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Abstract

The use of the Hummel and Dreyer method to measure binding parameters of ligand—macromolecule associations is reviewed. The possibility
to determine the number of binding sites and their association constants, even in the case of low affinity, and to control the free ligand
concentration as an independent variable are the main advantages of the method. The conditions of the validity are rapid equilibrium kinetics,
independence between ligand binding and macromolecule association, and identical retention rates between free and bound macromolecules
Initially developed on soft gels, the method has been applied to high-performance chromatography and capillary zone electrophoresis.
Technical progress such as increase in resolution, detection sensitivity, and automation have improved its utilization. The binding parameters
given by the Hummel and Dreyer method are in general similar to those obtained by other techniques, in comparable experimental conditions
(equilibrium dialysis, ultrafiltration, frontal elution, vacancy peak method, vacancy affinity capillary electrophoresis, retention analysis,
affinity chromatography and affinity capillary electrophoresis, physical methods). The choice between these methods is directed by material
availability and practical constraints. Separation by new types of chromatographic columns or by capillary zone electrophoresis would enable
the study of the simultaneous binding of different drugs on the same macromolecule and their competition.
© 2003 Published by Elsevier B.V.
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1. Introduction O.D. (313 nm)

The study of macromolecule—ligand binding character- 0010
istics is a problem of practical interest for biology and
medicine. The levels of free drugs in plasma (or their avail-
ability from a loosely bound state), on which depend the
therapeutic effects, are determined by the affinities of the
proteins (mainly albumin) for these drugs, and their knowl-
edge is important for deciding their dosage. On the other
hand, the saturation of biological receptors by specific small
molecules (hormones, neurotransmitters) can be described 0.005 -
by the same models.

A lot of very different methods have been developed
to solve this problem. They have been already reviewed,
in particular by Sebille et alf1], Oravcova et al[2], and
Busch et al.[3]. A few of these methods involve previ-
ous separation of the constituents (filtration, precipitation,
chromatography), which may disturb their mutual equilib-
rium. Those which do not require this step include physical
methods, which make use of specific properties of the
macromolecule—ligand systems (UV or IR spectrophotom-
etry, fluorescence emission, circular dichroism, magnetic
resonance), and analytical methods in which equilibrium is
preserved. Among the latter, are equilibrium dialysis and
different chromatographic methods, including that devel-
oped by Hummel and Dreyd#], which is the subject of
this review. 0.005 0 2 4 6 3 10

The principle of the Hummel and Dreyer method is as ]
follows: a known quantity of a macromolecule (purified time (min)
or not) is injected qn a size eXC|US_IO,n chromatography Fig. 1. Hummel and Dreyer type chromatogram obtained for a sample of
column and eluted with a buffer containing a constant con- 15 5| of HsA solution (2 g/l) in eluting solution; eluent, warfarin solu-
centration of ligand. An amount of ligand, determined by tion 0.5x10~® M in phosphate buffer (pH 7.4); flow-rate, 0.5 ml/min; tem-
the dissociation constant(s) of the equilibrium and the free perature, 37C; support, Glycophase G, 100 A. Reprinted from R&f.
ligand concentration, binds to the macromolecule and mi- ] ] )
grates with it, while a trough in the ligand concentration, "eStin [20] for Ca*, BSA and bovinex lactalbumin for

corresponding to the quantity withdrawn from the solvent, SP* [21], collagen for PB* [22]. _
migrates at its proper rat€ig. 1). In these conditions, the The Hummel and Dreyer method has been also applied

macromolecule and the complex(es) remain in equilibrium 0 the study of miscellaneous equilibria:

with the ligand during the separation and no dissociation  enzymes and substrates or inhibitf423—25]
occurs, even in the case of weak associations. tubulin and calmodulifi26] or antimitotic agent§27,28],
Because of this interesting feature, this method has been polysaccharides and flavour compourfi2d],

used for numerous drug binding determinations in biochem-  cyclodextrins and vitamin B-compound80], steroids
istry and medicine. The most studied has been that of the [31] and various drugfs?],

anticoagulant warfarin on human (HSA) or bovine (BSA)  |ipocalin proteins and biogenic aming8] or nucleotides
serum albuminj1,4-9] The affinities of several other drugs [34],

for these proteins have been determined by this method, in  cytochrome P450 and steroif5].

its original or modified form: furosemid®,10], ceftriaxone
[10,11] B2-blocker ICI[10], phenobarbital and phenytoin
[12], phenylbutazondl], carvedilol[13], buspirone[14].
The binding of different drugs has also been investigated on
glycosylated HSA15] and ona; acid glycoprotein (AGP)

0.000

P~
-

2. Theoretical aspects

According to the multiple equilibria theory, the reversible
binding of a ligand on a macromolecule is governed by the

[10,13,16] .
Cation-binding capacities of particular proteins have equation(36,37}
been examined by this method: melanotropic-lipolytic pep- i=m niKi(A;)

tide IIF for C&t, Mg?t, Nat, Kt [17], calcimeding18], F=
calcium-binding proteins from porcine livgd9] and ar- i=1
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where7 is the mean number of moles of ligand bound per [
mole of macromoleculg(A;) the free ligand concentration,
n; the number of independent sites of clask; their asso-
ciation constant with the ligand, ama the total number of
classes.

In order to obtain valid binding parameters by this -

(W]
o
-

Y10

formula, the equilibria between the constituents must be 3
continually established throughout the chromatography. E
As protein—ligand binding associations are very rapid, the -
dissociation process is generally rate limiting. It has been —
estimated that the half-life of the complex dissociation must l§

be less than 5-10% of the elution time, for assumption of
“instantaneous equilibratiorf38]. It is the case for instance
with the warfarin—albumin binding8]. The shape of the
vacancy peak can also give information on the kinetics of
the dissociation: asymmetry and broadening of the peak =
mean that the kinetics may be too slow.

During the chromatography, the protein peak is diluted Fig. 2. Scatchard plot for warfarin—-HSA bindin@, Hummel and Dreyer
several times (3—10 times according to the conditions). The- Method: 4, vacancy peak method. Reprinted from Réf.
oretically, the protein concentration does not play any role
in the binding ratio. However, self-association of protein has the free concentration is measured and contributes to the
been shown to interact, in certain cases, with protein—ligand imprecision of the results.
binding [39,40] The apparent affinity constants of certain The parameters of binding are often estimated from the
drugs for HSA or BSA may then increase with decreasing Scatchard transformatioR/(A versus) (Fig. 2). In the most
protein concentration. We have verified that the quantity simple case (one class of sites with association conktant
of ADP bound by the chloroplast ATPase CF1 was strictly the representation @f/ A versusr is a straight line of nega-
proportional to the injected amount of sample, thus that the tive slope—1/K. A graphic method has been proposed to re-
bound ratio remained constant with varying protein concen- solve the problem in more complex systef#€]. It must be
tration [41]. In order to have constant plateaus of protein noted that the non-linear regression programs cannot be ap-
concentration, instead of peaks, Brumbaugh and Ackersplied to the Scatchard transformation, because experimental
[42] injected large volumes into the column. The influence error is present in the abscissa, instead of being exclusively
of macromolecular association on small ligand binding has in the ordinatg47]. Bound versus free ligand concentrations
been analysed by Cann and Hinman from a theoretical should be curve fitted directly, without transformation, by
point of view [43]. It has been concluded that the Hummel non-linear least square prograf@3.
and Dreyer method was well fitted for quantitating ligand  Aninternal calibration has been proposed by Hummel and
binding and guidelines have been drawn for interpretation Dreyer: the same amount of macromolecule is injected with
of non-classical elution profiles. increasing amounts of ligand, in the same total volume. By

The binding of a ligand on a protein does not change plotting the surface of the ligand peak (at first negative, then
generally its chromatographic retention volume, so that the positive), over the excess content of ligand (relative to the
two forms comigrate and the equilibrium is maintained. content in the same volume of eluent), the amount of bound
However, this condition is not necessarily fulfilled with ligand is obtained by zero extrapolatioRig. 3). We have
small acceptors which can enter the gel matrix. A theoreti- verified, in the case of the ADP binding on the chloroplast
cal study has been developed by Cann ef4d] for these ATPaseg[41], that this value was independent of the volume
situations. The steady-state binding constant obtained byinjection. This protocol has been simplified by Pinkerton
the method is different from the thermodynamic equilib- and Koeplinger[8]: the bound ligand concentration was
rium constant. Moreover, when the separation is achievedmeasured by simple subtraction of blank injection (same
by capillary zone electrophoresis, the mobility of the com- volume of buffer) from the ligand trough. The vacancy ar-
plex is often different from those of the constituents. The eas obtained from the blank injections with different ligand
consequences on electrophoretic profiles and binding con-concentrations provided the external calibration. The two
stant measurements of the differences in relative mobility methods have been compared by Sun et al. for the determi-
values have been described by computer simulation, by nation of warfarin[7] and tryptophan—albumif8] binding
Busch et al[45]. parameters, the areas being evaluated by different tech-

A particular advantage of the Hummel and Dreyer method niques (planimeter, geometry, integrator). They have been
is the control of the free ligand concentration, on which found to give reasonably accurate results, the external cal-
depends the bound protein ratio, as an independent variableibration method being superior for its simplicity and speed.
In other methods, the total ligand concentration is fixed, On the other hand, the bound drug amount can be measured




54 G. Berger, G. Girault / J. Chromatogr. B 797 (2003) 51-61

+50~
@ 2ee] |®
z 3
3 «
2 E ieed I W,
o
s 0 | £
5 3
C - a4
S a R A
e .
5 T -100-
3
8 -501-
a -200-
< B B
o
2 ] 1 2 3
5 Time (min)
= Excess of wg‘r;fcrm concentration of somple/
100 eluent (x107°M) Fig. 4. Hummel and Dreyer chromatographic profile obtained with 5 cm

ISRP column from the injection of 50l of 54.8 WM HSA (trace B) into
Fig. 3. Internal calibration for binding of warfarin to HSA. Peak area (at 3 mobile phase containing 40,8V warfarin (W) and 60.6uM buprofen
313 nm) as a function of the excess (relative to eluent concentration) of (1) in 0.067 M phosphate buffer; flow-rate, 2 ml/min; temperature®@5

warfarin injected with 3.2107*% mol of HSA into the column; eluent,  race A is from injection of 50ul of 0.067 M phosphate buffer blank.
5x10°5 M warfarin in phosphate buffer (pH 7.4). Reprinted from Ref. Reprinted from Ref[8].
[5].

Anion-exchange TSK DEAE 2SW columns have been
used to study the simultaneous binding of ADP and ATP
on chloroplast ATPasg4]. These two ligands, with iden-
tical spectra and similar sizes, are easily separated on
anion-exchange columns. Two troughs are visible in Hum-
mel and Dreyer profiles, corresponding to ADP and ATP
binding, which can be measured by successive or simul-
taneous calibrationHig. 5. On the other hand, the free
and complexed protein are held at the head of the column
and are not eluted between successive injections. They do

in the positive peak when the detection technique allows to
distinguish the ligand (for instance when it is labelled) from
the protein: the binding of furosemin@9] or lidocaine
[50] to plasma proteins, of dodecylsulfate to alburfbi],

or of tropolone to tubulin[52] have been determined in
this way.

3. Madifications of the method

3.1. Chromatographic methods

The original Hummel and Dreyer method was developed
on soft gel columns and the separation was based on size ex-
clusion. The adaptation to HPLC has greatly improved the
resolution and the rapidity and reduced the injection and elu-
tion volumes, which is advantageous in the case of expen-
sive products. Moreover, computer-controlled mobile phase
delivery systems with low volume syringes have facilitated
the use of the method and made it more reprodudgjle ‘ ‘ ‘

Size exclusion chromatography cannot separate small A/DP
molecules of similar size and competition between them
cannot always be studied in this way, unless they can be
distinguished by their spectrum or any laffeg]. In order to
resolve this problem, other types of columns have been tried.

In internal surface reversed-phase type columns (ISRP)
[8], a tripeptide (Gly—Phe—Phe) is covalently coupled,
through the N terminus, to glyceropropyl groups bonded
on the internal surface of a porous silica packing. On b
the external surface, phenylalanine is cleaved, using car-
boxypeptidase A, leaving the hydrophilic glycine. Drugs of
low molecular mass are able to enter the pores of the silica
and interact with the hydrophobic phase, while large serum
proteins are excluded and recovered with high yield, owing Fig. 5. Chloroplast ATPase—ADP binding measurements in the pres-
to the hydrophilic external surface. The determination of the €nce of ATP. (a) Chromatographic profile of ATPase-ADP mixture on

bindi f fari HSA in th f a displ an anion-exchange column equilibrated with X389 > M ADP and
inding ot warfarin on In the presence of a displacer, ) 44, 10-5 m ATP. Conditions: Tris buffer, 7510-% M, pH 8.5; injected

ibuprofen, has been carried out on this type of colysin ATPase 1.55 nmol, (1) alone, (2) with 1.01 nmol ATP, (3) with 2.02 nmol
(Fig. 4. ADP. (b) ADP peak versus ADP excess. Reprinted from IRef].
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migration time (min.)

not intervene in the following binding measurements, since
they are in equilibrium with the ligand when a new baseline
is establishedl]. It has been verified that the binding of
ADP alone, measured by the Hummel and Dreyer on a size ft
exclusion column, was identical to that measured on an PROTEIN FRACTION
anion-exchange column, in the same conditions of elution
(ionic strength and pH)Fig. 6). This means that the bind-
ing of the constituents on the DEAE groups of the column
does not modify the equilibria between them. However, the
conditions of the drug binding study (generally, in neutral
or slightly alkaline buffers of physiological ionic strength)
impose the choice of the anion-exchange column (length, ) , ) ) ) A .
nature and percentage of ionic groups) in order to have a 0 2 R 6 8 10 12 14
good resolution with acceptable retention times. It may be migration time (min.)

difficult to achieve this compromise.

. ; Fig. 7. Representative electropherogram &S¢carvedilol interaction
In the large zone modification, large volum f ligand— " . i i
€ large zone odification, la ge volumes ot figa d with human AGP (1Qumol/l). Capillary electrophoresis conditions: con-

prof[ein miXtureS_ are injeCted so that platea_us of concen- centration of R9-carvedilol.HCI in running buffer, 2Qumol/l; 75 pm

tration are obtained, instead of peaks. This method hasuntreated fused-silica capillary (effective lengtB0 cm); hydrodynamic

been used for the determination of binding ofSron injection (20 s, 20 mbar), applied voltage 20 kV, °@5 detection at

BSA and lactalbumif21] and of PB* on collagen[22], 210 nm; injected sample: mixed solution of AGP arRiS¢tcarvedilol

by inductively coupled plasma atomic emission spectrom- With drug-protein molar ratigD - P) = 1 (a) and(D = P) = 2.5 (b).
. e - Reprinted from Ref[13].

etry (ICP-AES). This modification was also proposed by

Brumbaugh and Acker§42] to avoid eventual modifica-

tion of ligand binding due to protein dilution during the However, some precautions must be taken, such as the

chromatography. control of the temperature inside the capillary, which can
be 10°C higher than outsid¢53], or the daily flushing
3.2. Electrophoretic methods and treatment of the capillary, to avoid blockage and to

limit protein adsorption on the walls. If irreversible ad-

In this technique, the electrophoretic mobility replaces the sorption of HSA may occur, when added to the buffer
elution rate Fig. 7). This method was developed rapidly, as [53,54] the amount of BSA adsorbed in the case of the
soon as the capillary electrophoresis systems were commerHummel and Dreyer method is small and has a negligi-
cially available, because of its high efficiency, its rapidity ble effect on the calculation of the binding parameters
and flexibility, the possibility to easily automate and to study [3].
simultaneously the binding interactions of different drugs  Peak areas rather than peak heights must be measured,
with proteins or mixture of proteins, in practically physio- because of their deformation, due to slow kinetics and not
logical conditions and at the nanogram level. to adsorption.
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Fig. 8. Simulated concentration-position profiles for the Hummel and Dreyer method, abscissa in position (1 and 2) in capillary. Injection marked by
(). Assumptions: (A)uc= wup> up; (B) uc> up> up; (C) uc < up> up. Ps, free protein;Ds, free drug;C, complex. Reprinted from Ref45].

Sensitivity of the method was initially rather low, due to dilution. This phenomenon has been shown minimal for war-
the short optical path length of the detector cells. Improve- farin binding when the BSA concentration was kept below
ments of the detection limit have been obtained by the use50 uM [9].
of commercially available high sensitivity optical cells with Binding of warfarin[3,9] and of buspirong¢14] on BSA,
Z-shaped capillary55], or by laboratory bubble cell capil-  of carvedilol[13] on HSA andaj acid glycoprotein have
lary [56]. been studied by the chromatographic Hummel and Dreyer

Contrary to what is generally observed in the chromato- method and its capillary electrophoresis modification. The
graphic method, the mobilityu(c) of the complex C is not  two modes of separation have been compared with warfarin
always identical to tha(p) of the free proteirP;. Computer on HSA[9] and carvedilol on AGH13] and gave similar
simulations Fig. 8 [45]) show that whernuc > up> up binding constants and number of sites.

(wherepup is the ligand mobility), the area of the negative

peak is too large and the concentration of free ligénd

within the migrating zone oP, is higher than in the buffer 4. Comparison with other binding
Dpuff- This leads to deformation and broadening of that zone, measurement methods

and the average velocity & becomes a function of its own

concentration, via its influence on thi® value. WhenDs The Hummel and Dreyer method has been compared
and Dpyif are assumed equal, the calculated binding con- with other binding measurement methods such as dialysis
stants are overestimated. In contrast, when< up > up, equilibrium, ultrafiltration, frontal analysis, vacancy peak

the area of the vacancy peak is too low, and a second neg-method, affinity chromatography and the corresponding
ative peak is visible, which migrates with the mobility of capillary electrophoresis methods, with regard to their ad-
P. In the migrating zone oP, the concentration of the free  vantages and drawbacks. However, the comparison of the
ligand is lower than in the buffer. In this case, the binding binding parameters is sometimes difficult, because of the
constants are underestimated. Only when= up, the free differences in experimental conditions.
ligand concentration and the concentration in the buffer are
equal and the constants calculated from the multiple equi- 4.1. Equilibrium dialysis
libria formula are correct.

As in the case of the chromatographic method, compe- It was the first method used to study the binding of low
tition between protein self-association and ligand binding molecular mass ligands to macromolecules and it remains
may lead to an increase of apparent binding constants withstill employed because of its easiness and cheapness. A
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Table 1
Binding parameters for warfarin~HSA and BSA
Method ny ky na ko > niki Experimental Refs.
x10° L/IM x10° L/IM x10° LM conditions
Hummel and Dreyer 1.3 2.2 3.8 4.2 HSA, 7 [5]
chromatography 1 3.3 21 20.3 HSA, 25 [8]
1 25 4 3.9 HSA, 25C [7]
external calibration
1 3.6 4 8.3 BSA 7
Hummel and Dreyer 0.7 1 3.2 6.7 BSA, 256 [9]
electrophoresis 10 kV
Ntotal=3.02
Kiotai=0.12 BSA, 10 kV [3]
(mean values)
Frontal analysis 1.2 2.1 HSA, 3T [5]
chromatography 14 2 3.7 2.2 HSA, & [68]
Frontal analysis 1.2 15 2.3 5.1 BSA, 25 10 kV [9]
electrophoresis (mean values)
1.3 14 2.6 4.1 BSA, 10 kV [3]
(mean values)
1 3 2.8 7.4 3.2 BSA, 10 kV [3]
Vacancy peak 2 0.7 2.7 14 BSA,26 [9]
electrophoresis 10 kV
1.9 0.7 21 15 BSA, 10 kv [3]
Retention analysis 3.25 HSA, 3T [69]
Frontal affinity 2.1 0.87 HSA, 4C [66]
chromatography Monomer immobilized
2.1 0.82 Dimer immobilized [66]
Zonal affinity 2.7 BSA, immobilized [63]
chromatography 3.7
4.4 HSA immobilized [67]
3.3
VACE 1 13 23 1.9 BSA, 10 kV [3]
electrophoresis
Affinity capillary Kiotal from Different concentrations [3]
electrophoresis 0.02 to 0.55 of BSA, 10 kv
Equilibrium 1 14 2 18 HSA, 4C [70]
dialysis 1 2.3 3.7 6 HSA, 37C [71]
2 0.9 4 6.7 HSA, 27C, 0.1M Tris buffer [72]
1 47 1 15 HSA, 25C [73]
Ultrafiltration 19 0.9 HSA, 37C [74]
Fluorescence titration 1 25 2 11 HSA, 22 [75]

semi-permeable membrane separates the free ligand from Comparisons have been made with the Hummel and

the mixture of free and bound protein. There is no shift of Dreyer method for the binding of ceftriaxorj@l1], war-

equilibrium when equal aliquots are taken from both sides farin [7,8], phenobarbital and phenytoji2] on HSA, of

of the membrane. The experimental conditions are close toC&" on arrestin[20], of steroids (progesterone andel?7

those of the therapeutic assays (high protein content as inprogesterone) on cytochrome P4%86] and of antimi-

plasma). As the constituents are in equilibrium, low affinity totic agents on tubulif28], and similar results have been

binding sites can be theoretically measured, but this possi-obtained.

bility is limited by the precision of the difference of ligand OnTable 1 the binding constants of warfarin on albumin,

concentrations between the two compartments. given by different methods, are compared: in the case of
The main drawback of the method is the time necessary equilibrium dialysis, the mean values of the numbers of sites

to reach equilibrium (several hours). The volume of the pro- and affinity constants are similar to those obtained by the

tein compartment increases during dialysis because of themethod of Hummel and Dreyer (respectively, = 1.25

osmotic effect, so that the dialysis time must be reduced, and 1.07k; = 5.5x10° LIM and 2.9x10° L/M, n» = 2.7

or high molecular dextran must be added in the free lig- and 3.5k» = 11.4x 10° L/IM and 9.2x10° L/M, > niki =

and compartment. On the other hand, impurities present in5.9 x 10° L/IM and 3.3x10° L/M). The slight discrepancies

the membrane may bind the ligand, and corrections must bemay be ascribed to the differences of temperature, ionic

brought to the drug concentrations. strength or to the nature of the albumins (HSA or BSA).
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4.2. Ultrafiltration constant concentration of protein is advantageous when the
drug solubility is low or when the extent of binding depends
Free ligand is separated from free and bound macro- on protein association. However, large amounts of protein
molecule by filtration under pressure through a permselec-and ligand are used, which is expensive and reduces the life-
tive membrane. A large number of samples can be easily andtime of the columns. Moreover, tailing makes difficult the
rapidly handled and small amounts of protein are needed. Asdetermination of the free drug plateau. Irreversible adsorp-
molecules of solvent and of free ligand cross the membranetion of HSA used as a running buffer additive occurs on
at different rates and as this effect is exaggerated at highera glass wall in capillary electrophoregis3]. On the other
pressures, the pressure gradient must be maintained closéand, in capillary electrophoresis, there is no systematic in-
to zero. In these conditions, the arbitrary restrictions of the fluence of the separation voltaf8.
volume fraction ultrafiltered are unnecessary and the equi- The binding parameters of the warfarin—-HSA primary
librium is unaltered, even when the protein concentration site measured by the chromatographic frontal analysis
increases almost twofolfb7]. Practically, the ultrafiltrate  are in agreement with those of the Hummel and Dreyer
volume does not exceed 40% of the initial sample volume, method, under similar conditions, but there are discrep-
because of the increase of viscosity. Compared to dialysisancies concerning the second de8]. Comparisons be-
equilibrium, experimental times are reduced. tween these two methods have been carried out for the
The free fractions of phenobarbital and phenytoin in the calmodulin—tubulin associatioj26] and, as mentioned
presence of HSA, determined by ultrafiltration, are compa- above, for the study of drug affinity of glycosylated HSA
rable to those obtained by the Hummel and Dreyer method [15]. In capillary zone electrophoresis, frontal analysis
[12]. The influence of glycosylation of HSA on the binding curves obtained with warfarin on BSA are reproducible and
of different drugs has been investigated in parallel by the the binding constants fit well with those of the Hummel and

two methods and by frontal analygis5]. Dreyer method: mean values of = 1.2, k1 = 2 x 10°
L/IM, np = 2.6,kp = 55x 10° LIM, Y nik; = 2.4 x 10°
4.3. Zonal chromatography L/M (instead of, respectively, 1.07, 240° L/M, 3.5,

9.2x10° L/M, 3.3x10° L/M, see above).

In certain cases, binding measurements are carried out af-
ter separation of the constituents. It is then assumed that the4d.5. Chromatographic and capillary electrophoresis
equilibrium is not modified by the separation step, which vacancy peak methods, vacancy affinity capillary
is not necessarily true, especially when the association con-electrophoresis (VACE)
stant is not sufficiently high: in the hypothetical case of a
complex which obeys first order kinetics during dissocia-  Sebille etal[1,6] have proposed the vacancy peak method
tion and associates at the rate of M1 s1, the loss of (called equilibrium saturation method), in which the macro-
binding during separation reaches 10% in 0.1 s for an as-molecule and the ligand are in constant equilibrium in the
sociation constant of POM~1 or in 1 s for 10 M~ [58]. eluent on a size exclusion column. A small volume of buffer
Separation techniques must be extremely rapid in the cases injected, which produces two troughs: the first negative
of loosely bound complexes, which is prejudicial to their ef- peak expresses the deficit of protein and complex (which
ficiency, in particular for zonal chromatography. Thus this have generally the same retention rate in size exclusion chro-
method cannot be used with drug protein associations with matography), the second one is that of free ligand. One of

constants inferior to 0M~1 [1]. the components is varied, the other is kept constant. The
mean number of molecules of bound ligand and the binding

4.4. Chromatographic and electrophoretic parameters can be obtained both from the area of the sec-

frontal analysis ond peak and from its retention volume. The two ways have

been shown to be equivalent. The bound ligand ratio remains

A mixture of drug and protein is pumped into a size ex- constant during chromatography, even when it depends on
clusion column or a capillary glass, until saturation. Because protein association. Here too, the constant concentration of
of differential migration, plateaus form as the large sample protein allows the use of low solubility drugs, which is an
reaches the outlet. The free ligand is measured from the lastadvantage over the Hummel and Dreyer method. The possi-
eluting plateau. When the retention rates or the mobilities of bility to study the competitive binding of ligands at the same
the free protein and that of the complex are identical (which site, if the column can separate the different constituents, is
is generally the case in size exclusion chromatography), all another advantage of the method. However, it requires large
the species are in equilibrium, and the height of the plateau amounts of protein and drug.
of the eluting free drug reflects the correct concentration in ~ Warfarin binding on HSA has been measured by Sebille
the injected samplg5]. If this condition is not fulfilled, and et al. and compared to that given by the Hummel and Dreyer
as for the Hummel and Dreyer method, the concentration of method [6]. The same comparison has been performed
the free drug is not constant in the protein migrating zone by the electrophoretic technique by Busch et[8]. with
and the binding parameters are over- or under-estimated. ABSA. n1 values have been found significantly higher (mean
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value 1.95) and affinity constants lower than with the other evaluating association constafé?,63] The binding con-
methods. stants of different drugs on BS&4] or HSA[62] (reviewed

In the vacancy affinity capillary method (VACE), the shifts in Ref. [1]) or on B-cyclodextrin polymerf32] have been
in the migration times are monitored, instead of the peak found similar to those obtained by other methods, including
areas[3,45,59] The ligand concentration is variable in the the Hummel and Dreyer method: mean valuéof;; for
normal VACE, while the protein is variable in the reversed the warfarin—albumin modet 3.52x10° L/M, compared to
mode. The plot of the mobility of the drug in the presence 3.32x10° L/M, Table 1 However, the properties of immo-
of protein, versus the total drug concentration contains both bilized proteins may be different from those in solution. The
information on the absolute number of binding site®afhd affinity interaction of immobilized HSA for phenylbutazone
on their association constants, while mobility of the protein is somewhat larger than that measured in soluf&ij. On
in the presence of drug enables to obtain only binding con- the other hand, Nakano et al. have shown that, in the case of
stant value$59]. However, computer simulations show that, BSA linked to agarose through a six-carbon sp§é4t, the
even when the mobilities of the free protein and of the com- binding properties are identical to those of the soluble pro-
plex are identical, the area of the drug vacancy peak in thetein. With this method, the determination of the association
migrating zone ofP does not reflect the free drug concen- constants of different drugs and their competition is possi-
tration in the buffer, because drug is also generated by dis-ble with reduced consumption of proteins, when the same
sociation of the complefd5]. As a result, the values found column can be used.
for the binding constants are too high. The error depends on The affinity capillary electrophoresis (ACE) method re-
the differences in the ligand, protein and complex mobili- lates the changes of electrophoretic mobility of the injected
ties and can be minimized by small buffer injectida$]. component to the concentration of the other component in
The free drug concentration can be calculated from the total the buffer. The experimental conditions are either identical
concentration and from binding parameters, estimated in anto those of the Hummel and Dreyer method or to those of re-
iteration step, and the calculated mobilities are compared totention analysis, but the mobility of each free constituent is
the observed values. With multiple equilibria, assumptions assumed to be different from that of the complex. Only bind-
must be made, concerning the change in mobility (for in- ing constants can be determined by this method, the number
stance, in proportion to the number of ligands). Compari- of binding sites has to be determined from other methods
son of binding parameters measured by this method and byof measurement. Here also, in the case of successive bind-
that of Hummel and Dreyer has been given by Busch et al. ings, assumptions must be made concerning the change of
[3]: in the case of the binding of warfarin on albumin, the mobility with increasing complexation (in proportion to the
numbers of sites are similar, but the binding constants arenumber of ligands, for instance). Another drawback is the

smaller. fact that, in the migrating zone of the injected component,

the free concentration of the other component cannot be di-
4.6. Retention analysis, affinity chromatography and rectly measured. The buffer concentration is usually taken
affinity capillary electrophoresis (ACE) as an approximation, which introduces a systematic error. It

can be minimized by decreasing the injected amount. Com-

Contrary to the Hummel and Dreyer method, in chro- parison of ACE with Hummel and Dreyer and other binding
matographic retention analysis, the concentration of macro-measurement methods shows similar data5].
molecule is maintained constant in the eluent, and a small
amount of ligand is injected. The retention volume of the 4.7. Physical methods
drug (positive peak) is a function of its concentration, of
the concentration of protein, and of the affinity constants. Besides these methods, physical techniques, based on the
The total affinity)_ n; K; is obtained from the difference be- physical effects of the binding (calorimetry) or on the mod-
tween the drug retention volume in the absence of protein ifications of the properties of the constituents (fluorescence
and the limit of this volume when the concentration of the emission, UV, IR absorption spectroscopy, circular dichro-
drug tends to zero, at known protein concentration. It must ism, NMR) have been used to determine the binding con-
be verified that this limit exists for low enough injected drug stants. These methods are indirect and involve assumptions
amountg1]. This method, originally described by Uekama which are not always checked. Comparisons with the chro-
et al.[60], was developed by Fujimura et §.1]. The value matographic or electrophoretic methods are rare. Associa-
of warfarin—albumin binding constant obtained by thisway is tion constants of different drugs witB-cyclodextrins[32]

similar to that of Hummel and Dreyep{ n;k; = 3.25x 10° determined by the Hummel and Dreyer method have been
L/M, compared to 3.3210° L/M, Table 9. The sameresult compared to values obtained by physical methods and the
has been found with the model steroid—cyclodex{8m]. binding of nucleotides on chloroplasttATPase by various

Here too, large amounts of macromolecule are required.  physical techniques has been revieWétl]. In the case of

In the affinity chromatography, the macromolecule is im- the warfarin—albumin model, there is a good agreement be-
mobilized on the support and the ligand binding is studied tween the fluorescence titration and the Hummel and Dreyer
by zonal or frontal elution. Equations have been given for method:n; = 1,k1 = 25 x 1P LM, ny = 2,ky =
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11 x 10® L/M, compared to, respectively, 1.07, %20°
L/M, 3.5, 9.2<10° L/M (Table J).

5. Conclusion

The example of the warfarin—HSA or BSA binding shows

that the Hummel and Dreyer method gives similar values to

G. Berger, G. Girault / J. Chromatogr. B 797 (2003) 51-61

[11] J. Mohler, A. Meulemans, M. Vulpillat, J. Chromatogr. 528 (1990)
415.

[12] J.W. Melten, A.J. Wittebrood, H.J. Willems, G.H. Faber, J. Wemer,
D.B. Faber, J. Pharm. Sci. 74 (1985) 692.

[13] J. Oravcova, D. Sojkova, W. Lindner, J. Chromatogr. B 682 (1996)
349.

[14] M. Markuszewski, T. Frackowiak, R. Kaliszan, Acta Pol. Pharm. 58
(2001) 319.

[15] K. Koizumi, C. Ikeda, M. Ito, J. Suzuki, T. Kinoshita, K. Yasukawa,
T. Hanai, Biomed. Chromatogr. 12 (1998) 203.

those of other classical methods, in the same experimentalg) L. soltes, B. Sebille, J. Liq. Chromatogr. 17 (1994) 2207.
conditions. The choice may be guided by the material avail- [17] D. Rudman, R.K. Chawla, J. Pharmacol. Exp. Ther. 197 (1976) 402.

ability and the practical constraints of each circumstance.

[18] J.K. Mathew, J.M. Krolak, J.R. Dedman, J. Cell Biol. 32 (1986) 223.

ing, which is less exposed to artefacts than indirect physical
methods and its main advantage is the control of the free

[20] K. Palczewski, P.A. Hargrave, J. Biol. Chem. 266 (1991) 4201.
[21] A. Sandier, C. Amiel, B. Sebille, J.C. Rouchaud, M. Fedoroff, Int.
J. Biol. Macromol. 24 (1999) 43.

ligand concentration as an independent variable, on which[22] |. miksik, z. Deyl, J. Herget, J. Novotna, O. Mestek, J. Chromatogr.

depends the bound site ratio.

852 (1999) 245.

However, some critical factors may affect the accuracy [23] G. Girault, G. Berger, J.M. Galmiche, F. Andre, J. Biol. Chem. 263

and the reproducibility of the results and must be carefully
controlled: the temperature of the mobile phase, in chro-

matography[31], or inside the capillary, in electrophoresis

(1988) 14690.

[24] G. Berger, G. Girault, J.M. Galmiche, J. Lig. Chromatogr. 12 (1989)
535.

[25] T. Yoneyama, K. Hatakeyama, Protein Sci. 10 (2001) 871.

[13] (a decrease in temperature inducing an increase of the[26] H. Kumagai, E. Nishida, H. Sakai, J. Biochem. (Tokyo) 91 (1982)

binding constantgB], the ionic strength of the buffer, when
ion-exchange columns are us@d,41], or the sample dilu-
ent organic content in reversed-phase chromatogrggitly

In certain cases, self-association of proteins may have an in-

1329.

[27] R.F. Williams, M.J. Aivaliotis, L.D. Barns, A.K. Robinson, J. Chro-
matogr. 266 (1983) 141.

[28] S.N. Timasheff, J.M. Andreu, G.C. Na, Pharmacol. Ther. 52 (1991)
191.

fluence on ligand—protein interaction, a decrease of the bind-[29] £. Guichard, P. Etievant, Nahrung 42 (1998) 376.
ing constants being observed when the protein concentration3o] J.P. Himanen, A. Elo, T. Korpela, Prog. Clin. Biol. Res. 144A (1984)

increase$3,42]. In capillary electrophoresis, correct results
for the binding parameters can only be obtained when th
mobilities of the protein and the complex are eqi4a].

109.

e [31] K.G. Flood, E.R. Reynolds, N.H. Snow, J. Chromatogr. A 913 (2001)

[32] B. Sebille, N. Thuaud, J. Piquion, N. Behar, J. Chromatogr. 409

The progress in HPLC technology and in automation (1987) 61.
have reduced the sizes of columns and the volumes o0f[33] J.F. Andersen, I.M. Francischetti, J.G. Valenzuela, P. Schuck, J.M.
eluent, which is advantageous in the case of expensive  Ribeiro, J. Biol. Chem. 278 (2003) 4611.
drugs or macromolecules. The use of reversed-phase and34] .M. Francischetti, J.F. Andersen, J.M. Ribeiro, Biochemistry 41
anion-exchange columns would extend the possibility of (2002) 3810.

. . . .. [35] S. Kominami, Y. Itoh, S. Takemori, J. Biol. Chem. 261 (1986) 2077.
separation and allow to measure simultaneously the affinity [36] M. Klotz, Arch. Biochem. 9 (1946) 109.

of different ligands for the same receptor, and their competi- [37] G.F. Scatchard, Ann. NY Acad. Sci. 51 (1949) 660.

tion. Because of its resolution power in quasi physiological [38] F.J. Stevens, Biophys. J. 55 (1989) 1155.

conditions, the Hummel and Dreyer method in capillary [39] C.J. Bowmer, W.E. Lindup, J. Pharm. Sci. 67 (1978) 1193.

zone electrophoresis will be certainly increasingly used for {2(1)} g-v‘ée‘?g:rb'z CG::ra E?'%neghz';:t‘s;- gh;‘égni‘zcggzislgwg) 751.

bmdmg measurements. [42] E.E. Brumbaugh, G.K. Ackers, Anal. Biochem. 41 (1971) 543.

[43] J.R. Cann, N.D. Hinman, Biochemistry 15 (1976) 4614.

[44] J.R. Cann, A.G. Appu Rao, D.J. Winzor, Arch. Biochim. Biophys.
270 (1989) 173.

[45] M.H. Busch, J.C. Kraak, H. Poppe, J. Chromatogr. A 777 (1997)
329.

[46] H.E. Rosenthal, Anal. Biochem. 20 (1967) 525.

[47] M.L. Johnson, S.G. Frasier, in: Methods in Enzymology, vol. 117,
Academic, New York, 1985, p. 301.

[48] S.F. Sun, C.L. Hsiao, J. Chromatogr. 648 (1993) 325.

[49] A.W. Forrey, B. Kimpel, A.D. Blair, R.E. Cutler, Clin. Chem. 20
(1974) 152.

[50] J. Abe, A. Asada, M. Fujimori, S. Imaoka, Y. Funae, J. Chromatogr.
526 (1990) 562.

[51] G. Allen, Biochem. J. 137 (1974) 575.

[52] J.M. Andreu, S.M. Timasheff, Biochemistry 21 (1982) 534.

[53] D.K. Lloyd, S. Li, P. Ryan, Chirality 6 (1994) 230.

[54] J. Yang, D.S. Hage, Anal. Chem. 66 (1994) 2719.

References

[1] B. Sebille, R. Zini, C. Vidal-Madjar, N. Thuaud, J.P. Tillement, J.
Chromatogr. 531 (1990) 51.

[2] J. Oravcova, B. Bohs, W. Lindner, J. Chromatogr. B 677 (1996) 1.

[3] M.H. Busch, L.B. Carels, H.F. Boelens, J.C. Kraak, H. Poppe, J.
Chromatogr. A 777 (1997) 311.

[4] J.P. Hummel, W.J. Dreyer, Biochim. Biophys. Acta 63 (1962) 530.

[5] B. Sebille, N. Thuaud, J.P. Tillement, J. Chromatogr. 167 (1978) 159.

[6] B. Sebille, N. Thuaud, J.P. Tillement, J. Chromatogr. 180 (1979) 103.

[7] S.F. Sun, S.W. Kuo, R.A. Nash, J. Chromatogr. 288 (1984) 377.

[8] T.C. Pinkerton, K.A. Koeplinger, Anal. Chem. 62 (1990) 2114.

[9] J.C. Kraak, S. Busch, H. Poppe, J. Chromatogr. 608 (1992) 257.

[10] M.G. Quaglia, E. Bossu, C. Dell’'Aquila, M. Guidotti, J. Pharm.
Biomed. Anal. 15 (1997) 1033.



G. Berger, G. Girault / J. Chromatogr. B 797 (2003) 51-61 61

[55] S.E. Moring, C. Pairaud, M. Albin, S. Locke, P. Thibault, G.W. [65] G. Rippel, H. Corstjens, H.A. Billiet, J. Franck, Electrophoresis 18

Tindall, Am. Lab. 7 (1993) 32. (1997) 2175.
[56] M.H. Busch, H.F. Boelens, J.C. Kraak, H. Poppe, A.A. Meekel, M. [66] N.l. Nakano, Y. Shimamori, S. Yamagushi, J. Chromatogr. 237 (1982)
Resmini, J. Chomatogr. A 744 (1996) 195. 225.
[57] J.B. Withlam, K.F. Brown, J. Pharm. Sci. 70 (1981) 146. [67] C. Lagercrantz, T. Larsson, |. Denfors, Comp. Biochem. Physiol.
[58] J.P. Benett, in: H. Yamamura, S. Enna, M. Kuhar (Eds.), Neuro- 69C (1981) 375.
transmitter Receptor Binding, Raven Press, New York, 1978, 57. [68] Y.T. Oester, S. Keresztes-Nagy, R.F. Mais, J. Becktel, J.F. Zaroslinski,
[59] M.H. Busch, H.F. Boelens, J.C. Kraak, H. Poppe, J. Chromatogr. A J. Pharm. Sci. 65 (1976) 1673.
775 (1997) 313. [69] B. Sebille, N. Thuaud, J.P. Tillement, J. Chromatogr. 204 (1981) 285.
[60] K. Uekama, F. Hirayama, S. Nasu, N. Matsuo, T. Irie, Chem. Pharm. [70] K. Veronich, G. White, A. Kapoor, J. Pharm. Sci. 68 (1979) 1515.
Bull. 26 (1978) 3477. [71] J.P. Tillement, R. Zini, P. d’Athis, G. Vassent, Eur. J. Clin. Pharmacol.
[61] K. Fujimura, T. Ueda, M. Kitagawa, H. Takayanagi, T. Ando, Anal. 7 (1974) 307.
Chem. 58 (1986) 2668. [72] S. Garten, W.D. Wosilait, Comp. Gen. Pharmacol. 3 (1972) 83.
[62] C. Vidal-Madjar, A. Jaulmes, M. Racine, B. Sebille, J. Chromatogr. [73] J. Wilting, W.F. Van der Giesen, L.H. Janssen, M.M. Weiderman,
458 (1988) 13. M. Otagiri, J.H. Perrin, J. Biol. Chem. 255 (1980) 3032.
[63] C. Lagercrantz, T. Larsson, H. Karlsson, Anal. Biochem. 99 (1979) [74] J.C. Mac Elnay, P.F. d’Arcy, J. Pharm. Pharmacol. Suppl. 29 (1977)
352. 1P.

[64] N.I. Nakano, T. Oshio, Y. Fujimoto, T. Amiya, J. Pharm. Sci. 67 [75] G. Sundlow, D.J. Brickett, N.N. Wade, Clin. Exp. Pharmacol. Physiol.
(1978) 1005. 2 (1975) 129.



	Macromolecule-ligand binding studied by the Hummel and Dreyer method: current state of the methodology
	Introduction
	Theoretical aspects
	Modifications of the method
	Chromatographic methods
	Electrophoretic methods

	Comparison with other binding measurement methods
	Equilibrium dialysis
	Ultrafiltration
	Zonal chromatography
	Chromatographic and electrophoretic frontal analysis
	Chromatographic and capillary electrophoresis vacancy peak methods, vacancy affinity capillary electrophoresis (VACE)
	Retention analysis, affinity chromatography and affinity capillary electrophoresis (ACE)
	Physical methods

	Conclusion
	References


