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Abstract: Characterization of drug-protein binding is essential, since it has profound

effects on pharmacokinetic and pharmacodynamic parameters of new chemical

entities. Although the traditional equilibrium dialysis method is well established

and widely used for drug-protein binding measurement, this assay suffers from its

low throughput. Recent efforts have been made in developing and implementing

high throughput assays for drug-protein screening in drug discovery. The present

review highlights high-throughput assays, as well as potential new approaches for

drug-protein binding screening in drug discovery. These primarily include

automated 96-well plate, sample pooling based equilibrium dialysis combined with

LCMS, immobilized HSA column HPLC, and electrodriven techniques such as

frontal analysis combined with capillary electrophoresis (FACE), and affinity

capillary electrophoresis (ACE). Fundamental drug-protein binding models are also

discussed in order to (1) compare and discriminate HSA (human serum albumin)

and AGP (alpha 1-acid glycoprotein) binding with regard to the whole plasma

protein binding; and (2) elucidate the applicability of high throughput screening

(HTS) from the viewpoint of a simplified binding model. Some strategies and

recommendations are proposed in dealing with applications of high throughput

assays in different situations.
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INTRODUCTION

In drug discovery, drug-protein binding data (fraction unbound drug, fu) can be

used (1) to better understand in vivo pharmacokinetic (PK) profile such as dis-

tribution volume, clearance and half-life; (2) to design optimal dose regimes

and estimate safety margins; (3) to interpret pharmacodynamic (PD) data,

as it is generally accepted that only unbound drug (free concentration) is

pharmacologically active or responsible for a desired in vivo efficacy. It was

estimated that about 40% development compounds fail to reach market due

to poor pharmaceutical properties[1] (references, therein). This drives pharma-

ceutical companies to profile drug-like properties as early as possible in order

to increase the success rate of compounds to the market. Therefore, the ability

to screening of drug-protein binding becomes an important issue in drug

discovery, even in early ADME in modern drug design. So far, equilibrium

dialysis is the preferred and most widely used technique for protein binding

measurement in most of pharmaceutical communities, because it offers

accurate binding data due to the fact that the drug binding to plasma

proteins is analyzed at equilibrium.[2] However, such a traditional equilibrium

dialysis method, as depicted in Fig. 1, is labor-intensive and time-consuming

with limited sample throughput capacity, as well as relatively large plasma

sample consumption, which substantially limits screening a large number of

compounds. Thus, development of alternative new methods and technologies

Figure 1. Traditional low throughput equilibrium dialysis versus high throughput

screening technologies. ED: equilibrium dialysis; LCMS: liquid chromatography

mass spectrometry; immobilized HSA column: immobilized human serum albumin;

ACE: affinity capillary electrophoresis; FA: frontal analysis.
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is highly desirable to increase throughput and reduce costs. Development of

high throughput assays or novel pharmaceutical approaches while limiting

the increasing costs enables the advance of improved in vitro models to accel-

erate drug designs. In this review, we will summarize recent developments

with emphasis on high throughput technologies and new approaches appli-

cable for drug-protein binding screening as outlined in Fig. 1.

Multi-Site Binding and One-to-One Binding Models

Several drug-protein binding models have been applied to characterize the

interaction between drug and protein. In most cases, the drug-protein inter-

actions are analyzed by either multi-site binding model (Eqs. (1)–(5)) or a

simplified one-to-one binding model (Eqs. (6, 7)).[3,4]

r ¼
½PD�

P
¼
Xm

i¼1

niki½D�

1þ ki½D�
ð1Þ

m classes of independent binding sites

ni the number of sites of class i

ki the corresponding association constant (binding constant)

r fraction of bound ligand molecules per protein molecule

P the total concentration of protein

[D], [PD] the concentration of free and bound drug, respectively.

If we assume only two classes of binding sites (n ¼ 2); Eq. (1) can be

expressed as:

r ¼
n1K1½D�

1þ K1½D�
þ

n2K2½D�

1þ K2½D�
ð2Þ

where K1, K2 are the primary and secondary binding constants for the

corresponding first binding site (n1) and second binding site (n2).

Since total drug concentration, C, and total protein concentration, P, can

be written as:

C ¼ ½D� þ ½PD�, ½PD� ¼ C � ½D� ð3Þ

P ¼ ½P� þ ½PD�, ½P� ¼ P� ½PD� ð4Þ

Then, r can be obtained by measuring free drug concentration [D] using

Eq. (5):

r ¼
½PD�

P
¼

C � ½D�

P
ð5Þ

Drug-Protein Binding in Drug Discovery 683

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
4
7
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



By applying a wide range of known drug concentrations C, a series of free

concentration [D] can be determined. Accordingly, two independent binding

constants (K1 and K2) can be obtained by Eq. (2) using a non-linear regression

approach. This is a general approach to evaluate drug-protein binding associated

with two binding sites where saturable (n1 and K1) and nonsaturable (n2 and K2)

phenomena occur. Although this generalization does not include the fact that the

drug most likely bind to the protein on several binding sites in a diverse order of

affinity, it is often applicable to characterize drug-protein interaction. As the

primary binding constant K1(�105 M21) is typically much stronger by a

magnitude of one to two orders than the secondary binding constant K2

(�103 M21),[2] Eq. (2) can be simplified to Eq. (6), which concerns only first

binding site (n1) and its corresponding binding constant K1.

r ¼
n1K1½D�

1þ K1½D�
ð6Þ

For the case where the number of primary binding sites are approximately 1 for

both HAS[2–5] and AGP,[6] the rearrangements of Eq. (5) and (6) yield Eq. (7),

which is eventually a simplified one-to-one model.

Ka ¼
½PD�

½D�½P�
¼

C � ½D�

½D�2 þ ½D�ðP� CÞ
ð7Þ

When binding constant Ka is obtained, fraction bound (bound %) and unbound

( fu %) can be calculated according to Eq. (8) and (9), respectively.[4]

Boundð%Þ ¼ 100 �
ðKaCþKaPþ1Þ�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKaCþKaPþ1Þ2�4K2

aPC

q
2KaC

ð8Þ

fuð%Þ ¼ 100�drug bound ð%Þ ð9Þ

It should be noted that the one-to-one model (Eq. (7)) can be rearranged and

derived to another expression (Eq. (10)),[7,8] provided that drug concentration

is much lower than protein concentration. Equation 10 has also been

employed to estimate the tissue binding.

Undiluted fu¼
1=Dt

ð1=fumea�1Þþ1=Dt

ð10Þ

where fumea
and Dt represent the measured free fraction in diluted matrices and

dilution times, respectively.

The advantage of Eq. (10) over Eq. (8) is that unbound fractions in

undiluted species like plasma or brain tissue homogenates can be re-calculated

from measured fraction in diluted forms without the necessity of knowing the

identity or the exact concentrations of binding components.

In summary, for the case of in vitro drug-protein binding screening where

the total protein concentration (approximately 600 mM in plasma) is in excess

of drug concentration (typically 10 mM), it is reasonable to apply a one-to-one
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binding model (nonsaturable) to characterize the drug-protein interaction by

an explicit equation (Eq. (7)). Although the application of multi-binding

model (Eq. (1)–(5)) can more sufficiently quantify drug-protein interaction

where more than one-binding site exists in a saturable condition, a number

of experiments are required, thus constraining high throughput screening. It

should be addressed that, in principle, the determination of binding constant

(Ka) is more suitable for high throughput screening since Ka is independent

of drug concentrations. As a result, a number of compounds can be pooled

and simultaneously screened. On the other hand, the concentration-

dependent assay, though to some extent, would limit the sample pooling; it

is still applicable for high throughput screening provided that a low total

drug concentration is applied as to minimize possible binding site saturation.

An example of this will be further elucidated in a later section.

Comparative Analysis of HSA and AGP Binding

HSA and AGP are abundant proteins in plasma, which primarily governs the

whole plasma protein binding. It has been generally believed and demon-

strated that acidic drugs bind strongly to HSA, while basic and neutral

drugs bind more to AGP.[6,9,10] As shown in Table 1, the binding affinity

constants of basic compounds to HSA are greater than AGP. According to

Schuhmacher et al.[11] the fraction of unbound drug in a mixture of proteins

can be calculated by single protein binding data using the following

equation (derived by a one-to-one binding model):

fuðHSAþAGPÞ ¼ 1= 1� nþ
Xn

i

1

fui

 !
¼ 1=

1

fuHSA

þ
1

fuAGP

� 1

� �
ð11Þ

Table 1. Comparative binding affinity and fraction unbound of HSA and AGP

Compound Lidocaine Imipramine Propranolol Chlorpromazine

pKa 7.79 9.52 9.55 9.12

LogKaHSA (M21) 2.85 3.26 3.34 4.05

fu(HSA)% 71 49 44.3 13.5

LogKaAGP (M21) 4.5 4.74 5.67 6.7

fu(AGP)% 65.4 54.1 15.6 1.9

fu(HSAþAGP)% 51.6 34.6 13.0 1.7

fu(plasma)% 50 18 21 3a

pKa, LogKaHSA and LogKaAGP data adapted from ref 9; fu(HSA) and fu(AGP) calculated

using Eq. (8) and (9) based on HSA concentration 580 mM and AGP 20 mM, respect-

ively; fu(HSAþAGP) calculated according to Eq. (11) using individual protein binding

data fu(HSA) and fu(AGP); a drug concentration of 10 mM is used in all cases.
aData from pharmacokinetic database Goodman & Gilman 1996.
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fu(HSAþAGP) fraction of free (unbound) drug in a mixture of proteins

n number of proteins involved in plasma protein binding

(mainly HSA and AGP)

fui fraction of free (unbound) drug in an individual protein

solution.

Based on the fact that HSA and AGP are primary proteins contribut-

ing to the whole plasma protein binding, fraction unbound drug in a

mixture of proteins of HSA (580 mM) and AGP (20 mM) can be calcu-

lated by individual HSA and AGP binding data using Equation (11). Con-

sequently, the contribution of drug binding to HSA and AGP can be

compared with the whole plasma proteins. Table 1 gives the calculated

fu data, which exemplifies the stronger binding of the basic compounds

(pKa from 8 to 9.5) to AGP than that to HSA. As indicated in Table 1,

if the binding affinity of the basic compounds to AGP is more than two

orders of magnitudes higher than that to HSA, the contribution of AGP

binding to the whole plasma protein tends to be significant. More specifi-

cally, AGP binding, rather than HSA, influences the whole plasma protein

binding more, as exemplified by propranolol and chlorpromazine whose

binding affinity to AGP affinity is two orders of magnitude stronger

than that to HSA. As a result, the fraction unbound fu(AGP) is close to

that of fu(HSAþ AGP). Furthermore, in Table 1, the calculated

fu(HSAþ AGP) is in line with the measured fu in plasma, although the

variability of reported plasma protein data was noticed due to different

techniques and conditions.[12] On the other hand, as demonstrated in

Table 2, if the binding affinity constant of HSA is not less than one

order of magnitude weaker than that of AGP, the HSA, rather than

AGP, binding predominates the whole plasma protein binding (as

marked in gray area in Table 2). In other words, the AGP contribution

to plasma protein binding can be ignored in such circumstance. This is

attributed to the fact that the HSA concentration is much higher than

the AGP concentration in the plasma, thus dominating the whole plasma

protein binding. Because of binding specificity and concentration differ-

ences of AGP and HSA in the plasma, a caution should be taken when

employing HSA binding data instead of plasma protein binding, in particu-

lar in interpretations of binding data from various species. Although the

plasma concentration of AGP is much lower than that of HSA, AGP

can become the major drug binding macromolecule in plasma with signifi-

cant clinical implications.[10] Current comparative analysis of HSA

and AGP binding will help us better understand the binding differences

of two abundant plasma proteins, thus facilitating the appropriate appli-

cations of available techniques for high throughput screening of plasma

protein binding.
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Table 2. Simulated fraction unbound fu(HSAþ AGP) at various binding affinity

fu(HSAþAGP)%

LogKa ¼ 2 LogKa ¼ 3 LogKa ¼ 4 LogKa ¼ 5 LogKa ¼ 6 LogKa ¼ 7

fu(HSA)% ¼ 95 fu(HSA)% ¼ 63 fu(HSA)% ¼ 15 fu(HSA)% ¼ 1.7 fu(HSA)% ¼ 0.18 fu(HSA)% ¼ 0.018

LogKa ¼ 2 94 63 15 1.7 0.18 0.018

fu(AGP)% ¼ 100

LogKa 3 93 63 15 1.7 0.18 0.018

fu(AGP)% ¼ 98

LogKa ¼ 4 80 57 14 1.7 0.18 0.018

fu(AGP)% ¼ 84

LogKa ¼ 5 40 33 12 1.7 0.17 0.018

fu(AGP)% ¼ 41

LogKa ¼ 6 8.4 8.1 5.7 1.5 0.17 0.018

fu(AGP)% ¼ 8.4

LogKa ¼ 7 0.98 0.98 0.93 0.63 0.15 0.017

fu(AGP)% ¼ 0.98

fu(HSA) and fu(AGP)% calculated according to Eq. (8), a drug concentration of 10 mM is used in all cases; fu(HSAþAGP) calculated according to Eq. (11)

on the basis of individual binding data fu(HSA) using HSA as 580 mM and fu(AGP) using AGP as 20 mM.
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HIGH THROUGHPUT ASSAYS FOR DRUG-PROTEIN

BINDING SCREENING

Equilibrium Dialysis with Automatic 96-Well Plate and LC/MS

Recently, throughput of the traditional equilibrium dialysis method has been

improved by implementation of a 96-well format. Kariv et al. presented a

96-well equilibrium dialysis device for plasma protein binding measurement

and validated three drugs, propranolol, paroxetine, and losartan, with low,

intermediate, and high binding properties, respectively.[13,14] They

concluded that high-throughput 96-well equilibrium dialysis device showed

good correlation to the traditional method and it is compatible with the

HTS format for automated liquid handling and bioanalytical mass spec-

trometry. Banker et al. also presented a novel 96-well format dialysis

apparatus for measuring plasma protein binding[15] which is a vertical

design having advantages over current 96-well dialysis on the market in

terms of surface-to-volume ratio and reduction of non-specific binding

(NSB). The device, made of Teflon material, is not only accessible by a

robotic system for easy automation, but is also reusable. In addition, a

semi-automatic, high-throughput, 96-well plate ultrafiltration has also been

employed to rapidly assess plasma protein binding of new chemical

entities.[16] It is well known that ultrafiltration is not suitable for measuring

highly bound compounds due to the NSB effect. However, this drawback

seems to be overcome by a recently modified ultrafiltration methodology,

i.e., mixing of control plasma retentate with the filtrate, thus eradicating the

NSB effect.[17] Currently, several 96-well equilibrium dialyzers are also com-

mercially available from Linden Bioscience (rapid equilibrium dialysis

device, Ricerca). Obviously, the application of 96-well format dialyzer

improves throughput as compared to the traditional single chamber based

devices. However, the assay is usually based on single compound measure-

ments; hence they are not amenable for screening large sets of compounds.

It should be addressed that, for each compound, a number of samples from

both buffer and plasma sides has to be analyzed by LCMS, which essentially

limits throughput of the whole assay.

Sample Pooling Based Equilibrium Dialysis and LC/MS

Recently, Wan and Rehngren have presented a new approach for screening

plasma protein binding, based on equilibrium dialysis combined with rapid

generic LC/MS bioanalysis.[12] Using a simple sample pooling, they have

been able to simultaneously screen ten compounds and demonstrated good

correlations between single compound and pooled compounds. An example

of this is illustrated in Fig. 2 for a test set of structurally diverse compounds

including commercial drugs and proprietary compounds. Compared with the
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variations of fu by conventional single compound measurements, the sample

pooling affords acceptable accuracy for high throughput screening of

protein binding. Another distinct advantage of sample pooling is that this

approach allows simultaneous determination of new compounds of interest

and reference control standards under the same conditions, thereby ensuring

data quality. Their results also support an earlier study by Fung et al. who

showed reasonably good correlations between single and pooled compounds

by an ultrafiltration technique.[16] Tight correlations between single and

pooled compounds by both equilibrium dialysis and ultrafiltration techniques

can be attributed mainly to the fact that (1) HSA binding predominates the

whole plasma binding; (2) drug-protein is equilibrated in a rapid and revers-

ible way without primary the binding site being saturated. Based on the theor-

etical calculation by Equations (7) and (8), the applicability of sample pooling

could be elucidated by a one-to-one binding model, concluding that fu is

Figure 2. Correlation of fu(%) between single and pooled compounds.[12] fu(%)

measured in different plasma species: black: mouse plasma; blue: human plasma for

reference standards; green: human plasma for AZ compounds; red: guinea pig plasma

for AZ compounds; sample pooling from 3 to 11 compounds; total number of tested

compounds n ¼ 36; Log(fu(%)_S) and Log(fu(%)_P) are the Log units of fu(%) from

single and pooled compounds, respectively. Reproduced from [12], Wan, H.;

Rehngren, M. High-throughput screening of protein binding by equilibrium dialysis

combined with liquid chromatography and mass spectrometry. Journal of Chromato-

graphy A 2006, 1102, 125, with permission from Elsevier B.V.
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constant or independent of a drug’s concentration if the protein concentration

is more than five-fold higher than the drug concentration[12] (Fig. 3). Bearing

in mind that this calculation was based on the assumption that the drug predo-

minantly binds to HSA in an unsaturable condition and only the first primary

binding constant is taken into account. In addition to increased throughput

capacity, the sample-pooling approach for protein binding screening is

particularly beneficial for measuring in vitro protein binding for small

volume plasma, such as mouse plasma where the plasma is available only

in limited amounts. A further potential application of sample pooling is its

suitability to screening the fraction of unbound brain homogenates for rapid

CNS penetration classification (unpublished data). The sample pooling

approach is expected to more efficiently and rapidly assess plasma protein

binding of new chemical entities in the drug discovery phase.

Immobilized HSA HPLC Column

As human serum albumin (HSA) is a major determinant of whole plasma

proteins, immobilized HSA has been utilized as a viable alternative to

rapidly screen plasma protein binding. The fundamental theory and practice

of using immobilized HSA has been reviewed by Hage[18] and Valko.[19]

Advantages of this approach include its speed, precision, and good correlation

versus solution based methods, ease of automation, and the ability to reuse the

same column for more than hundreds of samples.[19] More repeatable binding

data are obtainable from the immobilized column than by free solution based

dialysis. In brief, the method is based on the assumption that the chemically

bonded HSA retains the binding specificity and conformational mobility of

the native serum albumin. Accordingly, the percent of drug bound to HSA

can be rapidly obtained by simply measuring the retention time/factor (k0)

to correlate HSA bound percent by Eqs. (12)–(13).[19]

k ¼
ðt � t0Þ

t0

¼
½PD�

½D�
¼ Ka½P� ð12Þ

%HSA ¼ 100
½PD�

½D� þ ½PD�
¼ 100

k

1þ k

� �
ð13Þ

Experimentally, a group of reference compounds with a wide range of

plasma protein binding can be used for calibration of %HSA and k0,

providing condition independent binding data. It should be pointed out that

the immobilized HSA column is very important for measuring kinetic

binding, while dialysis with free solution is an equilibrium based measure-

ment. In general, good agreement is obtained between the two different meth-

odologies, which proves the validity of using chromatography as a tool to

study or screen drug-protein interaction. Beaudry et al. demonstrated a good

correlation coefficient (R2 ¼ 0.799) for a wide variety of 40 structurally
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Figure 3. Simulated fu(%) functions as different affinities (Log Ka) at different drug

and protein concentrations.[12] (a) Albumin concentration 600 mM (representing 100%

plasma); (b) protein concentration 400 mM; (c) protein concentration 120 mM (20%

plasma); (d) protein concentration 60 mM (10% plasma). The calculation from the

theoretical one-to-one binding model indicate fu(%) value as marked in the figures is

nearly independent of the drug concentrations when its concentration is maintained

more than 5 times lower than total protein concentration, thereby implying the appli-

cability of sample pooling. Reproduced from Ref. [12], Wan, H.; Rehngren, M.

High-throughput screening of protein binding by equilibrium dialysis combined with

liquid chromatography and mass spectrometry. Journal of Chromatography A 2006,

1102, 125, with permission from Elsevier B.V.
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unrelated compounds with different binding affinities (bound percent from 0 to

99%) and found a better correlation (R2 ¼ 0.824) using a quantitative

structure-retention relationship approach.[20] Their experiments were

performed with a mobile phase of 6% acetonitrile containing 0.2% (v/v)

acetic acid. Another study by Chen et al.[21] demonstrated an excellent corre-

lation (R2 ¼ 0.9599) for a group of 12 commercial compounds (bound percent

from 7.5 to 97) as well as a good correlation for 7 proprietary compounds

(bound percent 61 to 98) using 4% isopropranol-containing mobile phase.

They suggested the use of 20% isopropranol instead of 4% isopropranol to

screen highly bound compounds, e.g., 99% bound. Using similar conditions

containing 5% isopropranol in the mobile phase, Buchholz et al. obtained a

moderate correlation (R2 ¼ 0.661) for a variety of 69 chemical structures.[22]

Impressively, employing a fast isopropranol gradient system, Valko et al.

demonstrated a reasonably good correlation for a large number of diverse

compounds and an example of correlation between HSA and plasma protein

binding by conventional methods is shown in Fig. 4.[23] They also showed

that the binding data obtained from a fast gradient condition was comparable

to that of isocratic elution with much longer times for strongly bound drugs.

Based on a simple and fast separation, Valko et al. have generated more

than 4,000 HSA binding data sets for lead optimization in early drug

discovery.[24] Interestingly, it was found that the HSA binding data resulted

in better correlation with volume of distribution than plasma protein

binding (HSA used for volume of distribution prediction). It was suggested

that a combination of binding data from both HSA and AGP columns

should further improve correlation with plasma protein binding.[24] In a

more recent study with a mobile phase containing 7% isopropranol, a

comparison of protein binding of a group of acidic, basic, and neutral

compounds with literature values showed excellent correlation

(R2 ¼ 0.9857, bound percent from 12 to 97), while a poor correlation was

observed from the AGP column. They concluded that the current commercial

HSA columns can be used for drug-protein binding studies, while AGP

columns are not as appropriate for such work.[25]

In view of the published HSA data,[23] it appears that highly bound

compounds exhibit poorer correlations than those with lower binding

ranges, comparing plasma protein binding. A poor correlation between HSA

binding and plasma protein binding for the compounds with higher plasma

protein binding is noticed (plasma protein binding .90%, R2 ¼ 0.375, cf.

Fig. 4). This analysis agrees well with the observation by Buchholz et al.

who obtained better correlations for compounds with a wide range of

protein binding, in contrast to those with highly bound compounds.[22] This

might be explained by the differences of HSA and AGP binding data, as

presented in Tables 1 and 2. More specifically, if AGP binding affinity is

greater than HSA, particularly at higher binding affinity, it will more signifi-

cantly impact the whole plasma protein binding, and vice versa. However, this

may not necessarily imply that the HSA immobilized column is less suitable
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for screening highly bound compounds, rather than probably being useful for

cut-off of highly bound compounds for the lead series with the goal of

reducing the extent of binding. An important issue should be first to identify

which protein (primarily HSA or AGP) binds to which drug. As pointed

out,[23] it is not essential, at the earlier stages of the drug discovery process,

to provide accurate measurements of binding. However, it is very important

that the measured values provide a reproducible ranking order of the

compounds. This makes possible the development of quantitative structure-

property relationship (QSPR) in modification of the structure without decreas-

ing the primary activity of the molecules on a particular target. For instance,

Colmenarejo et al. were able to develop a general QSPR model to predict

binding affinity to HSA by means of a readily accessible HSA column.[26,27]

Figure 4. Plot of the literature plasma protein binding as a function of the measured

HSA binding data.[23] Overall correlation for a wide range of bound percent (0–97%);

data marked in circle: correlation for relatively strongly bound compounds with bound

percent higher than 90 % (data with curtsey of Klara Valko). Reproduced from Ref.

[23], Valko, K., Nunhuck, S., Bevan, C., Abraham, M. H., Reyncilds, D. P. Fast gra-

dient HPLC method to determine compounds binding to human serum albumin.

Relationships with octanol/water and immobilized artificial membrane lipophilicity.

Journal of Pharmaceutical Sciences, 2003, 92, 2236, with permission from Wiley-

Liss, Inc, a subsidiary of John Wiley & Sons, Inc.
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It is speculated that high throughput screening from an immobilized column

can considerably improve cost-benefit ratios without compromising data

quality and providing relevant information for interpretation of PK/PD

related parameters.

In addition to the immobilized HSA column, a solid supported membrane,

such as a unilamellar liposomal membrane covalently bound to porous silica

beads, has been developed for high throughput determination of the free

fraction of drugs strongly bound to plasma proteins[28] (commercially

available as Transilw), based on the distribution of drugs between plasma

water, plasma proteins, and solid-supported lipid membrane. The method

was validated with a wide range of lipophilicities in particular for highly

bound compounds (log P ¼ 1.9–5.6) and fu values (35–0.018%), but few

applications have been reported.

Electromigration Technique

Frontal Analysis-Capillary Electrophoresis (FACE)

Frontal analysis, combined with capillary electrophoresis (FACE), is a new

and alternative technique for drug-protein interaction studies by quantitatively

measuring the frontal peak height of drug resolved from the drug-protein

complex, compared to that of a standard drug in the absence of protein.

Some typical applications were earlier reviewed,[29] and the potential of this

technique has been recently reported.[30] The unique feature of this

technique is that the measurements are typically done in a single step at

near-physiological conditions without disturbing the binding conditions

during equilibrium, thus offering the possibility of rapid protein binding

screening. This approach turns out to be much less labor intensive than con-

ventional equilibrium and ultrafiltration methods where separation steps by

LC/MS are required. FACE is suitable for measurements of diverse struc-

tures, including basic, neutral, and acidic compounds with a wide range of

binding constants from low to high binding affinities. Jia et al. reported a

pressure-assisted FACE approach for rapid determination of binding

constants of 17 drugs to HSA and of 4 drugs to AGP.[9] Martinez-Pia et al.

used a short-end injection (back vacuum) for rapid evaluation of drug

binding to HSA and human plasma.[5] With analysis times shorter than

3 min for each separation, the measured binding constants are consistent

with those by much longer migration times, indicating that the FACE

technique is well suited for high throughput screening of drug-protein

binding. Reproducibility of measurements for this method is typically better

than 10% coefficient of variation,[5,9] which is comparable to conventional

equilibrium dialysis techniques. One major limitation of the technique is its

low sensitivity in UV detection, which is unsuitable to screen in vitro drug-

protein binding at a low drug concentration, e.g., 10 mM. In addition, if the
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drug is not resolved from the protein, it is difficult to evaluate binding in some

circumstances. However, these drawbacks might be overcome by the appli-

cation of MS detection. Wan and co-workers have recently illustrated a

single run measurement of protein binding by FACE coupled with MS

detection.[31] This novel approach, as shown in Fig. 5, enables measurements

of drug-protein binding by a single run separation without performing

necessary off-line calibration curves, thereby leading to an increased through-

put and more reproducible binding data as well. Meanwhile, recovery can also

be evaluated. With current CEMS (Agilent MSD ion trap mass spectrometer),

measurements of in vitro plasma protein binding with drug concentrations

lower than 10 mM were achievable. Sensitivity is expected to be further

improved by application of novel CEMS interfaces, particularly with

Figure 5. Illustration of single run measurement of protein binding by FACE/MS.[31]

H1 and H2 are the peak plateau heights of drug standard and the drug resolved from

drug-protein mixture, respectively. fu% is the unbound free fraction of drug to specific

protein (fu ¼ H2/H1). For plasma protein binding, diluted plasma concentrations such

as 10 to 20 % can be utilized. The fraction unbound in 100% plasma can be re-calcu-

lated using Eq. 10. This novel approach enables unbound fraction measurement in a

single run with potential of high throughput screening. Reproduced from Ref. [31],

Wan, H., Östlund, Å., Jönsson, S., Lindberg, W. Single run measurements of drug-

protein binding by high performance frontal analysis-capillary electrophoresis and

mass spectrometry. Rapid Communications in Mass Spectrometry, 2005, 19, 1603.

with permission from John Wiley & Sons, Inc.
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nano-spray based designs, or new ion traps and TOF instruments. Another

benefit of using MS detection is that the drug molecules can be detected

even without being resolved from the protein provided that ion suppression

effect and protein absorption on the capillary wall are negligible. Currently,

although the FACE technique has not been popularly recognized in

drug discovery research, in our opinion, this technique has great potential as

an alternative tool for screening drug-protein binding and would be

especially beneficial for biological samples that are only available in minute

quantities.

Affinity Capillary Electrophoresis (ACE)

In addition to FACE, affinity capillary electrophoresis (ACE) can also be

applied for drug-protein interaction study by monitoring the electrophoretic

mobility shifts of drugs as a function of protein concentrations. As a result,

the binding constant is obtainable, which is used to estimate the fraction

unbound by a simplified one-to-one binding model. In principle, the ACE

enables a more rapid estimation of drug binding and compound ranking,

since a number of compounds can be pooled and simultaneously screened

on the basis of a 1:1 isotherm model, regardless of drug concentrations. An

example of this was shown by Lewis et al. who applied ACE for the

screening of novel antimicrobial targets from a small molecular library of

44,000 compounds that possessed drug-like properties and antimicrobial

activity against drug-resistant clinical isolates. They concluded that ACE is

a valuable tool for the fast, efficient detection of specific binding molecules

that possess biological activity.[32] It can be anticipated that ACE and

FACE, coupled with MS, should provide promising and alternative

approaches for screening of drug-protein binding. Further applications of

these techniques for real plasma proteins should be explored with regard to

more sensitive MS detection and reduced adsorption of protein on the

capillary inner wall.

Direct Screening Drug-Protein Interaction Without Separation

As discussed above, like many protein-binding assays, such as equilibrium

dialysis and ultrafiltration, frontal analysis requires a follow-up separation

step after the incubation to be able to quantify the free drug concentration

[D]. In particular, dialysis assay results in a number of samples necessary

for LC/MS analysis for each compound since both buffer and plasma

samples have to be diluted to match the matrix and ensure a linear range,

thus substantially limiting the throughput of the assay. In this regard, the

performance of direct measurement of free concentration without separation

would be beneficial. Based on rapid and reversible, non-covalent interaction

between drug and protein, drug-protein can be evaluated by direct

H. Wan and F. Bergström696

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
4
7
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



measurement of both free drug [D] and drug-protein complex [PD]

concentrations in an equilibrium condition without involving a separation

step, as presented by Jorgensen et al. using electrospray ionization MS.[33]

Another similar study, performed with chip technology using automated

nanoelectrospray MS detection demonstrated, directly, quantitative

determination of a non-covalent binding constant with advantages of high

throughput capacity, as well as low sample consumption.[34] Currently, the

major limitation of direct measurement is that the complex [PD] and the

matrix (mainly salts) present in the plasma would affect the accurate

detection of both the free drug and the bound complex form. Nevertheless,

these results confirm that the speed of an on-line separation step should not

be a limiting factor in developing a high throughput method for

protein binding screening, as the drug-protein interaction is a kinetically

rapid on/off complexation and reversible equilibrium.[3,4] In other words, a

rapid separation process, such as use of an immobilized HSA column or

FACE and ACE, should offer relevant binding data as compared to that

with slow separation conditions. The further development of a matrix indepen-

dent MS ion source would be a key issue for direct screening drug-protein

binding.

CONCLUSIONS

Currently, conventional equilibrium dialysis is still the most widely used

method for plasma protein binding measurements, as it is well established,

accurate, and less susceptible to experimental artifacts. Implementations of

automated 96-well plate and/or sample pooling approaches will further

strengthen the applications of this technique for drug-protein binding

screening in drug discovery. In particular, sample pooling using the same

apparatus as conventional assays, but with reduced plasma volume, should

be a more cost-effective approach. One unique feature of equilibrium

dialysis is that the method is readily adaptable for screening brain tissue hom-

ogenates, while other techniques are hitherto rather restricted. Moreover, the

immobilized column has been shown to be a powerful tool to rapidly screen

and rank protein binding, due to its unique high throughput capacity and repro-

ducibility. Although this method has shown reasonably good correlations

between HSA and plasma protein binding for large sets of diverse

compounds, large discrepancies have also been observed, particularly for

the compounds strongly bound to AGP. Comparative analysis of HSA and

AGP binding clearly indicates that the HSA binding will dominate plasma

protein binding if the compound binds to HSA equally, or stronger than

AGP. Otherwise, the contribution of AGP to the whole plasma protein

binding can be significant if the binding affinity to AGP is more than two

orders of magnitude higher than that to HSA. Therefore, to identify which

drug binds to which protein becomes an important issue before one can use
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immobilized HSA column binding data in place of plasma protein binding, in

particular, for the interpretation of in vivo data. Nevertheless, at the earlier

stage of discovery, the high throughput screening HSA column can be used

to identify strongly bound compounds and to build structure-binding relation-

ships that help to design compounds with reduced binding, i.e., below 90–

95%.[23] In addition, novel minimized electrodriven techniques such as

FACE and ACE show potential for high throughput screening of drug-

protein binding. From the methodological point of view, ACE and FACE

have significant advantages over equilibrium dialysis, in terms of very small

quantities of biomacromolecules, simplicity, and speed. Further applications

of these new techniques are demanded, although, currently, time and efforts

necessary to validate rapid and reliable techniques for each class of

compounds would limit its potential widespread use in drug discovery. It is

evident that separation methods such as the immobilized HSA column

HPLC, ACE, and FACE generate similiar binding data as compared with

membrane based equilibrium dialysis, in general. It should be noted that the

correlation score might also be restricted by the accuracy of the plasma

protein binding data at variable conditions. For instance, it has been demon-

strated that a shift of pH in plasma after dialysis could result in variable

binding data under certain conditions.[12] The preference of assays will

depend on the familiarity and availability of respective technique, as well as

where/how binding data are to be used. In the earlier drug discovery phase,

sample pooling and the HSA immobilized column are expected to provide

relevant information to optimize drug-like lead compounds in a more cost-

effective way. However, considering the protein concentration differences

among various species, a conventional dialysis method may be required to

provide more accurate binding data for in vivo scaling for a small number

of compounds. It should be addressed that a discrimination of 99% and

99.9% bound is of crucial importance, giving a 10-fold free concentration

difference. On the other hand, in order to build QSPR models for reliable pre-

dictions, high quality data are essential for necessary model validation. In this

respect, the limited numbers of accurate data should be more beneficial than

much that is not accurate enough or inconsistent. Besides acceptable

accuracy, high throughput assays should not be just the increasing numbers

of compounds measured, but rather an issue of time-savings and cost

reduction, and data quality (where to use) and throughput (cost) may have

to be compromised when applying high throughput screening assays.
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