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Chemical approaches to study protein and lipid phosphorylation

Zachary A. Knight

\
Kevan M. Shokat, Ph.D.
Abstract

Protein and lipid kinases direct signal transduction by the phosphorylation of their
substrates. Elucidating kinase-mediated signaling pathways and validating specific
kinases as targets for drug development are central goals of biomedical research.
Chapter 1 describes the biochemical criteria that define the potency and selectivity of
kinase inhibitors in cells. Chapter 2 describes a chemical strategy for targeting
proteolysis to sites of protein phosphorylation. Chapter 3 describes isoform-specific
inhibitors of P13-kinase based on an arylmorpholine scaffold. Chapter 4 describes the
role of the gatekeeper residue in PI3-kinases in controlling inhibitor sensitivity. Chapter
5 describes a pharmacological map of the PI3-K family and the role of PI3-K isoforms in

insulin signaling.
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1.1 Abstract

Small molecule inhibitors of protein and lipid kinases have emerged as
indispensable tools for studying signal transduction. Despite the widespread use of
these reagents, there is little consensus about the biochemical criteria that define their
potency and selectivity in cells. This chapter discusses some of the features that
determine the cellular activity of kinase inhibitors and proposes a framework for

interpreting inhibitor selectivity.

1.2 Introduction

The dramatic clinical success of Imatinib has fueled an explosion in kinase
inhibitor discovery research [1]. It is estimated that kinase inhibitors currently comprise
up to 30% of drug discovery programs in the pharmaceutical industry and over 50 such
compounds are now in clinical trials [2]. The scale of this investment has led to the
discovery of compounds with properties that scarcely resemble their early predecessors
- picomolar potency, isoform selectivity, and allosteric binding modes are increasingly
common [3-9]. As these reagents filter into the hands of scientists engaged in basic
research, they will transform the study of signal transduction.

The first kinase inhibitors were described nearly 20 years ago [2], and a small
subset of these compounds have found widespread application, forming the basis for
much of what we know about the physiological roles of their targets. As we anticipate a
new era of molecularly targeted agents, it is fair to ask what practical lessons have been
learned from the use of these early compounds. What determines the potency of an
inhibitor in cells? What is required for a kinase inhibitor to be selective, and how can this

be measured? How is it possible to validate pharmacological results? The aim of this

review is to suggest a framework for evaluating and using kinase inhibitors, with a focus
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on the use of these reagents to explore signal transduction in cell culture-based model

systems.

1.3 The relationship between potency in vitro and in vivo

The potency of a kinase inhibitor for its target is typically expressed as an ICs,
value — the concentration of drug at which 50% of the kinase activity is inhibited. Most
kinase inhibitors are reversible and ATP competitive, and for these reagents, the ICs
depends on the intrinsic affinity of the inhibitor (the dissociation constant, K;) as well as
the competition from ATP under the specific assay conditions (the [ATP] and the Ky atp).

These variables are related to each other by the Cheng-Prusoff equation [10]:
|C50 = Ki (1 + [ATP]/ KM, ATP)-

This equation captures the fact that at low ATP concentrations, there is no
significant competition from substrate and the ICs, = K; As the ATP concentration
exceeds the Ky, atp, the ICs, increases at approximately the same rate (Figure 1.1A).
Importantly, the ICs, does not plateau at a maximum value at high concentrations of ATP
(in contrast to how an enzyme approaches Vnmax as the [ATP] exceeds the Ky, ate).

For this reason, the potency of an inhibitor in cells (where the ATP concentration
is 1 - 5mM [11, 12]) depends critically on the Ky, atp Of its target (Figure 1.1A). An
inhibitor that has similar K; values against multiple kinases will inhibit more potently in
cells those kinases that have a higher Ky ate. We have assembled 238 published Ky, are
values for 111 protein and lipid kinases (Table 1.1). The majority of these values are in

the low to mid-micromolar range, and for these targets, ATP competitive inhibitors
should be active in cells at concentrations ~10- to 100-fold above their K.. There are

outliers, however, and these kinases will be more or less

UCSF LIBRARY
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Show large differences in Ky, atp between two phosphorylated forms.




difficult to target with ATP competitive small molecules. For example, several
phosphatidylinositol 4-kinases and the related protein mTOR have millimolar Ky ate
values [13-17], and we have argued that trends in IC5, values for LY294002 analogs
against phosphatidylinositol 3-kinases (P13-Ks) can be explained largely by differences
in affinity for ATP [13].

An important caveat to the use of Ky arp values is that they are sensitive to the
specific assay conditions (such as choice of protein substrate [18] or counter-ion [19]).
Kwm, ate Vvalues for a single kinase measured under different conditions generally show
small variation (<5-fold), and therefore likely approximate the true in vivo substrate
affinity of these enzymes. However, for some kinases Ky atp values are lower when
measured with protein substrates versus peptides [18] or when manganese is used in
place of magnesium [20], and these factors must also be considered.

Most kinases are believed to interconvert between at least two structural
conformations, active and inactive, and the phosphorylation of key residues can shift the
balance between these states (Figure 1.1B). These two states are characterized by
movements in conformationally mobile loops which border or block the ATP binding site
(for example, the DFG motif). For this reason, the Ky ate may be significantly higher for
the inactive conformation than for the active conformation (Figure 1.1C). A growing
number of kinase inhibitors selectively target the inactive conformation [3, 21, 22],
whereas other compounds bind to both conformations with similar affinity [23]. Inhibitors
which bind to the inactive conformation will face weaker competition from cellular ATP,
and this may enhance their activity in vivo. Indeed, even though these compounds are
ATP competitive, they may act primarily by shifting equilibria between conformational

states in a way that prevents kinase activation, rather than by inhibiting kinase activity

directly (Figure 1.1B). For example, the p38a inhibitor SB203580, which binds to both

UGSF LIBRARY
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Table 1.1. Selected Kw, ate values for protein and lipid kinases. When multiple values

were available for a single kinase, a consensus value was selected, with preference

given to values measured using magnesium, a protein substrate, and the active

conformation of the kinase. A complete list, with phosphoacceptor data and references,

IS available online as Supplementary Figure 1.1. (Mn) indicates value was measured in

the presence of manganese. Sc (Saccharomyces cerevisiae), Xe (Xenopus laevis), Ar

(Arabidopsis thaliana), Pb (Schizosaccharomyces pombe), Ca (Candida albicans), As .
(Aspergillus

nidulans).




conformations, has been proposed to act in cells by stabilizing an inactive conformation

that reduces the rate of p38a phosphorylation by MAPKKs [23].

1.3.1 Biochemical activity predicts cellular activity

Biochemical affinities are measured in vitro in order to predict concentration
ranges at which kinase inhibitors will be active in cells. To what extent does kinase
inhibition in cells actually correlate with in vitro measurements? To address this
question, we analyzed published data for 13 classes of inhibitors that target three
different protein kinases: VEGF-R2, IKK-2, and Lck. Figure 1.2 plots the relationship
between biochemical K; and ECs, for these compounds, where ECs; is defined as the
concentration of compound required to inhibit 50% of a cellular phenotype (different
colors represent different structural classes of inhibitors, whereas different shapes
represent different cellular assays). K; values were estimated from in vitro ICs;, values
based on the reported assay conditions, and compounds were excluded that lacked
potency in vitro (K; > 1 uM) or had no activity at the highest concentration tested in cells
(fewer than 10 compounds). These values were then compared with predictions based
on the consensus Ky, ate reported for these kinases assuming an intracellular ATP
concentration of 2 mM (dotted lines).

Five chemotypes of VEGF-R2 inhibitors were analyzed. There was a correlation
between biochemical affinity and cellular potency for these molecules that extended
across structural classes and among analogs within a series. The ECs, for VEGF-R2
inhibitors was, on average, 10-fold above the K;, and most compounds fell within a five-
fold window of this value (4 to 20-fold). To what extent do these values match in vitro
predictions? The Ky, arp of the VEGF-R2 kinase domain has been measured for the

phosphorylated (active) and unphosphorylated (inactive) states by at least two

UGSE LIBRARY
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laboratories, and the reported values are similar (130/900 uM and 150/600 uM [36, 37]).
It is not known whether these compounds target the active or inactive state, so we
plotted the predicted relationship between ECs, and K; for both conformations (dotted
lines, Figure 1.2A). These two lines bracket most of the experimental values —
suggesting that biochemical measurements predict the cellular activity of VEGF-R2
inhibitors with good accuracy.

We next analyzed data for inhibitors of IKK-2 (Figure 1.2B). IxB kinases exhibit
Kwm, ate Values in the sub-micromolar range [38-42] — some of the lowest values reported
for any protein kinase — suggesting that it may be necessary to use IKK inhibitors at high
concentrations to achieve cellular activity (>1000-fold above Kj). Three classes of IKK-2
inhibitors were compared, and these compounds exhibit a strong correlation between
biochemical K; and ECs, across three orders of magnitude in inhibitor affinity (Figure
1.2B). Surprisingly the ECs, for IKK-2 inhibitors is, on average, only 44-fold above the K;
corresponding to an effective Ky are of 46 uM for this kinase. What accounts for this
discrepancy? One explanation is that the reported nanomolar Ky are values for IKK-2
(for example, 0.1, 0.14, 0.56, 0.6, and 0.65 uM [38-42]) were all measured under
conditions that utilize manganese as a counterion. In the presence of only magnesium,
the physiological divalent cation, the Ky, are is 18 uM [43] — a value more consistent with
the observed cellular activity of IKK-2 inhibitors. This highlights the fact that biochemical
affinities measured using manganese are likely to be non-physiological and may distort
calculations of inhibitor potency.

Figure 1.2C depicts data for five chemotypes of Lck inhibitors, assayed according
to their ability to block calcium release, IL-2 secretion, or proliferation of T-cells. The

cellular activity of these compounds falls into two classes. Calcium release is highly

sensitive to Lck inhibition (mean ECs, = 11 K, corresponding to an apparent Ky, atp =

UCSE LIBRARY




300 uM), whereas IL-2 production and T-cell proliferation are much less sensitive,
although almost identical to each other (mean ECs, = 440 K|, corresponding to apparent
Kwm, ate = 17 uM). The latter value is close to the reported Ky are for Lck of 10 uM [44],
suggesting that the potencies against IL-2 production and T-cell proliferation are
consistent with in vitro measurements, whereas calcium release is unexpectedly
sensitive. This may reflect different thresholds for Lck activity for these two sets of
processes and is consistent with the underlying differences in their kinetics — calcium
release occurs in seconds, whereas cytokine production and proliferation occur over
days. In general, these Lck inhibitors are also more varied in their cellular activity than
IKK-2 or VEGF-R2 inhibitors. An important component of this variation is likely to be
differences in the off-target activity of these inhibitors against other Src family kinases,

such as Fyn, that are known to contribute to T-cell signaling.

1.3.2 Sources of deviation from biochemical predictions

The data from these three classes of inhibitors suggests that, to a first
approximation, biochemical affinities predict the cellular activity of kinase inhibitors
remarkably well. Still, it is clear that many kinase inhibitors are more or less potent in
cells than predicted by K; and Ky, ate, and it is certainly not possible to use these values
to calculate an exact ECs, value. For example, the widely used PI3-K inhibitor
LY294002 is consistently ~10-fold more potent in cells than biochemical measurements

would predict. What mechanisms can account for discrepancies between inhibitor

potency in vitro and in cells?

1.3.3 Phosphatases are endogenous kinase inhibitors
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Phosphatases reverse the action of kinases in vivo, and this has the effect of
systematically lowering the IC5, values for kinase inhibitors. This is because the net flux
of phosphorylated product in the cell is the difference between the kinase and
phosphatase activities. If the kinase and phosphatase turn over their substrates at
similar rates, then inhibiting a small fraction of the kinase activity can block the entire flux
of phosphorylated product (Figure 1.3A). A prediction of this model is that phosphatase
inhibitors should decrease the potency of kinase inhibitors, and indeed, inhibitors of the
lipid phosphatase PTEN increase the cellular ICs, for LY294002 by ~5-fold [45].
Moreover, there is evidence that some signaling pathways are controlled by high levels
of basal phosphatase activity. For example, treatment of lymphocytes with tyrosine
phosphatase inhibitors can induce much higher phosphotyrosine levels than any
physiological stimulus [46], suggesting that in these cells, the basal phosphatase activity
is of the same magnitude as the stimulated kinase activity. For many signaling
pathways, our understanding of the key phosphatases, their direct substrates and their
modes of regulation is limited compared to our understanding of the corresponding

kinases. Yet every phospho-regulated step in signal transduction reflects a dynamic
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equilibrium between these two activities, and the relative phosphatase activity in each

step will influence its sensitivity to small molecule inhibition.

1.3.4 Kinase reactions in vivo are not linear

ICs, values are measured in vitro in the presence of a large excess of
phosphoacceptor substrate, such that the substrate concentration does not change
significantly during the course of the assay (that is, only initial rates are measured).
Under these conditions, the relationship between the concentration of active kinase (the

fraction of the total kinase not inhibited by drug) and the concentration of phosphorylated
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Figure 1.3. Factors that can influence inhibitor sensitivity in cells. (A) Phosphatase
activity can lower ICs values for kinase inhibitors. In the absence of phosphatase
activity, the ICs, for an inhibitor is the concentration at which half the kinase activity is
inhibited (here, 600/2 = 300/s). In the presence of a fixed phosphatase activity of 400/s
(red line), the net flux of kinase activity is reduced to 200/s. Therefore, inhibiting only
100/600 = 16% of the direct kinase activity will block 100/200 = 50% of the net flux of
kinase activity. This model may be realistic for early time-points, when the phosphatase
activity is constant and independent of the kinase activity. (B) The concentration of
phosphorylated substrate ([p-substrate]) can have differential dependence on the
concentration of active kinase ([active kinase]) depending on whether the activity obeys
linear (dashed), Michaelis-Menton (red), or ultrasensitive (blue) kinetics [47]. Increasing
the strength of the cellular stimulus or the length of time will shift the reaction to the right
along these curves, whereas increasing the concentration of inhibitor or the
stoichiometry of substrate will shift the reaction to the left. (C) Detailed analysis of the
effect that Michaelis-Menton or ultrasensitive kinetics can have on kinase sensitivity to
inhibitors. For a linear response, the concentration of drug necessary to reduce the [p-
substrate] by 50% corresponds to a 50% reduction in [active kinase] (that is, 50% of the
kinase active sites are bound to drug). For Michaelis-Menton and ultrasensitive
responses, reducing the [active kinase] by more or less than 50% is necessary to reduce
the [p-substrate] by 50%. (D) Schematic diagram of signaling in MAP kinase, PI3-K, and
receptor tyrosine kinase (RTK) pathways.
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substrate is linear (Figure 1.3B, black dashed). This is not necessarily the case in the
cell, where a kinase may phosphorylate a large fraction of its protein substrate; the fact
that it is often possible to monitor protein phosphorylation by observing a molecular
weight shift via SDS-PAGE is evidence that phosphorylation can occur at high
stoichiometry in cells. Under these conditions, where phosphoacceptor substrate is
significantly consumed, the concentration of active kinase and its phosphorylated
substrate are related by a hyperbolic curve indicative of Michaelis-Menten kinetics
(Figure 1.3B, red). In other cases, Ferrell and co-workers have shown that kinase-
mediated signaling pathways, such as the MAP kinase cascade, can behave
cooperatively, such that the concentration of active kinase and its phosphorylated
substrate are related by a sigmoidal, rather than hyperbolic, curve [47, 48] (so-called
ultrasensitivity, Figure 1.3B, blue). This ultrasensitivity has been attributed to a number
of features, including multisite phosphorylation of a single substrate, the activity of a
kinase at multiple steps within a pathway, or the presence of several kinases arranged in
a linear cascade.

The precise nature of the relationship between kinase activity and output for any
given signaling pathway has implications for the sensitivity of kinases to small molecule
inhibition. Under Michaelis-Menten conditions, the biochemical ICs, (the concentration
of drug at which half the kinase active sites are occupied by inhibitor in cells) is always
lower than the ECs, (the concentration of drug at which half the total kinase activity is
inhibited in cells) (Figure 1.3C). The magnitude of this effect can be large at very high
stoichiometries of substrate consumption, and tends to make kinase inhibitors appear
less potent in cell culture than would be predicted by in vitro measurements. As the

fraction of phosphoacceptor substrate that is consumed decreases (due to a weaker

stimulus, a shorter timepoint, or a more abundant substrate), the hyperbolic Michaelis-
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Menten curve approaches in the limit the linear conditions observed in vitro, where
substrate is essentially unlimited and the biochemical ICs, and ECs, are identical.

Ultrasensitive behavior can make a kinase inhibitor seem more or less potent in
cells, depending on the fraction of substrate that is consumed under the given assay
conditions. At low substrate consumption, it is possible to inhibit more than 50% of the
net kinase activity by occupying less than 50% of the kinase active sites with inhibitor
(Figure 1.3C). At high substrate consumption, the ultrasensitive response converges to
the behavior of normal Michaelis-Menten kinetics.

Huang et al. have experimentally confirmed that the relationship between
MAPKKK activity and the activity of its downstream effectors (MAPKK and MAPK) in
Xenopus oocyte extracts exhibits ultrasensitivity, and this can be described by Hill
coefficients of approximately 2 and 5, respectively [48]. A consequence of this fact is
that a MAPKKK inhibitor that blocks 50% of MAPKK activation will inhibit less than 50%
of MAPK activation, even though these enzymes are directly connected in a linear
signaling cascade (Figure 1.3D). Although most signaling pathways have not been

characterized at this level of detail, many common mechanisms of signal transduction

UGSk LIBRARY

contain features that may introduce cooperativity, and thereby perturb inhibitor
sensitivity. For example, PI3-kinase activates the downstream kinase Akt by recruiting it
and its upstream kinase PDK1 to the plasma membrane (Figure 1.3D). The quantitative
relationship between PI3-K activity (PIP; generation) and Akt phosphorylation by PDK1
is unknown, but the simplest model is that Akt phosphorylation is a bimolecular reaction
between Akt and PDK1, and therefore the rate is dependent on the concentration of
each at the membrane (v(pAkt) = k,[Akt][PDK1]). If the membrane concentration of each
protein is proportional is to the concentration of PIP; ([Akt], [PDK1] = [PIP3]), then the
rate of Akt phosphorylation should increase according to the square of the PIP;

concentration (v(pAkt) = kas[PIP3]?). Under conditions of low substrate consumption
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where this model may be realistic, P13-K inhibitors should block Akt phosphorylation
more potently than they block P13-K activity directly (for example, inhibition of 50% of
P13-K activity should reduce phosphorylated Akt by 75%). A similar model would apply
to a receptor tyrosine kinase, whose kinase activity both recruits its substrates via SH2
domain-phosphotyrosine interactions and subsequently activates them by direct
phosphorylation (Figure 1.3D). It will be interesting to test these models experimentally
in an effort to delineate the quantitative relationship between kinase inhibition and

signaling output for different pathways.

1.3.5. Bioavailability of kinase inhibitors

Kinase inhibitors must enter the cell in order to inhibit their targets. The
bioavailability of a kinase inhibitor in cell culture depends primarily on two factors. (1)
How fast does the intracellular inhibitor concentration reach a steady-state? (2) At the
steady-state, what are the relative concentrations of inhibitor inside and outside the cell?
These questions depend largely on the magnitude of two rates: the rate at which the
compound enters the cell by diffusion down the concentration gradient that exists across
the membrane (the cell permeability), and the rate at which the compound is actively
pumped out of the cell by efflux pumps.

For a given concentration gradient, the cell permeability of a compound is
proportional to its lipophilicity (more lipophilic compounds will partition more readily from
water into a membrane), and inversely proportional to its size. For this reason,
molecules that are highly charged, have too many hydrogen bond donors and acceptors,
or are very large cross cellular membranes slowly. However, molecules that are
extremely hydrophobic also have poor effective permeability, either because they lack
aqueous solubility, fail to partition out of the plasma membrane, or bind tightly to serum

proteins. “Drug-like” kinase inhibitors tend to lack these structural defects, and these
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molecules often have very high rates of cell permeation. For example, levels of PIP; in
insulin stimulated 3T3-L1 cells sharply decline within ~1 minute of LY294002 addition
[49]). Actin rearrangements can be observed in T-cells within 3-5 minutes of addition of
the Lck inhibitor PP2 at a low dose (20 nM) [50]. Since it is customary to preincubate
kinase inhibitors for 30 — 90 minutes prior to stimulation of the cell, it is safe to assume
that most drug-like kinase inhibitors approach their steady-state within the experimental
time scale.

Inhibitors are also pumped out of the cell by drug efflux pumps. The rate of efflux
depends on the intracellular inhibitor concentration, the Ky of a specific inhibitor for a
given pump, and the overall level of pump activity. In some cases, the activity of efflux
pumps can significantly lower the steady state concentration of a drug. S. cerevisiae, for
example, is resistant to many small molecule inhibitors that are active in mammalian
cells. Deletion of specific drug pumps renders yeast sensitive to most of these same
compounds [51]. This is also the case for some tumor cells that overexpress
transporters such as p-glycoprotein; expression of these transporters has been shown to
reduce the steady-state intracellular drug concentration by up to 50-fold [52]. By
contrast, most mammalian cells in culture appear to have less efflux activity

There is little published data that directly compares the bioavailability of different
classes of kinase inhibitors in cell culture (bioavailability in animals is beyond the scope
of this review). For drug-like kinase inhibitors with characteristically high rates of cell
permeation, it seems likely that differences in steady-state intracellular drug
concentration are the major source of experimental variation due to bioavailability. If this
were not the case, then the potency of kinase inhibitors in cells would be highly sensitive
to the length of preincubation; but this is not generally observed. An upper limit to the
differences in steady-state bioavailability can be estimated indirectly by analyzing the

scatter in plots such as Figure 1.2. Part of the deviation of this data from a straight line
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reflects differences in bioavailability across compounds (other factors include
experimental error in measuring the in vitro and cellular ICs, values, as well as
differences in how these assays are conducted across different laboratories). For most
of the compounds analyzed here, the cellular activity deviates from the mean within a
10-fold window for any given phenotypic endpoint. This represents an upper bound on
the typical differences in bioavailability for potent, drug-like kinase inhibitors. Given that
there are other significant sources of uncontrolled error in this analysis, this suggests
that differences in bioavailability for kinase inhibitors in cell culture may be smaller than

generally believed.

1.3.6 Kinases are low abundance proteins

The lowest ICs value that can be measured in vitro is the determined by the
concentration of kinase used in the assay. An ICs, value cannot be lower than one-half
the concentration of kinase, because it is not possible to inactivate more than one kinase
per molecule of drug (assuming a normal reversible binding mechanism). By extending
this reasoning, it is sometimes argued that the potency of an inhibitor in cells depends
on the intracellular concentration of its kinase target. A very abundant kinase will titrate
a small molecule inhibitor out of solution, such that the concentration of the kinase
places a lower limit on the cellular ICs, for the inhibitor.

In most experimental settings, this reasoning is incorrect: the potency of a
kinase inhibitor in cells should be independent of the concentration of its target (here, the
concentration of kinase is distinguished from the amount of kinase activity). This is
because kinase inhibitors are typically supplied in a large reservoir that can exchange
matter with the cell, and the presence of a high affinity receptor within the cell will
increase the steady-state intracellular drug concentration. For example, for most

experiments in tissue culture, kinase inhibitors are added to the media and enter the cell
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Figure 1.4. (A) The fraction of kinases that are expressed at less than a given cellular
concentration in S. cerevisiae. (B) The 11 most highly expressed protein kinases in S.
cerevisiae.
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through passive diffusion. Standard conditions for the growth of tissue culture cells — 10°
cells growing in a 10 cm dish bathed in 10 mL of media — correspond to a volume of cell
culture media 10,000-fold greater than the volume of cells. In this regime, no change in
the concentration of inhibitor within the cell can significantly alter the concentration of
inhibitor in the media. For a potent inhibitor of an abundant kinase (K; << [kinase]), the
binding of the inhibitor to the kinase will therefore increase the total intracellular
concentration of inhibitor, because the driving force for diffusion across the membrane is
primarily the concentration gradient of unbound inhibitor.

Natural variation in the expression levels of kinases can affect inhibitor sensitivity
indirectly, by changing the level of total kinase activity and thereby the number of
turnovers needed to consume substrate or overcome a phenotypic threshold. For
example, cell lines that overexpress Bcr-Abl can be made 3-fold more sensitive to
Imatinib by reduction of Ber-Abl levels via RNAI [53]. Limited data is available on the
absolute expression level of most proteins in mammalian cells, but the expression of
80% of the predicted genes in yeast has been measured using an epitope-tag library
[54]. This data set includes absolute expression levels for 84 of the 116 protein kinases
predicted by the yeast genome, and we converted these values to protein concentrations
by assuming a volume of 70 um? for haploid S. cerevisiae [55) (Figure 1.4A). By this
calculation, 63% of protein kinases are expressed at a concentration between 1 and 50
nM, and only 11 kinases (13%) are expressed at higher than 150 nM, with a maximum
concentration of ~240 nM. By comparison, the median protein concentration in S.
cerevisiae is ~54 nM, and the most abundant protein is expressed at ~38 uM. These
calculations do not include values for the 38% of kinases for which expression data is

unavailable, although the absence of data likely reflects the extremely low abundance of
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many of these proteins. Available data from mammalian cells and Xenopus oocytes is
generally consistent with these concentrations, although some highly abundant kinases
such as MAPKs and CDKs can be expressed as high as 1 — 2 uM [47, 56, 57]. These
values provide some insight into the abundance of specific kinases within the protein
kinase superfamily and relative to other cellular proteins; however, it remains necessary
to empirically determine the relationship between expression levels and inhibitor

sensitivity for any specific kinase.

1.3.7 The distribution of pharmacological variation

We have highlighted some of the reasons why the potency of kinase inhibitors in
cells may deviate from biochemical predictions. This is not to suggest it is possible to
predict these deviations in any specific case. The important fact is that kinase inhibitors
have been successfully used to dissect signaling pathways, and this implies that the
sources of variation in inhibitor potency must be small in magnitude and poorly
correlated, such that their net effect causes modest overall deviations from in vitro
predictions. This result was not guaranteed. Indeed, the effectiveness of kinase
inhibitors in cells is entirely contingent on the fact that evolution has tuned the
biochemical activities of kinases to phosphorylate a significant fraction of their
substrates, but not much more, during the time course of an ordinary stimulus. If
kinases were endowed with significant excess catalytic capacity — for example, 100-fold
more activity than needed to phosphorylate 90% of their available substrate — then it
would be, for all practical purposes, impossible to make a kinase inhibitor.

The identification of different sources of pharmacological variation has
implications for kinase inhibitor selectivity, even if it is not possible to predict the
magnitude of these effects. Highly related kinases (for example, isoforms within a

family) are more likely to share many sources of variation — such as a common
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phosphatase, similar levels of specific activity relative to substrate abundance, and
downstream effectors with similar kinetics and thresholds of activation. The presence of
these shared signaling components reduces the number of potential sources of deviation
for the in vivo activity of different small molecule inhibitors of these targets. This argues,
counterintuitively, that closely related kinases should be easier to selectively inhibit in

cells, given a fixed level of biochemical selectivity of a small molecule inhibitor.

1.4 Biochemical and structural features of selective inhibitors
1.4.1 Selective inhibitors are drug-like molecules

Most selective kinase inhibitors are drug-like molecules. Even though a kinase
inhibitor can be a useful research tool without the functional properties of a drug (for
example, oral bioavailability), drug-like compounds strike an appropriate balance
between aqueous solubility and cell permeability [58], both of which are necessary for
activity in cells. Furthermore, non-drug-like molecules often have structural properties
that compromise their selectivity. In the words of Lipinski and Hopkins, “chemical
features associated with failure in drug discovery tend to cause compounds to have
‘promiscuous’ effects in biological systems” [59].

Several approaches have been advanced to define “drug-likeness” by identifying
the chemical features shared by orally active drugs. Lipinski’'s rule-of-five identifies
upper limits on the molecular weight (< 500 Da), hydrophobicity (ClogP < 5), and the
number of hydrogen bond donors (< 5) and acceptors (< 10) that most drugs possess
[60]. An alternative proposal by Veber has emphasized the fact that oral absorption is
favored by low polar surface area (less than 140 A%) and decreased ligand flexibility (10

or fewer freely rotatable bonds) [61].
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Figure 1.5. (A) Comparison of drug-like properties of Imatinib and a curcumin derivative.
(B) Proposed general guidelines for estimating the likelihood of off-target (non-kinase)
effects at different concentration ranges of inhibitor applied to cells.
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Beyond specific drug-like properties, selective kinase inhibitors are almost
always heterocycles, rather than peptides, lipids, or other substrate analogs (for
example, see Figure 1.5A). They are typically entropic ally constrained, with four or
fewer freely rotatable bonds connecting any two ring systems. Most importantly, they
exhibit dramatic structure-activity relationships (SARs). For example, almost all ATP
competitive kinase inhibitors satisfy at least one of the hydrogen bonds that is made
between the adenine ring of ATP and the kinase [62]. Substitution of this hydrogen
bonding atom can result in a ~1000-fold loss in affinity.

Many non-specific kinase inhibitors share a distinct set of structural features
(Figure 1.5A). Promiscuous compounds often have dye-like structures — flat, highly
conjugated polyaromatic systems. These compounds tend to be hydrophobic, bind
proteins non-specifically, and aggregate at high concentrations [63]. Certain chemical
moieties, such as catechols, are commonly found in low specificity inhibitors such as
many flavones and tyrphostins. Catechols have been shown to undergo cellular
oxidation to generate more reactive species that probably account for some of the in vivo
activity of these molecules [64, 65]. This oxidation can also be catalyzed in vitro by
manganese, a common component of many kinase assay buffers, and this has been
shown to contribute to the biochemical potency of catechols from four different scaffold
classes [66]. Another feature common to low specificity kinase inhibitors is a plane or
axis of symmetry. Although symmetric molecules are prevalent in screening libraries,
kinase active sites are asymmetric. For this reason, symmetry is usually an indication
that a molecule has not undergone target-directed chemical optimization.

Shoichet and co-workers have defined a mechanism for non-specific inhibition in
vitro that involves the formation of submicrometer aggregates [63, 67]. This aggregate

formation is time-dependent, sensitive to protein concentration, and reversible by
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detergents, and may form the basis for the in vitro activity of low specificity kinase
inhibitors such as quercetin and rottlerin [67]. However, it is important to emphasize that
this type of aggregation has been observed only at micromolar concentrations. For an
ATP competitive kinase inhibitor, a micromolar K; alone is compelling evidence that the
compound is not selective.

Kinase inhibitors containing electrophiles, such as Michael acceptors or o.-
haloketones, generally exhibit poor stability and increased off-target effects. For
example, the electrophilic natural product wortmannin has a half-life in tissue culture
media of ~10 minutes [68], whereas vinyl nitriles, such as those found in U0126, can
undergo rearrangements on storage in DMSO [69]. While electrophiles are frequent hits
from screening libraries, it is generally not possible to optimize these leads, as their
activity is based on more chemical reactivity rather than target-specific contacts [70].
Nonetheless, recent examples of selective electrophilic inhibitors have been reported
[71, 72]. An essential feature of these compounds is that they possess a core scaffold
that binds reversibly to the kinase with moderately high affinity (K; < 1 uM). This scaffold
then positions a relatively deactivated electrophile in proximity to a nucleophilic residue
found in a subset of targets in the kinase superfamily. Absent this tight binding,
reversible core structure, it is not possible to attain a high degree of selectivity with an

irreversible inhibitor.

1.4.2 Inhibitor selectivity is measured in vitro

The target selectivity of a kinase inhibitor is typically measured by profiling its
activity against a panel of kinases in vitro. Kinases most closely related in primary
sequence are most likely to share inhibitor sensitivity [73] and these are the most

important targets to test. In some cases, impressive selectivity against a panel of closely
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related kinases can suggest a high degree of selectivity against the remainder of the
kinome. For example, BAY 61-3606 inhibits Syk with a K of 7.5 nM, and exhibits >1000-
fold selectivity against the related tyrosine kinases Src, Fyn, Lck, Btk, and ltk, suggestive
of a high degree of selectivity against less similar kinases [74]. In most cases, it is
important to sample a broad range of kinases from different kinase subfamilies. Two
valuable studies have profiled many of the most commonly used kinase inhibitors
against 28 protein kinases in this way (75, 76].

The limitation of this approach is that even the largest kinase panels test only
~20% of the kinome, and therefore may miss important targets (although for smaller
families, such as the lipid kinases, near-exhaustive coverage is feasible [13]). Despite
this limitation, specific features beyond sequence homology have been identified that
predict kinase inhibition, and these can be used to select the best targets for testing. For
example, the size of a single amino acid in the ATP binding pocket — termed the
gatekeeper residue — has been shown to be a critical determinant of inhibitor sensitivity
[77, 78]. Kinases with a threonine at this position are sensitive to a range of inhibitors,
whereas those with a larger residue are broadly resistant. Approximately 50% of
tyrosine kinases contain a threonine gatekeeper, compared to 10% of serine-threonine
kinases. For this reason, serine-threonine kinases that possess a threonine gatekeeper
(for example, Raf and p38a) are often sensitive to tyrosine kinase inhibitors, and vice
versa [77, 79]. In the same way, certain pairs of kinases are known to exhibit similar
pharmacological profiles (so-called SAR homology [80]). For example, GSK3p inhibitors
often inhibit CDKs and TGFf-R inhibitors frequently inhibit p38a, even though these
pairs of kinases possess limited sequence homology. Likewise, there is growing

appreciation that PI3-K inhibitors tend to inhibit the related protein kinase DNA-PK much
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more frequently than other PI3-K related kinases (PIKKs) such as ATM and ATR [13,
81].

Affinity chromatography offers a way of identifying inhibitor targets that is
complementary to in vitro measurements. In this approach, the inhibitor is linked to solid
support and used to enrich for cellular binding proteins, which are then identified by
mass spectrometry. This approach has been successfully used to identify unexpected
cellular targets of kinase inhibitors such as SB203580, which was shown to inhibit RICK
more potently than its known target, p38a [79]. Improvements in methodology have
made this an increasingly viable strategy for target identification; immobilized pyrido[2,3-
d]pyrimidines have recently been used to enrich for over 20 kinases from cell lysates
[82]. A limitation of affinity chromatography, however, is that it is biased toward more
abundant proteins. Four kinase families — CDKs [83-87], CK1 isoforms (79, 83], MAP
kinases [79, 83-85, 88], and GSK3 [79, 84, 87, 89] — account for a disproportionate
fraction of the kinase targets that have been identified by affinity-based approaches.
This reflects, in part, the relative cellular abundance of these proteins, each of which is
an ortholog of one of the most highly expressed kinases in yeast (Figure 1.4B).
Consistent with this view, subsequent biochemical analysis often reveals that the bait
compound inhibits these kinases weakly in solution [79, 83, 85, 87, 88). For this reason,
affinity chromatography may identify new targets of an inhibitor, but does not validate

inhibitor specificity.

1.4.3 Selectivity depends on potency
There are on the order of 20,000 unique protein receptors in the cell, and it is
impossible to test any significant fraction of these targets. At high compound

concentrations, it becomes increasingly likely that an inhibitor will bind to these off-target
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sites. For this reason, the practical selectivity of a compound depends on its potency —
more potent compounds are more selective, because they can be used at a lower dose.
This is also true within the protein kinase family, where there is a strong correlation
between inhibitor potency and selectivity [80]. An important corollary of this fact is that
there is a minimum threshold of potency without which a molecule cannot be selective,
irrespective of any in vitro data.

The PI3-K inhibitors LY294002 and wortmannin illustrate this point. Both have
been extensively profiled in vitro, and show similar specificity profiles at their respective
concentration ranges. These two compounds inhibit the class | PI3K’s most potently,
with mixed activity against the other P13-K family members [13] and an off-target activity
against two protein kinases: CK2 (LY294002), sMLCK (wortmannin), and PLK1 (both)
[90]. Yet these compounds are not equally selective in cells, because wortmannin is
used at 1000-fold lower concentrations. Several new targets of LY294002 have recently
been identified, including calcium channels, potassium channels, phosphodiesterases,
and the estrogen receptor [91-94], and these are inhibited in the concentration range
that is commonly used to inhibit PI3-Ks. A similar spectrum of targets has not been
identified for wortmannin at the low nanomolar concentrations at which it inhibits PI3-Ks.

We have proposed guidelines for estimating the likelihood of off-target effects
across different concentration ranges (Figure 1.5B). This estimation is based in part on
the observation that the fraction of small molecules that bind to a protein in vitrois
generally low at nanomolar concentrations, but increases dramatically above ~10 uM.
This is structure-dependent — certain compound classes are more promiscuous than
others [95, 96]. Most selective kinase inhibitors have low nanomolar K; values, and so
are applied to cells at concentrations less than 10 uM, reducing the likelihood of off-

target effects. Unfortunately, many of earliest and most commonly used kinase
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inhibitors are significantly less potent, and conclusions based on the use of these
reagents are suspect. Compounds used at concentrations above 100 uM (for example,

the PIKK inhibitor caffeine) are unlikely to have any significant selectivity.

1.4.4 A new generation of allosteric kinase inhibitors

Most kinase inhibitors are ATP competitive, which reflects the fact that ATP
binding pocket presents a large hydrophobic surface that can bind small molecules with
high affinity. It is much more difficult to find compounds that bind to other regions of
protein kinases. However, in some cases it has been possible to identify such
molecules, and, once identified, they possess advantages over their ATP competitive
counterparts. As these inhibitors do not compete with cellular ATP, they can typically be
used at concentrations closer to their biochemical Ki. Also, residues outside the ATP
binding pocket tend to be less conserved, opening the possibility for greater selectivity.
In certain cases non-competitive inhibitors can be substrate selective, inhibiting the
activity of a kinase against only a subset of its targets.

The first non-competitive kinase inhibitor to be discovered was rapamycin, a
cyclic macrolide natural product that inhibits the protein kinase mMTOR. Rapamycin acts
by binding to the ubiquitously expressed protein FKBP [97], and it is this rapamycin-
FKBP complex that binds to the FRB domain of mTOR [98, 99]. The FRB domain is N-
terminal to the mTOR kinase domain, and it is not understood how this binding event
inhibits mTOR activity [100]. In cells, mTOR resides as part of two large (~ 2 MDa)
protein complexes, termed mTORC1 and mTORC2 [101, 102]. Remarkably, only the
first of these complexes is rapamycin sensitive. mTORC1 signals to increase translation
in response to nutrients and growth factors, and this complex can be isolated by
immobilized rapamycin-FKBP [101, 102]. mTORC2 signals to the actin cytoskeleton in

response to the same stimuli, and this complex is rapamycin insensitive [101, 102].
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Compound Primary Target Selectivity

BAY 61-3606 Syk: K.=7.5nM 700 to >1000-fold for Src, Lyn, Fyn, itk,
and Btk

Cellular Activity/Binding Mode

Blocks cytokine release from mast cells at

low nanomolar concentrations

BMS-509744 Itk: K, = 16 nM 50-100-fold for IR, Fyn, Lck. Btk; 2 1000- Blocks IL-2, proliferation in T-cells at mid-

fold for 14 other kinases

CP-690550 JAK3: Ki~ 1 nM 20 and 100-fold for JAK2 and JAK1;
>3000-fold for other 30 kinases

BIRB-796 p38u: K;=0.097 nM  >1000-fold against 13 other kinases

BMS-243117 Leck: K =4 nM 32, 60. and 84-fold for Fyn, Fgr, and Blk;
>150-fold for other Src family kinases,
>6000-fold for other PKs
BMS-345541 IKK-2: K, =300nM 10-fold for IKK-1; >300-fold for 15 other
kinases

Pyrazinone 13b Akt1: K, = 760 nM  30-fold against Akt2; >100-fold against
other AGC kinases

Pyrazinone 14f Akt2: K, = 325 nM  65-fold against Akt1; >100-fold against

other AGC kinases
Naphthyridine 19 ALKS: K, =4 nM >4000-fokd against 9 other kinases
including p38u
STI-571 Ber-Abl: K, = 14 nM Inhibits PDGFR and c-Kit at similar
(Imatinib, Gleevec) concentrations; >1000-fold for many
other kinases
2D1839 EGFR: K;=04nM >50-fold selectivity against ErbB-2 and
(Gefttinib, Iressa) ErbB-4; >1000-fold for many other
kinases

nanomolar concentations

Blocks IL-2 induced T-cell proliferation at 11

nM

Blocks TNFa release in THP-1 cells at 18
nM; binds inactive conformation

Blocks T-cell proliferation at 1.1 M

Allosteric, non-ATP competitive; blocks
IxBu phosphorylation in cells at 4 M

Allosteric, non-ATP competitive; pro-
apoptotic in A2780 celis at 12 uM

Allosteric, non-ATP competitive; pro-
apoptotic in A2780 cells at 12 uM

Blocks TGFp induced reporter gene
transcription at 18 nM

Binds to the inactive conformation; active in

cellsat~ 1 uM

Similar in structure and selectivity to OSI-
774 (Tarceva)

BAY 43-9006 B-Raf: K, =22 nM Inhibits PDGFR, c-Kit, Fit-3, and VEGFR Binds to the inactive conformation; active in

at similar concentrations; >1000-fold for

many other kinases

KU-55933 ATM K;=2.2nM >100-fold selectivity against other PI3-Ks;
>1000-fold selectivity against 60 protein
kinases
1C87114 p1105: K= 20 nM 2 100-fold selectivity against all other P13-

Ks and many protein kinases

cellsat0.1to 1 uM

Blocks p53 phosphorylation induced by
ionizing radition at ~ 300 nM;
radiosensitizes cells at ~ 10 uM

Active in cells at 0.1 to 5 M

Me
° O\/\N/\ @(&N Me
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Figure 1.6. Recent examples of selective kinase inhibitors.
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Potent, ATP competitive inhibitors of mMTOR have not been reported, but such
compounds will be an important tool for elucidating signaling through mTORC2.

The MEK1 inhibitor PD098059 was the first synthetic non-competitive kinase
inhibitor to be described [103]. This compound acts by binding to inactive MEK1 and
preventing its phosphorylation by the upstream kinase Raf [104]. The key to the
discovery of this compound was the use of a biochemical screen based on reconstitution
of the MAP kinase cascade in vitro; since this screen utilized a low activity form of
MEK{1, it was possible to identify a non-competitive inhibitor of MEK1 activation [104].
Several subsequent allosteric inhibitors of MEK1 and MEK2 have been described,
including U0126 and PD184352 [105, 106). The recent crystal structure of a PD184352
analog in complex with MEK1 confirms that these compounds bind to a site adjacent to,
but not overlapping with, the ATP binding pocket [107]. Moreover, the low degree of
sequence conservation in this region of the kinase explains the high selectivity of these
compounds [107].

For many years, the MEK inhibitors were an isolated example of potent, synthetic
kinase inhibitors that bind to an allosteric site. Recently, however, several new allosteric
inhibitors have been described. Scientists from Merck have reported several classes of
compounds, including a series of pyrazinones (Figure 1.6), which are allosteric inhibitors
of Akt. These compounds are non-competitive with ATP, show selectivity between the
isoforms Akt1 and Akt2, and bind to a region that includes the Akt PH domain [4]. BMS-
345541 has been reported as an allosteric inhibitor of IKK-2 that displays potent activity
in an animal model of inflammation [5] (Figure 1.6). Several classes of nanomolar non-
competitive inhibitors of p38a have recently been described, along with extensive

structural and biophysical characterization of their binding sites [3, 108]. Remarkably, at
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least one of these compounds is substrate selective, blocking p38a phosphorylation of

MAPKAP2 but not ATF-2 [108].

1.5 The intersection of pharmacology and genetics
1.5.1 Target validation with resistant and analog-sensitive alleles

The classic way to confirm the phenotypically relevant target of a small molecule
is to use a mutant allele of the kinase that has altered sensitivity to the inhibitor. For
example, the TOR proteins were identified as the target of rapamycin through a screen
for yeast mutants resistant to rapamycin [98]. Ecoptic expression of inhibitor-resistant
allele of p38a has been used to confirm that p38a. is the target of SB203580-mediated
blockade of certain inflammatory responses [109]. Most recently, the identification of
Bcer-Abl mutations that block Imatinib binding from CML patients refractory to Imatinib
treatment confirms that Becr-Abl is a clinically relevant target of this molecule [110].

A related approach is to use a kinase allele that is sensitive to a small molecule
inhibitor that does not inhibit any wild-type kinase. For protein kinases, mutation of the
gatekeeper residue to alanine or glycine can generate such analog-sensitive (as) kinase
alleles [111]. By replacing the endogenous copy of the kinase with the as-allele, the
effects of inhibiting that kinase in a model system can be studied using a highly specific
inhibitor. A key feature of this approach is that it is possible to directly confirm that the
phenotype is due to inhibition of the as-kinase by performing a control experiment in
which cells expressing the wild-type kinase are treated with the same inhibitor.

Resistant and analog-sensitive alleles are complementary approaches to
studying kinase function. The former asks whether inhibition of a kinase is necessary for
a phenotype, whereas the latter asks if it is sufficient. Resistance mutations are typically

used in the last stages of target validation, after an inhibitor, phenotype, and putative
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kinase target have been identified. By contrast, analog-sensitive alleles can be used in
a discovery setting to identify new biological processes that are sensitive to inhibition of

a specific kinase.

1.5.2 Knockouts and inhibitors can yield different phenotypes

Genetic techniques such as RNAi and knockout animals offer an alternative to
small molecule inhibitors to study kinase function. RNAI in particular has great utility
because it can be used to rapidly inactivate specific genes in cell culture. It is frequently
proposed that RNAi might be used to validate targets for small molecule inhibition or
confirm results from pharmacological experiments. Is this reasonable? Setting aside
the fact that RNAi is itself a pharmacological intervention — with its own dose-dependent
specificity limitations [112] — this belief reflects an underlying assumption that genetic
knock-down of a kinase should phenocopy small molecule inhibition [113].

There are many reasons to conclude this is incorrect [114]. Most kinases are
multi-domain proteins, and these other domains often possess kinase-independent
functions [115, 116]. In some cases, the kinase domain itself has non-catalytic activity
[117, 118]. It would be difficult to construct an accurate genetic model for an inhibitor
such as rapamycin, which blocks a subset of mTOR’s cellular functions by a complex
mechanism, yet this compound was the first small molecule kinase inhibitor approved for
clinical use [119]. Most importantly, knockout mice for many kinases have surprisingly
few detectable phenotypes [120] — indicating that other kinases may be able to mask the
function of the knocked-out gene through compensation [121, 122].

Chemical inhibition of as-kinase alleles makes it possible to directly compare
phenotypes of chemical and genetic kinase knockouts, using inhibitors that have
validated “single-target” specificity. These experiments indicate that small molecule

kinase inhibitors rarely, if ever, precisely phenocopy the corresponding gene knockout
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Kinase

CDC28

Ire1

Apg1

Cla4

Eim1

p110y

Knockout phenotype
CDC28-ts allele arrests in G1 at
restrictive temperature

Ire1A or Ire1-kd cells have defective
unfolded protein response (UPR)

Apg1A cells are defective in cytoplasm
to vacuole targeting (Cvt) as well as
autophagy

Cla4A cells have defective septin
localization to the bud neck

Eim1A cells undergo Gy/M delay

p110y /- mice show increased cardiac
contractility and tissue damage

Inhibition phenotype Proposed explanation

Inhibition of the CDC28-as 1 allele The mitotic checkpoint is more
induces arrest at G2/M at low doses,  sensitive to CDK activity than the G1
and G1 at high doses checkpoint
Inhibition of an Ire1-as allele that also  An ATP competitive inhibitor of Ire1
contains a kd mutation permits the permits activation of its RNAse
UPR domain during the UPR
Inhibition of Apg1-as allele or Cvt requires the catalytic activity of
expression of Apg1-kd blocks Cvt, but Apg1, whereas autophagy requires a
not autophagy scaffolding function

Inhibition of Cla4-as allele has no effect Septin localization may depend on a
on septin localization scaffolding function of Cla4

Inhibition of elm1-as allele results in G1 Compensation for G1 defect in eim1A
delay in bud emergence and CIn2  cells by accummulation of suppressors
synthesis, as well as G,/M defect during culture

p110y-kd mice have normal cardiac p110y interacts with PDE3B and
function regulates heart contractility
independent of kinase activity

Table 1.2. Examples of chemical and genetic kinase knockouts that produce different

phenotypes [111, 116, 117, 123-125].



(Table 1.2). The knockout frequently elicits phenotypes not observed with the inhibitor
[123, 125] (likely due to non-catalytic, scaffolding functions of the kinase); the inhibitor
induces phenotypes not observed in the knockout [111, 124] (likely due to compensation
for the knockout by a homologous kinase); and, in at least one case, the inhibitor elicits
the exact opposite phenotype as the knockout [117] (due to a non-catalytic, allosteric
role of the kinase domain in signal propagation). These observations mirror studies
comparing knockout mice and with mice expressing a kinase-dead allele (which better
mimics the effects of a small molecule inhibitor). In many cases, the phenotypes are
quite different [116, 126-128].

An additional layer of complexity arises from the fact that very few inhibitors
target a single protein kinase, and the biological activity of these molecules may depend
on a complex balance of inhibition of multiple targets. For example, CML, as a disease
characterized by the chromosomal translocation that generates the Bcr-Abl oncogene,
may define the simplest link between genotype and kinase inhibition phenotype. Yetitis
clear that Imatinib’s activity requires more than Ber-Abl inhibition in some settings. The
Imatinib sensitivity of murine myeloid leukemia cells that express both Ber-Abl and c-Kit
is dependent on Imatinib’s ability to inhibit c-Kit [129]. Inhibition of Bcr-Abl is necessary,
but not sufficient, to induce apoptosis in these cells. In this case, the Imatinib activity
against c-Kit was an unintended by-product of the drug discovery process, and this sort
of multi-targeted activity would be challenging to engineer into a compound based on
predictive genetic models. Similarly, combined inhibition of Kin28 and Srb10 as-alleles
yields a synergistic inhibition of RNA-polymerase || mediated gene transcription that

cannot be predicted by single gene inactivation [130].

1.6 Why bother?




It is not easy to use kinase inhibitors to dissect signaling pathways with high
selectivity. A great deal of focused, target-driven chemistry is required to find a single
potent compound. The scale of this task is such that the best compounds today are
developed largely by the pharmaceutical industry. Once a potent compound is
identified, its selectivity must be extensively characterized in vitro for it to have any real
usefulness — and even then, it is impossible to test all of the potential targets. We have
proposed guidelines for evaluating kinase inhibitor selectivity, but, even in the best case,
the possibility of confounding off-target effects cannot be eliminated.

Is there any good reason to use small molecule kinase inhibitors rather than
competing genetic approaches, such as RNAi? We have emphasized that these two
types of reagents perturb signaling pathways in different ways and therefore can give
different outcomes. Small molecules can inhibit catalytic activity without affecting other
protein domains that might be disrupted by a knockout. Small molecules are also fast-
acting and reversible, and thereby can escape cellular compensation that might mask a
relevant phenotype.

Perhaps the best reason to use kinase inhibitors to study signal transduction is
so that we might understand the inhibitors themselves. The major barrier to developing
new drugs is target validation [114, 131] — the challenge of predicting how inhibition of a
target will translate into phenotype in a physiological setting. Different types of
approaches can contribute to solving this problem, but pharmacology occupies a
privileged position because it is the ultimate mode of intervention. No disease can be
treated with a mutation (yet), and no genetic experiment can reliably predict the outcome
of targeting a pathway with a small molecule. For this reason, it is critical to understand
how potent and selective kinase inhibitors function in physiologically relevant model
systems, even if the specific molecules themselves are not destined to be drugs. The

emergence of a new generation of kinase inhibitors presents a unique opportunity to do
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this — by using these reagents to systematically re-define signaling pathways according

to their pharmacological properties.
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2.1 Abstract

Protein phosphorylation is a dominant mechanism of information transfer in cells,
and a major goal of current proteomic efforts is to generate a system-level map
describing all the sites of protein phosphorylation. Recent efforts have focused on
developing technologies for enriching and quantitating phosphopeptides. By contrast,
identification of the sites of phosphorylation typically relies on the use of tandem mass
spectrometry to sequence individual peptides. Herein is described a novel approach for
phosphopeptide mapping that makes it possible to interrogate a protein sequence
directly with a protease that recognizes sites of phosphorylation. The key to this
approach is the selective chemical transformation of phosphoserine and
phosphothreonine residues into lysine analogs (aminoethylicysteine and -
methylaminoethylcysteine, respectively). Aminoethylcysteine-modified peptides are then
selectively cleaved with a lysine-specific protease to map sites of phosphorylation. A
blocking step enables single-site cleavage when desired, and adaptation of this reaction

to the solid phase facilitates phosphopeptide enrichment and modification in one step.

2.2 Introduction

Much of the complexity of higher organisms is believed to reside in the specific
post-translational modification of proteins [1]. Protein phosphorylation is the most
ubiquitous such modification; almost 2% of the human genome encodes protein kinases
and an estimated one-third of all proteins are phosphorylated [2]. Due to the importance
of protein phosphorylation in regulating cellular signaling, there is intense interest in
developing technologies for mapping phosphorylation events [3, 4].

Existing approaches for phosphorylation site mapping rely largely on the use of
tandem mass spectrometry (MS/MS) to sequence individual peptides. Despite the

power of this approach, MS/MS of phosphopeptides remains challenging [5-10] due to (i)
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the signal suppression of phosphate containing molecules in the commonly used
positive detection mode, (ii) the inherent lability of the phosphate group on collision
induced dissociation (CID), and (iii) the difficulty in achieving full sequence coverage,
especially for long peptides, peptides present in low abundance, and peptides
phosphorylated at substoichiometric levels— all of which are common for
phosphopeptides. The challenge of mapping phosphorylation sites is highlighted by
recent efforts to enrich phosphopeptides from complex mixtures. While these strategies
have provided powerful tools for purifying phosphopeptides, the next step — identifying
the precise site of phosphorylation — often fails for many of the peptides that are
recovered (7, 8].

Currently, the first step in mapping the phosphorylation sites of a protein is to
digest the phosphoprotein with a protease (e.g., trypsin) that generates smaller peptide
fragments for sequencing. We reasoned that this process would be more informative if a
protease that specifically cleaves its substrates at the site of phosphorylation were used.
Such a digestion would selectively hydrolyze the amide bond adjacent to each
phosphorylated residue, facilitating identification of the phosphorylation site directly from
the cleavage pattern without sequencing any individual peptide (e.g., from an MS
fingerprint specifying the exact masses of the cleavage products). Phosphospecific
cleavage would also facilitate the interpretation of MS/MS spectra, since the C-terminal
residue would always be the phosphorylated residue, resulting in a unique y, ion. In this
regard, it is often possible to obtain tandem mass spectra of a phosphopeptide, but still
fail to localize the phosphoamino acid within that sequence [7, 8]. Unfortunately, no
protease is known that selectively recognizes a phosphorylated amino acid, or any other
post-translational modification.

To address this problem, a strategy for specific proteolysis at sites of serine and

threonine phosphorylation has been developed. This approach relies on the well-
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established p-elimination of phosphoserine residues to generate dehydroalanine under
basic conditions (phosphothreonine is converted to 8-methyldehydroalanine). Similar
chemistry has been used to enrich and quantitate phosphoproteins for traditional trypsin
digestion and MS/MS sequencing [8, 11-15). In the next step, dehydroalanine acts as a
Michael acceptor for cysteamine, generating an aminoethylcysteine (Aec) residue (for
phosphothreonine, f-methylaminoethylcysteine is generated) (Figure 2.1a). Since
aminoethylcysteine is isosteric with lysine, proteases that recognize lysine (e.g. trypsin,

Lys-C, and lysyl endopeptidase) will cleave proteins at this residue.

2.3 Aminoethyicysteine modification of model substrates

A panel of seven phosphoserine and two phosphothreonine peptides was chosen
to demonstrate the feasibility of this approach. Extensive peptide degradation was found
to result when standard B-elimination conditions (~1M hydroxide, 42-55 °C, >1 hour)
were applied [8, 15, 16). To achieve nearly quantitative p-elimination without peptide
hydrolysis, several parameters were critical, including reaction temperature, length,
basicity, and order of addition [13, 14] (see Supplementary Methods section). By this
means, each peptide was cleanly converted into its aminoethylcysteine or f3-
methylaminoethylcysteine analogue (Figure 2.1, Table 2.1 and Figure 2.2). Digestion of
the aminoethylcysteine modified peptides with Lys-C or trypsin liberated peptide
fragments corresponding to selective cleavage at the site of serine phosphorylation
(Table 2.1). Surprisingly, B-methylaminoethylcysteine was also found to be an efficient
substrate for Lys-C and lysyl endopeptidase, generating peptide fragments
corresponding to specific cleavage at the former site of threonine phosphorylation (Table

2.1 and Figure 2.3); trypsin cleaved at this residue
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hg‘-‘re 2.1. (A) Scheme for transformation of phosphoserine residues to dehydroalanine,
Pho en aminoethylcysteine. (B) HPLC traces of crude reactions cleanly converting
Osphoserine peptide ZFRPpSGFY*D (left) to dehydroalanine (middle) then
m'noethylcysteine (right). (C) Reaction progress curve for the hydrolysis of (S)-
Z@"‘loethylcysteine (left) and (R)-aminoethylcysteine derivatives of peptide
RPpSGFY*D by trypsin as monitored by FRET.
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Experimental Mass M (Calculated Mass M)

Sequence Dehydroalanine __ Aminoethylcysteine Lys-C Digest
GRTGRRNpSIHDIL 1,475.4 (1,476.6) 1,554.6 (1,553.8) 609.4 (609.7)
DLDVPIPGRFDRRVpSVAAE 2,093.0 (2,094.4) 2,170.6 (2,171.5) 1,800.0 (1,801.1)
SLRRSpSC'FGGRIDRIGAQSGLGC'NSFRY  3,140.4 (3,142.4) 3,218.2(3,219.5) 2,471.8 (2,473.6)
KRPpSQRHGSKY-NH; 1,324.4 (1,324.5) 1,402.2 (1,401.6) 711.6(711.8)
LRRApPSLG 753.6 (753.9) 830.6 (831.0) 660.4 (660.8)
ZFRPpSGFY*D 1,133.7 (1,134.2)  1,210.7 (1,211.3)  684.6 (683.8)
ZFRPpTGFY*D 1,147.52 (1,147.47) 1,224.54 (1,224.50) 697.35 (697.34)
RRApSPVA 737.43 (737.43) 814.53 (814.46)  547.32 (547.22)
KRpTIRR 810.56 (810.53)  887.62 (887.56) n/a

I,,ao?'e 2.1. Results of aminoethylcysteine modification for model peptide substrates.

an decmar weights were determined by ESI-MS on a Waters Micromass ZQ instrument,

MA ©xact masses by LC-ESI-MS recorded on a QSTAR Pulsar i instrument or by

lety LDI-MS recorded on a Voyager DESTR plus instrument. All masses listed in bold

M,,.el’s were additionally confirmed by LC-MS/MS. Abbreviations: K*: aminoethylcysteine;
- Methionine sulphone; C*: cysteic acid; Y*: 3-nitrotyrosine; Z: 2-aminobenzoic acid.
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Peptide Sequence

GRTGRRNpSIHDIL

DLDVPIPGRFDRRVpSVAAE

SLRRSpSC*FGGRIDRIGAQSGLGC*NSFRY

KRPpSQRHGSKY-NH,

LRRApSLG

Figure 2.2: HPLC traces of crude reactions converting starting phosphoserine peptide
(left) to the corresponding dehydroalanine (middle) and then aminoethylcysteine (right)
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less efficiently. In this way, site-specific modification combined with proteolytic digestion
allows for the unambiguous identification of serine and threonine phosphorylation sites
from the exact masses of the liberated fragments.

To further explore the potential of this strategy for mapping phosphorylation sites,
two model proteins (a- and B-casein) were selected that contain three and five sites of
phosphorylation, respectively. Each protein was subjected to aminoethylcysteine
modification followed by digestion with trypsin. One pmol of each digested protein was
separated by nanoflow liquid chromatography on a nano-C18 column and then directly
analyzed by online LC-MS, and MS/MS on a quadrupole orthogonal TOF spectrometer.
Eight peptides were identified by mass fingerprinting (ESI-MS) corresponding to direct
cleavage at all eight predicted phosphorylation sites of the two proteins (Table 2.2). For

example, for B-casein, phosphorylation is described for serine residues in positions 15,

17, 18, 19 and 35. Accordingly, after aminoethylcysteine modification and digestion,
peptides were observed containing C-terminal Aec residues corresponding Arg1-Aec15,
Arg1-Aec17, Argi-Aec18, and Arg1-Aec19. The phosphorylation site at position 35 was
assigned from the presence of the peptide Glu36-Lys48, whose N terminus can be
attributed to cleavage at the adjacent Aec35 residue.

The identity of many of these aminoethylcysteine-containing peptides was
confirmed by LC-MS/MS sequencing as listed in Table 2.2. Peptides containing
aminoethylcysteine were found to produce typical peptide MS/MS fragmentation patterns
that were readily interpretable. For example, the tandem mass spectrum for the peptide
containing the putative phosphorylation site at position 15 in f-casein is shown in Figure
2a. Importantly, the characteristic y, ion at m/z 165.1 that results from a loss of a C-
terminal aminoethylcysteine residue appears as a highly abundant product ion in this

MS/MS spectrum and other CID spectra of peptides containing this C-terminal residue.



Mr Obs. (Calcd.)

Protein Residues Peptide Sequence
O1-casein 43-58 DIGK*EK“TEDQAM*EDIK
0y-Casein 47-58 (K9EKTEDQAM'EDIK
Og1-Casein 49-58 (K9TEDQAM'EDIK
Oe1-Casein 106-119 VPQLEIVPNK*AEER
0,1-Casein 106-115 VPQLEIVPNK*

Oe2-Casein 153-164 TVDM*EK*TEVFTK
Oe2-Casein 159-164 (KYTEVFTK

B-casein 1-25 RELEELNVPGEIVEKLK*K*K*EESITR
B-casein 1-19 RELEELNVPGEIVEKLK*K*K*
B-casein 1-18 RELEELNVPGEIVEK'LK*K*
B-casein 1-17 RELEELNVPGEIVEK*'LK*
B-casein 1-15 RELEELNVPGEIVEK*
B-casein 33-48 FQK*EEQQQTEDELQDK
B-casein 36-48 (K9)EEQQQTEDELQDK
GRK2 666-677 NKPRK*PVVELSK

GRK2 668-677 PRK*PVVELSK

GRK2 671-677 (K PVVELSK

B-Tubulin 404-416 DEMEFKr"*EAESNMN
B-Tubulin 404-416 DEM**EFKr"EAESNMN
B-Tubulin 404-409 DEMEFK*

B-Tubulin 404-409 DEM**EFK:*

B-Tubulin 417-426 DLVK*EYQQYQ

B-Tubulin 421-426 (K9 EYQQYQ

B-Tubulin 417-420 DLVK*

Table 2.2. Results of aminoethylcysteine modification and proteolytic digestion for a-
casein, B-casein, B-tubulin and GRK2. Molecular weights were determined by LC-ESI-
MS recorded on a QSTAR instrument. All masses listed in bold letters were additionally

1,916.74 (1,916.78)
1,485.53 (1,485.59)
1,210.48 (1,210.50)
1,638.84 (1,638.84)
1,153.58 (1,153.61)

1,476.60 (1,476.66)
723.36 (723.38)

3,037.39 (3,037.47)
2,322.11 (2,322.12)
2,176.03 (2,176.07)
2,029.92 (2,030.01)
1,770.78 (1,770.88)
2,039.80 (2,039.87)
1,618.65 (1,618.69)

1,411.78 (1,411.80)
1,169.62 (1,169.66)
771.40 (771.45)

1,604.52 (1,604.58)
1,620.60 (1,620.57)
829.34 (829.30)
845.38 (845.30)

1,330.51 (1,330.58)
857.32 (857.36)
491.26 (491.24)

confirmed by LC-MS/MS. Abbreviations: K*: aminoethylcysteine; Kr™ B-
methylaminoethylcysteine; M*: methionine sulphone; C*: cysteic acid.
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Since the mass of this y,-ion (165.07) is unique and does not overlap with other
fragment ions resulting from naturally occurring amino acids, we suggest that this ion
may also be used for precursor ion scanning in order to increase the sensitivity of
phosphopeptide detection in complex peptide mixtures [9, 17]. Unlike existing precursor
ion scanning approaches, the detection of this y, ion is not only indicative of the
presence of a phosphoserine containing peptide, but also positively identifies its precise
position in the sequence (i.e., at the C terminus).

During aminoethylcysteine modification, epimerization occurs at C, of the
formerly phosphorylated amino acid, generating diastereomeric aminoethylcysteine
peptides (R, S) in an approximately 1:1 mixture (Figure 2.1b). The peptides containing
the R stereochemistry at C, are substrates for lysine-specific proteases, whereas those
with the S stereochemistry are not (Figure 2.1c). As a consequence, cleavage occurs at
approximately 50% of the sites for any given phosphopeptide under complete proteolysis
conditions. For a single tryptic peptide containing multiple phosphorylation sites, this
partial digestion generates a ladder of peptides corresponding to successive single
cleavage at each of the phosphorylation sites (Table 2.2). This effect is illustrated
dramatically for B-casein tryptic peptide Arg1-Arg25, which contains four phosphorylation
sites within a five amino acid sequence. In practice, this obligatory partial digestion is

advantageous for phosphopeptide mapping, by providing staggered and redundant

mass information for multiply phosphorylated peptides.

While introducing new cleavage sites can provide more information about
phosphorylation sites, it can also increase the complexity of the resulting mass spectra.

Several experiments were performed to investigate the trade-off between these effects.

First, two equivalent samples of B-casein, one of which was aminoethylcysteine modified
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100 1209.6
ZFRPK*T X " ZFRPK*TGFY*D
698.4 /
Lys-C 1255
,13/ ZFRPpTGFY*D

®* 119?-6 12'46,5
[._1230.5

(elimination product) |||

ZFRPA*GFY*D
1148.5
- 1l
500 - 800 ‘ 1100 m/z

Figure 2.3: MALDI-MS spectrum of peptide ZFRPK*'GFY*E (m/z 1225.5) obtained after
B-methylaminoethylicysteine modification of phosphothreonine residue and its cleavage
product ZFRPK*T (m/z 698.4) after digestion with Lys-C. A mixture of some nonreacted
phosphothreonine containing peptide (starting material) with MH at m/z 1246.5, modified
B-methylaminoethylcysteine containing peptide (m/z 1225.5) and traces of B-elimination
product (m/z 1148.5) show side products due to oxygen loss (-16 Da) resulting from the
nitrotyrosine residue (Y*) as previously reported[18]. Abbreviations: K*": B-
methylaminoethylcysteine; pT: phosphotyrosine; A™: dehydroalanine (B-elimination
product of pT); Y*: 3-nitrotyrosine;

Z: 2-aminobenzoic acid.
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Figure 2.4. MALDI-MS peptide mass fingerprint spectrum showing peptides obtained
after digestion of chemically modified B-casein with trypsin under less stringent
conditions. The mass range of interest from m/z 1600-2100 displays several abundant
aminoethylcysteine (K*) modified containing peptides indicated in red color. Relative to
these aminoethylcysteine peptides in similar spectra (e.g. Figure 2), peaks
corresponding to peptides that resulted from unexpected “chymotryptic-like” cleavages
from Roche trypsin (e.g. residues 1-14, m/z 1625.9 and residues 1-16, m/z 1885.0) are

suppressed.
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Figure 2.5. (A) ESI-MS/MS spectrum of peptide RELEELNVPGEIVK* [residues Arg(1)-
Lys*(15)] obtained after aminoethylcysteine modification of phosphoserine residues and
digestion of B-casein with trypsin/Lys-C. The [M + 2H]** at m/z 886.40** (M = 1770.79)
was selected for CID. K* is aminoethylcysteine. (B) Top panel: B-casein (2 pg) was
modified as aminoethylcysteine, digested with trypsin, and ca. 1 pmol analyzed by
MALDI-MS. Masses in bold and magnified indicate aminoethylcysteine modified
peptides. Bottom panel: Unmodified B-casein (2 ug) was digested with trypsin, and ca. 1
pmol analyzed by MALDI-MS. Insets indicate that unmodified phosphoserine containing
peptides, predicted at m/z2,061.8 (Phe33 -- Lys48) and at m/z2,966.2 (Glu2 -- Arg25)

or 3,122.3 (Arg1 -- Arg25) could not be detected in this spectrum.
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and one of which was untreated, were subjected to trypsin digestion and analyzed by
MALDI-MS (Figure 2.4 and Figure 2.5b). In the MALDI spectrum from the
aminoethylcysteine derivatized sample, four modified phosphopeptides are detected as
prominent ions at m/z1771.9, 2031.1, 2041.0, and 3038.4 (residues 1-15, 1-17, 33-48,
and 1-25, respectively). Three aminoethyicysteine peptides detected by LC-MS are not
observed by MALDI-MS, and we believe this reflects their lesser susceptibility as trypsin
cleavage sites (e.g., two of the three peptides contain X-EE motifs that are known to
slow trypsin cleavage). In the MALDI-MS spectrum from the untreated control sample,
tryptic peptides containing the phosphorylation sites are not detected (Figure 2.5b,
inset). Thus, in the absence of AEC modification, none of the phosphopeptides are
observed by MALDI-MS under the standard conditions used for most proteomic work
(positive-ion reflectron mode with a-cyano-4-hydroxycinnamic acid (HCCA) as the
matrix), whereas with chemical modification, four of these peptides are prominent ions in
the digest mixture. Otherwise, the spectra are very similar in both the distribution of ions
and their relative abundance (Figure 2.5). While experimental conditions are known that
can enhance the detection of phosphopeptides by MALDI-MS [19], we believe that
aminoethylcysteine modification selectively enhances the positive-ion mode mass
spectrometric response of formerly phosphorylated peptides [9]. Indeed, dilution
experiments with these samples indicated that aminoethylcysteine modified peptides
could be identified from as little as 25 fmol of an unseparated tryptic digest by MALDI-

MS (Figure 2.6).
2.4 Mapping GRK2 phosphorylation of tubulin

In contrast to model phosphoproteins such as caseins, many cellular

phosphoproteins contain features that make their direct analysis by mass spectrometry
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Figure 2.6. MAL

DI-MS peptide mass fingerprint spectra showing peptides obtained from

tryptic digestion of aminoethylcysteine modified f-casein. 4 ug of B-casein was
chemically modified, digested and then diluted into a series of samples with different
protein concentrations. Total amounts of digested protein ranging between 500 fmol and

25 fmol were loa
(A) 500 fmol, (B)

ded and analyzed by MALDI mass spectrometry, as shown in panels
250 fmol, (C) 125 fmol, (D) 50 fmol, and (E) 25 fmol of modified -

casein. The observed masses are labeled and annotated with starting and ending
amino acids. Masses in red indicate peptides that are specific to chemical modification
of phosphoserine to aminoethylcysteine amino acid residues. The basepeak (bp)

intensity and the

signal to noise ratio (S/N) are listed for each panel as a measure for the

quality of the spectra.
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Figure 2.7. MALDI-MS peptide mass fingerprint spectra of several chemically modified
B-casein preparations are shown. The chemical modification was performed
independently with different amounts of B-casein starting material, as shown in panels
(A) 4 ug, (B) 1 ug, (C) 500 ng, (D) 250 ng of B-casein. Subsequent to the chemical
modification, samples were digested with trypsin and a total amount of 1 pmol of
material was loaded and analyzed for each sample (A-D). The observed masses are
labeled and annotated with starting and ending amino acids. Masses in red indicate
peptides that are specific to chemical modification of phosphoserine to

aminoethylcysteine.
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more challenging itself may represent only one component of a more complex mixture
[6]). In addition, such samples are often phosphorylated substoichoimetrically, and the
phosphoprotein unrelated post-translational modifications as well as sequence variations
can contribute to sample complexity. To investigate the applicability of our approach
toward samples of greater complexity, we chose to analyze the phosphorylation of the
cytoskeletal component tubulin by the G protein-coupled receptor kinase 2 (GRK2).
While microtubules have been implicated in playing a role in GPCR endocytosis [20],
their post-translational modifications and consequent functional roles in this process
have only begun to be elucidated. GRK2 has recently been shown to associate with
tubulin in vitro, co-localize with tubulin in vivo, and phosphorylate tubulin heterodimers in
an agonist dependent fashion [21-23].
Bovine tubulin copurifies as a mixture of 21 charge variants of the approximately

12 genetic sub-isoforms of the major a— and f-tubulin isoforms [24, 25]. Tubulin purified
from bovine brain was phosphorylated by recombinant GRK2 in vitro. As the precise
amino acid sequence of bovine tubulins is not known, we chose to look for
phosphopeptides based on the known porcine sequences, reasoning that there would be
few sequence differences between the two organisms. The mixture of phosphorylated
and nonphosphorylated a- and - tubulin isoforms in the presence of the GRK2 kinase
was subjected to aminoethylcysteine modification, and then digested with different
combinations of proteases to generate fragments suitable for mass spectrometry. We
then searched the mass spectra for signature ions indicating aminoethylcysteine
formation and cleavage after aminoethylcysteine sites. Co-digestion with Lys-C and
Asp-N yielded two peptides with masses of 1330.51 and 1604.52, corresponding to
peptides that span residues 417-426 and 404-416 of B-tubulin and that contain one

aminoethylcysteine or one B-methylaminoethylcysteine residue, respectively (Table 2.2).
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Additional fragments corresponding to cleavage of these peptides directly at the two
sites of phosphorylation were observed, and these fragment masses were sufficient to
identify serine 420 and threonine 409 in B-tubulin as the phosphorylated residues.
These assignments were confirmed by MS/MS sequencing of the derivatized peptides
(Figure 2.9a), and none of these peptides were detected in control experiments lacking
GRK2 treatment, confirming that GRK2 is the kinase responsible for this phosphorylation
event. Interestingly, these phosphorylation sites occur near the C-terminus of 8-tubulin,
within a highly acidic 6-7 kDa region that has been shown to undergo multiple post-
translational modifications [24, 25] and which does not contain any basic residues
(except for a lysine at the extreme C-terminus in ,-tubulin). Lastly, we note that while
this manuscript was in preparation, Yoshida et al. reported the identification of the
analogous sites in porcine tubulin as targets of GRK2 [26]. That study required a
combination of radiolabelling, phosphoaminoacid TLC analysis, Edman degradation and
the construction of chimeric substrates to pinpoint these sites.

Since GRK2 itself is known to be a phosphoprotein [26], we looked for GRK2
phosphopeptides that might be present in our in vitro kinase reactions. Following
aminoethylcysteine modification and Lys-C digestion, we identified a peptide at m/z
1412.78, which corresponds to a Lys-C fragment spanning residues 666 to 677 of GRK2
and contains one aminoethylcysteine residue (Table 2.2, Figure 2.8a, and Figure 2.9b).
Additional fragments were observed corresponding direct cleavage at the site of
phosphorylation, identifying serine 670 as the site of modification. These results are
consistent with earlier reports based on site-directed mutagenesis data that the S670A

mutant is not phosphorylated in SF9 cells during protein expression [27].
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Figure 2.8. (A) Top Panel: The MALDI-MS spectrum displays molecular ions of
peptides obtained after chemical modification of GRK2 and digestion with endoprotease
Lys-C. The nonphosphorylated peptide observed at m/z 1353.8 (residues 666-677) is in
approximately equal abundance to the corresponding aminoethylcysteine modified
Peptide at m/z 1412.8. Bottom Panel: MALDI-MS of Lys-C digest of GRK-2 without
chemical modification. The unmodified phosphopeptide (residues 666-677, containing
phosphoserine 670) with an expected molecular ion at m/z 1433.8 is not observed. (B)
MALDI-MS spectrum following Lys-C cleavage of perguanidinated MARCKS substrate —
a 25 residue peptide, K"K9"K9"K"K"RFK*® FK9"K?"K*'? FK®"LSGF K*"¢ FK9"K®"NK"K"
(K®: homoarginine; K* aminoethylicysteine). An inset showing a mass range from m/z
620-680 reveals a cleavage product at m/z 652.4 (peptide Phe9 — Lys*12) that was
observed by MALDI-MS in a similar experiment after extended digestion with Lys-C.
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In the kinase reactions used in this study, GRK2 is present at ~10%
stoichiometry relative to the tubulin substrate. Moreover, inspection of the MALDI-MS
spectrum of a GRK2 digest indicates that the phosphorylation of serine 670 itself is
further substoichiometric, as the aminoethylcysteine modified and nonphosphorylated
(unmodified) peptides spanning residues 666-677 are equally abundant (Figure 2.8a).
To explore the sensitivity of this approach for identification of phosphorylation sites
within a moderately complex and substoichiometric mixture, we carried out dilution
experiments to determine the amount of starting protein from a kinase reaction that can
be carried through the aminoethylcysteine chemistry. Aminoethylcysteine modified
peptides spanning GRK2 residues 666-677 and 668-677 were identified by LC-MS from
375 fmol of starting material; the peptide spanning residues 671-677 was detected at a
level of 750 fmol. The tubulin phosphorylation sites could be identified at a level of 1.2
pmol of B-tubulin starting material. Lower starting amounts of tubulin were not tested,
and the precise distribution of modified and cleaved peptides was dependent on the
specific digest conditions used. However, this suggests that moderately
substoichiometric and low abundance phosphorylation events can be analyzed via
aminoethylcysteine modification in the absense of any pre-enrichment for
phosphopeptides, although such enrichment would undoubtedly yield further
improvements in sensitivity [6]. Lastly, similar titration experiments were performed with
B-casein and the unfractionated digests were analyzed by MALDI-MS, yielding

somewhat lower sensitivity (Figure 2.7).
2.5 Cleavage exclusively at phosphorylation sites

In some cases, it may be desirable to obtain cleavage exclusively at the

phosphorylation site (not at lysine residues), generating larger fragments that might
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Figure 2.9. (A) ESI-MS/MS spectrum of peptide DLVK*EYQQYQ [residues Asp417-
GIn426] obtained after aminoethylcysteine modification of phosphoserine residues and
digestion of tubulin with Lys-C/Asp-N. The molecular ion [M + 2H]** at m/z 666.26*" (M
= 1330.51) was selected for CID. (B) ESI-MS/MS spectrum of peptide PRK*PVVELSK
[residues Pro668-Lys677] obtained after aminoethylcysteine modification of
phosphoserine residues and digestion of GRK2 with Lys-C. The molecular ion [M +
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Peptide Residues Peptide Sequence Mr Obs. (Calcd.)
MARCKS-guanil  1-25 KKKKKRF K FKKK*FKLSGF K*FKKNKK 3,763.4' (3,764.2')
MARCKS-ac 1-25 3,802.33 (3,802.07)
MARCKS-guanil  1-19 KKKKKRFK*FKKK*FKLSGFK* 2,818.75 (2,818.61)
MARCKS-ac 1-19 2,860.75 (2,860.53)
MARCKS-guanil  1-12 KKKKKRFK*FKKK* 1,951.24 (1,951.17)
MARCKS-ac 1-12 1,993.27 (1,993.10)
MARCKS-guanil  1-8 KKKKKRFK* 1,317.86 (1,317.81)
MARCKS-ac 1-8 1,359.90 (1,359.77)
MARCKS-guanil  9-25 (K)FKKK*FKLSGF K*FKKNKK 2,460.44 (2,460.38)
MARCKS-ac 9-25 2,460.50 (2,460.31)
MARCKS-guanil  9-19 (K)FKKK*FKLSGFK* 1,518.85 (1,518.80)
MARCKS-ac 9-19 1,5618.92 (1,518.77)
MARCKS-guanil  9-12 (K9FKKK* 651.39 (651.34)**
MARCKS-ac 9-12 651.37 (651.34)""
MARCKS-guanil  13-25 (K)FKLSGF K*FKKNKK 1,827.08 (1,827.03)
MARCKS-ac 13-25 1,827.12 (1,826.98)
MARCKS-guanil  13-19 (K9FKLSGFK* 885.53 (885.45)
MARCKS-ac 13-19 885.57 (885.44)
MARCKS-guanil  20-25 (K9FKKNKK 959.63 (959.59)
MARCKS-ac 20-25 959.54 (959.54)

Table 2.3. Results of aminoethylcysteine modification and proteolytic digestion for the
guanidinated or acetylated MARCKS substrate. Molecular weights were determined by
LC-ESI-MS and MALDI-MS. All masses are exact monoisotopic masses except for one
average mass marked with “*” (measured in linear mode). All masses listed in bold

letters were additionally confirmed by LC-MS/MS. Abbreviations: K*

aminoethylcysteine; ac-: acetylated N-terminus. For MARCKS-guanil substrate masses,
all lysine residues are guanidinated at the (J-amino group yielding a homoarginine
residue (the N-terminus is free) (see Figure 2B). For MARCKS-ac substrate masses, all
lysine residues are acetylated at the e-amino group, in addition, the N-terminus is
acetylated. ** MARCKS-ac peptide Phe9 — Lys*12 was observed by MALDI after
extended digestion with Lys-C beyond that shown in Figure 2.10.

68

o ey
,"""’.“ -
g
M“""hr
. R
o v W ing:



112 Lys-C cleavage sites

1,994.2
100 18
1,360.7 ac-K2K?K2K*KRF K*F K2K2K*F KaL SGF K*F KaKaNKaK?
925  1.19
13-25
| 9-19
15197
% |
1-6 | |
1,067.6 | sllioaitsiysid g o d 1:-82052 8
20-25 o Sl % DN
9605 | | 4 | 7
1349} | | 919 1328 9-25 i —
8865 i 18197 " 2,461.4 pum
o P : I e
A ' do. 1A J W s antst
e
600 1,280 1960 . 2640 3,320 4,000 Sy 0l
P

g W s
B i s (g, e aREW
e N g
i k :

N R G e
e ]

-

,,P‘ ) -
d !
o 2 oy U?, P——
o I
9o >
; ¥ ﬁx*’b
i *J

Figure 2.10. MALDI-MS spectrum following Lys-C cleavage of peracetylated MARCKS
substrate — a 25 residue peptide, ac-K*K*K*K*K*RFK*FK*K*K*FK*LSGF K'FK*K*NK?*K?
Abbreviations: ac-: acetylated N-terminus; K lysine with acetylated e-amino side chain;
K*: aminoethylcysteine. Lys-C cleavages were observed at Lys* residues 8, 12, and 19
resulting in various combinations of cleaved peptides. Insets zoom into ranges of the full
mass spectrum magnifying mass ranges from m/z 1450-1900 and 2360-2600,
respectively in order to detect low abundant proteolytic cleavage products.
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provide information about the gross topology of phosphorylation. The MARCKs
substrate, a 25 residue peptide containing 12 lysine and three phosphoserine residues,
was selected to explore the feasibility of achieving phosphoexclusive cleavage. To do
this, lysine residues were first converted to homoarginine using o-methylisourea in order
to block digestion at those sites with Lys-C. In addition to blocking proteolytic digestion,
this modification has several practical advantages, including the enhancement of the
ionization of homoarginine containing peptides in MALDI [28-30] and reaction conditions
that can facilitate the nearly quantitative (90-99%) guanidination of the lysine residues in
full-length proteins [31, 32].

Following guanidination, the MARCKS substrate was modified as
aminoethylcysteine, digested with Lys-C, and subjected to mass analysis by MALDI
(Figure 2.8b). The MALDI mass spectrum from the digest exhibits eight prominent
peaks corresponding to eight of nine possible combinations of cleavage at the three
phosphorylation sites (Table 2.3). The smallest fragment, corresponding to cleavage at
aminoethylcysteine residues 8 and 12 (m/z = 652.4), required longer digestion times and
higher concentrations of protease to detect and is shown inset. No other major products
are observed, confirming that homoarginine is not a substrate for Lys-C. Alternative
chemistries are known for efficiently blocking lysine residues, and we have obtained
similar results by acetylation (Table 2.3 and Figure 2.10), although this modification may

be less practical for full-length proteins.
2.6 A solid-phase aminoethyicysteine reaction

Although phosphorylation is among the most common post-translational

modifications, phosphoproteins are often present at low abundance and phosphorylated
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Figure 2.11. (A) Scheme for the capture and modification of phosphoserine peptides
using a solid-phase reagent. (B) Selective capture and modification of phosphoserine
peptides using the cysteamine resin. Top, starting material; middle, flow-through;
bottom, released aminoethylcysteine peptides. Peptide sequences (left to right, top
panel): ZAAPpYGGY*D, ZAAPYGGY'D, ZFRPpSGFY*D, ZFRPFGFY*D. Z: 2-
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sub-stoichiometrically, making genome wide phosphorylation analysis an analytical
challenge. Several approaches have been proposed for the selective enrichment of
phosphopeptides from complex mixtures [7, 8, 10], and the aminoethylcysteine
derivatization described here should be compatible with the use of many of these
strategies as a first step to enrich for phosphorylated peptides. However, we sought to
investigate whether it would be possible to couple aminoethylicysteine modification

directly to an approach for phosphopeptide enrichment. For this purpose, we adapted

i Wy, “..

the aminoethylcysteine reaction to a solid phase catch and release strategy to provide pupew Fee—
J'“\l

one step modification and enrichment of phosphopeptides. “'“‘""‘-ﬁf

st

To prepare an appropriate solid phase cysteamine equivalent, a N

" -~ ""N faLemPER

polyethyleneglycol-polystyrene (PEG-PS) copolymer base resin was loaded with s«""‘ i 1}

o iea -‘M

cystamine as the benzyl carbamate (Figure 2.11a). This design incorporates two 'm"""'"'",,'

n"ﬂ-—ss&

important features that facilitate aminoethylcysteine modification. First, the PEG-PS

-

resin swells in both organic and aqueous solvents, allowing resin capture to be o -l
0§ £
performed under conditions that have been optimized for the solution phase chemistry. q:"““ -
et - T
Secondly, the methoxybenzyl carbamate linkage is stable to the basic conditions of the ' "'"'D
g v

pB-elimination reaction, allowing for efficient peptide capture, but highly acid labile,
facilitating aminoethylcysteine peptide release by brief treatment with trifluoroacetic acid
(TFA).

We tested the ability of this reagent to selectively capture and modify
phosphopeptides by incubating the resin with an approximately equimolar mixture of two
nonphosphorylated peptides, one phosphotyrosine peptide, and one phosphoserine
peptide under B-elimination conditions for one hour (Figure 2.11b, panel 1). Following
incubation, HPLC analysis of the flow through indicated that the nonphosphorylated and

phosphotyrosine peptides remained intact, but the phosphoserine peak was absent,

72



consistent with selective capture of the phosphoserine peptide (Figure 2.11b, panel 2).
Brief treatment with TFA released the phosphoserine peptide as the aminoethylcysteine
modified diastereomer pair (Figure 2.11b, panel 3), suitable for enzymatic
phosphorylation mapping. This type of approach has the potential to allow proteolytic
phosphorylation site-mapping to be directly coupled to phosphopeptide enrichment from

complex mixtures. The optimization and application of this solid-phase reaction is

currently being explored.

2.7 Discussion

We describe here an approach for mapping protein phosphorylation by direct
enzymatic cleavage of polypeptides at the site of post-translational modification. Despite
the large number of unique protease specificities found in nature, this reaction is to our
knowledge the first example of selective proteolysis at any site of protein post-
translational modification. We believe that this type of approach will be a valuable
complement to traditional MS/MS sequencing as a strategy for phosphorylation site
mapping. In this regard, we have recently designed a protease that shows selectivity for
phosphotyrosine substrates (Z.A.K. & K.M.S., unpublished observations). As O-
glycosylated residues also undergo B-elimination under basic conditions [33], it may be
possible to extend this strategy to map protein glycosylation in an analogous fashion; in
this regard, it will be important to investigate ways to distinguish between
phosphorylation and glycosylation [33-35], such as pretreatment with an appropriate
glycosidase or phosphatase. We envision a rapid expansion of enzyme tools for
selective interrogation of the proteome, with tailor-made sequence specificity for all

natural post-translational modifications.
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2.8 Experimental Procedures

2.8.1 Reagents

Sequencing grade Trypsin, Lys-C, and Asp-N were from Roche Diagnostics.
Lysyl Endopeptidase was from Wako. Tentagel AC resin was from Advanced
Chemtech. All peptides were from Anaspec or synthesized using standard Fmoc solid-
phase chemistry. All other reagents were from Sigma unless otherwise noted and were

of the highest grade commercially available.

2.8.2 Aminoethyicysteine modification of model peptides

The model phosphoserine peptides were dissolved in a 4:3:1 solution of
H,O:DMSO:EtOH (50 uL). The B-elimination solution (saturated Ba(OH), solution (23
uL) and 5M NaOH (1 uL)) was added, and the reaction was incubated at room

temperature. After 1 hour, a 1M solution of cysteamine in H,O (50 ulL) was added

directly to this reaction and the reaction was incubated 3 — 6 hours at room temperature.

For peptides containing pSer-Pro sequences and pThr residues, the B-elimination
reaction was allowed to proceed for two hours at 37° C. Reactions were analyzed by
dilution into 1 ml H;0/0.1% TFA and separation of the reaction products by reverse
phase HPLC on a Dynamax SD-200 solvent delivery system (Rainin) equipped with a
Zorbax 300 C-18 9.4 mm x 25 cm column. Individual fractions were analyzed by ESI-
MS offline using a Micromass ZQ (Waters) or by MALDI-MS and ESI-MS/MS. (below).
For site-mapping, modified peptides were reconstituted in either 10 mM Tris, pH
8.5 (Trypsin) or 10 mM Tris, pH 8.5, 1 mM EDTA (Lys-C) and digested overnight at 37°
C. Reactions were analyzed as above. For FRET monitoring of the Lys-C digestion of

diastereomeric aminoethylcysteine peptides, peptide diastereomers (~ 5 ug) were
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separated by HPLC, and digested with 5 ug Trypsin. Reaction progress was monitored
as emission at 420 nm following excitation at 320 nm in a SpectraMax GeminiXS

fluorescence plate reader (Molecular Devices) as described[36].

2.8.3 Modification for Phosphoexclusive Cleavage

For guanidination reactions, the MARCKS substrate or 3-casein was dissolved in

0.5 M O-methylisourea, pH 10.5 and incubated overnight at 37° C essentially as
described[29, 30, 37]. For acetylation reactions, the MARCKS substrate was dissolved
in 100 mM NaHCO;, pH 8.5 and treated with approximately 100 equivalents of
sulphosuccinimidyl acetate (Pierce) for 2 hours at room temperature to quantitatively
acetylate lysine residues. Reactions were desalted by HPLC or dialysis and subjected
to aminoethylcysteine modification and Lys-C digestion as above.

Mass spectra were obtained by matrix-assisted laser desorption ionization time-
of-flight (MALDI-TOF) mass spectrometry on a Voyager DESTR plus (Applied
Biosystems). All mass spectra were acquired in positive-ionization mode with reflectron
optics. The instrument was equipped with a 337 nm nitrogen laser and operated under
delayed extraction conditions in reflectron mode; a delay time of 190 nsec, and grid
voltage 66-70% of full acceleration voltage (20-25 kV). For linear mode experiments, the
delay time was 100 nsec and the grid voltage 93.4% of the acceleration voltage. Prior to
MALDI-MS analysis, the proteolytic reaction mixtures were desalted with reversed-phase
Zip Tipsc1s (C-18 resin, Millipore). All peptide samples were prepared using a matrix
solution consisting of 33 mM HCCA in acetonitrile/methanol (1/1; v/v); 1 uL of analyte
(0.1-1 pmol of material) was mixed with 1 uL of matrix solution, and then air-dried at

room temperature on a stainless steel target. Typically, 50 laser shots were used to
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record each spectrum. The obtained mass spectra were externally calibrated with an

equimolar mixture of angiotensin I, ACTH 1-17, ACTH 18-39, and ACTH 7-38.

2.8.4 Aminoethylcysteine modification of a and B—casein
a-casein was pretreated with performic acid for 2 hours to quantitatively oxidize

cysteine residues[8]; B-casein, which contains no cysteine residues, was used as
provided by the manufacturer. Proteins (ca. 2 ug) were modified in 0.5 mL
microcentrifuge tubes using the same conditions as described for peptides, except that
the sample volume was adjusted to maintain a protein concentration greater than or
equal to 0.01 pg/uL. When the reaction was complete, reagents were removed by
dialysis overnight against 1 liter of 20 mM Tris, pH 8.0 using 10000 MWCO Slide-A-
Lyzer Mini Dialysis units (Pierce). Other methods for reaction solvent exchange (e.g. gel
filtration) led to unacceptable sample losses. Dialyzed samples were transferred to a
new 0.5 mL microcentrifuge tube, and the dialysis membrane was washed three times
with 10 pL of 20 mM Tris, pH 8.0. Samples were concentrated to ~ 5 uL by Speedvac
and 5 L of acetonitrile was added as a denaturant. The sample mixture was heated to
65° C for 10 minutes and then the digestion was initiated by the addition of 15 uL of 10
mM Tris, pH 8.0 containing trypsin or Lys-C at 1/10 enzyme to substrate by weight.
Reactions were allowed to proceed approximately 6 hours at 37° C.

The proteolytic peptide mixtures (ca. 1 pmol) were analyzed by MALDI-MS as
described or by reversed-phase HPLC-MS/MS. Briefly, peptides were separated on an
Ultimate nanocapillary HPLC system equipped with a PepMap™ C18 nano-column (75
um 1.D. x 15 cm) (LC Packings) and CapTrap Micro guard column (0.5 uL bed volume,
Michrom). Peptide mixtures were loaded onto the guard column and washed with the

loading solvent (H>0/0.05 % formic acid, flow rate: 20 yL/min) for 5 min to remove salts
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and denaturing reagents, then transferred onto the analytical C18-nanocapillary HPLC
column and eluted at a flow rate of 300 nL/min using the following gradient: 2% B (from
0-5 min), and 2-70% B (from 5-55 min). Solvent A consisted of 0.05 % formic acid in
98% H,0/2 % ACN and solvent B consisted of 0.05% formic acid in 98% ACN/2% H0.
The column eluant was directly coupled to QSTAR quadrupole orthogonal TOF mass
spectrometer (MDS Sciex) equipped with a Protana nanospray ion source. The
nanospray needle voltage was typically 2300 V in the HPLC-MS mode. Mass spectra
(ESI-MS) and tandem mass spectra (ESI-MS/MS) were recorded in positive-ion mode
with a resolution of 12000-15000 FWHM. For collision induced dissociation tandem
mass spectrometry (CID-MS/MS), the mass window for precursor ion selection of the
quadrupole mass analyzer was set to + 1 mass unit. The precursor ions were
fragmented in a collision cell using nitrogen as the collision gas. The LC-MS runs on the
QSTAR instrument were acquired in “Information Dependent Acquisition” mode
(advanced IDA), which allows the user to acquire MS/MS spectra based on an inclusion
mass list and dysnamic assessment of relative ion. Spectra were calibrated in static
nanospray mode using MS/MS fragment-ions of a renin peptide standard (His

immonium-ion with m/zat 110.0713, and bg-ion with m/z at 1028.5312) providing a mass

accuracy of <50 ppm.

2.8.5 Phosphorylation mapping of GRK2 and tubulin

N-terminal His6-tagged GRK2 was expressed in SF9 insect cells and purified
using Ni-NTA beads (Qiagen) as described [38]. Bovine tubulin was a gift from Ron
Vale. Tubulin (5 uM) and GRK2 (0.6 uM) were incubated in 100 ul of 20 mM HEPES,
pH 7.4, 2.0 mM EDTA, 10 mM MgCl, containing 1 mM ATP. Kinase reactions were

performed at 25 °C for 3 hours [23], after which the reactions were desalted by
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microdialysis, subjected to aminoethylcysteine modification, digested with either Lys-
C/Trypsin or Lys-C/Asp-N, and finally analyzed by LC-MS/MS and MALDI-MS as
described above. In a similar fashion, purified GRK2 (~5 ug) was subjected to
aminoethylcysteine modification, digested with Lys-C, and then analyzed by mass

spectrometry as described.

2.8.6 Resin Synthesis

Resin was loaded using a modification of the procedure of Dorff [39]. Briefly,
Tentagel AC resin (5 g) was swelled in anhydrous THF (75 mL) at room temperature
under an inert atmosphere. 1,1 carbonyldiimidazole (2.5 g) was added and stirred for 3
hours. The resin was filtered, washed with THF, Et,O, and dried in vacuo overnight.

Before use, cystamine HCI salt (5 g) was dissolved in H,0 (45 mL), the pH was
adjusted to 12 with NaOH, and the cystamine was extracted with CH.Cl,. The organic
phase was dried with MgSO,, filtered, and the solvent removed in vacuo to give a clear
oil. This oil (ca. 1 g) was added to the activated resin (2 g) swelled in THF (25 mL). N-
methylmorpholine (2 mL) was added and the resin was heated to 60° C for 4 — 6 hours
under an inert atmosphere.

The resin was filtered, washed with THF, Et,O, dried in vacuo, and stored at —
20° C. Immediately before use, the resin was deprotected by brief treatment (15 min.)
with 100 mM DTT in H,O to expose the cysteamine thiol. Quantitation of resin loading

with Ellman’s reagent typically demonstrated 60 — 80% loading (0.20 to 0.25 mmol/g).
2.8.7 Solid-Phase Capture and Modification of Phosphoserine Peptides

Following deprotection, the resin was washed with 5 times with H,O and 5 times

with 4:3:1 H,O:DMSO:EtOH. Peptides were dissolved in 4:3:1 H,O:DMSO:EtOH (250

78

Ll
",
".‘,‘ Fa 1]

L 13
:" -,
R X TFEPPn S

ie s P Y
e S0

e gAY

oAk eamen

sy,
Rl" ., ."‘,-“
5w et gt
@ RN oS

ﬁ"“-—-sj&'

; il j{_‘_
SOy |
S

-—me

v B0 B Sy



I

N



wl) and added to 80 mg of resin swollen in the same. Sat. Ba(OH), (225 uL) and 5M
NaOH (10 ulL) were added and the reaction was incubated for one hour at room
temperature. The resin was then rinsed successively with H,O, DMF, CH,Cl, and Et;O
and dried overnight in vacuo. To release the peptides, the dried resin was suspended in
95:2.5:2.5 TFA:Me,S:H,0 (1 mL) for 15 minutes at room temperature. The resin was
then filtered, washed 3 times with TFA (1 mL), and the filtrate was concentrated in
vacuo. The released peptides were taken up in H,0/0.1% TFA and analyzed by HPLC

and MS as described.

2.8.8 Supplementary Aminoethylcysteine Modification Protocol

Several parameters were found to be critical for successful aminoethylcysteine
modification: (1) Limiting hydroxide concentration to ~150 mM, (2) adding barium as a
specific catalyst for phosphate elimination [13], (3) carrying out reactions in a previously
optimized mixture of DMSO, water, and ethanol [14], (4) carefully limiting the reaction
length and temperature (one hour at room temperature was sufficient for most
phosphoserine peptides; two hours at 37° C was required for peptides containing
phosphothreonine and phosphoserine residues N-terminal to proline), (5) performing the
B-elimination and Michael addition steps consecutively, such that the addition of
cysteamine to the basic reaction mixture in the second step reduces the pH of the
reaction to ~ 8, and (6) allowing the Michael addition step to proceed for up to 6 hours
for full modification of phosphothreonine peptides.

Protein samples for aminoethylcysteine modification are first desalted overnight
by microdialysis against 2 liters water using 10000 MWCO Slide-A-Lyzer Mini Dialysis
units. Before use, dialysis units are rinsed extensively to remove any polymeric material

that remains from the manufacturing process. Following dialysis, dialyzed samples are
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transferred to 0.5 mL eppendorf tubes, and the dialysis membrane is washed three times
with 20 uL water. The combined dialyate is then concentrated by Speed-Vac to reduce
volume to ~5 puL, with care not to concentrate to dryness. 5 uL of a 3:1 mixture of
DMSO:EtOH is added directly to this sample. B-elimination is initiated by the addition of
4.6 uL sat. Ba(OH), and 1 uL 500 mM NaOH. For most proteins, a 2 hour incubation in
a 37° C water bath is recommended. At this stage, solutions of some full-length proteins
may appear somewhat heterogeneous; this has no effect on the efficiency of the
reaction, but gentle vortexing every 20 or 30 minutes is recommended to prevent
excessive aggregation. After two hours, the sample is placed at room temperature.
While the sample is cooling (5 — 10 minutes), a 1 M solution of cysteamine HCI is freshly
prepared, and 10 puL of this solution is added directly to the f-elimination reaction. This
reaction is allowed to proceed 3 to 6 hours at room temperature.

When the Michael addition reaction is complete, the protein solution is
transferred to a rinsed mini-dialysis unit and dialyzed overnight against 2 liters of 20 mM
Tris, pH 8.0. The eppendorf tube from the B-elimination reaction is rinsed three times
with 15 ml of 20 mM Tris, pH 8.0 to ensure complete protein transfer. Following dialysis,
the protein is transferred to a new 0.5 mL eppendorf tube, with careful rinsing of the
dialysis membrane. This protein solution is then concentrated by Speed-Vac. This
concentrated protein sample is then ready for digestion with appropriate proteases (e.g.,
trypsin or Lys-C) and analysis by LC-MS/MS or MALDI-MS. In general, we find that Lys-
C cleaves at modified sites somewhat more efficiently than trypsin, and that it is
advisable to use slightly higher concentrations of protease than would be recommended
for an ordinary trypsin digestion, although optimal digestion conditions vary significantly

between samples.
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Chapter 3

Isoform-specific phosphoinositide 3-kinase inhibitors
from an arylmorpholine scaffold
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3.1 Abstract

Phosphoinositide 3-kinases (P13-Ks) are a ubiquitous class of signaling enzymes
that regulate diverse cellular processes including growth, differentiation, and motility.
Physiological roles of PI3-Ks have traditionally been assigned using two
pharmacological inhibitors, LY294002 and wortmannin. Although these compounds are
broadly specific for the PI3-K family, they show little selectivity among family members,
and the development of isoform-specific inhibitors of these enzymes has been long
anticipated. Herein, we prepare compounds from two classes of arylmorpholine PI3-K
inhibitors and characterize their specificity against a comprehensive panel of targets
within the PI3-K family. We identify multiplex inhibitors that potently inhibit distinct
subsets of PI3-K isoforms, including the first selective inhibitor of p110p/p1106 (ICso
p1108 = 0.13 uM, p1103 = 0.63 uM). We also identify trends that suggest certain PI3-K
isoforms may be more sensitive to potent inhibition by arylmorpholines, thereby guiding

future drug design based on this pharmacophore.

3.2 Introduction

Phosphatidylinositol 3-kinases are activiated by a wide range of cell surface
receptors to generate the lipid second messengers phosphatidylinositol 3,4-
bisphosphate (PIP;) and phosphatidylinositol 3,4,5-trisphosphate (PIP;). In the
appropropriate cellular context, these two lipids can regulate a remarkably diverse array
of physiological processes, including glucose homeostasis, cell growth, differentiation
and motility [1]. These distinct functions are carried out by a family of eight related PI3-
Ks in vertebrates that possess unique substrate specificities, localization, and modes of
regulation [1]. These include the class IA PI3-Ks (p110a, p110, p1108), which are

activated by receptor tyrosine kinases, the class IB PI3-K (p110y), which is activated by
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heterotrimeric G-proteins, and the class Il PI3-Ks (PI3KC2a, PISBKC28, PISBKC2y) whose
regulation remains poorly understood. Despite these known differences in upstream
activation, the physiological roles of individual PI3-K isoforms remain largely unassigned,
and dissecting the unique functions of members of this family is a major focus of ongoing
research [2].

In addition to sequence homology within their catalytic domain, PI3-Ks share
sensitivity to two small molecule inhibitors, wortmannin and LY294002. Wortmannin is a
fungal natural product that irreversibly inhibits PI3-Ks at low nanomolar concentrations
[3, 4], whereas LY294002 is a synthetic chromone that reversibly inhibits most PI3-Ks at
low micromolar concentrations [5]. Together, these two compounds have served as
powerful probes for implicating PI3-Ks in a wide range of physiological processes, and
much of our understanding of PI3-K action in cells derives from the use of these two
reagents.

Although wortmannin and LY294002 are broadly active against the PI3-K family,
they show little specificity among PI3-K family members. Since these compounds do
not pharmacologically discriminate between PI3-K isoforms, comparatively little is known
about the specific signalling functions of individual PI3-Ks. Knockout mice have defined
essential roles for p110y and p1103 in leukocyte function, including signaling from the B
and T cell receptors [6, 7] (p1103) as well as chemotaxis of neutrophils and
macrophages [8, 9] (p110y). Furthermore, microinjection of isoform-specific inhibitory
antibodies has demonstrated that individual class | PI3-Ks can relay unique downstream
signals following activation of a common upstream receptor. For example, colony-
stimulating factor-1 treatment of macrophages induces DNA synthesis through p110q,
whereas actin cytoskeleton rearrangement and cell migration require p1108 and

p1103 [10]. These studies suggest that PI3-K isoforms likely possess non-redundant
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functions downstream of the wide range of receptors that are known to activate PI3-Ks.
In general, however, the systematic analysis of PI3-K isoform action in cells awaits the
discovery of small molecule inhibitors that can selectively target PI3-K family members.
For this reason, the development of isoform-specific inhibitors of PI3-Ks has been long
anticipated [2, 11-13].

Recently, patent disclosures have described new inhibitors based on the
LY294002 arylmorpholine pharmacophore [11, 12, 14], although the detailed isoform
selectivity of these compounds has not been reported. Since these compounds are
potentially useful probes for PI3-K isoform activity in cells, we sought to determine their
target specificity by characterizing their activity against a comprehensive panel of PI13-
Ks. In this regard, a recent characterization of 28 common protein kinase inhibitors
against a panel of 24 protein kinases has significantly challenged many preconceptions
about the true selectivity of protein kinase inhibitors [15]. The analysis we report here
identifies several compounds that inhibit distinct subsets of the PI3-K family, including
the first selective inhibitors of the p1108/p110p isoforms.

We also sought to explore the potential of the morpholino chromone scaffold as a
starting point for PI3-K inhibitor optimization. LY294002 has been shown to be quite
selective for lipid kinases relative to protein kinases [15] and to possess broad activity
within the PI3-K family. Indeed, until very recently, LY294002 was the only reversible
inhibitor that had been reported to target the PI3-K family — even though this compound
was originally described ten years ago [5]. Given the importance of PI3-Ks in signal
transduction, it is remarkable that there has not been a single subsequent structure-
activity study published investigating compounds of this class. Our comprehensive
selectivity analysis of a panel of arylmorpholines identifies PI3-K isoforms that tend to be

sensitive to this pharmacophore, as well as others that are more resistant. This
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information should prove useful in guiding future drug design based on this core

structure.

3.3 LY294002 analogs

Thrombogenix has disclosed a series of LY294002 analogs that differ in the
substitution pattern of heteroatoms within the chromone core [14], as well as through
replacement of the phenyl group at the eight position of LY294002 with more extended
aromatic substituents (Figure 3.1). Comparison of the co-crystal structures of
p110y bound to LY294002 [16] and ATP [17] suggests that the adenine ring of ATP and
the morpholino-chromone core of LY294002 occupy essentially the same space in the
interior of the ATP binding pocket, with both rings anchored by a hydrogen bond to the
backbone amide of V882 (Figure 3.1A). Likewise, the 8-phenyl moiety of LY294002 and
the ribose sugar of ATP occupy a similar space at the entrance to the pocket and project
outward toward solvent. To understand how LY294002 analogs with extended
substitutents at C8 might interact differentially with PI3-K isoforms, we identified all of the
residues in p110y whose side chains possess a rotamer that can extend within 4 A of
either the adenine/LY294002 chromone core (Figure 3.1, red) or the ATP ribose/8-
phenyl of LY294002 (Figure 3.1, yellow). This first set of residues defines the interior of
the ATP binding pocket, while the second set mark the entrance to that pocket (Figure
3.1C). We then aligned these residues with the corresponding residues from each of the
class | PI3-Ks, and shaded them according to their physiochemical properties
(hydrophobicity, size, and charge) (Figure 3.1B). This alignment reveals that the interior
of the ATP binding pocket is highly conserved within the class | P13-Ks; the only

differences are two conservative substitutions that distinguish p110y from the class IA
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Figure 3.1. ATP binding site conservation among the class | PI3-Ks. A. Schematic of
the hydrogen bonds made by ATP (top) and LY294002 (bottom) in the active site of
p110y. Pocket interior (red) and entrance (yellow) are marked for reference. B.
Sequence of alignment residues in the interior (left) and exterior (right) of the ATP
binding pocket. Residue coloring: hydrophobic aliphatic (green), hydrophobic aromatic
(light blue), small (yellow), polar uncharged (dark blue), basic (purple), and acidic
(orange). Residue number is for porcine p110y. C. Model of TGX115 bound to p110y,
based on the LY294002-p110y co-crystal structure [16].
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PI3-Ks (Figure 3.1B, left). By contrast, the residues that line the entrance to the ATP
binding pocket are divergent, with major differences between isoforms in their size and
charge (Figure 3.1B, right). LY294002 analogs with larger substituents at C8 would be
expected to extend outside the ATP binding pocket and potentially make extensive
contacts with these less conserved residues (Figure 3.1C). This suggests that it may be
possible for such extended analogs to target specific PI3-K isoforms, although it is not
immediately apparent how to design compounds that would exploit these differences.

We initially prepared (Figures 3.2 and 3.3) and tested two compounds from this
series (TGX115 and TGX126) as well as a synthetic intermediate lacking the aromatic
substituent at C8 (TGX066) and compared these compounds to LY294002 and the
related LY292223 (which lacks the C8 phenyl group). To obtain a detailed picture of the
target specificity of these compounds, we determined ICs, values in vitro against a panel
of 14 enzymes selected to span the most relevant targets for these molecules. These
include seven mammalian PI3-Ks (p110a, p110pB, p1108, p110y, PISKC2a, PISKC28,
and PI3KC2y), four protein kinases in the PI3-K family (DNA-PK, ATM, ATR, mTOR),
Pl4-kinase B (a PI3-K family member reported to be weakly inhibited by LY294002[18]),
casein kinase Il (the only protein kinase family member known to be inhibited by
LY294002 [15]), and the unrelated serine-threonine kinase G-protein coupled receptor
kinase 2 (GRK2). These 14 proteins include all of the known targets of LY294002 and
most of the proteins that contain sequence homology to the PI3-K catalytic domain. To
facilitate comparison of ICs, values across kinases with different substrate affinities, all
assays were carried out in the presence of 100 uM ATP.

As has been previously reported, LY29002 exhibits a very broad specificity
profile, inhibiting the class | PI3-Ks, PISBKC2p, PISBKC2y, mTOR, casein kinase 2 and

DNA-PK all with ICs, values in the low micromolar range. Within the class | PI3-Ks,
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Figure 3.2. Synthesis of morpholino-pyrimidinone analogs. The reagents used are: (i)
Diethylmalonate, 200 °C, (ii) POCIs, reflux, (iii) morpholine, EtOH, reflux, (iv) substituted
benzylamine or aniline, PdCl,(dppf), potassium tert-butoxide, THF, reflux.
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Figure 3.3. Synthesis of TGX115. The reagents used are: (i) TEA, CS,, DMSO, Mel, rt,
(i) 2-amino-2’-methyldiphenylether, EtOH, reflux (iii) morpholine, THF, reflux (iv) Ph,O,
265 °C.

94



v

il




LY294002 TGX115 LY292223 TGX066
o [ 78
ol 1 §
Q Q Q O g
D :
be)

TGX126 MCA55 MCAS53 MCA51

iy Py Py é”f?&a EIEE
& & & i
‘ N ”k\\-‘ IR

MCA52 MCA50 MCAS4 MCA49 g | - #
; .Y
H

"3 'S /nﬂ' QR . "\\‘ \ s
o gr“jlo o ,,Eh"@ -

] - e _1:(“,_._
10 17 £} -7 ) 5 -4 -3
log [TGX113| Ly

c P Wemuan 3
p110c p110 p1105 pi10y PIKC2x PIKC2P PIKC2y PI4KB DNA-PK ATM ATR mTOR CK2 GRK2 L L
TGX11§ 61 0.13 0.63 ~100 >100 ~50 ~100 >100 1.2 >100 >100 >100 >100 >100 W [\ el B
TGX126 8.1 0.16 0.15 ~10 ND ND ND >100 028 ND ND ND >100 >100 L .
TGX088 58 9.9 85 >100 ND ND ND >100 13 >100 NO >100 >100 >100 - . s&gan
MCA49 14 18 8.9 38 ND >100 ND ND 71 ND ND ND ND ND - L} w!
MCAS0 ~50 ~20 ~10 >100 >100 >100 >100 >100 0.19 >100 ND >100 >100 >100 _— ’r.: .

MCAS1 ~9 33 38 >100 >100 >100 ~50 >100 0.15 >100 ND >100 >100 >100 - -
MCAS2 ~10 14 ~5 >100 >100 ND ~50 >100 0.55 >100 ND >100 >100 >100 "' Vr""'.‘y‘
MCAS3 18 0.99 0.39 ~25 >100 ~10 >100 >100 0.38 >100 ND >100 >100 >100 LR
MCAS4 6.2 35 33 ~100 >100 ND ~50 >100 036 >100 ND >100 >100 >100 Ml eemraws
MCASS 1.1 01 0.87 ~100 >100 28 ~50 >100 0.27 >100 >100 >100 >100 >100 '!
LY292223 45 75 13 ~100 ND ~100 ~20 >100 042 ND ND ND >100 >100 L ot 3

LY294002 93 29 6.0 38 ~100 57 40 ~100 0.66 >100 >100 89 12.2 >100

!ﬁl L"c-x
. "“n X
»F

f
ol :-:D
\’ ‘

o

Figure 3.4. 1C4, values of LY294002 analogs against protein and lipid kinases. A.
Structures of LY294002 analogs. B. Dose response curves for LY294002 (top) and
TGX115 (bottom) against different PI3-K family members. DNA-PK (purple), p110a
(red), p110B (blue), p110y (green), p1103 (black), and CK2 (yellow). C. ICs, values
(M) measured in the presence of 100 uM ATP.
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LY294002 exhibits a maximum of approximately 10-fold selectivity between any two
isoforms, with p110B being most sensitive (2.9 uM) and p110y the least sensitive (38
uM). Interestingly, LY294002 did not show activity at 100 uM against the PI3-K related
protein kinases ATM and ATR. Although we are not aware of any reports that
LY294002 inhibits these two enzymes at micromolar concentrations[19], the effects of
LY294002 treatment of cells has been interpreted to imply a requirement for ATM or
ATR kinase activity in several studies [20, 21] .

In contrast to LY294002, TGX115 and TGX126 were signficantly more potent
and selective. Surprisingly, we find that TGX115 inhibits p110p and p1103 at nanomolar
concentrations, but p110a and p110y only at concentrations more than 100-fold higher
(Figure 3.4). TGX126 showed a more modest specificity profile, although this compound
was still ~50 fold more potent against p110f/ p110d than against p110a/p110y. Against
the other 10 enzymes in this panel, TGX115 and TGX126 showed significant activity
only against DNA-PK, with high nanomolar ICs, values. Thus, within the lipid kinases,
these two compounds represent the first selective inhibitors of the
p110p/p1104 isoforms. By contrast, the unsubstituted analogs TGX066 and LY292223
were significantly less potent against all P13-Ks, although they retained strong activity
against DNA-PK (Figure 3.4). This suggests that presence of an aromatic substituent at
C8 plays an essential role in achieving binding affinity for PI3-Ks, but may be
dispensable for DNA-PK inhibition.

On the basis of this initial data, seven additional compounds were prepared by
palladium catalyzed coupling of different aromatic substituents to TGX066 (Figure 3.2) to
explore the chemical space surrounding TGX115 and TGX126. These compounds,
termed morpholino chromone analogs 49-55 (MCA049-MCAO055), all contain the

pyrimidone heterocycle scaffold of TGX126 and differ in their aromatic substitution at the
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position analagous to C8 in LY294002. They include compounds that substitute the
pyrimidone core with anilines (MCA50-MCA52, MCA54), benzylamines (MCA53 and
MCAS5), and a biaryl linkage (MCA49) that mimics LY294002 in this new scaffold, and
were prepared

The specificity profile of these compounds was determined, and several
structure-activity trends were identified (Figure 3.4). Compounds containing a
benzylamine substitution to the pyrimidone core exhibit potent activity against the class
IA PI3-Ks p1100/B/8 (ICso=0.1 — 2 uM), but display comparatively less activity against
the class IB PI3-K p110y (ICso = 25 - 100 uM). Compared to the closely related
TGX126, these methyl-substituted compounds possess modestly enhanced activity
toward p110a and diminished activity against p110y. MCAS55 showed the largest
selectivity between p110a and p110y of any compound in our panel (~50 fold) and this
compound can be regarded as a multiplex inhibitor of the growth factor regulated class
IA PI3-Ks with little activity against the G-protein regulated class IB enzyme, p110y.

In contrast, compounds containing an aniline substitution on the pyrimidone
scaffold all showed a 10 — 100 fold loss of activity against the PI3-K isoforms p1108 and
p110p relative to the parent compounds TGX115 and TGX126, while retaining potent
DNA-PK inhibition. This trend includes MCA51, a compound that is isosteric to TGX115
within the pyrimidone scaffold. Compared to TGX115, this compound is ~20 fold less
potent against p1108/p1108 and ~10 fold more potent against DNA-PK. This effect
appears to be a consequence of the aniline substitution, rather than the pyrimidone core
itself, because TGX126 and related compounds containing a benzylamine substitution
remain highly potent against p1108/p110f. This suggests that very subtle changes to
the aromatic substituent can significantly shift inhibitor specificity among PI13-K family

members. Indeed, we find that several anilino-pyrimidones inhibit DNA-PK at nanomolar
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concentrations and display significant selectivity (~10 — 100 fold) relative to all other
members of the PI3-K family. These compounds may prove useful as selective
inhibitors of DNA-PK, or as lead structures for the development of more highly specific

compounds.

3.4 Arymorpholine DNA-PK inhibitors

ICOS has recently disclosed a set of aryimorpholines[22, 23] that are potent
inhibitors of DNA-PK (Figure 3.5). These compounds are trisubstituted benzene
derivatives with hydroxy and carbonyl moieties meta and para to the morpholine ring,
respectively. As these molecules are structurally reminiscent of LY294002, we
prepared a small set of eight arylmorpholines (Figure 3.6) and determined their
specificity profile against our enzyme panel.

We find that 1IC60211 and IC86621 are high nanomolar inhibitors of DNA-PK,
with ICs, values against class | PI3-Ks in the low to mid-micromolar range, consistent
with an earlier report [22]. In this regard, these compounds exhibit a specificity profile
that mirrors LY294002, with modestly enhanced DNA-PK activity (1.5 - 5 fold).
Nonetheless, we find that these compounds are more selective than LY294002 in that
they show no activity against the secondary targets mTOR, casein kinase Il or any of the
class Il PI13-Ks. Thus, within the lipid kinases, this structural class is selective for the
class | PI3-Ks. Arylmorpholine analog 37 (AMA37) is the most DNA-PK selective of
these compounds, with ~10-fold specificity relative to p1108 and ~100 fold specificity
relative to the other class | PI3Ks. This potency and selectivity is comparable to the
most DNA-PK selective compounds identified from our panel of anilino pyrimidones.

We tested a series of analogs of these compounds to probe the requirements for
DNA-PK inhibition, and confirm that both the hydrogen bond acceptor at the 1-position

and the donor at the 2-position are required for potent DNA-PK inhibition (Figure 3.5).
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Figure 3.5. ICsy values of arylmorpholines against protein and lipid kinases. A.

Structures of arylmorpholine analogs. B. Dose response curves for AMA37 against
different PI3-K family members (color coded as in Figure 3.4.) C. ICsp values (uM)
measured in the presence of 100 uM ATP.
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For example, AMA57, which differs from AMA37 by the substitution of a
hydrogen for the 2-hydroxyl, is ~80 fold less potent, whereas AMAS8, which differs from
1C60211 by removal of the aldehyde moiety, is ~200 fold less potent. However, the
specific identity of hydrogen bond donor and acceptor is not a requirement for potent
DNA-PK inhibition. For example, AMA56, which differs from IC60211 by the
replacement of the aldehyde with a nitro group, is only ~3 fold less potent. Likewise,
AMAR30, which differs from AMAS56 by the further substitution of the 2-hydroxyl group

with an amine, is only ~2 fold less potent.

3.5 Discussion

We have measured the activity of a panel of compounds that share the
arylmorpholine pharmacophore first identified in LY294002 against a comprehensive set
of targets within the PI3-K family. Analysis of this data suggests several trends in
selectivity among different P13-K family members. First, while we confirm that
LY294002 inhibits three protein kinases at low micromolar concentrations (DNA-PK,
mTOR, CK2), we find that two of these kinases (MTOR and CK2) are resistant to all
other arylmorpholines in our panel. DNA-PK, by contrast, is potently inhibited by almost
every compound tested, and shows very broad SAR with respect different analogs in the
same series. In part, we believe these differences reflect the fact that DNA-PK binds
with high affinity to the core arylmorpholine pharmacophore, whereas the other protein
kinases (and to a lesser extent, the PI3-Ks) require more extensive interactions with
other regions of the molecule for high affinity binding. Consistent with this view, the
most structurally simple compounds in our panel (TGX066, LY292223, and 1C60211) all
exhibit potent inhibition of DNA-PK, even though their PI3-K activity is significantly
reduced compared to more substituted analogs. Moreover, a third class of DNA-PK

inhibitors based on a limited arylmorpholine scaffold have recently been reported[24],

102

‘e remrn 3

B %ﬂ"".
18 [Nusea®R ¥
L &

o Qeeg

"ﬁﬂ,a"”
49 finesuPT W
n? ﬁmi
15 gosmmeat U
(LR ]

4
e -lmrl‘n

P L

#F
(L4 ,.fn:.)
vt



4




suggesting that diverse compounds containing this core structure can exhibit potent and
selective DNA-PK inhibition.

Selectivity trends were also observed within the class | PI3-Ks. To visualize
these differences, we plotted the ICs, values of all of the compounds for inhibition of
p110B (x-axis) against the ICs, values for inhibition of the other class | PI3-Ks and DNA-
PK (y-axis), such that each data point represents the intersection of IC5, values for the
same compound against two different enzymes (Figure 3.7). In this representation,
compounds that lie along the diagonal show equipotent inhibition of p110f8 and the
second kinase, whereas those that lie above or below the diagonal are more or less
potent, respectively, against the second enzyme than p110f. Virtually all of the DNA-PK
ICso values (purple) occupy the lower section of the plot, reflecting the fact that DNA-PK
is more sensitive to arylmorpholines than the class | PI3Ks. p1108 ICs, values (black)
cluster around the diagonal as few compounds within this series show differential activity
against p1103 and p110B, whereas p110c (red) tends to be inhibited less potently.
p110y (green) was unexpectedly resistant to inhibition by a large number of
arylmorpholines, although this insensitivity is consistent with p110y’s underlying poor
sensitivity to LY294002 relative to the other class | isoforms.

While we have not been able to rationalize these differences in inhibitor
sensitivity in terms of specific residues that differ between PI3-K isoforms, several
observations are consistent with these ICs, trends. First, the similarity in the sensitivity
of p1108 and p110p to diverse compounds is likely a reflection of the fact that these two
kinases are more closely related in primary sequence than any other members of the
PI3-K family. For this reason, it may be challenging to find analogs of potent
p1108/p110§ inhibitors such as TGX115 containing the arylmorpholine core that can

distinguish between these two isoforms. Second, we find that the overall trend in
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Figure 3.8. Spectrum of characterized PI3-K inhibitor selectivities. A. Structures of
reported inhibitors of PI13-K family members. B. Selectivity profile of well-characterized
PI3-K inhibitors. Data for wortmannin, IC87114, and rapamycin is drawn from published
reports. Compounds characterized in this study are highlighted in red.

104



-

[




inhibitor sensitivity among these targets (p110y < p110a < p1108, p1108 < DNA-PK)
roughly mirrors the Ky for ATP of these proteins. That is, we have found that p110y has
the lowest Ky, for ATP among these enzymes (7.4 uM), whereas DNA-PK has the
highest (192 uM), and the class IA PI13-Ks exhibit intermediate values. While this alone
cannot explain the potency and isoform selectivity of compounds such as TGX115, it
does suggest that smaller differences between the class | isoforms (e.g., as observed for

LY294002) likely reflect differential competition from ATP substrate between isoforms.

This suggests that the PI3-K family members for which selective inhibitors have been PR—
identified to date (DNA-PK, and, to a lesser extent, p1108 and p1103) may be inherently :;Fj::::
easier to target with ATP competitive small molecules than other isoforms. 5:' ::::
It has long been anticipated that the development of isoform-specific PI3-K :{Eﬁ,’::
inhibitors would make it possible to dissect the unique contributions of individual PI3-K :::::;
P—,

isoforms in well-characterized signaling pathways [2, 11-13]. Recently, Sadhu et al.

described the first isoform selective PI3-K inhibitor [25], IC87114, which targets p1103, ) |
g1

L

and this compound has found rapid use in identifying essential roles for p1103 in .11‘,5
” onsy i

chemotaxis and inflammatory responses of neutrophils [25-27], spontaneous tone of ‘::3

arteries [28] and EGF driven migration of cancer cell lines [29]. TGX115, when used
either in conjunction with IC87114 or in cells that do not express p1103, should prove
equally effective in elucidating physiological roles for p1108, and we have begun to use
this compound to explore p1108 mediated signaling in several systems (Z.A.K. and
K.M.S., unpublished results). As other mutliplex inhibitors we describe in this report also
possess activity against unique combinations of PI3-K family members (Figure 3.8), it
may be possible to use these compounds in combination in order to interogate additional
PI3-K isoforms. In this way, we envision a route to begin to pharmacalogically dissect

the distinct contributions of members of this important family of signaling enzymes.
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3.6 Experimental Procedures
3.6.1 Lipid kinase expression

Epitope tagged p110a, p110B, p1103, PI3KC2a, PISKC28, and PISKC2y were
expressed by transient transfection of cos-1 cells. Cells were lysed in lysis buffer (50
mM Tris (pH 7.4), 300 mM NaCl, 5 mM EDTA, 0.02% NaNg;, 1% Triton X-100, and
protease inhibitors) and the kinase immunoprecipitated with the appropriate antibody-
protein G complex. Immunoprecipitates were washed twice with buffer A (PBS, 1 mM
EDTA, 1% Triton X-100), twice with buffer B (100 mM Tris (pH 7.4), 500 mM LiCl, 1 mM
EDTA), and twice with buffer C (50 mM Tris (pH 7.4), 100 mM NaCl). GST-PI4Kj was
expressed in BL21 E. coli and purified by glutathione chromatography essentially as
described [18]. Recombinant p110y was obtained from Sigma. In control experiments,
no differences in inhibitor sensitivity were observed between p110c immunoprecipitated

from cos-1 cells and protein expressed in Sf9 cells using a baculovirus system.

3.6.2 Lipid kinase assays

All kinase assays were conducted at a final concentration of 100 uM ATP and 2%

DMSO. PI3-K and Pl4-K assays were carried out essentially as described[18]. Briefly, a

reaction mixture was prepared containing kinase, inhibitor, buffer (25 mM HEPES (pH
7.4), 10 mM MgCl,), and freshly sonicated phosphatidylinositol (200 ug/mL). Reactions
were initiated by the addition of ATP containing 10 pCi of y-**P-ATP to a final
concentration 100 uM. Reactions were incubated 15 min at rt and then terminated by
the addition of 105 uL.1N HCI followed by 160 uL. CHCI;:MeOH (1:1). The biphasic
mixture was then vortexed, briefly centrifuged, and the organic phase transferred to a

new tube using a gel loading pipette tip precoated with CHCI;. This extract was spotted
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on TLC plates and developed for 3 — 4 h in a 65:35 solution of n-propanol:2M AcOH.
The TLC plates were then dried and quantitated using a Phosphorimager (Molecular
Dynamics). For each compound, kinase activity was measured at 12 — 15 inhibitor
concentrations representing two-fold dilutions from the highest concentration tested
(typically, 200 uM). For compounds showing significant activity, ICs, determinations
were repeated two to six times, and the reported value is the average of these

independent measurements.

3.6.3 Protein kinase expression

HA-ATM, FLAG-ATR, and AU-1 mTOR were expressed by transient transfection
of HEK293 cells. The cells were lysed in lysis buffer (50 mM Tris-Cl (pH 7.4), 100 mM
NaCl, 50 mM B-glycerophosphate, 10% glycerol (w/v), 1% Tween-20, 1 mM EDTA, 25
mM NaF, and protease inhibitors), and lysates were subjected to immunoprecipitation
with the appropriate epitope-tag antibody. Immune complexes were collected on rabbit
anti-mouse Sepharose (Sigma) and washed three times in lysis buffer, once in high salt
buffer (100 mM Tris-Cl (pH 7.4), 500 mM LiCl), and once in kinase wash buffer (10 mM
HEPES (pH 7.4), 50 mM NaCl, 50 mM B-glycerophosphate, 10% glycerol). N-terminal
His6-tagged GRK2 was expressed in Sf9 insect cells and purified using Ni-NTA beads
(Qiagen) as described[30]. Casein kinase 2 was obtained from Upstate Biotechnology,

and DNA-PK was obtained from Promega.

3.6.4 Protein kinase assays
ATM, ATR, and mTOR immunoprecipitates were resuspended in kinase assay buffer (10
mM HEPES (pH 7.4), 50 mM NaCl, 50 mM B-glycerophosphate, 10% glycerol, 10 mM

MnCl,, 1 mM DTT) and incubated with inhibitor for 30 min prior to the kinase reaction.
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Kinase reactions were initiated by the addition of 100 uM ATP, 10 Ci (y-*?P)-ATP and 1
ug of either a GST-p70S6K fragment (amino acids 332-414) for mTOR, or 1 ug of a
GST-p53 fragment (amino acids 1-70) for ATM or ATR. Reactions were incubated at 30
° C for 20 min and terminated by the addition of 2X SDS-PAGE sample buffer.

Samples were resolved by SDS-PAGE and transferred to PVDF membranes. The
portion of the membrane containing the **P-labeled substrate was quantitated by
Phosphorimager, while the portion of the membrane containing ATM, ATR, or mTOR
was subjected to Western blotting with anti-HA, anti-FLAG, or anti-AU1 antibody,
respectively.

The amount of *P incorporation in the substrate was normalized to the amount
of ATM or mTOR present. GRK2 assays were carried out using tubulin as substrate in
20 mM HEPES, pH 7.4, 2 mM EDTA, 10 mM MgClI; containing 100 uM ATP essentially
as described[30]. DNA-PK assays were carried out using the DNA-PK assay system
(Promega) as directed by the manufacturer. Casein kinase 2 assays were carried out
using the casein kinase 2 assay kit (Upstate Biotechnology) as directed by the

manufacturer.

3.6.5 General Chemical Synthesis

The following reagents were obtained commercially: 2-amino-2'-methyldiphenyl
ether (TCI America), 3-morpholinophenol (Avacado Research), 4-
morpholinobenzophenone (Sigma), 5-morpholino-2-nitrophenol (Alfa Aesar), LY294002
(Calbiochem), and MnO, and PdCl,(dppf) (Strem Chemicals). All other reagents were
from Aldrich, were of the highest grade commercially available, and were used as
supplied by the manufacturer without further purification. Reversed phase high

performance liquid chromatography (RP-HPLC) was performed on a Ranin SD-200

108

-y
:f:....a!
.-—ﬂ‘:

{4
.-—-eﬂh

l Lul- Mo
w=n
o
ang,

. -‘,’3

]



LY

e
.
"
;
.
R b
oo
-
iy + F
HEL e
i
.»,‘(‘




solvent delivery system equipped with a Zorbax 300-SB C18 column using a

MeCN/H,0/0.1% TFA gradient (0-100%) as the mobile phase.

3.6.6 5-(Bis-methyisulfanyl-methylene)-2,2-dimethyl-(1,3)dioxane-4,6-dione (1)
Triethylamine (9.6 mL, 69 mmol) and CS; (2.05 mL, 34.7 mmol) were added
consecutively to a stirred solution of Meldrum’s acid (5.0 g, 35 mmol) in DMSO (50 mL)
atrt [31]. After 1 h, the reaction was cooled on ice, Mel (4.3 mL, 69 mmol) was added,
and the reaction was allowed to proceed overnight at rt. After 18 h, the reaction was
terminated by adding ice water, and the precipitate was chromatographed on silica gel
(50% EtOAc/hexanes) to yield 1.962 g (23%) of a yellow solid. 'H NMR (400 MHz,

CDCl;) 8 2.45 (6H, s), 1.53 (6H, s).

3.6.7 2,2-Dimethyl-5-(1-methylsulfanyi-2-(2-o-tolyloxy-phenyi)-ethylidene)-
(1,3)dioxane-4,6-dione (2)

2-amino-2'-methyldiphenyl ether (802 mg, 4.03 mmol) was added to a solution of
2 (1.0 g, 4.0 mmol) in EtOH (9 mL) and stirred at reflux for 9 h essentially as described
[14, 32]. When the reaction was complete, the solvent was removed in vacuo and the
product chromatographed twice on silica (10% EtOAc/hexanes followed by 50%
EtOAc/hexanes) to yield 1.54 g (95.8%). 'H NMR (400 MHz, CDCl;) § 7.39 (1H,d, J=8
Hz), 7.00 - 7.24 (5H, m), 6.78 - 6.81 (2H, m), 5.24 (1H, s), 2.27 (3H, s), 2.21 (3H, s),
1.66 (6H, s); '*C NMR (100 MHz, CDCl;) & 178.5, 153.8, 151.3, 131.8, 129.8, 129.5,

128.0, 127.7, 127.3, 124.7, 123.1, 118.9, 117.9, 117.1, 103.2, 86.8, 26.5, 19.0, 16.3.
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3.6.8 2-Morpholin-4-yl-8-o-tolyloxy-1H-quinolin-4-one (TGX115)

Morpholine (0.44 mL, 5.0 mmol) was added to a solution of 2 (900 mg, 2.25
mmol) in THF (12 mL) [14]. The reaction was heated to reflux for 24 h. After cooling to
rt, the solvent was removed in vacuo, the solid washed with Et,O, and then dissolved in
Ph,O (10 mL). The reaction was heated to 265 °C for 15 min, and then cooled to rt.
The product was purified by chromatography on silica gel twice (50% EtOAc/hexanes
followed by 10% MeOH/EtOAc) to yield 227 mg (33%) of a white solid. 'H NMR (400
MHz, CDCI) 6 8.51 (1H, s), 7.88 (1H, d, J=8 Hz), 7.11 - 7.27 (3H, m), 7.05 (1H, t, J=
16 Hz), 6.94 (1H, d, J=8 Hz), 6.67 (1H, d, J= 8 Hz) 5.73 (1H, s), 3.81 (4H, s), 3.29 (4H,
t, J= 4 Hz), 2.18 (3H, s); °C NMR (100 MHz, DMSO-d,) § 161.6, 157.7, 157.0, 149.7,
140.9, 130.6, 126.8, 126.6, 121.7, 120.6, 119.6, 118.9, 117.6, 115.9, 91.1, 65.8, 44.8,

16.1; HR-EI MS (M)" m/z calcd for CxH20N203 336.1474, found 336.1457.

3.6.9 9-Bromo-2-hydroxy-7-methyl-pyrido(1,2-a)pyrimidin-4-one (3)

A stirred solution of 2-amino-3-bromo-5-methylpyridine (9.85 g, 52.7 mmol) in
diethylmalonate (20 mL, 130 mmol) was heated to 200 °C for 3.5 h [14]. The heat was
then removed and the diethylmalonate was removed under a stream of argon as the
reaction was allowed to cool to rt. The solid product was purified by chromatography on
silica gel twice (50% EtOAc/hexanes, followed by 5% MeOH/CH.CI,) to yield 1.7 g
(12.7%) of a yellow solid. 'H NMR (400 MHz, DMSO-d;) 8 11.71 (1H, br), 8.69 (1H, s),
8.25 (1H, s), 5.46 (1H, s), 2.30 (3H, s); HR-EI MS (M)* m/z calcd for CgH,BrN,O,

253.9691, found 253.9674.
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3.6.10 9-Bromo-7-methyl-2-morpholin-4-yl-pyrido(1,2-a)pyrimidin-4-one (TGX66)
A stirred solution of 3 (1.7 g, 6.7 mmol) in POCI; (20.0 mL, 215 mmol) was
heated to reflux overnight [14]. After 18 h, the reaction was quenched by pouring onto
ice. The aqueous phase was extracted three times with CH,Cl,, concentrated to
dryness in vacuo, and dissolved in EtOH (25 mL). Morpholine (1.5 mL, 17 mmol) was
added to this solution and the reaction was heated to reflux for 1 h. After 1 h, the
reaction was allowed to cool to rt, yielding a white precipitate. The precipitate was
collected by filtration and rinsed with cold EtOH to yield 737 mg (38.8%) of a white solid.
'H NMR (400 MHz, DMSO-d;) § 8.56 (1H, s), 8.14 (1H, s), 5.57 (1H, s), 3.63 (4H, s),
3.60 (4H, s), 2.26 (3H, s); °C NMR (100 MHz, CDCl;) § 160.6, 159.0, 142.4, 125.2,
122.3, 119.2, 118.9, 81.1, 65.8, 65.7, 44.8, 44.7, 18.0; HR-EI MS (M)* m/z calcd for

Ci13H14BrN;0O, 323.0269, found 323.0259.

3.6.11 Benzylamino-7-methyl-2-morpholin-4-yl-pyrido(1,2-a)pyrimidin-4-one
(TGX126)

A stirred solution of TGX66 (15 mg, 0.046 mmol), PdCl,(dppf) (1.9 mg, 0.0023
mmol), potassium tert-butoxide (10.4 mg, 0.0928 mmol), and benzylamine (4.97 mg,
0.0464) in THF (1 mL) was heated to reflux for 24 h [14]. The product was purified by
chromatography on silica gel (5% MeOH/CH,CI.), followed by RP-HPLC, to yield 10 mg
(61%) of a white solid. '"H NMR (400 MHz, CDCl;) § 8.10 (1H, s), 7.22 - 7.31 (m), 6.35
(1H, s), 5.73 (1H, s), 4.47 (2H, s), 3.78 (4H, t, J= 4 Hz), 3.59 (4H, t, J = 4 Hz), 2.22 (3H,
s); HR-EI MS (M)* m/z calcd for CxH2N4O, 350.1743, found 350.1749.
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3.6.12 9-(3-Amino-phenyl)-7-methyl-2-morpholin-4-yl-pyrido[1,2-a]pyrimidin-4-one
(MCA49)

Prepared following the general procedure for TGX126, using TGX66 (50 mg,
0.16 mmol), 3-aminophenylboronic acid (96 mg, 0.62 mmol), and Na,CO; (164 mg, 1.55
mmol) in place of potassium tert-butoxide. The product was purified by chromatography
on silica gel (5% MeOH/EtOAC) to yield 30 mg (58%) of a white solid. LR-ESI MS

(M+H)* m/z caled for CxoH2:N4O; 337.2, found 337.0.

3.6.13 9-(2-Methoxy-phenylamino)-7-methyl-2-morpholin-4-yl-pyrido(1,2-
a)pyrimidin-4-one (MCA50)

Prepared following the general procedure for TGX126, using TGX66 (50 mg,
0.16 mmol) and o-anisidine (0.017 mL, 0.155 mmol). The product was purified by
chromatography on silica gel (2% MeOH/hexanes) followed by RP-HPLC to yield 3.8 mg
(6.7%) of a white solid. 'H NMR (400 MHz, DMSO-d;) § 8.37 (1H, s), 8.04 (1H, s), 7.52
(1H, d, J= 8 Hz), 7.17 (1H, s), 6.98 — 7.09 (4H, m), 3.83 (3H, s), 3.70 (4H, t, J = 4 Hz),
3.62 (4H, t, J = 4 Hz), 2.23 (3H, s); HR-EI MS (M)* m/z calcd for CxH2.N,0; 366.1692,

found 366.1701.

3.6.14 7-Methyl-2-morpholin-4-yl-8-o-tolylamino-pyrido(1,2-a)pyrimidin-4-one
(MCA51)

Prepared following the general procedure for TGX126, using TGX66 (50 mg,
0.16 mmol) and o-toluidine (0.017 mL, 0.16 mmol). The product was purified by
chromatography on silica gel (2% MeOH/hexanes) followed by RP-HPLC to yield 6.8 mg
(12.6%) of an off-white solid. 'H NMR (400 MHz, DMSO-ds) § 7.99 (1H, s), 7.82 (1H, s),

7.23-7.34 (3H, m), 7.12 (1H, t, J = 7.2 Hz), 6.48 (1H, s), 5.59 (1H, s), 3.64 (8H, br),
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2.18 (3H, s), 2.15 (3H, s); HR-EI MS (M)* m/z caled for CxH22N4O, 350.1743, found

350.1754.

3.6.15 9-(3,4-Dimethyl-phenylamino)-7-methyl-2-morpholin-4-yl-pyrido(1,2-
a)pyrimidin-4-one (MCA52)

Prepared following the general procedure for TGX126, using TGX66 (50 mg,
0.16 mmol) and 3,4-dimethylaniline (18.8 mg, 0.155 mmol). The product was purified by
chromatography on silica gel (2% MeOH/hexanes) followed by RP-HPLC to yield 13.4
mg (23.9%) of a yellow solid. 'H NMR (400 MHz, DMSO-d;) & 8.00 (1H, s), 7.85 (1H,
br), 7.05 — 7.13 (3H, m), 6.94 (1H, s), 5.58 (1H, s), 3.64 (8H, br), 2.18 — 2.21 (9H, m);

HR-EI MS (M)" m/z calcd for C»H24N4O, 364.1899, found 364.1909.

3.6.16 7-Methyl-9-(3-methyl-benzylamino)-2-morpholin-4-yl-pyrido(1,2-a)pyrimidin-
4-one (MCAS53)

Prepared following the general procedure for TGX126, using TGX66 (50 mg,
0.16 mmol) and 3-methylbenzylamine (0.019 mL, 0.16 mmol). The product was purified
by chromatography on silica gel (2% MeOH/hexanes) followed by RP-HPLC to yield12.3
mg (22%) of an off-white solid. 'H NMR (400 MHz, DMSO-d;) § 7.85 (1H, s), 7.09 — 7.19
(3H, m), 7.01 (1H, d, J = 8 Hz), 6.92 (1H, br), 6.32 (1H, s), 5.54 (1H, s), 4.43 (2H, s),
3.65 (4H, t, J= 5 Hz), 3.61 (4H, t, J = 5 Hz), 2.25 (3H, s), 2.11 (3H, s); HR-EI MS (M)*
m/z calcd for C21H24N4O, 364.1899, found 364.1904.
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3.6.17 9-(2,3-Dimethyi-phenylamino)-7-methyl-2-morpholin-4-yl-pyrido(1,2-
a)pyrimidin-4-one (MCA54)

Prepared following the general procedure for TGX126, using TGX66 (50 mg,
0.16 mmol) and 2,3-dimethylaniline (19 mg, 0.16 mmol). The product was purified by
chromatography on silica gel (2% MeOH/hexanes) followed by RP-HPLC to yield 12.3
mg (22%). 'H NMR (400 MHz, DMSO-d;) & 7.96 (1H, s), 7.83 (1H, s), 7.05 — 7.14 (3H,
m), 6.30 (1H, s), 5.58 (1H, s), 3.64 (8H, br), 2.27 (3H, s), 2.13 (3H, s), 2.06 (3H, s); HR-
El MS (M)* m/z calcd for C21H.4N,O- 364.1899, found 364.1910.

FMI
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ﬁnn ]
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3.6.18 7-Methyi-9-(2-methyl-benzylamino)-2-morpholin-4-yl-pyrido(1,2-a)pyrimidin- :xm

P i

4-one (MCAS55) fecrnx

E e )
b.-ﬂ'ﬁ 1

Prepared following the general procedure for TGX126, using TGX66 (50 mg, e,

0
0.16 mmol) and 2-methylbenzylamine (0.019 mL, 0.16 mmol). The product was purified puerdy
by chromatography on silica gel (2% MeOH/hexanes) followed by RP-HPLC to yield e
12.9 mg (23%) of an off-white solid. 'H NMR (400 MHz, DMSO-d;) § 7.87 (1H, s), 7.09 - o

7.17 (4H, m), 6.76 (1H, br), 6.31 (1H, s), 5.55 (1H, ), 4.44 (2H, s), 3.64 (4H, t, J = 5 Hz), -'"3

g

3.60 (4H, t, J=5 Hz), 2.32 (3H, s), 2.11 (3H, s); HR-EI MS (M)* m/z calcd for
C21H24N,4O, 364.1899, found 364.1905.

3.6.19 5-Morpholin-4-yi-2-nitro-phenylamine (AMA30)

Morpholine (2.03 mL, 23.2 mmol) was added to a stirred solution of 5-chloro-2-
nitroaniline (2.0 g, 12 mmol) in DMSO (10 mL) and heated to 90 °C for 18 h[23]. When
the reaction was complete, the product was precipitated by pouring into H,O(150 mL),
and then purified by chromatography on silica gel (50% EtOAc/hexanes) to yield 660 mg

(25.4%) of a yellow solid. 'H NMR (400 MHz, DMSO-d;,) § 7.79 (1H, d, J = 8 Hz), 7.25
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(2H, s), 6.34 (1H, d, J= 10 Hz), 6.18 (1H, s), 3.67 (4H, t, J = 5 Hz), 3.23 (4H, t, J=5
Hz); '*C NMR (100 MHz, DMSO-d,) § 155.9, 148.9, 127.8, 123.9, 105.8, 98.3, 66.4,

44 1; HR-EI MS (M)* m/z calcd for C,oH13N303 223.0957, found 223.0954.

3.6.20 2-Hydroxy-4-morpholin-4-yl-benzaldehyde (IC60211)

DMF (10 mL) was cooled on ice and POCI; (1.4 mL, 15 mmol) was added
dropwise. 3-morpholinophenol (2.5 g, 14 mmol) was slowly added to the stirred solution
at rt, incubated at rt for an additional 40 min, and then heated to 100 °C for 9 h
essentially as described[23]. The reaction was terminated by dumping into 1M NaOAc
(40 mL). The solid was filtered, rinsed three times with H,O, and purified by
chromatography on silica gel (25% EtOAc/hexanes) to yield 802 mg (28%) of an off-
white solid. 'H NMR (400 MHz, DMSO-d;) § 11.07 (1H, s), 9.72 (1H, s), 7.46 (1H, d, J =
8 Hz), 6.55 (1H, dd, J=9 Hz, 2.4 Hz), 6.28 (1H, d, J=2.4 Hz), 3.66 (4H, t, J=5 Hz),
3.30 (4H, t, J= 5 Hz); '°C NMR (100 MHz, DMSO-d;) § 192.0, 163.7, 157.2, 133.9,
113.8, 106.8, 99.5, 66.4, 47.1; HR-EI MS (M)* m/z calcd for C,,H,3NO3 207.0895, found

207.0893.

3.6.21 1-(2-Hydroxy-4-morpholin-4-yl-phenyl)-ethanone (IC86621)

MeLi (2.4 mL of 1.6M solution in Et,0, 3.9 mmol) was added dropwise to a
solution of IC60211 (200 mg, 0.996 mmol) in THF (4 mL) at —78 °C[23]. The reaction
was allowed to warm to rt and proceed overnight, at which point the reagent was
quenched with sat. NH,Cl (1 mL), extracted six times with Et,O, and concentrated in
vacuo. The product was chromatographed on silica gel (25% EtOAc/hexanes) to yield a
white solid. The solid was dissolved in 10 mL MeCN, MnO; (391 mg, 4.5 mmol) was

added, and the reaction was allowed to proceed for three days at rt under an inert
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atmosphere. The product was chromatographed on silica gel (50% EtOAc/hexanes) to
yield17.8 mg (18%) of a white solid. '"H NMR (400 MHz, CDCl5) § 12.71 (1H, s), 7.55
(1H,d, J=9 Hz), 6.35 (1H, d, J= 9 Hz), 6.26 (1H, s), 3.79 (4H, t, J= 5 Hz), 3.30 (4H, t, J
=5 Hz), 2.50 (3H, s); *C NMR (100 MHz, CDCls) § 201.7, 165.0, 156.7, 132.5, 105.5,

100.6, 66.6, 47.2; HR-EI MS (M)* m/z calcd for C,;H1sNO3 221.1052, found 221.1049.

3.6.22 1-(2-Hydroxy-4-morpholin-4-yl-phenyl)-phenyl-methanone (AMA37)
Prepared according to the general procedure of IC86621 using PhMgBr (1.1 mL,
3.4 mmol) and IC60211 (150 mg, 0.724 mmol), except that the product of PhMgBr
addition was taken on for oxidation by MnO, (249 mg, 3.38 mmol) without intervening
chromatographic purification. Chromatography of the final product on silica gel (50%
EtOAc/hexanes) yielded (28.9 mg, 14.1%) of a yellow solid. 'H NMR (400 MHz, CDCl,)
512.73 (1H, s), 7.41 - 7.61 (5H, m), 6.35 (1H,d, J=2.4 Hz ), 6.31 (1H, dd, J=9 Hz, 2.8
Hz), 3.81 (4H, t, J = 8 Hz), 3.31(4H, t, J = 8 Hz); '°C NMR (100 MHz, CDCl,) § 199.1,
166.1, 156.6, 138.8, 135.5, 131.4, 129.0, 128.4, 119.2, 111.3, 105.3, 100.6, 66.7, 47.1;

HR-EI MS (M)* m/z caled for C,,H,,NO; 283.1208, found 283.1195.

3.6.23 2-Chloro-1-(2-hydroxy-4-morpholin-4-yl-phenyl)-ethanone (AMA48)

A solution of 3-morpholinophenol (5.0 g, 28 mmol) and chloroacetonitrile (2.1 mL,
34 mmol) in chloroethane (150 mL) in a 3-neck flask was cooled in a ice bath, and BCl,
(100 mL, 1M in CH.CI,) was slowly added by an addition funnel essentially as
described[23]. AICl; (1.9 g, 14 mmol) was then added to this solution, the flask was
equipped with a reflux condensor, and the reaction was heated to 60 °C for 24 h. The
reaction was then cooled to 0 °C and 100 mL 2N HCI was added by addition funnel.

Following acidification, the organic phase was collected and rinsed twice with 2N HCI

116



(100 mL) and once with H,O (100 mL). The organic phase was concentrated in vacuo
and the product purified by chromatography on silica gel (30% EtOAc/hexanes) to yield
775 mg (10.9%). 'H NMR (400 MHz, DMSO-d;) § 11.91 (1H, s), 7.66 (1H, d, J = 9 Hz),
6.53 (1H, dd, J=9 Hz, 2.4 Hz), 4.93 (2H, s), 3.66 (4H, t, J=5 Hz), 3.31 (4H, t, J= 5 Hz);
'3C NMR (100 MHz, DMSO-d;) 5 193.0, 163.6, 156.5, 132.1, 109.1, 105.8, 99.1, 65.7,

46.4, 46.3; HR-EI MS (M)* m/z calcd for C;;,H;4CINO; 255.0662, found 255.0670.

3.6.24 LY292223

porem
Prepared according to the general procedure described for the synthesis of 2- 52';:
aminochromones [33]. 2’-hydroxyacetophenone (0.50 mL, 4.2 mmol) was dissolved in ,r:.;
11 mL CH.Cl,, cooled to —78 °C and TiCl4 (6.5 mL, 1M solution in THF, 6.5 mmol) was EEE:
added. After 1 h, DIPEA (2.7 mL, 16 mmol) was added at —78 °C and the reaction was :,'..: ,,
allowed to proceed for an additional 1 h. 4-dichloromethylenemorpholin-4-ium[34] (1.2 --""""tz
g, 5.0 mmol) was then added and the reaction was allowed to proceed at —78 °C for 20 .‘__m;'
min. The reaction was warmed to 0 °C, MeOH (30 mL) was added, and the reaction ':g?
was allowed to warm to rt overnight. The reaction was then concentrated in vacuo, :.:;;
-

washed once with sat. NaHCO;, and the NaHCO; was extracted three times with
CH,Cl,. The combined organic phase was dried over MgSO4, filtered, and solvent
removed in vacuo. The product was purified by chromatography on silica gel (10%
MeOH/EtOACc) to yield 344 mg of a white powder (36%). 'H NMR (400 MHz, CDCl;) &
7.95 (1H, s), 7.35 (1H, s), 7.14 (1H, s), 7.08 (1H, s), 5.27 (1H, s), 3.63 (4H, t, J= 5 Hz),
3.30 (4H, t, J =5 Hz); °C NMR (100 MHz, CDCls) 5 176.8, 162.5, 153.5, 132.2, 125.2,
124.6, 122.8, 116.3, 87.0, 65.8, 44.5; IR: 1616, 1555, 1418, 1300, 1251, 1117, 985, 766;

HR-EI MS (M)* m/z calcd for C,3H13NO; 231.0895, found 231.0887.

117



L
e \
..t
.
'
o
[
7
[E
S e e
£ e .
#
BN
IR ¢
oo S
N
L e e
o
4
oy N}
[YRES e w o
w1
IR -




3.7 References

1.

10.

11.

Katso, R., Okkenhaug, K., Ahmadi, K., White, S., Timms, J., and Waterfield, M.D.
(2001). Cellular function of phosphoinositide 3-kinases: implications for
development, homeostasis, and cancer. Annu Rev Cell Dev Biol 17, 615-675.

Anderson, K.E., and Jackson, S.P. (2003). Class | phosphoinositide 3-kinases.
Int J Biochem Cell Biol 35, 1028-1033.

Arcaro, A., and Wymann, M.P. (1993). Wortmannin is a potent
phosphatidylinositol 3-kinase inhibitor: the role of phosphatidylinositol 3,4,5-
trisphosphate in neutrophil responses. Biochem J 296 (Pt 2), 297-301.

Wymann, M.P., Bulgarelli-Leva, G., Zvelebil, M.J., Pirola, L., Vanhaesebroeck,
B., Waterfield, M.D., and Panayotou, G. (1996). Wortmannin inactivates
phosphoinositide 3-kinase by covalent modification of Lys-802, a residue
involved in the phosphate transfer reaction. Mol Cell Biol 16, 1722-1733.

Viahos, C.J., Matter, W.F., Hui, K.Y., and Brown, R.F. (1994). A specific inhibitor
of phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-
one (LY294002). J Biol Chem 269, 5241-5248.

Okkenhaug, K., Bilancio, A., Farjot, G., Priddle, H., Sancho, S., Peskett, E.,
Pearce, W., Meek, S.E., Salpekar, A., Waterfield, M.D., Smith, A.J., and
Vanhaesebroeck, B. (2002). Impaired B and T cell antigen receptor signaling in
p110delta Pl 3-kinase mutant mice. Science 297, 1031-1034.

Jou, S.T., Carpino, N., Takahashi, Y., Piekorz, R., Chao, J.R., Wang, D., and
Ihle, J.N. (2002). Essential, nonredundant role for the phosphoinositide 3-kinase
p110delta in signaling by the B-cell receptor complex. Mol Cell Biol 22, 8580-
8591.

Sasaki, T., Irie-Sasaki, J., Jones, R.G., Oliveira-dos-Santos, A.J., Stanford, W.L.,
Bolon, B., Wakeham, A, ltie, A., Bouchard, D., Kozieradzki, |., Joza, N., Mak,
T.W.,, Ohashi, P.S., Suzuki, A., and Penninger, J.M. (2000). Function of
PI3Kgamma in thymocyte development, T cell activation, and neutrophil
migration. Science 287, 1040-1046.

Hirsch, E., Katanaev, V.L., Garlanda, C., Azzolino, O., Pirola, L., Silengo, L.,
Sozzani, S., Mantovani, A., Altruda, F., and Wymann, M.P. (2000). Central role
for G protein-coupled phosphoinositide 3-kinase gamma in inflammation. Science
287, 1049-1053.

Vanhaesebroeck, B., Jones, G.E., Allen, W.E., Zicha, D., Hooshmand-Rad, R.,
Sawyer, C., Wells, C., Waterfield, M.D., and Ridley, A.J. (1999). Distinct PI(3)Ks
mediate mitogenic signalling and cell migration in macrophages. Nat Cell Biol 7,
69-71.

Ward, S.G., and Finan, P. (2003). Isoform-specific phosphoinositide 3-kinase
inhibitors as therapeutic agents. Curr Opin Pharmacol 3, 426-434.

118

N
".aﬂ L

Pl d ]
uaft 1

1

v wage a2
‘lgﬁ. 3
| EETEX

T’“"g N
,‘ﬂ" A

-—vo

HEI‘A 11

i V|

‘Il
. ':}‘
mre
,.»-"
--":’

"



-
o




12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Ward, S., Sotsios, Y., Dowden, J., Bruce, |., and Finan, P. (2003). Therapeutic
potential of phosphoinositide 3-kinase inhibitors. Chem Biol 10, 207-213.

Wymann, M.P., Zvelebil, M., and Laffargue, M. (2003). Phosphoinositide 3-
kinase signalling--which way to target? Trends Pharmacol Sci 24, 366-376.

Roberson, A., Jackson S, Kenche, V, Yaip,C, Parbaharan, H, Thompson, P
(2001). Therapeutic Morpholino-Substituted Compounds, vol. WO 01/53266,
Thrombogenix.

Davies, S.P., Reddy, H., Caivano, M., and Cohen, P. (2000). Specificity and
mechanism of action of some commonly used protein kinase inhibitors. Biochem
J 351, 95-105.

Walker, E.H., Pacold, M.E., Perisic, O., Stephens, L., Hawkins, P.T., Wymann,
M.P., and Williams, R.L. (2000). Structural determinants of phosphoinositide 3-
kinase inhibition by wortmannin, LY294002, quercetin, myricetin, and
staurosporine. Mol Cell 6, 909-919.

Walker, E.H., Perisic, O., Ried, C., Stephens, L., and Williams, R.L. (1999).
Structural insights into phosphoinositide 3-kinase catalysis and signalling. Nature
402, 313-320.

Zhao, X.H., Bondeva, T., and Balla, T. (2000). Characterization of recombinant
phosphatidylinositol 4-kinase beta reveals auto- and heterophosphorylation of the
enzyme. J Biol Chem 275, 14642-14648.

Hall-Jackson, C.A., Cross, D.A., Morrice, N., and Smythe, C. (1999). ATR is a
caffeine-sensitive, DNA-activated protein kinase with a substrate specificity
distinct from DNA-PK. Oncogene 18, 6707-6713.

Fukuchi, K., Watanabe, H., Tomoyasu, S., Ichimura, S., Tatsumi, K., and Gomi,
K. (2000). Phosphatidylinositol 3-kinase inhibitors, Wortmannin or LY294002,
inhibited accumulation of p21 protein after gamma-irradiation by stabilization of
the protein. Biochim Biophys Acta 1496, 207-220.

Roshal, M., Kim, B., Zhu, Y., Nghiem, P., and Planelles, V. (2003). Activation of
the ATR-mediated DNA damage response by the HIV-1 viral protein R. J Biol
Chem 278, 25879-25886.

Kashishian, A., Douangpanya, H., Clark, D., Schlachter, S.T., Eary, C.T., Schiro,
J.G., Huang, H., Burgess, L.E., Kesicki, E.A., and Halbrook, J. (2003). DNA-
dependent protein kinase inhibitors as drug candidates for the treatment of
cancer. Mol Cancer Ther 2, 1257-1264.

Halbrook, J., Kesicki, E., Burgess, L.E., Schlachter S.T., Eary, C.T., Schiro, J.S.,
Huang, H., Evans, M., Han, Y. (2002). Materials and Methods to Potentiate
Cancer Treatment, vol. WO 02/20500 A2, ICOS Corporation.

Hollick, J.J., Golding, B.T., Hardcastle, I.R., Martin, N., Richardson, C., Rigoreau,
L.J., Smith, G.C., and Griffin, R.J. (2003). 2,6-disubstituted pyran-4-one and

119

‘l“‘ ]

8
p"
'ﬂm E

2806 N
x“.ﬁt a
‘ ‘,,ﬂl ]
K-Lio ]
!
'!"l"l"l 4
P o]

ptrh

"’.“:
-y
wni¥

ﬁ":p

e

o



.
-
‘
I
—
-
) e
B '
e
PR
G
.
N !
3 v e "
A B
. .F’
o?
com g T8 -
L i

j
1 T
. ~




25.

26.

27.

28.

29.

30.

31.

32.

33.

thiopyran-4-one inhibitors of DNA-Dependent protein kinase (DNA-PK). Bioorg
Med Chem Lett 13, 3083-3086.

Sadhu, C., Masinovsky, B., Dick, K., Sowell, C.G., and Staunton, D.E. (2003).
Essential role of phosphoinositide 3-kinase delta in neutrophil directional
movement. J Immunol 170, 2647-2654.

Puri, K.D., Doggett, T.A., Douangpanya, J., Hou, Y., Tino, W.T., Wilson, T., Graf,
T., Clayton, E., Turner, M., Hayflick, J.S., and Diacovo, T.G. (2004). Mechanisms
and implications of phosphoinositide 3-kinase {delta} in promoting neutrophil
trafficking into inflamed tissue. Blood.

Sadhu, C., Dick, K., Tino, W.T., and Staunton, D.E. (2003). Selective role of PI3K

delta in neutrophil inflammatory responses. Biochem Biophys Res Commun 308,
764-769.

Northcott, C.A., Hayflick, J.S., and Watts, S.W. (2004). PI3-kinase upregulation
and involvement in spontaneous tone in arteries from DOCA-salt rats: is
p110delta the culprit? Hypertension 43, 885-890.

Sawyer, C., Sturge, J., Bennett, D.C., O'Hare, M.J., Allen, W.E., Bain, J., Jones,
G.E., and Vanhaesebroeck, B. (2003). Regulation of breast cancer cell
chemotaxis by the phosphoinositide 3-kinase p110delta. Cancer Res 63, 1667-
1675.

Kim, C.M., Dion, S.B., Onorato, J.J., and Benovic, J.L. (1993). Expression and
characterization of two beta-adrenergic receptor kinase isoforms using the
baculovirus expression system. Receptor 3, 39-55.

Huang, X., and Chen, B.C. (1986). Synthesis of Bisalkylthiolydine Derivatives of
Meldrums Acid and Barbituric-Acid. Synthesis-Stuttgart, 967-968.

Ye, F.C., Chen, B.C., and Huang, X. (1989). Synthesis of 7-Substituted 5-Oxo-
5h-Thiazolo[3,2-a]Pyrimidine-6-Carboxylic Acids, 2-Substituted 4-Oxo-4h-
Pyrido[1,2-a]Pyrimidine-3-Carboxylic Acids, and 2,6-Disubstituted 4-Quinolones
from Meldrum Acid-Derivatives. Synthesis-Stuttgart, 317-320.

Morris, J., Luke, G.P., and Wishka, D.G. (1996). Reaction of phosgeniminium
salts with enolates derived from Lewis acid complexes of 2'-
hydroxypropiophenones and related beta-diketones. J. Org. Chem. 61, 3218-
3220.

Morris, J., Wishka, D.G., and Fang, Y. (1992). A Novel Synthesis of 2-
Aminochromones Via Phosgeniminium Salts. J. Org. Chem. 57, 6502-6508.

120

k)

e
-
'hl‘ ]

w285 R

1\«-9- I
‘.n\b ]
1)

"
N
"U“'ﬂ
el

y
rrh g

-

d"“?
LR
u":’

avt

-



LY
y
-
T
=
B




Chapter 4 -
oy

Targeting the gatekeeper residue in phosphoinositide 3- ol
kinases S

Plaah ]

o
’l“ 5

P
‘!:",l\ [

Y

I
ﬁ":)
"l

ﬂ"')

'l

121



- !

T aven—

[

i

w
LS

qree




4.1 Abstract

A single residue in the ATP binding pocket of protein kinases — termed the
gatekeeper — has been shown to control sensitivity to a wide range of small molecule
inhibitors [1, 2]. Kinases that possess a small side chain at this position (Thr, Ala, or
Gly) are readily targeted by structurally diverse classes of inhibitors, whereas kinases
that possess a larger residue at this position are broadly resistant. Recently, lipid
kinases of the phosphoinositide 3-kinase (PI3-K) family have become the focus of
intense interest as potential drug targets [3, 4]. In this study, we identify the residue that
corresponds structurally to the gatekeeper in PI3-Ks, and explore its importance in
controlling enzyme activity and small molecule sensitivity. Isoleucine 848 of p110a was
mutated to alanine and glycine, but the mutated kinase was found to have severely
impaired enzymatic activity. A structural bioinformatic comparison of this kinase with its
yeast orthologs identified second site mutations that rescued the enzymatic activity of
the 1848A kinase. To probe the dimensions of the gatekeeper pocket, a focused panel
of analogs of the PI3-K inhibitor LY294002 were synthesized and their activity against

gatekeeper mutated and wild-type p110a was assessed.

4.2 Introduction

In the past decade protein kinases have emerged as one of the most important
new classes of drug targets. Protein kinases play a central role in many signaling
pathways disregulated in disease, and these enzymes can be readily targeted with cell
permeable, small molecule inhibitors [5]. These facts have led to the hope that inhibitors
of individual protein kinases might be tailored to specific diseases based on an
understanding of their molecular etiology [6]. Recently, this concept has been

dramatically validated by the clinical success of Gleevec, an inhibitor of the Abl tyrosine
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kinase [7], in the treatment of chronic mylogenous leukemia, a disease driven by the
activity of the BCR-ABL oncogene.

The search for protein kinase inhibitors has led to the realization that not all

kinases are equally amenable to targeting with potent, ATP competitive small molecules.

In this regard, a single residue in the ATP binding pocket (corresponding to threonine
338 in Hck) has been shown to control kinase sensitivity to a wide range of structurally
unrelated compounds, including pyridinylimidazoles [8], pyrazolopyrimidines [2], purines
[9], quinazolines [10], phenylaminopyrimidines [11], and staurosporines [12]. This
residue is conserved as a threonine or larger amino acid in the human kinome (no wild-
type protein kinases contain an alanine or glycine at this position), and structural
analysis has shown that the size of this gatekeeper residue restricts access to a pre-
existing cavity within the ATP binding pocket [13]. Kinases that possess a threonine at
this position are readily targeted by diverse classes of small molecule inhibitors that can
access this nascent pocket. Moreover, mutation of the gatekeeper residue to a smaller
amino acid, such as alanine or glycine, has been shown to induce sensitivity to
pyrazolopyrimidine inhibitors at low nanomolar concentrations in over 30 protein kinases
- even though in many cases the wild-type kinase is completely insensitive to
compounds of this class [12].

The importance of the gatekeeper in controlling inhibitor sensitivity is
underscored by the fact that most kinase inhibitors in clinical use target kinases that
contain a threonine at this position, even though threonine is found in only ~ 20% of the
human kinome (e.g., Iressa: EGFR; Gleevec: Abl, PDGFR, and c-Kit; BAY43-9006: Raf
and VEGFR). Indeed, analysis of mutations in BCR-AbI that confer drug resistance has
shown that mutation of the gatekeeper to a larger amino acid (T315l) is one of the most
common mechanisms of resistance to Gleevec [11]. Remarkably, second generation

BCR-AbI inhibitors designed to target resistant alleles have been shown to effectively
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inhibit every naturally occuring mutant of this kinase except those mutated at the
gatekeeper residue [14, 15].

Recently, lipid kinases of the phosphoinositide 3-kinase family have attracted
considerable interest as a new class of drug targets [3, 4]. These enzymes act by
generating the lipid second messengers phosphatidylinositol-3,4-bisphosphate
(P1(8,4)P>) and phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3), which in turn
activate downstream enzymes in a wide-range of signaling pathways involved in cell
growth, survival, differentiation, and motility [16]. Activating mutations in the PI3-K
isoform p110a have recently been identified at high frequency in several types of cancer
[17], and PTEN, the lipid phosphatase that reverses the PI3-K reaction, has been
identified as one of the most commonly inactivated tumor suppressors in the human
genome [18]. Moreover, the clinical efficacy of recently approved agents that target the
epidermal growth factor receptor in breast [19] and lung [20, 21] cancers has been
demonstrated to correlate with the dependence of those cancers on aberrant PI13-K
signaling and the ability of these agents to suppress that pathway. For these reasons,
considerable effort has been directed toward the development of selective inhibitors of
these enzymes as potential cancer therapeutics [22].

Although PI3-Ks possess very low overall sequence homology to protein
kinases, they possess the same overall fold, share several consensus sequences (e.g.,
the DFG motif that is responsible for coordination of Mg?*), and are sensitive to two pan-
specific protein kinase inhibitors (staurosporine [23] and quercetin [24]). Due to the
importance of these enzymes as an emerging class of drug targets, we sought identify
the residue analogous to the gatekeeper in lipid kinases and explore how the size of this
residue might affect the active site structure and inhibitor sensitivity of this class of

enzymes.
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Figure 4.1. Conservation in the ATP binding pocket of PI3Ks. (A) Schematic illustrating
the hydrogen bonding contacts to ATP. (B) Surface representation of the interior face of
the ATP binding pocket of Hck (gray) and p110y (orange), from published crystal
structure data. (C) Structure-based sequence analysis of several residues lining the ATP
binding pockets of Hck and several PI3Ks.
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4.3 The gatekeeper residue is conserved in lipid kinases

The crystal structure of the PI3-K p110y bound to ATP has been solved [25], and
the catalytic domain was found to share several features with reported protein kinase
structures. These similarities include a two-lobed structure consisting of a N-terminal
lobe containing a 5 to 7-stranded B-sheet, a loop connecting two of these strands that
interacts with the phosphate groups of ATP, a conserved lysine residue that positions
the a and B phosphate groups of ATP for the phosphotransfer reaction, and a primarily
a-helical C-terminal lobe that binds the phosphoacceptor. In protein kinases, conserved
hydrogen bonds to the N6 and N1 of positions of the adenine ring of ATP are made by
the backbone amides of two conserved residues (corresponding to Glu 339 and Met 341
of Hck, respectively). The gatekeeper residue immediately precedes Glu 339, and forms
the hydrophobic interior face of the ATP binding pocket, with CP of the gatekeeper
typically positioned 4 to 7 A from the N6 and N7 residues of adenine. Inspection of the
ATP binding pocket of p110y reveals a similar set of contacts. Hydrogen bonds to ATP
are made by backbone amides from two residues — Glu 880 and Val 882 — and these
residues are immediately preceded by a large hydrophobic residue (lle 879 in p110y)
that is positioned approximately 5 A from N6 and N7 of adenine (Figure 4.1A). To
directly compare the orientation of these two residues (lle 879 in p110y and Thr 338 in
Hck), we aligned the crystal structures of Hck and p110y with respect to the adenine ring
of ATP. This structural alignment indicates that these two residues occupy a largely
overlapping, but not identical, space within the interior of the ATP binding pocket,
forming the innermost face that contacts the adenine ring of ATP (Figure 4.1B). The
most important difference between the p110y and Hck structures in this region is that Co

of lle 879 in p110y is shifted slightly perpendicular to the plane of the adenine ring (~ 2
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Figure 4.2. Growth of yeast expressing various alleles of VPS34 and MEC1 under
nonselective and selective growth conditions. S. cerevisiae expressing VPS34 alleles
(wild type, empty vector, kinase dead (kd; D749E), 1670G, or 1670A) were plated on
nonselective media (SD(URA)) or selective media (SD(URA), 1 M NaCl). S. cerevisiae
expressing MECH1 alleles (wild type, empty vector, kinase dead (kd; D2243E), L2129G,
or L2129A) were plated on media (SD(URA)) or selective media (SD(URA), 0.02%
(MMS); or SD(URA), 60 mM hydroxyurea (HU)).
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A) relative to Thr 338 in Hck, such that lle 879 also participates in forming the interior
roof of the ATPbinding pocket, whereas Thr 338 is more completely fixed within the
plane of the adenine ring.

To compare this region of primary sequence between PI3-Ks and protein
kinases, a structure based sequence alignment was generated. This analysis reveals
that the gatekeeper residue is situated within a small region of sequence homology
between lipid and protein kinases (Figure 4.1C). As observed for the gatekeeper
residue in protein kinases, lle 879 is conserved as a large hydrophobic residue in all PI3-
Ks (isoleucine, leucine, methionine, or valine, although no PI13-Ks contain threonine at
this position). The residue immediately following the lle 879 in PI3-Ks is conserved as a
glutamate (83%), and this is also the most common residue at that position in protein
kinases (75%). The residues at the -1 and +1/+2 positions positions relative to lle 879 in
PI13-Ks are conserved as large hydrophobic residues, and the corresponding positions in
protein kinases show a similar preference (Figure 4.1C). For example, position 337 is
either isoleucine, leucine, valine, or methionine in 86% of protein kinases and in 92% of
human PI3-Ks. On this basis, we conclude that p110y residue lle 879 structurally
corresponds to the gatekeeper residue in protein kinases.

As the gatekeeper residue is structurally conserved between PI3-Ks and protein
kinases, we asked whether it is also functionally conserved, and in particular whether
mutagenesis of this position to a smaller residue might induce inhibitor sensitivity as has
been observed for protein kinases [12]. Three representative members of the PI3-K
family were selected for this analysis: the yeast PI3-K VPS34, the yeast PI3-K related
protein kinase MEC1, and the prototypical mammalian PI3-K p110a. The gatekeeper
residue in each of these kinases was mutated to alanine and glycine, and the effect of

this mutation on enzyme activity and inhibitor sensitivity was assessed.
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Figure 4.3. Relative expression levels and enzymatic activities of Myc-tagged p110a
alleles. (A) Equal amounts of soluble protein (29 pg) from transiently transfected cos-1
cells were subjected to Western analysis (anti-Myc antibody, 9E10). (B) Relative
enzymatic activities of p110a alleles. Cos-1 cells were co-transfected with equal
amounts of expression vectors containing the indicated genes and p85 (a p110a adaptor
protein). Protein was immunoprecipitated (anti-Myc antibody) from 950 pg of total
soluble protein, and the activity assay was performed. Error bars represent the standard
deviation from the mean from three independent measurements.
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4.4 Effects of gatekeeper mutation on enzymatic activity

Plasmids encoding mutated VPS34 and MEC1 kinases were transformed into S.
cerevisiae knockout strains, such that mutant allele functionally replaces the wild-type
enzyme. Although yeast are viable in the absense of these proteins, specific growth
conditions can induce a requirement for their catalytic activity, allowing us to examine
whether the gatekeeper mutated alleles encode active kinases. The activity of VPS34 is
required [26] for growth of yeast at elevated temperature (372 C) or high salt (1.0 M

NaCl), whereas MEC1 activity is required [27, 28] for growth in the presence of agents

ot |
that alkylate DNA (0.02% methylmethanesulphonate) or inhibit ribonucleotide reductase g v
(60 mM hydroxylurea). Growth of the mutant strains under these conditions showed that f:
the alanine gatekeeper mutant of VPS34 (I1670A) as well as the alanine and glycine :::
gatekeeper mutants of MEC1 (L2129A and L2129G) are able to functionally complement E:
for the knockout at a level comparable to the wild-type enzyme (Figure 4.2). Importantly, ,«EI
transformation with the empty vector or a vector containing a catalytically inactive, . .
kinase-dead mutant of each protein did not to rescue the knockout phenotype, E'"j

A

i

confirming that the observed complementation is due to the catalytic activity of these

A®

proteins (Figure 4.2).

For p110a, the gatekeeper residue was mutated to alanine and glycine (I848A
and 1848G) and the mutant kinases were expressed by transient transfection in cos-1
cells. The myc-tagged mutated kinases were purified by immunoprecipitation and their
lipid kinase activity was assessed using an in vitro kinase assay. The enzymatic activity
of the 1848A and 1848G mutants was significantly impaired relative to wild-type p110q,
with the gatekeeper mutants displaying approximately one-hundredth (1848A) to one-

thousandth (1848G) of the wild-type activity (Figure 4A), The expression level of the wild-
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p110c p110p3 p1108

M772
8774
P778
1800
K802
G804
D805
L807
D810
10 L814
11 v836
12 G837
13 ca38
14 s840
15 Gsag
16 1848
17 E849
18 vas0
19 vB51
20 $854
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M784
S786
P790
1808
K810
G812
D813
L8165
D818
L822
Y844
G845
C846
AB48
G854
1853
E854
V855
V856
5859

21 HIS 855E860

22 1856
23 N920
24 Mg22
25 F930
26 1932
27 D933
28 F934
29 G935

Figure 4.4. Structure-based sequence alignment of 15 members of the PI3K family.
Residue coloring: hydrophobic aliphatic (green), hydrophobic aromatic (light blue), small
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type and I1848A proteins was similar by western blotting (Figure 4.3B), suggesting that
the gatekeeper mutation had disrupted the integrity of the enzyme active site in this
mutant without globally destabilizing the protein.

As VPS34 and MEC1 appear to tolerate the gatekeeper mutation, the impaired
activity of p110c 1848A was surprising, and led us to search for differences in primary
sequence between these related kinases that might account for the observed differences
in biochemical activity. Based on the crystal structure of p110y, the residues that form
the core of the ATP binding pocket were identified, and these residues were aligned
among 15 members of the PI3-K family (Figure 4.4). We then searched for residues that
are common to VPS34 and MECH1, but different in p110q, that might potentially account
for the observed difference in tolerating the gatekeeper mutation. This analysis focused
our attention on cysteine 838 in p110a (Position 13, Figure 4.4). Among the class | PI3-
Ks such as p110q, this residue is conserved as a cysteine, whereas among the class ll|
PI3Ks (e.g., VPS34) and PI3-K related protein kinases (e.g., MEC1), this residue is
conserved as a B-branched residue (valine or isoleucine). Importantly, inspection of the
crystal structure of p110y reveals that C838 is located in B-strand 6, directly adjacent to
1848 in B-strand 7 (Figure 5), suggesting that it may cooperate with the gatekeeper
residue to stabilize this region of the protein. As B-branched amino acids have been
shown to promote B-sheet formation [29], we reasoned that the presence of an
isoleucine or valine residue at this position might stabilize that region of the protein when
the gatekeeper is mutated, and thereby account for the differences in activity between
MEC1/VPS34 and p110a.

To test this hypothesis, we prepared double mutants of p110a containing the
I848A gatekeeper mutation in the context of second site mutations C838V, C838I and

C838L. The double mutant enzymes were expressed in cos1 cells, and their expression
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Figure 4.5. Co-crystal structure of p110y-LY294002. (A) Surface representation and (B)
ribbon representation of the protein illustrating the important hydrogen-bonding contacts
and residues mutated in this study.

133

=T E LS
T ey W






levels and enzymatic activity was assessed. The 1848A/C838V and 1848A/C838| double
mutants both showed ~10-fold increased enzymatic activity relative to the 1848A single
mutant enzyme (Figure 4.3A). This enhancement in activity occurred without
significantly changing the expression level of the protein (Figure 4.3B), and confirms that
mutation of this position to a f-branched residue can restore enzymatic activity in the
background of the gatekeeper mutation. Strikingly, the 1848A/C838L double mutant
enzyme showed virtually undetectable catalytic activity and expression of this protein
could not be detected by western blotting (Figure 4.3), indicating that the isomeric
1848A/C838I and 1848A/C838L p110a proteins have dramatically different stability. This
suggests that the enhanced activity of the isoleucine and valine mutants is likely a
specific consequence of the B-branched residue at position 838 stabilizing B-strands 6
and 7, rather than a non-specific consequence of additional hydrophobic surface in the

protein core.

4.5 Effects of gatekeeper mutation on inhibitor sensitivity

We next sought to assess how mutation of the gatekeeper residue to a smaller
amino acid would affect inhibitor sensitivity. In protein kinases, mutation of the
gatekeeper to alanine or glycine has been shown to induce sensitivity to both
pyrazolopyrimidine inhibitors based on the Src-family kinase inhibitor PP1 and analogs
of the natural product K252a [12]. p110y has been shown to be sensitive to
staurosporine (Ky = 0.29 uM) [23], which is structurally related to K252a, suggesting that
K252a analogs may also target engineered lipid kinases. Although wild-type PI3-Ks are
not sensitive to the protein kinase inhibitor PP1, mutation of the gatekeeper residue in

protein kinases can induce sensitivity to this class of compounds in kinases that
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otherwise show no affinity for this scaffold [12]. Following this reasoning, we screened a
small panel of these compounds in vitro against the wild-type and 1848A p110a and in
vivo against the wild-type and 1670A mutant VPS34 (Figure 4.6). None of these
compounds showed selective inhibition of the 1848A allele of p110a at a concentration of
50 uM in vitro or 1670A VPS34 at a concentration of 1 mM in a yeast halo assay. These
results suggest that the structural differences between protein and lipid kinases may be
too significant to bridge with a single inhibitor scaffold, and that new inhibitor analogs
would be necessary to explore the gatekeeper pocket in lipid kinases.

To more directly probe the engineered gatekeeper pocket, we prepared a panel
of analogs of the PI3-K inhibitor LY294002 [30]. LY294002 reversibly inhibits PI3-Ks
with 1C5, values in the low micromolar range, but shows little selectivity among individual
family members [31]. The crystal structure of LY294002 bound to p110y has been
solved [23], and reveals that the C3 position of LY294002 is positioned adjacent to the
gatekeeper residue at a distance of approximately 4 A. Molecular modelling based on
this structure suggests that analogs of LY294002 containing extended substituents at C3
would access the space created by the gatekeeper mutation (Figure 4.5). A series of C3
substituted analogs of LY294002 were designed (lacking the 8-phenyl group of
LY294002, as this moiety has been shown to be dispensable for binding to PI3-Ks [30])
and a panel of such analogs was prepared. This series of compounds was designed to
include analogs that possess C3 substituents similar in size to the space created directly
by the isoleucine to alanine mutation (e.g., Et, nPr), as well as those that contain much
larger substituents (Ph, Bn). These latter compounds were included to probe whether
the gatekeeper mutation would allow access to a deeper cavity within the kinase active

site; in protein kinases, mutation of the gatekeeper has been shown to facilitate binding
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ICs0 (uM)

analog wild type  C838V/I848A
LY294002 1.1 1.1
LY292223 (3a) 2.6 15
3b (Me) 33 40
3c (Et) 28 4.4
3d (Pr) 31 68
3e (i-Pr) 51 >200
3f (Bu) 25 48
| 3g (Ph) >200 >200
3h (Bn) >200 >200
3i (decyl) ND* ND*

Table 4.1 IC50 values for LY292223 analogs against p110a wild-type and C838V/I848A
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of substrate and inhibitor analogs containing bulky substituents much larger than the
space created directly by the amino acid change [12, 13].

Synthesis was accomplished by addition of an excess of the appropriate
Grignard reagent to salicylaldehyde to afford benzylic alcohols 1c-g (Figure 4.7). The
resulting alcohols were oxidized to the corresponding ketones 2c-g using MnO,, and the
ring closing was performed using a using the morpholine phosgeniminium salt [30] to
afford the desired 3-substituted analogs of LY294002 in high purity as white solids.

This panel of LY294002 analogs was tested for inhibition of the wild-type and
C838V/1848A mutant of p110a in an in vitro P13-K assay. Both LY294002 and the des-
phenyl analog LY292223 inhibited wild-type and C838V/I848A p110c at low micromolar
concentrations, although inhibition by LY292223 was modestly reduced for the double
mutant (Table 4.1). As the size of the C3-moiety was increased, ICs, values against
both the mutant and wild-type p110a increased by ~10 to >100-fold, and this increase
tracked with the size of the C3 substituent, with the weakest inhibition by the compounds
3g (Ph) and 3h (Bn). Surprisingly, only compound 3¢ (Et) showed enhanced binding to
the mutant relative to wild-type p110a, with modest selectivity for the engineered kinase
(~6-fold). This compound contains an ethyl moiety at the C3 position, which is the most
similar in size to the space created directly by the amino acid change (lle to Ala) at the
gatekeeper position. This suggests that mutation of this residue does create a
corresponding cavity in the kinase active site, but that this cavity does not expose a
preexisting pocket or allow for the binding of significantly larger inhibitor analogs with

enhanced affinity, as has been observed in the protein kinase family.

4.6 Discussion
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We have explored the role of the gatekeeper residue in PI3-Ks by a convergent
engineering approach that combines mutagenesis of the target residue with design of
inhibitor analogs to complement this mutation. This analysis suggests that mutation of
the gatekeeper residue in lipid kinases can create a non-natural pocket, but that this
mutation does not expose the deeper pocket that is found in protein kinases. This
difference may reflect the different way that protein and lipid kinases utilize their primary
sequence to construct the innermost wall of the ATP binding pocket. Crystal structures
of protein kinases reveal that residues from B-strand 5, which include the gatekeeper,
from the deepest face of the ATP binding pocket, and that most of the contacts that this
face makes with adenine involve the side chain of the gatekeeper residue directly. By
comparison, in the crystal structure of p110y, the gatekeeper is shifted upward and away
from the N6 of adenine by ~ 2 A. To help fill this space, the side chain of Tyr 867 from p-
strand 6 (which is otherwise positioned in a second sphere of residues that do not
contact ATP directly) infiltrates the ATP binding pocket to make a direct contact with
adenine near N6. The analogous residue in protein kinases (corresponding to Leu 325
in Hek) is positioned within a second sphere that is obstructed from accessing ATP by
the gatekeeper. Thus, it appears that in lipid kinases two residues (Tyr 867 and lle 879)
collaborate to fill the space that is otherwise occupied by a single residue in protein
kinases. Unfortunately, we have found that mutation of Tyr 836 in p110a (which
corresponds to Tyr 867 in p110y) to any other amino acid (glycine, alanine, threonine,
aspartic acid, leucine, methionine, or histidine) results in a complete loss of catalytic
activity, indicating that this region of the protein is not amenable to structural modification
(Z.A.K. and K.M.S., unpublished observations). These results, as well as the nearly total
conservation of Tyr 867 within the PI3-K family (Figure 4.4), suggest that a different set

of residues in lipid kinases are likely responsible for controlling sensitivity to small
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molecule inhibitors. Ultimately, the identification of rules guiding inhibitor sensitivity for
this important family of enzymes will require the discovery of new structural classes of
PI3-K inhibitors and the broad characterization of their specificity against individual PI3-K

isoforms, a process that is currently underway in our laboratory [31] and others [32].

4.7 Experimental Procedures
4.7.1. Protein expression

Mutations were introduced by Quikchange (Stratagene), and confirmed using
standard dideoxy-based sequencing. Myc-tagged p110a was expressed by transient
transfection of cos-1 cells. Cells were lysed in lysis buffer (50 mM Tris (pH 7.4), 300 mM
NaCl, 5mM EDTA, 0.02% NaNj, 1% Triton X-100, protease inhibitors (protease inhibitor
cocktail tablets (Roche); sodium orthovanadate (8 mM); PMSF (1 mM)), and 8 mM DTT.
The kinase was immunoprecipitated using a Protein-G-9E10 antibody complex, and
washed twice with buffer A (PBS, 1 mM EDTA, 1% Triton X-100), twice with buffer B
(100 mM Tris (pH 7.4), 500 Mm LiCl, 1 mM EDTA), twice with buffer C (50 mM Tris (pH
7.4), 100 mM NaCl), and once with PBS. In control experiments, no differences in
inhibitor sensitivity were observed between wild type p110a protein that was obtained
from transfected cos-1 cells, Sf9 cells using a baculovirus system, or commercially
available recombinant protein (Jena Bioscience).

For SDS-PAGE and Western blot analyses, protein concentrations in cell lysates
were determined using a Bradford assay. Proteins were loaded onto a Tris-glycine gel
(8-16% gradient; Gradipore) and separated by SDS-PAGE before being transferred onto
a nitrocellulose membrane. The blot was treated with blocking reagent (5% dry milk in
TBST) for 1h, then primary antibody (9E10 (anti-Myc; Santa Cruz Biotech), 1:500 in

TBST) overnight at 4 °C. The blot was then rinsed (5 min each) with deionized water (1 x

141

1)
(1]

¥a
1]

I

1
\é






20 mL) and TBST (3 x 20 mL) before treatment with secondary anti-mouse-HRP

antibody (1:1000 in TBST) for 30 min at rt.

4.7.2 PI3-kinase enzymatic assay

The PI3-K assay was performed essentially as described.[33, 34] Briefly, a
mixture of kinase, inhibitor, buffer (25 mM HEPES (pH 7.4), 10 mM MgCl,), and freshly
sonicated phosphatidylinositol (200 ug/mL) was prepared at 4 °C, and aliquotted into
eppendorf tubes. The tubes were allowed to warm to rt over 5 min, and the enzymatic
reaction was initiated with the addition of ATP (10 uCi y-*?P-ATP; final [ATP] = 20 nM).
Reactions were incubated for 20 min at rt, and quenched by addition of 1M HCI (105 uL)
followed by 1:1 MeOH:CHCI; (160 uL). The resulting biphasic mixture was vortexed (ca.
5 s), briefly centrifuged (ca. 5 s), and the organic phase (~100 pL) was transferred to a
new tube using a gel-loading tip pre-coated with CHCI,. This extract was spotted on TCL
plates (silica gel 60 F254, 250 um) and developed for 3-4 h using 65:35 1-propanol:2M
AcOH as eluent. The TLC plates were then air-dried (ca. 45 min), and the reaction
products quantitated using a phosphorimager (Molecular Dynamics). For each
compound, kinase activity was measured at 15 inhibitor concentrations representing
two-fold dilutions from the highest concentration tested (usually 400 upM). For
compounds showing significant activity, ICs, value determinations were repeated (2-5
times) and the value reported is the average of these independent measurements.
Preincubation of the enzyme with cold ATP (1 uM, 10 min) was sometimes used to
suppress the observation of radiolabeled impurities that were kinase-independent (data
not shown). In control experiments, no difference was observed in inhibitor sensitivity

between performing the assay in the absence or presence (1 uM) of cold ATP.
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4.7.3 General chemical synthesis

All reactions were performed under argon in oven- or flame-dried glassware fitted
with rubber septa, and were stirred magnetically. Thin layer chromatography was
performed on Merck pre-coated silica gel F-254 plates (0.25 mm). Flash column
chromatography was performed using Merck silica gel 60 (230-400 mesh).[35] Proton
NMR spectra were recorded at 400 MHz and are reported in & (ppm) as s (singlet), d
(doublet), t (triplet), q (quartet), m (multiplet) or br (broad), and are referenced to the
residual solvent signal: CDCI; (7.26) or C¢Ds (7.15). Carbon NMR spectra were recorded
at 100 MHz and are reported in & (ppm), and are referenced to the solvent signal: CDCl;
(77.0), CsDs (128.0). Infrared spectra were recorded on a Nicolet Impact 400
spectrometer using thin films of sample and resonances are reported in wavenumbers
(cm™). Mass spectra were recorded on a VG-70S mass spectrometer and are reported
in units of mass/charge (m/z). Unless otherwise noted, all materials were obtained from
commercial sources and used without further purification. In experiments involving air- or
moisture-sensitive compounds, solvents and reagents were either distilled or purchased
as anhydrous grade material. Dichloromethylenemorpholin-4-ium chloride[36, 37] was

prepared according to literature procedures.

4.7.4 General procedure for the preparation of alcohols 1c-g

A round bottom flask charged with salicylaldehyde and THF was cooled to ~78
2C. To this mixture was added the appropriate Grignard reagent (5-10 equiv.) by syringe
over 10 min, and the resulting mixture was allowed to stir at =78 °C for 10 min. The
stirred reaction mixture was allowed to warm to rt overnight. In air, this m%xture was
slowly added to a 0 2C saturated NH,Cl solution. The aqueous phase was extracted with

ether and the combined organic phases were dried over Na,SO,, filtered, and
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concentrated to give a crude oil. Further purification and characterization of each

derivative is described below.

4.7.4.1. 2(1-Hydroxybutyl)phenol (1c).

Synthesis was performed using the general procedure described above using
1.15 g salicylaldehyde (9.4 mmol), 94 mL THF, 94 mmol propylmagnesium chloride (47
mL of 2.0 M solution in ether), saturated NH,Cl solution (75 mL), and ether (3 x 40 mL).
The crude oil was purified by flash column chromatography (SiO,, 10% EtOAc-hexanes)
to give a clear, pale yellow oil (1.226 g, 7.4 mmol, 79%) 'H NMR: (CDCl;) § 8.16 (s, 1H),
7.12(t, J=8, 1H), 6.91 (d, J=8, 1H), 6.82 (m, 2H), 4.76 (t, J= 7, 1H), 3.35 (s, 1H), 1.83
(m, 1H), 1.74 (m, 1H), 1.43 (m, 1H), 1.30 (m, 1H), 0.91 (t, J = 8, 3H). *C{'H} NMR:
(CDCl3) & 155.2, 128.7, 127.8, 127.2, 119.7, 116.9, 75.5, 39.3, 18.9, 13.8. IR: 3321.
HRMS: (El) calcd for C1oH1402 (M*) 166.0994; found 166.0995. Anal. Caled for C1oH1402:

C, 72.26; H, 8.49. Found: C, 72.19; H, 8.41.

4.7.4.2. 2-(1-Hydroxypentyl)phenol (1d).

Synthesis was performed using the general procedure described above using
2.29 g salicylaldehyde, 100 mL THF, 94 mmol of butylmagnesium chioride (47 mL of 2.0
M solution in THF), saturated NH,Cl solution (75 mL), and ether (4 x 50 mL). The crude
oil was purified by flash column chromatography (SiO,, 10% EtOAc-hexanes) to give a
clear colorless oil (3.37 g, 18.7 mmol, 99%) 'H NMR: (CDCls) & 8.32 (s, 1H), 7.12 (m,
1H), 6.93 (m, 1H), 6.82 (m, 2H), 4.74 (t, J = 7, 1H), 3.84 (br s, 1H), 1.90-1.71 (m, 2H),
1.44-1.22 (m, 4H), 0.90 (t, J = 7, 3H). Lit. [38] 5 7.93 (s, 1H), 7.4-6.7 (m, 4H), 4.82 (t, J =
5.6, 1H), 2.53 (br 1H), 2.0-1.1 (m, 6H), 0.90 (t, J = 5.9, 3H). '*C{'H} NMR: (CDCl;) &

155.2, 128.7, 128.2, 127.0, 119.8, 117.0, 73.8, 46.0, 24.5, 23.1, 22.0. IR: 3357. HRMS:
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(El) 180.1150 calcd for Cy1H:60. (M*); found 180.1144. Lit. [38] 180.1150 calcd for

C11H1602 (M+); found 180.1119.

4.7.4.3. 2<(1-Hydroxy-3-methyibutyl)phenol (1e).

Synthesis was performed using the general procedure described above using
1.15 g salicylaldehyde, 95 mL THF, 94 mmol of isobutylmagnesium bromide (47 mL of
2.0 M solution), saturated NH,Cl (75 mL), and ether (3 x 50 mL). The crude oil was
purified by flash column chromatography (SiO,, 10% EtOAc-hexanes) to give a clear,
pale yellow oil (1.66 g, 9.2 mmol, 98%). 'H NMR: (CDCl;) & 8.09 (s, 1H), 7.12 (m, 1H),
6.91 (m, 1H), 6.81 (m, 2H), 4.84 (br d, J = 3, 1H), 3.22 (s, 1H), 1.81 (m, 1H), 1.70 (m,
1H), 1.56 (m, 1H), 0.93 (m, 6H). Lit.[39] (CCl,;:C¢D¢ 7:1) & 7.76 (s, 1H), 6.50-7.20 (m,
4H), 4.50-4.90 (m, 1H), 2.55 (s, 1H), 1.00-2.00 (m 3H), 0.75-1.00 (m, 6H). '*C{'H} NMR:
(CDCl;) 6 155.2, 128.6, 128.1, 126.9, 119.8, 116.9, 73.7, 45.9, 24.5, 23.0, 22.0. IR:
3341. Lit.[39] 3384 (s,b), 1596 (m), 1384 (m), 1372 (m), 760 (s). HRMS: (El) 180.1150
calcd for Cy4H:60, (M*); found 180.1152.

4.7.4.4. 2-(1-Hydroxyhexyl)phenol (1f).

Synthesis was performed using the general procedure described above using
2.29 g salicylaldehyde, 100 mL THF, 80 mmol of pentylmagnesium bromide (40 mL of
2.0 M solution), saturated NH,Cl (75 mL), and ether (3 x 50 mL). The crude oil was
purified by flash column chromatography (SiO,, 10% EtOAc-hexanes) to give a clear,
pale yellow oil (3.6 g, 18.7 mmol, 99%). 'H NMR: (CDCl;) § 8.44 (s, 1H), 7.12 (m, 1H),
6.96 (m, 1H), 6.83 (m, 2H), 4.76 (br m, 1H), 4.16 (br s, 1H), 1.91-1.72 (m, 2H), 1.48-1.38
(m, 1H), 1.30 (m, 5H), 0.91 (t, J = 7, 3H). "®*C{'"H} NMR: (CDCl,) § 155.5, 128.5, 127.9,

127.1, 119.9, 116.8, 75.5, 37.1, 31.5, 25.3, 22.5, 13.9. IR: 3348. HRMS: (El) 194.1306
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calcd for Cy,H50, (M*); found 194.1302. Combustion analysis was not obtained for this

compound due to its similarity to 1¢c-g.

4.7.4.5. 2-(1-Hydroxy-2-phenylethyl)phenol (1g).

Synthesis was performed using the general procedure described above using
1.15 g salicylaldehyde, 95 mL THF, 94 mmol of benzylmagnesium bromide (47 mL of
2.0 M solution in THF), saturated NH,CI (75 mL), and ether (3 x 50 mL). The crude oil
was purified by flash column chromatography (SiO,, 50% EtOAc-hexanes) to give a
colorless solid (1.42 g, 6.6 mmol, 75%). 'H NMR: (CDCl,) 5 8.01 (s, 1H), 7.34-7.14 (m,
5H), 6.93-6.79 (m, 4H), 4.98 (dt, J=3, J=7, 1H), 3.10 (d, J= 7, 2H), 2.81 (d, J = 3, 1H).
Lit.[40] (partial) § 5.02 (t, J = 7, 1H), 3.11 (d, J = 7, 2H). *C{'"H} NMR: (CDCl;) § 151.6,
133.6, 125.8, 125.3, 125.0, 123.5, 123.3, 122.8, 116.1, 113.5, 73.0, 40.4. |IR: 3327.
HRMS: (El) 214.0993 calcd for C;4H,40. (M*); found 214.1003.

4.7.5. General procedure for the preparation of ketones 2c-g.

A round bottom flask was charged with the appropriate diol 1, MnO, and CH.Cl,,
and stirred for 7 h at rt. The heterogeneous reaction mixture was filtered through a pad
of Celite, and the solids were washed with 500 mL CH.Cl,. The filtrate was concentrated
in vacuo to give a crude oil. The crude oil was purified by flash column chromatography
(SiO2, 10% EtOAc-hexanes) to give a colorless oil. Characterization of each derivative is

described below.
4.7.5.1. 1«(2-Hydroxyphenyl)butan-1-one (2c).

Synthesis was performed using the general procedure described above using 1¢

(2.5 g, 15.1 mmol), MnO; (11.5 g, 132 mmol) and CH,Cl, (140 mL). Compound 2¢ was
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isolated as a colorless oil (1.13 g, 6.9 mmol, 46%). 'H NMR: (CDCl;) & 12.38 (s, 1H),
7.68(dd,J=1,J=7,1H),7.36 (dt, J=2,J=7, 1H), 6.90 (dd, J=1, J=7, 1H), 6.80 (dt,
J=2,J=17, 1H), 2.87 (t, (dt, J = 8, 2H), 1.70 (sextet, J = 8, 2H), 0.96 (t, J = 8, 3H).
Lit.[41] 5 12.40 (s, 1H), 7.82-6.80 (m, 4H), 2.96 (t, J = 7.4 Hz, 2H), 1.78 (sextet, J = 7.4
Hz, 2H), 1.02 (t, J = 7.4 Hz, 3H). *C{'"H} NMR: (CDCl;) § 206.7, 162.5, 136.1, 129.9,
119.3, 118.8, 118.4, 40.1, 17.8, 13.7. Lit.[41] O 206.79, 162.49, 136.17, 130.00, 119.36,
118.82, 118.48, 40.17, 17.90, 13.38. IR: 1641, 1614, 1581, 1488, 1447, 1265, 1202,
1158, 754. Lit[41] 1640, 1448, 1226, 1203. HRMS: (El) 164.0837 calcd for CioH:20,
(M*); found 164.0840. Lit.[41] 164. Anal. Calcd for C,oH,,0,: C, 73.15; H, 7.37. Found:

C, 73.22; H, 7.45.

4.7.5.2. 1{(2-Hydroxyphenyi)pentan-1-one (2d).

Synthesis was performed using the general procedure described above using 1d
(2.0 g, 11.1 mmol), MnO, (9.7 g, 110 mmol) and CH,CI, (100 mL). Compound 2d was
isolated as a colorless oil (796 mg, 4.47 mmol, 40%). 'H NMR: (CDCl;) 0 12.38 (s, 1H),
7.71 (dd, J=1,J=8, 1H), 7.41 (m, 1H), 6.92 (dd, J=1, J= 8, 1H), 6.84 (m, 1H), 2.93 (t,
J=7, 2H), 1.68 (m, 2H), 1.38 (m, 2H), 0.93 (t, J = 7, 3H). *C{'H} NMR: (CDCl;) O 208.7,
162.3, 135.9, 129.8, 119.0, 118.5, 118.2, 37.8, 26.3, 22.1, 13.6. IR: 1640, 1582, 1487,
1446, 1353, 1249, 119, 1157, 753. HRMS: (El) 178.0994 calcd for C,1H4,0, (M*); found
178.0996. Combustion analysis was not obtained for this compound due to its similarity

to 2¢c-g.
4.7.5.3. 1-(2-Hydroxyphenyl)-3-methylbutan-1-one (2e).

Synthesis was performed using the general procedure described above using 1e

(2.0 g, 11.1 mmol), MnO, (10.0 g, 115 mmol) and CH.Cl, (120 mL). Compound 2e was
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7.86 (dd, J = 2, J = 8, 1H), 7.45 (m, 1H), 7.36 (m, 2H), 7.31 (m, 3H), 6.99 (m, 1H), 6.88
(m, 1H), 4.29 (s, 2H). Lit.[42] § 12.1 (s, 1H), 7.73-6.91 (m, 9H), 4.2 (s, 2H). *C{'H} NMR:
(CDCls) & 203.7, 162.7, 136.4, 133.8, 130.3, 129.3, 128.6, 127.0, 118.9, 118.9, 118.5,
44.9. Lit.[42] § 203.7, 162.7, 136.3-118.4 (11C), 44.9. IR: 1638, 1487, 1446, 1344, 1275,
1156, 754. Lit.[42] 1680. HRMS: (El) 212.0837 calcd for Cy4H1,0, (M*); found 212.0835.

Lit.[42] 213.

4.7.6. General Procedure for the Preparation of Compounds 3a-i.

A round bottom flask was charged with the appropriate 2 -hydroxyketophenol (2),
CH,Cl,, and cooled to —78 2C. TiCl, (1.0 M CH.CI, solution) was added dropwise by
syringe and was stirred for 1 h at —78 ¢C to produce a redish-brown-colored solution.
Diisopropylethylamine was added and the reaction was stirred at =78 °C for 1 h. 4-
Dichloromethylenemorpholin-4-ium chloride was added and the reaction mixture was
stirred at =78 °C then warmed to 0 °C for 2 h, then allowed to warm to rt and stirred
overnight. The reaction was cooled to 0 2C, and Et;N and MeOH were added. The
stirred reaction mixture was allowed to warm to rt over 3 h. The volatile materials were
removed in vacuo to give a crude red-colored residue that was washed with NaHCO,
(satd, 30 mL), then the solids were extracted with CH,Cl, (3 x 15 mL). The combined
organics were dried over MgSQ,, filtered, and concentrated in vacuo to give a crude oil
which was purified by flash column chromatography, and lyophilized from Cg¢Hs to give a

flocculent white powder. Characterization of each derivative is described below.
4.7.6.1. 2-Morpholin-4-yl-chromen-4-one (LY292223) (3a).

Synthesis was performed using the general procedure described above using

2 -hydroxyacetophenone (565 mg, 4.15 mmol), CH.Cl, (11 mL), TiCl, (6.5 mLofa 1.0 M
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isolated as a colorless oil (650 mg, 3.65 mmol, 33%). 'H NMR: (CDCl) § 12.45 (s, 1H),
7.69 (dd, J=2, J=8, 1H), 7.38 (dt, J=2, J= 8, 1H), 6.91 (dd, J=2, J = 8, 1H), 6.82 (dt,
J=2,J=8, 1H), 2.77 (d, J = 7, 2H), 2.24 (nonet, J = 6, 1H), 0.96 (d, J = 6, 6H). Lit.[41] 5
12.47 (s, 1H), 7.81-6.82 (m, 4H), 2.85 (d, J = 6.9 Hz, 2H), 1.78 (nonet, J = 6.7 Hz, 1H),
1.02 (d, J = 6.6 Hz, 6H). >C{'"H} NMR: (CDCl;) (1 206.4, 162.5, 136.0, 130.0, 119.5,
118.6, 118.3, 46.9, 25.3, 22.5. Lit.[41] § 207.2, 163.1, 136.7, 130.6, 120.1, 119.3, 119.0,
47.6, 26.0, 23.2. IR: 1638, 1488, 1447, 1306, 1202, 1158, 753. Lit.[41] 1639, 1488,

1447, 1158. HRMS: (El) 178.0994 calcd for Cy,H,,0, (M*); found 178.0999. Lit.[41] 178.

4.7.5.4. 1-(2-Hydroxyphenyl)hexan-1-one (2f).

Synthesis was performed using the general procedure described above using 1f
(2.0 g, 10.3 mmol), MnO, (8.0 g, 92 mmol) and CH,Cl, (110 mL). Compound 2f was
isolated as a colorless oil (900 mg, 4.68 mmol, 46%). '"H NMR: (CDCl;) § 12.38 (s, 1H),
7.70 (dd, J = 2, J = 8, 1H), 7.40 (m, 1H), 6.92 (m, 1H), 6.83 (m, 1H), 2.92 (t, J = 7, 2H),
1.70 (m, 2H), 1.33 (m, 4H), 0.88 (t, J = 7, 3H). Lit.[41] 5 12.40 (s, 1H), 7.82-6.80 (m, 4H),
2.98 (t, J = 7.6 Hz, 2H), 1.84-1.25 (m, 6H), 0.91 (t, J = 6.7 Hz, 3H). "*C{'"H} NMR:
(CDCl3) & 206.8, 162.4, 136.0, 129.9, 119.2, 118.7, 118.3, 38.1, 31.3, 24.0, 22.4, 13.8.
Lit.[41] § 207.18, 162.70, 136.36, 130.18, 119.53, 119.01, 118.70, 38.49, 31.64, 24.41,
22.67, 14.11. IR: 3426, 1639, 1487, 1447, 1197, 1156, 752. HRMS: (El) 192.1150 calcd

for C12H1502 (M+), found 192.1145, th[41] 192.

4.7.5.5. 1{(2-Hydroxyphenyl)-2-phenylethanone (2g).
Synthesis was performed using the general procedure described above using 1g
(1.5 g, 7.0 mmol), MnO, (6.0 g, 69 mmol) and CH.Cl, (80 mL). Compound 2g was

isolated as a colorless oil (624 mg, 2.94 mmol, 42%). 'H NMR: (CDCl;) § 12.27 (s, 1H),
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CH.Cl, solution, 6.5 mmol), diisopropylethylamine (2.7 mL, 155 mmol), 4-
dichloromethylenemorpholin-4-ium chloride (1.2 g, 5.0 mmol), Et;N (1.0 mL), and MeOH
(5 mL). Column chromatography: SiO,, 40% EtOAc-hexanes + 1% Et;N to 90% EtOAc-
MeOH + 1% Et;N gradient. (344 mg, 1.5 mmol, 36%). 'H NMR: (CDCls) § 7.95, 7.35,
7.14, 7.08, 5.27 (s, 1H), 3.63 (t, J = 5, 4H), 3.30 (t, J = 5, 4H). Lit.[43] & 8.15 (m, 1H),
7.56 (m, 1H), 7.31 (m, 2H), 5.49 (s, 1H), 3.83 (t, J = 4.7 Hz, 4H), 3.50 (t, J = 4.7 Hz, 4H).
3C{'"H} NMR: (CDCl;) 5 176.8, 162.5, 153.5, 132.2, 125.2, 124.6, 122.8, 116.3, 87.0,
65.8, 44.5. Lit.[43] 6 176.9, 162.4, 153.5, 132.1, 125.3, 124.6, 122.7, 116.1, 87.2, 65.8,
44.4. IR: 1616, 1555, 1418, 1300, 1251, 1117, 985, 766. Lit.[43] 1622, 1559. HRMS: (EI)
231.0895 calcd for Cy3H13NO; (M?); found 231.0887. Anal. Calcd for Ci3H{3NOs: C,

67.52; H, 5.66; N, 6.00. Found: C, 67.59; H, 5.69; N, 5.97.

4.7.6.2. 3-Methyl-2-morpholin-4-yl-chromen-4-one (3b).

Synthesis was performed using the general procedure described above using
200 mg 2°-hydroxypropiophenone, 3.5 mL CH,Cl,, 2.0 mmol TiCl,, 600 mg Pr,EtN, 308
mg dichloromethylenemorpholin-4-ium chloride, 0.4 mL Et;N and 2 mL MeOH. Column
chromatography: SiO,, 50% EtOAc-hexanes + 1% Et;N. (77 mg, 0.31 mmol, 24%). 'H
NMR: (C¢Ds) & 8.52 (d, J = 8, 1H), 7.07 (m, 1H), 6.93 (m, 2H), 3.31 (t, J = 5, 4H), 2.70 (¢,
J =5, 4H), 2.01 (s, 3H). *C{"H} NMR: (C¢De) 8 177.9, 161.5, 154.2, 132.0, 126.4, 124.6,
123.4, 116.7, 103.6, 66.5, 48.3, 11.0. IR: 1612, 1556, 1410, 1114. HRMS: (El) 245.1051
calcd for Ci4HisNO; (M*); found 245.1050. Combustion analysis was not obtained for

this compound due to its similarity to 3a-i.

4.7.6.3. 3-Ethyl-2-morpholin-4-yl-chromen-4-one (3c).
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Synthesis was performed using the general procedure described above using
407 mg 2c¢, 30 mL CHJCl,, 3.71 mmol TiCl,, 32 g FPr,EtN, 759 mg
dichloromethylenemorpholin-4-ium chloride, 0.6 mL Et;N and 3 mL MeOH. Column
chromatography: SiO,, 30% EtOAc-hexanes + 1% Et;N. (364 mg, 1.40 mmol, 57%). 'H
NMR: (C¢Dg) [ 8.29 (d, J =8, 1H), 7.12 (m, 1H), 6.95 (m, 2H), 3.40 (t, J = 5, 4H), 2.83 (t,
J=5, 4H), 2.48 (q, J = 7, 2H), 1.19 (t, J = 7, 3H). "*C{'"H} NMR: (C¢D¢) [1177.8, 161.8,
154.2, 132.3, 126.0, 124.5, 123.5, 116.9, 110.4, 66.6, 49.3, 18.6, 13.3. IR: 1615, 1556,
1467, 1401, 1361, 1264, 1223, 1116, 759. HRMS: (El) 259.1208 calcd for CisHi7;NO;
(M*); found 259.1199. Anal. Calcd for CysH;7NOs: C, 69.48; H, 6.61; N, 5.40. Found: C,

69.43; H, 6.60; N, 5.36.

4.7.6.4. 2-Morpholin-4-yl-3-propylchromen-4-one (3d).

Synthesis was performed using the general procedure described above using 68
mg 2d, 5 mL CH)Cl,, 057 mmol TiCl,, 490 mg FKPr,EtN, 117 mg
dichloromethylenemorpholin-4-ium chloride, 0.1 mL Et;N and 0.5 mL MeOH. Column
chromatography: SiO,, 20% EtOAc-hexanes + 1% Et;N. (58 mg, 0.21 mmol, 56%). 'H
NMR: (CsDs) & 8.46 (d, J = 6, 1H), 7.08 (m, 1H), 6.94 (m, 2H), 3.38 (t, J = 5, 4H), 2.77 (t,
J =5, 4H), 2.57 (t, J = 8, 2H), 1.77 (tq, J = 8, 2H), 0.99 (t, J = 8, 3H). *C{'H} NMR:
(CeDg) 6 178.2, 162.0, 154.5, 132.2, 126.5, 124.6, 123.6, 116.8, 110.2, 66.6, 49.4, 27.3,
220, 14.7. IR: 1616, 1556, 1467, 1400, 1115, 759. HRMS: (EIl) 273.1365 calcd for
CiH1gNO3 (M*); found 273.1369. Combustion analysis was not obtained for this

compound due to its similarity to 3a-i.

4.7.6.5. 3-Isopropyl-2-morpholin-4-yl-chromen-4-one (3e).

1561



T e e e ——

ERa

RV S

My

an

et

Y

B A

-




Synthesis was performed using the general procedure described above using
150 mg 2, 10 mL CH)Cl,, 124 mmol TiCl,, 1.06 g FPr,EtN, 253 mg
dichloromethylenemorpholin-4-ium chloride, 0.2 mL Et;N and 1.0 mL MeOH. Column
chromatography: SiO,, 20% EtOAc-hexanes + 1% Et;N. (138 mg, 0.50 mmol, 60%). 'H
NMR: (CeDe) & 8.36 (d, J = 8, 1H), 7.01 (m, 1H), 6.89 (m, 2H), 3.47 (t, J = 5, 4H), 2.96
(m, 1H), 2.72 (t, J = 5, 4H), 1.54 (d, J = 7, 6H). *C{'"H} NMR: (C¢Ds) 5 178.2, 162.1,
154.4, 132.2, 126.3, 124.5, 124.4, 116.7, 115.2, 66.4, 50.1, 27.7, 20.5. IR: 1616, 1557,
1466, 1390, 1217, 1115, 759. HRMS: (El) 273.1364 calcd for Ci¢H1gNO; (M*); found
273.1364. Combustion analysis was not obtained for this compound due to its similarity

to 3a-i.

4.7.6.6. 3-Butyi-2-morpholin-4-yl-chromen-4-one (3f).

Synthesis was performed using the general procedure described above using
375 mg 2f, 20 mL CH.Cl,, 2.92 mmol TiCl,, 251 g FPr;EtN, 597 mg
dichloromethylenemorpholin-4-ium chloride, 0.4 mL Et;N and 2.0 mL MeOH. Column
chromatography: SiO,, 20% EtOAc-hexanes + 1% Et;N. (296 mg, 1.03 mmol, 53%). 'H
NMR: (CgDs) 8 8.48 (d, J = 8, 1H), 7.07 (m, 1H), 6.93 (m, 2H), 3.39 (t, J= 5, 4H), 2.77 (t,
J=5, 4H), 2.61 (t, J=8, 2H), 1.75 (p, J = 8, 2H), 1.41 (s, J = 8, 2H), 0.95 (t, J = 8, 3H).
3C{'"H} NMR: (C¢D¢) & 178.1, 162.0, 154.5, 132.2, 126.5, 124.6, 123.7, 116.8, 110.4,
66.6, 49.4, 30.8, 24.8, 23.3, 14.2. IR: 1615, 1558, 1466, 1398, 1223, 1116, 759. HRMS:
(El) 287.1521 calcd for Ci7H21NO; (M*); found 287.1520. Combustion analysis was not

obtained for this compound due to its similarity to 3a-i.

4.7.6.7. 2-Morpholin-4-yl-3-phenylchromen-4-one (3g).
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Synthesis was performed using the general procedure described above using
143 mg 29, 5 mL CH)Cl, 1.01 mmol TiCl,, 870 mg FPr.EtN, 206 mg
dichloromethylenemorpholin-4-ium chloride, 0.1 mL Et;N and 0.5 mL MeOH. Column
chromatography: SiO,, 20% EtOAc-hexanes + 1% Et;N. (144 mg, 0.47 mmol, 70%). 'H
NMR: (C¢Ds) 8 8.39 (d, J = 8, 1H), 7.47 (m, 2H), 7.20 (m, 2H), 7.11-7.02 (m, 2H), 6.96-
6.90 (m, 2H), 3.11 (t, J = 5, 4H), 2.68 (t, J = 5, 4H). *C{'H} NMR: (C¢Ds) 5 175.5, 160.9,
1563.6, 134.5, 132.2, 131.3, 128.2, 126.9, 126.6, 124.7, 124.0, 116.6, 105.2, 66.1, 47.8.
IR: 1614, 1550, 1417, 1340, 1232, 1116, 760. HRMS: (EIl) 307.1208 calcd for CgH7NO;
(M*); found 307.1206. Combustion analysis was not obtained for this compound due to

its similarity to 3a-i.

4.7.6.8. 3-Benzyl-2-morpholin-4-yl-chromen-4-one (3h).

Synthesis was performed using the general procedure described above using 1.0
g 2’-hydroxy-3-phenylpropiophenone, 12 mL CH.Cl,, 6.63 mmol TiCl,, 2.7 mL Pr,EtN,
1.2 g dichloromethylenemorpholin-4-ium chloride, 0.2 mL Et;N and 1.2 mL MeOH.
Column chromatography: SiO,, 35% EtOAc-hexanes + 1% Et;N. (552 mg, 1.80 mmol,
41%). '"H NMR: (C¢D¢) 6 8.18 (d, J = 8, 1H), 7.57 (t, J = 8, 1H), 7.34 (m, 2H), 7.19 (m,
5H), 3.94 (s, 2H), 3.67 (t, J = 5, 4H), 3.28 (t, J = 5, 4H). "*C{'H} NMR: (C¢Ds) 5 178.5,
162.8, 1563.9, 140.0, 132.6, 128.4, 127.9, 126.1, 125.9, 124.7, 122.6, 116.7, 106.5, 66.6,
48.8, 30.5. IR: 1615, 1555, 1467, 1402, 1236, 1114, 759. HRMS: (El) 321.1365 calcd for
C20H1gNO; (M*); found 321.1368. Combustion analysis was not obtained for this

compound due to its similarity to 3a-i.

4.7.6.9. 3-Decyi-2-morpholin-4-yl-chromen-4-one (3i).
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Synthesis was performed using the general procedure described above for 102
mg 2’-hydroxydodecanophenone, 3.0 mL CH,Cl,, 0.551 mmol TiCl,, 473 mg iPr,EtN,
113 mg dichloromethylenemorpholin-4-ium chiloride, 0.06 mL Et;N and 0.3 mL MeOH.
Column chromatography: SiO,, 20% EtOAc-hexanes + 1% Et;N. (37 mg, 0.098 mmol,
27%). 'H NMR: (CsDs) 5 8.50 (d, J = 8, 1H), 7.07 (m, 1H), 6.93 (m, 2H), 3.42, J = 5, 4H),
2.80 (t, J = 5, 4H), 2.66 (t, J = 8, 2H), 1.82 (m, 2H), 1.48-1.20 (m, 14H), 0.90 (t, J = 7,
3H). *C{'H} NMR: (C¢Ds) 6 178.2, 162.0, 154.5, 132.2, 126.5, 124.6, 123.7, 116.8,
110.5, 66.6, 49.4, 32.3, 30.4, 30.11, 30.09, 29.9, 29.8, 28.7, 25.2, 23.1, 14.3. IR: 1615,
1561, 1466, 1395, 1117. HRMS: (El) 371.2460 calcd for Cx3Hi3sNO; (MY); found
371.2458. Combustion analysis was not obtained for this compound due to its similarity

to 3a-i.

4.7.7 Analysis of yeast expressing PI3-K mutant alleles

The VPS34 S. cerevisiae knockout strain 15149 was obtained from the ATCC.
The MEC1/SML1 S. cerevisiae knockout strain yBRT7-4b was a gift from David Toczyski
(UCSF). Knockout strains were transformed with plasmids (pRS416 CEN URAS3)
encoding wild-type and mutant VPS34 and MEC1 and transformants were selected on
SD -URA media. Cells were streaked onto plates containing SD -URA or the same
media supplemented with either 1M NaCl (VPS34) or 0.02% MMS or 60 mM HU

(MEC1), grown at 302 C or 372 C for 3 days, and photographed.
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Chapter 5

A pharmacological map of the PI3-K family defines a
role for p110a in insulin signaling
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5.1 Abstract:

Phosphoinositide 3-kinases (P13-Ks) are an important emerging class of drug
targets, yet the unique roles of PI3-K isoforms remain poorly defined. We describe here
an approach to pharmacologically interrogate the PI3-K family. A chemically diverse
panel of PI3-K inhibitors was synthesized and their target selectivity was biochemically
enumerated, revealing cryptic homologies across targets and chemotypes. Crystal
structures of three of these inhibitors bound to p110y identify a conformationally mobile
region that is uniquely exploited by selective compounds. This chemical array was then
used define the PI13-K isoforms required for insulin signaling. We find that p110a is
required for insulin action in cultured cells, whereas p110p is dispensable, but sets a
phenotypic threshold for p110a activity. p110a inhibitors block the effects of acute
insulin treatment in vivo, whereas a p1108 inhibitor has no effect. These results
illustrate systematic target validation using a matrix of inhibitors that span a protein

family.

5.2 Introduction:

The PI3-K family of lipid kinases catalyze the synthesis of the second
messengers phosphatidylinositol-3-phosphate (PI(3)P), phosphatidylinositol-3,4-
bisphosphate (PI(3,4)P,) and phosphatidylinositol-3,4,5-trisphosphate (PIPs) [1]. In the
appropriate cellular context, these three lipids direct wide array of biology - ranging
from cell growth, survival, differentiation and chemotaxis to immune function and glucose
homeostasis [2]. It is now appreciated that the PI3-K family comprises 15 kinases with
diverse substrate specificities, expression patterns, and modes of regulation [2]. The
class | PI3-Ks (p110c, p1108, p1103, and p110y) are activated by tyrosine kinases or G-

protein coupled receptors to generate PIP;, which activates downstream effectors that
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include the Akt/PDK1 pathway, the Tec family kinases, and the Rho family GTPases.
The class Il and Ill PI3-Ks, by contrast, generate mainly PI(3)P or PI(3,4)P, and play a
key role protein trafficking. A fourth class of PI3-K family members — the PI3-K related
kinases (PIKKs) — are protein kinases that control cell growth (MTORC1) or monitor the
integrity of nucleic acids (ATM, ATR, DNA-PK, and hSmg-1).

The importance of these enzymes in diverse pathophysiology has made the PI3-
K family the focus of intense interest as a new class of drug targets [3]. This interest has
been fueled by the recent discovery that p110a is frequently mutated in primary tumors
[4] and evidence that the lipid phosphatase PTEN, an inhibitor of PI3-K signaling, is a
commonly inactivated tumor suppressor [5]. Efforts are underway to develop small
molecule PI3-K inhibitors for the treatment of inflammation and autoimmune disease
(p1103, p110y, and mTOR), thrombosis (p1108), viral infection (the PIKKs) and cancer
(p110a, mTOR, and others). Recently, the first selective inhibitors of these enzymes
have been reported [6-11].

A key challenge in targeting the PI3-K family with drugs is to understand how
individual PI3-K isoforms control normal physiology, as this defines the therapeutic
window for targeting any specific isoform. Genetic efforts to uncouple the action of
individual PI3-K isoforms have been frustrated by redundancy, compensation, and
kinase-independent activities of these enzymes. Genetic disruption of either p110a. or
p110B (the two most widely expressed PI3-Ks) leads to embryonic lethality in mice [12,
13]. Knockout of the p85 regulatory subunits of the class | PI3-Ks induces a paradoxical
increase in PI3-K signaling [14, 15]. This reflects the fact that p85 both promotes PI3-K
activity (by stabilizing the p110 catalytic subunit) and inhibits it (by reducing basal activity
and sequestering essential signaling complexes) [16, 17]. Moreover, it is clear that

expression levels between and among the p110 and p85 isoforms are tightly coupled,
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such that changes in expression of one isoform can induce compensating changes in
the expression of others [18, 19]. A similar effect has been observed among the PIKKs,
where a deficiency in DNA-PK alters the expression of the closely related proteins ATM
and hSmg-1 [20]. Finally, it is increasingly clear that P13-Ks, like many protein kinases,
have kinase-independent signaling activities that can complicate efforts to predict
inhibitor phenotypes from knockouts [18, 21]. Mice bearing a p1103 kinase-dead allele
have more pronounced proliferative defects among certain lymphocyte populations than
p1103 knockout animals [22, 23] — presumably because the kinase-dead p1105 prevents
compensation by p110c and p110f [24]. Similarly, p110y knockout mice suffer from
cardiac damage due to chronic pressure overload, whereas mice bearing a p110y
kinase-dead allele have normal heart function [25]. In this case, the discrepancy was
traced to the ability of p110y to regulate PDE3B in a kinase-independent fashion.
Moreover, in all cases it remains unclear to what extent genetic inactivation of these
kinases prior to development accurately mimics acute inactivation with a small molecule
in the adult [26].

Cell permeable, small molecule inhibitors make it possible to directly assess the
phenotypic consequences of inhibiting a kinase with a drug in a physiologically relevant
model system. The challenge for pharmacological target validation is that few well-
characterized, selective kinase inhibitors are known. This has been particularly true for
the PI3-Ks, as the two primary pharmacological tools available, wortmannin and
LY294002, are broadly active within the family. We report here a set of potent,
chemotypically diverse small molecule inhibitors that span the PI3-K family. For each
compound, we have biochemically enumerated its target selectivity relative to all PI3-K
family members and, in many cases, structurally defined its binding mode by x-ray

crystallography. Critically, this panel includes representatives from a large number of

162






P13-K inhibitor chemotypes currently in preclinical drug development, and therefore
anticipates the biological activities likely to be found in eventual clinical candidates.
Using this chemical array, we identify p110a. as the key PI3-K activity downstream of the

insulin receptor.

5.3 A basis set of isoform-specific PI3-K inhibitors

Representatives from nine chemical classes of isoform-selective P13-K inhibitors
were selected from lead compounds (or derivatives thereof) under development by the
pharmaceutical industry. These compounds were synthesized and their activity against
the class | PI3-Ks measured in vitro (see Experimental Procedures). Based on this initial
screen, a subset representing the most potent and selective agents was selected for
further characterization. This panel includes one to three representatives from each
chemical class (Figure 5.1A and Figure 5.2). For most chemotypes, a negative control
compound, inactive against all PI3-Ks tested, was also synthesized that differs from the
active inhibitor by a single atom substitution (Figure 5.2).

The extended specificity profile of these compounds was determined by
measuring ICs, values in vitro against purified protein for each PI3-K family member
(Figure 5.1B and Tables 5.1 and 5.2). This target panel includes the class |
(p1100/p850., p110B/p850c, p1108/p85a, and p110y), class Il (PI3BKC2a, PI3BKC28,
PI3KC2y) and class lll (WWPS34) PI3-Ks, as well as the related Pl4-Ks (Pl4Killo. and
P14KIlIB) and PIKKs (ATM, ATR, mTOR, DNA-PK, mTORC1, and mTORC2). We also
tested two families of unrelated lipid kinases, the PIPKs and class |l Pl4-Ks (Table 5.1),
and 30 protein kinases (Table 5.2). As this panel includes almost all proteins with
sequence homology to p110q, it is highly enriched for the likely targets of these

compounds.
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A spectrum of biochemical target selectivities was observed across different
inhibitor classes (Figure 5.1B). The most selective compounds include the quinazoline
purine inhibitors of p1103 (PIK-23, PIK-39, and IC87114), the morpholino and pyridinyl
chromones that target p1108/p1108 (TGX-115, TGX-286, and PIK-108), and the
imidazopyridine p110a/p110y inhibitor PIK-75. At least one compound from each of
these chemotypes exhibits >100-fold selectivity between its primary target(s) and other
class | PI3-Ks. Other chemical classes (e.g., the benzyloxazonines,
pyridinylfuranopyrimidines, phenylthiazoles, and imidazopyridines, Figure 5.1A) were
found to inhibit multiple P13-Ks with varied affinities (Figure 5.1B). These multi-targeted
compounds possess overlapping yet distinct target selectivities, and can complement
more selective agents by unmasking hidden synergies between targets within the PI3-K
family (Z.A.K., W.AW., and K.M.S., submitted). Indeed, in several cases we identified
unique targets for these compounds relative to all other inhibitors in our panel. For
example, a phenylthiazole, PIK-93, potently inhibits PI4KIIIB (ICs, = 30 nM at 100 uM
ATP). This compound is the first potent, synthetic Pl4-kinase inhibitor, and we have
used this reagent to dissect the role of Pl4-K isoforms in calcium signaling (Z.A.K., P.V.,
T.B., and K.M.S., unpublished data). Similarly, the pyridinylfuranopyrimidine PI-103
potently inhibits both the rapamycin sensitive (nTORC1, ICs, = 20 nM at 100 uM ATP)
and rapamycin insensitive (mMTORC2, ICs, = 120 nM at 100 uM ATP) complexes of the
protein kinase mTOR. Thus, PI-103 represents the first reported potent, synthetic

inhibitor of mTOR.

5.4 Identification of structure-activity relationship (SAR) and target homology

within the PI3-K family
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More than a decade of research on protein kinase inhibitors has revealed trends
in inhibitor sensitivity among kinases (SAR homology) and target selectivity among
chemotypes (target homology) that are critical to predicting off-target effects and
interpreting inhibitor induced phenotypes [21]. To better understand the relationships
between PI3-K related targets and chemotypes, we subjected family-wide specificity
data to principal component analysis (Figure 5.1D). This analysis reduces the
multidimensional relationship between inhibitors and their targets to three principal
components that can be plotted to depict the relatedness of these elements. Organizing
the data in this way can reveal functional similarities between the ATP binding pockets of
kinases or between chemotypes of inhibitors that cannot be predicted from the sequence
of the kinase or the chemical structure of the inhibitor.

We first compared P13-K family members according to their sensitivity to different
inhibitors (Figure 5.1D, center) and contrasted this with the same analysis based on
pairwise sequence homology within the kinase domain (Figure 5.1D, top). Analysis by
sequence segregates the PI3-Ks and PI4-Ks into five clusters, essentially recapitulating
the original assignment of these enzymes into subfamilies based on sequence similarity
[27]. When these kinases are instead clustered by inhibitor sensitivity, several key
differences emerge. First, the class | PI3-Ks are more widely distributed by SAR
homology than by sequence homology. This reflects the fact that the compounds in our
panel, which were designed to be selective among the class | isoforms, do distinguish
between these kinases to a greater extent than sequence differences alone.
Nonetheless, meaningful SAR homologies persist among the class | PI3-Ks. p110p and
p1109 cluster in target space (Figure 5.1D, top), and compounds that inhibit p110p tend
to inhibit p1108 more potently than other PI3-Ks (Figure 5.1C, left). Likewise, p110c.

tends to be inhibited by compounds targeting p110y, and vice versa (Figure 5.1C, left).
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Figure 5.1: Biochemical analysis of selected PI3-K inhibitors. A. Structures of
representative compounds from nine chemotypes of isoform-selective PI3-K inhibitors.
The core chemotype is colored blue for each inhibitor. B. Top. Distribution of 1Cs
values for inhibitors against the PI13-K family members. Bottom, left. Fold-difference in
ICso values between class | PI3-Ks for a representative compound from each chemotype
(TGX-115, AMA-37, PIK-39, PIK-75, PIK-90, PIK-93, PI-103, PIK-124). Bottom, right.
Fold-difference in IC5, value between p110a and PIKKs for potent p110a inhibitors. C.
Principal component analysis of PI13-K family members and inhibitors. The percentage
of variance explained by each axis is noted. The z-axis is depicted as color as
designated in the color bar for each plot.
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We refer to the pairs p110p/p1103 and p1100/p110y as pharmalogs in recognition of this
SAR homology, and suggest that it may be more challenging to find inhibitors with high
selectivity between these targets. Consistent with this prediction, the recently described
p110y inhibitor AS604850, which was not included in our analysis, has been reported to
inhibit p110a more potently than p1108 or p1105 [11].

A second unexpected result from this analysis is that p110a clusters in target
space with DNA-PK based on SAR homology (Figure 5.1D, center), even though these
kinases share limited sequence similarity (Figure 5.1D, top). Indeed, five of the six
chemotypes that inhibit p110a with an ICs, < 5 uM also inhibit DNA-PK in the same
concentration range (Figure 5.1C, right). By contrast, the other PIKKs are generally
resistant to these same compounds (Figure 5.1C, right). While certain chemotypes can
discriminate between these targets (e.g. arylmorpholines such as AMA-37), DNA-PK
inhibition is a common feature of p110a inhibitors, and likely reflects a cryptic similarity
between the active sites of these two pharmalogs.

We next analyzed compounds according to their target selectivity in order to
reveal relationships within and among chemotypes. Compounds from a single
chemotype cluster in chemical space based on target homology (Figure 5.1D, bottom),
which supports grouping these inhibitors into target classes. To define the region of
chemical space occupied by multi-targeted inhibitors, wortmannin was also included in
this analysis (Figure 5.1D, bottom). Wortmannin is a widely-used, broad spectrum PI3-K
inhibitor, and comparison of the selectivity profile of this compound with our panel
highlights the remarkable pan-specificity of this natural product (Figure 5.1B). The

compounds classified as most selective (e.g. the isoquinoline purines, arylmorpholines,
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pyridinyl/morpholinochromones, and imidazopyridines) occupy a region of chemical
space most distant from wortmannin (Figure 5.1D, bottom). By contrast, the pan-specific
inhibitors PIK-90 and PIK-93 cluster near wortmannin in chemical space, reflecting the

target homology of these chemically unrelated compounds (Figure 5.1D, bottom).

5.5 Structures of isoform-specific PI3-K inhibitors

To better understand the selectivity trends observed among these chemically
diverse inhibitors, the structural basis for their binding to PI3-K was investigated. Crystal
structures of a single PI3-K, p110y, have been reported, alone and in complex with ATP
or pan-specific inhibitors such as LY294002 and wortmannin [28, 29]. It is not known
how potent and selective inhibitors such as those we report here achieve their binding.
To explore this, the crystal structures of PI3-K inhibitors from three chemotypes bound to
human p110y were determined at 2.5 - 2.6 A resolution: the quinazoline purine PIK-39,
the imidazopyridine PIK-90 and the phenylithiazole PIK-93 (Figure 5.3 and Table 5.3).

Based on these co-crystal structures and a conserved arylmorpholine
pharmacophore model, structural models were generated for three additional
chemotypes bound to p110y: the pyridinylfuranopyrimidine PI-103, the
morpholinochromone PIK-108, and the morpholinopyranone KU-55933 (Figure 5.3).
Model-building for these inhibitors was guided by the observation that each compound
contains the key arylmorpholine pharmacophore found in LY294002. The oxygen atom
in the morpholine ring of LY294002 makes a critical hydrogen bond to the backbone
amide of Val 882 (p110y numbering) and substitution of this oxygen abolishes LY294002
binding to PI3-K [28]. In a similar fashion, we (Figure 5.2) and others [30] have shown

that replacement of the morpholine oxygen atom in these novel
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KU-55933

Qaﬁi 5B

PIK-108 & 1

Multi-targeted

A,r-k

PIK-93

Multi-targeted inhibitors
PIK-39
1294002
—:-ﬂ I 23R
PIK-90

Q,é——g

PI103

Figure 5.3. Structural basis for isoform selective inhibition of PI3-K. A. Structures of
isoform-selective PI13-K inhibitors bound to p110y. The regions occupied by adenine
(green), the affinity pocket (yellow), and the selectivity region surrounding Met 804 (red)
are highlighted. B. An alignment of all reported PI3-K inhibitor co-crystal structures.

PIK-39 is orange and all other inhibitors are blue. Met 804 (red) adopts an up

conformation in all structures except PIK-39. C. Alignment of PI3-K inhibitors based on
their orientation in the p110y active site reveals that multi-targeted inhibitors are flat,

whereas more selective compounds project vertically.
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compounds abolishes PI3-K inhibition, supporting a conserved mode of binding for the

arylmorpholine moiety in these inhibitors.

5.6 The structure of PIK-39 reveals a conformational switch that controls
inhibitor selectivity

The discovery of compounds that can distinguish between closely related
isozymes remains a major challenge for kinase inhibitor design. An emerging theme in
protein kinase inhibitors is the importance of conformational mobility of the ATP binding
pocket, which allows certain kinases, such as Bcr-Abl, to present unique binding
surfaces to an inhibitor, such as Imatinib, that are not presented by a closely related
homolog [31]. The most selective PI3-K inhibitor reported here, PIK-39, is an
isoquinoline purine that inhibits p1108 at mid-nanomolar concentrations, p110y and
p110PB at concentrations ~100-fold higher, and shows no activity against any other PI3-K
family member, including p110c, at concentrations up to 100 uM (Table 5.1). The
remarkable biochemical selectivity of this compound is achieved through an unusual
binding mode revealed in its co-crystal structure with p110y, in which only the
mercaptopurine moiety makes contacts within the interior of the ATP binding pocket
(Figure 5.3A). The mercaptopurine is rotated ~1102 and twisted ~352 out of the plane
relative to the adenine of the ATP, and in this orientation, it satisfies hydrogen bonds to
the backbone amide nitrogen of Val 882 as well as the backbone carbonyl oxygen of Glu
880 (thereby recapitulating the hydrogen bonds made by N1 and N6 of adenine). To
achieve this interaction, the mercaptopurine adopts an unusual N(3)-H tautomer (Figure
5.5).

In contrast to other PI3-K inhibitor structures, PIK-39 does not access the deeper

pocket in the active site interior (Figure 5.3A, yellow). Instead, the aryl-isoquinoline
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PIK-108
Model based on PIK-39 and LY294002 structures

Figure 5.4: Left panel: Structure of PIK-39 bound to p110y with Met 804 (red) in the
down conformation. Right panel: Model of PIK-108 bound to p110y. In this model, the
aniline moiety of PIK-108 accesses the same induced pocket as PIK-39.
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Figure 5.5. Structural rationale for selective inhibition of ATM by KU-55933. A. Model
of KU-55933 bound to p110y indicating the steric clash with Met 804. B. A model of KU-
55933 in the ATP binding site of p110yin which Met 804 and Trp 812 have been
changed to the corresponding residues from ATM to relieve this steric clash. C. A
sequence alignment of the class | PI3-Ks and PIKKs in this region.
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PIK-39 x-ray PIK-293 mode/ PIK-294 mode!

A.
ICs0 (uM)
p110a  p110 p11056  p110y
PIK-293 100 25 0.24 10
PIK-294 10 0.49 0.010 0.16
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Figure 5.6. A. Design of a p1103 selective inhibitor that accesses the affinity pocket.
B. Mutation of Met752 in p110d (Met804 in p110y) to lle or Val induces selective
resistance to p110d selective inhibitors.
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Compound

Data collection statistics
Wavelength®

Resolution

Completeness (last shell)
Rmerge” (1ast shell)
Multiplicity (last shell)
<l/o> (last shell)
Refinement statistics

Resolution (Number

of reflections, no cutoff)

Protein atoms

Waters

I:‘crystc

Rres’ (% data used)

r.m.s.d. from ideality®
bonds/angles/dihedrals

Average B (Wilson B factor)

RMSD B for bonded

main (side) chain atoms

®Data sets were collected at ESRF beamline ID14-4

PIK-39

0.97930
26A

99.9 (100.0)
0.062 (0.446)
3.7(3.7)
22.4(2.2)

62.1-2.6 A
(30150)
6774

5

0.24

0.30 (4.1)

0.015 A/1.4°/6.7°
63 A? (74)
0.6 (1.3)

®Rmerge = ZhkIZi [li(nkl) - <I(hkl)>| / ZhkiZi li(hkl).
Reryst and Riree = ¥ |Fobs - Fealcl / T Fobs: Rree Calculated with the percentage of the data shown

in parentheses.

PIK-90

0.97930
25A

99.8 (99.8)
0.072 (0.405)
3.7 (3.7)

19.7 (2.0)

57.1-26 A
(34491)
6799

0

0.23

0.28 (4.1)

0.017 A/1.7°/6.9°
48 A? (60)
0.9 (2.0)

PIK-93

0.97930
26A

99.8 (100.0)
0.066 (0.356)
3.7 (3.7)
22.4 (2.2)

71.8-26 A
(30445)
6781

0

0.25

0.30 (4.1)

0.012 A/1.2°/5.9°
60 AZ (70)
0.5 (0.9)

“r.m.s. deviations for bond angles and lengths in regard to Engh and Huber parameters.

Table 5.3: Crystallographic statistics.
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moiety of PIK-39 extends out to the entrance of the ATP binding pocket (Figure 5.3). In
this region, the kinase accommodates the inhibitor by undergoing a conformational
rearrangement in which Met 804 shifts from an “up” position, in which it forms the ceiling
of the ATP binding pocket, to a “down” position which it packs against the isoquinoline
moiety. The effect of this movement, which is unique to the PIK-39 structure (Figure
5.3B), is to create a novel hydrophobic pocket between Met 804 and Trp 812 at the
entrance to the ATP binding site (Figure 5.3). This induced-fit pocket buries ~180 A? of
solvent accessible inhibitor surface area, explaining how PIK-39 achieves nanomolar
affinity despite limited contacts within the active site core.

This structure suggests that Met 804 is responsible for the selective binding of
the isoquinoline purines to p1103§, since different PI3-K isoforms may exhibit differential
conformational plasticity in the region surrounding Met 804. Met 804 is in a loop in the
catalytic domain that is structurally analogous to the glycine-rich loop of protein kinases.
In protein kinases [32], this loop is unusually flexible and its dynamics appear to
optimally align ATP relative to the peptide substrate. Thus, compounds like PIK-39 may
be suited to exploit flexibility in this region that is necessary for phosphate transfer to the
lipid substrate. Consistent with this view, movement of Met 804 induces a shift in the
protein backbone that propagates through the loop connecting beta strands k3 and k34
and into the adjacent alpha helix ka2. These two beta strands and the alpha helix
possess low sequence homology among the class | PI3-Ks relative to the ATP binding
pocket (which is nearly 100% conserved) and this sequence variation may account for
differential conformational plasticity among isoforms. This mode of inhibitor binding is
reminiscent of selective protein kinase inhibitors that exploit differentially accessible

conformational states [31].
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Wae tested the hypothesis that the residue corresponding to Met 804 in p110y is
responsible for the selective binding of the isoquinoline purines to p1108 by mutating this
residue in p1103 (Met 752) to a B-branched amino acid. Modelling suggests that this
mutation should block binding of the p1103 selective isoquinoline purines, but not multi-
targeted inhibitors that do not exploit the conformational mobility of this methionine
(Figure 5.6B). Consistent with this prediction, we find that the mutations M7521 and
M752V reduce the binding affinity of the isoquinoline purines for p1103 by 20-30 fold, yet
have little or no effect on the binding of three unrelated chemotypes that do not require
the conformational rearrangement of this methionine for binding (Figure 5.5B).

The isoquinoline purine inhibitors of p1108 are unique in that they do not access
the deeper affinity pocket in the PI3-K active site that is exploited by other inhibitors in
our panel (see section 5.8). Our binding models suggest that an isoquinoline purine
inhibitor which occupied this affinity pocket would be more potent than the parent
compound, while retaining p1103 selectivity. To test this hypothesis, we designed an
isoquinoline purine which accesses both the selectivity and affinity pockets. To this end,
we noted that a confounding SAR of the isoquinoline purines is that it is possible to
replace the mercaptopurine moiety (connected through S6) with adenine (connected
through N9) without significantly altering the potency or selectivity of these compounds,
despite the fact that this substitution dramatically alters the shape, orientation, and
hydrogen bonding potential of the inhibitor (Figure 5.2; compare PIK-39 and IC87114).
To understand how this is possible, we replaced the mercaptopurine in our PIK-39
structure with adenine to yield a model of IC87114 (Figure 5.6A depicts this hydrogen
bonding scheme for PIK-293, which is identical to IC87114 except that adenine is

replaced by pyrrazolopyrimidine). Remarkably, this substitution places the adenine in an
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orientation very similar to the adenine ring of ATP, such that the adenine in IC87114 is
poised to make the same hydrogen bonds to Glu 880 and Val 882.

Based on this binding model, we reasoned that replacement of the adenine in
IC87114 with the isosteric pyrrazolopyrimidine would generate an inhibitor scaffold from
which we could project hydrophobic substitutuents into the affinity pocket. We therefore
synthesized the pyrrazolopyrimidine analog of IC87114 (PIK-293) as well as a second
compound containing a m-phenol moiety (PIK-294) which we predicted would access
the affinity pocket. (Figure 5.6A) The m-phenol was selected based on the observation
that the most potent inhibitor in our panel, PI-103, projects a m-phenol into the affinity
pocket in our binding model. PIK-293 and PIK-294 were tested in vitro against all four
class IA PI3-K isoforms. Consistent with these structural predictions, we find that
introduction of the m-phenol moiety in PIK-294 induces a 25-50 fold increase in inhibitor
potency relative to the parent compound PIK-293. (Figure 5.6A) This supports our
designation of this region as an affinity pocket (Section 5.8) and provides additional
evidence that our crystal structures of these inhibitors bound to p110y, and binding
models derived thereof, accurately reflect the binding orientation of the same

compounds to p11043.

5.7 Met 804 is a hot spot for selective inhibitors

The unexpected conformational mobility of Met 804 in the PIK-39 structure
prompted us to ask whether other selective inhibitors rely on this same feature. The
pyridinyl and morpholino chromones TGX-115, TGX-286 and PIK-108 are derivatives of
LY294002 that show selectivity for p1108/p11035 relative to p110a/p110y (Figure 5.1).
These compounds differ from LY294002 by replacement of the 8-phenyl moiety with

more extended aryl substituents (Figure 5.2). Models of these compounds bound to
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p110y based on the LY294002 structure indicate that the extended aryl substituent in
these inhibitors is poised to occupy the same inducible pocket that is created by
rearrangement of Met 804 in the PIK-39 structure (Figure 5.4). This is consistent with
the observation that these compounds are potent inhibitors of p1105, and suggests that
these two unrelated chemotypes may target the same conformationally mobile residue to
achieve selectivity.

The morpholinopyranone inhibitor KU-55933 was recently reported to be a highly
selective inhibitor of ATM relative to all other PI13-K family members [30]. Based on an
arylmorpholine pharmacophore model, KU-55933 is predicted to bind in the ATP binding
pocket, with the morpholinopyranone substituting for the chemically identical fragment
from LY294002 (Figure 5.3A and Figure 5.5). The thianthrene moiety of KU-55933 is
orientated orthogonal to the pyranone ring in this model in recognition of the steric
penalty for placing bi-aryl substituents coplanar (estimated to be ~11 kcal/mol for this
ring system using MMFF94 calculations). In this orientation, the sterically cumbersome
thianthrene directly clashes with Met 804 in p110y (Figure 5.5A). As ATM differs
significantly from p110y in sequence, we performed an alignment of the residues
surrounding Met 804 for the class | PI3-Ks and PIKKs. Remarkably, this alignment
reveals that Met 804 is conserved as a large hydrophobic residue in every PI13-K family
member except for ATM, where this residue is instead an alanine (Figure 5.5C). This
suggests an immediate structural basis for the selectivity of this compound, since the
MB8O04A substitution creates a novel pocket that can accommodate the thianthrene in KU-
55933 (Figure 5.5B). A prediction of this model is that p1108 should be inhibited by KU-
55933 more potently than other class | PI3-Ks, and this is indeed observed (Table 5.1).
Taken together, these data argue that at least three chemotypes of selective PI3-K

inhibitors achieve their selectivity by projecting a large substituent vertically toward the
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roof of the ATP binding pocket, where this moiety either displaces a conformationally
mobile residue (PIK-39 and PIK-108) or occupies a unique pocket created by sequence

variation (KU-55933).

5.8 Structures of PIK-90 and PIK-93 define features of potent, muiti-targeted
inhibitors

Several compounds in our panel potently inhibit multiple PI3-K family members,
and we sought to understand how these inhibitors achieve high affinity, pan-specific
binding. This analysis can help define the unique features of more selective
compounds, and may identify general interactions that contribute to inhibitor affinity in
this target class. The growing interest in multi-targeted inhibitors of protein kinases,
which have shown unexpected clinical efficacy, also motivates a structural investigation
of the analogous PI3-K inhibitors [33]. PIK-90 and PIK-93 are the two most potent and
multi-targeted synthetic P13-K inhibitors that have been characterized (Figure 5.1C,
bottom), and we therefore determined co-crystal structures of these compounds bound
to p110y.

These structures reveal that both compounds make a hydrogen bond to the
backbone amide nitrogen of Val 882, the residue that otherwise hydrogen bonds to N1 of
the adenine ring in ATP (Figure 5.3A). This hydrogen bond has been observed in every
PI3-K inhibitor co-crystal structure reported [28], and the absolute conservation of this
interaction is reminiscent of protein kinase inhibitors, essentially all of which make a
hydrogen bond to the structurally equivalent residue in protein kinases (Met 341 in c-
Src). In addition to this hydrogen bond, PIK-93 makes a second hydrogen bond to the
backbone carbonyl of Val 882 and a third between its sulphonamide moiety and the
sidechain of Asp 964. PIK-93 is one of the most polar inhibitors in our panel (clogP =

1.69) and these extended polar interactions may compensate for its limited hydrophobic
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surface area. Overall, PIK-93 adopts a flat conformation in the ATP binding pocket that
is characteristic of pan-specific PI3-K inhibitors (Figure 5.3C).

PIK-90 binds in a mode similar to PIK-93, although this larger compound makes
more extensive hydrophobic interactions, burying 327 AZ of solvent accessible inhibitor
surface area. To achieve this, PIK-90 projects its pyridine ring into a deeper cavity that
is partially accessed by PIK-93 but not occupied by ATP (Figure 5.3A, yellow). PI-103, a
third multi-targeted PI3K inhibitor, projects a phenol into the same pocket based on an
arylmorpholine pharmacophore model (Figure 5.3A) Much of the hydrophobic surface
of this deeper pocket is contributed by lle 879, a residue we have argued is structurally
analogous to the gatekeeper in protein kinases (Thr 338 in c-Src) [34]. In lipid kinases,
this residue is conserved as a large hydrophobic amino acid, but it is shifted ~2 A
vertically to expose this deeper pocket. In addition to these hydrophobic interactions,
the pyridine ring of PIK-90 is poised to make a hydrogen bond to Lys 833, and we find
that replacement of this pyridine nitrogen with carbon results in a ~100-fold loss in
affinity (PIK-95, Figure 5.2).

Collectively, these data suggest that potent, multi-targeted inhibitors achieve their
binding, in part, through hydrophobic and polar interactions with a deeper, affinity pocket
that is not accessed by ATP. A striking feature of these compounds is that they bind to
the kinase active site in a uniformly flat conformation, whereas more selective

compounds project out of the plane occupied by ATP (Figure 5.3C).

5.9 The role of PI3-K isoforms in insulin signaling

Insulin was one of the first stimuli shown to activate PI3-kinase [35] and the
broad spectrum P13-K inhibitors wortmannin and LY294002 block the metabolic effects
of insulin in target tissues such as fat and muscle (36, 37]. Overexpression of

constitutively active alleles of class | PI3-Ks is sufficient to induce membrane
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