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Sickle cell disease (homozygous hemo- 
globin S) results from the presence of an 
abnormal hemoglobin (p6 Val + glu) in 
the red blood cells (1) which, upon deoxy- 
genation, causes the erythrocytes to sickle. 
Cerami and Manning ( 2 )  have demon- 
strated that treatment in vitro with potas- 
sium cyanate (KCNO) can prevent the 
sickling of erythrocytes obtained from pa- 
tients with sickle cell disease. Moreover, 
sickle cell erythrocytes which have been 
treated in vitro with cyanate exhibit an in- 
crease in their mean 50% survival time, as 
measured by radiochromium, when they are 
returned to the patient (3). Although cy- 
anate may result in the carbamylation of 
the c-amino groups of lysine residues in 
proteins (4), there was no detectable car- 
bamylation of the lysine residues of hemo- 
globin S in these studies. Thus, these actions 
of cyanate appear to be mediated by the 
specific carbamylation of the amino ter- 
minal valine residues of the hemoglobin S 
molecule. More recently, Manning et al. 
(5)  have noted that hemoglobin is car- 
bamylated by injected I4C-cyanate to a 
much greater extent than the serum proteins. 
This specificity has been attributed to the 
low pKa of the amino terminal residues of 
oxyh emoglobin. 

Cyanate has the potential, however, to 
modify the free amino groups of many pro- 
teins, since the carbamylation of these 
groups is irreversible and nonspecific (6). 
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In this regard, deFuria et al. (7) have dem- 
onstrated a decrease (approximately 25 % ) 
in the activity of the enzyme pyruvate 
kinase in sickle cells treated with cyanate. 
Additionally, Crist et al. ( 8 )  have reported 
that intravenously administered cyanate re- 
sults in the carbamylation of brain, blood, 
and liver proteins. Sodium cyanate in vitro 
(10 mM) has also been reported to ad- 
versely affect the activity of bovine lutein- 
izing hormone and thyroid stimulating hor- 
mone as determined by bioassay (9) .  Thus, 
the relatively nonspecific aspect of this re- 
action along with the potential therapeutic 
use of cyanate in sickle cell disease as an 
orally administered agent prompted us to 
examine its effect on the glycoprotein hor- 
mone erythropoietin (Ep) , the principal 
regulator of erythropoiesis in man ( 10). 

Materials and Methods. Morphologically 
normal human bone marrow cells obtained 
by aspiration from the sternum or iliac crest 
of patients undergoing this procedure as 
part of the clinical evaluation of their dis- 
ease states, were cultured according to a 
previously reported ( 1 1 ) modification of 
the method of Krantz (12). The aspirated 
bone marrow cells were immediately placed 
in cold NCTC-109 culture medium (ad- 
justed to pH 7.2 with 7% NaHCO,) con- 
taining 200 units heparin and 50 units of 
penicillin G per ml. The cells were washed 
twice with the cold NCTC-109 solution and 
finally suspended at a concentration of 
2-5 X lo6 nucleated cells/ml in an incu- 
bation medium consisting of 60% NCTC- 
109 solution and 40% heat-inactivated 
(56" for 30 min) human plasma, type AB. 

Samples (0.8 ml) of the marrow cell 
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suspension were placed into 35 X 10 mm 
plastic tissue culture dishes (Falcon Plastics) 
and then treated with Ep or cyanate-treated 
Ep. After these additions, the cultures were 
incubated at 37" in a humidified atmos- 
phere of 5% CO, in air for 72 hr. Six hr 
before the cells were harvested, 0.5 pCi 
59Fe citrate was added in 0.1 ml of heat 
inactivated AB plasma. At the termination 
of the cultures, the cells were washed three 
times with cold, isotonic saline. The cells 
were lysed by freeze-thawing in distilled 
H,O (1 ml) and Drabkins' reagent (1 ml). 
The next day, the heme was extracted into 
3 ml of 2-butanone according to the method 
of Teale (1 3 ) .  Radioheme was determined 
in an Autowell I1 gamma counter (Picker 
Nuclear, Inc.). A minimum of 3 plates was 
employed for each determination in each 
experiment. The statistical significance of 
the data was determined by the use of the 
Student's t test for small samples. 

Potassium or sodium cyanate, recrystal- 
lized from ethanol-water, or lC-labeled 
potassium cyanate (New England Nuclear, 
specific activity 10 mCi/mmole), or 14C- 
labeled sodium cyanate (kindly provided 
by Dr. Peter N. Gillette) was employed as 
the carbamylating agent. Step I11 sheep 
plasma Ep (3.47 IU/mg protein) was ob- 
tained from Connought Medical Research 
Laboratories, Toronto, Canada. In a typical 
experiment, a solution of 200 mM KCNO 
was prepared just prior to use in each ex- 
periment. This solution (0.4 ml) was diluted 
to 50 mM with an Ep  preparation (24 IU/ 
ml isotonic saline), adjusted to pH 7.2 with 
1-2 drops of 7% NaHC03, and incubated 
for 1-1.5 hr at 37". Following the incu- 
bation step, the material was collected into 

a dialysis sac and dialyzed against cold 
(4"), distilled H,O for 1 day. The dialyzed 
material was used immediately or frozen 
until just prior to use in the culture system. 
In each experiment, several control values 
were determined on samples in which a 
0.9% NaCl solution replaced the 200 mM 
cyanate solution. Similar experiments with 
NaCNO gave essentially identical results. 

"C-labeled cyanate and polyacrylamide 
gel electrophoresis were used to provide evi- 
dence that the cyanate-treated hormone had 
been carbamylated. Thus, 10-40 pl of an 
Ep preparation which had been incubated 
with K14CN0, as described above, was 
electrophoresed at 5 mA/gel according to 
the procedure of Weber and Osborn (14) 
with the exception that the gel buffer was 
used at half-strength. The gels were stained 
with Coomassie Brilliant Blue R and the 
absorbance of the stained material at 570 
nm determined. The gel was then cut into 
0.9 mm sections which were each dissolved 
by incubation with 0.1 ml 30% H,Oz at 
50". The dissolved gel fractions were 
counted in 10 ml Aquasol in a Beckman 

Results. The results of three separate 
experiments are presented in Table I. In  
each experiment, the treatment of each of 
the bone marrow cell cultures with 0.4 
IU E p  resulted in a significant increase 
(>200%, P <  0.01) in the amount of 
radioiron incorporated into heme. Heme 
synthesis in cultures treated with Ep which 
had been previously incubated with cyanate 
was also significantly stimulated ( > 200%, 
P < 0.01), when compared with that in 
the untreated controls, Moreover, in each 
experiment there was no significant differ- 

LS-25 0. 

TABLE I. Effect of Cyanate-treated Erythropoietin on Heme Synthesis in Normal Human Bone 
Marrow Cell Cultures. 

CPM Radiohemelm1 of 2-butanone extracta 

Control 
Dialyzed Ep Cyanate-treated Ep Experiment untreated EP 

1 17.26 t 1.38 70.29 -F. 3.50 60.18 k 5.72 42.71 -t- 6.68 
2 10.43 2 051 25.05 +- 2.52 24.70 2 2.55 32.15 ?c 1.75 
3 88.43 2 7.24 197.28 -t 11.27 163.48 -F. 5.97 181.00 k 8.51 

a Mean net counts -C 1 standard error of mean; background CPM N 200. Ep-erythropoietin. 
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ence ( P  > 0.05) between the values ob- 
tained for the Ep stimulated cultures and 
those for cultures exposed to the cyanate- 
treated Ep. This demonstrates that the ex- 
posure of Ep to 50 mM cyanate for 1 hr 
at 37” did not inhibit the biological activity 
of the hormone. Additionally, the biologi- 
cal activity of the cyanate-treated hormone, 
as measured by its ability to stimulate heme 
synthesis in these cultures, did not usually 
differ significantly from that of the dialyzed 
hormone. In one experiment #3, however, 
a slight but significant ( P  < 0.05) loss of 
activity was noted in the dialyzed, non- 
cyanate treated, Ep preparation. 

Discussion. Cyanate reacts irreversibly 
with the amino groups of proteins (6) .  
Thus, despite its potential beneficial effect 
in sickle cell disease, cyanate has been re- 
ported to decrease the activity in vitro of 
erythrocyte pyruvate kinase ( 7 ) ,  bovine 
luteinizing hormone (9)  and thyroid stimu- 
lating hormone (9). In addition, some in- 
vestigators ( 15) have reported a decrease 
in the over-all activity of the hexose mono- 
phosphate shunt and of glucose-6-phosphate 
dehydrogenase in erythrocytes which have 
been incubated with cyanate for one hour. 
Moreover, an inhibition of globin synthesis 
in human bone marrow cells exposed to 
cyanate ( 5  mM) has been observed (16). 

deFuria et a/. (7) ,  however, have 
shown that there is no significant reduc- 
tion in the major rate-limiting enzymes 
of the erythrocyte glycolytic pathway. Other 
studies (9) have shown that the exposure, 
in vitvo, of bovine growth hormone, human 
chorionic gonadotropin, or bovine follicle 
stimulating hormone to 10 mM NaCNO 
does not effect their biological activities. 
The latter hormone, however, lost approxi- 
mately one-third of its activity after expo- 
sure to a higher concentration of cyanate 
(100 mM). Moreover, rats receiving 100 
mg/kg of sodium cyanate daily show no 
differences in pituitary weights and pituitary 
luteinizing hormone concentrations when 
compared to those of control animals (1 7). 
These observations are in accord with the 
suggestions of some investigators ( 18, 19) 
that the only significant change in animals 
treated daily with cyanate is an increase in 

the oxygen affinity of the blood. In this 
regard, deEuria et al. (7)  have shown that 
hemoglobin oxygen affinity is a sensitive 
index of the degree of carbamylation. The 
results of the present study show that the 
exposure of Ep to 50 mM cyanate for one 
hour at 37” does not adversely affect the 
biological activity of the hormone as tested 
by this system. Thus, the cyanate-treated 
Ep preparation was able to stimulate heme 
synthesis in normal bone marrow cell cul- 
tures as effectively as native Ep. Cerami and 
Manning (2) have shown that the concen- 
tration of cyanate employed in these experi- 
ments is able to irreversibly inhibit, in vitro, 
the sickling of sickle-cell erythrocytes. 

Only minor differences were noted, prob- 
ably reflecting the different degrees of car- 
bamylation of the several proteins in this 
preparation, between the electrophoretic 
mobility in polyacrylamide gels of the 
cyanate-treated preparation when compared 
with that of the untreated hormone. Sev- 
eral distinct protein bands were present in 
each preparation. The apparent hetero- 
geneity of more purified Ep (500-2,300 
IU/mg of protein) subjected to either poly- 
acrylamide gel electrophoresis or isoelectric 
focusing has suggested that the active hor- 
mone may be a “family” of closely related 
molecules ( 10). 

In this regard, it is not unequivocally 
clear that the active hormone has neces- 
sarily been carbamylated in these experi- 
ments since we employed a reaction volume 
of 1.6 ml containing 28.8 IU E p  in 8.3 mg 
of protein. Thus, utilizing the reported (20) 
specific activity of pure Ep (-9,000 IU/ 
mg), it is apparent that only about 3 pug 
of protein in our preparation is Ep. We 
are not able to determine what percent of 
this amount has been carbamylated. There- 
fore, although an absolute answer to this 
question will have to await the availability 
of highly purified Ep, it has been shown 
that cyanate, as employed here, does not 
interfere with the biological action of the 
hormone. The polyacrylamide gel electro- 
phoretic pattern (Fig. 1) of the l4C-cyanate- 
treated Ep suggests that several proteins in 
this Ep  preparation have been carbamylated 
by the labeled cyanate. In order to ascer- 
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FIG. 1. Sodium dodecyl sulfate polyacrylamidt gel electrophoresis of cyanate-treated erythro- 
poietin. Gross CPM have been plotted; the background was less than 10 CPM. 
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