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The recent electrophoretic experiments of Pauling, Itano, Singer, and 
Wells (1) have demonstrated that the hemoglobins of normal Negroes and 
of sickle-cell anemics are unlike; in a buffer of suitable pH the two com- 
ponents of a mixture of these hemoglobins migrate in opposite directions. 
On the basis of the difference in their isoelectric points, it was concluded 
that the hemoglobin of sickle-cell anemics has 2 to 4 more net positive 
charges per molecule than normal hemoglobin. There is evidence that the 
composition of the heme moiety is the same in both proteins; one hy- 
pothesis which has been advanced to explain the dissimilarity of the two 
hemoglobins assumes a difference in the number or kind of ionizable 
groups in the molecules, that is, in the acidic or basic amino acids of the 
globin. Thus, the observed difference in charge might result from a small 
decrease in the number of acidic amino acids or a small increase in the 
number of basic amino acids in the molecule of sickle-cell hemoglobin rela- 
tive to that of normal hemoglobin or from relatively large alterations in 
amino acid content in which the charges were almost compensated. 

The object of the present study was to determine the amino acid com- 
position of the two hemoglobins in order to ascertain the validity of this 
hypothesis. The analysis was made by means of the methods of starch 
chromatography which have recently been developed by Moore and Stein 
(2-6). The hydrolysates of two independently prepared samples of nor- 
mal carbonmonoxyhemoglobin (to be referred to as N-Hb) and one sample 
of sickle-cell anemia hemoglobin (SC-Hb) have been analyzed. Approxi- 
mately ten to fifteen individual determinations of each of seventeen amino 
acids and ammonia have been made by means of about 70 starch chro- 
matograms. 

EXPERIMENTAL 

Sources of Hemoglobins-Red blood cells which remained after the re- 
moval of the plasma from the whole blood of Negro donors were obtained 
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from a commercial laboratory? Individual samples which exhibited no 
evidence of sickle-cell trait in the diagnostic test of Itano and Pauling (7) 
were pooled and used in the preparation on N-Hb. Blood from five sickle- 
cell anemics was used in the preparation of SC-Hb.2 All samples were 
positive in the diagnostic test (7) and, before pooling, were found electro- 
phoretically to be free of normal hemoglobin. 

Preparation and Purijication of Hemoglobins-With minor modification, 
the method of Drabkin (8) was used for the crystallization and purifica- 
tion of the proteins. The carbonmonoxyhemoglobin rather than the oxy- 
hemoglobin was isolated and the proteins were kept in this form by satu- 
rating each solution with carbon monoxide between successive stages of 
the purification. Before crystallizations and after the final crystallization, 
the solutions were centrifuged at 36,500 X g for 30 minutes. After the 
second crystallization, the crystals were dissolved, and the solution was 
dialyzed against distilled water with three or four changes per day for 3 
days and against doubly distilled water with two changes per day for 2 
days. A negative test for phosphate was obtained from the dialyzing 
water. The final solution was saturated with carbon monoxide, centrifuged 
at high speed, and stored in brown glass bottles under carbon monoxide 
at 5”. Samples for the experiments were taken from such stock solutions, 
which had concentrations of 4 to 10 gm. of Hb per 100 ml. of solution. 
The two types of Hb showed no evident differences in behavior in this 
procedure. Stock solutions of two preparations of N-Hb and one prep- 
aration of SC-Hb were available. 

Criteria of Purity-The electrophoretic homogeneity was used as an ini- 
tial criterion of purity. The procedure for the electrophoretic experiments 
was that of Pauling, Itano, Singer, and Wells (1). Both types of Hb 
showed little evidence of contamination even before crystallization. Rep- 
resentative patterns which were obtained from the stock solutions are 
shown in Fig. 1. In these experiments the concentrations of Hb were 0.5 
to 1.0 gm. per 100 ml. Phosphate buffer of pH 6.95 and 0.1 ionic strength 
and cacodylate buffer (Longsworth (9)) of pH 6.50 and 0.1 ionic strength 
were used. The time of electrophoresis was 15 to 20 hours. 

The stock solutions were also tested for the presence of ionic iron and 
phosphate. The protein in a portion of solution was coagulated by heat 
in the presence of sodium chloride and the coagulated protein was filtered 
off. A test with thiocyanate showed that less than 0.4 y of iron (limit of 
sensitivity) was present in 1 ml. of stock solution; the quantity of protein 

1 We are indebted to the Hyland Laboratories, Los Angeles, for generously supply- 
ing us with red blood cells. 

(: We wish to thank Dr. Harvey Itano of these Laboratories and Dr. Philip Stur- 
geon of the Children’s Hospital, Los Angeles, for having obtained this blood for us. 



W. A. SCHROEDER, L. M. KAY, AND I. C. WELLS 223 

iron was about 0.3 mg. Tests with ammonium molybdate showed that 
phosphate was present to the extent of roughly 0.2 mg. per ml. 

Concentration of Stock Solutions-The concentration of the Hb solutions 
was based upon the iron content. Portions of the solutions were evapo- 
rated to dryness and the residue was incinerated in a muffle furnace. The 
quantity of iron was then determined by Wells’ adaptation3 of the method of 
Edmonds and Birnbaum (10). The concentration of the solution in terms 
of Hb was then calculated on the basis of an iron content in Hb of 0.340 

‘- 
N-Hb 

(Phosphate buffer) 
(Ascending) 

SC-Hb 
(Phosphate buffer) 

(Descending) 

A -A 
N-Hb 

(Cacodylate buffer) 
(Ascending) 

Sc-Hb 
(Cacodylate buffer) 

(Ascending) 
FIG. 1. Longsworth scanning diagrams of normal and sickle-cell anemia carbon- 

monoxyhemoglobins. In the phosphate buffer, the two proteins move in opposite 
directions. In the cacodylate buffer, the starting boundaries are outside of the 
range of the drawing. 

per cent as determined by Bernhart and Skeggs (11) for N-Hb; this per- 
centage was also assumed to be the iron content of SC-Hb. Confirmation 
of the concentration as determined in this manner was also obtained from 
the dry weight of the Hb after evaporation of the solution and from the 
nitrogen content of the solution. The dry weight of the residue was 
found by heating at 60” for 24 hours, and then at 100-110” for 12 to 24 
hours. The dry weight was about 2.5 per cent greater than would be cal- 
culated from the concentration by iron analysis. The nitrogen contents 

a Wells, I. C., to be published. 
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of the Hb solutions were determined.4 From these analyses, and from the 
iron content of the solutions together with the assumed iron content of Hb 
(0.340 per cent), the nitrogen content of N-Hb was calculated to be 16.9 
per cent and that of SC-Hb to be 16.5 per cent. This nitrogen content of 
N-Hb is in excellent agreement with the values of 16.9 and 17.0 per cent 
which are reported by Vickery (12). 

Acidic Hydrolyses of Hemoglobins-Acidic hydrolyses were made in rel- 
atively dilute solution as suggested by Stein and Moore (3). About 10 
ml. of approximately 6 N distilled HCI per 0.1 gm. of protein were used 
and most of the solutions were refluxed for 16 hours; the first hydrolysate 
of N-Hb was refluxed for 30 hours. The immediate precipitation which 
occurs when Hb is mixed with acid makes it advisable to add Hb to the 
acid with rapid swirling of the solution in order to keep the precipitate as 
finely divided as possible. During the 1st hour of the hydrolysis, vigorous 
foaming occurs. 

At the end of the period of refluxing, the excess HCl was removed in 
vacua and water was added and removed by evaporation several times. 
Early hydrolysates were taken up finally in water; later ones were taken 
up in 0.1 N HCI in order to hinder oxidation of the methionine. All hy- 
drolysates were stored at 5”. 

Basic Hydrolyses of Hemoglobins-About 2 ml. of 5 per cent SnClz in 5 
N NaOH per 0.1 gm. of protein were used for the basic hydrolyses, which 
were carried out under nitrogen in a sealed tube by heating for 16 hours in 
a boiling water bath. The hydrolysate was then removed to a volumetric 
flask and neutralized with approximately 6 N HCl. As neutrality is 
neared, silica and tin compounds precipitate. Excess acid in sufficient 
quantity to redissolve the tin compounds has no deleterious effect on the 
chromatograms. 

Chromatographic Methods-The starch chromatographic methods of 
Moore and Stein (2-6) have been so well developed and described that it 
has been possible to apply them with relatively few modifications. The 
large number of chromatograms which have been carried out in the pres- 
ent study have permitted an assessment of the usefulness of the various 
types of developer, an amplification of some of the experiences of Moore 
and Stein, and some extension of the method. 

Two lots of the recommended potato starch ob’tained from the Amend 
Drug and Chemical Company have behaved somewhat differently. An 
appreciable percentage of agglomerates in the second lot will not pass a 
60 mesh sieve. The most important difference of this second lot from the 
first is the fact that certain critical separations, such as glutamic acid from 

4 Analysis by Dr. Adalbert Elek, Los Angeles. An unpublished modification of 
the micro-Kjeldahl method was used. 
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alanine in 2: 1: 1 tert-butyl alcohol-set-butyl alcohol-O.1 N HCl, are not sat- 
isfactory. 

Chromatographic columns which were 10 to 11 mm. in diameter and 300 
=t 20 mm. in length were used in all experiments. The effluent volumes 
at which the zones emerged, were in good agreement with those reported 
by Moore and Stein, if the difference in the sizes of the columns is taken 
into account. Samples of hydrolysate which were equivalent to 2 to 5 
mg. of protein were placed on the column. 

Two fraction collectors were used in the present work: one was the com- 
mercial model described by Stein and Moore ((3) foot-note 8) and the 
other had been constructed in these Laboratories. The latter machine 
moves empty test-tubes under the column after preset periods of time and 
is not a drop counter like the commerical model. Equally satisfactory 
results were obtained from chromatograms regardless of which machine 
was used. Most of the chromatograms were run in duplicate or triplicate 
at the same time. 

n-Butyl Alcohol-Benzyl Alcohol-Water As Developer-When n-butyl alco- 
hol-benzyl alcohol-water was used as the developer, the separation of leu- 
tine from isoleucine was excellent despite the fact that they are present in 
the ratio of 75: 1. 

It has been found that in this developer tryptophan emerges with phen- 
ylalanine and is not between phenylalanine and leucine as Stein and 
Moore ((3) p. 359) have indicated.6 Since some tryptophan survives 
acidic hydrolysis, as will be shown later, uncertainty is thrown upon the 
content of phenylalanine in the proteins. 

As ordinarily carried out, the separation of tyrosine and valine never 
approached the separation which Stein and Moore (3) achieved. Part of 
the difficulty may have been caused by the greater ratio of valine to tyro- 
sine, about 3: 1, in the Hb samples as compared to about 1.5: 1 in their 
experiments. However, a more important factor is the temperature at 
which the chromatograms are run. Although no records were kept, room 
temperature probably has ranged from 20-30” in the course of the work. 
Recently, at the suggestion of Dr. Stein, water-jacketed chromatographic 
tubes have been used and the column has been maintained at about 15”. 
Under these conditions the separation of tyrosine and valine is complete 
and excellent. At this temperature the water content of the solvent must 
be reduced from 144 ml. as suggested ((3) p. 353) to 130 ml. in order to 
preserve undersaturation. 

6 Dr. William H. Stein has suggested (private communication) that the disagree- 
ment may be caused by small differences in the water content of the developer, since 
it is known that the water content greatly influences the behavior of the aromatic 
amino acids. 
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n-B&y1 Alcohol-17 Per Cent 0.5 N HCI As Developer--Because initial at- 
tempts to separate tyrosine from valine with the preceding developer were 
unsuccessful, most of the results which will be reported were obtained in 
the following manner. Development with n-butyl alcohol-17 per cent 0.5 
N HCl was used to separate tyrosine from the mixture of valine and me- 
thionine (3). Methionine, however, forms a well separated zone when n- 
butyl alcohol-benzyl alcohol-water is the developer. Thus, valine may be 
obtained by difference. Satisfactory separations of tyrosine from valine 
and methionine were obtained on the first lot of starch but not on the 
second. This developer also furnishes values for phenylalanine and the 
sum of leucine plus isoleucine. Tryptophan emerges at effluent volumes 
between the peaks of phenylalanine and leucine plus isoleucine. 

1:2:l n-Butyl Alcohol-n-Propyl Alcohol-O.1 N HCI and 2:1 n-Propyl Al- 
cohol-0.5 N HCl As Developers-These developers generally are satisfactory 
although hemin and its degradation products cause some interference after 
the change from the first to the second solvent. At the beginning of the 
chromatogram some brown material passes immediately through the col- 
umn. After the solvent is changed, one brown zone washes down with 
the front of increased water content and produces a marked artifact zone 
((5) p. 60) and a second with the front of increased acid. Although this 
second zone frequently is contained in a fraction of the serine, it does not 
interfere with its determination. This fact was proved by chromatograms 
in which the serine was washed through without changing the solvent; the 
results of both types agreed. 

2:l :.l tert-Butyl Alcohol-see-Butyl Alcohol-O.1 N HCl As Developer-Ade- 
quate although not complete separations of glutamic acid from alanine 
were obtained on the first lot of starch; indeed, there was even a consider- 
able separation of proline from the glutamic acid. More recently, the use 
of 3: 1 tert-butyl alcohol-O.1 N HCl as suggested (5) has been necessary 
although the separation is not complete. In either solvent, proline is 
present in the zone of glutamic acid and its contribution to the optical 
density in the calorimetric procedure must be taken into account in the 
calculation ((5) p. 64). Values for phenylalanine and the sum of leucine 
plus isoleucine can be obtained from these chromatograms. 

0.1 N HCl As Developer-This solvent may be used for the separation of 
tryptophan as a well formed zone which is well separated from the other 
amino acids (5), but Moore and Stein have not applied the method to the 
determination of tryptophan in a basic hydrolysate. Experiments showed 
that the presence of NaCl and SnCL, which would be present if a neutral- 
ized basic hydrolysate were chromatographed directly, did not alter the 
chromatographic properties of tryptophan and the other amino acids in 
0.1 N HCl as developer. Under the conditions of basic hydrolysis which 
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have been given above, the recovery of tryptophan alone was 98 per cent 
and that OI tryptophan when added to the solution of protein before 
hydrolysis was 104 per cent. Satisfactory values for tyrosine may be ob- 
tained with this developer. Tyrosine forms a distinct peak on the trailing 
edge of the zone which contains most of the amino acids; it emerges 
just before tryptophan (5). 

Recovery Experiments-In order to determine whether or not all pro- 
cedures were being carried out with no more than the expected error, re- 
covery experiments were made with about ten amino acids. The recovery 
was determined both from synthetic mixtures and after addition of known 
quantities to a hydrolysate before it was placed on the column. With 
one major exception the results generally fell within the range of 100 f 5 
per cent which Moore and Stein give as reasonable limits for the method. 
Aspartic acid, however, has given somewhat unsatisfactory results. When 
it was chromatographed alone, recoveries of 106, 102, 106, and 100 per 
cent were obtained after correction for 6 per cent esterification ((5) p. 71); 
it seems as if esterification occurred to the extent of only 3 per cent in 
these experiments. The recovery of aspartic acid added to a hydrolysate 
was 113 and 118 per cent if 6 per cent esterification is assumed. No rea- 
sonable explanation has been found for this abnormal behavior, nor can it 
be said with certainty that the values which will be reported for aspartic 
acid are high to the extent of approximately 15 per cent. In view of the 
uncertainties, the results of aspartic acid have been calculated by assum- 
ing 6 per cent esterification. 

Photometric Ninhydrin Methods-The calorimetric methods as described 
by Moore and Stein (4) were followed with relatively minor modification. 
A large set of matched photometer tubes has not been used; instead a 
single photometer tube was used for all readings of optical density. After 
the reaction had been completed and the mixture diluted in the test-tube 
in which the fraction was collected, the solution was poured into the pho- 
tometer tube, the optical density was read, the solution was poured out, the 
photometer tube was drained, and the operation was carried out similarly 
with the next fraction. Silicone-coated tubes to prevent creeping have 
not been used, because the extent of the creeping was too slight to inter- 
fere with thorough mixing of the sample. Because of the greater avail- 
ability of isopropyl alcohol, the dilutions have been made with 1:l iso- 
propyl alcohol-water rather than with 1: 1 n-propyl alcohol-water. Tests 
showed that this substitution was without effect. Interference from am- 
monia in the air has not constituted a problem in this work. 

The color yields which are reported by Moore and Stein (4, 5) have 
been used without modification, because tests with about six amino acids 
gave results within 1 per cent of theirs. 
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TABLE I 

Individual Values from Chromatographic Analyses of Hydrolysates of Normal Human 
Carbonmonoxyhemoglobin. 

Results in gm. of amino acid per 106 gm. of COHb. 

First hydmlysate 
I 

Second hydmlysate 

Developer, n-butyl alcohol-benzyl alcohol-water 

Chromatogram No.. 581 582 583 584 593 594 619 620 621 622 
-- ----__ -- -- 

Phenylalanine 7.61 7.81 7.59 7.54 7.95 7.63 7.78 7.55 7.73 7.88 
Leucine 17.05* 15.67 14.90 15.46 14.67 15.45 14.92 14.54 15.04 14.91 
Isoleucine 0.27 0.24 0.20 0.15 0.15 t 0.26 0.18 0.29 0.15 
Methionine 1.17 1.38 0.90* 1.24 1.44 1.37 1.60 1.34 1.59 1.29 

Developer, n-butyl alcohol-17 per cent 0.5 N HCl 

Chmmatogr.m No.. 585 586 587 588 589 590 623 624 
------___--~~ 

Leucine + iso- 15.05 14.7114.71 15.19 15.07 15.18 14.33 
leucine 

Phenylalanine 7.63 7.39 7.71 7.75 7.90 7.68 7.51 
Valine 10.93 10.56 10.60 10.58 10.58 11.14* 10.37* 
Tyrosine 4.56* 3.41 3.09 2.90 3.00 2.78 2.65* 2.88* 

Developer, lerl-butyl alcohol-see-butyl alcohol-O.1 N HCI 

Chromatogram No.. 561 562 563 515 578 625 626 
----- ~-__- 

Leucine + iso- 14.66 15.12 15.37 14.93 14.29 15.18 14.90 
leucine 

Phenylalanine 9.17* 8.00 7.27 7.46 7.17 7.85 7.85 
Glutamic acid 7.22 7.37 7.09 7.54* 6.99 
Alanine 10.29 10.32 9.51 10.0010.77 10.51* 10.23 

I  I  I  I  I  

Developer, n-butyl alcohol-n-propyl alcohol-O.1 N HCl and n-propyl alcohol-O.5 N HCl - 
T 

I Chromatogram No.. 

Proline 
Threonine 
Aspartic acid 
Serine 
Glycine 
Ammonia 
Arginine 
Lysine 
Histidine 

559 560 564 
__~- 

4.26 4.38 4.26 
6.09 5.58 

11.04 11.06 
5.07 5.07 
5.02 4.81 4.73 
0.95 0.92 0.88 
3.42 3.64 3.07 
9.49 10.12 9.37 
8.74 8.64 8.24 

565 566 

4.36 4.41 
5.80 5.63 

10.95 
5.02 5.34’ 
4.68 5.00 
0.93 0.95 
3.17 3.20 
9.41 9.83 
8.09 8.83 

571 577 627 
-__- 

4.49 4.22 4.55 
5.85 5.99 6.10 

10.24 11.33 
5.07 5.07 
4.83 5.12 4.81 
0.98 0.97 0.86 
2.78 3.43 
9.76 9.51 
8.83 8.15 

628 
___- 

4.43 
5.77 

11.54 
5.02 
4.64 
0.82 
3.56 
9.61 
8.07 

- 
Developer, 0.1 N HCI 

Chromatogram No.. 642 643 644 647 648 
~______~__-__--- 

Tyrosine 3.04 2.68 2.97 2.95 3.08 
Tryptophan 1.45 1.44 1.57 1.50 1.51 
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TABLE I-Concluded 
* Stricken from further consideration mainly because of chromatographic dif- 

ficulties but sometimes because of wide deviation from other results; not included 
in the averages in Tables III and IV. 

i Individual values which are lacking from the results of a given chromatogram 
could not be calculated for various reasons; for example, accidental loss of fractions. 

In the determination of tryptophan with 0.1 N HCI, the blank should 
be calculated from the blanks before the first main zone and those after 
the emergence of tryptophan. The blanks between the tyrosine and 
tryptophan usually are slightly above this level. 

Results 

Seventeen amino acids and ammonia have been shown by the chromato- 
graphic analyses to be present in the two types of Hb. These compounds 
were identified by the relative positions of the peaks. There is no evi- 
dence of the presence of other than the commonly occurring amino acids. 
Hydroxyproline is not detectable by these methods and no attempt was 
made to find it by other means. The determination of cystine is one of 
the more difficult determinations of starch chromatography; this amino 
acid emerges after the histidine over a long series of fractions and hence 
its concentration in each fraction is rather low. Some chromatograms 
showed evidence of a zone in the position to be expected for cystine, but 
the optical densities were low in the calorimetric determination and at- 
tempts to calculate the quantity of cystine were unwarranted. Hence, 
cystine probably is present but the relative amount is very small. 

Tables I and II list the individual results of the analyses for the various 
amino acids by means of the several developers. 

Table III presents various types of information which are deducible 
from the data of Tables I and II and are valuable in judging the similarity 
or dissimilarity in the composition of the two proteins. The recorded 
average gm. of amino acid per 100 gm. of protein is the average of all 
acceptable values of a given amino acid in both hydrolysates of each type 
of Hb. Table III also includes the standard deviation and spread of the 
results as well as a calculation of the number of residues of each amino 
acid per molecule of 66,700 molecular weight and of the number of residues 
equivalent to one standard deviation. 

In Table IV, the average values are used for the calculation of gm. of 
amino acid residue per 100 gm. of protein and for the gm. of nitrogen per 
100 gm. of protein. In Table IV, the quantity of leucine is that deter- 
mined in the developer in which it is completely separated from isoleucine; 
the quantities of phenylalanine, tyrosine, and valine are the averages of 
all acceptable values from more than one developer. The results are also 
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TABLE II 

Individual Values from Chromatographic Analyses of Hydrolvsates of Sickle-Cell 
Anemia Carbonmonoxyhemoglobin 

Results in gm. of amino acid per 100 gm. of COHb. 

First hydmlysate Second hydrolysate 

-7 

chromato- 
gram No.. 

Phenyl- 
alanine 

Leucine 
Isoleu- 

tine 
Methio- 

nine 
Tyrosine 
Valine 

Chromato- 
gram No.. 

Leucine t 
isoleu- 
tine 

Phenyl- 
alanine 

Valine 
Tyrosine 

Developer, n-butyl alcohol-benzyl alcohol-water 

659 

7.40 

14.34 14.37 
0.16 0.16 

1.07 

660 

7.68 

1.37 

-7 

661 

7.50 

4.25 
0.22 

1.43 

- 

-- 

- 

- 

- 

- 

707’ 708’ 707’ 708’ 709’ 707’ 708’ 709’ 709’ 713 713 714 714 71.5 71.5 --- ---- ------- -- --- 
7.73 7.58 7.36 7.65 7.74 7.59 7.73 7.58 7.73 7.58 7.36 7.36 7.65 7.74 7.59 

14.79 14.79 14.79 14.45 14.74 14.49 14.52 14.45 14.45 14.74 14.49 14.52 
0.27 0.40 0.27 0.4Ot 0.09t 0.15 0.14 0.23 0.27 0.4Ot 0.09 t 0.09 0.15 0.14 0.23 

1.75 1.71 1.46 1.37 1.19 1.54 1.75 1.71 1.75 1.71 1.46 1.46 1.37 1.19 1.54 

3.04 3.07 2.94 3.04 3.07 3.04 3.07 2.94 2.94 
10.8610.28 10.21 10.86 10.28 10.8610.28 10.21 10.21 

I  

Developer, n-butyl alcohol-17 per cent 0.5 N HCI 

668 669 670 
--- 

4.29 13.76 14.23 

7.41 7.32 7.19 

0.697 10.13t 9.71t 
2.98t 2.48t 2.611 

- 
Developer, #ml-butyl alcohol-see-butyl alcohol-O.1 N HCI or terCbuty1 alcohol-O.1 N HClt 

Chromsto- 
gram No.. . 

Leucine t 
isoleu- 
tine 

Phenyl- 
alanine 

Glutamic 
acid 

Alanine 

- 13.85 14.53 14.37 

7.64 7.73 7.79 7.53 

8.071 6.83t 6.96t 7.04 7.14 7.48 

9.09t 10.17t 9.68t 10.09 10.22 10.18 

Developer, n-butyl alcohol-n-propyl alcohol-O.1 N HCl and n-propyl alcohol-O.5 N EC15 

chromata- 
gram No.. 662 663 664 690 691 692 704 705 106 

---- --~---____ 

Proline 4.20 4.23 4.20 4.27 4.42 4.42 4.41 4.29 4.41 
Threo- 6.03 5.69 6.06 6.01 6.07 6.11 5.99 5.99 6.11 

nine 
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TABLE II-Concluded 

231 

First hydrolysate I Second hydrolysate 

Developer, n-butyl alcohol-n-propyl alcohol-O.1 N HCI and n-propyl alcohol-O.5 N HC&-Concluded 

Chromato- 
gram No.. 

Aspartic 
acid 

Serine 
Glycine 
Ammonia 
Arginine 
Lysine 
Histidine 

662 

11.34 

5.47 5.53 
4.79 4.76 
0.86 0.86 
3.74 3.28 
9.77 9.58 
8.59 8.28 

Chromato- 
gram No.. . I I 612 613 ~- 

Tyrosine 3.13 2.77 
Trypto- 1.48 1.62 

phan 

664 

L1.10 

4.70 
0.82 
3.28 
9.64 
8.56 

- 

__ 
1 

- 

690 691 692 704 705 706 
----___-- 

1.6511.8711.5911.3011.39 11.70 

5.64 5.48 5.42 5.28 5.37 5.28 
5.11 4.98 

Developer, 0.1 N I-ICI 
- 

674 
---- ------ 

3.11 
1.69 

* These chromatograms only were run at a lower temperature in order to make 
possible the determination of tyrosine and valine. 

t See the asterisk foot-note of Table I. 
$ Chromatograms 686, 701, and 703 were run with the second solvent. 
fj Chromatograms 690 to 692 and 704 to 706 were run with the first solvent only, 

since it was desired to obtain values for serine without interference from brown 
contaminants. 

compared with the quantities which have been reported in the literature 
for the amino acid content of human globin and Hb. 

Although the quantities have been reported to two to four digits, a con- 
sideration of the standard deviation and spread of the results shows clearly 
that in few instances does the last figure have real significance. Because 
the main purpose of this study is a comparison of the amino acid content 
of the two types of Hb, up to four significant figures have been retained 
because rounding off the values in many instances increases or decreases the 
apparent similarity or dissimilarity of the contents to an unwarranted 
extent. In like manner, the calculation of the number of residues of amino 
acid per molecule of hemoglobin must be treated with reserve. The re- 
sults of such a calculation may give added insight into the general com- 
position of the molecule, but if due regard is given to the present state of 
the development of analytical methods, and to the possible destruction 
of amino acids during hydrolysis, it is realized that the number of residues 
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TABLE III 
Average Quantity of Amino Acids, Standard Deviation of Results, and Other Values 

Deducible from Tables I and II 

In general, the last figure given is not significant (see the text). 

Constituent 

Alanine 
Ammonia 
Arginine 
Aspartic acid 
Cystine 
Glutamic acid 
Glycine 
Histidine 
Isoleucine, Developer 1* 
Leucine, Developer 1 

‘I + isoleucine 
Developer 2* 

“ 3* 
Lysine 
Methionine 
Phenylalanine t 

Developer 1 
“ 2 
‘I 3 

Proline 
Serine 
Threonine 
Tryptophan 
Tyrosine 

Developer 1 
“ 3 
t, 4* 

Valine 
Developer 1 

“ 3 

Average gm. 
amino acid 

PerCl!jgm. 
Standard 
deviation 

~~ ____ 
10.19 10.16 0.41 0.07 
0.92 0.85 0.05 0.02 
3.28 3.43 0.28 0.27 
11.02 11.45 0.44 0.27 

12 
17 
26 
12 

-____ 
1 76.4 76.1 
5 36.1 33.4 

13 12.6 13.1 
7 55.3 57.4 

1.07 0.52 
..96 0.78 
..07 1.04 
!.21 1.35 

7.17 7.22 0.16 0.23 5 6 32.5 32.8 1.73 1.04 
4.85 4.87 0.16 0.17 10 8 43.1 43.3 .42 1.51 
8.44 8.48 0.36 0.17 10 4 36.3 36.5 .55 0.73 
0.21 0.19 0.06 0.05 67 68 1.1 1.0 1.31 0.25 
.5.06 14.49 0.38 0.19 8 4 76.7 73.8 .93 0.97 

-4.92 14.24 0.36 0.29 7 5 76.0 72.5 .83 1.48 
.4.89 14.09 0.32 0.29 6 4 75.8 71.7 .63 1.48 
9.64 9.66 0.25 0.10 8 2 44.0 44.1 .14 0.46 
1.38 1.43 0.15 0.22 31 48 6.2 6.4 1.67 0.98 

7.71 7.58 0.15 0.14 5 5 31.2 30.6 1.61 0.57 
7.60 7.67 0.35 0.11 11 3 30.7 31.0 .41 0.44 
7.65 7.31 0.18 0.11 7 3 30.9 29.6 1.73 0.44 
4.39 4.32 0.11 0.10 8 5 25.5 25.1 1.64 0.58 
5.05 5.43 0.03 0.12 1 7 32.1 34.5 8.20 0.76 
5.85 6.00 0.20 0.13 9 7 32.8 33.6 .12 0.73 
1.49 1.60 0.05 0.11 9 13 4.9 5.2 .16 0.36 

3.02 0.07 
3.04 0.25 
2.94 3.00 0.16 0.20 

21 
14 

3 

4 11.1 0.26 
11.2 .92 

12 10.8 11.1 .59 0.74 

10.45 0.36 
0.65 (10.18)$/0.13 (0.49: 

6 59.6 2.05 
19) 60.7 (58.0) .74 (2.79) 

- 

1 

.- 
No. of 

sE%fs:f 
residues per 

,er cent of 
66,700 mol. 
wt., cahl- 

average lated from 

Residues 
per unit 
standard 

deviation 

* Developer 1, n-butyl alcohol-benzyl alcohol-water; Developer 2, tert-butyl 
alcohol-set-butyl alcohol-O.1 N HCl; Developer 3, n-butyl alcohol-17 per cent 0.5 N 

HCl; Developer 4, 0.1 N HCl. 
i I f  contamination with tryptophan is taken into account, the values for phenyl- 

alanine would be decreased by 0.3 to 0.4 gm. per 100 gm. 
$ Of doubtful reliability, but included for comparison. 
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TABLE IV 
Composition of Normal and Sickle-Cell Anemia Carbonmonoxyhemoglobins 

In general, the last figure given is not significant (see the text). 

Alanine. 
Ammonia. 
Arginine 

Aspartic acid.. 
Cystinet. . . . 

Glutamic acid. . 
Glycine . . . . 
Histidine . . . . 
Isoleucine . 

Leucine . 

Lysine . 
Methionine. 

Phenylalanine $ 
Proline. . . . . . 
Serine . . . 
Threonine. . 
Tryptophan. 
Tyrosine . 
Valine 

Total amino 
acids. 

Heme, calcu- 
lated. 

Final total. 
N by analysis 
y. accounted 

for. 

- 
I 

- 

- 
Normal carbon- Sickle-cell carbon- 

monoxyhemoglobin monoxyhemoglobin 

Gm. GUI. Gm. Gm. Gm. Gm. 
amino resi- nitro- amino resi- nitro- 

Values from literature, gm. amino 

acid due 
acid per 100 gm. protein 

gen acid due gen 
per 100 per 100 per 100 per 100 per 100 per 100 

&fib Cf%ib C%b C% C%b C%b 
------ 

10.19 8.13 1.60 10.16 8.11 1.60 9.9 (13), 9.95 (14) 
0.92 0.76 0.85 0.70 
3.28 2.94 1.06 3.43 3.08 1.10 3.44* (15), 3.44* (16), 4.21 

(12) 
11.02 9.53 1.16 11.45 9.90 1.21 

0.81* (15), O.&l* (16), 1.05- 
1.35 (17), 1.13* (18), 1.21* 
(19), 1.21* (20) 

7.17 6.30 0.68 7.22 6.34 0.69 
4.85 3.69 0.91 4.87 3.70 0.91 4.47 (14) 
8.44 7.46 2.29 8.48 ?‘.50 2.30 7.5* (15),8.09 (12),8.55*(16) 
0.21 0.18 0.02 0.19 0.16 0.02 0(21),0.29*(22),<0.2-<0.5 

(14), 0.7 (23) 
15.06 13.00 1.61 14.49 12.50 1.55 14.7 (24), 16.0 (25), 17* (22), 

17.1 (13) 
9.64 8.45 1.85 9.66 8.47 1.85 9.18* (16) 
1.38 1.21 0.13 1.43 1.26 0.13 1.23* (19), 1.32 (21), 1.35- 

1.69 (17), 1.52* (26) 
7.66 6.83 0.65 7.55 6.73 0.64 7.90* (15), 8.40 (26) 
4.39 3.70 0.53 4.32 3.64 0.53 4.94 (14) 
5.05 4.19 0.67 5.43 4.50 0.72 
5.85 4.97 0.69 6.00 5.09 0.70 5.05-6.25 (27),6.9* (15) 
1.49 1.36 0.26 1.60 1.46 0.22 1.32,* 1.42* (15), 2.30* (16) 
2.99 2.69 0.23 3.01 2.71 0.23 2.82* (16), 3.04,* 3.44* (15) 

10.65 9.01 1.27 10.45 8.84 1.25 9.12 (25), 10.1 (13), 12.2 
(22) -__ -~-__-_ 

* Human globin was analyzed; for other literature values, hemoglobin was used. 
t Cystine (or cysteine) is probably present but the quantitative determination 

was unsatisfactory. 
$ Not corrected for contamination with tryptophan. 
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of a given amino acid thus arrived at is subject to uncertainties which are 
sometimes of considerable magnitude. 

Comparison of Amino Acid Content of Hemoglobins 

The information in Tables I, II, and III has been studied on the basis of 
the following criteria in order to establish in what particulars the compo- 
sitions of the proteins are or are not identical. (1) Obvious agreement or 
disagreement with respect to the average quantity of each individual 
amino acid. Each amino acid may be assigned to one of three categories: 
its quantities in the two proteins are apparently either the same, different, 
or questionably the same or different. (2) The interspersion of individual 
values from both proteins, that is, inspection to determine whether or not 
all values seem to be distributed normally and to belong to the same popu- 
lation. (3) Inspection of the ratio: difference in the averages over stand- 
ard deviation. (4) C om p arison of the difference in the averages for each 
protein with the differences observed in duplicate hydrolysates of the same 
protein. (5) C om p arison of the difference in the averages expressed in 
terms of the number of amino acid residues per molecule in the protein. 

With respect to the first criterion, the seventeen amino acids and am- 
monia may be divided into three categories as follows: (a) Quantities 
apparently the same in the two hemoglobins, i.e. alanine, glutamic acid, 
glycine, histidine, isoleucine, lysine, methionine, proline, and tyrosine. (b) 
Quantities apparently different in the two hemoglobins, i.e. aspartic acid, 
leucine, serine, and valine. (c) Quantities questionably the same or differ- 
ent, i.e. ammonia, arginine, phenylalanine, threonine, and tryptophan. 

All other criteria serve to substantiate the conclusion that the quantities 
of alanine, glutamic acid, glycine, histidine, isoleucine, lysine, methionine, 
proline, and tyrosine are the same in both proteins. 

Let us now consider individually those amino acids whose quantities in 
the two proteins are either apparently different or questionably so. 

Aspartic Acid---Five of the nine determinations of aspartic acid in SC- 
Hb fall within the range of values from N-Hb and the remainder lie above 
the upper limit. Aspartic acid has shown a tendency to give a rather wide 
spread of results and a large standard deviation. Indeed, the agreement 
of determinations from the two hydrolysates of N-Hb is not very satis- 
factory. The average for N-Hb can be raised from 11.02 to 11.18 gm. 
per 100 gm. by rejecting the one very low value, and this change brings 
the average into considerably better agreement with that of 11.45 from 
SC-Hb. Consideration must also be given to the fact that the average 
from SC-Hb (11.45) agrees well with that from the second hydrolysate of 
N-Hb (11.44). In addition to these statistical factors, it should be noted 
that the determination of aspartic acid is subject to error because of esteri- 
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fication which requires a correction factor in the calculations and, as al- 
ready described, there was difficulty in the recovery of aspartic acid added 
to hydrolysates; these subjects have been discussed in the experimental 
part. In view of these uncertainties, it seems probable that the difference 
in the content of aspartic acid is not significant. 

Leucine-For some unexplained reason, the value found for the sum of 
leucine plus isoleucine from a given protein is always less than that found 
for leucine alone although leucine constitutes more than 98 per cent of the 
mixture. The individual values for leucine or the sum of leucine plus iso- 
leucine in SC-Hb fall below or in the lower part of the range of values from 
N-Hb. The standard deviation for the determination of leucine seems 
to be about 0.3 gm. per 100 gm. of protein; the averages differ by about 
2 standard deviations, a consequence which is of low probability if the leu- 
tine contents of the two proteins actually are identical. This apparently 
significant difference was observed when the results from the first hydrol- 
ysate of SC-Hb were compared with those from N-Hb. In order to con- 
firm or disprove the significance of this difference a second hydrolysis of 
SC-Hb was made and analyzed. Again, the average content of leucine 
was found to be lower than in N-Hb, although not quite as low as in the 
first hydrolysate of SC-Hb. On the basis of these results, we may con- 
clude that the hydrolysates differ in content of leucine and that the hydrol- 
ysates of SC-Hb contain less leucine than those of N-Hb. The bearing of 
this conclusion upon the compositions of the two types of Hb is discussed 
in a subsequent section. 

Serke-From reasoning of the same sort as that used in the case of leu- 
tine, we conclude that the hydrolysates of SC-Hb contain significantly 
more serine than the hydrolysates of N-Hb. 

VuZine--Individual determinations of valine in the first hydrolysate of 
SC-Hb agreed poorly, probably mainly because the separations of valine 
plus methionine from tyrosine were not very satisfactory. In spite of 
this, valine appeared to be present in significantly lesser amount in hydrol- 
ysates of SC-Hb than in those of N-Hb. The determinations by a differ- 
ent method in the second hydrolysate were chromatographically excellent 
and gave individual values of 10.86, 10.28, and 10.21 gm. per 100 gm. of 
protein, as compared with an average of 10.18 from the first hydrolysate 
and of 10.65 from N-Hb. Although the individual results for SC-Hb still 
show a wide spread, their evaluation as in the case of leucine indicates 
some probability that the hydrolysates of SC-Hb contain significantly 
less valine than do those of N-Hb. Because of the wide spread of the 
results, this statement cannot be made with the same degree of confidence 
as in the case of leucine. 

Ammo&u-The distribution of individual values is such that those of 
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SC-Hb and the second hydrolysate of N-Hb agree well but are below the 
range of results from the first hydrolysate of the N-Hb. Since the am- 
monia which is determined by the analysis arises not only from amide 
groups but also from decomposition of the protein during hydrolysis, the 
observed difference may have resulted because the first hydrolysate of the 
N-Hb was refluxed for 30 hours whereas the others were refluxed for 16 
hours. The difference in the time of hydrolysis had very little effect in 
the analyses for other constituents; inspection will show that some aver- 
ages for the amino acids of the second hydrolysate of N-Hb are higher and 
some are lower as compared to the first hydrolysate. However, decom- 
position of the protein to the extent of 1 per cent would result in the 
observed difference in the ammonia of the two hydrolysates, but definite 
detection of so little destruction is beyond the limits of the method. Cer- 
tainly the analyses for ammonia have not demonstrated that the amide 
content of the two proteins is different. 

Arginine-The difference in the averages for arginine is caused by one 
value from SC-Hb which departs far from the average, whereas the others 
are exactly the same as the average from N-Hb. The standard deviation 
and spread of results are large in this determination, and thus the observed 
difference in the averages is not significant. 

Phenylalanine-The determination of phenylalanine is rendered uncer- 
tain because of contamination of the zone with tryptophan which survives 
the acidic hydrolysis. Analyses for tryptophan were made in the second 
hydrolysates of both types of Hb; the content in N-Hb was 0.56 gm. per 
100 gm. of protein and in SC-Hb was 0.79 and 0.88. From this result it 
might be expected that the content of phenylalanine uncorrected for tryp- 
tophan would be higher in SC-Hb than in N-Hb. On the contrary, most 
of the analyses indicated the reverse. Of the three types of chromato- 
grams by means of which phenylalanine may be determined, one set of 
results indicates no difference in content, one a very probable difference, 
and the third gives inconclusive results. Unequivocal conclusions are 
difficult but it seems probable that no difference in the phenylalanine con- 
tent of the two proteins has been demonstrated. 

TF=reonine--The results for threonine from N-Hb are distributed rather 
evenly over an appreciable range and are not closely grouped; six from 
SC-Hb are grouped somewhat above the average for N-Hb, while the others 
deviate both above and below this group. Six of the nine results from the 
SC-Hb fall within 1 standard deviation of the average and the difference 
in the averages is slightly less than 1 standard deviation> Since a rela- 
tively large number (seventeen) of determinations have been made and 
the differences are on the borderline of what is usually considered statis- 
tically significant, it may be that the quantity of threonine in hydrolysates 
of SC-Hb is slightly greater than in hydrolysates of N-Hb. 
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Tryptophan-The agreement of results from two hydrolysates of N-Hb 
is excellent, and hence the difference shown by SC-Hb might on cursory 
inspection seem to be significant. However, because the content of tryp- 
tophan in the proteins is small, this relatively large apparent percentage 
difference in the two is negligible in terms of residues of amino acid. It 
may therefore be concluded that the contents of tryptophan are the same. 

Conclusions-It has been suggested (1) that the observed electrophoretic 
differences of SC-Hb and N-Hb might be ascribed to the presence of fewer 
acidic amino acids or more basic amino acids in SC-Hb. The present 
study gives no evidence of differences in the content of arginine, histidine, 
lysine, and glutamic acid. Although there is an apparent difference in the 
content of aspartic acid and ammonia (or amides), it has been concluded 
that this difference is not real. However, should this conclusion be false, 
there would be more aspartic acid and less ammonia (fewer amides) in 
SC-Hb, the opposite of that necessitated by the hypothesis. 

The analytical results have established with reasonable certainty that 
hydrolysates of SC-Hb contain less leucine and more serine and perhaps 
less valine and more threonine than do hydrolysates of N-Hb. The ex- 
tent of these differences is a matter of much greater uncertainty. Pre- 
sumably, the difference is caused by actual dissimilarity in the amino acid 
content of the intact proteins, although it might arise if the same number 
of residues of amino acids were arranged differently in the polypeptide 
chains of the two proteins and as a result the destruction during hydrol- 
ysis was of a different degree in the individual proteins. The commonly 
adopted correction of Rees (28) for the destruction of serine and threonine 
during hydrolysis has not been applied to the results of this study. 

The question may be asked, can the dissimilarity in the electrophoretic 
properties of N-Hb and SC-Hb be explained in terms of the apparent 
smaller content of leucine and valine and greater content of serine and 
threonine in SC-Hb? A lesser content of leucine and valine and a greater 
content of serine and threonine would bring about a decrease in the non- 
polar side chains and an increase in the polar side chains of the SC-Hb. 
Since the hydroxyl groups of serine and threonine are able to form good 
hydrogen bonds, the possibility exists that the presence of added numbers 
of these amino acids would cause the polypeptide chains of SC-Hb to fold 
or coil in a different manner than they do in N-Hb. In this way in SC-Hb 
as compared to N-Hb, charged groups which are responsible for the elec- 
trophoretic differences might be brought into play or removed from action. 
Such an explanation is also applicable if the proteins differ only in the ar- 
rangement of identical numbers of amino acid residues along the polypeptide 
chain. The folding or coiling of polypeptide chains would also be greatly 
influenced by the presence of amino acids which possessed a D configura- 
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tion; since starch chromatography does not distinguish between configura- 
tions, the merits of this possibility cannot be assessed. 

In conclusion, then, it may be said that the cause of the observed electro- 
phoretic differences in N-Hb and SC-Hb does not reside in their content 
of the basic and acidic amino acids; it seems likely that they are to be as- 
cribed to differences in the folding or coiling of the molecule. 

Total Composition of Proteins 

Table IV summarizes the information of the preceding tables and makes 
a comparison with information already published. 

In these types of Hb, approximately 4 per cent of the weight of the pro- 
tein is in the form of the heme. The remaining 96 per cent has been 
largely accounted for by the amino acids as determined. There is sur- 
prising concordance in the extent to which the weight of the protein is 
accounted for in the two hemoglobins. The nitrogen recovery of 98.6 per 
cent from N-Hb compares well with the weight recovery of 97.4 per cent. 
Because the weight recoveries of the two hemoglobins agree so well, the 
nitrogen recovery of 101.2 per cent from SC-Hb casts suspicion on the 
reliability of the nitrogen analysis; the percentage of nitrogen in SC-Hb 
may well be about 16.9. As previously noted, the contents of serine and 
threonine have not been corrected for destruction during hydrolysis (28). 
In view of the errors involved, the recoveries are entirely satisfactory. 

There can be little doubt that the two hemoglobins have essentially the 
same minimum molecular weight, since the quantity of isoleucine in each 
is such that there can be only 1 residue of this amino acid in a molecular 
weight of about 67,000. 

Basic hydrolysates contain 2 or 3 times as much tryptophan as do acidic 
hydrolysates. Under the conditions of basic hydrolysis which were used, 
tryptophan alone or added to the protein before hydrolysis is not de- 
stroyed. This test of a satisfactory hydrolytic procedure is open to ques- 
tion on the basis of the work of Spies and Chambers (29), which indicates 
that peptide-linked tryptophan is partly destroyed during alkaline hydrol- 
ysis by peptide-linked cystine, serine, and threonine. On the other hand, 
equivalent amounts of tyrosine were found in both acidic and basic hydrol- 
ysates in the present study. 

Numerous investigators (12-27) have published fragmentary analyses 
of the amino acid content of human Hb. There is often reasonable agree- 
ment of the results although they were obtained from many samples of 
globin or Hb. Birkofer and Taurins (17) report differences in the methi- 
onine and cystine content of the Hb of different individuals. The results 
of the present study usually agree with those of at least one other deter- 
mination. One of the most recent partial analyses of Hb is that of Keston, 
Udenfriend, and Cannan (14), in which alanine, glycine, isoleucine, and 
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proline were determined by the carrier technique. There is excellent 
agreement between their value for alanine and the present one, and the 
quantity of isoleucine is of the same magnitude, but the values for glycine 
and proline do not agree so well. The present determination of isoleucine 
substantiates previous reports of the presence of this amino acid in a very 
small amount; the usual absolute amount in the samples chromatographed 
was of the order of 10 to 15 y, but even this small quantity produced a def- 
inite peak in chromatograms of the hydrolysate and of known mixtures 
and was further proved to be present in a special chromatogram in which 
the load on the column was tripled. Cystine (or cysteine) is probably 
present in Hb, as the work of numerous investigators has shown, but the 
amount is so small that its quantitative determination by starch chroma- 
tography was unsatisfactory. The content of ammonia, aspartic acid, glu- 
tamic acid, and serine is reported for the first time. 

Porter and Sanger (30), by the use of 2,4-dinitrofluorobenzene, have 
found forty-three free E-amino groups of lysine per molecule of adult human 
Hb. The result is in unusual agreement with the 44 residues of lysine 
which are indicated by the present analysis. 

SUMMARY 

Hemoglobins from the blood of normal Negroes and of sickle-cell anemics 
have been quantitatively analyzed for seventeen amino acids and ammonia 
by the methods of starch chromatography. The results indicate that the 
two hemoglobins do not differ with respect to their content of basic and 
acidic amino acids but that hemoglobin from sickle-cell anemics probably 
contains slightly less leucine and more serine and possibly less valine and 
more threonine. Although the amino acids in which the proteins seem- 
ingly differ cannot in themselves contribute directly to the net charge 
on the proteins and thereby influence the electrophoretic properties, they 
may affect the folding or coiling of the polypeptide chains and in this 
way either bring into play or remove from action charged groups and 
thus indirectly alter the electrophoretic behavior of the proteins. 

The analysis has accounted for approximately 98 per cent of the weight 
and nitrogen of the intact proteins. 

The authors wish to express their appreciation of the interest and help- 
fulness of Professor Linus Pauling and Professor Robert B. Corey through- 
out the course of this work. Dr. Stanford Moore and Dr. William H. 
Stem have aided the chromatographic work with many useful suggestions. 
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