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Members of the New Kinase Family 3 (NKF3), PEAK1/SgK269 and
Pragmin/SgK223 pseudokinases, have emerged as important regu-
lators of cell motility and cancer progression. Here, we demonstrate
that C190rf35 (PEAK3), a newly identified member of the NKF3 family,
is a kinase-like protein evolutionarily conserved across mammals and
birds and a regulator of cell motility. In contrast to its family members,
which promote cell elongation when overexpressed in cells, PEAK3
overexpression does not have an elongating effect on cell shape but
instead is associated with loss of actin filaments. Through an unbiased
search for PEAK3 binding partners, we identified several regulators
of cell motility, including the adaptor protein Crkil. We show that by
binding to Crkll, PEAK3 prevents the formation of Crkll-dependent
membrane ruffling. This function of PEAK3 is reliant upon its dimer-
ization, which is mediated through a split helical dimerization domain
conserved among all NKF3 family members. Disruption of the con-
served DFG motif in the PEAK3 pseudokinase domain also interferes
with its ability to dimerize and subsequently bind Crkll, suggesting
that the conformation of the pseudokinase domain might play an
important role in PEAK3 signaling. Hence, our data identify PEAK3
as an NKF3 family member with a unique role in cell motility driven
by dimerization of its pseudokinase domain.

protein kinase | pseudokinase | NKF3 family | Crkil | motility

Protein kinases are exceptionally effective therapeutic targets
and account for a substantial portion of drug-discovery re-
search. However, the number of newly discovered pathological
mutations or translocations in known pro-oncogenic kinases has
been decreasing, underscoring the need to turn our attention to
understudied protein kinases. To this day, a substantial portion
of the human protein kinome, first introduced by Manning et al.
in 2002 (1), has remained in the dark, and the physiological
functions of many protein kinases are unknown. Pseudokinases,
representing approximately one-tenth of all of kinases, embody
the darkest matter in the human kinome (1). Their characteristic
feature is the presence of active-site mutations that, in most
cases, result in loss of catalytic activity. As such, pseudokinases
signal primarily through mechanisms based on protein—protein
interactions, such as protein scaffolding and allosteric activation,
and over the last decade there has been exponential progress in
our understanding of these functions (2). The divergence of
pseudokinases from their active counterparts, both in structure
and function, raises an interesting possibility that there may still
remain unidentified kinases, which were missed during the original
assembly of the kinome due to significant departure from the ca-
nonical sequence motifs and which may be of therapeutic interest.
In this paper we characterize a kinase not included in the original
human kinome, chromosome 19 Open Reading Frame 35
(C190rf35), as a banner case for discovery of new functions in
the human kinome.

C19orf 35, which was only recently annotated as PEAKS3, is a
new human kinase-like protein in the New Kinase Family 3
(NKF3) that contains 2 known pseudokinases: pseudopodium

www.pnas.org/cgi/doi/10.1073/pnas.1906360116

enriched atypical kinase 1 (PEAKI, also called Sugen kinase
[SgK] 269) and Pragmin (PEAK2/SgK223) (1, 3). PEAK1 and Pragmin
are large (1,746 and 1,406 residues, respectively) signaling scaffolds
comprised of long N-terminal regions with no predicted domain
structure followed by protein kinase-like domains at their C termini.
The pseudokinase domains of both PEAK1 and Pragmin are
atypical and carry multiple substitutions in the canonical con-
sensus motifs critical for the catalysis of phosphorylation. These
substitutions include mutation of the DFG motif (to NFS in
Pragmin and to NFL in PEAK1), lack of the conserved gluta-
mate in the oC helix, and a degenerate glycine-rich loop. Likely
as a consequence of these changes, both kinases were demon-
strated to lack the ability to bind nucleotides (4). Consistent with
these data, the recent crystal structures of both PEAK1 and
Pragmin revealed nucleotide-binding pockets with significantly
distorted architectures, which render them incompatible with
ATP binding (3, 5, 6). Collectively, these observations support
the categorization of PEAK1 and Pragmin as pseudokinases.
Functional studies on PEAK1 and Pragmin have underscored
their common role in the regulation of cell morphology and
migration. Pragmin was originally described as an effector of
Rnd2, a Rho family GTPase expressed primarily in neurons, that
participates in negative regulation of neurite outgrowth by acti-
vating RhoA (7). Contradictory to this function, overexpression
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of Pragmin in cultured epithelial cells leads to an elongated cell
morphology and promotes cell migration (8-10). Similar to that
observed for Pragmin, exogenous expression of PEAK1 is associated
with cell elongation and increased cell migration, and knock-
down of the protein dramatically reduces cell motility (11-13).
The cellular phenotypes induced by both PEAK1 and Pragmin
are largely consistent with the hypothesis that they act as late-stage
mediators of EGFR signaling, which switch signaling output of
EGFR activation from promitogenic to promigratory (14). Upon
EGF stimulation, PEAK1 serves as a scaffold for Grb2-independent
signaling complexes that enhance cell motility by promoting the
phosphorylation of key focal adhesion proteins, including p130Cas,
Crk, and Paxillin (11). PEAKI is also able to recruit Pragmin to
these Grb2-independent complexes, where it enhances phos-
phorylation of JAK1 to induce STAT3-dependent changes in cell
morphology (8, 14).

The complex roles of PEAK1 and Pragmin in cell migration
pathways likely underlie their oncogenic potential and involve-
ment in the development of a number of tumors (8, 11, 15-20).
In recent years, Pragmin has emerged as an important player in
cancer progression that is necessary for Src-mediated invasion of
colon carcinoma cells, NOTCH-dependent tumorigenesis, and
the development of pancreatic cancer through JAK1/STAT3
signaling (8, 16, 17). Furthermore, genetic ablation of Pragmin in
human esophageal carcinoma cells was shown to promote tumor
growth, emphasizing the critical role it plays in the advancement
of cancer (17). PEAKI1 has also been shown to promote cancer
progression and is overexpressed in subsets of pancreatic, breast,
and colon cancers (11, 17, 18, 20).

PEAKS3 diverges from PEAK1 and Pragmin in that it has a
significantly shorter N-terminal domain and a less conserved
kinase-like domain. Using sequence analysis across evolution, we
show that, although the NKF3 family emerges in early metazoans
(e.g., Placozoa [Trichoplax] and sponges), PEAK3 does not ap-
pear in evolution until much later (in some reptilian lineages)
and is evolutionarily conserved in birds and mammals. We pre-
sent bioinformatic and biochemical evidence that PEAK3 shares
characteristic topological features with its NKF3 family mem-
bers, including a split helical dimerization (SHED) domain that
supports its homodimerization. Using an unbiased approach to
characterize PEAK3 function in cells, we found that one of the
direct binding partners of PEAKS3 is the focal adhesion protein
CrKkII. By binding to CrkII in a dimerization-dependent manner,
PEAK3 antagonizes CrklII signaling, exerting an opposite effect
on cell morphology to PEAK1 and Pragmin.

Results

PEAK3 Is a Distinct Member of the NKF3 Family of Atypical Protein
Kinases. We searched for distant homologs of protein kinases in
the human proteome using the sensitive sequence comparison
algorithm Fold and Function Assignment System (FFAS) (21),
previously used by us to discover novel kinase-like proteins in
humans [SELO and FAMG69/DIA1 families (22, 23)] and in
bacteria and fungi [COTH (24)]. The only novel protein with a
significant FFAS score found that was not previously identi-
fied as kinase-like was a single uncharacterized protein, denoted
as Chromosome 19 Open Reading Frame 35 (C190rf35).
C190rf35 has the closest similarity to the PEAK1/SgK269 and
Pragmin/SgK223 pseudokinases that together constitute the
NKF3 family. Recently, Lecointre et al. (3) reported the identity of
C190rf35 as a new member of the NKF3 family, and C190rf35 was
annotated in the Universal Protein Resource (Uniprot) as PEAK3.
For consistency, from this point on, we refer to C190rf35 as PEAK3.
Using PEAK1 or Pragmin as Blast queries results in only partial
alignments covering fragments of the PEAK3 kinase-like domain.
However, the FFAS method is capable of detecting similarity over
the entire length of the putative kinase-like domain (Fig. 14). The
kinase-like domain of human PEAK3 shares only ~26% sequence
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identity with human PEAK1 and Pragmin due to low-complexity
regions (LCRs), which introduce long gaps in the pairwise align-
ments. This is most likely why the PEAK3 sequence, although
present in the Uniprot database since 2004, was not annotated as
kinase-like until recently. Even now, standard protein domain an-
notation tools (CD-Search or Pfam HMM) do not report kinase
similarity for PEAK3.

LCRs, defined as areas of protein sequences with biased
amino acid composition (25), located within the kinase-like do-
main, are a distinct feature of NKF3 proteins. These regions are
typically implicated in mediating protein—protein interactions
(26). In NKF3 pseudokinases, the LCRs correlate with flexible
regions, as judged by missing coordinates corresponding to these
sequences in the structures of PEAK1 and Pragmin. One example
is the PAPAPAPA motif in Pragmin that is located between the
HRD and NFL motifs, where the NFL motif corresponds to the
DFG motif in active kinases (S Appendix, Fig. S14). The majority
of the LCRs in PEAK1, Pragmin, and PEAK3 diverge in sequence
from one another and are located in different regions. PEAK3
stands out by having the largest portion of its kinase-like domain
sequence (more than 20%) denoted as LCRs. Some of these motifs
are relatively well-conserved in evolution, such as the PPGPPGSPGP
motif that is immediately downstream of the DFG motif in PEAK3
(ST Appendix, Fig. S1B).

Evolutionary Conservation of PEAK3 and Its Kinase-Like Domain. The
NKF3 family likely appeared at the origin of Metazoa, which is
indicated by the presence of homologs in sponges (Amphimedon)
and placozoans (Trichoplax). Most invertebrates (e.g., cnidarians,
echinoderms) contain a single member of the family, although in
some lineages (e.g., insects and nematodes), the NKF3 family
has seemingly been lost. The division into the PEAK1 and Pragmin
subfamilies likely occurred between the emergence of chordates
(the lancelet Branchiostoma has a single family member) and
jawed vertebrates (Gnathostomata have both PEAKI1 and
Pragmin). The PEAK3 subfamily diverges from the Pragmin
branch likely during the evolution of reptiles (e.g., it is found in
crocodilians) and is present in birds and mammals (Fig. 1B). In-
terestingly, PEAK3 is missing in some reptile species, such as
snakes and lizards. The early members of the NKF3 family (i.e.,
proteins from sponges and placozoans) exhibit high sequence and
structure conservation with those found in more complex meta-
zoans (e.g., vertebrates), suggesting evolutionarily conserved
functions of these proteins.

The kinase-like domain of PEAK3 is highly conserved in
evolution and carries unique sequence alterations in key catalytic
motifs found in active kinases compared with PEAK1 and
Pragmin. Interestingly, these alterations within the putative ac-
tive site of PEAK3 vary markedly between species (Fig. 14 and
SI Appendix, Fig. S1). Mammalian PEAK1 and Pragmin do not
possess a conserved DFG motif. However, PEAK1 and Pragmin
have intact HxD motifs: HRD in PEAK1 and HCD in Pragmin.
In contrast, mammalian PEAK3 contains a conserved DFG
motif, while the HxD motif is replaced by LxE. These unique
features are not conserved in avian PEAK3 homologs, which
have an NFF or SFF sequence in place of DFG, more closely
resembling sequences present in PEAK1 (NFS) and in Pragmin
(NFL). In PEAKI1 and Pragmin, these motifs are almost per-
fectly conserved irrespective of a species. While HxD is also not
conserved in avian PEAKS3, the catalytic aspartate (contained
within the HXD motif) is present within the QGD sequence that
replaces the HXxD motif.

In all species, PEAK3 has a conserved EN motif, corre-
sponding to the EN sequence located in PKA at positions 170 to
171 that coordinates divalent cations (27). This feature is also
present in PEAK1 and Pragmin (Fig. 14 and SI Appendix, Fig.
S1). The catalytic lysine, equivalent to K72 in PKA, is conserved
in PEAK3 (K204 in PEAK3), but the glutamate (E91 in PKA)

Lopez et al.
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Fig. 1. Identification of PEAK3 (C190rf35) as a homolog of PEAK1 and Pragmin. (A) Protein sequence alignment for the kinase domains of human PEAK1/
SgK269, Pragmin/SgK223, and PEAK3/C190rf35 and their corresponding secondary structure elements, which are denoted based on the Pragmin structure
(PDB ID code 5VE6). Shading for conserved residues (black), conservative mutations (gray), and canonical sequence motifs of active kinases (red) are marked.
Residues involved in dimerization, conserved W and C residues, and those shown to occlude the pseudoactive site in Pragmin are marked by the indicated
symbols. (B) Phylogenetic tree (PhyML) for selected NKF3 kinases. Branches with bootstrap values better than 70% are marked with circles; an asterisk (*)
represents predicted proteins. (C) Cartoon representation of the crystal structure of the Pragmin SHED domain/pseudokinase module (PDB ID code 5VE®6). (D)
Zoomed-in view of the pseudoactive site in Pragmin depicting residues that occlude the canonical nucleotide-binding pocket. Top numbering is for Pragmin
residues (PDB ID code 5VE6), bottom in parentheses for predicted corresponding residues in PEAK3. The Pragmin D184 residue was modeled in the active site

based on the other structure of Pragmin (PDB ID code 6EWX).

Lopez et al. PNAS | July 30,2019 | vol. 116 | no. 31

| 15497

BIOCHEMISTRY



L T

/

1\

=y

with which the catalytic lysine forms a salt bridge in active ki-
nases is missing in PEAK3. In PEAK1 and Pragmin, the catalytic
lysine is also present but is “hijacked” by interactions with 3 resi-
dues collectively termed the “inhibitory triad” that, in addition to
other conserved residues, occlude the nucleotide binding pocket
and prevent binding of ATP (Fig. 1 C and D) (3, 5, 6). These
residues are well-conserved in PEAK3 and are represented by
D184, Y187, 1201, Q231, and L311 (Fig. 1 A and D). Collec-
tively, the extent of mutations in the key catalytic motifs strongly
indicates that although PEAK3 diverges from other members of
the NKF3 family, it still falls into the category of pseudokinases
defined by Manning et al. (1) as kinases that lack one or more of
the canonical catalytic sequence motifs. Hence, all NKF3 kinases
carry pseudokinase characteristics and seem to derive from a
common NKF3 pseudokinase ancestor in early Metazoans, as
indicated by the sequence variability in the NKF3 proteins
and reconstruction of the ancestral NKF3 sequence [Ancescon
method (28)].

PEAK3 Interactome. With no prior insights into the function of
PEAKS3, we took an unbiased approach to identify its interacting
partners using immunoprecipitation followed by mass spec-
trometry (IP/MS). Due to the current lack of a suitable antibody
for detection of endogenous PEAK3, our analysis was conducted
using a 3xFLAG-tagged human PEAKS3 transiently expressed in
HEK?293T cells. Identified proteins that coimmunoprecipitated
with PEAK3-3xFLAG can be categorized into several subgroups:
(#) CrkII and CrkL, highly homologous adaptor proteins that
regulate cell proliferation, adhesion, and cytoskeletal integrity
downstream from receptor tyrosine kinases and integrins (29, 30);
(i) 14-3-3 scaffold proteins (B, v, n, and t), which play diverse roles
in signaling, including regulation of cell motility, survival, and
intracellular protein trafficking (31); (i) guanine nucleotide
exchange factors (GEFs) and GTPase-activating proteins for
Rho family of small GTPases, including ASAP1 that participates
in actin cytoskeletal dynamics and cell movement (32, 33); and
(iv) several proteins connected to the regulation of cell death and
survival, including SIAH1 ubiquitin ligase (34), DRAK1 (35),
and another 14-3-3 scaffold protein, 14-3-3c, also known as SFN
(36) (SI Appendix, Table S1). Collectively, this analysis suggests
that PEAK3 plays a role in a number of functions involved in cell
proliferation, survival, and motility. The function of PEAK3 in
cell motility, in particular, was underscored by the abundance of
motility regulators in the immunoprecipitates.

PEAK3 Interacts with Crkil via a Proline-Rich Motif/SH3 Domain
Interaction. Given the documented roles of NKF3 family mem-
bers in the regulation of cellular motility (8-13), we focused our
functional studies of PEAK3 on the adaptor protein CrkII, which
was one of the most abundant PEAK3-interacting proteins iden-
tified by the IP/MS analysis measured as a high-confidence score
via the comparative proteomic analysis software suite (ComPASS)
(37) (SI Appendix, Table S1). Primary sequence analysis of the
N-terminal domain of PEAK3 revealed the presence of a putative
CrklII-binding site, PPPLPK, located 71 residues upstream from
the predicted kinase domain. This site closely resembles the consen-
sus sequence present in known binding partners of CrkIl, including
the GEF proteins DOCK180 and C3G (Fig. 2 4 and B) (11, 38, 39).
This putative CrkIl-binding motif in PEAK3 is highly conserved
across evolution, suggesting a potential importance in PEAK3 func-
tion (Fig. 2C). Interestingly, this sequence is also present in PEAK1
and Pragmin, and PEAK1 was previously shown to coimmunopre-
cipitate with CrkII (11).

Using coimmunoprecipitation, we verified that transiently
expressed PEAK3 in HEK293 cells is indeed able to bind both
endogenously and exogenously expressed CrkII (Fig. 2D and SI
Appendix, Fig. S2). Mutation of residues in the predicted CrkII-binding
site (P56A, L59A, and P60A in PPPLPK) completely abolished the
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ability of mutant PEAK3 (PEAK3-3A) to coimmunoprecipitate
with CrklII (Fig. 2D). CiKII is composed of an SH2 domain fol-
lowed by 2 SH3 domains, termed N-terminal SH3 domain (SH3™)
and C-terminal SH3 domain (SH3). The inability of the PEAK3-
3A mutant to bind CrkII suggested that PEAK3 interacts specifi-
cally with the SH3™ in CrkII, which has previously been shown to
engage similar proline-rich motifs in other CrkII-binding partners
(38-40). Indeed, mutation of the SH3™ (CrkII-W170K) but not of
the SH3“ domain (CrkII-W276K) rendered CrkII unable to bind
PEAKS3 (Fig. 2E).

PEAK3 Antagonizes Crkll-Induced Changes in Cellular Morphology.
One well-characterized role of PEAK1 and Pragmin is the regula-
tion of cell morphology and migration. Both PEAKI1 and Pragmin
localize to actin filaments and focal adhesions, induce cell elon-
gation, and promote cell migration when transiently expressed in
cells (8-13, 20). In contrast, we found that PEAK3 distributes
diffusely throughout the cytoplasm of COS-7 cells and U20S cells
upon transient transfection and had little to no effect on overall
cell shape compared with vector-transfected control cells (Fig. 34
and SI Appendix, Fig. S3). However, while the majority of control
cells retained prominent actin filaments that traversed the cell (41,
42), cells overexpressing PEAK3 exhibited notably fewer stress
fibers and possessed shorter, less-organized actin filaments,
mirroring the phenotype typically observed in cells in which the
CrKkII gene is knocked down (Fig. 3B) (43).
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Fig. 2. PEAK3 binds Crkll. (A) Schematic representation of PEAK1, Pragmin,
and PEAK3 domain structure. The locations of the Crkll-binding sites and
helical regions within the SHED domain are highlighted. (B) Consensus se-
quence of Crkll-binding sites in selected proteins. (C) Sequence logo depicting
conservation of the Crkll-binding site in PEAK3 homologs. (D and E) Coim-
munoprecipitation of FLAG-tagged wild-type PEAK3 or a Crkll-binding mutant
(PEAK3-3A) transiently expressed in HEK293 cells with either endogenous Crkll
(D) or transiently expressed untagged Crkll variants carrying mutations in the
SH3 domains (W170K in SH3N and W276K in SH3) (E). Protein levels were
detected with the indicated antibodies by Western blot. All coimmunoprecip-
itation data are representative of at least 3 independent experiments.
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Fig. 3. PEAK3 prevents Crkll-dependent membrane ruffling and lamellipodia-like extensions. (A) Confocal microscopy imaging of COS-7 cells transiently
cotransfected with a FLAG-tagged wild-type or a Crkll-binding deficient mutant of PEAK3 (PEAK3-3A) with either an empty vector or untagged Crkll. Crkil
was detected with anti-Crkll antibody (green), PEAK3 with anti-FLAG antibody (blue) and F-actin with Alexa Fluor 647-conjugated phalloidin (red). (Scale bars,
20 pm.) (B) Relative percentage of different actin fiber phenotypes measured in COS-7 cells transiently transfected with PEAK3 and stained with Alexa Fluor
647-conjugated phalloidin (n = 60 cells per group). Cells were blindly scored and binned based on the extent of visible actin fibers within the cytosol: (i)
prominent fibers that traversed over 50% of the cell, (ii) short stochastic fibers, and (iii) no significant amount of polymerized actin. (C) Schematic illustrating
perimeter calculation in representative cells from A. (D) Average perimeter of COS-7 cells expressing either wild-type or a Crkll-binding deficient (PEAK3-3A)
variants of PEAK3 with an empty vector or untagged Crkll, quantified as described in Materials and Methods. Data represent the mean + SEM of 3 in-
dependent experiments (n = 20 cells in each experiment), ***P < 0.001.
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Endogenous CrkII participates in actin polymerization and
positively regulates cell motility (41, 43-47). Exogenously expressed
CrKII localizes to the cell cortex where it induces a spindle-shaped
cell morphology with notable membrane extensions resembling
lamellipodia or polarized membrane ruffles (29, 47-51). These
morphological changes can be visualized robustly in COS-7 and
U20S cells (43, 47, 52, 53), hence we used these cell lines to
measure the functional consequences of PEAK3 overexpression on
CrklII-dependent effects on cell morphology. Remarkably, cells
coexpressing PEAK3 and CrkIl had markedly fewer membrane
extensions and largely did not adopt a CrklII-dependent morphology
(Fig. 34 and SI Appendix, Fig. S44). In contrast, the PEAK3-3A
mutant, which does not interact with CrkII, was unable to interfere
with the CrkII-dependent phenotype (Fig. 34 and SI Appendix, Fig.
S4A4). To quantitatively compare these differences in cellular phe-
notypes, we developed a metric in which the effect of CrklI on cell
morphology is measured as an increase in cell perimeter (Fig. 3C).
While CrkII overexpression alone significantly increases cell pe-
rimeter, there is no change in cell perimeter when Crkll is coex-
pressed with wild-type PEAK3 (Fig. 3D and SI Appendix, Fig. S4B).
PEAK3-3A mutant has no effect on CrkII-dependent increase in
cell perimeter, supporting a conclusion that PEAK3 negatively
regulates CrkII as a result of their direct interaction.

Negative Regulation of Crkil by PEAK3 Requires the C-Terminal
Domain. The PEAK3 protein can be arbitrarily subdivided into
2 distinct domains: the N-terminal domain that contains the
CrklII-binding site and the C-terminal domain that contains the
pseudokinase domain. We exogenously expressed the N-terminal
domain of PEAK3 to determine if it alone is sufficient for the
negative regulation of CrkIl. Unexpectedly, a construct con-
taining only the N-terminal domain and missing the C-terminally
located pseudokinase domain (PEAK3 APK) did not antagonize
CrKII function (Fig. 4 A and B and SI Appendix, Fig. S5). Even
more surprisingly, the PEAK3 APK mutant was also unable to
interact with CrklII, despite the presence of the intact CrklII-
binding motif (Fig. 4C). Hence, while the CrkII-binding motif is
necessary to support binding of PEAK3 to CrkII, it is not suffi-
cient for CrkII binding and inhibition, demonstrating that the C-
terminal domain of PEAK3 plays an essential role in mediating
the PEAK3/CrkII interaction.

Predicted SHED Domain in PEAK3. Recent crystal structures of the
PEAKI1 and Pragmin C-terminal domains have revealed identi-
cal dimer forms composed of the pseudokinase domains inter-
acting through a set of helical bundles, termed the SHED
domain (3, 5, 6, 12). The SHED domain is unique to NKF3
proteins and is comprised of the helix immediately N-terminal to
the pseudokinase domain (aN helix) and 3 helices C-terminal to
the pseudokinase domain (aJ, oK, oL helices) that form an
“XL”-shaped helical bundle [lettering of helices reflect Pragmin
nomenclature (6); PEAKI1 helices are off-set by one letter from
the aJ helix (5)] (3, 5, 6).

In PEAKS3, the highest sequence similarity with PEAK1 and
Pragmin, apart from the pseudoactive site, falls within the re-
gions corresponding to the SHED domain. In the 3 C-terminal
a-helices, sequence identity between PEAK3 and Pragmin is
34% and 32% between PEAK3 and PEAKI1 (SI Appendix, Figs.
S1 and S6). The most striking conserved sequence motifs include
the tryptophan residue-containing motifs. These motifs include
the EDWLCC sequence in the aK helix, WGP in the loop pre-
ceding the oJ helix, and WL in the aJ helix (Fig. 14 and C and SI
Appendix, Fig. S1). In the PEAK1 and Pragmin crystal structures,
these conserved motifs are involved in the interactions between
the pseudokinase domain and the SHED domain (3, 5, 6). PEAK3
has remarkably well-conserved sequences in these regions, indi-
cating that the SHED domain is likely present in PEAK3 adopting
a similar structure to the ones in PEAK1 and Pragmin (SI Ap-
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Fig. 4. Crkll-binding motif is insufficient for PEAK3-dependent inhibition of
Crkll. (A) Schematic representation of used PEAK3 constructs. (B) Average
perimeter of COS-7 cells transiently expressing either wild-type or the APK
variants of PEAK3 with an empty vector or untagged Crkll. Data represent
the mean + SEM of 3 independent experiments (n = 20 cells in each ex-
periment), ***P < 0.001. (C) Coimmunoprecipitation of FLAG-tagged wild-
type and APK PEAK3 variants, transiently expressed in HEK293 cells, with
exogenously expressed, untagged Crkll. Protein levels were detected with
the indicated antibodies by Western blot. Data are representative of 3 in-
dependent experiments.

pendix, Fig. S6). Thus, the SHED domain emerges as a unifying
structural feature of the NKF3 family of pseudokinases.

PEAK3 Dimerizes via the SHED Domain. PEAK1 and Pragmin form
homo- and hetero-oligomers through 2 distinct dimer interfaces,
one involving the SHED domain and another involving the aG
helix/A-loop interface (3, 6, 12). Mutation of these interfaces,
especially of the hydrophobic interactions between the helices in
the SHED domain, impairs the signaling ability of these pseudokinases
(5, 6). While the SHED domain in PEAK3 is highly similar to
the SHED domains of PEAK1 and Pragmin (Fig. 14), the aG
helix/A-loop interface is not significantly conserved in PEAK3.
This led us to hypothesize that PEAK3 too could dimerize via
its putative SHED domain and that this might be critical for its
interaction with CrkII.

To assess the ability of PEAK3 to homodimerize, we coex-
pressed HA-tagged and FLAG-tagged wild-type PEAK3 variants
in HEK293 cells and assessed their association by coimmuno-
precipitation. These 2 differentially tagged PEAK3 constructs
robustly coimmunoprecipitated (Fig. 54 and SI Appendix, Fig.
S7A). Based on the crystal structures of Pragmin and PEAKI1, we
designed PEAK3 mutants that carried either individual substitu-
tions of key residues in the predicted dimerization interface or
deletion of 1 of the aN, aJ, or aK helices in the SHED domain
(Fig. 5B). These mutations/deletions abolished the ability of dif-
ferentially tagged PEAK3 variants to coimmunoprecipitate (Fig. 5
C and D and SI Appendix, Fig. S7 B and C), while control mutations
of residues located within the SHED domain helices but distal from
the dimer interface had no effect (SI Appendix, Fig. STD). These
data suggest that PEAK3 self-associates through the SHED domain
in a manner analogous to PEAK1 and Pragmin.

Dimerization of PEAK3 Is Necessary for Crkll Binding and Its Negative
Regulation. While the C-terminal domain of PEAK3 does not
contain a CrkII binding motif, it plays an essential role in CrkII
binding and inhibition, as demonstrated by our finding that the
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Fig. 5. PEAK3 dimerization via the pseudokinase/SHED module is necessary for binding and inhibition of Crkll. (A) Coimmunoprecipitation of a FLAG-tagged
and an HA-tagged variant of wild-type PEAKS3, transiently expressed in HEK293 cells. Protein levels were detected with the indicated antibodies by Western
blot. (B, Upper) Pragmin SHED/pseudokinase domain (PK) dimer structure (PDB ID code 5VE6). (Lower) Dimerization interface and interactions between
helices within the SHED domain. Residues colored in magenta were selected for mutagenesis in PEAK3 based on sequence homology. Top numbering cor-
responds to Pragmin (PDB ID code 5VE6), bottom in parentheses to PEAK3. (C-F) Coimmunoprecipitation of dimerization-deficient variants of PEAK3 with
wild-type PEAK3 (C and D) or with untagged Crkll (E and F), all transiently expressed in HEK293 cells. Proteins levels were detected with the indicated an-
tibodies by Western blot. All coimmunoprecipitation data are representative of 3 independent experiments. (G and H) Average perimeter of COS-7 cells
expressing wild-type or dimerization-deficient variants of PEAK3 with an empty vector or untagged Crkll. Data represent the mean + SEM of 3 independent

experiments (n = 20 cells in each experiment), ***P < 0.001.

construct missing this domain, PEAK3 APK, was unable to en-
gage with and antagonize CrklI-induced membrane ruffling (Fig.
4). To test if this role of the C-terminal domain is linked to its
ability to mediate PEAK3 self-association through the SHED
domain, we measured how mutations within the SHED domain
dimer interface affect CrkIl binding. All mutations that com-
promise PEAK3 dimerization also interfered with the ability of
PEAKS3 to interact with CrkII (Fig. 5 E and F and SI Appendix,
Fig. S84). Consequently, the PEAK3 dimerization mutants also
failed to inhibit the formation of membrane extensions and
membrane ruffles caused by CrkII overexpression (Fig. 5 G and
H and SI Appendix, Fig. S8 B and C).

Our data thus far demonstrate that the N-terminal domain of
PEAKS3 containing the CrkII binding motif is unable to bind to
or interfere with CrkII function when not dimerized by the C-
terminal domain, which contains the pseudokinase domain. We
wondered if the functional effect of the C-terminal domain-
mediated dimerization could be mimicked by substitution of the
C-terminal domain with an orthogonal domain that drives consti-
tutive PEAK3 dimerization. To test this, we fused the N-terminal
region of PEAK3 (residues 1 to 131) containing the CrkII-binding
site, but not the SHED domain or the pseudokinase domain, to a
constitutively dimeric coiled-coil domain (PEAK3-diCC) (Fig. 64).
While the monomeric N-terminal PEAK3 APK construct is unable
to bind CrkII (Fig. 4C), equivalent levels of the immunoprecipi-
tated PEAK3-diCC fusion show notable CrklII binding (Fig. 6B).
The ability of this minimal construct to restore CrkII binding un-
derscores the importance of dimerization of the CrklII binding
motif as a determinant of interaction between CrkIl and PEAK3,
and possibly also between CrkII and its other interaction partners.
To our knowledge such property in known CrklII-binding proteins
has not been described.

Lopez et al.

Despite the ability to interact with CrkII, PEAK3-diCC did
not interfere with CrklII-dependent membrane ruffle formation
in cells as observed for the wild-type PEAK3 (Fig. 6C and SI
Appendix, Fig. S9). This discrepancy possibly reflects the weaker
binding between CrkII and PEAK3-diCC compared with the
wild-type PEAK3 (Fig. 6B). Alternatively, or concurrently, the
C-terminal pseudokinase/SHED module in PEAK3 might play a
role in antagonizing CrkII signaling that extends beyond serving
as a dimerization domain for the CrkII binding motif.

Mutation of the DFG Aspartate Impairs Crkll Regulation by PEAK3.
NKF3 kinases have evolved multiple sequence alterations within
their pseudokinase domains relative to active kinases, which are
predicted to render them catalytically inactive. One notable
difference between PEAK3 and PEAK1 and Pragmin is conser-
vation of the DFG motif in PEAK3. The DFG motif is present in a
number of human pseudokinases, although its importance for their
function is unclear (1). In active kinases, the aspartate residue
within the DFG motif plays a critical role in catalysis by co-
ordinating Mg”" ions (54). In a subset of these kinases, the DFG
motif is found to adopt 2 distinct conformations, DFG-in and
DFG-out, which are coupled to conformational changes in other
regions of the kinase domain (55). The interactions made by the
DFG aspartate are key to these changes (56). It is therefore
possible that in pseudokinases that conserve the DFG motif,
such as PEAK3, the conformation of this motif could be coupled
to functional conformational changes in the other parts of the
pseudokinase domain.

We examined the importance of the DFG motif in PEAK3’s
function as a negative regulator of CrkII by mutating the DFG
aspartate to asparagine (PEAK3 D330N) and testing the ability
of this mutant to homodimerize, interact with CrklII, and inhibit
CrkII-dependent membrane ruffles in cells. Interestingly, PEAK3
D330N did not dimerize as efficiently as wild-type PEAK3 (Fig.
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Fig. 6. Role of PEAK3 pseudokinase domain in regulation of Crkll extends beyond dimerization. (A) Schematic representation of used PEAK3 constructs. (B)
Coimmunoprecipitation of untagged Crkll with FLAG-tagged dimerization-deficient mutants of PEAK3, transiently expressed in HEK293 cells. Protein levels
were detected with the indicated antibodies by Western blot. (C) Average perimeter of COS-7 cells transiently expressing either wild-type or diCC variant of
PEAK3 with an empty vector or untagged Crkll. Data represent the mean + SEM of 3 independent experiments (n = 20 cells in each experiment), ***P < 0.001.
(D and E) Coimmunoprecipitation of the PEAK3 D330N variant with wild-type PEAK3 (D) or untagged Crkll (E) transiently expressed in HEK293 cells. Proteins
levels were detected with the indicated antibodies by Western blot. All coimmunoprecipitation data are representative of 3 independent experiments. (F)
Average perimeter of COS-7 cells transiently expressing either wild-type or the D330N variant of PEAK3 with an empty vector or untagged Crkil. Data
represent the mean + SEM of 3 independent experiments (n = 20 cells in each experiment), *P < 0.05, ***P < 0.001.

6D). Consistent with our observation that PEAK3 dimerization is
necessary for CrklII binding, PEAK3 D330N exhibited markedly
impaired binding to CrkII (Fig. 6E) and did not inhibit CrkII-
dependent morphological changes to cell shape to the same
extent as wild-type PEAK3 (Fig. 6F and SI Appendix, Fig. S10).
These data show that the integrity of the DFG motif is essential
for PEAK3 function as a negative regulator of CrkIl.

Discussion

The PEAK1 and Pragmin pseudokinases have grown in promi-
nence due to the key roles they play in the regulation of cellular
motility and oncogenesis (15). Here, we present evidence that
PEAKS3 is a close homolog of PEAK1 and Pragmin that likely
has evaded annotation as a kinase due to the high LCR content
within its pseudokinase domain. Despite this difference, PEAK3
retains features that are characteristic of the NKF3 family. These
include the residues defined as the inhibitory triad, which occlude
the nucleotide-binding pocket. Together with the mutations of
several catalytic residues within the kinases domain, these features
define PEAK3 as a pseudokinase. Based on sequence analysis and
mutagenesis studies, we also demonstrate that PEAK3 self-associates
through a conserved SHED domain that flanks its pseudokinase
domain, similar to PEAK1 and Pragmin. Hence, the presence of
the SHED domain and its role in oligomerization are defining
and unique features of NKF3 kinases.

15502 | www.pnas.org/cgi/doi/10.1073/pnas.1906360116

Phylogenetic analysis of the NKF3 family shows that the an-
cestral NKF3, which likely appeared in the ancestor of Metazoans,
was most similar to PEAK1 and was already a pseudokinase. This
protein had an NFS motif instead of a DFG, although it retained
the HxD motif, which became HCD in human PEAKI, and in
some PEAKI1 and Pragmin homologs, a canonical HRD motif. It is
intriguing that mammalian (but not avian) PEAK3 proteins have
apparently reverted to the DFG motif while their HxD drifted into
the LxE motif. Thus, at present, our analysis supports a hypothesis
that the NKF3 family is an example of a kinase-like family that
evolved originally as pseudokinases, similar to examples discussed
by Kannan and coworkers (57).

Our unbiased search for PEAK3 binding partners reveals a
propensity for PEAK3 to interact with regulators of cell motility,
mirroring documented roles of PEAK1 and Pragmin (8-13).
While both Pragmin and PEAKI1 are known to contain proline-
rich CrkII-binding motifs, and PEAK1 was shown to bind CrkII
(11), our study describes a clear functional link between CrkII
signaling and an NKF3 family member. We show here that
PEAKS3 regulates CrkII in a manner contrasting that of other
NKF3 family members: PEAK3 inhibits CrkII while PEAK1 and
Pragmin stimulate promotile signaling in cells and would there-
fore be expected to potentiate CrkII function. The underlying
mechanisms for these differences is unclear but could reflect
the distinct domain structure of PEAK3 compared with other
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NKEF3 family members. Both PEAK1 and Pragmin contain large
N-terminal regions that likely encode numerous unique functions
that are absent in PEAK3. If PEAKI and Pragmin do indeed
promote CrkII signaling, this function may be encoded within their
N-terminal domain that is missing in PEAK3.

We further demonstrate that the SHED domain-mediated
dimerization of PEAK3 is essential for its ability to bind CrkII.
The emerging role of dimerization in binding seems to stem from
the necessity to dimerize the CrklI-binding motifs themselves, as
efficient CrkII binding can be recapitulated when these sites in
PEAK3 are brought together by an orthogonal dimerization
module. Since the CrkII binding site in PEAK3 represents the
canonical proline-rich motif found in other known CrkII binding
partners, we anticipate that these proteins might also regulate
their interaction with CrkII through dimerization. Some of the
known CrklI interactors, such as PEAK1 and Pragmin, are known
to exist as dimers. Interestingly, CrkII and its highly related ho-
molog CrkL, which we also identified as a binding partner of
PEAKS3 in the IP/MS analysis, have been shown to form dimers
(58). Hence, the inherent property of both CrklII and some of its
binding partners to oligomerize might be an essential mechanism
for regulation of their mutual interactions and signaling.

While necessary for CrkII binding, dimerization of the CrkII
binding motif is not sufficient for CrkII inhibition by PEAK3 in
the absence of the SHED and pseudokinase domains. These
findings suggest the SHED-pseudokinase domain module
plays an important role in CrkII inhibition beyond supporting
PEAKS self-association. One such function could be mediating
PEAK3 heterodimerization with PEAK1 and Pragmin, which we
predict could occur based on sequence similarities within their
SHED domains. Since all NKF3 family members have CrkII-
binding sites, all possible NFK3 homo- and heterodimers could
efficiently bind CrKkII in theory. Given the opposing phenotypic
outcomes between PEAK3 and other NKF3 members on cell
motility, heterodimerization of PEAK3 with PEAK1 or Pragmin
could interfere with their positive signaling properties. The
outstandingly shorter length of the N-terminal domain in
PEAKS relative to PEAK1 and Pragmin suggests that PEAK3
may have evolved to act as a dominant-negative regulator of
PEAKI1 and Pragmin, by antagonizing their functions encoded by
the N-terminal domains. The regulatory role of PEAK3 for other
NKF3 pseudokinases would be consistent with the later ap-
pearance of PEAK3 in evolution compared with the other
2 family members. Future studies are needed to parse out the
functional relationship of PEAK3 with its family members.

An additional unique feature of PEAK3, which distinguishes it
from PEAK1 and Pragmin, is the presence of an intact DFG
motif. Our data show that mutation of the DFG motif affects the
ability of PEAK3 to homodimerize and subsequently interact
with CrkII. The importance of the DFG motif for PEAK3
function is intriguing due to the critical role of this motif in ki-
nase catalysis. While at present we cannot rule out that PEAK3
might be catalytically active, PEAK3 is an unlikely candidate for
an active kinase based on its poor conservation of other residues
in the putative active site. Rather, the loss-of-function effect of
the DFG mutation suggests that it is a resulting conformational
change within the pseudoactive site of PEAK3 that influences its
dimerization and, consequently, its function. DFG mutations
have previously been shown to affect the oligomerization of
other kinases and pseudokinases. Notably, mutation of the DFG
aspartate (D161N) in the kinase RIPK3 induces oligomerization
and assembly of RIPK3 into a multimeric apoptotic complex (59,
60). Other kinase-inactivating mutations, such as those of the
B3 lysine or catalytic aspartate, do not affect RIPK3 oligomeriza-
tion, indicating that the D161N mutation stabilizes a specific
conformation of RIPK3 that promotes oligomerization (60). The
opposite effect is observed in the pseudokinase MLKL. In MLKL,
the DFG motif is replaced by a GFE motif, and mutation of the
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GFE glutamate (E351K) prevents MLKL oligomerization. This
mutation was proposed to stabilize a conformation that is not
permissive for the release of the adjacent 4-helix bundle (4HB)
domain, which drives oligomerization (61). The SHED domain in
NKF3 kinases, composed of helices flanking the pseudokinase
domain, maintains close contacts with the pseudokinase domain in
the crystal structures of PEAK1 and Pragmin. It is therefore likely
that conformational changes within the pseudokinase domain are
sensed by the SHED domain and can ultimately affect dimerization.

Potential regulation of PEAK3 dimerization through confor-
mational changes in its pseudokinase domain presents an excit-
ing opportunity for pharmacological modulation of PEAK3
oligomerization, as previously achieved in RIPK3 (60, 62). While
RIPK3 inhibitors target the ATP-binding site, this will likely not
work for PEAK3, whose nucleotide-binding pocket is predicted
to be occluded. However, recent studies on another pseudokinase,
TRIBI, point to an important role of protein—protein interactions
in regulating the conformation of the pseudoactive site. Like in
PEAKS3, the nucleotide-binding site in TRIBI is highly occluded
and inaccessible to ligands (63). Binding of the transcription factor
C/EBPa to the C-lobe of TRIBI alters the conformation of the
pseudoactive site, including its equivalent DFG motif (SLE in
TRIB1), which rotates to a semiactive position upon C/EBPa binding
(64). The TRIBI1 studies demonstrate that distal binding events
can have global effects on the conformation of the pseudoactive
site. Further studies can reveal if such interactions exist in PEAK3
and whether they can be leveraged for the pharmacological ma-
nipulation of its function.

The therapeutic relevance of targeting PEAK3 remains to be
determined, but there is clear therapeutic potential (62). While
at present there are no known prevalent disease-associated
mutations in PEAK3, PEAK3 mRNA levels are significantly el-
evated in acute myeloid leukemia (AML) patient samples rela-
tive to other cancer types (SI Appendix, Fig. S11) (65, 66). The
E3 ubiquitin ligase SIAH1, which is a therapeutic target in AML
(34), was identified as a PEAK3 binding partner in our IP/MS
analysis. SIAH1 targets for degradation the oncogenic protein
FMS-like tyrosine kinase 3 with internal tandem duplication
mutation (FLT3-ITD), a mutant FLT3 variant detected in 40%
of AML cases (67). It is possible that PEAK3 interferes with this
process through direct interaction with SIAH1. CrkL, which too
was identified in our IP/MS screen, is one of the downstream
effectors of the FLT3 signaling axis that contributes to leuke-
mogenesis (68). Crk family proteins are known to play key roles
in cancer invasion and migration by integrating and amplifying
extracellular signals (30). Genetic knockdown of CrkII specifi-
cally decreases the cell migration and malignant potential of
multiple human cancer cells, including lung, breast, and ovarian
cancers (30, 43, 69). Mechanistically, inhibition of CrkII leads to
reduced or stochastic F-actin networks and reduction in lamellipo-
dia (43, 46, 69), mirroring the morphological changes we observe
when PEAKS3 is overexpressed in cells. Therefore, pharmacological
targeting of PEAK3 could prove useful in AML and potentially
additionally types of cancers that are susceptible to inhibitors that
target cellular motility pathways.

Materials and Methods

HEK293 cells were lysed and clarified by centrifugation for 10 min at
15,000 rpm. After preclearing with Protein A beads, lysates were incubated
with complexed antibody/Protein A beads. Immunoprecipitants were eluted
by boiling beads in SDS sample buffer and subjected to analysis by SDS/PAGE
and Western blotting. COS-7 cells were fixed, permeabilized, and blocked
before incubated with primary and secondary antibodies for visualization of
FLAG-tagged PEAK3 constructs, Crkll, and actin. Detailed information is
provided in S/ Appendix. Additional methods describing the generation of
sequence alignments, phylogenetic tree, sequence logos, plasmids, cell cul-
ture, IP/MS, Western blotting, and mapping of sequence conservation are
described in detail in SI Appendix.
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