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Synopsis
The past few years have seen the identification of numerous small molecules that selectively inhibit
specific Class | isoforms of PI3K yet little has been revealed about the molecular basis for the
observed selectivities. Using site directed mutagenesis, we have investigated one of the areas
postulated as critical to the observed selectivity. The residues, T886 and K890 of the PI3K vy isoform
project towards the ATP binding pocket at the entrance to the catalytic site but are not conserved.
We have made reciprocal mutations between those residues in the g isoform (E858 and D862) and
those in the a isoform (H855 and Q859) and evaluated the potency of a range of reported PI3K
inhibitors. The results show that the potencies of B-selective inhibitors TGX221 and TGX286 are
unaffected by this change. In contrast, close analogues of these compounds, in particular the a-
isoform selective compound (111), are markedly influenced by the point mutations. The collected data
suggests two distinct binding poses for these inhibitor classes, one of which is associated with potent
PI3K beta activity and is not associated with the mutated residues, and a second that in accord with
earlier hypotheses does involve this pair of non-conserved amino acids at the catalytic site entrance
and contributes to the a-isoform selectivity of the compounds studied.
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Introduction

Enzymes of the phosphoinositide 3-kinase (PI3K) family are fundamental to numerous
intracellular signaling cascades, catalysing phosphorylation at the 3-hydroxyl function of
phosphatidylinsoitols. [1,2] The 3-phosphorylated products - Ptdins(3)P, Ptdins(3,4)P, and
PtdIns(3,4,5)P3 act as second messengers, binding to and activating downstream effector
proteins, and in so doing controlling numerous physiological processes such as cell growth,
proliferation, adhesion and survival.[2] Given this array of activities, inhibitors of the PI3K
activity have been anticipated to have significant therapeutic potential in a range of diseases
states, notably cancer,[3-5] thrombosis [6] and immuno-inflammatory diseases.[7,8]

8to whom correspondence should be addressed : Dept. of Medicinal Chemistry, Victorian College of Pharmacy, Monash University 381
Royal Parade, Parkville, Victoria, Australia 3052 Fax: 61 3 9903 9582 (Phil. Thompson@vcp.monash.edu.au).



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Frazzetto et al.

Page 2

The PI3K family comprises a variety of sub-types displaying distinct but sometimes
overlapping regulation, substrate specificity, tissue expression and kinetic behavior. The class
I PI3Ks have been studied in most detail and are characterized by a 110kD catalytic domain,
utilization of PtdIns(4,5)P, as substrate and sensitivity to the pharmacological inhibitors
wortmannin and LY294002.[9] The four class I isoforms p110a, p110p, p110y and p1105 are
distinguished by sequence variation that can result in differences in regulatory partners and
different pathways to activation. Each individual isoform has been nominated as a target for
the treatment of the disease states listed above and for a number of years it has been postulated
that for therapeutic benefit without serious side effect potential, inhibitors that could
discriminate the individual Class I isoforms of PI3K would be required.[10] From the earliest
elucidation of the isoform sequences it was suggested that this would be a difficult task, such
was the level of homology around the catalytic site. The release of x-ray co-ordinates for
p110y further reinforced this notion; interactions between the enzyme and the inhibitors
LY294002, quercetin, myricetin, wortmannin and staurosporin were exclusively with residues
conserved across the class | isoforms.[11] Those reservations though have ultimately proved
groundless, as agents showing marked selectivity for one or two isoforms continue to be
described. Included amongst those inhibitors are those selective for p1105 described by
workers at 1COS,[12] compounds that target p110p/6 as described by Jackson et al, [6] a
number of compound classes that selectively inhibit p110y [8,13], and most recently agents
have been described that selectively inhibit p110a. [14] An armoury of reagents is developing
with which to analyse the roles of these enzymes in physiology. As demonstrated recently by
Knight et al the combination of these reagents as pharmacological tools provides for
compelling cross-referencing in studies of cellular function.[15]

While a great deal of progress has been made towards the development of isoform selective
inhibitors of PI3K isoforms, this has been achieved in large part through the application of
typical medicinal chemistry hit-to-lead strategies and understanding of the molecular origins
of the observed selectivities remains at best rudimentary. Even with a series of inhibitor-
enzyme co-crystals (for which there are currently eleven published) the causation of inhibitor
selectivity is not obvious. Irrespective of the ligand, the key interactions are with absolutely
conserved residues of the catalytic pocket.[11] Moreover the p110y structure is largely
insensitive to the nature of the inhibitor with low RMS values describing the overlap between
catalytic site residues in most cases. The only indication that selectivity might be driven by
differential dynamic behaviour of the isoforms is provided by significant repositioning of
residues in the catalytic site in the co-crystal of p110y and a p1105 selective compound, PIK39.
[15] The lack of crystal data relating to any isoform other than p110y has been a major
stumbling block, and the recent description of p110a hopefully opens the door to new insights
relating to inhibitor selectivity. [16]

Inspection of the published p110 structures more distant from the direct binding site identifies
non-conserved regions that might be expected to play a significant role in conferring some
non-uniformity in the catalytic pocket and these have been the subject of previous speculation.
Previously a comparison of the y isoform crystal structure and a 3-dimensional model of the
& isoform was used to identify potential regions of selectivity within the inhibitor binding
pocket. Four regions in the y isoform were identified with the amino acids conferring selectivity
proposed as Ala805 and Lys808 (region 1), 11e881 and Ala885 (region 2), Thr886 (region 3)
and Lys890 (region 4).[13,17,18] We analysed the available x-ray structures of p110y co-
crystallised with ATP and with various inhibitors. In the stretch of non-conserved amino acid
residues that sits at the outer edge of the binding pocket from Lys883 to Lys890 of p110y it
was found that Lys890 shows marked variation in side chain placement. As shown in Figure
1, the side chain reaches towards the ribose hydroxyl groups of ATP (PDB code: 1e8x, Figure
1a), but orients away from the aryl ring in LY294002 (PDB code 1e7v, Figure 1b). [11] In
sequence alignments and superposition with p110a, the corresponding residue is GIn859 (PDB
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code 2rd0, Figure 1c).[16] A second residue in this region that orients towards the catalytic
site is Thr886, which corresponds to His855 in p110a. These residues appear to exert no
conformational influence at the backbone with a close overlay between the isoform structures.
In p110p the corresponding residues are Asp862 and Glu858 respectively.

Our previous studies have focused upon inhibitors elaborated from the non-selective inhibitor
LY294002, that in general display a preference for the p110p isoform. The published inhibitors
TGX221 and TGX286 [6,15] have an obvious potential for overlap with the pose adopted by
LY294002, such that the elaboration of the structure would be expected to account for the
observed increase in potency and selectivity. In seeking to understand this further, our initial
models suggested the potential for the binding of these extended structures to be influenced by
the residues of the non-conserved region, particularly Thr866 and Lys890 of p110y or their
corresponding residues in other isoforms. In order to test this postulate in the absence of
crystallographic data, we chose to make mutations to this region in the hope of observing
modified inhibitory potency against the mutant form. In this article we describe the preparation
of mutants of p110B and p110a. We have characterized the catalytic activity of these mutants
in comparison to the wild type enzymes and measured the varied sensitivity of a panel of
inhibitors to these changes.

Materials and Methods

Chemical Synthesis

The compounds of this study were prepared according to reported literature procedures.
LY294002, TGX102, TGX132, and compounds (1), (1) and (I111) were prepared according to
previously described routes.[19] TGX221, TGX286 were generously provided by Kinacia Pty.
Ltd. prepared as described in WO 2004016607.[20]

Mutagenesis of PI3K p110a and p1108

Site directed mutagenesis using Pfu Ultra-high fidelity DNA polymerase was carried out using
the Quickchange kit (Stratagene) with pBacPAK8/p110a and pBacPAK/p110p as the template
DNA. The presence of the correct point mutation was confirmed by DNA sequencing.
Recombinant baculoviruses were generated by co-transfection of the appropriate pBacPAK8
transfer plasmid with pBacPAKG®6 viral DNA (Clontech) into Sf21 insect cells. Recombinant
baculovirus plaques were purified and tested for protein expression by Western blot using
isoform-specific antibodies. Positive recombinant baculovirus was then amplified to a titre in
the range of 107 to 108 pfu/ml.

Protein Expression and Purification

Co-infection of Sf21 cells with p110a baculovirus (wild-type or mutant) and p85 baculovirus
was carried out for 48h at 27°C. in serum free insect cell medium Sfo00 (Invitrogen). Cells
were then pelleted, resusupended in 50mM NaH,PO,4, 150mM NaCl pH 7.2 containing 1x
complete protease inhibitor cocktail (Roche), sonicated and centrifuged at 17000g for 5 min
at4°C. The resulting supernatant was filtered through a 0.2um filter and loaded onto a Superose
12 gel filtration column equilibrated in 50mM NaH,PO,4, 150mM NaCl pH 7.2 at a flow rate
of 0.5ml/min. Fractions were collected and PI3K activity was assayed. Positive fractions were
pooled, 30% (v/v) glycerol was added and stored at —80°C.

Co-infection of Sf21 cells with p110p baculovirus (wild-type or mutant) and N-terminal 6-his
tagged p85 baculovirus was carried out for 48h at 27°C. in serum free insect cell medium Sf900
(Invitrogen). Cells were then pelleted, resuspended in 50mM NaH,PO,4, 300mM NaCl, 10mM
imidazole pH 8.0 containing 1x EDTA-free complete protease inhibitor cocktail (Roche),

sonicated and centrifuged at 17000g for 5 mins at 4°C. The supernatant was loaded onto a Ni-
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NTA affinity column, washed with 4 volumes of 50mM NaH,PO4, 300mM NaCl, 20mM
imidazole pH 8.0. Bound PI13K was eluted with 50mM NaH,PO,4, 300mM NaCl, 2500mM
imidazole pH 8.0. Fractions were collected and PI3K activity was assayed. PI3K fractions were
pooled, 30% (v/v) glycerol was added and stored at —80°C.

Inhibition Assays

PI3K lipid kinase assays were performed in a total volume of 100 ul in a buffer containing 20
mw HEPES, pH 7.4, 5 mm MgCl, and 0.25mM EDTA using 170 pug/ml phosphatidylinositol
as a substrate. Reactions were started with the addition of 50puw ATP (plus 0.1 puCi of [y-32P]
ATP/assay), incubated at 25 °C for 20 min and terminated by the addition of 100 ul of 0.1
HCI. Phospholipids were extracted with a mixture of 200ul of chloroform/methanol (1:1) and
500ul of 2M KCI followed by scintillation counting. IC50 was determined using inhibitor
concentrations ranging form 3nM to 10uM with one-half log unit between doses. Assays were
performed for each compound at n=3. Individual dose response curves were generated, IC50
determined using Prism (GraphPad, USA) and reported as the average of 3 results.

Results and Discussion

1. Design, preparation and catalytic activity of mutants of PI3K p110a and p1108

We set out to examine the participation of the non-conserved residues at the binding pocket
entrance in the isoform selectivity of a series of PI3K inhibitors as shown in Figure 2. To do
this we prepared mutant forms of p110p in which those residues Glu858 and Asp862 were
mutated to the corresponding residues in p110a. (His and Gln respectively) and also preparing
the reciprocal mutants in p110a. Our hypotheses were that (i) mutation in those residues should
have no significant impact on catalytic activity, (ii) that mutation of these residues should have
no impact on the inhibitory potency of LY294002, but (iii) that we should witness diminished
or enhanced potency of inhibitors against the mutated enzymes, dependent upon the
complimentary nature or otherwise of the inhibitor. We hoped that the evaluation of reciprocal
pairs of mutants might provide greater insight into the relevance of the specific mutated position
than single mutation alone.

Preparation of wild type and mutant enzymes—The p85, p110a and p110p subunits
and the site directed mutants of the catalytic domains were successfully expressed using the
baculovirus expression system. The wild type p110a and mutants were co-expressed with the
native p85 sub-unit, and purified by gel filtration and ion exchange chromatography. For the
wild type p110p and mutants, an N-terminal 6-his-tag was incorporated on the p85 sub-unit
allowing for purification by immobilized-metal affinity chromatography. The K, for Pl has
previously been shown to be higher for p110a compared to p110p. Here the Ky, for wild type
p110c.and pwas 221 and 41 uM respectively (see Table 1). This correlated well with previously
reported values for p110a Ky, of 512uM [21] and for p110p of 130uM [2].

The mutant forms of the enzyme fulfilled our key criteria for study. The mutants all exhibit
catalytic activity similar to the wild type enzyme as mutagenesis did not affect the Vs in any
mutant. However mutagenesis of p110c. resulted in a reduction in the K, value for both the
D862Q and E858H mutants, towards that of p110f perhaps indicating that substrate access to
the active site is enhanced, while having no effect on catalysis as no change in Vpax was
observed. As no increase in Km was observed following p110p mutagenesis (Table 1) other
amino acids must also influence substrate access to the active site in p110p.

LY294002 was anticipated to make no distinction between wild type and mutant PI3K enzymes
and this was in general found to be the case (Table 2). For the p110a mutants, L'Y294002
showed identical potency as for the wild type isoforms. This was also true of the E858H-
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p110p mutant, although inhibitory potency was decreased 2-fold in the case of D862Q
suggestive of a subtle change in catalytic site topography.

2. Assays of inhibitor potency at wild type p110 isoforms

The results of the screen of wild-type enzymes against selected PI3K inhibitors are shown in
Table 2. As a priority of this study, the previously described inhibitors TGX221 and TGX286
were confirmed to be potent and selective inhibitors of p110p with IC50's of 29nM and 7.0nM
respectively.l At pl110a, they are both much less potent. The benzyloxy-substituted chromone,
TGX102, shows moderate p110p potency (IC50 0.18uM) and approximately 4-fold selectivity
relative to p110a, which demonstrates that simple homologation of the pendant group is
sufficient to gain some selectivity. In contrast, the pyridinyl substituted analogue, TGX132
(UB6983)[22] shows a significant drop in p110p potency (IC50 2.5uM) while against p110a
potency is unchanged (IC50 0.84uM) relative to TGX102. The inclusion of a p-methylthio,
p-methylsulfonyl and p-morpholinosulfonyl substitutent in the pendant benzyloxy ring yields
compounds (1), (1) and (I111) respectively (Figure 2). They were identified as compounds
showing enhanced potency at p110a and modified selectivity profiles relative to their parent
compound TGX102 (Table 2 and 3). Compounds (I) and (11) show approximately 4-fold
selectivity towards p110a compared to p110p with compound (111) displaying 27 fold
selectivity. The observed selectivity for p110a appears to derive from a combination of
enhanced potency at p110a and diminished potency at p110p, the latter particularly marked in
the case of compound (111) which is 24 fold less potent than TGX102 at p110p.

The key outcome of this initial screen with respect to our studies was the apparently incremental
gainin p110p potency relative to LY 294002 with increased structural elaboration at the pendant
ring and the capacity for small structural changes to impact on isoform selectivity. The
identification of TGX132, (1), (I1) and (I111) as having some selectivity for p110a suggests the
possibility to manipulate these compounds to yield selective inhibitors at isoforms other than
p110B. Also based on our hypothesis, the graded changes in structure and potency might be
expected to manifest in the sensitivity of these inhibitors to the site directed mutagens.

3. The influence of p110B mutations on inhibitor potency

As described earlier, we postulated that non-conserved residues at the outer edge of the ATP-
binding pocket may be responsible, at least in part, for the observed increase in selectivity of
TGX221 and TGX286. The p110p mutants p110p-E858H and p1108-D862Q were designed
to test this hypothesis.

In the event, this arm of the hypothesis did not hold. (Table 2) Neither of the mutations gave
rise to any diminution of TGX221 potency. In fact, TGX221 was found to inhibit p110p-E858H
3-fold more potently than the wild type form and increasing the selectivity over p110a. The
other potent p110p inhibitor from the Kinacia series, TGX286, which showed over 140-fold
selectivity, showed approximately 2-fold reduction in potency at p110p-D862Q and p110p-
E858H. For TGX102, the inhibition curves derived from the mutated enzymes were
indistinguishable from the wild type.

TGX132 from this series, in which inclusion of a pyridinyl methoxy substituent relative to
TGX102 resulted in a 12-fold drop in p110p potency (IC50 2.5uM), recovered some of that

Linhibitor potency for LY294002 and TGX221 reflect that found in other reports and differences in determined 1C50s and those published,
are modest and can generally be explained by variation in experimental conditions used for IC50 determination. However, the IC50
against p110p for TGX286 reported by Knight et al. 2006 was 0.12uM, where it was determined to be 7nM in this study, a 17-fold
difference. The difference in the concentration of ATP used in this study compared to 10uM used in the literature report cannot account
for this variation. However, our experience with this compound suggests that low compound solubility may be an explanation for the
discrepancy. The rank order of selectivity is retained, marking this compound as a very potent and selective inhibitor of p110p.
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potency (approximately 2 fold) with mutation of either residue. Similarly, mutation at p1103
resulted in modest enhancements in the potency of compounds (1) and (11). However, mutation
of p110p had a quite profound effect on the potency of (111) (IC50 4.3uM. v. wild type) shifting
the 1C50 by over an order of magnitude in both cases, and essentially recovering much of the
p110p potency exhibited by TGX102. In other words, the selectivity of compound (111), the
most p110a-selective inhibitor of this group appears to largely derive from disfavoured
interaction with the acidic Asp862 and Glu858 residues of p110p.

4. The influence of p110a mutations on inhibitor potency

As with the p1103 mutants, a general survey of p110a and the mutant isoforms was carried
out to determine any influence, positive or negative, that the particular residues have upon
activity that might imply a role for those amino acids in determining inhibitor potency (Table
2).

While each of the compounds did show sensitivity to p110a mutation, none of the compounds
displayed any preference for the mutated p110a forms over the wild type. Mutations Q859D-
p110a and H857E-p110a resulted in TGX132 potency dropping 5-6 fold. Its analogue,
TGX102, (IC50 0.77uM v. wild type) which was transparent to p1103 mutation, lost 3-fold
potency at either mutated p110a isoform. Compounds (1), (11) and (111) were between 2- and
4-fold less potent at mutated forms of p110a showing that potency at p110a was at some level
dependent upon the mutated residues.

Incorporation of a residue found in p110B might have been expected to enhance potency of
p110p-selective compounds, TGX221 and TGX286, at p110a. In fact, both show some lost
potency at p110a upon mutation.

In summary, it would appear that the histidine and glutamine residues are in general positive
contributors to the observed p110a potency of this series of compounds. In contrast, the aspartyl
and glutamatyl residues found in wild type p110p play no positive role in ligand binding of
these compounds.

5. Models for PI3K inhibition based upon reciprocal mutation

In the absence of crystal data relating to either of the isoforms of this study, indirect
experimental techniques were utilized to provide support to hypothetical binding models. Here
we have tested a hypothesis that a non-conserved region adjacent to the ATP binding site would
play arole in the binding affinity of compounds known to have high selectivity for p110p over
p110a or vice versa. TGX221 and TGX286 each display strong preference for p110p, and were
developed through iterative extension of the pendant aryl group of LY294002. It was
anticipated that these compounds would show significant sensitivity to the presence of
mutations in the non-conserved region, extrapolating from the available p110y-LY 294002 co-
crystal.[11] The assertion that these residues would present in a similar locale to that aligned
residues in p110y has subsequently been confirmed crystallographically.[16] The His855 and
GIn859 residues of p110a overlay exquisitely with the Thr886 and Lys890 of p110y.

The observed potency of the compounds tested in the experiments described in this work is
suggestive of a model for binding and selectivity quite different to that envisaged. The resultant
hypothesis from this work is in fact the opposite — the selectivity of the potent 110 selective
compounds, TGX221 and TGX286, is not determined by the nature of the residues Asp862
and Glu858 of the non-conserved region. In contrast, the remaining data suggests that these
residues can and do play arole in the binding of other ligands, inclusive of chromone derivatives
of TGX102. As a group of compounds, the substituted analogues of the p110p selective
inhibitor, TGX102, all show some level of preference for p110a and, to a greater or lesser
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extent, the change in p1100/p selectivity appears to be drawn from the residues that have been
mutated. The reciprocated nature of the gains and losses of potency observed in these examples
forms the basis of the following discussion.

It can be reasonably asserted that potent and selective p110p inhibition is not determined by
the non-conserved residues that have been mutated in this study. Indeed, the impression to be
gained from the data compiled against the p110 mutants is that this region actually provides
some hindrance to p110p selectivity for these potent ligands. On the other hand, it appears that
p110 binding of the less potent compounds does have reliance on interactions with the non-
conserved region, with altered activity of inhibitors observed for many of the experiments
where mutations were introduced in both isoforms, and a clear preference for the residues
present in p110a.

Consideration of the effect upon selectivity of reciprocal mutagenesis of the chosen residues
provides an interesting view of the results. (Table 3) To do this, we compare the selectivity of
the wild type p110a/p IC50 ratios for wild type with the reciprocal mutant pairings, p110a-
(Q859D)/p110B-(D862Q) and p110a-(HB855E)/p110B-(E858H). For example, TGX221 shows
26-fold selectivity for wild type p110p over wild type p110a. For the reciprocal mutant pairing
p110p-(E858H) over p110a-(H857E), TGX221 shows 154 fold selectivity. Introducing
reciprocal mutations in that position improved selectivity for p110p by 6-fold.

Any shift from a ratio of greater than one would seem to be indicative of a preference to the
residues in this region found in p110a. A shift of less than one suggests a preference for the
residues found in p110p. Shifts of an order of magnitude would indicate that the residue at that
position plays a significant role in the selectivity profile of the compound. Such a shift was
observed for the compounds, TGX132, (1), (11) and (I11) in these cases the mutagenesis pairings
actually led to a change in the isoform selectivity - switching from p110a preferring as wild
type enzymes to p110p preferring as mutant pairings in one or both cases.

This information could be utilized as a significant driver in drug design where the objective
may be to achieve enhanced levels of selectivity. For example, the presence of the glutamyl
group D862 in p110p prevents even higher TGX221 selectivity from being attained. If
increased selectivity is desired, an enhanced compatibility with the glutamyl residue may be
the means to achieve it. With TGX286, that is relatively insensitive to these mutations, perhaps
such compatibility has been realized, albeit unintentionally.

As shown in the collected data, a specific residue can contribute to enhanced isoform selectivity
by either enhancing ligand affinity for the target enzyme or reducing affinity for the “off-target”
enzyme. In these results, the greater evidence is that the non-conserved region is primarily able
to influence selectivity by inhibiting interactions with an off-target isoform. This is most
apparent with compound (I11). It is selective for p110a predominantly by virtue of decreases
in affinity for the p110p isoform relative to TGX102, rather than through significant gains in
p1100 potency. The mutagenesis data supports this strongly with mutation of p110p able to
recover virtually all the lost potency relative to the analogue, while mutation at p110a gives
moderate decreases in potency. In summary, it may be concluded that p110a selectivity over
p110p of these compounds is achieved predominantly through the compounds’ hindered
interaction with the non-conserved region of the catalytic site of p110p.

An alternate explanation may be derived from the observation that for both p110c mutants the
K, for substrate was shifted towards the lower concentration of p1108 WT Ky, indicating that
these amino acids at the entrance to the catalytic site of 110a may restrict substrate entry or
product release, reflected in the higher p110a K, ie. p110p catalytic site is more accessible
than the p110a catalytic site. It may be that the differences between the two isoforms in the
structures of the entrance to the catalytic site may contribute to the observed selectivities of
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inhibitors and their sensitivity to mutation. More detailed kinetic studies may serve to resolve
these possibilities.

If we return to the issue of the binding site for the potent p110p inhibitors. That there is an
alternate binding pose for these ligands to that hypothesized, is apparent from the high potency
at p110p of TGX221, TGX286, and TGX102 relative to LY294002 and the apparent lack of
influence exhibited by the non-conserved residues. This study is unable to delineate that
binding site but has ruled out a role for non-conserved amino acids at the p110p catalytic site
entrance. Interestingly, a model for p110p binding of TGX280 (P1K108) has recently been
proposed that explains the observed data quite well.[15] In the x-ray structure of p110y bound
to the ligand PIK39, a p1105 preferring compound, a methionine residue (Met804) undergoes
amajor, ligand-induced conformational switch creating a binding pocket hidden in othe rcrystal
forms of p110y. In analysing the potential for other ligands to interact with such a
conformational variant, PIK-108 (TGX280), a close analogue of TGX221 and TGX286 was
successfully modelled into the new binding site, notably accommodating the phenylaminoethyl
substituent shared by TGX280, TGX221 and TGX286 [15]. In this model, the mutated residues
of the current study might be expected to play no significant role in binding, whereas in models
based upon the LY294002 co-crystal structure, these ligands are anticipated to interact with
the mutated residues. It should be pointed out that these studies consider only one sterecisomer
of these compounds and the active isomer has yet to be identified.

Thus two binding orientations and binding site conformations for these ligand types may be
in operation — one associated with potent affinity for p110p that does not depend directly upon
the non-conserved amino acids mutated here and another consistent with the LY 294002
binding site conformer that is sensitive to the non-conserved residues. This is illustrated in
Figure 4, with reference to TGX102 and the substituted analogue (111).

In this figure, TGX102 is able to adopt a suitable conformation to bind and perhaps induce a
discrete conformer of p110p not available to p110a, which explains the observed selectivity
of that compound as well as TGX221 and TGX286. In the conformational state presented in
the LY294002 co-crystal, TGX102 is able to bind p110a with lower affinity and access to the
non-conserved residues. It is likely competent to bind in this way to p110p also, but prefers
the alternate conformation. Inclusion of the morpholinylsulfonyl substituent as shown in
(111) blocks access to the p110p-specific pocket forcing the p110p potency to be determined
by interactions at the non-conserved site. In that conformation, the presence of the Glu and
Asp residues significantly hinder p110p binding, while the His and GIn sustain p110a binding.
The mutagenesis supports this hypothesis by the reversal of selectivity for (111) upon reciprocal
mutation of those residues. It can also be envisaged that the presence of the pyridinyl nitrogen
of TGX132 or the p-methylthio and p-sulfonyl substituents on compounds (1) and (11) prevent
them from binding in the p110B-specific binding site, such that p110p potency has greater
dependence upon the non-conserved region.

While the evidence for distinct binding orientations by these ligands is quite strong, it could
be reinforced by the rational design of new ligands. To date, only p110p-selective ligands have
emerged with high potency from the benzopyranone family, but the altered selectivity
displayed by TGX132, (1), (1) and (I111) and the ability to manipulate it by mutagenesis
suggests that the non-conserved region p110a 852-859 has not been optimally targeted by
existing ligands and remains a potential means for engineering enhanced selectivity for other
isoforms — a hypothesis recently supported by Ruckle et al.[23] With minimal x-ray data
available, the study of inhibitor binding by mutagenesis can yield critical information for drug
design and the capacity to use this technique to swap the selectivity profile of a ligand would
appear to be an exciting approach also to study selective isoform inhibition.
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PI3K phosphatidylinositol 3-kinase
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Thr886

Lys890 Lys890 GIn859

PDB: 1e8x PDB: 1e7v PDB: 2rd0
p110y/ATP p110y/LY294002 p1100/no ligand

Figure 1. Structural heterogeneity of PI3K catalytic site entrance

Common views of PI3K crystal structures highlighting structural heterogeneity at binding site
entrance are shown.

(a) p110y/ATP — Lys890 side chain projects towards the ribose moiety of ATP.

(b) p110y/LY 294002 — Lys890 side chain projects away from Ly294002 aryl ring.

(c) p110a/no ligand present — superposition show His and Gln residues replacing Thr and Gln
(p110y) lining the outer edge of the binding pocket.
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Figure 2. Structure of PI3K inhibitors
Chemical structures of the PI3K inhibitors used in this study.

Biochem J. Author manuscript; available in PMC 2010 February 11.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Frazzetto et al. Page 13

3a o 3b o
TGX102 ’ ’
o N/\ o N/\
o k/o 0 k/o
i .
A
High affinity p110p binding pocket B
- not available for p110a. Voo

General p110 binding pocket.

Typical of p110y co-crystal with LY294002.
Possible binding mode for all p110 isoforms.
Includes non-conserved residues A and B.
Binding mode for TGX132, (I), (II) and (III).

- possibly ligand-induced
- remote from non-conserved residues
Binding mode for TGX221, TGX286

Compound (III)

High affinity p110B binding prevented.
Lost potency of TGX132, (II),(III) also.

Non-conserved residues dictate binding
selectivity.

His (A) or GIn (B) preferred
Glu (A) or Asp (B) disfavoured

Figure 3. Binding site conformations for morpholinochromone stereoisomers

Two possible binding orientations and binding site conformations for morpholinochromone
stereoisomers may be in operation — (a) one associated with potent affinity for p110p that does
not depend directly upon the non-conserved amino acids mutated here and (b) another,
consistent with the LY294002 binding site structures, that is sensitive to the non-conserved
residues.
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