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A calculational method is developed for spectrophotometric determination of stoichiometrics and individual equilibrium
constants in the complexing of metal ions with mectallochromic indicators. Explicit expressions are developed for the calcu-
Iation of all parameters necessary to describe mixtures of 1:1,1: 2 and 2 : 1 metal-indicator complexes. The analysis of
titration curvces entails a scrics of onc-variable best-fit determinations bascd on mass action and conservation laws; this reduc-
tion in the number of degrees of freedom in the curve-fitting procedure vields greater resolution of the compleaing param-
cters than is allowed by conventional methods. Since a common application of mctallochromic indicators is to the determina-
tion of metal-binding properties of biological molccules. accurate description of metal-indicator complexing is vital for inves-
tization of the regulatory roles of metal ions in biological cvents.

1. Introduction

Spectrophotometric titration is a frequenily used
method to determine reaction stoichiometries and
equilibrium constants. The basic requirement of this
technique is an analytical relationship between extent

of reaction and optical signal, as, for instance, absorbance

or fluorescence.

Spectrophotometric methods have been traditional-
ly applied in the study of metal ion complex formation
[1.2]. More generally, this approach is applicable to
any ligand binding reaction which is associated with a
change in an optical property, either directly or in-
directly: the optical change can be via coupling, for
instance, of a metal ion reaction with a reaction of the
same metal ion to a metallochromic indicator.

Apart from the analytical aspects, it is well known
that metal ions are an integral part of biological struc-
tures and functions. For instance, Ca2* jons are essen-
tial and cannot be replaced by other divalent ions in a
number of fundamental life phenomena such as nerve
excitation, excitation-contraction coupling in muscle,
neuro-stimulated hormone and transmitter secretion,
etc. In order to identify the specific reactions and ceil-
lular components interacting with Ca2* ions, various

techniques have been developed to determine Ca2* ions
and changes in Ca2+ concentrations in biological sys-
tems. The applicability of each method is limited by

its ability to select for Ca2* over interference from H*.
Na*, K* and Mg2* ions, among others, by its sensitivity
1o the magnitude of Ca2*-concentration changes and
by its time resolution. which is important for kinetic
inmeasurements.

Significant progress was made when spectrophoto-
metric methods using Ca2* indicators such as murexide
[3,4], arsenazo [5] and antipyrylazo [6] dyes were in-
troduced into biophysical studies. Practical considera-
tions for the selection of the appropriate indicator for
a particular system have been outlined recently by
Scarpa et al. [7] : in particular. arsenazo 111 and anti-
pyrylazo I gain increasing attention. The absorbance
spectra of these compositionally more complicated in-
dicators do not show isosbestic wavelengths as calcium
concentration is varied [8,9]. This observation indicates
that Ca2* binding stoichiometries for these two indi-
cators are complicated. i.e., that more than one type
of Ca2* — indicator complex can be formed.

Any quantitative analysis of optical data in terms
of metal ions bound to cell components requires know-
ledge of the stoichiometry, equilibrium constants and
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extinction coefficients. The present article describes a
numerical method by which a particular ligand-binding
matrix (e.g.. metal indicator) can be optically and
thermodynamically characterized over a wide range of
concentrations. No sophisticated mathematical proce-
dures are requires: rather. the method makes use of a
seif-evident propertv. namely. that the thermodynamic
equilibrium constant characterizing any ligand-binding
equilibrium is an intrinsic, and hence concentration-
independent, quantity. However, this quantity is de-
rivable from spectrophotometric or fluorometric data
only if stoichiometries, equilibrium constants and ex-
tinction coefficients have been accurately chosen. The
method is therefore essentially a trial-and-error approach
requiring computerized fitting. However, by limiting
the analysis at first to harrow concentration ranges,
the parameter selection can be focused on only one
type of complex in each titration. and each analytical
procedure can be set up with only one variable.

The method has so far been applied to spectrophoto-
meteric titrations of arsenazo 1, arsenazo Il and anti-
pyrylazo I11. Whereas arsenazo 1 exhibits a simple 1: 1
stoichiometry wit?, Ca2* ions [10], both arsenazo 111
[81 and antipyrylazo 111 [9] form three complexes,
1:1,1:2and 2: 1. Pescription of arsenazo 111 is given
in Part 11 of this series.

Although the analytical method is outlined here in
terms of metal ion-indicator interaction, the procedure
may be applied to any ligand-binding reaction associated
with an optical signal.

2. Optical signal and concentration of complexes

The relationship between the concentration of bound
ligands in various types of complexes and an optical
quantity is particularly simple when the optical signal,
S, can be linearly related to the concentration of species
X; contributing to S;i.e., when a kind of general
Lambert-Beer law is exhibited:

$=2qlx,]. m

where a; is the intrinsic optical coefficient of species
X;: square brackets denote concentration.

Using now the interaction of a metal ion, M, with an
indicator, I, as an example, eq. (1) is expressed as

S =ay M] +a,[1] +,§apq[Mp]q]; )

dp,, is the intrinsic coefficient of the complex M,1, with
the stoichiometric numbers p of M and g of I molecules.
For metallochromic indicators (which change in optical
absorbance on complex formation with metal ions), eq.
(2) takes the form

A, = e ] +:/_2 expa M1 1. 3)

In eq. (3). 4, is the absorbance per cm at a given wave-
length A, and €, _; is the extinction coefficient of species
i at wavelength A: in the visible wavelength range the
absorbance of ions like Ca2+_ Mg2* or alkali metal ions
is negligibly small. The sum in eq. (3) is over all com-
plexes.

For the data analysis, it is useful to define an ab-
sorbance difference according to

A=A — €], @)

where [l1] denotes the total indicator concentration
and ¢ is the extinction coefficient of the unbound in-
dicator; the subscript A will be henceforth implicit. Mass
conservation requires that

] =10+ 25 a7, 1. )

Inserting egs. (3) and (5) into eq. (4), we obtain an ex-
pression relating a measurable quantity with the contri-
butions of the complexes:

A4 =§, ade,, M 11, )

where the difference in the extinction coefficients per
mole of indicator is given by

Aqu =epq/q~el. (7)
A spectrophotometric titration of the indicator with
metal jons gives data sets (A4, [M]), where [My] is

the total concentration of metal ions, corresponding

to a single value of [I+]: these are the primary data
for the analysis.
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3. Determination of indicator extinction coefficient

Accurate determination of the extinction coefficient
€] can be hampered by cations from both buffer and
indicator salt. A simple dilution procedure may be used
which allows precise determination of ¢; at a given wave-
length. From egs. (3)—(6) we derive

A e s Zth qz}epq [Mplq}
(LI il ’

(8
7] )

In a sequence of dilutions (with distilled water) the
concentration of any of the possible metal ion com-
plexes approaches zero faster than [I1]}. Therefore.
the second term of the rhs of eq. (8) approaches zero
in the limit of smat! {I+]:

€= I]Ii]nl() AT )

T

Eg. (9) indicates that (graphical) extrapolation from
small. but finite, {I] values to [I4+] = 0 should yield
a reliable estimate of e;. Application of this method is
shown in the following article.

4. Analysis of spectrophotometric titrations

As discussed above, for the metallochromic indica-
tors arsenazo 111 and antipyrylazo 1lI, the absence of
isosbestic (or isochromic) points in the absorbance
spectra at different calcium concentrations indicates
that the stoichiometric relationship of the metal-indi-
cator interaction can not be simple. In such cases, con-
ventional graphical methods can not be applied to
evaluate equilibrium constants and extinction coeffi-
cients. Therefore, a new calculational method was
developed. Although the method is numerical rather
than graphical, computations involving stoichiometric
numbers less than 3 can be handled straightforwardly,
without the need to numerically fit a cubic polynomial
involving up to six variable parameters.

Metallochromic indicators are usually small mole-
cules, and only low-order complexing with metal ions
is to be expected. For example, using the method
described below, the stable complexes of both arsenazo
111 and antipyrylazo 111 were found to be Cal, Cal, and
Ca,I; the distribution of Ca and I among the three com-
plexes is strongly a function of [Cay] and [1].

Spectrophotometric and fluorometric titration of
metallochromic indicators with metal ions involves
observing the change in optical absorbance of fluores-
cence at a particular wavelength and for a fixed [It]
as [Mt] is varied. The present approach requires several
titrations, so as to cover a wide range of [I+] values.

4. 1. Single tvpe of complexation
Analysis of the titration data is begun with the

purely operational assumption that only one tyvpe of
reaction is involved,

pM+gi=M]1 . (10)
characterized by an overall dissociation constant

- = r q /
A],q M7 [1] /[Mplq], an

where |M] and [1] represent concentrations of free
metal and free indicator. respectively. From eqgs. (3)
and (6), and the mass conservation law for metal,

M1 = [M] +p[MpIq].
the expression for K I'Ju can be transformed into

_{IMy] = P2/, 1P lly) — /Ac,, )7

rq A4/ ((1Aep q )

(12)

(13)

It is recognized that if the interaction between M and

I is totally covered by reaction model (10), then the
variation of A4 with varying {M+] and [I11] will always
be such as to predict the same value for K‘;q via eq. (13).
Therefore. in assuming model (10) to be correct. the
analysis reduces to finding that combination of param-
eters (p,q,Aepq) which predict constancy for K;,q- In
practice, model (10) accurately covers the range of
reactant concentrations where only 1 : 1 complexing
occurs; in cases where higher-order complexation is
important, contributions from other, lower-order, com-
plexes are also to be expected and the model (10)
would be inadequate.

Analysis of the metal-indicator data was therefore
always begun with the (not necessarily true) assump-
tion that model (10) holds, with p =¢ = 1, and all
plausible Aey, values were scanned in search of a value
which yielded the same value for K;; for each titra-
tion point (the prime has been dropped to indicate that
Ky is an elementary equilibrium constant). The range
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of Ae;; to be covered is suggested by the magnitude of
AA relative to {I+].

Such a simple model is expected to be adequate when
cither reactant concentration is sufficiently low. In fact,
subsequent steps in the method rely on the accurate
determination of A€}, and K ;. using eq. (13).

Equilibrium constants must be adjusted for changes
in ionic composition of the reaction medium as the
concentration of ionic reactants is changed; these cor-
rections are described in the Appendix.

The advantage of the present method is two-fold: a
computerized calculation allows easily for adjustment
oi activity coefficients with changing ionic strength of
the reaction medium. and the method can be readily
extended to more complicated situations where simpler
graphical methods are impractical. namely, to solutions
containing more than one type of complex.

4.2. Two types of complexation

If it is found that at higher [My] and/or [I1] values,
the assumption of only one type of complex contribut-
ing 1o A4 is incorrect, an enhanced formalismn must be
invoked which allows for eitfier 1 : 2 or 2 : 1 complexa-
tion in addition to the 1 : 1 species. The appearance of
the higher-order species is apparent through a progres-
sively increasing deviation of the K’y -values calculated
from eq. (13) from the (constant) value obtained at low
concentrations.

Experiments can be designed so as to resolve the in-
dividual thermodynamic and optical properties of the
complexation reactions

M1 +1=Mi, (14

MI+M =M, 15)

Determination of Ae;, and K-, corresponding to re-
action (14), can be based on the establishment of con-
stancy for K15, by writing an expression similar to eq.
(13) and employing A€, as the single variable. Experi-
mentally, a mixture of MI and MI, complexes is ex-
pected for low [M+] and moderate-to-high [I1] values
(relative to the already determined value of K;;). For
reaction (14), mass conservation laws take the form

M1 = [M] + [MI] + (ML, ], (162)

;] = (1] + [M1] +2[M1L,], (16b)

and the absorbance change, relative to the [My] =0
value, is expressible as (cf. eq. (6))

AA = Ae,, [MI] + 22e,, [MI,]. an

The correctness of assuming an Ml and MI, mixture as
being responsible for A4 can be established from the
definition of Ky,

3
12 ML, ] 24K, — [M]I}Ae, °
where we have substituted for M1}, from eq. (17). and
have included the definition

M1} = (M) (11K .- (19)

Eq. (18) for K ;5 contains three “unknowns”, Aey,.
[M] and [I], but the expression can be reduced to one
independent variable due to the mass conservation laws
(162a) and (16b). [M] can be expressed in terms of
A€y, and [I]. e.g., by substituting in eq. (16a) for
[MI,] from eq. (17), using eq. (19) for [MI]:

1\'”(2[1\']1.]Ae]2 — A4)

M] = - )
M = e &y * 11246 5 — Acyp)

20

Making the same substitutions for [MI,] and [MI] in
eq. (16b), and using eq. (20) for [M], gives [I] as a root
of a quadratic polynomial, dependent only on Ae;,:

1] = -B/2 + {(B* — 40)'?}/2, (e2})

where

B={K;; +(1 — A} /8¢ ,)([My] — A4/(2Ae,,)}
X {1 — Aep /286 D} — ([1I;] — A4/A¢ ),

C=—K, (I1;] — 24/8e;,){1 — Ae;, /(20e,,)} 1.

A selected value for Aey, fixes the value of {I] via eq.
(21), which in turn fixes the value of [M] by eq. (20);
eq. (18) can then be used to calculate the value of K ;5
corresponding to that choice of Ae;,. The case Ae;y =
2Ae;, is a singular point, but can be treated with these
expressions as a limit case.

K and A€y are here treated as known quantities
and Ae, values are scanned for that value which results
in the same value calculated for K|, for all data points
(iMt], 1], A4>. Such a A€, value can be found,
provided that a significant contribution to A4 arises
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from M1, complexing. (As with eq. (13), the expression
for Ky, must be multiplied by the appropriate ionic
strength correction factor described in the Appendix.)

Investigation of M, I-complexing, reaction (15) can
be most easily done at low [I1] and moderate-to-high
[M ] levels. The relevant mass conservation equations
are

Ml = M] + [MI1] +2[M,]1], (222)
1= 1] + [MI] + [M,1}, (22b)
and the experimental signal is assumed to be

A4 = Aeyy IMI] + Ae,y [M,1]. (23)

Proceeding as above, one obtains an expression for Ko
in terms of [M] and [1]:

Aey, M]2 1]

- _ IMI][M] _
Kn =M1 TAAR,, — Aey, MIT] - @4
Egs. (22a) and (23) give
K, (M ]Ae,, — 224
M] = 11([ T] €51 ) @25)

Ay Ky T [11(Qey; — 24€.4)°
Inserting this resuit in eq. (22b) yields the expression
for {I] in terms of Aeyy:

[} = —Dj2 + {(D? —4E)!2}2,
where

D= {K; + (A — A /Aey X([Mp] — 244/A¢,,)}

(26)

X {1 —24¢;,/Ae, }71 — ([I1] — A4/Ac,,).

£=—K; (1] — 24/2e,) (1 — 28e; [Aey ).

As in the previous case, all plausible values of Ae,; are
scanned for the value which predicts the same value for
K4, for each titration point.

4.3. Three types of complexation

In many cases the distribution of complexes may be
adjusted so as to focus either on MI — MI, or MI —
M, 1 mixtures, simply by suitably selecting [M] and
[I+]- If such a separation of MI; and M,1 can not be
achieved, then the formalism must be extended to in-
clude all three species, MI, MIZ and M51 in the optical

measurement. If one follows the above calculational
format, solving for either Ky, or K5y, then one is
faced with solving a cubic polynomial for [I]: on the
other hand, this may be circumvented by a numerical
technique, as described below.

It will be assumed here that [M] and {I+] can be
selected so as to achieve either the M1 — M1, or the
MI-M,1 mixture, but not both. We assume. for example,
that the species M5 1 can be isolated from M1I,: the con-
verse case can be handled in an identical manner. There-
fore,Ky;,K}5, A€y and Ag;, are here treated as de-
termined quantities and we seek that value of Aey;
which predicts constancy for K5;.

Fundamental equations for the MI — M1, — M,1
mixture are N -

(1 =01 + MI] +2[ML,] + [M,1]. (27a)
M1 = [M] + [MI] + [MI,] +2[M,]I], (27b)
and

A4 = Aeyy [MI] +24€,, [MI,] + Aey [M,1). (28)

Eliminating [M,1I] between eqgs. (27a) and (27b) gives
an expression for [M] in terms of only one unknown,
[1]:

{2([11‘] - [I] ) - [LL]-] }Kl]KIZ

M] = 5
3M17+ K, [ — KK,

] (29)

Eq. (28) can be written in terms of all three unknowns

[M1], [1] and Ae,; using eq. (27b),
A4 = (Deyy — Ney /2)IM][T]/K

+ (28, — Aeyy /2)IM] 117 /(K 1K 5)

+ (Aey, /2)(IMp] — M), (30)

but can be reduced to a function in only [I] and Aey
by eq. (29). The numerical method involves finding that
value of [I], between [I] = [It] and [I] = 0, which sa-
tisfies egs. (29) and (30) for a selected value of A€y
the resulting set of values ([M], [11) predict a value for
K51,where

k.. = MIIM] _
21 M, 1] G1)
Ky, M12{1]

(O] — DK, Ky — MINOK,, —2M1 12
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from MI, complexing. (As with eq. (13), the expression
for Ky, must be multiplied by the appropriate jonic
strength correction factor described in the Appendix.)

Investigation of M,l-complexing, reaction (15) can
be most easily done at low [I;] and moderate-to-high
{M1 1 levels. The relevant mass conservation equations
are

Myl = M] + [MI] +2[M,]I], (222)
[1;1 =]+ [MI] + M, 1}, (22b)
and the experimental signal is assumed to be

Ad = Aey, IMI] + Aey, [MLI]. (23)

Proceeding as above, one obtains an expression for K5,
in terms of {M] and {1}:

Aey, [M]2[1]

- MM TR tME BT
Kn="M,)] " AR, - Ae, iy G
Egs. (22a) and (23) give

K. ([My]Ae,. —2A4
M] = — 1M1 Ae,, ) 25

Aey Ky T [11(dey; — 20€,,)
Inserting this resuit in eq. (22b) yields the expression
for {1} in terms of Aeyq:

1) = —pj2 + (D? —4E) )72,
where

D= {K;;+ (1 — fe; /A6y )([My] - 244/48e,,)}

(26)

X {1 —28¢,,/8e,, 171 — ([I1] — Ad/Ae,).

E=—K, (Il;] — A4/Ae,) (1 — 2Ae;; [Acy )

As in the previous case, all plausible values of Ae,; are
scanned for the value which predicts the same value for
K4, for each titration point.

4.3. Three types of complexation

In many cases the distribution of complexes may be
adjusted so as to focus either on MI — MI, or MI —
M, mixtures, simply by suitably selecting [M] and
[t]- If such a separation of M1, and M1 can not be
achieved, then the formalism must be extended to in-
clude all three species, MI, MI, and M,1 in the optical

measurement. If one follows the above calculational
format, solving for either K, or K,y , then one is
faced with solving a cubic polynomial for [I]: on the
other hand, this may be circumvented by a numerical
technique, as described below.

It will be assumed here that [M] and [i4] can be
selected so as to achieve either the Ml — Ml, or the
MI-M,1 mixture, but not both. We assume. for example,
that the species M5I can be isolated from MI,: the con-
verse case can be handled in an identical manner. There-
fore,K,;,K 5, A€y; and Ae;5 are here treated as de-
termined quantities and we seek that value of A€,
which predicts constancy for K»;.

Fundamental equations for the MI — MI, — M,
mixture are - -

[IT] = [1] + [M1] + Z[MIz] + [le] . (27a)
[MT] = [M] + [MI1] + [Mlz] + 2[1\421] s (27b)
and

A4 = Ae“ [MI] + ’_’Ael?_ [Mlz] + 5‘531 [MzI] - (28

Eliminating [M,1] between egs. (27a)and (27b) gives
an expression for [M] in terms of only one unknown,
f11-

{20141 - ) — M 13K, K,

M] = 5
3O} +K I — Ky Ky

. (29)

Eq. (28) can be written in terms of all three unknowns

[M], [1] and Ae,y using eq. (27b).
AAd = (Aey, — Dey /2)IM] IT/K |,

+ (28, — A&y /2)IM] 11 2/(K 1K 5)

+ (Aey, /(M1 ] — M]), (30)

but can be reduced to a function in only [I] and Aey;
by eq. (29). The numerical method involves finding that
value of [I],between [I] = {I1] and {I] = 0. which sa-
tisfies eqs. (29) and (30) for a selected value of Ae,y:
the resulting set of values ([M], [I]) predict a value for
K51, where

K. - MM _
217 M, 1)
Ky M2 (1]

(Iy] — DK K s — MITK,, —2MI ]2
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Eq. (31) is obtained by substituting for [M51] from eq.
(272). A€, values can therefore by scanned to find that
value which leads to the sets of values ([M], [I]1) which
yield the same value of K5; for each titration point.

The equilibrium constant for the overall dispropor-
tionation reaction

MI, + M = 2MI (32)

can be immediately calculated as
K= [ML][M}/[MI]2 =K /K ,- (33)

The entire set of calculations may be checked for con-
sistency by incorporating the calculated values of Ky,
K15 and K5y into egs. (272) and (27b) via egs. (18),
(19) and (31). and recalculating A4 from eq. (28) using
the determined values of Aey;, A€y, and Ae,; for each
experimental point.

5. Determination of metal binding to biological
systems ’

In general. a metallochromic indicator can be used
to determine metal-binding propertics of a biological
system if the total concentration of each reactant and
the equilibrium corstants of the various metal-indica-
tor complexes are known. Hence, the analytical problem
is essentially the converse of the one discussed to this
point: optical and binding properties of the indicator
are assumed known and one must find the effective
value of [M] corresponding to the measured value of
Ad.

The effective total metal concentration sensed by
the indicator is the actual [My] mzinus the *“concentra-
tion™ of metal ions which have been effectively removed
due to binding by biological components in the mix-
ture, [My1:

M1 — M) =l§p[MpIq] + [M]. (34)

[M;, ]} may be determined by scanning the entire range
0 < [Mp] < [M1, solving for the corresponding values
of [M] and each [M,1,] (e.g. by the computer program
given in ref. [11]) and comparing the calculated values
of AA to the measured value. In this way, each experi-
mental data set (A4, [My]. [I71) yields a correspond-
ing set of calculated values ([M, ], [M]), and from a

sufficiently large number of different [M4] and [I]
values the metal-binding properties of the biological
material can be determined. An example of the method
is afforded by the application of antipyrylazo 111 to
the determination of Ca2*-binding by acetylcholine
receptor protein [9].

6. Discussion

Basic to any computation of metal-indicator bind-
ing is the accurate determination of metal and indicator
concentrations. Commerically available metallochromic
indicators are often impure and the exact concentra-
tion of indicator needs first to be determined: a purifi-
cation procedure applicable to azo-dyes has been out-
lined by Kendrick [12]. Estimates of total metal con-
centration may also be in error due to metal contamina-
tion from the indicator, buffer and added salts. Other
ions which compete for the indicator may also be pre-
sent and have an interfering effect.

With these precautions, solutions of various indica-
tor concentrations can be titrated with metal ions and
the present analytical treatment may be applied. The
main advantage of the present method over conven-
tional computerized and graphical approaches is the
higher sensitivity afforded by having only one variable
parameter in each curve fitting procedure. This resolved,
for instance. controversies on the stoichiometry of Ca2*
binding to arsenazo 11l and antipyrylazo 111, verifying
the existence of stable 1 :2 and 2 : 1 Ca2*—indicator
complexes for both indicators (Murexide is also known
to form 1 : 2 complexes in methanol, i.e., two murexide
ions chelate one Ca2* ion [13]).

The above procedure may be bypassed if one is in-
terested only in measurement of metal uptake or re-
lease, that is, only in changes in [My ] rather than its
total value. In such cases, the optical signal can be
calibrated by observing changes in A4 after addition of
known amounts of metal ion to the reaction mixture.
On the other hand, the present technique is useful for
characterizing metal-binding isctherms which cover the
wide range of metal-binding sites typical of large bio-
logical molecules [9].



