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Myoglobin and the

Structure of Proteins

Crystallographic analysis and data-processing

techniques reveal the molecular architecture.

When I first became interested in the
question of solving the structure of
proteins, during the latter part of World
War II, I had no doubt that this prob-
lem above all others deserved the atten-
tion of anyone concerned with funda-
mental aspects of biology. Had my
interests been awakened a few years
later I would, no doubt, have recog-
nized that there were in fact two such
basic unanswered questions—the struc-
ture of proteins and the structure of
nucleic acids. As events turned out, the
second question was posed later and
answered sooner. For me in the early
1940’s, however, there seemed to be
only one question uniquely qualified to
engage the interest of anyone wishing
to apply the disciplines of physics and
chemistry to the problems of biology.
It also seemed that the only technique
offering any chance of success in deter-
mining the structures of molecules as
large and complex as proteins was that
of x-ray crystallography. As I look
back on that time it occurs to me that
my own almost total ignorance of this
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method was fortunate, in that it con-
cealed from me the extent to which
contemporary x-ray crystallographic
techniques fell short of what was
needed to solve the structures of mole-
cules containing thousands of atoms; it
was indeed a case of ignorance being
bliss. For a number of years this situa-
tion persisted; many roads were ex-
plored, but none of them seemed to
offer real hope of a definitive solution
until my colleague Max Perutz showed
that the method of isomorphous re-
placement, until then applied rather
rarely in crystallography generally and
never in the field under discussion, was
in fact ideally suited to the protein
problem. His first successful applica-
tion of this method to the hemoglobin
structure provided the basis of all sub-
sequent work in the field, my own in-
cluded. In this discussion (/) I shall
refer to questions of methodology only
insofar as they have special relevance
to my own work.

As I have indicated, my choice of
problem and of method seemed straight-
forward. The choice of material was
not so simple. One looked for a protein
of low molecular weight, easily pre-
pared in quantity, readily crystallized,
and not already being studied by x-ray
methods elsewhere. Myoglobin seemed
to satisfy these criteria, and it had the
additional advantage of being closely
related to hemoglobin, which had been
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the object of Perutz’s attention for
many years, and of sharing with hemo-
globin a most important and interesting
biological function, that of reversible
combination with oxygen. As was re-
vealed more clearly later, myoglobin
consists of a single polypeptide chain
of about 150 amino acid residues, as-
sociated with a single heme group. Its
one-to-four relationship with hemoglo-
bin, already suggested in early days by
a comparison of molecular weights,
turned out to be not coincidental but a
fundamental structural relationship, as
has now been shown by comparing the
molecular models of the two proteins.
At the beginning, however, one was
more concerned with practical prob-
lems, which took a number of years to
solve, than with hypothetical structural
relationships.

First of all it was necessary to find
some species whose myoglobin formed
crystals suitable, both morphologically
and structurally, to the purpose at
hand; the search for this took us far
and wide, through the world and
through the animal kingdom, and
eventually led us to the choice of the
sperm whale, Physeter catodon, our
material coming from Peru or from the
Antarctic. There were some close run-
ners-up, including the myoglobin of
the common seal; its structure is now
being studied by Helen Scouloudi at
the Royal Institution in London. Once
the method of isomorphous replacement
had been shown to be capable, in prin-
ciple, of solving the structure, one was
faced with the task of attaching a small
number of very heavy atoms at well-
defined sites to each protein molecule
in the crystal. Mpyoglobin lacks the
sulfhydryl groups whose presence in
hemoglobin was so successfully ex-
ploited by Perutz and Ingram for the
attachment of mercurial reagents; we
had to look for other ways, and our
attempts to use the unique heme group
for the attachment of ligands which
contained heavy atoms having proved
for the most part unsuccessful (our
ligands were always rapidly ejected by
even very small traces of oxygen which
were almost impossible to exclude), we
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were thrown back to a more empirical
approach. This consisted in crystallizing
myoglobin in the presence of metallic
ions and then seeing whether any
changes in the x-ray pattern could be

Fig. 1. X-ray precession photograph of a myoglobin crystal.
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Fig. 2. Fourier synthesis of myoglobin at 6-A resolution.

detected; further analysis was required
to determine whether, as we desired,
substitution had taken place at a single
site. In the absence of any sound
foundation of theory, it was necessary

to examine a very large number of pos-
sible ligands—several hundreds—before
two or three were found which satisfied
all the rather rigid criteria. Such labo-
riously empirical procedures are still
forced upon all workers in this field
and very drastically limit the exploita-
tion of the isomorphous replacement
method. A rational and generally ap-
plicable solution to this problem is yet
to be discovered; it would do more
than any other single factor to open up
the field.

General Strategy of the Analysis

Turning now to the strategy actually
adopted for the solution of the struc-
ture, we may remember that Perutz’s
first application of the isomorphous re-
placement method in hemoglobin, as
well as our own in myoglobin, had been
to produce a two-dimensional projec-
tion of the structure. For such a projec-
tion the number of x-ray reflections
required is fairly small, and the solution
of the phase problem is simple; even
with a single isomorphous replacement
the results are unambiguous. But the
amount of structural information which
could be derived from a projection was
almost nil, owing to the high degree of
overlapping of the elements of so com-
plex a structure. It was immediately
clear that to exploit the method we
would have to apply it in three dimen-
sions, to produce a spatial representa-
tion of the electron density throughout
the crystal. This involved the study of
a much larger number of reflections and
the calculation of general phases, and
required, for an unambiguous solution,
comparison of several heavy-atom de-
rivatives substituted in different parts
of the molecule.

The whole diffraction pattern of a
myoglobin crystal consists of at least
25,000 reflections. In 1955, when the
three-dimensional work was begun,
there were no computers fast enough to
calculate Fourier syntheses containing
so many terms; besides, the method was
unproved, and it seemed advisable to
test it first on a smaller sample of data.

We may regard a typical x-ray
photograph of a myoglobin crystal
(Fig. 1) as a two-dimensional section
through a three-dimensional array of
reflections; each reflection corresponds
to a single Fourier component, and the
whole structure can be reconstructed
by using all the components as terms
of a Fourier synthesis. As Perutz has
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indicated, the components of higher
frequency (higher harmonics), which
are responsible for filling in the fine de-
tails of the structure, lie toward the
outside of the pattern.

Thus, one can obtain a rendering
of the molecule at low resolution
by using simply the reflections within
a spherical surface at the center of the
pattern. By doubling the radius of the
sphere (which now encloses eight times
as many reflections) we double the
resolution of the density distribution.
We decided to undertake the solution
of the structure in three stages. The
first, completed in 1957, involved 400
reflections and gave a resolution of 6
angstroms; the second (in 1959) in-
cluded nearly 10,000 reflections and
gave a resolution of 2 angstroms; the
third (not yet complete) includes all
the observable reflections—about 25,000
—and gives a resolution of 1.4
angstroms. It may be recalled that
polypeptide chains pack together at
center-to-center distances of 5 to 10
angstroms; that atoms (other than
hydrogen) of neighboring groups in
van der Waals contact, or brought to-
gether by hydrogen bonds or charge
interactions, lie 2.8 to 4 angstroms
apart; and that the separation between
covalently bonded atoms is 1 to 1.5
angstroms. It follows that the three
stages chosen would be expected to
separate polypeptide chains, groups of
atoms, and individual atoms, respec-
tively. In the third stage, with its
resolving power of 1.4 angstroms,
neighboring covalently bonded atoms
should be just distinguishable, but this
is as far as the analysis can go because,
beyond this point, the diffraction pat-
tern fades away. This limit represents
a lower degree of order than is usual
in crystals of molecules of low or mod-
erate complexity; in fact, myoglobin
crystals possess a higher degree of order
than do crystals of almost any other
protein, and this was an additional rea-
son for my choice of this protein for
analysis.

Before considering the results of the
three stages of the analysis, let us revert
to the question of computers. As will
be evident from what follows, the
amount of useful structural information
obtainable increases rapidly with the
resolving power. Indeed, it seems prob-
able that for most proteins the dividend
obtained from high resolution would
be even greater, for it has been found
that the helix content of myoglobin
(75 percent) is a good deal higher
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Fig. 3. Model of the myoglobin molecule,

derived from the 6-A Fourier synthesis.
The heme group is a dark grey disk, center
top.

than that of most other proteins, and
identification of structural features in
myoglobin at less than atomic resolu-
tion is greatly dependent on the pres-
ence of many helical segments of poly-
peptide chain, readily identifiable even
at 6-angstrom resolution, and at 2-
angstrom resolution already showing
well-defined takeoff points for side
chains, often making it possible to
identify these even though the indi-
vidual atoms cannot be distinguished.
But, as already indicated, the amount
of computation required increases very
rapidly with the resolving power. Even
at the first stage of the analysis we
made use of an electronic computer,
EDSAC I, which, though small and slow
by modern standards, was at the time
one of the very few such instruments
in operation in the world. These early
Fourier syntheses of the myoglobin
data were, to the best of my belief, the
first crystallographic computations ever
carried out on an electronic computer
and initiated a practice which later
(and, incidentally, after a time lag of
several years) became universal among
crystallographers. At each stage of the
myoglobin analysis the computers em-
ployed were among the most rapid
available at the time; we are now using
very fast and large computers such as
EDSAC II and 1BM 7090; most protein
molecules are larger than the myoglo-
bin molecule, and their analysis will
require even bigger computers. There
is also the problem of data collection
and data handling. In the myoglobin
analysis the data for the 6-angstrom
and 2-angstrom stages were mainly col-
lected by conventional photographic

methods, but at the 2-angstrom stage
the solution of the phase problem for
9600 reflections involved densitometric
measurements of some quarter of a
million spots, from different heavy-atom
derivatives and exposures of different
lengths. Such a task approaches the
limit of the practicable, especially as we
were aiming for, and achieved, a mean
error of 2 to 4 percent in the determi-
nation of amplitude. I would not care
to have to undertake such a task a sec-
ond time. In any case, serious effects
of radiation damage to the crystals
make photographic techniques increas-
ingly difficult if not impossible at the
higher resolutions. Fortunately, the au-
tomatic diffractometer designed by my
colleagues U. W. Arndt and D. C.
Phillips became available just in time
for the final stage of the work. With
this apparatus the intensities of succes-
sive reflections, measured with a pro-
portional counter, are recorded on
punched tape which can be fed directly
into a high-speed computer. There is
no doubt that automatic data-collecting
equipment and very fast, large com-
puters are highly desirable for all, and
essential for most, x-ray studies of
proteins.

Myoglobin at 6-Angstrom Resolution

The three-dimensional electron den-
sity distribution in a crystal is most
conveniently represented as a series of
contour maps plotted on parallel trans-
parent sheets. Such a map for myoglo-
bin at 6-angstrom resolution is shown
in Fig. 2. A cursory inspection of the
map showed it to consist of a large
number of rodlike segments, joined at
the ends and irregularly wandering
through the structure; a single dense
flattened disk in each molecule; and
sundry connected regions of uniform
density. These could be identified, re-
spectively, with polypeptide chains, with
the iron atom and its associated por-
phyrin ring, and with the liquid that
fills the interstices between neighboring
molecules, its boundaries being demar-
cated by the adjoining liquid. A scale
model is shown in Fig. 3. For the most
part the course of the single polypeptide
chain could be followed as a continuous
region of high density, but some am-
biguities remained, especially at the
irregular regions between two straight
rods. The most striking features of the
molecule were its irregularity and its
total lack of symmetry; this made all
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Fig. 4. Fourier synthesis of myoglobin at 2-A resolution, showing a helical segment of
polypeptide chain end-on.

the more remarkable the later finding
by Perutz that each of the four subunits
of hemoglobin closely resembled the
myoglobin molecule, in spite of wide
differences in species and in amino acid
composition. As had been expected, it
was not possible at 6-angstrom resolu-
tion to draw any conclusions regarding
the nature of the folding of the poly-
peptide chain, or to see, let alone iden-
tify, side chains.

Myoglobin at 2-Angstrom Resolution

To achieve a resolution of 2 ang-
stroms it was necessary to determine
the phases of nearly 10,000 reflections
and then to compute a Fourier synthesis
with the same number of terms. As
already indicated, this task represented
about the extreme limit of what is prac-
ticable with photographic techniques,
and the Fourier synthesis itself (ex-
clusive of preparatory computations of
considerable bulk and complexity) re-
quired about 12 hours of continuous
computation on a very fast machine
(epsac II). The electron density func-
tion was calculated at about 100,000
points in the molecule and was repre-
sented on the three-dimensional contour
map shown in Fig. 4. In Fig. 4 we
are looking at the density distributions
directly along the axis of one of the
straight rodlike sections of polypeptide
chain identified at low resolution; it
may be seen that the rod has now
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developed into a straight hollow cyl-
inder. Study of the density distribution
on the surface of this (and other)
cylinders showed that it fits the arrange-
ment of atoms in the a-helix postulated
by Pauling and Corey in 1951 as the
chain configuration in the so-called a-
family of fibrous proteins. Careful
analysis of the density distribution, car-
ried out on the computer, shows that
the helical segments are nearly all pre-
cisely straight, and that their co-or-
dinates correspond to those given by
Pauling and Corey within the limits of
error of the analysis. Furthermore, it
is possible to see directly the orienta-
tion of each side chain relative to the
atoms within the helix, and hence, from
a knowledge of the absolute configura-
tion of an L-amino acid, to show that
all the helices are right-handed.
Another view (Fig. 5) of the contour
map shows the heme group edge on,
now appearing as a flat disk with the
iron atom at its center. To our surprise
we found that the iron atom lay more
than ¥4 angstrom out of the plane of
the group; it was only later that we
heard from Koenig at Johns Hopkins
University that he had observed the
same phenomenon in his structure anal-
ysis of hemin. We were also able to see
that the iron atom was attached to one
of the helical segments of polypeptide
chain by a group which we were later
able to identify as histidine—a striking
confirmation of suggestions which had
been made as many as 30 years earlier

to the effect that histidine was the
heme-linked group in hemoglobin and
myoglobin.

In our preliminary publication about
this Fourier synthesis, in 1960, we
pointed out that at a resolution of 2 ang-
stroms neighboring covalently bonded
atoms are not resolved, and we gave
it as our opinion that systematic. iden-
tification of side chains would not be
possible at this resolution. Events
proved that we had been too pessi-
mistic; by studying carefully the shapes
of the lumps of density projecting at
the proper intervals from the poly-
peptide chain we were often able to
identify them unambiguously with one
or another of the 17 different types of
side chain known, from the overall
composition, to be present in the myo-
globin molecule. We were able to seek
confirmation and extension of our re-
sults from a quite different source. At
the time when the myoglobin program
was getting seriously under way I dis-
cussed with W. H. Stein and Stanford
Moore at the Rockefeller Institute in
New York the possibility that some
member of their laboratory might un-
dertake a determination of the complete
amino acid sequence of myoglobin,
using the methods originally employed
by Sanger in his studies of insulin and
later developed and extended at the
Rockefeller Institute for the analysis of
ribonuclease. They were kind enough
to arrange for Allen Edmundson, at
that time a graduate student working
in their laboratory under the super-
vision of C. H. W. Hirs, to undertake
this task. By the time our 2-angstrom
synthesis was available, Edmundson
had studied most of the peptides ob-
tained by tryptic digestion of myo-
globin and had determined their com-
position and in a few cases the se-
quence of residues within them. We
found that, by laying his peptides along
the partial and tentative sequence de-
rived from the x-ray analysis, we were
able in many cases to observe corre-
spondences which confirmed both our
identifications and his analysis, and to
clear up ambiguities and confusions in
each (Fig. 6). All in all, it was pos-
sible to identify about two-thirds of all
the residues in the molecule with some
assurance, though certain pairs of resi-
dues of similar shape were difficult to
distinguish. We were able to sum-
marize the results of the analysis up
to this stage in the form of a model
(Fig. 7) which showed the positions
in space of the helical polypeptide
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chain segments, of the heme group,
and of most of the side chains; it in-
cluded, less precisely, the positions of
the atoms in most of the nonhelical
regions and in many of the remaining
side chains.

Myoglobin at 1.4-Angstrom Resolution

During the past 2 years we have
been concerned with improving the res-
olution of the electron density map by
including virtually all the observable
reflections in the pattern, about 25,000,
and extending the analysis to spacings
of 1.4 angstroms; we now plot the elec-
tron density at half a million points in
the molecule. As I have already pointed
out, this extension of the analysis was
made possible by the availability of
automatic data-collecting equipment
with proportional counters, and of still
larger computers, such as the IBM
7090. Even so the task would have
been a formidable one if we had con-
tinued to use the method of isomor-
phous replacement, involving the col-
lection of data from a number of
different isomorphous derivatives. In-
stead, we reverted to a more conven-

tional method, that of successive re-
finement, and_abandoned the use of
heavy-atom derivatives. )

From a study of the 2-angstrom
Fourier synthesis we were able to assign
spatial coordinates to about three-
quarters of the atoms in the molecule.
Owing to the limited resolving power of
this synthesis, the accuracy with which
atoms could be located was a good deal
less than is desirable, but this impreci-
sion was compensated for by their num-
ber, a good deal higher in proportion to
the size of the structure than is gen-
erally necessary for the success of the
refinement method. This method con-
sists in calculating the phases of all the

_reflections from the coordinates of the

atoms which have already been located;
a Fourier synthesis is then computed
from observed amplitudes and calcu-
lated phases. This synthesis necessarily
shows all the atoms which have been
used for calculating phases but should
reveal “ghosts” of additional ones, with
reduced density; it also indicates any
minor errors in the positions of the
atoms previously located, if their po-
sitions are found not to coincide exactly
with those assumed.

One is now in a position to embark
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on the next cycle of refinement, using
the previous set of atoms with corrected
coordinates, together with additional
atoms located after the first cycle. After
a few such cycles the successive Fourier
syntheses should converge to give a
precise representation of the whole
structure.

We have so far carried out two
cycles of refinement, including 825
atoms in the first and 925 atoms in
the second (the myglobin molecule
contains, in all, 1260 atoms exclusive
of hydrogen: in addition, there are
about 400 atoms of liquid and salt
solution, of which some are bound to
fixed sites on the surface of the mole-
cule). One or two further cycles of
refinement will probably be necessary,
but in the meantime the 1.4-angstrom
Fourier synthesis based on the second
cycle gives very much better resolution
than the 2-angstrom synthesis. In many
cases neighboring covalently bonded
atoms are just resolved, the background
between groups of atoms is much
cleaner than in the earlier syntheses,
and many of the disturbances found
in the region of the heavy-atom sites
in the 2-angstrom synthesis have dis-
appeared. Figures 8 to 10 and the
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Fig. 5 (left). Fourier synthesis of myoglobin at 2-A resolution, showing heme group edge on. Fig. 6 (right). A comparison between .
chemical and x-ray evidence for part of the amino-acid sequence of myoglobin. First column, tryptic peptides; second column,
chymotryptic peptides; third column, x-ray evidence. Peptides are enclosed by brackets. The figures give the degree of confidence
in the identification (5, complete confidence; 1, a guess).
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cover photograph will give some im-
pression of this synthesis.

Meanwhile Edmundson has greatly
advanced his study of the amino acid
sequence of myoglobin. In particular
he has characterized a large number of
chymotryptic peptides, in addition to
the tryptic peptides previously men-
tioned. From the results of the x-ray
and chemical studies, today some 120
amino acid residues are known with
almost complete certainty and many of
the remaining 30 are known with a fair
degree of probability. There is little
doubt that the residual ambiguities will
shortly be resolved and that the posi-
tions of all the atoms in the structure
will be known with reasonable ac-
curacy, with the exception of a few
long side chains (such as lysine), which
are apparently flexible and do not oc-
cupy defined positions in the crystal.

General Nature of the Structure

What is the nature of the molecule
which has emerged with progressively
increasing clarity from successive Fou-
rier syntheses? Some 118 out of the
total of 151 amino acid residues make
up eight segments of right-handed
a-helix, seven to 24 residues long.
These segments are joined by two sharp
corners (containing no nonhelical resi-
dues) and five nonhelical segments (of
one to eight residues); there is also a
nonhelical tail of five residues at the
carboxyl end of the chain. The whole
is folded in a complex and unsymmetri-
cal manner to form a flattened, roughly
triangular prism with dimensions about
45 by 35 by 25 angstroms. The whole
structure is extremely compact; there
is no water inside the molecule, except
for a very small number (less than five)
of single water molecules presumably
trapped at the time the molecule was
folded up; there are no channels
through it, and the volume of internal
empty space is small. The heme group
is disposed almost normally to the sur-
face of the molecule, one of its edges
(that containing the polar propionic
acid groups) being at the surface and
the rest buried deeply within.

Turning now to the side chains, we
find that almost all those containing
polar groups are on the surface. Thus,
with very few exceptions, all the lysine,
arginine, glutamic acid, aspartic acid,
histidine, serine, threonine, tyrosine,
and tryptophan residues have their
polar groups on the outside (the rare
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exceptions appear to have some special
function within the molecule—for ex-
ample, the heme-linked histidine). The
interior of the molecule, on the other
hand, is almost entirely made up
of nonpolar residues, generally close
packed and in van der Waals contact
with their neighbors.

We may ask what forces are respon-
sible for maintaining the integrity of
the whole structure. The number of
contacts between neighboring groups in
the molecule is very large, and to
analyze these it has been necessary to
use a large computer to calculate all
the interatomic distances and to de-
termine which of these lie within the
limits corresponding to each type of
bonding. These results have not yet
been studied in detail, but it is clear
that by far the most important contri-
bution comes from the van der Waals
forces between nonpolar residues which
make up the bulk of the interior of
the molecule. It is true that there are
a number of charge interactions and
hydrogen bonds between neighboring
polar residues on the surface of the
molecule, but one gains the strong im-
pression that many, or even most, of
these are “incidental”; a polar group
on the surface is quite content to bond
with a water molecule or ion in the
ambient solution and only links up with
a neighboring side chain if it can do
so without departing too far from its
normal extended configuration. I should
perhaps qualify this statement by re-
marking that one observes a number of
polar interactions of side chains such as
glutamic acid, aspartic acid, serine, and
threonine with free imino groups on the
last turn of helical segments, and it may
be that these have some significance in
determining the point at which a helix
is broken and gives way to an irregular
segment of chain. If so, these special
interactions will be important in a
wider context as determinants of the
three-dimensional structure of proteins,
and they might be of service in pre-
dicting the nature of the structure from
a knowledge of the amino acid se-
quence.

The interactions of the heme group
deserve special consideration. It is these
which are responsible for the charac-
teristic function of myoglobin, since an
isolated heme group does not exhibit
the phenomenon of reversible oxygena-
tion. At present we can merely enum-
erate the heme group interactions; to
explain reversible oxygenation in terms
of them is a task for the future. As

already mentioned, the fifth coordina-
tion position of the iron atom is oc-
cupied by a ring nitrogen atom of a
histidine residue, the so-called heme-
linked histidine. On the other (distal)
side of the iron atom, occupying its
sixth coordination position, is a water
molecule, as would be expected in fer-
rimyoglobin, the form of myoglobin
used for x-ray analysis; beyond the
water molecule, in a position suitable
for hydrogen-bond formation, is a sec-
ond histidine residue. It is noteworthy
that the same arrangement of two his-
tidines also exists in hemoglobin. For
the rest, the environment of the heme
group is almost entirely nonpolar; the
group is held in place by a large num-
ber of van der Waals interactions. In
hemoglobin it seems that the environ-
ment of the heme group is closely
analogous. For both proteins, it is clear,
a rich field of knowledge awaits ex-
ploration, and we may hope that the
very extensive studies of the oxygena-
tion reaction made during the past half
century may now be interpreted in
precise structural terms.

Some Implications

The oxygenation reaction of myo-
globin and hemoglobin may be held to
be interesting and important enough in
its own right to justify the choice of
these two proteins for study. In fact,
as was indicated at the beginning of
this article, the choice was originally
made on different grounds, such as
availability, ease of crystallization, and
molecular weight. There are very many
proteins which have specific functions
as important, or more important. Every
enzyme—and many hundreds of these
have been characterized—has its own
specific function vital to some particu-
lar process in cell function. A number
of enzymes are being studied by x-ray
methods in laboratories all over the
world, and in several cases the analysis
is on the brink of success. A knowledge
of the detailed structure of each -of
these enzymes will give insight into
some essential biological process, by
resolving the molecular architecture of
the active site and permitting the same
kind of interpretation of function, in
molecular terms, that we may soon
achieve in the heme proteins. From
this point of view there is no foresee-
able limit to the number of proteins
whose structure is worth analyzing,
since each will have its unique function
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Fig. 7 (above). Model of the myoglobin molecule, derived from the 2-A Fourier synthesis.
The white cord follows the course of the polypeptide chain; the iron atom is indicated
by a grey sphere (a) and its associated water molecule by a white sphere (b). C and N
are the C and N terminals. Fig. 8 (right). Comparison between the same section through
the sperm whale myoglobin molecule at 6-A resolution, isomorphous phases (top),
at 2-A resolution, isomorphous phases (center), and at 1.4-A resolution, calculated
phases (bottom). The top left portion of each shows the longitudinal section through a
helix; the right center of each shows the heme group edge on. The atoms marked are
part of the distal histidine (see text). Note that several neighboring atoms are resolved
at 1.4 A. Fig. 9 (left). End-on view of a
helix at 2-A and 1.4-A resolutions. A mod-
el helix (top) allows for comparison. Fig.
10 (below). Part of the 1.4-A Fourier syn-
thesis. Center, the heme group (edge on)
shows heme-linked and distal histidines
and the water molecule attached to the
iron atom. Top right, a helix end on. Bot-
tom, a helix seen longitudinally, together
with several side chains.




which demands explanation in struc-
tural terms,

From another angle we may, rather,
ask what features are common to all
proteins and study the structure of
myoglobin as a typical member of this
vast class of substances. Probably more
experimental work has been done on
proteins than on any other kind of
compound, and a huge corpus of
knowledge has been built up by the
organic chemist and the physical chem-
ist. Many generalizations have been
made, but always they have been lim-
ited in scope by the fact that they
could not be based on a precise molec-
ular model. The emergence of such
a model, even for a single protein such
as myoglobin, makes it possible to test
and to add precision to the chemist’s
generalizations. Already sperm whale
myoglobin is being studied by biochem-
ists in a number of laboratories with
this end in view. To give only a few
examples, it is being examined from
the standpoint of optical rotatory power
and helix content, of titration behavior,
of metal binding, of chemical modifica-
tion of side chains, and of hydro-
dynamic characteristics. Such studies,
and others like them, will serve to
deepen our understanding of the ways
in which proteins behave and of the
reasons why they are uniquely capable
of occupying so central a position in
living organisms.

The geneticists now believe, though
the point is not yet rigorously proved,
that the hereditary material determines
only the amino acid sequence of a
protein, not its three-dimensional struc-
ture. That is to say, the polypeptide
chain, once synthesized, should be cap-
able of folding itself up without being
provided with additional information.
This capacity has, in fact, recently been
demonstrated by Anfinsen in vitro for
one protein—ribonuclease. If the pos-
tulate is true it follows that one should
be able to predict the three-dimensional
structure of a protein from a knowledge
of its amino acid sequence alone. In-
deed, in the very long run it should
only be necessary to determine the
amino acid sequence of a protein in
order to predict its three-dimensional
structure. In my view this day will not
come soon, but when it does come the
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x-ray crystallographers can go out of
business, perhaps with a certain sense
of relief; it will also be possible to dis-
cuss the structures of many important
proteins which cannot be crystallized
and which therefore lie outside the
crystallographer’s purview.

We have taken a preliminary look at
the structure of myoglobin from this
point of view and have to confess that
the difficulties are formidable. The
structure is highly irregular; the seven
“corner” regions between helical seg-
ments are all different, so that general-
ization is impossible; the interactions
between side chains are numerous and
of many different types, and one cannot
easily see which are crucial in deter-
mining the structure. The complexity
of myoglobin is very great, yet myo-
globin is probably simpler than most
proteins, not only by virtue of its low
molecular weight but also in respect to
its high helix content, probably much
higher than that of most other proteins.
As things stand, we cannot even hazard
a guess as to why the helix content of
myoglobin is so high, let alone see how
to predict its structure in detail.

Much help with these problems may
come from a comparison of myoglobin
with the subunits of hemoglobin, which
Perutz has shown to resemble it very
closely in spite of notable differences
in amino acid sequence. By laying side

by side the sequences of myoglobin _,

and of the a and g8 chains of hemoglo-
bin, and by making certain plausible as-
sumptions to explain the (fairly small)
differences between the lengths of the
chains, it is possible to observe ho-
mologies—points at which the same
amino acid appears in a corresponding
position in all three chains. The num-
ber of these homologies is surprisingly
small, but presumably it is these which
are responsible for the crucial inter-
actions which determine that all three
chains have the same three-dimensional
arrangement (though some of the
homologies may be accidents of evolu-
tionary development). Study of ho-
mology will soon be extended by exam-
ination of myoglobin and hemoglobin
of other species—human myoglobin
and human, horse, rabbit, and human
fetal hemoglobin—and of the aberrant
hemoglobins whose “mistakes” in amino

-

acid sequence have been shown in re-
cent years to be associated with so
many hereditary diseases of the blood.

Perutz and I, with our collaborators,
have already spent some time looking
at these homologies, and a number of
interesting facts have come to light.
Yet, even in this narrow field our
studies are in their infancy, and in any
case I suspect that only generalizations
of limited scope can be made from
myoglobin and hemoglobin alone. The
detailed structures of a few other pro-
teins should soon become known, but
it will be clear from many of the topics
I have touched upon that we have
pressing need to know the structures of
very many others, for proteins are
unique in combining great diversity of
function and complexity of structure
with a relative simplicity and uniform-
ity of chemical composition. In de-
termining the structures of only two
proteins we have reached, not an end,
but a beginning; we have merely
sighted the shore of a vast continent
waiting to be explored.
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