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ABSTRACT

Ma jor and minor components in hemoglobins A, C, D,
F, H, and S were detected and compared with one another
by chromatography on IRC~50 resin. A procedure utilizing
radiocactive hemoglobins was developed for differentiating
two hemoglobins with very similar chromatographic move-
ments, |

Chemical sﬁudies including amino acid composition,
N-terminal sequence analysis, peptide pattern analysis of
tryptic hydrolysates, ultraviolet spectroscopy, and subunit
hybridization were carried out on several of the components
which were isolated by chromatography. Conclusions about
the polypeptide chains present in each components were
drawn from these studies. Molecular formulas in terms of
the number and kind of polypeptide chains were deduced for
some of the components.

As well as yielding information about the chemical
structure of hémoglobin P and the two abnormal components
associated with thalassemia hemoglobin H, subunit hybridiza-
tions of these hemoglobins and hemoglobin A indicated that
the rate of the hybridization reaction is slow and that
there is non-random recombination of the subunits of these

hemoglobins.
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" gubunit hybridization,

determinations, "finger printing,
and ultraviolet spectroscopy, in order to correlate their

structures to those of fetal and adult hemoglobins.
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280 and 415 mp, or in a Beckman model B at 415 mp. In
certain cases, optical density at 522, 542, or 563 mpy was
also meagured. In order to obtalin reliable spectrophoto-
metric measurements it was necesgsary to dilute some con-
centrated tions with appropriate amounts of distilled
water or developer. As suggested by Allen et al. (15),
readings with the Beckman model DU were simplified by ﬁsiﬂg
the hydrogen lamp at both 280 and 415 mp, although this
-

introduces an error of about 3% at the higher wave length

setting. Because most proteins contain aromatic amilno

¥

acids, light absorption at 280 mp 1s a general charac-
teristic of proteins. Absorptions in the regions of 415,

522, 542, and 563 mp ave fairly specific for heme contain-

ing proteins (30).

Chromatographic figures were constructed by plotting
the optical density of each fraction against the effluent

volume of that fraction. The percentage of any component
present in a chromatogram was estimated from these [igures

Fa

by determining the ratio of the area of that component to

the area under the entire curve.

Measurement of Radioactivity.--The radiocactivity of

materials éontaining C-14 labelled amino acids was measured
with one of two different counter systems. Some radiocactive
countings were made with Nuclear Chicago Model Cl00B Auto-

b

matic Sample Changer equipped with a Model D-47 gas

low

4

gelger counter., Other countings were made wlth a Nuclear



!

N,

no.
i

Chicago Model C115 Low Background Automatic Sample Changer.
"Micromil" windows were used in both detector systems.
Volumes of 0.5 or 1.0 ml. of hemoglobin solution were
pipetted onto aluminum, stainless steel, or copper sample
pans. These samples were then evaporated to dryness with
a 250-watt infrared lamp. In general, less than 0.5 mg. of
protein was placed on these sample pans so that self ab-
sorption corrections were unnecessary (28). S8pecial care
was taken to be sure that the sample was evenly distributed
on the surface of the pang and did not touch the side walls.
Corrections were not ﬁade for the absorption by the bulfer
salts or for the gbsolubte countihg efficiency of the system.
However, the same kind and volume of buflffer and same count-
ing eguipment were used for any one experiment. Therefore,
the relative activity of all samples within any given

experiment was comparable.

The Concentrating of Hemoglobin Solutions.-~-Three dif-

ferent procedures were used for concentrating dilute solu-
tions of hemoglobin. In the first procedure, 5 to 25 ml.
volumes of hemoglobin solution were placed in dialysis bag
and suspended over concentrated sulfuric acid in a closed,
evacuated container at 1%, Solutions could be concentrated

q

at 2 rate of about 1 ml. per hour. These concentrated
solutions were then dialyzed against fresh developer aflfer
a volume of 1 to 3 ml. was obtained. The second concentra-

tion procedure was to lyophilize the hemoglobin solutions
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Pl

to dryness after first dialyzing thoroughly against distilled
water. The third and most useful procedure was developed
by Vinograd and Hutchinson (31). The hemoglobin solution
wag concentrated by centrifuging in the No. 40 rotor of a
“Spinco” model L preparative ultracentrifuge at 40,000 rpm
for 18 to 2L hours at 6 to 10°. The concentrated solutions
were wlthdrawn from the bottom of the centrifuge tubes
through a U4-inch, 20-gauge hypodermic needle into a Il-ml.
tuberculin syringe. These concentrates were always re-
dialyzed against developer before rechromatography. The
third procedure was found to be the most satisfactory and
was used almost exclusively for the experiments described

helow.

Preparation of Radioactive Hemoglobins.--Hemoglobins

containing C-14 labelled amino acids were either obtained
from Dr. Jerome Vinograd and Dr. William Hutchinson or
prepared by incubating blood samples containing reticulocytes
in the presence of C-14 L leucine according to procedures out-
lined by these investigators (31). After the incubations,

the hemoglobin was treated as previously described.
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SECTION I. RESULTS AND DISCUSSIONS
A, Chromatography of Human Hemoglobins

Normal Adult Hemoglobin.--Figure 1 dllustrates a typical

b

chromatogram of 15 mg. of normal adult carbhonmonoxyhemoglobin

)

with Developer No., 1. This chromatogram ig also typical o
ferrihemoglobin cyanide and oxyhemoglobln as previously ob-
served Allen et al. (15). It is apparent from Figure 1
that the separation of zone AI from zone AII may not be
complete. Substantial improvement in the resolution of
these zones wag achieved by the introduction of a glass
rod in the space below the fritted disc of the column
assemﬁiy.

The AI zone was not adsorbed strongly by the resin in

equilibrium with Developer No. 1 and emerged a

£

t about 18 ml.
of effluent volume. The maximum of tThe AII zone varied he-
tween effluent volumes of 22 to 28 ml. for similer chromato-
grams. This variation in the emergence of the AII zone ap-
peared to be dependent upon several factors, including the
amount of hemoglobln app ] ed to the column, the exact composi-
tion of the developer, and the temperature of the column.
The percentages of AI and AII components in blood

samples from three different normal adults were determined

from Developer No. 1 chromatograms and are 1lsced in Table
p

II. These results indicate that the percentages of AI and
A nay be relatively congtant in samples from different
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TABLE IT

Percentage of Components in Normal Adult Hemoglobin

with Developer No, 1

Amount Percentage of

Sample Date Run Chrom. No. in mgs. A A
T 1T
M.D.C 10/4 /1957 B-1 15 10.0 90.0
e 10/9/1957 B-3 15 9.0 91.0
10/23/1957 B-9 50 9.4 90.6
R.T.J. 10/25/1957 - B-10 55 9.6 20.4
10/31/1957 B-11 25 9.6 90.4
WA S 12/6 /1957 B-21 50 9.5 90.5
T 12/8 /1957 B-22 5 10.1 89.9

normal adults. This obsérvation hasg been confirmed by more
xtensive studies with Developer No. 5 made by Schroeder
and his co-workers (17;18).

Figure 2 illustrates a typical chromatogram of the Ai
zone from 50 mg. of normal adult hemoglobin with Developer
No., 4. This result is essentially identical with the ob-
servation of Allen et al. (15) except that zones AIb and
AIC emerged slightly later than did those of Allen. A
comparison of the optical density curves for 280 and &151np
indicates the presence of an appreclable amount of protein
that does not contain heme groups near the solvent front
of the chromatogram represented in Figure 2. vThis con-
clusion is based upon the observation of a decrease 1in the

ratio of the optical density at 415 mp to the opbtical
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density at 280 mp.  This ratio is of the order of 3.5

for pure hemoglobin solutions. ‘Non—heme proteins will de-
crease this ratio because they absorb strongly at 280 mn
but not at 415 mp.

During the course of this work, a new chromatographic
procedure was devised by Clegg and Schroeder (17) in order
to improve the quantitation of each component and to elimin-
ate the necessgity of rechromatography of AI minors. Figure
3 represgents a chromatogram of 20 mg. of normal adult oxy-
hemoglobin with Developer No. 5. The chromatography was
carried out at 6° for the first 600 ml. and then the

O

column was warmed to 28~ to elute the remaining hemoglobin.

The results; shown in Figure 3, are in agreement with the
published studies (17,18). The most efficient procedure
for the chromatographic separation of the hemoglobin com-
ponents from normal adult blood is with the Developer No. 5

system. However, this procedure does not resolve zones AIa

and AT,, nor is it applicable to the study of most abnormal

[¢

hemoglobin components that move more slowly than A ..
>l N T I

The A components which can be detected with the

ITx

Developer No. 5 system probably move in the tail region

(descending limb) of the ATI zone during chromabtography
o
with Developer No. 1. This conclusion is based upon the

4 -

observation of Schnek and Schroeder (18) who found that

AIII components were more concentrated in the tail region
of A zone from Developer No. 2 chromatograms than in

IT
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other regions of the chromatogram. Apparently the relative
amounts of AII to AITI in the normal adult and the resolving
power of the Developer No. 1 and 2 systems are such that

these components are not separated well enough to yield a

third maximum point on the chromatographic curves.

Normal Cord Blood Hemoglobins,--When 15 mg. of hemo-

globin from umbilical cord blood was chromatographed with
Developer No. 1, the result illustrated in Figure L was
obtained. The separation of F and AII zones with Developer
No. 1 was‘not as satisfactory»as with Developer\No. 2 (15).
Further separation of the F zone from chromatograms with

Developer No. 1 or 2 could be effected with Developer No. 4

]

as shown in Figure 5. Since the early chromatographic studies

]

P
Ciia

of cord blood hemoglobin were done, it has been found
whole cord blood can be chromabtographed more effectively
with either Developer No. 4 or 5. A chromatogram of 100 mg.
of cord blood hemoglobin is illustrated in Figure 6. This

k! 3 O b 3 7Y s o fu
chromatogram was developed at 6~ until most of the FII zone

O

\ \ , ' o .
had been eluted and then the system was warmed to 28~ in

order to elute Tthe A T and slowly moving minor component.

1

RPetter resolution of FI and FII is obtained when smaller
amounts of hemoglobin are chromatographed. The separations

“resulting with Developer No. L are better than with Developer

No. 5 because the fast minors f3 and f, are resolved from FI;
T

]
>

however, the migration o r1 1s much slower with Developer

No. U than with Developer No. 5. These procedures employing



Figure 4.

Flgure 5.
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Chromatogram of 15 mg. of whole cord blood
hemoglobin on IRC-50 with Developer No. 1.
Optical density measured at 415 mp.

N

Rechromatography of abproximatcly 5 mg. of
Zone F from a chromatogram olmllaP to Figure

‘Developer No. 4 was used for the rechromato-

graphy. Optical density at 415 mp 18 repre-

sented by the solid line, optical density at
280 mp 1s represented by the dashed line.

Chromatogram of 100 mg. of whole cord blood
hemog 1ob1n on IRC-50 with Developer No. 5.
The fepresentu01on of optical densities is
the same as for PFigure 2 although the scale
ig different.
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Developer Nos. 4 and 5 with whole cord blood hemoglobin are
extensions of the‘chromatographio technigques described by
Matsuda et al. (32) and Clegg and Séhroeder (7).

Unlike the results of rechromatography of AI zone
from normal adult hemoglobin (fig. 2), chromatography of
the .F zone with Developer No. U4 revealed the presence of
only a small amount of non-heme protein near the front of

the chromatogram.

Sickle-Cell Hemoglobin.--The hemoglobin from in-
[ >

dividuals with sickle-cell anemia can be resclved into three
well-geparated zones by chromatography with Developer No. 1.
Figure 7 is a graphic representation of a chromatogram of

50 mg

o e

of oxyhemoglobin from a 57 year-old male with sickle-
cell anemia. Although only the fast minor components, SI’
and the main component, SII’ are shown, a'very slowly
moving third zone, SIEI’ wag also observed on the column
during the chromatography. The peak of this third component
generally was eluted at about 500 ml. at 6° ¢ but could be
eluted more rapidly by warming the column to 28° ¢.
hromatograms very similar to Figure 7 were obtained
for sickle-cell hemoglobin as carbonmonoxyhemoglobin and
ferrihemoglobin cyanide. A more careful comparison of the
chromatographic differences of oxyhemoglobin and ferrl-
hemoglobin cyanide forms of several hemoglobins, including

hemoglobin S, will be given later in this section.
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It 1s apparent from Figure 7 that the main component,

S is partially resolved into two peaks:; This phenomenon

Ir’
is discussed in Appendlix I. In summary, however, the two
peaks in the SII zone appear to be different chromatographic
forms of the same hemoglobin component.

- Hemoglobin specimens from about 30 different sickle-
cell anemia patients were chromatographed with Developer
No. 1., The results of 10 representative chromatograms are
listed in Teble IIT. Only the SI and SII zones are eluted
and quantitatively measured for the chromatograms listed
in the top half of the table. For those chromatograms in

the lower half of Table III, the S zone was also collected

CITT
and included in the calculation of the percentage of each
zZone .

A comparison of the relative amounts of the SI zones
listed in Table III indicates that the variation of SE
among these sickle-cell anemia individuals 1s much greater
than the variation of the AI zone among different normal
adult subjects. (See Table II and References 17 and 18.)

Duplicate chromatograms were run on sample LACH-9 and
gave very similar results as shown in Table ITI. These
and other dupiicate studies indicate that the precision
of the esgtimation of the components present in sickle-cell
hemoglobin is of the order of + 10% of the toﬁal percentage
of SI zone present and i‘2% of the total percentage of SII

component present.



TABLE ITIT

Percentage of Components in Sickle-cell Hemoglobin

Separated by Chromatography with Developer No, 1

Sample

1011

LACH-2a
2b
z2c

LACH-3

1124

LACH-9

LACH—6O

Ob-ba
6b
bc
6d

'!/i‘
The S

Date of
Sample

10,/27 /1957
11/19/1957
12/18 /1957
12/17/1957
1/8,/1958
1/17 /1958

4 /23 /1958

12/13,/1960

11/14 /1058
1/28 /1959

L/ /1959
1/3/19061

ITT

Chrom, No.

B-60

B-62
B-373

B-151
B-173
B-206
B-370

S

10.8
10.7
18.7
17.0
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Chromatographic studies of repeated specimens obtained
from subject LACH-2 (Table III) revealed the lowest per-
centages of SI component found in any of the sickle-cell
patients. Although the percentage of SI in this individual
was only about one half the amount of AI components found
in the typical normal adult, it was stable over a 7 month
period that included an episode of sickle-cell crisis
(LACH-2¢) (26).

Subject Ob~-6 was 1 day old when his hemoglobin was
studied for the first time (sample Ob-6a, Table III). Hemo-

globin in the S. region from this child was shown by other

I
chromatographic studies to be comprised mainly of FII and
FI components. A decline in the fetal components after
birth is well known for normal infants (2) and is apparently
the explanation for the changes observed in the percentage

of S. in subsequent specimens from subject Ob-6. The other

I
sickle-cell anemia individuals listed in Table III were well
above the age at which little or no fetal hemoglobin can be
detected in normal individuals with adult hemoglobin.

A series of chromatograms was run on the same sample of
sickle-cell hemoglobin (1037) over a prolonged period of
storage in order to assess the effect of ageing on the sta-
bility of the SII componént. The results of repeated chro-
matographic analyses of the whole oxyhemoglobiﬁ stored in

Developer No. 1 at 4-6° ¢ for 169 days are listed in Table

IV. From these results, it is apparent that the percentage
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TABLE IV

Stability of Sickle-cell Hemoglobin with Storage

Duration of

" Amount in

Storage in Percentage of

Days Chrom. No. mgs. SI SII

1 B-12 50 10.8 89.2

8 B-14 50 9.7 90.3

13 B-15 100 12.0 88.0

28 B-19 25 9.4 90.6

34 B-20 50 9.1 90.9

169 B-56 50 11.3 88.7
of the S component did not change appreciably with time.

IT

Although the S;

zone was observed to be present in approxi-

mately constant amounts on all of these chromatograms, it was

not estimated in the effluent.

In Table V are listed the results of chromatographic

studies of specimens of blood most of which appeared fto

contain hemoglobin AII in addition to hemoglobin S

studies were also made with Developer No. 1.

T Thege

Sample LACH-4 was found to contain about 8% rapidly

moving minor components, 60% A;p component, and 32% St1

component.

A band that was apparently the S;p; component

was judged to be less than about 3% of the total hemoglobin,

This specimen was from a subject who is known to have a

sickle-cell trait and is therefore heterozygous for the



Chromatography of Special Individuals

with Hemoglobins A and S

Date of - Percentage of
Sample Sample Chrom. No. SI AII SII SIII
LACH-L 1/17/1958 B-35 8.6 59.8 31.6 *
LACH-19  10/7/1958 B-143 20.7 17.9 52.6 8.8
LACH-17  9/29/1958 B-137 10.7 5.0 Th.2  10.1
1121 1/9/1958 B-36 9.0 7.0 84,0 *
CH-9 4 /L /1959 B-216 25,4 : 61.6 13.0
LACH-35 6/3/1959 B-274 19.0 16.5 64.5 = %

*
The SIII zone was observed to be present but was not
collected in the effluent fraction nor included in the calcu-
lation of percentages of SI’ AII’ and SII'

gickle-cell anemia gene (34). The ratio of the percentages
of hemoglobin AII and SII is similar to ratios reported to
be typical for most sickle-cell trait individuals (35).

The subjects from whom samples LACH-~19 and LACH-17 were
obtained were reported to have typical sickle-cell anemia.
The presence of small amounts of component AII may be due to
the fact that both individuals had received blood transfus-
ions. Specimen LACH-19 was obtained 2 months after a blood
transfusion whereas sample LACH-17 was obtained 4 months

after a transfusion. Although the life span of the normal



..39..

red cell is estimated to be 120 days (33), the survival of
normal donor cells may be longer in the sickle-cell anemia
patient. Transfusion data on subject 1121, also reported to
have sickle-cell anemia, were not available.

Careful genetic studies of the subject from whom specimen
CH-9Q was obtéined indicate that this individual is heterozygous
for the sickle-cell gene and heterozygous for a thalassemia
gene. Although a large fraction (25.4%) of rapidly moving
minor components, SI’ was observed in sample CH-9 (Table V),
no hemoglobin AII could be detected. The sensitivity of the
studies was such that as much as 2 or 3% AII might have been
present in the SI zone, In spite of this reservation, it is
interesting that this individual, who is judged by genetic
studies to have one gene for hemoglobin A, apparently has
little or no hemoglobin & in circulation. Similarly, sample
LACH-35 was from a person known to be heterozygous for sickle-
cell anemia because her mother was found by éhromatographic
studies to have only the normal adult hemoglobins. The
compositions of neither samples CH-9 nor LACH-35 resemble
the composition of sample LACH-4, The latter, as previously
- mentioned, was from a subject with a typical sickle-cell trait.

From studies such as those listed in Table V, it is ap-
parent that chromatographic analysis of hemoglobins without
careful clinical and geneﬁic data is not sufficient to diagnose

heterozygosity and homozygosity for the sickle-cell anemia gene.
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According to Fessas (36) hemoglobin A,, which corres-
ponds to component A¢yry (18), can be detected by starch
block electrophoresis in blood from individuals with either
sickle~cell anemia or sickle-cell trait; As noted earlier,
the AIII components cannot be separated from the AII zone in
normal adult hemoglobin chromatographed with Developer No. 1.
Presumably in the chromatography of sickle-cell hemoglobin,
the AIII component should become evident, provided its
chromatographic mobility is greater than that of the SII zone.
Careful examination of Figure 7 reveals a small rise in the
baseline at an effluent volume of about 40 ml. This rise
has been observed also with other sickle-cell specimens and
may represent the AIII component. PFurther study of this
problem is necessary before one can be certain of the presence
or absence of the'A2 (AIIIb) component in sickle-cell hemo-
globin as Jjudged by chromatography.

The SI zone from chromatography of sickle-cell hemo-
globin can be separated into a number of heme and non-heme
components by rechromatography with Developer No., 4., Figure
8 illustrates the result of further separation of the SI zone
originally isolated from 100 mg. of sickle-cell hemoglobin
(LACH-2b). Seven separate hemoglobin components were ob-
served. Two of these minor sickle components (SIf and SIg)
moved so slowly with Developer No. 4 that it was necessary to



Figure 8.

Figure 9,

Rechromatography of zone SI from 100 mg. of

whole oxyhemoglobin S with Developer No. 4.
Optical density at 415 mp is represented by
the solid line, optical density at 280 mp

is represented by the dashed line, This
chromatogram 1is typical of most of the sickle~
cell hemoglobin samples that were examined.

Rechromatography of zone S, from 200 mg. of

whole oxvhemoglobin g with Developer No. 4,
Representation of the optical densities 1s
the same as in Figure 8 except for the
scale. This chromatogram 1s representative
of an occasional Tatypical” sickle-cell
hemoglobln sample.
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adult hemoglobin Further characterization of components
8105 SI@’ and SI” appears to be of congiderable interest.

The chromatographic identity of Sfe and FI will be dis-

T
cussed in the last part of this section.

feermd

Temoglobin C.~--Figure 10 represents the results of the

chromatography with Developer No. 1 of the hemoglobin from

an 8-year-old patient with homozygous hemoglobin C disease.

The solid line in Figure 10 was obtained from a chromatogram

£

made 1 day after obtaining the blood specimen., A second

chromatogram represented by the dotted line, was made on

P

the same specimen b3 days alfter the first study. The strik-

ing differences hetween These two studies were concluded

£

to be due To dnstability of the main hemoglobin C component,

(SR

e

C which under normal conditions is strongly adsorbed to

1T’

the top of the column in equilibrium with Developer No, 1.

The CTT zone of these chromatograms was lsolated by removing

e

«t

the resin contalining it from the top of the column and eluting
) oo s 1 s \ o
this hemoglobin in a short chromatographic tube at 287 C.
e

Further separation of the first zonme (Cq, . ) from

the initial separation of hemoglobin C (fig 10) was carried

2.
out chromatographically with Developer No. 4. Three heme

and one non-heme components were obsgerved as illustrated

in Figure 11. Unlike the separation of the SE with Developer
No. 4, the first zone from the chromatogram of hemoglobin C

shown in Figure 10 did not contain minor components other

than those shown in Figure 11.



Plgure 10.

Figure 11,

Chromatograms of 100 mg. of oxyhemoglobin C
on IRC-50 with Developer No. 1. The opti-
cal density was measured at 415 mp. The
solid line represents a chromatogram run 1
day after obtaining the sample; the dotted
line represents part of a chromatogram run
53 days later,

Rechromatography of zone C from

Ta+tb+c
first chromatogram represented in Figure

10. Developer No. 4 was used for the
separation. The optical density at 415 mp
is represented by the scolid line, whereas
the optical density at 280 mu is represented
by the dashed line. No zone other than
those shown in the figure was noted on the
column during the chromatography.
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H
Hemoglobin D, ~-The original hewnoglobin D was discovered
and studied by Itanc and co-workers (37,38). They found this

abnormal hemogliobin in a Tamily in which hemoglobin 8 was also

present. Hemoglobin D was characte ed by noting that

the electrophoretic properties of hemoglobln S,

5
s
ez
Gt
o2
B

bility property of hemogloh:

1 F L B s e oy ¥ e oy Rt e
Specimens of blood were obtained from members of this

E ST 2 g e A f et o I P - "

family, including two sub] gickle-cell } i
3 g oy 8 [ S L - ey o . £

disease and two subjects wno are helerozygous I -

P
[

D gene and the now

graphic studies with Dev

chromato

g 9 ol
vealed 11% 1

chromatographic mov Whern mixtures contain-

K
“
i

ing S+ and Do were chromatographed, only one major zonse
s & LA

o

a small amoul

amino acids it was

=rence in chromatographic

not enough to

labhel Ffor differentiating hemoglobin S and D will be pres-
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Optical density

2.0

62.2%

6°C » ! 28°C

E ffiuent volume in milliliters

Figure 12

Chrematogram of 100 me. of hemoglobin from subect
P.T. with thalerssemia hemoglobin ¥ disease. De-
veloper No. 5 was used for the sepnration. The
optical densities were measured at 50 t
1ine) and %315 mp (solid line),
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-

Rechromatography of zone 1 from chromato-
gram shown in PFigure 12, Developer No. © was used
for the separation. The optical densities were
measured at 280 mp (dotted line) and 415 mp
(solid line).
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O These observations Jled
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10 mg. the peak emerged a

Cion of the nmigration rate of the ST* zone asg

it moved down the chromatographic column Figure 14 shows

the migration rates of the front of the S.. zone during the
L

. o —

chromatography of different amounts of sickle-cell hemoglobin

B 4 -,
unaoer

the migration rate of component
during chromatography was noted to be

S by T ey en v
with Developer

the same hemoglobin

column wag eluted in & broad zone

T - p
oowWas Ccorn.

-ion of &

xndency and Tthe variation in other
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The relotion of the chromatographic movement of

component 5

o

T to the amount of hemoelobin present.
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Figure 15b.

_57_

Chromatogram of mixture of 29 mg. non-
radioactive whole cord blood oxyhemoglobin
and 7 mg. of radioactive fetal ferrihemo-

globin cyanide with Developer No. <. The

solid line represents the optical density
at 415 mp. The circles and dashed line
represent the gpecific activity in counts
per minute per mg. hemoglobin,

Chromatogram of mixture of 29 mg. of non-
radiocactive whole cord blood ferrihemo-
globin cyanide and 7 mg. of radiocactive
fetal ferrihemoglobin cyanide with De-
veloper No., 5. This is a control to
Figure 15a. The optical density and
specific activity are represented in the
game way as in Figure 1b5a.
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Figure 172, nﬁomauo ream of mixture of 7 mg. of non-
fa

rad OaCL .ve normal adult ferrihemoglobin
OYJW de and ¢ mg. of radioactive ferri-
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circles and dasl represent The
specific ac unts per minute per
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Figure 1T7a depicts a chromatogram with Developer No., 2
of a sample containing 7 mg. of normal non-radicactive hemo-

globin A and & mg. of radicactive hemoglobin A It is ap-

Ir:
parent that the radiocactivity is uniformly distributed through-

out the A zone in this control chromatogram. Figure 17b

femd

illustrates the chromatography of a mixture containing 7.0

i

) q i H H o3, (I b o
mg, of the ”ﬁIT? component from a patient with thalassemia
hemoglobhin H disease and 7.0 mg. of radicactive hemoglobin
Ar-. The slope o e specific activity curve in this

e wde

chromatogram 1ls eggentially identical with the control
shown in Figure 17a. It ig concluded that the lerrihemo-

globin cyanide form of the A-. component from this patient

IT

is chromatographically identical with the normal AIT component.
Fipgure 17c¢ 1s of a chromatogram of a mixture of 7 mg. of

hemoglobin from a lowland gorilla (Gorilla gorilla) (45) and

7 mg. of radioactive hemoglob N frr. The slope of the
[

gl

speclific activity curve 1s signi nt from the

horizontal slope of the control, Figure 17a. Since the
mixture of gorilla and radiocactive A. T hemoglobing were
both in the ferrihemoglobin cyanide form, it is concluded

that the non-uniform distribution of radicactivity in the

e,

main zone indicates that the twe hemoglobins have slightly

di fferent chromatographic mobilities., Because of the positive

s

sign of the slope of the specific activity curve, 1t appears

that the gorilla hemoglobin moves at a faster rate than the

[ R

Y

.g interesting to speculate

&

-7

normal adult hemoglobin Ar.. It
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that this difference in chromatographic behavior may be due
to differences in the chemical structure of the normal human
hemoglobin and this particular gorilla hemoglobin.

The relative chromatographic moblilities of several

other hemoglobin components were also studied by this radio-

fond
b

active label technicue. It was possible to demonstrate that

the S sickle-cell anemia individual

j

zone from a Typlica

Te

was chromatographically identical with radioactive hemo-

globin component., The very slow mobility of this STQ

Tt
1T

component in the earlier chromatographic studies appears to

have heen due to the influence of the load and the conversion

-

to the ferrihemoglobin cyanide form. The main fetal component

-

from two different new born sickle-cell anemia infants was

emongtrated to be chromatographically identical with the

normal hemoglobin F...

Differences in the chromatographic behavior of the

}‘A
!

ferrihemoglobin cyanide forms of components A and ¥ were

|
B!

[
i

also demonstrated by this radiocactive technique. Although

e

the peaks of the two components had similar mobilities,
the distribution of hemoglobin about the peaks of the two
components was different. The FEI component was eluted as
a relatively narrow band as compared to the AI@ component

which appeared to migrate as a broad band.
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SECTION II. CHEMICAL STUDIES OF SEVERAL HEMOGLOBIN vQTPON”WT%

o=

INTRODUCTION

Rapid advances in our knowledge of the complete chemical
structure of the hemoglobin molecule are currently being made.
X-ray analyeges of crystalline horse ferrihemoglobin by Perutz
and his collaborators (46) have led to a clarification of
much of the secondary and tertiary structure of this molecule
and may, with further work, yield information about primary
structure. The X-ray data indicate that the molecule is
comprised of two identical subunits, each containing two

separate polypeptide chains, which in turn are folded around

¢
fuda

single heme groups. Many details of the exact amino acic
sequence of each of these chains of human hemoglobing A and
' based upon chemical degradative procedures are becoming

aveilable at this time (7,8,9,10,11). With this structural

Ay

information as a frame of reference, the elucidation of the

chemical structure of the many hemoglobin components has now
become practical. The object of this second section is ©
present chemical studies which have been useful in determin-
ing several features about the chemical structure of a
number of hemoglobin components.
Profound structural differences between hemoglobing A

and F can be demonstrated by studies of their amino acid

P

composition and sequence (8). The genetic alteration of a

single residue, as in the case of hemoglobins S and A,



70 -

exemplifies a minimal change in primary structure as a

basis of heterogeneity. Structural bases of the minor

component heterogenelty may involve these two extremes as

well as intermediate differences in the primary structure.

However, alteration of primary structure may not be the

nly cause of minocr component heterogenelity. The presence
.

of reactive side groups which can be acylated, oxidized,

complexed with metals, or combined with other molecules

i

also may be responsible for heterogeneity of hemoglobins

A rnumber of approaches wnhich stop short of determining
the complete amino acid sequence of each hemoglobin are
avalilable for demonstrating structural similarities and

o

differences beftween many hemoglobin components. These

studies include the determination of: amino acid composi-
tion, N-terminal amino acid sequence, patterns of peptides

from tryptic hydrolysates, ultraviolet spectra, sedimentation

coefficients and molecular dissoclation, and subunit hybridi-
zation. When such data about any hQMO”LOan are compared
with similar data from hemoglobins A and ¥, any hemoglobin

can be stated to resemble either Tetal hemoglobin or normal
adult hemoglobin {or a genetic variant such as hemoglobin S,
The baslic analytical procedure for the study of the

primary structure of proteins and pepftides 1s the determina-

tion of the amino acid composition. A number of determina-

tions of the amino acid composition of hemoglobins have been
made by many groups (8,47,48,49,50,51) by several chromato-
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graphic techniques, hege results have been reviewed care-

Fa

fully by Schroeder (7,8) and only a few comments concerning
the previous amino a2cid analyses of adult and fetal hemo-
globins are necessary for the present study. The amino acid

compositionsg of hemoglobins A and I differ appreciably in a

Ty = i

number of amino acids, particularly in isoleucine, which is

b3

F out absent from hemoglobin A. Also

-

£

resent in hemoglob:

¢ i
in fetal hemoglobin, as compared to adult hémoglobin9 there
1s more methionine, serine, and threonine but less alanine,
histidine, proline, and valine. These and other chemical
differences between hemoglobins A and I ag well as certain
genetic studies were the basis of Itanco's earlier conclusion
that hemoglobing A and F are guite different chemically and

probably under separate genetic control (35). However, as
it will be shown later, the o chaing of nemoglobins A and
F are very similar if not identical; therefore, the dif-
Terence in amino acids composgition between these two hemo-

£ 1

globinsg must exist entirely in the £ and 7rchainSs
With the development of automatic equipment for the
chromatographic determination of amino acids, a study of

mall amounts of various components has become practical

(52), In this way, it is possible to classify the various

e,

e

mponentes intc a fetal or an adult group on the basis of
their amino acid composition without the reguirement of a

large amount of protein.
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Sanger'!'s dinitroflvorobenzene method for the determina-
tion of N-terminal amino acids has Ireguently been utilized
as one of the first procedures in the study of proteins and
peptides. Extensive application of this method to the study
of hemoglobin A resulted in the clarification of the gross
structure of this molecule in terms of the variety and
number of polypeptide subunits (53,43,55,56). A4 similar
study of the N-terminal residues of hemoglobin F also in-
dicated the nature of its gross polypeptide structure and

54

o
L

gerved as the first experimental evidence of The possibl

structural similarity of hemoglobins A and F (12).
Sanger's procedure is based upon the resction of dinitro-

fluorobenzene (DNFR) with the free amino groups of the pro-

a

{DNP-protein;.

tein to produce a yellow dinitrophenyl proteln |
The DNP-protein is then subjected to acid hydrolysis under
conditions which will cleave the peptide bonds but not the
bond between the DNP-group and fthe amino nitrogen. Thus

£

the hyvdrolysate will cont

o

in a number of amino acids and,
in some cases, peptides all of which are labelled with one
or more DNP groups. Through extraction and chromatographic
procedures, these DNP-compounds can be isolated and identl-
fied. Any amino acid or peptide containing a DNP-group
combined with an o amino nitrogen must necessarily have been
in a N-terminal posgition of the proteiln.

Through careful application of Sanger's method, Rhine-

smith, Schroeder, and coworkers (53,54,55) and Braunitzer (56,



independently, concluded that the normal adult hemogliobin has
four N-terminal valyl residues per molecular weight of 66,000.
From an examination of the ¢ amino DNP-peptides which were
isoclated under conditions of incomplete hydrolysis, these
authors concluded that two of the chaing have the N-terminal
sequence val-leu and the other two have the seguence val-hisg-
leu. Schroeder and Matsuda found two N-terminal val-leu
sequences and two N-terminal glyeyl residues per mole of

>

fetal hemoglobin (12).

The first termincleogy of the polypeptide chainsg in
hemoglobinsg was based upon this N-Termin geguence Work.

m

Thus the val-leu peptide was designated the o chain, the
ptide as the P chain, and the glycyl peptide
hain (7). By combining these symbols with super-
scripts to designate the type or source of the hemogloblin
and subscripts to show the number of chains, gross poly-

peptide formulas can be written for shorthand purposes.

L

J‘r‘
Ay

.

8 and

o

n

The gross structural formula of hemoglicbin

b
n

that of hemoglobin F is mgygﬁ Recently the basis of this
terminology has been extended to include the entire poly-
peptide chain and genetic data, not Just the N-terminal
sequences {see Appendix No. II and ref. 57).

I

The "fingerprint’ or peptide pattern method of

(13,14) 1is a useful procedure for rapidly obtainin

tive snformation about the internal sequences of much of the

t was first utilized by

olypeptide chaing of hemoglobins. I
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“

Ingram to demonstrate a difference in the primary

of hemoglobing A and & and has now become a useful
8)

denatur

L:u

structural studlies of many other hemoglobing

The Ingram procedure involves a heat

<

the hemoglobin followed by a tryptic hydrolysis a

which converts abvout two thirds of the protein to

peptides.

array by a combination of

i

paper chromatography. The peptides are then reac

ninhydrin to produce a patfern of colered spots €

each hemoglobin.

Ingram's fingerprint studlies not only showed

ference between hemoglobins A and S, but also ind

3, oo Y 8 £ 4 v e ] £
hemogliobing 18 comprised of

that each of these ide

molecules. This conclusion 18 based upon a

rypsin's hydrolytic action 1s limited essen

5

the gplitting of peptide bonds involving

lysine and arginine. Although there are about 56
regidues per molecule, only 26 different peptides
erved on the peptide patterns. Thus 1 the hydr

s

all of the ginine residues was fairl

lygsine and

only a molecule which romprised of two ldentl

would be expected to yvield but one half of
of peptides. This interpretation 1s also in agre
the N-terminal segquences, X-ray data (59) and hyb

results {60,61,62).

These peptides are separated into a two dim

paper electrophoresis fo

structure

tool

&
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obtained from ultracentrifugal studies (64). Although
subject to errors, an estimation of the molecular weight

of different hemoglobins merely by the determination of
thelr sedimentation coefficients has become a useful, rapid

method which utilizes relatively small amounts of material,

has been suggested by Field and O!'RBrien {65} and Hasserodt

=4
[ay

and Vinograd (66) from examination of sedimentation coef-
ficients of adult hemoglobin in solutions over a pH range

4

of 2.5 to 11.5, that a disscciation of adult hemoglobin into
nalf molecular subunits occurs in acid and alkaline solutions.
Therefore, estimation of the sedimentation coefficients of
certain hemoglobin components was made for two purposes:

4. ww T oy g e ~
L molecular formula and second

frst to establish the correc
to determine whether dissociation similar to that of hemo-
riohin A oceours.

A useful technigue for studying the polypeptide sub-
unit composition of hemoglobing is the hybridizati
chain exchange procedure developed by Singer and Itano {(60)
and Vinograd and Hubchinson (62). The procedure involves

the dissociation of a mixture of two different hemoglobins

trophoresis or chromatography. An examination of the products
reveals whether the criginal hemoglobing contained subunits

which exchanged for one ancther during the dissociation stage.
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Singer and Itano employed various oxidation forms of hemo-

<r

z1ob! n their study whereas and Hutchinson

o
e
0]
[

n Vinograd

s

tilized hemoglobins labelled with C-14 amino acids. As

demonstrated by Vinograd, Hutchinson, and Schroeder (61)

S

the latfter technigue yields information which can be cor-

T A

related to the N-terminal sequences of the polypeptide

(’3‘

"

n
}4
.

chains so that an absolute identification of identical

subunits can be made. Thelir study of hemoglobing A and §

g

ied to the conclusion that the £ chain of hemoglobin 8
possesses the amino acld substitution noted earlier by
Ingram (13). Several applications of the hybridization
]

procedure have been made in this Thesis work: some of the

3%

xperiments willl be described in detail.

SECTION IT. FXPERIMENTAL PROCEDURES
Tesolation of Hemoglobin Components.--A11 of the hemo-
giobin components studled in thisg sectlion were isolated and

purified by chromatographic procedures which are described

Section 1. An additional step in

2

the purification of twe components (the vy, component from
U

4

hemoglobin H subjects and the A? component from normal adults)

.
C)

L
\«J’
,ﬂ
e

was made by starch block electrophoresis. These starch

U}

puriifications were carried out by Dr. William Bergren and hi

Hollywood, California. The method employed was essentially

‘

that described by Schnek and Schroeder (io} usging barbital
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huffers of 0.05 ionic strength at pH 8.6 and commercial

Amino Acid Analysis.--Hemoglobin solutions were dia

NS . .
90" ¢, and

After adding 2 ml. of doubly glass- N hydro-~
chloric acid to zmounts of 2 to 10 mg. " henmoglobin per
tube, the air was evacuated with a water pump and the Tubes
- ey o oy A e i £ F‘O 0 T 1 P A e | o L3 R -
were sealed and heated at 110 + 0.5 C for periods of eltherx

rd

22 or TO hours., TFollowing hydrolysis, the hydrochl
. oy esap e 4 e O P R s ahmmam e 9 e
yas removed by evaporating at 407 C with a stream of air,
and the hydrolysate was dissolved in 5.0
the pH 2.2 buffer solution which is used for applying samples
to the ion-exchange columng (52). A small stirring rod was
sed to remove all traces of material {rom the sideg of the
hydrolysis tube and to produce a fine suspension of all

-
S

insoluble material which resulted from the heme. The sample
fuged immediately before removing appropriate

alyae

o
o
P
-}
&
o
cf
e
o
=
&
o
e
]
O
o
O
i
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o
3
Ay

(T)
|45

The amino acid analyses were made with a Spinco Auto-

T \

tic Amino Acid Analyzer, Model 120, following the pro-
cedure of Spackman, Stein and Moore (52) In this procedure,
the amino acids are separated on columns of TR-120 (a sul-

fonated polystyrene lon-exchange esin) with sodium citrate
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buffers. The el
mea ed and recorded for subseguent calculation of the

guantity of each amino acid. The precision and accuracy

Pai

of this procedure is of the order of 100% + 3% for loads

1 o ®

from 0.1 to 3.0 micromoles of each amino acid.

N-Terminal Amino Acid Segquence Analyegis,--Hemoglobilr

[

components were dinifrophenylated in agueous solutions with

dinitrofluocrobenzene (53) at a pH of 6.1 + 0

LY €
was

ok
=
e
(@]
-y

maintained by the addition of dilute sodium hydroxide either

o 1y e R SN I | p g ) . s 4 Loer Y, . G, Y e RN
manvually with a syringe microburet (67} or avtomatically with
- T L b oy J i N - 11 P 1 4 - L %)
a Radiometer Automatic Titrator used as a pH-stat., The DNP-

“ - e TT - . U 2
nemoglobnin was precipitated at pH 1.5 & N hydro-

i ] e ney Ty . LR M T ey b G de o 2. R
chloric acid and the precipitate was washed three times wlth
0.2 N hvdrochloric acid. For removal of the heme in the DNP-

» ERPUC Y £t R S [ SR ST S . £
emoglobin, the precipitate was suspended in 20 ml., of an

j)‘

ice-cold solution of 0.05 N hydroch:

lovic acld which was
poured into an ice-cold mixture of 100 ml, of acetone and
2,0 ml. of N hydrochloric acid., This mixture was shaken
211y for 1 to 3 hours and then the yellow DNP-globln
in the form of a fine precipitate,was allowed to settle
overnight in the refrigerator. The settled precipitate was
cransferred to a fritted glass suction funnel on which

was washed exhaustively with acetone and finally with ether

The 1solation and determination of the N-terminal

residues in the DNP-globin were carried out by Mrs. Joan
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ay

Balog Shelton according to the procedures described by
Rhinesmith et al. (53,54,55), After the DNP-gzlobin had

been hydrolyzed for 15 minutes in refluxing 6 N hydrochloric
acid, extraction with ether removed DNP-val-leu, DNP-val,
DNP-gly, and dinitroaniline (DNA) from the hydrolysate and
extraction with ethyl acetate removed DNP-val-his-leu and

DNP-val-his. The DNP-derivatives in the extracts were then

(7

separated and characterized chromatographically with silicic

acid columns by methods described by Green and Kay (68) as
extended by Schroeder and co-workers (55,69), Quantitative

measurements were made spectrophotometrically., Complete

hydrolyses of the DNP-peptides were carried out for 22 hours

in some cases to be certain of their amino acild composition.

gt
Lods
fds

i, e Y T e - - iy PR S T3, N . ¢ A S .
Peptide Pattern Analysis.,--These analyses were carr

ut eggentially ag described by

minor modifications during the hyvdrolivtic and chromato-
L) E% £2
graphic procedures. Hemoglobin solutions were dialyzed

3 % R e de S “ ~1 P % g e I R I = I = « p o
arainst distilled water and then diluted to a volume of

about 4 to 5 ml. so that the final concentration ranged

F U S SN [ s ] Ao R Led e e T 4. Qo :
from 2 to 25 mg. per ml., After adjusting the »H to 8.0 -+

N 5 s i w8 g e » 5 e 3 I S R I
natured at 907 C for 4 minutes., The denatured hemoglobin
- LT - 3 P i \O T PR . Fa ~ ool EP
was hydrolyzed at 407 C by adding 0.1 ml. of a 0.5% solu-

tion of trypsin (2 times crystallized, salt-free, Worthing-

at ©,0 + 0.1 by adding dilute sodium hydroxide either
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automatically with a pH-stat (Radiometer) or manually from a
syringe microburet (67). One tenth of 1 ml., of 0.4 M CaCl,
was added to the reaction mixture Jjust before the trypsin
as suggested by Professor Niemann (69). The hydrolyses
were generally carried out for 90 minutes, but additional
trypsin was added at 60 minutes to be suve that inactivation
of the original enzyme had not occurred. Following the
hydrolysis, the mixture was adjusted to pH 6.5 with dilute
hydrochloric acid and the insoluble residue (designated as
the core by Ingram) was removed by centrifugation. The
supernatant, containing the soluble tryptic peptides, was
dried over concentrated sulfuric acid in an evacuated desic-
cator, or stored at -20° ¢ in a freezer before drying.

Two different procedures were used for the separation
of the peptides on sheets of Whatman 3MM paper cut into a
T shape as shown in the inserted diagram. In Procedure A,
papers with the following
dimensions in inches were

o —

used: a, 12; b, 11; c, 23; .\

e, 7; £, 1. The more

successful Procedure B was a

made on papers with the

'y
following dimensions in 9 ; +

<
e

T
4
®
|t
>~
-

1
inches: &, 195@ b, 15:
1
c, 23; d, 5; e, 10; T, 25"«

Pairs of papers were either
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dipped into or sprayed with electrophoresis buffer (pyridine
50 parts: water U450 parts: glacial acetic acid 2 parts, adjusted
to pH 6.40 + 0.02) and then placed on a one-quarter-inch glass
plate which was 1 inch larger than the "a" and "b" dimensions
of the papers. Excess buffer was blotted from the papers and
the peptides from 2.2 mg. of hemoglobin were applied in 10
microliters of water to the cross mark shown in tThe diagram
after first heaVily blotting a surrounding area of about 1
sguare inch. The papers were then covered with a second glass
plate and fifteen minutes of equilibration were allowed before
applying an electrical field along the "¢ dimension of the
papers. Tn Procedure A, a field of 600 volts was applied for
3%-hours whereas for Procedure B, a field of 1200 volts was
applied for 2%-hours. After the electrophoresis, the papers
were dried for at least 2 hours in the air before chromato-
graphy with one of two solvent systems. Ascending chromato-
graphy using the original solvent described by Ingram (13)
(n-butanol 3 parts: glacial acetic acid 1 part: water 1 part
by volume) was used for Procedure A. Procedure B used des-
cending chromatography with a developer consisting of 7 parts
iso-amyl alcohol: 7 parts pyridine: 6 parts water (71,72).

The second solvent system was found to be superior to the
first system. A modification of the second solvent (7 parts
igo-amyl alcohol: & parts pyridine: 6 parts water: 0.1 parts

formic acid) was useful for chromatographing the more strongly

adsorbed peptides.
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Detection of the peptides was generally made by dipping
the dried papers into a 0.5% solution of ninhydrin in acetone
and allowing the color to develop for at least 2 hours at
room temperature before heating in an oven at 60 to 80° ¢
for 3 to 5 minutes. Several special reactions were also
employed (73). TFor the detection of tryptophyl peptides,
the papers (either treated or untreated with ninhydrin) were
sprayed with a solution of 0.4% L-dimethylaminocinnamaldehyde
in ethanol containing 10% 6 N hydrochloric acid (by volume).
Arginyl peptides were detected by first dipping in a solution
of 0.1% 8-hydroxyguinoline in acetone, drying and then spray-
ing carefully with a solution of 0.2 ml. bromine in 100 ml.
of 0.5 M sodium hydroxide in water. Histidyl peptides were
localized by spraying with a fresh mixture of equal parts
of 0.7% sodium nitrite and 1.0% sulfanilic acid containing
8% concentrated hydrochloric acid, drying until the paper
was moist, and then spraying with 10% sodium carbonate. The
histidine reaction could be performed after the ninhydrin

reaction had been made.

Ultraviolet Spectroscopy.--The ultraviolet spectrum in

the region of 250 to 320 mp of hemoglobin solutions in water
or chromatographic developers was examined with a Cary Re-
cording Spectrophotometer, Model 11M or 14, The optical

density for an optical path length of 1 cm. was recorded.



- 8L -

Determination of Sedimentation Coefficients.--The

measurement of sedimentation coefficients was carried out
in a Spinco Analytical Ultracentrifuge, Model E, by Mrs.
Janet Morris under the supervision of Dr., J. R. Vinograd.
Hemoglobin solutions at a concentration of 0.5 to 0.8% were
run in a double-~cell rotor so that one of the cells could
be filied with normal adult hemoglobin which had been
treated in the same manner as the sample under study (66).
The composition and pH of the buffer solutions which were

tested for the sedimentation experiments are listed in Table

VII.
TARLE VII
Buffer Sclution for Sedimentation Studies
pH at 250 Composition in grams per liter of solution
4,70 27.2 g. NaCQH302 adjusted to pH 4.7 with HCQH302
7.07 6.54 g, K, HPO), + 3H,0; 1.94 o, KH, POy,
9.7 3.0 g. NaOH; 10.2 g. NaCl; 7.7 g. glycine
10.25 2.0 g. NaOH; 10.2 g. NaCl; 7.2 g. glycine
10.50 3.0 g. NaOH; 10.2 g. NaCl, 6.5 g. glycine
10.70 3.0 g. NaOH; 10.2 g. NaCl; 6.0 g. glycine
10.91 3.0 g. NaOH: 10.2 g. NaCl; 5.8 g. glycine
11.61 6.35 g. Na3P0A~12H20; L, 68 NaEHPOA; 8.78 g. NaCl
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Procedures for Subunit Hybridization.--Hybridization

experiments were carried out at 1° at either pH 4,60 to

4,70 or pH 11.0 to 11.2. TFor the hybridizations at low pH,
solutions either 0.1 or 0.2 M in sodium acetate adjusted with
glacial acetic acid to the proper ol were used. Hybridiza-
tion experiments at high pH were carried out in solutions
containing 6.35 g. trisodium phosphate dodecahydrate, 4.68 g.
anhydrous disodium phosphate and 8.78 g. sodium chloride per
liter. Hemoglobin mixtures in concentrations ranging from

1 to 50 mg. per ml., were dialyzed against two changes of
buffer over a period of 12 to 48 hours and then dialyzed
back against at least 2 changes of an appropriate chromato-
graphic developer., These hemoglobin solutions from the
hybridization procedure were often concentrated by centri-
fugation before the chromatographic separations were made.
Any precipitates which were formed during the hybridization
procedure were centrifuged off before the chromatographic

separation was carried out.
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SECTION IT. RESULTS AND DISCUSSIONS

A, Amino Acid Analyses

Amino acid analyses of normal hemoglobin components

A are listed in Table VIII.

Tas Prpe Brer Brps 209 Apryg
An analysis of the fetal component FII has also been listed
for reference purposes (8). The determinations were made on
samples which had been hydrolyzed with 6 N hydrochloric acid
for either 22 or 70 hours {(in one case for 72 hours, see
Table VIII). The value of each amino acid is recorded in
grams of that amino acid per 100 grams of protein dry weight.
The percentage of total recovery for each analysis was
calculated by determining the sum of the composition in
terms of grams amino acid residues (molecular weight of
amino acid minus weight of one mole of water) per 100 grams
of protein.

Because the percentage of total recovery varied from
79 to 93%, a comparison of the absolute values of any amino
acid between two different experiments can be misleading.
The low and varied recoveries were probably due to several
factors including: total loss of tryptophan and partial
loss of serine, threonine, and tyrosine; incomplete
hydrolysis of some valyl bonds; weight of heme; presence
of traces of salts and water that were not removed completely;

and the precision of the weighing and the analytical methods.
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Although the absolute values of the amount of many amino
acids appear to differ significantly from one analysis to
another, relative values that take the percentage of total
recovery into account, are generally very similar., Differ-
ences between the amino acid composition of hemoglobin A and
F have been noted in the Introduction of Section II and a
comparison of these with the differences of the analyses of

ATI and F in Table VIII indicates the reliability of these

1T
determinations. In general, except for isoleucine, methionine,
proline, serine, threonine, and possibly histidine, differences
between the analyses of these two hemoglobins do not appear

to be significantly greater than the variations of the

analyses of the same component. However, the detection of

£

one or more residues of isoleucine for molecular welght o

66,000 (greater than 0.2 grams per 100 grams protein) is

v}

reliable and significant amino acid estimate, and it may be
used in comparing several different components,

In component Ala isoleucine is present to the extent
of about two residues per 66,000 molecular weight. Whether
this amino acid is actually present in component AIa is un-
certain because 1t may have had its origin in non-heme
proteins which were incompletely removed by the chromato-
graphic isolation. Allen, Schroeder, and Balog (15) have
found that this non-heme protein has a high content of iso-

leucine,
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Component AIb shows an even greater content of iso-
leucine. About six residues per 66,000 molecular weight
are present. In this instance 1t is less reasonable to
postulate a contamination of component Aib with non-heme
protein because as Tar as is known this component separates
readily from the non-heme proteins. The presence of about
six residues of isoleucine in Alb suggests that this compon-
ent may differ in its amino acid seguence both from compon-
ent A.. and F FPurther determinations of the amino acid

I I1°
composition of both components A and AIb will be necessary

Ta
before the significance of the presence of igoleucine can
be judged with confidence.
Only traces of isoleucine were detected in component

A This is in contradiction to the results of Allen,

Te®

Schroeder, and Balog (15) who reported the presence of
substantial amounts of isoleucine in this component. The
trace amounts of isoleucine in the present analysié could
be reduced even further by first denaturing the AIC with
alkali and precipitating it with ammonium sulfate before
nydrolyzing it with hydrochloric acid. This suggests that

the A o normally contains some FIE which is not denatured

I
by alkali and precipitated by ammonium sulfate, which con-
tains isoleucine, and which by this procedure is then

separated from the ATC, It is possible that the isoleucine

observed by Allen et al. was due to the presence of a small

amount of component FII which is chromatographically similar
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to component AIC under the conditions used for iscolation
(see Section I). Varying amounts of hemoglobin F have been
reported in alkall denaturation studies of hemoglobin from
normal adults (2).

Comparisons of the other amino acids found in the

analyses of components A._, A, , and A with the values
Ia Ib Ic

L

of the amino acids in hemoglobin AII and FTI indicate that

these minor components are more similar in composition to

AIE than to FII'

the significance of any differences can be stated with

More analyses will be necessary before

confidence.

As in the case of amino acid analyses of component AIC’
the amino acid composition of component ﬁIIIb appears to be
very similar to the composition of component AII' Failure
to detect isoleucine in component AIIIb might appear to be
a contradiction of the recent amino acid analysis of hemo-
globin A, by Rossi-Fanelli et al. (74). According to their
analysis, a considerable difference exists in the amino acid
compogition of hemoglobin A2 and hemoglobin A, especially
in the isoleucine content. However, Schnek and Schroeder
(18) found as did Kunkel et al. (75) that component A,, which
corresponds to component AIIIb’ is often contaminated by
appreciable amounts of a non-heme component and suggested
that the analysis of A2 by Rosgsi-Fanelli et al., was in
reality the analysis of a mixture of A2 and non-heme protein.

The validity of Schnek and Schroeder's conclusion is apparent



from a series of amino acid analyses first of the "erude"
hemoglobin A2 prepared by starch block electrophoresis and
then of the non-heme protein and the AIIIb component iso~
lated by chromatography from this sample of Age These
results and the average of four determinations of A2 by
Rossi-Fanelli et al. (74) are shown in Table IX. The
presence of this non-heme protein not only will give rise
to incorrect values for isoleucine but also will result in
incorrect estimates of alanine, arginine, glutamic acid,
histidine, leucine, lysine, phenylalanine, tyrosine, and

valine,

The amino acid composition of the components isolated
from a patient with thalassemia hemoglobin H disease (see
figs. 12 and 13) is listed in Table X,

The analysis of the heme component isolated by starch
block electrophoresis from zone la (fig. 13) is more like
the composition of FIE than AII but not identical with either.
The results are in agreement with other chemical studies that
indicate that this component is a tetramer of y chains, This
conclusion will be discussed more completely below.

The presence of a small amount of isoleucine in zone 1b
(less than 0.5 residue per 66,000 molecular weight) was prob-
ably due to the incomplete chromatographic separation of this
component from zone la or to the presence of a small amount

of non-heme protein. Although Huisman has reported that
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significant amounts of isoleucine are present in hemoglobin H,
his preparations were probably not pure B, component (36).
Disregarding the isoleucine, the analyses of this component
in zone 1b (fig. 13) are similar but not identical to
component AII' As will be shown by other studies, this
component is a tetramer of normal B8 chains.

Zone 2 from Figure 12 appears to be comprised mainly
of Alc as judged by its amino acid content. However, the
amount of isoleucine detected indicates that about one sixth
of this zone may have been component FII’ This observation
is not surprising because the patient was producing ¥y chains
even though she was past the age at which little or no hemo-
globin with y chains (F) 1s observed in the normal human (2).

No significant differences in the amino acid composition
of zone 4 (A?I) and zone 5 (A§II> from Figure 12 could be

detected with certainty when compared to the normal compon-

ents A and A

T ITTh’ regpectively.

The amino acid composition of the a, P, and y chains
may be calculated from the amino acid analyses of hemo-

globins F T and AII and the main component of hemoglobin H

I
(BM> because the a chains of hemoglobinsg A and F are iden-
tical (see Appendix IV). Such a calculation has been made
and the results are listed in Table XI in terms of amino acid

residues per molecular weight; 66,000 for components Frp and

AIE and 16,500 for single chains. The first three columns in
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Table XI are for F and %ﬁﬁ, respectively. The fourth

110 Aryo
column represents one half the difference between the composi-
tions of 2B chains and AII’ and should correspond to the
composition of the a chain. Column five is one half the
difference between FII and 2 o chains and is therefore an
estimate of the composition of the y chain. The analysis

of the 1y, component (heme component of zone la, fig. 13)

from Table X has been listed in a column six on the basis

of amino acid residues per single chain for comparison with
column five, Finally, the bhest current estimatesg of the amino
acid composition of the a chain (9,10) B chain (11), and

y chains (8) are listed in the last three columns of Table XI
for the purpose of comparison and reference. It is apparent
from this table that, in general, the present analyses are
slightly low; however, the agreement between these experi-
mental results and the results obtained by others and de-
rived from different materials is good. Hence, the calcula-
tions indicate that the analyses of the FEI’ AII’ Y and Su
components are in agreement with the gross formulas which

have been suggested for each of these hemoglobin molecules.

B, N-Terminal Amino Acid Seguences

The results of the determination of N-terminal amino
acid sequence of several components are listed in Table XIT.
Ths characterization and estimation of the DNP-compounds were

made by Mrs, Joan Balog Shelton. In addition to the analyses
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of components ¥, 54, A%I’ AIC’ Szeg and SIII’ the table

includes typical values for hemoglobin A, F and F.. The

IT’ I
data have been presented as micro moles of DNP-derivatives
per 100 mg. of DNP-globin in the left side of the table.
The percentage of yield of each kind of chain has been
calculated on the basis of the theoretical yield of 2.28
micro moles of each chain per 0.1 grams of DNP-globin and
by assuming that DNP-val-leu and DNP-val found after the
short.hydrplysis (15 minutes to 1 hour) arise from the a
chain; that DNP-val-hig-leu and DNP-val-his, found after
the short hydrolysis and DNP-val found after the 2Z-hour
hydrolysis arisge from the B chain; and that DNP-glycine
arises from the 7y chain. These percentages are listed in
the right side of Tablé XIT and should be 100% for any

chain which is present in the ratio of 2 moles chain to 1

mole of hemoglobin (66,000 molecular weight).

Two different analyses of the Y component from
patient P.T. who has thalassemia hemoglobin H disease {cor-
responding to zone la, fig. 13) were made. The first
analysis was with material purified only by chromatography
whereas the second was with material purified by both
chromatography and starch block electrophoresis. Only DNP-
glycine was obtained in significant yilelds; however, the
amounts were 27 and 49% of the theoretical yield assuming

4,56 micro moles of chain per 100 mg. DNP-protein (54 and
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08% based upon 2.28 micro moles). Relatively low yields
of DNP-glycine have also been noted for analysis of
y chains isolated from component FII by Schroeder and co-

workers (76). The reason for these poor yields is unknown.

Three analyses have been made of the 64 component
(zone 1b, fig. 13) from two different patients with thalas-
semia hemoglobin H disease (from both subjects R.C. and P.T.).
DNP-vgl-hig-leu and DNP-val-his were The principle compounds
to be isolated from this hemoglobin component. The yields
of these DNP-peptides and the absence of other N-terminal
DNP~compounds, indicate that this hemoglobin is composed

only of B chains,

The N-terminal amino acid sequences of the main com-

ponent, AS (zone U4, fig. 12), were studied and compared

IT
with the N-terminal seguences of the normal adult major
component, AII' Except for high yields of N-terminal
peptides of the P chain, the results appear to be identical

to those with normal adult hemoglobin.

Two different analyses of the DNP-N-terminal peptides
of component AIC revealed good yields of a chain peptides
but low yields of B chain peptides. An explanation for
these low yields is not yet clear, but may be analagous o
the reason for low yields of DNP-glycine from the minor
fetal component, FI, Difficulty in obtaining the DNP-deriva-

tive of the N-terminal amino acids indicates the possibility
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of either an unreactive or unavailable o-amino group. An
acyl derivative of the N-terminal amino acid could account

for these results.

A single analysis of component STe revealed both DNP-
val-leu and DNP-glycine in high yields but no DNP-val-his-
leu peptide. This result is another indication that com-

ponent S is identical to component ¥

Te TITC

The slow chromatographic component SITI appears to
contain the N-terminal sequences of the o and B chains.
The relatively high yield of the B chain peptides is un-
explained but thisg component probably is not significantly

different in N-terminal seguence from normal adult hemo-

globin,

C. Peptide Patterns of Tryptic Hydrolysates

The peptide spots which comprise the peptide pattern
or "finger print" of the tryptic hydrolysate of normal
hemoglobin have been numbered arbitrarily by Ingranm (13).
Representative peptide patterns of tryptic hydrolysates of
hemoglobin A using two different chromatographic solvent
systems are shown in Figures 182 and 18b. TFigure 18c rep-
resents a peptide pattern of a tryptic hydrolysis of hemo-
globin Fiia The peptide spots in each of these figures
have been outlined and are numbered as completely as pos-

sible according to Ingram's system (13,71). A new numbering
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Figure 18Db.

Figure 18ec.
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Peptide pattern of tryptic hydrolysate of
Hemoglobin AIT by combined paper electro-

phoregis and paper chromatography. The
chromatography was ascending and with a
solvent composed of 3 parts n-butanol,
1 part glacial acetic acid, and 1 part
water by volume. See text and Tables
XITTa and XIIIb for description of Spot
Nos.

Peptide pattern of tryptic hydrolysate of
whole Hemoglobin A by combined paper
electrophoresis and paper chromatography.
The chromatography was descending and with
a solvent composed of 7 parts iso-amyl
alcohol, 7 parts pyridine and 6 parts
water by volume. See text and Tables
XIITa and XIIIb for description of Spot
Nos.

Peptide pattern of tryptic hydrolysate of
Hemoglobin FTI by combined paper electro-

phoregis and paper chromatography. Condi-
tions were the same as for Figure 180,

See text and Tables XITTa and XIIIc for
description of Spot Nos.
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system for the tryptic peptiées of hemoglobin was proposed
at the Hemoglobin Structure Workshop held at the M.I.T.
Endicott House on December 14-16, 1960 (57). The latter
system is based on a number of structural studies that
indicate the probable location of all of the arginine and
lysine residues in the o and B chains (8,9,10,11) (see
Appendix No. II). Tables XIITa, XIIIb, XIIIc summarize
the correlation of the peptide numbers and the amino acid
composition or sequence of most of the tryptic peptides
and the insoluble residue of the a and P chain. These
compilations are based upon studies of Schroeder and co-
workers (8), Braunitzer et al. (10,11), Hill and Konings-

berg (9), and recently published studies of Baglioni (71).

E] - £
Peptide patterns of components Azcj SIc’ SI SIf’

e,’
H ,HH

SI115 7&’ 6&’ AIC’ Arps Bypps o chains of AII’ FII’ and

SII’ B chain of AII’ and y chain of FII were made, Al-
though detailed examination of the peptide patterns of
tryptic hydrolysates of various hemoglobin components
might indicate small changes in the primary structure,
gross examination is often sufficient to determine whether
a, B, or y chains are present in each component. Only the
general features of these studies will be presented.

The peptide pattern of component 1y (zone la, fig. 13)
was identical with that of y chains prepared from hemoglobin

Fro by the urea gradient method of Wilson and Smith {(77).
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No o chain peptides could be detected. Similarly, the
peptide patterns of component B& (zone 1b, fig. 13) and
8 chains prepared from hemoglobin A were identical.

No differences in the "fingerprints” of component A?C
from one of the subjects with thalassemia hemoglobin H
disease and the normal AIC component could be detected.
These patterns as well as those for A?I (zone 4, fig. 12)
were essgentially indistinguishable from the peptide pattern
of the normal major adult component AII‘ However, in the
case of A?I, an additional peptide, which contained histidine
and was electrophoretically like the number 23 peptide, was
detected in low yield when peptide chromatography was made
with a developer composed of 7 parts iso-amyl alcohol, &
parts pyridine, 6 parts water, and 0.1 part formic acid.
This extra peptide could have resulted from the presence
of a small amount of abnormal o chain in the major compon-
H

ent AEI'

consistent with the hypothesis that Y and 54 components

The presence of such an abnormal o chain 1is

result secondarily from a deficiency of o chain formation.
The exact nature of this extra peptide 1s not clear but
further study is warranted because this may be the first
example of an alteration of a hemoglobin which does not
involve a change in the net charge of the molecule.
Although the peptide pattern of the A%II component

(zone 5, fig. 12) was similar to the pattern of AII’ it may
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have been more like the fingerprints described by Muller
and Jonxis for hemoglobin A, (78).

Tryptic peptide patterns of components SIC and;SIe
were similar To those of FII whereas the patterns of
components SIf and SIII were similar to those of the major
sickle-cell hemoglobin component, SII’ as Judged by the
presence of the No. U4 peptide of hemoglobin S (13,71).

The avchains igolated by the urea gradient procedure
(77) from components AII’ FII’ and SII were found to be
identical as judged by their peptide patterns., This identity
is in agreement with other chemical studies (Appendix IV and

refs, 14 and 61).

D. Ultraviolet Spectra

H., M. Jope apparently was the first to note the dif-
ference in the ultraviolet absorption spectra of the adult
and fetal hemoglobins of humans (79). The difference has
been attributed to the presence of more tryptophan in fetal
hemoglobin than in adult hemoglobin. Although precise
gspectrophotometric methods in the ultraviolet region have
been developed for detection of the relative amounts of
hemoglobin A and F in mixtures of the two (63), gross
examination of the spectra in the region of 250 to 300 mp
reveals rather striking results as shown in Figures 19a,

10b, 19¢, and 19d. These figures are representative of the



Figure 19a.

Figure 19b.

Figure 19c.

Figure 19d.
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Ultraviolet spectrum of Hemoglobin Compon-
ent AII given as the optical density of a

1 cm. path through a 1% solution.

Ultraviolet spectrum of Hemoglobin Compon-
ent FIT given as the optical density of a

y

1 cm. path through a 1% solution.

Ultraviolet spectrum'of Hemoglobin Comporn-
ent B (zone 1b, fig. 13) given as the

optical density of a 1 cm. path through a
1% solution.

Ultraviolet spectrum of Hemoglobin Compon-
ent y) (zone la, fig. 13) given as the

optical density of a 1 cm. path through a
1% solution.
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ultraviolet spectra of hemoglobin components A B

170 Fr1v Puy
(zone 1b, fig. 13) and Y (zone la, fig. 13). Only in-

flections in the region of 290 mp were noted for components
AII and 54’ whereas maxima in this region were found for
components FII and Y- The striking maximum value of 290 mp
in the case of the 7y, component has been noted on three dif-
ferent preparations from subject P.T. but was not present
when the zone la from two other thalassemla hemoglobin H

patients was studied (subjects R.C. and H.D.).

1%

The observed Elcm.

value of 24.4 at 275 mp for 7
compares well with the calculated value of 24.8 for el

. \ . 1% 1 . ,
which 1s twice the sum of Elcm. for FII and 56& minusg the

1% : , . 1 _ _
By, for App, i.e., 2(a2 Yo *+ 5Py - agﬁz) = yy. However,

this agreement may be only coincidental because the ac~

curacy of the measurements is probably about + 5%.

Ultraviolet spectral studies of a number of other
components were found to fall into two groups, those re-

sembling component FIT and those similar to component AII‘

Those components which were like FII included FI’ SIC’ and

S whereas tThose resembling AII included AIa+b (i.e.,

Te
mixture of A._ and A ), A A p ) pH | aH S S
' Ta “Ib/? “Te’ TIII? TIce? TIIC TTIIC YIb? YIf

SII and SIII‘
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E. Sedimentation Coefficients

The sedimentation coefficients of hemoglobin components
By (zone 1b, fig. 13) and ‘74 (zone 1la, fig. 13) were com-
pared with the coefficients of the normal component AII and
are listed in Table XIV. The Sw ,20 values for the two ab-
normal components were each 3 to 5% higher than the values
of their AII controls. The obsgservation for component Bu is
in agreement with results reported earlier by Rigas et al.
(39) who noted that hemoglobin H has a slightly higher sedi-
mentation constant than hemoglobin A, The results for the
Y i component have recently been confirmed by Kekwick and
Lehmann (80). The sedimentation coefficients of components
BM and o indicate that their molecular welghts are of the
order of 60,000 to 70,000 assuming that the frictional coef-
ficients of these components are similar to that of hemo-
globin A. The present molecular weight estimates for com-
ponents 54 and y) are the basis for concluding that these

molecules are tetramers.

An estimation of the dissociation of hemoglobin compon-
ent 64 in alkaline solutions was made in order to decide
whether subunit hybridization experiments might be practical.
The sedimentation coefficients of component 64 and controls,
A, were studied at'pH 9.7, 10.0, and 10.5 and are listed in

the middle portion of Table XIV. Apparently the BM component
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TABLE XIV

Sedimentation Coefficients (S ..)
Wy 0

of Hemoglobins y,, B, and Fyq

S

Experiment Hemoglobin Components W, 20
Noe Experimental Control  pH  Experimental Control AS
Wp20
1832 1 AII 6e74, 497 4e86 0.11
1702 Bﬁ AII 707 Le63 4e39 024
1710 ﬁA A 9.70 393 4609 =0el6
1704 ﬁA A 10.0 3696 4607 =011
1681 54 A 10.5 281 3.77 ~0696
1709 34 707 4e51
BA 10e5 281
1736 FII SII bo'T 3639 2692 0e47
1690 FII AII 1025 bel2 4e10 0.02
1688 FII AII 10650 3682 385 =003
1686 FII AII 10.70 281 3.07 =0 26
1689 FII AII 1091 2470 2663 007
1696 FII Arg 11e65 2el2 239 0.03
*Sedimentation Coefficients are expressed in Svedberg unitse. (10'13 s€Ce ) e



- 114 -

is dissociated into half molecules at pH 10.5 at which
hemoglobin A is only partially dissociated (66). Re-
versible dissociation of component 6& was demonstrated
by comparing the sedimentation coefficients of two samples
of this component. The first sample was dialyzed against
pH 10.5 glycine-NaCl buffer for 16 hours and then against
pH 7.07 phosphate buffer for 16 hours more. The second
sample of component 64 was dialized in the reverse order,
first against pH 7.07 buffer then against pH 10.5 buffer.
The sedimentation coefficients for these two samples are
also listed in Table XIV and indicate that reassociation

of the subunits ofcomponent BA does occur.

Initial attempts to hybridize hemoglobin FII with
radioactive hemoglobin S resulted in poor exchange of label
(see Subunit Hybridizations below). Therefore, comparison
of the sedimentation coefficients of hemoglobin F and
either hemoglobin AII or SII were made in acid and alkaline
solutions in order to detect possible differences in dis-
sociation. The results are listed in the bottom part of
Table XIV and indicate a slight difference in the sedi-
mentation coefficients of hemoglobins FII and AII in the
region of pH 10.7. This difference was confirmed by a
duplicéte determination. A single comparison of compon-
ents FII and SII which was made at pH 4.7 indicated a sub-

stantial difference between the sedimentation coefficients
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of these two hemoglobins. Further studies in the acid range
are necessary to evaluate the significance of this single
observation.

Thus, the dissociation of hemoglobin FII does appear
to occur in acid and alkaline solutions; however, the de-
pendency of this dissociation on pH may be different from

that of hemoglobin A and So.

IT IT

F. Subunit Hybridization

Two types of information were sought in making a number
of subunit hybridization experiments. The first and pri-
mary information concerned the kind and relative number of

exchangable chains in hemoglobin components A a mix-

Ta+b (
ture of AIa and AIb)’ AIC’ SI (a mixture of rapidly moving

S; minor components), S1er C D F., F and the two

I ~11I° "1’ "I11°
abnormal components of hemoglobin H, 74 and 54. The

e)

second type of information was related to the mechanism
of subunit hybridization of complementary subunits and in-
cluded studies with components Y s 64, FII’ and AII' A
hypothesis of non-random recombination is developed from
the latter data which indicates that differences exist

in the relative tendency of recombination of some of the
complementary subunits in hybridizations of hemoglobin
mixtures containing a, B, and y chains. This non-random
recombination may be due to a greater affinity of the

o chain-units for the P chain-units than for the y chain-
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units; differences in the relative stability or rate of
formation of certain tetramers; or a combination of these
two.

Two different approaches were used for the determina-
tion of the kind and number of exchangable subunits in a
hemoglobin component. The first approach was analogous -
to the experiment of Vinograd, Hutchinson, and Schroeder
(61) in which they identified the aberrant chain in hemo-
globin S by detecting C-14 labelled leucine in the N-
terminal peptides of the radioactive hybrids of hemoglobin
A and S (see Introduction of Section II above and Identifi-
cation of the Common Chain in Radiocactive Hybridizations,
below). The second method was to form new hemoglobin
products which differed in chromatographic behavior from
the hemoglobin reactants. The second approach was unique
" at the time it was first employed and two communications
that include a description of the procedure were published
in 1959 (see Appendices III and IV).

For the sake of the present discussion, the terms a
chain(s), B chain(s), and y chain(s) will often be used
when referring to the subunits of the hemoglobins that
undergo exchange or recombination in the hybridization
procedure. Although the exact nature of the hybridizing
subunits is not yet clear (31), these subunits probably

are either dimers or single chains,.
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Detection of the Transfer of Identical Chains with

Radioactive Hemoglobins.,--A typical example of the use

of hemoglobins containing C-14 labelled leucine for the
detection of a transfer of identical subunits was an
experiment in which 20 mg. of component AIc (non-radio-
active) was hybridized with 20 mg. of component S§I (* in-
dicates presence of C-14 %—1eucine) at pH 4.7 for 12 hours
at 30. After hybridization and chromatographic separation,
the AIc component had an average specific activity of about
700 cpm/hg. (counts per minute per milligram) and the SII
component had an average specific activity of about 2300
cpm/mg. If Equation No. 1 is assumed to represent the
balanced reaction for the hybridization of component AIc
with component S;I, then the ratio of specific activity

*
of the product A* to the product S should be 1:3 for

Ic IT
complete hybridization (31). The observed raticof 1 : 3.3

suggests that the experimental hybridization was about 91%

of that theoretically possible.

A A A

A % _a% * *®_qx
: A* .S 52Ic 52Ic + aglcﬁg + ag 52
\ -7

Ic, Ic :
52 + 2@2 62 = 0

*
A %
Tc ‘ SII

Similarly, when components AIc and S?I were hybridized at
pH 11.2 for 24 hours, the transfer of the common subunit
was essentially complete as judged by Equation No. 1.

The pertinent experimental data for the above hybrid-

izations and similar data for DII’ SI and FII are listed

e’

in Table XV. Although the hybridizations of AI with SII
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TABLE XV

Hybridization Studies Based on Transfer of

Common Radicactive Chains

Hybridization Duration Specific Aetivity After % Theoretical
Mixture® pE  in hrs.?  Hybridiszation in cpm/mg  Hybridization®
A, x 8 7 2 1%

To ¥ 511 Lo 1 Ap =700 5;=2300 9
*
Ar, % Spp 11.2 24, Ap =250  8,=750 100%
D -4
T X4 LeT 24, Dy,~100 A ;~300 100%
L3
Dip % Frp be'l 24, Dyy~1100 F =4500 73%
3#
S1e X Aqp Le'T 24, SIe-éQ Ay =250 72%
%
Ay x Frq LeT 12 A;;=1000 F =550 54%
¥*
Fip X Spq 11.2 48 F =200  S1,=1250 45%
%
Fip % Spp 11.0 168 Fr=35  S;p=190 55%

Be

be

Ce

For any experiment the two hemoglobin compoments were present in the
same amounte The ¥ indicates the presence of C=li=labelled leucine
in the hemoglobine '

This is the time during which the mixture is dialyzed ageinst the
hybridizing solution.

For equal amounts of reactants the ratio of the specific activity

of the products after hybridization should be 1:3 provided the
exchange of the common subunits has been complete. The % of theore-
tical hybridization is calculated by dividing the observed ratio of
specific activity of the products by 0.0033.
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%
and DII with AII

conditions employed, none of the studies involving FII

appeared to go to completion under the

went to completion. The extent of hybridization of FII
with other components appeared to be greater at pH 4.7
than at pH 11.2 and increased with duration of hybridiza-
tion at these two pH's.

The result of the hybridization of SIe with A;I was
72% of the theoretical hybridization based on an equation
similar to Equation No. 1, and was essentially identical
with the result of the hybridization of F;I with DII (73%
of theoretical hybridization). This observation is in
agreement with earlier chromatographic studies, N-terminal
amino acid determinations, and peptide pattern analyses,

all of which indicate that SIe and FII are identical in

chemical properties.

Tdentification of the Common Chain in Radioactive

Hybridizations.--Although the hybridization data in Table

XV indicate that each pair of hemoglobins in every experi-
ment has an equivalent chain in common, such studies do
not identify the common chain unless combined with other
information. The direct way to determine the common

chain of hemoglobins that have hybridized is to study

that hemoglobin into which radioactivity has been intro-
duced. This determination is possible because of the

following facts. First, in all of the hybridizations the
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radioactive hemoglobin was labelled with C-14 L leucine.
Second, it is known that the second residue from the N-
terminus of the o chain is leucine and that the third
residue from the N-terminus of the B chain 1s leucine,.
Third, it is possible to isolate DNP-peptides from par-
tial hydrolysates of DNP-hemoglobin that contain the
leucyl residue mentioned above. Thus the DNP-peptide

that is radioactive must stem from the chain that is
common and that was exchanged during hybridization. Ex-~
changes of common chains followed by isolation of the N-
terminal DNP-compounds were made on components AIc’ CII’
DII’ FI and FII and the pertinent data are presented in
Table XVI. Apparently all of these components have the

a chain of the normal AII component in common. In the
cases of FI and FII’ this result is not surprising because
the N-terminal amino acid studies indicate that neither of

these hemoglobins contains £ chains,

Formation of New Hemoglobins by Hybridization.--

Hybridization experiments with hemoglobin H (BM component)
demonstrate how the formation of new hemoglobin products
can yield information about the kinds of chains present in
different hemoglobins. When roughly equalramounts (about
22 mg.) of hemoglobin H (zone 1b, fig} 13) and radioactive
hemoglobin S were hybridized at pH 11.0 at 30 for 24 hours,

the chromatogram shown in Figure 20 was obtained (also see
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TABIE XVI

Specific Activity of N-Terminal Peptides

Following Hybridizaticn

Specific a@tivityz in counts per minutes per micromole
Di¥P=val~leu DiP=valehis~leu DNP=vale=his DNP-val DNA

7549

226,

1668

21943

537

5e6

1e4

he3

beb

8e6

1206

1.8

le4

181

366

003 0.8

led 09

The * indicates the presence of C=li-~labelled leucine in the hemoglobine

Specific activity of the Neterminal DNP-compounds frem the hemoglobin

component which was originally non-radicactive.

This hemoglobin was from Dr. He Lelmann, and although an unkmown to
him, it was shown to be identieal to hemoglobin C by chromatography
and peptide pattern snalysis.

Non=radioactive DNP=val=his~leu and DNP=-val=his were added during
the hydrolysis procedure to act as carrier for any radiosetive DNP-

val=his-leu whick might be present.
and had specific activity of 005 cpm/iumoles

DNPF=glycine was alsc isolated
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Appendix III for further experimental details). Hemo-
globin AII as well as hemoglobin S and a fast moving hemo-
globin zone were present in this chromatogram. Becguse
the radiocactive label, which was originally present only
in the S?z reactant, was found by N-terminal peptide
studies to be present only in the o chain of the A?I prod-
uct, the B chain of this A?I product must have arisen from
the ﬁ0ﬁ~fadioactive hemoglobin H, The front zone from
Figure 20 was separated into two components by further
chromatography with Developer 4., One of these components
was identical with the original hemoglobin H {ﬁh component),
whereas the second component was composed of only the B
chains of hemoglobin S as concluded from its chromato-
graphic behavior and specific activity. I one assumes
that there wasg random recombination of the ﬁA and ﬁs chains
with the available o chains, then the presence of approxi%
mately twice as much hemoglobin AIIVas hemoglobin SII in~

A

dicates that hemoglobin H is comprised only of B chains.

\ . : , W A8
This conclusion necessarily assumes that the ratio of B

to SS chains which precipitated during the hybridization
experiment was The same as the ratio of SA to 58 chains
that were available for combination with a chains. Other-
wise, a decrease in the number of 68 chaing relative to SA
chaing could "drive" the hybridization past a point of the

theoretically uniform distribution of the o chains between

o

the 8" and B° chains.
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Ideally the hybridization of equal amounts of hemo-

B A

globins B; and S;E can be represented by Eguation No. 2.

e % Q% . _He=A Qs % Heh
353‘3‘4»3@262@56% rBj +20’.%

Pt
f
e

i
i

asPs

This equation assumes that none of the components is lost,
that the alenlty of the o chaln is the same for the BH A
and BS chaing, and that no other recombinants form to any
significant extent. It should alsc be noted that the

P form S¥*
tetramer form of 5

has peen assumed by analogy to ﬁﬁ;
however, as yet there is no experimental evidence to con-
firm the latter assumption. The aforementioned hybridiza-
tion experiment appears to satisly  Eguation No. 2 at least
so far as the stable products Aiz and S§1 are concérnedg

As by Eguation No. 2, the hybridization of one part
of hemoglobin H with 2 parts hemoglobin Sfi can be rep-

resented by Equation No. 3.

* ¥ A 3% * A *® 8% .
5ﬁ + b (125,«3 —— fbi + @% + 2 @262 + 2 agﬁ?) <j)

The latter equation was tested experimentally by hybridizing

CQ

25 mg. of hemoglobin 5& with 50 mg. of radiocactive hemo-~

* ;
globin S.. at pH 4,65 for 24 hours. Although a substantial

amount of hemoglobin was lost as a precipitate, each of the

products in Equation No. 3 was detected. The ratioc ol the

. #*

%
amount of Ay formed to SII remaining was 0.82 indicating

that elther the hybridization had been incomplete or that
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A *

A . S
more B chains than B chains were precipitated during
hybridization. Of course, it is also possible that the
\ S \
a chaing had a greater affinity for the B chains than

for the Sé chains,

Hybridization of a Mixture of SI Components.

second example of The formation of new hemoglobin products

s

g8 the hybridization of component A wilith an equal amount

bt

T
of radioactive S% minor components (includes all of the

rapidly moving minor components of hemoglobin S). This

study was made at pH 11.2 for 60 hours and resulbed in the

~ . ﬁnr/% . PR 07’\%
formation of 18% S;y in addition to 53% S, and 28% AMI

S o @ 2 = .y &
Becausge the B~ chain is responsible for the di

the chromatographic movement between hemoglobin A;. and Sgi,
i B
% R
production of SIT in the above hybridization indicates that

Q%

B~ chains are present in one or more of these minor com-
ponents of sickle-cell hemoglobin. In addition, the fact
that the A?I component, which was originally non-radiocactive,
became radioactive indicates the presence of normal o chains

=
<t
o
0]

in these minors, This experiment Suggestu that one mig

able to form the SIE components by simply hybridizing the S

\ . PR .
minor components with themselves. The presence of £~ chains

in some of the SI minor components indicates tThat These chains

ES)

are combined th modified o chains, with other chaing as yet
undetected, or as tetramers of single chains. The last pos-

sibility is of special interest in view of Huilsman's report



S .
of the presence of a hemoglobin which is probably B) in two

infants with the sickle-cell gene (81).

Hybridization of a Mixture of AIa and AE% Components.--

i,

When a mixture of components A.

7y @nd Ap (designated as

A hereafter) was hybridized with an equal amount of

Ta+b

* NS 7 3 § * 3
radioactive SII at pH 4,7 for 24 hours, 7% AI was formed

b

_ % ) R
in addition to 48% ATa+b and 45% SIE The production of

. o S A . . .
indicates the presence of normal B chains in either

or both A. components., However, the presence of radio-

I
* . .
activity in the AI minors after the hybridization does not

2

necessarily prove the presence of exchangable o chains be-

£, 2 IR £3 3 - - -4 S}% o
cauge this radicactivity could have been due to the B chains

2

. . . P o .
which were replaced by the B” chains or to the formation of

i 3
it 5 e 3 FE
altered SII

the ﬁI components in control experiments.

component which has been observed to move neay

Hybridization of the STIE Component, - -~-Component STTtﬁ

the slowly moving minor component of sickle-cell hemoglobin,
was examined by hybridization with egqual amounts of hemo-

globin B, in crder bto determine whether products similar to

il I
the slowly moving ﬁli” components could be formed. Two

A
experiments were performed, the first at pH 11.0 with non-

1.8

radioactive hemoglobins and the second at pH 4.7 with radio-

% 3 g s & - g = ]
active 8..... and non-radicactive B;. In each study & compon-
TTI L 7 *
ent that resembled AT by chromatography and starch electro-

..._..4{

phoresis was formed in addition to a rapidly moving zone



and a slowly moving zone which was more like STI than STII

The ratios of the amount of A“E product to this sickle
component were 2,?3 and 3.05, respectively. From an egua-
tion similar to No. 2, one would predict that thesge ratios
should have been 2.0.

Although the A component which was observed might have

3

rather than A it could not have been A..

-
L

been Apyqg, T’ T

because its electrophoretic mobility was that of &TE and

]
o’

-1

AIII& rather than A. TTTh

was A..., then its formation indicates the presence of
b

(18). Assuming this A component

normal ¢ chains in SEIIQ

The explanation for the high ratiocs of this A, prod-
& i 4

dod

uct to the S product, which were approximately 3, rather

than the theoretical 2.0, is not certain. AL least three

S%
- . iTT . ,
explanations are: that B chainsg were present in the

3%

. - A .
gEiT regetant and were replaced by the B chains to form

a component that was identical to éi? in electrophoretic

R

and chromatographic behavior:; that the affinity of the a

@ RS S St
chains was greater for B chains than for B chalins
S

that more B 11T

or

e

chains than 5A chains were lost in the
precipitate which formed during the hybridization procedure.
The reason for the apparent change in chromatographic mobili-
ity of the S product from that of the SIII component before

he experiment to that of the STI component after the

experiment is not clear. It is possible that the 8., com-

by

a modification of the S component which

ot

8 1n rac

e

onent

o

rs

is converted back to the typical S form during the hybrid-
II < J
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&

{:{
ization experiment. A reversibly altered BY chain that is
more susceptible to denaturation could be proposed because
is would account for both the high ratio of the A product

to Tthe S product and the agpparent conversion of the S

IiT

reactant to the oduct., Further investigation of

pr
component S be necessary before a complete explana-

ITT
tlion of these hybridization studies can be reached,

Special Hybridization Studies of Components Yo By s

I—;u

Iv, and &TIQ»~F?om the data presented in Table XV, it

)

was concluded that hybridizations of component FEI with
% % )

components RII’ SII and DEI were incomplete, Thus, further
hybridization studies of components FzTﬁ ﬁé Yy and gTK

were made in order To investigate factors related to sub-

A A
3

unit recombinations involving only the normal o B, and

]

Y 8 chaing. The data of these studies are summarized
Table XVII,

Although hybridization of approximately equal amounts
of components Fo; (8.2 mg.) and B (7.6 mg.) at pH 11.1 for
14 hours resulted in the formation of only 22% of the

B

theoretical amount of ﬁIT components, essentially complete
ke

hybridization (97% of th

@ D
=

tical) of the same mixture re-
sulted in the same time at pH L4,7. Egquation No. 4 is
proposed to describe the over-all reaction taking place

in the latter type of hybridizatio

o

®

3By F30, Yo =20, + Yy, te2a

W
o
£
9]
>
D
o
el
-
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The probability of non-random recombination of the
complementary subunits that are involved in hybridizations
in which the sum of the y and P chains is greater than the
total o chains became apparent when the hybridization of
components F?I and SM was repeated at pH 4.6 for 24 hours
(Experiment F, Table XVII). In this experiment one part
of component Bq was hybridized wilith two parts of component

.2,

.)(Q 5

FII; however, the ratio of the amount of AII formed to the
¥

amount of FTI remaining was of the order of 2.14 rather

than 1.0 which would be predicted from Equation No. 6,

below.

This equation takes into account the 1:2 ratio of the
reactants and was derived from Equation No. 4, which was
concluded to describe Experiment A, Table XVII in which
egual amounts of FII and 54 were hybridized. Because the
reactants (BM and 2??1) were added so that equal amounts
of v and B chains would be present, the formation of twice
as muach Aii as Fil instead of equal amounts supports a con-
clusion of non-random recombination of the hybridizing
subunits.

Although a precipitate formed during Experiment F,
its amino acid composition indicated that it contained

approximately equal amounts of ¥y and B chains (ratios of

o : P s;ye: 1.0 ¢ 4.7 ¢ 5.8). Therefore, differential
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loss of“y chains relative to B chains which could have re-~

sulted in the formation of more component A than FI?

i

T
oha ok

could not have been entirely responsible for the vresults.
Also, on the basis of Equation No. 6, the specific
activity of the rapidly moving zone ( yi plus BQ) would
ve expected to be about one half of that of the F;%I compon-
ent, Actually the specific activity of this zone (about
2,000 cpm/mg.) was almost as high as the Fi“ component
(2,100 cpm/mg.). Although this observation is su%jecﬁ
to errcr, it indicates that the rapidly moving zone prob-
ably contained substantially more of the yz component
than the Baﬁcomponent. An excess of“yi product in solu-
tion after the hybridization relative to the BA product
also supports the conclusion of non-random recombination.

This conclusion of non-random recombination of complementary

subunits will be discussed more completely later.

The possibility of slow overall reaction rates as
eflected by incomplete hybridization becomes probable

when results of the hybridization of £ with F at pH 4.7

IT
for 14 hours (Experiment A) are compared with results of

the preceding hybridization, Experiment F, which was made
for 24 hours., Similarly, re-examination of the results

¥
of the hybridization of with 2 A.. (Experiments C and
4 TI
*

II)
also raises the guestion of incomplete hybridization due

E) in view of the results of Experiment F (B, with 2F



- 133 -

at least partly to slow rates of reaction. If the hybrid-
ization process 1is reversible and no slow steps were
present under the conditions employed, then the ratios of
the amount of product FTT to product AEE should be the
same for both the hybridization of Yy with AII and Bq

with FI and dependent only on the ratio of reactants

1>
and the relative affinity of the various hybridizing-sub-
units for one another. However, the experimentally derived
ratios were not the same for these two kinds of hybridiza-
tions (examples are Experiments E and F, Table XVII).

In order to obtain direct evidence of the probability
of a slow reaction step in these hybridizations, a subunit
exchange experiment with components Y and FiI was made
(Experiment G, Table XVII). Five mg. of component o and
10 mg. of radioactive component F§I were hybridized at pH
L,7 for 24 hours. A control containing only component Fiz
was treated in an identical way. Eguation No. 7 predicts
that the ratio of the specific sctivities of the Fil hybrid-
+*

ization product to the FII control which is equivalent to

should be 0.75, providing that the o and

e
¥ Fm ?’}L
the FLI reactant,
k3
Y chains of the original FII component had the same spe-
cific activity and assuming that non-radiocactive 7 chains

*
were not lost in excess relative to radioactive y chains.

% % * % % % .
Yy T 20y Y, T Yo Yp T Oy Yo T O Yo (7)
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The experimental ratio of the two F?I components was 0.84,
which indicates that the extent of hybridization was only

68% of that theoretically possible. This percentage of
hybridization is similar to those percentages observed for
hybridization of Fil with DII and SIe with Aii (see Table XV).
Thus, 1f one assumes the non-radloactive y chains to be
chemically equivalent to the radiocactive 7y chains, then the
incomplete hybridization of Yh with F?z would support a
conclusion that the overall hybridization reaction is slow
under the conditions employed. Although the radicactive

y chain may not be exactly identical chemically to the non-
radioactive vy chaln because of the presence of C-14 é leucine,
such non-equivalence is probably small and could not account
for the incompleteness of hybridization in Experiment G,
ghove, Of course, this question could be answered by com=-

paring the present experiment with the hybridization of

radioactive 7y, with non-radioactive F,..

Thus, both slow rates of reaction and unequal affini-
ties or non-random recombination of the hybridizing sub-
units appear to occur in hybridizations involving the FII
component. Slow reactions were probably important in alil

of the hybridizations of I whereas the unequal affinity

Ir’
of the hybridizing subunits was apparent only in those
experiments in which there was competition for the avallable

o chaing. DBecause the vy, and B, tetramers were not



detected in hybridizations of hemoglobin FEI with normal o
chain-containing hemoglobins (hemoglobins A, S, and D),

competition for ¢ chains was probably important only when
the sum of the 7y chains plus £ chains was greater than the
total o chains., The total number of o chainsg was less than
the sum of y and & chains only in the hybridizations of Y

i
I

with A... and BA with F
A

1

IT-

it is assumed that the overall reasction of the

-
Hy

hybridization of hemoglobins Yo 3&’ FEI’ and AII with one

another is reversible and that this reactlon can be rep-
resented as the sum of the separate dissociation egquilibris
of each of these hemoglobing, Tthen the following eguilibrium
reactionrmay be written:
K

2 On Yo * SM -~ 2 a262 oYy where Kn 1s
the equilibrium constant. The equilibrium equation for
this reaction (eqn. No. 12, below) can be derived from

“t e

the separate dissociation equilibria of hemoglobins y., By,

and A and their respective dissociation constants

.

Ir° IT
(egns. Nos. 8, 9, 10, 11) assuming., for the sake of
discussion, that the dissociation products and hybridizing

subunits are dimers of identical chains.



17,17
y, === 27y, = = K
4 ;44]
. - 8,1
P), === = K
2 [5@] H
_ Eag} [ 72] .
Un Ve = a, + =
o Yo o Yo oy 7] 7
las] [B,]
[~ L~ 0
by, == oy *+ By S = K
[esBs ]

3@2 75 + 54 T 20, - 2 Yo 282 R 23?
&36262} { )’)4] _ = K};‘ 3 I
] 2K, T
la, yo17 (8] A

(12)

Analogous equations can be derived for subunits that are not

dimers of identical chains. Although the digsoclation con-

stants would be defined differently, they would still describe

the dissociation of each hemoglobin into its hybridizing sub-
<o

units and the overall equilibrium reaction would have the

same form, provided no other association products were

stable relative to these four hemoglobins.

Thus, if Fguation No. 12 can be used to approximate

the overall mechanism of the hybridizations involving hemo-

globins Vi B&’ FII’ and AIIJ then the final state of the

equilibrium depends upon the various dissociation constants
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and the relative proportions of the starting reactants.
The value of KT will be other than unity only if the rela-
tive stabilities of the y, and B, tetramers are not the
same, if the relative affinity of the o chain for the B
chain is not the same as that for the y chain, or if a
combination of both of these factors occurs. If one com-
pares the results of Experiment E ( Yy with QAEI) and
Expeniment F (B& with 2F§I) with this equilibrium expres-
sion, then 1t would appear that the equilibrium lies on
the right side of the reaction, that is, KT is greater
than unity. Whether this is due to a difference in the

L s e

relative stability of the y), and B, tetramers, differences

in the affinity of the a chain for the B and y chain, or

a combination, cannot be decided from these experiments.

In addition to revealing factors which may be impor-
tant in the hybridization mechanism, these studies with
Y L 6&’ FII’ and AII yield further proof of the structural
formula of the two abnormal components from the patients
with thalassemia hemoglobin H disease and are basic to the

conclusion that the o chains of hemoglobing A and F are

identical (see Appendix IV).
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CONCILUSIONS

Llthough specific conclusions have been made in the
subgsections on Results and Discussions, several concluding
correlations and comments should be presented.

It is evident from the results that minor component
heterogeneity 1s not only present in normal adult human
hemoglobin and umbilical cord blood hemoglobin but also
exists in hemoglobin from individuals with genetically
determined hemoglobinopathies.,  Several of the minor com-
ponents from these different sources appear to be similar
in their general chromatographic behavior, whereas other
minor components bear 1little chromatographic resemblance
to any other component. A summary of the chromatographic
similarities and identities of components from several
hemoglobing is illustrated in Table XVIII. In this com-
parison, the components of hemoglobin A and the fetal
components of umbilical cord blood have been used as pri-
mary chromatographic references. Chromatographic similar-

"and identities, as judged by

ities are indicated by "Stg’
radicactive tracer studies, are indicated by "I's".
Because factors such as temperature, pH and lonic
sﬁrength of developer, amount of hemoglobin, and oxidation
state of the heme group can significantly influence the
chromatographic behavior of hemoglobin components, the

similarities and differences that are observed by chromato-

graphy must be Judged with care. Thus, components AIC and
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TABIE XVIII

Chromatographic Movement of Several Hemoglobin
Components as Compared to Reference
Hemoglobin Components?

A1 m A1c Bra Pre Arr Arrmes T3 8, FrFpp
f& 8
FI s
FII 8
CB _
AEI I
CB
Ar1r S
Zone la Pl Faster than AI& ang fg
Zone la RCEHD Faster than Aza and fE
Zone 1b,BC&PT s 5
E -
Zone 2 (AI@} I S
H
Zone 4 (Alﬁ) ‘ I
B
Zone 5 (AIEE} 5
Sﬁa ] g 8
Szb 5
SE@ I
SId s
SI@ Varies from AI@ to AE@ reglon I
SIf 3
SIg 3
SII Different from Bli by ReTaSe
EIII Slower than SIK
Cla 5
S S
C1e S
e 3
id , \
GI@ Moves between AIE and SII
le Similar to SEE
CIg - Similar %o SIII

Slowest component studied
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TABLE ZVIII (CONTINUED)

Footnotes

Comparisons are made of the chrometographic movement of each
component in the first eclumn with one or more of the reference
compenent which are listed or with speecific hemoglobins as
noteds Similarity in movement is indicated by a "S', whereas
identity of movement as judged by radicactive trascer studies
(ReTeSe) is indicated by a "I". A mmber of different samples,
chromatograms and developers were used in this comparisone

Cord Blood Hemoglobine The adult-like eomponents from cord
blood hemoglobin have been indiceted by superseript CB.

Hemoglobins from Thalassemia Hemoglobin H Disease. The zone
noss refer to chromatographic separations similar to those
shown in Figures 12 and 13« Cemponerts were fromithree dif=-
ferent subjects, PT, RC, and HDs Except for zone la which
was the same for RC and HD but different frem that of PT,
all other components appeared identical. Superscript "H",
has been used to designate some of these components.

Sickle-cell Hemoglobine Ceomponents from about 20 sickle-
cell snemis subjects were studied.

Homozygous Hemoglobin C Dissase. Components from subject
with hemozygous hemoglobin C diseasee



FII and components SII and DII are similar to each other
under most conditions of chromatography; however, by tracer
studies with hemoglobins containing C-14 % leucine they have
been found to be different. Contrarily, components SIe and
FII often appeared to have different chromatographic move-
ments from one another but radiocactive tracer chromatograms
ag well as chemical studies indicate that these two compon-
ents are identical.

A,

In spite of these limitations, the chromatographic
procedures are very useful for the demonstration of hetero-
genelty, for a provisional identification of hemoglobinsg,

and for the isolation and purification of most components,

When the chromatographic studies of hemoglobin com-
ponents are combined with specific chemical studies, the
structural relations of many components become clearer.
The conclusions from chemical studies of a number of
components have been correlated in summary form in Table
XTIX., Some conclusions from studies that were made in col-
laboration with others and that were not presented in the
Results and Discussions of the Thesis have been included
in Teble XIX and are enclosed in parentheses, Conclusions
from studies made by others and quoted from the literature
are listed in brackets. In addition to The chemical pro-
cedures which were employed in the present work, the re-

sults from studies of the kinetics of alkali denaturation
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of a number of components have been included in this table.
Most of this work was done in collaboration with Dr. Norman
Weliky and Professor Pauling (82). Molecular formulas have
been written for components only for cases in which such
conclusions seem Justified by the available chemical evi-

dence and, in a few cases, by assuming a molecular weight

=

of 66,000, The symbols which are used in Table XIX are
‘described in the legend to the table., Fach symbol is in-
tended to indicate that the results from a particular
chemical study of a given component are similar or indis-
tinguishable from the results obtained from hemoglobin AIE’
FII’ or SII or the a, B, or ¥y chains.

and F. contain normal o

Te T ;
chains, their molecular formulas can be written only by

Although components A

postulating the presence of pairs of two unknown types of
chains, X, and Y,, respectively. The N-terminal amino
acid seguences of fthese chains remain unknown but much of
the internal sequence of the X chain appears to resemble
the normal B chain whereas much of the Y chain resembles
the y chain as indicated by peptide pattern studies.

The formula for component Arpy (Ag) has been con-
cluded mainly from unpublished work of Schnek, Jones, and
Schroeder (83) and observations of Stretton and Ingram (84).

Contrary to Itano's earlier conclusion that hemo-
globins A and F are very different both chemlcally and

genetically (35), the results of the more recent chemical
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gtudies of hemoglobin FII indicate that these two hemo-
'globins share half of thelr structure in common as an
examination of their molecular formulas readily indicates.
Cn the basis ol this chemical evidence it is possible to
postulate that a portion of the genetic control of these
two hemoglobins is identical.

Unique among the structures of the various hemo-
globin are the tetramer structures of yﬂ_aﬁd 5&. Component
BA is concluded to be the one abnormal hemoglobin that is
always associated with thalassemia hemoglobin H disease,
whereas component Y us which is identical with hemoglobin
Barts (43, LL), appears to be detectable only in certain
individuals with that disease., With the determination of
these tetramer structures, it is possible to predict that
) n and d& hemoglobins may exist naturally or may be pro-
duced experimentally. In fact, a component that resembled
A?IIb was detected in one of the hybridizations of 5& with
Frq (Experiment F, Table XVII). Although this observation
was not discussed earlier, it can reasonably be postulated

A% Az
that this component may be an 82 and could have arisen
. ; A* *
from the recombination of a chains Irom the FII component
and & chains from a "8 j hemoglobin' present as a contamin-
ant in fthe S& component which was used in the hybridization.

This postulate does not alter the earlier conclusions which

were drawn from Experiment F.
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From the presence of what appeared to be an "extra'
or "new" peptide in the region of spot No. 23 (aT-4) in
the peptide pattern of component A?I’ it is possible to
conclude that the a chain of some of the component in this
zone may be altered in their amino acid sequence. Such an
alteration in the o chain could be genetically determined
and be a primary factor in the apparently deficient forma-
tion of these chains in thalassemis hemoglobin H disease
(L2, Appendix V). This is in agreement with the observa-
tion of hemoglobins Q and H in the same individual (85)
and unpublished studies which indicate that the o chain of
hemoglobin @ has an abnormal No. 23 peptide (86).

L1though the molecular formula of component SEI has

been egtablished by Vinograd, ﬂu tchinson, and Schroeder

III

(61), the exact nature of the B chain in the formula

of STII is not yet clear, except that 1t has N-terminal

val-his-leu and resembles the B chain of component S...

Thus, the chemical basis of minor component hetero-

geneity appears to be multiple. TFrom the studies of com-

~—

ponent A, ) made principally by others (78,84), it is

2 irTh
evident that some minor component heterogeneity is due o
the alteration of portions of the primary structure of the
hemoglobin mo*ecuio@ However, the identification of SIe
TT SIC as FI indicates that this minor component
heterogeneity probably results from a persistence in the

ag H and
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formation of fetal hemoglobin., Finally, the presence of
non-reactive N-terminal amino acid groups in the minor
components FI and AICE possgibly because of acylation of the
o-amino group, may indicate that modification of the major
components FII and AEI’ regspectively, without alteration
of primary structure of these molecules may also be a

£

basis of some of the minor component heterogeneity. The
pogsibilities of other causes for this heterogeneity such
as alteration in %ertiary structure, modification of re-
active side groups, or combinations with other molecules
have not been excluded by the present studies. The impor-
tance of these possibilities isg evident from consideration
of’ the incomplete studies of components Slf and SIII which
indicate that these components possess the alteration in
primary structure that 1s characteristic of the major

component STI‘
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APPENDIX T

FORMATION OF DOUBLE ZONES OF SINGLE

HEMOGLOBIN COMPONENTS

The formation of what appears to be two zones when

each of tThe components AI AII’ and SIE is chromatographed

C’
alone was obsgerved early in the Thesis work, This phenomenon
may be similar to the "double zoning" which occurs with simpler
compounds but which is not completely explained according to
Schroeder (87). The studies of these hemoglobins, however,
indicate that the two zones formed during chromatography of
hemoglobing are variagnts of a single type of molecule.
Studies which support this conclusion will be presented and
briefly discussed below. The examples are mainly those of
hemoglobin SII’ but the conclusions appear to apply to other
hemoglobins.

Although the formation of ﬁhe two zones of hemoglobin
SIE may be observed on a 1 by 35 cm. column when 5 to 200 mg.
are used, the detection of two peaks in the effluent fraction
is generally found only when amounts of Lo to 100 mg. are used
(see fig. 7). The more rapidly moving of the two zones pro-
ceeds down the column at a constant velocity, whereas the
more slowly moving zone proceeds at a continually decreasing
velocity. 1In a few experiments the more rapidly moving zone

has appeared to divide into two new zones. Conversgely, when

small amounts of hemoglobin are chromatographed, the demarca-
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tion between the more rapidly and the more slowly moving
zones often disappears before the front of the fas
zone has been eluted from the column. ‘These observations
indicate a possible conversion of thé component from one
chromatographic form to another.

When fractions of hemoglobin from each peak of the
two zones of hemoglobin SII were rechromatographed separately,
the formation of two zones was again noted for both fractions.
Although this régult,ihdicates the probability of a reversible
change in solution, the conversion which takes place during
chromatography appears to be dependent upon interation of
the hemoglobin and the resin and occurs principally during
chromatographic development, This conclusion is based
upon the observation that when the development of a chromato-
gram of SII was stopped for several hours and then continued,
the behavior of the two zones was similar to that of chromato-
grams in which the development had been continuous.

knalyses of the N-terminal peptides {rom each zone of

hemoglobin SIT by Dr. Schroeder and Mrs. Joan Shelton did

not reveal any significant differences in the ratio of ¢

fomod

e
L

chains to B chains. Thus dissociation into asymmetric hs

o

molecules with gross separation of half molecules does no
seem to be an explanation for the two-zone phenomenon,
Dissociation into asymmetric half molecules without gross
separation of the half molecules also does not seem %o

he involved., This was concluded Irom an experiment in
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which hemoglobin Sii wag applied to a column and allowed
to form two zones. Radioactive hemoglobin AII was then
applied in such a way that it formed two zones which
passed through the region of the two SII zones and which
were then eluted from the bottom before the SII component,
Because no transfer of radiocactivity to the S hemoglobin
was detected, apparently disscciation into subunits which
are free to transgfer between the two hemoglobing did not
ocecur.,

That the formation of ferrihemoglobin cyanide is not
the explanation of double zones became obvious from The ob-
servation of the double zones during chromatography of hemo-
globin SII (also AII) which had been converted entirely to
the ferrihemoglobin cyanide form.

Thus, although the explanation for the double zone
phenomenon isg not yet clear, these studies do indicate
that the two zones are probably 2 single molecular species
which undergoes a reversible change from one chromatographic
form to another. ’Interaction of the hemoglobin with the
resin is probably important in the conversion during
chromatographic development, although this conversion does
not appear to be caused by the dissociation into asymmetric
half molecules, It is possible that dissociation in sym-
metrical half molecules, the formation of aggregates of the

whole molecule, or reversible changes in the tertiary struc-

ture may be responsible for this double zone phenomenon.
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APPENDIX IT

RECOMMENDATIONS FOR THE NOMENCLATURE
OF HEMOGLOBINS (57)

Chain Nomenclature

There 1s now general agreement on the naming of the
peptide chains of the major components of normal human
adult and fetal hemoglobins as the a, B and y chains;
e.g. adult hemoglobin is written as agﬁé and fetal hemo-
globin as aé)fg. The superscripts A and F refer to the
fact that the particular chain is the one found in fthe
human adult and fetal hemoglobins, It is recommended
that this practice be continued and that the symbols a, B
and vy, without superscripts, be reserved for those oc-
casions when reference 1s being made to, for example, «
chains in general,

Information concerning the structure of the chains
of hemoglobin A2 is now sufficient to indicate that one
of the chains is identical with the aA chain, while the
second differs in a number of residues from the three fore-

going chains. In addition there is evidence (e.g. ref. R.

Cepellini, CIBA Symp. Biochem. Genetics, 1959) to indicate
that the genetic control of this unigue chain is indepen-~

dent of the genes for the a, P and y chains. It is there-
A

fore recommended that this chain be designated as & %
A

b A, is then written as o, 82

o)

A

. Again, one could refer

*
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simply to & chains in the general case.

The simplest method of naming the tryptic peptides of
a chain is to number them in the order in which they occur
in the chain, beginning with the N-~terminus. The symbol
for the chain is included as a part of the designation.
The letter T 1s included to insure that tThere be no confus-
ion between peptide number and amino acid residue number,
For example, the third tryptic peptide of the a chain would
be aT-3 in this system. VWhere a lysyl bond is not attacked
under the conditions used, the symbol for The regultant
"dipeptide" or "double peptide" would contain the numbers
appropriate to both tryptic peptides, e.g. oT-1,2. From
the published structure of the o and B chains (10,11) and
from the amino acid composition it is evident that the o
chain will contain the tryptic peptides aT-1 to aT-14 and
the P chain the tryptic peptides BT-1 to PT-15. It so
happens that the tryptic peptides aT-8 and BT-8 are lysine.
In addition, the present methods of tryptic cleavage do not
break the bond separating the expected Tryptic peptides
aT-12 and aT-13, nor the bond between the expeclted peptides
BT-10 and BT-11. In view of the possibility that these
bonds might be split in some experiments at a later date,
it ig felt that the numbering system should correspond

with the theoretical number of tryptic peptides.
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Nomenclature of the Abnormal Hemoglobins

An ideal nomenclature system for the abnormal hemo-
globins would provide for adequate designation of the
chemical structure at each stage of the investigation.
The following system 1s an attempt to meet this require-
ment,

Wnen only the chain in which the abnormality resides

. . . ALS
is known, then the hemcglobin may be written as aéﬁgg or

D
v Prun
agﬁé“uﬂJabg When the abnormality has been located in a
particular tryptic peptide, as by fingerprinting, then

. A -
the designation should be, for example, agﬁg l, When the

amino ascid composition of the tryptic peptide indicates a

particular amino acid substitution, then this will be in-

T-1 (Glu=Val)

i ;
dicated as a;ﬁg for HbS. Finally, when the

amino acid interchange has been located at a particular

regidue position in the chain, the fully descriptive formule,

A 6Val
oPp

Presumably, for use in formulase describing experiments

as in the case of HbS would be in The form: o

such as reagsociation, 1T will be necessary to define in a

given paper a one letter designation for a particular hemo-

. 3 - .
lobin, For example, the formuia a%ﬁg could be used, pro-

0]

vided that wherever possible fthe hemoglobin has been defined,

,-/‘[}. A A 7 '
ss, for example, HbI as ai P B and HbS =s af B 0.
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It is strongly urged that no further letters be
assigned to abnormal hemoglobins. Newly discovered hemo-
globing prior to their chemical identification, should
be known by the letter designation of the previously
described hemoglobin whose electrophoretic mobility
they most nearly resemble. To the letter should be
attached a subscript indicating the geographic origin

of the new hemoglobln.



[Reprinted from the Journal of the American Chemijcal Society, 81, 3161:(1959).]
Copyright 1959 by the American Chemical Society and reprinted by permission of the copyright owner.

GROSS STRUCTURE OF HEMOGLOBIN H
Sir:

2 Human hemoglobin H has been deseribed in
- some detail by Rigas, Koler and Osgood.! Chemi-
“cal investigations of chromatographically puri-
fied? hemoglobin H, here presented, lead to a
further understanding of its structure and of its
relation to other human hemoglobins.

When DNP-globin H was prepared and examined
by methods previously described,? 4 the result was
approximately four N-terminal valyl residues per
molecule of 66,000 molecular weight' but only one
kind of N-terminal sequence: val-his-leu. This
"N-terminal sequence defines 8 chains® and suggests
that hemoglobin H may be represented® as g5.

“Fingerprints’ !® of tryptic hydrolysates of hemo-
globins H and A differed markedly. Peptides
numbered® 5, 10, 11, 13, 17, 18, 23, and probably
several others in regions normally poorly resolved
were absent on the fingerprint of H but no new
peptides were apparent. The absent peptides
were present on fingerprints of isolated a® chains.
The likely conclusion that the sequence in ¥ and
B2 chains is identical was substantiated by the
following hybridization experiment.®.1!

Following hybridization of carbonmonoxyhemo-
globin H and radioactive carbonmonoxyhemoglobin
S at pH 11.0 at 3° for 24 hr., four hemoglobins were
chromatographically isolated. These data are
pertinent:

(1) D. A. Rigas, R. D. Koler and E. E. Osgood, J. Lab. Clin. Med.,
47, 51 (1956).

(2) Extension of methods of D. W, Allen, W. A. Schroeder and J.
Balog, THIs JoUrRNAL, 80, 1628 (1858).

(3) H. S. Rhinesmith, W. A. Schroeder and L. Pauling, ¢bid., 79,
609 (1957).

(4) Ibid., 79, 4682 (1957).

{5y H. 8. Rhinesmith, W. A. Schroeder and N. Martin, ébid., 80,
3358 (1958).

(6) The N-terminal sequence? defines the chain as @ or 8, the super-
script denotes the hemoglobin that is the source of the chain, and the
subscript has the usual chemical significance. The glyeyl chauins?
of hemoglobin ¥ are termed v chains. Thus, liemoglobin A and
S are b pd and a%ﬁ inasmuch as the « chains are identical 8%

{7} W. A, Schroeder and G. Matsuda, Tuis Jourwnan, 8@, 1527
(1958).

(8): J. R. Vinograd, W. D. Hutchinson, and W. A. Schroeder, ¢bid.,
in press.

L (8)V. M., Ingram, personal communication.

(10). V. M. Ingram, Biochem. Biophys. Acta; 38, 538 (1958).

[207(11) J.Vinograd and W. D. Hutchinson, Nature. to be submitted.

Reactants Products
Zone o oo 1 2 3 4
Mg. 22 22 be 28 15 7
C.p.m./ 0 1200 70 1100 600 1200
mg.
Identity Hb-H Hb-S* Hb-H £5* Hb-A* Hb-8*
of material
Formula B op*83* B BI* o*BE o EE*

@ Precipitation that occurred during hybridization must
have consisted of g% and #8* chains because « chains are
conserved.

Identification of the products involved chromato-
graphic studies and determination of radioactivity
and for hemoglobin A also the study of sedimenta-
tion velocity and examination of N-terminal pep-
tides®** to show that ouly the « chains were radio-
active. Thus, hemoglobin A and 55* were formed
during hybridization but there was no evidence
for 8285*. On the basis of the radioactive and
material balance, it was concluded that the four
B chains of hemoglobin H are identical with each
other and with 84 chains.

Hemoglobin H is the first observed example of
a hemoglobin composed of a single kind of poly-
peptide chain. Possibly, other abnormal hemo-
globins or minor components in normal hemo-
globin may be built on the scheme @, 38, Baye,
etc. Biologically, it suggests that hemoglobin
H disease results from an imbalance in the relative
production of @ and 8 chains and hence that « and
8 chains are under separate biosynthetic and genetic
control. This latter suggestion is further supported
by experiments now in progress which show that the
o® and aF chains are identical and that 8 chains
are present in several minor hemoglobin components
normally associated with hemoglobin A and S.

These experiments were made possible by the
interest and generosity of Dr. D. A. Rigas and Dr.
R. D. Koler. This investigation was supported
in part by grants H-2258 and H-3394 from the
National Institutes of Health, United States
Public Health Service.

(12) Nutional Research Fellow in the Medinal Sciences

ConTRIBUTION No. 2299
DivisioNn oF CHEMISTRY AND
CueMicar ENGINEERING
CALIFORNIA INSTITUTE OF TECHNOLOGY

Pasapena 4, CaLiF. .

RECEIVED APRIL 14, 1959

Ricgarp T. Jongs!?
W. A. SCHROEDER

Joan E. Baroc
J. R. ViNoGrAD
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{Reprinted from the Journal of the American Chemical Society, 81, 4749 (1959).]
Copyright 1959 by’ the American Chemical Society and reprinted by permission ol the copyright owner.

IDENTITY OF THE o CHAINS OF HEMOGLOBINS
AANDF
Sir:

Possible identity of portions of human fetal and
adult hemoglobin was suggested by Schroeder and
Matsuda,! who determined that fetal, like adult,?
hemoglobin contained two polypeptide chains N-
terminal in the sequence val-leu (« chaing).? This
suggested identity now has been substantiated by
our present experiments which show not only that
“fingerprints’’® of the soluble portion of tryptic
hydrolysates of o® and «F chains are grossly in-
distinguishable® but also that « chains may be
transferred by hybridization of hemoglobin F
with other hemoglobins.

All hemoglobins were isolated from hemolysates
by column chromatography’ to remove minor
components normally present. Zome Fy;” the
main component of normal full-term cord blood,
was taken as hemoglobin F.

The reversible dissociation of hemoglobin I into
molecular sub-units is similar but not identical
to hemoglobin A%Y at both alkaline and acid pH.
Thus hybridization'®!' or recombination!® with
other hemoglobins might be expected. Initial
hybridization of hemoglobin Fyr  (as"y.F) and
radioactive (Cl4labelled leucine) hemoglobin S
(aa®*B55%) at pH 11.0 or 11.2 at 3° for 1 to 6 days
showed less transfer of radioactivity to hemoglobin
F than would have been expected from a hybridi-
zation of the type
2 a2y F b 2 @A FBSF — T AT A antF et -

a FBSF 4 aFAgST (1)
i «f and o? are ideantical. Nevertheless, hemo-
globin Fyr after chromatographic isolation was
radioactive in the « chains only, as shown by

(1) W. A. Schroeder and G. Matsuda, THIS JourwnaL, 80, 1521
(1958).

(2) H. S. Rhinesmith, W. A. Schroeder and L. Pauling, ibid., 79,
4682 (1957).

(3) The two v chains of fetal hemoglobin terminate in glycine! and
the two B chains of adult hemoglobin in vai-his-leu.4
';".:(4) H. S. Rhinesmith, W, A. Schroeder and N,
JoURNAL, 80, 3158 (1958).

{5) V.M. Ingram, Biochim. Biophys. Acta. 38, 539 (1958).

(6) J. A. Hunt (Nature, 183, 1373 (1959)) likewise concludes that
ozA‘and oF chains are identical on the basis of a somewhat more exten-

‘sive ‘study of ‘“‘fingerprint” data which included examination of the
chymotryptic digest of the insoluble tryptic residue. We wish to

“thank Mr. Hunt for sending us a copy of his manuscript prior to
publication.

(7) D. W. Allen, W. A. Schroeder and J. Balog, Turs Jourwart, 80,
1628 (1958).
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(11) ¥. Vinograd and W. D. Hutchinson, Nature, to be submitted.

investigation of the N-terminal peptides.?*i2
Likewise, when radioactive hemoglobin Fpn and
hermoglobin A were hybridized at pH 4.7 at 3°
for 12 hr., transfer of radioactivity to hemo-
globin A was 539, of that calculated from an
equation like (1). These experiments do not de-
termine the number of identical « chains in hemo-
globin I. However, after approximately equal
amounts of hemoglobin Fi; and hemoglobin
H (8:4)' had been hybridized at pH 4.7 at 3° for
12 hr., chromatography separated three hemo-
globins, an ““H-like” hemoglobin, “Fir’”’, and “A.”
From the ratio of Fr1 to A which was very close to
1:2, it was calculated that hybridization according
to the equation
JaFm4 vo' 4 384A—”9(032 + ")+

AT 4 2484 (2)
was essentially complete (979;): thus, two iden-
tical @ chains are present in hemoglobin F. The
newly formed hemoglobin A was characterized by its
chromatographic and starch electrophoretic be-
havior. The nature of the “H-like” hemoglobin
from the hybridization is unknown at present.
At pH 11.2, the hybridization of Fir and H was
about 209, in 12 hr.

From the incompleteness of hybridization under
certain conditions, the process clearly is a complex
one. As more information becomes available, it
should give an insight into the apparently dif-
ferent forces between the chains of the various
hemoglobins.

The conclusion that the «F and «? chains are
identical strongly suggests a related genetic con-
trol of hemoglobins A and F and is an extension of
the idea derived from the structure of hemoglobin
H that the « and g8 chains of adult hemoglobin
are under separate genetic control.!®1* It is
clearly apparent that these ideas would be sub-
stantiated by the detection of an abnormal fetal
hemoglobin in a newborn child who, in adult life,
will produce an abnormal hemoglobin that has an
aberration in the « chain.
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that and B chains can exisgt in vivo independently of o
7

chains, furthermore that o, P, and y chains may be bio-
synthesized as separate units before combining to form
normal hemoglobin., It i1s proposed that insufficient
production of normal o chalns is responsible for the

3 ¥, g oy A - @
formation of 'yu‘aﬂd SA hemoglobins,
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PROPOSITIONS

I The Dissociation Constants of the Diastereoisomers of

p~Hydroxyaspartic Acid

Because the separation of the two diastereoisomers of
B~hydroxyaspartic acid by ion exchange chromatography may be due
to differences in proton dissociation, it is proposed that the dis~

sociation constants of each diastereoisomer be determined and compared.

Background for Proposition

Recently Kornguth and Sallach (1) have reported the separation
of the diastereoisomers of p~hydroxyaspartic acid by ion exchange
chromatography on Dowex 1, a quaternary ammonium anion exchange
resin (2);, and on Amberlite IR-120, a sulfonated polystyrene cation
exchange resin (2). The separation on Amberlite IR-120 has been con-~
firmed in these Laboratories by the use of an automatic amino acid
analyzer (3, 4).

Displacement and elution chromatography of amino acids on
ion exchange resins have been summarized by Greenstein and Winitz (5).
These authors note, as did Partridge and Brimley (6) earlier, that the
order of the displacement of the amino acids is generally that of the
order of their pK values. Thus, according to Partridge and Brimley (6),
"a study of the order of displacement of a range of solutes confirms
that the main factor in determining the order is the basic and acidic
strength of the solutes; and it has become the practice to regard any

departures from this order based on pK values as 'anomalous’.' The
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exceptions, which include the aromatic amino acids, proline, and
methionine, may b-e retarded due either to solubility effects or to
short-range adsorptive forces associated with ring structures (5).

An explanation for Partfidge and Brimley's conclusion becomes
apparent from a consideration of the ion exchange process. Because
only cations are adsorbed by the strongly acidic ~SO§ groups in the
case of the sulfonated éolystyrene resin, the reaction of amino acids
with this resin depends on th;a availability of the completely protonated
form of the amino acid. The relative amount of the protonated form,
and therefore the order of adsorption of the amino acids, is related
to the order of their dissociation constant for the equilibrium reaction
NHjRCOOH ——= NH;RCOO +H'. The constant for this reaction
is genérally designated as K; (5;6), and the reaction is often written
as AT e Ai + H+. Although bivalent cations such as lysine and
arginine should be retarded on the cation exchange resins, the mono~-
aminodicarboxylic acids, aspartic and glutamic acids, should behave
like the monocarboxylic acids. Similarly, the order of displacement
of amino acids on an anion exchange resin such as Dowex 1 should be
related to the dissociation constant for the reaction Ai _— H+ + A
For monoaminomonocarboxylic acids this is the K, constant for the
dissociation of -NHy, i.e., NHIRCOO™ — NH,RCOO  + HT,
whereas for the monoaminodicarboxylic acids it is the K, constant for the
dissociation of the second carboxyl group, i.e.,

HOOCRNH) CO0~ —= "OOCRNHico0 ™ + H'.
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In displacement chromatography with ion exchange resins such
as the sulfonated polystyrenes, the displacement of a weaker base;
A,, will depend mainly upon the partial suppression of the cationic
form of A; by the presence of a stronger base, A; (6). The pH of the
ambient solution will be controlled only by the presence of the amino
acids themselves. On the other hand, in elution chromatography of
amino acids as described by Stein and Moore (7), the formation of
elution peaks depends upon the use of developers which contain cations
capable of competing with the cationic form of the amino acids. The
competing cations are protons in acid developers and Na«% in sodium
citrate developers. The order of emergence of the amino acids from
the elution columns is very similar to that in displacement chroma-
tography which, according to Partridge and Brimely (6), is not
surprising. Thus the relative order of amino acids in elution chroma—
tography also appears to be related to the order of their dissociation
constants (5).

Shulgin et al. (8) have demonstrated that DI, threonine can be

separated from the diastereoisomeric DL allothreonine by chroma—

tography on Dowex 50, a sulfonated polystyrene cation exchange resin (2).
Threonine is eluted more rapidly than allothreonine in their system,
which one might have been willing to predict from the pK; values at

25° of 2.088 for threonine and 2. 108 for allothreonine as determined by
Smith, Gorham, and Smith (9). From the data of these authors, it
appears reasonable to conclude that the difference in these two pK;

values is significantly greater than variations due to experimental errors.
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Although the differences in the pK;'s and chromatographic separation
are small, their correlation is consistent with Partridge and Brimely's
generalization.

Thus, the rather striking separation of the diastereoisomers of
B~hydroxyaspartic acid (1, 3) could be due to differences in their relative
pK values. Although Chibnall and Cannon (10) determined differences
in the pK values of aspartic acid and B~hydroxyaspartic acid of 0. 10,
0.29, and 0. 82 for the pK;; pK,, and plfig,‘s respectively, the authors
do not indicate whether the B~hydroxyasparfic acid which they studied
was a single diastereoisomer or a mixture of the two. However, the
pK values which they report are consistent with the observation that
both diastereoisomers of B~hydroxyaspartic acid are eluted more rapidly
than is aspartic acid (1, 3). If the striking difference in the separation
of the two diastereoisomers of B~hydroxyaspartic acid by elution chroma~-
tography on both anionic and cationic resins is due primarily to dissociation
properties of these molecules, then a significant difference in at least
the first and second dissociation constants of the two diastereoisomers

should exist.

Structure and Nomenclature of the Diastereoisomers of f~Hydroxyaspartic

and Aspartic Acids.

Greenstein and Winitz have reviewed the structural configuration
and nomenclature of the diastereoisomers of B~hydroxyaspartic acid and
threonine (11). The spatial relationship of the substituents surrounding

the e~ and f-asymmetric centers of Lithreonine and f~hydroxy—L-aspartic
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acid and their diastereoisomers is shown below by Fischer projection

formulas (L with respect to the a—carbon asymmetry):

COH COH CO,H CO,H
H,N-C—H H,N-C-H HN-C—H H,N-C—H
H-C~OH HO-C-H H-C—OH HO-C—H
CH, CH, CO,H CO,H

L~threonine L-allothreo=  threo-f~hydroxy~  erythro~f~hydroxy-

nine IL~aspartic acid L—aspartic acid

Execution of the Proposition

Because enantiomers do not differ in dissociation properties (12),
the measurement of the dissociation constants could be made on racemic
mixtures (mixtures of the D and L enantiomers) of the two diastereomers
of B~hydroxyaspartic acid. Although the use of the racemic mixtures
would simplify the preparation of the materials, the erythro~hydroxy-
aspartic acid racemate can be resolved according to Greenstein and
Winitz (13). However, the threo~hydroxyaspartic acid racemate has not
vet been resolved (13).

Although the two diastereoisomeric racemates of B~hydroxyaspartic
acid have been prepared by several authors (see references 1 and 13), they
are probably not yet commercially available. However, according to
Kornguth and Sallach (1) the synthesis of the diastereoisomers of
f-hydroxyaspartic acid can be effected readily by allowing a mixture of
sodium glyoxylate and copper glycinate to react in IN NaOH at 5° for 12

to 18 hours. The reaction is an aldol condensation and is represented by:

HOOCCHO + (NH,CH,COOQO),Cu —» NH,CHCOOH . The copper can
CHOHCOOH
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be removed as copper sulfide, and the sodium ion can be adsorbed onto
Dowex 50 resin in the hydrogen form without losing the amino acids,
provided the pH remains above 6. The diastereoisomers of p~hydroxy-—
aspartic acid could then be separated. and purified chromatographically
on either Amberlite IR~120 or Dowex 1 as described by Kornguth and
Sallach (1).

Acid-~base titrations of each diastereoisomer as done by Cannon (10)
might be made initially in order to obtain approximate values of the 3 pK
constants for each diastereoisomer (12). Unless a comparison of the
respective values of the pK; and pK; of the two isomers revealed signi-
ficant differences, more precise measurement of the true thermodynamic
dissociation constants as determined from cells without liquid junctions
might be necessary (9,12, 14,15,16). The determination of the three pK
constants for each diastereoisomer could be carried out in the same way
that Batchelder and Schmidt (15) determined the pK's of aspartic acid,

in which the electromotive force cell was represented by:

H, (Pt) | Amino acid (mT), NaQH or HCl (m_, or m NaCl (m AgCl | Ag.

B A)) S))

Predictions Based on Proposition

If the separation of the diastereoisomers of B-hydroxyaspartic
acid by elution ion exchange chromatography is a reflection of differences
in their respective dissociation constants, then one can predict the relative
order of their pK; and pK, constants. Because the threo form precedes
the erythro form on elution chromatography onthe sulfonated polystyrene
cation exchange resins, one would predict that the pK; of the threo

diastereomer is less than that of the erythro diastereomer. Conversely,
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because the erythro diasteriomer precedes the threo diasteriomer on
anionic exchange resins (Dowex 1), one would predict that the pK, of

the erythro form is less than that of the threo form. The pK values
determined for threonine and allothreonine (9) are in this relative order,

which also supports the prediction.

II A Palliative Treatment for Sickle—~Cell Anemia

Because the disease process in sickle~cell anemia is related to
the inability to produce normal erythrocytes, it is proposed that a
long~term palliative treatment for this disease might result from the
establishment of a transplant of erythropoietic tissue from a normal
donor whose erythrocytes contain only hemoglobin A. A number of
chemical procedures related to the study and detection of human hemo~

globins would be required in the execution of this proposition.

Background for Proposition

Wintrobe has reviewed many of the pertinent medical and biological
factors related to sickle~cell anemia (17). In discussing the prognosis of
sickle~cell disease Wintrobe indicates that it ''is a serious rﬁalady with
an ultimately fatal outcome. Most patients die in the first decade of life
and very few survive the third.'" Harris (18), in discussing the selective
pressure against the sickle~cell gene, similarly indicates that the ''genetic'’
survival of the individual who is homozygous for the abnormal gene is very
low.

Several authorities (19,20, 21) conclude that the "sickling' process

is a property of the red cell rather than the plasma and that the abnormal



hemoglobin which is present is the primary etiological factor. Thus,
according to Itano and Pauling (20), 'it is probable that sickle~cell
anemia can be described as a molecular disease, resulting from the
difference in molecular structure of sickle—cell~anemia hemoglobin
and normal adult human hemoglobin, the properties of the abnormal
hemoglobin being such that when deoxygenated the molecules combine
with one another to form long molecular strings, which, through inter-
molecular attraction, aggregate into tactoids, which have enough
mechanical strength to distort the red cell, changing the viscosity of
the blood, and causing the clinical and pathological manifestation of the
disease. "

One of the most important factors in the pathological physiology
of sickle—cell disease is the persistent anemia. The concentration of
the circulating red cells in patients with this disease is generally one
half or less than that of the normal adult. Although the anemic state is
generally attributed to an inability to synthesize erythrocytes at a normal
rate (21), a significant decrease in the life span of the erythrocytes from
sickle—cell anemia subjects has been observed (22) and may contribute
to the lowered steady state concentration of erythrocytes (23). One
consequence of any severe anemia is a decrease in the average degree
of oxygenation of cells in certain areas of the circulatory system (24),
which in the case of sickle—cell disease leads to an increase in the random
destruction of the erythrocytes containing the sickle~cell hemoglobin (17).
Thus blood from donors with normal erythrocytes often is transfused into

the sickle—cell individual in order to relieve his anemia and thereby
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decrease the rate of hemolysis of his erythrocytes which contain
sickle—cell hemoglobin (25). This is only a temporary measure because
of the finite life span of the transfused normal-erythrocytes, which are
incapable of reproduction.

Thus the high mortality and morbidity of sickle—cell disease
results from the fact that individuals with this disease possess an
abnormal erythropoietic tissue, resulting in the production of insuffi~
cient erythrocytes, which in turn have a diminished life span because
of the presence of the sickle—cell hemoglobin. Although it may be possible
at some future time to correct the genetic defect present in these somatic
erythropoietic cells which results in the formation of the abnormal
ehmoglobin by in vivo conversion or replacement of some of their RNA
or DNA molecules, a simpler and more immediate palliative measure
would be the establishment of a graft of erythropoletic tissue from a
normal donor in the sickle—cell anemia individual.

There are a number of problems and questions which must be
considered before any such experimental procedure could be attempted.
These include questions concerning: how transplantation of erythro-
poietic tissue could be accomplished; what type of tissue should be used;
whether the recipient should be irradiated; what basis and method should
be used in selecting the recipient; what risks to the recipient would be
involved; what would justify these risks; what reason would there be for
believing that a transplant would be of benefit; and how the therapeutic
benefits of the experiment could be evaluated. Although each of these
problems can be discussed, only a few comments concerning some of

the questions will be presented, for the sake of brevity.
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Although bone marrow transplantation is technically possible
and has been utilized in satisfactory transplantation of erythropoietic
tissue both in experimental animals (26) and humans (27, 28), the use
of blood from infants with erythroblastosis fetalis (29) would appear to
be the tissue of choice (30) because of its availability and ease of
transfusion, the presence of primitive erythropoietic cells, and the
higher probability of obtaining a successful transplantation with fetal
tissue (31). Irradiation of the recipient has been considered necessary
before attempting bone marrow transplantation in the adult human (27);
however, this is associated with undesirable side effects and might be
avoided if transplants were attempted in infants. Even in the event
the transplanted erythropoietic tissue failed to survive in the recipient,
it might result in an "active acquired tolerance' (31) towards the donor
if the recipient were an infant. If such tolerance did develop, trans-
plantation attempts could be repeated again at an older age. The major
risk to the recipient is the development of a graft~versus—host reaction
(33). Although this risk is real and could result in death, it is difficult
to evaluate accurately in the case of humans. Acceptance of this risk
is probably justified in the case of sickle-cell disease because of the
high mortality and morbidity associated with this anemia as it is pres~
ently treated. In view of this risk and considering the problem of
determining whether a transplant has succeeded, only individuals who
are homozygous for the sickle~cell gene should be selected as recipients.
The clinical diagnosis of sickle—cell anemia at birth is impossible to
make, but with the techniques of ion—exchange chromatography a

laboratory diagnosis could be made (34). In order to evaluate the
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success of the transplant the relative percentages of hemoglobins S

and A could be measured at intervals after making the transplant.
Serological markers could also be used in this evaluation (26, 30).
Finally, whether a transplant, if established, would be of therapeutic
value or not would depend upon its ability to produce normal erythrocytes
at a rate sufficient to alleviate the anemia and possibly enough to replace
the recipient's own sickle~cell erythropoietic tissue. It is possible that
a normal erythropoietic graft could produce cells which have a selective
advantage over the abnormal sickle~cell erythropoietic tissue. Probably
nothing short of attempting such a transplantation will answer this

question,

Execution of Proposition

Blood from an exchange transfusion from an infant with severe
erythroblastosis fetalis (high nucleated erythrocyte count) would be
transfused (by exchanges) into an infant who is homozygous for the
sickle-cell anemia gene as judged by family studies and chromatographic
evaluation of thé infant's hemoglobin. Important serological incompata~
bilities between the donor and recipient should be avoided in an attempt
to minimize the chances of graft~host and host—graft reactions. The
recipient should then be followed carefully with respect to the types of
hemoglobins and serological markers to be found in circulation. In the
event a graft is not established, the recipient should be tested for induced
tolerance against the donor's cell so that future transplantations of bone

marrow might be considered.
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III Incomplete Enzymatic Hydrolysis for the Determination of Primary

Structure of Polypeptides

It is proposed that conditions which favor incomplete hydrolysis
of proteins and peptides by enzymes such as trypsin and leucine amino~
peptidase be investigated for the purpose of extending their utility for

the determination of the primary structure of polypeptides.

Background for Proposition

Two different examples of incomplete enzymatic hydrolysis will
be presented and their usefulness for the determination of primary
structure of polypeptides will be discussed. The first example is the
incomplete hydrolysis of proteins and long=chain peptides with trypsin,
an endopeptidase. The second example is the incomplete or limited
hydrolysis of peptides with leucine aminopeptidase, an exopeptidase.
The term incomplete or limited hydrolysis is used to indicate that the
enzymatic hydrolysis of susceptible peptide bonds is not complete under
the conditions employed.

Many different enzymes have been successfully utilized in the
determination of the amino acid residue sequence of polypeptide chains
(35). Endopeptidases such as trypsin, chymotrypsin, pepsin, and papain
have been employed to effect partial hydrolysis of proteins and peptides.
These hydrolyses are partial in that only certain more~or-less specific
bonds are hydrolyzed rather than all peptide bonds (36). The hydrolytic
specificity of trypsin is for peptide bonds at the carboxyl side of the

amino acids lysine and arginine, which, according to Harris and
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Ingram (35), is the reason that trypsin has become ''the favored tool
for the controlled breakdown of proteins. "

This hydrolysis at specific bonds of a protein or long—chain
polypeptide results in the formation of a number of smaller peptides
of which at least n—l terminate with either lysine or arginine in the case
of tryptic hydrolysis. The amino acid residue sequence of each of these
smaller peptides can then be determined independently (37). In general,
except for the use of pépain, conditions of hydrolysis are chosen which
result in as complete hydrolysis at each susceptible bond as possible.
This maximizes the yield but minimizes the number of peptides which
result from each specific enzymatic hydrolysis.

Although the primary structure of the peptides from the partial
hydrolysis made with an enzyme such as trypsin can be determined, the
complete primary structure of the starting polypeptide(s) of a protein
cannot be deduced unless the relative linear order of one peptide to
another is known. In general this ordering of peptides has been accom~
plished by studying another set of peptides that result from a hydrolysis
of the original protein with a second enzyme which differs in specificity
from the first (35, 37). In this way overlapping segments of the amino
acid sequences can be obtained from which the relative linear order of
the peptides can be deduced. Although this '"double'' sequence analysis
is and will probably remain one of the most useful approaches to the
determination of the complete primary structure of proteins, procedures
which result in the incomplete hydrolysis of susceptible peptide bonds

would be of real value and more direct.
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The practicability of using incomplete hydrolysis of proteins
with trypsin for the determination of the relative linear order of the
tryptic peptides becomes evident from an examination of the recent
studies of the structure of hemoglobins (38). It has become apparent
that incomplete tryptic hydrolysis of certain lysyl and arginyl bonds in
hemoglobin results under some conditions. Thus, a few peptides which
contain a basic amino acid at internal locations of their peptide chain
have been obtained, although generally in low yield. Such peptides have
been called 'ditryptides' (39). The relative order of the two tryptic
peptides in the ditryptide can then be deduced by comparing the di~
tryptide with the peptides which result from a complete tryptic hydrolysis.
Although these ditryptides have given very useful sequence information,
their production was unexpected because an attempt was made to effect
complete hydrolysis of all susceptible bonds.

In a recent experiment which was carried out in part for this
proposition, a tryptic hydrolysis of hemoglobin was made and samples
were removed after 5, 10, 20, and 90 minutes of hydrolysis (40). The
peptide patterns of these samples were compared and found to differ in
a number of ways. Several peptide spots were observed in the 5 minute
sample but were undetectable in the 90 minute sample and vice versa.
Although this preliminary experiment was fairly crude, it does indicate
that a more quantitative study by column chromatography would be
valuable. Dr. Stanford Moore has indicated that the automatic amino
acid analyzer system can be modified and used in the study of peptides
in hydrolysates of ribonuclease (4, 41). Similar modifications might be

applied in the proposed investigation.
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The different relative rates of tryptic hydrolysis of the
susceptible bonds in a specific protein might be influenced by altering
the pH, ionic strength, temperature, and the state and concentration
of the enzyme and protein substrate in such a way that by limiting the
duration of hydrolysis a number of di~ and ''polytryptides' could be ob-
tained. The presence and variation in the production of these 'tryptides"
could be studied quantitatively by automatic chromatographic procedures.

Exopeptidases such as leucine aminopeptidase (LLAP) have been
used for the determination of amino acid sequences near the ends of
peptides (35, 36). Kinetic studies of the release of amino acids from
peptides hydrolyzed with LAP have been used successfully in determining
N-terminal sequences (42,43). However, these studies not only require
repeated amino acid analyses but often require the isolation and study of
the incompletely hydrolyzed peptides. Because this enzyme is unable
to hydrolyze peptide bonds that are associated with the nitrogen of proline
at an appreciable rate, partial hydrolysis with LAP can be used to deter—
mine the amino acid composition on the N~terminal side of proline in
peptides which contain this amino acid (38, 43).

From recent studies of the amino acid sequence of peptides from
hemoglobin, it appears that some peptides which contain aspartic acid
or glycine, but not proline, are incompletely hydrolyzed by LAP (38).
One can calculate that although the amino acids which are N-~terminal
to one of these two amino acids are hydrolyzed off from the peptide in
stoichiometric ratios, the remaining amino acids are released incom=

pletely. Relatively slow rates of hydrolysis of peptide bonds associated
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with the carboxyl group of glycine in short peptides have been reported
(44); however slow rates of hydrolysis of aspartyl bonds apparently

have not been reported. In certain cases the results from an incomplete
hydrolysis of peptides due to the presence of either aspartic acid or
glycine residues could be useful in locating the amino acids which lie

on the two sides of one of these residues, much like the presence of
proline is useful. Therefore, an investigation of conditions which would
minimize the rate of hydrolysis of bonds associated with either glycine
or aspartic acid or the modification of other peptide bonds in order to
limit their hydrolysis by LAP could result in an extension of the use~

fulness of LAP in amino acid sequence analysis of peptides.

Execution of Proposition

In studies of the incomplete hydrolysis of polypeptides with
trypsin, a simple protein whose tryptic peptides are known should be
chosen. Either ribonuclease or possibly hemoglobin could be selected.
Next, procedures for the separation and quantitative detection of the
tryptic peptides from this protein should be studied and adapted to auto—
matic chromatographic equipment. Then conditions which might favor
incomplete hydrolysis of the reference protein could be examined in
order to learn how to obtain di~ and polytyptides. The isolation and
further chemical characterization of these tryptides could then be made
in order to deduce the linear order of the tryptic peptides which might
be pfesent.

Results from hydrolysis with LAP under conditions which might

favor incomplete hydrolysis of peptide bonds associated with either
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aspartic acid or glycine could also be made with automatic chromato—~
graphic procedures. It would probably be necessary to study the effect
of pH, ionic strength, temperature and concentration of peptide substrate

and enzyme on the rates of hydrolysis of these bonds.

IV The Presence of p-Hydroxyglutamic Acid in Human Cerebrospinal Fluid

It is proposed that one of the unknown ninhydrin-positive compounds
present in human cerebrospinal fluid may be one of the diasterecisomers
of B~hydroxyglutamic acid and that a chemical characterization of this

unknown compound be made.

Background for Proposition

During a recent investigation of the amino acid content of human
cerebrospinal fluid (3) several unknown, ninhydrin-positive compounds
were detected by ion exchange chromatography (4). One of these un~
known compounds was present in the analysis of ''acidic and neutral"
amino acid (4) in relatively high concentration (as much as 1 micromole
leucine equivalents per 10 ml fluid). This unknown was eluted just before
threonine during analyses at 50° and just after serine during analyses
at 30° but always before glutamic acid and after aspartic acid. This was
the only compound other than glutamic acid which was observed to change
in its order of elution relative to other amino acids with the 20° change
in temperature.

Compounds with the chromatographic behavior of this unknown

apparently have not yet been reported (45). However, there are several
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characteristics of this unknown compound which support the prediction
that it may be one of the diastereoisomers of B~hydroxyglutamic acid.
First, the ratio of the peaks of the optical density curves at 570 to
440 mp is similar to that of glutamic acid but different from those of
other amino acids. Second, during chromatography on Amberlite
IR-120 it is eluted more rapidly than glutamic acid but more slowly than
aspartic acid, which could indicate an a=carboxyl group with an acidity
between these two amino acids (6). Third, in comparing chromatograms
at 30 and 50° the position of this unknown relative to its "neighboring"
amino acids is changed significantly and in the same direction as the
change for glutamic acid, which, according to Moore (45), is character~
istic of dicarboxylic amino acids. Fourth, the chromatographic behavior
of the compound is not altered by hydrolysis in 6N HCI for 30 hours, a
condition which should cleave any peptide bonds. Fifth, the reaction of
this compound with ninhydrin indicates the presence of a "free' amino
group. Sixth, the unknown compound cannot be either of the a~hydroxy-~
glutamic acids because both of these diastereoisomers have more rapid
chromatographic movements than that of the unknown (3). Although one
of the diastereoisomers of B~hydroxyglutamic acids whose absolute con~
formation was unknown has been studied by chromatography, its chromat~
ographic movement was faster than that of the unknown (3). However,
this unknown compound from spinal fluid could be the other diastereo~
isomer of pB~hydroxyglutamic acid which has not yet been studied.

From a consideration of the second, third, fourth, and fifth
observations above, one can suggest that the unknown may be a dicar~

boxylic acid which is neither aspartic nor glutamic acid. In view of this,
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the first observation would indicate that the unknown might be a
"'substituted' glutamic acid. Furthermore, its chromatographic
behavior is similar to that which one would predict for a hydroxy-
substituted glutamic acid (5,6). If the unknown compound is a hydroxy-
glutamic acid, the sixth observation would indicate that it could be only
one of the two diastereoisomers of B~hydroxyglutamic acid.

It is certainly true that the evidence which has been presented
to support the prediction is circumstantial. However, there is an
aesthetic reason for suggesting this possibility. Historically the
presence of B~hydroxyglutamic acid in biological material has been
discovered on two separate occasions (46, 47), only to be disproven
by a number of later studies (48). Nevertheless the search still goes‘

on (42).

Execution of Proposition

First, the diastereoisomers of f~hydroxyglutamic acid should
be obtained from a reliable source or synthesized according to methods
outlined by Greenstein\and Winitz (49). Then the chromatographic
behavior of the diastereoisomers should be compared with that of the
unknown from cerebral spinal fluid on columns of Amberlite IR~120
and Dowex 1 resins. If the chromatographic movement of the unknown
is identical with one of the diastereoisomers, the unknown should then
be isolated in sufficient quantity to be studied by paper chromatographic
procedures. If the similarity still persists, further chemical studies
(50) might be carried out in order to prove their chemical identity and

absolute configuration.
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V The Biosynthetic and Genetic Control of Hemoglobin

It is proposed that the synthesis of the various hemoglobin
molecules is in terms of the independent formation of separate poly~—
peptide chains or quarter molecules which then combine reversibly to
produce the four chain hemoglobin molecules. It is further postulated
that there are several types of peptide chains produced in various
relative ratios and that the allowed combinations of these chains deter=—
mine the heterogeneity of human hemoglobin. Finally it is proposed
that the genetic control of each type of hemoglobin results from a sum~
mation of the separate genetic control of the chain~subunits which are

involved.

Background for Proposition

This proposition was presented at the time of my Candidacy
Examination in February 1959. Since that time many of its details
have been confirmed by observation made in these Laboratories and
elsewhere. Therefore, a brief resume of the studies that initiated
this proposition and the recent publications that confirm the proposals
will be presented.

According to the literature at the time this proposition was
formulated, the synthesis of hemoglobin was considered to be in terms
of the whole molecule and under some sort of genetic control (21, 51).
Many authors believed that fetal hemoglobin and normal adult hemoglobin
are synthesized independently of one another and that these syntheses

are controlled by completely different genetic factors (21, 51). However,



-~ 21~

a number of studies which were in progress or had just been completed
in these Laboratories at that time indicated the possibility of chemical

similarities between the a chains of hemoglobins A, S, and F and some
of the minor hemoglobin components and between the $ chains of hemo~
globins A and H and other minor components (52, 53, 54, 55, 56). Thus,

this proposition was prompted by a consideration of these latter studies
in relation to the concepts of biosynthesis and genetic control of hemo-
globins which were being propounded in the literature up to 1959.

A number of different chemical and biological observations which
would confirm this proposition were suggested at the time it was submitted.
These suggested observations included: evidence of several different
types of polypeptide chains in various hemoglobins; chemical identity
of chains in different hemoglobins; evidence of independent genetic control
of chemically different chains in the same hemoglobin but common genetic
control of chemically identical chains in two different hemoglobins;
chemical and biological evidence of combination of '""complementary"
chains into different four-~chain hemoglobin molecules with the hemoglobins
in ratios which might indicate differences of affinity between the comple~
mentary chains; and biological existence of molecules composed of single
types of polypeptide chains independent of any complementary chains.

Many of the experimental observations which have recently been
made and which support the details of this proposition have been reviewed
by Ingram (57) and Lehmann and Ager (58).

At least four chemically different polypeptide chains have been
found in human hemoglobin (38, 57,58,59). These have been designated

the a, B, 7 , and & chains. Although these chains are similar in many
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portions of their primary structure, they are chemically distinct
(38,57, 58,60). The a chains which are present in hemoglobins A,

S, Fir» A, and F; appear to be identical (52, 54, 55) and the p chains
of A and H are identical (56).

Proof of the independence of genetic control of chemically
different chains has resulted from a variety of studies but is best
illustrated by the investigations of the chemical identity of hemoglobins
in certain individuals who are heterozygous for two different hemoglobin
genes and by genetic studies of their families (61, 62,63, 64,65). These
studies indicate that the genetic control of the a chain is independent of
that of the p chain. Recently Huehns and Shooter have demonstrated
the presence of the same abnormal « chain in the main abnormal com-
ponent G(Ibadan) and the minor component G,(Ibadan), which they conclude
is an abnormal A, component (66). In view of their study and the fact
that the B chain of hemoglobin A and the 6 chain of hemoglobin A, are
chemically and genetically distiﬁct (60, 67) one can conclude that the
a chains of hemoglobins A and A, are under a common genetic control.

The studies of individuals with four major hemoglobins (61, 63, 65)
and individuals with hemoglobins 74, £4: Fi1» and A;; (34) indicate that
the various '""complementary' chains probably have different affinities
for one another. This in combination with the observation of the exis~
tence of By and 7 4, molecules (34, 56) is indicative of independent formation
of the polypeptide chain~subunits either as monomers or dimers. Although
the fact that no hemoglobins have been found with only one abnormal chain
in the four chain structure (for example, azﬁA{SS) is circumstantial evi-
dence, it is in support of the hypothesis that the chain-subunits are

synthesized as monomers.



-P 23~

REFERENCES FOR PROPOSITIONS

1. Kornguth, M. L., and Sallach, H. J., Arch. Biochem. Biophys.,

Zl\, 39~42 (1960).

2. Kressman, T. R. E., "Ion Exchangers in Organic and Biochemistry, "
Calmon, C., and Kressman, T. R. E., Interscience Publishers, Inc.,
New York, 1957, pp. 107-129.

3. Perry, T. L., and Joness; R. T., J. Clin. Invest., in press for

September, 1961, and unpublished studies.

4. Spackman, D. H., Stein, W. H., and Moore, S., Anal. Chem., 30,

1190-1206 (1958).

5. Greenstein, J. P., and Winitz, M., "Chemistry of the Amino Acids, "
John Wiley and Sons, Inc., New York, 1961, pp. 1366-151l.

6. Partridge, S. M., and Brimely, R. C., Biochem. J., 51, 628-639
(1952).

7. Stein, W. H., and Moore, S., Cold Spr. Harb. Sym. quant. Biol.,

14, 179-190 (1949).
8. Shulgin, A. T., Lien, O. G., Jr., Gal, E. M., and Greenberg, D. M.,

J. Am. Chem. Soc., 74, 2427~2429 (1952).

9, 8mith, P. K., Gordam, A. T., and Smith, E. R. B., J. Biol. Chem.,

144, 737-745 (1942).
10. Chibnall, A. C., and Cannon, R. K.; Biochem. J., 24, 945~953 (1930).
11. Reference 5, pp. 214-215 and 176-183. For the proof of structure of

B~hydroxyaspartic acid, see Sallach, H. J., J. Biol. Chem., 229,

437-442 (1937).

12. See reference 5, pp. 435~522.



13.

14.

15,

16.

17.

18.

19.

20.

21,

22.

23,

24,

25,

26,

27.

-P 24~

See reference 5, pp. 2416-2418,

Batchelder, A. C., and Schmidt, C. L. A., J. Phys. Chem.,

44, 880-892 (1940).

Batchelder, A. C., and Schmidt, C. L. A., J. Phys. Chem.,

44, 893-~-909 (1940).
Smith, P. K., Taylor, A. C., and Smith, E. R. B., J. Biol.

Chem., 122, 109~123 (1937-38).

Wintrobe, M. M., "Clinical Hematology, ' 4th Ed., Lea and
Febiger, Philadelphia, 1956, pp. 676~699.

Harris, H., "Human Biochemical Genetics, ' Cambridge University
Press, London, 1959, pp. 134~174.

See references given by Wintrobe, reference 17.

Itano, H., and Pauling, L., Svensk. Kem. Tidskr., 69, 509~523

(1957).

Itano, H., Adv. Protein Chem., 12, 215-268 (1956).

Singer, K., and Fisher, B., Blood, 7, 1216-1226 (1952).
DeGowin, E. L., Ellis, J. A., Sheets, R. F., Hamilton, H. E.,

and Janney, C. D., J. Clin. Invest., 33, 163-178 (1954).

Dacie, J. V., "The Haemolytic Anaemias}' J. and A. Churchill Ltd.,
London, 1960.

Donegan, C. C., Jr., Macllwaine, W. A., and Leavell, B. S.,

Am. J. Med., 17, 29-35 (1954).

Owen, R. D., "Biological Problems of Grafting, ' Blackwell
Scientific Publications, Ltd., Oxford, 1959, pp. 260~273.
Haurani, ¥. I., Repplinger, E., and Tocantins, L. M., Am. J.

Med., 28, 794~806 (1960).




Z8.

29.

30.

31.

32,

33.

34,

35,

36.

37.

38.

39.

40.

41.

4z2.

43.

-P 25~

Ray, R. N., Cassell, M., and Chaplin, A., Jr., Blood, }l,
97-108 (1961).

See reference 17, pp. 760-769.

Owen, R. D.;, and Sturgeon, P., personal discussions.

Simonsen, M., Acta Path. Microb. Scand., 40, 480-500 (1957).

Albert, F., and Lejeune~Ledant, G., see reference 26, pp. 369-370.

Billingham, R. E., and Bent, L., Transpl. Bull., 4, 6771 (1957).

Jones, R. T., this Thesis.

Harris, J. I., and Ingram, V. M., ""The Composition, Structure
and Reactivity of Proteins, " P. Alexander and Block, R. J.,
Pergamon Press, Inc., New York, 1960, pp. 421-499.

Hill, R. L., Kimmel, J. R., and Smith, E. L., Ann. Rev.
Biochem. ; ,2\',?’ 97-144 (1959).

Hirs, C. H. W., Moore, S.; and Stein, W. H., J. Biol. Chem.,

235, 633~647 (1960).

FaV_ VLN

Schroeder, W. A., Jones, R. T., Shelton, J. R., Shelton, J. R.,

Cormick, J., and McCalla, K., Proc. Natl. Acad. Sci., in press.

Hemoglobin Structure Workshop, Massachusetts Institute of
Technology, December 16—20, 1960, Boston, Massachusetts, and
personal communication from V. M. Ingram.

Preliminary work from these Laboratories.

Moore, S., personal communication concerning studies of peptides
from ribonuclease with a modified automatic amino acid analyzer.

Hill, R. L., and Smith, E. L., J. Biol. Chem., 228, 577-600 (1957).

Dixon, G. H., Kauffman, D. L., and Neurath, H., J. Am. Chem.

Soc., 80, 1260-1261 (1958).



44,
45,
46.
47.
48.
49.
50.
51.
52.
53.

54,

55.

56.

57.

58.

59.

60.

~-P 26—

Spackman, D. H., Smith, E. L., and Brown, D. M., J. Biol.
chem., 212, 271-299 (1955).

Moore, S., personal discussions regarding compounds with the
chromatographic properties of the unknown compound.

Dakin, H. D., Biochem. J., 12, 290-317 (1918).

Jones, D. B., and Johns, C. O., J. Biol. Chem., 48, 347-360 (1921).

See reference 5, pp. 20-22 and 1399-1400.

See reference 5, pp. 2419-2423.

See reference 5, pp. 212-213.

Neel, J. V., '""Conference on I—Iernoglol:n’.n:t NAS-NRC No. 557, 1959,
page 253,

Vinograd, J. R., Hutchinson, W. D., and Schroeder, W. A., J.

Am. Chem. Soc., 81, 3168 (1959).

Schroeder, W. A., and Matsuda, G., J. Am. Chem. Soc., 80, 1521

(1958).

Jones, R. T., Schroeder, W. A.,, and Vinograd, J. R., J. Am.
Chem. Soc., il\, 4749 (1959).

This Thesis for chemical studies of minor components.

Jones, R. T., Schroeder, W. A., Balog, J. E., and Vinograd, J. R.;

J. Am. Chem. Soc., 81, 3161 (1959).

Ingram, V. M., Nature, 189, 704-708 (1961).

Lehmann, H., and Ager, J. A. M., "The Metabolic Basis of Inherited
Disease, ' Stanby, J. B., Wyngaarden, J. B., and Fredrickson, D.S.,
McGraw=Hill Book Co., Inc., New York, 1960, pp. 1086-1144.

Schroeder, W. A., Fortsch. Chem. org. Naturstoffe, 17, 322~378

(1959).

Muller, C. J., and Jonxis, J. H. P., Nature, 188, 949-950 (1960).



ol.

62.

63.

64.

65.

66.
67.

~-pP 27~

Smith, E. W., and Torbert, J. V., Bull. Johns Hopk. Hosp., 101,

38-45 (1958).

Itano, H. A., Singer, S. J., and Robinson, E., "Biochemistry of
Human Genetics, "' Ciba Foundation, Little, Brown and Co., Boston,
1959, pp. 96-113.

Atwater, J., Schwartz, I. R., and Tocantins, L. M., Blood, 15,

901-908 (1960).
Baglioni, C., and Ingram, V. M., Nature, 189, 465-467 (1961).

Grammack, D. B., Huehns, E. R., Shooter, E. M., and Gerald,

P. S- Y J- Mol. Biol- 2 Z’ 372"'378 (1960).

Huehns, E. R., and Schooter, E. M., Nature, };5\2, 918919 (1961).

Cepillini, R., see reference 62, pp. 133~138.



