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Pim1, a serine/threonine kinase, is involved in several biological functions
including cell survival, proliferation, and differentiation. While pim1 has
been shown to be involved in several hematopoietic cancers, it was also
recently identified as a target of aberrant somatic hypermutation in diffuse
large cell lymphoma (DLCL), the most common form of non-Hodgkin’s
lymphoma. The crystal structures of Pim1 in apo form and bound with
AMPPNP have been solved and several unique features of Pim1 were
identified, including the presence of an extra b-hairpin in the N-terminal
lobe and an unusual conformation of the hinge connecting the two lobes of
the enzyme. While the apo Pim1 structure is nearly identical with that
reported recently, the structure of AMPPNP bound to Pim1 is significantly
different. Pim1 is unique among protein kinases due to the presence of a
proline residue at position 123 that precludes the formation of the canonical
second hydrogen bond between the hinge backbone and the adenine
moiety of ATP. One crystal structure reported here shows that changing
P123 to methionine, a common residue that offers the backbone hydrogen
bond to ATP, does not restore the ATP binding pocket of Pim1 to that of a
typical kinase. These unique structural features in Pim1 result in novel
binding modes of AMP and a known kinase inhibitor scaffold, as shown by
co-crystallography. In addition, the kinase activities of five Pim1 mutants
identified in DLCL patients have been determined. In each case, the
observed effects on kinase activity are consistent with the predicted
consequences of the mutation on the Pim1 structure. Finally, 70 co-crystal
structures of low molecular mass, low-affinity compounds with Pim1 have
been solved in order to identify novel chemical classes as potential Pim1
inhibitors. Based on the structural information, opportunities for optimi-
zation of one specific example are discussed.
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Introduction

pim1 is a proto-oncogene originally identified as
a preferential proviral integration site in Moloney
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ing author:
murine leukemia virus-induced T-cell lymphomas.1

Pim1 is the first described member of a unique
family of serine/threonine kinases, which includes
at least two other kinases (Pim2 and Pim3) with
significant sequence homology to Pim1.2,3 Several
substrates of Pim1 phosphorylation have been
identified, including c-Myb,4 BAD,5,6 SOCS-1,7

Cdc25A,8 HP1,9 PAP-1,10 p21cip1/waf1,11 PTP-U2S,12

and NFATc1.13 Pim1 has been shown to have
diverse biological roles in cell survival, prolifer-
ation, and differentiation.14 However, mice lacking
all three pim genes have recently been shown to be
viable and demonstrate that the PIM kinases are
d.
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important for growth factor signaling, but are not
essential for development.15

Dysfunction of Pim1 has been implicated in the
progression of multiple cancers, including several
hematopoietic and prostate cancers. Although the
exact mechanisms by which Pim1 participates in
cell transformation have not been completely
elucidated, several reports point to the ability of
Pim1 to prolong cell survival.16–18 Overexpression
of Pim1 has been observed in myeloid and
lymphoid acute leukemia and Pim1 is constitutively
expressed in some myeloid leukemia cell lines.19,20

Increased Pim1 expression has also been identified
in neoplastic prostate cancer specimens from
patients by cDNA microarray analysis and by
anti-Pim1 antibody staining.21 In a transgenic
murine model of prostate cancer in which human
c-myc is expressed, the gene expression profile is
consistent with that seen in human prostate cancer,
including upregulation of Pim1.22 In addition, Pim1
may participate in deregulated cell growth in
prostate cancer through the hormone-independent
activation of the androgen receptor, a typical
characteristic of advanced prostate cancer that
offers poor patient prognosis.23

In diffuse large cell lymphoma (DLCL), the most
common form of non-Hodgkin’s lymphoma, pim1
has been shown to undergo chromosomal translo-
cations, resulting in its overexpression.24 A recent
study showed that pim1 was also the target of an
aberrant somatic hypermutation in DLCL.25 Hyper-
mutation sites are distributed in both the 5 0

untranscribed region (UTR) and coding sequence,
and independent of the chromosomal transloca-
tions. Notably, there are seven missense mutations
introduced into the coding exons of the gene. These
missense mutations may affect the three-dimen-
sional structure and, in some cases, the kinase
activity of the Pim1 protein. Hypermutations are
also detected in pim1 found in primary central
nervous system lymphomas26 and multiple sub-
types of AIDS-induced non-Hodgkin’s lympho-
mas.27 Inhibition of Pim1 kinase activity by small
molecules has the potential to offer a therapeutic
benefit for treating these diseases.

We report here the crystal structure of Pim1 and
the co-crystal structures of Pim1 in complex with
small molecules, including an ATP analog, as well
as determination of the relative enzymatic activities
of Pim1 mutants found in DLCL and evaluation of
effects of these mutations on protein structure. The
apo Pim1 crystal structure is nearly identical with
that recently reported while this work was in
preparation.28 However, differences are observed
between the reported structure of AMPPNP
bound to Pim1 obtained by soaking apo crystals
with AMPPNP and the structure reported here
obtained by co-crystallization.28 Overall, these
crystal structures reveal several unique features of
Pim1 that distinguish it from other structurally
characterized kinases. Most notably, Pim1 contains
an insertion in the hinge region and a proline
residue at a key position (position 123) critical for
ATP binding. Other kinases have a non-proline
residue at this position where the backbone NH of
the residue makes a conserved hydrogen bond to
ATP. We show, by X-ray crystallography, that
changing P123 to methionine, a frequently occur-
ring amino acid at this position in other kinases,
does not restore the ATP binding pocket of Pim1 to
that of a typical kinase, suggesting that the length of
the hinge is an important determinant of the unique
mode of adenine binding by Pim1. Another
important difference between Pim1 and other
kinases of known structure is the presence of a
novel b-hairpin in the N-terminal lobe of the
protein. Interestingly, the two turn residues of the
hairpin are both subject to DLCL-associated somatic
hyper-mutation.25 We have measured the kinase
activities of these and other missense mutations
found in DLCL and identified mutations that
significantly alter the enzymatic activity relative to
wild-type Pim1. The observed kinase activities are
consistent with the predicted effects of these
mutations on the structure of Pim1.

We have also evaluated the binding of small
molecules to the ATP site of Pim1. Due to the
distinctive structural features of Pim1, unique
binding modes were observed for AMP, as well as
a known kinase inhibitor scaffold. The absence of a
hydrogen bond donor in the hinge has a dramatic
impact on the binding of these compounds, which
alternatively exploit a conserved water-mediated
hydrogen bond network in Pim1. For the purposes
of novel inhibitor discovery, we have recently
reported for another protein family the facile
optimization of a low molecular mass, low-affinity
compound selected based on the co-crystal struc-
ture complex.29 In this approach, co-crystallo-
graphy was applied early in the drug discovery
process as a filter to screen low molecular mass,
weakly active compounds for novel chemical
scaffolds that interact with key features of the target
protein and that subsequently can be developed
into potent and selective leads guided by this
structural information. In an analogous approach
with Pim1, we have undertaken an extensive
co-crystallography effort with small molecules,
and solved over 70 different co-crystal structures
of Pim1 with compounds representing various
chemical scaffolds. Despite the chemical diversity
of the compounds, several general features emerge
as the most critical for compounds to satisfy the
unusual binding requirements of Pim1. We report
the common trends revealed by this ensemble of
co-crystal structures, as well as one specific example
and the opportunities to increase potency for this
new scaffold based on the structural data.
Results

Overall structure

The crystal structures of Pim1 reported here are
based on a construct containing only the catalytic
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domain (residues 29–313)30 of the protein. The 2.0 Å
structure of human Pim1 apo enzyme determined
here is essentially identical with the apo structure
solved by Qian et al. (RCSB PDB code, 1XQZ),28

using the full-length protein construct. The Pim1
catalytic domain adopts the characteristic bilobular
kinase fold,31 with a novel two-stranded b-sheet
preceding the aC helix that distinguishes it from all
other kinases. The relative arrangement of the two
lobes is similar to the closed, activated confor-
mation of kinases first established by the structure
of cyclic AMP-dependent kinase (cAPK; PDB code,
1ATP).32 The structurally conserved ion pair of
active kinases is present in Pim1 between K67 of b3
and E89 of aC. In all the Pim1 structures that have
been determined, the activation loop adopts a
conformation characteristic of the activated kinase
state,28,33 despite the absence of phosphorylated
residues that is typically observed in other activated
kinases. There is no conformational change in the
activation loop between the apo Pim1 enzyme and
any of the ligand-bound binary complexes
described below. As noted by Qian et al., an
elaborate network of hydrogen bonds and hydro-
phobic interactions play an important role in
stabilizing the observed active conformation.
Figure 1. Comparison of Pim1–AMPPNP complex
structures. (a) Overlay of the active site region of Pim1
as observed in our structures (apo-blue; AMP–PNP
complex green) and the AMPPNP complex reported by
Qian et al. (orange).28 The Figure highlights the differ-
ences in conformations of both AMPPNP and the G-loop
between the two structures in reference to the apo
structure. (b) AMPPNP bound to Pim1. The close contacts
between the g-phosphate group of AMPPNP and D186
and N172 are indicated by a broken red line. The
hydrogen bond between the E121 carbonyl oxygen atom
and N6 of AMPPNP is also indicated with a red broken
line. This and all subsequent Figures were generated
using Pymol http://pymol.sourceforge.net.46
Comparing Pim1–AMPPNP complex structures

We co-crystallized Pim1 along with an ATP
analog, AMPPNP, and determined the binary
complex structure to 2.0 Å. Surprisingly, the com-
plex structure obtained by co-crystallography is
significantly different from that reported by Qian
et al.,28 who harvested their binary complex by
soaking the apo-crystal with AMPPNP. The key
difference between the two structures lies in the
conformation of the G-loop (residues 46–54) (Figure
1). Qian et al. report that AMPPNP binding causes a
dramatic change in the conformation of the G-loop.
The backbone RMSD value between the binary and
the apo-structures in this region is 4.6 Å, and the Ca

of F49 was displaced by up to 7 Å. In contrast, the
G-loop backbone conformational change in our
complex structure is relatively modest (2 Å RMSD).
Although residue F49 swayed away from the ATP
binding site, to leave room for the g-phosphate
group of AMPPNP, the side-chain of F49 remained
largely buried in our structure. In contrast, the F49
in 1XR1 appears to dock into a hydrophobic cleft
created by a neighboring molecule in the crystal
lattice and is partially solvent-exposed.

Additionally, the g-phosphate group makes
unusually close contacts with the active site
residues of the enzyme in our Pim1–AMPPNP
binary complex structure. The distance between
the g-phosphate oxygen atom (O2G) and the
carboxylate oxygen atom (OD2) of D186 is only
1.6 Å. The same g-phosphate oxygen atom is
positioned 2.1 Å from the side-chain oxygen atom
(OD1) of N172. These distances suggest that the
current structure may mimic a meta-stable
intermediate state of the enzyme–ATP substrate
complex.
The hinge

The Pim1–AMPPNP complex structure shows a
unique feature that distinguishes Pim1 from all
other kinases of known structure. The difference lies
in the hinge region where, in addition to the
hydrogen bond between the N6 atom of adenine
and the backbone carbonyl oxygen atom of the first

http://pymol.sourceforge.net
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hinge residue (corresponding to residue 121 of
Pim1), other kinases also form a second conserved
hydrogen bond between the N1 atom of adenine
and the backbone NH of the third hinge residue
(corresponding to residue 123 of Pim1). In fact, this
hydrogen bond donor and acceptor pair is regarded
as one of the structural signatures of the kinase
family. Unlike other kinases, residue 123 in Pim1 is
proline, which is incapable of making a hydrogen
bond with the ATP due to its lack of the amide
hydrogen. Additionally, a structure-based align-
ment of Pim1 with other structurally characterized
kinases (Figure 2(a)) shows that the hinge of Pim1 is
at least one residue longer than those of other
kinases. This insertion causes the region to bulge
Figure 2. Hinge structure. (a) A sequence alignment of
the hinge region of selected Ser/Thr kinases indicates the
presence of the proline residue at position 123 in Pim1
and an insertion of an extra residue following P123. The
secondary structure elements, beta strand b5 and the helix
aD, flanking the hinge region (boxed) are labeled at the
top. The proteins used in the alignment are PHKG,
CAMKI, CHEK1, TTN, CKII, PAK1, SFRSK2, PKACA,
CK1D, CDK2, ERK2, and GSK3B. (b) A structural
alignment of the hinge region of the selected kinases in
(a) shows the position of the residues E121 and P123 of
Pim1 (green) and a bulge in the hinge caused by the
presence of an extra residue comparedwith other kinases.
(c) An alignment of the hinge region between Pim1 wild-
type protein (green) and the mutant P123M (yellow)
reveals an absence of any conformational change between
the two structures. A surface rendition of the Pim1 shows
a small depression in the surface of the wild-type protein
that is sealed by the side-chain in the P123M protein.
out from the ATP binding pocket (Figure 2(b)). As a
result, the distance between the backbone nitrogen
atom of P123 and N1 of the adenine is 4.8 Å,
significantly longer than the range allowed for a
hydrogen bond.

We investigated whether a mutation of P123 to a
non-proline residue can provide the amide hydro-
gen for hydrogen bonding to ATP as in other
kinases. Specifically, the residue P123 was mutated
to methionine, and the structure of the mutant was
determined at 2.1 Å resolution. The conformation of
the hinge backbone is nearly identical between the
mutant and wild-type protein (Figure 2(c)). Con-
sistent with the structural data, the P123M mutant
demonstrated similar kinase activity to the wild-
type in the biochemical assay (Figure 3(b)).
Although the attempt to co-crystallize the P123M
mutant protein with ATP or an ATP analogue was
not successful, an examination of co-crystal com-
plexes of the P123M mutant with four other small
molecules (data not shown) revealed no confor-
mational change in the mutant structures vis-à-vis
the wild-type protein, suggesting that it is unlikely
that a bound ATP molecule is able to induce a large
conformational change required to bring the back-
bone NH of M123 within hydrogen bonding
distance to ATP.

The nearly identical structures of the hinge in the
wild-type Pim1 and the mutant enzyme underscore
the importance of contributions made by other
residues in the hinge region in stabilizing the
observed conformation. A further experiment
showed that a deletion of residue E124 in combi-
nation with P123M caused the protein to lose kinase
activity completely (Figure 3(b)) and to fail to
crystallize despite extensive trials. The adverse
effect caused by shortening the hinge suggests
that the atypical length of the hinge is important
for Pim1.
DLCL-associated mutations in Pim1

Pasqualucci et al.25 reported seven missense
mutations in pim1 identified from tumor DNAs in
human DLCL cases. Of the seven mutations, five
were identified in exons 3 and 4, which code for the
catalytic domain of the protein (Figure 3(a)). In
order to understand the effects of these clinical
mutations, we cloned all five mutants and
measured their kinase activity in an in vitro
biochemical assay. One mutant (H68Y) showed a
substantial increase in the activity of the enzyme
compared to the wild-type, while three mutants
(P81S, N82K and L193F) displayed a decreased
kinase activity, and one mutant (E135K) demon-
strated no significant difference in activity (Figure
3(b)).

Because the Pim1 structure reported here repre-
sents the active conformation of the kinase, we
hypothesize that an activating mutation stabilizes
this conformation, whereas an inactivating
mutation disrupts the conformation. In the Pim1
structure H68 is surrounded by hydrophobic



Figure 3. Themutational data. (a) Locations of the clinically observed point mutations in DLCL have been indicated on
the protein structure. (b) A histogram shows the in vitro kinase activity, relative to wild-type Pim1, of these mutants, as
well as that of P123M and P123M_DE. Error bars are the standard deviations of three experiments. (c)–(f) The side-chain
conformations of these residues (green) with the modeled mutations (blue). Surrounding residues affected by these
mutations are depicted in yellow.
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side-chains from three residues Y53, I66, and V117
(Figure 3(c)). The phenol group of a tyrosine residue
substituted at this position fills this hydrophobic
pocket more completely, and its hydroxyl group can
form an additional hydrogen bond with E35.
Therefore, the H68Y mutation is expected to
promote the active state of the kinase, consistent
with the 2.5-fold increase in activity observed for
the Pim1-H68Y mutant. On the other hand, the
activation loop mutation L193F is likely to be a
destabilizing mutation because L193 packs very
well into the surrounding residues in the structure
(Figure 3(d)) and changing it to phenylalanine
would disrupt the existing packing. The additional
bulk of the phenylalanine would make it more
difficult for the activation loop to adopt the
activated conformation. Consequently, Pim1-L193F
was found to be nearly 2.5-fold less active than
wild-type. Interestingly, the mutant Pim1-E135K
showed no noticeable change in kinase activity.
Because E135 is exposed to solvent, no significant
structural change is expected by replacing gluta-
mate with lysine (Figure 3(e)).
Mutations of two residues in the b-hairpin

preceding the regulatory ac-helix, P81 and N82,
were found to severely impair the kinase activity.
Both proline and asparagine are pro-turn residues.
Substitution of the proline at residue 81 with serine
resulted in a mutant with 2.6-fold less activity than
wild-type Pim1 (Figure 3(f)). Furthermore, the Pim1
structure revealed an interesting pattern of intra-
residue interaction, with the N82 side-chain ND2
atom hydrogen bonded to its backbone CO (Figure
3(f)). A substitution of N82 to lysine, therefore,
will preclude this interaction and is expected to
destabilize the b-turn motif. The Pim1-N82K
mutant was found to be fourfold less active than
wild-type. The sensitivity of kinase activity to the
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features of this b-hairpin preceding the ac helix
further suggests that this unique feature of Pim1
may be important in regulating the kinase.

Binding modes of AMP and a known kinase
inhibitor scaffold

Crystal structures of known kinase inhibitors
bound to the ATP pockets of different kinases show
that almost all inhibitors bind to the backbone of the
third hinge residue (residue 123 in Pim1 number-
ing), and most inhibitors also bind to the first
residue of the hinge, the same hydrogen bonding
pattern used in ATP binding.34 Given the unique
hinge conformation of Pim1 and the lack of a
hydrogen bond donor at position 123, it is of
significant interest to examine how Pim1 binds
small molecule ligands.

One of the most dramatic examples of an unusual
ligand-binding mode is provided by the Pim1–
AMP co-crystal structure. The crystallographic
asymmetric unit contains four protein–ligand com-
plexes with AMP binding in two distinct binding
modes, both of which are significantly different
from the binding of the AMP group in the AMP–
PNP structure (Figure 4). In the first binding mode
(Figure 4(a)), AMP surprisingly flips 1808 from the
AMP–PNP conformation shown in Figure 1, and as
a result, the ribose group now sits inside the pocket
and the 3 0OH joins an extensive hydrogen bond
network formed inside the pocket by K67, E89, the
backbone NH of F187, and a water molecule (W1).
This hydrogen bond network is a key structural
signature in Pim1 that is observed in many
co-crystal structures where W1 is highly conserved
(vide infra). In the second binding mode (Figure
4(b)), the N6 atom of AMP points towards K67 and
E89, whereas the 3 0OH group of AMP now interacts
with the carbonyl oxygen atom of Glu121, the
canonical hydrogen bond acceptor of the hinge
described previously. Because the exocyclic amine
of AMP can only act as a hydrogen bond donor, it
cannot substitute OH in its capacity to serve both as
a hydrogen bond donor and as acceptor. This may
explain why the second binding mode is observed
in only one subunit, whereas the first binding mode
is observed in three of the four subunits.

Another example of the consequences of the lack
of a hydrogen bond acceptor in the Pim1 hinge on
small molecule binding can be observed in the
co-crystal structure with a compound (PLX-K031)
containing a known kinase inhibitor scaffold,
oxindole. Oxindoles have previously been co-
crystallized with FGFR135 and CDK2.36 In both
cases, the oxindole scaffold makes the two canonical
hydrogen bonds to the protein backbone of the
hinge, between the N1 atom of the oxindole and
the carbonyl oxygen atom of the first hinge residue
(E562 of FGFR1 and E81 of CDK2), and between O2
of the oxindole and the amide nitrogen atom of the
third hinge residue (A564 of FGFR1 and L83 of
CDK2). The orientation of the oxindole of PLX-K031
in Pim1 (Figure 4(c)) is almost opposite from that of
the scaffold in FGFR1 or CDK2. Neither N1 nor O2
of the oxindole core forms a hydrogen bond with
the hinge backbone. Instead, the phenol attached
to the oxindole is found deep inside the pocket,
with its terminal hydroxyl group participating in
Figure 4. Small molecules bind-
ing in the ATP binding pocket of
Pim1. The small molecules are
shown in stick representation
bound to the protein in the ATP
binding site. The hinge region in
each of these figures is located on
the left side and a few residues
have been labeled. Water molecules
are denoted by red spheres. The
carbon atoms on the protein sur-
face are colored white, and the
electronegative and electropositive
atoms are colored red and blue,
respectively. (a) and (b) The two
binding modes of AMP in Pim1.
(c) PLX-K031 and (d) PLX-K063
show small molecules bound to
the protein, highlighting the role
of structural water molecules in
ligand binding to Pim1. The chemi-
cal drawing of these compounds
are depicted below each panel.
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the conserved water (W1) mediated hydrogen bond
network near K67 and E89 in a direction similar to
the 3 0OH of AMP. This result supports the notion
that the canonical hydrogen bond donor from the
hinge plays a critical role in anchoring known
kinase scaffolds in their standard conformation.
A lack of this structural element, as seen in Pim1,
produces a protein with significantly altered
selectivity towards small molecules.
Novel inhibitor scaffold discovery by co-
crystallography

We have recently demonstrated success in using
co-crystallography of a target protein with weakly
inhibitory, low molecular mass, scaffold-like
molecules as a means for the discovery of novel
chemical classes that can be optimized for potency
and selectivity.29 In an analogous approach with
Pim1, over 200 low molecular mass compounds
Figure 5. Overlay of the co-crystal structures of Pim1
with 70 different ligands. For clarity, only one representa-
tive structure of Pim1 and the molecular surface of the
ligand ensemble are shown (the molecular surface is
colored by atom types: red, oxygen; blue, nitrogen; green,
carbon; sulfur, yellow; halogens, magenta). The bluemesh
encloses a region where a large number of compounds
overlap. The mesh represents a pseudo-electron density
calculated using the ligand ensemble and is contoured at
1s level above themean, which roughly corresponds to 40
overlapping ligands. This is the region where the scaffold
portion of a molecule is expected to bind. Three
conserved water molecules that are observed in a
majority of the 70 co-crystal structures are also shown
(red spheres). Water molecule 1 (W1) plays a critical role
in mediating a hydrogen bond network formed between
many compounds and the interior of the ATP-binding
pocket. The two other water molecules next to P123 help
to define the boundary of the pocket.
(!350 Da) with weak inhibitory activity (O30%
inhibition of Pim1 kinase activity at 200 mM
compound concentration) in a biochemical assay
were identified. After a high-throughput crystal-
lography campaign, over 150 crystallographic data
sets were collected and their structures determined.
Of these, we observed compounds bound in the
ATP binding pocket of the protein in over 70
instances (Figure 5). The high success rate of these
weak inhibitors bound in Pim1 offers a rich pool of
scaffold candidates and accompanying structural
information for further evaluation. Optimization of
such novel starting points has been shown to be a
facile mechanism for efficiently obtaining bioactive
compounds of much higher potency, while retain-
ing favorable pharmacological properties.29

While a complete report of 70 co-crystal struc-
tures is beyond the scope of this work, some general
trends can be clearly observed from an analysis of
the binding site and the overlaps of the ensemble of
inhibitor scaffold candidates. As shown in Figure 5,
the inhibitor binding occurs exclusively in the ATP
binding site of Pim1, with the majority of ligands
localized near the hinge and the conserved K67/
E89/F187/W1 hydrogen bond network. The dra-
matic effect of P123 on the ensemble of scaffold
candidates can be easily identified. Not surpris-
ingly, the atoms in closest proximity to P123 in the
hinge are hydrophobic in nature (Figure 5, green
atoms), rather than hydrogen bond accepting as is
found in the conventional “donor–acceptor” inter-
action employed routinely in kinase–inhibitor com-
plexes. In this regard, the ensemble provides many
scaffold candidates that complement the unique
nature of Pim1 and offer attractive starting points
for design of a selective inhibitor. Of the small
group of inhibitors that present oxygen-containing
moieties in this region, many contain a nitro group
as the presenting functionality, and thus represent
an unconventional partner in this context, at best.
The W1 hydrogen bond network is a key element in
many Pim1 complexes with scaffold candidates. W1
is highly conserved and appears in more than 90%
of the co-crystal structures.
An example of one particular scaffold candidate

bound to Pim1 is shown in Figure 4(d). In this
structure, PLX-K063 (3,4-dihydroxy-1-methyl-qui-
nolin-2-one, 191 Da) is bound in the ATP binding
site with multiple hydrogen bonding and hydro-
phobic interactions. The compound is situated
between the hydrophobic sandwich formed by
L44, V52, and A65 from one side, and L174 and
I185 from the opposite side. The 3-OH of PLX-K063
is directly hydrogen-bonded to D186 and the 4-OH
group makes a water- mediated interaction to this
residue. The 2-carbonyl group is the entry point for
the compound into the conserved W1 hydrogen
bonding network, albeit through another water
molecule, W2, which links to W1 and the backbone
amide of D186. The 2-carbonyl group also makes a
water-mediated hydrogen bond to K67 deeper in
the pocket. These initial structural data serve as a
foundation to elaborate this quinolinone scaffold
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into a more potent lead and opportunities exist to
additionally substitute the scaffold to make further
interactions with the protein. For example, the E121
backbone carbonyl is appropriately positioned to
form a hydrogen bond with donors on either the
lactam or phenyl rings of the scaffold. Substitution
of the 3-hydroxy group could release the bound
water and make direct contacts to K67 and E89, in
addition to D186. Further substitution of the phenyl
ring with hydrophobic substituents at positions 7 or
8 would more intimately contact the hydrophobic
surface established by P123. Finally, the 5 and 6
positions of the scaffold are directed toward the
bulk water solvent and offer the opportunity to
substitute the compound to modulate the overall
physicochemical properties. In general, the optimi-
zation of a particular scaffold can be guided by the
space occupied by the total ensemble of 70 scaffold
candidates bound in the co-crystal structures
(Figure 5) and specific interactions made by these
ligands can be replicated in the selected scaffold as a
means to increase potency.
Discussion

The proto-oncogene kinase Pim1 was discovered
20 years ago and recently great strides have been
made in understanding the biological role of this
important kinase in cell survival and proliferation.
The compelling evidence of Pim1 involvement in
various cancers has made it a promising new drug
target. Because of the low level of sequence
homology between the Pim family of proteins and
other members of the kinase family,37 the three-
dimensional structure of Pim1 is especially import-
ant for understanding the biological function of
Pim1 and for the design of potent and selective
Pim1 inhibitors as novel therapeutic agents. The
Pim1 structures reported here revealed a number of
interesting distinctions from the traditional kinase
fold and provide a rationale for the effects of
clinically observed mutations on Pim1 kinase
activity. In addition, Pim1 has proven to be an
excellent system for co-crystallography of weakly
active, low molecular mass, small molecules at the
early stage of drug discovery.

The recent identification of pim1 as a target of
somatic hyper-mutation in non-Hodgkin’s lympho-
mas made it particularly interesting to consider the
potential effects of these mutations on the structure
and, consequently, the kinase activity of Pim1. For
each mutant studied, the observed enzymatic
activity was consistent with the predicted effects
on the Pim1 structure. While Pim1 kinase activity
was determined here using an in vitro assay, the
effects of Pim1 mutations may be quite different in a
cellular context and extend beyond simply the
relative kinase activities. For example, in the case of
B-Raf, mutants with decreased kinase activities
were still found to effect ERK phosphorylation
efficiently in vivo through transactivation of a
closely related kinase, c-Raf.38 Similarly, Pim1
mutants that did not exhibit increased kinase
activity in the in vitro assay may still participate in
promoting cell survival through altered interactions
with other proteins. Each of the amino acid
mutations studied here is on the surface of Pim1
and could potentially participate in protein–protein
interactions. The b-hairpin preceding the ac

regulatory helix is unique to Pim1 and the kinase
activity data suggest that it may play a role in
modulating the enzyme. Notably, residues of the
b-hairpin have been identified as points of hyper-
mutation in other non-Hodgkin’s lymphomas, in
addition to DLCL.26,27 Further experimental studies
are required to elucidate the downstream effects of
Pim1 hypermutations in vivo.

While a variety of kinase inhibitor classes have
emerged in the last decade, the known kinase
inhibitors that we have tested have little or a very
weak effect on Pim1 (data not shown). This is not
surprising given the absence of the canonical
hydrogen bond donor in the hinge region that is a
key element for binding of many kinase inhibitors
and the altered backbone conformation caused by
the longer hinge region in Pim1. This is also
consistent with our observation of atypical binding
modes for molecules such as AMP and an oxindole.

Low molecular mass compounds provide a
rich, untapped source of novel scaffolds for drug
discovery. Such molecules offer the opportunity to
accommodate additional substitutions for optimiz-
ation while retaining favorable pharmacological
properties. This can be a particularly effective tactic
when coupled with a structure-guided approach.29

To identify the most promising candidates, it is
beneficial to filter for a minimal inhibitory activity
and use co-crystallography to evaluate the quality
of compounds based on their interactions with key
features of the protein and their potential for
modification to increase potency and selectivity.
Pim1 has proven particularly amenable to the initial
steps of this approach with 70 co-crystal structures
of compounds bound in the ATP binding site
observed from 150 collected datasets. This ensemble
of scaffold candidates reveals how diverse com-
pounds can satisfy the unusual binding require-
ments of Pim1 and provides the foundation for
optimization of a selected scaffold.
Materials and Methods

Cloning, expression, purification and crystallization
of Pim1

The pim1 cDNA fragment, encoding amino acid
residues 29–313 (Gene accession no. NM_002648), was
amplified from a human brain hippocampus cDNA
library (Clontech, 7169-1) by PCR protocol and cloned
into a pET29a vector (Invitrogen), in-frame with a
carboxyl-terminal His6 tag for bacterial expression. The
protein was expressed in Escherichia coli cells with an
overall yield of 20–25 mg/l. It was purified by cobalt
affinity column, followed by size-exclusion and anion-
exchange chromatography. The isolated protein was
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characterized by N-terminal sequencing. All Pim1
mutants reported here were expressed and purified
using the same protocols. To assist in solving the apo
Pim1 crystal structure, a Pim1 derivative, selectively
substituted with seleno-methionine (Se-Met), was also
prepared, using known procedures.39 The protein was
crystallized by a sitting-drop, vapor-diffusion experiment
in which equal volumes of protein (10–15 mg/ml con-
centration) and reservoir solution (0.4–0.9 M sodium
acetate, 0.1 M imidazole (pH 6.5)) were mixed and
allowed to equilibrate against the reservoir at 4 8C. This
same condition also produced crystals for both the P123M
mutant and protein co-crystal complexes. To obtain
co-crystals of complexes of the protein with ligands, the
protein solution was initially mixed with the compound
(dissolved in dimethyl sulfoxide (DMSO)) at a final
compound concentration of 1 mM, and then set up for
crystallization using the method described above. The
crystals routinely grew to a size of 200 mm!200 mm!
800 mm in about two to three days. The crystals for the
Se-Met protein were grown against a reservoir
solution containing 0.1 M Tris (pH 8.5), 0.2 M LiCl, and
5–15% (w/v) polyethylene glycol (PEG) 4000.
Structure determination

X-ray diffraction data, including the single wavelength
anomalous dispersion (SAD) data for the Se-Met-labeled
crystals, were collected at Advanced Light Source
(Berkeley, California, USA), Stanford Synchrotron Radi-
ation Laboratory (Palo Alto, California, USA) and
Advanced Photon Source (Argonne, Illinois, USA). All
data were processed and reduced with Mosflm and
scaled with Scala of the CCP4 suite of programs40 using
the software ELVES.41 The space group of all crystals was
determined to be P65, with the cell axes being 99 Å, 99 Å,
80 Å approximately and one protein monomer being
present in the asymmetric unit. In co-crystals of Pim1 and
small molecules, the cell and b-axes would occasionally
double in size to accommodate four monomers in the
asymmetric unit whenever minor conformational differ-
ences in monomers would perturb the crystal symmetry.
The apo Pim1 structure was solved by SAD phasing with
the Se-Met data at 2.6 Å resolution using the program
Table 1. Data processing and refinement statistics

Pim1 Apo Pim1 P123M
Pi

AM

A. Data processing
Resolution (Å) 2.00 2.20
Unique refl. 30,439 23,005 2
Rsym

a,b 0.048(0.719) 0.091(0.680) 0.05
Redundancyb 4.6(4.6) 4.3(4.3) 4.
Completenessb 99.4(98.9) 99.8(100.0) 99.9
hI/sIi

b 14.3(1.8) 11.3(1.7) 14

B. Refinement
Reflections used 30,224 22,949 2
R-factorc 0.211 0.195 0
Rfree

d 0.239 0.237 0

RMSD
Bond lengths (Å) 0.012 0.011 0
Bond angles (deg.) 1.3 1.4

a RsymZSjIKhIij/SI, where I is the intensity of a reflection and hIi i
well as its symmetry mates.

b Values in parentheses refer to the highest resolution shell.
c R-factorZSjjFojKjFcjj/SjFoj, where Fo and Fc are the observed a
d Rfree was calculated by setting aside 5% of the reflections random
SOLVE.42 The electron density obtained after density
modification by RESOLVE42 was of sufficient quality to
permit the building of the entiremodel using the program
O.43 This model was finally refined against a native
dataset at 2.0 Å resolution using CNX (CNS44 licensed to
industrial users by Accelerys, Inc.) and refmac5.45 All
subsequent structures were determined by molecular
replacement and refined by CNX and REFMAC5. The
data processing and refinement statistics for a few key
structures are shown in Table 1.
Kinase activity measurements

The in vitro kinase activities of wild-type and mutants
were determined by measuring phosphorylation of
biotinylated-BAD protein6 using Perkin Elmer’s AlphaSc-
reen Technology. For each enzyme (0.01 ng), 20 ml reac-
tions were carried out in 20 mM Hepes (pH 7.0), 10 mM
MgCl2, 1 mM DTT, 0.01% (v/v) Tween-20, 50 nM biotin-
BAD protein and 1 mM ATP at room temperature.
Reactions were stopped at five minutes with 5 ml of a
solution containing 20 mM Hepes (pH 7.0), 200 mM
NaCl, 80 mM EDTA, 0.3% (w/v) bovine serum albumin
(BSA). The stop solution also included phospho-BAD
(Ser112) antibody (Cell Signaling), streptavidin-coated
donor beads and protein A acceptor beads. The antibody
and beads were pre-incubated in stop solution in the dark
at room temperature for 30 minutes. The final dilution of
antibody was 1/2000 and the final concentration of each
bead was 10 mg/ml. The assay plates were incubated at
room temperature for one hour and then were read on a
PerkinElmer AlphaQuest reader. Mutant activities are the
average of two different batches of purified protein
assayed in duplicate in three different experiments.
Coordinates

The coordinates and structure factors for the structures
have been deposited with the RCSB Protein Data Bank
(accession codes: 1YWV, 1YXS, 1YXT, 1YXU, 1YXX and
1YXV)
m1C
PPNP Pim1CAMP

Pim1CPLX-
K031

Pim1CPLX-
K063

2.00 2.24 1.98 2.00
8,438 84,753 29,825 29,461
7(0.715) 0.066(0.455) 0.057(0.369) 0.065(0.758)
2(4.1) 4.1(4.1) 3.9(3.5) 4.0(3.5)
(100.0) 97.3(96.7) 97.6(96.8) 99.7(99.2)
.0(1.5) 12.1(2.6) 16.5(1.7) 12.9(1.6)

8,380 82,479 29,111 27,964
.181 0.228 0.218 0.188
.216 0.276 0.251 0.211

.013 0.013 0.012 0.009
1.6 1.5 1.6 1.3

s the mean intensity of multiple observations of that reflection as

nd calculated structure factors of a given reflection, respectively.
ly.
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