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Abstract

Quantifying the interaction of drugs with carrier proteins in plasma is of importance for understanding eVective drug delivery to
disease-aVected tissues. In this study, we employed analytical ultracentrifugation and steady-state Xuorescence spectroscopy to charac-
terize the interaction of a potential new anticancer drug, AG1478-mesylate, with plasma proteins in a suspension of normal serum
albumin (NSA). We found that mesylate salt of AG1478, an epidermal growth factor receptor kinase inhibitor, sediments in 0.1%(w/v)
NSA as a complex with a sedimentation coeYcient of 3.8 S. This is consistent with the size of human serum albumin. This interaction
was quantitated by meniscus depletion sedimentation and Xuorescence titration analyses. AG1478-mesylate binds to albumin with
an apparent single-site aYnity (Kd) of 120 �M. In this article, we show that the cyclodextrin carrier molecule, Captisol, increases the
apparent aYnity of the hydrophobic AG1478-mesylate for albumin (Kd D 4–6 �M), and we propose that the AG1478-mesylate–Cap-
tisol (1:1) complex binds to albumin with at least 10-fold higher aYnity than does AG1478-mesylate ligand alone. A Xuorenylmeth-
oxycarbonyl–sulfonic acid (FMS) derivative of the 6-aminoquinazoline analog of AG1478, which was designed to have improved
serum-binding properties, was shown by Xuorescence analysis to bind with approximately 100-fold greater aYnity than the parent
compound. This has signiWcant implications in the eVective delivery of therapeutic agents in vivo.
  2005 Elsevier Inc. All rights reserved.
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The interaction of drugs with plasma proteins aVects the total protein with a concentration of roughly 40 mg/

drug bioavailability and pharmacokinetics and can have
a major inXuence on pharmacological activity [1,2].
Human serum albumin (HSA)2 is the most abundant
plasma protein, accounting for approximately 60% of
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ml (0.6 mM) [2]. The chief physiological role of albumin
is the transport of nonesteriWed fatty acids in the extra-
cellular Xuid. However, albumin also binds and trans-
ports a wide range of other endogenous substances,
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including bilirubin, bile salts, steroid hormones, hematin,
tryptophan, thyroxine, and some vitamins and metal
ions [1,2]. It has also been suggested that albumin has a
buVering function in blood that contributes to the main-
tenance of pH [1,2].

Because of the high circulating plasma levels and the
capacity of albumin to bind a diverse range of com-
pounds, it is generally assumed that the drug–albumin
interaction is the dominant one. Determining a drug
candidate’s propensity for binding albumin is, therefore,
a major goal of preclinical ADME (absorption, distribu-
tion, metabolism, and excretion) studies [3]. It is interest-
ing to note that a large proportion of drugs with good
biological activity fail to progress to later stages of drug
development due to poor pharmacokinetics and phar-
macodynamics [4]. However, binding to albumin can
also be advantageous because this can help to solubilize
hydrophobic drugs [2], and the increase in apparent size
helps to prevent metabolic clearance and, hence, increase
the lifetime [2,5]. Measuring drug–albumin interactions
is, therefore, an area of intense research interest. Meth-
ods of assessing or quantifying such interactions include
microdialysis [6], electrophoresis [7], LC–MS [8], high-
performance aYnity chromatography [9,10], ultracentri-
fugation [11], surface-enhanced Raman spectroscopy
[12], UV and Xuorescence spectroscopy [13], and optical
biosensor detection [14–17].

Dysregulation of the epidermal growth factor recep-
tor (EGFR) family is associated with a large number of
epithelial cancers [18,19]. This signaling pathway has,
therefore, become a major target for drug discovery [19].
The tyrphostin 4-(3-chloroanilino)-6,7-dimethoxyqui-
nazoline (AG1478, Fig. 1A), which is a competitive
inhibitor of the ATP binding site in the EGFR kinase
domain [20,21], is a highly potent and speciWc small mol-
ecule inhibitor of EGFR (ErbB1) tyrosine kinase [22]
and is a potential new anticancer agent [23–25]. How-
ever, AG1478 is very hydrophobic and shows poor aque-
ous solubility, particularly at physiological salt
concentrations. Attempts to measure the interaction of
AG1478 with plasma proteins using standard ultraWltra-
tion methods have yielded inconsistent results due to
absorption of AG1478 onto the Wlter membrane (E. Nice,
unpublished results). Here, we show two alternative
approaches: (i) sedimentation meniscus depletion studies
using the analytical ultracentrifuge, which directly
measures free and/or bound ligand, and (ii) equilibrium
Xuorescence titration, which measures the increase in the
ligand Xuorescence quantum yield on binding to plasma
proteins. We applied these methods to study the binding
of the mesylate salt of AG1478 (hereafter referred to as

AG1478-mesylate) to a suspension of serum proteins
and examined the eVect of a carrier cyclodextrin, Capti-
sol, and Xuorenylmethoxycarbonyl–sulfonic acid (FMS)
derivatization of the 6-aminoquinazoline analog of
AG1478 (Fig. 1B) on the drug–plasma protein
interaction.

Materials and methods

AG1478-mesylate/Captisol (49 mM AG1478-mesy-
late and 49 mM Captisol in water) was obtained from the
Ludwig Institute for Cancer Research Biological Produc-
tion Facility (Austin Hospital, Heidelberg, Victoria, Aus-
tralia). Normal serum albumin (NSA), a 20%(w/v)
human albumin preparation for intravenous administra-
tion from pooled human plasma prepared by ethanol
fractionation and chromatography, was obtained from
CSL Limited (Broadmeadows, Victoria, Australia).

The 6-amino-4-(3-chlorophenylamino) quinazoline
was prepared as described previously [22], and 9-Xuore-
nylmethoxycarbonylchloride-2-sulfonic acid (FMS–Cl)
was prepared as reported by MerriWeld and Bach [26].

Synthesis of the FMS-6-aminoquinazoline derivative of 
AG1478

The FMS-6-aminoquinazoline derivative was
synthesized as follows. A suspension of 6-amino-4-
(3-chlorophenylamino) quinazoline (270 mg, 1.0 mmol),
9-Xuorenylmethoxycarbonylchloride-2-sulfonic acid
(340 mg, 1.0 mmol), and potassium acetate (150 mg,
1.5 mmol) in ethyl acetate (15 ml) was stirred gently at
room temperature under a drying tube for 48 days (the
FMS derivative was found to form very slowly, but
cleanly, at room temperature. Reaction at room temper-
ature for 2 days gave incomplete conversion (15% yield)
with recovery of much starting 6-amino compound). The
reaction mixture was poured into a separating funnel,
Fig. 1. Chemical structures of the tyrphostin AG1478 (A) and the FMS-6-aminoquinazoline derivative (B).
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followed by the addition of extra ethyl acetate (100 ml)
and then ice water (100 ml). The mixture was shaken vig-
orously for several minutes, the suspension was Wltered
to give a pale olive solid that was washed with additional
ice water (50 ml) and ethyl acetate (50 ml), and then the
solid was dried in a vacuum oven to give the crude prod-
uct as an olive-colored solid (420 mg, 73%), 1H NMR
spectrum (d6DMSO): � 4.35 (m, 1H), 4.64 and 4.79 (each
dd, 1H), 7.33–7.90 (complex m, 15H), 8.06 (s, 1H), 8.72 (s,
1H), 8.85 (s, 1H), 10.19 (s, 1H), 11.50 (bs, 1H).

Reversed-phase HPLC puriWcation of the 
FMS-6-aminoquinazoline derivative of AG1478

The FMS-6-aminoquinazoline derivative of AG1478
was separated from unreacted 6-amino-4-(3-chlorophe-
nylamino)quinazoline by reversed-phase (RP)–HPLC
[27]. All separations were performed using an Agilent
model 1100 HPLC (Agilent Technologies, Victoria, Aus-
tralia) equipped with a diode array detector and using a
Brownlee Aquapore RP-300 (Octyl C8) 7-�m 100 £ 2.1-
mm column. Separation was achieved by gradient elu-
tion using a linear 40-min gradient between 10 mM
ammonium acetate (pH 6.0) and 100% acetonitrile. The
Xow rate was 0.1 ml/min, and the column temperature
was 25 °C. Detection was at 330 nm. Fractions were
recovered manually, with allowance being made for the
dead volume between the detector and trapping port.
Electrospray ionization (ESI)–MS analysis of the puri-
Wed material, which had a characteristic retention time
of 23.9 min, gave the anticipated mass of 573.2 (M + H)+.

Analytical ultracentrifugation

Sedimentation experiments were conducted in a
Beckman model XL-A analytical ultracentrifuge at a
temperature of 20 °C. Samples of AG1478-mesylate (2.5,
5, 10, 20, and 40 �M complexed with 1:1 Captisol), NSA
(0.1%, w/v), and mixtures of both dissolved in ddH2O
were loaded into a conventional double sector quartz
cell and mounted in a Beckman four-hole An-60 Ti
rotor. Then 300�l of sample and 320 �l of reference solu-
tion were centrifuged at a rotor speed of 40,000 rpm, and
the data were collected for 4 h at 340 nm in continuous
mode using a time interval of 300 s and a step size of
0.003 cm without averaging. A wavelength of 340 nm was
selected to monitor the progression of sedimentation
because AG1478-mesylate absorbs strongly at this wave-
length, whereas the acceptor (0.1% NSA) contributes to
only minor near-baseline absorbance signals at this
wavelength. To determine the signal due to free
AG1478-mesylate, a method adapted from Perugini
et al. [28] was employed. In brief, the absorbance due to
free ligand was averaged over a radial range of 0.1 cm in
the plateau region adjacent to the sample meniscus at 4 h
postcentrifugation. At this time point, the signal due to
bound AG1478-mesylate was at the bottom of the cell.
The absorbance signal of free ligand was converted to
concentration units (�M) using a four-point standard
curve, and from this a binding isotherm was constructed.
Nonlinear least squares analyses of the binding data to a
number of diVerent models, including single-site binding
and independent two-site binding, were implemented
using the program SigmaPlot. To estimate the sedimen-
tation coeYcient distribution of the bound AG1478-
mesylate–NSA protein complex, ls–g* (s) analyses [29]
were performed with mixtures of AG1478-mesylate
complexed with Captisol (1:1 molar ratio) and 0.1%
NSA using the program SEDFIT [29] (available at
www.analyticalultracentrifugation.com).

Fluorescence spectroscopy

The binding of the AG1478-mesylate to NSA was
determined by the increase in quantum yield of AG1478-
mesylate Xuorescence. Fluorescence titrations were con-
ducted with a SPEX FluoroLog tau-2 frequency domain
spectroXuorometer operated in the steady-state mode at
a temperature of 20 °C. AG1478-mesylate was excited
with vertically polarized emissions from a xenon lamp at
a wavelength of 350 nm. AG1478-mesylate emissions
were collected at the magic angle polarization (54.7°) at
400 nm. Quartz cuvettes containing a Wxed concentration
of AG1478-mesylate (10 or 50 �M in 1:1 Captisol or
10 �M in distilled water) were titrated with variable
amounts of NSA. Background scatter and background
Xuorescence were corrected for using blank samples
containing only NSA. The Xuorescence data were
analyzed to either a single-site or two-site model using
nonlinear least squares Wtting (Microsoft Excel and
Prism). For single-site binding, the emission intensity
(y) as a function of added NSA was Wt to the function
y D (A/2/D)*[C + X + D ¡ SQRT ((C + X + D)2 ¡ 4XD)],
where A D change in intensity at saturation, B D initial
intensity, C D Kd, D D concentration of AG1478 (Wxed),
and X D concentration of NSA. The change in intensity
at saturation was either used as a Wtting parameter (in
cases where obvious saturation was observed) or extrap-
olated using a double reciprocal plot.

Results

Analytical ultracentrifugation

To estimate the propensity of AG1478-mesylate to
bind to plasma proteins in a suspension of 0.1% NSA,
sedimentation velocity studies were performed in the
analytical ultracentrifuge. Data were obtained with 2.5,
5, 10, 20, and 40 �M AG1478-mesylate. For all samples
analyzed, the absorbance versus radial proWles plotted as
a function of time indicated that a signiWcant proportion

http://www.analyticalultracentrifugation.com
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of the ligand was sedimenting with a larger macromole-
cule in the sample solution. As an example, the absor-
bance at 340 nm versus radial position proWles for 40 �M
AG1478-mesylate + 0.1% NSA are shown at 12-min
intervals in Fig. 2A. These data were Wtted by nonlinear
least squares ls–g* (s) analysis to yield the sedimentation
coeYcient distribution shown in Fig. 2B. The low root
mean square deviation (RMSD) of 0.0093 and random
distribution of residuals (Fig. 2A, inset) demonstrate an
excellent Wt to the data. The ls–g* (s) distribution shows
that AG1478-mesylate is largely bound to a species with
a sedimentation coeYcient of approximately 3.8 S, which
is consistent with the sedimentation coeYcient of mono-
meric albumin reported by Squire et al. [30]. Further-
more, the material observed in the ls–g* (s) distribution
at s » 7 S may indicate a small amount of AG1478-mesy-
late bound to the albumin dimer (Fig. 2B). Together,

Fig. 2. Area under the curve sedimentation velocity analysis of bound
AG1478-mesylate. (A) The absorbance at 340 nm is plotted as a func-
tion of radius (cm) at 12-min intervals. The raw absorbance data (sym-
bols) is overlaid with the nonlinear least squares g* (s) [ls–g* (s)] best
Wts (solid lines) [29]. Sedimentation velocity experiments of AG1478-
mesylate (40 �M) in the presence of 0.1%(w/v) NSA were conducted in
a Beckman model XL-A analytical ultracentrifuge as described in
Materials and methods. (B) ls-g* (s) distribution plotted as a function
of sedimentation coeYcient (S). Analysis was performed using the pro-
gram SEDFIT with 100 sedimentation coeYcients between 0.5 and 8.0
S and at a conWdence level of 0.95.
these data suggest that a signiWcant proportion of the
ligand binds human albumin in the NSA suspension.

To further quantitate the interaction of AG1478-mes-
ylate with albumin, the sedimentation data obtained
with 2.5–40 �M AG1478-mesylate and a Wxed concentra-
tion of 0.1% NSA were analyzed further. As shown in
Fig. 2A, there is a signiWcant nonzero absorbance
(Abs340 nm » 0.29) at the top of the cell at radial positions
of approximately 6.4–6.6 cm, particularly at the latter
time points of the experiment. This baseline oVset repre-
sents the absorbance of free AG1478-mesylate. It is also
indicated by the steep increase in ls-g* (s) as the sedimen-
tation coeYcient distribution decreases from 2.0 S to less
than 0.5 S (Fig. 2B). At each of the Wve AG1478-mesy-
late concentrations employed (2.5, 5, 10, 20, and 40�M),
the baseline oVset was converted to concentration units
using the four-point standard curve shown in the Fig. 3
inset, and the proportion of free ligand was calculated
directly. This allowed the binding isotherm shown in Fig. 3
to be constructed. The data in this Wgure were Wtted to var-
ious models. A single-site binding model yielded an
apparent Kd of 3.5 �M (R D 0.984). However, the nonlin-
ear least squares best Wt (R D 0.996) obtained was an

Fig. 3. Binding isotherm of AG1478-mesylate to human albumin in
0.1% NSA derived from area under the curve data. The amount of
bound AG1478-mesylate ligand divided by the total human albumin
concentration (14.8 �M) is plotted as a function of free AG1478-mesy-
late. The data (solid circles) were Wtted to a single-site binding model
that yielded a Kd D 3.6 (dashed line) and an independent two-site bind-
ing model (solid line) that yielded a nonlinear best Wt (solid line) with
Kd1 D 1.0 �M (n1 D 0.19) and Kd2 D 42 �M (n2 D 0.38). The multiple
correlation coeYcients (R) of the nonlinear best Wts shown were calcu-
lated to be 0.984 for the one-site model and 0.996 for the two-site
model. The inset shows a four-point standard curve used to convert
the absorbance at 340 nm in the supernatant to the amount of free
AG1478-mesylate (�M) as described in Materials and methods and as
adapted from [28].
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independent two-site model with Kd1 D 1.0 �M
(n1 D 0.19) and Kd2 D 42 �M (n2 D 0.38). This suggests
that AG1478-mesylate could bind to at least two diVer-
ent sites on the albumin monomer.

Fluorescence spectroscopy

To provide a further probe of the AG1478-mesylate–
NSA interaction and to conWrm the analytical ultracentri-
fugation results, experiments were carried out using the
environmentally sensitive Xuorescence from the AG1478-
mesylate. Fig. 4A illustrates a titration of variable
amounts of NSA with a Wxed (10�M) concentration of
AG1478-mesylate and Captisol. The AG1478-mesylate
undergoes a large (>10-fold) increase in Xuorescence as
the NSA is added, indicative of an interaction between
AG1478-mesylate and one or more components of NSA.
The large enhancement indicates that the Xuorescence
measurements are particularly sensitive and weighted
toward the bound form of AG1478-mesylate. Similar
data, but with a starting concentration of 50�M AG1478-
mesylate and Captisol, are shown for comparison in Fig.
4B. The data in Fig. 4A were Wtted to various models for
the AG1478-mesylate–NSA interaction. A Wt to a single-
site model yielded a Kd of 5.5�M for a 1:1 stoichiometry

Fig. 4. Fluorescence titration of AG1478-mesylate with NSA. The plot
shows the AG1478-mesylate Xuorescence as a function of added NSA
(as equivalent HSA concentration). (A) 10 �M AG1478-
mesylate:10 �M Captisol. (B) 50 �M AG1478-mesylate:50 �M Capti-
sol. Solid squares represent the measured data points. Solid lines repre-
sent the Wt to an interaction with a Kd of 6 �M (A) and a binding curve
extrapolation (B) for a 1:1 interaction. a.u., arbitrary units.
(RD0.99). To compare with the analytical ultracentrifuge
data, we transformed the data in Fig. 4A to a percentage
bound versus free HSA concentration plot. The nonlinear
least squares best Wt was obtained to an independent two-
site model with Kd1 D1.7�M (n1 D0.43) and Kd2 D16.7�M
(n2 D0.59) (RD0.99), which was statistically more signiW-

cant than that obtained to the one-site model (RD0.98).
This is in good agreement with the analytical ultracentri-
fugation data described in Fig. 3.

To assess the inXuence of the added Captisol on the
AG1478-mesylate–NSA interaction, we performed a titra-
tion of NSA with AG1478-mesylate in the absence of
Captisol and a separate titration of AG1478-mesylate
with Captisol in the absence of NSA. The limited solubil-
ity of AG1478-mesylate in the absence of Captisol (solu-
ble up to 100�M in ddH2O) prevented titrations from
being carried out at concentrations of AG1478-mesylate
greater than 100�M. Fig. 5 illustrates a titration of vari-
able amounts of NSA with a Wxed 10-�M concentration
of AG1478-mesylate in the absence of Captisol. The solid
line depicts a Wt to a single-site model with a Kd of 190�M.
Duplicate measurements yielded a mean Kd of 120�M. It
is apparent that the Captisol has a marked eVect on the
distribution of free and bound AG1478-mesylate.

A titration of 50 �M AG1478-mesylate with Captisol
produced a relatively mild Xuorescence enhancement
(approximately twofold increase) in comparison with
NSA and showed stoichiometric binding with a stoichi-
ometry of 1:1. Based on these results and the compara-
tive titrations with NSA, we estimate that the Kd for the
Captisol–AG1478-mesylate interaction is approximately
5 �M. We also studied the AG1478-mesylate–Captisol
complex in the analytical ultracentrifuge to determine
the apparent molar mass at a 1:1 molar ratio. At 40-�M
starting concentrations for both AG1478-mesylate
(Mr D 315.8 g/mol) and Captisol (Mr » 2179 g/mol), the

Fig. 5. Fluorescence titration of AG1478-mesylate with NSA in the
absence of Captisol. The plot shows the AG1478-mesylate Xuores-
cence as a function of added NSA (as equivalent HSA concentration)
(10 �M AG1478-mesylate in distilled water). Solid squares represent
the measured data points. The solid line represents the Wt to a 1:1 inter-
action with a Kd of 190 �M. The inset shows a plot with log scale on
the concentration axis. a.u., arbitrary units.
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apparent molar mass assuming a single species was cal-
culated to be 1640 g/mol by sedimentation equilibrium
analysis. This indicates that a signiWcant amount of
AG1478-mesylate is bound to Captisol under these con-
ditions, consistent with the Xuorescence titration data.
Fig. 6 shows a preliminary Xuorescence titration for a
candidate prodrug FMS derivative (Fig. 1B) binding to
NSA. The aYnity for this interaction is estimated to be
0.1 �M. The parent 6-amino quinazoline compound
(lacking the FMS group) binds with an aYnity of
170 �M. Experiments with Captisol were not attempted
with this FMS derivative due to its high water solubility
and high aYnity for NSA in the absence of Captisol.

Discussion

The two complementary approaches used in the cur-
rent investigation clearly show that AG1478-mesylate
binds to HSA with an apparent single-site aYnity (Kd) of
approximately 100 �M, which increases by a factor of
more than 10 in the presence of the carrier �-cyclodex-
trin, Captisol (Kd D 4–6 �M). Captisol has been shown to
improve the aqueous solubility of hydrophobic drugs
[31–36]. Although the entire cyclodextrin molecule is
water soluble, the interior of the molecule is relatively
apolar and creates a hydrophobic microenvironment
with the ability to encapsulate hydrophobic water-insol-
uble molecules [36]. This has permitted aqueous formu-
lations of high AG1478 concentration (>90 mM) for the
xenograft studies and the assessment of tissue distribu-
tion and pharmacokinetics of AG1478 in mice and rats
[24]. Although our study used a preparation of serum
albumin (20% NSA) that may contain traces of other
proteins and serum electrolytes, the sedimentation veloc-
ity analysis showed that the sedimentation coeYcient of

Fig. 6. Fluorescence titration of a FMS-6-aminoquinazole derivative
with NSA in the absence of Captisol. The plot shows FMS-6-amino-
quinazole Xuorescence as a function of added NSA (as equivalent
HSA concentration) in the presence of 0.1 �M FMS-6-aminoquinazole
derivative in distilled water. Solid squares represent the data points.
The solid line represents a Wt to a 1:1 interaction with a Kd of 0.1 �M.
a.u., arbitrary units.
bound AG1478-mesylate (3.8 S) was consistent with that
of albumin (Fig. 1B). Given this, an important question
to address here is how the binding of AG1478-mesylate
to human albumin compares with other drugs and
ligands. We make a comparison below with fatty acids in
accordance with albumin’s primary physiological role as
a fatty acid binder [1,2]. In addition, we compare our
data set with thyroxin–albumin interaction (which
occurs in plasma) and a panel of hydrophobic drugs.

Loun and Hage [10] used high-performance aYnity
chromatography containing immobilized HSA to study
the binding of thyroxine at the warfarin and indole sites
of HSA. Frontal analysis, using R-warfarin and L-tryp-
tophan as probes for these sites, demonstrated that the
immobilized HSA had binding behavior equivalent to
that observed for HSA in solution. The warfarin and
indole sites had relatively strong binding for thyroxine,
with dissociation constants of 7.1 and 1.8 �M, respec-
tively [10], in the range observed for AG1478-mesylate in
the current study.

In contrast, the analysis of fatty acid binding to albu-
min requires multisite models [2,37]. Crystal structures
(for reviews, see [2,38,39]) have shown that albumin is a
three-lobed, heart-shaped molecule with approximate
dimensions of 80 £ 80 £ 30 Å. On binding to fatty acids,
a large conformational change occurs. Binding involves
a number of structurally distinct sites with varying aYn-
ities [38]. In a study using equilibrium dialysis [37], Scat-
chard analysis indicated two classes of binding sites, with
the Wrst class having n1 D 4.2–5.0 sites and the second
class having n2 D 27–31 sites. The dissociation constants
decreased as the chain length of the fatty acids increased;
that is, Kd1 was 12.5 mM for acetate, 1.8 mM for hexano-
ate, and 0.15 mM for octanoate. Thus, the longer chain
fatty acids would appear to have more similar aYnity
for albumin than for AG1478-mesylate.

More recently, the group of Caron and co-workers
[11] compared the binding of 14 diVerent drugs to albu-
min and attempted to correlate the fraction bound with
ionization and lipophilicity descriptors. Under the con-
ditions of their ultracentrifugation assay (600 �M albu-
min, drug concentration 20 �M), 3 of the drugs
(acebutolol, chloroquine, and ranitidine) showed little
binding (<10% bound), whereas the binding of the
remaining 11 drugs varied from 27.8% to more than
95.0%. It is clear from our Xuorescence study (Figs. 4 and
5) that at physiological concentrations of albumin,
10 �M AG1478-mesylate in the presence or absence of
Captisol is mostly albumin bound. To compare directly
with Caron and co-workers’ study [11], we would pre-
dict, on the basis of Kd D 120�M, that approximately
90% of 20 �M AG1478-mesylate is bound to albumin.

The most striking observation from the current work is
that the carrier cyclodextrin, Captisol, appears to enhance
the aYnity of the AG1478-mesylate for the plasma pro-
teins. This enhancement cannot be reconciled with com-
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petitive displacement from the AG1478-mesylate–
cyclodextrin complex or drug release by simple dilution
because the Wrst eVect would reduce the apparent aYnity
and the second eVect would have no consequence. More-
over, the analytical ultracentrifugation clearly shows that
AG1478-mesylate sediments with albumin in the presence
of Captisol (Fig. 2). The current data suggest that the Kd
for the cyclodextrin–AG1478-mesylate complex provided
by Xuorescence titration data is not greater than 5�M
given that stoichiometric binding behavior is observed at
an AG1478-mesylate concentration of 50�M. In general,
stoichiometric binding becomes evident at concentrations
10-fold higher than the Kd for the interaction [40]. Com-
pared with other cyclodextrin–drug complexes [32,33], the
aYnity constant for AG1478-mesylate–Captisol is in the
upper range, on the order of 10�M. Under the experimen-
tal conditions of 10�M AG1478-mesylate and 10�M
Captisol, a signiWcant fraction of AG1478-mesylate will
be bound to Captisol as an AG1478-mesylate–cyclodex-
trin complex. Based on the Xuorescence and sedimenta-
tion data, it seems reasonable to propose that the
AG1478-mesylate forms a ternary or higher order com-
plex with both cyclodextrin and albumin.

We are currently using these methods to aid in the
development of AG1478 derivatives with improved
binding to plasma and, therefore, prolonged half-lives in
vivo (Fig. 1B). The 6-amino quinazoline parent com-
pound (i.e., lacking the FMS group) has similar binding
aYnity (Kd D 170 �M) for NSA as for AG1478-mesylate
in the absence of Captisol (Kd D 120 �M). However, the
FMS derivative binds more than 1000-fold more tightly
than the parent compound (Kd D 0.1 �M). This is in line
with previous reports showing enhanced binding and
extended plasma half-lives of other drugs conjugated to
Xuorenylmethoxycarbonyl [41,42]. Although the FMS
derivative has signiWcantly reduced biological activity, it
is readily hydrolyzed to yield a biologically active form
with an IC50 similar to that of the parent AG1478. Work
is in progress to characterize the biological pharmoki-
netics of this drug and to determine its eYcacy as a new
tyrosine kinase inhibitor.

In summary, we have shown a drug Xuorescence-
based approach to plasma protein binding that is fast,
sensitive, and nondestructive and that could be easily
adapted to plate-reader conWgurations.
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