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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
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United States Government or any agency thereof, or the Regents of the University of
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ABSTRACT

A new approacﬁ to ﬁhé~préventidn.of sickling'in vitro usiﬁg the
bifﬁncfionél Cross lihkingAreagent, dimethyl adipimidate, is described.
Sickling induced by an0xia,can'bé totally prevented by a ten minﬁte
exposure of‘siékle erythrocytes‘fo dimethyl adipimidate. Treated
erythrocytes do not demonéﬁrate the pbtassiﬁm loss and viscoéity
iqcreasé which usually accompaﬁy sickling. Thé oxyéen éffinity of
heméglobin in these‘céils is incfeased indepenaently from cﬁanges.ih
their concentration of 2,3 diphosphoglycerate. Since sickling 1is
prevented.ih'completely deoxygenated cells, the changes in hemoglobin

' oxygen affinity‘aloné can not explain the mechanism of this effect.:
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INTRODUCTION

i

- Recently, sévéral.attempts to- inhibit siékling By ﬁodification of
thefhemcglbbin molecule have been successful in Qitré. Ni&rogen '
mustard ‘has been reported>ﬁo inhibit;sickling by é diredt effect
on hemogloﬁin gelation(l).. In contrasf,.cyéﬁate appears to act
by'quifying hemoglobiﬁ éxygeﬁ affinity(Z)}v Preliminary clinical
vtrials suggest that cyanate may be therapéutic@ily'beneficial in
sickle céll diéeaée’(B),'butvpotential side effécts‘exisﬁ(A).

In this report, we describe_a_new anti-sickling agent, diméthyl
adiﬁimidate (DMA). This material is a bifunctional cross linking
 reagent which is knéwn to covalently link the epsilon amino groups
of lysine in polypeptides(S); At a.concentrétion of 5 mM it éffectively

inhibits sickling and appears to have fewrdele;erious side;effects

in vitro. .

METHODS AND'MATERIALS

Fresh heparinized bibod‘sampleé were obtained from patients with
sickle cell anemia. The cells wére washed with Krebs Henseleit
Buffer, pH 7.4, which coptéined 200 mg} % glucoée and resuspended to
é final hematocrit éf 20%. fo-4 ml. ofvthe‘red ceil suépensioﬁ

was added 16 ml. oin.lé.M tris—hydroxymethyl meﬁhylaminé fropane
.sulfonic acid buffé;, previously adjusted to-pH 8;8 with 5 N NaOﬁ.
The eﬁtiré suspensionYWas then incubaﬁed for 10 minutés in'a flask

. containing freéh, dry, powdered DMA“ at a final concentratioﬁ of

5 mM. Control samples were prepared in an identical fashion except

* Obtained from Pierce Chemical Co., P0.0. Box 117, Rockford, Illinois 61105



sucrose, (26 mM final conceﬁtration) was sﬁbstituted for DMA. The
osmolarity of the ianbate mixture was 280 mosm. Following incubation,
the cells were washed with Krebs Henseleit Buffer‘aﬁd’resuspended

in ﬁhe original plasma at a final hematocrit of AOZ_and equilibrated

with room air. , ) - o }

The ﬁumbef of sickle foims was measured after the preéarations
were.deoxygenated by equilibration with nitrogen:for 1 hour in an
IL tonometer Model #237. Following equilibration,'aiiquots were
'anaerobically_transfer:ed into 107% formaldehyde iﬁ’shline‘for
fixation. 500 cells were coqnted using previously described

criteria (6).

The viscosity of DMA treatedvand control cells was measured in a
Wells‘Brookfield cone plate microviscometer Model LVT adapted to
m5intaiﬁ controlled atmospheric gas tension (7). Following
aajustment of the hgmafocrit to 40 + 1%, the blood wéé equilibrated
for one hour with. humidified 95% N, and SZ C02 in an IL tonometer
Model #237, then transferred in a closed system to the viscome;er;
The.yiscosity was measured at shear rates ranging from 4.5 to 90' 

sec.-1 during continued exposure to nitrogen.

In vitro studies of erythrocyte me;abolism and of.ncﬁ-K+ 1oss'

were cdnductea by incubation at 37°C. of thrice washed erythrocytes
in Krébé Henseleit Buffer with adéed glucose (10 mH) iﬁ ghe présence
of 1074 oﬁabain. ‘The samples were continuously equilibrated ﬁith |

moistened gas mixtures consisting of nitrogen plus either 20%, 3.3%,
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or 0% oxygen and pH‘was maintaiﬁéd at 7.45 iAO.OSIby varying the CO,
concentration utilizing a gasometric pH stét (S). Superﬁatant K+
conéentratioﬁ waé determined by flame thtOmetry; Red cell 2,3
dipﬁqsphogiYcerate (9) conéentrétions wére determined iﬁ perchloric

acid extracts.

Thé’wholelblood dxygen affinity,.expfessed as pso;(that oxygen
tenéionAat.which hemoglobin is half satufated),twas determined by
measurement of hemoglobin ox?ggn saturation and pOé after
eqﬁiiibratioﬁ of thé‘samples with,gas mixtures cqntaining'Z.ZZ,l
2.8%, 3.2%; aﬁd 3192 éxjgen élus.SZ CO2 and the femainder hitrogen.
The p50 was caicuiated by a besf fit'énalysis of'these data and

corrected to a pH of 7.4.

RESULTS
The influenée'of'DMA.on the ﬁumber of sickle forms following
deoxygenation is shown in Figure I. The percentage of sickled
éells was feduééd'from‘sozlih untreéted.cells'to~4z by 5 mM DMA
andlpb 0% by lC mM DMA. The pH remained stable at 7.4 dﬁfiﬁg

these incubations.

. The inhibition_6f~$iékling by DMA was further évaluated by
-measurement.of net K+ loss from sickle cells incubated uﬁder hypdxic.
conditions; As previouslyvshowﬁ,a'marked increase in net K+ léss‘
‘accompanies sickling (10).: Determination of nét K+ loss is, thefefore,

a quantitatiVe measure of the amount of sickling (11,12). Ouabain was
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added ﬁo-the incubatéd_cells in ordérbto inhibit the ATP médiatéd cation
pump and ﬁhus magnify fhe K+ loss indgbed by»éickling; When sickling
was absent, a small loss of K+ nevertheless occurreé; due to the
presenée,of_ouabain; K+ loss wés gfeatly.acééntuated by hypoxia,
«réflecting activeisiékiing of erythrocytes. 5 mM DMA cdméletely
Aeiiminatea.the'net K+ loss induced-by.hypéxia in éickle cells. A
répresentative experiﬁent'is shown in FiguréIII; In this experiment,
3.BZ oxygen was chosen to induce a physiologiéal iéQel of hypoxia.
Treated sickie cellé.incubafed at 3;3%‘02(closed circles) show ﬁet
K+ loss within the wusual rangé of 20% 02 incubations whéfe sickling
is‘not observed. = These results were'noﬁ dué-to‘prior depletion of
:intracellular K+ by DMA éince_intracellﬁlar cation concentrations '

were unaffected by DMA. (Data not shown)

The whole blood viscosity of deoxygenated sickle cells was reduced
atﬁall shear rates by treatmént with DMA. . (Compare closed circles
QerSUs cloéed'équa;esvin the representative experiment which is '
éhown in Figure-III.) ‘In éqntrast, the viscosity of deoxygenated
normal blood which is less than that of éickle blood at similar shear
rétes, was slightly increased.following DMA treatﬁént.'(Compare ’
open circleé‘and sduares) However, it should be noted these slight

changes in normal cells are still within our normal limits for

this determination{

The ‘oxygen affinity of sickle and normal cells was consistently

and significantly increésed followingltreatment'with 5 mM DMA.

T e e
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'(Figure IV) _Thevmeén'pSO‘value for whole blo&d'for six_pat§ents
with sickle cell anemia was décreased.from 33.0 + l.7vmmf'Hg. to
.24.i_i 0.56 mm. Hg. In five normal céntfols, the_pSO value was
.deéreased from 28.7 4+ 1.2 mm. Hg. to 23.5 + 1.4 mm. Hg. Erythrocyte
2,3‘diphoéphoglycefate levels in DMA‘tréatéd sickle cells were
siightly 1§wer (5.69_i-0:5 mM/L cells) than in sickle cells.not
treated with DMA. ’(5.90ii 0.23 ﬁM/L.ceils). Changes of similar =
magnitude Vere.prddﬁced in control erythrocytes. In neither sickie -
nor control rgd cells were tﬁe‘differences in red cell 2,3

diphosphoglycerate Iérge-enough to account for the changes observed

in hemoglobin oxygen affinity (13).

Preliminary studies with sickle eryﬁhfocytes have revealed that

5 .mM DMA dbes noﬁ suBstantially alter'glucoée conéumption, lactate
Zproduction‘orbglyéqlYtic red cell enzyme acéivity. Red cell indices
wére.altered slightly by DMA. A‘S% incfease in the-ﬁean corpuscular
volume aﬁd a 5% decrease in the.mean.qorpugculér ﬁemoglobin
concentration occufred in Eoth normai"and.sickle'cells, while the

mean corpuscular hemoglobin' remained unchanged.

_DISCUSSION
In this paper, we preseﬁt evidence which ‘indicates that an 8 carbon

bifunctional cross linking reagent, DMA,
- : NH,+ NHyt

CH,,0-6- (CH ) och
3 ,)7C-0CH,

is a potent inhibitor of sickling. Like cyanate,'another inhibitor of
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sickling, DMA alters hemoglobin oxygen affinity.. Unlike Cyanate,
DMA inhibits sickiing even under conditions of complete déqugenation,:
iﬁdicatinggthat factoré,other than altered oxygen affinity must also

be involved.

PreviouSYStudies have indicated that bifunctionél cross linking

i«

reagents'ﬁay alter the sﬁrﬁcture of pro;eins Witboﬁt affecting

their fuﬁctional prOperties; - For exaﬁple,'when”ribonucleaseAis
‘trgatedvhith,DMA, enzymatic function is ﬁhaltefed despite intrachain'
crqés linking between ﬁhe epsilon'aﬁiho groups. of lysine reéidues(lA);
In.human_efythrocyteé, Neihaus and Wold have démonstratéa that
concentrations of DMA as low as 0.8 mM covalently croés link lysine

residues in both the membrane and hemoglobin. This cross linking had

no adverse effect on glucose gonsumﬁtionbby intact cells and inhibited
the release of oxygen from ﬁemogldbin (5). Krinsky; Bymun and Packer
have demoné;rated thét,ﬁuman érythrocytes tréateé with DMA are resistant
;o.oémotic lyéis.but maintain their responsiveness to gramicidan .
" induced K+ permeaﬁility (15). This suggests that a physiologic-
stabilization of “the meh?rané may have been induced by this agent.
=Tékgn togefher With.;he effects on oxygen affinity, these results
indicate that a éoﬁbinéd effect on both the membran¢>ahd'hemoglo$in may
account for,the.inhibitidn of sicklinglﬁleMA.
;It'is premature to épéculafe on the poééible clinical rolé’for DMA
in the treatment of sickle cell diseése. HoweVer, both.tﬁe marked -

inhibition of 'sickling ahd the apparent lack of major effects on
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-erythrocyte metabolism,'suggest_that.this_agent'might be used
without sefiousiy distufbiqg.normal red cell physiology.. Any
therﬁpeutic_application must'await delineation of the mechanism
whereby sickling is inhibited and a tﬁorough>evéluaﬁion of possible

toxicity.
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LEGENDS

Figure I.  Influence‘Qf DMA on sickling.

" Following a 10 minute treatment with varying concentrations of DMA,
the cells.weré‘equilibrated with nitrogen ﬂorvqne hOurvand fixed
in formalin. ~The percent sickléd forms was determined by counting

at least 500 cells (6).
Figure JI. The afféct of DMA on net K+ loss from hypoxié‘sickle cells.’

The range of net K+ loss fromvsickle‘cells following equilibration
with eithef'3;3%w3r 207 0, is indicated by .the shaded afeas. A e
représentative experiment in which siékie cellé_Were‘tpeated with.

5 mM'DMA and then:equilibrated at 3.3%_02 issﬁdwn by the SOlid_circlﬁs.
Net X+ loss from the same .cells nét treated with DMA is éhown by the;@

open circles. 10 + ouabain was present in all incubations.
Figure III.. Viscosity of DMA treated erythrocytes.

"Following treatment with either 5 mM DMA or 26 mM sucrose, the
whole blood was equilibrated with nitrogen for one. hour and the
viscosity measured - in a cone plate viscometer at‘varying shear rates.

The hematocrit of all samples was 40 + 17%.

.Figufe IV.  The influence of DMA on the oxygen affinity of

heméglobinr

The oxygen affinity of hemoglobin in sickle cells and normal cells
was measured before and after treatment with 5 mM DMA. The mean for
. each group is indicated by the horizontal bars. 2,3.diphosphoglycerate‘

levels did not change significantly. (See teéxt)
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