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Contribution of lonization and Lipophilicity to Drug Binding to Albumin:
A Preliminary Step toward Biodistribution Prediction
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Understanding the molecular mechanisms governing albumin binding is a major challenge in
absorption—distribution—metabolism—excretion prediction. To gain insight into this complex
field, an ultracentrifugation method to measure the drug fraction bound to bovine serum
albumin [%B(DAB)] is presented. The second part of the study shows the dependence of
the experimental binding parameter on ionization and lipophilicity descriptors (pKa and log
Dot’* for a series of 14 structurally diverse drugs. Finally, a docking strategy is used to
rationalize the findings; the results confirm the mostly nonspecific nature of the interaction of

albumin with neutral ligands.

Introduction

The need to screen absorption—distribution—metabo-
lism—excretion (ADME) characteristics at a very early
stage of drug development is rapidly growing. Protein
binding influences many pharmacokinetic characteris-
tics! and may involve one or several macromolecules.
The simplest situation is that in which only one protein
is involved. The most frequent case concerns the drug—
albumin complex, since albumin is the most abundant
plasma protein, at around 0.6 mM (about 40 g/1000 mL,
4%).2 Because of its abundance, it is reasonable to
assume that the binding strength of a given drug to
serum albumin and thus free drug exposure is funda-
mental to understanding therapeutic responses.®

Human serum albumin (HSA), a 585 residue protein,
contains three homologous domains (labeled 1—111), each
consisting of two subdomains (A and B) that share
common structural elements. Recent studies have also
reported the crystal structures of HSA with some of its
ligands: fatty acids,*® warfarin,® propofol, and halo-
thane.”

A literature overview indicates three major limita-
tions of plasma protein binding studies: (i) results
obtained in different laboratories are not often compa-
rable;®° (ii) quantitative structure—pharmacokinetic
relationships (QSPKkR) in the field are often limited to
structurally related classes of compounds;1°~17 and (iii)
despite the high number of powerful molecular modeling
tools available today, there is in practice only one report
of plasma protein binding.'®

This study aims to obtain information on drug albu-
min binding mechanisms by using a strategy based on
the combination of experimental data and molecular
modeling tools, namely, conformational analysis and
docking strategies. The paper is divided into three
parts: first, an ultracentrifugation method (ultracen-
trifugation is a widely used technique to measure
binding!®2% was set up to determine drug binding to
bovine serum albumin (BSA) experimentally. The method
was applied to a set of structurally diverse drugs (Figure
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1) with well-dispersed lipophilicity and ionization char-
acteristics. Second, the relationships between albumin
binding and log D74 (the logarithm of the distribution
coefficient D at pH 7.4 in octanol/water, traditionally
assumed to dominate binding to albumin?!) were ana-
lyzed following a recent approach to lipophilicity;?? in
addition, a careful check of the literature was made, and
the dependence of reliable binding descriptors and
lipophilicity is discussed for the same set of compounds.
Finally, a link between experimental results and mo-
lecular interaction mechanisms was sought. A search
in the Protein Data Bank?® furnished a number of
results for the HSA query. In particular, in Bhatta-
charya et al.,* the high resolution of the crystallographic
determination (2.2 A) enabled the position of two
propofol molecules to be determined unambiguously.
Knowing the crystal structure of the complex and using
the MOE (molecular operating environment) program
package,? a molecular docking strategy was set up that
was able to confirm the QSPkR results. Overall, the
study contributes to our understanding of the molecular
forces involved in drug—albumin interaction and thus
to the prediction of biodistribution properties.

Results and Discussion

Data Set of Compounds. The goal of our study is
to have preliminary but well-founded insights into the
role of ionization and lipophilicity in albumin binding,
by working on a small but significant data set (Figure
1) for which high precision experimental determinations
have been performed. A careful examination of serum
protein binding data reported in the literature shows
that results obtained in different laboratories are not
often comparable, due to failure to describe the experi-
mental conditions in proper detail, frequently combined
with insufficient methodological accuracy, and inap-
propriate choice of descriptors.

Principal component analysis (PCA) was used to
investigate the heterogeneity of the working data set.2>
Figure 2 gives the scores of the first two principal
components (t1 and t2), which describe 71% of the
diversity in the descriptors space. The data set was
found to cover all four quadrants of the PCA plot,
showing to be heterogeneous and thus significant.
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Figure 2. Heterogeneity of the selected data set investigated
by PCA.

Determination of Albumin Binding. To obtain
binding data under rigorous conditions, the mathemati-
cal equations associated with the biological phenomenon
must be known. Equation 1 (obtained from the law of
mass action) is commonly used!® to quantitatively
describe protein binding.
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where Cg is the concentration (mM) of the bound
fraction, Kai (Kaz) is the first (second) association
constant expressed in mM™1, na; (Nay) is the number of
binding sites per protein molecule associated to Ka;
(Ka2), Pt is the total protein concentration, and Cy is
the concentration (mM) of the unbound fraction. In
Figure 3A, eq 1 is represented for methohexital based
on the experimental data reported in Girard et al.1®

For the sake of clarity, the second term of eq 1, which
refers to a nonsaturable class of sites of low affinity and
is associated with experimental conditions far from
physiological values, can reasonably be neglected.®
Equation 1 is thus simplified to eq 2 (rectangular
hyperbola)

Nap * Pe s Kag - Cy

Ce = 1+ Ky Cy

)

Equation 2 is simulated (Figure 3B) for two generic
compounds whose Ka values (due to the simplification,
Ka is actually Ka;) represent, respectively, the lowest
(1 mM~1, continuous line) and highest (10* mM~1, dotted
line) values of a physiologically normal range,81° Py is
0.6 mM (human blood albumin concentration), and na;
has been kept constant at 1.

Binding descriptors can be divided into two categories
according to their capacity to describe the full binding
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Figure 3. Simulation of binding curves. (A) Equation 1 in
the case of methohexital. Experimental data (reported in ref
15) Nar = 1.01, Kay = 11.2 mel, Nna2Kar, = 0.81 mel, Py =
0.6 mM. (B) Equation 2 was simulated for two generic
compounds whose Ka (Ka means Kai) represents, respectively,
the lower (1 mM™) and the higher (10* mM™?) values; Py is
0.6 mM and na; = 1.

curve (Figure 3) or a single point: binding constants
(Ka) and percentages of bound compound (%B), respec-
tively. Ka (and its reciprocal Kp) is a constant peculiar
to each individual drug. Ka values obtained in different
laboratories are often not comparable® mainly because
of the different fitting procedures adopted. %B depends
on drug and protein concentrations, but it is quicker and
easier to obtain than Ka, provided that a rational and
accurate method is set up. It is therefore reasonable to

Table 1. %B(DAB) for the Homogeneous Set of Compounds
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take %B as the preferred descriptor for the very early
screening stage of drug discovery. It should be remem-
bered that because of their definitions, percentage data
cannot legitimately be converted to the equivalent
binding affinities, although the reverse procedure is
legitimate.

Before choosing experimental conditions to measure
%B, it must be kept in mind that the binding mode
between drugs and albumin can be either saturable
(first term of eq 1 and first part of Figure 3A) or
nonsaturable (second term of eq 1 and second part of
Figure 3A).28 Which set of conditions should be chosen
to determine %B? We selected conditions as close as
possible to the values normally occurring in physiologi-
cal conditions. For albumin, the normal concentration
(0.6 mM) was adopted. The drug concentration (0.02
mM) was chosen taking into account the following
factors: aqueous solubility at pH 7.4, UV detection, and
therapeutic range of activity (a good lead compound
should be active at a concentration of 10 uM or below?7).
This situation corresponds to the extreme lower left of
the curves reported in Figure 3 and thus demonstrates
that for a reasonable normal Ka; range (see above),
saturable conditions should be selected.

The 14 common drugs constituting our data set
(Figure 1) were submitted to albumin binding tests.
Numerical results (Table 1) indicate that the percentage
of BSA binding [%B(DAB)] ranges from 0 to 93% and
that, as expected, acids bind more strongly to albumin
than do neutral compounds, which in turn bind more
strongly than bases. To a first approximation, it may
therefore be said that a positive charge is detrimental
to albumin binding, while a negative charge is favorable.

lonization and Lipophilicity Properties. The
experimental pK, values of the compounds studied are
listed in Table 1. Eleven of the 14 drugs have simple
ionization profiles: furosemide, indomethacin, and
naproxen are anions at pH 7.4; acebutolol, amlodipine,
chloroquine, quinidine, and ranitidine are cations at pH
7.4; and hydrochlorthiazide, nicardipine, and prazosin
are less than 90% ionized at pH 7.4 and, thus, in this
study were considered neutral compounds at physiologi-
cal pH. Tenoxicam has been described in detail by Tsai
et al.?8 as an anion at pH 7.4.

drug %B(DAB) + SD? NP pK,® speciesd log D74
acebutolol (1) 0.0 +5.0 5 9.52f c 0.04f
amlodipine (2) 65.4+ 2.0 0 9.03¢ c 1.559
chloroquine (3) 87+15 4 8.10, 9.94 c 1.23n
furosemide (4) 87.24+2.0 5 3.52, 10.63i a —1.03h
hydrochlorthiazide (5) 50.8 + 3.2 5 8.76, 9.95 n —0.19h
indomethacin (6) 91.1+2.0 5 4.5f a 1.61
methotrexate (7) 499+21 4 3.76, 4.83, 5.60 n —2.52
naproxen (8) >95 4 4,181 a 0.069
nicardipine (9) 934459 5 7.179 n 4.250
prazosin (10) 46.4 + 2.5 6 6.59 n 0.79¢
quinidine (11) 278+ 15 5 4.46, 8.52f c 2.41f
ranitidine (12) 39+04 5 8.48¢ c —0.489
tenoxicam (13) 89.6 + 0.9 5 4.95! a —0.32k
tetracycline (14) 355+1.2 5 3.3,7.7,95 n -1.37

a Experimentally determined as described in the experimental part. ® Number of the experiments. ¢ Minus the logarithm of the ionization
constants, taken from ref 33 unless indicated otherwise. @ Dominant (>90%) species at physiological pH: n = neutral or ampholite, a =
anion, and ¢ = cation. ¢ Logarithm of the distribution coefficient at pH 7.4 taken from ref 69 unless indicated otherwise. f Taken from ref
70. 9 Potentiometric determination obtained as described in ref 54. " log P taken from ref 69; correspondent log D calculated as described
in the Experimental Section. i Taken from ref 71. J log P taken from ref 36; correspondent log D calculated as described in the Experimental

Section. k Taken from ref 72.
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For the ampholytes (ampholyte = compound bearing
an acidic and a basic group?®) tetracycline and meth-
otrexate, there is no clear attribution of the pK; values
on the ionization centers; thus, identification of the
electrical species predominating at physiological pH is
not evident. In addition, controversial reports appeared
in the literature3®3! with regard to tetracycline. To gain
more information on these compounds, ADME Boxes
software3? was used to predict their pK, values and
ionization profiles. For 14, the zwitterionic species
clearly dominates at pH 7.4; thus, 14 is considered
neutral. For 7,3 the predicted pK, values are not very
convincing, mainly because of the presence of intramo-
lecular effects; thus, because of its ampholitic nature,
7 is only neutral into a first approximation. However,
investigation of the complex ionization profile of meth-
otrexate is beyond the scope of this study.

Both the concepts??34 and the measurements of
lipophilicity®>—37 have evolved considerably in recent
years. Among the plethora of available descriptors,2237:38
the logarithm of the distribution coefficient in the
n-octanol/water system at pH 7.4 (log Dot’# or simply
log D”#) is the most convenient to use here, because it
takes ionization into account and a number of compu-
tational tools exist that serve to check it. Lipophilicity
values are given in Table 1: log D’# data range from
—2.52 (methotrexate) to 4.25 (nicardipine).

Relations between Binding and Lipophilicity
(QSPKR). To date, QSPkR studies on protein binding
have shown ionization3® and lipophilicity?811.17.21,39-41
to play fundamental governing roles, although some
doubts has been thrown on this traditional assumption.®

%B(DAB) vs lonization and Lipophilicity De-
scriptors. A discrete three levels variable | (I = —1 for
acids, I = +1 for bases, and | = 0 for neutral compounds)
together with log D7 (logarithm of distribution coef-
ficient at pH 7.4) was used as an independent variable
in a MLR run where %B(DAB) was the dependent
variable (eq 3).

%B(DAB) = 7.67(+2.75) - log D" —
37.63(+6.11) - | + 52.24(+4.81) (3)

where n = 13, s = 16.57, r2 = 0.801, and F = 20.

In this and the following equations, 95% confidence
limits are given in round brackets, n is the number of
compounds, s is the standard deviation, r? is the squared
correlation coefficient, and F is the Fischer test. The plot
of the residuals (not shown) indicates that amlodipine
alone is poorly predicted by this equation.

Despite its limited statistical significance, eq 3 pre-
dicts %B(DAB) reasonably well for pregnenolone (85%,
log D74 = 4.22) and testosterone (76%, log D’ = 3.13)
taking values reported by Fischer et al.*2 (80 and 60%,
respectively); the same may also be said for phenytoin
(log D74 = 2.47; 81% is the experimental value reported
in ref 43; 71% is the calculated result). Equation 3 also
predicts a value of about 37% for imipramine (log D7
= 3.0), in excellent agreement with the 35% reported
in the literature.** Pregnenolone, testosterone, pheny-
toin, and imipramine were selected to verify the predic-
tive power of eq 3 because the original references
unambiguously report experimental details and numer-
ical results.

Ermondi et al.
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Figure 4. Plot of albumin binding data [(%B(DAB) with SD]
and lipophilicity (log D”#); heterogeneous series of drugs: bases
(®), neutral compounds and ampholites (®), and acids (H).
Linear relationships obtained for neutral and basic compounds
are also reported; see text for comments.

The relationship between protein binding and lipo-
philicity was graphically investigated for the data set
depicted in Figure 1. Figure 4 plots %B(DAB) vs log D"
According to eq 3, the compounds are clearly separated
by their I values: acids are in the upper part of the plot,
bases are in the lower part, and neutral drugs are in
the middle part.

Increasing lipophilicity appears to have almost no
impact on the binding of acids with BSA as also deduced
from eq 3. Furosemide 4 is a hydrophilic compound (log
D = —1.06) but is as strongly bound to BSA as in-
domethacin 6 (log D = 1.61). The value for naproxen
could not be determined precisely but is in line with
other acidic drugs.

Neutral compounds behave differently from acids; an
increase in lipophilicity corresponds to an increase in
binding percentage as shown by eq 4.

%B(DAB) = 7.34(+2.56) * log D"* + 53.79(+5.96) (4)

where n =5,s=13.3, r2=0.752, and F = 8.
Albumin binding of bases (except for amlodipine; see
below) is also governed by lipophilicity (eq 5).

%B(DAB) = 8.71(+2.77) - log D" + 3.13(+3.81) (5)

where n =4, s =6.19, r2 = 0.83, and F = 10.

A table has recently been published by Kratochwil et
al.® containing albumin binding data for about 100 drugs
(together with ionization and lipophilicity descriptors).
It might be interesting to use eq 3 (and/or egs 4 and 5)
to predict these data, but unfortunately, the table has
a number of drawbacks: (i) it is not correct to assume
a priori that plasma protein binding occurs exclusively
to albumin (e.g., the percentage of bound imipramine
is 93% in Kratochwil et al.® whereas 35% is the true
value for albumin binding as described in Weder et
al.**), and conversion of percentage data to equivalent
binding affinities should be avoided (see above); (ii) ref
79 reported in Kratochwil et al.® (from which most data
in Kratochwil’s table were extracted) is inaccessible to
many scientists because of its limited availability; and
(i) it is not clear what electrical species dominates at
physiological pH, and sometimes, the ionization nature
of the compound is in error (i.e., phenylbutazone at pH
7.4 is an acid, not a neutral compound). Because of these
limitations, we tested eq 3 on some selected compounds
for which albumin binding is unambiguously reported



Contributions to Drug Binding to Albumin

Figure 5. Most stable conformer of amlodipine obtained from
QMD studies. Intramolecular HBs are shown.

in the original reference. Clearly, the validity of eq 3
must be checked with additional data.

Case of Amlodipine. Amlodipine bears a protonated
amino group at physiological pH, but in the plot
reported in Figure 4, it lies in the region of neutral
compounds. Compound 2 is a dihydropyridine (DHP)
calcium antagonist*® comparable in potency to nife-
dipine but endowed with 100% oral availability and a
long elimination half-life. Conformational analysis
(quenched molecular dynamics, QMD) was used to
unravel the reasons for its unexpectedly strong binding
to BSA. The QMD results indicate that in all retained
(15) conformers (see Experimental Section) the positive
charge of the protonated amino group is always partially
masked and that in many of them an intramolecular
hydrogen bond (HB) is formed (Figure 5). Conversely,
QMD of the neutral species revealed that in the absence
of positive charge the contribution of folded conformers
could be neglected. This finding would appear relevant
to explaining the peculiar pharmacological behavior of
2; hence, work is in progress to investigate the physi-
cochemical behavior of amlodipine in greater depth.

Logarithm of the High-Performance Affinity
Chromatography Binding Constant (log Knsa') vs
log D74, High-performance affinity chromatography
equipped with an immobilized HSA column has recently
been proposed to determine albumin binding.8 Plotting
of chromatographic data taken from Colmenarejo et al.8
(Table 2) and log D74 (Figure 6) for compounds 1—14
showed no difference between neutral, basic, and acidic
drugs, log Knsa', being linearly related to lipophilicity
by eq 6.

log K, = 0.22(+0.05) - log D"* — 0.03(+£0.07) (6)

where n = 10, s = 0.22, r? = 0.71, and F = 19.

This finding might be caused by chromatographic
artifacts: bound albumin is conformationally modified
and is thus unable to respect its natural three-
dimensional structure. In addition, as mentioned above,
the protein/drug concentration ratio is the fundamental
aspect to be taken into account when determining %B-
(DAB). This ratio cannot be determined in chromato-
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Table 2. Binding Data Taken from the Literature

drug log Khsa'? %B(DPB)P

acebutolol (1) -0.21 26.0
amlodipine (2) 98¢

chloroquine (3) 61.0
furosemide (4) —-0.13 98.8
hydrochlorothiazide (5) —0.42 64.0
indomethacin (6) 0.47 90.0
methotrexate (7) -0.77 58.0
naproxen (8) 0.25 99.7
nicardipine (9) 99d

prazosin (10) 0.06 95.0
quinidine (11) 0.44 80.0
ranitidine (12) -0.1 15.0
tenoxicam (13) 98.0¢8
tetracycline (14) —0.08 65.0

a Data taken from ref 8. Log Khsa' = log[(t — to)/to] in the
conditions described in the text. ® Percentage of drug bound in
plasma [%B(DPB)]. Data taken from ref 40 unless indicated
otherwise. ¢ From ref 73. ¢ From ref 74. ¢ From ref 75.

1.5

1.0

0.5

log K'hsa

0.0

-0.54

logD ™4

Figure 6. Linear relationships between log Kis' (literature
data) and log D”#: bases (#), neutral compounds and ampho-
lites (@), and acids (H).

graphic methods; therefore, log Kpsa' is not a well-
defined parameter. In other words, the two ways of
obtaining BSA binding (ultracentrifugation and affinity
chromatography) are not interchangeable, because they
are governed by a different balance of intermolecular
interactions. Interestingly, similar behavior has been
seen in studies comparing lipophilicity in liposome/
water systems with 1AM column data.*6

Percentage of Total Serum Protein Binding
[%B(DPB)] vs log D74. For the same 14 compounds,
data concerning total plasma protein binding [%B(DPB),
Table 2) were also collected and ranged from 15 to 99%.
To a first approximation, we can assume that

%B(DPB) = %B(DAB) + %B(AGP) + %B(others) (7)

where %B(DPB) and %B(DAB) are defined above, %B-
(AGP) is the percentage of drug bound to al-glycopro-
tein, and %B(others) is the percentage of drug bound
to the remaining plasma proteins (mainly lipoproteins).

The relationship between %B(DPB) and lipophilicity
is illustrated in Figure 7A. Here again, acids are bound
more strongly than neutral compounds, bases being the
weakest (amlodipine again binds more than expected
considering its cationic nature). For acids, there was no
appreciable variation between %B(DAB) and %B(DPB)
(Table 2), which confirms that albumin binding is the
major factor determining acid binding to serum proteins.
For acids, the contributions from %B(AGP) and %B-
(others) in eq 7 can be neglected.
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Figure 7. Relationships between %B(DPB) and %B(DAB) and
lipophilicity. (A) %B(DPB) vs log D"“. (B) %B(DPB) (heavy
lines: - - -, cations; —, neutral compounds) and %B(DAB) (thin
lines: - - -, cations; —, neutral compounds) and log D"

For neutral drugs and bases, the dependence of %B-
(DPB) on lipophilicity is also linear (egs 8 and 9,
respectively, and Figure 7B).

%B(DPB) = 6.54(+2.03) - log D"* + 74.9(+4.71) (8)

where n =5, s =10.5, r2 = 0.776, and F = 10.

%B(DPB) = 23.2(+2.07) - log D"* + 26.9(+2.84) (9)

where n =4, s = 4.62, r2 = 0.984, and F = 126.

Closer inspection of the slopes obtained plotting %B-
(DAB) and %B(DPB), respectively, as dependent vari-
ables (and log D as an independent variable) indicates
that in the presence of the whole serum proteins, an
increase in slope occurs for cations but not for neutral
compounds (Figure 7B). This could be in line with an
additional contribution from AGP binding for bases;
AGP indeed preferentially binds basic compounds.2

Interaction of Neutral Compounds with HSA
Investigated by Molecular Modeling. The results
obtained with eq 3 should be confirmed by a docking
study. In particular, drugs with a high value of %B-
(DAB) should show better docking than those with low
binding properties.

The crystal structure of HSA complexed with a
number of endogenous*® and exogenous ligands®” has
recently been reported. For this reason, in our compu-
tational study, we used HSA instead of BSA, for which
no X-ray exists.

In this paper, docking results are discussed with the
aid of preference maps (see the Experimental Section
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for details); briefly, this tool produces two grids, a green
one that indicates the preferred hydrophobic contact
regions and a red one that indicates the preferred polar
contact regions. If the hydrophobic moieties of the ligand
match the hydrophobic regions, the interaction is opti-
mal (and likewise for the polar moieties and regions);
conversely, if the hydrophobic groups of the ligands
match the polar regions, or vice versa, the interaction
is poor.

Validation of the Docking Procedure. With the
aim of testing the docking procedure, propofol was
subjected to the docking calculation. In the crystal
structure,’ propofol can bind in two sites: the first (PR1)
is located in subdomain I11A and is the site of highest
affinity;” the second (PR2) is located in subdomain I11B.

The docking procedure was successful in reproducing
the binding mode of propofol found experimentally in
both sites, but only PR1 is considered here.

Both the X-ray complex and the calculated complex
(C4) reveal that the propofol molecule binds in an apolar
pocket with the phenolic hydroxyl group, making a weak
HB (3.5 A) with the main chain carbonyl oxygen of
Leu430 and with the aromatic ring of the molecule
sandwiched between the side chain of Leu453 and
Asn391. One of the two isopropyl groups makes numer-
ous apolar contacts at one end of the pocket (mainly with
Asn391, Val433, and Ala449), whereas the other is
exposed at the aqueous entrance, although it makes
contacts with several side chains (Arg410, Tyr411, and
Leu430). The isopropyl group located at the mouth of
the pocket is rotated by about 60° as compared to the
X-ray solution to reduce contact with vicinal residues.
The orientation C4 fits the preference maps closely as
shown in Figure 8. From the docking calculations, a
possible second binding mode (C1) was found at lower
interaction energies (about 1 kcal/mol less that C4) but
this orientation does not fit the preference maps well
(data not shown) and thus was discarded.

Interaction Mode of Unionized Compounds with
HSA as Deduced from Molecular Modeling. The
modeling study was extended to three unionized com-
pounds belonging to the data set (Figure 1), hydrochlo-
rthiazide, nicardipine, and prazosin, assuming that their
binding site is the same as that of propofol (PR1). This
assumption is reasonable because it has been shown
that the propofol binding site can also accommodate
large molecules such as fatty acids.” In addition, locating
the binding site of the neutral molecules in site I11A is
the most reasonable thing to do, because typically
ligands in site 11A are bulky heterocyclic anions with
the charge situated in a fairly central position of the
molecule. This differentiates them from the ligands
typical of site I11A, which are generally aromatic and
neutral; a charge, if present, is anionic and located more
peripherically on the molecule.'® Nevertheless, work is
in progress to explore other sites in particular for acidic
molecules.

A preliminary investigation made using Absolv*”
descriptors (according to Abraham’s definition,*8 Vy is
the molar McGowan’s volume and a and f are the
solute’s H-bond donor acidity and H-bond acceptor
basicity, respectively) reveals that hydrochlorthiazide
is roughly the same size as propofol (Vx is 1.62 for
propofol and 1.73 for 5) but presents more hydrophilic
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Figure 8. Propofol orientation C4 in the PR1 site. The hydrophilic preference map (90% probability) is in red, and the hydrophobic
preference map (90% probability) is in green. Hydrogens were removed for clarity.

groups than propofol (oo = 0.37 and 8 = 0.37 for propofol
and o = 1.46 and g = 1.72 for hydrochlorthiazide);
nicardipine is larger than propofol (Vy is 3.62), has a
strong HB acceptor property (. = 0.31 and g = 2.20),
and presents a terminal hydrophobic group (phenyl);
prazosin has roughly the same solvatochromic profile
as nicardipine (Vy is 2.74, oo = 0.24, and = 2.22).
Conversely, BSA binding properties (Table 1) are simi-
larly moderate for 5 and 10 and high for 9. Application
of the docking procedure to hydrochlorthiazide gives two
orientations (C9 and C21) with a difference in interac-
tion energy that is below 0.1 kcal/mol.

In orientation C9 (Figure 9A), the hydrochlorthiazide
sulfonamide moiety is located at one end of the PR1
pocket, in proximity to Val433 and Ala449, whereas the
1,2,4-thiadiazine sulfoxide moiety forms a salt bridge
with Arg412 (90% strength and 2.8 A) and a HB with
the hydroxyl group of Tyr411 (45% strength and 3.2 A).
The phenyl moiety is shifted with respect to propofol,
and the sandwich between the side chains of Leu453
and Asn391 is less evident. The preference maps show
a modest fit, and in particular, the sulfonamide group
does not fit the maps.

In orientation C21 (Figure 9B), hydrochlorthiazide is
flipped over with respect to C9; in this pose, the
sulfonamide group forms two weak HBs with Tyr411
(13% strength and 3.6 A) and with Ser489 (5% strength
and 3.7 A). The 1,2,4-thiadiazine sulfoxide moiety is
located in the proximity of Val433 and Ala449 at the
end of the PR1 pocket. The preference maps again show
a controversial situation, the sulfonamide group having

poor fit and only one of the oxygen atoms of the 1,2,4-
thiadiazine sulfoxide group fitting well.

The results suggest that hydrochlorthiazide may be
located at the propofol site PR1 with both favorable and
unfavorable interactions. Preference maps cannot be
used to determine the relative contribution of these
contrasting effects, but it seems clear that hydrochlor-
thiazide cannot have a high percentage of albumin
binding (about 51% according to Table 1).

The docking procedure applied to nicardipine gives
only one relevant solution. Nicardipine is not entirely
located in the pocket, its 1,4-DHP moiety being on the
surface of albumin (Figure 9C). Only the lateral chain
in three of the 1,4-DHP rings enters the pocket, with
the phenyl ring occupying the same region as propofol.
The 2-methyl group of 1,4-DHP is located in the
proximity of Arg410 whereas the nitrophenyl moiety is
located in the proximity of Leu387 and GIn390 out of
the PR1 pocket. The lateral chain in three of the 1,4-
DHP rings can form two HBs: the first at the surface
of the protein between the ester group and the residue
Asn391 (50% strength and 1.9 A) and the second
between the amino group and Tyr411 (3% strength and
3.7 A). Finally, the phenyl ring fits less deeply than
propofol in the PR1 pocket in the proximity of Phe403,
Leu430, Leud407, and Asn391. The preference maps
(Figure 9C) reveal a good fit for nicardipine; in particu-
lar, the 1,4-DHP ring and its 2-methyl group nicely fit
at the HSA surface, and the phenyl ring in the PR1
pocket is located near a hydrophobic preferred region.
The only aromatic nitro group has a poor fit.
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Figure 9. Docking results for the drugs investigated in the PR1 site. The hydrophilic preference map (90% probability) is in red,
and the hydrophobic preference map (90% probability) is in green. Hydrogens were removed for clarity. (A) Hydrochlorthiazide
orientation C9, (B) hydrochlorthiazide orientation C21, (C) nicardipine, and (D) prazosin.

Taken together, the docking results for nicardipine
suggest that it is located in the propofol site PR1 and
that mainly favorable interactions occur. It is thus
reasonable to assume that nicardipine is strongly bound
(about 93%, Table 1) to albumin.

A single orientation was also found for prazosin, with
the quinazoline moiety located on the surface of albumin
and the furanyl ring in the pocket occupied by propofol.
The quinazoline moiety forms three HBs, the first with
the carboxylic group of the side chain of Glu492 (26%
strength and 3.4 A), the second with the carboxylic
group of Leu41l, and the third with the amino group
of Lys414 (Figure 9D). The two methoxy groups are
located out of the pocket in the proximity of the side
chain of Glu492 and GIn390. The piperazine moiety is
located at the entrance of the PR1 pocket in the
proximity of Arg410 and Tyr411. Finally, the furanyl
ring is sandwiched between the side chain of Leu430
and Asn391 as in the case of the propofol phenyl ring.
The results produced by the preference maps are
controversial (Figure 9D): both bad (the methoxy
groups) and good matches (the amino group) are present
on the surface; the heterocyclic portion of quinazoline
and the piperazine are located in a hydrophobic pre-
ferred contact region (green); thus, the nitrogen atoms
do not fit well; finally, the furanyl ring fits worse than
the phenyl group of nicardipine. As observed for hydro-
chlorthiazide, the docking results for prazosin also
suggest that it can be located in the propofol site PR1,

but both favorable and unfavorable interactions are
present and determine a low binding (about 46% ac-
cording to Table 1).

Taken together, the results achieved using this dock-
ing tool enable some general conclusions to be drawn
as follows: (i) The PR1 site can act as a binding site for
molecules larger than propofol provided that a portion
of the molecule is able to occupy the propofol binding
region (Figure 10), and (ii) HBs make a minimal
contribution to binding.

Conclusion

At present, drug—albumin binding estimation is a
major challenge in ADME prediction and thus in drug
discovery. The search for a mathematical model to relate
protein binding to molecular descriptors is ongoing,
but some rules must be respected if reliable results
are to be obtained. The quality of biological data (too
often not comparable when obtained in different labo-
ratories even for in vitro tests) represents the first
bottleneck of the system. To overcome this difficulty, we
designed a simple but rigorous method to determine the
percentage of drug bound to albumin in physiological
conditions for use at an early stage of drug discovery.
It was applied to a significant data set of 14 well-known
drugs.

Accuracy of drug descriptors is the second factor that
can cause failure of a QSPKR study. In particular, there
is great confusion surrounding the definition of acidic
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Figure 10. Final solutions of the docking procedure of the drugs investigated (in white) are superposed to the X-ray structure

of propofol (in yellow).

and basic compounds in physiological conditions. We
therefore set a general rule in this study to avoid
misunderstanding about ionization, which is well-known
to play a major role in protein binding, together with
lipophilicity, which in turn was described by log D74
(molecular descriptor including lipophilicity and ioniza-
tion characteristics of compounds).

The results show that albumin binding depends
mainly on ionization and second on lipophilicity. In fact,
linear correlations between the percentage of drug
bound [%B(DAB)] and log D”# are reliable for neutral
compounds and cations but not for anions, for which
BSA binding is stronger probably because of supple-
mentary electrostatic interactions. Taken together,
these findings indicate that albumin binding depends
on charge and lipophilicity. They are confirmed by
docking simulations, which suggest that a substantial
nonspecific interaction occurs between HSA and neutral
drugs. The computational study also indicates that
the PR1 site of propofol may be a binding site for
molecules larger than propofol provided that a por-
tion of the molecule can occupy the propofol binding
region.

Considerable effort must still be devoted to extending
these results to ionized compounds because the role of
ligand charges in the interaction with albumin requires
careful checking when setting up the docking tool. In
addition, in particular in the case of acids, it will also
be necessary to enlarge the number of experimental
determinations.

Experimental Section

Reagents. Acebutolol hydrochloride (1), chloroquine diphos-
phate (3), furosemide (4), hydrochlorthiazide (5), indomethacin
(6), methotrexate (7), naproxen (8), nicardipine hydrochloride
(9), prazosin (10), quinidine (11), ranitidine (12), and tetra-
cycline hydrochloride (14) are available commercially. Amlo-
dipine (2) was extracted from Norvasc (Pfizer). Tenoxicam (13)
was kindly offered to us by Dr. Pierre-Alain Carrupt (Univer-
sity of Lausanne, CH). The racemate of chiral drugs was
always used.

BSA from Sigma-Aldrich (Milan, Italy), catalog number
A7030, lyophilized powder minimum 98% (electrophoresis),
was used. It is standard practice to use BSA for in vitro
applications; HSA is employed only when a human protein is
specifically required.*®

PCA Analysis. All molecular descriptors were calculated
using Dragon software*® except for CLOGP and %B(DPB) (data
from ref 40) and used as input matrix. The input matrix
consisted of the following variables: MW = molecular weight;
nat = number of atoms; nsk = number of non-H atoms; ngr =
number of bonds; ngo = number of non-H bonds; Ren = number
of rotatable bonds; nag = number of aromatic bonds; ny =
number of hydrogen atoms; nc = number of carbon atoms; ny
= number of nitrogen atoms; no = number of oxygen atoms;
NHpon = NumMber of donor atoms for H-bonds; Nyacc = humber
of acceptor atom for H-bonds; and PSA = fragment-based polar
surface area.

Ultracentrifugation Methodology. UV spectra and aque-
ous solubility of compounds were checked before performing
experiments; the experimental determination of %B(DAB) for
propofol was thus avoided because of its almost complete
aqueous insolubility. The concentration of the BSA solution
(solution A) was 4 g/100 mL in a phosphate buffer (0.0167 M)
+ 0.15 M KCI, pH 7.4.%° To avoid foaming, the buffer solution
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Figure 11. Experimental error of the method: plot of € vs

%B(DAB). Three zones of different experimental accessibility
can be identified; see text for details.

must be added very slowly. The drug concentration was 0.02
mM (solution B). Drugs were in all cases solubilized by adding
5% DMSO.

Four milliliters of A and 4 mL of B were transferred to
centrifuge tubes and mixed for at least 4 h (solution C). The
final concentration of drug and of albumin in C was one-half
the initial value (0.3 and 0.01, respectively). C was centrifuged
for 15 h at 34000 rpm at 10 °C in a Beckman L8-50M/E Class
H Ultracentrifuge (Beckman Coulter, Milan, Italy) equipped
with a Swing-Out Rotor TST 41.14 (Centrikon, Milan, Italy).
The controls were also centrifuged to check for BSA precipita-
tion and drug sedimentation.

One milliliter was taken from the uppermost protein-free
layer, and the concentration of unbound drug was determined
photometrically using the calibration plot. UV spectroscopy is
less sensitive than radiolabeling assays, but at the preliminary
stage of drug discovery, it is not justifiable to handle radiola-
beled compounds.

The percentage of bound fraction of drug [%B(DAB)] was
calculated by eq 10%°

_ [(Co B C)]
%B(DAB) = . x 100 (10)
0

where Cy is half the concentration of solution B and C is the
concentration of free drug obtained from the calibration plot
after ultracentrifugation. The controls were checked to detect
%BSA precipitated in the absence of the sample. Experiments
in which precipitated %BSA was below 95% were discarded.
UV measurement was done with a Shimadzu UV-2501PC
spectrophotometer with quartz cuvettes (0.7 mL).

All experimental data and conditions were entered into a
specifically prepared spreadsheet and %B(DAB) + SD was
calculated by an automated procedure. Five determinations
required about 24 h of noncontinuous work.

Data accuracy depends on the UV absorption region and
on the quantity of solute to detect. SD was small when two
conditions were met as follows: (i) large ¢ at 1 above 300 nm
and (ii) drug decrease as compared with the mother solution
between 20 and 80%. Figure 11 plots the coefficient of molar
extinction (¢) vs %B(DAB); three zones representing different
levels of experimental accessibility may be distinguished: zone
I, great difficulty; zone 11, average difficulty; and zone 111, little
difficulty.

Validation. Because of difficulties encountered in compar-
ing binding data from different laboratories (mainly variations
in protein nature and concentration and drug concentration),
the method was validated on two compounds of different
electrical natures (tenoxicam = acid; nicardipine = neutral)
for which reliable binding data coupled with a clear and
complete description of experimental conditions are reported
in the literature (Table 3).

The physicochemical and structural properties of tenoxicam
have been reported in Tsai et al.;? it is present as an anion at
pH 7.4 and is an ideal standard because of the presence of a
strong chromophore, which facilitates UV reading.5! Dialysis
experiments (see Table 3) determined the %B(DAB) to be 29.

Ermondi et al.

Table 3. Method Validation: The Case of Tenoxicam
%B(DAB) D BSA

method +SDa  (mM)> (mM)® BSA/D9
dialysis® 29+3 0.2 0.06 0.3
| ultracentrifugation 30+ 1.4 0.2 0.06 0.3
Il ultracentrifugation 60 + 0.1 2.0 0.6 0.3
111 ultracentrifugation 90+ 1 0.02 0.6 30

a Tenoxicam bound percentage calculated from eq 2. b Tenoxi-
cam mother solution concentration. ¢ BSA mother solution con-
centration. 9 Ratio between BSA and tenoxicam concentration.
¢ Personal communication from Dr. Pierre-Alain Carrupt, Univer-
sity of Lausanne (CH).

Three ultracentrifugation experiments were performed using
(1) exactly the same experimental conditions, (I1) the same
BSA/drug ratio with physiological BSA concentration, and (111)
our conditions. The results are reported in Table 3.

Nicardipine binding to various plasma proteins has been
reported in Urien et al.?® The experiments were conducted by
dialysis using the radiolabeled compound. From the reported'®
Ka and na values, the experimental hyperbolic curve was
simulated; the %B(DAB) was determined to be 97 at our
conditions, which is in good agreement with 93 found by
ultracentrifugation.

Influence of Ultracentrifugation Conditions. Time and
temperature were selected in order to avoid tube damage.
However, for amlodipine, a few tests were performed at 25 °C
but no marked variation in %B(DAB) was noted.

Concentration Gradient. BSA is easier to separate than
whole serum because the absence of lipoprotein enables more
of the supernatant to be used.>? However, gradient tests were
performed using amlodipine as a reference compound. After
centrifugation, the solution was removed in fractions of 1 mL
beginning from the top and the %B(DAB) of each aliquot was
determined: first aliquot, 64.6%; second aliquot, 63.5%; and
third aliquot, 37.8%. All of the experiments were thus quanti-
fied using the upper fraction of the solution.

Influence of MW on Drug Sedimentation. A major
drawback of ultracentifugation is drug sedimentation. To check
whether this occurred in our experimental conditions, a
quinidine solution was transferred to tubes and centrifuged
for 15 h at 34000 rpm at 10 °C. One milliliter was taken from
the uppermost solution, and the drug concentration was
determined photometrically. The concentration of quinidine
was the same as before centrifugation.

Ester Stability. It has recently®® been suggested that the
supposed esterase-like activity of HSA might be due to
cholinesterase contamination. Although no corresponding ef-
fect has yet been found for BSA (and in Urien et al.,'® no
degradation phenomena are mentioned for nicardipine), we
also tested the stability of 1,4-DHPs. In particular, the stability
of amlodipine in human serum and in a BSA solution was
monitored for 24 h at 37 °C.

lonization and Lipophilicity Data. lonization and lipo-
philicity data were obtained by the following general strat-
egy: for all compounds belonging to the data sets, experimen-
tal pK, and lipophilicity values were first sought in the
literature and then checked for their reliability by comparison
with standard calculation tools (see below); either in the case
of missing data or doubtful values, potentiometric measure-
ments were made. For methotrexate and tetracycline, no
additional experiment was made because an in-depth analysis
of their complex ionization and lipophilicity profiles is beyond
the scope of this study.

pH Metric Approach to Measure pK, and log D74, For
amlodipine, nicardipine, prazosin, ranitidine, and naproxen,
pKa and log D7# were obtained by the pH metric technique
using a GlpK, apparatus® (Sirius Analytical Instruments Ltd.,
Forrest Row, East Sussex, United Kingdom) as described in
detail elsewhere.3555-57

lonization constants were determined in the presence of
methanol as cosolvent following Caron et al.>* Aqueous pKa
values were obtained by extrapolation using the Yasuda—
Shedlovsky procedure.%8
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To obtain lipophilicity data, at least four separate titrations
were performed on each compound, on approximately 0.5 mM,
containing various volumes of octan-1-ol (from 0.5 mL of
organic solvent/20 mL of H,O to 13 mL of organic solvent/7
mL of H;0), in the pH range 1.8—12. The titrations were
carried out under N, at 25.0 £ 0.1 °C. The final data were
obtained by the Multiset approach, as described elsewhere.5556

Calculation of pK, and log D”4. To check the validity of
the experimental data reported in the literature, pK, values
were calculated using ADME Boxes software.®? For those
compounds for which experimental log PN (log P of the neutral
form of the compound) values were found in the literature (see
below), log D7 values were calculated by applying the follow-
ing procedure: the experimental log PN was compared with
the log PN value calculated with various algorithms (ALOGP,
1AlogP, CLOGP, KOWWIN, and XLOGP, available on-line at
http://146.107.217.178/lab/alogps/); if the agreement between
experimental and calculated values was good (this occurred
for all compounds), log PN was used to calculate log D”# by eq
11 (the version given is that for bases) assuming that log P' =
log PN — 3,223

pKa—pH
D=pP". (TW) +pP'- (11010m) (11)
+ a + a

The experimental log PN found in the literature and used
to obtain log D (see above) had to satisfy one of the following
criteria: (i) obtained by potentiometry or (ii) stored as log P*
in the Pomona database (Leo at http://www.daylight.com/
release/index.html reports that log P* is the preferred value
for measured partition coefficient).

Amlodipine Conformational Analysis. The conforma-
tional hypersurface of cationic amlodipine in a vacuum was
explored by QMD as described elsewhere.>*% Six different
geometries were chosen as starting points. QMD applied to
amlodipine produced 59 conformers (ranging from 50 to 60).
As a general rule, it was assumed that a conformer could exist
if its difference in energy with the most stable conformer was
below 10 kcal/mol. Using this assumption, 15 conformers out
of 59 were retained for investigation.

Docking Strategies. Protein Preparation. The crystal
structure of HSA complexed with propofol was obtained from
the Protein Data Bank (entry 1e7a).%° In the original crystal
structure, two chains were present (A and B), and analysis
was performed on the A chain.

In the crystal structures obtained through the PDB, the first
four and the last three residues of the sequence were missing.
A further 32 residues had missing atoms. Residues with
missing atoms were completed using standard geometries, the
residue Ser5 at the beginning of the chain was terminated with
a neutral amino group, and the residue Ala578 was terminated
with a carboxylate group. The orientation of the residue chains
was established using the MOE rotamer?* explorer utility. The
utility generates side chain conformations by systematically
rotating bonds in a side chain by discrete increments. The
lowest energy conformation was chosen. All of these residues
are distant from the cavity where propofol binds and, thus,
do not influence the results of the docking procedure. Water
molecules in the proximity of propofol were ignored because
they were oriented toward the channel exit.

Stepwise Docking Procedure. A modified MOE-Dock
module, kindly provided by Chemical Computing Group, was
used to perform an automatic docking exploration for different
positions and orientations. A genetic algorithm search proce-
dure was used with MOE default parameters (1500 genera-
tions per run, three mutation frequencies, seven birth rates).
The ligand flexibility was taken into account, and a random
initial orientation was used. The final geometries were sorted
using an energy criterion, and orientations within 5 kcal/mol
of the minimum value were minimized with the procedure
described below. We did not consider the other high energy
conformers because visual inspection revealed poor superposi-
tion over the crystallographic model.
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Minimization Procedure. Energy calculations were per-
formed using the MMFF94 force field5! implemented in MOE.
The choice of this force field also gave a correct geometry for
the ligand. Energy minimization was carried out following a
stepwise procedure: (i) geometry optimization of all hydrogen
atoms while keeping the rest of the structure fixed; (ii)
geometry optimization of hydrogen and side chain atoms while
keeping the backbone atoms fixed; (iii) geometry optimization
of all atoms except Ca carbons; (iv) geometry optimization of
protein areas with energy gradient components greater than
1 kcal mol~—* A-%; and (v) full geometry optimization without
constraints. Electrostatic interactions were treated with a
distant-dependent dielectric constant 4¢, as has been suggested
by Christensen et al.5?

Analysis of Results. The docking results were analyzed
by using a combination of MOE tools. An empirical scoring
tool was first applied to evaluate the strength of the HBs and
salt bridges.®® Each HB contact shown in the MOE window
has a label attached to it, e.g., 90%, 2.9 A. This indicates HB
at 90% strength and a distance of 2.9 A. The strength of a
contact is given relative to an “ideal” HB of that type, as
computed by the scoring function.

The Contact Statistics application was then used to deter-
mine the preferred locations of the ligand atoms. The Contact
Statistics application calculates, from the 3D atomic coordi-
nates of a protein, preferred locations for hydrophobic and
hydrophilic ligand atoms.46% In MOE, the preferred locations
of bound atoms are estimated from a collection of all crystal-
lographic structures in the PDB with a resolution of 2.0 A.56

The Contact Statistics application produces two preference
maps: (i) a green surface, which is a 90% probability isocon-
tour for the hydrophobic atoms, and (ii) a red surface, which
is a 90% probability isocontour for the polar atoms. This means
that a ligand fits the maps well if its hydrophobic atoms are
located in proximity to the green surfaces and its polar atoms
are located in proximity to the red surfaces. When the ligand
matches the preference maps well, a good interaction is
expected. SIMCA software®” was used to perform PCA and
XLSTAT® to run linear and multilinear regressions. All
molecular modeling manipulations and calculations were
performed using MOE, Version 2002.03, software available
from Chemical Computing Group Inc., 1010 Sherbrooke
Street West, Suite 910, Montreal, Canada H3A 2R7; http://
www.chemcomp.com.
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