THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 280, NO. 50, pp. 41675-41682, December 16, 2005
© 2005 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Structure and Substrate Specificity of the Pim-1 Kinase™

Received for publication, September 30, 2005, and in revised form, October 12,2005 Published, JBC Papers in Press, October 13,2005, DOI 10.1074/jbcM510711200

Alex N. Bullock®, Judit Debreczeni*, Ann L. Amos®, Stefan Knapp*, and Benjamin E. Turk®'

From the *Oxford University, Centre for Structural Genomics, Botnar Research Centre, Oxford OX3 7LD, United Kingdom and the
SDepartment of Pharmacology, Yale University School of Medicine, New Haven, Connecticut 06520

The Pim kinases are a family of three vertebrate protein serine/
threonine kinases (Pim-1, -2, and -3) belonging to the CAMK
(calmodulin-dependent protein kinase-related) group. Pim kinases
are emerging as important mediators of cytokine signaling path-
ways in hematopoietic cells, and they contribute to the progression
of certain leukemias and solid tumors. A number of cytoplasmic and
nuclear proteins are phosphorylated by Pim kinases and may act as
their effectors in normal physiology and in disease. Recent crystal-
lographic studies of Pim-1 have identified unique structural fea-
tures but have not provided insight into how the kinase recognizes
its target substrates. Here, we have conducted peptide library
screens to exhaustively determine the sequence specificity of active
site-mediated phosphorylation by Pim-1 and Pim-3. We have iden-
tified the major site of Pim-1 autophosphorylation and find surpris-
ingly that it maps to a novel site that diverges from its consensus
phosphorylation motif. We have solved the crystal structure of
Pim-1 bound to a high affinity peptide substrate in complexes with
either the ATP analog AMP-PNP or the bisindolylmaleimide kinase
inhibitor 2-[1-(3-dimethylaminopropyl)-1H-indol-3-yl]-3-(1H-in-
dol-3-yl)maleimide HCI. These structures reveal an unanticipated
mode of recognition for basic residues upstream of the phosphoryl-
ation site, distinct from that of other kinases with similar substrate
specificity. The structures provide a rationale for the unusually high
affinity of Pim kinases for peptide substrates and suggest a general
mode for substrate binding to members of the CAMK group.

Pim-1 was first described with c-myc as a frequent proviral insertion
site in Moloney murine leukemia virus-induced T-cell lymphomas (1,
2). Activation of the two oncogenes is strongly cooperative, such that
double-transgenic Eu-myc Eu-pimI mice exhibit pre-B-cell leukemia
in utero (3). Likewise, activating proviral insertion in the pim2 and pim3
genes can also contribute to leukemia in the mouse (4, 5). Pim-1 over-
expression is observed in a range of human lymphomas and acute leu-
kemias (6), whereas Pim-2 overexpression is associated with chronic
lymphocytic leukemia and non-Hodgkin lymphoma (7). Pim-1 is also a
prognostic marker in prostate cancer (8, 9), and Pim-3 shows aberrant
expression in hepatocellular carcinoma (10). Additionally, piml
somatic hypermutations (11) and chromosomal translocations have
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been identified in non-Hodgkin lymphoma (12). In light of their onco-
genic potential, the Pim kinase family is emerging as an important new
target for drug discovery efforts (13-15).

Physiologically, Pim kinases appear to contribute to the proliferation
and survival of leukocytes. Pim-1 and Pim-2 are expressed at low levels
in many tissues but are strongly induced in leukocytes by the JAK/
STAT? pathway in response to cytokines, including interleukins 2, 3,
and 7, granulocyte-macrophage colony-stimulating factor, - and y-in-
terferon, and erythropoietin (16 —18). Pim kinase regulation appears to
be largely at the level of transcription; kinase activity correlates with
protein levels, and there is no evidence for regulation by post-transla-
tional modification (19, 20). Mice harboring targeted knockouts of all
three pim genes develop normally but display reduced body size owing
to decreased cell number in virtually all tissues (21), suggesting a direct
role in controlling cell proliferation in cells outside the hematopoietic
system as well.

Pim kinases contribute to both cell proliferation and survival and thus
provide a selective advantage in tumorigenesis. A number of proteins
have been identified that are phosphorylated by Pim kinases in vitro,
including transcriptional repressors (HP1), activators (NFATcl and
c-Myb), and co-activators (p100), as well as regulators of the cell cycle
(p21WAFVCIPL Cdc25A phosphatase, and the kinase C-TAK1/MARKS/
ParlA) (22-28). The status of any of these proteins, however, as bona
fide effectors of Pim kinases i vivo has not been established. Pim kinases
appear to phosphorylate the pro-apoptotic protein BAD both in vitro
and in vivo on Ser-112, a gatekeeper residue for its inactivation, and
induce apoptotic resistance under conditions of growth factor with-
drawal (20, 29, 30). Finally, Pim-1 is reported to modulate a cytokine
negative feedback mechanism by preventing the proteasomal degrada-
tion of SOCS-1, which may be mediated by direct phosphorylation (31).

The substrate specificity of Pim-1 and Pim-2 is characterized by
strong preferences for basic residues at positions —5 and —3 and a small
side chain at +1 (32—34). Interestingly, selectivity for arginine at the —5
and —3 positions within substrates is also a feature of Akt/PKB, a down-
stream mediator of cell survival in phosphoinositide 3-kinase signaling
(35, 36). Akt/PKB and Pim kinases appear to play redundant roles in
mediating hematopoietic cell growth and survival, possibly due to over-
lapping substrates, including BAD, p21WAH/CIP1, and Cot/Tpl-2 (28,37,
38). Comprehensive peptide library screening with Pim-2 has indicated
secondary selectivity for particular residues at other positions, which
has allowed the generation of peptide substrates selective for Pim
kinases over Akt/PKB (34).

Several groups have recently reported the x-ray crystal structure of
Pim-1 in complex with nucleotide analogs and a number of small mol-
ecule ATP-competitive inhibitors (14, 39, 40). Their studies revealed a
constitutively active kinase conformation in the absence of phosphoryl-

2 The abbreviations used are: JAK/STAT, Janus kinase/signal transducers and activators
of transcription; PKB, protein kinase B; CAMK, calmodulin-dependent protein kinase;
ESI-MS, electrospray ionization mass spectrometry; DTT, dithiothreitol; BIM1, 2-[1-(3-
dimethylaminopropyl)-1H-indol-3-yl]-3-(1H-indol-3-yl)maleimide HCI; ITC, isother-
mal titration calorimetry; AMP-PNP, adenosine 5'-(3,y-imino)triphosphate.
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FIGURE 1. Phosphorylation motifs for Pim-1 and Pim-3. Biotinylated peptides bearing

the indicated residue at the indicated position relative to a central Ser/Thr phosphoac-
ceptor site were subjected to phosphorylation by the kinase using radiolabeled ATP.
Aliquots of each reaction were subsequently spotted onto a streptavidin membrane,
which was washed, dried, and exposed to a phosphor screen.

ated residues in the activation loop. In addition, the Pim-1 structures
revealed a unique hinge region lacking a hydrogen bond donor, suggest-
ing potential for the development of specific Pim kinase inhibitors that
target the ATP binding site. We have extended these structural studies
to provide insight into the molecular basis for substrate recognition by
Pim-1. Comparison of the previously determined Pim-2 phosphoryla-
tion motif with new peptide library screens performed on Pim-1 and
Pim-3 indicates that the three Pim kinases share a common consensus
sequence. Accordingly, we have found that the optimized peptide pre-
viously described for Pim-2 is also a high affinity substrate for Pim-1,
enabling crystallographic studies of Pim-1-peptide complexes. Compar-
ison with the previously determined crystal structure of an Akt/
PKB-AMP-PNP-peptide complex (41), as well as those of three other
solved serine/threonine kinase-substrate complexes (42—44) reveals a
previously undescribed mode of substrate recognition for Pim-1 that
may share features with other members of the calmodulin-dependent
protein kinase (CAMK) family.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Full-length human Pim-1
(36-kDa isoform, gi 33304198) was subcloned by ligation-indepen-
dent cloning into a pET-derived expression vector, pLIC, and
expression performed in BL21(DE3) with 1 mM isopropyl 1-thio-3-
D-galactopyranoside induction for 4 h at 18 °C. Cells were lysed using a
high pressure homogenizer and cleared by centrifugation, and the lysate
was purified by nickel-nitrilotriacetic acid chromatography. The eluted
Pim-1 protein was treated with A-phosphatase together with tobacco
etch virus (TEV) protease overnight to remove phosphorylation and the
hexahistidine tag, respectively. The protein was further purified on a
Mono Q column and resolved into two species, shown by ESI-MS to be
homogeneous non-phosphorylated and singly phosphorylated Pim-1.
Protein was stored at 4 °C in elution buffer (50 mm HEPES, pH 7.5, 250
mM NaCl, 5% glycerol, and 10 mm DTT) or frozen in liquid nitrogen and
stored at —80 °C.

Determination of Peptide Phosphorylation Specificity—Phosphoryla-
tion motifs for Pim kinases were determined using a positional scanning
peptide library approach essentially as described previously (34). Reac-
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FIGURE 2. Determination of Pim kinase affinities for peptide substrates by ITC. Raw
data of a titration experiment (top trace) and a blank titration (bottom trace) for Pim-1
with Pimtide are shown in the upper panel, and normalized data after baseline subtrac-
tion are shown in the lower panel. Non-linear least squares fit analysis provided the
thermodynamic data and binding constants as shown in TABLE ONE.

tions were carried out in multiwell plates in 20 mm HEPES, pH 7.4, 10
mm MgCl,, 1 mm DTT, 0.1% Tween 20, 50 um ATP (including 0.3
wCi/ul [y-*P]ATP), 50 um peptide substrate, and 300 nm Pim kinase
for 2-4 h at 30°C. Peptide substrates had the general sequence
YAXXXXX(S/T)XXXXAGKK(biotin), where S/T represents an even
mixture of serine and threonine, K(biotin) is e-(biotinamidocaproyl)-
lysine, and is a roughly equimolar mixture of the 17 amino acids, exclud-
ing cysteine, serine, and threonine. Each well contained a distinct pep-
tide in which one of the X positions was fixed as one of 22 residues (one
of the unmodified proteogenic amino acids, phosphothreonine, or
phosphotyrosine). At the end of the incubation time, aliquots of each
reaction were spotted onto streptavidin membrane, which was pro-
cessed as described (34). Phosphorylation of Pimtide by Pim-1 was
assayed by P81 phosphocellulose filter binding as described using 9 pm
Pim-1 for 5-10 min at 30 °C. Initial rates were measured at peptide
substrate concentrations of 12.5, 25, 50, 100, 200, 400, and 800 nM and
an ATP concentration of 25 uM to determine the K, value. Reaction
progress was linear over time.

Autophosphorylation—Reactions were initiated at room temperature
by the addition of 5 uM (final concentration) non-phosphorylated
Pim-1 to a 200-ul solution containing 50 mm HEPES, pH 7.5, 100 mMm
NaCl, 5 mMmDTT, 1 mMm ATP, 5 mm MgCl,, and 0.5 mM MnCl,. At each
time point a 5-ul aliquot was removed and added to a stop buffer con-
taining 20 mM EDTA and 0.1% formic acid. Protein masses were deter-
mined by liquid chromatography-MS, using an Agilent LC/MSD TOF
system with reversed-phase high-performance liquid chromatography
coupled to electrospray ionization and an orthogonal time-of-flight
mass analyzer. Proteins were desalted prior to mass spectrometry by
rapid elution off a C3 column with a gradient of 5-95% acetonitrile in
water with 0.1% formic acid. Spectra were analyzed and exported using
Analyst QS (Agilent) and transformed using MagTran.

Isothermal Titration Calorimetry—Calorimetric measurements
were carried out using a VP-ITC titration calorimeter (MicroCal, Inc.).
Peptides (100500 uM) were titrated into Pim-1 protein (10 uMm) buff-
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TABLE ONE

ITC data for Pim-1 binding to peptide substrates at 10 °C
Complex Kp K, x 10* AH®> | TAS | AG N“
M mt kcal/mol

Pim-1 + Pimtide® 0.058 2100 * 1400 —16.5* 0.2 -7.1 -9.3 1.0
Pim-2 + Pimtide® 0.64 160 * 20 —13.4*04 —5.4 —-8.0 1.3
Pim-3 + Pimtide 0.039 2580 * 214 —13.7 = 0.06 —4.08 —9.62 1.2
Pim-1 + p21tide 28 3.61 £0.92 —=7.77 =571 —1.86 —5.91 0.91
Pim-1 + PAP-1tide 37 2.67 = 1.34 —3.42 * 4.39 2.33 —5.75 2.30

“ Stoichiometry was determined from a single binding site model.

Average from two separate determinations.

“Average from three separate determinations.

ered in 50 mm HEPES, pH 7.5, 150 mMm NaCl, and 1 mm DTT. Heats of
dilution were measured in blank titrations and were subtracted from the
binding heats. Data were analyzed using a single binding site model
implemented in the Origin software package provided with the instru-
ment. Peptides were synthesized by Thermo Electron GmbH and puri-
fied by reversed-phase high-performance liquid chromatography
(Pimtide: ARKRRRHPSGPPTA-amide; p21tide: RKRRQTSMTD; PAP-
1tide: KKRKHKASKSS).

Crystallization—Non-phosphorylated Pim-1 (buffered in 50 mm
HEPES, pH 7.5, 250 mm NaCl, 5% glycerol, and 10 mm DTT) was con-
centrated to 5-8 mg/ml in the presence of bound ligands (theoretical
final concentrations: 0.6 mm Pimtide, and either 0.6 mm BIM1 or 1 mm
AMP-PNP-MgCl,. BIM1 (2-[1-(3-dimethylaminopropyl)-1H-indol-3-
yl]-3-(1H-indol-3-yl)maleimide HCI) was purchased from Calbiochem
and added from a 50 mM Me,SO stock solution. Co-crystals were grown
at 4 °C in 150-nl sitting drops mixing 100 nl of Pim-1 ligand complex
with a 50-nl precipitant. The Pim-1-BIM1-Pimtide co-crystal grew from
a precipitant solution containing 0.1 M SPG (pH 6.0, mix ratio 2:7:7
succinate/sodium phosphate/glycine), 30% polyethylene glycol 1000,
0.5% Me,SO. The Pim-1-AMP-PNP-Pimtide co-crystal grew from a pre-
cipitant solution containing 0.2 M NH,Cl pH 6.3, 20% polyethylene gly-
col 3350.

Structure Determination—Pim-1 diffraction data were collected on a
frozen crystal (100 K) using a Rigaku FRE x-ray generator equipped with
multilayer mirrors and an R-AXIS HTC detector. Images were indexed
and integrated using MOSFLM (45), and scaled using SCALA (46)
implemented in the CCP4 (47) suite of programs. The structures were
solved using molecular replacement and the program Phaser (48) with
coordinates of Pim-1 in complex with BIM1 (Protein Data Bank (PDB)
code 1XWS). Both structures were refined with REFMACS5 (49) using
iterative rounds of rigid-body refinement and restrained refinement
with TLS, against maximum likelihood targets, interspersed with man-
ual rebuilding of the model using Xfit/XtalView (50).

Coordinates—Coordinates for Pim-1 in complex with the bisindolyl-
maleimide inhibitor BIM1 and Pim-1 consensus peptide as well as
AMP-PNP and Pim-1 consensus peptide have been deposited in the
Protein Data Bank (PDB codes 2BIL and 2BZK, respectively).

RESULTS

The Three Pim Kinases Share a Common Phosphorylation Consensus
Sequence—Based on analysis of individual peptide substrates, Pim-1 has
been described as having selectivity for basic residues at the —5 through
—2 positions relative to the phosphorylation site and for smaller resi-
dues at the +1 position (32, 33). Recently we used a peptide library
approach to systematically evaluate the contribution of all amino acid
residues at each of nine positions surrounding a fixed phosphoacceptor
site to phosphorylation by Pim-2 (34). Although most closely related to
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FIGURE 3. Kinetics of autophosphorylation monitored by ESI-MS. Shown are ESI-MS
spectra recorded during different time points of the autophosphorylation experiment
and colored as follows: 0 min (red), 5 min (orange), 10 min (green), 20 min (cyan), and 300
min (blue). Peaks corresponding to the mass sizes of non-phosphorylated, singly phos-
phorylated, and doubly phosphorylated Pim-1 are indicated by the labels 0-P, 7-P, and
2-P, respectively.

the other Pim kinases, human Pim-2 is only 61 and 66% identical within
its catalytic domain to Pim-1 and Pim-3, respectively, suggesting that
there may be differences in substrate specificity among members of the
family. To determine if this were the case, we repeated the peptide
library screens using bacterially expressed Pim-1 and Pim-3 (Fig. 1). The
phosphorylation profile of both Pim-1 and Pim-3 is overall very similar
to that of Pim-2, including both major and secondary selections. In
addition to a strong preference for basic residues, particularly arginine,
at the —5 and —3 positions, the common Pim kinase motif is character-
ized by selectivity at a number of other sites, including histidine at the
—2, proline at the —1, and glycine at the +1 positions.

A consensus peptide substrate, Pimtide (ARKRRRHPSGPPTA), was
previously generated based on the peptide library results and shown to
be efficiently phosphorylated by Pim-2 (34). As a prelude to structural
studies, we determined the binding affinity of this peptide to the various
Pim kinases by ITC (Fig. 2). Both Pim-1 and Pim-3 bind to Pimtide with
strikingly high affinity, having K, values in the range of 40—60 nm
(TABLE ONE). Binding is driven strongly by enthalpy as expected by
the large number of polar interactions in the peptide protein interface.
Limitations in the sensitivity of standard radiolabel kinase assays made it
difficult to accurately measure the atypically low K, value for Pimtide
phosphorylation by Pim-1. We were able to determine this value to be
below 100 nM and on the same order as the binding constant (K|, = 34 =
6 nM, n = 3). By comparison, the affinity of Pimtide for Pim-2 is some-
what weaker (0.64 uM), consistent with its higher reported K, value (1.2
M) as a Pim-2 substrate (34). Compared with Pimtide, the binding
affinities for Pim-1 of phosphorylation site peptides derived from two
Pim-1 substrates, p21YAF<""1 and PAP-1, are approximately three
orders of magnitude weaker. Likewise, ribosomal protein S6-derived
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TABLE TWO

Crystallographic data and refinement statistics
Data collection BIM1/Pimtide AMP-PNP/Pimtide
Space group P64 P65
Cell dimensions (A) a, b =98.1, c = 80.04 a, b =97.89, c = 80.49
Resolution (A) 2.55 2.45
Total observation (unique, redundancy) 97,016 (14,259, 6.7) 119,106 (16,216, 7.3)
Completeness (outer shell) 98.9 (96.7) 100 (99.5)
R perge (outer shell) (%) 7.2 (36) 7.1 (55)
I/o (outer shell) 9.7 (2.2) 9.4(3.2)
Refinement
Ryore Rree)” (%) 19.2 (24.8) 19.2 (22.5)
Hetero groups BIM-1 AMP-PNP
r.m.s.d. bond length (A) 0.017 0.013
r.m.s.d. bond angle (°) 1.979 1.45
Number of atoms
Protein (residues)” 2,264 (275) 2,235 (281)
Heterogroups (atoms) 30 31
Water molecules 48 23
Ramachandran
Allowed/generally allowed/disallowed 92.4%17.6%/0% 94%16.0%/0%
“ Ry, Was calculated using 5% of the data assigned randomly.
© Residues 46 —50 were not defined in the electron density.

peptides of similar length often used to assay Pim-1 activity have
reported K, values ranging from 6 —13 uM (33). By comparison, other
kinases in the CAMK group have K, values for optimized peptide sub-
strates that are typically in the 5-10 uM range (51).

Pim-1 Autophosphorylates at a Non-consensus Site in Vitro—Human
Pim-1 is multiply phosphorylated upon expression in Escherichia coli.
The major autophosphorylation site has been mapped to Ser-261(*)
within the sequence RQRVSS*ECQHL, which conforms well to the
Pim-1 consensus, containing arginine at both —5 and —3 (39). Follow-
ing limited dephosphorylation with A-phosphatase, this singly phos-
phorylated species can be resolved from fully dephosphorylated Pim-1
by Mono Q ion exchange chromatography. Autophosphorylation was
followed in vitro using non-phosphorylated Pim-1 protein by electros-
pray ionization mass spectrometry (ESI-MS, Fig. 3). A single autophos-
phorylation event was rapidly detected with a half-time of 5-10 min,
and a second phosphorylation did not accumulate to more than ~20%
after 5-h incubation. Surprisingly, the major in vitro autophosphoryla-
tion site was not detected at Ser-261 but was mapped to Ser-8(*) in the
unstructured protein N terminus within the sequence LSKINS*LAHLR
by mass spectrometry (data not shown). To confirm this result the in
vitro autophosphorylation was repeated using the singly Ser-261-phos-
phorylated Pim-1 protein. Identical phosphorylation kinetics were
observed, indicating that Ser-261 phosphorylation may be an artifact of
bacterial expression and that the Pim-1 N terminus may be a more likely
authentic autophosphorylation site in vivo. Autophosphorylation dur-
ing expression in bacteria is likely to occur in trans either co-transla-
tionally or immediately post-translationally, while the protein is incom-
pletely folded. In the folded protein, Ser-261 is the first residue of helix
aH in the C-terminal lobe, where its helical conformation presumably
renders it inaccessible to subsequent phosphorylation. Phosphorylation
at Ser-261 appears to have no effect on conformation or activity (15, 39).
Whether phosphorylation at Ser-8 impacts inherent kinase activity is
not clear, but it could mediate interactions with other proteins or affect
Pim-1 stability and/or localization within cells. These results with
human Pim-1 are in contrast to previous reports with the Xenopus
ortholog, in which the major autophosphorylation site was identified as
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Ser-189 and are likely to reflect differences between the mammalian and
reptilian proteins (52).

Structures of Pim-1 in Complex with a Consensus Peptide and ATP
Site Inhibitors Reveal a Unique Mode of Substrate Recognition for a
Basophilic Kinase—To understand the structural basis for substrate
selectivity by Pim kinases, we solved the x-ray crystal structure of Pim-1
in complex with the Pimtide substrate. Pim-1 was co-crystallized with
peptide along with either the bisindolylmaleimide inhibitor BIM1 or the
ATP analog AMP-PNP (TABLE TWO). As reported previously (14, 39,
40), Pim-1 adopts a typical bi-lobed kinase fold, with several unique
features (Fig. 4). Most notably, the hinge region (residues 121-126) has
an unusual conformation owing to a 1-2 residue insertion and the pres-
ence of two proline residues that serve to widen the ATP-binding
pocket. As anticipated based on assay of kinase activity, unphosphoryl-
ated Pim-1 appears to be in an active conformation, with residues at the
active site positioned appropriately to catalyze phosphate transfer. This
constitutively active conformation is probably stabilized by polar inter-
actions between Asp-200 in the activation loop and Arg-166 (the resi-
due that precedes the catalytic aspartate), as well as multiple hydropho-
bic interactions involving residues within the activation loop and the
C-terminal lobe of the kinase.

In both structures, the main chain of residue 3 plus the entirety of
residues 4—9 in the peptide (corresponding to the —6 position through
the serine at position 0) were well ordered in the crystal structure,
whereas the remainder of the peptide was disordered (Fig. 4). As for
other serine-threonine kinases whose structures have been determined
in complex with peptide substrates, the substrate binds in a largely
extended conformation within a cleft in the C-terminal lobe of the
kinase, with the peptide backbone making a turn at the —3 residue (Fig.
5). The hydroxyl group of the serine phosphoacceptor makes a hydro-
gen bond to Asp-167, the residue that acts as a proton acceptor during
phosphate transfer, suggesting that the peptide is bound in a mode that
would be productive for catalysis. Comparison of the ternary Pim-
1-BIM1-Pimtide complex with Pim-1 bound to BIM1 alone (15) (PDB
code 1XWS) indicates that the backbone conformation of Pim-1
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FIGURE 4. Structural overview of the Pim-
1:BIM1-peptide complex (left) and the Pim-
1-AMP-PNP-peptide complex (right). BIM1 and
AMP-PNP are shown in stick representation with
yellow carbon atoms. The electron density (10)
around the peptide is shown in blue. Residues
46-50 were not defined in the electron density of
the AMP-PNP complex. The figure was generated
using ICM (65).

BIM-1

FIGURE 5. Peptide binding site with interacting residues for the Pim-1-BIM1 com-
plex. Distances are shown in angstroms. BIM1 is highlighted using yellow carbon atoms.

changes very little upon peptide binding (root mean square deviation
0.3 A).

In the two previously reported structures of Pim-1 in complex with
AMP-PNP, the glycine-rich loop of the ATP binding site adopted dis-
tinct conformations (14, 40). Qian et al. reported that this loop under-
goes a significant conformational change upon nucleotide binding and
is in a relatively open conformation. In the structure by Kumar et al., the
loop more closely resembles the structure of the apoenzyme, with the
y-phosphate of AMP-PNP participating in a network of polar contacts,
suggestive of a pre-catalytic complex. In the ternary complex with
AMP-PNP and peptide, we find that the G-loop is completely disor-
dered, consistent with flexibility of this region of the kinase. The nucle-
otide analog adopts a non-catalytic conformation, with the y-phosphate
group pointed away from the active site (Fig. 4).

The basis for Pim-1 selection of basic residues at the —3 and —5
positions in its substrates is apparent from inspection of the structures
(Fig. 5). The side chain of the —3 arginine residue extends into the cleft
between the N- and C-terminal lobes of the kinase, where its guani-
dinium head group makes polar contacts with multiple acidic residues,
and its aliphatic stalk packs against Phe-130 from the aD helix. The
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shallow pocket formed by these residues is a conserved feature of so-
called basophilic kinases within the AGC and CAMK groups that select
substrates with arginine residues at the —3 position (41, 43, 44). In
particular, all such kinases have a hydrophobic residue (typically Phe,
Leu, or Met) at the position analogous to Phe-130, and all have an acidic
residue at the position analogous to Asp-128 (TABLE THREE). The
head group of the —3 arginine residue of Pimtide, however, makes polar
contacts with two additional acidic residues (Asp-131 and Glu-171)
found within the pocket of Pim-1 that are not as widely conserved.

The —5 arginine residue interacts with a number of residues in a
distinct pocket separated from the —3 binding site by Phe-130. These
include the hydroxyl group of Thr-134, the backbone carbonyl group of
Gly-238, and the carboxyl groups of three acidic residues (Asp-170,
Asp-234, and Asp-239). Pim kinases share their preference for arginine
at the —5 position in substrates with several members of the AGC
kinase group, notably Akt/PKB (35). Comparison of our Pim-1-peptide
structures with the reported crystal structure of an Akt2-AMP-
PNP-peptide complex (41), however, reveals significant differences in
the manner in which these two kinases interact with their substrates
(Fig. 6). Although the backbone conformation of the bound peptide is
similar in the two structures, the side chain of the —5 arginine residue
occupies distinct sites that have only one residue in common (Asp-234
in Pim-1, corresponding to Glu-342 in Akt2). In Akt2, the guanidinium
headgroup makes an additional bidentate salt bridge with Glu-279. The
analogous residue in protein kinase A makes a similar ion pair with the
arginine residue found at the —2 position in its substrates (44, 53).
Although this glutamate residue is conserved in Pim-1 (Glu-171), as
noted above it participates instead in interactions with the —3 substrate
residue.

Interactions between other residues in the peptide and the enzyme
are less extensive, consistent with less stringent selectivity for Pim
kinases outside of the —5 and —3 positions. Glu-243 becomes posi-
tioned to make polar contacts with the headgroups of both the —2 His
and —4 Arg residues in the bound peptide. The conformation of the —4
Arg side chain differs slightly between the BIM1 and ANP-PNP com-
plexes, with Glu-243 interacting with the guanidinium group at differ-
ent points. Notably, Glu-243 is the only residue in Pim-1 that changes
conformation upon substrate binding to interact with the peptide. The
—1 Pro side chain does not appear to contact the enzyme directly.

No density is visible in either structure for Pimtide residues down-
stream of the phosphorylation site, suggesting that they do not make
extensive contact with the kinase. This is consistent with the general
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TABLE THREE

Specificity determining residues for Pim-1 and related kinases
. Interacting residues (Pim-1 numbering)
—5 Specificity - -
—5 Interacting —3 Interacting —2/—4

134 170 234 239 128 130 131 171 243
Pim-1 Arg/Lys Thr Asp Asp Asp Asp Phe Asp Glu Glu
Pim-2 Arg/Lys Thr Asp Asp Asp Asp Phe Asp Glu Glu
Pim-3 Arg/Lys Thr Asp Asp Asp Asp Phe Asp Glu Glu
PASK ? Asp Asp Thr Glu Asp Phe Ala Glu Cys
PKD1 Leu/Val/lle Leu Pro Val Thr Asp Leu Glu Glu Asn
MK2 Leu/Phe/Ile Gln Pro Ile Tyr Glu Phe Ser Glu Tyr
CAMK1 Leu/Ile/Phe Val Pro Ile Tyr Glu Phe Asp Glu Tyr
PhK1 X Thr Pro Thr Ser Glu Phe Asp Glu Trp
Akt2 Arg Ser Leu Glu Arg Glu Phe Phe Glu Tyr

FIGURE 6. Comparison of peptide substrates bound to Pim-1 and Akt/PKB. The figure
shows an overlay of the glycogen synthase kinase-derived substrate peptide (gray,
sequence GRPRTTSFAE) from the complex with Akt/PKB (PDB code 106L) and Pimtide
(green) onaribbon diagram of Pim-1 kinase. The lower lobes of the two kinases have been
superimposed. The arginine residues at the —3 position occupy analogous binding sites,
but the residues at —5 do not.

lack of selectivity at the downstream positions and with previous obser-
vations that deletion of these residues in peptide substrates does not
affect Pim-1 catalytic efficiency (33). The Pim-1 structure provides a
potential rationale for these observations. In complexes between pep-
tide substrates and other basophilic kinases (protein kinase A, Akt, and
phosphorylase kinase), the residue in the +1 position of the substrate
makes antiparallel -sheet-like hydrogen bonds to the main chain of an
activation loop glycine residue corresponding to Gly-203 in Pim-1.
Interestingly, in Pim-1, this residue is rotated ~180° about its C*-N
bond, rendering the amide inaccessible as a hydrogen bond donor to the
substrate (Fig. 7). This conformation appears to be stabilized in part by
an interaction between the backbone carbonyl of the residue immedi-
ately upstream (Asp-202) and the side chain of Ser-189 at the start of the
activation loop. As noted by Shaw and co-workers (54, 55) for other
kinases belonging to the AGC and CAMK groups, Pim kinases appear to
strongly deselect Pro in the +1 position in substrates. This “proline
disfavor” phenomenon is generally attributable to the inability of Pro to
hydrogen bond to the carbonyl group of the residue equivalent to Gly-
203 in the kinase. In the case of Pim-1 this rationale seems unlikely,
because the +1 residue in Pimtide does not appear to contact Gly-203.
Proline deselection by Pim kinases may be instead due to steric clashes
that would preclude the serine phosphoacceptor from assuming a con-
formation competent for phosphate transfer.
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DISCUSSION

Although they belong to a different kinase group (CAMK), the Pim
kinases have overlapping substrate specificity with Akt/PKB and other
AGC kinases, in particular for arginine residues at the —5 position. We
have found, however that this residue binds to a pocket in Pim-1 distinct
from its binding site in Akt/PKB. The alternate binding mode for basic
residues used by Pim-1 is surprising in light of the fact that all of the
residues in Akt that interact with the two arginine residues are con-
served among Pim kinases (TABLE THREE). The extensive network of
ionic and polar contacts made between Pim-1 and its peptide substrate
provides a rationale for why the observed mode of interaction is pre-
ferred to the “Akt” binding mode and for the extraordinarily high affin-
ity of Pim-1 for the Pimtide substrate.

Interestingly, among all human protein kinases, only the Pim kinases
have acidic residues at all three positions that interact with the —5
arginine residue in Pim-1 (56). Only two other kinases (Per-Arnt-Sim
(PAS) kinase, the closest relative to the Pim kinases, and STK33) have
acidic residues at two of the three positions. Other CAMKs that have
been characterized thus far are either relatively nonselective or prefer
non-polar residues at the —5 position (57—61). The identity of the res-
idue analogous to position 234 in Pim-1 in particular seems to correlate
with selectivity. Kinases that prefer hydrophobic residues at —5, such as
protein kinase D, MAP kinase-activated protein kinase 2, and CAMK1,
have aliphatic residues at this position, whereas phosphorylase kinase,
which is less selective, has a polar threonine residue (TABLE THREE).
These correlations point to the likelihood of a common binding site
among CAMKs for the —5 residue in substrates. Based on the absence of
acidic residues at these positions among other CAMKS, it is probable
that within this group only the Pim kinases are highly selective for argi-
nine at the —5 position.

Implications for Pim Kinase Substrate and Inhibitor Selectivity—Each
of the residues in Pim-1 that make contact with the bound peptide is
identical in Pim-2 and Pim-3 (TABLE THREE), explaining the similarity
between the phosphorylation motifs of these three kinases. Although
most Pim kinase protein substrates have not been tested for their ability
to be phosphorylated by multiple members of the family, those that have
(BAD and Socs-1) appear to be efficient substrates for each kinase. Stud-
ies with mice deficient in multiple Pim kinases indicate some redun-
dancy between the different family members. However, it is clear that
loss of particular Pim kinases in some contexts is not compensated by
the presence of others (21). For example, interleukin-3-dependent
growth of bone marrow-derived mast cells is specifically reduced with
Pim-1 deficiency, despite substantial Pim-2 induction by interleukin-3
(62). Likewise, loss of Pim-2 specifically impairs the growth and survival
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FIGURE 7. Unusual activation loop conformation for Pim-1. The region of the activation loop near the binding site for +1 residues is shown in stick representation for Pim-1 (left)
and Akt/PKB (right). Bound peptide substrates are shown in green. Pim-1 residues are shown in magenta. The interaction between the Ser-189 hydroxyl and the Asp-202 backbone
carbonyl groups in Pim-1 is indicated. The sheet-like interactions between the +1 Phe in the substrate and the Gly-203 equivalent in Akt are shown on the right; in Pim-1 the Gly-203
amide NH is pointed in the opposite direction and cannot accept a hydrogen bond from the substrate. The figure was generated using ICM (65).

of T lymphocytes (21, 37, 63). These observations suggest that specific
substrates exist for each of the Pim kinases. Phosphorylation of specific
substrates could be mediated by interactions outside of the active site
either directly with the kinase or through intermediary scaffolding pro-
teins, possibly involving recruitment to distinct subcellular locales.

The unusual primary structure and conformation of the Pim-1 hinge
region gives rise to a wider ATP binding pocket lacking a conserved
hydrogen bond donor that can participate in inhibitor binding. Despite
this, a recent screen of a directed small molecule library identified
potent Pim-1 inhibitors among compounds with common kinase inhib-
itor scaffolds, including bisindolylmaleimides and flavonoids (15).
Other potential avenues for the generation of high affinity Pim kinase
inhibitors are suggested by the work presented here. The unusually low
dissociation constant for the Pimtide substrate suggests the possibility
of discovering potent inhibitors that target the peptide binding site.
Tethered bivalent inhibitors that link an ATP-competitive inhibitor to a
peptide substrate analog would be anticipated to have both increased
specificity and potency over standard inhibitors. Such molecules are
typically prepared by tethering an ATP analog to the peptide by way of
the phosphoacceptor site (64). In the structure of the complex with
peptide and BIM1, it is notable, however, that the guanidinium group of
the —3 arginine residue comes in close proximity to the dimethylamino
group of the bound inhibitor (3.4 A). This proximity suggests a potential
alternative linkage strategy for the construction of a bivalent inhibitor
that may increase specificity for Pim-1 over other kinases. The develop-
ment of specific inhibitors will be a valuable tool for dissecting the
biological roles of Pim kinases and will potentially serve as a starting
point for a new class of anti-cancer therapeutics.

Acknowledgment—We thank Dr. Kunde Guo for cloning and expression test-
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