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The fluorescence of rhodamine 6G is completely quenched
in glucagon solutions in 0.6 m K,HPO, at pH 10.6. The
absorption of rhodamine 6G is red-shifted by the same
reaction. A single rhodamine 6G molecule appears to be
bound to a hydrophobic patch in the center of the trimer of
glucagon. Since the glucagon monomer has almost no
organized structure this site exists only in the associated
trimer form of glucagon. The self-association of glucagon
to the trimer has been determined from the variation in
rhodamine 6G fluorescence and absorption measured over a
60-fold range of dye concentration. The self-association
constant agrees with values determined by other methods
in the absence of dye. The binding isotherms of rhodamine
6G to glucagon shift with glucagon concentration and
exhibit negative cooperativity.

Since Monod et al. (1) introduced the concept of allosterism
to explain cooperativity in enzyme kinetics many studies
have confirmed that small molecules (effectors) which bind to
the enzyme can regulate enzyme activity. In those allosteric
systems in which only the conformation of the enzyme is
modified the effector binding or enzyme activity is independ-
ent of the concentration of the enzyme. With other allosteric
enzymes, however, the binding or activity varies with the
concentration of the enzyme. In these cases the binding of the
small molecule is coupled to the subunit association equilibria
of the enzyme and will influence the relative amounts of the
various protein species co-existing in solution (2-5). Either
the effect of protein concentration on the ligand-binding iso-
therms or the effect of ligand concentration on subunit associ-
ation can be used to study systems of this type (4).

In addition to physiological effectors which bind to enzymes
or proteins and shift equilibria between molecular species,
fluorescent probes have been shown to produce similar effects
(6, 7). An example is the negative and positive cooperativity
observed in the binding of ANS,! respectively, to luteinizing
hormone (8) and chorionic gonadotropin (9).

Glucagon crystallizes as an oligomer of trimers with two
3-fold axes (10). The interactions between the monomer chains
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! The abbreviations used are: ANS, 8-anilino-1-naphthalenesulfo-
nate; Dns, 5-dimethylaminonaphthalene-1-sulfonyl.

are largely between hydrophobic residues in both trimer con-
figurations. One important difference between the two con-
figurations is that the residues neighboring the region around
the intersection of the 3-fold axes are completely different,
arginines and aspartic acids in one configuration and leucine,
valine, and phenylalanine in the other. Since the central
region of the latter configuration is comprised of 9 nonpolar
residues we tested several fluorescent probes for binding to
glucagon. Rhodamine 6G was bound much stronger than other
probes and we have calculated the self-association constant of
glucagon from the binding data of this dye. The experimental
conditions were kept similar to those used to measure this
constant by circular dichroism (11) and sedimentation equilib-
rium in order to compare the various methods.?

MATERIALS AND METHODS

Crystalline glucagon was obtained from Elanco Products Co.
(Division of Eli Lilly and Co.) by Dr. M. Rodbell (National Institutes
of Health) and from Sigma. Glucagon was dissolved in the K,HPO,
solutions at room temperature. The pH of the solutions was adjusted
with KOH and solutions were centrifuged to clarify completely. The
concentration of glucagon was determined using the specific absorb-
ance, at 278 nm, €}%, = 23.7 (12). The isosbestic point for tyrosine
ionization in glucagon is at 278 nm. ANS and acridine orange were
obtained from Eastman Kodak, Rhodamine 6G from National Ani-
line, and Dns glycine from Sigma. Glass-distilled water was used
throughout and all other chemicals were reagent grade.

A Perkin-Elmer MPF-3 fluorescence spectrophotometer was used
for all fluorescence and polarization measurements. This instrument
has a temperature-controlled cell holder and all measurements were
made at 25°. Rhodamine 6G was excited at 480 nm and its emission
was monitored at 548 nm. ANS was excited at 360 nm and monitored
at 480 nm. The optical density at the excitation wavelength of all
solutions used for fluorescence was less than 0.08 in order to
minimize inner filter effects.

Difference absorbance changes of rhodamine 6G were measured
at 542 nm using a Gilford modified Beckman DU spectrophotometer.
This instrument has a temperature-controlled cell holder and all
measurements were made at 25°.

The data have been analyzed according to a monomer n-mer self-
association model where the n-mer has m identical independent dye
binding sites and the monomer does not bind dye. For this model
the total macromolecular concentration can be expressed as

[Cl=[Cnl + n Ko (1 + K[LY"Cul]" 0

where [C,] is the monomer concentration, n is the degree of
polymerization, K, is the self-association constant in the absence of
ligand, K, is the dye-binding constant, [L] is the free ligand, and

2 S. Formisano, M. L. Johnson, and H. Edelhoch, unpublished
data.
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[C,] is the total concentration of macromolecule expressed in mon-
omer units.

The concentration of bound ligand [L,] can be expressed in terms
of the total ligand, [L,], as

(Lol = [L] = [L] = m K, K, [LY1 + E[L])™ - ' [Con]" @

This model has been used previously to evaluate the binding of
ANS to luteotropic hormone (8) and chorionic gonadotropin (9).
These two homologous hormones have the same function but bind
different amounts of ANS.

The fluorescence of the ANS glucagon mixtures was taken to be
proportional to the amount of ANS bound since free ANS has a very
low quantum yield, i.e.

Fluorescence,ns = Z [L,] (3)

where Z is a constant which includes both the quantum yield of the
bound ANS and the gain of the fluorometer.

The difference change in optical density, AA, of the rhodamine
6G glucagon mixtures was also taken to be proportional to the
amount of bound dye,

AA = Ae [Ly] Y]

where Ae is the difference in molar extinction coefficient between
the bound and free dye.

The fluorescence of rhodamine 6G in glucagon solutions relative
to that in the absence of glucagon was taken as

Relative fluorescence = 1 — @ L,/L, (5)

where @ is the fractional amount of quenching, i.e. 1 — ratio of
fluorescence intensities of bound to free dye.

The bound ligand concentration [L,], the free ligand [L], and
monomer concentration [C,,] can be evaluated from the total concen-
trations, [C,] and [L,] by finding a simultaneous root of Equations 1
and 2.

Recently it was found by cross-linking experiments with dimethyl
suberimidate that the associated species of glucagon is a trimer; no
dimers or hexamers were found (13). It is also known that glucagon
is a trimer in its crystalline state (10). Consequently, the degree of
polymerization, n, was taken to be three.

Values of the equilibrium constants, Z, Ae, and @ were deter-
mined by least squares fits of the experimental data to the functional
forms described above. These “best fits” were accomplished with an
on-line modeling program, MLAB, developed at National Institutes
of Health (14). This program utilizes the Marquardt-Levenberg
algorithm to do a least squares fit of data to an arbitrary equation
(15). Reported standard errors of fitted parameters correspond to
approximately 1 S.D.

RESULTS

We have recently reported the self-association constants of
glucagon at pH 10.6 in 0.2 M and in 0.76 M K,HPO, (11).2 We
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have been able to determine this equilibrium constant, at 0.6
M K,HPO,, by using a fluorescent dye, rhodamine 6G, which
binds to the associated form of glucagon. In order to extend
the range of dye concentrations used, and consequently im-
prove the precision of the determination of the self-association
constant, both fluorescence and absorption measurements
have been made with this dye. The two methods are comple-
mentary since fluorescence measurements are possible at
much lower dye concentrations than absorption.

The fluorescence of ANS (4.7 uM) was measured with
increasing concentration of glucagon at pH 10.6 in 0.60 M
phosphate. The extent of ANS binding was too small to
analyze for the self-association constant. The pH was therefore
raised to 11.2 in order to increase the solubility of glucagon in
0.60 M phosphate. Glucagon is soluble at least to 1500 uM at
these conditions. The increase in fluorescence of ANS, as a
function of glucagon concentration, is shown in Fig. 1 at two
concentrations of ANS, i.e. 4.7 and 14.0 uMm.

The polarization of ANS fluorescence was measured with
increasing glucagon concentration at both levels of ANS. The
polarization was independent of ANS binding from about 25
to 75% saturation and equal to 0.160 = 0.005. If ANS were
bound to monomeric glucagon there would be a substantial
change in polarization with ANS binding since the relaxation
time of the monomer should be significantly smaller than
that of the trimer. It may be concluded therefore that ANS
does not bind to monomeric glucagon. The model of ANS
binding to glucagon has therefore not included binding to
monomer.,

Analysis of both ANS fluorescence curves gives a self-
association constant of 6.8 x 10° = 2.1 x 10° M2 independent
of the number of ANS sites. The binding constant for ANS
was 5.3 X 10° = 0.7 x 10° Mm~! assuming one site per trimer.
The number of ANS sites could not be determined since only
a very small fraction of glucagon trimers bind ANS in our
experiments. The self-association obtained at 11.2 in 0.6 M
phosphate is almost 1 order of magnitude smaller than at pH
10.6 in the same buffer.

When glucagon was added to a solution of rhodamine 6G,
at pH 10.6 in 0.60 M phosphate, the fluorescence was strongly
quenched. The quenching of rhodamine 6G fluorescence be-
tween 1.08 and 6.51 uM dye concentration is shown in Fig. 2.
An analysis for the binding of 1 dye molecule to the glucagon
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Fic. 1 (left). The effect of glucagon on the fluorescence intensity
of ANS at 480 nm at pH 11.2, 0.60 m K,HPO,; A, O = 4.7 um; O =
14.0 um ANS. Fluorescence is expressed in arbitrary units.

Fic. 2 (center). Relative fluorescence of rhodamine 6G as a func-
tion of mole ratio of glucagon and rhodamine 6G. The solid lines are
the “best fit,” as described in the text, assuming that one rhodamine
6G is bound to the trimeric species and using Equations 1, 2, and 5.
Rhodamine 6G concentrations were 1.08 um (O), 1.94 um (O), 3.80

GLUCAGON/RHODAMINE 6G

GLUCAGON (mM)

uM (@), and 6.51 uM (A).

Fic. 3 (right). Difference absorbance as a function of the concen-
tration glucagon and rhodamine 6G. The solid lines are the “best
fit” to this data, as described in text, using Equations 1, 2, and 4,
and assuming that one rhodamine 6G is bound to the trimeric
species. The rhodamine 6G concentrations were 9.1 uM (@), 14.8 um
(A), 23.0 uMm (0O), 41.7 uM (O), and 59.5 um (A).



Self-association of Glucagon

trimer gives a self-agsociation constant, K, of 3.9 x 107 = 3.4
x 107 M2, a dye binding constant, K,, of 103 x 10% + 45 x 10?
M~! and a fluorescence quenching, @, of 93% =+ 5%. It appears
that rhodamine 6G fluorescence is totally quenched by binding
to glucagon trimers.

In order to reduce the error in the constants the range of
rhodamine 6G concentration was increased by exploiting the
change in its absorption on binding to glucagon. The peak of
the absorption spectrum of rhodamine 6G is red-shifted from
527 to 546 nm when bound to glucagon. The change in optical
density of rhodamine 8G between 9.1 and 59.5 um dye and 0.0
to 1.3 mm glucagon is shown in Fig. 3. Analysis of these data
by the same model (m = 1) as used for the fluorescence data
gave 6.4 x 107 + 3.3 x 107 Mm% for K, and 88 x 10° + 13 x 10®
m~! for K,. The molar difference extinction was 28 x 102 + 2
% 10° Mm~! at 542 nm. Consequently dye-binding data measured
over a 60-fold range of dye concentration by two independent
methods give similar constants for self-association and dye
binding. In order to determine the best value of these two
constants the fluorescence and absorption data were fit simul-
taneously giving the two types of data equal weight. This
simultaneous analysis gave a self-association constant of 4.8
% 107 = 1.5 x 107 M2 and a dye binding constant of 94 x 10°
+ 10 x 10° m~'. The marked improvement in the standard

>
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F1c. 4. The effect of glucagon concentration on the binding iso-
therm of rhodamine 6G. Curves were calculated using K, = 4.8 x
107, K, = 9.4 x 10% and glucagon concentrations of 1072, 10-3, 10-4,
1075 M from left to right. Y is the fractional saturation of sites.
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Fic. 5. Hill plots corresponding to Fig. 4. Glucagon concentra-
tions are 1072, 1072, 104, 10-5 M (left to right).
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errors of the computed constants is a reflection of the wider
range of dye concentration used in the simultaneous analysis.
From an error analysis of the data it is evident that only one
rhodamine 6G is bound. The assumption that 2 dye molecules
are bound to the trimer caused the variance of the "best fit”
to increase by a factor of 2.5 as compared to that for one dye
bound. The variance ratio (¥ — statistic) for a 1% probability
is approximately 2.0; consequently, a value of 2.5 corresponds
to a very low probability. The self-association constant deter-
mined by the fluorescence and absorption changes in rhoda-
mine 6G agrees with values obtained by circular dichroism
and sedimentation equilibrium (11).2

The binding of rhodamine 6G to glucagon can also be
analyzed as a cooperative phenomenon. We have calculated
the dye-binding isotherms over a 10" range of glucagon concen-
tration from the equilibrium constants given in the preceding
paragraph: K, = 4.8 x 107, K, = 9.4 x 10*. The binding curve
and Hill constant (Figs. 4 and 5) for 10~ M glucagon are very
close to being noncooperative since glucagon is mostly trimer
at this concentration. At 10~? M glucagon the binding curve is
shifted slightly to higher dye concentration and the slope
decreases slightly, indicating minor negative cooperativity.
With decreasing glucagon concentration the binding curves
are increasingly shifted to higher dye concentration and the
slopes (at ¥ = 0.5) decrease further. The degree of negative
cooperativity of this system is seen to depend strongly on the
glucagon concentration. Moreover the “Hill constant” for this
system becomes meaningless since it decreases with either
increasing binding or with decreasing protein concentration.

DISCUSSION

The modification of enzyme activity by allosteric effectors
has been extensively documented since Monod et al. proposed
their model to explain sigmoidal activity curves, i.e. subunit
cooperativity (1). The models of Monod ef al. (1) and Koshland
et al. (16) treat only protein isomerization processes due to
ligand binding. It was demonstrated by Nichol et al. (17) that
the binding of small molecules could also shift the equilibrium
between associated states of proteins. In the latter case
binding curves reveal cooperativity and depend on protein
concentration. Frieden was able to show these effects by
measuring both the binding curve of GTP to glutamate
dehydrogenase and the change in the weight average molecu-
lar weight of glutamine dehydrogenase with binding (2).
When he used an activator of the enzyme, i.e. ADP, he
observed that it bound more strongly to the higher polymeric
species, in contrast to the inhibitor GTP which shows the
opposite effect. In a subsequent review of this subject Frieden
indicated that the non-Michaelis-Menten behavior of numer-
ous other enzymes toward their substrates, etc. could be
explained by differences in the affinity of the small molecules
to the different species of the enzyme in equilibrium with
each other (18). Recent studies have afforded data supporting
such mechanisms.

Perhaps the most definitive demonstration of the effects of
ligand binding on protein subunit association is the recent
work of Ip and Ackers (19). They have observed very large
differences in all the thermodynamic parameters (AG®°, AH?,
and AS®) between oxygenated and unliganded hemoglobin A
for the dimer to tetramer association.

Fluorescent molecules have also been used to measure
association reactions. The fluorescence of the coenzyme,
NADH, was used to measure the equilibrium constant be-
tween the monomer and dimer form as well as the binding
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constants to the monomer and dimer of malic dehydrogenase
(3). The effect of AMP and MnCl, on the rates of association
of phosphorylase & dimer to tetramer was measured by the
enhancement in fluorescence of 2-methylanilinonaphthalene-
6-sulfonate (6). The dimer form of p-amino acid oxidase was
increased by ANS but decreased by 4-monobenzoylamido-4'-
aminostilbene-2,2'-disulfonate (7). Both compounds inhibit
the activity of the enzyme by competing for the substrate or
FAD. However, equilibrium constants for the monomer-dimer
equilibrium or dye bonding were not obtained.

There have been relatively few studies where protein self-
association constants have been independently evaluated in
the presence and absence of ligands. The self-association of
glucagon has been reported by us recently and by others
earlier. It is now well established by chemical modification
using cross-linking reagents and by x-ray diffraction that the
trimer is the only associated species. Consequently the model
used to evaluate the rhodamine 6G (and ANS) binding curves
is known except for the number of dye molecules bound. It is
evident from the ANS polarization data that ANS is not
bound to the monomer. In this case one has only to consider
dye binding to the trimer. The number of ANS molecules
bound to the trimer could not be evaluated since the binding
is too weak. Binding of rhodamine 6G was much stronger and
a much better fit was obtained with one dye as compared
with 2 dye molecules bound per trimer. It has been found by
fluorescence and polarization measurements that Dns glycine
and acridine orange are also bound to glucagon at pH 10.6,
0.60 M phosphate but more weakly than rhodamine 6G;
consequently the binding of these two dyes was not studied in
detail.

It is not known which of the two trimer species reported
from x-ray studies of glucagon crystals by Sasaki et al. is
present in solution (10). It seems likely that hydrophobic dyes
would react preferentially, if not exclusively, with the trimer
form having its center occupied by nonpolar residues rather
than by the highly charged ones. Since the self-association
constant measured by rhodamine 6G agrees with that mea-
sured ‘by non-probe methods, it seems likely that the form
with the hydrophobic core is the species present in solution.
Moreover hydrophobic interactions among the nonpolar resi-
dues would contribute to the stability of this conformation. In
the other conformation, it is not clear whether attractive or
repulsive electrostatic interactions would dominate between
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the 2 arginine and 1 aspartate residue (per monomer) situated
in the center of the trimer.

Once a model is established it is possible to use the proper-
ties of the probe to measure the thermodynamics or kinetics
of self-association systems. This can be an important tech-
nique to study some of the more complex self-associating
systems, i.e. microtubules, microfilaments, etc., particularly
at very low concentrations where other techniques are not
applicable. It may also be possible because of the sensitivity
of fluorescence measurements to work at sufficiently low
concentrations of protein so that lower molecular weight
aggregates may be observed. The latter equilibria should be
more amenable to thermodynamic analysis than that of the
end product of the reaction, i.e. the fibril or filament.
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