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INTRODUCT LON

Transggrf

The preclise manner In which aglucose and other non-electrolvtes pene-
trate the membrane of the human erythrocyte Is as yet unknown., Observa-
tions obtalned primarily from kinetlc and Inhibltor studies have led to a
qeneralized theory of facllltated transfer to explaln the movement of
alucose across the membrane of human red cells, Faclllitated transfer is
bel leved to operate by means of a temporary, stolchlometric assoclatlion
of the substrate molecule, alucose, with a |Iimited number of reactlive
sltes present In or on the cell surface. These reactive sites are re-
ferred to as 'carrlers'. PRecause of its slze and hydrophllilc nature, it
would be expected that glucose would enter the red cell very slowly I+f
passlve diffusion were solely responsiblte for its entry. However, studles
of the permeablilty of the human red cell to alucose have shown that this
molecule enters and !eaves the human erythrocvte in a manner (l.e., & much
faster rate at low concentrations and a much siower rate at hlah concentra-
tlons} not predicted by the taws of simpte dlffuslion.

Kozawa ('14) described the permeabl!ity of the human red cell to hex-
oses and pentoses, His report that lsomerlc suaars penetrated the red
cell at dlifferent rates suaqqested that & rather reflned structural speci-
flclity was Involved. Kozawa ('14) also noted larae dlfferences in per-
meabillty between specles. Sugar penetratlon Into human and macaoue red
blood cells took piace raplidty while permeabllity Into the red blood cells
of a varlety of adult rodents, carnlvores and unqulates was consliderably
slower, aimost to the extent that they have at tImes been considered as
sugar-impermeable,

The parmeabliity of the human red celt to polvhydric aicohols and

sugars was further studied by lacobs ('34) whose quantitative treatment



of the results obtalned allowed for the formulation of permeabli!ity con-
stants. Bang and @rskov ('37) found that on ralsing the concentratlion of
alucose from 20 to 50mM In a suspenslon of red cells and sailne, the per-

meabl Ity constant was reduced 7.5 times,

The transfer of non-electrolytes across the red cell membrane In
these cases was measured optlically by recordina changes In 1ight trans-
mission throunh very dllute suspensfons of erythrocvytes. Thls method
{(Prskov, '35 and Parpart, '35) is based on an emplirical relation between
the averaqe red ce!l volume in the sample and the fractlon of |lght which
s scattered in passing throuah the suspension. By adjustina the concen-
tration of tha cells In suspenslon and arranalnn Tnstrument factors, a
tInear relatlionship can be establ ished between channes In scattering and
chanqes in cell volume. Since water eaul!ibrates through the red cell
membrane much faster than any speciflic solute, the osmotic water movement
may be constdered instantaneous without the iIntroduction of any appreciable
error. Thus, the cells may be consldered to be in osmotic equllibrium with
the suspenslon medium and volume channes with t+ime serve as a measurement
of the transter of a suqar In osmotically eculvalent amounts. Thouah [n-
direct, the |inear correlation of the recorded deflectlons due to scatter-
Ing with osmotic alterations In the cell vciume has been well corrobora-
ted. Simllar measurements on qlucose permeabl| ity were made by Wilbrandt
('38, 'S0} using the photometrlic method developed by Parpart {'35) which
Is based on the contlnuous recording of the Increase In optical trans-
mlission accompanyinag hemolvsis. This method Involves followlng elther:
I. The course of hemolysls as suaar enters the cells from a medium In
which the salt concentration alone Is insuftlicient to maintaln cellular
Intearlity, or 2. The progresslve chanaes I[n the cells' osmotic reslst-

ance curve after additlon of sunar to an isotonlc medlum,



These several early observations lay relatively dormant untl| LeFevre
('48) beqan a serles of Investligations into the permeabillty of the red
cell membrane to qlucose and qlycerol. |t was shown that glycerol! trans-
fer (LefFaevre, '48) iIs blocked by copper, mercurlc chloride, p-chloro-
mercurlbenzoate, lodine and phioridzin and that glucose permeabillity is
simiiarly depressed by mercurlc chloride, p-chioromercurlbenzoate, iodine
and phloridzin but is not affected bv copper. In addition, LaFevre ('48)
sugaested that, as a result of the kinetic data obtalned from volume
chanaes In various alucose-saline solutlons, i+ anpeared that the mechanism
for the transport of alucose Intc the cell was requlated by the exlistinn
Iintracel lular concentratlon rather than by simple diffuslon qradients,
The kinetics of aqlucose transfer were further investlnated and the re-
sults so obtalned provide the primary evidence for the operation of
facliitated transfer. Of particular relevance (s the fact that the
klnetics of alucose efflux show a saturation effect. |t was possible to
demonstrate that at any alven concentratlion aradlent between cells and
environment, the rate of alucose entry will decrease at hiaher outslde
concentration and that the equation dascribina the penetration of suqar
into suqar-free cells should he comparable to the Langmulr adsorptlion
isotherm or the Michael|ls-Menten equations., Using tha Lanamulr adsorp-
tlon Isotherm, Widdas ('54) presented the fo!llowlinag equation for calculat-
inng the rate of suqar entry:

(1) transfer rate = K Co - Ci

[‘CBTECTT'U
where C, reters to the concentration of sugar outside the cell, C; to the
concentratlion of sugar inslide the cell, K Is a proportionallty constant
and @ denotes an equlllbrium constant for a carrler-hexose complex. When

the reactlve slite Is not saturated, e.a., |f the suaar has a low affinlty



for the site or is used In fow concentration, and @ >> Co’ CI' equation |

readuces to:

(2) transfer rate = 5_ (Co -Cp

under these conditlons, the rate of transport will be proportionat to the
reciprocatl of @ and directly proportional to the dlfference In the sugar
concentrations Inside and outside of the cell. The kinetlcs deplicting
such a condltion wlii not differ slignlficantly from those of simple dlf-
fusion and have been termed D-kinetics (Wiibrandt, '54), It has been de-
monstrated that D-klinetlcs hold for sorbose and fructose tranafer In human
oerythrocytes as well as for gqtucose at very low sugar concentrations e.g.,
concentrations where the reactive site Is well betow saturation.

At high concentratlions where the reactive site Is saturated and where
Cy and C, >>> @ the rate of sugar transport Is descrlbed by equation 3:

{(3) transfer rate = K@ | - 1
T Tt

Here, the rate of transfer s proportional to the difference in the reclipro-
cals of the sugar concentration Inslide and outside the red cell and directly
proportional to @. These kinetlics have been termed E-kinetics (Wilbrandt,
'54) and have been shown by several Investigations {(Widdas, '54; Wilbrandt,
and Rosenberqg, '51; Wilbrandt et al,, '56 and LeFevre and Davies, '54) to
describe accurately the penetration into the human erythrocyte of those
sugars which have a high affinlity for the reactive slte.

In additlion to the kinetlc data, varfous Investigations utiiizling
different Inhibltors have been made on glucose transport. Glucose transfer
has besan shown to be [nhlbited by marcurlc chlorlde, p-chlormercuriben-
zoate, lodine, phloridzin (LeFevre, '48); phioretin, polyphloretin, the
lachrymators allyl Isothlocyanate, bromacetophanone, and chloroplcrin

{Wilbrandt, 'S4); and dinltroftuorobenzene, dinitrochlorobenzene and



dinitrobromobenzene (Rowyer, '54 and Bowyer and Wlddas, '56). The
Inablilty of a number of metabollc Inhibltors, fluoride and cyanide
(Kozawa, '14), jodoacetate (LeFevre, '48), 2,4-dIniftrophencl and azlde
(Bowyer, '54) to aftftect alucose transfer In the red cell has Indlcated
this transfer to lack any active component. The abillty of mercurlc
chioride and oraanlic mercurlal derivatives (Lefevre, '48) to Inhibit
alucose transfer as well as the aimost complete reversal (Lefevra and
Davies, 'Sl and LeFevre, '54) of the Inhibltory action upon the addltlon
of cystelne focused attention on the sulphydryl aroups at the cell sur-
face. The ablllty of the fluorobenzene darivatives (Bowyer and Widdas,
'S6) to eftectively Inhibit alucose transfer In human erythrocytes polntad
toward an Involvement of a proteln component In the cell surface,

The stereospeclitlclty of aqlucose transfer is another aspect of this
phenomenon whlch has been Investigated. The results so obtalned have lent
slaniticant support to the concept of faclillitation. The report of Kozawa
('14) on dlfferences In the permeabliitles to 1somerlc suaars was conflirmed
and extended by Wilbrandt ('38,'47) who showad that differences between
direct erantiomorphs occur, D-xyiose and L-arablnose enter the red cetl
rapldly whlle L-xylose and D-arablnose appear to be completely excluded.

In addition It was reported that D-xylose and L-arablnose iInterfered with
each other durlna simultanecus entry, |+ was also shown that stereolsomers
(D-qlucose, D-mannose, D-galactoss, L-sorbose and ND-fructose) penetrate at
different rates and that [n additlon optlical! Isomers (D- and L-qlucose)
show dlfferent entry rates. When the penetration rates of mixtures of non-
slecrtrolytes are examined, competition between the varlous sugars |s ob-
served, |t was found that D-qlucose, D-nalactose, D-mannose, L-sorbose,
D-fructose, D-xylose and L-arablnose all compate wilth one another In thelr

movement across the red cel{ membrane {(LeFevre and Davies, 'Sl).
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The importance of steric factors in transport phenomena resulted in an
Interesting Investigation by LefFevre and Marshall ('58). They compared
fourteen dlfferent sugars with respect to thelr affinity for the transport
systems and found that affinity was directiy retated to the stabliity of
the pyranose ring in the C | chalir form, The C | conformations of D-qlucose,
D-mannose, DO-galactose, and D-xylose, sugars with a relatively high affinlty
for the human red blood cell transport system, are many times more stable
than the IC conformations of those sugars. Flqure | i(llustrates the two
possible chalir conformations of the pyranose ring. In the C | conformation
of the above sugars, the carblnol group as well as most of the hydroxyl
qroups are In the squatorial position In the plane of the ring, while the
hydrogen atoms are In the axial position, perpendicular to the ring. In
the | C conformation, however, the carblnol group of D-glucose, D-mannose,
and D-galactose as well as at least two hydroxyl groups of all four hexoses
are in the axial position, an arrangement of greater Instability. Since
there would be more interference among axial than equatorial qroups, t
would appear that the conformation in which the smallier qroups are In the
axial position shouid be favored. Indeed, this is borne cut by the results
which show that the sugars which are most stable In the C | conformation
have the highast aftinity for the red blood cell transport system, while
those sugars which exhibit greater stabllity in the | C conformation
(L-glucose, L-galactose, L-xylose) show extremely low affinities. Because
of the nature of this discrimination between CI| and | C conformations, it
was concluded (LeFevre, '61) that the reactive site on the red cel!l surtace
must be able to distingulsh between the right and teft handed forms of the
sugar molecule. It was also felt that such a refinement would require a
three point contact between moleculie and membrane component, for only such

a contact at the minimum would be sufflclent to distinquish between the two



CONFORMATION C | CONFORMATION | C

FIGURE |. Chair conformation of the pyranose ring. Filled circie represents
the O - atom; numbered circles represent the carbons as conventionally numbered
In aldoses. Heavy |Ines mark the slde of the ring faclnqg the observer. "€Equatorial”

extracyclic bonds are shown by broken llnes; "axlal" bonds by vertical solid
Iines. (LeFevre and Marshali, '59)



chalr forms of the pyrancse rinqg.

From the study of the kinetlics of transport and with the ald of Inhlb-
[tor and suaqar specificlty Investiaqatlions, several addltional characteris-
+ic features were recognlized: |. It could be shown that even thouah theare
Is no uphill transport of qlucose In the red cell, an apparant uphil|
transport can be demonstrated under certaln condltlons. Thus, the phenom-
enon of "counter-transport" (Rosenberqg and Wilbrandt, 'S7) Is observed -
that Is a |Inkage between the facllltated movement of a substance down
1ts electrochemical gqradlent with the movement In the opposlite direction
of a structurally analoqous molecule, 2. Giucose entars the red cells of
primates approximately IO4 t+Imes faster than could be accounted for on the
basis of simple diffuslion throuah a lipid laver (Jacobs, '34 and Jacobs
and Parpart, '33), 3, The temperature coefficlent for qlucose transport
in human red cells Is 2.5 (Bowyer, 'S4), 4, Definlte specles dlfferences
for atucose and glycerot penetration have been observed. Wlddas ('%55) has
shown In thls respect, that erythrocytes from fetal blood of the pla, rabdbi+t,
quinea plg, sheep and deer resemble those from adult human blood, all pos-
sossing a hlgh glucose permabl{lty, This hiah {evel bealns to diminlish
at the time of birth, and 5. There may also appear clear differences be-
tween the rate of penetrat!on of aglucose when the net transfer |s meas-
ured In contrast to the unldirectlional flux of Isotoplcalty labeied per-
meant, |+ has been reported that the latter flux Is slaniflcantly qgreater
than the net #lux (Brltton, '56;: LeFevre and McGlinniss, '60); Levine ot al.,
'65; and Mawe and Hempling, '65),

As » result of the data qathered from kinstlc, Inhibltor and other
studles, a number of proposals deplcting models for faclil!tated transport
have been suaaested., Sevaeral of these (LefFevre, '48;: LeFevre and LeFevre,

'52; Wliddas, '52 and Bowyer, 'S57) postulated the presence of a carrier



which Is In or on the cell surface, The carrler, accordingly, reacts wlth
a suqgar molecule at one surface In order to form a suqar-carrier complex
which can move across ths mambrans by ordinary thermal agltation In the
direction of Its concentration aradlent. At the other surface the carrler
releases the suaar molecule, A simllar theory (Posenberq and Wilbrandt,
'55), has baeen proposed with the modification that the formation and dlsso-
clatlon of the compiex |8 catalyzed by an enzyme or enzymes In the membrane.
The passage of suqar throuah a protein-iined pore has been suqqested by
Danfelll ('54), tn thls model, the suqar would traverse the membrane by
becomina attached to one slte after another. |t Is essentially simllar
to a polar “creep" hypothesls put forth by Rowyer and Widdas ('56). The
observatlons however that counter-transport (Rosenbera and Wilbrandt, '57)
could be Induced In human ervthrocytes tended to overrule, thouagh not
caompletaly, the concept of transport via a pore. |t was shown that when
mannose was present In eaual concentrations Inside and ocutside the human
red cell, additional mannose would leave the cell when qlucose was sdded
to the external medium. This temporary movement up a concentration
qradlent cannot be too readiiy explalned in terms of a non-moblle membrane
component, A more or less qeneral consensus for a model of facllltated
transfer via a moblle carrler s deplcted in Flaure ? (LefFevre and
Mchiinniss, '60). In this model the rate-iiml+ting step |s consldered to
be the movement of the carrler-permeant complex through the membranae,
Kinetics which were previously presented are based on the assumption
that the free carrler and the carrler-permeant complex travel at the same
rate across the membrane. Evidence that thls Is not necessarity the case
has been recently presented. Britton ('56) has shown that the flux of
C-14«labeled alucose under equlllbrium conditions dliftered from the #lux

valuas obtalned when a net movement of the permeant Is measured.
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FIGURE 2., Model of facllltated diffusion system. The pepetrant P as
such Is unable to enter the cel! membrane, but It comblnes reversibly
with carrler A at elther Interface, rapidly approaching eaqulttbrium
deflned by dlssociation constant K, The slower diffusion of complex
PA through the membrane, according to lts concentratlon qradlent
within the membrane, determines the over-all mlaration of P,

(LeFevre and McGlinnlss, '60)



For the sake of clarity these terms, equllib fum, exchanqge and net

ftux will be defined now as follows: equltibrium flux Is the same as

exchange flux and [s the measurament of elther the Influx or the efflux

of glucose when the concentratlions of the sugar Inslde and outslde the
red cell are squal during the course of an expariment. 8y obvlious
necessity this Is an Isotoplc measurement and is also termed the uni-
directional flux of the tracer. The net flux s a measurement of the
chanqge In qlucose content of the red ceil when there 1s a difference bet-
ween the internal and the external concentrattons of the suqar., The

addlitlonal term, maximal net flux, will also appear and this [s the

measurement of the net flux under ldea! condltlons, that is, when the
concentratlion of the suaar on one slde of the membrane remalns well above
the saturation level of the reactive slte while on the other slde the
concentration of the sugar remalins as close to 2eroc as possible for the
fangth of the measurement, Wlibrandt ('61) has shown that true maximal
net fluxes wll! be measured whan precautions (such as the use of a larqe
compartment into which the alucose can move) are taken to prevent back
fiux. LeFavra and McGinniss ('60) measurling alucose Influx reported the
equlitibrium flux to exceed the net flux hy flft+yv to one-hundred t+imes.

in anothar Investiqation, Mawe and Hampling ('65) measured nlucose efflux
over a wlde concentration ramge and reported the rate at wHch nlucose
laft the cetl under equlillbrlum condlitlon was only two and one half times
faster than the rate under maximal net flux condltlons, These results
were conflrmed Independently by Levine et al., ('65), The difference In
the results between these two reports |s attributed to the fact that the
measurements of net qglucose Influx by LefFevre and Mciinnls s w ee not

really measuraments of maximal net fiux. As described previously, the
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concentration of the permeant should remain very close to zero or by the
same token well below the saturation level of the carrier In order to
prevent back flux. Such a slituatlon Is readily attalnable In eff{ux
studies. However, In measurements of Influx, the volume of the red cell
being relatively small, the concentration of the permeant rlses raplidly
and may easliy approach the Km value {(reported as between one and two
millimoles by Sen and Widdas, '6?) of the carrlier. When thls occurs the
conditlons for measuring maximal net flux are no lonqer present,

This dlfference between equflibrium and maximal net flux provides
further support for the mobile carrler theory. Utllizing a series of
expressions hy Britton ('64), and substituting the experimentallvy deter-
minad value of 2.%, the ratio of the equltibrium flux to the maximal net
of flux, Mawe and Hempiina ('6%5) caiculatéed that the carrler-permeant
complex may be shown to cross the membrane four times taster than non-
complexed carrier.

In summary, as a result of these numerous Investigations, the carrler
Is qenerally considered as a membrane component which is characterlzed by
the followling: ) The carrler Is present In the cell membrane Iin iImited
amounts and Its combination with permeant occurs by as yvet undefined bonds,
2} The carrler can combine wlth the permeant to form a complex of varlable
stablilty, 3) The extent of thls comblnation Is dependent on the nature of
both carrier and permeant, 4) The complex has the property of translocation,
5) The permeant transfer across the membrane Is neqllalble when not com-
bined with carrler, and 6) The rate of translocation of uncomblned and

complexed carrier can be dlfferent.
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Membrane

The membrane, from ail of the evidence gathered so far, appears to be
the repository of the carrier sites. Thus, the membrane and its composi-
tion and structure, are of particular significance In the Investigation of
transport phenomena. The Daniel!|l-Davson paucimolecular model {(Danlell{
and Davson, '35) of the ultrastructure of the plasma membrane put forth
to explain the permeabillty of cetis is shown In Flqure 3a. The features
of this mode! ara: |. One or more bimolecular leaflets of phosphollpld
are sandwiched between two lavers of proteln conslderad to be qglobular, and
2. Lipld and proteln constitute essentlally separate but contlnuous phases
with the polar qroups of the phosphollpid belnqg bonded electrostatically
to proteln. This plcture of the membrane was further refined by Robertson
('60). His model for the "unlt" membrane [s shown in Flaure 3b. Llke the
Davson-Daniel |] model, the concept of phospholipld layers sandwliched
between protein layers is retalned. Simitariy, both membrane models
consider the bondlng between phospholipid and proteln to be primarity
electrostatic and that the 1ipid and protein are essentlally separate
phases. The unit membrane model considers the membrane toc be asymmetric
rather than symmetric, wlth mucopolysaccharide or mucoprotein on the out-
side face and unconjugated proteln on the Inside face. The proteln layers
are visuallzed as extended polypeptlide chalns fess than 20: thick and the
bimolecutar teaflet thickness is set at about 35-40;.

The membrane models, especlally the latter, are based on the assumption
that all membranes are quite similar and that myelin, the substance on which
the unlt membrane is based, !s a representative examplie for all membranes.

A number of oblectlons have been ralsed, however, to these assumptlons,
Several different Investigations have Indicated that: |. Hydrophoblc

rather than electrostatic binding is the predominant binding between Iipid
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and protein (Richardson, et al., '64 and Brown, '65}, 2, The bindIng be-
+weon proteln and phospholipld Is very tlaht and they probably do not
ex|st as separate phases (Flelscher et al,, '62), 3, The proteln layer
of the erythrocyte membrane Is not In the extended beta confliguration
(Maddy and Malcotm, '65; Korn, '66; Lenard and Slnqer, '66; Hoelzl
Wallach and Zahler, '66 and Blackwell et al.,, '65) but |s randomty
collad (15% alpha hellix), and 4, The complexes which can form as a
result of comblnations of various lipid componants can lead to micellar
and pore formatlon (tLucy and Glauert, '64),

The role that 1tplds can piay In the structure of the membrane with re-
spect to such aspects as 1ipld content, composition and the nature of the
acyl molety has been dlscussed by O'Brien ('67). The compactness of the
structure can be shown to varv consliderably dependlina on these varjables
alone and the variations In these items among myelln, red cells, mitochon-
drla and chloroplasts are considerable. On the basls of the |lpid content
alone (de Gler and van Deenen, '61; Nelson, '67; and Nelson, '67a) It Is
possible for the red celil membrane to possess areas (patches) qulte dissim-
Ilar from that visvallzed by the "unlt"” membrane model. The difference In
the dearee of compactness of the membrane structure can be examined for red
calls of different species, When the parameter s stablllty to glycerol
hemolysls, it has been shown (Jacobs et al,.,, '36 and Jacobs et al., '37)
that ox erythrocytes are mors stabie and that susceptiblilty to hemolysls
Increases with human, rabblt and rat erythrocytes In that order. The
liplds of the erythrocytes (Parpart and Dzlemlian, '40 and Parpart and
Balientine, '52) of these specles differ with reqard to content of long
chaln sphinaotiplds (primarily sphinqomyelin). The ox red cel! contalns
very high levels of sphingomyelIn and very low levels of polyunsaturated

phosphatides while at t+he other end of the scale the rat erythrocyte con-
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contalns low levels of sphinqgomyelin and high levels of polyunsaturated
qlycerophosphatides. 1|t can be demonstrated that the more condensed

bl layer confiquration wi4l oocur when the level of sphingoiipids Is
high and the polyunsaturated [lpid level Is correspondingly low,

Thus, the qreater stablllty of ox erythrocytes to 4¢lycerol permeabli-
Ity and hemolysls may be attributed to the Iipld makeup of the bllavyer
confiquration. Whether this iIs so for this particular case Is not as
important as the svidence which demonstrates the vast possliblilities

for diversity from membrane to membrane and from one area of the same
membrane to an adjacent area.

With thlis in mind, a closer ook at the erythrocyte membrane reveatls
some Interesting fIndlngs which may be of use In understanding sugar
transport. The determination of the ultrastructure of the red cell
has proven to be a most Intarestina and dlifficult task. The newest
techniques of thin sectlioning and freeze etching have qreatliy added
to these studles. The red cel) Interlior contains a high concentratlon
of hemoqglobln in a quaslcrystalline state. There Is still however, no
clear cut evidence for the aexistence of a supporting protein network
in the Interior of the red cell. As to the Inside peripheral layers,
it appears from the work of several Investigators (Hoffman, '58 and
Dodge et ai., '63) that hemoglobin Is neither tightly bound to the
innar slde of the membrane nor does It form a structuralily fixed component.

The plasma membrane forms a boundary layer between two compart-
ments and may be defined operatlonally as that part of the cell which
regulates permeabliity. By means of replication (a technlque for re-
producling surface textures) and shadow casting, 1+ can be shown
(Hi{1ler and Hoffman, '53) that there exIsts over the surface an

array of randomly placed plaques, 301 thick and 100-5008 in diameter,



The plaques can be ramoved from the surface by ether but are themselves
unaffected, thus leading to the concluslion that the plaques are attached
to tipld in the membrane. In other preparations which were not shadowed
It was possible to see flhers, 208 In dlameter and with an average laength
of 200!. arranqed tangentlally to the cell surface. The fine structure
of the flbers are unaltered by ether and It Is assumed that they are
bound to 1ipld.

wWhen the red cell 1s properly prepared and thin sectioned, electron
microqraphs show 2 rather consistent plicture of the cell membrane as a
three-layered complex, made up of two dark llnes, each 25A thick, separa-
ted by a less dense [Interspace of 20:. This complex 1s typlcal of the
Robertson unlt membrane (Robertson, '60) and aqgrees wlth the Davson-
Dantelil (Danleltl and Davson, '35 and Danie!ll, '36) model of the
membrane as a bimolecular leaflet of 1ipid with proteln at both ocuter
surfaces. Due to uncertalnties (Kinsky et al., '67) arislng from the
effects of the various fixing methods, 1+ Is difficult to interpret this
three-{ayered compifaex. In addition, s completely lamellar structure
could not be consistent wlith the functlional quallitles inherent in the
membranae. A mode! which Incorporasted some micellar structure, even [f
only transient and sllight In nature, would allow for [on permeablilty,
A mode! of the red cel! membrane proposed by Whittam ('64) which attempts
to Incorporate the physlcal chemical data Is shown In Figure 4, Support-
Ing the possibllity of transient mlcellar substructure are the exper|-
ments of Seeman ('66) who has been able to demonstrate ferrltin entrance
during osmotic hemolysis and as sach may have demonstrated the presence

of transitory pores In red ceils.

Recont measurements of the surface area of the human red cell Indlcate

it to be (45 t_Bu2 (Westerman et al., '6l) rather than the 99u? obtalned

17
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by Gorter and Grendel ('25), Gorter and Grendet (*25), uslng acetone,
extracted the |Iplds from erythrocytes, spread the extract as a mono-
molecular flim and determined t+he ratlo of flim area to erythrocyte area.
They found a ratio of 2:1 which suggested a*bimolecular layer of |Iplds
at the arythrocyte surface. This provided the basls for the Danletil-
Davson mambrane mode! (Danlefil! and Davson, '35). However, the accuracy
of thelr tlpid determinations has been questlonsd and new flqures for
the surface area {the one above = 145 :_Buz) as well as one reported by
Seeman ('67) of 163 x I08; would appear to make It less |lkely that a
bimolecular lipld layer Is present over the entlre surface at all times.

From x-ray diffraction studles {Rand and Luzzati, '68) it can b e shown
that cholestarol, present In hlgh concentrations In erythrocyte membranes
(.39 + .07 x 10-10 ma, per cell} (Bar ot al., '66) 1s located so that
part of Its sterold nucleus Is between the polar aroups of the phospho-
ITpld molecules while the rest of the molecute extends Into the Inner
hydrocarbon layer. As such, the prasence of cholssterol causes a reduc-
tlon in area oceupled by phospholipld molecules, It therefore appears
that the condensing effect of cholesterol obsarved In a monolayer of
unsaturated phospholliplds at an alr-water Interphase may also occur In
the fully hydrated blmolecular |aver as wall,

When human red cells were treated w Hh phosphotipase C, 1t was report-
ed that (Lenard and Sinqer, '68} up to 74% of the total mambrane phosphorus
was releasad into solutlon as a resuit of the hydroly ds of membrane phos-
pholiplids to dlalvcerldes and water-soluble phosphorylated amines. Inves-
tlgation of the state of the membrane by means of phase microscopy Indlca-
ted the membrane to have remalned Intact. In addition, the structural
protein conformatlon appeared unaffected. As a result of these findings

and other measurements dealing with optlical rotatory digperslion spectra



20

and circular dichroism measurements of membrane proteins, these authors
postulate a membrane model which 1Is shown In Flgure 5. In this model,

the authors propose that the lonic and polar heads of the phospholiplds,
together wlth the charged groups of the protelns are all sltuated at the
exterlor surface of the membrane In contact with the bulk aqueous phase.
The Interior of the membrane contains the hydrophobic talls of the phos-
pholipids, the rest of the proteln and other hydrophobic components such
as cholesterol. This contrasts with models of the Davson-Danlell|-
Robertson type, where It Is suggested that the lonic and polar heads of
the phosphoiipids are submerged under a monolayer of proteln on both sur-
faces of the membrane and that the entire structure Is held toqether pre-
domlnantly by electrostatic Interactions between the |onic heads of the
phosphoilipids and the charqged qroups of the protein monolayers. The exper-
imental results (Lenard and Slinger, '68) indlicated that: |. Phospho-ester
bonds that are hydrolyzed are readlly accesslble to phosphetipase C In the
intact membrane, and 2. €lectrostatic Interactions between phospholiplds
and membrane proteins play only a secondary role in malintaining cell mem-
brane Inteqrity and In the determination of the conformation of membrane
proteins,

In viewing the overall plcture of non-selectrolyte transport, mention
shouid be made of certaln substances (the so-called "minor" components )
that are part of or are easlly removed from the red cell membrane. Though
in most cases evidence for dlrect Invoivement of these components with
the qlucose transport system Is lacking, they are part of the membrane
system and may prove to be necessary adjuncts in the formulation of a
meaningtul concept of non-electrolyte transport.

A number of these minor components of the red cel! membrane can be re-

moved by treatment of the cellis wlth proteolytic enzymes. Sialogtyco-
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FIGURE 5. (a) The Dantelli-Davson-Robeartson unit membrane, as
modlfled to Include the data presented by Lenard and Singer.

The proteins on the outer surfaces of the membrane conslist of
hellcal and random coll portéions. The polar tiplds are oriented
in a bimolecular leafist with thelr polar heads faclng out. (b)

A generalized membrane suggested by Lenard and Singer. The cross-
hatched areas are assumed to be occupied by relatively nonpolar
constltuents (hydrophobic amino acld residues or lipids).
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peptides have been relesased by treatment with pronase (Ohkuma and
Shinohara, '67) and trypsin (Ohkuma and lkomoto, '66, and Winzler et al.,
'67). These alycopeptides fall Into a 10,000 molecular weight size group,
contaln qgalactose, acetyl aqlucosamine, acety! galactosamine, N-acetylneu-
raminlc acld and are rich in serine and threonine. There have not been
any reports however, whlich demonstrate any connectlion between the release
of these glycopeptides and the sugar transport system In human erythro-
cytes. Flux measurements (Odesser and Mawe, '67) following trypsin and
chymotrypsin dlgestion have Indicated these enzymes to be wlthout any
affect on the aqlucose transport system.

There have baen sugqgestlions that anzymes mlght play a rele In hexosse
transport In the human red cell and one of the enzymes stronaly considered
has been mutarotase. Untll recently, the prasence of this enzyme had not
been demonstrated In arythrocytes, though Its exlIstence there had long
been suspected., The presence of the enzyme mutarotase has now been
demonstrated by Sacks ('68) In lysed erythrocytes and In hemoglobin.

The author presents a number of experimental behavorial simitarities
which ralsed the possibliity of some role for mutarotase In the transport
of glucose In erythrocytes,

Recent Investlgatlons of the transport systems of mlcro organlsms have
implicated proteins to bs Intimately Invoived with a proline transport sys-
tam In €, coll {(Kaback and Stadtman, '66), a sulfate transport system
(Pardee, '66) and a B-qalactoside permease In E. coll (Fox et al., '87),

As a result of these and other observatlions the components of the mem-
brane take on a central role In transport phenomena. Attempts have
been made to lsolate and assoclate membrane fractions with the re-
active sites Involved with sugar transport. One of the approaches was to

Isciate a lipld or |ipld-soluble complex which would preferentially bind
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glucose. LefFevre et al. ('64) demonstrated that phospho!lplds extracted
from qhosts of human erythrocytes are capable of carrying glucose (labeted
with carbon-14) from the dry state into the highly non-polar solvent
hexane, Though this system lacks the specliflicity seen In normal sugar
transport systems, it Is Interesting that this transfer of qlucose can

bae Inhiblited in a manner simliar to the Inhiblitlon of normal suqar trans-
port. Although the phosphorus content of the extract Is unchanged, |lIplds
extracted from red cells which have previous!y been exposed to |-fluoro-2,
4-dinitrobenzene (an Irreversible and potent Inhibltor of gqlucose trans-
port capaclity In the red cefl) show a marked decrease in thelr ablilty

to form the hexane-soluble complex with glucose.

The capacity of phosphollpids derlved from beef red cells (cells with
extremely low qlucose permeabliity)} to bInd hexoses was compared with
that of the phospholiplds derlved from human red cells {(Hobson and Larls,
'66)., The results Indlcated that: |. Human and beef stromal phospholliplds
display equal! ablllitles to carry glucose and mannitol Into hlighly non-
polar solvents, and 2. Glucose to which both cells are permeable Is
more effectlvely carried into hexane than mannitol, a sugar which pene-
trates nelther cell. However, It is Impossible to account for the vastly
different hexose permeabllities of beef and human erythrocytes merely In
terms of simple differences Iin the ablllty of the membrane phospholiplids
of these two cells to bind hexose.

Another approach towards [solating a carrler-type molecule was taken
(Mawdsley and Wlddas, '67) In the following manner: Human red cel! ghosts
were axposed to qlucose tabeled wlth carbon-14 and after a sultable perlod
wore extracted with |lpld solvents. The extracts were fractlonated on
slifcic acld columns. A peak ldentlifled as a triphospholnositide (TP!)

was assoclated with the radloactive peak and was thus presumably bound,



elther physically or chemically, to qlucose., Such a complex could be
formed lﬂwzligg_wl?h pyridine as the solvent. Such lﬂ !llsg label Ing
could be eliminated by pretreating the qhosts w Ith DNFB or mercuric
chloride. Tre authors suqaest that |t {s this lipld fractlion (TP1)
which Is a factor In the solublljzatlon (LeFevre et al.,' '64 and Hobson
and Larls, '66) of suqars In non-polar solvents,

Bobinskl and Steln ('66) and Ronsall and Hunt ('66) In the attempt to
Isolate a qlucose-binding component from human red cel! membranes, prepared
columns of membranes or membrane fractions Immobi{ilzed on an absorbent
such as cellte or DEAE—cellulose. Padioactlve suqar palrs wee passed
through such columns and by measurement of the effiuent activity, 1t was
possible to determine {f alucose was balna held back on tha column In prea-
ference to a second suqar such mBs sorbose. Membranes prepared from DNFB-
treated red cells were aiso used In these columns, The authors were able
to demonstrate the appearance of a component assoclated wlith most of the
alucose bInding capaclty of the erythrocyte membrane and suqgqest that
this material may be responsible for aglucose transport In the Intact ery-
throcyte. However, llke all methods which rety on cell destruction and
subsequant lsolation of a fractlion, It Is extremely dlfflcult +o show a
correspondence between the physloloalfal activity of an homogenate
fraction and this sama activity in the Intact cell,

The other major approach toward eliciting Information on non-
electrolyte transport has been the study of the kinetics of non-
electrolyte movement across the membrane of the Intact eell and the
effects of a varlety of substances on such movement as was observed.
These measuremgnts wore usually made on elther net or exchange fluxes,

but not on both fluxes using ldentlical cell populatlons. The approach



2%

taken in the work reported here has been +o utitlze Intact cells and
measure and analyze the effects of a number of dlfferent agents on both
the exchanqe and maximal net fluxes obtalned from ldentical cell popula-
tlons, |t was consldered that the two fluxes presented an opportunlity
to analyze the carrler system under two dltferent physical condlitions -
qlucose-loaded and unloaded. Therefore the type of effect obtalned wlth
the ditferent agents on the carrler stdtes under loaded and unloaded con-
ditlons would yleld 2 better Insinht to understandina the blochemlcal
nature of the "carrier’,
Insulin

As part of thls approach the effect of insulln on qlucose transport
has been investigated. Levine et al, ('49,'50) demonstrated the ablllty
of insulln to accelarate the permeabillity of cells to hexoses. Insulln
has heen shown to stimulate the transport of amlino aclds (Akedo and
Christensen, '6?) and their Incorporation (Flsas et al., '67) into proteins
In skeletal muscle. Insulln has been shown to affect +he sodlum flux In
the toad ococyte (Rittar et al., '6B), to possibly act on nucleotide trans-
phoryiases (Klachko, '66) by reaulatina the relative quantltlies of nucleo-
tide triphosphatas In the cell, to facllltate the transport of alucose,
gaiactose and other suqgars across the membranes of cardi{ac muscle (Morqan,
et al., '6%5) and adlpose cells (Rodbell, '67 and Blecher, '67). In the
prasence of Insulln, qlucose incorporatlon Into qiycoqgen Is markediy In-
creasad (Sévik, '66); there Is an Increase In both membrare potential and
membrane resistance observed wlth frog skeletal muscle In a glucose-free
medium (deMello, '67), and there are Indications of an Involvement In the
binding of transfer and messenqgear RNA to the ribosome (Stirewalt et al., '67).

The above Is but a smalil sample of the vast number of effects in which



26

Insufin has been [mpllcated. In &al! of these Investigations a mechanlsm
concerning the primary site of action has been sought and the neneral con-
sensus is more or |less summed up by Levine ('65,'66) who bel leves that the
primary site of Insulln action Is at the cell membrane. The manner In
which Insulin interacts with the cel! membrane s as y et uncertaln. How-
evar, a number of Interesting observations have besen made In thls reaard.
[nsulln has been shown to bInd (Edelman et al., *63) to rat skeletal
muscle cell membranas by means of electrovalent and covalent (dlisulphlde)
Ii{nkages. The evidence Indicated an Invoivement of cyclic dlsulphlde

| Inkage of the Insulln A chaln and the sulphvdry! qroups on the receptor
protelin, Similar concluslions of a thiol-dlsulphide exchange reactlon have
come from others studyling the binding of Insulln to rat eplididymal fat pads
and hemidlaphragms (Fonq et al., '62), The similarlty of actlon (namely
an Increase In permeabillity) by phospholipase C, phosphollpase A and
fnsulln on the cell membranes of free adlpose celis wlth respect to alucose
entry has been demonstrated (Rodbell, '64: Blecher, '65 and Blecher, '66),.
It Is suqgested that these results offer evidence that plasma membrane
phospholiplds play a role In the tacllitated transport of alucose. |t

Is suqqested (Rlecher, '66) that |Imited hydrolysls of membrane phospho-
ilplids might transform membrane |Ipoproteins from laminar to qlobular
conflqurations with a resuttant Increased permeabl!ilty to small molecules.
By comparison, phosphol lpase treatment of the red cell caused a marked dee
crease In the exchanqe diffuston of qlucose (Odesser and Mawe, '67). No
mentlon Is made, (Blecher, '65) however, as to whether Insulin might be
Involved In & simllar manner, There Is a possibliity that an alteration
of the conflquration of ptasma membrane |lpoproteins couid occur by forma-
tlon of complexes between phosphollpases, calcium and thelr phosphollpld
substrates {(Blecher, '65). A simllar Interactlion between Insulln, zlinc

and membrane |lpoprotelin has been proposed (Kraht, '61),
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In a serles of reports, the nature of the Insulln receptor site In
muscle has been Investiqated (Rleser, '65; Rieser, '66; Rieser, '67 and
Rieser, '67a). In these reports, the author has demonstrated the proteo-
lytic-1lke activity of Insulln and also the Insuilln-like activity of
several proteolytic enzymes. |t Is suagested that Insulin may be compared
to an Incomplete or partial proteoclytic enzyme, which, for its activity to
be expressad, must in some manner combine or orient with a complement of
aminc acld reslidues {to be found on the membrane surface) and in this
manner become an entire functional catalytic unit. This approach Is an
extension of the hypothesis advanced by Hofmann ('60) for peptlide hormone
formation where a cell recaptor Is plcturaed as an Incomplete enzyme with
the hormone supplying the missing part. Rieser ('67) has also presented
preliminary evidence that tryptophan (an aminc acid not found In insulin
from any species) may be a part of the insulin receptor site.

Another Interesting proposal for a mechanism of insuifin and other
disulphide hormone actlon Is presented by RoblInson ('66). The author
suggests that there may be an intersctlon between the sulphydryl aroups
pf the hormone and the cis double bonds in |Ipld fatty acids. He proposes
that such an interaction could affect the packling of the hydrocarbon
chains, such that there would be an alteration In the surface charaqe
properties as well as In proteln conformation. Such changes, [f they
occurred, could In turn affect membrane permeabl|ity,

The evidence for the faclllitated transport of qlucose as summarized by
Stein ('64) has been mentioned previousiy. The effect of Insulin on some
of these parameters has been discussed by Henderson ('64). For example,
Park et al., ('65) demonstrated the exlistence of a definlte degqree of
stereospeclificlity in the glucose transport system In perfused heart experl-

ments and In addttion the fact that insullin stimulates the sterospeclific



system only.

The Iinteraction of Insulin and other protein hormones with the sugar
transport system In human red cells Is one of the aspects of the work re-
ported here. The transport of glucose across the membrane of the normal
human red cell has been considered to be unaffected by insulin (Pletscher
et al., '55). However, when the red cells are exposed to chymotrypsin,
it has been reported that glucose flux Is enhanced by Insutln (Rieser and
Rleser, '64). The elevation of the maximal net flux of glucose in normal
human erythrocytes by Insulin alone has been reported (Zipper and Mawe,
'67), and further comment about thls work and other related items will be

held for a later section.
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MATERIALS AND METHODS

The materials used Iin these Investigations and the sources from which
they were obtained are as follows: Bovine Insulin (25 units/mq), porcine
Insulln (23 units/mq), insulln A-chaln oxldized, Insulin B-chaln oxidized,
insulin S-sulfo A-chaln, Insulln S-sulfo B-chain, L-epinephrine, adreno-
cor.lcotroplc hormone (ACTH) (porcine plitultary, 200 i.,u./mq), were from
Mann Research Laboratories, N.Y.C., N.Y.; Bovine Insulln (24 unlts/mq),
oxytocin, synthetic (10 unlts/mq}, vasopressin, synthetic (150 units/mg),
glutathione oxidlzed form, qlutathione reduced form, phosphollpase C,
B8-D(+) glucose, p-chlormaercuriphenyl sulfonlc acid (PCMBS), polymixIn B
sulfate, protamine sulfate (qrade !) were from Sigma Chemlcal Co., St. touls,
Mo.; Phosphollpase A (Naja naja venom), phospholipase B (bovine pancreas},
phosphol lpase D (0.5 unlits/mq, cabbage), Cottonmouth venom, were from
Plerce Biochemlical Co., Rockford, |I1l.; L-cysteine, L-cystelc aclid, and
L-cystine were from Calblochem, Los Anqeles, Callf.; Bovine Insulin,
sterlie (10 unlts/ml.} was obtalned from Squibb and Co., N.J.; porcine
lnsulln-l'B' was from Abbott Laboratorles, Chlcaqo, I11.; Chlomerodrin
{neohydrin) was a glft from Dr. H, L. Friedman of the Lakeslide Laboratorles,
Ml Iwaukea, Wisc.: Chlormerodrin labeled with Hq203, PCMBS labeled with
Hq203 and D—qlucose-c'4-UL were supplled by ICN Corp., City of Industry,
Callf., The y-poly glutamlc aclds were Isolated from B. subtilis and were
a glft from D. J. O'Connel |l of the Veterans Administration Hospltat,
Brooklyn, N.Y, All other materlals were of reagent qrade. Water was
triply distilied, once from a tinlined contalner, and twice from glass.
The materials |isted above were stored In the presence of desiccants at
the temperature (4°C or -20°C) whlich was consldered to be the best for
max{mum stabillty., Unless otherwlse noted, solutions of these materials

ware prepared just prlor to thalr use and were then discarded.
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Samples contalning carbon-|4 were counted In a Packard Tri-Carb
Liquid Scintillation Spectrometer, model 4322. The backqround averaqed
about 20 cpm. The scintliliation mixture consisted of p-dioxane; ethoxy-
ethanol:xylene In the proportion of 3:3:1. This mixture (Bruno and
Christlan, '61) was prapared to contain B% naphthaléne, 11 2,5-diphenyl-
oxazole (PPO), and 0.05% |, 4-bls-2-(4-methyl-p-phenyloxazolyl)-benzene
(DImethyl POPOP)., PPO and Dimethyl POPOP were obtained from Packard
Instruments Co., Downers Grove, |tl. Ethoxyethanol, p-dloxane {(spectro-
aquality aqrade), xylene, naphthaiene (recrystalized from alcohocl!) were
from Matheson, Coleman and Belil, Inc., Rutherford, N.J. This scintillation
mixture Is capable of accepting up to 20% of its volume of an aqueous
sample, wlll not freeze at the normal operating temperatures utilized In
liquid scintlllation counting and has a qood countlna efflclency by com-
parison with other mixtures. Samples |abeled wlith Ha-203 or 1-131 were
counted in a Packard model 200| Spectrometer well counter system. The
backqround level with this Instrument ranged 60-80 cpm.

Maasuremaents of pH were made on a Radlometer pH meter, model TTT-C-|
with a Corning comblinatlion electrode, type 476020. Osmolarities were
determined by the freezing point depression method utilizing an Advanced
Instrument Osmometer, model 3t-LAS., Hematocrits were determined with the
use of a Spinco mlicro-centrifuge (Microfuge) Beckman Instr. Model [5-2A,
Tubes, | mm in diameter, were partially fltled with a sample of the blood
suspension. One end of the tube was sealed with clay and the tube centri-
fuged for 2 minutes at top speed In the micro-centrifuge. The ratlo of
celle to the Yotal sample volume was determined with the ald of an |EC
mlcro-caplilary reader.

Flux Measuremants

The experimental arrangement for rapldly separating cells from super-
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natant fluld was as follows: A stainless steal Swinny filter holder

(Ml 1tpore ¥FXX30 01200) 1s ftltted at its distal end to a 2 ml|, syrinqe,

and at Its proximal end to a 14 gauqge cannula, The tefion gaskets and

wire (stalnless) screen In the fllter holder are arranged in a manner to
support a millipore fllter whan suctlon Is applied upon drawing up on the
syringe. The filter (Milllpore #SMWP (0i3) Is a |3 mm diameter cellulose
fliter with & mean pore slze of 5.0 u :_1.2 u. The red cells are efficlient-
iy held back by the fiiter. Thus, when a sample from a dillute red cell sus-
pension is rapidly withdrawn, the cells are held on the filter, while a cell-
frea supernatant raplidly collects In the syringe. By quickly disengaqing
(lesas than 0.5 sec.) the syringe from the fllter holder, the cell-free super-
natant Is physically removed from any contact wlith the f]lter contalning

the caelils and the possiblllty of secondary back fluxes occurring is complete-
ly eliminated.

Red blood cells were obtained, unless otherwise indicated, from healthy
human donors. BRlood (15-20 mi.) was withdrawn by venfpuncture and collect-
ed in a tube contalining sodlum cltrate (5 ma/ml. blood). The citrated
blood was poured throuah three layers of gauze, centrlifuqged at 800 xq for
10 minutas and the plasma and whlte cells removaed. The cells were washed
three times at 4°C with a 0.075 M alucose-saline solution, adjusted to pH
7.3 with phosphate buffer. The cells were collected each time by centrl-
fugation at 800 xg for {0 mlnutes. WwWhen not used shortly after the last
wash (experiments denoted as day 1), the cells were stored In the glucose-~
sal Ine-phosphate solution at 4°C. Prior to belnq used after storage (ex-
periments denoted as day 2 - 24 hours storage ... etc.), the celis re-
celved one additional wash with the giucose-saline-phosphate solutlion.

The primary buffer solutlons utllilzed In most of the experiments were:
. a sallne 0.0IM phosphate solutlon adjusted to a pH of 7.3 and which was

295-310 milliosmoles per |lter and 2. a saline 0.0IM phosphate solutlion



adjusted to pH 7.3, containing 0.075M glucose and which was 390-400 mi{li-
osmoles per 1{ter.

After the final wash, allquots of packed cells were eaquiiibrated with
glucose-C!4-UL. An allquot of 25 ul of glucose-C!4-UL (125 pcurtes/mi.)
was added to 0.5 mi. of a thick cell suspension (hematocrits 75-85%) and
the suspenslon was allowad to equiiibrate for 30 minutes at 22-24°C. The
aequllibrated cells are now In a position to be treated with any of the com-
pounds which have been listed above. The concentrations which were used
for each compound wll! be qglven |ater when the results obtainad with each
agent are presented. On the whole, the attempt was made to keep all addi-
tive volumes to a minimum level of betwean 25 and 50 ut, The treated cells
were Incubated for specified times and at specified temperatures (given
later Iin the text when the Individual compounds are considered). Concomlt-
antly, non-treated 0.5 ml. atlquots ot thick red cell suspensions (hemato-
crits 75-85%) are carried through the entlire procedure. Only a similar
nuantlty of the solution used to dissolve the particular aqent added to
the treated cells Is added to these calis, In this way, flux values are
obtalned for treated and non-treated cells derived from the same cel!
population.

Aftaer the prescribed period of incubatlon has elapsed, 10 ul. of the
red cell suspension is removed and placed on a small gqlass ladle. With
the use of the glass ladle, the blood sample [s rapidly (with stirring)
Introduced Into a beaker contalning 10 m|l. of a buffer sclution. When net
f lux measurements are made this buffer solution [s saline-phosphate pH 7.3,
295-310 milllosmoles per |iter. Under these conditlions, tha glucose con-
centration In the cell's enviromment {s reduced to 0,015 x IO-BM, a value
which does not exceed or even approach any of the suqqested Km values

{Sen and Wlddas, '62) for the carrler site. The conditions for the measure-
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ment of the maximal net flux are therefore met (Rosenberq and Wilbrandt,
'55). Wwhen exchange flux measurements are to be made thls buffer solutlion
s 0.075 M alucose-sal lne-phosphate pH 7.3, 390-400 milllosmotes per |iter.
An electric timer is actuated as the red cells are Introduced Into the
solution in the beaker. Samples (approximately 0.5 ml.) are rapidly
wlthdrawn (at 4-5 second Intervals) with the ald of the Swinny filter-
syringe device. In thls way five cell-free samples are rapidly obtained.
The first sample Is usualiy obtained within [.5-3 seconds after the intro-
duction of the cells Intoc the buffer solution. Subsequent samples are
usually obtalned at S-second intervals. The sampling time is consistently
consldered as that time after the sample has been withdrawn, when tha
syrinqe Is separated from the fliter holder. After the rapld sampling
period Is over the beaker contatninag the dliuted red cell suspension Is
set aside for 30-60 minutes. B8y this time alucose-Cl14 is unlformty dis-
tributed betwaen cell water and medium and a flnal cell~-free sample (the
infinlty samﬂc’ Is taken. Altlouots of O.1 or 0.2 ml, of the cell-free
samples are placed In vials contalninag 10 mi. of the scintlilatlon mixture
previously described and the samples are counted for the two {0-minute
cycles In a Packard liquld scintillation spectrometer.

The radloactivity counted in the supernatant samples comes from the
uncose-C'4 which leaves the cells plus the Initial radloactivity which
Is carrled over In the extracellular phase of the packed red cells. Thils
latter addlitional radioactivity Is constant In all six samples. The sixth
sample, the infinlty or equililibrium sample, Is used to determine the maxi-
mum amount of qlucose-Cl4 which will leave the red blood cells,

In order to make a valid comparison betwaen exchange and maximal net
fluxes of both treated and non-treated cells, all measurements were made on

cells from the same blood sample within 15-30 minutes of one another.
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At time O, with the Immersion of the ladle containing the red cell
suspension, the speciflc activity of the calls' enviromment |s reduced
to less than .01/10.0! or at least to 9.99 x IO-‘ of its value before
immersion of the |adle. The speciflc actlvity of the cells Is unchanqed.
Under exchanqe flux conditions, the alucose concentration inside and
outside the calls remalns constant through the experiment, while under
net conditions, within 0.5 seconds after the ladle's immersion, the
qlucose concentration within the red cells is reduced dues to the entry
ot water. This reduction depends upon the difference between the
osmoiarities of the Incubatlon solution and of the external medium. |If
the celis were previousiy equiiibrated with 0.075 M qglucose-sal ine-phosphate,
the concentration of qglucose would be reduced to 310/390 or 0.8 of that
in the equilibrating solution. Therefore, at time 0, there would be a
concentration qradient between the cell and the medlium,

Theoretical Conslderations

The condlitlons under which the equllibrium flux were measured were
the same as that of a two-compartment closed system previously discussed
by Solomon ('49) and Sheppard ('62). Under these conditions the cell
watar forms one compartment while the medium water makes up the second
compartment. Initlally, almost the total amount of the tracer is present
In the cell water compartment. Under these condlitions |abeled material
Is moving one way out of the ceill Into the medium water compariment while
unlabeled material Is moving out from the medium water compartiment into
the cell wataer compartment. The level of the labeled matertal follows
an exponentlal decline such that the rate of toss of the label Is always
proportional to the amount present. As a result, a plot on semli-log

paper of the loss of label with time will result In a stralght 1lne, the
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half-time (+ 1/2) belng that time which it takes for the reduction of
the quantlty of the i{abel to 50% of its initlal level.
The kinetic analysis whlch follows has been taken from Mawe and Hempling

('65), The kinetics of the exchanae |s described by equation |.
In | - Spec. Act, medium, t| | .,
Spec. Act. medium,co S'

where P = flux of glucose In moles per Ilter cell water-sec.

*

U -

2

S' = cell compartment size of qlucose In moles/iiter

S, = medium compartment size of qlucose In moles/liter

The specific activity may be defined as the cpm/mole qlucose. Since the
moles of glucose In each compartment would be the same at time + as at

timeec, eauation |. can be rewrlitten as:
(2} 1In - cmp/mi. medium, t = -p I, | t
[[ com/mi. medlium, oo 5 0%

Since the compartment slze of glucose In the medium S? is much {arqger than

the cell compartment S|, I/S? is very smalt and may ba neqlected In the

calculation of the flux. As such equation 2. reduces to:
(3) In ' - Cpl'H/rnl. medium, t = -{P/S. ) t
com/mi. medlum, _, |

A plot of the values from the left hand term of equation 3, aqainst

time (+) will ylold a straight Iine, whose slope m is P/S|. Therefore
the flux, P, will equal the slope m multiplied by Slz or P can be deter-

mined as shown In squation 4.

(4) P = 0,693 x S|



Wlddas ('54), LefFevre and McGinnlss ('60) and Willibrandt ('61) aqree
that the following equatlions describe the kinetlcs of net glucose exit:

(5) -d(GB)e = d(G)m = VYmax [6Ge]) - [Gm]
dat dt Km + [ﬁcﬁ Km + fﬁﬁj

whare Ymax may be deflned as the maximum rate of movement of whlich the
carrfer system |s capabie.

(Gle = the amount of alucose In the cell compariment

(G)m = +the amount of alucose In the medlum compartment

[Bc] = +he concentratlion of qlucose In the cell water

[6m]

Km = +he dlissoclatlon constant of the glucose-carrier complex

the concentratlion of alucose In the medlum water

when [Gm] << Km, [Gc]*, equatlon 5. simpllfles to:

(6) d (h)m = vmax [c)

—ar Km * [6c]
If [6c] »> Km* then equatlon 6. becomes:

(7} d (Gm = Vmax = - d (G)c
dt dt

where equaticen (7) Is a descriptlon of maximal net flux., We can write:

(8) Vmax , - (dR/dt) cell = (dR/dt) maedium
Ac Ac

wheres (dR/dt) medium = cpm qlucose entering the medlum from the cells
and 1s obtained from the slope of curves sim]llar to those shown In
Flqure &,
Ac = [ecpm alucose In the cel!/amount of qlucose In the cell])
Since all the radloactivity found In the medium at Infinlty, cp@t..., came

from the cell wlith the exception of that amount which was present as an

*As noted In the Materlal and Methods sectlion, the Initlal concentration
of alucose In the cell Is 0,075 M_and the ¢Inal concentration of qlucose
At the environment is 0.015 x (0"> M. The Km for qlucose transfer has
been reported as 1-5 x 1072 M, Therefores, the restrictions

fom] << km, {Gc] and [0Bc] >> ¥m are met and the equation 0. may be
applied to the experimental data.

36
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extracel lular contaminant when the packed cells were mixed with the
environment, we can write®:
(9) (com alucose [n the cell}ly . o = (com In the medium)y &
- {com In the medlum)y, .
The amount of alucose present when + = 0, when normallzed to an lsosmotle
cell volume, Is a concentration and Is equal to 0,075 M In these exper!-

mants. Tharefore:

(slope of the curve, cpm/sec) {0,075 M]
[ Tcomlmed. + e g2 - (COMIpgq. + = 0 J

(10) Vmax =

Binding Experiments

In another serles of experimants, the deaqree to which caertsln aqents
remaln bound to the red cell under a varlety of conditions and after ex-
tenslve washlnags was Investinated. |In these axperiments, the raed cells
were obtalned, washed and eauliibrated with cold alucose exactly as pre-
vliously described. Glucose labeled with carbon-14 was not used. The
washed celils were Ifncubated wlth the anent under Investlgation for a qliven
time and at a alven temperature (the data are presented wilth the Individual
experiments reported later). The agents studled wera PCMBS labeled with
HA-203, chlormerodrin labeled with Hq-203 and porcine Insulln labeled
with 1-131, The treated celis were washed with elther sallne-phosphate
at pH 7.3 or 0.075 M gqlucose-sal Ine-phosphate at pH 7.3 Allauots of the
wash supernatants (| m!.) as weti as the washad packed red cells were
counted In a well counter. The entire quantity of packed cells was counted

aftter the final wash, no transfer or dilution belng required. Countling

*to be strictly true it would be necessary for {ic]y g = 0. However,
since the volume of the enviromment ls so much areater than the volume
of celis which are added, the [Gclt sop Is sufficlently close to zero as
to make equatlion 9. virtually correct.



standards containing known quantities of the radiocactive agent being
used ware prepared at the same time as additlons were made to the red
cells. Those standards were counted along wlth the experimental samples
and {nasmuch as the results ware expressed In terms of percentaqes based
on known quantities whlich were added Inltially to the red cells, [t was not
necaessary to conslider physical decav in calculating the results from the
data so obtalned.
Hemolysis Experiments

A few experiments were devoted to the measurement of hemolysis obtaln-
ed wlth phosphollpase C in the presence of insulin. In these experiments
isotopes were not utltized. Red cells were obtalined, washed and eaqulll-
brated with alucose as previcus!ly described. Atiauots of 0.5 ml. of packed
red cells (hematocrits 70-80%) were exposed for 20 minutes +o0 25 ul,
volumes of phosphotipase C (Ph|-C) solutlons whose concentration ranned
from 5 x i0"3 to 0.1 mg Phi-C per 25 ul. Red calls were either first
treated wlth 25 u!l. of insulln (0.06 uMoles} for 30 mlinutes prior to
thelir exposure to Phl-C or were exposed onty to Phil-C. The cells were
then centrlfuned at 25000 xq for |5 minutes, a 2?5 ul. sample of the super-
natant was removad, diluted to |10 ml, with water and the absorption deter-
mined at 540 mu In a Klett colorimeter. The values so obtalned were com-
pared to a vatue representing 100f Iysls of an ldentical 0.5-ml. packed
red cell allauot.

Flux Measurements-Specla! Condltions

Inasmuch as there Is a difference of toniclity between the solutlons
used to measura net and axchanqe fluxes, a number of experiments were
arranqged In a manner such that thls difference In toniclity was ellminated.
In these Instances sodlum chlorlde was added to the normal sa!line-phos-

phate solution pH 7.3, 295-310 militosmoles per |lter to brlina the con-
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centration to 370-380 milllosmoles per liter, the pH remalining at 7.3.
Thus, measurement of the net flux occurred at an almost {dentical toniclty
as that of the exchange flux, the sole varlable heilng the presence of
eaual concentrations of alucose on both sides of the cel| membrane in
one case (exchange) and the lack of alucose on one slde In the other
case (net),

Since all of the data obtalned on flux measurements will be presented
In tabular summary, it would be repetitious to include a araphic repre-
sentation for each series of experiments. Neverthelass, [t may be of
some [nterest and possible value to see an example of the nraphic dis-
play. Therefore, In Flnure & there are plotted three curves showling the
measurement of the maximal net filux in a) non-treated normal human red
cells, b} Insulln-treated normal human red cells and c) PCMAS-treated
norma! human red cells. In sach case the counts/min (cpm) cobtalned at
sampling time t is plotted against the sampting time t. The value for
the com/sec 1s obtained from the slope and the cpm, medium, + = 0 Is
obtained from the intercept of the curve wlth the ordinate. Ffilqure 7
shows the measuremant of the exchange flux In a}) non-treated normal human
red cells, b) insulin-treated normal human red cells and 3) PCMRES~treatead
normal human red cetls. The values of one minus the ratio of the cpm at
samptlinn time t to the cpm of the sample at Infinlty (30-60 min) are
plotted ancainst the samplina time t. The half time (+ 1/2), Tl.e., the
time which It takes for the reductlon of the quantity of the label to 30%
of Its inltlial value, Is determined from the curve and this value Is In
turn utlllzed to determine the fiux. In these two fiqures, examples of

control values, actlvated fluxes, and Inhiblted fluxes are presented,
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(a) Net Flux, control = 2.19
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FIGURE 6. A comparison of the maximal net flux of qlucose-CM-UL
in non-treated, Insulin-treated and PCMRS-treated cells. Fluxes
are expressed as mitlimoles per |lter cell water-sec.
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(a) Exchange flux, contro) = 5,78
(b) Exchange flux, insulln = 5,48
(c) Exchange flux, PCMBS = 2,24

t)/2 = 20.5 sec

(cpm/ml.)¢
{cpm/m) , ) =

‘C.t. (a) 1'|/2 = 8.8 sec.

I 1 | 1 {

6 t2 .}
Seconds

FIGURE 7. A comparison of the exchange flux of glucose—CM-UL in non-treated,
insul In-treated and PCMBS-treated celis. Fiuxes are axpressed as miliimoles

per liter cell water-sec.
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As part of the calculations for determinina fluxes under maximal net
and exchanqge condltlons, changes In the cell volume durlng the Incubation
perlod, due to the addition of smat| volumes contalning the agents which
ware tested, must be taken Into account. To determine volume dilution

corrections, the following serles of relationships are used:

a) ml. cells = vol. of suspenslon (0.5 ml.) x hematocrit (8B0%) = 0,400
b) mi. plasma H,0 = vol. of suspenslon (0.5 mi,) - m)!, cells 0,4 m],. = 0,100
c) call H0 = 0,70 x ml. cells (0.4 mi.} = (0,280
d) total H,0 in Initial vol. ot suspension = plasma H,0 (0.100)

plus cell H,0 (0.280 = 0.380
e) total H,0 In the system = piasma H,0 olus cell H,0 (0.380)

plus mi. additional H?O added (0,050) = 0.430
t) vol. dit. corr. = total H,0 In initlal vol. of cells . 0.380 = 0.884

T total H’;ﬁ Tn system 0.430
The vatue for the vol, dit. corr. Is used In the followlng equatlions for

determininn the flux value.

Exchange flux = 0.693 x molarity aqlucose soln, x vol, dil. corr.
SIS TR Sy T e T e S e

Net tlux = (cpm/sec) [0.075 M] (vol. dil. corr.,)
[tepomdag. t s~ (PMnag, 1 =0]

Statlstical Anatysis

Tha data which were obtained In the various experiments were where
possible treated in the followlna manner. Data obtained under a qlven
set of simllar condltlons were qgrouped and averaned. The standard devla-
tion and the standard error of the mean wers determined. VYalues exceed-
Ing the Iimit of + 1,96 S.D. were discarded. The means from different
arouplngs were compared for the presence or lack of slanliflcant difference

by means of %he student's 1t test. In this test {(f p > .05 was found for a
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qiven comparlson, it was considered that wlthin each qroup  there exlsted
values which could be placed with equal probablllity In one qroup or the
other and that there was therefore no slanlficant difference between the
two values In question., The following eauations are utiilzed In the
z*atistical analysis employed In this paper: The varlance or mean sauare
deviation Is determined by eauation |0,

(10} Variance = (X - i)i‘N—' and this value is used to determine
the standard deviatlon (5.D.) In equation |I.

2
(11 s.0. = Vvartance = r(x-ﬂm-ll

The standard error of the mean Is determinad by eauation 12,

(12) s.F. = $.0./ YN =’1ﬁ;g- x)° A=)
v

In order to compare the sianificance between two means with the ald of the
t test, the standard error of difference ls determlined according to
equation |13,

2 2
(13) S.E. dIf. = JS.E.4 + S.E.»p

and Is In turn utlllized in equation t4 to determine t

(14 + = x, - iz/s.s. d1¢f.

The probabitity (p) of sianificance 1Is determinad from a standard table by

means of the value for t and the value for n where n =r(N' -1} + (N? -1 ],



Structural Formulas

The structural formula for insulln as given by Sanger et al ('55)is
shown in Flgure 8. Wwhen Insulin is subjected to suiflitotysls (Dixon and
Wardlaw, '60), the o and B chains are spilt and the resulting products
are shown In Figure 9a and 9c. Under these condltlons the interchaln
disulflde groups are split and S-Sulfo groups are formed. The Intra
disulfide Iinkage on the alpha chaln remains Intact. This disulfide
ITnkage will also be split 1f sulfltolysis takes place In the presence
of 8 M urea (Fiqg. 96). The S-Sulfo chalns utlllized In the work reported
here are the ones prepared without urea and are the ones shown In fiqure
9a and 9c. The alpha and beta chalins of Insulln obtained by oxidatlve
methods (Ryle and Sanger, '55) are shown in Flqure 10, As can be seen,
all the disultide |inkages have been broken and replaced by sulfonlic acld
groups. The structural formulas of beet oxytocln and beef vasopressin
are shown In Fiqure II. These two cyclic hormones are both of low mole-
cular welght and contain a disulfide qgroup as an Inherent part of thelr
structure. The molecules, glutathione reduced form, glutathione oxidlzed
form, cystelc acld and L-cysteine are shown In Fiqure 12. 1In Fligure I3
the structural formulas of ACTH and poly-vy- glutamyl aclid are presented.
The ACTH used In the experiments reported here was ofpprclne origlin, whlle
the structural formula shown In Figure 13 Is that of human ACTH. Both
molecules are identical except for the portion of the chain which is In
brackets. The two mercurlals, chlormerodrin and PCMBS are shown in
Flqure 14,

Phosphatidyl serine was chosen to represent a typical phosphollpid In
order to demonstrate where the varlous phosphol lpases attack such a
molecuie, The molecule, the points of attack, the phosphollpases and the

end products of hydrolysis are shown In Flgure |5,
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FIBURE 8. The structural formula of bovine insulin {M.W. 5800) according to Sanger et al., ('55)
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FIGURE 9. Insulin chains prepared by sulphitoclysis. {(a) S-Sulfo-A-Chalin M. W, 2500; (b) S-Sulfo-A-Chain

M.W. 2670 (prepared in the presence of B8M urea); {(¢) S-Sulfo-B-Chain M.W. 3490.
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FIGURE 10, (a) Oxlidized bovine Insulin A-chain M. W, 2530: (b} Oxidlzed Bovine insulin B-chain M.W, 3420,
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FIGURE |1. (a) Beef oxytocin M.W, 1080; (b) Beef vasopressin M.W. 1150.
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FIGURE 12. (a) GSH M.W. 307; (b) GSSG M.W. 612; (c) Cysteic acid M.W. 169; (d)} Cystelne M.W. 121.
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FIGURE 13. (a) Adrenocorticotrophin (Porcine) (ACTH) M.W. 3500
(b) poly- -glutamyl acid n=9, 30, 45, M. W, 2300; 8100; 11600.
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(a) Chlormerodrin M W, 367;
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(b) PCMBS M.W, 393,
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Enzyme End Products
I. Phospholipase A chOOH Lysophosphatide
2. Lysophophatidase R{COOH  Glycerol Phosphoryl Base
3. Phosphol ipase B R)OOOH  RyCOOH  Glycerol Phosphory| Base
4, Phosphol lpase C Phosphatldic Acid Base
5. Phosphol [pase D ~ , (3 -diglyceride Phosphoryiated Base

FIGURE 15. The structural formula of phosphatidy! serine and the points
at which dlffersnt phosphollipases act.
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RESULTS

Controls

Since flux measurements were made on non-treated cellis In every ex-
periment reported here, |t was therefore possible to accumulate a large
quantlity of such data on celis from a qroup of normal donors. The net
and exchange fluxes of sevea such normal donors are |Isted In Table |I.
With this data, It Is possible to analyze the net and exchange fluxes
with respect to varfation between donors and to variation between cells
stored for different time Intervals (e.q., day | through day 3), Day |
refers to data obtained from freshly-drawn callis, usually wlthln 8 hours
after bleeding. Day 2 represents data from calis 24 hours old and by
day 3 the cells are 48 hours old. The third column In each sectlon of
Table | shows the value for the E/N ratic (exchange flux/net flux). This
value has been shown (Mawe and Hemplling, '65 and Levine et ail., '65) to
range betwean 2 and 2.5 for normal aerythrocytes.

The data presented Iin Table | has been analyzed by means of the stu-
dent's + test for slaniflicant differences between selaected palrs. The
resuit of this analysis between selected palrs is qiven in the appendix.
The comparison of the overall average values for the net and exchange flux
by the day shows that the net flux values decline by 10% over a 48-hour
perlod, and the exchange flux vatue declined 15% In the first 24-hour
pariod and a total cf 168 over the 48-hour period during which the cellis
wars usually stored.

Insutln, Insulln Derivatives, Peptides and Smat| Protelns

The indlividual fiux values obtalned under maximal net and exchange con-

ditions from non-treated and Iinsulln-treated cells #&e shown in Table 2.



TABLE 1, The averaqe net and exchange fluxes of glucose-C

14

-UL obtained with the red cells of normal

male donors. Measurements were made on cells which were freshly drawn {(day 1), had stood 24 hours

{day 2) or 48 hours (day 3) in 0.075 M qlucose-sal ine-phosphate pH 7.4 at 4°C,
exprassed as millimoles par |lter cell water-sec.

e ——

Flux values are

e —— e e = e

Day | Day 2 Day 3
Net Flux Exchanae Net Flux Exchanqe- Net Flux Exchance
Donor + S.E. Flux + S.E. E/N + S.E, Flux + S.E. E/N + S.E. Flux + S.E.  E/N
| 2,32+ .04 6,05+ .11 2,60 | 2,08+ .03 545+ .12 2.67 | 2.02+ .06 5.28+ .24 2.6l
2 2.4y + 04 6.97 + .39 2.89 2,17+ .05 5.47 + .15 2.52 | 2.54 + .08 5.93 + .52 2.33
3 2.36 4 .11 6.46 + .37 2,74 | 1.94 + .15 5.38 + .47 2,37 | 2.18 + .12 5.05 + (.26 2.32
4 2,28 + .07 5.78 + .26 2.53 2,19 + .07 6.66 + .82 3.04 - - -
5 2.47 + .09 6.64 + 31 2,70 2,54 + 07 6.10 + .11 2.40 } 2,35+ .30 4.36+ .25 1.86
6 2,27+ .07 6,99 + .26 3.08 2.50 + .17 6.50 + .27 2.60 | 3.55 + .10 6.30 + .67 2.47
7 2.42 + .07 6,93+ .63 2.86 1,98 + .14 5,12 + .54 2,59 - - -
*Aver. | 2.37 + .04 6.25+ .09 7.64 2.10 + .04 5.44 + .10 2.59 | 2,13+ .10 5,254 .20 2.46

*These averages represent several hundred indlividual determinations accumuiated
n (net flux) = 86; n (exchange filux) = 10].

donors over a two-year perlod,
flux) = 94; n (exchanqe flux ) = 82,

Day I:

Day 3:

from seven normal
Day 2: n (net

n (net flux) = 35: n (exchanae flux) = 38,

| 4



In all instances the maximal net flux obtained with insulln-treated cells
was greater than those of untreated red cell!s. The average values + S.E.
tor the Insulln-treated and the untreated cellis were respectively 3,45 +
.15 and 2.31 + .04 (p <.0!) Indicating an average Increase of 49% of the
maximal net flux by Insulin., The values obtained for the exchange ¢ !ux
show a relatively larqe variation when cells obtained from differant
donors are utlllized and It appears that In certain instances Insulln may
exert an effect on the exchange flux. However, when all of the data of
the individual experiments are summed and averaqed, the values + S.E,

tor the Insullin-treated and control cells are respectively 6.03 + .2|

and 5.73 + .18 (p >.10). There was therefore no significant difference
In the exchange flux between Insulln-treated and non-treated cells.

The average net and exchange fluxes obtalned wlt+h non-treated and
insulin-treated red cells from nine different donors are shown in Table 3.
These values were obtalned from both freshly drawn and stored cells. The
values obtained for the net flux from the Insulin-treated cells when com-
pared to thelr respective controlis show that: |. The cells of one of
the donors (#3) are unresponsive to Insulln wlith respect to qlucose
transport under maximal net conditlens, 2, This unresponslveness occurs
whether the cells are used after 2?4 hours or when they are freshly drawn,
3. The cells (tresh or stored) of the other donors all show a slanificant
Increase In the net flux atter being exposed to Insulin, 4, The increase
In the maximal net efflux ranqed from 27 to B!%, The net efflux, exclud-
ing the values from the unresponsive donor cells, showed an overall in-
crease of 47%.

The values obtained for the exchange flux from the Insulln-treated

cetls when compared to thelr respective controls show that: In all cases
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TABLE 2. The Individuat! net and exchanqe fluxes of qlucoso~C'4-UL
obtalined from Insulln-treated and non-treated human red cells. The
InsulIn concentration is In umoles x 107 per ml, packed cells, Flux
values are expressed as millImoles per |iter celi water-sec.

Net Flux Exchange Flux
Insulin Insullin
Donor Day Insulln Control Treated Control Treated
| 2 2.7 i.99 2.75 4 .86 4.58
2.08 2.98 4,96 4,77
7 | 13 2.24 4.4? 5.68
3.56 6,12
2 | 6.7 2.29 2.85% 6.07 7.34
2.46 3.36 6.32 6.69
3.14 7.84
1 { 13 7.29 2.79 5,66 5.12
7.45 2.78 5.58 5.58
2.73 6.70
5 2 I3 2.37 3,23 5.7% 5.48
2.29 3.07 &.14 5.23
.40 6.14
9 ! ?6 2.7 ?.87 a.75 4 B6
2.93 4.75 5,37
3.72%
4 | 6.7 2.32 3.04 5.60 5.45
2.2? 3.00 5,33 5.96
6 | 7¢ 2.3 4,49 6.24 6.52
2.3 4,63 6.62 6.82
A ] '3 2.66 4,60 7.38 7.68
2.51 4 .83




TABLE 3. The averaae net and exchange fluxes of qlucose-C!4-UL obtalned from non-treated and Insul In-treated
red celis. The averaqed ftux values for Indlvidual donors are expressed as ml!timoles per |lter cell water-sec.
Net Flux + S.F. Exchange Flux + S.E, E/N
Treated ¢ Treated ¥ Treated
Donor Controls Cells Change o Controls Cells Change » Control Cells
1(a) 2,32+ .10 3.27 + .20 at <.0l 7.05 + .33 €.52 + .29 (-8) >.I0 3.0 1,99
t(b) 2,04 + .08 3,02 + .08 48 <.0t 4,56 + .22 4.84 + .34 6 >. 10 2.25 1.60
2(a) 2,36 + 01 3,10 + .21 32 <,05 6.48 + .27 5.19 + .34 (-20) >.10 2.7% 1.67
3(a) 2,4t + 04 2.90 + .28 20 >.10 6.03 + .1 €.50 + .62 8 >.10 2,50 2.24
3(b} 2,17 + .05 2.01 + .08 (-7) ».I0 4.20 + .09 5.07 + .16 18 <.0l .98 2,92
4(a) 2.28 + .07 3.04 + .07 33 <,0! - - - - - -
5(b) 2,54 + 07 3.23 + .08 27 <.0l 5.94 + .20 5.62 + .27 (<5  >.10 2.34 1,74
6(a) 2.27 + .07 4,11 + .36 ]| <,0) 6.43 + 19 6.67 + .11 4 >.10 2.8%  1.51
7{a) 2.42 + .07 3.33 + .25 38 <.0% - - - - - -
7(b) 1.8 + (14 2,97 + .16 50 <, 05 6.72 + 1.09 £.48 + 33 (-4) >,10 3.39 2.18
9(a) 2.45 + .10 4,35+ .22 78 <,0) - - - - - -
10(a) 2.29 + 05 3.17 + .OR 38 <.0l 4.62 + .25 €.01 + .25 30 <, 05 2.02 1.90
(a) Dav |, freshly drawn cells:; (b) Day 2, ?4-hour-old cellis.

Ls
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save two the exchanqge flux was not slgnitficantly affected. In both cases
the exchange flux of the Insullin-treated cells was significantly elevated.
I+ should be noted that the respectlive controls of these two particular
donors are on the very low slde of the averaqge exchange flux, In &
third case, with donor 2, there Is a larqe decrease in the exchanqe flux
of the insulln-treated cells. However, due to the unusually larqe fluc-
tuations In the exchange fiux values obtalned with the cells of this
particular donor, this decrease was found not to be statistically
significant,

The results with Insulin are also reflected In the E/N ratlos. Where
the net fluxes of insulln-treated cells have been Increased, the E/N
values of these cef!s have been markedly reduced. The overall average
E/N ratio Is 2.56 for the non-treated cells (1f the values obtained with
donor 3 are omitted the averaqe E/N ratlo for non-treated cells is 2.66).
The overall averaqe £/N ratio for insulln treated cells Is .93 and 1f
the values obtained with donor 3 are omitted the average E/N ratio be-
comaes | .80, Thls represents an overall decline in the E/N ratlo of 25%
(322 when the non-responsive donors are omltted).

in a ralated serlas of experiments. (Table 4), the Insulln concentra-
tion was extended to a range of from 0.025 to 20 units per mi. packed
cells., This corresponds to an approximate range of 0.03 x IO_2 to 0.26
umoles Insulin (M W, of Insulln - 5800) per mi. packed red celis (average
hematocrit of 75%). FExamination of the exchanqe fluxes shows that only
with the highest concentration of Insulln used In thls series (26.7 x IO_Z
umoles per mi. cells) was there a signlficant Increase In the exchanqe
flux. No siqgnlflicant effect on the exchange fiux could be demonstrated

with the other concentratlons of Insulln. The net fluxes of the Insullin-



TABLE 4,

different consonfrafions of bovine Insulin for 30 min., at 23-25°C.

x 107 per ml. packed cells,

The average net and exchange fluxes of alucose-Cl4-UL obtalned trom human red cells exposed to

The insulin concentration is In umoles

Fluxes are expressed as miliImoles per |lter cell water-sec.

Net Flux + S.E, Exchange Flux + S.E. £/N
Treated Treated Treated
InsulIn Controls Cells p Controls Cells p Controls Cells
0.03 2.18 + .11 2.26 + .31 >.10 - - - - -
0.30 2.07 + .1 2.76 + .11 <.0l 5.99 + .26 6.55 + .71 >.10 2.89 2.37
2.7 1.96 + .09 2.78 + .09 <.0l 6.24 + .30 6.35 + .33 >.10 5,18 2.28
6.7 2,20 + .10 2.84 + .06 <,0l 5.43 + .24 6.12 + .32 >.10 2.47 2.15
10.0 1.67 + .16 2.29 + A6 <,05 5.35 + .67 4.83 + .34 >.10 3.20 2.1
13.3 2,37 + .07 3.35 + .16 <,01 6.28 + .36 5.62 + .15 >.10 2.65 ).68
26.7 2,28 + .09 347 + .15 <,0t 6.02 + .16 6.79 + .23 <,05 2.64 2.14
The values for the insulln concentration In uMoles per ml. packed red cells |Is based on: 1. An averaqe

hematrocrlt of 75%, and 2.

A molecular welght of 5R00 for insulln,

6%
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treated ce!ls present a different plctura. Here, (wlth the exceptlon
of the value obtained at the lowest concentratlion of iasulin which was
utlilzed) the net flux Is slanlficantiy slevated at every level of
Insulin. The threshold level appears to ba located between 0.03 x IO_2
and 0.3 x IO'? umoles Insulln per ml. packed cells. There does not
appear to be any |Inear relationship between the dearee of the net
tlux Increase and the leve!l of Insulln In the Incubatlion mixture. It
should be noted, however, that when the percentane Increase of the
max Imal net efflux at each Insulln concentration level Is calculated,
8 30-40% elevatlon is almost immedlately attalned and thls average In-
crease Is malntalned over the entlre concentration ranqe. Thus, over a

2 46 26.7 x 10”7 umoles Insulln per mi.

concentration range of 0.30 x 10
packad cells, the average parcentaae elevatlon of the net efflux of
alucose Is 37% + 4%, The E/N values aqaln reflect the elevation of the
net flux that occurs in Insulin-treated cells, The overall averaqe E/N
ratlo for the non-treated cells was 2.84 and for the Insulln-treated cells
It was 2,12,

Experiments utlilzing Insulin whlch had been heated In bolllng water
for 30 minutes resuited In a 80% decrease In the elevation of the maximal
net flux normally observed wlth unheated Insulln, Insulln was not heated
for longer perlods of tlme slince atter 30 minutes [+ tended to becoma an
insoluble qgel whlch could not be aquantitatively transferred to the red
cel !l suspenslon,

Stnce for the measurement of the maximal net flux, the envlronment
Into which the aqlucose-loaded celis are placed Is of a lower osmolarlty

than the enviromment In which the red cells are equllibrated wlth glucose

Inltlally, a number of experiments were performed In which Insulln-treated
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red ceils were introduced into a medium devoid of glucose but having an
osmolarity adjusted wlth sodium chlioride equal to that in which the red
cells were equllibrated. The maximal net flux values of untreated and
Insulin-treated cells under these conditions were essentlally unchanged.
An elevation In the maximal net flux of 40% In the Insulin-treated red
celis was still observed,

In order to further Investigate the Insulln acceleration of the maxi-
mal net flux, red cells from norma! donors were Incubated as previously
described with a varlety of dlifferent agents, The first qroup had In
common the presence of one disuliphlde |inkage within the molecule. The
presence of a disulphide |Inkage was consldered to be Important In view
of evidence (Fona et al., '62 and Edelman et al., '63) which has suggested
that the physioloqlical action of Insulin Is on the membrane and that the
membrane Interaction occurs by means of an Interchanqge between the -5-S5-
bonds of the Insulln molecule and the sul fthydryl aroups of the tarqet mem-
brane. The first qroup consisted of oxytocin, vasopressin and oxidized
glutathlione., As controls for these substances, two compounds lacking di-
sulphide |Inkaqges but possessing sulphydryl gqroups, reduced glutathione
and L-cystelne, were Included for testing. The levels of these aqents as
wel|l as the flux values obtalned from red cells exposed to these different
substances are shown In Table 5. The results show that there Is no siani-
ticant difference between the exchange flux values of non-treated calls
and the cells treated with the various agents ilsted In Table 5. On the
other hand, there are sliqnlficant Increases In the net efflux of glucose
with those cells which were Incubated wlth elther vasopressin or oxldlzed
glutathione. The net flux Is not slignificantly altered In the cells ex-

posed to elther oxytocin, reduced glutathlone or L-cysteine. The values



TABLE 5. The averaqe net and exchanqe fluxes of ulucose-C"-UL In human red cells treated with agents con-
taining disulfide or sul fhydryl qroups. Flux values are expressed as miilimoles per {iter cell water-sec.

Net Flux + S.E. Exchanae Flux + S.E. E/N
Treated v Treated g Treated
Controls Cells Chamge Controts Celis Change p Control Cells
Oxytocin 2.40 + .03 2.6 + .09 9 <.10 5.87 4+ (18 5.27 + .24 (-10) >,05 2.44 2,02

Vasopressin | 2.36 + .13 2.89+ .13 22 <0l [ 531+ .18 5.8+ .42 10 >.10| 2,25 2,03
GSS6 2.19 4 .03 2.62+ .07 20 <.0) | 5.234 .27 5.87+ .52 12 >.10| 2.39 2,24
GSH 1.80 +# .21 2,12+ .08 18 >.10 | 7.53+ .68 6.54+ .98 (-13) >.10| 4.18 3,08
Cysteine 1,96 + 16 2.24 + .16 14  >.10 | 6.62+ 1.1 6.25+ .77 (-6) >.10| 3.38  2.79
Insul fn 2.28 4 .09 3,174+ .,15 39 <0l | 6.02+ .16 679+ .23 13 >.10| 2.64  2.14

The concentrations of the compounds shown above are In yMoles per m!. packed cells and are as
follows: oxytocin 0.56; vasopressin 0.54: SSG 4,08; GSH 7.90; |-cystelne 7.40; insulln 0,28,

<9



63

obtained from Insulln-treated cells are Included in Table 5 for compara-
tive purposes.

An addltional number of related anents were alsoc examined for thelr
effect on qlucose flux In human red cells. They were Insulln - A chailn,
Insulin - B chain, Insulln-S- sulfo A chaln, Insulin-S- sulfo B chaln,
and cysteic acld. The results obtalned wlth these substances are shown
In Table 6. The data obtained Indicate the followlna: |. The net flux
Is markedly enhanced by the A-chain, B-chaln, and to a lesser though still
substantlal extent by the S- sulfo A-chain and the S- sulfo B-chaln,

2. The exchange flux Is not slaniflcantiy Increased by any of these
aqents wlth the exception of the S~ sulfo B chain, 3., Cystelc Acld,
used as a representative control for molecules possessing -50x5 qroups,
qave no slanlficant change In elther the net or exchanqe fluxes.

A third aroup of agents, lackina disulphide, sulphydryl or -503 aroups
was Incubated wlith red cells and thelr respective effects on glucose flux
examined. These substances and the concentratlons used In umoles per ml
packed cells wore ACTH (0,47), polymixin R {].26}, poly-alutamic acld
(M.W.- 2300 (1.0}, 8100 (.,28), 11600 (,20)), eplinephrine (0.47), and
protamine sulphate (.10). The flux values obtalned from celis Incubated
with these materlials show the followlna: |, Epinephrine, polymixin B,
and polynlutamlc acld (mol. wt, BIOO and 11,600) have no slianlflcant
effect on elther the net or exchange flux, 2. ACTH and poly-alutamlc
acld (mol. wt, 2300) slaniflcantly Increase the net flux by 40% and 20%
respactively and have no slanlflcant effect on the exchanqe flux, 3,
Protamine sulphate lowers the exchange flux but has no slgnificant
effect on the net flux.

Briefly, the results that have been presented so far may be summarlzed



TABLE 6. The average net and exchange fluxes of qlucose-C"-UL In human red cells treated with Insulin deriv-
atives, The incubation temperature was 23-25°C. Flux values are expressed as miiiimoles per |iter cel! water-

sec.
Net Flux + S.E, Exchange Flux + S.E. E/N
Treated 1 Treated < Treated
Agent Controls Colls Chanqe p Controls Cells Chanqe p Controls Celis
A Chaln 2.24 + .07 3.82 +.15 70 <.01 6.51 + .24 6.82 + .51 5 > 10| 2.91 1.79
B Chain 2.26 + 13 3.51 + .10 55 <, 0| 6.42 + .25 6.70 + .36 4 >.10| 2.84 1.9l
S-Sulfo 2.23 + .10 2.92 + 09 31 <.0! 6.61 + 51 .6.94 + .60 '3 >. 101 2.96 2.38
A Chain
S-Sulfo 2,17 4 .08 2.85 + .13 31 <0l 5.70 + AR 710 + .26 29 <, 05{ 2.63 2.49
B Chain
Cystelc 2.2) + .22 2,24 + .0% ? > 10 5,72 + 54 4.4) + 33 (=23 >, 101 2.59 1.97
Acld
Insulin 2.28 1'.09 3.17 + A5 39 <,0l 6.02 + 16 6.79 + .23 13 > 10| 2.64 2.14

The concentrations of the varlous agents shown In the above table are expressed in pMoles per ml. packed
red cells and are as follows: A chain 0.66; B chain 0.49; S-Sulfo A chain 0,66: S-Sulfo B Chain 0.48;
Cystelic acid 8.88;: Insulin 0,28,
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as follows: . The net flux of qlucose In the normal non-treated human
red celtl Is of the order of 2.3 mlllimoles per liter cell water-sec.,

2. The exchanqe flux of alucose In ldentlcal cell populations Is of the
order of &6 mliilimoles per |iter cell water-sec., 3, The ratlo E/N Is of
the ordear of 2.8, 4, With normal non-treated cells the net flux value
remalns relatlively constant with respect to In vitro storage. The ex-
changa flux on the other hand tends to decrease ovaer the 727 hour perlod
during which the cells are usually stored, and 5. A number of compounds,
one of which Is Insulln, elevatea the net flux and with a few excaptlons
have no effect on the lavel of the exchange flux.

PCMAS and CHLORMERODRIN

The medlated transfer of aqlucose across the red cell membrane was
further Investlioated with the use of two sulphy dyl Inhlbitors, namely,
p-chiormercuripheny! sulfonlc acld (PCMRS) and chlormerodrin. The struc-
tural formulas of these compounds are glven In Fla. 14, Red cells were
Incubated with different auantltles of PCMRS for 30 minutes at 272-24%C
and the net and exchanae fluxes examined as previously described. The
results which were ohtained are shown in Table 7. |t should be noted
here that PCMAS does not penetrate the red cell membrane {(van Stevenlnck
et al.,, '65) and accordlnaly i+ 1Is balleved that Its actlon Is accom-
plished by [t+s binding to a relatively few SH aroups located on the sur-
face of the membrane., The results show the followlna: I, At the {owest
concantration ot PCMBS (0,05 umoles per m!, packed cetls) which was utl!-
lzed, the exchanqe tlux 1s conslderably inhlblted {(51%), whlte the net
flux Is unaffected, 2. Over the concentratlon range (0.05-7.8 umoles per
mi., packed cells) of PCMRS which was employed the percentage Inhfbltion
of the exchange flux ranaed from a low of 41% to a high of 73%. As a re-

sult, the exchange flux of the PCMBS-treated ceils was reduced to the
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TABLE 7. The average net and exchange fluxes of olucose-Cld-UL in human red cells exposed to different

concentrations of p-chloromercuriphenylsulfonlc acid (PCMRS),

30 min, at 22-24°C.

Red celis were incubated with PCMBS for
The PCMBS concentration ls expressed as umoles per mi. packed cells, F

lux values
are expressed as mi!|imoles per liter cell water-sec.
Net Flux + S.F, Exchance Flux + S.E, E/N
Treated Treated Treated
PCMBS Controls Celis tnhib. Controls Cells Inhtb. Controls Ceils
0.05 2,59 + .12 2.41 + .26 7 6.63 + .25 .27 + .43 51 2.56 .36
0.35 2,13+ .23 1,95+ .18 8 6.22 + .16 .70 + .24 41 2.92 1.90
0.7 .64 + .05 1.44 + (4 12 7.28 + .58 2,87 + .92 6! 4,43 1.99
t.4 2.09 4 .15 1,71 + .10 18 5.26 + .21 2.82 .25 46 2.52 1.65
1.9 2.33 4+ .06 1.8] + .08 22 6.13 + .21 2,16 + .22 65 2.63 119
3.8 2.23 + .14 1.53 + 1| 3 5.85 + .58 1,56 + .19 73 2,62 1.02
7.8 1.86 + .17 1.18 + .12 37 5.54 + .31 .78 + 31 68 2,98 .51

There was no sianlflcant difference (p >.10) between the net flux values obtalned with the three lowest
PCMBS concentrations and thelr respective controls,
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leve! of the normal! net flux value, 3. By comparlison, the net flux of
qlucose was not signiflicantly Inhiblted until the cells were exposed to
a PCMBS concentration of 1.4 umoles per ml, packed cells. This concen-
tration s approximately midway In the ranae of the PCMRS concentrations
which were utlilized. In additlon, It should be noted that at this level
of PCMAS, where the net flux Is Inhibited by 18%, the exchange flux In
the same cell populatlon Is Inhibltad to the extent of 46%. Conversely,
when the exchange flux Is Inhlhited to 40-50% at very low PCMBS concen-
trations the net flux Is unaffected. The use of areater auantlties of
PCMBS was not possible In that the cells clumped, maklna accurate samp-
11nq Impossible.

Red cells were similarly treated wlth dlfferent concentrations of
chiormerodrin. The cells were Incubated with this Inhlbltor both at
22-24°C and at 4°C. The Incubation time was 30 minutes. |t has been
reported (van Steveninck et al., '65) that at 4°C chliormerodrin does not
penetrate the red cell membrane or at least does so extremely slowly,
while at 24°C it penetrates at a relatively hiagher rate. The flux dats
cbtalned from cells treated wlth chlormerodrin at 22-24°C are shown in
Table 8. It can be sean that chlomerodrin Inhiblts both the net and
exchanqe flux eaually well and that the deqree of Inhibitlon In both
cases [ncreases wlth Increased chiormerodrin levels, At chlormerodrin
concentratlions areater than 0.55 umoles per ml. red cells, tha exchange
flux was reduced to the level of the net flux obtalned with normal non-
treated cells., At the highest chiormerodrin concentratlon, both the net
and the exchange flux ware aimost totatly Inhibited. Tha E/N ratlos for
the chlormerodrin-treated celis raflect the almost 1dentlical deqree of
InhIbl+ion of both fluxes and as such stay relatlively constant and closer

to an average value of 2.3 by comparison to the E/N vaiues obtalned from
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TABLE 8. The average net and exchange fluxes of alucose-Cld-UL In human red cells exposed to different con-

centrations of chlomerodrin.

millIimoles per liter cel| water-sec.

Red cells were incubated with chlormerodrin for 30 min. at 22-24°C and at 4°C,

Chiormerodrin concentrations are axpressed as umoles per mi, packed cells. Flux values are expressed as

_ . Net Flux + S.E, Exchange Flux + S.E. E/N
o 'Eg - g Treated ) Treated f Treated
§ 28 :‘8 Controls Cells Inhib. Controls Cells Inhib, Controls Celis
0.14f .08 | 2.62 + .20 2.19 + .15 16 6.13 + .43 5.02 + .26 18 2.36 2.29
0.21] .15 | 2.28 + .17 1.76 + .08 23 5.19 + .33 3.48 + .22 33 2.28  1.98
£ 0.55].30 | 2.19+ .10 1.08 + .68 51 5.84 + .27 2.52 + .24 57 2.67  2.33
g L | .59 | 2.31 4+ .13 0,57 + .38 75 5.79 + .39 1.57 + .30 73 2.5t 2.75
2.7 |15 2.03 + .10 0.5 + .06 75 4.94 + .70 0.99 + .20 80 2.43  1.94
Llouel e 2sa s 2 130 05 49 5.90 + .22 3.98 + .25 33 2.32  3.04
| o5a|.5a | 2,88+ .06 1.474 .05 49 5.78 + .22 2,35+ .2 59 2,01 1.60

Yhe values for the net and exchanqe fluxes obtained from chlormerodrin-treated cells were ail

*These values represent the level of chlormerodrin
calculated to be present In the cell water or on the outer surface of the red cel| after a 30 minute

signlticantly dlfferent from their respective controls,

Incubation period.
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PCMBS-~treated cells (Table 7). The values under "Final Conc." in Table 8.
are corrected for the passage at 24°C of chlormerodrin through the cell and
rapresent chlormerodrin levels which are found In the cell water and on the
outer cell surface after 30 minutes Incubation. When these concentrations
are utlilzed for comparative purposes |t can be seen that the exchange and
maximal net fluxes are inhiblted to a greater extent at 24°C than at 4°C
by chlormerodrin.

As a result of the opposite effects obtalned with PCMBS, chliormerodrin
and Insulin, experiments were conducted where both mercurlal and insulln
wore present. Red cells were first Incubated with Insulin, followed by the
addltion of the Inhlblitor, or cells were incubated flrst with the particuiar
Inhibitor after which Insullin was added, or, as in the case with PCMBS, cells
were Incubated simultansocusly with Inhibltor and Insulln. In the experiments
with PCMBS, the temperature was always In the range of 22-24°C and the incu-
bation time with PCMBS and insulin was 30 minutes for each. The concentration
of PCMBS was that which consistently qave 70-80% of the maximum inhibltion
that could normally be obtalned. The Insulln concentration was adjusted to
always ba 0.14 ymoles par ml. packed read cells. The results obtalned wlth
PCMBS In comblnation with Insulln are shown in Table 9. They show that at
the concentratlon of PCMBS used, the net flux Is Inhiblted by 22%. | PCMBS-
Inhiblted cells are now exposed to Insulln, the Inhlbitlon falls to 12%.
Since this new value, 1.99 + |0 millimoles per Ilter cell water=-sec., Is not
signlflicantly dlifferent (p >.10) from the net flux of the non-treated cells,
the rellef of the Inhiblitlon of the net flux by Insulin could be consldered
to be 100%, Wwhen Insulin-treated cells are exposed to PCMBS, the net flux
(2.36 + .15 milllmoles per |{ter cell water-sec.) Is not signlficantly differ-
ent (p >.10) from the flux obtalned with the control (2.25 + .07) and therefore

the Inhibitlon of the net flux by PCMBS [s prevented. When red cells are



TABLE 9, The average net and exchanae f)uxes of u!ucose-CM-UL In human red cells, Measurements

were made on: | . Cells Incubated with PCMRS for 30 min,, 2. Cells incubated with PCMBS for 30 min,

followed by Insulin for 30 min,, 3. Cells incubated with Insulin for 30 min. followed by PCMBS for

30 min,, 4, Celtls exposed to PCMBS and insulln simultaneocus!y for 30 min. The Incubations took
place at 22-24°C. Fluxes are expressad as miilimoles per |lter cell water-sec.

Net 4 Exchanae 3
Flux + $.E. Inhib. *p Flux + S.E, Inhib, #p E/N

Control (untreated) 2.25+ .07 - - 6.10 + .19 - - 2.7
PCMBS -Treated Cells 1.76 + .07 22 - 2.1 :_.20 65 - {.20
PCMRS-Treated Cells 1.99 + 10 12 > 10 3.93‘: .24 36 <. 0l 1,97

Exposed to Insulln -

insylin-Treated Cells 2.36 + 15 0 x_ 0] 4,04 + 32 34 <. 0l .71
Exposed to PCMRS -
Cells Treated wlth 2.23 + .15 0 < 05 3.70 :_.9I 39 <. 05 |.66
PCMBS and Insulin -

Simultaneous|y

*The values for p repressnt the presence or absence of slianificant dlfferences between
values obtained from the PCMBS-treated cells and tha values obtained when Insulin is present.
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exposed to both PCMBS and Insulln simultaneously , thers Is no Inhibl+lon
of the net flux,

The exchange flux cof red cells exposed only to PCMBS was reduced by
65% brinqlna the exchange flux to a vatue lower than that of the net flux
of normal untreated cells. When Insuiln Is added to the cells after PCMRS,
the Inhibitlon of the exchange flux Is 36%, a recovery of 45%, When
insulln Is added prior to the additlion of PCMRS, the Inhlbltion of the
exchanqe flux Is decreased by half to 34%, and when the cells are Incu-
bated with both PCMRS and Insulln simultaneocusiy, the Inhibition of the
exchanoe flux s 39%, a recovery of 40%. However, unllke the resuits
wlith the net flux, the inhibitlon of the exchanae flux Is never complete-
ly prevented or reversed. At the least, the net component ls returned
to Its normal level and at the most the Inhiblitlion of the exchange flux
component Is sllnhtly relleved.

A slmilar qgroup of experiments were run wlth chlormerodrin In comblin-
ation with {nsulln, Due to the fact that the permeabl|lty to chlormero-
drin Is temperature-dependent, the experiments were performed both at 4°C
and at 22-24°C, The data from these experiments ls shown In Tables 10 and
I}, |t can be seen from the data In Tahle |0 that at 4*C insulln has no
effect on the axtent of Iinhibltlon of the net flux by chlormarodrin. The
net flux Is Inhlbited by slliqghtiy less than 50% and whether Insulln Is
added before or after the additlon of chiormerodrin, the ievel ot Inhibl-
tlon remalins essentially the same as with chlormerodrin alone. On the
other hand, the exchanqe flux which Is inhlbited by 61% shows a sign!ficant
and conslderable recovery In the presence of Insulln., When chlormerodrin-
treated cells are exposed to Insulln the Inhibltlon Is 31%, a recovery of
50%, and when Insulin-treated cells are exposed to chliormerodrin the

Inhtbltlon Is 23%, a recovery of over 60%.



TABLE 10. The averaqge net and exchanae fluxes of qlucose—C“-UL In human red cells, Red cells were

exposed to: |. Chlormerodrin only, 2. Chlormerodrin followed by Insulin, and 3. Insulin followed by

chlormerodrin. The Incubation time for each aqent was 30 min, and the Incubation temperature was 4°C,
Fluxes are expressed as mi||imoles per (lter cell water-sec.

Net 4 Exchanqe 4

Flux + S.LE.  Inhib, % Flux + S.E.  Inhlb, *p E/N
Control {(untreated cells) 2.70 + .16 - - 5.67 + .29 - - 2.10
Chiormerodrin-Treated 1.37 + 16 49 - 2,21 + 19 6l - .61
Cells -
Chlormerodrin-Treated 1.52 + .17 44 >. 10 3.91 + .45 31 <,01 2.57
Cells Exposed to Insulin -
Insul in-Treated Cells 1,92 + .14 44 > 10 4.37 + .56 23 <, 01 2.88
Exposed to Chlormerodrin

*The values for 'p' represent the presence or absence of slanlticant differences between values
obtalned from the chlormerodrin-treated celis and the values obtalned when Insulin Is present.

2L



TABLE 11. The averaqe net and exchange fluxes of qlucose-C'2-UL In human red cells. Red cells were

exposed to: . Chlormerodrin only, 2, Chlormerodrin followed by Insulln, and 3. Insulln followed by

chlormerodrin. The incubation time for each agent was 30 min. and the incubation temperature was
22-24%C. Fluxes are expressed as mi!limoles per |iter cel! water-sec,

Net g Exchanqge 3

Flux + S.E. Inhib. *p Flux + S.E. Inhib. %p E/N

Contro!l (untreated ce!ls) 2.28 + .10 - - 4,29 :_.ZI - - 2.76

Chliormerodrin-Treated 1.18 + .12 48 - 2.79 + 32 56 - 2.3

Cells

Chliormerodrin-Treated 1.70 + .13 25 <, 05 3.14 + A6 S0 >, 10 |.8%
Cel!s Exposed to Insulin -

tnsulin-Treated Celis 1.23 + .17 46 >.10 3.19 :_.?5 49 >.10 2.59
Exposed to Chliormerodrin -

*The values for 'p' represent tha prasence or absence of sianificant dltferences between values
obtalned from the chiormerodrin-treated cells and the values obtained when insulin s present.
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At 24°C (Table It) the exchange flux Is Inhiblted by chlormerodrin
to the extent of 56% and this Inhibltion Is not slanitlicantly altered by
the presence of insulln whether added after chiormercdrin Incubation (50%
inhibltion) or prlor to chiormerodrin Incubation (49% Inhibltion). At
24°C the net flux is inhiblted by chlormerodrin to the extent of 48%,
This Inh$bltion is not sianlficantiy altered by the presence of Insulln
prior to the addition of chlormerodrin. The deqree of Inhiblition Is how-
ever signfficantly ltessened by almost 50% when Insulin is added to red
calis which have been exposed to chlormerodrin,

In summary, the results obtalned from celis treated with the chlormer-
odrin-insulin combinations at 4°C and at 24°C Indicate the followina:
. At 4°C, a temperature at which for all practical purposes chlormero-
drin may be comsidered as a non-penetrant, and regardless of the order of
Incubatlion with insulin, the inhibition of the net flux is unaltared,
while the Inhibitlon of the exchanqe flux Is conslderably decreased.
2. At 22-24*C, a temperature at which chlormerodrin siowly penetrates
the red cel| membrane, and regardless of the order of Incubation wlth
Insutln, the deqree of Inhibltion of the exchange flux Is unaltered. In
the case where Insulln |s added flirst, the deqree of Inhibltion of the
net flux Is unaltered while In the case where the Insulln Is added last,
the deqree of Inhibltlon of the net flux is conslderebly lessened.

Phosphol Ipases

The Inhibitlon of the exchange flux of glucose and not of the net
efflux in human red cells by phospholipase C has besn reported (Odesser
and Mawe, '67)., This area was further Investligated and In addition,
experiments were carrlied out which Involved the combined use of Insulln

and phosphollpase C (PhI-C),
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Red celis were exposed In a number of experiments to different con-
centrations of phosphol lpase C solutlons for short perlods of time
(10-15 mIn.) and glucose fluxes were measured under net and exchange
conditlons. The resuits of these experiments are shown in Table 12,
The data indlcate that over the range of PhI-C concentrations tested
(0.104-0.20 mqg par ml. packed red cells) there is no slanlficant effect
on the net efftux. At the 0.| and 0.2 mq levelis there Is a siqgnflcant
Inhibltlon of the exchange flux., A previous report {(Odesser and Mawe,
'67), has shown exchanqe flux Inhibitions of qreater than 80%. However,
In these instances the concentration of the phospholipase was much gqreater.
At these higher concentratlions, a conslderable deqree of hemolysls (>60%)
Is evident, |(n a separate serles of experiments, the effect of the hemo-
lysate on glucose transport was examined and found to be absent. Even
though the hemolysate had no effect on glucose flux, it was considered
deslirable In the present serles of experiments to mailntaln the level of
hemolysls as low as possible. Theraforses, the concentration of Phi-C was
controlled so that hemolysls never axceeded 30%, whiie stlli| aliowing the
demonstration of Inhlbltion of the exchange flux of glucose transport.

Since Insutin had relieved the Inhibltlon caused by PCMBS and chlor-
merodrin under some conditlons as previously shown, experiments were
carrled out In a simllar fashlon with Insulin and PhI-C. The results of
those experiments are shown In Table |13. They show that there Is no In-
hibltlon of the net flux by PhiI-C. In those cases where Insulin Is also
praesent, the net flux 1s slgniflcantly Increased above the net flux value
obtained with elther non-treated or Phl-C-treated cells. In this serles
of experiments the exchange flux of cells treated with Phi-C was Inhiblted

by 31%. When Insulln-treated cells were exposed to Phi-C there was essen-



TARLE 12. The averaae net and exchanae fluxes of nlucose-C'4-UIL In human red cells exposed to different
concentrations of phospholipase C (PhI-(C). PhiI-C concentrations are In ma. per m!. packed cells,
Fluxes are expressed as mlilimoles per liter cell water-sec.

—
Net Flux + S.E. Exchanae Flux + S.F. E/N
Treated s Treated b Treatead
Phi-C Control Cells Inhib, n Control Cells Inhib, p Control Cells
0.04 [ 2.26+ .14 2.094+.19 7 >0 | S.B5+ .44 510+ .19 13 >.00 | 2,59  2.44
0.10 2.54 + .08 2.41 + .08 5 >.10 6.07 + .3t 4.16 + .38 32 <.0t 2.39 1.73
0.20 2.31 + .06 27.48 + 09 0 >. 10 5.97 + .35 4,15 + .17 3 >.01 2.58 1.67
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TABLE 13, The averaae net and exchange fluxas of qlucose-Cla—UL In human red cells exposed
to: |. Phospholipase C, 2. Insulln followed by phospho!ipase C, 3. Phospho!ipase C followed
by insullin., Fluxes are expressed as millimoles per (lter cell water-sec.

Net Flux 3 Exchange Flux ]
+ S.E, Change *p + S.E. Change *p E/N
Untreated Cells 2,38 + .06 - - 6.16 + 4 - - 2.59
Phi~C-Treated 2.38 + .08 0 - 4.24 + 26 -3t <,0} 1.78
Cells
Insul In-Treated 2.97 + .14 +25 <,0f 5.70 + .17 -7 > 10 1.92
Cells Exposed
to Phi-C
Ph|~C-Treated 2.67 + .10 +12 <,05 4,73 + 14 -23 <,0l! 1.77
Cells Exposed -
to Insulln

*The values for 'p' in the above table are for comparisons bestween the treated
samples and thelr respective controis. There Is no signlficant difference (p ».10)
between the exchanqe flux values of 4.24 and 4,73,

L
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tlally no Inhibltion of the exchanqe flux., As can be seen, there Is no
signiflcant dlfference (p > ,10) between the exchange fluxes of non-
treated cells (6.16 + .34) and the Insulln-treated cells expdsed to
PhI-C (5.70 + .17). On the other hand, the additlon of insulln to red
calls already exposed to Phi-C did not slanlflcantily alter the deqree

of Inhibitlon of the exchanae flux caused by the enzyme. |In one experi-
mant (not shown In Table 13} Insulln and Phl-C were mixed together and
tha mixture was added to a suspenslon of red cefis., |In thls experiment,
the exchange flux was Inhiblted by 25¢ while the net flux showed a small
Increase (15%).

In the above expariments notice was taken of the fact that the extent
ot hemolysls caused by Ph|~C was less when the celis had been first ex-
posed to Insulin. The extent of thils apparent protectlon was Investiqated.
The red cells were obtalned and washed wlth 0,075 M alucose-saline-
phosphate as previously described. Non-treated red cells and Insullin-
treated red cells (0.072 umoles Insulin per mi. packed red celis) were
exposed to different auantlitles of Ph1-C for 20 minutes and the degree of
hemolysls was detearmined. The results presented In Table !4 show that
insulln pre-treatment results in a sianiflcant decrease In the extent
of the hemolysls caused by Phi-C,

The action of several other phosphollpases on the transport of alucose
was also examined. The resuits obtalined from red cells exposed to Phl-A,
Phi-R, Phi-D and cottonmouth venom are shown In Table 15, The results
show that at the concentrations used, the net effliux was not slignlficantly
aitered while +he sxchange flux was sliqgniflcantly Inhiblted by all the
anzymes with the exceptlon of Phi-B. Whare It did occur, hemolysls was

never qreater than {0%.



TASBLE 14, The hemolysts of human red cells with phosphollpase C
in the presence of Insulin. Phl-C concentratlions are In mg. per
ml. packed cells,

£ Lyslts

)

Non-Treated Insul In®*-Treated Inhibl+lon

Phi-C Cells Cells of Lysls
0.005 0 0 -
0.010 1.3 0.2 -
0.025 7.2 2.5 65
0.050 32.2 12,3 62
0.100 71,2 46 .2 35

*The insullin concentration was (0,072 puMoles per ml,

packed red cells.



TABLE |5. The aversgs net and exchange fluxes of alucose-C'4-UL 1n human red celts exposed to a varlety
of phospholipases. Fluxes are expressed In mlilImoles per 11ter cell water-sec.
Exchange Flux
Net Flux + S.E. Exchanage Flux + S.E. Wet Flux
Treated 4 Treated 4 Treated
Agent Control Cells Inhlb, p Contro! Cells Inhib, p | Controt Cells
Ph | -A 2.73 + .10 2.67 + .12 2 ».10 7.86 + .42 5,21 + .87 34 <05 2.88 1,95
Phi-B 2.2) + .07 .98 + .16 o >0 5.71 4+ 68 4,95 + .62 13 .10 2.58 2.50
Phi-D 2,20 + .12 1.98 + .08 o ».10 5.67 + .32 4,69 + .39 17 <10 2.%7 2.37
Cottonmouth | 2.31 + .17 1.95 + .16 15  »>.10 5.83 + .67 4,05 + .52 31 <.10 2.55 2.07
Venom

The concentrations of
Phi-A 2.0; Phi-B 1,0; PhI-D

the above agents [n ma. per mi, packed red cells were as follows:
3.0; Cottormouth venom 0./,
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Binding Experiments

The effects on the exchange and net fluxes caused by [nsulin, POCMBS,
and chiormerodrin, both singly and In combination, were examined. A
serles of experiments were undertaken In which the deqree of binding to
the red cel! was determined for each of the agents. The binding was
measured under the same condlitions that exist during the flux measure-
ments. The concentratfons of the agents belng Investigated were compar-
able to the concentrations of these agents whan used In the flux experl-
ments, The cells were obtalned and washed as previously described.
Glucose-loaded cells were used In all of the binding experiments.

In the flrst qroup, red cells were Incubated with different concen-
trations of POMBS-HqZ0> at 22-24°C for 30- or 60-minute periods. The
colls ware then washad flve tImes with elther a sallne phosphate solu-
tlon at pH 7.4 or a saline phosphate solutlon at pH 7.4 containing 0.075 M,
qglucose. The cholice of wash solution did not affect the final result.
The amount of labeled PCMBS In the wash solutlons was counted and the last
wash contained less then 0.05% of the label added Initially. Red cells
ware treated In a simitar fashlon with chlormerodrln-Hq203. In addition
to the dlfferent concentrations and Incubation periods, some experiments
with chiormerodrin were run at 4°C. The results with PCMBS are shown In
Table 16 and those obtalned with chiormerodrin In Tabie 17, The number
of cells per ml. of packed red cells with a hematocrit of 80-85% Is
taken as | x 1010 {Guyton, '66). The surface area of the red cell used
here is 145 x 108 ; {Westarman et at., '61). These vaiues are used to
calculate the approximate number of molecules that eare bound per celt
as well as per 1000 ; of surface area. The data from both groups Indl-

cate an approximate |inear relationshlp between the umoles added and the



TABLE 16, The blndina of PCNBS-H0203 to human red cells. Red ce!ls were Incubated with labeled
PCMAS for 30 min, at 272-24"C.

uMolas PEMRS uMolas PCMES
Added per ml. Bound per ml, Molecales PCMAS Molgc!Qas PCMBS per
Exp. Packed Celts Packed Calls x 10V per Cell 10 Surface Area
{ 0.3% .25 0.15 I
0.35 0.25% 0.15
2 .89 1.0% 0.63 4.5
"3 !.89 .59 0.96 6.8
|.89 .56 0.94
4 3.77 2.45 t.48 10
3.77 2.43 | .46
*5 3.7 2.88 2.07 15

*|In these experiments tte cells were Incubated with PCMRS for 60 minutes. The hematocrits
in the different experiments are as follows: #| 84%: #2 7B%: #3 B0t #4 84%. #5 10%.
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TABLE 17, The binding of chlormerodrin-Hg

203

to human red cells,

—— e e e e PP A — =it
pMoles Chlormerodrin pMoles Chlormerodrin Molecules Chlormerodrin 3
Added per ml. Packed Bound per ml. Packed Chlormerodrin Molecules per 10”2
Exp.| °C Red Celts Red Cells x 108 per Cell Surface Area
| |22-24 0.136 0.094 0.056 0.4
0.136 0.093 0.056
2 |22-24 0.54 0.50 0.3 2
3 |22-24 1.09 0.96 0.58 4
(.09 0.97 0.58
4 |22-24 1.09 0.97 0.69 5
A | 4 0.55 0.27 0.19 1.4
0.55 0.27 0.19
* | 4 0.55 0.45 0.3 2.2
0.55 0.43 0.3l

®In this experiment the cells were incubated with chlormerodrin for 60 minutes. In all the other
experiments the incubation time wlith chlormerodrin was 30 minutes. The hematocrits in the different
experiments are as follows: #| 80%; #2 78%; #3 80%; #4 70%; A 74%; B 74%.
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number of umoles bound, With the same chlormerodrin concentratlions
there is fess bound In 30 minutes at 4°C than at 24°C,

The binding of lnsulln-l|3' to red cells was determined in a manner
simliar to that described above. The red cetlls were Incubated with dff-
ferent concentrations of Insulin-1'3! for vartous time periods after
which the cells were washad wlth elther the alucose-sallne phosphate
solution or saline phosphate solutlon previously described. The data
obtained with dlfferent Insulln concentrattons are shown In Table 18,
From the data 1t appears that the number of umoles of Insulln bound
shows an approximately llnear relatlonship to the number of moles of
Insulln added Init+lally. 1in qeneral, 1-2% of the Insulin added Inltlally
remains bound to the red cells,

A number of experiments were carrled ocut where the effect of Insulln
on both PCMBS and chlormerodrin bindlnqg was Investinated. In these exper-
Iments the cells were elther Incubated flrst with cold insulln and then
exposed to the labeted inhibltor or were first exposed to the labeled
Inhibltor and then to Insulln. The concentrations of Insulln, PCMRS,
and chlormerodrin used In these experiments were comparable to the con-
centrations used In determininag the net and exchanqge fluxes. The experl!-
ments with chiormerodrin were carrlied out at both 24 and 4°C. The
results of these experiments are presented In Tables |9 and 20, 1t Is
readliy apparent that reqardless of tha order of addlitlion, Insulln (at
the concentration used} had no effect on the amount of elther PCMAS or

chlormerodrin that bound to the red cells,



TABLE 18, The binding of lnsulin—!'3| to human red cells. Red cells were incubated with labeled insulln
for 30 min. at 23-25%°C.

# of M°é°§3|05 of Insulln Bound
per 10 Red Cell Surface Area
pMoles Insulin pMoles tnsulin
Added per mi. Bound per mi, (1) Theoretical (2) Experimentally

Donor | wash® Packed Cells Packed Cells Max Tmum Found

6 | osp 2.8 x 10°° 0.15 x 10 g 1.16 x 1074 6.5 x 10°°

6 5P " 0.10 x 10” " 4.3 x 1078

| GSP " 0.09 x |o‘g " 4.1 x |o‘g

| Sp " 0.10 x 10° " 4.3 x 10”

2 GSP " 0.16 x |o‘g " 7.0 x 10"2

2 5P " 0.18 x 10” " 8.0 x 10

| GSP 3.0 % 107 0.29 x IO 13,3 0.13

| SP " 0.36 x 1072 " 0.16

2 | GSP " 0.30 x |o‘: " 0.13

2 sp " 0.36 x 10~ " 0.16

1| esp 2.8 x 107 0.12 x 1073 230 1.0

| SP l 0.14 x 10 " 1.2

| 6sP 2.8 x 107! 0.27 x 10'3 2300 24.0

i P " 0.22 x 10” " 24.4

*Exchange conditions are maintained when the cells are washed with glucose-saline-phosphate
( GSP)} and maximal net conditions are maintained when the cells are washed with saline-phosphate (SP).
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TABLE 19. The binding of PCMBS-H9203 to human red cells In the presence of Iinsulin.

Insulin is added either prior to or following the incubation with POMBS. All incu-

bations were at 22-24°C. Unless otherwise noted the Incubation time with POMBS was
30 min,

Experiment no. 1 2 3
MMoles Insulin per ml. Cells 0.14 x 4077 0.28 x 107° 0.28 x 107"
pMoles PCMBS Added 3.77 .89 .89

MMoles PCMBES Bound per ml. Packed Red Cells ¢ S.E.

PCMBS -Treated Cells 2.88 + ,08 b,

+ 05 + .04 1.58 ¢+ .03

PCMBS -Treated Cells 3.19 + ,06% 1.52 + .02
Foliowed by Insutin

Insulin-Treated Cells 2.70 + .03 1.14 + .04

Followed by PCMBS )

*Exposed to PCMBS for a total time of 60 minutes.
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203
TABLE 20. The binding of chiormerodrin-Hg to human red cells in the presence of insulin, Insulln Is
added either prior to or following the incubation with chlormerodrin, Unless otherwise noted the Incu-
bation time with chlormerodrin was 30 minutes.

Experiment no. | 2 3 4

-4 -4 -4 -4
puMoles tnsulin per mi. Cells 0.14 x 10 0.28 x 10 0.28 x (0 0.28 x 10
pMoles Chlormerodrin Added 1.09 0.55 0.55 0.55
Incubation Temperature °C 22 22 4 4

pMoles Chiormerodrin Bound per ml. Packed Red Cells ¢ S.E.

Chlomerodrin-Treated Cetls 0.97 + .04 0.50 + .02 0.10 + .01 0.44 ¢ .0l

Chiormarodrin-Treated Cells 0.92 + .03 0.49 + .C|I* - 0.41 + 0%
Exposed to Insulin

Insulln Treated Cells 0.96 + .0l 0.49 + .0l 0.09 + .0l -

Exposed to Chlormerodrin

*Exposed to chlormerodrin for a total time of 60 minutes.
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The sspect deallnqg with bindIng was concluded with a qroup of experl-
ments In which the effect of PCMRS and chlormerodrin on Insulln binding
was [nvestiqated. The cells were exposed to the sulphydry! Inhibitors
elther prlor to or fotliowlng Incubation of the red cells with Insulln-
1131, The experliments with Insulin and PCMBS were carried out at 22-24°C,
As In the other bindIna experiments, the varlious concentrations are com-
parable to those used In the flux experiments. Two concentratlons of
PCMRS ware utliized. The lower concentration Is one which does not cause
Inhibltlon of the net tlux but which does inhiblt the exchanqe flux
{(Table 7). At the hlagher concentration the net flux Is lowered by
approximately 20% whlle the exchange flux Is reduced to a value even
below that of the normal net flux, The results obtained In the PCMBS-
Insulin experiments are shown In Table 2!. These show that the addltion
of PCMBS to the cells after Insulln ITncubation, has no effect on the
amount of Insulin bound to the cells, However, when Insulln Is added to
PCMRS treated cells, theres s a marked decrease (64-68%) In the amount
of insulln which will bind to the cells. This decrease occurs to the
same extent at both PCMBS levels,

The results obtalned with chiormerodrin and labeled Insulin are shown
In Table 22. At 4°C, the presence of chlormerodrin (reqardiess of the
order of addltlon) reduces the amount of Insulfn which binds to the
calls by 41-45%. In a similar manner, at 22-24°C, less Insulin binds to
the cells In the presence of chiormerodrin. However, at this temperature
the pre-Incubation of the calls with chlormerodrin effects a 1008 qreater
Inhibl+ion of Insulin binding than when chlormerodrin 1Is added to the

cells after they have been exposed to Insullin,
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TABLE 21, The bindina of Insu!ln-lI3l to human red cells {n the prasence of PCMRS, The reactlons were
run at 22-24°C. The PCMBS concentrations were (0,05 and I.Bgsumoles per m!, cells. Insulin was added
to aive an Initlal concentration of 3,1 x 10 - umoles per ml, red cells,

Insulin, uMoles x IN + S F, 4
Round per ml. Red Ce!Ts Chanae p

Insul in-Treated Cells 0.73 :'.IO - -
Insul In-Treated Cells 0.%8 :'.OB {(-20) > .10
Exposed to PCMRS (0.0%

umoles per ml, Cells)

Insul in-Treated Cells 0.95 + .27 30 > .10
Exposed to PCMBS (1 .89) -

umoles per mit, Cells)

PCMES (0.05 umoles per 0.23 + .0€ (-68) < .05
ml. Calls)-Treated Cells

Exposed to Insulin
PCMRS (1.89 umoles per 0.26 + .04 (-64) < .05
ml. Colls)-Treated Cells

Exposed to Insulin

68



TABLE 22. The binding of lnsulln-lI3I to human red cells in the presence of chlormmerodrin. The reactlions
were run at 22 and at 4°C. The chlomerodrin concentration was 0.54 umoles per ml. packed cells. Insulin
was added to give an Initial concentration of 3.1 x 10™> umoles per ml. packed cells.

Insulin, pMoles x 107 + S.E., g
°C Bound per mi. Red Cells Change p
Insulin-Treated Calls 0.60 ¢ .06 - -
Insul in-Treated Cells 0.43 + .0l {-30) £.05
22 Exposed to Chlormerodrin
Chlormerodrin-Treated 0.22 + .04 {(-64) <.0l
Cells Exposed to Insulin
Insul in-Treated Cells 0.22 + .0! - -
Insulin-Treated Cells 0.13 + .01 (-41) £.01
4 Exposed to Chlormerodrin
Chlormerodrin-Treated 0.12 + .01 {(-45) £ .04

Cells Exposed to insulin
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Dlabetlc Donors

The following experiments were a direct outqrowth of the In vitro

tnsulln experiments already mentioned. The following data obtalned
from the red cells of diabetic human donors represent prellmln;:y
results which, whlle they do not appear to shed any !lght on the
mechanism of suqar transport, may prove useful In the clinlcal studles.

For these experiments, red cells were obtained from several male
subjects, dlaqnosed as dlabetics, who were elther on Injectable Insulln
therapy or on a dlet-controlied regimen. None of these Indlviduals had
recelved oral Insuiln substitutes prlor to the tIme at which blood sam-
ples were taken. Red cells were normally obtained In the morning, and
In those cases where the donors were on Insulln therapy, the red cells
were usually obtalned approximately one hour aftter injection. The cells
wore washed as previously described and where possible flux values were
obtained on both day | and day 2. In a few instances, Insulln was added
In vitro to Th;'cells for the usual Incubation period and the values thus
obtalned are shown in brackets, Most of the data however, are from con-
trol (non-in vitro Insulln-treated) red celis,.

The individual net and exchanae flux values obtalned wlth red cells
from dlabetic subjects are shown in Table 23, Whan thess results are
compared wlth those obtalined from normal donors (Table |}, It Is readlily
apparent that the net fluxes obtalned from this aqroup of diabet!ic sub-
Jocts are In every case substantlially hlgher than in non-treated red
cells obtalned from non-dédbetic (normal! donorsl. |In fact, a number of
Individua! values are by themselves nearly as qreat as the hlighest fluxes
obtained with Insulin-treated normal cells (Table 2). In those Instances

where insutln was added In vitro, there appeared to be no additlonal
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TABLE 23, The net and exchanqe fiuxes of qlucoso-C"-UL in red cells
obtained from male donors diaanosed as dlabetic. Flux values are ex-

pressed as millimoles per fiter cell water-sec.
Day | Day 2
Net Exchange Net Exchange-
Donor Flux Flux Flux F o
MA 3,02 [2.70] 5.67 - -
2.57 [2,89] 5.28
2.67
NP 3.22 7.62 2.67 [2.99] 5.54
4,20 5.77 4,22 [2.,82] 5.98
JB 3.51 9.73 - -
3.38
Cw 2.75 8.55 2.6l 5.87
2.75 5.13 2.0?
AR 4,06 9,19 2.85 5.87
3.97 0,15 3.02 6.09
™ 2.60 5.88 2.7% 4,13
2.92 6,03 2.00 4.,3%
*HE 2.83 [4.84] 6,74 1.9?7 3.12
3.45 [3,93]) 6.12 1.76 3.%6
CE 4.25 (3.75]) 7.28 2.0 [2.17] 4.37 (5,22]
2.78 [2.85] 5,96 2.47 [2.627} 5.53 [4.42]

*These donors are on 'dlet control' therapy. All the other
donors recelve protamine Insulin, The values in brackets were ob-
talned with washed diabetic donor red cells which were afterwards
Incubated with bovine insulln In vitro as described In Materials
and Methods. All the other values are derived from washed dlabetic
donor red cells which are not exposed to Insulin after thair remaval
from thelir donor.
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Increase In the net flux values over the non-treated samples. The
exchanqe f{uxes obtalned with the red cells of this group of donors
remaln with the exception of » few Individuat values, well within the
normal spread. The decline in the exchange flux and the net flux from
day | to day 2 is simitar In deqree to that obtalned with normal cells.
The net and exchange fiux of the red cells from two diabetlic subjects
on dlet control! therapy were obtained and are also shown in Table 23.
The Inltial (day !) net fluxes are hlgh and on the averaqe they are
sllghtly ralsed with the in vitro addition of Insullin. Unlike the be-
havior of the net flux of the cells of the first group of dlabetic donors,
the net flux values decline dramaticaliy atter 24 hours to the level ob-
talned with non-treated cells from normal donors. Addition of Insulln

In vitro to these calls after 24 hours storaaqe does not slgnificantly

aliter the nat flux. The exchange fiuxes obtained with the celis from
the dlet-controlled diabetic donors |s essentlally similar to values
obtalned with untreated cells from normal donors, However, |lke the net
flux obtalned with the cells of thesa particular subjects, the exchange
flux obtalned from cells atter they have been stored for 24 hours shows
a dramatlc decline. Addition of Insulln In vitro to these ceils, has

no signlflcant effect on the exchange flux. In Table 24 the results
obtalned with these two aroups of donors are Gomplled and thelr averaqges
are compared with the values obtained from untreated normal red cells,
These results show that: |. The net flux on day | obtained from celis
of dlisbetics on Insulin therapy |s qreater than the contro! value by 35%
and the net flux of the diet controiled subjects excesds the net flux of
the control by 40%, 2. The exchange flux values on day | of both sets

of dliabetic donors and the controls are not slign!flcantly dlfferent,



TABLE 24. A comparison of the net and exchamae fluxes of alucose-C!4-UL 1n non-treated red
celis obtalned from normal, diabetic (Insulin therapy), and diabetic (dlet-controlled) donors.
Fluxes are expressed as mil|imoles per il/ter cell water-sec,

Day |

Net 3 Exchanae g
Donors Flux + S.E.  Chance p Flux + S.E.  Chanqe p E/N
Norma | 2.37 4+ .04 - - 6.25 + .09 - - 2.64
Diabetic 3.21 15 3% .0l 7.12 + .54 9 >.10 2.22
(Insul in) -
Diabetic 3.32 + .34 40 <.05 6.53 + .30 0 >, 10 1.97
(Dlet Control) - -
Day 2

Net 3 Exchanae
Donors Flux + S.E,  Chanqe p Flux + S.E.  Change p E/N
Normal 2,10 + .04 - - 5.44 + 10 - - 2.59
Diabetic 2.76 + .24 b1 <.05 5.40 + 31 {=7y >.,10 .96
(Insulin)
Diabetic 7.88 + .15 (=1) >.10 4.14 + .38 (-29) <.05 1.99
(Diet Control)

v6
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3. On day 2 the net flux of the dlet-controlied donor cells falls to
2.08 (a drop of 38%), and as a result there Is no lonqger any slanlfl-
cant difference between thls value and the net flux of the normal cells,
4. The net flux of the dlabetic subjects on Insuiln falls to a value
of 2.76 on dav 2 (a drop of 14%), However the net flux of these cells
Is stitl sitnlficantly areater (31%) than the net flux of the control
cells, 5. On day ?, the exchange flux of the dlet-controlled diabetic
cells exhlbits a decl!line of 58% from 1ts day-! leve! and 1t Is now
signlficantly dlfferent from the exchanqe flux of the normal cells

which only decllines 131 over the ?4-hour perlod, 6. The exchanne flux
of dlabetlc subjects on Insulln dectlines some 37% over a 24-hour perlod.
Howaver, the day-? flux of 5.4C Is not slanlficantly different from the
day 2 flux of the normal cells.

In summary, the net fluxes of the cells of dlabetic subjects on
Insulin remaln at a substantially etevated leve! wlth respact to normal
cells, whlle thelr respectlve exchanqge fluxes behave qulta simliarly to
those of normal cells. The cells of dlet-controlled diabetlc subjects
inltially possess net flux values as hlah as those obtalned from insullin-
treated normal cells and exchanqe flux values In the normal ranqe. How-
ever, both tha net and exchanae fluxes show dramatic reductlons when

assayed on cells after 24 hours' storage.
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DISCUSSION

The control values which were obtalned ;fflnn both the methodology
and the initlal results which were previously reported (Mawe and Hempling,
'65). The values for the net flux are quite stable with cells which have
been stored for short perlods of tIime. The exchange flux values show a
somewhat lesser stablilty. Overall, the data Indicate the presence of an
average ranqge of values to which experimental values may be compared as
woll as the necessity to have control values for each donor for comparison
wlth experimental data as done In these experiments,

The flux data obtalned with Insullin-treated cells show that In general
insulln elevates the net flux and has no slgnificant effect on the exchange
flux of glucose In human erythrocytes. Previous reports {(Wlibrandt, '54
and Pletschar et al., '55) of net Influx measuraements In human erythrocytes
Indicated that Insulln had no effect on red cell permeablilty to glucose.
However, under the experimental conditions of the previous investigations,
a maximal unidirectional net flux was not measured because during influx
experiments the I[nternal concentration of glucose In the cells rapidly
exceeds the Km for glucose transport (Wlibrandt, '50). |In the present
exparimants thils difflculty was speclifically eliminated by measuring the
maximal net efflux Into a medium which never approached the Km for glucose
transport, thus providing more sensitlive conditions for detection of an
Insulin affect.

Rleser and Rleser ('64) reported that Insulln stimulates aldose-hexose
transport Into the human erythrocyte. Unllike the sxperiments reported
hare, thils effect was obtalned In the Rieser and Rleser ('64) experiments
only after the red cells had been exposed to chymotrypsin for one hour at

38°C. They suggested that the proteotytic enzyme removed some substance
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from the cell surface, allowing the red cell to become responsive to
fnsulln with respect to the ?cenzggrf of, atldose-hexoses. In the experi-
ments reported here, a response of the maximal net flux to Ilnsulln with-
out any other prior tresatment of the cell has been observed. The levels
of Insulin utillzed both In thelr experiments and those reported here are
comparable when expressed as units per ml. cell water (Harris, '64}, On
such a basis, the insulln level of 0.9 units per mi. cell suspension
(hematocrit 12.5 to 15¢) used by Rieser and Rieser ('64) would be equlvalent
to 8.6 to 10.2 unlts per ml. cell water. The Insulin levals used here, when
simlilarly expressed, would range from 0.1 to 152 units per mi. cell water.
However, there are several dlfferences In experimental technlques which
may be responslible for the dlfference in observations reported in thase two
investigations: |. In the experiment reported here the perlod of Incubation
with Insulln Is 30 minutes at 23°C. Rleser and Rleser ('64) Incubated the
cells for 15 minutes at 38°C., 2. In the experiments reported here red
cells were preloaded wlth glucose prior to Insulin treatment. In the
efflux experliments reported by Rlesaer and Rleser {'64) cells waere treated
with chymotrypsin or chymotrypsin plus Insulln before Incubatlion with glu-
cose, 3, Strikingly dlfferent mathods for the analysis of glucose move-
ment were used In the two investigatlions. The methods utilized In the
present experiments, involving the rapid equilibrium distribution of an
isotope of glucose and the calculation of fluxes from these Initial glu-
cose movements, may present a system more sensitlve to discrete changes
In the carrlier mechanism,
Although several workers (Mawe, '56; MIller, '64 and Mawe and Hempling,
'65) have shown that differences up to twice the tonlcity between cell and

external media (dlfferences not encountered In the experiments reported
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here) have no effect on the glucose flux In human erythrocytes, speculation
may arise that the effect of Insuliln on maximal net efflux Is related to
the difference In toniclity between the glucose-equllibrated cetl (395 mOsm
per tlter) and the giucose-~freea medla (310 mOsm per liter). In several
experiments the toniclty of the externa! media was adjusted wlth sodlum
chloride prlior to measurement of the maximat net fiux of untreated and
Insul ln-treated celis. Under experimental condltlons which were now
essentiafly Isosmotic, insulln still elevated the maximal net efflux to
the same degree as noted previocusly.

The faliure of heating to block the Insulln effect completely does
not seriously indicate a contaminant as the agent responsible for the
elevation of the glucose flux. The usual elevation of the flux by I[nsulln
treatment Is reduced by 80% by heating and It is quite possible that
several moletlies on the Insulln moleculie may be responsible for the flux
enhancement and that some of these are not necessarlly heat-denaturable.
The fact that it |s possible to reduce the insulin level five hundred-
fold and still obtain almost the same deqree of flux elevation suqgests
that the primary effective agent [s the Insulln and not any contaminant.

The question arises as to whether the effectlive concentration of In-
sulin utillzed In these experiments |s comparable to that which ls utillzed
In those experiments which treat with muscle preparations. For example,
In frog sartorlus muscle (Wohltmann et al., '67) the maximum permeabl| [ty
effect with 3-methy! qglucose Is obtalned with 0.67 x IO" umoles Insulln
per gram of muscle. By comparlison, in the work reported here the thresh-
old response begins between 3 and 30 x 10-4 umctes Insulln par ml. packed
cells. These insulln levels are best compared én the basls of molecules

2
Insulln per A” of surface area. The surface area of a single red cell Is
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145 x 108 &2 (westerman et al., '61) and the number of cells per ml. of

10 (Guyton, '66). Therefore

.
20 A2.

packed red celis is of the order of | x |0
the surface area of | mi. packed red celis ts {.45 x 10 The
maxImum surface area (Bltoom and Fawcett, '62) of the myoflbrils In one
gram of sartorius muscle Is approximately 3 x |o'9 ;2 (sees appendlIx for
calculations). Thus the maximum permeabillty effect In frog sartorius
muscle is obtained with | molecule of Insulln per I06 ;2 surface area.
By comparison the threshold effect In the red cell Is obtalned with from

2 of surface area. Thls represents

I to 12 molecules of Insulln per IO6 :
at least a d¢lffersnce of one order of magnitude between the red cell and
muscle requirament for Insulin., However, consldering the marked differ-
ences In the tissues, thls difference In sensltivity to insulln Is not
unusuatly larqe,

DependIing on the assay method and the Ingestion of glucose, the plasma
Insulln tevels In man cover a wide range (Guyton, '66). Fasting levels of
{0-4000 uUnits per ml. plasma have been reported whlle assays made | - 2.5
hours after glucose [nqestion yield Insullin levelis of from 50-20,000 ulUnits
per ml. plasma. On a basls of a speclflc activity of 25 units per mqg. and
an average hematocrlt of 45%, a bio-assay value of 5000 uUnits per ml.
plasma would correspond to 0.8 x I(J-4 umoles par ml. packed cells, As
such, the amount of Insulln added to packed celis In the experiments re-
ported here Is not enormously removed from the approximate apparent level
of clirculating plasma Insulln,

The elevation of the maximat nat efflux [In contrast to the absence of
an effect on the exchange flux cannot be accounted for on the basis of iIn-
creased Insulln bInding Inasmuch as the number of molecutes of Insulln

bound to the red cell (Table 18} |s the same bzth In the presence or
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absence of glucose In the external medium. To effect an elavation of the
net fiux and at the same time not Influence the exchange flux implles an
effect directly on the free carrier, An effect on the binding capacity
of the carrier for glucoss would be evidenced by an alteration In the
exchange flux. The same can be sald for an effect on the movement or
capaclty of loaded carrler. Since the exchange flux [s unatfected and
the overall pattern of Insulln Is to ralse the net fiux value towards the
level of the exchange flux, only tha possibllility that Insulin [nteracts
with free carrler appears capable of explaining the elevation of the
maximal net flux.

The movement of the carrier-hexose complex across the cell membrane |Is
considerad to ba the rate-liimiting step. The dlifference In rates betwesen
the exchange and net fluxes obtained wlth normal non-treated cells has
been attributed to the dlifferent mobllitles of the complexed carrler and
the free carrler. It has been suggested (Maw e and HempllIng, '65) that
tree carrler moves some four times slower than complexed carrier. 1+ Is
suggested here that the insuilln elevation of the net flux Is due on the
whole, to an Increase In the mob{ilty of the free carrier. |f the flux
values obtalned with Insulin are Inserted Into a serles of expresslions
utlilzed by Britton ('64) to demonstrate dlfferences In carrler mobllity,

[+ can be shown that an insulln-elevated net flux Is equivalent to 2 two-
fold increase In the mobllity of the free carrler. On the basis of the

pore size values reported from water flux measurements [t would be Impossible
for even a portion of the Insufln molecule to enter the membrane (see appen-
dix for calculations relating to the slze of insulin)., Solomon et al, ('68)
have suggested the normal presence of water-fllled pores of some 8-(0 ; in

diameter. Seeman ('67) has deomonstrated, wlth the use of ferritin, the
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presence of transient pores of between 200 and 500 A In dlameter. The

values obtained with ferritin, which were measured under condlitlons of
slow hypotonic lysls, would allow a portlon of the Insulln chain to enter
the membrane (assuming a |inear confiquration for Insulln). However since
the experimental condltlons under which the fluxes are measured do not
resembie those of hypotonic lysis (Seeman, '67) and Inasmuch as [nsulla
in solution does not exist In a singte |inear conflquratlion but most |lke-
|y as an aqqreqate of 2-4 unlts (Tletze and Neurath, '52 and Krahl, '60)
the llkelihood of Insullin entering the red cell inembrane ls very small and
thus the insulin effect would be expected to be a surface phenomenon. It
Is possible that when the carrler relesses glucose at the outer surface
under the experimental condltlions designed to measure a maxIimal net flux,
the free carrier takas on a dlfferent conformation. Such an alteration
could result from being bound by sulphydryl groups wlthlin the membrane,
bound by some other component, or influenced by charged gqroups (or lack of
charged groups) on the surface or wlthin the membrane. |f such an altera-
tion did occur the mobllity of avallable carrler mlght be reduced without
altering the concentration of free carrler or the amount of availlable
carrier might be reduced through binding without affecting the mobillty
of the unbound carrier.

The observed affect of Inswlin may be to prevent such an alteration
and the resultant apparent deciine In mobliity by acting elther as a
source to Inhiblt SH-disulphlide Interactions by entering Into these
reactions and protecting the free carrier, or as a polyelectroiyte
oftering either a charged surface for the free carrier to ortent with

or as a charqed surface which can affect the membrane surface,’

0}
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The number of molecules of insulln which bind to the red cet! were
determined under condltlions resembling those under which maximatl net and
exchange flux measurements have been made (Table 18).

If the surface area covered by one Insulln molecule in the axtended
confliguration Is approximated to be 2500 A (appandix 1), and this value
is combined with the data from Table 18, it becomes possible to estimate
what percentage of the cell surface could be occupied by Insulln at the
dlifferent Inltial concentrations. These astimatlions assume that Insulin
will be In an extended conflguration, wili exist in a non-aggregated state
and wil! not bind solely by elther the N-terminal or carboxy-terminal amino
aclds, These approxImations attempt to recognize the maxImum cell surface
which could be covered with the quantity of Insulin utliized In those ex-
periments. |t Is recognized that the actual surface Interacting with
Insulln could be a fraction of that which Is Indicated from the values
which wlil be estimated. At an Inltlal concentratlon of 3.1 x t0"3 umolas
per mi. packed celis, ar average of 15 molecules of Insulin bind to | x IOB
X2 of surface area. For an overall cell surface area of 145 x IO8 :2, this
corresponds to 2200 molecules of insulln per cell occupying 6 x IO6 ;2 of
the cell surface. This last value represents 0.04% of the total cell sur-
face. WIth this amount of bound insulin, a 33% elevation (Table 4) of the
net filux i{s obtalned. When the Initial Insuiln level Is raised a hundred-
fold to 0.27 uymoles per ml. packed cells, the net flux Is Increased by
39%. At this concentration, 336 x 10> molecules of Insulin are bound per
cell and approximately 5-10% of the cel) surface may be covered with
insulln. It Is of interest that while the initlal Insulln concentration
Is Increased a hundred-fold and the amount of [nsulln bound to the red

cell Is Increased by 160 times, the net fiux Is only stightly Increased
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over the elevated value achleved with the lowest Insullin concentration.
The threshoid of the response of the wmaximal net flux to Insulln occurs
somewhere between 0.3 and 3.0 x 107> pmoles Insulln per mi, packed cells.
Thls corresponds to the presence of 200 to 2000 molecules per call occupy-
Ing from 0.004 to 0.04% of the total cell surface. |If It Is assumed that
the insulin molecule s reacting primarily with sltes concernling glucose
transport and that an Increase of 40% In the net flux concerns essentlatlly
40% of the sltes, then the 40% elevation of the maximal net flux obtalned
with 3 x 10~ umoles of the Insulln per ml. packed cells, Indlcates that
the total number of sltes occupy less than 0.1% of the total surface area.
This value Is approximately ten-fold lower than that estimated by Widdas ('54),

PCMBS

The area which a molecule of PCMBS can occupy may be approximated from
molecular models (%ig. l4), The presence of the phenyl group makes PCMBS a
relatively rigid molecule, 1t the primary locus of binding is between the
mercury atom and a membrane sulphydryl, there are three possible conforma-
tions which the PCMBS molecule could assume. In one case, PCMBS would be
perpendicular to the plane of the membrane, the mercury atom In contact wlth
the membrane and the sulfonlc acld group dlrected away from the membrane.

In this case the minimum area of rotation which the PCMBS molecule would
occupy would be approximately 20;2 and the minimum area taken by the mer-

2 at the site. A second conformation could occur

cury atom would be 8-l0:
I1f the molecule were orlented paralle! to the membrane such that the plane
of the benzene ring was perpendicular to the plans of the membrane. In
this posltion the Hg atom and the sulfonlc acld group could form a two
polnt attachment with the membrane, though sterically, the formation of

a bond between Hq and a membrane sulphydryl Is not particuiarly favored

In this position. The minimum area the PCMBS molecule would now occupy at
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the polnts of attachment of Hg and SO,0H would be approximately 20;2.
A third possible conformation would occur {f the plane of the molecule
wore paraliel with the plane ot the membrane surface and the mercury
atom, the benzene ring and the sulfonlic acld group then formed three
sltes of attachment possibly by means of covalent, hydrophobic and
lonlc attractions. The area occupled by the molecule in this case
would be approximately 60-65 :2.

Uniike PCMB which has also been shown to Inhiblt glucose transport In
red cells, PCMBS does not penetrate the red cell membrane (van Stevenlnck
et al., '65). Slince both moleciules occupy esssntially the same molecular
area, and an area of 20-30 ;2 would be sufficlent for penetration It is
most !lkely that this |ack of penetration may be attributed to the substi-
tutlon of the sulfonic acld group Iin PCMBS for the carboxyl gqroup In PCMB
and the resuitant increases In the hydrophlllc character of the former
{(Vellck, '53).

At a PCMBS concentration of 0.05 uymoles per ml. packed cells (Table 7),
the lowest concentration of PCMBS tested, the exchange flux Is Inhiblted
while the net flux Is unaffected. At this level of PCMBS and depending
on the particular orlentation the PCMBS molecule assumes, a maxImum of
0.4 - 1.3% of the surface area of the red cell could be covered by PCMBS.
At a concentration of 0.7 ymoles PCMBS per ml., packed red celis, the ex-
change flux Is brought to the level of the normal net flux, while at the
same time, Inhibltlon of the net flux first appears. At this PCMBS con-
centration, anywhere from 6 to 18% of the cell surface is covered. The
maximum Inhibitions of the exchange and net fluxes which can be obtalned
occur at PCMBS levels which correspond to a surface coverage of 33 to 97%.
The value of 145 x IO8 ;2 for the surface area of the human red cell

(Wwasterman et al., '6!) was used for these calculations. Interestingty,
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the net flux, even in a cell which may be completaly covered with the
Inhiblitor, Is never fully inhiblted.

From Table 16, 1t can be seen that the number of molecules of PCMBS
binding to the red cells Is approximately in a |inear retationship with
the number of molecules added Initlally. When the data Is combined wlth
that obtalned from the flux measurements, It becomes possible to approxi-
mate the number of sites on the membrane which are concerned with glucose
transport. At the point where the net flux Is unaftfected while the exchange
flux is brought to the level of the normal net flux, as few as | to 2 mole-
cules per IO4 ;2 of the cell surface need be bound. |f each molecule of
PCMBS Is bound to a single slite, each of which is concerned wlth glucose
flux, & maxImum of 1.5 - 3.0 x 108 molecules of PCMBS per cell would be
requlred to lower the exchanqe flux to the level of the normal net flux.,
Inasmuch as it can be demonstrated that more PCMBS may be bound to the
surface esven after the exchange flux has been brought to the level of the
normal nat flux, It 1s possible that a fiqure of 1.5 - 3.0 % IO6 probably
represents the maximum number of sltes actually Involved with glucose trans-
fer at the cell surface. This flqgure for an upper lim[t [n the number of
glucose transport sites at the outer surface Is In general aqreement with
the value of | -~ |.4 x IO6 suqggested by van Stevenlnck et al. ('65) as
the upper limlt In the number of glucose transport sites, Depending on
the conformation assumed by PCMBS with the membrane sulphydryl groups, a
max Imum of from 0.4 to |.2% of the total surface area of the red cell
would contain these reactive sites. These flqures are essentlally In
agreement wlth the value of |%, for the surface area contalning the
reactive sites, reported by Wlddas ('54),

The Inhibltlion of the maximal net flux Is flrst apparent when the PCMBS

level Is such that anywhere from 4 to 11% of the red cell surface will be
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occupled with bound PCMBS. 1{In order to demonstrate 40 to 50% InhIbltlion
of the net flux, it Is necessary to use sufflicient PCMBS to practically
cover the entire red cell surface. This inhlbitlon can be visualized as
elther a prevention of qlucose from leaving the carrier or a blnding to
the carrier In such a manner as to elther prevent or slow the carrier's
return to the Interior surface. Since at the lower levels of PCMBS there
does not appear to be any Interference with the movement of the free
carrler, it might be reasonable to assume that even at the higher PCMBS
levels, there Is still no interaction wlth tree carrler and that the In-
hibltion of the net flux s a result of PCMBS &t hlgh concentrations),
preventing the release of gqlucose from the loaded carrier at the outer
membrane surface. Howaver this assumption would now require PCMBS to
prevent both qlucose uptake as waell as qlucose release from the carrler.
As an alternative, It is possible that PCMBS tles up carrlier as the glu-~
cose |s released at the outer surface. As a result the effectlive carrier
concentration |s reduced. The Initia) effect Is seen In the readliy ob-
tainable Inhibltion of the exchanqge flux and subsequentlally, as the level
of PCMBS Is markedly Increased, In the inhibitlon of the maximal net flux.
However [t would be expected that if the carrier concentration was belng
decreased it would ba possible to completely Inhiblt the maximal net flux,
Since the maximal net flux Is only partially Inhlbited, the |ikellhood of
a decrease In carrier concentration appears tc be small.

CHLORMERODR IN

By comparlison to PCMBS, chlormerodrin Is a less rigid molecule (Flg. 14)
and s also capable of slowly penetrating the red cell membrane. Chlor-
marodrin Is composed of four distinct groups, namely - a urea, a methoxy,

a propyl and a metalllc resldue, and a number of conformations between the



molacuie and the membrane are possible., For example, there may be a one-
polnt attachment, Hg to membrane-SH, with the rest of the molecule In
elither an open or a packed conflguration., The molecular area of a one-

2

L]
site open confliquration would be approximately 50 A while a one-site

]
packed area would be approximately 25 A2. A two-polint attachment
(possibly involving the urea molety alonq with the Hg atom) with the rest
of the molecule In either a packed or an open conflquration Is possible.

]
A two-site confiquration would take up approximately 50 A2 while a two-

-]
site packed conflquration would occupy approximately 35 A",
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From the data [n Tables 8 and 17, 1t can be seen that at a chlormerodrin

concentration of 0.55 umoles per mi. packed cells the exchange flux is

brought to the level of the normal net flux value. Thus, with two molecules

of chlormarcdrin bound per 1000 K2 of cell surface, it Is possibte to demon~-

strate a S7%Y inhibition of the exchange flux as well as a 60% (nhibition
of the net flux. This amount of chlormerodrin is equivalent to 30 x 10©
molecules per cell. |t all the chlormerodrin were bound to the surface
{and depending on the confiquration assumed by chlormerodrin) anywhere
from 5 to 10% ot the surface area would be Involved.

Uniike the results obtalned wlith PCMBS, the net flux (even at the low-
est concentration of chiormerodrin) is considerably Inhiblted. With PCMBS
30 x 10 molecules bound per cell are requlred for the demonstration of a

27% [nhlbition of the net flux while with chlormerodrin, an equlvalent

’

inhibition Is observed with 6 x 10° motecules bound per cell. This abltiity

to Inhiblt the net flux could be considered to be a result of the abliity

ot chlormercdrin to penetrate the membrane.

At 4°C tha penetration of the membrane by chlormerodrin is conslderably

decreased. However a conslderable deqgree of Inhibltion of both fiuxes Is



stil! evident (Table 8). In order to compare the data obtained with
chlormerodrin at 4°C and at 22°C, It Is necessary to take Into account
the fact that at 22°C, a quantity of chlormerodrin passes through the
membrane and that the concentration ot this chemical at the surface of
the call membrane [s now conslderably reduced. Therefore as seen In
Table 8, a corrected "external" concentration of chlomerodrin of 0.59
umoles per ml. packed cells at 22°C results In a 75% innhibitlon of the
maximal net flux and a 73% Inhibition of the exchange flux. With simllar
concentrations of chiormerodrin at 4°C the Inhibition of the maximal net
fiux s 49% and the Inhiblitlon of the exchanqe flux Is 59%.

From these observatlons, along wlth the data obtalined with PCMBS, [t

Is possible to conclude that the sites of alucose transport are not re-

stricted to the surface layer as suggested by van Steveninck et al. ('65).

A ditferentlal Inhlbition as witnessed by E/N ratios (Table 7) which de-
cllne |s obtalned with Increasing amounts of PCMBS. On the other hand,
wlith chlomerodrin both fluxes are similarly Inhiblted as seen from

E/N ratios (Table 8) which remaln relatively constant with Increasing
amounts of Inhibitlion. These data tend to support thes concept of a
moblle carrler and suqgqest the presence of glucose transport sltes

not only on the external surface of the memiLrane but within and on

the inner surface of the membrane as well,

In the experiments In which Insulln Is used in comblination with the
mercurial Inhibitors (Tables 9-11) sufficlient inhlbltor has been added
10 reduce the leavel of the exchange flux fo that of the net flux control
value and aiso to Interfere with tha maximal net flux. Under these clir-
cumstances glucose i{n the medium may be prevented from recombining wlth

free carrier. In addlition It Is also possible that free carrler may be
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bound to PCMBS and that as a result, the mobility of the free carrler
may be lessened. Under these circumstances both free and loaded carrler
should be found In the membrane and a situation simlliar to that present
under net flux will occur. Insulln under these clrcumstances could act
in any one of three ways. t.” Insulln could act to increase the mobl |1ty
of any free carrier which Is present, 2. Insulln could act to Increase
the avallabiilty ot free carrier or 3. |Insulln could Interfere with the
PCMBS-inhibltion of glucose recombination with the empty carrlier. From
the data In Tabls G deallng with the exchange flux, It can be seen that
insulin ( In the amounts used) causes a recovery by 50%f of the inhibition
of the exchange flux of glucose by PCMBS, This recovery of the PCMBS-
inhibltion may be dus to the abliity of Insulin either to Increase the
free carrier moblllty or to partially relleve the PCMBS~[nhlbition of the
recomblinatlon of glucose with the empty carrler.

Under the conditions of a maximal net fiux measurement, the glucose
recomblnation factor would play no role. Insulln, under these conditlons,
can serve to Increase the mobitlity of the free carrier or make more free-
carrlier available. Wwhare the cells were first exposed to PCMBS (Table 9),
Insulin did not slignlficantiy reduce the PCMBS [nhibitlon of the maximal
net flux. Where Insulln was added prior to, or simultaneously wlth PCMBS,
the Inhlblitlion of the maximal net flux was prevented. These results may
be accounted for [f PCMBS binds more readlly ¢ free carrier than to
loaded carrler. {f Insulln Is present, free carrfer may possess a dlffer-
oent conformatlon, or to put 1+ another way, I[nsulln may mask the presence
of free carrler and prevent a direct Interaction with PCMBS,

Thare is no apparent correlatlon between the overall blnding of PCMBS

and/or Insulln to the whole cell and the effacts these molecules have on
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gfucose transport. The amount of PCMBS which binds to the red cell was
not affected by the presence or absence of elther glucose (Table 16) or
Insulin (Table 19) white the amount of [nsulln which blnds to the red
cell was decreased when cells had been previousiy treated wlth PCMBS
(Table 21). |t Is possible that the maneer In which the different agents
arrange themselves on the membrane surface and thelr subsequent inter-
actlions with each other rather than the absolute quantities used are more
signiflicant to understanding the flux values obtalned when these varlous
agents are used.

tnsulln Is added to the cells under exchanqe conditions, It blnds In
small quantitles simllar to that which binds when qlucose Is absent
(Table 18} but has no measurabie effect on the flux (no free carrier is
avallable). Let us say the addltion of a large quantity of PCMBS may pre-
vent the recombination of gqlucose with carrler. Free carrler would now
be avaliable and Insulln apparentiy Is now able to oparate on what could
be considered a simulated net flux conditlion. That is, the free carrler
now present can be stimulated by Insulin to pass across the membrane more
rapldly. The Inhibltlion of glucose recombination remalns in full effect
and therefore, though glucose Is present Jn equal concentrations on both
sldes of the membrane, an apparent net-flux-llke conditlon Is malntalned.
This would, however, rasult in an apparent uphlill net transfer of glucocse.
I+ Is possible then, that Insulin, In this Instance, acts to lessen the
PCMBS Inhibitlon of the carrlier-qlucose recombinatlon and that as a result,
the exchange flux Is Increased. |t may be that an experiment wlth PCMBS
and Insulln utliilizing cl4. r1abeled glucose In the cell and tritlated
glucose In the enviromment would provide data which would allow for a

better explanation of what occurs when the exchange flux s Inhibited



by PCMBS. Whether PCMBS |s added first or whether Insulln and PCMBS are
added simultanecusiy, the same overall plicture {s observed (Table 9).

The InsulIn-chlormerodrin combination experiments were carried out at
both 4°C and at 22°C. At both temperatures the level of chlormerodrin
utiilzed was that which Inhibited the net flux by 50% and which reduced
the exchange flux to the normal maxImal net flux value. At 4°C (Table 10)
where chlormerodrin |s a non-penetrant, the degree of the Inhibition of
the maximal net flux was not altered by insulin. On the other hand, the
degree of the [nhibition of the exchange fiux was reduced by at least 50%,
At 22-24°C the deqree of inhibitlon of the exchanqge flux caused by chtor=-
merodrim was not altered by Insulln., The inhibition of the maximal net
flux by chtormerodrin Is partially relleved by the addition of insulln.
On the other hand, the pre-incubatlon of the cells with insulln does not
prevent the [nhibitlon of the max Imal net flux by chlormerodrin. In the
case where insulin Is the second component to be added, 1+ may be that
there is Insufficlent chlormerodrin to block all the carrler molecules,
and those that are still free are capable of being stimulated by Insulln.
These results suggest that as was the case for PCMRS, where chlormerodrin
Is a non-penetrant, the relief of the inhibition of the net f#lux may be
dependent both on Insulln and on the presence of glucose, and that the
action of insulln Is probably directed primarily towards free carrtfer.
The Importance of the presence of qlucose 1s sugqested, since the Inhibition
of the flux when qlucose |s absent (maximal net flux conditlons) Is not
atfected by Insutln (except for the one Instance mentlionad above, which
may be an anomoly) while the Inhibltlon of the flux when glucose Is pre-
sent (exchanqe flux condltions) |s relleved by at least 50% by insulln

{Table 10). It is also possibie, that under the condltions where an
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exchange flux |s measured, Insulin may act to prevent chliormerodrin-
carrler [nteractlion and that such "iiberated"” carrler as would now become
avallable could combline with environmental glucose. The flnal result
would be evidenced by an exchange flux with values more nearly resembling
those of the control. The results obtained at the hlgher temperature,
where chlormerodrin Is a permeant, suggest that the Interaction or chlior-
merodrin with carrler in the membrane may, as was suggested earlier, be
more extensive than merely an outer surface Interactlon since the Inhibl-
tlon of the exchange In cells which have been exposed to chlormerodrin at
22-24°C 1s neilther prevented nor relleved by insulin. As was the case
with PCMBS, the amount of chiormaerodrin which binds to the red celt! Is
not Influenced by the presence of Insulln (Table 20) or glucose (Table
17). At the lower temperature, the amount of chlormerodrin which binds
Is decreased. The amount of Insulin which binds to the red cell Is de-
creased by the presence of chlormerodrin (Table 22), However, here also,
the results of the binding experiment with chlormerodrin do not appear to
offer any explanation of elther the effect or lack of effect that I[nsulln
has on chlormerodrin-treated cellis.

tn general, the results obtalned wlth insuliln, the mercurials alone,
and the mercurials In combination with Insulln, Indicate that sulphydryl
qroups as reported by others (LefFevre, '48 and van Steveninck et al., '65)
are invotved with qlucose transfer but that these groups are not necessarlliy
rastricted solely to the outer tace of the membrane {van Steveninck et al.,
'65). Measurements on the inhibitlon by mercurials of both the maximal
net and the exchange flux in Identlical cell populations had not previously
been made. The results obtalned from binding measurements and Inhiblition

studles of net fluxes led to the conclusion that the sulphydryl groups
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Invoived with glucose transport were restricted to the outer face of the
membrane. However, the difterentlal results obtained on maximal net and
exchange fluxes wlth PCMBS and chlormerodrin reported here Indlcate a
reasonable probability that some of the sulphydryl groups Involved In
glucose transport are located within the membrane.

Unlike the results obtalned here for the red cell, [t has been reported
(Wohltman et al., '67) that ACTH, oxytocin, vasopressin and the separated
chalns of oxidlzed insulin and of insulin-S-sulfonate did not alter the
parmeabl ity of frog muscles to 3-0O-methyl-D-glucose. The concentration
levals utlllzed In the experiments reported here are several hundredfold
greater than the quantlties utillzed by Wohltman et al., ('67) and this
may account for the difference. However there are reports that these
compounds do affect qlucose parmeablilty In rat hemldiaphragm (Ottaway,
'53), lsolated rat heards (Flsher and Zachariah, '60), and adlipose tlssue
(Mirsky and Perisutt], '62),

The relationshlp between sulphydryl Inhiblitlon and Insulln action Is
stitl not clear. 1t has been sugqested (Fdelman et al., '63) and Fonqg
et al., '62) that Insulln Interacts with the membrane by means of thlol-
disulphide interchanqges. Several reports (Cariin and Hechter, '62 and
Mirsky and Perlsutti, '62) have Indicated that pretreatment of the tissue
with NEM and the resultant binding of membrane-sulphydiryl groups has had

151 Imsulln, These results sug-

no effect on the subsequent binding of !
gest that thlol-disulphlide Interactlon is not the primary mechantsm In

all cases of Insulin-tissue Interactlion.

The elevation of the maximatl net fiux, In & manner similar to that of
Insulin, by vasopressin and GSS5G, which contaln disulphide bonds, while

GSH and cystelne were without any effect (Table 5) lends support to the
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concept of thiol-dlsulflde Interactions as the mechanism for Insulln
action on the membrane. However, the dlisulflde groups may be only one
of several Interaction sltes. That thls Is possible as far as glucose
transport In human red cells Is concerned is evident from the effect on
the net flux obtained with Insulln derlivatives (Table 6). These molecules
wlth the exceptlion of the 5-Sulfo-A-chaln, contaln nelther dlisulflde
bridqges nor sulphydryl gqroups (Flgs. 9 and 10). In addltlon, the net
flux Is elevated by ACTH (30%) and by polyylutamic acid, M.W. = 2300,
(20%). The amounts (In umoles) of the varlous agents which were utllized
in the flux experiments were comblned with approximations of the maximum
area (:2} that each would cover in thelr extended confliqurations. The
spread between the aqents was less than 10-fold and dlfferences between
actlive (flux affecting) angents and nonaactive (flux Indifferent) agents
ware neqllqible. Thls sugqgests that tha differences obtained with the
varlous agents rest with the nature of the individual molecule and not
merely with its slze or the concentration In which 1t is used. The re-
qulrement of the presence of speclific amino aclds In oxytocln and vaso-
pressin In order to obtaln significant effects on water movements and on
Na+ transport has bean demonstrated (Eljlot, '68). These results further
suqgast that a physicloglcal effect on a membrane Involves more than thiol-
disulfide Interchanqe.

when red cells are exposed to phospholipase C for short perlods of
time, Inhibition of the exchange flux (Table |2) and lysls (Table 14) can
be demonstrated. Wlth the concentratlions of Phl-C which were utlllzed
there was no effect on the maximal net flux. When the celis were pre-
treated with insulln the deqree of lyslis by Phi~C was considerably re-

duced and the Inhlbition of the exchange flux was prevented. In addlition
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the data reveal that the abllity of the net flux component to be enhanced
by Insulln 1s unaffected by the presence 6f phosphollipase C. The primary
mode of actlon of phospholipase C on the red cel| membrane Is the hydrol-
ysis of phosphatides with the resultant release of the phosphoryl nltro-
genous molety {(Lenard and Singer, '68). |+ Is suggested here that as a
result of this digestlon, PhI-C affects the exchange flux In a manner
somewhat similar tc that of PCMBS, In that elther the enzyme, the enzymatic
reactlion products or an altered membrane proteln conformation Inhlbits the
recombination of qlucose with free carrier at the outer surface. Unllke
the results obtalnecd with PCMBS, the addition of Insulln to PhL-C-treated
cells does not decrease the inhlbition of the exchange flux. |t appears
that the phosphol lpase may not aftfect the free carrler since Insulln can
ralse the net fiux in cells which have been treated with Phi-C (Table I3).
The abtilty of Insulin to prevent the inhlbltlon of the exchange flux
gives rise to speculation that the Insulin blocks In some manner the
ablll+y of the phosphollipase toc approach its phosphatide substrates on
the membrane surface. Roblnson ('66) has suggested that Insulln reacts
with cls double bonds of fatty aclds and It Is concelvabte that such an
interaction could Interfere wlth phosphollpase C deqradation of membrane
phosphatides. The acticn of insulln with relation to phosphollipase C
again Indicates the probablllty that Insul In-membrane Interactions are
not restricted solely to thlol-disul flde reactlions.

in the past there have been numercus attempts to demonstrate that the
carrier molety Involved with glucose transport in red cells Is either a
tipld or a protein. A number of these dealling with Ilplds (Lefevre et al,,
'64; Mawdsley and Widdas, '67 and Hobson and Larls, '66) and proteins
(widdas, '54; Boblinskl and Steln, '66, and Forsiing et al., '68), have

already been mentioned. There has been no clear-cut demonstratlion
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for the predominance of elther molety as the carrler directly involved
with glucose transport In erythrocytes. Lenard and Singer ('68) have
shown that 70% of the red cell membrane phosphorous can be removed by
phosphol Ipase C treatment and that the conformation of the structural
protelns are unaffected. Nevertheless the role of the phosphatide In
transport should not be overliookad. As shown In Table |2 the axchange
flux of gqlucose transport Is inhiblted when red cells are exposed to
phosphol ipase C. Though there Is no evidence nor does It appear |lkely
that the carrlier Is wholly or even substantlially |Ipid, the resuits of
these and othar experiments (Odesser and Mawe '67), show that the phos-
pholiplid content and orlentation play a consliderable role In the proper
functioning of a glucose transport system.

Recently, a considerable amount of data qgathersad from transport studies
In micro organisms has provided ample evidence for the predominant role of
proteln In transport phenomena of these orqanisms. Kabach and Stadiman
('66) have demonstrated a proline transport system flirmly |inked to mem-
brane fractlions of £E. coll. The transport system, B-qalactocide permease
of E. coli, has been actively studled and a specific site has been Identi-
fied with the use of NEM (Fox et al., '67). The protein of this system is
induclble and there are about 10,000 such "M proteins'" per bacterium. This
protein has been partiy purifled (Kolber and Steln, '66). A sulfate-binding
proteln has been purlflied and crystallzed (Pardee, '66)., This protein has a
molecuiar welght of 32,000 and binds cone sulfate per proteln molecules.
Mutants lacking this protein are unable to carry sulfate into the cell.
Pardee ('68) has suqqested that this protein could stretch across the
membrane (70-120 ;) forming a passageway for suffate transport. The

entrance of qlucose In certaln strains of E. coll has been shown to be
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dependent on a phospho-enolpyruvate (PEP)-linked enzyme system (Simonl et
al., '67). The results of these investigations have given Increased
Impetus to the study of the role which protelns play In transport.

The results of the Investigation In mlcroorganisms show both the in-
volvement and the capabllity of proteins to carry out transport functlons.
There does not appear to be any reason to assume that protelns could not
carry out simllar functions In other celts. The experimental data show
that In the red cetl protein Is invoived, but that in additlon, the liplid
components play a definite role fn the overalt structural organfzation of
the transport system. From am overall polnt of view the work reported
here Is conslistent with the view that there appears to be a "partnership”
involvement of proteln and liplds in the transport of non-electrolytes In
red cells.

It Is not possibie at the prasent tIme to positively attribute the flux
results obtalned with cells from diabetlc donors directly to Insulln. One
can propose that for the donors on insulin therapy, there is a continuous
and possibly hligh level of circulating Insulln, and that as a result, the
red cellis are able to bind and hold, even after In vitro washings, a auantity
of thls insulin and that thls accounts for the elevated net flux values. The
elevation of the net flux In the cells obtalned from the "dlet-control led"
diabetlc donors cannot be readlly accounted for at the present time. The
marked Instabllity of both the net and exchange fluxes In the stored cells
{day 2, Table 24} from this qroup of donors suqgested the presence of an
altered and unstable surface conflquratlion. The I[nability of Insullin
added in vitro to affect the net filux in the cefis obtalned from both
groups of donors may reflect either the presence of a surtface already
saturated with Insulin, or a surtace which is altered and wlll not accept

(or be affected) by bovine Insulin added In vitro.
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I+ was not possible to obtain any data from uncontrotled diabetlic
subjects and one can only speculate as to what the control fluxes and
the In vitro responses to insulln would be with cells obtalned from such
a group of donors.

It Is as yet premature to suqqest any practical application as a
result of the data obtained on diabetics. All that can be said s that
It seems that by measuring the glucose efflux under maximal net condltions,
it would be possible to recognize a qroup of individuals who were both
diabetic and were recelving Insuiin. Whether such a system of flux anal-
ysis could be used to measure elther Increased output or lack of insulln,

or refractorliness to tnsullin, cannot be determined at the present time.
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CONCLUS ION

To briefly summarlze, the results of the above work are as follows:

I. The maximal net flux of qlucose—Cl4 across the human red cell
membrane Is on the average 2.3 millimoles per |Iiter cell water-sec. The
exchange flux of qlucose-C!4 across the human red cell membrane [s on the
average 6.0 mlllImoles per |iter cell water-sec.

2. The maximal net flux values decline by 10% over a 48-hour period
while the exchange flux declInes on the average 15-20% in cellis storad
up to 48 hours.

3. Insulln ralsed the maximal net flux (In approximately 80 experi-
ments) on the averaqge by 49%. Insulln had no effect on the exchange flux.

4. The maximal net flux was also ralsed by the A-chains and b~chalns
of Insulln, by vasopressin, oxldlzed qlutathione, ACTH and polyglutamic
acld. The exchanqge flux was unaffacted by these agents.

5. The exchange flux of qln.lcose--C'4 across the human red cell membrane
is readily Inhibited by PCMBS,

6. The maxImal net flux of glucose-C!4 across the human red cell mem-
brane (s Inhiblted by PCMBS only after the concentration of thls non-
permeant mercurlal Is Increased by more than ten-fold.

7. Both the exchanqge and maximal net fluxes are Inhiblited to approxl|-
mately the same degree {(on a percentage baslis) by the mercurial chlormero-
drin at 24°C (a temperature at which chiormercdrin slowly passes across the
red cell membrane). At 4°C (a temperature at which chlormerodrin {s essen-
tially a non-permeant), the maximal net and exchanqe fluxes are Inhiblted
but to a lesser extent than that whlch occurs at 24°C with an equivalent

concentration of chlormaerodrin on the external surface of the cell.
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8. The Inhlibltion of the fluxes by chlormerodrin s lessened In
some Instances when the cells are exposed to Iinsulin. a. At 24°C the
Inhibition of the exchange fiux that is obtained wlith chlormerodrin is
unaffected by Insulln while the deqree of the Inhibltlon of the maximal
net flux appears to be dependent on the order of additlion of Insulln
and Inhibitor; l.e., celis which are treated with Insulln before expos-
ure to chlormerodrin do not demonstrate a lessening of the chlormerodrin
Inhibltion. b. At 4°C the Inhiblition of the maximal net flux by chlor-
merodrin Is unchanged while the Inhibltlion of the exchange fiux Is re-
duced by 50-60% by fnsutin,

9. The deqree of the Inhiblitlon of the exchange fiux caused by PCMBS
Is reduced by 50% by Insulin while the deqree of the Inhibltlon of the
max imal net flux appears to be dependent on the order of addition of
Insulln and Inhiblitor; f.e., cells which are treated wlth Insulln after
exposure to PCMBS do not demonstrate a lessenling of the PCMBS Inhlbitlon.

0. The binding of PCMBS to the red cell was measured. At the con-
centration at which the exchange flux Is reduced to the level of the
normal maximal net flux, {and where the maximal net flux is unaffected),
approximately 0.5% of the total red cell surface s Involved. The Inhl-
blition of the maxImal net flux appears when approximately 0% of the cell
surface Is occupled by PCMBS,

Il. The binding of chlormerodrin to the red cell was measured. At
a chiormerodrin concentration where from 2.5 to 10f of the cell surface
is occupled by this mercurial, the exchange flux Is Inhiblted by 57%
(brought to the lavel of a normal maximai net flux) and the maximal
net flux Is Inhibited by 60%,

12. The binding of added Insulln was measured wlth the use of

porcine lnsulln-l'3'. The amount of Insulin which bound to the cell
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Is the same under exchange flux or maxi!mal net flux conditions. The
level of Insulln with which a 40% elevation of the maximal naet flux
can be obtalned corresponds to the coverage of 0.04% of the total
surface area of the red cell.

13. Although Insulin affects the dearee of Inhibltlon caused by the
mercurlals, Insulin (reqardless of the order of addition) has no effect
on the number of molecules of elther PCMBS or chlormerodrin which blnd
to the red cell. The amount of [nsulln, however, which binds to the red
cell Is reduced when the cells are first exposad to PCMBS., The amount
of insullin which biInds Is reduced by chlormerodrin reqardless of the
order of exposure.

4. The actlon of the [nsulln and other activators of the maximal net
flux, as well as that of PCMBS, occurs at the cell surface. Chiormerodrin
may Interact wlth glucose carrler moleties at both the outer and Inner
cell surfaces.

I5. The mercurfals may Inhibit the exchanqge flux by preventing the
recombination of medlum glucose with free carrler or by decreasing the
moblilty of loaded carrier. The inhibltion of the nat flux (reswiting
from elther a reduction In moblilty of free carrler or a reduction of
the concentratlion of carrler) may result from an [nteraction of the
marcurial with the membrane or wlth the carrler.

16, The exchanqge flux Is Inhlblted by phospholipase C. The maximal
net flux Is not affected. The Inhibltion of the exchange fiux by phos-
phoiipase C is prevented when the cells are first exposed to Insulln.

The maximal net flux Is elevated by 10-25% by insulln even In the presence
of phospholipase C. The deqree of hemoly sis which occurs with the additlon
of phospholipase C Is diminished when the red celis are flrst exposed to

Insuiln.
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17. The red cells obtalned from human diabetlic donors have marked!ly
elevated maximal net flux values. The behavior of these cells in terms
of storaqge and the addition of insulin In vitro Is described.

18, The action of Insulfin, the Insulln derivatives, and the other
agents which elevated the maximal net flux [ndicates a role for molecular
moieties In addition to thiols and dlisul fides,

19. It Is suqqested that insuiin acts on the free carrier and that
this actlon 1s directed to elther iIncrease the mobllilty of free carrier
or Increase the concentration of carrier. |t may be that the conformation
of the carrier molecule is dependent on the presence of glucoss, such that
the absence of gqlucose on one slde of the membrane resuits In an alteratlon
in the carrier which 1s avidenced by a lowered flux (maximal net flux), or
conversely that the presence of glucose on both sides of the membrane maln-
tains a carrier conformation which results In an accelerated glucose flux
{exchange flux). Further the action of Insulin, and the other agents which
elevate the maxImal net flux, may be expliained by thelr abllity to prevent
the alteration In the carrier which occurs when glucose is not present on
one side of the membrane.

20. Further support is glven for the Involvement of a moblle carrler
In the tacllitated transport of hexose In human red cells. As a result
of the data obtalned with the varlous agents {(In particular, iInsulln, PCMBS,
chlormerodrin and phosphollpase C) employed In the experiments reported
here, It Is speculated that the carrlier (s essentialiy proteln Iin nature
and that |lliplds, and In particular phospholiplds, are requlired to malntain
a structural orqganization which allows for the proper functioning of the

carrler-mediated transport of glucose In human red cells.



The work which has been reported here may prove to be of value In
the attempt to ldentlfy, Isolate and purlfy the sntlity responsible for
the mediation of sugar transfer In red cetls. These efforts will en-
tall membrane digestion and fractionation and i1t I|s possibie that the
two diffarent fiux measurements as well as the actlon of the varlous
agents on these fluxes will be of use In the attempt to ldentlify and
isolate the carrler molety. An approach towards thls end may be possible’
even prior to the use of cell disruption methods. ODrawing on the examples
of the use of bacterial mutants, It Is possible that the measurement of
the maximal net and axchange fluxes on cells obtalned from individuals
wlith genetic abnormallties of the red cell (l.e. sperocytosls, hereditary
congenital non-spherocytotic anemlia, thalassemias) may provide cell mem-
branas which behave differentiy with respect to glucose transport. The
chances of a successful [solation of an entlty Involved with glucose
transport may than be increased.

In addition, the results obtalned with cells drawn from dliabetic in-
dividuals Indicate the possibillty that the methods described above for
the flux measurements may enable one to obtalin more information on the
state of Insulln In vivo., For example, It |s possible that where |t
has been suqgested that the dlabetic manlf;s#a?lon I[s due to the unavall-

ablllty of Insulln rather than to non=-production of Insulln, the red cell

may play a role in the bindlng of Insulln.
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APPENDI X

. Flux measurements: controls - statistical analysis of selected pairs.
The data obtained from normal donors were examlined for signlflicant
dlfferences by means of the "t" test. Comparlsons were made on the basls

of donor and In vitro storaqe time.

There Is no significant difference amona the average net flux values;
however, the average exchange flux values obtained from celi{s which have
stood for differant times show a different picture. There s a signlfi-
cant difference In the exchange flux values of day-| (6.25) and day-2
(5.44) cells (p <.05) and day-1 (6.25) and day-3 (5.25) cells {p <.05),
There s no significant diffarence between the values from day-2 (5.44)
and day-3 (5.25) cells (p <,05).

An analyslis was made for slgniticant differences in the net flux of
cells from the same in vitro time pertod but from difterent donors. On day
| there are no significant differences between donors. On day 2 there are
siqgnificant ditferences batwaen donor %5 and doners |,2,3, and 7 (p <.05).
On day 3 there are significant dlfterences In the net flux values between
donors | and 2 and donors | and 6 (p <.0{).

A similar analysls by donors was made for the exchange flux values,.
The variation between donors at the varlous times are as follows: |. For
callis used on day |, there are signiflcant differences In the exchange
fluxes between donors | and 2 and donors 2 and 4 (p <.05), 2., On day 2
there were no signitlcant differences (p <.05) between the donors.

3. On day 3, a signlficant difference (p <.05) In the exchange flux emists
between donors | and 5.
The varlation of net flux values obtained from the celis of the same

donor with respect to storage time was examined. The values obtalned with
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the cells of donor | are signiticantly different (p <.01) betwsen days |
and 2, and days | and 3. There was no significant difference in the net
flux values of this donor's celis between day 2 and day 3. The values
obtained with the cells of donor 2 are siqnificantly different (p <.0t)
between day | and 2, and day 2 and 3. There was no significant ciffer~
ence In the values of the net flux between different days wlth any of
the other donors.

The varlatlon of exchange flux valuas obtained from the cells of the
same donor wilith raspect to storage time was also examined and here [t be-
comes evident that the exchange flux component appears to be far more
sensitive to standing (storaqge) than the net flux. HBetween the values
obtalned on day | and those of day 2, there were signlflicant differences
with the red celis of donor | (p <.01) and donor 2 (p <.0l). Between day
| and day 3 there are slignificant differences In the values obtained with
the red cells of donor | (p <.01), and donor 5 (p <.0l). The latter [s
the only donor whose ceils qgive exchange flux values which are significant-
ly different {(p <.0l) between day 2 and day 3. The overal!l picture is one
of a large decline of the exchange flux in the first 24 hours of standing
followad by a qeneral levelling.

Examination of the E/N values indicates that for day | the ratlo
ranges from a low of 3.21 to a high of 3.9! and had an average value of
3.34., The day-2 E/N values have an equally narrow spread with a low of
3.05 and a hlgh of 3.85. The average E/N for day 2 is 3.28. The day-3
E/N ratlios range between a fow of 2,36 and a high of 3.32 and have an
aversqge value of 3.13. The unusually low E/N of 2.36 reflects the marked
Increass in the exchange fiux of donor 5,

Overall, the values obtalned from non-treated red cells appear 1o show

what could be described as norma! donor variation; they do not show any
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significant differences in the overall net flux values. There are decreases
with time in the exchange flux values and It Is difficult to attribute

this decline to any factor In the methodoloqgy.

2. Calculation for the surface area of the myofibrils of | gm. ot frog
sartorius muscle.

A speclitic qravity of 1.0 is assumed and a voiume of | cm’ s assigned
to | am of the muscle. Sartorlius muscie (Bioom and Fawcett, '62) consists
of lonqg fibers 10-100 microns In diameter. FEach fibar may consist of 4-25
myofibrils, each 2-3 microns in dlameter. |In order to calculate a maximum
surfaca area, |t was assumed that the muscle was closely packed with flbers
10 microns In diameter and 1 cm (108R) long. |t was further assumed that
each fliber consisted of 5 myocfibrils each 2 microns in dlameter and | om
long. Therefore, there are present 1x10® fibers or 5x10% myocfibrits, in
| gm of saetorlus muscla. FEach myoflbrit has a diameter of 2 microns or
2% 104 £ and a length of | cm or |x|08!. The formula for the surface area
of a cylinder Is:

2Arh + 20 r2

() A

(O Ganaohaed® + Lot A2

or A

= 6.28 x 10'2 + (6.28 x (0®)
= 6.28 x 10'2 %2 per cylinder
Total surface area = 6.28B x l0|2 x 5 x 106

= 3.14 x 1019 X2

3. Calculation of the size of Insulln

Molecular models (Lapine) accurately scaled, l; = |.5 cm, were util-
lzed. The area of an amino acld palr without side chaln contributions was
calculated to be 50 :2. There are 2% such palrs glving an average of 1250

» -]
Az area. The averaqe slde chain contribution was 25 A2 and thers are 5|
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2
slde chalns resulting In a stde-chatn contributlion of (275 Az. As a result

-
the surface area was taken as 2500 Az. This value was also obtalned by

determining (using the same models) the average area of each component
amino acld and summing the values obtalned. Assuming a |iInear confiqura-

[ ]
tlon, a molecule of Insulln (5800 M.W.) wlll occupy an area of 2500 AZ.
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