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AB3TRAGT

The red blood cells of individuals who have either sickle
cell anemia or sicklemla possess the capacity to undergo re-
versible changes in shape in response to changes in the partial
pressure of oxygen. When‘the oxygen pressure ls lowered, thess

cells change thelr forms from the normal biconcave disk to

5

crescent, holly wreath, and other forms. This process, known
as sickling, occurs more readily in sickle cell anemia than in
sicklemia. The evidence available at the time this investiga-
tion was begun indicated that the process of sickling might be
intimately associated with the state and nature of the hemo-

~

globin in the sickle cell erythrocyte. Electrophoretic investi~
gations revealed a difference in net charge between the hemo-
globins of normal individuals and sickle cell anemia individuals.
The hemoglobin from the erythrocytes of sicklemic individuals

was found %o consist of two electrophoretic coﬁponents, identi-
fiable with sickle cell anemia hemoglobin and normal hemo-
globin., The globing derived from these hemoglobins cannot be
distinguished from each‘other on the basis of electrophoretic
@xperiments@ Titration studies on these hemoglobins failed %o
reveal any significant differences in number and type of
lonizable groups. A rapid chemical method was developed for

producing sickle cells by the use of sodium dithionite.
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PART I

CONTRIBUTIONS TO THE STUDY OF
SICKLE CELL HEMOGLOBIN



INTRODUCTION

The existence of the disease now called sickle cell
anemia was first brought to the attention of the medical
profession by the description of a case by Herrick (1) in

1910. The most striking hematological characteristic of this

.

¥

disease 1s the pressence of peculiar sickle shaped erythro-
cytes which are less resistant to destruction within the
circulation than normal erythrocytes. A state of chronic
anemia exists In the afflicted individual, and this anemia

i1s periodically accentuated by "erises"™ during which bthe rate

of destruction of red cells is greatly increased. The Symp -

toms and tissue changes in sickle cell anemia have been attrie-
buted to the chronic anemia and to multiple thromboses in small
blood vessels of masses of abnormally shaped red cells. The
condition is hereditary, and is confined almost exclusively to
negroes. While whole blood transfusions are employed to
alleviate temporarily the severe anemia following crises, no
specific treatment 1s known for the disease, and most victims
do not survive the third decade of life. Death may occur from
intercurrent infections or from the destructive effects of the
anemla and thromboses on the vital OPrgans.

A closely related hematological condition is sickle cell
trailt or sicklemia. Individuals in whom this condition exists

have no symptoms of sickle cell disease but possess erythrocytes
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which assume the sickle shape under appropriate conditions.

The existeﬁce of this trait in an individual apparently bears
no relation to his health and life span. Whereas in sickle
cell anemla the history and sympbtoms of the patient frequently
lead to its diagnosis even before his blood is examined, in
sicklemia the presence of cells which sickle is the only cri-
terion of diagnosis. In studies made in ;£e United States it-
has been found that about seven or eight per cent of negroes
have this trait. Studles in Africa have yielded an average
incidence of about twenty per cent (2). The ratio of incidence
of the anemla to the trait in this country is about one to
forty. The ratio of occurrence at the time of birth must bs.
considerably higher because of the high mortality among sicklen
cell anemia individuals 1in early life.

Neel (3) has recently postulated that there exists in the
negro population a gene which in the heterozygous condition
results in sicklemia and in the homozygous condition in sickle
cell anemia. His statement is based on the finding that the
trait was present in every parent of a sickle cell anenis
patient that he tested.

Of primary interest to the chemist is the change in shape
of the erythrocytes in sickle cell anemia and sickle cell trait
in response to the presence or absence of cxygen or carbon

monoxide. In the presence of either of these gases the cells



are binconcave discs Indistinguishable in shape from normal
erythrocyﬁeso Removal of the gas causes the cells to undergo
remarkable shape changes which lead eventually to the formation
of typical sickle shaped cells. Initilally the hemoglobin
appears to aggregate at one or more foci within the cell. This
ig followed by the collapse of the cell membrane and the join-
ing of the hemoglobin masses into a singi; elongated mass. The
process is reversible, the sickled cells reverting to the bicon-
cave disc shape upon the addition of oxygen or carbon monoxide.
Tnis procedure may be repeated over and over with same cells
without any noticeable diminution in their capaclity to sickle,

1.

he existence of "irreversibly sickled"™ cells (4) has been

reported. This phenomenon occurs in cells which have been main;
tained inra sickled condition for long periods of time, and the
apparent inability to resume the discoidal form may be due to

a permanent damage to the cell membrane (5).

Aside from numerous clinical reports the bulk of the
studles on sickle cell anemia have been concerned with the
erythrocyte and the sickling process. It was first noted in
1917 (6) that sickling of the erythrocytes of a sickle cell
anemia patient occurs when a drop of his blood has been sealsd
of f from the atmosphere for varying periods of time. This test is
still the one most widely used in the diagnosis of sickle

cell anemia and trait, and it has been employed by numerous



investigators to study the effects of varying physical and
chemical conditions on the sickling process. It was found
that sickle cell formation is accelerated by increase of
temperature and by the presence of white blcod cells and
bacteria. Serum was found tc play no part in the sickling
process, and sickling was observed in sal{ge suspensions of
susceptible cells. The significance of these findings was
clarified by the experiments of Hahn and Gillespie (7), which
established for the first time the relationship of sickling
to the presence or absence of oxygen and carbon monoxide.
Erythrocytes from sickle cell anemia individuals were sus-
pended in chamber and observed through a microscope while
different gases were passed through the chember. It was found
that passing carbon dioxide, nitrous oxide, or hydrogen through
the chamber caused the cells to sickle and that passing oxygen
or carbon monoxide through the cell caused them to revert
to the discold form. The reversibility of the process was
demonstrated by alternately passing one of the inert gases and
elther oxygen or carbon monoxide through the chamber. The
observation of these workers that acidification of the cell
suspenslion favors the sickling process is in accord with the
dependence of oxygen saturation of hemoglobin on pH.

Sherman (8) used the technique of Hahn and Gillespie to

compare the reslstance to sickling of sickle cell anemia and



trait cells. He found that a greater reduction of partial
pressure of oxygen 1s requlred to cause tralt cells to sickle
than snemia cells. The marked difference in resistance to
slckling 1s evident in his plot of per cent of cells sickled

pressure. 65 per cent of sickle cell anemila
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cells are sickled at 80 millimeters air pressure; at 20 mil-
limeters 99 per cent are sickled. None of”the tralt cells .
are sickled at 80 millimeters and 12 per cent at 20 millimebers.
The air pressure must be reduced to 10 millimeters to cause

96 per cent sickling in trait blood. A corcllary finding

was that in the venous circulation of sickle cell anemia indi-
viduals 30 to 60 per cent of the red cells were sickled in
contrast to less than 1 per cent in trait individusls. In

the course of these gstudles Sherman noted that sickled cells
were blrefringent.

zle cell anemisa are wmore resls-
rypotonle saline than normal cells. When
these cells are sickled, they are less resistant to destruction
by mechanical traums (9) than normally shaped cells@‘ The latter
observation is in accord with the observation that sickled

'

cells are rigid while discoidal cells are flexible. GChosts

of sickle cells never have the sickle shepe (5). Cardozo (10)

in his immunological studies of cells from sickle cell snemia



patients and normal individuals could not find any difference
in their agglutinating reactions. He concluded that there
was no correlation between the sickling of erythrocytes and
the blood agglutinogens, A, B, M, or N, or combinations of
these. More recently Snyder and his co-workers (1l1l) have
presented evidence for linkage between the sickle cell trait
and the MN blood group.

In splte of the apparent relationship between the state
of combination of hemoglobin and the sickling process no
report was found in the literature of any studies of hemo-
globin from sickle cells. Heretofore the only method for
distinguishing sickle cell from.normal hemoglobin has been its -
effect on the shape of erythrocytes. It was felt that the
detection of even one measurable abnormality in sickle cell
hemoglobin would be a significant step in the study of the
properties of hemoglobin and the solution of the problem of
characterizing sickle cell hemoglobin. The unique properties
of hemoglobin suggested a number of approaches to the study of
sickle cell hemoglobin. The role of oxygen and carbon monoxide
in reversing sickling demonstrated that the heme sites on the
molecule played some role in the sickling process. Magnetic
susceptibility studies were proposed to compare the suscepti-

bilities of corresponding compounds of normal and sickle cell



hemoglobln and to determine the effect of sickle cell formation
on the suscéptibility of sickle cell ferrchemoglobin. At the
time these experiments were proposed the amount of sickle cell
anemia blood available was not sufficlently large to permit
measurements on the Gouy balance, and the work was deferred
pending the completion of a microsusceptimeﬁera The effect on
sickling of molecules and ions other than oxygen and carbon
monoxide was investigated. This study led to the use of

sodium dithionite for the rgpid production of sickling,

Since there was no obvious clue as to the nature of the
abnormality in sickle cell hemoglobin, it was necessary to
consider all possible methods of characterizing protein
molecules. The first method which was applied wag electro-
phoresis; the apparatus was avallable, and the amount of
hemoglobin required for esch experiment was small. The choice
was a fortunate one as the electrophoretic method proved to
be particularly sensitive in demonstrating the type of differ-
ence which exists between the normal and sickle cell hemoglobin
molecules. This difference is in the net charge of the mole-
cules. Titration studies were then undertaken in an attempt

to elucidate the cause of the difference. Preliminary dif=-

fusion and sedimentation studies were also performed,
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ELECTROPHORETIC STUDIES

A. Hemoglobin from normal and sickle cell anemic individuals.

(1) Introductory note.

Little work has been reported on the electrophoresis
of human hemoglobin. Andersch, Wilson, and Menten (12)
studied the electrophoggtic mobilities ofigdult and fetal
human carbonmonoxyhemoglobin. Stern, Reiner, and Silber (13)
hemolyzed erythrocytes and analyzed the entire hemolysate
electrophoretically. These papers did not supply a sufficient
number of results to be taken as controls for similar studies
on sickle cell anemia hemoglobin: furthermore there was no
assurance that the experimental conditions of these workers
would be duplicated. Normal hemoglobin was therefore examined
in order to establish a set of experimental conditions and
results with which sickle cell hemoglobin could be compared.
Ferrohemoglobin and carbonmonoxyhemoglobin were selected for
study because of their presence in sickled and non-sickled
cells, respectively. The carbonmonoxide compound was taken
in preference to the oxygen compound because of its greater
stability. The amphoteric behavior of these two compounds
is the same. The hemoglobins from normal, sickle cell gnemic,

and sicklemic individuals were examined.



(2) Experimental methods.

Three types of experiments were performed in the

comparison of normal and sickle cell anemié hemoglobins:
(a) with carbonmenoxyhemoglobins; (b) with uncombined ferro=-
hemoglobing in the presence of dithionite ion which prevents
oxygenation and oxidation to ferrihemoglobin; and (¢) with
carbonmonoxyhemoglobins in the presence of dithilionite ion.
The presence of dithionite does not affect the eguilibrium
between ferrchemoglobin and carbon monoxide. The e¢xperi-
ments of type ¢ were performed and compared with those of
type & in order to ascertain whetiiwr the presence of dithio-
nite fun causes any specific electrophoretic effect. Gralen
(14) has already shown that if a dithlonite treated carbon- -
monoxyhemoglobin solution is freed of the ion by dialysis,
the electrophoretic behavior of the resulting protein solu-
tion is the same ag that of the untreated protein.

Potassium phosphate buffers of 0.1 ionic strength and
pH values of 5.7, 6.9, 7.0, and 840 were prepared. Since it
was not feasible to manipulate the hemoglobin solutions in
van oxygen free atmosphere, 1t was necessary to add a re-
ducing agent, sodium dithionite, to the buffer to prevent
the oxygenation of ferrohemoglobin. The amount of dithionite
necessary to maintain the buffer and hemoglobin solution
oxygen free during the course of the experiment was determined

empirically; a large excess was avolided in order to minimize



the effects of dithionite ion and its oxildation and decompo-
gition pfoducts on the pH and ionic strength of the buffer.
he pH and conductivity of the buffer were measured for

each experiment. The conductivity measurements were made
at the temperature of the electrophoresis bath; the pH values
were taken on buffer samples which were¢§t room temperature.

Normal human red blood cells were obtalned from a com=
mercial laboratory within two days after the blood was drawn.
Sickle cell anemia blood was obtained from patients in the
Los Angeles County Hospital and the Children's Hospital of
Log Angeles. These patlents were clinically diagnosed as
having sickle cell anemla, and had not reeeiﬁed any transfu-
sions of normal blood within three months prior to the time
of sampling. Stroma free concentrated solutions of human
adult hemoglobin were prepared by the method used by Drabkin (15).
The solutions were analyzed for nitrogen and diluted just before
use with the aﬁpropriate buffer until the hemoglobin concentra-
tions were close to 0.5 grams per 100 milliliters and were
then dialyzed agéinst large volumes of these buffers for 12
to 24 hours at 4°C,

The buffers for the experiments with ferrohemoglobin and
carbonmonoxyhemoglobin in presence of dithionite were prepared

by adding 300 milliliters of 0.1 ionic strength sodium
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dithionite solution to 3.5 liters of 0.1 ionic strength buffer.
One hundfed milliliters of 0.1 molar sodium hydroxide was then
added to bring the pH of the buffer to approximately its
original value. Ferrohemoglobin solutions were prepared for
electrophoresis by diluting the concentrated solutions with
thls dithionite containing buffer and dialyzing against it
under & nitrogen atmosphere. The hemoglobin solutions for the
experiments of type £ were made up similarly except that they
were saturated with carbon monoxide after dilution and were
dialyzed under a carbon monoxide atmosphere. The experi-
ments of type b were set up similarly except that dithionite
was not added. To accelerate the attainment of equilibrium
the dialysis bags were kept In continuous motion in the buffers
by means of a stirrer. A mercury seal was employed to prevent
the escape of the nitrogen and carbon monoxide and contamina-
tion with atmospheric oXygen, which would have exhausted the
small emount of dithionite in the buffers,

The experiments were carried out in the modified Tise=
lius electrophoresis apparatus described by Swingle (16).
Potential gradients of 4.8 to 8.4 volts per centimeter were
employed, and the duration of the runs varied from 6 to 20

heours. The temperature at which the runs were performed was

=0
L.8%C,
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(5) Results.,
The Longsworth scanning diagrams of sickle cell
enemia ferrchemoglobin and carbonmonoxyhemoglobin did not
differ significantly from those of the corresponding normal

compounds. In each case the hemoglobin molecules migrated as

a single peak although the ferrohemoglobin peaks appeared
broader than the carbonmonoxyhemoglobin peaks. That this
broadening was not due to the presence of dithionite lon was
shown by the diagrams of carbonmonoxyhemoglobin solutions
containing dithionite, which did not differ from those not
containing dithionite.

Occasionally small amounts (less than 5 per cent of the \
total protein) of material with mobilities different from
that of either kind of hemoglobin were observed in these un-
crystallized hemoglobin preparations. According to the
observations of Stern, Reiner, and Silber (15) 8 small amount
.of a component with a mobility smallerthan that of oxyhemoglobin
at pH 8.6 1s present in human erythrocyte hemolysates. This
component is observable in the sickle cell anemia and mixture
diagrams of Figure 3.

A significant difference was found in the electrophore-
tic mobilitles of hemoglobin derived from erythrocybtes of

normal individuals and from those of sickle cell anemia



«l3e

individuals. In the pH range 5.7 to 8.1 sickle cell anemia
ferrohemoglobin and carbonmonoxyhemoglobin behaved as more
positive ions than the corresponding normal compounds. The
mobility difference between the ferrohemoglobins was approxi-
mately the same as that between the carbonmonoxyhemoglobins.
The mobility data are shown in Tables I to VI and Figures 1
and 2. The two types of hemoglobin ar;\particularly easily
distinguished as the carbonmonoxy compounds in phosphate buf-
fers of 0.1 ionlc strength at pH 6.9 and 7.0. In this pH
region, which is between the isoelectric points of the two
compounds, sickle cell anemia carbonmonoxyhemoglobin moves as
& positive lon while the normal compound moves ag a negative
lon, and there 1s no detectable amount of one type present ~
in the other. The results on the carbonmonoxyhemoglobins

show that their mobllities are not affected by the presence of
dithionite lons. ‘

It is of interest that ferrohemoglobin was found to have
a2 lower lsoelectric point in phosphate buffer than carbone
monoxyhemoglobin. Titration studies have indicated that
oXyhemoglobin (similar in electrdphoretic propertles to the
carbommonoxy compound) has a lower isocelechric point than
ferrohemoglobin in sodium chloride solutions or in the absencs
of added salt (17). These results might be reconciled by
assuming that the ferrous iron of ferrohemoglobin forms come

plexes with phosphate ions which cannot be formed when the

iron is combined with oxygen or carbon monoxide,



5 %

[ N i S e ey e T
DILity experiments in caco

’;v.‘
1

o . . . et s o Ty o =9
strength 0.1 and pH 6.9 yielded mobilities of 1.30 x 10

1 for noraal and sickle cell

0
3
o
‘MJ
@
n
-3
w
E—J
O
§

&
)
s
=

o
w
@
o

£

[ S
<
O
[ (o
or

s e e A ades T a4 )
enoglobins, respectively. A similar difference

was Tound in cacodylate bulfer of pH 6.52 (18). Taese buffers

were 0,08 molar with respect to sodium chloride. These gxperi~

s

)

je

ments with a buflfer quite different from paosvhate buffer

demonstrate that the difference between the hemoglobins is

essentlally independent or type of buffer ions present,




@l He

Table I.

Electrophoretic Mobilities of Normal
Ferrohemoglobin in Presence of Dithionite.

Indl- .

Exp. vidual pH M x 10°%
22 N 2 8.08 =2 .43
24 N 3 8.08 =2,02
30 N 4 8.05 -2.36
39 N 7 7.91 =2,52
42 N 7 579 1.52
48 N 8 5.80 1.63

Table II1.

Electrophoretic Mobilities of Normal
CO~Hemoglobin in Presence of Dithionite.

Indi- N
Exp. vidual pH M x 10° "
23 N 2 8.12 =2, 30
25 N 3 8.08 2,02
3L N 4 '8902 =220
32 N & 8.12 w? Bl
54 N & 7.81 =2 .30
58 N9 5.67 2.61
53] N9 5.78 2044
* lobility (M) is given in ca.® sec.™t voltm1
Tables 1 to Vi,
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Table IIT.

Electrophoretic Mobilities of Normal
CO-Hemoglobin in Absence of Dithionite.

Expe.

18
40
49
51
o7
90

66

41

80

Indi-
vidual

N

2 o2 =2 =2 2 =22 =

1
7
8
8
9

11
11

pH

799
8.01
8.01
7.00
7,00
6.90
6.90
5.71
5,70

M x 105

-2.65
-2.36
~0.16
-0.07
-0.20
-0.08

2.34

2,51
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Table IV.

Electrophoretic Mobilities of Sickle Cell
Anemia Ferrohemoglobin in Presence of Dithionite.

Indi- .

Expe vidual pH Mx 10°
37 Al 7.87 =1.91
36 Al 7.75 -1.86
44 A2 7.75  <l.46
45 A2 5.78 2.28
55 A3 5.78 2.24

Table V.

Electrophoretic Mobilities of S8ickle Cell
Anemia CO=-Hemoglobin in Presence of Dithionite.

Indi- 5
Bxp. vidual pH px 10
38 Al .93 =178

o8 A3 5.78 2.68
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Table VI,

Electrophoretic Mobilities of Sickle Cell
Anemia CO-Hemoglobin in Absence of Dithionite.

Indi-

Exp. vidual pH M= 10°
56 A3 8,01 =1.91
43 A2 7.99 =1.76
53 A3 7.00 0.47
70 A 4 6.90 0.34
87 A 5 6.90 0.37
89 A S 6.90 0.31
95 A6 6.90 C.34
96 A7 6.90 0.38
9% A8 6.90 0.30
98 A 9 6. 90 0.30
29 A 10 6.90 0.33

100 A 11 6.90 0.35
46 A2 S5.71 3.15
52 A3 5;68 2.64

Table VII.

Isoelectric Points in Phosphate Euffer,’A: 0.1, at 1.5°C,

Sickle Cell

Compound Normal Anemisa

Carbonmonoxyhemoglobin 6.87 7.09

Ferrohemoglobin 6,68 6.91

Differsnce

0.22

0.23
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Figure 2.

w3y

Mobility (M) - pH curves for ferrchemoglobins in
phosphate buffers of 0.1 lonic strength containing dithionite
ion. The mobilities recorded in the graph are averages of

the mobilities in the ascending and descending limbs.
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B Hemoglobin from sicklemic individusa

E,,J

g and mixtures of

hemoglobins.

(L) ZIntroductory note.

The limitation on the amount of blood which can be
obtained from sickle cell anemia patients, the majority of
whom are children, has hampered the hemoglobin studies. The
bloed of sickle cell tralt individuals was th;refore investli-
gated as a possible source of large quantities of the abnormal
hemoglobin. These individuals have erythrocytes which sickle,
but they do not suffer any 1ll effects from this trait. The
removal of the usual transfusion donation volume of 500 mil-
liliters of whole bleoodfrom & healthy individual having this
trait would not involve any abnormal risks. The erythrocytes
which are usually discarded after the removal of pleasma wers
obtalned from a commercial laboratcry and tested for sickling.
The hemoglobin prepared from cells which showed sickling were
then examined slectrophoretically and were found toc contain
two hemoglobin components. In order to establish the nature
of these components a series of experiments were performed on
mizxtures of hemoglobins from normsl, sickle cell anemic, and

sicklemic individuals.

(2) EBxperimental methods.

9

A specimen of red cells from each bleeding, which

Lde

contained from 200 to 250 milliliters of cells, was tested for
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sickling with sodium dithionite reagent. Only the erythro-
cytes from négrs donors were tested. Out of 41 specimens
tested 5 were positive for sickling. Hemoglobin solutions
were prepared from each of these speciments individually for
electrophoretic examination. Only the carbonmonoxy compound
was examined, and pH 6.9 phosphate buffer of ionic strength
O.l, invhich normal and sickle cell anemia éérb@nmon@xyhem@w
globins have opposite charges, was employed. A potential
gradient of 4.7 volts per centimeter was used throughout.
After a preliminary run of six hours established the existence
of two peaks in the trailt hemoglobin scanning diagram, subse-
quent runs of fifteen to twenty hours were performed to re=-
sclve these peaks. The six hour run was performed on a 0.5
rer cemt hemoglobin solution; the other runs were made at a
concentration of 1.0 per cent, which ylelds a better diagram
of the resolving peaks. The experiments on mixtures of normal
and sickle cell anemia hemoglobins and of normal and sickle

cell tralt hemoglobins were performed under the same conditions.

(3) Results.

The six hour Longsworth gcanning diagram of 0.5 per
cent nemoglebin from sickle cell trait cells showed a definite
skewing and spreading of one boundary and a partial resolu-
tion into two peaiks of bthe other. Comparable diesgrams of

hemoglobin from normal and sickle cell anemls cells show single



homogeneous peaks. These diagrams are shown in Figure 4,

The twenty hour scanning diagrams are shown In Figure 3.
Sickle cell trait hemoglobin at 1.0 per cent concentration
shows resolution into two peaks &t both boundaries at this
time. Normal and sickle cell anemia hemoglobin diagrams show
that these compounds exist as single electrophoretic components
even after twenty hours. The mobilities of the twoc components
present in the hemoglobin of trait cells approximate those of
normal and sickle cell hemoglobins. The apparent mobilities
of the components in trait hemoglobin are somewhat lower than
those of normal and sickle cell anemia hemoglobin. This anomo-
lous behavior in the diagrams 1s due in part to the superposi-
tion of two protein concentration gradients on each other (19).
The same phenomenon 1s evident in the analysis of a solution
containing equal amounts of hormal and sickle cell anemia
hemoglobins at & tobtal concentration of 1.0 per cent, the diagrsar
of wnich 1s alig“shown in Figure 3. Experiments on mixtures of
normal and sickle cell trait hemoglobins showed only two compon=-
ents, and the mobilities of these were the same as thosein the
trait hemoglobin and the normal-anemlis hemoglobin mixbture.

The mobilities of the components in the various mixbtures
and In trailt hemoglobin are given in Table VIII. These mobili-
ties were computed from the boundary in which the peaks were

symmetrical, namely the one in which the normal component
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ascends and the anemis component descends. In the region of
the isocelectric points where the absolute mobilities are small
the calculated mobilities are subject to large percentags
errors from slight variations in the buffer pH and tempera-
ture. However, the separation of the peaks depends on the
guantity of electricity passed through the solutlon, a factor
which was closely controlled in these experiments, The dif-
ference between the mobilities of the two components is there-
fore of greater significance than the absolute moblilities and
has been given in the last column of Table VIII., The agreement
among these figures 1s excellent for the various types of
experiments.

It is apparent from Figure 3 that the sicklemia material
contains less than 50 per cent of the anemla component. In
order to determine this quantity mixitures containing normal
and sickle cell anemia hemoglobins at several different ratios
at a total conciptration of 1.0 per cent were prepared. These
mixtures were analyzed electrophoretically by Dr, Ibert C., Wells
in cacodylate buffer at pH 6.52 (18). Comparison of these
results with an analysis of sicklemia carbonmonoxyhemoglobin
in the same buffer yielded a value of 39 per cenbt for the
amount of sickle cell anemia component in the sicklemia hemo=
globin. The hemoglobinsg of five sicklemic individuasls were

pooled for this experiment. Subsequent experiments in individual



specimens have shown some variation in composition among

individuals.

In every case the anemia component comprises less

than half of the total hemoglobin.

69

67

68

72

91

Table VIII.

Electrophoretic Mobilities of Normal and Anemia Com-
ponents in Sickle Cell Trait CO-Hemoglobin and Mixtures

at 1.,0% Total Concentration in Phosphate Luffer of

pH 6.9, MO.1,

Ings -
yvidual

=

e X

3

]

Conec.
1.0%
1.0%
0.5%
O.5%

0. 5%
0.5%

0.5%
0.5%

0. 5%
0. 5%
0.5%
0.5%

Type of
Experiment

Trait

Trait

Mixture of
two traits

Mixture of nor-
mal asnd trait

Mixture of nor=
mal and trait

Mixbture of nor=-=
mal and anemia

Mixture of nor-
mal and anemia

Mobility = 10°

Normal
Comp.

G’O ® 094

”"O ® 068

‘!"O ® 108

“O ) 061

=0,0583

“"O ° 105

0,037

Anenia
Comp .

0.245

0.264

0,272

0,212

0,305

Differ-
8nce

0.539

0.332

0.350

0.321

0,325

0,315

0.342



Figure 3.

Longsworth scanning diagrams of carbonmonoxyhemoglobin
in phosphate buffer of 0.l ionic strength and pH 6.90 taken
after 20 hours electrophoresic at a potential gradient of

4,73 volts/cm.
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Figure 4.

Longsworth scanning diagrams of carbonmonoxyhemoglobins
in phosphate buffer of 0,1 ionic strength and pH 6.90 taken
after 5% and 6 hours electrophoresis at a potential gradient
of 4,73 volts/em. These diagrams show that a prolonged run
i1s not necessary to establish the type of hemoglobin present,
The longer runs are of value in determining the ratio of the

hemoglobins present in a mixture.
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Figure 5.

The determination of the percentage of sickle cell anenmis
carbonmonoxyhemoglobin in known mixtures of the protein with
normal carbonmonoxyhemoglobin by means of electrophoretic
analysis. The square shows the composition of a solution in

which the hemoglobins of 5 sicklemic individuals were pooled.
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Co Globins from normal, sickle cell anemic, and sicklemic

individuals.

(1) Introductory note.

The next step in the investigation was to determine
whether the heme or the globin portion of the sickle cell
anemia hemoglobin molecule was responsible for 1its difference
from the normal hemoglobin molecule. The obvious approach
to this problem was to examine the globins by electrophoresis,
the method which first detected the difference betwesn the
hemoglobins. The preparation of heme and globin and the re=-
synthesis of hemoglobin is a relatively simple procedure;
however, the process of dissoclating heme from globin with
acid denatures the globin, and this denatured globin, which is
soluble in acid, must be converted to "native" globin by a
process of slow neutralization before it can be used in the
resynthesis of hemoglobin (20).

Although g@ﬁural and resynthesized hemoglobins have the
same absorption spectrum, solubility, and crystal form, they
differ electrophoretically. Gralen (14) examined three prepara=
tions of resynthesized hemoglobin electrophoretically and
found that one was similar to natural hemoglobin while the
other two were different, in that the isoelectric point was
0.2 pH unit more acid than that of the natural substance,

The process of producing native globin from denatured globin
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lsaves a considerable residue of insoluble protein material
which is discarded. For the comparison of the globins the entire
yield of denatured globin was examined without renaturation,

not only to conserve the material available but also to avoid
examining just one product of 2 possible fractionating process.
This precluded the performance of experiments near the iso-

electric point where denatured globin is insoluble,

(2) Experimental methods,

The procedure of Anson and Mirsky (20) was followed
in the preparation of denatured globin ffom normal, sickle cell
trait, and sickle cell anemia hemoglobins., The globin solutions
were slightly turbid, and solid material collected at the
boundaries during an electrophoretic run. Centrifugation of
the solutlons for 30 minutes at 35,500z prior to a run removed
the material and eliminated this difficulty. Two normal and
two sickle cell trait globin samples of 0.5 per cent concen-
tration were dfglyzed against acetate buffer of pH 4.6 and
ionic strength O.1. These solutions were analyzed electro-
phoretically in pairs, each pair consisting of one specimen
each of normal and trait globin. The globin soclutions in
each pair of experiments were dialyzed simultaneously in the
same buffer., The current through the electrophoresis cells

in which these svlutions were analyzed was connected in series
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so that the same quantity of electricilty passed through each
golubtion. The potential gradient was 4.9 volts per centimeter,
and the duration of the runs five hours. One palr of runs on
normal and sickle cell anemia globins was performed in the
same manner in phosphate buffer of pH 5.54 and lonic strength
0.1 at 4.0 volts per centimeter for five hours. This buffer

is similar to one in which normal and sickle cell anemia hemo-

globins showed a significant difference in mobility.

{3) Results.

The Longsworth scanning diagrams of each of the
globins showed the two components described by previous workers
(21). These diagrams are illustrated in Figure 6. Comparable
runs of normal, tralt, and anemia globins ylelded nearly
identical patterns and mobilities. The mobilities are listed

in Table IX.



Table IX.

Ele ctrophoresis of Globin.

Mobility = 10°

M Indi- Slow Com- Fast Com=
Exp. vidual Buffer pH ponent ponent
83 N 11 5,78 6.53

Acetate
O.Lp 4,64
84 T 1 5.69 6,45
85 N 10 5.74 6,49
Acetate
O.1 M 4.64
86 T 2 5.65 6,48
93 N 11 . 4.01 4,10
‘ Phosphate
0.1 p 5.54
94 A b 4,09 4.19

“ The globin solutions in each palr of experiments were
dialyzed simultaneously in the same buffer solution. The
electrophoresis cells containing these solutions were
connected in series so that the same current passed through
each cell.
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Figure 6.

Longsworth scanning diagrams of denatured globin prepared
from normal, sickle cell anemia, and sicklemia hemoglobins,
Potential gradients of 4,90 and 3.98 volts per centimeter

were used for the acebtate and phosphate experiments, respectively.



Normal Globin

Acetate buffer pH 46 pO.l

tt

Sickle Gell Trait Globin
a Acetate buffer pH 4.6 p O.l d

Normal Globin

Phosphate buffer pH 55 p O.

a

P

Sickle Cell Anemia Globin

Phosphate buffer pH 55 p O.l
a d
>

-—




YT

D, Discussion of elsctrophoretic results.

The factors which must be considered in discussing the
difference in mobilities of normal and sickle cell anemia
hemoglobins are the net charges on the molecules at a given
pH and the frictional resistance of the molecules %o movement
in a buffer. Since the proteins were compared under identical
conditions, the effects of buffer ions and of protein concen=-
trations may be ignored except as they may reflect differences
in the protein molecules. It is impossible to ascribe the
difference entirely to dissimilarities in the particle weights
or shapes of the two hemoglobins in solution; a purely frictional
effect would cause one species to move more slowly than the
other throughout the entire pH range and would not produce a
shift in the lscelsctric point. Moreover; preliminary veloclity
ultracentrifuge and free diffusion measurements indicate
that the two hemoglobins have the same sedimentation and dif-
fusion constants.’

The differénce in mobilities must be ascribed to a dif-
ference in net charge on the molecules. These experiments
indicate that the net number of positive charges 1is greater
for sickle cell anemla hemoglobin than for normal hemoglobin
in the pH region near their isoelectric points. The most

plausible explanation for this difference in net charge is
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that there is a difference in the number or kind of lonizable
groups in the two hemoglobins. The groups capable of forming
ions in the pH range of these experiments are the carboxyl
groups in the heme and the carboxyl, imidazole, amino, and guan-
idino groups in the globin., The charge on a protein molecule
depends also on the number of adsorbed cations and anions, but
the difference in the mobilities of the proteins in cacodylate
buffer was the same as that in phosphate buffer. This lack

of a specific buffer effect indicates thaet a difference existis
which is probably independent of buffer ion adsorption; however,
it does not eliminate the possibility that the difference in
ion adsorption may be the same in both buffers; the sickle cell
anemia hemoglobin molecule may adsorb more cations or fewer
anions than the normal hemozlobin molecule idependently of

the lons involved,.

It has been well established that the electrophorstic

mobility of & protein molecule is directly proportional to

its net charge (22). If the assumpbtion is made that the change
in net charge of the hemoglobin molecule between pH 5.7 and

8.0 1s due entirely tc the disscciation of hydrogen ions, the
difference in net charge of normal and sickle cell anemla
hemoglobins can be calculated from consideration of titration
data. The acld base titration curve of normal human carbon-

monoxyhemoglobin (Figure 8) is nearly linear in the neighborhood
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of the isoelectric point of the proteln, and a change of one
‘pH unit in the hemoglobin solution in this region is associated
with a dissociatlion by the hemoglobin molecule of about 13
hydrogen ions per molecule. The same value was obtained by
German and Wymen (17) with horse oxyhemoglobin. The difference
in iscelectric points of the two hemoglobins under the cone
ditions of these experiments is 0,23 for ferrohemoglobin and
0.22 for carbommonoxyhemoglobin. This difference corresponds
to about three charges per molecule. With consideration of
the experimental error, sickle cell anemia hemoglobin there=
fore has between two and four greater net positive charges
per molecule than normal hemoglobin in the pH region 5.7 to
8.0,

The isoelectric pcints of the ferrohemoglcobins are about
0.2 unit lower ﬁham those of the corresponding carbonmonxy-
hemoglobins. This is a reversal of the relatlve iscelectric
points obtained from the differential titration of horse

-

oxyhemoglobin and ferrochemoglobin (17). This anomalous effect
may be due to the coordination of vhosphate ion with the un-
combined site on the iron of ferrohemoglobin.

Up to this stage 1t has been assumed that one of the two
components of sicklemia hemoglobin is ldentical with sickle
cell anemia hemoglobin and the other is identiéal with the

normal compound. Aside from the genetic evidence (3) which
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mekes this assumption very probable electrophoresis experiments
afford direct evidence that the assumption is valid. The
experiments on the pooled sicklemia carbonmonoxyhemoglobin
and the mixture containing 40 per cent sickle cell anemla
carbonmonoxyhemoglobin and 60 per cent normal carbonmonoxy-
hemoglobin in cacodylate-sodium chloride buffer were compared,
and it was found that the mobilities of the respective com-
ponents were essentially identical (18). Experiments on
sicklemia carbonmonoxyhemoglobin and on several mixtures of
normal, sickle cell anemia, and sicklemisa carbonmonoxyhemo=
globins in phosphate buffer at pH 6.9 give added support to
this assumption. The mobility calculations on these experi-
menbss, which are summarized in Table VIII, show that the
difference in mobillities of the two components weas the same
in sicklemia carbonmonoxyhemoglobin and in the mixtures. There
was no indication of a new ccmponent upon the addition of normal
carbonmonoxyhempglobin to sicklemia carbonmonoxyhemoglobin.
The area under the peak corresponding to the ncrmal component
had increased by the amount expected. These sensitive tests
reveal that at least electrophoreticelly the two components
in sicklemia hemoglobin are ldentifisble with sickle cell
anemia hemoglobln and normal hemoglobin.

The Longsworth scanning diagrams of globins derived from

normal, sickle cell anemia, and sicklemis hemoglobins show the



two components previously described by other werkers in normal
globins (21). The relative amounts and mobilities of the
components are nearly the same for normal and sickle cell

tralt globins in acetate buffer and for normal and sickle

cell anemia globins in phosphate buffer. While the number of
experiments was small, they were performed under the carefully
controlied conditions previously described, and the results

in acetate buffer show good reproducibility. It is therefore
of interest that the mobilities do not show vhe same differsnces
which are present in the hemoglobins. Tni. Loss of specificlty
iIn mobility is probably due to the denaturing process which
accompanies the acld disscciation of heme from hemoglobin.

The changes in iscelectric points and mobilities following
denaturation have been reported for several proteins including

horse carbommonoxyhemoglebin (14),
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TITRATION STUDIES

(1) Introductory note.

Titration studles have been employed to estimate the
amino acid composition of several proteins, and differential
studles of heme proteins have been extremely valuable in the
investigation of heme linked acid groups. The comparison of
normal and sickle cell snemia hemoglobins by titration methods
was therefore proposed as a possible method of debtermining
which of the ionizable groups was responsible for the dif-
ference in net cherge between the molecules. By carrying outb
the titrations under identical conditions it was hoped that
small différemces in the nature of the ilonizable groups would

be dstected.

{(2) Experimental methods.

Materials. Normal cearbonmonoxyhemoglobin solution was

prepared from the pooled blood of several individuals whose

.
erythrocytes did not sickle upon testing with sodium dithionite
reagent. The sickle cell anemia carbonmonoxyhemoglobin solubtion
was prepared from the erythrocybes of six individuals diagnosed
clinically and electrophoretically (Table VI, individuals A6
to All) as having sickle cell snemia. In order to conserve

material no attempt was made to crystallize the hemoglobins,

The solutions were dialyzed at 49C., against redistilled water
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for two weeks with frequent changes of water. The concentra=
tions of these stock solutions were determined by iron analyses
to be 0.619 and 0,652 millimolar in normel and sickle cell
anemia hemcglobins, respectively.

Carbonate free sodium hydroxide solution was prepared
and standardized against potassium acid phthalate after dilue
tion with redistilled water to approximately O.l N, Three
determinations yielded for the hydroxide concentration the
value 0.1020 N with an error of less than one part in 1000,
The hydrochloric acld solution was prepared by dilution of
C. P. grade concentrated acid with redistilled water. Thils
solution was titrated with the previocusly standardized sodium
hydroxide solution and was 0.1233 N in aclid. Titration of
the acid solution with the standard hydroxide solution six
weeks later, two weeks before the titration studies were
completed, revealed no change in the ratic of the normalitlies
within the preciﬁion of the titration.

Reagent grade "neutral®™ formaldehyde {(36%-38%) was
allowed to stand over activated alumina (23) overnight before
its wse in the formol titrations. SBuspended particles of
aluminum oxide were removed vy use of a sintered glass filter.

The Beckman Model G pH meter with the Type E glass elec~-
trode was used in all the titrations. This electrcde is suit-

able for use in strongly alkaline solutions. The instrument



used in these studies was céd ibrated at 25 degrees C. with
Beckman standard pH 7.00 buffer. With this cdl ibration pH
determinations of Beckman standard buffers at pH 4,00 and 10.00
checked to with 0.0l unit of the given values. Secondary pH
standard solutions were carefully prepvared according to the
directions of Clark (24) at pH 4,00, 7.00, and 10.00. On
comparison against the Beckman buffers these prepared buffers
had pH values at 25 degrees of 4,01, 7.00, and 9.36, respecti-
vely, to #0.0l unit. The cause of the discrepancy in the

last case wag not determined.,

Titration procedure, 10.0 milliliters of 2.5 molar KC1

solution Were delivered into a 25 milliliter volumetric flask
from a buret. To this was added 1.00 milliliter of stock
carbonmonoXyhemoglobin solution. A measured aliquot of standard
acld or base was then added from a syringe microburet, The
contents were diluted to the 25 milliliter mark with redistilled
water and shakén manually. The flask was then immersed in a
constant temperature water bath and the contents allowed to

come to fTemperature equilibrium. Water baths at temperatures

of 1.5, 25, and 50 degrees were used. The temperatures did
not vary more than 0.3 degree from these values.

pH measurements were made in a 30 milliliter beaker partial-

ly immersed in the constant tempersture bath. The contents of
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the volumetric flask were emptied into the beaker, the electrodes
lowered into the titration mixture, and the reading taken when
the pH reached a constant velue. A gasket made of heavy sheet
rubber with holes for the electrodes was used to cover the
beaker in order to minimize bemperature variation and carbon
dioxide absorption. Control runs were made at each temperature
on 1 molar KC1l solubtions containing no hemoglobin.

For the formol titrations 5.00 milliliters of neutral
formaldehyde were added to the titration mixture before the
addition of standard base, Otherwise the procedure was identi-
cal with that previously described. The control, normal
carbonmonoxyhemoglobin, and sickle cell anemia carbonmonoXxy=-
hemoglobin tiltrations were performed on the same day using

the same preparation of formaldehyde., The temperature of the

titrations was 25°C.

Calculations. The equivalents of acidic or basic groups

titrated is the difference between the equivalents of acid or
base added and the equivalents remaining in solution. The
latter figure can be calculated from comparison of the pH

val ues obtained in the protein tiftration and the control
titration, assuming that the presence of protein molecules
does not affect the activity of the hydrogen and hydroxide
ions in solution. Conslder two titration mixtures at the

same pi, one containing hemoglobin and inorganic ions and the



.
other, the conbrol, conbteining only the inorganic lons. Be-
cause of the buffering capacity of the protein molecules more
acid or base must be added to the protein solution than to
the control solution to reach the same pH. The additional acid
or base added is equal to the amount of acld or base bound by
the protein, assuming equal acbivity coefficients in the two
solutions. This assumption is generally made in the acld base
titration of proteins (25).

The pH values obtained from the contrcl titration of
L.0 molar KCLl solutions with stendard acld and base were
plotted against the equivalents of acld or base added. A
smooth curve was drawn through these points. This was done
for each of the three temperatures at which the fitrations
were performed, The alkaline portions of these curves are
shown in Figure 7. The points from the carbonmonoxyhemoglobin
titrations were then plotted on the same scale. The horizon-
tal distance, in other words the distance at constant pH,
from the contréi curve to the hemoglobin titration point was
baken as the number of equivalents of acld or base bound by
the hemoglobin at that pH.

The same method was employed to compute the formol
titration data. At a given pH the effeect of the dissociation
or formaldehyde and of formic acld is assumed to be the same

in the absence and in the presence of hemoglobin. Levy's



empirical formula (26) was not applicable because it was de-
rived for a different temperature and for titration mixtures
which contained no added salt.

The average values of the pH of the stock solutions in
1l molar KUl were 7.03 and 6.59, respectively, for normal and
sickle cell anemia carbonmonoxyhemoglobins. In calculeting
the equivalents of acid or base bound the amount required to
take the stock solution to the electrophoretic isoelectric
points was included. These figures, determined in phosphate
buffers, are undoubtedly not the same as the isoionic points
in potassium chloride solution, but their use was necessitated
by the lack of any good determinations of the isoionic point
of human hemoglobin. lorecver, the experiments in cacodylate
buffer indicated that the difference in isoelectric points was
independent of the inorganic ilons present. A seriss of iso=
ionlc point determinations on human hemoglobin by simple dialysis
against water Lo éonstant pH were reported by bLevy, Mignon,
and Netter (27).. The values obtained from the oxyhemoglobins
of 135 adults varied from 6.93 to 7.24. The electrophoretic
results in phosphate buffer =t pH 6.9 and 7.0 show much better
reproduclbility and justify the teking of the electrophoretiec
rather than the dialysis results as indicative of the real

difference in charge in the region of the iscelectric point.,
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(3) Hesults.
The titration curves are shown in Figures 8 to 10, and
the data are tabulated in Tables X to XXI. These resulis are

discussed in the following section.

Table X.

Control Titrations of 1.0 llolar
Potassium Chloride Solutions at 1.5°C,

meq . gt or meq s HY or
Od added pH OH added pH
0273 2.92 =-,01928 11.42
0185 3610 =-,0192 11.43
. 0093 5.43 =, 0230 11.52
- ‘ 5.49 = 0307 11.88
- 5.61 =-,0384 11.78
-,0038 9.08 =. 0461 11.88
=,0077 10.19 -,0614 12.00
-,011% 11.15 =.0'768 12,11
-.0154 - 11.41 =-,0988 12.295

Table XI.

Control Titrations of 1.0 iolaw
Potagsium Chloride Bolutions at 25°C,

-3 B

meq. HY or meqg., H or

OH added pH OH gadded : pH
. 1804 2,13 - .32
. 1483 2e23 -- 5,77
. 1205 2.32 =-,0008 : 7.20
0927 244 =,0015 8,69
0742 2,53 -,0023 9.18
0556 2.66 -,0038 , 9.46
L0371 2.85 =, 0077 10.01
0273 2,97 -,0154 10.48
.,0185 3.14 =, 0507 10.82
- 0093 _ 5.44 =-,0461 11,03
. 0046 3.78 . =.0861L5 11,16
.0012 4,14 -,0768 11,27

. 0009 4,51 -,0998 11,39
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Table XII.

Conirol Titrations of 1.0 Molar
Potassium Chloride Solutions at 50°C,

meqg. H? op

QH"added pH
.0185 5.22
.0003 ' 5.52

o o= 5a55
- o 0038 8,95
- o Q077 9,32
-,0115 9,60
~,01564 9.69
~,0192 9.85
- 40250 9.92
~ 40307 10.056
= ,0461 10.31
-,0614 10.43
~ 0768 10.5&

. 0998 10,63



pH

2.584
2437
2,41
2.44
2,49
2.53
2,59
2.64
2,71
2,80
2.88
2,90
3,19
S3437
3,68
4,01
4,25
4,51
4,92
5,90
6.99
7.00
7,08
7 30
7. 44
7.5L
7.58
7.78
8,02
8,07
8.42
8.59
3,920

Titration of Normal Human Carbonmonoxyhemoglobin

in 1.0 Molar Fotassium Chloride at 25°C,

meq. i
OH "added

« 1854
1761
+ 1669
. 1876
»1483
» L 390
« 1298
. 1205
1112
+ 1020
. 0927
- 0835
20742
» 0649
- 0556
. 0464
0371
0278
- 0185
0093

o e
= o

s

-.,0015

or

-.008],

-,0038
e 0046
= 8 0061
=, 0077
-, 0077
-,0092
-,0108
-.0115

Table XIIT.

Control

. 1160
«+ 1020
- 0097
. 0927
. 0820
0742
- 0641
. 0579
- 0500
. 0403
0335
0322
.0164
0109
« 0060
» 0027
0016
+ 0009
. 0003
=,0002
= g 0007
=, 0007
-.0008
-,000¢
“® 0009
-,0010
=,0010
a4 0011
-,0012
-,0012
-,0014
=-,0015
-,0018

med. 1
0H "bound

0694
- 0671
0672
. 0649
0663
.0648
.0657
-0626
0612
0617
. 0592
.0513
.0578
» 0540
. 0496
» 0437
. 0355
0269
,0182
»0095
. 0007
. 0007
. 0008
- 00086
=,0022
=,0028
=,0038
-,0050
=.,0065
=,0065
-,0078
=,0093
=, 0097

or

1

h

1i2.4
108,86
108.8
105.0
107.3
104.9
106.3
101.3
99,1
99.8
95.8
83.0
93.5
87.4
80,2
70,7
87.5
43.5
28.5
15.4
1.1
1.1
1.2
1.0
‘=’5m6
-4,5
=-5.8
=3,1
-10.5
-10,.5
-12.6
=19.1
=15,7

h
correchted

1C9,.2
105.4
105.6
101.8
104.1
101,7
103.1
98,1
95,9
96.6
92.6
79.8
90,3
84.2
77.0
67,5
D4.3
40,3
25.3
12,2
~-2.1
-2.1
=2.,0
-4,2
=58
“5’709
=9,0
=11.3
=13.7
=15.7
-15,8
=18.3
-18,9

1 6,18 x 10-4 millimoles of carbonmonoxyhemoglobin were added

to each tibtration mixture.

h values were obtained by divid-
ing this figure into the figures in ths fourth column.
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9,02
9.28
9.42
9.43
9,81
10.01
10,17
10.27
10.31
10.36
10.43
10,60
10.72
10.82
10.99
11.08
11.13
11,18

meq. H* or

QH added

-.,0L25
=-,0138
=,0154
=,0154
-,0192
=, 0230
”®0269
-.0307
=.0346
=,0346
-,0584
=,0461
-,0058
-,0615
@00768
-,0845
“00922
“90998

48w

Table XIII (Continued)

Control

600020
-.,0028
=, 0034
-,0085
~,0059
=,0077
-,0096
=,0111
-,01192
-,0128
=,0142
=,0195
”c0252
-, 0307
-,0422
-,0516
-,0b76
=-,0642

meqg. H* or
OH bound

=.0103
-,0110
”00121
=,0120
=,0133
=,0L53
=,0173
=-,0196
-, 0227
-,0218
=-. 0242
=,0266
-.0286
”00508
=.0346
“ao529
=,0546
~-,0356

h

=16.7
~17.8
-19.6
-190,.4
=215
=24,8
=28,0
=31.7
”5607
=353
=39,.2
'4501
=453
=49,9
«56.0
=53.2
=56.,0
«57.6

h
corrected

=19,9
=21.0
-22.8
=22,.6
=24,7
=28,0
~51.2
=54,9
39,9
=38,
-42.4
”4653
-48,0
“5501
“5902
-56.4
“59a2
“6008
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Table XIV,

Titration of Normal Human Carbonmonoxyhemoglobln

1
in 1.0 Molar Potassium Chloride at 1.5°C.

med . HY op meq. H? or h
pH OH~added Control OH"bound h corrected
4,68 . 0278 .0008 . 0272 44,0 34,9
5.40 », 0185 .000L .0184 29.8 20,7
6,58 . 0093 -, 0003 » 0020 18.9 6.4
7o 47 = =,0008 . 0006 0.9 =8,2
7.58 - =, Q007 « 0007 1.0 =-8,1
8.00 =-,0038 =,000% -, 0029 -4, -13.8
8.69 = o Q077 =,0011 =, 00866 =10,7 -19,.8
Q.44 =,0L1S -, Q0LD =,Q100 -16,.2 =25.3
0.84 -.0104 -,001¢ -,0135 -21,.8 =30,9

10.09 -,0192 =,0024 =,0168 -24,1 =33.2
10.40 -, 0250 =,0035 -o,0195 wSlsD =40,6
10.82 = 0307 =, 0065 =,0242 =39,.2 »48,3
. 11@08 "”'90584 me0096 “0Q288 ""46:)6 “"'5557
11.32 -, 0461 w0137 =-,0324 =52.4 =618
11,80 -,0614 =,0250 =,05564 =58,9 =68,.0

o
a
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=
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Table XV,

Titration of Normal Huwman Carbonmonoxyhemoglobin

in 1.0 Molar Potassium Chloride at 1G5OG@1
EX <
meg., H or meg. H or n
OH  edded Control OH™ bound h corrected
4,35 L0878 . 0008 L0272 44,0 41 .5
5440 +0LES - .0002 0183 29.2 26.7
6.29 ,0093 -, 0003 «0098 15.5 13.0
6@85 - = ‘”00006 00006 ]—eo “"1@5
6,38 - =, 0008 . 0008 1.3 -1l.2
6,92 - -, 0008 . 0008 1.3 =1.2
6,95 - -, 0008 . 0008 1.3 -1.2
7954 ”’90058 MQOO].O “‘“00028 ‘”4@5 "‘?50
T.63 -, 0077 -, 0011 -, 0066 =JeDd =120
8.28 -, 0LL5 =,0016 -,0099 =16,0 «=18.5
8,58 -,0154 -, 0022 =,0132 -21.4 =259
8.60 =, 0154 -, 3023 -,0131 =212 =23,7
8.83 -.0102 -, 0030 =-,0162 -26,.2 =28,7
9,01 -, 0230 - o 0040 =, 0L20 =307 w35, 8
9,33 =, 0307 -, 0071, -,0236 =-38,2 -840,
9,66 =, 0461 -,01386 -, 0325 52,8 -55,1
10,00 -,0614 -, 0267 -, (0347 =-56,.2 =58,7

&

s Yable ALLT.



pH

2.52
2639
2,58
2,38
5,00
501-:6
S.,04
5@6l
.88
3,97
4.23
4,40
4.54
4.76
5,02
D.42
5,96
6.27
6.60
6.61
6.77
6.93
7607
7.22
7.59
7.7
7772
7.89
8,04
8,40
8,99
9.20

2

te each titration mixture.
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Table XVI.

Titration of 2ickle Cell Anemia Carbonmonoxyhemoglobin

in 1.0 Molar Potassium Chloride at 25°C.

#

meq. H
O0H"added

. 1854
. L1669
. 0927
. 0835
L0742
0649
. 0506
. 0464
0464
L0371
0278
0232
,01856
.01L39
0083
. 0046

am o
e

B

=-,0015
=6 0051
=9 004;6
-.0061

or

= @ OO?Z

=,0092
-.0108
=.0123
-,0158
-,0154
-.0184
=, 0200

Control

§

e

=

8

£

§

2

1

@

i

18 8 &

.1205
- 1044
0655
0269
.0256
0176
0117
. 0085
00386
« 0030
. 0017
.0011
. 0008
.0005
0002
.0002
. 0005
» 0005
. 0005
. C006
. 0007
. 0008
. 0008
- 0009
.0010
.0011
. 0012
0012
. 0014
.0020
.0025

mMeq i
QH” bound

. 0649
. 0625
. 0645
. 0658
. 0579
- 0566
. 05632
. 0491
. 0428
«0434
0354
. 0267
0224
.0180
. 0137
0093
» 0048
.0005
. 0005
. 0005
=, 0009
=2 0024:
=,0038
=-,00583
-,0068
390082
-, 0007
-.0111
-,0127
bt} 0140
-,0164
=, 0175

or

2

this figure into the figures in the fourth column.

h
correched

106.7
102.0
104.8
107.8
94,9
92,9
87.7
8l.4
71.8
64,8
60,1
47,0
44.8
55,6
27 .4
20,7

ot

§

t
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§
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gllel
«13.5
=15.5
~19.2
-20.9

=4 ., . , - < -
6,0l x 1077 millimoles of carbonmoncxzyhemoglobin were added
n values were obtaeined by dividing



o

9.82

9,88
10.04
10.30
10,48
10.74
10.92
11.07

meqg. H® or

OH~added

= 0259
“90269
=,0507
= @ 0584
-.0461
=-.06156
= 0768
-, 0022

o
0

Teble XVI (Continued).

Control

=,0045
“90065
-,.0080
-.0L16
-.0154
m00262
-,0368
'”oOBOé

meq. ¥ or
O beound

=,0185
-.,0204
=,0227
Q60268
=, 0307
=,03585
-, 0400
“90418

h

~28.4
-3Ll.4
=34,9
~41.2
=472
-54,2
”61@5
~64,2

h
corrected

‘“2254
~95_4

L

-28.9
-35.2
-41.2
-48.2
=5D,5
°5802



Table XVII.

Titration of Sickle Cell Anemia Carbonmonoxyhemoglobin

4,53
5.02
5.97
7.08
7.36
7.84
8.17
9.07
9.77

10,11

10.38

10.76

11.06

11.25

11.52

in 1.0 Molar Potassium Chloride at 1.5°C.

L]

meg. H or

OH" added

0278

0185

.0093
“"v0058
-,0077
-,0115
-,0154
=-,0102
=, 0250
=, 0307
-.0384
“ e 0461
-.0614

Table VI,

Control

. 0008

.0002
o= aOOOl
-.00086
-,0007
-,0008
-+00L0
=9 Oolg
-,0018
= & 008‘1
-.0034
-,00569
=, 0093
-,0110
-,0204

2
meq. H
OH bound

. 0270
L0183
. 0094
. 0006
. 0007
-, 0030
=, 0067
=@ 0102
-,01356
~-,0168
-,0196
~-,0248
-,0291
=,0351
- a8 0410

or

h

4.9
28,1
14.4
0.9
1.1
"‘"4&96
-10.3
=15.7
-20.9
-25.8
=30,1
=38,1
=44,
=53,9
=65,0

h
corrected

39,2
25.8
12.1
-1l.4
-1.2
=669
=12.6
~-18.0
-23.2
=28,1
~32.4
=40, 4
=47 .0
-56.2
=65.5
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Table XVIII.

Titration of Sickle Cell Anemia Carbonmonoxyhemoglobin

in 1.0 Molar Potassium Chloride at 5006.2
meq. H¥ or meq. H¥* or h
pH OH™ added Control O bound h corrected
4,72 -0278 - L.0008 0271 41.6 49,5
4,76 0278 » Q007 . 0270 41.5 49,2
5.19 0185 . 0003 .0L82 28,0 38,7
8,20 Q003 -,0001 . 0094 14.4 22.1
6.48 == =, 0005 » 0005 0.8 8.9
6,48 , - =,0005 . 0005 0.8 8.0
0,49 o n =-,0005 » 00058 0.8 8.5
7,00 =,0038 =,0008 =,0030 -4,6 3.1
7.18 = o 0077 =, 0009 ~-,0068 =10.4 -2,7
7.67 =,0115 -,001L -,0104 =16,0 =8.3
8,02 =,01L54 =,0013 -,0141 =21.7 =] 4,0
8.31 -,0154 =, Q0L5G -,0L38 -21,.2 =13.5
8.60 =,0192 =, 0025 ~-,0169 =26.0 ~18,3
8.82 =, 0230 -, 0030 =,0200 =50,7 =23.0
9.22 =, 0307 =,0058 =,0249 =38,2 =30.3
9.62 =, 046L -,0110 =,03581 «5H3,9 =46.2
2.98 -,0614 -,0254 -~ o 0350 =53.8 -46,1

o]
o

Dee Yavle AVI.
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Table XIX.

Control Titration of Formaldehyde
in 1.0 Molar Potassium Chloride at 25°C.

meq. OH meq. OH"
pH added pH added
5,35 - 8.97 ,0154
5.78 .0008 9.20 .0230
6.18 ,0015 9,52 . 0307
7.354 .0023 9,44 .0384
7.90 . 0031 9.52 L0461
8,22 . 0046 9.58 .0538
8,42 : .0061 9.66 L0614
8.50 . 0077 2.71 L0692
8.79 .0100 9.76 0768
8.91 ,0123
Table XX.

Formal Titration of Normal

Human Carbommonoxyhemoglobin at 2590@1
meq. med . h
pH OH- added Control CH™ bound h corrected
6,07 .0230 .0018 L0212 =34,3 ~37.5
6.90 . 0307 . 0020 . 0287 -46.5 =49,7
70354 .0384 .0083 . 0381 -58.4 ~61.6
7.92 0461 .0032 . 0429 =60.4 -72.6
8.28 .0538 0075 . 0463 =74,9 -78.1
8.94 .0614 . 0130 .0484 -78.3 =-8l.5
9.13 0692  « .0189 0583 -81l.4 =84.6
9.31 0768 .02858 . 0483 =78.2 -81l.4

-
Ao el YTTT
oee Ladle Alil.



pH

6.02
6.86
7.30
7.52
7.81
8.12
8,51
8,08
8.84
9,10
9,27

<
3
[

=56

Table XXI.

Formol Titration of 3ickle Cell

Anemia Carbonmonoxyhemoglobin at 25°C.,

meq.
QH~™ added

0230
. 0307
03584
. 0584
0461
20461
0538
.0558
.0614
.0692
0768

See Table AXVI.

Control OH bound

.0018
.0020
.0022
.0023
.0029
.0040
.0052
.0075
.0110
.0176
.0259

meq.

.021%2
. 0287
0362
. 0361
. 0432
0421
. 0486
0463
»0504
.0516
. 0509

h

52,6
44,2
55.6
50.4
66,4
64.7
74.6
71l.1
774
79.3
78.2

2

h
corrected

26.6
38,2
49,6
49.4
60,4
58,7
68,6
65.1
7l.4
75,5
72,2
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Figure 7.

Control titration curves at three tempsratures. The
pH walues of 1.0 molaf KCl solutions were measured after the
addition of aliquots of standard acid or base. The alkaline
portions of the control curves constructed from these measure-

ments are shown here.
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Figure 8.

T4 tration curves of normal and sickle cell anemia

carbonmoncxyhemoglobinsg at 25°¢,
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Figure 9.

Titration curves of normal and sickle cell anemia

hemoglobins at 1.5°, and 50°¢,
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Figure 10.

Formol titration curves of normal and sickle cell

. . . o}
anemia carbonmonoxyhemoglobins at 257C.
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(4) Discussion of titrabtion results.

In evaluating the titration resulis it Is desirable to
recognize the limitations of this method as a means of de=-

termining the number of each Gtype of dissoclatling group pre-

&_h

sent in a protein molecule. The number of free amino groups
as determined by the formol titration 1s consistently higher
by about 50 per cent than the number found by aminc acid
analysis (25)@ The egstimation of the number of imidazole
groups depends on the debtermination of the apparent heat of
dissociation of the protein as a function of piH, and Wyman's
{28) analysis of horse oxyhemoglobin revealed about 31 groups
digscociating with’tbevheat of dissoclation of the imidazole
group as compared to the 33 histidine residues per molecule
found by amino acid analysis. Heat of dissoclation studies
on other proteins have not yielded definite results on the
nwnber of imidazole groups present. The titration figurs

for the total number of cations (29), which 1s equal to the
acid combiningﬁcapacity of the protelin, 1s considerably higher
than the total number of basic amino acid residues found by
analysis. The titration figure for the numbef of guanidinium
grovps is in good agrecment with the analytical figures (29),
but this agreement loses its significance in view of the fact
that it 1s the difference of two figures which are high by

the sgame amount.
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Cohn, Green, and Blanchard (30) were able to fit their
Fitration data for horse carbonmonoxyhemoglobin between pH 1.5
and 13 on the basis of seven apparent dissociation constants.
The number of residues with titration constants 5.7 and 7.5
was found to be 33, a figure which agrees with the analytical
value for histidine. These 33 groups dissociated in the pH
range 5 to 9 in contrast to the 5.6 to 3.5 range assigned to
the imidazole groups of horse carbonmonoxyhemoglobin by Wyman.
The total number of groups with titration consbtants of 3.7,
4,0, and 4.8, was 87, a figure which is in marked disagreement
with the analytical figure of 26 free carboxyl groups. The
constants 10.5 and 11.6 were assigned to the amino, guanidino,
and phenolic groups, but the number of each group present was
indeterminate.

It is evident that the quantitative interpretation of an
ordinary acld-base titration curve of a protein is subject
to large uncertainties. On the other hand, differential ti-
trations have béen performed which have detected small differe
ences between two compounds of the same protein. An gxample

Fa

of this technique is the differential titration of ferrohsemoe

-globln and oxyhemoglobin (17), which provided data for the
calculation of the pK's of the heme-linked scid groups 1in the

two compounds. The success of this technique déepends on the

fact that the pH of the same hemoglobin solution is measured
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both before and after combination with oxygen. The protein
" concentration remains the same, and the effects of salt and
protein on the activity coefficient of hydrogen and hydroxyl
ions cancel when the difference between the curves 1s taken.

Since normal and sickle cell anemisa hemoglobins behave
as two different proteins, a differential titration comparable
to the oxyhemoglobin=ferrchemoglobin titration is not feasible.
A comparislon can, however, be made by performing separate
titrations under ildentical experimsnital conditions. As has
been pointed outbt, attempts at quantitative interpretations of
these curves probably would be unprcductive. On the other hand,
the proteins are presumably very similar so that comparison
of corresponding portions of thelr respective titration curves
may yield some information as to differences in their ionizable
groups. Small differences would fall within the 1limits of
experimental error, but if the net charge difference of about
three chnarges were due to large differences in both the acidic
and the basic g;oups, these differences would be detectable. It
was with this possibility in mind that these experiments were
undertaken. If such large differences were found, the analyses
of these proteins could be concentrated on the particular amino
acids involved,

The formol titrations indicate that sicklé cell anemia

hemoglobin contains fewer amino groups than normal hemoglobin.



The actual number of groups cannot be specified because of

the previously menbtioned uncertainty of formol titration results
with proteins. Furthermore, this result 1s contradicted by

the acid-base titration curves at 25°. The two curves are
nearly identical in the pH region in which ammonium groups
dissociate, indicating little or no difference in the number

of free amino groups.

According to the titrations, the hemoglobins have approxi-
mately the same acid binding capacity, 105 equivalents of acid
per mole of hemoglobin. The imldazole portlions of the curves
disclose an inconsistency in the results, sickle cell anemia
hemoglobin showing a greater number of dissoclating groups
in the pH region 5.6 to 8.5 at 25 degrees but a smaller number
at 1.5 and 50 degrees. It is necessary to go back to the
mobility curves, which are roughly parallel in this region, and
conclude that the number of imidazole groups must be approxi-
mately the same, - The acid portions of the curves do not dig-
close any larggsdifferences in the number of dissociating
groups.

Thus these titration studies have falled to reveal which
of the amino acids are responsible for the charge difference
between the hemoglobins. The conclusion which can be drawn
is that there 1s no large difference in their basic and acidic

amino acid compositions.,
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ixamination in

from the erythrocytes of sickle cell anemic individusls has
shown that 1t olffers electrophoretically from normal nemo-
globin., Thals finalng supports the conclusion (18), bassd
on the correlation of the observations on intact erythrocytes
by previous workers that the hemoglobin was responsible for
the sickling process. The presence of two electrophnoretic
components in the hemoglobin from the erythrocytes of sicklemic
individuals is in accord with the evidence recently presented
by Neel (3) on the genetic transmission of sickle cell anemia(
and sicklemia.

Further investigation of sickle cell anemia hemoglobin
has been undertaken in order to elucildate the molecular basis
for the abnormality in electrophoretic behavior. The electro=
vhoretic mobilities and patterns of denatured globins prepared
from the hemogl@bins of normal, sickle cell anemic, and sicklemic
indivisuals were nearly identical., Acid-base titration sbudies
failed to show significant differences in the ionizable groups
of normal and sickle cell anemla carbonmonoxyhemoglobins. The
studies of Dr. Ibert Wells on the dimethyl esters of the por-
phyrins derived from the hemoglobins indicated that the. hemes were

identical (18). The amino acid analyses of normal and sickle



cell anemia hemoglobin by Dr. Walter Schroeder (31) show that
very little difference exlsts between the proteins with respect
to amino acid composition. The situation is analogous to that
which exists in the comparative studies of various mammalian
hemoglobins. Hemogloblins which have different crystalline forms,
solubilities, and iscelectric points have vepry simlilar amino
acid compositions,.

Diffusion and sedimentation exveriments were mentioned
sarlier, but it has been reported that these methods cannot
distinguish renatured proteins from the corresponding natlve
proteins (32). On the other hand, electrophoretic experiments
show marked differences in mobilities and lsoelectric points
between thése same native and reversibly denatured protein
preparations. Gralen's experiments (14) also show that the
reversal of denaturation of hemoglobin is not a reproducible
procedure. Of three prepasrations one had the same isoelec=
tric point ss the original substance, and two had lsoelectric

pl units lower than that of the original substance.

Ey

points 0.2

Thus it appears thst the electrophoretic method 1s a particu-

larly sensitive method of distingulshing two very gimilar proteins.

The ability of the sickle cell anemia hemoglobin mole-
cule to Torm aggregates and cause sickling remelins as an Iim-
portant clue to its nature. A possible mechanism for the

sickling process has been proposed (18); the proposed mechanism
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implies a surface configuration of the slckle cell anemia
hemoglobin melecule which ditfers from that of the normal
molecule. Immunologlcal studies have revealed differences
among the hemoglobins of various specles as antigens (33) and
would be useful in checking the postulate of an abnormal surface
configuration of the sickle cell anemia hemoglobin molecule.
If a difference of this type exists, the possiblility of differ-
ences in ion adsorption cannot be overlooked.( In phosphate
buffer horse carbonmonoxyhemoglobin shows a dependence of
iscelectric point on buffer concentration (34), This de=
pendence has been ascribed to buffer ion adsorption. If ion
adsorption is involved in the electrophoretic difference be=-
tween normal and sickle cell anemia hemoglobins, this phenomenon
may be manifested by a diiference in the dependence of the
isoelectric points on buffer concentration. Electrophoretic
experiments in phosphate buffers of lonic strengths other than
0.1 should be performed in order to check this possibility.
Other differences in the properties of the hemoglobins
will undoubtedly be found, but with such large molecules the
probability of locating precisely the cause of their difference
is small., Differences in amino acid composition, in arrange-
ment of amino acids in the polypeptide chains, in folding of

the polypeptide chains, and in adsorption of ions must all be
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considered as pogsible causes. A better understanding of the
factors involved requires the accumulation and interpretation

of a large variety of chemical, physical, and immunological

data.
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INTRODUCTION

Although the relationship of ferrohemoglobin, oxyhemo-
globin, and carbormonoxyhemoglobin to sickling has long been
known, the possible role which other hemoglobin compounds might
play hes never been studied. Two approaches to this problem
are suggested by the known differences between ferrohemoglobin
on the one hand and oxy and carbonmonoxyhemoglcbin on the other.
One of the sixzx bonding sites of the iron atom in the heme of
ferrohemoglobin 1s unoccupied., All six are occupled in the

1.7 2

other compounds. Magnetlc susceptibility measurements have

0

E—Jm

shown that ferrchemoglobin is paramagnetic while oxy- and

[N
e

carbonmonoxyhemoglobin are diamagnetic. Ferrihemnoglobin in
acld or neutral solution 1s the only undenatured hemoglobiln
compound other than ferrohemoglobin which possibly has an un-
combined site. The effect on cell form of transforming its
hemoglobin to ferrihemoglobin was therefore studied. Sincs
both ferro- andmférrihemoglobin are known to form compounds
with several molecules and ions, an attempt was made bto pro-
duce these compounds within sickle cells. While ferrihemoglobin
itselfl is paramagnetic, it forms both paramagnetic and dia-
magnetlic compounds (1), and it was hoped that the study of these
compounds within the cells of sickle cell anemia inaividuals

would shed some light on the sickling process. Susceptibility
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measurements on the Gouy balance were not possible because the
amount of sickle cell anemia blood available at the time of

these experiments was small.

EXPERIMENTAL METHODS AND RESULTS

The oxidation of hemoglobin to ferrihemoglobin occurs
very slowly in the intact red cell, and oxidation with ferri-
cyanide 1s not feasible because the cell membrane 1s lmperme-
able to this ion (2). The oxidizing agent employed was sodium
nitrite, which rapidly enters the cell and oxldizes ferrchemo-
globin to ferrihemoglobin. Sodium nitrite is not ideally sulted
to use in protein solutions since 1t alsc reacts with free
emino groups in acid solutions, but no other rapid oxldizing agent
was found. Cells treated with this compound immediately acquir-
ed the characteristic color and spectrum of ferrihemoglebin@
Microscopic examination of these cells revealed no sickling.
Feduction of the ferrihemoglobin to ferrohemoglobin caused all
of these cells to sickle, so the nitrite treatment had not
abolished the ability of tnelr hemoglobin to cause sickling.
Addition of azide or fluoride to the ferrihemoglobin-containing
cells did not alter their form, and the addition of cyanide
caused lysis,

Ferrohemoglobin forms a covalent compound with ethyl

isocyanide (3)s; but the addition of this compound %o a suspension
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of sickled cells did not reverse the sickling. The cells becanme
spherical after a few minutes and lysed. It is possible that
the passage of the isocyanide through the cell membrane wa
retarded and that the impurities in the preparation caused

lysis before combination of hemoglobin and ethyl isocyanilde
could occur.

A buffered scodium dithionite solution which rapidly
reduces the oxyhemoglobin in erythrocytes without causing
hemolysis was perfected in the course of this work. This
gsolution has proven to be effective in the raplid and accurate

diagnosis of sickle cell anemia and sickle cell trait. The

preparation and use of the reagent were reporited in Blocd, The

Journal of Hematology, 4, 66 (1949).

DISCUSSION

The failure of the varlous compounds of ferro- and fer=
rihemoglobin %o c%pse slckling is in accord with the theory
that compound formation by hemogloblin diminishes the comple=
mentariness between molecules which 1s necessary for sickling to
occur {4). Tue fallure of ferrihemoglebin to cause sickling
may be due to the binding of a wabter molecule by each iron altom
of a heme'or by repulsion at the complementary sites due %o

the posiltive charge on the iron atom.
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The following paper appeared in Blood, the Journal of
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RAPID DIAGNOSTIC TEST FOR SICKLE CELL ANEMIA

gl
LAY

by Harvey A. ltano®™™ and Linus Pauling

Sickle cell anemia 1s a congential chronic hemolytic type
of anemla cinaracterized hematologically by the development of
cat-shaped and sickle-shaped erytarocytes, Otﬁer cellulaxr
abnormalities which are due to excessive blood destructlon and
actlive blood formation are also seen in blood smears. $Six to
trait (2,3): their

ten per cent of Negroes possess the sickle

[and

blocd cells have the capacity to sickle, but most of these

[

ndividuals do not develop anemia,

The course of the sickling process ag observed under the
microscope nas been described in detall by several investigators
(4,6,10), but little is known about the physical »nrocesses
invelved 1n sickling. It has been established, however, thatb

ndividugls with sickle e¢ell anemis and

l_!e

the erybthrocytes of
sickle cell trait become sickled when the hemoglobin is reduced
(8,14), When the hemoglobin is combined with oXygen or carbon

.

monoxide, the cells are indilstinguishable in form from normal

we
pxd

Contribution No. 1186 from the Gates and Crellin Laboratories
of Cnemistry, California Institute of Technology.
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Tnis work was briefly reported by Dr. Dan H. Campbell at the
Hematology Symposium of the U, 3. Public Health Service held
at St. Louls, Mo., on February 2, 1948,
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erythrocytes. The term promeniscocyte has been applied to the
latter form and meniscocyte to the former (11). Hahn and
Gillespie (8) and Sherman (1l4) obtained sickling physically by
reducing the partial pressure of oxygen over suspensions of
promeniscocytes. They were able to reverse the process by passing
oxygen or carbon monoxide over meniscocybtes. When oxygen 1is
premoved from promeniscocytes, thelr hemoglobin aggregates in

one or more foci within the cells, and the cell membrane collapses.
When oxygen is added to these cells, they resume thelr normal
conbtour, and hemogloblin appears to be distributed uniformly
througnout their infterlor. Meniscocytes are strongly birelfrin-
gent under the polarizing microscope (14) while promeniscocytes
are nob.

When a drop of blood is sealed bebtween a cover slip and a
slide, the decline In oxygen bension due to oxidative processes
in the blood cells leads to sickling (7). This is the common
dlagnostic test“for gsickle cell anemia and sickle cell trait
used in clinical laboratories. Sherman found that increase in
temperature, high leucocyte count, and bacterial contamination,
all of which increase the rate of oxygen consumption, acceler-
ated the sickling process. In another method a saline citrate
suspension of blood is allowed to stand in a test tube under a
leyer of paraffin oil until sickling takes place (1). In employ-

ing any of the common diagnostic tests for sickling it is
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desirable to obbain blood which has a low fraction of oxyhemo=-
globin. Thus the moist stasis method (13), in which blood is
obtained from a patient's finger after its circulation has been
occluded for five minutes, gives the most rapid and consistent
results. EBven with this method it is sometimes necessary to
obgserve the preparation for several hours before the result is
conclusive (5).

In order to find a more convenlent and rapid method of
producing meniscocytes we turned to chemical reducing agents.
Sodium dithionite, Nagng4, rapidly reduces oxyhemoglobin to
reduced hemoglobin, and this property suggested its use in
testing erythrocytes for sickling. When a solution of sodium
dithionite was added to promeniscocytes, nearly all of the cells
showed sickling or the early changes in the sickling process
within a few seconds. Dithionite ion tends to decompose to
thiosulfate and sulfite with formation of hydrogen ion so that
solutions mademgp from commercial preparations of sodium di-
thionite are often strongly acid in reaction; but by adding
NaEHPOQ to the solutions 1t i1s possible to increase the pH and
at the same time provide a buffering medium., Hahn and Gillespis
found that sickling was obtained most consistently 1if cell

suspensions were buffered at s slightly acid pH. We have pre=-

i

pared a satisfactory reagent by adding 0.114 M agueous NaZHPO4



to 0.114 M aqueous NapS;0, until the final pH was 6.8. The ratlo
of the volumes of NasiP0, and N323204 necessary bto obtain this
pH was about three to two,

The blood used in the following experiments was obtained
from six different cases of sickle cell anemia, three of whom
were being treated for exacerbations and threse of whom were
in remission. An excess of the dithionite reagent was added
to promeniscocytes on a microscope slide; almost immediately
changes were evident in the erythrocytes. Typical crescentic
forms did not appear in large numbers, presumably because of
the time reguired for the reduced hemoglobin molecules to be=-
come oriented in what Ponder calls the paracrystalline state (11).
However, nearly all of the cells underwent changes in contour,
and other changes described by earlier observers took place at
an accelerated rate., The forms of many of these cells correspond-
ed to the "nolly wreath" cells of Sherman and cells classified
as "abnormal"™ by Reinhard and his co-workers (12), After about
fifteen to thirty minutes the aggregates of hemoglobin in many
of the cells became birefringent. The presence of so many holly
wreath cells is in accord with Sherman's observation that
this form appears in large numbers when the rate of removal of
oxyzen 1is rapid. Since dithionite does not react with carbon
monoxide, promeniscocytes saturated with carbon monoxide would

not be expscted to undergo changes in contour upon addition
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of this reducing agent, This is indeed the case., Although

+
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blood was available to us for study, there

o
jrde
%ﬁ‘

no sicikle cell

is good reason to believe that such blood would behave in the

®

K3

. - . . -~ 3
same menner as sickle cell ansmia blood.

T

'he rapldity and simplieity of this test suggests that

it would be useful as a clinical laboratory procedure for diag-
nosing sickle cell anemia and sickle cell trait. No special
prgcautions are necessary in collecting the blood for this test;
oxygenated cells may be used since an excess of reducing agent
can always be added. The test works equally well with oxalated
blood or fingertip puncture specimens and may be applied in
several ways. (1) About 0.05 ml, of reagent may be added to

a very small drop (about 0.0l ml.) of blood on a slide., A

cover slip is then laid over the mixture and cells observed
under a microscope. (2) An excess of reagent may be added to

a small volume of blood in a test tube and a drop of the mixture
observed. (3) A convenient method for studying the entire
process of sicﬁzing in a short period of time Iinvolves the use
of a hemocybomebter counting chamber. The chamber is half filled

with a dilute saline suspension of promeniscocytes; the reagent

** A brief note by da Silva (Science 107, 221 (1948)) which
appearsad since the preparation of this paper indicates that
he has successfully identified sicklemia {sickle cell trait)
by a procedure similar to method (1) below.
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is then added to f1ll the rest of the chamber. The erythrocytes
may be observed as the reducing agent diffuses into the part of
the chamber which they cccupy.

%

Since the dithionite reagent 1s unstable =28 mentioned

[

5

above, 1ts reducing power should be tested frequently by the

il

2 test portion to a dilute suspension of oxygenated
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erybthrocytes. If the reagent is satisfactory a change from the
eolor of bxyhemoglabin to that of reduced hemoglobin should be
observed. A4 large volume of stock NegHPO, solution may be
prepared, but 1t is desirable to make up the Na28204 solution

daily.

i

=

We are indebted to Dr. Edward R, Evans s d Dr. Travis

»

Winsor for thelr ald in obtaining the blood used in these

experiments.
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INTRCDUCTORY NOTE

The paper which follows summarizes the combined
work of the authors on the hemoglobin of sickle

cell anemia up to the fall of 1949,
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Reprinted from Science, Novemwber 25, 1949, Vol. 110, No. 2865, pages 543-548.

Sickle Cell Anemia, a Molecular Disease’

Linus Pauling, Harvey A. Itano,? S. J. Singer,? and Ibert C. Wells®

Gates and Crellin Laboratories of Chemistry,

Cdlifornia Institute of Technology, Pasadena, California*

HE ERYTHROCYTES of certain individuals

possess the capacity to undergo reversible

changes in shape in response to changes in the

partial pressure of oxygen. When the oxygen
pressure is lowered, these cells change their forms from
the normal biconeave disk to crescent, holly wreath,
and other forms. This proeess is known as sickling,
About 8 percent of Ameriecan Negroes possess this
characteristic; usually they exhibit no pathological
consequences aseribable to it. These people are said
to have sicklemia, or sickle eell trait. However, about
1.in 40 (4) of these individuals whose cells are capable
of sickling suffer from a severe chronic anemia re-
sulting from excessive destruction of their erythro-
cytes; the term sickle cell anemia is applied to their
condition.

The main observable difference between the erythro-
eytes of sickle cell trait and sickle cell anemia has been
that a considerably greater reduction in the partial
pressure of oxygen is required for a major fraction
of the trait cells to sickle than for the anemia cells
(11). Tests in vivo have demonstrated that between
30 and 60 percent of the erythrocytes in the venous
circulation of sickle cell anemic individuals, but less
than 1 percent of those in the venous cireulation of
sicklemie individuals, are normally sickled. Experi-
ments in vitro indicate that under sufficiently low oxy-
gen pressure, however, all the cells of both types as-
sume the sickled form. **

The evidence available at the time that our investi-
gation was begun indicated that the process of sick-
ling might be intimately associated with the state and
the nature of the hemoglobin within the erythroeyte.
Sickle cell erythroeytes in which the hemoglobin is
combined with oxygen or carbon monoxide have the
biconcave disk contour and are indistinguishable in

% This research was carried out with the aid of a grant
from the United States Public Health Service. The authors
are grateful to Professor Ray D. Owen, of the Biology Di-
vision of this Institute, for his helpful suggestions. We are
indebted to Dr. Edward R. Evans, of Pasadena, Dr. Travis
Winsor, of Los Angeles, and Dr, G. E. Burch, of the Tulane
University School of Medicine, New Orleans, for their aid in
obtaining the blood used in these experiments.

2U. 8. Public Health Service postdoctoral fellow of the
National Institutes of Health.

3 Postdoctoral fellow of the Division of Medical Sciences
of the National Research Council.

¢ Contribution No. 1333.

that form from normal erythrocytes. In this eondi-
tion they are termed promeniscocytes. The hemo-
globin appears to be uniformly distributed and ran-
domly oriented within normal cells and promenisco-
cytes, and no birefringence is observed. Both fypes
of cells are very flexible. If the oxygen or earbon
monoxide is removed, however, transforming the hemo-
globin to the uncombined state, the promeniscocytes
undergo sickling. The hemoglobin within the sickled
cells appears to aggregate into one or more foei, and
the eell membranes collapse. The cells become bire-
fringent (11) and quite rigid. The addition of oxy-
gen or carbon monoxide to these cells reverses these
phenomena. Thus the physical effects just described
depend on the state of combination of the hemoglobin,
and only secondarily, if at all, on the cell membrane.
This conclusion is supported by the observation that
sickled cells when lysed with water produce discoidal,
rather than sickle-shaped, ghosts (10).

It was decided, therefore, to examine the physieal
and chemical properties of the hemoglobins of indi-
viduals with sicklemia and sickle eell anemia, and to
compare them with the hemoglobin of normal indi-
viduals to determine whether any significant differ-
ences might be observed.

EXPERIMENTAL METHODS

The experimental work reported in this paper deals
largely with an electrophoretic study of these hemo-
globins, In the first phase of the investigation, which
concerned the comparison of normal and sickle cell
anemia hemoglobins, three types of experiments were
performed: 1) with earbonmonoxyhemoglobins; 2)
with uneombined ferrohemoglobins in the presence of
dithionite ion, to prevent oxidation to methemoglo-
bins; and 3) with carbonmonoxyhemoglobins in the
presence of dithionite ion. The experiments of type
3 were performed and compared with those of type 1
in order to ascertain whether the dithionite ion itself
causes any specific electrophoretic effect.

Samples of blood were obtained from sickle cell
anemic individuals who had not been transfused within
three months prior to the time of sampling. Stroma-

* free concentrated solutions of human adult hemoglobin

were prepared by the method used by Drabkin (3).
These solutions were diluted just before use with the
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appropriate buffer until the hemoglobin concentrations
were close to 0.5 grams per 100 milliliters, and then
were dialyzed against large volumes of these buffers
for 12 to 24 bours at 4° C. The buffers for the ex-
periments of types 2 and 3 were prepared by adding
300 ml of 0.1 ionic strength sodium dithionite solu-
tion to 3.5 liters of 0.1 ionic strength buffer. About
100 ml of 0.1 molar NaOH was then added to bring
the pH of the buffer back to its original value. TFer-
rohemoglobin solutions were prepared by diluting the
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square designated by the arrow represents an average value
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concentrated solutions with this dithionite-containing
buffer and dialyzing against it under a nitrogen atmos-
phere. The hemoglobin solutions for the experiments
of type 3 were made up similarly, except that they
were saturated with earbon monoxide after dilution
and were dialyzed under a carbon monoxide atmos-
phere. The dialysis bags were kept in eontinuous
motion in the buffers by means of a stirrer with a
mercury seal to prevent the escape of the nitrogen
and carbon monoxide gases.

The experiments were carried out in the modified
Tiselius eleetrophoresis apparatus described by Swingle
(14). Potential gradients of 4.8 to 8.4 volts per centi-
meter were employed, and the duration of the runs
varied from 6 to 20 hours. The pH values of the
buffers were measured after dialysis on samples which
had come to room temnerature.

Resunts

The results indieate that a significant difference ex-
ists between the electrophoretic mobilities of hemo-
globin derived from erythroeytes of normal individuals
and from those of sickle cell anemic individuals. The
two types of hemoglobin are particularly easily dis-
tinguished as the earbonmonoxy compounds at pH 6.9
in phosphate buffer of 0.1 ionie strength. In this
buffer the sickle cell anemia earbonmonoxyhemoglobin
moves as a positive ion, while the normal compotnd
moves as a negative ion, and there is no detectable
amount of one type present in the other.* The hemo-
globin derived from erythrocytes of individuals with
sicklemia, however, appears to be a mixture of the
normal hemoglobin and sickle eell anemia hemoglobin
in roughly equal proportions. Up to the present time
the hemoglobins of 15 persons with sickle cell anemia,
8 persons with sicklemia, and 7 normal adults have
been examined. The hemoglobins of normal adult
white and negro individuals were found to be indis-
tinguishable.

The mobility data obtained in phosphate buffers of
0.1 ionie strength and various values of pI are sum-
marized in Figs. 1 and 2.5

4 Occasionally small amounts (less than 5 percent of the
total protein) of material with mobilities different from that
of either kind of hemoglobin were observed in these uncrys-
tallized hemoglobin preparations. According to the observa-
tions of Stern, Reiner, and Silber (12) a small amount of a

component with a mobility smaller than that of oxyhemo-
globin is present in human erythrocyte hemolyzates.

5 The results obtained with earbonmonoxyhemoglobins with
and without dithionite ion in the buffers indicate that the
dithionite ion plays no-significant role in the electrophoretic
properties of the proteins. It is therefore of interest that
ferrohemoglobin was found to have a lower isoelectric point
in phosphate buffer than carbonmonoxyhemoglobin. Titra-
tion studies have indicated (5, 6) that oxyhemoglobin (simi-
lar in electrophoretic properties to the carbonmonoxy com-
pound) has a lower isoelectric point than ferrohemoglobin in
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The isoelectric points are listed in Table 1. These re-
sults prove that the electrophoretic difference between
normal hemoglobin and sickle cell anemia hemoglobin

TABLE 1

ISOBLECTRIC POINTS - IN PHOSPHATE BUFFER, p= 0.1

Sickle cell

X Difference
anemia

Compound Normal

Carbonmonoexyhemoglobin 6.87 7.09 0.22
Ferrohemoglobin  ...... ,{"T’G.Sﬁ 2 708 ¥ 2 >
: 588 §DI (723

exists in both ferrohemoglobin and carbonmonoxy-
hemoglobin. We have also performed several experi-
ments in a buffer of 0.1 ionie strength and pI 6.52
containing 0.08 3 NaCl, 0.02 ¥ sodium eacodylate, and
0.0083 M eacodylic acid. In this buffer the average
mobility of sickle cell anemia earbonmonoxyhemo-
globin is 2.63 x 10-%, and that of normal carbonmon-
oxyhemoglobin is 2.23 x10-% em/sce per volt/em.S

‘ |
L A

¢) Sickle Cell Trait

a) Normai

Y &

b) Sickle Cell Anemia d) 50-50 Mixture of @) and b)

Fig. 3. Longsworth scanning diagrams of carbonmon-
oxyhemoglobins in phosphate buffer of (.1 ionic strength and
pH 8.90 taken after 20 hours’ electrophoresis at a potential
gradient of 4.73 volts/cm.

These experiments with a buffer guite different from
phosphate buffer demonstrate that the difference be-
tween the hemoglobins is essentially independent of
the buffer ions.

Typieal Longsworth seamning diagrams of experi-
ments with normal, sickle cell anemia, and sicklemia
carbonmonoxyhemoglobins, and with a mixture of the
first two compounds, all in phosphate buffer of pIl
6.90 and ionie strength 0.1, are reproduced in Fig. 3.
It is apparent from this figure that the sicklemia mate-
rial contains less than 50 percent of the anemia com-
ponent. In order to determine this quantity aecu-
rately some experiments at a total protein coneentra-
the absence of other ions. These results might be reconciled
by assuming that the ferrous iren of ferrohemoglobin forms
complexes with phosphate ions which cannot be formed when

the iron is combined with oxygen or carben menoxide. We
propose to continue the study of this phenomenon.

€ The mobility data show that in 0.1 ionic strength eacody-
late buffers the isoelectric points of the hemoglobins are
increased about 0.5 pH unit over their values in 0.1 iomic
strength phospbate buffers. This effect is similar to that
obgerved by Longsworth in his study of ovalbumin (7).

tion of 1 percent were performed with known mixtures
of sickle eell anemia and normal earbonmonoxyhemo-
globins in the cacodylate-sedinm chloride buffer of 0.1
ionic strength and pH 6.52 described above. This
buffer was chosen in order to minimize the anomalous
electrophoretic effects observed im phosphate buffers
(7). Sinee the two hemoglobins were incompletely
resolved after 15 hours of electrophoresis under a
potential gradient of 2.79 volts/em, the method of
Tiselius and Kabat (76} was employed to allocate the
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Fi1c. 4. The determination of the pereent of sickle cell

anemia carbonmonoxyhemoglebin in known mixtures of the
protein with normal carbonmonoxyhemoglobin by means of
electrophoretic analysis., The experiments were performed
in a cacodylate sodium chloride buffer described in the text.
areas under the peaks in the electrophoresis diagrams
to the two components. In Fig. 4 there is plotted the
percent of the anemia component caleulated from the
areas so obtained against the pereent of that com-
ponent in the known mixtures. Similar experiments
were performed with a solution in which the hemo-
globins of 5 sicklemie individuals were pooled. The
relative concentrations of the two hemoglobins were
caleulated from the electrophoresis diagrams, and the
actual proportions were then determined from the plot
of Fig. 4. A value of 39 percent for the amount of
the sickle cell anemia component in the sicklemia
hemoglobin was arrived at in this manner. From the
experiments we have performed thus far it appears
that this value does not vary greatly from one sick-
lemie individual to another, but a more extensive study
of this point is required.

Up to this stage we have assumed that one of the
two components of sicklemia hemoglobin is identieal
with sickle eell anemia hemoglobin and the other is
identical with the normal compound. Aside from the
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genetic evidence which makes this assumption very
probable (see the discussion section), electrophoresis
experiments afford direct evidence that the assumption
is valid. The experiments on the pooled sicklemia
carbonmonoxyhemoglobin and the mixture containing
40 percent sickle cell anemia earbonmonoxyhemoglobin
and 60.percent normal carbonmonoxyhemoglobin in
the ecacodylate-sodium chloride buffer described above
were ecompared, and it was found that the mobilities
of the respective components were essentially iden-
tical.” Furthermore, we have performed experiments
in which normal hemoglobin was added to a sicklemia
preparation and the mixture was then subjected to
electrophoretic analysis. Upon examining the Longs-
worth seanning diagrams we found that the arca under
the peak corresponding to the normal component had
inereased by the amount expected, and that no indi-
cation of a new component could be discerned. Sim-
ilar experiments on mixtures of sickle cell anemia
hemoglobin and sicklemia preparations yielded similar
results. These sensitive tests reveal that, at least
electrophoretically, the two components in sicklemia
hemoglobin are identifiable with sickle cell anemia
hemoglobin and normal hemoglobin.

Discussion

1) Ow the Nature of the Difference between Sickle
Cell Anemia Hemoglobin and Normal Hemoglobin:
Having found that the electrophoretic mobilities of
sickle cell anemia hemoglobin and normal hemoglobin
differ, we are left with the considerable problem of
locating the eause of the difference. It is impossible
to aseribe the difference to dissimilarities in the par-
ticle weights or shapes of the two hemoglobins in solu-
tion: a purely frictional effect would cause one species
to move more slowly than the other throughout the
entire pH range and would not produce a shift in
the isoelectrie point. Moreover, preliminary velocity
ultracentrifuge® and free diffusion measurements indi-
cate that the two hemoglobins have the same sedimen-
tation and diffusion eonstants.

The most plausible hypothesis is that there is-a dif-
ference in the number or kind of ionizable groups in
the two hemoglobins. Let us assume that the only
groups eapable of forming ions which are present in
carbonmonoxyhemoglobin are the earboxyl groups in
the heme, and the earboxyl, imidazole, amino, phenolic
hydroxyl, and guanidino groups in the globin. The
number of ions nonspecifically adsorbed on the two
proteins should be the same for the two hemoglobins

7 The patterns were very slightly different in that the
known mixture contained 1 percent more of the sickle cell
anemia component than did the sickle cell trait material.

s We are indebted to Dr. M. Moskowitz, of the Chemistry
Department, University of California ‘at Berkeley, for per-
forming the ultracentrifuge experiments for us.

‘antigen-antibody reactions (9).

under ecomparable conditions, and they way be neg-
lected for our purposes. Our experiments indieate
that the net number of positive charges (the total
number of cationic groups minus the nuwmber of
anionie groups) is greater for sickle cell anemia hemo-
globin than for normal hemoglobin in the pH region
near their isoelectrie points.

Aeccording to titration data obtained by us, the acid-
base titration eurve of normal human earbonmonoxy-
hemoglobin is nearly linear in the neighborhood of the
isoelectriec point of the protein, and a change of one
pH unit in the hemoglobin solution in this region is
associated with a change in net charge on the hemo-
globin molecule of about 13 charges per molecule.
The same value was obtained by German and Wyman
(5) with horse oxyhemoglobin. The difference in iso-
electric points of the two hemoglobins under the con-
ditions of our experiments is 0.23 for ferrohemoglobin
and 0.22 for the carhonmonoxy compound. This dif-
ference corresponds to about 3 charges per molecule.
With consideration of our experimental error, sickle
cell anemia hemoglobin therefore has 2-4 more net
positive charges per molecule than normal hemoglobin.

Studies have been initiated to elucidate the nature
of this charge difference more precisely. Samples of
porphyrin dimethyl esters have been prepared from
normal hemoglobin and sickle cell anemia hemoglobin.
These samples were shown to be identical by their
x-ray powder photographs and by identity of their
melting points and mixed melting point. A sample
made from sicklemia hemoglobin was alse found to
have the same melting point. It is aceordingly prob-
able that normal and sickle cell anemia hemoglobin
have different globins. Titration studies and amino
acid analyses on the hemoglobins are also in progress.

2) On the Nature of the Sickling Process: In the
introductory paragraphs we outlined the evidence
which suggested that the hemoglobins in sickle eell
anemia and sicklemia erythrocytes might be respon-
sible for the sickling process. The fact that the
hemoglobins in these cells have now been found to be
different from that present in normal red blood cells
makes it appear very probable that this is indeed so.

We can picture the mechanism of the sickling
process in the following way. It is likely that it is
the globins rather than the hemes of the two hemo-
globins that are different. Let us propose that there
is a surface region on the globin of the sickle cell
anemia, hemoglobin molecule which is absent in the
normal molecule and which has a configuration com-
plementary to a different region of the surface of the
hemoglobin moleeule. This situation would be some-
what analogous to that which very probably exists in
The fact that sick-
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ling oceurs only when the partial pressures of oxygen
and earbon monoxide are low suggests that one of
these sites is very near to the iron atom of one or
more of the hemes, and that when the iron atom is
combined with either one of these gases, the comple-
mentariness of the two structures is considerably di-
minished. Under the appropriate conditions, then,
the sickle cell anemia hemoglobin molecules might be
capable of interacting with one another at these sites
sufficiently to cause at least a partial alignment of the
molecules within the cell, resulting in the erythrocyte’s
beecoming birefringent, and the cell membrane’s being
distorted to accommodate the now relatively rigid
structures within its confines. The addition of oxygen
or carbon monoxide to the cell might reverse these
effects by disrupting some of the weak bonds between
the hemoglobin molecules in favor of the bonds formed
between gas molecules and iron atoms of the hemes.

Sinee all sicklemia erythroeytes behave more or less
similarly, and all sickle at a sufficiently low oxygen
pressure (11}, it appears quite certain that normal
hemoglobin and sickle cell anemia hemoglobin coexist
within each sicklemia cell; otherwise there would be a
mixture of normal and sickle cell anemia erythrocytes
in sicklemia blood. We might expect that the normal
hemoglobin molecules, lacking at least one type of
complementary site present on the sickle cell anemia
molecules, and so being incapable of entering into the
chains or three-dimensional frameworks formed by
the latter, would interfere with the alignment of these
molecules within the sicklemia erythrocyte. Lower
oxygen pressures, freeing more of the complementary
sites near the hemes, might be required before suffi-
ciently large aggregates of sickle cell anemia hemo-
globin molecules could form to cause sickling of the
erythroeytes.

This is in aceord with the observations of Sherman
(17), which were mentiomed in the introduction, that
a large proportion of erythrocytes in the venous cir-
culation of persons with sickle cell anemia are sickled,
but that very few have assumed the sickle forms in
the venous cireulation of individuals with sicklemia.
Presumably, then, the sickled cells in the blood of per-
sons with sickle cell anemia cause thromboses, and
their increased fragility exposes them to the action of
reticulo-endothelial cells which break them down, re-
sulting in the anemia (1).

It appears, therefore, that while some of the details
of this picture of the sickling process are as yet con-
jectural, the proposed mechanism is consistent with
experimental observations at hand and offers a chemi-
cal and physical basis for many of them. Further-
more, if it is eorrect, it supplies a direct link between
the existence of “defective” hemoglobin molecules and
the pathological consequences of sickle cell disease.

3) Omn the Genetics of Sickle Cell Disease: A genetie
basis for the capacity of erythroeytes to sickle was
recognized early in the study of this disease (4).
Taliaferro and Huck (15) suggested that a single
dominant gene was involved, but the distinetion be-
tween sicklemia and sickle cell anemia was not clearly
understood at the time. The literature contains con-
flicting statements concerning the nature of the genetic
mechanisms involved, but recently Neel (8) has re-
ported an investigation which strongly indicates that
the gene responsible for the sickling characteristie is
in heterozygous eondition in individuals with sicklemia,
and homozygous in those with sickle cell anemia.

Our results had caused us to draw this inference
before Neel’s paper was published. The existence of
normal hemoglobin and siekle cell anemia hemoglobin
in roughly equal proportions in sicklemia hemoglobin
preparations is obviously in ecomplete accord with this
hypothesis. In fact, if the mechanism proposed above
to account for the sickling process is correct, we can
identify the gene responsible for the sickling process
with one of an alternative pair of alleles capable
through some series of reactions of introducing the
modification into the hemoglobin molecule that dis-
tinguishes sickle cell anemia hemoglobin from the
normal protein.

The results of our investigation are compatible with
a direct quantitative effect of this gene pair; in the
chromosomes of a single nuecleus of a normal adult
somatic cell there is a complete absence of the sickle
cell gene, while two doses of its allele are present; in
the sicklemia somatic cell there exists one dose of each
allele; and in the sickle cell anemia somatic cell there
are two doses of the sickle cell gene, and a complete
absence of its normal allele. Correspondingly, the
crythrocytes of these individuals contain 100 percent
normal hemoglobin, 40 percent sickle eell anemia
hemoglobin and 60 percent normal hemoglobin, and
100 pereent sickle cell anemia hemoglobin, respee-
tively. This investigation reveals, therefore, a elear
case of a change produced in a protein molecule by an
allelie change in a single gene involved in synthesis.

The fact that sicklemia erythrocytes eontain the
two hemoglobins in the ratio 40: 60 rather than 50: 50
might be accounted for by a number of hypothetical
sechemes. For example, the two genes might compete
for a common substrate in the synthesis of two differ-
ent enzymes essential to the produetion of the two
different hemoglobins. In this reaction, the sickle cell
gene would be less efficient than its normal allele. Or,
competition for a ecommon substrate might oceur at
some later stage in the series of reactions leading to
the synthesis of the two hemoglobins. Mechanisms of
this sort are discussed in more elaborate detail by
Stern (13).
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The vesults obtained in the present study suggest
that the erythrocytes of other hereditary hemolytie

Based .on a paper presented at

Sciences in Washington,
American Society of Bio
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hemoglobins.

the meeting of the National Academy of
D. C., in April, 1949, and at the meeting of the
logical Chemists in Detroit in April, 1949.
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anemias be examined for the presence of abnormal
This we propose to do.

Genetics, 1923,



PROPOSITIONS

1. The detection of intvermediate compounds in hemo=-
lobin resctions requires the use of compounds which are stable
under the experimental conditions being employed. [Furthermore,
the equilibrium emong the intermediates must be attained in a
reversible manner. A possible method of achieving these ob-
jectives is to allow ferro- and ferrihemoglobin to come %o
equilibrium in the presence of a mediator (1), remove the
mediator by dialysis, and saturate the ferrohemoglobin portion

with carbon monoxide.

2. Qifferences in the chemical and physical properties
of the two slectrophoretic componsnts of globln have been
reported (2). A large scale separation of the components in
the electrophoresis convection apparatus would permit investi-
gatlons to determine whether each component i1s a necessary

constituent of The reconstituted hemoglobin molecule.

L

D The absorption spectrum of methemogloblin from an Iin-
dividual having congenital methemoglobinemia is abnormal (3).
The oxication potential of this hemoglobin should be deter-

mined.

4, The effect on the oxygen combining curve of hemo=
globin of partial conversion to ferrihemoglobin 18 less fhan

that of an egual conversion to carbommonoxyhemozlobin (4).



PHOPOSITIONS (Continued).

The in vivo production of ferrihemoglcebin by nitrite is rapid

o

and reversible. This suzzgests that a maintenance dose of

sodiuwn nitrite might reduce the amount of In vive sicriling
in a sickle cell anemis patient.
&, Blocking Bh antibodies may be complexes of anti-

bodies with Rh hapten from previously destroyed Kh positive

red blood cells.

6 Covalent structures may be written for complexes
of the ferroheme group with alkyl and aryl azides, The pos-

glble existence of ferrohemoglobin alkyl and aryl azides may

be checked magnetometrically.

7 s The ionic complex of catalase is probably of the
form FeOHwﬁgog and the covalent complex of the form Fe°Hs0g

or FeOOH.,

8. Chance's investigations on the decomposition of

HgO0p by catalase support the following mechanism (5,6).

(W

i

Catalase 4 Ho09 Catalase-H50s complex

2
Catalase-H505 complex # Hgog—Eﬁa-Catalase + 2 Hs0 # Og

1 sec.”t (5)

k) == 5,0x107 M~
ko == 0.02 sec.”t (5)

k5 hes not been measured,



PROPOSITIONS {Continued)

An Independent calculation of ki and k5 1s possible by

use of the rate constent for the catalytic decomposlition of

o

present abt the steady state. According to this calculation,

_ Voo
Z.o X :LO 2 SECe

- T o= -
ky = 5.8 x 10" ¥7F sec.”?

o
o
(R
¢
2
<
LS
¥

2, In nis caleculn tion of the amount of cetalase cya-

nide formed in the presence of Jgﬂ Chance (7) maikes the in-

L

corvect assumption that the composition of the catalase-U

complex doss not depend upon the amount of cyanide added,.

1C. Metnods sre availablie for introducing the benzoyl

group into porohyrins (8). <The use of sub

5

ituted benzoyl

e

7

compounds and a proteln contalning one neme per moleculs may

permit the synthesls of srotein antligens which avre unlvalent

with resgect to known hapbenic groups.

11. {(a) Unlees the neutrino wniich is emitted in thae
pmdecay of the neutron has an absolute ensropy value, the

in this process 1s very nsarly ths came as

thet in the lonlzation of jaseous monabomlic aydrogen.

‘b) In order to heve a vogsltive ab SOlULO entropy

O
L o~ I3 o ’ et e - . Y o de .. o
at 2570 an electron gas eould nave to be at a pregsure of

g )

less than O.0U6 atmospnsre; 1f the mass of a neutrino is tak
as U.lo thet of an electron, a "neutrino gas" would

. . =7
than d.9 % 10 atmogohere
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12, (a) Because of its low hydration and lack of

ver, porcitlorate lon ghould ve used whsrever
it can replace chloride lon in kinetic and eguilibrium studies.

{(b) The %ransfercnce numbers of realoric acid

end alkall oercalorates in dilute solutions should be measured.




Paylor, J. F., and Hastings, A. B., J. Biol. Chem., 144,

Moore, D. H., and Keiner, L., J, Biol. Chem., 156,
411 (1944).

Horlein, d, and Weber, G., Deubsche Med, Wochensche,
75, 476 {1948). See Blol. Abstr. 23, 9806 {1549).

Darling, R. C., and Roughton, J. W., Am. J. Physiol.,
137, 56 (1942). B

Chance, B.s Nature, 161, 914 (1948).

Sumner, J. B., Adv. HEnzymol., 1, 163 (194L),

Chences B., J. Biol. Chem., 179, 1209 {1949).




