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Biphenyl amide p38 kinase inhibitors 1: Discovery and binding mode
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Abstract—The biphenyl amides (BPAs) are a novel series of p38 MAP kinase inhibitors. The discovery of the series through struc-
ture-based focused screening is described, and the binding mode of the compounds is explained with reference to X-ray crystal

structures.
© 2007 Elsevier Ltd. All rights reserved.

The p38a mitogen-activated protein kinase was first
identified in human monocytes as the target for a class
of cytokine suppressive anti-inflammatory compounds.'
From its central position in the cell signalling pathway,
p38a regulates the expression of many pro-inflamma-
tory cytokines including IL-1, IL-6 and TNFa. These
are implicated in disease-associated processes of inflam-
mation and progressive cartilage and bone destruction
in rheumatoid arthritis. p38a inhibitors suppress the
production of cytokines in vitro and have anti-inflam-
matory activity in vivo in models of rheumatoid arthritis
and other diseases.? It is unclear whether the failure of
some p38a inhibitors in clinical trials was due to tar-
get-related toxicity or off-target effects related to the
selectivity profiles of the clinical candidates. More selec-
tive and structurally distinct inhibitors may avoid some
of the problems of previous series. Much effort contin-
ues to be devoted to the discovery of potent, selective
p38a inhibitors for the clinical management of rheuma-
toid arthritis.?
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Quinolines and quinazolines are well documented as
tyrosine kinase inhibitors (e.g., SKI-606, a Src/Abl
inhibitor, or the VEGFR inhibitor ZD4190.%>). The 4-
anilino quinoline series, examplified by compound 1,
emerged as potent inhibitors of Lck tyrosine kinase
(see Table 1 for enzyme inhibition data).®” As part of
the investigation into 4-anilino quinolines, the X-ray
structure of 1 was determined in complex with p38a, a
protein kinase used as a crystallographic surrogate for
Lck.® The conformation of p38a in complex with 1 is
broadly the same as that in the complex with SB-
203580 and in the apo structure, with no major rear-
rangements in the protein structure.®'°

The binding mode of 1 is illustrated in Figure 1. Overall,
it is similar to the published structure of a 4-anilino qui-
nazoline bound to p38a.!! The conformation of the li-
gand is extended, with the aniline ring projecting into
the back-pocket of the ATP-binding site adjacent to
the ‘gatekeeper’ residue Thr106. Compound 1 makes
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Table 1. Activities of compounds 1-4 against p38a, JNK3 and Lck'® (uM)
L8 5
N N M NC N M N M
OO YO YO
® () J
2 3 4
N0 N0 N0
N={ N={ N={
Me Me Me
Compound p38a Lck JNK3
ICso K; ICso K; ICso K;
1 2.5 0.40 0.059 0.020 >16 >4
2 10 1.6 8.4 2.8 >16 >4
3 1.5 0.24 >16 >54 >16 >4
4 3.0 0.48 >16 >54 >16 >4

Figure 1. The binding mode of compound 1 in p38a. Hydrogen bonds
are indicated by orange dotted lines.

two direct hydrogen-bonds to the protein. The first is be-
tween the quinoline nitrogen and the amide backbone
NH atom of Met109 (with a distance of 2.8 A between
the two nitrogen atoms). This backbone NH, in the
hinge region between the N- and C-terminal lobes of
the kinase, also donates a hydrogen-bond to the pyri-
dine nitrogen of SB-203580, an interaction which is con-
served in most other structures of inhibitors of p38a and
other kinases.’®? The second, longer-range hydrogen-
bond is between the phenol hydroxyl and the backbone
NH of Aspl68, with a distance of 3.3 A between the
nitrogen and oxygen. A network of water molecules is
visible in the active site, one within H-bonding distance
of the aniline nitrogen (3.0 A).

The majority of the contacts between the inhibitor and
the protein are non-polar, making use of hydrophobic
side chains in the N-terminal lobe of the ATP-binding
site. The quinoline packs against Val38 and Ala51, while
the thiazole ring makes contact with Val30. Below the
plane of these rings, density is visible that has been mod-
elled as an acetate anion from the crystallization buffer.
The phenyl ring of the aniline group, and particularly its
ortho-methyl substituent, packs in a lipophilic pocket

against the methylene groups of the side chains of
Ala51, Lys53 and Thr106.

Features known to favour Lck activity in this quinoline
series included the thiazole, the aniline and the hydro-
gen-bond of the quinoline nitrogen. The coordinates of
the bound conformation of compound 1 were extracted
from the human p38a complex and used to build a 3D
pharmacophore model (Fig. 2). Aromatic ring features
and vectors were placed at the centroids of the thiazole
and aniline rings. A hydrogen-bond acceptor feature
was placed at the position of the quinoline nitrogen with
a vector pointing towards the backbone NH of Met109.
A 3-dimensional flexible pharmacophore search of the
corporate database against this three-feature query
was then carried out.!? Hits were clustered to assist vi-
sual inspection. Five hundred compounds were selected
and tested in the Lck enzyme assay. Although the main
aim was to find new inhibitors of Lck, cross-screening
was also carried out against a panel of other protein ki-
nases, including p38a.

Compound 2 was one of the hits resulting from the
search and was reproducibly active in the p38a assay
with K; of 1.6 uM.'3 Although the compound was of
quite low potency, it was attractive due to its synthetic
tractability and potential for optimisation. An advan-
tage over some previous p38a inhibitor series was the
lack of significant c-Jun kinase activity (Table 1). For

Figure 2. The pharmacophore model used in the search. Aromatic ring
vectors are shown as blue arrows and H-bond acceptors as red arrows.



320 R. M. Angell et al. | Bioorg. Med. Chem. Lett. 18 (2008) 318-323

comparison, SB-203580 had a K; of 18 nM against p38a
and 90 nM against JNK3.

A medicinal chemistry effort began with the aim of opti-
mising the p38a activity of the biphenyl amide (BPA)
series represented by 2. As part of this, analogues were
synthesized which showed improved p38a potency
(e.g., 3 and 4, Table 1).'4

X-ray structures of 2 and 3 were solved in complex with
p38a. They adopt a novel binding mode within the ATP-
site. The structure of 2 is not presented here because the
electron density around the piperazine ring was insuffi-
cient to fit this part of the molecule. The rest of the
inhibitor was clearly visible and the binding mode of 2
was essentially identical to that of 3. Access to the struc-
tures at the outset of the program gave extra impetus to
the medicinal chemistry effort, both to understand the
SAR and to help to guide the choice of targets for
synthesis.

During the pharmacophore search, the aromatic fea-
tures associated with the tolyl ring and the piperazine-
substituted phenyl of compound 2 were matched to
the aniline and thiazole rings of compound 1, respec-
tively. Similarly, the H-bond donor feature of the amide
carbonyl of 2 corresponded to the quinoline nitrogen of
1. Figure 3 shows the X-ray crystal complexes of 1 and 3
overlaid using their protein backbones. These features
match in the overlaid structures, confirming the pharma-
cophore hypothesis.

In its complex with p38a the amide of 3 adopts a trans
conformation. The only hydrogen-bond between the
inhibitor and the hinge region of the active site is be-
tween the amide carbonyl of 3 and the backbone amide
NH of Metl09 (2.7 A between the heavy atoms). No
hydrogen-bonds are made between ligand donor atoms
and the carbonyls of His 107 and Met109, the ‘inner’
and ‘outer’ acceptors which are frequently seen to H-
bond to inhibitors in other kinase complexes.3

It has been reported that binding of certain compounds
causes a flip in the p38a Gly110 backbone relative to the

Figure 3. Overlaid complexes between p38a and compounds 1 (cyan)
and 3 (green). Common pharmacophore features are indicated in
orange. The backbone flip in the hinge region can be seen at Glyl110.

apo conformation.!> This was used to explain the p38a
selectivity of compounds that bind with this flip over ki-
nases with less flexible non-glycine residues at this posi-
tion. This conclusion was supported by mutagenesis
data. In the complex with 3, the density seen for
Glyl10 is consistent with the flipped form (Fig. 3),
though no density for its Co atom could be seen. In
the flipped conformation, the Met109 carbonyl points
away from the ATP site so is not available for ligand-
binding. Instead, the backbone NH of Gly110 is rotated
to point towards the amide carbonyl of 3, to which it
may make a second longer-range H-bond. This move-
ment may be favoured by packing of the cyanophenyl
ring against Glyl10. Another feature of this complex
is the density for Met109 which suggests that its side-
chain adopts two distinct conformations.

The NH of the amide group of the inhibitor points
directly away from the hinge region and towards the
sugar-binding pocket, which is occupied by water
molecules. The distance and angle between the NH
and the nearest visible water molecule do not suggest
that direct hydrogen-bonding interactions are made.
The cyanophenyl ring adopts a very similar position to
the thiazole of 1, on the edge of the ATP site. Above this
ring, and packing closely against it, is Val30, while
below is Glyl10. The meta-cyano group does not
interact with the protein, and para substituents would
extend beyond the ATP site towards solvent.

The phenyl carboxamide of 3 is planar and partly over-
laps with the quinoline ring of compound 1, making
similar interactions above and below with Ala51 and
Leul67. As might be expected, the rings of the ortho-
substituted biphenyl system adopt an almost perpendic-
ular arrangement, with an angle of ~80°.

The tolyl ring of 3 lies close to the position occupied by
the aniline of 1, albeit with a slight rotation (Fig. 3). It is
especially striking that the methyl group on the tolyl of 3
overlays perfectly with the methyl group on the aniline
of 1. It fills the same small lipophilic pocket and makes
the same contacts with Ala51 and Thr106.

The oxadiazole fills another cavity at the back of the
ATP-site, close to Leu75 and Phel69 (Fig. 4). Its two
aromatic nitrogen atoms form hydrogen-bonds to the
backbone NH atoms of Asp168 and Phel69. The oxadi-
azole oxygen is adjacent to the acid group on the Glu71
side chain, which is presumably not a favourable electro-
static interaction, since the oxygen—oxygen distance is
only 3.0 A. The methyl substituent on the oxadiazole
forms close contacts with Leul71.

The X-ray structure of 4 was also solved in p38a. Its
binding mode is similar to that of 3 (Fig. 5). The amide
of 4 makes the same hydrogen bond to Metl09 in the
hinge region as 3, but the conformation of Glyl10 in
the complex with 4 is more ambiguous. The electron
density suggests that it can adopt two orientations. As
well as binding with the flipped Gly110 seen in the com-
plex with 3, 4 can also bind to the apo-like conformation
(this is the conformation shown in Figure 5). The
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Figure 4. Two views of the X-ray structure of the complex between 3
and p38a.. Orange dashes show short and possible longer-range
H-bonds.

difference between 3 and 4 probably arises because the
cyclopropyl of 4 is small enough to pack against
Alalll in the C-terminal lobe. The larger cyanophenyl
of 3 is too bulky to do this, so is forced towards Val30
in the N-terminal lobe instead, favouring the flipped
Gly110. When the two structures are overlaid, the dis-
tance between the NH atoms of Metl09 is 1.3 A and
the amide oxygens of the inhibitors are 2.4 A apart. This
movement is achieved by a ~12° rotation in the ligands,
as well as a change in the angle between the centroids of
the two phenyl rings and the oxadiazole from 121° in 3
to 116° in 4.

Another difference between the complexes of 3 and 4 is
in the conformation of the glycine-rich loop (Gly31-
Ser37). In the complex with 3, the loop adopts an ex-
tended conformation as seen in the SB-203580 complex.’
In the complex with 4, the loop folds across the solvent
face of the ATP pocket. The sidechain of Tyr35 packs
against the cyclopropyl ring of 4, a movement of its
Ca atom of approximately 8.5 A relative to its position
with 3.

Although 3 and 4 are relatively weak inhibitors of p38a,
they showed no measurable inhibition of the JNK iso-
forms (K; >4 uM). More potent BPAs were also inac-
tive against the JNKs and other protein kinases.'* The
crystal structures offer several possible explanations for
their selectivity for p38a.

One explanation could be related to the occupation of
the back pocket by the inhibitor. It was originally

Figure 5. Structures of 3 (green) and 4 (orange) showing the rotation
in the binding mode, the mobility of Gly110 and the position of Tyr35
in the complex with 4.

thought that the small p38a gatekeeper residue,
Thr106, allowed access of ligands to the back pocket.
Larger residues present at that position in some other ki-
nases would prevent binding of bulky inhibitors that ac-
cess the back pocket, such as SB-203580. This view was
backed by mutagenesis data in other MAP kinases, but
there have since been shown to be exceptions.'® In INK3
it has been observed that the gatekeeper Met146 moves
aside to allow binding of some inhibitors.!” If Met146
adopted its rearranged position in JNK3 the tolyl ring
of the biphenyl amides could access the back pocket.
However, there would still be insufficient space for the
oxadiazole because of the different backbone conforma-
tion around Leu206 in JNK3.

Another reason for the selectivity may lie in the fact that
3 and 4 are ‘one-point binders’ at the kinase hinge: they
accept the H-bond donated by Met109, but do not do-
nate H-bonds to either of the two possible flanking
acceptor carbonyls of Hisl07 and Gly110. This con-
trasts with most published kinase inhibitors, which
make the donor and either the inner or outer acceptor
interactions.>® As stated earlier, p38o may compensate
for the inability of 3 to make the outer donor interaction
by means of a flip of the peptide bond between Met109
and Gly110. This rotates the Gly110 carbonyl out of the
binding site, removing its potential to H-bond to the
inhibitor.'> This cannot be the only factor that gives
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the compounds their p38a selectivity, since 4 is still
selective but can bind with and without the flip.

In addition, the Thr106 gatekeeper residue of p38a
could help to offset the lack of the inner H-bond donor
interaction from 3 and 4 to Hisl07. Thr106 adopts a
conformation that places the side chain hydroxyl oxygen
of Thr106 3.2 A away from the carbonyl oxygen of
His107. This heteroatom-heteroatom distance is within
hydrogen-bonding range. It is possible that p38a is able
to bind to ligands that do not themselves make the H-
bond to His107 because it makes an internal hydro-
gen-bond between Thr106 and His107. Kinases with
gatekeeper residues other than threonine, such as the
JNKSs, could not compensate in this way for the lack
of this interaction when binding such ligands. It is inter-
esting to note that this Thr106 conformation is also ob-
served in the complex with 1 and in many other
published p38a structures.

It seems likely that all three factors contribute to the
selectivity to some degree. One of the attractions of
the biphenyl amide scaffold is its rigidity, containing as
it does three aromatic rings with limited conformational
freedom. This allows little opportunity for the molecule
to adapt to subtly different kinase ATP sites. We believe
that this is the fundamental reason for the selectivity of
the biphenyl amides.

In summary, screening compounds suggested by a crys-
tallography-based 3D pharmacophore model resulted in
the discovery of a novel series of biphenyl amide inhib-
itors of p38a. X-ray structures of members of the biphe-
nyl amide series provide a structural validation that the
active compounds bind as the pharmacophore hypothe-
sis intended. They also show the key features of the
interactions with the active site and can be used to ratio-
nalise the selectivity of the series. The structural infor-
mation gained was invaluable in guiding the
optimisation of the biphenyl amides to produce com-
pounds which proved active in in vivo models of disease.
This work will be described in future publications.'*
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