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ABSTRACT: Vismodegib (GDC-0449) is is an orally available selective Hedgehog
pathway inhibitor in development for cancer treatment. The drug is =95% protein
bound in plasma at clinically relevant concentrations and has an approximately
200-fold longer single dose half-life in humans than rats. We have identified a strong
linear relationship between plasma drug concentrations and o-1-acid glycoprotein
(AAG) in a phase I study. Biophysical and cellular techniques have been used to reveal
that vismodegib strongly binds to human AAG (Kp, = 13 #M) and binds albumin with
lower affinity (Kp = 120 #M). Additionally, binding to rat AAG is reduced ~20-fold
relative to human, whereas the binding affinity to rat and human albumin was similar.
Molecular docking studies reveal the reason for the signficiant species dependence on
binding. These data highlight the utility of biophysical techniques in creating a

comprehensive picture of protein binding across species.

B INTRODUCTION

The Hedgehog (Hh) signaling pathway plays a crucial role in
human embryogenesis but is largely inactive in adult tissues
under normal conditions. Aberrant Hh pathway activation has
been implicated in a range of human cancers, and the targeting
of this pathway as an anticancer strategy has been reported."
Vismodegib (GDC-0449, (2-chloro-N-(4-chloro-3-(pyridin-2-
yl)phenyl)-4-(methylsulfonyl)benzamide) is a small-molecule,
selective Hh pathway inhibitor (HPI) that is in phase II develop-
ment for the treatment of various cancers including advanced basal
cell carcinoma. Vismodegib targets a central mediator of Hh
pathway signaling, the transmembrane protein Smoothened
(SMO).>> In the absence of ligand, SMO is inhibited by the
Hh receptor Patched (PTCH). This inhibition is normally released
when Hh binds to PTCH, but inappropriate activation of this
pathway occurs in the presence of inactivating PTCH mutations or
activating SMO mutations. Once activated, SMO initiates an
intracellular signaling cascade that results in activation of transcrip-
tion factors and expression of Hh target genes essential for cellular
growth, differentiation, and survival. Vismodegib is able to inhibit
both ligand-dependent and mutationally driven SMO-mediated
signaling.®

Preclinical pharmacokinetic (PK) studies have demonstrated
that vismodegib has moderate to low in vivo clearance, good oral
bioavailability across animal species, and high metabolic stability
in vitro, with nearly 100% of the compound remaining following
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incubation with human hepatocytes.” Preclinical in vitro studies
also demonstrated that vismodegib is highly protein bound
(295%) across species, including in human plasma at clinically
relevant concentrations.” Despite the prediction of favorable
human PKs based on the preclinical PKs of vismodegib, during a
single dose study in healthy volunteers, vismodegib exhibited
unexpectedly high plasma exposures coupled with an extremely
low apparent oral clearance and a long half-life of approximately
10—14 days.® This half-life was substantially longer in compar-
ison to rats in which half-life was approximately 1.5 h.”® It is
known that plasma protein binding is a contributing determinant
of PK properties such as systemic clearance and volume of
distribution for low clearance compounds and can influence
the pharmacodynamics (PD) of pharmaceutical agents, includ-
ing anticancer agents such as docetaxel,’ erlotinib,° geﬁtinib,11
imatinib,'> and UCN-01.">'* Therefore, on the basis of the
known potential impact of extensive protein binding on PKs and
therapeutic potential, we initiated a more detailed investi-
gation of the clinical and biochemical protein binding profile of
vismodegib to better understand the unusual disposition of this
compound.

We report here a detailed study of the interactions of
vismodegib with o-l-acid glycoprotein (AAG) and serum
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Figure 1. Correlation between vismodegib and AAG concentrations in
patients with advanced cancers following 21 days of daily dosing of
vismodegib. Slope of drawn line is 0.612; R* = 0.78.

albumin. These two proteins are the lprincipal plasma components
responsible for binding xenobiotics."® Analysis of plasma samples
from 40 patients dosed with vismodegib to steady state revealed a
strong correlation between the total concentration of drug in
plasma and the plasma concentration of AAG (Figure 1). Serum
albumin concentration is relatively constant over time in the
absence of significant disease, whereas AAG levels can fluc-
tuate more quickly and significantly, usually in response to
inflammation.'® The strong correlation between vismodegib
and AAG concentrations suggests that AAG binding may be
high affinity and is a determinant of total plasma concentration
of vismodegib in patients. Therefore, changes in AAG levels
could impact systemic concentrations of vismodegib. In addi-
tion, as total concentrations of vismodegib are influenced by
AAG, flutuations in AAG levels have an impact on vismodegib
pharmacodynamics.

To address these issues, we performed in vitro equilibrium
binding and cell-based inhibition assays in the presence of
different amounts of human AAG (hAAG). We confirmed
vismodegib binds hAAG and can influence the effect of the
drug as evidenced by a reduction of inhibition in a cell-based
reporter assay. We then used surface plasmon resonance
(SPR) and isothermal titration calorimetry (ITC) binding
assays on human and rat AAG (rAAG) and albumin to
investigate in detail the kinetics, thermodynamics, and species
differentiation of binding. These studies revealed that vismo-
degib binding to both rat and human serum albumin is low
affinity. In contrast, vismodegib binding to AAG exhibited
high affinity to hAAG and low affinity in the case of rAAG.
Molecular docking of vismodegib into the AAGs reveals a
possible mechanism for this species-dependent binding. Im-
plications for the relevance of these observations in patients
are also discussed.

B RESULTS

Correlation between Vismodegib and AAG Plasma Con-
centrations. In a phase I, first-in-man dose-escalation study, 40
patients with advanced cancer received 150, 270, or 540 mg/day
vismodegib, plasma samples were collected 21 days after initia-
tion of daily dosing, and AAG and vismodegib concentrations

Table 1. Concentration Grid of AAG and Vismodegib Bind-
ing by Equilibrium Dialysis”

AAG concentration (% bound)

vismodegib 0.5 mg/mL 1 mg/mL S mg/mL
(uM) (10 uM) (20 uM) (100 M)

N 96.5 £ 0.189 98.3 £ 0.143 98.8 £ 0.0485

25 70.4 £ 2.09 88.9 £ 0.236 98.7 £ 0.0509

75 41.1 £ 0.744 60.0 & 0.674 98.3 £ 0.0236

“ Data were fit to a binding model (see methods section) and indicate a
Kp of 1.5 uM.

were determined. Linear regression revealed a strong correlation
(R* = 0.78, slope = 0.61) between the total plasma concentra-
tions of vismodegib and AAG (Figure 1). The same linear
relationship was found for all three dose levels with a slope less
than unity, suggesting that not all AAG binding sites are drug
bound. These data predict that the steady-state plasma concen-
tration of vismodegib is primarily determined by the amount of
AAG present, which can fluctuate in response to changes in
disease state, for example, in patients undergoing treatment with
anti-HIV medications.'”

In Vitro Equilibrium Dialysis Binding between Vismodegib
and AAG. We assessed vismodegib binding to hAAG using
equilibrium dialysis. We measured binding at vismodegib concen-
trations of §, 25, and 75 M and hAAG concentrations of 0.5, 1, and
S mg/mL. We found that binding to hAAG is saturable in vitro at
clinically relevant concentrations of vismodegib and physiologically
relevant concentrations of hAAG (Table 1) and that binding to
hAAG is not saturable when hAAG concentrations are increased
beyond normal levels'® up to 5 mg/mL. A binding model (see
Experimental Section) was fitted to the nine %-bound data points
to estimate a dissociation constant (Kp) of 1.5 #M for the hAAG/
vismodegib interaction (Table 1), which is quite strong relative to
most drugs known to bind AAG."®

hAAG Impedes the Hh Pathway Inhibitory Activity of
Vismodegib in Vitro. High-affinity binding of compounds by
plasma proteins can attenuate the efficacy of the drug by
preventing it from interacting with the intended target. There-
fore, we examined the effect of the ability of vismodegib to inhibit
Hh signaling in S12 cells in the presence of varying concentra-
tions of hAAG (Figure 2). S12 cells are derived from the mouse
embryonic fibroblast cell line C3HI10T!/ 5 and have a GLI-
luciferase reporter stably integrated in their genome so that Hh
signaling can be monitored optically.> We chose to analyze the
effect of medium supplemented with 0.5, 1.0, and 5.0 mg/mL
hAAG to cover the range of AAG concentrations tested in the
equilibrium dialysis. As previously reported,® the half-maximal
concentration (ICsg) of vismodegib to inhibit Shh-induced GLI-
luciferase reporter activity in the absence of hAAG is approxi-
mately 15 nM. Addition of 0.5 mg/mL hAAG reduced inhibition
of Hh signaling more than 100-fold (ICso &~ 1750 nM). Doubling
the amount of hAAG in the medium to 1 mg/mL further reduced
the ICs, of vismodegib, whereas no inhibition of GLI-luciferase
activity was observed in the presence of 5 mg/mL hAAG, even at
concentrations as high as 3 uM vismodegib. These results
demonstrate that only free vismodegib can inhibit Hh signaling
in vitro. In addition, while the presence of hAAG attenuates the
observed ICs in these assays, vismodegib remains effective over
the range of physiological hAAG concentrations, only failing to
produce observable inhibition in these experiments at a hAAG

2593 dx.doi.org/10.1021/jm 1008924 |J. Med. Chem. 2011, 54, 25922601


http://pubs.acs.org/action/showImage?doi=10.1021/jm1008924&iName=master.img-001.jpg&w=240&h=174

Journal of Medicinal Chemistry

[y
&
(=]

=
L)
o

50 \ LY
40 \ \h
20 \

0.0 0.1 1 10 100 1000 10000}
Vismodegib (nM)

% of Maximal GL/-luciferase Activity

(=]

Figure 2. GLI-luciferase reporter activity of S12 cells stimulated with
200 ng/mL Shh in the absence (solid circles) or presence of 0.5 mg/mL
(gray square), 1 mg/mL (gray triangle), or S mg/mL (white diamond)
hAAG. Error bars indicate SD.

concentration that well exceeds the highest observed AAG
concentration in patients in the phase 1 study.

Affinity and Kinetic Characterization of the Interaction
between Vismodegib, AAG, and Serum Albumin. SPR bind-
ing assays can provide information about real-time association and
dissociation'” events between a compound and protein and were
used to investigate the nature of the binding kinetics and reversi-
bility of the interactions of vismodegib with plasma proteins. SPR
assays, using Biacore technology, have a reasonably high through-
put rate (~50 (samples/machine)/day) and can evaluate multiple
proteins simultanesouly. Thus, we investigated vismodegib binding
to hAAG and rAAG, as well as human and rat serum albumin (HSA
and RSA, respectively), to assess (1) whether there is species
dependence in binding, (2) whether albumin plays a significant role
in the high degree of vismodegib plasma binding, and (3) whether
the binding to either plasma protein is rapidly or slowly reversible,
as slow reversibility has been observed to negatively affect other
drugs in vivo."”'* The SPR assays were also performed at two
temperatures. The affinities of the control compounds for AAG
and albumin selected from the literature for assay validation were
measured at 20—25 °C. However, compound affinity can be
temperature dependent, so we also tested vismodegib binding at
37 °C to make a direct comparison with the clinical, equilibrium
dialysis, and cellular inhibition experiments.

hAAG and rAAG surfaces were prepared using thiol
coupling®®*! because of the low isoelecric point and tested with
biliverdin, which is thought to be an endogenous ligand for AAG*
Biliverdin binding has been characterized biophysically with a
reported solution affinity for hAAG of 8.3 uM at 25 °C.** For
biliverdin we noted two-site binding to both hAAG and rAAG
(Figure 3B). The high-affinity site in hAAG was 153 uM
(Table 2), in close agreement with the published value, whereas
binding to rAAG was ~3-fold weaker, with a high-affinity site
binding constant of 71.0 #M (Table 2). These results suggest that
sequence differences between the two proteins may subtly influ-
ence the binding for biliverdin. Vismodegib was found to exhibit
two-site binding to hAAG with a high-affinity site binding constant
of 3.7 uM at 20 °C (Figure 3B, Table 2), even stronger than
biliverdin. The affinity of vismodegib for hAAG is not strongly
temperature dependent, with affinity at 37 °C lowering only 3-fold
to 13 uM. This is fairly potent binding to AAG and may be a
contributing factor to the observation that total vismodegib

concentrations correlate strongly with total AAG concentrations
in humans. SPR reveals that the vismodegib affinity for rAAG is
120 uM at 20 °C, which is more than 30-fold weaker than to the
human protein (Figure 3B, Table 2) and undetectable at 37 °C at
concentrations up to the compound solubility limit. This suggests
that key residues involved in the vismodegib binding site are
different between the two species. In addition, the time resolution
of the experiment shows that the hAAG/vismodegib interaction is
rapidly reversible with total dissocation from AAGs achieved in
fewer than S s. Thus, vismodegib can rapidly exchange between the
free and hAAG-bound states. This reversibility suggests that the
complications arising from a slow AAG dissocation observed for
some drugs' are likely not applicable to vismodegib.

HSA and RSA were coupled to biosensor chips using amine
coupling and tested using warfarin as a standard. We observed
two-site binding to HSA and RSA (Figure 3A), consistent with
other biosensor measurements.”> For HSA at 20 °C, high- and
low-affinity site K, values of 5.4 and 510 uM were observed
(Table 2), in good agreement with previously reported measure-
ments of 3.8 and 273 «M.>* Warfarin binding to RSA was slightly
weaker, with high- and low-affinity site Kp, values of 20 and 900
UM (Table 2). Vismodegib binding to both albumins was tested
and also exhibited two-site binding (Figure 3A). The high-affinity
binding sites for HSA and RSA had Kp, estimates of 6.0 and 5.8
UM, respectively (Table 2), indicating no species dependence in
the binding of vismodegib to albumins. At 37 °C the affinity of
warfarin was slightly reduced on HSA and RSA about 3- to 5-fold
to 12 and 95 uM, respectively. The secondary binding site was no
longer detectable, and only a single Ky, is reported. In contrast,
vismodegib binding was markedly impacted by temperature and
affinity to HSA, and RSA was reduced ~120-fold to 120 and 140
UM, respectively, with no observable secondary binding. This
affinity is consistent with an equilibrium dialysis measurement of
HSA and vismodegib at 37 °C (data not shown). As in the case of
AAG binding, vismodegib rapidly and completely dissociates from
albumin in 1-2s.

Affinity and Thermodynamic Characterization of the In-
teraction between Vismodegib, AAG, and Albumin. Because
the observed protein binding results have important implications for
semimechanistic PK models describing the PK properties of
vismodegib, we sought to confirm the affinities determined by
equilibrium binding and SPR and further elucidate the binding
properties thermodynamically using ITC. hAAG, rAAG, and HSA
were dialyzed overnight, and the final dialysis buffer was used to
prepare stock solutions of vismodegib, biliverdin, and warfarin (see
Experimental Section). A sample titration of vismodegib with
hAAG is shown in Figure 4. Similar titrations were conducted with
control compounds (see Experimental Section), and the resultant
binding constants and thermodynamic data for all titrations are
summarized in Table 3. The affinities determined by ITC corre-
spond well with those from the temperature-matched SPR binding
experiments. The measured affinity of vismodegib at 20 °C to rAAG
is more than 100-fold weaker than that of hRAAG (Kp, of 118 & 59
and 1.1 & 0.6 uM, respectively) in agreement with the SPR results.
It is interesting to note that vismodegib binding to either AAG
protein is enthalpically driven, indicating that vismodegib likely makes
favorable hydrogen bonding interactions in the binding pocket.
By contrast, vismodegib binding to HSA at 20 °C is entropically
driven, suggesting that hydrophobic interactions predominate. The
biliverdin control shows similar entropic binding signatures for hAAG
binding, whereas warfarin/HSA binding is dominated by enthalpic
interactions. All measured pairings had overall favorable Gibbs free
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Figure 3. Binding of (A) warfarin and vismodegib to human and rat serum albumins and (B) biliverdin and vismodegib to human and rat a-1-acid
glycoproteins. Sensorgrams are shown with time in seconds on the X-axis and binding response units on the Y-axis. The insets show the dose-
response curves as the log of the concentration versus the measured response value averaged over two seconds before the end of the injection.
Warfarin was measured in quadruplicate with a top concentration of 500 M in a 3-fold dilution series. Vismodegib and biliverdin were measured
using a cross-serial dilution strategy to minimize effects from insoluble compounds. Top concentrations for biliverdin and vismodegib are 500 and
250 uM, respectively.

Table 2. Equilibrium Binding Constants (Kp) Determined from Fitting the SPR Data Shown in Figure 3°

Kp (uM)
temperature 37 °C temperature 20 °C
AAG albumin AAG albumin
compd human rat human rat human rat human rat
vismodegib 13 NB 120 140 3.7, 139 120 6.0, 130 58,171
warfarin NB NB 12 95 NB NB 5.4, 510 20.0, 900
biliverdin NB NB 15.3,219 71.0, 1700 NB NB

“NB: nonbinding. Two Ky, values are listed when a high-affinity and low-affinity binding event were observed.
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energies within a range of —5 to —8 kcal/mol. Because of the
significant difficulty in preparing vismodegib solutions for ITC
analysis (see methods section), the measurements were not repeated
at the higher temperature or on RSA.

Computational Modeling of Vismodegib and Biliverdin
Interaction with AAG. We have established that vismodegib
exhibits markedly different binding to hAAG and rAAG but
biliverdin does not, suggesting that these compounds may bind
in different orientations to the protein in a way that would explain
the experimental binding differences. The hAAG and rAAG
amino acid sequences are 47% identical (68% similar), and
approximately 14 residues differ between the two proteins in
the first shell of residues that line the putative binding site based
on our analysis of the crystal structure.”® Although there are no
reported experimental structures of compounds bound to AAG,
we docked vismodegib to apo-AAG to determine whether the
resulting poses would be consistent with the binding data.

The crystal structure of AAG has been solved, and the protein
has been identified as a member of the lipocalin family
(Figure SA). Lipocalins bind compounds in the large cleft inside
the fB-barrel. AAG likely does as well, as evidenced by the
presence of the N-terminal residues of another AAG molecule,
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Figure 4. Thermodynamic profile of the interaction between vismodegib
with hAAG.

a bound 2,3-dihydroxypropyl acetate molecule,” and binding
and mutagenic studies.”® Thus, we centered our docking studies
in a large grid encomzpassing the entire cleft.

Gold, version 4.1,*” was used to dock vismodegib into the
binding site of the hAAG and rAAG. For the human protein we
used PDB code 3KQO™ after non-protein atoms were removed
(see Experimental Section). For the rat isoform, a homology
model was built using SWISS-MODEL.*® For each protein,
multiple docking runs of vismodegib consistently converged on
a single binding mode, but the modes were significantly different
between the human and rat proteins (Figure SB and Figure SC).
Against the human protein (Figure SB), vismodegib is predicted
to adopt an extended conformation with the sulfonyl oxygens
accepting hydrogen bonds from Tyr37 and His97 and the pyridyl
nitrogen accepting a hydrogen bond from Tyr127. This is
consistent with the enthalpic binding signature observed in the
ITC experiments. Hydrophobic interactions between the aro-
matic rings of vismodegib and Phe32, Phe114, Tyr27, and Phe49
also contribute to binding.

By contrast, the rat protein is predicted to contain key residue
differences in the binding site that result in a predicted 180° flip
in compound binding (Figure SC) relative to the mode observed
in the human structure (Figure SB). Specifically, a Thr47
(human) to Glu48 (rat) change results in a smaller binding
cavity, which is predicted to be incompatible with the human-
binding mode because of a significant steric clash, in addition to
altering the local charge distribution. Furthermore, His97
(human) to 11e98 (rat) and Tyr37 (human) to Phe38 (rat)
differences result in a loss of two potential hydrogen bonds to the
sulfonyl oxygens of vismodegib and an increase in the hydro-
phobicity of this site. Multiple docking runs against the rat model
consistently predicted a flipped orientation of vismodegib, with
inhibitor pyridyl ring nestled in a hydrophobic cavity formed by
Phe33, Phe38, Ile98, and Phel1S. The sulfonyl group no longer
has obvious hydrogen bonding interactions to stabilize the
binding. Such an altered orientation and ligand conformation
with few favorable contacts is consistent with the reduced affinity
to the rAAG that is observed experimentally. The somewhat
reduced composite Gold docking scores against the rat (5S)
versus human (61) proteins lend additional support to these
observations.

For comparison, the docking of biliverdin to hAAG and rAAG
was also examined (Figure SD). Similar to vismodegib, biliverdin
was docked near the large cleft. This is consistent with nuclear
magnetic resonance studies on another lipocalin family member
that shows biliverdin interacting with residues in the barrel and
the helix connecting strands 1 and 2.*° The results of docking
experiments predict that billiverin has roughly similar binding
orientations in hAAG and rAAG. Similar to the binding of
biliverdin to phycocyanobilin:ferredoxin oxidoreductase protein
from which the biliverdin structure was taken,* the hydrophobic
face made from the ethylene and flanking methyl groups on the

Table 3. Equilibrium Binding Constants and Thermodynamic Parameters Determined from ITC

compd protein Kp (uM)
vismodegib hAAG 1.1£ 06
rAAG 118.0 £ 59
HSA SS£17
biliverdin hAAG 7.0£5.0
warfarin HSA 2.0+£06

AG (kcal/mol) AH (kcal/mol) AS ((cal/mol)/deg)
—80+£1.1 —138 £ 1.1 —19.8
—52 420 —49.1+2.0 —150.0
—7.0+0.7 9.6£0.7 56.8
—6940.1 03+£0.1 24.5
—7.6+£0.5 —9.5+0.5 —6.4
2596 dx.doi.org/10.1021/jm1008924 |J. Med. Chem. 2011, 54, 2592-2601
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Figure 5. Docking models of vismodegib and biliverdin binding hAAG and rAAG. All figures were created using PyMol sofware (DeLano, W. L. The
PyMOL Molecular Graphics System; DeLano Scientific: Palo Alto, CA; http://www.pymol.org. (software now available from Schrodinger, Inc., http://
www.schrodinger.com). (A) Overall structure of hAAG from 3KQ0** demonstrating the lipocalin fold. Helices are colored blue, 3-strands are magenta,
and loops are pink. Vismodegib (light blue) and biliverdin (green) are superimposed on the structure based on docking to show the significantly different
binding orientations for the two compounds. A semitransparent van der Waals surface of the protein is drawn around the compounds to show the extent
and depth of the pocket. (B) Figure as in (A) but rotated around the X-axis and magnified to show vismodegib docked in the hAAG structure. Residues
contacting the compound are shown as green sticks. Important hydrogen bonds from His97, Tyr37, and Tyr127 are shown. The van der Waals distance
between Thr47 and the exocyclic chloro group on vismodegib indicate that changes in this amino acid position to larger side chains would not be
sterically tolerated. (C) Figure as in (B) showing vismodegib docked into rAAG. The rat counterpart residues to the human shown in (B) are drawn as
green sticks. No strong hydrogen bonds are predicted; the sulfonyl oxygens are buried in a relatively hydrophobic pocket. Note that Thr47 in hAAG (B)
has been replaced by a Glu in the rat isoform, significantly constricting the active site in this area and causing a predicted 180° flip in vismodegib binding
mode. (D) Superposition of the docked models of biliverdin to hAAG (green) and rAAG (cyan). Residues important to vismodegib binding are shown
as sticks. Only the pyrrolidone group on the right side of the figure shows any significant difference between human and rat, likely due to the Thr47

(human)/Glu48 (rat) substitution. Distances from the pyrrolidone to the amino acid are shown in yellow.

terminal pyrrolidone rings is predicted to insert deep into the
hydrophobic region of the active sites, making contacts with
the Phe and Tyr aromatic residues. This is consistent with the
ITC data that predict more hydrophobic interactions. The
carboxyethyl groups extend out of the cavity into the solvent.
The similar binding modes predicted for the human and rat
proteins are consistent with the similarity in the observed
affinities of biliverdin for both species. In the rAAG/biliverdin
model, one of the terminal pyrrolidone rings is moved in
toward the center of the cavity relative to the hAAG/biliverdin
model, most likely because of the substitution of the nearby
Thr47 (human) residue for a Glu48 (rat), which would clash
sterically (Figure SD). Other residue differences between
the two species predicted to influence vismodegib binding
do not make significant contacts with biliverdin (Figure SD),
consistent with binding data indicating similar affinities for
both AAGs.

M DISCUSSION AND CONCLUSIONS

To thoroughly understand the processes that lead to the atypical
PK of vismodegib, we are conducting systematic evaluations of
nonlinear absorption due to low solubility and slow metabolic
elimination and report here on the experimental studies of plasma
protein binding. Most drugs exhibit some degree of protein
binding, and a wide range of affinities to various plasma proteins
can be tolerated without adverse effect on the in vivo efficacy of the
compound. However, a high degree of plasma protein binding
can unfavorably influence both efficacy and the disposition of
compounds.''~"* Vismodegib, a first-in-class inhibitor of Hh
signaling, is highly protein bound in plasma and has an unexpect-
edly high plasma exposure and long half-life in humans.”® In
addition, total vismodegib and AAG plasma concentrations in
patients are strongly correlated, suggesting that protein binding
influences drug disposition. We initiated detailed studies of
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vismodegib binding to AAG and albumin to characterize the
effect of each of these proteins and utilized proteins from humans
and rats in an attempt to gain insights into PK differences in the
two species. Results from the studies reported herein were
instrumental to develop and inform a semimechanistic PK model
which will be used in conjunction with clinical trial results to
determine the optimal vismodegib dose and schedule.

On the basis of the vismodegib/AAG concentration correlation
in patients, equilibrium dialysis at multiple drug and hAAG con-
centrations was performed and demonstrated both a high percent-
binding and strong binding affinity to hAAG. Consistent with the
free drug hypothesis, we assumed that only free drug could cross the
cell membrane and result in a pharmacological effect; however, the
formal possibility remained that the drug/protein complex could be
active if vismodegib were to bind to an extracellular region of SMO
(ie, Kp(SMO) > Kp(AAG)). To establish that only free drug, and
not drug/protein complex, is capable of inhibiting Hh signaling, in
vitro cellular inhibition assays were performed with increasing
concentrations of hAAG. These experiments showed that
hAAG reduces the apparent ICsy of vismodegib for inhibiton
of Hh signaling. However, at concentrations of hAAG in the
range observed in cancer patients (Figure 1) there is sufficient
free compound available to significantly attenuate hH signaling,
and activity is totally inhibited only when the hAAG concentra-
tions exceed those observed in patients. The demonstrated
efficacy of the drug in advanced basal cell carcinoma in a phase
1 clinical trial is consistent with the ability of vismodegib to
inhibit Hh signaling in the presence of plasma AAG in these
patients.31

Given the observed binding affinity to hAAG, observed species
differences in PK parameters, and the possible additional HSA-
mediated contributions to protein binding, we initiated biophysical
binding experiments using SPR and ITC to evaluate the interac-
tions with human and rat AAGs and albumins in detail. Both
methods confirmed the low micromolar binding of vismodegib to
hAAG and demonstrated a dramatically reduced affinity for
rAAG. While both methods also reveal low micromolar
binding to albumin at 20 °C, there is significant aflinity loss
observed with an increase to physiological temperature ob-
served by SPR and equilibrium dialysis. Additionally, all
binding is rapidly and completely reversible. Taken together,
these data suggest that as compound enters the bloodstream, it
will preferentially bind to available binding sites on AAG.
Albumin, being lower affinity but having higher capacity, is
then able to bind residual drug, keeping vismodegib at a low
and constant free fraction consistent with clinically observed
results (data not shown).

The binding profile of vismodegib to AAG, including a large
species dependence of binding, is somewhat reminiscent of
UCN-01, which exhibits strong species-dependent binding to
hAAG, has a reduced volume of distribution, and has a long
serum half-life in patients relative to preclinical species."> The
reduction in volume of distribution was ascribed to the potent
binding of UCN-01 to AAG, whereas the long half-life has been
attributed to a slow/irreversible off-rate from hAAG that keeps
it sequestered from target interaction or metabolic clearance.
Unlike UCN-01, vismodegib’s rapid dissociation from plasma
proteins suggests that, whereas a large fraction of the com-
pound will be bound to plasma proteins, there will be a constant
free fraction available to clearance mechanisms and tissues.
Although the drug will be protein bound most of the time,
perhaps affecting total clearance, the rapid reversibility would

likely prevent the binding from affecting elimination driven by
intrinisic metabolic clearance (i.e., of free drug). Thus, species
differences in AAG binding may partially contribute to the
prolonged half-life in humans relative to rats, but these data
indicate that differences in metabolic clearance of vismodegib in
rats relative to humans play a significant role in the half-life
differences.

On the basis of insights gained from the described studies on the
unique species specific binding of vismodegib to AAG, we propose
that there is added value in collecting biophysical data earlier in the
lead and candidate optimization processes. Rapid characterization
of the binding of xenobiotics to plasma proteins, and the ultimate
goal of identifying compounds with optimal free drug levels
needed for eflicacy, has long been a challenge to the medicinal
chemist during optimization. Part of this challenge is the difficulty
in obtaining high throughput and quantitative binding to plasma
proteins over a wide dynamic range. Use of biophysical techniques
with dynamic ranges from the subnanomolar to the millimolar,
such as those described in this manuscript, could be particularly
important for therapeutic areas where there are known fluctuations
in AAG levels in patients and in therapeutic areas where efficacy at
the target organ is improved with higher levels of free drug. The
throughputs of biophysical assays are such that they allow for
examinations of binding of tens (ITC) to hundreds (SPR) of
compounds per day, and for SPR, across multiple proteins from
multiple species in parallel. Such rapid generation of data enables
SAR of analogues against specific plasma proteins such as albumin
or AAG. SAR derived from rapid analogue testing in SPR assays
along with thermodynamic measurements from ITC and compu-
tational docking predictions could potentially provide testable
hypotheses on how to develop analogues with altered binding
properties to plasma proteins of interest and enable selection of
compounds with optimal free concentrations. We do caution that
such data may be complex and somewhat unpredictable because of
the observed phenomenon that sometimes small changes to the
compound can cause a reorientation in the binding pocket. AAG
and albumin have broad open binding sites, often with multiple
subpockets or channels that can favor different binding orienta-
tions of closely related molecules. For example, crystal stuctures in
serum albumin of oxyphenbutazone and phenylbutazone, which
differ by only a hydroxyl group, are flipped 180° relative to each
other in the same binding pocket.32 Thus, the throughput of the
techniques can also be used for rapid scanning of analogues in
search of a weaker plasma protein binder or as a way to
differentiate between early lead series. In addition, measuring
binding affinity and understanding molecular docking of com-
pound analogs for multiple plasma proteins and multiple species
can provide important mechanistic insights into species differences
in drug disposition and activity. An understanding of these
differences could be useful in enabling the translation of efficacy
and/or safety in preclinical models to humans. For example, we
are exploring incorporation of the information on species
differences in plasma protein binding resulting from the de-
scribed studies into PK simulations and human dose predic-
tions with the goal of improving translation of preclinical data
and reducing attrition of drug candidates during the clinical
phase of a program.

B EXPERIMENTAL SECTION

Reagents and Cell Lines. Vismodegib® and octyl modified human
Shh*® were produced at Genentech as described. Vismodegib purity was
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determined to be 98% pure by HPLC. hAAG was purchased from Sigma
(catalog no. G9885), and the $12 cell line was used as described previously.

Vismodegib Analytical Method. Vismodegib plasma concen-
trations were determined using a validated solid-phase extraction liquid
chromatographic—tandem mass spectrometry method, using reverse-
phase chromatography coupled with a turbo ion spray interface validated
over the calibration range of 5—5000 ng/mL (0.012—11.9 um).®

AAG Analytical Methods. Concentrations of AAG in human K2-
EDTA plasma were determined using a commercially available kit (Dade
Behring Marburg GmbH, Marburg, Germany) modified for assay using a
96-well enzyme-linked immunosorbent assay.

Equilibrium Dialysis. An assessment of vismodegib binding to
AAG was performed by equilibrium dialysis using an HT Dialysis system
(HTDialysis LLC, Gales Ferry, CT, U.S.) and radiolabeled [**C]-
vismodegib (Selcia Ltd., Essex, U.K.). Binding to AAG was assessed at
vismodegib concentrations of 5,25, and 75 uM and AAG concentrations
of 0.5, 1, and 5 mg/mL. Briefly, [**C]vismodegib and unlabeled
vismodegib (Genentech Inc, South San Francisco, CA, U.S.) were
added to AAG prepared at the indicated concentrations to achieve
vismodegib concentrations of 5, 25, and 75 uM. Samples were equili-
brated with 0.133 M isotonic phosphate buffer for 6 h at 37 °C in 5%
CO, and 90% humidity. Radioactivity in postdialysis buffer and plasma
was measured using a Packard Tri-Carb 2900TR liquid scintillation
counter (Boston, MA, U.S.). The percent free fraction in each AAG
sample was calculated by dividing the radiation in the postdialysis buffer
side with the radiation in the postdialysis plasma side and multiplying by
100. The percent bound was calculated as 100 minus the percent free.
Bound and free concentrations of vismodegib in each sample were
calculated by multiplying the total vismodegib incubation concentration
by the percent bound and free fractions of vismodegib, respectively. The
Kp of AAG at the high-affinity AAG binding site was estimated by fitting
vismodegib bound and free concentrations from AAG experiments to a
two-site binding model using SAAM II (Saam Institute, University of
Washington, Seattle, WA, U.S.), described as follows:

Bmaxl Cu BmaxZ

Choung = —mxlzu y Fmaxd
bound = G 1 Cy | Ky

u

where Cpoung is the bound vismodegib concentration, C, is the free
vismodegib concentration, By, is the maximum binding capacity of the
high-affinity site of vismodegib on AAG (value fixed as the AAG
incubation concentration), B,.o/Kp, is the ratio of the maximum
binding capacity and the dissociation rate constant of the low-affinity site
of vismodegib on AAG, and Kp, is the dissociation constant of the high-
affinity saturable site of vismodegib on AAG.

Luciferase Reporter Assay. S12 cells were seeded into six-well
plates at 1.85 x 10° cells/well in high-glucose Dulbecco’s modified
Eagle’s medium with 4 mM glutamine, 10 mM Hepes (pH 7.2), and 10%
fetal bovine serum (FBS). Twenty-four hours later, cells were collected
by trypsin treatment and each well was redistributed over four wells of a
12-well plate. The FBS content of the culture medium was reduced to
0.5% the following morning to induce formation of primary cilia. Shh,
hAAG, and vismodegib were added at the indicated concentrations.
Luciferase activity was determined 48 h later with the Dual-Glo
luciferase assay system (Promega, catalog no. E2940) using an EnVision
2103 multilabel reader (Perkin-Elmer). Values shown are the mean of
four separate experiments £ 1 standard deviation.

SPR Binding Experiments. SPR-based binding experiments were
performed using a Biacore T100 or T200 instrument (GE Healthcare).
Interactions were measured between a protein immobilized on a biosen-
sor chip and a compound flowed over the surface. Response in resonance
units (RU) was measured in real time at 10 Hz.'>** Human, rat, and
mouse albumin, hAAG, and warfarin were purchased from Sigma.
Biliverdin was purchased from MP Biomedicals, and rAAG was from
Calbioreagents. Mock surfaces were also prepared by performing the

immobilization procedures on a surface but without the addition of
protein. The two albumins were coupled to series S CMS sensor chips
(GE Healthcare) using standard amine coupling protocols.>* Briefly, after
preconditioning the surfaces with short injections of NaOH, HCI, SDS,
and H3PO, and normalized, surfaces were activated with NHS/EDC for 7
min at 30 #L/min. Albumin diluted to S0 #g/mL in 10 mM sodium
acetate buffer (pH S) was injected across individual flow cells at 10
#L/min until 9000— 13000 RU of protein was immobilized. Surfaces were
then blocked with two 30 s injections of ethanolamine. Because of its low
isoelectric point, AAG cannot be immobilized using amine coupling as
above, and sensor surfaces were therefore prepared using the thiol
coupling kit (GE Healthcare) and 2-[2-pyridinyldithio]ethaneamine.
Briefly, hAAG, rAAG, and the surface of a CMS sensor chip were modified
to introduce a free thiol on the protein and the sensor surface. Protein was
immobilized by a thiol-exchange reaction to a coupling density of
5000—6000 RU. Compounds were prepared as 10 mM stocks and diluted
in dimethylsulfoxide (DMSO) to 20 times the top concentration desired
in the experiment and then 20-fold into the running buffer to yield the
compound in S0 mM Hepes (pH 7.2), 150 mM NaCl, 0.005% Tween-20,
and 5% DMSO. In experiments where one albumin and one AAG were
coupled on the same chip, reference flow cells were mock coupled by
either amine or thiol coupling as appropriate. We found that the reference
sensorgrams varied slightly between surfaces prepared by the two
methods, and data reduction was performed using the appropriate
reference surface. Experiments were run at either 20 or 37 °C, and no
surface regeneration strategies were necessary. Raw sensorgram data were
reduced, and solvent was corrected, double referenced, and fit using
Scrubber II (BioLogic Software, Campbell, Australia; http://www.biolo-
gic.com/au). Equilibrium-binding fits were performed by averaging the
response value over the last 1 s of the association phase and plotted against
the concentration. Single-site or two-site models were used as appropriate.
ITC. Lyophilized powder stocks of hAAG and HSA (Sigma) were
dissolved into sample buffer (50 mM HEPES [pH 7.2], 150 mM NaCl,
0.005% Tween-20, and 5% DMSO), and the resulting 300 #M hAAG
and HSA samples, as well as a 100 uM rAAG (Calbioreagents) stock,
were transferred to individual 6—8 kDa molecular weight cutoff D-tube
dialyzers (Novagen) and dialyzed against 1 L of sample buffer overnight
at 4 °C. After dialysis, the protein samples were transferred to Eppendorf
tubes and stored at 4 °C unless otherwise specified. The remaining
dialysis buffer was reserved for sample dilutions, control titrations, and
the preparation of 300 4M biliverdin and warfarin stocks. The limited
solubility of vismodegib under these conditions only allowed the
preparation of a 6 uM vismodegib stock solution. Solid vismodegib
was resuspended in dialysis buffer and sonicated intermittently over-
night in a water bath at 38 °C. Undissolved solid was pelleted by
repeated centrifugation at 20000g for 10 min at room temperature and
the supernatant transferred to a new tube for each spin. By use of a
standard quantitative assay® the concentration of vismodegib in the final
soluble stock was determined to be 6 uM. All protein and compound
samples were brought to 19 °C and degassed just prior to use. Titrations
were performed using a MicroCal ITC200 calorimeter (GE Healthcare)
at 20 °C with injections of 1.7—4.0 uL spaced at 3 min intervals. Aliquots
of the 6 M vismodegib solution were transferred to the sample chamber
and titrated to saturation with each of the concentrated, dialyzed protein
stock solutions. The stirred cell contained 6—25 M compound, and the
syringe held 100—300 #M protein. Additional titrations were conducted
with 25—300 uM protein in the cell and 300—3000 M compound in
the syringe, where compound solubility permitted. The titration data
were corrected for small heat changes observed in control titrations of
sample stock solutions into buffer alone and fitted to a one-site model
using Origin software, version 7.0552 (www.OriginLab.com).
Docking Studies. The hAAG protein structure 3KQO from the
PDB* was used for docking. Water and dihydroxypopyl acetate were
removed, and all hydrogens were added. For rAAG, a homology model
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was built using SWISS-MODEL.>® Vismodegib was built in an extended
conformation in Sybyl, version 8.1 (Tripos), and minimized. Gold,
version 4.1,>7 was used for all docking studies. Twenty poses were
generated in all docking runs. The default Gold scoring function was
used, with no rescoring and no constraints added. Gold was allowed to
adjust protein but not ligand atom types. The protein structure was held
fixed; however, the default Gold implementation examines flips of the
ends of protein side chains to optimize ligand—protein hydrogen bonds.
All dockings generated self-consistent binding modes, with <1.5 A root-
mean-square deviation differences in ligand heavy atom positions across
all poses observed.

The structure of biliverdin IX0l was obtained from a 1.5 A X-ray
structure of this ligand complexed to phycocyanobilin/ferredoxin oxi-
doreductase (2D1E in the PDB).*’ The amino acid sequence of this
protein is not similar to that of AAG, but the protein presents an active
site similar in size and shape to that of AAG. Biliverdin was manually
placed in the large binding cleft of the hAAG and rAAG enzymes,
orienting the hydrophobic face of the ligand made up from the ethylene
and flanking methyl groups on the terminal pyrrolidone rings deep in the
hydrophobic portion of the active site, and minimized from there along
with residues within an 8 A radius from the inhibitor. Biliverdin was also
flipped 180° and minimized; the orientations shown in Figure S are the
lowest energy versions. Docking using Gold (same options as were used
for vismodegib) also reproduced the conformations shown in Figure S
within 1.5 A of the minimized versions.
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