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1. Introduction

David Yphantis is best known for his truly

molecules; most thought them to be heterogeneous
colloidal aggregates of small peptides or cyclic
peptide-like substances. Although the few osmotic

outstanding contributions to the development and pressure studies that had been carried out at that

application of the sedimentation equilibrium meth-

time, such as Sgrenson’s studies on ovalbuljn

od. In his hands, this method has become one of indicated high molecular weights, these were wide-
the most sophisticated and versatile techniquesly disregarded. Indeed, Svedberg himsdif]

available for the study of macromolecules and
their interactions. It seems fitting, therefore, to
begin this volume, dedicated to David, with a brief
retrospective look at the very beginnings of the
sedimentation equilibrium technique, over three-
guarters of a century ago. It is also appropriate, |
think, to remind ourselves of how important a role
this method played in the formative years of
protein chemistry.

2. The background

Svedberg published the first edition of his mon-
ograph ‘Colloid Chemistry’ in 19241]. In it, he
paid scant attention to the proteins, including only
a brief description of their coagulation properties
in the chapter titled ‘The Colloid Particle as a
Micelle’. In this regard, Svedberg was following
the view held by most chemists of his time, few
of whom considered it possible that proteins were
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described Sgrenson’s osmometer, but then stated
that ‘determination of size of particles with this
method have not given any appreciable results’.

It is ironic that at the moment of publication of
‘Colloid Chemistry’, Svedberg himself was per-
fecting the instrument that was to completely
revolutionize science’s view of proteins. Together
with his collaborator, H. Rinde, Svedberg had for
several years been analyzing the size distribution
in colloids by following their sedimentation under
gravity. They had developed an optical system to
record such sedimentation, and mathematical pro-
cedures for its analysi8]. However, the very fine
‘amicroscopic’ colloids could not be studied in
this way. Not only was their gravitational sedimen-
tation exceedingly slow, but problems of thermal
convection become serious in the weak gravita-
tional field. Accordingly, Svedberg and Rinde sug-
gested in 1923 the use of a centrifugal fidlg].
Later that year, during a sabbatical visit to the
University of Wisconsin, Svedberg and Nichols
constructed a primitive version of the ultracentri-
fuge [4]. The first measurements made were essen-
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tially sedimentation velocity studig@lthough the
term was not yet used or even definesh gold
sols. A much improved instrument was constructed
when Svedberg returned to Sweden in the next
year, and is described as ‘The Ultracentrifuge, A
New Instrument for the Determination of Size and
Distribution of Size of Particle in Amicrosopic
Colloids’ [5]. Note that even in 1924, Svedberg'’s
orientation is still that of a colloid chemist. Again,
first tests of the instrument were made using gold
sols. However, within a year, Svedberg’s interests
were to undergo a radical change.

3. The
experiment

first sedimentation equilibrium

It is remarkable that the first major application
of the new ultracentrifuge—the study of hemoglo-
bin by Svedberg and°Fahre{8]—should produce
one of the most important advances in all of
protein chemistry. Not only did it represent the
first time that the technique of sedimentation
equilibrium had been applied to any macromole-
cule, but it also provided the unexpected demon-
stration that proteins were very large molecules of
homogeneous molecular size. Thus, this paper
more than any other, led to the demise of ‘colloid’
theories of protein structure, and opened the way
to visualizing proteins as giant molecules of
defined structure.

The experiment examined the sedimentation
equilibrium of horse hemoglobifactually CO-
Hb and met—Hb under a variety of solution
conditions. It is presented as a demonstration of a
new method for the ‘determination of the molec-
ular weight of the proteins’; the very wording of
this title suggests a remarkable shift in Svedberg’s
attitude toward proteins in a very few years. The
use of the term ‘molecular weight' is in itself
noteworthy. Svedberg and°Fahreus explain the
choice of hemoglobin on the basis of its physio-
logical importance[7], but it seems likely that its
special optical absorbance properties, and earlier
indications of relatively high molecular weight
were equally important. At this point, they were
relying on absorption optics in the visible region
of the spectrum, and the top rotational speed of
the available ultracentrifuge was approximately
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10 000 rev/min. This latter fact dictated the use
of sedimentation equilibrium rather than sedimen-
tation velocity experiments, although the theory
for both methods was already well advandsée
[8D.

It is a beautiful paper. Svedberg and Fahreus
mention a few preliminary trials with oxyhemoglo-
bin, but its instability led them to do the final
work with CO-hemoglobin and met-hemoglobin.
The studies were done with remarkable care. The
partial specific volume was determined pycno-
metrically, and parameters of the sedimentation
equilibrium experiments such as solute concentra-
tion, column height, and rotor speed were varied,
without significant effect on the results. The same
equilibrium  distribution was found when
approached by acceleration from rest or decelera-
tion from a higher speed, an important test at this
point in the development of the method.

The data were analyzed using the conventional
sedimentation equilibrium equation in a form in
which integration is carried out between pairs of
pointsx, andx, in the cell:

2RT In(C4/C>)

ooz(l —0p)(x1—x2)(x1F X))

M= (@)

This is not the way we would do it today and
in fact, is a poor way to get an average value over
the cell, for averaging such values almost elimi-
nates the effect of all but the end points. However,
as we shall see, it proved to be a very useful way
to represent the data at the time. It is notable that
Svedberg and Fahreus show all of their data, a
model that more contemporary researchers could
follow! One representative set of the data are
shown in Table 1. There are two important conclu-
sions from this, and the other data in the paper.

1. The molecular weight of hemoglobin is approx-
imately 68 000, or four times the molecular
weight associated with a single mole of iron.
This is an important conclusion, but in fact had
already been reported from the osmotic studies
of Adair [9] a few months earlier. Svedberg and
Fahreus do not mention the Adair paper. Given
the slowness of communication in 1925, it
seems unlikely they would have seen it in time
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Table 1 have been surprising to Svedberg, for the last
Sedimentation of CO-HemoglobitData of Svedberg and’Fah- paragraph of the paper makes the point almost

raeus, 19266))

with reluctance, and this most vital conclusion is

X X c, C, Mx10~% M/16 700 not included in the summary! However, it is just
(cm) (g/100 mb this finding—that proteins are large molecules of
461 456 1220 1061 71.30 4.27 p|r|e0|sh(e_][y gleplned hmloleculaé_welgr;t—tha_t evrtlentu-
456 451 1061 0930 67.67 4.05 ally shifted the whole paradigm of protein chem-
451 446 0930 0832 5833 3.49 istry away from the ‘colloid’ perspective that had
446 441 0832 0732 67.22 4.02 so long encumbered it. Colloidal aggregates are
441 436 0732 0639 7295 4.37 rarely if ever truly homogeneous. The idea of
436 431 0639 0564  60.99 3.65 molecular homogeneity could now make connec-
431 426 0564 0496  75.57 459 . : ) . )
426 421 0496 0437  69.42 416 tion with th_e polypeptide hypoth_eS|s of Hofmeister
421 416 0437 0388  66.40 3.98 [10] and Fischer{11] and the high polymer con-
Ave 67.87 4.06 cept being developed by Staudindgd?]. Protein

Conditions: Initial conc 1.0 4100 cc,T=293.3, column chemistry was finally on a firm foundation.

length=0.6 cm, 8708 reymin, time of expt=39 h.

4. Further studies
to even add a ‘Note in Proof’, because the Adair
paper appeared October 1, 1925, whereas Sved- Of course, one paper could not convince the
berg and Fahreus’ paper was submitted August scientific world of the molecular nature of proteins.
4, 1925 and published February 5, 1926. Clearly, However, over the few years following the 1926
we should give them the benefit of the doubt. paper, Svedberg and his colleagues presented an
Both results are reasonably close to the exact overwhelming mass of evidence, all to the same
value of 64 715 that we now calculate from the point—the majority of proteins were high molec-
amino acid sequence of horse hemoglofptus ular weight, homogeneous substances. The Sved-
heme3. The agreement by two quite different berg laboratory developed this evidence along two
methods, osmotic pressure and sedimentationtracks. The first depended upon Svedberg’s rapid
equilibrium, must have been impressive to sci- development of high-speed ultracentrifuges, which
entists of the time. However, the sedimentation allowed sedimentation velocity studies of even
equilibrium experiment had much more to tell. small proteins. An early landmark result was the

. The more important observation was theno- 1927 [13] demonstration of the velocity sedimen-

geneity of the hemoglobin molecules with tation of hemoglobin with results strongly sup-
respect to molecular weight. The rather awk- porting the 1926 sedimentation equilibrium paper.
ward way in which the data are presented has The second line of research involved further use
the great advantage that this is immediately of the sedimentation equilibrium method, aided by
clear to every reader. At each interval across UV absorption optics or refractometric optical
the solution column, roughly the same value of systems permitting the study of substances color-
M is obtained. This same result was found in less in the visible spectral region. By 1930, sedi-
every one of the four experiments reported. If mentation equilibrium results for ovalbumii4—

the authors had done as we are likely to do 16] serum albumin and serum globuli7] and a
today, and graphed l@ vs. x2, they would have ~ Bence—Jones proteirfl8] had been reported.
indeed obtained a nice straight ling have Where we can make comparisons, the results are
checked this and it gives a very slightly better mostly in good agreement with sequence data, and
resuld, but this does not make nearly so clear demonstrate homogeneity. The puzzling exception
a demonstration of homogeneity to the is ovalbumin. The early osmotic pressure studies
uninitiated. of Sgrensor2] reported a value of approximately
The homogeneity of hemoglobin was an obser- 34 000 Da, which agreed with a ‘minimal’ molec-

vation of the very greatest importance. It seems to ular weight calculated from amino acid composi-
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tion by Cohn et al.[19]. The initial studies of [5] T. Svedberg, H. Rinde, The ultracentrifuge, a new
electrolyte-free ovalbumin in Svedberg’s labora- instrument for determination of the size and distribution

L f size of particles in ami ic colloi . Am,
tory [14] gave indications of heterogenteity, with of size of particles in amicoscopic colloids, J. Am

. Chem. Soc. 461924 2677-2693.
a major component of 35000 Da and a small [6] T. Svedberg, R. Fahraeus, A new method for the

amount of a much larger component that could be determination of the molecular weight of the proteins,
removed by electrodialysis. Repetition of the study, J. Am. Chem. Soc. 481926) 430-438.

using purified material in the presence of electro-  [7] J. Barcroft, The Respiratory Function of the Blood,
lytes [15,16 gave results in the same range. Cambridge Univ. Press, Cambridge, 1914.

The problem is that we now know, from [8] T. _Svedbe_rg, Zentrifugierung, .Diffusion, und Sedimen-
lvsis. that the correct value for the tatlonsglelchgeW|_cht von_KoIIO|den und ho_chmolekular—

sequence an"fl ysIs, e en Stoffen, Kolloid Z. Zsigmondy Festschift 38925
molecular weight of ovalbumin is nearly 43 000 5364,
Da. A sedimentation equilibrium result close to  [9] G.S. Adair, The osmotic pressure of haemoglobin in the
this was later found by Pedersen, and reported as absence of salts, Proc. Roy. Soc. London A10925
“unpublished work™ in ‘The Ultracentrifuge’ [20]. 292-300. _ o
The explanation proposed therein for the early [0 F. Hofmeister, Uber Bau und Gruppierung der Eiweis-
erroneous values was that sufficient time for equi- skorper, Ergeb. Physiol. 11902) 759-802,

s . [11] E. Fischer, Untersuchungen uber Aminosauren, Poly-
librium to be attained had not been allowed. peptide und Proteine, Ber. Deutsch. Chem. Ges. 39

It is remarkable that so many early studies of (1906) 520-610.
ovalbumin, using a variety of techniques, faithfully  [12] H. Staudinger, Die chemie der hochmolekularen organ-
reproduced the same erroneous value. Strangely, it ischen Stoffeo in Sinne der Kekuleschen Strukturlehre,
seems probable that this coincidence of errors Z. Angew. Chem. 421929 37-40.

actually increased confidence in the new methods [13 T. Svedberg, J.B. Nichols, The application of the ol

. _ turbine type of ultracentrifuge to the study of the
and new ideas, whereas contradiction would have stability region of CO-hemoglobin, J. Am. Chem. Soc.

sowed doubt. Science proceeds in mysterious 49 (1927) 2920-2934.
ways. [14] T. Svedberg, J.B. Nichols, Molecular weight of egg
albumin in electrolyte-free condition, J. Am. Chem. Soc.
Acknowledgments 48 (1926) 3081-3092.
[15] J.B. Nichols, The molecular weight of egg albumin. II.
It is with pleasure | dedicate this note to my old In the presence of electrolytes, J. Am. Chem. Soc. 52
friend and colleague, David Yphantis, who taught (1930 5176-5187.
us all much about doing science properly. [16] B. Sjbgren, T. Svedberg, The pH stability region of egg
albumin, J. Am. Chem. Soc. 52930 5187-5192.
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