
Biophysical Chemistry 100(2003) 117–121

0301-4622/03/$ - see front matter� 2002 Elsevier Science B.V. All rights reserved.
PII: S0301-4622Ž02.00270-3

John Edsall and ligand-linked subunit interactions in hemoglobin
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Ever since my days as a graduate student in
Berkeley, John Edsall provided a model for sci-
entific rigor. In the 1960s, the authoritative volume
by Edsall and Wyman,Biopyhsical Chemistry, was
one of the rare books that covered a wide range
of the topics of interest in this discipline, and its
authors took on the aura of founding fathers. In
addition, my thesis adviser, Howard Schachman,
often referred to John Esdall’s high standards and
would invoke his hypothetical reactions to help
chart an appropriate course with respect to issues
of scientific ethics. At the level of a poignant
detail, I was struck by the multi-authored 1966
article on carbonic anhydrase from the Esdall
laboratoryw1x in which the different results for the
enzyme’s sedimentation coefficient were presented
with the name and date of the author responsible.
The values differed only slightly, but the paper
made a lasting impression on me as the only
example I could recall of a multi-authored paper
in which individual responsibility was assigned. It
would be tempting to speculate on whether the
widespread adoption of this practice might have
changed the face of biomedical research.

After the completion of my thesis, while work-
ing in Paris as a post-doctoral fellow at the Pasteur
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Institute in the laboratory of Jacques Monod, I met
Jeffries Wyman and he invited me to Rome for an
extended visit, where I spent several weeks early
in 1968. That began a lengthy acquaintance, nour-
ished by long walks in various countries over the
years, during which he often mentioned his friend
John Edsall. I finally had the occasion to meet
John Edsall in the mid-1970s during a visit to
Harvard, but it was only in the mid-1980s that
circumstances led to a period of active interactions
between him and myself. At that time, I had been
on the faculty of Cornell University for many
years and was enjoying a sabbatical leave in Paris,
when Dominique Bonne, a colleague from my
tubulin collaborations, asked my opinion about a
paper by Gregorio Weber that had just appeared
in the Proceedings of the National Academy of
Sciencesw2x. I had not seen the paper, but quickly
found it and discovered that Gegorio Weber dis-
cussed one of the subtle features of the Monod–
Wyman–Changeux model that I had been aware
of for some time, but which he interpreted as a
flaw that disqualified the MWC model as a
description for hemoglobin.

By then, the MWC modelw3x that provided an
explanation of the cooperative binding of oxygen
based on only two states, T and R(corresponding
respectively to deoxy- and oxy-hemoglobin) had
been shown to provide a suitable representation of
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Fig. 1. The various states of hemoglobin tetramers(R and T)
and dimers on a scale of Gibbs free energy. For dimers(D)
and tetramers in the R and T states, the integer after the letter
corresponds to the number of ligand molecules bound. The
basic ligand binding properties of the T and R states are rep-
resented by their ladders of equally spaced binding steps, -RT
ln K and -RT ln K , respectively. The lower position ofTT R 0

compared toR corresponds to the enhanced stability of the T0

state in the absence of ligand, -RT ln L . The circled species0

indicate the major states in the sequence of ligand binding
events. Energies of tetramer stabilization relative to the corre-
sponding dimer species are indicated on the far left for the T
state and on the far right for the R state. While the stabilization
of the R state(DG9 ) remains constant relative to the dimers,2R

the stabilization for the T state relative to the corresponding
dimer state diminishes with increasing numbers of ligand mol-
ecules bound, as indicated for the T tetramers with 0, 2 or 4
ligands bound,(D G9 , D G9 , or D G9 , respectively). For0 2 4

2T 2T 2T

simplicity, only the subunit interaction energies for T and R
state tetramers with an even number of ligands bound are pre-
sented. The subunit interaction energies are calculated using
‘association’ constants, e.g.DG9 sRT ln ( K ) .R y1

2R 4,2

the properties of hemoglobin under a wide range
of conditionsw4–7x. The T state, with a relatively
low affinity for oxygen, was assumed to be favored
over the R state in the absence of ligand because
of stronger interactions between subunits(‘quater-
nary constraint’). However, the R state was
assumed to be present at a low incidence even in
the absence of oxygen(the T °R equilibrium0 0

was defined by the allosteric constant,L swT y0 0

R x, where the subscript refers to the number of0

ligands bound, zero in this case), in marked
contrast to the alternative formulation involving an
‘induced’ conformational changew8x. According
to the MWC model, as oxygen is added to the
system, the R state—with a relatively high affinity
for oxygen, but with weaker interactions between
subunits, i.e. the ‘relaxed’ state—becomes progres-
sively favored and at saturation with oxygen pre-
dominates over the small fraction of molecules in
the T state(see Fig. 1). The issue raised by
Gregorio Weber, as discussed below, revolved
around the extent to which the dissociation of
hemoglobina b T state tetramers intoab dimers2 2

is modified by the addition of ligand, a subject
that was of keen interest to me and that had begun
to be addressed by Gary Ackers and his colleagues
w9,10x.

Although the concepts of ‘quaternary constraint’
and ‘relaxed state’ in the MWC model applied to
quaternary interactions for any hypothetical allo-
steric homooligomer, hemoglobin, with itsa b2 2

structure, had to be considered as a special case.
The cooperativea b tetramers dissociate intoab2 2

dimers that are devoid of cooperativity, as Quentin
Gibson and I had demonstrated soon after my
joining the faculty at Cornell in 1968, by perform-
ing parallel sedimentation and flash photolysis
experiments that I will now describe.

Although cooperativity is generally character-
ized as an increase in affinity for oxygen as a
function of oxygen binding, leading to the classical
sigmoidal curve, even more dramatic manifesta-
tions of cooperativity are produced in kinetic
experiments. Such experiments can be achieved
by rapid mixing, or more conveniently by flash
photolysis with an appropriate ligand. For hemo-
globin, the ligand carbon monoxide(CO) has
generally been employed for flash photolysis

because its bond to the heme iron is more sensitive
to light than the corresponding bond for oxygen
(O ). Although CO has a much higher affinity2



119S.J. Edelstein / Biophysical Chemistry 100 (2003) 117–121

than O for hemoglobin, the cooperativity of its2

equilibrium binding is similar to oxygen’s and
therefore it is a suitable substitute for oxygen in
kinetic experiments.

Pioneering experiments by Quentin Gibson prior
to our collaboration had established a number of
important foundations for the exploration of the
MWC model for hemoglobin. For example, in a
remarkably prescient article published in 1959
w11x, he was able to demonstrate that HbCO
subjected to a long flash produced ‘normal’ mol-
ecules of deoxyhemoglobin that recombined slow-
ly with CO, whereas HbCO subjected to a short
flash produced previously undetected ‘exceptional’
molecules that recombined rapidly with CO. These
exceptional molecules, designated Hb*, also dis-
played an absorption spectra with a lower maxi-
mum in vicinity of the deoxyhemoglobin peak at
430 nm. In the context of the MWC model, these
results were subsequently interpreted as indicating
that the long flash produced slowly-reacting unli-
ganded T state, whereas the short flash produced
rapidly-reacting unliganded(or partially liganded)
R state. In effect, this demonstrated that molecules
of unliganded(or partially liganded) R, a major
premises of the MWC model, do indeed exist. Two
additional important observations were reported in
this extraordinary article: the fraction of rapidly-
reacting molecules increased when the concentra-
tion of the HbCO was decreased, as well as when
the mercurial p-chloromercuribenzoate(PCMB)
was added. In fact, it was subsequently established
that both dilution and PCMB favor dissociation of
the HbCO intoab dimers.

Our parallel sedimentation and kinetic experi-
ments demonstrated thatab dimers of hemoglobin
were non-cooperative, with R state-like properties,
i.e. rapid ligand binding kinetics. Specifically, we
were able to show that the rapidly-reacting form
following a flash represented an increasingly large
fraction of the molecules as the HbCO solutions
were diluted, producing a curve that overlapped
precisely with the fraction of dimers in the solu-
tions. Both properties(‘weights and rates’), there-
fore, corresponded to the tetramer–dimer
dissociation constant for liganded hemoglobin(R
state), with a characteristic value ofK ;10R y6

4,2

M w12,13x. As a result, the issue of quaternary

constraint was focused on the tetramer–dimer
equilibrium, since all cooperative interactions arose
from interactions at this level.

With my first doctoral student, John Thomas, a
method was developed that exploited the high
affinity of the ab dimers for CO to measure the
tetramer–dimer dissociation constant of the T state
(deoxyhemoglobin), providing a value of
K ;10 M w14x. Since both T and R stateT y12

4,2

tetramers are in equilibrium with R-likeab dimers,
the intrinsic allosteric constants,L , governing the0

equilibrium between unliganded T and R states
could be equated to the ratio of the tetramer–
dimer dissociation constants of the two states(L s0

K y K ). The value of this ratio,;10 was inR T 6
4,2 4,2

agreement with estimates of L from fitting ligand-0

binding equilibrium curvesw5x. These data con-
firmed the hypothesis that the T and R states were
distinguished by enhanced quaternary constraint
for T and relaxed quaternary interactions for R, as
formulated initially w3x.

The point raised by Gregorio Weber was the
extent that K varied as a function of the numberT

4,2

of ligands bound. Assuming that the T-state rep-
resented a single, well-defined conformational
state, he argued that its subunit dissociation con-
stant should be independent of the number of
ligands bound. Since measurements had been made
on the tetramer–dimer equilibria by Gary Ackers
and his colleagues for mono- and di-liganded
hemoglobin in the T state that revealed higher
dissociation constants than for deoxyhemoglobin
w9,10x, Gregorio Weber concluded that the MWC
model was incompatible with the properties of
hemoglobinw2x.

My view at the time was that the increased
tetramer–dimer dissociation constant of T-state
molecules with increased ligand occupancy was
required by a full linkage analysis of the MWC
model, as a consequence of the high affinity of
theab dimersw5x. Since dimers display an affinity
for ligands approximately 100-fold stronger than
T-state tetramers, for each ligand bound, the tet-
ramer–dimer dissociation constant should increase
by ;100, in close correspondence to the values
that had been observedw10x. The story became
more complex subsequently with distinctions pro-
posed for symmetric and asymmetric partially
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liganded moleculesw15x. The denouement of this´
story has involved considerable reverberations
w16–19x that we have discussed in detail elsewhere
w20x, but from all points of view it is agreed that
ligand binding favors dissociation of the T state.

After reading Gregorio Weber’s article, my reac-
tion was to write to him to suggest that a more
complete linkage analysis should be considered.
However, my arguments did not convince him that
the subject needed to be reopened. Since Gregorio
Weber had thanked John Edsall for his advice on
an earlier version of the manuscript, I sent John
Edsall a copy of the correspondence with Gregorio
Weber and asked for his advice about how best to
proceed. After reviewing the matter, he replied
that he was in agreement with my arguments and
suggested that I put them into form for publication
as an article for the Proceedings of the National
Academy that he would contribute. As communi-
cations continued, he made extensive and incisive
suggestions for presenting this material that led
me to invite him to join me as a co-author on the
publication. In this way our joint publicationw21x
was initiated.

The principal figure of our article was an energy
diagram that provided a graphic representation of
the changes in T-state tetramer–dimer dissociation
with ligand binding(Fig. 1). For individual T and
R tetramer states, the quaternary stability is pre-
sented with respect to dissociation into the corre-
sponding dimers. Since the affinity for ligand is
identical for R tetramers andab dimers, the
tetramer–dimer interaction energy for the R state
is independent of ligand binding, yielding a free
energy indicated byDG9 . However, in the case2R

of the T tetramers, ligand binding favors dissoci-
ation to ab dimers because of the higher affinity
of the latter, yielding decreasing energies of sta-
bilization, D G9 -D G9 -D G9 . Therefore,0 2 4

2T 2T 2T

the enhanced dissociation of the T tetramers with
increased ligand binding is a direct consequence
of the principles of the MWC model.

Although my opportunity to work with John
Edsall occurred at a time when his attention had
turned mainly to historical aspects of biochemistry,
he launched whole-heartedly into our collabora-
tion. I was moved by his enthusiasm, as our
collaboration advanced by mail and, after my

return to Cornell, by telephone, including an excit-
ed weekend call from John to make a point that
he did not want to hold until Monday. Several
years later, while chairing a session on hemoglobin
at a meeting at the NIH, I was able to call upon
him to discuss our paper and we were both
delighted that this occasion enabled him to partic-
ipate again in an active scientific debate.
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