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ABSTRACT

Previous. studies have shown that sickling can be inhibited by in-
preasing the hemoglobin—oxygén affinity. Evidence is presented here that
brief treatment of human erythrocytes with a bifunctional cross-linking
. reagent dimethyl adipimidate at low concentrations §:events sickling, |
increases hemoglobin-oxygen affinity and preser?es.thé physiological and
and physical properties of treated cells.

Sickle erythrocytes treated wifh DMA washed and resuspended in
original plasma éhowed the following properties under deoxygenated condi-
tions: (a) the number of sickle forms was reduced from 80 to 4%; the
' higher viscosity of sickle cells was bfought into the range'for normal cells;
(c) the K leak normally found under nitiogen was inhibited; (d) red cells
indices weie shifted, for example, mean corpuscular hemoglébin 92 to 97 u3;
(e) osmotic fragility and auto hemolysis were decreased; (f) glucose
utilization énd ATP synthesis was retained; (g) the oxygen dissociation
curve p50 value was shifted from 30 to 24 mm Hg. Nérm;l cells treated
under similar éénditions retain normal properties.

'Following_fhese initial findings with dimethyl adipimidate three mono-
functional and three other bifunctional imidoesters‘were also examined
for their effect in inhibiting sickling iE.ZiEEQ' The short-chain bi-
functional reagent, dimethyl malonimidate, is without effect but two othe;
1ong—chaiﬁ bifunctional compqunds, dimethyl suberimidaﬁe and di-thio-bis-
propionate, were quite effective. Two monofunctional reagents were found
to be without effect, one of them being an impermeable reagent. However,

a permeant monofunctional reagent, ethyl acetimidate, was. found to be

aero



almost as effective as the.other long-chain bifunctional reagents in
inhibiting sickling in vitro. 1In addition, cleavaée of the di-thio compound
does. not reverse the antisickling effectiveness of this compound. 

These resﬁlté suggest that chemical modification of erythfocytes
probably accounts for.the effeétiveness of these feagents in inhibiting

the sickling of human erythrocytes.

-
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Sickle cell anemia is ahdisease that affects the hemoglobin within the red
blood celi. specifically, the hemoglobin (Hb)-S molecules polymerize within
erythfoéYtés and form liquid crystals or gels.l It has long been known that the
primary structural abnormality of Hb S that.aCCOunts for the aggregating proper-
ties of'thé'deokyhehoglobin'is that valine instead of glutamic acid is the sixth
amino acid in the beta polypeptide chains. The chang;é‘produced during deox&gena—
tion have a profound effect on the membrane's functions! Indee&}’ahfacquired mem~
brane defect is believed to be responsible for the maintenance of the sickle shape
in okygéhated irreversibly sickled cellsz, and even in reversible sickle cells
témioféry'membrane defects can become accumulative ahd.produce a permanent membrane
change.3" "In vitro studies have shown that.the memﬂrane deféct is associated with
" 4lterations in cellular metabolism that apparéhtly océur only if ATP is almost
céﬁpletely depleted while the cells are sickled. (ATP is responsible for preven-
ting’ the accumulation of calcium ionsand for providing the energy source for sodium
" potassium tran'sport.5'6'7 . ATP depletion, in turn, is consequent to deficiencies
in those enzymes responsible for maintaining the level of ATP in the meﬁbrane.

Membrane distortion during sickling has been shown to be associated with in-
creased'transimembréne fluxes of.pOtassium.and'sbdium):a rapid initial calcium up-
' take, a decrease in ATP synthesis, a decrease in phospholipids and a decrease in
osmotic lysis. These“membfane defects can'bé preventéd by ié.iiEEQ treatment with
's§diumchahate8. Sodium Cyanate ¢arbonylates, the N-terminal groups of free amino
acids, spé¢ifica11y>the valine in the beta chains, céuse:ah'incréasé“ih the  hemo-

globin oxygen affinity such that less oxygen is released from the cells. This



reagent was recently found to be useless in oral treatment of sickle cell anemia

9,10,11,

however, because of its many adverse side effects Urea also has been

knogn to prevent sickling in vivo and in vitro by disrﬁpting the hydrbphobic
bonds whiqh form, when deoxygenated, hemoglobin S gels' within the ce1112’13’l4.
Unfortuanteiy, thié.method works only when the cells already have sickled; there-
fore, it has little or no therapeutic value in preventing sickle membrane changesls'
16,17 | |

Packer and Peréira in 1972 showed that glutaldehydes prevented sickling by .
strenghthening or by inducin§ éross-linkagé of the hemoglobin molecules; but further
experiments indicated that they-had'delgterioﬁs effects'on enzyme activity and
potassium permeability of the membraﬁe. Later work byrﬁrooks, Vassar 25_51}8,
indicated that treatment with miider aldehydes left intact the enzyme activity in
the-mehbrane with no apparent changes in.potaSSium perheability. The electrokinf
etic studies of théée investigators revealed that aldehyde treatment blocks tﬁe'
positive charge in the péripherai zZone Qf'the‘cells, fhereby altering the permeabil-
ity of the membrane in favor of the potassium leaking out of the celis during'treat—
ment. 19

Recently, Bynum and Packer, reported that many commercially available bifunc-
tional imidoesters would pzevent sickling without posfihg any deleterious side
.effects upon the meﬁabolié functions of its mgmbrane. "Many bifunctional reagents

yield derivatives whose solﬁbility in water is very limited due to the conversion of

charge protein reactive groups to uncharged substituted groups. Imidoesters are

reagents that when reacted with protein groups will not produce any charge different

from that displaYed on the new modified proteins.
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The preparation and reactions of imidoesters were studied many vears ago by
Pinner, who prepared a variety of imidoesters from nitrilie by treatment with

HCL and anhydrous alcohol20,21,  His method:

NH.HCL _ : NH.HCL
7 3
‘Rrlc” + i, > —» RlC + R20H
\ 2 ’ ) .
OR NH R3
NH.HCL
1 2 - 1 4
R'CN + R® OH + HCL. ——» Rl C
N o
OR

vremains the one generally employed in the.preparation of this weak base. Another
similaf method for synthesizing imidoesters is that of Hoesch's.. vEssentialiy,

the mefhéd.éonsisté of condensing'aAnitrile witﬁ a phenél or a phenolic ether in:
the presence 6f zinc chloride and anhydrous hydrogen chloride in a suitable éolvent,

the reaction proceeding via the imino chloride and then the ketimino hydrochloride

to the ketone. In certain cases, however, imidate formation proceeds simultaneous-
ly22. .
L OH - : ‘ CO CHj
= .
NH2 CL -
Z
+ _CH3 CN 4+ HCL ~—>» CH,C +
3 ~
S : 0C10H7
) OH

The preparation of protein derivatives from imidoesters predicates the use of
aqueous solutions and demands that the réaction be performed at low température
and at pH values not too far removed from,neutrality23. The reactions of imido-
esters with amines have generally been performed in non-aqueous medium since imi-
doesters are subject to hydrolysis. The nature of the'product (nitrile, ester,

. amide) dependé on the structure of the imidoeéters, the pH and the temperature of

the reaction?? The tolerance of imidoesters to heat and hydrolysis depends on



" the substituents imidoesters salts decompose to the cofrésponding amide and
alkyl halide on proiysis by heating in inert solvent, but form esﬁers and ammonium
chloriaé in the presence of‘waterzs. The ammonium so produced feacts, in turn,
with another molecule of imidoester to form an unsubstituted amidinézG._
The pH profilés_of the rate of reaction of alpha and esplion'amino gfoups
wi#h imidoesters arevggfficiently différent that preferehtial reaction of the alphav
or the esplion amiﬁo groups can be_achie#ed by adjusting the pH of the reacting
solution. For exémpig,-at PH 8.5 and 37°C with equimoiar:concentratién of alpha
and esplion amino{érdﬁps,the alpha amino groups react.éb6ufgfour times fastér than
the esplion_groupg;ﬂwhéreas aﬁ pH 9.7, the esplion groups react seven times faster
tﬁan the alpﬁa aﬁih¢¥groups. The reaction of a éiven imidoeﬁter.in the preseﬁce
of tWﬁ.amines,of diffé;in§;pH,vtherefore, can be ¢ohtrolied by a proper choice
of the pH,'permitﬁing éne or the other of the amino reactioné to predominate2”.
bi-imidoestéfs héve been useful for'inter and intraméieéulaf éross-linking of

lysyl residueszs..liéééaqse of £he_competing hydrolysis reéétion, not every di-
imidoester is‘in a §oéition to actually fqrm a cross—link; mohofunctional substitu-
tioh occurs_ét tho§é §ites where intramolecular cross 1ink$ cén form. Imidqesters.
also have been a vér§:iﬁportant.tqol in modifying RBC. :Dﬁtﬁqh,-Adams.ahd'Singer.
‘repprted in 1983 tﬁaﬁnéhéep réd blood'ceils treated withrbEM fbr_24 hré at 09c and
280 mM still had tﬁé é£éaci£y to undeféobimmune hemolysis?in the'preéence of quine
pig complement and gébbit anti—sheep ged'cell antiserum aétef 86% of these free
.amino groﬁps of BSA Q¢:e_b1ocked29; Niehaus in 1970‘treated.human erythrocyte

membranes with DMA to;determine the formation between soluble and insoluble protein

molecules and fpund.' _A more insoluble proteins after prolonged treatment indicating ’

that insoluble proteinsfwere being cross-linked without any functional changes in
the membrane30. Mérinétte used a combination of D.F.D.N;B;and imidoesters to de-

monstrate crosslinkiﬁg of phospholipids to‘proteins in efythrocyte membranes and

-4-




showed that phospholipids could be crosslinked up to 70% without any noticeable
metabolic defect3l." Ji, proved in 1973 that sealoglycoproteins in human erythro-
cyte membrane were being érosslinked with low concentration of dimethyl adipimidate
and with no significant chahge in membrane function32.

I have found in my studies with imidoesters, that osmotic fragility increased,-

.potassium. leakage in sickle cells was reduced, sickling was inhibited and viscosity

was decreased without any deleterious side effects on the functional characteristic
of.the cells.

© These studies were performed by in vitro treatments only. The relative

_effectiveness of imidoesters in preventing sickling in vivo is unknown, but we

‘have a very strong suspicion that the cell possesses the same potent inhibiting

effects as in vitro studied cell without any tissue toxicity.



PURPOSE

The purpose of the research presented in this theeis.is to sﬁudy'the
effectiveness of imidoesters in preVentingvmembraﬁe changes.that haye:beeﬁ
knewn to occur when erythrocytes undergo eickling§3f34'35 By meﬁitoring such
chehgee as oecur inVessociation with sickliﬁg: increase inbsodium and*potassiuh'
tfansmembraﬁe f;uxes,;decfeese in ATP synthesis, in'viecesity, and in osmotic
fragility, on or within.the‘membraneg withAsuch techniéﬁes as low apgle and 90°
light scattering,eﬁitregen and gramicidin-induced pofessium reéelease, osmofie
fragility, and TNBS reactions, the effectiveness of imideeeters treatment on
functional charaeﬁeristics of sickling erythrocytes, canﬂbe measured.  The in-
formation gaiﬁed'ffdm this study will delineate.more,precisely the role the mem-
brahe actually'pie§ezunder'siCkling conditions and bring_eleser the pOSSibilityv

of designing effective therapy for the treatment of sickle"cellvanemia in humans.




MATERIALS AND METHODS

Fresh heparinized blood samples ﬁere obtained from patients with sickle
cell anemia at the Children's Hospital.in Oakland, California. Fresh normal
blood was obtained from myself, and expired normal blood was obtained from the
-'Alameda Contra Costa County blood'bank.' The cells were washed with Krebs Hen-
seleit buffer, pH 7.4, which contained 200 mg % glucose, and resuspended to a
final hematocrit of 10-20%. To 4 ml of the red cell suspension was added l6Iml
-of 0.14M tris-hydrozymethyl methylamine propane sulfonic acid buffer, previously
v;adjusted to pH 8.8 with SN NaOH. The entire suspensions were then inéubated
'with the various imidoesters. Control samples were prepared in an-identical” %"
fashion except that sucrose was added in the same'céncéntration as the imidoesters. -
Continuous mixing was maintained with a shaking water bath. The osmolarity of
the'incubated mikture was 280mosM. . Following incubation, the'ceilé'wereiﬁaShed”
with Krebs Henseleit buffer, resuspended in the original plasma at a final hema-
-tocrit of 40%, and equilibrated with room air.

The number éf sickle forms were measured in one sample after the preparations
were deoxygenated by equilibration with 3% 0, for 1 hou; in an II tonometer model
‘#237.  Following equil;bration, aliquots were anaercobically transferred into 10%
formaldehyde in saline for fixation. 500 cells were counted using the method of
Butler3®.,  another sample was treated with sodium metabisulfate by adding one
drop of a 2% solution to one drop of sickle blood and mixing on a '3 ¥ 1 inch micro-
scope.slide. ‘.All the samples were sealed by placing a cover slip‘oVer the slides
and adding vaseline around the edges. The number of fixed sickle cells were

counted by one method described above.



Osmotic fragility of the treated and nontreated erythrocytes was tested .
by the method describedlby Parpart gE_gl?7. Hypotonic 10% buffered saline is
made by adding NaCl 180g, NaHPO4 27.319g and NaH2P04;2ﬁ20v4.869 to a finai volume
of 2000ml of water. This solution is then buffered to ?H 7.4 with 1N NaOH from
which is derived:the various NaCl concentrations gradient (0.9,0.75,0;70} etc).
0.05m1 of a 4d% Hct. of blood was added to 10 ml of each of the various concentra-
tions. The tubes are allowed to stand aﬁ'room temperature (20°C) for one hour,
then reﬁixed éﬁd centrifuged for 5 minutes at 2,000£pm. The amount of hemolyéis
in each tube was then compared with that in the 106% lysis tube (0.1% NaCl) by
readipg at 540 or 545 nM on the Beckman D.B spectroph§£ometer, Model 1400.

90° degree iight scattering changes and potassium release frém normal and
sickle treated erythrocytes were-measured simultaneoﬁély by aading fifty micro~-
lites of sample blood (Hct. 40%) to a dual curvet, cbntaining 7.35 ml chloline
.chloride—T.E.S. buffer. Light-scattering chénges were determined photometrically
as described by Packer38, A potassium ion selective electrode (GKN33,Velectronic)
was used to monitorvthe potassium release after the addiﬁion of 2.66ug of gramicidin
D39. 1% tritoh-X-100 solution was used to'inducé IYSiZing of the erythrocytes.
Continuous mixing was accomplished by magnetic stirring‘and the temperature (37°C)
was held qonStant by a circulating water bath. Both fesponses were recorded on
a-Récti/Riter Tekas Instrument‘recorder; v. . ‘ :

In vitro studies of erythrocyte metabolism and of net potassium loss were
conducted by inCubgtion_at_37°C of thrice washed erythrocytes in Krebs Henseleit
buffer with glucose (10mM) added in the presence of 1074 quabain. The samples
were continuously equilibrated with moistened gas mixtures consisting of nitrogen
plus either 20%, 3.3% or 0% oxygen, and pH was maintained at 7.45+0.05 by vary-

ing the CO, concentration utilizing a gasometric pH stat39. Supernatant of

—-8=




potassium concentration was determined by flame photometry.

Low-angle light scattering and transmission were performeéd in a Brice Phoenix
Universal light scattering photometer, series 2000, at 540nM40, 20 microliter
of a 4% Hct. of ﬁreated'and non-treated éickle and normél erythrocytes were added
separately to a curvet that contain 5ml of buffered saline?lr42, 0.36% Na,Sg0,
was added to the curvet to induce deoxygenation of the sickle cells43, Light
scattering angles were set between 15-30 degrees and the percent transmission was
set at 75 degrees; The cuvet was maintained at 37°C by a éirculating water bath,
and continuous mixing was maintained by a magnetic stir. The data were recorded
on a Recti/Riter Texas Instrument recorder.

Trinitrobeﬁzenesulfonate (TNBS)vreaction was carried out by the method des—v
cribed by Haheéb44. . This reaction measures free amino groups present after amidin-
ation. ' To lml of protein (0.2mg/ml) solution is added lml of 4% NaHCO3, pH 8.5,
and ImL. of 0.1% TNBS in water. The solution is held at 40°C for 2 hrs, then 1lml
of 10% SDS and 0.5ml of 1N HCL are added, and the absorbance is read at 345nM%>.
The reading was taken on a Cary 14, Model #1115.

Pictures of sickle and normal blood were prepared by taking a 3x1 inch slide
and adding l'dfop of 2% Na,Sg04 solutionvto 1 drop of sickle blood, it was final-
ized by placing a cover slip over the mixtu;e and sealiﬁg the edées by method
.previously described. The cells were then alléwed to stand for 10 minutes so that
the sickle shape could form. Normal blood was treated in the same manner except
saline was added instead of NaySg0y - The slides were then placed on the stage of
a phase contrast-microscope caﬁera attachment. Camera speed was set at 4sec.

exposure and magnification at 900-x.

-0~



CH3O-C,-q-q-C-C—C-Q-C -OCH3 Dimethyl Suberimidate
HHHHHH (Dihydrochloride)
NH;H HHH NH; :
CH,0-C c-¢-¢-¢-¢ ~ocH, Dimethyl Adipimidate -
-HHHH ' (Dihydrochloride)
tgH;u H NH’;
CH,0-C =C-C-C =OCH, ' Dimethyl Malonimidate
H H (Dihydrochloride)
NHH H H H NH |
cH,0-¢ f¢c-¢-s-s-¢-c-¢ ZocH, Dithiobis-Methyl Propricimidate
H H HH o
NH H, :
CH3-E:- Ethyl Acetimidate
" HCL
HHH /NH; CL ) ) :
HS——¢-¢-C-C\ Methyl-4-Mercaptobutyrimidate
HHH OCH3 (Hydrochloride)
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Imidoesters

Ethyl Acetimidate

Dimethyl Malonimidate
(Dihydrochloride) .

Dimethyl Adipimidate
(Dihydrochloride)

Dimethyl Suberimidate
(Dihydrochloride)

Dithiobis~Methyl-
proprioimidate

Methyl-4-Mercaptobutyrimidate

(hydrochloride)

#mg/20ml
Abbrv. M.W. 1mM. 5mM. 10mM.
EA 123.6 2.4mg 12.3mg 24 .6mg
DMM 229g 4.5ng 22.9%mg 44.8mg
DMA 247 .6g 4.9mg 24,7mg 49.4mg
DMS 275g 5.5mg 27.5mg 55mg
DMSSP 236g 4.7mg 23.6mg 47.2mg

MMB

169.7g 3.3mg 16.9mg 23.8mg



RESULTS

Osmotic Fragility

When,cell§ afe suspended in isotoniq NaCl solutiqﬁ”and diluted With_water,
the cells swell_ﬁntil they burst and 1iberate‘hemogiébin. This diffusion of
hemoglobin from the cells continues until hemoglobin concentration is uniform
in the resulting hemolysate. Hemolysis is an all—or-noné efféct as far as a
single cell is concefned;v.i.e. lysis is either compléte or no hemoglobin

whatsoever is 1ost.46

Cells of Varying ages are not all hemolysed at the same dilutien, and their
differing place at end when fixed can be cbtained by élotting‘the percentage hemo-
lysis agéinst the conéentration of external NaCl, a typical sigmoid curve is ob-
tained showing tha£ the cells in the population have different resistances to os-
motic hemolysis.47 -

In order‘to determine the extent of the reaction of.imidoesﬁers on erythro-
cytes membranes,vand to map out the ideal conditions fof the therapeutic treatﬁent
of erythrocytes, it is important to assess the fragility of the cells. Osmotic
fragility is érbifrarily taken as the recipfocal of the dilution of the isotonic
medium reguired ﬁo produce a given degree of hemolysis; It will clearly cepend
upon the osmotically active substances in the cells, on gh, O2 tensicn, teﬁperature,
and, in the preseht work, in the amount of cross-linkages present.

" The amount of feaction between imidoesters and erythrocytes seems to depend
on six major variables. Tﬁe first:being ph, the second the amount of alpha and
epsilon amino groués available to react with imidoesters) the third with the

specific modification of each imidoester on the hemoglobin and membrane, fourth,

- =12~
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temperature, fifth, time length of the reaction; and sicth, the imidoestors
concentration. A visual summary of each variable can be seen in Figs. 1—8;
Fig. 1 shows the difference in osmotic fragilityAbetween sickle and normal
erythrocytes, with and without treatment of imidoeéters. We see that untreated
sickle cells aré more resistanf to heﬁolysis than normal cells at room ﬁémpera-
ture. This reoistance can be explained by the fact that sickle cell membranes
form more denatured hemoglobin_from the continuous»hemoglobin breakages than
do normal erythrocytes.48 Denatured hemoglobin, bound to the membrane surface,
makes it more figid and resistant. Suoh damage to the membrane from.this
process shortens the circulatory survival of the red cells and thus contributes
to the anemia associated with sickle cell disease. Fixed sickle cells behave
‘no differently ffom normal cells after treatment with imidoesters. The |
amount of aminidation that takes place»betweeo various_pH treated cells can be
seen in Figuie 2. Using-equimolar conicentrations of aimethyl adipimidate (DMA)
significant differences were noted in pH values.o At lower pH, a large amount
of decomposition took place between water molecules and imidoester molecules.4
Imidoesters in water undergo hydrolysis to the corresponding oxygen ester,
and base-catalyzed decomposition to the corresponding nitrile; the oncatalyzed‘
'decompositioﬂ of the neutral molecule occurs much mofé slowly.So The hydrolysis
reaction compétes'with thg erythrocytes for the available DMA, therefore, at
pH 6.0, the DMA is uséd up before the efythrocyteo have a chance to react with
it,‘ A higher pH's (7.4, 8.5, 10) progressively more reaction occurs with the

erythrocytes because hydrolysis isllessened.

-14-
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In Fig. 3, we see that varying the temperature from 20° to 0% reduces
the amount of osmotic hemolysis by a factor éf five, therefore, temperature plays
an important role in fixation. In Figs. 4~5, we see the difference in varyiné
the concentration.  Increased concentration.always increases the rate of the
reaction between’the erythroéyte and imidoester until cross-linking reached a
maximum. Fig. 6 shows the difference in time length of the reaction with eryth-
rocytes. We see ﬁhat, with an increase in time, there:will also be an increase
in cross-linking. This increase will continue until all of the imidoester is
used ﬁp. |

The last and most important feature that was defected fhrough the use of
osmotic fragility is the amount of osmotic hemolysis disp}ayed between thé
various imidoesters. It has been illustrated in Figs. 7 and 8 that imidoesters
with a éhain length Similar to DMS, DMA and DMSSp turn out to be the better.éross—
linker than imidoesters with a structure similar to DMM and MMb. The difference
that is displayed between these compounds can be assoéi#ted with the lack of
specific structure that is needed for a specific attachment, The amount of mono-
functional linkage'that will take place, and the amount of decomposition that
will occur between the specific imidoéSter'and the water molecules.

Monofunctional imidoesters génerally do not pre&ent hypotonic hemolysié
because n-n-disubsfitatioh.does not occur between protéins. This can be seen in
Fig. 8 with respect to ethyl acetimidate.

Although osmotic lysis can be used to determine changes in the ability of the

exythrocyte membrane to respond to osmotic shock, it does not,. by itself, yield

information about the functional characteristics of the intact cell. To investigate

functional stability of the erythrocyte after treatment with imidoesters, we simul-~

taneously recorded volume changes photometrically and the cell's ability to retain

-16-
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energy dependent potassium gradients. A typical experiment is shown in Fig. 9.
Using the same preparation as for osmotic lysis (Fig. 5) control cells were treated
with gramicidin D and demonstrated a loss of approximately 90%of their internal

potassium, accompanied by slight shrinkage. Subsequent treatment with triton-x-100

released the remaining 10% of their potassium and, at 0.08% triton-x—lOO, these cells

undergo lysis, as measured by the large and rapid decreaée in light scattering.
Cells F;gated with 5 mM DMA show a very similar responsé with reépect to. potassium,
and in fact,release the identical amount of potassium durihg this process. Very
diffeggnt behavior is observed with respect to light scattering, thever, in DMA-
treated:célls. At. 0.08% triton—x;loo treated cells do not undeféé lysis and, in
fact, lysis dées not occur until the concentration of trifon—xflOO is increased to
0.12%. At thié céncentration a 40% decrease in iight scattering occurs in contrast
to control celis wﬁich show a 60% decreage in lightvscattéring after triton treatment.
Cells treated with 15mM DMA still retain apéroximatély 35% of theirvpotaésium,are
almost unresponsive to triton-x-100, and show only a 10% decrease in light scatter-
ing after treatmgnt with 0.27% triton-x-100.

.Fig. 10 shows the effects of light scattering and potassium release after
treatment with DMM and DMS. DMS with an 8 carbon chain length and DMM with 4
carbon chain length, at equimolar concentrations under the same optical conditions,.
showed a grea;_deél of difference in 900 light scattering, but no appafent differ-
ence in potassiuﬁ release. In both DMM and DMS treated cells at 2.66 ug/ml of gram-
icidin D caused 90% of the cell's potassium to be releasea.> In control and DMM
treaﬁe@ cells, the addition of triton-x-100 caused a 60% decrease in light scatter-
ing in contrast to ﬁMS—treated cells where no changes were observed. At 0.12%

light scattering decreased 42%. These data indicate that DMS is just as effective as
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DMA in preventing light scattering changes.

A comparison of normal and untreated sickle cells shéws differences both-
in potassium release and light scattering. As indicated in Fig. 11, potassium
release rate from sickle cells Was twice that of normal cells. This difference
can be explained by the fact that polymerized hemoglobin molecule pafticle under

50

sickling conditions poke holes in the membrane. Thesé'holes under appropriate

jo0 ¥

stimuli, act as channels for sodium and potassium t;anséort.51 :w;ighf écattering:
chénges in sickle cells correspond to those observed in osmotic fragility studies
in that the sickle cells are slightly more resistant to tfiton—k-loo induced hemo-
lysis than are ﬁormal cells.

Thus far wé have looked at the effects of imidoesters on normal and sickle
erythrocytés with respect to osmotic fragility, 90° light scattering’and potassiﬁm ‘
release. Although.good indicators of metabblic and functional characterigtics,
these parameters teil us very little about the kinetiéS'of the morphological changes
characteristic 6f cell sicklihg. Low-angle light.scattéring studiés‘performed-byv
Rabinowitz in 1973 indicate that as sickle-prohe cells'begin to sicklé, incident
light is first scattered awayAfrom'and then toward the incident beams. This obsér—
vation suggested that 1ow—éngle light scattering techniques could be used to evalu- |
ate the effects of'imidoesters in.preventing the typic51 mQrphologica1 changes of
deoxygenated sickle cells. Optical density changes have‘been employed in similar
fashion to follow the swelling process in mitochondrial particles,in tﬁe aggregétion
of platelets, and in several other studies involving presumed particles whose dia-
meters are several times larger than the.wavelength of incident light. The major
contributién to'écattering by partiéle is the forward direction. For a single

particle, or dilute solution of monodispere pafticles, the Fraunhofer diffraction

-26~



S

K-+ release

Light scatter decrease

T T T

% Triton X-100 odded O.:O'S 'O.(>6 :

— T T l
2.66u9/ml _LSoickle cells
~Gramicidin D W .
\Control cells
IIOOF.MK"' ~

|
~0.(?8 0:.09

-LZ'—

)

IIO%
KL /S'ick|e cell
- Control —
11 | 1 ] | 1 | 1
2_ 4 o | 8 | 10
Minutes
XBL748-4031

/ ' FIGURE 11



_apprdximation will yield the diameter of the partiéle from the scattered intensity
as a function of aﬁgle.52 For the measurement of exrythrocyte size and shapé,
more significaht information woula be added if biochémiéal and physiological para-
meters could be simulated. Fié. 13 shows low angle light scattering set at a 15°
“angle in a medium of KHB, buffered at ph 7.4 with 0.36% éodium metabisulfate solu-
tion used fo induce deoxygenation iﬁ sickle cells. As illustrated, the sickled
non-treated cells produced more light scattering changes than imidoester-treated
cells or control cells. This difference may indicat¢ that the hemoglobin in the
non~treated celis are polymerizing within the cell causing gellation and denéity
changes. These same differences between non-treated sickle cells and control and
treated cells occurs in light transmission, which, in the fofmer,'increases after
the addition of sodium metabisulfate and.then decreases, whereas no change oécurs
in the-latter.

The in vitro étudy of potassium release in sicklé membranes incubated with
nitrogen has shqwn clear métabolic defects in tﬁe sickled membrane. During

sickling a net potassium release occurs. >3 Determination of net potassium loss

is, therefore, a quantitative measure of the amount of sickling.54'55 In these

etudies Quabain wés added to the incubated cells in order to inhibit the ATP medi-
ated cation pump and, thus, magnify the potassium loss induced by sickling. When
sickling is absent, a small loss of potassium occurred, due to the presence of qua-
bain. Potassium loss is modified by hypoxia reflecting active sickling of erythro-
cytes. 5mM of DMA or DMS completely eliminated the nét,potassium loss induced by

hypoxia in sickle cells: treated sickle cells incubated at 3.3% shows net potassium

- loss within the usual range of 20% O, incubationsvwhere sickling is not observed.
These data indicate that the net potassium release related to sickling can be pre-

vented through imidoester treatment.
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The amount of amidation of normal cells was expres;ed by the TNBS reactibh.

In Fig. 15, DMA, DMS, DMSSP and EA were cohpared at various concentrétions én the
percentages free aminé acids graups'present after cross-linkages. At SﬁM concen-
tration, there were 80% bound amino groups in DMSSP treatea cells compared to 65%

at DMS, 52% in DMA aﬁd 50% in EA; at 1 mM concentratién, th;re were 40% free amino
groups bound in DMS, DMSSP, and EA, compared to 25% in DMA.' Taking these same
imidoesters and looking at their effectiveness in inhibiting sickling, we see.in

Fig. 16 that at 1lmM concentratioh inhibition with DMA is SO% DMSSP, 77% and EA, 80%.
From this data we éan éorrectly say that a fewer cross-linkaées and. the highest degree
of inhibition of sickling is achieved with DMA. As previouél? discuSSéd under condi-
tions of éonstant temperature, ph and concentration, the amount of free amino groups
"bound dépends solely on the structure of the specific imidbesters, the amount ofvdecom-
position and the spacing of the amino groups available for corss-linkages.

The influence of imidoesters on the percentage of.sickle forms following incu-
bation with sodium metabisulfate and 95% nitrogen, respectively, is shown in Figs.
17, 18. The cells incubated in 92% nitrogen shows a decrease from 80% inrcontrol.
sickle cells to 15% in 1mM treateq with DMA, DMS and EA aﬁd 20% in the case of SMSSP;
DMM and MMB had little effect on cell siékling. 'Fig.FZO shows the same effects
when cel;s are incubated with sodium metabisulfaté ihsteadvof_92% nitrogen. At .25mM
however, imidoesters dqes not not protect against sickling, but at .50mM this protec-
tion increases from 42-48% in the three imidoesters tested; -DMA, DMS, DMSSP and EA
have proven to be the most effective reagents known today in terms of preventing
sickling without destroying the metabolic functions of the cell's membrane. DMA and
MMB proved to be not so effective at this concentration, 5ut at higher concetration

100mM~800mM, sickling was prevented.
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Fig. 19 indicates the events that take place in a sickle cell from the moment
of deoxygenation to the loss of Hbs to the surrounding medium. Fig. 20 is a

diagram showing how bifunctional imidates cross-link to membrane or protein molecules.
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DISCUSSION

The optical density changes which have been displayed in sickle cells at
low angle light scattering,vwere taken near an isosbestic Wavelength to minimize
absorptioﬁ contribution to 0.D. changes.. The analysis of chaﬁges in optical
dehsity‘of sickle cells consequent to low-angle light scaftering appears to be
a good method for evaluating the effects of imidoester txeétmeht on sickiing.

For smaller particles, an unambiguous determination of size and shape, known
' 56,57,58

refractive index, can be determined from light scattering pattern. For

large particles, where diﬁfraction effects dominate, the scattering and refractive
index contribution are not significant and the Fraunhofer approximation to Loreénz
59,60

(Mie) theory is better used for complete analysis of the results. The

morphological kinetics of sickle cells, described by Pohder,'suggests that light
scattering techniques will be a valuable aid in elucidating the sequence of events
that occurs in sickling.

The reaction of imidoesters with erythrocytes was found to be controlled by
. ph, temperature, time and concentration, whereas amidination seems to be controlled
by the specific structure of each imidoester and the spacihg of the available amino
or protein groups. | |

Many studies performed on :the effects of imidoester modification of proteins,
seem to indicate that bifunctional cross-linking reagents élter the structure of
proteins without affecting their functional properties. ?he metabolic functions
of they erythrocyte membrane did not change during mild imidoester treatment, even
though the membrane. protein became cross-linked up to 70% (e.g. potassium trans-

port, enzymatic activity, and oxygen transport).6l In this regard the data on the
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physical properties of certain amidinéted prdteins reportéd by Wofsy and Singer62
wéuld indicate that extensive amidination céused only minor, if any, conformational
changes in the proteins.

Sicﬁle'cells treated with DMA and DMS, seem to prevent_;E_YEEEQ_potassium leakage
during hypoxia incubation with quakian. This finding suggests that potassium
leakage is directly controlled by sickling, even though there appear to be extra
channels in the membrane.63

The use of hypoxia-induced potassiuﬁ loss fromusickle cells is based on Tosteson's
observations 6f increased potassium flux in deoxygenated sickle cells.64 If quabiagn is
added to the system to inhibit active cation transport, thé acceleration of potassium
flux is reflected as potassium loss from the cells to the medium. The rate of

potassium loss is linear and inversely related to the oxygen tension. The magnitude

 of the loss varies soméwhat in different runs, but the rate at any oxygen tension is

directly proportional to the concentration of S hemoglobih in the cells and known
inhibitors of sickling such as increased ph or carbon monoxide decrease the rate in .
a predictable manner.6s Therefore, measurement of the rate éf the potassium loss pro-
vides a quantifiable’hethod for the assessment of sickling, and possible beneficial
effects of drugs such as imidoesters can be more precisely evaluated.

Data from osmotic fragility tests, and TNBSreactionsshowbthat both hemoglobin

and membrane proteins are being cross-linked (N-N disubstituted) by bifunctional

imidoesters, and that monosubstitution (N-substitution) is formed with the monfunc-

tional imidoesters. These observations, and the finding that Ethyl Acetimidate

(moncfunctional reagent) effectively prevents sickling suggests that bifunctional

- imidoesters are not the deciding factor in preventing of sickling.
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In other sickling studies, Gillette, showed that potassium cyanate reacts

specifically with'the amino Terminal valine residue to prevent sickling.66 His
theory is that cyanate prevents the intramolecular salt bridge formation in the
deoxy conformation, thus increasing oxygen affinity, 1ike cyanaté bifunction-
al imidoesters'iﬁcréase oxygen affinity, but to a 1essef extent. The Pgq in‘DMA—
treated cells decréases from 35mm to 24mm67 and with éyaﬁate, the deérease is from
35mm.to 13mm68, indicating thai hemoglobin treated with.cyanate holds oﬁ to the
oxygen molecule more tightly than do DMA-treated cells. Unlike cyanate, however,
imidoesters inhibit sickling under conditions of cémpléte deoxygenation, indicating 
thét factors otﬁer than altered oxygen affinity are involved. On the basis of the
foregoing, it seems reasonable to hypothesize tha;-the mechanism behind the preven-
tion.of sickling by imidoesters is the ability to stabilize the previously unstable
" deoxy hemoglobin molecule.®9 Most investigators would agree that rodlet formation

: \
during deoxygenation requires at least two interacting regions, opposite each other
for nearly spherical molecules. Since we are dealing with only one kind of mole-
cule, these regions are self-complementary.70 Residue beta (6) is normally giutamic
acid. It has a charged side chain that sticks outward.’l  In sickle cell hemoglo-
bin, the glutamyl residue is replaced by valine.72 Charache has speculated, and it
seems prgbable, that the uncharged side chain of valine beté'(6) also sticks outward
and can make contact with other molecules. Since the side chain is uncharged, we
mightvsuppose that.a hydrdphobic bond is formed during siékling.73 Normal red cells
do ﬁot sickle because the net energy of inferaction, i.e. the sum of attractive and

~repulsive forces between molecules - comes out negative.74 Valine at beta (6) tips

the balance (to a net attrative) and rodlets form, but only in the deoxy conforma-

tion. As the beta chains swing outward during deoxygenation, two self-complemen-

tary sites fall into alignment and molecules stack one upon another like building
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blocks. Within thé red cell, the resulting rodlets are paékéd so tightly that
they cannot rotate freely, and gellation and membrane distbrtion occurs. TNBS
data seem to indicate that imidoester treatment removes or reduces self-conplemen-
térity action within sickle hemoglobin to stabilize thé deoxy form. The data
also indicates that only a small pércentage of the total free amino acids groups
need amidination to prevent sickling. For exémple, 25% bound free amino acids
groups will prevent 80% sickling.

Even though the hypotheses discussed here seem to suggest that hemoglobin
amidination alone is responsible for the prevention of sickling, the possibility
remains that inhibition of sickling may result from a combined effect on both the

membrane and hemoglobin.

I have presented evidence that imidoesters are the most potent antisickling
agent known to man today. Possible c¢linical use of this reagent, therefore, looks
very promising. However, the marked inhibition of sickling and the apparent lack

of major effects on erythrocytes metabolism, suggest that these reagents might be

used without seriously disturbing normal red cell physiology.
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