Structural Chemistry (2022) 33:635-639
https://doi.org/10.1007/5s11224-022-01893-4

EDITORIAL

=

Check for
updates

On the origins of isomorphous replacement in protein crystallography

Istvan Hargittai'

Accepted: 9 February 2022 / Published online: 16 February 2022

© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

The determination of the structures of large biological mole-
cules, such as the alpha-helix of proteins, the double helix of
DNA, the globular structure of hemoglobin and myoglobin,
and the structure of twofold symmetry of the photosynthe-
sis reaction center, is among the stellar achievements in the
history of twentieth century science. The pioneering work
of Max F. Perutz (1914-2002, Fig. 1) in the application of
isomorphous replacement was the start of great successes
in protein crystallography. The essence of the technique is
succinctly, but clearly described in the Perutz quotes below.
Perutz and John C. Kendrew (1917-1997) received the
Nobel Prize in Chemistry in 1962 “for their studies of the
structure of globular proteins.” This formulation was accu-
rate. The Nobel Prize institution is usually careful in delin-
eating the achievements of the awardees from contributions
by others in the same area of science. In this case, it did not
say anything about discovery, only about “studies.”

Perutz applied the isomorphous replacement technique
for hemoglobin and Kendrew for myoglobin, but they did not
discover it. In this connection, it is remarkable that Aaron
Klug (1926-2018) stated in 2003 that “Perutz is often mis-
quoted as having discovered the isomorphous replacement
method.” (emphasis by me) [1]. In reality, Perutz himself
expressed it unambiguously that it was his discovery, at
least for the investigation of proteins. However, the tech-
nique did not just pop up from nowhere and it is of interest
to understand its gestation. In this communication, I share
relevant sections of my conversations and correspondence
with three of the principal characters involved in this matter,
viz., Perutz, Francis Crick (1916-2004, Fig. 1), and Aaron
Klug (1926-2018), in the period between 1997 and 2003. 1
do this with a caveat: My account focuses on one segment of
the history of isomorphous replacement in protein crystal-
lography, but should not be construed as the history thereof.
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For those interested in a more complete history, the present
account is appended by additional references.

On September 17, 1997, I visited Max Perutz at the
Laboratory of Molecular Biology of the Medical Research
Council (MRC LMB) in Cambridge, UK, and recorded a
long conversation with him. This conversation was printed
in 1999 [2]. It was augmented (but not altered) in February
2000 during my wife’s and my 3-month stay at the LMB,
and published in 2002 [3]. Here is the relevant passage from
the 1997 conversation:

Question: How much modeling went into the hemo-
globin study?

Response: None. None at all. It was a question of solv-
ing the phase problem. I should perhaps say, though,
that I did make an earlier model where I proposed what
turned out to be alpha-helices strung out in parallel,
and this turned out to be a complete nonsense. To solve
the structure, I had to solve the phase problem, which
was generally regarded as insoluble for such a large
structure.

In 1953 I discovered that it could be solved by the
method of isomorphous replacement. I compared the
X-ray diffraction pattern from a crystal of pure hemo-
globin to one from hemoglobin to which I attached
two mercury atoms. In 1936 J.M. Robertson in Glas-
gow had solved the structure of an organic dye with
this method, but that dye contained 58 atoms while
hemoglobin contains 10,000. Everybody believed that
attaching a heavy atom to the protein wouldn’t have
any measurable effect on the diffraction pattern. I had
measured, for some other purpose, the absolute inten-
sity of reflections from the hemoglobin crystal, that
is, the fraction of the incident beam that is diffracted.
That told me that the scattering contributions of most
of the light atoms, which are spread over a large vol-
ume, cancel by interference, while in a heavy atom the
electrons would be concentrated at a point and they
would all scatter in phase. Therefore, the heavy atom
would make a measurable difference to the scattering
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Fig. 1 Max F. Perutz and Francis Crick at the Nobel Prize award cer-
emony, Stockholm, December 10, 1962 (detail of a larger photograph
courtesy of the late Lars Ernster)

and that was borne out by the first experiment I did. So
I found that the phase problem could be solved by the
heavy atom method. That was my life’s most important
discovery, because it opened the whole field of protein
structure to X-ray analysis.

Francis Crick writes in his book, What Mad Pursuit [4],
that he (Crick) might have been the first at the Cavendish
Laboratory to suggest the use of the isomorphous replace-
ment method in protein structure analysis. In 1947, Perutz
and Kendrew formed the MRC Unit for Research on the
Molecular Structure of Biological Systems (URMSBS) at
the Cavendish Laboratory, at W. Lawrence Bragg’s initiative,
which, eventually, Crick and others joined. In 1962, they
became an independent entity as the MRC LMB. I asked
Crick in a letter of July 24, 2000, about the circumstances of
the application of isomorphous replacement in protein crys-
tallography. He responded in his letter of August 4, 2000.
In my correspondence with Crick, 2000-2004, many issues
came up and I am quoting here only the passages relevant to
the present topic. He wrote [5]:

There is no doubt that Max was the first person to suc-
cessfully use the method of isomorphous replacement
on a protein crystal. However, at that time the idea of
isomorphous replacement was well-known, and I am

@ Springer

told that it had been used successfully for inorganic
compounds such as the alums. I don’t know who was
the originator of the idea.

Bernal had apparently suggested in 1935 to Dorothy
Hodgkin that she should try to compare zinc, cadmium
and cobalt insulin, but that didn’t work. My recollec-
tion is that after the Second World War, Dorothy tried
to put iodine onto the tyrosines of insulin, but that
didn’t work either.

My contribution—before Max tried it—was to cal-
culate that the method should, with luck, work for
hemoglobin (or myoglobin) and to stress that this was
the only method likely to enable them to solve protein
structures. Up to that point Max was trying to use the
3D Patterson to solve the structure. I am not sure at the
moment of the date of my little talk, which was part of
a small meeting at the Cavendish, on protein crystal-
lography, but it was probably 1951 or 1952.

Parallel to the letter to Crick, I asked Perutz in a letter
of July 24, 2000, a set of similar questions in connection
with the history of the application of isomorphous replace-
ment in protein crystallography. Perutz responded in a hand-
written letter of August 15, 2000 [6]. I am communicating
it facsimile (Fig. 2). It was the only hand-written document
among those quoted here; the others were typed and sent
mostly by fax.

15.8.2000
Dear Dr Hargittai,

Thank you for your letter of 24 July. Crick may have
mentioned isomorphous replacement with heavy atom
in his seminar, but he certainly gave no reason why it
should give measurable intensity changes in the face
of the apparently overwhelming scattering contribu-
tion by the thousands of light atoms, nor did Bernal or
Dorothy Hodgkin. That became apparent only when I
measured the absolute intensities of reflections from a
haemoglobin crystal. My result showed that more than
99% of the scattering contribution of the light atoms
are extinguished by interference. On the other hand,
the electrons of a heavy atom, being concentrated at a
point, would all scatter in phase and therefore extin-
guish those of the light atoms.

Yours sincerely,
MF Perutz

Trying to fully understand how the idea of isomorphous
replacement commenced for protein studies, I asked Crick,
further, about it in a letter of August 8, 2003. His response
of August 29, 2003 was [7]:
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Fig.2 Max F. Perutz’s letter of August 15, 2000, to the author

@ Springer




638

Structural Chemistry (2022) 33:635-639

About Max Perutz. He was certainly not the first to
suggest the method of isomorphic replacement for
proteins, but he was the first to make it work and this
transformed the field. I don’t think he was especially
quick in applying it. This is because it is not easy
to do. We had taken on Vernon Ingram to develop
chemical methods to do this, so it was lucky Max
got a supply of sickle cell hemoglobin AND the Hg
worked. (emphasis in Crick’s letter) He did a won-
derful job of sticking with hemoglobin till he had
proved his theory of its action correct. Also in run-
ning the MLB (sic, should read LMB) so well and
so smoothly.

Crick’s writing appears terse, but by then he was “in
poor health.” Nonetheless, he invited us for a visit in Feb-
ruary 2004 to their home in La Jolla, California, when we
were to be staying for a few weeks at Caltech in Pasadena.
On the occasion of that visit, less than 6 months before
his death, he was in great spirit and we discussed many
issues [8], but Perutz and isomorphic replacement were
not among them.

Finally, I asked Aaron Klug in a letter of October 21,
2003, about the origins of the idea of applying isomorphous
replacement to protein studies and he responded in a letter
of November 24, 2003 [1]:

On the question of Perutz’s contribution, there is no
question of the importance of his contribution. I wrote
about this in my “Retrospective” in Science on Perutz
(really an obituary) in about April 2002. Perutz is
often misquoted as having discovered the isomorphous
replacement method. He did not. Bernal pointed the
way in his Tilden Lecture to the (British) Chemical
Society in 1939, and the issue was discussed in his
correspondence with Dorothy Hodgkin.

What Perutz did was to demonstrate experimentally
that it could be implemented in haemoglobin. This was
preceded by his measurements of the absolute intensi-
ties of scattering by haemoglobin which showed it was
feasible. One mercury atom in the B subunits of Hb
was enough to determine phases.

Your remarks on Bernal are all pertinent. Moreo-
ver, he was the sort of man who quickly moved on
from starting one subject to the next, which always
appeared more exciting. When I came to Birkbeck in
1953, Bernal hadn’t been pressing Harry Carlisle in his
department to try isomorphous replacement. (Bernal
had emphasized the importance of “constellations”
of strong Xray reflections, but did not point a way
of using them). Carlisle had developed an analytical
approach which I thought unsound and said so. I advo-
cated isomorphous replacement, but this was after I
had read of Perutz’s absolute intensity measurements,
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so I was not involved in the story, as you imply in your
letter.

Distributing credit among several crystallographers about
recognizing the possibility of isomorphic replacement for
protein structures does not subtract anything from the sig-
nificance of Perutz’s pioneering contribution. Floating ideas
do not make a discovery, carrying it to completion does. It
appears that it was Perutz only who was willing and proved
capable of doing the tremendous work needed for perform-
ing the first successful application of isomorphic replace-
ment in protein crystallography. He paved the way also for
Kendrew’s Nobel Prize—winning myoglobin study, followed
by numerous other studies.

The Historical Atlas of Crystallography, edited by José
Lima-de Faria in 1990 [9], describes the development of
the technique and it is especially valuable that it includes its
pre-protein-crystallography history. J. Monteath Robertson
(1900-1989) was a pioneer of the technique for small and
medium size molecules, still far smaller than proteins. His
pupils at the University of Glasgow became outstanding con-
tributors to the field internationally. Both Soraya de Chadare-
vian’s book, Design for Life ([10], p 125), and John Finch’s, A
Nobel Fellow on Every Floor ([11], p 346), highlight Perutz’s
contribution. To quote Finch’s Timeline, “Max Perutz’s X-ray
diffraction photographs from crystals of mercury-haemoglobin
demonstrated that the isomorphous replacement method
could be used to solve protein structures.” De Chadarevian
adds that “As Bragg has remarked, there was ‘nothing origi-
nal’ in the idea of using the method for protein analysis,
Bernal had pointed to this possibility many years before.
Other groups had experimented with the method, providing
important insights and tools. Perutz’s achievement consisted
in making the technique work ...” ([10], pp 125-126, with
references).

Appendix

Additional references from the history of isomorphic
replacement

This set of references is still only a selection of the large
literature. It is based primarily on a relevant section of the
International Tables for Crystallography [12] and Neil
Isaacs’s historical paper [13]. J.M. Cork used isomorphic
replacement in 1927 for the elucidation of a series of alum
structures [14]. J. Monteath Robertson demonstrated the
utility of the technique on a series phthalocyanine struc-
tures in the mid-1930s [15]. Johannes M. Bijvoet and his
associates provided further examples of the application
of the technique in 1951 with the structure determination
of strychnine sulfate pentahydrate [16]. Diverse examples
of protein structure studies included those by David W.
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Green, Vernon M. Ingram, and Max F. Perutz in 1954 [17];
by David Harker in 1956 [18]; and by David M. Blow and
Francis Crick in 1959 [19]. Finally, those studies are
mentioned that are usually considered to be the first great suc-
cesses of protein structures by the isomorphous replacement
method, viz., myoglobin by John C. Kendrew et al. [20] and
hemoglobin by Max F. Perutz et al. [21].
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