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The pseudokinase group encompasses some 10% of protein
kinases, but pseudokinases diverge from canonical kinases in
key motifs. The two members of the small new kinase family 3
(NKF3) group are considered pseudokinases. These proteins,
pseudopodium-enriched atypical kinase 1 (PEAK1, Sugen kinase
269, or SgK269) and pragmin (Sugen kinase 223 or SgK223), act
as scaffolds in growth factor signaling pathways, and both con-
tain a kinase fold with degraded kinase motifs at their C termini.
These kinases may harbor regions that mediate oligomerization
or control other aspects of signal transduction, but a lack of
structural information has precluded detailed investigations
into their functional roles. In this study, we determined the
X-ray crystal structure of the PEAK1 pseudokinase domain to
2.3 Å resolution. The structure revealed that the PEAK1 kinase-
like domain contains a closed nucleotide-binding cleft that in
this conformation may deleteriously affect nucleotide binding.
Moreover, we found that N- and C-terminal extensions create a
highly unusual all �-helical split-dimerization region, termed
here the split helical dimerization (SHED) region. Sequence
conservation analysis suggested that this region facilitates a
dimerization mode that is conserved between PEAK1 and prag-
min. Finally, we observed structural similarities between the
PEAK1 SHED region and the C-terminal extension of the
Parkinson’s disease-associated kinase PINK1. In summary,
PEAK1’s kinase cleft is occluded, and its newly identified SHED
region may promote an unexpected dimerization mode. Simi-
larities of PEAK1 with the active kinase PINK1 may reclassify
the latter as a member of the new kinase family 3 group.

Pseudopodium-enriched atypical kinase (PEAK1; Sugen kinase
269; SgK269)2 is a large (1,746 amino acid) cytoplasmic protein
that acts as a scaffold for growth factor signaling pathways
(1–3). It is tyrosine-phosphorylated in response to growth fac-
tor activation which creates SH2 domain binding sites for
Shc1-, Grb2-, Csk-, and Src-family kinases (4 –11). Increased
PEAK1 expression is associated with metastasis and prolifera-
tion of cancer cells, including in prostate, pancreatic, colon, and
breast cancers (1, 4 –7, 9, 12–15), and these changes are thought
to correspond to altered temporal regulation of growth factor
signaling via the PEAK1 phosphotyrosine–SH2 domain inter-
actions (4, 10). These scaffolding functions of PEAK1 are con-
sistent with a role for this protein as an oncogene (6); however,
the phosphorylation sites occur in a predicted unstructured
region distal to the PEAK1 C-terminal kinase-fold domain (Fig.
1A). The role of this kinase-like domain in signal transduction
pathways and tumorigenesis remains unclear.

Pseudokinases encompass some 10% of the human kinome
but diverge from canonical kinases in key catalytic motifs (16,
17). They are the quintessential pseudoenzymes, and like other
nucleotide-binding pseudoenzymes, the pseudokinase family
members are classified as either being catalytically active, being
able to bind nucleotide but harboring no catalytic activity, or
being unable to bind nucleotide (18 –22). This diversity belies a
wide range of functions for the pseudokinase group, from con-
ventional transferase activity, to actions as binders and modifi-
ers of signaling from typical kinases, to acting as scaffolds for
signaling complexes (19). PEAK1 is divergent from canonical
kinases in multiple of the conserved kinase motifs (the glycine-
rich loop, the HRD motif, and the DFG motif) (Fig. 1B); conse-
quently, it is classified as a pseudokinase. Subclassification of
PEAK1 into one of the pseudokinase groups (ATP-binder/
catalytically active, ATP-binder/catalytically inactive, or ATP-
non-binder) has not been consistent (1, 5, 9, 23), but because of
the divergence in ATP-binding cleft residues (Fig. 1B) and
limited effect of nucleotide on PEAK1 denaturation (18), con-
sensus has built to support the “unable to bind nucleotide”
classification.

Sequence analysis has suggested that PEAK1 is a member of
a small protein kinase family termed the new kinase family 3
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(NKF3). This family consists of only two proteins, PEAK1 and
pragmin (Sugen kinase 223; SgK223), which share a similar
overall topology and sequence identity of over 45% between the
kinase-fold domains (16, 23). On the well-known kinome phy-
logenetic tree (16), the NKF3 group is located proximal to the
CMGC group and adjacent to the Parkinson’s disease-associ-
ated kinase, PINK1. PEAK1 and pragmin are thought to contain
a region N-terminal to the kinase domain that mediates both
homo- and hetero-oligomerization (23); however, the role of
homo-/hetero-oligomerization for PEAK1/pragmin is not well-
defined. One postulation is that signaling output can be regu-
lated by offering unique binding sites for protein interaction
partners depending on the NKF3 oligomerization complex
(23). These kinases therefore may harbor additional regions
that mediate oligomerization events or control other aspects of
signal transduction.

In this study, we determine the structure of PEAK1 pseu-
dokinase domain and find a closed nucleotide-binding cleft. We
also find that N- and C-terminal extensions together create a
novel all–�-helical split dimerization region that we term the
split helical dimerization (SHED) region. This represents a pre-
viously unobserved mode of kinase dimerization. PEAK1 is
therefore an unusual member of the pseudokinase group.

Results

Crystal structure of PEAK1 reveals an unusual ATP-binding
cleft

We crystallized PEAK1 kinase domain including both N- and
C-terminal extensions but lacking the long �40-amino acid
predicted flexible loop and determined its crystal structure by
molecular replacement followed by autobuilding (Fig. 2, A–C,
and Table 1). Overall, the crystal structure illustrates that
PEAK1 maintains the kinase catalytic fold with a �-sheet-rich
N-lobe and an �-helical-rich C-lobe and with additional insertions
(Fig. 2D) that are discussed below. The kinase is found in an active-
like conformation, with the activation loop extended and the
DFG-like motif in a DFG-in state, but no nucleotide is bound.

PEAK1 is divergent in its kinase motif conserved residues
(Figs. 1A and 2E). The crystal structure shows that the glycine-
rich loop (G-loop, P-loop) (conserved motif: GXGXXG) has the
sequence 1336CEAGDA. Secondary structure assignment in

this region shows two short �-strands, termed �1� and �1,
which differs from the canonical single long �-strand, �1. The
lack of glycine residues at the conserved positions suggests
reduced conformational flexibility that may deleteriously
impact nucleotide binding and release. This conclusion is sup-
ported in the structure where the nucleotide-binding site is
closed and occluded by Tyr1343 (a residue that is normally a Val
in competent kinases), which extends toward the predicted
location of the adenine ring and hydrogen-bonds with Gln1388

and a water molecule. Lys1359 (from the conserved VAIK motif)
also hydrogen bonds to Gln1388 and to the glycine-rich loop
residue Asp1340. This creates an intricate H-bonding network
that appears to coordinate the glycine-rich loop to other com-
ponents of the kinase fold and to be deleterious to nucleotide
binding. Interestingly, there is an insert in PEAK1 between the
�4 and �5 strands. Although we excised part of this loop to
allow crystallization, residues 1398 –1407 pack neatly against
the top of the glycine-rich loop by hydrophobic interactions
particularly of Trp1405 (Fig. 2E). These interactions potentially
help stabilize the closed conformation of the glycine-rich loop,
and Tyr1343 completes the formation of the hydrophobic cata-
lytic spine, a feature of the kinase fold (24) (Fig. 2F).

In the PEAK1 structure, helix �C is present (residues His1373

to Ser1380) but is flexible at its N terminus, resulting in an inabil-
ity to build the model in this region. In canonical kinases, there
is a glutamate residue that coordinates the VAIK lysine; how-
ever, in PEAK1 this is replaced by Ser1374, which networks to
Lys1359 via a water molecule. There are two further conserved
kinase motifs. The HRDXKXXN motif is reasonably well-pre-
served, with a sequence of 1514HCDLRLEN. However, the DFG
motif is replaced with 1555NFS, which suggests reduced cata-
lytic competency (Fig. 2E). In sum, the kinase motif residues in
PEAK1 are extensively divergent and indicate that canonical
kinase activity may be lost for this pseudokinase family mem-
ber. Based on the crystal structure and the closed nature of the
catalytic cleft, it seems probable that the kinase is a representa-
tive of the non-nucleotide-binding class of pseudokinase.

PEAK1 dimerizes by a SHED region

The crystal structure of PEAK1 also reveals an unexpected
addition to the kinase domain comprising �-helices from the

Figure 1. PEAK1 domains and kinase motifs. A, schematic diagram of PEAK1. Regions and domains are shown. The PEAK1 pseudokinase domain and SHED region
are indicated. Some of the PEAK1 phosphorylation sites are noted, with prominent phosphotyrosine-binding proteins indicated, e.g. the Src SH2 binding site at Tyr665

(pYEEI). B, PEAK1 kinase motifs. Consensus shows consensus sequences of kinase fold motifs. � indicates hydrophilic residue, and � indicates hydrophobic residue.
hPEAK1 indicates sequence of human PEAK1 kinase fold motifs. Residues that strictly conform to the consensus are colored red. 111 sequences indicates consensus of
PEAK1 motifs across 111 sequences; *, completely conserved; :, strongly similar properties; �, weakly similar properties by Clustal Omega (40).
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flanking regions both N- and C-terminal to the catalytic
domain (Fig. 3A). One �-helix is donated to this dimerization
region from residues N-terminal of the kinase domain (residues
1285–1311), and four �-helices are donated from residues
C-terminal of the kinase fold (residues 1670 –1743) (Fig. 2D).
This creates an all �-helical feature that abuts the kinase
C-lobe. The helices of this new region are extremely well-con-
served over evolution (Fig. S1), and we term them helices �S, �J,
�K, �L, and �M. On analysis of crystal packing for PEAK1, we
find a very clear dimerization interface that buries 2359 Å2 (Pisa
server (25)) and is mediated solely by this split domain (Fig. 3, B
and C), which correlates with previous in-solution dimerization
studies (23). Polar interactions are only observed between res-
idues Glu1708 and Lys1300, with the remainder of the large
dimerization interface mediated by hydrophobic contacts

(PDBsum (26)) (Fig. 3D), and the surface almost completely
conserved over 111 species (Fig. 3E). We conducted extensive
searches to discover whether this dimerization domain has
structural homologues. The Dali server (27) suggests this
arrangement to be unique, as does the VAST server (28). There-
fore, we believe this to be a region that is novel among protein
kinases. We term this the split helical dimerization region, or
SHED region.

To biochemically validate that the SHED region mediates
PEAK1 dimerization in the purified setting, we introduced a
point mutation at the center of the interface, A1707D. We pre-
dicted that this mutation would disrupt dimerization by intro-
ducing a large negative charge into the hydrophobic core of
the dimerization surface. Comparison of the retention of
purified PEAK1 and A1707D mutant PEAK1 by size-exclu-

Figure 2. Structure of PEAK1 pseudokinase. A, structure of PEAK1 pseudokinase domain. The cartoon format is shown with the �-helices and �-strands
indicated. Kinase N-lobe is colored light gray, and the C-lobe is in dark gray. The �4 –�5 insert is shown in red. SHED domain colored green. Unmodeled loops
are indicated by dashed lines. B and C, example electron density maps for two regions of the structure, the glycine-rich loop (B), and helices �S and �K (C). The
representative residue numbers are indicated. Water molecules shown as red spheres. 2Fobs � Fcalc map: blue shows 1�, and light blue shows 2�. In the Fobs �
Fcalc map, green shows 3�, and red shows �3�. D, DSSP-defined (41) topology map of PEAK1 pseudokinase domain. Secondary structure elements are indicated
with �-helices as cylinders, �-strands as arrows, and 310 helices as squiggles. The SHED domain is colored green. �4 –�5 insert shown in red. Unbuilt loops are
indicated in gray/pale red. E, ATP cleft of PEAK1. Residues of the glycine-rich loop are shown in blue, the activation segment is in pink (including the DFG/NFS
motif), the HRDXKXXN (HCDLRLEN) motif is in yellow, and the �4 –�5 insert in red. Hydrogen-bonding interactions that seem to stabilize the glycine-rich loop
are shown as green dashed lines. F, hydrophobic spines of PEAK1 pseudokinase domain. The regulatory spine is shaded in green, and the catalytic spine is in
yellow. Tyr1343 completes the catalytic spine.
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sion chromatography showed a significant increase in reten-
tion time for the mutant, suggesting a monomeric form com-
pared with a dimeric wildtype PEAK1 (Fig. 3F).

Kinase insertions and unmodeled loops

The electron density for the crystal structure is on the whole
extremely clear, allowing convincing tracing and assignment of
residues directly from autobuilding. The catalytic cleft and the
SHED region are both well-defined (Fig. 2, B and C); however,
there are also a number of loops in the structure that have poor
electron density for which we have been unable to build. In the
kinase domain N-lobe, they are the �3-�C loop (residues 1364 –
1372) and part of the long �4 –�5 insert (residues 1408 –1453).
In the kinase domain C-lobe, there are four unbuilt segments.
They are the structurally adjacent �6-�7 (residues 1529 –1547)
and �K-�L loops (residues 1713–1715), portions of the activa-
tion loop (residues 1563–1571), and the �EF-�F loop (residues
1585–1587). Additionally, although we have been able to build
residues of the activation segment p � 1 loop and �EF helix
(including the APE motif), they have high B-factors. The con-
nectivity of p � 1-�EF is ill defined, so we have built it in cis, as
per the normal arrangement for protein kinases, adjacent to the
kinase C-lobe. The PEAK1 activation segment therefore shows
significant conformational flexibility.

Comparison of PEAK1 and pragmin

There are two members of the NKF3 group: PEAK1 (SgK269)
and pragmin (SgK223). These proteins align with sequence
identity of �45% in the kinase domain with differences between

the insertions and between the kinase motifs of PEAK1 and
pragmin (Fig. 4A). Interestingly, pragmin is also predicted to
include �-helices that comprise a SHED region. A previous
study has suggested that PEAK1 and pragmin can heterodimerize
(23), and based on our alignment of these proteins, there is good
conservation in pragmin of SHED region residues that mediate
PEAK1 homotypic dimerization (Fig. 4), indicating that
homo- and heterodimerization may occur by a very similar
mechanism to what we observe for PEAK1 alone. The conser-
vation of the SHED region between PEAK1 and pragmin, and
over evolution, suggests that these proteins functionally homo-
and heterodimerize.

Comparison of PEAK1 and PINK1

The crystal structure of the Parkinson’s disease-associated
kinase, PINK1, was recently determined (29) (PDB code
5OAT). PEAK1 and PINK1 are adjacent to one another in the
kinome phylogenetic tree (16). PINK1 contains multiple inser-
tions, with one of �30 amino acids located between strands �4
and �5 (termed Ins3 in Ref. 29). For PINK1, the Ins3 insertion
seems to be important for recognition of ubiquitin as a sub-
strate, and this insertion resembles the large PEAK1 insertion
between strands �4 and �5 (Fig. 2D). Like PEAK1, PINK1 also
contains additional helices at the C terminus of the kinase
domain (termed the C-terminal extension, or CTE). This
extension may be associated with homo-oligomerization and
kinase catalytic activity (30), and in the PINK1 crystal structure,
the CTE mediates crystallographic dimerization interactions
(29). We note that the PINK1 CTE superposes extremely well
with helices �J, �K, �L, and �M of PEAK1 (Fig. 5) (RMSD, 2.3 Å
over 48 aligned residues), creating a dimerization interface that
resembles the PEAK1 SHED region, and that PINK1 similarly
dimerizes in the symmetry lattice of its substrate-bound crystal
structure (PDB code 6EQI) (31). It is therefore interesting to
speculate that PINK1 may functionally dimerize through this
interaction, that addition of helices equivalent to PEAK1 �S
(perhaps from a binding partner) may fully recapitulate a SHED
region dimerization, or that PINK1 uses its CTE to interact with
an �S-like helix in binding partner proteins. Based on the struc-
tural and topographic similarities between PEAK1 and PINK1,
we propose PINK1 to be the third member of the NKF3 group.

Discussion

Approximately 10% of the human kinome is comprised of
pseudokinases (16). These enzymes are degraded in their con-
served kinase motifs and have a variety of catalytic activities
that cannot easily be predicted (18 –22). The classification of
protein kinases into being catalytically active, being able to bind
nucleotide but harboring no catalytic activity, or being unable
to bind nucleotide has helped in defining the roles of these
proteins. PEAK1 (SgK269) is a member of the pseudokinase
group and has been the subject of controversy surrounding its
catalytic capabilities (1, 5, 9, 23); therefore structural analysis
has been sought to provide a clearer picture of its functional
role. The structure presented here of the kinase domain of
PEAK1 allows a much-improved understanding of this unusual
pseudokinase.

Table 1
Crystallographic data collection and refinement statistics

Protein PEAK1 (sugen kinase 269, SgK269)

PDB accession code 6BHC
Data collection

Space group P22121
X-ray source and detector APS 24-ID-E, EIGER 16 M
Wavelength (Å) 0.97918
Unit cell

a, b, c (Å) 58.9, 72.7, 103.2
�, �, � (°) 90, 90, 90

Resolution range (Å)a 50.00–2.30 (2.38–2.30)
No. of unique reflections 20,320
Completeness (%)a 98.7 (99.1)
Rpim (%)a 8.7 (44.3)
CC0.5 (%) (in high resolution bin) 82.3
Mean �I�/��Ia 10.1 (1.9)
Wilson B-factor 32.1
Redundancy 10.9 (10.6)

Refinement statistics
Resolution range (Å)a 42.1–2.3 (2.42–2.3)
Rfactor (%)a 19.4 (21.5)
Free Rfactor (%)a 23.4 (28.9)
Free R reflections (%)a 4.8 (5.2)
Free R reflections (no.)a 955 (136)
Residues built 1285–1363, 1373–1407, 1454–1528,

1548–1562, 1572–1584, 1588–1712,
1716–1743

No. water molecules 102
Mean B-factor (Å2)

Protein 45.4
H2O 44.2

Model statistics
RMSD bond lengths (Å) 0.002
RMSD bond angles (°) 0.418
Ramachandran plot (favored/

allowed/disallowed, %)
97.8/2.2/0

a High resolution shell shown in parentheses.
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Figure 3. PEAK1 SHED region. A, PEAK1 homodimer. Symmetry mates shown for the PEAK1 homodimer, colored and labeled as per Fig. 2A. The secondary
structure of the SHED region is indicated. Surface of one copy is shown. B, map of dimerization interactions. Electrostatic interactions are shown as red dashed
lines, van der Waals interactions are shown as straight lines. The helices are indicated. Residue Ala1707 is indicated in red. C, close-up view of the dimerization
interaction. Residues that interact are indicated. Residue Ala1707 is indicated in red. D, electrostatic potential of the interaction interface. Electropositive
potential is shown in blue, and electronegative potential is in red. Helices �S and �K are shown in green. E, conservation of the interaction interface over 111
sequences of PEAK1. Complete conservation is shown in blue. Low conservation is in white. The results were calculated by Consurf server (42). Helices �S and
�K are shown in green. F, size exclusion chromatography for wildtype and A1707D mutant PEAK1. Incorporation of the single point mutation significantly
lengthens the retention time on a Superdex 200 Increase 10/300 GL (GE) column, suggesting that the A1707D mutant is a monomer.
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In the crystal structure of PEAK1 we observe that the pseu-
dokinase domain has a tightly closed nucleotide-binding cleft.
Unusually among the kinase group, there is a tyrosine residue
(Tyr1343) within the glycine-rich loop that hydrogen-bonds to
the C-lobe, sterically hindering nucleotide binding. This resem-
bles the catalytic clefts of MviN and Rop2, both of which are
unable to bind nucleotide because large amino acids occlude
the cleft; Phe724, Trp789, and Tyr849 in MviN (32) and Tyr555 in
Ror2 (33) (Fig. 6). Interestingly, Tyr1343 is in the same amino
acid location as Phe724 from MviN, and both occlude the ATP
site in a similar manner. The structure therefore indicates that
that PEAK1 may fall within the “unable to bind nucleotide”
class of pseudokinase and concurs with previous studies that
showed its thermal stabilization upon binding Mn2� but not
nucleotide (18). We do not observe cation binding in the crystal
structure.

The mode of dimerization for PEAK1 revealed by this crystal
structure is highly unusual. The dimerization region encom-
passes helices both from the N and C termini of the kinase
domain in a split domain configuration. We term this the SHED
region and have extensively searched the databases for similar
examples of this configuration. There is partial structural over-
lap between the SHED region (albeit without the N-terminal
helix) and the CTE of the Parkinson’s disease kinase, PINK1,

and this similarity may indicate new modes of binding for
PINK1 that have previously not been identified. Our analysis
of the SHED region suggests that both homo- and het-
erodimerization can occur through the domain. The expres-
sion of PEAK1 is amplified in an array of cancers (including
prostate, pancreatic, colon, and breast) and is associated with
metastasis and proliferation (1, 4 –7, 9, 12–15). These effects
seem to arise from PEAK1’s role as a tyrosine kinase substrate
and scaffold for SH2-domain proteins such as Shc1-, Grb2-,
Csk-, and Src-family kinases (4–11), and heterodimerization of
PEAK1 and pragmin may play an important role in regulating
these signaling cascades (23); therefore this unusual dimerization
domain may represent a novel mechanism to control signaling
output.

Overall, the structure of PEAK1 represents an unusual addi-
tion to the library of pseudokinase structures. Its kinase cleft is
occluded, and its newly identified SHED region is unexpected
and reveals a new mode of dimerization, and potentially inter-
esting similarities that may reclassify the active kinase, PINK1,
as a member of the NKF3 group.

Structure note

We note that during the final steps of manuscript prepara-
tion, a structure of pragmin (SgK223) was published (34).

Figure 4. Comparison of PEAK1 and pragmin. A, alignment of PEAK1 and pragmin. DSSP-defined (41) secondary structure elements for PEAK1 are shown,
with the �-helices as cylinders, �-strands as arrows, and 310 helices as squiggles. Helices S�, 4�, and E� are 310. Build residues of PEAK1 are in bold type. Conserved
kinase motifs are indicated in the Motifs rows. Residues of PEAK1 that interact in the SHED region homodimerization interaction are indicated in the Interact
rows. Conservation was calculated by Clustal Omega (40) and indicated as completely conserved (*), strongly similar properties (:), or weakly similar properties
(�). B, conservation of the interaction interface between PEAK1 and pragmin. Complete conservation is shown in blue. Low conservation is in white.
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Materials and methods

Expression and purification of PEAK1 kinase domain

The human PEAK1 kinase cDNA (UniProt code Q9H792)
was purchased from DNASU/PSI:Biology-MR. The kinase-fold
domain containing residues Gln1272–Leu1743 with a deletion of
the predicted flexible loop (�Asp1409–Met1451) was subcloned
into pET-28a vector (Novagen) with an uncleavable C-terminal
hexahistidine tag (LEHHHHHH). PEAK1 was expressed in
BL21 (DE3)pLysS (Novagen) cells by induction with 0.5 mM

isopropyl �-D-1-thiogalactopyranoside overnight at 18 °C. Har-
vested pellets were suspended in lysis buffer (20 mM Tris-HCl,
pH 8.0, 100 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine, and
0.1 mM PMSF) and lysed by sonication. The supernatants were
affinity purified by HisTrap chelating column (GE) and then
Resource Q (GE) ion exchange chromatography. PEAK1 was

then loaded to a Superdex 200 increase 10/300 GL (GE) col-
umn. PEAK1 kinase domain eluted as monodisperse peak in
20 mM Tris-HCl, pH 8.0, 300 mM NaCl, and 1 mM tris(2-
carboxyethyl)phosphine. Mutations were introduced using
the QuikChange (Agilent Technologies), and protein was
purified identically to wildtype.

Crystallization and data collection

PEAK1 kinase domain was concentrated to 0.8 mg/ml for
crystal trials and mixed with 0.5 mM staurosporine dissolved in
DMSO prior to setting up crystallization drops. Following over-
night incubation of PEAK1 kinase domain and staurosporine,
the complex was centrifuged, and the supernatants were used
for crystal screening. Initial crystallization screening was per-
formed using the sitting-drop method with a TTP Labtech
Mosquito crystallization robot. Initial crystals were observed
after a week at room temperature against precipitant condi-
tions of 100 mM HEPES, pH 6.5, and 10% (v/v) PEG 6000. For
data collection, crystals were screened with various buffers, pH,
and PEGs, and optimal conditions were found to be 100 mM

N-(2-acetamido) iminodiacetic acid, pH 6.8, and 11% (v/v) PEG
3350. The largest crystals in these conditions grew to dimen-
sions of 35 	 35 	 2 �m. Crystals were cryoprotected in reser-
voir buffer supplemented with 35% (v/v) ethylene glycerol.

Structure determination and refinement

Crystallographic data were processed to 2.3 Å resolution
using the HKL2000 package (36) for a data set from a single
crystal. 180° of data in 0.5° oscillations were collected at
the Advanced Photon Source Beamline 24-ID-E, which was
equipped with a Dectris EIGER 16M detector. Based on Mat-
thews coefficient analysis, we expected one molecule per asym-
metric unit. We conducted multiple attempts at structure
determination using molecular replacement and automatic
model building but found that although we could consistently
obtain an initial solution for the kinase C-lobe (Phaser TFZ-
scores over 7), the models were too poor to achieve a full struc-
ture solution. Following extensive trials, we finally determined
the structure using the BALBES automatic molecular replace-
ment pipeline (37), which gave an initial solution with tailored
human Nek 7 (PDB code 2WQM) as the search model, and we
input this model into ARP/wARP. Multiple runs of ARP/wARP
(web-based version 7.6) were conducted using varying sigma
cutoff levels for addition of new atoms. The best result from
each round was input again to ARP/wARP. In total, over 400

Figure 5. Comparison of the structures PEAK1 and PINK1. A, structure
of PINK1 (PDB code 5OAT) (29) showing crystallographic CTE–mediated
dimerization via a symmetry mate. Kinase domains are in yellow, and CTEs are
in blue. B, superposition of PINK1 CTE and one-half of the PEAK1 SHED region
illustrating the similarity of the regions. The helices of PEAK1 are indicated
and shown in green. C, top view of superposed PINK1 CTE and one-half of the
PEAK1 SHED region.

Figure 6. Occlusion of ATP-binding clefts in pseudokinases. A, example of an active LIMK1 bound to ATP analogue AMP-PNP (PDB code 5HVK; Ref. 43). B,
PEAK1 showing Tyr1343 in the ATP-binding cleft. C, MviN pseudokinase showing residues Phe724, Trp789, and Tyr849 occluding the ATP binding cleft (PDB code
3OTV; Ref. 32). D, Ror2 showing Tyr555 occluding the ATP-binding cleft (PDB code 4GT4; Ref. .33). Structures are superposed on the C-lobes to show the same
orientation.
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separate runs of ARP/wARP were conducted, allowing the
structure to be determined with 365 residues of PEAK1 auto-
built, containing 85% of the sequence. The final ARP/wARP
solution yielded R/Rfree of 26.0%/30.9% following refinement in
Phenix refine (38). Manual model building was then carried out
in Coot (39) and refined in Phenix including TLS parameters.
Good electron density is observed throughout the model, but
some loops are flexible, allowing us to build the following resi-
dues of PEAK1: 1285–1363, 1373–1407, 1454 –1528, 1548 –
1562, 1572–1584, 1588 –1712, and 1716 –1743. No density for
staurosporine is visible. The final overall structure of PEAK1 is
most similar to RET receptor tyrosine kinase (Dali server,
RMSD 2.7 Å over 232 residues, 19% identity, Dali Z score 22.3;
PDB code 2X2L) and Aurora A serine/threonine kinase (Dali
server, RMSD 2.6 Å over 229 residues, 24% identity, Dali Z
score 22.3; PDB code 3D14).
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