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Abstract

The development of protein structural chemistry during the twentieth century is briefly reviewed. Emphasis is
placed on certain major problems that have defined the field, and how they have been resolved, often as a consequence
of technological advances. The ways in which incorrect hypotheses have affected the development of the field are
also discussed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction years since Hofmeistefl] and E. Fischer[4]
began to make proteins respectable to chemists,

In the year 1902 the scientific analysis of protein and in that century we have come very, very far. |
structure was born with Hofmeister's proposal of shall not try for an exhaustive history—that has
the peptide hypothesid]. Remarkably, 1902 was been done, for much of the period, in Fruton's
also the year of John Edsall's birth. Thus, Dr excellent book[5]. Neither do | wish to concen-
Edsall's life has been contemporary with the devel- trate on the accomplishments of Dr Edsall, many
opment of this science to which he has contributed as they are. Rather, | would like to trace the
so much. It seemed, therefore, appropriate to incor- formulation, analysis, and resolution of certain
porate a brief history of that development in this major questions that have dominated the field, and
commemorative volume. in so doing, perhaps shed some light on how this

In attempting to summarize this fascinating and unique science of biochemistry advances. | am not
complex history, | am humbled by those who have concerned here with the immense field of protein
so ably preceded me, including Dr Edsall himself function, nor with genomics or the evolution of
[2,3], whose papers and books have been of greatproteins. Rather, the emphasis will be on that area
help. Nevertheless, it seems to me that the momentto which John Edsall had dedicated his scientific
is appropriate for another overlook. It is just 100 life—the structure of globular proteins.

*| wish to dedicate this essay to the memory of Professor 2 Proteins as molecules?
John Edsall, who was an inspiration to me in my earliest
professional career, and remains such to this day. . . .
*Tel.: +1-541-737-4155; fax:+ 1-541-737-0481. The pioneering researches of Fischer and Hof-
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teins (see below, seemed hardly relevant to the used above rule out the possibility that the protein
compelling question at the beginning of the cen- consists of a micellar structure made by the strong
tury—were proteins molecules or colloidal aggre- association of small peptides. Such micelles might
gates? If they were molecules, they had to be far be expected to be heterogeneous in size, but the
larger than any molecule recognized at the time, methods used to this point would not detect this,
for they exhibited very low osmotic pressures and but yield only a ‘number average’ molecular
freezing point depression and could not cross semi- weight for such a heterogeneous mixture.
permeable membranes that allowed salts or sugars The question of heterogeneity was unequivocal-
to pass. Such results and the successes of colloidly laid to rest by Svedberg’'s ultracentrifuge. The
chemistry led many to believe that proteins were first model was described in 1924, as ‘a new
colloidal aggregates of smaller molecules. Indeed instrument for the determination of the size and
Fischer himself expressed doubt concerning distribution of size of particles in amicroscopic
‘molecular weight’ values of 12 000—15 000 that colloids’ [11], reflecting Svedberg’s prejudices at
had been claimed for some proteil&. the time. However, even the first application to
The question remained unresolved for almost 30 proteins, in which hemoglobin was studied by the
years. A salient event in this bleak period was sedimentation equilibrium techniqud?2] gave a
Sgrensen’s measurement of the osmotic pressurestartling result: not only was Adair’s value for the
of ovalbumin in 1917[7]. Although the value  molecular weight confirmed, but the hemoglobin
obtained (34 000 was approximately 25% low, particles were all the same size! This homogeneity
the care with which the work was undertaken and was confirmed in the following year when Sved-
the surprising magnitude of the number must have berg and Nichols used the new oil turbine ultra-
made a strong impression. That impression was centrifuge to study hemoglobin by the sedi-
not shared by all, as evident in the fact that T. mentatiorydiffusion method[13]. Strangely, sev-
Svedberg’s 1924 booKolloid Chemistry [8] does eral sedimentation studies of ovalbumin in this
not even mention the result, although it describes period continued to yield what we now know to
Sgrensen’s osmometer! In 1924, Svedberg did notbe low values(see[14] and[15] (pp. 382—-383).

believe proteins were molecules. A second very
important result was reported in 1925, when Adair
[9] determined the molecular weight of hemoglo-
bin by osmometry. This resul{66 800, was
almost exactly four times the minimal weight that
had become accepted from careful iron analysis.
The calculation of such minimal weights, from

Over the next decade, a large number of proteins
were investigated by ultracentrifugatidsee[15]
for complete referenceésAlmost always the result
was the same—most proteins were very large
molecules, homogeneous in size. The overwhelm-
ing importance of these studies lay in the finding
of homogeneity, for colloidal aggregates are rarely

measured amounts of either a specific cofactor or homogeneous in size. Within a few years, the idea

adduct (i.e. Fe, Q, CO or relatively infrequent
amino acid$ was exploited extensively by Cohn
et al., who published in 1925 an extensive list of
such calculations[10]. Aside from hemoglobin
(16 700 it is notable that the result from ovalbu-
min (27 000—36 00D essentially agreed with
Sgrensen’s(erroneouy result. As we shall see,
this chain of fortuitous errors continues. At the
time, consistent errors probably did more good for
the field than contradictory results would have!
Although the confluence of results from two

of proteins as macromolecules had become firmly
established.

Some of the most surprising and important
results from this period were observed with the
hemocyanins. First, some of these were truly
immense molecules, ranging up to several million
in molecular weight[16]. Equally startling was
the observation that many could beversibly
dissociated into homogeneous subunits by changes
in pH (for a first example, segl6]; for a detailed
and comprehensive study, sgE7]). It was soon

methods made more credible the contention that clear that this phenomenon was not confined to

proteins were indeed largeaurities, there remained
a gap in the argument. Neither of the techniques

hemocyanins, for by 1930 dissociation of hemo-
globin by urea was reported 8]. In other words,
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some proteins could be built up in a precise
hierarchical fashion, using defined protein building
blocks in a fixed stoichiometry. Quaternary struc-
ture had been discovered!

73

structure of proteins was resumed. Unfortunately,
the next stage was initially counterproductive. In
1924, Abderhalder[21] proposed that the basic

units of protein structure were diketopiperazine

These results, together with an apparent cluster-rings, in non-covalent association. This postulate

ing of many protein molecular weights into a
limited number of size ranges, led Svedberg into
a serious error. In 1929 he proposgd®], and for

drew on a long history of observations of diketo-
piperazines from protein degradation, as well as
the implied support of Fischer himséKee above

many years defended, the hypothesis that mostit was also welcomed by the colloid chemists of

globular proteins were built up from uniform
building blocks of approximately 34 000 Da.
Unfortunately for protein chemistry, this idea nice-
ly complemented som@qually erroneoysmodels
for protein amino acid sequence and struciisee
below). As we shall see, the resulting confusion
required roughly a decade for resolution.

3. The chemical structure of proteins

Although it had long been known that amino
acids were released from proteins on hydrolysis,

the day, for it provided a suggestion as to how
large ‘molecular weights’ might be accounted for
without invoking macromolecules. Although the
diketopiperazine theories were soundly criticized
in a splendid review by Vickery and Osborf{22]
and essentially demolished by the ultracentrifuge
studies of Svedber(see abovg acceptance of the
peptide theory still came hard. As late as 1938, a
no less distinguished scientist than Linderstram-
Lang [23] suggested that peptide linkages might
exist only in denatured proteins!

However, by most biochemists of the early

and therefore likely represented, in some way, 1930s, the peptide hypothesis was regarded as the
component parts of these substances, the nature ofnost tenable model for protein structure. But if
the linkage was obscure. Indeed, there was so veryproteins the size of even the smallest investigated
little evidence upon which to propose a model that by Svedberg consisted of single polypeptide
Hofmeister’s[1] proposal of amide bonds between chains, another vexing question arose. How were
amino acids seems almost clairvoyant. It is clear, the amino acid residuesranged in the sequence?
however, that Fischer had already been thinking in Homogeneity in the ultracentrifuge implied that
the same direction, for as early as 1901, at the the chains for a particular proteifor subuni)
beginning of his ‘protein’ studies, he produced the were uniform in length. It seemed therefore unrea-
dipeptide glycylglycine(and named it such, there- sonable that they would be random in sequence.
by establishing the nomenclatorgl]. Fischer was  Yet even Fischer had noted that his octadecamer
also the first to refer to such compounds as allowed an enormous variety of sequences. For a
peptides and polypeptides. In the following years, chain of 100 residues or more, the number
Fischer synthesized a series of oligopeptides, cul- becomes hyper-cosmic. How could jusie spe-
minating in 1907 with an octadecapeptid20]. cific sequence be synthesized reproducibly in the
He recognized these as appropriate models forcell to make a particular protein? A seemingly
proteins, but also noted that other bonding struc- attractive idea developed by Bergmann and Nie-
tures(e.g. diketopiperazine ringsnight be found.  mann suggestef?4—-24 that the sequences were
Perhaps more important to protein chemistry repetitive; if this were so, syntheses could operate
than Fischer’s syntheses of oligopeptides was the by certain simple rules using a limited number of

demonstration in 1902 that the dipeptide glycyla-
lanine was one product of hydrolysis of silk fibroin
[1]. This along with Fischer's work stands as one
of the very few early evidences that the peptide
bond actually existed in proteif2Q].

After Fischer, there was a hiatus of nearly two

enzymes, much in the way that complex carbohy-
drates are now known to be synthesized. Bergmann
arrived at the idea of repetitive sequences by a
rather circuitous route. Noting Svedberg’'s obser-
vation that many proteins seemed to have molec-
ular weights that were approximate multiples of

decades before sustained research on the chemicaB4 000 Da, he pointed out that this corresponded
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to approximately 288 amino acids or the number sumed much of the effort of the best protein
2°%x3?, and that virtually any protein molecule chemists over two decades.

weight that had been observed could be approxi- The development, in the 1940s of a variety of
mated byN,=2"x3". They were able to express simple and rapid chromatographic technig(@g]
some of the amino acid composition data available was essential for further progress. This was forth-
at the time byN,=2""x3" wheren’ and m’ are coming in Sanger's greatur de force, sequencing
zero or integer.(This is neither surprising or insulin. The work began in 194931] and had
convincing, sinceV; can have the values 1, 2, 3, reached the stage of sequencing of the two chains

4, 6, 8, 12, 16, 18, etc. allowingiany possibili- by 1952[32]. The completed project is succinctly
ties) The frequencyF; of each amino acid type summarized in a 1956 revie{83]. In one stroke,
then becomes the insulin sequence answered questions that had

F oo NN n—risg gn—ni plagued the field since Fischer's day: Yes, the
i=N/Ni= X peptide chains were each okique sequence; no,
which is of course integral. Different integral the arrangement of amino acids was dictated nei-
frequencies for each amino acid can be most easily ther by periodicity nor arcane numerology. This
explained by a periodic structure. result, of course, threw open once more the nag-
This erroneous scheme, which came to be called 9ing question—how could such precisely ordered
the Bergmann—Niemann hypothesis, gained wide chains be synthesized? Sanger notes this, and with

credence in the late 1930s, probably for several characteristic reserve adds: ‘Clearly the present
reasons: results can provide little information about the

mechanisms of protein synthesis, but they do

1. The most widely studied series of peptides came provide certain limitations on those who are spec-
from proteins like silk fibroin or collagen, which  ulating on the subject[33] Speculators there were
do have quasi-repetitive structures. in plenty. A number of illustrious scientists had

2. The enormous influence of Svedberg’'s work expressed ideas of varying degrees of fantasy on
and the widespread acceptance of his multiplic- the subject(see, for exampleE34—36). The only
ity theory which fit nicely with the Bergmann—  thoughtful and sensible example | find from this
Niemann hypothesis. period is in a remarkable paper by F. Crif%7],

3. It also dovetailed quite nicely with the ‘cyclol’ who has italmost right! Meanwhile, the informa-
theory of protein structurésee below, which tion for a correct solution to the synthesis problem
was enjoying popularity at this time. was rapidly falling in place, and only 5 years after

4. The Bergmann—Niemann hypothesis at least Sanger’s insulin structure the beautiful paper by

suggested understandable schemes for proteinNirenberg and Matthae[38] provided the final
synthesis in vivo. touch—an RNAtemplate was required to direct

the synthesis of each protein.

The demise of the Bergmann—Niemann hypoth-  Sanger’s work, which has been followed by the
esis occurred in only a few years, as better and sequencing of thousands of proteins, represents
better compositional data and characterization of nearly the last major advance with respect to the
more oligopeptides proved to be inconsistent with sequence problem. The only truly significant addi-
it [27-29. tion was the discovery of post-translational proc-

Thus, even 40 years after Fischer, our knowl- essing, as exampled by the removal of ‘signal’
edge of the polypeptide structure of proteins had sequenced39] or conversion of pro-insulin to
shown very little progress. In most part, this was insulin [40].
due to the lack of effective methods for the
separation and identification of peptides. Thus 4. Three-dimensional structure of proteins
there was virtually nadara upon which to build
models properly, and yet models were constructed. Until the existence of proteins as macromolec-
The task of demolishing these models had con- ular entities rather than colloidal aggregates was
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established in the 1920s, serious consideration of posium, that he had only learned of the Wu paper
their internal structure was impossible. However, a few months earlier. Mirsky and Pauling did go
the development of hydrodynamic techniques in a bit further than Wu, in specifically suggesting
the late 1920s quickly established that some pro- hydrogen bonds as playing a major role in stabi-
teins could be termed ‘globular’. In particular, lizing the folded structure. The years following
frictional ratios calculated from sedimentatjon Wu’'s paper also saw the first solid experimental
molecular weight data showed that a number of studies of protein denaturation, which included
proteins were nearly sphericéd1]. At about the  demonstrations that some such reactions were
same time, Muralt and Edsall, in pioneering flow reversible [47,49, for example}. Yet the full
birefringence studies, established that myosin implications of such results were slow to be
though soluble, was anisotropjd2]. It was clear realized.
at this point how the ‘globular’ proteingeven Just as the Bergmann—Niemann hypothesis
anisotropic onexs differed from the truly fibrous complicated attempts to understand protein
proteins like silk or keratin. The latter had already sequences, there arose in 1936 a model for protein
been studied by X-ray diffraction with excellent strycture that was to cause confusion and misdi-
results[43,44 and valid interpretation. rected effort. This is the ‘cyclol’ hypotheses, put
It seems that prior to 1931, little thought had fonward by Dr D. Wrinch[49]. In brief, Wrinch
been given to the possiblaernal structures of  roposed that polypeptides did not exist in globular
globular proteins. However, in that year a remark- proteins as linear chains, but instead folded into a
able paper appeared in th€hinese Journal of  gheet-like structure of six-membered rings, with
Physiology [45]. It represented the culmination of o NH group of one amino acid forming an N—

a series dOf experimental pa_perﬁ bthé '?) Wu d(')n C bond with another. Certain sizes of such cyclols
protelr& fenaturatlon, a top!tcht at i ?‘bl een hlts_ were favored, with that involving 288 residues
ws,se orr nr]anyntyearzsinwil v negz 'l i entmilgl 'i being one Mirabile dictu, this corresponds to the
ofu E)ESIF;\? Fr)otieszi(a s?rﬁcturg andpeﬁ:\fu?atign aI'E/issS Bergmann-—Niemanfvedberg magic number for
gic P | ; ’ a protein of approximately 34 000 Da! Thus, a
succinctly stated in the Summary, which could ; .
hardly be improved upon today: synergism between thr_e(erroneou$ ideas sprang
’ up, which for a short time drew the allegiance of
‘Evidence is adducted in support of the hypothesis that Some very prominent scientists, including I. Lang-
the molecule of natural, soluble protein is not a flexible muir [50] However’ the CyC'Q' theory was S(_)Oﬂ
open chain of polypeptide but has a compact structure. The demolished—first by Haurowitz who could find
force of attraction between the polar groups in a single no evidence for the multitudinous hydroxyl groups
molecule of protein holds them together in an orderly ways, predicted by the cycIoI theory either by Chemistry
just as the force of attraction between different molecules t 51] d d b | |
holds many molecules together in a crystal.In denaturation or spec I’OSCOpy{_ , an S_eCOI’\ Yy _a close y—_
or coagulation the compact and orderly structure is diso- ~ reasoned theoretical analysis by Pauling and Nie-
ganized. If denaturation occurs in acid or alkali or in urea mann[52].
solution, the individual molecules are disrupted but they Although X-ray diffraction had been discovered
remain separate. In coagulation they interpenetrate and are many years earlier, and considerable success had
entangled. The facts known about denaturation and coagu- . . . . o
lation in diverse ways are explained and correlated by the t_)een he_‘d with dl_ffracnon studies of protein fl.berS
theory.’ like hair and silk (see abovg attempts with
globular protein crystals had consistently failed. In
Probably because of its obscure venue, Wu's 1934, Bernal and Crowfool53] discovered that
paper seems to have been unknown to most in thepepsin crystals, kept in their mother liquor, gave
West. For example, the 1936 paper by Mirsky and excellent diffraction patterns. Although neither the
Pauling [46] which covers essentially the same analytical techniques nor computational power
ground, does not cite Wu. Mirsky notes, in Dis- were then available to interpret the data in detail,
cussion during the 1938 Cold Spring Harbor Sym- Bernal and Crowfoot noted the high degree of



Table 1

A condensed chronology of protein structure, 1900-1961

Year Major contributions Other papers
of note

1901 Fischer and Fourneau: glycylglycine synth¢4]s

1902 Hofmeister: statement of peptide hypothés|s

1906 Fischer: overview of peptide synthefi$ (20

1917 Sgrensen: M of ovalbumin by osmotic presd@eP) [7]

1924 Abderhalden: diketopiperazine hypothd&if] (11

1925 Adair: hemoglobin M by O.R9]; Cohn et al., minimal molecular weighf&Q]

1926 Svedberg and Fahraeus: SE of hemoglpb#h, Summer, XL of ureas¢62] (149

1927 Svedberg and Nichols: M of hemoglobin by sedimentation-diffugi@h

1928 Vickery and Osborne reviej22]; Meyer and Mark: fiber X-ray studiept3] (22)

1929 Svedberg: multiplicity hypothesf&9]

1930 Burke and Greenberg: hemoglobin dissociafid); Muralt and Edsall: myosin42] (4D

1931 Wau: theory of denaturatiojd5]

1932 Astbury and Streeti-3-keratin [44]; Northrop: reversibility of denaturatiofd7]

1933

1934 Bernal and Crowfoot: X-ray of pepsjB3]; Anson and Mirsky: denaturation thermodynamjds]

1935

1936 Mirsky and Pauling: denaturati¢#46]; Wrinch: cyclols[49]; Bergmann and Niemann? X 3" [24] a7

1937 Bergmann and Niemann: fibroin peptids]

1938

1939 Pauling and Niemans2], Haurowitz and Astrup: refutation of cyclo[§1] (50

1940 Svedberg and Pedersen bk

1941 Gordon et al.: protein hydrolysis does not support Bergniarn (34)

1942 Chibnall questions ‘protein numerolod8]

1943 Synge: sequence data questions Bergnj2®jin Cohn and Edsall book61]

1949 Sanger: first insulin chain; definite yet irregufad]

1950 (35

1951 Pauling, Corey and Branson: two hydrogen-bonded strucit®es

1952 Sanger: two insulin chains sequen{@g

1953 Green, Ingram and Perutz: isomorphous replacement in hemogalpin

1954 (36)

1956 Sanger: the complete structure of Insy8B]

1957

1958 Kendrew et al.: low resolution structure of myoglof®]; Crick: on protein synthesig37]

1959

1960 Kendrew et al.: 2 A structure of myoglohiB5]

1961 Nirenberg and Matthaei: RNA templates for protgf]; White, [57], Anfinsen and Haber: RNAse foldingp8] (54

9.

6L-1£ (€002) 001 Lusnuay) worskydorg 7 apjoy uva gy



K.E. van Holde / Biophysical Chemistry 100 (2003) 71-79 77

order, and evidence that the structure was compactdecades’ of protein chemistry in the twentieth
and closely packed. century (see vertical baps One extends from

During the next 10 years techniques for crystal approximately 1925 to 1935, the other from
growth and data collection steadily improved, but approximately 1951 to 1961. The first corresponds
analysis was blocked by the lack of methods to to the period when it was clearly established what
determine the phases of reflections. Many methods proteins really are, and what questions could be
were attempted, but the major breakthrough came formulated concerning their fine structure. The
in 1953 when Perutz et al. found that isomorphous second golden decade begins when the techniques
replacement using mercury atoms allowed phasing finally became available to answer those questions.
of hemoglobin reflectiong54]. By 1958 the first ~ This decade also opens with the groundbreaking
low resolution myoglobin structure was published proposal by Pauling et all60] of secondary
[55] and refined 2 years latdb6]. structures in proteins.

As with sequencing, subsequent years have seen At the risk of offending many of my contem-
the X-ray analysis of thousands of proteins, with poraries, | will argue that very littlgindamentally
immeasurable aid to the understanding of many new about proteins has been learned since 1961.
biochemical processes. Remarkably, however, no Certain large problems still exist—for example
major newgeneral insights about proteins seem to how proteins fold and how they function dynami-
have emerged. A series of papers on the sponta-cally at the single molecule level. These problems
neous folding of proteins caused considerable are under active pursuit, and méyopefully) yield
interest in the early 1960see, for exampl¢57— some surprises.

59]). However, the recent interest in ‘chaperones’  Finally, | am struck by two other observations.
and ‘the protein folding problem’ makes it clear The first is how important a roleechniqgues have
that we still do not fully understand the determi- played in this development. Ultracentrifugation

nants of globular protein structure. broke the protein-identity problem. The sequencing
. of proteins could not proceed until a number of
S. Overview chromatographic and chemical techniques were

available. These, in turn, could not have been

What can we deduce concerning the ways in developed without the full understanding of the
which science progresses from this one slice of ionic behavior of proteins and peptides described
history? It is helpful, | believe, to prepare a rough in the seminal monograph by Cohn and Edsall
chronology as shown in Table 1. Here | have listed [61]. Edsall's pioneering work in this field repre-
what | consider to be the most important contri- sents one of his major contributions to protein
butions for a period of 60 years. More recent chemistry. Similarly, we could not have unraveled
papers are not included, for it is difficult to get a protein structure without a solution to the X-ray
proper perspective on the more recent work, and, phase problem and the development of computers.
in my opinion, by 1961 the fundamental questions In every case, it was technological advance that
about protein structure had been resolved. The allowed a critical breakthrough. Second, it is
citations are in two categories: Those | judge to remarkable how much was contributed byfsw.
have been of the very greatest importance are A surprisingly small number of scientists seem to
numbered in square brackets, to left, and briefly have provided the essential keys to solve the few
identified. The remaining numbef& parentheses, really critical problems. Among these we must
to right) | consider to be of considerable, but lesser certainly include John Edsall.
importance. | apologize to any who feel that vital
papers have been left out; the choice is certainly References
somewhat subjective and in any event reflects my
very limited knowledge in some areas. [1] F. Hofmeister, Uber Bau und Gruppierung der Eiweiss-

In glancing at this Table, one is struck by the korper, Ergeb. Physiol. {1902 759-802.
fact that there have been, in essence, two ‘golden [2] J.T. Edsall, Proteins as macromolecules: an essay on the
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