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I

METAL IONS IN BIOLOGICAL MOLECULESJ

Biological systems are composed mainly of light

• elements (e.g., H, C, N, 0), but s-mall concentrations of
" metallic elements .. Mg, Fe, Co, Cu, Zn, as well as others --

&are also present and they appear to be quite essential for
many processes. As charge carriers, metal iots occur in cer-
tain transport processes in membranes, but such phenomena wiil
not be considered here. Of far greater subtlety is their role

- in enzymes, whern tinical metallic concentiations art of the
order of a few atoms in io4 while the importance of these few
atno!:- is entirely out of proportion to their concentrations.
Two examples will illustrate the point: The enzyme carboxypep-
tidase is a protein with a molecular weight of 34,000; it con-
tains one atoms of zinc, which, if removed, causes the activity
to be completely abolished. Hemoglobin, another protein with
a molecular weight of (8,000, contains four atoms of iron;
the ability of hemoglobin to bind oxygen reversibly and thereby
to transport oxygen from the lungs to the tissues is totally
dependent on the presence of the iron atoms, to which the
oxygen molecules are attached.

The presence of metallic atoms (most often in ionic
form) in a biological molecule confers upon it certain special
properties which extend the range of possible experimental and
theoretical approaches. Thus, there are often new absorption
bands, or the molecule may become paramagnetic, or, in special
cases, may exhibit MNssbauer resonance. It is largely because
of these properties, as well as others, that the subject of
biological metallo-organic systems has att-acted and fascinat-
ed investigators from a variety of fields, including biochem-
itstry, inorganic chemistry, biophysics, chemical physics and
solid state physics. Although a great deal of information re-
garding such systems has been developed, particularly in the
last decade, it would be premature to suppose that we under-
"stand what is going on.

The material for this report is based on the following:
1. Visit to Physics Department, Univ, of Birmingham, P.B. Moon,
b.A. O'Connor, 3 Aug 1967

2. Visit to Nuclear Physics Division, Atomic Energy Research
Establishment, Harwell, Berks., L.G. Lang, C.E. Johnson, 18
Aug 1967

'4



2 ONRL-57-67

3. Participation in an Oxford Inorganic Discussion on Metal
"Ions in Biological Systems, Oxford Univ,, 28-29 Sep 1967

4. Visit to Physica Department, Technische Hochschule, Munich,SGermany, R.L. M#Jssbsuer, A. Mayer, A. Trautwein, 2-50Ont 1967

5. Visit to Laboratory of Molecular Biology, Cambridge Univ.,
M.F. Perutz, 20 Oct 1967.

II. THE OXFORD INORGANIC DISCUSSIONS

SSome 200 people representing varied disciplines gathered

for P two-day meeting (28-29 Sep 1967) at Oxford University to

discuss 'Metal Ions in Biological Systems." The topics and speak-
ers are listed in Appendix I. We give a brief summary of the prop-
erties of two molecules which received special attention -- car-
boxypeptidase (CPD), discussed by B.L. Vallee of Harvard Univ.,
and ferredoxin (Fd), discussed by P.R. Whatley of King's College.

CPD is a single chain protein of molecular weight 34,300;
it consists of 302 amino acids and one atom of zinc. As an enzyme,
CPD exhibits peptidase activity, i.e., it will rupture peptide
bonds in other proteins by hydrolyzing the CO-NH bond:

H 0 H R' H R1

-C- C N- C-- COOH + H20- -- C COOH + H12N C -COOH
22

R 1 H R H

-u- Enzyme attacks here

CPD has a dual specificity in that it also exhibits esterase
activity, a process. analogous to the above. The enzymatic ac-
tivity of CPD follows the zinc atom both in removal and restora-
tion. Also, if the zinc ion is replaced by cadmium or mercuric
ions, the esterase activity is enhanced while the peptidase
activity disappears. It has been established that the active
site consists of a grouping of zinc and the amino acids tyro-
sine and histidine. The activity is sensitive to minor struc-
tural alterations in the molecular architecture.

Ferredoxin (Pd) is a protein with a molecular weight
between 6 and 14,000, depending on its source. It is found in
photosynthetic green plants and photosynthetic bacteria; it
also participates in the :onversion of atmospheric nitrogen to
NH by nitrogen-fixing b.._terie. A molecule of Fd contains

3!
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between 2 and 7 iron atoms, depending on the sr'cies. The
iron can assume either a ferrous or ferric oxidation state,
and in plant ferredoxin at least, the iron is not bound in
a heme (iron porphyrin).

Other speakers dealt with other systems like xan-
thine oxidase (R.C. Eray, Chester Beatty), special techniques
like spectroscopy (R.J.P. Williams, Oxford), nuclear maonetic
resonance (R.E. Richards, Oxford), atd Ilssbsuer absorption
(C.E. Johnson, Harwell). Certain aspects of the Messbauer
technique will be discussed later, but first some general re-'. marks regarding the Oxford meeting may be appropriate. -

Although the mee..ing focused attention on the metal-
lic ions present in many enzymes, the basic question being
asked was: How does an enzyme work? It was stressed repeated-
ly that there were many odd features to enzymatic reactions when
compared with reactions in other branches of chemistry; that,
despite the vast number of enzymes that are known in greater
or lesser detail, we are completely mystified by the high
rates of reaction and by the high degrees of specificity.
Because our knowledge can be said to be almost entirely
phenomenological -- a conclusion which carries the implice-
tion that there are no concepts to provide useful guidance --

it is necessary to exercise extreme care in the employment of
models or model compounds for experimental or theoretical pur-
poses. Conclusions based on a model have frequently turned
out to be irrelevant, insofar as the real compound was con-
cerned. Finally, in a metallo-enzyme, it is not fruitful to
weigh the relative importance of the metal vs. the organic
part; the system acts as a unit and one constituent without
the other is worthless.

The metallo-enzymes -- important in their own right
in various biological processes -- occupy a unique position
in that they can be investigated by a wider arsenal of tech-
niques, which, it is assumed, increases the probability of
ultimately arriving at a fundamental understanding of their
mechanism4. Success in this regard would constitute a major
breakthrough in biology, fully comparable with that which
followed the discovery of the structure of DNA.

III. MOSSBAUER ABSORPTION IN PROTEINS

Since the discovery in 1958 of recoilless emission
and absorption of gamma rays in certain nuclei -- an effect
named after its discoverer, R.L. Mdssbauer -- there has arisen
a vast literature on applications as varied as general relativ-
ity and biological molecules.

£I
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The central Idea behind '!he various applications of
the MIsabsuer effect may be described as follows, Under suit-

Sable conditions, certain radioactive vuclei emit gamma rays that

are extremely monochromatic. For exz'mple, the excited nucleus
Fe57 emits, among other things, gamme, rays having an energy of14•,400 eV and a monochromaticity to about one part in 10i-2, i.e.,

! the line width ie of the order of 10-8 eV. Moreover, there exist
relatively simple means of varying the gawmma ray energ-y over several
(or more) lirm widths. It is therefore quite feasible to do absorp-
tion spectroscopy in which the absorbing entities are other nuclei
of Fe57 (in their ground atate) and whose ener:gies may have been

altered, through various interactions by amouots of the order of
10-8 eV. The Mbssbeuer effect thus provides a method for measur-
ing extremely small changes in energy, and from such measurements
we attempt to draw conclusions regarding the interactions which
have brought about these energy changes. In other words, we are
using a nucleus as a probe to sample its local environment, which
consists ox" electric anC. magnetic fields established, generally,
by electrons in the vicinity of the nucleus. In the simplest
case, a Mdssbauer spectrum consists of only one line; more often,
in actual cases of interest -- particularly for biological mole-
cules -- the spectrum is quite complex and usually becomes more
so as the temperature is reduced.

The Harwell group (L.G. Lang, C.E. Johnson, and W.
Marshall) have been concentrating on the low-temperature re-
gion woere the magnetic hyperfine interaction is revealed.
This is an interaction between the magnetic moments of unpaired
electrons and the magnetic moment of the nucleus, and is de-
scribed by a Hamiltonian of the general form

in w hich and S are the nuclear and electronic spin operators;
a is a tensor which contains: (1) the interaction of the nucleus
with the Plectronic orbital angular momentum; (2) the dipole-
dipole interaction betwLeen nuclear and electronic spins; and
(0) the Fermi contact interaction with s-electrons which may
also give non-vanishing contributions by indirect effects such
as exchange interactions with d-electrons.

A necessary condition for (1) to be valid is that the
magnetic moments of the electrons must not change direction too
rapidly. Stated more precisely, the average time between flips --
the relaxation time -- of the electronic moments must be long com-
pared with the period of the Larmoz precession of the nuclear
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moments in the effective field at the nucleus. Otherwise, the
field at the nucleus averages to zero and there is tio magnetic
hyperfine interaction. In ferric compounds (high spin) where
the above condition is usually satisfied mainly because of the
absznce of orbital angular momentum, the effective field at
the nucleus lies in the region of several hundred kilo-auss.
Such fields give rise to a nuclear Zeeman effect which may or
may not be fully resolved in the Mlssbauer spectrum.

Additional information may be obtained by applying
an external magnetic field, as the Harwell group have clearly
demonstrated. However, here it is necessarv to distinguish

F between weak and strong fields as well as between short and
long relaxation times. In this context, e magnetic field is
said to be strong if it is sufficient to .1ecouple the nuclear'
and electronic spin systems; in the compounds of interest
here -- those containing iron -- the coupling is weak, and
magnetic fields greater than about 100 gauss are considered to
be strong. Thus, the direct contribution of the applied field
to the effective field at the nucleus is negligible; the major
effect is to hold the electronic spins fixed in magnitude
and direction.

In the presence of an applied field, considered to
be strong in the above sense, the computation proceeds in one
of two possible directions. If the relaxation time is long,
thr total Mdssbauer spectrum is the sum of contributions from
each spin state, whereas for short relaxation times it is neces-
sary to obtain a thermal average of the spins and then to corn-
puts the M~ssbauer spectrum.

The Harwell group have worked with a variety of hemo-!lobin derivatives, the ferric compounds hemoý;lobin cyanide
HiCN), azide (HiNw3 ), hydroxide (HiOH), and methemoglobin
(HiH2 0), as well as the ferrous compounds oxyhemoglobin
HbO deoxye ogloin nd carbon monoxide hemoglobin

HbCO). To avoid possible structural alterations associated
with the removal of water, they worked with frozen aqueous
solutions in the temperature range of 1.2 to 195 0 K. Also
to obtain good intensities in the Missbsuer absorption lines,
they enriched their samples with the stable isotope Fe57.
Yore recently, their work has been extended to include such
compounds as the cytochromes, ferredoxin, and special varieties
of bemoglobin. A few references to the Harwell work are:

!I
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G. Lang and W. Marshall, "tN6ssbauer Effect in Some Hemoglobin
Compounds," Proc, Phys. Soc0 8., 3 (1966).

G. Lang, "Biriogical Applications of Magnetism," J. Appl. Phys.
.38, 915 (1967),

.. E. Johnson, "Missbauer-Effect Studies of Fe 5 7 in Biological
Compounds," Oxford Inorganic Discussions, Sept. 1967,

The MINssbauer work on biological substances at the
Physics Dept. of the Technische Hochschule in Munich represents an-
other aspect of research in this area. The efforts of this group
(A. Mayer, A. Trautwein, H. Vorel) have been concentrated on in-
strumental matters. They have developed a constant velocity drive
system which is useful when onc wishes to examine with high pre-
cision a small portion of a Mdssbeuer spectrum. By this means
they have obtained quite accurate values of the quadrupole split-
ting and the isomer shift for mothemoglobin, oxyhemogiobin and
deoxyhemoglobin at several temperatures. A reference on this work
is:

H.M. Kappler, A. Trautwein, A. Mayer and If, Vogel, "Mechanical
Constant Velocity Prive for MBssbauer-Spectroscopy of I{emo-
globin," Nuclear Instr, & Methods 5I, 157 (1967),

It is probably premature to attempt a serious assessment
of M8ssbauer spectroscopy in the biological area, At best, two
trends are discernible and they appear to be parallel to those
in older and more established forms of spectroscopy, On the one
hand, the accumulation of spectra on a wide range of compounds
over a wide range of conditions permits the technique to be used
as a diagnostic tool. Thus., given a particular compound, we
might learn to identify certain properties like the oxidation
state or the spin state, purcly on the basis of recognizable
features of the Mdssbsuer spectrum. Such tools are of unques-
tioned utility, and all branches of spectroscopy are frequently
used in this way. The other aspect is the attempt to understand
the spectra in a fundamental way, ie,, in terms of the contribu-
tions from various interactions, and to deduce from them informa-
tion regarding structure, charge distribution, spin densities, etc.
The second aspect is, of course, the more difficult and progress
has been slower. Nevertheless, research along these lines is the
one more likely to result in improved understanding of the relation
between biological processes and purely physical properties,
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IV. DETERMINATION OF STRUCTURRE ON 'mrf BASIS (.F INT11RFlFRENCE
BET7.MEN R AYLE IG AND MCSSDAUIR SCPTT7RING

When we are given a particular crystalline structure
and we 1"ive available the necessary atomic parameters --

positions of atoms. charges, scattering factors. etc. -- it
is possible to compute, by a fairly straightforterd process,
,,.:r full details of the diffracti n pattern that results
from the illumination of Lhe crystal with X-rays. 1.When,
however, we are given the full details of a dif.raction
pmttern, complete to within the limits of observation, and
we are asked to compute the structure whict; gave rise to the
pattern, there is, in general no solution to this problem.
We wish to enlarge upon this notion in order to show how, in
principle, the Mbsabauer effect may be employed ir certain
special cases to obtain a solution to the preblem of how to
determine a structure from its diffraction pattern.

A typical X-ray diffraction pattern produced on
photographic filui (or recorded by counters) consists of an
arrangement of spots (diffraction maxima) of varying intensi-
ties. The spatial arrangement of the maxima is governed
primarily by the symmetry properties of the space lattice,
that is, by the distribution of -rits (e.g., molecules) in
space; the integrated intensities of the diffraction maxima,
on the other hand, are mainly determined by the charge dis-
tribution in an individual unit, i.e., the molecular struc-
ture. Now, for each set of parallel planes in the crystal,
labeled by their Miller indices (h k I) there corresponds,
generally, a diffraction maximum whose intensity is propor-
tional to the square of a certain function F(h k 1) known as
tbe structure factor. It is defined by the expression:

F(h k 1) z. cnstc f&.4 e d8 at (2

V

in which f (x,y,z) is the density of charge at x,y,z referred
to an arbitrary coordinate system, and the integration is car-
ried out over a unit cell of dimensions a,b,c and volume V.
When the charge density may be approximated by a set of well-
separated atoms, the integral in Eq. (2) is replaced by a sum
over the atomic positions.

Since, then, the diffraction maxima are proportional
to JF(h k 1)1 2 and F(h k 1) is fully given by Eq. (2 (or an
eouivalent sum), it is possible to compute the diffraction
pattern when the structure is known. We note that F(h k 1) is
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a complex quantity; in a more compact notation it is convenient
to write

F(h k 1) FH (3)

ýV- to emphasize that F(h k I) is determined only when the absolute
Sva l u e , I F ! . a n d t h e p h a s e a n g l e , ( a r e b o t h k n o w n ,

I When we come to the consideration of the inverse problem,
f namely, the retrieval of the physical structure from its X-ray dif-

fraction pattern, we are confronted with the problem of calculating
(x,y,ý). This function, as has already been mentioned, describes

he distribution of charge in the unit cell and, if we are consider-
ing a molecular crystal, ,f (x,y,z) gives the positions of the atoms,
i.e., the molecular structure. This is the main objective of most
crystallographic work, particularly tn biological applications.
Since we are dealing with a crystal, j (x,y,z) is a regular, period-
ic function and may therefore be represented by a three-dimensional
Fourier series

.27rý

That the coefficients in the series are indeed the k' is evident
from Eq. (2). But the oaly things we can measure wh~ch relate to
the FH are the intensities of the diffraction maxima, and these
provide us with information regarding IF H|. or JFHJ but not re-
garding the phase a ngle'a H It is there ore not posaible to sum
the series in Eq, (4 and (x yi.z) remains unknown.

This is a statement of the "phase problem" in crystal-
lography; ths problem remains regardless of the method used for
detecting the scattered X-rays.

Before discussing how the M8ssbauer effect may contribute
to the solution of the phase problem, it is appropriate to comment
that the non-existence of a general mathematical solution does not
mean that we are completely without resources -- if that were so,
there would be no science of crystallography. By various ingeni-
ous devices, it is often possible to make an educated guess of
the structure; the diffraction pattern is then computed and com-
pared with the observed pattern. By successive approximations
one arrives at the real structure. This procedure works for mole-
cules that are not too large -- for biological molecules, e.g.,
proteins, it's hopeless, and one must resort to other tricks, the
most important of which is the heavy atom technique (vide infra).
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Let us now suppose that the crystalline material con-
tains a resonant etoxn, that is, an atom whose nucleus is capable
oP displaying the M5&sbauer effect, for example, Fe 5 7 . When
such en atom is illumtneted with X-rays (issuing from a -•11OshZ*e.
source, not an X-ray tuba), two kinds of scattering processes
take place. One has its origin in the interaction of X-ray
photons with the electrons (Rayleigh scattering) and the other
involves an interaction with the nucleus (Nnssbauer scattering).
in both cases, the energy of the scattered radiation is the
same as that of the incident radiation -- only the direction,
or the momentum, has been changed. The ensential point is
that the two types of scattering are coherent, that is, the
radiation scatteled by the Rayleigh process can interfere with
that scattered by the MtIssbauer process.

We must now comment on certain properties of the
two types of scattering. Rayleigh scattering, which applies I
only when the photon energy is well away from an absorption
edge is a non-resonant process. This means that, in the
very narrow range of energies within which the Mfssbauer ef-
feet occurs, the cross section for Rayleigh scattering is in-
dependent of photon energy and depends only on the angle of
scattering. Also the phase of the Rayleigh scattered radia-
tion, relative to the incident beam, remains constant over the
small energy interval and may be taken as zero. According to
our previous discussion, the amplitude of the scattered radia-
tion from the crystal (by the Rayleigh process) is given by;

Prh k 1) I a io}1

We note that the phase angle a( H is governed by purely
geometr-ical considerations associated with the position of
t-.-a atom with respect to the coordinate system.

By contrast, Mfssbauer scattering is a resonant
process; that is, the amplitude of the scattered wave AM
is described by an expression of the form

m K (5)
E(v) - +li

K is a constant; E0 is the resonance energy of the MNssbauer
line whose line width is r ; E(v) is the energy of the in-
cident (and scattered) photons. E(v) may be varied over a
number of line widths by imparting to the source s velocity v,
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thereby causing a Doppler shift in the photon energy. In this
case, it is important to note that, in the vicinity of resonance,
the phase of the scattered radiation relative to the incident radi-
ation will depend strongly on v. This quantity is, of course,
under the control of the experimenter, who may vary v as he chooses.

In a mere compact notation we write

AM P (6)
F~v)+ I

"61• Combining the two types of scattering amplitudes, Rayleigh and
Mdssbauer, we obtain the total amplitude of scattering from the
crystalline planes (h k 1)

Hf' HA (v)) (P

In the general case there would also be a phase factor associated
with the seaond term arising from the positions of the ntoms,
Hnwever, assuming there is no more than one resonant atom in each
unit cell, it may be put at the origin of the coordinate system.
This is tantamount to choosing a refurence phase as that of the
Rayleigh scattering from the resonant atoms. With this choice,
P is real and positive.

The intensity of the scattered radiation is then given by

I(v) IA (v)I 2 +

= IFHI 2  2IFHIPH [1(v) cos6H + sinOcH] 2 I

t2(v) +1

An equivalent expression is derived by P.J. Black (Nature 206,
1 223 (1965)).

We shall now outline a procedure for obtaining the neces-
sary quantities.

1. Choose a velocity v far from resonance -- a few
line widths away is sufficient. In this case, we expect no
contribution from Massbauer scattering, and as seen from Eq. (8),

I'
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IH("•' ' (=) FR12 (9)

2. Write Eq. (8) in the form

. [r1 (V IrI12] 4&2 V +

=2J H &( 5 4COS + [pH2 + 21FHIPH s~iIrc,4(1)

We see that YH is a linear function of 6(v); therefore a minimum
of two velocities in the vicinity of resonance (preferably on
either side) will determine this function, giving

2 JF1 i PH cooCH (i)

PH + 2 1FHI PH ain,. = b (ii)

in which a and b are the slope and intercept, respectively,
of the linear function Eq. (10).

3. For an inverse reflection (h k 1), that is, for a
diffraction maximum associated with a set of planes (-h, -k,
-1), we have

-T<= F PH

Eq. (10) then becomes

~iyi tIIfi (v) - FH,2] [e2() + 1

2 I 1IPH cosO(H - 2 1HIPH sini ("1)

Repeating the procedure in item 2 above, for the same two velo-
cities, we obtain a third relationship,

2IFH si n =< c
PH 2 H sin (iii)

Equations (i), (ii), and (iii) are sufficient to do-
termine all the unknown quantities;
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IFH(Z (12s)

r = ((b +o)/2 12b)

coH(-) ( (122) j
The literature on this subject is not very extensive;

in Appendix II we have listed a number of references.

Two groups are known to be active in this area. One is
in the Physics Dept. of the Univ. of Birmingham (P.B. Moon, D.A.
OtConnor, P.J. Black), and another is at the Technische Hochschule
in Munich (R.L. MIssbauer, W. Hoppe), It is also likely, based
on one known publication, that work of this sort is 0oing on at
the Physical Faculty of the Moscow State University (R.N. Kuz'min,
A.V. Kolpekov, G.S. Zhdanov).

Finally, it is necessary to comment on certain practical
aspects. The most formidable technical difficulties that must be
overcome before the thieoretical possibilities can be realized are
associated with intensity. Since it is necessary to use M~ssbauer-
type sources which, typically, consist of redioa-tive materials
diffused into a metallic foil, the brightness of such sources isseveral orders of magnitude below that of X-ray -.ubes. This means
that the time required to obtain a diffraction pattern 'ncreases
in the same ratio, and for most applications, the r.orcssary dura-
tions of exposure are prohibitive.

It is partly for this reason that the work of the
Bfrmingham group is largely concerned with certain experimental
and theoretical aspects and only secondarily directed toward
crystallographic applications. Indeed, it should be noted that
the first experiments to demonstrate the existence of interference
between Rayleigh and MOssbauer scattering was accomplished by this
group, and they have continued this activity along both experi-
mental and theoretical lines.

The Munich group is making a concerted effort to over-
come, or at least improve, the problem of intensity in order to at-
tempt crystallographic work, particularly for biological molecules,
The attack on the problem is along two lines -- to improve the
sources and to concentrate the scattered radiation. They hope to

[- - ----
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produce a source of 100 'ýCi of Co, 7 in a spot size of aboutI m,- in diameter. To corncsntm to the scattered radiation is

not an easy matter, since the index of refraction 9 f X-rays,
for almost any material, differs from unity by 10- to 10"5;
ordinary optical systems are therefore useless. However,
because the scattered radiation has a very narrow line width
there exists the possibility of designing what may be called
"resonant" optical devices in which the index of refraction for

X-rays is significantly different from unity.

V. STRUCTURE OF HEMOGLOBIN

Much has been written about the Laboratory of Molec-
ular Biology at Cambridge University. With this Laboratory
are associated the names of M.F. Perutz, J.C. Kendrew, F.H.C.Crick, J.D. Watson, M-H.F. Wilkins, F. Sanger -- all Nobel
Laureates. It is perhaps no exaggeration to say that the
spectacular advances in biology during the last decade were
pioneered by these men, and, in a certain sense, PerUtz led
the way. For it was in 1937, as a graduate student in Cam-
bridge, that Perutz undertook the ambitious project of determ-
ining the structuJ'e of hemoglobin by X-ray diffraction methods.
As Perutz tells it (Scientific American 211, 614 (1964)), "For-
tunately the examiners of my doctoral thesis did not insist
on a determination of the structure, otherwise I should have
bad to remain a graduate student for 23 years.1"

To appreciate the magnitude of the problem, it is
necessary to recognize that hemoglobin consists of 574 amino
acids, or some 10,000 atoms, organized into four intricately-
wound chains. A heme group, containing one iron atom, is
tucked into each chain, and it is at the irori that a molecule
of oxygen attaches itself and is transported to the tissues.
Clearly the phase problem, in a system as complicated as this
one, could not be attacked by trial and error; another apprcach
had to be found and the one that ultimately succeeded was the
heavy atom method. In this method, one attempts to incorporate
heavy atoms into the molecule without at the same time alter-
ing its structure or the arrangement of molecules in the crystal.
affect the intensities of the diffraction maxima in a way which

enables the phase constants to be deduced.

In hemoglobin, this was finally accomplished by
attaching mercury atoms to the sulfur atoms in the amino
acid cysteine. Even so, the task was formidable -- tens of
thousands of spots had to be measured and the data computed.
It was indeed fortunate that high-speed computers came into
being at about the time when the technical problems with the
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heavy atom technique were solved. T~e first structur" appeared
in 19591 it had a resol.ution of 5,5 X. To get better Leaolution
more spots must be read, but the gain is slow; thus tc double the
reso ution, the number of spots to be read increases by a factor
of 21. It is therefore not surprising that it has been only in
the lost few months that the structure of hemof•lobin to a resolu-
tion of 2.8 R has emerged,

It is generally assumed that structure and fvnction are
inttmatqly related; it is therefore appropriate to inquire whether
the knowledge of the structure of hemoglobin leads to an understand-
ing of its function. As has already been stated, hemoglobin binds
oxygen; the quantitative aspects of this process are contained in
a binding curve in which the percent of bound oxygen is plotted
against the partial pressure of oxygen, This curve has a sigmoid

shape, i.e., at low oxygen pressures the curve is non-linear --

the percent of bound oxygen increases faster than the first power
of the oxygen pressure. There follows an approximately linear
portion and finally, at high oxygen pressures (> 60 mm Hg) the curve
saturates. The interesting region is the low pressure region be-
cause the non-linearity is a manifestation of cooperative effects
among the four heme groups. It seems that when oxygen is attached
to on*e heme, the affinity of the other hemes to oxygen is increased.

The cooperative phenomenon in-hemoglobin has long bee
a puzzle, for the heomes are separated by distances of 25 to 40
a distance far too large for known int'eractions to be effective.
The puzzle in hemoglobin became even more interesting when it was
recognized that it was not an isolated phenomenon, In a large
number of enzymes there are several active sites -- locations in
the molecule which interact with the substrate. It was discovered
that when one site is occupied by a substrate, the catalytic activity
of the other sites is influenced. Such enzymes are known as allo-

sterio enzymes a ( Monod, J.P. Changeux, F. Jacob, J. Mol. Biol. 6,
306 (1963)); the general notion which is invoked is that when onesite is occupied, the molecular structure is altered in such a way

as to alter the affinity of the substrate to other active sites. A
Since the structure of enzymes is generally not known (altogether
the structure of only a handful (C 10) of biological molecules is
known to varioui degrees of detail), the hypothesis remains in an
uncertain state. Could we then look to hemoglobin, where the struc-
ture is known, as a possible model foran entire class of molecules
that exhibit cooperative phenomena?

Peruts and his co-workers made an accurate comparison
of the structure of hemoglobin containing oxygen (oxyhemoglobin)
with hemoglobin not containing oxygen (deoxyhemoglobin). They in-
deed found structural differences which can be described by small

KT .,
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rotations of each of the four sub-units about separate axes.
Unfortunately, these structural differences, which leave tie
re-ion around each home unaltered, do not seem to lead to an
understanding of the cooperative effects. In fact, with the
advent of the more refined structure, at the 2.8 2 resolution,
it became more of a mystery how an oxygen molecule manages to
move between the heme end the surface of the molecule, since
the packing is so close that there in no obvious passageway.

Paradoxically, it appears tth t as our knowledge of
the structure of hemoglobin has improved, t-he mysterie, of
its function have deepened. Perhaps, as in other contexts,
we may expect it to be darkest just before the dawn.

I
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APPENDIX I - Program of Oxford Yncrganio Diacussions, 1967,
Metal Ions in Biological Systems, Oxford Univ., Oxford,
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1. R.J.P. William, Oxford Univ., Heavy Metal Ions iia Biological
Catalysis

2. B.L. Vallee, Harvard Univ., The Active Center of Notallo-
Enzymea

3. R.E. Richards, Oxford Univ., The Application of Nucleer
Relaxation Time Measurements to Biological Systems

•. P.R. Whatley, King's Coil., Partioipation of Ferredoxin and
Other Non-Heem Proteins in Biological Oxidations and
Reduu t ions

5. R.C. Bray, Chester Beatty Inst., Mechanism of Action1 of
Xanthine Oxidase

6. C.E. Johnson, UIAERE, Harwell, Berke., Mbesbauer-3ffect
Studies of 57Fe in Biological Compounds
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APPENDIX III- Some Recent References on the Structure of Hemoglobin
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Mel. Biol. 28. 117 (1967)

S.R. Simon, W.H. Konigsberg, W. Bolton and M.F. Perutz, Identity
of Structure of Horse Deoxy- and Oxyhaemoglobin after Re-
action with Bis (IN-maleidomethyl) Ether, J. Mel. Biol. 28,
451 (1967)

M.F. Perute, The Hemoglobin Molecule, Scientific American 211,
64 (1;94')

M.F. Peruts, So~me Molecular Controls in Biology, Endeavor 26, 3
(1967)

I

i .o



UMNLASSIFIED

~ato ctemiscatsom
DOCwINT CONMMOL DATA-- R&D

.10sw I.leu"06 001 o to.. b of obaftw owd meW ,.neff -MW wwý ohm _.e*"...,a f e$ obos,..tl"
U. 04MIAT ACTIVITY (COM.us eSwOm sio. R URUoUfiR Y @ I.&SsPICA7r@N !

Office of Naval Research, Branch Office 1. GROUP
London, En&gland

Metal Ions In Ziological :-uleuoes

4. 00t IVE MOTU o !7pw M mu h,.liv dame)

:-. £UThO(12 CL.at a. ifme" name, Mt.•,)

Weisabluth, Mitchel (NM1)

0- IMPg U OrT cav. Vo TTAL NO. OP PA.OUSRP

2ka Nov 1967 18 23
*.CONTRACT ORt GRANT NO. to. ORIGINATOR-* RePORT mumdsEow)

N.A. ONRL-57-67

*-N.A. .

S• N.A.
la. AVAILASILITY/LIMITAYICON NOTICES dcmn AThis document is subject to special export controls

and each transmittal to foreign governments or foreign natioals may be
made only with prior approval of the Office of Naval Research, Branch Office,

I I. f l aM•t* SPONSORING M•LITARY ACTIVITY

N.A. N.A,
It.1 ABSTRACT The main topics discussed in this report are:

1. The central role of metals in enzymatic systems,
2. The M~ssbauer effect as a tool in investigating

biological molecules containing iron,
3. The combination of Rayleigh scattering wJth Mdssbauer

scattering as a possible method for molacu.-.r struc-
ture analysis,

4. Recent improvements in the resolution of the he-,,-
globin strurture and its implications for allostericity.

DD -JAN 1473 UNCAU!ET)
. cla afflemso _



UNCLASSIFI N

rLIM A LINK a LINKPt7-xgywomo -..

,_______.. ..____ ,....-_______.,._____ W?. RT OLE UT- .-4_L wr

hemoglobin, mtal ions, Maebabo~ir of-
feat, Reyleigh effect, scettering,

proteins, home, molecules

i ,i
L. 05Gm INWAT ACTWVITY Eater the ma ed e"ddess lupoaed by *s*mity claseiflcatioa, usin* Standard statemets'ae thO eastrctar. bcractor, pantoe, Depertuent of De- ,ich as:few" activity or other orgsansation (cor4poe amut/h) Isinkg (1) "Q11 Ufid requesters my obtain copies of thisota op ort. repo rt bor DD C."

;.XDRt• IISC~Ur CLAIIhFCAT1OIt Znta ve (2) "Foreign aso omistaand dletaimatlom of this
se elasslation of the report. Indicate whether•report by Dei , ad dii O t

4 1 DMA Is Included, karking is to be In accord- re~t by DDC is no rised. I
Sw seprieft e ty regulations. (r, "US. L overent agenctes iay obtain copies of

A.-GO utomc dowaveding IS Specified In DoD D- this topor directly from DDC. Otho quolLied DDC
1r~ 0 mid Ar5d IPoE5 Zniatatrlal ManuaL, Enter users shell request through

the gogp amlie. Also, when applicable, show that optical ,capitalg leter. Titlss In• all case hd beoup 4lassl ed.-"UombL d bosmused I Group 3 md G 4S author- (4) 1U. L military agencies Aay obtain copies of this-re sport directly ban DWIC- Other quidiflad users
3. REPORT ITMN ERtem the complete rapot title In all shall request throughcptlletters. Title* in all cases sho~uld be-amclavolifed. ,

If a measingful title cannot be Selected without ciesalfice.tion. show title elmalfi~ctoa in all Capitals in parenthesis (5) "All distrlbution of this report is contrmoled. Qual-

4. DincwPTIvz NOTE& If appratdate, oenter the type of __
e L e• or. .. lt4"Wi. progrtess maser1 , annual. - f'al. If the repo"t h.s bef. furnished to the Office of TechnicalG the Incluaive dotes whens spwimic reporting period is Seevices. Pepwt:oft ofý O h, for ejie to the pubi c. 1a4

covered cote a We fact A nd e sowthe price, 1f kaswnn
L5 AUTHIC(S) Rater the some(s) of author(s) *a shown o 10. SUPPLEMNTARY ?CTU: Use for Pdditiooal eaplana-or in the repet. Enter leat Samo first ame. middle initial. tor SOLOS.
It military. sWw tok mad breach of servlce. The name ctChe principal afth~isas absjd olute minimum oquirou, 12. OSOTMRIG MUITARY AC1V79[Y: Enter the abs of

th. departmerial project aftice.or leborestory eponsoring (pla.-L REPORT DATE-. Enter the dmte of the report as day. k1 for) the rest ch ped development. Include ad0r*ee
monhb, year; Or month, yesms If more than one date appers.
oan thi report, use date oa publication. 13. AMTRACT: Enter an abstract gitving a brief mid factual7

S. TTAL Niia O PAGE The otal age cunt ummery of the documment indicative of the report, *van teg7& TOTAL NU ER OF PAGE; The total pae count it may also appear elsewhere in the body of the technical re-should fallow aoridl pegination proceduree. Le.. enter the port. additional spe in requlre4. a continuation Sheet ShallSof Pagos Cokelaing Waraiati. be atrtahed.
?b. NU ER OF RrFE•ENCEft Enter the total number of It is highly 4euirsble that the abstract of classified reportsreferences cited in the report. be unclassified. Each paragraph ýf the abstract shell and with
"Sa CTRACT OR GRANT NUIMBM- If eppropriate, enter an indication of th, military security classification of the In.the applicable mumber of the contrect or grea under which formation in the palrgr•ph, repreemated as (TI). (s). (C), ., (u)the report wa writter. Therm is no limitation an the length of the abstract- How-
Sb. fc, a U PRtOJECT NUMBER Enter the appropriate ever. the suggested length Is from IS0 to 225 words.milifery department ideati~cation. such anme oct, number.muflproJet dptbet, iydali anmbners, task nuber, etc* 14. LEY WORDS: Kay words ame technically maeanngful term@or short phrases that charscteris. a report and may be uasd em

.. o IGM *r S REPORT NUMJ R(SC . Ente the offl- index ontrie far cataloging h report. Key words muet beA r.ort mumber by which the document will be identified selected so that no security cla••iflcation Is rquired. Identi-and controlled by the originating activity. This number must fIM, such as equipmat model deal ticm. tsdamna, militarybe unique to this remt project cod anam, geographic ocaon. may be used as key
C.. OlTWm pEP`OqT N1BER(S): If the report has I words but wiU be followed by an 'adIc&ties of tec* ical coo-
assigne4 amy ether report saumlbe (either by the orldinator text. The aeRnigamet of links, rue. , and weights is optional.at by Owe ameno), also andrths tlmumeber(s).

10. AVAI.,ABI•.TY/IDTATION NOTICE&k Itatr any Una,
kaitaim ma fAthe dusamemlseat the report. other than

)D ;!441473 (BRACK) U"'CLASS.....


