deduced that 30% of the surface carboxyls.
(corresponding to a mobility of «0.33 micron/sec/volt/cm) react with CMC
to form pfoductiliI, This accounts for 96% of the total surface charge
reducﬁion since the fcrmation of III results in the replacement of an
-anioniclgroup—ﬁith two —cationic groups. The remaining 10% of the charge
reduction is accounted for by the conversion of 5% of:the surface carboxyls
'1(correspchding to =0.05 micron/sec/volt/cm) to the acjldrea (IV).' The
formetion of this product results in the replacement gf;one anicnic'
group 3y'one cationic group. A total of 35% of the surface_carboxyls
' therefore appear to be reactive with CMC, with 86% of the products being
acylisoureas and 1&% being acylureas.
‘Another possible mechanism by which CMC could reduce the negative

‘mobility at neutral pH is through the formation of carboxylic anhydrides
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between'neighborihg carboxyls at the cell surface. This product would



be labilé in fhe élkaline PH rénge, and could account for thé irreversible
electrokinetic properﬁies at high pH. An argument against the extepsive
production of anhydrides, however,'ié the observation that tosylation
partiallj reverses the reduction in negative surface ch#fge resulting
from treatment with CMC. This would be expected only if amines were
presént near the surface éf shear by virtue of the covalent linkage of
CMC to carboxylic acids. | |

- Oné other feature of the mobiiity-pH characteristics shown in’
Figure 6B might bé mentioned at this point, nameiy, the proton-binding
exhibited BelovaH 6. This results from‘the association of hydrogen
ions with anionig groups which havé not reacted with CMC, and from
p;btonafion of the Weakly basic groups of PK_ 1.6.

In summary, methylation results in the esterificatiqn of 25 to 50%
of the surface anions, while CMC reacts with a total of 35% of the anionic
groups contributing to the'mobility at heutral pH. This suggests that
35% of fhe negative surface charge results from carboxylic acids res%ding
within approximately one Debye length of the surface of shear. It is
also possible that phosphate groups associated with membrane lipids are '

2T but arguments will be given

chemically modified by these procedures,
in Section D of this chapter against the involvement of phospholipid

headgroups in detérmining surface chérge properties.

C. Photo-oxidation in the Presence gglMethylene Blue

The electrophoretic curves presented in Section A of this chapter
gave no indication of a dissociating group with a pKa close to neutral
PH. On the other hand, Sanui, Cafvalho, and Pace have performed a tie-

tration study on human erythrocyte ghost fragments, and concluded that

J S
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there weré'fitrable.groups with pKa values of 6.l.and 7.1.59 They
proposed that membrane componeﬁts'having pKa values in this raqge might
be the pheholic hydrbxyl of diiodotyrosine, the imidazole ring?of
histidine, and secondary phosphoryl gfoups of certain phosphgl%pids.

Of these possibil_iﬁies,' histidine is of particular interest since it
mey coﬁtribute to the posifi#é surface charge at‘léw PH.

o A direct method of testlng whether histidine groups contribute to
the electrophoretlc moblllty is to alter thelr base proper11es by photo-
oxidatlon in the presence of methylene blue.60' A decrease in the pKa of
the histidine imidazole ring following photo-bxidati#e éplitting has
been demonstrated by the experiments of Lukton, Weisbrod, and Schlesingeré?l
These workers found that rate constaﬁts for the photo~oxidation process ,;
could be calculated.from the pH change of an unbuffered histidine solu~ |
tion, and that these agreed quite well with rate constants,determinedABy
a,colofimetric assay for ring cleavage. ConSequentlyj photo-oxidationr
of histidihe'residues in the erythrocyte membrane. should produce a

measurable change in surface charge properties if these groups lie within ¢

a Debye length of the surface of shear. !

Materials and Methods

- Rat‘erythrocytes were mixed with twenty volumes 6fva 7.4 Sorensen
phosphate buffer coﬂtaining methylene blue (Matheson,iColeman, and Bell,’
.ﬁbrwood,,Ohio) at a concentration of 0.01 mg/ml‘ The suspension wa.s
'placed in a 37° C bath and subjected to illumination fidm a 150 watt
lamﬁvaﬁ a distance of six inchés. Irradiétion was allowed to proceed
for ninety minutes with continuous stirring. The cells were then washed

twice in phosphate buffer and fixed with glutaraldehyde. Extensive



3l
| , .

‘hemolysis accompanied the photo-oxidatgve process. This phenomenon_is-

known as photodynamic hemolysis, andbhas been shown to result from the

pﬂoto—sensitized aestruction of membrane coﬁponents.62 In'addition,

there was coosiderable blackening of the cells during the-oourse of

i;radiation. Photo-oxidation of glutaraldehyde;fixed ceils'followed the

same.prooedure as unfixed cells. 1In this case, however, no hemolysis

adcompanied the irradiation.

Results and Discussion

Ag shown io Figure 7, the er&throcyte_surfaoe;charée‘properties.
below neutral pH are unaltered as a result of the photo-oxidative process.
Both the shape of the mobility-pH curve and the 1soelectr1c p01nt are
comparable to those obtained for glutaraldehyde-fixed cells not subgected
to 1rrad1atlon. The fact that cell blackenlng and photodynamic hemolygls‘
accompanied the process indicates that oxidation eetua;ly occurred. From
these results it appears that no eontribution is madevto,the mobility.at

1

low pH by histidine bases. . . ],

A ¥ |
D. Ethanol Extraction of Glutaraldehyde-fixed Erythrocytes -

An attempt was made to examine the involvement of?phospholipid head-
groups in determining the surface charge properties of'glutaraldehyde-
fixed rat erythrocytes by making mobility measurements on cells after.
their lipid had been extracted with ethanol. This procedure was suggested
by the studies of Korn and Weisman on the elution of lipids from amoebae
during the dehydration procedures involved in preparing specimens for
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electron microscopy. These workers found that ethanol extraction of

glutaraldehyde~fixed amoebae causes a 95% loss of lipid.




35

Matefials and Methods

Glutaraldehyde-fixed rat erythrocjtes were waéhed ﬁwicefwith
distilled'ﬁater and sﬁspended in ten volumes of absolﬁte ethanol for
one hour at room temperatﬁre.(21~2h° C). The cells were then pelleted
by centrifugation af 1100 x g for three minﬁtes, and the faihtly yellow
supernafent removed for lipid analysis. The paéked cell volume was
uxichanged after ethanol extz;aétion, indicating that the extent of
hemblysis WAS‘negligible.' Under the'phase.micrdscdpe'the'morphology of
'the;éxtracted cells aﬁpeéred to be normal excepﬁ for thebpreséncé_ofﬁ
numerous blebs raﬂging in diameter from roughly O.S to 1.0 micron. Prior
to eleétfophdrétic measﬁiements, the extrdcted cells were waéhed three
times in Standard Buffer. | |

For a gfavimétric ahélysis of the lipid extract, the supeinatenti
was transferred to 5 glass vial and blown down under a siream of nitrogen
gas at.h0°.C. On the basis of two experiments the avérage amount of
lipid extracted was 4.22 + 0.97 mg per ml of packed cells. The total
iipid,content of the rat erythrocyte membrane is 4.86 mg per ml of
packed ce_lls,6h so that an average of 87% by'weight-of the membrané lipid
was éluted‘by ethanol. In order to determine whefher any protein was |
prgsent in‘the extracted product, the ethanol supernatent from approxi-
p mately l.Svml of packed erythrocytes was concentrated and then layered
on'a AgCl ﬁlate for infréred analysis. The spectfum gave qlear evidence .
for the presence of phospholipids, but the Amide I and II bandé char= _

acteristic of protein were absent.

Results and Discussion

The mobility=-pH characteristics of glutaraldehyde-fixed rat eryfhro-

cytes extracted with absolute ethanol are shown in Figure 8. The surface



36

charge prbperties are identical in all respects to those of untreated
glutaraldéhyde-fixed cells_excepﬁ for the appearance of irreversible
changes in mobility after exposure to extreme alkaline and acidic PH.
The presence of lipid thus appears to be necessary fqr electrokinetic
stability of the membrane under these conditions.

The fact that nearly complete lipid extraétion does not alter the
anodic mobility at neutral pH indicates that phosphate and carboxyl ions
‘assgciated with phospholipid moieties are not located.at positions close
to the surface of shear. In addition, the.appearance éf a large positive
charge at PH 1 is an indicatiqn that the quaternary ammonium associated
with choline does not contribute to the electrophoretic mobility. Recent
'nucléar ﬁagnetic resonance studies on erythrocyte membranes suggest that
choline has a large rotational mobility and may be located in an aqueous

65 From the electrophoretic results

enviromnment at the cell surface.
presented here, however, it appears that choline does not reside within
a Debye length of the surface of shear.

E. Enzymatic Cleavage of Tonic Groug_ from Carbonydrate
and Protein Moieties:

l. Neuraminidase

From a titration study on neuramlnldase-treated sialyl mucoproteln,
Curtain concluded that actlon of the enzyme results in the appearance
;of cationic groups with a pKa of 11.2.28 Studies by Cook, Heard, and
. Seaman on the electrbphoretic properties of unfixéd erythrocytes treated
with neuraminidase showed both the preéence-of ionogenic groups at high“
PH and a chahge'in the extrapolated isoelectric point from pH 2 to

31

DH 3.7 These workers also found that upon post-fixation with acetalde-

hyde, the mobility of neuraminidase-treated human erythrocytes increased

7/
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/
by roughly 25%. Since acetaldehyde is reéctive with basic groups, £hey
contended that alsmail portionlof fhe surface charéé reduction‘observed
after enzyme treatment reéultea from the appearance‘of‘pationic g:oups
near ﬁhe surféce of shear. A different conclusion was later reached |
by Haydon and Seaman; who argued:against the abpéarancé bf basic grdups
if neuraminidase treatment was performedidn acetaldehydé-fixed cells
and the enzyme preparation was free of protedlytic contaminanfs.ho

Previous‘sﬁudies have also.raiéed a questign as to £he character
of the anionicvgroups responsible for the hegative surface charge
observed after neuraminidase treatment. Haydon and Seaman contend ih '
the case of human erythrocytes that these groups have a pKa of 3.35 and
~are probably O=carboxyls associated with protein-bound_amino acids’.b'O
It has not'begn clarified, however, whether these groups are present at
positions near the surface of shear prior to neuraminidase treatment,
or appear 6nly‘as a side effeét associated either wifﬁ enzyme attachment
at the cell’surface or the présence of proteolytic contaminants in the
‘enzyme preparétidn. In addition, no attempt has been made ﬁsing a
spécies of erythrocyte other than human to estimate the pKé of fhese
anionicvgroups.

In'thé.fol;owing paragraphs microeiectrophoretic'studies are
presenfed'onvthe surface charge properties of neuraminidase-treated rat
erythfocytes previously stabilized by fixation with glutaraldehyde. An
" attempt has béen made to élarify the question of whéther enzyme action
results in the appearance of dissociating groups at high pH. Observa-
tions have also been made on the anionic groups giving rise to the
anodic mobility remaining‘after neuraminidase treatment. In addition,

several studies have been directed towards determining whether the



weak basesvrespOnsible for the cathodié'mobility at low pH are acetamido -

groups associated with sielic acid molecules.

Materials and Methods

'Tﬁo types of neuraminidase were used in these studies: (1) RDE, a

crude extract from Vibrio cholerae, was obtained from Microbidlogiéal

Associates (Bethesda, Maryland); (2) chromatographically purified

neuraminidase from Clostridium perfringens.was obtained from Worthington

Biochemical Corporation (Freehold, New Jersey).

The commercial RDE solutibn was mixed with an equal volume of
Standard Buffer. One volume of glutaraldehyde-fixed rat erythrocytes
was sﬁspended in two volumes of the énzyme solution and incubated at
37° C for one hour. The suspepsion was stirred by pipétfingvat ten
minute intervals. The erythrocytes were then pelleted by centrifugation
ét llOQ X g for thrée minutes, and the superpatent.removed for deter=
minatioh of sialic acid. vPrior to electrophoretic éxamination,vthe
éells were washed three times with Standard Buffer.

Glutaraldehyde-fixed rat erythrocytes were reacted with Worthington
neuraminidésé under ﬁhe following conditions;- One volume of packedv
cells ﬁaé mixed with two volumes ija\b.ESO'ﬁg/ml enzyme sélution in
O.C67M Sorensen phosphate buffer at pH 5.35. The incubation was extended
for one hour at 37° C with stirring at ten minute intervals. Higher
concentxations of énzyme did not result in a greater reduction of the
negative surface éharge at neutral pH. Fbllowing'enzymé treatment,.fhe
remaining preparative procedures for cells and supernatent were the same
as those described in ﬁhe preceding paragraph.
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"SialiC'acid was determined by the method of Warren. Crystalline

N-acetylneuraminic acid (sigma Chemical Company, -St. Iouis, Missouri)
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was used as a standard. Appropriate enzyme blanks‘were carried through
the preparative and assay procedures. - Cell counts were made with a
hemocytbmeter. |

. Experiments were also performed with glutaraldehyde-fixed rat
“erythrocytes in which sialic acid was cleaved from the cell surface by
h&drolysis with acid usingithe procedure of Haydon and Seaman.uo Cells
were sustended in ten volumes of 0.1N sulfuric acid for one hour at
80° C»with_st;rring at ten minute interVals.' The erythrocytes were. then

washed four times with Standard Buffer.
Results

The moblllty—pH curves for glutaraldehyde-flxed rat erythrocytes

f_ reacted with RDE and Wbrthlngton neuraminidase are shown in Figures 9A

"and 10A, respectively. In addition to the redqction in negative surface
‘charge at heutral PH, thereware distinct changes in the eiectrokinetic
’propertles at both high and low PpH relatlve to untreated glutaraldehyde-\
ﬁvflxed erythrocytes (see Flgure lA). Several aspects of the surface
charge properties of the_enzyme-treated cells will now be discussed in
detaii

(a) Surface Charge Reduction at Neutral pH. Following treatment.

w1th either RDE or worthlngton neuramlnidase, the mobility of glutaraldes .
hyde-fixed erythrocytes at pH 7 is reduced to -0.70 micron/sec/volt/cm,
a 36%Vdecrease from the control value of «1.10. This is comparahle to
the MZ% reduction in mobility at neutral pH found by Glaeser'and Mel-
for unfixed rat erythrocytes reacted with RDE.18 The experimentalh:

conditions used by these workers were the same as those employed in the

studies reported here.
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In two experlments, the amount of sialic acid released from
glutaraldehyde—flxed cells by RDE was 0.29 * O, 03 micromole per 10 10
cells. A value of 0.22 * 0.0S was obtalned in tw0'experiments:with
Wbrthingfon neuraminidase. On theibasis of four experiments with
unfixed rat erythrocytes, Glaeser found & yield of 0.22 * 0.03 micromole
ofvsialic_ecid per 10%° cells upon treatmeut uith RDE.9 Since it is
unlikely that neuraminidase could peneﬁrate deepiy the rigid sfructure
of a glutareldehyde-fixed membrane, the ccmparable activity of this
enzyme with fixed and unfixed cells suggests that its substrate is
_located prlmarlly at the outer surface As dlscussed in Chapter_l, the
_concept'that sialic acid is localized at the outeriperipherj of_plasma
membranes is‘suppOrted by thevelectron microsccpe studies obeenedetti -
and Emmelot. 36

(b) Appearance of Dissoc1at1ng Groups at H;gh PH. - From the

mobilityth curves shown in Figures QA and 10A, it is clear that

: glutaraldehyde—flxed cells reacted w1th neuraminidase exhibit a revers;_
ible increase in negatlve surface charge above approxlmately pH lO This
property remelns after post-fixation of the enzyme-treated cells with
either osmium tetroxide or glutaraldehyde (see Figures 9B, 10B, and 10C).
Since glutaraldehyde is reactive with the side chain moieties of

43 it appears that these groups

cysteine, tyrosine, and lys1ne residues,
are not_responsible for the increase in anodlc mobility. Under the
fixution conditicns employed in these experiments, glutaraldehyde and .
osmium tetroxide should not react with either the strongly basic .
_guanidinium‘group of arginine or the weakly acidic'hydroxylS'of sugar

L2,47,67

moieties. These groups are therefore possible sources of the

surface charge increase at high pH.
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(é)._Electrophoretic Prqperties at Low pH. Glaeser and Mel have
suggested that acetamido groups associated with N-acetylneuraminic acid
molecules may be the weak bases responsibie for the positive sufface

18

charge observed at low pH. In addition, all of the glucosa-

mine and galactosamine molecules contained in siélyl oligosaccharides at

68

the erythrocyte sﬁrface.éxist in Neacetylated form. The acetamido
groups of these ﬁolécules may lie sufficientiy close to the surface of
shear to cohtributeité fhe electrophoretic mobility. Aﬁ argumeht which
ﬁightvbe.gdvanced against this hypothesis is the fact that the pKa of a
69

substituted amide is generally less than zero, ~ whereas results pre-
sented in Section A of this chapter indicate that the weakly basic groups
. near thq surface of shear have an approximate pKa of 1.6% |
- _As a means of defermining whether sialic acid contfibﬁtes to'thév"
cathodic mobility, éleétrophoretic studies were extended to pH 1 using
giuﬁﬁraidehyde-fixed‘rat erythrocytes rescted with RDE'gnd Worthington
neuraminidase. Similaf sﬁudies have previousiy been reported by Haydon
and Seaman uSing erythrocytes stabilized by fixation with acetaldehyde.uo
As disqussed earlier, theée workers contend thét acetaldehyde-fixedv
~ human red cells do not exhibit a true isoelectric point, and have
presénted data indicating that this property persists after neuraminidase
treatment.‘ Electrophoretic results presented in Section A of this
chapter, however, are in contradiction to the observations of Haydon and
>Seaman.- As a consequence, no attempt has beeﬂ made to invesﬁigate'the
effects of neﬁraminidase.én rat erythrocytes fixed with aceﬁaldehyde. |
From thg mobility-pH curve presented in Figure 9A, it is clear that
v‘-glutaraldehyde-fixed erythrocytes treated with RDE are electrokinetically

unstable at low pH. The anodic mobility at‘neutral PH is greatly reduged
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after exposure of the cells to pH 1 for a period of approximately 15
minutes, 1ndicating the appearance of new basic groups near the surface
of shear. After post-fixation with osndum tetroxide, the RDE=~treated
cells ‘exhibit reversible surface charge properties at low pH As shown
in Figure 9B, cells handled in this manner have a cathodic mobility at
pH 1 comparable to that observed for untreated cells (see Figure lA).
This suégeets that removal from the cell surface. of acetamido groups
associated with sialic acid molecules.does not alter the positive surface
charge characteristics at low pH.

The results of similar studies using Worthington neuraminidase are
shown in-FiguresleA and 10B. Glutaraldehyde-fixed cells reacted with
this preparation of neuraminidase also exhibit irrevereible surface
charge pioperties at low pH. In this case, however, cells exposed to
pH 1 show an increase in anodic mobility when returned to neutral pH
~ This indicates that electrokinetic 1nstabllity at low pH is assoc1ated '
primarily with the appearance of new anionic groups near the surface of
»shear. As with'RDE, stability of the enzyme-treated cells under acidic
- conditions may be achieved by post-fixation with osmium tetroxide. The
resulting surface charge properties'at low pH afe considerably different,
however, from those observed after ieaction with RDE. .As‘shown in ‘
Figure 10B, the mobility at pH 1 is onlyv+6.23 micron/sec/volt/cm,
‘repiesentipg approximately a 75% reduction from the value obtained with
untreated erythrocjtes.(see Figure lA)..

Further electrophoretic studies were performed in which.glutaraldehyde-
fixed rat erythrocytes were treated with ﬁorthington neuraminidase, and
then post-fixed'with glutaraldehyde. From Figure 10C it is clear that

cells handled in. this manner are electrokinetically unstable at low pH,
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with the.character of tﬁe instability being Similar to thetvoﬁserved -
for cells which were ﬁot fixed éubsequent‘to enzyme action (see Figure‘
10A). After glutaraldehyde post-fixatlon, however, 1t was noted that
the cathodic mobility at pH 1 changed as a function of time in ‘the
manner shown'in Figure lOD. The extrapolated mobllity at time t = O,
i. el,'the instant at which the cells were suspended atva l,iﬁas‘+0;hl
micron/sec/volt/cm After approximately five minﬁtes the mobility
1ncreased to +0.90 micron/sec/volt/cm, corresponding closely to the
value”observed instantaneously at this pH when post-fixation was not
employed (see Figure 10A). The initial reduction in mobility at pH'l
-iis iﬁ reasonable agreement with measurements made on enzyﬁe-treated
cells post-flxed with osmium tetrox1de

Briefly summarizing, at low values of pH the electrophoretic
preperties of glutaraldehyde-fixed rat erythrocytes reacted with WOrth—
ington neuraminidﬁse are distinctly different from those observed with
'-RDE-treeted cells. When stabilized against acidic cpnditions by post-
fixation with osmium tetroxide, cells;reeEted»With'Wbrthington neura-
| minidase exhibit a cathodic mobility at pH 1 which is substantially
reduced from the value obtained with untreated cells Reaction with
RDE, however, does not produce a reductlon in the pos1tivelmobility at
low pH; The former result indicates that the weak bases respdnsible
. for the positive surface charge at lel may be acetamido groups of
: sialic;acid molecules, whereas the studies with RDE argue to the
,contréry. A direct method of resolving this question would be to
‘examine the electrophoretic properties of glutaraldehyde-fixed erythro-
cytes reacted with other commercial preparations of neuraminidase. Such

studies, however, have not been undertaken.
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() Studies on the Character of the Negative Surface Charge Remaine

ing After Neuraminidase Treatment. After reactioh of glutaraldehyde-

fixed rat érythfbcytes with either RDE‘or Wbrthingﬁon neuraminidase,

" the mgﬁility at pH 7 is -0.70 micron/sec/volt/em (see Figures 9A énd
10A). The fact that two thirds of the negative suffécé chargé remains
"after enzyme treatment suggésts that sialic aéid carboxyls play only a
secondary role in.determining the anodic mobility at neﬁtrai PH. Sbme,.
portibn of this residual charge, however; may arise as # feéultiéf '
enzyﬁé éétion ét.thé cell surface. The appeafance of diésociating

groups at'high.pH upon treatment with neuraminidase adds weighﬁ'fo this
'poSsibility. The éontribution of new acidic groups to the electrqphorétic
mobilit§‘after'treatment with neuraminidase could occur in either of iwo'A
ways: | |

| (i) After remévai of.sialic acid molecuies_ffom the terminﬁl posi-
vtions of oligosaccharide chains, the effééti&e surface of éhear may.

| réside se#eral éngstroms closer fb’the~membrane surface. A>con£ribution
‘to fhe elecfrophorétic mbbility mightvthen be maéévby anions whiéh, |
priér-tq_neﬁraminidase treatment, were located gt positions greater than
one Debye length from the surface of shear. In particularg this may
apply to Q-carboxyls associated with C-terminal peptidé-bound amino acids
thath are linked covalently through their side chains_ﬁo saccharides_at
the cell éurface. In the case of the human erythrocyté, Haidon and
-Seaman contend that 38.5% of the surface charge densitj at neutral pH

is attributable to such groups, and further propose that tﬁeir contribu-.
tion to the mobility is equal for untreated and neuraminidase~-treated
cells.l"0 A direct method of testing this hypothesis would be to observe

the electrophoretic mobility following enzymétic decarboxylation of
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amino acids‘at the membrane surfaeel if Heydon and Seaman ere correct,

’ emino acid decarboxylation should result in roughly a 40% reduction in
the anodic mobiiity of the human erythrocyte irrespective‘of neﬁraminidese
treatmentr. Uhforfﬁhateiy3 baoferiel decarboxylases which are commercially
evailable af the present time are active only oh free amino acids,7o SO
that this type of experiment cannot be performed. I

(ii) A seoond means'by which acidic groups might appearenear the
surface of shear upon treatment with neuramlnldase is through structural
alteratlon of the ex1st1ng cell surface ‘This could occur, for example,

'through'the cleavage of peptide bonds by proteolytic cohtamihants in the
ehzyme‘preparation.' As an indirect test of whether the enzyme induces
eXtensive rearrangemenﬁ of fhe membrane surfaoe, electrophoretic measure-

_ ments were performed on glutaraldehyde-flxed erythrocytes from Whlch
sialic acid was removed by a non-enzymatlc method, namely, through mild
ac1d hydrolys1s. Using human erythrocytes, Haydon and Seaman have shown
that thehrelease of sialic acid from the surface of acetaldehyde-fixed

cells through this form of treatment is approximately equal to that
resulting from reaction w1th-neuram1n1dase.uo After 1ncubatlon in O.1N

 sulfuric acid for éne hour.at 80° C, the mobility of glutaraldehyde-fixed

‘rat erythrocytes was found to be ~0.62 micron/eec/volt/cm at pH 6.86.
.This represents a U4% reduction from the control value of ;1.10, and is
closely comparable to the 36% decrease ‘in surface charge observed after‘

‘reaction with neuraminidase. With ecetaldehyde-fixed human ermxhroeytes,
See@An and Cook found a 63% reduction in mobility following either form

of treatment.zg‘ Taken together, these results suggest that reaction

with neuraminidase does not result in the appearance of a substantial



numher of.new enionic‘groups either through proteolysiSJor.other forms
of_etructural aiteratiOn of the ﬁembrane.surface. | |

.From electrophoretic studies on cells reacted'with_neuramihidase,
it is possible to determine the pKa of the anions responsible for‘the
neéativeZSurface charge remaihing.after enzyme treatment. In‘the case
of humen erYthrocytes, Haydon and Seaman have calculated thepr.EL of
these anions to be 3.35;h0' From data reported here for rat erythrocytes, .
it is difficult to make an accurate estimate of the pKa because of the
protoh@binding‘attributable to weakly basic .groups. As judged from
theveurface.charge'cheracteristics presented in‘Figure 10B for cells
reacted with Wbrthington neuramanldase, the groups respons1ble for the _
| odic mdblllty remaining after enzyme treatment exhlblt a pK in the
range 2.5 to 3.0. Recalllng from Section D of thls chapter that carboxyl'-
and phosphate radlcals of phosphollpid m01et1es do not appear to con-
tribute to the electrophoretlc mobility, this value for the pKa 1nd1cetes
that the anionic groups are probably iohized carboxyls associated with
membrane protein.

It should be mentioned at this point.that Weiss and Mayhew have
repbrted that phosphate groups_of ribohucleic_acid contribute to the
electrophoretic mobility of Ehrlich ascites tumor cells and a line of
cultured mammalian cells, RPMI no. &1.71 These workers did not, however,
find'electrophoretic evidence for'the presence of RNA at the membrane
interface of human,'mouse, or eﬁhr&onic chick erythrocytes. This was
conflrmed for rat erythrocytes by examlning the electrophoretlc propertles |
of cells reacted w1th Ribonuclease A (Wbrthington Blochemlcal Corporatlon,
Freehold, New Jersey). The enzyme concentration was 0.1 mg/ml and the

- reaction carried out at pH 5.0 for thirty minutes at 37° C. ‘The mobility
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of ribonuclesse-treated cells at pH 7.51 was -1.00 mlcron/sec/volt/cm
A value of -1.0L micron/sec/volt/cm was obtained at pH 7.47 for untreated
_ erythrocytes subgected to the same experimental conditionms.
Discussion
The\resul£é>of studies presented in this sectloh cclfhe sﬁrface
charge propertles of glutaraldehyde-flxed rat erythrocytes reacted w1th _
neuramlnidase may be summarlzed as follows.
(a) Upon treatment of glutaraldehyde-flxed cells with either RDE
' or Wbrthington neuraminidase, the chemically determlned yleld of s1allc
acid ena the reduction in electrophoretic mobility at neutral PH are
closel& comparable in megnitude to values obtained with unfixed erythrc-
cytes.
vfl(b) Reaction of glutareldehyde—fixed cells with either preparation
i'of neuramlnldase results in the appearance of electrophoretlcally detect-
able diss001at1ng groups at hlgh PH. ThlS propertyfls unaffected by ";'
post-fixation with glufaraldehyde, thereby indicating ihat the groups
: iesponsible are hot sulfhydryls, phenolic hydroxyls, or aminos. Other
possible soﬁrceslfor the observed increase in anodic mobility above pH 10
are guanidinium gfoups'and sugar hydroxyls. .
' (¢) Erythrocytes reacted with Worthington neuraminidase.exhibit a
75% reduction in positive mobility at pH 1, suggesting that ecetamido-
‘ groupsvassociatea with siclic acid molecules may be the weak bases
responsible for the positlve surface.charge. On the contrary, celle
treated with RDE sho.w no change in cathodic mobility, thereby indicating
' _tﬁat ecetamidb éroups are not the origin of the positive branch in the

mobility-pH curve. Some support is given to the result obtained with
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RDE-freated'cells by the fact that acetylated amides generally have
| pK 's{less than zero,v6z9 whereae the weakly basic groups contributing to
the electrophoretic mobility have a PK, of approximately 1.6.

(a) Hydrolytic removal of sialic acid by heatlng aldehyde-
stabilized erythrocytes in dilute sulfuric acid results in a surfece
charge reduction compafable to that obtained upon neuraminidase treat-
ment. This indirectly suggesfs that.the large anodic mobility observed
after reaction with neuraminidase does not arise from structural altera~
tion of £he membrane surface; The anionic groups responsible for the
ﬁegative moﬁility_remaining after'enzyme t:eatment exhibit a pKé in the
range 2;5vto 3.0, and are probably carbokylic acids associeted with

' membrane protein.’ Because the appropriafe amino acid decarboxylases are
not availeble, it is impossible at the_presentvtime to determine whether
these groups contriﬁute to the electrophoretie mbbility prior to neﬁra—
minidase treatment. It is conceivable that they are situated at depths
approximating one Debye length from the surface of shear onl& after the |

-outermost layer of sialic acid has been enzymatically removed.

2. Asparaginase and Glutaminase

- In the preceding subsection it was shown that the ﬁoﬁilityhpﬂ
characteristics of erythroeytes'feacted with different commercial
preparations of neuraminidase giye conflicting evidence with regard to
the contribution of sialic acid acetamido groups to the surface charge
at low pH. It is well documented, however, that the pK of an N-substl-
tuted amlde is typically lower by two pH units than the value of 1. 6
observed for weakly‘bas1c groups near the erythrocyte surface of shear.69
For this reason it would seem that a more probable origin of the eathodig

mobility at pH 1 is proton binding by amidated amino acids associated
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with membrane protein. One basis for this hypothesis is the fact that
© primary amides genéraliy ﬁavé higher pKa's than'amides which ére

N-substituted. For example, vélues of +0.37 and +0.63 have beén .

69,72 69

reported for acetamide, compared with.—O.h6 for ﬂ;methylacefamide.
A second factpr ﬁhich makes this hypofhesis attractive is the large
number of amidated amino acid residues found in ﬁlaéma membranes. In
tﬁé case of thé Ehrlich'ascites cgll plasma membrane, Wallacﬁ and Zahler
have'found thai aspafagine and glutamine comprise 14.7% of thé total

21 taking the mean residue weight to be 115 and

amino acid residues.
aSsuming that the plasma membrane contains approximately lO-lz.gram 6fv
protein,l‘L8 this woﬁld correspond to 7.7 '><flO8 amidatéﬁ amin0~acids per,
membrane. - In'comparison, it can be calculated from the amouﬁt ofrsialiél
acid released by neuraminidase that 6nly 1.k x lO'7 sialic acid acetamido
groups are present at the surface of a rat erythrocyte membrane.

. The dbjection might be raised at this point that the fixatives used
'to sfabilize cells at low PH prior to electrophoretic measurements mayi
be reactévg with émides, tﬁereby altering their base properties. Under
the fixation éonditions employed hére; however, acetaldehyde,ul glutaral-
déhyde,hg‘and osmium tétrbxide67 should not react with either glutamine
or asparagine side chains. 1In addition, all electrophoretic meaSurementé
were pgrformed at room temperature (21-2L° C), so that no acidahidrolysis
should have occﬁrred during experiments conducted at low pH.

On the basis of these arguments, a series of experimeﬁts Qere un§er;
taken tb study the ﬁossible;ihvblvement of amidated aminb aciﬁé‘in‘g |
.determining the surface éharge beibw.pH 2. In this subsectioﬁ, the

e :
results of a chemical analysis for the activity of amidohydrolases on
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rat erythrocyte membranes are reported, along with electrophoretic

measurements on the enzyme-treated cells.

‘Materials and Methods

Asparaginase and glutaminase from Escherichia coli were obtained from

Worthington Biochemical Corporation (Freehold, New Jersey). The feagent
used for pfeparation of Nessler's solution was obtained from Sigma
Chemical Compaﬁy (St. Louis, Missouri) under the trade name "Sigma
Ammonia Color Concentrate.' |
-Reacfibn of rat erythrocytes with asparaginase was cafried out in
the following manner. One milliliter of packed cells was mixed with
2.5 ml of Standard Buffer containing 25 units of asparaginase per mi.
The.cell suspension was incubated at 37° C for'ohe hour with stirring
at ten minute intervéls. The erythrocytes were then pelleted by
‘centrifugation at 1700 x g for five minutes. Two milliliters of super-
natent weré removed and 0.1 ml'of 1.5M trichloroacetic acid added té
precipitate the enzyme and any hemolytic products. This solution was
then centrifugéd at 1700 x‘g for fifteen minutes, and a'l.6 ml'aliquot
of the supernatentvrempved for determination qf ammohia. The enzyme-, 
treated erythrocytes were washed three times with Standard Buffer priof
to eleétrophoretic examination.
| Anélysis of the supernatént for ammonia was performed by adding
0.2 ml of Nessler's reagent. The solution was mixed by pipétting and‘

allowed to stand at room temperature for ten minutes, at which time the

optical density was recorded at 415 nm. A blank containing only Standard

Buffer, an enzyme blank, and a suspension of control erythrocytes were

also carried thiough the preparative and assay prbcedures.- The net




absorbance at 415 nm attributable té ammonia releaséd froﬁ erythrocyte
meﬁﬁranes*was thén calculated from the‘optical densities of'these solu-
tions and the'vélue.obtained for the supernatent from asparaginase-
treﬁted cells.v The relationship between optical density at 415 nm and
ammonia concentration &as determinéd by preparing a standard curve using

solufionsidf'ammonium sulfate in Standafd Buffer. Trichloroacetic acid

.and Nessler's reagent were added in the manner described above. Néssler's

method was found to be sufficiently sensitive to detect ammonia at con- .

>

centrations of 107 7M. Activity of the commercial enzyme preparation was
checked using L-asparagine.HEO (Sigma Chemical Company, St. Louis, Mis-
souri). |

‘An identical procéduré was used in treating erythrocytes with

'glutaminase, except that the'ehzyme solution was prepared at 10 units/ml.

This reduction in activity per milliliter relative to that employed in
éxperiments with asparaginaéé was nécessitatedvby the eXtremély low
activify per'milligram dry wéight of thevcommércial glutaminase prepara-
tion, iﬂe.,;approximately 0.5 unit/mg. The concentration of glutaminase;
howéver, was still sufficiently high to interfere with.a determination

of ammonié.using Nesslei's reagent. Even after repeating the trichloro-

acetic acid precipitation step several times, the addition of Nessler's

reagent resulted in visible turbidity and a large, time~varying optical

density at 415 nm. As a consequence, attempts to assay for glutaminase

activity through detection of ammonia were unsuccessful at the high

levels of ehzyme concentration employed in these experiments.

Results and Discussion
In two experiments using Nessler's reagent, no ammonia was found to -

be released from the membranes of erythrocytes reacﬁed with 25_units/ml
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asparaginase. This indicates either that asparagine is inaccessible to
the enzyme, or that aspéraginase is inactive when its substrate is

bound to membrane protein. For reasons discussed in the Materials and

Methods éection, attempts to assay for glutaminase activity were unsué-
cessful; | |
Deépite this chemical evidence for the inactivity of amidohydrolases
at the erythrocyte sufface, electrophoretic studies wére performedvat.
neutral pH and at pﬁ 1 on cells reacted with 25 units/ml asparaginase
and 10 units/ml gluﬁaminase. The results are tabulated in Tables II ahd'
| ITI. Itvis clear that treatment of erythrbcytes with either asparaginase
or glutamlnase resulted in no significant change in the anodlc mobility
at neutral pH or the cathodic moblllty at pH 1.
In view of the fact that asparaginase, and presumably also glutamin-
a#e, fail to act on the erythrocyte membrane, the question of whether
amidated ahino acids contribute to the positive surface chafge at low pH
remains unresolved.  Before eiectrophoretic studies can be effectively

directed towards this problem, amidohydrolases must be developed that

are capable of reacting with protein-bound substrates in the cell membrane.

3. Carboxyfeptidase A
In the discussion of electrophoretic properties exhibited by
neuraminidase=-treated rat erythrocytes, evidence was presented that
-0.70 micron/sec/volt/cm, or 65%, of the anodic mbbility at neutral pﬁ
may be éontributed by carboxylic acids associated-with membrane protein.
The fact that these groups have an approx1mate pK of 2.5 to 3.0 suggests
that they are prlmarlly ahcarboxyls, since the pK s of proteln ﬁ- and

73

y=-carboxyls generally lie in the range 3.0 to L4.7. Two types of a-Cai-

boxylic acids might be expected to contribute to the electrophoretic
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: mobilitj: (i) As discussed pre?iously, the'carbdxyl radicals may exist
on-C-terminal_proteih-bound amino acids that are linked covalently through
their side chains to sialyl oligosaccharides at the cell surface. (ii) The
a-carboxyllgpoups may exist on_"free"‘c-tenninal residues of polypeptide
chains. In the.case 6f sheep erythrocytes, no C-terﬁinals were found in
ﬁembrane protein solubilized,by'treatment with sodigm borohydride and
iodoacetaﬁide in the preeence of spdium dqdecyl sulfate.7u Despite this evi-
dence, it was considered worthwhile to carry out experiments to determine
whethe? "free" Ceterminalvresidues are present at the rat erythrocyte mem-~

.brane interface. For‘thie purpose, both chemical and electrophoretie tests

were performed following reaction of rat erythrocytes with carboxypeptidase A.

Materials and Methods

In pfeparetion for electrophoretic measurements, one Qelume of rat .
erythrocytes was mixed with an equal volume of.Standard Buffer containing
10 units/ml of eaeboxypeptidase A (Wbrthington Biochemical Corporation,
Freehold, New Jefsey); The cell suspension was allowed to stand at room
temperature (21-24° C) for thirty minutes with stirring at ten ninute
intervals. The_erythrocytes were then pelleted by centrifugation at
1100 xbgvfor three minutes, and weshed three times with Standard Buffer
prior to electrophoreﬁic examination.

Activity of the.enzyme was determined by using ninhydr;n,to assay.
for.the release of aﬁino acids. Carboxypeptidase‘A Was:feacted'with
two milliliters 5: packed erythrocytes in the manner deecribed above.
 After the.erythrocytes were spun down by centrifugation af 1100 x g fer
three minutes, the supernatentvwes remqved end dialyzed against two

milliliters of fresh saline for 2Lk hours at 4° C. Three drops of the »
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dialyzate'were placed at the center of a five inch sheet of whaﬁman'
No. L2 filtér papef and dried by heating at 85° C for five minutes. A
1l-butanol solution containing 0.25% ninhydrin (Sigma Chemical Company,
St. Louié, Missouri) was sprayed lightly onto the paper and dried for
. one hour at 85° C.. .As a control, a two milliliter volume of Standard
Buffer containing 10 units/ml of carboxypeptidase A was allowed to stand
vafiroom température for thirty minutes with stirring at ten minute
intervals. This solution was then processediin the same manner as the
supernatent from enzyme-treated cells. Thé qualitative relationship
between concentration and ninhydrin coloration was determined using

3 .

_ lO-hM to lO— M solutions of several amino acids.

Results and Discussion

The electrophoreticvmobility of unfixed rat erythrocytes-treated'
with 10 units/ml carboxypeptidase A was =1.00 micron/sec/volt/cm, come -
pared withva control value of -1.01. Both measurements wefe made at |
pH 7.48 + 0.02. The absence of a change in the mobility following
treatmeﬁt with carboxypeptidase A does not in itself constitute evidence
that the enzyme is ingctive at the cell Sufface. .Thié follows from the
fact that action of the enzyme results in a one for one replécement of_
Ol=carboxyls on terminai residues by those of adjacent residues. It .
would be expected,‘howevef, that digestion o6f some polypeptide chains
might proceed to-a point where their terminal-residues no longer reside
. ﬁithin a Debye length of the surface of shear.t This would influence the
electrophoretic mobility if a contribution is made by "free" C-terminal
amino acids. |

| In three experiments, the dialyzates from enzyme~treated erythfo—

cytes and carboxypeptidase A control solutions exhibited levels of
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ninhydrin coloration corresponding to amino acid concentrations in the

3

range lO-4M to 10 M. In all cases, however, equal coloration was

observed for the dialyzates from sample and control solutions. This
suggests fhat the presence of any amino écids in the samplé dialyzat;s /
resﬁlted froh aﬁtblysié of the enzyme. When the carboxypeptidase A |
concentration was loweréd to 0.1 unit/ml, no ninhydrin coloration was
observed with either the sample of control diaiyzaté.

_Taken.together, the electrophoretic and chemical results indicate
that'"free“ C-terminal amino acids, if present in the rat erythrocyte
membrane, are.inaccessible to carboxypeptidase A, It is probable,
thefeforé; fhat anyvprotein:a-ggrquylic acids contributing to.the
electrophoretic mobility aré associated Qith C-terminal residues linked
co?alently through their side.chains to carbohydrate moieties at thé
cell surféce. The peptide linkage of this form of C-terminal residue

would not be cleaved.by carboxypeptidase A.



CHAPTER 3. THE IONIC CHARACTER OF THE RAT ERYTHROCYTE MEMBRANE
~ INTERFACE AT PHYSIOIOGICAL IONIC STRENGTH

'
|
1

In this Qhapter the effects of specific chemical modification of
thé rat erythrocyte membrane will be briefly summarized; with an effort
being made to éharactefize the ionic groups at the surface. This qill
be approachéd.by first gfouping the fredominanflionic moieties witﬁin
the membrane according to their acid or base strehgth,'and then'restdting

experimentai results which indicate the presence or absence of a specific

group at the cell interface. A

(A) Strong Bases and Weak Acids*v

The strong bases that mlght be expected to contrlbute to the ery-
throcyte surface charge are amino groups associated with phosphatldyl
serine, phosphatidyl ethanolamine, and membrane proteins (especially
lysine side‘chains), guanidinium groups'of arginine residues, and thé
cholihe.mdieties of lecithin and:sphingomyelin. Tréatment of rat |
erythrocjteé with acetaldehyde (2A3), glutaraldehyde (2Al)} p-toluene-
sulfonyl chioride (2Bl),-and 1,5-difluoro-2,L4-dinitrobenzene (2Bl) was
carried oﬁt_under experimental conditions where all four réagents should
be highly rééctivé with amino bases, and acetaldehyde and p-toluenesulfonyl

17,41,43,56

chloride.wiﬁh guanidinium bases. The anodic mobility at neutral

pH was unchanged following reaction with each of these reagents, thereby

In referrlng to methods and results described in the previous
chapter, the relevant section and (when appropriate) subsection will ‘be
quoted. As an example, the notation 2Al would be used in reference to
a result discussed in Chapter 2, Section A, Subsection 1.
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indicating-that strongly basie amino and guanidinium greups are.not
ﬁresent near the surface of shear. From the fact £hat no chahge was
obsefvedvin the mobiiity-pH characteristics foliowiné ethanol extraction
of glutaraldeh&de-fixed erythrocytes (2D), it‘appeafs that no contribu-
tion is made te the surfece charge by quaternary ammoﬂium gfoups of
choline- contalnlng phOSphOllpldS. |

The weak acids that mlght be expected to contribute to the electro-
phoretle mobility at high pH are the side chain m01et1esvof tyr951ne
ahd‘eysteine.residues} Mobili£y measurements eﬁ glutaraldehyde-fixed
rat erythrothes gave no evidenee for the existence of dissociating
grouﬁs having pKa’s‘in the alkaline pH range (2Al). Since studies on
model compounds.indicaﬁe that glutaraldehyde ié oniy partially reaetive

43 this result suggesfs that tyrosine residues

- with phenolic hydroxyls,

are not present near the erythrocyte surface of shear. A similar con-

clusion does not follow for cysteine residues in view of the fact thet

glutaraldehyde is highly reactive with these groups,_thereby removing
, 43 ‘ .

their weakly ecidic character; - However, the ebsence of cysﬁeine from
positions.neer the surface of shear may be inferred from the fect that
fixation with esmium tetroxide does notvalter the negative surface cherge
at neutral‘pH (24A1). If these residues were present at the membrane
interface, then an increase inethe anodic mobiiity should occur upon f
reaction with osmium tetroxide through the rapid conversion.of cysteine

sulfhydryls to sulfonic acids.u7

(B) Intermediate Strength Bases

" Contrary to the results of a titration study on human erythrocyte

membra.nes,s-9 the mobility-pH curves of both human and rat red cells show
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no evidence for a contribution from dissociating groups with pKa's near

heutrality. The intermediate strength bases presenteWithin the membrane

in sufficient‘quantity to make a substantial contribution to the surface .

charge are. the imidazolium~groups of histidine residues. However, follow=-

ing photo-oxidation of erythrocytes'undef_conditions where the'basicity
of these groups should be substantially altered (2C), no change was
observed ih the surface charge properties over the pH rangevl to»8, In
addition, with.the fixatien procedures employed in these etudies,
glutaraldehyde should be partidlly reactive with_imidazoliﬁm groups.

43,h7

whereas osmium tetrox1de should not. Erythrocytes fixed with'these_

two reagents, however, exhibit identical surface charge properties below

neutral pH (2Al); These results thus indicate that histidine bases are not

located within a Debye length of the surface of shear.
o . (C) Weak Bases

‘Rat erythrocytes flxed with elther glutaraldehyde or osmium tetrox1de
'exhlblt an 1soelectr1c point at approx1mately pH 2, below Whlch they \ 
rever31bly acqulre a large cathodlc mobility (2Al). Over the PH range 1
to 2, this p031t1ve surface charge is primarily the result of proton
binding by a set of weakly ba81c groups w1th an approx1mate pK of 1. 6

(2p). Below PH 1 glutaraldehyde-flxed cells exhibit an addltlonal large

increase in positive charge density that appears to arise from non-specific.

proton adsorptlon (2D) This will be discussed further in Sectlon E of
thiS'chapter. |

Two types of weakly basic ﬁeieties present within fhekmembrane_inf.
sufficienﬁ quantity to account for the cethodic.mobiiity arevﬁhevecetamido

groups ef sialic acid and N-acetylated hexosamine sugars, and théleide
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' chéin amides of asparagine and glutamine residues. Mobility sfudies were
perfdrmed'on\glutaraldehyde-fixéd rat erjthrocytes‘froﬁ which sialic acid
had 5een rémo&ed througﬁ feaction with neuraminidase (2El). These experi-
ments did not.give cohsiétent results wifhkrégard to thé foie of sialic
acid acetamid6 gfoups in determining thé positive'charge character. ihe
cathodic m§biiity»at pH 1 was unchanged following réaction of erythrocytes
with RDE, whereas tfeatment with Worthington neuraminidase produced a 75%
reduction in the positiﬁe surface charge (2El). Amidohydrolases were

: found;not tb be reactive with amidated residues bound to membrane protein
(2E2).v No attempt was made to modify amideé by nonFenzymétic méthods, for
example, through hydrolysis, conversion to primary amines (Hofmann reaction),

or dehydrétion to nitriles.75

It is probgble that the experimental condi-
tions'required for these procedures, such as heating or pPH extremes, wduia |
rééult‘in some disruption of the membrane structure. |

On the.basis of results presented here, iﬁ is thérefore'not poésiblé
‘to idehtify the membrane components responsible.for the wéakly'basic
- character of the céll interface at low pH. Two factors, however, suggest
that protein side chain amides are a more probaﬁle'source of the cathodic
mobility than the N-acetylated amides of s;alyl oligosaccharides, First,
the pKa of;an N-substituted amide is geherally less than zero, whergas'that
of ah unsubstituted amide lies in the range zero to one (see p. 49). The
latter is more clos;ly comparable to the approximate value.of ‘1.6 observed
for weakiy'basic groups af the cell sﬁrface. Secbndly,:ﬁhe“number of :
amidated‘amino.acid residues is greater‘by an order of magnitude than the

total number of acetamido groups associated with sialic acid and N-

acetylated amino sugars.
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Frovaiéuré 5, the maximum surface charge density éssociated with

" weakly basic groups at the cell surface is +0.0C9 coulomb per square.
meter. If it is.aséumedvthat this is attributable to hydrogen ion bind-
ing by protein side chain amides, and the area per residue is taken to be

76

i {
- 17 square angstroms, then it may be calculated that 1% of the cell
surface is occupied by amidated amino acids. Taking the number of
amidated residues within the membrane to be 7.7 X 108 (see p. 49), then

the number required at the surface in order to account for the positive

charge density is approximately 0.6% of the total.

- (D) Strong Acids

The role of éialic acid as the major contributor to the surface
31,32

charge.of erythfocytes has been well established for a decade. . From
studies on rat erythrocytes reacted with héuraminidase, however, it | |
appears that these anions account for only -0.40 microﬁ/sec/vbit/cm, or
36%, of ﬁhéjnegative mobility at neutral pH (2E1). Thisvsuggésfs that
séme portion of the anibnic groups responsible.for the large mobility of
neuraminidase-treated cells (i.e;, -0.70 microh/seé/volt/é@) may reside
near the surface of shear only after reaction with the.enzymeg thereby
obscuring tﬁé actual contribution of siaiic acid carboxyls to thé surface
charge. In this regafd it was observed fhat cleavage of sialic acid
molecules by mild acid hydrolysis produces a surface charge reduc£ioﬁ
‘comparable to that resulting from reaction with neuraminidaéé (2E1).

This indirégtly suggesfs that new anionic groups do not appear near the
‘surface of shear as a side effect associated with enzyme treatmentv(e;g;,
through the activity of‘proteolytic:contaminants in the enzyme solution).

It is possible, hoWever, that the surface of shear resides several




61

angstfoms closérvté the phyéical membrane surface.aftér removal of sialic
acid moleculés from the terminal positions of oligosaccharide éhains. As
a ‘consequence, a nev set of anionic groups might efféctively'be "unmasked."
and thereby contribute tq the eleétrophoretic mobility. Arguﬁénts both
for and agaihst this possibility will now be considered.

The one féct suggesting that neuraminidase treatment results in»é
contributibn to the anodic moBility from new anionic grbups is ihe large
discrepancy betwéen the release of sialicvécid meésured chemicaily and the
yield calgulatea from surface cﬁarge redﬁction. The average_release of
sialic acid ﬁas found by Wérfen's method66 to be 0.24 micromole per lOlO
céll§ (2E1), ér l;hh x 107 molecules per cell;  From the Gouy-Chapman
: equatioh (p. 21), the surfacé charge density associated with the contribu-
tion of sialic acid to the mobility (-0.40 micron/sec/volt/cm) is -0.0045
coulomb pér square meter. Taking the area of the rat erythrdcyte to be
83 square microns (p. 24), this charge density cofresponds to 2.33 % i06
sialic acid molecules per celi. The chemically determined release of
sialic acid is therefore six times as great és thaﬁ calculapgd from;the
:reduction.invSurface-éharge.' This difference is difficulf £§ féconéile
even allowing for the uncertainties involved in calculations based on the
equations of electrophoresis (see Chapter 1), and-suggeéts that some
portion of.the mgbility measured after reaction with neuraminidase may
grise from new anionic groups near the surface of shear.

Two oﬁservations which indicate that a new set éf anionic groups
do not contribute to the electrophofetic mobility suﬁsequent to neura=-
miniaase treatment are the following:  (i) The surface charge densities‘v

of both ra£l8 and humanll erythrocytes remain constant as the Debye length

is increased_from eight to twenty angstroms. A further increase in the
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Debyé lengthvresults in a reduction of the negative charge density,
suggesting that predominantly basic gfoups_afe unmasked. (ii) Haydén
and Seamaﬁ'have found that the eléctrophoretically‘defectable bindihg
df methylene blue to the human erythrocyte remains essentially COnstant
as the ﬁebye length is varied from 12 to 88 angstroms.uo This would
not be exﬁeéted if an increase in the Debye length were accqmpanied by
a contribﬁtion to the surface charge density from new groups of‘titrable
anions. ‘Both of these observations are ciearly inconsistent with £he
possibility that a new set of anions might contribute to the érythrocyte
'moblllty 1f the surface of shear were moved closer to the phy31cal mem-
bgane surface through removal of 31allc acid from the cell perlphery
Therefore, despite the fact that new anionic groups would partially
explaih the large discrepancy between the chemically measured &nd thei
electrophoretically calculated yields of .sialic aéid, the available
evidénce argues strongly againsﬁltheif appeafance. As a conseqﬁence,v
it is likeiy that the negative mobilityvreﬁaining aftervréaction with
neuramiﬁidase is.attributaple to anions present near thé surface of
shear pr;or to enzyme treatment.

" With regard to.thé identity of these groups, eiperimental results

presentedvin Chapter 2 indicate that they are probably carboxylic acids

‘associated with membrane protein. ‘Other types of acidic’groups‘preséht
within thé”ﬁémbrane in sufficient quantity to make a substantiai“éoppri_
lpptign to the mobility are those associated with membrane phospholipids.
.waever, the facf that the‘negative charge density:of gluﬁaraldehyde-
fixed cells is unaffected by ethanol extraction (2D) argues against a
coﬁtribution from lipid carboxyl or phosphate radicals. In addition, -

since only neutral sugars have beeh detected,3o the acidic charactéf of
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carbohydrates at the cell surface appears to be attributable éolely to
sialic acid. Finally, the possibility that aﬁioﬁ adsorption might
serve as a charging mechanism is unlikely in view of the observation
that the anodic mobility is independent of the monovalent anioh presént
in the suspending medium.lo

On the_basis‘of electrophoretic measurements on glutaréldehyde-
fixed erythrocytes following neuraminidase treatment, the pKa of the
remaining anionic groups appears to lie in the range 2.5 to 3.0 (2El).
This lowlyaiue of the ﬁKa suggests that they are protein-Bound.a-carboxylic
acids, rather than side chain P~ or y=-carboxyls. The inactivity of car-
'boxypeptidéée A at the cell surface (2E3) indicates that none of the
a-carboxylic acids contributing to the mobility exist as "free" C-
: terminals. It is probable, therefore, that ény électrophoretically
detectable d-carboxyls are associated,with C-terminal polypeptide residues
linked covalently through their side chains to siaiyl dligosaécharides.
It is also COnceiyable that C-terminai residues might be covalently
bonded tq lipid moieties. This seems.unlikely, however, since membiané
' lipids are readily extractéd at 0° C with a 2/1 mixture of chloroform/
methanol_.6h

One conceptual difficulty arises in this analysis of the
mobility properties of neuraminidase-treéted cells. Although.not conélu—
sive5 the tulk of experimental evidence indicates-that dnly sialic'acid
serves as a terminal group in mucopolysaccharide carbohydrate.77 Ify
this is correct, then each of‘the oligosaccharide moieties at the.cell'v
surface should contain sialic acid as a terminal group. As a consequence,

the total contribution made to the mobility by Q-carboxylic amino acids

.involved in carbohydrate linkage should not exceed that of sialic acid



(i.e., =0.40 micron/sec/volt/cm). Since the mobility remaining after
neuraminidase treatment is =0.70 micron/sec/volt/cm, it would appear on

this basis that at least -0.30 micron/sec/volt/cm must be associated with

other types'éf carboxylic acids, in particular, the side chain carboxyls

of glutamic and/or éspartic acid residues. One argument whiéh might be
advanced_against this idea is the fact that the anodic mobility ofb'
neuraminidasé-treated cells dbes not show an inflection at low pH (seé
Figures 9B and lOB). This would seem to indicate that only one type of
anionic gfoﬁp is qontributihg to £he surface charge. it must be borne .
in mind, however, that the titration curve of a dibaéic acid will sho&
an inflection only if the fatio of the two dissociation constants exceeds
66.33 Conseqﬁently, the abSence of an-inflection in the mébility-pH'
curve for neuraminidase-treated cells does not eXclﬁde the éossibiiity\
tﬁat the negaﬁive surface.charge:may be determined by a mixture of.a-,
B-, and y-carboxyls with pKa's separated by less than two PH units. How-
ever, the fact that the average surface pKa of’phese groups lies in ﬁhe
range 2.5 to 3;Ovclearly indicates a preponderance of a-carboxylic acids.
_ At this point it is worthwhile to calculate~the proportion of the
rat erythrocyte surféce occupied by acidic-protein and carbohydrat¢
moieties. vAssuming that the contributioﬁ made to the aﬁodicumobility
by protein;ﬁbund4amino acid carboxyls is =0.70 micron/sec/vqlt/gg,:ﬁhgn‘
f;bﬁvthe Gouy-Chapman equation (p. 21) the surface charge density.asso-
ciqted with these grqupé is -0.0078 couldmb per square ﬁetef.> If the

76.it may be

area per amino acid is taken to be 17 square angstroms,
calculated from the charge density that O.8%Aof the cell surface area is

occupied by électrophoretically detéctable acidic residues.
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From studies on human erythrocyte ghosts, Rosenberg and Guidotti

* and sialic acid constitute,

havé found that hexose, N-aéetylhexosamine,
respectively, 4.0, 2.0, and 1.2% of the membrane wéight.78 Using this
information it can be calculated that, on the average; eaéﬁ’mbleéule of
sialic acid is linked to eight molecules of‘sugafa If an approximate
moleéulaf area of 60_Azis assigned to sialic acid and 4o A% toveach
sugér molecule,9 the fotal surface area covered by one sialyl oiigosac-_
charide unit is then 380 Kz. kThis calculation, however, assﬁmeé that
polysaccharideé are‘flattened-out at the cell sﬁrface, so that 380 ﬁe

must be régarded as the maximum area covered by one.unit. From a chemical
analysis of the sialic acid released.by neuraminidase, the number of

these moleculesvat the rat erythrocyte surface is 1.4h x 107 (see p. 61).

On the basis of this information, the maximum area per cell occupied‘by

carbohydrate is 54.7 square microns, or 66% of the total surface area.

(E) Ton Adsorption

As discussed in Chaptef 1, Heard and Seaman have shown that the
anodic mobility of human.erythrocytes is independent of the monovalent
anion pfesent in the sﬁspending‘medium.lo Since the anions tested héve
differing hydrated ;édii, this 6bservatioq indicates.that no component
of the négative surface charge density is attributable to énioq adsorption.
_ Haydon and Seaman'have also found that the anodic mobility of aéetaldehydé-
fixed humanverythrocytes can be reduced to zero by methylation,uo a résult
which'would nét be expected if anion adsérption served as a charging

mechanism. Similar experiments.with glutaraldehyde-fixed rat érythrocytes

* - :
Rosenberg and Guidotti referred to this class of sugars as hexosa-

mines. Kathan and Adamany have shown, however, that amino sﬁgars at the
erythrocyte surface are acetylated.68



wefe iﬁconélusive (2B2). The number of electrophdrétically detectable
anionié groups esterified by methanolic hydrochlofide was found to be
25 to SQ%'of the total, and the number reactive with avwater soluble
carbodiimide (CMC) was 35% of the total (2B2). Howex}er, in the mobility-
PH curve shown in Figure 6B for CMC-treéted ceils, the binding of protons
to-unreactedvanionic groups is cleafly indicated by the reversible in-
crease in positive charge density below neutral pH. Therefore, the
fact that two>thirds of the.negative surface'charge density'is unaffected
by treétmeht with CMC is attributable to the limited reactivity of this
reageﬁt Withksurface anioﬁs, and cannot be regardedvés an indication
that this portion of the charge density arises from anion adsorpﬁion;
The physical basis for. the inéompletévreacfivity of:ﬁethaﬁoiié hyd%o-
 éhl§fide ahd CMC with ionic groups at thé rat erythrocyte surface is not
clear. It is pbssible ?hat a large portibn of the'carboxyiic acidé‘éon-
tributing to the mobility are localized in tightly packed "iélands;" As
a conseqﬁencg, steric hindrance could preveptvthe majority of these
groups from being chemically modified by reagents such as CMC.  An6£her
poséible éxpianation w?uld be that large numbers bf anionié groups may
exist in cul-de-sacs af the cell surfacé~and contribute to the mobility
by virtue of thelr inaccessibility to counterions(see Chapter'l, p. 10).
it is_quite'feaéonable to assume that groups of this,natufe'ﬁogld be
inaéce;éible to CMC. | |

Belqw pH 1, glutaraldehyde-~fixed rat erythrocytes exhibit a iggée
increase in positive surface charge density (2A4). This proton bindihg '
can be fif reasonably well to a Langmuir adsdrp£ion isotﬁerm with a’
single binding constant. The maximum‘charge density associated with thié

set of hydrogen ion binding sites is +0.331 coulomb per square meter, a




67

.value whi¢h ié approximately thirty times as large as the sﬁrface‘
charge density attributable to any other membrane component. This fact
suggests that the charging mechanism involved is probably non-specific
hydrogen‘ion adsorption onto non-ionogenic regions of theimembrane, as
opposed to proﬁon binding by a single class of weakly basic groups.v
.Frém the charge density it can be calculated that éppfoxiﬁafely 259 pf
the total sﬁrface area of.thg rat erythrocytevis composed of.hOn- »

specific hydrogen ion binding sites (2ak).

.(F) Summary

At thié pdint it is appropriaté to summarize bfiefly the a&ailablé
chemical ahd electrophoretic déta in the form of a modél of the rat"
erythrqcyte membrane interface.- Based on a chemical analysis‘of>sialic
acid, hekésé, and N-acetylhexosamine, it appears.that at most 66% of
.fhe rat efythrocyte surface is coveféd by sialyl 6iigosacgharidés. At
present, ﬁhe éomposition‘of the remainder of the surface cénnot be
accouhted‘fof in.térms of specific chemical information. Nevertheless,
:some sPeculaﬁions can be put forth oﬁ’theibasis of glectrophoretic
studies.

After femoval of siélic acid molecules by neuraﬁinidase trgatment
or mild acid hydrolysis, approximately two thirds of the negative surface
charge reﬁains.;{The iohig_groups responsible for this portion of the
-total negative charégﬂhave been tentati?ely identified as)protein-boﬁnd_
_parbéxylic acids.” From the fact that their averagé surface pKaylies in
the rangé‘2.5 to 3.0, it would appear that they are prédominanfly a?
carboxylé,'altﬁough as many as 4L0% of these anions may be sidé chain B- and/
or 7-carb0xyls. The a—carboxyis are probably'associated.with’C-terminal



residues involved in protein-carbohydrate linkage'at the cell surface;
- From their contriﬁution fo'the'mobility, it can be ealculeﬁed that the
ﬁioportioﬁ of the fet erythrocyte euerEe erearoccupied by pfotein-

bound carboxylic acids is o.8% of the total. |

Electrophoretic studies at low pH on glutaraldehyde-flxed rat
erythrocytes indicate the presence near the surface of shear of weakly
basic groups with an approx1mate surface bK of 1.6. These are probabLy

-proteln-bound 31de'cha1n amides, although avallable 1nformation-does'«"
not rule out the poss1b111ty that they are acetylated amldes assoc1ated
with s1a11c acid and N—acetylhexosamlne molecules If these weak bases
are indeed amide groups Of asparagine and/or glutamine residues, theﬁ it .
may be calculated from their eontribution to tﬁe positiQe eharée deﬁsiﬁ&
that they occupy 1% of the total cell sufface aree.

Below pH 1, glutareldehyde-fixed rat erythrocytes exhibit a large
increase in positive surface charge:density, the.origin of which'is'.“
probably non-specific hydrogen ion bindiné onto non-ienogenic regiohs of

‘the cell éurface From the charge density it can be calculated that ri,v
these proton binding sites constltute approx1mately 25% of the total
surface area.

The electrophoretic information summarized in the preceding paragraphs
accounts for rpughlyv80% of the non=-carbohydrate regions of the rat o
erythrocyte surface. In this regard it must be borne in mind that the
surface charge measured at physiological ionic strength is determined
by-ionogenic properties localized within approximately eight angstroms
of the surface of shear. Consequently, some of the chemical groups

located at the physical membrane surface may not be detectable'by electro-

phoretic means. Also, in making calculations based on the equations of
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electrophoresis, it was assumed that the cell surface is impenetrable
to counterions and that surface conductanee corrections could be .
neglected. As discussed in Chapter 1, both of these factors can lead

to underestimates of the actual surface charge density.
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TABLE I

Vibration Frequency in cm

1740
1650

1540

1450 - 1465
1380 - 1390
1235
| 1165
1060 - 1080
965
720

: INFRARED BAND ASSIGNMENTS

Probable Origin of Band

C = O stretch; lipids:

fmide I (C = O stretch); peptide
amides in (~helical and/or random
coil configuration; sphingomyelin

Amide II (N - H bend); peptide
amides in a-helical and/or random
coil configuration; sphingomyelin

Methylene scissors; asymmetrlc
methyl bending

~Symmetr1c methyl bending; symmetrlc
carboxyl stretch '

P=0 stretchi”asymmetfié‘c.— o-c

stretch; lipids

Symmetrlc C -0~ C stretch; llplds
P~ 0 - C stretch; llplds

N - C stretch; choline

‘Methylene rock; lipids
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TABLE II: ELECTROPHORETIC STUDIES ON RAT ERYTHROCYTES
TREATED WITH ASPARAGINASE

Treatment - pH Mobilit K?isg%%;é§g§>

Control erythrocytes 7.20 . : -1.11
~ “incubated at 37° C ' a :
- for one hour

" "Same as Sample A with 7.56 - . =1.07
~ subsequent glutaralde=-
hyde fixation

‘Erythrocytes reacted " T7.53 -1.09
-~ with 25 units/ml :
asparaginase at 37° C
for one hour

Same as Sample C with 7.50 -1.09
subsequent glutaralde- - ’ '
" hyde fixation

~ Same as Sample B 1.05 . +1.15

Seme as Sample D 1.10 _ +1.01



TABLE IIT: ELECTROPHORETIC STUDIES ON RAT ERYTHROCYTES
TREATED WITH GLUTAMINASE

microns/se C>

ISEEEleV ' Treatmént | -pH . Mobilit volt/om

A _Control erythrocytes  7.30 -1.01
L incubated at 37° C
. for one hour

B  Same as Sample A 7.35 | -1.05
' with subsequent ' :
glutaraldehyde
fixation
C °  Erythrocytes reacted 7.18 -1.05

- with 10 units/ml . _ o S L
glutaminase at 37° C : o .
for one hour

D  ~  Same as Sample C with 7.6k -1.03
- subsequent glutaralde~ :
hyde fixation

E  Same as Sample B 1.15 © +1.08
F . Same as Sample D L. +1.07

3
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Mobility-pH curves at ionic strength 0.145 are shown in

A and B for unfixed rat erythrocytes and erythrocytes
fixed with 2.5% glutaraldehyde and 1% osmium tetroxide.
Fixation with both reagents was carried out at pH 7.4

and room temperature (21-24° C).

With glutaraldehyde

the reaction was allowed to proceed for ten minutes, and

with osmium tetroxide for one minute.
-surface charge properties are shown following dual flxatlon

In C and D, the

with 2.5% glutaraldehyde and l% osmium tetroxide.
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Studies are presented on the revérsibility of the surface |
charge properties observed for rat erythrocytes fixed with

. 2.5% glutaraldehyde and 1% osmium tetroxide. The ionic

strength in these experiments was maintained at 0.145.
Erythrocytes were incubated successively at the pH
values denoted by numerals. The manner in which this was
performed was to suspend erythrocytes at a pH value denoted
by the numeral 1.and record the electrophoretic velocity.

- The cells were then centrifuged at 1100 x g for three minutes.
- The supernatent was removed and its conductivity measured in

order to determine the field strength at that particular pH..
The packed cells were then resuspended at a pH value denoted

" by the numeral 2, and the mobility measured in the same -
manner. This procediure was repeated until the cells were

finally returned to a pH value near neutrality. _
From the data presented in A and B, it is clear that

” glutaraldehyde-fixed cells exhibit a reversible electro-
‘kinetic character in the alkaline pH range, whereas erythro-

cytes fixed with osmium tetroxide do not. As shown in C

"and D, erythrocytes fixed with either reagent have a

reversible behavior in the acid pH range. Although the

data is not presented here, it was found that dual fixation °

with these reagents yielded cells having reversible surface

- charge properties at both high and low pH.
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FIGURE 2. The -descriptivé caption for this figure is
given on the preceding page. '
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Infrared spectra'are shown for unfixed rat erythrocyte
ghosts (A), ghosts extracted with a 2/1 mixture of chloroform/
methanol for twenty minutes at room temperature (B), ghosts

fixed with 2.5% glutaraldehyde (C), and ghosts fixed with 1%

osmium tetroxide (D). A silver chloride plate coated with

silver sulfide was used as a substrate. Approximately two to

three milligrams of ghosts suspended in distilled water were
layered on a plate and dried at 40° C.

The transmittance scale is linear, with the baseline of
each figure corresponding to 0% transmittance and the top to

100% transmittance. In each figure the transmission character-
‘istics are shown for the silver chloride plate used as a sub~

strate. In B the absorbance at 755 cm‘l'is.aSSOCiated with the
C - C1 stretching mode of residual chloroform contained in the
extracted ghosts. The arrows refer to absorbances for which
tentative origins are assigned in Table I, p. Th.
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In A the surfaée charge properties at ionic strength 0.145 are

shown for rat erythrocytes reacted with 2% acetaldehyde in
phosphate~buffered saline, pH 7.4. The fixation medium was
changed at the end of the first day, after which the cells
were allowed to fix for a further twenty days. The tempera-

" ture was maintained at 4° C throughout the period of fixation.

The numerals 1, 2, and 3 refer to a reversibility study at low
pH utilizing the technique described in the caption for Fig-
ure 2 (p. 78). The primed numerals refer to a reversibility
test at high pH.

In B the mobility of acetaldehyde-fixed erythrocytes is

- shown as a function of time at pH 3.23.

The surface charge properties of acetaldehyde-flxed
erythrocytes following post~fixation with 1% osmium tetroxide
are shown in C. _

- A mobility~-pH curve is shown in D for rat erythrocytes
reacted with 2.5% glutaraldehyde in pH 7.4 Sorensen phosphate

‘buffer for twenty days. The temperature was malntalned at
"L° C throughout the flxatlon :
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FIGURE 4. The descriptive caption for this figure is

given on the preceding page.
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FIGURE 5. The surface charge density is plotted as a function of
.~ pH for rat erythrocytes reacted with 2.5% glutaraldehyde.

The numerals 1 and 2 refer to a reversibility study.. The
charge density was calculated from the electrophoretic
mobility using the Gouy-Chapman equation (see p. 21). 1In
order to extend mobility measurements below pH 1, erythro-
cytes were suspended in hydrochloric acid solutions hav1ng
ionic strengths ranging from 0.145 to 1.0.

¢



FIGURE 6.

The reduction in electrophoretic mobility at ionic
strength 0.145 and pH 7.4 is shown in A for rat

erythrocytes fixed with 2.5% glutaraldehyde and thén

reacted with 0.1M CMC for varying lengths of time.

 CMC is the water soluble compound l-cyclohexyl-3-

(2~morpholinylethyl) carbodiimide metho~-p-toluene-
sulfonate. Reaction of erythrocytes with CMC was
carried out at pH 4.75 and 37° C. The effect of

reacting CMC-treated cells with p-toluenesulfonyl

" chloride (tosyl chloride) is also shown. Tosylation

was performed by mixing the cells with a one mg/ml

solution of tosyl chloride at pH 7.4. The reaction

was allowed to proceed for thirty minutes at 37° C
In B the mobility~-pH characteristics are shown.

v'for"glutaraldehyde-fixed rat erythrocytes reacted

with 0.1M CMC for three hours. The primed and un-
primed numerals refer to reversibility tests at high
and low pH, respectively. Aboveneutral pH the curve
is drawn as a dashed line to indicate the alkaline
lability of a large portion of the reaction products

formed by CMC with surface anions.
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FIGURE 6. The descriptive caption for this figure is given

on the preceding page.
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FIGURE 7. The electrophoretic mobility at ionic strength 0.145 is

shown as a function of pH following photo-oxidation of
rat erythrocy‘tes in the presence of 0.0l mg/ml methylene
blue. The cell suspension containing methylene blue was
placed in a 37° C bath and subjected to illumination frem
a 150 watt lamp at a distance of six inches. The irradia-
tion was allowed to proceed for ninety minutes with
continuous stirring. Erythrocytes were fixed with 2.5%
glutaraldehyde either prior or subsequent to. the photo—
oxidative process.
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FIGURE 8. The mobility-pH characteristics at ionic strength 0.145 are

shown for glutaraldehyde-fixed rat erythrocytes after
incubation in absolute ethanol for one hour at room tempera=-
ture (21-24° C). The primed and unprimed numerals refer to
reversibility studies at high and low pH, respectively.



FIGURE 9.

micron/sec
volt/cm

—1.0

-0.5

405

A
o

>
2
= 10
0
o)
=
-0.5
0
 +05
+1.0

‘Glutaraldehyde-fixed rat erythrocytes

reacted with RDE . —

Glutaraldehyde-fixed rat erythrocytes
reacted with RDE, then post-fixed —
with osmium tetroxide )

DBL 698-5035

The surface charge properties at ionic strength 0.145 a
shown in A for rat erythrocytes fixed with 2.5% glutaralde-
hyde and then reacted with RDE (receptor-destroying enzyme).

This preparation of neuraminidase is a crude extract from

Vibrio cholerae. Reaction conditions were adJuuted to

‘achieve a maximal release of sialic acid.
In B the mobility-pH characteristics are " shovm for RDE~

treated cells following post-fixation with 1% osmium tetroxide.
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In A the mobility-pHE characteristics at ionic strength
0.145 are shown for rat erythrocytes fixed with 2.5%
glutaraldehyde and then reacted with chromatographically
purified neuraminidase from Clostridium perfringens.

The enzyme concentration was 0.25 mg/ml and the reaction
was performed at pH 5.35 for one hour at 37° C. These

“conditions were determined to effect a maximal release of

sialic acid. The primed and unprimed numerals refer to
reversibility tests at high and low pH, respectively.

In B and C the surface charge properties are shown
following post-fixation of the neuraminidase~treated
cells with 1% osmium tetroxide and 2.5% glutaraldehyde.
The mobility of the glutaraldehyde post-fixed cells at
PH 1.03 is shown as a function of time in D.
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