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ABSTRACT A molecular model of hemoglobin was constructed which made it
possible to visualize the relation between various amino acid residues in the mole-
cule. The model indicates that electrostatic forces might play a significant role in
holding the subunits of hemoglobin together. This would explain why myoglobin
does not form a tetramer while four 8-chains, which are structurally similar to myo-
globin, do assemble into a hemoglobin H molecule. Also, as far as the primary
structures of hemoglobin chains of various species are known, the proposed ionic
links between subunits are consistent with the fact that mammalian hemoglobins
form stable tetramers while the peptide chains of lamprey hemoglobin are only
weakly associated. The different behavior of hemoglobin H and of normal hemo-
globin upon oxygen uptake is briefly discussed in terms ol allosteric effects.

The work of Perutz and Kendrew on the structure of heme proteins has for the first
time made possible a thorough study of relationships between structure and func-
tionality (1-4). It can be expected that a full structural analysis of a group of closely
related proteins will provide us with the clues necessary to understand the signifi-
cance of the various molecular features. Of particular interest are the cooperative
effects encountered in the binding and reactivity of substrates by proteins, as de-
scribed by Monod, Wyman, and Changeux (5). These indirect interactions between
sites, the so-called allosteric effects, occur usually in proteins consisting of a well
defined number of subunits arranged in a symmetrical manner and are thought to
be brought about by structural changes of the system. It will be possible to observe
these changes directly only when high resolution X-ray diffraction data become
available for the various forms (active and inhibited) of the protein. As exemplified
by the work carried out at Cambridge University, this is a very difficult task. Perutz
has recently described an atomic model of horse oxyhemoglobin based on the
sequence of its amino acid residues, the X-ray data for hemoglobin (5.5 A resolu-
tion) and on analogies with the well studied myoglobin molecule (1.4 A resolution)
(3). This study and a subsequent one by Perutz, Kendrew, and Watson (4) reveal
important features of the polypeptide chain configuration, of the heme surroundings,
and of interactions between subunits.
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It can be anticipated that in the not too distant future low to medium resolution
X-ray data on a number of proteins will become available. We therefore thought it
worthwhile to see whether some useful information might not be obtained from less
accurate structural data. First of all, it should be clear what kind of problems might
be solved in this way, and which problems ought only be attacked by more refined
methods.

FiGURE 1 Model of hemoglobin showing the a;8:-contact region. Segments represent amino
acid residues. Heme groups are not shown. Plain labels indicate a-chain and the barred ones
B-chain.

For example, X-ray data have revealed that the subunits of hemoglobin, which
very much resemble myoglobin, do not undergo any gross distortions when being
assembled into the protein. They are not covalently bound to each other but only
seem to be hinged together at a number of points. Upon deoxygenation of horse
oxyhemoglobin, some of these subunits move somewhat apart (6,7)—an effect
which is clearly discernible by low resolution X-ray measurements. From this it
appears that some information about the interactions between subunits might be
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derived from simple model studies while interactions within the subunits would
probably not be revealed without an accurate knowledge of the detailed stiucture.

In order to study the interactions between the subunits of hemoglobin a simple
molecular model was constructed from the electron density data of Cullis, Muir-
head, Perutz, Rossmann, and North (1).

FIGURE 2 The ay81-contact region of hemoglobin. The second a-chain is removed from the
back side of the model in order to obtain a clearer picture. Plain labels indicate a-chain and
the barred ones g-chain.

The Model. The polypeptide chains were constructed on a scale of 0.5 cm per A
unit. Pieces of plastic straw, 4 mm in diameter, 15 mm long, were strung onto a backbone of
pipe cleaners at 3 mm intervals. Each amino acid was thus represented by a straight little
stick 1.8 cm long. At the junctions of the amino acids, the backbone could be bent at will.
The length of the amino acid residue backbone was taken to be 3.6 A, there being 7.2 amino
acids for every two turns of the a-helix with a pitch of 5.4 A per turn of the helix. The straws
were color coded so that the acidic, the basic, the bulky residues of valine, isoleucine, leucine
and the aromatic amino acid residues could be distinguished from the rest. The hemoglobin
was assembled by first constructing the primary structure and helical segments of each pep-
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tide (8, 9, 3). These were then strung onto a copper wire (3 mm diameter) which had pre-
viously been bent into the shape of the peptide chain, according to the model of Cullis et al.
(1). Finally the four peptides were brought into their proper mutual relation. The location of
the amino acid residues in the various helical and nonhelical sections of the polypeptide chains
were determined by using the well known properties of protein structure: helix breaks occur
at the site of prolines and very often near aspartic acid, glutamic acid, and histidine residues
(10); residues with ionized side chains are usually located on the (aqueous) outside of a sub-
unit, bulky side chains often show up as bulges even in low resolution X-ray studies, and
SH groups can be located by metal binding In fact a number of amino acid residues had al-
ready been located by the Cambridge group by such considerations (1) and these locations
were then confirmed by comparison with myogiobin.

The model resulted in a rather loose structure which made it possible to observe
the various parts of the molecule and their probable relation to each other more
easily than in the electron density models of Cullis et al. We think that such a model
represents adequately the degree of accuracy to be expected from a medium resolu-
tion (~5 A) X-ray diffraction study in that neither the side chains nor the location
of the nonhelical parts of the molecule are exactly determined. Similar models could
be constructed for other proteins of high helix content when their structural data
become available.

The coordinates of the helices and helix breaks of our model were checked against
the more accurate data presented by Perutz (3). They agreed within &1 A units.
Though inaccuracies in the location of single residues might occur in the model, the
features of the regions of subunit interaction are probably represented quite accu-
rately. Figs. 1 and 2.

Perutz has described these regions in terms of interactions between nonpolarside
chains. However, from our model it appears that a number of electrostatic inter-
actions between subunits are also possible in solution near the outer protein surface.
Since the ionized groups lie at the ends of flexible side chains they cannot be ex-
pected to show up in X-ray diffraction data. Two distinctly possible ionic links
between peptide chains appear in the aj8;-contact region (using Perutz’s nomen-
clature). In the a;B,-contact a variety of ionized groups could interact both in an
inter- and intrapeptide fashion. Because of the proximity of the interacting chain
sections we are unable to determine definite ion pairs. Instead we look upon the
ionized regions as a kind of multipoles where the comparatively mobile side chains
interact electrostatically and thus find their location of lowest free energy. The ionic
bonds which seem possible to us are shown in Table I although intrapeptide inter-
actions involving the same ionized groups cannot be excluded. It should be remem-
bered that dissociation studies have revealed that at high and low pH values, as well
as at high salt concentrations, the four unit hemoglobin molecule dissociates into
dimers (11). As described in the discussion this behavior also indicates that electro-
static effects do play a part in subunit assembly.

We therefore think that although the multitude of nonpolar interactions is prob-

730 BioPHYSICAL JOURNAL VOLUME 7 1967



"H u1qo[3oway sjuasaidar uonoeiaiul ¢ uswny-g uswngy ,

. sa'y | 1 1 1 |- 0
NL | SAT | N | N | N |dsy | dsy 1od |- A mY L str | sex | ssq | seq | ser | wg | won e
..... dsy dsy dsy | dsy dsy dsy | dsy oid | 1o
mi w_m< N N N MM< m”< ...... o W il SIH |81y | 8ay | 81y |81y | 81y | uiD | ST | pDd
drep Isnopy 8ty 3SI0[ | uewnpy UBWIRY | uewnpy | asioy g ISNOTy[ die)
Ldrdwrer] fordurey
Jwﬁ_w ureq)-¢ %mwﬁ: Lurey)-g urey)-o uqo[SoA .-wmwﬂ:
uiqojSowa iy uiqopBotoy

"UMOUD] 10U ST UTBYD 3y} UT UOIIRIO] SIY) 18 92UaNnbas ayy 1ey) saresrpur N *(¢) zinzad £q Joded ayp ut urreadde jey) st Sunsaqunu xIay YL
NISOTOOWHH NI S3dILddd-*¥ ANV - NIIMIId SANOL DINOI FT4ISSOd

I13714dVL
usy N N N N | dsy | D U pHO a1y | 31y | Siy | fuy | Bay | Bay | sA] 81y g
13s N N N S1iy | s1y SIH | '8ID no | nH | dsy | dsy N N N usy ‘PHD
drep Isno 8tg asIOf | urwmmy uewny | uewny | 3sIOH Sig asnopy | drep
LardweT Aardwrery
uiqojSowd [y ulqojdowa

‘UMOUY JOU ST ULBYD 3} Ul UOTIBIO] SIY) Je dduanbas ayy jey) ss1edipul N “(£) Zinidgd Aq saded ayy ur Suuwadde jey) sI Jurquinu X1y sy
NIGOTOOWHH NI SHAILdAd-"¥ ANV - NIIMLIId SANOd DINOI FT4dISSOd

1 4749VL

731

J. FEITELSON Interaction between Protein Subunits from Model Studies



ably highly important in keeping the subunits of the protein assembled, a few ionic
links might just be the deciding factor between the energetic pro and entropic contra
of subunit association. That the free energy balance of association is indeed slight
(only a few kilocalories/mole) has been shown by an estimate of Perutz (3).

DISCUSSION

Insight into the question of subunit interaction and the related problem of protein
dissociation can be gained by a comparison of different but related subunits. If the
above mentioned ionized side chains are indeed essential in subunit assembly we
should find them at identical or similar locations in all the different hemoglobins
which associate into tetramers. Conversely, those proteins which exist in the mono-
meric form should not form salt links in these critical regions.

In beginning our comparisons we could first ask why it is that myoglobin does not
form a tetramer while four 8-chains, which resemble the myoglobin structure closely,
form the abnormal hemoglobin H. Hemoglobin H consists of four 8-peptide chains
and apparently it has a structure similar to that of reduced horse hemoglobin (12).
This is an open structure where the chains have moved apart by about 7 A with
respect to the oxygenated form. No contacts between diametrically opposed -chains
(corresponding to §-f-contacts in normal hemoglobin) should persist in this struc-
ture (6). Moreover, contacts between diametrically opposed chains, when present,
seem mainly to consist of salt links between the terminal carboxyl (H-24) and
amino groups (NA-1), and similar links could also be established by myoglobin
molecules. We therefore think that contacts between adjacent subunits determine the
tetramer stability. The composition of these contact regions with respect to both
polar and nonpolar amino acid residues would change if myoglobin were substi-
tuted for B-chains in hemoglobin H. We do not see why the nonpolar contacts be-
tween hemoglobin H subunits should be much preferred to those between myo-
globin molecules in establishing van der Waals bonds. On the other hand, there
exists a great difference in ionic character between the two systems. In substituting
four myoglobin molecules for hemoglobin H, the primary structure would change so
that the ionic bonds indicated in Table I would disappear. Also, the protein would
acquire a net positive charge of eight units which could cause repulsion between
subunits.

Next let us compare hemoglobin H with the various normal hemoglobins which do
exhibit heme-heme interactions and are supposed to form tetramers. Lately the
amino acid sequences of hemoglobin peptide chains of various species have been
determined and found to differ greatly from each other (13-16). Of the amino acid
residues responsible for nonpolar contacts in the «,8;- and the a;8;-contact regions
of normal hemoglobins, 40% are replaced by different groups at the equivalent
sites of hemoglobin H. But both in hemoglobin H and in all cases where normal
hemoglobin is thought to exist as tetramers, the sites necessary for ionic bond forma-
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tion between subunits are indeed occupied by ionized residues which are able to
form the proposed salt links.! This is shown in Tables I and II for hemoglobin chains
of various species whose sequences have been established wholly or in part: human
(a- and B-chains, reference 13), horse (a- and 8-chains, references 8, 9, 3), pig (a,
reference 14 and a few known residues of the 8-chain, reference 15), mouse (a-chain
reference 16), carp (a-chain, reference 13), and hemoglobin H.

On the other hand, lamprey hemoglobin exists mostly in the monomer form—at
least when in the oxidized form (3, 13). Lamprey hemoglobin therefore seems to
associate very weakly. In this case, the required acidic and basic amino acid residues
have been replaced by other groups at all three proposed ionic bond sites equivalent
to the aif:-juncture in other hemoglobins. The location of ionic groups in the
aB—contact region is unknown since the complete amino acid sequence has not yet
been determined. The comparisons between myoglobin and hemoglobin chains,
whose sequences are known, indicate strongly, therefore, that ionic bonds do indeed
play an important role in the association of hemoglobin subunits.

Finally, we would like to consider briefly the structural changes accompanying
uptake and loss of oxygen by hemoglobin. We see from Muirhead and Perutz’
data that in normal mammalian hemoglobin the distance between the two peptides
increases upon deoxygenation (6). The distance between the oy- and Sz—chain heme
groups remains constant and the a-chains do not change their positions. The effect
looks similar to the opening of two opposing seams of a tetrahedron. Studies on dye
binding also indicate that the molecular structure becomes more open upon deoxy-
genation (11). Our model shows that most of the close van der Waals contacts in
the a;-Br-region must necessarily disappear or change partners in the process.
Similarly no 8-f—contacts should be possible in this conformation. The protein
nevertheless does not dissociate, indicating that no critically important bonds have
been broken. Again we see that the ionic contacts between 8-chains do not deter-
mine the tetramer stability since deoxygenated hemoglobin dissociates even less
readily than its oxygenated form (17). On the other hand, the GH4 Asp o;-G18
Arg 6 and the B12 «;—GH4 Glu 8, ionic bonds in the a;-8i—contact region need not
necessarily be disrupted by these structure changes. The long side chains of these
acidic and basic amino acids should be able to bridge the widening gap between the
ay- and B;-chains. This again indicates the possible importance of ionic groups in
subunit association.

On the other hand, from crystallographic work on hemoglobin H during uptake
of oxygen, it appears that this protein has a similar structure both in the oxygen
carrying and in the deoxygenated form. As mentioned before, this seems to be an
open structure similar to that of normal human reduced hemoglobin. Also, its oxygen
equilibrium curve does not show any heme-heme interaction. Whatever the detailed

1 At site C5 of hemoglobin-H the basic Lys residue is replaced by Gln but the adjacent site C6 is
occupied by Arg which might possibly form the salt link instead of Lys-C5.
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mechanism of these interactions may be, the comparison between hemoglobin H
and normal mammalian hemoglobins indicates that the theory of Monod, Wyman,
and Changeux (5) might need some slight modification. According to this theory,
it is the fully symmetrical hemoglobin H tetramer which should show cooperative
effects, but such effects are not observed. It would seem that it is just the inequality
of the a- and B-chains which confers homotropic interactions upon the normal
mammalian hemoglobins. It would therefore become necessary to introduce as
basic unit (protomer) an a-6-dimer. This unit would have to carry two stereospecific
reactive sites contrary to one reactive site per protomer as postulated by the above
mentioned authors. The only gross structural difference between the «- and the
B-chains of hemoglobin lies in the region of helices C and D and the connecting
section CD. It would be tempting to ascribe the cooperative effects to the structural
differences of these regions. However, the detailed mechanism of heme-heme inter-
actions is too complex to be investigated by crude model studies such as the ones
described here.

Professor J. R. Platt stimulated the use of molecular models. I would like to thank him and also
Professor M. F. Perutz, who showed me his hemoglobin model and discussed it with me.
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