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INTRODUCTION

Transport

The precise manner In which qlucose and other non-electroIv+es pene­

trate the membrane of the human erythrocyte Is as yet unknown. Observa­

tions obtained primarily from kinetic and Inhibitor studies have led to a 

qenerallzed theory of facilitated transfer to explain the movement of 

qlucose across the membrane of human red cells. Facilitated transfer Is 

believed to operate by means of a temporary, stoichiometric association 

of the substrate molecule, qlucose, with a limited number of reactive 

sites present In or on the cell surface. These reactive sites are re­

ferred to as ’carriers'. Because of Its size and hydrophilic nature, It 

would be expected that qlucose would enter the red cell very slowly If 

passive diffusion were solely responsible for Its entry. However, studies 

of the permeability of the human red cell to qlucose have shown that this 

molecule enters and leaves the human erythrocyte In a manner (I.e., a much 

faster rate at low concentrations and a much slower rate at hlqh concentra­

tions) not predicted by the laws of simple diffusion.

Kozawa (’14) described the permeability of the human red cell to hex- 

oses and pentoses. His report that Isomeric suqars penetrated the red 

cell at different rates suqqested that a rather refined structural speci­

ficity was Involved, Kozawa (’14) also noted larqe differences In per­

meability between species. Suqar penetration Into human and macaaue red 

blood cells took place rapidly while permeability Into the red blood cells 

of a variety of adult rodents, carnivores and unqulates was considerably 

slower, almost to the extent that they have at times been considered as 

suqar-ImpermeabIe.

The permeability of the human red cell to polyhydrlc alcohols and 

suqars was further studied by Jacobs (’34) whose quantitative treatment
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of the results obtained allowed for the formulation of permeability con­

stants. Rano and 0rskov (’37) found that on ralslnq the concentration of 

qlucose from ?0 to 50mM In a suspension of red cells and saline, the per­

meability constant was reduced ?.5 times.

The transfer of non-electrolytes across the red cell membrane In 

these cases was measured optically by recordlno chanqes In IIqht trans­

mission throuqh very dilute suspensions of erythrocytes. This method 

(0rskov, *35 and Parpart, ’35) Is based on an empirical relation between 

the averaqe red cell volume In the sample and the fraction of I Iqht which 

Is scattered In passing throuqh the suspension. Ry adjustlnq the concen­

tration of the cells In suspension and arranqlno Instrument factors, a 

linear relationship can be established between chanqes In scatterlnq and 

chanqes In cell volume. Since water equilibrates throuqh the red cell 

membrane much faster than any specific solute, the osmotic water movement 

may be considered Instantaneous without the Introduction of any appreciable 

error. Thus, the cells may be considered to be In osmotic equilibrium with 

the suspension medium and volume chanqes with time serve as a measurement 

of the transfer of a suqar In osmotlcally eau(valent amounts. Thouoh In­

direct, the linear correlation of the recorded deflections due to scatter- 

tnq with osmotic alterations In the cell volume has been well corrobora­

ted. Similar measurements on qlucose permeability were made by Wllkhandt 

('38, *50) uslnq the photometric method developed by Parpart {'35) which 

Is based on the continuous record Inq of the Increase In optical trans­

mission accompanylnq hemolvsls. This method Involves followlnq either:

I. The course of hemolysis as suqar enters the cells from a medium In 

which the salt concentration alone Is Insufficient to maintain cellular 

Inteqrlty, or ?. The proqresslve chanqes In the cells' osmotic resist­

ance curve after addition of suqar to an Isotonic medium.
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These several early observations lay relatively dormant until LeFevre 

(*48) beqan a series of Investigations Into the permeability of the red 

cell membrane to qlucose and qlycerol. It was shown that qlycerol trans­

fer (LeFevre, ’48) Is blocked by copper, mercuric chloride, p-chloro- 

mercurI benzoate, Iodine and phlortdzln and that qlucose permeability Is 

similarly depressed by mercuric chloride, p-chIoromercurIbenzoate, Iodine 

and phlorldzln but Is not aftected bv copper. In addition, LeFevre (*48) 

suqqested that, as a result of the kinetic data obtained from volume 

chanoes In various qlucose-saltne solutions, It appeared that the mechanism 

for the transport of qlucose Into the cell was regulated by the ex 1st I no 

Intracellular concentration rather than by simple diffusion qradlents.

The kinetics of qlucose transfer were further Investigated and the re­

sults so obtained provide the primary evidence for the operation of 

facilitated transfer. Of particular relevance Is the fact that the 

kinetics of qlucose efflux show a saturation effect. It was possible to 

demonstrate that at any given concentration oradlent between cells and 

environment, the rate of qlucose entry will decrease at higher outside 

concentration and that the equation describing the penetration of suqar 

Into suqar-free cells should be comparable to the Lanqmulr adsorption 

Isotherm or the Michael Is-Menten equations, tlslnq the Lanqmulr adsorp­

tion Isotherm, WIddas (’54) presented the followlnq equation for calculat­

ing the rate of suqar entry:

(I) transfer rate » K

where C0 refers to the concentration of suqar outside the cell, Cj to the 

concentration of suqar Inside the cell, K Is a proportionality constant 

and 0 denotes an equilibrium constant for a carrler-hexose complex. When 

the reactive site Is not saturated, e.q.. If the suqar has a low affinity
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for the site or Is used In low concentration, and 0 »  C , C|, equation I 

reduces to:

(2) transfer rate * K (CQ - C|)
if

under these conditions, the rate of transport will be proportional to the 

reciprocal of 0 and directly proportional to the difference In the suqar 

concentrations Inside and outside of the cell. The kinetics deplctlnq 

such a condition will not differ slqnlfIcantly from those of simple dif­

fusion and have been termed D-klnetlcs (Wllbrandt, '54). It has been de­

monstrated that D-klnetlcs hold for sorbose and fructose transfer In human 

erythrocytes as well as for qlucose at very low suqar concentrations e.g., 

concentrations where the reactive site Is well below saturation.

At hlqh concentrations where the reactive site Is saturated and where 

C| and CQ >>> 0 the rate of suqar transport Is described by equation 5:

Here, the rate of transfer Is proportional to the difference In the recipro­

cals of the suqar concentratIon Inside and outside the red cell and directly 

proportional to 0. These kinetics have been termed E-klnetlcs (Wllbrandt, 

'54) and have been shown by several Investigations (Wlddas, '54; Wllbrandt, 

and Rosenberg, '51; Wllbrandt et al., *56 and LeFevre and Davies, '54) to 

describe accurately the penetration Into the human erythrocyte of those 

sugars which have a high affinity for the reactive site.

In addition to the kinetic data, various Investigations utlllzlnq 

different Inhibitors have been made on qlucose transport. Glucose transfer 

has been shown to be Inhibited by mercuric chloride, p-chlormercurI ben­

zoate, Iodine, phlorldzln (LeFevre, '48); phloretln, poIyphloretIn, the 

lachrymators allyl Isothlocyanate, bromacetophenone, and chloroplcrln 

(Wllbrandt, '54); and dInItrofIuorobenzene, dlnltrochlorobenzene and

(3) transfer rate
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d I n Itrobromobenzene (Bowyer, ’54 and Bowyor and WIddas, ’56). The 

Inability of a number of metabolic Inhibitors, fluoride and cyanide 

(Kozawa, *14), lodoacetate (LeFevre, ’48), ?,4-dInltrophenol and azlde 

(Bowyer, *54) to affect qlucose transfer In the red cell has Indicated 

this transfer to lack any active component. The ability of mercuric 

chloride and orqanlc mercurial derivatives (LeFevre, *48) to Inhibit 

nlucose transfer as well as the almost complete reversal (LeFevre and 

Davies, *51 and LeFevre, ’54) of the Inhibitory action upon the addition 

of cysteine focused attention on the sulphydryl qroups at the cell sur­

face. The ability of the fluorobenzene derivatives (Bowyer and Wlddas,

’56) to effectively Inhibit qlucose transfer In human erythrocytes pointed 

toward an Involvement of a protein component In the cell surface.

The stereospeclfIclty of qlucose transfer Is another aspect of this 

phenomenon which has been Investloated. The results so obtained have lent 

slqnlfleant support to the concept of facilitation. The report of Kozawa 

(’14) on differences In the permeabilities to Isomeric suqars was confirmed 

and extended by Wllbrandt ('38,’47) who showed that differences between 

direct enantlomorphs occur. D-xytose and L-arablnose enter the red cell 

rapidly while L-xylose and D-arablnose appear to be completely excluded.

In addition It was reported that D-xylose and L-arablnose Interfered with 

each other durlno simultaneous entry. It was also shown that stereoisomers 

(D-qlucose, D-mannose, D-qalactose, L-sorbose and D-fructose) penetrate at 

different rates and that In addition optical Isomers (D- and L-qlucose) 

show different entry rates. When the penetration rates of mixtures of non- 

el ecrroIytes are examined, competition between the various suqars Is ob­

served. It was found that D-qlucose, D-qalactose, D-mannose, L-sorbose, 

D-fructose, D-xylose and L-arablnose all compete with one another In their 

movement across the red cell membrane (LeFevre and Davies, *51).
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The importance of sterlc factors in transport phenomena resulted In an 

Interesting Investigation by LeFevre and Marshall (*58). They compared 

fourteen different sugars with respect to their affinity for the transport 

systems and found that affinity was directly related to the stability of 

the pyranose ring In the C I chair form. The C I conformations of D-glucose, 

D-mannose, O-galactose, and D-xylose, sugars with a relatively high affinity 

for the human red blood cell transport system, are many times more stable 

than the 1C conformations of those sugars. Figure I Illustrates the two 

possible chair conformations of the pyranose ring. In the C I conformation 

of the above sugars, the carblnol group as well as most of the hydroxyl 

groups are In the eguatorlal position In the plane of the ring, while the 

hydrogen atoms are In the axial position, perpendicular to the ring. In 

the I 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 groups, It 

would appear that the conformation In which the smaller groups are In the 

axial position should be favored. Indeed, this Is borne out by the results 

which show that the sugars which are most stable In the C I conformation 

have the highest affinity for the red blood cell transport system, while 

those sugars which exhibit greater stability In the I C conformation 

(L-glucose, L-galactose, L-xylose) show extremely low affinities. Because 

of the nature of this discrimination between Cl and I C conformations, It 

was concluded (LeFevre, *61) that the reactive site on the red cell surface 

must be able to distinguish between the right and left handed forms of the 

sugar molecule. It was also felt that such a refinement would require a 

three point contact between molecule and membrane component, for only such 

a contact at the minimum would be sufficient to distinguish between the two
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CONFORMATION C I CONFORMATION I C

FIGURE I. Chair conformation of the pyranose ring. Filled circle represents 
the 0 - atom; numbered circles represent the carbons as conventionally numbered 
In aldoses. Heavy lines mark the side of the ring feclnq the observer. ^Equatorial" 
extracycllc bonds are shown by broken lines; "axial" bonds by vertical solid 
lines. (LeFevre and Marshall, '59)
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cha I r forms of the pyranose r (nq.

From the study of the kinetics of transport and with the aid of Inhib­

itor and super specificity Invest IqatIons, several additional characteris­

tic features were recoqntzed: I. It could be shown that even thouqh there

Is no uphill transport of qlucose In the red cell, an apparent uphill 

transport can be demonstrated under certain conditions. Thus, the phenom­

enon of "counter-transport" (Rosenberq and Wllbrandt, *57) Is observed - 

that Is a llnkaqe between the facilitated movement of a substance down 

Its electrochemical qradlent with the movement In the opposite direction

of a structurally analoqous molecule, 2. Glucose enters the red cells of
4

primates approximately 10 times faster than could be accounted for on the 

basis of simple diffusion throuqh a I Ip Id layer (Jacobs, '34 and Jacobs 

and Parpart, *33), 3. The temperature coefficient for qlucose transport 

In human red cells Is 2.3 (Bowver, '54), 4. Definite species differences 

for qlucose and qlycerol penetration have been observed. Wlddas ('55) has 

shown In this respect, that erythrocytes from fetal blood of the plq, rabbit, 

qulnea plq, sheep and deer resemble those from adult human blood, all pos­

sess Inq a hlqh qlucose permabllltv. This hlqh level beqlns to diminish 

at the time of birth, and 5. There may also appear clear differences be­

tween the rate of penetration of qlucose when the net transfer Is meas­

ured In contrast to the unidirectional flux of Isotoplcally labeled per­

meant. It has been reported that the latter flux Is slqnlfleant Iy qreater 

than the net flux (Britton, ’56; LeFevre and McGlnnlss, ’60); Levine et al., 

'65; and Mawe and Hemp 11nq, *65),

As a result of the data qathered from kinetic, Inhibitor and other 

studies, a number of proposals depict Inq models for facilitated transport 

have been suqqested. Several of these (LeFevre, '48; LeFevre and LeFevre, 

'52; Wlddas, '52 and Bowyer, *57) postulated the presence of a carrier
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which Is In or on the cell surface. The carrier, accordingly, reacts with 

a sugar molecule at one surface In order to form a sugar-carrler complex 

which can move across the membrane by ordinary thermal agitation In the 

direction of Its concentration qredlent. At the other surface the carrier 

releases the suoar molecule. A similar theory (Posenberq and Wllbrandt, 

*55), has been proposed with the modification that the formation and disso­

ciation of the complex Is catalyzed by an enzyme or enzymes In the membrane. 

The passaqe of sugar through a proteln-llned pore has been suqgested by 

Daniel 11 ('54). In this model, the sugar would traverse the membrane by 

becoming attached to one site after another. It Is essentially similar 

to a polar "creep" hypothesis put forth by Rowyer and Wlddas (*56). The 

observations however that counter-transport (Rosenberg and Wllbrandt, ’57) 

could be Induced In human erythrocytes tended to overrule, thouqh not 

completely, the concept of transport via a pore. It was shown that when 

mannose was present In eoual concentrations Inside and outside the human 

red cell, additional mannose would leave the cell when glucose was added 

to the external medium. This temporary movement up a concentration 

qradlent cannot be too readily explained In terms of a non-mobile membrane 

component, A more or less qeneral consensus for a model of facilitated 

transfer via a mobile carrier Is depicted In Figure 7 (LeFevre and 

McDlnnlss, *60). In this model the rate-llmltlng step Is considered to 

be the movement of the carrier-permeant complex through the membrane.

Kinetics which were previously presented are based on the assumption 

that the free carrier and the carrier-permeant complex travel at the same 

rate across the membrane. Evidence that this Is not necessarily the case 

has been recently presented. Britton (*56) has shown that the flux of 

C-14-labeled glucose under equilibrium conditions differed from the flux 

values obtained when a net movement of the permeant Is measured.
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OUTSIDE CELL SURFACE LAYER 
or MEMBRANE

Rate-Llm|tlnq Diffusions

©
Cone. of(p)« Cs

Cp a]

INSIDE

r ©  +
k2* > 7

Rapid Eq ul I Ibrla 

At Each Interface.

k2 m  ta]

i ®
j Cone, o f ® -  S/V

FICURE 7. Model of facilitated diffusion system. The penetrant P as 
such Is unable to enter the cell membrane, but it combines reverslbly 
with carrier A at either Interface, rapidly approechlnq equilibrium 
defined by dissociation constant K. The slower diffusion of complex 
PA throuqh the membrane, accordlnq to Its concentration qradlent 
within the membrane, determines the over-all mlqratlon of p .
(LeFevre and McCInnlss, *60)
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For the sake of clarify these terms, equilibrium, exchanqe and net 

flux will be defined now as follows: equl11brTurn flux Is the same as

exchanqe flux and Is the measurement of either the Influx or the efflux 

of qlucose when the concentrations of the suqar Inside and outside the 

red cell are equal durtnq the course of an experiment. By obvious 

necessity this Is an Isotoplc measurement and Is also termed the uni­

directional flux of the tracer. The net fIux Is a measurement of the 

chanqe In qlucose content of the red cell when there Is a difference bet­

ween the Internal and the external concentrations of the suqar. The 

additional term, maxImaI net fIux, will also appear and this Is the 

measurement of the net flux under Ideal conditions, that Is, when the 

concentration of the suqar on one side of the membrane remains well above 

the saturation level of the reactive site while on the other side the 

concentration of the suqar remains as close to zero as possible for the 

tenqth of the measurement. Wllbrandt ('61) has shown that true maximal 

net fluxes will be measured when precautions (such as the use of a larqe 

compartment Into which the alucose can move) are taken to prevent back 

flux. LeFevre and Mcminn Iss (*60) measurlnq qlucose Influx reported the 

equilibrium flux to exceed the net flux by fifty to one-hundred times.

In another InvestlqatIon, Mawe and Hempllnq (*65) measured qlucose efflux 

over a wide concentration ranqe and reported the rate at which qlucose 

left the celt under equilibrium condition was only two and one half times 

faster than the rate under maximal net flux conditions. These results 

were confirmed Independently by Levine et al., (’65). The difference In 

the results between these two reports Is attributed to the fact that the 

measurements of net qlucose Influx by LeFevre and McGinnis sw e*e not 

really measurements of maximal net flux. As described previously, the
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concentrat(on of the permeant should remain very close to zero or by the 

same token we)I below the saturation level of the carrier In order to 

prevent back flux. Such a situation Is readily attainable In efflux 

studies. However, In measurements of Influx, the volume of the red cell 

belnq relatively small, the concentration of the permeant rises rapidly 

and may easily approach the Km value (reported as between one and two 

millimoles by Sen and Wlddas, ’62) of the carrier. When this occurs the 

conditions for measurlnq maximal net flux are no lonqer present.

This difference between equilibrium and maximal net flux provides 

further support for the mobile carrier theory. Utlllzlnq a series of 

expressions by Prltton (’64), and substltutinq the experimentally deter­

mined value of 2.6, the ratio of the equilibrium flux to the maximal net 

efflux, Mawe and Hemp I I no ('65) calculated that the carrier-permeant 

complex may be shown to cross the membrane four times faster than non- 

complexed carrier.

In summary, as a result of these numerous Investlqatlons, the carrier 

Is qenerally considered as a membrane component which Is characterized by 

the followlnq: I) The carrier Is present In the cell membrane In limited

amounts and Its combination with permeant occurs by as yet undefined bonds, 

2) The carrier can combine with the permeant to form a complex of variable 

stability, 3) The extent of this combination 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 neqltqlble when not com­

bined with carrier, and 6) The rate of translocatton of uncomblned and 

comp I axed carrier can be different.
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Membrane

The membrane, from all 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 II-Davson pauclmolecular model (Danlelll 

and Davson, *35) of the ultrastructure of the plasma membrane put forth 

to explain the permeability of cells Is shown In Figure 3a. The features 

of this model are: I. One or more b(molecular leaflets of phospholipid

are sandwiched between two layers of protein considered to be globular, and

2. Lipid and protein constitute essentially separate but continuous phases 

with the polar groups of the phospholipid being bonded electrostatically 

to protein. This picture of the membrane was further refined by Robertson 

(’60). His model for the "unit" membrane Is shown In Figure 3b. Like the 

Davson-DanIel I I model, the concept of phospholipid layers sandwiched 

between protein layers Is retained. Similarly, both membrane models 

consider the bonding between phospholipid and protein to be primarily 

electrostatic and that the llptd and protein are essentially separate 

phases. The unit membrane model considers the membrane to be asymmetric 

rather than symmetric, with mucopolysaccharide or mucoproteln on the out­

side face and unconjugated protein on the Inside face. The protein layers 

are visualized as extended polypeptide chains less than 20A thick and the 

blmolecular leaflet thickness Is set at about 35-40A.

The membrane models, especially the latter, are based on the assumption 

that all membranes are gulte similar and that myelin, the substance on which 

the unit membrane Is based, Is a representatIve example for all membranes.

A number of objections have been raised, however, to these assumptions. 

Several different Investigations have Indicated that: I. Hydrophobic

rather than electrostatic binding Is the predominant binding between lipid
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and protein (Richardson, et al., *64 and Brown, '65), 2. The blndlnq be­

tween protein and phospholipid Is very tlaht and they probably do not 

exist as separate phases (Fleischer et al,, ’6?), 3, The protein layer 

of the erythrocyte membrane Is not In the extended beta confIquratIon 

(Maddy and Malcolm, '65; Korn, '66; Lenard and Slnqer, *66; Moelzl 

Wallach and Zahler, '66 and Blackwell et al., '65) but Is randomly 

colled (I5£ alpha helix), and 4. The complexes which can form as a 

result of combinations of various lipid components can lead to mlcellar 

and pore formation (Lucy and Olauert, *64).

The role that lipids can play In the structure of the membrane with re­

spect to such aspects as lipid content, composition and the nature of the 

acyl motety has been discussed by O'Brien (*67). The compactness of the 

structure can be shown to varv considerably depend Inq on these variables 

alone and the variations In these Items amonq myelin, red cells, mitochon­

dria and chloroplasts are considerable. On the basis of the lipid content 

alone (de Bier and van Oeenen, '61; Nelson, '67; and Nelson, *67a) It Is 

possible for the red cell membrane to possess areas (patches) quite dissim­

ilar from that visualized by the "unit" membrane model. The difference In 

the dearee of compactness of the membrane structure can be examined for red 

cells of different species. When the parameter Is stability to qlycerol 

hemolysis, It has been shown (Jacobs et al., '36 and Jacobs et al., *37) 

that ox erythrocytes are more stable and that susceptibility to hemolysis 

Increases with human, rabbit and rat erythrocytes In that order. The 

lipids of the erythrocytes (Parpart and Dzlemlan, '40 and Parpart and 

Ballentlne, '52) of these species differ with reqard to content of lonq 

chain sphtnqotIp Ids (primarily sphlnqomyelIn). The ox red cell contains 

very hlqh levels of sphlnqomyelln and very low levels of polyunsaturated 

phosphatldes while at the other end of the scale the rat erythrocyte con-
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contains low levels of sphingomyelin and hlqh levels of polyunsaturated 

qIycerophosphatIdes. It can be demonstrated that the more condensed 

b Mayer conf Iqurat Ion wl4l occur when the level of sphlnqot Ip Ids Is 

hlqh and the polyunsaturated 11pId level Is correspondingly low.

Thus, the greater stability of ox erythrocytes to glycerol permeabil­

ity and hemolysis may be attributed to the I Ip Id makeup of the bI layer 

configuration. Whether this Is so for this particular case Is not as 

Important as the evidence which demonstrates the vast possibilities 

for diversity from membrane to membrane and from one area of the same 

membrane to an adjacent area.

With this In mind, a closer look at the erythrocyte membrane reveals 

some Interesting findings which may be of use In understanding suqar 

transport. The determination of the uItrastructure of the red cell 

has proven to be a most Interest I no and difficult task. The newest 

techniques of thin sectioning and freeze etching have qreatly added 

to these studies. The red cell Interior contains a hlqh concentration 

of hemoqlobln In a quasIcrystaI IIne state. There Is still however, no 

clear cut evidence for the existence 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 Investlqators (Hoffman, *58 and

Dodqe et al., ’63) that hemoglobin Is neither tlqhtly bound to the

Inner side of the membrane nor does It form a structurally fixed component.

The plasma membrane forms a boundary layer between two compart­

ments and may be defined operationally as that part of the cell which 

regulates permeability. By means of replication (a technique for re­

producing surface textures) and shadow castfnq. It can be shown 

(HI liter and Hoffman, '53) that there exists over the surface an 

array of randomly placed plagues, 3oX thick and I00-500X In diameter.
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The plaques can be removed from the surface by ether but are themselves 

unaffected, thus leading to the conclusion that the plaques are attached 

to lipid In the membrane. In other preparations which were not shadowed 

It was possible to see fibers, 2oX In diameter and with an averaqe length 

of 200%, arranqed tanqentlelly to the cell surface. The fine structure 

of the fibers ore unaltered by ether and It Is assumed that they are 

bound to I Ip Id .

When the red cell Is properly prepared and thin sectioned, electron 

mlcroqraphs show a rather consistent picture of the cel I membrane as a 

three-layered complex, made up of two dark lines, each 25A thick, separa- 

ted by a less dense Interspace of 20A. This complex Is typical of the 

Robertson unit membrane (Robertson, '60) and aorees with the Davson- 

Danlellt (Daniel I I and Davson, '35 and Dan tell I, *36) model of the 

membrane as a blmolecular leaflet of lipid with protein at both outer 

surfaces. Due to uncertainties (Klnsky et a I., *67) arlslnq from the 

effects of the various flxtnq methods. It Is difficult to interpret this 

three-layered complex. In addition, a completely lamellar structure 

could not be consistent with the functional qualities Inherent In the 

membrane. A model which Incorporated some mlcellar structure, even If 

only transient and slight In nature, would allow for Ion permeability.

A model of the red cell membrane proposed by Whlttam (*64) which attempts 

to Incorporate the physical chemical data Is shown In Flqure 4. Support­

ing the possibility of transient mlcellar substructure are the experi­

ments of Seeman (*66) who has been able to demonstrate ferritin entrance 

durlnq osmotic hemolysis and as seeli may have demonstrated the presence 

of transitory pores In red cells.

Recent measurements of the surface area of the human red cell Indicate 

It to be 145 + 8u^ (Westerman et at., *61) rather than the obtained
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by Gorter and Grendel (f25), Gorter and Grendet C*25), uslnq acetone, 

extracted the lipids from erythrocytes, spread the extract as a mono- 

molecular film and determined the ratio of film area to erythrocyte area. 

They found a ratio of 2tl which suqqested a'blmolecular layer of I Ip Ids 

at the erythrocyte surface. This provided the basis for the Daniel II- 

Davson membrane model (Daniel I I and Davson, f35). However, the accuracy

of their MpId determinations has been questioned and new flqures for
2the surface area (the one above * 145 + 8u ) as well as one reported by

a*Seaman (*67) of 163 x 10 A would appear to make It less likely that a 

blmolecular lipid layer Is present over the entire surface at all times.

From x-ray diffraction studies (Rand and Luzzatl, '68) It can beshown 

that cholesterol, present In hlqh concentrations In erythrocyte membranes 

(1.39 + .07 x 10”*® mq. per cell) (Bar et a I., ?66> Is located so that 

part of Its steroid nucleus Is between the polar qroups of the phospho­

lipid molecules while the rest of the molecule extends Into the Inner 

hydrocarbon layer. As such, the presence of cholesterol causes a reduc­

tion In area occupied by phospholipid molecules. It therefore appears 

that the condenslnq effect of cholesterol observed In a monolayer of 

unsaturated phospholipids at an alr-water Interphase may also occur In 

the fully hydrated blmolecular layer as well.

When human red cells were treated w Ifh phosphottpase C, It was report­

ed that (Lenard and Slnqer, '68) up to 74f of the total membrane phosphorus 

was released Into solution as a result of the hydrolysis of membrane phos­

pholipids to dlqlvcerldes and water-soluble phosphoryIated amines. Inves- 

tlqatlon of the state of the membrane by means of phase microscopy Indica­

ted the membrane to have remained Intact. In addition, the structural 

protein conformation appeared unaffected. As a result of these flndlnqs 

and other measurements deallnq with optical rotatory diversion spectra
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and circular dlchrolsm measurements of membrane proteins, these authors 

postulate a membrane model which Is shown In Figure 5. In this model, 

the authors propose that the lontc and polar heads of the phospholipids, 

together with the charged groups of the proteins are all situated at the 

exterior surface of the membrane In contact with the bulk agueous phase.

The Interior of the membrane contains the hydrophobic tails of the phos­

pholipids, the rest of the protein and other hydrophobic components such 

as cholesterol. This contrasts with models of the Davson-Danlel11 - 

Robertson type, where It Is suggested that the tonic and polar heads of 

the phospholipids are submerged under a monolayer of protein on both sur­

faces of the membrane and that the entire structure Is held together pre­

dominantly by electrostatic Interactions between the Ionic heads of the 

phospholipids and the charqed groups of the protein monolayers. The exper­

imental results (Lenard and Singer, '68) indicated that: I. Phospho-ester

bonds that are hydrolyzed are readily accessible to phospholIpase C In the 

Intact membrane, and 2. Electrostatic Interactions between phospholipids 

and membrane proteins play only a secondary role In maintaining cell mem­

brane Integrity and In the determination of the conformation of membrane 

proteIns.

In viewing the overall picture of non-electrolyte transport, mention 

should be made of certain substances (the so-called "minor” components ) 

that are part of or are eastly removed from the red cel I membrane. Though 

In most cases, evidence for direct Involvement of these components with 

the glucose transport system Is lacking, they are part of the membrane 

system and may prove to be necessary adjuncts In the formulation of a 

meaningful concept of non-electrolyte transport.

A number of these minor components of the red cell membrane can be re­

moved by treatment of the cells with proteolytic enzymes. Slalogtyco-
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22

peptides have been released by treatment with pronase (Ohkuma and 

Shlnohara, '67) and trypsin (Ohkuma and Ikomoto, *66, and Wlnzler et a I., 

r67). These qIycopeptIdes fall Into a 10,000 molecular welqht size group, 

contain galactose, acetyl glucosamine, acetyl qaIactosamIne, N-acetyI neu­

raminic acid and are rich In serine and threonine. There have not been 

any reports however, which demonstrate any connection between the release 

of these qIycopeptIdes and the sugar transport system In human erythro­

cytes. Flux measurements (Odesser and Mawe, ’67) following trypsin and 

chymotrypstn dlqestlon have Indicated these enzymes to be without any 

effect on the qlucose transport system.

There have been suqqestlons that enzymes might play a role In hexose 

transport In the human red cell and one of the enzymes stronqly considered 

has been mutarotase. Until recently, the presence of this enzyme had not 

been demonstrated In erythrocytes, thouqh Its existence 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 behavorfal similarities 

which raised the possibility of some role for mutarotase In the transport 

of qlucose In erythrocytes.

Recent Investigations of the transport systems of micro orqanlsms have 

Implicated proteins to be Intimately Involved with a proline transport sys­

tem In E. coll (Kaback and Stadtman, *66), a sulfate transport system 

(Pardee, *66) and a p-qalactoslde permease In E. coll (Fox et a I., *S7).

As a result of these and other observations the components of the mem­

brane take on a central role In transport phenomena. Attempts have 

been made to Isolate and associate membrane fractions with the re­

active sites Involved with sugar transport. One of the approaches was to 

Isolate a lipid or IIpld-soluble complex which would preferentially bind



23

glucose. LeFevre e+ a I. (*64) demonstrated that phospholipids extracted 

from qhosts of human erythrocytes are capable of carrytnq qlucose (labeled 

with carbon-14) from the dry state Into the hlqhly non-polar solvent 

hexane. Though this system lacks the specificity seen In normal sugar 

transport systems. It Is Interesting that this transfer of qlucose can 

be Inhibited In a manner similar to the Inhibition of normal suqar trans­

port. Althouqh the phosphorus content of the extract Is unchanged, lipids 

extracted from red cells which have previously been exposed to l-fluoro-2, 

4-d(nitrobenzene (an Irreversible and potent Inhibitor of qlucose trans­

port capacity In the red cell) show a marked decrease In their ability 

to form the hexane-soluble complex with qlucose.

The capacity of phospholipids derived from beef red cells (cells with 

extremely low qlucose permeability) to bind hexoses was compared with 

that of the phospholipids derived from human red cells (Hobson and Laris, 

*66), The results Indicated that; I. Human and beef stromal phospholipids 

display equal abilities to carry qlucose and mannltol Into hlqhly non­

polar solvents, and 2. Glucose to which both cells are permeable Is 

more effectively carried Into hexane than mannltol, a suqar which pene­

trates neither cell. However, It Is Impossible to account for the vastly 

different hexose permeabilities of beef and human erythrocytes merely In 

terms of simple differences In the ability of the membrane phospholipids 

of these two cells to bind hexose.

Another approach towards I so I at Inq a carrier-type molecule was taken 

(Mewdsley and Wlddas, '67) In the following manner: Human red cell ghosts

were exposed to qlucose labeled with carbon-14 and after a suitable period 

were extracted with lipid solvents. The extracts were fractionated on 

silicic acid columns. A peak Identified as a trlphospholnosltIde (TPI) 

was associated with the radioactive peak and was thus presumably bound,
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either physically or chemically, to qlucose. Such a complex could be 

formed In vitro with pyridine as the solvent. Such In vitro labelInq 

could be eliminated by pretreettnq the qhosts w Ifh DNFB or mercuric 

chloride. The authors suqqest that It Is this lipid fraction (TP1) 

which Is a factor In the solublIIzatlon (LeFevre et al.,'64 and Hobson 

and Laris, '66) of suqars In non-potar solvents.

Boblnskl and Stein (’66) and Ponsall and Hunt (*66) In the attempt to 

Isolate a qtucose-blndlnq component from human red cell membranes, prepared 

columns of membranes or membrane fractions Immobilized on an absorbent 

such as cellte or OEAE-cellulose. Padloactlve suqar pairs w e-e passed 

throuqh such columns and by measurement of the effluent activity. It was 

possible to determine If Qlucose was beI no held back on the column In pre­

ference to a second suqar such as sorbose. Membranes prepared from DNFB- 

treated red cells were also used In these columns. The authors were able 

to demonstrate the appearance of a component associated with most of the 

qlucose bindInq capacity of the erythrocyte membrane and suqqest that 

this material may be responsible for qlucose transport In the Intact ery­

throcyte. However, like all methods which rely on cell destruction and 

subsequent Isolation of a fraction. It Is extremely difficult to show a 

correspondence between the physloloqI fa I activity of an homoqenate 

fraction and this same activity In the Intact cell.

The other major approach toward eltcltlnq Information on non­

electrolyte transport has been the study of the kinetics of non­

electrolyte movement across the membrane of the Intact eel I and the 

effects of a variety of substances on such movement as was observed.

These measurements were usually made on either net or exchanqe fluxes, 

but not on both fluxes usInq Identical cell populations. The approach
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taken In the work reported here has been to utilize Intact cells and 

measure and analyze the effects of a number of different aqents on both 

the exchange and maximal net fluxes obtained from Identical cell popula­

tions, It was considered that the two fluxes presented an opportunity 

to analyze the carrier svstem under two different physical conditions - 

qlucose-loaded and unloaded. Therefore the type of effect obtained with 

the different aoents on the carrier sttftes under loaded and unloaded con­

ditions would yield a better Insloht to understanding the biochemical 

nature of the "carrier".

InsulIn

As part of this aoproach the effect of Insulin on qlucose transport 

has been Investloated. Levine et al. ('49,’50) demonstrated the ability 

of Insulin to accelerate the permeability of cells to hexoses. Insulin 

has been shown to stimulate the transport of amino acids (Akedo and 

Christensen, ’6?) and their Incorporation (Elsae et al., *67) Into proteins 

In skeletal muscle. Insulin has been shown to affect the sodium flux In 

the toad oocyte (filttar et al., *68), to possibly act on nucleotide trans- 

phorylases (Klachko, *66) by reoulatlna the relative quantities of nucleo­

tide triphosphates In the cell, to facilitate the transport of qlucose, 

qalactose and other suqars across the membranes of cardiac muscle (Morqan, 

et al., *65) and adipose cells (Podbelt, '67 end Rlecher, *67). In the 

presence of Insulin, qlucose Incorporation Into qtycoqen Is markedly In­

creased (Srfvlk, *66); there Is an Increase In both membrane potential and 

membrane resistance observed with froo skeletal muscle In a qlucose-free 

medium (deMello, '67), and there are Indications of an Involvement In the 

bindInq of transfer and messenqer RNA to the ribosome (Stlrewalt et al., '67).

The above Is but a small sample of the vast number of effects In which



26

Insulin has bean Implicated. In all of these Investigations a mechanism 

concerning the primary site of action has been sought and the general con­

sensus Is more or less summed up by Levine (*65,*66) who believes that the 

primary site of Insulin action Is at the cell membrane. The manner In 

which Insulin Interacts with the cell membrane Is as y et uncertain. How­

ever, a number of Interesting observations have been made In this reaard. 

Insulin has been shown to bind (Pdelman et al., 463) to rat skeletal 

muscle cell membranes by means of electrovalent and covalent (dlsulphlde) 

linkages. The evidence Indicated an Involvement of cyclic dlsulphlde 

linkage of the Insulin A chain and the sulphvdtyl groups on the receptor 

protein. Similar conclusions of a thiol-dlsulphIde exchange reaction have 

come from others studyInq the bindInq of Insulin to rat epldldymal fat pads 

and hemldlaphraqms (Fonq et al., '62), The similarity of action (namely 

an Increase In permeability) by phospholIpase C, phospholIpase A and 

Insulin on the cell membranes of free adipose cells with respect to qlucose 

entry has been demonstrated (RodbelI, *64; Blecher, *65 and Blecher, *66). 

It Is suqqested that these results offer evidence that plasma membrane 

phospholipids play a role In the facilitated transport of glucose. It 

Is suqqested (Blecher, *66) that limited hydrolysis of membrane phospho­

lipids might transform membrane lipoproteins from laminar to qlobular 

configurations with a resultant Increased permeability to small molecules. 

By comparison, phospholIpase treatment of the red cell caused a markad dee 

crease In the exchanqe diffusion of qlucose (Odesser and Mawe, *67). No 

mention Is made, (Blecher, *65) however, as to whether Insulin mlqht be 

Involved In a similar manner. There Is a possibility that an alteration 

of the configuration of plasma membrane lipoproteins could occur by forma­

tion of complexes between phospholIpases, calcium and their phospholipid 

substrates (Blecher, *65). A similar Interaction between Insulin, zinc 

and membrane lipoprotein has been proposed (Krahl, *61).
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In a series of reports, the nature of the Insulin receptor site In 

muscle has been Investigated (Rleser, *65; Rleser, *66; Rleser, *67 and 

Rleser, *67a). In these reports, the author has demonstrated the proteo­

lytic- I Ike activity of Insulin and also the Insulin-1 Ike activity of 

several proteolytic enzymes. It Is suqqested that Insulin may be compared 

to an Incomplete or partial proteolytic enzyme, which, for Its activity to 

be expressed, must In some manner combine or orient with a complement of 

amino acid residues (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 peptide hormone 

formation where a cell receptor Is pictured as an Incomplete enzyme with 

the hormone supplylnq the mlsslnq part. Rleser (*67) has also presented 

preliminary evidence that tryptophan (an amino acid not found In Insulin 

from any species) may be a part of the Insulin receptor site.

Another Interesting proposal for a mechanism of Insulin and other 

dlsulphlde hormone action Is presented by Robinson (*66). The author 

suqgests that there may be an Interaction between the sulphydryl qroups 

pf the hormone and the els double bonds in Itpld fatty acids. He proposes 

that such an Interaction could affect the packfnq of the hydrocarbon 

chains, such that there would be an alteration In the surface charqe 

properties as well as In protein conformation. Such chanqes, If they 

occurred, could In turn affect membrane permeability.

The evidence for the facilitated transport of qlucose as summarized by 

Stein <*64) has been mentioned previously. The effect of Insulin on some 

of these parameters has been discussed by Henderson (*64). For example, 

Park et al., (*65) demonstrated the existence of a definite degree of 

stereospeclfIclty In the qlucose transport system In perfused heart experi­

ments and In addition the fact that Insulin stimulates the sterospeclfIc
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The Interaction 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 chymotrypstn,

It has been reported that glucose flux Is enhanced by Insulin (Rleser 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 this work and other related Items will be 

held for a later section.
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MATERIALS AND METHOOS

The materials used In these InvestIqatIons and the sources from which

they were obtained are as follows: Bovine Insulin (25 unlts/mq), porcine

Insulin (23 unlts/mq). Insulin A-chaln oxidized, Insulin B-chaln oxidized,

Insulin S-sulfo A-chaln, Insulin S-sulfo B-chaln, L-eplnephrlne, adreno-

cor:Icotroplc hormone (ACTH) (porcine pituitary, 200 l.u./mq), were from

Mann Research Laboratories, N.Y.C., N.Y.; Bovine Insulin (24 unlts/mq),

oxytocin, synthetic (10 unlts/mq), vasopressin, synthetic (150 unlts/mq),

qlutathlone oxidized form, qlutathlone reduced form, phospholIpase C,

6-D(+) qlucose, p-chIormercurlphenyl sulfonic acid (PCMBS), polymlxln B

sulfate, protamine sulfate (qrade I) were from 5lqma Chemical Co., St. Louis,

Mo.; PhospholIpase A (Naja naja venom), phospholIpase B (bovine pancreas),

phospholIpase D (0.5 unlts/mq, cabbaqe), Cottonmouth venom, were from

Pierce Biochemical Co., Rockford, III.; L-cystelne, L-cystelc acid, and

L-cystlne were from Calblochem, Los Anqeles, Calif.; Bovine Insulin,

sterile (10 units/ml.) was obtained from Squibb and Co., N.J.; porcine 
131Insulin-I was from Abbott Laboratories, Chlcaqo, III.; Chlormerodrln

(neohydrln) was a qlft from Dr. H. L. Friedman of the Lakeside Laboratories,
203Milwaukee, Misc.; Chlormerodrln labeled with Hq , PCMBS labeled with 

Hq^®^ and D-qIucose-C*4-UL were supplied by ICN Corp., City of Industry, 

Calif. The y-poly glutamic acids were Isolated from B. subtil Is and were 

a qlft from D. J. O ’Connell of the Veterans Administration Hospital,

Brooklyn, N.Y. All other materials were of reaqent qrade. Water was 

triply distilled, once from a tin lined container, and twice from glass.

The materials listed above were stored In the presence of deslccants at 

the temperature (4*C or -20*0 which was considered to be the best for 

maximum stability. Unless otherwise noted, solutions of these materials 

were prepared just prior to their use and were then discarded.
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Samples containing carbon-I4 were counted In a Packard Trl-Carb 

Liquid Scintillation Spectrometer, model 4322. The backqround averaqed 

about 20 cpm. The scintillation mixture consisted of p-dloxane; ethoxy- 

ethanol:*ylene In the proportion of 3:3:1. This mixture (Bruno and 

Christian, *61) was prepared to contain 8H naphthalene, \% 2,5-dIphenyI- 

oxazole (PPO), and 0.05J I, 4-bls-2-(4-methyl-p-phenyloxazolyl)-benzene 

(Dimethyl POPOP). PPO and Dimethyl POPOP were obtained from Packard 

Instruments Co., Downers Grove, III. Ethoxyethanol, p-dloxane (spectro- 

quallty qrade), xylene, naphthalene (recrystaIl2ed from alcohol) were 

from Matheson, Coleman and Bell, Inc., Rutherford, N.J. This scintillation 

mixture Is capable of acceptInq up to 20^ of Its volume of an aqueous 

sample, will not freeze at the normal operatlnq temperatures utilized In 

Mould scintillation countlnq and has a oood countlnq efficiency by com­

parison with other mixtures. Samples labeled with Hq-203 or I — 131 were 

counted In a Packard model 2001 Spectrometer we I I counter system. The 

backqround level with this Instrument ranqed 60-80 cpm.

Measurements of pH were made on a Radiometer pH meter, model TTT-C-I 

with a Corninq combination electrode, type 476020. Osmolar I ties were 

determined by the freezlnq point depression method utlllzlnq an Advanced 

Instrument Osmometer, model 31-LAS. Hematocrits were determined with the 

use of a Splnco mIcro-centrIfuqe (Mlcrofuqe) Beckman Instr. Model I5-2A. 

Tubes, I mm In diameter, were partially filled with a sample of the blood 

suspension. One end of the tube was sealed with clay and the tube centrl- 

fuqed for 2 minutes at top speed In the mlcro-centrIfuqe. The ratio of 

cells to the total sample volume was determined with the aid of an IEC 

mIcro-cap11lary reader.

Flux Measurements

The experimental arranqement for rapidly separating cells from super-



natant fluid was as follows: A stainless steel Bwlnny filter holder

(Mill I pore #XX30 01200) Is fitted at Its distal end to a 2 ml. syrlnqe,

and at Its proximal end to a 14 qauqe cannula. The teflon qaskets and

wire (stainless) screen In the filter holder are arranged In a manner to 

support a mllllpore filter when suction Is applied upon drawInq up on the 

syrInqe. The f11 ter (MI 11 I pore #SMWP 013) Isa 13 mm dlameter ceI Iulose

filter with a mean pore size of 5.0 p + 1.2 p. The red cells are efficient­

ly held back by the filter. Thus, when a sample from a dilute red cell sus­

pension Is rapidly withdrawn, the cells are held on the filter, while a cell 

free supernatant rapidly collects In the syrlnqe. By quickly dlsenqaqinq 

(leas than 0.5 sec.) the syrlnqe from the filter holder, the cel I-free super 

natant Is physically removed from any contact with the filter containing 

the cells and the possibility of secondary back fluxes occurrlnq is complete 

Iy eIImInated.

Red blood cells were obtained, unless otherwise Indicated, from healthy 

human donors. Blood (15-20 ml.) was withdrawn by venipuncture and collect­

ed In a tube containInq sodium citrate (5 mq/ml. blood). The cltrated 

blood was poured throuoh three layers of qauze, centrlfuqed at 800 xq for 

10 minutes and the plasma and white cells removed. The cells were washed 

three times at 4*C with a 0.075 M olucose-salIne solution, adjusted to pH 

7.3 with phosphate buffer. The cells were collected each time by centrl- 

fuqatlon at 000 xq for 10 minutes. When not used shortly after the last 

wash (experiments denoted as day I), the cells were stored In the qlucose- 

saltne-phosphate solution at 4*0. Prior to belnq used after storaqe (ex­

periments denoted as day 2 - 2 4  hours storaqe ... etc.), the cells re­

ceived one additional wash with the qlucose-salIne-phosphate Solution.

The primary buffer solutions utilized In most of the experiments were:

I. a saline 0.0IM phosphate solution adjusted to a pH of 7.3 and which was 

295-310 mllllosmoles per liter and 2. a saline O.OIM phosphate solution



adjusted to pH 7.3, containInq 0.075M qlucose and which was 390-400 ml III- 

osmoles per titer.

After the final wash, aliquots of packed cells were equilibrated with 

qlucose-C*4-UL. An aliquot of 25 y I of qIucose-C**-UL (125 pcurles/ml.) 

was added to 0.5 ml, of a thick cell suspension (hematocrits 75-850 and 

the suspension was allowed to equilibrate for 30 minutes at 22-24*C. The 

equilibrated 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 will be qlven later when the results obtained with each 

aqent are presented. On the whole, the attempt was made to keep all addi­

tive volumes to a minimum level of between 25 and 50 uI - The treated cells 

were Incubated for specified times and at specified temperatures (qlven 

later In the text when the Individual compounds are considered). Concomit­

antly, non-treated 0.5 ml. aliquots of thick red cell suspensions (hemato­

crits 75-8510 are carried throuqh the entire procedure. Only a similar 

quantity of the solution used to dissolve the particular aqent added to 

the treated cells Is added to these cells. In this way, flux values are 

obtained for treated and non-treated cells derived from the same cell 

popuI at Ion.

After the prescribed period of Incubation has elapsed, 10 yl. of the 

red cell suspension Is removed and placed on a small qlass ladle. With 

the use of the qlass ladle, the blood sample Is rapidly (with stlrrlnq) 

Introduced Into a beaker contalninq 10 ml. of a buffer solution. When net 

flux measurements are made this buffer solution Is sa11ne-phosphate pH 7.3, 

295-310 milllosmoles per liter. Under these conditions, the qlucose con­

centration In the cell's environment Is reduced to 0.015 x I0~^M, a value 

which does not exceed or even approach any of the suqqested Km values 

(Sen and Wlddas, *62) for the carrier site. The conditions for the measure­



33

ment of the maxtmat net flux are therefore met (Rosenberq and Wllbrandt, 

'55). When exchange flux measurements are to be made this buffer solution 

Is 0.075 M qlucose-salIne-phosphate pH 7.3, 390-400 mllllosmotes per liter. 

An electric timer Is actuated as the red cells are Introduced Into the 

solution In the beaker. Samples (approximately 0.5 ml.) are rapidly 

withdrawn (at 4-5 second Intervals) with the aid of the Swlnny fllter- 

syrlnqe device. In this way five cel I-free samples are rapidly obtained. 

The first sample Is usually obtained within 1.5-3 seconds after the Intro­

duction of the cells Into the buffer solution. Subsequent samples are 

usually obtained at 5-second Intervals. The samp IInq time Is consistently 

considered as that time after the sample has been withdrawn, when the 

syrlnqe Is separated from the filter holder. After the rapid samp IInq 

period Is over the beaker containing the diluted red cell suspension Is 

set ailde for 30-60 minutes. By this time glucose-C*4 Is uniformly dis­

tributed between cell water and medium and a final cel I-free sample (the 

Infinity s a m M ^  Is taken. AI Iguots of 0.1 or 0.2 ml. of the cel I-free 

samples are placed In vials containing 10 ml. of the scintillation mixture 

previously described and the samples are counted for the two 10-mlnute 

cycles In a Packard liquid scintillation spectrometer.

The radioactivity counted In the supernatant samples comes from the

qlucose-C*^ which leaves the cells plus the Initial radioactivity which

Is carried over In the extracellular phase of the packed red cells. This

latter additional radioactivity Is constant In all six samples. The sixth

sample, the Infinity or equilibrium sample, Is used to determine the maxl-
14mum amount of qlucose-C which will leave the red blood cells.

In order to make a valid comparison between exchanqe 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 0, with the Immersion of the ladle containing the red cell

suspension, the specific activity of the cells' environment Is reduced
-4to less than .01/10.01 or at least to 9.99 x 10 of Its value before 

Immersion of the ladle. The specific activity of the cells Is unchanged. 

Under exchange flux conditions, the olucose concentration Inside and 

outside the cells remains constant throuqh the experiment, while under 

net conditions, within 0.5 seconds after the ladle’s Immersion, the 

qlucose concentration within the red cells is reduced due to the entry 

of water. This reduction depends upon the difference between the 

osmolarfties of the Incubation solution and of the external medium. If 

the cells were previously equilibrated with 0.075 M qlucose-salIne-phosphate, 

the concentration of qlucose would be reduced to 310/390 or 0.8 of that 

In the equlI I bratInq solution. Therefore, at time 0, there would be a 

concentration gradient between the cel I and the medium.

Theoretical Considerations

The conditions under which the equilibrium 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 

water forms one compartment while the medium water makes up the second 

compartment. Initially, almost the total amount of the tracer Is present 

In the cell water compartment. Under these conditions labeled material 

Is moving one way out of the cell Into the medium water compartment while 

unlabeled material Is movlnq out from the medium water compartment Into 

the cell water compartment. The level of the labeled material follows 

an exponential decline such that the rate of loss of the label Is always 

proportional to the amount present. As a result, a plot on seml-loq 

paper of the loss of label with time will result In a straight line, the



35

half-tlme(t 1/2) beInq that time which It takes tor the reduction of 

the quantity of the label to 50? of Its Initial level.

The kinetic analysis which follows has been taken from Mawe and Hemp IInq 

(*65). The kinetics of the exchanqe Is described by equation I.

where P = flux of qlucose In moles per liter cell water-sec.

Sj = cell compartment size of qlucose In moles/1 iter 

Sp = medium compartment size of qlucose In moles/1 Iter

The specific activity may be defined as the cpm/mole qlucose. Since the 

moles of qlucose In each compartment would be the same at time t as at 

tlmewe, equation I. can be rewritten as:

Since the compartment size of qlucose In the medium Is much larqer than 

the cell compartment S|, l/S^ Is very smalt and may be neqlected In the 

calculation of the flux. As such equation 2. reduces to:

A plot of the values from the left hand term of equation 3. aqalnst 

time (t) will yield a stralqht line, whose slope m is P/Sj. Therefore 

the flux, P, will equal the slope m multiplied by S|! or P can be deter­

mined as shown In equation 4.

(4) P * 0.693 x S.

I n

(2) In cmp/ml. medium, t 
c pm/m Im'ed I urn , <*o

(3) In t

r m



Wlddas <*54), LeFevre and McGinnIss (f60) and Wllbrandt (’61) aqree 

that the followlnq equations describe the kinetics of net qlucose exit:

where Vmax may be defined as the maximum rate of movement of which the 

carrier system Is capable.

(0)c ■ the amount of olucose In the cell compartment

(G)m ■ the amount of alucose In the medium compartment

TGc3 ■ the concentration of qlucose In the cell water

f o O  * the concentration of alucose In the medium water

Km * the dissociation constant of the qlucose-carrler complex

when fGrn̂ l << Km, ["Rc"J*p equation 5. simplifies to:

(6) d (G)m * Vmax £Gc]
dt Km + [•Gc'l

If >* then equation 6. becomes:

(7) d <R)m = Vmax * - d (G)c
dt 3T

where equation (7) Is a description of maximal net flux. We can write:

(8) Vmax , - (dR/dt) cell a (dR/dt) medium
Sc Ac-

where (dR/dt) medium *> cpm qlucose enterlnq the medium from the cells 

and Is obtained from the slope of curves similar to those shown In 

Flqure 6.

Ac * Tcpm qlucose In the cell/amount of qlucose In the cell"]

Since all the radioactivity found In the medium at Infinity, cpm , cameT*rn
from the cell with the exception of that amount which was present as an

•As noted In the Material and Methods section, the Initial concentration 
of qlucose In the cell Is 0.075 M and the final concentration of qlucose 
♦e the environment Is 0.015 x 10"^ M. The Wn for qlucose transfer has
been reported as 1-5 x 10"’ M. Therefore, the restrictions
[G»] <« Km, £Sc3 and COc] Wn are met and the equation 10. may be 
applied to the experimental data.

(5) - d(G)c * d(G)m * Vmax
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extracellular contaminant when the packed cells were mixed with the 

environment, we can write*:

(9) <epm alucose In the cell)^ > q * (cpm In the medium)^, i

- (cpm In the medium)^. . g 

The amount of qlucose present when t * 0, when normalized to an Isosmotle

cell volume, Is a concentration and Is equal to 0,075 m In these experi­

ments. Therefore:
(10) Vmax * (slope of the curve, cpm/sec) C0.075 m ]

C t •* " *con,*med. t * 0 ^

Binding Experiments

In another series of experiments, the deqree to which certain aqents 

remain bound to the red cell under a variety of conditions and after ex­

tensive washings was Investigated. In these experiments, the red cells 

were obtained, washed and eoulllbrated with cold qlucose exactly as pre­

viously described, niucose labeled with carbon-14 was not used. The 

washed cells were Incubated with the agent under Investigation for a qlven 

time and at a qlven temperature (the data are presented with the Individual 

experiments reported later). The aqents studied were PCMBS labeled with 

Hq-203, chlormerodrln labeled with Hq-203 and porcine Insulin labeled 

with I-131, The treated cells were washed with either saIIne-phosphate 

at pH 7.3 or 0.075 M qIucose-saIIne-phosphate at pH 7.3 Allauots of the 

wash supernatants (I ml.) as welt as the washed packed red cells were 

counted In a well counter. The entire quantity of packed cells was counted 

after the final wash, no transfer or dilution belnq required. Countlnq

*to be strictly true It would be necessary for fOcl^ i^b1* 0. However, 
since the volume of the environment Is so much qreater than the volume 
of cells which are added, the T^clt Is sufficiently close to zero as
to make equation 9. virtually correct.
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standards containInq known quantities of the radioactive aqent beInq 

used were prepared at the same time as additions were made to the red 

cells. Those standards were counted alonq with the experimental samples 

and Inasmuch as the results were expressed In terms of percentaqes based 

on known quantities which were added Initially to the red cells, 1+ was not 

necessary to consider physical decay In caleu I atInq the results from the 

data so obtained.

Hemolysis Fxperlments

A few experiments were devoted to the measurement of hemolysis obtain­

ed with nhospholIpase C In the presence of Insulin. In these experiments 

Isotopes were not utilized. Red cells were obtained, washed and equili­

brated with qlucose as previously described. Aliquots of 0.5 ml. of packed

red cells (hematocrits 70-801E) were exposed for 20 minutes to 75 ul.

volumes of phospholIpase C (Ph|-C) solutions whose concentration ranqed 

from 5 x 10"^ to 0.1 mq Ph I-C per 75 ul. Red cells were either first 

treated with 75 uI. of Insulin (0.06 uMoles) for 30 minutes prior to

their exposure to nhI-C or were exposed only to Rhl-C. The celts were

then centrlfuqed at 25000 xq for 15 minutes, a 75 ul. sample of the super­

natant was removed, diluted to 10 ml. with water and the absorption deter­

mined at 540 mp In a Klett colorimeter. The values so obtained were com­

pared to a value representlnq 1001 lysis of an Identical 0.5-ml. packed 

red cel I a I Iquot.

Flux Measurements-Speclal CondIjtlons

Inasmuch as there Is a difference of tonicity between the solutions 

used to measure net and exchanqe fluxes, a number of experiments were 

arranqed In a manner such that this difference In tonicity was eliminated. 

In these Instances sodium chloride was added to the normal saltne-phos- 

phate solution pH 7.3, 795-310 mtlllosmoles per liter to brlnn the con-
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centratlon to 370-380 mllltosmoles per liter, the dH remalnlnq at 7.3, 

Thus, measurement of the net flux occurred at an almost Identical tonicity 

as that of the exchanqe flux, the sole variable being the presence of 

enuaI concentrations of glucose on both sides of the cell membrane In 

one case (exchange) and the lack of olucose on one side In the other 

case (net).

Since all of the data obtained on flux measurements will be presented 

In tabular summary, It would be repetitious to Include a nraohlc repre­

sentation for each series of experiments. Nevertheless, It may be of 

some Interest and possible value to see an example of the graphic dis­

play. Therefore, In Figure 6 there are plotted three curves showing the 

measurement of the maximal net flux In a) non-treated normal human red 

cells, b) InsuI In-treated normal human red cells and c) PCMRS-treated 

normal human red cells. In each case the counts/m In (cpm) obtained at 

sampling time t Is plotted against the sampttnq time t. The value for 

the cpm/sec Is obtained from the slope and the cpm, medium, t = 0 Is 

obtained from the Intercept of the curve with the ordinate. Flqure 7 

shows the measurement of the exchange flux In a) non-treated normal human 

red cells, b) Insulin-treated normal human red cells and 3) PCMRS-treated 

normal human red cells. The values of one minus the ratio of the cpm at 

sampling time t to the cpm of the sample at Infinity (30-60 mln) are 

plotted against the sampling time t. The half time (t I/?), I.e., the 

time which It takes for the reduction of the quantity of the label to 90# 

of Its Initial value, Is determined from the curve and this value Is In 

turn utilized to determine the flux. In these two figures, examples of 

control values, activated fluxes, and Inhibited fluxes are presented.
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F|CURE 6. A comparison of the maximal net flux of q I ucose-C * 4-llL 
In non-treated. Insulin-treated and PCMRS-treated cells. Fluxes 
are expressed as millimoles per liter cell water-sec.
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As part of the calculations for determ Inina fluxes under maximal net 

and exchanqe conditions, chanqes In the cell volume durlnq the Incubation 

period, due to the addition of small volumes contalnlnq the aqents which 

were tested, must be taken Into account. To determine volume dilution 

corrections, the followlnq series of relationships are used:

a) ml. cells = vol. of suspension (0.5 ml.) x hematocrit (BOf) * 0.400

b) ml. plasma l-̂ O = vol. of suspension (0.5 ml.) - ml. cells 0.4 ml. * 0.100

c) cell H^O = 0.70 x ml. cel Is (0.4 ml.> = 0.280

d) total HpO In Initial vol. of suspension = plasma H^O (0.100)

plus cell HpO (0.280 = 0.3B0

e) total H^0 In the system = ptasma H^0 plus cell H^0 (0.380)

plus ml. additional H-,0 added (0.050) = 0.430

f) vol. dll. corr. = tota I t^O I n Ijnj^b^l^voJ . of cej = 0.380 _ q gg^
total HpO In system 0.430

The value for the vol. dll. corr. Is used In the followlnq equations for 

detarmfnlnn the flux talue.

Exchanqe flux = 0 .693 x mc> I arj ty qj ucose sol_n_._ x vo I . _d I I .__corr ._

Net flux = ( ^  corr.)
t - t'.„:

Stat istical AnalysIs

The data which were obtained In the various experiments were where 

possible treated In the followlnq manner. Data obtained under a qjven 

set of similar conditions were qrouped and averaned. The standard devia­

tion and the standard error of the mean were determined. Values exceed- 

Inq the limit of + 1.96 S.D. were discarded. The means from different 

qrouplnqs were compared for the presence or lack of slanlflcant difference 

by means of the student's t test. In this test If p > .05 was found for a
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qlven comparison. It was considered that within each qroup there existed

values which could be placed with equal probability In one qroup or the

other and that there was therefore no slqnlfleant difference between the

two values In question. The followlnq equations are utilized In the

ctatlsticat analysts employed In this paper: The variance or mean square

deviation Is determined by equation 10.
_ ?

(10) Variance = (X - X ) f  and this value Is used to determine 

the standard deviation (S.D.) In equation I I.

( t I ) S.D. = 'Vvar lance = X - xT 24 M

The standard error of the mean Is determined by equation I?, 

f12) S.F. = S.D./ ~Y"n = l e x -  X)2/frl-l)
-yT

In order to compare the siqntflcance between two means with the aid of the 

t test, the standard error of difference Is determined accordlnq to 

equation I 3.

(13) S.F. dlf - V  5 ~. = ^S.F. | + S.E.j

and Is In turn utilized In equation 14 to determine t

(14) t = x(- x2/S.E. dtff.

The probability (p) of siqntflcance Is determined from a standard table by 

means of the value for t and the value for n where n =["(N| - l) + (Nj -1)1.
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Structural Formulas

The structural formula for Insulin as given by Sanqer et a I ('55)15 

shown In Figure 8. When Insulin Is subjected to sutfltotysls (Dixon and 

Ward I aw, '60), the a and B chains are split and the resulting products 

are shown In Figure 9a and 9c. Under these conditions the Interchain 

disulfide groups are split and S-Sulfo qroups are formed. The Intra 

disulfide linkage on the alpha chain remains Intact. This disulfide 

linkage will also be split If sulfltolysis takes place In the presence 

of 8 M urea (Fig. 9fc). The S-Sulfo chains utilized In the work reported 

here are the ones prepared without urea and are the ones shown In Figure 

9a and 9c. The alpha and beta chains of Insulin obtained by oxidative 

methods (Ryle and Sanger, '55) are shown In Figure 10. As can be seen, 

all the disulfide linkaqes have been broken and replaced by sulfonic acid 

groups. The structural formulas of beef oxytocin and beef vasopressin 

are shown In Flqure II. These two cyclic hormones are both of low mole­

cular weight and contain a disulfide qroup as an Inherent part of their 

structure. The molecules, glutathione reduced form, glutathione oxidized 

form, cystelc acid and L-cystelne are shown In Figure 12. In Figure 13 

the structural formulas of ACTH and poly-y- glutamyl acid are presented.

The ACTH used In the experiments reported here was ofpprclne origin, while 

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 mercurials, chlormerodrln and PCMBS are shown In 

Figure 14.

Phosphatidyl serine was chosen to represent a typical phospholipid In 

order to demonstrate where the various phospholIpases attack such a 

molecule. The molecule, the points of attack, the phospholIpases and the 

end products of hydrolysis are shown In Figure 15.
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FIGURE 8. The structural formula of bovine Insulin (M.W. 5800) according to Sanger et al., (f55)
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FIGURE 9. Insulin chains prepared by sulphitolysls. (a) S-Sulfo-A-Chaln M.W. 2500; (b) S-Sulfo-A-Cheln 
M.W. 2670 (prepared In the presence of 8M urea); (c) S-Sulfo-B-Chaln M.W. 3490.
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FIGURE 10. (a) Oxldlzad bovlna Insulin A-chaln M.W. 2530; (b) Oxidized bovine Insulin B-chain M.W. 3420.
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RESULTS

Controls

Since flux measurements were made on non-treated cells In every ex­

periment reported here, It was therefore possible to accumulate a large 

quantity of such data on cells from a qroup of normal donors. The net 

and exchanqe fluxes of seve* such normal donors are listed In Table I.

With this data. It Is possible to analyze the net and exchanqe fluxes 

with respect to variation between donors and to variation between cells 

stored for different time Intervals (e.q., day I through day 3). Day I 

refers to data obtained from freshly-drawn cells, usually within 8 hours 

after bleedlnq. Day 2 represents data from cells 24 hours old and by 

day 3 the cells are 48 hours old. The third column In each section of 

Table I shows the value for the E/N ratio (exchanqe flux/net flux). This 

value has been shown (Mawe and Hemp I Inq, '65 and Levine et a I., '65) to 

range between 2 and 2.5 for normal erythrocytes.

The data presented In Table I has been analyzed by means of the stu­

dent's t test for slqnlf leant differences between selected pairs. The 

result of this analysis between selected pairs Is qlven In the appendix. 

The comparison of the overall averaqe values for the net and exchanqe flux 

by the day shows that the net flux values decline by 10$ over a 48-hour 

period, and the exchanqe flux value declined 13$ In the first 24-hour 

period and a total cf 16$ over the 48-hour period durlnq which the cells 

were usually stored.

Insulin, Insulin Derivatives, Peptides and SmafI Proteins

The Individual flux values obtained under maximal net and exchanqe con­

ditions from non-treated and InsuI In-treated cells a"e shown In Table 2,



14TABLE I. The averaqe net and exchanqe fluxes of qlucose-C -UL obtained with the red cells of normal 
male donors. Measurements were made on cells which were freshly drawn (day I), had stood 24 hours 
(day 2) or 48 hours (day 3) In 0.073 M qlucose-salIne-ohosphate pH 7.4 at 4*C. Flux values are

expressed as millimoles per liter cell water-sec.

Day I Day 2 Day 3

Donor
Net
+

Flux 
i.E.

Exchanqe 
Flux + S.E. E/N

Net 
+ S

Flux
.E.

Exchanqe- 
F1 ux + S.E. E/N

Net Flux 
1  S*E*

Exchanqe 
Flux + S.E. E/N

1 2.32 + ,04 6.05 + .11 2.61 2.04 + .03 5.45 + .12 2.67 2.02 + .06 5.28 + .24 2.61

2 2.41 + .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 + . 1 1 6.46 + .37 2.74 1.94 + .15 5.38 + .47 2.77 2.18 t .12 5.05 + 1.26 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 1.66

6 2.27 + .07 6.99 + ,26 3.08 2.50 + .17 6.50 + .27 2.60 3.55 + J O 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 2.64 2.10 + .04 5.44 + .10 2.59 2.13 + .10 5.25 + .20 2.46

•These averages represent several hundred Individual determinations accumulated from seven normal 
donors over a two-year period. Day I: n (net flux) ® 8 6 ; n (exchanqe flux) * 101. Day 2: n (net 
flux) » 94; n (exchanqe flux ) * 82. Day 3: n (net flux) * 35; n (exchanqe flux) * 38.
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In all Instances the maximal net flux obtained with Insulin-treated cells 

was greater than those of untreated red cells. The averaqe values + S.E. 

for the InsuI In-treated and the untreated cells were respectively 3.45 + 

.15 and 2.31 + .04 <p <.01) Indicating an averaqe Increase of 49< of the 

maximal net flux by Insulin. The values obtained for the exchanqe flux 

show a relatively larqe variation when cells obtained from different 

donors are utilized and It appears that In certain Instances Insulin may 

exert an effect on the exchanqe flux. However, when all of the data of 

the individual experiments are summed and averaqed, the values ^  S.E. 

for the Insulin-treated and control cells are respectively 6.03 .21

and 5.73 + .18 (p >.10). There was therefore no slqnlfleant difference 

In the exchanqe flux between Insulin-treated and non-treated celts.

The averaqe net and exchanqe fluxes obtained with non-treated and 

Insulin-treated red cells from nine different donors are shown In Table 3. 

These values were obtained from both freshly drawn and stored cells. The 

values obtained for the net flux from the Insulin-treated cells when com­

pared to their respective controls show that: I. The cells of one of

the donors (#3) are unresponsive to Insulin with respect to qlucose 

transport under maximal net conditions, 2. This unresponsiveness occurs 

whether the cells are used after 24 hours or when they are freshly drawn, 

3. The cells (fresh or stored) of the other donors all show a slqnlfleant 

Increase In the net flux after betnq exposed to Insulin, 4. The increase 

In the maximal net efflux ranqed from 27 to 8 I(, The net efflux, exclud­

ing the values from the unresponsive donor celts, ahowed an overall in­

crease of 47<.

The values obtained for the exchange flux from the InsuI In-treated 

cells when compared to their respective controls show that: In all cases
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TABLE 2. The Individual net and exchanqe fluxes of qlucose-C**-UL 
obtained from InsuI In-treated and non-treated human red cells. The 
Insulin concentration Is In pmoles x 10“' per ml, packed cells. Flux 
values are expressed as millimoles per liter cell water-sec.

Net Flux Exchanqe Flux

InsuI In InsuI In
Donor Day Insulin Control Treated Control Treated

1 2 2.1 1 .99 2.75 4.86 4.58
2.08 2.98 4.96 4.77

7 1 13 2.24 4.42 5.68 6.64
3.56 6.12

2 1 6.7 2.29 2.85 6.07 7.34
2.46 3.36 6.32 6.69

3.14 7.84

1 1 13 2.29 2.79 5.66 5.12
2.45 2.78 5.58 5.58

2.73 6.70

5 2 13 2.37 3.23 5.75 5.48
2.29 3.07 6.14 5.23

3.40 6.14

9 1 26 2.17 2.87 4.75 4.86
2.93 4 .75 5.37
3.26

4 1 6.7 2.3? 3.04 5.60 5.45
2 .2? 3.09 5.33 5.96

6 1 26 2.31 4 .49 6.24 6.52
2.33 4.63 6.62 6.82

R 1 13 2.66 4.60 7.38 7.68
2.51 4.R3

4 .59



TABLE 3. The averaqe net and exchanqe fluxes of qlucose-C^-UL obtained from non-treated and Insulin-treated 
red cells. The averaqed flux values for Individual donors are expressed as millimoles per liter cell water-sec.

Donor

Net

Controls

Flux + S.F.

Treated 
Cel Is

*
Chanqe P

Exchanqe 

Controls

F1 ux + S.E.

Treated 
Cel Is

%
Chanqe D

E/N

Control
Treated
Cells

1(a) 2.32 + .10 3.27 + .20 41 <.01 7.05 + .33 6.5? + .29 (-8 ) >.10 3.04 1 .99

Kb) 2.04 + .08 3.02 + .08 48 <.01 4.56 + .22 4.84 t -54 6 >.10 2.23 1.60

2(a) 2.36 + .11 3.10 + .21 32 <,05 6.48 + .27 5.19 + .34 (-2 0) >.10 2.75 1 .67

3(a) 2.41 + .04 2.90 + .28 20 >.10 6.03 + .11 6,50 + .62 6 >.10 2.50 2.24

3(b) 2.17 + .05 2.01 + .08 (-7) >.10 4 .29 + .09 5.07 + .16 IR <.01 1 .98 2.52

4(a) 2.28 + .07 3.04 + .07 33 <.01 - - - - - -

5(b) 2.54 + .07 3.23 + .08 27 <.01 5.94 + .20 5.62 + .27 (-5) >. 10 2.34 1 .74

6 (a) 2.27 + .07 4.11 + .36 81 <.01 6.43 + .19 6.67 + .11 4 >.10 2.83 1.51

7(a) 2.42 + .07 3.33 + .25 38 <.05 - - - - - -

7(b) 1 .98 + .14 2.97 + .16 50 <.05 6.72 + 1.09 6.48 1 +
 

• UJ (-4) >.10 3.39 2.18

9(a) 2.45 + .10 4.35 + .22 78 <.01 - - - - - -

10(a) 2.29 + .05 3.17 + .08 38 <.01 4.62 + .25 6.01 + .25 30 <.05 2.02 1.90

(a) Dav I, freshly drawn cells; (b) Day 2, 2d-hour-old cells.



save two the exchanqe flux was not slqntfleantly affected. In both cases 

the exchanqe flux of the Insulin-treated cells was significantly elevated 

It should be noted that the respective controls of these two particular 

donors are on the very low side of the averaqe exchanqe flux. In a 

third case, with donor 2, there Is a larqe decrease In the exchanqe flux 

of the Insulin-treated cells. However, due to the unusually larqe fluc­

tuations In the exchanqe flux values obtained with the cells of this 

particular donor, this decrease was found not to be statistically 

slqnlfleant.

Th'e results with Insulin are also reflected In the E/N ratios. Where 

the net fluxes of Insulin-treated cells have been Increased, the E/N 

values of these cells have been markedly reduced. The overall averaqe 

E/N ratio Is 2.56 for the non-treated cells (If the values obtained with 

donor 3 are omitted the averaqe E/N ratio for non-treated cells Is 2.66). 

The overall averaqe E/N ratio for insulin treated cells Is 1.93 and If 

the values obtained with donor 3 are omitted the averaqe E/N ratio be­

comes 1.80. This represents an overall decline In the E/N ratio of 25% 

(32? when the non-responstve donors are omitted).

In a related series of experiments. (Table 4), the Insulin concentra­

tion was extended to a ranqe of from 0.025 to 20 units per ml. packed 

cells. This corresponds to an approximate ranqe of 0.03 x 10 to 0.26 

pmoles Insulin (M.W. of Insulin - 5800) per ml. packed red cells (averaqe 

hematocrit of 75?). Examination of the exchanqe fluxes shows that only 

with the hlqhest concentration of Insulin used In this series (26.7 x 10 

umoles per ml. cells) was there a slqnlfleant Increase In the exchanqe 

flux. No slqnlfleant effect on the exchanqe flux could be demonstrated 

with the other concentrations of Insulin. The net fluxes of the Insulin



TABLE 4. The averaqe not and exchanqe fluxes of qlucose-C*4-UL obtained from human red cells exposed to 
different concentrations of bovine Insulin for 30 m!n. at 23-25*C. The Insulin concentration Is In >moles 

x 10"^ per ml. packed cells. Fluxes are expressed as millimoles per liter cell water-sec.

Net Flux + S.E. Exchanqe Flux + S.E. E/N

InsulIn Controls
Treated
Cel Is D Controls

Treated 
Ce 11 s P Controls

Treat*
Cell!

0.03 2 .i8 + .11 2.26 + .31 >.10 - - - -

0.30 2.07 +.11 2.76 + .11 <.01 5.99 + .26 6.55 + .71 >.10 2.89 2.37

2.7 1.96 + .09 2.78 + .09 <.01 6.24 + .30 6.35 + .33 >.10 3.18 2.28

6.7 2.20 + .10 2.84 + .06 <.01 5.43 + .24 6.12 + .32 >.10 2.47 2.15

10.0 1.67 + .16 2.29 + .16 <.05 5.35 + .67 4.83 + .34 >.10 3.20 2.11

13.3 2.37 + .07 3.35 + ,16 <.01 6.28 + .36 5.62 + .15 >.10 2.65 1.68

26.7 2.28 + .09 3.17 + .15 <.0t 6.02 + .16 6.79 + .23 inOV 2.64 2.14

The values for the Insulin concentration In >fMoles per ml. packed red cells is based on: t. An averaqe 
hematrocrlt of 754, and 2. A molecular welqht of 5800 for Insulin.

vO
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treated cells present a different picture. Here, (with the exception 

of the value obtained at the lowest concentration of Insulin which was 

utilized) the net flux Is slqnlfleantly elevated at every level of
_2Insulin. The threshold level appears to be located between 0.03 x 10 

and 0.3 x 10 umoles Insulin per ml. packed cells. There does not 

appear to be any linear relationship between the deqree of the net 

flux Increase and the level of Insulin In the Incubation mixture. It 

should be noted, however, that when the percentaqe Increase of the 

maximal net efflux at each Insulin concentration level Is calculated, 

a 30-40H elevation Is almost Immediately attained and this averaqe In­

crease Is maintained over the entire concentration ranqe. Thus, over a
-2 -2concentration ranqe of 0.30 x 10 to 26.7 x 10 ymoles Insulin per ml. 

packed cells, the averaqe percentaqe elevation of the net efflux of 

qlucose Is 37£ + A% . The E/N values aqaln reflect the elevation of the 

net flux that occurs In Insulin-treated cells. The overall averaqe E/N 

ratio for the non-treated cells was 2.84 and for the InsuI In-treated cells 

It was 2 .1 2.

Experiments uttllzlnq Insulin which had been heated In bolllnq water 

for 30 minutes resulted In a 80? decrease In the elevation of the maximal 

net flux normally observed with unheated Insulin. Insulin was not heated 

for lonqer periods of time since after 30 minutes It tended to become an 

Insoluble qel which could not be quantitatively transferred to the red 

cel I suspension.

Since for the measurement of the maximal net flux, the environment 

Into which the qlucose-loaded cells are placed Is of a lower osmolarfty 

than the environment In which the red cells are equilibrated with qlucose 

Initially, a number of experiments were performed In which Insulin-treated
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red cel Is were Introduced into a medium devoid of Qlucose but havtnq an 

osmolar Ity adjusted with sodium chloride equal to that In which the red 

cells were equilibrated. The maximal net flux values of untreated and 

Insulin-treated cells under these conditions were essentially unchanqed.

An elevation In the maximal net flux of 401! In the Insulin-treated red 

cells was still observed.

In order to further Investigate the Insulin acceleration of the maxi­

mal net flux, red cells from normal donors were Incubated as previously 

described with a variety of different aqents. The first group had In 

common the presence of one dlsutphlde linkage within the molecule. The 

presence of a dlsulphlde linkage was considered to be Important In view 

of evidence (Fong et al., '62 and Edelman et al., '63> which has suggested 

that the physloloqleal action of Insulin Is on the membrane and that the 

membrane Interaction occurs by means of an Interchange between the -S-S- 

bonds of the Insulin molecule and the sulfhydryl qroups of the target mem­

brane. The first group consisted of oxytocin, vasopressin and oxidized 

qlutathtone. As controls for these substances, two compounds lacking dl­

sulphlde llnkaqes but possessing sulphydryl groups, reduced qlutathlone 

and L-cystelne, were Included for testtnq. The levels of these agents as 

well as the flux values obtained from red cells exposed to these different 

substances are shown In Table 5. The results show that there Is no signi­

ficant difference between the exchanqe flux values of non-treated cells 

and the cells treated with the various aqents listed In Table 5. On the 

other hand, there are significant Increases In the net efflux of qlucose 

with those cells which were Incubated with either vasopressin or oxidized 

glutathione. The net flux Is not slqnlfleantIy altered In the cells ex­

posed to either oxytocin, reduced glutathione or L-cystelne. The values



14TABLE 5. The averaqe net and exchanqe fluxes of qlucose-C -UL In human red cells treated with aqents con- 
talnlnq disulfide or sulfhydryl groups. Flux values are expressed as millimoles per liter celt water-sec.

Controls

Net Flux + S

Treated 
Cel Is

E.

t
Chanqe p

Exchanqe Flux + S.E.

T reated %
Controls Cells Chanqe P

E/N

Control
Treated 
Cel Is

Oxytoe1n 2.40 t -03 2.61 + .09 9 <.10 5.87 + .'18 5.27 + .24 (-10) >.05 2.44 2.02

Vasopressin 2.36 + .13 2.89 + .13 22 <.01 5.31 + .18 5.86 + .42 10 >.10 2,25 2.03

GSSG 2.19 t .03 2.62 + .07 20 <.01 5.23 + .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

Cyste1ne 1 .96 + .16 2.24 + .16 14 >.10 6.62 + 1,1 6.25 + .77 (-6 ) >.10 3.38 2.79

InsulIn 2.28 t .09 3.17 + .15 39 <.01 6.02 + .16 6,79 + ,23 13 > .10 2.64 2.14

The concentrations of the compounds shown above are In jiMoles per ml. packed cel Is and are as 
follows: oxytocin 0.56; vasopressin 0.54; GSSG 4.08; GSH 7.90; l-cystetne 7,40; Insulin 0.28.

O'
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obtained from Insulin-treated cells are Included In Table 5 for compara­

tive purposes.

An additional number of related aqents were also examined for their

effect on qlucose flux In human red cells. They were Insulin - A chain.

Insulin - B chain, Insulln-S- sulfo A chain, Insulln-S- sulfo B chain,

and cystelc acid. The results obtained with these substances are shown

In Table 6 . The data obtained Indicate the followlnq: I. The net flux

Is markedly enhanced by the A-ehaln, R-chafn, and to a lesser thouqh still 

substantial extent by the S- sulfo A-chaln and the S- sulfo R-chaln.

2. The exchanqe flux Is not slqnlfleant!y Increased by any of these 

aqents with the exception of the S- sulfo B chain, 3. Cystelc Acid, 

used as a representative control for molecules possesstnq -SO3 qroups, 

qave no slqnlfleant chanqe In either the net or exchanqe fluxes.

A third qroup of aqents, lacklnq dlsulphlde, sulphydryl or -50^ qroups 

was Incubated with red cells and their respective effects on qlucose flux 

examined. These substances and the concentrations used In ymoles per ml 

packed cells were ACTH (0.47), polymlxln P (1.76), poly-olutamlc acid 

(M.W.- 2300 (1.0), 8100 (.28), 11600 (.20)), epinephrine (0.47), and 

protamine sulphate (.10). The flux values obtained from cells Incubated 

with these mater la Is show the followlnq: I, Epinephrine, polymlxln R,

and poIyqlutamlc acid (mol. wt. 8100 and 11,600) have no slqnlfleant 

effect on either the net or exchanqe flux, 7. ACTH and poly-olutamlc 

acid (mol. wt. 2300) s Iqn I f leant I y Increase the net flux by 40f and 701f 

respectively and have no slqnlfleant effect on the exchanqe flux, 3. 

Protamine sulphate lowers the exchanqe flux but has no slqnlfleant 

effect on the net flux.

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



TABLE 6 . The averaqe net and exchanqe fluxes of nlucose-C'4-UL In human red cells treated with Insulin deriv­
atives. The Incubation temperature was 23-25*C. Flux values are expressed as millimoles per liter cell water-

sec.

Net Flux + S.E, Exchanqe F ux + S.E. E/N

Aqent Controls
Treated 
Cel Is

%
Chanqe P Contro1s

Treated 
Cel Is

i
Chanqe P

Treated 
Controls Cells

A Chain 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 <.01 6.42 + .25 6.70 + .36 4 >.10 2.84 1.91

S-Sulto 
A Chain

2.23 + .10 2.92 + .09 31 <.01 6.61 + .51 .6.94 + .60 13 >.10 2.96 2.38

S-Sulfo 
B Chain

2.17 + .08 2.85 + ,13 31 <.01 5.70 + .48 7.10 + .26 29 <.05 2.63 2.49

Cystelc
Acid

2.21 + .22 2.24 + .05 2 >.10 5.72 + .34 4.41 + .33 (-23) >.10 2.59 1.97

InsulIn 2.28 + .09 3.17 + .15 39 <.01 6.02 + .16 6.79 + .23 13 >.10 2.64 2.14

The concentrations of the various aaents shown In the above table are expressed In >iHoles per ml. packed 
red cells end are as follows: A chain 0.66; B chain 0.49; S-Sulfo A chain 0.66; S-Sulfo B Chain 0.48;
Cystelc acid 8 .8 8 ; Insulin 0.28.
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as follows: I. The net flux of qlucose In the normal non-treated human

red celt Is of the order of 2.3 millimoles per liter cell water-sec.,

2. The exchanqe flux of qlucose In Identical cell populations Is of the 

order of 6 millimoles per liter cell water-sec., 3. The ratio E/N Is of 

the order of 2.8, 4. With normal non-treated cells the net flux value 

remains relatively constant with respect to In vitro storaqe. The ex­

chanqe flux on the other hand tends to decrease over the 7? hour period 

durlnq which the cells are usually stored, and 5. A number of compounds, 

one of which Is Insulin, elevate the net flux and with a few exceptions 

hove no effect on the level of the exchanqe flux.

PCMPS and CHLORMEROOffIN

The mediated transfer of qlucose across the red cell membrane was 

further Investloated with the use of two sulphyd-yl Inhibitors, namely, 

p-chIormercurIphenyI sulfonic acid (PCMRS) and chlormerodrln. The struc­

tural formulas of these compounds are qlven In Fla. 14. Fed cells were 

Incubated with different quantities of PCMPS for 30 minutes at ??-?4*C 

and the net and exchanqe fluxes examined as previously described. The 

results which were obtained are shown In Table 7. It should be noted 

here that PCMRS does not penetrate the red cell membrane (van Stevenlnck 

et a I., ’65) and accordlnqly It Is believed that Its action Is accom­

plished by Its blndlnq to a relatively few 5H qroups located on the sur­

face of the membrane. The results show the followlnq: I. At the lowest

concentration of PCMRS (0,05 pmoles per ml. packed cells) which was util­

ized, the exchanqe flux Is considerably Inhibited (5t<), white the net 

flux Is unaffected, 2. Over the concentration ranqe (0,05-7.8 umoles per 

ml. packed cells) of PCMPS which was employed the percentaqe Inhibition 

of the exchanqe flux ranaed from a low of 4I< to a hlqh of 731(. As a re­

sult, the exchanqe flux of the PCMBS-treated cells was reduced to the



I 4TABLE 7. The averaqe net and exchanqe fluxes of alucose-C -UL In human red cells exposed to different 
concentrations of p-chloromereurIphenyl sulfonic acid (PCMRS). Red cells were Incubated with PCMBS for 
30 mtn. at 22-24#C. The RCMBS concentration Is expressed as umoles per ml. packed cells. Flux values

are expressed as millimoles Der liter cell water-sec.

Net Flux + S.E. Exchanqe Flux + S.E. E/N

Treated 1 Treated t Treated
PCMBS Controls Cells Inhlb. Controls Cells Inhlb. Controls Cel Is

0.05 2.59 + .12 2.41 + .26 7 6.63 + .25 3.27 + .43 51 2.56 1.36

0.35 2.13 + .23 1 .95 + .18 8 6.22 + .16 3.70 + .24 41 2.92 1.90

0.7 I .64 + .05 1 .44 + .14 12 7.28 + .58 2.07 + .92 61 4.43 1.99

1.4 2.09 + .15 1.71 + .10 18 5.26 + .21 2.82 _ .25 46 2.52 1.65

1.9 2.33 t  *06 1 .81 + .08 22 6.13 + .21 2.16 + .22 65 2.63 1.19

3.8 2.23 + .14 1.53 + .11 31 5.85 + .54 I .56 + .19 73 2.62 1.02

7.8 1.86 + .17 1.18 + .12 37 5.54 + .31 1 ,78 + .31 68 2.98 1.51

There was no slqnlfleant difference (p >.10) between the net flux values obtained with the three lowest 
PCMBS concentrations and their respective controls.

O'o*
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level of the normal net flux value, 3. By comparison, the net flux of 

qlucose was not slqnlfleant Iy Inhibited until the cells were exposed to 

a PCMBS concentratIon of 1.4 umoles per ml, packed cells. This concen­

tration Is approximately midway In the ranoe of the PCMBS concentrations 

which were utilized. In addition, It should be noted that at this level 

of PCMBS, where the net flux Is Inhibited by 18?, the exehanqe flux In 

the same cell population Is Inhibited to the extent of 46?. Conversely, 

when the exehanqe flux Is Inhibited to 40-50? at very low PCMBS concen­

trations the net flux Is unaffected. The use of qreater quantities of 

PCMBS was not possible In that the cells clumped, maklnq accurate samp- 

IInq Impossible.

Red cells were similarly treated with different concentrations of 

chlormerodrtn. The cells were Incubated with this Inhibitor both at 

27-74*C and at 4*C. The Incubation time was 30 minutes. It has been 

reported (van Stevenlnck at el., *65) that at 4*C chlormerodrln does not 

penetrate the red cell membrane or at least does so extremely slowly, 

while at 24*C It penetrates at a relatively hlqher rate. The flux data 

obtained from cells treated with chlormerodrln at ??-?4*C are shown In 

Table 8 . It can be seen that chlormerodrln Inhibits both the net and 

exehanqe flux equally well and that the deqree of Inhibition In both 

cases Increases with Increased chlormerodrln levels. At chlormerodrln 

concentrations oreater than 0.55 umoles per ml. red cells, the exehanqe 

flux was reduced to the level of the net flux obtained with normal non­

treated cells. At the hlqhest chlormerodrln concentration, both the net 

and the exehanqe flux were almost totally Inhibited. The E/N ratios for 

the chIormerodrIn-treated cells reflect the almost Identical deqree of 

Inhibition of both fluxes and as such stay relatively constant and closer 

to an averaqe value of 2.3 by comparison to the E/N values obtained from



TABLE 8 . The averaqe net and exehanqe fluxes of qlucose-C -UL In human red cells exposed to different con­
centrations of chlormerodrln. Red cells were Incubated with chlormerodrln for 50 mln. at 22-24*C and at 4*C, 
Chlormerodrln concentrations are expressed as umoles per ml. packed cells. Flux values are expressed as

millimoles per liter cell water-sec.
Te

mp
.

In
it
ia
l

Co
ne
.

Fi
na
l

Co
ne

.*

Net F 

Controls

ux + S.E.

T reated 
Cel Is

f
Inhlb.

Exehanqe 

Controls

Flux + S.E.

Treated
Cells

%
Inhlb.

E/N

Controls
Treated 
Cel Is

0.14 .08 2.62 + .20 2.19 + .15 16 6.13 + .43 5.02 + .26 18 2.34 2.29

0.27 .15 2.28 t *17 1.76 + .08 23 5.19 + .33 3.48 + .22 33 2.28 1.98

o•
CM

0.55 .30 2.19 + .10 1.08 +  .©8 51 5.84 + .27 2.52 + .24 57 2.67 2.33
1
CM
CM

l.l .59 2.31 + .13 0.57 + .38 75 5.79 + .39 1.57 + .30 73 2.51 2.75

2.7 1 i5 2.03 + .10 0.51 + .06 75 4.94 + .70 0.99 + .20 80 2.43 1.94

(J
0.14 .14 2.54 + .12 1 .31 t -05 49 5.90 + .22 3.98 + .25 33 2.32 3.04

9
MT 0.54 .54 2.88 + .16 1 .47 + .15 49 5.78 + .22 2.35 + .21 59 2.01 1.60

The values for the net and exehanqe fluxes obtained from chIormerodrIn-treated cells were all 
significantly different from their respective controls. *These values represent the level of chlormerodrln 
calculated to be present In the cell water or on the outer surface of the red cell after a 30 minute 
Incubation period.

o00
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PCMBS-treated calls (Table 7). The values under "Final Cone." In Table 8 . 

are corrected for the passage at 24*C of chlormerodrln throuqh the cel I and 

represent chlormerodrln levels which are found In the cell water and on the 

outer cell surface after 30 minutes Incubation. When these concentrations 

are utilized for comparative purposes It can be seen that the exchange and 

maximal net fluxes are Inhibited to a qreater extent at 24*C than at 4#C 

by chlormerodrln.

As a result of the opposite effects obtained with PCMBS, chlormerodrln 

and Insulin, experiments were conducted where both mercurial and Insulin 

were present. Red cells were first Incubated with Insulin, followed by the 

addition of the Inhibitor, or cells were Incubated first with the particular 

Inhibitor after which Insulin was added, or, as In the case with PCMBS, cells 

were Incubated simultaneously with Inhibitor and Insulin. 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 gave 70-80* of the maximum Inhibition 

that could normally be obtained. The Insulin concentration was adjusted to 

always be 0.I4 ymoles per ml. packed red cells. The results obtained with 

PCMBS In combination with Insulin are shown In Table 9. They show that at 

the concentration of PCMBS used, the net flux Is Inhibited by 22*. If PCMBS- 

Inhlblted cells are now exposed to Insulin, the Inhibition falls to 12*.

Since this new value, 1.99 +_ .10 millimoles per liter cell water-sec.. Is not 

significantly different (p >.10) from the net flux of the non-treated cells, 

the relief of the Inhibition of the net flux by Insulin could be considered 

to be 100*. When Insulin-treated cells are exposed to PCMBS, the net flux 

(2.36 + .15 millimoles per liter cell water-sec.) Is not sIqnIf leantly differ­

ent (p >.10) from the flux obtained with the control (2.25 + .07) and therefore 

the Inhibition of the net flux by PCMBS Is prevented. When red cells are



TABLE 9. The average net and exchange fluxes of olucose-C -HI In human red cells. Measurements 
were made on: I. Cells Incubated with PCMBS for 30 mln., 2. Cells Incubated with PCMBS for 30 mln. 
followed by Insulin for 30 mln., 3. Cells Incubated with Insulin for 30 mln. followed by PCMBS for 
30 mln., 4. Celts exposed to PCMBS and Insulin simultaneously for 30 mln. The Incubations took 

place at 22-24*C. Fluxes are expressed as millimoles per liter cell water-sec.

Net 
Flux + S.E.

<
Inhlb. •p

Fxchanoe 
Flux + S.E.

<
1nhlb. *p E/N

Control (untreated) 2.25 + .07 - - 6.10 + .19 - - 2.71

PCMBS-Treated Cel Is 1.76 + .07 22 - 7.11 + .20 65 - 1.20

PCMBS-Treated Cells 
Exposed to Insulin

1.99 + .10 12 >.10 3.93 + .24 36 <.01 1.97

Insulin-Treated Cells 
Exposed to PCMBS

2.36 t .15 0 *.01 4.04 + .32 34 <.01 1.71

Cel Is Treated with 
PCMBS and InsulIn 
Simultaneously

2.23 + .15 0 <.05 3.70 + .91 39 <.05 1.66

•The values for p represent the presence or absence of significant differences between 
values obtained from the PCMBS-treated cells and the values obtained when Insulin Is present.



71

exposed to both PCMBS end Insulin simultaneously , there Is no Inhibition 

of the net fIux,

The exehanqe flux of red cells exposed only to PCMBS was reduced by 

651? brlnqlnn the exehanqe flux to a value lower than that of the net flux 

of normal untreated cells. When Insulin Is added to the cells after PCMBS, 

the Inhibition of the exehanqe flux Is 36f, a recovery of 46<, When 

Insulin Is added prior to the addition of PCMBS, the Inhibition of the 

exehanqe flux Is decreased by half to 34<, and when the cells are Incu­

bated with both PCMBS and Insulin simultaneously, the Inhibition of the 

exchanae flux Is 39<, a recovery of 4011. However, unlike the results 

with the net flux, the Inhibition of the exehanqe flux Is never complete­

ly prevented or reversed. At the least, the net component Is returned 

to Its normal level and at the most the Inhibition of the exchanae flux 

component Is sllahtly relieved.

A similar qroup of experiments were run with chlormerodrln In combin­

ation with Insulin, Due to the fact that the permeability to chlormero­

drln Is temperature-dependent, the experiments were performed both at 4*C 

and at 22-24*C. The data from these experiments Is shown In Tables 10 and 

II. It can be seen from the data In Table 10 that at 4*C Insulin has no 

effect on the extent of Inhibition of the net flux by chlormerodrln. The 

net flux Is Inhibited by sllqhtly less than 501? and whether Insulin Is 

added before or after the addition of chlormerodrln, the level of Inhibi­

tion remains essentially the same as with chlormerodrln alone. On the 

other hand, the exehanqe flux which Is Inhibited by 611? shows a slqnlf leant 

and considerable recovery In the presence of Insulin. When chIormerodrIn­

treated cells are exposed to Insulin the Inhibition Is 3111, a recovery of 

501?, and when Insulin-treated cells are exposed to chlormerodrln the 

Inhibition Is 231?, a recovery of over 601?.



TABLE 10. The averaqe net and exehanqe fluxes of qlucose-C^-UL In human red cells. Red cells were 
exposed to: I. Chlormerodrln only, 2. Chlormerodrln followed by Insulin, and 3. Insulin followed by
chlormerodrln. The Incubation time for each aqent was 30 mln, and the Incubation temperature was 4*C.

Fluxes are expressed as millimoles Der liter cell water-sec.

Net 
Flux + S.E.

%
Inhlb. *P

Exehanqe 
Flux + S.E.

<
Inhlb. *p E/N

Control (untreated cells) 2.70 + .16 - 5.67 + .29 - - 2.10

Ch1ormerodr1n-T reated 
Cells

1.37 + .16 49 - 2.21 + .19 61 - 1.61

Ch1ormerod r1n-T reated 
Ce11s Exposed to 1nsu11n

1.52 + .17 44 >.10 3.91 + .45 31 <.0t 2.57

Insulin-Treated Cells 
Exposed to Chlormerodrln

1.5? + .14 44 >.10 4.37 + .56 23 <.01 2.88

•The values for ’p* represent the presence or absence of slqnIf leant differences between values 
obtained from the chIormerodrIn-treated cells and the values obtained when Insulin Is present.



I 4TABLE 11. The averaqe net and exehanqe fluxes of qlucose-C -UL In human red cells. Red cells were 
exposed to: I. Chlormerodrln only, 2. Chlormerodrln followed by Insulin, and 3. Insulin followed by
chlormerodrln. The Incubation time for each aqent was 30 mln. and the Incubation temperature was 

22-24*C. Fluxes are expressed as millimoles per liter cell water-sec.

Net 
Flux + S.E.

<
Inhlb. •p

Exehanqe 
Flux + S.E.

%
Inhlb. *P E/N

Control (untreated cel Is) 2.28 + .10 - - fl ,29 + .21 - - 2.76

Ch1orme rod r1n-T reated 
Cells

1.18 + .12 48 - 2.79 + .32 56 - 2.36

Ch1ormerodr1n-Treated 
Cells Exposed to Insulin

1.70 + .13 25 <.05 3.14 + .46 50 >.10 1 .85

Insu11n-Treated Ce11s 
Exposed to ChiormerodrIn

1 .23 + .17 46 >.10 3.19 + .75 49 >.10 2.59

•The values for *p' represent the presence or absence of ston If leant differences between values 
obtained from the chIormerodrIn-treated cells and the values obtained when Insulin Is present.
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At 24*C (Tab I a It) the exehanqe flux Is Inhibited by chlormerodrln 

to the extent of 56K and this Inhibition Is not slqnlfleantly altered by 

the presence of Insulin whether added after chlormerodrln Incubation (50K 

Inhibition) or prior to chlormerodrln Incubation (49< Inhibition). At 

24*C the net flux Is Inhibited by chlormerodrln to the extent of 48<.

This Inhibition Is not slqnlfIcantly altered by the presence of Insulin 

prior to the addition of chlormerodrln. The deqree of Inhibition Is how­

ever slqnlfIcantly lessened by almost 50< when Insulin Is added to red 

cells which have been exposed to chlormerodrIn.

In summary, the results obtained from cells treated with the chlormer- 

odrln-Insul In combinations at 4*C and at ?4*C Indicate the followlnq:

1. At 4*C, a temperature at which for all practical purposes chlormero­

drln may be considered as a non-penetrant, and reqardless of the order of 

Incubation with Insulin, the Inhibition of the net flux Is unaltered, 

while the Inhibition of the exehanqe flux Is considerably decreased.

2. At 22-24*C, a temperature at which chlormerodrln slowly penetrates 

the red cell membrane, and reqardless of the order of Incubation with 

Insulin, the deqree of Inhibition of the exehanqe flux Is unaltered. In 

the case where Insulin Is added first, the deqree of Inhibition of the 

net flux Is unaltered while In the case where the Insulin Is added last, 

the deqree of Inhibition of the net flux Is considerably lessened.

PhospholIpases

The Inhibition of the exehanqe flux of qlucose and not of the net 

efflux In human red cells by phospholIpase C has been reported (Odesser 

and Mawe, *67). This area was further Investlqated and In addition, 

experiments were carried out which Involved the combined use of Insulin 

and phospholIpase C (Phl-C).
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Red celts were exposed In a number of experiments to different con­

centrations of phospholIpase C solutions for short periods of time 

(10-15 mln.) and qlucose fluxes were measured under net and exchange

conditions. The results of these experiments are shown In Table 12.

The data Indicate that over the ranqe of Phl-C concentrations tasted 

(0.104-0.20 mq per ml. packed red cells) there Is no significant effect 

on the net efflux. At the 0.1 and 0.2 mg levels there Is a stqnfleant 

Inhibition of the exehanqe flux. A previous report (Odesser and Mawe,

'67), has shown exchange flux Inhibitions of qreater than 80$. However,

In these Instances the concentration of the phospholIpase was much qreater. 

At these hlqher concentrations, a considerable deqree of hemolysis (>60$)

Is evident. In a separate series of experiments, the effect of the hemo- 

lysate on qlucose transport was examined and found to be absent. Even 

thouqh the hemolysate had no effect on qlucose flux, It was considered 

desirable In the present series of experiments to maintain the level of

hemolysis as low as possible. Therefore, the concentration of Phl-C was

controlled so that hemolysis never exceeded 30$, while still a I low Inq the 

demonstration of Inhibition of the exehanqe flux of qlucose transport.

Since Insulin had relieved the Inhibition caused by PCMBS and chlor­

merodrln under some conditions as previously shown, experiments were 

carried out In a similar fashion with Insulin and Phl-C. The results of 

these experiments are shown In Table 13. They show that there Is no In­

hibition of the net flux by Phl-C. In those cases where Insulin Is also 

present, the net flux Is significantly Increased above the net flux value 

obtained with either non-treated or PhI-C-treated cells. In this series 

of experiments the exehanqe flux of cells treated with Phl-C was Inhibited 

by 31$. When InsulIn-treated cells were exposed to Phl-C there was essen-



TAPLE 12. The averaae net and exchanae fluxes of alucose-c'4-UL In human red cells exposed to different 
concentrations of phospholIpase C (Phl-C). Phl-C concentrations are In mo. per ml. packed cells.

Fluxes are expressed as millimoles per liter cell water-sec.

Net Plux + S.E. Exchanae r ux + S.F. E/N

Phl-C
Treated 

Control Celts
*

Inhlh. n Control
Treated 
Cel Is

*
1nhtb. P

Treated 
Control Cells

0.04 2.26 + .14 2.09 + . 19 7 >.10 5.85 + .44 5.10 + .19 13 >.10 2,59 2.44

0.10 2.54

OOc
 +1 2.41 00o+ 
1 5 >.10 6.07 + .31 4.16 + .38 32 <.01 2.39 1 .73

0.20 2.31 + ,06 2.48 + .09 0 >.10 5.97 + .35 4.15 + .17 31 >.01 2.58 1.67



TABLE 13. The averaqe net and exchange fluxes of qlucose-C1 -UL In human red cells exposed 
to: I. PhospholIpase C, 2. Insulin followed by phospholIpase C, 3. PhospholIpase C followed
by Insulin. Fluxes are expressed as millimoles per 11 ter cell water-sec.

Net Flux 
+ S.E.

i
Chanqe *P

Exehanqe Flux 
+ S.E.

%
Chanqe *P E/N

Untreated Cells 2.38 + .06 - - 6.16 + .34 - - 2.59

Phl-C-Treeted 
Cel Is

2.38 + .08 0 - 4.24 + .26 -31 <.01 1.78

InsutIn-Treated 
Cel Is Exposed 
to Phl-C

2.97 + .14 +25 <.01 5.70 + .17 - 7 >.10 1.92

Phi-C-Treated 
Cel Is Exposed 
to 1nsu11n

2.67 + .10 + 12 <.05 4.73 + .14 -23 <.01 1.77

•The values for *p* In the above table are tor comparisons between the treated 
samples and their respective controls. There Is no slqnlfleant difference (p >.10) 
between the exchange flux values of 4.24 and 4.73.
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tlally no Inhibition of the exehanqe flux. As can be seen, there Is no 

slqnlfleant difference (p > ,10) between the exehanqe fluxes of non­

treated cells (6.16 + ,34) and the Insulin-treated ceMs expdsed to 

Phl-C (5.70 + .17). On the other hand, the addition of Insulin to red 

cells already exposed to phl-C did not slqnlfIcantly alter the deqree 

of Inhibition of the exehanqe flux caused bv the enzyme. In one experi­

ment (not shown In Table 13) Insulin and Phl-C were mixed toqether and 

the mixture was added to a suspension of red cells. In this experiment, 

the exehanqe flux was Inhibited by 25f while the net flux showed a small 

Increase (150.

In the above experiments notice was taken of the fact that the extent 

of hemolysis caused bv Phl-C was less when the cells had been first ex­

posed to Insulin. The extent of this apparent protection was tnvestlqated. 

The red cells were obtained and washed with 0,075 M nlucose-salIne- 

phosphate as previously described. Non-treated red cells and Insulin- 

treated red calls (0.072 umoles Insulin per ml. packed red cells) were 

exposed to different ouantlttes of Phl-C for 20 minutes and the deqree of 

hemolysis was determined. The results presented In Table 14 show that 

Insulin pre-treatment results In a slqnlfleant decrease In the extent 

of the hemolysis caused by Phl-C,

The action of several other phospholIpases on the transport of qlucose 

was also examined. The results obtained from red cells exposed to Phi-A, 

Phl-B, Pht-D and cottonmouth venom are shown In Table 16. The results 

show that at the concentrations used, the net efflux was not slqnlfleant Iy 

altered while the exehanqe flux was slqnlfleantly Inhibited by all the 

enzymes with the exception of Phl-R. Where It did occur, hemolysis was 

never qreater than 1016.



TABLE 14. The hemolysis of human red cells with phospholIpase C 
In the presence of Insulin. Phl-C concentrations are In mg. per

ml. packed cells.

Phl-C

%

Non-Treated 
Cel Is

Lys 1 s

1nsu1 In*-T reated 
Cel 1 s

%
Inhibition 
of Lysis

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 insulin concentratIon was 0.072 >jMoles per ml. 
packed red cells.



TABLE 15. The averaqe net and exehanqe fluxes of alucose-C,4 -Ul_ In human red celts exposed to a variety 
of phosphol!oases. Fluxes are expressed In millimoles per liter cell water-sec.

Aqent

Net Flux + S.E. Exchanae Flux + S.E.

Control
T reated 
Cel Is

t
Inhlb. P

Treated 
Control Cel Is

i
Inhlb. P

Exehanqe Fluxxenanqe"ssrnux
Treated 

Control Cells

Phi-A 2.73 4 .10 2.67 t .12 2 >.10 7.86 + .42 5.21 4 .87 34 <.05 2.88 1.95

Phi -B 2.21 4 .07 1 .98 4 .16 10 >.10 5.71 4 .68 4.95 4 .62 13 x. 10 2.58 2.50

Phl-0 2.21 t J 2 1 .98 4 .08 10 >.10 5.67 4 .32 4.69 4 .39 17 <.10 2.57 2.37

Cottonmouth
Venom

2.31 + .17 1 .95 t .16 15 >.10 5.83 4 .67 4.05 4 .52 31 <.10 2.53 2.07

The concentrations of the above aqents In mq, per ml. packed red cells were as follows: 
Phi-A 2.0; Pht-B 1.0; Phl-0 3.0; Cottonmouth venom 0.1.

g
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Binding Experiments

The effects on the exchange and net fluxes caused by Insulin, PCMBS, 

and chlormerodrln, both singly and In combination, were examined. A 

series of experiments were undertaken In which the deqree of blndlnq to 

the red cell was determined for each of the agents. The binding was 

measured under the same conditions that exist during the flux measure­

ments. The concentrations of the aqents being Investigated were compar­

able to the concentrations of these aqents when used In the flux experi­

ments. The cells were obtained and washed as previously described. 

Glucose-loaded cells were used In all of the binding experiments.

In the first qroup, red cells were Incubated with different concen­

trations of PCMBS-Hq^®^ at 22-24*C for 30- or 60-m|nu+e periods. The 

cells were then washed five times with either a saline phosphate solu­

tion at pH 7.4 or a saline phosphate solution at pH 7.4 containing 0.075 M, 

qlucose. The choice of wash solution did not affect the final result.

The amount of labeled PCMBS In the wash solutions was counted and the last

wash contained less then 0.05)£ of the label added Initially. Red cells
203were treated In a similar fashion with chIormerodrIn-Hq. In addition 

to the different concentrations and Incubation periods, some experiments 

with chlormerodrln were run at 4*C. The results with PCMBS are shown In 

Table 16 and those obtained with chlormerodrln In Table 17. The number 

of cells per ml. of packed red cells with a hematocrit of 80-85)1 Is 

taken as I x 10*® (Guyton, '6 6 ). The surface area of the red cell used
a *

here Is 145 x 10 A (Westerman et at., *61). These values are used to 

calculate the approximate number of molecules that ere bound per cell 

as well as per 1000 A of surface area. The data from both groups Indi­

cate an approximate linear relationship between the umoles added and the



TABLE 16. The blndlna of PCMR$-Hr|203 human red cells. Red cells were Incubated with labeled
PCMBS for 30 mln. at 22-24*C.

Exp.

pMoles PCMBS 
Added per ml. 
Racked Cel Is

gMoles PCMBS 
Bound per ml. 
Packed Cel Is

Molecules PCMBS 
x 10” per Cel 1

Molecules PCMBS per 
lo’ A^ Surface Area

1 0.35 0.25 0.15 1
0.35 0.25 0.15

2 1 .89 1 .05 0.63 4.5

•3 1 .89 1 .59 0.96 6.8
1 .89 1 .56 0.94

4 3.77 2.45 1 .48 10
3.77 2.43 1 .46

*5 3.77 2.88 2.07 15

•In these experiments the cells were Incubated with PCMBS for 60 minutes. The hematocrits 
In the different experiments are as follows: II 84f; 12 78f: 13 80?; #4 84f; 15 70?.

00



703TABLE 17. The binding of chlormerodrln-Hg to human red cells.

Exp. •c

jjMoles Chlormerodrln 
Added per ml. Packed 
Red Ce11s

pMoles Chlormerodrln 
Bound per ml. Packed 
Red Ce11s

Molecules 
Chlormerodrln 
x 10® per Cel 1

Chlormerodrln 
Molecules per 1 0 t? 
Surface Area

1 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
1 .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

*B 4 0.55 0.45 0.31 2.2
0.55 0.43 0.31

*ln this experiment the cells were Incubated with chlormerodrln for 60 minutes. In all the other 
experiments the incubation time with chlormerodrln was 30 minutes. The hematocrits In the different 
experiments are as follows: #1 80$; 02 78$; #3 80$; 04 70$; A 74$; B 74$.

<s
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number of umoles bound. With the same chlormerodrln concentrations 

there Is less bound In 30 minutes at 4*C than at 24 *C.

The bindI no of Insulin-!1-̂  to red cells was determined In a manner 

similar to that described above. The red cells were Incubated with dif­

ferent concentrations of lnsuffn-l’̂ * for var'ous time periods after 

which the cells were washed with either the a Iucose-saIIne phosphate 

solution or saline phosphate solution previously described. The data 

obtained with different Insulin concentrations are shown In Table 16.

From the data It appears that the number of umoles of Insulin bound 

shows an approximately linear relationship to the number of moles of 

Insulin added Initially, In qeneral, t-2< of the Insulin added Initially 

remains bound to the red cells.

A number of experiments were carried out where the effect of Insulin 

on both PCMBS and chlormerodrln blndlnq was InvestIqated. In these exper­

iments the cells were either Incubated first with cold Insulin and then 

exposed to the labeled Inhibitor or were first exposed to the labeled 

Inhibitor and then to Insulin. The concentrations of Insulin, PCMBS, 

and chlormerodrln used In these experiments were comparable to the con­

centrations used In determlnlnq the net and exehanqe fluxes. The experi­

ments with chlormerodrln were carried out at both 24 and 4*C. The 

results of these experiments are presented In Tables 19 and 20. It Is 

readily apparent that reqardless of the order of addition, Insulin (at 

the concentration used) had no effect on the amount of either PCMBS or 

chlormerodrln that bound to the red cells.



TABLE 18. The binding of insulin-Ito human red cells. Red cells were incubated with labeled Insulin
for 30 mln. at 23-25°C.

Donor Wash*

jiMoles Insulin 
Added per mi. 
Packed Cel is

^Moles
Bound
Packec

1nsu!1n 
per ml. 
Cel 1 s

0 of Molecules 
per I06 X7 Red

(1) Theoretical 
Maximum

of 1nsulIn Bound 
Celt Surface Area

(2 ) Experimentally 
Found

6 GSP 2.8 x 10~® 0.15 X 10"® 1.16 x IO'4 6.5 x I0~8
6 SP If 0.10 X IO"8 fl 4.3 x IO-6

1 GSP U 0.09 X l0~8IO'8
IT 4.1 x 10'®

1 SP II 0.10 X If 4.3 x 10'°

2 GSP If 0.16 X

CO 
CO 

1 1 
o 

o

If 7.0 x 10“®
2 SP 11 0.18 X IT 8.0 x 10'°

1 GSP 3.1 x IO-3 0.29 X ,0~4 13.3 0.13
I SP ft 0.36 X io'4 ft 0.16

2 GSP H 0.30 X l0_4
tl 0.13

2 SP It 0.36 X 10 M 0.16

1 GSP 2.8 x I0"2 0 . 12 X t° 1 230 1.0
1 SP M 0.14 X 10 5 fl 1 .2

1 GSP 2.8 x 10"' 0.27 X _2io ; 2300 24.0
1 SP IT 0.22 X I0"2 tt 24.4

•Exchange conditions are maintained when the cells are washed with gIucose-saI!ne-phosphate 
( G5P) and maximal net conditions are maintained when the cells are washed with saIine-phosphate <SP>.

a>o>



703TABLE 19. The binding of PCMBS-Hg to  human red c e l l s  In the  presence of Insul in .  
Insulin  i5 added e i t h e r  p r io r  to  or following the  incubation with PCMBS. All Incu­
bations were a t  22-24®C. Unless otherwise noted the  Incubation time with PCMBS was

30 mln.

Experiment no. I 2 3

^jMoles Insulin per ml. Cells o -e* X o
i ■t. 0.28 x IO-4 0.28 x IO-4

^Moles PCMBS Added 3.77 1 .89 1 .89

^jMoles PCMBS Bound per ml. Packed Red CeIIs ± S.E.

PCMBS-T reated Ce11s 2.88 + .08 1 .05 + .04 1.58 ± .03

PCMBS-Treated Ce11s 
Followed by Insu11n

3.19 + .06* 1.52 + .02

Insulin-Treated Cells 
Followed by PCMBS

2.70 + -03 1.14+ .04

^Exposed to  PCMBS for a to ta l  time of 60 minutes.



TABLE 20. The binding of chiormerodrIn-Hg to human red cells In the presence of Insulin. Insulin Is
added either prior to or followlnq the incubation with chlormerodrln. Unless otherwise noted the Incu­

bation time with chlormerodrln was 30 minutes.

Experiment no.

pMoles Insulin per ml. Cells 

pMoles Chlormerodrln Added 

Incubation Temperature °C

1

0.14 x IO"4 

1.09

22

2

0.28 x IO-4 

0.65 

22

3

0.28 x IO"4 

0.55 

4

4

0.28 x IO-4 

0.55 

4

pMoles Chlormerodrln Bound per ml. Packed Red CeIIs ± S.E.

Ch1ormerodrIn-Treated Cells 0.97 + .01 0.50 + -02 0.10 t .01 0.44 ± .01

Ch(ormerodr1n-Treated Cells 
Exposed to Insulin

0.92 ± .03* 0.49 + .01* - 0.41 + .01*

Insulin Treated Cells 
Exposed to Chlormerodrln

0.96 ± .01 0.49 ± .01 0.09 + .01

•Exposed to chlormerodrln for a total time of 60 minutes.
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The aspect dealing with binding was concluded with a qroup of experi­

ments In which tha affect of PCMBS and chlormerodrln on Insulin blndlnq 

was Investigated. The cells were exposed to the sulphydryl Inhibitors 

either prior to or followlnq Incubation of the red cells with Insulln-

The experiments with Insulin and PCMBS were carried out at 22-24*C. 

As In the other bind I no experiments, the various concentrations are com­

parable to those used In the flux experiments. Two concentrations of 

PCMBS were utilized. The lower concentration Is one which does not cause 

Inhibition of the net flux but which does Inhibit the exehanqe flux 

(Table 7). At the hlqher concentration the net flux Is lowered by 

approximately 20% while the exehanqe flux Is reduced to a value even 

below that of the normal net flux. The results obtained In the PCMBS- 

Insulln experiments are shown In Table 21. These show that the addition 

of PCMBS to the cells after Insulin Incubation, has no effect on the 

amount of Insulin bound to the cells. However, when Insulin Is added to 

PCMBS treated cells, there Is a marked decrease (64-680 In the amount 

of Insulin which will bind to the cells. This decrease occurs to the 

same extent at both PCMBS levels.

The results obtained with chlormerodrln and labeled Insulin are shown 

In Table 22. At 4*C, the presence of chlormerodrln (reqardless of the 

order of addition) reduces the amount of Insulin which binds to the 

cells by 41-450 In a similar manner, at 22-24*C, less Insulin binds to 

the cells In the presence of chlormerodrln. However, at this temperature 

the pre-Incubation of the cells with chlormerodrIn effects a lOOt qreater 

Inhibition of Insulin blndlnq than when chlormerodrln Is added to the 

cells after they have been exposed to Insulin.



TABLE 21. The bfndlna of T nsu T T n—I to human red cells In the presence of PCMRS, The reactions were 
run at 22-24*C. The PCMBS concentrations were 0,05 and I.89 umoles per ml. cells. Insulin was added 

to qlve an Initial concentration of 3.1 x 10 ymoles Der ml. red cells.

1nsu11n 
Round

, yMoles 
per ml.

x 10 + S.F. 
Red CelTs

%
Chanae P

Insulin-Treated Cells 0.73 + .10 - -

Insulin-Treated Cells 
Exposed to PCMBS (0.05 
umoles per ml. Cells)

0.58 + .08 (-20) > .10

InsulIn-Treated Cells 
Exposed to PCMBS (1.89) 
yMoles per ml. Cel 1s)

0.95 + .27 30 > .10

PCMBS (0.05 umoles per 
ml. Cel Is)-Treated Cells 
Exposed to 1nsu 1 In

0.23 + .06 (-6 8) <  .05

PCMBS (1.89 umo1es per 
ml. Ce11s)-T reated Ce11s 
Exposed to Insulin

0.26 + .04 (-64) < .05

a>



TABLE 22. The binding of Insulin-1 to human red c e l l s  In the  presence of chlormerodrtn. The react ions  
were run a t  22 and a t  4°C. The chlormerodrin concentration was 0.54 ymoles per ml. packed c e l l s .  Insulin 

was added to  give an I n i t i a l  concentrat ion of 5.1 x 10"^ mmoles per ml. packed c e l l s .

°c
Insulin, jjMoles x IO-4 + S.E., 
Bound per ml. Red Cells

i
Change P

Insulin-Treated Cells 0.60 ± .06 - -

22
Insulin-Treated Cells 
Exposed to Chlormerodrln

0.45 + .01 (-50) < .0 5

Ch1ormerod r1n-T reated 
Cells Exposed to Insulin

0.22 + .04 (-64) <.01

1nsu11n-Treated CeIIs 0.22 + .01 - -

4
Insulin-Treated Cells 
Exposed to Chlormerodrln

0.13 + .01 (-41 ) <.01

Ch1ormerodrIn-T reated 
Cells Exposed to Insulin

0.12 + .01 (-45) <.01

8
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Diabetic Donors

Tha followlnq experiments were a direct outgrowth of the In vitro 

Insulin experiments already mentioned. The followlnq data obtained 

from the red cells of diabetic human donors represent preliminary 

results which, while they do not appear to shed any IIqht on the 

mechanism of sugar transport, may prove useful In the clinical studies.

For these experiments, red cells were obtained from several male 

subjects, dlaqnosed as diabetics, who were either on Injectable Insulin 

therapy or on a dlet-control led reqlmen. None of these Individuals had 

received oral Insulin substitutes prior to the time at which blood sam­

ples were taken. Red cells were normally obtained In the morntnq, and 

In those cases where the donors were on Insulin therapy, the red cells 

were usually obtained approximately one hour after Injection. The cells 

were washed as previously described and where possible flux values were 

obtained on both day I and day 2. In a few Instances, Insulin was added 

In vitro to the cells for the usual Incubation period and the values thus 

obtained are shown In brackets. Most of the data however, are from con­

trol (non-In vitro InsuI In-treated) red cells.

The Individual net and exehanqe flux values obtained with red cells 

from diabetic subjects are shown In Table 23. When these results are 

compared with those obtained from normal donors (Table I), It Is readily 

apparent that the net fluxes obtained from this qroup of diabetic sub­

jects are In every case substantially hlqher than In non-treated red 

cells obtained from non-diibetlc (normal donorsl. In fact, a number of 

Individual values are by themselves nearly as qreat as the highest fluxes 

obtained with Insulin-treated normal cells (Table 2). In those Instances 

where Insulin was added In vitro, there appeared to be no additional
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TABLE 23. The net and exchanqe ftuxes of qtucose-C -UL In red cells 
obtained from male donors dlaonosed as diabetic. Flux values are ex­

pressed as millimoles per liter cell eater-sec.

Day 1 Day 2

Net Exchanqe Net Exchanqe-
Donor Flux Flux Flux Flux

MA 3.02 T2.70H 5.67 _
2.57 r2.89] 5.28
2.67

NP 3.22 7.62 2.67 f 2.99") 5.54
a. 20 5.77 4.22 Z?.8?l 5.98

JB 3.51 9.73 —

3.3B

CW 2.75 R . 55 2.61 5.87
2.75 5.13 2.02

AB 4.06 9.19 2.85 5.87
3.97 10.15 3.02 6.09

CM 2.60 5.88 2.73 4.13
2.92 6.03 2.00 4.35

*HE 2.83 C 4 .84"] 6.74 1 .97 3.12
3.45 C3.931 6.12 1 .76 3.56

*FE 4.25 C3.75] 7.28 2.09 r2 . m 4.37 C5.22]
2.78 r2.85l 5.96 2.47 r2 .621 5.53 T4.421

*These donors are on 'diet control' therapy. All the other 
donors receive protaffctne Insulin. The values In brackets were ob­
tained with washed diabetic donor red cells which were afterwards 
Incubated with bovine Insulin In vitro as described In Materials 
and Methods. All the other vaTues are derived from washed diabetic 
donor red cells which are not exposed to Insulin after their removal 
from their donor.
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Increase In +h* net flux values over the non-treeted samples. The 

exchange fluxes obtained with the red cells of this group of donors 

ramaln with the exception of a few Individual values, well within the 

normal spread. The decline In the exchange flux and the net flux from 

day I to day 2 Is similar In deqree to that obtained with normal cells.

The net and exchanqe flux of the red cells from two diabetic subjects 

on diet control therapy were obtained and are also shown In Table 23.

The Initial (day I) net fluxes are hlqh and on the average they are 

sllqhtly raised with the In vitro addition of Insulin. Unlike the be­

havior of the net flux of the cells of the first qroup of diabetic donors, 

the net flux values decline dramatical Iv after 24 hours to the level ob­

tained with non-treated cells from normal donors. Addition of Insulin 

In vitro to these cells after 24 hours storaae does not slqnlfIcantly

alter the net flux. The exchange fluxes obtained with the cells from 

the diet-controlled diabetic donors Is essentially similar to values 

obtained with untreated cells from normal donors. However, like the net 

flux obtained with the cells of these particular subjects, the exchanqe 

flux obtained from cells after they have been stored for 24 hours shows 

a dramatic decline. Addition of Insulin In vitro to these cells, has 

no significant effect on the exchange flux. In Table 24 the results 

obtained with these two groups of donors are compiled and their averaqes 

are compared with the values obtained from untreated normal red cells. 

These results show that: I. The net flux on day I obtained from cells

of diabetics on Insulin therapy Is qreater than the control value by 35< 

and the net flux of the diet controlled subjects exceeds the net flux of 

the control by 40%, 2. The exchange flux values on day I of both sets 

of diabetic donors and the controls are not significantly different.



TABLE 24. A comparison of the net and exchanae fluxes of alucose-C,4-UL In non-treoted red 
cells obtained from normal, diabetic (Insulin therapy), and diabetic (diet-controlled) donors.

Fluxes are expressed as millimoles per liter cell water-sec,

Day 1 

Donors
Net
Flux + S.E.

t
Chanae P

Exchanae 
Flux + S.E.

t
Chanae P E/N

Normal 2,37 + .04 - - 6.25 + .09 - - 2.64

Diabetic 
(InsulIn)

3.21 + .1*5 55 <.01 7.12 + .54 9 >.10 2.22

Diabetic 
(Diet Control)

3.32 + .34 40 <.05 6.53 + .30 0 >.10 1.97

Day 2 

Donors
Net
Flux + S.E.

*
Chanqe P

Exchanae 
Flux + S.E. Chanae P E/N

Normal 2.10 + .04 - - 5.44 + .10 - - 2.59

Diabetic 
( 1nsulIn)

2.76 + .24 31 <.05 5.40 + .31 (-7) >.10 1.96

Diabetic 
(Diet Control)

7.08 + .15 (-1) >.10 4.14 + .38 (-29) ino•V 1 .99
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3. On day 2 the net flux of the diet-control led donor cells falls to 

2.08 (a drop of 38f), and as a result there Is no lonqer any slqnlfl- 

cant difference between this value and the net flux of the normal cells,

4. The net flux of the diabetic subjects on Insulin falls to a value

of 2.76 on day 2 (a drop of I4f), However the net flux of these cells

Is still sltnlfIcantly qreater (3I<) than the net flux of the control 

cells, 3. On day 2, the exchanqe flux of the diet-control led diabetic 

cells exhibits a decline of 581E from Its day-1 level and It Is now 

sfqnlfleantly different from the exchanqe flux of the normal cells 

which only declines I3< over the 24-hour period, 6 . The exchanqe flux 

of diabetic subjects on Insulin declines some 37< over a 24-hour period. 

However, the day-? flux of 5.40 Is not slqnlfleantly different from the 

day 2 flux of the normal cells.

In summary, the net fluxes of the cells of diabetic subjects on

Insulin remain at a substantially elevated level with respect to normal

cells, while their respective exchanqe fluxes behave quite similarly to 

those of normal cells. The cells of diet-control led diabetic sublects 

Initially possess net flux values as h|qh as those obtained from Insulin- 

treated normal cells and exchanqe flux values In the normal ranqe. How­

ever, both the net and exchanqe fluxes show dramatic reductions when 

assayed on cells after 24 hours’ storaqe.
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DISCUSSION

The control values which were obtained affirm both the methodology 

and the Initial results which were previously reported (Mawe and Hemp ling, 

’65). The values for the net flux are quite stable with cells which have 

been stored for short periods of time. The exchange flux values show a 

somewhat lesser stability. Overall, the data Indicate the presence of an 

average range of values to which experimental values may be compared as 

well as the necessity to have control values for each donor for comparison 

with experimental data as done In these experiments.

The flux data obtained with Insulin-treated cells show that In general 

Insulin elevates the net flux and has no significant effect on the exchanqe 

flux of glucose In human erythrocytes. Previous reports (Wllbrandt, '54 

and Pletscher et al., '55> of net Influx measurements In human erythrocytes 

Indicated that Insulin had no effect on red cell permeability to glucose. 

However, under the experlmentaI conditions of the previous Investigations, 

a maximal unidirectional net flux was not measured because during Influx 

experiments the Internal concentration of glucose In the cells rapidly 

exceeds the Km for qlucose transport (Wllbrandt, *50). In the present 

experiments this difficulty was specifically eliminated by measuring the 

maximal net efflux Into a medium which never approached the Km for glucose 

transport, thus providing more sensitive conditions for detection of an 

InsulIn effect.

RIeser and RIeser ('64) reported that Insulin stimulates aldose-hexose 

transport Into the human erythrocyte. Unlike the experiments reported 

here, this effect was obtained In the RIeser and RIeser <'64) experiments 

only after the red cells had been exposed to chymotrypsln for one hour at 

30*C. They suggested that the proteolytic enzyme removed some substance
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from the cell surface, allowing the red cell to become responsive to 

Insulin with respect to the transport o.f. aldose-hexoses. In the experi­

ments reported here, a response of the maximal net flux to Insulin with­

out any other prior treatment of the cell has been observed. The levels 

of Insulin utilized both In their experiments and those reported here are 

comparable when expressed as units per ml. cell water (Harris, f64). On 

such a basts, the Insulin level of 0.9 units per ml. cell suspension 

(hematocrit 12.5 to 15$) used by RIeser and RIeser ('64) would be equivalent 

to 8.6 to 10.2 units per ml. cell water. The Insulin levels used here, when 

similarly expressed, would ranqe from 0.1 to 152 units per ml. cell water.

However, there are several differences In experimental techniques which 

may be responsible for the difference In observations reported in these two 

Investigations: I. In the experiment reported here the period of Incubation

with Insulin Is 30 minutes at 23*C. RIeser and RIeser ('64) Incubated the 

cells for 15 minutes at 30*C., 2. In the experiments reported here red

cells were preloaded with qlucose prior to Insulin treatment. In the 

efflux experiments reported by RIeser and RIeser ('64) cells were treated 

with chymotrypsln or chymotrypsln plus Insulin before Incubation with qlu­

cose, 3. Strikingly different methods for the analysis of qlucose move­

ment were used In the two InvestIqatIons. 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 sensitive to discrete changes 

In the carrier mechanism.

Although several workers (Mawe, *56; Miller, *64 and Mawe and Hemp ling, 

*65) have shown that differences up to twice the tonicity between cell and 

external media (differences 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 Insulin on maximal net efflux Is related to 

the difference In tonicity between the glucose-equilibrated cell (399 mOsm 

per liter) and the glucose-free media (310 mOsm per liter). In several 

experiments the tonicity of the external media was adjusted with sodium 

chloride prior to measurement of the maximal net flux of untreated and 

InsuI In-treated cells. Under experimental conditions which were now 

essentially Isosmotlc, Insulin still elevated the maximal net efflux to 

the same degree as noted previously.

The failure of heating to block the Insulin effect completely does 

not seriously Indicate a contaminant as the agent responsible for the 

elevation of the qlucose flux. The usual elevation of the flux by Insulin 

treatment Is reduced by 80% by heating and It Is quite possible that 

several moieties on the Insulin molecule may be responsible for the flux 

enhancement and that some of these are not necessarily heat-denaturable.

The fact that It Is possible to reduce the Insulin level five hundred­

fold and still obtain almost the same deqree of flux elevation suggests 

that the primary effective agent Is the Insulin and not any contaminant.

The question arises as to whether the effective concentration of In- 

sulln utilized In these experiments Is comparable to that which Is utilized 

In those experiments which treat with muscle preparations. For example.

In frog sartor Ius muscle (Wohltmann et at., *67) the maximum permeability
-4effect with 3-methyt glucose Is obtained with 0.67 x 10 jjmoles Insulin 

per gram of muscle. By comparison. In the work reported here the thresh­

old response begins between 3 and 30 x 10“^ umotes Insulin per ml. packed

cells. These Insulin levels are best compared An the basts of molecules 
*2Insulin per A of surface area. The surface area of a single red cell Is
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145 x 10® (Mesterman et el., *61) and the number of cells per ml. of

packed red cells Is of the order of I x 10*® (Guyton, *6 6 ). Therefore
20 *2the surface area of I ml. packed red cells Is 1.45 x 10 A . The

maximum surface area (Bloom and Fawcett, *62) of the myofibrils In one
19 *2gram of sartorlus muscle Is approximately 3 x 10 A (see appendix for

calculations). Thus the maximum permeability effect In frog sartorlus
6 *2muscle Is obtained with I molecule of Insulin per 10 A surface area.

By comparison the threshold effect In the red cell Is obtained with from
6 *2I to 12 molecules of Insulin per 10 A of surface area. This represents 

at least a difference of one order of magnitude between the red cell and 

muscle requirement for Insulin. However, considering the marked differ­

ences In the tissues, this difference In sensitivity to Insulin Is not 

unusua11y Iarqe.

Depending on the assay method and the Ingestion of glucose, the plasma

Insulin levels In man cover a wide ranqe (Guyton, '6 6 ). Fasting levels of

10-4000 uUnlts per ml. plasma have been reported while assays made I - 2.5

hours after qlucose Inqestton yield Insulin levels of from 50-20,000 uUnlts

per ml. plasma. On a basis of a specific activity of 25 units per mg. and

an average hematocrit of 45£, a blo-assay value of 5000 uUnlts per ml.
-4plasma would correspond to 0.6 x 10 umoles per ml. packed cells. As 

such, the amount of Insulin added to packed cells In the experiments re­

ported here Is not enormously removed from the approximate apparent level 

of circulating plasma Insulin.

The elevation of the maximal net efflux In contrast to the absence of 

an effect on the exchange flux cannot be accounted for on the basis of In­

creased Insulin binding Inasmuch as the number of molecules of Insulin 

bound to the red cell (Table 16) Is the same both In the presence or
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absence of glucose In the external medium. To effect an elevation of the 

net flux and at the same time not Influence the exchange flux Implies an 

effect directly on the free carrier. An effect on the binding capacity 

of the carrier for glucose would be evidenced by an alteration In the 

exchange flux. The same can be said for an effect on the movement or 

capacity of loaded carrier. Since the exchange flux Is unaffected and 

the overall pattern of Insulin Is to raise the net flux value towards the 

level of the exchange flux, only the possibility that Insulin Interacts 

with free carrier appears capable of explaining the elevation of the 

maximal net flux.

The movement of the carrler-hexose complex across the cell membrane Is 

considered to be the rate-1Imltlnq step. The difference In rates between 

the exchange and net fluxes obtained with normal non-treated cells has 

been attributed to the different mobilities of the complexed carrier and 

the free carrier. It has been suggested (Mawe and Hempllng, '65) that 

free carrier moves some four times slower than complexed carrier. It Is 

suggested here that the Insulin elevation of the net flux Is due on the 

whole, to an Increase In the mobility of the free carrier. If the flux 

values obtained with Insulin are Inserted Into a series of expressions 

utilized by Britton (’64) to demonstrate differences In carrier mobility.

It can be shown that an Insulin-elevated net flux Is eguIvalent to a two­

fold Increase In the mobility of the free carrier. On the basis of the 

pore size values reported from water flux measurements It would be Impossible 

for even a portion of the Insulin molecule to enter the membrane (see appen­

dix for calculations relating to the size of Insulin). Solomon et al. ('6 8 )
•

have suggested the normal presence of water-filled pores of some 8-10 A In 

diameter. Seeman ('67) has deomonstrated, with the use of ferritin, the
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presence of transient pores of between 200 and 300 A In diameter. The 

values obtained with ferritin, which were measured under conditions of 

slow hypotonic lysis, would allow a portion of the Insulin chain to enter 

the membrane (assumfnq a linear configuration for Insulin). However since 

the experimental conditions under which the fluxes are measured do not 

resemble those of hypotonic lysis (Seeman, *67) and Inasmuch as Insulin 

In solution does not exist In a slnqle linear configuration but most like­

ly as an aggregate of 2-4 units (Tletze and Neurath, '52 and Krahl, *60) 

the likelihood of Insulin entering the red cell membrane Is very small and 

thus the Insulin effect would be expected to be a surface phenomenon. It 

Is possible that when the carrier releases glucose at the outer surface 

under the experimental conditions designed to measure a maximal net flux, 

the free carrier takes on a different conformation. Such an alteration 

could result from belnq bound by sulphydry! qroups within the membrane, 

bound by some other component, or Influenced by charqed qroups (or lack of 

charged groups) on the surface or within the membrane. If such an altera­

tion did occur the mobility of available carrier mlqht be reduced without 

altering the concentration of free carrier or the amount of available 

carrier mlqht be reduced through binding without affect Inq the mobility 

of the unbound carrier.

The observed effect of Inset In may be to prevent such an alteration 

and the resultant apparent decline In mobility by acting either as a 

source to Inhibit SH-dI sulphide Interactions by entering Into these 

reactions and protecting the free carrier, or as a polyelectrolyte 

offering either a charged surface for the free carrier to orient with 

or as a charged surface which can affect the membrane surface. '
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The number of molecules of insulin which bind to the red cell were 

determined under conditions resembling those under which maximal net and 

exchange flux measurements have been made (Table 18).

If the surface area covered by one Insulin molecule In the extended 

configuration Is approximated to be 2500 A (appendix I), 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 Insulin at the 

different Initial concentrations. These estimations assume that Insulin 

will be In an extended configuration, will exist In a non-agqreqated state 

and will not bind solely by either the N-termlnal or carboxy-termInaI amino 

acids. These approximations attempt to recognize the maximum cell surface 

which could be covered with the quantity of Insulin utilized In those ex­

periments. It Is recognized that the actual surface Interacting with 

Insulin could be a fraction of that which Is Indicated from the values 

which will be estimated. At an Initial concentration of 3.1 x 10 pmoles
Q

per ml. packed cells, ar average of 15 molecules of Insulin bind to I x 10
a a  q

of surface area. For an overall cell surface area of 145 x 10 A , this
€> *2corresponds to 2200 molecules of Insulin per cell occupying 6 x 10 A 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 flux Is obtained. When the Initial Insulin level Is raised a hundred­

fold to 0.27 ymoles 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 cell surface may be covered with 

Insulin. It Is of Interest that while the Initial Insulin concentration 

Is Increased a hundred-fold and the amount of Insulin bound to the red 

cell Is Increased by 160 times, the net flux Is only slightly Increased
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over the elevated value achieved with the lowest Insulin concentration.

The threshold of the response of the maximal net flux to Insulin occurs 

somewhere between 0.3 and 3.0 x 10'^ umoles Insulin per ml. packed cells.

This 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 Is reactlnq primarily with sites concerning glucose 

transport and that an Increase of 40# In the net flux concerns essentially 

40# of the sites, then the 40# elevation of the maximal net flux obtained 

with 3 x 10“^ pmoles of the Insulin per ml. packed cells. Indicates that 

the total number of sites occupy less than 0 .1# of the total surface area.

This value Is approximately ten-fold lower than that estimated by Wlddas (f54). 

PCMBS

The area which a molecule of PCMBS can occupy may be approx Imated from 

molecular models (F|g. 14). The presence of the phenyl group makes PCMBS a 

relatively rigid molecule. If 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 with 

the membrane and the sulfonic acid qroup directed away from the membrane.

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

#2cury atom would be 8 -IOA at the site. A second conformation could occur 

If the molecule were oriented parallel to the membrane such that the plane 

of the benzene ring was perpendicular to the plane of the membrane. In 

this position the Hg atom and the sulfonic acid group could form a two 

point attachment with the membrane, though sterlcally, the formation of 

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

In this position. The minimum area the PCMBS molecule would now occupy at
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*2the points of attachment of Hg and SO^OH would be approximately 20A .

A third possible conformation would occur If the plane of the molecule

were parallel with the plane of the membrane surface and the mercury

atom, the benzene ring and the sulfonic acid group then formed three

sites of attachment possibly by means of covalent, hydrophobic and

Ionic attractions. The area occupied by the molecule In this case

would be approximately 60-65 A*.

Unlike PCMB which has also been shown to Inhibit glucose transport In

red cells, PCMBS does not penetrate the red cell membrane (van Stevenlnck

et a I., *65). Since both molecules occupy essentially the same molecular
*2area, and an area of 20-30 A would be sufficient for penetration It Is 

most likely that this lack of penetration may be attributed to the substi­

tution of the sulfonic acid group In PCMBS for the carboxyl qroup In PCMB 

and the resultant Increases In the hydrophilic character of the former 

(Vellck, *53).

At a PCMBS concentration of 0.05 umoles per ml. packed cells (Table 7), 

the lowest concentration of PCMBS tested, the exchange flux Is Inhibited 

while the net flux Is unaffected. At this level of PCMBS and depending 

on the particular orientation the PCMBS molecule assumes, a maximum of 

0.4 - I.3^ of the surface area of the red cell could be covered by PCMBS.

At a concentration of 0.7 pmoles PCMBS per ml. packed red celts, the ex­

change flux Is brought to the level of the normal net flux, while at the 

same time. Inhibition of the net flux first appears. At this PCMBS con­

centration, anywhere from 6 to \8% of the cell surface Is covered. The 

maximum Inhibitions of the exchange and net fluxes which can be obtained

occur at PCMBS levels which correspond to a surface coverage of 33 to 97%.
6 *2The value of 145 x 10 A for the surface area of the human red cell 

(Westerman et at., *61) was used for these calculations. Interestingly,
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the net flux, even In a cell which may be completely covered with the 

Inhibitor, Is never fully Inhibited.

From Table 16, It can be seen that the number of molecules of PCMBS 

blndlnq to the red cells Is approximately In a linear relationship with 

the number of molecules added Initially. When the data Is combined with 

that obtained 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 unaffected while the exchanqe

flux is brought to the level of the normal net flux, as few as I to 2 mole- 
4 *2cules per 10 A of the cell surface need be bound. If each molecule of 

PCMBS Is bound to a single site, each of which is concerned with qlucose 

flux, a maximum of 1.5 - 3.0 x 10^ molecules of PCMBS per cell would be 

required 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 even after the exchanqe flux has been brouqht to the level of the 

normal net flux, It Is possible that a flqure of I.5 - 3.0 x I06 probably 

represents the maximum number of sites actually Involved with qlucose trans­

fer at the cell surface. This figure for an upper limit In the number of 

qlucose transport sites at the outer surface Is In general agreement with 

the value of I - 1.4 x 10^ suqqested by van Stevenlnck et al. <*65) as 

the upper limit In the number of qlucose transport sites. Depending on 

the conformation assumed by PCMBS with the membrane sulphydryl qroups, a 

maximum of from 0.4 to l.2f of the total surface area of the red cell 

would contain these reactive sites. These figures are essentially In 

agreement with the value of It, for the surface area containing the 

reactive sites, reported by Wlddas t'54).

The Inhibition of the maximal net flux Is first apparent when the PCMBS 

level Is such that anywhere from 4 to ll|C of the red cell surface will be
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occupied with bound PCMBS. In order to demonstrate 40 to 501( Inhibition 

of the net flux. It Is necessary to use sufficient PCMBS to practically 

cover the entire red cell surface. This Inhibition can be visualized as 

either a prevention of qlucose from leavlnq the carrier or a binding to 

the carrier In such a manner as to either 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 

carrier, It mlqht be reasonable to assume that even at the higher PCMBS 

level5 , there Is still no Interaction with free carrier and that the In­

hibition of the net flux Is a result of PCMBS (St hlqh concentrations), 

preventing the release of qlucose from the loaded carrier at the outer 

membrane surface. However this assumption would now require PCMBS to 

prevent both qlucose uptake as well as qlucose release from the carrier.

As an alternative, It Is possible that PCMBS ties up carrier as the qlu­

cose Is released at the outer surface. As a result the effective carrier 

concentration Is reduced. The Initial effect Is seen In the readily ob­

tainable Inhibition of the exchanqe flux and subsequent la Ily, as the level 

of PCMBS Is markedly Increased, In the Inhibition of the maximal net flux. 

However It would be expected that If the carrier concentration was being 

decreased ft would be possible to completely Inhibit the maximal net flux. 

Since the maximal net flux Is only partially Inhibited, the likelihood of 

a decrease In carrier concentration appears to be small.

CHLORMERODRIN

By comparison to PCMBS, chlormerodrIn Is a less rigid molecule (Fig. 14) 

and Is also capable of slowly penetratlnq the red cell membrane. Chlor- 

merodrln Is composed of four distinct qroups, namely - a urea, a methoxy, 

a propyl and a metal Itc residue, and a number of conformations between the
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moI acute and the membrane are possible. Tor example, there may be a one-

point attachment, Hq to membrane-SH, with the rest of the molecule In

either an open or a packed configuration. The molecular area of a one-
*2site open configuration would be approximately 50 A while a one-site

*2packed area would be approximately 25 A . A two-point attachment

(possibly Involvlnq the urea moiety alonq with the Hq atom) with the rest

of the molecule In either a packed or an open configuration Is possible.
*2A two-site configuration would take up approximately 50 A while a two- 

site packed configuration would occupy approximately 35 A .

From the data In Tables fl and 17, It can be seen that at a chlormerodrIn 

concentration of 0.55 umoles per ml. packed cells the exchanqe flux Is 

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

of chlormerodrln bound per 1000 of cell surface, ft Is possible to demon­

strate a 57? Inhibition of the exchanqe flux as well as a 60? Inhibition 

of the net flux. This amount of chlormerodrln Is equivalent to 30 x I06 

molecules per cell. If all the chlormerodrln were bound to the surface 

(and depend Inq on the configuration assumed by chlormerodrln) anywhere 

from 5 to 10? of the surface area would be Involved.

Unlike the results obtained with PCMBS, the net flux (even at the low­

est concentration of chlormerodrln) Is considerably Inhibited. With PCMBS, 

30 x 10^ molecules bound per cell are required for the demonstration of a 

27? Inhibition of the net flux while with chlormerodrln, an equivalent 

Inhibition Is observed with 6 x I06 molecules bound per cell. This ability 

to Inhibit the net flux could be considered to be a result of the ability 

of chlormerodrln to penetrate the membrane.

At 4*C the penetration of the membrane by chlormerodrln Is considerably 

decreased. However a considerable degree of Inhibition of both fluxes Is
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still evident (Table 8 ). In order to compare the data obtained with 

chlormerodrln at 4*C and at 22*C, It Is necessary to take Into account 

the fact that at 22*C, a quantity of chlormerodrln passes throuqh the 

membrane and that the concentration of this chemical at the surface of 

the cell membrane Is now considerably reduced. Therefore as seen In 

Table 8 , a corrected "external" concentration of chlormerodrln of 0.59 

umoles per ml. packed cells at 22*C results In a 75% Inhibition of the 

maximal net flux and a 73% Inhibition of the exchanqe flux. With similar 

concentrations of chlormerodrln at 4*C the Inhibition of the maximal net 

flux Is 49% and the Inhibition of the exchanqe flux Is 59%.

From these observations, alonq with the data obtained with PCMBS, It 

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

stricted to the surface layer as suggested by van Stevenlnck et al. (*65). 

A differential Inhibition as witnessed by E/N ratios (Table 7) which de­

cline Is obtained with Increaslnq amounts of PCMBS. On the other hand, 

with chlonmerodrln both fluxes are similarly Inhibited as seen from 

E/N ratios (Table 8 ) which remain relatively constant with Increaslnq 

amounts of Inhibition. These data tend to support the concept of a 

mobile carrier and suggest the presence of qlucose transport sites 

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

the Inner surface of the membrane as well.

In the experiments In which Insulin Is used In combination with the 

mercurial Inhibitors (Tables 9-11) sufficient Inhibitor has been added 

to reduce the level of the exchanqe flux to that of the net flux control 

value and also to fnterfere with the maximal net flux. Under these cir­

cumstances qlucose In the medium may be prevented from recombining with 

free carrier. In addition It Is also possible that free carrier may be
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bound to PCMBS and that as a result, the mobility of the free carrier 

may be lessened. Under these circumstances both free and loaded carrier 

should be found In the membrane and a situation similar to that present 

under net flux will occur. Insulin under these circumstances could act 

In any one of three ways. I. Insulin could act to Increase the mobility 

of any free carrier which Is present, 2. Insulin could act to Increase 

the availability of free carrier or 3. Insulin could Interfere with the 

PCMBS-Inhibit Ion of qlucose recombination with the empty carrier. From 

the data In Table 9 deallnq with the exchanqe flux, It can be seen that 

Insulin < In the amounts used) causes a recovery by 50f of the Inhibition 

of the exchanqe flux of qlucose by PCMBS. This recovery of the PCMBS- 

Inhlbltlon may be dun to the ability of Insulin either to Increase the 

free carrier mobility or to partially relieve the PCMBS-Inhlbftion of the 

recombination of qlucose with the empty carrier.

Under the conditions of a maximal net flux measurement, the qlucose 

recombination factor would play no role. Insulin, under these conditions, 

can serve to Increase the mobility of the free carrier or make more free- 

carrler available. Where the cells were first exposed to PCMBS (Table 9), 

Insulin did not sIqnIfI cant Iy reduce the PCMBS Inhibition of the maximal 

net flux. Where Insulin was added prior to, or simultaneously with PCMBS, 

the Inhibition of the maximal net flux was prevented. These results may 

be accounted for If PCMBS binds more readily t* free carrier than to 

loaded carrier. If Insulin Is present, free carrier may possess a differ­

ent conformation, or to put It another way, Insulin may mask the presence 

of free carrier and prevent a direct Interaction with PCMBS.

There Is no apparent correlation between the overall binding of PCMBS 

and/or Insulin to the whole cell and the effects these molecules have on
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glucose transport. The amount of PCMBS wRIch binds to the red cell was 

not affected by the presence or absence of either qlucose (Table 16) or 

Insulin (Table 19) while the amount of Insulin which binds to the red 

cell was decreased when cells had been previously treated with PCMBS 

(Table 21). It Is possible that the maneer In which the different agents 

arrange themselves on the membrane surface and their subsequent Inter­

actions with each other rather than the absolute quantities used are more 

significant to understanding the flux values obtained when these various 

agents are used.

Insulin Is added to the cells under exchanqe conditions, It binds In 

small quantities similar to that which binds when qlucose Is absent 

(Table 18) but has no measurable effect on the flux (no free carrier Is 

available). Let us say the addition of a larqe quantity of PCMBS may pre­

vent the recombination of qlucose with carrier. Free carrier would now 

be available and Insulin apparently Is now able to operate on what could 

be considered a simulated net flux condition. That Is, the free carrier 

now present can be stimulated by Insulin to pass across the membrane more 

rapidly. The Inhibition of qlucose recombination remains In full effect 

and therefore, thouqh qlucose Is present in equal concentrations on both 

sides of the membrane, an apparent net-fIux-lIke condition Is maintained. 

This would, however, result In an apparent uphill net transfer of glucose.

It Is possible then, that Insulin, In this Instance, acts to lessen the 

PCMBS Inhibition of the carrler-glucose recombination and that as a result, 

the exchanqe flux Is Increased. It may be that an experiment with PCMBS 

and Insulin utilizing C*4- labeled qlucose In the cell and trltlated 

glucose In the environment would provide data which would allow for a 

better explanation of what occurs when the exchanqe flux Is Inhibited
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by PCMBS. Whether PCMBS Is added first or whether Insulin and PCMBS are 

added simultaneously, the same overall picture Is observed (Table 9).

The InsuIIn-chlormerodrln combination experiments were carried out at 

both 4*C artd at 22*C. At both temperatures the level of chlormerodrln 

utilized was that which Inhibited the net flux by 50% and which reduced 

the exchanqe flux to the normal maximal net flux value. At 4®C (Table 10) 

where chlormerodrln Is a non-penetrant, the deqree of the Inhibition of 

the maximal net flux was not altered by insulin. On the other hand, the 

deqree of the Inhibition of the exchanqe flux was reduced by at least 50J,

At 22-24*C the deqree of Inhibition of the exchanqe flux caused by chlor- 

merodrlm was not altered by Insulin. The Inhibition of the maximal net 

flux by chlormerodrln Is partially relieved by the addition of insulin.

On the other hand, the pre-lncubatlon of the cells with Insulin does not 

prevent the Inhibition of the max Imal net flux by chlormerodrln. In the 

case where insulin Is the second component to be added. It may be that 

there Is Insufficient chlormerodrln to block all the carrier molecules, 

and those that are still free are capable of belnq stimulated by Insulin. 

These results suqqest that as was the case for PCMBS, where chlormerodrln 

Is a non-penetrant, the relief of the Inhibition of the net flux may be 

dependent both on Insulin and on the presence of qlucose, and that the 

action of Insulin Is probably directed primarily towards free carrier.

The Importance of the presence of qlucose Is suqqested, since the Inhibition 

of the flux when qlucose Is absent (maximal net flux conditions) Is not 

affected by Insulin (except for the one Instance mentioned above, which 

may be an anomoly) while the Inhibition of the flux when qlucose Is pre­

sent (exchanqe flux conditions) Is relieved by at least 50% by Insulin 

(Table 10). It Is also possible, that under the conditions where an
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exchange flux Is measured, Insulin may act to prevent chlormerodrln- 

carrler Interaction and that such "liberated" carrier as would now become 

available could combine *lth environmental qlucose. The final result 

would be evidenced by an exchange flux with values more nearly resembling 

those of the control. The results obtained at the higher temperature, 

where chlormerodrln Is a permeant, suggest that the Interaction or chlor­

merodrln with carrier In the membrane may, as was suggested earlier, be 

more extensive than merely an outer surface Interaction since the Inhibi­

tion of the exchanqe In cells which have been exposed to chlormerodrln at 

22-24*C Is neither prevented nor relieved by Insulin. As was the case 

with PCMBS, the amount of chlormerodrln which binds to the red cell Is 

not Influenced by the presence of Insulin (Table 20) or glucose (Table 

17). At the lower temperature, the amount of chlormerodrfn which binds 

Is decreased. The amount of Insulin which binds to the red cell Is de­

creased by the presence of chlormerodrln (Table 22). However, here also, 

the results of the blndlnq experiment with chlormerodrln do not appear to 

offer any explanation of either the effect or lack of effect that Insulin 

has on chIormerodrIn-treated cells.

In qeneral, the results obtained with Insulin, the mercurials alone, 

and the mercurials In combination with Insulin, Indicate that sulphydryl 

groups as reported by others (LeFevre, '48 and van Steven I nek et a I., *65) 

are Involved with qlucose transfer but that these groups are not necessarily 

restricted solely to the outer face of the membrane (van Steven I nek et at., 

'65). Measurements on the Inhibition by mercurials of both the maximal 

net and the exchange flux In Identical cell populations had not previously 

been made. The results obtained from binding measurements and Inhibition 

studies of net fluxes led to the conclusion that the sulphydryl groups
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Involved with glucose transport were restricted to the outer face of the 

membrane. However, the differential results obtained on maximal net and 

exchange fluxes with PCMBS and chlormerodrln reported here Indicate a 

reasonable probability that some of the sulphydryl qroups Involved In 

qlucose transport are located within the membrane.

Unlike the results obtained here for the red cell, It has been reported 

(Wohltman et al.,'f67) that ACTH, oxytocin, vasopressin and the separated 

chains of oxidized Insulin and of InsuIIn-S-suIfonate did not alter the 

permeability of froq muscles to 3-0-methyI-0-qIucose. The concentration 

levels utilized In the experiments reported here are several hundredfold 

qreater than the quantities utilized by Wohltman et el., (’67) and this 

may account for the difference. However there are reports that these 

compounds do affect qlucose permeability In rat hemldlaphraqm (Ottaway, 

’53), Isolated rat heards (Fisher and Zacharlah, ’60), and adipose tissue 

(Mlrsky and PerlsuttI, ’62).

The relationship between sulphydryl Inhibition and Insulin action Is 

still not clear. It has been suqqested (Edelman et a I., *63) and Fonq 

et a I., *62) that Insulin Interacts with the membrane by means of thiol- 

dlsulphlde Interchanges. Several reports (Carlin and Hechter, *62 and 

Mlrsky and PerlsuttI, ’62) have Indicated that pretreatment of the tissue 

with NEM and the resultant blndlnq of membrane-sulphytttryl qroups has had 

no effect on the subsequent blndlnq of l1̂ * Insulin. These results sug­

gest that th lo I-d I sulphide Interaction Is not the prliSary mechanism In 

all cases of InsuIIn-tlssue Interaction.

The elevation of the maximal net flux, In a manner similar to that of 

Insulin, by vasopressin and GSSG, which contain dI sulphide bonds, while 

GSH and cysteine were without any effect (Table 5) lends support to the
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concept of thlol-dlsulfIde Interactions as the mechanism for Insulin

action on the membrane. However, the disulfide qroups may only one

of several Interaction sites. That this Is possible as far as qlucose

transport In human red cells Is concerned Is evident from the effect on

the net flux obtained with Insulin derivatives (Table 6 ). These molecules

with the exception of the S-SuIfo-A-chaln, contain neither disulfide

brldqes nor sulphydryl qroups (Flqs. 9 and 10). In addition, the net

flux Is elevated by ACTH (30?) and by polyqlutamlc acid, M.W. * 2300,

(20?). The amounts (In umoles) of the various aqents which were utilized

in the flux experiments were combined with approximations of the maximum 
"2area (A ) that each would cover In their extended confIquratIons. The 

spread between the aqents was less than 10-fold and differences between 

active (flux affectlnq) aqents and nonaactlve (flux Indifferent) aqents 

were neqllqlble. This suqqests that the differences obtained with the 

various aqents rest with the nature of the Individual molecule and not 

merely with Its size or the concentration In which It Is used. The re­

quirement of the presence of specific amino Pclds In oxytocin and vaso­

pressin In order to obtain slqnlflcant effects on water movements and on 

Na+ transport has been demonstrated (Elliot, '6 8 ). These results further 

suqqest that a physloloqlcal effect on a membrane Involves more than thlol- 

dlsulflde Interchanqe.

When red cells are exposed to phospholIpase C for short periods of 

time. Inhibition of the exchanqe flux (Table 12) and lysis (Table 14) can 

be demonstrated. With the concentrations of Phl-C which were utilized 

there was no effect on the maximal net flux. When the celts were pre­

treated with Insulin the deqree of lysis by Phl-C was considerably re­

duced and the Inhibition of the exchanqe flux was prevented. In addition
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the data reveal that the ability of the net flux component to be enhanced 

by Insulin Is unaffected by the presence tf phosphollpase C. The primary 

mode of action of phosphollpase C on the red cell membrane Is the hydrol­

ysis of phosphatldes with the resultant release of the phosphoryl nitro­

genous moiety (Lenard and SInqer, ’6 8 ). It Is suqqested here that as a 

result of this digestion, Phl-C affects the exchanqe flux In a manner 

somewhat similar to that of PCMBS, In that either the enzyme, the enzymatic 

reaction products or an altered membrane protein conformation Inhibits the 

recombination of qlucose with free carrier at the outer surface. Unlike 

the results obtained with PCMBS, the addition of Insulin to PhL-C-treated 

cells does not decrease the Inhibition of the exchanqe flux. It appears 

that the phosphollpase may not affect the free carrier since Insulin can 

raise the net flux in cells which have been treated with Phl-C (Table 13). 

The ability of Insulin to prevent the Inhibition of the exchanqe flux 

qlves rise to speculation that the Insulin blocks In same manner the 

ability of the phosphollpase to approach Its phosphatide substrates on 

the membrane surface. Robinson ('6 6 ) has suqqested that Insulin reacts 

with els double bonds of fatty acids and It Is conceivable that such an 

Interaction could Interfere with phosphollpase C degradation of membrane 

phosphatldes. The action of Insulin with relation to phosphollpase C 

aqaln Indicates the probability that InsuI In-membrane Interactions are 

not restricted solely to thlol-dlsulfide reactions.

In the past there have been numerous attempts to demonstrate that the 

carrier moiety Involved with qlucose transport In red cells Is either a 

lipid or a protein. A number of these deallnq with lipids (LeFevre et al., 

*64; Mawdsley and Wlddas, *67 and Hobson and Laris, '6 6 ) and proteins 

(HIddas, '54; Boblnskl and Stein, *6 6 , and Forsllnq et al., *6 8 ), have 

already been mentioned. There has been no clear-cut demonstration
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for the predominance of either moiety as the carrier directly Involved 

with glucose transport In erythrocytes. Lenard and Slnqer ('6 8 ) have 

shown that 70S of the red cell membrane phosphorous can be removed by 

phosphollpase C treatment and that the conformation of the structural 

proteins are unaffected. Nevertheless the role of the phosphatide In 

transport should not be overlooked. As shown In Table 12 the exchanqe 

flux of qlucose transport Is Inhibited when red cells are exposed to 

phosphollpase C. Thouqh there Is no evidence nor does It appear likely 

that the carrier Is wholly or even substantially lipid, the results of 

these and other experiments (Odesser and Mawe '67), show that the phos­

pholipid content and orientation play a considerable role In the proper 

functioning of a qlucose transport system.

Recently, a considerable amount of data qathered from transport studies 

In micro organisms has provided ample evidence for the predominant role of 

protein In transport phenomena of these orqanlsms. Kabach and Stadtman 

(’6 6 ) have demonstrated a proline transport system firmly linked to mem­

brane fractions of E. coll. The transport system, 6-qalactocIde permease 

of E. coll, has been actively studied and a specific site has been Identi­

fied with the use of NEM (Fox et al., '67). The protein of this system Is 

Inducible and there are about 10,000 such "M proteins" per bacterium. This 

protein has been partly purified (Kolber and Stein, *6 6 ). A sulfate-blndlnq 

protein has been purified and crystal I zed (Pardee, '6 6 ). This protein has a 

molecular welqht of 32,000 and binds one sulfate per protein molecule. 

Mutants lacklnq this protein are unable to carry sulfate Into the cell. 

Pardee ('6 8 ) has suqqested that this protein could stretch across the 

membrane (70-120 A) formlnq a passaqeway for sulfate transport. The 

entrance of qlucose In certain strains of E. coll has been shown to be
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dependent on a phospho-enoI pyruvate (PEP)-I Inked enzyme system (Simon I et 

a I., '67). The results of these Investigations have qlven Increased 

Impetus to the study of the role which proteins play In transport.

The results of the Investigation In microorganisms show both the In­

volvement and the capability of proteins to carry out transport functions. 

There does not appear to be any reason to assume that proteins could not 

carry out similar functions In other cells. The experimental data show 

that In the red cell protein Is Involved, but that In addition, the Mpld 

components play a definite role In the overall structural organization of 

the transport system. From aa overall point of view the work reported 

here Is consistent with the view that there appears to be a "partnership" 

Involvement of protein and lipids In the transport of non-electrolytes In 

red cel Is.

It Is not possible at the present time to positively attribute the flux 

results obtained with cells from diabetic donors directly to Insulin. One 

can propose that for the donors on Insulin therapy, there Is a continuous 

and possibly hlqh level of circulating Insulin, and that as a result, the 

red cells are able to bind and hold, even after In vitro washings, a quantity 

of this Insulin and that this accounts for the elevated net flux values. The 

elevation of the net flux In the cells obtained from the "diet-control led" 

diabetic donors cannot be readily accounted for at the present time. The 

marked Instability of both the net and exchange fluxes In the stored cells 

(day 2, Table 24) from this qroup of donors suqqested the presence of an 

altered and unstable surface configuration. The Inability of Insulin 

added In vitro to aff*ct the net flux In the cells obtained from both 

groups of donors may reflect either the presence of a surface already 

saturated with Insulin, or a surface which Is altered and will not accept 

(or be affected) by bovine Insulin added In vitro.
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It was not possible to obtain any data from uncontrolled diabetic 

subjects and one can only speculate as to what the control fluxes and 

the In vitro responses to Insulin would be with cells obtained from such 

a qroup 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 Is that 

It seems that by measurtnq the qlucose efflux under maximal net conditions. 

It would be possible to recoqnlze a qroup of Individuals who were both 

diabetic and were recelvlnq Insulin. Whether such a system of flux anal­

ysis could be used to measure either Increased output or lack of Insulin, 

or refractoriness to Insulin, cannot be determined at the present time.
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CONCLUSI ON

To briefly summarize, the results of the above work are as follows:
141. The maximal net flux of qlucose-C across the human red cell 

membrane Is on the averaqe 2.3 millimoles per liter cell water-sec. The 

exchanqe flux of qlucose-C*4 across the human red cell membrane Is on the 

averaqe 6.0 millimoles per liter cell water-sec.

2 . The maximal net flux values decline by 10# over a 48-hour period

while the exchanqe flux declines on the averaqe 15-20# In cells stored

up to 48 hours.

3. Insulin raised the maximal net flux (In approximately 80 experi­

ments) on the averaqe by 49#. Insulin had no effect on the exchanqe flux.

4. The maximal net flux was also raised by the A-chalns and b-chalns 

of Insulin, by vasopressin, oxidized qlutathlone, ACTH and polyqlutamlc 

acid. The exchanqe flux was unaffected by these aqents.

5. The exchanqe flux of qlucose-C*4 across the human red cell membrane

Is read I Iy InhIbI ted by PCMBS.

6 . The maximal net flux of qlucose-C*4 across the human red cell mem­

brane Is Inhibited by PCMBS only after the concentration of this non- 

permeant mercurial Is Increased by more than ten-fold.

7. Both the exchanqe and maximal net fluxes are Inhibited to approxi­

mately the same deqree (on a percentaqe basis) by the mercurial chlormero- 

drln at 24*C (a temperature at which chlormerodrln slowly passes across the 

red cell membrane). At 4*C (a temperature at which chlormerodrln Is essen­

tially a non-permeant), the maximal net and exchanqe fluxes are Inhibited 

but to a lesser extent than that which occurs at 24*C with an equivalent 

concentration of chlormerodrln on the external surface of the cell.
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B. The Inhibition of the fluxes by chlormerodrln Is lessened In 

some Instances when the cells are exposed to Insulin, a. At 24°C the 

Inhibition of the exchange flux that Is obtained with chlormerodrln Is 

unaffected by Insulin while the deqree of the Inhibition of the maximal 

net flux appears to be dependent on the order of addition of Insulin 

and Inhibitor; I.e., cells which are treated with Insulin before expos­

ure to chlormerodrIn do not demonstrate a lessen Inq of the chlormerodrln 

Inhibition, b. At 4#C the Inhibition of the maximal net flux by chlor­

merodrln Is unchanged while the Inhibition of the exchanqe flux Is re­

duced by 50-60J by Insulin.

9. The deqree of the Inhibition of the exchanqe flux caused by PCMBS 

Is reduced by 501E by Insulin while the deqree of the Inhibition of the 

maximal net flux appears to be dependent on the order of addition of 

Insulin and Inhibitor; I.e., cells which are treated with Insulin after 

exposure to PCMBS do not demonstrate a lessen Inq of the PCMBS Inhibition.

10. The blndlnq of PCMBS to the red cell was measured. At the con­

centration at which the exchanqe flux Is reduced to the level of the 

normal maximal net flux, (and where the maximal net flux Is unaffected), 

approximately 0.5|l of the total red cell surface Is Involved. The Inhi­

bition of the maximal net flux appears when approximately I05E of the cell 

surface Is occupied by PCMBS.

11. The blndlnq of chlormerodrln to the red cell was measured. At 

a chlormerodrln concentration where from 2.5 to 10? of the cell surface 

Is occupied by this mercurial, the exchanqe flux Is Inhibited by 57jt 

(brought to the level of a normal maximal net flux) and the maximal

net flux Is Inhibited by 601E.

12. The blndlnq of added Insulin was measured with the use of 

porcine lnsulln-1*^. The amount of Insulin which bound to the cell
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ts the same under exchanqe flux or maximal net flux conditions. The 

level of Insulin with which a 40$ elevation of the maximal net flux 

can be obtained corresponds to the coveraqe of 0.04$ of the total 

surface area of the red cell.

13. Although Insulin affects the dearee of Inhibition caused by the 

mercurials. Insulin (reqardless of the order of addition) has no effect 

on the number of molecules of either PCMBS or chlormerodrln which bind 

to the red cell. The amount of Insulin, however, which binds to the red 

cell Is reduced when the cells are first exposed to PCMBS. The amount 

of Insulin which binds Is reduced by chlormerodrIn reqardless of the 

order of exposure.

14. The action of the Insulin and other activators of the maximal net 

flux, as well as that of PCMBS, occurs at the cell surface. Chlormerodrln 

may Interact with qlucose carrier moieties at both the outer and Inner 

cell surfaces.

15. The mercurials may Inhibit the exchanqe flux by prevent Inq the 

recombination of medium qlucose with free carrier or by decreasing the 

mobility of loaded carrier. The Inhibition of the net flux (resetting 

from either a reduction In mobility of free carrier or a reduction of 

the concentration of carrier) may result from an Interaction of the 

mercurial with the membrane or with the carrier.

16. The exchanqe flux Is Inhibited by phospholIpase C. The maximal 

net flux Is not affected. The Inhibition of the exchanqe flux by phos­

phol Ipase C Is prevented when the cells are first exposed to Insulin.

The maximal net flux Is elevated by 10-25$ by Insulin even In the presence 

of phosphol Ipase C. The deqree of hemolysis which occurs with the addition 

of phospholIpase C Is diminished when the red celts are first exposed to 

InsulIn.
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17. The red cells obtained from human diabetic donors have markedly 

elevated maximal net flux values. The behavior of these cells In terms 

of storaqe and the addition of Insulin In vitro Is described.

18. The action of Insulin, the Insulin derivatives, and the other 

agents which elevated the maximal net flux Indicates a role for molecular 

moieties In addition to thiols and disulfides.

19. It Is suqqested that insulin acts on the free carrier and that 

this action Is directed to either Increase the mobility of free carrier

or Increase the concentration of carrier. It may be that the conformation 

of the carrier molecule Is dependent on the presence of qlucose, such that 

the absence of qlucose on one side of the membrane results In an alteration 

In the carrier which Is evidenced by a lowered flux (maximal net flux), or 

conversely that the presence of qlucose on both sides of the membrane main­

tains a carrier conformation which results In an accelerated qlucose flux 

(exchanqe flux). Further the action of Insulin, and the other agents which 

elevate the maximal net flux, may be explained by their ability to prevent 

the alteration In the carrier which occurs when qlucose Is not present on 

one side of the membrane.

20. Further support Is qlven for the Involvement of a mobile carrier 

In the facilitated transport of hexose In human red cells. As a result

of the data obtained with the various eqents (In particular. Insulin, PCMBS, 

chlormerodrln and phospholIpase C) employed In the experiments reported 

here, It Is speculated that the carrier Is essentially protein In nature 

and that lipids, and In particular phospholipids, are required to maintain 

a structural organization which allows for the proper functioning of the 

carrier-mediated transport of qlucose In human red cells.
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The work which has been reported here may prove to be of value In 

the attempt to Identify, Isolate and purify the entity responsible for 

the mediation of sugar transfer In red cells. These efforts will en­

tail membrane dlqestlon and fractionation and It Is possible that the 

two different flux measurements as well as the action of the various 

agents on these fluxes will be of use In the attempt to Identify and 

Isolate the carrier moiety. An approach towards this end may be possible' 

even prior to the use of cell disruption methods. Drawlnq on the examples 

of the use of bacterial mutants, It Is possible that the measurement of 

the maximal net and exchanqe fluxes on cells obtained from individuals 

with qenetlc abnormalities of the red cell (I.e. sperocytosIs, hereditary 

congenital non-spherocytotlc anemia, thalassemias) may provide cell mem­

branes which behave differently with respect to glucose transport. The 

chances of a successful Isolation of an entity Involved with glucose 

transport may then be increased.

In addition, the results obtained with cells drawn from diabetic In­

dividuals Indicate the possibility that the methods described above for 

the flux measurements may enable one to obtain more Information on the 

state of Insulin In vivo. For example. It Is possible that where It 

has been suggested that the diabetic manifestation Is due to the unavail­

ability of Insulin rather than to non-production of Insulin, the red cell 

may play a role In the binding of Insulin.
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APPENDIX

I. Flux measurements: controls - statistical analysis of selected pairs.

The data obtained from normal donors were examined for significant 

differences by means of the "t" test. Comparisons were made on the basis 

of donor and In vitro storaqe time.

There Is no sign If leant difference amona the averaqe net flux values;

however, the averaqe exchanqe flux values obtained from cells which have 

stood for different times show a different picture. There Is a signifi­

cant difference In the exchanqe flux values of day-I (6.25) and day-2 

(5.44) cells (p <-05) and day-1 (6.25) and day-3 (5.25) cells (p <.05). 

There Is no significant difference between the values from day-2 (5.44) 

and day-3 (5.25) cells (p <.05).

An analysis was made for significant differences In the net flux of 

cells from the same In vitro time period but from different donors. On day 

I there are no significant differences between donors. On day 2 there are 

significant differences between donor 5 and donors 1,2,3, and 7 (p <.05).

On day 3 there are significant differences In the net flux values between

donors I and 2 and donors I and 6 (p <.0 1 ).

A similar analysts by donors was made for the exchanqe flux values.

The variation between donors at the various times are as follows: I. For

cells used on day I, there are significant differences In the exchanqe 

fluxes between donors I and 2 and donors 2 and 4 (p <.05). 2. On day 2

there were no significant differences (p <.05) between the donors.

3. On day 3, a significant difference (p <.05) In the exchanqe flux ealsts 

between donors I and 5.

The variation of net flux values obtained from the cells of the same 

donor with respect to storaqe time was examined. The values obtained with



12 5

the cells of donor I are slqnlfIcon+ly different (p <.0 1 ) between days I 

and 2, and days I and 3. There was no significant difference In the net 

flux values of this donor's cells between day 2 and day 3. The values 

obtained with the cells of donor 2 are slqnffIcantly different (p <.0 1 ) 

between day I and 2, and day 2 and 3. There *as no slqnfflcant differ­

ence In the values of the net flux between different days with any of 

the other donors.

The variation of exchanqe flux values obtained from the cells of the 

same donor with respect to storage time was also examined and here It be­

comes evident that the exchanqe flux component appears to be far more 

sensitive to stand Inq (storaqe) than the net flux. Between the values 

obtained on day I and those of day 2 , there were significant differences 

with the red cells of donor I (p <.01 ) and donor 2 (p <.01). Between day 

I and day 3 there are significant differences In the values obtained with 

the red cells of donor I (p <.0 1 ), and donor 5 (p <.01). The latter Is 

the only donor whose ceils qive exchanqe flux values which are significant­

ly different (p <.01 ) between day 2 and day 3. The overall picture is one 

of a large decline of the exchanqe flux In the first 24 hours of stand Inq 

followed by a general level Inq.

Examination of the E/N values Indicates that for day I the ratio 

ranqes from a low of 3.21 to a htqh of 3.91 and had an averaqe value of 

3.34. The day-2 E/N values have an equally narrow spread with a low of 

3.05 and a hlqh of 3.85. The averaqe E/N for day 2 Is 3.28. The day-3 

E/N ratios ranqe between a low of 2.36 and a hlqh of 3.32 and have an 

averaqe value of 3.13. The unusually low E/N of 2.36 reflects the marked 

Increase In the exchanqe flux of donor 5.

Overall, the values obtained from non-treated red cells appear to show 

what could be described as normal 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 methodoloqy.

2. Calculation for the surface area of the myofibrils of I qm. of frog

sartor I us muscle.

A specific qravlty of 1.0 Is assumed and a volume of I cm^ Is asslqned 

to I qm of the muscle. Sartor I us muscle (Bloom and Fawcett, '62) consists 

of lonq fibers 10-100 microns In diameter. Each fiber may consist of 4-25 

myofibrils, each 2-3 microns In diameter. In order to calculate a maximum 

surface area. It was assumed that the muscle was closely packed with fibers 

10 microns In diameter and I cm (IO0X> lonq. It was further assumed that 

each fiber consisted of 5 myofibrils each 2 microns In diameter and I cm

long. Therefore, there are present IxlO6 fibers or 5xlO0 myofibrils, In

I qm of saetorlus muscle. Each myofibril has a diameter of 2 microns or 

2x|0  ̂X and a lenqth of I cm or lxlO0X. The formula for the surface area 

of a cylInder Is:

(I) A = 2 B r h  + 2 I l r 2

or A = (2)(3.14)(|04)(I08) + (2 )(3.14)(I0 4 )2 X2

= 6.28 x I0'2 + (6.28 x |0®>

* 6.28 x I0 12 X2 per cylinder

Total surface area = 6.28 x 10*2 x 5 x  I06

■ 3,14 x I0 19 X2

3. Calculation of the slae of Insulin

Molecular models (Laplne) accurately scaled, IA ■ 1.5 cm, were util­

ized. The area of an amino acid pair without side chain contributions was

calculated to be 50 A . There are 25 such pairs qlvlnq an averaqe of 1250
• 2 ®2A area. The averaqe side chain contribution was 25 A and there are 51
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*2side chains resulting In a slde-chatn contribution of 1275 A . As a result
*2the surface area was taken as 2500 A . This value was also obtained by

determining (using the same models) the average area of each component

amino acid and summing the values obtained. Assuming a linear conflqura-
*2tlon, a molecule of Insulin (5800 M.W.) will occupy an area of 2500 A .
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