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a b s t r a c t

To develop efficient and reliable methods for prediction of serum protein binding of drug leads, the
kinetic characteristics for the interactions between selected compounds and human serum albumin
and a1-acid glycoprotein have been explored using a surface plasmon resonance biosensor. Conventional
methods for quantification of interactions (i.e., using rate constants or affinities determined on the basis
of a reasonable mechanistic model) were applicable for only a few of the compounds. The affinity of a
primary interaction and the contribution of lower affinity secondary interactions could be estimated
for some compounds, but the affinity of many compounds could not be quantified by either of these
methods. To have a quantification method that could be used for all compounds, independent of affinity
and complexity of interaction mechanisms, the concept of ‘‘binding efficiency,’’ analogous to ‘‘catalytic
efficiency’’ used for enzymes, was developed. It allowed the quantification of the binding of compounds
interacting with weak affinity and for which saturation is not reached within a concentration range
where the compound is soluble or when the influence of interactions with secondary sites makes inter-
pretations difficult. In addition, compounds with large fractional binding can be identified by this strategy
and simply quantified relative to reference compounds. This approach will enable ranking and identifica-
tion of structure–activity relationships of compounds with respect to their serum protein binding profile.

� 2010 Elsevier Inc. All rights reserved.
Drug leads often fail during the later stages of the preclinical cause efficient transport requires rapid association rates as well as

drug discovery phase as a result of extensive binding to serum pro-
teins [1,2]. Two of the most abundant proteins in blood plasma
(serum) are human serum albumin (HSA)1 and a1-acid glycoprotein
(AGP) [3,4]. The concentrations are estimated at 35–50 g/L and 0.4–
1.0 g/L for HSA and AGP, respectively. Both proteins are known to
bind a variety of drugs and other compounds in the circulation.
The binding is complex due to multiple binding sites as well as li-
gand-induced conformational changes [4]. The multiple binding sites
include well-defined sites with a certain degree of specificity for li-
gands (e.g., acidic or basic features) as well as hydrophobic surfaces
and cavities with few other determinants for specificity.

Because serum proteins are present at relatively high concentra-
tions in blood plasma, they can efficiently transport drugs through-
out the body and also serve as a drug reservoir. However, the kinetic
profile of the drug–ligand interaction is critical for drug efficacy be-
ll rights reserved.
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rapid dissociation rates (resulting in moderate affinity). If the
association rates are slow, the drug will not be bound unless very
high concentrations are used, whereas if the dissociation rates are
slow, the drug will be sequestered. In both cases, high compound
concentrations will be required for efficacy, increasing the risk of
side effects. The fine balance between optimal transport and
sequestration (i.e., facilitating but not withholding the substance
from interaction with its target) is a critical factor for drug action.

The characterization of interactions between potential drug
leads and serum proteins is very important as part of their pharma-
cokinetic profiling. However, the early evaluation of serum protein
binding is hampered by a lack of efficient and informative experi-
mental methods. A variety of analytical methods are employed for
studies of drug–serum protein interactions, including equilibrium
dialysis, ultrafiltration, ultracentrifugation, optical biosensors,
and micropartitioning, as reviewed recently [5,6]. In addition, var-
ious forms of capillary electrophoresis [7,8] and chromatography
[9], as well as circular dichroism [10], are employed. These meth-
ods differ in throughput, cost, and the quality of information. So,
the problem is not the lack of methods as such but rather that
essentially all of these methods are equilibrium based and, there-
fore, provide no kinetic information. The possibility of obtaining
relevant structure–activity relationship (SAR) data for protein
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binding for the optimization of compounds, therefore, is limited
even when a large number of compounds are evaluated. Moreover,
the studies are typically performed at a stage where there are few
degrees of freedom available for structural modification and the
predictive power of available methods is poor and not well under-
stood. These factors contribute to the difficulties in identifying
compounds with suitable serum protein binding characteristics
during the early stages of a drug discovery program.

In a previous study, we used a surface plasmon resonance (SPR)-
based biosensor to characterize the interactions between a set of
taxol analogues and HSA and AGP. It resolved some of the complex-
ities of serum protein interactions with drugs and revealed that the
kinetics of ligand interactions may be more characteristic for serum
protein binding sites than the affinities [11]. In the current study,
the goal was to develop new strategies for efficient characterization
of serum protein binding of drug leads. Here data were also ob-
tained using a cell-based system and ultrafiltration. The compounds
were inhibitors of cathepsin K, human immunodeficiency virus type
1 (HIV-1) protease, or HIV-1 reverse transcriptase (see Fig. 1a–c in
Supplementary material). Compounds with known serum protein
binding were used as references (see Fig. 1d in Supplementary
material). To overcome some of the inherent challenges of charac-
terizing interactions between drugs and serum proteins, a novel
strategy for quantifying interactions with rapid kinetics and weak
affinities was developed. It was used as a basis for defining the char-
acteristics of the interactions, allowing both qualitative SAR analy-
sis and quantitative ranking as well as investigation of correlations
with serum effects on drug efficacy.

Materials and methods

Materials

Cathepsin K inhibitors (1 and 2), HIV-1 protease inhibitors (ataz-
anavir, 3–13), and HIV-1 reverse transcriptase inhibitors (MIV-160
and MIV-170) [12] were synthesized in-house. Dapivirine, efavirenz,
nevirapine, delavirdine, iopanoic acid, glyburide, diclofenac, warfa-
rin, digitoxin, dipyridamole, naproxen, propranolol, alprenolol, pin-
dolol, and quinine were purchased from Sigma (Stockholm,
Sweden). HSA (essentially fatty acid and globulin free), AGP (99%
purity), and human serum H4522 were purchased from Sigma. RPMI
1640, fetal calf serum, penicillin, and streptomycin were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). MT4 cells were a
kind gift from N. Yamamoto (Yamaguchi University).

Biosensor analysis

All measurements were performed with a Biacore S51 instru-
ment (GE Healthcare, Uppsala, Sweden). An online degassing sys-
tem (Degasys Ultimate DU4010, Uniflows, Tokyo, Japan) was
coupled to the instrument. Experiments were performed at room
temperature with a flow rate of 30 ll/min.

Preparation of plasma protein sensor surfaces and samples

HSA and AGP were immobilized in two detection areas on the
same S CM5 sensor chip (GE Healthcare), allowing experiments
to be performed simultaneously with both proteins. A third detec-
tion area, with the unmodified dextran matrix, was used as a refer-
ence surface. Phosphate-buffered saline (PBS, pH 7.4, Sigma) was
used as running buffer in the immobilization.

Human serum albumin
HSA was immobilized by amine coupling at 25 �C according to

standard Biacore procedures and using standard reagents (GE
Healthcare). The dextran polymer was activated with 0.2 M N-
ethyl-N0-(3-dimethylaminopropyl)-carbodiimide (EDC) and
50 mM N-hydroxysuccinimide (NHS) for 10 min. A stock solution
of 1 mg HSA/ml in PBS (pH 7.4) was diluted to a concentration of
25 lg/ml in 10 mM sodium acetate (pH 5.2) and injected for
7 min. An injection of 1 M ethanolamine (pH 8.5) for 7 min blocked
remaining unreacted groups on the surface. Final immobilization
levels were between 4000 and 7000 resonance units (RU).

a1-Acid glycoprotein
AGP was immobilized by surface thiol coupling at 25 �C according

to standard Biacore procedures and using standard reagents (GE
Healthcare). To introduce active disulfide groups on the protein sur-
face before immobilization, 2 mg of AGP was mixed with 6 mg of 2-
(2-pyridinyldithio)ethane amine (PDEA) and dissolved in 1 ml of
0.1 M MES buffer [2-(4-morpholino)-ethanesulfonic acid, pH 5.0].
After the addition of 50 ll EDC, the solution was incubated for
10 min at room temperature. Separation of the modified protein
from unreacted reagents was done with a HiTrap desalting column
(GE Healthcare), and elution was performed with 2 ml of 10 mM cit-
rate buffer (pH 3.6). The reaction was assumed to be quantitative,
resulting in a final AGP–PDEA concentration of 1 mg/ml. Aliquots
of the modified protein were stored at –20 �C and diluted to
300 lg/ml in 10 mM citrate buffer (pH 3.6) prior to immobilization.

The dextran polymer was activated with 0.2 M EDC and 50 mM
NHS for 2 min. Thiol groups were introduced on the sensor matrix
through an injection of 40 mM cystamine dihydrochloride in 0.1 M
sodium borate (pH 8.5) for 3 min. The protein was thereafter in-
jected for 26 min, followed by a 4-min injection of 20 mM PDEA
and 1 M sodium chloride in 0.1 M sodium acetate (pH 4.3) to deac-
tivate unreacted groups. Final immobilization levels were between
8000 and 10,000 RU.

Sample preparation

Serial dilutions of compounds were prepared from stock solu-
tions of 5 or 10 mM in 100% Me2SO and from intermediate solu-
tions of 0.6 mM in 100% Me2SO. Final compound concentrations
of 0–30 lM in PBS (with a constant concentration of 5% Me2SO)
were otherwise identical to the running buffer. Still, solvent correc-
tion was performed to compensate for inadequate matching of
samples and the running buffer.

Data analysis

Data correction and normalization
The initial processing of data was performed with the evaluation

software version 1.2 for Biacore S51 (GE Healthcare). Samples con-
taining buffer alone were injected between the compound injec-
tions, allowing correction for unspecific signals from protein
surfaces (‘‘blank subtraction’’). In addition, correction for nonspe-
cific signals arising from the sensor matrix was performed by sub-
tracting signals from the reference spot on the chip (‘‘reference
subtraction’’). Finally, corrections were also done to reduce errors
due to small differences in the concentration of Me2SO between
the running buffer and the sample solution (‘‘solvent correction’’).
It involved a refractive index (RI) correction procedure based on a
calibration curve obtained by the injection of eight Me2SO concen-
trations ranging from 4.5% to 5.8%, typically suitable for signal cor-
rections when using 5% Me2SO in running buffer and sample
solutions.

All data was normalized with respect to compound molecular
weight (MWanalyte), protein molecular weight (MWprotein), and pro-
tein immobilization level (Rprotein):

FNORM ¼
MWprotein

MWanalyte � Rprotein
: ð1Þ



Fig.1. Interactions between inhibitors of cathepsin K, HIV-1 protease, HIV-1 reverse transcriptase, and reference compounds and HSA (A) and AGP (B). The compounds were
injected in concentrations from 0 to 30 lM using threefold dilutions (30, 10, 3.3, and 1.1 lM). The injection time (t) was 60 s.
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The normalization factor, FNORM, enables a better comparison
between compounds of different molecular weights in experi-
ments performed with different immobilization levels of the pro-
teins. Normalized response signals are defined here as RUNORM.
Determination of kinetic parameters (KD, kon, and koff)
Affinities (KD) and association and dissociation rate constants

(kon and koff, respectively) were estimated by globally fitting an
equation representing a 1:1 interaction model (Eq. (2)) to normal-



Fig. 1 (continued)
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ized signal response values (R) for the complete series of com-
pound concentrations (C). These analyses were performed with
BIAevaluation 4.0.1 (GE Healthcare):
RðtÞ ¼ Rmax �
C � kon

C � kon þ koff
1� e�tðC�konþkoff Þ
� �

ð2Þ
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Quantification of affinity from equilibrium signals
GraFit 5 (Erithacus Software, Surrey, UK) was used for the ex-

tended data analysis involving nonlinear regression analysis of
the complete dataset. Apparent affinities ðK�DÞwere calculated from
the amount of complex (Req) at different compound concentrations
(C), estimated from normalized equilibrium signals extracted 50 s
after injection, and by using a 1:1 interaction model described by
Eq. (3):

Req ¼
Rmax � C
C þ K�D

: ð3Þ

The same data were also analyzed with a 2:1 interaction model, de-
scribed by Eq. (4), and used to calculate the two affinities of the pri-
mary and secondary interactions (KD1 and KD2):

Req ¼
Rmax1 � C
C þ KD1

þ Rmax2 � C
C þ KD2

: ð4Þ
Fig.2. Overlay of single-concentration sensorgrams for inhibitors of cathepsin K, HIV-1 p
and AGP. All compounds (Table 1) were injected at 3.3 lM.
Similarly, the data were also analyzed with a model represent-
ing interactions with a primary binding site and secondary interac-
tions with affinities much weaker than can be detected within the
range of the experiment. This was performed with Eq. (5), devel-
oped from Eq. (4) by assuming that KD2 � C:

Req ¼
Rmax;prim � C
C þ KD;prim

þ k � C: ð5Þ

In this case, the affinity and the maximal response signal for the pri-
mary protein interaction were determined as KD,prim and Rmax,prim,
respectively, and the amount of secondary binding was estimated
from the slope of the interaction at high C where k ¼ Rmax2=KD2.

Definition of binding efficiency
The concept of binding efficiency (BE) was developed from Eq.

(3). By reorganizing the equation to
rotease, HIV-1 reverse transcriptase, and reference compounds interacting with HSA
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Req ¼
Rmax
KD
� C

C
KD
þ 1

; or Req ¼
BE � C
C

KD
þ 1

; ð6Þ

where BE is defined as

BE ¼ Rmax

KD
: ð7Þ

By rearranging Eq. (3) into Eq. (6), BE can be obtained directly as a
parameter by nonlinear regression analysis of the complete data set
using Eq. (6) rather than by calculating BE from two separately
determined parameters. In the procedure used here, KD was also
set to be a free variable and the starting value was taken from the
KD value obtained from the regression analysis using Eq. (3). The va-
lue of BE represents the slope of the initial linear part of the satura-
tion curve described by Eq. (3) because this equation is reduced to a
linear equation at low concentrations (C� KD):

Req ¼
Rmax

KD
� C: ð8Þ

Fig. 5 illustrates how BE relates to the complete saturation curve.

Serum binding data
Effect of serum on antiviral efficacy. The inhibitory effect of com-
pounds against HIV-1 was based on inhibition of virus-induced
cytopathogenicity in acutely infected MT4 cells, as described previ-
ously [12,13]. Briefly, MT4 cells were seeded in 96-well assay
plates at a density of 2 � 104 cells/well in RPMI 1640 medium sup-
plemented with 10% fetal calf serum, penicillin (50 U/ml), and
streptomycin (0.05 mg/ml). Compounds, dissolved in Me2SO
(100%) were fivefold serially diluted in cell culture media and
added to the assay plates. Finally, 20–50 TCID50 (50% Tissue Cul-
ture Infective Dose) HIV-1 IIIb was added to each well except for
the cell control wells. After 4 days of incubation, cell viability
was determined by the XTT method [14]. The reduction in cyto-
pathogenicity (% inhibition) was calculated from

% inhibition ¼ ODcompound � ODinfected cells

ODcell control � ODinfected cells

� �
� 100: ð9Þ

EC50 values were determined from plots of percentage inhibi-
tion versus compound concentration.

To analyze the effect of human serum on the antiviral activities
of the test compounds, assays were performed in 50% human ser-
um added to RPMI 1640 medium containing 10% fetal calf serum,
penicillin (50 U/ml), and streptomycin (0.05 mg/ml). Compounds
dissolved in Me2SO (100%) were serially diluted in human serum
and added to 96-well assay plates (100 ll/well). Next, 50 ll of cell
suspension containing four times the final concentration of cells
and 50 ll of virus suspension containing four times the final con-
centration of virus were added, and the plates were incubated for
4 days and analyzed with the XTT assay as described above. Quan-
tification of the human serum (HS) effect was done by using the
concept of fold change, which is defined by

fold change ¼ EC50 þ 50% HS
EC50

: ð10Þ
Ultrafiltration. Ultrafiltration was carried out using microcentri-
fuge Eppendorf tubes (Millipore, Billerica, MA, USA) with Amicon
Ultrafree-MC 30-kDa cutoff filter units inserted. All compounds
were diluted in acetonitrile to 200 lM (from 10-mM stock solu-
tions in 100% Me2SO). Next, 1 ml of human serum (diluted 1:4)
was mixed with compound to a final concentration of 1 lM, and
200 ll of this mixture was pipetted onto the ultrafilter. The lid
was removed from tubes, and the filter was incubated for 1 h in
37 �C with 9.5% CO2. The sample was centrifuged for 25 min
(5000g, 37 �C), and 50 ll of the supernatant was analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS).

Correlation analysis. Correlation analysis among biosensor interac-
tion parameters, cell culture, and ultrafiltration data was per-
formed using Statistica 6.0 (StatSoft Scandinavia, Uppsala,
Sweden). The significance level was set to P < 0.05.
Results

Biosensor analysis

The interactions between a selection of inhibitors of cathepsin K,
HIV-1 protease, and HIV-1 reverse transcriptase (see Fig. 1a–c in
Supplementary material) and immobilized HSA and AGP were stud-
ied. Compounds with known binding to serum, HSA, and/or AGP
(see Fig. 1d in Supplementary material) were used as references.
Measurements were performed with a range of compound concen-
trations up to 30 lM (in PBS with 5% Me2SO), above which limita-
tions in solubility for many compounds were expected to interfere
with the interpretation of the data. The sensorgrams for the interac-
tions with HSA and AGP are shown in Fig. 1A and B, respectively.
They are arranged in order of increasing affinity for each protein.
The data show that all tested compounds bound reversibly to both
proteins and that the kinetics were very rapid. Regeneration proce-
dures for the sensor surface, therefore, were not required. The inter-
action characteristics were rather similar for the compounds within
each class, as illustrated by the overlaid sensorgrams for 3.3 lM of
each compound (Fig. 2). (Note the different scales on the y axis.)

Some of the compounds had a slower dissociation than the oth-
ers, as easily seen in Fig. 2. These can be identified in Fig. 1 as the
HIV-1 protease inhibitors 9, 12, 13, and iopanoic acid for HSA and
the HIV-1 protease inhibitors 5, 6, 7, 9, 12, 13, and dipyridamole for
AGP.

A qualitative analysis of the complete set of sensorgrams
(Fig. 1A) identifies MIV-170 as the compound with the highest
steady-state level binding for HSA of the tested compounds, being
of the same order as the positive reference compounds. MIV-170
and several other compounds had binding levels of the same order
as the positive reference compounds for AGP. Dapivirine showed
very weak interactions with both HSA and AGP. However, it has
very poor solubility, and so the data may be misleading. Interac-
tions between HSA and certain compounds (glyburide, diclofenac,
and iopanoic acid) reached a steady-state signal higher than the
theoretical maximum of 1 (Fig. 1A), indicating secondary interac-
tions or conformational changes. Compound 10 was not soluble
at the highest concentrations, and so the sensorgrams above
3.3 lM are not shown.

Although the sensorgrams revealed that the kinetics for the
compounds differed significantly enough to give rise to these dif-
ferences in the steady-state levels, they were difficult to quantify.
This was due not only to the rapid kinetics but also to the complex-
ity of the interaction. A number of different approaches for quanti-
fication were therefore explored.

Determination of kinetic parameters

First, the kinetic parameters were determined by simultaneous
global regression analysis of the association and dissociation
phases for a complete concentration series using a suitable mech-
anistic model (Eq. (2)) (results not shown). However, for many of
the compounds, the rate constants could not be reliably estimated
because the values were faster than the acceptable range for quan-
tification (104 M–1 s–1 < kon < 107 M–1 s–1, 10–4 s–1 < koff < 10–1 s–1)
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[15]. The problem was more frequent for values of kon than for val-
ues of koff. Only few of the compounds interacted slowly enough
Table 1
Quantitative parameters for compounds interacting with HSA and AGP.

Compound BEa (RUNORM�mM–1) K�D
b (lM) KD,pri

(A) HSA
1 7 ± 0.5 23 7.4
2 12 ± 4 10 2.4
Atazanavir 13 ± 4 4 4.1
3 16 ± 1 36 0.7
4 11 ± 1 41 32
5 9 ± 2 30 31
6 12 ± 1 430 nd
7 3 ± 0.1 98 56
8 6 ± 0.3 110 57
9 36 ± 3 120 13
10 6 ± 1 22 20
11 5 ± 0.03 69 64
12 39 ± 8 13 nd
13 30 ± 2 7.5 74
MIV-160 22 ± 6 38 3.4
MIV-170 26 ± 0.4 160 30
Dapivirine 20 ± 0.8 4.6 nd
Efavirenz 4 ± 0.1 120 20
Nevirapine 2 ± 0.2 nd nd
Delavirdine 25 ± 5 34 5.3
Iopanoic acid 320 ± 25 2.6 0.8
Glyburide 173 ± 18 3.4 2.1
Diclofenac 140 ± 17 6.5 4.6
Warfarin 100 ± 20 6.2 4.8
Digitoxin 25 ± 3 31 15
Dipyridamole 29 ± 7 23 29
Naproxen 36 ± 1 24 6.1
Propranolol 16 ± 2 6.2 7.4
Alprenolol 9 ± 1 1.1 nd
Pindolol 28 ± 6 1 2.2
Quinine 15 ± 2 150 nd

(B) AGP
1 10 ± 0.2 9.3 1.4
2 11 ± 0.8 11 1.1
Atazanavir 18 ± 8 18 8
3 17 ± 2 20 10
4 8 ± 3 67 48
5 37 ± 9 9.2 nd
6 35 ± 7 6.8 4.4
7 37 ± 10 8.4 3.2
8 11 ± 4 27 43
9 32 ± 11 7.4 4.2
10 3 ± 1 74 48
11 6 ± 2 56 56
12 35 ± 6 10 13
13 45 ± 12 4.5 10
MIV-160 9 ± 2 39 3.7
MIV-170 10 ± 4 nd 1026
Dapivirine 8 ± 0.8 2.2 nd
Efavirenz 2 ± 0.1 230 68
Nevirapine 3 ± 2 nd nd
Delavirdine 7 ± 0.6 35 6
Iopanoic acid 20 ± 3 29 6.9
Glyburide 31 ± 6 14 4.9
Diclofenac 14 ± 1 nd 35
Warfarin 51 ± 3 17 3.1
Digitoxin 4 ± 1 8 0.3
Dipyridamole 100 ± 17 3.2 1
Naproxen 12 ± 0.5 68 nd
Propranolol 29 ± 5 22 4.5
Alprenolol 13 ± 2 59 7.7
Pindolol 17 ± 0.05 10 2
Quinine 35 ± 7 8 3.9

Note: All values are mean values. Some values could not be determined for various reas
a Binding efficiency, determined by nonlinear regression analysis using the complete
b Apparent affinities, determined from Eq. (3) by using steady-state values for a serie
c Affinity for the primary interaction, determined from Eq. (5).
d Maximal response for the primary interaction, determined from Eq. (5).
e Secondary interaction(s), determined from Eq. (5).
f Dissociation rate constant, determined from Eq. (2).
and with sufficiently high affinity for the rate constants to be esti-
mated by this method (Table 1).
m
c (lM) Rmax,prim

d (RUNORM) ke koff
f (s–1)

0.05 0.002 nd
0.03 0.001 nd
0.06 0.005 0.01
0.03 0.005 nd
0.35 0.001 0.30
0.35 0.003 0.15
nd nd 0.02
0.21 0.002 0.49
0.26 0.003 0.04
0.73 0.009 0.08
0.13 0.001 0.63
0.39 0.0003 0.02
nd nd 0.08
nd nd 0.12
0.08 0.009 nd
0.31 0.019 nd
nd nd nd
0.03 0.002 nd
nd 0.001 nd
0.15 0.010 nd
1.00 0.020 0.40
0.90 0.008 nd
1.03 0.016 0.85
0.64 0.003 nd
0.41 0.007 0.70
1.00 0.003 nd
0.36 0.014 nd
0.05 0.002 nd
nd nd nd
0.11 0.002 nd
nd 0.006 nd

0.04 0.002 0.51
0.03 0.002 0.11
0.23 0.004 nd
0.25 0.004 nd
0.35 0.002 nd
nd nd 0.14
0.38 0.003 0.38
0.25 0.005 0.9
0.98 0.007 nd
0.43 0.005 0.05
0.13 0.001 0.38
0.50 0.005 nd
0.85 0.008 0.68
0.89 0.002 0.61
0.04 0.004 nd
0.09 0.012 nd
nd nd nd
0.05 0.001 nd
nd nd nd
0.11 0.007 nd
0.16 0.007 nd
0.24 0.006 nd
0.01 0.009 nd
0.23 0.011 nd
0.01 0.001 nd
0.47 0.007 0.50
nd nd nd
0.14 0.007 nd
0.07 0.006 nd
0.07 0.003 nd
0.31 0.004 nd

ons. nd, not determined.
dataset and Eq. (6). Standard deviations are based on triplicate measurements.
s of inhibitor concentrations (0–30 lM).
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Determination of affinities

Due to the difficulties in the determination of kinetic rate con-
stants, the concentration dependence of steady-state values (Req)
Fig.3. Concentration dependence of steady-state values (Req) for the binding of the com
corresponding to 1:1 interactions obtained from nonlinear regression analysis of stead
normalized.
was used to estimate apparent affinities (K�D values). Only few of
the compounds showed saturation within the concentration range
that could be reliably used (Fig. 3), indicating that the affinities for
HSA and AGP were generally low. Because a 1:1 interaction model
pounds shown in Fig. 1 to HSA and AGP. Solid lines represent theoretical curves
y-state values (after a 50-s injection) at concentrations up to 30 lM. Signals were
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could not generally be used to describe the data, the lack of dis-
cernible saturation was not simply a matter of low affinity but
most likely also a consequence of the involvement of multiple
binding sites. These may be well-defined secondary binding sites
or hydrophobic cavities or surfaces that bind compounds in a less
specific manner. Three of the compounds (glyburide, diclofenac,
and iopanoic acid) had a stoichiometry higher than 1 for HSA (also
evident from Fig. 1A), suggesting that they bind to more than one
site.

To determine the possible contribution of secondary interac-
tions, also for compounds not exhibiting a stoichiometry higher
than 1, equations describing two alternative models were fitted
to the data. The principle for the fitting of the equations is shown
for the interaction between iopanoic acid and HSA in Fig. 4. The
standard equation, describing a simple 1:1 interaction model (Eq.
(3)), gave an estimate of the overall apparent affinities ðK�DÞ for
the serum protein interactions (Table 1). Poor fits and large differ-
ences in the values determined in two separate experiments illus-
trated the weakness in the procedure and the low reliability of the
values (especially for high KD values). The 2:1 interaction model
(Eq. (4)), assuming two independent interactions with affinities
of a magnitude equal to or below the highest concentration used
in the experiments, was not better (data not shown). However,
the equation describing a 1:1 interaction model in combination
with a linear term for weaker binding with one or several second-
ary sites (Eq. (5)) was most suitable for describing the serum pro-
tein interactions. It enabled the separation of the primary
Fig.4. Concentration dependence for the interaction between iopanoic acid and HSA wi
model (Eq. (3)); (B) 2:1 interaction model (Eq. (4)); (C) model describing a primary 1:1 in
theoretical primary interaction with HSA was estimated by using Rmax.prim and Eq. (5). Th
axis intercept of the continuous black line (dashed line in panel C), as indicated with a cir
amount of secondary interaction(s). Signals were normalized.
interaction from weaker secondary interactions and the determi-
nation of the affinity (KD,prim) and maximal response (Rmax,prim)
for the primary interaction (Table 1). The y axis intercept of the
extrapolated line describing the unspecific interaction could be
used to visually estimate Rmax,prim for the primary serum protein
interaction, as illustrated in Fig. 4C. Interestingly, the slope of the
binding curve at high concentrations was parallel for many of the
compounds (see Fig. 3 and for parameter k in Table 1, e.g., HIV pro-
tease inhibitors and AGP), indicating that the amounts of second-
ary interactions were similar. This was seen for both HSA and
AGP. For some compounds, the ‘‘saturation curve’’ was linear in
the whole concentration range, showing that the concentration
range was not enough for the quantification of even a primary
interaction. For these compounds, KD,prim, Rmax,prim, and k could
not be determined (shown as ‘‘nd’’ in Table 1).

Binding efficiency analysis

To overcome the problems of quantifying interactions that do
not become saturated within the range of available concentrations
(i.e., with low affinities), the concept of binding efficiency was
introduced (Eq. (7)). The new parameter was defined as the slope
of the saturation curve at low compound concentrations, as illus-
trated in Fig. 5. Thus, it represents how much compound will be
bound as a function of concentration without any assumptions of
the mechanism of binding, number of binding sites, and so forth.
BE values could be determined by nonlinear regression analysis
th different theoretical models fitted to the experimental data: (A) 1:1 interaction
teraction in combination with low-affinity secondary interaction(s) (Eq. (5)). (D) The
e maximal response for the specific protein binding was further estimated by the y

cle. The slope of the line for high concentrations (10–30 lM) in panel C indicates the



Fig.5. Illustration of the concept of binding efficiency. Saturation curves for the
interaction between HSA and warfarin (circles), dipyridamole (stars), and quinine
(squares). The solid curves represent the theoretical curves obtained with a 1:1
interaction model (Eq. (6)), whereas the dashed lines correspond to the binding
efficiency (BE), also obtained by nonlinear regression analysis of the complete
dataset using Eq. (6). These represent the slope of the saturation curve at low
compound concentrations, as defined by Eq. (8). Signals were normalized to FNORM.

Fig.6. Ranking of compounds based on BE values for cathepsin K inhibitors (white),
HIV-1 protease inhibitors (dark gray), HIV-1 reverse transcriptase inhibitors (light
gray), and reference compounds (black) in their interactions with HSA (A) and AGP
(B). Standard deviations obtained from triplicate experiments are indicated as error
bars.
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of the complete dataset for all compound interactions, and the re-
sults were reproducible. BE values for all studied compounds are
summarized in Table 1.

To get an idea of the binding of the inhibitors of cathepsin K,
HIV-1 protease, and HIV-1 reverse transcriptase to HSA and AGP,
their BE values were ranked relative to reference compounds
(Fig. 6). All inhibitors showed low to moderate BE values in com-
parison with the reference compounds.

Serum interaction analysis

As a means of estimating the serum binding propensity of the
compounds in a physiologically relevant context, the inhibitory ef-
fect (EC50 values) of protease and reverse transcriptase inhibitors
against replication of HIV-1 in cell culture were determined both
with and without the addition of human serum (Table 2). For all
compounds, the fold change (Eq. (10)) was calculated as a prag-
matic quantification of serum effects (Table 2). In addition, ultrafil-
tration was also used to determine the unbound fraction (% free) in
serum for a selected set of compounds (Table 2).

Correlation analysis

To identify experimental descriptors from the interaction anal-
ysis that have a high predictive value for serum protein binding in
cellular systems, a correlation analysis with all parameters for the
different HIV-1 inhibitors and HSA and AGP (Tables 1 and 2) was
performed. No notable correlation was identified by the statistical
approach using the full dataset. Nevertheless, it was observed that,
among the compounds with slow dissociation from AGP, two were
HIV-1 protease inhibitors (7 and 13) that became much less effec-
tive in the presence of serum (i.e., had a large fold change)
(Table 2).

Discussion

This study has revealed physiologically relevant characteristics
of serum proteins and how they can efficiently transport a variety
of compounds in the circulation. By being present at high concen-
trations and having multiple binding sites, their weak affinities for
drug-like compounds, resulting from the rapid kinetics, do not be-
come a limiting factor. Instead, the rapid kinetics ensures that the
loading and unloading of the proteins are efficient. However, these
characteristics make the characterization of serum protein binding
of potential lead compounds very challenging and require methods
other than those conventionally used for characterization of lead–
target interactions. Nevertheless, characterizing the interactions
on a level of ‘‘molecular recognition’’ is expected to be crucial to
understand the interactions sufficiently well for SAR analysis. This
is required for medicinal chemistry optimization of compounds
also from a serum protein binding perspective.



Table 2
Serum binding data determined by a cell culture assay for antiviral replication, where the effect of 50% human serum on inhibition of HIV replication in cell culture (EC50) for HIV-
1 protease inhibitors and reverse transcriptase inhibitors was determined, and by ultrafiltration, where the percentage of unbound compound in serum was estimated.

Compound Type of inhibitor EC50 (lM) EC50 50% HS (lM) Fold change Ultrafiltration (% free)

Atazanavir PI 0.0075 0.017 2 25
3 PI 0.013 0.035 3 9.7
4 PI 0.083 0.14 2 8.7
7 PI 0.0066 0.87 132 4.3
8 PI 0.0077 0.031 4 17
9 PI 0.009 0.16 18 1.5
10 PI 0.006 0.02 3 6
11 PI 0.008 0.032 4 0.2
12 PI 0.005 0.043 9 1.1
13 PI 0.0014 0.17 121 0.2
MIV-160 RTI 0.0017 0.006 4 nd
MIV-170 RTI 0.0017 0.007 4 nd
Dapivirine RTI 0.0012 nd nd nd
Efavirenz RTI 0.005 0.045 9 0.4
Nevirapine RTI 0.17 0.52 3 nd
Delavirdine RTI 0.11 >4.4 >40 nd

Note: HS, human serum; PI, HIV-1 protease inhibitor; RTI, reverse transcriptase inhibitor; nd, not determined.
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Determination of overall apparent affinities is a simple way to
evaluate molecular interactions. This was the approach, among
others, used in the original studies of ligand–serum protein inter-
actions using SPR biosensor technology [16,17]. However, this ne-
glects the complex situation of multiple binding sites and
conformational changes typical for HSA and AGP. This complexity
has already been addressed by us [11] and others [18], but the pro-
posed methods do not allow a simple approach for ranking of com-
pounds. In addition, methods involving the determination of
affinities are not applicable for low-affinity interactions that do
not reach saturation under relevant experimental conditions. Esti-
mated overall apparent affinities, therefore, are not reliable and
were found to have low reproducibility in this study. Another strat-
egy in evaluating serum protein interaction characteristics is to
determine the interaction kinetic rate constants. But due to fast
kinetics and complex interaction mechanisms, serum protein
interactions are not easily characterized by this method.

Our experiences with unreliable overall apparent affinities and
kinetic rate constants encouraged us to introduce the concept of
binding efficiency. Although this novel strategy in evaluation of
interactions gives no information about affinities or about individ-
ual association and dissociation rate constants, it was shown to be
a useful tool for quantifying weak interactions. In cases where
experimental conditions limited the analysis by conventional
methods, BE was a reliable parameter that showed good reproduc-
ibility. By avoiding affinity determinations, drug compounds inter-
acting with different affinities (100-fold) to HSA and AGP could
easily be compared without using concentrations higher than
30 lM. This ranking of binding to serum proteins was not possible
to perform using estimated apparent KD values because the broad
range of affinities for both inhibitors and reference compounds was
impossible to estimate under the experimental conditions.

Binding efficiency was determined by the linear relationship of
low compound concentrations and the responding equilibrium
binding signals, making it a more robust parameter than equilib-
rium binding signals based on single concentrations. In the evalu-
ation of the novel parameter, BE values for the inhibitors of interest
and reference compounds were compared with equilibrium bind-
ing signals at different concentrations. The comparison indicated
that these two parameters are better correlated at low concentra-
tions than high ones, as expected. As low concentrations as possi-
ble, therefore, should be used in single concentration hit
characterization to avoid problems due to differences in the level
of saturation reached for different compounds. Too high concentra-
tions would probably result in misleading ranking results due to
the fact that some compounds may have reached saturation,
whereas others have not.

We introduced the term ‘‘binding efficiency’’ here because it is
comparable to the term ‘‘catalytic efficiency’’ used in enzymology
with a similar meaning and mathematical definition. However,
during the course of this work, the term binding efficiency turned
up in another article [19] but as an alternative to the already estab-
lished term ‘‘ligand efficiency.’’ Because it is more appropriate for
the use proposed in this study, we advocate the meaning intro-
duced here but remind the reader that the enzymological term
has some limitations [20,21] and that the new term will also need
to be used with care.

In addition to binding efficiency, we also divided the serum pro-
tein binding of compounds into parts describing primary (KD,prim

and Rmax,prim) and secondary (k) interactions. By doing this, it
was possible to focus on the primary interactions with high-affin-
ity binding sites on HSA and AGP while still allowing the discrim-
ination of compounds with divergent secondary interactions. By
comparing values of KD,prim with values of KD determined for some
of the reference compounds binding to known primary binding
sites of serum proteins, the analysis was evaluated. However, pre-
viously published data should be interpreted with caution due to
methodological differences and inherent difficulties in quantifying
this type of interaction. Research data indicate a value of KD be-
tween 2.5 and 6.3 lM for the binding of warfarin to its primary
HSA binding site [22–26]. In addition, naproxen has previously
been described to bind to its primary HSA binding site with an
affinity of approximately 3 lM [27]. We determined the affinities
for the primary binding sites to be 5 and 6 lM for warfarin and na-
proxen, respectively. Affinity data for AGP interactions was not
easily found; therefore, similar evaluations as for HSA could not
be done.

When determining serum binding characteristics of com-
pounds, percentage binding is most often used as parameter.
Working with this parameter, and comparing it with other
in vitro and cell culture data, one must keep in mind the complex-
ity of serum proteins, that compounds can bind not only to HSA
and AGP, and that this parameter is dependent on both protein
and compound concentrations as well as affinities – factors that
can vary with time. For example, the conditions (pH, temperature,
and ionic strength) influence interaction characteristics depending
on the specific forces involved. Moreover, the in vivo concentra-
tions of serum proteins vary depending on the situation, with the
concentration of HSA decreasing with age and with the concentra-
tion of AGP increasing during acute and chronic infections and
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inflammation [3,28]. Previous work concerning the interaction be-
tween HIV inhibitors and serum proteins demonstrates that the ac-
tual physiological protein concentrations will determine the
in vivo distribution of the protein-bound inhibitors [11]. In early
studies of serum protein binding, compounds of different charac-
teristics were thought to bind specifically to either HSA or AGP
[3]. It was later clarified that this was not the case; the same com-
pound can in fact bind to both proteins. The presence of different
amounts of serum proteins, and also the presence of other com-
pounds, may have big effects on the actual in vivo interaction
[28]. This makes the interpretations of serum protein interactions
even harder. This is probably one reason for the difficulties in iden-
tifying clear correlations between different parameters. The com-
plexity of serum should not be underestimated, and it is
probable that ligands have many other potential binding partners
in serum in addition to HSA and AGP. By extending the strategy
to other proteins in blood, it may be possible to refine the picture
even further.

By using the more robust parameter of binding efficiency, rank-
ing of compounds relative reference compounds can be done more
easily. In addition, the combination of binding efficiency data with
data from primary and secondary interactions can further reveal
structural information of a compound and how this can be modi-
fied to change or improve its serum binding properties. Still, for
tight binding inhibitors, it would be possible to resolve the kinetics
for enhanced analysis. So, this method has considerable advantages
over previous descriptions of how to use SPR biosensors for estima-
tion of ligand binding to serum proteins (see, e.g., Refs. [11,16,17]).
In particular, as indicated in this study and previous unpublished
work, the inherent difficulties in determining affinities for com-
pounds interacting with weak affinities and/or multiple sites can
result in misleading information. Therefore, it is perhaps better
to avoid this parameter altogether.

Because koff is known to be of clinical relevance in serum pro-
tein interactions, it was of interest to see whether there was any
correlation between koff and interactions with serum. Here only
few of the compounds exhibited values of koff that could be quan-
tified, but it was possible to visually identify compounds with rel-
atively slow dissociation rates. The analysis suggested correlations
between koff and BE for AGP, which may be of relevance consider-
ing that AGP has an inhibitory effect on the antiviral efficacy of HIV
protease inhibitors [29]. However, more data are required for this
type of analysis, and so determination of dissociation rates is of
interest in future analyses of protein binding of different com-
pounds. Unfortunately, for evaluation of the BE value for prediction
of serum protein binding in humans and of the physiological ef-
fects of kinetics on serum binding, data obtained in suitable human
or animal models are required and, therefore, this was outside the
scope of the current study.
Conclusions

This study has shown that useful data for predicting serum pro-
tein interactions can be obtained using a biosensor-based approach
provided that the analysis focuses on binding efficiencies. The dis-
sociation rate was also shown to be of some relevance, and valu-
able information can be gained for compounds where koff can be
determined. The results from this study, therefore, have revealed
new characteristics of serum protein interactions of importance
for understanding the feature of transport proteins.
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