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Abstract

An HPLC/MS based method was used for fast and convenient determination of drug plasma—protein interactions in early drug discovery
screening by employing a human serum albumin affinity column. Results from this methodology were compared with data from ultrafiltration
or dialysis methods, and good agreement was observed. A compound not suitable for ultrafiltration due to the very high non-specific binding
to artificial membrane of ultrafiltration device was also successfully analyzed by this method, and the protein binding determined by this chro-
matography method was very similar to data obtained by dialysis technique employing biological membranes. The immobilized HSA column
LC/MS method also proved to be more reproducible and precise compared to ultrafiltration method in drug protein binding measurements.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Drug—protein binding; Human serum albumin

1. Introduction indole-benzodiazepine sifd]. However, other minor bind-
ing regions have also been propo$g].

The degree of plasma—protein binding has a significant Many methodologies have been investigated for quanti-
effect on pharmacokinetic and pharmacodynamic outcomestative determination of drug—protein binding. Among those,
in vivo. Many critical pharmacokinetic parameters such as equilibrium dialysis and ultrafiltration followed by HPLC
hepatic metabolism rate, renal excretion rate, biomembraneanalysis have been conventionally and most commonly used
partition rate, and steady-state distribution volume are a[7-10] Equilibrium dialysis separates molecules across
function of unbound drug fraction (unbound/bound concen- a semipermeable membrane according to molecular size
tration ratio)[1,2]. Therefore, quantitative determination of (weight) by utilizing the driving force of concentration dif-
drug—protein binding is important in clinical drug develop- ferential between solutions on each side of the membrane.
ment. Ultrafiltration is a method that rapidly (usually within

There are several proteins in plasma, including human 10 min) separates free small molecules from protein-bound
serum albumin (HSA)wj-acid glycoprotein (AAG) and  ones using a membrane. These conventional methods suffer
lipoproteins, that contribute to plasma protein binding of a from relatively long analysis time (hours for equilibrium
drug. Among these proteins, drug—albumin binding has beendialysis[11]), the need of an additional analytical step (such
most extensively studied because HSA is the most abun-as GC, LC) to determine the actual final free drug concentra-
dant protein found in human blood and plasf@a HSA tion, non-specific binding of drugs onto the membr§ig,
is a 66 500 Da protein whose function in the body involves and leakage of bound drug through the membrane, which
binding and transporting various small compounds such asmakes them not very applicable to highly protein-bound
hormones, fatty acids, and drugs. HSA is found to bind drugs[8,13].
many neutral and acidic compounds, with its two major Compared to conventional methods, chromatography
binding sites, known as the warfarin-azapropazone site andbased method is intrinsically simpler and faster in terms of

sample preparation and analysis, and therefore has attracted
msponding author. Fax:1-510-669-4247. more an'd more interest. High-performance fr_ontal analysis
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drug—protein binding studig44—18] Advantages of HPFA  between the data obtained by the conventional methods and
include accurate measurement of association constant beimmobilized HSA chromatographic method, indicating the
tween a drug and an immobilized protein, and simultaneous feasibility of using the chromatographic method as a means
determination of total drug concentration and unbound drug of fast and simple screening in early drug discovery stage.
concentration. The major disadvantage of frontal analysis
is the relatively large quantity of drug compound required
for each study19,20]. 2. Experimental

Immobilized human serum albumin affinity chromatog-
raphy by zonal elution has been developed for a wide 2.1. Samples and materials
variety of applications including chiral separation, binding
equilibrium constant determination, drug protein binding  Acetaminophen, glucose, phynetoin, dipyridamole, qui-
measurements, et§21-26,32,34,5,18]In this method, a  nine, quinidine, tinidazole, salbutamol, salicylic acid, sali-
small volume of solution containing the drug of interest is cylamide, p-amino benzoic acid (PABA), and aniline (ob-
injected to immobilized HSA column, and the capacity fac- tained from Sigma, St. Louis, MO, USA) and triamterene
tor (K') is used to evaluate the protein binding strength of the and warfarin (purchased from Aldrich, Milwaukee, WI,
drug. Relatively fast drug—protein association/dissociation USA) were first dissolved as 2 mM stock solution in DMSO.
kinetics is assumed in this technique. Tidere is defined  Stock solution of each compound was further diluted as
as the ratio of solute in the stationary phase to that in the 20M working solution in HPLC mobile phase solvent for

mobile phase, as expressedby. (1) HPLC/MS/MS analysis. Proprietary compounds were first
f— 1o dissolved in DMSO as 2mM stock solutions, and further
k' = P (1) diluted in HPLC mobile phase solvent to make ;2@
—im

working solutions.

In the above equatioty, is the retention time of the drug,
to is the retention time of a non-binding compound, &nds 2.2. Chromatography
the system void volume time. It has been claimed by many
research group§l,21,24] that the extent of drug protein The HPLC system consisted of two Shimadzu LC-10AD-
binding correlates better with the expressiork@k’ + 1) vp pumps with a SCL-10AVP Controller (Shimadzu
thank'. Therefore, drug—protein binding percent (%binding) Corporation, Kyoto, Japan), connected to a PE 200 au-
obtained by conventional method is then regressed againstosampler (Perkin-Elmer Corporation, Norwalk, CT, USA).
K/(k'+1), generating a quantitative working cuf#&]. The An immobilized HSA column (Advanced Separation Tech-
validity of using immobilized albumin as a model for albu- nologies Inc., Whippany, NJ, USA) 50mm, 2.0mm i.d.,
min in solution is supported by many studies showing that 5um was used. The mobile phase (pH7.4) was 50 mM
the binding properties of immobilized HSA are similar to ammonium acetate (Sigma) pH 7 buffer with two concentra-
those observed for HSA in solutigd7—29] This method is tions of isopropanol (4 and 20% by volume). The flow rate
advantageous in that it requires much smaller sample volumewas 0.3 mL/min and the column and mobile phases were
compared to frontal analysis, and is generally feasible for kept at 25C. The retention timet() was the average of at
medium to high throughput screening. By employing mass least two consecutive measurements. The deadtimas
spectrometer as the detector for chromatography, a betterdetermined to be 0.57 min using a non-binding compound
sensitivity and specificity is acquired, which is essential in of glucose and the system void volume time was 0.17 min
drug mixture analyses. according to solvent front peak time.

In this study, we used an immobilized human serum
albumin column affinity chromatography, followed by elec- 2.3. Mass spectrometry
trospray ionization mass spectrometry equipped with a
guadrupole mass spectrometer as the detector. Compared An API3000 turbo ion spray triple quadrupole mass spec-
to UV detector, mass spectrometer offers much higher sen-trometer (Applied Biosystems, Foster City, CA, USA) was
sitivity and specificity, and has become widely used for employed as the detector for HPLC. The temperature of
both qualitative and quantitative detection. Zonal elution turbo ion gas, N, was set at 400C. Selected ion monitor-
was performed on several commercial available drugs, anding (SIM) mode was used to monitor each compound.
k' values for these drugs were obtained according to their
retention time. Literature values of %binding of these drugs 2.4. Ultrafiltration
were then plotted againkt(k’ + 1) to generate the working
curve. Proprietary compounds were analyzed in the same The Centrifree Micropartition device (Amicon, Millipore
system, and their %binding was determined by fitting their Corporation, Danvers, MA, USA) is designed specifically
K/(k' 4+ 1) values in the quantitative working curve. Results for rapidly separating unbound from bound drugs in small
were compared with the %binding obtained by ultrafil- volume of serum, plasma and other biological fluids. An
tration or dialysis method. A good correlation was found aliquot of 1 mL sample (1AM spike in thawed human
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plasma) was added to the sample reservoir and allowed tosure that linear elution conditions were preserved. For an an-

equilibrate at 37C for 10 min. Ultrafiltrate was obtained by
centrifuging at 37C for 10 min (1000x g) in a fixed angle
rotor. The concentration of unbound drug in filtrate was de-
termined by LC/MS analysis and the free fraction was cal-
culated as the concentration of drug in the filtrated00%
divided by the concentration of drug in the original spiked
sample.

3. Results and discussion

A total of 12 commercially available compounds, with
protein binding ranging from less than 10% to above 90%,
were injected individually onto the HSA affinity column us-

alyte having a single type of binding site on an immobilized
ligand and no other interactions involved, the retention of
the analyte on the immobilized ligand is described38j:

Kam
== 2)
In the above equatiork’ is the capacity factor for analyte,
as in Eq. (1) K, stands for the equilibrium constant for
association between the analyte and the immobilized ligand,
m is the total moles of active binding sites on immobilized
column for the analyte, and,, represents the void volume of
the column. It is assumed that the amount of injected analyte
is smaller than the total moles of column active binding sites,
so that the linear elution condition is maintain&ty. (2)

k/

ing 4% isopropanol and 96% 50 mM aqueous ammonium indicates thak’ is proportional to botK, andm, . Therefore,
acetate as the mobile phase. For each compound, only a verya strong binding interaction and a high ligand load will both

small amount was injected (A of 20 wM solution) to as-

lead to largek’ value, thus longer retention time.
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Fig. 1. Extracted ion mass chromatogram of salicylic acid, phenytoin, triamterene, salicylamide, PABA, and acetaminophen. Mobile phase: 5% aqueo
50mM ammonium acetate, 4% isopropanol. Column: HSA columnx5D.0 mm i.d., Advanced Separation Technologies Inc., Whippany, NJ.
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The LC/MS chromatogram of some of the tested drugs
is shown inFig. 1 It was found that drugs of lower plasma Fig. 3. Extragted ion mass chromatogram of select_ed proprietary com-
. L . pounds. Mobile phase: 96% aqueous 50 MM ammonium acetate, 4% iso-
protein bln_dlng tend '[_O eI_Ute_ earlier from HSA COI'ijr! than propanol. Column: HSA column, 58 2.0 mm i.d., Advanced Separation
drugs of higher protein binding. Another observation is that Technologies Inc., Whippany, NJ.
the strong binding drugs tend to elute as broad chromato-
graphic peakg$21], and their run-to-run retention time re- A-E was determined based on their retention time accord-
producibility is inferior to the weak binding drugs. ing toEq. (1) and the %binding was calculated by fitting the
The K/(k’ + 1) of each drug was determined according K/(k'+ 1) data into the working curve iRig. 2 Table 2lists
to its retention time. Literature values of %binding (by ei- K/(k'+1) values, the calculated %binding, and the %binding
ther ultrafiltration or dialysis method) were then regressed obtained in-house by ultrafiltration method for compounds
against'/(k’ + 1). The working curve, shown iRig. 2, has A-E. The results show that for those compounds, the pro-
good linearity with a correlation coefficient of 0.96 which tein binding obtained by chromatographic and ultrafiltration
is quite acceptable considering the diversity of drugs testedmethods are in good agreement, while chromatography of-
and the variety of %binding data resources used. The reten-fers protein binding data with much lower standard devia-
tion timet;, K'/(k' +1), literature values of %binding21,31] tion, indicating it as a more reproducible and precise method
for the above tested compounds are foundable 1 [20,23] Minor discrepancy between the two methods could
Seven proprietary compoundé,(B, C, D, E, F, and stem from: (1) in chromatographic method, only albumin is
G) were analyzed under the identical chromatographic con- involved in the protein binding model, while ultrafiltration
ditions, and the chromatogram of selected compounds isor equilibrium dialysis method is carried out with all plasma
shown inFig. 3. Compoundd- andG could not be eluted  proteins. Hence, correlating the percent binding data from
with the 4% isopropanol and 96% aqueous ammonium ac- ultrafiltration or equilibrium dialysis with'/(k’ + 1) in chro-
etate mobile phase in 30 min. Thé(k’ + 1) of compounds matographic method could either overestimate or underes-

Table 1
Commercial drugs tested, their retention time (with standard deviatd(®,+ 1) values, literature %binding, and %binding calculated basekl/¢i + 1)
according to the equation from quantitation working curverig. 2

Compound tr (min) K KI(k'+ 1) %Binding by %Binding from
chromatography literature
[16,31]
System void 0.17 (0.005)
Glucose 0.57 (0.01) 0 0
Triamterene 2.10 (0.029) 3.83 0.79 70 57
Salicylamide 1.29 (0.01) 1.80 0.64 54 50
PABA 0.85 (0.01) 0.70 0.41 29 31
Aniline 0.89 (0.00) 0.83 0.45 33 37
Acetaminophen 0.79 (0.00) 0.55 0.36 23 20
Tinidazole 0.67 (0.005) 0.25 0.20 6 12
Salbutamol 0.69 (0.006) 0.30 0.23 10 7.5
Quinidine 3.32 (0.012) 6.88 0.87 78 70
Quinine 4.38 (0.015) 9.53 0.91 82 80
Phenytoin 4.63 (0.02) 10.15 0.91 82 88
Salicylic acid 9.95 (0.17) 23.45 0.96 87 97
Dipyridamole 12.03 (0.17) 28.65 0.97 88 93

Mobile phase: 96% aqueous 50 mM ammonium acetate, 4% isopropanol. Column: HSA column2.B0nm i.d., Advanced Separation Technologies
Inc., Whippany, NJ.
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Proprietary compound8—E, their retention time (with standard deviatiof}j(k’ + 1) values, %binding by ultrafiltration (with standard deviation), and
%binding (with standard deviation) calculated basedk@ft’ + 1) according to the equation from quantitation working curveFig. 2

Compound ty (min) KI(k' + 1) %Binding by %Binding by
ultrafiltration chromatography
BX compoundA 2.74 (0.03) 0.844 61 (2.58) 75 (0.194)
BX compoundB 16.17 (0.31) 0.975 78 (3.11) 89 (0.052)
BX compoundC 14.98 (0.09) 0.973 86 (0.96) 89 (0.018)
BX compoundD 9.71 (0.15) 0.958 85 (0.96) 87 (0.071)
BX compoundE 9.35 (0.04) 0.956 87 (1.15) 87 (0.021)

Mobile phase: 96% aqueous 50 mM ammonium acetate, 4% isopropanol. Column: HAS column2.80nm i.d., Advanced Separation Technologies

Inc., Whippany, NJ.

Table 3

Proprietary compoundf and G, their retention time (with standard deviatiok}/(k’ + 1) values, and %binding (with standard deviation) calculated
based ork'/(k’ 4+ 1) according to the equation from quantitation working curve (20% isopropanol)

Compound tr (min) KI(k" + 1) %Binding by %Binding by
other methods chromatography

BX compoundF 4.05 (0.09) 0.89 96 98 (0.066)

BX compoundG 4.93 (0.16) 0.92 98 (2.38) 99 (0.078)

Mobile phase: 50 MM ammonium acetate, 20% isopropanol. Column: HSA columx,250 mm i.d., Advanced Separation Technologies Inc., Whippany,

NJ.

timate the actual protein binding of those compounds (e.qg.
quinidine and dipyridamole are known to have significant
binding toas-acid glycoproteirf31]). Affinity columns im-
mobilized with other plasma proteins could be a potential
supplement, such as the immobilizeg-acid glycoprotein
column. Although immobilized AAG column has been com-
mercially available and widely used for separation of enan-
tiomers of different compounds, its binding properties were
found to be quite different from AAG in solutiofi9,20]
Therefore, using immobilized AAG column for quantitation
of drug protein binding still remains questionable. (2) Com-
pound structure diversity, which leads to binding mechanism
complexity[24,26]. De Jong and coworkef24] have shown
that a better correlation was obtained with a series of struc-
turally analogous piperazines compared to the structurally
heterogeneous compounds.

In order to elute compounds and G, the mobile phase
was modified with higher organic compositi¢g80]. Or-
ganic modifier such as methanol, 1-propanol, isopropanol,

etc. has been reported to decrease the retention time on pro-

tein columns while still maintaining stereoselectivity and of-
fering improved peak shagé7,21,24] Ashton et al.[30]
used mobile phases containing 30-40% of isopropanol to
elute indolocarbazole derivatives which showed very strong
binding to HSA column. They claimed that the column re-
tained its binding property although the mobile phases in
their study had much higher organic concentration than is

recommended by the column manufacturers. In the present:

study, by employing the mobile phase of 20% isopropanol

and 80% 50 mM aqueous ammonium acetate, Compounds

F andG eluted within 5 min. In Ashton et al. study, the esti-

mation of %binding was realized by extrapolation to 0% iso-
propanol for every single compound, which was very time
consuming and required multiple chromatographic analy-

sis under different isopropanol concentrations. However, we
used several strong binding reference compounds to create
a quantitative working curve for 20% isopropanol mobile
phase, which proved to be a fast and convenient method for
analysis of relatively large number of samplEgy. 4 shows

the chromatogram df and G, and also warfarin, quinine,
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Fig. 4. Extracted ion mass chromatograms of proprietary compounds
F and G, and warfarin, quinine, and phenytoin. Mobile phase: 50 mM

ammonium acetate, 20% isopropanol. Column: HSA columng 200 mm
i.d., Advanced Separation Technologies Inc., Whippany, NJ.
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and phenytoin, used as standards for creating quantitationprotein binding of compounds in early drug discovery pro-

working curve under the condition of 20% isopropanol mo-

cess. Compounds of protein bindirgP5% are eluted out

bile phase. Thus, generated working curve has an equationwith 4% isopropanol 96% 5 mM ammonium acetate mobile

of y = 27.4725+73.0687, and correlation coefficieRE =
0.9974. The retention time'/(k’ + 1), %binding by other
methods, and %binding by chromatographyFaandG are
listed inTable 3

While performing ultrafiltration on compouné, the

phase in practical analysis time (within 15 min). Compounds
of high protein binding (>95%) are eluted out with mo-
bile phase of much higher organic concentration (20% iso-
propanol).Fig. 5 shows the strategy flowchart of analyzing
compounds of a great variety of protein-binding properties.

non-specific binding of this compound to the Centrifree The integrity of the column was ascertained periodically by
Micropartition device membrane was found to be greater injecting previously studied reference compounds using 4%
than 90%. Therefore, ultrafiltration method was not suitable isopropanol mobile phase. No discernable differences in the
for determination of protein binding of this compound. An binding properties were observed after the usage of 20%
alternative method using human red blood cell as a biolog- isopropanol in mobile phase.
ical equilibrium dialysis (BED) vehicle was used. The red
cells from 30 ml of freshly heparinized human blood were
washed and suspended in either plasma or buffer at pHRgferences
7.4. After incubation of the suspension with the compound
allowing equilibration between the unbound concentration, [1] TAG. Noctor, M.J. Diaz-Perez, I.W. Wainer, J. Pharm. Sci. 82
the analyte levels in the red cell and in plasma or buffer (1993) 675.
were determined. The plasma protein binding can then be [2] J.J. Valiner, J. Pharm. Sci. 66 (1977) 447.
calculated from the concentration ratios obtained in the [3I AHKarilg;éL-L- Szabo, Clinical Chemistry, Lea & Febiger, Philadel-
H : H 1a, .

red (_:eII suspensions. Compared with _BED method, WhICh ) B. Kragh-Hansen, Pharmacol. Rev. 33 (1981) 17,
requires compll_cated sample preparation a_nd long analysis [5] D.S. Hage, A. Sengupta, J. Chromatogr. B 724 (1999) 91.
time, HSA affinity chromatography LC/MS is much faster (] p.c. carter, J.X. Ho, Adv. Prot. Chem. 45 (1994) 153.
and more convenient, while offering quite precise results [7] T.C. Kwong, Clin. Chim. Acta 151 (1985) 193.
at the same time. This observation also indicates that for [8] J.W. Melten, A.J. Wittebrood, H.J.J. Willems, G.H. Faber, J. Wemer,
compounds with high non-specific binding to artificial D.B. Faber, J. Pharm. Sci. 74 (1985) 692.

. . [9] J.W. Paxton, R.L. Calder, J. Pharm. Methods 10 (1983) 1.
r_nem_brane’ Whlch_m"_ikes t_hem_nOt SL_"table for normal ultra- [10] J.M. Machinist, M.J. Kukulka, B.A. Bopp, Clin. Pharmacokinet. 29
filtration and equilibrium dialysis devices, chromatography (1995) 34.
seems to be a very promising choice. [11] H. Kurz, H. Trunk, B. Weitz, Drug Res. 27 (1977) 1373.
[12] R.A. Fois, J.A. Ashley, J. Pharm. Sci. 80 (1991) 300.
[13] A. Trull, J. Dade Behring Limited 3 (2001) 73.
[14] A. Shibukawa, T. Nakagawa, Anal. Chem. 68 (1996) 447.
[15] A. Shibukawa, T. Sawada, C. Nakao, T. Izumi, T. Nakagawa, J.

A fast and convenient method, HSA immobilized col- Chromatogr. A 697 (1995) 337.
A. Shibukawa, M.E.R. Rosas, T. Nakagawa, Chromatography 22

umn chromatography was employed to determine the plasma[16] (2001) 25.

[17] J. Yang, D.S. Hage, J. Chromatogr. 645 (1993) 241.

[18] B. Loun, D.S. Hage, Anal. Chem. 66 (1994) 3814.

[19] D.S. Hage, S.A. Tweed, J. Chromatogr. B 699 (1997) 499.

[20] J. Oravcovd, B. Bohs, W. Lindner, J. Chromatogr. B 677 (1996) 1.

[21] P.R. Tiller, .M. Mutton, S.J. Lane, C.D. Bevan, Rapid Commun.
Mass Spectrom. 9 (1995) 261.

[22] W. Speed, S. Portolan, G. Cocchiara, D. Pezzetta, M. Verburg, P.
Bombardt, in: Proceedings of the 49th ASMS Conference on Mass
Spectrometry and Allied Topics, Chicago, IL, May 2001, ThPI 225.
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4, Conclusion

Generate working curves for reference compounds in 4% isopropanol
mobile phase

A 4

Determine k’ for test compounds under identical chromatographic
condition as above
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