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MILESTONES IN BIOLOGICAL RESEARCH

From Protein Coagulation and Reversible Denaturation
to the Protein Folding Problem: Chris Anfinsen

The name Chnstian B, Anfinsen 15
iamcately interwoven with the con-
cept of protein fulding, the theme of
this issue. [ feel hoth honored and
humbled to have been asked o write
gn appreciation of Chris's coniribu-
tiops 1o this [ield of scientific en-
deavor. In addition to providing the
usal vitol stahistics, | have decided
o painl a personal portrait of the
wriginator of the "thermodynamic hy-
pothesis’ of protein felding. In this
wey, | hape that it will become eas-
ier to appreciate the elegance with
which Chris combined his senaitiv-
iy, intwition, and sense of order and
besuty with a persistent drive, an
adspiable imogination, ond a quest
for rigorous anawers 1o fundamental
probdems, It was this rare combina-
ling of sensitivity and rigor, self-as-
surance and humility, fearlessness
ard wulnerability, that instilled feel.
ings of vespect, admiration, and love
in those who were fortunate to have
mel and worked with him.

Several articles have been written
abut Chriz, some of which are more
“omplete than what I can hope to
Present heore, Some were written by
Persons wha were closer to Chris at
the peak of his laboratory achieve-
“eMs. | will not attempt to duplicate
em, but | would like to direct the
"eader 1n g recent arlicle |'i-].' Alan

hechtee {1} that 1 believe delivers
.:I | & m:u.lﬂ[.i_lﬁl-ﬁ and a sensitive ac-

Gy 'f'[ Lhris as a seientist and o a

mmﬂ-'l'l-'llﬁri.gm_ Here T will sumimarize

g ! Ih"‘E"‘ points that can help one
PPreciate the scientific world of
lFg,

eLhrm 1-H_E~ he was known to his cal-

tu‘:guEE' his studenis, and the labora-

¥ custodianz) was the son of a

I--.-_-_-_._-_

Defining the Transition

Evangelos N. Moudrianakis

Morwegian family from Bergen that
sellled in Pennsylvanin. He received
his undergraduate degree from
Swarthmore and hia M.5. in organic
chemistry from the University of
Pennsylvanin, In 1939, he wenl on
an American-Scandinavian Founda-
tion Fellowship to the Carlsherg
Laboratories in Copenhagen to study
enzyvme chemistry, but World War 11
interrupted this visit, Aller retuming
to the States, he began graduate stud-
ies and received his Ph.D). in biolog-
cal chemistry from Harvard Medical
School in 1943, [n 1946 he joined
the faculty of the Department of Bio-
logical Chemistry at Harvard, where
e stayed until 1950, During that pe-
riod he apent a year (1947-1944) in
the lahoratory of Hugo Theorell at
the Medical Nobel [nstitute in Stock-
holm developing his interests in en-
Eymne ]_lqlriril"ql.tinn and protein
chemisiry.

In 1930 Chris left Harvard to be-
come chief of the Laboratory of Cel-
lular Physiology in the Nalional
Heart Institute at NIH. In the years
that followed, Chris's laboratory pub-
lished findings along two distinct
lines of research: one more applied
and dealing with the metabolism of
plasma lipoproteins, and the other
more basic and addressing funda-
mental issues of protein structure,
which ultimately became the area
Chris's most recognized contribu-

tions, and for which he was awarded
the Mohel Prize in Chemistry in 1972
(shared with Stanford Moore and

William H. Stein of Rockefeller Uni-
versity).

Chris's stay at NIH was interrupted
twice, once in 1954 for a second visi
1o the Carlsberg Loboratories 1o work

ull'.“':'i'a'"'-li"f"l'?%
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on the physical biochemistry of

HEMAase with Kai Linderstrom-Long,
amd again in 1962-1963 as Professor
of Biological Chemistry at Harvard.

Dr. Andinsen I hiks lnhoratory at NIH,
eirem 1978,

In 1963 he returned to NIH (The
Laboratory of Chemical Biology of
lhe: National Institute of Arthritis and
Metabolit: Diseasea), where he re-
mained until his retirement in 1981,
He then spent s year at the
Weizmann Instilute, and in 1982 he
Joined the faculty of the Biology De-

partment of Johns Hopkins Univer-

Address comespundence 1o Dr, Moudnanakis
al: Depariment of Brolagy, John Hepkinsg Uni-
versity, 144 Mudd Hall, 3400 M. Charles Se.,
Haltiennee, MO 212182685, USA.
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sity as Professor of Biophysical
Chemistry, a posilion he held until
his death on May 14, 1995,

Chris approached the sludy of
prdeina with & perspective best cap-
tured in the following lines from his
1059 book (2): "To construct a final
picture of the covalent structure of
the prolein requires, in addition to
the complele sequence of each pep-
tide fragment, a study of the disulfide
bridges. . . . [However,] knowledge of
the complete covalent structure . . .
is, unfortunately, not & magic key 1o
the understanding of physicochemi-
cal and catalytic behavior in itaelf, A
real apprecistion of Nature's inten
with respect to protein molecules
must he sought through additional
considerations of structure in three-
dimensionul terms.” This theme, 1.e.,
the need for correlation of the beauly
of the architecture of the macromole-
cule to ita "orzanochemical details
[and] physicochemical hehavior in
solution,” is, in my opinion, the hall-
mark of Chris's research approach,
the origins of which can be traced to
his orgunic chemistry training and 1o
the influence of his father, & con-
siruction engineer.

For Chria, all the experimentally
obtainable parameters were but par-
tiel glimpses or snapehots of the
whole life cycle of the molecule, the
understanding of which was hia resl
objective. Thus, "The study of the in-
ternal structure of proteins in the
erystalline form . . . indicates a well
defined arrangement of atoms, more
or less "frozen’ into a definite pattern
which is the same for each molecule
in the cryatal. . . . From the purely
chemical point of view such a picture
is completely satisfactory, In living
cells, however, proleing are not in
golid state but are dissolved in the
intracellular fluid and can be shown
o be in a constant state of minor re-
arrangements N response bo shifting
hydropen ion concentrations and salt
levels and to reversible adsorption to
intracellular surfaces" (2).

To better appreciate the unigue-
ness of Chris's contributions to the
field of protein organization and fold-
ing, we need o look at the state of

that field from the heginning of this

century to the early 1960s. Others
have written on thie issue exlen-
sively, in particular John Edssll in
the Annals of the New York Academy
of Sciences (3).

At the tum of the cenlury, protein
solutiona were coneidered ill-defined,

e

lures, was, by 1939, converted 1y the
view that "proteins ure . . . [enig,
possessing the hallmark of individy,
ality, and are in veality gian Wiy,
- . built up aceording g,
plan which muakes every alom ind;,
pensable for the completion of 4,

|:|J|.H’l- =
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"...there was now hope that some day one could mak,
synthetic enzymes in the laboratory; whal a crazy by

exciting ideal"—C. Anfinsen

polydisperse aystems. Fractionation
and purification methode were rudi-
mentary and rarely yielded pure
preparations. The avweilable eriteria
for homogeneily would today be con-
sidered uneonvineing. The methode
[or molecular weight determination
that had served the organic chemists
well were of limited valoe for the
study of large protein moleculee, In-
deed, the very idea thal proteins
could exist as unigque structural enti-
ties, endowed with definite size, was
in sharp contrast to the views of the
colloid chemists. To them, drawing
from the properties of inorganic col-
loide, the pariicles in such prepara-
tions were helerogeneous in size;
fractionation of the preparation only
narrowed the width of the size distri-
bution of the sysiem, Several early
workers in the field of protein chem-
iatry were practicing colleid chemisis
or were at least etrongly influenced
by them. Contemporary developments
in physics had lent strength to the
guantitative treatments and predic-
tions of the colloid chemists (as cited
on p. 59 of ref 3).

From 1917 (Sorensen and his asso-
ciate Linderstrom-Lang) to 19206
(Adair in England and Svedberg in
Sweden), with the application of new
methodologies, evidence began to ac-
curnulate that protein solutions could
be ohiained exhibiting a single (al-
beit large) molecular weight for the
molecules in the preparation. Sved-
herg, who started as a colloid ehemist
and earlier believed that protein so-
lutions were also heterogeneows mix-

siructure” (4. Remember that ke
tween 1930 and 1948 Chris, on sep
rate occasions, had visited ik
Carlsberg Laboratories in Copenhs
men and the Medical Nobel Tnstig,
in Stockholm, and thus had been di
rectly exposed o the ideas and the
leaders of this transition penod,

Perhaps the most profoumd infle
ence on Chris's research, however
was the accomplishment of Fred
manger, i.e., the determination of the
complele amine acid sequence of i
sulin, As Chris recalled in a coaves
gation, "thiz meant that one could
nmow determine the order of the ok
ing blocks of any enzyme and hope i
unravel its funectional fluctuatons
Even beiter, there was now hope 1ha
aome day one could make synihe
enzymes in the laboratory; what
crazy but exciling idea!”

Al about the same time anoth
great discovery had an immense i
pact on Chris's thinking—the discov
ery of the double helix by Wata
and Crick in 1953. The impressiun®
this discovery on Chris has petug
been less well appreciated by thes
who knew him primarily for his vl
with proteins {more on this Lebed
But in The Molecular Basis of E :
tiom, it hecomes obviows, indeed "
pressive, that a remarkable synibe
had eccurred in his mind by ¢
time {2). Chria writes an clegan? &
awe-inspiring account of the devel
ment of ideas from Mendel aml L8
win through the founding years
microbinl genelics and the o8
sene—one-enzyme concept of Hed
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1 gnd Tatum (5], through the experi-

nentd Ul the mode of [l?'lf.-fl. replica-
can and chromosome replication of
Meselson and Stahl (6) and H. Taylor
(Tl Ieg,pcnlivﬂlj'. Soon after Chris's
hook came Dintzis's experiments
{11;451.-1952] demonstrating the or-
Jered and sequential progression of
e synthesis on the protein chain
from the amino to the carboxyl end
). In 1962 Canfield and Anfinsen
I.qp.-u.;]uu:d this pattern of aynthesis
ith chicken oviduct lysozyme (9).

I_-_-__——

" We had to learn what
questions to ask, along
with the search for the an-

qwers. —J. Edsall

ﬂ..

Between 1962 and 1963 in Chris's
menlal framework, the issue of re-
yersible protein denaturation had
been tranaformed to the protein fold-
ing question,

Eadier work by such pioneers as
Mina Epii:ﬁcj-ﬂdulpli “'ﬂﬁ}, [Tsien
Wou {1931}, Mirsky and Paoling
(1936), Anson and Mirsky
(1931-1936), Neurath and Bull
(1936), and several others in the
19405 and early 1950s, had ad-
dressed ingeniously the problems of
"reversible denaturation” of proleins,
At those early times, however, the
problem of protein folding could not
be defined with aufficient rigor, nor
could it be approached with the nec-
tseary incisiveness, because Lhe
crifical threshold of knowledge had
nol vet been erossed, John Edsall,
describing the activities and thoughts
i the Department of Physical Chem-
517y 8t Hurvard between 1930 and
1940, draws u sobering picture of the
itéle of the feld of peplides and pro-
leing; ", , . at that time we did not
ko enough to ask such coherent
fuestions, We had to learn whal
Tuestions. to ask, along with the
wéreh for the answers" {10].

Cheis emerged ot that eritical mo-
“ent 1o provide the clear and simple
inswer, "Tn the fields of cheervation,

.'--.l_

chance favors only the mind that is
prepared,” Pasteur had said some
years earlier. And Chris's mind was
prepared. He had been echooled and
teained within the emerging field and
hiwl lived and experienced the explo-
give growth in what later became
known as moleculsr biology, All he
had to do was to allow his fertile
mind and creative imagination, his
geniug, to synthesize on the keyboard
of discovery with virtuosity and sen-
silivily, anid synthesize he did.

In & 1963 article, Chrie wrote: "To
discuss the topic intelligently, | shall
also have to consider . . | the chemi-
cal structure of the chains and the
heauty and precision of the genetic
information that resides along their
amino acid sequence” (11}, This sen-
tence reveals Chrg's unigue outlook
on the problem, i.e., considering il
both an object of hard chemistry as
well as one of architectural heauty.
Throughout the article he used this
ngile and balanced hlend of rporous
experimental facts and concepls with
anthropomorphic melaphors and ho-
manly meaningful examples, Thie ar-
ticle is worth reading even loday,
since 1t aleo reviews some imporant
experiments by several key figures
(up to that time) of the Anfinsen
laboratory: R. Canfield, C. Epstein,
K. Goldberger, E. Haber, M. Selu,
and F. White,

This paper was presented at a
symposinm al Rutgers University
aponsored by the National Seience
Foundation. In the discussion that
followed Chris's presentation, which
was chaired by his good friend W. F.
Harrington, one finds many telling
commenta by P. Berg, H. Fraenkel-
Conrat, J. Fresco, W. Kauzmann, und
V. Luzzati, among others. Fraenkel-
Conrat asked (he last question of the
gession, |1 addressed Chris's use of
the term molecular "hovering' to de-
scribe some intermediate, metastuble
states in the protein folding process
as applied 1o bovine pancreatic ri-
bonuclease, Such a loose use of lan-
guage by Chris appears to have
wlarmed the formal chemist within
thie discussant {famous for his work
an tobacen moseic virus), who wsked

for clarification of "hovering.” Chris
provided the following simple but ex-
quisitely corvect reply: "I think it is
just & question of how hovering you
want to get; tobacen leaves live in
cold fields . . . whereas bovine pan-
ereatic ribonuclease lives at 37" . ..
Don't you think that it is selection
under given environmental conditions
that ‘determines structure? Thinking
a hit ahout the depth of this answer
one cannot help but see the founda-
tion of whal would become the main
foeus of Chris's research during his
years at Johns Hopking University,
namely, protein thermustahility.

The NIH Years

The wark of the Anfinsen group st
NIH between 1955 and 1962, pri-
manly with bovine pancreatic ribonu-
clease, led to the enunciation of the
"thermodynamic ‘hypothesis" of pro-
tein folding. The hypothesis stated
that " . . . the native conformation [of
a protein] ia determined by the total-
ity of interatomic interactions, and
henee the aming acid sequence, in a
given environment" (12). But as we
have already seen, this concept of the
protein molecule ag 8 harmonious
constellation of atoms in tune with
their environment had sufaced sev-
eral times earlier in Chris's presenta-
tions. After the discovery of
molecular chaperones, there were
some short perinds of confusion con-
cerning the general applicabality of
the thermodynamic hypothesis, How-
ever, such concerns, which Chris
considered carelully, missed the sig-
nificanee of the contnibutions of the
molecular microenvironment to the
folding process, as had been repeat-
edly emphasized by Chris, A nascent
protein chain, being folded on the ri-
bosomal surface, experiences a con-
stellation of environmental
gontributions very different from
those that the mature, unfolded mole-
cule will experience upon refolding
either in some corner of the eyto-
plasm or in the test tube. When the
proper distinctions are made between
kinetic and thormodynamic consid-
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