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ABSTERACT

Hemoglobin AIC is a minor hemoglobin component of normal adult
humans and comprises approximately 5% of the total hemoglobin. This
thesis describes the in vitro biosynthesis of AIC and the chemical
propertiles and structure of this component and its degradation products.

AIc was found to bs biosynthesized concurrently with hemoglobin A4,
which is the major component (80-90%) in normal adult hemoglobin. A

Ic
is thus a normal constltuent of all red cells, irrespective of their
physiological age.

Chemlecally, AIc 1s the condensation product--a Schiff base--he~
tween one molecuie of hemoglobin A and one molecule of a ketone or alde~
hyde F=0. The point of linkage of =0 to hemoglobin A is the N-
terminus of one of the two £ chains. Other than thils, no difference has
been found between the primary amino acid sequence of the & and P chains
of hemoglobin AIc and A.

The ketone or aldehyde B=0 has a molecular weight of approximately
281, is not an aromatic aldehyde, is not a steroid, and does not contain
phosphorus, carbohydrates or amino aclds. Esterifiled nonketo acyl groups
of less than five carbon atome are absent. It 1s probable, but not
certain, that R=0 does not contain nitrogen and that it does not contain
any free carboxyl groups.

Methods are descrived for isclating A, as well as smaller peptides

Te
which contain the blocking group R such as R=val-hls., The use and con-
struction of a large (10 x 100-cm) chromatographic column for the prepar—

ative isolation of minor hemoglobin components is described. This column
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18 rather unique and should find applications in the isolation of other
biclogical compounds. Certain other isolation procedures which are de-
scribed in the thesis, such as the purification of peptides on cellulose
phosphate, have not been previously described.

Finally several miscellaneous theoretical aspects of the thesis
are of interest, These include the theory of self-hybridization experi-
ments, a theoretical treatment of protein biosynthesis which Includes a
method for correcting the experimental data for nonconsbant ribosomal
activity and for interconversions of the protein of interest to other
proteins during the biosyntheslis. A practical method for calculating
ionization constants from paper electrophoretic data is also given,

Photographic materials on pp. 25, and 46 are essential and will
not reproduce clearly on Xerox copies. Photographic copies should he

ordered.
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ORGANIZATION OF THESIS

The thesis is divided into seven major divisions. Part I serves
as a general introduction to the thesis problem with particular emphasis
on historical perspective, Part II describes the chemical characteriza-
tion of hemoglobin AIc’ and Part III describes its biosynthesis. Part
IV sumrarizes all the currently (October, 1965) known facts about L
Part V is a set of appendices to the thesis proper, and Part VII 1s the
bivlicgraphy. Results of the experiments are L0 be found at the end of
each individual section, although several summaries have been placed at
strategic locations throughout the thesis.

Footnotes have been placed at the bottom of the page to which they
apply. These Tootnotes can be ignored in a first reading of the thesis
without a significant loss in comprehension, but they are essentilal for
anyone desiring to repeat the experiments.

Part VI is the candidate's propositions. The biblicgraphy for each
proposition is located at the end of that proposition and not in the
bibliography (Part VII) for the thesis proper.

All errors that are given are probsble errors (P.E.) unless other-

wise stated.
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I D: Purpose of Thesis
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I A: DEFINITION OF HEMOGLOBIN

Hemoglobin is the generic term which is applied to the family of
proteins that are obtained from the erythrocytes of many blological
species.* Hemoglobins have the following characteristics in common:

a molecular weight of approximately 64,000 or sn integral submultiple
Lhereof, the ability to bind molecular oxygen reversibly, and a red
ecolor which results from their similar absorption spectra. Each hemo-
globin molecule is composed of an aggregate of polypeptlde chains whose
molecular welghts are about 16,0003** each chaln contains a single heme-
bound iron atom. However, the chains may be alike or different in their
primary amino acid sequence. For example, the human hemoglobins desig-
n;tsd*** A, Hy, and F have the structures Gé 82, Bh’ and oy Yps Toopec:
tively; in these formulas @, P, and y each represents a single poly-
peptide chain which differs from the other chains in its primary amino

aclid sequence.

*The hemoglobins of humans, primates, horses, donkeys, cattle,
sheep, goats, rabbits, hares, mice, birds, cetaceans, and flsh have
been studied. A review of these hemoglobing is given by Schroeder and
Jones (151). Because of their medical significance and relstive avail-
ability, the human hemoglobins have been the most thoroughly studied;
an excellent review of these hemoglobins is given by Huehns and Shooter
(61). Both reviews contain extensive references to the orilginal papers.

*%*Tn the literature each chain ig sometimes referred to as a sub-
unit. The term subunit is slso used to denote various aggregates of the
individual chains. The conbext in which the word is used defines the
meaning intended.

***Gchroeder and Jones, and Huehns and Shooter, loc. cit., glve very
complete correlations between hemoglobin designations (g.gf, nomencla~
ture) and molecular structure.
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Other simillarities or differences may exist among the hemoglobins
of the same or different species; however, the above criteria provide a
rapid preliminary classificatlon of a protein~--a classification which is

useful for further characterization.
I B: MAJOR AND MINOR HEMOGLOBIN COMPONENIS

If the hemoglchin from any single species is subjected to any one
of & variety of physico-chemical procedures, it is frequently separated
into two or more protein components., Xach of these components possesses
the common characteristics described sbove and may therefore he con-
sidered a nemoglobin. These procedures include electrophoresis (21, 53,
61, 84, 107, 125), chromatography (1, 64, 65, 77, 78, 125), and selec-
tive denaturation (82, 92, 135). Typically (125, and Fig. 16, p. 183,
this thesis) one or more of these proteins will represent 3%0%-90% of the
total hemoglobin; such proteins are for convenilence called major hemo~
globin components. Hemoglobin proteins which represent less than 30%
of the total hemoglobin are called minor components.

I Bl: Major Components

Most adult humsns have only a single major hemoglobin component,

which is designated* hemoglobin A or A 17 and which has the subunit

I

*No standard nomenclature exists for designating all the known
hemoglobing. The reasons for this state of affairs have besn summarized
by Schroeder and Jones (131). The only sure guide to the identity of a
hemoglobin is an understanding of the methods by which it was isolated
and characterized. In this thesis the nomenclature developed by
Schroeder and his associates (1, 22, 76, 125) will be used because it
lends itself particulsasrly well to the problems under study. Partial
correlations between different systems of nomenclsture are given in
References A1, 125, and 131. Conventions do exist, however, for express-
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struclbure (cf. P 5) Oé ﬁg' The primary amino acid sequence of both

the @ and P chain is known in detail (15, 16, 61, 80, 81, 126, 131).

The biosynthesis of the O chain is under the control of a gene segregat~
ing independently from the gene which controls Lhe blosyntheslis of the

B chain.¥* Hemoglobin A__ comprises 80-90% of the total hemoglcobhin in

IT
adults.

The newborn humen infant also nas bubt a single major hemoglobln
component , which has the subunit structure Qé 700 which 1s called fetal
or umbilical cord blood hemoglobin, and which is designated hemoglobin
F or FII (cf. p. 3). The primary amino acid sequence of the y chailn 1s
known (61, 129, 131) and differs from that of the B chain of Ap;. The

¢ chains of FII and A__ are ldentical., The gene responsivle for the

II
synthesis of the y chain is probably clossly linked to the P-chain

gene.* Hemoglobin F__ comprises 75-90% (13 13; 61, Fig. 5) of the

II
total hemoglobin in the fetus and newborn c¢hild, Shortly after birth

the synthesis of y chains ceasesand the synthesis of the P chain is
augmented (61, Fig. 5); the net effect is a replacement of hemoglobin

by hemoglobin A Because the erythrocyte containing F__ has a

1T’ IT
greater affinity for oxygen than the adult erythrocyte containing AII

FII

(109), it may be that fetal hemoglobin is important in insuring the

ing the structure of a hemoglobin in terms of its subunits (3, 131), and
these conventions have been adopted for this thesis: indeed, they have
already been used (cf. p. 3). The writer has attempted to include suf-
ficlent descriptive material in the text to make the meaning of the
nomenclature self-evident, at least with respect to the topic under
discussion.

*Reviews of the genetlc evidence on which this statement is based
can be found in References A1 and 131,
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transference of adequate quantities of oxygen across the placenta from

the mother's blood to the developing embryc.

Major hemoglobin components other than AZI and FII occur infre-—
quently and are termed sbnormal* hemoglobins. The primary aminc acid
sequences of the polypeptide chains of all the normal and abnormal
hemoglohing bear striking resemblances fo one another. These resem—
blances persist even in comparisons hetween the hemogicbing of humans
and thoge of lower phylogenetic specles. Because of these resemblances
it has been pogtulated that the various polypeptide chains have all
arisen by evolution vils point mutations of a single gene (145). TFor
example, hemoglobins 8 (61, T3, 112, 131), c (61, 68, 69, 131), E (61,
70, 131), and DPunjab (6, 8, 61, 131) each differ from hemoglobin Al by
only a single amino acid residue in the P chain.

The presence or absence of a major hemoglobin component in an in-
dividual can exert good, bad, or relatively slight effects on the health
of that individual, Individuals who have the gene for hemoglobin 5, C,
or DPunjab have an increased resistance to malaris (61, 103), a clearly
veneficial effect. On the other hand, persons homozygous for the hemo-

globin S gene exhibit a severe pathological hemolytic anemia which is

called sickle cell disease. Yet, homozygoslty for the hemoglobin C or

*An abnormal hemoglobin is defined as a hemoglobin which is found
in a small minority of the earth's population, Huismen (66) lists 80
reports of abnormal hemoglobing, and Huehns and Shooter (61) list k8.
In certain geographical regions, an abnormsl hemoglobin may be found in
a high proportion, even a majority, of the population of that reglom.
The gene responsible for hemoglobin S (see text), for example, though
relatively rare in the United States, is found in 40% (61) of the popu-
1ation of certain geographical regions of East Africa.
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D gene results in only a mild, nonpathological anemia. This diversity
of clinical manifestations® is somewhat surprising in view of the fact
that these hemoglobins differ from each other by only 2-4 amino acid
residues (1-2 for each B chain) out of a total of 574! Murayama (105,
106) has proposed a molecular mechanism for explaining the pathological
manifestations of hemoglobin S in sickle cell disease.

An individual can have more than one major hemoglobin component
provided he carries the genes required for the synthesis of the poly-
peptide chains of the hemoglobins (79, 123).

Although the above discussion of major hemoglobin components is by
no msans'exhaustive, it has attempted to show that the origin, molecular
structure, and function of these hemoglobins is relatively well, though
not completely, understood. This situation is to be contrasted with
lack of knowledge abou® the giggz components, one of which, hemoglobin
A_ , is the subject of this thesis.

Ie

I B2: Minor Components

The significance of the minor hemoglobin components of both men
and other animals is less well understood than that of the major com-
poaents, primarily because less attention has been devoted to their
study. This lack of attention is in part a consequence of difficulties
in obtaining sufficient amounts of purified minor components.

Whereas most adult humans have only a single major component, AII
(¢cr. p. %), there exists evidence for hen minor components. In the

order of their chromatographic mobilities on IRC-50 cation exchange

*Huehng and Shonter (A1) review the clinical aspects of the ab-
normal hemoglobins in considerable detail.
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resin (cf. p. 23, footnote) these are: Ao,

(most rapid mobility), A_
1 1eg

A * . :
Tag (86);™ AL (125); Frp (1; 131, p. 122, Fig. 1); Ap (102, 125);

125).

I1T (

X
AII-GSSG (65, 67, 10h); Ay (85); Ho— A (20, 32); end A

InAthe following paragrapas, each of the above hemoglobins will he de-
scribed briefly.

Under many experimental conditions hemoglobins AIa B AIa , and

1 2

A are not resolved; the mixture of unresolved componento le equivalent

Ia5

to Schnek and Schroeder's (125) Ap,- If A, is 1ot resolved from Ay,
the mixtures of these two chromatograpnic fractions is referred to as

. . ¥ 1
Al b (125). Al 18 identical to Kunkel's and Wallenius (84) A5'

The amino écid compositions of AIa and‘AIb appear Lo be identical with
that of the major component AII (56, 76), though there is a margin of

uncertainty in this identification because of a slight contamination of

AIa and AIb with nonheme proteins that could not be removed by the

chromatographic methods which were used. The resulte of Rosa and lLabie

(122) suggest that the P chains of AIa+b differ in some manner from

thoge of A though the facts just stated imply that the difference is

1T’

probably not one of amino acid composition. AIa and A_, eacn comprise

Ib

*A
Iay
investigators designate AIa and A
2

is not given a designation by Laurent et al. (86); the latter

Tas as AIO and AIa respectively. The

latter hemoglobin is not to be confused with Schnek's and Schroeder's
(125) A_ which is a mixture of A__ , A__ , and A__ .
Ia Tag Tap Tas

*Unfortunately, Ab-¢* has also been designated A, (20); it is not to
be confused wlth the hemoglobin A, of Rosa and Iabie (85).
XH%

AIII is identical to Kunkel's and Wallenius' (84%) As.
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approximately 1% of the to%al adult hemoglonin.

FII is fetal hemoglobin, which has been discussed earlier (pp. 5,
6). Though it is the major component of the fetus, it comprises at
most O.4% of adult hemoglobin (12).

Hemoglobin A, comprises Lg — 7% of the total adult hemoglobin and
is the subject of this thesis. It is probably identical to component

AIc which was isolated by Huisman and Meyering (64). Lt is sometimes

incorrectly identified with Kunkel's A, (84) by some authors. Decreased

percentages of A sare found in persons having a hemolytic anemia (59).

Ic

Hemoglobin A _+G3S8G is a complex of oxidized glutathione (GRsa)

11

with the major adult hemoglobin, The GSS8G is attached to the B

AII'
chains. AII'GSSG is probably not present in vive. It may be an arti-
fact of the isolation procedures (67).

The naturs of hemoglcbin Ah is puzzling. In short term in vivo

li
29 or Cl¥~glycine, the spe-

and in vitro incubations with radioactive Fe
cific activity of AM is almost twice as high as the activities of AI*

and AII (85). This implies that hemoglobin Ak is being synthesized at
a more rapid rate than the latter two hemoglobins. As the duration of

the incubation is increased to several days** the specific activity of

Ay falls off until at 34 days it is roughly equal to that of As and AII'

*A_ is the designation which was given by Schroeder and his associ-
ates (cf. footnote, pp. U4, 5) to the unresolved mixture of minor hemo-
globins AIa+b’ FII’ and AIc"

**The short term incubations were done with both rabbits and with
anemic numan patients. The long term experiments which involyed %the
decrease in specific activity of Ay were done on rabblts only; extrapo-
lation to humans may not be valid.
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Ah does not appear to be a precursor of A__ at lesst in in vitro experi-

IT
ments (85). No differences between the primary structures of AM and AII
could be demonstrated (85).

Hb—OtA is a hemaglobiﬁ which has the structure aé at physioclogical
pH (20). The @ chain is identical to that of A Tt is probable, but
not certain, that Hb-of" exists in vivo (20, 32).

Hemoglobin AIII is identical to Kunkel's A, (84). Its molecular
structure is O, 62. The & chain is i1dentical to that 0f>AII. There
are 10 known differences between the primary smino acid seguence of
the P chain of A . and the & chain of A .. (61, Table 1; 131, Table 1).
The gens responsible for the synthesis of the & chain is closeiy linked
to the B-chain gene (60). A pp comprises about 2.5% of the total hemo-
globin in the adult. This percentage is increased or decreased in cer-
tain hemoglobinopathies (131, p. 124). This Fact, together with the
ease by which AIII can be isclated as a pure component by electrophore-~

sis (84), make A a useful clinical diagnostic aid.

I1T
Huisman and Nerton (67) have shown that the "in vivo aging of red
blood cells does not result-in the formation of aaditional ninor frac-
tions nor in changes in the quantities of the normally occurring minor
hemoglobin companents, as demonstrahle by Amherlite TRC-50 chromato-
graphy."* A point which is particularly relevant to this thesis is the
fact that even In vitro storage of red blood cells at 4°C for 49 days or

at 25°C for 7 days results in no increase or decrease in the guantity of

AIc initially present in the cells. Such in vitro aging does, however,

*Muisman and Norton's results contradict those of earlier investi—
gations (63, 83, 93).
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P

result in slight lncreases in the quantity of AIa+b (67). These facts
clearly demonstrate that ATc is not an artifact of the method wnich is

used to isolate 1t.
Three minor components have been found in human fetal hemoglobin

(1, 76). These have been designated f,, f), and F.. Hemoglobin F  has

3
been shown %o be a monoacetylated derivative of the major fetal hemo-

globin, Ar; (128). F. has the molecular structure @,y 7N~aCEty15

comprises 10% of the total fetal hemoglobin. Hemoglobins f

it
3 and fh
together comprise roughly 4% (76) of fetal hemoglobin. Nothing is
known about their structure.

Detailed studies of the minor components of individuals having
abnormal major hemoglobins are virtually nonexistent, though Jones
(76) has shown that up to seven minor components may be associated
with hemnglobins S and C.

Still fewer studies exist with respect to the minor hemoglobin
components of animals. Lingrel and Borsock have found that some of the
minor components of rabbits are intermediates in the synthesis of the
major rabbit component (89). None of the minor components found in
humans has been shown to piay an analogous role.

I B3: Commenbary ou the Human Minor Components

The above examples dsmonstrate the diverse biological roles which
have been agcribed to the minor components, and suggest that their fur-
ther study, with respect to structure, function, and evolution, would
be fruitful. It was with this viewpoint in mind that the study of hemo-

globin AIc’ which is that adult human hemoglobin minor component present
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in the greatest relative amouat, viz. b — 7% of the total adult hemo-
globin, was begun; and indeed, the results which have been obtained
guggest that AIc has a role in biological function which differs from
those aseribed to some of the minor components discussed in the preceding

section.
IC: HEMOGLOBIN AIC

Hemoglobin AIc was discovered by Morrison and Cook (102) and Allen
et al. ( 1). When the latter lnvestigators chromatographed a sample of
human hemoglebin on the cation exchange resin IRC-50 they observed a
hemoglobin component which comprised 5.5% of the total hemoglahin in
the sample, and which at neutral values of pH was eluted from the chro-
matographic column more repldly than the major component AII’ This
more rapidly moving component was designated hemoglobin AIC; Because
IRC-50 is a carboxylic type resin it followed from these observations
that the structure of hemoglobin AIc was such as to make it more nega-
tively charged at neutral Eﬁ values than hemoglobin AII'

The next advance toward an understanding of the structure of AIc
was made by Jones (76) who reasonzad in the following manner:; Since the
gstracture of AII was representable in the form a252 where @ and B were
distinct single polypeptide molecules (ef. p. 4), might not A, have a
similar structure? He was able to confirm his hypothesls experimentally
by showing that the molecular weights of AIC and AII were the same (75).
Further, the total.amino acid composition, i.e. the mumber and kinds of

amino acids which wers present in the hemogleobin irrespective of their
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sequential arrangement, was to within the experimental error the same
for Ay, and A ;. Using Sanger's technique (124) for determining the N-
terminal amino acid which was present 1In a polypeptide, he was able %o
show that in the AIc molecule there were at least two and possibly three
polypeptide chains which had N-termini that were reactive toward dinitro-
fluorobenzene. As in AII these chains appeared tc be alike in pairs,
because two of them contained the same amino terminal sequence val-leu
(120) as the @ chain of AII' Only one of ths possibly two remaining
chaihs appeared to contain the same aminc terminal tripeptide val-his-
leu (121) as *he B chain of Ar;- These results suggested to him that
the chemical difference(s) responsible for the chromatographic behavior

of A was located in the B-like chain of A He obtained additional

Ic Ic’
support for this interpretation by showing that the & chain of radio-

active SII* would exchange with the O-like chain of AIc und=r suitable

experimental conditions.*¥

Jones (76) found no difference betwesen the ultraviolet spectra of
AIO and A 1 between 25 my and %20 mp.

At the time the experiments which are reported in this thesis were

pegun, the structure of AIC that was most consistent with the data out-

*SII is the major component of persons with sickle cell anemia

76). The molecular structure of S is ¢ BS in which the & chain is
1T 22 ]

the same as that in.AII and the primary amino acid sequence of the B
chain differs from that of the P chain of Ao (61, 131).

**Exchange of subunit chains between two hemoglobin molecules does
not establish the identity of these chains; it does, however, suggest
that such ldentity may in fact exist.
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A A

lined above was O, g B Ic, vhere B 1¢ 31frered from the B chaln of AII

in that the N-terminal amino acid of the former was blocked by some

chemical group R whose nature was not known.*

ID: PURPOSE OF INVESTIGATION

The goals toward which the thesis work has been directed have Dbeen

twofold: first, to characterize A_  chemically as fully as possible; and

Ie
second, to cbtain information about the biosynthetic origin of AIc in
the erythrocyte and the functional role this minor hemoglobin component
plays therein.

The chemical eharacterization of AIc has proceeded along three
lines‘of investigation: confirmation of the subunit structure,
aé B BAIC, which was proposed Iin the closing paragraph of the preceding
gection; determination of the primary amino acid sequence of the ¢ and

£ chains of A nd chemical characterizatlion of the group R which

Ic; &
appears to be blocking the N-terminus of one of the B chains.
The isolation of the blocking group R has proved to be difficulft.

The larger portion of the candidate's time has been expended in develop-

*Jones himself (76) proposed the structure GE X2 for AIC3 hecre the

polypeptide chain X was assumed to be similar to, but not identical to
the B chain of AII‘ However, the fact that only one N-terminal val-his-
leu peptilde per A . molecule was obtained by Sanger's technique (ef. p.
13) favors the formula given in the text. No hemoglobins with the un-
usual structure of hemoglobin FI, o, 7 yN-acetyl (of, p. 11), were
known at the time of Jones' work. Those hemoglobins which had been
gtudied all had two Q-like and B-like chains each. The structure found
for FI wag totally unexpected and has given considsrable impetus to a

more searching examination of various aspscts of hemogiobin chemistry.



- 15 -

ing suitable methods for 1ts isclation, and it is only in the last year
that this search has been brought to a successful coaclusion. DBecause
of these factors, the chemicsl characterization of R is not yet complete.
Nevertheless, characterization is sufficlently advanced so that the di-

rections which additional efforts shonld take are now well marked out.
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Part II

CIEMICAL CIHARACTERIZATTION OF IHEMOGILODIN AIC

——
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II: ISOLATION FROCEDURES

STEPWISE DEGRADATION OF HEMOGLOBIN AIQ TO R-VAL-HIS
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Overall Yield of the Isolation Preocedures
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II A: INTRODUCTION

The aim »f the procsdures to be described in thils section has been
to obtain a purified compound which contained thehlocking grénp R and
which was sufficiently small to allow its complete chemical structure,
and hence that of R, to be determined. In particular, because hemo-
globin AIC and AII have similar structures (ef. Part I), and because

the molecular weight of A__ 1s approximately 64,000, it was clear that

I
masswise the percentage of R in the "sufficiently small compound" would
have to be of the order of 300 times the percentage of R in AIC if the
structure determination were not to become prohibltively difficult.

A priori there were two ways of obtaining this enrichment. The
first was to cleave R chemically from hemoglobin AIC and to purify it.

The second was to degrade hemoglobin A into progressively smaller pep-

Ic
tides. At each step of the degradation that peptide which contained R
would be dsolated, purified, and further degreded to still smeller pep-—
tides. In this manner a peptide which contained R eventuslly would be
obtained that was small enough to make i1ts complete structure determina-
tion possible. It would seem that the first method, being more direct,
would be the method of cholce. However, several factors dictated that
the second be followed. At the time this investigation was begun,
nothing was known about the chemical structure of R. Thus even ﬂad we
known how.to cleave R from AIC,‘which w2 did not, there was really no
rational basis on which te purlify 1t: in fact, there was no method even

to detect R by itwsell. On Lhe other hand, if A and AII differed in

Ic
the manner which has bzen indiecated at the top of p. 14, R was attached
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to the N-terminus of the P chaln. Methods were known by which the N-
terminal octapeptide val-his-leu~thr-pro-glu-glu-lys of the B chain of
Arg could be obtained and purified (127). Further, Hill et al. (54) had
shown that this octapeptide, which is designated” PT-1, could be further
degraded with papain to the N-terminal dipeptide val-his. It seemed
reasonable to expect that the hypotheslized corresponding ochapeptide
R-val-his-leu-tar-pro-glu-glu-lys (designated BAICT~1 for conciseness)
from ﬁAlc and the dipeptide R-vael-hls could be obtained by similar
methods. Egually important was the fact that though we had no method of
detecting R itself, it was probable that the peptide to which R was ab-
tached could be detected with ninhydrin or histidine spray reag=nts.
Once detected, this psptide could be distinguished from the peptldes of
the normal B chain by the altered electrophoretic behavior which was
expected of the blocked peptide because of the chromatographic bshavior
of AIc on IRC-50 (cf. p. 12). In this mammer progress of thes enrichment
of R could be followed simply by obtalning the amino acid composition

of the peptide to which R was attached. Finally, the confirmation of

the hypothesized gross structure™ of AIc and the determination of the

*Throughoat this thesis we shall designate peptides according to the
nomenclature given by Baglicni (T). In BT-1, the P indicates the hemo-
globin chain from which the peptide was obtained, the T indicates that
this peptide resulted from hydrolysis of the chain with trypsin, and the
-1 indicates that it 1s the N-terminal tryptic peptide, PBT-2 would des~
lgnate the tryptic peptide adjacent to PT-1 in the hemeglobin chailn, ete.

**By the gross structure of a protein is meant a description of the
numper and type of subunits from which it 1s composed. Here, a subunit
will be defined as a chemicdlly definite molecule that is composed of
single polypeptlde chains. The chains of which a subunit is composed
may be allke or different. Two subunits will be said to be of the same
type 1if they are identical with respect to certain arbitrary criteria
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primary amino acid sequences of the & and P chains of A . would in axy

I
case have rzquired the isolation of peptides obtained from the degrada-
tion of hemoglobin AIc’ By making the procedures which were necessary
to purify R overlap as much as possible with those required fto isolate
the peptides of the & and B chains, the total labor could be reduced,

A summary of the isolation procedures, which are discussed Ia de~

taill in subsequent sections, is given in the flow sheet on pp. 20a and

210

that are selected by the experimentalist. These criteria become pro-

gressively more stringent the more highly refined the structure deter-
mination becomes until ultimately they coincide with the usual defini-
tion of chemical identity between two coxpounds.
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ISOLATIO
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ISOLATION FLOW SHEET CONTINUED
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II B: PREPARATION OF UNFRACTTONATED HEMOGLOBIN ILYSATE

All blood donors were adult, presumably normsl, males. Sources of
all blood were recorded so that any wnexpected abnormalities could be
traced down. Ilo such abnormalities were found in any of the blood
samples drawn. For small scale sxperiments, the purposs of which was to
establish the experimental conditions to be used in later preparative
work, 50 ml of venocus blood were ecollected in Alsever‘s* solution. The
donors for such small scale isolations were Walter Schroeder, Robert
Leif, snd the writer; hemoglobins from the blocd of these donors were
kaown from earlier experiments to behave normally and thus served as
controls for other blood samples. For preparative experiments the red
cells from two pints of whole blood, which was collected in citrate and
from which the plasma had been removed, were obtained from Hyland Labor-
atories in Los Angeles. For both the small scale ani preparative iso-
lations the blcod was worked up the same day that it was drawn from the
donor.

If the plasme had not previously been removed, the blood was centi-
fuged for 5 min at 2,000 g, and th= plasma was removed with a suction
pipet. The centrifuged cells were washed four times with three times

their volume of NKNL** lysed at 8°C for 30 min by shaking them with 1.3

*Menufactured by Delts Laboratories, Inglewcod, California. Alse-
ver's solution is an anticoagulant which contains sodium citrate, citric
acld, sodium chloride and dextrose in sterile water. The exact percent-
age of each of these components is not known, because Delta Laboratories
would not give ocut this information.

**The composition of NKM is given in Table XX, p. LTh.



b4

- 2% -

volumes of distilled water and 0.4 volumes of toluene, and then were
cenbrifuged for 1 hr at 15,000 g. The hemoglobin layer was transferred
to a clean centrifuge tube and was égain centrifuged for 1 ar at 15,000 g
to remove the last traces of particulate material. The hemoglobin was
converted to carbonmonoxyhemoglobin by gently swirling the agueous solu-
tion at 0°C under a stream of carbon monoxide. The carbonmonoxyhemo-
globin was dialyzed three times at 2°C for 8 hr sgainst 10 %imes its
volume of the buffer to be used in the chromatography of the lysate.

The dialysate from 50 ml of whole blood contained 5 gm »f hemoglobin

in a total volume of 50 ml.

II C: RBIO-REX 70 FRACTTICWATTON OF IYSATE TNTO PIRTEFTED Alc

II Cl: Introduction

The separation of human hemoglobin lysates into purified major and
minor hemogleobin components by cation exchange chrom;tography on Bio-Rex
70% was accomplished with the system of sodium phosphate-potassium
cyanide chromatographlic buffers which were developed by Allen et al.
(1), Clegg and Schroeder (22), and Jones (76). For analytical purposes,
columng 1 x %5 cm were used. For preparative isolations, columns 3.5 x
%5 em or 10 x 100 em were more sultable, These columns had & capacity
of 0.1, 2,5, and 50 gm of hemoglobin regpectlvely. The use of the
analytical column has been described in detail in the references Just

clted. The use of the 3.5 X 35~em column, with specific reference to

¥Bio-Rex 70 (Bio-Rad Laboratories, Richmond, California) is pre-
pared by the manufacturer from Duclite CS-101 and 1s equivalent to tha
IRC-50 used by Allen =t al. (1). These resins perform similarly,
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the isolation of hemoglobin Alc’ has been described by Holmguist and
Schroeder (57). However, the large 10 x 100-cm column has not previously
been described. The need for this large column became evident when it
was reallzed that the structure determination of AIc was more difficult
than anticlpated and that a successful attack on the structure would
require considerable smounts of AIc' Because of ifts large size, specilal
techniques were required both for 1ts construction and use. A detalled

deseription of thi s column fellows.

IT C2: Description of the 10 x 1CO-cm Chromatographic Column

A photogreph of this column 1n operation 1ls shown on the frontis-
pilcec of thic thepic. In Fig. 1, p. 25, the dchtails of thc consitruction
of the column are showa. Figure 2, p. 26, shows the accessories which
were needed for the operation of the column., Both figures should be
referred to during the Tfollowing description.

The upper (A) and lower (B) halves of the column, made of 4" i1.d.
Pyrex tubing which was sesled onte Pyrex pipe Jjoints, were separated by
a Koroseal gasket* (C) and were held together by two aluminﬁm pipe
flanges®™ (D). Each half of the column was jacketed (E) so that it could
be warmed or cooled by circulating water. The lower flange was perman-—
ently bolted to a tripod (F) which supported the assembled column. The

lower ends of the tripod were attached to a pressboard base (G) which

*Gasket, interface, for flange (see following fcotnote), Korosesal,
Type R-3, Braun Catalogue No. 88164, Los Angeles, Calif.

*¥Flange, Pyrex pipe to Pyrex pipe, 4" size, Style 1, aluminum, with
inserts, Braun Catalogue No. 87140-1.
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IEGEND TO FIG. 1 AND FIG. 2

A: Top half-column, 4" Pyrex pipe and flange
B: Bottom half-column, 4" Pyrex pipe and flange
: Koroseal gasket
D: Aluminum pipe flange with agbestos ineert, eix nutc ond bolic
E: Water jacket, inlet; the water layer was 6 mm thick
F: Steel tripod
G: Pressboard basc, triangular
H: BSwivel wheels
I: Rubber covered metal ring support
J: Turnbuckles
K: Coarse frit funnel
L: Ball joint 18/9
M: BSocket Jolut 65/40
N: Adapter; ball joint 65/L0, socket Joint 18/9
Ot Pressure clamp with spring
P: Teflon stopcuck wikh 18/9 Dball jolnbt to T1t N
Q: 56-liter polyethylene carboy (aspirator bottle type)
Rt Tygon tubing
81 Adapter for eluting lower half-column; 4" Pyrex pipe flange and
18/9 socket joint ,
T: Adapter for eluting upper half-column; 4" Pyrex pipe flange, coarse
frit tunnel, and 18/9 ball joint
U: Spigot
V: Wooden pressure collar for holding in rubber stopper
W: Tank of nitrogen
X: Small centrifugal pump
Y: Concave bottom of carboy not under pressure
: Tygon tubing



Flg. 1: 10 x 100-cm chromatographic column



56~1 carboy

Q

X

———=~ To reservolrs

;=X

T o o v o

Fig. 2: Accessories to the 10 x 100-cm chromatdgraphic column.
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was supported on three wheels (H). The rubber-covered metal ring (I),
the height of which could be adjusted by three turnbuckles (J), pro-
vided additional support for the columm; 1t also prevented uﬁdesirable
lateral motion of the column when the latter was transported from place
to place.

The lower end of the bottom half-eolumn was permanently sealed %o
a coarse frit funnel (K) which supported the resin and which terminated
in an 18/9 ball joint (L). The upper end of the top half-column ter—
minated in a 55/40 socket Joint (M). An adapter (N), which was held to
the socket joint (M) by the pressure clamp (0), connected the column to
the Teflon stopcock (P) that led to the buffer reservoir (Q) (Fig. 2)
by way of the Tygon tubing (R). Adapters (8) and (T) were provided
for eluting the hemoglobin from the bottom and top half-column respec-
tively.*

Three 56-liter screw-cap polyethylene carboys,** one of which
(Q)™* had a side spigot (U) at the bottom, were required to operate
the coliman. The carboy with the spilgot was permanently attached to a
shelf of the cold room. This carboy was placed as high as possible
above the bottom of the chromatographlc columa in order to take advan-

tage of the hydrostatic pressure whilch was thereby established, The

*The use of these adapters is described later in the text. In Fig,
1 they are supported by clamps for illustrative purposes. Normally,
when they were not in use, these adapbters were stored in a cabinet.

**Carboy, 13 gallon, with handgrips, polyethylene, Nalge No. 2210,
Aloe Catalogue No. V17452, Aloe Scientific Co., Los Angeles, Calif,

***Bottle, aspirator, 13 gallon capacity, with tubulation, polyethyl-
ene, Nalge No. 2302, Alce Seilentifiec Co., Los Angeles, Calif.
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mouth of this carboy was equipped with a rubber stopper that was held
in place by a wooden collar (V) which prevented the stopper from pop-
ping out when the carboy was under pressure. Two wlde-diameter glsass
tubes, one of which was equipped with a Teflon stopcock, fitted tightly
into the stopper. The %tube with the stopcock was used to releage pres-
sure from the carboy. The other tube served to fill the empty carboy
with buffer, or to comnect the filled carboy to a tank of nitrogen (W)
during the operation of the column., The piece of Tygon tubing (R) that
terminated in the Teflon stopcock (P) (Fig. 1) was attached with a band
clamp to the spigot (U) at the bottoﬁ.ef the carboy. The remaining two
carboys were used as buffer reservoirs; while one was cooling, fresh
buffer was made up in the other. These two carboys sat on separate
dollies for ease of movement from the laboratory to the cold room. A
small centrifugal pump (X) was used to transfer buffer from a reservoir
to the elevated carboy.

II C3: DPacking the Chromatographic Columng with Blo-Rex TO Resin

Bio-Rex TO* catlon exchange resin, as received from the manufac-—
turer and wilthout further purification, was suspended in ten times its
volume of distilled water and sllowed to sgeitle for 30 min by gravity.
The fine particles which remained suspended in the supernatant were
decanted and discardsd. This process was repeatbed three times. The
resin was then suspended in iwice 1ts volume of the buffer which was to

be used in equilibrating the column prior to chromatography and was

¥Purchased from Bio-Rad Laboratories, Richmond, California. The
actual wet mesh size, as purchased, was 200-325 mesh. Cf. foolnote,

. 23,
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adjusted to the Eﬁ of the equilibrating buffer by adding the appropriate
acld to the sodium form of the resin (for example, the pH was adjusted
with orthophosphoric acid in the cass of a PH 7 sodium phosphate buffer).
The column was poured from this suspensicon as a single section: this
was accomplished by keeping the column continuously filled to its top
wilth suspended resin., The resin was allowed to settle into the column
by gravity; it was not necessary or desirable to use pressure or to
vibrate the column during the packing. After twenty column volumes® of
the equilibrating buffer had passed through the column abt the tempera-
ture to be used later in the actual chromatography of the hemoglobin,
the column was ready for use.

IT Ch: Separation of Hemoglobin Lysabe into Hemoglobin AIc and AII

For fractionation of less than 2,5 gm of hemoglobin see References

1, 22, 57, and T6. The description which follows applies to the iscla-
tion of the AIC that is present in the lysate from a pint of whole
blood.

The 10 x 10C cm~column was packed with resin as described in the
preceding section and was equilibrated at 2°C with 160 liters of de-
veloperl#6.** This amount of buffer was conveniently made up 56
liters at a time by draining an empby carboy, welghing the solid re-

agents directly intoc the carboy, and filling it to the 56-1liter mark.

*By one column volume 1s meant the volume of the resin bed, ineclud-
ing the interstitial volume.

**The composition of developer #6 is 18.40 gm of NeHpPO4+Hz0, L4.70 gm
of NagHPO4, and 2.6C gm of KCN per 4 liters of distilled water,
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It was not necessary to walt for cne reagent to dissolve before adding
the next. OSolution was achieved by mechanical stirring: a motor-driven
Monel shaft that was equipped with a two-inch propeller was used to
stir the salts into sclublon. Complete sulutlon required less than an
hour,

After the column had been equillbrated, the buffer from the top of
the column was removed until the top of the Bio—Rex 70 resin bed was ex—
posed; if the fop of the resin had collected a surface scum from settled
impurities,® 1t was removed to expose a fresh surface. Approximately
500 ml of the hemoglobin dialysate (cf, p. 23) containing 50 gm of
carbonmonoxyhemoglobin in developer #6 was poured from a l-liter beaker
onto the reein bed and was stirred into thes resin to a depth of 5 em to
glve an even boundary betwéen the stirred and unstirred portions of the
resin. That portion of the dlalysate which remained sbeove the resin
was allowed to flow into the column by gravity. When the resin surface
was again exposed, the sides of the column were rinsed down with de~
veloper #6 at 2°C, The sides were rinsed three times; a small amount
of develéper was used each time, though the amount ﬁas gufficient to
campletely cover the top of the resin bed. The top of the column was
carefully filled with developer #6 so that the top of the resin bed

was not disturhed.

*These impurities ceme from the reagent grade chemicals which were
used in preparing the buffer, They are not a reflection of the lack of
purlty of these chemicals, but simply of the large amounts of bpuffer
which were used in equilibrating the column. The impurities could have
been removed by filtering the buffer prior to use, but it was simpler,
and just as efrfective, to use the column iltself as the filter.
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The column wae developed at 2°C with developerx #6 at a flow rate
of approximately 2 liters/hr. This rate of flow required that one-half
atmosphere of nitrogen pressurevbe applied to the buffer in the reser-
voir, The first proteins to emerge in the effluent were thc "nonheme"
protelns, and Hb—AIa and HbﬂAIb: Because we were interested 6nly in h
the isolatlon of AIo’ the effluent from the column during the emergence
of the preceding proteins was run dlrectly Lu the cold room draln where
it was diluted by a continuously running stream of tap water. The
running tap water was a safety measure the purpose of which was to di-
lute the hydrogen cyanide that was present in the bulfTer, Approximately

36 hr after column development had been started, the front of hemoglobin

ATc reached the Fritted disc (K); this process was readlly observed

-

visually. At this point the development of the chromatogram was
stopped, and the top half-column (A) was lifted away from the lower
half and was set aside. The dimensions of the column had been chosen
s0 that only Ay was present in the bottom half-column (8). Occasion-
ally, because the column had been slightly overloaded, small smounts of
A__ from the top half of the column were found In the resin topping

11

the lower half of the column., If this occcurred the AII was easily

scooped cut with a spoon. Chromatographic zones AIc and AII were
usually well separated by a region of resin several centimeters in
length.

The lower half-column (B), which was still attached to its support
system (D, F, G, I, H, J), vas taken from the cold room to the labora-

tory. After the adapter S had heen attached to the lower half-column,

the column was warmed to 38°C by circulatling water through the Jjacket
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(E). Because of the large diameter of the resin bed, this process took
two to three hours, The rise in temperature was observed on a taermom-
eter which was inserted along the axis of the resin bed. After the
column had reached 38°C, developer #6, at room temperature, was used

to elute the AIc' Approximately 2 gm of AIc was eluted in a total
volume of 2 liters. The eluate was collected in a large bottle that
was chilled in a bucket of ice. The solution of AIc was concentrated
at 2°C through collodion membrane bags* to a final voelume of 5 to 10
ml.

Hemoglohin A was eluted from the top half of the column in the

1T
same menner with the adapter (T). In order to remove the last traces
of AII from the resin, it was necessary to raise the column tempera-
ture to 50°C.

After the hemoglobin had been eluted from the resin, the resin was
removed from the column by up~ending the column over a rectangular plas—
tic reservolr of roughly 40;liter capacity™ and by washing the resin
into the reservoir with a stream of dlstilled water. This procedure
was best carried cut by two people——cne holding the coiumn, the other
controlling the stream of water. The clean resin was suspended in

water, and the column was repoured with this suspension. The column was

then ready for re-equilibration.

*Membrane Filter: type, collodion bags CB; porosity, less than 5
m, size 8 ml; Membranfiltergesellschaft, Gottlngen, Germany.

**Tank, rectangular, polyethylens, 10 gallon capaclty, with cover,
Nalge No. 11000, Aloe Scientific Company, Los Angeles, Calif.
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IT C5: pSafety Considerations in the Fractionation of Hemoglobin
Lysates

The use of large amounts of cyanide-containing buffers in the

operation of the 10 x 100~-cm column requires that gpeclal care be ex-
ercised at all times by the operatcr. At the neutral pH values of
these buffers, all the cyanide is present as HCN in selution. The
release of the hydrogen cyanilde present in one 56-liter carboy into a
cold roem three meters on a side would produce an immediately lethal
concentration of gas. In actual practice, where all containers are
kept capped, the concentration of HCN in The alr during the operation
of the column seldom exceeds 2 ppm, a level whlch 1s safe for work over
long periods without the need for = gas mask. However it is simply
gocd safety practice to have a posibtive pressure type mask (canister
type masks are not effective against high concentrations of HCN) ready
at hand in the immedlate working area and to be familiar with the rele-
vant Tilrst ald principles 1in case ol an accident. The hydrocyanic acid
gas debector manufactured by Mine Safety Appllance Ccmpany* is a moder-
ately priced, simply operated instrument which we have used to monitor
the HCN concentration in working areas.

A second safety consideration involves the wuse of polyethylene
carboys under pressure. When under half an abmosphere of pressure the
bottom (Y) (Fig. 2) of these carboys rounds out (it changes from con-

cave to convex in contour), and this tends to overturn the carboy.

*Address: 201 N, Braddock Ave., Pilttsburgh &, Pa.; detector,
hydrocyanic acid gas, complete with leather case and set of 12 dstector
tubes, No. DHT3493.



- Bl -

This tendency to overturn can be prevented by judicious arrangement of
the equipment. In any case the carboy should not be allowed to present
any danger to those working in the area of 1ts use.

We have used the 10 x 100-cm column almeost continuously over s six-—

month period without mishaps of any sort with respect to its operation.

II D; REMOVAL OF HEME FROM HEMOGLOBIN A, TO
OBTAIN AIC~GLOBIN (%, 129)

Between 5 and 10 ml of a solubion containing 2 gm of hemoglobin
AIc in developer-#6 wags dialyzed against three changes of distilled
water at 2°C., The dlalyzed solutilon was added dropwise to 1.5 liters
of 0.C1L F HCl in acetone. The acetone was kept at ~15°C by lmmersing
the reaction flask In a dry ice - methyl cellosolve bath., The mixture
was stirred continuously for one-half hour and was then centrifuged at
0°C. The precipitated globin was washed several times with cold acetons
and finally with ether. It was then vacuum dried at room temperature.
When & more purified sample of globin was needed, the ether-washed
globin was dialyzed against several changes of water at 2°C and was
freeze-dried. The quality of the Alc~globin thus obtalned varied from
run to rua;y in some cases 1t was white in color and dissolved in aqueous
golvents to give a very pale yellow solution; in others 1t was tan in
color and gave a virtually opague dark brown solution. However, re-
gardless of the globin's color; i1t was suitable for use in the counter-

current distribution procedure to be described next.™

*Thls statement i1s not meant %o imply that it is not necessary to
remove the heme from the glebin, The procedure which has Jjust bheen
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IT E: SEPARATION OF AIQ—GIOBIN INTO @ AND B BAIC SUBUNITS
Alc—globin wag separated into O and B BAIC subunite by two phase
countercurrent distribution at room tempersture as described by Hi1l
et al. (53), Initially it was hoped that the 5AI° subunit could also
be separated from the B subunit by this method, but in prsetice this

did not prove possible.

11 El: Experimental

The countercurrent apparatus consisted of 18 glass-stoppered 125-ml
graduated cylindrical separatory funnels which were equipped with a
stopcock at their bottom end.* These cylinders were attached hy buret
clamps to a common axle which was motor driven at 35 rpm.

The two phase system was prepared by mixing 2~butanol,** 0.5 F
HOAc, and 10% v/v agueous dichloroacetic acid™ " in the volume ratios
L12.51152.2615.22 respectively. The sample, consisting of 1 te 2 em

of globin, was dissolved overnight in a total volume of 50 ml of a

described fails to remove only a very small fraction of the heme origi-
nally present in the hemoglobin. However, that small fracticn which is
not removed is Intensely colored.

*his stopcock provided a convenient means of transferring the
lower phase, A thin coat of silicone grease was applied to each stop-
cock to prevent it from freezing.

**The 2-butenol should have an optical sbsorbancy at 280 mu of less
than 0.150. We found by experience that reagent grade 2-buhancl pur-
chaged from J. T. Baker (o. satisfied this criterionj we have heard
that the same ig true of the Merck product. 2-Butanol purchased from
several other sources had %o be purified by distillation or charcoal
filtration before it was sultable for use.

**Commercial preparations of dichlorpacetic acld were purified by
distillation at 45 mm Hg and 113°C.
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solution containing 25 ml each of the upper and lower phases.* After
the sample hed dissolved, it was transferred to the first mixing eylin-
der, and the phases were allowed to separate. Each phase was then
adjusted to exactly 50 ml for a total volume of 100 ml. The first-
oylinder was stoppered, and the motor was turred on for two minutes,
1i.e., seventy inversions. The motor was turned off, and after the
phases had separated the lower phase of the first cylinder was trans-
ferred to the second cylinder.** To the first and second cylinders
were added 50 ml of the lower and 50 ml of the upper phase respectively.
The cylinders were stoppered, and the cycle was repeated umtil the dis—
tribhihion had heern completed.

The degree of separation achieved was determined by mixing 0.5 ml
of each phase from each cylinder with 1.5 ml of methanol and reading the
optical absorbancy at 280 mu against the appropriate reagent blank.
From the data obtained, the distribution coefficients of the & and
B BAEC subunits between the organic and aqueous phase could be

caleulated™™® If we were not interested in determining the distribu-

*The dissolved sample varied in color from a very pale yellow to a
very dark opaque brown depending on the amount of residual heme in fhe
starting meterial., Good separations of the subunits were obtained in
elther case.

¥*Tf the phases were slow Lo separate, three expedients helped hasten
the precess: centrifuging the solution, or cooling it to 10°C, or warm-—
ing it to 60°C. The presence of materilal having the appearance of fuzz
at the interface between the two phases usually was ean indication that
the settling would be slow; removal of this material with a syringe he~-
fore continuing the distribution reduced the time necessary for subse~
guent separabions.

¥F¥THe distribution coefficilent i1s moderately sensitive to exbraneous
components, such as heme, which may be present in the starting material
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tion coefficients, 4 ml of methanol were added to the 100 ml of solution
in each cylinder; the cylinders were stoppered and inverted a few times
to give a single phase, One millilifter of thls phase was mixed with
1 ml of methancl, and the sbsorbancy of the mixture was determined as
before. The mg* of protein in each cylinder was plotted against cyl-
inder number, and a decision was made as to which cylinders would be
pooled CFig‘ 5). For example, in Fig. 3, p. 38, cylinders 1~11 were
pooled to obtaiﬁ fhe g ﬁAIc subunits, and cylinders 13-18 to obtaln the
O subunits of the l-gm sample; cylinder 12 was discarded. For the 2-gm
sample, the B BAIC suﬁunits and % subunits respectively were cbitalned by
ponling eylinders 1~13%, and 16-18; oylinders 1k and 15 were discarded.®*
The pooled solutions were extracted once with thelr volume of
cyclohexane.*** The aqueous phase was saved. The cyclohexane phase

wag then waghed three times with one-tenth its wvolume of water,***ae and

and can therefore only be used for identification purposes under well-
defined condltions. DNormally we did not calculate 1t; when we did, it
was only to check that we were "in the right ball park."

*The number of mg in each cylinder is given approximately by the
relation mg = AV, where A and V are the abscrbancy and volume respec~
tively of the solution in the cylinder.

**The following was helpful in determining which cylinders to pool.
That cylinder to the right and left of which half the total number of
mg lay was located, and depending on the exact shape of the distribu-
tlon curve this cylinder and a certain number on elfher side of 1t were
discarded, Usually no meore than one or two cylinders needed to he dis-
carded. '

¥*¥me purpose of this step was to remove much of the 2-butancl; a
considerable reduction in the total volume of the solution was thereby
achieved.

*XK¥Any protein which may have been extracted into the cyclohexane was
recovered in thils step.
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the washlngs were added to the agqueous phase that had been saved. The
combined aqueons phases were dialyred agalnst three changes of 0.1 F
HCAc at room temperature and then amgainst three changes of water., If
the volume of the aqueous phases was very large, it was convenient to
concentrate it to a mmaller volume by evaporstion in a rotary eveporator
before proceeding to the dlalysis; 1f this was done, three drops of
p—octanol were_added to the solution to prevent foaming during the
evaporation. Finally, the agueous dialysate was lyophilized to dryness,
and the purified subunits were stored in a vacuum desiccator.
IT E2: Results

Typical distribution curves are showrn in Fig. 5.* Two curves are
shovn: in one we started with 1 gm of globin, in the other with 2 gm.
The flattening of the B 5AIC peak with increasing concentration of
globin was observed in many instances. When the cylinders were pooled
as described in the footnote, p. 37, the purity of the subunits was
shown by amino acid analysis and Sanger's end group method (cf. Table
IV, p. 77) to be better than 90%; this was true for both the separa-
tions that are shown in Fig. 3. The reason for the flattening at high
protein concentrations was not investigated since 1t did nnt seem 1o
have an adverse effect on the purity of the subunits. Approximately
85% of each chaln was recovered.

' A
The Failure of the B subunit to separate from the B I subunit

*Figure 3 should be interpreted in a semlquantitative manner only,
for the method by which it was calculated (ef. pp. 37, 39-—especlally
the footnotes thereto) was meant to gilve approximate results only. In
practice we found this method to be a relisble gulde for isolating
subunits of high purity.
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conflrmed the similarity between these twoe chains which was suspected
from Jones' (76) and our (Table VI, p. 992 ) findings that the total
amino acid composition of AIc was the same asg that of AII’ and that

the B chains of both AIc and A__ had the same N~terminal smino acid

IT
sequence {(of. pp. 12, 13, and Table TV, p. 77 ).

IT F: HYDROLYSIS OF GLOBIN SUBUNITS INTO PEPTIDES BY TRYPSIN

To fzeilitate the determination of the primery amino acid gseguence
of the 0~ and B BAIc—globin subunits from AIc and to obtain the N~
terminal octapeptids BAI°T~1 (ef. p. 19), which contalned the blocking
group R, we hydrolyzed the above subunits with trypsin (6).

A 1.7 gn sample of O~ or B BAIc—globin wag dissolved under nitro-
gen in 64 ml of water in a 150-ml besker. The solution was a turbid
straw yellow and had a pH of 5.7. The solution was titratcd to pH 8.0
with 2 F NaOH. As the pH passed through the pH 6 tc‘gﬂ T region, a
curd-like white precipiltate formed: this precipiltate redissolved as the
pH approached 1ts final value of 8.0. At 0, 6 and 12 hr, 8.5 mg of
trypsin® in 0.300 ml of 0,001 F HCL were added. A Radiometer™ pH~Stat
kept the pH constant at 8.0 during the hydrolysis. The hydrolysis was
stopped after 24 hr by lowering the PH to 6.4 with 1 F HC1. At this
EE a precipibate was obtalned, The mixture was centrifuged at room

temperature, the precipitate was washed three times with 1fs volume of

*Worthington Biochemicals: TRL 6227, salt free, twice recrystal-
lized, and freeze-dried,

**Radiometer, Copenhagen, Denmark; Titrator, Type TT1b; Titrigraph,
Type SER Z2c.
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pH 6.k pyridine-acetic acid buffer which was 0,62 F in pyridine and
0.0%5 F in acetic acid and the washings were added to the supernatant.
The washed precipitate conbalned the tryptic peptides which were in-
soluble at P_H 6.4 and was stored frozen. The supernatant , containing
the soluble tryptic peptides, was lyophilized to near dryness, and the
mixture of nearly dry peptides was dissclved in a total volume of 25 ml
of 0.2 F pyridine-k.90 F acetic acid pH 3.1 buffer (127). After the
EE of this solution had been zdjusted to 2.2 with 6 F HC1l, the peptides
ere geparated from each other on Dowex~50 as described in the follow-

Ing section.

IT Gt PRELIMINARY SEPARATION OF THE TRYPTIC FEPTIDES ON DOWEX~50

IT Gl: Introduction

The brypbic peptides from the & or P chains of hemogloblin AII had
been separated by Schroeder et al. (127) by column chromatography on
the cation exchange resin Dowex—50 X2 into several zones, each of which
contaired between one and four Indlvidual pzphides. The indlvidual,
purified peptides from these zones were obtained by further chrometo-
graphy on the anion exchange resin Dowex-1 X2. Because of the many
sintilarities between hemoglobin AIc and AII the decision was made to
attempt the purification of the tryptic peptides from the @ and B BAIC
subunits Of'AIc in the same manner.

The major goal of our experiments was to ilsolate the N~terminal
octapéptide IBAICT—-J. which contained the bhlocking group R (ef. pp. 18,

19). Now the basis of peptide separations on Dowex-50 and Dowex-1 is

differences between the ionic charges »n the different peptides, though
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other factors alsc influence the chromatography (127). Because AIc
appeared to be more negatively charged than AII’ as evidenced by ths
former's chromatographic behavior on IRC-50 (ef. p. 12; and Fig. 16,
p.185), there was promise of being able to isolate BAICT-—]_ directly hy
these methods.

In this section the separation of the soluble tryptic peptides
from B EATC—globin on Dowex-50 X2 1p deseribed. The peptides from the
@ chain of AIc were separated In exactly the same manner.

ITI G2: ZExperimental

A 3.5 x 100-cm Dowex-50 X2 cation exchange column® was equilibrated
at 38°C with 1,000 ml of 0.2 F pyridine-4.90 F acetic acid pH 3.1 buf-
fer. The solution of tryptic peptides, in 25 ml gﬂ 2,2 buffer (cf. top
p. 41), was driven into the column with air pressure., The vessel which
had contalned the peptides was rinsed slx times with 1 ml of pH 2.2
buffer (prepared from the pH 3.1 buffer by adding HC1); these rinses
were used to wash down the sides of the column above the resin bed.
These ringes were followed by three 5-ml rinses with pH 5.1 buffer,

Each rinse was driven into the resin bed before applying the next,

The column was developed at 38°C at a flow rate of 150 ml/hr¥®*

*

Purified (99) 200-400 mesh resin which, when wet and in the sodium
form, had passed through a €0 mesh wire screen, and from which the fines
had been removed by settling the resin in water, was washed comnsecu~
tively with 1 ¥ NaOH, H20, 2 F HC1l, Hz0, and pyridins, as described hy
Schroeder et al. (127). The washed resin was suspended in twice its
volume of pH 3.1 buffer, and the column was poured in five 20-cm sec~
tions with thie suspension.

¥¥This flow was maintained by a Milton Roy Mini-Pump, model CH
(Philadelphia, Pennsylvania), which was set for 100% stroke.
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with the gradient system”" described by Schroeder et al. (127). Fifteen-
milliliter fractions were collected. At fraction 600 the gradient was
discontinued, and development was continued for 80 fractions with 8.5 F
pyridire-3.1T7 F acetic acid pH 5.6 buffer. At this point the chromato-
gram was stopped.

The locaticns of thz tryptic peptides in the chromatographic frac-
tions were determined by hydrolyzing 0.100-ml aliquots from the even
numbered fractions with 1 ml of 2.5 F NaOH for 1.5 hr at 1C0°C. The
samples were contained 1n clean polyallomer or polypropylene** centri-~
fuge tubes during the hydrolysis. At the end of the 1.5-hr period, the
hydrolysates were neutralized with 1 ml of 30% HOAc in water (v/v) and
were analyzed on the Technicon Auto~Analyzer*** by monitoring the color
produced on reacting the neutralized sample with ninhydrin. A plot of
the chromatogram is shown in Pig. N, p. N,

Each chromatographic zone was evaporated in a rotary evaporator %o
a few milliliters, was diluted with water, and was lyophilized to dry-
néss. At blmes the uunes were evaporsked o dryness under a stream of

air. FRHH

¥The gradient device consisted of three 8-liter aspirator bottles
which were commected in series at thelr base by Tygon tubing. The bot-
tle nearest the pump was filled with 4.6 liters pH 3.1 buffer, and each
of the remaining two bottles were filled with 4.6 liters 2.0 F pyridine-
2.50 F acetic acid pH 5.0 butter (127).

**Beckman Instruments, Spince Division, Pale Alto, California.

*¥¥Pechnicon Instruments Corporation, Chauncey, New Tork. ©OSes Ref.
1%2 for details. -

¥#*¥¥The temperature of zone 5 should not be allowed to exceed 25°C
during evaporation: a higher temperature leads to the destruction of



- 4h -

A

N

*UOTEINOSTP IOF X293
29g *qUBTI 04 3JOT wWoxJ LTSATINOSSUOD PSISQUMU USSQ SABTY
gauoz oyl ‘*Hd — — — ¢(uraplyuru) Louwqrosqe TBoT3dO0 —r

foX 0G-xanog uo ﬁﬁ@Oﬁmqu<m d Jo wd )T woxy sspradsd oyqdlrg
sTanyos 8y Jo uorgeredes otydeifojewoxy) iy 'STL

Joqumy UOT408Ig

009 00t _ ) 002

e -

_
:ne\;rsmszH\(;JJHH oT6g L9S§ HézT

—— p— {1 *

———

Lousqrosqy



- 45 -

In order to locate the zone contalning the N-terminsl octapeptide
SAICT—l, an allquot of each of the zones in Fig. k& was electrophoresed
for 5/h hr at 3 kilovelts on & 70 em-length of Whatman *MM paper. The
electrophoretic buffer was pl 6.4 pyridine scetic #cid 0.62 F in pyridine
and 0.035 F in acetic acid (72). The sample was applied 35 cm from
either end of the paper. An equal amount of each zone was paper chro-
matographed for 12 hr by ascending chromatography on Whsatman 3MM paper
with a devcloper compoced of ipcomyl alechol, pyridine, and water in
the volume ratios 7:7:6 respectively (7, 1M4).

A
II G3: Results: Detection of P 1°7-1

The chromatogram of the goluble tryptic peptides from 1.7 gm of
A
B B lc.globin is shown in Fig. 4, p. 44, This chromatogram showed no
obvious differences when compared with a chromatogram of the soluble

tryplic peptides frum Lhe P chalus ol A This fact was nob surpris-

11’
ing ir view of the many similarities which exist between AIc and ATI.
The electrophoretic and paper chromatograpnic patterns of the
A
zones from 8 Dowex~-50 chromatogram of the typtic peptides of B B Te

globin are shown in Fig. 5, p. 46. The papers have been stained with

ninhydrin and diazotized sulfanilic acid:® the latter reagent glves

A
the blocked N—terminal oztapeptide B 1°T-1 (cf. Section II K, p.67).
The remalning zones were evaporated at Loec,

*The dry paper chromatogram or electropherogram was sprayed with
0.5% ninhydrin in acetone; after the acetone had evaporated, the paper
wag held at 80°C for 5-10 min, or until maximum color development had
occurred, Thz test for histidine was made after the peptides had been
located with ninhydrin: The paper was heavily sprayed with an agquecus
solution 0.5% in sulfanilic acid and 0.35% in NaNOa. After the paper
had partially dried, it was sprayed with 10% NapCOg in water. Histidine
containinz peptides showed "ip as orange spoksj free higtidine gave a
brownish-orange color. The ninhydrin spots were bleached by the sul-
fanilic acid-NaNOp spray.
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Electrophoretic Pattern of Zones (Fig. 4)
from Dowex~50 Chrometography

Paper Chromatography of Zones (Fig. 4)
from Dowex~50 Chromatography

Fig. 5: Electrophoretic and paper chrometographic pat-
terns from zones (Flg. 4) from Dowex-50 chromatogrephy

of the soluble tryptic peptides of B EAICJ , nin-
hydrin-positivej «....., histidine-positive;j aa = amino
acid standard containing leu, his, lys, glu. Zone num-
bers are placed along line of application of sample.

A
Arrow points (=) to p 1eT-1.
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orange colored spots wilth peptides containing histidine, The only dif-
ference between the patterns in Fig. 5 and those obtained from the
tryptic peptides of ﬁ2~globin is the presence in Fig. 5, at zone 5, of
a histldine positive peptide of low anocdic mobility. This peptide is
designated by an arrow in the Filgure and 1s absent from tryptic hydroly-
sates of B,-globin. We shall designate it BAICT-—l (ef. p. 19).

The following points are relevant. Previous chromatographic ex-
perience* with the tryptlc peptides from 62 had shown that the histidine
pogitive peptide in zone 7 of Fig. 5 was B T-1, which has the structure
val~his-leu-thr-pro-glu-glu-lys, Since the new pephtide found in zone 5
was eluted from the Dowex-50 column before the peptides in zone 7, this
peptide must have s felatiVely more negablve net ionic charge than
B T-l, This fact is in agreemsnt with both the chromatographic behavior
of AIc on IRC-50 and with the slight anodic mobility of the new peptide.
However, a glance at the electrophoretic pattierns of Fig. 5 suggests
that the new peptide is just slightly more negative than leucine at
E.H 6.0 ** Thus, whatever propsrty of the blocking group R is responzible
for the greater negativity of BAICT—l, that property does not seem to
correspond to a fully lonized carboxyl group. The fact that BAIQT—l
stainzd poesitively for histidine ie in agreement with the post‘ulated
structure of this peptide; R-val-his-leu-thr-pro-glu-glu~lys (ef. p.

19). However, the positive reaction of this peptide with ninhydrin was

*of. Schroeder et al. (127)2 zone 10 of Fig, 4 in that reference
corresponds to zone | of Fig. 4, p. Ib, this thesis.

FMlutemic acid lies outside of the fiel& of view In the electrophor-
etic patterns shown in Fig. 5. Its position corresponds to that of
lysine, pbut in the ancodic direction.
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surprising, unexpected, and therefore imporitant: a primary amino group
is essentlal for a posi¥ive ninhydrin reaction., If the N-terminus of
BAICT—l is blocked by a group R as hypotheslzed, how can this pephtide
react with ninhydrin?! We shall return to this point much later”

(pp. 67, 1h42).

IT G4: Discussion

Figure 5 shows that there were 16-18 peptides which were applied
to the Dowex~50 column.®" These pepbldes were separuted luto ben major
zones which contained an average of three peptildes each. This repre-~
sents a 6~Fold increase in the purity of each individual péptide with
respect to the starting mixture, The average yleld of each peptide,
based on the weight of the lyophilized zones was 81%.

However, the above yleld is misleading, because there was a moder—
ate to large contamination of each chromatographic zone by unidentiiled
s0lid material from the Dowex-5C resin, which islapparently soluble to
some extent in the pyridine-acetilc acid developers., Actual ylelds were
often nearer 40%-60%. The problem of contamination by resin materizl

was particularly troublesome in the case of the 3.5 x 100~-cm chromato~

*The Importance of this fact became evident only in retrospect after
much additional data, which were consistent with it, had been accumilated.
These data will be presented as the thesis is developed.

**From the amino acid analysis of B BAICT—l (cf. p. 992 ), and the
specificity of trypsin for lysyl and arginyl peptide bonds, at most 16
of these peptides are tryphic peptides, even 1f contamination of the
soluble tryptic peptidss by minor amounts of the tryptic peptides in-
soluble at pH 6.4 is allowed for. The remaining peptides are nonspecific
cleavage products arising during the various procedures. Quantitatively,
their amount is small relative to the amount of tryptic peptides.
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graphic column (cf. p. 42). Because of the large amounts of buffer
which were needed to develop this column, the peptides in the effluent
were present in large volumes of buffer; and these large volumes car-
ried with them correspondingly large emounts of resin material. For
example, the peptide BAICT~1 from zone 5 of Fig. 4 was present in the
residue from 300 ml of buffer.

A second source of contamination was lmpurities possibly present
in the buffers themselves. Although distilled pyridine and reagent
grade acetic acid were used in preparing the buffers, the presence of
trace amounts of impurities was not excluded. When large volumes of
such buffers are involved, the total amount of impurities is appreci-
able.*

Usually, even large amounts of nonprotein contaminants do not
gseriously interfere with subsequent purification and characterization
of a peptide, for such contaminants seldom attack the peptide iIn such
a way as to destroy its chemical identity. Further, in most instances,
these contaminants are removed in subsequent purification steps; and

even if they are not, the structure of the peptide can usually be es-

*As an 1llustration, roughly eguivalent to the actual chromato-
graphic conditions, the residuwe from 300 ml of pyridine-acetic acid
puffer which is 0.6 F in pyridine, and which was prepared from 99.99%
pure distilled pyridine (This degree of purity is entirely hypothetical;
webual distillates are probably lcss pure. }s containe 18 pm of impurities
from the pyridine alone. This amount 1s about equal to the um of =
peptide present in one of the chromatographic zZones in Fig. 4. Even if
the Impurities are volabile, theilr concentration could be large encugh
during the evaporation to effect chemlcal changes on other compounds
which might be present; this would be particularly true in the presence
of acetic acid, in which case acid catalysis would be possible. This
catalysis would be even more enhanced in the presence of any type of
chromatographic resin hecause of the large surface area that 1s pre-
sented tO the reactants by the resin.
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tablished by the use of reagents, such as ninhydrin, which have a
specificity for certain aspects of the peptide structure, but not for
the contaminants.

In the subsequent sections 1t will be demonstrated that the struc-
ture of BAICT—l, viz. R-val-his-leu-thr-pro-glu-glu-lys, is such as to
make 1t extremely susceptible to certain types of contaminants, even as

1

mild a "contaminant" as water. Here we merely want to establish the

fact that the presence in zone £ of Fig. L of contaminants from the

A
Dowex~50 chromatography made the purification of B Lep 1 aifficult.
TT H: FINAL PURIFICATION OF THE TRYPTIC FEPTIDES SOLUBLE AT pE 6.4

II H1: Introduction

Schroeder et al. (127) and Babin et al. (6) had shown that the
mixture of tryptic peptides ir the chromatographic zones which had been
1solated from Dowex-50 X2 columns could be separated Into purified
individual peptides on the guaternary amine anion exchange resin
Dowex-1 X2. Howcver, when the attempt was made to purify the sbherrant
N~terminal octapeptide BAICT—l from the other peptides In zone 5 of
Fig. 4 by this method, 1t was quantitatively converted into PI-1, the
nermal octapeptide; i.e., the blocking group R had been remaved from

A 3
B Loy during the Dowex~l chrormatogra,ph;y'.)S Ag has heen stated earlier

#*The logs of the blocking group R was demonstrated by the facts
that only a single peptlde having the amino acid composition (val, his,
leu, thr, pro, glup, lys) was isolated from the Dowex-l chromatogram,
and that on electrophoresis at pE 6.4 this peptide had a cathodic,
rether than anodic, mobility. This mobility corresponded to that of
BT-1, the histidine positive peptide from zone 7 of Fig. b (ef, Fig.
5). That the latter pephide was in fact PT-1 was shown by its subse-
gaent isolation and structure determination.
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(p,» 19), 1t was absolutely essential that we were able to isolate R
still attached to the peptide. Consequently, we were foreced to con-
sider other methods of purifying this peptide.

The simplest explanation for the loss of R from BAICT~1 was that
this peptide was not stable under the conditions of Déﬁex—l chromato-
graphy: vilz: in the presence of a quaternary amine anlon exchange
resin and of the basic pyridine-collidine buffer (6) with which the
Dowex~1 chmmatc;gram was developed. Because of this, we limited our
search for a better chromatographic system to cation exchange resgins
which could be developed with pyridine-acetic acid buffers at acidic
pH's.

Attempts to resolve a mixture of amino acids on IRC-50, a carboxylic
acld resin, soon demonstrated that this resin was not-likely to have
the resolving power which would be nescessary to separate a mixture of
peptides.

Canfield and Anfinsen (19) had successfully separated peptides
from egg white lysozyme on cellulose phosphate. When modified as de-
scribed below, this chromatographic system was capable of separating
5AICT—1 in better than 90% yield from the other peptides which were
present in zone 5 of Fig. 4, without the loss of the blocking group R.

At this point, because the laboratory had not had prior experience
with cellulose phosphate chromatography, the decision was made to at~
tempt to purify many of the tryptic peptides from the Dowex-50 chromato-
gram on this material in order to determine its capabilities. This at-

tempt was successful.
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IT H2: Chromatography on Cellulose Phogphate

Preparstion of Column

Cellulose phosphate® was sized into a 250~325 mesh fraction by dry
sifting. This fraction was suspended in an egual volume of water, fil-
tered onto a Buchner funnel, and allowed to drain under slight suction.
Tt was washed successively with 100 ml of 1 F NaOH, 200 ml of Hg0,
100 ml of 1 F HC1l, and 300 ml of HpO0. The washed materisl was suspended
In twice its volume of water and allowed to settle. The fine particles
were decanted. The suspension and decentation of fines was repeated a
second time. Finslly the settled cellulose phosphate was suspended in
three times its volume of buffer B, Table I, and & 0.9 x 100-cm chromat-

ographic column was poured in a single section with this suspension.*¥*

TABLE I

Buffer Compositions for Cellulose Phosphate Chromatography

Buffer PH Tonic Strength! M1 Pyridine/1 MLl HOAc/1
A 3,93 0.025 2.00 8.h42
B 3.93 0.05 4,05 15.00
c 3.93 0.10 8.10 30,00
D 4.55 0.10 10.06 12.80
R 5.50 0.19 42,00 12.97
F 6.12 0.10 83,00 5.60
G 6.12 0.20 166.00 11.38
H 6.12 0.45 390.00 25.70

TCalculated from pK values.

*Whatman Cellulose Phosphate Powder PT0.

**In buffer B, cellulose phosphate had a fibrous texture. This gave
the suspension z tendency to form agglomerates of cellulose phosphate
along the length of the column during the pouring. The formation of
these agglomerates was easlly avolded by thinning the suspension with
additional buffer B.



_.55M

Equilibration and Loading of Column
The column was equilibrated at 28°C with 250 ml of buffer B. The
mixture of peptides* from a given Dowex~50 chromatographlc zone was
dissolved in 3 ml of buffer A and driven into the column with alr pres-—
sure, The sample contalusr and the sides of the column were rinsed
three times with 1 ml of buffer B; each rinse wasg driven into the

column before the next was applied.

Development of Column

With the exception of zone 5 of Fig. h, the peptides in a given
zone from Dowex-50 were separated as follows., For zone 5, a slightly
modified system of higher resolving power was used because we wanted to
obtain 5AIGT—1 in the highest purity possible. This modifled sgystem
is described in the neit section.

The column was developzd at 28°C with a two-vessel gradient device
(15) in which the ratio of the areas of the mixer and reservoir was
2:1 respectively. The mixer and reservoir were filled with 232 ml and
116 ml of buffer B and C (Table I) respectively. A flow of 50 ml/hr
was maintained (cf. second footnofe, p. U2) and k.b-ml fractions were
collected. At the BOth fraction, any buffer which remained in the
gradlent device was removed with é suction line, and the mlxer and

regervoir were refilled with 440 ml and 220 ml of buffer C and G re-

*A mixture containing up to 50 pm of each of several pephtides can
be chromatographed on a 0.9 x 100-cm cellulose phosphate column. The
actual cepaclty of the column mey be larger than thie. We did not
have sufficient material available to determine the maximum capacity.
For chromatographing gquantities less than 15 pm, & column 0.6 x 60 cm
is more convenlent to use.
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spectively. At fraction 220 the gradilent was discontinued, and de~
velopment was continued with 300 ml buffer H. The chromatogram was

finished at fraction 260.

Modified Development of Column for Purifying SAICT—l

The sample (zone 5, Fig. 4) was loaded in the usual manner with
buffer A onte a eolumm which had been equilibrated with buffer D. The
ratio of the cross-secticonal areas of the mixer and reservoir was 1:2,
The mixer and reservolr were filled with 366 ml and 732 ml of buffer D
and E respactively. Gradient development with buffers D and E was
continued until fraction 220. At thils polint the gradlent was discon-
tinued, end development was continued to fraction 260 with buffer H.

Flow rate and fractlon size were the same as for the normal procedure.

Re~equilibration of Column

The column was re-equilibrated with buffer B immediately after a
chromatogram was finished, because on prolonged standing in buffer H,
the cellulose phosphate fended ﬁo decompose. This was evidenced by an
irreversible shrinkegce of the column as well as by increased pressure
within the column during subsequent chromatograms. Even with this pre-
caution, a column eventually developed sufficisnt resistance to flow so
that 1t was necessary to discard 1t and pour a new column with Ireshly
prepared cellulose phosphate. It is likely that the useful life of a

column could be extended by operating it at reduced temperatures.
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Results
Normal Gradient
Figure 6, p. 56, summarizes the chromatographic behavior on cellu~

Tc

A
lose phosphate of several tryptic peptides from the @ and B B chains

of AIc' This figure was composed from 18 individual chromatograms.
Because of slight variations between chromatograms the actual position
of emergence of_a varticular peptlde may vary somewhat from the posi-
tion shown in Fig. 6. A correlation between the length and ionic charge
of the peptide and 1ts position of emergence is glven on p. 55a. With
some exceptions, the longer more negative peptides emerge prior to the
shorter more positive ones. More particularly, peptides which contain
more than 6 amino amcld residues and sn ionic charge no greater than 2
emerge prior to PH 4.7 irrespective of the sign of the ionic charge.
Peptides less than 7 amino acid residues in length and which bear a net
positive charge emerge after pH 4.7. Some peptides which contain his-
tidine appear to be anomalously retarded, oT-9, OT-4, PT-7, for ex-
ample. PT-7 io on extreme case: the yield of this peptide from the
cellulose phosphate column was 0%; however, we continued to use the
column on which we had chromatographed PT-7 to purify other peptides,
and were very much surprised when several chrometograme later BT-7 wae
found in the eluate. The excessive retardation of this pepltide may be
due to the combination of its short length, large pesltive charge,
and the presence of histidine.

The correlation of peptiie structure and chromatographic behavior
showvn in Fig. 6 and Table II is very similar, but not identical, to

that found by Schrosder et al. (127) for Dowex—30 chromatography. Even
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TABLE IT

Correlatlion between Pephlde Length, Charge, and
Chromatographlic Mobility on Cellulose Phosphate

Peptide® 2 Q° Peptide® 12 QP
BT—S 19 -2
BT-13% 12 0
BT-3 13 -2 ar-1, ol-11 T 0
Q-5 9 1
pT-9 16 -3 or~9 29 -1
pT-1h 12 15
BT 10 1 O~ 14 2 1
BT-2 : 9 1
aT-L 15 -13
BT-6 2 1 oT-2 I 1
BT-8 1 1 or-8 1 1
Qr-10 2 1
BT-15 2 i
pT-T 4 13

L is the number of amino acid residues in the peptide.

bQ is an ionic charge assigned to thes peptide and was calculsted Dby
agslgning a value of -1 te glutamic acid and aspartic acids, +1 to lysine
and arginine, +% to histidine, and O tec all other amino acids.

®The peptides are designated according to the footnote on p. 19 of
this thesis. Their amino acld compositicons, from which § was calculated,
can be found on pp.l9h and 195. The peptides are arranged on this page,
from top to bottom, in descending order of their chromatographic mobil-
ities on cellulose phosphate.
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the anomalies occur for the game peptides. This similarity suggests
that peptides which are difficultly separable on Dowex-50 by the method
of Schroeder et al. might be purified on that resin by rechromatography
wlth the appropriate modifications of the buffers of Table I. This has
indeed been found %o be the case (cf. pp. 64~67, and p. 149).

The usefulness of cellulose phosphate chromatography, as described
above, can be measured by the purity of the peptides which were ob-
talned as well ag by the yields of these peptides. Tables VIT and VIII
(cf. pp. 101a-103) show that the purity of the peptides was generally
satisfactory, although for some peptides, such as QT-5, it is probable
that by slightly modifying the gradient & purer peptide could be ob-
tained. However, the ylelds of the purified peptildes were less satis-
factory. The average yleld was 55%, but the yleld for different pep-
tides was highly variable: BT-9 and BT-7, for example were obtailned in
yields of 92% and 0% respectively. Generally the better ylelds were |
obtained with acidic peptides, and the poorer yields with basic pep-
tldes.

Two major difficulties encountered with cellulose phosphate chro-
matography were double zoning and inzcreased resistance to flow in the
celumn as 1t was repeatedly used. The latter effect has already been
digcussed (p. 54). The former was manifested by two zones, one in the
pogition shown in Fig. 6, and the other displaced from it by several
tens of fractions. The practical effect of double zoning was tc lead
to contamination of one zone by another when the zones were otherwlse
well separated. For example, PT-13 and BT-9 have been found In the

vicinity of PT-5, and vice versa. Double zoning has been observed by
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others on Dowex-1 (127); however, it has been our experience that the
problem 1s more troublesome in the case of cellulose phosphate.*

A noteworthy advantage of cellulose chromatography is the lack of
contamination of the effluent by cellulose phosphate itself. In fact,
resin contaminants from Dowex-50 chromatography (cf. p. h8—50)'were to
a large extent removed by subsequent chromatography on cellulese phos—

phate.,

Modified Gradient

The purification of ﬁAIQT—l from zone 5 of a Dowex~50 chromatogram
ig shown in Fig. 7, p. 59. The zone labeled PBT-1 at fraction 82 is not
usually present in zone 5. Here, it arose by the loss of R from
5A?LC:T-~2L prior to chromatography, because cellulose phosphate chromsto-
graphy of a known smount of BAIQT~1 gave a recovery of 92%. PBT-9 is a
normal constituent of zone 6 (ef. Fig. 4, p. 44) end frequently over—
laps Into zone 5.

When zone 5 from the tryptic peptides of 1.7 gu of P ﬁAIc~globin
was chromatographed with the modified gradient, 20 um of purlfied
5AICT~1 was found in the effluent. However, after the effluent had
been concentrated at room temperature on a rotary evaporabor and evap—
orated to drynmess with a siream of air, the dry resicdue contained no

A
B TeT -1 rather, it contained 20 pum of BT-1, the normal N-terminsal

*There is no resson to believe that the difficulties which have
been discussed in this parsgraph are insurmountable. Our Investigation
uf Lhe prupertles of celluluse phosphate has been limited to the chro~
matographic systems which were described on previous pages. Variatimns
in buffer compositions, temperature, etce,, mlight reduce or eliminate
gome or all of these difflculties.
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octapeptide: that is, the blocking group R had been quantitatively
removed from ﬁAICT~l.

This catastrophe was the end result of six months of experimental
effort. It was totally unexpected, because careful experiments with
smaller amounts of material on 0.9 x 100-cm and 1.8 x 100-cm Dowex-50
columis, and on 0.6 x 60-cm and 0.9 x 100-ecm cellulose phosphate columns
respectively, had resulted in the successful isolation of BAICT—l. The
procedures which have been deseribed in the preceding sections differed
from the small scale experiments only in thelr increased scale, and in
particular the 4-fold increase in scale which resulted from Dowex-50
chromatography on a 3.5 x 100-cm colwmn. We belicve the causc of the
loss of the blocking group was due to excessive resin or buffer contam-
inants from the large scale Dowex-50 chromatography (cf. pp., 48-51).
When the effluent, which contained purified ﬁAICT~l, from the cellulose
phosphate chromatography was evaporated te dryness with a stream of air
(cf. p. 58), the evaporating solutlon underwent a series of color
changes from colorless, to pale green, %to blue-green, to brown, to very
dark brown. The dry residue was a dark brown and dissolved in water to
glve a very dark brown solution. This sequence of color changes had
never been observed in smaller scale experiments.

The misfortune which has Just been described is the major reason
the complete structure of the blocking group R is not known today. The
chemical.characterizations which we have accomplished, and which are
described later in the thesis, were made possible by small scale iso-

A
lations of B *°T-1,
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I'hls section concludes the description of the final purification
af the soluble tryptic peptides. Before describing the degradation of
BAICT~1 inte smaller peptlde fragments, we shall describe the isclation
and purification of the tryptic peptides which were insoluble at pH 6.4

(ef. p. 41, top).
II I: PURIFICATION OF THE TRYPTIC PEPTIDES INSOLUBLE AT pH 6.k

The psptides from the B chains of AII which are insoluble at gﬂ
6.4 were known to be PT-10,11 and PT-12% since earlier workers had
purified these peptides by first oxidizlng the cysteine residues which
they contain to eysteile zecid residues (55), and‘then separating the
mixture of the two peptides on Dowex-50 (37). Because it turned out
that the inscluble tryptic peptides from B BAIC were identical to those
from AII’ we were oblc to purify these peptides succesgsfully in the
seme manner.

1T I1: Performic Acid Oxidation

Approximabely 160 mg of the ihsoluble pepbides from the brypbic
A
hydrolysis of B B ¢ (cf. p. 40, bottom) were dissolved in a mixture of
2.5 ml of formic acid and C.5 ml of methanol in a 25-ml Erlermeyer

Tlask. A mixture of 0.125 ml of jO% H and 2,58 ml of 99% Tormic

Y2
acid were allowed to stand in a test tube at room temperature for 2 hr.
At the end of this time both the Erlenmeyer flask and the test tube

were cooled to ~10°C. The contents of the cooled test tube were poured

inte the flask which was then kept at ~-10°C for 3 additional hours.

" *For nomenclature cf. footnote p, 19.
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At the end of this time the contents of the flask were poured inte 200
ml of water anéd were lyophilized to drynesgs., Fifty milliliters of water
were added to the dry residue, and the solution was again lyophilized

wo dryness.

IT I2: Isolation of Purified p7-10,11 and PT-12 on Dowex-50

The mixbture of peptides obtained from the performic acid oxildation
were purified by the method of Coldstein 2t al. (37). A 0.9 x 22-em
Dowex-50 X2 eatinn exchange column was equilibrated at 50°C with 90 ml
of 1.07 P pyridine-0.50 P acetic acid EE 5,52 buffer.

The columm was loaded with 16 mg of the mixture of performic oxi-
dized peptides which had been dissolved in 1.0 ml of the 1.07 ¥ Eﬂ 5.572
buffer and adjusted to pH 1.5% with HCI.

The column was developed for 60 fractions with the 1.07 F pyridine
pH 5.52 buffer. The flow rate was 31 ml/hr, end 2-ml fractions were
collected, At fraction 60, development with the 1.07 F buffer was
stopped, and development was continued to fraction 140 with 2.00 F
pyridine-1.00 F acetic acld gﬁ 5.52 buffer,
1T I3: ZResults

Peptide PT-10,11 emerged in the effluent between fractions 10 and
20, PT-12 emerged between fractions 90 end 100. GColdotein et al. (37)

presents these results graphically.

*If the pH was greater than pH 2, there was much precipitation.
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A~
IT J: DEGRADATION OF BT-1 AND £ 1©T-1 WITH PAPAIN:
ISOLATION OF VAL-HIS AND R-VAL-HIS

II Jl: Introducticn (ef. p. 19)

The N~terminal octapeptide BT-1 of the B chain of AII 1s known to
have the amino acld sequence val-his-leu-thr-pro-glu-glu-lys. Hill
et al. (54) had hydrolyzed this octapeptide with papain; among the pep-
tide fragments from the papain hydrolysis they found the dipeptide
vel-his. If an anelogous degradation of the N-terminal octapeptide
BAICT~1 of the ﬁAIC chaln of AIc could be achieved--and this appeared
likely in view of the fact (cf. Table VIII, p. 102a) that ﬁA1°T~1 and
PT~1 had the same amino acild compositlon--the resulting dipeptide
R~val-his might be small enough to permit the determination of 1ts
complete structure by infrared spectroscopy, nuclear magnetic rescnance
spectrogcopy, mass spectroscopy, and medern chemical methods of classi~
cal structure analysis.,

A
II J2: Papain Hydrolysis of PT-1 and § T°T-1

To 0.4~12.0 pm of Lhe oclapeplbide 1n 0,100 ml af HEO 1n w smull Lest
tube were added 0.050 ml of 0.1 F 2,3-dlmercaptopropancl, 0.010 ml of
0.2 F pH 4,25 NaAc~-HOAc® buffer, and 0.040 ml of papain as a 15 mg/ml
agueous solution. Ine hydrolysis was allowed to proceed at 38°C for

24 hr at which time the contents of the test tube were evaporated to

dryness with a stream of ailr and stored until needed,

*Prepared by dissolving 1.64 gm of NaAc {or 2.70 gm of Nahc»3Hz0)
and 2,63 ml of IIOAc in 100 ml of IIxC.,

*¥Purchased from Nutritional Blochemlecals Corporation, Cleveland,
Ohio.
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IT J3: Electrophoretic Detection of Val-his and R-val-his in the
Papain Hydroclysate

The papain hydrolysstes from BT-1 and BAICT—l were examined elec-
trophoretically at pH 6.4 as described on p. 45. The electropharetic
patterns are shown in Fig. 8 which 1s taken from Reference 57. Pre-
liminary identification of the peptides indicated as B-val-his and val~
his was made by electrophoretic and paper chromatographic comparison
with authentilc samples® of val-his and acetyl-val-his. Final identifi-
cation was made after the peptides from the papain hydrolysate had been
purified on Dowex~50 X8.

IT Jhk: Isolation of R-val-his

The peptides from the papain hydrolysis of BAICT~1 were separated
from each other by a modification of the method devised by Goldstein
et al. (38). These investigators, using the buffers of Konigsberg and
Hill (80), succeeded in separating a mixture of the peptides in Fig. 8
by two chromatograms on Dowex-50 X2. By using Dowex-50 X8, and buffers
of lower ionic strength, we have resolved these peptides on a single

chromatogram.**

*The synthesis of val-his and acetyl-val~his is given in Appendix
I, p. =201.

**The difference between Dowex-50 X2 and Dowex-50 X8 polystyrene
sulfonate type cation exchange resins is that the former 1s 2% cross-
linked and the latter 8%. Discussions with Richard T. Jones had sug-
gested that peptides difficult to separate on the former resin were
sometimes readily separable on the latter. We wanted to be able to
separate a mixture of R-val-his from val-his, if it should have proved
necessary. The similar structures of these two peptides suggested that
they might be difficult to separate, and 1t is for this reason that
Dowex~50 X8 was chosen. The same consideration was responsible for the
choice of low ionic strength buffers. At high lonic strengths, the in~
teractlon bebtween bhe resin and peptldes 1s reduced. By lncreasing the



*SUTPTASTY 103 Aseen Lros qods payoqey LTSULs ouz pue ‘SUTPTISTU IOF
LTSuoaqs Krsa pegowsa syods POYOGERUSSOID UL CULIPAUUTU UITA ¢ LToaT00ds
—ox fxcroo qurer LIisa pue Suolgs e o488 qeUy §q0ds SUTTINO SSUTT Pe340D DUB
pTTOog cuctaeoTTdde JO SULT 9U3 SMOUS MOXI® 3T .A.Hmao.mv T—Id pus A.Hmmmﬁv
HIH_QH<a Jo segesfroxpfy tvreded Jo °9 ad qe sursqqed orgexoydoxqosTe Jadeg :gQ *BTA

SIY-|0A
SIY-IOA-Y 27/

,_65_.

()
0O 1

1 Q3
0 Q




- 66 -

A 0.6 x b5-cm Dowex~50 X8 cation exchange column® was equilibrated

at 38°C with 200 ml pH 3.28 buffer (Table IIT). The mixture of peptides

TABIE TIT

Buffer Compositions for Dowex-50 X8 Chromatography

Buffer pH Iconic Strengthf ML Pyridine/l ML HOAc/l
A 2,41 0.004 0.00 62.5
B 3.28 0.05 4,03 61.80
c L.21 0.05 k.59 10.40
D 5,28 0.05 9.h2 k,20
E 5.28 0.10 18.85 7.80
F 5.64 0.3%0 686. 181,

TCalculated from pK values

. A
from the papain hydrolysis of 12 um™* of B Ier.1 was dissolved in 0.k
ml of buffer A and was driven into the column with alr pressure. This
was followed by three 0,2-ml rinses with buffer B. The column was de-

veloped stepwise: development with buffer B was continued to fraction

interaction by lowering the ionic strength of the chromatographic buf-
fers, increased resolution between peptides is frequently obtained.
The weaker buffers also result 1n legser contemlnatlon of Lthe lsolated
peptides with any trace impurities which msy have been present in the
reagent grade chemicals from which the buffers were made,

*purified (99) resin was prepared from Amberlite CG-120, Type II
(finer than 200 mesh) resin. The purified resin was sized into 25~30 n
particles by hydraulic flotation (49, 100). The 25-50 W Iraction was
washed consecutively with 1 F NaOH, Hp0, 2 F HCl, Hz0, and pyridine
(127), and was then suspended in twice 1ts volume of pH 3. 28 puffer
(Table III)., The column was poured in five 10-am sections with this
suspension. The first three sections were settled by pumping pH 3. 28
buffer through the column at 15 ml/hr; the latter two sections were
settled at 10 ml/hr.

**The capacity of the column is prebsbly considerably larger than
this,
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100; at fraction 100, buffer B was replaced with buffer C; at fraction
200, C was replaced with D; at fraction 300, D with E; and at fraction
400, E with ¥. The chromatogram was finished at fraction 500. A flow
rate of 10 ml/hr wag maintained, and 1-ml fractions were collected.
Figure 9, p. 68, shows the separations that were cobtained with
the above system. Val-hls emerges from the column after lysine (38),
so if a mixture of R-val~his and val-~his had been present, it would
have been readily resolved by the chromatagraphy. The separation be-
tween glu-lys and R~-val-hls was approximately flve fractions; amino
acld analysis of these two peptides showed that neither was contaminsted
by the other. The yield of R-val-his, based on the amount of BAICT-l

which was taken for papain hydrolysis, was 28%.
II K: THE LABILITY OF THE BILOCKING GROUP R

In this section we wish to draw together several miscellaneous
observations which were made during the course of the isolation proce-
dures and which demonstrate the lability of the bond hetween the block .
ing groupR and the N-terminus of the BAIC polypeptide chain., Several
of these observations have been described 1n previous sections and are
repeated here Tor emphasis.

First, each of the compounds BAI°T~1 and R~val-his reacted posi-
tively with ninhydrin at 80°Cj however, at room temperature only a
wesk positive reaction with ninhydrin oceurred. Second, when 6AI°T~1
was chromatographed on the gquaternary amine anion exchange resin Dowex-

1, the dlocking group R was quantitatively cleaved from the N-terminal

A
valine of this octapeptide. Third, when P T€r.1 vas obtained from the
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evaporation of large quantities of buffers, the blocking group R was
cleaved. Fourth, three experiments were done in which 0.2 um R-val-his
wag heated at 38°C for 16 hr with 1 ml of water, 1 ml of 0.0001 F (pH
10.08) NaOH, and 1 ml of pH 8.92 pyridine-collidine~acetic acid buffer
(127),* respectively. After the three solutiocas had been evaporated to
dryness at 38°C with a stream of ailr, analysis of the residues by elec~
trophoresis showed that in the first two cases the blocking group R was
quantitatively.cleaved from R-val-his to give val-his; in the third case
R-val-his was unaltered.** Fifth, in the course of chemically charac~-
terizing 3ALCT-1 and R-val-his we took many aligquots of these compounds
from the test tube which contained the purified compound. This was ac-
complished by dissolving the dry compounds in a tenth of a milliliter or
so of water, removing the aliquot, and evaporating the remaining solu-
tion to dryness at 25°C. .Each time an aligquot was taken in the above
manner, some of the BAICT—I or R—val-his which remained in the test

tube was converted into BT-1 or val~hils respectively.

It is Interesting that the degree of cleavage of R in the above
cages appears to increase as the molecular weight of the peptide %o
which R was attached decreases: there was very little, if any, loss
of R from hemoglobin AIc or B BAIC—globin; on the other hand, loss
of R from ﬁAIcT—l and R-val-his was frequently the factor which limited

the ylelds of these compounds.

*Thie buffer was the same one with which the Dowsx-1 chromatogram
had been developed.

¥¥The failure of the pyridine-collidine-acetic acid buffer alone to
eleave the R group implies that Dowex-l resin itself, in the presence
of this buffer, is the major cause for the loss of the R group in
Dowex~1 chromatography.
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It is also interesting that the peptides which contain R are rela-~
tively stable below pH 5 regardless of thelr molecular weight.

The relevance of the above facts for the structure of R will be
discussed in Section VII, p. 142, From the point of view of the isola-
tion procedures, the practical result of the lability of R is to reduce

the overall yield of R-val-his.
I1I L: OVERALL YIEID OF R~VAL-HIS FROM TEE ISOLATION PROCEDURES

The yield of hemoglobin in A_  from Bio~-Rex 70 chromatography of

Ie
whole bleood lysates was aboub 95%. Dehened Alc—globin was obtained
from hemoglobin AIC in 98% yield. Countercurrent distribution of Alc_
globin resulted in an 85% yield of B BAIc—globin. BAICT~IL was isolated
in 81% yield by Dowex~50 X2 chromatography of the tryptic hydrolysate of
B BAIC—globin. When EAICT~l.was purified on cellulose phosphate, 92%
of the peptide was recovered, Chromatography on Dowex-50 X8 of the
papain hydrolysate of BAICT—I returned R-val-his in 28% yield. Thus,
the overall yield of R-val-his was about 17%. More concretely, approxi-
mately 7 mg of purified R-val-his were isolated from three pints of
whole blood. The blocked dipeptide was pure in the sense that it was
free from other smino acids and peptidea; however 1t was gtill contami-
nated with about 20% (cf. Table XIV, p. 139) of resin and/or buffer
impurities. Seven months were reguired to isolate these seven milli-
grams of R-val-his.

The overall yield of 17% for R-val-his probably does not include
losses which are caused by the lability of the blocking group R.

Lopses from the labtter source will further reduce the overall yield.
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Finally, it is worth mentioning the relative merits of large and
small scale isolations. Wherever column chromatagraphy was invelved,
it was more convenient to carry out the isolaticn on a large rather
than a small scale, because the time required per chromstogram was
about the same in either case.® However, because of the limited size
of the countercurrent distribution apparatus, many small scale distrib-
utions had to be run in order to obtain large amounts of B BAIC sub-
units, This factor tended to offset the advantages which were gained
by the large scale chromatographic procedures. It therefore would not
be worthwhile at present to increase the scales of isolation over those
which: have already been described. Rather, efforts should be directed
towards developing a column chromatographic method for isclating the
B BAIC subunit, In this manner full advantage could be taken of the

galns which result from large scale operations,

*This was only approximately true. It required more time and ef-
fort to physically manipulate the egquipment which was used in the larger
scale isolations. In any case, the amount of product which was obtalned
per unit time was less than proporticnal to the scale of the isolation.
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IIT A: INTRODUCTION

Four experiments were done to confirm and refins the gross struc-
ture¥® dé B BAIC which was proposed for hemoglcobin AIc at the top of
p. 14, In the first experiment, Jones' (76) work with dinitrofluorc-
benzene (cf. p. 13) was repeated to determine the number and types of
polypeptide chains which were present in AIC:' In the second, the sub-
units of AIc were dissociated from each other and recombined to form a
hemoglobin which chromatographed like AII on IRC~-50: this experiment
confirmed the presence of the normal--i.e., unblocked--P chain in A,..
In the thira, thz globin from.AIc was electrophoresed at EH 1.8 in an
attempt to detect charge differences between the polypeptide chains of
AIC and AII' In the fourth, Alc—g],obin was separated into two poly-
peptide fractions by countercurrent distribution, and each fraction
was analyzed for the number and types of subunits present, for its
aminc scid composition, and its amino acid sequence.

Only the first three experiments will be described in this section.

The fourth is sufficilently complex to require a section of its own.

“IIT B: DETERMINATION OF THE N-TERMIRAL

A
AMINO ACIDS IN A, AND IN f F Ie

Senger's (121) end-group method, in which 2 ,lh-dinitrefluorobenzene
is used to determine the N-terminal amino acid present in a polypeptide;

A
wag applied to hemoglobin AIC,AIC—globin, and to B B Ic-globin to

*The term gross structure has been defined in the footnote to
. 19.
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confirm the presence of %two @ chalns and of at least ore normal B chaln.
The experimental procedures for dinitrophenylation followed Rhinesmith's
et al. (119, 120, 121) adaptation of the method of Levy and Li (87).

IIT Bl: ZIExperimental

A
Approximately 1.5 pm of A , Al -globin, or B B le_globin, which

I
were prepared as described on pp. 23, 3k, and 35, were suspended in

10 ml of water at 40°C. The sclution was titrated to pH 9.0 with 0.2 ¥
NaOH, 0.15 ml of E,M—dinitrofluorobenzene was added, and the reaction
was allowed to proceed for 2 hr. The PH was kept constant at 9.0 by
the automatic addition of 0.2 F NaOH. At the end of 2 hr, the reaction
was stopped by bringing the solution to pH 1.0 with 6 F HCl, At pH 1.0
the dinitrophenylated globin precipitated. The precipitate was iso-
lated by centrifugation, washed twice with 0.1 F HCl at 4°C, rinsed
three times with ceold scetone, three times with ether and was vacuum
dried at room temperabure overnight.

When AIc hemoglobin was the starting material, after the dinitro-
phenylated hemoglobin had been precipitated at pH 1.0 and washed twice
with 0.1 F HCLl a%t h°C, the heme was removed by suspending the dinitro-
phenylated hemeglobin in acetone which was 0.01 F in HClL., The mixture
was shaken continuously at room temperature for 1 hr, centrifuged, and
the precilpitated diniltrophenylated globin was washed with acetone and
ether and dried as described above.

The'dried, welghed dinitrophenylated globin was suspended in 10 ml

of 6 F doubly glass-distilled HCl, was allowed to stand for 1 hr to

insure thorough wetting, and was then hydrolyzed under reflux for 15
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min® in an oil bath set at 240°C.™ The hydrolysate was rinsed iInto
a 60-ml separatory funnel with four 1-ml portions of 0.06 F HC1l and was
extracted with four 25-ml portions of ether. The comblned ether ex-
tracts were washed with three 10-ml portions of 0,06 F HC1l in & 125-ml
separatory funnel. The first washing was usually a light yellow and
wag added to the aqueous phase from the ether extraction. The other
washings, if colorless, were discarded, The ether extract was evapo~
rated under s stream of ailr; the residue contained the dinltrophenylated
@ chain N-terminal dipeptide DNP-val-leu and small amounts of DNP-val
from the N-termini of the starting material.

The agqueous phase from the ether extraction was extracted with
six 25-ml portions of ethyl acetate. The combined ethyl acetate ex-
tracts were washed with six 20-ml portions of 0.06 F HCL; all washings
were discarded, The residue which was obtained on evaporating the ethyl
acetate extracts conbained the dinitrophenylated B chain N-terminsal di-
and tripeptides AiDNP-val-his and diDNP-val-his-leu.

Any longer N-terminel dinitrophenylated peptides from the 15-min

hydrolysis of the P subunlts were not extractable by the above proce-

*¥Rhinesmith et al, (119, 120, 121) have shown that in 15-min hydrol-
yses, N-terminal DNP-val-leu is quantitatively cleaved from the & chain,
and diDNP-val-his and di1DNP-val-his-leu are partially cleaved from the
N-terminus of the B chain. Small amounts of DNP-val are slsn present
from the further hydrolysis of the above compounds. On prolonged hy-
drolysis for 22 hr N-terminal DNP-valine is guantifatively cleaved from
both @ and B chains. By combining the data from a 15-min and 22-hr
hydrolysis it is possible to calculate the number and types of Q and P
chains that are present in the starting material.

**The high temperature was used to bring the solution to 1te boiling
point rapidly, In this manner, the time of hydrolysls was accurately
controlled,
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dure hit remained in the aqueous phase from the ethyl acetate extract.¥®
The longer peptides were degraded to N-terminal DNP-~yaline by hydrolyz-
ing the agueous phase at 100°C for an additional 22 hr. The extraction
procedure that wage degeribed above wae repested to recover the N-ter-
minal DNP-valine from the 22-hr hydrolysis.

The residues obtalined from the evaporation of the organic phases
were chromabographed on silicic acid-Cellite columns as described by
Green and Kay (kl) and Rainesmith et al. (120, 121, 125). The N-ter-
minal dinitrophenylated peptldes and amino aclds in the residues were
identified by thelr chromatographlc behavior on these columns and were
estimated by thelr ulbtraviolet and visible spectrum in the manner de~
scribed by the above investigators.

III B2: Resultg

The results of the above determinstion are shown in Table IV,

e 17 4These results confimm the earlier work of Jones (76), and sup~
port the subunilt structure aé B BAIC that 1s proposed by us in which
the N-terminus of the EAIC chain is unreactive towards 2,4k-dinitro~-

fluorobenzene because this N-terminus is blocked by some group R.

I1I ¢: SELF-HYBRIDIZATION OF HEMOGLOBIN AIC

By the self-hybridization of a protein we mean a dissoclation of

that protein into its constituent subunits that 1s followed by a re-

combination of those subunits to form a different protein(s), chemically

*These longer peptildes arise from the fact that the hydrolysis of
the dinitrophenylated B chains to the N-~terminal diniltrophenylated di-
and tripeptides 1s Incomplete after 15 min. 8See first footnote on
preceding page.
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TABLE IV

Amount of DNP-Peptide Isolated™

b

Starting Compound n From @ Subunits rom B Subunits
val-lew + val val~his~leu + wal-his
DNP-Ap 5 W00 + 9 100 + 9
DNP-A_ I 128 + 18 56 + &°
A
DNP-p B L€ 1 y& 33¢5¢

®The amounts of peptides which were experimentally obtained from
DNP-A __—globin were assigned the arbhitrary value 100. The smounts of

1t

A
peptides found for DNP—AIC and DNP-P B Ic are expressed relative to

those found for DNP—ATI. DNP means 2,4~dinitrophenylated.

bg 1s the number of independent determinations made.

®The value to be expected if the N-terminus of one of the twe B sub-

unite is blocked is 50,

The small amount of & subunits which are present confirms the

purity of the starting protein.

eThis value 1s somevhat low for some nonchvious reasca; 1t is the
result from a single determination, and i1t is likely that the low value

is simply a reflection of a poorer than normal run.
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distinct from the first. In particular, the experiments in this section
were designed to show thet the self-hybridization of hemoglabin AIC’

a2 B BAIC, wonld result in the formabion of hemoglobin AII’
formation of the latter protein would confirm the presence of the p

Qé 62. The

Aw—
subunit, as distinguiched from the P +C subunit, in hemoglobin AIC.*
IT Cl: Theoretical

that is contaminated with a fraction F of A **

If a sample of AIc 1T

dissociates under appropriate experimental conditions via
A A
(1-P)a,ppe+Pa, p,—> 20+ (1 +P)B+(1-P)B"C,

and if the recombination of the monomeric subunits 1s random, then if
the experimental conditions are altered so as %o cause these subunits

to reassoclate into hemoglobings, each of which contains two @ and two

*The possibility of self-hybridizing AIc was suggested by the simi-~
larities between the gross structures of A, and hemoglobin Fi (cf. DP.
11, 14), and a comment by Dr. Alexender Miller that the latter might be
expected to gelf-hybridize via

N-Acetyl R N—-Acetyl
EQé a4 = Oé 7ot aé 7o

FI FII

under sultable conditions. To the best of our knowledge this sugges-
tlon of Dr, Miller with respect to FI has never been followed up.
**1t 1s difficult to be sure that s sample of AIc’ which has been
1solated by IRC-~50 chromatography is absolutely free from.AII. The
reason for this i1s that AIc’ when chromatographed on this resin, ex-

hibits a long chromatagraphic "tail" (cf, Fig. 10, p. 85) which extends
into the A*I region. When the chromatographic column is warmed in order

to elute AII’ the tail from the AIc 1s also eluted as a chromatographic
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A .
p-like (l.e., B or B Icsubunits)* the overall result of the dlssocla-

tlon of AIC and the reassoclation of its subunits can be written
) AIc y 2 2 Are
{1 ~ P) o, BPp°+hrap, —> (L+P) B, +(1- F)%a, B,

A
+2(1+P2)(1-Pla, e .

peak in the position of AII. The AIC which was used in the hybridiza-—

tions did not contaein any hemoglobin from this tail. Nevertheless, re-
chromatography of "tail-free" A, on IRC-50 always produced a new tail

which extended into the AII region. It may or may not be that this

tailing phenomenon 1s due to the lability of the blocking group R (cf.

P, 67), and that the hemoglobin AIc which chromatographs like AII 1s in

fact AII which has been formed from.AIc by the loss of R. In any case,

the contamination with this AII~like material is quantitatively small:

it is not, however, negligible, and its effects on the outcome of the
hybridization must be allowed for. Firxrst, the ddentification of the
hemoglobins in a self-hybrldization experiment was made by their chro-
matographic mobility on IRC-50: any AII~like materiel origlnally pres-

ent in the AIc sample bhefore self-hybridization would naturally be pres-

ent after self-hybridization end could lead to the false conclusion that

self-hybridization of bthe AIC had occurred when in fact it had not.

Second, 1if the AII—like material were in fact hemoglobin AII’ there

would exist a sbatistical bilas during the recombinstion of the subunits
which favors the formation of more AII by self-hybridization than would

have been formed in the absence of the contaminating AII' Both these
effects have been allowed for in the derivation given in the text,

*The assumption of equal numbers of &~ and P-like chains in each
hemoglobin molecule is not necessary, but without it the equations be~
come algebraically cumbersome, In Interpreting the outcome of a self-
hybridizatlion experlment quantltatlvely, 1t 1s necessary to assume
some sort of medel., The ulbimate Justifilcation of the mpdel selected
rests, of course, on experiment. Qualitatlvely, 1t suffices to state
that 1f self-hybridization occurs or dees not oceur for one model, it
must occur or not occur respectively, for all models—-and hence for the
correct one, This last statement is true even 1f the model chosen to
interpret the results happens to be incorrect. An incorrect model may
lead tc incorrect quantitative interpretatians of the experimental re~
sults, but 1t cannot lead to a false concluslon as to whether qualita-
tively self-nybridizstion dild or did not occur.
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If only a fraction f of the original sample of AIc undergoes the disso~
ciation and reassociation reactlon, then affer reassoclation the rela-

tive amounts of the different hemoglobins which are present are:

L1~ )12 -P)+2f(1 + P)(1L - P)

i

1o

Arg =41 - 0P+ 20+ P)B
% BEAIC = (1 - )
Defining
R, = App/hr,
R, = A/ r3QAIC ;

where these ratios refer to the hemoglobins present in the reassociated

A
sample, then by substitublng the wvalues of AIC’ A__, and Gé 52 1e given

IT
above into these definitions and solving for f in terms of RX and P,

and for Ry in termes of f and P we get

Lp
BB - T By

T T +X23X)(1 -

4P
Ry = 1+ T - p)Er

The overall result of the self-hybridization of Alc can he nicely sum-

marized In the form of an equilibrium* reaction

*It should be emphasized that this equilibrium is a hypothetical
one which may or may not exigt in fact. Here 1t ls simply a convenient,
formal way of expressing the data. The equilibrium reactlon which ac-
tually exists under the conditions or dissceiatlon 1s almost certainly
not the one given above but either
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A A
T —— Te
20@ BB a, 52 + Q, ﬁg .

The equilibrium constant Zor this reaction under the conditicons of

dissoeclation is then

o L _(zf)efe) g

€ [e@@ - f)+ £12 k(2 -£)2

Under the assumption of random recombination of subunits the maximum
pesslbhle value of Ke 1s 0.25, whilch corresponds to 100% self-uybridlza—

tion of the A .
Ic

A A
a, BB Ie — 2a+ B+ B L°

with en equilibrium conshant

1 213

K, = T-7%)"’

or

A
aé B 6 Te —— o B + o AIC

————

with an equilibrium constant

1 f2

K = -z’

or perhaps both. That equilibria of the above nature exist is failrly
well established., Schroeder and Jones (131) have reviewsd the evidence
for such equilibria. The f in the above expresslons 1s the same as that
on p, 80. One advantage of the hypothetlcal equilibrium given at the
top of this page over those given in this footnote is that 1t shows at

a glance the products to be expected in the reassoclated sample, and
the magnitude of K_ (p. 81 ) permits one to calculate the relative

amounts of these products.
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Summarizing, if the ratio of AI ta A o in the reassoclated sample

I I

1s determined experimentally, and the purity of the starting sample 1is
kneown, then the fraction of self-hybridization f, the equilibrium con-
gtants for the varicus modes of dlssoclation, and Ry can be calculated.
If Ry can be determined experimentally, it can be compared with the
calculated value of Ry as a conslstency check.

A measure of the maximum error tc be expected in f, Rcalc

3] Ké: Kell
and Ke" can be obtained by differentlating the expressions for these
guentities. Explicit equations for these errors are glven in Appendix
I, p. 213, The imporbant point here is that the relative error of Ké
1s always approximstely three times the relative error in f, lrrespec-~
tive of the numerial value of f. On the other hand, the relative errors
of Ke' and Ké” become infinite as the fraction of self-hybridization ap-
proaches lOO%. This superiority of Ke over Ket and Ken shows up nilcely
in the data to be presented later in Table V, and 1s among the reascns
the hypothetical, but nonexlshent, equilibrium given at the top of p. 81

wag chosen over other modes of representing the data.

IIT C2: Experimental

Determination of P
The contamination of the carbonmonoxy~AIc vhich was to be used in
the self-hybridization experiment by material which chromatographed
like hempglobin AII

A, with developer #5% at 6°C on a 0.6 x 35-cm IRC-50 column as de-

was determined by chromatographing the carhonmonoxy-

seribed by Clegg and Schroeder (22).

*Developer #5 (22) was prepared by dissolving 16.56 gm of NaHpPO4-
Hz0, T7.10 gm of NapPO4, and 2.60 of gm KCN in 4 liters of water. The
PH of this buffer was 6.85.
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Self-Hybridization

Hemoglobin can be dissocclated into its constitubent subunits in
both acldic and basic solutions, and in neutral soluticens at high and
low ionic strengths (Schroeder and Jones, Ref. 131, have reviewed the
krown methods of dissoclating hemoglobins). In the following experl—
ments, both acidic and basic solutions were used to induce dissccla-
tion.

For subunit hybridizatilon under acldic conditions 15 mg of carbon-
monoxy-A; in 0,200 of ml water was added to 0.800 ml of pH 3.63 or
pH 4.66 HOAc-NaOH buffer at en ionlc strength of 0.10. The mixture
was dialyzed at 2°C for 2k hr against 2 liters of the HOAc-NaOH buffer.
This was followed by dialysis at 2°C against Eﬁ 7.61 tris-HC1 buffer
for 8 hr, then by dialysis at 25°C for 30 min against fresh pH 7.61

buffer.*™ At this point the dialysis sac was transferred to developer

*The pE 3.63 buffer was prepared by diluting 8.20 gm of Nalc and
47.9 ml of HOAc to 1 liter. The pH 4.66 buffer was prepared in like
manner with 8.20 gm of NaAec and 5.0 ml of HOAc, 3Boiled water which had
been cocled to room temperature was used in preparing these buffers.
Boliling the water minimized the amount of oxygen in it from dissolved
alr, It was conceivable that small amounts of oxygen might adversely
affect the hemoglobin molecule under the conditions of hybridizations

(7h).

**Tn 2038 ml of freshly boiled HoD at 98°C were added *4.8 gm of
tris(hydroxymethyl)aminomethane, U47.92 gm of NaCl, and 18,5 ml of con-
centrated HCl. After the mixture had cooled to room temperature, 6.46
gm of ocyzhelne hydrochloride which had heen dissolved in 10 ml of 2 ¥
KOH and 10 ml of 2 F NalOH was added, The sodium and potassium ion con-—
centrations of this buffer were equal to their concentrations in chro-
matographle developer #5 (cf, footnote, p. 82), The purpase of the
cystelne was to reduce any ferrihemoglobin which had been formed during
the hybridization vack to ferrohemoglobin: ferrihemoglobin, and par-
ticularly ferrihemoglobin H (B4), was known to denasture (i,g,, precipi-
tate) more readily than the corresponding carbommonoxyferrchemoglobin
(71). The pH {7.61) of the tris-HC1 buffer and the concentration of
cyeteine were chosen so that even had all the hemoglobin in the hybridi-
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#5 (cf. footnote, p. 82) at 2°C. This developer had been vreviously
bubbled with carbon menoxide. Dilalysic ob 2°C in developer #5 wae
continued for 24 hr with three changes of buffer. The sample was re—
moved from the dlalysis sac, any precipltate was centrifuged off, and
the ocupcrnatant was chromatograophed at 6°C with dcvclepcrr#E on a C.O x
35-cm IRC~50 column (cf. bottom p. 82) to determine quantitatively the
hemoglobing which were present,

For subunit hybridization under basic conditions the same proce-
dure was used except that pH 11.24 dlethylamine-HCL buffer® at an ionic
strength of 0,10 was used to lnduce dissociation.

In both the acidic and baesle eelf-hybridizations, the pH of the
hemoglobin selution at the beglaning and end of the 2h-hr dissoclation
period (but prior to neutralization) was found to be the same, viz,
that of the buffer which.was used to induce the dissociation.

IiI C%: Results

A chromatogram which shows the purity of the AIc walch was used

for gself-hybridizetion ie ghown in Fig. 10a, p. 85. The "tailing' of

the trailing edge of the A vpeak 1s evident (cf, an footnote, p. 78),

Ic
There was approximately T.4% (P = 0.074) of A -like material in this

sample.

zation mixture been present as ferrihemoglobin, 90% of it would have
been reduced to ferrohemoglobin in 23 min at 25°C (58). The neubral
pH was of course also necessary to obtain the reasscclation of the sub-
units.,

*prepared by diluting 17.87 ml of diethylsmine and 8.55 ml of con-
centrated HCl to 1 liter with bolled, cooled water.
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Fig. 10a: Chromatogrephic determination of P on
3.8 mg of AIc before self-hybridization.

1.5r
1.0f
0.5k 28;0
0 ‘ 65 120 /\1'8/0-\' Zho

Fraction Number

Fig. 10b: Chromatogram of 3.8 mg of A.I which
has been self-hybridized at pH 3.63,
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Fig. 10c: Chromastogram of 3.8 mg of A vhich
~ has been self-hybridized at pH 3.63.
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A chromatogram of self-hybridized A o le shown in Fig. 10b, The

I
increased percentage (relative to that in Fig. 10a) of AII~like material

and of a component of more rapid chromatographic mobillty than AIC is

evidence that self-hybridization of the AIc did, in fact, occur. Pre-

I~like material was due to the

formation of hemoglobin AII by self-hybridization of AIc in the manner

sumahly, the increased percentage of AI

deseribed on pp. T8-081l. The component whose chromatographic mobility

A
“ 3 Ic
1o WEs assumed to be O ﬁg .

A chromatogram of a contrcl sample of AII

hybridized under the same conditions as the sample of AIc in Fig. 10D

was greater than that of A

, which had been self-

is shown in Fig. 10c, This contirol demonstrated that the self-hybrldi-
zation procedure itself did not create any hemoglobin components with a

more rapid chromatographlc mobility than A T from either the small

T

amount of AII which may have heen present as a contaminant 1n the AIc

sample, or from A__ which was formed by self-hybridization of A

II Ic’
Jandl and his collaboraters (74) have shown that under acidic condi-

tions in the presence of ¢xygen, hemoglobin AII cen glve rilse to hemo-
globin camponents of rapid chromatographlc moblility on IRC-50. Had

these components been present in the reassociated sample of A they

Ie?

could have caused falsely low determinations of the A, formed by the

Ll
self-hybridization, and falsely high determinstions of the AIc and
e
ae 52 L]
The total ares under the peaks in Filg. 10b and Filg. 10c corres-
ponds to 3.8 mg hemoglobin. Since 13 mg AIc was self-hybridized in

each of the two figures, only 29% of the starting material was re-
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covered. Tne remaining 71% represented precipitzted, denaturcd hemo-
globin whilch had been removed by centrifugaticn prlor to chromato-
graphic snalysis. 'the fact that the same amount o precilpltation was
obgerved for both the self-hybridlzed AIc ané the self-hybridized AII
control suggests that there was no preferentisl densturation of the 3
and ﬁAIc chaing relatlve to each ctner!: under thesge cenaitions, the
theory which was developel on pp. 78-82 reteins Ite valldity irrespec-
tive of the amount of precipltation. The lerge amounts of precipitate
that were observed st Eﬂ %.63 were probably caused Ly the extremely
acid pE at whicn thesge self-hybrldizations were carried out.

A summary of the self-hybridizatlion ¢f hemoglobin AIc at acidic
and baslc pH velues ir given in Teble V, p. 83. These data sheow that
self-rybridization of cerbonmonoxy-A. wert to approximately 46 + 16%
completlon undéer both acldic and basic conditions: allowing for all
types of experimentel error, irn no cese was the fractlon of self-hybrld-
izatlon less than 32% nor greater than 64%. About two-thirds of this
+ 16% uncertainty was due to the error in the ratio Rx, and about one-
third to the error in P:; all of these errors were determined by the
acouracy with vhiech the ares under a chromatographlc peak could be
measured (+ 5%).

II1 C4: Discussion

The purpose of this sectlion Is te dilscuss certain limitations of
the data in fable V. An understanding of these limitations 1s n=ces-
gary bhefore Intelligent inferences zbout the structure of AIc can be

drasm therefrom.
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TABIE V
Self-nybridization of Carbonmoncxyhemoglobin AIc

pir* p” R £ R ° R;he°rf Precipitate?®
5.63 0.07% G.1684 o.kL 2,10 1.64 5%
b 66 0.145 C.3%8 C.47 5. Lh 2.69 2k,
11.24 C.145 G377 C.55 1.2k 2.4 L9

Eqnilihrium.Constantsh
C.0% (0.0l - 0.06)

=
1

44

K ' =025 (0.06 - 0.89)

1l

=
IH

0.50 {0.17 - 1.33)

This 1a the pH at which hemogiobin was dissocisted inso subunits.

bP ip the fraction of AII—like materlial which was present in the AIc
prior to self-hybridization. F was determined ss in Fig. 10a.

°R, s the experimentally Getermined ratio of A /A, in the self-
aybridlzed A*c after reassoclabtlon of the subunits, BSee Flg. 10b.

J
chrmally, during 2 self-hyhridization, = fraction f of the starting
ATc can be looked upon as having undergone the stolchlometrie reactlon

given at the top of p. 79, whereas the remairning fraction (L - £) of
A*c carn. be consldered ¢ have undergone no change at all. I was calcu-

lated from R, and P by the formuls given on p. 50,

-
e

A
“Tais 1s the experimentally determined retio of A /0, B ¢ sn the
self-hybridized A after reasscelation of the subunits. (See Fig. 10b.)

Toalculated from P end T ae per p. 8C. By and Rytheor ghould be

eqnal.

SThis ‘s the percentage of the hemoglobln teken for self-hybridirzs.
ticn which precipitated during the course of the experiment,

“Aaleulated from £ with the formulas of p. 8L. The most probable
value is given fires. The values In perentheses are values cf X which
are allowable within the experimental error.
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The conclusilon that hemoglobin A.. has heen formed by self-hybridi-

L

zation of AIc was based oa lneressed amounts of a hemoglobin which had

the same chromatographic benevicr on IRC-50 as A 77 and of a repldly

I

A
moeving compornent vhieh was agstmed to be Oé ﬁz Ic‘ Tneae assignments

were reascnable in view of the more negetive net lonlc charge of the
BAIG chain. Nevertheless, the positive identilicebion ol the newly
formed hemoglobing as A:I and aé BEAIC would regulre thelr isolation
end a reasonzbly cowplete chemieal characterization, particularly with
respecs to the presence or gbsence of the blocking group R. This ac-
ditlonel charscterization of the newly formed hemoglobins wag not car-
ried out because bthere was iusufficient material available to make It
even remotely feasible.

A priori it was possible that the formatlion of hemoglobin AZI in
the self-nybridization experiments was not due to dissoclatlon and re-
assoclation of the individusl polypeptlde chaing cf Azc; A__ would =also

IT

have been formed if the conditions of the experiments favored the re-

&4

A
moval of the blocking group R from the N-terminus of the B ¢ hein via

Arg
BB > RO, B, .

There are, however, two facts which argue strongly against this mode of

formation of hemoglobin A The Ziret, is the fact that the blocking

Iz’
group R 1s mere readily removed from the B 1€ ghain at basle pH (cf. PP.
67-70). If lces of R were the primary source of A, in the self-

hybridizations, the fractlon self-hybridizaetion £, calculated as ce-

serived Zn Teble V, would be expechted bo e signiflcantly greatcr af
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pd 11.24 than =t pH h.6A or 3.£3%. Teble V shows that £ was about the

same =2t all thiee Eﬁ values. The sceond 1s the fact that the formation

A
of AII by the loss of R would rnot lead to any formation of 0% &P

L
this fact would esuse the ratlo of AIE/C‘E 5,,} -C 11 the neutrallred solu-

Te,

tion to be very large numerically relative to Ryﬁheor‘ Table V shows

that this disproportion ig not, in fact, observed: By and Rytneor are

actually of the seme order ol megnifunde.

A quantitative defect ir Table V is the Inequallty between Ry and

7 tbeor. Tn principle they should be equal. In two of the experiments

J
(pH %.66 and pH 11.24), the étfference between them is lsrger, though

not greatly so, than the experimentsl error. The resolution between
A
a, B, 1c ana Ar 13 not good (ef. Fig. 10b). It may be that the error

A
in the amount of Ot? BO:.’ Ic 14 somevhet larger than we have assumed

(t 5%). By lowering the tempersture of the IRC-50 chromatography, and/

A
or changing the caromatogrsphic developer, it is likely tnat G 5? Ie

could be better resolved from A. .-

Ie
Tne diethylamine buffer whick was used for the basle self-hybridi-

zation was not satisfactory. It was chosen for its high bufferiqg
capacity at the pH of the hybridizatlion. In practice the use of this
buffer resuited in a large amount of precipltate and in a brownish
cclored £inal solublon which did not look at all like undenstured hemo--

¥Experience has shown that improved resolutlon can frequently be
cbtained without a change of buffer bty lowering the temperature from
6°0 o 2°C. Similarly, improved resolution has been obtaired without
e chapnge of temperature (6°C) bty developing the chromatogrem with de-
veloper #i4 (1, 76) rether than develcper #5. The composition of de-
veloper #4 is the ssme as developer #5 (cf. p. 82) except that 5.66 gm
of NapHPC4, not 7.10 gm, is used.
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globln. It is known thet NE, (58) and NI0H (10} complex with the
teme portion of hemoglobln. Perasps ciethylamine acts similarly.
Phosphate and glycine are not particularly good buffers at pH 11l.2.
Pyrogellol might be satlsfactory at this pll, for it does not contain
any groupings which can obviously complex with the hemoglobin; it would
Fave the zdditionsl advantage 0 removing residual oxygen rrom the
solution (88).

IIT C5: Coneclusions

Within the limitations which were discussed in the preceding sec—
tion, the data in Table V support the gross structure, Ob g BAIC which
we nave proposed for AIc' Approximately 12% of a semple of purified
AI: WS cpnverted into roughly equimeclsr amounts of hemoglicoin AII and
aé 3éAIC. The formation o these hemoglobins could not have occurred
mless A contained both a B and ﬁAIC polypeptide chair.

T2 the dissoclation of hemoglebir 4. Ty any (ircluaing those Iz
the fcoinotes) of the mechanisms on pp. 78-8L were complete, and if the
reassceiation of the subunits were rendom, the fractlon of self-hybridi-
zatlon f Lo be expected would be 1.00.% The experimental tact that T
is conslderarly less than 1,00 implies that AIc is much mere stable—-
either thermodynamically or kinetlcally-—with respect to acld-bese Cis-
socistion than either A . or O, ﬁEAIQ. Jones and Scarceder (77) have

shown that AII is more stable then F__ in the sbove respect, and the

il
data In Table V suggest AI" ig still more steble than AII'

*ﬁ‘was deliberately defired in such a way as tc make thnis sc.
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An interesting sspect of the stakility of AIc is the relevance of
this stebility to the picture of dynemice equilibrium of the hemoglobin
molecule that Guidetti et al. (58) nave Giscussed. According to their
ideas = molecule with the gross structure Oé B 8" which Is 1n rapld
equilibriur with the hybrids Q. 52 end O, Bé* shoulc not be isolable by
column chrcemetograghy provided that the time required to seperzte the
two hybrids 1s long relative fo the time required to establisn the
equilibrium., The reascn that a molecule such as Qa, B B' is not separ-
zble under these conditions is simply that during the course of the
ahromatograpbhy 1t is rconverted intec the hybrids. TE 1s the two hybrids
which are isolated. The dynamlc equillbrium hypothesis has been used to

explain the fact that in aybridizations vetwesn hemoglobing A__ and S.

IT T’
with the gress struetures Oé BE and a, ES respectively, no hemoglohin
with the structure o, =) Bs hag ever been isolated. Clearly, nemoglobin
AI:’ with the gross structure Oé B BAIC, feils %o fit the dynsmic equi-
Iibrium hypothesis, because Alc 18 eanily 1solabhle hy IRC-HO chromato-
graphy. Tals snomely becomes understandable if the stability of Alc is

guch as to preclude the estgblisnmwent of a rapid equilibrium between

A
itgelf snd the hyhride A and € B Te,
“~= £~

ri

*The exlstence of such an equilibrium presupposessome nechanism
Wheraby ®p B B' can be disscelated into subunits. Thiy dissocistion
migkt be catalyzed, for example, by the lerge surface area of the
resin in a chromatographic column--even at neutral pH velues. The
important point is not the poszition of the egquilibrium, but that the
eguilitrium be rapldly established.
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II1I D: STARCH GEL ELECTROFHCRESIS CF AI’_—GLOBIN

These experimznis were designed tw delbect charge differences be-
ne g Su its of A = .
tween the globin subun PIc nd AII

TIZ Tl:; &xperimerntal

The method whlch was ussed Tollowed Muller (104). The gel was
prepared by stirring 62 gm of aydrolyzed sterch into 200 ml pH 1.8
formic aeid-sodium hydroxide putter® at roem temperature. This solu-
tion was added quickly, with cconstant stirrirg, Lo 00 al of the same
buffer which hed heen heated tc 75°C. When the mixture had become an
easy flowlng viscous liguid it was pourcd into a lucite tray 317 mm in
lengta anc 6 mm deep anc was covered with a plastice 1id which was Leld
in placc by C-clamps.** The covered tray was placed in the refrigerstor
at 20°C for 1 hr mwatll the starcr had gelled.

plx—tenthe milligram A or A._~globin, whicn was prepared as wa-—

Ic I
scribed on p. %, wes dissolved In 0.050 ml of the pH 1.3 formate but-

fer and placed into a rectangular 51ot®® of the gel. The sample was

*This buffer was vrepared by diluting 139 ml of 98% formic zcid
anc 20 ml of 2 F RaCH to 2.5 iiters. The exact amount of NaCH which
must be used depends on the exuct concentrstion of tlhe formle acid and
may vary slightly from 20 ml. This buffer had an ioanlc strength of
0.016.

¥*phtg tray was purchased from Mr. Otto Hiller, P.0O. Box 129k, Madi-
son, Wisconsin., The plastic 1lid which came with this apparatus had
elght C.1 x 0.6 x 1.2-cm rectangular protrusions waich were at right
angles to both the 1id surface and the length of the tray. These prc-
truslons were arranged linearly with approximately Z-mm spacing be-
tween each., Their purpose was to make a line of eight slots, for re-
ceiving the samples, In the center of the gel.
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sealed into the glot with wvaseline, and the gcl was completely covered
with Sarvan-wrap te prevent evaporation of the buffer from the gel dur~
lng electrophoresis.

The globin was electrophoresed at room temperature (25“0) for
20 hr at 75 volts. The electrode compartments contained pH 1.8, lonic
strength 0.068, formic acid-sodium hydroxide buffer.* RElectrical con~
tact between these compartments and the gel was made with clean white
towels which had been saburated with the buffer in the electrode com-
partments. The breeze from 2 small fan was kept blowing across the gel
swirlace during bhe clectruphoresis: otherwlse Lhe electrophoresls gen—
erated sufficient heat which sometimes melted either the vaseline and/or
the gel itself.

For  stalnlng, Lhe gel was sllved Lo two secblons with a thiin
pianc wire. Prior to sectioning the gel, 1t was cooled in the refrig-
erator to give it a consgistency suitable for easy mechanical handling.
Each secllon was slained for 30 sec wikth 0.1% Buffzlou Black in
MEOH:H?Q:HOAc:;SO:SO;I v/v/v and was destalned with several washes of
MeQH:HOAc::9:11 v/v. For photogrsphic or photometric purposes the de-
stained sections could be made transparent by scaking them in henzyl
alecohol.

IIT D2: Repults

Starch gel electrophoresis at pi 1.8 revealed no differences be-
tween the gleobiln subunits of ATc andé ATT' In each case two well sepa—
rated bands were observed. (The separation between the bands wes about

0.5 em,} ‘'‘he bands with the lesser snd grester cathodic mobility re~

%111 mi of 98% HCORH, 34 ml of 2 F NeOE, snd 855 ml of Hg0,
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spectively, corresponded to the & and B chains of AII’ which have net
positive lonic charges of 25 and ok respectively at EH 1.8.* If the
N~terminal amino acid of the BAic chain is blocked in en amide type
linkage, this chair should have a charge of + 22; a band corresponding
to thls charge was not observed.
III D3: 'Discussion

Huismsn and Norton {67) have shown that in pH 8.1 Tris-EDTA~
borate buffer hemoglobin AIc moves toward the anode barely perceptibly
faster than AII' Thelr results demonstrate the existence of a more

negative charge at pH 8.1 on AIc than on A but the difference in

T’
charge 1s extremely slight, much less than that to be expected 1 the
more negative nature of AIc were due to an extra carboxylic acid group
or ite equivalent. Further, the ldentical electrophoretic hbehavior

of AIc” and Alluglobin at pH 1.8 suggests that the chemieal bond be-
tween the blocking group R and the N-terminal sminc acid valine in the
BAIC chain of A. is such as to give the blocked smince terminal nitro-
gen of QAIC the same charge, at this pH, as the unblocked amino ter-

minal nitrogen of B. These facts make the existence of an amide bond

between R and N-terminal valine unlikely,

*Thegse charges were cobtained by asgsigning a charge of + 1 to each
lysine, arglnine, histidine, and N-terminal amino acid in the chain,
and & charge of zero to all other amino acids. At pH 1.8 the carboxyl
groups of the peptide chalng probably have a slight negative charge.
This negative charge works in such a way &5 to increase the difference
between the charges of the & and B chalns, but always the former re-
maing more posibive than the latter. It is interesting that the ob-
served order of the cathodic mobilities of the & and B chailn 1s oppo-
site to that which would be expected from their ilonic charges. This
anomaly mey he due ta the greater number of hydroxy groups in the &
chain as compared to the B. The interaction of these hydroxy groups

with those of the starch may be sufficiently strong to account for the
inverted order of mobilities.
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The exisbence ol pracbically no charge diflference belbwsen Lhe B
and BAIG chain at pH 1.8 and pH 8.1 can be explained by assuming that
the bond between R and the N-terminal wvaline is one of the following
Lwo Lypes:*

&) R is bonded to the N-terminal amino group as
a secondary or terviury umlne:

R

AN |

e e

!
R SN

b) R is bonded to the N-terminal amino group as
& Schiff base:

R=N——~§-—-«l.1>—
Hac/H\GHB

As we shall see (p. 142) the Schiff base linkage is The cerrect one,

*At the timwe these experlments were done we were not convinced, nor
are we now, that starch gel electrophoresgls of proleins, especially
those of unknown structure, is sufficiently well understood to state

with certitude that 1f charge differences did exist between B and 5AIC
separate bands would he observed in the gel. A major source of this
doubt 1s the inverted order af mohilities for the & and B chaing which
was discussed in the footnete on p. 95. The twe bond types which are
proposed in the text are the result of retrospection in the light of
experiments which preceded and followed the shtarch gel experiments.
The latter experiments themselves are only corroborative.
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TV A:  TNTRODICTION

Although the major goal of the experimente whiech sre desgeribed in
this thesis was the lsolation and characterlzation of the blocking
group R of Ale’ when time was available it was spent in refining the
primary smino acid seguence of the polypeptide chailns of AIC'

The groes structure of hemoglobin AIc (ef. Section ITT, po T2-96),
o, B ﬁAIc, suggested that the &, B and BAIC chains of AIc were ildentlcal
to the O anﬁ_B chaing respectively of AEI’ with the exception of a

A
blocking group R at the N-terminus of the B 1

¢ polypeptide chain. It
1s the purpcse of the experiments in this section to more firmly es-
tablish this hypothesized identity (except for R) betwsen the poly-
peptide chains of Aic and AII'

The primary smine scld sequence of the polypeptide subunits of
AIC wag debermined in the felleowing steps: The amino acid composition
of Alc’ irrespective of the sequence of the amlno acids in the poly-
peptide chaing, was determined. AIc was separated lnto O and P BAIC
subunits by countercurvent distributien (pp. 35-10 ), and the amino acid
compositicon of B BAIC was debtermined. The ¢ and B BAIC subunlts were
nydrolyzed with trypsin (p. 40), the tryptic peptides were purified by
column chromatography (pp. 41-62), and their amino acid composiiione
were determined. ¥Finally, the sequence of amino acids in each tryptiec
SAIC

pepbide from B was determined by the Edmen degradation procedure

(6, 29, 129, 130)}. The order of the tryptic peptides in the ¢, B, and
A
B 1¢ chains were assumed to be the same in AIc a8 the known order in AII

(16, 17, 61, 80, 81, 126, 131),
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IV B: TEE AMINO ACID COMPOSITION OF A AND B B le

IV Bl: Experimental (129)

Between 1~5 mg of hemoglehin A o O of B BAIC-globin wag trans—
ferred with a small guantity of water to a weighed 13 x 100-mm Pyrex
test tube, The water was removed by air evaporation at 40°C, and the
tuba was dvied to constant weight at 110°C. Twe milliliters of 6 F
doubly glass~distilled HC1 were added, and the test tube was evacuated
with a water pump and sealed under this vacuum. The gealed tube was
placed in an oven at 110°C for 22-T2 hr. The hydrolysate wag dried at
40°C under a stresm of air and anelyzed on the Spinco Model 120 Auto-
matic Amino Acid Analyrer.

IV B2t Regults

The results of these snalyses are shown in Table VI, pp. 99a and
10C. Tryptephan is not reported because it was destroyed under the
conditiong of the hydrolysis.

Within the experimental errors which are indicated in the footnoctes

te Table VI, the amino aecld composition of A 1is identical to that of

Ic
A
AII; and thet of B B Ie 45 that of {32- It fellows from congervation of

mass that the ¢ chaing of A and A_._
Tec 1T

coempositlon., In terms of residues, the maximum error in the amino acid

must have the same aming acld

compesition for a particular smino ascid is + 0.8 residues per @&, B, or

A
g ie chain, ard 1s more typically of the crder of one-half this magni-

tude,
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TABIE VI
Amina Aeid Co 1on®) of = Ale L)
i mposition of Hb--.ﬂ.IC znd B —Globin
A c) A &) B e) B BAch)
1z Ix 2 !
lye 42.68 i 22 21.3h
kie 37.62 25 18 16,74
Brg 11,76 12 6 5.88
oD Ly 50 50 26 27.0k
thr (£) %3.60 3z 1k 1%.60
ser (f) Bh, ol 32 10 10.40
gl 32,302 20 22 22.67
Pro 13,72 1 1k 13.86
zly Lo . Lo 40 26 25 . Th
ela 73 ik T2 30 26,70
eys/e  (£) 5.2 & L Z.Ch
val 62,62 62 56 3z 8l
met (£) 5.82 6 2 1.82
len 72.C0 2 %6 3€,00
ilen Not present Q o Not present
phe 28 .80 30 6 15.84
tyr (£} 13, bt iz L 4,68

a - . -
)The Figures in the Table are the number of mmine acld residues in
the compouné heading each colummn.

' A,
b)This sample of B P Ic—globin nad been reduced with NaBHg (cf.
p. 16} prior to hydrolysis.

C)These values were calculated as follows. The amine acld ccmpogli-
tion of 4. , from three independent analyses by Jomes (76), 1is entered

in Table VIII, p. 87 , of that reference. Tuese analyses had been per-
formed in the manner described in this thesls on p. 99, and were =x-
pressed in grams free amlno acld per 100 grams AII' Recoveries differed

for the three snalyses, so in crder to make the eniries among the ansly-
ses comparable each enbry was expressed relative tc the entry for leu-
clre, which was glven ths arbltrary value of 10 for all three apalyses,
by multiplying the entry for each emino acld by 10/leu, where leu was
the entry for leueine for thet znalysis. The average of the three rela-
sive values willl be called the "nermalized amino acid composition.” The
ncrmalized amino acid composition of AIc wag calculated in exactly the

same manner from a total of seven analyses, three by Jomes (76) end four
by us. The ratic of the normalized amino acld composition of AIc to

that of AII was multiplied Tty the known number of reaiduee (column % cf
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Teble VI) for each amino acid: 1t is8 this product which is entered in
colum 2 of Table VI. For an indiyidual snalysis, errors due to welgh-
ing and the amino scld analysis were approximately %% each., From these
figures it can be calculsted that the entries in eolumn 2, Table VI,
should be accurate to + 2%.

d')’I_"he figures in this column were calculated analogously to those In
column 2 (ef. preceding footnote), except that the normalized amino
zeld composition of BE was compubed from the normalized amino acld com—

position of AII and the known primary amine acid sequenrce of the ¢ and

B ehain. The figures in thils celimn are accurate to + 5%. The error
is larger than feor column 2 because only a single determination of the

A
compogition of B P 1¢ wag mede,

e)The number of residues in this column are exsct and were taken
from Refs. 16, 17, 61, 80, 8l, 126, and 13l.

f)This amino acid is partially destroyed during the hydrelysis (129).
Consequently the mmber of residues obfained for this amine acld is
somewhat variable and devisbes from the expected value in excess of the
2% and 5% experimental errors mentioned in footnotes ¢) and d} above.
There 1s no reason to consglder the deviatlons from the expected values
of columns 3 and 4 significant.
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IV B3: Conecluslons
With the exception of a biockling group R on the N-berminus of the
A .
g ic chain, the amino acid compositions of the pelypeptide chains of
A_  are ldentical to these of A __.
Ic Ix
It 1s unlikely that the blockling group R contalns any olligopep-

tides or amino acids,for if i1t did, differences in the amino acid com~

A
position of the B B +© and B, summits would have been found.*

IV C: THE AMINC ACID COMPOSITION OF THE

A
TRY{PTIC PEPTIDES OF Cf, AND P § Ic

IV Cl: Experlmenbal

The isolation of the purified tryptic peptides has been described
on pp. 41-62 of this thesls, The amino acid analyses of thege peptides
were currled oul exaclly 1o the manner described in Sectien IV Bl,

p. 99, with the exception that the peptide was not weighed, for we were
Interested only in the relatlve, not sbsolute amounts of the amino acids
whlch were presgent In the peptide.

IV G2t Results

The results of these analyses are presented in Tables VII and VIII.
These Tables can be Tound on the following four pages. 1In lnberpreting
these results it should bhe kept in mind that the presence of small non—

integral amounts of mgthionine and tryptophan 1s significant of at

*This statement should be qualified somewhat: experimental errors
would not have allowed us teo detect with certainty a difference in
amino acid composition of less than + 2 residues for a given amino
acid.
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TABLE VIT™

A
Amino Acld Compositionb of the Tryptic Peptides of o +C

of-1  af-2  op-3  of-4  oT-5 of-6 oP-7 OoR-8 oP-9
vield %° 65 80 75 66 10 10 51 0 11
lys 0.97 1.00 .00 1.06 0,95 1,10 1.00 1l.CY
his 0.98 1.78  0.93 2.52
a1E ©.908
cyS0glt
asp 1.06  1.00 0.5 1,01 5.80
thr 0.92 1.88 ©.88 0.99
ser 0.7% 0.97 1.90 1.92
glu 0.16 2.96  0.27  L.07 c.12
pro 1.0% 1,02 1.22 1.04
gly 1.06  3.08 0.26 1.18 1l.9% 0.12 C.23
ala 1.01 1.9 &3k 0.0 1,06 0.23  0.10 6.95
cys/2
val 1.12  1.00 1.16 0.11 1.09 £.95
mat 0.46 0.%9
ileu
leu 3.83% 2,19 1.20  l.01 3.96
tyr 0.93 0.78
phe 0.3.5 1.97  1.8%
try 0,14

*Tis Table 13 concludeé on the following page.

The numbers in the Tsable are the number of amino acid residues
relative Lo each other. Ampunts less than .10 residue are not re—
ported.

A-
“Based on 10 pm @, ¢ taken for tryptic hydrolysis.
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TABIE VIT

A
Amine Acid Composition of the Tryptic Peptides of & e

ar-10 aT-11 or-12 + or-13" oT-14
Yield % 39 43 - 100

1ys 1.01
his

arg 1.00 1.0k
cy 30 H

asp 2,0k
thr

ser ' 0.11
glu

pro 0.94%
gly

ala

cys/E

val 2.02
met

ileu

leu 1,00

Tyr 0.94
phe .96 )

try '

EHOY N0 W o

O

dThe number of residues in this column are only accurate to about
+ 0.6 residues. ‘hey were calculated by subtracting the sum of the
number of amine acild residues for the otiﬁy otic tryptic peptides from

the Xnown amino acid composition of the @ +¢ chain (cf. pp. 99-101).
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CARIE VITTS

A
Amine Acid Compositionb of the Trypbtic Peptides of B P Lo

pr-1 gTer.i pre pr-3 B4 BI-5 PI-6 BI-7 PI-8

Yield %5 36 47 6l 5% 12 19 W55 8 i
lys 1.05 1.03  0.9% .94 1.02 1,06 1.0C
. his 1.00 0.86 0.83
- arg 1,00  ©.98
oyS0ad
25D 2.0% 2.6
thr 0.9 C.96 0.88 0.96 0.93%
- per 0.80 0.5 0.122 1,59
2lu z.13 2,00 0,1% 2.08 1.0k 1,01
pro 1.02 1.00 0.13 1.0k I1.82
aly 1.66 2.99 2.06 1.15
als 0.15 2,05 1.06 C.97 0.97
cys/2
vel 0.97 .85 1.01 2.8¢6 1.58 1.05 0.97
meb C.h7
1leu
leu 1.04 1.0 1.00  L.06 1,96 1.02
tyr 0.90
phe: 2.60
try 0.56 0.19

®This Teble is concluded on the following page.

bThe numbers in the Table arc the number of am’no acld residues rela-~
tive Lo each othecr. Amounts less than 0,10 residue are rot reported,

A
“3ased on Zoum BB 1¢ taken for txyptic hydrolysls.



- 10% -

TABIE VIIT

Ar,
Amino Acid Composition of the Tryptic Peptides of B B -°

BT-9 BT-10 + BT-11 pi-12 pT-13 BT-1L BT-15
Yield % 39 20 9 23 5L %6
lys 1.0k 1.13 1.0% 1.02 1.03
his 1.02 1.73% 1.66 1.01 0.98
arg 0.8k
cyS0=H 0.83 1.06
88D 2.95 2,90 1.05 1.02 0.98
thr 1.77 0.92
ser 0.89 1.1k
glu 1.90 3.0k
pro 1.16 2.0k
gly 2.01L 1.%5 2.0k 1.01
ala 2.00 1.3% 1.23 1.9k 3.89
cys/2
val 1.01 1.25 2.66 1.0k 2.5
met
ileu
leu b 48 3.16 3.37 1.00
tyr 0.89 1.02
Dhe 1.00 1.8% 1.06 1,00

try
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least one residue of these amino aclds 1n the gpepblde, because these
two emino acids are partially destroyed by oxidation during the hydrol-
yois; OI-3% and OT-9 provide examples. On the other hand the presence
of up to C.2 residues of serlne, glyclne, or alsnine lu an asalysls ls
not usually significant because these amino acids are sometimes found
(129) in hydrolysates of peptides which are known not to contain any
serine, glycine, or alanine: Gl~4 and oT~8, for example, probably con-
tain four and zero residues of alanine respectively.

Subject to the above provises, the amine acid composition of the
tryptlc peplides 1s unambiguously determined by the analyses given in
Tables VII and VIIT with the exception of the number of residues of
agspartic acid in OI-5, histidine in OT-9, valine in BT—&, serine in
pPT-5, and leucine in PT-9 and Pr-12. 1In these s8ix cﬁSes there is an
uncertainty of + 1 residue, The uncertainty of + 1 residue is far in
excess of the accuracy of the amino acid analysis, which is aboub 3%.
Deviation of The number of residues in & pepbide Ly more than 5% from
an integral value is an indication that the peptide is not éure, For
the above gix peptldes, the impurities probably arise from inadeguacies
ol the cellulose phosphate chromatography which was used to 1soclate and
purify the individual tryptic peptides. These inadequacies have already
been discussged at length on pp. 57 and 58. We shall assume, by analogy
with AII’ that the cerrect numbers of residues for these peptides are
0, 3, 2, 2, k, snd & respectively.

IV C35: Conclusions
The recovery of approkimately equal amounts of ﬁAI°T~l and Bl~1

(Table VIII) is additional support for the proposed structure of AIc’
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a2 B ﬁAic, in which one B aznd one BAIC polypeptlde chain are present.
Further, the fact that the smino acid compositions of BAICT~1 and
pT-1 are identical supports the hypothesis that the two peptildes differ
only in the prescnce of a blocking group R at the N terminus of the
former. Also, R cannot contain any cligopeptide or aminc acids unless
(and this ie unlikely) the overall smino acid composition of R is the
same as that of BT-1, for otherwilisc the emine acid compositlone of BT 1
and. BAICT~1 would have differed.®

Finally, no peptides were found whose amino acid compositions dif-
Fered from the peptides of the & and B chains of A wE Lgain this

I’
supports the hypothesis that R is the only difference which exists be-

tween AIc and AII'

A
IV D: THE AMINC ACID SEQUENCE OF THE TRYPTIC PEPTIDES OF B B e
The seguence of the amino acids in each ef the purified tryptic

A
peptldes from the P B Te subunit was determined by the Edmen degrada-

tion®**¥ (28) as described by Schroeder and his asscclates (6, 129, 130).

*This statement can be made with absoluie certbalnly, for lhe number
of residues of a particular amino acid in BT-1 and BATeT-1 was known to

+ 0.1 residues.

*¥¥Tables VII and VIII are not in form which is convenient for com-
parison with the peptides from AII' Thig cemparison can better be made

from Figs. 18, 19, pp. 194, 195, in which the data are compared directly
with the known structure of the peptides of ATI’

***¥This method and its modifications are frequently referred toe in the
litersture as the PTC (phenyl isothiocyanate) or PTH (phenylthiohydan-
toin) method. ‘‘he principle of all these methods is the same, though
the experimental detalls differ rather markedly among the various modi-
fictions: When the adduct of phenyl isothiocysnate with the N-terminal
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Because they were of slight Inberesh, the amlono acld sequences of
the trypbtic peptides from the O chains of AIc were not determined.

Table IX, p. 107, shows the amino acid sequence of the tryptic
peptides from the B ﬁAIC’ subunit. In most cases Lhe complele sequence
of the peptide could not be determined by the Edman method. There were
two reasons (both expected) for this: 1) the yield of the PTH-amino
acld from the pepbide decreased progressively, for some peptides, at
each cycle of the Edman.procedure, and conseguently fhe degradation
could not be continued beyond a certain point; and 2) as the degradstien
continued, there was usually some carryover of the PTH-amino acid from
the preceding cycle of the degradation. This carryover was cumulative
and eventually sufficiently interfered with the identification of tae
PTH-amino acid last removed from the peptide to make further progress
impossible. Because our primaxy interest was in the blocking group R,
no abbtempt was made to carry the sequence determination beyond what
could conveniently be learned from the Edman procedure atone,

| As far as we went, no differences were found between the amino acid
sequences of the tryptic peptides from P SAIC and the ccrresponding

tryptic peptides of 52,

amino group of a peptide or protein is subjected teo acidic conditions,
the 5-thlagzelinone of the N-terminal amine acld is spontanecusly cleaved
from the adduct. The thiazolinone immedlately reasrranges to fem the
phenylthichydantoin of the N-terminsl amino acid. The phenylthichydan-
toin of the N-terminal amino acid ig then identified by paper chromatbog-
raphy, The process is then repeated on the peptilde which resulted from
ths loss of the N-terminal 5~thiazolinone. In this manner the amino
acids can be removed from the peptide, starting at the N-terminal end,
one at & time, until in principle the complete sminc acid sequence of
the peptide has been determined.
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TARTE IX A
Primary Amino Acid Sequencea) of the Tryptic Peptides of £ 8 Ie

BAICTml: Bevalmhis(leu)(thr,pro,glu)glu~lysb)

BT-1 1 val-his-Teu-thr(pro,glu)glu-lys

BT-21 ser-ala-val-thr-ala-leu(tzy,gly)lys

PT-3: val-asg-val(asp,glu,val, gly,gly, glu,ala,leu, gly Jarg

AT-L . leu~leu-val~vel-tyr—pro (try, thr, glm)arg

BT-5 phe~phe~glu (ser )phe-gly (asp, leu, ser, thr,pro,asp,als,val,met,
gLy,asg,pro)lys

BT-6: val-lys

BT-T: (ala,his,gly)lys

pr-8: lys

gr-0s val—leu—glywala—phe~ser(asp,gly,leu,ala,his,leu,asp,asg,
leu)lys

pT-10,11: (gly,thr,phe,ala,thr,lew,ser,glu,leu,his,cys,asp,lys,leu,his,
2y ? ; ) ’ )
val,asp,pro, glu,asg,phe,arg)

pT-12: (lew,leu,gly,asg,val,leu,val,cys,val,len,ala,his,his,phe,
gly)lye

BT-13; glu(phe,thr,pro,pro,val,gln,ala,ala, tyr,glm)lys

BT-1k4; val(val)ala~gly-val-ala(asg,ala,leu,ala,his)lys

BT-15: tyr-hig |

a)The emino terminal end is on the left. The position of those aming
acilds Joined by a hyphen 1s certain. The position ef those amino acids
In parentheses or separated by commas is uncertaln, either because of an
ambiguity in interpreting the results from the Fdman degradation, or be-~
cause the seguence of this part of the peptide was rot determined; in
these cases the amine acilds have been placed in the same position that
they oeccupy in the corresponding tryptic peptide from hemoglebin AII'
The position of C~terminal lysine or arginine is required by the speci-
ficity of trypsin.

b)The sequence of this peptide was determined by analysis of the pep~
tide fragments from a papain hydrolysis (cf. pp. 63-68).
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Vi TESTS FOR SPECIFIC CHEMICAL GROUPINGS IN THE BLOCKING GROUP R

Introduction

Assay for Acetyl and Acyl Groups

Assay for {arboxy

Assay for Carbamyl

Assay for Pyridoxal and Aromatic Aldehydes
Assay for Phorphorus

Assay for Carbohydrate

Assay Ter Steroids

Summary of the Above Assays
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¥V A: INTRODUCTIOR

The evidence which has heen presented up to this point has shown

that hemoglobin A o differs from hemoglobin AI net in its primary smine

I T
acid sequence, but only in that the former conbtains sblocking group R at
the N-terminal end of the BAIC chain of AIC' The sequence of the latter
chain thus begins R-val.

Testing whether the blocking group R wae iteelf, or contained, cer—
tain gpecific chemical grouplnges was asmong the more ecconomical uses to
which the small amounts of AIc available were pubt. The groupings which
were searched for were determined by two criteriam: 1) was it reasonsable
that R might be thie group? and 2) were miecroanalytical methods avail-

able, or could they be developed, to assay for the group in question?

VA 1: Chemlcal Groups which Were Investigated

General conpiderotions, arising from the known strusiures of other
proteins, from certain facts about hemogiocbins in general, from the
principles of biochemistry, and from the avallable chemical evidence,

0
Il
led us to test for the following groups. Acyl, R = <C-R', and in par-

0
ticular acetyl; carboxy, R = ~002—; carbamyl, R = —g—NHE; pyridoxal;
phosphorus, both organic as ir substituted phosphines, and inorganic as
in pyrophoephate) carbohydrete, R = o pugar, or derivative ther¢0f5 end
steroids. The considerations which led to =z search for these groups are

summarized in the following paragraphs.

The existence of the fetal hemoglobin minor component FI, which has
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N-acetyl

the structure &, 7 7 (ef. p. 11), and which has a similar chro-

matographic behavior to AIc in IRC-50 chromstography, suggested that AIc

might have o slwilar strucbure: Qé = BN—acetyl-

Faurholt (30), Ferguson and Roughton (31), Stadie and O'Brien
(136), Margari (91), Glustina et al. (33, 54,-55) and Milla et al. (98)
have presented strong evidence for the exlstence of a compound, and pos-

gibly two different compounds, between CO, and hemoglobin. Some of

2
these investigators have proposed that one of these compounds might be

formed vlia

i i N

Hb-NH, + CO, & Hb-N-COE —= Hb-N-002" + H .

Whatever the structure® of Lhis cumpound bebween hemoglobln aud 002 jizhyg
be, the compound itself appears to have maximum stability at pH 10;
above pH 12 or below pH 6, the compound cannot exist but is hydrolyzed
to CO? or 002 regpectlvely and hemeglobin. The Cormablon or hydrolysls
of the compound is almost insgtantaneous st all Bﬂ‘s. The stability of
hemoglobin A itself between pH 3 and pH 11 (cf. p. 88) made it un-
likely that the blocking group R was a carboxy group. Also the stabll-
ity of both BAICT—l and R-val-his below pH 6 and their instability sbove
pE 6 (cf. p. 67) are characteristics that are the exact opposites of the
hemﬁglobin—cog compounds. Nevertheless, in view of the lack of know-
ledge of the actual structures of the hemoglobin—cog compounds, it wés

declded to test for the carboxy group.

*The compounds between hemoglobin and COs are so labile that they
have never been igolated. It wag this lability that first suggested o
us that R might be -C0n |,



- 111 -

The carbamyl group could conccivably be introduced into hemeglobin

by either the biological amidation of the hemoglobin-CO, compound,

2
. 0 9
Hp-N-COH + NH3 = Hb-N-C-NH, + H,O

or by a transamidation with carbamyl phosphate,

0 0 g 9
b o EI': NI, ——= Hb-N : -2
~NIL,, O»——Ii‘-O- N, = ~N-C-NH, + HPO)“.

Pyridexal and pyridozal phosphate are known to be very active in

biologlcal transsmination reactions (14} via Schiff base intermediates.

Such a Schiff base with hemoglobin might be formed as follows:

HO CH HO CH
\Gwﬁ/ 3 N\ / >
E 70 N S AN
Ho-NH, + 0=C-C + NH —— Hb-K=0-C + TH + B0
AN / '\: /
Ve H // IT
Hy

&

@)
O~y

&

The relative stability at pH 5 ¢f the 8Bchiff bases between pyridoxal and
some enzymes (14), and between pyridoxal and valine (97), and the in-
stability of these Schiff bases at pH 8.4 are analogous to the stability
of the blocking group R under acidic conditions and its instability at
neutral or alkaline pH (ef. p. 67). Further, the pK, of the nitrogen
stom which is involved in the Schiff base bond is approximately 6.3

(14, 23, 97). A pK, of this value would account for our failure to find
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a charge difference between AIC and AII during starch gel electrophore-
sie at pH 1.8 and pH 8.1 (cf. p. 93).

Phosphorus might be introduced into hemoglobin vis pyridoxal phos~
phate {see preceding paragraph), or conceivably, by some type of re-
arrengement of the N-terminal amincacyladenyl-RNA via which protein
gynthesis is known to proceed (131).

Several mucopraoteins are known in which a protein is covalently
bonded to a carbohydrate moiety (5). A priori there is no reason to
suppose that hemoglobin could not be thus bended.

Finally, two considerations led us to test for the presence of
sterold compounds. First, in the bile aclds, glycine or taurine is
joined in sn amide linkage to the carboxyl group of the cholestercl
derivatives cholic acid, deoxycholic acid, or chenodeoxychelic acid.
Might not the N-terminal amino group of one of the two P-like polypep-
tide chains of hemoglebin AIc be blocked by such sn amide linkage with
these scid derivatives of cholestercl? Second, both the adrenal corti-
cal and gonadal hormones contain keto and/or aldehydo groupings which
concelvably could be covalently bonded as a Bchiff base to the N-ter-
minuse of one of the two B-~like chains of AIc' The Schiff base between
an N-terminal amino group of a polypeptide chain and a 5-keto~£gt+£eroid
such ag corbtisol or testosterone might be particularly favored hecause
of the resonance shahilizatien of the imine bend of the Schiff base by
the Aﬁ;dauble bend.

VA o Considerations of Methodology

Tegte for the ahove chemirnl grouping were carried out on either
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AIc itself, or degradation products from it such as 5ATCT—1 or R-val-
his. The isclation of these compounds has already been desgcribed in
Section II (p. 17).

The presence of nonprotelin impurities® in these compounds made it
necegsary to carry out the assays in a quantitative marner, so that any
contribution from such impurities could be allowed for.

Wherever feasible, a glven chemical group was assayed for by Two
independent methods. Standard curves covering the nano- to micromole
range in.which we expected the group to be present were prepared from
substances of known composition. A test was considered negative unless

the mole ratioc of the group to the compound being assayed was, within

feasanable limits of error, greater than or equal to unity.

¥V B: ASSAY FOR ACYL GROUPS

V BL: By Gas Chromatography

The acetyl group was assayed by the method of Ludowieg and Dorfmen
(90) as modified by Schroeder et al. (128). Sixty milligrems of vacuum
dried hemoglobin were hydrolyzed with C.5 ml of methanol which was 2 F
in HCL in & sealed glass tube for 4 hr at 100°C. The volatlle components
(methyl esters, methanol, H,0 and HC1l) of the hydrolysate were distilled
between #0-50°C at 70 mm Hg into a glass receiving tube which was im-
mersed in a dry lce-methanol bath. Fifty microliters of the distillate
was ilmmediately chromatographed et 50°C on a Perkin Elmer Model 15k
Vapor Fractometer that was eguipped with a polyethyleme glycol type KX

column.

*Por the source of these impurities, see pp., 48-50, this thesis.
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V B2: By Titration with Ba(OH)a

Acyl groups in general were assayed by Bartley's procedure (11).
The acyl groups which are detectable by this method are defined by the
experimental procecdure described below and include these whose vaper
pressure at 50°C is ccomparable to that of acetic acid: formyl, acetyl,
propionyl, and bulyryl are among these. It is douwbtful, though we have
net ruled out the possibility, that acyl groups with more than four
carbon atoms would be detected. ZKeto aclds are not detected by the
method, though a simple modification of the experimental procedure
permits their detection.

Ten to twenly milligrams of vacuum dried hempglobin was hydrolyzed
with 0.5 ml of 2 F HESOA in a sealed tube at 100°C for 4 hr. The hy-
drolysate was centrituged brietly, and 0.400 mlL of the supernatant was
transferred to a l-ml test tube. Fifty microliters of 0.1 F AgClOk was
added to the supernatant to precipitate any volatile halides, and 0,100
mi of 0.1 F 2,Lk-dinitrophenylhydrazine in 1 F HESOH was added to pre-
cipitabe any volatile keto acids.® The mixture was centrifuged, and
0.500 ml of the pale straw yellow supernatant was placed on ftop of 3.7
gm of anhydrous sedlum sulfate in the side arm of the diffusing appars—
tus.*™ The purpose of the.sodium sulfete was to increase the vapor
pressure of the volatile acids by decreasing the water activity. The

ratlc of liguid to sodium sulfate was critlcal if bumping was to be

*Omission of the AgClOs or 2,hmdinitrophenylhydrazine precipitations
permits the detection of velatile helo~acids or volatile keto-scids re-
spectively.

¥¥A Thunberg tube which had been modified as described by Bartley (11
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avoided iIn subseguent steps. Exactly 1 ml of carbon dioxide~fres water
(prepared by boiling distilled water and allowing it to cool under cogm
free condltions) was added to the receiving arm of the diffusing appar-
atus, and the entire system was evacuated with = water pump for 1 min,
then sealed. The side arm, which contained the sample on the bed of
sodium sulfate, was placed in a .water bath at 50°C for 5 min in order
to vaporize most of the water which was present In the sedivm sulfate.
This precaution helped prevent bumping in subsequent steps. At the end
of this time the receiving arm was immersed in an lce bath at 0°C while
the side arm contalning the sample was kept at 50°C. After 20 min, the
receiving arm was opened to the alr and the contents were titrated under
nitrogen with a micrometer syringe* which was filled with 0,01 F
Ba(OH)E. Exactly 0.050 ml of 0.1% phencl red®™ was used as an indica-

tor. Except for the titration under nitrogen, and the use of (0 -Tree

*The titration was conveniently carried out with o Radlometcr Titra—
tor {cf. footnote p. 40) set for manual operation. The contents of the
receiving arm were magnetically stirred during the titration. Because
the bobbom of the Thunberg tuben were rounded it wos ncccpoory o make
a rounded magnetic stirrer, This stirrer was made by passing a short
section of thin iron wire through a glass caplllary which had been bent
into an arc whosc radius of curvebture wao obout the pame as that of the
Thunberg tube, The length of the capillary arc wag Just longer than
that of the iroen wire. After the wire had been centered in the arc,
the ends of the gless capillary were sealed. This stirrer was tesked
prior to use by belling it in a small volume of concentrated HC1l. If
the ends of the capillary had not been sealed correctly, the solution
turned yellow frem the dissolving iron.

**Prepared vy dissolving 1 gm of phenol red in 28.4 ml of 0.1 F NaOH
and dilwting the mixture %o 1 liter. The dilubted solubtien was then
titrated with NaOH to approximately pH 7.50. The exact pH was such
that when 0.02 pym OH ion was added To a COp~free water Dlank, a dis-
tinct colur change from yellow bo pluk was observed agsinst a white
background.
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water to prepare the reagents, no specisl precautions were necessary to
exclude atmospherle carbon dioxide.

V B%: Results and Conclusions

The results of these assays are shown in Table X, p. 117. The
first 13 entries in this Table served Lo establish the validity of the
two methods of assay. The final entry is the result from an analysis
of 2 samples of AIc'

The two preparations from rabbit y-globulin were from different
sources. The average of the gas chromatographic and titrimetric deter-
minations for the first and second preparations are 16.2 and 21.8 re~
spectively. OF the difference of about 6 residues, only 2 can be at-
tributed to experimental errors. The remaining 4 represent real dif-
ferences in the acetyl content of the preparations, not a deficlency
in the accuracy of the assays.

Hemoglobins AII and FII do not contaln any acyl groups. The find-
ing of 0.66 um of volatile acids by the titrimetric procedure for these
two compounds is probably arn indicatlon of some degradation of the heme-
globin during hydrolysis with 2 F HESOA‘ These two values are to Te
considered ag blanks which are to be subtracted from the determinations
for AIc and FII regpectively. This subtraction has been carried ocut in
that section of Table X Just preceding the notes to the Table.

The gas chromatographic analyses of FI and FII were performed by
John (ua. These analyses were the basis for the publication (128) by

Schroeder et al, in which it was demonstrated that hemoglobin F. was

I3

monaacetylated.
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TABIE X

Assay for Acyl Groups

Compound pm Taken™ Gas Chromatography Ba(OH),
Ha0 - - 0.01 + .01 (3)P
HOAc® 0.10 - 0.11 ¥ .01 {2

0.50 - 0.55 + .0L (2)
Acetyl glycined 0.37 - 0.41 (1)
_ 0.94 - b 0.88 (1)
0.95 0.92 + .01 {2) -
1.90 2.01 + .03 (2) ~
377 5.7% + .02 (2) -
Rabbit y-globulin® 1.00 17.9 + .6 (ug 14,6 (l;
1.00 23.3 .1 (2 19.8 +.5 (2
FIIe 1.00 0 (9) 0.44 + .08 (2)
FIe 1.00 0.8 + .05 (29) 1,74 (1)
Aﬂe 1.00 0 (5) .66 (1)
a ° 1.00 0.20 + .06 (2) 0.92 + .08 (2)
pr acyl groups in F 1.7k - 0.4k = 1.30 by titratien
0.84% ~ © = 0.04 by pus chromabography
pm acyl groups in A, : C.92 - 0.66 = 0,26 by titration
6.20 -~ O = 0.20 by gas chromatography

"This is the amount of compound which was assayed.

bThe numbers in parentheses are the number of independent assays

which were made,.

cTest of titration precedure only; not carried through diffusilon
steps.

dCarried through entire procedure.
®The actual amount of starting compound varied between C.1 and 1.3

pm. For ease of comparison the results have been expressed on a common
bagis of 1.00 pam.
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By combining the gas chromatogrephic and titrimetric data, we find
that FI contains 1.07 + .15 upm acyl groups, and AIc 0.23 + .02 pm acyl
groups, per mole of hemoglobin. The conclusion is that nonketo acyl

groupg of less than 5 carbon atoms are gbsent from hemoglobin AIc'
¥V §¢: ASSAY FOR CARBOXY

The presence of a carboxy group in R-val-hils was tested for in-
directly by incubating synthetic L-valyl-L-histidine* with 002 and com—
paring the resulting compound electrophoretically with R-val-his and
val~his.

¥V Cl: Experimental

A 1 x 10-cm Pyrex test tube was flushed with COE by allowing 0.2
gm of dry ice to evaporste at room temperature from the tube inside.
an evacuated desiccator. Exactly 0.200 ml of pH 7.60 sodium phosphate
buffer which was 0.127 F in NaEHPOh and 0.0L9% F in NaHQPOA was placed
in tha tube with 0.1 gm of dry dice. The tube was kept at room tempera-
ture until all the dry ice had evaporated. Approximately 0.3 pm L-val-
I-his in 0.010 ml of water and O.1 gm of dry lce were added to the tube,
which was immediately sealed with a rubber stopper that was held in

place mechanically.*™ The incubation was continued at 25°C for a total

*The synthesls of L-valyl-l-histidine 1s given in Appendix I,
. 201,

**ppproximately 8 atm COz pressure was developed In the sealed tube.
The concentration of L—val-I~his in the tube was 0.0015 ¥. By assuming
solution ideality, and Henry's law behavior for gaseous (Oz, the for-
malities of other species in the solution were estimated to be: Nat,
0.263 HpPO4 , O.14; HCOm , 0.12; and Hp(03, 0.27. The pH of the solu-
tion was spproximately 5.6. -
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of 108 hr. BRach 24 hr a fresh 0.l-gm plece of dry ilce was added to the
tube. At the end of the lncubabion, the contents of the tube were
evaporated to dryness, snd an aliquet was taken for electrophoretic
comparison with R-val-his, and val-his. The electrophoresis wes carrled
out as deseribed earlier (p. 45).
V C2: Results

From Fig. 11, p. 120, it is clear that R-val-his cannet be formed
by incubating val-his with carbon dioxide under the above conditions,
because the compound that is formed during the incubation has an elec-
trophoretic behavier which differs from that of either R-val-his or
val~his. The tailling of the compound that is formed between val-his

and CO2 is probably due to ths salts from the sodiym phosphate puffer.

—

We conclude thaet R is not wcog .

V D: ASSAY FOR CARBAMYL

Stark and Smyth (137) used carbamylated proteins to determine the
N-terminal smino acid present therein, The principle of the method is
to convert the N-terminal amino group of the protein to the carbamylate
by reacting it with KCNO at basie pH. On acidification the N-terminal
amiro acid carbemyl derivative cyclises, and the hydantelin of the k-
terminal amine acid 1= sponbanecusly cleaved from the remainder of the
peptide.ehain. The hydantoln ls readily purified by chromatographyrand
can be identified after hydrolysis to the corresponding amino acid,
earbon dioxlde, and smmonis.

The method can be used "in reverse” to determine whether an N~

terminal carbamylate is present in a palYpeptide chain: the treatment
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with potassium cyanate is omitted; subsequent treatment is exactly the
same as that described above. If the carbamylate is present, the cor-
responding hydantoin will be found; if it is absent, it will not.

The experimental results of this assay are given in Table XI.

TABLE XTI

Assay for Carbamyl

Starting Peptide Amount pm N~Terminal Amino Acid Found  Amount um

val~gly* 1.00 val 1.00
pT—1% 1.00 val 0.76

A

g Lep 1 ** 1.00 none 0.00

*¥Reacted with KCNO; val-gly and BT-1 were used to check out method.

**Not reacted with KCNO.

Were the N-terminal amino group of BAICT—I blocked as the carha—
mylate, the Stark and Smyth procedure should have yielded the aminc
ocid valine cven though EAICT—l.had not been reachbed with XCHNO. No
valine was found for BAICT~1' This conclusively demonstrates that the
blocking group R is not ~%Fﬂﬁé, because hed this group been present,

the entry for BT-1 which was reacted with KCNO shows that it would

have easily been detected.
V E: ASSAY FOR PYRIDOXAL

R~val-his was assayed indirectly for pyridoxal by synthesizing the
Schiff base between pyridoxal and L-valine and comparing this base with

R~val-his.
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Tae synthesis followed Heyl (51). A mixture of 2 mg of L-valine
snd 3.48 mg of pyridoxal hydrochloride, which had been dissolved in
0.050 ml of 0.68 F KOH in MeOH, was allowed to stand 15 min at 25°C.
Thls solution exhiblited the deep yellow color that is characheristic
(97) of the Schiff bases of aromatic aldehydes. When this Schiff base
was diluted to a concentration equal to that of a comparison sample of
R-val-hig the yellow color was gtill pronounced. The compariscon sample
of R-val-his was colorless.

We conclude that R is not pyridoxsl, a derivative thereof, or an

aromatic aldehyde.
V F: ABBAY FOR FPHOSPHORUS

The method of Nekamura (108) was used to determine total inorganic
plus organic phosphorus. It was mpdified as follows to make it appli-
caple To the small amount of material available.

V Fl: Reagents.
61 wt % HC10) in water
5% w/v (1\11{1;)6P40702)+'4H20 in water

Buffer: A mixture of 0,0200 gm of l-amino-2-naphthol-
h-sulfonic acid,* 1.20 gm of NaHSO,, and 0.24
z
gm of Na2805 was dissolved in 10 ml of HQO.

The solution was stored in the refrigerstor.

*The reagent grade product may range in color from white to a dull
mauve depending on its exposure to light. It should be used as ob~
tained hecause further purification is unnecessary as well as ex~
tremely difficult.
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V F2: Experimental

The sample, conbtaining 0-10 u gm phosphorus, was dried in a 13 x
100~-mm Pyrex test tube. Exactly 0.100 ml of 61% HClOu was added, and
the tube was placed in a NaCl "saend bath” at 190°C~200°C for 15 min.
The tube was removed from the bath to a metal test tube rack, 0.050 ml
of BO%KHEOE'was added, and the tube was again heated at 190°C~-200°C for
10 min. The tube was removed to the rack, and the sides of the walls
were washed down with 0.500 ml of water. Tn succession, with mixing
between additions,® 0.100 ml of buffer, 0,10C ml of 5% molybdate solu~
tion, and 0.300 ml of water were added. The tube was centrifuged
briefly at low speed to collect all liguid at the bottom of the tube,
was shaken agaln, and was allowed to stand 10 min prior to reading the
optical absorbancy at TOO mp and a l-cm path length., In the presence
of phosphorus, a blue color, stable with time, was formed.

V F%: Resulis

The following relation, based on 13 observations approximately

equally spaced in 4 groups of 3 each, was closely followed throughoub

the 0-10 ugm range when annydrous NBEHPOk was used as a standard:

_ - .l cm
pegr P = 8.585 A?OO my
P.E., = 0.26 pem ,

The results of the assay are shown in Table XII, p. 12k,

Clearly, the blocking group R does not contain phosphorus.

*The mixing was accompliched by flipping the test tube with the

forefinger.
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TABLE XIT

Assay for Phosphorus

Compound Taken Amount Compound Taken™ Amount P Found
Lys® 1.00 pm 0.00 pm (2)°
Glu-lys® 1.00 0.00 (2)
G’ 1.00 0.00 (2)

Adenylic Acid 1.00 0.95 + .03 (2)

R-val-his 1.00 0.0% + .07 (2)

a)The actual amount of each compcund taken was approximstely 0.1 upm.
For ease of comparison, all resulits have been expressed on the basis
of 1.0 um taken.

b)These compounds were obtained from the papain hydrolysate of
BAICT—l (cf. pp. 63-67) by teking aliguots from the Dowex-50 X8 chro~
matogram CFig. 9, p- 68) from which R-val~his was 1isolated, In this
manner any impurities from the 1solation procedures which might have
given a false positive reaction for phosphorus could be allowed for.
As can be seen from the last coluwmn in this Table, whatever lmpurities
were present did not contain phosphorus. This is interesting in view

A
of the fact that prior to the papaln hydrolysis, £ ICT—l had bheen
purified on cellulose phosphate (cf. pp. 58-61),

c)The number in parentheses 1s the number of Independent determina~
ticns which were made.
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V G: ASESAY FOR CARBOHYDRATE

VY Gl: Inbreoduction

Protein camplee containing carbohydrate can be tesgted either di-
rectly or indirectly. By directly is meant that no attempt is made %o
1solate the carhohydrates from other chemical classes which may be pres-
ent; by indirccily ic mcant that the carbohydrates are reparated as a
distinct chemical class before being tested. Both methods were used
with success in the present case, although when quantitatlve data were
desired, thc dircct mcthod was found %o be more asccuratc. In cither
method appropriate controls were carrled through the entire procedure.

For the indirect tests carbohydrates were lsolated as a class by
column chromatography on Dowezx—-50, after they had been hydrolyzed with
HCLl (101).

Regardless of the method which was used to lsolate or assay the
sample, 1t was Important to aveld contaminating the reagents and sam—
ples with exogenous carbohydrate such as lint or the glue on the backs
of Scotch Tapes of wvarilous tyﬁes. Such materials are in abundant
usage 1ln many laborsborles, and thelr presence may go unsuspecbed untll
detected as an abnormally high blank. Even though precautions were
taken to avold such contamination, typlcal blanks contained approxi-
mately 0.1 pm glucouse equivaleuts,* Aboub 2/5 of this was due bto the

reagents, while the remaining 1/5 appeared to come from the Dowex-50

*That amount of any carbohydrate which gives the same color re-
action as 1 pum (pgm) glucose in a specific assay 1s by definition
1 um (pgm) glucose equlvalents,
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columns which were used in the Indirect method. It might be thought
that such a large blank would overwhelm endogencus carbohydrate from
the sample and thereby invslidate the results. In practice this did
not happen: the accuracies of the assays were sufficiently high that
even when the carbohydrste in the blank wag five times larger than that
in the sample, a reliable quantitative assay of the sugar in the sample
was obtained.

The two accayo that were used, the "anthrone' and "phenol' tests,
were specific for carbohydrates in general, and not for any carbohydrate
in parbicular. Both were modified to mske them applicsble to submicro-
mole quantities of sugar. The anthrone test (26, 95, 134), which gives
positive reactions with hexoses, 6-deoxyhexoses, hexuronic acids, and

aldopentoses,®

was found to be both accurate and reproducible when used
as described below. The phenol Lest (27), Lhough slightly less accur-
ate, was more rapidly and easily performed. Positive reactions sre
given by all classes of reducing sugars. The latter test had the ad-
vantage that to the eye the gualitatlive contrast between a posltive and
negative test was more readily apparent than in the anthrone test; how-
ever, 1f a spechrophotometer was used to quantitate the results both

tests were equally sensitive, The phenol test suffered from the dis-

advantage that the orange color of a positive test could be artifically

*Positive reactions with anthrone for some sugars are critically
dependent on the exact experimental procedures. Thus, by suitably modi-
fying the conditions {cf. Refs. 95, p. 490; and Ref. 13k), hexoses and
6-deoxyhexoses can he distingulshed from pentoses and hexuronic aclds,
and these in turn from heptoses and 2-deoxypentoses.
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augmented by yellow or orange colored noncarbohydrate contemlaants. In
the anthrone test a positive result was indicated by a blue-green color;
because there are not a great many blue or green colored substances
this test was less sensitive to contaminating materials, and in particu-
lar to yellow or orange ones. Together the two tests served as good
checks for each other.

V G2: Experimental

Anthrone Test

The compound, containing 0~30 pgm glucose equivalents (cf. foot-
note, p. 125), was dried in a 13 x 100-mm Pyrex test tube. Exactly
2,00 ml of anthrone reagent (O’SOO gm,anthrone/QSO ml EEEEE% cone .
HESOR) was added, and the tube was cooled 10 min in a 5°C water bath.”™
Exactly 1.00 ml of HZO was carefully layered onto the cooled mixture,
and the tube was kept at 5°C for 5 more min. At the end of this time
the contents were mixed, while still in the bath, with a glass stirring
rod. A separate rod was used for each tube and was left inside the
tube throughout the following procedurc. The tube was removed from the

5°C bath and was allowed to stand at 25 + 3°C for 10 min, at which time

1t was plunged (% = O min) into boiling water at 100°C. The tempera—

*Tt was imperative that the HpS04 come from a freshly opened bottle
i1f relisble results were to be obtained: thls was by far the most cri-
tical parameter in both the anthrone and phenol tests. If several
tests were to be performed over a period of days, it was convenient to
purchase the sulfuric acid in small bottles. The same bottle could be

used on different days provided it was kept tightly capped between uses,

*hen many tegts were fun gimultaneously, 1t was convenlent to
carry out all the cooling and heating operations in a metal test “ube
rack which fitted into the various water baths.
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ture of the bath was immedlately lowered Lo 90°C by Lhe addltion ol
cooler water or of ice. The tube was kept at 90°C for exactly 16 min
(t = 16 min) at which time it was plunged into an ice bath at 0°C.
When the temperature within the tube® had dropped to 27°C the Lube was
removed from the bath and was allowed %o stand at room temperature for
10 min. Directly thereafter (the blue color, though stable for periods
oI half an hour; wag not sgtable over long pericds of time such as two
or three hours), the absorbancy at 625 mp and l~cm path length was de~
termined.
Zhenol Test

The compound, containing O0-20 pgm glucose equivalents, was dried
in a 13 x 100-mm Pyrex test tube. Exactly 0.600 ml of 2.5% w/v phenol
in HEO.and 1.500 ml of fresh conc. HESOM were added, The sulfuric acid
wag added from a callbrated fast flow pipet which had been made by cub-
ting off the tip of a 10-ml graduated pipet and regrinding. It was
important %o drain the pipet in exactly the same manner as 1t was
dralned during the calibration. The tube was shaken, allowed to stand
10 min 8t room btemperature, and agaln shaken, at which point 1t was
placed in a water bath at 25°C~30°C for 20 min.*® The absorbancy at
490 mu and l-cm path length was determined. The presence of carbohy—

drate was indicated hy an orsnge color.

*A thermometer was placed directly inside an extra tube which
had been carried through the entire procedure to this point.

**Medium sized beakers made perfectly acceptable water haths. The
purpose of allowing the tubes to stand at room temperature prior fo
immersing them in the waber hath was to dlsslpate some of the heat
evolved from the reaction. Otherwlse the temperature in a small bath
would exceed 30°C when the tubes were placed In if.
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V G3: Results
Anthrone Test
The following relation held between the concentration of glucose

and the absorbancy:

pem/m1* = 18,49 A%é;mﬁp
P.E. = 0.37 pem/ml.

For carbohydrates other than glucose the coefficient of A%egm~mp

differs from 18.49, and for these carbohydrates the relation glven
gbove is only approximate.

Phenol Test
The following relation held between the concentration of glucose

and the absorbancy:

Ll em

pen/ml = 31,34 B0 me

P.E. = 0.7% pgn/ml.

For sugars other than glucose the same considerations apply as
for the anthrone test.
Results fer R-val-his
Table XIII, p. 130, shows that the blocking group R does not con-

tain carbchydrate. Glucose and adenylic acid, which contained known

*In converting concentrations to amounts (ugm) it was important to
calculate the volume of the final solution from the known (handbook)
deneity of sulfuric acid at different compositions. The reagent volumes
are not additive and to lgnore this fact can introduce errors up to
10%. This consideration alsc applies to the phenol test.
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smounts of carbohydrate, were used as controls,
V O: ASBAY FOR STEROIDE

The microdeterminablon of sterolds was made by reacting the com~

pound to be tested with SbCl, (110, 113). Antimony trichloride rescts

3
with steroids of all types to form highly colored compounds which fluor-
esce strongly in ultraviolet light (360 mu). Compcunds other than ster-
olds do not give positive reactions. In many cases the color (viewed
both in daylight and in ultraviolet light)that is formed in the reaction
with SbCl5 is characteristlec of particular classes of steroids and can

be used as a further identification aid,

V Hl: Experimenital

Exactly 0.15 um of BAICT—I whick had been reduced with NaBH), (cf.
p, 146 ) was spotted in 1 pl of water onto Whatman No. 1 chromatographic
paper. Standards containing 0.07, 0.21, and 0.35 um of testosterone in
CHCl5 and standards containing 0.10, 0.30, and 0.50 pm of cholic acid
in a 1:1 mixture of acetic acid and acetone were also spotted, Testo~
gterone and cholic acid are representablves of the stercids that are
found in the keto-sterolds and bile acids respectively. To guard
against the possibility that the peptide moiety of reduced BAICT—-LL
might itself form, or prevent the formation of, a colored compound with
SbClB, three controls were prepared. In the first 0,15 pm of BI-1,
which does not conbain the blocking group R, was spotted. In the
second, a mixture of 0,15 um of PT-1l and 0.07 pm of testostercne was

spotted. In the third, a mixture of 0.15 pm of PT-1 and 0.10 pm of

cholic acid was spotted.
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After the samples had dried on the paper, the latter was sprayed*
with a saturated solution™ of SbCl5 in chlorcform. When the chloro~-
form had evaporated from the paper, the latter was heated at 85°C for
5~15 min until maximum color had developed for the standards of testo~
sterone and cholic acid. The paper was then examined with a long wave-—
length ultraviclet light to detect those samples which fluoresced.

In a modification*** of the asbove procedure, the paper was sprayed
wlth a saturated solution of S'bCl5 in nitrobenzene.**** Otherwise the
procedure was the same as in the preceding parsgraph.

V 42: Results

When viewed In daylight, testosterone and cholic acid that had
been treated with SbCl5 in CHC15 appeared as vlolet and peach~colored
spots respectively agalnst the white background of the paper. In ulbra—

viclet light these spots Tluoresced bright plnk and pinkish-yellow re-~

spectively against the weak purple background fluorescence from the

*In our hands, spraying was preferable to dipping: 1if the paper
wag dipped,many of the samples which had been spotted on the paper were
washed off because of the high solubility of some of the sterold com-—
pounds in CHClE.

**ppproximately 6.6 gm of SbCly in 100 ml of CHCL,.

***There are many simple modifications of the SbClg test, and all
glve good results (115). Because the colors that are obhtained in =
posltive test vary from modification to modification, a considerable
amount of Information about the stercid can be obbalned by ceombining
the color data from several modifications.

**X*ppproximately 100 gm of SbClz in 100 ml of CHClg. This modifica-
tion usually results in e more intense fluorescence than the CHClg4
modification.
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Whatman No. 1 paper.™

The papers which had been treated with SbCl5 In nitrobenzene
showed gray and green spots in daylight for testosterone and cholic
acid respectively. DBoth these spots fluoresced a bright yellow-white
under ultraviolet light.

Behavior that was ldentical to that which has just been described
was observed for the control samples that conslsted of a mixture of
testosterone or cheolic aeid with PT-1. The control sample of BT-~1 to
which no steroid had been added showed nelther a color In dsylight nor
a fluorescence in ultraviclet light.™ These observations demonstrate
that the peptide moiety of BAI°T~1 does not interfere with the S“bCZI_.5
test.

BAICT—l, which contains the blocking group R, behaved exactly
as PBT-1.

V H3%; Coneclusions

Even had no more than 0.02 um of a sterold been present in the
0.15 ym of reduced BAICT~1 which was examined, we could have detected
1t both by the color it would have given in daylight after trestment

with SbCl, as well as by its ultraviolet fluorescence, The faillure of
A

*The colors which are observed in daylight for a given steroid de-
pend on a variety of factors, TFor a glven stercid, the temperature at
which, and the time during which, the paper is heated, the time which
has elapsed between heating the paper and viewlng it, and the concen-
tration of the steroid can all affect the color. These considerations
apply to a lesser extent for the colors which are observed in ultra-~
violet light,

*compounds, such as BT-l,which did not contain sterolde usually
caused a slight quenching of the weak purple background flucrescence
of the Whatman No, 1 paper.
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A
B Temy o give either a color or a fluorescence with SbCl5 demonstrates
that fthe blocking group R in this compound 1s not itself, nor does it

contain, a gteroid.
V I: SUMMARY OF PRECEDING ASSAYS

The group R which blocks the N-terminus of the 5AIC polypeptide
chain of hemoglobin AIc is not a nonketoacyl-group of less than five
carbon atoms, 1s not carboxy, carbamyl, pyridoxal or other aromatic
aldehyde. The group R does not contaln phosphorus or carbohydrate. R
is not itself, nor does 1t contain, a steroid.

From biological conslderations alone, a priori it seemed that R
stood a good chanece of heing one of the above groups. Pailure to find
such groups was Very disappointing. It was now clear that nothing
gshort of a complete modern classlcal structure analysis on a highly
purified compound containing R was likely to end in success. The

following two sectlons of the thesls are devoted to such an analysis.
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VI: THE MOLECULAR WEIGHT OF THE BLOCKING GROUP R
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VI A: INTRODUCTION

The molecular weight of a compound 1s of primary importance in
establishing its structure. Knowledge of this parsmeter severely limits
the number of possible atomic arrangements. To determine the molecular
weight accurately requires a highly purified sample of the compound.
Beecsusge of the limited amounts of Alc’ BAICT~1, ani R-val-~his available,
it has not yet been possible to isolate sufficient materisl of the re-
quired purity to make feasible an exact determination of either its
moleculer weight or of its elemental composition. Nevertheless, an
estimate of the molecular weight of R has been made which is in error
by at most seven carbon atoms,® and probably by less than three (out of

a total of about 22 carbon atoms).

VI B: EXPERIMENTAL

VI Bl: Meﬁhodolo§z

A weighed amount of R-val-his was hydrolyzed %o 1ts constituent
smino acids with HCl. The aminc acids were analyzed on the amino acid
analyrzer Lo determine the number of moles of R-val~his that had been
hydrolyzed. The molecular weight was obtained by dividing the weight
of R~val-~his by the number of moles found by smino acid analysis.

In practice, the experimental procedure was not as simple as that

*More precisely, by + 84 atomic weight units. We have expressed
the erraor as so many carbon atoms because 1t 1s somewhat easler to
visualize the latter than to visuallze atomic weight units., By ex-
pressing the error in this menner we do not mean to preclude the pos-
sibility that R might contain atoms other than carbon.
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just described. The R-val-his was not a highly purified sample, but
was contaminated ﬁith impurities which had been picked up during the
chromatographic procedures (cf. pp. 48-50). It was therefore necessary
to determine that percentage of the weighed sample which was due %o
these contaminants. This was accomplished by weighing several chromat-
ographlc zones taken from the same chromatogram as that from which
R-val-his had been isclated. These control zones were taken on elther
side of the zone which contained R-val-hls so as Lo allow for bhe pos-
sibility that the amount of contaminant was a function of the effluent
volume. Some of these control zones contalned peptides whose molecular
welghts were about the same as that of val-hls, and so were 1n every
senge equivalent to the zone from which R-val-his was obtained.

VI B2: Detailed Procedures for the Molecular Weight Determination

A 1% x 100-mm Pyrex test tube was dried at 110°C for 1 hr, then

allowed to cool over P20 in a desiccator prior to weighing the tube

B
on & microbalance.® The desiccator was not evacuated, for it was found
that more reproducible weighings resulted by cooling the samples atb

atmospheric pressure: this was probably due to the fact that the stream

*Before each tube was welghed, it was brushed lightly with a camel's
hair brush to remove any lint or dust particles. Occasionally a tube
would give very erratic scale readings which were probably caused by
electrostatic charges on the tube surface. Buch erratic readings could
be avoided by wiping the tube with a barely damp chamois which had been
prepared by wringing a thoroughly wet chemols as dry as possible, blot-
ting it between two pileces of filter paper, and storing it in a covered
Petri dish. The freshly wiped tube was brushed with the camel's hair
brush, was placed on the weighing hocks, and the reading was recorded
after exactly five minutes, The very thin film of water which was left
on the tube by the chamols evaporated almost instantaneously.
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of air which results upon opening an evacuated desiccator can induce
electrostatic charges upon the dry objects within 1t. ZFXach tube was
dried and reweighed until the probable error of the average of three
or more welghings was less than 8 pugm (ef. p. 140). After the tube had
been dried to constant weight, the sample, containing approximately

600 pgm R-val-his,was added to the Pyrex tube and dried in vacuo at

room temperature over P205. It was not possible to dry the sample by
heating because of the lability of the blocking group R (cf. pp. 67~T70).
The drying procedure just described did not remove the blocking group R
from R-val-his. After the tube with ssmple had been brought to constant
welght, five 0,2-ml portions of doubly glass-distilled 6 F HCL were
added to the tube; care was taken to rinse down the sildes of the tube
in the process. An sdditional 1 ml of 6 F HCl was added to the tube,
and the latter was evacuated with a walter pump and sealed. The sample
was hydrolyzed for 22 hr at 110°C. The resulting amino acid mixture

of valine and histidine was analyzed on the amino acid analyzer to de~-
termine the number of moles of R-val-hls which had been present in the
weighed sample.

Exactly the same procedure was followed with the controls.
VI C: RESULTS

Calculation of the molecular welght of the blocking group R is

shown in Table XIv, p. 139.
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TABLE XIV

Calculation of the Molecular Weight of R

Molecular weight L—alaja) 2L3 + Ea)
Weight R-val-his + contaminants TT# + 17 npgn
Weight column contaminantsbP) 136 + 28
Weight R-val-his 638 + 33

pm R—val-hie : 1.2%2 + .0k
Molecular weight R-val-his 518 + 27
Mulecular welght  val~his ool

Molecular weight R 265 + 27c)

a)The molecular welght of a synthetic sample of L-alag was deter-
mined in triplicate by the method which 1s described in the text. The
true molecular weilght of I~alas, calculated from its atomic composition
is 231.34. It thus appeasrs that the method itself has an Inherent ac-
curacy of 5%. The fact that the experimentally determined molecular
weight of L~alas is higher than the true molecular weight is probably
a reflection of the hygroscaople nature of the polypeptide. The small
error Qt 2 atomic welght units) between triplicate samples of I-alag
must be congidered accidental, for the sum of the weighing and amino
acid analysis errorp was + T awu.

b)Determined by evaporating and welghing fractions 130~137, 202-315,
and 367-376 of Fig. 9, p. 68. The welght of each zone was reduced by
the welght of any amino acids or peptides which 1t contained (rone,
glu-lys, and lys, respectively), and was then adjusted proportionally
for differences in the number of chromatographic fractions in that zone
snd the zone from which R-val-his (fractions 316-330, Fig. 9, p. 68)
was taken. The average of these adjusted values for the three zones
was 136 + 28 ugm. It should be noted that the agreement between the
three zones is quite good, for 17 pgm out of the 28 pgm was due to
welghing and smino acid analysis errors. There was thus an error of
only 11 pgm due to uncertainty in the amount of contaminants themselves.

C)This error is divided ssg follows: welghing 9, smino acid analysis
9, and contaminants 9.
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VI D: DISCUSSION

From footnote c) of Table XIV it appears unlikely that the estimate
of the molecular welght of R can be lmproved upoa by more than + 1
carbon stom, for the only errors which can be significantly reduced are
those due to contaminents (by using a purer sample of R-val-his) and
the weighing error. In view of the fact that the accuracy of a micro-
balance 1s in the range of 1-2 pgrm atbempts were made to reduce the
weighing error below the + 8 pgm mentioned at the top of p. 138. These
attempts were uniformly unsuccessful. Two factors probably contributed
to the 8 pgm error: First, water vapor in the weighing room was rapidly
adsorbed onto the Pyrex tube s.nd/or the sample inside the tube; second,
the temperature, humidity, and vibration in the weighing room was poorly
regulated. The error of 8 pugm from the welghing was of the same order
of magnitude as the sccuracy of the amino acid analyzer so that it was
not worthwhile to attempt to reduce 1t further unless this could be
done easily.

The above consideratlons demonstrate that the molecular weight of R
which was obtained is aboubt the best that the methed is inherently cap-
able of giving. Further improvements in the knowledge of the molecular

welght of R must come from more precise methods such as mass spectrome-

try.
VI E: MOLECULAR WEIGHT OF R BY MASS SPECTROMETRY

An sttempt was made to cbtaln the molecular weight of R-vel-his,

and hence of R, by mass spectrometry. This attempt arcse not only from
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the considerations of the preceding page, but from the fact that not
only the molecular weight, but the elementel composition, and fre-
quently the entire structure of a compound can be deduced from a good
quality mass speclbrograu.

Discussions with Dr., Klaus Biemann,* who has had considerable ex-
perience in interpreting the mass spectra of small peptides as well as
of other compounds, indicated that there was a reascnable chance of ob-
taining a good quality spectrogram from the sample of R-val-hls shown
in Table XIV even though the R-val-his was contaminated to the extent
of one-fifth its weight with Impurities from the chromatography which
had heen used to purlfy the blocked dipeptide.

Accordingly, we sent Dr. Blemann samples of highly purified
I-val~-L-his, N-acetyl-L-val-L-his (cf. Appendix I, p. 201), and the
impure pemple of R-val-his of Table XIV. The three control zones of
footnote b, Table XTIV were also sent. The complete structures of
L-val-I-hls and N-acetyl-L-val-I-hls were deduced from thelr mass
spectrograms by Dr. Blemann and a graduate student of his, Mr. John
Hays. The spectrum of L-val-I-his was recognized as present in the
mass spectrogram of R-val-his; however, the contaminants in the latter
sample prevented any deductions to be made about the molecular weight

or the structure of the blocking group R.

*Chemistry department, Massachusetts Institute of Technology,
Cambridge, Mass.
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VII At INTRODUCTION

In the preceding sections we have established that the structure

T-1(val - R-val) =
of A 1is & BB .

The group R, which blocks the N-
terminug of one of the P polypeptide chains, is covalently bonded to
the alpha amino group of the N-terminal amino acid valine. R has a
molecular welght of approximately 265, and has been shown by specific
chemical assays not to be acetyl, carboxyl, carbamyl, nor an aromatic
aldehyde. R does not contain phesphorus, carbohydrates, or steroids.
From starch gel electrophoresis {cf. pp. 95~96), it is unlikely that R
1s bonded to the N-terminal valine through an amlde bond. The two co-
valent bond types which are most consistent with the electrophoretic
behavior are the substituted amine type bond, and the Schiff base type
bond (cf. p. 96).

The alkaline lability of the bond between R and wvaline favors
the Schiff bhase type bond as does other evidence which has heen ob-
tained in preceding sections and which 1s recapitulated below. It is
the purpose of this sectlon to present the experiments which show con-

clugively that R ic covalently bonded to N-terminal waline in a Schiff

base linkage.

- g, A
*BT 1(vel ~ R-vel) is a more specific designation for B 1¢, The

former designation follows Baglioni (ef. footnoEe p. 19) and Schroeder

and Jones (Ref. 131, p. 97), and means that P Ic 15 1dentical with
the B polypeptide chain of AII except that the amino acid valine in

the N-terminal tryptic peptide has been replaced by R-valine,
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VII B: RECAPITULATION OF DATA

During the course of the many experimenits that have been described
in preceding sections of this thesis‘we observed the following facts
which support, but do not prove, the hypothesis that R is bonded to the
H~terminel valine of the BAIC chain iIn a Schlff base bond:

1. BAICT~1 or B-val-hic which had becn spotted on chromato-—
graphlc paper and allowed to dry reacted only very weskly
with 0.5% w/v ninhydrin/acetone. However, when the ninhydrin
treated paper was heated to 80°C a deep purple cclor, comp-
arable in intensity to that given by an equivalent smount
of PI~1 or val~his, developed (cf. pp. 47-48, and 67).

2. When BAICT—l was concentrated from large volumes of huffer
by evaporation, sometimes only PT-1 was found in the residue;
i.e., the blocking group R had been cleaved from giTep )

(ef. Pp. 58-60, and 69).

3. HKach time that purified BAICT~1 or R~val-hls was dissolved
in water and then regvaporated, the amount of BAICT~1 or
R~val-his decreased, and a corresponding amount of Bl-l or
val-his was formed. The amount of the latter two compounds
which was formed was greater when the evaporation was carried
out at 38°C than when it was done at 25°C (cf. p. 69).

4, - If R-val-his was heated at 38°C for 16 hr with either 1 ml
of water or 1 ml of 10‘4 F NaOH, it was quantitatively con~

verted to val-his (ef. p. 69).
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5. BAICT—I which had been chromatographed under basic canditions
on the gquaternary amine anion exchange resin Dowex-l was
quantitatively converted to BT-1 (ef. pp. 50-51, and 69).

6. The stability of the bond between R and valine at acidic
EH’S (a1l the successful lsolatlons were carrled out bslow
pH 5) and its instability at neutral and alkaline gﬂ's have
analogues in the Schiff bases between some proteins and
pyridoxal (cf. p. 111).

7. Finally, the electrophoretic behavior of BAIC during sbarch
gel electrophoresis is consistent with a Schiff base type
bord between R and valine {(cf. pp. 93-96).

Points 1 through 6 emphasize the ease with which the blocking group R
is removed from the alpha smino nitrogen under very mild hydrolytic
conditions. This lability is typical of many Schiff bases (23).

If indeed, the bond between R and valine 1s of the Schiff base
type as all our evidence suggests, then it should be possible to reduce
this bond to a secondary amine by the following reactiont

H
R = N~ + 2[H] —— HBT— .

The success of such a reduchtion would be of cruclal importance.
Not only would it prove the Schiff base linkage, but 1t would also pro-
vide a means of overcoming the labllity of the bond between R and the
N-terminal valine; for in the secondary amine which is formed by the
reduction, R 1s permanently bonded to the nitrogen atom. This labllity

has been the major cause of our inability to isolate sufficient amounts
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of R containing compounds, such as R-val-his, on which to carry out a
modern classiecal structure analysis of R. TIn partieunlar, misfortunes

such as that described on pp. 59 and 60 could not occur,
ATC
VII C: EEDUCTION OF P B =~ WITH NaBHh

Reductions with NaBHh are usuvally carried oub at alkalilne EE because
of the instability of fthe hydride anion under acid conditions. However,
Meyers and Libano (94) and Crestfield et al. (25) have shown that even
at acidie pH values the H ion has a sufficient half-life to accomplish
the same reductions which are normally done in alkaline media. Because
of the lability of the blocking group R under neutral or alkaline condi-~
tlons, we chose to carry oub the reduction in acidlc solution.

A 249-mg sample of P BAIc~globin, which had been lsolated as de-
scribed on pp. 34-40, was dissolved in 20 ml of water and was titrated
to pH 3,5 with approximately 0,02 ml of 6 F HCl. The resulting solution
was stirred with a magnetic stilrrer for 1 hr. At the end of this time
the solution was slightly turbid and a very pale yellow in color. A
37-mg portion of NaBH, was dissolved in 1 ml of water to which L A of
L F NaCH had been added., This solution was added dropwise with a pipet
to the solution of globin. It was necessary to add 2 F HCl manually
during the addition of N&BHA in order to keep the EE constant at 3.5.
There was much foaming, so0 that every now and then the form was stirred
into the‘solution with a glass rod. The amount of NaBHh which was used
wag a 56~Told excess over that which was required to reduce a Schiff

base double bond and to reduce all sulfhydryl groups in the globin to
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2.8.% Two more 37~-mg portions of NaBHh were added at one hour inter-

vals. Three hours after the [lorsh addliblon of NB‘BHA" the reaction
mixture was placed in a dialysis sac and was dialyzed for three 8-hr
periods against water at 2°C. The dialysate was lyophilized to dryness
to yield 186 mg of reduced globin. Aminc acld analysis of the reduced
B BAIC—globin gave the same amino scid composition as the unreduced
globin (ef. Table VI, p. 992), s0 that no extensive degradation of the

protein occurred during the reduction.
AIC
VII D: ISOLATION OF REDUCED B ~ T-1

Reduced B BAIc~globin from the ahove procedure was hydrolyzed with
trypsin {(ef. p. 40), and the tryptic peptides were isolated on Dowex~50
(cf. p. 41).* The Dowex-50 chromstogram was similar in detail to that
of Fig, 4, p. 44 except that zone #5 hed moved into the reglon of
zone #6 , although a shoulder was atlll vislble on the left hand =lde
of the latter zone. BAiCT—l is normally found in zone #5 of Fig, L
(cf, pp. 46-48). If in fact BAICT—l were a Schiff base, then reduc-
tion would convert it into a secondary amine (cf. p. 115); and the re-
duced peptide, being more basic, would move more slowly on Dowex~5C
than ﬁAICT—l. The aobsexrved movement of zone #5 into the region of
zone #6 was consistent with the success of the reduction. Indeed,

when the zones from the Dowex~50 chromatogram were analyzed by paper

*The reduction of the sulfhydryl groups to HgS was a concelvable
but not very likely side reaction.

*#Because of the smaller amount of material, a proportionally
smaller Dowex-50 column was used to separate the peptides.
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electrophoresis and paper chromatography (ef. p. 45), no peptide having
the electrophoretic mobility (ef., Fig. 5, p. 46) or ﬁAIcT-3. was found.
Instead, a histidine-positive peptide having the elecirophoretic and
paper chromatographic mopility of PI-1 was found in zone #6. This
observation was agaln consistent with the success of the reduction:

one would expect the paper chromatographic and electropheretic mobili~
ties of reduced_BAIcT~l and BT-1 to be very similar: the difference
between the basicities of a secondary amine (reduced BAICT~1) and &
primary emine (BT-1) is slight. Because zone #6 is adjacent to zone #7
in which BT-1 1s normally found (cf. vp. 46-48), it was possible that
the PT-1-like peptide in zone #6 was not reduced BAICT—l, but rather
was simply PT-1 from zone #7 which had overlapped into zone #6. This
possibility was ruled out by rechromatographing the mixture of peptides
in zone #6 on Dowex-l by the method of Schroeder and Robberson (132).%
Two peptides were isolated from the Dowex~l chromatography: BT-9

(c£. Table IX, p. 107), which was expected, because it is usually
found in zone #6 from the Dowex-50 chromabography; and a peptide which
was contaminated with BT-9, and which from 1ts amino scld analysis

could have been either reduced BT-1** or BT-1. The latter peptide was

*This method 1s a more recent modification of the procedures de-
scribed in Refs, 6 and 127. The major diffcrcnce is that a different
sequence of buffers is used to develop the Dowex-l columns. The new
buffers give a more gradual decrease 1n the pH gradient. This reduc-
tion in gradient results in better resolution of neutral peptides.

**an amino acid analysis of PBI-1 would glve the amino acid composi~
tion (val, his, leu, thr, pru, glup, lys) (cf. Table VIII, p.102a),

whereas an analysis of reduced B 1ep_1 would give the compesition (his,
lem, thr, pro, glus, lys). That is, the amino acid valine would be
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again chromatographed on Dowex-50, but this ftime buffers of lower lonic
cbrength were used in an attempt (successful) to free the peptide from
the contaminating PT-9. The chromatographic system which was used has
not been described before, and is therefore given in detail in the
following paragraph.

A 0.6 x 60~cm Dowex~50 X2 column was prepared in the usual manner
(127) and was equilibrated at 38°C with 65 ml of buiffer B of Table I,
P 52.* The sample, containing up te 1O um peptidc, woe diccolved in
1 ml of buffer A and driven into the column with an air line. The
column was developed wlth a two~vessel gradient device (15) in which
the ratio of the areas of the mixer and reservolr were 2:1 reopee—
tively. The mixer and reservoir were Filled with 66 ml of buffer B
and 33 ml of buffer C respectively. One-ml fractions were collected
at a flow rate of 15 ml/hr. When both mixer and reservoir had cmpticd,
they were refilled with 100 ml of buffer C and 50 ml of buffer F re-
spectively, and the development of the chromatogram was continued until
the gradient device head again empbled. ALt this point the gradlent was
discontinued and development was continued with buffer F for 40 frac~
tions, at which point the chromatogram was finished,

The resulbts of bthe Dowex—~50 chromatogram which has Just been de-

geribed are given in Fig. 12, p. 150. The amino acld analysis of the

missing, because the alpha amino group of this amino acid would be
bonded to the blocking group R as a secondary amine and would be in-
capable of reacting with ninhydrin.

*A11 buffers which are referred to in this paragraph are those in
Table I, p. 52.
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A
pepbide Tfrom the zone labeled "Reduced [ Tep 1" 1p Fig. 12 18 gilven in

Table XV. For comparison, the analysis of BT-~l, from zone #T,(cf. P,

TABLE XV

A
Amino Acid Composition® of Reduced B 1CT-1 and PT-1

A
Amino Acid Reduced B 1°T-1 BT-1
lys 0.95 0.99
his 0.87 0.86
tar 0.95 0.95
zlu 2.00 1.97
pro 1.01 1.01
val 0.0k 0.99
leu 0.82 1.00

*The numbers in the table are the number of

amino residues found In the pepitide heading the

columm.
148) of the Dowex~50 chromatogram of the tryptic peptides from reduced
B BAIC, is also given in the Table; this peptide was purified from
zone #7 by rechromatography on Dowex-l in the manner desecribed on p.
148, The important point In Table XV 1s the absence of the amino acid
valline In the new peptide which otherwise has an amino acld composition
identical to PT-1 (cf, second footnote, p. 148). The possibillty that
valine is missing because of a conceivsble hydrolysis of the amide hond
between valine and histidine (the latter 1s the amino acid penultimate
to the N-terminus) during the reduction with NaBHA is unlikely from
the fact.that the normsl yield of PT-1 was found in zone #7, a5 well
as from the faect that N&BHA does not normally attack amlde bonds,

Positive proof that hydrolysis of the amide bond between valine and
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histidine did not occur was cbtalned by hydrolyzing reduced BAICT~1
with papain (cf. p. 63 ). The resulting fragments were electrophoresed
as described on p. 45 , The electrophorogram is shown in Fig. 13, p.
153, Had the amide bond between vaeline gnd histidine been split during
the reduction with NaBHu, the CG-amino group of histidine would be free
to react with ninhydrin. Therefore the papain hydrolysate of the pep~

A
tide that we have labeled reduced B Leqay in Table XV would contain at

least one peptide fragment which would contain histidine and which also
would react positively with ninhydrin. As can be seen from Fig. 13 the
papain hydrolysate contained only a single peptlde which conbained his~
tidine; in Fig. 13 this peptide is indicated by the arrow. However,

thls peptide gave no reaction whatsoever with ninhydrin at 80°C. Thus,

the Q-amino group of the histidine residue in this fragnent is not
free, but as Table XV shows, can be made free by hydrolysis with HCI.
From the known amino acid sequence of BAICT—l (cf. Table IX , p. 107)
the only group which can be blocking the Q-amino group of the histidine
containing pepbide in Pig. 13 ic the rcduccd B-valyl grOup.*

The great similarity in Fig. 13 of the electropherograms of the
papain hydrolysates of PT-1, BAICT—l, and reduced BAICT~1 makes it
highly probabls that the peptlde which 1s indicabed by the arrow in

Fig. 13 is in fact reduced R-val~his; thls assignment is further

*Reduced BAI°T~1 itself glves a weakly positive ninhydrin reaction
because of the presence of the €-amino group of lysine. The main pur-
pose of the papain hydrolysis was to obtain a peptide that contained
histidine and which wag free from lysine so that a positive or negative
reaction of this peptide with ninhydrin could be interpreted unambigu-

ously.
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strengthened by the total absence of either val-his or R-val-hils in

A
the papain hydrolysate of reduced B IcT~l.

VII E:x CONCLUSIONS

A
The successful isolation of reduced B IcT~l proves the hypothesis
of a Schiff base type bond between the blocking group R and the N-

A
terminus of the B 1 polypeptide chain:

« % og ox g
= —N—C—L
‘ l
HgC’E‘CHs H?H
.
B
-y

Further, the above structure implies that R itself derives from
either an aldehyde or a ketone:
R=O-

The molecular weight of this aldehyde or ketone is 281 + 27 (P.E.).*
VII F: DISCUSSION

It has been shown by Cordes and Jencks (23) that the pK, for the
proton of the nitrogen atom of tertiary butyl amine which is bonded in a
Schiff base type linkage with benzaldehyde 1s 6.70 at 25°C, When elec-
tron wlthdrawing groups are substituted on the henzene ring, the EKa is

less than this figure, and when electron donating groups are present

*This number was obtained by adding the atomic welght of oxygen (16)
to that of R (265).
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in the benzene ring the 2%_ is larger. From Filg. 13, the gKa for the
proton on the Schiff base nitrogen of E-val~hls can be calculated to
be 6.64 + 0.14" &t about 10°C. These authors have also shown that at
gﬂ 2 the half-life time at 25°C for the hydrolysis of aromstic Schiff
bases increases from 6 sec for p-nitrobenzene to 2.5 hr for Efmethoxy—
benzene. These differences gradually becomé less as the pH increases
until at Eﬁ & the half~life time is of the order of 1 min for all mono-
substituted benzene ring systems.

One would expect Schiff bases formed from nonarcmatlc aldehydes to
be less stable than those formed from aromatic aldehydes because the
formeryhave no resonance stabilization. The blocking group R is known

to be nonaromatic (ef. p. 122). TYet hemoglobin A_  is stable over

1c
periods of at least a month. This relative stablility of AIc compared

to the Schiff bases thait were discussed in the preceding paragraph in-
dicates a rather large stablilizing force 1s present in the protein.

From the viewpoint of theoretical chemistry it would be very Interesting
to know what this force is. Probably it is related to the tertiary and

pernaps even the gquaternary structure of hemoglohin A An X-rsy In-

Te’

vestigation of hemoglobin A_  1in the vicinity of the N-terminns of the

Ic
A
R IC chein might be quite rewarding.

*The method of calculation 1s glven in Appendix III, p. 215.



~ 156 —

Part III

THE IN VITRO BIOSYNTHESIS OF AIc

e,
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VIII A: PURPOSE

It is the purpose of the experiments which are described below to
determine, Insofar as it 1s possible, answers to the following ques-
tions: What is the origin of hemoglobin AIC? Is it synthesized by the

cell independently of the major hemoglobin A

172 ©F is 1t a degradation

or metabolic product of AII? Concelvably, all of the above processes
may occur simultaneously; if so, what is the rate at which each occurs?
Finally, what is the relationship between the amount of AIc in an eryth-

ocyte and the physiological age of that erythrocyte?
VIIT B: INTRODUCTION

Hislorically, many insights Into the biology and biochemistry of
living, in vivo, systems have been gained by in vitro experimentation.
A major contribution of the latter type experiment to science is to
suggest important qualitative princilples operabtive in the llving syshbem.
It is rare that a principle found true in vitro is false in vivo. Much

more care must be exercised, however, in extrapolating the guantitative

results of an in vitro system to the living system. Although in prin-
ciple it should be possible, with sufficlent care and knowledge, to
design an In vitro experiment to resemble the living system as closely
as 1is desired, in practice this is difficult, The test ol course is
the number of experimental phenomena which accurately mimic the real
situation. Usually the experimenter is only interested in one facet
of the system under study, énd ne therefore looks for only that facet.

As & result it can sometimes happen that he has selected the very one
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which fails to correspond to reality. In the fileld of hemoglobin bio-
syntheais this has actually oceurred (12la). Fortunately in this case
the experimentalist was able to perform the experiment both in vive
and in vitro and correct the error. This study has been undertaken
with the preceding points in mind.

IE vitro protein synthesls in retlculocytes, liver, and Hela cells
hasg been shown to take place with the aid of intrascellular particles
called polysomes. Polysomes conslst of aggregates of smaller particles
which are called ribosomes. Rach ribosome le approximstely 180 X in
diameter and is composed of approximately equal amounts of RNA and
protein, It is probable that in the healfhy retlculocyte the pentasome
(i.g., a polysome consisting of an aggregate of five ribosomes which may
be sequentially arrayed in the form of a closed loop) is the major
site of protein syn%hesis. The rate at which protein synthesis proceeds
is linearly proportiocnal ic¢ the number of and the activity of these
pentasomes. This rate decreases with cell age or mishandling, It is
nol the purpuse of Lhls lotroductlon Lo survey the experiments upon
which the above statements are hased; however, for the interested
reader, two recent and pertinent papers are those by Pailipps (11k4)
and Glowackl and Millette (36). Adequate references to earlier work
may be found therein.

The experiments vhich were referred to in the preceding paragraph
were doné primaxrily with rabbits, Both technical and ethical considera-—
tlons have made corresponding evidence for the synthesis of proteins in

humans difficult to obtain. Whalt evidence there is has been obtalned
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from in vitro studies of the hemoglobins of genetically sbnormal (52,
115, 128, 139) and of snemic or otherwlse hemoglobinopathic (18, 115)
persons, In vivo studies have been limited to the hemoglobins of
terminal cancer patients (118). Whether or not such studies can be
extrapelated to normal individualc is oper to question; however, at
preéent there 1is no strong reason to believe that the general course
of protein synthesls in human red cells differs from that in the rabbit.
The purpose of the preceding two paragraphs has been to lay an
experimental foundation for the theoretical treatment which is de-
veloped below, and in particular for the hypothesized constancy of the
rabes at which AIC and AII are synthesized under couditious of consbant
ribosomal activity. Because the interconversicn of these two hemo-~
globins was the system to be investigated, no experimental basils existed
for the first order kihetics vwhich were assumed for this inberconversion.
These kinetics were chosen both becasuse they were the simplest possible,
and because they geemed reasonable 1n light of the chemlcal structures
of AIC and AII. Anticipating much of what 1s to [ollow, 1t can be

stated here that the theory successfully predicted the behavior which

was found experimentally and only that behavior.
VIITI C: THEORETICAL BASIS FOR EXPERIMENTS

VIII Cl: Incubabion Experiments: Theory and Definition

Ir AIc and AII are made independently at constants rates A and B

respectively, and if each is made from the other at a rate proportional

to the amount of the other present, then
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dAIc
G5 - At EAp - kAL
dA
I ~
3 =Btk A - KA

where k ip the proportionality constant for the formation of AIC From

AII’ and k_ that for the formation of AII from AIc' If at time zero no

AIc or AIT is present, the solution to these differential equations is
L

X =(Ak_—Bk)[l—e_(k+k__)t]+(A+B2H:
Ie (k + k_)% : X + ko
Ale'Ez)'%——;———Ak;l[l~e—(k+k—)t]+ A+Bk___tv.
- k + k_)F

X + k_

For short times these equations can be ecxpanded in a power series;

AIC

n

At - 3(Ak_ - Bk)t® + l(A.k,_ -~ Br){k + k )t2 - ...
2 6 -

AII

1

Bt + L(Ak_ - BK)t2 - —é—(A.k_ ~ BR)(k + k)t 4 een .

These equations would apply for example to the in vitro synthesis of
radioactive AIc and AII if at time t = O radiocactive L-valine were added
to & suspension of reticulocytes in an appropriate nutritive medium.
Tae equations would allow one to calculate the amounts of radioactive
Alc and ALL present at time t provided, of course, that the assumptions
cn which the equations were derived held for the in vitro system.

An experiment of the type Just described is called an incubaticn
experiment, With two exceptions, snch an experiment is in principle

capable of giving a complete answer to the questions initially asked.
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If the amount of radioactive AIc formed is plotted against time, and

the amount of radicactive AII Tormed 1s similarly plotted, bthe initial
slope of these plots gives A and B respectively. The coefficients &
and B of t2 and t5 respectively Iin the power series expansion of AIc
can be determined by the usual methods of curve fitting from the ob~

served deviations from linearity in the plot. From these coefficients

the rate constants k and k_ can be calculated:

ko ~{2BB + 207

- A+ Bl

_-(3B + ak-)
o

One exceptlon which was referred to above occurs if in the power expan-
sion of AIc and AII the coefficients of all terms nonlinear in t wvanish.

This can happen in two ways:

1) k/k_ = A/B

2) k =k =0,

In this case A and B are still unlguely determined as before but k and
k_ are ill-defined to the extent of the above two possibilities. The

other exception occurs when k cor k_ or both become very large:

A+ B

) AMe " Trr/m)"
5 N
A

' + B
M T EED
The case where both k and k_ become large corresponds to a rapld chemi-

cal equilibrium between A and A_.. The ratio k/k_ is the eguilibrium



- 163 -

constant and is equal to AIC/AII at any time. If k/k_ is known,
(A + B), but not A and B individually, can be found from the slope of

a plot of the amount of radiocactive AIc or A__ vs. time. The case

1T
where either k or k_ but not both become large can be recognized by the
fact that then the amount of radicactive AII or.AIc respectively which

1s present at any time will be zero. Now the only information which

can be extracted is the sum (A + B). The case of rapid chemical equilib-
rium cannot be distinguished from possibility 1) of the first type of
exception (cf. bottom p. 162). Similarly, the case where either k or k_
but not both become large cannot be distinguished from the possibility

2) of the first type of exception where B or A respectively is zero.

VIII €2: Chase Experiments: Theory and Definition

Although in principle an incubation experiment 1s capable of com~
pletely answering the questions we have posed, in practice the accuracy
of the data, its incompleteness, or the fact that the experiment has not
or cannot be continued for a long encugh time may cause the deviations
from linearity to be uncbservable. If this 1s the case one cannot ex-
tract the maximum of informetion by an analysis of the above tyve.
Sometimes these difficulties can be reduced by conducting a chase
experiment: if at some time during the course of an incubation experi-
ment a large excess, say one thousandfold, of nonradicactive L-valine
is added to the incubsting mixture,'all but a negligible fraction of the
hemoglobin which is synthesized after that time will be nonradioactive.
Thug, One can watch the changes in the amounts of radioactive AIc and

AII that are already present under the assumption A = B = C. The same
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differential equations apply as before. If the amounts of radiocactive

AIc and AII

I~valine 1s added are A%c and Aél

that are present at the time the excess of nonradiocactive
regpectively, then at any later time
t, measured from the addition of the nonradioactive valine, the amounts

of each that are present are

1 i i i
A - Are * AL - Ap K~ Ak RICER L
Ie  k + k_ k + k_
i i i i
A - Arg * A . Apel = ApE (kB )
IT k +k_ - k + k_ .
For short times these become
1 i i 1 1 i 2
Aro = Ay = (Al - At + 3(k + k(AT Xk~ A Ot -~ oo
i i 1 1 1 1 2
= — ;. t - N — L]
Al = A+ (Alck__ AIIk) 3(k + k_)(AIck_ AIIk)t +

The usefulnessg of these equations lies in the fact that the coefficient
of tn_l will give the same amount of Information as the coefficlent of
t" in an incubstion experiment. The sensitivity of the experiment is

thus increased by an order of magnitude,

VIII C3: Correction for Nonconstant Ribosomal Activity

The above equations were derived on the assumption of a constant
rate of hemoglobin synthesis. As we have seen in the introductory dis-
cussion this assumption has been verified experimentally when the ribo-
somal acﬁivity has remained constant. A complication which is normally
present to some degree or other in an actual incubation is the gradual

decrease in ribesomal activity over the period during which the experi-
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ment is conducted, Thils 1s of course reflected in a decressed rate of
protein synthesis. If there is a way tc determine the ribosomal actlv-
ity independently of the amount of protein synthesized, then the amount
of protein which is actually made during a given time can be accurabely
corrected to that which would have been made had the ribosomal activity
remained constant. It is this corrected value which should be compared
to the theoretical value that is calculated by the equations given
above. The equations that are given below for making this correction
are valid only for all the exceptional cases which were discussed at
the bottom of p. 162 and on p. 163, and even for these cases only when
the ribosomal activity decreases linearly with time.¥

The correction is made in the following mesnner. ILet the ribosomal

activity be given as a function of time by the equation

a = 8 = blt .

The constants a and bl can be determined by fitting the experimental
polnts to a least syuares curve or by some ovbther sppropriate method.

0 0 N
Iet AIc and AII represent the amounts of radioactive ATC and ATI re-
spectively which are actually present at time t, and as before (cf. p.

i and A r v ’ ) ¢
161) let AIc 1 epresent the amount of AIc and AII which would

*A completely genersl treatment together with its particularization
to the equations which are given in the text for the exceptional cases
can be found in Appendix IV, p. 223, In the general treatment all
cases, not only the exceptional ones, are considered; and the decrease
in ribosomal activity is allowed to assume en arbitrary form. The
corrections in the text are particularly simple and proved to be suf-
ficient to interpret the actual experiment.
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nave been present at time t if the ribosomal activity had remained

0
congtant at the initial value. A;c and AII will, of course, be smaller

than A and A_ . Then for all the exceptional cases® (cf. p. 162) the

following relations hold:

o)
AIc

Ic b1
(l’" Qat)

8]

11

A e R o
IT by
(- Za-t)

In these equations A;c and A?I

of radiocachtive hemoglobin. These observed amounts are divided by the

are the experimentally observed amounts

gquantity (1 - gﬁt) to obtain the corrected amounts. It is the latter
which should be compared wlth the theoretical values calculated from
the equations on pp. 161-162,

VIII Ch4: Illustrations of the Behavior Predicted by the Theory
for Incubation and Chase Experiments

Pig. 14 and Fig. 15, pp. 166a, 167, show the predicted behavior

for two hypothetlcal incubation and chase experiments. In both ex-

periments the rate of synthesis of AII by the ribosomes has been assumed

*3%

to be twenty btimes the rate of synthesis of AIC' In Fig. 14 the first

*In practice exceptional cases can be recognized from the fact that
in these cases elther the experimentally observed specific activity of

AIc is egual to that for AII for all times t, or the specific activity

of either AIc or AII ls zero,.
*¥The experimental ratio of the cellular concentrations of AII to

A, is approximately 20:1 (cf, Fig. 16, p. 183).
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order rate constants have been chosen so that there 1s a slight net
synthesis of hemoglobin A from AII,* In Fig. 15 the first order rate
constants were chosen so that fthere is moderate net synthesis of AIc

from AI ¥ The specific activity units of the ordinate in these Figures

I
are arbitrary, though for a comparison with the experimentsal results to
be given later they have been given the numerical values shown. In both
these Flgures the importent comsideration is the shape of the specific
activity ve. tims curve for AIC with respect to the corresponding curve

Tor AII: if there is appreciable synthesis of AIc from A the curves

IT’
for AIc and AII in the incubation experiments diverge markedly, and the
chage curve for AIC hag a definite posgitive slope; if there is no or

only slight net synthesis of AIc from AII the curves for AIc and AII in
the incubation experiments are more nearly coincident, and the chase
curve for AIc is more nearly horizontal. A careful comparison of these
hypothetical curves with the experimental curves to be presented later
will permit quantitative conclusions to be drawn about the magnlitude of
the rates of ribosomal synthesis and interconversion of hemoglobin AIc
and AII’

Figures 14 and 15 also show that if there is no more than a moderate
interconversion of AIC and AII’ an Incubation experiment of less thean

one hour duration i1s not likely to detect the interconversion simply be-

cause Tor times lesgs than this the curves are not very divergent. For

*Qimilar figureo recult if therc ic o net synthecie of AII from AIC’

except that the curves for AIc then fall below fthose for AII rather than

above them as in Figs. 1% and 15.
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this reason the incubations which are described helow were conducted
for periods varying from 15 min to 3 hr. Incubations for periods
longer than 3 hr were nct done, because for such long term incubations
the biological integrity of the in vitro system is uncertain,* whereas
Philipps (114) has glven evidence that for periods up to 2 hr the bio-
loglcal integrity of the reticulocyte is unimpaired, at least with re-

spect to hemoglobin synthesis.
VIITI D: EXFERIMENTAL

VIII D1: Inbroduction

It is not easy to perform a radiocactive incubation experiment in
the case of human reticulocytes. The reason for this is twofold. First,
to obtain a high degree of incorporation of the radiocactive compound
inte the protein being studied, a sublect must be found whose blood
contains a high percentage of immature young red cells whick have a
high ribosomel activity; such individuals are almost always snemlc, or
otherwise 111, and the amount of blood which can be taken from them is
severely limited.*® Second, the length of time that these patients are

hospitalized or willing to donate blood is unpredictable; as a result

*In a closed iIn vitro system there is no way for the cell to get rid
of waste produotq Therefore after a certain period of time, an impair-~
ment of the biologlecal function of the cell is to be expected.

#*%In order to find such Individuals, we contacted various daoctors who
agreed to call us when they had a sultable patient. Such calls came
suddenly and at the most unexpected times. Consequently, it was neces-
gary to prepare a great many of the reagents several days in advance S0
that when the call did come the incubation could be done expeditiously
before the cells lost thelr activity.
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it is seldom that an expsriment can be repeated a second time with blocd
from the same patient. It is therefore not possible to vary conditions
in such a manner as to optimize them. In the experiments which are
described below, the quantitative aspects of the experimental results
would be strengthened by additlonal data. The resulte are qulte suffi-
cient however to establish certain qualiltative principles, and it 1s
these principles that we wish to emphasize.

The conditions which were used in preparing the donor's cells for
incubsation, in the incubation and chase experiments themselves, and in
the subsequent isolation of the radicactive ribosomes and scluble pro-
telns were essentlally those that Philipps (llh) found to be sulitable
for in vitro incubation of rabbit reficulocytes with Clu~amino acids,

A summary of these conditions is glven in Table XVI, p. 171, which may
be conveniently consulted in conjunction with the descriptions to
follow.,

VIII D2: Preparation for the Incubation and Chase Experiments

Beveral deys before it was expected that the doctor would cznll

saying that he had a suitable patient, the "reagent mixture,"* humsn
L ;

serum, and solution of L—Valine—cl were prepared and stored frozen.

Chromatographic developer #4,** 5TM, TM, NKM, 0.3% BSA, 5% TCA, 10%

*Many solutions and compounds are abbreviated throughout the experi-
mental description to conserve space. Their compositions may be found
in Tables XVI-XX on pp. 171-17%. Tables XVI~-XIX define the composition
of the incubation mixture; Table XX gives the composition of miscellan~
eous reagentse vhich are needed in the work-up of the cells prior to and
after the incubation.

**he composition of dcyvcloper #4 1o given in the footnote to p. 90.



- 171 -

TABLE XVI

Incubation and Chase Corditions (a)

Reaction Mixture Incubation Cnasge
Packed red cells 1.5 —
Reagent mixture (b) 4,9 2.5(f)
Unfiltered human serum (c) 5.0 2.5
2% Ferrous ammonium sulfate 0,025 0.0125
5% I~glutamine solution 0.060 0.0%0
Vitamins solution (d) 0.050 0.025
I~Valine-C** (e) 0.250 -
Chase - 5.0(g)
Total volume 11.8 10.1
[val-c**] in reaction mixture 0.25 mM 0.125 mM
[Val-¢*2] in reaction mixture - 96.5 mM
[Total valine] . 0.25 mM 96.6 mM
Specific activity of total valine 6.5 me/mm 0.008 me/mm

(a) All entries in Table are in ml unless otherwise indicated.
(b) See Table XVII.
(¢c) Hyland lLaboratories, Los Angeles, Celifornia.

(d) Vitamins Solution Liquid, Basal (Eagle) 100 X, Hyland Labora-
tories, Los Angeles. TFor composition see Table XIX.

(e) I~valine-C** with a specific activity of 6.5 mc/mm was pre-
pared by diluting 0.100 mc of uniformly labeled L-valine-C*% with =
specific activity of 185 me,/mm (obtained from New England Nuclear Cor—
poration, Boston, Mass.) in a total volume of 1,00 ml of 0.0l F HC1l
with 0.207 ml of 0.0717 ¥ I-valine-C*2 in 0,01 F HCl, The concentration
of total valine was then 12.73 mM.

(f) 0.386 F in I-valine-C'®: Prepare by dissolving 0.5 gm of
I~valine~C*2 in 10 ml of reagent mixture. Centrifuge at low speed to
remove any undissclved valine and take 2.5 ml of the supernatant. Save
an aliquot of the supernatant so that the exact concentration of L~
valine (in this case i1t was 0.386 F) can be determined later by amino
acid snalysis.

(g) Taken from the incubation experiment.




TABIE XVIT

Composltion of Reagent Mixture

Eaerle Solution, Spinner 10 X (a) 50 ml
Amino acid mixture (b) 100 ml
MgS0, solution, 0.195 F (c) 1 ml
Pencillin G (d) 0.25 ml
Streptomycin sulfate (e) 0.25 ml
Sodium bicarbonate, T7.5% (f) 22 ml

Add distilled water to the above to give a total
volume of 500 ml, Store frozen in five 100-ml
plastic bottles until use. The pH of this mixture
at 37°C under 95% 02-5% 0z 1s T.5.

(a) Hyland Laboratories, Los Angeles. The
composition of this solution is NaCl, 6.8 gm/1;
KC1, 0.40 gm/1; MgSO4+7H20, 0.20 gm/l; glucose,
1.00 gm/l; NaHCOg, 0.20 gm/l; phenol red,

0.01 gm/1,

(b) See Table XVIII.

(¢} 0.195 F; Dissolve 23.47 gm of MgS04
in 1 liter H{KM,

(¢) 40,000 units/ml HgO.
(e) 200 mg/ml HzO.

(f) Dilute 7.5 gm of NaHCOz to 100 ml with
distilled Hx0,.
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TABIE XVIII

Composition of Amino Acid Mixture

Amino Acid (a) mg
I-Lys-HCL (b) 91k
L-His (b) 776
I-Arg-HCL Y12
L~AspNHgz - HoC 150
I~Tar 238
IL-8er (b) 210
L~Pro 230
L-Gly 150
I-Ala 89
I-Val (b) 938
L-Met 149
I-Leu (b) 821
I~Ileu 262
I~Phe (b) 677
L-Tyr 453
L-Try (b) 20k
I~Cys/2-HCL 176

Dissolve in 900 ml of sterile HpO, adjust to pH 7.4
with NaOH, and dilute to 1 liter. BShore frozen.

(a)That amino acid which is to he added later as
a radicactive isotope should be omitted in prepar-
ing the above mixture. For example, for our ex—
periments no L~vallne was added.

(b)Found limiting in & 4~hr incubation; Borsoock,
et al., Jour. Biol. Chem., 229, 1059, 1957.

TABLE XIX

Composition of the Vitamins Solution, Basal

Compound mg/1

Choline
Folic Acid
Inositol
Nicotinamide
Pantothenate
Pyridoxal
Riboflavin
Thizmine

. -

OHMOoCOOOO

O H O
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TABIE XX

Composition of Miscellaneous Reagentsa

STM: 0.5 F sucrose, Cc,0hf F KCl, 0.003 F MgClz in pH 7.0 Tris-HCl.
TM: Tdentical with STM with the sucrose omitted.

NKM: 0.153 F NaCl, 0.005 F XCl, 0.005 F MgClg; 9.00 gm/l NaCl,
0.37 gm/1 KC1, 1.016 gm/1 MgCls*6Hz0.

BSA, 0.3%: Dissolve 30 mg of bovine serum albumin in 10 ml HgO.

TCA, 5% and 10%: Dissolve 5 gm and 10 gm of trichloroacetic acid
in 95 ml and 90 ml of Ho0 respectlvely,

Mark's solution: 0.0015 F MgClz in pH 7.2 0.001 F Tris—HCl.b

aIn order of appearance in text.

Prrts = trishydroxymethylaminomethane .
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TCA, 0.85% NeCl, 1.5 F NaCl, and "Mark's solution" were prepared and
shtored at 2°C, STM tended to develop molds and was checked periodieally
t6 see 1f new reagent needed to be made. One-half gm of L-glutamine
and 0.20 gm of ferrous smmonium sulfate hexahydrate were welghed into
dry and separate 10-ml glass-stoppered graduated mixing cylinders.

Sufficient Erlemmeyer flasks were sterilized and stored at room
temperature.

The incubafor was checked to see that the temperature conbrol was
working and thst the mechanical shaker was In geood operating conditien.

The tank containing the 95% 02*5% CO, gas mixture to be used in
maintaining the appropriate étmssphere during the incubation was checked
4o meke pure it contained sufficient gas.

The centrifuges were Inspected fo insure that they and thelr re—
frigerators were operating properly.

Immediately after the doctor had called, the reagent mixture, the
human serum, and L«~valine~cllP were set in beakers of water at room tem~
perature to thaw. The refrigerators to the cenbrifuges were Turned on
and the centrifuge heads were placed in a refrigerator to cocl. The in-
cubator was set for 37°C and gentle, slow shaking. The container to be
used to transport the blood was filled with ice. In those cases, such
as cold agglubtinin disease (cf. p. 176), where the hblood was given spe-
cial treatment, necessary solutions and equipment were teken to the
doctor's office. We had arranged with the doctor beforehand that he
would not draw the bleood until the experimenter arrived at his office.

The dochor was also advised as to the type of anticoagulant ta be used.
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Just before we left for the doctor's office the Erlemmeyer flasgks which
wrere to contain the incubation mixture were set on a bed of ice to
chill.

VIIT D3: Collection and Work-up of Red Blood Cells

The in vitro bicsynthesis of hemoglobins AII and AIc wag studied
with the cells from two individuals. Pertinent data from their medical
histories are presented in the Tables which summarize the experimental
results. One of these patlents had a mechanical heart valve anemia,
and the other had idiopathic cold agglutinin disease. The latter pre-
sented special experimental difficulties which are elaborated In the
following paragraph.

The deonor's blood was drawn into a heparinized syringe, was trans-
ferred to a chilled test tube, and was btransported at 0°C o the labor-
atory. Anticoagulants other than heparin can be used provided they do
not contain sugars: excess glucose has been found (114) to have a
strongly inhibltory effect on protein synthesis. The blood from the
patient with cold agglutinin disease was known to clot spontaneously
below 37°C becausge of sermm factors, Her hlood was collected in a
heparinized syringe which had been prewarmed to 37°C and centrifuged.
The serum was discarded. Her cells were washed twice at 37°C with NKM,
and were then transferred to a test tube at 0°C and transported to the
laboratory.

Wheﬁ the blood sample had arrived in the lsboratory, the serum, if
still present, was centrifuged off at C°C and 1,100 g for 5 min, and the

cells were waghed twice with 3 times their volume of NKM by centrifuga~
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tion.* During the centrifugations, the preweighed ferrous ammonium
sulfate hexshydrate was diluted to 10 ml with NKM, and the IL-glubtamine
to 10 ml with 0.85% NaCl. Warming the solution of glutamine slightly (a
steam line was convenient) facilitated the dissolving of the glutamine.
The chilled Brlemmeyer flasks were filled with the appropriate amounts
(see Table XVI) of the "reagent mixture,” humen serum, 5% glutamine solu-
tion, 2% ferrous ammonium sulfate solubtion, and vitamins solution. (When
the total volume of the incubating mixture was 12 ml, a 125-mi Erlen-
meyer gave the mixture a depth which was Jjust deep enough to provide
good mixing with gentle shaking by the incubstor and which was thin
enough to allow oxygen and carbon dioxide to diffuse into it.) The
‘packed cells were added to the mixture with a smoothed-tip large bore
graduated pipet which was made by cubting off and fire-pollshing the end
of a 5~-ml pipet, The flasks were covered with Sanitab®® rubber caps and
were placed In the incubator. Two gas lines, an Inlet and oublet, which
terminated in hypodermic needles were Inserted Into each cap, After
preincubating the flasks for 10 min to equilibrate. the mixture with the
95% 02~5% CO,, atmosphere, the solution of radioactive valine was added.
This was t = O min. The radloactive valine was convenlently added with
o long tip, &ml pipet which wae calibrated to the tip's end. To elim-
inate the possibillity of ingesting any radioactive materisl, we used a
Clay—~Adams suction plpet control®** to draw up and discharge the radio-

active L-valine solubion. Flasks to be used in the chase experiments

*Untll the incubabtion was begun all operabions were cerricd out at
o°c,

*ros Angeles Chemiecal Co., South Gaete, California.
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were kept chillled until 10 min hefore the chase was to begin. At that
time they were preincubated as described sbove.

After the incubation or chase had proceeded for the deslred amount
of time the reaction was stopped by adding one-half times the total in-
cubating volume of NXM at 0°C and by placing the flask in ice water.

VIIT Dh: Isolation of Ribosomes and Hemoglobin

To isolate the radioactive ribosomes and soluble proteins, the
suspension of cells from the inecubation or chase was centrifuged at
O°C*and 1,100 g for 5 min and the supernatant was removed with a suction
line,* The cells were washed twice with three times their volume of
NKM and then were lysed by stirring in exactly 3 times the cell volume
of Mark's solution for 3C sec, then adding 0.34 times the cell volume
(before the addition of Mark's solution) of 1,5 F NaCl to restore iso-
tonicity. The lysate was centrifuged at 1,100 g for 5 min and the
pellet, consisting of unlysed cells and other heavy cellular fractions
was dlscarded. The supernatant was centrifuged 10 min st 15,000 g and
the pellet was agein discarded. The supernatant from this operation
contained the soluble protelns and the ribosomes, It was layered onto
3 ml of STM in a plastic centrifuge tube (empty space was filled with
TM) and cenbrifuged for 3 hr at 105,000 g. The supernatant containing

the soluble proteins was decanted and saved (it was worked up, as de-

*A11 operations are carried out at 0°C up to the point of determin-
ing the optical absorbancy,

*¥pnis line should be connected to a suction flask, not directly to
the drain or pump: the usual safety precautions involved in the use
of radioasctive materials should be observed.
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scribed below, concurrently with the isolation of the ribosomes). The
pellet from the 3~hr centrifugation contained the ribosomes., This
pellet was drained, rinsed gently (so as not to disrupt the pellet)

3 times with TM, and was then homogenized with 7 ml of TM in a glass
tube which fitted snugly around the ground glass homogenlzing pestle.
The homogenate was layered onto 5 ml of STM In a centrifuge tube and
was centrifuged for 5 hr at 105,000 g. The purlfied ribosomal pellet

from this final centrifugation was homogenized in 4 ml of TM at 25°¢

and was diluted 100-400-fold to remove any turbidity. The optical
absorbancy wes determined at 25°Cat 260, 280, and 415 mu. TM was used
as a blank.

The decanted supernatant from the first centrifugation through STM
contalned hemoglobins and other profteins. Carbon monoxide was bubbled
gently through this solution to convert the oxyhemoglobin to the more
stable carbonmonoxyhemogiobin., The solution was dlalyzed agsinst 3
changes of developer #k at 2°C, was concentrated at 2°C through col~-
lodion bags,* and 1ts optical absorbancy was determined at 260, 280,
415, and 520.5 mu. In order to obtain purified fractions of hemo~

globin A and A 1 ml of this solution, which contained 4%0-100 mg™*

I’
hemoglobin was chromatographed at 6.8°C on a 1 x 30-cm IRC~5C cation

exchenge column with developer #4 (1, 22, 76).

*(cf. footnote, p. 32.)

**ng hemoglobin
ml 520.5
globin and ferricyanchemoglobin (58).

= 1.813 = A for a mixture of carbonmonoxyhemo
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VIII D5: Determining the Specific Activity of the Hemoglobin

The speclfic activity of the radicactive colable proteins and of
the radiocactilve purified hemoglobins was determined by diluting en ali-
quot contalning 0.3 mg or less™ of protein to 1 ml with water in a 1 x
10-cm test tube, One milliliter of 10% TCA was added and the contents
were shaken on a vortex type mixer. The tube was heabed at 90°C for
1 hr to precipitate the protein and to hydrolyze (if present) any RNA.
The hot solution was shaken with a vortex mixer and was transferred
quantitatively with 5% TCA onto & 25-mm, O.45 p pore size, Millipore**
filter. Before being used, these filters were soaked in 5% TCA for at
least 1 hr. The filters containing the radiéactive protein were dried
by allowing them to stand in air at room temperature on a clean glass
plate for 20 min., When dry, they were glued onto counting planchets
with rubber cement and were dried 45 min under a heat lamp. They were
counted for radloactivity on a Nuclear Chicago low-background gas-~flow
counter. No correction was made for counter efficiency.

VIII D6: Specific Actlvity of Ribosomes

The specific actlvity of the rlbosomal homogenate was determined
in an identical manner except that 1 ml of homogenate with an optical
absorbancy of 1.00 at 250 mp (after correction for any contaminating
hemoglobin) was taken as an aliquot, and the precipitation with 10% TCA
was carried out at 10°C instead of 90°C. It was necessary to correct the

specific activity for any radioactivity from contamirating hemoglobin.

*Tf less, sufficient 0.3% BSA solution was added to make up the
deficit.

¥¥Millipore Filter Corp., Bedford, Massachusetts.



- 181 -

VIII E: RESULTS

VIIT El: Riposomal Specific Activity

The ribosomal pellets which were isclated as described in the pre-
ceding section were a bright red in color. This indicated heavy con-
tamination with hemoglobin (and hence possibly with other proteins).
Depending on the pellet which was examined, between 2-95% of the optical
absorbancy at 260 mp was due to hemoglobin. This contamination could
mean bthat heme was added to the polypeptide chain while it was still on
the ribosome (4O, 143), possibly contributing to its release therefrom,
or simply that the conditions were not optimal for isolating human
ribosomes from rebticulocytes. Rabbit ribosomes which have been isolated
as described are largely free from any contaminating hemoglobin (114).
For the total of 12 semples which were examined, the ratio (after cor-
rection for contaminating hemoglobin) of the optical absorbancy at 280
mp to that at 2A0 mu was 0.80 + .08 for the ribosomes. Tn view of the
large variability of the amount of contaminating hemoglobin the con-
stancy of this ratlo 1s remarkable and suggests that contamination by
gther proteins is small.

The riboscmal specific activities (after correction for contaminat-
ing hemoglobin) from one set of incubations are plotted as a function of
time in Pig. 17, p-. 187. The gradual decreage of ribosomal activity
with time, as shown in Fig. 17, was observed for the ribosomes from
both the donor with a mechanical heart valve anemia and the donor with
idliopathic cold agglutinin disecase. Such a decrecase has been observed

by others (2, 39, 50, 142). Experiments by Philipps (114) suggest that
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the decrease 1g probably due to nonoptimal conditions which mey exist

during the incubation.

VIII E2: Specific Activities of Hemoglobins AIc and AII

The isolation of radiczetive hemoglobin A_  and AII is shown in

Ic
the chromatogram of Fig, 16, p. 185. ‘the purity of hemoglobin A_  and

Te
AII 1ls attested to by the constancy of the ratlo of cpticél absorbancles
at 280 mu and 415 wu and by the similar constancy of the specific activ-
ity across a chromatographlc zone.

The ppeclfic activitlies of the purified hemocglobins from the two
incubations are summarized in Tables XXI and XXII, pp. 164-185, The
three values ol specifile activity which are given for each time repre-
sent, from top to bottom, samples taken from the front, middle, and téil
of the chromabographic peak. Three fachts should be noted in these
Tableg; *Tirst, the fact that both hemoglobin AIc and AII are radio-
active; second, the fact that the ratioc of the specific activities of
these two hemoglobing is appioximately unity; and third, the fact that
during the chase experiments there was no appreclable change in the spe~

. . *
cific activity of elther AIc or AII'

*The 30-min chase of the 15-min incubaticn of the reticulocytes from
the patient with mechanicel heert valve anemia sppeare to contradict.
this statement. However, the observed high values of the specific ac~
tivities of AIc and AII Tor this chase cannot be correct because tobtal

counts are not conserved. The most probable explsnation for the ob-
served high wvalues is a decrease in the optical absorbancy for these
semples. The cause of this decrease is not known, but it would result
In assigning a false low value to the concentration of the hemoglobin
solutions, and this in turn would give false high values, as observed,
of the specific activity.
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TABLE XXT

b,e
Specifle Activities® of Hemoglobin Bioeyntheeslzed in Vitroe ?

Time of Inecubation AIc AII AIe/AII

23,32 22,54
45 min 18,01 13.25
20.03% 10.88

Average: 20.45 + 1.80 15.58 * 4,15 1.%2 + ,37
21.94 . 25,64
20 21,05 oz, 66
17.h2 23,36

Average: 20.1h + 2.28 23.89 + 1,05 0.8 + ,10
180 59.70 4o, 83
45,37 52.37

Average: 52.53 + 6.84 k7,60 + 1,10 1.10 + .18

Chase of 90-min Incubation

Duratlon of Chase

45 20,13 26,91
19.68 18,12
22.78 23.60

Average: 21,53 + 1,10 22,88 + 3,00 0.9% + .13

Aversge value of A /A__ for all incubations
Te! T IT
and chapes:

a)

b)The blood domor was a 70 year old white female who had cold aglu~
tinin dlsease. Her hemetoerit and reticulocyte count were 19% and 25%
regpectively.

c)_'E':thered human serum (Hyland Laboratories, Ios Angeles, Calif,),
rather than unfiltered, was used in this incubation. The vitamins solu-
tioen (ef. p. 171) was alse cmitted,

1.05 + .1k

In cpw/mg Hb; not corrected for counter efficiency.
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TARTE XXTT

Specific Activities® of Hemoglobing Blosynthesized in Vitro"

Time of Incubation Al, - AIG/AII

Lk .85 70.50
15.5 min kL, 67 59,02
70.70 63.75

Average: 53.40 + 10.11 eh.42 + 3,89 .83 + .16
330,00 252,326
30,0 204,50 384,90
28l Lo Lhoo 16

Average: 272.97 + 42.85 %85.81 + 22.89 0.7 + .12
207.88 51k.91
60.0 18%,03 504 .21
273.37 5h9.58

Average: 221.76 + 32 523.00 + 16.16 042 + .06

Chase of l5-min Incubation

Duration of Chase

%1.94 68.38
5.0 39,95 68.28
42,32 76.05
Average: 38.07 + 3.67 70.90 + 3.01 0.54 + .06
68.75 96.58
30.0 102.46 117.63
182,20 122 .47
Average: 117.80 + 39.33 112,23 + 9.28 1.05 + .36
Average value of A_ /A__ for all incubations :
and chagesg: Tef 71T O'T;‘i AT
a)

In cym/mg Hbs not corrected for counter efficiency.

h)The blood donor was a 27 year old Negro female., She had a mechan—
ical Starr-Edwarde hesrt valve which had been insgerted as breatment fox
an incompetent aortic valve. Subsequent to the Insertion of the Starr-
Edwards valve she developed a brisgk hemolytic snemla. Her hemstocrit
and reticulocyte count were each 25%.
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The dsta from Table XXI are plotted in Fig. 17X p. 187. For
reasons which are deseribed on p. 190, the points have been fitted by a
least ‘squares line which has been constrained to go through the orlgin.
The deviations of some points fromthis line are larger than can be ex-
plained by the errors which are given in Table XXI. We believe this to
be due to the manner in which the experiment was cdnducted: The inen-
bations for different times were done in separate TlagkXs becauge of the
small amount of blood which was avallable. If for some reason an lncu-
bation in a single flask falled (6 out of 8 incubations were success-
ful), the other flagks would remain unaffected, The occaslonal fallure
reflected in part the sgensitive nature of the in yitro system to handl-
ing; The deviations from linearity would probebly be less for a time
study which was performed by taking aliquots Irom a single Tlask. 1In
sny case, the qualitative conclusions which will be drawn in the next
section are not dependent on the detailed fit of the experimental

points to the least squares line.
VIIT ¥F: CONCLUSIONS

The fact that both AIc and AII become radicactive during the in-

cubation shows thatb AIQ is not a product which results from the degra-

dation of hemoglobin A__ and which 1s found only in older cells.

T

¥he dabe in Tables XXI and XXIT are primary data without correc—
tions of any sort. 'The plot in Fig. 17 has been corxrected (cf. PP.
16k and 166) for the decreage in ribosomal activity during the incuba-
tion. The latter corrccbion wap made eo that Flg. 17 could be compared
dirvectly with the theoretical plots of Figs. 14 and 15, pp. 166a-167.
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Rather, AIc appears to be a normal biosgynthetic product of young red
pella.

The fact that the synthesis of Aic is cencurrent with that of AII
implies that eilther the ketone or aldehyde R=0¥% 1g hooked onto the P
ehain while the latter is still on the riboseme, or that R is attached
to the P chaiﬁ relatively scon after i1ts release from the ribosome.

In elther case the de novo synthesls of hemoglobin AIc and AI1 can be
gaid to cceur independently of each other.

The facts that within the experimentsl error the specific activi-
ties of AIc and AII are eéual at any given time,** and that durlng the
chase experiments no significant change in thé gpecific sctivities of

AIc or AII occurs lmply that

1) Ap, 8nd A, are not rapldly interconvertible
over the time peried which was studled, or

2} though interconvertible at moderate rates,
any net gain or loss 1s just offset (by
"numerical accident”) by the rate at which

the component is synthesized on the ribosome, or

*Chemical characterization has eghablisghed that AIC differs from

AIE only in that the N-terminsl aminc group of the former is blocked

in & Schiff bage type bond by & group R whose molecular welght is about
265 (ef. pp. 135-155). |

**Thig statement is true for seven out of the total of nine incuba-
tion and chase experiments which were run. The two excepiions are the
60~min incubstion and 15-min chase In Table XXII, Pp. 185. 1In view of
the experimental considerations which have already been discussed (p.

186), we do not believe these two exceptions invalidabe the gemeral
conclusion.
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3) that A. =and AL ere in rapld equilibrium,

Ic

Conclusions 1) end 2) imply that the rates at which A and A, are

synthesized by the ribosomes are proportional to the average cellular

concentration of AIC and AII

examples are known where the rate of hemoglobin synthesis both 1s (52),

respectively. It should be noted that

and is nobt (18) proportional to the cellular concentration. Conelu-

ston %) implies only that the total rate (l.e., A+ AII)

synthesis is proportionsl to the tobtal (AIO + AII) average cellular

of hemoglobin

concentration. A priorl there ig no reason to throw out the "numerical
accident" hypothesis which is implied by cenclusion 2) simply because
1t seems improbable. Many lmprobsble things occur in cells, and there
may exist good reason for such a numerical colncldence to occur. With
respect to conclusions 1) and %), ﬁhe "dynamic equilibriun” hypothesis
of Guidotti et al. {cf. p. 92, and Ref. 48) together with the fact that
AIc and'Ali are isolable by column chremstography would favor thernonﬂ

interconvertibility of AIc and A__ rather than a rapld equilibrium be-

IT
tween them. However, it should be recognized that in the cell, condl-
tions might favar a rapld equilibrium: there might be an enzyme “AIcu

AII equilibrase," for example.

VIII G: DISCUSSION

What follows is a discussion of the theoretlcal behavior to be ex-
pected of the specific asctivities when the only sources of radiocactive
AIc and AII are gynthesie by the ribosomes at a oonstant rate and inbter-

conversion of AIc to A__ or vice versa by first order kineties.

IT
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We state as a fact (the detalled caleulations were given earller
ln the theoretical sechbion) that undex the sbhove two aspumptions the
time independent equality of the specific activities of AIC and AII
rigorously implies all the experimental conclusions reached above and
only lLhese. The equallty of specific achlivities further implice thai
the specific activity should increase linearly with time. This is the
reason for fitting the data to a least sguares straight line in Flg. 17,
p. 187. This predlcted llnearity is at least approximatbely borne out by
the experimental points. Both theory and experiment lend support to
each other.

1T in Tach, AIC and AII are nob rapldly inbercenvertible (cf. PE
188-189), the theory cen tell us more. Figures 1% and 15 (pp. 166a~167)

show the theoretical behavior to be expected of A_ and AI when there

I

o’ and a moderate rate of

1c

1s a very slight nel converslon ol AII to AI
conversion respectively. By comparing these curves with Fig. 17 we can

set upper 1limits on k_ and k, viz:

Kk s 0,001 min

kK = 0.000L min +

tor the in vitro systems which were studled.
Finally, to end on a practical note, it appears that the usge of
unfiltered human serum in the incubation mixture and the inclusion of

the vitaming solutlon inereases the rate of hemoglobln synthesls. This
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can be seen by comparing the specific activitles in Tables XXI and XXIT,
pp. 184 and 185.%

*It is possible that the increased specific activities in Table XXII
are due te a greater bioclogical activity of the reticulocytes of the
donor with & mechanical heart valve anemla relative to the activity of
the reticulocytes of the donor with cold aggiutinin disease. AL any
rate, the use of unfiltered serum and the vitamins solution does not
adversely affect the system, and until 1t has been demenstrated te the
contrary, thelr addition to the reagent mixture seems desirable.
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Part IV

I¥: SUMMARY OF CURRENT KNCWLEDGE ABOUT HEMOGLOBIN AIC

IX A: Chemicsal
IX B: Blologieal
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IX A: (HEMICAL SUMMARY

The Tollowing summary has been limited entirely to listing those
foets which delineate the ametual chcmical sbructure of hemoglobin AIc'
No attempt has been made to outline the experiments on which these facts
are based. Similarly, 1ittle or no mention hag been made of the inter—
actlon of hemoglobin AIC with othcr sysbems: for example, the chromeat-
cgraphic behaviér of AIc on varlous types of chromatographic columns is
not mentioned at all., This 1s not te say that these aspects of the
chomistry'of.hcmoglobin AIC are not Importent. On the contrary, Cruk s
practical viewpoint they are the most important parts of the thesis.
But after sall has been saild and done, the really interesting question
iz "What is hemoglobin AIC?“ ; and 1t is to auswerlng Lhal guestion that

this summery hag been directed,

IX Al: Hemoglobin Azc

A
The structure of hemoglobin A is @, B B 1¢, Mo the extent that

Ie
they have been Investigated, ne differences have been found between the
primary amino acid sequences of the @ and B polypeptide chains of hemo-
globin AIc and the corresponding chains of hemoglobin AII' The letter
hemoglobln 1s the major component in normal adults and comprises 80-90%
of the total hemoglobin, It 1 highly probeble that the corresponding
chains between these two hemoglobins are identical., The extent to whieh
this ldentity hae been experimentally verified 1s summarized in Figs.

18 and 19, pp. 194 and 195. The BAIC polypeptide chain differs from
the P polypeptide chaln only in that the N-terminus of the former is

blocked by a group which we deslignate as R.
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The group R 1s not z nonketo acyl group of less than five carbon
atoms, is not a carboxyl group, and is not a carbamyl group, Rather,
R is derived from a ketone or aldehyde with the structure R=0. Hemo-
globin AIc is the Schiff base that is formed between R=0 and hemoglobin
AII when the former condenses with the N~{erminal amilnoe group of ovne
(and only one) of the two B chains of the latter with the elimination

of water:

R=0+ a' B, ———3» o B BAEC + H.0
> Fp 24 oY s

A |
where the structure of B C in the vicinity of the N-terminus is

At approximately 10°C the:gKE,for the Schiff base nitrogen atom is 6.6
+ 0.2. The double bond of the Bchiff bhase is readily reduced to the
secondary smine with sodium horohydride.

Between pH 2 and pH 11, the double bond of the Schiff base linkage

in hemoglcbin A_  is stable towards aquecus hydrolysis at 2°C for periods

Ie
of at least 24 hr. At pH 6.8 and 10°C hemoglobin AIC ig stable toward
hydrolysis for at least a month. A sgimilar stebility is found at pH 8
and 25°C for periods of at least 24 hr. ILikewise B BAIC~globin is
stable for periods of at Jeast P4 hr at 25°C and for periods of =zt least
a week at pH 1.8 and 25°C. The time periods of stability that are given

above were taken from mctual experiments and are minimum values. The

sctual periods of stability may he much longer.
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The stability that is found for the imine bond of the Schiff hase
linkage in hcomoglobln AIC 18 atypleal of Schiff bascs In general. Morc
typically the half-life time for the hydrelysis of this bond is of the
order of & few seconds to & few hours. The anomalous stabllity of AIc
is probably due to interaction of the N-terminal region of the ]BAIG
chain with mthef parts of ths molecule, This interaction apparently
protects the imine bond of the Bchiff base from hydrolytic attack.

This interpretation is supporbed by the fact that the Schiff base imine
bond in low molecular weight degradatien products of hemoglobin AIc is
readily hydrolyzed. For example, this bond can be hydrolyzed slmply by
dissolving the N-terminal ccbapeptide R=val-his-len-thr-pro—gliu-glu-lys
or the N-terminal dipeptide R=val-his in water at room temperature and
letting the solution sband a few minutes. The hydrolysis 1s relatively
rapld ab neutral and alkaline pH and relatlvely slow helow pH 5.

Higher temperatures favor the hydrolysis. FPresumably in these smaller
compounds there is nothing with which the Schiff base reglon of the
molecule can Interact Lo protechk 1tsell from hydrelyblc ablack.

IX A2: The Chemical Structure of BR=0

The following facts about R=0 are known with certainty:
1) The molecular welght of R=C 1s 281 + 27 (P.E.)
2) R=0 is not an aromatic aldehyde,
3) R=0 does not contain phosphorus.
4) R=0 does not contain carbohydrste,
5) R=0 is not and does not contain a steroid.

6) R=0 does not contain any amino acids.
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The probabllity thet the following statements are true is high;

however, their truth is not certain:

7) R=C does not contzin any nitrogen atoms the basleity
of which corresponds to pK_ > 2.8.

8) R=0 does not contain sny scidic groups (e.g., car—
boxylic, or phenolic) the acidity of which corres—
ponds to a EKa < 7.1.

Statements 7) and 8) make it likely that R=0 contains only carbon, oxy-

gen, and hydrogen.
IX B: BIOLOGICAL SUMMARY

Hemoglobin AIc is a naturally occurrling constituent of the blood
of normal adult humarns. It comprises 5.5% of the total hemoglobin in

the body, though this percentage can vary between 4—7% for individuals

with certain pathological discrders.

During in vitrc bicsynthesis of hemoglobin, hemoglobin A 1s syn-

Tc

thesgized concurrently with the major hemoglobin component All' The lst-

ter hemoglobin constitutes 80-90% of the total hemeglobin in normal
adults. The concurrent synthesis of hemoglobins AIc and AII demon-
strates that hemoglobin AIc is not a blolegieal product that is zssocdi-

ated only with older red cells. On the contrary, it is = normal con-
stituent of all red cells, irrespective of thelr age.

During the in vitro blosynthesis of hemoglohin A4 R=0 (ecf. Sec-

Te’
tion IX A, p. 193) is condensed with the N-terminal amino group of the

P chain elther while the latter is still on the polysome, or relatively

scon after its release therefrom.
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Pinally, detailed analysis of the course of the in vitro biosyn-
thesls ol hemoglobin AIC and AII demonstrated thal eilber Lhese Lwo
hemcglobins are noninterconvertible or else they are in a rapid chemical

equilibrium.
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Part V
APPENDICES

A Tz Synthesis of IL-Valyl-I-Histidine and
N-Acetyl-T.-Valyl-L-Hisgtidine
A ITX; Formulas for the Calculation of the Irrors

calc

in the Quantities f, Ry s Koo Ké‘, and

Ke" in a Self-Tybridication Experiment

A IITI: Calculation cf Acid-Base Dissocistlen Con-
gtantg from Paper Electrophoretic Data.
A IV: Correction for Nonconstant Ribosomal Activity
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APPENDTI I

SYNTHESIS OF L-VAILYI-L-HISTIDINE
AND
N-ACETYL~I~VATYI~1~HISTIDINE
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A T: SYNTHESIS OF L-VALYI~I~-HISTIDINE

A TA: Introducticn

The method of cynthesie followed Schwyzer et al. (133). Im this
method l-cyclohexyl-3-[2-morpholinyl- (4)-ethyl]carbodiimide is used to
effect the formation of the amide bond at room temperature. The above
resgent, though more difficult to prepare, hag zn advantage over the
more commonly used dicyclohexylcarbodlimide in that the l-cyclohexyl-3—
[2-morphelinyl~{k)}-ethyllurea which results from the former during the
courge of the gynthesils iz soluble in the polar organlic solvents in
which the formation of the peptlide is effected. The dipeptide, which
1s insoluble 1n these solvents, can therefore be purified by simply
washing it with the polar orgsnic solvent. On the other hand dioyelo-
hexylurea, which is formed when dicyclohexylearbodiimide 1s used to
effect the Formation of the amide bond, 1s like the dipeptide, inéoluble
in polar organic solvents, and consequently purification of the dipep-

tide 1s more difficult.

A IB: Synthesis of 1-Cyclohexyl-3-[2-morpholinyl~(4)~ethyl]carbodiimide

Preparation of N-Cyclohexyldithiocarbamic Acid (43)

A mixture of 34.7 ml of cyclohexylamine in 500 ml of anhydrous di~-
ethyl ether was placed in a l1-liter round-bettom flagk, and 9,1 ml of
082 was slowly added (considersble heab was.evolved). After the 052
had been added, a white crystalline solid began to precipitate. The
mixture was allowed to stand for 30 min with occasional swlrling, at

which time solvent was removed by evaperation in vacuc. The product
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was a white solid which was left in the 1-1ller [lusk for the next sbep.

The yield was 100%.

Preparation of Cyclohexylisothiecysnate (U3)

To the flask from the preceding step were added 4C.5 gm of Hell,
which had been diésolved in 600 ml of water. The mixbure was refluxed
for 1 hr and was then distilled at atmospheric pressure. The residue
in the flask became black during the dlstillatlien. The product ap-
peared as a slightly dirty oil which coliected in globules in the ague-
ous distillate. This distillate was extracted five times with 100 ml
of diethyl ether. The ether was removed from the extract by evapora-
tion at room temperature with a stream of alr. The wet oily residue
was transferred o a 25-ml glass—stoppered cylinder and was dried by
shaking the wet oll with anhydrous Naesou, The dry oil was transferred
to a centrifuge tube, and the last traces of sedium sulfate were re-
moved by low speed centrifugation. The product, which had a penetralb-

ing odor end was slightly lachrymatory, was obtained inm 50% yield.

Preparation of 1-Cyclohexyl-3-[2-morpholinyl-{k)-ethyl]thiourea (43)
A mixture of 500 ml of anhydrous dlethyl ether, 15.9 gm of cycle-
hexylisothiccysnate, and 14.8 gm of N-(2-amincethyl)morpholine® was re-

fluxed in a l-liter round-bottom flask until {sbout 10 min) the white
crystalline product began to separate out. After the flask had cooled,

the ether was removed in vacuo, and those crystals which had not adhered

¥Aldrich Chemical Co., Inec.; 2369 No. 29th St., Milwaukee, Wiscon-
gin.
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o the Fflask wall were collected. The yield was 95%.

Preparstiou of 1-Gyclohexyl-3—[2-morpholimyl-(&)—ethyllcarbodiintide (43)
A mixture of U gm of l-cyclohexyl-3-[2-morpholinyli-(l)-ethyl]thio—
urea, 6 gn of yellow HgO, and 50 ml of acetone was refluxed for 5 hr in
a 200-ml round-bobtom flask, zl which ftime the mixture was fllbered
through a sintered crucible® into a second 200-ml flask containing
& gm of fresh Hgd. The contents of the second flask were refluxed
another 6 hr, filtered through a silotered cruclble, aud the liltrate
was eveporated in vacuc. The olly residue from the filtrate was washed
twice by evaporating‘it with benzene to remove traces of acetone. The
product appearsd sz a colorless to pale yellow oll of & not unpleasant
cdor.*™  The crude oil was purified by distilling it at 145°C and at
less than 200 p Hg pressure®™* ontc a cold finger. The apparstus shown
in Fig. 20, p, 205, was used for this evaporabtlon. The layer of crude

product was not more than 5 mm in depth, and the distance between this

*After use, the crucible was most easily cleaned with hot concen~
trated nitric acid,

**Gometimes white crystals, which we did not characterize, formed
during the evaporation. These were filtered off, washed several times
with hengene, and the washings were added to the eriginal oil. The
benzene was agalin evaporated off. This procedure was repeated wntill
the residue from the benzene evaporation was free of crystals. I¢ is
likely that the erystels were 1~cyclmhexy1~3~[2~morphnlinyl—(h)nethylj
urea formed from the product and small traces of water in the benzene.

Drying the benzene over sodium prier to using it would probably obviate
this minor difficulty.

**¥Any good forepump will suffice. A water aspirator should not be
usged hecanse the product will react with water vapor to form the urea
mentioned in the precedlng footnote.
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18 x 150-mm Pyrex test tube

Rubber stopper

250-ml Erlenmeyer heavy wall filter flask

Iry lce-melhyl cellosolve cooling mixture

Crude l-cyclohexyl-3- [2—morpholin;yl—- {4 )-ethyl]carbodiimide
01l bath set at 1h5°C

Asbeslos sheet

Combinstion heaster and magnetic stirrer

Flg. 20: Apparatus for evaporative distiliation of crude

l-cyclohexyl-3-[ 2-morpholinyl- (4 )-ethyl] carbodiimide.
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layer end the hottom of the cold finger was approximately 2.5 cm during
the distillaticon. Before the hester was turned on, or the cold finger
was pubt nto place, the crude product was outgassed at room temperature
until it had cessed tc bump. As the distillatlon proceeded the purlfied
product appsared as a frozen mass on the coldfinger. When the distiila~
tion wes complebe, the heating bath was removed, and the apparatus was
allowed tc cocl in vacuc %o room temperature. The pump wes turned off,
the coldfinger was removed from the Tlask, and the coolling mixbure was
poured oub. During the latter step care was tsken not to conteminate
the procuct with stray droplets of the cooling mixture. The coldfinger
was pleced 1ln o uprlghs poslbtlon over a collection tube, and the puri-
fied product was Thawed by pouring waber at room tempersiure into the
coléfinger. Tne final product was a perfectly clear celorless oil fthat
was obtained in 50% yileld. The nel yleld, based un lue sLartlog amount
cf cyclohexylamine, was about 25%.

A IC: Synthesis of L-Valyl-I-histidine

Preparetion of L-Hirtidine Methayl Ester (9)%
A solution of 2% NH, 1a GHCJ.3 was prepered by adding 2 ml of liguld
OE, tc 100 mi of CICLl,. Approximately 1C ml of itrie solution was added

to £.50 gm of I-histidine methyl ester dihydrochloride®¥ in a 0wl glass

e procecure whlch 1s given was by Iaxr the simplest of seversl
procedures (44) which were tried., The slight extra effort which was

regulired to transport the ligquidé Nis wes repaid by 100% yield ¢f the
Tfree ester.

**Nutritional Bicchemlcals Corp., Cleveland, Chio.
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stoppered cylinder. The cylinder was lnverted several times until the
precipitate of NHACI appeared to be distributed wniformly throughout
the solution. The solution was then allowed to starnd for 30 min with
occaslonal shaking; 1t was then filtered through & siptered glass dlsc
into a weighed (+ O,‘Ol gu) 100-ml round-bottom flask. The NH,Cl which
remained in the cylinder was washed several times with 2% NH5 in CHCIB,

and the weshings were riltered into the 100-ml flask, The contents

of the flask were evaporabted in vacuo to exactly 0.35 gm. The free

ester was a viscous syrup of a very faint fruity odor,

Preparaticn of Carbobenzoxy~L-valyl-I-histidine Methyl Ester (135)
The syrup from the precedlng step was transferred to a l5-ml
graduated centrifuge tube with 0.2-ml portions of acetonitrile and was
diluted with that solvent to a total volume of 2.1 ml. Exactly 0.53 gm

of carbopenzoxy-lL~valine® was stirred intc the acetonitrile selution
until all the valine had dissolved. ‘The solution was cooled to 10°C,
and exactly 0.55 gm of l-cyclohexyl-3~[2-morpholinyl-(k)-ethyl]carbodi~
imide was added. ‘the mixture was allowed to stand at room Gemperature
for 16 hr.** Within 1 hr the mixture haed solidified to a gel., Addi-
tional acetonitrile was added to a total volume of 12 ml, or until the

mixture was again tluid. At the end of 16 hr the white gelatinous pro-

¥Nutritional Biochemicals Corp., Cleveland, Ohio.

*X{hen the carbodilmide was added, a fine black preciplitate began
to form in minute amounte. This preeipitate was not characterized. It
did not interfere with subsequent steps, and no attempt was made te re-
move it. Conceivebly the precipltate was a compound formed from traces
of Hg which somehow carried through to this step.
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duct was Filtered onto s Buchner funnel and was rinsed severzl times
with acetonitrile. The acetonitrile in the filtrate was removed by
evaporation in vacuo to yleld an immebile highly viscous syrup which
when reéveporated with several portions of acetonitrile yielded addil-
tional product. This additionsl product was added te that already on
the Buchner funnel. The product was washed with acetonltrlle several
more times® and was dried on the fummel by suctien to 0,54 gu® of white
to tan crumbly crystals. The crude crystals were dissolved in a minimsl
amount of methanol at 50°C and were filtered by gravity through a coarse
frit. The pale yellow filtrate was evaporated at 25°C under a stream of
air, and the residue was placed in the refrigerator at 10°C for 30 min,
The gel-like crystals were transferred to a small funnel and were com-
pressad and broken up into a powder with a sgpatuls. The powder weas
dried in & wvacuum desiceator. The meliling polnt of this powder was
152°C-15L°C, which compared favorably with that found by Schwyzer et al.

(133), viz, 152°C-156°C.

Preparation of Cerbobenzoxy-i~valyl-L-histidine Monchydrochloride (133)
A mixture of 0.52 gm of carbobhenzoxy—-L-valyl-L-histldine methyl

ester in 2.6 ml of methanol was warmed to 38°C in a weighed 15-ml cen-

trifuge tube. To the warm solution 1,56 ml of 1 F NaQH was added, and

the mixture was allowed to stand at 38°C for 90 wmin®** with constant

*When the filtrate was evaporated, the syrupy resldue welghed 0.75
grt. How much of this was product is not known, The 0.54% gm of product
which was recovered on the funnel was only 58% of' the starting material.

**When the sodium hydroxide was added, the solution turned yellow
and a white floceulent precipitate formed.
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stirring. At the end of thils time, the tube was cenirifuged, and the
gupernatant was decanted into an unweighed 15-ml ecentrifuge tube. This
supernatant was evaporated at 38°C to a volume of 1.6 ml. As the evap-
orstion proceeded the color of the solution deepened to a yellow-orange,
and white crystels began to separate out. The mixture of crystals and
solution was extracted twice with 1.6 ml of ethyl acetate. The color-
less organlc phase was discarded, and the clear yellow sgueocus phase
wag seldified at 0°C with 0.52 ml of concentrated HCL. On acidifying
the solution, the yellow color disappeared and a dense, almost solid,
mass of white crystals formed. The acidified solution was allowed to
gband st 0°C for 1 hr, at which time it wes filtered, and the white
erystalline product was washed with distlilled ice-water and dried in
vacuo, The crystals melted at 115°C-120°C. Schwyzer et al. (133) re-

ported o melting point of 121°C-123°C. The yield was 53%.

Proporation of Levalyl-I~histidine Dinydrobromide (L5, 133)
Anhydrous glacial acetic acid was prepared by freezing 25 ml of
comercial reagent grade material in a 100-ml besker which was placed
in waber at 5°C. The freezing was made to proceed from the outside
edge inward.® Shortly before the entire mass had solidified, the liguid
that had not yet frozen was decanted, and the frozen acid was placed in

a vacuum desiccator and pumped on abt room temperaburc for 2 hr % At

¥*Because glaclal acetic acld superceols readily, the liguld must
not be moved or agitated during the freezing process: ctherwise the
entire solution will freeze st once. If the latier occurs, the acid
must e thawed and refrozen.,

*¥in 01l forepump must be used. A water pump will simply reintro-
duce water. The purpose u[ the pumping was to remove water vaper from
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the end of this time air was readmitted through a CaGLE drying tube, the

desiceator was sealed, and the acld was allowed to thaw at room tempers—
ture.

The anhydrous acetic acld was then saturated with anhydrous hydrce-
gen bromide,

A mixture of 1.7 ml of anhydrous HOAc saturated with HBr and C.29
gm of carbobenzoxy-l-valyl-L-histidine monohydrochloride in & 5-cm test
tube® was allowed to stand at room temperature for 1 hr. At the end of
this time L.7 ml of anhydrous diethyl ether was added to precipltate the
dihydrocbromide, and the mixture was coeled for 3 hr at 2°C. The cry-
stals were filtered onto a Buchner funnel, washed with anhydrous ether,

and vacuum dried. A 68% yield was obbained,

Preparation of I-valyl-I-histidine (133)

Approximetely C.2 gm of I~valyl-I-histldine dinydrobromide was dis-
gsolved In 1 ml of water and passed through a 1 x ll-cm Amberlite 4B
anion exchange coluwmn which had been eguilibrated with water. The
column wae developed with water, and the first 30 ml of effluent was
collected in a 100-ml round-bottom flask, This effluent Was.evaporated
in vacuo, and the residue was reévaporated three times with methanol.
The resgldue wasg transferred with warm methanel to a small test tube,
the methanol was evaporated with a stream of air, and the crystals were

vacuum dried in a desiccator to a pale yellow, almost white,** powder

the desgiccator; the 2 hr pumping perlod could probably be reduced con~
siderably.

*The tube was protected from moisture by a CaClp drying tube.
**
The trace of yellow was probably from the Amberlite LB resin.
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which Gecomposed at 19%°C, Scuwyzer et al. (133) reporbed a decomposi~
tion point of 205-206°G.

The last traces of yellow color could be removed by chromatograpn~
Ing the dlpeplilde wvn Duwex—l as described by Schrweder eb al. (127,
1%2), or more qulckly, by boiling the crude powder with a emall volume
of anhydrous methanol, allowing the solutlon to cool, and discarding the
pale yellow supernatant. The purifled dlpeptlde was & pure wWhlte powder.
The overall yield, based on the starting smount of carbobenzoxy-L-valine,
was 15%. The structure was confirmed by paper electrophoretic compari-
son with an authentic sample of ILe-valyl-I-~hlsgtidine ebtained fron &
papain digest of Pr-1 (ef. p. 63), by amine acid analysis, by Edman
degradation (cf. p. 105) to establish the amino acid sequence of the
dipeptide, and finally by mass spectrometryX

A ID: Synthesis of N-acetyl-L-valyl-L-histidine (46, A7)

A mixture of 4.8 mg purified I~valyl-I-histidine and 0.050 ml of
a 16.5% v/v sclution of acetic annydride in anhydrous acetic acid (cf.
p. 209) was sealed into a 0.5 x 6.0-cm Pyrex tube. The sealéd tube was
imnersed in a bolling water bhath for 15 ﬁin. During this time the tube
was treguently inverted s0 as to theroughly mix the contents.™ At the
end of this time, the tube was cocled and opened, and the acetic acld

was evaporated at room tempersture in a desiccater under vacuum. The

*The mass spectroscopy of both L-val-L-his and N-acetyl-l-val-I~his
was done at the Massachusetts Institute of Technology through the courtesy
of Dr. Klaus Biemann and his agsoclates (ef. p. 1h1).

**The tube was suspended by sewing thread at each end, The tube was
inverted by shortening er lengthening one or the other of the threads.
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residue, a yellow glags-like gyrup, wa$ dissclved in a small quanbity
of hot water and the evaporation in vacuo was repeated to remove traces
cf HOAcj; this was done twice. The yellow glass-like crystals which re-
sulted from the aqueocus evapcrations were evaporabted once with hot ben-
zena, then twice with ahsoluﬁe methanel to bring the product into a more
crystalline form. The whitlsk powder from the methanol evaporations was
recrystallized by dissolving it in a minimal wvolume of hot methancl,
then ehilling the solutien at 2°C for 18 hr. The final product was a
pure white powder. The structure of this product was confirmed by paper
electrophoresis, its failure to give a positive ninhydrin reaction, by

amine acid analyais, and finally by masxs spectrometry.
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FORMULAS FOR TEE CALCULATTION OF THE ERRORS IN THE QUANTITIES

£, R;alc, K_, K ', AND X_" IN A SELF-HYERIDIZATION EXPERTMENT



- 21l -

s . cale . "
A 1I: ERBORS 1IN T, Ry 3 Ke, Ke,ANDKe

rale
The following measures of the relstive errors 1n T, R- ’ Ke, ef’
and Ke" were obtained by differentiation of the expressions for these

guantities which are given on pp. 80-8l of the thesis:

R AR
Aff:l__ L P_|AP | Tx . x
(1—P)2f(1+2RK) (1-r)| P (1-P) (l+23x)f R,
AR
R A TR Y S 4 I S I SR AL
R R |[{1-Pp] P R f
y g v
AR, [ AT
K e-f | f
e
t
LK, _[32r AT
1 —
K ()] =
AKX, e AL
K" -] T

The latter three eguations point up a desirable property possessed
by XK, but not hy Ke' or by Ke": the relative error of the former is
always of the order of three times the relative error in I' Irrespective
of the value of £} on the other hand the relative errors in Kg‘ and Ké”

become infinite ag the fraction of self-hybridization approaches 100%.



- 215 -

APPENDIX III

CALCULATICN OF ACID~BASE DISSOCIATTON CONSTANTS
FROM PAPER ELECTROPHORETIC DATA
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A TI1T: CALCULATION OF ACID-BASE DISSOCIATION CONSTANTS
FROM PAPER ELECTROPHORETIC DATA
Let us assume that the velocity v with which a molecule moves dur-
ing paper electrophoresis depends enly

a) on its ionic charge g:

where X is a constant of proportionality which
18 a Tunction of the electric field E in which
the molecule is moving, of the shape of the
mplecule, of the interaction of the molecule
with the electrophoretic buffer and paper, and

of the btemperature at which the electrophoresis
is copducted;

' b) and on the average rate of flow v, of buffer

through the paper during the electrophoresis:
Yy = Yy (a constant) .

Assumption &) is egquivalent to assuning that the electrical force
Eq on the molecule is just halanced by a "frictional” farce k'v_ that
is proportional to the velocity vq of the molecule. Thus k = E/k'. We
shall only be concerned with molecules that have similar shapes, and
that interact (at least approximately) equally with the buffer—paper
system. Withir this approximation k is a constant that is equal for
all such similar molecules.

The guantity k2N in assumption b) might arise from a slight in-
equality in the level of the two buffer reservolrs: buffer could thus

siphon through the paper from the reservolr having the higher level of
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buffer to the other reserveir. Physically, this siphoning action is
saalogous to the effect of & river current on several different pwimmers:
esch swimmer is carried forward with a veloeity equal to that of the
current, irrespective of any additional velocity he might have from his
owin efforts at swimming. Thus vb is & conobant that ip egqual for all
similar molecules.

Congider the four specific melecules lys, leu, glu, and X which
we shall assume bear net ionic charges of +1, O, —1, and Q respectiVely.*
After electrophoresis for a time t, these four molecules will have

moved the following distances d:

dlys = (1k + vb)t
dleu = (Ok + Vb)t
aglu = {~k + vb)t .
dy = (Qk + vb)t .

Tf the distances each of the above molecules has moved iz measured rela-

tive to leucine and this distance is designed D, then:

Dlys = k¥
Dglu = -kt

Qkt .

Dy

*lhe exact charges upcn these molecules will depend of course upen
the pH of the electrophoretic buffer, as well as upon the ionizatlion
conshants of the lonizable groups of these molecules in the buffer-~
paper system. For clarity of expoeition we shall assume that ths pH of
the electrophoretic system is 6.50. In this case lys, leu, and glu
have net ionic charges egual to those given In the text.
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Our simple theory thus prediets that at pH 6.50 lysine and glutamic acid
will move equal distances bubt in oppoesite directions from leucine. This
prediction hag been verified experimentally: measuremsnts vhich were
taken from five independent electropherograms of a mixture o lysine,

leucine, and glutamic acid demcnstrated that

Dyyg = ~(1.00 + 0.05)33glu .

These electropherograms were obtained as described on p. bs . It thus
appears that our theory is a reasonable cne for molecules which Giffer
from each other no more than lysine, leucine, and glutemic acid.

If lys, leu, glu, and X are electrophoresed on the same sheet of

paper, then the charge § on the molecule X can be calculated from
Q = DX/kt

where k is given by

k = (Dlys - Dglu)/E .

We now proceed to relate Q to the ilenization constant of the mole-
cule X. For simplicity we shall assume that the molecule X has only a
single ionization constant the value of which is unknown.® It is this
congstant that we wish to calculate. For concreteness we take the mole~

cule X te be the base A or its conJugate acid AEY. Consider the

*¥Several ionizable groups may be present in X, bub the ionization
constant of all but one of these must be known if the unknown constant
is to be obtained by the method to bhe described.
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eguilibrium
AH+ —_ A+H+.
The ionization constant for this equilibrium is given by the expression
+ +
K = (8)(@")/(aE") .

The average® charge Q {due to the sbove equilibrium} that is on the

molecule X i1s then

- ki—)AH-I— ———
(AE) + A
If the lonization constant K 1s now expressed in terms of (') and

we obtain

_ Q
EK& = pH + log (.1 — Q.) .

Bimilar eguabtions hold if the molecule X 1s taken to be the acid

AR or 1ts conjugste base A with the equilibrium

AH ——==== A + 5.

Then | K = (A7)(E")/(am) ,
QT EE A}- Ay 7

*At sny given instant the charge on a given molecule AH+ is of
course +1, and that on a molecule A 1s zero, The average charge @ that
is ealculated In the text can be looked upon as the fraction of the
time that the molecule X spends in the acid form AHt.
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C— pH - =Q
and pK, = pH - log (= Q') .

Summarizing, from a knowledge of the pH of the electrophoretic
buffer and frem measurements of the distances which the compounds, lys,
leu, glu, and a compound X move on electropharesis in this buffer, the
ionization constant of a single unknown ionizable group in the compound
X can be calculated provided the ionization constants of all the other
ionizable groups in X are knowm.

To check the validity of the above theory the EKE for the ioniza-
tion of the proton on the imidazole nitrogen of histidine was calculated
eg described ghove. The calenlsted value, hased on aix Independent de-
terminations was pK = 6.35 1.0.06. The literature value (42) for free
histidine at 25°C in dilute agueous media is 6.00,% Our value of 6.35
indicater that the imidazelium jon of higtidine is more GifFicultly
ionizable under our conditions of electrophoresls than it is in dilute
aqueous media at 25°C. Thls may be due to the fact that the electro-
phoresis was carried out at e temperature of spproximately 10°C, not
at 25°C.

Caleculstions from the electropherogram that ls shown In Fig. 13,

p- 153, glve the following estimates at 10°C for the EK& of the

imidazelium ion of val-his and reduced R—val-his:

¥Literature (24, U2) values range at 25°C from 6.00 for free histi-
dine to 6.83 for compounds such as carncsine in which the G-amire group
of higtidine is bound in an amide linkage.
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val~his
EK& = 6.62

EKZeduced val~his - 6.34 .

These values.are in agreement with the literature values which are
found for other histidine-~containing peptides. We conclude from this
agreement bhal molecules of the type val-his are sufficlently similer

to lys, leu, glu, and his to Fulfill our initial assumptions (cf. p.
216), Therefore we chall now calculate the 1298 of the cenjugate acld

of the Schiff buse R-val-his. If we take bhe average of the abeve two
values, viz. 6.48 + 0.1k, as the pK, for the imidazolium group of R-val-
his, then the ifonization constant at 10°C for the protoen on the Schiff

base nilrugen ls found from Fig. 17 te he

pEL VR _ 66k + 0.0k

Cordes and Jencks (23) found values of pK, renging from 5.40 to 7.70 at
25°C for the Bchiff bases bebween tertisry butyl amine snd varieus mono-
substituted benzaldehydes (also see pp. 11l and 154},

Although the sbove agreements speak well for the calculation of
pK values from electropheretic data, the reader should be cautioned
that there are cases in which the method fails completely. If the EK&
for the proton on the imidazole nitrogen in the corpounds N~acetyl-val-
his er the octapeptide val-his-leu~thr-pro-glu-glu-lys is calculated
from their paper electrophoretic behavior at pH 6.50, absurd values

are obtained. This is not surprising. The N-terminal amide bond in
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K-acetyl-val-his would not be expected to bear much resemblance to the
Neberminal O~amine group of say val-his or leucine. And certainly, to
expect a theory which is based on the electrophoretic behavior of free
amino mecids to hold for an octapeptide is to expect too much. These
considerations should not dlscowrage the experimentallst from using
paper electrophoretic data to calculate pK values of unknown compounds,
but they should caution him to ascertain the valldity of the underlying

assumptions of bhe Lheory before such a calculation 1s made.
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APPENDIX IV

COREECTION FOR NONCONSTANT RIBOSOMAL ACTIVITY
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A IV: CORRECTION FOR NONCONSTANT RIBOSOMAL ACTIVITY

Let the ribesomal activity a be given as a function of time by

the eyuablion

n X
a - a— bb,s0. .,

The constants a and b 4 cen be determined by fitting the experimental
points to a least sguares ecurve or by some ¢ther appropriate methed.
The rates at which the ribosomes are synthesizing hemoglobin AIc

and A_. respechblivcly arc then

I
n . I .
A-ca-ca-cXbth-n-clbt
1 1
n . n .
B=da=da—-albt' =B~dLbt ,
- - 1 i p 1

where c and 4 are constants of proportienality, and A = ca, and B = da.
It chould be noted that A and B (but not A and B) are identical to the
A eand B on pp-. 160 and 161: They are the constant rates at which A,
and AII regpectively would be synthesized.by the ribosomes 1f all the
bi were zmero, i.e., if the ribosomal activity remsined coenstant through-
out the incubation.

Let,AIc and AII represent the amount of radloactive A and A

Ie 11
which would be present at time t if the ribogomal activiiy remained

constant during the incubation, and let A;é and A;I represent the
amount of radicacltlve Alc and AIE which would be present gt time t if

the ribesomsl activity deeressed with time during the incubation. In

the latter case the net rates at which AIc and A__ are belag synthesized

IT
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at any time t are

Q Q
o - AT EAL - kA,

o )
at B+ k"AIC - kAII ’

where k and k_ are identical to the k and k_ of p. 161. These equations
reduce to those at the top of p. 161 when all the b, are zero. When tle
bl are not all zerc, the equatlons can in all cases be sgolved without
spproximation by the "Method of Undetermined Coefficients" (116). We
gshall give the solution only for the case where the ribesomal activity

decreases linearly™ with time, i.e., by ¥ 0, and b, =0 for 1 > 1, =0

that

a = & — blt .

With this assumption, the solubtion te the above differential equations

is

Ic”Al ~kbL,

e

{2
I
.

AL +Ay -k A, ,

4

*The equations are not significantly harder to solve 1f the ribo-
somal activity decreases nonlinearly in timej; however, the form of the
final equations becomesvery complex, Further, the accuracy with which
the decrezse in rivoscmal activity can be measured frequently does not
Justify anything more than a linear approximation; and even if it does,
from a calculaticonal viewpeint it is simpler, and quantitatively Just as
satisfactory, to decompose the nonlinear fumction intc several linear

functiens, each of which ciosely approximates the actual function for a
particular period of time.
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where AL and A . are ldentical to the A and A . of p. 161, and where

FaN 1 and A2 are given by

by (Ak_ - bK) ‘ ~(k + k)% }
Ly o= E+k)t-|1-e -
1 ax+x) e+ 2 [ ]

mbl(A-f- B)

Fa t .

In practice, the simplest way to use the above equations is to de-
termine A and B experimentaliy as described® on p. 162, and a and bl ag
described on p. 224, Values of k and k_ are guessed, and,Agc and A?I
are calculated hy the two equations at the bottom of the preceding
page. If the correct values of k and k_ have been chosen (i.e., the
values which correspond te physical reality) the calculated values of
Agc and A;I should agree to within the experlmental error with the ob-
served values for all times, provided that the basic assumptions which
were made on pp. 160 and 161 are valid.

For all the excepticnal cases which were discussed on pp. 162 and
16% the correction given by the eguations at the bottom of p. 225 for

a linear decrease in ribosomal activity reduces to the particularly

simple forms

¥at t = O the correction terms A, and A, as well as their time

derivatives are zerc, so that the method waich is deseribed on p. 162
for determining A and B still suffices.
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b
@

AIc::‘L\TLc (l—‘é;;——t)

b
o 1
In practice exceptional cases can be recognized from the fact that
elther the experimentally cbserved specific activity of AIc is egual 1o

that of AII for all times %, or the specific activity of elther AIe or

A’II is zero.
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Part VI

PROPOSITIONS

On the Complete Structure of the Blocking
Group R of Hemoglobin AIC

Considerations of Structure-function Re-
lationships in the Reduction of Buman
Ferrihemcglobin A in the Presence of
Cysteine

A Proposed Reinvestigation of the Kinetics
of Reduction of Horse Hemoglobin by Cysteine

A Quantitative Approach to the Problem of
Multiple Hits in Paleogenstics

On Nonspecific Cleavege in the Edman Deg-
radation



_ 229 -

PRCPOSITION T: SUGGESTIONS FOR COMPLETING THE CHARACTERIZATION

OF THE BLOCKING GROUF R CF HEMOGIOBIN’AIc

Proposiblou: Two methods are propesed by wmeasns of whilch two
highly purified low molecular weight compounds which contain the block-
Ing group R of hemoglobin AIc can be preparsed. It is likely that the mess
spectra of these compounds would suffice o determine the strucbure of R
completely,

P 1A: Introduction

At the beginning of this thesis (ef, p. 15) it was stated that
"eharacterization of the blocking group R 1s sufficlently advanced so
that the directlons which additional efforts should teke are now well
merked oub.” The facts upon which this sbatement wes based are liaghed
in the thesis sumary (p. 192) and form the background for this proposi-
tien. From a practical viewpolnt the most important of these facts is
that the lability of the blocking group R can be obviated by recducing
the imine double bond of the Schiff base with NaBHh. We ehall therefore
assume that reduced BAICT—l (ef. p. 147) and reduced R-val-his (ef. p.
152 and p. 64) sre available as starting materials for further charsc—
terization. We shall further assume, in accordance with past experi-
ence, that the puritymxf(BAchE)T—l and RH2~val—his* is no more than can
be obtained by the column chromatogrephic procedures that are descrilbed

in the thesis proper. As we have seen (p. 140), compounds that have

A
X¥Henceforth we shall use the abbreviallcns (P IGHE)T--ZL and RHg-val~

A
his respectively tc deslgnate B ICT~l and B—val-his, esch of which has
been reduced with NaBH4 as described on pp. 146-15k,
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been isclated by column chromatography are not usually pure enough for
the purpose of cobbtaining a mass spectrogram from them. The primory gool
of each of the methods to be described bhelow is e obiain compounds which
are pure enough for mass spectrometric analysis, for at present we be-
lieve Lhat it is by such an analysis that the stmctulrc of R can be most
readily oblained.

P IB: Method I--Purification of RHp~val-his by Thin layer Silica
Gel Chromatography

Experiments with model compounds have demonstrated that the fol-
lowing chromabopraphic system is likely to effect the purification of
Rﬁguval-his te the degree necessary for mass spectrometrie aualysis.*

A 20 x 20 x O.l-cm chromatographic plate of Silies Gel HR*™ is
prepered from a slurry ol 11.70 gu of 8lllca Gel HR in 35.2 ml of H0
by any standsrd (1) method. The freghly prepared plate is allowed to
dry overnight in air at room tempersture, is then heated for 15 min at
110°¢C, and is air cooled lur 45 min. It Ls Lhen prechromsbographed in

931::MeOH:HCL v/v to free it from iron.*™* The plate is activated by

*The Rp values for his, val-his, N-acetyl-val-his, and val in the
chromatographic system that is described are ©.10, 0.13, 0.39, and 0,51
respectively, On = 20 x 20 x C.l-cm plate of Silica Gel HR, a mixture
consisting of up to 50 pm of each of several of these model compounds
eould readily be resolved. The purified sresvlved compounds were eluted
from the gel in 86% yield, '

**E, Merck AG, Darmstadl, Gemmany; Disbribulor lu Lhe Unlbted States
is Brinkman Ingstruments, Inec,, Westbury, New York. Silica Gel HR and
not Silica Gel G should be used, The latter contains CaSO4 as a binder,
and this compound is water soluble so that when the peptide is eluted
from Silica Gel G it will be contaminated with CaSO4. Silica Gel ER
does not contain any binder and thus 1s free from this difficulty.

***The iron appears as a rapidly moving pale yellow line which moves
parallel to the solvent front. When the front reaches the top of the
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heating it at 110°C for 15 min and cooling it in air for 45 min. The im-
pure sample of RHE—val—his is applied to the gel in 50 A of 1 F HCLl along
a line 15 cm in length and 1 om from the hottom edge of the plate. After
the sample has been applied, the plabte is allowed to air dry for 1 hr ab
room temperature and is then heated for 5 min at 110°C and air cooled
for 45 min. The chromatogram is developed with n-butanol:scetic acid:
weber: 165:17:18 v/v/v in a covered battery jar. The Jar should be lined
with filter paper that has been ssturated with the solvent. After de-
velopment, the plate is removed from the chromatographic jar and is air
dried for 5 min and is then heated at 110°C for 10 min. The pepbides
and amino acids on the plate can be located by covering all but a narrow
strip of the dry gel with a metal plate. The exposed strip 1s sprayed
with ninhydrin® to locate those peptides with free Gramino groups and

then with diazotized sulfanilic acid® to locate those peptides which

plate, the labter 1s removed from the MeOH-HCL mixture and allowed to
dry. That portion of The gel which 18 near the Yop of the pluale and
which contains the iron 1s then scraped off with the metal edge of a
ruler and is discarded, (Cf. Ref. 1, p. 30.)

*Me ninhydrin reagent (¢f. Ref. 1, p. 94) is prepared by mixing
egual volumes of reagents T and IT. Reagent I contains 50 ml of anhy-
drous BtUH, 10 ml of HOAc, 2 ml of 2, 4, 6-collidine and 0.10 gm ninky-
drin. Reagent IT contains 1% Cu(NOz)z*3Hz=0 in absolute ethanol v/v.
The sprayed plate is heated at 80°C or on an asbestos—covered hot plate
until the location of the peptides are obvious.

*¥¥hie spray msy be applied after the peptides have been located with
ninhydrin as in the preceding iootnote. Diazotized sulfanilic acid is
prepared by mixing equal volumes of reagents T and II, Reagent 1 con-
tains O.T% NalNCs in absolute methanol w/v. Resgent II contains C,7 gms
sulfanilic acid in a mixture of %6.8 ml methancl, £.0 ml cone. HCl, and
55.2 ml HeO. Immediately after the diazotized sulfanilic acid has been
applied, the plate is sprayed with reagent IIT which contains 9 gms
NapC0s in a mixture of 31.8 ml methanol and 59.2 ml HpO. Pepbides which
contain histidine appear sg yellow to orange spots after a few minutes.
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contain histidine. After RH2~val—his has been located by the above
sprays, that (dry) portion of the gel which contains this compound is
seraped into a 10 ml weighed centrifuge tube. The gel is stirred with
three times its welght of water, centrifuged, and the supernatant (which
contains the peptide) is decanted. This elution procedure is repeated
three times. The combined supernatants are then evaporsted In order to

obtain the purified RHQ—val—his.

9
P IC: Method IT—-Preparation and Purification of Ris-val-0-C-9(N0z)z

The principle of the method to be described is to hydreolyze
(BAICEE)Tml into its constituent amino acids, to convert the free amino
and carboxyl groups of these amine meids o hydroxyl groups by diszotize—
tion and reduction respectively, and finally to convert these alcchols to
their 3,5~dinitrobenzoates. Because of charge differences among these
%,5-dinitrohenzoates, the 5,5~dinitr0bénzoates resulting from pro and
BH2~val can be separated from the other 3,5~dinitrobenzoates by electro-
phoregls; and finally, the 3,5-dinitrobenzoates from pro and RHB—val can
probably be separated from each.other by thin layer chromatography. ALL
reactions preceding the electrophoresis of the 3,5-dinitrobenzoates are
carried out in a single test tube without transfer so that there is
virtually no loss of compound.* Af'ter the 3,5-dinitrobenzostes have been

formed, thelr separation from each other by elecirophoresis and chroms-

tography can be followed by the nabural yellow celor of these compounds.

*Thig quantitative aspect of Method II might favor it over Method I,
because the isolation of RHs-—val-his from the papain hydrolysate of
A
(B 1°H, )I-1 proceeds in only 28% yield (cf. p. T0).
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The sequence of reactions that are proposed are as follows:

.I- —
1)y* —p—
RHgﬂvaluhis~1eu—thr—pro~glu~gluwlys ) No—9-503 -

HO~®~SO% + RHE—val~(hism$~60%)—leu—thr~prowglu~glu~1ys

2)** 6F HCL |
110°C, 2k nr’

HD~(p—SO5 + RHEHVal + his~m—80% + leu + thr + pro + 2glu + lys él~———lgié

s

HO-¢~80, + FH,-val + HOwhis~¢bSOE + HO-leu + EO-thr + pro + 2HO-glu

3
5) (N0z)» ¢—%—Cl N

HO-@~30, + RH_~val-OH - (HO—)Ehis~¢—SO

5 o + (HO—)Qleu + (H0~)2thr + pro—OH

+ 2(80~)

Bglu + (HO~)5lys

*The coupling of the imlidszole nucleus with dlazotized sulfanilic
acld is probably net a necessary step. This step, however, costs noth-
ing and the extra negative charge introduced by the —8053" grouping will
later be helpful during the electrophoretilic separations.

**Rach of the amino acids which result from this acid hydrolysis has
a8 free G-amino group snd a free carboxyl group with the exception of the
secondary amines RHpo-~val and pro which have only a free carboxyl group
each.

*¥This step converts all free primary amino groups to the aleohols.
We shall deslgnate these alcohols as HO-leu, etc.

*¥*¥¥This step converts all free carboxyl groups to the alcohols. The
deuteride anien is used to provide a marker for mass spectrometry.



~ 234 -

leu(—DNB);

thr(~DNB)2 pro-DNB
(DNB)—@-SOB” + hirs,-cp-so;(—Dm]a)2 + +

glu(~D1\]B)5 RH,,~val~DNB

1YS(--DNB)5

The dinitrobenzoate of Emhydroxysulfcnic acid has a charge of ap-
proximately -1 at pH 6.0, and that of histidine sulfonste a charge of
~L. %he di- and tri- dinitrobenzoates that are derived from leu and
thr, and glu and lys respectively have zero charge. The dinitrobenzo-
ates which are derived frowm pro and RHg—val have a charge of +l1, Thus
the latter two compounds can readily be separated from the remaining six
dinitrobenzoates** by electrophoresis at pH 6.0.%F*

Finally the dinitrobenzoates that are derived from pro and BHE—val
can probably be geparated from each other by thin layer chromatography
on Silica Qel with either benzene:petroleum ether (b.p. 60°~80°C)::l:l

v/v or toluene:ethyl acetate::l:l (ef. Ref. 1, p. 215).

An additional point,that is perhaps not unimportant, is the ease

0
I
*¥DNB is an ebbreviation for (Nog)w-ce .
**Tt, would probably be preferable to carry out the electrophoresis

on & Silica CGel HR support for it has been our experience that the
yields of compounds which have been eluted from paper are low.

*¥¥%Because of the relative ease with whieh ester bonds are hydrolyzed,
the electrophoretic buffer should be chosen carefully.



— 235 ~

with which RHE—val~DNB can be converted to other derivatives {such as
0

Il
RE[E—val~O~C~CH5) that might be used for characterization.

BIBLIOGRAPHY for PROPOSITION T
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PROPOSITION II: ON TEE REDUCTION OF HUMAN FERRIEEMOGLOBIN A BY CYSTEINE

P ITA: Introduction

Holmguisgt and Vinograd (5) have proposed a mechanlsm that is
reasonably successful in explaining the rate of reductlon of human
ferrihemoglobin..A by cysteine as & function of hemoglobin and cysteine
concentrations and as a function of pH. In this mechanism, the follow-
ing three assumptions (among others) were made. First, each of the four
iron atoms in the ferrihemoglobin molecule was assumed to be reduced
independently of the others; i.e., interactions among the polypeptide
chains were neglected. Second, the rate of reduction of each of the
four iron atoms was assumed to be the sam=, even though the environment
of the iron stom in ;E".he €& chain differs from that in the B chain. Third,
the reduction was assumed to occur via the heme-linked histidine in the

fifth coordiration® position of the iron atom:

H
\ -
“ | ) ’ _RS"
N e B
W 1,0
Fe§+OH

*Tn hemoglobin A each iron atom has octahedral ligsncy. Four of
the 1ligsnd pesitions are occupled by nitrogen stoms of the planar por-
phyrin ring, the fifth i1s occupied by & histidine residue of the poly-
peptide chain, and the sixth by molecular oxygen or scme other ligand
such as Hz0, OH , CNH, ete. In agueous solutions of ferrihemoglobin A
the ligand in the sixth coordination pesition is Hg0 at acidic or neu-

tral pH values and is OH at basic pH values.
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Although these assumphtions led to a mathematical model that was success-
ful in explaining several features of the reduchion, thelr valildity is
net ebvious, It is the purpose of this proposition to suggest some ex-
periments by which the correctness ef these three assum@tiané can be
Judged directly,

P IIB: Estimation of the Interactions between Polypeptide Chains

Hemoglobin A (ef. p. 3 , this thesis), hemoglobin # (5, 7) and
hemoglobin o, (1, 2) can be represented by the gross structural formulas
o, 62, ﬁh’ and Qé regpectively. In these formulas each Greek letter des—
ignates a single polypeﬁtide chain. The three dimensional structbures

of these molecules can be represented schematically by the formulas

1, hﬁ J_’B uﬁ 1a

P P and
%6 Fa %6 g 20
Hh-A Fb~E Ho~0L,

The mumerical superscriphs to the left of each Greek letter label the
pesition In space of each polypepblde chalu.
For a given set of experimental conditions let us represent the

rates of reduction of hemoglobin A, H, and a% by‘:h; T and Ty Te-
2

gpectively, These rates can be written as the sum of the rates of re-

duction of the individual pelypeptide chains plus the sum of terms

which represent intersctions between the various polypeptide chains:
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&
It
—~~
n
H

a0 ErB_) + (rlaea * Tagap * 21‘3&45 + Erlasg)

H
Il
~—

ll-I'B) + (rlﬁaﬂ + r3ﬁ45 + Erlﬁ4B + 21’1533). (EQ' 1)

H
]

o (2r,, )+ ey )

In these equations Tey and rg ere the rates at which the @ and P poly-
peptide chaine respcotively ore reduccd in the aboence of intefa.ctio,n,
and rla4=f3’ for example, represents the contribution to the rate of re-
ductlion of hemeglobln A from the intersction of the O chaln in the spa-
tial position labeled 1 on the preceding page with the B chain in posi-
tion 4. Although T and Tp must aiways be positive or gzere, each Ilnter-
action term may be negative, zero, or positive.
We now introduce an interaction parameter I. This parameter 1s

defined by the seluticn te the three equabtions

r, = 21'& + 21'[3 + mE

Ty o= 1%1*5 + nI (Ba. 2)
r = 2Z2r + pl .,

012 o

These three eguaticnsg are equivalent to Eg. 1 if the gsum of the inter-

action terms for % I'H, and ra2 respectlively 1s set equal to ml, nl,

and pl. BExplicitly I is glven by

;- EI'A«rE-2r%

2(m ~ p) - n

(Eq. 3)

The numbers m, n, and p are numbers which are in the last analysis fto de
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determined by experiment.® A simpler approsch is to assign each of the
interaction terms the seme valuwe I. TIn this approximation m, n, and p
are integers that have the values 6, 6, and 1 respectively, and I is

glven by the expression**

I = gler, - r - Erag) . (Eq. L)

The interaction parameter I has one very slmple property that is
lndependent of any approxlmwatluns thal are made sbout m, n, awd p:  IT
I is zero, no interactions that have a net effect on the reduction rales
cecur;¥* i1r it is not zere, interactions do oceur. The only way that

E can be zZero 1s for the numerator of I t0 vanish:

2r -~ 1 ~ 2. =0 . (Bg. 5)

*The experiment(s) wounld be very difficult to design and analyze he—
cause & knowledge of m, n, and p Implies a knowledge of some. of the in-
dividual interacticn terms. We shall make no attempt to find these In~
dividual terms but shall content ocurselves with answering the guestilont
"Do interactions that have a net effect on the rate of reduction cceur
among the polypeptide chains or not?" We shall not try to answer the
much more difficult question: "Between which chains da the interactions
oceur?”

**ps formulated in Eqs. 2, 3, snd 4, I ie a function of both the hemo-
glebin and cysteine concentrations. From a strictly theoretical view-
point it would be desirable te eliminate thils concentration dependence
becsuse we are censidering interactlons within a single molecnle, This
can be accomplished by a simple mathematical transformation. For our
present purposes the form of I that is given in the text is satisfactory.

*¥*¥T = 0 does not imply that each interaction term (e.g., r1a4B)

is zerc: For example, 1f two nonzerc Interactlion terms had equal but
cpposlite effects on the rate of reduction no net affect would be ob-
seryed.,
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Each term in Eq. 5 i1s the experimentally measured rate at which hemo-
globin A, H, and @& respectively is reduced by cysteline for a Tixed set
of conditions. These rates can be determined as described in Ref. 3.

P IIC: Test of the Assumption that Ty = rB

If Egs. 2 are solved for x, and rﬁ, it is seen that these tweo

quantities are equal if and only if

rp =T+ (m -~ n)I . (Eq. 6)

If there is no interaction, or if the approximation is made that a1l the

interaction terms are equal, Eg. 6 becomss

Ty = Ty - ) (Eq. 7)

Equation 7 1s a simple experimental criterion for determining whether
Lhe lren atom 1ln the & chain and the iron atom in the B chedin arc reo -
duced at equal rates.

P ITD: Test for the Inyolvement of the Heme-~Linked Higtidine
in the Reduction Mechanism

Tt is not our purpose here to go Into the original reasons that
1mplicated the heme—linked histidire in the rcduction mechaniepm. Very
briefly, mechanisms that omitted a consideration of this histidine
could not be brought into guantitative agreement with the experimental
data (3).

However, it may be in order in the following two paragraphs to sum~
merize a few theoretical concepts which suggest that a reduction path
which invelves an atltack by bhe Lhlol anlien RS on the heme-linked his-

tidine in the fifth coordination position of the iron atem would be
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favored over a path that involved a direct fronbtal attack by RS on the
iron atom by way of the sixth ceerdination position (cf. feotnote
p. 236),

A reduction path through the sixth coordination pesition would be

inefficient because of the competitive reaction
Feo*OH, + RS == ¥e- OH” + RSE .

Here only the Intermolecular exchange of a proton occursj no reduction
pf the iron atom tekes place. Moreover, 1f the reductlion did cceur,

it would of necessity be by way of the transition state intermediate
CWe3+OHE“SR). The final transfer of ene of the sulfur %p electrons to
the irvon atom could occur in one of two ways: 1) The electron could
travel through the ¢ bonds between the exygen and hydrogen atoms of the
water molecnle, or through the 2s orbitsl of the oxygen stom to the & g~
orbital of the iren atom; 2) The RS anion could attack the iron atom
directly; in this mode of-attack the sulfur 3@ electron. would be trang-
ferred directly to the dz'orbital of the iron atom. Such an attack
would regquire the displacement of the waber molecule and would imply a
transiticn state in which seven ligands are grouped areund the iren
stom. From an energetic viewpoint, the transfer of a sulfur electron
by process 1) i1s not favorable because of the high eleetronegetlvity of
the oxygen atom, and process 2) 1s not favorable because of steric

arowding and electregtatic repulsion.

*The 7 directlon is taken as perpendicular to the plane of the por-
phyrin ring.
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On the other hand, i1f RS were to attack vla the heme-linked histi-
dine as cutlined om p. 236, the easily polarized 3p electrons of the
ionized sulfur atom could be transferred by way of the m—electron system
of the lmidazole ring to the dZE orbital of the iron atom. Moreover,
guch snelectron transfer would not inveolve a transition state in which
the iron abom would have to accommodsate seven ligands, Both these con-
siderations would suggest a transition state of lower energy then the
corresponding trengition state for an attack by way of the sixth ceordi-
nation position.

The zhove considerations can be investigabed experimentally as
follows: Hemoglobin M, .. (6, 8) is a naturslly occcurring hemoglobin
which is identical to hemoglobln A except that in the & chains of hemo-
globin leate the hémeulinked histidine is replaced by tyrosine, Thus,
the reduction of ferrihemoglobin MIwate by cysbelne should oceur more
slowly than the reductlen of ferrihemoglobin A if the considerations of
the preceding three pavagraphs are correct. In vivo, this 1s indeed the
case (4, 8). A quantitative determination of the reduction rate of hemo-
globin MIWate in vitro would allow an estimate to be made cof the energies
of the two btransition states that result from an attack of the thiol
anion by way of the histidine In the fifth coordination pesition and by

way of the sixth coordination pesition respectively.
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PROPOSITION ITX

It is proposed to reinvestligate the reduction of horse ferrihemo—
globin In the presence of cysteine in the belief thak
a) earlier work may be incorrect

b) such a reinvestigation would throw light upon the relation
between protein structure and function, and in particular
might show that It 1s not valld to exbtrapolate structural
results obtained from the X~ray study of one speeies %o
ancther specles if a detailed understanding of the function
of the proleln 1s wanbed.

P ITTA: Inbtroduchien

Gremer (3) showed that cysteine could reduce hemin. Morrison and
Willisms (6) demonsbrated thab cystelpe reduced humsn Tferrihemoglobic
in the presence of air, Hg,
reduction of horse ferrlhemoglobin guantiftatively using a variety of

C0, and in vacue. XKiese (5) studied the

reductants, including cysielne. Holmgulsl and Vinograd (&) made quanti~
tative measurements of the rate of reduction of human ferrihemoglobin A
in the presence of gysteine and as a functien of hemoglobin concentre~
tion, cysteine concentratlon, temperature, pH, lonlc strength, stereo-—
speciflcity, atmespheric composition, and the methed of isolation of

the hemoglobing they alse propesed a mechanism for the reduction which
was partlially successtul in quantitatively describing the observed.
rates of reduction,

This prapesition will be concerned solely with certain Interesting
difterences petween the work of Kiese (5) on herse hemeglebin and that
of Holmguist and Vinograd (4} on human hemoglobin A.

It has been suggested (&) that Kiese's study of the reduction of

horse hemoglobin by cystelne might proritably be refysluated in view
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of the facts that he debtermined the reduction rates manometrically by
debermining the €0 uptake of the reduced hemoglobin and that €O was
later (4) found to be a strong inhibltor of the reduction of human
nemoglobin by cysteine. Further (%, 5), for horse hemeglobin, the pH
optimum for the reduction occurs at pH 8.1; fer human hemoglobin the
opbtimum is at pH 7.68. Between pH 5.5 and pH 7.68 there is a 5-fold
increase in the rate of reduction of horse hemoglobin, while for humsn
hemoglobin the rate increase is 34-fold. ¥inally, the shape of ths pH
vs., rate of reducition curve ils significantly different for the two
hemoglobins,

We suspect these facts to be inconsistent with what is currently
¥nown about the detailed primary structures of horse and human hemo-
globins,

P ITTB: Pagias for Proposgition

Forty-three known differences exist in the primary sequences (T7)
of the polypeptide chains of horse* and human hemoglobins. Eighteen
of these occur in the & chain ané twenty-five in the B chain. In the
& chain twelvé of the differences involye the substitutions of neutral
amino acids for each other (val <« gla, for example); three invelve the
substitublon of aspsragine for a neutral amino acid (e.g., leu < asg);

and one involves the replacement of aspmrtile acld by glutamic acid.

¥Horses have twe types of hemoglehins, an electrophoretically fast
and slow moving component, respectively, whick are present in a mole
ratio of 3:2 (1, 2), We speak here of the slow component. Because
horse hemoglobin heterogeneity was unknown at the time of his studies,
Kiese may have been using a mixture of the two types. This embiguity
alone warrants reinvestigation of the reduction.
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None of these three types of substitutions invelves a change in the
ionie charge of the polypeptide éhain. The two subgtitubions involving
a change of one unit of charge occur at residue 82 (asp <> ala) and
residue 85 (asg <> asp). The total ionic charge on the & chaln is the
same for horse and human hemoglobin between pH 5 and pE 8.* It is
plausible to.assume that the val <« ala Ltype of substitubtion results in
minimum change in the molecule, Excepting these and the substitution

at regidus 85, whiech is lacsted near the extreme edge of the porphyrin
ring, all the other substitutions occur at positions which are distant
in epace from this ring. Further, none of the substitutions involve
hietidine, an smino anfﬁ which may he importantly involved in the reduc-
tion mechanism (4; see also Propesition II, p. 236, this thesis). Al-
though small changes in hydrogen bonding way occur as a result of the
above substitutions, it seems reasonable to suggest that the differences
in the rates of reduction of horse and human ferrihemoglebin are not

due to differences between the & polypeptlde chains.

The above discussion would plarce the onus omn the B ehaiﬁg to ae-
count for the different reductlon rates between horse and human hemo-
globin. An analysis analogous to that carried out above for the @
chain shows that for the B chain there are fifteen substitutions of
the val <> ala type, none of the type leu <« asg, and three of the type
agp «» glu, None of these involves a change in charge. There are three

substitutions of the type glu <+ val, three of the type his 43 val, and

*At pH 5, 6.6 and 8.0 this charge is +12, +7, and +2 respectively.
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one of the type his ¢ arg. Between pH 5 and 8, the horse P cheln bears

a charge of ~? relative to the himan B chain.®

Again limiting our con~
slderations to those substitutlons which result in a change of charge
and which are near the iron-porphyrin moiety, only the substitution at
residus £9 (ﬁis &> gly) can reaesonably he expected to exert an influence
on the reduction. Hewever, this influence should be small for residue
69 is at the edge of the porphyrin ring.
P ITIC: Conclusions

The eonclusion to be drawn from the sbove considerations is that
the large observed differences in the reduction rates of horse snd human
hemoglobing camnnot reasonably be explained by differences in their cur-
rently known structures. Therefore we propose that the reductien of
horse hemeglebin be studied under conditions identical to those of Ref.
i, If the experimental dif‘ferences discusszed above persist wmder these
conditions, then it is clear that some very ilnteresting structure-
function relationships exist in the hemoglobin molecule, and thef fur-
ther inveptigotions along the line of Proposition IT might help delineate
these relationships.' The persistence of these differences would also
suggest that the extrapolation of X-ray data from one specles to another
can at best be considered a poor approximation where structure~funciion

relationships are Invelved.

¥For horse hemoglobin the net ionic charges at pH 5, 6.6, and 8.0
regpechively are +6, +1%, and -3%.
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PROPOSITION IV: ON A PROBLEM IN PATEOGENETICS

Propositica: Consider a pelynuclectide which con-
tains L individual nucleotides. Let exactly X
mutegenic events¥* occur randomly along the length
of this polynuclevtlde. Alfter the X mubagenic
events have occurred, in general a number x, which
is less than L, nucleotide sites will have been
hit*¥ for example, a2ll X mubagenlc events could
conceivably have occurred at the same nucleotide
site. let N(x) designate the average number of
nucleotide sites which have been hil. A aethod

is proposed by which N(x) can be obtained.

P IVA: I1ntroduction

Iﬁ light of increasing knowledge sbout the primary amino acid se-
guences of homologous proteins,™ ¥ beth within and among various phylo-
genetic species, 1t has seemed plausible to attempt to correlale the
amino acid differences between two such protelns with a time of origin,
measured from the present; of a "common ancestor” protein which is homol-
ogous to both. In favorable cases the primary amlno acld seguence of
portions of the common ancestor protein can be deduced. Proceeding in
this way one can build up a biochemical "tree of 1life" which can be com-
pared to those evolutionary and pnylogenétic relationéhips that are al-

ready known from classical biology. The name paleogenetics or paleobio—

*A mutagenic event is defined as one step change of one nucleotide
to a different nucleotide: i.e., €= T = (C — T) is one mutagenic event;
C—+T = (C T~ T) is three mutagenic events; C - T (at one nucleo-
tide site) and A - G (at another micleotide site)} are together two muta-
genic events; ete. C, T, A, G are abbreviations for cytidine, thymidins,
adencsine, and gusnosine respectively.

**4 nucleotide site 1s sald to have been hit each time that a muta~
genic event has occurred st that site. '

**¥Homologous proteins are proteins that can formally be considered

to be derived from each other by point mutations in the deoxyribonucleic
anide coding for those proteins.
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chemlstry has been suggested (4, 5, 6) for thet branch of science which
concerns itself with molecular restoration (4) studies of the above
type. Among the proteins for which such paleogenetical studies have
been mede one may mention the hemoglobins of a great many species (4, 5,
6), the eybochromes of various organisms (%), and the A and B fibrino-
peptides of the artiodactyls, of rabblts, end of humans (1). 1Infrequently
the relationships so revealed differ radically {1) from those that have
been deduced from a great body of classical biological evidence. Until
many more homologous proteins have had thelr primary structure estab-
lished than are at present known, such anomalies must remain uaresolved.
Amino acid difference among proteins are at present thought to arise
from mutational changes occurring in the nucleilc acid segments which
code for.these proteins, The nurber of amino acids which have mutated
in the proteins may differ from the number of mutations which have af-
fected the nucleic ascid segment for several ressons: 1) Viability—-if
- a particular nucleotide mutation leads to a nonviable organism one will
not be eble to observe this mutation as an amino acid substitution;_
2} Multiple hits at the seme site—-i.e., several mutations occur at a
gingle nucleotide position in the segment instead of each mutation al-
tering a different nucleotide along the segment; 3) Back mutation—-i.e.,
a multiply hit single nucleotide site may end up as the same nucleotide
as it was originally; 4) If each amino acid in the protein is coded by
a tripiet of nucleotides, then geveral of the mutations may fall within
the same triplet--this would give rise to only a single amino acid sub-
stitution; 5) Degeneracy--some smino acids may be coded for by more

than one nuclectide triplet. Further, even though the rate of mutation
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may be accurately known over a certain reglon of space, what one must
fregucently cxomine ie a particular subregion of this space;y for example,
1f the mutstion rate along a chromosome were known, the mubtations them~
selves would show up as changes in the amine acid compositions of many
nonhomologous proteins, only one, or even only a part of one of which
is at hend for sf.udy.

From the considerations of the preceding paragraph it is clear that
no simple relationship exists between mutagenic events and observed pro-
tein mutations. As & consequence, a detalled understanding of paleo-
genstbical studies will reguire the gquantitative evaluation of each of
the above Tactors so that theilr relative importance can be assessed.

It 1s the purpose of this proposition to suggest one method by which
the problem of multiple hits at the same nucleotide site can be handled
in & guantitative mammer., This problem has been explicitly formulated
at the ftop of p. 249,

P IVB: (Calculation of N(x)

Let us make the following definitions:
An x-part partition of X 1s a decomposition of X inte
a set of x (nonzero) positive integer summands

[alzﬁ..,ax}, where ;:ai = X, Partitions having the same
i

&, are considered to be ldentical even though the order
of the ay may differ in two such partitions. Let a
particular x-part partition of X be denoted by (X,X)J,

end let n_ (x) be the number of integers in this par—
13
tition having the value By v Note thab Z n (x) = =,
ai:tak 1]

*To meke these abstract definitions more concrete, consider the
following example. A particular 3-part partition of 6 is the set of
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Define ij ag the number of ways of realizing (x,X)j

along a polynuclentide which contains L indfvidual
nucleotides,

The definition of ij requires that we associate the partitions (X,X)‘1

in some way with the polynucleotide of length L. We do this as fol-

lows: The partition (x,X) means that x nucleotide sites have been hit
a total of X timesy and the particular x-part partition of X (x,X)J =
{al, B3ty ax) means thai the First® nucleotide site has been hit a

tobal of al times, the second site a, times, and the th gite ax

2

timea. Now the first nucleotide site can be hit al times in = number

of wayst for example if X = 30 and 8y = 3y the first, second, and third
mutagenic events™ could occur at the first slte, or the second, fifth,
and twenty-seventh mutagenic evenbts could oeccur there. Simllar conegid-
eraetions hold for the other mucleotide sites., The total number of ways

in which the first site can be hit a8y times, the second site

the xth 8ite - timer, and the ¥+1Fh} xﬁ?th, s+, ANd TFh

& times,

altes zero

times is Ez definition ij'

integers {4,1,1}. Here, a, = L, a, =1, ana 8y = 1. We dencte this
particular partition by (3,6)1, where the subseript J = 1 is to remind
ue thie partition refers specifically to the set of integers {&,1,1].

For (3,6)y = (4,1,1}), n, =1, n =2, andn_ =2, As stated in
| 11 7 %21 831

+a.+ta, =4+ 1+1=256; ang n +n =3, A
BT 11 %21 -
different %-part partition of 6 would be the set of numbers {3,2,1} and

this partition could be labeled (3,6)n, for cxample.

the definition, a

*The nucleotides in the polynuclectide can be numbered In any con-
venient manner. For example, the 3'~terminal nueleotide could be taken
ns the first nucleotide snd the 5'-terminal nucleotide as the LB
nucleotlde,

W
The mutagenlc evenits are numbered in any convenient manner,
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Now the average number N(x) of polynucleotide sites that have been

kit is by definition

N(x) = Z <P (x) (Eq. 1)

X

where P(x) is the probability that exactly x sites have been nit. But

; NJX z ij
S =
E: E:'NJX I;

x=L g

P(x) is by definition

P(x) = . (Bq. 2)

The denominators in Bg. 2 are the total number of ways X matagenic
events can hit L nucleotide .sites, Thue 1f we can find an expression
for ij, N(x) will be given explgcitlj by Eg. 1. This expression fer
s 3x 1s derived in the fellowing paragraph.
If x nucleotide sites have been hit in a polynucleotide of L nucleo-
tides, then L — x have not been hit. This can happen in
L!

Ll (A ey (Ba- 3)
ways. Now let ug limit our consideration tc those sitesg which have been
hit at leasgt once., In particular let us assume these sites have been
hit in the precise manmer defined by the physical meanlny atbached to

(X,X)j. These x sites can be hit in a total of

W, = Xix! (Eq. k)
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ways, becausge Xi is the mumber of ways X mutagenic events can occur
along the polynucleotide, and x! ip the number of ways the x aij can be

permuted smong themselves.® Not all of these Wé ways represent distilinet

physical situations, for the a,, hits at the 1th site can occur in a _!

a

aij¢ak3 iJ aij

13 ij
ways and each of these ways leads to the same physical result. GSimi-
larly if in the partition there are n integers having the value aij’

ij
these integers can be permuted among themselyves in n 1 ways without
1J
altering the physical result. The total number of ways x siles can be
hit by X mutagenic events is thus
W
-2
3 T oo, YT e
7%y M By
X! L:
Therefare N, =W, W, = . . (Fq. 6 %%
NES 15 ™ o 77 aiji (L~x)1

This completes the solublon to our problem.
The method that has been given above for caleulating N(x) in terms

of partitions illuminates the physical details of the mutation process.

*The factor x! arises from the fact that in the definition (ef, p}
251) of (X,X)cj the order of the 23 in the partition was irrelevant

while the physical meaning attached teo (X,X)J {ef. p. 252) was such that

identical partitions in which the aiJ ocecur in different orders refer to
ditrterent physical situations.

*¥pef. 8 lists 0. -9999! explicitly, sc that it is not necessary to
calculate these factorials.
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However, writing out the partitiens that are needed in this methed 1s
frequently tedioue,® and it clearly would be desirable to have a formula
for N(x) that does not require the calculational labor of Eq. 6. Such a
formula can be obtained as follows: Define m(X,x) to be the number of
ways X mutagenic events can hit x nucleotide sites where each site i1s

hit at least onee.®™ Thus ZEZNJX is given by
J

stx - m(X, =)W, (Bq. 7)
J
where W, is given by Eg. 3. We now calculate m(¥,x). The total number
of ways X mutagenic events can hit x nucleotide sites is XX. n(X,x} is
therefore given by XX less those number of ways in which X mubtagenic

events can hit x nucleoctide sites when k sites are not hit at all,

*This is if sanything, an understatement. The basic difficulty is
that no genersel formuls exists for n, o - In some applications, the

i}
caleulation of the probabllity Tor back mutatien, for example, the 1n-
dividusl aij and na of each partition must be known, and there is no

way bo gel them excépb b wrlbe down bhe partitions ooe by oune 1n some
gystematic manner +that insures agalnst leaving any partition out. In
thils respect Ref. T is very helpful, for it lists the total number
P{x,X) of each possible (x,X) as well as the total number p(X,X) =

X

Ei; P(x,X) of all possible partitions for a given X. Fortunately,
X=

N{x) can be calculated by means of the dodge that i1s described in the
text without the necessity of having Lo wribe oub any of the partiticns.

**Mathematically, the number we have designated by m(X,x) is the
number of mappings of X onto X.
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where k fakes on successively the values 0, 1, 2, »ory x — 1.% But as in
Eq. 3 the number of ways in which k sltes can be hit, and x - k sltes
not hit is
X.
L Y G )
Those k sites which have been hit can be hit in a tetal of m(X,k) ways
by definition. The total nmumber of ways in which the X mutagenic events

can hit x gites when some of the sites are noet hit at all is thus

x-1
x!

WE = ; m m(X,l:) (Eq. 8)

o .

x~1

. X X Z xi

Therefore m(¥X,x) = x ~ Wy = X - £ mm(}(,k) (Eq. 9)

. =0

N(x) can now be calculated from eguetions 9, 7, 2, and 1. It should be
noted that because of Egq. 9 no knowledge whaitsoever sbout partitions is
required in calculating N{x).

Finally we notice that Eq. 9 is a recursion formula for m(X,x)}
i.e., starting from m{X,0) = 0, all the other m(X,k) and finally

m(X,x)** can be calculated from Eg. 9 alone.. This important fact

*This follows from the fact that we defined m(X,x) Lo include valy
those situations where every one of the x sites is hit at least once.

Those situations in which some site or sites are net hit at all mmsh be
subtracted out.

**m(X,x) is simply & particular m(¥X,k) with k = x.
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reduces the caleulation of N to a simple iteratilve procedure which can
readily be earried out by a computer. ¥
P IVC: Diseussion

In conclusion we note that theugh the formulas that we have derived
for N(x) are exact under the assumptions that we have made, it is not
obvious that.these assumptions are true although it is likely that they
are sufficiently near the truth to be useful. In particular we have
agsumzd that eany given time ©, the number of mitagenie events X thatb
oceurred along the polynucleotide is a fixed nmumber that is either
known exactly or that csn be estimated. Ameng other peossible assump-
tions one could consider the case where the mubtagenic events oceur
rendomly in tlme go that at any glven time t the number of mutagenle
events that have cccurred along the polynucleotide could vary from
zero to somz finite {or infinite) number. Such an assumption would
possibly lead to somewhat simpler formulas for N{(x) because less infor-
mation about.X would be required. In principle these fermulas could be
derived from Eg. 1 by averaging N{x) over X provided that the probabil-
ity distribution of X was known or assumed. However, because of the

fairly complicated form of Egd. 9, it would probably be simpler %o de-

rive possible alternative formulas for N(x) from scratch.

*The calculation can also of course be mede by hand, and in point of
fact such a manuasl calculation is not prohibitively difficult if the
factorial tables of Ref. 8 are used.



- 258 -

BIBLIOGRAPHY for PROPOSITION IV

R. F. Doolittle snd R. Blombseck, Nature, 202, #4928, 1h7, 196kL.
Richard V. Eck, Science, 140, LhT, 1963.

E. Margoliash, Can J. Biochem., 42, #5, 745, 196L.

L. Pauling, and Emile Zuckerkandl, Acta Chem. Scan., 17, 89, 1963.

E. Zuckerkandl and L, Psuling, Horlzons In Blochemistry. M. Kasha
and B. Pullman, eds,; Academic Press, New York, 1962, p. 189,

E. Zuckerkandl, Scientific Awmerican, May, 1965, p. 110.

Tables of Partitions, Royal Society Mathematical Tables, Volume L4,
University Press, Cambridge, 1958 (see especially Eg. 1.1, p. 1x,
and Eq. 2.2a, p, xi),

Tables of Pactorials Ol ~ 9999!, National Academy of Sciences,
National Research Council Publication 1039, Washington, D. C.,
1962,



~ 259 -

PROPOSITION V: ON NONSPECIFIC CLEAVAGE DURING THE EDMAN DEGRADATION

Proposition: In the degradation of peptides by the Edman
method with direct ildentification of the N~terminal PTH-
emino acid, if "hietidine 1s (or becomes) N-terminal, the
histidyl residue is removed during reactlon with phenyl
isothioeyasnate and the succeeding residue then reacts also
so that after cyclizetion, both residues are detected on
the chrometograms” (5). The identification of N-terminal
histidine cannot therefore be made with certainiy because
of the interference by the amino acid which follews histi~
dine in the pepbide chain. An explanation is proposed for
this behavior, and methods are suggested by which the am-
biguity in the identification of N-terminal histidine can
be removed.

P VA: Introduchticn¥®

The primary smino acild sequence of a peptide or protein is fre-
quently determined by the Edman degradation (3) for the sequential re-
moval of amino mecild residues at the N-terminus of the peptide or protein

by the consccutive reactions

NCS + E NCHR-CO-Ni- CHR'-CO-NH -- - ) SN 1)
+
@NE-CS-NH--CHR- -CO-NE. CHR'-CO-NE ~» - H )
H N-CHR'~CO-NEH «+» + [ i Spontan. [ ‘
S CHR oo NH
Neo” N/
co el
R !
5-Thiazolinons PTH-Amino Actd®¥*

*Jome of the Intreductory material has been taken more or less di-
rectly from Schroeder (5). The detailed experimental procedures for the
Edman degradation can also be found in that reference.

#
* PTH=phenylthlohydanloin.
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The PTH-amino acid which results from this sequence of reactloms 1s then
identified by paper chromatography. ‘Lhese reactions proceed smooiiily 1n
all cases excepting those in which the N-temminal amino acid is histi-

dine. In the latter case the following reacticens eccur;

PQUCS + H,NCHR~CO-NE~CHR'~CO-NE - . —;—)L—Ofﬂ—v 5)
R
O-TF——t P~
ver \ \ + . l s where
i \ Wi
N o

—CHemT====ﬁrﬁ
\

H

and R' may be the side chain of any amine acld, In the absence of other
information it 1g impossible to tell which of the two PTH-amino acids
from Reactions 3) arose from the N-terminus.

Schroeder {5) has suggested that the abnormal behavior that has
heen summarized in Reactlons 3) ig caused by some unexplained deteriora—
tion ef the phenyl isothlecysnate ovér e pericd of time. We believe,
however, that the cause of this abnormal behavior is inherent in the
peptide gtructure, and that though such déterioration may contribube
to this abnormal behavier, thie contributioﬁ is mere in the nabure of
sggravating an already existing situation rather than in the nature of

a fundamental cause.
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¥ VB: Proposed Explanation for Reactions 3)

mirst 1t 1s clear that the underlying cause of Reactions 5) must
lie in Reaction 1) of p. 259, because Reaction 2) is carried out in the
absence of phenyl isothlocyanate and the latter reagent is necessary 1T
the phenylthiohydantoin of the amino ascid penultimate to the N-terminus
is to be formed. The formstion of the PTH-amino acid penulbimate to the
N-terminus further implles thet the HN-terminal histidyl reslidue 1is
cleaved from the peptide st Reaction 1), because in order for phenyl
isothlocyanate to react with the amino acid penultimate to the N-ber-
minus, the latter amino acid must have a Iree alphs amino group.” The
qnestion we must answer then 1s: 'When histidire i1s the N-terminal
amino secid of a peptide, why is the peptilde bond between this histidine
end the adjacent amino acid sc readlly cleaved?". Having answered this
guestion we can then consider ways to correct the situation.

Ilet us consider in detail the nature of the adduct formed between
phenyl isothioccysnate and the peptide in Reaction 1), The structure of

this adduct may be written:

| H, E 4 -0 ’
S NI ELELETL
\\czij}}_— H[ "
o (S

|
'

*The fact that the Nwtérminal histldine is cleaved from the pephtide

at Reachbion 1) does not necessarily imply that cyclization oceurs at
this step.
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Formation of the 5-thiazclinene (cf, p. 2593), then occurs by nucleo-
philic attack of the sulfur atom of this adduct on the +8 carbon atom
of the amide bond.* We note the following polnts: 1) Preferential
cleavage of the amide bond between the N-terminal aminc acid and the
amino acid which is adjacent to it 1z made possible only by increasing
the +5 charge on the smilde carbon. 2) In the Bdman procedure this in-
creased +8 charge is achieved by adding the elecbron deficlent phenyl
isothiocyanate group to the & amino group of the N-terminal amino acia,**
3) The imidazole ring of histidine is mlso an electron defleient group-
ing; moreover, the imidazole ring has two electronegstive nitrogen atoms
hoth of which ran he protanated. Rach of these peculilarities of the
imidazole ring increases the +& charge on the amide carbon stom above
and beyond the increase caused by the phenyl isothiccysnate greuping.

We postulate that 1t is the increased +8 charge that is imposed on

the amlde carbon atom by the peculiarities of the imidazole ring of

hisbidine which is responsible for the asbnormal behavior that is sum-

marized in Resctlons 3, p. SR0 .

This postulate explains why only N-terminal histidine results 1n
the gbserved abnormal behavior. First why 1s histidine the only amino

aeid which causes such hehavier? Because with the exception of tyrosine

¥For emino scids other than N-terminal histidine the cleavage of
the N~-terminal residue (to form the 5~thiazolin0ne) from the remainder
of the peptide does not eccur until acidificalion as in Reaction 2):
uwnder scldle conditiong the amide nltrepgen atom is protonated snd this
fact makes it a good leaving group.

*There are other ways of achieving the game resalt: e.g., in San—
ger's end~group method {ef. p. T3 this thesis), the electron deficlent
2,h-~dinitrophenyl group is added to the O amino group. :
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and phenylalanine, hisbidine is the only electron deficiont (in the
sense of being aromatic) amino scid., The fact that histidine does re~
gult in sbnormsl tehavior while phenylalanine end tyrosine do nct is ex-
plained by lhe presence ln the Imidazole ring of histidine of two elec-
tronegative nitrogen atoms, Such electronegative atoms are not present
in the aromstic ring of phenylalanine or tyrosine. Further; the proto~
nation of the lmldavwle ring would Turther Ilncrease the +& charge cen the
amide carbon. Such protonation of the phenyl ring in phenylalanine and
tyrosine is not possible. Second, why must the histidine be present at

the N-bterminus Lo cause the sboermal reachtlons? Because in the BN-ter-

minal position the imidazole ring of histidine 1is only three bonds re-
moved from the amide carbon; in any other pesition the imidazole ring

is at leasgt four bonds remaved.

P VC: Buggestions for Reducing the Influence of the Imldazcle Ring

From the ceonsiderations aof the preceding section it follows that
there are basically only two ways by which to reduce the labllily of
amide bond between N-terminal histidine and the adjscent amine acid:
first, to destabllize the +&-8 dipole of the amide carbon atem; and
second, to degtrey the sromatic electronegative character of the imld-
azole ring. In the following two paragraphs each of these posslbllitles
is considered.

'he effect of the +5-% dipele of the amide carbon can be diminished
in two ways: by reducing the polarity of the environment in Reaction 1),
and by reducing the pH at which Resction 1) is carried out. As de-
scribed by Schroeder (5), Reaction 1) is carried out as follows. The

peptide 1s applied as an agueous solution to a paper strip. The strip
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15 air drilied and then is saburated with phenyl isothiccysnate in di.
oxane. The basic pH that Reaction 1) requires is provided by suspending
the paper strip above a mixture of pyridine-dioxane~water. The polarity
"of the reaction environment could be doereaped in several ways: e.g.,
by drying the paper strips overjPE._O5 after the sample has been applied,
put before the phenyl isothiocysnate is applied %o the strip; or by ap-
plying the phenyl iscthiccyanate to the otrip in benzene rather than

in dioxane; and by replecing the pyridine-dioxane-water system with a
pyridine-benzene system. Because of the known sensitivity of the N-
terminal amide bond to its environment® it might be further adviceble

to dry** the benzene and pyfidine prior to use and perhaps it would
help to use sabturated hydrocarbon solvents rather than benzene, because
unsaturated compounds are ilnherently pelar in nature. It might aloe be
preferable to replace pyridine with a saturated amine, because the lat-
ter would be less pelar. Conceivably all of the above changes might be
necessary to reduce the effect of the +&8% dipole. Finelly reducing the
pH of the reaction environment would reduce the concentration of nucleo-
philic anions (such as the thiol anion of the adduct that has been de-
scribed on p. £61) that might attack the 4% carbon atom of the amide

bend and cause cleavage. . The reduction in pH might be achieved by

*This senslbtivity is demonstrated by the fact that when histidine
is N-terminal Reactions %) sometimes do, and sometimes do not ocour
even when the experimental conditions that are described in Ref. 5
have not obviously been altered. (W, A. Schroeder private communication.)

*¥*]o remove the highly polar water molecule.

¥%%¥The pH must be reduced at the paper strip, not just in the liquid
mixture above which the strip is suspended. Alge the pH should probably
not be taken below pH 7.5 for then the protonation of the imidazole ring
might offset the edvantages of the reduced nucleophile concentratioen.
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reducing the pyridine concentration, or by replacing pyridine by a less
baslc amine; or by the addition teo the liguid above which the paper
atrip iz suspended of an anion such as cyanide.* Also, in addition to
the abgove precautions, it 1s clear that the temperature at which Re-
action 1) is carried out should be.as low ag 1s possible consistent
with the success of the procedure.

The second possibillity to reduce the Influence of the imi@azcle
ring is simply to destroy the aromatlc character of that ring prior to
reacting the peptide with phenyl isothiocyanste. One way to accompllsh
this destruction might he by a sultable modification of the Bamberger
figsion (1, 2, L); however, there are several aspects of this fissiocn
vhich might require rather thorcugh study before the method could be
epplied Lo protelns and peptldes with success.

In conclusion, of the two poesibllities described sbove, the first,
i.e., a destabilization of the +8-8 dipole of the amide carbon atom,
appears to require the least experimental modiflcatiens with respect to
the norxal (5) procedure. Moreover these modifications are relakively
simple, requiring in the mair no wmore than maintaining anhydrous condi-

tione and replacing one selvent by ancther.

*Below pH 9 any cysnide ilon that has been added would be present
esgsentlally as HCN, The latter would be present in the vapor above lLhe
liquid—-i.e., at the surface of the paper strip.
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