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FORMATION OF THE PEPTIDE CHAIN OF HEMOGLOBIN

BY JOHN BISHOP,* JOHN LEAHY, AND RICHARD SCHWEET*t
BIOCHEMISTRY DEPARTMENT, CITY OF HOPE MEDICAL CENTER, DUARTE, CALIFORNIA

Communicated by James F. Bonner, June 30, 1960

The cytoplasmic ribonucleoprotein particles, or ribosomes, are now considered
to be the major site of protein synthesis in a variety of tissues.' Kinetic studies
with intact reticulocytes have indicated that these particles are the site of hemo-
globin synthesis.2' 1 Little is known, however, about the intra-ribosomal events
which lead eventually to the final peptide chain. Two general mechanisms may be
distinguished: simultaneous linkage of amino acids, and stepwise synthesis involv-
ing intermediate peptides. Intermediate peptides might be formed sequentially
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from one end of the chain, or clusters of amino acids might form peptides randomly
along the chain and then join to complete it. The evidence supporting these two
hypotheses has been discussed by Steinberg et at.4 and by Loftfield.5
More direct information on this problem in the case of hemoglobin synthesis

has been obtained using a cell-free system.6 The present approach was suggested
by the finding that when ribosomes containing C'4-labeled amino acids were in-
cubated with unlabeled amino acids together with the necessary enzymes and co-
factors, the ribosome-bound C'4-amino acids were transferred to and found in hemo-
globin.7 These experiments indicated that hemoglobin precursors, which appear to
be peptides, are present in ribosomes, and are released as completed hemoglobin
chains.

In the experiments reported here, ribosomes labeled with C'4-valine (the N-ter-
minal amino acid of hemoglobin) were isolated from intact cells, and then incubated
with C'2-amino acids in the cell-free system. The labeled hemoglobin formed was
then isolated. In other experiments, unlabeled ribosomes were incubated with
C'4-valine and the labeled hemoglobin isolated. The radioactivity in N-terminal
valine and in valine in the rest of the hemoglobin chain was then compared. The
results strongly suggest that the hemoglobin chain is synthesized sequentially
starting at the N-terminal end, and that a pool of incomplete hemoglobin chains,
containing N-terminal valine and variable amounts of the rest of the chain, is
present in ribosomes.
Methods and Materials.-Enzymes used were prepared from the soluble fraction

of reticulocyte lysates by ammonium sulfate fractionation.8 The uniformly-
labeled C14-amino acids used contained 2.4 X 106 counts per min per /Imole.

Intact reticulocyte experiments: Washed rabbit reticulocytes were prepared and
incubated essentially as described by Borsook et al.9 Each ml of packed reticulo-
cytes was incubated with 0.6 ml of a mixture of C12-amino acids,10 0.2 ml of fresh
plasma, 0.04 ml of 1 M Tris,"1 pH 7.5, 0.04 ml of 0.01 M ferrous ammonium sulfate,
1.1 ml of twice-concentrated, modified Krebs-Henseleit solution,10 0.2 ml of 0.001
M C14-valine or C14-leucine, and water to a final volume of 4 ml. The mixture was
incubated at 370 for 10 min, chilled, and the cells washed. Ribosomes were then
prepared in the usual manner,6' 8 except that 20 ,umoles of C12-valine was added to
the wash and also again after lysis of the cells. The soluble protein fraction was
used to prepare hemoglobin.

Cell-free experiments: Ribosomes prepared from labeled or unlabeled cells were
usually washed twice and incubated with enzymes, nucleotides, and other con-
stituents as previously described.6 12 All incubation mixtures differed only in
containing C14- or C12-amino acids as indicated. After incubation at 370 for 10
min, the mixtures were chilled and 50 to 100 mg of crude carrier hemoglobin was
added. Ribosomes were separated by centrifugation at 105,000 X g for 1 hr.
The second cell-free incubation, when employed, was for 20 min, using once-
washed ribosomes separated as described above. Ribosomes from this incubation
were again separated by centrifugation. Aliquots of ribosomes and supernatant
were counted after each incubation in the usual manner.6

Preparation of hemoglobin for N-terminal analysis: Hemoglobin was pre-
pared for N-terminal analysis from incubation supernatants by removal of a
pH 5 fraction followed by precipitation between 45 and 90 per cent saturation
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with ammonium sulfate. Results were not altered when hemoglobin was purified
further by chromatography on IRC-50.6
The 45 to 90 per cent ammonium sulfate precipitate was dialyzed against 0.1 M

Tris, pH 7.5. The protein was then precipitated with 5 per cent TCA (at room
temperature) and washed with 5 per cent TCA and then with 1 per cent TCA.
The precipitate was dissolved in 0.1 N sodium hydroxide at a final concentration
of 10 to 15 mg protein per ml and taken to pH 9.5 with saturated boric acid. This
procedure yielded a washed protein in solution buffered at the pH used for N-ter-
minal analysis.

Preparation of DNP-derivatives: The protein solution (containing 1,000 to
20,000 cpm) was mixed with 2 volumes of 2.5 per cent (v/v) dinitrofluorobenzene
in 95 per cent ethanol' and shaken for 2 hr at 400. The insoluble DNP-protein
was centrifuged off, washed successively with 0.5 N hydrochloric acid, ethanol-ether
(1-2 v/v), and ether, and dried at 400. The dry DNP-protein was hydrolyzed for
24 hr at 1100 in constant-boiling hydrochloric acid (5 to 10 mg protein
per ml). The DNP amino acids were separated quantitatively from the water-
soluble amino acids. Extreme care was taken to remove traces of free amino acids
from the DNP-valine. Paper chromatography using 2 solvents'4' 1' showed that
the radioactivity was present as DNP-valine.

Preparation of PTH-derivatives: A similar aliquot of the protein solution was
mixed with an equal volume of dioxane and one-twentieth volume of phenyliso-
thiocyanate16 and shaken for 2 hr at 400. The protein was precipitated with 5
per cent TCA and centrifuged off. The precipitate was washed with ethanol-
ether (1-2 v/v), benzene, and ether, and dried. The PTC-protein was suspended
in iN hydrochloric acid (5 to 10 mg protein per ml) and hydrolyzed
for 1 hr at 1100. The hydrolysate was treated in the same way as the DNP-protein
hydrolysate.

Aliquots of water-soluble and ether-soluble fractions from both determinations
were pipetted onto planchets containing Whatman No. 1 filter paper, dried and
counted in a gas-flow counter with Micromil window.

Experiments and Results.-To test the analytical methods, hemoglobin labeled
in the intact cell with C'4-valine, was studied (Table 1). In 8 separate experiments
the radioactivity found in N-terminal valine was 8.4 + 1.1 (standard deviation)
per cent of the total radioactivity in the isolated hemoglobin by the DNP method

TABLE 1
N-TERMINAL RADIOACTIVITY IN WHOLE-CELL HEMOGLOBIN*

DNP method - PTH method -
C14-amino Ether Water Per cent Ether Water Per cent

acid layer layer N-terminal layer layer N-terminal
used cpm cpm C14-amino acid cpm cpm C14-amino acidt

Valine 665 7,611 8.3 725 7,660 8.6
Leucine 40 20,090 0.2 60 17,955 0.33
* Intact cells were incubated for 15 min with the indicated C14-amino acid as described in the text. The hemo-

globin was isolated and radioactivity in the N-terminal amino acid determined.
t The per cent is the radioactivity in the ether layer divided by the total radioactivity. The results are given

for a typical experiment.

and 8.2 + 0.6 per cent by the PTH method. These values correspond closely to
the calculated value based on the composition of rabbit hemoglobin, which con-
tains approximately 46 valine residues per molecule,'7 of which 4 valine residues.'8
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or 8.7 per cent, are N-terminal. The per cent N-terminal C14-valine found, there-
fore, is the amount expected from uniformly-labeled hemoglobin, and is in agree-
ment with the original report of Kruh and Borsook19 that reticulocytes synthesize
hemoglobin in vitro. When C'4-leucine was used, a negligible amount of radio-
activity was found as N-terminal amino acid, as expected (Table 1).
When hemoglobin was isolated after the usual cell-free incubation of unlabeled

ribosomes with C14-valine, however, no radioactivity was found in N-terminal
valine. This surprising result, which was confirmed in a number of experiments,
suggested the possibility shown in Figure 1.

N-TMINUS I C-TER/NUS
A. ®: ,9 + ~ || + t
B. ®:t) NHOWI-C1-----VCl-----X---------
C. : NH1-VCt-----X--------X------- --
D. ----x--x- x-----

Ck-valine

A. ®:---X---------Xx---------

C. : NH-6hvOwC-----VoI-C_---C-vo _-c---X-------
D. n: NH2-voal C"-- -Vaol-0'------X--------X------

FIG. 1.-Proposed peptides in ribosomes and the growing peptide chain. R, ribosome;
-indicates the attachment of the N-terminal valine; X, unoccupied valine site. I, ribosomes as
isolated: II, the same ribosomes after brief incubation with C"-valine. The shaded area indicates
a completed chain.

In this figure, IA to ID represent various ribosomes which are present in any
cell. In IA, the ribosome contains a completed hemoglobin chain, ready to be
released. In IB and IC, chains in various stages of completion are present. These
represent the condition of most of the ribosomes. In ID, the completed chain
has just been released and the template is unoccupied.
The stages in the second part of the figure show the same ribosomes after a

few C14-valine residues have been added. In IIA, the completed chain has been re-
leased, but this hemoglobin is unlabeled. When this ribosome forms and releases an-
other molecule of hemoglobin (not shown) this hemoglobin will be completely labeled
andwill contain 8.4 per cent of the radioactivity in N-terminalvaline. In LIB and C,
C14-valine has been added to the chains and when these are completed and re-
leased, they will be labeled, but contain no radioactivity in N-terminal valine. In
ID, a chain containing N-terminal C14-valine is being formed. However, these
originally empty ribosomes will be the last to release completed hemoglobin and
little hemoglobin of this type will be formed at first.

If we assume that in the cell-free system most of the ribosomes are able to com-
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plete the peptide chain which is present, but not to initiate the synthesis of a second
chain, that is, "turn-over" only once, labeled hemoglobin with little or no radio-
activity in N-terminal valine will be formed in short incubations. The suggestion
that the lesion in the cell-free system, which limits the amount of hemoglobin syn-
thesis, is the inability of the ribosomes to "turn-over" is supported by several lines
of evidence. For example, the specific activity of ribosomes isolated after incuba-
tion in the cell-free system is about 50 per cent of ribosomes isolated after labeling
in the intact reticulocyte.3 However, hemoglobin isolated from the intact cell
has 500 times the radioactivity of the hemoglobin produced by an equivalent
amount of ribosomes incubated in the' cell-free system. It appears that in the
cell-free system ribosomes start synthesis in a similar way to the intact cell, but either
complete and release hemoglobin chains very slowly, or cannot start a completely
new chain readily.
The hypothesis shown in Figure 1 was tested with labeled ribosomes. Intact

cells were incubated with C14-valine under conditions such that each ribosome had
"turned-over" many times. Ribosomes isolated from such cells should contain only
completely labeled peptides. That is, the ribosomes would contain peptides as
shown in the figure (part I), but C14-valine would be present in all cases. When these
ribosomes are incubated with C12-valine, the completed hemoglobin chains should
contain more than 8.5 per cent of their radioactivity in N-terminal valine, since
the chains are completed with C'2-valine. The results of 4 separate experiments
(Table 2) gave an average of 12.8 per cent radioactivity in N-terminal valine.
These results provide strong support for the proposed mechanism. The possibility
that these labeling patterns were the result of the inability of the cell-free system
to produce a completed hemoglobin chain was largely excluded by other experi-
ments, in which ribosomes labeled with C14-valine in the intact cell were incubated
with C14-valine in the cell-free system (Table 2). This should correspond to com-
plete labeling of the molecule, as in whole cell hemoglobin. The value of 8.4 per
cent N-terminal valine which was found'is the expected value. When ribosomes
labeled with C14-leucine in the whole cell were used, no N-terminal radioactivity
was found in the hemoglobin isolated after cell free incubation (Table 2).

TABLE 2
N-TERMINAL RADIOACTIVITY IN HEMOGLOBIN AFTER CELL-FREE INCUBATION

Condition of Cell-free -- Per cent N-terminal C"4-amino acid-
ribosomes incubation DNP method PTH method Average

Unlabeled* With C'4-valine 0 0 0
Labeled with C'4-valinet With C"2-valine 11.9 13.2 12.6
Labeled with C"-valine With C'2-valine 14.1 10.0 12.0
Labeled with C14-valine With C12-valine 14.2 12.3 13.3
Labeled with C4-valine With C12-valine 12.9 13.1 13.0
Labeled with C'4-valine With C'4-valine* 8.7 8.1 8.4
Labeled with C4-leucine With C12-leucine 0 0.5 0.25
* Ribosomes were isolated in the standard way and incubated for 10 min under standard assay conditions and

the hemoglobin isolated and analyzed.
t Intact reticulocytes were incubated with C"4-valine or C 14-eucine as described in the text and then the ribosomes

were isolated and incubated in the cell-free system in the standard way with the indicated amino acid. The hemo-
globin was isolated and analyzed.

$ Average of two experiments.

If peptides of various sizes were present in ribosomes, as illustrated in Figure 1,
it appeared likely that larger peptides would be completed first. Thus, if ribo-
somes containing C'4-labeled peptides were incubated with C12-amino acids, the
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hemoglobin formed at first would be almost completely labeled. The hemoglobin
formed later would come from ribosomes containing smaller labeled peptides, and
would contain a higher percentage of N-terminal valine. The idea was tested by
incubating ribosomes labeled with C14-valine with C12-amino acids as before. The
ribosomes re-isolated after this incubation should contain shorter peptide chains.
These ribosomes were then incubated a second time with C12-amino acids. The
hemoglobin isolated in this case contained 15.9 per cent N-terminal C14-valine
(Table 3), in contrast to the average of 12.8 per. cent found after the first incubation.

TABLE 3
N-TERMINAL RADIOACTIVITY IN HEMOGLOBIN AFTER DOUBLE CELL-FREE INCUBATION

--Per Cent N-Terminal-----
C14-Valine

Condition of First cell-free Second cell-free DNP PTH
ribosomes incubation incubation method method Average

Labeled with CL4-valine With C12-valinet With C12-valine 15.9 14.6 15.2
Labeled with C14-valine With C"-valine With C"1-valine 17.1 16.1 16.6
Unlabeled* With C'4-valine With C2L-valine 6.5 8.5 7.5
* These results are the average of two experiments. In three other experiments little or no N-terminal valine

was found.
t Determination of the percentage of N-terminal valine in the hemoglobin from the first cell-free incubation of

these ribosomes gave values similar to those in Table 2.

An estimate of the average length of the incomplete chain in the ribosome can
be made from the data. For example, 12.8 per cent of N-terminal valie corre-
sponds to one N-terminus for each 7 internal valines, while the result with whole-
cell hemoglobin is one N-terminus for each 11 internal valines. Thus, the incom-
plete chain in these ribosomes is calculated to be 63 per cent of a complete hemo-
globin chain. The hemoglobin isolated after the second incubation which con-
tained 15.9 per cent N-terminal C14-valine, was derived from an incomplete chain
in the ribosome which was 45 per cent of the finished chain. The average length
of the incomplete hemoglobin chain in ribosomes in the steady state appears to be
approximately 50 per cent of the completed chain.20 These results, however,
provide no information as to the number of chains synthesized per ribosome.
The evidence that ribosomes containing shorter incomplete chains could be

isolated after a cell-free incubation led to an attempt to demonstrate N-terminal
C14-valine in hemoglobin derived from ribosomes labeled originally in the cell-
free system. It appeared likely that ribosomes labeled in the cell-free system
might include a few which contained N-terminal valine. These would be ribosomes
which were "empty" when isolated (ID, Fig. 1), or ribosomes which had "turned-
over" more than once in the cell-free system. The hemoglobin of the first cell-free
incubation might not contain any hemoglobin derived from such ribosomes. How-
ever, the ribosomes isolated from this incubation and re-incubated with C12-amino
acids might yield some hemoglobin from such ribosomes. In addition, the per-
centage of N-terminal C14-valine would be accentuated. This was the case, and
N-terminal valine was found (Table 3) in hemoglobin formed completely in the
cell-free system. In three other experiments, no N-terminal valine was found.
The experiments which gave N-terminal valine in the cell-free system, however,
were those in which the ribosomes were most active, that is, released a larger amount
of labeled hemoglobin per weight of ribosome.

These experiments indicate that under favorable conditions the complete pep-
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tide chain of hemoglobin is synthesized in the cell-free system. Under most
conditions it is likely that some of the hemoglobin chains labeled in the cell-free
system contain N-terminal C14-valine, but that these are difficult to detect in the
presence of the large amount of C'4-valine which is not N-terminal. It is probable,
also, that incubation times longer than those used in these experiments would be
more likely to release hemoglobin containing N-terminal C'4-valine from the ribo-
somes.

Another prediction of the hypothesis that hemoglobin chains are synthesized
starting from the amino terminal end, is that hemoglobin isolated from the intact
cell after short incubations should contain a low percentage of N-terminal C14-
valine. If the ribosomes in the intact cell only "turn-over" a few times the hemo-
globin formed should resemble hemoglobin of the cell-free system and have low
N-terminal C'4-valine. Preliminary experiments with intact cells incubated with
C'4-valine at 370 for short periods of time (0.5 to 2 min) have given hemoglobins
with N-terminal C14-valine ranging from 2.5 per cent to the equilibrium value of
8.3 per cent. Further, the per cent of N-terminal C'4-valine has been proportional
to the number of "turn-overs" of the ribosomes. The number of "turn-overs"
was considered to be the ratio of total radioactivity in the incubation supernatant
to that in the ribosomes.

Discussion and Summary. -The concept, that ribosomes contain incomplete
peptide chains of the protein they are producing, has been discussed by Loftfield
et al.2I and a figure similar to the one used here has been presented by these authors.
Dintzis et al.I have suggested that ribosomes from rabbit reticulocytes contain
incomplete hemoglobin chains. Early studies with the cell-free system6 provided"'
further evidence based on the amounts of various C'4-amino acids incorporated
into ribosomes. These amounts were similar to those in hemoglobin. More
recently, C'4-labeled ribosomes incubated in the presence of unlabeled amino
acids were shown to transfer radioactivity to hemoglobin.7 The amount of radio-
activity transferred to soluble protein corresponded to the amount present in the
ribosomes after acid and alkali washing and extraction with ethanol-ether. The
properties of the intermediates are those of peptides bound firmly to the ribosome.
The data presented here indicates that the ribosome-bound intermediates are in-
complete chains starting with N-terminal valine.
The results which lead to the conclusion that the peptide chain is synthesized

from the amino terminus and that incomplete sequences are present in the ribosome
are: (1) The incubation of unlabeled ribosomes with C14-valine in the cell-free
system gave very low N-terminal C14-valine. (2) The incubation of C14-valine-
labeled ribosomes with C12-valine in the cell-free system gave an excess of N-ter-
minal C14-valine. An important control, which demonstrated that these results
were not due to release of partial peptide chains or to other lesions in the system,
was provided by the incubation of C14-valine-labeled ribosomes with C'4-valine iii
the cell-free system. In this case, the percentage of N-terminal C14-valine was
that of hemoglobin synthesized in the intact cell. (3) A low percentage of N- ter-
minal C'4-valine was found in hemoglobin made in the intact reticulocyte in the
first few minutes of incubation.
We have attempted to explain these results by alternative hypotheses. One

of these, discussed previously by Steinberg,4 involves different sizes of intermediate
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pools. However, in these studies, such pools would have to be bound to the ribo-
some, resistant to dilute acid and alkaline hydrolysis and ethanol-ether extraction.
In addition, the pool which leads to the N-terminus would have to be quite different
from the average of the other pools, and other assumptions would have to be in-
voked. Studies of the radioactivity in the carboxyl terminus of hemoglobin and
also of the specific activity of valine residues in known locations along the chain
should provide a further test of the mechanism proposed here. However, a de-
finitive test may require isolation of the proposed peptides from the ribosomes.
Dintzis et al3 have reported preliminary studies on isolation of peptides from reticu-
locyte ribosomes.

If this mechanism is correct, it seems likely that the N-terminal amino acid is
held by some rather firm linkage to the ribosome, probably through its amino
group. The carboxyl group attached to transfer-RNA (or activated in some other
way) then joins with the amino group of the next amino acid in the sequence with
the elimination of the valine-bound transfer-RNA. According to this picture, the
growing peptide chain terminates at all stages in amino acyl-RNA.
The results reported here are equivalent to nonuniform labeling. That is, the

residues of a particular amino acid in different portions of the chain have different
specific activities. However, whether the "nonuniform labeling" observed by
Steinberg et at4 in studies of ovalbumin synthesis is due to the presence of incom-
plete protein chains in the ribosome remains to be determined. These authors do
not exclude such a mechanism as an explanation of their findings. The proposed
mechanism requires that the specific activity of a given amino acid increase along
the chain from the N-terminal to the carboxyl-terminal end. Such a result has
been reported recently for amylase synthesis.22 However, interpretation of the
data is complicated by the presence of unlabeled protein precursors of the enzyme.
The results reported here do not conflict with those reported by Muir et al,23 who
found uniform labeling in hemoglobin. Their experiments were done in vivo
and the mechanism proposed here would predict the attainment of uniform labeling
after a small number of protein molecules were synthesized per ribosome. It is
likely, therefore, that another explanation is needed for the nonuniform labeling
observed by Kruh et at24 after long term in vivo experiments. It should be noted
that Shimura et at25 found excess labeling in the N-terminal glycine of silk fibroin'
indicating sequential synthesis from the carboxyl end of the chain.

Previously, we have concluded that incorporation of C'4-labeled amino acids
into protein in this cell- free system represents mainly hemoglobin synthesis.6
The presence of N-terminal C14-valine in hemoglobin labeled in the cell-free system
under favorable conditions supports this conclusion. The synthesis of the com-
plete hemoglobin chains is limited, however, and the largest part of the C'4-amino
acid incorporated in the cell-free systems represents synthesis of chains already
started. That completed hemoglobin chains are formed is indicated by the ex-
periments in which C14-valine-labeled ribosomes incubated with C'4-valine in the
cell-free system gave hemoglobin with the same percentage of N-terminal valine
as did the intact cell.

We wish to thank Dr. James Bonner for his many helpful suggestions and his
aid in the preparation of this manuscript.
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Immunochemical analyses' of antisera to ruptured T4 bacteriophage suggested
that an antibody directed against deoxyribonucleic acid (DNA) might be present.
In this paper we show that antibodies specific for DNA are indeed present in our
antisera, and that they react chiefly with thermally denatured DNA.

Previous workers have reported immunological reactivity of native bacterial and
mammalian DNA.24


