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Abstract

Many methods for determining intermolecular interactions have been described in the literature in
the past several decades. Chief among them are methods based on spectroscopic changes, particularly
those based on absorption or nuclear magnetic resonance (NMR) [especially proton NMR (*H
NMR)]. Recently, there have been put forward several new methods that are particularly adaptable,
use very small quantities of material, and do not place severe requirements on the spectroscopic
properties of the binding partners. This review covers new developments in affinity capillary
electrophoresis, electrospray ionization mass spectrometry (ESI-MS) and phasetransfer methods.
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1. Introduction

Non-covalent intermolecular associations are omnipresent in chemical and biochemical
systems. Cyclodextrin-drug inclusion, and protein-drug, peptide-peptide, carbohydrate-drug
and antigen-antibody binding are a few examples. Binding constants provide a fundamental
measure of the affinity of a solute to a ligand; hence the determination of binding constants
has been an important step in describing and understanding molecular interactions.

Many techniques have been developed to measure binding constants. They can be categorized
into two groups: separation-based; and, non-separation-based methods [1].

Separation-based methods physically separate the free solute and the bound solute, and
evaluate their concentrations. Depending on how the separation is achieved, they can be further
classified as heterogeneous or homogeneous. Chromatography [2], dialysis [3], ultrafiltration
[4], surface-plasmon resonance (SPR) [5] are heterogeneous methods. The free solute is
separated from the bound one on the surface of a solid substrate. Affinity capillary
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electrophoresis (ACE) [6-9] and electrospray ionization mass spectrometry (ESI-MS) [10] are
homogeneous methods. The separation occurs either in solution or in the gas phase.

Non-separation-based methods monitor the change in specific physicochemical properties of
the solute or ligand upon complexation. This category includes: spectroscopy (e.g., ultraviolet-
visible (UV-Vis) [11-13], infrared (IR) [14], fluorescence [13,14], and nuclear magnetic
resonance (NMR) [15]); electrochemical methods (e.g., conductimetry [15], potentiometry
[16], and polarography [17]); and, phase-solubility [18] and hydrolysis kinetics [19,20].

Connors [21] thoroughly reviewed many of the above methods 20 years ago, hence this
selective review will emphasize ACE, ESI-MS, and phase-distribution methods recently.

2. Affinity capillary electrophoresis

ACE refers to the separation by CE of substances that participate in specific or non-specific
affinity interactions during CE [22]. In the past two decades, ACE has been one of the most
rapidly growing analytical techniques for studying a variety of non-covalent interactions and
determining binding constants and stoichiometries.

There have been specialized and general reviews of ACE [6,9,22-49] Most of them covered
progress and innovation in ACE during a certain period with respect to biological-based
molecular interactions. Other topics include combinatorial library screening [28], chiral
additive evaluation [40], and cyclodextrin-drug inclusion [35,40]. Detection-sensitivity
improvement [31] and miniaturization [48] are also continuing foci for technological
innovations within ACE. There have been several reviews of the theoretical aspect of ACE
[9,23,24,26,31,37,46,47], including a discussion of the advantages and the limitations of
various ACE methods [24,26,31,46].

ACE may be classified in three modes:

In dynamic equilibrium ACE, the binding-equilibrium relaxation time is short with respect to
the separation time. In this mode, the complex is in equilibrium with unbound (or free) solute
and ligand.

In pre-equilibrated ACE, solute and ligand are first combined off-column, allowed to
equilibrate, then introduced into the separation capillary. In this mode, the complex is long-
lived compared to the separation time. The complex and free solute (or ligand) present as
separate peaks (if a small volume of the equilibrated solution is injected).

In between are found so-called kinetic methods. In this mode, the relaxation time of the
equilibrium is similar to the separation time. The analysis by Horvath's group of the effect of
the timescale of a unimolecular reaction (cis-trans isomerization) on the CE separation is
relevant to understanding the differences between these modes of ACE [50,51].

2.1. Dynamic-equilibrium ACE (rapid Kinetics)

Related methods include mobility-shift ACE, Hummel-Dreyer (HD), vacancy ACE (VACE)
[52,53], and vacancy-peak (VP) methods. We discuss below details of experimental design
and data analysis for each method. Except for VACE, the methods were primarily developed
for high-performance liquid chromatography (HPLC) and transferred to CE. These methods
can be subdivided according the way the binding constants are determined from the change of
the electrophoretic mobility of the species (mobility-shift ACE and VACE) or from the solute
(free and bound) concentration evaluated by the peak area (HD and VP).
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Dynamic-equilibrium ACE methods assume that the equilibrium between the solute and the
ligand is established very quickly in the capillary. Most studies also assume that the
stoichiometry of the binding between the target and the ligand is 1:1 to establish a simple model
(see below). Complex formation by the solute (S) and the ligand (L) with the binding constant
(K1:1) is described by the following equation:

K.
S+L = SL (1)

Hence the binding constant is:

[SL]
[S]-[L] @

K=

where [S], [L], and [SL] are the concentrations of the free solute, free ligand, and solute-ligand
complex.

In mobility-shift ACE, a capillary is filled with buffer containing L in varying concentrations
and a small amount of S is injected. Two peaks may appear in the electropherogram, as shown
in Fig. 1.1a. The positive peak corresponds to the injected S (both free and bound). The
migration time of this peak is monitored for the calculation of y;, the apparent electrophoretic
mobility of S, expressed as:

1, ISt
[ST+[SLI" " [ST+[SLI"* ®)

Mi=

where us and u are the electrophoretic mobilities of the free solute and solute-ligand complex,
respectively.

Similarly, in VACE, the capillary is filled with a buffer containing both S and L. The
concentration of either S or L is fixed and the concentration of the other component is varied.
The presence of S and L in the capillary causes a large background response in the detector.
After a small plug of neat buffer is injected, the voltage is switched on and two negative peaks
(Fig. 1.1b) will appear in the electropherogram corresponding to free S and L caused by the
decrease in their local concentrations. The change in mobility of the vacancy peak is treated
as the solute peak in ACE. From Equation 2, Equation 3 can be written as:

l_#f'hucKl:l [L]
" 14Ky (L] (4)

Equation 4 can be converted into:

(- )_(uc—uf)Klzl [L]
ol ) =k L) (5)

Electrophoresis under conditions where such an equilibrium exists can be simulated [54]. For
example, concentration-distance profiles can lead to an understanding of the underlying
processes. Note that these simulations are based on mass balance, not charge balance. As long
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as the analytes are sufficiently dilute, this is acceptable. For an accurate assessment of behavior
in the more general case, consideration of charge balance is needed [55,56].

Evaluation of experimental data is easier when Equation 5 is rearranged into a linear form,
such as double reciprocal plot:

1 1 1
(,uc - ,uf) (6)

+
[L]

(,ui —llf) (,Uc _,uf)Kl:l

If the solute has a much smaller concentration than the ligand, then [L] can be approximated
1
1 by [L], which is the total concentration of the ligand. Hence by plotting (,ui —,uf) Versus
1 _
[L..] they intercept will give the value of(u — 11/), and K11 = intercept / slope.
Equation 5 can be converted into other linear forms, such as the y-reciprocal plot:

[L] _ 1 L+ 1

(i =nr) (1= ny) (e = 17) - K M

and the x-reciprocal plot:

(/li —,Uf)

o Ky ‘(ﬂi —#f) +K1:1 (ﬂc —,Uf)

(8)

All these linearization methods have different statistical weights of data points, which are
shown in Table 1.

However, generally, non-linear regression is more accurate and precise for the estimation of
binding constants than linear regressions following algebraic manipulation (e.g., inverse plots)
[57,58]. Bowser and Chen considered how to derive accurate values of K from data [59,60].
In all cases, it is necessary to use a range of concentrations over which “bound” and “free”
concentrations change significantly. Also, the sensitivity of the analysis to binding influences
the results. When one of the mobilities is altered significantly by binding, the resulting binding
constant is more accurate. While non-linear regression is preferred for the best determination
of K1.1, one linearization, the x-reciprocal plot, can reveal the presence of complexes other
than the 1:1 [61]. Detailed discussions of these important aspects of deriving an equilibrium
constant from data are available [9,26,58-60]. It has recently been shown that an experimental
design approach can be used to determine efficiently what conditions lead to accurate binding
constants [62].

An alternate approach is to determine the equilibrium constant based on the concentrations of
free and bound solute, as determined by their peak (or VP) area in HD and VP methods.

In the HD method, a capillary is filled with buffer containing S and a small amount of L
dissolved in the run buffer is injected. Similarly, two peaks may appear in the electropherogram,
as shown in Fig. 1.1a. The negative peak is caused by the local deficiency of S in the buffer,
and the peak area is directly related to the concentration of S bound to L. Through either internal
or external calibration [23], [SL] can be determined and [S] can also be obtained. For example,
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in an internal calibration, a series of samples with a fixed L concentration and increasing S
concentrations are injected, and, by plotting the peak area versus the S concentration, the x-
intercept gives the value of [SL] [23]. Since the L concentration is much less than the S
concentration, the stoichiometry can be estimated by dividing [SL] by [Lio]. This is one of the
specific advantages of the HD method.

In the VP method, the experimental protocol is the same as for VACE, outlined above. The
VP method uses the area of the VP corresponding to free S to construct the binding isotherm,
and an internal calibration process is needed to determine [S]. [23]. Given [SL], [S], and
[Ltot], and, since Equation 2 can be rearranged to:

SL
u: — K11 [SLI+Ky:1 [ Lior]
] 9

[SL]
the binding constant can be determined by plotting "¢ versus [Ltof.

2.2. Pre-equilibrated (slow kinetics)

Similar to HD and VP methods, methods for pre-equilibrated sample mixtures (slow kinetics)
give the equilibrium concentrations of the solute and the ligand from the electropherogram.
Hence the binding constant can be determined according to Equation 2.

In the frontal analysis (FA) method, the capillary is filled with buffer and a large sample plug
of pre-equilibrated S and L is injected. Depending on the dimensions of the capillaries, the
sample volume is typically 20-200 nL (i.e. 5-20% of the total capillary volume) [46]. It is
assumed that SL and L have approximately the same mobility and that the mobility of S differs
significantly. Another assumption is that the dissociation rate of the complex is slow enough
that it can be neglected. Upon application of the electrical field, free S begins to separate from
the mixture. Two plateaus will be detected, as shown in Fig. 2. Plateau (a) corresponds to free
S and plateau (b) corresponds to S + SL. Hence the concentration of free S can be determined
from its plateau height through external calibration.

Frontal analysis-continuous CE (FACCE) differs from FA in the sample-introduction step. The
capillary inlet is immersed in the sample vial during CE; hence continuous sample introduction
isachieved. Apparently, FACCE requires free S to migrate faster than SL. As in the FA method,
the plateau height corresponding to free S can be correlated to its concentration.

Affinity-probe CE (APCE) is a related pre-equilibration method. In this technique, a
(fluorescently) labeled tag is used on one of the binding partners, typically the lower molecular-
weight partner. This permits extension of ACE methods to more complex samples and lower
concentrations because of the use of a label, resulting in access to a wider range of binding
constants [63].

Even more selectivity is attained from using fluorescence anisotropy detection [64], in which
asignificant anisotropy clearly signals the ‘bound’ form of the relatively low-molecular-weight
labeled compound. Another advantage, as long as a label is being used, is control of the charge
in the labeled ligand to improve separation selectivity [65].

2.3. Kinetic methods (intermediate kinetics)

In the methods described so far, the characteristic equilibration time for the reaction is either
much shorter than the residence time or greater than the residence time [51]. In kinetic CE, the
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timescales for separation and chemical relaxation are more similar. Considering the kinetics
of the complex formation of S and L, Equation 1 can be rewritten as:

kon
S+L=SL
koft (10)

where Ko, and Kq¢f are rate constants of complex formation and dissociation, respectively.
Hence according to Equation 2:

Kl:l:kon/koff (11)

Early work by Whitesides [66] and Heegaard [67] showed the value of analyzing the peak
shape when it is perturbed by a slow equilibrium. In Whitesides [66], both the change in
electrophoretic mobility and the shape (but not the area) of the peak were used for the
determination of kg, and K¢, and thus Ky.1.

Recently, Krylov has developed a series of kinetic CE methods by applying different
experimental settings and data analysis approaches. Based on various initial and boundary
conditions - the way interacting species enter and exit the capillary - a number of kinetic CE
methods have been designed. A thorough review of these methods was given in 2007 [68].
Here, we briefly describe one of the approaches with simple mathematics [i.e. non-equilibrium
CE of equilibrium mixtures (NECEEM)].

In NECEEM, a buffer is used as the background electrolyte. A short plug of the equilibrium
mixture of S and L is injected into the inlet of the capillary, and complex SL continuously
dissociates during CE. If the separation of S, L, and SL is efficient, re-association of S and L
can be neglected. Hence the resulting electropherogram contains three peaks, as shown in Fig.
3, representing S, L, and SL, and two exponential “smears” of S and L, which occur from the
dissociation of SL. Fig. 4 shows an experimental NECEEM electropherogram for the
interaction between fluorescently-labeled ssDNA and SSB protein. The dissociation constant
and rate, Ky and kg, respectively, can be calculated as:

1+(A2+A3)/A} (12)

Ar+A
=2 1,

k len(
o Ay (13)

where A; is the peak area corresponding to L, A, is the peak area corresponding to SL, which
was still intact at the time it passed through the detector, Az is the area of the exponential smear
left by L dissociated from SL during the separation, and, finally, tg,_is the migration time of
the complex. [S]p and [L]g are total concentrations of S and L in the equilibrium mixture.

For NECEEM, as well as other kinetic CE methods, it is important to distinguish accurately
the boundaries of the peaks. Two approaches have been proposed: a control experiment; and,
mathematical modeling [68].

The boundary between A; and Az can be found by comparing the peaks of free L in the presence
and absence of S [69]. However, experimental errors in the 10% range are inevitable [68].
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In the mathematical approach, various parameters, including kost, v, Vs, D1, Dgand A /
(A2 + Ag), are adjusted in regression analysis to minimize the deviation between experimental
and simulated traces using the least-squares method [70]. Here v, and vg,_are the
electrophoretic velocities of L and SL, respectively; D, and Dg_are the diffusion coefficients
of L and SL, respectively. This modeling approach clearly requires effort. Nevertheless,
compared to conventional ACE methods, NECEEM only needs a single run to determine the
binding constants. A disadvantage of having the results derived from a single injection is the
lack of an estimate for the error. Also, it is unwise to test models at only a single set of initial
concentrations, so multiple measurements may be justified.

The availability of other methods based on various initial and boundary conditions makes
kinetic CE a multi-method toolbox for not only measuring binding parameters but also testing
hypotheses about interaction mechanisms [71]. Conceptually, experimental electropherograms
are first obtained by multiple kinetic CE methods. A hypothetical model of interactions between
S and L is suggested and electropherograms based on the hypothesis are simulated. The
experimental kinetic CE electropherograms are compared with simulated ones to obtain the
best fits. If the quality of the fit is unsatisfactory, a new hypothesis must be developed for the
interaction. The procedure is repeated until a satisfactory hypothesis is found. The best fits for
the accepted hypothesis lead to the determination of stoichiometric and kinetic parameters of
the interaction [71].

2.4. Comparison of ACE methods

As a homogeneous, separation-based approach, ACE does not require immobilization of the
ligand on a solid support with the risk of altering binding properties. Other advantages of ACE
include low consumption of sample and reagent, and study of interactions near physiologically
relevant conditions with respect to pH, ionic strength, and temperature. There are a number of
experimental approaches for the determination of binding constants with ACE. Each exhibits
specific ranges of applicability, advantages and limitations, so they can often be considered
complementary rather than competitive.

Mobility-shift ACE has specific advantages compared to other approaches:
1. the injected sample need not be highly purified; and,
2. binding constants of several samples can be determined simultaneously.

However, the fluctuation of the electroosmotic flow (EOF) may adversely influence the
observed electrophoretic mobility, so careful control or correction of EOF is needed. If the
EOF is changing because of changes in zeta potential, coating of the capillary inner wall may
be used to control EOF and to avoid solute adsorption on the inner wall of the capillary that
may cause peak broadening and inaccurate mobility measurement. Alternatively, the mobility
ratio (M) can be used to estimate binding constants [72]:

Mzﬂnel/,umf: (.u+,ueof) //Jeof (14)

where p, punet, and peg are the observed mobility, net mobility and electroosmotic mobility,
respectively.

AM .
— =K1 AM™ — K11AM
[L] (15)
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where AM is the change in migration ratio as a function of [L], and AM™M&X js the maximum
change in migration ratio that can be achieved with the saturation of L for complexation. This
analysis method is independent of the capillary length, the applied voltage, and the EO mobility.
If the EOF is changing because the buffer viscosity is changing, then a correction for the
viscosity change is required, as the change in viscosity will not only alter the electroosmotic
mobility, but also affect the solute and ligand electrophoretic mobilities [73].

In addition, the accuracy of mobility-shift analysis depends on the stability of the complex
relative to the separation time. The complex-dissociation half-time, expressed as In2/kqsf, must
be less than 1% of the peak-appearance time [74]. When the on and off rates are too slow to
ensure establishment of a dynamic equilibrium, broadened, split, undetectable peaks may be
observed [67]. This rule holds true for other dynamic equilibrium approaches (i.e. HD, VP,
and VACE).

For methods that use the change in peak area or plateau height for the determination of the
concentrations of free and bound solute, and thus the binding constant, special care must be
taken to assure that the total-solute concentration is known accurately, since the bound-solute
concentration is usually calculated as the difference between the total and free concentrations
of the solute. It is therefore assumed that no solute is lost due to capillary-wall adsorption or
any other non-specific phenomena (e.g., precipitation) [75] and that the concentration in the
sample corresponds to the concentration during CE (i.e. no stacking occurs), or at least any
loss is corrected based on a standard curve obtained under identical conditions [46]. These
requirements are more restrictive than those applied for mobility-shift ACE.

In contrast with dynamic equilibrium ACE, FA and FACCE usually require the complex to be
quite stable, so that a subsequent quantitation of the free S plateau height reflects the free S
concentration in the sample. For molecular interactions characterized by relatively rapid
binding kinetics, the validity of using these two approaches should be verified. This may be
accomplished by inspection of both ascending and descending solute boundaries [76], which
is possible in FA but not FACCE. These two methods are suitable for measuring Kq.1 values
in the range 103-108/M [77]. For weak interactions, the height difference between the two
frontal zones may be too small. In this case, mobility-shift ACE may be preferred for the
determination of binding constant. If K11 is too large, the plateau height for free S may be too
small to be measured [37].

An attractive feature of FA and FACCE is that they are insensitive to changes or fluctuations
in migration times, EOF and applied voltage [78]. Low detection limit is also an advantage of
these two methods.

Compared to FA, FACCE requires greater sample consumption (e.g., 500 nL) [79] but is
supposedly advantageous since continuous sampling may avoid perturbation of the binding
equilibrium [80]. Moreover, FACCE usually provides a broader plateau than FA, and that may
be easier for quantitation [46].

One of the requirements for FA and FACCE is that the mobilities of L and SL must be equal;
otherwise, the free S plateau does not reflect the true free-solute concentration at equilibrium
[24,76]. This may potentially limit application of FA and FACCE. The mobility requirements
for other ACE methods (i.e. mobility-shift ACE, HD, VP and VACE) have been thoroughly

discussed, as has various approaches to studying multiple equilibriums [24].

Kinetic CE methods can determine Kj.1, koff, and ko from a single CE experiment when 1:1
binding stoichiometry has been verified. One of the most attractive features of kinetic CE is
that it is a multi-method tool based on various initial and boundary conditions; hence some
proposed affinity mechanisms for a specific approach can be validated by a series of
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comparison studies. A potential problem of kinetic CE is the difficulty in distinguishing the
equilibrium fractions of corresponding components, which may lead to uncertainty in the
estimate of the binding parameters [46]. The applications of kinetic CE methods to higher order
equilibriums are also expected.

There are certainly some inherent limitations to all ACE methods for evaluating binding
constants. For instance, it may be difficult to evaluate the association of two or more neutral
molecules. In addition, with a few exceptions [73,81], applications of ACE have not been
extended to interaction studies in non-aqueous solvents [9].

3. Electrospray ionization mass spectrometry

ESI-MS provides a soft ionization procedure that allows the transfer of weakly-bound
complexes from solution to the gas phase for mass analysis, so it has frequently been used to
study the binding behavior of a wide variety of non-covalent complexes [82-84]. Specificity,
sensitivity, and speed are advantages of ESI-MS [85]. Moreover, ESI-MS can provide
stoichiometric information of the complex directly and detect multiple components
simultaneously.

Since one of the earliest reviews that discussed the potential of using ESI-MS to study non-
covalent complexes [86], many reports have reviewed the application of ESI-MS in various
binding studies (e.g., binding of drugs, metals, and proteins to DNA [87], protein complexes
[88], host-guest interactions [82]), most of which focused on the determination of the identity
of complexes, but not the quantitative aspects of their formation.

To determine the binding constant of a complex quantitatively through ESI-MS, one of the
most frequently used approaches is titration. Generally, the solute concentration in the solution
is kept constant while the ligand concentration is varied over a range of about two orders of
magnitude [85]. The gas-phase-ion intensities of the free and bound solute are monitored, and
can be fitted to association models for calculation of binding constants.

We consider a 1:1 system:

[SL] [SL]

TIST-ILI 18T (L] — [SLD (16)

K.

where [Liqt] is the total concentration of the ligand.

Since:
[SL]
SLI=[Sit]  —/—————
=Sl TS T (17)
Equation 16 can be converted into:
SL 1
KI:I:[ J : 1
[S] [Liot] = [Sior] - 5T
[SLI (18)

Define:
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(SLI ig/fy iy, Jy (19)

where ig and ig_are the ion intensities of the free and bound solute, respectively; fs and fg_
are the response factors of the free and bound solute, respectively. Hence Equation 18 can be
converted into:

(IF)” K.t [ Ligd) +IF (K1 [ Liot) = Kyt [S 1] = 1) = 1=0 (20)

Equation 20 can be further converted into various forms, for determining Ky.1.

The ratio of ion intensities (1) can be obtained from the mass spectrum for each concentration
point. However, there is no valid method that is suitable for determining the response factor
of the complex (fg ) and thus the ratio of response factors (F). It is often assumed that the
response factors of the free and bound solutes are similar, and then F can be approximated to
unity. However, different molecular species may undergo different vaporization and ionization
efficiencies. Response factors may also change with pH, further complicating quantitation
[89]. This represents one of the biggest disadvantages of the ESI-MS method for binding-
constant determination [90]. The influence of response factors has been discussed in detail
[91]. In addition, ESI is not an instantaneous process, so changes can occur when non-covalent
complexes are transferred from solution phase to gas phase. For instance, when the kinetics of
dissociation is on the same timescale as the evaporation process, evaporation of the droplet can
cause displacement of the complexation equilibrium towards association [84]. However, the
evaporation process is rapid enough to be a factor for fast reactions only [92]. A recent
experimental measurement confirmed that droplet shrinking does not influence monomer-
dimer equilibrium of a fluorescent dye. Control experiments demonstrated that dye
concentrations increased in droplets as their size decreased [93].

Recent studies on biological [94] and inorganic [89] systems concluded that the ESI-MS
approach was useful for quantitative measurements of binding constants. However, a close
reading shows that confidence in a quantitative result is warranted only if there is already
available a considerable amount of information on the system.

The limitations of the ESI-MS method described above can be improved partly by competition
approaches. Basically, a reference compound is mixed with the solute for complexation with
the ligand. The reference should have a similar structure to the solute and its binding behavior
with the ligand should be known. The binding constant between solute and ligand can therefore
be indirectly obtained by comparing the two binding systems [85]. In other cases, stable
complexes with similar structures can be added as internal standards for the estimation of
response factors [95]. From a practical point of view, ESI-MS should be used to determine
relative binding affinities (selectivities) rather than absolute values.

4. Phase-distribution methods

Phase-distribution methods monitor the dependence of the solute-distribution coefficient
between two phases on the ligand concentration in one phase to determine the solute-ligand
binding constant. Usually, one of the phases is aqueous and the other is organic. The binding
equilibrium can be studied in either phase. This method has been applied to measure binding
constants for the complex formation of caffeine/benzoic acid [18], solute/cyclodextrin [2,
96-103], metal ion/anion [104], and drug/chiral selector [105].

Trends Analyt Chem. Author manuscript; available in PMC 2009 October 1.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chen and Weber

Page 11
Equation 1 describes the formation of 1:1 complex. For consecutive complexation:
Ky
S-Li1+tL=S-1L; (21)
The binding constant (K1.;) is defined as:
S-L;
[S-Lii][L] (22)

The distribution of the free solute between phase 1 and phase 2 is determined by partition ratio
Do:

—_
el
&)

(23)

where [S]; and [S]; are the free-solute concentrations in phase 1 and phase 2, respectively.
When the ligand is added to phase 1, the solute-distribution coefficient is:

—_

ST, (24)

where n is the stoichiometry, [S-L;] (i = 1 to n) is the concentration of solute-ligand complex
in phase 1 in various forms. Dividing Equation 25 by Equation 24:

From Equation 23, one obtains:
[S - Li=[S] [L]ijllelzj 26
Here:
j-1 27)
Inserting Equation 27 into Equation 26:

Plotting D/Dg versus [L], the stoichiometry and the binding constants can be obtained from
polynomial fitting analyses. A similar, but algebraically more complex, approach is required
if the ligand exists in various states of protonation.
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The phase-distribution method provides an option for measuring binding constants for complex
formation. Advantages of this method include relatively low sample requirement, availability
to measure binding constants under physiological conditions (e.g., pH, temperature and ionic
strength) and the potential to utilize high-throughput screening technologies [105,106].

However, there are several disadvantages that have to be taken into consideration. The mutual
solubility of the two phases may interfere and complicate the binding equilibrium. It is even
possible that some organic solvent may function as a competitor to bind the ligand (e.g.,
octanol/cyclodextrin) [103], which should be carefully investigated to prevent
misinterpretation of the calculated binding parameters [2]. In addition, all species present in
phase 1 (e.g., free solute, free ligand and complexes) may partition to the second phase. The
model described above assumes the partitioning of only the free solute, so it has been over-
simplified.

Octanol has been the most frequently used solvent as the organic phase in phase-distribution
studies. In this case, entrainment and emulsion can be severe problems when very hydrophobic
compounds are studied [107].

4.1. High-throughput phase-distribution method based on solid-phase microextraction

One of the most important strategies in the pharmaceutical field is to reduce the time and the
labor needed for research and development of new drugs. This has led to the movement of
pharmaceutical and biotechnology companies toward high-throughput screening (HTS) of
small-molecule compounds for their discovery programs [108]. More compounds have become
available for further investigations. Consequently, high-throughput technologies are demanded
in the post-synthetic stages in the research and development process.

Recently, a high-throughput phase-distribution method was introduced for the determination
of octanol/water partitioning [109], chirally discriminating binding [105] and drug-
cyclodextrin binding [110]. Taking the last study as an example of the approach, as shown in
Fig. 5, drug substances were prepared in plasticized poly(vinyl) chloride (PVC) films
(plasticizer: dioctyl sebacate (DOS)) in a high-throughput manner; buffer solution containing
a particular cyclodextrin was then added, and the amount of drug extracted to the aqueous
phase was determined by HPLC for the calculation of drug-cyclodextrin binding constant. This
method used solid-phase microextraction (SPME), and had certain advantages compared with
other phase-distribution methods (e.g., better reproducibility, shorter equilibration time, and
easier automation) [111]. In addition, entrainment and emulsion problems could be eliminated.
The same approach was also used to determine drug-chiral selector binding constants [105]
and octanol-water partition coefficients [110]. With respect to the latter, for a set of reference
compounds, the partition coefficients of the solutes in the PVC-DOS/water system were equal
to those in octanol/water, so the technique provides a direct measure of log Pgy.

5. Conclusions

Some general conclusions are warranted. All the methods described have the advantage of
using very little material. The phase-distribution method, especially in its high-throughput
form, is advantageous in many regards. Of the three methods described above, it is the least
dependent on models for deriving information from data. The analytical method used for
quantitation is not defined by the approach - any suitable method can be used. Under many
circumstances, all three methods can function with impurities. The phase-distribution method
would not be appropriate, for the most part, for studies of protein-protein or metal-polar ligand
binding, as the typical phases are aqueous and non-aqueous.
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ACE methods are useful for cases where at least one of the binding partners is detectable with
good mass-detection limits. There is a powerful ability to derive kinetic information as well as
thermodynamic information when the timescales are appropriate. While not model-free, data
analysis is straightforward. Further, a preliminary ACE result can be subjected to additional
scrutiny by a second ACE approach that is particularly sensitive to a parameter (e.g.,
stoichiometry) that comes out of the preliminary analysis.

The power of the MS approaches lies in the ability to see all or many of the components of the
mixture. This advantage is moderated somewhat by the presence of multiple-charge states
(requiring deconvolution), assumptions about fragmentation reactions and, when proteins are
involved, alterations in charge state brought about by changes in the structure of one of the
partners.

In the future, it is possible to envision higher throughput for phase-distribution methods.
Microplates with 1536 wells are available. Furthermore, diffusional relaxation is exceptionally
well understood, so acquiring data before the system reaches equilibrium should provide
information about the equilibrium. Throughput is the strength of the high-throughput phase-
distribution approach.

ACE methods will grow. One may predict that the coupling of ACE methods with MS, so far
used rarely and only for model studies [112,113], will increase. In complex, multi-component
equilibriums, the qualitative identification power of MS will be more important the more
partners there are in the complex.

As for the ESI-MS approach, there is a long way to go. Studies that focus on understanding
the chemistry in the droplets produced by the spray using non-MS observations of the droplets
(e.g., a fine study is [93]) will lay the foundation for relating ionization efficiency to
instrumental and chemical conditions. Despite the difficulty of determining binding constants
quantitatively by ESI-MS, the technique is nonetheless critical for the qualitative understanding
of the distribution of the binding partners among several different forms in solution (bound/
free, monomer/dimer, analyses of three-component systems, (A, B and C) to find A-B, A.C,
B-C, A-B-C, and similar non-covalent complexes with other stoichiometries).
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A Time Time

Figure 1.
Simulated electropherograms of the methods: (A) mobility-shift ACE (HD); (B) VP (VACE)
(adapted from [24], with permission from Elsevier).
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Figure 2.

Frontal analysis with capillary electrophoresis. Compounds: (-), solute; (o), ligand; (®),
soluteligand complex. A: Signal height reflecting the free solute concentration. B: Signal height
reflecting the complex concentration (adapted from [9], with permission from Wiley and the
author).
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Figure 3.
Simulated NECEEM electropherogram. A; is the peak area of L that was free in the equilibrium

mixture (for NECEEM); A; is the peak area of intact SL at the time of its passing the detector;
Ags is the peak area of L dissociated from SL during the separation; and, t; , tg , and tg are
migration times from the capillary inlet to the detector of L, SL, and S, respectively (adapted
from [68], with permission from Wiley and the author).
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Fluocrescence intensity

Figure 4.
Experimental NECEEM electropherogram for the interaction between fluorescently-labeled
ssDNA and SSB protein (reprinted from [68], with permission from Wiley and the author).
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Figure 5.

General procedure of the high-throughput phase-distribution method to determine the binding
constant of drug to cyclodextrin.
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Equations used in affinity capillary electrophoresis (ACE) and variances in the transformed y for different calculation

methods (adapted from [52,53])

2
Calculation methods qu?}}ibns
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a'f/ is the variance of the transformed y; a'; is the variance in (w; — py); the weight for each point is equal to 1 / af/
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