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The discovery of ligand efficient and lipophilicity efficient fragment inhibitors of class 1 phosphatidyli-
nositide 3-kinases (PI3K) is reported. A fragment version of the AstraZeneca compound bank was docked
to a homology model of the PI3K p110p isoform. Interaction-based scoring of the predicted binding poses
served to further prioritise the virtual fragment hits. Experimental screening confirmed potency for a

total of 18 fragment inhibitors, belonging to five different structural classes.
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Phosphatidylinositide 3-kinases (PI3K) are a family of lipid ki-
nases that play a critical role in signal transduction mechanisms
that are of paramount importance to cell regulation and function.
Three different classes of PI3Ks (class 1, 2 and 3) have been re-
ported to date. Class 1 PI3Ks phosphorylate the 3’-hydroxy position
of the inositol ring of phosphatidylinositide-4,5-biphosphate (PIP,)
to produce phosphatidylinositide-3,4,5-triphosphate (PIP;).! Class
1 PI3Ks have been subsequently classified into class 1A, comprising
the p110a, B and § catalytic subunits and class 1B (p110y catalytic
subunit). The p110a was the first PI3K identified and several ge-
netic reports demonstrated its relevance to cancer.?~® Furthermore,
p110a, being activated by the insulin receptor tyrosine kinase,
among other receptor-associated kinases, was shown to be in-
volved in insulin signalling and glucose metabolism.” The p110p
isoform potentiates integrin o,,/B3 activation and platelet aggrega-
tion, and treatment with selective p110B inhibitors markedly de-
creased arterial thrombosis without a corresponding increase in
bleeding time.® p1108 and y impairment has been linked to immu-
nodeficiency and inflammation.%!°

During the past decade, structural information on class 1 PI3Ks
has greatly improved our understanding of PI3K inhibitors binding
and selectivity. The early report on porcine p110y in its apo and
ATP-bound forms confirmed structural similarities between PI3Ks
and other known kinases in terms of their catalytic domain fold
and ATP binding characteristics."! Subsequent studies of porcine
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p110y complexed with a variety of early non-specific inhibitors
delineated the essential requirements for PI3K inhibition.'? Recent
human p110y and mouse p1103 co-crystallised with more selec-
tive chemical probes”!® demonstrated that selectivity for specific
class 1 PI3K isoforms could be designed by exploiting differences
in the conformational plasticity of the targets, a recurrent theme
in selective kinase inhibitor design.'

When structural information of a pharmacological target is
available, structure-based fragment screening has become a popu-
lar strategy to identify ligands interacting with such macromole-
cule.’1® Virtual screening of fragment libraries has also sparked
interest,'”~2° as it addresses the limited throughput of biophysical
technologies conventionally used in fragment screening.

Based on these premises, our aim was to identify novel p110p
fragment inhibitors by using structure-based virtual screening.
This resulted in the discovery of 18 ligand efficient and lipophilic-
ity efficient fragment inhibitors belonging to five different struc-
tural classes, as reported in the following.

The ultimate goal of the project was to deliver chemical equities
inhibiting the p110p isoform for the potential treatment of arterial
thrombosis.® Furthermore, a certain degree of selectivity towards
p110a was desirable in order to minimise the risk for insulin resis-
tance.” However, as fragments normally displays low specificity
compared to ligands with higher complexity,?"?> adequate p110p/
o and general PI3K selectivity at a fragment level was neither
expected nor required. Instead, the focus was to identify efficient
p110p fragment inhibitors that would offer opportunities for future
optimisation of affinity and selectivity, according to the current PI3K
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Figure 1. Structural hypothesis for PI3K inhibition, based on the p110y-PIK-39 complex (PDB:2CHW).” Selected p110y are displayed as lines, PIK-39 is rendered as sticks
(carbon atoms are coloured in orange). Hydrogen bonds are displayed as solid, black lines.

structural evidence’”''"'* and nonconserved residues across PI3K

isoforms. As exemplified in Figure 1, an ideal p110p fragment would
thus display (a) effective molecular interactions with the hinge
region as a major anchoring point, (b) additional interactions with
residues in the affinity pocket to disrupt p110p’s catalytic function,
(c)available vectors for further substitutions directed at the selectiv-
ity pocket and nonconserved amino acids to secure p110p specific-
ity, (d) adequate shape complementarity and filling of the
ATP-binding pocket to maximise potency, (e) polar character to min-
imise optimisation attrition and (f) structure compatible with mod-
ular synthetic schemes to allow for straightforward derivatisation.

As an experimental structure of p110p has not been solved yet,
a homology model was built using MopeLLEr?® based on p110y com-
plexed with PIK-39 (PDB: 2CHW)’ and AZD6482 (data not shown)
to mimic the conformational rearrangement responsible for p110
isoform specificity.”

The fragment library used in the present study consisted of the
AstraZeneca collection filtered for ligands with predefined size

(MW < 300), lipophilicity (clogP < 3), aromaticity (number of
aromatic rings < 3) and absence of in-house defined structural fea-
tures.>* Exhaustive enumeration of tautomeric and protomeric
states for the surviving ligands was then carried out with Pipeline
Pilot.?> Three-dimensional structure generation and optimisation
was accomplished with Corina® and ucerer,?’ respectively.

A total of 183,330 unique fragments were docked to the p1103
homology model previously described with cLipg, 28 using the stan-
dard precision mode and saving up to 10 poses per fragment. These
were further analysed for the occurrence of hydrogen bond inter-
actions with V882, K833 and D964, and hydrophobic contacts with
M804, W812, 1831, Y867,1879, 1881, M953 and 1963 (residue num-
bering according to the p110y template structure throughout the
remainder of the manuscript).

All the fragments satisfying at least two hydrogen bonds with
p110p where clustered based on ECFP4%> and binding poses for
cluster representatives were visually inspected to define a final vir-
tual hit list.

Table 1
Descriptive statistics of confirmed PI3K fragment inhibitor hits
LE? LLE® p110B Purity MW Log D¢ Clog P*
1C50 (LM)°
N 18 15 18 15 18 15 18
Min 0.35 3.68 3.6 85% 147 <0 -0.6
Max 0.53 6.98 81.0 98% 257 2.8 3.0
Mean 0.41 5.99 27.5 92% 220 0.52 1.2
CI 95% 0.38-0.43 5.6-6.4 17.5-37.5 89-95% 208-220 0.09-0.95 0.7-1.7

¢ Calculated as —RT In (ICsq)/HAC.
Calculated as plICso —log D.

Experimental log D using a HPLC method previously described in Ref.>

b
c
d
¢ Biobyte Clog P™.

Results are mean of at least two experiments. Experimental errors within 20% of value.2°



F. Giordanetto et al./Bioorg. Med. Chem. Lett. 21 (2011) 829-835 831

Table 2
p110B potency and PI3K selectivity results for the confirmed fragment inhibitors
Compound Class Structure p110p p110a pl10y p1103
ICso (UM)? ICso (LM)* ICso (UM)? ICso (LM)?

Wortmannin 0.015 0.013 0.089 0.004
1 1 17 59 70 40.8
2 1 17 22.7 435 11.1
3 1 / - 21 25 >83.3 65.7

N \ \ (0]
— N
H
/ N OH
4 1 N \ / 32 83 >83.3 >83.3
— (0]
N
N NN
5 1 — — 48 ND® ND® ND®
NH,
(e}
N NH,
6 1 - I 62 >83.3 55.4 43
7 N—N
"\ 7

\
N NH,
7 1 N//\:\>—</ 81 >833 >833 >833
— o}

/ \ NH
] 2 5.8 14.2 >83.3 6.4

(¢}
(0] N / \ N
9 2 \—/ — 17 29.3 >83.3 12
NN NH
N/

(continued on next page)
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Table 2 (continued)

Compound Class Structure p110B p110a p110y p110s
ICso (LM)? ICs0 (LM)* ICso (LM)? ICso (LM)?
(0]
10 2 S OH 17 27.6 >83.3 18
N—Q
N
N :\
1 2 </ 30 432 >83.3 36.8
2
12 2 ﬂ 34 NDP NDP NDP
/N -
N
\ 7\
13 3 /M _ 3.6 3.6 NDP NDP
H,N s
= N
14 3 N X 4.8 10.2 77 5.1
H,N —</
S
N N
15 3 /L 9 13 9.7 8.9
H,N S
16 3 /& 12 10.8 9.1 6.5
H,N S OH
AN N
17 4 N| 57 NDP NDP NDP
P
H,N
/O— N
\ N
N ~
N 2N
18 5 14.2 N/AC N/AS 6.8
N=— S
NH, \ \

3 Results are mean of at least two experiments. Experimental errors within 20% of value.?®

b Not determined.
¢ Not active at highest tested concentration (83.3 pM).

Two hundred and ten fragments were screened for their half-
maximal inhibitory concentration (ICsg) against p110p using an
AlphaScreen® competition assay.?® Eighteen fragments displayed
measurable ICsq’s, yielding a 8.6% hit rate. p110a and general
PI3K selectivity was measured with AlphaScreen®?® on selected
fragments. Descriptive statistics for the 18 confirmed fragment hits
(frits) are reported in Table 1. Their molecular structures were con-
firmed by LCMS and sample purity was greater than 85%. The frits

are small (max MW: 257) and relatively polar (CI 95% log D: 0.09-
095%9), thus affording moderately high ligand efficiency (CI 95%:
0.38-0.43) and lipophilicity efficiency (CI 95%: 5.6-6.4), as shown
in Table 1.

The 18 frits identified in the present study span 5 different
chemical classes, as shown in Table 2. They include pyridines and
pyrimidines (class 1, 1-7), morpholines (class 2, 8-12), 1,3-ben-
zothiazol-2-amines (class 3, 13-16), pyrrolo[2,3-c|pyridine (class
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Figure 2. Binding hypothesis for selected pyridine-containing (1st row: 1-4) and morpholine containing (2nd row: 8-11) p1108 frits. Selected p110p amino acids are shown
as lines. Frits are depicted as sticks (carbon atoms are coloured in purple). Hydrogen bonds are displayed as solid, black lines.

4,17) and 1,2,5-oxadiazol-3-amine (class 5, 18). Class 1 and 2 frag-
ments were predicted to interact with the hinge region of p1108
(V882) with their pyridyl nitrogen and morpholine oxygen, respec-
tively, in a similar fashion to previously reported ligands,” as dis-
played in Figure 2. The tendency for morpholine-containing
fragments (class 1) to be more potent p1108 inhibitors than pyri-
dines (class 2) was not statistically significant (p = 0.075). How-
ever, morpholines were in general more potent at PI3Ko and
PI3K$ than pyridines (p = 0.044 and p = 0.023, respectively).

According to the predictions, fragments 1-12 establish addi-
tional polar interactions with the affinity pocket of p110p (K833,
D964) (Fig. 2). Interestingly, this is achieved with several different
functional groups: pyrrole (1), pyrimidine (2 and 11), nitrile (3),
hydroxyl (4), amino (5), triazole (6), lactam (8 and 12), pyridine
(9), carboxylic acid (10), reflecting a wide structural diversity that
could be utilised in subsequent modification campaigns (Table 2
and Fig. 2). Here, based on p110B potency considerations alone,
the 4 and 7 matched pair suggests that the hydroxyl group should
be favoured over the corresponding amino substituent (ICsq: 32
and 81 pM, respectively) as shown in Table 2.

The predicted hinge-binder motif (class 1: pyridine, class 2:
morpholine) is substituted by 5- and 6-membered heterocycles
(3, 5, 10 and 12) as well as different fused ring systems (1, 2, 4,
6-9 and 11). While the polar character of those rings varies signif-
icantly, it is noteworthy that they are all saturated, highlighting
specific spatial restraints in the ATP-binding pocket of p110p. More
importantly, as several heterocycles are tolerated (1-12, p110p
ICso: 5.8-81 uM, Table 2), there could be opportunities to take
advantage of their different geometries and corresponding substi-
tution vectors in order to target the specificity pocket responsible
for PI3K selectivity,”!> and the nonconserved residues that are lin-
ing up the purine-binding region. Here, amino acids at position
886, 890 and 950 could be of special interest due to their steric
and physicochemical variability across PI3K isoforms. This is of
special importance as, in line with expectations, fragments 1-12
displayed limited selectivity across different PI3K enzymes, with
comparable potencies at p1108, p110a and p1108 but markedly re-
duced p110y inhibition (p <0.01), as shown in Table 2. While this
finding is hard to rationalise due to the strong amino acid conser-
vation in the hinge binding region of PI3Ks, it suggests opportuni-
ties to further explore PI3K selectivity with such chemotype.

The third class of discovered frits comprise 1,3-benzothiazol-2-
amines (13-16) with p1108 ICso’s in the 3.6-15 uM range (Table
2). All class 3 fragments but 14 were predicted to establish two
hydrogen bonds with the hinge region of p1108, utilising both their
2-amino group and benzothiazol nitrogen atom, as displayed in
Figure 3. Instead, 14 was predicted to adopt the binding mode al-
ready described for class 1 fragments with its pyridyl moiety an-
chored to the hinge (cf. Figs. 2 and 3). Additional interactions
with the affinity pocket were predicted for ether (13), pyridine
(15) and phenol (16) functionalities as summarised in Figure 3.
Notably, 13 was the most potent p110p inhibitor in this study
(ICs0: 3.6 uM), a result arguably driven by its lipophilicity (log D:
2), the second highest in the set. Compounds 14 and 15 are regioi-
somers with less than 2-fold difference in p110p potency (ICso: 4.8
and 9 pM, respectively). They differ by the position of the pyridyl
substituent on the benzothiazole scaffold. Due to steric clash be-
tween its 5-(4-pyridyl) substituent and p1108, 14 cannot adopt
the ‘benzothiazole-hinge’ interaction predicted for 15 and other
class 3 fragments. However, a ‘pyridyl-hinge’ interaction predicted
for 14 and other class 1 fragments is certainly plausible for 15, as
displayed in Figure 3. In this context, the [1,2,4]triazolo[1,5-a]pyri-
din-2-amine 6 can also be predicted to interact with the hinge sim-
ilarly to 15, as depicted in Figure 3. Regardless of the postulated
binding pose, the corresponding scaffold hop from [1,2,4]triazol-
o[1,5-a]pyridine to [1,3]benzothiazole resulted in a large potency
gain (cf. 6 ICso: 62 pM and 14: 4.8 pM, or 15: 9 pM).

As fragments 1-16 are linear and rigid molecules (max: 2 rotat-
able bonds) with several hydrogen bond donor/acceptor function-
alities at their two ends, it is possible that their ATP-competitive
interaction with p1108 could result from alternative binding
modes, and experimental validation is required to substantiate
the present hypotheses.

Compounds 17 and 18 were predicted to interact with the hinge
region (2 hydrogen bonds with V882) but not the affinity pocket of
p110B (Table 2). Nevertheless, they were selected because they
represented interesting p110p inhibition hypotheses. Compound
17 was predicted to be the most effective fragment in filling the
bottom of the ATP-binding site of p110p. According to the docking
predictions (Fig. 3), its N-methyl pyrrole established the best van
der Waals contacts with Y867, a critical residue for the PI3K affinity
pocket previously described,”'* and 1879 the notorious gatekeeper
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Figure 3. Upper block: binding hypothesis for 1,3-benzothiazol-2-amines frits (13-16). Middle block: alternative predicted binding modes for 6 and 15. Lower block:
predicted interactions for 17 and 18. Selected p1108 amino acids are shown as lines. Frits are depicted as sticks (carbon atoms are coloured in purple). Hydrogen bonds are

displayed as solid, black lines.

residue that is paramount for kinase sensitivity to small molecule
inhibitors.3!~3* Gratifyingly, 17 was the most efficient fragment
inhibitor in the set (LE: 0.53, ICso: 57 uM, as summarised in Table
2). Compound 18 was the most flexible (3 rotatable bonds) and
lipophilic (log D: 2.8) among the active fragments. Based on the
docking results, 18 was the only fragment evaluated in this study
capable of partially filling the so called PI3K selectivity pocket,
which is formed by a conformational rearrangement of M804 at

the entrance of the ATP binding site.”' Accordingly, the thiophene
ring of 18 was partly sandwiched by M804 and W812 side chains,
as displayed in Figure 3. p110p potency for 18 (ICsq: 14.2 pM) was
disappointing considering its high lipophilicity (LLE: 3.68). How-
ever, 18 could be classified as a dual p110p/8 inhibitor (ICso: 14.2
and 6.8 pM) with selectivity over the p110a/y enzymes (no inhibi-
tion at 83.3 uM). Based on these results, it is tempting to speculate
that the conformational rearrangement observed for p1103, the
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most conformationally flexible of the PI3K isoforms, could be
accessible in p110B as well and play a similar role in controlling
PI3K selectivity.

In summary, virtual fragment screening against a homology
model of p110p identified 18 novel PI3K fragment inhibitors span-
ning five structural classes with promising ligand and lipophilicity
efficiency, laying the foundation for the future optimisation of their
p110pB potency and PI3K selectivity. These results will be disclosed
in a separate account in due course.
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