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T. PPROTEIN SYNTIMSIS DURING CQUICKEN DRYTHROCYTIE DIFFERENTIATTON

IT, STUDIES OF ORDERED DNASPROITEIN FIBERS

by David Kabat
Abstract
Part 1

It was the major purpose of this research to study changes of
protein synthesis during chicken erythrocyte differentiation,

In Chapter 1, erythrocytes from the blood of nommal and anemic
birds were fractionated by buoyant acnsity centrifugation in bovine serum
albumin gradients, It is shown that this procedure fractionates the
erythroid cells according to their physiological maturity, Reduction
of RNA synthesis, PNA content, and protein synthesis are showm to accom-
pany cell maturation, Inhibition of RVA synthesis with actinomycin D
does not affect hemoglobin synthesis in erythroid cells from anemic birds.
The two hemoglobins, present within single chicken erythrocytes, appear
to be synthesized in constant ratio throughout erythropoiesis, suggesting
that the factors involved (at the genetic and translation levels) in the
regulation of these syntheses operate in a ccordinate manner,

In Chapter 2, it is shown by peptide mapping that the two
chicken hemoglobins contain many cormon amino acid sequences; their genes
presumably arose by duplication of common ancestral genes, The site of
heroglobin synthesis is the cytoplasmic polyribosome, as shown in part by
the similar appearance of autoradiographic peptide maps of [14C] leucine-
labeled purified hemoglobin and of [14C] leucine-labeled nascent poly-
peptides associated with the ribosomes, Labeled growing polypeptide chains,

isolated from ribosomes following pulses with {3H] leucine, are shown to be
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heterogeneous in size, ranging from very small peptides up to complete
globin chains, The kinetics of labeling the different sized polypeptides
is in agreement with the well-established model of protein synthesis in
which amino acids are sequentially polymerized from one end of the grow-
ing chains., At 37° in vitro, it requircs roughly one minute to synthesize
a compléte globin chain (approximately 150 amino acids), It is also
demonstrated that both histone and non-histone chromosomal proteins
are synthesized in non-dividing avian erythrocytes, The histones syn-
thesized are, selectively, the "arginine-rich' histones,

In Chapter 3, a study is made of the nuclear hemoglobin of
chickenlerythrocytes. One percent of the total cell hemoglobin remains
associated with nuclei isolated in low ionic strength solutions, but this
bound hemoglohin fraction can be extracted with 0,14 M NaCl, A ubiquitcus
and widely-studied class of nuclear protein molecules from plant and
animal cells ("nuclear soluble proteins') has similar nuclei-binding
properties, It is deroﬁstrated that the bound hemoglobin molecules con-
sist exclusively of one of the two hemoglobin types, that they are com-
plexed to the erythrocyte chromosomes, and that they co-sediment with the
éhromatin in sucrose gradients,

Part IT

Mixtures of chicken hemoglobin and DNA or horse heart cytochrome
c and DNA form highly-ordered and tightly-packed fibrous complexes only in
the presence of divalent metal ions. Polarization and electron microsccpy
are used to dermonstrate that the INA rolecules are strongly oriented
parallel to the fiber axes, Polarized visible absorption spectra are

used to determine the hemonrotein orientation in the fibers; spectra of
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several derivatives of horse hemoglobin crystals and also horse heart
ferricytochrome ¢ crystals are analyzed as controls, A model for the
role of divalent metal ions in the tightly-packed nucleoprotein fibers
is deduced from these experiments, The well-known strong stabilizing
effects of divalent metal ions on tightly-puacked ribosome and chromosome

structures are also discussed,
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PART I
"PROTETN SYNTHESTS DURTNG CHTCXEN ERYTHROCYTE DIFFERENTTATION

INTRODUCTION
The avian erythroid system was chosen for biochemical studies

of cellular differentiation, mainly for the following reasons:
(a) The protein products of avian erythropoiesis consist of
a small number (1-2 main components) of easily separated hemo-
globins (1-4), _
) Tﬁe erythroblasts and the most immature erythrocytes are
localized in the bone marrow, and arc thercfore separated.from
the more mature, predominantly non-dividing, erythroid cells
found in the blood (5), This is helpful, for example, in study-
ing nuclear metabolisn without the complications of cell division,
(c) FErythrocytes can be easily ohtained in large arounts in an
almost pure form as a suspension of single cells (5, 6), Whers-
as blood from normal mammals contains very few immature erythroid
cells, normal avian blood contains irmature erythroid cells in
higher proportion (5, 7)., Moreover, maturity of thc blood cell
population can be influenced éxperimentally; in phenylhydrazine-
induced anemia the nimber of immature erythrocytes increases
dramatically and early ceil stages become mnwnerically pre-
ponderant (8-10), This allows corparison of mature with rela-
tively immature cell populations.
(d) Avian erythrocytes contain a nﬁcleus and a full dipleid
quantity of DNA (11), This affords the opportunity, unlike with

mamralian red blond cells, of studying nuclear and chromosomal
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changes associated with cell maturation,

(e) Avian erythrocytes are morphologically simple, and the

maturation is accompanied by clear cytological changes (5, 12),

(f) Mammalian erythropoiésis-has been widely studied (for

example, 12-15), It was Hoped that a study of avian erythronoiesis

might provide interesting comparisons with the manmalian system,

Previous knowledge conceming the mdrphological aspects of avian
erythrocyte differentiation is discussed more fully by Lucas and Jamroz (5)
and the biochemical aspects by Schweiger (12), Sturkie (6), Cameron and
Prescott (7) and Hammarsten, Thorell, Aqvist, Eliasson and Akerman (10),

It was the major purpose of this research to study protein syn-
thesis in chicken erythrocytes, DParticular ermhasis was placed on the
relative syntheses of the two chicken hemoglobins (3,4) in different stages
of differentiation, the controlling factors involved in the synthesis of
the varicus erythrocyte proteins, and the cellular sites of hemoglobin
synthesis at various developmental stages, The chicken was selected for
this work hecause studies had been made concerning the structure, @aino
acid composition, and immumnochemical behavior of its hemoglobins (2-4,
16-19), and concerniﬁg the development of erythropoiesis in the embryo
(3,4,20,21). A parallel project in this laboratory involved analysis of
RNA synthesis in duck erythrocytes (9), The goal of such research is to
obtain information useful to understanding the regulation of gene expres-

sion which occurs in normal animal cells,
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Chapter 1
SYNTHESIS OF CHICKEN HEMDGLOBINS DURING ERYTIIROCYTE DIFFERENTIATION
INTRODUCTION |

The erythrocytes of individual adult chickens contain two
hemoglo_bins1 ﬁhich are present in the approximate ratio 3:1 (1, 3, 4,
17, 19), These two hemoglobins have different amino acid compositions
(2), and differ in oxygen-binding ability (4) as well as in electropho-
retic and chromatographic properties, Although it has been shown that
the two hemoglobins are present within single erythrocytes (23, 24), it
is not known whether they are formed at different stapes of cellular
differentiation,

In the present study we have determined the relative rates of
synthesis of the two chicken hermoglebins in red cells fractionated
according to physiological maturity. As a prerequisite for this in-
vestigation, conditions suitable for separating erythrocytes at different
stages of development were investigated, A satisfactory fractiénation,
as judged by several biochemical parameters of erythrocyte maturation,
was achieved by applying, with minor modifications, the density gradient
centrifugation procedures developed by Leif and Vinograd (25) for frac-

tionating mammalian red cells,

1 several investigators (17, 19) have found a more acidic hemo-
globin in low concentration (about 1% of the total), hut the possibility
that this may represent an artifact has not been eliminated, An elec-
trophoretic pattern containing 5 henroglobin bands has been described by
one group (22) who used freezing and thawing to lyse the cells, It has
recently been found, however, that freezing and thaving of chicken
hemoglobin solutions results in the formation of additional electro-
phoretic corponents (R. Sanders, personal cormunication),



MATERIALS AND METIIODS
Animals

3-day-old or adult White Leghorn chickens were utilized in
this work, Adult chickens were made anemic by daily subcutaneous
injection for 5-7 days of 20 mg of neutralized phenylhydrazine hydro-
chloride and were bled on the day following the last injection, In
some experiments adult normal Pekin ducks were also utilized,

Incubation of blood cells

Blood cells, removed from the animals by heart muncture,
were washed 3 times with 0,13 M NaCl, 0,005 M XC1, 0,0075 M MgCl,
(NKM) and resuspended in the medium to be utilized for incubation at
a concn, of 1,5-2,0+109 cells/ml, unless otherwise specified, Incor-
poration of [2-14C] uridine (30 pC/pM, added at a final concn, of
0,30 uC/ml) was carried out in modified Eagle's medium (26) supple-
mented with 5% dialyzed chicken or duck sefum. Incorporation of in-
dividual 14c-labeled aﬁino acids (leucine, 131 uC/mM; valine, 200 uC/pd;
isoleucine, 110 uC/uM; tyrosine, 226 uC/uM, each added at a concn, of
1,0 pC/ml unless otherwise mentioned) was performed in modified Eagle's
medium usually lacking the corresponding amino acid and supplemented with
e carried out at 37°, Aliquots
of the incubation mixture (containing 0,5-1,0 mg of acid-insoluble mate-
rial) were precipitated with 5% trichloroacetic acid and filtered thrcugh
Millipore membranes; these were glued onto aluminum planchets and as-
-sayed with a Nuclear-Chicago gas-flow counter, All meésurements of
radioactivity were corrected for self absorption,

In the cxperiments in which the amino acid- or uridine-incor-



porating capacity of cells of different buoyant density had to be
measured, the incubation with labeled precursors was done either
before or after cell fractionation (see below). In the case of bload
cells from normal ducks or chickens, which had only low levels of
protein- and RNA-synthesizing activity and therefore required a
relatively long incubation in vitro (4 h), this was carried out after
buoyant-density fractionation in order to avoid the possible effects
on cell density of the prolonged incubation, On the contrary, in the
case of the much more active blood cell populations from anemic
chickens, the relativcly short incubation with radicactive precﬁrsors
(1 h) was carried out before cell fractionation,

Subcellular fractionation and analytical procedures

For the preparation of the cell lysates for paper electrou-
phoresis, the cells were spun down at 500 X g for 10 min at 4°, and
were then resuspended in 4 volumes of distilled water, After 30 min
at 0-2°, when hemolysis was complete, the suspension was centrifuged
at 9000 X g for 10 min to sediment the big cell debris. The super-
natant (cell lysate) was conceatrated by dialysis against Sephadex
G-100 and then throughly dialyzed versus 0,04 M Veronal buffer (pH 8,5)
containing 0,005 M KON, The highly concentrated hemoglobin soluticns
were finally clarified by centrifugation at 10 000 X g for 10 min in
the 0.3-ml microtubes of the SW-39 Spinco rotor, The cell lysates
prepared as described above contained about 70% of the total ceil
hemoglobin, The remainder was ionically bound to the lysis sediments
and could be extracted with NKM solution, but not with water, In the

experiments involving analysis of hemcglobin synthesis in cell populations
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fractionated in bovine serum albumin gradients, the portion of
hemoglobin extractable with NKM solution was pooled with the
cell lysate before preparing the samples for electrophoresis,

Paper electrophoresis was éerformed in a Spinco Durrum-
type paper electrophoresis cell in 0,04 M Veronal buffer (pH 8.5).
Whatman No., 3 paper was cut to fit the carrier of the cell and was
immersed in 0,04 M Veronal buffer (pH 8.5) containing 0.1% bovine
serun albumin prior to sample application, The bovine serum albumin
greatly reduced adsorption of hemoglobin to the paper., The electro-
phoresis Qas perférmed at a constant current of 15 mA for 20 h,
Following the electrophoresis, the paper was dried in a stream of
air at 45° for 20 min, Fig. 6 shows a typical paper electrophoresis
pattern. Hemoglobin bands ('tHbl' and 'Hb2' in Fig, 6) were eluted
from thé paper by descending chromatography with NKM solution in a
water-saturated atmosphere, Eluted hemoglobins were converted into
the cyanmethemoglotin derivatives in order to obtain reliable
extinction coefficients (27). Aliquots of purified labeled hemo-
globin solutions were precipitated with 5% trichloroacetic acid and
the precipitates collected on Millipore membranes for radicactivity
determinations,

In sore experiments the two chicken hemoglobins were sepa-
rated hy chromatagraphy n-n Amherlite TRC-50 (ref, 16) carried out
in small colums (3 cm X 0,8 am),

Samples of cell suspensions to be utilized for RNA determina-
tions were precipitated and washed with 5% trichleroacetic acid, and

were then treated with 0,30 M KOH at 37° for 24 h; after addition of
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perchloric acid to 1,5 M, the insoluble residue was senarated by cen-
trifugation and washed, and the combined supernatants were analyzed by
the orcinol reaction (28) using D-ribose as a standard,
The intracellular amino acid pools‘in erythrocytes from normal
chickens were determined by an -adaptation of the method of Warner and
Rich (29).

Fractionation of blood cell populations in bovine serum albumin gradients

The deionized concentrated bovine serum albumin solution was
prepared as described by Leif and Vinograd (25). pH and ion content were
adjusted by adding to 100 g of this solution the following salts: 0.327b
g NayC0z, 0.2302 g NaCl, 0,1124 g Mg Cly+61,0, .0286 g KC1, This con-
centrated bovine serum albumin solution had the same osmolarity as, and
a very similar cation composition to NKM sclution, as calculated for
67% water content (25), a density of 1,100 g/ond and a pll of 7.1,
Solutions of lower densities, but of the sams osmolarity, were prepared
by diluting (on the basis of weight determinations) the dense solution
with NKM solution, For the purposes of these experiments we define
dense and light bovine serum albumin solutions prepared in this way
as 'isotonic', Bovine serum albumin solutions of lower tonicity were
made by diluting isotonic bovine serum albumin solutions with deionized
preparations having the same densities, Tor exarple, a solution of
90% tonicity was prepared by adding 10 g of deionized bovine serum
albumin solution to 90 g ef isotonic bovine serum albumin of the same
density, Densities were evaluated from refractive indices (25),

Formation of linear density gradients in Sninco SW-39 tubes

was perforned by a peristaltic pump technicuc (251, The cells to be



fractionated (0,106-0,15 ml of packed volume) were spun down and the
pellet was resuspended, with the aid of a Vortex mixer, in 2,5 ml of
dense bovine serum albumin solution which was then utilized for the
formation of the gradient; this procedure reduces centrifugation of
cells outward against the centrifuge tube walls, which occurs if the
cells are layered onto the gradients, resulting in contamination of
light cells by denser ones during fraction collection (25), Centrif-
ugation was at 17 000 rev,/min for 40 min at 4° in the SW-39 rotor
in a Model L Spinco ultracentrifuge,

Following gradient collection, carried out as described by
Leif and Vinograd (25), each fraction was diluted with 2 ml of NKM
solution and the cells were centrifuged-down. In the experiments
involving incorporation of radiocactive RNA or protein precursors
following cell fractionation, the cells of the individual fractions
were resuspended in 1,3 ml of incubation medium; 0,3 ml aliquots were
removed for cell counts and for cytological examination, while the
remainder was incubated with radiocactive isotopes, as described previ-
cusly, In the experiments in which incorporation of radioactive iso-
topes preceded cell fractionation, the cells of the individual frac-
tions were lysed by resuspension in 1,0 ml H,0; after 30 min at 4°,
the cell debris was spun down and extracted with 1,0 ml NKM solution;
- the H)0 and NKM extracts were combined, and the absorbance of hemo-
globin was measured at 542 mp; in these experiments the absorbance
profile was used as a measure of the erythrocyte distribution in the
density gradient  (control expariments'showed that the distribution

thus obtained was not substantially different from that determined on
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the basis of cell counts). Absorbances of oxyhemoglobin at 542 mu
were multiplied by the factor 1.14 (30) in order to determine concentra-
tions in mg/ml,

Autoradiography

Erythrocytes from 3-day-old chicks or from anemic adult chick-
ens were éu5pended, at a cell concn, of 10° cells/ml, in modified
Fagle's medium lacking leucine and supplemented with 5% chicken sernum,
20 pC of L-[4,5—3H] leucine (8.2 C/mM) were added to 1,0 ml of each
suspension and incorporation was carried out at 37° for different times,
as Specified below, At the end of the incubation, 0,5 ml of cold serum
was added to each cell suspension and smears were made onto slides pre-
viously coated with gelatin-chrome alum solution (0.5 g gelatin-0,05 g
" chrome alum-iOO ml HZO); after 1 min the cells were fixed with cold
methanol for 10 min, washed twice in 2% HClO4 for 20 min (40 ml/slide),
rinsed in water and dried in air. Coating of slides with Kodak AR,10
fine grain stripping film was performed according to Boyd (31), After
13 days exposure cérried out in light tight boxes at 4°, the films were
developed with Kodak D-19 for 7 min at 25°, then stained and mounted by
the method 6f Gude, Upton and Odel (32).

RESULTS

Distribution of RNA- and protein-synthesizing activity and of PNA

content among erythrocytes from normal and anemic birds fractionated

on the basis of buoyant density in bovine serum albumin eradients

In the blood of the normal adult birds used in this work,

there are on the average about 3.5-109 erythrocytes, 4+10’ leucocytes,

and 3.107 throrbocytes per and. Preliminary experiments showed that
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chicken and duck erythrocytes have a similar buoyant density distri-
“bution in hovine serum albumin density gradients, Although banding
variations occurred with different birds and with different prep-
arations of serum albumin, no systematic species differences were
observed, Nucleated.red cells from nommal birds have a density in
isotonic bovine serum albumin which is close to the mazimum density
obtainable with bovine serum albumin solutions, Therefore in the
experiments involving fractionation of cells from normal animals, it
was found to be advantageous to decrease the cell density by using
bovine serum albumin solutions with lowered salt concentrations, which
caused cell swelling due to the intake of water, This procedure did
not alter the RNA- or protein-synthesizing activity of the cells, nor
was there any appreciable influence on the distribution of these
activities relative to the cell distribution,

Fig, 1 shows the buoyant density fractionation of normal duck
erythrocytes in bovine serum albumin of 90% tonicity. It can be seen
that there is a shift of [14C] uridine incorporating activity toward
the low density side of the red cell distribution, As reported else-
where (9), about 90% of the [2-14C] uridine incorporation by normal
duck blood cells is into RNA, and the bulk of RNA synthesis occurs in
erythfocytes. Lymphocyte counts of individual fractions are also
plotted in Fig, 1, It appears that the RNA synthesizing a'ctivit).r
does not follow the lymphocyte distribution, although a small amount
of RNA synthesis probably does occcur in lymphocytes (7), That the RNA
synthetic activity shift is mainly attributahle to separation of in-

active or less active dense erythrocytes from more active lighter red



11

Figure 1, Tncorporation of {2-14C] uridine by normal duck blood cells
fractionated in a bovine serun albumin gradient of 90% ton1c1ty (see
text), Blood cells from a normal adult duck were washed in NKM solu-
tion, and 0,10 ml of ﬁacked cells was resuspended in dense bovine
serum albumin (1, 100g/ cn3) of 90% tonicity, which was mixed with light
bovine serum albumin (1,064 g f,/cm3), also of 90% tonicity, so as to
make a linear gradient, Tollowing centrifugation and gradlcnt collce-
tion, the cell fractions were washed and used for incornporation of [2-
14y urldlne. Erythrocytes and lymphocytes were counted with a hema-
cytometer,
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cells is shown by the fact that the uridine incorporated per cell -
decreases as a function of density in the region of the gradient
nearly devoid of lymphocytes (Fractions 2-6),

The separation between active and inactive red cells from
normal birds was considerably enhanced by employing linesr tonicity
gradients superimposed upon the linear density gradients, Among the
experimental conditions tested, the best results with cells from
normal adult ducks or chickens were consistently obtained by using
a dense bovine serum albumin solution (1,100 g/cm3) of 93% tonicity
and a light bovine serum albumin solution (1,065 g/cms) of 82% tonicity.
This type of gradient caused a relatively greater swelling and decrease
in density of the lighter red cells and a consequent broadening of the
red cell distribution. Attempts to enhance the cell separation by
employing shallower density gradients were less successful,

Fig. 2 shows the incorporation of L-[14C] valine into normal
adult chicken erythrocytes which had been fractionated in a tonicity-
density gradient, It appears that the amino acid incorporation profile
is, like that of uridine, displaced toward the low density side of the
red cell distribution, Experiments with unfractionated normal and
anemic cell populations showed that at least 90% of the radioactivity
incorporated into trichloroacetic acid-precipitable material after 15
min to 5 h incubation in the presence of L-[14C] valine or L- [Y4c]
leucine is alkali stable, as expected for incorporation into polypeptides.
Accordingly, the curve representing [14C] valine incorporation in Fig, 2
may be interpreted to reflect the distribution of protein synthesizing

activity in the gradient, Under the same conditions of cell fraction-
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Figure 2, Incorporation of L- (14c] valine by normal chicken blood cells
fractionated in a bovine serum albumin density gradient containing a
superimposed tonicity gradient, Normal chicken blood cells were treated
as before except that the den51ty gradient was made with dense bovine
serum albumin (1. 100 g/cm3) of 933 tonicity and light bovine serum
albumin (1,065 g/cm3) of 82% ton1c1ty. The cell fractions were washed
and used for incorporation of L-[14C] valine,
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ation, the distribution of RNA-synthesizing activity was close to .
that of the amino acid incorporation pattern.,

Red cell populations from phenylhydrazine-treated chickens or
ducks, which contain a large proportion of immature cells (mostly mid-
and late-polychromatic erythrocytes and reticulocytes) (5), band in
bovine serum albumin gradients at lower densities than do the mature
red cells from normal birds (approx. 1,075 g/cm3 and 1,090 g/cm3,
respectively, under isotonic salt conditions). In view of the lower
density of erythrocytes from anemic animals, isotonic bovine serum
albumin gradients were routinely uséd in their fractioﬁation. The
density heterogeneity of erythrocytes from anemic animals.ﬁas found
to be greater than that of cells from normal animals, and the curves
Trepresenting RNA- and protein-synthesizing activity were relatively
more displaced towards the light side with respect to the red-cell
distribution, 1In addition, the displacement was significantly more
pronounced for the peak of uridine incorporation than for the curve
of amino acid incorporation,

Chemical analysis of PNA content of blood cells from anemic
chickens. fractionated on the basis of density showed that the lightest
cells contain on the average 3-5 times more RNA than the heaviest ones
(Fig.3). 1In 3 different experiments the cells containing the least
RNA gave respectively values of 0,82, 0,52, 0.33 pg/cell, whereas fhe
cells richest in RNA contained respectively 2,14, 2,10, and 3,40 pg/cell,
The bulk of RNA in blood cell populations from anemic chickens is con-
tained in erythrocytes, as shown both by cytochemical evidence and by

the larpge increase in RNA content which occurs in blood cells from
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Figure 3, Distribution of RNA content and protein-synthesizing activity
among blood cells from an anemic chicken, fractionated in a bovine serum
albumin gradient, Blood cells (0,1 ml packed volume) fron a seversly
anemic chicken, which had been labeled in vitro with L-[14C] leucine,
were centrifuged in a gradient made with dénsé (1.102 g/am3) and light
bovine serum albumin (1.060 g/em®), both isotonic. The total hemo-
globin was extracted from each fraction as described in MATERTALS AND
METHODNS, and its ahsorbance at 542 mp was used to determine the red cell
distribution, The lysate supernatant and the lysis residue from each
fraction wore remixed and 0,05-ml aliquots were used for radioactivity
detemnination, The remainder was analyzed for PNA content,
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anemic animals, as compared to normal animals, in parallel with the
increase in prOportidn of immature erythrocytes and in the gbsence of
any change in the number of leukocytes or thrombocytes; therefore, the
curve representing RNA content in Fig, 3 reflects mainly the distri-
bution of PNA among erythrocytes of different density. As appears in
Fig, 3, the average protein-synthesizing activity per cell is at least
20-25 times higher in the lighter cells than in those present in the
heavier tail of the red cell distributién. At least 75% of the protein
synthesis in whole blood cell populations from anemic chickens is hemo-
globin, and the distribution of hemoglobin synthesis was found to be
equal within experimental error to the distribution of total protein
synthesis,

The experiments discussed in this sectiocn indicate that in the
fractions of the erythrocyte population separated in bovine serum
albumin gradients there is an inverse relationship betwsen cell buoyant
density on the one hand, and average RVA content, and RNA- and protein-
synthesizing activities on the other, In view of the extensive avail-
able evidence indicating that both in avian (7) and mammalian erythro-
cytes (12-14, 25) there is a progressive decrease in RNA content and in
RNA- and protein-synthesizing capacity with cell maturation, the results
presented here strongly suggest that fractionation on the basis of
buoyant density in bovine serum albumin gradients separates cells of
increasing degree of maturity from the top to the bottom of the
gradienty in this sense the situation appears to he analogous to that

observed for mammalian red cells (13, 14, 25).



20

Characteristics of nrotein svnthetic activity in vitro by blood cell

populations from normal and anemic chickens

| Fig, 4 shows the kinetics of L-[14C] valine incorporation
in vitro into acid-insoluble products hy blood cell populations from
a newborn chick (3-days-old), a normal adult chicken, and two anemic
chickens, It appears that in the four cell populations the amino acid
incorporaticn is approximately linear for the first 4-5 h, and then
continues at a decreasing rate up to about 24 h, The initial rates
of amino acid incorporation by these cell populations are in the
approximate ratios of 1:7:50:100 for the normal adult, the newborn,
and the two anemic chickens, respectively, As mentioned above, at
least 90% of the radioactive amino acid incorvoration is into alkali-
stable material, therefore representing presumably protein synthesis,

That the differences between various blood cell populations

in amino acid incorporation reflect differences both in the proportion
of active cells and in the average incorporating activity per cell was
shown by autoradiographic experiments, In the bload cell nopulation
from an anemic chicken shown in Fig, 5b more than half of the erythro-
cytes are labeled, whereas in the.blood cell population from a newborn
chicken shown in Fig, 5a, even after a pulse 5 times as long as in the
previous case, only about 15% of the erythrocytes contain a grain count
above background, From the distribution of cell types in the blood
cell populétions from anemic chickens and from the autoradiographic
results, it appears that the bulk of protein synthesis in these popula-
‘tions occurs in the mid- and late-nclvchromatic ervthrocytes, The

autoradiographic experirents help alsc to clarify the bovine serum
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Figure 4, L-[14C] valine incorporation by chicken blood cell populations,
The cells were incubated at a concn, of 3+10% cells/ml in valine-free
Eagle's medium sunplemented with 5% dialyzed chick serum in the presence
of 0,5 pC/ml L- [14C] valine (100 pC/uM), 0,10-ml aliquots were removed
at different times for radioactivity determination,



22

g
o

cpm/mlx 1072
o

v

ANEMIC
ADULT-I

ANEMIC
ADULT-2

NEWBORN

NORMAL

ro—as ADULT

0 500 1000
TIME (minutes)

1500




23

Figure 5, Autoradiograms showing 134} leucine incorporation by erythrocytes
from a 3-day-old chick and from an anemic adult chicken., See MATERIALS
AND METHODS for the experimental conditions, a. 3-day-old chick; 210

min pulse; b, Anemic adult chicken; 40 min pulse, Magnification X 1100,
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albumin density gradient fractionation experiments (Figs, 2 and 3) in
that they show that the blood cell populations are heterogeneous in

terms of protein synthetic capacity,'with'a wide spectrum bf synthetic
activities, This suggests that the decline of protein synthesis occur-
ring during maturation (Figs. 2 and 3) is a gradual process at the single
cell level rather than an all-or-none trigger type phenomenon, whereby
cells are either completely active or completely inactive,

In the autoradiographic experiments described ahove, the
labeled cells showed silver grains over both cytoplasm and nucleus; how-
ever, because of the long pulse employed here, no conclusion can by
derived from these experiments concerning the intracellular localization
of synthesis, In view of the suggestion which has been made recently
(33) that hemoglobin synthesis in avian erythrocytes occurs exclusively
or mainly in the nucleus, an autoradiographic investigation was carried
out on cells gubﬁitted to very short pulses of {3H] leucine, Blood cells
from an anemic chicken were exposed to [3H} lzucine for 3 min at 25° (a
temperature at which the rate of protein synthesis is about 20% of the
rate at 37°) and then rapidiy fixed with methanol, Under these condi-
tions, at least 90% of the silver grains were localized over the cyto-
plasm, After longer pulses the proportion of grains over the nucleus
incrgased. This result argues against a nuclear localization of hemo-
globin synthesis in avian erythrocytes, and rather, speaks in favor of
the idea that the main or exclusive site of synthesis is in the cyto-
plasm, with the nuclear label resulting both from secondary diffusion
into the nucleus of newly formed h-en-oglobin (in agreement with the

electron microscopic evidence of Davies) (34) and from possible
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endogenous protein synthesis.

In order to obtain an estimate of the absolute levels of
protein synthesis in vitro by ;hicken blood cell pépulations, it was
necessary to correct the values of incorporation of labeled amino
" acids for the dilution by the intracellular pools, In the case of
newborn and normal adult chickens, a reasonably good estimate of the
intraceliular pools for several essential anino acids was obtained hy
an adaptation of a method devised by Warner and Rich (29), This
method is based on the assumption, which hés been verified in all
tested animal cell systems; of a rapid intermixing between intra- and
extraceliular amino acids (29, 35-37). In the case of chicken blood
cells the assumption of rapid equilibration is supported by the obser-
vation that addition of a radioactive amino acid to a cell suspension
results in linear incorporation of radicactivity into acid-insoluble
products without any measurable lag, In the present determination of
pool sizes, the initiai rate of total incornoration of labeled amino
acid into 5% trichloroacetic acid-precipitable material (as measured
during the first 2-h incubation) was utilized, rather than the steady-
state level of incorporation into polysomes as in the experiments of
Warner and Rich (29), As shown in Table I, the close agreement between
the experimental incorporation values and those calculated on the basié
of the value for the intracellular pool which gave the best fit (see
explanation in Table I} supports the model on which the calculations
were based,

In the case of blood cell populations from anemic chickens,

preliminary experiments utilizing L-[14C] leucina showed that the intra-
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cellular pool of this amino acid is low as compared with the rate of
leucine utilization, becoming depleted after 1-2 h incubation in a
leucine-free medium., This introduced difficulties for obtaining a
reasonably accurate measurement of the leucine intracellular pool size
by the Warner and Rich method (29), Therefofe , in order to have an
estimate of the specific activity of leucine incorporated into proteins
by these cells it was considered to be more suitable to deplete the
intracellular pool (by 2 h preincubation in a medium lacking leucine),
and then to add to the ﬁedium a large excess of L—[14C] lcucinq of
known specific activity which could be assumed to be incorporated into
protein without significant ailution.

The rates of incorporation in vitro of different amino acids

by several chicken blood cell populations are shown in Table 11, From
these incorporation values the rates of protein synthesis were estimated
by assuming that the average protein synthesized by these cells has the
same amino acid composition as the calculated average for chicken hemo-
globins (26 isoleucine, 73 leucine, 17 tyrosine, and 57 valine residues
per mol, wt, of 6.8'104)(see ref, 2),

As appears in Table IT, the over-all rate of protein synthesis
;g_yigng.eVen in the most active bhlood cell populations from anemic
chickens, is low relative to the cell mass (0,31 g dry wt, per ml of
packed cells, of which 0,225 g is hemoglobin in erythrocytes from normal
chickens). However, in view of the great heterogeneity of the blood cell
populations in terms of protein synthetic capacity, as shown by the auto-
radiographic experiments, it would anpear that the rate of protein sys-

thesis per cell must be high in a fraction of the erythrocytes, presum-
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ably the youngest ones, from anemic chickens, It appears also from
Table IT that the greaf differences in amino acid incorporating capacity
detected between erythrocyte populations from newborn, normal adult,
and anemic chickens, persist after correction for dilution by the
intracellular pools, and reflect, therefbre,>rea1 differences in
protein synthetic capacity.

Distribution and relative rates of synthesis of the two hemoglobins

in erythrocytes from anemic chickens

Preparative separation of the two chicken hemoglobins from
several cell lysates by paper electrophoresis in 0,04 M Veronal buffer
(pH 8,5) is shown in Fig, 6, As already mentioned, such lysates
contain approximately 70% of the total hemoglobin, the remainder being
ionically hound to the sediment. Analysis of lysates from blood cells
of anemic gnimals, after 1 h labeling with L-[14c leucine, has shown
the following: (a) At least 95% of the incorporated label in the cell
lysate is associated with Hbl and Hﬁz isolated by paper electrophoresis
or by colum chromatography. (b) In the bound hemoglobin, which can
be eluted from the sediments with 0,14 M NaCl, the Hb1/Hb2 ratio is
higher than in the cell lysate (approx, 11,5 and 2,7, respectively),
(c) The bound hemoglobins have, within experimental error, the same
specific activities as the 1ysate hemoglobins, Consequently, reliable
specific activity determinations can be made by using the cell lysates
alone, (d) TIn addition to the bound hemoglcbins, the lysis sediment
éontains WA, nuclear proteins and merbranes, These non-hemoglobin
sedimentahle materials contain, in a trypsin-sensitive form, approx-

imately 25% of the total radiocactive leucine incorporated by blood cells,
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Figure 6, Preparative separation of the two chicken hemoglobins by paper
electrophoresis, Hemoglobin samples were concentrated to at least 200
mg/ml and aliquots containing 10 mg were applied onto Whatman No, 3 paper
for the electrophoresis (see MATERTALS AND METHODS),
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The lysis sediments are complex and were not investigated further,

Fig. 7a shows the kinetics of incorporation of L-[14C] leucine
into Hbl and Hb2 isolated by electrophoresis from the lysates of an un-
fractionated blood cell population from an anemic chicken, ' The incor-
poration data are expressed per wnit weight 6f hemoglobin, so that at
any time the slope of each curve shown in Fig. 7a gives a measure of
the relative rate of incorporation of the labeled amino acid into the
corresponding hemoglobin (that is the rate of incorporation relative to
the amount of the hemoglobin already present in the cells)., Since Hbl
and b2 have been reported to contain a somewhat different number of
leucine residues (74 and 68 respectively) (2), the incorporation data
have been normalized to the same lesucine content by rultiplying the
determined specific activities of Hbl by the ratio of the leucine con-
tents ( 0,92), Tt is apparent from Fig, 7a that the synthesis of both
hemoglobins continues at a decreasing rate for ébout 24 h, It can also
be seen that the relative rates of synthesis of Hhl and HbZ are approx-
imately equal, .Similar results were obtained by using, instead of
electrophoresis, colum chromatography for the separation of the two
hemoglobins. In red cells from nomal chickens the relative rates of
Hbl and Hb2 synthesis‘were also found to be equal within experimental
error, It should be mentioned that a large proportion (sbout 60%) of

the protein synthesized in vitro by whole blood cell populations from

——

normal chickens is non-hemoglobin material, as judged on the basis of
precipitability by anti-hemoglobin sera (unpublished results).
The kinetics of incerporaticn of 14c1 leucine into Hbl and

Hh?2 in the nresence of actinomycin D is presented in Fig. 7b. Commar-
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Figure 7, Kinetics of synthesis of Hbl and Hb2 in the ahsence (a) or in
the presence (b) of actinomycin D by unfractionated erythrocytes from

a severely anemic chicken, Blood cglls from a severely anemic chicken
were incubated at a concn, of 2107 cells/ml in complete LEagle's

medlum supplemented with 5% dialyzed chicken serum and containing 1 pC/ml
L-| 4C] leucine (final specific activity 1,25 uC/iM) in the absence (2)
or presence (b) of 50 pg/ml actinomycin D, 1.2-ml samples wers prepared
for electrophoresis of hemoglobin as described in MATERIALS AND METHODS,
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ison of Figs. 7a and b shows that a concentration of the drug sufficient
to completely block FNA synthesis in chicken erythrocytes (unpublished
observation) has no influence on the relative rate of synthesis of
either hemoglobin, The close similérity of the amino acid incorpora-
tion kinetics in the presence and in the absence of the drug would tend
to exclude any appreciable synthesis of 'functional' messenger during
the time of incubation in vitro, Unless one is willing to assume a
continued mobilization of preformed stored messenger RNA, from the linear
portion of the incorporation kinetics in this and other experiments it
would appear that the messenger RNA's for the two hemoglobins are stable
at least during the first 3—5-h incubation,

The similarity of the relative rates of synthesis of Hbl and
Hh2 in the unfractionated red cell population, as seen in Fig, 7a, b, is
in agreement with -th'e idea that in the individual cells both hemeglobins
are synthesized at a similar relative rate, More direct evidence cn this
point was obtained by analyzing the rclative synthesis cf Ihl and 12 in
erythrocytes from anemic chickens fracticnatad on the basis of buoyant
density in a bovine serum albumin gradient, As shown in Fig, 8 the rel-
ative rates of synthesis of the two heroglobins, normalized for the dif-
ference in leucine content (2), are equal within experimental error, both
in the more active lighter cells and in the less active denser erythrocvtes,
In the experinent shown in Fig, 8 the total cell hemoglobin (derived from
the combined lysis supernatant and salt extracts of the sediment) of each
bovine serum albumin gradient fraction was mixed, prior to the electro-
phoresis, with a constant large amount (50 mg) of wnlabeled total cell

hemoglobin, This procedure might conceival:ly have concealed differences
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Figure 8, Distribution of the synthesis of Hbl and HbZ among erythrocytes
from a severely anemic chicken fractionated on the basis of buoyant

density in a bovine serum albumin gradient, Blood cells (0,15 ml packed
volune) from a severely anemic chicken were incubated for 1 h with f C]
leucine, as described in MATERTALS AND METHOIS, nrior to centrifugation in
a bovlne serum albumin gradient made with dense bovine serum albumin (1,100
g/em3) and 1light bovine serum albumin (1,052 g/cm’ ), both isotonic, Total
hemoglobin was extracted from cach fraction and its absorbancb used for
determination of the erythrocyte distribution, After addition of unlabeled
carrier hemoglobin (50 mg per fraction), electrophoresis and determinaticn
of specific activities of the two hemoglobins were carried out as describ-
ed in MATERIALS AND METHNDS,
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in the relative amounts of Hhl and Hb2 among cells of different density,
thus obscuring the results. However, evidence that the ratio of the two
hemoglobins is constant over the whole gradient was obtained in another
bovine serum albumin density gradient fractionation experiment run in
~parallel to that shown in Fig, 8; in this experiment adjacent cell
fractions were pooled two by two and their total cell hemoglobin was
analyzed directly, without any addition of carrier hemoglobin, by
chromatography on Amberlite IRC-50, The red cell banding position in
the density gradientwas nearly identical to that of Fig, 8 and the
Hbl/Hb2 specific activity ratios (normalized to the same leucine con-
tent) were 0,97, 0,81, 0.95,'and 1,04 for pooled Tractions 7-8, 9-10,
11-12, 13-14, respectively, These ratios can be considered to be with-
in experimental error equal to unity as are the ratios in Fig, 8.Clearly,
the presence of carrier hemoglobin in the electrophoresis experiment had
no influence on the specific activity ratios, a result which implies an
invariance in the relafive amounts of the two hemoglobins in erythrocytes
of different density,

It appears from Fig, 8 that there is a decrease in the rates of
synthesis of the two hemoglobins going from the iight portion of the gra-
dient towards the heavier fractions. Inasmuch as fractionation on the
basis of buoyant density separates cells of increasing degree of maturity
from the top to the bottom of the gradient (see RESULTS, first section),
these results have to be interpreted to indicate that the syntheses of
the two hemoglobins are equally susceptible to the decline process ac-

companying cell maturation,
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DISCUSSION

The main purpose of this paper has been to provide evidence
pertinent to the question of whether in single chicken erythrocytes,
which contain two distinct hemoglobins, there is temporal segregation,
~related to degree of maturity, in the 'synthesis of the two proteins, A
prerequisite for this type of investigation was the availability of a
method for separating cells of different degree of maturity. The meth-
Qd of buoyant-density centrifugation in bovine serum albumin gradients
developed by Leif and Vinograd (25) was utilized for this purpose,

The interpretation of the results obtained by such a technique
depends obviously on the demonstration that this type of fractionation
separates cells at different stages of the maturation process, Two
complementary types of evidence indicate that this is indeed the case,

In the first place, an inverse relationship has been demonstrated in the
present work between erythrocyte buoyant density; on the one hand, and
average RNA content, RﬁAy'and protein-synthesizing activity on the other,
-Second, autoradiographic studies of Cameron and Prescott (7) have shown
that chicken erythrocytes undergo a progressive loss of RNA- and prbtein-
synthesizing capacity during maturaticn, Alsc in non-nucleated mammalian
erythrocytes, considerable evidence indicates that RNA content and protein-
synthesizing activities decrease with cell maturation (12-14, 25),

In the pfesent work the'autoradiographic study of protein syn-
thesis in erythfocytes from anemic chickens (Fig,sb) has helped to clarify
the bovine serum albumin gradiént centrifugation results by showing that
over 50% of the cells in such a populaﬁion are engaged in protein synthe-

sis and that there is a wide spectrum of degrees oFf synthetic activity.
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These findings, on the one hand, indicate that the decline of profein
synthesis during cell maturation is a gradual process at the single
cell level rather than an all-or-none phenomenon; on the other hand,
they support the idea that the distribution of protein-synthesizing
activity among erythrocytes fractionated on the basis of density in a
bovine serum albumin gradient does not reflect the density distribution
of a minority cell type with wniform protein-synthesizing capacity, but
rather the different synthetic capacity of cells of different density,
Froﬁ all these lines of evidence it seems justifiable to conclude that
the buoyant density qf bird erythrocytes is inversely related to their
degree of maturity, In this context, the finding-that erythrocyte
populations from anemic chickens hand in bovine éerum albumin grédients
in regions of lower density than red cell populations from normal adult
chickens, may be interpreted to be a reflection of the fact that they
consist in great proportion of 'younger' cells,

A similar relationshin between buoyant density in bovine serum
albumin gradients and degree of cellular maturity has been demonstrated
in mammélian reticulocytes and erythrocytes- (13, 14, 25), The basis for
this relationship is not known. An increase in the intracellular con-
centration of protein and other cell constituents due to loss of water
(obviously resulting in a decline of cell volume) may contribute to this
relationship (25, 38), Such loss of water might possibly reflect changes
in the cell membrane; in this commection it should he mentioned that
membrane changes have been reported to occur during chicken erythrocyte
maturation (39, 40},

Fractions of erythrocyte populations from anemic chickens
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separated in bovine serum albumin gradients were analyzed for the
relative rates of synthesis of the two hemoglobin components, The
ratio of the rates of synthesis of Hbl and HbZ was found to be in-
variant and equal to their mass ratio in cells of different degrees
of maturity, It should be pointed out that this invariance was not
determined at the level of individual cells, hut only as the average

- behavior of groups of cell of different density; therefore, fluctu-
ations of these ratios within each group of cells are not excluded by
the results obtained here. Since the immature cells present in the
blood from the anemic chickens utilized here were represented ﬁostly
by mid- and late-polychromatic erythrocytes and reticulocytes, the
data obtained in this study concern mainly the synthetic capacity of
cells relatively advanced in their maturation, It is however likely
that cells at earlier stages of differentiation (erythroblasts and
early-polychromatic erythrocytes, which remain in their great majority
in the bone marrow) also synthesize the two hemnglobins in the same
ratio as the cells at the developmental stages examined here, This
possibility is supported by the finding that the ratio of rates of
synthesis of bl and HhZ in erythrocytes in the blood equals their
mass ratio, a fact which implies that the mean ratio of rates of
synfhesis of the two proteins in the early stages of differentiation
in the bone marrow is equivalent to the invariant ratio observed
during maturation in the blood., This ;ppérent constancy throughout
erythrocyte differentiation in the ratio of the rates of synthesis of
the two hemoglobins suggests that the factors involvad (at the genetic

_or translation level} in the regulation of these syntheses operate in
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a coordinate manner,

The fact that the Ib1/M1b2 synthesis ratio remains invariant
throughout the phase of decline of protein-synthesizing capacity in
the erythrocyte maturation process represents a different situation
from that described in human individuals heterozygous for the B-chain
gene, where the available evidence suggests a faster decline of the
capacity to form the variant B chains (B® and BRrahia) relative to

the decline in production of the normal BA chains (41),
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Chapter 2
PATTERN OF PROTEIN SYNTHESIS IN (HICKEN ERYTHRCCYTES

INTRODUCTION

In several respects the chicken erythropoietic system is
ideally suited for biochemical analysis of cellular structure and
differentiation, The erythroblasts and the most immature erythrocytes
are localized in the bone marrow and are, therefore, physically sep-
arated from the more mature erythroid cells in the blood, Furthermore,
the maturity of the blood cell population can be influenced experimentally;
in phenylhydrazine-induced anemia the proportion of immature erythrocytes
found in the blood increases greatly (9, 10), Additional advantages
are that the cells can be obtained in high purity and that the protein
product of differentiation consists maiﬁiy of two easily separable
hemoglobins (1-4), Chicken erythrocytes are morphologically simple;
for example nucleoli and mitochondria are absent frcm the cell stages
found in the circulation (5), However, unlike mammalian red blood cells,
avian erythrocytes contain a nucleus and the normal diploid content of
INA (11), affording the opportunity of studying chromosomal functions
accompanying cell maturation,

In the present work, the pattern of protein synthesis in
erythrocytes from the blood of anemic chickens has been analyzed by
various methods, The evidence presented shows that hemoglobin synthesis
occurs on polyribosomes in the cytoplasm, but that labeled hemoglohin
molecules subsequently become distributed between the nucleus and the
cytoplasm, Laheled polypeptide chains were isclated from ribosomes

following pulses with radioactive amina acids and shown to be heterog-
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‘eneous in size, ranging from very small peptides up to complete globin
chains (roughly 150 amino acids), The kinetics of labeling the different
sized polypeptides is in agreement Qith the well-cstablished mechanism
of polypeptide chain growth, in which amino acids are sequentially
added to one end of the “growing polypeptide chains' (42). It is
further demonstrated that there is synthesis of chromosomal proteins,
both histone and non-histone, in non-dividing chicken erythrocytes,
MATERIALS AND METHODS
Animals

Adult White Leghorn chickens were made severely anemic by
_daily subcutaneous injection for 7 days of 20 mg of neutralized phenyl-
hydrazine hydrochloride and were bled, by heart puncture, on the day
following the last injection. The cells were washed thoroughly 3 times
with 0,13 M NaCl, 0.005 M KC1, 0,0075 M MgCl, (NKM). The buffy coat of
leucocytes was removed,

Incubation of blood cells

Incorporation of radioactive leucine by erythrocytes from
severely anemic chickens was carried out in modified Eagle's medium (26),
prepared without leucine and supplemented with 5% dialyzed chicken
serum, FErythrocytes were suspended in the latter medium at a concentra-
tion of 1,5 X 10% E2LS  ang incubated with swirling for 1 h at 37°;
this incubation suffices to deplete the intracellular leucine pool from
the cells (see Chapter 1), The incorporation of radioisotone was then
carried out either at 37° or at 25° as described in the text; at 25°
the rate of protein synthesis by chicken erythrocytes is only 21% as

high as at 37°,
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For the preparation of labeled proteins for autoradiographic
peptide maps, erythrocytes from severely anemic chickens were pre-
incubated as described ahove, To 33 ml of cell suspension, 100 uC of
L-[14C] leucine (11,L.) [273 nC/pM] were added and incorporation was con-
tinued for 100 min at 25° before cell harvesting, subcellular fractiona-
tion, and hemoglobin purification as described.below. The final specific
activity of the hemoglobins was 410,060 dpm/mg,

Subcellular fractionation and isotone counting procedures

All operations were carried out in the cold at 0-4°, Follow-
ing incubation of erythrocytes, 12 ml of cell suspension were diluted with
20 ml of cold NKM in a 40 ml plastic Servall centrifuge tube (SS-34.
rotor) and centrifuged at 700 X g for 2 min, The resulting pellet of
erythrocytes (3 ml packed cells) was resuspended in 4 volumes of 0,01 M
tris buffer, 0,01 M KC1, 0,0025 M MgCl,, ol 7.0, containing 1 mg/ml
digitonin (Calbiochem), After 1 min, the cells were homogenized for
2-5 min with a motor dl;iven teflon pestle which fit loosely into the
tube, Speed of motor and time of homogenization were adjusted to ohtain
maximun breakage of cytoplasm without any &isihle rupture of nuclei,

The supernatant, containing most of the erythrocyte hemoglobin, was then
centrifuged at 10,000 X g for 10 min, If the hemoglobin was to be
fractionated by chromatography, the 10,000 X g supernatant was centri-

fugéd at 105,000 X g for 3 h and the final supernatant was dialyzed

versus starting buffer (see Chromatograshy), n the other hand, if

ribosomes were to be purified from the 19,006 X g supernatant, the pH

e

was adjusted to 5,0 by addition of 0,1 M acetic acid; wnder these con-

ditions, ribosomes and pclysomes are pracipitatad (29); they were collected
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by centrifugation at 5000 X g for 5 min, and then resuspended in 0,05 M
tris buffer, 0,025 M KC1, 0,0025 M MgCl,, pH 7.4 (TKM), Sodium deox-
ycholate was added to the suspensioh at a concentration of 0,5%, After
standing for 20 min at 2° and a low speed centrifugation (10,000 Xg
for 10 min), 7 ml of suspension was layered over 2 ml of 30% sucrose in
TKM and centrifuged at 105,000 X g for 3 h in the 40 rotor of a Model
L Spinco'ultracentrifuge. The supernatant was discarded and the
ribosomal pellet (”ribosémc fraction") was resuspended in TKM, The
hemoglobin éolution obtained following pH 5,0 precipitation of the
ribosomes was adjusted to pil 7.0 with NaOH (“soluﬁle fraction"),

The pellet containing the crude nuclear préparation was gener-
ally resuspended in 0,25 M sucrose containing 0,0045 M CaCl, and cen-
ltrifuged at 500 X g for 4 min, The proéedure was repeated (4-5 times)
until thé supernatant above the nuclei was viéually estimated to be free
of hemoglobin. TIn some cases the crude nuclear preparation was alterna-
tively resuspended in 5 ml of 2,0 M sucrose containing 0,0033 M CaCl,
and centrifuged through 20 ml of the same sucrose solution at 22,000 rev./
min for 30 min in an SW 25 Spinco rotor, The nuclear preparations, red
colored due to complexed hemoglobin, were washed twice by resuspension in
25 ml of 0,0033 M CaCl,, followed each tire by centrifugation at 700 X g
for 10 min, '

Hémoglobin was removed from the nuclear preparations (isolated
from 3 ml of packed erythrocytes) by two extractions with 4 ml of 0,14 M
NaCl, 0,0024 M magnesium acetate, 0,005 M tris bﬁffer, pH 7.2, followed
each time by sedimentation at 7000 X g for 10 min to separate the nuclei,

Centrifugation of the combined extracts in the Spinco 40 rotor at 175,000 Xg
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for 4 h yielded a small pellet of non-hemoglobin material which contain-
ed some ferritin and no detéctable ribosomes, as determined with the
electron microscope; this material was only weakly labeled upon incuba-
tion of the cells with radioactive émino acids, The 105,000 X g super-
-natant ("nuclear soluble fractioﬁ") was further fractionated by anion
excﬁange chromatography as described below,
The nuclei from which the nuclear soluble fraction had been
extracted were washed 3 times, by centrifugation, with 25 ml of 0,0037
M NaCl, 0,00037 M sodium citrate and were then sheared in the same
solution either in a Virtis homogenizer at 25 volts for 90 sec or by
sonication at 7,5 amps for 1 min with a Branson sonifier [Modecl S (125)]
fitted with a solid horn, The preparation was then centrifuged at
10,000 X g for 15 min to pellet the nuclear residus {'"'residual fraction''),
The supernétant,ﬁhich contained at least 95% of the THA, was adjusted to
0.0024 M mégncsium acetate to precipitate the chreimatin; this was then
sedimented by centrifugation at 10,000 X g for 10 min, No detectable
protein remained in the resulting sumernatants which were therefore dis-
carded, Histones were obtained from the chromatir by two extractions
(each for 30 min at 0°) with 4 ml of 0,2 M HC1, each extraction being
followed by centrifugation at 10,000 X g for 10 min to separate the
insoluble residue, The material insoluble in 0,2 M HCl ("'non-histone
fraction') contained INA in addition to the chromosomal non-histone
proteins, |
The protein fractions rich in hemoglobin [soluble fraction and

nuclear Hbl fraction (see Chromatography)] were precipitated with 5%

trichloroacetic acid (TCA) at 2° for 1 h, collected by centrifugation at
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5000.X g for 16 min, and dissolved in a minimal volume of 0.1 M NaOH,
Heme groups were thén removed from the globin by adding the protein to
a large excess of 1% HCl in acetone at -15%, followed after 1 h by
sediméntation of the protein at 7000 X g for 10 min, The other sub-
cellular fractions were precipitated with 5% TCA at 2° for 1 h, except
thét 15% TCA was used throughout these procedures for the histone fraction,
followed by.centrifugation at 5000 X g for 10 min,

Subcellular fractions were resuspended in 5% TCA, heated at
90° for 15 min, and then cooled in ice, Following centrifugation at 5000
X g for 10 min, the pellets were once again heated in 5% TCA at 90° for
15 min, cooled in ice, and pelleted at 5000 X g for 10 min, The pellets
were then washed first with 100% ethanol and then with ethancl:ether
(3:1) at 4°, The pellets resulting from the final washing were then
dissolved in 1 ml of 1 M NaOH, by heating if necessary, The samples
dissolved in 1 M NaOH were analyzed for protein concentration by the
method of Lowry et al (43) using bovine serum alhumin as a standard, Then
0,10 ml aliquots were mixed with 15 ml Bray's scintillation fluid (44) and
assayed for-radioactivity in a Packard Tri Carb liquid scintillation
spectrometer. Self ahsomntion corrections vere nade whenever necessary.

Peptide maps, elobin electronhoresis, and protein reduction and alkylation

Globin was prepared by precipitation of hemoglobin in 0,5% HCL
in acetone at -15°, Reduction of nrotein disuifide bonds with 2-mercan-
toethanol, sulfhydryl alkylation with iodoacstic acid, and staining of
peptide maps with ninhydrin were carried out as described by Bemnet, Hood,
Drever and Potter (45)., Trypsin (Worthington) digestion and peptide

mapping were performed by the method of Xatz, Dreyer and Anfinsen (46),
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[14C] leucine-labeled proteins to be utilized for peptide mapping were all
isolated from the.;same batch of cells after labeling at 25° as described
above, The peptide maps obtained from these reduced and alkylated pro-
teins were placed in X-ray exposure holders fKodak) together with Kodak
Royal Blue X-ray film and exposed at 2° for 60 or 90 days. Films were
developed with Kodak DK-50 developer for 7 min at 25°, rinsed with HZO’ and
fixed, Preparation of horizontal acrylamide gels for electrophoresis was

carried out as described by Bennet et al (45).

Chemical analyses

TNA and RNA were fractionatea by the Schmidt-'f‘hannhauser pro-
cedure, as modified by Ts'o and Sato (47)., DNA was determined by the
diphenylamine method using D-deoxyribose as standard, and RNA by the
orcinol recaction (28) using D-ribose as standard. Tollowing hydrolysis
of nucleic acids, carried out by heating the samples in 5% TCA at 90° for
30 min, the insoluble residues were washed with 5% TCA, 100% ethanol, and
finally with ethanol: ether (3:1). The final precipitates were dissolved
in 1M NaNH and assayed for protein by the method of Lowry et al (43),
using bovine serum albumin as a standard,

Chromatography of chicken hemoglobins

Chromatographic fractionaticon of chicken hemoglobins on Amber-
lite TRC-50 columns (Mallinckrodt CGQSO, 200-400 mesh, 10 meg/g) was done
by an adaptation of the method of Van der Helm and Huisman (16), Citrate
buffer of ionic strength equal to 0,15 M and pH 6.0 (49) was adjusted to
lower ionic strength by dilution, and to higher ionic strength by addition
of solid NaCl, A col&nn 11 cm X 5 an diameter was utilized to fractionate

about 400 mg hemcglobin, Elution was mads by stepwise increments of ionic
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strength as deséribed in Fig. 1; in this case, 5 ml fractions were .
“collected, ‘A micrécolumm adaptation of this procedure, using colums
4kcm X 1 cm diameter, is described in the legend to Fig, 10, ‘All solu-
tions were saturated with CO, Fractionated hemoglobins were precipitated
with 80% (NH4)2 §04 and dialyzed versus 0,0037 M NaCl, 0,00037 M sodium
citrate, pH 7.0,

Immmochemical analyses

Hbl and Hbh2 peaks from chromatographically fractionated ery-
throcytg lysates were pooled and then fractionally precipitated with (NH4)2
S0, a 45% cut was discarded and an 80% cut was collected, The precipi-
tated hemoglobins were dialyzed against water prior to injection into
rabbits, Five rabbits were injected subcutaneously with 40 mg hemoglobin
in Freund's adjuvant., After 15 days the rabbits were injected 5 timcs'
with 20 mg hemoglobin on alternate days., Five days after the last injec-
tion, each rabbit was injected in the foot pad with 40 mg hemoglobin,
Antisera were collected 15 days after the final injection, Precipitin
tests, performed according to Heidelberger and Landsteiner (50) showed
presence of antibody against hemoglobin in the sera of all 5 rabbits,
Immmodiffusion tests with Ouchterlony plates confirmed this result,

Size fractionatinn of ribosome-associated growing nolypentide chains

Ribosomes purified from [SH] leucine-labeled chicken ery-
throcytes were resuspended in 0,01 M tris buffer, 0,03 M EDTA, pll 7,3,

Carrier chicken globin was then added (1 mg of globin per 0,15 mg of

1%
Flems

chicken glohin at 280 my and 112 for erythrocyte ribosores at 260 mp [51]).,

ribosomes, as determined using the extinction coefficients, 26 for

Then, 500 pg rihosome suspension was treated with 100 ug pancreatic ribo-



nuclease (5 times crystallized) (Sigma Chenmical Combany) for 2 h at 37°;
the digestion was stopped by adding one volume of 10 M urea and adjust-
ing the suspension to 0,05 M Z-mercaptoethanol,- The digests were incu-
bated for 15 h at room temperature and were then adjusted to pH 2,4 with
fomic acid, After centrifﬁgation at 5000 X ¢ for 5 min to Temove in-
solﬁble_material which was only approximately 5% of the radioactivity,
0.7 ml portions were placed onto 38 cm X 1 cn diameter colums of Sebhadex
G-100 previously equilibrated with 8 M urea, pll 2,4, The flow rate was
very slow and was increased slightly by use of a Technicon proportioning
pump, Fractions were collected in graduated tubes and the volumes and
optical densities were measured, Then, 0.2 ml samples were mixed with
15 ml Bray's scintillation fluid for counting,

Determining the kinetics of labeling the various sized pclypep-
tides involved measuring the distribution of radioactive material eluted
from the columns after differing pulse times with [SH] leucine, Different
colums were'normalize& to the same ribosome contents in order to quan-
titatively compare the radioactivity distributions, This was done by
correcting the relative radioactivities in the colum effluents sc that
they equéled the relative specific radioactivities (cpm/O.D.,¢,) of the
purified rihosome fractions. Approximately 0,30 mg of ribosomes were applizd
to the colums, and the recovery of radioactivity was quantitative,

Cell autoradiography

Procedures emplayed in the [SH] leucine cell autoradicgzrashy
have been described previously (see Chapter 1), Chicken erythrccytes are
flat disks which lie on their faces when smeared onto microscope slides;

furthermore, the nuclear diameter is nearly equal to the cell thickness (3],
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"It was therefore assumed that silver grains localized over the nuclei
were the result of B-particles emitted from the nucleus ratherlthan
from the overlying cytoplasm, Nuclear and cytoplasmic silver grains
were counted at 2000 X magnificatioh. Grains located at the border
between the nucleus aﬁd the"cytopiasm were counted for determination
of fhe total grains per cell, but were ignored in calculating the |
percentage of‘grains localized over the nucleus, Corrections were
always made for background grains. The percentage of nuclear grains
did not depend significantly on the total number of cell grains for
erythrocytes from the blodd of anemic chickens, In calculating the
percentage of nuclear gréins, only cells having at least 5 fimes the
background grain level were considered, because of the larger errors
associated with grain counts of the least active cells, Standard
deviations of these percentages were also calculated, At least 75
erythrocytes were counted on each slide, |

RESULTS

The hemoglobins present in chicken erythrocvtes

| Chromatography of the soluble fraction from [14C] leucine-labeled
chicken erythrocytes is shown in Fig, 1, The 280 mp absorhance is pre-
dominantly associated (épproximately 93%) with the two hemoglobin peaks,
labeled *'ibl" and."HbZ“; and at least 96% of the incorporated radio-
activity appears also to be associated with the hemoglobins, The radio-
activity distribution shown in Fig., 1 was not corrected for the self-ab-
sorption of the samples; however when this correction is applied,the
cpm/mg protein of ibl and 1h2 are equal within experimental error as

previously described (Chapter 1), In other experiments, it has been
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Figure 1, Anion exchang? chromatography of chicken erythrocyte soluble
fraction labeled with [ 4(‘] leucine, lirythrocytes from a severely

anemic chicken were suspended in modified Ragle's mediim w1t":*[14 % chicken
serun at 1,5 X 109 cells/ ml, and incubated with 2 uC/ml L-[""C] leucine
(13,2 uf/uM) for 15 h at 37° (see MATERTALS AND METHODS for preparation

of erythrocyte soluble fraction for chromatography). The elution emloyed
stepwise increase of ionic strength as indicated in the figure, Fractions
were plated directly on nlanchets (0,2 ml aliquots) and were assayed for
radioactivity in a Nuclear-Chicago gas flow counter, The horizontal lines
bounded by arrows show the regions of the eluate pooled for further analysis,
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shown that even after very short pulses with [14C} leucine (4 or 15 min
labeling of an erythrocyte suspension at 25°), the specific radio-
activities of Hbl‘and Hh2 are equal, Similar chromatographic patterns
have been obtained by other investigators (2, 4, 17). FElectropharetic
fractionation of freshly prepared chicken erythrocyte lysates likewise
resblves two hemoglobins in approximate ratio 3:1 (2-4, 24),

Immunodiffusion analysis ofnthese hemoglobin fractions is
shown in Fig, 2, Antiserum made against the purified pooled hemoglobins
was placed in the center well, and the different hemoglobin fractions
were placed in the peripheral wells, The continuity of the precipitin
bands indicates that there are molecular similarities (i.e., cross-
reactivity) between the two hemoglobins, However "spurs' cccur at fhe
crossover points between tbl and Hh2, indicating that the hemoglobins are
not identical, The pattern of spurs suggests that the antiserum utilized
contains antibodies which react with Hb2, but not with I'bl,

Tryptic pepti&e maps of the reduced and carboxymethylated
hemoglobins likewise suggest that the proteins differ in molecular struc-
ture, but that extensive amino acid sequence similarities exist, Figs, 3a,
b, ¢ and d show a comarison between the ninhydrin-stained and autoradin-
graphic peptide maps of L-[14C] leucine-labeled il and Ih2; some pentides
lack leucine and can be seen only in the stained mans, Figs..Se and f
are both ninhydrin-stained tryptic peptide maps of unfractionated erythro-
cyte soluble fraction, Fig, 3f is marked to indicate peptides character-
istically associated only with one of the two heroglobins; also indicated
are peptides which apnear to be present in both hemaglohins. The similarity

between the two proteins is a striking feature of these maps,
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Figure 2, Ouchterlony plate, Reaction of Hbl, Hb2, and a mixture (1:1)
of Hbl and I1h2 against anti-hemoglobin antiserum,
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Figure 3, Nlnhydrln -stained and corresponding autoradicsraphic tryntic
pept1de mans of L-[ 4C] leucine-labeled Hbl and Hb2, and nlnhydllp-
stalned.mans of unfractionated erythrocyte soluble fraction, (a) Hbl,
ninhydrin-stained (4-5 mg); (b) Hbl, autoradiogram; (c) Mo2, ninhydrin-
stained (4-5 ma); (d) I'b2, autoradiogram; (e) erythrocyte soluble frac-
tion, ninhydrin-stained (3 mg); (f) erythrocvte soluble fraction, same
map as in latter case, hut marked so as to indicate peptides associated
with the different hemoglobins, ---, lbl-specific) maa, 1h2-specific:
cross-hatched peptides are cormon to both proteins; peptides marked with
"L" contain leucine, The arrow indicates a sentide which stains slowly
with ninhydrin vhich is present both in 1bl and Th2 (ses text). Txnosure
time for the autoradiographic maps: 90 davs, Flectrophoresis was cacried
out in the long dlmen51on and chromatography in thke short dirension, The
origin is in the lower right-hand corner, The positive electrode was on
the origin side during electrophoresis; the pentxdn: rnoved toward the
negative side,
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A few peptides stain slowly with ninhydrin, and appear more
strongly in the aﬁtoradiographs or in maps stained with peptide bond
spray (52); an example of such a peptide is indicated by an arrov in
Fig, 3f. This particular peptide was eluted from the Hhl and Hb2 maps,
hydrolyzed and subjected to amino acid analysis (53}, yielding in both
cases identical amino acid pattemns which contained Asp, Phe, Glu, Thr,
Leu, Ileu, Val, Ser, Ala, Gly, and Arg. The dansyl chlofide procedure
(54) indicated that Val is the N-terminal amino acid on this peptide;
this amino acid is known to stain slowly with ninhyarin [W. R, Gray,
personal commmication],

It should be mentioned that the core which remains insoluble
following trypsin treafment is very small (approximately 5%) when the
hemoglobins are reduced and carboxymeth&lated prior to the enzvmic
hydrolysis. The argihine plus lysine content of Ibl and Hb2 (66 and
63, respectively) (2) is in close agreement with the number of peptides
observed in the tryptic maps (Figs. 3), assuming each protein to have
the structure c£2/32 . As shown in Fig, 3f, there are approximately
25 comron peptides, 7 peptides specific for Hhl, 6 specific for b2, and
several additional peptides which overlap and cannot élearly be assigned
to any of these categories,

Although the above studies suggest that there are identical
amino acid scquences in Hbl and Hb2, they do not indicate whether the
hemoglobins share cormon ¢{-or B- chains, In order to investigate this
question, the hemoglobins were fractionated in denaturing conditions in
which they would be expected to be disrupted into component polypentide

chains, Fig, 4 shows gel filtration (Senhadex G-100) of chicken globin
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under such conditions (8 M urea, titrated to pH 3.5 with formic acid),
The globin separates into two main peaks labeled "I' and "TI'; however
following reduction of the protein with 2-mercaptoethanol, only a
single major peak, labeled "IJI'" is obtained, One possible explanation
of this result and of the peak positions is that I, II, and III repre-
senf, respectively, inter-chain disulfide bonded polypeptides, intra-
chain disulfide bonded polypeptides, and open single chain polypeptides.
In accord with this explanation is the finding that reduced and car- -
boxymethylated globin migratés in position ITI, The finding that HL1
and Hh2 both contain 8 residues of cysteine (2) is consistent with the
~ hypothesis that the globin chains might form intra-chain disulfide bonds,
possibiy‘during the experimental manipulations, Tn order to eliminate
complications arising from disulfide bonding, attempts to fractionate
chicken globin into constituent polypentide chains were carried out with
protein which had been previously reduced with 2-mercaptcethanol and
then carboxymethylated by reaction with icdoacetic acid,

Fig, 5 shows acrylamide gel electrophoresis of reduced and
alkylated chicken globins in 8 M urea, 5% formic acid, pH 1,7. The Hbl
globin migrates slightly faster than the b2 giobin, although a complete
separation is not obtained, Furthermore, no resolution of e¢-and B-

chains is observed with either globin, Although able to deronstrate that
at pH 2,0 or below chicken hemoglobin is dissociated into quarter-molecules
of molecular weight roughly 17,000, Sasakawa et al {1R) were also unahle
to resolve the globin into two different polypeptide chains by electro-

phoresis, colum chromatography, or countercurrent distribution,
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Plgure 4, Gel filtration of chicken globin through Sephadex G-100 colurms
in 8 M urea, titrated to pll 3,5 with formic acid, Globin was dissolved

in 8 M urea, 0,03 M tris buffer, p!l 9,0, Onec portion was immediately
adjusted to pH 3.5 with formic acid. A second portion was adjusted to
0,02 M 2-mercaptoethanol and left for 10 h at room te*nnerature. Both
portions were then thoroughly dialyzed against 8 M urea, pi! 3,5 prior

to placing them on 30 cm colums of Sephadex G-100 ')revwwsly eqmlj brated
with 8 M urea, pH 3,5, Positions of elution of cytochrome c (molecular
weight, 12 300) and ty1os1ne (rolecular weight, 181) are shown,
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Figure 5, Acrylamide gel electrophoresis of reduced and carboxymethvlated
chicken globins in 8 M urea, 5% formic acid, pli 1,7, The four samles
on the left were reduced and alkylated independently of the three samples
on the right (indicated by primed nunhers). It is not known whether the
faint hands following the main hands toward the cathnde represent exces-
sively alkylated polypentides (e.g., allkylation of lysine side chains) or
real microheterogeneity of the polvpentides, However, the difference
between the left and right sets of globin samples in the proportion of
these minor bands favors the first interpretation,
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Kinetics of amino acid incorporation into chicken ervthrocyte sub-

cellular fractions

The method employed for subcellular fractionation of chicken
erythrocytes is described above (see MATERIALS AND METHODS), The general
out;ine of the fractionation is shown in Fig, 6, Approximate mass
yields and chemical compositions of the subcellular fractions are pre-
sented in Table I, This procedure gives high yields of nuclei which
appear, however, slightly contaminated with cytoplasmic tabs; presumably
these tahs contain materials of the endoplasmic reticulum, Washing of
the nuclei with physiological saline results in extraction of roughly
25% of the protein; this proteiﬁ extract ("nuclear soluble fraction'’)
contains Ibl, but not Hb2, plus approximately 50% by weight of non-
hemoglobin protein, The extracted nucleil are then sheared in low ionic
strength media in the ahsence of divalent metal ions so as to chbtain sol-
ubilized chromatin plus a small amount of insoluble residue, Compared
with some other types éf animal cells (55), shearinc of chicken ervthrocyte
nuclei solubilizes a larger percentage of the nuclear DHNA (nearly 100%),

Figs. 7a, b, ¢ show the kinetics of L-[14C] leucine incorpora-
tion into these subceilular fractions when intact cells from a severely
anemic chicken are incubated in vitrc at 25° As mentioned above, a control
experiment showed that the rate of [14C] leucine incorporation at 25° is
21% as fast as at 37°, In the experiment shown in Figs. 7, a portion of the
cell suspension was exposad to 100 pe/ml puronvcin after 100 min of incor-
noration; the addition of this drug resulted in the corplete cessation

of net hemoglobin synthesis and a ranid lcss of radicactivity from
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Figure 7, Kinetics of L-[14C] leucine incorporation into chicke
erythrocyte proteins, Erythrocytes from severely anemic chickens were
preincubated in vitro at 25° as described previously (MATERIALS AND
METHODS), To theé cell susnension, 0,7 pC/ml (2,62 pC/ud) L-[14C] leucine
was added and incorporation was continued at 25°, After 100 min of in-
corporation, 100 ug/ml puromycin were added to a portion of the cell
suspension, Samples were removed for subcellular fractionation from the
cell suspension incubated in the absence of puromycin after 4, 15, 40,
100, 160 and 280 min, and from the cell susnension incubated in the
presence of the drug after 110, 125, 175, and 300 rin, (a) Ribosores
and supematant fraction; (b) chromosomal histone and non-histone pro-
teins, and nuclear residual protein; (c) Nuclear Fbl and soluble pro-
tein fractions.
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the ribosomes (Fig, 7a). It should be mentioned that with erythrocytes
from severely anemic chickens, at least 90% of the total radioactive
amiﬁo acid incorporated into TCA-precipitahle material does not become
TCA-soluble following puromycin addition, implying incorporation into stable
products, Furthermore, at least 90% of the incorporated leucine is stable
to Nalil treatment, as expected for incorporation into polypeptides, The
non-histone chromosomal protein becomes labeled approximately to the same
specific activity as does the soluble fraétion, whereas the residual |
protein appears to be labeled several times higher than this (Tig, 7b).
Fig, 7c shows a comparison between the labeling of the nuclear Ibl frac-
tion and the protein of the soluble fraction,

As the absolute rate of protein formation is low in chicken
erythrocytes, only a small percentage of the protein moiecules are syn-
thesized &uring the incorporation in vitro, even in the fractions with
the highest specific activities (see Chanter 1), More detailed analivsis
of the [14C] leucine incorporation into these suhcellular fractions is.

described below,

Synthesis of chromosomal histone and non-histons vproteirs

Fig, 8 shows the chromatographic fractionation of f14C] leucine-
labeled chicken erythroéyte histones on an Anberlite IRC-50 colurn (Xindly
performed by Mr, A. Sadgopal), The radioactivity appears associated pri-
marily with the "run-off" peak and with peak "TII+7V'' which contair, resrec-
tively, non-histone protein and the "arginine-rich' histones (56), Althcugh
the unfractionated histones are only weakly labeled as commared with the
other cell fractions (Fig.7b),the arginine-rich histones are anproxirately as

highly laheled as the soluble fraction hercglobins, It seems unlikely that
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this histone synthesis occurred in contaminating leucacytes or thrombo-
cytes (which together account for no more than 0,4% of the total protein
synthesis, as sh§wn by cell autoradiography)., Furthermore, the specific
incorporation of label into only some of the histones strongly argues in
favor of the idea that the synthesis occurred in non-dividing cells..

Fig. 9a shows a ninhydrin-stained peptide map of unfractionated
{14C] leucine-labeled erythrocyte'histones. The peptides observed could
not derive from the run-off protein hecause the quantity of the latter
protein is toco small (Fig. 8), Tig., 9b shows the corresponding auto-
radiographic peptide map, which appears very weak due to the low degree
of labeling, There is a correspondence of the autoradiographic with the
ninhydrin spots, consistent with the conclusion that the [14C] leucine
is incorporated into histone polypeptides,

Figs. 9c, d show, respectively, the ninhydrin-stained and
corresponding autoradiographic peptide mans of [14C] leucine-labeled
chramosomal non-histone protein, Characteristic of the peptide map of
this fraction is a leucine-containing streak which migrates away from the
origin in the electrophoretic dimension, Prior NNase-treatment of the
non-histone protein fraction did not affect these patterns. Comparison of
the two mapé (Figs, 9c, d) stronglf suggests that the [14C] leucine is
incorporated intc the non-histone protein rather than into an unrelated,
contaminating material, The cause of the streaked appearance of some of
the peptide maps is unclear, but is renroducible and characteristic of
~ certain of the protein fractions, Possibly, the streaked peptides are
nearly insoluble in the electrophoretic buffer, and slowly become solubilized

during the electrophoresis,
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Figure 8, Chromatographic fractionation of chicken erythrocyte histones
on Amberlite IPC-50 columns (84), kindly performed by Mr, A, Sadgopal,
The histones employed here were also used in the pentide mapping (see Fig

9.
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Figure 9, Comparison of ninhydrin-stained with autoradiographic peptide
maps of [14(3] leucine-labeled chicken erythrocyte histones and of
chromosomal non-histone proteins, (a) histone, ninhydrin-stained; (b)
histone, autoradicgram; (c) non-histone fraction, ninhydrin-stained;

(d) non-histone fraction, autoradiogram. 3 mg of each trypsinized
fraction were applied to the origin, Exposure time for autoradiographic

mans, 60 days,
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Synthesis of nuclear soluble proteins

Figs, 10 a and b show a comparison of the chromatography of
(14C] leucine-labeled soluble fréction and nuclear soluble proteins,
Whereas the chicken erythrocyte solﬁble fraction contains Hbl and
Hb2 in the approximate ratio 3:1 as previously described (Fig, 1), the
0,14 M NaCl extracts of purified nuclei (nuclear soluble proteins) do
not contain 1b2; this result was previously reported by D'Amelio and
Salvo (19). The nuclear soluble proteins appear relatively enriched
in non-hemoglobin proteins which constitute roughly 50% of the fraction
by weight, Figs, 11 a and b show the ninhydrin-stained and corresponding
autoradiographic tryptic peptide maps of [14C] leucine-labeled nuclear
soluble fraction., That the non-Ilbl protein in the nuclear soluble
fraction is heterogencous is suggested by the fact that only Hbl peptides
can be clearly and reproducibly seen in the ﬁaps.

As seen in Fig, 10, and to a lesser extent in the experiment
sﬁown in Fig. 7c, the nuclear bl chromatographic fraction has a higﬁer
cpm/ A542 {(roughly 2.5-fold in Fig, 10) than does the soluble fracticn
hemoglabin, Tt was shown previously that roughly 96% cf the [14C] leucine
incorporated into the supemnatant fraction is in hemoglobin and that the
specific radioactivities of Ibl and tb2 in this fraction are equal (Fig. 1:
see also chanter 1), It has also been repeatedly found that the specific
activity difference between the two hemoglobin fractions decays gradually
following inhibition of [14C] amino acid incorporation with puroﬁycin
(for exarple, Fig, 7c) or follcwing.a "chase'" using a large excess of

[126] amino acid,

One would, in fact, expect that the snecific activities of !bl
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Figure 10, Microcolumn chromatography of [14(1] leucine-labeled soluble
fraction and of nuclear soluble fraction, Erythrocytes from a severely
anemic chicken were incubated at 37° as described prixiously (MATERTALS
AND METHODS), The cells were exposed to 2 uC/ml L-{*"C] leucine (13.1
pC/pM) for 15 h at 37° prior to cell harvesting and preparation of
fractions for chromatography, One ml fractions were collected, The
elution emloyed stepwise increase of ionic strength as follows (fraction
numbers indicated in parentheses): 0,075 M (1), 0,15 M (2), 0,20 M
(3,4, 0.,25M (5-11), 0,40 M (12-18), (a) Soluble fractien, (b)
Nuclear soluble fraction, -e-e- , Ac42; -~ -8-, Apgg; —o—o, Tadlo-
activity, ' '
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Figure 11, Comparison of ninhydrin-stained with autoradiographic peptide
maps of [1 C] leucine-labeled nuclear soluble fraction, ( (a) mnhvdrln-
stained, (b) autoradiogram, 3 mg of the trypsinized fraction was apnlled
at the origin. Exposure time for the autoradiogram, 60 days,
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in the two erythrocyte subcellular fractions would he equal because

there is a rapidly-established exchange equilibrium between Hbl hound

to isolated nuclei and free Ibl added to a nuclear suspension (e,g,, see
¢hapter 3). A similar exchange between bound and free proteins of the
nuclear soluble fraction has been demonstrated by Barton (57) in other
isolated animal cell nuclei, Therefore, the 1abeling difference observed
between the sbluble fraction Hbl and the nuclear Hbl chromatogravhic peaks
probably arises from [14C]leucine-labe]ed contaminant proteins in the |
nuclear Hbl fraction. As a matter of fact, the latter chromatographic
peak ;haracteristically appears roughly 15% contaminated as judged by
Azgo/A

542
labeling of the hemoglobin fractions (Fig. 7c) and the other results

ratio (e.g., compare Figs. 10 a and b), The kinetics of

described here, as well as data described below, are not compatible with
the suggestion (33) that the labeled soluhle fraction hemoglobin malecules
derive from the nucleus via the nuclear soluble fraction,

Ribosomes and growing polypeptide chains

It-is difficult to corpletely remove bound hemoglobin from
chicken erythrocyte rihosomes, The method of ribosome preparaticn
employed in this work involved pll 5 precipitation (29), sodium deoxycho-
late treatment, and centrifugation through a sucrose cushion., Although
the resulting ribosomal pellets looked fairly clear, the extent of
hemoglobin contamination was judged spectrophotometrically to be roughly
5-10% by mass, As shown previously (TFig, 7a), approximately 84% of the
[14C] ieucine incorporated into these ribnsomes was rapidly lcst following
exposure of the cells to puroaycin, Presumably, this radicactivity

was bound to polypeptide chains heing polymerized on the ribcsomes;
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such chains are known to be released by puromycin (58)., The nature
of the remaining 16% radicactivity is unclear; but probably it could
not be campletely accounted for by the contaminating hemoglobin; as judged
on the basis of the known specific activity of hemoglobin in the soluble
fraction (Fig., 7a). Conceivably, some of this residual label is in-
corporated into ribosomal structural proteins, Although there is a net
destruction of ribosomes during chicken erythrocyte maturation (9; see
also Chapter 1), a small proportion of very immature cells might be
engaged in ribosome formation,

A method was developed for stripping the labeled polypeptide chains
from chicken erythrocyte ribosomes and fractionating them according to size
by gel filtration on Sephadex G-100 columns under denaturing cenditions,
Fig, 12 shows the size fractionation of the growving chains.Following [SH]
leucine pulses of 4 min or 15 min at 25°, Chicken globin (reduced with
2-mercaptoethanol) was added as an absorbance marker, The A /A ratio

2807 260
is written for several points along the A2 curve, The radioactivity

80
falls into two main peaks, The first peak off the column contains a
variable proportion of the incorporated [H3] leucine and consists of
large-sized ribonucleoprotein material, resistant to RMNase, The second
ISH]-peak appears to consist of an heterogeneous distribution of labkeled
polypeptides ranging in size between complete globin chains (roughly 150
amino acids) and very small peptides; this peak presumably contains
nascent polypentide chains freed from the riboscmes, After a very short
pulse (e.g., 4 min at 25°) small peptides are, within experimental error,

as highly labeled as after longer pulses; however large pentides the

size of completed clobin chains are more highly labeled after a 15 min
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Figure 12, Size fractionation of [31{] leucine-labeled ribosomal growing
polypeptide chains, Erythrocytes qufom a severely anemic chicken were
incubated in vitro at 25° at 2 X 107 cells/ml as described (MATERIALS
AND METHODSY, ™ Thé suspension was then exnocsed to 20 uC/ml L= [d,S-SH]
leucine (8,2 C/mf) for 4 min or 15 min at 25°; the cells were then
rapidly cooled, and used for preparation of ribosomes, Growing poly-
peptide chains were stripped from the ribosomes in the presence of un-
labeled carrier globin as described in MATERIALS AND MFTHNDS, Flution
of the samples from the 38 cm X 1 on diameter columns of Sephadex G-100
was performed with 8 M urea, titrated to p/l 2.4 with formic acid,
Positions of elution of undigested ribosomes, marker globin, cytochrome
¢ and degraded RNA plus 2-mercantoethanol are indicated. An impurity
in the 2-wercaptoethanol contributes to the A,sq between 37-45 ml of
eluate, Numbers written beside the A,gg nrofile indicate 1\2%/1‘\ 60
ratios for several fractions. The absorbancy profile was fiom the

4 min pulse colum, but an almost equal profile was obtained for colum
containing the 15 min sample,
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pulse (Fig, 12Z), This result is reproducible and agrees with a model

of protein synthesis in which amino acids.are added sequentially at one
end of the "growing polypeptide chains" (42). For pulse times longer
than 15 min (25 min) the distribution of the labeled growing chains was
found to be the same as for the 15 min pulses. Assuming that the [%I]
1eucine.added to the suspension of chicken erythrocytes immediately

enters the cells (which had previously been starved for leucine so as

to deplete the internal pool), the results shown in Fig, 12 also suggest
that it takes roughly 5-6 min at 25°% or probably 1 min at 37° (as basad

on the 5-fold greater extent of protein synthesis at 377), to polymerize

a globin chain, Relatively rapid entry of leucine into the cells is likely,
because there is no detectable lag period between leucine addition te =
cell suspension and the beginning of the linear rate of incorporation into
polypeptides. The possible significance of the [SH] leucine-containing
peak which is resistant“to Riase is umknown, but it has been shown with
polyuridylic acid-direéted polyphenylalanine synthesis that the nascent
chains are rather resistant to RNase-induced release (59); this peak

might therefore contain some nascent chains which the treatment has failed
to liberate,

Figs, 13 a and b show ninhydrin-stained and corresponding auto-
radiographic tryptic peptide maps of [14C] leucine-labeled chicken ery-
throcyte ribosomes; the analogous peptide maps of the erythrocyte solucle
fraction are shown in Figs. 13 c, d for comparison, The faintly-staining
hemoglobin spots in the ribosomal ninhydrin map are expected, in view
of the above-mentioned contamination of the ribosomes with hemozlobin; in

addition to the hemoglobin spots in this map; other pentides may be
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Figure 13, Ninhydrin-stained and autoradiographic peptide maps of t4c
leucine-labeled ribosomes and erythrocyte soluble fractions, (a) ribo-
somes, ninhydrin-stained; (b) ribosomes, autoradiogram; (c) soluble
fraction, ninhydrin-stajned; (d) soluble fraction, autoradiogram. 2 mg
of trypsinized ribosome fraction and 3 mg of trypsinized soluble frac-
tions were applied to the origins., Exposure time for autoradiograms,

60 days,
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visualized, However the low level of contaminating hemoglobin in the
purified ribosomes could not account for the strong intensities of the
hemoglobin peptides as seen in the autoradiographic maps (e.g., Fig. 13b),
It seems reasonable to conclude that glcbin polypeptide chains are being
polymerized on these ribosomes,-in agreement with the nascent chain size
fractionation results (Fig, 12),

Further evidence for this is based on another expectation con-
cerning ribosomal growing polypeptide chains, Because the chains grow
by sequential addition of amino acids at one end (the direction of chain
growth is believed to be from the N-terminal toward the C-terminal end)},
the population of growing chains should be relatively enriched in N-
terminal ends as compared with C-terminal ends (42, 60), Accor&ingly,
relative autoradiographic intensities of the tryptic peptides derived
from [14C] leucine-iabeled globin growing chains on the ribosomes should
be different from the relative intensities cobserved in the tryptic peptides
from [14C] 1eucine-labéled hemoglobin of the erythrocyte soluble fracticn,
Comparison of Figs, 13b and d confimms this expectation., One exarple of
a peptide nearly completely absent from the ribosomal autoradiographic
maps is the leucine-containing peptide indicated by the arrow in Fig, 3f

(see also RESULTS, Hemoglobins nresent in chicken erythrocytes). Probably

this peptide is located near the carhoxyl-terminus of the globin chains,
Some non-hemoglobin peptides, possibly deriviﬁg from riboscmal structural
protein, can also he seen in the autoradiographic ribosomal peptide man
(Fig, 13b).

Following pulse-labeling with radicactive amino acids, and lysis

of the chicken erythrocytes, sucrose gqradients cf the lysates were run by
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methods previously described (9). Only a minority of the radiocactivity
was normally associated with 74 s ribosomal particles (monomers), the
majority being in polysomal aggregates of various size, with sedimenta-
tion coefficients from 110 to 200 s or more. However, as compared with
polyribosomes from rabbit erythrocytes (61), the polysomal distribution
from chicken erythrocytes was shifted toward smaller aggregates, This can
probably be attributed to high levels of ribonuclease known to be present
in chicken erythrocytes (62), The results suggest that in the conditions
of in vitro incubation used in this work, approximately 50% of the ribo-
somes are engaged in protein synthesis and that the polyribosomal aggre-
gate is the site of this synthesis,

Residual fraction

Of all chicken erythrocyte subcellular fractions, the nuclear
residue fraction is the least understood, Conceivably, this material
might derive from structural elements (e.g.,, membranes) of the nuclei or
even from endonlasnmic feticulum which contaminates the nuclear prepara-
tions, In addition, the residue is slightly red-brown in color, presum-
- ably due to low levels of contaminating hemoglobin, Figs, 14 a and b
show ninhydrin-stained and corresponding [14(1] lcucine-labeled auto-
radiographic peptide maps of the erythrocyte residue fraction. Only
relatively weak spots developed in these maps, suggesting that ruch of
the residue protein may be heterogeneous, The peptide patterns visible
in these maps, however, apnear generally similar to those ohtained from
the riboscmes (Figs, 13a and b).

In order to determine more directly whether the leucine-labeled

polypeptides in the residual fraction might be similar to ribosomal growing
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Figure 14, Peptide maps of [14C] leucine~labeled nuclear residual frac-
tion, (a) Ninhydrin-stained, (b) autoradiogram. 2 mg of trypsinized
residual fraction were applied to the origin, Exposure time for auto-
radiogram, 60 days.






Figure 15, Size fracticnation of [JH] leucine-laheled ruclear residual
protein and ribosomal growing polypeptide chajns, FErythrocytes from

a severely anemic chicken were labeled with [“H] leucine, as in Fig, 13,
at 25° for 20 min nrior to isolation of ribosomes and nuclear residue
fractions, Both fractions were analyzed as described in MATERTALS AND
METHODS (Size fractionation of ribosomal growing nolyneptide chains)
except that the Sephadex (-100 colurms measured 435 cm and were eluted with
8 M urea, titrated to pH 3,5 with formic acid,
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chains, the residuc was trcated by mcfhods previously shoﬁn to liberate
‘ growing chains from ribosomes, followed by size fractionation of the
resulting polypeptides on Sephadex G-100 colums, Results of this
experiment are shown in Fig., 15 and are compared with the size frac-
tionation of growing chains from ribosomes isolated from the same batch
of labeled erythrocytes, Like the ribosomal label, the [%I] leucine-
labeled residual protein appears in two peaks, the first containing
large-sized materials and the second having an heterogencous distri-
" bution of peptides ranging from the size of full globin chains dom to
very small peptides, However, whereas appfoximately 95% of the ribo-
somal [31] leucine was soluble in the’8M urea, pll 3,5, following FNase
digestion; only roughly 45% of the [3H] leucine bound to the residue
was soluble and could be applied to the colum, |

It is known that large-scale destruction of rihosomas and
presumably of messeﬁger RNA accompanies avian erythrocyte maturation
(9; also Chapter 1), Furthermore, a rapid loss of ribosomes during
rahbit erythrocyte incubation in vitro (50% loss in 24 h) has been
demonstrated by Marks, Rifkind and DNanon (15). The possibility that
the residual fraction studied here contains inactivated ribosomes in
the process of degradation (presumebly some retaining their nascent
globin chains) is not inconsistent with the kinetics of labeling (Fig.7),
chemical composition (Table 1), nmeptide mans (Fig. 14), or gel filtration
of th¢ labeled polypeptides (Fig, 15). fbviously, however, further
analysis of this fraction is needed before these data can be unequivocally

intermpreted,
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Cytonlasmic localization of nrotein synthesis

To determine the intracellular localization of protein sys-
thesis in erythrocytes from anemic chickens, an autoradiographic study
was carried out on cells submitted to short pulses of [SH] leucine,

Figs, 16 and 17 show representative autoradiograms of erythrocytes
pulsed ét 25° for varying periods prior to rapid fixation with methanol.'
For the shortest pulse times used (3 min), at least 90% of the silver
grains appear over the cytoplasm; however, for longer.pulges, or fol-
lowing a chase with [12C] leucine, the proportion of grains over the
nucleus increased, Figs. 18 present the data in quantitative fomm,

Very similar autoradiographic data were recently described by Scherrer
et al (8).

In erythrocytes from anemic chickens, at least 90% of the
leucine incorporated into TCA-precipitahle material remains precipitahle
following puromycin addition to the cells, or administration of a cold
[12C] leucine chase, Consequently, the increasing proportion of silver
grains located over the nucleus rust reflect a slow migration of labeled
proteins from the cytoplasm into the nucleus, An autoradicgraphic
experiment was also performed with mature erythrocytes from normal
chickens, with nearly identical results to those described here, Ilowever,
roughly 50-60% of the radioactive leucine incorporated into mature chicken
“erythrocytes is degraded into TCA-soluble material following a cold chase
or puromycin treatment; and this complicates the interpretation of the
increésing pronortion of nuclear grains,’

In the experiments shown here, roughly 93% of silver grains are

localized over the cytoplasm after a 3 min pulse at 25°, Since it takes



Figures 16 and 17, Erythrocyte autoradiography, following [3H] leucine
incorporation at 25°, Erythrocytes from a severely anemic chicken were
incubated at 2 X 109 cells/ml at 37° so as to deplete the endogsnous
leucine pool (MATERTALS AND METHODS), and were then pulsed at 25° with
100 uC/ml L-[4, 5- 3] leucine (8.2 C/mf), After 12 min incornoration,
a portion of cell suspension was given a cold chase with a 200-fold
excess of unlabeled leucine, Fig, 16, (a) 3 min pulse, (b) 5.5 min pulse,
Fig, 17, (a) 75 min pulse, (b) 185 min pulse.
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- Figure 18, Quantitative aspects of the cell autcradiography, The same
experiment is described in Figs, 17, 18, (a) Percent nuclear grains
plotted versus time of incorporation, (b) Average grain count per cell
above background per day of film exposure at 2°, plotted versus time of
incorporation, Such an erythrocyte suspension (1.0 ml) incorporates
approximately 0,083 M leucine/h a% 37° (see Chapter 1), or anproximately
0,016 ;M/h at 25°, The 0,013 M [“1I] leucine added to the cells would
be expected to be depleted after roughly 50 min at 25°, This explains the
cessation of net incorporation which occurs even in the abscnce of the
cold chase, ©—o— , no cold chase given; @0---w-, cold chase administered
after 12 min incarparation. The vertical lines through the peints in [z}
represent the standard deviations of the percent nuclear grains,
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approximately 6 min at 25° to synthesize complete globin chains on the
ribosomes (Fig. 12), after a 3 min nulse roughly 75% of the incorporated
-amino acid should still be localized on the ribosomes at the site of
synthesis, Therefore, protein formation occurs primarily in the
cytoplasm,
DISCUSSION

Heterogeneity of chicken hemoslobin

Many pfeVious investigators have found adult chicken erythro-
cytes to contain two main hemoglobins, bl and Ib2Z, in the approximate
ratio 3:1 (1-4, 17, 19, 24, 63), in agreement with the results described
here., In addition to these hemocglobins, which have different amino acid
compositions (2, 16), several of the above workers have also reported a
more acidic'tb in relatively very low concentration (approximately 1% of
the total) 17, 19); however it is not knowm whether this latter component
contains polypeptides of distinct amino acid sequence, or whether it re-
presents a secondarily altered protein such as is responsible for somé of
the heterogeneity of human adult and fetal hemoglebins (64, 65) or of
cytochrome ¢ from various species (66), Slight oxidation of the hemo-
globin iron can also cause marked chromatograrhic changes (17, 67).

An electrophoretic pattemn containing 5 hemoglobin bands was
described hy one group {22) that lvsed the chicken erythrocytes by freeze-
thawing., It has recentl;} been shown by Sanders (63), however, that
freeze-thawing of chicken hemoglobin solutions results in formation of
several electrophoretic comonents in addition to the Hbl and Fb2 char-
acteristic of the fresh, untreated solutions, Similarly, aged chicken

oxyvhemoglobin solutions exhibit an increased hstorogeneity (3).
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Hashimoto and Wilt (68) have rccently resolved chicken hemoglobin into

5 electrophoretic components after precipitating the protein with

(NH,) 2304 and passing it through anion exchange columns using phosphate
buffers, Chicken hemoglobin 'LS known to react with inorganic phosphate
in a complex manner, giving rise to additional electrophoretic bands (4).
It should be mentioned that freeze-thawing (69) and aging of protein
.solutions can stimulate disulfide bonding, which is known to be respon-
sible for artificial heterogeneity of mouse hemoglobins (70) and turtle
and frog hemoglobins (71). In the present work, it has been shown by
gel filtration of chicken globin on Sephadex G-100 columns under de-
naturing conditions, that disulfide bonding is probably respensible for
the size heterogeneity observed (Fig. 4); therefore, reduc;ed and carbo-
xymethylated globin was used in all experiments designed to detérmine
heterogeneity of the globin polypeptide chains, As discussed below,
there was no clear resolutiocn of o« and B- chains upon electrophoresis
of reduced and carboxymethylated globin in denaturing conditions (8M urea,
5% formic acid, pH 1.7); however several bands were often obtained using
non-reduced .chicken globin, as would be expected from the size hetero-
geneity of this material (Pig. 4), Using similar conditions of electro-
phoresis in starch gels, Hashimoto and Wilt (68) also observed scveral
bands with non-reduced chicken globin, Although it cannot be concluded
definitely that /bl and ib2 are homogeneou_s proteins, the apparent
extreme heterogeneity found by some workers (22, 68) using conventional
separation methods appears inconclusive in view of the wide variety of
conditions known to produce artificial chicken hemoglobin components

(3, 4, 17, 63).
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In the present work, Hbl and nﬁz were compared by imnuno-
chemical methods, and the reduced and carhoxynmethylated proteins by
peptide mapping techniques, The results suggest that the two proteins
differ in structure, hut that many common amino acid sequences exist
(Figs. 2, 3). At least 95% hy mass of the reduced and carboxymethylated
hemoglobins were soluble in the tryptic digests, and the number of
peptides obtained agrees closely with the arginine plus lysine content
of the proteins (2), under the assumption that the hemoglobins have ;he'
structure 8,B,. These data do not agree with the structure Py or 32*

. . s : . F
which occur in certain human anemias [Pﬁ (Hh-H) or JQ (tlb-Bart's)]

(72)« The reduced and carboxymethylated Hb1l and ib2 proteins were also
subjected to acrylamide gel eiectrophoresis (Fig, 5} under conditicns
in which chicken hemoglobin is known to be dissociated into quarter-
molecules of molecular weight approximately 17,000 (18), However with
ﬁeither protein was there any clear resolution of (- and B- chains;
Sasakawa et al (18) were also unable to resolve chicken hemoglobin into
two different polypeptide chains by electrophoresis, column chromato-
graphy or countercurrent distribution, The results suggest that there
is no gross heterogeneity of the reduced and carboxymethylated hemo-
globin polypeptide chains, in agreement with the interpretation that
bl and IH2 may be single proteins, However the results do not show
whether Hbl and Hh2 contain a conmon subunit polypeptide, or whether
the amino acid sequence similaritiles occur within related, but non-

identical, polypeptide chains,
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Synthesis of chicken ervthrocyte proteins

The blood of anemic chickens contains mainly erythrocytes
late in the process of cellular differentiation, Not only are these
cells non-dividing, but their capacity for RNA and protein synthesis
progressively declines during maturation, and their RNA content de-
creases (7; also Chapter 1), Furthermore, chromosomal condensation
appears to accompany the maturation process (5, 8, 73), The loss of
capacity for macromolecular syntheses and the cessation of cell division
‘are typical also of other cell differentiation processes, including
those of mammalian erythrocytes (14), musﬁle cells (74), exocrine
pancreas cells (75), and chick embryo lens cells (76, 77).

The pattern of protein synthesis in erythrocytes from the
blood of anemic chickens has been analyzed at the molecular level not
only by measuring total incorporation of radioactive arino acids into
various fractions, but by other methods including autoradiographic
peptide mapping. All of the protein synthesis is sensitive tc puromycin
inhibition; purémycin is known to cause release of incomplete peptide
chains from ribosomes by substituting for aminoacyl-transfer ENA at the
growing end of the peptide chains (58, 78, 79), Localization of protein
synthesis predominantly in the cytoplasm is implied by the cell auto-
radiography (Figs. 16, 17, 18), in comlete agreement with the data of
Scherrer et al (8), and by the knowmn localization of avian erythrocyte
RNA in the cytoplasm (12, 80), The results obtained here are incompat-
ible with the view (33) that the hemoglobin molecules are synthesized
in the nucleus; or that the labeled cytoplasﬁic hemoglobin derives from

the nucleus via the nuclear soluble fraction. As discussed ahove
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(RESULTS, Synthesis of nuclear soluble proteins), this latter protein

fraction does not appear to be a metabolic precursor of the cytoplasmic
soluble protein, At most 5-10% of the protein synthesis appears to occur

in the nucleus in agreement with the experiments of Scherrer et al (8).

Growing polypeptide chains were stripped from the rihosomes
and fractionated according to size by gel filtration on Sephadex G-100
colums under denaturing conditions (Fig. 12), After a 4 min pulse with
[3H) 1eﬁcine at 25°, the short chains are as highly labeled as aftef
15 min or 25 min pulses, However, long chains the size of comleted
globin polypeptides (approximately 150 amino acids) are only roughly
70% laheled, as compared with the longer pulses, On the one hand, this
result is consistent with the well-established model of protein syn-
thesis in which the nascent chains grow by sequential addition of amino
acids to one growing end (42) which is knowun to be the carboxyl-terminal
end (42, 60), On the other hand, these data suggest that it Tequires
roughly 6 min at 25°, or probably 1,1 min af 37° (based on the 5-fold
greater extent of protein synthesis at 37° than at 25°), to polymerize
a complete globin chain., Implicit in these latter estimates is the
assumption that entry of [SH] leucine into the ervthrocytes (previously
the cells had been depleted of endogenous leucine) is very rapid relative
to the globin chain synthesis, This is probably a valid assumption and

is discussed above (see RESULTS, Ribosomes and growing nolyneptide chains),

It has been estimated previously by other methods that it requires
approximately 1 min at 37° to synthesize rabbit globin chains (81, 82).

Globin-specific tryptic peptides can be identified in the autoradicgraphic
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tryptic peptide maps of [14¢] leucine-labeled ribosomes (Tig. 13b),
further demonstrating that the ribosomes are the site of chicken hemo-
globin synthesis,

In view of the decline of'RNA synthesis (7) and the chromcsomal
condensation (5, 73) which accompany chicken erythrocyte maturation, it
is of interest that chromosomal proteins, both histone and non-histone,
are being synthesized in these non-dividing cells, The low level of
histone synthesis consists selectively of the arginine-rich histones
(Fig. 8). Selective formation of arginine-rich histones was previously
observed by Chalkley and Maurer (56) in several other tissues consisting
mainly of non-dividing, differentiated cells, The incorporation of [14C]
leucine into the-erythrocyte histones is inhibited by puromycin (Fig. "),
suggesting incorporation into newly-formed polypeptide chains, Previous
work with chicken erythrocytes had shown that this cell population

synthesizes roughly 0,1% of its protein content per h incubation in vitro
yn gy prot I n

s

at 37° (Chapter 1). The arginine-rich histones are synthesized at roughly
the same rate as are the hemoglobins, and therefore also at approximately
0,1% per h incubation at 37°, Such a low abhsolute rate of synthesis need
not signify a turnover of INA-bound histones as was suggested by Chalkley
and Maurer (56)., At the present time there does not appear to exist any
unequivocal evidence for a degradation of histones bound to DNA, Con-
ceivably, the synthesis of the erythrocyte chromosomal proteins is
causally related to the chromosomal condensation and concomitant decline
of RNA synthesis, Experiments by Harris (73) using hybridization of
chicken erythrocytes with e La cells suggest that inhibition of RMNA

synthesis in the erythrecyte nuclel eppears to parallel the chromosomal
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condensation.

A slow migration of‘[%{] leucine-labeled proteins from the
cytoplasm into the nuclei is suggested by the results observed by cell
autoradiography (Fig. 18). Incorporation of labeled leucine into the
chromosdmal proteins or into the nuclear residual fraction is not
preceded by a lag peried (Fig. 7h), suggesting that the label trans-
ferred into the nuclei, as scen -in the cell autoradiography, is not
transferred into these protein fractions, More probably, there occurs
a slow migration of labeled hemoglobin molecules from the cytoplasm
into the erythrocyte nuclei, Approximately 20% of the dry weight of
chicken erythrocyte nuclei is hemoglchin (83), Cytological data suggest
that the nuclear hemozlobin solution lies in chamnels between the
condensed chromosome rasses and is continuous with cytoplasmic hemo-
glohin solution through pores in the nuclear membrane (34), Since
cytoplasmic membrane breakage results in the 1oss of hemoglobin from
the intranuclear channels (33, 34), it has been pronosed that the
nuclear pores are open, allowing passage of hemoglobin molecules, The
cell autoradiography experiments reported here support this model of
the nuclear membrane, Tt has alse been found (unpublished results)
that the Fbl:lb2 ratios are identical in the nuclear and cytoplasmic
solutions, suggesting that passage across the miclear mermbrane is not

selective for either hemoglobin,
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Chapter 3

THE NUCLEAR HEM)GLOBIN OF CHICKEN ERYTHROCYTES

IN'I‘RDDﬂ CTION

Evidence based on a variety of techniques has shown that
heroglobin is present within avian, amphibian and reptilian erythrocyte
nuclei, as well as within marmalian erythrocyte nuclei prior to nuclear
loss during cellular differentiation (19, 21, 33, 34, 85-88). Davies
(34) has presented evidence that the concentration of hemoglohin within
chicken erythrocyte nuclei is the same as that in the cytoplasm (approxi-
mately 340 mg/ml , or 5,0 mM) and that the nuclear hemoglobin solution
bathes the chromosome masses, Single red cells from adult chickens con-
tain two different kinds of hemoglobin in the ratio Ibl:Ib2 equal to 3:1
(4, 23); this ratio is maintained both in the nuclear and in the cyto-
plasmic solutions (Kabat & Attardi, unpublished observation).

The extremely high concentration of hemoglobin surrounding the
chromosomal masses raises the possibility that hemoglobin influences the
structure and function of the erythrocyte chromosomes, In this paper,

- some chemical properties of chicken erythrocyte chromosomes are descrihed,
It is shown that one of the chicken hemoglobins, b1, binds in vitro and
possibly in vivo to these chromosomes,

MATERIALS AND METHODS

Cytological staining

Cytochemical staining specific for hemoglobin was performed
using o-dianisidine (21), Stages of erythrocyte differentiation were

identified hy the criteria of Lucas and Jamroz (5).
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Peptide maps

Reduction of protein disulfide bonds with 2-mercaptoethanol,
sulfhydryl alkylation with icdoacetic acid, and tryptic peptide mapping
‘procedures have been described previously (46; see also Chapter 2),

Isolation of chicken erythrocyte nuclei

Methods used for homogenization of erythrocytes from normal
adult chickens and isolation 6f chicken erythrocyte nuclei in low ionic
strength media have been described (see Chapter 2), Such nuclei contain
25% by weight ''nuclear soluble proteins", proteins extractable with
0.14 M NaCl but not with low ionic strength Buffers. Approximately 50%
by weight of these proteins consist of Hbl (see Chapter 2), Chromatin
was purified from these nuclei by the two following methods,

(1) Magnesium_précipitation method

Nuclei from 3 ml packed ervthrocytes were washed 3 times, by
centrifugation, in 25 ml of SSC/40 (a forty-fold dilution of 0,15M NaCl,
0.015M sodium citrate) and were then sheared in 25 ml of SSC/40 either
in a Virtis homogenizer at 25 volts for 90 sec or by sonication at 7,5
aﬁps for one min with a Branson sonifier [Model (S125) fitted with a
solid horn]. The preparation was then centrifuged at 10,000 g for 15
min, The supernatant, which contains at least 95% both of the nuclear
INA and of the hemoglobin, was adjusted to 0.0024* magnesium acetate to
precipitate the chromatin-nuclear soluble protein corﬁplex; the latter
was sediﬁented by centrifugation at 10,000 g for 10 min, Purified
chromatin was obtained by extracting the comlex with 20 ml of 0,14
NaCl, 0,0024M magnesium acetate, 0,005 Tris buffer, pi 7.2, followved

by sedimentation of the chromatin at 10,000 g for 10 min,
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(2) Sucrose sedimentation method

An alternative method of chromatin purification employed
nuclei from which the nuclear soluble proteins were femoved by extrac-
tion with 0,14M NaCl, In this case, the extracted nuclei from 3 ml of
packed erythrocytes were washed twice with 25 ml of saline-FDTA (0,075M
NaCl, 0.024M‘sodium EDTA, pH 8), followed each time by sedimentation at
1500 g for 10 min, The chromatin was then purified by the sucrose cen-
trifugation method of Marushige and Bonner (55).

‘Preparation of proteins

Nuclear soluble proteins were obtained from erythrocyte nuclei
(isélated from 3 ml of packed erythrocytes) by two extractions with 4 ml
of 0,14 M NaCl, 0.6024M magnesiﬁm acetate, 0,005 M tris buffer, pli 7,2,
each extraction followed by sedimentation at 7,000 g for 10 min, Cen-
trifugation of the extracts in the Spinco 40 rotor at 105,000 g for 3 h
yields a small pellet whlch contains some ferritin but nF011”1ble ribo-
somes as seen in the electron microscope; this pellet was diSLaTd d. In
- a few cases, the nuclei were alternatively suspended in SSC/40 containing
0,0012 M magnesium acetate (to give approximately 2 mg DNA/ml) and the
nuclear soluble proteins were extracted by treatment for 30 min at 37°
with 10 mg/ml pancreatic DNase (Worthington) followed by centrifugation

at 10,000 g for 10 mln. This WNasc treatment released approximately 60%

of the deoxyribose from the nuclei and 80% of the hemoglobin.

Approximately 90% of the erythrocyte hemoglobin was present
in the first supernatant following cell homogenization, Rihosomes were
sedimented from these supernatants hy centrifugation at 105,000 g for

3 h; the resulting hemoglobin soluticns will bz referred to as "total
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cell hemoglobinf.

Preparation of chicken hemoglobin labeled with L-[14C] leucine
has been described (Chapter 1), Radioactive samples were precipitated
with 5% trichloroacetic acid, filtered onto millipore membranes, and
countea in a Nuclear-Chicago gas flow counter, Corrections were made
for efficiency of counting,

Chromatographic purification of chicken hemoglobins on _
. Aﬁberlite TRG-50 colums (Fhllinckrodt CG;SO, 200-400 mesh, 10 meq./2)
has been described (Chapter 1),

Protein preparations were dialyzed versus 0,005M tris buffer,
pH 7.0, containing 0,005M K(N, and were stored in a nitrogen atmosphere
in Thunberg tubes,

- Spectrophotometric measurements

Absorbance readings were made with a Zziss P'NIT spectro-
phdtometer. Concentrations of oxyheroglohin salutions in mg/ml were
obtained using the factors 1,14 x 0,0, at 542 mp (30) or 0,108 x N,D,
at the Soret band at 414 mu, Molar extinction coefficients were calcu-
lated from these experimentally determined constants by using the value
6,8 x 10* for the molecular weicht of avian hemoglobin (2, 89).

Melting profiles of INA and chromatin were determined using a
Gilford mecdel 2000 multiple sawmle absorbance recorder equipped with a
temperature controlled cuvette holder having a constant heating rate of
0.67° per min., Determinations were made in 0,015Y NaCl, 0,0015% sodium
citrate, DNA for melting controls was purified from chicken erythrocyte

nuclei by the Marmur procedure (90),
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‘Chemical analyses

INA and RNA were fractionated by the Schmidt-Thanmmhauser
procedure as modified by Ts'o and Sato (47), TNA was determined by
the diphenylaminé method (48) using D-deoxyribese as standard, and RNA
by the orcinol reaction (28) using D-ribose as standard,

Histone was extracted with 0,2M HC1 (4°, 30 min), precipitated
with 20% frichloroacetic acid and assayed by the method of Lowry, Rose-
brough, Farr and Randall (43) using purified chicken erythrocyte histoné
as standard. After removal of nucleic acids by heating in 5% trichloro-
acetic acid at 90° for 15 min, non-histone protein was determined on the
0.2M HCl-precipitable material by the method of Lowry et al. (43) using
bovine serum albumin (Sigma) as standard,

Measurement of hemoglobin-chromatin binding

Chicken erythrocyte chromatin was resuspended 3 times in
binding buffer (to give approximately 1 mg DNA/ml), followed each time
by centrifugation at 10,000 g for 10 min, The binding buffer depended
on the particular experiment, but always contained at least 0,002(M
magnesium acetate, Cacodylic acid buffers were prepared from sodium
cacodylate as described by Comeri (51), The nH of cacodylate buffers
increases slightly upon temperature increase; consequently, pH was
adjusted to the desired value at the temperature at which binding was
studied, One-half ml hemoglobin samplés at varicus concentrations in
biﬁaing buffer were mixed with 1,5 ml suspensions of chrcmatin (con-
taining approximately 1,2 mg INA/ml} in the same buffer, After one
h equilibration at 4°, the chromatin was firmly sedimented at 10,000 g

for 10 min, and the supernatant hemoglobin was removed, Complexed
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hemoglobin was extracted from the chromatin with 2,0 ml, of 0,25M NaCl,
0.0024M magnesium acetate for 15 min at 4°, followed by centrifugation
at 10,000 g for 10 min, Complexed and free hemoglobin concentrations
were determined spectrophotometricaily at the Soret bands, DNA remaincd
quantitatively associated with the pellets throughout these procedures
_and.was analyzed by the method of Burton (48).
RESULTS

Cytological stainine for hemoglobin

Cytological staining for hemoglobin in erythroid cells from
the bone marrow of an adult chicken is shown in Fig, 1, The heroglobin
increase during erythrocyte differentiation is accompanied by nuclear
condensation and by other morphological changes, such as transition from
round to oval shape, Regions containing hemoglobin are visible in the
nuclei and surround the relatively less stained chromosomal masses,
Since there are no membranes or other diffusion barriers within the
nuclei (34), it may be concluded that nuclear hemeglobin solution is in
direct contact with the chicken erythrocyte chromosomes,

According to Davies (34), pores in the nuclear membrane comnect
-the nuclear and cytoplasmic hemoglobin solutions, These pores apparently
allow diffusion of hemoglobin molecules since cytoplasmic membrane hreak-

age is accompanied by loss of nuclear hemoglobin from the interchromosomal

spaces (33, 34), Furthermore, autoradiographic studies suggest that hemo-
globin rmelecules synthesized on polyribosomes in the cytoplasm can migrate
into the nucleus, implying that there occurs, in vivo, a mixing of cyto-
plasmic and nuclear hemoglohins (see Chapter 2),

0O'Brien (21) reported that hemoglobhin first apnears during chick
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- Figure 1, Cytochemical staining of hemoglobin in bone marrow cells from
an adult chicken, [Erythrocyte differentiation occurs in the sequence

- (1) blast cell, (2) late erythroblast, (3) early polychromatic ervthro-
cyte, (4) mid-polychromatic erythrocyte, (5) late nolychromatic erythro-
cyte, (6) reticulocyte or mature erythrocyte (not distinguishable by
this staining procedure), Mature chicken ervthrocytes contain the
normal diploid content of INA (11), Mag'n., X3200,
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erbryogenesis in the nucleoli of the primary generation of erythro-
blasts; he proposed that hemoglobin synthesis was initiated in the
.nucleoli. LExamination of bhone marrow cells from an adult chicken by
the same methods, as shown in Fig, 1, gives no evidence for a pre-
ferential localization of stained material in the nucleoli or nuclei
of the ﬁost immature cells,

Properties of purified chicken erythrocyte chromatin

Table I shows the INA, RNA, histone, and non-histone protein
compositions of purified chicken erythrocyte chromatin, As described
in MATERTALS AND METHODS, two procedures were usedvto isclate the
chromatin, The Mg-precipitation method was developed in this work,
whereas the sucrose sedimentation procedure was used by Marushige and
Bonner (55) to isolate rat liver chromatin, The chemical corpositicns
of the two preparations are similar, although the Mg-precipitated
chromatin contains relatively more non-histone protein, Chromatin
from mature chicken erythrocytes is characterized by a very lov RIA
content as corpared with previously analyzed chromatins (55, 92), Like
other chromatins, however, the mass of histone approximately equals
the mass of MNA,

The two chromatin preparations have almost identical melting
profiles (Fig, 2). The chromosomal ™WA's are considerably stabilized
against heat denaturation as compared with purified chicken erythrccyte
DNA, Tt appears that the chromosomal TNA is directly associated with

the chromosomal proteins,
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TABLE I

(HEMICAL OOMPOSITION OF (HICKEN ERYTHROCYTE CHROMATIN

Mass ratio *1 Mass ratio 112
Mg-precipitated sucrose-sedimented
Component chromatin chromatin
INA 1.0 1.0
RNA 0,014 0,004
[listone 1.00 0,99
Non-histone protein 0,38 0,29

* .
1, Average values of two preparations,
2. Prepared by the method of Marushige and Bonner (55),
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Figure 2, Melting profiles of chicken erythrocyte chromatin and INA,
-0—¢~ purified WA, —0--e- chromatin prepared by the magnesium ion
precipitation method, -g—qa— chromatin, prepared by the sucrose centrifu-
gation method (55).
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s L.

" Isolation and properties of a native hemoglobin«chromosome comlex

(a) Isolation

FChicken erythrocyte nuclei purified in low ionic strength
media are red, due to the presence of heroglobin in the nuclear soluble
fraction (19), The nuclear soluble fraction is fhat class of nuclear
proteins, present in all cells examined, which can be extracted with
0,14 M NaCl, but not with low ionic strength.solutions (57, 93, 94).
Although chicken erythrocytes contain two kinds of heﬁoglobin in the
relative proportions Hhl:lh2 equal to 3:1 (see Chapter 2), the nuclear
soluble fraction contains only the most basic hemoglobin (Hbl) as shown
by D'Amelio and Salvo (19) who used electrophoretic and immunochemical
criteria to identify the proteins, This conclusion has been confirmed
in this study using column chromatography and peptide map analysis to
identify the hemoglobins (see Chapter 2), Tryptic peptide maps of
chicken erythrocyte Hbl, th2, and nuclear soluble fraction are compared
in Fig, 3. The Hbl in the nuclear soluble fraction constitutes approx-
imately 1% of the total cell hemoglobin,

Soluble chromatin has frequently been obtained by shearing
- nuclei or chromosomes in low ionic strength sclutions in the absence of
divalent cations (95, 96). This treatment results in the solubilization
of at least 95% both of the bound hemoglobin and of the DNA in the case
of chicken erythrocyte nuclei, whareas both hemoglobin and DNA remain
insoluble following shearing in the presence of 0.0020M magnesium acetate,
In addition, the solubilized chromatin and the hemoglobin are both pre-
cipitated by addition of 0,N7020M magnesium acetate (see MATERIALS AND

METHONS), TFig., 4a shows sucrose gralient sedimentation of chicken
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Figure 3, Peptide mapping of chicken hemoglobins, In (a) the protein

is Hbl, purified by chromatography, In (b) the protein is the 0,14 M
NaCl extract of purified nuclei, In (c) the protein is Hb2, purified

by chromatography. FElectrophoresis was carried out in the long (vertical)
dimension and chromatography in the short (horizontal) dimension, The
origin is in the lower right-hand corner, The positive electrode was

on the origin side during electrophoresis; the peptides moved toward

the negative side,
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Figure 4, Sucrose gradient sedimentation of Hbhl.chromosome complex,
Nuclei containing bound thl were sheared by sonication in SSf/40 and

the solubilized hemoglobin-chromatin complex was clarified by centri-
fugation at 10,000 g for 15 min (seeATERTALS AND ME THODE),  In panel
(a) 1.0 ml of solubTe corplex was used, In panel (b), 0.2 ml of scluble
complex was adjusted to 0,0012 M maghesium acetate and treated with 10
ug/ml Nase for 30 min at 37°; the sllﬂhfly turbid solution was then
clarified by centrifugation at 10,000 g for 10 min (sece MATERIALS AND
METHODS), The samples were la/ereu onto 25 ml linear sucrose gradients
(10 to 20% sucrose in S55(/40) and centrifuged for 70 min at 25,000 rev./
min in the SW25 Spinco rotor, For nunf'u\d chicken hemog lobm, the ratio
of absorbance at 414 mu relative to absorbance at 260 mu is 3,9,
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erythrocyte chromatin (solubilized by sonication), Hemoglobiﬁ sediments
with the DNA; the ratio of 1b1/INA in this case was 0,2 mass ratio, which
is approximately one hemoglobin molecule per 1,100 deoxyribonucleotides,
The ratio of hemoglobin to DNA is néarly constant throughout the gradicnt;
Pancreatic INase treatment reduces the sedimentation rate of both the
hemoglobin and the chromatin (Fig. 4b).

(b) Influence of salts

The comparative influence of salts of monovalent and of di-
valent metal ions on the Hbl;chromatin binding is shown in Fig. 5, The
binding is inhibited approximatelf 10 times more efficiently by divalent
than by monovalent cations on a molar hasis,

(c) Influence of pll

The effect of pll on Ibl+chromatin binding is shown in Fig. 6,
Increase of pH results in strong inhibition of the chromosome-hemoglobin
interaction,

(d) Reversibility

Evidence that Hbi‘ﬁolecules complexed to chicken erythrocyte
chromatin are in equilibrium with free molecules was obtained by adding
[14C] leucine-labeled bl to unlabeled Hbls:chromatin complex and by then
determining the specific radioactivities of complexed and of free hemo-
globin at intervals following the addition, Table ITshows the data from
this experiment, By 2-3 min following the [14C] hemoglobin addition,
specific activities of bound and free bl molecules were equivalent,

indicating that equilibrium had been achieved,
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Figure 5, Inhibition of Hbls.chromosome binding by divalent and by monova-
lent metal ions, Magnesium-precipitated Hblschromatin complex was sus-
pended at 2,3 mg DNA/ml in 0,005M sodium cacadylate, 0,0024“ magnesium
acetate, pll 6,3, Aliquots of the suspension were adjusted to the salt
concentrations indicated by addition of 2,0M MgCl,, 2.0M CaCl, | 2,00
magnesium acetate, 2,0M NaCl, or 2,0M KC1, After incubation at 4° for

2 h, tubes were centrifuged at 10,000 g for 10 min and absorbance in the
supernatants was measured at the Soret band (414 mp), The Hb1:TVA mass
ratio in the complex used in this study was 0,2, -o—o~ NaCl, --8--.¢--
KC1l, --0---0--MgCly, -0 CaCl,;, ~&—A— magnesium acstate,
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Figure 6, pH influence on hemoglobinschromatin binding, The binding
buffers contained 0,01 NaCl, 0,01M sodium cacedylate, 0,0020 M magne-
sium acetate, Chromatin concentration in the binding mixture was 2,1
mg INA/ml, Portions of chromatin were suspended in 1,5 ml of the buf-
fers, prepared as described by Gomori (91), Samples were analyzed as
described in the legend to Fig, 5,
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TABLE II

REVERSIBILITY OF HEMDGLOBIN-CHROMATIN BINDING

Minutes afger addi-

tion of Cl4-leucine Hemoglobin Specific radioactivity
labelea bl analyzed (com/0,D. 414 mu)

2-3" : Free 76
Bound : 71

8! Frec 72
Bound 79

20! Free 73
Bound 69

40" Free _ 77
Bound 72

130! Free 77
Bound 70

Magnesimn—precipitated Hhl.chromatin complex (see MATERIALS AND METHODS)
was resuspended in 0,03M NaCl, 0,005M sodiun cacodylate, 0,0024M
magnesium acetate, pH 6, 6 at 4o C. The [b1:INA mass ratio in the come
plex used was 0.24 L- [ 4C] leucine-labeled Hbl (2030 cpm/0,D,414 mp)
was added and at intervals following this addition, 2,0 ml, aliquots of
chromatin solution (containing 1,8 mg DNA/ml,) were centrifuged at
10,000 g for 3 min, Bound henoalobln was extracted from the chromatin
pellets “with 2,0 ml, of 0,25M \'aCl 0,0024M magnesium acetate, Absorb-
ance of the hemoglobin fractions at 414 m1 was “determined and aliquots
were assayed for radioactivity as described in MATERTALS AND METHODS,
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In vitro formation of camlexes with purified erythrocyte chromatin

and added hemoglobins

- Binding of isolated I'hl and Hb2 to purified erythrocyte
chromatin was measured as described previously ( see MATERIALS AND
METHODS)., In Fig. 7a, the number of hemoglobin molecules bound per
nucleotide in the reaction mixture is plotted versus the concentration
of umhoimd hemnglobhin for 1hl and 1h? (the binding buffer was 0,03
| NaCl, 0,005M sodium cacodylate, 0,0024M magnesium acetate, pil 6,3),
Chromosomal binding of Hbl is clearly stronger than binding of Ih2,

An attempt can be made to quantitatively analyze such binding

curves according to the simple mass-action expression

ky = é(n-rg (1)

or I.n I (2)
c KK

where zc_d‘is the dissociation constant of the complex, c is the molar
concent;ation of free hemoglobin, n is the number of chromosomal binding
sides per deoxyribonucleotide, and r is the number of hemoglobin molecules
bound per deoxyribonucleotide, According to this treatwent, a plot of
I/c versus T would yield a straight line of slope - .1.,, with the intercept
on the r-axis equal to n (97), If, however, the chro%osomal sites are
heterogeneous in terms of hemoglobin affinity, then a morc detailed treat-
ment may be considered (97); such heterogeneity is indicated by curvature
in plots of E/E. versus T,

Fig, 7b shows the same data as Fig, 7a plotted as r/c versus T,

The binding curves are not straicht lines, 'ouvsver straicht lines cen
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Figure 7, Binding of Hbl and Hb2 to purified chicken erythrocyte chromatin,
1,5 ml aliquots of chromatin (puri fled by magnesium acetate nrec1p1tatlon) ,
in 0,005 M sodium cacodylate, 0,03 M NaCl, 0.0024 M magnesium acetate,

pt 6,3, were mixed with 0,5 ml dilutions of the isolated hermoglobins
dissolved in the same buffer, After 2 h at 4°, samles were centn{uged
and bound and free hemoglobin levels were deteimined (see MATERIALS AND
METHODS, section h), Chromatin concentration in the binding mixture

was 0,77 mg TNA/ml, In panel (a) the hemoglebin bound ner nucleotide

is plotted versus unhound hemoglobin concentratior, In vpanel (b}, r/c

is plotted Versus T (see text), ——o- Hbl, —O—0— 1h2,
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be. drawn which are reasonably close to most of the éxperimehtal points
and these are drawn in the graph, The number of primary binding sites
for Hbl and 1b2 is the same within experimental error (one site per 600
nucleotides)., The differcnce between the hinding of the two molecules

appears to result from the great difference in their binding constants
(Hbl association constant is approximately 15 times larger than that of

Hb2), The values of k, estimated from Fig, 7b are 6,0 X 10°7\ and 8.8
X 1078y for Hbl and b2 respectively,

DISCUSSION

Because of the complex macromolecular nature of the reactants,
it is not possible to understand the hemoglobin-chromosome association
in detaii, That the chromosomal sites which bind Hbl molecules (one such
site per approximately 600 deoxyribonucleotides as suggested by Fig, 7)
may be regions of MNA not coverad with histones is consistent with the
following evidence: (1) Chicken hemoglobin binds more extensively to

purified DNA than to erythrocyte chromatin (cormlexes have becn made

containing one Hb molecule ner 50 deoxyribonucleotides, or having a Hh:

DNA mass ratio equal to 4:1); like the chromoscomal binding, the inter-
action with pure INA is much stronger for bl than for Hb2 (see this
thesis, Part 1I), Hbl is more tasic than Hb2, its isoelectric point being
above pH 8.6 (2); this is consistent with the hvpothesis that bl forms
electrostatic bonds with negatively charsed chromcsomal regions., (2)
Divalent cations are known to strongly intéract with nucleic acid phosnbate

groups (97, 98); this latter interaction often severely inhibits the bind-
ing of other molecules to nucleic acids, end the inhibition has been
used as a probe for detecting icnic interactions involving nucleic acid

phosphates (99), Divalent cations very strongly inhibit both histone-DMA
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interaction (100) and Hbl-chromatin interaction (Fig. 5). (3) The comlex-
ing of protein to a negatively charged region would be expected to
increase the pKa values of titratable amino acids on the protein surface,
thereby leading to a net proton uptake (101). The effect of pH on Hbl.
chromatin binding is consistent with this expectation since pll increase
weakens the interaction (Fig, 6). In histone binding to DNA, there is
an increase in the pKa of carboxyl, histidyl and tyrosyl residues upon
combination of the protein with DNA (102), According to the available
evidence, therefore, the binding of Hbl to the chromosomes is similar
to the binding of histones; it is likely that there occurs an ionic
interaction between positive charges on the protein and negatively
charged TNA phosphate groups,

The following cénditions are believed to approximately represent
the intracellular environment of mature avian erythrocytes from the blood:
0,105 M KC1, 0,025 M NaCl, 0,002 M MgCl,, pHl 7,2 and 42° (6), Fxamination
of Figs. 5 and 6 indicate that the lihlschrorcscme binding is greatly
weakened under these conditions as compared with lower ionic strength cor
lower plf values, In this context it should also be mentioned that tenpera-
ture increase between 4° (the temperature used in the binding studies
reported) and 42° also weakens the binding; however this effect is much
smaller than the effects of pHior salt and was not studied in detail,
However, it is irportant to recognize, as discussed previcusly, that the

in vivo chicken erythrocyte chromosomes are bathed in extremely concen-

trated hemoglobin solutions (5,0 mM, which is 3.8 mM in Hbl in the most
mature erythrocytes), Consequently, although the binding in vivo may be
very weak, the complexing might still be extensive due to the mass action

T s

principle, The data available do not indicate, with any accuracy, the
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possible level of intracellular Hbl:chromosome binding.

| The binding experinmhts reported here werc done in the presence
of at least 0,0020M magnesium acetate, that is under conditions in
which chromatin is insoluble, Non-aggregated chromatin can only be
obtained by shearing ﬁuclei or chromosomeé in low ionic strength in the
absénce of divalent cations (95, 96); moreovef, the soluble product is
insnluble in physinlogical salt conditions (103), X«ray diffraction
studies of nuclei from chicken erythrocytes and from calf thymocytes
in 0,14M NaCl led Wilkins to propose a model of in vive chromoscmes
in which histone bridges link INA molecules into a large three-dimen-
sional aggregate (103, 130), The mechanisms of the NaCl-induced and
of the magnesium acetate-induced nuclechistone precipitaticns are both
likely to be due to action of these salts in masking intcrchain
electrostatic repulsion, thereby allowing focrmation of the labile his-
tone bridges (103). Since salt-aggregated nﬁcleo-histone gives the same
X-ray diffraction pattern as isolated nuclei (103), it seems reasonable
tb infer that the chromatin used in the present study may be structurally
similar to the ig_zizg'chromosoﬁes. Consistent with this idea is the
fact that the morphology of isolated nuclei at the light microscepe level
is well preserved in the binding media employed, Tt should he mentioned
that salt-aggregatea chromatin has a highly hydrated and open structure
and there is sufficient separation of INA molecules for quite large
molecules to diffuse into the chromosomal network (103, 104),

A comon method of fractionating nuclear proteins employs 0,14 M

NaCl extraction of nuclei previously isolated in low ionic strensth media,

and the class of nuclear nroteins so obtained have been termed the "nuclear
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soluble proteins' (57, 93) or the "nuclear globulins'(94). This ¢lass of
proteins differs iﬁ various animal celis (93, 94); moreover, addition of
these proteins back to nuclei in low ionic strength results in rebinding to
the nuclei (57)., Other common features of this class of proteins are their
presence also in the cell cytoplasm (57, 93), and their generally more-
basic character as compared with most of the cytoplasmic soluble proteins
(57, 93, 105), These similar properties of this class of nuclear proteins
suggests that many of these proteins may bind to the nuclei in a similar
| fashion.. By all of the above criteria, chicken erythrocyte Hbl is a
- typical nuclear soluble protein, The evidence described here shows that
the Hbl molecules form ionic bonds to the erythrocyte chromosomes; the
electrostatic interaction is weakened when the ionic strength increases
(Fig., 5), resulting in extraction of the protein from the chromosomes.,
Possibly, the nuclear soluble proteins'constitute a class of weakly-
bound chromosomal proteins., Further studies of the interactions between
the nuclear soluble proteins and thc chromosomes might lead to bréadened
understariding of the possible involvement of these proteins in chromosomal
structure and function, |
It should be emphasized, however, that the binding of nuclear

soluble proteins to the cell nuclei may be in part a consequence of the
conditions of nuclear isolation, For example when the intact cells are
suspended in low ionic strength media for homopenization, there might
occur a chromosom;al'binding by the proteins due to the cell swelling and
consequent decrease in ionic strength, Whatever the factors invelved,

an understanding of this widely studied group of nuclear protein molecules
will contribute to our knowledge of nuclear function and of the relation-

ship between the intracellular and the isolated organelle.
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GENERAL DISCUSSINN

The results have been discussed in each chapter, It is the
purpose of this general discussion to consider some of the findings in a
larger perspective, rather than to review all of the data or to further
discuss'their validity.

The constant ratio of rates of synthesis of Ubl and Hh2
(3:1, respectively) during erythropoiesis in the chicken suggests that the
factors regulating these syntheses (at the genetic and translation level)
operate in a mordinate fashion throughout cell development., The two
proteins are metaholically stable and are therefore present in matire
erythrocytes also in the ratio 3:1, From these results, and from the
known localization éf‘the hemoglobins within single cells (23, 24}, it
may be concluded that the Ibl:Ib2 ratio-in mature cells does not result
from wnequal rates of destruction during cell development of messenger
RNA's (mRNA's) initially transcribed in equal mumbers, In other experi-
ments it has been shown that even after very short pulses with [14C}
leucine (4 and 15 min labeling of an erythrocyte suspension at 25°), the
radioactivity associated with Mbl and Ih2 in the soluble fraction are in
the 3:1 ratio (Chapter 2), This eliminates the possibility that the
nRN¥A molecules are present in equal numbers bﬁt are translated into
protein at different rates as a result of a "modulating triplet" or other
slow step involved in the translation of WhZ wmRNA; if such modulation
occurred, radioactivity associated with Hbl would initially be released
into the soluble fraction relatively faster than that associated with
Hh2 (41), It seems likely, therafore, that the mRNA molecules specific

for the two hemoglobins are initially synthesized in the unequal ratio



141

of roughly 3:1 for Hbl and Hb2, respectively,
a The suggestion that there occurs a coordinate regulation
-of the syntheses of Hbl and th2 is consistent also with the bulk of
evidence concerning the appearance of these hemoglobins in the chick
embryo, Hbl and Hbh2 appear to be formed simultaneously and in approxi-
mately the 3:1 ratio during chick embryogenesis (3, 106, 107}, It is
of interest that the first appearance of Hbl and HbZ in the 6-7 day
chick embryo occurs in coincidence with a decline of formation of the
embryonic hemoglobins (3, 106, 107). It was shown by peptide mapping
that the chicken embryonic hemoglobins differ counsiderably from Hbl
and b2 in amino acid sequence (3). Fraser (108) was unable to resolve
the early embryonic.hemoglobins from the adult Ibl and Hb2, and concluded
that the proportions of bl and Hb2 changed gradually throughout embry-
onic life, An early conclusion of Wilt (109) that Hh2 is already present
in newly-laid eggs is appavently believed incorrect in.later publications
(20, 68)., The earlier work was based on immmochemical criteria; howezver
the rabbit antiserum used clearly contained antibodies directed against
non-hemoglobin materials, It is well known that many egg proteins crosé-
react immmologically with serum proteins (110), and it is likely that
enough highly-antigenic serun nroteins were injected into the rabbits
to stimulate antibody production, In surmary it secems to be well
established that the adult heroglobins, Hbl and Hh2, appear simultaneously
and in the normal adult proportions during chick embryogenesis,

In view of fhe apparent coordinate regulation of Hbl and Hh2Z

syntheses, it is of interest that the tuo hewoglobins havs extensive aminc
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acid sequence homology as suggested by analysis of neptide maps of

“the reduced aﬁd carboxymethylated proteins (Chapter 2, Fig, 3), Each of
the hemoplobins appears to yield, wnon tryptic hydrolysis, only approxi-
matcly 7 peptides not present in thé other protein, This indicates

that there may be only approximately 7 positions altered between Hhl and
Hb2 per symmetrical half-molecule (approximately 300 amino acids con-
sisting of one o plus one P polyneptide chain)., This is undoubtedly a
minimum estimate of the differences between the two proteins, but it
seems reasonable to conclude that the number of positicns altered »er
symmetrical half-molecule may be only few, Tt is not known whether thess
amino acid changes are all localized on one of two polypeptide chains or
whether both the o< and B subunits of these hemoglobins differ, Pre-
sumably, the genes specifying the two chicken hemoglobins arose from
 common ancestral genes recently, as compared with genes specifying the
human ch~and BA'chains (87 position changes) (72,111,112) or the human
QA and XF chains (42 position changes) (72, 112-114), The structural
similarity of the two chicken hemoglobins suggests that their mPNA
molecules and their genes are also structurally similar,

In adult hpmans, Mh-A ( o<% B‘lz\) cccurs within single erythrocytes
containing also 2,5% of h-A, (cxéc{ézﬁ (72). The BA and c{Az cenes are
closcly linked on the genetic map (115), and preliminary evidence suggests
that these genes are under a common genetic control (72, 116), For examnie,
Eb-A and Hb-A, appear in fetuses at the same age and increase in cencentra-
tion in parallel (117). It is of great interest that the increase of
Hb~-A and Hb-AZ during embryogenesis appears £o coincide with a decline of

fetal hemoglobin (72), and that both Fh-2 and Fh-A, are absent from adult
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individuals honbzygouS for the "high=-F" gene (118). Such individuals
synthesize high levels of fetal-tybe hemoglobin in adulthood, It may

be mentioned that pA and.JAZ nolypeptide chains have very similar amino
acid sequences (only approximately 8 position changes) (72, 119); and it
has been suggested that the J gene arose from a duplication of the B gene,
followed by.independent mutations (120), These matters of human genetics
are discussed here because of their apparent similarity, énd.possible
relatedness, to the phenomena described above concerning Ibl and Hb2
synthesis in chickens. The mechanisms involved in the control of protein
synthesis at the genetic level in higher organisms are not understood and
are of profound importance to modern biology. No evidence is available
concerning the location on the genetic map of the genes specifying Hbl
and Hb2; it would be very interesting to know whether linked genes are
involved in this case,

In the developing chick emhrvo at 38°, hemcglobin synthesis
begins at 34 hours (7-somite stage). !owever inhibiticn cf RNA synthesis
with actinomycin blocks the hermoglobin formatien only if added prier to
22 hours of development (head-fold stage) (20, 121), In erythrocytes
from the blood of anemic chickens, hemoglobin synthesis is also insensitive
to actinomycin (Chapter 1, Tig, 7), imlying that globin mPNA synthesis
is completed fairly early in erythrepoiesis, probably during the late
erythroblast or early polychromatic erythrocyte stages (cells at these
stages arc very rare in peripheral bloocd from anemic chickens) (5; see also
Chapter 3, Fig, 1), Studies of RiA synthesis in avian erythrocytes sup-
port the concept that riboscmes and nRNA are formed very early in differ-

entiation; althouch metabclically-lahile nuclear FMA is formed and depraded
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in erythrocytes from the blood of anemic ducks, entry of newly-formed

RNA into the cytonlasm is negligible (9), By all available criteria,
therefore, the synthesis of mRVA molecules, and also of functional
ribosomes, appears to be an early event in erythropoiesis, Subsequent
control of protein synthesis during cell differentiation may occur
solely at the translation level; one obvious example of such regulation
is the destruction of ribosomes which occurs during the erythroid cell
maturation (9; see also Chapter 1). The results are consistent with
the hynothesis that the bulk of nucleic acids needed for the initia-
tion of specialized protein synthesis and cytodifferentiation are
available by the time that overt differentiation begins,

An analogous change from sensitivity to insensitivity to acti-
_Vnomycin occufs in other deveiOping animal cell systems including muscle
. cells (122), metanephros (123), lens cells (124), snd exccrine pancreas
cells (125). Messenger RNA's related to cleavage or differentiation ars

transcribed in advance of their use also in other systems including sea

urchin cleavage (126-128), feather synthesis (129) and Acetabularia cap
synthesis (128),

During the differentiation of chicken erythrocytes, the chroma-
tin becormes progressively condensed (5; also, Chapter 3, Fig, 1), FEx-
periments by Harris (73) suggest that the decline of RNA synthesis which
occurs during chicken erythrocyte development may be functionally related
to the chromosonal condensation., At least in the later stages of differ-
entiation, the chrombsomai masses are bathed in concentrated hemoglobin
solution (34, 88), and the heropglobin molecules migrate betueen the

nucleus and cytoplasm, prohably passing through nores in the nuclear
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| membrane (34, 88; also Chapter 2, Fig, 17), The chromosomal condeﬁsa—
tion in avian erythrocytes apnears analogous to the miclear 1nss which
occurs during mammalian red cell maturation,

While considering the role of the chicken erythrocyte nucleus
_invhemoglobin synthesis, it should be mentioned that O'Brien (21) reported,
using a cytochemical stain specific for hemoglobin, that hemoglobin
first appears during embryonic lifé in the nucleoli of the primary
generation of erythroblasts, Analysis of bone marrow cells from adult
chickens by the same procedure shows no preferential staining of the
erythroblast nuclei or nucleoli (Chapter 3, Fig. 1), However it should
be recognized that early embryecnic chicken hemoglobins differ from those
of the adult (3, 106, 107) and other differences hetween the primary and
adult generations of erythroblasts are known (5). Tt should also be
mentioned in this connection that Hammel and Bessman (33) reported that
the nucleus is the major or sole site of protein synthesis in pigeon
erythrocytes, This conclusion was based on the relative kinetics of la-
beling different erythrocyte subcellular fractions; however the ribosome
fraction was not examined, As described in Chapter 2, the results obtained
in thg present study using a variety of methods of analysis arz not in
agreement with the Hammel and Ressman conclusion, On the contrary, it
appears té have beén well established nere that the cytoplasmic poly-
ribosome is the major site of hemoglobin synthesis in avian erythrccytes,

in agreement with the results of Scherrer et al (8).
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PAKT 11

STUDTES OF ORDERED DNA+PROTEIN FIBERS
INTRODUCT EON

The packing of nucleic acid molecules in viruses, ribosomes,
chromosomes, and sperms appears to involve associations of the nucleic
acid with protein molecules, Although 1little is known concerning the
organization of nucleic acids in such structures, this subject is of
obvious importance to understanding the biological functioning of these
molecules. Tnterest in this arca is heightened by recent studies of
hetero- and euchromatin (1) and of the phenomenon of 'puffing” in
dipteran nolytene chromosomes (2) which suggest that the tightness of
packing of chromosomal INA chains might be an important factor in the
regulation of genetic activity,

There are many instances in which divalent cations exert a
profound influence on nucleoprotein structure; this has been most thor-
oughly studied in the cases of ribosomes (3,4), chromosomes (5,6), and
sea urchin sperms (5, 7). 1In all cases the effect appears similar in
that tight-packing of the nuclecprotein occurs in the preéence of
divalent cations, whereas swelling of the nucleoprﬁkein OCCUrs upen
divalent cation removal; this raises the possibility that a conron
mechanism might be involved, Unfortunately, the naturally occurring
nucleoproteins generally contain heterogeneous protein components n*
wnknown structure which tend to aggregate in solution; this has greatly
comnlicated analysis of the protszin-nucleic acid interactions.

It is the purpose of this ranar to describe the divalent

cation-denzndent formation of the tightly-packed fibrous complexes
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chicken Hb«DNAl and horse heart Cy c+DNA., A role for divalent cations
in these fibers, possibly relevant to the general involvement of
divalent cations in nucleoprotein structures, is suggested to account
for the observations, It is further shown that the DNA double helices
afe oriented parallel to the nucleoprotein fiber axes, and that the
cytéchromc c molecules (possibly also the hemoglobin molecules) are
strongly oricnted with respect to the fiber direction,
MATERTALS AND METHODS

. (a) Protein prenaration

Blood of normal adult White Leghorn chickens'was obtained by
heart puncture with heparin as anticoagulant, and the cells were washed
thoroughly with 0,13 M NaCl, 0,005 M KC1, 0,0075 M MaCl,, The buffy
coat of leukocytes was removed, Henolysis was accomplished by sus-
#ending 1 volume of nacked cells in 2 volumes of distilled water at
2° for 30 min, The hemolysates were centrifuged at 105,000 g for 3 h
to sediment the fibosoﬁes, The resulting Hb sclutions were dialyzed
exhaustively versus SSC/lOO\(0.00IS M NaCl, 0,00015 M sodium citrate,
pil 6.9), and were then stored in a N; atmosphere in Thunberg tubes,
Fresh heparinized horse blood was obtained from Dr, W, D, Ommert
(Monrovia, California), The washing of horse erythrocytes and prep-
aration of Hb was the same as for the ‘chicken erythrocytes,

Chromatogeranhic purification of chicken hemoglobins on

Amberlite IPC-50 colums (lallinckrodr CG-50, 200-400 mesh, 10 meq/g)

1 ppbreviations usad: b, hemoglobin

Cy c, cytachrome ¢
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was done as previously described (Part I, Chapter 2), Fractionated

.hemoglobins were ﬁrecipitated with 80% (Ntly),S04, resuspended and
dialyzed versus SSC/100, and then stored under N, in Thunberg tubes,
Oxidation to give methemoglobin was done by dialysis of the hemoglobin
against 0,001 M K5 Fe(CN),, followed by dialysis versus SSC/100,
Mcthemoglobin azide was prepared by adding‘a fow grains of Matly to
solutions of methemoglobin,

‘Horse heart ferricytochrome ¢ (type III) was purchased from

Sigma Chemical Co, Terrocytochreome ¢ was prepared by adding a few
grains of Na,S,04 to solutions of the oxidized protein,

(b) Prenaration and composition analvsis of nucleoprotein fibers

Highly polymerized calf thymus MNA (type I) was purchased
from Sigma Chemical Co, INA was dissolved and then throughly dialyzed
With SSC/100, DMNA was denatured by heating such dialyzed solutions
(100 pg/ml) at 100° for 10 min followed by rapid cooling in ice, TWA
was sheared by sonication at 8 mA, for 2 min with a Branson sonifier
(Model S125), thuman liver 28S ribosomal PNA was a gift of Iirs, G, Attardi
and F, Amaldi,

A soluble complex between Cy c and DNA was preparsd similarly
to Olivera (8)., Solutions of Cy c and DNA in IM Na(Cl were mixed in
different proportions and weré then througﬁly dialyzed (good agitation
is necessary) versus 2.5 x 1074 3 FDTA, »H 6,8, Some factors involved
in the preparation of chicken Ih+DNA and horse heart Cy c'DNA fibers are
described below (RESULTS, sections a and d), Unless otherwise mentioned,
hucleoprotein fibers for structural studies were formed by adding 0,05 ml

of protein solution {25 mg/ml in SSC/100) to 1.5 ml solutions of TNA
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(0,10 mg/ml in 0,002 M NaCl, 0,002 M sodiin cacodylate, 0.0012 M MeCl,,
.pH 6.6)., Such fibers reproducibly had the mass ratios Jb:IDNA enual 3.4

(1 Hb/64 P), or Cy c:INA equal 2,8 (1 Cy c/20 P),

Occasionally, nucleoprotein fibers were disrupted by treat-

ment with INase, Fiber suspensions in SSC/100 at the concentration of

100 pg/ml were digested with 10 pg/ml DNase (Worthington) for 20 min at
37° after addition of 0,0024 M MaCl,,

Generally, nucleoprotein fibers were suspended in 1.0 M Na(l

for 15 h at 4°; this treatment caused slow solubilization of the fibers,
In the case of Cy ¢, absorbance of the solutions was measured following
reduction of the iron with Na,S,;0,, Absorbance of solutions containing
methemoglohin was measured at 260 mp before conversion to cyanmethemoglobin
[by the addition of 1N pl/ml solution of N.08 M K(N, N,06 M K Fell™Nig].
Concentrations of hemoprotein and of DNA were determined spectronhoto-
metrically using the following molar ahsorptivities: Calf thywus DA at
260 mp (6,40 x 103 1/mole MNA D}, FHemoglohin at 260 mu (4,03 x 104 1/m0le
Fe), bxyhemoglobin at 414 mp (15,7 x 104 1/rnle Te), or at 542 mp

(1,49 x 104 1/mole Te), Cyanmethemoglobin at 540 mp (1,15 x 104 1/mole
Fe). TFerrocytochrome ¢ at 521 rp (1,59 x 104 1/mole Fe (9) and at 260 my
(3.62 x 10% 1/mole Fe), In all cases, ahsorbance at 260 mp due to INA was
taken to be the measured absorbance minus the absorbance due to protein,
The above molar absomtivities were calwulated from measured values of
absorbance ner mg using the molecular weights 6.8 x 104 for chicken Hb

(4 Fe/molecule) (10), and 1,23 x 104 for horse heart Cy c¢ (1 Fe/molecule)

(9). The averane mclecular weizht of a ™A nucleotide was taken to bes 320,
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Water content of the nucleoprotein fihers was measured as
“the wéight change when the fihers were dried in an oven at 100° for
45 min,

(c) Polarization microscopy

Nucleoprotein fibers were withdrawm from the mother liquor
with forceps and pressed gently against glass to blot away adhering
solution, After allowing the fibers to dfy slightly in air (5 min at
25° at about 35% relative humidity), the fibers were placed onto clean
glass slides, covered with immersion oil (np = 1.515; Cargille Labora~-
tories, Inc,), and observed in a Carl Zeiss (Tena) polarizing microscope
with a tungsten arc light source and transformer {(Model 393) purchased
from Spencer Lens Co, (Buffalo, N.Y.). Nucleoprotein fibers handled in
this manner contained reproduéibly 35-50% water by weight, The bire-
fringence of colored materials is comlicated due to light ahsorption by
the sample (11); consequently, regicns of the fibers so thin as to anpear
colorless were sclected for analysis., 3Birefringence was quantitatively
measured by compensator methods (12) using both a quarter-wave mica
plate (125 mp shift) ancd a sélenite nlate (550 mp shift),

(d) Electron microscopv

In order to prepare nucleoprotein fibers for electron mircro-
scopic ohservation, it was necessary to break the fibers into small pieces.
However, in solutions centaining divalent metal ions, the fibers associate
and dispersion is not possible, Consequently, fibers were dispersed by
vigorous agitation in low ionic streﬁgth solution lacking divalent cation
(SS€/100), Dispersed nucleoprotein was placed onto 300 mesh copper grids

previouslv covered with parlodien film and excess liquid was drawm off,
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Staining of grids was accomplished by floating them face-down for 15 min
on agueous solutions either of 4% phosphotungstic acid, 0,4% sucrose,
pH 6,5, or else on 2% uranyl acetate, Excess stain was drawn off by
touching the edge of the grids with filter paper, Some grids were
shadowed with Pt-Pd metal at an angle of 30°, Preparations were viewed
with a Phillips 200 electron microscdpe.

(e) Protein crystals

There has been confusion in the 1iterature concerning the
appearance and absorption of light by horse hemoglohin crystals (13),
Fig. 1 shows a photograph taken of monoclinic (space group C2) horse
metheﬁoglohin crystals, Crystals were grown by dialysis against 50%

(NHy) 2504 or 2.4 M KoHPO4, pl! 7.0 (14), Such crystals are flat plates

in the [001] plane, the oniy other faces being comronly well-develcned
are the [110] and [1i0} faces, Unit cell dimensions are a = 109 3,

b = 63.2 R, c = 54,4 K, and B = 111°, The accompanying diagram shows
the orientation of the wnit cell b axis relative to the crystal faces
and also the orientation of the heme groups in the crystal as given by
Ingram, Gibson § Perutz (18), The two hemoglobin mclecules in the unit
cell have identical orientations relative to the crystal axes. A
principal direction of refraction of these crystals is the b axis, as
is generally true for monoclinic crystals (16),

Tetragonal crystals (space group P4y) of horse heart ferricyto-
chrome c were a gift of Dr. R. E. Dickerson. Theses crystals have been
described (17), The wnit cell dimensions are a = 58,45 R, b = 58,45 R,
c = 42,3 R and p= 90°; there are 4 molecules in the wnit cell related

by a 4-fold screw axis parallel to the c¢ direction which is also the
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Figure 1, Photograph of horse hemoglobin crystals and arrangement of the
heme groups, Positions of the heme groups were taken from Ingram et al
(18). The upper and lower discs represent respectively e¢- and p-—chain
hemes, The angles hetween the heme normals and b (the 2-fold rotation
axis) are 58° and 57° for the o~ and B-chain heWes respectively. The
b axis bisects the obtuse, 120°, angle of the crystals,
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major axis of the needle-like crystals, The predominant crystal faceé
.parallel to ¢ are the [100] and {010] planes, which are optically |
equivalent due to crystal symmetry, The ¢ axis of tetragonal crystals
is the optic axis (16).

(f) Measurement of polarized absorption spectra

The absorption spectra of protein crystals and nucleoprotein
fibers were obtainad using a Cary Model 15 recording spectrophotometer
with a microscope attachment borrowed by Drs. M, Delbrick and X, Zankel
from Applied Physics Corp. The microscope attachment replaced the usual
sample compartment of the spectrophotometer, The sample beam of the
spectrophotometer was focused with a 20X, 0,5 N,A, microscope objective
to fom a lﬁp x 10p image at the microscope stage, Specimens analyzed
in these experiments were always at least several times larger than this
image Thellight was collected by a 90X, 1,30 N,A,, oil immersion
objective,  Viewing was accomplished by means of a removahle mirrcr and
auxiliary ocular which contained references lines drawn parallel and
perpendicular to the polarizer directions, Metal discs with holes were
used in the reference beam as neutral density filters to halance losses
in the microscone optics. A base line was obtained for each spsctral
curve by moving the snecimen out of the beam and sending the heam through
a section of the slide adjacent to the specimen; the absorbance was taken
as the difference hetween these curves, The monochromator slits wsre
held fixed at 0,3 mm, resulting in a soectral band width of 2.5 to 8,5
mp in the wavelength rangs from 400 to 600 mu, The apparatus was capable
of measuring absorbénce to 0,003, Calibraticn and adjustment of the

instrurment vere nerformed by K, Zankel and P, Durke,
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The protein crystals and nucleoprotein fibers, suspended in
mdther liquor, wefe placed on microscape sli&es and covered with cover-
slips which were spaced from the slides with dabs of stopcock grease,
This served to immobilize the crystals, without crushing t]:cr:ﬁ. Irmersion
oil was placed between the coverslip and the collecting objective. The
specimens could be positioned by the usual methods on a rotating
microscope stage, The specimen selected for observation was then rotated
so that its principal direction of refraction was accurately aligned
parallel to one of the reference lines marked on the viewing ocular,

The polarizer used was a piece of polarcid mounted in clear
glass and marked so as to indicate the directions parallel and perpendic-
ular to the electric vector of the tranémitted light, It is important
that the eccentricity of the polarizer be knovm if large dichroic ratios
are to be measured (15). For the polarizer used, the out-of-plane coma-
nent was a maximm of 1/160 of the in-plane intensity (measured using two
equivalent polaroids on‘top of each other and assuming that the intensity
transmitted when the polarizers are crossed at 90° is at least twice the
out-of-plane intensity passed by either filter), It is readily calculated
that for a specimen with a dichroic ratio of 2,0 and a measured absorbance
of 1.0 in the direction of strong absorption, the error in the measured
absorbance will consequently be less than + 0,01 absorbance wnits (15),
The polarizer was placed in the samnle beam just sbove the 90X collecting
objective and was taped onto a metal platform containing an apsrture
through which the light passed, By aligning the reference markings on
the polarizer with markings on the metal bar, the pélarizer could he

accuratsly positioned either parallel or perpendicular to the principal
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directions of the specimen, Such polarized absorption spectra were

reproducible to within a few percent (ca,, + 4%),

(g) Analysis of porphyrin polarized abscrption spectra

| Circularly polarized light shone through a birefringent
crystal face will be resolved into two mutually perpendicular plane-
polarized beams, The polarization directions (x and y), called here

the "principal axes of refracticn', are generally fixed by crystal
symretry (16), Absorbance of light polarized in each of these directions
is measured, and the ratio A.X/Ay is termed the dichroic ratio, or D,
Absorbance in eitﬁer direction is provortional to the square of the
direction cosine between the polarization direction and the direction
of the transition moment for allowed electronic exitations of the
chromophore, As discussed below (DISCUSSION, section a), the heme group
can, as a first approximation, be considered an "ideal two dimensional
absorber' between 470-600 m, According to this anproximation, the
absorption in this region is interpreted as being due to two degenerate
(i.e., equal energy) and perpendicularly polarized w—m* transitions
lying in the heme plane, This approximation is similar to assuming

that the heme group has square symmetrv, all 4 pyrrole rings being
electronically equivalent (19),

The absorption of polarized light by menoclinic horse methemo-
globin crystals has previocusly been shown to be consistent with the idea
that the heme groums act as ideal two-dimensional ahsorbers (18), For
such absorption, the dichreic ratio (Aug/Azh) will agree closely with
the equation D = tanze, where 8 is the mean angle hetween the hene

normals and the b axis (in these crystals the o-chain heme normals lie
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at 58° and the ﬁ~chain heme normals at 57° with respect to b),
If the heme groups in the tetraronal horse ferricytochrome c

crystals are simple two-dimensional ahsorbers as just defined, then the

S0 2
dichroic ratio (AME/ALc) will be given by D = 2.sin’8

1l + cos™H
angle hetween any heme normal and ¢ (the 4-fold rotation axis),

, Wwhere 8 is the

In the nucleonrotein fibers, the fiber axis (also a principal
axis of refraction) can probably be considered (from the standpoint of
the protein molecules) an axis of rotational symmetry; this assumption
is based on the helical nature of INA and is described below’ (NISCUSSION,
section a). The calculation of light absorption hy heme groups located
on such an axis is very similar to that just described for the ¢ axis of
Cy ¢ crystals., That is, for ideal two-dimensional absorbers the dichroic

+n2
ratio (A  fiber/A, fiber) is given by D = 2~§iE~E§;-whcre g is the angle

+
between the heme normal and the fiber axis, lFong; c*™WA fibers, the
dichroism for ideal absorption will be given by the latter equaticn,
assuming that the Cy clmclecules are all ocriented with respect to the
fiber axis as depicted in Fig, 12, On the other hand, the internretation
of absorption by Hb*INA fibers is further complicated hy the fact that
the protein contains 4 hemes (Fig, 1).

RESULTS

(a) Fommation of chicken hemoglobin'IMA commlexes

When chicken Ilb is added to solutinns of highly polymerized
DNA in low ionic strenpth buffers {p¥ 7,0) containing divalent caticns
(ig*t, Ca*t, or 'm**), large red fibers rapidly form; these fibers may
be sedimented by low speed centrifugation (2000 g for 2 min) or with-

drawmn on forcens, In the absence of added divalent cations, mixtures
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of Hb ‘and INA become turbid upon prolonged standing, but no fibers
appear; non-fibrous nucleoprotein can he sedimented from these turbid
solutions (e.g., 10,000 g for 10 min), In all buffer systens examined,
the Hb:DNA mass ratio in the non-fibrous nucleoprotein is less than the
mass ratio in the fibers formed at low Ng++ levels (e.g., 3 X 1074 M
MgCl,).  Apparently, the divalent cation-induced change of nucleo-
protein structure is associated with an increased level of Hb binding,

Some characteristics of the fiber formation are presented in
" Fig. 2 which shows the INA and !b content of the insoluble fibers at
varying levels of added MgCly., The Hb:INA mass ratio in the fibers
declines as the MgCl, coﬁéentration is increased; at concentrations
above approximately 0,01-0,02 M MgCl,, no fibers form, The buffer used
in the latter experiment was 0,002 M tris, oIl 7,0; similar dependence
of fiber composition on MgCl, concentration was observed also in 0,002
M sodium cacodylate, pH 6,9,

To solutions containing constant MeCl, and INA concentrations,
various amounts of b were added with rapid mixing, and the fibers were
analyzed for b and WA comositicn (Table T), The Hb:INA ratio in the
fibers remains constant aver a wide range of innut 'h; in the conditions
used (0,002 M tris, 0,003 *{ MgCly, oM 7.0), the mass ratio is approxi-
mately 2.6. As also seen in Table T, when Mb is added in amounts in-
sufficiert to fully complex all nf the ™A, a porﬁon of the TNA forms
fibers fully coversd with the Fb, whereas the Hb: DNA mass ratio in the
mother liquor is relatively low (it will be shown below that there is a
fraction of chicken Hb - ca, 25% - which does not commlex with DiA),

This suggests that Fh molecules bind much rore stroncly to the fibers
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Figure 2, Cormosition of Ih*INA fibers as a function of jCl, cencentra-
tion, To 1.5 ml aliquots of TWA (0,17 mg) in 0,002 M tris biffer, pll

7.0 were added varying amounts of 1,2 M MgCl, at 2°, Chicken Hb (0,1 ml
containing 2.5 mg Mb) was added to each aliqlict and the tubes were
immediately centrifuged at 2000 g for 2 min to sediment the fibers, Tiber
comosition was analvzed as described in MATERIALS AND METHODS, section h,
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TABIE I
INDEPENDENCE OF FIBER COMPOSITION ON HEMOGLOBIN CONCENTRATION

mg Hb mg Hb mg DNA Mass ratio in fibers
Sample added in fibers  in fibers (Hb:INA)
1 0,13 097 041 2,4
2 0,27 .20 ,076 2.6
3 0,81 41 W15 2.65
4 1,20 .42 16 2.6
5 1,91 .43 17 2.6
6 2,76 .42 15 2.7

To 1,5 aliquots of INA (0,18 mg) in 0,002 M tris, ol 7,0 containing
0,0030 M MsCl, were added 0.1 ml dilutions of Ih in the same buffer at
2°, Fibers were sedimented at 2000 ¢ for 5 min and fiber cormesitien

was analyzed as described in MATERIALS AND METHODS, section h,
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than to INA molecules in solution, irplying that the binding to the
fibers may be highly ccoperative, In an experiment run in parallel to
that shown in Table I, it was found that the fiber Ih;DNA . mass ratio
was also not significantly affected-by varying the TNA concentration
between 35 and 200 pg/ml,

Although two different kinds cf Itb are present in chicken
erythrocytes in the approximate ratio IH1:b2 equal to 3:1 (10,20,21),
the b isolated from nucleoprotein fibers consists exclusively of the
more basic protein, Hbl (Fig; 3). In agresment with this result,
studies with the nure proteins showed that libl, but not Hb2, forms
fibers when mixed with TWNA solutions containing divalent cation, It
should be mentioned that although several investigators have described
heterogeneity of the Ilb within the peak labeled HbZ (Fig, 3) (22,23),
the available evidence supnorts the idea that bl is a single protein,
Chicken bl is fairly basic, being isoionic at approximately o!f 8.7;
this is consistent with the'possibility that the protein forms electro-
static bonds with the negatively charged TNA,

A test was made to determine the influence of nucleic acid
structure on its association with chicken tb. Mixtures of tb with
28S ribosomal PNA or with sheared or thermally denatursed DNA(in all
cases 100 pg/ml in 0,002 M tris, pt! 7,0) became irmmediately turbid
when adjusted to 0,001 M MgCl,y; however no fihers formed in these
solutions, Tt apnears that fiber formation requires native highly-
polymerized helical MIA, but that divalent cation-induced aggregation
of nucleoprotein accurs also with shearad or denatured ™A and with

rihosomal WA,
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Figure 3. Anion exchange chromatography of chicken hemoclobins, Amber-

lite IRC-50 columns measured 1 X 4 cm, and fracticns contained 1,0 ml

eluate, The elution employed stepwise increment of ionic strength as

follows (fraction numbers indicated in narenthesis): 0,075 M (1), 0,15

M (2), 0,20 M (3-8), 0,40 M (9-13), -o—o-total cell Hh, --0--g-- Hb

extracted from Hb«DNA fibers (th:DNA mass ratio, 3,4) by DNase treatment
- (see MATERTALS AND METHODS, section b),
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. . . ++ 4 +4
The requirement for divalent cations - Mg , Ca , or Mn -

appears stringent in the sense that NaCl, KC1, or NH4C1 are ineffective

at all concentrations in stimulating Hh*INA fiber formation. The above

divalent metal ions are known to interact stronely with nucleic acids,

probably binding to the negatively charged vhosphate residues of the
backbone (24, 25), No study was made of the effects on the nucleoprotein
structure of multivalent metal ions or of other ions present in hiological
materials in only trace amounts; such metal ions frequently interact
with nucleic acids or proteins in a relatively complex fashion (26-29%),

| The results described in this section indicate that divalent
metal ions contribute strongly to the stabilization of the HbeINA fibhers,
In agreement with this conclusion, the fibers are vnstable and breal
apart when placed in low ionic strength.solutions which lack divalent
metal ions (MATERTALS AND METHNDS, secticen d), In viewr of the complexity
of the nucleoprotein aggregation, which presumably invelves a variety c¢f
forces, no atterpt was made to investigate all conceivable environmzntal

parameters, Tt should be mentioned, however, that at pll values beleow

6.7 and in the ahsence of divalent cations, the non-fibrous aggregates
appear more rapidly, upon mixing the Hb and ™A, than at the higher pl!
values described above, Furthermore, fibers formed at the lower pH valucs
in the presence of [z(1, are lafger and are less casily broken than those
formed at pHl 7.0, Presumably, the nrotein-DNA hinding is stronger

at the lovwer pH values because the prctein is rore positively charged,
Probably, other envircnrental factors not studied in this work would

also influence the nucleoprotein aggresation, A model consistent with the

chserved stimulation of fiber formation by divalent metal ions is
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described below (DISCUSSION, section b),

(b) Birefrineence of hermoclobin MWAsfibers

Viewed in a polarization microscope, the lb«INA tibers appear
highly birefringent (Fig. 4), indicating that the refractive indices

differ in the directions parallel and perpendicular to the fiber axis

(these refractive indices are designated n,, and n, respectively, the
magnitude of birefringence being ny -n,). The strong negative bire-

fringence of INA fibers is intrinsic and due largely to the unsaturated
purine and pyrimidine bases which 1ie.perpendicular to the lcng axis of

the molecules; the form birefringence of fibers is positive in sign (29),
Protein molecules have negligible intrinsic birefringence as compared with
DNA; accordingly, the negative sign of birefringence in a large mumber of
sperm heads is in agreement with the orientation of the DNA molecules (30,

31). In the present case of IIb*INA fibers, the birefringence is also

negative (approximate value, - 0,015 for fibers having Ih:INA mass ratio
3,4), irolyine an orientation of INA molecules parallel to the fiber axis,

(c) Electron microscony o7 hermozlobin -TA fibers

Fiés. 5, 6, 7a show renresentative features of h«MNA fibers as
seen in the electron microscope, Large fibers were disrtupted (see
MATERTALS AND MEITIODS, section d) in order to obtain material sulficiently
small for convenient observation, The large fibers are comosed of ruch
smaller fibrillar elements running parallel to the main fiber axis (e.q.,
Figs. 5, 6). In nartially distunted fibers, branching is observed and
the "cleavage” direction runs parallel to the fiber axis (e.g., Fiz. 7a).
This information is all consistent with the idea that the individual DNA
rolecules are oriented parallel to the “b+DNA fiber axis and that the

lateral associations between TVA molecules are duz to non-covalent linkases,



174

Figure 4, Birefringence of chicken Hb+TNA fibers, The main fiber axis

is a principal direction of refraction, INA rmolecules are aligned parallel
to the fiber axis (see text), Occasional fibers anpear to contain trans-
verse bands which might indicate that ordered regions in a fiber are
occasionally interrupted hy mnre disordered recions or that the narallel
DNA molecules occasionally bend (as in a crystal dislocation) in a new
direction. That the handing is probahly not an interference phenomenon

is suggested by the finding that the pattern of handing does not change
when colored filters are placed over the light source, The Hh:TNA mass
ratio of the fihers was 3.4, Magnification (320X),
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presumably involving protein bridges., 1n this context it is of interest
that fiber fommation and growth can be watched in the light microscope;
small fibers adhere laterally and the area of associatinn then rapidly
grows as the fibers are forcefully pulled together in a zipper-like
fashion,

The electron stains (uranyl acetate or phosphotungstic acid)
do not deeply penetrate the nucleonrotein fibers; rather, the stains
appear to lie primarily in troughs and other irregularities on the fiber
surfaces, This conclusion is based on the following information: (i)
Although the fibers are rounded as seen by Pt-Pd shadowing (Fig. 7a),
the staining is not systematically more intense for the larger fibers
(Fig, 5a). (ii) At high magnification one can see fine structure in the
fibers (Figs., Sh, 6). If the stain deeply penetrated into the fibers, =mzall
objects would probably not be discernible, (iii) When staired grids are
briefly washed with water, the stain is mostly reroved, as expected if it
were merely lying on the fiber surfaces, . Consequently, the wnstained
fibrillar elements seen in the fibers may be identified with nucleonrotein,
whereas the dark areas are probably inter-fibril troughs filled with stain,

At high magnification, Hb+TNA fibers stained with uranyl acetate
(Fig, Sh) appear very different from fibers stained with phesphotimgstic
acid (Figs, 6), The uranyl acetate stained fibers appear to be corposed
of parallel fibrils which measure approximately 20 A thick (Fig, 5h). It
seems reasnnahle to identify fibrils of this size with single T™WA mole-
cules, Since no heroglobin molecules can be seen in fibers stained in
this fashion, I infer that uranyl acetate solutions may extract the protein

from the surface TNA,
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Figures 5, 6 and 7. Electron micrographs of chicken Mb+DNA and horse heart
Cy c«™WA fibers, Nucleoprotein filers were prepared for observation in the
electron microscope as described (MATERTALS AND METIDDS, section d).

Fig, 5: Uranyl acetate-stained [L«TMA a (X 33,00m); h (X 183,000}, Fig,

6: Phosphotunastic acid-stained Hh+TNAT a (X 550,0007; b and c (X 183,000},
Fiz, 7: a (Pt-Pd shadowed Hb«INA, X 20,200); b (uranyl acetate-stained

Cy cINA, X 194,000), -
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On the other hand, the surfaces of fibers stained with phos-
.photungstic acid appear to contain mmerous small particles (roughly
35-55 K) often arranged in rows approximately parallel to the fiber axis
(Figs, 6), These particles are the size expected for single hemoglobin
molecules (32); I therefore suggest that these globular particles are
Hb molecules complexed with the TNA,

(d) Horse heart cytochrome csINA fibers

Horse heart cytochrome ¢ forms a soluble complex with DNA in
the ahsence of divalent metal ions (8), In the present study it was found
that addition of divalent cation (Mg**, Ca**, or Mn**) to such soluble com-
plexes results in precipitation of insoluble nucleoprotein fibers, strik-
ingly similar in appearance to Hb.INA fibers, Cy c<DNA fibers can also
be formed by adding the protein to mixtures of the metal ion-and ™NAS
fibers used in all structural studies were formed by the latter route and
had a Cy c:DNA mass ratio of 3,8 (see MATERIALS AND 'ETHONS, section b
for fiber preparation);

Cy c+TNA fibers are negative birefringent (A4An= -0,026), suggest-
ing an alisznment of TNA mole,zcul.es parallel to the [iber axis, Preliminar};
studies with the electron microscope are in agreerent with this idea, the
fibers annearing to consist of laterally associated small fibrils (e.g.,
Fig. 7b). lowever particles the size expected for Cy c molecules (roughly
25 & globules) have not vet been clearly visualized in thesé fibers,

(e) Polarized visible snectra of hemoglchin« WA fihers

To determine the orientation of Hb molecules with respect to the

nucleonrotein fiber axis, the visible absorptinn snectrum of the fibers

was neasured in polarized licht, As a control, horse Hb crystals of
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known structure (32) werc investigated, lHorse oxyhermoglobin, methemo-
globin, and methemoglobin azide crystals are isomorphous and were all
analyzed,

Fig. 8 shows the polarized ahsorntion spectra of horse I'b
crystals for light passing through the [001] plane, For metheroglobin,
the dichroic ratio (approximately 2,1) is nearly independent of wave-
length, Previous polarized absorption studies of horse methcmoglobin
crystals, viewed also through [001], showed a dichroic ratio independenf
of wavelength and equal to 2.6 (33). The findings reported here generally
substantiate the results of Perutz (33) and are in agreement with the idesa
that the absorption transition moments lie in the heme planes (r->7* transi-
tions) and that the heme normals lie roughly in the a directicn (sce
Fig, 1), The fact that the methemoglobin crystal spectra aré indistin-
guishahble in shape from the methemoglobin solution spectrin, susports tha
reliability of the spectroscopic method employed,

Figs, 8b and c show polarized ahsorption svectra of crystals of
oxvhermoclobin and methemoglobin azide, respectively, Tor these derivatives,
the dichroic ratios vary more with wavelength than in the case of wethero-
globin crystals; however, also in these derivatives, the dichroic ratic
is almost uniformly greater than 1.0, comsistent with the idea that the
ahsorption is mainly due to‘ﬁ"—?ﬂ’éxcitation. In the methomoglobin azide
crystals (Fig, 8c), the 572 mp shoulder in the ahsorption spectrum apnzars
relatively wore prcnounced when the incident light is nolarized pernen-
dicular, ratker than parallel to h, In the same crystals there also annpears
to he a weak absorntion band (620 mp) which is polarized nernendicular

to b,
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Figure 8, Polarized ahsorption spectra of horse hemoglobin crystals,
Spectra were taken with lloht ShOﬂG through the [001] plane and polarized
parallel and merpendicular to the b axis, (a) Methemoglobin, ) oxy-
hemoglobin, (c) me‘t1 emoglobin azide -o—o-, electric vector parallel to

b (" UM); —o—e, electric vector nermendicular to b (MLH") -pe--O--
dichreic ratio,
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Figure 9, Polarized ahsorption spectra of chicken Hh'TNA fibers, Spectra
were taken with 1licht polarized parallel and perpendicular to the fiber
axis (a principal axis of refraction). (a) MethemoglobindINA, (b} Oxy-
hemoglobinsTNA, (c) Methenoslohin azide TNA, -o—o~, electric vector parallel
to fiber axis;--e--o-- , electric vector perpendicular to fiber axis,
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Figs. 9 show the polarized absorotion snectra of chicken !b.
.DNA fibers, Fibef absorbance does not simificantly depend on the
direction of polarization of the incident light, This result is comatible
with the idea that the Ib rolecules are randomly oriented with respect to
the fiber direction, However, restricted orientation of the Ib mole-
cules in certain positions with respect to the fiber axis is not exclud-
ed by the data (DISCUSSION, section a),

The visihle spectra of the Ib+INA fibers are indistinguishable
from spectra of the pure Hb derivatives in scluticn, Since the spectrunm
of 1b is affected by changes in the folding of the polypeptide chains
(34, 35), if‘méf’ﬁe concluded that thers is no gross structural rearrange-

ment of the Hb molecules upon combination with INA,

(f) Polarized visible spectra of cvtochrome c.MWNA fibers

Crystals of oxidized and reduced horse heart cytochrome ¢ are
not isomorphous (17); accerdingly, reduction of the iron causss disrimn-
. tion of the ferricytochrome ¢ crystals {the latter crystals were a gift
from Dr, R, E, Dickerson and are described in MATERIALS AND METHODS,
section e).

Fig, 10 shows the polarized visible spactrum of the ferricytochrome
c crystals for 1ight shone through the [100] or [010] planes., The dichroic
ratio varies with the wavelength (2,0 at 570 mp, and 1.2 at 530 mp), the
shoulder in the absorption spectrim at 555 mp being most pronounced when
the electric vector is polarized parallel to c,

Fig, 11a and b shows ths polarized visible spectra of horse

heart Cy c+INA fibers, The ahsorbance of thess fibers denends significant-
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Figure 10, Polarized ahsorption spectra of herse heart ferricytochrome
c crystals, Light was shone through [100] or [010] which are optically
equivalent due to crystal syimetry. -o—o—, electric vector parallel to
- ¢; -o—e-, electric vector perpendicular to ¢;j--g--g-- , dichroic ratio,
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Figure 11, Polarized ahsorption spectra of horse heart Cy c+IMA fibers,
The 550 mt band of the ferrocytochrome ¢ spectrum is extremelv narrow
(9) and conscquently absorbance here is very sensitive to spectral band
width, (a) ferricytochrome c.TWA, (b) ferrocytochrome CeDNA, -0—0-,
electric vector parallel to fiber axis; -o—o- , electric vector per-
pendicular to fiber axis; -o--o-, dichroic ratio,
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greater than 1,0, suqgesting that the heme group normals tend t§ lie
perpendicular to the nucleoprotein fiber axis,

The shanpe of the visible spectra of the Cy c+INA fibers are
not significantly different from spectra of the pure Cy c derivatives in
solution [e.g., see Margoliash and Frchwirt (9)]. Since the Cy c spectrum
is affected by changes of configuration of the nclypeptide chain (35),
this result suggests that the protein structure is not grossly alterad
upon binding to DNA, Furthermore, although ferrocytochrome c molecules
undergo spontaneous oxidation when slightly denatured (17}, it was ob-
served that the ferrocytochrome ¢ molecules bound into the nuclevprotein
fibers do not undergo spontaneous oxidation when placed in solutions
exposed to air,

DISCUSSTION

(a) Polarized absorption spectra of the nrotein crystals and nucleo-

protein fibers

The hemoproteins and other porphyrin compounds all have similar
visible spectra, suggesting that the absorption bands result from similar
electron excitations (19, 36), It has been clearly showm, in fact, that
the absorption spectrum of the porphyrins between 470-600 mu is dus to
a pair of approximately degenerate (i.e., equal energy) and perpendicularly
polarized electronic transitions of the‘ﬁtuyﬂﬁhlass, each being split due
to the several vibrational levels of the excited molecules (these asso-
ciated vibronic bands are termed the 0-0, 0-1, etc,, in order of their
increasing energy) (19, 37), The transition moments for such ahsorptién

are polarized in the porphyrin plane,

[

These two electronic transitions will bhe strictly degenerat
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only if the porphyrin has square symmetry, all four .pyrrole rings being
electronically equivalent (19), Clearly, if these transitions ére not
degenerate, then the dichroic ratio can be expected to vary with the
wavelength, the spectrum being anisotrop nic in the porphyrin plane. Tt
is knowh that porphyrin compounds can be rendered asymmetric by substitu-
tion of side chains (e.g., vinyl groups) onto the porphyrin ring; asym- -
metyy can also be introduced as a consequence of double bonding between
d-orbitals of the meFal andTr-orbitals of the tetrapyrrole (37, 38).
This latter type of interaction is known to depend greatly on the oxi-
dation state of the metal and also on the other ligands (e.g., 0,, H,0,
€N-, imidazole) attached to the metal (37, 38), Of the different hemo-
protéin crystals examined, horse methemoglobin crystals (Fiz, 8a) are
exceptional in that the dichroic ratio between 470-600 mp is nearly con-
stant, as previously shown by Perutz (33), Presumably, in this protein
the electronic distribution in the tetrapyrrole rings is wore symmetrical
than in the other hemoglobin derivativas, possibly due to the relatively
weak double bonding between the iron and the porphyrin as suggested by
paramagnetic resonance studies (38), In the other hemoproteins examined,
however, the variation of D between 470-600 mp suggests that the electronic
transitions involved are not strictly degenerate,

As mentioned previously (MATERIALS AND METHODS, section g},
when these 1'1‘~>1T*‘transiticns are degenerate then the heme group can be
expected to act as an "ideal two-dimensional ahsorber” and the absorption
dichroism will closely agree with the equations described, In cases of
derivatives for'which D varies with wavelength, the equations given can

be expected to provide only anproximate estimates of the orientations of
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with respect to a WA fiber axis as based on the known symmetry nronerties

of TNA (60), The structures with arrows represent protein molecules

having DNA-binding sites on the face opnosite the arrow, A chromophoric

prosthetic group might conceivably have any orientation with respect

to the NA-binding site under consideration, In (a), it is assuned

that the fibers have no polarity, In (b}, it is assumed that the fibers
are isotropic in cross-section,

Figure 12, Likely degeneracies in the orientations of protein melecules
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heme groups, Tahle II presents calculated estimateg of the orientations
of heme groups in the different materials studied, as based on the
observed dichroic ratios and on the dichroism expected for ideal two-
dimensional absorbers. It is of interest that the estimated angles
agree fairly well with the actual angles for the different derivatives
of the horse hemoglobin crystals, and for the ferricytochrome ¢ crystals,
In the chicken Hh+INA and horse heart Cy c.INA fibers, the TNA
molecules appear to be aligned approximately parallel to the fiber axes
(RESILTS, sections b, c, d). Since the protein molecules interact with
INA, their orientation in the fibers is likely to reflect th¢ syimetry
properties and orientation of the TNA, In Fig, 12 are depicted scm=
equally favorable protein orientations with respect to the fiber axis as
hased on the symmetry of INA, The type of position degeneracy shown in
Fig, 12a can have no effect on the light absorption by a chromwophoric
protein (rotation of such a protein by 180° around the fiber axis will
not alter the angle between a transition moment and the fiber axis),
However, the type of position degeneracy shown in Fig, 12b (making the
fiber axis a rotational axis of symmetry) would strengly influence the
light absorbing properties of the fibers, In the calculations presented
in Table IT, it was assumed that such position degeneracy exists in the
nucleoprotein fibers, It should he recoqnized, however, that nrotein
orientation in the fibers might also be stronaly influenced by protein-
protein interactions and other factcrs nct considersad in Fig, 12,

(b) Function of divalent metal ions in tig¢htly-nacked nucleoprotein

structures

The tightly-packed "hDVA fibers studied here form cnly in the
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presence of divalent metal ions (RESULTS, section a)’; in the absence of
these cations, the Hb*INA mixtures form only non-fibrous aggregates,
Since the structurally related Cy c-DNA fibars also form only in the
presence of divalent cations (RESULTS, section e), it scems likely that
the divalent metal ions play a common role in both of the nucleonrotein
fibers, Tt is well known that the divalent metals used (Mg**, Ca**) mn**)
bind strongly to nucleic acids, probably interacting with the negatively
charged phosphate residues of the backbone (24, 25, 39, 40, 43, 44),
This suggests that the divalent metal ions might act by virtue of their
binding to the nucleic acids rather than to the protein roieties,

Fig. 13 shows a model of the divalent cation-induced formation
of Mh«INA fibers, This model contains the following basic ideas: (1)
Electrostatic repulsion in the absence of divalent cations inhibits close
association and tight packing of TNA chains (a '"DNVA chain" is considered
to be a double helical segment of a DVA molecule; association between
DNA chains might therefore be either inter- or intramolecular), (2) Ib
molecules have at least two "sites" able to interact with, and thereby
to crosslink, adjacent INA chains, The noncovalent crosslinking of MNA
chaing is favored when interchain electrostatic repulsion is reduced by
divalent cation addition, (3) Parallel ™A orientation and fiber forma-
tion is a natural consequence of the crosslinking of ™A chains, the
parallel arrancerent allowing more crosslinks per lencth of DNA then any
other sirple structure,

In the model shovm in Fig, 13, the nrotein molecules coopera-
tively hold adjacent INA chains in a favorshle binding nosition; this is

consistent with the ohserved coonerative binding of Fb molecules to the
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Figure 13, Possible role of divalent metal ions in tightlv-packed nucleo-
protein structures, The illustrations refer to Hbh-TNA fiber forration

(see RUSULTS, section a). The circles represent b molecules and the lines
represent double helical DNA molecules, However the basic model may be
relevant to other nucleoproteins (see text), The essential changes
accorpanying the divalent metal ion-dependent structural transition are

printed helow the illustrations,
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fibers (RESULTS, section a), A bidentate ligand (in this case a ligand
having two binding sites for I™A) would be expected.tolhind many times
more strongly to the fibers (where hoth sites could similtereously inter-
act with TWA chains) than to DNA moiecules in solution (where nresumably
only one site could interact with JWA), Therefcre, the binding of such
ligands to MNA should be weakened in conditions where extensive Cross-
linking is prevented {e.z,, in the absence of divalent metal ions); this
might explain the increased level of b binding which initially accom-
panies the divalent cation-induced fiher formation (RESULTS, section a),
The decline of Hb:DNA ratio as the MgCl, concentration is further raised
(Fig. 2) could be due to various secondary.effects such as cometition
between the Mg™* and b for sites on the WA, The dyad symmetry and sub-
unit structure of Hb (10) is consistent with the requirement that this
protein must have at least two binding sites, Turthermore, the existonce of
strong electrostatic repulsion between DNA chains in low ionic strength
media in the absence of divalent cations, even when the chains are separated
by 50 X.(the approximate diameter of a th molecule), is consistent with the-
oretical studies concerning electrostatic fields surrouwuding cylindrical
polvions (44).

A second model by which the effects of the divalent cations might
be explained is that these ions themselves form bridges hetween adjacent
DNA chains, thereby causing nucleoarotein agoregation. This latter explan-
ation is unlikely for several reasons, In the first place, this model
explains neither the role of the protein nor the cooperative binding of
the protein molecules into the fibers. 1In the aksence of protein, it may

. . ++ ++
be noted, divalent cations (Ca ", Mg

[ d

R . . .
or 'In do not nrecipitate TONA,
) i &
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In addition, from the composition of typical hydrated HbTWNA Ffibers used
in this study (DNAiprotein:H,0 present in the mass ratio 1:3,4:2,1), it
can be calculated that the average distance between adjacent INA chains is
roughly 46 K,(i.e., approximately 30 K.between the outer surfaces of the

two adjacent chains); therefore, metzl ion hridges, if they exist, could

only occur infrequently between adjacent nucleic acid chains,

One major feature of the model shown in Fig, 13 is the concent
that the divalent metal ions influence the Mb+INA interacticn as a result

of their binding to the nucleic acid rather than to the protein moieties,
This suggests that other proteins having at least two binding sites might
also crosslink nucleic acid chains rost readily in the presence of at

least low levels of divalent cations. That the role of divalent metal

ions as elaborated in Fig, 13, is indeed not wnique to the Hb~INA inter-
action, and may in fact be relevant to many nucleoproteins, is consistent
with the information below,

(i) Treatment of animal or plant cell chromoscres in low ionic
strength solutions causes nucleovrotein swelling only if the divalent
metal ion concentration is very low (e.g., less than ahout 5 X 1074
MgCl,). This has been reported in a wide variety of systems including

Drosophila melanoraster salivary glands and mitotic and meiotic cells

from grasshopper testis (5), chicken erythrocytes (45), Vicia faba root
cells (46), isolated metaphase chromosomes from mouse leukemia cells,
Chinese hamster cells, and Hela cells (6, 47, 48), and sea urchin sperms
(5, 7). In all cases, the native condenscd nmorohology of the chromosomes
appears to depend critically upon the divalent cation concentration,

Soluble chromatin, or nucleohistone, can only be ohtained by

shearing chromosores in the swollen state (i.e., in low ionic strength

solutions in the absence of divalent cations) (49, 50); the soluble
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chromatin so obtained is precipitated by low levels (c a, 0,001 - 0,002
M MgClZ) of divalent metal ions. (51, 52}, X-ray diffraction studies of
intact nuclei from chicken ervthrocytes and calf thymocytes suggested

a model of in vivo chromosomes in which histone bridpes crosslink parallel

oriented INA chains into a large three-dimensional aggregate (53, 54),
.That the histone bridges are labile and are broken in low ionic strength
media as a consequence of electrostatic renulsion between INA chains was
suggested by Wilkins (53). Histone crosslinking of chromosomal DNA chains
was also suggested by Luzzatti and Nicolaicff (55) on the bhasis of their
X-ray diffraction studies,

Studies of heterochromatin and euchromatin (1) and of "puffing"
in Dipteran salivary gland chromosomes (2), suggest that the tightness
of packing of chromosomal DNA chains might be an immortant factor in the
regulation of genetic activity, If the difference between tightly-packed
and swollen chromatin is indeed a matter of histone crossiinking, then

the factors regulating such crosslinking are of ohvious biclogical im-
portance, According to the model shown in Fig, 13, one factor of im-
portance in the heterochromatin to euchromatin transition might he the
electrostatic repulsion between adjacent NNA chains; such electrostatic
repulsion might be increased in a chromosomal region by removal of metal
ions from the DNA, by removal of histones from the DMA, or by addition of
polyanions to the INA., The cooperative nature of the protein crosslinking
of nucleic acid chains (Fig, 13) leads to the expectation that nsighboring
histone crosslinks would tend to break synchmnously, giving rise tc a
localized "melting” phenomenon; consecuently, small changss in the

environment night induce large changes of chromosonal structure.
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(ii) It is well known that magnesium ions are necessary for the
structural integrity of ribosomal particles (e,g., ref. 3). The asso-
ciation of smaller ribdsomal particles into faster-sedimenting components
appears to be criti;ally dependent upon magnesium concentration,

Only about 12% of the phosphate grouns in E. coli ribosomes

are neutralized by the basic groups of the heterogeneous subunit proteins;
approximately 0,1 Mg/P are very strongly bound to the ribosomes whereas
0.3 Mg/P are bound more loosely (3), In concentrated CsCl solutions,

protein suhunits dissociate from rihosomes (56, 57), Furthermore, the
protein dissociation from ribosomes is a coopcrative stepwise process in

which groups of protein molecules are released simultaneously (57), the

extent of dissociation increasing as Mg-ions are removed, TIn the latter
studies, the sedimentation coefficients of the partially dissociatzd
ribosomal particles were lowered with respect to the complete particles;

however, it was unclear to what extent structural changes of the nucleo-

protein "core' contributed to this reduction of sedimentaticn cocfficiznt,

Methods were subsequently described (4) by which Mg-ions could be removed
from ribosomal particles without significant release of subunit proteins,
In these conditions, removal of Mg clearly caused considerable swelling of
the nucleonrotein; it was concluded that "the deciding facter resulting
in the conversion of ribosomal particles to less corpact structures is

the removal of endogenous magnesium'' (4),

I suggest that these observaticns might possibly bhe understocd
by assuming that, in the presence éf Mg-ions, protein subunits crosslink
adjacent regions of the tightly-coiled ribosomal M™NA (see Fig, 13). The
RNA molecule coils around in such a way that adjacent segments of the

nucleic acid tend to lie parallel, thereby allowing maximm crosslinking;
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this picture agrees with the model of the 503 E, coli ribosomal particle
constructed by Hart (58) on the basis of electron microscope observation,
"As the Mg*t level is reduced, electrostatic repulsion induces seﬁaration
of adjacent chains due to breaking of the protein crosslirks; the weakest
coils break first and the group of protein subunits involved is then
“only weakly bound to the particles (being hound to only one PNA chain),
These weakly-bound proteins dissociate from the nucleoprotein core in
concentrated CsCl solutions,
As compared with divalent metal ions, monovalent cations (e,g.,

Na*, k', N I4+) exert only a relatively weak influence not only on the
nucieoprotein structures discussed here, but also on many reactions of
nucleic acids, including thermal denaturation of double stranded nucleic
acids (39, 43), and binding of some catonic dves to nucleic acid phos-
phates (25, 59). Such monovalent cations nrcobably don't strongly bind
onto the phosphates, but rather form a relatively loose atrmosphere of
counterions in the surrounding solution {44j. Therefore, if two nucleic
acid chains were packed together such that very little solution were
interposed between them (either by very clese association or by having a
larger inter-chain space completely occupied by protein), then the con-
centration of monovalent salt in the surrounding solution would be ex-
pected to have little influence on the electrostatic renulsion between
the chains., In such a case, divalent metal ions might exert a nrimary
influence on the stahility of protein crosslinks (see Fig, 13) even at

relatively high concentrations of monovalent salts,
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ABBREVIATIONS

h houy

min minute

37° 37° centigrade

B micro

C curie

g gram

ml milliliter

ng milligran

Pg picoaranm

Tev, /min revoluticns ner minute
meg/ g milliequivalents ner gram
mA milliamps

nl microliters

NJA, numerical anerturs

cpm counts ner minute

dpm disintegraticns per minute
EDNTA Ethylenedianinetetraacetic acid, disedium salt
Tris Tris (hydroxymathiyl) aminorethane
concn, concentratinn

dry wt. dry weioht

mol, wt, molecular weight

uC/M microcuries ver micromole
0,D, optical density

Asn asnartic acid

Phe phenylalanine

Glu glutamic acid

Thr threonine

Leu leucine

Ileu ‘ isoleucine

Val valine

Ser serine

Ala alanine

Gly glycine

Arg arginine



