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Abstract

The method of continuous variation, often known as the Job plot, has long been used for determining the
stoichiometry of two interacting components. The correct binding ratio,n, is generally obtained when the total
concentration of the reactants,C , is much greater than the dissociation constants involved. For non-cooperativeo

binding systems, the stoichiometry varies between one andn as C increases; whereas for positive cooperativeo

systems, values larger thann may be observed at lowC . In this report, we present examples to illustrate how theo

changing apparent stoichiometries as a function ofC can provide clues for differentiating various binding mechanisms.o

To test these concepts, we examined the chelation of Fe(II) with ferrozine in the range ofC s7 to 210mM witho

Fe(II) expressed in molar concentration or in terms of its binding equivalents(three in this case). The results were
analyzed according to several models and found to be most consistent with the mechanism of one-step complex
formation or infinite cooperativity with aK of 8 mM.d

� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Characterization of molecular interactions has
long been a subject of interest to chemists and
biologists. For instance, the theoretical and exper-
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imental aspects of such interactions have been
treated in-depth by Edsall and Wymanw1x. The
method of continuous variation, often known as
the Job plotw2x, for determining the stoichiometry
of two interacting components has been in use for
quite some time. In fact, publications dealing with
the basic principles of the method predate Job’s
1928 article by nearly two decades. With this
method, the total molar concentration of the two
reactants is held constant while their molar ratios
are continuously varied. A measurable parameter
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that is linearly proportional to the complex(es)
formed is plotted against the mole fractions of the
reactants to generate a curve. The binding stoichi-
ometry is then determined from the ratio of the
mole fractions of the two components found at the
maximum of the curve. For determining binding
stoichiometry alone, it is evident that the method
is valid when the total concentration is much
greater than the dissociation constant(s) involved
in the interaction. At total concentrations com-
parable to the dissociation constants, the maximum
of the Job curves may not permit accurate calcu-
lation of the binding ratio, but may allow dissoci-
ation constants and mechanisms of interaction to
be determined. A random survey of recent litera-
ture reveals, however, that the method is generally
carried out in a rather casual manner in the
simplest way.

Application of the continuous variation method
to the study of different binding mechanisms has
been reviewed by Huangw3x. From the equations
derived by Huang for cooperative binding systems,
it became apparent that anomalous combining
ratios, usually higher than the true one, may be
observed under certain conditions, although this
feature was not highlighted at the timew3x. Li et
al. have pointed this out and interpreted their data
on the reconstitution of 5-oxoprolinase by a coop-
erative binding mechanismw4x. In the present
study, we re-examine the binding of Fe(II) with
ferrozine using the continuous variation method
performed at varying total reactant concentrations
to determine the dissociation constants and mech-
anisms involved, including the anomalous ratios
observed in one of the experiments. Several con-
ditions not dealt with previouslyw3x that can lead
to anomalous ratios and how the changing ratios
as a function ofC may provide clues to theo

mechanisms involved are discussed.

2. Experimental procedures

2.1. Materials

FeSOØ7H O and ferrozinew3-(2-pyridyl)-5,6-4 2

bis(4-phenylsulfonic acid)-1,2,4-triazinex were
purchased from Allied Chemicals and Hach Chem-
ical Co., respectively. HEPESwN-(2-hydroxy-

ethyl)piperazine-N9-(2-ethinesulfonic acid)x and
other chemicals were from Sigma.

2.2. Methods

Ferrozine (Fz) was dissolved in water and
FeSO in 1.2 mM HCl. Various portions of Fz4

stock solutions were added to 50 mM HEPES
buffer, pH 7.0, containing 0.1 M KCl and mixed
with freshly prepared FeSO solution to a final4

volume of 30 ml. In view of the rather slow
reaction between Fe(II) and Fz, sufficient incuba-
tion time ()10 min) of the two components was
allowed before the complex was measured at 562
nm w5x at 25 8C by a Cary 219 spectrophotometer
with a thermostated cell compartment. Ten-cm
light-path cells were used to increase the sensitivity
of absorbency determination.

The method of continuous variation was carried
out in two ways. In the first series of experiments,
the molar ratios of the two reactants, Fe(II) and
Fz, were varied while their total concentrations
were kept at several constant levels. The concen-
trations used are given in the figure legends. In
the second series of experiments, the same proce-
dure was used except that the Fe(II) concentration
was calculated in terms of its binding site by
assigning three sites for Fz. Equations were derived
to describe the reaction schemes of interest. All
data were analyzed by curve-fitting methods using
these equations and the root-finding operator of
the MLAB software package(Civilized Software,
Inc.) w6x.

3. Theory

Fe(II) has been shown to combine with three
molecules of ferrozinew7x. Here we apply the
continuous variation method to study this binding
mechanism according to three plausible models
and to illustrate where the anomalous stoichiome-
try can occur.

1: The one-step or ‘infinite cooperative’ binding
mechanism: Let us assign the two interacting
components asA and B such that A binds n
molecules ofB in one step:

nKd

AqnB|ABn
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The continuous variation method requires that
the total concentration ofA and B be kept at a
constant level,C :o

A qB sCo o o

A Bo oq s1

(1)

C Co o

or XqYs1
whereX andY are the mole fractions ofA andB,
respectively, andYs1yX. In a Job plot, where
the complex formed,AB , is plotted againstX, then

binding stoichiometryn is obtained from the ratio
of mole fractions found at the maximum of the
Job curve,R , according to the expression:m

Y 1yXm mR s s sn (2)m X Xm m

A hallmark of this one-step mechanism is that
the correct binding stoichiometry can always be
obtained regardless of theC employed. However,o

it is possible to obtain the samen value at different
C if all of the C used are much greater thanKo o d

(and the binding mechanism may not be infinite
cooperative). It is useful, therefore, to perform a
series of Job plots at differentC by expressingAo

concentration in terms of its binding equivalent,
i.e. A sAqnAB (instead ofA sAqAB ). Theo n o n

situation results in the following equation:
nA ynAB B ynABŽ .Ž .o n o n

nK s (3)d nABn

From Eq.(1) we have:

A sC X andB sC YsC (1–X) (4)o o o o o

Let s8 and substitute(4) into (3), weABn

have:

nn w z
x |n K s C XynS C 1yX ynS (5)Ž . Ž .d o oy ~8

Differentiation of Eq. (5) with respect toX
yields:

ny1n w z
x |nK dSydX s C XynS n C 1yX ynSŽ . Ž . Ž .d o oy ~

w z
x |= yC yn dSydXŽ .oy ~

nw z
x |q C 1yX ynSŽ .oy ~

w z
x |= C yn dSydX (6)Ž .oy ~

The maximum complex,8 , is formed atABn m

a given C when (dSydX)s0. From Eq.(6) ito

can be shown that:

nC yn ny1 SŽ .o mYmR s s (7)m X C qn ny1 SŽ .m o m

WhenC ™0, 8 ™0 andR ™n.o m m

WhenC ™ , 8 ™C y2n andR ™1.`o m o m

Thus, the stoichiometry calculated fromR form

the infinite cooperative binding case, whenA
concentration is expressed in terms of its binding
equivalent, will shift fromn to the true value of 1
asC increases. Clearly, anomalous stoichiometrieso

between n and 1 may be obtained under this
experimental condition and this kind of shift is
indicative of this particular one-step binding
mechanism.

2. Cooperative binding: Let us consider the step-
wise binding mechanism according to the Adair
model withns3:

K K K1 2 3

AqB|ABqB|AB qB|AB2 3

Let the symbol8 represent the summation of
all AB complexes such that:

n

s sABq2AB q3AB2 38 8
is1

then we can write the saturation function as:

w z2
x |3 ByK 1q 2ByK q B yK KŽ . Ž Ž . Ž ..1 2 2 3y ~S

s 2 3A 1q 3ByK q 3B yK K q B yK K KŽ . Ž . Ž .o 1 1 2 1 2 3

(8)

Eq. (8) can be expressed in terms of mole
fractions by introducing the relationships defined
in Eq. (4). It has been shown by Huangw3x that
the binding stoichiometry,n, for this model can be
calculated from the ratio of the mole fractionsXi

andY obtained at the intersection point of the twoi

limiting slopes, (dSydX) and (dSydY)X–0 Yy0

whenC is much larger than all of the dissociationo

constants involved(in this case,C 4K , K , K ).o 1 2 3
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Fig. 1. Computer-simulated Job plot for positive-cooperative
binding according to the Adair model. Relative magnitude of
dissociation constants are:K s30, K s5, K s1. Total con-1 2 3

centrations used areC s1, 3, 11, 15 and 30. The mole fractiono

found at the maximum of the curve is designatedX ; whereasm

that found at the intersection point of the two limiting slopes
is designatedX . Inset(a): R andR , the binding stoichiometryi m i

calculated fromX andX at differentC according to the equa-m i o

tions R s(1yX )yX andR s(1yX )yX . Inset(b): R andm m m i i i m

R as a function of C with the reactant concentrationsi o

expressed in terms of binding equivalents.

Here the ratio,R , has the expression:i

YiRsi Xi

1yXis
Xi

2 3K K K q 2K q3K K C q K q6K C q3CŽ . Ž .1 2 3 1 2 3 o 1 3 o o
s 2 3K K K q3K K C q3K C qC1 2 3 2 3 o 3 o o

(9)

It can be seen that asC is large,R ™3. Wheno i

C ™0, R ™1. But, in between the two extremes,o i

R can exceed the truen number of 3. Fig. 1 showsi

computer-generated Job plots at varyingC con-o

centrations with decreasingK ’s (K )K )K )d 1 2 3

conforming with positive cooperativity. Inset(a)
of Fig. 1 shows how then value calculated from
R can increase from 1 to an anomalous 4.7 beforei

falling back to the correct value of 3. Then value
calculated from the maxima of the Job curves,
R , on the other hand, increases from 1 to 3. Ifm

the concentration ofA is expressed in terms of its
binding equivalents, as can be seen from Inset(b)
of Fig. 1, R increases from 1 to a peak value ofi

3.4 and then descends to the expected value of 1;
whereasR increases from 1 to 1.7 and thenm

reduces to 1.
From the two binding mechanisms presented

above, it is clear that then values obtained at
differentC can provide clues to permit distinctiono

between these mechanisms.
3. Apparent cooperative binding arising from

detecting only the final complex: So far we have
tacitly assumed that the amount of complexes
formed is linearly proportional to a measurable
signal, e.g. absorbance at 526 nm for Fe(II)–Fz
complexes where FeFz, FeFz and FeFz contrib-2 3

ute in a 1:2:3 ratio. It is possible that only the
FeFz form contributes significantly to the absorb-3

ance at 526 nm. In this case, Eq.(8) becomes:

33 B yK K KŽ .1 2 3S
s 2 3A 1q 3ByK q 3B yK K qB y K K KŽ . Ž . Ž .o 1 1 2 1 2 3

(10)

Eq. (10) predicts a skewed Job plot that is
similar in shape to that of the infinite cooperative
case, except that then values calculated fromRm

will vary with C at C concentrations comparableo o

to theK ’s. This feature allows one to distinguishd

true infinite cooperativity from the apparent ones.

4. Results

4.1. Job plots performed at different total concen-
trations of Fe(II) and Fz

Although Fe(II) has been shown to combine
with three molecules of Fzw5,7x, the mechanism
of binding is not known. We, therefore, apply the
continuous variation method at differentC to re-o

examine the Fe(II)–Fz interaction. From the
examples presented in Theory section, it is clear
that a choice of mechanism can be made from the
distinctive pattern of apparent binding stoichiom-
etries as a function ofC . Fig. 2 shows Job plotso

obtained at four total concentrations in the range
of 7–105 mM. The data are indicative of the
notion that the Fe(II)–Fz chelation conforms with
the infinitely cooperative mechanism:(1) The
maxima of all four curves appear at approximately
0.25 mole fraction of Fe(II), signifying a binding
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Fig. 2. Job plots of Fe(II)–Fz interaction performed at different
C : h, 7 mM; s, 14 mM; n, 52.5mM; andj, 105mM. Theo

lines are fitted by computer using the NIH MLAB program.
Experimental conditions are described in Experimental
procedures.

Fig. 3. Job plots of Fe(II)–Fz interaction carried out at differ-
ent C in which the Fe(II) concentration is expressed in termso

of binding equivalents:h, 10.5mM; j, 21 mM; n, 105mM,
and s, 210 mM. The lines are fitted by computer using the
NIH MLAB program. Experimental conditions are described
in Experimental procedures.

Fig. 4. Hill plot of Fe(II)–Fz interaction using data from Figs.
2 and 3.

stoichiometry of 3.(2) The infinite cooperative
mechanism is further supported by the skewed
patterns seen nearX™1 at C s7 and 14mM.o

The solid lines are computer-generated using an
equation derived for the one-step binding process.

4.2. Job plots performed at Fe(II) concentrations
expressed in terms of binding equivalents

To further confirm that the mechanism of
Fe(II)–Fz interaction is indeed that of infinite
cooperativity, we carried out another series of
experiments in which the concentration of Fe(II)
was calculated in terms of its binding equivalent,
i.e. one third of its molar concentration. From the
Theory section, one expects the apparent binding
stoichiometry, n, to shift from 3 to 1 asCo

increases. As can be seen in Fig. 3, the maximum
occurs atXs0.26(ns2.85) when C s10.5 mMo

and at Xs0.5(ns1) when C s210 mM. Thus,o

the shift in then value also is consistent with the
infinitely cooperative model. The solid lines are
fitted by a computer program using an equation
derived for these particular experimental
conditions.

Treatment of data by the Hill plot. Both Figs. 2
and 3 provide support for an infinitely cooperative
binding mechanism. This type of mechanism is a
special case where the Hill plot should prove to
be definitive since a linear line with a slopes3

should result. Fig. 4 shows a Hill plot using data
from experiments included in Figs. 2 and 3. As
expected, we obtainedns3.0 from the slop and a
K s7.9 mM from the intercept, further demon-d

strating agreement with the one-step binding
process.

5. Discussion

The method of continuous variation has been,
in most cases, used to determine the stoichiometry
of two reactants. For this reason, this method is
best suited for tight-binding components because
it requires a total concentration much greater than
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Table 1
Computer analysis of Job plots of Fe(II)–Ferrozine interaction

Mechanism Total concentration Dissociation constants
C (mM)o (mM)

Infinite Kd

Cooperative
(one-step) 7 7.99

14 7.11
52.5 8.28

105 7.71
10.5a 8.34
21a 8.30

105a 6.55
210a 7.54

Adair K1 K2 K3 K s(K K K )1y3
d 1 2 3

(stepwise)
7 1576 12.2 0.0275 7.97

14 112 17.1 0.285 8.16
10.5a 1560 11.5 0.0328 8.38
21a 150 9.98 0.408 8.49

Adair 7 2980 9.22 0.0184 7.97
(only FeFz3 14 129 7.77 0.370 7.17
detected) 10.5a 1566 9.39 0.0387 8.29

21a 180 5.35 0.449 7.63

Concentrations of Fe(II) calculated in terms of binding equivalents(1y3 of molar concentration).a

Experiments were carried out in 50 mM HEPES buffer, pH 7.0 at 258C. Equations pertaining to each model were used in the
fitting by the NIH MLAB computer programw6x. Details have been described in Experimental procedures.

the K ’s involved. The advantages of the Job plotd

over titration of one component with another have
been presented by Huangw3x. There are situations
which make assigning a definitiven value difficult.
For instance, if the maximum of a Job plot appears
betweenX s0.2 and 0.25(i.e. ns0.8y0.2s4 orm

ns0.75y0.25s3), the accuracy of the data may
not allow one to make a choice between the two
values. This is why the experiments may need to
be repeated by expressing reactant concentrations
in terms of the suspected number of binding sites
to see if a Job plot with a maximum at the center
of the curve(i.e. ns1) can be obtainedw3x. But
the continuous variation method need not be con-
fined to stoichiometry determination. When carried
out at differentC , valuable information regardingo

K ’s and the mechanism of complex formation cand

be obtained. Theoretical treatment of applying
continuous variation to various cooperative sys-
tems has been provided by Huangw3x in a rather

general manner. In this report, we use computer
simulations to illustrate how the mole fraction
ratios,R andR , vary with C in different modelsm i o

and experimental designs. Two key points emerge
from these theoretical considerations: First, using
less than saturating levels ofC to determineo

binding stoichiometry can lead to anomalous ratios
substantially higher or lower than the truen value.
Second, however, these shiftingn values as a
function of C are characteristic of their respectiveo

mechanisms and can be used as a basis for distin-
guishing various modes of reaction. For example,
with the Adair model,R increases form 1 ton asm

C increases, whileR increases from 1 to a peako i

value larger thann and finally settles onn (Fig.
1, Inset (a)). With C calculated in terms ofo

binding equivalents, bothR andR rise from 1 tom i

higher values and fall back to 1(Fig. 1, Inset(b)).
With the infinitely cooperative model,R snm

regardless ofC (Fig. 2, R cannot be obtainedo i
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with this model becausedSydY approaches zero
as Y™0). When carried out in the ‘binding-
equivalent’ procedure,R varies from n™1 asm

C increases(Fig. 3). In the case where only theo

final complex is detected,R does not remainm

constant even though the skewed shape of the
curve often resembles that of the one-step
mechanism.

In order to test the theory mentioned above, we
set out to study the chelation of Fe(II) by Fz to
elucidate the mechanism of complex formation
and to determine theK ’s. The Job plots shown ind

Fig. 2 consistently yield ann value of 3, indicating
a one-step binding process. With the ‘binding-
equivalent’ approach, then value shifts from 3 to
1 with increasingC as predicted by the one-stepo

model. The mechanism is further confirmed by the
Hill plot yielding a slope of 3(Fig. 4).

To study the binding mechanism in greater
detail, we fit the data shown in Figs. 2 and 3 to
three plausible models:(1) the one-step, infinitely
cooperative model;(2) the stepwise Adair model,
where FeFz, FeFz , and FeFz contribute signals2 3

linearly (i.e. 1:2:3); and(3) only FeFz is detected3

spectrally. The results are summarized in Table 1.
When fitted to the one-step mechanism, all eight
curves at differentC yield a K in the range ofo d

7.80"0.09 mM. With the stepwise binding in the
Adair model, the values ofK , K and K vary1 2 3

over a much wider range. However, it is clear that
very strong cooperativity, K 4K 4K , is1 2 3

required in all cases in fitting the data. These
results further support the notion that the cooper-

ativity is so strong it actually approaches infinite
cooperativity. By assuming FeFz to be the only3

species contributing to the absorbance at 526 nm,
we found that the dissociation constants needed to
fit the data are essentially the same as those of the
infinite cooperative case. This means that whatever
FeFz and FeFz are formed are likely present in2

insignificant amounts. And, despite the wide range
of K , K and K , a K calculated as(K K K )1y3

1 2 3 d 1 2 3

almost always produces the value of 8.01"0.43
mM. This K is comparable to that obtained withd

the infinite cooperativity model, 7.80"0.09 mM,
and that from the Hill plot, 7.90mM. Thus, we
conclude that Fe(II) interacts with Fz in a highly
cooperative manner with aK of 8 mM.d
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