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2-fold difference in flg22-induced phosphorylated AtRGS1
meets expectation (Fig. 1F). When the C-terminal domain con-
taining the phosphorylation motifs was truncated (Fig. 2C) or
when Ser*?® on AtRGS1 was mutated (Fig. 2D), the 1 um flg22
did not induce internalization of AtRGS1-YFP.

flg22-induced endocytosis of AtRGS1-YFP was also impaired
in the fIs2 (Fig. 2B) and bakI-4 (Fig. 2E) mutants treated with 1
uMm flg22, indicating that FLS2/BAK1 are the co-receptors for
flg22 activation of G signaling. To confirm that AtRGS1 endo-
cytosis was still feasible in the fIs2 or bakI-4 mutants, glucose
was tested, and we found that the previously reported internal-
ization (8) occurred at 30 min in both bak1-4 (Fig. 2E) and fIs2
mutants (data not shown). The lack of a flg22-increased phos-
phorylation of AtRGS1 in bakl-4 mutants as seen in the wild
type (Fig. 2F) indicates that BAK1 is required for flg22-depen-
dent G signaling activation.

Discussion

Discrimination of signals achieved via GPCRs in animal het-
erotrimeric G signaling pathways is well understood (42, 43).
However, for plants that lack GPCRs, such clarity was missing
despite the evidence to date indicating that many different sig-
nals are coupled by the plant G protein complex to cellular
responses (2, 9, 40, 44). Our results suggest that signal specific-
ity achieved in plant cells generally occurs directly through
AtRGS]1 phosphorylation by LRR RLKs.

There are three possible mechanisms for how the phosphor-
ylation of the AtRGS1 domain alters the function of the system,
and we confirmed one. 1) Phosphorylation of AtRGS1 alters the
global conformation to its Ga substrate and by doing so is no
longer able to accelerate the intrinsic GTPase activity, and thus
Ga self-activates. We showed that this conformational change
occurs (Fig. 24). 2) flg22 directly inhibits AtRGS1 catalytic GAP
activity, although this mechanism is unlikely because flg22 acts
extracellularly yet the RGS catalytic domain is cytoplasmic. None-
theless, this mechanism remains a possibility as we have not yet
tested the GAP activity of a phosphorylated AtRGS1. 3) The adap-
tor requires AtRGS1 to be phosphorylated before it can interact
with it to commence endocytosis, similar to GPCR endocytosis
requiring their cognate adaptors, B-arrestins. To test this hypoth-
esis, we need to know the adaptor. There are no B-arrestins in
plant cells, but there are candidate arrestin-fold proteins (45) to be
tested in follow-on studies. We do not exclude the possibility that

the role of AtRGS1 phosphorylation in the G protein activation
mechanism is also required for adaptor recognition.

Given that all the LRR RLKs that are known to operate in
innate immunity either phosphorylate AtRGS1 in vitro or
genetically interact with BAK1, we speculate that BAK1/co-
receptor itself provides the discrimination of signal to G pro-
teins. A study of two BAK1 mutants suggested that varied phos-
phorylation patterns of RLK partners (BRI1, FLS2, EFR, and
BIK1) by BAK1 is the basis for selective regulation of signaling
pathways (46, 47). Thus, we speculate that phosphorylation of
different AtRGS1 residues by BAK1 in response to different
signals may drive diverse functions of heterotrimeric G pro-
teins in plant development, defense, cell death, and biotic stress
response pathways.

At present, our data do not distinguish between AtRGS1
internalization 1) being the starting point for a signal down-
stream on the endosomes by itself or along with FLS2, 2) being
part of the desensitization of LRR RLK activation, or 3) being
solely important for G protein activation as it is an inhibitor of
the complex on the membrane. If it is the former, AtRGS1
endocytosis with the different receptors in different signaling
pathways could explain the signal specificity achieved downstream
of the activation complexes formed by AtRGS1. In addition, BAK1
or the other LRR RLKs might phosphorylate AtRGS]1 at different
sites, and this might change the specificity of downstream signal-
ing or in which complex AtRGS1 would be endocytosed. These are
unresolved questions for future studies.

We do not exclude the possibility that BAK1 has other phos-
phorylation targets than AtRGS1. By precedent, the yeast G
subunit is phosphorylated by a non-receptor kinase in response
to changes in the cell cycle (48) and is also phosphorylated in
response to the limited availability of glucose (49). Also, in the
membranes of human leukemia HL-60 cells during activation
of G proteins, the GB subunit is phosphorylated (50). It is also
possible by analogy that RLKs phosphorylate other compo-
nents of the G protein complex. Recently, Liang et al. (51)
showed that BIK1, a cytoplasmic kinase, phosphorylates an
extra large isoform of the Ga subunit.

Experimental Procedures

Plant Materials—Arabidopsis Col-0 and T-DNA inser-
tion null mutants rgsi-2 (SALK_074376.55.00) (4) and fls2
(SAIL_691_C4) (53) plants were grown in soil under fluores-

FIGURE 1. Various LRR-RLKs phosphorylate AtRGS1. A, in vitro kinase reactions with 70 LRR RLKs (Mitra et al. (22)) were performed as described under “Experimental
Procedures.” Reaction numbers are indicated in red. Shown are autoradiographs of [y->?PJATP-phosphorylated AtRGS1 and LRR RLK (top band in each lane), and the
TAIR (The Arabidopsis Information Resource) locus number of the reaction RLK is provided above the lanes. Eight independent gels are shown. The top bracket shows
the migration range of 40-60-kDa proteins, and the bottom bracket shows ~20-kDa proteins for independent gels. B, several of the LRR RLKs that phosphorylate
AtRGS1 identified in the screen shown in panel A heterodimerize with the LRR RLK BAK1 (red kinase): FLS2, BKK1, PEP1 receptor 1 (PEPR1), BIR1,and IOS1. At the left is
the G protein complex containing the GaBy subunits and AtRGS1. C, phosphorylation of AtRGS1 by BAK1. Radioactivity from y->?P was digitally quantitated by
Phosphorimager (GE/Amersham) showing in vitro phosphorylation of the AtRGS1 C-terminal domain by selected RLKs (BAK1, FLS2, BIR1, BKK1, and I0S1 individually
and with BAK1). The upper two arrows indicate the autophosphorylated LRR RLK. BIR1 and FLS2 lacked autophosphorylation activity under the conditions used here.
AtRGS1 in lane 1 is a negative control. D, full-length AtRGS1 illustration showing the 7-transmembrane (TM) helices, the RGS box domain, the Ct, and a previously
known phosphorylated Ser*?® (8). E, phospho-mapping sequence coverage. Tryptic peptides of the RGS box + C-terminal protein phosphorylated by BAK1 were
subjected to LC-MS/MS analysis. Green sequences are detected peptides from complete and partial digestion. The detected phosphorylation site (Ser*?®) is shown in
red. Sequences in black were not detected. F, fragments identified in MS used to assign the phosphate adjunct to Ser*?%. y and bions are indicated by the breaks. G, flg22
induces AtRGS1 phosphorylation in vivo. 355:AtRGS1-YFP was expressed in wild type or fis2 plants. After 100 nm flg22 treatment of 10-day-old seedlings for 5 min,
AtRGS1 phosphorylation was detected by immunoblotting with an anti-phospho-AtRGS1 antibody. The intensity of the native AtRGS1 phosphorylation bands was
quantified by ImageJ software, and the percentage of their ratio is shown. Statistics are based on three replicates. Error bars represent S.E. Inset, the largest band is
background because it is found in all samples. The second largest band recognized by the anti-phospho-AtRGS1 antibody is the AtRGS1-YFP. The arrow shows a
protein of the size of native AtRGS1 recognized by the anti-phospho-RGS1 antibody.
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FIGURE 2. Heterotrimeric G protein complex is directly activated by phosphorylation-dependent flg22 signaling. A, flg22 activates G signaling in vivo.
flg22-induced changes in AtGPA1 and AtRGS1 interaction in Nicotiana benthamiana were detected. Changes in FRET efficiency ((the fluorescence intensity of
the donor (CFP) after acceptor photobleaching (Dpost) — the fluorescence intensity of the donor before acceptor photobleaching/Dpost)) of N. benthamiana
cells expressing GPAT-CFP and AtRGS1-YFP in the presence of 100 nm (black bar) or 1 um flg22 (gray bar) were detected. A 40-min pretreatment of 100 nm
calyculin A (CalyA) was followed with a 100 nm flg22 treatment for calyculin A + 100 nm flg22 samples (white bar). Error bars represent S.E. of regions of interest
(n = 3-9).B,flg22 activates sustained G signaling in an FLS2-dependent manner. AtRGS1 internalization in hypocotyls of wild type (black line, solid circles) or fls2
(gray line, solid squares) plants expressing AtRGS1-YFP is shown over time. The inset shows an expanded time range between 0 and 10 min after flg22 addition.
Aflg22 is the negative control peptide (lower gray line indicates flat response). Error bars represent standard deviation of AtRGS1 internalization in 3-8
hypocotyl epidermal cells from two experiments. C, truncation of the phosphorylation motif on AtRGS1 abrogates flg22-induced internalization of AtRGS1.
Internalization of AtRGS1-YFP versus AtRGS1ACt-YFP (two transgenic lines #15-4 and 22-6, solid and dashed gray lines) in response to 1 um flg22 is shown over
time. The data of the AtRGS1-YFP from panel Bwere replotted. Error bars represent standard deviation of AtRGS1 internalization in 3-8 hypocotyls. D, mutation
of Ser*?® to Ala abrogates flg22-induces AtRGS1 endocytosis. Two independent lines expressing RGS1 (5428A,5435A,5436A “AtRGS1_3SA”) mutant tagged
with YFP in the rgsT null background (#6 and #7) were tested. AtRGS1_3SA is not endocytosed by flg22, unlike the wild type protein (AtRGS1). Two time points
are shown. Error bars represent S.D. E, BAK1 is required for AtRGS1 endocytosis in response to flg22. AtRGS1 internalization in hypocotyl epidermal cells of wild
type (black bars) or bak1-4 (gray bars) plants expressing AtRGS1-YFP was measured after 10 min of 1 um flg22 or 30 min after 6% glucose addition. Error bars
represent standard deviation of AtRGS1 internalization in 3-8 hypocotyl epidermal cells. F, flg22-induced AtRGS1 phosphorylation in vivo depends on BAK1.
35S:AtRGS1-YFP was expressed in wild type or bak1-4 plants. AtRGS1 phosphorylation of 6-week-old seedlings was detected by immunoblotting with an
anti-phospho-AtRGS1 antibody upon 5 min of 100 nm flg22 treatment via infiltration with a needless syringe. (The inset shows the Western blot of one
experiment.) Phosphorylated AtRGS1-YFP is recognized by an anti-phospho-RGS1 antibody described by Urano et al. (8). The intensity of the AtRGS1 phos-
phorylation bands from replicated experiments was quantified by Adobe Photoshop, and the average gray mean values of bands detected in two biological
replicates were plotted with the S.E. Values between control and treatment or mutant groups were statistically examined by the Student’s t test. ¥, **, or ***
represent differences from the control groups at the p values of 0.05, 0.01, or 0.001, respectively.

cent lights (12 h of light (150 microeinstein/m?>/s) and 12 h of
dark) at 23 °C.

thiogalactopyranoside at 28 °C for 4 h (A4y, 0.6 —0.8). The pellet
was suspended in 1.5 ml of extraction buffer (50 mm Tris-HCI

Protein Purification for the in Vitro Screen of AtRGSI Phos-
phorylation by RLKs—cDNAs encoding the complete cytoplas-
mic domain (juxtamembrane region, catalytic kinase domain,
and C-terminal region) for each Arabidopsis LRR RLK were
cloned into a modified pET Gateway vector for expression of
His-tagged recombinant protein in E. coli BL21 (DE3) pLysS
cells (22). After culture at 37 °C for 2 h, expression of the kinase
domains was induced in BL21 cells with 0.5 mwm isopropyl-3-
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(pH 8.0), 100 mMm NaCl, 1 mm MgCl,, 2 mm 2-mercaptoethanol,
1 mm PMSEF, and 1 pg/ml leupeptin). Lysozyme, Nonidet P-40,
and DNase I were then added to final concentrations of 1.25
mg/ml, 0.5%, and 25 ug/ml, respectively. The suspension was
rocked for 1 h at 4 °C, and then spun with a tabletop centrifuge
for 10 min at 4 °C. The supernatant was mixed with 50 ul of
TALON and 50 ul of extraction buffer including 20 mm imid-
azole. The solution was placed on a tumbling table at 4 °C over-
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night. The tubes were centrifuged to pellet the TALON resin,
which was transferred to a mini spin column. The resin was
washed with wash buffer (50 mm Tris-HCI (pH 8.0), 500 mMm
NaCl, 2 mm imidazole, 1 mm MgCl,, 2 mm 2-mercaptoethanol,
and 1 mMm PMSF). Kinase proteins were eluted with 200 ul of
elution buffer (25 mm Tris-HCI (pH 8.0), 250 mMm NaCl, 1 m
imidazole, 0.5 mm MgCl,, 1 mm DTT, and 1 mm PMSF). SDS-
PAGE was used to determine protein purity. The eluted solu-
tion was dialyzed with dialysis buffer (10 mm Tris-HCI (pH 7.5),
20 mM NaCl, 1 mm DTT, and 1 mm PMSF). 200 ul of kinase
solution was then mixed with 100 ul of 50% glycerol in elution
buffer, and then flash-frozen using liquid nitrogen. Protein
concentrations were determined with the Bradford assay.
The His,-tagged RGS1 cytoplasmic region was prepared as
described (8).

In Vitro Phosphorylation Assay—Purified kinase protein was
mixed with Hisg-tagged AtRGS1 C-terminal domain (His,-
RGS box + Ct, residues from 284 to 459) protein in 25 ul of
reaction buffer (50 mm Tris-HCI (pH 7.5), 10 mm MgCl,, 10 mm
MnCl,, 1 mm DTT, 1 pg/ml leupeptin, 0.1 uMm calyculin A, and
50 um ATP (including 2 uCi of radiolabeled [y-**P]ATP at
3,000 Ci/mmol)), and then incubated at room temperature for
8.5 h. Approximately 1 ug of kinase domain and 2.7 ug of His,-
RGS-box + Ct were added into each reaction. The reaction was
stopped by adding 10 ul of 5X Laemmli sample buffer. The
kinase and His,-RGS + Ct proteins were separated on an SDS-
PAGE gel, and the radiolabeled phosphate transferred on pro-
teins was visualized with the phospho-image analyzer.

In Vivo AtRGS1 Phosphorylation Assays—To examine the
phosphorylation of AtRGS1 in Arabidopsis plants, ~200 wild
type and fIs2 seedlings expressing 35S:AtRGS1-YFP and rgsi-2
mutants were grown at continuous dim light (30 —50 microein-
steins/m?/s) at 22 °C for 10 days, and then they were treated
with 0 or 100 n™ flg22 for 5 min. For bakI-4-related phosphor-
ylation experiments, the leaves of 6-week-old plants expressing
35S:AtRGS1-YFP grown in soil under fluorescent lights (12 h
of light (150 microeinsteins/m?>/s) and 12 h of dark) at 23 °C
were infiltrated with water or 100 nm flg22 before harvest.
Whole tissue for seedlings and leaf tissue for 6-week-old plants
were harvested and ground in liquid nitrogen. Total plant crude
extracts were prepared with 10 ml of grinding buffer (50 mm
Tris-HCI (pH 8.0), 150 mm NaCl, 10 mm EDTA, 1 mm PMSF, 2
mwm DTT, and 1X plant protease inhibitor cocktail (Sigma-Al-
drich)). The lysates were centrifuged at 12,000 X g for 15 min at
4°C after cell debris was removed from the homogenate by
filtration through one-layered Miracloth (Calbiochem). Super-
natants were collected, and then the concentration was deter-
mined with the Bio-Rad Bradford quantification. The superna-
tant was recovered and centrifuged at 100,000 X g for 30 min at
4 °C. The membrane fraction was suspended in buffer contain-
ing 50 mm Tris-HCI (pH 8.0), 150 mm NaCl, 10 mm EDTA, 1
mM PMSF, 2 mm DTT, and 1% ASB-14 or 1% DDM.

Protein extracts were electrophoresed through 10% SDS-
PAGE, followed by immunoblot analysis (4 °C overnight
incubation using a 1:2000 dilution of purified anti-phospho-
AtRGS1 directed against amino acids 424 —440: CKEGY-pS-
FSSPRL-pS-pS-VQGS (pS; phosphorylated serine; YenZym
Antibodies) antibody described in Ref. (8) in 1X TBST buffer
SASBMB

JULY 1,2016+VOLUME 291 +-NUMBER 27

(50 mMm Tris-Cl, pH 7.6; 150 mMm NaCl, and 2.5% Tween 20)).
Blots were reacted with peroxidase conjugated to IgG fraction
of monoclonal mouse light chain-specific anti-rabbit at a dilu-
tion of 1:10,000 (Jackson ImmunoResearch) in 2.5% milk dis-
solved in 1X TBST buffer and then detected by ECL or ECL
Plus, following the manufacturer’s guidance (GE Healthcare,
Amersham Biosciences). For semi-quantification of phosphor-
ylation, we normalized signal intensity of the related bands to
total protein loading (assessed by staining of membranes using
Coomassie Blue and Ponceau stains).

Identification of Phosphorylation Site by Mass Spec-
trometry—The AtRGS1 protein (RGS box + Ct) was purified
and phosphorylated in vitro using BAK1 kinase as described
above. The kinase reactions were loaded on a 12% SDS-poly-
acrylamide gel and visualized using Coomassie Blue staining.
The corresponding bands in the gel were manually excised and
subjected to in-gel trypsin digestion. Phosphorylated peptides
were enriched using a titanium dioxide (TiO,) column, and
MS3 spectra of phosphorylation sites were recorded on an
LTQ-Orbitrap XL (Thermo Scientific) and Q Exactive HF mass
spectrometer (Thermo Scientific) as described earlier (54).
Both phosphopeptide-enriched and non-phosphopeptide frac-
tions (flow-through) were analyzed by mass spectrometry. Raw
spectra were processed using the Proteome Discoverer soft-
ware, and the identities of peptide and protein, as well as the
phosphorylation sites, were mapped.

G Protein Activation Assays—Stable Arabidopsis lines
expressing AtRGS1-YFP and AtGPA1 with CFP inserted in a
plant-specific loop at amino acid 97 (40) were used for the
Forster resonance energy transfer (FRET acceptor photo-
bleaching-based assay essentially as described by Ref. 52).
Briefly, 514 and 458 nm argon lasers were tuned to excite YFP
(acceptor) and CFP (donor), respectively. Acceptor and donor
channel emissions were detected within the ranges of 516 —-596
and 460 -517 nm, respectively Regions of interest were scanned
five times each using a 514 nm argon laser line at 100% intensity
with a pinhole diameter set to 1.00 airy unit so that the acceptor
was photobleached to ~20-50% of its initial value.

Internalization assays were performed according to Fu et al.
(7). Briefly, wild type, fIs2, or bakI-4 plants transformed with
AtRGS1-YFP, AtRGS1-3SA-YFP (in which the known phos-
phorylation sites (Ser**® and Ser**®/Ser**) located in the C-ter-
minal tail of AtRGS1 were mutated), or AtRGS1ACt-YFP were
grown in liquid half-strength MS medium for 4—6 days in the
dark. Hypocotyl epidermal cells located 2—4 mm below the
cotyledons of seedlings treated with water, flg22, Aflg22, or 6%
glucose were imaged with a Zeiss LSM710 confocal laser scan-
ning microscope with C-Apochromat X 40/1.2 water immer-
sion objective. A 489 nm diode laser was tuned to excite YFP,
and emission was detected at 526 —563 nm by a photomultiplier
tube detector. A z stack series of ~15 multiple focal plane
images at 0.5-um steps, starting from the apical plasma mem-
brane, was taken. Images acquired about ~2-3 um below the
top layer of cells in the Z plane were used to quantify the
AtRGS1 endocytosis fraction (vesicular structures in the cyto-
plasm with YFP signal) after images were converted to 8-bit.
and a threshold was chosen for fluorescence signal using
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Image]. Regions of cells were determined based on the outlines
of cells in the corresponding bright-field image.
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