VIII. SUMMARY
J. T. Edsall
Harvard University, Cambridge, Massachusetts

In the first place we may note that although this was called a conference on sulfur in proteins, actually the subject was more restricted than
that. We have stuck very closely to cysteine and cystine, and to cysteinyl
and cystinyl residues in proteins. Methionine has been occasionally mentioned only to be politely bowed out again. The nutritionists, and biochemists concerned with metabolic processes, are very much interested in
methionine; as yet, however, the structural protein chemists have had
practically nothing to say about the function of methionine residues in
protein. I merely bring this point up just to see if anyone might throw out
some ideas on the subject later on.
There seem to be many proteins that contain a number of disulfide
groups and little or no sulfhydryl, and others that contain sulfhydryl and
no disulfide under ordinary conditions, while there are relatively few that
have a combination of the two. Among the disulfide proteins are insulin,
lysozyme, ribonuclease, and keratin. Keratin is in a somewhat different
category, being a fibrous protein, but we can put it in this class for present
purposes. With reservations we can put serum albumin in here too; of
course it has one sulfhydryl group, and that one is extremely important.
Nevertheless it has 17 disulfides and only one sulfhydryl, so it is essentially a disulfide protein.
On the other hand, a number of the best known enzymes fall in the
other class; for instance aldolase, Phosphorylase, glyceraldehyde-3-phosphate dehydrogenase, urease, papain, and a number of others.
Again, there are a few of what one might call mixed proteins, such as
ovalbumin and myosin, which seem to have some groups of both sorts. N o
doubt there are many other proteins that belong in this category. At present, however, it is not so easy to make a long list of them as it is to make
a fairly long list of either of the other kinds.
Concerning yeast alcohol dehydrogenase, we have had some discussion
from both Dr. Wallenfels and Dr. Hoch. This enzyme contains a large
number of sulfhydryl groups. Among the sulfhydryl-containing enzymes,
and other proteins containing such groups, there are different possible
functions of the sulfhydryl groups in relation to the structure of the molecule. There are some sulfhydryl groups which are intimately related to the
427

428

J.

T.

EDSALL

active site, and are built into it in such a way that they play a direct and
immediate part in the reaction catalyzed by the protein ; and other groups,
not so closely related to the active site, which apparently play a fundamental part in the maintenance of the structural integrity of the native
molecule. When they react with specific reagents, there may be a farreaching change in the structure of the molecule, often with correspondingly large alteration in the functional capacity of the molecule to do its
particular job. These groups may be widely separated from the active site.
We had some questions about the zinc content of yeast alcohol dehydrogenase that were raised by Dr. Wallenfels and discussed by Dr. Hoch
also. Are there actually two different kinds of enzymes involved? Dr.
Hoch mentioned to me in conversation last night that apparently the
enzyme from brewer's yeast and the enzyme from baker's yeast are two
different things, and this is a point that may have t o be considered carefully in any future reports on the alcohol dehydrogenase from yeast. The
evidence on the whole seems to me to favor the view that there are four
essential zinc atoms in the yeast alcohol dehydrogenase structure. They
appear to have some close relation to the sulfhydryl groups, but the exact
nature of that relation is not yet adequately defined. I hope that some of
those here will have further ideas on that subject.
Dr. Velick's work shows, among other things, that the sulfhydryl
groups in the two enzymes that he has been studying are quite different.
The sulfhydryls are very sensitive and readily reactive in glyceraldehyde
phosphate dehydrogenase and relatively sluggish in lactic dehydrogenase.
Also, he pointed out that there is an enormous difference in the relative
affinities of the enzymes for D P N and D P N H , with an affinity ratio of
0.3 in one case and 1000 in the other. Also, there is a shift in the ultraviolet
absorption band of the lactic dehydrogenase from 340 to 345 πΐμ on the
binding of D P N H , but no such definite change in absorption in the case
of glyceraldehyde phosphate dehydrogenase. I will pass over Dr. Velick's
fluorescence polarization studies, though to me they are deeply interesting,
because it would take far too long to discuss them adequately. Our primary
concern is with sulfhydryl and disulfide groups, and I do not at the moment
see how to correlate the fluorescence phenomena with the sulfhydryl
groups of the enzymes.
The work of Dr. Benesch on the use of the silver derivative of homocysteine thiolactone to introduce thiol groups into proteins offers a great
range of possible applications for those who are concerned with protein
modification. He has worked out the modification of gelatin into a form
which can be made by oxidation into an insoluble cross-linked gel; or by
working at high dilution, the oxidation leads to individual gelatin molecules which will no longer form typical gelatin gels at low temperatures.
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These achievements certainly offer great technological possibilities. I am
personally interested to see whether this work may lead to a modified gelatin which might be of some use as a blood plasma expander. However, I
am still one of the partisans of the natural plasma proteins as the best
agents for that particular job. The possibilities of Benesch's method for
production of modified proteins of many kinds seem to me very great.
Dr. Haurowitz's views on the significance of disulfide bonds and their
contribution to the optical rotation of proteins are very interesting. I am
glad he has injected a new point of view on this subject. H e has reminded
us of what I once learned many years ago from Fieser and Fieser's "Organic Chemistry," of the enormous difference in optical rotation between
cysteine ( M D = —13°) and cystine ( M D = - 6 6 2 ° ) , taking the values
given by Fieser and Fieser.*
Haurowitz has calculated the changes that occur in optical rotation
after the breaking of the disulfide bonds, in a number of proteins, simply
making the assumption that the change is due to the disappearance of the
special contribution to the optical rotation due to the cystine residues.
Personally I think this can only be a partial explanation of the facts in
many cases. Certainly there are profound changes in optical rotation which
D o t y and others have observed in polypeptides containing no cystine residues at all, due to changes in the state of coiling and uncoiling of the
peptide chain. Yang and D o t y f found similar changes in proteins such as
ribonuclease, without any breakage of disulfide bonds, simply by changing the solvent from one which had a great capacity for forming hydrogen
bonds—for instance an aqueous solution of urea—to one with much less
tendency to form such bonds, such as chloroethanol. D o t y and his collaborators, and also some other investigators, have interpreted these changes
in rotation with change of solvent in terms of the assumption that the peptide chain of the protein is either in the form of an α-helix or in a form
essentially equivalent to a random coil. With this and with a few other
assumptions it is then possible to calculate the relative percentage of helix
and of random coil in the protein when it is exposed to the action of different solvents. Personally I think that one should not take this picture too
literally. I suspect that the figures for percentage helix are to some extent
fictitious. Such numerical values may be a convenient way of representing
in a kind of shorthand notation the results of optical rotation measurements. However, there is no decisive proof as y e t that the observed
changes are actually due simply to a helix-coil transition. A really critical
discussion of optical rotation is far beyond my powers; and the theory of
*See L. F. Fieser and M. Fieser, "Organic Chemistry," 2nd ed. Reinhold, New
York, 1950.
t J. T. Yang and P. Doty, / . Am. Chem. Soc. 79, 761 (1957).
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the optical rotation of helix structures is certainly more complicated than
many people thought a year or two ago. I will, therefore, not pursue that
topic further.
Dr. Haurowitz's suggestions are certainly interesting and they may be
quite plausible. Nevertheless, I am sure that when one breaks the disulfide
bonds of a protein like serum albumin, so many new possible configurations become accessible for the peptide chains of the molecule that the
result may be either the winding up of more extended coils into a tight
helix or an uncoiling of structures that were previously helical. Such
changes are bound to produce marked changes in optical rotation, and the
changes may be quite different for different proteins.
Thus the work of Markus and Karush* on the reductive cleavage of
the disulfide bonds of serum albumin showed that this process is accompanied by a positive shift in optical rotation, and probably therefore by
an increase in the percentage of peptide chain which is in the form of a
regular helix. Presumably in this case the many mirachain S-S bonds
of native albumin impose constraints on the peptide chain which inhibit
helix formation. Alternatively, however, the data of Markus and Karush
could probably be explained by the proposal which Dr. Haurowitz has
offered.
In insulin, on the other hand, the mierchain disulfide bonds actually
stabilize helix formation, as Schellmanf suggested several years ago. Certainly the isolated A and Β chains of insulin behave like random coils in
solution, as judged by the criteria of optical rotation and deuterium exchange,:!: and have lost the more regular helical structure which appears
to characterize at least a large portion of the native insulin molecule. Obviously a great many more experimental studies are needed.
I should like to see further studies on the use of a variety of different
solvents, such as chloroethanol which D o t y and his collaborators have
used to study changes in optical rotation of many proteins. In proteins such
as ribonuclease, the optical rotation is greatly altered, without any breakage of disulfide bonds, simply by changing the solvent from one which has
a great capacity for forming hydrogen bonds—for instance an aqueous
solution of urea—to one with much less tendency to form such bonds, such
as chloroethanol.
Perhaps an experiment could be set up in which a protein containing
many disulfide linkages is placed in a solvent which would favor the assumption of a random coil configuration of the peptide chain or chains. If
* G. Markus and F. Karush, J. Am. Chem. Soc. 79, 134 (1957).
t J. A. Schellman, Compt. rend. trav. lab. Carlsberg (Sér. chim.) 29, 230 (1955).
t K. Linderstr0m-Lang, "Symposium on Peptide Chemistry," Special Publication,
No. 2. The Chemical Society, London, 1955.
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the native protein in such a solvent were compared with the same protein
in the same solvent after cleavage of disulfide bonds, the resulting changes
in optical rotation should be due chiefly to the breakage of the S-S bonds,
since both forms of the protein would be in the random coil form. This
might be a particularly effective test of Haurowitz's hypothesis, but I fear
that ambiguities would still remain, because of the constraints imposed by
the disulfide linkages in the native protein.
Certainly it would be valuable to do further studies on the rotatory
dispersion of cystine and cysteine and their peptides, and to compare
these with dispersion studies on proteins in various solvents before and
after cleavage of the disulfide bonds.
Dr. Nickerson's work has shown the usefulness of observations of the
infrared absorption characteristic of the sulfhydryl group. In that connection I might mention the studies on the Raman spectra of cysteine and
glutathione which D a v i d Garfinkel recently carried out in our laboratory.
1
The characteristic S-H stretching frequency near 2575 c m . - is a very
strong line in the Raman spectrum—much stronger, relatively to other
lines in the spectrum, in the Raman than in the infrared—and the variation of its intensity with pH, for example, has been used by Garfinkel *
to determine approximately the form of the ionization curve of the sulfhydryl group in these compounds. One m a y choose as a point of reference,
- 1
for example, the C-S stretching frequency near 680 c m . in cysteine; this
remains intense over the whole p H range studied by Garfinkel, whereas
the intensity of the S-H frequency has fallen practically to zero at p H
11.5. Dr. R. Bruce Martin and Mr. Elliot Elson are now doing more quantitative work on the Raman intensities in sulfhydryl compounds, using the
Cary Raman spectrophotometer. Unfortunately I must warn you that
Raman spectra show little prospect of being useful in studies of complex
mixtures of macromolecules; they are too faint, and too likely to be obscured by the intense Rayleigh scattering which is always present in such
systems. We hope, however, to make use of it in the study of many simpler
compounds, including some of the proteins.
Dr. Jensen discussed the reactivity of bovine serum albumin with silver
ions. He found strong binding of silver by one particular group in the
albumin from amperometric studies, but in his equilibrium dialysis studies
the situation appeared more obscure and a number of groups in the albumin appeared to be binding silver. Although I do not know a great deal
about the interactions of silver ion with proteins, I suspect that the amino
groups of the albumin molecule, of which there are about 60, may play a
+
significant part in the binding of the silver ions. The affinity of A g ion
* D . Garfinkel and J. T. Edsall, J. Am. Chem. Soc. 80, 3823 (1958); also, D . Garfinkel, ibid., 80, 4833 (1958).
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for — N H 2 groups, relative to its affinity for — S ~ groups, although rather
small, is probably considerably greater than the corresponding ratio for
+ +
Hg
ions. Thus with nearly 60 amino groups and only one sulfhydryl it
is possible that a considerable fraction of the bound Ag+ is attached to
+
— N H 2 groups. Of course there will be competition between A g ions and
+
H ions for both classes of groups, but the pK values for the reactions
R N H + 3 ^± R N H 2 + H + , and R S H ^± R S ~ + H + are of the same order of
+
magnitude; hence the relative binding of A g to — N H 2 and to — S ~
groups should be given approximately by adding up the number of groups
of each kind and multiplying this number by the appropriate affinity
constant.
There is also a question whether the dialysis membranes, in Dr. Jen+
sen's equilibrium dialysis experiments, may have been binding A g ion
in ways that for some reason were not detected. This is a very tentative
suggestion, and perhaps the experiments have already ruled it out.
Like silver ions, only more so, mercuric ions certainly attach themselves very strongly to the R S ~ groups in proteins, and do not bind to any
other groupings until the sulfhydryl groups are saturated. At least this is
certainly the case in human and bovine mercaptalbumin, as Hughes* first
demonstrated and the later dimerization studies by light scattering confirmed. Stricks and Kolthoff f have calculated the association constants
+ +
between H g
ion and the forms ( R S ~ ) of cysteine and glutathione which
+ +
contain an ionized sulfhydryl group. K&saoc = [ ( R S ) 2 H g ] / ( H g )
2
4 2
43
( R S ~ ) is of the order of 1 0 - 1 0 for both cysteine and glutathione; the
values they found are very similar, whether the neighboring amino group
is ionized or un-ionized, although the exact value of Kaseoc is somewhat affected by this. Stricks and Kolthoff could not detect the intermediate form
R S H g + ; however it seems reasonable for purposes of comparison to consider the process as consisting of two steps with association constants of
the same order of magnitude and to write for the reaction RS~~ + H g + +
Ξ± R S H g + the approximate association constant
tfassoc

21

21 5

= ( R S H g + ) / ( R S - ) (Hg++) ^ 10 -10 ·

(1)

in simple sulfhydryl compounds. Similarly for the binding of the anion of
human mercaptalbumin (denoted by A S " , indicating albumin with an
ionized S H group) to the mercury ion of a bifunctional organic mercurial,
* W. L. Hughes, Jr., Cold Spring Harbor Symposia Quant. Biol. 14, 79 (1950) ; H.
Edelhoch, E. Katchalski, R. H. Maybury, W. L. Hughes, Jr., and J. T. Edsall, / . Am.
Chem. Soc. 75, 5058 (1953) ; J. T. Edsall, R. H. Maybury, R. B. Simpson, and R.
Straessle, ibid. 76, 3131 (1954) ; C. M. Kay and J. T. Edsall, Arch. Biochem. Biophys.
65, 354 (1956).
tW. Stricks and I. M. Kolthoff, J. Am. Chem. Soc. 75, 5673 (1953) ; W. Stricks,
I. M. Kolthoff, and A. Heyndrickx, ibid. 76, 1515 (1954).
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3,6-bis-(nitratomercurimethyl)-dioxane [denoted by X H g R H g
(X =
C l ~ ) ] , we derived * by a rather indirect line of reasoning the association
1
constant denoted as Ka
Ka

1

-

20 6

= (XHgRHgSA)/(XHgRHg+) (AS )

10 ·

(2)

where the structure X H g R H g S A may be written in more detail ( I ) .
CH 2—Ο
XHg · C H 2 C H

//

\ ? Η - CH 2 H g S A

\>—CHa^
<

15 Â approximately

>

(I)

We must remember, however, that A represents an entire albumin molecule, with a radius of at least 30 Â, and probably much more in the direction of its major axis.
This estimated association constant for albumin agrees rather closely
with the square root of the values of Stricks and Kolthoff for cysteine and
glutathione, but there is enough uncertainty involved in our calculations
so that we cannot feel too proud and confident about the results. But they
look reasonable.
On the other hand, when we bring two mercaptalbumin molecules together, each attached to one of the two H g atoms of the same organic
mercurial, the corresponding association constant (KA) is considerably
lower:
KA

(for +HgRHg+) = (ASHgRHgSA)/(ASHgRHg+) (AS")

18 2

10 ·

(3)

Presumably this constant, which differs from the other in that X ~ is
replaced by A S " , is lower because of the net repulsive forces which arise
when two albumin molecules are brought so close together. In the simple
mercury dimer of Hughes (ASHgSA), the two sulfur atoms, linked directly
through H g + + , must be about 5Â apart or even less; the steric hindrance
4
13 5
is certainly far greater, and KA falls by a factor of 5 X 10 to about 1 0 · :
13 5

(ASHgSA)/(ASHg+) (AS-) = 10 ·

(4)

The relative values of these various association constants are probably
more reliable than the absolute value of any one of them.
This brings us to the question that Dr. Jensen raised yesterday;
whether this sulfur inside the albumin is really masked or not. Is it held
in some kind of internal linkage, either by hydrogen bonding or possibly
by the formation of some kind of a covalent linkage from which it has to
* J. T. Edsall, R. H. Maybury, R. B. Simpson, and R. Straessle, / . Am. Chem. Soc.
76,3131 (1954).

434

J.

T.

EDSALL

be released, or is it tucked away in a hole so it cannot get out to react very
readily? I think there is good reason to believe that something of that nature is actually involved.
Our kinetic studies on the formation of the dimers with mercury or the
organic mercurial indicated a large and positive entropy of activation
associated with the dimerization process. Ordinarily, reactions in which
two molecules come together to form a single one have a large negative
entropy of activation. We discussed two possible explanations for this
difference, one of them being that some kind of a partial unfolding of the
albumin molecule, akin maybe to a partial denaturation, has to go on before the albumin molecule gets sufficiently opened up to undergo this kind
of reaction ; the other is in terms of water of hydration around the monomer molecules, some of which would have to be displaced, with an increase
of entropy, when the two monomer molecules get together to form the
dimer. If the first of these explanations is correct, I think it would provide
some additional support for Dr. Jensen's view that the sulfhydryl is somehow screened in and tucked away, and not readily and immediately available for reaction as in simple sulfhydryl compounds in smaller molecules.
Dr. Lorand's discussion of possible relations of sulfhydryl and disulfide
groups in blood clotting is a subject of very great personal interest to me,
but I will pass over it rather briefly because at present there is not a clearcut picture, I think, of just what is the difference between the stabilized
fibrin clots, which are resistant to solution in urea or monochloroacetic
acid, and the other weaker clots, which are readily dissolved when they are
treated with these reagents.
There is a good deal of presumptive evidence that sulfhydryl compounds and the formation of disulfide links are important here. Dr. Loewy
and I did suggest a few years ago* that the mechanism first proposed by
Huggins and Jensen for the formation of a succession of disulfide links by
a type of chain reaction was involved. Certainly the purification of this
fibrin stabilizing factor by Dr. Lorand brings us much nearer to an effective study of just what is going on in this stabilization of the blood clot. This
is enormously important, since the native natural plasma clot contains
this fibrin stabilizing factor, and a clot made up from purified fibrinogen
by the reaction of thrombin does not. The biological effectiveness of blood
clotting is certainly intimately correlated with this. The clot from purified
fibrinogen would be a rather poor substitute for the natural clot in resisting the stresses that the blood clot must sustain in sealing off a wound.
Recently Loewyf et al. have reported a method of preparing a fibrin
* A. G. Loewy and J. T. Edsall, J. Biol. Chem. 211, 829 (1954).
f A G. Loewy, C. Veneziale, and M. Forman, Biochim. et Biophys. Acta 26, 670
(1957).
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stabilizing factor which gives material of extremely high activity—apparently the most active preparation y e t obtained. The method used, which
involves differential heat denaturation, is quite different from that employed by Dr. Lorand. I know from personal conversation with him that
Dr. Loewy believes the factor must act catalytically, not stoichiometrically. Obviously there are plenty of unsolved problems still to be settled
in this area.
We now come to the question of the structure of water surrounding
protein molecules and the significance of the water structure for the
specificity of the protein. Dr. Klotz has laid great stress on this, but I am
still not convinced of the fundamental correctness of his argument. Water
molecules must be strongly oriented and closely packed around the
charged groups in protein molecules, as they are, indeed, about ionic
groups in general. Also the work of such people as Frank and Evansf has
shown quite clearly that water is also oriented about hydrocarbon residues when they are immersed in an aqueous medium. Certainly, therefore, most of the water in the immediate neighborhood of a protein must
be in quite a different state from the water out in the free liquid further
away from the protein. The local "icebergs" in the neighborhood of the
protein molecule on which Dr. Klotz has laid such stress certainly must
have a profound influence on the interaction of the protein with its surroundings.
However, I still find it difficult to go along with Dr. Klotz in attempting
to explain so many of the properties and interactions of proteins in terms
of these "iceberg" structures. There certainly must be specificity patterns
of configuration in the water molecules surrounding a given protein, but
the specificity of the orientation of the water must be, it seems to me,
primarily a reflection of the specificity pattern of the protein molecule.
Consider, for example, the picture of hemoglobin with its four reactive
groups and with other groups like the sulfhydryls in specified locations.
Around the whole molecule we have a layer of an ice-like structure with
water molecules clustering around the charged groups in certain patterns
of orientation and around the hydrocarbon side chains (if the latter stick
out into the water) in somewhat different ways. In terms of this water
structure, one might come up with some plausible explanation for the remarkable phenomena that Dr. Riggs has discovered, concerning the effect
of the sulfhydryl group on the oxygen affinity of hemoglobin and on the
interactions of the heme groups with one another. But I wonder if this
t H . S. Frank and M. W. Evans, J. Chem. Phys. 13, 507 (1945). See also R. A.
Robinson and R. H. Stokes, "Electrolyte Solutions," Chapter 1. Academic Press, New
York, 1955; and J. T. Edsall and J. Wyman, "Biophysical Chemistry," Vol. I, Chapter
2. Academic Press, New York, 1958.
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kind of a picture does not imply that other changes in the molecule, for
instance changes in net charge, produced by titrating it to different pH
values and thereby changing the state of charge in a large number of other
groups in the hemoglobin, should produce an even more profound effect
than they actually do on the oxygen affinity and the heme-heme interactions.
The "iceberg" picture perhaps is in a way too adaptable; it can be
used to explain many things, once they are known; but I am not sure how
one would use it for prediction.
For instance there are the heme-linked acid groups, the evidence for
which was first discovered by Christian Bohr, when he discovered the
Bohr effect in 1904, and later defined more specifically by T. R. Parsons
and L. J. Henderson, and especially by Wyman in recent years in terms
of his differential titrations showing that one of these groups shifts the
pK value from 7.8 to 6.8 on oxygenation and the other one is shifted in
the other direction from about 5.2 up to 5.7 on oxygenation.*
These particular groups do seem to react very specifically, but one can
alter the state of charge in many of the other groups in the molecule by
adjusting the p H ; y e t the other groups do not seem to have much to do
with the oxygen affinity or the heme-heme interactions. Yet the state of
the water surrounding the protein must change as the net charge changes.
It is a fascinating question as to what, if anything, the sulfhydryl
groups have to do with the other groups which are presumably responsible
for the Bohr effect, the other groups being in the nature of histidine imidazole residues, according to Wyman, while Roughton has maintained that
they are probably amino groups.
Dr. Haurowitz disagrees with Wyman's view that imidazole groups
are involved. I am not sure whether Dr. Haurowitz favors the idea of the
amino groups being involved or not. However, to discuss this further would
take us away from our theme. The sulfhydryls do apparently occur in
pairs, as Ingram's work has shown, since he has found that one can bind
four silver ions but only two mercuries to the sulfhydryl groups in human
and horse hemoglobin and certain other kinds of hemoglobin. Presumably
here again the mercury is forming a link between two sulfhydryls which
must therefore be quite close together. The X-ray diffraction evidence of
Perutz, who has studied the difference in the Fourier data in hemoglobin
with or without the insertion of mercury, have localized the sulfhydryl
groups in the molecule.
Kendrew and Perutzf report the work of D . W. Green and A. C. T.
* J. Wyman, Advances in Protein Chem. 4, 407 (1948) ; J. Wyman and D . W. Allen,
J. Polymer Sei. 4, 499 (1951).
t J. C. Kendrew and M. F. Perutz, Ann. Rev. Biochem. 26, 327 (1957).
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North, who have worked out Fourier maps of the hemoglobin molecule in
different projections normal to one another and have located the position
of the sulfhydryl groups; they are apparently arranged in pairs 30 Â apart
and about 5 Â from the surface of the molecule. What the location of the
sulfhydryl groups below the surface implies is still not clear; they may be
in some kind of a pocket, but if so, the pocket must be a fairly open one,
since rather large organic mercurials can get inside and do combine with
the sulfhydryls. Indeed, the fact that such combinations with organic mercurials are possible is the very basis of the X - r a y measurements which
permitted the location of the sulfhydryl groups. Of course, since the
crystallographic study shows that the molecule has a dyad axis and is
composed of two equivalent halves, it is clear that if there is one pair of
sulfhydryls in hemoglobin there must be another corresponding pair symmetrically related to the dyad axis.
In any case, the uncoupling of the heme-heme interaction by the addition of mercurials to the sulfhydryl groups, as shown by Dr. Riggs, is
enormously important if one can understand what the underlying mechanism is. His curve is also very striking, which showed that, as the amount
of mersalyl added increases, the effect on the uncoupling of the interactions
first rises to a maximum, then diminishes again, and dies away practically
to zero at fairly large concentrations of mersalyl.
If we can explain these effects, we shall have gone a long way toward
the understanding of these heme-heme interactions. With the aid of the
advancing X-ray techniques in Perutz's laboratory plus all of the different chemical approaches that can be applied, I think there is real hope
that the explanation will be found before long.
Dr. Tuppy's work on cytochrome c is so beautiful that it leaves one
at the moment with very little to add. I think this is one of the finest
pieces of work in protein structure carried out in recent years. It is fascinating to see this common pattern of linkage of thioether groups to the
heme of the cytochrome c in so many different species, with certain individual variations in amino acid residues, but with the same common pattern underlying all of them. Likewise the same histidine residue is found,
adjoining one of the half-cystine residues in such a way that it can be
folded around in an α-helix model to fit over the iron atom of the heme
group in just the right place, as Theorell has shown. This is, of course, not
conclusive proof that that is where the histidine goes, but the circumstantial evidence for the iron-histidine linkage in cytochrome seems very
strong.
The work that Dr. Huisman has reported on the sulfhydryl groups of
hemoglobin brings us to a very perplexing problem. I was present a year
ago at the meeting in Washington at which the problem of the content of
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sulfhydryl groups of hemoglobin was thrashed out extensively. The discrepancy between the results of different workers is still rather mystifying
to me and apparently still mystifying to the workers in the field themselves. I wish we had Dr. Stein with us here today for a further discussion
of the basis of this disagreement. It is remarkable how persistent it is,
considering the efforts that have been made on all hands for the different
workers to get together and test their own techniques on the same preparations and under the same circumstances.
Another point of view has recently been brought forward by Allison
and Cecil * who conclude that they can find only two sulfhydryl groups
per molecule in native hemoglobin, although there may be as many as 6
which are titratable after denaturation. It would be impossible at this
point to discuss here the discrepancies between the studies of the various
workers on hemoglobin. One is driven to conclude that hemoglobin is a
particularly difficult and tricky protein to work on, and that the usual
titration methods for measuring sulfhydryl groups, which appear to give
pretty clear-cut results with most proteins, give more obscure results with
hemoglobin, perhaps because of other reactive groups in the molecule. If
Allison and Cecil are right we might have to reinterpret the X-ray studies
of Perutz and his collaborators. The titratable sulfhydryls would still be
placed in two locations around the dyad axis as they have specified, but
there would be only one sulfhydryl group in each of these locations instead
of two.
Discussion
KLOTZ: Thank you, Dr. Edsall. I think you have thrown out a variety of lines
which can provide some bait for people to catch onto. I also want to emphasize that
there is no need to restrict ourselves to these particular topics. As you have said, from
one's own experience one might be more interested in some other topic.
I think to start, I will take off my glasses for a moment and recognize myself as a
discussant, since you have mentioned that I might say something.
First, with respect to some of the water iceberg explanations, I really don't want
to go into this now for the very simple reason of our limited time. I have prepared a
manuscript for an hour's talk (which will be published soon in Science) in which in
essence I have taken a half dozen or so problems in protein chemistry and thrown
them open as problems and essentially said: let us compare what one can do with
explanations in terms of changes of conformation of structures such as helices as
compared to the concept of frozen hydration water. I think that is perhaps the more
appropriate way to compare the applicability of these two ideas. You say almost
everything can be explained in terms of this structural water. I think that is true. As
you say, that is perhaps a drawback. But I would like you to mention something that
the helix hypothesis can't explain when you allow right- or left-handed coiling, any
percentage of wound versus unwound chains, and then coiled coils. Of course, this is
* A. C. Allison and R. Cecil, Biochem. J. 69, 27 (1958).
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no real argument except that it indicates that there is room for improvement in our
models.
Part of the reason I don't want to get into a discussion of the ice viewpoint toward
hemoglobin is that there is some kind of misunderstanding of the water I had in mind.
There is a marked distinction between the structure of water frozen around ionic
groups as compared to nonpolar groups. The importance of these differences is elaborated in a paper we are publishing in Science.
Let me mention in passing what I think is interesting in connection with something that Dr. Edsall has described. As you said, when you put mercury in serum
albumin and form a dimer, you get a large positive entropy change. Anyone who
would be at all attracted by the ideas of structural water would say that such a AS is
most reasonable because you have broken down the structure of the hydration water
in order to make the two protein molecules come together. Pieces of evidence like
that are justification for the use of the idea.
Let me pick up another topic, although it has certain subtopics which I need to
squeeze in. Dr. Jensen discussed yesterday a variety of reactions of the sulfhydryl of
serum albumin. I want to touch on two of those. Among other things, he agrees
completely with us on the experimental details of the interaction of copper with
albumin. He showed us the unusual spectra around 370 ταμ. In the analysis of the
equilibria of this unusual behavior, there was no simple mass action expression for
correlation of the observations. He offered an alternative interpretation of the origin
of this absorption band in line with some other ideas of his. I should say first of all
in this connection that there are very few cases where ion-protein equilibria follow
simple mass action expressions. The particular form which both of us have found for
equilibria in copper albumin shows what we might call a co-operative interaction. It
is easier for the second and third coppers to get on than the first. There are co-operative interactions in many other cases too, and there are explanations for such interactions but I won't go into them. To go back to the origin of this absorption band, you
can perhaps take a viewpoint that the copper is not really bound to the sulfur. But
in that case you have left out perhaps the most important piece of experimental data.
Why is there an exceedingly strong band with an extinction coefficient of 2,000 at
370 ιημ? If you look at copper complexes of any sort, with side chains such as are
available in proteins, they all have absorption bands, at much higher wave lengths,
certainly no lower than 530 ιημ or so. A 370 peak is unusual. Copper peaks are usually from 580 to 700 τημ.
It seems to me you have to eliminate all the other possible ligands in protein side
chains in view of model spectra. In addition to that, all the chemical evidence shows
that when you remove —SH, the 370 band disappears. I think, therefore, you have a
more reasonable explanation in saying that this 370 band is to be correlated with this
particular —SH bond.
Let me make one or two more minor comments. Dr. Jensen compared the binding
of silver in the absence of any buffer, as compared to the amperometric titration when
you have the tris buffer, and found differences. He tended to attribute the difference
entirely to the effect of ammonia or tris on the protein. I think that is hardly the
only explanation.
Let me mention one other. Perhaps it is not the free silver ion that goes through
the hydration envelope of the protein, but a silver amine that goes through, and this
may make a good deal of difference in relative affinity of different sites on the protein.
There is one final thought in connection with the stability constants and the relative difference between mercury and silver in forming mercaptides. I am not sure, but
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I have a feeling that there is not nearly as much difference between these metals as
Dr. Edsall tended to emphasize. I would agree that the silver mercaptide is weaker.
I have tried, in the same way as he has, to ask myself, without having any experimental information ourselves, what are the relative strengths of the silver-sulfur and
mercury-sulfur bonds. We made the same estimate that he did for mercury-sulfur,
20
approximately ΙΟ .1 could not find anything in the literature on silver corresponding
to Kotthoffs information here on mercury, but there is in the literature, in some work
19
of Kolthoff, data for the cuprous-sulfur bond whose stability is about 10 . I think on
the whole, the inorganic chemist feels that the silver ion is moderately comparable
to the cuprous one, so that its constant should perhaps be between the other two.
19
Thus 10 is a reasonable estimate of the silver-sulfur bond stability constant. There
is not really too much difference from mercury here. Silver is clearly weaker, but it is
not so much weaker that one can speak in terms of an exceedingly great difference.
I suspect that there is not nearly as much difference between these two in their
behavior toward sulfur as some people have implied.
EDSALL: We found that silver is the only ion, of a large number we tried, that
would block the formation of the mercury dimer in mercaptalbumin.
BENESCH : I would like to make three brief comments. One is due to the fact that
Dr. Klotz happens to be an avid reader of the French literature. It is a piece of evidence which is relatively unknown, I discovered, but which I think is of great relevance in connection with this symposium, because of all the talk that we have had
about hydrogen bonding involving —SH groups.
The work I wish to mention is by Marie-Louise Josien and her collaborators (M.
Josien, P. Dizabo, and P. Saumagne, Bull soc. chim. France 1957, p. 423, 1957). They
have reinvestigated the infrared spectra of thiophenol in various solvents. In the
vapor phase, thiophenol shows a broad absorption band with a maximum at 2592
1
cm." . This is the absorption of the uncomplexed thiophenol monomer. They then
measured the spectra of various concentrations of thiophenol in carbon tetrachloride,
selecting cell thicknesses in such a way as to maintain the total number of thiophenol
molecules in the light path approximately constant. In low concentrations (0.08 M)
1
only the maximum due to the monomer (2591 cm." ) is observed. At concentrations
-1
1
above 0.5 M a second maximum due to the dimer is seen at 2577 cm. . The 2591 cm."
band disappears at concentrations above 4 M and finally, in the pure liquid, only a
band at 2569, due to thiophenol polymers, remains. In addition to these S—H—S
bonds, S—H—O bonds were also proved from the spectra of thiophenol in carbon
tetrachloride-mesitylene mixtures. At a given thiophenol concentration, the lower
frequency bands make their appearance as the concentration of mesitylene is increased.
We now go from France to Russia. I would like to bring to your attention the
work of Knunyants who works apparently only with female collaborators (I. L.
Knunyants, Ο. V. Kildisheva, and E. Ya. Pervova, Izvest. Akad. Ν auk S. S. S. R.,
Otdel Khim. Ν auk N o . 4, 689, 1955). He claims to have made four-membered thiolactones, i.e., corresponding to the carbon skeleton of cysteine. What he actually uses is
not cysteine but β,β-dimethyl cysteine or penicillamine. The thiolactones are:
R—CO—NH—CH—CO

CH 3

/

c

S
\

Ή

3

This type of compound is said to be quite stable (only 50% is hydrolyzed in
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water at room temperature in two weeks) and to react with amines and amino acids
(mostly in organic solvents) to give peptides. If this work could be confirmed and
perhaps extended to proteins, it would be of great interest, particularly in connection
with Dr. Haurowitz's suggestion, since in this way disulfide bonds analogous to
cystine rather than homocystine could be introduced.
Finally I would like to mention that we have tried very hard to discover any
connection between the —SH groups of hemoglobin and the Bohr effect. We have
come to the conclusion that the —SH groups are not either directly or indirectly
connected with the oxygen-linked acid groups on the basis of the following experiment.
We measured the number of protons liberated reversibly on oxygenation of hemoglobin at pH 7.30 and found 1.7 protons per mole of hemoglobin. We then added 8
moles of silver per mole of hemoglobin and after readjustment of the solution to
pH 7.30 the number of protons liberated reversibly upon oxygenation was 1.6 per
mole. The same result was obtained when the —SH groups were blocked with
iodoacetamide instead of silver.
HARRIS: I would like to ask you two questions. Because of the nature of an SH
group a hydrogen bond would have to be a very weak one. Has your French lady
done any measurements on such bonds in aliphatic systems?
BENESCH : I don't think she has.
HARRIS : They would have to be weak.
BENESCH : S—H—S hydrogen bonds are very weak. S—H—O and S — Η — N bonds
are a different matter, particularly when the sulfur is the acceptor for the hydrogen.
This may be the reason why Tarbeil (D. Plant, D . S. Tarbell, and C . Whiteman, /
Am. Chem. Soc. 77, 1572, 1955) failed to find any evidence for hydrogen bonding in a
series of amino thiols of the type R 2N(CH 2)nSH, since in these compounds the
sulfur could obviously only be the donor in any S—H—Ν bond.
HAUROWITZ : I just want to make clear that not all changes in the rotation on oxidation are due to splitting of —S—S— bonds. We should make quite clear the difference between the observed phenomena and the interpretation. The phenomena are
simply that the change in rotation observed on oxidation is approximately proportional to the number of —S—S— groups. This is the observation. The interpretation
is difficult. There are two terms which contribute to the change in rotation. One is
the splitting of the —S—S— bonds and the other a configurational change in helix or
whatever it is. As Dr. Edsall said, we can hardly separate these two from each other,
because each splitting of —S—S— bonds may also involve a change in configuration.
It needs further investigation, chiefly investigation of the rotatory dispersion.
Dr. Edsall mentions that I am not in agreement with the opinion, not only of
Wyman but also of others, that the imidazole group has something to do with the
iron in hemoglobin. M y reason is the following. All complexes of heme with organic
bases are extremely unstable to alkali and are decomposed immediately at p H 12,
whereas many of the hemoglobins, for instance bovine, are extremely stable at the
same pH. All hemoglobins without exception are, however, unstable and dissociate
at about pH 3. Hence it seemed to me more promising to look for a group which
changes its charge at pH 3 ; I believe it must be some strategically situated carboxyl
group and not a basic group which is linked to the iron.
MIDDLEBROOK: We have heard an awful lot about hydrogen bonds in relation to
the stability and structure of proteins. I would like to make one plea, and that is to
call your attention to a paper of Dr. David Waugh of some years ago, describing
his elegant work on fibrous insulin. As a result of his finding that the fibrous insulin
was remarkably stable in high concentration of aqueous urea, he suggested, or should
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I say emphasized, the importance of some of the hydrophobic types of linkages, even
in proteins. I do think that we should not be hypnotized too much by hydrogen bonds
and make allowances for these other very important forces, in proteins as well as in
paraffinic types of materials.
HARRIS: YOU are on a pet subject of mine. I was not going to get into it. I think
one of the most overrated subjects is the contribution of intermolecular hydrogen
bonds to the mechanical structure of proteins. If you do any structural studies at all
with fibrous proteins (except silk) and consider all of the side chains and their steric
contributions, certainly intermolecular hydrogen bonding cannot contribute a great
deal; at least not nearly as much as one infers from the literature.
May I say at this time that I am grateful to you for inviting me. The thing that
has impressed me most is that there are not only a lot of new and wonderful ideas,
but the techniques have advanced so much. The data are so much better, and it is
very gratifying to see how much they are fitting together. I do want to suggest to
those working with proteins the importance of some of the very elegant work that has
and is being done in polymer chemistry. You people have been relating the morphology and the chemistry of these materials to a lot of biological reactions. The polymer
chemists and physicists consider these same basic phenomena and relate them to
mechanical properties of their materials. The reason they are interested in materials
such as rubber, textiles, or plastics is because they have important mechanical behavior. Rubber has long range elasticity, plastics can be molded in any number of
shapes which give you certain desirable mechanical properties. Polymer scientists
have developed a number of elegant techniques and good understanding of the relationship of polymers to mechanical behavior. This question of steric effects, the
contribution of side chains, and of masking which they sometimes talk about in
terms of accessibility, really would go a long way toward helping some of the thinking
on some of the phenomena you are studying.
I don't want to complicate your life, because none of us has enough time for
anything, but if you ever have time to browse around this polymer area, I think you
may find a great deal that would be of great interest to you.
LINDLEY : I would like to second Dr. Harris' remarks ; I feel that research on wool
has really made quite a marked contribution to our ideas in protein chemistry and
structure.
There is one other final point I should like to make, and that is to thank the
committee on behalf of the overseas visitors for the invitations to the conference. We
have had a wonderful reception and enjoyed the conference immensely.
KLOTZ : On behalf of the steering committee, I want to thank all of the participants
who have come here a long way and given us much of their time and thought. I
certainly want to thank all of you for your stamina in sticking with us through a
very heavy schedule.

