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» I, Introduction _ |
VIn.tha,fifty years follduinglits déveiopmént'by ﬁorthrup and
Kunits (§2,‘é§,'22);'thb microscope method of'electréphoresis'hasbbeen
used to%cbtain considerﬁbie 1nforﬁation dn'thé sﬁffﬁde charge'propertiés

of living cell hembfaneéi(l,'j, 138). The microelectrophoretic method

“has been émployed, for éxémpie,‘to characterize the surface charge of

cells in'normai‘and’paihblogicél states, During"the §éstvdecade,bmicr64

clectrophoresis has also proved to be a powerful technique for directly

.1niestigating the character of ionic moieties at‘the outer surface of -

intact célls. This has been accomplished through_the quantitation of
changes in surface charge resulting from Specific.ghemical alteration of

the cell surface, e.ge through'the,actiOn of enzymes, .In'this manner,

ionic groups responsible for the membrane surface charge may be identified,
the moét notable success to date being the discover& of sialic acid at

the surface of a wide variety of cells. - | o o |

The primary objective of this papef is to discuss the surface-étructure

of erythrocytes as deduced from electrophoretic sfudies on chemically
modified cells, An attempt has been made to presenf experimental results

that are directly related to the identifiéation of:charged groups at the

‘red cell surface, A discusaion of the miéroelactrophoretic method has

also been included, with a particular view towards presenting the theory

of colloid electrophoresis as it applies to intact cells in physiological

- media,

It is clear from the preceding paragraphs ihat the term "cell surface"

~ is being used here in a highly restricted sense, némely,'as the Melectrokinetic



cell.surfgéé;* This is a purely operational'descyiﬁﬁion based upon _ | Y.
"1ohiévcompdﬁeﬁts of the plasma membrane that are>deté§table bj
electrophpretic means. Alternative operational deécfiptions could
be givén'injierms of functional propertiesllééalized at the outer
membrane'Suffaée'(e.g. cell antiéens and intercellular contact phenomena),
- However, from this viewpoint fhe cell surface iS'gxtraordinarily COm=
plicated.”,Asva.means df demonstréting this cqmpléxity, it is worthwhile
to discus# briefly several properties of erythroéjteé that are known
to be as§§§iﬁied with the outer membrane surface, '
The fﬁnétibnal components that are best understood at a molecular
level aré;phé blood group'aptigens. It haé been well established that
these are OIigosaCcharides linked to membrane protein and lipia (29, i}j).
In addi£i§h to neutralléugars, manyYOf'ihe oligbsaccharide chains contain
slalic acid;fthe cafboxyl group of which is a major contributor to the
erythrécyte'surfape charge. The surface mucoids have also béen demon-.
strated ﬁo_function as'receptors'for_influenﬁa and othérvstrainé of virus (129).
Severalltransport functions have been shoun to depend upon molecular
Qomponents at the erythrocyte surface. Perhaps the best known is thevv
sodium-potaséium ionic pump. This active tranéport system is suscéptiblé:
vto inhibitibn'by low concentfations éf cérdiac glycosides, a group of | v
stéroids_tha? act directly upon allosterié transport sites at the outer
surfaceiof the cell membrane (7, 71, 142). ‘A set.df'sulfhydryl groups at
the oytef surface of erythrocytés has been demonstrated by Vansteveninck
et al, (133) to be essential'for the transport of glucose, Stein (125)
 has.proposed a model of facilitated glycerol transportvin human erythrocytes



in which the formation or_gijoerol dimers is mediafed;by protein oomf
ponents at the:outer membrane surface;. He hyoothesizes that dimers .
would be essenfially free of bound water, and could tﬁereby penetrate
lipoidal regions of the membrane more readily than 31ngle molecules
of glycerol. o f _
One of the enzymes present in the orythrocyée.membfane‘hasLbeen
shown to bo”located at ‘the outer surface. Usingva lead stain in the
presence of thlolacetic acid, Shlnagawa and Ogura (122) have demon-
strated that acetylcholinesterase is prlmarily associated with the
outermost layer of the membrane. "It has also been observed that membrane-
bound acetylchollnesterase can be inhibited by reacting erythrocytes
with tnypsin_CL), an enzyme that is known to effect the release of
surface components (119).
Although by no means complete, the list of properties'givén in the
preceding paragraphs serves to demonstrafe the large varioty of celluiar
functions associated with the erythrocyte surface. " In many instances,
the corresponding macromolecular comnonents have not been isolated,
The chemical characterization of these functional entities, and their
correlation with surface properties determined by electropho:etlc

: nethodé3'remains as one of the major unsolved problems in membrane blology.



by Henry (68), and contains the following assumptions. (1) The particle

8

- suspension is sufficiently dilute that no electrical or hydrodynamic
interactidns'bccu;’Between néighbbringsbarticles.' (ii) The solution
cdnddetifitj;‘dieleetfiéxednsfsnt,Vand'Viseosity have ‘the same values
uithin the double layer as in the bulk medium surrounding the particle,
(iii) The applled field obeys Ohm's law, and can be taken as superimposed
on ‘the field assoclated with the electrical double 1ayer. (iv) 'The
hydrodynamic equatlons for the motion of a viscous fluld hold in the
double layer, and the electrophoretic motion is sufficlently slow that

: inertia terms may be neglected. T '

(b) The gg_ tions of Smoluchouski and H ___gxs When a suspended

charged partlcle yeaches its steady state velocity in an applied electric
field, the electrical force is exactly balanced by the frictional
resistance resultlng from movement through a viscous medium. This is

.sxpressed by the equatlon-

Fele.c + Fmeck = 0 o (1)

In Eq. (1), elec is the force on the suspended particle due to the net

electrical field E = EQ + Eo’ ghere EQ is the field assoclated with the

. total charge carrled by the particle and E is the applied field.. In

w2

_the case of intact cells, there is no evidence: for a net internal charge QL), ”

80 thatvEQ can be considered to arise enly,from:the electrical double layer \/

—

at the surface,  F

mech represents the total mechanical force exerted by

~ the viscous‘medium on the moving perticle. Calculation of these two forces

can be made by means of'integrating electrical and hydrodynamic stress



In the case of a rigid sphere, the mathematical caluulations of F

tensors (T  and T ) over the particle surface. .
.eles ech
- ::3_ -
F = ﬁ T -d4S o (2a)
elec - elee _ _
. L - R
F '= ﬁ —rmeck d's - ’ (2b)
: MQC'\ - . . .

elec

and F h vere originally presented by Henry. (¢8) and have recently been
reviewed by Glaeser (46). When the resulting expressions for the electri-

- cal and mechanical forces. are substituted into Eqe (1), the following

equation is obtained for the mobility W) of a charged sphere:

o : : - a a )
| | B R
# -—£ J+ o | ') 37 )77 > =2 )7 (3)

A+
Here ¢ and 77 represent, respectively, the dielectric constant and viscosity
‘ ) - o
in the double layer; ) is the solution conductivity and A the particle
conductivity; r is the radial coordinate and a is the electrophoretic

radius, i.e. the distance from the center of the sphere to the surface

‘of shear, ?’iq the potential associated with the electrical double iﬁyer,.

end is defined by the relation Eq = -YY,. The integrals in Eq. (3) can

be evaluated in two special cases:
(1) If the thickness of the ionic double layer is small relative

to the electrophoretic radius a, then Eqs (3) reduces to

32 £f
/= / - ) _ (4)
: :L1.4F3L‘/ é17t72
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‘Per a mon-conducting particle ( A = 0), Eq. (4) becomes

- c5 o |
A= . o (5) .
4y o

This is the .'equation' originally derived for large hon-?conducting colloids

by Smoluchowski (123), who made the simplifying assumption that the
applied alectric field 1ines are parallel to the particle surfac;e at
all points wi_t._hin the double layer.

(11)‘ A second condition under which the integrals of Eq. (3) can

- be evalun'bed ia the special case when the zeta potent:.al is sufficiently

small that the ionic double layer can be described in the Debye-Hiickel (34)

‘ approximation., Representing the valences of small ions in the double
layer by ’i’ the electronic charge by e, Boltzmann's constant by k, and

" the absolute temperature by T, the necessary condition is given by
z,el
kT

At room temperature, Eq. (6) requires that Y be much less than 25/z;

<<'l' (6)

millivolts, "i'he_ Poisson-Boltzmann equation describing the potential S&
in the double layer (see Section 11, 4, 2, a) can then be written in

a linear form (the Debye-Hfickel approximation):

viY = HJZ% | ' | (7a)

where

'-Hoe_
R* = Z=2=5S"n, % (7b)
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Here nivzb'epres’ents the number of ions pér unit volume of the j._th species
in the bulk medium sﬁrrounding the charged colloi_d.._ﬂ The quantity 1/R
haé the dim_e_nsion of a length, and is. frequently ;eferred to as the
*Debye ‘lexiéth." For aqueous solutions at room temperature, the Debye

. 1
length in angstrom wnits is given by
T B :

| 3.05 : -
v FZ’)’VZ . (@)

The quantity 1/2 is the ionic strength defined by Lewls and Randall (85):
T/ =g 2y E (9)

where ¢; is the bulk molar concentration of the ith ionic species.

Physically, the Debye length can be regarded as a rough measure of the

thickness of the ionic double layer.

The solution of Eq. (7a) for a rigid charged sphere is given by:

| ) —RO=2)

¥ = J (7) L (10)
Substituting Y from Eq. (10) into the integrals of Eq. (3), Henry (_6_§)
obtained the following expression for the mobility of an insulating '
particle: '

'//_ =201 (R,o.) | (11)

The function £(}{, a) exhibits a complicated dependence upon ionic stfength,
and bas been plotted by Henry (68) over the range -2< log,yRa { +3,

If the particle size and ionic strength satisfy the relation Ka 300,



then to an “accn.rac'y of 1%, £( K a) can be set equal' to unity and Eq. (11)

reduces to the Smoluchowski equation. For velues cf ‘Ha < 0,5, the mobility

can be approx:unated to within 1% by setting f(!%a) = 0.67 in Eq. (11), .
With regard to the electrophoretic motion of particles having

geometries other than spherical, an analytlcal treatment has been given

by Henry (68) for inﬁ.nite cyllnders placed either parallel ‘or transverse

to an applled electric' field. For a cylinder aligned parallel to the field,

he found that the Smoluchowski expression (Eq. (5)) is val:.d for ‘any value

of }Lb, where b is the radius of the cylinder. Thia result is also |

independent of the internal conductivity. For an insulating cylindrical

particle placed in a transverse field, Henry (68) obtained the result.

Qf o v : '(1'2)
.ﬂ_ manw T

The function F(HLb) has been evaluated graphically by Abramson et al. (3),
who calculated ¥ in the Debye-HEfickel lmear approximation, In the limit
Rb>> 1, F(RDb) =74 and Eq. (12) rednces to the Smoluchowski equation.-'
Froxn‘ tne theoretical results presented aboire ‘ fer spheres and cylindere ’

it is clear that the mobility of a non-conducting collold of any shape o
can be closely approximated by the Smoluchowslci equation if the radius of
curvature of the particle is much greater than the double layer thickness.
‘The a_pplic_ability of the Smoluchowski equation to intact cells at physiological -
donic strength is shown by the following calculation for erythrocytes, In
electrophoretic measurements conducted at room temperature using aqueous

saline solutions of lonic strength 0.145, the Debye length calculated from
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Eq. (8) is 8 2. 1If the red cell is treeted es a figid Sphefe with an
effective radius of 2 to 3 microns, then g is at'leastbjooo times larger
than 1/R.. fAn'extremely accurate relationshib befeeep mobility and zeta
potential will therefore be given by the Smoluchowski equation, With
smaller ﬁafticles‘such as bacteria and iiruses, hove#er, 1t may be
necessary to take account of the factor f(bLe) in Eq. (11).

(¢) Correct;en Factors. The analysis outlined in the preceding
paragraehs coesiitutes a reaeonably”complete description of colloid
electropheresis. There are, however, several phenehena that are not
teken'into eccount in the theoretical treatment'ef Henry, and which
can eontribute substantially to. the electrophoretic mobility in certain
ranges of:perticle size, ionie strength, and surface potential, These
will now be considered, vith a particular view towarda evaluating thelr
importance in electrophoretlc mesasuTements performed on intact cells at
physiqlogical ionic strength.

(1) Relaxation Effect. In outlining tﬁevaeeumptiens underlying
Henry's(defivation of Eq. (3), it was stated that the applied electric

field is taken to be superimposed on the field of the double layer. This

18 not the case physically, however, since a particle and the counterions

in its double layer move in opposite'difeetions when an'exiernal field
is applied. As a result,‘fhe particle moves away from ies counterion
atmosphere, and the symmetry of the double layer is disturbed., Coulomb
forces within the double layer tend to restore the original symmetry,
but thia takes a finite period of time known as the "relaxation time.

Consequently, in an applied electric field the counterion atmosphere



constantly lags behind a charged particle and retards'its stéédy state
eléctrophofgtic motion, Approximate‘analyfical treatments of thé relaxation
effect hﬁvéfbéen‘givgn'by Overbeek (99) and by Bcoth:(lé, 18) for insulating *
spherical'cdlloidé. More reéently, Wiersema et g;;‘(léz) have berformed

a computqr‘cdlculation of the electrophoretfc”moﬁility starting from

transport qquafiéhs_that include the rélﬁxatiqn phenomenon, The results
’of-this_study show that the relaxation effect can exert an appfeciableb
influence on the mobility, especially for values ofbthe zeta potential
gredtér_thénESO'mV. The effect is negiigible, howéfer, for values of

K a>10>0‘(>)‘.1 " Therefore, no correction to the Sm‘o"iu‘chowski eq'ua.tibh is
. needed in}electrophoretic'measuremehts performed 6n:1ntact célla at
phyéiologiéal ionic strength, | |

(11) ;Sg;face'Cogdﬁg}ggce. As the resultiof'ionic conduction

through'the.double-layer, the electrical potentigi gradieni across a
particle uhdergoing'électrophoretictmotion is reduced, This phenomenon,
known és‘"su:face conductance, ™ has been examined by Booth (16) and by
Henry (éa). The results of these authors are similar, and predicf_that

surface conductance can decrease the electrophéréiic mobility, This

effect is most evident at low ionic strength, as shown by the experi- :

ments of Ghosh and Bull (43) on Pyrex glaass beads. At ionic strengths -

LN

~ above 0;91, however, the influence of surface.ccgductance on thev
mobilify vas found by these wofkers to bé negligible, It seems unlikely,
therefbre, that any correction for this effect needs to be made for
1ntact‘cells.at physiological 16nic strength,



e

(111) Particle Conductivity. From the analysis of Henry, it is
clear that ﬁert'icle conductivity can substantially reduce the electro-
phoretic nio_bility (see Eq. '(4) e Im the case of beeterial pa.rtieles,
the experiments of Einholf and Carstensen (36) show f.:hat particle con-
ductivity'int_‘.lizences the mobility even at ionic stfengths exceeding (.)..1.
A similar coﬁclusion has been feached by Gittens e.nd James ‘(52), although
these vorkers have interpreted bacterial conductivity as a surface
conductance phenomenon. In contrast to the experiments with bacteria,
Carstensen ot al. (24) have found that erythrocytes behave as nearly
perfect 1x§Sule.tors.' This is in accord with tiie generally accepted
notion thet_ intact cells can be regafded as non-eondﬁctors in the
interpretation of electrophoretic measuremenﬁs.

(1v) Dielectric Constant and Viscosity. In deriving the relation-

“ship between mo’bility and zeta pbtential, changes in dielectric constant
and Vlscosiﬁy within the double layer were neglected. However; because
of the lafge local electrie fields present in diffuse double 'layers, £
is expected from theoretical considerations to be amaller than its value
in bulk solution, vhereas 7 is predicted to be larger (57, 88). The
value of f will therefore be underestimated in calculations that assume
values of ¢ and 7 for bulk agueous solutions. Unfortunately, the
Aappropriate values of £ and 77 within the double iayer are not known,

A thorou‘gh‘discﬁssion of this problem has been given by Haydon @_;) and ‘
by Overbeek and Wiersema (j_O_1_). With regard to intact cells at physiological |
ionic strength, the zeta potential rarely exceeds 25 mV and the double
layer electric field is less than 3 X 10° volt/cm. Under these conditions,
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both theoretical considerations and the experimentel evidence presently

0,

available indicate that the calculated value of f is not significantly
affected by using bulk values for the dielectric constant and viscosity
-in the equations of electrophoresis.

(v) Other Corrections. In the theoretical treatment outlined
above,'ineftia terms were neglected in the hydrodynamic equations des-
cribing tﬁélﬁotion of a sphere through a viscous medium, This, however,
has been.shoWh by Booth (11)“toVBe completely justified., Similarly, the
»influence of'Brownian motion_on'the'electrophoretic velocity of large
colloids cen be neglected (143). - _  | »

(d) lConclﬁeions. The‘results.of this section indicate that the
' Smoluchowski_equation accurately describes the relationship betﬁeen |

mobility'andlzeta potential for non-conducting colloids setisfying the
| relation Ptej>300. Although numeroue physical aésumptions are made in.
_the~deriyetioo of Eq. (5), there‘is no iﬁdicationithet these affect its
.validity Qhec appliec to electrophoretic measureﬁepts on intact cells.

!

2, Calculation of the Surface Charge

Density from the Zeta Potential

(a) Ihe Gouy-Chapman Equation. In order to relate the surface
~charge density of a colloid to its electrophoretic mobility, it is

«

_necessarj first to express the charge density in terms of j’. For this
purpose; the electrokinetic surface will be treeted as a planar Y
interface, This assumption is completely warranted for an intact cell
aincevits radius of curvature is much greater than the double layer

thickness, It will be further assumed in the following treatment that
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the surface charge is smeared out in a mathematical sense, so that the
only variation in potential occurs normal to the surface, |
The edneentration of caiions in the diffuse double layer at the

surface is described by the Boltzmann distribution law.
B —ze”’/k“r S
Ro=Nn L | '_ (13)

Here n' is the concentration (ions per unit volume) in.the neighborhood

of the surface, 34 is the cation valence, and n, is the cation concentration
in bulk sblution. Similarly, the distribution of anions near a charged
surface 13»gi#en by
‘ 1e"”/k‘r

n- = nll— . o (14)

In Eq. (14) zZ, and n, are, respectively, the valence and bulk concen-

2
tration . of ‘anions in the electrolyte mediunm, It-iseelear from these
equations_fhat in the electrolyte solution edjacent to a charged inter-
face, ions of like sign are repelled, while those of opposite sign are
attracted. Using Egs. (13) and (14), the net charge density per unit
~ volume {f ) can be expressed as
| N o =zt z.e¥/T]

f= zen — Z,8en =ﬁ&'[2.m_e | -2zt (15)

Near a planar surface carrying a uniform charge, the . quantities‘f and
Y can also be related by Poisson's equation: S o

2 o
oL 7” Yo ,
— - = Qe

Here x is the coordinate normal to the surface, with x = 0 defining the

interface between the surface and the exterior salt solution, The
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appropriate boundary conditions on the potential 5” are

| )
W(x-oo)-o and (d =0 (17)

%
4 /x =00

Gombining Eqs. (15) and (16) leads to the so-ealled Poisson—Boltzmann

equation:- o :
R L~z VT zetr|
o_Lif _ Lf‘TL‘.e.. zn e = “ - z,ne L.‘ k. ] (18)
Cdox*® fv- & | |

Using the boundary conditions given by Eq. .(17), a first integration may

be_performéd in Eq, (18) to yield a closed expression for dW¥/dx

T T T (T () o

The upper and lower signs refer, respectively, to positively and negatively

- charged'éurfaces.

v ’Equation (19)’¢an'how be nsedbto evaluate thé net'surface charge

" demsity (o) at the Surféée‘of shear, Since the system comprised by the -
charged‘interface and ité-exterior electrolyté soiution must be'eigétriéaily
neutral as a whole, it follows that the surface of shear (x = a) can be
considered to cut thé diffuse double layer into two regions containing
equal but opposite net charges. The charge densiiy'of«at X = a can

therefore be calculated from the expr3331on' '
Sfdx | (@

\

Sinece o represents the charge per unit area evaluated at the surface of
shear, it must be regarded as an "electrokinetic" surface charge density.

This value of o will have the same sign, but a Smaller magnitude, than
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N

the fixed eharge density on the planar interface at x = 0, Inserting
Eq. (16) into Eq. (20) and performing a first integration leads to the

final result. .

i(i?ﬁ) W o, (3 )+n<*1e”“ )

This relation between o a.nd { wvas first derived by Gouy ( 55, 58) and by

Chapman (_2_1) ’ a.nd is frequently referred to as the Gouy-Chapman equation,
In electrophoresis experiments perfomed on intect cells, a uni-univalent

eleetrolyte is most commonly employed. For this special case, Eq. (21)

QtnOkT \ ‘
V -~ sinh .2t<‘r/ (22a)

reduces to

Here B, is the bulk salt concentl;ation, and K is the Debye-Hifickel
constant defined by Eq. (7b). | "
If the Smoluchowski relation between f and 4 (Eqe (5)) is .now
substitﬁted into Eq. (22%), the resulting equa‘tio'n directly expresses
the Melectrokinetic" surface charge density o 1n terms of the experimenta.lly

measured electrophoretic mobllity sc 3

e kTR . k ( Z'rce nH \
—_— Sin = =l
. are ekT /
Introducing numerical values eppropriate to uni-univalent electrolytes

(23)

"

'in aqueous solutions at 25° C, ihe value of o is given by
o = (O 3514 %X lO;)w/C_ 5{nl-\.<0'-25;a) in s‘r.a.i‘.coul/c:m2 (24
- 0.”7! JC S;nk(o'zgf) in coul/m?  (24b)



In-these equations, C is the m61ar_concentr#tion of uni-univalent

eiectrolyté aﬁd A is expressed in thé;conventional units of"
nicron/sec/folt/cm. it might also be noted that for potentials satiéfying
 the relatiéﬁff<K 2&T/¢ , Eqs;‘(22b) and (23) reduce to the simplé'exﬁressicns:

T _ erf -  (25a)
U
= qhp (2

In & physiological medium of ionic strength 0,145, the mobility
observed for many types of intact cells iS‘apprbximately -1 microh/seé/volt/cm.
The correépﬁhding surface charge density calculated from either Eq. (24b)
ér-(zsb)-;g.;1.1 X 1072 coul/hz. For a uniform chargé'distribution,
this 1is eéﬁi&alent to one elementary charge on every 1460482 of surface.

When thg radius of curvature of a colloid does not gréatly exceed
the double layer thickneés, then a solution of thevPoisson-Boltzmanh’
oqﬁationfmﬁst be obtained for a geometry approximating the trué'pérticle
surfaee.'.ﬁnfortuhately, an exact solution in analytical form is possible
only for a planar inﬁerfaée. For the case of a uniformly charged Sphére,
Hoskin (Zg) and Loeb gt al. (86) have attempted to overcome this difficulty
by perfqrming & numerical integration of the Poisson-Boltzmann equation
using eiéctronié computers, The results of Loéb and associates (§§)
have~beenvconvenientl§ tabulated in book form. | |
| As discussed in Seotion II, A, 1, b, fﬁr small values of ¥ (Eq, (6))
the Poisson-Boltzmann equation reduées to the linear form of Eq. (7a).

This is known as the Debye-Hlickel approximation, and has the exact

o



solution for a rigid charged aphere given by Eq. (10). Using this
expression for ?','the "alectrokinetic" surface charge density can be
calculated in the manner outlined above for a planar surface, For a

sphefe of.rédiﬁs a8, the resulting equations relating o, f, and/u are

L e
L : ' Yra
'—_-.?LL“-(L-} Re) (260)
O

| For values of Ka)100, these equations reduce to‘Eqs.b(zsa) and (25b)
vith an accu#écy of 1%. It might also be moted that Gronwall et al, (58)
énd MacGi;livary (89 have shown that the value of ¥ given by Eq. (10)
uniformly approximates an exact solution of the Poisson-Boltzmann
'eqnation in £he limit of zero ionic strength, Therefore, as the
electrolyte concéntration diminishés, Eq. (26a) becomes a more accurate
représentéiion of the surfade'chérge>density for arbitrary valges of j’.

(v) §1’ectroohor'etic Radljggo Under the condition K, a<100, it is

clear from Eq. (26) that the calculated surface chafge density is quite
.gensltive to the choice of electrophorstic radius, Brinton and Laﬁffer (21D
have i1llustrated this for the case.of filaménted and non-filamented
bacteria, With intact cells at physiological ionic strength (K a>1000),
it is unlikely on theoretical grounds that the surface charge density
should dépend on particle size or shape, Neverthéiess, suggestions have
been put,forth in the literature (gl, 22)'that the appropriate electro-
phoretic :a&ius of an erythrocyte might be less than 100 2. Brinton

and Lauffer'(gl) have argued that the surface may have a rough texture,

and that the appropriate electrophoretic radius might then be the average



radius of curveture'cf charged structures protrudihg from the'surface.
There are,-however, indicatidns that surface "roughness" is not an
inportant factor in determinlng the charge density. For example, the
mobility of sphered or sickled red cells is identical to that of normal
diecoidal'erythrocytes (2, 4. Working 1n collaboration with Mr, John
Kroes and Dr.»Rosemarie Ostwald, the preeent author has exnmined an
extreme case of surface alteration in the guinea pig erythrocyte.
Follouing administration of a2 1% choleeterol diet to guinea pigs for a
period of several weeks, their red cells attain an increased cholesterol
and phospbolipid content (93), accompanied by the development of large
spicules, or burrs, uhichiprotrude'from the cell surface, The cell
norphology ln this condition is quite comoarable‘to that of’erythrocétes
in spur-cell anemia and acanthocytosis (_3, 22, _}Z); Despite this '
grosas alteration in surface structure, the mobility of erythrocytes
from choleeterol-fed animals has been found to be identical to that of
controlicells. In a physiological medium of ionic strength O 145, the
_nobility of erythrocytes from eight control animals was 0,79 + O 02 (SD)
micron/sec/volt/cm. The average mobility of red cells from six guinea

| pigs melntained on a 1% cholesterol diet for periods of 4 to 14 weeks
~was 0,81 + 0.03 (sb) micron/seé/volt/cﬁ. It may be concluded from this .
data thet the mobllity and net surface charge density at physiological

., ionie strength are completely insensitive to gross'morphological changes
in the erythrocyte surface. To thie extent,'the red cell behaves as a
large smocth collold satisfying the relation H a >300, At ah ionie

etrength of 0;145, the corresponding electrophoretic radius a is greater



than 2400 %, This is contrary to the conclusion of Brinton and Lauffer (21),

and suggests that in the absence of detalled knowledge regarding the
architecture of cell surfaces, the most aﬁpropriate,éhoice of electrophoretic
radius is that of the entire cell. | |

(¢)  Coﬁ$terion Volume. One of the difficultiés inherent in the
chthhapman theory is the assumption that counterlons in the diffuse
double layer are point charges. As a result, the Boltzmann eqnation
oversstimates the ionic concentration at the surface of a charged colloid,
This in turn leads to a calculated surface charge density that is too high.
Several attempts have been made to introduce finite ion volumes into the
Boltzmann eéuation, and are discussed in the refiews of Overbeek and
Lijklema (101) and Haydon (64).

In the biblogical 1iterature, the ionic volume correction that is

 most commonly employed is based on Gorin's (50) theoretlcal treatment for

a single_spherlcal central ion. U51ng the Debya-Hﬁckel approximation,
Gorin aasﬁmed that the central ion is surrounded by a shell containing

gero charge and having a thickness equal to the counterion radius,

' The result of Gorin's investigation has been Applied to cell electropRoresis

- by Purchgott and Ponder (42), who wrote Eq, (25b) in the form:

am <o (g*n) @)

- where r, is the counterion radius, Using electrophoretic data for human

i
qzythrocytés, these workers plotted 74 vs 1/H. and determined r; from

the intercept. The value obtained in this manner was 1.8 &, This is
approximately the right magnitude for an ionic radius, and was interpreted
by Furchgott and Ponder (42) to be a justification for the use of Eq. (27).



Subsequently, several other workers haie applied Goriﬁ's correction in
calculating the surface charge density of erythrocytes (10, 37, 47).
The use of Goria's correction has been eriticized by Brinton and

Lauf'fer (gl);'ﬁho demonstrated that the value of Ty obtained graphically
is oxtremelj”sens;tive to the choice of eiéctrophoretic radius, This is
also clear'frd_m' the calculations of Overbeek (100)e Another difficulty
_thatvhﬁs'beénvpointed out by‘bverbeek (100) is the poor agreemeﬁt in the
literature for hydrated ionic radii, The value that should be used for
r; in Eq;.(zﬁ) is therefore uncertain,

It shoﬁld also be borne in mind that Gorin's theory was developed
for a single central ion, and not for a largé'colloid containing a dis-
tribution of charges on its surface, As Bull (22) has suggested, the
eorrectibn.bf Eq. (27) probably overestimates the actual influence of
jonic volume on the surface charge density of a large colloid, This
follows from the fact that a substantial mumber of counterions may be
hidden in the surface "roughness,™ and. thereby approach‘fixéd,surface
charges ﬁt a closer disténce than would bé predicted from their radii,
In view of.the lack of information about the molecular architecture of
- .cell surfaces, as well as the uncertainty in the value_of,ri,‘it seems 
best éiAtﬁe present timebto omit the ionic volume correction in calculations
1nvolving the surface charge density of intact cells,

(d) Haydon's Correction. In the Gouy-Chapman theory, the colloid

_ surface is assumed to be rigid and impenetrable to counterions, For.
intact cells, howsver, this is not a realistic model since the outermost

surface is generally composed of highly porousApolysaccharide moieties (106).

-’



Haydon (_2) has approached this problem by cons:.dering several models
of charged surfaces :Ln which the interface is assumed to be partially
or wholly-penetrable to counterions, He concluded ~that the surface

' charge density glven by Eq. (21) underestimates the true charge density
by a factor equal to (1+(1 -oc)%), where ©¢ is the fraction of the
total apacc within the surface that is not available to counterions.

=In the case where of = 0, the surface is completely penetrable to
counterions and the charge density has twice the value calculated from
the Gouy—Chapman equation. Unfortunately, an attempt to determine o
for hman erythrocytes usmg a titration techni.que was not succesaful.
Without furt_h_er lmowledge con_cemlng the proper value for o<, it is
therefore aci possible at present to utilize Haydon's correction ir_x

surface charge calculations for intact cells,

(e) ' VOt‘her Corrections., Several other factcfs influence the relation
betwsen o~ and f : predicted'by the Gouy-Chapman theofy. These include
‘the variation of dlelectric constant within the double 1ayer;. the effect
of ion polarization on the distribution predicted from the Boltzmann

‘.equation, the i'nfluence of counterion charge (the "self-atmosphere"
effect), and electrostriction, Each of these effects is. discussed inv
the revlew by Haydon . (§_4). For intact cells, whose :cta potentials are
generally less than 25 mV, all of these corrections can be neglected with=
out introducing significant error into the calculation of surface charge

dﬁnSity- '

(£)  Conclusions, From the discussion given in the precediag

paragraphs, it is clear that the GouyeChapman equation camnot be



regarded as a completely accurate relationship between surface charge
density and zeta potential, When ioterpreting'electrophoretic measure-
ments on intact cells in physiological media, corrections are needed
both for couﬁterion volume and for the porosity of the membrane surface,
Neglect of’ihe former can lead to roughly a 20% overestimate of the
charge denszty, whereas neglect of the latter can yield a value .for

o that‘is low by as much as a factor of two, Unfortunately, accurate
values are not available for the experimeotal>parémeters that are

| needed in order to perform these corrections, Until this difficultj |
has been overcome, only an approximate value for the charge density
‘can be obtained through use of the Gouy-Chapman equation.

B, Experimental Procedures

| A aohemotic diagram of the microelectrophoresis assembly used'by
the present author is shown in Fig. 2. The electrodes consist of zinc
binding posts immersed in a saturated ZnSOA solution. In order to prevent
nigration of z;nc ions into the sample solution, the electrode chaqbers
are connected through sintered glass disks to side arm solutions con- |
‘taining the same suspending medium asvtﬁe sample. These intermediate
buffer chambers are then connected by means of ieflon stopoocks to the
.oample chamber, Convective exchenge at the stopcocks is pfeﬁented by
adding snorose to the side arm buffer solutions. The entire electrophoresis
assembly shown in Fig, 2 is mounted on a standard microscope containing
a'monocular eyeplece, For the measurement of particle velocities, the

 ocu1ar is fitted with a calibrated reticule.
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As depicted in Fig; 2, the‘electropnoresis chamber is a rectangular
Northrup-Kunitz cell (Arthur He Thomas Co., Philadelphia), and is placed
in the lateral position, Rectangular ‘chambers with horizontal and
vertical orientations:have also been employed, as described by Brinton
and Laurfer (21). In many laboratories, the cylindrical chamber developed
by Bangham and co-uorkers (2) is presently in use, If an accurate control
of temperature is required, the electrophoresis chamber can be mounted
within a thermostating jacket, |

For a oiscussion of both the theoretical and practical aspects of
electrophoretic measurements using a rectangular cell, the reader is
referred to ths review by Brinton and Lauffer (21)s A thorough des=
eription of the cylindrical cell technique has been given by Seaman (117).
With adequate care, the experimental error involved in electrophoretic
studies on intact cells can be limited to 5% or less, In the case of
erythrocytes, the electrophoretic mobility withln any given cell population
iz quite unifbrm. As a result, an accurate value for the mobility can be
obtained by performing individual measurements on ten cells, This procedure
was used in all of the mobility measurements reported in Section 111
for erytnrocytes from female Sprague-Dawley'rata. In a physiological
medium of ionic strength 0,145, the present auther has found the mobility
of these red cells to be =1,05 micron/eec/volt/cm, with the maximum
deviation between measurements being + 0.05 mlcron/sec/volt/cm.

maﬁ& of the studies reported in Section III of this chapter involve
the measurement of cellular mobility as‘a function of pH. Several

precautions must be observad both in the performance of this type of



experiment, aﬁd in the interpretation of the resulting mobility-pH
‘characteristics, First, it is essential that the pH be adjusted after
the additioﬁ éf cells to the éﬁépending'medium. Serious error can

- result from failure to correct for the buffering action of cells,
especially Qhén th?.electrophoresis medium itself is unbuffered.
Secoﬁdly, in7§erf6rming mobility measuremenfé at extrémely alkaline

or acidicviélues of pH, the surface architecture of intact cells can

be irreveraibly damaged, In order to.assess the éffects of pH on the
atrnctural integrity of the electrokinetic cell surface, the reversie
bility of thevobserved_mobilitybpﬂ characteristics must be determined,
A proéedure:for the performance of reversibility tests is described
ih'Sectién'IIi, C, 1, b, A third factor that must be taken into account
in.thé‘iﬁterﬁretation of mobilitypr curves is tﬁe differencs bétween
bulk aﬁd_éﬁfféce pH (ég, SQ). .At a negatively (positivély) charged

: qurface,,pfotbns from the suspending medium will be attracted (repelled)
in accord with the Boltzmann distribution law (Eq. (13)). ﬁy taking the
" negative common logarithm of both sides of Eq, (13),.it is possible to_v

show that

(p H), = (["P) :oi kT e

Here (pH) is the pH evaluated at the surface of shear, and (pH)b
'represents the bulk pH, If f is expressed in millivolts, then at
25 C the relationship between bulk and surface pH is given by

o '_ 3° o (29)
(PH)S’ H) t oA sa.0 i



In studying fhe variation of'surface'cha:ge with pH,the'electrophoretic
mobility is gehe#ally plotted'asvg;funétion of (pﬁ)s.f If, however, these
mobilitybpﬁ'éharacteristiés arevto be used in the calculation of dissociation
constants}for ioﬁizable surface groups, yhen it_ié necessary to correét

for the difference between (pH),, and ‘(pH)Js. In‘theh case of erythrocytes,

the magnitude of § does not exceed 15 mV over the raﬁge 1< (pH)b<:13, 80

that theldifference between (pH), and"(pH)b predicted by Eq. (29) is at

most 0.25;pﬁ units, For this reason, the ﬁurfacé pH will not be explicitly
taken into aé@ount in the data presented in Section III of this chapter,

It ahould bé:ﬁﬁderstood, however, that the term pH as used here refers

to the experihéntally measured bulk pﬁ.



| Iif. ‘Stu digs on the Surface Chemi st;z of _;ng;ggzg__
at gzsiological Ionic trengg
A; :2§g_Dependénce of Surface‘gggggg Properties on Ionic Strength

Theveié§trokinetic behavior of any chargéd colloid is a distinct
function‘ofvfhe ionie streﬁgtu‘of its suspending medium. This follows
from the proportionality of the Debye length to the reciprocal square
root of the lonic strength (see Eqe (8)). Consequently, as the. ionic
strength is lowered, the Coulombic screenlng of charged groups is reduced.
In addition, jonic groups further from thé_surface.of shear no longer
possess couniéfions that move with the cell’as a hydrodynamic unit,

These ionic groups are thus "mmasked" and can contribute to the surface
‘charge mea;ﬁred‘by'electrophoretic methods,

The firét detailed study on the ionic strength dependénce of ery-
throcyte sufface charge was made by.Furphgott and Ponder (42) in 1941,
Using human-érythrocytes,'these workers showed that the negative surface
chérge'dénéity at neutral pH remains constant until the ionic strength
falls béloﬁ 0.02, corrésponding to a Debye 1engtthf approximately 20 X.
At lower ionic strengths, it appears that predominantly basic groupé are
'_unmasked, leading to & reduction in the calqulated surface charge density.
Similar observations have been made by Bateman and Zellner (10) with
guinea pig erythrocytes, and by Glaeser and Mel (ég)vvith fat erythrocytes.

.The most extensive study on the electrokinetic behavior of erythrocytes
as a function of ionic strength has been made by Heard and Seaman (&6).
These workers examined the effects of varying both pH and ionic strength.

on the-electrophoretic mobility of human erythrocytes., The results are
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shown disgrammatically in Fig.'B, Three electrokinetio "gtates" were
defined: -(1) a "stable" state'in which ne edsorption of hemolysate
occurs; (2) a "metastable" state characterized by a reversible adsorp-
tion of hemolysate, and (3) an "unstable" state in ubich the erythrocyte
membrane exhibits an irreversible adsorption of hemolysate or more
general hemolytic degradation. In the states characterized as "stable"
or "metastable,“ the cells were considered to be uninjured. In-the
regions of pH and ionic strength where erythrooytes were characterized
as ”stable," the electrophoretic mobility was found to remain constant
for a period of at least two hours after initial preparation of the cell
suspension, In the "metastable" region, erytbrocytes‘vere observed to
undergo & siow decrease in mobility., Heard and Seaman (66) attributed

. this to the adsorption of" hemoglobin present in solution ‘as a result

of gradual hemolysis of part of the red cell population. They found
that the_initial mobility observed in a "metastable™ region could be
restored‘upon washing the cells with saline at neutral pH, and subse~-
quently.resuspending them at values of pH and lonic strength lying

in the “metastable" region, In ranges of pH and ionic strength characterized
- as "unstable,” changes in mobility with time could not be reversed by a
saline uasb, and were attributed to actual alteration of the surface
-otructure rather than adsorption of hemolysate.

In‘tbe remainder of this chapter, the discussion of erythrocyte
surface chemistry will be restricted to electrophoretic measurements
performed at an approximately physiological ionic etrengtb'of 0.145.

At this ionic strength the region of electrokinetic stability extends

from pH 4.5 to 9.C. As the lonilc strength is lowered, the "stable"



region'shiinke until, at an ionic strength of 0,0029, the erythrocyte
exhibits a constant mobility only at pH 7. be

In a medium having an ionic strength of 0.145, the thickness of
the ionic double layer associated uith charged groups at the cell
surface ia eight angstroms, The electrophoretic properties measured
at this- ionic strength will thus reflect lonic groups residing within
approximateiy eight angstroms of the surface_of shear. In the case of
erythrocytes,'it'has been_wellfestablished for a decade that a large
nunber'of'the charged groups meeting this condition are sialic acid
moleculéé_aésociated with carbohydrate at the cell surface. 4 brief
review of the eXperimentai evidence in support of this view is given |
in the foliowing eubSection. | '

‘B, The Role of Sialic Acid in Determining Electrophoretic

Mobility; Surface Carbohvirates

The first evidence that acidie polysaccharides contribute to the

‘surface. charge properties of erythrocytes was ‘the observation by Hanig (61)

that the negative electrophoretic mobility of human red cells is greatly
reduced through the adsorption and subsequent elution of influenza'virus.

- The modified cells no longer possess the ability to adsorb virus. The

- inference drawn from these experiments was that the virus attaches itself

to a receptor substance at the erythrocyte surface, By virtue of an
enzyme embedded 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 substance as a polysaccharide was based on

¥



the observstisn that both urinary and submsiillary gland mucoproteins

can inhibit the process of viral hemagglutination. Chemical analysis

of the products split from the erythrocyte surface by the viral enzyme
system later confirmed this in a conclu31ve manner (j_, 54).

At approximately the same time as Hanig's experiments on viral
hemagglutination and surface charge reduction, Burnet and Stone-(_}, 126)
discoveredysn‘snzyﬁeksystém from Vibrio cholerae which they appropriately
named "resspisr-destroying'enzyms" (RDE), Foliowisg'treatment uith.RDE,
erythrocytes»sere no longer susceptible to agglutination'by viruses,
suggestinéjfhst the viral receptor in the erythrocyte membrane had
‘been released enzymatically. It was also noted by-Ada and Stone (4)
that RDE prbdﬁced a large reduction in the electrophoretic mobility of
human erythrocytes, Several years later Gottschalk (52, 5}) recognized
that RDE'ﬁss a'glycosidssé,iahd renamed the enzymsiﬁneuraminidase"
because of:itssabiiity to liberate N-scetYI ande;glysolyl neuraminic
acid (sial;c acid) through hydrolysis of an ac-g155531d1§ bond, The
structure of this molecule in its N-acetylated form is shown in Fig. be
In 1958 Kleﬁk and Uhlenbruck (77) demonstrated sdnclusively thst the product
split from red cell membranes by neuraminidase was sialic acid, and the |
snggestion was put forward by Klenk (75) that the carboxyl group of
'this molecule was responsible for the surface charge measured electro-
phoretisally. This identification of the enzymatically split product as
slalic acid was of considerable importance since earlier workers had
ascribed the reduction in mobility solely to the production of strongly

basie grpﬁps at the membrane interface (11). This conclusion had been



based on & titration'study_of ﬁeuraminidase-treated urinary sialyl
iuéoproteini(}}). After treatment the'mupoﬁfoteiﬁ possessed dissoclating
groups with a pK, of 11.2, but since neuraminidese is Qpecific' for the
glycosidic'bond between sialic acid and its adjacént sugar (52, 52),"

it has genefdlly been held that.action of the enzyme per se is unlikely
to yleld basic groups. | ‘

Following the work of Klenk, several exhaustive studies were made
on the presence of sialic acid in the membranes of erythrocytes and
several types}of tissue cells, Only the work on erythfbcytes wiil be
discussed hére. A recent review discussing the presence of sialic acid
at fhe:intéfface of other cell types has been prepafed by Weiss (138).

In 1961 Cook et al. (31) méasured both the reduciion in negative
nobilityuéf human'erYthfocytes and the release of sialié acid resulting
from reaction of the red cells with neuraminidase, The surface charge
deﬁsity At neutral pH kgs réduced by approximately 75%'from the value
observed with untreated erythrocytes. From a chemical anaiysié, the
enzymatic yield of free sialic acid was found to be.approxiﬁatelf‘twice
the 'theoretical" yield predicted from reduction in mobility. Similﬁr ,-
results were later obtained by Eylar and co-workers (37, who studied the
effects of neuraminidase on six species of erythrocyte.' With the excep-
- tion o:vhorse red cells, they found a reduction in negative surface charge

.density rahging from 67% to 94% following tfeatmeht with neuraminidase,
' These workers also found roughly a twofold difference between the
.chemically measured‘and theoretically predicted ylelds of sialic acid,

Since calculations based on the Gouy-Chapman eqﬁation can lead to a

substantial underestimate of the surface charge density (see Section II, 4, 2, a),
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this discrepancy may not be significant. The possibility that sialie
acid susceptible to release by neuraminidase might exist at positions
within the plasma membrane other than the outer surface seems unlikely.
Steck et al. (_gé) have recently demonstrated that the amount of sialic

acid released enzymatically from the inner aspect of ‘human erythrocyte

'membranes is extremely small. This is suoported by the electron micro-

| scopic observations ‘of Benedetti and Emmelot (__) on. isolated plasma

membranes,from rat liver cells. These uorkers demonstrated that sialic
acid is located at the outer surface, but found no evidence for the
presence of this moleoule on the inner membrane surface. In order to |
observe this asymne tric distribution of sialic acid, plasma membranes
were incubated in solutions of colloidal jron hydroxide below pH 2,

In this pH range only the dissociated carboxyls of sialic acid (pK, = 2,6)

_should be stalned electrostatically, an hypothesis confirmed by the’

~ absence of staining in neuraminidase-treated membranes.

With regard to the types of neuraminic acids at the erythrocyte

‘surface, evidence has been obtained only for the presence of N-acetyl

and N-glycolyl forms (37, 120). Other derivatives such as N,O-diacetylneuraminic

acid have not been detected. Both the N-acetyl and N-glycolyl derivatives

are susceptible to release by neuraminidase.

The membrane components uith which sialic acid 1is associated are

classified as gangliosides or glycoproteins, depending upon the mode of

saccharide linkage to the erythrocyte surface. The gangliosides
(sialylglycolipids) are ceramide hexosides that contain sialic acid

either at terminal or internal chain positions, or both, It has been
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vell -established that the ceramidé iinkage is:to glucose through a

‘3-giyc§éidi§ bond (25). Nelson (94) haérfound;‘howévér, that the ' ;

ganglibsidés“from many species‘bf red cell are a compiex-mikiure, and
at present thé relative amounts of mono-, di-, and tfi-sialylvforms

have not ﬁeén quantitated; Tt should also be noted that only & limited
amount of £h¢[§iaiic'acid'céntained'in erythrocyte gangliosides'is
stsceptible‘fb‘release by neﬁiaﬁinidase (15;D§'in contrast to
giycqproteinﬁlinked'éialic_acid. Somé electrophoretic evidence in =

- gupport bf*this is présented in.Table I, In species of erythrocyte
with a high‘gangiiosidé'content, only a small reduction in surface
charge ié'qﬁserved following reaction with neuraminidase,

- In‘the.ease of glyéoproteins,'subsfantiél'evidencé.exists for the
linkage of‘sialyi oligoséccharides through O—glchSLdic bonds tO'the.
hydroxyi$>§f'serine and threonine residues, and thrpugh glycosidic ester
- bonds‘tq ‘the Y -carboxyls of glutamic acid residues (29), - 'I'his has been
'inferred.pfimafily from the predominance of these residues in-thé
“ glycopepfides extracted by proteolytic enzymes frqm erythrocyte membranes

.(gg, 39,'142). By effecting the cléavagé of gl&cosidic bonds under

alkaline conditionsvand in the presence of tritium-labelledksodium
bﬁrohydride, Winzler and co=-workers (142) have obtained evidence that the
augar‘fpvolved in O=glycosidic linkage to serine and threonine is pri- : v
marily-ﬂ;déetylgalactosamine.'v"' |

' Séamgﬁ and associates (65, 118) have also employed microelectrophoretic
téchniqueg to studj the mode of aacéharide-protein linkage at the surféce
.of'humanve?yth:ocytes. Red cells were first stabilized by fixation with




acetaldehyde, and then subjected to mild alkaline hydrolysis in order

to break glycosidic bonds betueen sialyl oligosaccharides and the

terminal peptide residue.' Electrophoretic measurements on erythrocytes

treated in this manner showed that the carboxyls of sialic acid had

, been replaced nearly one-for-one by acidic groups with a pK, of

approximately 3.95. This result was interpreted as being an indication
that sielyl olivosaccharides had been released from glycosidic ester
linkage to_glutamic acid, and that the 3’-carboxy1 involved in this
bonding uasrnew-free to contribute to tye electrophoretic mobility,

The faet thst'there vas a one-for-one replacement;of the sialic acid
carboxyl bj’the glutamic acid side chain carboxyl’sﬁggests that allior
the electrophoretically detectable sialyl oligosaccharides at the human

‘erythrocyte surface are linked by glycosidic ester bonds to glutamic

acid, This would not be expected from biochemical evidence, which

favors the presence of large numbers of O—glycosidic bonds to serine

and threonine.

Using glutaraldehyde-fixed rat erythrocytes, the present author
has also examined the effects of mild alkaline hydrolysis on the
negative surface charge at neutral pH, Follow1ng incubation in 0,1458
NaOH for two hours at 50° C, the anodic mobility of three cell samples |
was 0,81 + 0,05 (SD) micron/sec/rolt/cm; This'represents a8 26% reduction
from the control value of -1,10 micron/sec/volt/cm. Lengthening the
time of hydrolysis did not lead to a further reduction in the surface
charges As will be discdssed in Section III, C, 6, a, reaction of |

glutaraldehyde~fixed rat erythrbcjtes'with neuraminidase results in a
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36% reductioﬁ.in the anodic mobility'ét néutr#l pB; ?A comparison of
this figure with the feduétion résuitiﬁg from'alkaiinevhydrolysis suggests
that at mo§£*3Q%'of tﬁe elecfrophéretically detéciabie sialyl Oligosaccharides
at the éurface'of rat éfythrocytes»are linked by glicoéidiclester bonds
to glutamic acid residues, ‘ |

In concluding this section, it is worthwhile to present some
, calculations on the total carbohydrate at the erythrocyte»surface. In

addition toAéialic“dcid,'the'sugarsvfound in erythrOCyte stroma are pri-

marily glucose, galactose, glucosamlne, and galactosamlne (87, 107, 115, 147) .

A1l of the. amino sugars are thought to exist in N-acetylated form (74).
Other hexosesrsuch as mannosg and fucose have been found»only in small
amounts (87; 108), but appeé.r to be 1inpoftapt components of the A and B
surface antlgens (135). :

Three sets of chemical data on' the saccharide moieties of human
efythrocyte stroma are presented in TablerII.v Using»this data, it 1is
pdssible £o éalculate the average number of neutfai.sugars aésociated
:vithAeach_mpieculé of sialic acid at the cell surface, Leﬁting n gnd n
be the nu;ber of molecules of hexose and N—acetYlthosamine, respectively,

| associated with each sialic acid'molecule,vthen from the data of Table II,

n o 2.44/180
—_ = - (30)
n o 1.43/22
- |
1.2 sl |
—_— = - (3

309 © 309 + 180m + 221n

b




Here the mbleéular weights of sialic acid, heiose,;énd N-acetylhexosamine
have beenﬁtaken as 309, 180, and 221, respectiveiy;‘vSolving these
equations" gives m = 3.45 and n = 1,65, Conséquently; in addition to
a terminal sialic acid, the oligosaccharide chains at the human eryh
throcyte surface cantain roughly five neutral sugars. |

Using this information, it is possible to calculate the proportion v
of the human erythrocyte surface occupied by carbohydrate.' From
molecular models, Glaeser (46) has estimated the "face-on" area
gssociatedfﬁith molecules of hexose and sialic acid to be 40 3 ‘and
60 22, regpéctifely. ‘Taking the total number of molecules of siaiic
acid at ihé.gﬁrface of one cell to be 2.4 X 107.(31), then frombl |
jcalculatidns presented in'the precediﬁg ﬁaragraph, the number of neutral
sugars is 1 2X 108.' The total "face-on" area occﬁpied by carbohydrate
is thus 62.+ /& . Since the area of the human red cell is 163 /¢ (103),
this repre;epts about 38% of the total cell surfaqe. In making this
caleulation, it has been assumed that saccharides lie flat against
the membrane, so thathS% must be regérded as the maximum percentage
of the human erythrocyte surface that could be odcupied Ey carbohydrate
moieties, | ~ ‘

 0.' Chemical Modification of the Erythrocvte Surface
in nghLQgL;gg with Microelectroghogesis
The fgct that enzymatic cleavage of sialic-acid fails to removs

the entire'negative surface charge strongly suggests that other anionic

groups exist near the erythrocjte surface of shear, In addition, the



erythrocjteﬂmémbrane contains.iarge‘numbersiof basicvgroups associated
with protéin- éﬁd'phoSpholipid'moietiés. "Qu;nti‘tatﬁre éalculations of
the acidic and basic protein, ‘1ipid, and carbohydrate groups present
1n the human erythrocyte membrane are summarized in Table III, Polarv
amino acid re51dues clearly predomlnate, with their relative numbers
ranging‘from approxlmately 108 to 5 X 108 per cell.. Ionogenic groups
assoclated with sialic acid and phospholipids are present in numbers

7 8

of 10" to 10 per cell, Because of their hydrophilic character, there

is no a g__gg; basis for excluding the possibility that acidic and basic
_groups ot non—carbohydrate,membrane components might exist at the outer
surface éhéjcontribute to the electrophoretic mobiiity. |
As a mgané'of identifying the ionic groﬁpé responsiblé for the

‘electrophoretic properties of rea cells, the most fruitful method of .
“attack haslbeen the use of chemical modification of the membrane inter-
:face in éé@bination.with electrophoretic measurements. AIn-this manner,v
a charged group'may be detected through a change in mobility induced
v.either ﬁy eﬁzymatic cleavage of the group §r chemical alteration of

its ionogenic character, This approach is complicated, however, by the

fact that at physiological ionlc strength the erythrocyte is electrokineticAlly'

| stable only from pH 4.5 to 9.0, whereas charged groups that contribute

to the éiectrophoretic mobility bave dissociation constanté lying outside
| thisvrénge. As a consequence, in order to study the result of certain
types of chemical modification, 1t hés been necessary to stabilize

the erythrocyte over a broader pH rénge by fixation using reagents that




do not aitéf the electrbkinetig character of the méhb:éne interface.
Only thrbﬁgh.this"combiﬁedluée of fixation and cheﬁical modification
‘bas it been possible to undertake a systematic 1nvestigation of all
- acidie and basic groups near the surfaceiof shear._ |

(1) §t§§ilizat;op of Ervthrocyte Membranes gg;gg

' Alehvdes and Osmiun Tetroxide; - Mobi M ty-~pH

" Relations for Fuman and Rat gzghroczie

(a) The Chemistry of Fixation, As a means of stabilizing erythrocyies

.against time—dependent changes in mobility and agaihst hemolysis at extreme .
- values of pH the rixatives most commonly employed have been formaldehyde,
acetaldehyde, glutaraldehyde, and osmium tetroxide. A1l of these reagants
preserve the surface‘charge properties observed with unfixed cells in
‘the Matable” pH range of 4.5 to 9.0 at an ionle streggih of 0.145,
Before 'discuséing their i‘xtinty”in ‘extending mobint'y studies -f.rom. pH
1 to 13, it is appropriate to review the mechanisms by which these reagents
serve to stabilize membranes against structural alteration under extrere
acidic or alkaline conditions, o |

The»fitst use of aldehydes to produce electrokinetically stéblé
erythrocytes‘was made by Heard and'Seaman'(éz),.who reacted human red
_Céllsvﬁithvformaldehyde and ﬁcetaldehyde. The effecfiveness.of these
reagents'as{fixatives is thought to result primarily from a crosslinking
of membrane protein through reaction with nitrogenous amino acia side
ch#ins. Evidence al#o exists‘thatvthg'amino group of phosphatidyl
éthanolgmine can participate in crogslink;ng réactions (114). From

the work of Fraenkel-Conrat and Olcott (38, 39), it appears that



férmaldéhy&é"fifst reacts with an amino'gfoup;'and thén condehées
further with ;1ther a neighboring'amidé or guanidin#uhigroup. ‘In the
case'of'acétéidehjde; only amino ahd guanidinium gfbupé appear to be
involved 1ﬁ3the'crbsslinking reaction (92). It is-érobable that both
types-of‘crosslinks areilabile under acidie con&itiogé (20, 110).

The Qldéﬁydeﬁthat acts most éffectively as a fixative is the
bifunctionai re§gent glutaraldehyde (116). Only amino bases appear to
be involved in crosslinking, with the glutafaldehyde serving to form ‘
a five—carbon‘bridge between neighboring groups. Evidence has been
_presented that phosphatidyl serine And'phosphatidyl ethanolamine, as

well as lysiné residues,:can participate in the crosslinking reactions (44, 114).
The amino gfoupé in#olved.dre.thought to be convsrted'fO‘secondary amines
rather thAA Schiff bases, Two observations thaﬁ sﬁpport.this are the
following.A‘First, the'pKa's of modified lyginevreéidueé in B -lactoglobulin
reacted uith-glutaraldehydeilie in the rﬁnge 8.0 to 8,5 (14). If Schiff

‘bases éefe‘fbrmed;-the‘eXpectéa PK, values would bé ﬁo'highef'th#n 50
'Seéondly, the reaction product is stahle under éxtreﬁsly acidie conditions (19,
20, 105). Again, this would notbbe expected if Schiff base fofmationvwere
involved, From nuclear magnetic resonance studies, Richards and Knowles (yzz
have concluded that glutaraldehyde exists>1n solution in thé form of cyclic
‘polymers éontaining unsaturated bpnds; The prqduct propoéed by thesé

workers fdfvthe reactlion of glutaraldehyde with amino bases is shown in Fig, 5,

The stabilizing effect of osmium tetroxide is thought primarily to
involve # cyclic diester crosslinking of nelghboring unsaturated fatty

acid chains in membrane phospholipids, Criegee et al. (32) considered the




reaction pro&ﬁét to contain osmium in the hexavalént'étate,_wherqu
Korn (78) has”presented evidence fbrva‘tetravalentVStAte; These two
fypqs‘of:éro§811nked structurgé are depicted in Fig;v5. Riemersma (112)
‘bas considered a third alternative,tnamely,'cyclic;oémic monoesters,
E;idence_éisé exists for the interaction of osmiﬁ@'teﬁroxide with the
polar choline mo1etj>of lecithin (111, 113), and with reducing groups
of proteins (6, §0). Reactions of this nature are of significance in
terms of'fhe Staining properties of osmium tetroxide, but it is uniikely
that they contribute substantially to the éffectiyeness of this compound
as a crosﬁlinking reagent, I

-One other important aspect of stabilization using aldehydes and
osmiun tetroxlde is the possibility ‘that membrane structures may become
‘disorderei duang the fixation process. From circular dlchroism
measurements, Lenard and Singer (84) concluded that fixation with
4% osmium tetroxide for 30 min at 4° C resulted in a 63%'1033 of helicity
in buman erythrocyte membrane protein., Following fixation with 6%
glutaraldehyde for two hours At'roam temperature, they found a 22%
loss of helix, Working in collaboration with Dr, Norman K, Freeman
and Dr, George Oster, the present author (129) bhas studied the effects
of fixation on rat erythrocyte memb:anes using infrared teckniques and
somevhat milder fixatien procedures, hamely 1% osmium tetroxide for one
minute at room temperature and 2.5%'g1utaraldehyde for ten minutes af
room temﬁerature. Under these conditions, the membrane protein was
‘found to retain primarily an oz-helical and/or random coil configuratiom
hpoﬁ fixaﬁion, with no appearance of §'-structufe. It is likely,

therefore, that the loss of helicity results from a conversion to a



more random conformation, uitheut the occurrence of extensive unfolding
charaeteristic of protein in the P-configuration.. |
(v) ob;l; v-pH gg;gtggg_ for Human ggg,gg_ g;zt 11 Membranes

at ghzgiglgalggl Io onic Strength. The firat detailed analysis of erythrocyte
mobility-pH characteristics was made by Furchgott and Ponder (42). Their

data for hnman erythrocytes at an ioniec strength of [+18 172 has been plotted
in Fig, 6. I e order to obtain mobilities at pH values less then Ly i.a.v
outside of the range of electrokinetic stability, it was found - necessary
to make measuremeﬁts'immediately'after'preperation of a cell suspension,
Heard and Seaman (67) later attempted to overcome this difficulty by
making electrophoretic measurements on human erythrocytes that had
previously been fixed with 1.5% formaldehyde or 2% acetaldehyde for
20 days. In'this panner they succeeded in exteﬁdieg'the ioﬁer'limit
of electrokinetic stability to pH 2.8 + 0.1 at an ionic strength of
0.145, whlle at the same time reproducing the surface charge propertles
observed for unfixed cells over the stable pHE range Le5 to 9,0, The
extrapolated isoelectrie pointtobtained by these workers was 2.5, in
reasonable agreeﬁent with Furchgett and:Poeder;s'(gg) value of 1.7.
More recently, Haydon and Seaman (65) have re-examined the electrokinetic
properties of acetaldehyde-fixed human erythrocytes. In this study, the
| - acotaldehyde medium was buffered to pH 7.4 in order to protect against a
~drop in pH during fixation, The resulting red eells were found to exhiblt
a stable behavior at pH values as lew as 1, Contrary to previous obser-
rations;_hﬁhan erythrocytes fixed with 2% acetaldehyde under these cohditions
did notvpossess a true isoelectric point, as shown in Fig. 7. Haydon and
Seaman_(éj) have interpreted these mobility-pH ﬁroperties as an indication

that'only anionic groups exist near the erythrocyte surface of shear,



'Tuoccfher fixatives that preserve the surface'charge properties
observed for unfixed red cells at physiolcgice.l ionie strength are
glutaraldehyde and osmium tetroxide (129). These feagents provide
the'advaniege that stabilization of erythrocytes can be'achieved with
'Y reaction time far less than the 20 day period reqnired for acetaldehyde _
fixation.‘ The mobility—pH relations at ionic strength O. 145 are shown
"~ in Figs; 8A and 8B for rat e:ythrocytes reacted*uith 2,5% glutaraldehyde
at roomufempereture for 10 minutes, acd with 1% osmium tetroxide at
room temperature for one minute. The.electrcphcretic properties of
unfixed rac”red'cells over the pH raﬁge 4 to 1o'aré included for com=-
paiisoﬁ. Poliowing fixation with these reagents, rat erythrocytes ex-
hibit an 1soelectric point between pH 2,1 and 2, L, below which they
acquire 8 large cathodic mobility, In the alkaline pH range, |
glutaraldehyde—fixed erythrocytes show no evidence for dissociating
groups, whereas cells fixed with osmium tetroxide exhlbit an increase
in negative mobility above pH 11, As a meane of clarifying the
character of the mobility curve at high pH, electrophoretic data was
obtained u31ng cells fixed with both glutaraldehyde and osmium tetroxide,
- The results are shown in Figs. 8C and 8D, Follow1ng dual fixation _
with these reagents, there is ‘no evidence for dissociating groups
at high pH, suggesting that the result with osmium tetroxide is an
artifact resulting from structural rearrangement of the membrane under -
alkaline:conditions. This is'further supported By the observation that
erythrocytes fixed with osmiuﬁ'ietroxide hemolyze within approximately

two minutes after exposure to PH values above 12.‘



A direet'method for assessing whether a.charged*groﬁp appears at
'the’surfaoe ofishear'ooly unoer ektreme-alkaiihe orfeoidic conditions is
to determinebthe reversibility of the surface charge properties as a
function of pH. Experiments of this nature are Shown in Fig. 9. Each
mobility curve was obtained using a 31ng1e suspension of erythrocytes
incubated successively at the pH values denoted by numerals. It is‘clear
from Figs.v9A_and'9B that the surface charge properties of rat erYthrOcytes
fixed with osmium tetroxide exhiblt an irreversible character at high pH,
"while cells fixed with glutaraldehyde show complete reversibility. This
indicates that the dissociating groups observed with the former result
from disruption of the membrane at high pH, possibly as a result of
alkaiine hydroIYSis of osmium diester linkages between unsaturated
fatty aeids.‘__ |

At low pﬁ values rat erythrocytes fixed with either glutaraldehyde
or osmium tetroxide exhibit reversible surface'oharge properties v"
(Figs, 9C and 9D), indicating that the positive brenoh'in the‘mobiiitj-pﬁ
curve is not an artifact resulting from membrane disruption, _The.presence

of a large cathodic mobility at pH 1 has been confirmed for erythrocytes

from several other specles of mammals, This data is tabulated in Table IV,

Iﬁiall cases the negative mobility at neutral pH was wnaffected by fixation
with either glutaraldehyde or osmium tetroxide, and the cells revereibly.
acquired & positive surface charge at low pH,

. The_data presented in Figs, 9C.and 9D and in Table IV are in confliet‘

wvith the mobility characteristics at low PH measured by Haydon and Seaman (65)

' for acetaldehyde-fixed human erythrocytes (Fig. 7). The fact that these

!
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workers did_ﬁdt observe a ﬁositive mobility‘brénch sﬁggésts that

acetaldehyde might be reactivé with the groups réspoﬁsible for'tﬁis

surface charge property. In order to examine thié'further, several

attempts-verévmade by the present author (129) to stébilize rat

erythrocyt,efs'by fixation vith 2% acetaldehydes In all cases, the

results were 'gim’iiar to those shown in Figs. 10A axid‘,1oa. At pH

values beloﬁ 3;2, the mobility is time dependent and exhibits an irrever-

sible cha;égter. As a result, allargeprSitive branch appears in the

mobility-pH curve, A similar behavior was observed with acetaldehyde-fixed

humen erythrocytes, in contrast to ﬁhe results‘offﬁaydon-and Seaman (65).
As a means of determining whether acetaldehyéé is reactive with

the groups reSponéible for the cathodic mobility'below pH 2, erythrocytes

wvere tréatéd.with 2% acetaldehyde and subsequently fixed with 1% osmium

, tetroxidé..3Erythrocytes handled in this manner Ara'electrokineticélly

stable at low pH and retain a large positive mobiiity at pH 1, as shown

in Fig. 10C. A similar result was obtained with several preparations

of human erythrocytes. In addition, fixation uith 2,5% glutaraldehyde

for 20 dgys at 4° C ylelded electrokinetically sﬁable rat erythroc&tes

having a large positive mobility at low pH, a result shown in Fig, 10D,

It thus appears that both mono- and bifunctional aldehydes fail to react

over long periocds with the groups responsible for the positive surface

éharge at pE 1, In a later section of this chapter (III, C, 6, ¢),

evidence will bé presented that the cathodic mobility observed from

pH 1 to 2 is primarily a:sociaﬁed with protonation of the weakly basic

| ggetamido group of Neacetylneuraminic acid. Using N-acetylglucosamine,

Dr;}Neal'Castagnolivand I have studled the reactivity of acetaldehyde



with N-aeetyiated sugars by means of nuclear magnetie resonance

spectroscppy.-:After treatment of N-gcetylglucoeanine Qithi2%

acetaldehyde;forizo.daye at'Ao C, the acetamido reeonence'at

§ = 2 ppm (relative to a tetramethyl silane internal standard)

was unaffected, thereby indicating the absence of any reaction, In

view of the'fgct.fhat neuraminie acid atltne surface of human er&throcytes

exists almost enﬁirely in N-acetylated form (21); fhe‘above results are

clearly in conflict with the observation by‘naydén and Seaman (65)

that no proton'binding occurs below pH 2 following acetaldehyde fixation,
One difficulty that arises in describing the positlve mobility branch

below pH 2 is the fact that surfece charge measurements cannot be extended

below pH 0.° while maintaining the ionic strength at 0,145, In order to

characterize ’Lrther the electrophoretic properties at low pH, mobility

etudiesvwere made at pH values between O and 1 by suspending glutaraldehyde~fixed

cells 1n-hydrochlorie acid solutions having ionic strengths rnnging'frqm:
0.145 te 1;0. The surfece charge was then celcuiafed_ffon.the mobility
using theiGouthhapman equation (Eqn. (24b)). A plot of the surface
charge density from pH O to 2 is shown in Fige 11s It is clear that there

7 is an inflection in the curve at about pH 1, below which the cells acduire
an extremely large positive surface charge, Several points can be made
with regard to this lower branch of the cathodie'mobilitj. (1) as will
be discussed in Sections III, C, 4 and I, ¢, 5, there}are'no cationic
protein; carbohydrate,vor phospholipid moleties present near the surface
of shear, so that the positive chafge.expressed at low pH is not attributable

to strongly basic groups. (2) As shown in Pig, 11, the surface charge



On the basis of these figures, it is possible to adsorb 7.25 X 10

propertiésfof”glutsraldohjde-fixedvcells below pH 1,are reversible,
indicating that no structural alteration of the snrfaca occurs even

at pH values as low as zero.v (3) The positive surface charge density

from pH O tA 1 does not fit a Langmuir adsorption isotherm for statistical
hydrogen ion adsorption onto one set of proton-binding sites. (4) The
magnitude of the surface charge density at pH 0 is ‘at least 15 times

as great<as that associated w1th any other elect;ophoretlcally detectable

membfane.componsnt. Taken together, these facts suggest that the large

lincreasé’in positive surface charge below pH 1.repfesénts a non-specific

protoh’adsorption'ontO‘non-ionogenic‘tegions of the membrane surface,

Assuming'this io be the case, a calculation can bé hadé'of the proportion

of the rat efythrOcyte surface capable of non-specific proton adsorption,
From Fig;_11 the maximum adsorbed ehsrge appears to be_approximately
40,14 coulomhﬁn y Or 8,74 X 10 hydrogen ions/m?. Taking the mean
corpusculartdiameter of the rat erythrocyte to be 6.3/‘ (104), the
surface area calculated by the method of Ponder (103) is 83/A2.'
V2
hydrogen ions per cell, Assuming that the hydrogeﬁ fon exists in
solution as a hydronium ion with a molecular radius of 1.96 X

(the radius of a sphere having equivalent weight and density),_the
percentage of the surface area composed of potential binding sites 18

approximately 11%.



'é; Studies on Anion Adsorption as a Possible
arging Mechanism

Before- proceeding with a discussion of ionogenic groups near the
erythrocyte surface of shear, it is appropriate to present studies
directed towards the possibility that the anodic mobility of red cells '
‘may arise in part through anion adsorption. Heard and Seaman (66) have
'reported that ‘the surface charge density of human erythrocytes at neutral
pH is independent of the anion contained in the suspending medium. This
was tested for values of the 1onic strength ranging from approximately
0,002 to 0,145. In addition, the present author has found that the
negative snrface charge of rat erythrocytes is identical in 0,145M
electrolyte nedia conposed’of NaSCN, NaIl, NaBr, NaCl; or NaF, Since
these anions have differing hydrated radii, the extent to which they
are adsorbed at an interface will not be identical, The fact that the"
surface charge of human and rat’er?throcytes is unaffected byfthe

presence of different anions thus indicates that adsorptive charglng does

not occur.; The surface charge of rat erythrocytes at neutral pH and icaso

strength'o 145 has also been found to be independent of the cation present

in the suspending medium, indicating the absence of any desorptive process
at the cell interface.

3., Susceptibility of Surface Groups to Me%hzlation
and Reaction with a Water Soluble Carbodiimide

Another indication that the negative surface charge of erythrocytes

is attributable solely to acidic groups near the surface of shear is the

observation by Haydon and Seaman (65) that methylation of acetaldehyde-fix::
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human erythfbcytes reduces their mobility to zero.. However, an attempt
by the presehtiauthor (129) to reprocduce this using'glutaraldehyde-fixed
rat erythrocytés was unsuccessful, Following incubation of rat red cells
in methanollc hydrochloride for two hours at 37 C, the anodic mobility
at neutral pH was reduced by only 50%. Tt was also observed that a 25%
reduction ‘in the mobility at pH 7 results from successxve washes of
glutaraldehyde-fixed cells with 0,C5N HCl and absolute methanol,
suggesting that a combination of alcohol and acidic conditions leads
to some étfuctural alteration of the membrane‘independent of the methylation
of surface anions. | |
Bécause.of the drastic conditions necessary for methylation, an
attempt hés been made to "titrate" surface anions under mild conditions

using akwatér soluble carbodiimide salt: 1-cyclohexyl-3(2-morpholinylethyl)car—

" bodiimide métho-p—toluenesulfonate (CMC), The structure of CMC is shown

~in Fig, 12, This reagent is reactive with a large number of groups,

including carboxyls, phosphates, sulfhydryls, andfhidroxyls (25)s 1In

the following discussion, it will be assumed that all of the electrophoreticelly
detectable surface anions that might be reactive with CMC are carboxylic

acids, Evidence in support of this will be presented in the foliéwing

three subsections (III, C, 4 ~ 6). | | |

The reaction of CMC with a cafboxylic acld is shown in Fig, 12, In

the first step of the reaction, an anionic carboxylic acid (I) is converted

to an acylisourea (III) baving a cationic character by virtue of both the
N—methylmorpholinylethyl group and the basic amidine group. Fig. 134

shows the kinetics of surface charge reduction upon incubation of



glutaraldehyde;fixed rat erythrocytes in a saline solution containing
0.1M CMC, The- temperature was maintained at 37 C and the pH at 4.75
during the reaction. After approximately three hours, the surface
charge was reduced to zero and remained at tbat level following 1onger
periods of incubation. | o
“Other uorkers who have studied the reaction of carboxylic aclds_
with water soluble carbodiimides suggest that the reaction product III
is unstable, and rearranges to give an acylurea (40, 95)s This compound
is denoted as IV in Fig, 12, In order to test whether III or IV repre-
~ sents the final product, the alkaline stabilitonfethe reaction product
was examined electrophoretiCally. The acylisourea should hydrolyze in
the alkaline pH range, whereas the acylurea should be stable under the
conditions that electrophoretic measurements are made (i.e. at room
temperature and pH values less than 13), The mobility-pH characteristics
of glutaraldehyde-fixed cells reacted with CMC for three hours are shown
ianig; 13B, When returned to neutral pH after a fifteen minute
expoeure‘to pH 12,75, the anodic mobility is approxinately 80% of |
the usual'value observed for glutaraldehyde-fixed cells, This indicates
that roughly 80% of the surface charge reduction results fron the for-
mation of alkali-labile acylisoureas (III), and 20% from fhe conversion
of earboryls to stable acylureas (V).
In order to quantitate the percentage of electrophoretically detectable
surface carboxyls converted to producte II1 and IV, an experiment was
perforned in which p-toluenesulfonyl chloride (tosyl chloride) was reaeted

with glutaraldehyde~-fixed erythrocjtes previously treated with CMC



for threé'bbufs; ‘As shown in Fig. 134, tosylation under these conditioms
produces a'ﬁobilityvof';o;BB micron/sec/volt/cm. ‘This results from
covalent Iihkage to acylisourea amidine groubs,'th§reby removing their
cationic character, From this information, it maf bé deduced that 30%
of the surfﬁce'catboxyls (corrésponding-to a mobiiity'of =0.23 micron/see/volt/cm)
react with CMC‘tojfbrm producf 1171, This-éccounté for 90% of the total
surface charge reduction since the formation of ITI results in the
replacemeﬁt.of an anionic group with two caﬁioﬁi¢:gr6ups. The remaining
10% of the §harge redtctidn is accounted for by the'cohversion of 5%

of the Sﬁrfaée carboxyls (corresponding to 0,05 micron/sec/volt/cm) to

the acylurea (IV). The‘férmation of this product results in the replace-

ment of one anionic group by one cationic group. A total of 35% of the
surface'ca#boxyls therefore appear to be reactive with CMC, with 86% of

the products being acylisoureas and 14% being acyluréas;

Another possible mechanism by which CMC could reduce the negative

mobility at neutral pH is through the formation of carboxylic anhydrides
between neighboring carboxyls at the cell surface (95)s This product

yould be iabiie in the alkaline pH range, and céuld account fpr the
Airreveréiblé electrokinetic properties at'high pHe An argument against

the extensive production of anhydrides, however, is the observation
‘that tosylation partially reverses the reduction in negaﬁive surface

charge resﬁlting from treatment with CMC, This would be expected only‘

if amines were present near the surface of shear by virtue of the

covalent linkage of CMC to carboxylie acids.



~ One other feature of the mobility characteristics shown in Fig. 13B
might be mentioned at this point, namely, the proton-binding exhibited
below pH 6. This results from the association of hydrogen ions with
carboxylic ‘acids that have not reacted with CMC, . | ‘

In summary, the fact that the anodic mobility of acetaldehyde-fixed
human erythrbcytes can be reduced to zero by methylation indicath that
the negatiiéfSurface charge arises entirely thrbugﬁ the dissociation
of acidié‘groups at the membrane interface, with no contribution from
adsorptive.or‘desorptive charging processes, In the case of glutaraldehyde-fixed
rat erythrocytes, the number of electrophoretically detectable carboxylic B
acids esterified by methanolicihydrochloride is at most 50% of the total,
Hoﬁever, in_thé mObiiityépH curve shown in Fig. 13B for CMC—tfeéted celis,
the binding of protons to unreacted carboxylic acids is clearly iﬁdicated
by the réversible increase in positive charge density below neutral pH,
'Therefe?e; ihé fact that two thirds'of the negéﬁivevsﬁrface charge density
is wmaffected by treatment with CMC is éttributable to'the,iimiﬁed
. reactivity of this reagent with surface carboxyls, and cammot be regarded
.as an indication that this portion of the charge dehsity arises from
anion adsorption. | A |

The physical basis for the incomplete methylation of anionic groups
at the rat erythrocyte surface, in contrast to the reﬁults reported for
buman red cells, is not clear, It is possible that a large portion of
the carquylic acids contributing to the mobility of rat erythrocytes
are localized in tightly ﬁacked "islands.,® As a consequence, steriec

hindrancevcould prevent the majority of these groups from being methylated



or ehenically modified by reagents such as CMc. Another poasible
oxplanation would ‘be that large numbers of anions may exist in
cul-de-sacs at the cell surface and contribute to the mobility by

virtue of their inacoessibility to counterions, It is quite reasonable -
to assume that groups of this nature would not be accessible to CMCo

be Evidence gg;ns Dissociating Groups Above Neutral pH

From the mobility—pH curves presented in Section III, C, 1, b
for erythrocytes stabilized by aldehyde fixation, there is no indication
of dissociating groups over the pH range 5 to 13. The increase in
negative mobility above pH 11 exhibited by cells fixed uith osmium
tetroxide was shown to be an artifact resulting rrom structural
alteration_of the surface under alkaline‘conditions. The ‘absence
of elecfrophoretically detectable dissociating groups above neutral
pH indioates that no contribution is made to the surface oharge
properties by strongly basic or weaklj acidic membrane components,
Some further'experiments that support this conclusion are reported
in the follouing paragraphs. | |

The basic membrane components having pK,'s near neutral pH or above
are the amino groups of lysine residues, phosphatldyl serine, and
phosphatidyl ethanolaﬁine; the guanidinlum group of arginine; and the
- imidazole ring of histidine (see Table_III). A reagent that reacts
vith these groups and removes their basic character through the formation
of sulfonamides is p-toluenesulfonyl chloride (tosyl chloride), If
strongly basic groups eontribuie to the surface charge propertiee of
erythrocytes, the removal of thei:”proton;binding capacity by tosylation

should produce an increase in the negative mobility at neutral pH, This



hﬁsvnot been observed with either human or rat erythrocytes (119, 1g2).
Results obtained with thé lattéf'are suﬁmarized”ih Tab1é V. Another
reagent that'blocks.aminouénd histidyl groups is 1,5—dif1uoro—2,A—dinitrobenzene.
The'mobility of rat erythrocytes is not affected by reaction with this
compouhd;“gs‘deﬁbnstrated in Table V. Finally, As'shbwn by data presented
in Section IIi, C; 1, b,.aéet&ldehyde fixation pfesérves'the surface .
chargé proéefﬁies of both human and rat erythrocytes, As discussed
previously (Section III, C, 1, a), thisvéompound isiréactivé with
amino and guanidyl groups, Weiss et gl; (139) ha#e’also dexzcnatrated that no
chéngeAiﬁ the‘andaié mbbility results from reaction of human and mouse
orythroqytesbuith the amino blocking reagents férmgiﬂehy&e,
2,L;6—triniﬁrobenzenesulféhic écid,,é;chlorOQB;S-dinitropyridine, hnd‘
2-chloro-3, 5-dinitrobenzoic acid, - - o
_'The pfedominant weakly‘écidic moieties contained in erythrocyte
membranes are the phenolic hydroxyls of tyrosiné fésidﬁes>and.the sﬁlfhydryl’
' groups of cysteine residues_(sée Table III), The absence of t&deiné'
‘residues from ﬁositions'near the surface of shear is indicated by the
fact that'glutaraldehyde—fixed-rét.erythrbcytengive no evidence for
~dissociating groups in the alkaline,pH rénge. Sin;g studies on model
compounds have démonstrated that glutaraldehyde é:hibits only a very
_ limited‘regqtivity with tyrosine (52),.the veakly acidie character of the
majority of these fésidues should be preservgd f011§uingvg1utaraldehyde
fixation, A similar conclusion does not fqllow for cysteine residues
in view of the fact that glutaraldehyde is highly reactive with these

groups, thereby removing their weakly acidic character (59). As a means



of testing»whéther'cystéine sﬁifhydryls reside nearuthe-Surfaceyof shear,
rat erythrocytes were reacted with p-chloromercuriﬁehzoate (PCMB). This
compound obﬁierts sulfhydryls to mercaptidés uhich, bj virtue of the
benzoate carboxyl, behave as strong acids, 4s a fesult, the presence

of sulfhydryla should be detectable through an increased negative

~ surface charge'at-neutral pH. As showm by the datg of Table VI, the

mobility of rét'eryth;dthes at ionic strength 0,145 is unchanged

following treatment with PCMB, On this basis, it:appears'that

cysteine shlfhydryls are not present at positions 1ying within approximately
gf from the surface of shear, This conclusion also follows from the

fact that fixation with osmium tetroxide does not alter the negatlve

surface qharge at neutral pH (see Section III, C, 1, b)., If cysteine
residues.ﬁerg'present at the ﬁembrane interface, then an increase in |

the anodie mobility should occur ﬁpon reaction with osmium tetroxide

through the rapid éonversion of sulfhydryls to suifonic acids (6).

- It_m;ght be remarked th&t the absence of sulfhydryl groups'from
ﬁositions near the erythrocyté surface of shear is in contrast to the
finding,bf Mehrishi and Grassetti (ﬁﬂ) that elecﬁrdphoretically detectable
suifhydryls exist at the surface of ascites tumor cells, human blood
platelets, and human lymphocytes, These ﬁorkers found an increased
negative sﬁrface charge at neutral pH following reaction with the
sulfhydryl.blocking réagent 6,6'-dithiodinicotinic acid, It should also
be noted_fhat sfudies presQnted here fail to sup?ort the conclusion of
Vansteveninck and co-workers (133) that sulfhydryl groups involved in

glucose trahsport exist at the outer surface of red cells (see Section I),.



The'olectrophoretic results obtained with rat erythfocytes suggest
that groups ‘of this nature, if present at the cell interface, are located
somewhat deeper than 8 8 from the surface of ‘shear, ' |

‘5. Studies on Possible Phospholinid Involvement

in Erythrocyte Surface Charge Proverties

Uhtil as 1ate as 1958, many workers contended that the anodic
mobility of erythrocytes was attributable to the strongly acidie
phosphate groups of membrane phosphollplds. Furchgott»and Ponder (;g)
concluded‘thie“from a comparison of the mobility~pH characteristics for
human efyﬁhrocytes (Fige 7), their lipid—extracted‘sﬁromal residues,
and an emu131on of the extracted llpids. The eleefrophoreticZcharaoteristics
of membrane lioids were found to resemble those of intact red cells, in
distinct cdntrast to the surface charge properties observed for lipid-extracted
stroma, Ainebout the same time as the work of Furchgott and Ponder (1940-1),
the reversal'of surface charge by various cations Qas studied by Winkler
and Bungenberg de Jong (144), who also concluded that phospholipid
'headgroups were present at the outer surface of red cells. In 1958,
Bangham and associates (8) measured the charge-reversal concentrations
of geveral polyvalent cations for sheep erythrocytes and other blood cells,
By comparing their results with those of Kruyt (82) on phosphatides
and carbox&lic acids, they conciuded that the spectrumvof sheep red ceils
_ most closely resembled that of phosphate radicals. Shortly after this
investigation, the contribution of sialic acid to the negative eurface
charge was firmly established (see Section III, B), and no detailed studies
bave subsequently been reported on the possible involvement of phospholipids

in erythrocyte surface charge propertles.




As a means ‘of approaching thls question, the present author has
pertormed electrophoretic measurements on glutaraldehyde-fixed rat
erythrocytes follouing extraction of 1ipids by suspensxon of the cells
in absolute ethanol for one hour at room temperature. This procedure was
auggested by. the studles of Korn and Weisman (12) on the elution of lipids
from amoeba during the dahydration procedures 1nvolved in preparing
specimens for electron microscopye These workers found that ethanol
extraction of glutaraldehyde—fixed amoeba causes a 95% 1oss of lipid.

: The amount of material extracted from glutaraldehyde—fixed rat
erythrocytes has been determined from a gravimetric ‘analysis of three -
samples;to be 3.83 + 0,07 (SD) mg per 10'0 cells. This corresponds
e;actly'to'the total lipid’content of rat red cells es‘measuredhby'
Parpart and Dziemian (102). The possibility tne.t all of the lipid was
removed by ethanol seems unlikely in vie#.of the evidence for several
types of tissue that phosphatidyl serine and phoSphatidyl ethanolamine
_cannot be_extracted with organic solvents following'glntaraldehyde
fixation, presumably as the result of croselinking to protein amino
groups (44, 114). In the case of rat erythrocytes, it can be calculated
from the data of Nelson (94) that these phosphatides constitute roughly
22% by'ueight of the total membrane lipid, In order to determine
- whetner any protein was present in the'extracted product, the ethanol
aupernatent from approximately 1.5 ml of packed enythrocytes was cone-
‘centrated under a stream of nitrogen gas at 40 C, and subsequently
dried on a AgCl plate for infrared analysis, ‘The_spectrum gave clear
evidence»for the preeence of phospholipids, but the Amide I and II bands

characteristic of protein were absent, It is also possible that



b.intracellular leakage products such as salt vere present in the extract,
although an attempt was made to minimize this form of contamination by
washing the cells twice in large volumes of distilled ‘water prior to |
incubation in ethanol. Nevertheless, the leakags. of small anounts of
‘non-lipid material would severely limit the accuracy of the gravimetric
analysis reoorted here. |

The mobility-pH characteristics of glutaraldehyde-fixed rat erythrocytes
extracted with absolute ethanol are shown in Fig. 1LA. The surface charge
properties at ionic strength 0,145 are identical in all respects to those
of untreated glutaraldehyde-fixed cells except for the appearance of
irreversible changes in mobility after exposure totextreme'alkaline.and
_ acidic pH.:eihe'prcsence of 1ipid thus appears to be necessary for
electrokinetic stability of the membrane under these conditions. Despite
‘the extraction'of substantial amounts of'lipid,lit-uas found that a
reversible electrophoretic behavior could be obtadned over the pH range
1t 7 by post-fixation vith osmium tetroxide, This is shown in Fig. 143.
:From this data it is clear that both the isoelectric.point and the magnitude
of the oositive charge brauch are unaffected by iipid extraction.

These'results indicate that acidic and basic moleties associated
with membrane phospholipids do not contribute to the surface charge
properties of erythrocytes at phySiological jonie strength. Despite this,
the suggestion put forth by earlier workers that.lipid polar groups exist
at the red cell surface cannot be completely disregarded. On the basis of

nuclear magnetic resonance studies, it appears that choline groups assoclated



with membrane phosphollpids have a large rotational mobility, and may
exist in an aqueous environment at the erythrocyte surface (26). From
electrophoretic data reported here, however, it cen be concluded that
phoepholipid'heedgroups, if present at the cell ihferfece, are not
located at ‘positions lying within 8 % of Lhe eurface of shear.,
6. lﬂ_ob..i_l.i__zaﬂ.g_h_a.r_es_t_,a.r;mi..ceof
| Neuraminidase~Treated ngghrocxtes‘

As'dieeﬁssed in Section III, B, all species of erythrocyte examined
thus fer'eeve]exhibited a residual negative surface chafge'following
treatment iith neﬁraminidase; In some species, such as-equine,.feline,
and rat red cells, more than one half of the anodic mobility is retained (37,
48, l}l)oe’As ; means of examining the electrokinetic character of the
surface folleﬁinc'eezymatie cleavage of sialic ‘acid, several workers
have performed mobility=-pH measurements on red cells following reaction
with neuraminidase (31, 37, 47, 121), Seaman and associates (_2, 118)
have also found that neuraminidase is active at the surface of human
e:ythrbcytesvfollowing acetaldehyde fixation, anditﬁe present author (129)
has cbtained a similar result with glutaraldehyde-fixed rat erythrocytes,
This is advantageous since it reduces the extent of structural damage
to the membrane surface induced by actioe_of‘the enzyme, In addition,._
mobility'ﬁeesurements can be pefforme& on the neuraminidase-treated cells
over & bread pH range, For these reasons, ihe discussion here will be -
'primarily restricted to the electrophoretic properties of erythrocytes

stabllized by_aldehyde fixation prior to reaction with neuraminidase,
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Also, becauso‘of'the somewhat complex electrokinetioAhéhavior of the
enzyme-troafed:célls, various aspects of their surface charge characteristics
will be approached on an individual basis. |

(a) Surface Charge Reduction at Neutral pH. The two types of

neuraminioéée that have received widest use in thelinwostigation of cell
surfaces are the purified extracts from cultures-of_éﬁe bacterial strains
Yibrio ¢ goLerae and ;ogtridigg gnrfringegs. or these two, the former
is preferable in cellular studies since it does not appear to possess
hemolytic o: cytotoxic contaminants, The neuramdnidgse from Cl. gerfringeng
~ has been shown to possess phospholipase activity, and to cause considerabla
structural degradation of membranes (81).. When acting on erythrocytes‘
previously stabilized by glutaraldehyde fixation, however, there is no
hemoly31s_and the cell morphology as judged by phase microscopy is
unaffected. Both types of‘nouraminidase appear to bo nearly free of
proteolytic contaminants, This oan be demonstrated by their inabilityll
to degrade a collagen-dye complex, as shown by data reported in Table ViI.
The activity of these two types of neuraminidase on unfixed‘and :
glut#raldehyde-fixed rat erythrocytes is-summarized in Table VII, The
surface charge reduction observed at neutral pH was 36% of the control
value fbllowing reaction of glutaraldohyde-flxed cells with either enzyme.
In the case of V. cholerae neuraminidase, an identical result was obtained
for the unfixed cells., Because of extensive hemolysis that accompanied
the reaction, no attempt was made to study the surface charge properties
of unfixed rat red cells following treatment with Cl. gerfringens neuraminidase.
The chemically determined yield of sialic acid from glutaraldehyde-fixed

erythrocytes was found to be 0,14 micromole per 1010 cells with both types



of neuramiﬁidese.“ This represents only 64%.of the’siaiic acid released

from ﬁnfix¢d ?§£ red cells by V. ‘cholerae neuraminidsse (0.22 micromole

~ per 1610 ceils)' The reduced yield of sialic acid from glutaraldehyde-fixed
cells suggests that a substantial fraction of these molecules may reside
'relatlvely_deep within the‘erythrocyte peripheral zene, and thereby

. become.inaccessibie to neﬁraiinidase following'aldehjde fixation. The
comparable reduction 15 surface charge, however, argues that the outermost
layer of surface carbohydrate is unarfected by the fixation process,

(b) ’Abgearence'gz Dissociating Groups at High pH. The surface
charge preberties of glutaraldehyde-fixed rat.erjthrecytes‘fbllowiﬁg'”
reaction with Cl. perfringens and I. che1erae neuraminidase are shown
in Figs.“15A and 164, respectivelyellln'both cases;:the eﬁzyme-treated
cells exhibitia reversible increase in negative surface charge above
approximatelj pH 10, Reaction of the uenraminidase—treated cells with
pétoluenesulfonyl chloride was found to produce no change in.the surface
charge et.seutral pH, indicating that the'dissociating groups in the
alkaline pH range are not nitrogenous bases, In eddition, when cells
treated ﬁith'g;. perfringens neuraminidase.wsre post-reacted with either
glutaraldehyde and p-hydroxymercuribenzoate, the dissociation at high pH
- was unaffected. The result with glutaraldehyde is shown in Fig, 15C,
Since both>ef these compounds are‘effective sulfhydryl blocking agents,
it is unlikely that cysteine side chains are responsible for the increase
in anodic mobility at high pH, Also, since glutaraldehyde exhibits a
small but measurable reactivity with phenolic hydroxyls (59), the absence
of any effect following post-'ixation with this reagent suggests that no

contribution is made by tyrosine residues,



'Ome setdor weakly.ecidic gromps at the cell'sorface that would
not be affected by'gluteraldehyde post-fixation ere the hydroxyls of
terminal sugars remaining after the enzymatic cleavage of slalic acid,
Glucose, for example, has a pK, of 12.0 (140), in reasoneble agreement
with the veakly acidic dissociating groups ‘at the surface of
neureminidase-treated cells. It seems probable, therefore, that groups
of this nature are responsible for ‘the mobility characteristics at
high pH following reaction with neuraminidase. | ' |

() Electronhoretic Properties at Low pH, As demonstrated

explicitly in Figs. 15A and 16A, the electrophoretic properties of
glutaraldehyde-fixed rat erythrocytes treated with neuraminidase are
irreversible at low pB This difficulty can be overcome by post-fixation
vith osmium tetroxide, as shown in Figs. 158 and 163. It is clear
trom thie data that cleavage of sialic acid molecules from the erythrocyte
snrface leads to a substantial reduction in the cethodic mobility at 3
pH 1, Following treatment with ci. perfrimgens meuraminidase,itbe
positive sﬁrfece_chsrge at”pH 11s reducedfby approximately'75% from'.-
the control value of +0,80 micron/sec/volt/em. With ¥, cholerae'
neureminidese, tbe reduction is about'SO%.

| Further electrophoretic studies uere performed.in vbich
glutareldehyde-fixed erytbrocytes merevtreated with Cl. perfringens
neuraminidase, and then post-fixed with glutaraldehyde. From Fig, 15C
1t is clear that cells handled in this manner are electrokinetically
unstable at low pH, with the character of the instability being similar
to that observed for cells that were not fixed subsequent to enzyme
action (ef, Fig. 15A), After glutaraldehyde post-fixation, however,



it was noted'fhat the cathodic mobility at pH 1 changed as a function
of time in the manner shown in Fig, 15D. The éxtraéplated mobility
at time't'“'o, i.,e. the instant at which the cells were suspendéd at
pH 1, was 40,41 micron/éec/ﬁolt/cm. After approxlmately five minutes
the mobility increased to +O.90 micron/sec/volt/cm, corresponding
closely to the value observed instantaneously at this pH yhen post={ixation
vas not employed (cf. Fig. 154). The initial reduction in mobility at
pH 1 is-inf?éasonable'agfeemeﬁt with measurements made on enzyme-tréated
cells poét—fixeauwith'osmiﬁm‘tetro:ide. A conmparable experiment with
Y. cholerae neuraminidase has not been attempted. - |

om the basis of these results, it appears that the weakly basic
: acetamidb éroups of N-acetylneuraminic acid aré,primarily respbnsible
for the(poéitive mobility branch between pH 1 and 2. In addition, it
might also'be proposed that the remaining positive charge is attributable
to N-acetylneuraminlc acid molecules not susceptible to release
by neuraminidasa, or to N-acetylated amino sugars present as terminal
groups of oligosaccharide chains following the enzymatic cleavage of
sialic acid, An argument that might be advanced against this is the
faci that acetylated amides generally have pKa's of zero or less,
N—methyiacetamide, for example, has a pK, of =0.46 (49). It is con-
Aceivable,.however, that the basicity of a sialié acid acetamido
group may be somewhat greater because of its proximity to a strongly
acidic carboxyl, or by virtue of its environment at the cell surface.
In this sense, the base strength of N-methylacetamide cannot be

regardéd as a proper analog.
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() The Negative Surface Charge Remaining After Neureminidase
Treatmenté;.Frbm'the mobili ty-pH characteristics Qhown in Figs, 15B and | -
16B,‘th9 acidic groups contributing to the'mobilltj’of-rat erythrocytés_
after nburghinidase treatment have an approximate PKq in the range | L
2,5 to 3;0; A similar result has been réported bjAHajdon and Seaman (65)
for hnmanﬁfedvceiis fixed with acetaldehyde and'subSéQuently reacted with
neuraminida_sel'.‘ As shoun in Fig. 17, the mobility-pH characteristics
obaerved:ﬁi,ihese workers following enzyme treatment fit a theoretical
titration7§ﬁf%e for anionic groups with a pKq of'3.3§. They contendlthat g
these gfoﬁps‘cohtribute 38.5% of the Surface'chafge denéity of human
_ erythrocytes at neutral pH; and probbée that theyiarélctécarbOxils
' associatedi&ith C-terminal peptide~bound amino scids linked covalently
through'théir side chains to saccharides at the cell surface, ' This s
shown diag:rgimaticany'iﬁ Fig, 18, o |

' With regard to rat erythrocytes, one cbﬁééptuﬁlvdifficuity arises
in this agaljsis of the mObility’propertiés‘of néﬁraginidaéé—treated |
cells;"A;tﬁough not conclusive, ihé'bulkvqf“experiﬁéntﬁikévidence
indicateé that only sialic acid serves as the termihal group in mucopolysaccharide
'carbohydfate (146)« If this is correct, then each of the peptide-linked
:'oligosacéharide moieties af the éell'surfacevshould contalin a terminal
aiaiic aéid residue, As a consequence, the totel contribution made to | R
the mobiiity by c(-carboxyiic aﬁinb acids involved in carbohydrate linkage
should notbexceed that of sialic acid, namely, -0,/0 micron/sec/volt/cm.
Since the mobility remaining after neuraminidase treatment is =0,70
'nicron/heé/ﬁolt/cm, it would appear on this basis that at least =-0,230

micron/sec/volt/cm must be attributable to other types of strongly acidic
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groups, From results préseniéd in Section 111, C; 5;‘it‘is unlikelj
that these groups are associated with phospholipid mdietigs. Also,
both chemicaI:And electrophoretic studies have ghown that carboxypeptidase
A is'inaciive>at the surface of_unfixed rat eryth?oé&fés, thereby
indicating the absence of mfree™ C-terminal residﬁes from positions
near the surf;ce of shear (122)."Ih ﬁiewzof thé'fact.that the average
pKa of the charged groups femaining after neuraminidase treatmeﬁt
lies in the range 2.5 to 3.0, it is also improbabléithat a contribution
is made by.prot'ein’ g - end ¥ ~carboxyls, These groups generally
exhibit pK_'s in the range 3.0 to 4.7 (141). Another possibility
is that fhexfemaining charged groups are sialic acid residués not
susceftible‘to attack by neuraminidase, Since the pKg of sialic acid
is 2.6 (igg); this would be consistent with the_iow pKq observed for the
surface anions of the>enzyme-treé£ed cells, As discussed in Secfion I11, B,
neuraminidase does not effect the coﬁplefe release of sialic acid from
gangliosides at the erythrocyte surface. .Sincéirat red cells have a
large ganglioside content (see Table I), it is:reasonable to propose
that a contribution is made to the surface charge by sialic acid
assocliated with muéolipida. This would no£ be expected for‘human
-erythrocyfes, however, since their:confent qf lipid-bound sialic écid
- is extrémely small (80, 148). | |

It might be noted at this point that ethanol extraction of lipids
from glutaraldehyde-fixed rat erythrocytes does not affect the anodic
mobility, as discussed in Section III, C, 5, This indicates that mucolipids,
if present in the eluted materihl,varé not contributors to the surface

charge, No tests have bqeh,performed, however, for the presence of sialic

.



acid in the extract. As described in Section III, C, 3, sequential
washing of glutaraldéhyde-fixed rat red cells.uiﬁh'écid and methanol
leads to a 25% reduction in the negati#e surfacevéharge. Since
methanol solubilizes several forms of ganglioside (gg), it is possible
that the observed decrease in mobility resultedvfrom the partial :
extraction of mucollpid. A geries of experiments are planned for
the near future in which glutaraldehyde-fixed cells will be treated
with organic solvents that effect a nearly complete removal of gangliosmdes.
(C- chloroform/hethanol (94, _32)). 'By combining electrophor etic
| meaaureménts with a chemical characterlzation of the extracted products,
it is hoped that direct evidence will be obtained on the role of
| lipid&bouhd-sialic:aéid in determining’erythrocyte surface charge
properties. | o |

In interpreting the electrokinetic propertles of neuraminidase-treated
erythrocytes, the question arises as to whether any portion of the residual
negative charge is associated u1th new anionlc groups appearing at the cell.
surface as the result of reaction with the enzyme, This could arlse, for
example, through the activity of prdteolytic, iipolytic, or other forms
of enzymévin the commercial neuraminidase preparations., Since the purified
extract from Y. cholerae appears to be free of such contaminants, it is
unlikely that this enzyme induces exten91ve alteration of the membrane
surface apart from the cleavage of sialic acid. It should also be noted
that the electrophoretic properties of glutaraldehyde~fixed erythrocytes
reactedeith Cl. perfringens neuraminidase are closely comparable to those
observed following treatment with the purified‘enzyme from V., cholerae.

This indicates that the electrokinetic surface of glutaraldehyde~£ixed



red cells 1s"ﬁo£ oérioﬁsly'ﬁiofupted'through the.activity of contamioants
in the Cl. pgrfringens extract. o

Another mechanism by which new acidic groups. could contribute to the
electrophoretic ‘mobility after treatment with neuraminidase is through
a change in the location of the surface of shear relative to the physical
membrane surface.. After removal of sialic acid molecules from the terminal
positions of oligosaccharide chains, the effective surface of shear may
reside several angstroms closer to the membrane surface, A contribution
to the electrophoretic mobility might then be made by anions which, prior
to neuraminidase’tregtment,'were located at positions greater than one
Debye léhéfh'frOm'tho sﬁrface‘of~8hear. In particular, this may apply
to o(-carboxyls associated with C-terminal peptide—bound amino acids
that are linked covalently throuOh their side chalns to saccharides
at thé'céll>9uffaoé. In the case of aoetaldehyde-fixéd human erythrocytes,

Heydon and Seaman (65) have proposed that such gfoops contribute equally

| to the @obility of untreated oﬁd neuraminidase-treated cells, A direct
method of teoting'this-hypothesio would be to observe the electrophoretic
mobility following enzymatic decarboxylation of amino acids at the membrane
surface, ' If Haydon and Seaman are.correct, amino acid decarboxylation
should result in roughly a 40% reduction io the anodie mobility of the
buman eryfhrocyte irrespectivevof neﬁraminidase treatment.~ Unfortunately,
bacteriol decarboxylases thét aré commerciallj available at the present
time are active only on free omioo aclds (122), so that this type of
experimenf cammot be performed. ‘

Two observations which indicate that a new set of anionic groups
do not contribute to the electrophoretic mobility subsequent to neuraminidase

treatment are the following., First, the surface charge densities of



séveral'speéies of erythrocjte have beeﬁ found to reméin'consiant as
the Debye length is incrééséd from 8 to 20 2'(12, 42,'42). A further
increase iﬁ thé Debye iength results in a réductiéﬁsof'tﬁe negative .
charge densify; suggesting‘that”pfedominahtly basic éfoups are unmaskéd.
Secondly, Hﬁydon ana Séamah (65) have found'that thé glectrophoretically
detectable bihding of ﬁethyiéne blue to the human erythrocyte femains
essentially constant as the Debye length is varied from 12 to 88 X’.A'
This vould‘hbt be expected if an increase in the Debye length were
accompahiedbe’avébntribution to the surféée'chﬁrge'dehsity'fme new
-groﬁps of‘tiirable anioné.- Both of these oﬁServationé are élearly ‘
inconsistént'with'the'poésibility“ihat a new set of acidic groups
.might.contfibute to the'erythroéyte'mobiiity if the surface of shear
. were moved closer to the physical membrane surféce.through ;emoval :
of sialic acid from the cell periphery.
. "(d) Swmary. The results of Stndies‘préseﬁiédaiﬁ this éecfion
oﬁ the surface charge pfbpértiesbof.aldehyde-fixed.érythfbcyfgs AAy‘bé
sﬁmmarizéd_as follows: _ |

(1) Upon treatment of glutaraidehyde-fixed rat erythrocytes with
,neuramiﬁidase from ¥V, cholerae and.g;. perfringens, the reduction in
electrophorgtic mobility at neutral pH is identical to the 36% reduction
obserfed with unfixed red cells. The cheﬁically detefﬁined yield of sialic
acid, hovever, 1s only 64% of that obtained with unfixed cells, The
comparable decrease in surface charge indicates that the outermost
layer of‘polysaccharide is not affected by the fixation process, On the

other hand, the reduced yield of sialic acid suggests that a substantial
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amoumnt of surface carbohydrate lies deep relatiVevto the surface of
shear, and becomes_inaccessible to neuraminidase upon:fixation vith
glutaraldehyde, R .

(i1) 'Reaction of'glutaraldehyde-fixed cells.wiﬁh neuraminidase
results in the appearance of electrophoretically detectable dissociating
groups at high pH. These are unarfected by reaction of the enzyme-treated
cells with blocking reagents that mask amino and guanidyl ‘bases,
phenolic;hydrcxyls, and sulfhydryls. At the present ‘time, it seems
probable thaiithe'increaee'in negetive surface“charge above pH 10 is
attributable'to'weakly acidic‘hydreiyls of terminal sugars remaining
after the enzymatic cleavage of sislic acid,.

(iii) Followlng post—fixation with osmium tetroxide, the enzyme=-treated
cells exhibit reversible mobllity characteristics at low pH. Relative to
control erythrocytes,'the positive charge at pH 1 is reduced b} 50 to 75%,
indicating that the proton-binding observed from pH 1 to 2 is ?rimarily
attributable.to the weakly basic acetamido groups cf N-acetylneuraminiec
acid residues;

_ (iv) From electrophoretic studies on acetaldehyde—fixed human
erythrccytes treated with neuraﬁihidase, Haydon and Seaman (65) have consluded
that 38.5%.of the negaiive'su:face charge is assoclated-vith acidie

groups having a pKa of 3.35.» They propose thet these are &=-carboxyls
of‘C-terminal protein residues linked covalently through their side

chains to oligosaccharide units at the cell surface, In the case of
glutaraldehyde-fixed rat erythrocytes, nearly two thlrds of the negative

charge remains following reaction with neuraminidase, This is attributable
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tovacidic‘groﬁps having an average.pxa in the range of 2.5 to 3.0, The
large ganglioeide cootent of rat erythrocyte membreees suggests that a
substantial number of these anionic groups may be sialie acid residues
not susceptible to release by neuraminidase, A contribution to the
mobility may also be made by protein—bound oc-carboxylic acids involved
in peptide-eaccharide linkage at the rat erythrocyte surface.. P

D;f_§ggg§;x: The Ionic Character of the E;zzhroczz
' 'Membrane Surface at Physiological Ionic Strength

On the basis of microelectrophoretic studies, the erythrocyte in
phjsiologieel'media appears to behave as a polyahioh,iuith the‘negative
_surface'eharge determined primarily by glycoprotein and ganglioeide
moleties at the cell interface, For manmy speeiee of erythrocyte, a
major perflof the surface charge is'eSSOciaied with'neuraminidase-sﬁSceptible
sialie acid; Those species that show only a small reduction in mobility
following reaction with neuraminidase generally contain a.large number
of sialic acid residues bound to gangliosides, The limited activitv'
of neuraminidase against mucolipids suggests that the residual surface ‘
charge may be attributable to sialic acid, This is supported by the low
pKa (gg. 3) of the surface anions remaioing after neureminidase‘treatment.
"Eleetrophoretic evidence also supports the possioility that a contributioh
']to the negative surface charge is made by 0(-carboxyls associated |
with C-terminal residues involved in protein—carbohydrate linkage at
the cell surface, ’

Belov approximately pH 2, erythrocytes exhibit a large positive

surface charge, From studies on neuraminidase-tireated rat red cells,



the cathodic mobility from pH 1 to 2 appears to be prlmarily attributable
to the weakly basic acetamido groups of N-acetylneuraminic acid residues,
Below pH 1, rat erythrocytes acquire an extremely 1arge positive charge
density, the magnitude of uhich is at leastv15 times as great as that of
any. other electrophoretically detectable membrane component. The
characteristics of this mobility branch suggest that it may arise from
a non-specific'proton'adsorption onto non-ionogenic'regions of the cell
surface.;iThe jidentity ofvtnese;hydrogen ion'binding sites has not been
determined, but they appear to occupy ‘at least 10% of the rat erythrocyte
surface.'fi ‘ | - |
:”'Withfregard to menbrane’components'that‘are‘aosent from the interfacial
zone.of erytnrocytes; no evidence has been found for a contribution to | '
‘the mobility at”physioiogical ionic strength by disSOciating groups with
pKa‘s inythe‘range of neutral pH or above, In addition, a contribution
from protein ﬂ - and/or Yecarboxyls ‘seems unlikely in view of the fact
that anionic'groups at the red cell surface exhibit'pKa's of approximately
3or leSs,v With’the possible.exception of oc-carooxylic acids involved
in saccharide linkage, it thus appears that none.of the surface charge
properties of erythrocytes are‘attributable to protein-bound amino acid
residues, - From electrophoretic studies following'iipid extraction, a
similar conclusion has been drawn for acidic and_basic»groups associated

vith membrane'phospholipids.
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TABLE I: Erythrocyte Membrane Ganglioside Content and the
- - Mobility Reduction Fo;lowing Néuraminidase Treatment

'ﬁrythroqyte Speéies v‘ ‘ Ganglioside Content o ;:% Reduction-in Mobility
A | (% of Total Lipid) - Following Neuraminidase
. Treapment
fman |  3 - Mot Detectable ™ o | o'
" S 3.3(b) _ 67(°)
Cat s.s(b).- W
Rat 63® K
Forse ¥ 15,5 P
(a) From Yamakava and Suzuki (_5§).
(b) From Nelson (94) . i
(¢) From Eylar et al. (7).
(@) From Uhlenbruck et al. (131),
() From Table VII, Section III, C, 6, a.
(£) A rough calculation of the amount of lipid-bound sialic acid present

in the horse erythrocyte membrane can be made in the following manner,
All of the ganglioside will be assumed to be of the "hematoside™ type
cbntaining sphingosine: faity acid: hexose: N-glycolylneuraminic acid

in the‘ratio 1: 1: 2: 1 (Ref. (76)). Small amounts of other gangliosides
exist as well (149), but will be neglected here, Using Neléon's (94)
data for the total lipid content (2.58 X 10~ '° gn/cell) and percentage
of gangliosides (15.5%), it can be calculated that the amount of
lipid~-bound sialic acid is 1,95 X 107 molecules per cell, In comparison,
the number of molecules releaéed by neuraminidase is 0,59 X 107 per cell (37).



TABLE II: Carbohydrates in the Human E_gzthrdcﬁe Membrane

. Sialic Acid (2) Hexose (:a) N-acetylhexosamine (a)

Luaewig(b) -
(e)

Rosenberg and Guidotti .26 4 . 2%
@)

© Relander " Fot Measured 133 1.1%

Average Values: 1.2 | 2,41;%'» |  1.43%

(a) % of dry stromal weight.

(b) Ref, (§l). o | . _ , v
(c) Ref. (115). o | |

(da) Re'f.". : (1_01). .




, mmf II: Yalor Ionic Components of the Buran Erythrocyte Membrane ™
- b » ;A .
| Antno Acids(‘) »cubohydrate(")
:Strongly Glutamic 41,9 X 10 -Sialic Acid 2.4 X 10
Acidic Aspartic  '29;3 X TO? . o >_ |
S o C ay o (d
. g ” Phospholipids( )
Weakly Tyrosine;, '8.,3X 10 o
o , — : .
Actdte Cystetne 3.7 0 Lecithin 10,7 X 10
S ‘ X . Phosphatidyl Ethanolamine 9.2 X 10
Lysine' =~ 180X 100 ) o 7
, 4 Phosphatidyl Serine 5.4 X 10
Basic Arginine_ 15,6 X 10 A : "
. : - Sphingomyelin 8.6 X 10
Histidine 8.4 X 10 . '

(a) Exﬁreésed as the number of moloﬁnlea.per éell.hembrané.

(v) Calculatéd from the amino acid composition given by Rosenberg and.
Guidétfi (107)« The weight of membrane protein was taken as
6.6 X 1Q-13 gm/membrane (35). |

(c) From Ref, (3. ,

(d) Calculated from the data of Ways‘and Hanahan Ql}éﬁ.



TABLE IV: Mobility-pH Data for Human, Harbor Seal,
and EKiller Whale Egzjhrogzzes(a)

Species Mobllity of " Mebilityof  Mobility of
Unfixed _Cells ’ Glutars;ldéhyae-nxea Cells (‘-’)_ " Osmium Tetroxide-fixed Cells(
pﬁ7.'3  PET.3 pH1,2 - pHT.3 pH 1,2
Buman | =091 087 +1.28,(d.)'-'.. 0,86 11,0408
Harbor Seal -1,01 0.9 +1._34(ef) 00 #1000
Killer Whale '_'-o'.91_ X . o _+o.‘75(f) . =0.97 ,_+o..'.9(1)

(a) Hobiliﬁies expressed in units of micron/éec/yolt/cm.

(v) Fixation was performed. with 2,5% glutaraldehyde for 10 minutes at room

_' temperature.' The fixation medium was buffered to pH 7ele

(e) Fixation was performed uith 1% osmium tetroxide for one minute at room
temporature. The fixation medium was burfered to pH Tehe .

(d) When brought to neutral pH after a 15 minute exposure’ to pH 1.2, the
nobility of this cell suspension was =0.91 micron/sec/volt/cm. This
_value is closely comparable to the control mobility (=0.87 micron/sec/volt/cm),
and indicates that no structural damage was sustained by the cell surface
during exposure to low pH. _ -

(e) When reversed to neutral pH, the mobility vas =1,03 micron/sec/yolt/cm.

(f)_'When reversed to meutral pH, the mobility was =0,96 micron/oec/yolt/om.

(g) When reversed to neutral pH, the mobility was =0,89 micron/sec/volt/cm,

(B) When reyersed to neutral pH, the mobility was =0,99 micron/sec/volt/cm.

(1) Vhen rovorsed to neutral pH, the mobility was =0.89 micron/sec/volt/cm.




_ IIBLE]V:> Mobility Progertie of Rat _gythrocytes Treated vith _

- » s B '-' ". p-toluenesulfonyl gg;ggigg and 1 §-dif1uoro-2 é-gigiiggpgggggg
Unfixed Rat. = .. - ~Treated with- i+ '+ Treated with
Erythrocjtés L p-toluenesulronyl chloride( a) 1 S-diflnoro-z,4~dinitrobenzene(b)
(Confrél)
Mobility in L : o R . o
mieron/sec/volt/em =166 . -1,03 N I, 2
at pH 7.4 |

(a) Tosylaﬁibn was performed by tﬁe methqd of Seaman‘and Heard (119).
One ﬁaéked volume of cells fas'mixed with four volumes of a pR 7.4
soluﬁion,containing 1 mg/ml p-toluenesulfonyl chloride., The reaction
was carried out for 30 min at 37° C, |
() Reaciion of rat erythrocytes with 1,Sfdifluorb-Z,APdinitrobenzené (DFNB)
folloved the procedure of Berg et al. (13). One packed volume of
cells was mixed with 20 volumes of sﬁline céptaining 2.8 mM DFNB,

The reaction was carried out for one hour at room temperature,



’f'TAﬁLE VI: _Mobilitz Progértiés of ggg ngghfocztes
: Treated with p—Chldrohefcﬁribeﬁgbgte

Unfixed Rat Erythrocytes | ‘Treated with

(Control) o p—¢hloromefcuribenzoato
Mobility in | o
micron/sec/volt/cm 41,01 | | '  =1,02

at pH 7e5

(a)

(a) One packed volume of cells was mixed with 20 volumes of a saline
solution containing 10 LM p-chloromercuribenzoate. The reaction

vas_cgrried out at pH-7.5 for one hour at room temperature;_
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FIGURE CAPTIONS

FIGURE 1. A schematic représentation of the diffuse double layer at a

negatively charged surface. The surface potential is denoted by V;
its value at the surface of shear is termed the zeta potential,

FIGURE 2. A microelectrophoresis assembly employlng a rectangular
chamber in the lateral position. Details of this design are described
in the text, d | |
FIGRE 3. The electrokinetic stability diagram of Heard and Seaman

(3. Gen. Pm‘ siole 43, 635 (1960)). The terms "stability," ®metastability,"
and "instability" are defined in the text.

FIGURE 4, The ring structure of N—acetylnem'aminio acid, Another form
of sialic acid known to be present at the surface of several specles of
erythrocyte is Neglycolylneuraminic acid. |

FIGURE 5,." Proposed reactions of glutaraldenyde and osmium tetroxide,

| This form of crosslinking react'ioﬁ.between poljméi’ic glutar&lde}wde and
two primary amine groups has been proposed by Richards and Knowles

(3. Mol. Biol. 37, 231 (1968)). The amino groups are converted to secondary
amines dohnected by a fiveecarbon bﬂdge. The action of esmium tetroxide

as a fixative is thought to result from the crésslinld.ng of unsaturated

} fatty acid chainé. of membrane phospholipids, Féllowing reaction, the

osmium is believed to exist in either a hexavalént or tetravalent state,
FIGURE 6, The mobility-pH characteristics of human erythrocytes as
repfoduced. from the data of Furchgott and Ponder (J. Gen. Physiol. 24,

447 (1 941)). An ionic strength of 0,172 was maintained at all values

of pHe .'The erythrocytes were observed to bécome isoelectric at pH 1.7.



FIGURE 7. The mobility-pH characteristics at ionic strength 0.145"
obtained by Haydon and Seaman for human erythrocytes ‘fixed with 2%
acetaldehyde (Arch., Biochem. Biophys.' 122,-126 (1967)). Fixation was
carried out for 20 days with the pH paintained at 7 Le The dashed
line represents a theoretical titration curve for a surface containing
two types of anionic groups: 61.5% with a pK - of 2.6, and 38,5% with
a pE, of 3.35. ' | | |
FIGURE 8, Mobility»pH curves at ionic strength 0.145 are shown in A
and B for unfixed rat erythrocytes and erythrocytes fixed with 2.5% |
glutaraldehydé and ‘1% osmium tetroxide., Fixation with both feagents
wvas cafried»ont af pH 7.4 and room temperature, With glutaraldehyde
the reaction was allowed to proceed fonvfen minutes}.and with osmium
tetroxide for one minute, In C and b, thevmobilityvnropenties are
shown following dual fixation with 2,5% glutaraldehyde and 1% osmium
tetroxide.. The electrophoresis medium was 0.145M NaCl buffered with

3 X 10~% NaHCO.. Adjustment of pH was performed by adding 0.145N

3¢
NaCl or 0,145N NaOH, |

FIGURE 9, Studies on the reversibility of surface charge properties
as a function of pH are presented for rat erythrdcytes fixed with

2.5% glutafaldehyde and 1% osmium tetroxide. Tﬁe ionic strength was
maintaine& at 0.145. In each of the four éxperiments shoun-here, a

single céll suspension was incubated successively at the pH values

denoted by numerals,




FIGURE 10, In A the mobility-éH characteristics are shown at ionic
strength 0,1'45:" for rat erythrocytes fixed with 2% acetaldehyde. Cells
were Mcubatea in the fixation medium for 20 days aﬂtva 7. and 4° C.
The numerals 1, 2, and 3 refer to a reversibility iest at low pH; the
primed numerals denote a reversibillty test at high pH. In B the
mobility of acetaldehyde-fixed erythrocytes is shown as a function of
time at pH 3.23. A mobility-pH curve for acetaldehyde-fixed cells
following post—’lxation with 1% osmium tetroxide is ‘shown in Ce In D
the mobility characterlstics are presented for rat erythrocytes fixed
uith'2.5%‘g1utaraldehyde for 20 days. The temperature was maintained
at 4 c throughout the fixation. :

FIGURE 11, The surface charge density is plotted as a function of bulk
pH for rat erythrocytes fixed with glutaraldehyde, The numerals 1 and 2
refer to a reversibility study., In order to extend mobility measurements
below pH 1, erythrocytes were suspended in hydrochloric acid solutions
having ionic strengths ranging from 0.145 to 1.0, |

FIGURE 12, Reactions are shown for a carboxylic acid (I) and a water
soluble carbodiimide (II). The carbodiimide (CMT) is 1-cyclohexyl-3-
(2-morph011ny1ethyl)carbodiimide metho—p-toluenesulfonate. The cationic
portion of this salt is represented here as RtlaN=C=N = R". The
first reaction‘produnf is an acylisourea (III), This compound can then
rearrange to form aﬁ acylurea (IV), |

PIGURE 13, The reduction in electrophoretic mobility at ioniec strength
0.145 and pH 7.4 is shown in A for rat erythrocytes fixed with glutaral

dehyde and then reacted with 0,1M CMC for varying lengths of time, CMC



1s the vater soluble carbodiimide shown in Fig. 12;1ﬁReac£i6n'of
er;ythroo:rbes, with CMC was carried out éf pH 4,75 and 37° C. The

effect of reaéting CMC—treated cells with p-toluenésuifonyl chloride
(tosyl chloride) is aiéo'bhonn;‘ Tosylation was performed by mixing the
 eells with a one mg/hl:solution of tosyl chlori&e at pH 7.4 The
reaction was allowed to proceed for thirty minutes ét 77°c. InB

the mobiliiyépﬁ characteristics are shown for glﬁtarﬁidéhyde-fixéd“rat
erythrocytés feacted ﬁith CMC for fhree hours. The primed and unprimed
numerals-refef to reversibility tests at high and low pH, respectively,
Above neutral pH thé curve is drawn as a dashed iiné to indicate the
alkaline iability of é”largé'portion of the reaction products‘formed |
by CMC with surface anions, | A '

FIGURE 14. The mobility-pH characterlstics at ionic strength 0. 145

are shonn in A for glutaraldehyde-fixed rat e:ythrocytes after incubation
1n'absolute ethahol for one hour at room temperature. .The prlmed and
unprimed'nnmerals refer to reversibility studies at high and low pH,
respectively.‘ In.B the mobility properties at.iqw pH are plotted
following post=fixation of the ethanol—extrgcted cells with osmium
tetroxide, |

FIGURE 15, In A the mobility-pH characteristics at ionic sirength 0.145

are shown for rat erythrocytes fixed with glutaraldehyde and then reacted

vith Clostridium perfringens (Worthington). The enzyme concentration
was 0,25 mg/ml and the reaction was performed at pH 5,35 for one hour

at 37° C. The primed and wunprimed numerals refer to reversibility tests

>




at high aﬁd low pH; fespecfively; In B and C the mobility properties
are shown fOIIOwing post-fixation of the neuraminidgée-treated ceilg
with osmium tetroxide and glutaraldehydé. The mobility of the glutaral-
dehyde‘poét-fi*éd cells at pH 1,03 is shown as a funqtion of time in D.
FIGURE 164 Mobiiity;pﬂ characteristics at ionic stfangth 0.145 are
shown in A for rat erythrocytes fixed with g1u£argldehyde and sibse-
quently reacted with Vibrio choleras neursminidase (Behringwerke).

The enzyme concentration was 100 wits/ml and the reaction was carried‘
out at pH 5.5 forIBOFmin at 37° C. The enzyme solution contained

1 mg/ml CaClz."Priméd.and unp:imed numerals refer to reversiﬁility
teats at high and low pH; respéétively."in B the mobility properties
are shown following ﬁost-fixhtiongdf the enzyme-treated cells with.
osmium tetroxide, o

FIGURE 17. The mobility-pH characteristics at ionic strength 0.145 _
observed by Haydon and Seaman for human erythrocytes fixed with

acetaldehyde and then reacted with Vibrio cholerae neuraminidase

(Arch. Biochem. Biovhys. 122, 126 (1967)). The dashed line corresponds
to a thebrétical titration curve for anioﬁic grdupé of pK, = 3.35.
FIGURE 1§.. A schematic representation of the Iinkage of sialyl
oligosaécharides in efythrocyte membrane mucoprdteins. The peptide-
sacchgride linkage is believed to involve glycosidic linkages of |
N-acetylgalactosamine to serine, threonine, and glutamic acid side
chains (see'Sect;on 111, B), Haydon and Seaman propose that these

residues are C-terminals, and that their o(=~carboxyls contribute 38;5%'

of the human erythrocyte surface charge (Arch. Biochem, Biophys. 122, 126‘(1967)).
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LEGAL NOTICE |

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the-Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. . Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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