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Abstract

This review summarizes developments in the use of affinity chromatography to characterize biospecific interactions in terms of reaction
stoichiometry and equilibrium constant. In that regard, the biospecificity incorporated into the design of the experiment ensures applicability
of the method regardless of the sizes of the reacting solutes. By the adoption of different experimental strategies (column chromatography,
simple partition equilibrium, solid-phase immunoassay and biosensor technology protocols) quantitatiative affinity chromatography can be
used to characterize interactions governed by an extremely broad range of binding affinities. In addition, the link between ligand-binding
studies and quantitative affinity chromatography is illustrated by means of partition equilibrium studies of glycolytic enzyme interactions
with muscle myofibrils, an exercise which emphasizes that the same theoretical expressions apply to naturally occurring examples of affinity
chromatography in the cellular environment.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction X
A logical progression from the introduction of affinity Kax Kas

chromatography for the purification of solutgld was the
adaptation of essentially the same principles for quantitative

characterization of the interactions governing the procedure (@) X

[2—4]. Whereas the function of the immobilized ligand in Ksx
preparative affinity chromatography is simply a selective X8 &= S
interaction with a solute of interest, its role in quantitative

studies is to provide a means for determining a binding con- Kax

stant for the biospecific interaction. The technique was cer-

tainly envisaged initiallyj2,3] as a column chromatographic

procedure in which the matrix was designed to achieve (b) x
b'OSpec_'f'C'ty of the solute-matrix interaction. HO\_N_ever* ItS. Fig. 1. Schematic representation of the two commonest combinations
adaptation to accommodate the results of partition equi- of interactions encountered in quantitative affinity chromatography. ()
librium experiments[4,5] has led to the characterization Competition between a soluble ligand (S) and immobilized affinity site
of naturally occurring biphasic interactions such as those (X) for analyte (A). (b) Competition between S and A for immobilized
between glycolytic enzymes and the muscle myofibrillar 2ffinity sites X.

matrix [6,7]. Also included within the framework of quanti-

tative affinity chromatography is the determination of equi- are applicable directly to partition equilibrium data and, as
librium constants by solid-phase immunoassay procedureswill be shown later, are readily adapted to accommodate
[8,9] as well as by bisoensor technolof}0,11] Quanti- column chromatographic data, which monitor the analyte
tative affinity chromatography has thus become one of the distribution by means of elution volume.

most versatile methods available for characterizing macro-

molecular interactions. This attribute is extended further in 2.1. Affinity chromatography of a univalent analyte

this review than in its predecess¢i®—-14] by demonstrat-

ing the manner in which the results from high-performance  For the situation representedfig. 13 the concentration
affinity chromatography{15] may also be described ana- of analyte in the liquid phaseA], is a constitutive param-
lytically within the same general framework. Because the eter that includes a contribution from the concentration of
basic quantitative expressions are necessarily common toanalyte—ligand complex (AS) as well as of free A. Thus,

all of these techniques, a brief theoretical section precedes. —

specific consideration of the individual methods. [Al =T[A] + Kas[Al[S] = [A] (1 + Kas[SD 1)

where the concentration of analyte—ligand complex has
been expressed as the product of the association equilib-
rium constantKas) and the free concentrations of analyte
([A]) and competing ligand ([S]). The total analyte concen-
tration clearly needs to include A associated with immo-
bilized affinity sites X—a consideration that necessitates
the introduction of a doubly constitutive parameteX],[
such that:

2. Quantitative expressions for evaluating binding
constants

Quantitative affinity chromatography entails the charac-
terization of two equilibria—an interaction of the partition-
ing solute (analyte, A) with an immobilized affinity ligand
(X), and another involving a soluble ligand (S) that interacts _
either with A or with X (Fig. 1). Both of these situations re-  [A] = [A] 4+ Kas[A][S] + Kax [Al[X] (2)
sult in ligand-facilitated elution of analyte from an affinity
column. That shown iffFig. 1ais encountered in situations
where X is a covalently immobilized form of [3], whereas

where the concentration of adsorbed analyte, [AX], is de-
scribed in terms of the analyte—matrix binding constant

the competition between two saccharides for immobilized (Kax) and the free concentrations of analyte and matrix

lectin affinity sites[16] affords an example of the second affinity sites ([X]). It then follows that the ratio of analyte
situation Fig. 1b. concentrations in the solid and liquid phases is defined by

Although the parameter measured in affinity chromatog- e relationship:

raphy is usually an elution volume or the corresponding [Az] _ [A_] [A=] Kax[X]
retention time (elution volume divided by flow rate), the T = m —1l= 1+K—As[S]
thermodynamic parameter being monitored is a partition
coefficient for the distribution of analyte between its sol- The concentration of uncomplexed immobilized affinity sites
uble and adsorbed states. For this reason, the theoretica([X]) is hot a measurable quantity but can be eliminated by
expressions tend to be derived on the basis of species conits expression as the difference between the total concentra-
centrations and the law of mass action. These equationstion of immobilized affinity sites (K]) and the concentration

(3)
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of complexed affinity sites, which is also the concentration
of adsorbed analyte,A] — [A]). Thus, Eq. (3)becomes:

[A] _ Kax vz
i = (1 rsm) ™
Kax = .
- <1+K—AS[S]> ([A] = [AD (4a)

in which Kax, [X] and Kas are the parameters to be evalu-
ated by analysis of the distribution daftdA] — [A]), [A]}.
This is the Scatchard 7] linear transform of the rectangular
hyperbolic expression:

{Kax /(1 + Kas[SDIXI[A]
1+ {Kax/(1+ Kas[SD}[A]

[A] - [A] =

(4b)
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This expression was derived initial[$,19,20]by means of
reacted-site probability theorj21]; but has recently been
re-derived[22] by a method bearing much closer similarity
to the standard text book approach initiated by KIfitg]
for univalent systems. This latest development in binding
theory should engender greater confidence in the validity
of Eqg. (7) as the counterpart of the Scatchard analysis in
situations where the analyte is multivalent.

An obvious prerequisite for the application Bf]. (7)is
the assignment of a magnitudeftahe analyte valence. Al-
though some reluctance to make such a decision is under-
standable, the experimenter must realize that any attempt to
avoid the issue by analyzing results in standard Scatchard
format merely signifies the selection of unity as the most

in situations where a series of experiments is conducted in@ppropriate number of biospecific sites on the analyte.

the presence of a fixed concentration [S] of free ligand. By
setting [S]= 0 in Eq. (4a)it is immediately evident that
Kax and [X] are obtained from the_slope and intercept, re-
spectively, of the Scatchard plofA] — [A])/[A] versus
[A] — [A], of results obtained with a range of analyte con-
centrations in the absence of competing ligand.

For the other competitive situatiofig. 1b) the total con-
centration of analyte in the liquid phas@[is also its free
concentration, [A], whereupon the total analyte concentra-
tion [A] is simply:

[A] = [A] + Kax[AlIX]) (5)

2.3. Adaptation of the quantitative expressions for column
chromatography

The appearance ikgs. (4a), (4b) and (7f terms con-
taining [A] and [A] dictates the use of frontal chromatogra-
phy [23] for their rigorous application to experimental data.
Frontal chromatography differs from the conventional zonal
procedure only in regard to the volume of solution applied to
the column. A sufficient sample volume needs to be added
to ensure the existence in the elution profile of a plateau re-
gion with the composition of the applied solutiokig. 2).

However, account needs to be taken of the fact that three-l-he elution volume ¥4 ) obtained from the median bisector

species, X, AX and SX, contribute to the total concentration
of affinity sites. Consequently, the counterpart&gt. (4a)
and (4b)become:

Al _ Kax =
[A] 1= {1+st[3]} Xl
{—ﬁﬁ—hﬁ—m> (6)
1+ Ksx[S]
(A — (A] = Kax/A+ Ks(SDIXIIA (6b)

1+ {Kax /(1 + Ksx[SD}A]

whereKsy is the binding constant for the interaction be-
tween competing ligand and immobilized affinity sites.

2.2. Equations for a multivalent analyte

For protein analytes exhibiting quaternary structure there
is clearly the potential for each analyte subunit to interact
with an affinity-matrix site X. Provided that the same intrin-
sic binding constanf18], Kax, governs all analyte—matrix
interactions, the expression analogou&ts. (4a) and (4b)
for an f-valent analyte in the absence of competing ligand
([S] = 0) become$19,20]:

=\ 1/f
(%) — 1= Kax[X]

— Kax[A]Y VY A1V — A1V (7)

of the analyte boundary (the equivalent position of an in-
finitely sharp boundary) refers unequivocally to the applied
solution with concentration4]*. For a continuously moni-
tored elution profileVa is calculated from the relationship:

m=(ﬁ%)ZJVMM> ®)

Analyte Concentration [A] (M)

L
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Fig. 2. Schematic representation of the advancing elution profile in frontal
chromatography of an analyte solution with applied concentrattdfi.[
The elution volumeya, obtained as the median bisector of the boundary
by means ofEq. (8) or Eq. (9) refers to the applied concentration of
analyte, A]“.
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whereV is the mean effluent volume corresponding to each 10 T I I

increment in solute concentration[A]; and where the lim- > o °

. . — . )

its of summation are the solvent plateadi](= 0) preceding

the boundary and the plateau of original compositidyj &

[A]9). In situations where the column effluent is collected

as fractions with volume\V, a more convenient expression 6

for evaluating the first moment of the boundary is: —| 4 2 —
0

Enzyme Concentration (nM)
(¢}

_ 1 _
Va=V' — AlA 9
A <[A]N)Z<[ 1AV) ©)
where [A] is the analyte concentration in a given fraction ®
with volume AV, and whereV' is the selected upper limit 0 ove l I
of the summationRig. 2). In instances where the boundary 0 2 4 6 8
is essentially symmetrical/a is approximated reasonably Volume (mi)

by the effluent volume at whichy] = [A]%/2. _ Fig. 3. Elution profiles obtained in frontal chromatography of rat liver lac-
The doubly constitutive analyte concentratiéq is taken tate dehydrogenase (9 nM) in the presence of the indicated concentrations

into account by means of a relationship between elution (1M) of NADH on a 0.1 ml column of 10-carboxydecylamino-Sepharose

volumes and analyte concentrations that follows from con- (data taken fronj25]).

siderations of mass conservatifi#]. On the grounds that

th'e product\7A[A] correspond_s to the total amount of solute 3.1. Frontal affinity chromatography

within the column, this quantity can also be expressed as the

prqduct of the volumg access_|ble to a_nalyt@,, and N'_ The application oEq. (11)for the determination oKax
This mass conservation requirement is most convenlentlyClearly depends upon knowledge @f][ the concentration

expressed as: of analyte in the liquid phase. As mentioneddection 2.3

[A=] a this is achieved in frontal chromatography by applying
— = — (10) analyte solution to the affinity column until the compo-

[Al VA sition of the emerging eluate matches that of the applied

. . , solution. Because the affinity column can be small, this
which allows the direct replacement of the ratio of ana- . S

. . . . requirement does not necessarily involve large volumes of
lyte concentrations by the corresponding ratio of elution

volumes. For example, the chromatographic counterpart ofanalyte. solution, even though the applied volume may be
Eq. (7)is: many times larger that the column volume. For example,

Fig. 3 presents elution profiles from a series of experi-

1f —(f=D/f ments designed to quantify the NADH-facilitated elution
Va X] A Al of lactate dehydrogenase by frontal chromatography on
Va Va 10-carboxydecylamino-Sepharo@s]. At least 60 column
Ta\ Y/ volumes (6 ml) of applied solution were required to gener-
[(%) — 1i| (11) ate the plateau of original composition in the absence of
Va coenzyme. However, the required volume of enzyme NADH

) ) ) mixture decreased progressively with increasing concen-
The accessible volume;y, is the elution volume of ana-  tration of coenzyme, which competes with matrix affinity
lyte in the absence of interaction with the affinity matrix—a sjtes for the nucleotide-binding domain of the lactate dehy-
parameter obtained either as the elution volume in the pres-grogenase. In this particular application of frontal affinity

ence of a saturating concentration of competing ligand or as chromatography enzymic activity was used as the assay pro-
the elution volume of analyte on an identical column filled  cequre for monitoring analyte concentratioAJj[in eluate
with matrix devoid of affinity group$3,4]. fractions.

Although frontal chromatography was used in the above
study, the absence of sufficient data in the absence of NADH
3. Approaches for evaluating binding constants by precludes the determination Khx and hence full exploita-
guantitative affinity chromatography tion of the theory. Attention is therefore turned to another
study involving determination of the binding constant for
Because of their development from preparative affinity the interaction between NADH and lactate dehydroge-
chromatography, the initial quantitative approaches also en-nase by frontal affinity chromatography of the enzyme on
tailed the use of column chromatography to characterize thetrinitrophenyl-Sepharos20]. Mixtures of rabbit muscle
operative equilibria for a particular system. These techniqueslactate dehydrogenase and NADH were prepared by zonal
are therefore considered first. chromatography of concentrated enzyme solution (5ml,
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Fig. 4. Analysis of results obtained in frontal chromatography study of
the NADH-facilitated elution of rabbit muscle lactate dehydrogenase from
a column of trinitrophenyl-Sepharose in termskd. (11) with f = 4:
data refer to experiments in the absence of coenzyeand to results
obtained in the presence ofid/1 (@) and 20uM (A) NADH (data taken
from [20]).

40uM) on a column of Sephadex G-25.0&m x 21cm)

355

An alternative approach to the above design of experi-
ment entails the measurementiof for a series of reaction
mixtures with a fixed analyte concentratio][and a range
of free ligand concentratiorig¢,28]. FromEq. (11)the elu-
tion volume for analyte concentratioA] in the absence of
ligand, (Va)o, is given by the relationship:

V*l/ T Kax[X]
{1+ fKax[(Va)o/ VRIV D/ AT}
(12)

(g = Vi ] =

whereas, the corresponding expression for the elution vol-
ume in the presence of a concentration [S] of free ligand,
(Va)s, is:
_ VZl/fKAx [)?]

1+ Kas[S] + fKax [(Va)o/ VXY —D/I[A]

(13)

Combination ofEgs. (12) and (13yives rise to the expres-

that had been pre-equilibrated with 0.067 M phosphate gjgp-

buffer (pH 7.2) containing the required free concentration
([S]) of coenzyme (0, 5 or 2QM). Protein eluted at the void
volume was diluted with more of the same buffer-NADH

solution to give the required enzyme (analyte) concentration

[A]. The same buffer-NADH solution, which corresponds
to the diffusate in equilibrium dialysi§26], was used

to pre-equilibrate the column of trinitrophenyl-Sepharose

(0.9cmx 9.5cm) to be used for the quantitative character-
ization.
On the grounds that NADH is a competitive inhibitor of

analyte adsorption to the affinity matrix, the lactate dehydro-

genase was regarded as being tetravalgnt(4) in order

to take into account the existence of a nucleotide-binding
domain on each subunit of the tetrameric enzyme. Analy-

sis of the results according t8q. (11)is summarized in

Fig. 4, where the open symbols refer to chromatography
of lactate dehydrogenase in the absence of NADH. The es-

sential linearity of this plot signifies that interactions be-

tween sites on the enzyme and the affinity matrix are de-

scribed adequately by a single binding constdfitx() of
1.5x 10* M~1 and an effective total concentration of immo-
bilized affinity sites (K]) of 28 wM. Furthermore, because

a constant value of [S] applies to each series of data in the

presence of NADH (solid symbols iRig. 4), these depen-
dencies should also be linear with slofigx = Kax /(1 +
Kas[S]), whereKax is a constitutive binding constant for
the analyte—matrix interactio27]. Although the slopes of
the plots reflecting competitive binding of NADH are not

as well defined as that of the plot for enzyme alone, advan-
tage can be taken of the obligatory identity of the abscissa

intercept, P(] /4, for all three data sets. A binding constant
(Kas) of 1.3 x 10° M~ for the interaction of NADH with

Vag — g’ Kas[S]
Va)S! — v 1 Kax[(Va)o/ VRV =D/ [A]
(14)
which simplifies to the form
(Va)o— (Va)s  Kas[S] (15)
(Va)s— Vi 14 Kax[A]

for a univalent analyt¢13]. Analysis of data for the other
competitive situationKig. 1b merely requires the substitu-
tion of Ksx for Kas in Eq. (15)

The application of this alternative approach is illustrated
by considering the results of a frontal chromatographic study
of the competition between glucose and cytochalasin B for
immobilized red cell glucose transport@9]. Analysis of
the concentration dependence of the elution volume for cy-
tochalasin B (the analyte A) in terms Bf. (11)with f =1
yields values of # x 10’ M~ for Kax and 134 nM for K]

(Fig. 59. Interpretation of the elution volumed/a)s for
1nM cytochalasin B as a function of glucose concentration
in terms of Eq. (15)gives an estimate of 29,200M for
Ksx/(1+ Kax[A]) from the slope ofFig. 5h and hence

a binding constant of 29,600M for the competing inter-
action of glucose with immobilized red cell glucose trans-
porter. A comparable value of 26,000 was obtained by
analyzing the results according to the relationship:

1 _ 1+ Kax[Al (1 Kax[AD?
Va)o— (Va)s VAKax[X] = VXKaxKsx[S]

which was an earlier recommended procedure for determin-

(16)

rabbit muscle lactate dehydrogenase is obtained from the deing Ksx (or Kax) [4,28]. This procedure is inferior to that

pendence of the constitutive binding constant upon NADH
concentration.

applied inFig. 5binasmuch as the magnitude E&x/(1 +
Kax[A]) is obtained as the ratio of the ordinate intercept
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Fig. 5. Characterization of the interaction between glucose and immobi-
lized red cell glucose transporter by a frontal chromatographic study of
the glucose-facilitated elution of cytochalasin B. (a) EvaluatiorKak

from results obtained in the absence of glucosg.[(11)with f = 1].

(b) Determination ofKsx for the corresponding glucose interaction with
immobilized red cell glucose transporter Vi&y. (15) (data taken from
[29]).

to the slope of the dependence g{@a)o — (Va)s] upon
1/[8].

3.2. Zonal affinity chromatography

The measurement of binding constants by the zonal pro-
cedure, termed analytical affinity chromatograg], en-
tails the application of a small zone of analyte solution to a
column pre-equilibrated with buffer—ligand mixture and its
elution with more of the same buffer—ligand mixtiiga. Al-
though the method enjoys much greater popularity than its
frontal counterpart, the dilution that occurs during zonal elu-
tion (Fig. 6) precludes the rigorous application B&. (11)

D.J. Winzor/J. Chromatogr. A 1037 (2004) 351-367
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Fig. 6. Elution profiles obtained in zonal chromatography of rat
liver lactate dehydrogenase (0.1ml, 180nM) on a 10ml column of
10-carboxydecylamino-Sepharose equilibrated witaM8 (1), 10uM

(M), 15uM (O) and 18.M (@) NADH. Expression of the ordinate scale

in terms of the applied enzyme concentration emphasizes the extent of
dilution that has occurred during zonal chromatography (data taken from
[25]).

tent of affinity site immobilizatiorj20]. Such use of highly
substituted affinity matrices was initially considered unsat-
isfactory for the determination of binding constafs31],

but that objection reflected the reciprocal linear transform
of Eq. (17)being used for a system with = 1, namely,

N 7 VXKas[S]
[Va— Vil Kax[X]  Kax[X]

(18)

which allowsKas to be determined as the ratio of the slope
to the ordinate intercept of the dependence A — Vx)
upon [S] Fig. 79. Kas is thus undetermined when the or-
dinate interceptV, /(Kax[X]), becomes indistinguishable
from zero because of a larg¥][value. This difficulty can
be avoided20] by using an alternative linear transform of

Eq. (17)
o \Uf B o\ Yf
(%) — 1= Kax[X] — Kas[S] {(%) - 1} (19)
A A

whereuporKas is obtained directly from the slop&f Kas)
of the dependence o¥/p — V) upon (Va — V;)[S] for the
system withf = 1 (Fig. 7b.

Zonal affinity chromatography thus also affords a reliable
means of characterizing ligand binding in situations where

because of the consequent inability to assign a magnitudethe assumed identity of [X] an] is likely to be a reason-

to [A]. It is therefore necessary to neglect thg ferm in
Eqg. (11) which then becomes:

Kax
1+ Kas[S]

Use of this truncated form dq. (11)entails the assumption
that the total concentration of immobilized affinity siteX]{[

is an adequate estimate of their free concentration ([X])—an
approximation that obviously improves with increasing ex-

Ta/VOY, —1~ { } X 17)

able approximation. In that regard its strength is the ability
to yield the analyte elution volumé/g) in an environment

with defined free ligand concentration [S] that is used for
column pre-equilibration and elution. This feature has ren-
dered possible the simultaneous determination of binding
constants for the interaction of NADH with the five isoen-
zymes of lactate dehydrogenase by zonal affinity chromatog-
raphy of a crude mouse-tissue extract on oxamate-Sepharose
[32], a matrix is selected because of the unique specificity



D.J. Winzor/J. Chromatogr. A 1037 (2004) 351-367 357

0.24 1.2 ] 4 I

0.9 -

{TAVIAD - 1}
(=)
[22]
]
|
{IAVIADo - (AVIADSH(AVIADs - 1)
N
T
I

=)
\.h

o
»

2
(a) [S] (mM) 0.3f— —

80 .

0 I 0 |
0 0.5 1.0 0 0.5 1.0

@) (AI-A) @M) (b (S] (M)

Fig. 8. Characterization of the lysozyme-glucose interaction by means of
partition equilibrium studies of lysozyme adsorption to Sephadex G-100.
(a) Scatchard plot of results for lysozyme in the absence of ligand.
(b) Evaluation of the binding constank{s) for the lysozyme—glucose
interaction by the application dq. (20)to results obtained with 8,3M
enzyme (A]) and a range of glucose concentrations (data taken frdin

0 | |
10 15 20 25

(b) (Va - Va®)[S] (umol) ciently high concentration of a competing ligand to mini-
mize the interaction of A with immobilized affinity sites, X;

- ) gy . or from extrapolation of such analyte distribution data to in-
amidine and trypsin by zonal affinity chromatography maminobenz- L . .
amidine-Sepharose. (a) Original analyfd] in terms of Eq. (18) (o) 1nite ligand concentration (1S] — 0). For a univalent an-
Reanalysig20] in terms of Eq. (19) (data taken fron{31]). alyte the resulting values of\] and [A] are then analyzed

according toEgs. (4a) and (4bin order to determin&ax .,

[X] and Kas (or st).
of the immobilized pyruvate analog for binary lactate dehy-  Although the partition of lysozyme into Sephadex is
drogenase complexes. Whereas ligand-facilitated elution of gt usually regarded in terms of affinity chromatography,
analyte is the usual situation in affinity chromatography, the the anomalous gel chromatographic behavior of lysozyme
formation of ternary ASX complex in the above example on Sephadex G-10(B3] can be eliminated by including
affords an example of ligand-retarded elution. The retarda- N-acetylglucosamine or glucose in the buffer medi4h
tion of galactosyltransferase fromlactalbumin-Sepharose  Thjs suppression of lysozyme adsorption to the Sephadex
by N-acetylglucosaming?] is another example where the matrix reflects competition between monosaccharide and
biospecific interaction with immobilized affinity sites in-  matrix affinity sites for the single active site of the

Fig. 7. Characterization of the interaction betweg@raminobenz-

volves an analyte—ligand complex. enzyme—the situation depicted schematicallfig. 1a
Because the theory of quantitative affinity chromatogra-
3.3. Partition equilibrium studies phy was being expressed in terms of column paramgtgrs

the concentration distribution of analyte in those partition

A simple partition equilibrium study entails the prepa- equilibrium studies of the lysozyme—Sephadex—glucose sys-
ration of separate mixtures containing known amounts of tem were used to evaluate parameters sudfdghe elution
affinity matrix and analyte, A: some mixtures also contain a volume corresponding toA]) and V,, the elution volume
known amount (concentration) of competing ligand, S, to al- of enzyme in the absence of matrix interaction (the counter-
low the evaluation of the second equilibrium constagtq part of [A]). The value of 10.62 ml foV; [4] is reinstated
or Ksx) as well aKax . After equilibration of the mixtures  to allow direct interpretation of those partition equilibrium
to establish chemical equilibrium at the temperature of inter- studies in terms oEgs. (4a) and (4b)
est, a sample of each supernatant is obtained by filtrgdijon Results obtained with slurries of Sephadex G-100 (0.4 9)
or centrifugation[6] at the same temperature. The concen- in 12 ml acetate-chloride buffer (pH 5.4, | 0.1) containing
tration of analyte in the liquid phaseA], is then obtained  0.35-3.35g lysozyme are presentedrig. 83 which sig-
by dividing the amount of added analyte by, the volume nifies a binding constanKpy) of 1.2 x 18 M1 for the
accessible to analyte. This parameter may be obtained frominteraction of enzyme with matrix affinity sites present at
the distribution of analyte in a mixture containing a suffi- an effective total concentratioX] of 0.99 wM. Because the
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second series of experiments entailed measurement of the

lysozyme distributiorL_in reaction mixtures with a fixed en-
zyme concentration f] = 8.3 M) and a range of glucose
concentrations, the results are analyzEw).(8b) in accor-
dance with the counterpart &qg. (15) namely:

(Al/[ADo — (A/IADs _ __ KnslS]
((Al/[ADs ~ 1 (1+ Kax[Als)

in which [A] ranged between 7.5 and &M (mean
7.8uM). Combination of the slope (3.08™) with the
mean value of 10.4 fofl + Kax[Al]s) signifies a binding
constant of 32 M for the lysozyme—glucose interaction.

A disadvantage of these simple partition experiments is
the need for precise control over the amount of affinity ma-
trix added to each reaction mixture. Meeting this require-
ment posed no great difficulty in the above stidlybecause
of the availability of the affinity matrix (Sephadex G-100)
as a dry powder. However, it can be difficult to accomplish
in situations where the affinity matrix needs to be dispensed
in the form of a concentrated slurf6].

The presence of identical amounts of affinity matrix in
all reaction mixtures can sometimes be ensured by switch-
ing to a recycling procedurd={g. 99 in which the liquid
phase from a stirred slurry of affinity matrix passes through
an analyte-monitoring device before its return to the slurry
[5,34]. After equilibration of the slurry with buffer, the ad-
dition of an aliquot of stock analyte solution gives rise to a

(20)

progressive change in the monitored analyte concentration in

the liquid phase until a time-independent (equilibrium) value
is attained Fig. 9h upper trace). Combination of that value
of [A] with the total analyte concentration.deduced from the
amount of analyte added then yields dipA] —[A]), [A]}
combination. Further additions of stock analyte solution can
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Fig. 9. Studies of ligand binding by the recycling partition procedure
[5,34]. (a) Schematic representation of the assembly. (b) Form of the time
dependence of monitor response resulting from the stepwise addition of
aliquots of analyte (upper trace) and competing ligand (lower trace) to
the stirred slurry.

Time

then be made to generate the whole data set for characteriz-

ing the analyte—matrix interaction in termskfx and [X].
Successive aliquots of a stock solution of competing ligand
(S) can then be added to provide results for the calculation
of Kas or Ksx, the equilibrium constant for the competing
interaction Fig. 9b lower trace).

As noted above the advantage of this recycling procedure
is that the amount of affinity matrix is invariant for the whole

the interaction between antithrombin (a univalent analyte)
and heparin-Sepharof§@4]. The results of recycling exper-
iments (pH 7.4, 25C) involving progressive supplemen-
tation of a heparin-Sepharose slurry with antithrombin are
summarized inFig. 10a which yields a binding constant
(Kax) of 6.8 x 108 M~1 for the interaction of antithrombin
with immobilized affinity sites, present initially at an effec-

series of reaction mixtures. However, because the total con-tive total concentration KJo) of 2.2uM.

centration of matrix sitesq] necessarily decreases because
of the increase iV with each addition of analyte (or lig-
and), allowance needs to be made for this dilution factor. On
the grounds thaVx[X] = (V3)o[X]o, results can be related
to the initial matrix-site concentratioiX]o by means of the
volume ratioV, /(V)o, Where the accessible volume at any
stage of the stepwise titratiow[) is greater than its initial
value, (V)o, by the product of the number of aliquots) (
with volume3dV that have been added to the slurry:

Va = (Va)o +néV.

Application of the recycling partition procedure is illus-
trated by a study of the effect of high affinity heparin on

Because the competition data had been obtained by suc-
cessive additions of ligand (high-affinity heparin) to the
antithrombin-supplemented slurry, the constitutive equilib-
rium constant for the analyte—matrix interactidtyx (see
Fig. 4), was calculated for each step from the expression:

% (Al - [A]

T ATV (Voo Xlo — [A] + [AD

In order to determin&as by the method adopted Fig. 4h
account must be taken of the fact that the free heparin
concentration, [S], differs from its total concentratio8],[
which is the parameter directly available to the experimenter.
The abscissa employed in the analysis of the current results

(21)
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Fig. 11. Scatchard plots inferred from measurements of radioactivity
associated with the beadj and the liquid phase@®) in a commercial
solid-phase radioimmunoassay (T3 RIAbead) for triiodothyronine (data

IE taken from[8]).

3 100~ -

i . . L .

c', interactions. In principle, expressions sucheas. (4a) and
(4b) [or Eqg. (7) and Eq. (22)could be used for the anal-
ysis of solid-phase immunoassays (radioimmunoassay or

l | ELISA). However, difficulties arise becaus¥][is so small
% 2 4 6 in comparison with A] that [A] becomes indistinguishable
(b) [SI-(Q- NAYQ (uM) from the total_analyte (antibody) concentration. On the

_ o . . _ o ~grounds that @] — [A]) cannot therefore be deduced from
Fig. 10. Characterization of the interaction between high-affinity heparin the extent of analyte depletion in the quuid phase proce-
S) and antithrombin (A) by recycling partition equilibrium studies (pH . . '

) (%) by recycling p d ¢ q dures need to be devised for direct measurement of the

7.4, 25°C) with heparin-Sepharose as the affinity matrix. (a) Scatchar ) ” = ] )
plot for the evaluation ofax from data for antithrombin alone. () ~ concentration of immobilized antibody—antigen complex.

Determination ofkas by the application ofEqg. (21)to Kax values for This requirement is met in solid-phase immunoassays by
heparin-antithrombin mixtures (data taken fr¢s4]). removal of antibody from the liquid phase in order that the
(Fig. 10 reflects the relationshif27]: con_centra_tion of complexed antibody can be monitore_d_by
_ radioactivity measurements on the solid phase (radioim-
(0 -1 f[A] 0= Kax 22) munoassay) or by means of an enzyme conjugated to the
0 ’ ~ Kax second antibody directed against the fixed (Fc) region of
the first enzyme-linked immunosorbent assay (ELISA).
Inasmuch as the measurement of equilibrium concentra-
tions by isolation of the complex from reaction mixtures
contravenes the basic tenets of thermodynamics, this facet of
solid-phase immunoassays is clearly a cause for concern. A
commonly used approach has entailed the use of cold buffer
for the washing steps in an attempt to decrease the rate of
complex dissociation. However, it is better to maintain the
equilibration temperature but vary the isolation regimen to
(0 — 1)Kax [,K] Y = Ksx{Kax [,&] 1/f[§] establish independence of the result upon factors such as
=4 —1 the number and volume of washing stdB<]. In that re-
—(@-DIAIY (A"} (23) gard a situation involving an inadequate washing regimen
which signifies determination dfsx as the slope of the  was encounterel@] in a commercial radioimmunoassay (T3
dependence ofQ — 1)Kax[A]Y/ upon{Kax[A]Y/[S] — RIAbead) for triiodothyronineKig. 11). These solid-phase
(0 = DAY —[A]¥)} [27,35]

[S]=[S]-

for situations whereKas is the binding constant for the
competing interaction: a binding constant o4 % 10’ M1

is obtained from the slope dfig. 10h The corresponding
analysis of systems in whicksx describes the competing
interaction is slightly more complicated because of the dis-
tribution of total ligand concentration across both phases (as
S and SX). Specifically, results for that competitive situation
need to be analyzed in terms of the expression:

3.4. Radioimmunoassay and enzyme-linked immunosorbent L A similar situation is encountered in the use of microaffinity chro-
assay techniques matography for detecting protein—protein interacti{88]. However, there

is no theoretical basis for the assertion that the dissociation constant
e . . . (1/Kax) may be estimated as one-twentieth of the minimum concentration
The quantification of immunochemical reactions has of immobilized ligand (K]) required for observable retention of analyte

posed problems because of the strength of antigen—antibodyy the affinity matrix.
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immunoassays were conducted in accordance with the rec-

ommended instructions, except that the radioactivity of the
liquid phase at equilibrium was measured as well as that as-
sociated with the washed bead. Whereas the curvilinear form
of the Scatchard plot inferred from radioactivity measure-
ments on the washed bead)(seemingly signifies hetero-
geneity of the immobilized antibody sites, it actually reflects
incomplete removal of unreacted antigen from the bead—a
deficiency of the recommended procedure that is revealed
by the Scatchard data based on the equilibrium distribution
of radioactivity between the two phases)(

The fact that X] is so small compared with the total
concentration of antibody (analyte) in ELISA_procedures
simplifies matters by justifying the substitution éf][for [ A]
in quantitative expressions. Furthermore, this simplifying
situation (X] <« f[A]) validates the approximation that
antibody interaction with immobilized antigen is restricted to
1:1 complex formatiof¥,9,35] A series of experiments with
a range of antibody concentrations and a fixed concentration
of immobilized antigen sites suffices for the determination
of Kax from the expressiofo]:

(1A] - [ADo

Alo = fKax [X] — fKax ([A:\] —[ADo

(24)

where the zero subscript denotes a measurement made in

the absence of competing antigen. As noted abd\f, is

an acceptable approximation &][p in the ordinate param-
eter of the Scatchard plot. A second series of experiments
is then conducted with constamt][and [X] but a range of
concentrations of soluble antigen, [S]. The ratio of the con-
centration of matrix-bound antibody in the absence of S to
that in its presencg[A] — [A])s, is given by[9]:

(A —[ADo _
(A - [ADs

Kas[S]

~ Kas[S]
1+ fKax [A] A

1+ fKax[A]
(25)

The linear dependence of the ratio of bound antibody con-
centrations upon [S] thus defines the magnitud& gf/(1+
fKax[A]); and hence, by incorporation of th€xx value
from the first series, the binding constdys for the inter-
action of soluble antigen withequivalent and independent
sites on the antibody.

Application of this procedure to solid-phase immunoas-
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Fig. 12. Quantitative characterization of the interaction between paraquat
and an elicited monoclonal antibody by ELISA. (a) Analysis of results for
the monoclonal IgG in the absence of antigen accordingdgo(24)with

([A] —[A])o measured by means of horseradish peroxidase attached to the
anti-Fc antibody. (b) Evaluation of the IgG-paraquat binding constant by
the application ofEq. (25)to results obtained in the presence of 24nM
antibody and a range of paraquat concentrations (data taken[8)m

of competing antigenHig. 123. Its combination with the
slope,Kas/(1+2Kax[A]), of the data for mixtures contain-
ing 24nM 1gG (JA]) and 0.05-1QuM paraquat Fig. 128

yields aK of 2.7 x 10° M~1 for the interaction between un-

modified paraquat and its elicited monoclonal antibfgly

3.5. Biosensor technology

Although solid-phase radioimmunoassay and ELISA

say data on the interaction between paraquat and a mon+techniques continue to be used widely for the characteriza-

oclonal antibody (IgG) elicited in response to this uni-
valent antigen is summarized iRig. 12 which refers

to results with paraquat immobilized on the surface of
ELISA plates [9]. Concentrations of bound antibody,
([A] — [A])o are expressed in terms of absorbances that re-

tion of immunochemical interactions, they will presumably

be replaced gradually by biosensor methods, which have
the advantage of monitoring the concentration of bound
analyte, (A] —[A]), in an unperturbed equilibrium mixture

of analyte and immobilized affinity ligand. Equilibrium

flect catalysis by horseradish peroxidase conjugated to themeasurements of analyte binding in the BIAc§8&] and

anti-immunoglobulin antibody used for quantifying bound
antibody concentration. An intrinsic binding constant of
5.9 x 10° M~1 for the interaction of bivalent antibodyf (=

2) with immobilized paraquat is obtained from the slope
(—2Kax) of the Scatchard plot of results in the absence

BIOS-1 [38] instruments are analogous to frontal affinity

chromatography. Thus, a solution of partitioning analyte
flows across the affinity matrix, located on the base of a
capillary microchannel, until the concentration of analyte
in the liquid phase attains its injected valuBig. 133.
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Fig. 13. Thermodynamic studies of ligand binding by biosensor technol-

ogy. (a) Schematic representation of the time dependence of biosensor re- 0 l :

S : . 0 80 160 240
sponse in either a microfluidics-based (BlIAcore) or cuvette-based (IAsys) — —
instrument:Re denotes the equilibrium response. (b) Investigation of the (b) 2[s] - (@ - NAKQ

interaction between apocarboxypeptidase A and a specific monoclonal
antibody by stepwise titration in an IAsys cuvette with immobilized an-
tibody on the sensor surface (data taken frigty).

Fig. 14. Characterization of the interaction between dimeric interleukin-6
(S) and the soluble form of its biospecific receptor (A) by means of a
BlAcore biosensor with immobilized cytokine as X. (a) Evaluation of
Kax by the application ofEqg. (26) (b) Determination ofKas for the

On the other hand, the characterization of analyte inter- interaction between receptor and interleukin-6 in solution (data taken from

actions by means of the 1Asy89] and IBIS[40] instru- (10D

ments is more akin to partition equilibrium studies in that

complex formation on the sensor surface occurs at the

expense of the analyte concentration in the liquid phase.responses for concentrations of bound analyte has been jus-

The time course of biosensor response retains the formtified experimentally by demonstration of their direct pro-

shown inFig. 133 but the time-independent respon&)( portionality in optical biosensors based on surface plasmon

refers to the concentration of immobilized AX complex resonanc@3]and resonant mirrdB89]technologies. Appli-

in_equilibrium with a liquid-phase analyte concentration cation of this expression to BlAcore results obtaifs@] for

([A] — [AX]) rather than A] (the initial value). This ne- the interaction of the soluble form of interleukin-6 receptor

cessity to take into account the disparity betweahdnd with interleukin-6 immobilized on a carboxymethyldextran

[A] = [A] — [AX] tends to be regarded as a disadvantage sensor chip is shown iRig. 143 which signifies a value of

of cuvette-based biosensors. However, that disadvantage2.4 x 10’ M~ for Kax and a maximal matrix capacity for

is offset by compatibility of the instrumental design with analyte corresponding to 2200 response uiittg)(In order

the conduct of stepwise titratiorj41] (Fig. 138. Indeed, to obtain an equilibrium constant for the cytokine-receptor

this feature has been deemed sufficiently advantageousnteraction in solution, receptor solutions supplemented

to warrant adaptation of the BlAcore-X flow-cell instru- with interleukin-6 were flowed across the same sensor

ment into a recycling equivalent of a cuvette-based systemchip to obtain the constitutive analyte—matrix binding con-

[42]. stant, Kax = Kax/(1 + Kas[S]). Because the ligand
Thermodynamic analysis of measurements obtained with concentration available to the experimenterS$, the free

a flow-cell-based biosensor for a univalent analyte is basedinterleukin-6 concentration pertinent to ea€lvalue needs

on the expression: to be determined by a counterpartked. (22)that takes into
Re Kax Kax account the bivalence of the dimeric interleukin-6. The con-
— = —"__ ' Rn—{—--——1R 26 sequent evaluation dfas is shown inFig. 14k the slope
(A {1+ KAS[SJ} " {1+ KAS[SJ} « (0 s s g. 14b the siop

of which yields a binding constant of&x 10’ M~ for the
in whichRe andRy, are the respective responses correspond- interaction between receptor and unmodified interleukin-6
ing to ([A] —[A]) and [X] in Eq. (4a) Such substitution of  [10].
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4. Extension of the approach to high-performance
affinity chromatography

-
[
o

kalA] = (IA] - [A]) (uM)

The use of high-performance affinity chromatography as
a means of determining binding constants for protein—drug
interactions is a rapidly growing field (reviewed [h5]).
A protein, frequently serum albumin, is immobilized on a

6o~

rigid chromatographic matrix such as modified silica to al- 0 ] I

o : . : 0 4 8 12
low monitoring of a protein—drug interaction by the extent (@ Al M)
to which elution of the drug is retarded. Competitive bind- 360
ing studies with a range of other drugs are then conducted s [ I 1‘:
in order to compare binding strengths on the basis of the f /
decreased extent of retardation of the drug whose interac- 1< ]
tion is being monitored. Although such studies are encom- "<_'_ 1801~ /;7-
passed by the situation depictedkig. 1h their analytical = M e
treatment has been developed independently of the theoret- ,% ‘ p 9_/__ ———————
ical expressions already available in the context of conven- = - ] I
tional quantitative affinity chromatography. The purpose of % 10 20 30
this section is to reconsider the analysis of high-performance (b) (Al (uM)
affinity chromatography results in the light of present the- 3.0 T T
ory; and thereby to correlate the quantitative treatments.

<
4.1. Drug interaction with a single class of immobilized 'S 20
affinity sites <
The experimental parameter derived from high-performance

affinity chromatography is the retention factor for analyte, 1.0
which is defined in present terminology as: ) [S] (uM)

Fig. 15. Studies of albumin—drug interactions by high-performance affin-
ity chromatography on a column with immobilized albumin as affinity
ligand. (a) Dependence of the concentration of boRaBuprofen upon

- % . . . _its concentration in the liquid phase. (b) Corresponding dependence for
where7a and I are the respective retention times corre Sibuprofen @), together with those for its interaction with sites acces-

- ia—ty Y
a=2 A2y 27)
Ia Va

sponding toVa El_ndV/f{. FromEq. _(Gb)it follows that frontal sible to theR-isomer (---) and the residual binding requiring quantitative
chromatographic data for a univalent analyte may be ana-description {J). (c) Characterization of the interaction of S-ibuprofen
lyzed quantitatively in terms of the expression: that competes with th&-isomer for immobilized albumin sites by zonal

chromatography oR-ibuprofen in the presence &ibuprofen Eq. (31)

{Kax/(1+ Ksx[SDHXI[A] (data taken fronf44]).

1+ {Kax /(1 + Ksx[SD}A]

ka[A] = ([A] —[AD =

(28) obtained by using the double-reciprocal linear transform of
Eq. (28) [44]

which should suffice to describe the interaction of a small

drug with equivalent and independent sites on the immobi- 4.2. Allowance for heterogeneity of immobilized affinity

lized serum albumin. sites

The above situation has been encountered in an investi-

gation[44] that reports retention factors obtained by zonal =~ Because serum albumin is often the immobilized ligand,

chromatography oR-ibuprofen on an albumin affinity col-  consideration needs to be given to the possibility that analyte

umn pre-equilibrated with a range of concentrations of the (drug) binds to more than one class of binding sites. For

same drug. Although determined by zonal elution, the value equivalent and independent binding of analyte to two classes

of ka effectively refers to the retention factor in a frontal of site on immobilized ligand the counterpart Bf. (28)

chromatography experiment with the applied drug concen- becomes:

tra}tion equal to the pre—equilib_rating concentratiof])[of —— KiXI[A]  Ka(q/p)[XI[A]

R-ibuprofen. Those results fé&-ibuprofen (Table 1 of44]) ka[A] = Tr KA T KA

are therefore analyzedFig. 153 in terms ofEq. (28)with +K[A] +KAA]

[S] = 0. The binding constank(x) of 5.8 x 10° M1 and where K1 and K, denote the respective intrinsic binding

an effective column capacity X[) of 121uM were also constantgd18] for the interactions of analyte with andq

(29)
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sites of each class on the immobilized albumin. This is es- sites (- --,Fig. 150; and hence, by difference, delineation

sentially the approach adopted in high-performance affin- of binding data for the additional uptake Sfibuprofen by

ity chromatographyl5,44], except that theq{p) factor was the albumin affinity column({, Fig. 158. In that regard, the

omitted. essential linearity of the dependence precludes any quanti-
The counterpart oFig. 15adeduced from thea val- tative assessment of this second phenomenon in terms of

ues forSibuprofen on an albumin column pre-equilibrated ligand binding.

with the same isomer (Table 2 ¢44]) is shown H) in

Fig. 15k which clearly deviates from the simple rectangular 4.4. Binding parameters for the drug-albumin interaction

hyperbolic dependence observed Ribuprofen Fig. 153. in solution
Furthermore, the concentration of drug bound by the col-
umn ([A]) exceeds that for th&-isomer—an observation AlthoughKax andKsx have been considered to describe

that signifiesS-ibuprofen interaction with sites additional to  the respective interactions of drugs with serum albumin, they
those accessed WRribuprofen. Before any attempt is made actually refer to drug interactions with a chemically modi-
to analyze the form oFig. 15bit is advantageous to glean fied (immobilized) derivative of albumin. This potential de-
more information from the competitive binding studies re- ficiency of the high-performance affinity chromatography
ported in[44]. approach has been recognized in the sense that attention
has been drawn to the agreement between valukgpfor
4.3. Determination of binding constants from competitive Kgx and their counterparts from studies of the correspond-
binding experiments ing albumin—drug interactions in solutidi5,47,48] The
fact that no attempt seems to have been made to characterize
As well as containing the retention times already con- the solution-phase interaction by high-performance affinity
sidered, Tables 1 and 2 d#4] also include those for  chromatography is surprising inasmuch as quantitative affin-
zones of one ibuprofen isomer (A) on an albumin column ity chromatography was devised for that specific purpose
pre-equilibrated with a range of concentrations [S], of the [4,5,13,14,27,28]The following procedure should serve to
other. This second series of experiments thus conforms withrectify that current deficiency of high-performance affinity
the standard protocol for the determination of binding con- chromatography for the characterization of albumin—drug
stants by zonal affinity chromatograpf8]. For situations interactions.
in which the pre-equilibration drug (S) competes for all Whereas competitive binding studies in high-performance
immobilized affinity sites accessed by the analyte (A), the affinity chromatography have previously involved a second

results require analysis in terms of the expression: reactant with affinity for the immobilized ligand (the situa-
Ve tion represented iRig. 1b), the use of serum albumin as the
. Kax[X] : : oo
(kn)s = —————= (30) second reactant has the potential to provide quantitative in-
1+ Ksx[S]

formation on the competing interaction in the solution phase
which is the counterpart dEg. (17) Upon noting that the  (the scheme depicted Kig. 19. Inclusion of albumin in the
retention factor measured in the absence of competing ligandapplied mixture decreases the measured retention factor for
((ka)o), affords the magnitude oKax[X], Eqg. (30) may drug, (ka)s, because of the decreased concentration of free

also be written as: drug that is available for reaction with immobilized albumin

(ka)o sites X. Specifically, the measurement (éf)s by frontal

s 1+ Ksx[S] (31) chromatography of a mixture of drug (A) and albumin (S)
A)S

with composition (7], [ S]) allows the free drug concentra-
This completely competitive situation is thus recognized by tion, [A], to be calculated from the expression:
a linear dependence bﬁ/kA upon [S] that also defines the

; OA . ~ Kax[X
magnitude oKsx. A similar dependence applies to systems (ka)s[A] = % (32)
in which analyte only binds to one of the classes of site + Kax[Al
accessible to the pre-equilibrating ligaj#b,46]. However, provided thatkax and the effective total concentration of

the value ofKsx obtained by this means refers only to the immobilized albumin sites ([X]) have already been deter-
interaction of the second drug with the class of sites to which mined from chromatographic experiments on drug alone.
A binds. Alternatively, the dependence ¢fa)o upon drug concen-

In the context ofig. 15 the greater capacity exhibited by tration in the absence of competing albumin may be used
the albumin affinity column fo&-ibuprofen signifies thatthe  as a calibration plot to define the free analyte concentration
application of this approach 1@a)s values forR-ibuprofen in the solution phase on the basis @ )s for a reaction
in the presence of the other isomer affords acce&ssiofor mixture with total drug concentratio®\]. Such a procedure
the interaction of S-ibuprofen with the class of immobilized has been illustrated in the biosensor variant of quantitative
sites to which thd&R-isomer bindsFig. 159. Knowledge of affinity chromatography10].
this binding constant (8 x 10* M~1) allows construction Knowledge of [A] for a solution-phase mixture with com-
of the binding curve for occupancy of this class of matrix position (JA], [S]) allows calculation of the conventional
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binding function for drugr, as:

_A-A

33
5] (33)

A series of frontal chromatography experiments with a fixed
albumin concentration §]) and a range of drug concentra-
tions (J[A]) should thus generate a binding curweviersus
[A]) equivalent to that which could have been obtained by
equilibrium dialysis. Evaluation of binding parameters by
curve-fitting the binding data to the expression:

. PK1[A] aKa[A]
14+ Ki[A] 1+ KA

(34)

then has the capacity to yield estimatesppfg, K; and

Ko that refer unequivocally to the stoichiometries and
strengths of the interactions between drug and serum al-
bumin in solution—the information really being sought in
high-performance affinity chromatography. 0 5 10 15 20

(b) rJAI** (nmolig)

. . . Fig. 16. Multivalent Scatchard analysesg[. (33] of results obtained in
5. Interactions of glyCOIytIC enzymes with muscle partition equilibrium studies of the interactions of glycolytic enzymes with

myofibrils skeletal muscle myofibrils (pH 6.8, | 0.16). (a) Results for aldolase taken
from [6] (@) and [7] (A). (b) Results for glyceraldehyde-3-phosphate
In most studies considered so far, the affinity matrix has dehydrogenase in the absenég)(and presence®) of aldolase (data
merely afforded a means of characterizing a biospecific in- taken from{7]).
teraction in the liquid phase by quantitative affinity chro-
matography. In the biological environment, however, there ofibrils under conditions physiological with respect to ionic
are many naturally occurring phenomena wherein the bipha-strength.
sic distribution of a solute (analyte) between soluble and  Because there is no means of ascertaining beforehand
adsorbed states reflects biospecific complex formation with the magnitude of X], the effective molar concentration
components embedded in the cellular/subcellular matrix. of matrix affinity sites for each myofibril-enzyme slurry,
This section concludes with a demonstration of the mannerthe matrix concentration can be expressed initially on a
in which the same theoretical expressions (or adgptgtionsmass-concentration basisy. Furthermore, experiments
thereof) may be used to advantage for the characterization ofmay be considered as ligand-binding studies, whereupon it
these naturally occurring examples of affinity chromatogra- is appropriate to examine the results in such terms. For an
phy. The interaction of glycolytic enzymes with the muscle f-valent partitioning solute (analyte) the binding function,
myofibrillar matrix is selected for this purpose. r}, is defined7,19] as:

5.1. Interaction of aldolase with the myofibrillar matrix rp = (A1 — [A)Y) ex (35)

|and the counterpart of the Scatchard expresstan [17])
becomes:

Studies of the interaction between aldolase and skeleta
muscle myofibrils provided an early example of simple par-
:Elon_eqwl_lbrllv_lm_expenments being used to characterize r, _ Kax K [N D7 (36)

e biphasic distribution of proteins in terms of quantitative —[A] i —l/Mx AXTy
affinity chromatography theof]. Those studies were con- B
ducted at a stage when there was considerable interest in thevhere 1My, the counterpart ofX], is the matrix capacity
concept that a myofibril-bound complex of glycolytic en- (mol/g) for analyte (partitioning solute).
zymes afforded an efficient means of regulating metabolic  Results[6,7] for the interaction of aldolase with rab-
flux to meet the continually varying energy requirements of bit skeletal muscle myofibrils (pH 6.8, 1 0.16) are summa-
the muscle cel[49,50] Much of the evidence purported to rized in Fig. 16a which is based on a valence of four for
favor the concept of glycolytic enzyme adsorption to mus- this tetrameric enzyme. Analysis of the results in terms of
cle thin filaments had been restricted to qualitative demon- Eq. (33) with f = 4 signifies an intrinsic binding con-
strations of interactions at low ionic strength. The following stantKax of 360,000 M ! and an effective matrix capacity
studies thus represented the first attempt to establish the ex{l/Mx) of 76 nmol/g for the aldolase—myofibril interaction
istence of interactions between glycolytic enzymes and my- (Fig. 169. These studies thus provide credible evidence for
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30 | T Fig. 16bfor aldolase and glyceraldehyde-3-phosphate de-
hydrogenase, the myofibrillar interactions of aldolase and
lactate dehydrogenase are mutually exclusive (competitive).
This is demonstrated iRig. 17k which plots results for the
binding of lactate dehydrogenase (analyte A) in the presence
= of an equal concentration of aldolase (competing ligand S)
in accordance with the expression for competitive interac-
tion, namely[45]:

0.3
Zr[X] — Ksx ) ( rsIX]
0.20 I T NEG KaxIX] + (K_AX> ([A] 1/f>
- = ZrX]
. kel = 18- 2400 (372)
=
'% Z = 1+ fKax [A]Y/[A] Y- D/F (37b)

These results clearly conform with the linear dependence

0.05 1 l predicted byEq. (34) and the value of 260,000M for
-0.04 -0.03 -0.02 -0.01 Ksx that is obtained from the slop&gx/Kax with Kax =
(b) (ral XVIAT™)Kax([X] - 4[S]} - Zr*[XVIA]"™ 110,000 M1) essentially duplicates théax of 240,000 that

is obtained fronfig. 17afor the aldolase—myofibril interac-
Fig. 17. Partition equilibrium studies of the interactions of glycolytic tion. Such evidence of competition between glycolytic en-

enzymes with cardiac muscle myofibrils (pH 6.8, 1 0.16). (a) Multivalent forth trix affinity sit | | fi th
Scatchard plots of results in separate studies with lactate dehydrogenasezymes or the same matrix afiinity sites clearly questons the

(M) and aldolase ®) as analyte. (b) Binding of lactate dehydrogenase CONcept of glycolysis being effected by a complex attached
(A) in the presence of an equal concentration of aldolase (S), the resultsto the myofibrillar matrix.
being plotted according t&q. (34) (data taken fron{45]).
5.3. Metabolite-effected desorption of aldolase from
the binding of aldolase to the myofibrillar matrix as a phys- myofibrils
iologically significant phenomenon.
The concept of a functional myofibril-bound complex
5.2. Myofibrillar interactions of other glycolytic enzymes  of glycolytic enzymes was dealt a further blow by impli-
cations that the active site of aldolase is involved in its
The demonstration of aldolase interaction with the my- myofibrillar interaction. The possibility of active-site in-
ofibrillar matrix under conditions physiological with respect volvement in aldolase adsorption was first suggested by
to ionic strength was followed by similar evidengd of close correspondence between the magnitud&af de-
myofibrillar interactions with glyceraldehyde-3-phosphate duced for phosphate competition in partition studies and
dehydrogenase, another tetrameric enzyme. Myofibrils ex-the 1K, for competitive inhibition of the enzyme-catalyzed
hibit the same capacity but a stronger affinitfak = cleavage of fructose-1,6-bisphosphg@k More substantive
510,000 M1y for this enzyme ©, Fig. 168. Furthermore, evidence was provided subsequeiffi§] by the demonstra-
the essentially identical binding characteristics for the inter- tion that myofibrils inhibited competitively the hydrolysis
action between glyceraldehyde-3-phosphate dehydrogenasef fructose-1,6-bisphosphate by aldolaBey(189. Further-
in the presence of aldolas® (Fig. 16h signifies indepen-  more, there was again good agreement between the partition
dence of the two binding phenomena. equilibrium Kax) and enzyme kinetic (ki) estimates of
The binding characteristics of aldolase have also beenthe binding constant for the aldolase—myofibril interaction
compared with those of lactate dehydrogenase in studies[51]. Any direct involvement of myofibril-bound aldolase in

with myofibrils from bovine cardiac musclgl5], which glycolysis is thus precluded. Instead, active-site involvement
exhibit the same capacity (76 nmol/g) but a weaker affin- in the interaction of aldolase with myofibrils signifies the
ity for glycolytic enzymes. Whereakax = 360,000 Mt likely release of the enzyme into the cytoplasm in response

for the aldolase interaction with skeletal muscle myofibrils to increased glycolytic flux.

(Fig. 163, the corresponding value for cardiac muscle my-  Additional aldolase desorption from the myofibrillar ma-
ofibrils is only 240,000 M (@ in Fig. 173 where the bind- trix is effected by the increase in &€aconcentration that
ing is expressed in terms of the conventional binding func- triggers muscle contractiorFig. 180. This inhibitory ef-
tion,r ¢, by incorporation of the myofibrillar capacity N ). fect of C&t on the myofibrillar adsorption of aldolase is
A smaller binding constan&(ax = 110,000 M) describes demonstrably non-competitivs2]—a finding consistent
the interaction of lactate dehydrogenase with these myofib-with C&* binding by the troponent component of thin fila-
rils (M, Fig. 179. In contrast with the situation observed in ments rather than the tropomyosin, to which aldolase binds
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100 I I to encompass the characterization of interactions with an
extremely broad range of equilibrium constants — below
10°M~1 [4,5] to greater than oV —1 [40].

The fact that there are different methodological ap-
proaches to quantitative affinity chromatography allows an
50— = experimenter to choose a protocol that is most suited to the
particular system under study. There is a choice between
elution volume measurements in either zonal or frontal
chromatography, as well as between concentration mea-
0 I { surements in either the liquid phase or the solid phase in

0 20 40 60 partition equilibrium studies. In situations where amounts
(a) 1/[S] (mM™) of materials are limited, the technique that is most sparing
of the reactant in shortest supply can usually be selected
without compromising the quality of binding information
obtained. In particular, advances in methodology for data

1/v (min/umol)

0.4 T I

~ capture now allow column chromatographic experiments to
'%L be conducted on a micro-scale that was not envisaged at the
g ] time of the theoretical developments in quantitative affinity
=z chromatography.

2

Finally, as illustrated irBection 5 developments in quan-
titative affinity chromatography over the past 30 years have
the potential to improve our approach to understanding
ligand-mediated changes in the subcellular distribution of
= solutes between soluble and particulate states in the phys-
(0) ro Al iological environment. Because of its biospecificity, the
Fig. 18. Effects of metabolites on the interaction between aldolase and INtéraction between solute and particulate receptor may be
skeletal muscle myofibrils. (a) Lineweaver—Burk plots of the kinetics of regarded as a naturally occurring example of affinity chro-
aldolase-catalyzed cleavage of fructose-1,6-bisphosphate in the absencgnatography in the cellular environment; and may therefore
(©) and presence®) of myofibrils (2.08.M) (data taken fron{51]). (b) be studied quantitatively by means of the theoretical ex-

Multivalent Scatchard plots of partition equilibrium results showing the . . e . .
effect of C&+ concentration on the aldolase-myofibril interactio)( pressions developed in the context of quantitative affinity

zero, @) 10pM, (H) 25uM, (A) 100pM Ca?t (data taken fronf52]). chromatography.

0.3
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