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ABSTRACT

Plant leucine-rich repeat (LRR) receptor-like kinases (RLKs) and LRR receptor-like proteins (RLPs)
comprise alarge family of cell surface receptors that play critical roles in signal perception and transduction.
Both LRR-RLKs and LRR-RLPs rely on regulatory LRR-RLKs to initiate downstream signaling pathways.
BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED KINASE 1/SOMATIC EMBRYOGENESIS RECEPTOR KI-
NASE 3 (BAK1/SERK3) and SUPPRESSOR OF BIR1-1 (SOBIR1) are important and extensively studied regu-
latory LRR-RLKSs with distinct functions. Although the regulatory mechanism of BAK1 activation has been
studied in detail, the activation mechanism of SOBIR1 remains poorly understood. Here, the crystal struc-
tures of the catalytically inactive kinase domain of SOBIR1 (SOBIR1-KD) from Arabidopsis thaliana were
determined in complexes with AMP-PNP and Mg?*. The results show that SOBIR1-KD contains a uniquely
long B3-aC loop and adopts an Src-like inactive conformation with an unusual architecture at the activation
segment, which comprises three helices. Biochemical studies revealed that SOBIR1 is transphosphorylated
by BAK1 following its autophosphorylation via an intermolecular mechanism, and the phosphorylation of
Thr529 in the activation segment and the B3-aC loop are critical for SOBIR1 phosphorylation. Further func-
tional analysis confirmed the importance of Thr529 and the 3-aC loop for the SOBIR1-induced cell death
response in Nicotiana benthamiana. Taken together, these findings provide a structural basis for the regu-
latory mechanism of SOBIR1 and reveal the important elements and phosphorylation events in the special
stepwise activation of SOBIR1-KD, the first such processes found in regulatory LRR-RLKs.
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INTRODUCTION regulation of plant growth, development, immune responses, and
many other essential processes (Liebrand et al., 2014; Man et al.,

Plants use germline-encoded cell surface receptors to perceive
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2020). Atypical RLK frequently includes a leucine-rich repeat (LRR)
extracellular domain that recognizes specific ligands, a single
membrane-spanning transmembrane (TM) domain, and an intra-
cellular kinase domain (KD) that is lacking in RLPs. Previous
research has demonstrated that both LRR-RLKs and LRR-RLPs
rely on regulatory LRR-RLKs to initiate downstream signaling
pathways. The LRR-RLK BRASSINOSTEROID INSENSITIVE 1-
ASSOCIATED KINASE 1/SOMATIC EMBRYOGENESIS RECEP-
TORKINASE 3 (BAK1/SERK3) is essential for BRASSINOSTEROID
INSENSITIVE 1 (BRI1)-mediated pathways and was demonstrated
to be a general regulator in multiple signaling pathways, functioning
as a ligand-binding co-receptor that influences development and
immunity (Liebrand et al., 2014; Gao et al., 2018). The crystal
structure of the BAK1KD was determined in the active state,
providing the structural basis for the impact of phosphorylation
on the activation process (Yan et al., 2012). In general, the
perception of a specific ligand by the extracellular domain of an
LRR-RLK recruits BAK1, and this is followed by the
transphosphorylation and activation of their cytosolic KDs and
subsequent initiation of downstream signaling (Chinchilla et al.,
2007; Wang et al., 2008; Postma et al., 2016). LRR-RLPs lack the
KD and are thought to rely on the regulatory LRR-RLK SUPPRES-
SOR OF BIR1-1 (SOBIRT1, also called EVERSHED) to activate cyto-
plasmic signaling pathways. Although extensive genetic analyses
have demonstrated the functional significance of SOBIR1, the mo-
lecular mechanism of its cytoplasmic activation is poorly
understood.

SOBIR1 was initially identified in a suppressor screen of the BAK1-
Interacting RLK 1 (bir1-1) mutant, which shows autoimmune re-
sponses (Gao et al., 2009). Overexpression of SOBIR1 induces
cell death in both Arabidopsis and Nicotiana benthamiana,
suggesting that SOBIR1 is a positive regulator of cell death (Gao
et al., 2009). SOBIR1 homologs are transcriptionally upregulated
by a broad range of pathogens and microbe-associated molecular
patterns (MAMPs), often leading to rapid downstream responses,
such as an oxidative burst and mitogen-activated protein kinase
(MAPK) activation. Mutations in sobir1 can also suppress the auto-
immunity induced by BAK1 overexpression (Dominguez-Ferreras
et al, 2015). SOBIR1 has been reported to constitutively
associate with a series of RLPs in a ligand-independent manner.
Some examples of RLPs are Cf-2, Cf-4, Cf-9, Vel, RLP23,
RLP30, and RLP42, all of which are required for pathogen percep-
tionintomato (Solanum lycopersicum) or Arabidopsis thaliana (Gao
et al.,, 2009; Zhang et al., 2013, 2014; Albert et al., 2019).
Furthermore, SOBIR1-RLP complexes such as SOBIR1-Cf-4 and
SOBIR1-RLP23 generally require a ligand-dependent interaction
with BAK1 or other SERKs for downstream signaling (Zhang
et al., 2014; van der Burgh et al., 2019; Wu et al., 2019). Although
SOBIR1 provides the intracellular KD to form the SOBIR1-RLP
complex, which is structurally equivalent to bipartite RLKs, SO-
BIR1-RLP- and RLK-mediated immune responses have distinct re-
quirements for BOTRYTIS-INDUCED KINASE 1 (BIK1), a receptor-
like cytoplasmic kinase (RLCK), suggesting that they have distinct
activation mechanisms (Wan et al., 2019). Consistently, it was
shown that BIK1 negatively regulates RLP23/RLP42-mediated
immunity but positively regulates flagellin-sensitive 2 (FLS2)- and
elongation factor Tu receptor (EFR)-mediated immunity (Wan
et al.,, 2019). SOBIR1’s extracellular domain contains five LRRs,
and its TM domain includes the GxxxG dimerization motif, which
is necessary for interactions with several RLPs (Bi et al., 2016;
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Albert et al, 2019; Hohmann and Hothorn, 2019). The
cytoplasmic portion of SOBIR1 contains a KD, the activity of
which is essential for RLP signal transduction (Liebrand et al.,
2013; Wu et al., 2019). Despite significant similarity in their protein
domain architectures, the SOBIR1-KD shares only 34.6%
sequence similarity with the BAK1 cytoplasmic domain (CD) and
lacks a C-terminal tail essential for BAK1-induced immunity (Wu
et al,, 2018a).

SOBIRT1 is an indispensable adaptor RLK for LRR-RLP-mediated
signaling, and the phosphorylation status of SOBIR1 is positively
linked to its constitutive immune activity in plants. However, less
is known about the molecular basis for phosphorylation-
dependent regulation of SOBIR1 activity. In this study, the crystal
structures of catalytically inactive SOBIR1-KD provide new insights
into its kinase regulation mechanism. The structures reveal that
SOBIR1 adopts an Src-like inactive conformation with an unusual
architecture at the activation segment, which comprises three he-
lices. In vitro biochemical and in vivo functional analyses
indicate that SOBIR1 is autophosphorylated via an intermolecular
mechanism and subsequently transphosphorylated by BAK1.
The phosphorylation of Thr529 in the activation segment, as well
as the relatively long B3-oC loop, are essential for SOBIR1 activa-
tion. We thus propose a model for the stepwise activation of SO-
BIR1. Collectively, these results not only clarify the biochemical
and structural characteristics of SOBIR1-KD but also provide the
framework for elucidating the activation mechanism of SOBIR1-
RLP-dependent signaling cascades.

RESULTS

SOBIR1-KD is autophosphorylated via an
intermolecular mechanism

To illustrate the molecular mechanism underlying the activation
of SOBIR1-KD, we expressed and purified SOBIR1-KD (resi-
dues 326-641) (Figure 1A). Consistent with a previous report,
the bacterially expressed SOBIR1-KD was highly phosphory-
lated, implying that the protein can be autophosphorylated
during expression and/or purification in vitro (Leslie et al.,
2010) (Figure 1B, lane 1). The protein was completely
dephosphorylated after incubation with protein phosphatase
PP2Ca (Figure 1B, lane 2). Size-exclusion chromatography
(SEC) analysis indicated that the wild-type SOBIR1-KD is het-
erogeneous with potentially different oligomeric forms
(Figure 1C). However, the dephosphorylated recombinant
SOBIR1-KD (dSOBIR1-KD hereafter) is primarily monomeric,
consistent with the 35.6-kDa calculated monomeric molecular
mass. These results suggest that the phosphorylation of SO-
BIR1-KD may influence its oligomerization state. To confirm
that SOBIR1-KD can be autophosphorylated, we performed
in vitro kinase assays with different concentrations of dSO-
BIR1-KD. After incubation with 1 mM ATP and 10 mM Mg?*
at 25°C, samples with equal loading were analyzed by western
blotting using the nonspecific anti-phospho-Thr antibody. As
shown in Figure 1D, dSOBIR1-KD was autophosphorylated in
2 min, and the autophosphorylation of dSOBIR1-KD at 1 pM
was slower than that at 25 pM. The rate of autophosphoryla-
tion of SOBIR1-KD was highly dependent on protein concen-
tration, suggesting that SOBIR1 autophosphorylation occurs
by an intermolecular (in trans) rather than an intramolecular
(in cis) mechanism (Wang et al., 2011).
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type SOBIR1-KD, and its phosphorylation signal was undetectable.

(H) Effects of ATP concentration on the initial velocity of the SOBIR1-KD-catalyzed reaction. The reaction mixture contained 50 nM wild-type SOBIR1-KD
and 2, 5, 10, 20, 40, 60, 80, 100, or 120 uM ATP. The solid line represents the best-fitting result according to the Michaelis-Menten equation, with k¢, and

K values of 0.660 + 0.006 s~' and 19.92 + 0.69 uM, respectively.

To further investigate the intermolecular phosphorylation mech-
anism, we mutated SOBIR1-KD by individually replacing three
catalytically important residues, Lys377Arg, Asp489Ala, and As-
p507Ala (Taylor and Kornev, 2011). The purified SOBIR1-
KD¥377R | SOBIR1-KDP*®%, and SOBIR1-KDP%*  were
analyzed by western blotting using the nonspecific anti-
phospho-Thr antibody. Phosphorylation signals were not
detectable for the mutated proteins, confirming the importance
of these sites to the catalytic activity of SOBIR1-KD (Figure 1E).
Moreover, SEC analysis showed that the three inactive SOBIR1-
KD mutants were monomeric in solution, the same as dSO-
BIR1-KD (Figure 1F). We then performed in vitro kinase
assays by incubating the phosphorylated wild-type SOBIR1-
KD with the kinase-dead mutant SOBIR1-KD*®*""® and found
that SOBIR1-KD could robustly phosphorylate both itself and

SOBIR1-KD¥¥""” (Figure 1G), demonstrating that in vitro
autophosphorylation of SOBIR1-KD occurs in trans.

To further characterize the ATPase activity of SOBIR1-KD, we
performed a hydrolysis reaction assay via enzyme-coupled
spectrophotometry. A decrease in absorbance at 340 nm
indicated that the consumption of the substrate was caused
by a reaction that coupled the production of ADP to the
oxidation of NADH (Roskoski, 1983). The k.4 and K., values
were determined to be 0.660 + 0.006 s~ ' and 19.92 +
0.69 uM, respectively, suggesting that SOBIR1-KD could
effectively hydrolyze ATP and providing evidence for its
autophosphorylation (Figure 1H). These data indicated that
the autophosphorylation of SOBIR1 is mediated by an
intermolecular mechanism.
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Figure 2. Overall structure of SOBIR1-KDP*®°A complexed with the non-hydrolyzable ATP analog AMP-PNP

(A) Two views of the SOBIR1-KDP*8%A ribbon structure (45° rotation around a vertical axis). The SOBIR1-KDP*8%A color scheme is the same as that in the
schematic diagram in Figure 1A. The bound AMP-PNP is presented as an orange stick, whereas Mg2+ is indicated by a red sphere. The disordered p3-a.C
loop is presented as a red dashed line. The same SOBIR1-KDP*8%A color scheme is used in the following figures, unless otherwise indicated. A structural
comparison between SOBIR1-KD and BRI1-CD (PDB: 5LPY, in wheat) and BAK1-CD (PDB: 3UIM, in light blue) is presented in the right panel. The same
BRI1-CD and BAK1-CD color scheme is used in the following figures, unless otherwise indicated. The AMP-PNP and Mg?* in SOBIR1-KDP*8%* are
presented as a black stick and a red sphere, respectively. The AMP-PNP and ions in BRI1-CD and BAK1-CD are not shown.

(B) Comparison between SOBIR1-KD and BRI1-CD and BAK1-CD after superimposing their active sites. The AMP-PNP and Mg2* in SOBIR1-KDP48% are
presented as an orange stick and a red sphere, respectively. The AMP-PNP and ions in BRI1-CD and BAK1-CD are not shown.

(C and D) Close-up views of the active sites with aC-out (C) and DFG-in (D). The essential residues are presented as sticks. Specifically, Lys377
in SOBIR1-KD corresponds to Lys911 in BRI1-CD and Lys317 in BAK1-CD; Glu407 in SOBIR1-KD corresponds to Glu927 in BRI1-CD and Glu334 in
BAK1-CD; Tyr436 in SOBIR1-KD corresponds to Tyr956 in BRI1-CD and Tyr363 in BAK1-CD. The hydrogen bonds and salt bridges in BRI1-CD and
BAK1-CD are presented as orange and blue dashed lines, respectively.

(legend continued on next page)
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Overall structure of SOBIR1-KD

To gain more insights into the activation of SOBIR1 via phosphor-
ylation regulation, we attempted to crystallize SOBIR1-KD.
Although we were not able to culture crystals of the phosphory-
lated wild-type SOBIR1-KD, probably because the heterogeneity
of the phosphorylated proteins impeded crystallization, we ob-
tained the kinase-dead SOBIR1-KDP*®%” in complex with the
non-hydrolyzable ATP analog AMP-PNP and Mg?*. This binary
complex was determined at a 2.9-A resolution via molecular
replacement with the KD of BRI1 (PDB: 5LPY) as the search
model (N- and C-terminal lobes replaced separately), as it has
the highest sequence identity with SOBIR1 (37%) in the PDB
database (Bojar et al., 2014). The final model was refined to an
overall Ryee value of 23.9% (Ruox Of 21.7%; Supplemental
Table 1). The crystallographic asymmetric unit comprises two
molecules (A and B) (Supplemental Figure 1A). Because
SOBIR1-KDP*8% s mostly monomeric in solution (Figure 1F),
the crystal packing interactions formed by two independent
molecules may be physiologically irrelevant. The overall
structures of molecules A and B are similar, with a root-mean-
square deviation (RMSD) value of 0.361 A for 245 equivalent Ca.
positions (Supplemental Figure 1B). The structural analyses
described hereafter are based on molecule A, which has a
lower average temperature factor, indicating a more stable
structure (Supplemental Figure 1C).

The structure of the unphosphorylated SOBIR1-KDP*8%A has a
canonical bilobal kinase architecture comprising a small N-termi-
nal lobe (residues 326-435) and a large C-terminal lobe (residues
439-641) connected by a flexible hinge region (residues 436-438)
(Figure 2A). The N-terminal lobe includes a twisted, five-stranded
antiparallel B sheet (B1-p5) as well as a prominent «C helix, and
the C-terminal lobe consists mainly of « helices. The aC helix is
preceded by a noncanonical o helix aB (residues 344-349), a
short a helix, and an N-terminal four-residue B strand antiparallel
to B4. The activation segments in both molecules A and B are
traceable among all residues in the electron density map and
are assembled into inhibitory o helices packed against the active
site for substrate binding (Supplemental Figure 1A). An AMP-PNP
bound to a single Mg?®* ion is observed to occupy the canonical
ATP-binding pocket in the deep cleft between the two lobes of
SOBIR1-KDP*8A (Figure 2A). Notably, SOBIR1 has a long loop
between B3 and «C in which some residues (383-399 in
molecule A and 381-397 in molecule B) lack electron density,
suggesting the high flexibility of this loop.

SOBIR1-KDP*®%A adopts a DFG-in and «C-out Src-like
inactive conformation

Protein kinases undergo large conformational changes when
switching between active and inactive states (Johnson et al,
1996; Huse and Kuriyan, 2002). Crystal structures of active
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kinases suggested that they adopt similar conformations in which
the aC helix rotates inward to prime the active site Lys from 3,
and the activation loop adopts an extended conformation
exposed to the solvent; however, inactive kinases take various
conformations to impede the catalytically active center in various
ways (Schwarz et al., 2019). The structures of the best-
characterized plant RLKs, BRI1, and BAK1, were all determined
in their active state with multiple phosphorylated sites (Yan et al.,
2012; Bojar et al., 2014; Wang et al., 2014). Here, the structure of
the inactive SOBIR1-KDP*8* provides some new mechanistic in-
sights into the phosphorylation-dependent activation of SOBIR1.

The regulatory «C helix possessing Glu407 of SOBIR1-KDP48%A
rotates away from the catalytic site, thereby breaking the critical
salt bridge between Glu407 and Lys377 from strand B3 («C-out),
which is required for the catalytically competent KD conformation
(Figure 2B and 2C). In contrast to other activated plant RLKs, the
hydrogen bond between the gatekeeper Tyr436 and the
conserved Glu407 in SOBIR1-KDP*®®A s disrupted because of
the aC rotation (Bojar et al., 2014) (Figure 2C). Interestingly, the
DFG motif of SOBIR1-KDP*®°* has a DFG-in conformation in
which the side chain of Asp507 faces the active site but the
side chain of Phe508 points away from this site, toward the aC
helix (Figure 2D). Hence, the structure of SOBIR1-KDP*8%* adopts
an Src-like inactive conformation, which was previously observed
in the crystal structures of c-Src and other protein kinases,
including IRAK4 and Abl (Levinson et al., 2006; Mikkola and
Gahmberg, 2010; Wagner et al., 2015; Wang et al., 2019). Like
most Src-like inactive kinases, SOBIR1 contains a basic residue
(Lys512) at the third position downstream of the DFG motif
(Roskoski, 2015) (Supplemental Figure 2). Unfortunately, the
side chains of Lys512 and Lys377, which were supposed to
form a salt bridge with the side chains of Glu407 and Asp507,
respectively, in the aC-out configuration cannot be seen in the
SOBIR1-KDP*89 structure (Supplemental Figure 3A and 3C). In
addition, the interaction between the main chain of Asp489
(replaced by Ala in our structure) and the side chain of Asn494
(Supplemental Figure 3B), detected in many Src-like kinases,
helps to stabilize the inactive SOBIR1-KDP*®®* conformation
(Roskoski, 2015; Wang et al., 2019).

To further dissect the inactive conformation of SOBIR1-KDP489A,
we investigated the assembly of two functional protein kinase
“spines”: the catalytic spine (C-spine) and the regulatory spine
(R-spine) (Figure 2E and 2F). The integrity of these spines
determines the active state of protein kinases and is also
critical for the binding of ATP and the substrate (Kornev et al.,
2006, 2008). The C-spine of SOBIR1-KDP*®®A consists of eight
hydrophobic residues from the N- and C-lobes (Val361, Ala375,
Leud96, Val495, Leud97, Leudd4, Leu555, and Leu559)
(Figure 2F). The DFG-in configuration of SOBIR1-KDP*%°A may
facilitate the assembly of a C-spine with the AMP-PNP molecule.

(E and F) C-spine and R-spine in the SOBIR1-KD-AMP-PNP-Mg?* complex. For clarity, the «.C and aF helices are depicted in cartoon form. The C-spine
and R-spine are presented in green and magenta, respectively (E). Residues forming the C-spine and R-spine in the SOBIR1-KD-AMP-PNP-Mg?*
complex. The C-spine, comprising Val361, Ala375, Leu496, Val495, Leu497, Leud44, Leu555, and Leu559, is indicated by lemon sticks. The AMP-PNP
associated with Val361, Ala375, and Leu496 is presented as an orange stick. The R-spine, consisting of Phe508, His487, Val411, and Leu422, is indicated

by magenta sticks (F).

(G) View of the nucleotide-binding pocket of SOBIR1-KD occupied by AMP-PNP and a single Mg?*. The nucleotides and the nucleotide-interacting
residues are presented as cyan and lemon sticks, respectively, whereas Mg?* is indicated by a red sphere. Hydrogen bonds for the interaction with

AMP-PNP and Mg?* are presented in blue or black dashed lines.
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Figure 3. Analyses of the phosphorylation sites in the activation segment of SOBIR1-KD

(A) Comparison between the SOBIR1-KD activation segment and the BRI1 and BAK1 structures. SOBIR1, BRI1, and BAK1 are presented in magenta,
beige, and light blue, respectively.

(B) Sequence alignment of the activation segments of SOBIR1 orthologs from different species as well as AtBAK1 and AtBRI1. The Swiss-Prot ID is
provided after each protein name. The secondary structure elements of SOBIR1-KD are indicated above the sequences. Phosphorylation sites identified
in AtSOBIR1-KD are highlighted in red. Conserved phosphorylation sites in the kinases are indicated in a black box. The P+1 pocket is labeled
accordingly. At, A. thaliana; Al, Arabidopsis lyrata; Si, S. lycopersicum; Nt, Nicotiana tabacum; Gm, Glycine max; Rc, Ricinus communis.

(C-E) View of the interaction networks of Thr519, Thr522, Ser524, and Thr529 in the SOBIR1-KD activation segment. The activation segment is presented
in magenta, whereas the catalytic loop is in yellow. The phosphorylation sites identified by LC-MS/MS are labeled and presented in cyan, and the

(legend continued on next page)

6 Plant Communications 3, 100301, March 14 2022 © 2022 The Authors.



Regulatory mechanism of SOBIR1 kinase activity

Specifically, the Val361, Ala375, and Leu496 side chains form a
hydrophobic pocket that accommodates the adenine ring of
AMP-PNP. By contrast, the R-spine of SOBIR1-KDP*8%A
comprising four non-consecutive hydrophobic residues,
Phe508, His487, Val411, and Leu422, is broken by the
outward-facing oC helix (Figure 2F). Unlike the other three
residues that adopt a similar conformation in the active kinases,
Val411 from «C is rotated away from the active site, disrupting
the R-spine. These structural features confirm that SOBIR1-
KDP#8% adopts a catalytically inactive conformation.

The inactive SOBIR1-KD structure includes only one Mg?*
bound to the nucleotide-binding site, although the crystallization
buffer contains a substantial amount of Mg®* (Figure 2A). An
active, phosphorylated protein kinase typically requires two
Mg?*/Mn?* ions to catalyze phosphoryl transfers (Bastidas
et al., 2013; Jacobsen et al., 2012). The position of Mg2+ in
the SOBIR1-KD structure is similar to the corresponding posi-
tion in the inactive AMP-PNP-bound IRAK4 (PDB: 6EGF) and
ATP-bound CDK2 (PDB: 1HCK) structures but differs from the
corresponding position in BRI1 (PDB: 5LPV), which contains
two Mn2* (Schulze-Gahmen et al., 1996; Bojar et al., 2014;
Wang et al., 2019) (Supplemental Figure 4). The Asp507
side chain faces the active site and interacts with Mg®* in
the structure, and the structure thus adopts a DFG-
in conformation (Figure 2D). The Mg?* ion associates with all
three AMP-PNP phosphate groups, as well as the carbonyl
group oxygen of the Ala493 main chain and the Asn494 side
chain. The adenine purine group of AMP-PNP forms two
hydrogen bonds with the main chains of the hinge residues
Glu437 and Met439 (Figure 2G).

Thr529 is essential for SOBIR1 catalytic activity

In the SOBIR1-KDP*89A structure, the residues of the activation
segment (residues 507-536) are well defined in the electron den-
sity map and form three helices packed into the active site
(Figure 3A and 3B). The region immediately downstream of the
DFG motif is located at the beginning of the activation segment
(residues 511-513) and assembles into a short « helix (activation
segment helix 1 [AH1]), which is associated with the displaced
aC helix, consistent with the Src-like inactive conformation of ki-
nases (Levinson et al., 2006; Mikkola and Gahmberg, 2010;
Roskoski, 2015; Wagner et al., 2015; Wang et al., 2019).
Notably, the middle region of the SOBIR1-KD activation segment
(residues 517-527) is compacted into a long o helix (activation
segment helix 2 [AH2]), a conformation that is rarely observed in
inactive kinase structures. To the best of our knowledge,
only the KD of maize sucrose-induced receptor kinase 1 (PDB:
5UV4) has a similar activation loop conformation (Aquino et al.,
2017). The last part of the activation segment (residues 529-
532) also forms a short o helix (activation segment helix 3
[AH3]), corresponding to the part of the P+1 loop involved in
substrate recognition (Madhusudan et al., 1994). Using liquid
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chromatography-tandem mass spectrometry (LC-MS/MS)
analysis of wild-type SOBIR1-KD, we identified five phosphoryla-
tion sites in the activation segment (Thr519, Thr522, Thr523,
Ser524, and Thr529) (Figure 3B, Supplemental Figure 5B and
5C). According to the structure, the first four sites are
sequestered in AH2 and interact with the neighboring residues
from the activation loop, and Thr519 is clamped by a pyramid-
shaped interaction network formed by Asp516, Val518, and
His520 (Figure 3C and 3D). This network is extended by Thr522
interacting with Val518 and Ser524 and by Ser524 forming
hydrogen bonds with His520 and Thr529. The hydroxyl group of
the Thr529 residue forms a hydrogen bond with the side-chain
amino group of Lys491, which is located immediately
downstream from the catalytic loop, indicating that Thr529 is
probably involved in bridging the catalytic and activation loops
to promote kinase activity. Thr529 also forms a polar contact
with Tyr532 through its backbone amino group, which is located
at the C terminus of AH3 (Figure 3C, 3E, and Supplemental
Figure 2). It is worth noting that Tyr1052 in BRI1, corresponding
to Tyr532 in SOBIRT, is essential for kinase activity in vitro and
in vivo (Oh et al., 2009). These residues and interaction networks
may be critical for stabilizing the inhibitory helical conformation
of the activation loop, whereas the phosphorylation of the
activation segment sites may disrupt these interactions,
promoting an extended open-loop, the correct orientation of the
catalytic bases, and the proper conformation of the aC helix.

To investigate the functional significance of the identified phos-
phorylation sites, we conducted a series of site-directed mutagen-
esis experiments in which Thr519, Thr522, Thr523, Ser524, and
Thr529 of SOBIR1-KD were individually replaced by Ala (phos-
phor-dead mutants) or by Glu (phosphor-mimic mutants). Immu-
noblotting using the anti-phospho-Thr antibody revealed that the
autophosphorylation levels of SOBIR1-KD™'"  SOBIR1-
KD'®22A SOBIR1-KD"™®2%A, and SOBIR1-KDS*2** were similar to
that of the wild-type SOBIR1-KD. By contrast, replacement of
Thr529 with either Ala or Glu produced a dominant-negative effect
on the kinase activity of SOBIR1-KD (Figure 3F). To evaluate the
contribution of individual phosphorylated residues to SOBIR1-KD
kinase activity, we performed in vitro phosphorylation assays by
incubating the phosphor-mutants with the kinase-dead SOBIR1-
KDK®""® in the presence of ATP-Mg?*, and the samples were
further analyzed by immunoblotting using the anti-phospho-Thr
antibody. The substitutions of Thr529 resulted in the complete
loss of kinase activity and were not able to phosphorylate the
kinase-dead SOBIR1-KD*®*""R whereas the kinase activity of the
other four substitutions was slightly lower than that of the wild-
type SOBIR1-KD (Figure 3G), suggesting that phosphorylation
at Thr529 is required for SOBIR1 kinase activity. Consistent
with this result, the LC-MS/MS data revealed that only Thr529
in the activation segment was phosphorylated during the
autophosphorylation of dSOBIR1-KD (Supplemental Table 2).
The phosphorylation/dephosphorylation of Thr529 in the
conserved P+1 pocket may modulate substrate specificity

interacting residues are highlighted in orange (in the activation segment) or yellow (in the catalytic loop). Hydrogen bonds are presented as blue dashed
lines. Detailed interactions of Thr519, Thr522, Ser524 (D), and Thr529 (E) are presented.

(F) Phosphorylation states of the activation segments of the SOBIR1-KD mutants.

(G) Western blot analysis of the transphosphorylation of SOBIR1-KD**""R by the SOBIR1-KD mutants. The reaction mixture contained 10 pM GST-
SOBIR1-KDX®""R and 1 uM SOBIR1-KD mutants. As a negative control, GST was incubated with wild-type SOBIR1-KD, and its phosphorylation signal
was undetectable. All proteins in this assay were recombinantly expressed in E. coli. Asterisk (*) represents a nonspecific band.
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(Figure 3B). Previous sequence alignments indicated that this
phosphorylation site may be highly conserved among the
Arabidopsis LRR-RLKs, and 72.8% of LRR-RLKs have a Ser or
Thr at the position equivalent to Thr529 in SOBIR1 (Wang et al.,
2005). These results suggest that the phosphorylation of the
highly conserved Thr529 is critical for SOBIR1 activation.

Thr390 and Ser394 in the B3-aC loop are important for
SOBIR1 autophosphorylation

In the SOBIR1-KDP489* structure, the lack of electron density in
the region between B3 and oC (383-399 in molecule A and
381-397 in molecule B) indicated the disordered nature of this
segment (Supplemental Figure 1A). We therefore aligned the
sequences of SOBIR1 orthologs, typical RLKs, and Src-like inac-
tive kinases. As shown in Figure 4A, the length of the loop
between B3 and oC (hereafter called the B3-aC loop) is
conserved among the SOBIR1 orthologs, and this loop is
significantly longer than that of the other kinases, suggesting
that this region may have a specific function in the regulation of
SOBIR1 kinase activity.

To characterize the biochemical function of the $3-a.C loop, we pu-
rified two recombinant mutants of SOBIR1-KD: one with the loop
region deleted (residues 389-401) (SOBIR1-KD*38%-4%") and the
other with the loop region replaced by 13 GS repeats (SOBIR1-
KD®®). SEC analysis indicated that SOBIR1-KDA38%-401 gxisted
predominantly as a monomer, whereas SOBIR1-KD®® was hetero-
geneous, similar to the wild-type SOBIR1-KD (Supplemental
Figure 6A). This result suggested that the p3-aC loop may affect
the oligomerization state of SOBIR1. Moreover, phosphorylation
of SOBIR1-KD*%8%-401 was completely abolished (Supplemental
Figure 6B, lane 2), whereas the phosphorylation of SOBIR1-
KD®S (Supplemental Figure 6B, lane 3) was slightly weaker than
that of the wild-type SOBIR1-KD (Supplemental Figure 6B, lane
1). These results suggested that the B3-aC loop is required for
the autophosphorylation of SOBIR1.

To further elucidate the functional importance of the B3-aC loop,
we performed crystallization with recombinant SOBIR1-KD*38°-
401 The SOBIR1-KD*389-401 strycture was determined at a 2.9-
A resolution by molecular replacement with SOBIR1-KDP48%A as
the search model (Supplemental Figure 6C and 6D). Compared
with SOBIR1-KDP#8%A SOBIR1-KD*389-4" had a similar overall
structure (RMSD = 0.442 A), suggesting that deletion of the 33-
aC loop did not significantly perturb the overall structure of SO-
BIR1-KD (Supplemental Figure 6E). Next, we performed in vitro
autophosphorylation assays of PP2Ca-dephosphorylated
SOBIR1-KDA%8-401 (4SOBIR1-KDA%%40") and SOBIR1-KD%S
(dSOBIR1-KD®®). The samples were then analyzed by western
blotting using the general anti-phospho-Thr antibody. Unlike
the wild-type dSOBIR1-KD (Figure 4B), neither dSOBIR1-
KDA38%-491 (Figure 4B, lane 2) nor dSOBIR1-KD®® (Figure 4B,
lane 4) was able to undergo ATP-initiated autophosphorylation.
In addition, SOBIR1-KD*%%4°! and SOBIR1-KD®® were unable
to phosphorylate the kinase-dead SOBIR1-KDX®""R, suggesting
that the kinase activity of SOBIR1 requires the B3-aC loop
(Figure 4C).

LC-MS/MS analysis detected two phosphorylated residues,
Thr390 and Ser394, in the B3-aC loop of wild-type SOBIR1-KD

Regulatory mechanism of SOBIR1 kinase activity

but not in the dephosphorylated protein (Supplemental Table 2;
Supplemental Figure 7A and 7B). Similar to Thr529, both Thr390
and Ser394 were phosphorylated when dSOBIR1-KD was incu-
bated with ATP/Mg?* (Supplemental Table 2; Supplemental
Figure 7C and 7D). We speculated that one or both of Thr390 and
Ser394 might participate in the activation of SOBIR1. To verify
this hypothesis, we generated SOBIR1-KD™°°* SOBIR1-
KDS3%4A and SOBIR1-KD™3%0A+S394A mytants and dephosphory-
lated them with PP2Ca.. We then performed in vitro autophosphor-
ylation assays by incubating dephosphorylated dSOBIR1-KD™3%%A,
dSOBIR1-KD%%%*A and dSOBIR1-KD™3%A+S3%4A 1 the presence of
1 mM ATP and 10 mM Mg?*. Western blotting analysis indicated
that the Thr390 and Ser394 mutations resulted in a complete loss
of autophosphorylation activity (Figure 4D). Interestingly, the
kinase-dead SOBIR1-KDX*""R was still phosphorylated by
SOBIR1-KD™%A SOBIR1-KDS%%%4, and SOBIR1-KD390A+S394A
although to a lesser extent than the wild-type SOBIR1-KD
(Figure 4E). These observations demonstrated that Thr390 and
Ser394 in the p3-aC loop are essential for SOBIR1
autophosphorylation but are not crucial for the kinase activity of
SOBIR1-KD.

Reciprocal phosphorylation between SOBIR1 and BAK1
can enhance SOBIR1 activity

Previous research has shown that kinase-active BAK1 is essential
for many SOBIR1-induced constitutive immune responses and
contributes to the transphosphorylation of SOBIR1 in vivo
(Albert et al., 2019; van der Burgh et al., 2019; Wu et al., 2019).
To further investigate the mechanism underlying the reciprocal
phosphorylation of SOBIR1-KD and BAK1-CD, we constructed
the cytosolic domain of AtBAK1 (BAK1-CD, residues 255-615)
with an N-terminal glutathione S-transferase (GST) tag and the
corresponding kinase-dead mutant BAK1-CDP*3*N. SOBIR1-KD
was incubated with BAK1-CD to investigate whether BAK1-CD
could influence the heterogeneous status of SOBIR1-KD. SEC
analysis showed that SOBIR1-KD was still able to form oligomers
inthe presence of BAK1-CD in vitro, suggesting that the oligomer-
ization of SOBIR1 was due to the unique B3-aC loop and that
ligand-induced BAK1 recruitment may have little effect on the for-
mation of SOBIR1 oligomers (Figure 5A). We next incubated
BAK1-CD with dSOBIR1-KD in the presence of 1 mM ATP and
10 mM Mg?*. Compared with SOBIR1 autophosphorylation
(Figure 5B, lane 1), adding BAK1-CD increased the phosphoryla-
tion level of SOBIR1-KD (Figure 5B, lane 2), indicating that
transphosphorylation by BAK1-CD was capable of increasing
SOBIR1 phosphorylation. In addition to the autophosphorylation
site Thr529, the other four residues in the activation segment of
SOBIR1-KD (Thr519, Thr522, Thr523, and Ser524) could also be
phosphorylated, as demonstrated by LC-MS/MS analysis
(Supplemental Table 2; Supplemental Figure 5E and 5F). These
results suggested that BAK1-CD could increase the phosphoryla-
tion of SOBIR1-KD, consistent with the importance of BAK1
for SOBIR1-induced cell death and constitutive immunity in
planta (Albert et al., 2015; Albert et al., 2019; Postma et al.,
2016; van der Burgh et al., 2019; Wu et al., 2019; Zhang et al.,
2013). We also examined the phosphorylation of BAK1-CD by
SOBIR1-KD by incubating the wild-type SOBIR1-KD with the
kinase-dead BAK1-CDP***N in the presence of 1 mM ATP and
10 mM Mg?*. Western blotting and LC-MS/MS data indicated
that SOBIR1-KD could phosphorylate BAK1-CD at Thr446,
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Figure 4. The B3-aC loop of SOBIR1-KD is important for SOBIR1 autophosphorylation

(A) Sequence alignment of the B3-a.C loop of SOBIR1 orthologs from different species and other kinases. The Swiss-Prot ID is provided after each protein
name. The secondary structure elements of SOBIR1-KD are indicated above the sequences. Phosphorylation sites identified in AtSOBIR1-KD are
highlighted in red. At, A. thaliana; Al, A. lyrata; SI, S. lycopersicum; Nt, N. tabacum; Gm, G. max; Rc, R. communis; Mm, Mus musculus; Hs, Homo sapiens.
(B) Autophosphorylation of PP2Ca-dephosphorylated SOBIR1-KD2389-40" and SOBIR1-KD®S. Specifically, 25 uM PP2Ca-dephosphorylated proteins
were incubated in the presence or absence of 1 mM ATP and 10 mM Mg?* for 1 h.

(C) Western blotting analysis of the transphosphorylation of SOBIR1-KDX®"7R by the SOBIR1-KD mutants. The reaction mixture contained 10 uM GST-
SOBIR1-KDX*""R and 1 uM SOBIR1-KD mutants. As a negative control, GST was incubated with wild-type SOBIR1-KD, and its phosphorylation signal
was undetectable.

(D) Autophosphorylation of PP2Ca-dephosphorylated SOBIR1-KD™%A, SOBIR1-KDS3%4A, and SOBIR1-KDT30A+S3%4A gpecifically, 25 uM PP2Ca-
dephosphorylated proteins were incubated in the presence or absence of 1 mM ATP and 10 mM Mg?* for 1 h. Reactions were terminated by boiling in 2x
loading buffer, and samples were then analyzed by SDS-PAGE and western blotting.

(E) Western blotting analysis of the transphosphorylation of SOBIR1-KD**7"R by the SOBIR1-KD mutants. The reaction mixture contained 10 uM GST-
SOBIR1-KDX®""R and 1 M SOBIR1-KD mutants. As a negative control, GST was incubated with wild-type SOBIR1-KD, and its phosphorylation signal
was undetectable.

Thr449, Thr450, and Thr455, which are located in the activation
segment and had previously appeared to be crucial for BAK1
kinase activity (Figure 5C and Supplemental Figure 8;

Supplemental Table 2). Thus, consistent with previous reports,
our data suggested that the reciprocal phosphorylation of
SOBIR1 and BAK1 is important for their activation.
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(A) Determination of the oligomerization states of SOBIR1-KD, BAK1-CD, and SOBIR1-KD incubated with BAK1-CD via SEC. The reaction mixture
contained 30 M SOBIR1-KD and 10 uM GST-BAK1-CD. Elution volumes of the protein standards are indicated.
(B) Western blotting analysis of the transphosphorylation of PP2Ca-dephosphorylated SOBIR1-KD by wild-type BAK1-CD. The reaction mixture con-

tained 10 uM dSOBIR1-KD and 1 uM GST-BAK1-CD.

(C) Western blotting analysis of the transphosphorylation of BAK1-CDP43*N by wild-type SOBIR1-KD. The reaction mixture contained 10 uM GST-BAK1-

CDP43*N and 1 uM SOBIR1-KD.

Thr529 and the «C-BC loop are indispensable for
SOBIR1 activity in planta

SOBIR1 functions as a positive regulator of immune responses,
and overexpression of AtSOBIR1 triggers constitutive immune in-
duction, including cell death (Wu et al., 2018b; van der Burgh
et al,, 2019). To assess the functional importance of critical
segments and phosphorylation sites identified from the
SOBIR1-KD crystal structure, we generated eGFP-tagged
wild-type SOBIR1 from A. thaliana and various mutants, includ-
ing SOBIR1¥¥""R SOBIR1P*%°A  SOBIR1P%°74, SOBIR1T®19A,
SOBIR1™%22A. SOBIR1™2%A,  SOBIR1S%24A,  SOBIR1T9294,
SOBIR1T529E7 SOBIR1T390A, SOBIR13394A, SOB|R1T390A+8394A,
SOBIR14%89-401 " and SOBIR1%S. These constructs were tran-
siently expressed in N. benthamiana using Agrobacteria-medi-
ated transformation.

We found that obvious cell death could be induced by expressing
the wild-type SOBIR1 in N. benthamiana but not by expressing the
kinase-dead SOBIR1"*”’R, SOBIR1P***A, and SOBIR1%%"A
(Figure 6A and Supplemental Figure 9). Western blotting
analyses indicated that the expression level of each mutant in
N. benthamiana leaves was comparable to that of the wild-type
SOBIR1 (Figure 6B). To further assess whether mutations in
SOBIR1 affected downstream immune responses, we analyzed
the reactive oxygen species (ROS) production and MAPK
activation elicited by flg22, a peptide derived from bacterial
flagellin that acts as a pathogen-associated molecular pattern
(PAMP). As shown in Figure 7, flg22-induced ROS production
and activation of MPK3, MPK4, and MPK6 were significantly
increased in SOBIR1-overexpressing N. benthamiana. By
contrast, flg22-induced immune responses were compromised
when the catalytically inactive variants SOBIR1¥®"7R SO-
BIR1P4%%A and SOBIR1P%°7A were expressed in N. benthamiana.
This observation was consistent with the fact that SOBIR1 kinase
activity is essential for its function (van der Burgh et al., 2019). More
importantly, it validates the functional importance of Lys377,
Glu489, and GIu507 in SOBIR1-induced cell death and flg22-
induced immune activation.

We also investigated the functional significance of the activation
segment residues Thr519, Thr522, Thr523, Ser524, and Thr529.
Consistent with our structural and phosphorylation analyses,
amino acid substitutions in Thr529 that essentially disrupted
SOBIR1 activation resulted in a complete loss of cell death,
accompanied by marked reductions in ROS production and
MAPK activation after flg22 treatment, similar to observations
for SOBIR1K¥7"R, SOBIR1P#%%* and SOBIR1P%%7” (Figures 6A
and 7). However, overexpression of SOBIR1T'°A, SOBIR1T224,
SOBIR1™2%A, and SOBIRS%2** resulted in reduced cell death
compared with wild-type SOBIR1 but higher flg22-triggered
ROS production and MAPK activation compared with
SOBIR1"%2% To test the importance of the p3-a.C loop, we over-
expressed SOBIR12%89-4%" and SOBIR1%® and found that they
were also essential for SOBIR1-induced cell death and immune
signaling, supporting the functional importance of this segment
for SOBIR1 activation (Figures 6A and 7). Individually mutating
the two phosphorylation sites (Thr390 and Ser394) in the p3-aC
loop still caused constitutive cell death, ROS burst, and MAPK
activation, although these responses were compromised
compared with those obtained with wild-type SOBIR1.
However, the double mutant SOBIR1T390A+S394A  gxhibited
almost complete loss of SOBIR1 activity. Therefore, these
results further support the essential role of Thr529 and the B3-
aC loop in SOBIR1-mediated cell death and PAMP-triggered im-
mune response (Figure 6A).

DISCUSSION

Plant RLK SOBIR1 is essential for plant signaling pathways (Albert
etal., 2019; Domazakis et al., 2018; Takahashi et al., 2018; van der
Burgh et al., 2019; Wu et al., 2019). Overexpression of SOBIR1
induces cell death in both Arabidopsis and N. benthamiana,
suggesting that SOBIR1 is a positive regulator of cell death (Gao
et al., 2009). Previous research showed that the kinase-dead At-
SOBIR1P*®8N syppresses autoimmunity, indicating that SOBIRT
kinase activity is required for downstream signaling (Liebrand
et al., 2013). Similar to many kinases, SOBIR1-KD is activated by
phosphorylation of the activation segment, and the initial
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Figure 6. Trypan blue staining of SOBIR1 variants expressed in N. benthamiana
(A) AtSOBIR1 and various mutants fused to C-terminally enhanced green fluorescent protein were transiently expressed in N. benthamiana by Agro-
bacterium-mediated transient expression (agroinfiltrations). Pictures of representative leaves stained with trypan blue exhibit levels of cell death. All

assays were performed three times, and a representative photograph is shown. Scale bar, 2 cm.

(B) All infiltrated N. benthamiana leaves were collected after phenotype analysis, mixed with 2x loading buffer (v/v), and boiled at 95°C for 15 min.

Expression levels of all proteins were then checked by western blotting with anti-GFP antibody.
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Figure 7. Analysis of ROS production and MAPK activation mediated by SOBIR1 and its mutant variants using transient expression
assays in N. benthamiana

(A and B) flg22-induced ROS burst in N. benthamiana expressing SOBIR1 and its mutant variants. AtSOBIR1 and all mutant variants were transiently
expressed in leaves of N. benthamiana by agroinfiltration. After 2 days, oxidative burst and MAPK activation were induced by treatment with 300 nM flg22.
ROS production over time was measured by a luminol-based assay after flg22 treatment (A). flg22-induced MAPK activation was measured by
immunoblotting with anti-ERK 15 min after flg22 treatment (B). Error bars, +SD of six replicates. Wild-type represents N. benthamiana without SOBIR1
expression and was used as a negative control. The actin level was used as the loading control. All experiments were performed in triplicate with similar
results.

(C) Model of SOBIR1-KD stepwise activation. Inactive SOBIR1 is not phosphorylated. The B3-aC loop is disordered and the Lys-Glu salt bridge is broken
because of the outward-facing aC helix (zC-out). The activation segment uniquely forms three helices without any phosphorylated sites (left). Ligand
recognition induces conformational changes to SOBIR1, leading to SOBIR1 autophosphorylation. In addition, Thr390 and Ser394 in the BC-aC loop and
Thr529 in the activation segment are phosphorylated during this process, and SOBIR1 is partially active (middle). BAK1 or other kinases then trans-
phosphorylate SOBIR1 at Thr519, Thr522, Thr523, and Ser524 to fully activate SOBIR1. During the activation, these phosphorylation events re-position
the helices within the activation segment and enable the «.C helix to swing inward toward the ATP-binding site (right). Finally, the SOBIR1-KD adopts a fully
active conformation. Specifically, the activation segment is extended with phosphorylated sites to provide a platform for protein substrate binding and the
induction of downstream signaling.

phosphorylation events involve autophosphorylation (Beenstock suggesting that AtSOBIR1 may undergo autophosphorylation via
et al., 2016; Ferrao et al., 2014; Lavoie et al., 2014; Mayo et al., an intermolecular mechanism (van der Burgh et al., 2019).
2019; Steichen et al., 2012). AtSOBIR1 is able to constitutively Consistent with this notion, the biochemical data presented
form homodimers independent of its kinase activity in planta, here confirm that AtSOBIR1 trans-autophosphorylates in vitro.
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However, western blotting analysis showed that the autophos-
phorylation of dSOBIR1-KD was always weaker than the phos-
phorylation of wild-type SOBIR1-KD, suggesting that full activation
of SOBIR1-KD cannot be achieved by autophosphorylation alone
and may require the involvement of other kinases (Figure 1D). In
many RLP/SOBIR1-mediated signaling pathways, BAK1 and other
SERK family members are also required (Albert et al., 2015; Albert
et al., 2019; Liebrand et al., 2014; Postma et al., 2016; van der
Burgh et al., 2019; Wu et al., 2019). For example, during RLP Cf-
4-mediated immunity, transient overexpression of the AtBAK1 var-
iants AtBAK1°4%8Y and AtBAK1P41®N which contain mutations in
the BAK1-KD, impaired AtSOBIR1 activity, suggesting that
SOBIR1 functions depend on kinase-active BAK1 (van der Burgh
et al., 2019). Interestingly, SOBIR1-KD still forms oligomers in the
presence of BAK1-KD in vitro, suggesting that ligand-induced
BAK1 recruitment may have little effect on the formation of SOBIR1
oligomers (Figure 5A). On the other hand, our study verified the
reciprocal phosphorylation between SOBIR1 and BAK1 in vitro
and further identified the reciprocal phosphorylation sites on
both kinases. Based on our results and previous studies, we
propose that SOBIR1 is activated via autophosphorylation and
sequential transphosphorylation by BAK1 (Figure 7C). In the
absence of ligands, SOBIR1 forms hetero-multimers with RLPs
through the GxxxG dimerization motif in the TM domain. The cyto-
plasmic KD adopts an Src-like inactive conformation, and the acti-
vation segment forms impact helices without any phosphorylation.
The perception of ligands induces conformational changes that
initiate the autophosphorylation of SOBIR1. Specifically, Thr390
and Ser394 in the B3-a.C loop and Thr529 in the activation segment
are phosphorylated during this process. Then the low phosphory-
lation status of SOBIR1 that has limited kinase activity recruits
BAK1 and possibly also other kinases to form complexes in which
reciprocal phosphorylation occurs, resulting in a fully activated
SOBIR1. These phosphorylation events re-position the helices of
the activation segment and enable the «C helix to swing inward to-
ward the active site. Finally, the fully phosphorylated SOBIR1-KD
adopts an active conformation in which the activation segment is
extended to provide a platform for protein substrate binding and
the induction of downstream signaling.

Eukaryotic protein kinases operate in a large number of distinct
signaling pathways, where the tight regulation of their activation
and inactivation are crucial to both normal cellular functions and
abnormal phenotypes (Johnson et al., 1996; Huse and Kuriyan,
2002; Kornev et al.,, 2006; Rabiller et al., 2010; Beenstock
et al.,, 2016). Kinases are usually kept off, and the acquisition
of catalytic activity is often buried under multiple layers of
control. It is necessary to understand both the active and the
inactive states to unravel the phosphorylation-dependent regu-
lation mechanism of protein kinases. Many kinase structures
have now been solved, suggesting that the overall protein kinase
fold is extremely well conserved. However, protein kinases are
highly dynamic molecules that undergo large conformational
changes within the active site when toggling between active
and inactive states. It is worth noting that all active kinases
converge to a relatively conserved conformation and possess
conserved structural features, including DFG-in and oC-
in configurations, assembled hydrophobic R- and C-spines,
and similar conformations of the activation segment (Kornev
et al., 2006, 2008). By contrast, the conformations of inactive
kinases can vary significantly, as they are not subject to the
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chemical constraints that the active states must satisfy. Until
recently, the structures of important plant RLKs such as BRI1
and BAK1 were all determined in their active conformations,
which can be regarded as prototypes to illustrate SOBIR1
structure following activation (Gao et al., 2012; Bojar et al,
2014; Wang et al., 2014). Compared with those of other
kinases, the unique sequential and structural features of
inactive SOBIR1 revealed that the regulation of its activation
may depend on phosphorylation of the (3-aC loop and the
activation segment, which probably results in a switch from
aC-out to aC-in conformations and an extended open
activation loop. Hence, the structure of the kinase-dead
version of SOBIR1 may deepen our understanding of the
ligand-free inactive state of this important kinase and provide
a basis for studying the phosphorylation-dependent regulation
of SOBIR1 activity.

Unphosphorylated SOBIR1-KD adopts the Src-like inactive
conformation observed in the structures of several mammalian ki-
nases, including Src and IRAK4 (Wang et al., 2019; Xu et al., 1999).
Similar to the AMP-PNP-bound inactive IRAK4 structures, the non-
hydrolyzable ATP analog AMP-PNP in our structures adopts a
catalytically incompetent configuration (Wang et al., 2019). A
comparison between unphosphorylated SOBIR1-KD and Src-
like inactive kinases revealed a common outward-facing «C helix
(C-out) and side-chain movement of the Asp507 residue toward
the single Mg?* ion (DFG-in) (Figure 2C and 2D). The
conformation of Src-like inactive kinases is stabilized by
conserved interaction networks. For example, in the structure of
inactive Src kinase complexed with AMP-PNP (PDB: 2SRC), salt
bridges are formed between Lys295 in 3 and Asp404 in the
DFG motif, Glu310 in «C and Arg409 in the activation segment,
and Asp386 in the HRD motif and Asn391 at the loop before 7
(Xu et al., 1999). Similarly, Asp489 interacts with Asn494, and the
interaction between these residues is maintained even though
Asp489 in the HRD motif is replaced by Ala in our structure
(Supplemental Figure 3B). In our structural analysis, this
interaction was confirmed to help stabilize the inactive
conformation of SOBIR1-KD. The side chains of the corresponding
residues Lys377 and Lys512 are not built in the SOBIR1-KDP48%A
structure because the resolution is too low (Supplemental
Figure 3A and 3C). To the best of our knowledge, almost all
resolved plant receptor kinase CDs (e.g., BRI1 and BAK1) are in
the active conformation (i.e., aC-in and DFG-in) (Yan et al., 2012;
Bojar et al., 2014; Wang et al., 2014). Unlike our inactive
structures, the activation loops in BRI1 and BAK1 adopt
extended configurations and possess multiple phosphorylated
residues (Yan et al., 2012; Bojar et al., 2014; Wang et al., 2014).
The Src-like kinases have a conserved basic residue at the third
position after the DFG motif, and this residue is thought to interact
with the Glu in the aC helix to stabilize the inactive conformation
(Roskoski, 2015; Wang et al., 2019). Similarly, BRI1 and BAK1
also possess a basic residue (Arg1032 in BR1 and Lys439 in
BAK1) (Supplemental Figure 2). Thus, we speculate that they
also adopt an Src-like conformation in their inactive states.

In contrast to other reported structures, the activation segments
in our structures adopted an unusual architecture comprising
three helices (AH1, AH2, and AH3) (Figure 3C). Of these helices,
AH1 is conserved in the Src-like inactive conformational kinases
but is converted to a B sheet in the active structure of BRI1-CD
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(Bojar et al., 2014). In addition, AH2 adopts an unusual helical
architecture with four potential phospho-residues followed by
Thr529 in the conserved P+1 pocket, which is important for sub-
strate recognition and forms a part of AH3. None of these active
sites is fully formed in SOBIR1-KD. The activation segment heli-
ces occlude the substrate-binding sites and are stabilized by
the interaction networks formed by the potential phospho-
residues (Thr519, Thr522, Ser524, and Thr529) and other inter-
acting residues (Lys419, Asp516, Val518, His520, and Tyr532)
(Figure 3C-3E). Among the plant RLKs, Ser524 is conserved in
SOBIR1 orthologs. The corresponding site (Ser346) also exists
in the mammalian IRAK4 activation loop but contributes little to
maintain the active conformation of phosphorylated IRAK4-KD
(Ferrao et al., 2014). In the active BRI1, the corresponding site
(Ser1044) is phosphorylated and inserted into the positively
charged phosphate-binding pocket formed by Arg922,
Arg1008, and Arg1032 (Wang et al., 2014). In the BAK1 crystal
structure, this phosphate-binding pocket formed by positively
charged Arg415, Lys439, and Arg453 is associated with the
phosphate group of Thr450, which corresponds to Thr523 in
SOBIR1 (Yan et al., 2012). In the SOBIR1-KD structure, the elec-
trostatic potentials indicate that there is no positively charged
pocket surrounding potential phospho-residues, probably
because of the inactive conformation and the helical activation
segment. Sequence alignments revealed that two corresponding
sites in SOBIR1 are conserved basic residues (Arg488 in the HRD
motif and Lys512 in the activation segment) (Supplemental
Figure 2), implying that SOBIR1-KD probably forms a positively
charged pocket to stabilize the phosphate group in the active
conformation. The Thr529 residue is locked by the Lys491-
Ser524-Tyr532 network, whereas the corresponding phosphory-
lated Thr455 in BAK1 interacts with Gly457, His458, and Lys418
through its phosphate group in the active conformation to further
stabilize the activation segment and enhance kinase activity (Yan
et al., 2012). Interestingly, the corresponding Thr1049 in BRI1 is
not phosphorylated in the active conformation, but it is
phosphorylated in planta, suggesting that phosphorylation/
dephosphorylation of this site may control the substrate
specificity of RLKs (Wang et al., 2008; Bojar et al., 2014). These
structural features stabilize the inactive conformation, and the
phosphorylation of these potential phospho-residues may pro-
mote the formation of a catalytically active structure and thus
activate SOBIR1.

In this study, the B3-aC loop was shown to be important for
SOBIR1 activation, a feature unique among known plant RLKs.
Sequence alignment analysis showed that the 33-a.C loop is longer
than those in other RLKs but is conserved among SOBIR1 ortho-
logs from various plant species. In some mammalian kinases,
the B3-aC loop is a crucial determinant of basal kinase activity.
For example, in BRAF, EGFR, and HER2, shortening the B3-aC
loop activated these kinases to induce cancers; this activation
may be due to the aC helix favoring the aC-in conformation
(Foster et al., 2016). However, compared with other family
members, ERK1/2 has a relatively short 3-aC loop, resulting in
limited autophosphorylation. Accordingly, the activation of
ERK1/2 relies on the MEK kinase as an upstream activator (Sang
et al,, 2019). Inserting an amino acid in the loop of ERK1/2
resulted in full autoactivation in the absence of MEK. In addition,
the intramolecular binding between the B3-2C loop residue
Ala228 and the hydrophobic pocket of the SH2 domain in Csk is

Regulatory mechanism of SOBIR1 kinase activity

essential for protein activation (Mikkola and Gahmberg, 2010).
These observations suggest that the 3-oC loop has an essential
role in the regulation of kinase activity. We determined that
Thr390 and Ser394 in the B3-aC loop are essential for SOBIR1
autophosphorylation (Figure 4D and 4E). In addition, functional
studies also revealed that phosphorylation of both Thr390 and
Ser394 is important for SOBIR1 activity (Figure 6A and
Supplemental Figure 9), suggesting that the autophosphorylation
of SOBIR1-KD may be the first step in SOBIR1 activation.
Thr390 in SOBIR1 is conserved in BAK1 but is replaced by a Ser
in BRI1, whereas Ser394 is replaced by the phospho-mimicking
residues Asp in BAK1 and Glu in BRI1 (Figure 4A).

Sequence alignments and structural comparisons among
SOBIR1-KD, BRI1-CD, and BAK1-CD suggested that their regu-
latory mechanisms of kinase activation may differ significantly.
For example, Thr872 and Thr880 in BRI1, which correspond to
Thr278 and Ser286 in BAK1, are highly conserved among Arabi-
dopsis LRR-RLKs. Previous studies have shown that phosphory-
lation of these residues adversely affects the activity of BAK1 and
BRI1 (Wang et al., 2005, 2008). Notably, the corresponding
residues in SOBIR1 are Glu336 and Glu344, which generally
mimic phosphorylation (Supplemental Figure 2). Sequence
alignments also revealed that the Tyr463 in BAK1 and the
Tyr1057 in BRI1 are conserved, but they are replaced by
Phe537 in SOBIR1 (Supplemental Figure 2). Tyr463 in BAK1 is
essential for the catalytic activity of the enzyme, and the
substitution of this residue by Phe substantially inhibited
phosphorylation (Oh et al., 2010). Therefore, the regulatory
mechanism of SOBIR1 and the means by which it activates
plant immunity may differ significantly from those of the well-
studied BAK1, thus offering new mechanistic insights into
phosphorylation-dependent RLK activation.

In summary, we propose a model for phosphorylation-dependent
SOBIR1-KD activation in which SOBIR1-KD is autophosphory-
lated via an intermolecular mechanism, then transphosphorylated
by activated BAK1. Our structural and functional studies deter-
mined that Thr529 in the activation segment and the 3-a.C loop
are indispensable for the activation of SOBIR1. Our data may be
useful for further elucidating the regulatory mechanisms of
SOBIR1 and clarifying how SOBIR-type regulators contribute to
LRR-RLP-mediated cell death and signaling pathways associ-
ated with immunity. In the future, it will be interesting to determine
the mechanism by which the p3-a.C loop and activation segment
stabilize the active conformation of SOBIR1-KD and to further
investigate how RLPs trigger the activation of SOBIR1.

METHODS

Cloning, expression, and purification

The coding sequences of SOBIR1-KD (residues 326-641) and BAK1-CD
(residues 255-615) were amplified from A. thaliana cDNA. The SOBIR1-
KD coding sequence was cloned into the pET15b vector (Novagen, Teme-
cula, CA, USA) for the production of a fusion protein with an N-terminal
Hisg-tag or into a modified pGEX-6P-1 vector (Novagen, Temecula, CA,
USA,) for the production of a fusion protein with an N-terminal GST-tag.
The BAK1-CD coding sequence was cloned into the pGEX-6P-1 vector.
All mutations in SOBIR1-KD and BAK1-CD were generated by the stan-
dard Quickchange PCR procedure and verified by DNA sequencing. All
proteins were overexpressed in Escherichia coli BL21(DE3) cells (Trans-
Gen Biotech, Beijing, China) for 14 h at 20°C and then purified at 4°C by
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affinity chromatography with Ni-NTA (Qiagen, Hilden, Germany) and GST
(Qiagen) columns, followed by ion-exchange chromatography (Source
15Q, GE Healthcare Life Sciences, Issaquah, WA, USA). Proteins were
further concentrated and subjected to gel filtration chromatography
(Superdex 200 HR 10/30 column, GE Healthcare Life Sciences). They
were eluted in a buffer containing 10 mM Tris-HCI (pH 8.0), 150 mM
NaCl, and 2 mM dithiothreitol (DTT). The purified proteins were stored at
—80°C. The proteins for the kinase assays were supplemented with
20% (v/v) glycerol. Protein concentrations were determined with a spec-
trophotometer (SpectraMax 190, Molecular Devices) and the theoretical
molar extinction coefficients at 280 nm (Gill and von Hippel, 1989).

SEC

The homogeneity of wild-type SOBIR1-KD, dephosphorylated SOBIR1-
KD, and mutated SOBIR1-KD¥*"’R SOBIR1-KDP*®°4, and SOBIR1-
KDP®°" were evaluated by gel filtration using a Superdex 200 column
that was pre-equilibrated with a buffer comprising 10 mM Tris-HCI (pH
8.0), 150 mM NaCl, and 2 mM DTT. Specifically, 1-ml aliquots (approxi-
mately 20 uM) of the isolated proteins were loaded onto the column sequen-
tially and then monitored based on the absorbance at 280 nm, with an
elution flow rate of 0.5 ml min~". SOBIR1-KD, SOBIR1-KD*384%" ' anqd
SOBIR1-KD®® were analyzed similarly. All proteins were diluted to 2 uM
and then mixed with 2x loading buffer (v/v) (100 mM Tris-HCI [pH 6.8],
4% SDS, 20% glycerol, 200 mM DTT, and 0.1% bromophenol blue), boiled
at 95°C for 5 min, and then analyzed by western blotting with an anti-
phospho-Thr antibody to assess the phosphorylation state of each protein.

Kinase assays and western blotting

PP2Ca-dephosphorylated SOBIR1-KD was generated by incubating
20 pM wild-type SOBIR1-KD and 2 uM GST-PP2Cua. in kinase reaction
buffer (50 mM MOPS [pH 7.0], 100 mM NaCl, 10 mM MgCl,, and
0.2 mM EDTA) at 25°C for 1 h. The samples were then mixed with 2x
loading buffer (v/v), boiled at 95°C for 5 min, and analyzed by western blot-
ting with an anti-phospho-Thr antibody to assess the phosphorylation
state of each protein.

The autophosphorylation of PP2Ca-dephosphorylated SOBIR1-KD was
evaluated by incubating 1, 5, and 25 uM dephosphorylated SOBIR1-KD
in reaction buffer (50 mM MOPS [pH 7.0], 100 mM NaCl, 10 mM MgCls,
0.2 mM EDTA, and 1 mM ATP) at 25°C for 2, 5, 15, 30, 60, 240, and
420 min. All reagents were obtained from Sigma (St Louis, MO, USA).
Samples were collected at specific time points, mixed with 2x loading
buffer (v/v), and boiled at 95°C for 5 min. All samples were then analyzed
by western blotting with anti-phospho-Thr antibody.

In addition, 10 pM GST-SOBIR1-KDX®""R was incubated with 1 pM wild-
type SOBIR1-KD or its variants in the same reaction buffer at 25°C for 1
h. The phosphorylation of SOBIR1-KD¥®""R was analyzed by western blot-
ting with anti-phospho-Thr antibody.

The transphosphorylation of SOBIR1-KD by BAK1-CD was analyzed by
incubating 10 uM kinase-dead SOBIR1-KD**""R and 1 uM BAK1-CD in
the same reaction buffer at 25°C for 1 h. The reaction was terminated
by adding 2 xloading buffer (v/v) and boiling at 95°C for 5 min. The trans-
phosphorylation of BAK1-CDP*3*N by SOBIR1-KD was examined by incu-
bating 10 uM kinase-dead BAK1-CDP***N and 1 pM SOBIR1-KD in the
same reaction buffer at 25°C for 1 h. The samples were then analyzed
by western blotting with anti-phospho-Thr antibody to examine the phos-
phorylation state of each protein.

All protein samples were separated in a 12% SDS-PAGE gel and stained
with Coomassie Birilliant Blue. For western blotting, proteins were trans-
ferred to polyvinylidene fluoride membranes (Millipore, Bedford, MA,
USA), which were then immersed in a 5% BSA (prepared in TBST buffer)
blocking solution. The membranes were incubated with anti-phospho-Thr
antibody (1:5000; Cell Signaling Technology, Beverly, MA, USA) at 4°C for
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12 h, and then they were incubated with a peroxidase-conjugated goat
anti-mouse antibody (1:2000; Abcam, Cambridge, UK) at room tempera-
ture for 1 h. Finally, the phosphorylation states of the proteins were moni-
tored with the ECL chemiluminescence blotting substrate (Millipore).

ATPase activity

The ATPase activity of SOBIR1-KD was measured with a spectrophotom-
eter, using ATP as the substrate. The assay, which coupled the production
of ADP to the oxidation of NADH (Roskoski, 1983), was performed by
adding 50 nM SOBIR1-KD to 1.8 ml of reaction solution (50 mM MOPS
[pH 7.0], 100 mM NaCl, 10 mM MgCl,, 0.2 mM EDTA, 0.2 mM NADH,
1.0 mM phosphoenolpyruvate, 15 units mi~" pyruvate kinase, 20 units
mi~" lactate dehydrogenase, and different amounts of ATP) and incu-
bating at 25°C for 5 min. The reaction was monitored continuously at
340 nm with a Lambda 45 spectrophotometer (PerkinElmer Life Sciences,
Boston, MA, USA). The formation of ADP was measured based on an
extinction coefficient of 6220 cm~' M~ for NADH, and the initial reaction
rates were determined according to the linear slope of the progress
curves. The kot and K, values were determined with the Michaelis-
Menten equation and a nonlinear regression analysis program.

Crystallization, X-ray diffraction, data collection, and structural
characterization

Both SOBIR1-KDP*%%A (6 mg mI~") and SOBIR1-KD*38%-4%" (@ mg mI~") were
incubated with 1 mM AMP-PNP and 10 mM MgCl, ata 10:1 molarratio onice
for 1 h and then subjected to crystallization trials. Crystals were grown ac-
cording to the hanging drop vapor diffusion method. Specifically, the pro-
teins were mixed with an equal volume of crystallization buffer at 20°C.
The SOBIR1-KDP*#9A-AMP-PNP-Mg?* crystals were obtained from crystal-
lization buffer containing 0.1 M Bis-tris propane (pH 8.15), 18% PEG 8000,
3% MPD, and 8% glycerol. The SOBIR1-KD*38-40T_AMP-PNP-Mg?* crys-
tals were obtained from crystallization buffer containing 0.1 M Hepes (pH 7.0)
and 20% PEG 8000. All reagents were purchased from Hampton Research
(Aliso Viejo, CA). The crystals were instantaneously frozen in liquid nitrogen.
The diffraction datasets for SOBIR1-KDP*%%* and SOBIR1-KD*%%4" were
collected at beamlines 19U and 17U, respectively, at the Shanghai Synchro-
tron Radiation Facility (Shanghai, China) and then processed with HKL-2000
(Otwinowski and Minor, 1997). The SOBIR1-KDP*®A structure was solved
by molecular replacement using Phaser (McCoy et al., 2007), with the
BRI1 KD (PDB: 5LPY) structure as the search model for SOBIR1-KDP48%
and SOBIR1-KDP#%%4 as the search model for SOBIR1-KD*38°-40", phenix
(Adams et al., 2010) and Coot (Emsley et al., 2010) were used for the
standard refinement. The structure validation was completed with
MolProbity (Williams et al., 2018). The data processing and refinement
statistics are summarized in Supplemental Table 1. Al structures
visualized in this article were prepared with PyMOL (http://www.pymol.org).

In-gel protein digestion and peptide recovery

The wild-type SOBIR1-KD analyzed by LC-MS/MS was expressed in
E. coli and purified as described above. PP2Ca-dephosphorylated SO-
BIR1-KD was generated by incubating 10 uM SOBIR1-KD and 1 uM
GST-PP2Ca in kinase reaction buffer at 25°C for 1 h. The mixture
was then loaded onto GST-NTA columns, and dSOBIR1-KD was
eluted. Autophosphorylated SOBIR1-KD was generated by incubating
10 uM dSOBIR1-KD with 1 mM ATP and 10 mM Mg?* at 25°C for 3 h.
BAK1-phosphorylated SOBIR1-KD was generated by incubating
10 uM dSOBIR1-KD and 1 uM GST-BAK1-CD in kinase reaction buffer
at 25°C for 1 h.

After proteins were separated by SDS-PAGE, the stained protein bands
were digested after overnight incubation in 50 mM NH4HCOg/acetonitrile
(1:1, v/v). Samples were treated with 75% acetonitrile and equilibrated in
20 mM ammonium bicarbonate. Acetonitrile was added after removing
the liquid, and protein bands were dehydrated until they turned completely
white; they were then placed in a vacuum. Protein bands were reduced with
10mM DTT at 56°C for 1 h, then alkylated in 55 mM iodoacetamide at room
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temperature for 1 h in the dark. After removing the liquid, acetonitrile was
added to dehydrate the protein samples, which were then digested with
trypsin (1 pg pl~" in 20 MM ammonium carbonate, pH 8.9). The ammonium
carbonate buffer was added until the protein bands returned to their original
size. The trypsin digestion was completed overnight at 37°C. The resulting
peptides were recovered by two extractions (20 min each) with 100 pl of
60% acetonitrile acid. Once successful extraction of very hydrophobic pep-
tides was achieved, a third extraction buffer containing 60% acetonitrile and
0.1% formic acid was added to resuspend the extracts, which were then
concentrated. Each extraction was finally resuspended in 2% acetonitrile
containing 0.1% formic acid and then centrifuged at 20,000 g for 15 min.

Determination of in vitro phosphorylation sites by LC-MS/MS
analysis

The Acclaim PepMap C18-reversed-phase column (75 um x 2 cm, 3 um,
100 A; Thermo Fisher Scientific, San Jose, CA) and the reversed-phase
C18 column (75 pm x 10 cm, 5 um, 300 Z\; Agela Technologies, Tianjin,
China) were used to separate peptides via gradient elution at a flow rate
of 400 nl min~". The peptides were then analyzed with the Q-Exactive
MS system (Thermo Fisher Scientific) with the following settings: positive
ion mode; data-dependent manner with a full MS scan from 350-2000 m/
z; full scan resolution at 70 000; and MS/MS scan resolution at 17 500. The
minimum signal threshold value for the MS/MS scanning was 1E+5, with
an isolation width of 2 Da. To analyze the labeled samples, high-energy
collision dissociation was employed in two MS/MS acquisition
modes with normalized collision energies of 20% and 28%.

Analysis of LC-MS/MS data

Peptides were identified and quantified with Mascot software (version
2.3.01) using The Arabidopsis Information Resource (TAIR) database
search algorithm and the integrated false discovery rate analysis function.
These data were used to screen the TAIR10_pep_20101214 protein
sequence database (35 386 sequences; 14 482 855 residues).

Plant growth and transient expression

N. benthamiana was grown under 16 h of light at 25°C and 8 h of darkness
at 21°C in 75% relative humidity. The AtSOBIR1 coding sequence was
cloned into the pROK2-eGFP vector to generate a 35S promoter-driven
construct and verified by DNA sequencing. All mutations of AtSOBIR1
were generated by the standard Quickchange PCR procedure, and the
primers used for gene cloning are shown in Supplemental Table 3.
Agrobacterium tumefaciens infiltrations were performed as previously
described (Van der Hoorn et al., 2000) with appropriate modification. All
binary vectors were transformed into A. tumefaciens strain C58C1 and
grown in LB medium with appropriate antibiotics (20 mg/L rifampicin and
50 mg/L kanamycin), then shaken (200 rpm) at 28°C for about 12-14 h.
After the optical density at 600 nm (ODgqo) value reached 0.6-0.8, the
cultures were centrifuged at 4000 g for 10 min at room temperature and
then resuspended in MES buffer (10 mM MES-KOH [pH 5.6], 10 mM
MgCl,, and 100 uM acetosyringone) to a final optical density of 1. All
constructs were infiltrated into 4-week-old N. benthamiana leaves, and
samples were collected 7 d after agroinfiltration for phenotype analysis.
SOBIR1- and mutant-induced cell death phenotypes in N. benthamiana
were detected by trypan blue staining, which was performed as described
previously (Fernandez-Bautista et al., 2016).

ROS production and MAPK activation analysis

For measurement of ROS burst, leaf discs (0.125 cmz) of N. benthamiana
were incubated overnight in water in a 96-well titer plate using one leaf
disc per well. ROS produced by the leaf discs were measured by a lumi-
nol-based assay (Felix et al., 1999). Luminescence, shown as relative light
units (RLU), was measured using a Tecan Infinite M200 microplate reader
(Austria). AtSOBIR1 and all mutants were transiently expressed in leaves
of N. benthamiana by agroinfiltration. After 2 days, oxidative burst and
MAPK activation were elicited with 300 nM flg22. Samples for the
measurement of MAPK activation were harvested 15 min after flg22

Regulatory mechanism of SOBIR1 kinase activity

treatment. Detection of the phosphorylation of N. benthamiana MAPKs
was performed according to the method described by Flury et al. (2013)
with  slight modification. MAPK activation was detected by
immunoblotting using anti-ERK antibody (Rabbit mAb #4370, Cell
Signaling Technology). All experiments were performed in triplicate.

DATA AND CODE AVAILABILITY

The PDB accession numbers for the AMP-PNP-bound SOBIR1-KDP48%*
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