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The polymorphic proteins TgrB1 and TgrC1 function as a

ligand—receptor pair in Dictyostelium allorecognition
Shigenori Hirose', Gong Chen'2, Adam Kuspa'-?* and Gad Shaulsky?*

ABSTRACT

Allorecognition is a key factor in Dictyostelium development and
sociality. It is mediated by two polymorphic transmembrane proteins,
TgrB1 and TgrC1, which contain extracellularimmunoglobulin domains.
TgrB1 and TgrC1 are necessary and sufficient for allorecognition, and
they carry out separate albeit overlapping functions in development, but
their mechanism of action is unknown. Here, we show that TgrB1 acts as
a receptor with TgrC1 as its ligand in cooperative aggregation and
differentiation. The proteins bind each other in a sequence-specific
manner; TgrB1 exhibits a cell-autonomous function and TgrC1 acts
non-cell-autonomously. The TgrB1 cytoplasmic tail is essential for its
function and it becomes phosphorylated upon association with TgrC1.
Dominant mutations in TgrB1 activate the receptor function and confer
partial ligand independence. These roles in development and sociality
suggest that allorecognition is crucial in the integration of individual cells
into a coherent organism.

KEY WORDS: Allorecognition, Cooperative differentiation, Receptor-
ligand interaction, Dictyostelium, TgrB1, TgrC1

INTRODUCTION

Dictyostelium are soil amoebae that prey on bacteria and propagate
to generate large masses of vegetative cells. When food is scarce, the
amoebae stop replicating their chromosomes and aggregate into
multicellular structures. After 24 h, these aggregates form fruiting
bodies containing viable spores and dead stalk cells (Kessin, 2001).
The aggregative nature of development and the proximity of
genetically distinct clones in nature may lead to social conflicts,
which can be limited by allorecognition (Fortunato et al., 2003; Ho
et al., 2013; Strassmann et al., 2000).

Different strains of Dictyostelium discoideum distinguish kin
from non-kin and cooperate preferentially with related strains
(Gruenheit et al., 2017; Ostrowski et al., 2008). Allorecognition is
mediated by two membrane proteins, TgrB1 and TgrC1, which are
encoded by two adjacent genes on chromosome 3. The genes
exhibit similar developmental regulation — the mRNAs are first
observed at 4-5 h of development, peak around 9 h and decline
thereafter (Benabentos et al., 2009; Rosengarten et al., 2015). The
proteins have similar primary structures — long extracellular,
glycosylated domains that contain several IPT/TIG motifs, a
single transmembrane domain near the C-terminus, and a short
cytoplasmic tail. TgrC1 was initially described as the cell—cell
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adhesion glycoprotein gpl150 (Gao et al.,, 1992; Loomis et al.,
1983). The relationship between gpl150 and tgrC1, which was
previously named lagC, was established several years later (Wang
et al., 2000). Identification of TgrB1 (formerly named /lagB) as the
binding partner of TgrC1 resulted from genetic studies (Benabentos
et al., 2009; Hirose et al., 2011) and from biochemistry and cell
biology analyses (Chen et al., 2013, 2014). Inactivation of 7grCI
results in perturbed cAMP signaling patterns and cell aggregation
into loose aggregates, which is followed by repeated cycles of
disaggregation and reaggregation (Dynes et al., 1994; Kibler et al.,
2003; Sukumaran et al., 1998). Inactivation of fgrBI leads to
developmental attenuation at the loose aggregate stage, followed by
asynchronous progression of 10-20% of the cells into gnarled
fruiting bodies. Deletion of both genes results in a phenotype that is
nearly identical to that of the #grBI-null strain (Benabentos et al.,
2009). The TgrB1 and TgrC1 proteins are located on the plasma
membrane and they bind each other through interactions between
specific protein domains in trans, across the gap between adjacent
cells (Chen et al., 2013). Binding mediates cell—cell adhesion, but
recent studies show that TgrB1 and TgrC1 participate in signaling as
well (Hirose et al., 2015; Li et al., 2016). TgrC1 proteins form
oligomers in cis, on the surface of one cell. When they bind TgrB1
in trans, on the surface of an adjacent cell, the TgrB1 proteins also
cluster (Chen et al., 2014).

The coding regions of 7grBl and tgrCI are among the most
polymorphic in the D. discoideum genome (Benabentos et al., 2009;
Ostrowski et al., 2015). Studies of cooperative aggregation between
wild isolates of D. discoideum, collected from locations covering
much of the natural range, suggested that genetic distance is directly
proportional to the degree of segregation between the strains
(Ostrowski et al., 2008). The original study utilized polymorphic
microsatellite loci to evaluate genetic distance, but later studies
showed that the relationship between kinship and cooperation is
fully explained by the degree of sequence dissimilarity between the
tgrB1 and tgrC1 alleles of the wild strains. Moreover, these studies
showed that deletion of 7grB1 and tgrC1 from the laboratory wild-
type strain AX4 (tgrBI1 tgrCI") caused segregation from the wild
type (Benabentos et al., 2009). Subsequent studies utilized pairs of
tgrB1 and tgrC1 alleles from strains QS4, QS31, QS38 and QS45.
These were strains from the original study (Ostrowski et al., 2008)
that exhibited the highest degree of sequence difference from the
laboratory strain AX4 and from each other (Hirose et al., 2011). In
those studies, the resident alleles of 7grB1 and tgrC1 were deleted
from AX4 and replaced with matching sets of zgrB1 and tgrC1 from
one of the wild isolates (e.g. AX4 tgrBICI95* are AX4 cells in
which the resident alleles of 7zgrBI and tgrCI have been replaced
with a matching pair of alleles from the wild isolate QS4). The wild-
isolate alleles allowed these genetically engineered cells to
recognize themselves as self. They also recognized the ‘donor’
wild isolates as self and cooperated with them, and they failed to
recognize the AX4 parental strain as self. These studies indicated
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that the presence of a matching pair of tgrB1 and tgrC1 alleles is
necessary and sufficient for cooperative aggregation (Hirose et al.,
2011). Measurements of protein—protein interactions between pairs
of TgrB1 and TgrCl from four other wild isolates indicate that
segregation is inversely proportional to TgrB1-TgrCl binding
(Gruenheit et al., 2017).

Strain segregation is measured by mixing and starving differentially
labeled cells (with RFP or GFP) at known proportions. Initially, all
strain combinations co-aggregate in response to the chemoattractant
cAMP. Strains that carry compatible TgrB1-TgrCl1 pairs remain mixed
and produce aggregates and fruiting bodies that contain differentially
labeled cells at the initial mixing proportions. The behavior of strains
that carry incompatible TgrB1-TgrCl1 pairs depends on the mixing
ratio (Hirose et al., 2015; Ho and Shaulsky, 2015). If an incompatible
strain is present at 5% or more of the population, the cells clump with
their kin and segregate from the non-kin cells. At lower proportions, the
incompatible cells have a lower probability of finding matching
partners. These single incompatible cells fail to establish proper
polarization and do not participate in the cooperative circular
movement that characterizes post-aggregative cells. They also fail to
express cell-type-specific markers (e.g. ecmA-GFP, cotB-GFP), which
can be quantified by flow cytometry (Hirose et al., 2015).

The transition from unicellular to multicellular development
requires interactions between matching TgrB1 and TgrCl. Cells
that carry mismatched zgrB1 and tgrC1 alleles behave like the 7grC1-
null strain (Li et al., 2015). Genetic screens for suppressors of the
tgrBI-tgrCI1 mismatch or 7grC1 deletion suggested that TgrB1 and
TgrC1 participate in signal transduction and that allorecognition
and development are mediated by partly overlapping but distinct
pathways (Li et al., 2015, 2016; Wang and Shaulsky, 2015). Some
suppressors found by chemical mutagenesis are dominant alleles of
tgrBI (Li et al., 2016), suggesting that TgrB1 may function as a
receptor in the signal transduction pathways. We therefore
hypothesize that TgrB1 and TgrC1 function as a receptor—ligand pair.

Here, we provide experimental support for the hypothesis by
showing that expression of a compatible allele of tgrB1 but not 1grC1
allows rare, incompatible cells to cooperate with the majority.
Expressing a compatible allele of zgrC1 but not tgrB1 in the majority
cells facilitates cooperation with rare cells. We also show that binding
with compatible TgrCl in trans induces phosphorylation of the
TgrB1 cytoplasmic tail and that dominant 7grB1 alleles behave as if
the receptor activity of TgrB1 has been constitutively activated with
respect to cooperative development and differentiation.

RESULTS

Binding specificity

Compatible TgrB1 and TgrCl1 proteins bind each other specifically
in vitro (Gruenheit et al., 2017). These studies were done with
bacterially expressed proteins and did not include most of the alleles
we have employed in our studies (Benabentos et al., 2009; Hirose
et al., 2011), so we tested five pairs of #grBI and 7grC1 alleles by
purifying the extracellular domains of the proteins from a
D. discoideum expression system. We incubated 5 different TgrB1
types with five different TgrC1 types and found binding only in
matching pairs of TgrB1 and TgrC1 (Fig. S1). These results support
the receptor—ligand hypothesis because they show that the presumed
binding is indeed specific. They also validate and extend the previous
study (Gruenheit et al., 2017).

Receptor function
To test whether TgrB1 and TgrC1 function as a receptor—ligand pair
in allorecognition, we utilized two assays — cooperative aggregation

and prespore differentiation. When a few cells are mixed with many
incompatible cells, they initially co-aggregate with the majority, but
then they stop cooperating and segregate into discrete clumps (Hirose
et al., 2015). We reasoned that providing the incompatible minority
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Fig. 1. TgrB1 functions as an allotype-specific receptor. (A) Ovoids
represent cells, protrusions represent TgrB1 and TgrC1 proteins, and colors
represent allotypes: tan, AX4; red, tgrB1C12537, Black protrusions represent
extra alleles. Internal green and red ovoids represent constitutive GFP and
RFP expression, respectively. The larger, single cells on top represent the
minority and the smaller cells at the bottom represent the majority strains.
(B-D) Cooperative aggregation of mixes of 90% unlabeled AX4 cells with 5%
RFP-labeled AX4 (control) and 5% GFP-labeled test cells: tgrB1C12537 (B),
tgrB1C19S37tgrC1A%4 (C) and tgrB1C1253"tgrB1#%# (D). The spatial
distribution variance (V) is shown inside each frame. Comparisons between
the variances are shown as a dendrogram below the images with P-values
calculated from F-tests; *P<0.001. Scale bar: 0.3 mm. (E) Cooperative
differentiation with mixes of 0.2% AX4 cotB-GFP cells expressing an extra
allele of either tgrB12537 or tgrC 1953 with 99.8% unlabeled cells of different
allotypes: tan, AX4; blue, tgrB1C1%54 red, tgrB1C12S3. A full green arrow
inside the cell represents cotB-GFP expression; empty arrow indicates no
expression. We evaluated GFP fluorescence levels by flow cytometry and
plotted the results as histograms for tgrB1953" (F) and tgrC19537 (G). The
x-axes represent fluorescence intensify (arbitrary units) and the y-axes, the
number of events. Black bars inside the histograms indicate the GFP-positive
populations and the respectively colored numbers indicate the fraction (%) of
GFP-positive cells.
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cells with a compatible allorecognition receptor would allow them to
mix evenly with the majority cells (Fig. 1A). In the controls, mixing
90% unlabeled AX4 cells with 5% compatible RFP-labeled AX4
cells and 5% incompatible GFP-labeled tgrB1C195%! cells resulted in
even distribution of the compatible red cells and clumping
(segregation) of the incompatible green cells (Fig. 1B). Expression
of the AX4 allele of #grCl in the minority cells
(tgrBICI953tgrC14*) had no discernible effect on segregation
(Fig. 1C), but expression of the AX4 allele of #grB! in the minority
cells (tgrB1C1953 tgrB14%*) had a marked effect (Fig. 1D). The
green and red cells were evenly mixed, suggesting that TgrB1, but not
TgrCl1, functions as a receptor in the cooperative aggregation aspect
of allorecognition. To quantify segregation, we calculated the
variance of the red- and green-labeled cell distributions in each
image and the respective statistical differences. The results, shown as
a dendrogram below the images, support the conclusions (Fig. 1B—
D). We note that the tgrB1C1953tgrB14%* cells began to segregate
from the majority cells upon prolonged incubation (Fig. S2).

To test the cooperative differentiation aspect of allorecognition,
we measured expression of the prespore-specific marker cotB-GFP
in the minority cells. This assay requires mixing of majority and
minority cells at more extreme ratios to ensure that the minority cells
will not form small local aggregates in which they would
differentiate (Hirose et al., 2015). Because the GFP-positive cells

are rare (no more than 0.2% of the population), their presence was
quantified by flow cytometry. We mixed 99.8% unlabeled cells
with 0.2% cotB-GFP cells that were constructed to express the
resident #grB1 and tgrC1 alleles of AX4 as well as a non-matching
test allele from QS31 — either AX4 tgrB1953!cotB-GFP or AX4
tgrC1953! cotB-GFP (Hirose et al., 2011). For the majority cells, we
used two control strains and one test strain (Fig. 1E). AX4 is a
positive control that should support cotB-GFP expression in the
minority cells regardless of the additional non-matching test allele,
because all the minority cells express tgrB/ and tgrCI from AX4.
The negative control is a strain in which the resident 7grB/ and
tgrCI alleles were replaced with alleles from QS4 (tgrB1CI195%).
This strain should not support cotB-GFP expression in the minority
cells, regardless of the non-matching test allele, because its allotype
is incompatible with both AX4 and QS31 (Hirose et al., 2011). In
the test case, the majority cells are tgrBICI953!. We found that
when the minority cells carried the tgrB195% allele, they expressed
cotB-GFP when mixed with AX4 (positive control, tan), but not
with 1grB1C195% (negative control, blue). They expressed cotB-
GFP at positive control levels when mixed with tgrB1CI1953!
(Fig. 1F, red). When the minority cells expressed tgrC1953! they
only expressed cotB-GFP when mixed with AX4 (positive control,
tan), but not with either tgrB1C195 or tgrB1C195%! (Fig. 1G, blue
and red). These results suggest that TgrB1, but not TgrC1, functions

Fig. 2. TgrC1 functions as an allotype-specific
ligand. (A—E) Cooperative aggregation of mixes of 90%
unlabeled cells with 5% RFP-labeled AX4 and 5%
GFP-labeled tgrB1C12537 cells. The unlabeled
majority cells were: AX4 (B), tgrB1C12537 (C),
tgrB1C1953"tgrB14X4 (D) and tgrB1C12S37tgrC 14X4
(E). The spatial distribution variance (V) is shown inside
each frame. Comparisons between the variances are
shown as a dendrogram below the images with
P-values calculated from F-tests; *P<0.001. Scale bar:
0.2 mm. (F) Cooperative differentiation of mixes of 0.2%
AX4 cotB-GFP cells (minority, large cell on top) with
99.8% unlabeled host cells from 4 different strains as
illustrated on the right. GFP fluorescence levels were
assessed by flow cytometry results plotted as
histograms: AX4 (positive control, tan), tgrB1C12S37
(negative control, red) and tgrB1C12537 expressing an
extra allele of either tgrB12%4 (green) or tgrC 1% (blue).

The x-axis represents fluorescence intensify (arbitrary
units) and the y-axis the number of events. The black
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bar indicates the GFP-positive populations and the
respectively colored numbers indicate the fraction (%)
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as a receptor in the cooperative aggregation and differentiation
aspects of allorecognition.

Ligand function

We tested whether TgrC1 functions as a ligand using the same
system, but we expressed the test alleles in the majority cells. In the
segregation assay, we used both 5% RFP-labeled AX4 and 5%
GFP-labeled tgrB1CI1953! as the minority cells. In the controls, we
used 90% unlabeled AX4 or unlabeled tgrB1C1953 as the majority
(Fig. 2A). In these experiments, we expected the compatible
minority cells to be evenly distributed among the unlabeled
counterparts and the incompatible minority cells to segregate and
become clumped. Indeed, we found that the GFP-labeled
tgrBICI953! were clumped when mixed with a majority of
unlabeled AX4 cells, whereas the compatible minority RFP-
labeled AX4 cells were evenly dispersed (Fig. 2B). The findings
were reversed when the majority cells were tgrB1C19537 (Fig. 2C).
In the test mixes, we used either tgrBICI1953/tgrBI*** or
tgrBI1C1953 tgrC14%* as the majority (Fig. 2A). We expected the
GFP-labeled tgrB1C1953 cells to be evenly dispersed in either mix,
because they share the majority allotype, and this was indeed the
case (Fig. 2D,E). We predicted that the RFP-labeled AX4 cells
would be clumped when mixed with a majority of cells carrying the
AX4-type receptor, but evenly dispersed among the cells carrying
the AX4-type ligand. We found that when the majority cells were
tgrB1C1953 tgrB14%*, the RFP-labeled AX4 cells were clumped
(Fig. 2D), suggesting that TgrB1 does not function as a ligand.
When the majority cells were tgrB1CI195!tgrC14%*, the RFP-
labeled AX4 cells were evenly dispersed (Fig. 2E), suggesting that
TgrCl1 functions as a ligand. Quantitative analysis of distribution
variances shows that the two control experiments (Fig. 2B,C) and
the tgrB1C1953! tgrB14%* experiment (Fig. 2D) were similar to one
another and the tgrB1CI1953/tgrC14%* experiment (Fig. 2E) was
significantly different. These results are shown as a dendrogram
below the images (Fig. 2B-E).

We also tested whether TgrC1 functions as a ligand in the
cooperative differentiation aspect of allorecognition. In this case,
the 0.2% minority cotB-GFP-carrying cells were AX4. The
majority cells were the same four strains described in
Fig. 2A. The flow cytometry data in Fig. 2F show that cotB-GFP
was expressed in the positive control mix with AX4 (tan) and was
nearly undetectable in the negative control mix with tgrB1C195%!
(red). Expression was also nearly undetectable in the mix with
tgrB1C1953 tgrB1#X* (green), but evident in the mix with
tgrBICI9S tgrC14%* (blue, Fig. 2F). These results further
support the hypothesis that TgrC1 functions as a ligand and
TgrB1 does not.

The role of the TgrB1 cytoplasmic domain

TgrB1 and TgrCl are single-pass transmembrane glycoproteins
whose long, extracellular domains contain IPT/TIG domains. The
cytoplasmic domain lengths are 77 amino acids (aa) in TgrB1 and
16 aa in TgrC1 (Benabentos et al., 2009). Since TgrB1 functions as a
receptor, its cytoplasmic domain might participate in signal
transduction. To test that hypothesis, we tagged the C-terminal
domain with an HA-epitope and deleted most of the cytoplasmic
domain between amino acids 828 and 902 (Fig. S3A). We generated
strains in which the resident tgrB1“* allele was replaced with either
tgrBI"X"-HA  or  tgrBI***A828902_ 14 The developmental
morphologies of the parental strain, AX4, (Fig. S3B) and the
tgrBI1***-HA strain (Fig. S3C) were essentially indistinguishable —
both formed well-proportioned fruiting bodies at 24h of
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Fig. 3. The cytoplasmic domain of TgrB1 is required for cooperative
aggregation and differentiation. (A—C) Ovoids represent cells, protrusions
represent TgrB1 and TgrC1 proteins, and colors represent allotypes: AX4 (tan)
and tgrB1C125%7 (red). Black protrusions represent extra alleles: tgrB1°%4-HA
(green) and tgrB1AX42828-902_HA (purple). Cooperative aggregation of mixes of
90% unlabeled AX4 cells with 5% GFP-labeled AX4 and 5% RFP-labeled
tgrB1C1953tgrB14X4-HA (B) or tgrB1C193S37tgrB1AX44826-902_1A (C). The
spatial distribution variance (V) is shown inside each frame. A comparison
between the variances is shown below the images with a P-value calculated
from F-tests; *P<0.000001. Scale bar: 0.3 mm. (D) Cooperative differentiation
of mixes of 0.2% cells carrying cotB-GFP with 99.8% unlabeled AX4 cells.
Protrusions represent TgrB1 and TgrC1 and the colors represent alleles as
above. Full green arrow inside the cells shows cotB-GFP expression; empty
arrow indicates no expression. We evaluated GFP fluorescence levels by flow
cytometry and plotted the results as histograms. The x-axis represents
fluorescence intensify (arbitrary units) and the y-axis the number of events. The
black bar indicates the GFP-positive populations and the numbers indicate the
respective fractions (%) of GFP-positive cells.

development, suggesting that the HA tag did not compromise the
protein function. The tgrB14#4828-902_I1 4 strain did not form fruiting
bodies — its development was arrested at the mound stage (Fig. S3D),
much like the #grBI-null strain (Benabentos et al., 2009). The
sporulation efficiencies of these strains were consistent with the
morphology — the tgrBI"**-HA strain sporulated with similar
efficiency to AX4, whereas the tgrBI4**AS28-902.4  strain
exhibited reduced sporulation (Fig. S3E), much like the #grBI-null
strain (Benabentos et al., 2009). To test whether the failure of
tgrB1AX#A828-902_11 4 to complement the null allele was due to gross
protein mislocalization, we fractionated the cells into membranes and
soluble fractions (Wang et al., 1999). We found that both TgrB1-HA
and TgrB1AX4A828902_HA  proteins were associated with the
insoluble fraction (Fig. S3F), suggesting that both were membrane
localized. We also found that the tgrBI**-HA strain expressed
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cotB-GFP at near-wild-type levels, whereas the 1grB4X#4828-902_4
strain did not express the marker when developed in pure populations
(Fig. S3G), further supporting the hypothesis that the cytoplasmic
domain is essential for TgrB1 function.

We then tested the activity of the cytoplasmic domain of TgrB1 in
cooperative differentiation. We mixed 90% of unlabeled AX4 cells
with 5% GFP-labeled AX4 cells (control) and 5% RFP-labeled cells
(test) carrying either one of the HA-tagged tgrBI alleles (Fig. S4A).
In both cases, the test cells were evenly mixed with their AX4
counterparts and the respective variances suggest no statistically
significant difference (Fig. S4B,C). In the cooperative differentiation
assay, the two cotB-GFP-labeled strains behaved differently
(Fig. S4D) — cells carrying the intact tgrBI***-HA allele expressed
cotB-GFP (green) whereas cells carrying the tgrB4X#4828-902_pj4
deletion allele did not (purple). These results suggest that the
cytoplasmic domain of TgrBl is essential for its function in
cooperative differentiation, but may be dispensable for cooperative
aggregation. To test the latter possibility more rigorously, we
transformed  tgrBI*-HA and  tgrBI*¥A825-902. 4 into
tgrBICI?S3"  and examined cooperative aggregation and
differentiation. In the cooperative aggregation assay (Fig. 3A), the
RFP-labeled tgrB1C1953!tgrB1X*-HA cells (positive control) were
evenly dispersed among the majority AX4 cells (Fig. 3B), whereas
the RFP-labeled tgrB1C1953tgrB11X#2828-902_[14 cells segregated
from the majority cells (Fig. 3C). The quantitative analysis indicates
that the difference was statistically significant. In the cooperative
differentiation assay, the tgrBICI1953tgrB1***-HA cells expressed
cotB-GFP  as  expected (positive control), but the
tgrB1C19531grB128?8902_[4 cells did not express the prespore
marker (Fig. 3D). These results suggest that the cytoplasmic tail of
TgrB1 is required for both activities.

Phosphorylation of TgrB1

The cytoplasmic tails of some receptors become phosphorylated in
response to ligand binding, so we tested whether that was also the
case for TgrB1. We constructed a TgrB1 expression vector in which
the signal peptide was followed by two Myc epitopes
(TgrB1mMYe2AX4) " quch that the mature protein would carry the
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epitope tags at the N-terminus (Fig. 4A). Introducing the tagged
allele into #grB1-null cells complemented the developmental defect
(data not shown). We developed the cells, collected lysates at
different developmental times, and used anti-Myc antibodies
conjugated to beads to pull down the tagged TgrBl protein.
Western blot analysis with anti-TgrB1 antibodies revealed that the
protein was present between 8 and 20 h of development and analysis
with anti-phosphoserine antibodies revealed that TgrB1 was
phosphorylated (Fig. 4B). We then analyzed enriched fractions of
TgrB1 protein by mass spectrometry and found that serine 845 was
phosphorylated (Fig. S5A). We found no evidence for
phosphorylation of other amino acids in the cytoplasmic domain.
We then mutated serine 845 to alanine and used an allele
replacement strategy to test the consequences. We found that
phosphorylation of TgrB158434 was markedly reduced compared
with the wild type (Fig. 4C), suggesting that phosphorylation of
serine 845 is responsible for the signal we observed. Replacing the
wild-type allele with the 1grB15%%>4 allele had no gross effects on
developmental morphology (Fig. S5B-E). We also tested the
consequences of replacing wild-type 7grBI1 with the tgrB155+4
allele on cooperative aggregation (Fig. S5F). We found that the
mutant cells co-aggregated well with a majority of parental AX4
cells (Fig. S5G), segregated well from a majority of incompatible
tgrB1C1953! cells (Fig. SSH) and behaved distinctively differently
compared with minority (5%) tgrB1C1925%7 cells when mixed with
the parental AX4 cells (Fig. S5I). Moreover, we tested the effect of
the tgrB155%4 allele on differentiation (Fig. S5J) in mixing with
compatible AX4 cells and with incompatible tgrB1C195/ cells and
found that the cotB-GFP reporter was expressed in the former but
not in the latter mix (Fig. S5K). These findings suggest that
phosphorylation is not essential for TgrB1 function.

If binding to TgrCl induces phosphorylation of the matching
TgrB1, we should be able to detect phosphorylation only in cells
that express matching sets of TgrBl1 and TgrCl. To test that
hypothesis, we introduced the tgrB1™<*4* allele into tgrBI1-null
cells, where the resulting TgrB1™Y?AX4 protein would have a
matching TgrCl protein and would be expected to become
phosphorylated (Fig. 5A). We introduced the tgrB1"?4%# allele

Fig. 4. Phosphorylation of TgrB1 on serine 845.

(A) Schematic representation of Myc-tagged TgrB1. Cyan bars
represent the signal peptide at the N-terminus and the
transmembrane domain near the C-terminus; magenta bars
represent the IPT/TIG domains and the yellow bar represents
the cytoplasmic domain. Amino acid numbers are shown below
the illustration, which is drawn to scale. The triangle near the
N-terminus represents an insertion of two Myc epitopes
immediately after the signal peptide (not to scale). The black
line represents serine 845. (B) Western blot analysis of protein
pulled down with anti-Myc antibodies from cells expressing
TgrB1mYe2AX4 developed for the indicated times (hours).

(C) Western blot analysis of cells expressing either
TgrB1mye2AX4 (WT) or the mutant TgrB1MYC2AX4S845A (S845A)
developed for 12 h.
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Fig. 5. Phosphorylation of TgrB1 depends on association with a matching
TgrC1. (A) Ovoids represent cells, protrusions represent TgrB1 and TgrC1
proteins, and colors represent allotypes: AX4 (tan), tgrB1C12537 (red),
tgrB1C1954 (blue). The black protrusions represent the extra TgrB1myc2AX4
protein. A solid dot on TgrB1 represents phosphorylation; open dot indicates
no phosphorylation. (B) Western blot analysis of proteins pulled down with anti-
Myc antibodies from tgrB1-null (B17), tgrB1-null, tgrC1-null (B1-C17),
tgrB1C19537 (B1C19537) and tgrB1C1954 (B1C195%) cells.

(C,D) tgrB1C19S4tgrB1my°2AX4 cells in a pure population and in mixes with
tgrB1C 1954 or with tgrB1C1%S%tgrC17%4 (C) were used for western blot
analysis (D). The mixing ratios (%) are indicated above the lanes. We included
the tgrB1-tgrB1™°¢?X4 strain as a positive control (left lane).

into tgrB1 tgrCI cells, where the TgrB1 protein does not have any
TgrC1 protein to interact with and should therefore not become
phosphorylated. We also introduced the tgrB1"™°*4** allele into the
double-gene replacement strains tgrB1C1953 and tgrB1CI195?. In
both cases, the cells are expected to develop normally, because they
have matching sets of untagged TgrB1 and TgrC1 (Hirose et al.,
2015), but the tagged receptor would not have a matching ligand
and would therefore remain un-phosphorylated, according to our
hypothesis (Fig. 5A). We developed the cells for 12 h, pulled down

the tagged TgrB1 protein and analyzed it by western blotting. The
anti-TgrB1 antibody revealed TgrB1 in all the samples (Fig. 5B).
The anti-phosphoserine antibody revealed TgrB1 phosphorylation
in the first case, where a matching TgrC1 was present. When TgrC1
was absent (BI"CI~ tgrB1"™****) and when TgrCl was not
matching (BICI1953" tgrB1™?4%* and BICI95* tgrB1"™e?4X%),
phosphorylation of the tagged TgrB1 was greatly reduced (Fig. 5B).

To test whether TgrB1™?AX4 was not phosphorylated in the
latter case for reasons other than lack of a matching ligand, we
mixed the tgrB1C195%tgrB1"<*4X* cells with tgrB1C195%tgrC14%*
cells at different proportions. In this case, the two cells would
develop together because they have matching TgrB1 and TgrCl1
proteins (Hirose et al., 2015), and the TgrB1™Y<24%X4 protein in the
test cells would have a matching TgrC1 from the mixing partner. We
used mixing with tgrBICI195* and no mixing at all as negative
controls (Fig. 5C). Western blot analysis of 12 h cell lysates with
anti-TgrB1 antibodies showed that the tagged protein was present
in all the samples (Fig. 5D). The anti-phosphoserine antibody
showed that TgrB1 was phosphorylated when we mixed the
tgrB1CI1951grB1™?4X% cells with tgrB1CI195%tgrC14% cells at
either 50:50 or 10:90 ratio (Fig. 5D). When we developed the
tgrB1CI195tgrB1"™<*4X* cells in a pure population, or mixed with
tgrB1C1957 cells, phosphorylation of the tagged TgrB1 was greatly
reduced. We repeated these experiments with a second set of alleles,
using tgrB1CI1953! instead of tgrB1C195%, and found essentially
identical results (Fig. S6A,B). We also found that expressing two
non-matching copies of TgrC1 in the mixing partner did not induce
phosphorylation of TgrB1™Y¢24X% in the reporter strain (Fig. S6C,
D), suggesting that the effects we observed above were not due to
TgrC1 dosage. These results suggest that TgrB1, which is displayed
on the membrane of one cell, becomes phosphorylated when it
binds a matching TgrC1 protein displayed on the membrane of an
adjacent cell.

To test if soluble TgrC1 could induce phosphorylation of TgrB1, we
constructed a strain in which zgrBI and zgrCl were deleted and
tgrB 14X was expressed from the fgrBI promoter (Fig. SGE).
These cells expressed the TgrB1 protein during development, but no
phosphorylation was observed without additional treatment. When we
added soluble recombinant His;—TgrCl protein, the Myc-tagged
TgrB1 protein became phosphorylated. When we also added
antibodies against the His tag, we observed increased
phosphorylation (Fig. S7). This finding suggested that the
antibody, which is divalent, could have induced phosphorylation
by clumping the soluble TgrCl proteins and thus inducing
clumping of TgrB1, as previously suggested (Chen et al., 2014).
To test that possibility further, we treated the cells with an antibody
against the Myc epitope such that the Myc-tagged TgrB1 proteins
would be induced to clump without TgrC1 binding. We found that
this treatment alone was sufficient to induce TgrB1 phosphorylation
(Fig. S6E), suggesting that oligomerization of TgrBl may be
sufficient for activating the receptor function. As controls, we
incubated the cells with purified soluble His;—TgrB1 alone or with
purified soluble His;—TgrB1 along with the anti His-tag antibodies.
In either case, we found no phosphorylation, suggesting that the
presence of the antibodies or irrelevant soluble proteins were not the
cause of phosphorylation.

Dominant alleles of tgrB1

Previously, we identified mutations in zgrBI that suppressed the
developmental defects caused by an engineered mismatch between
tgrB1 and tgrC1 (Li et al., 2016). These mutations are dominant, so
we hypothesized that they might have constitutively activated
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Fig. 6. Dominant alleles of tgrB1 bypass the need for tgrC17 in
development. (A) Schematic representation of TgrB1. Cyan bars represent the
signal peptide at the N-terminus and the transmembrane domain near the
C-terminus; magenta bars represent the IPT/TIG domains; black lines represent
mutations: G275D, G307D and L846F. Amino acid numbers are shown below
the illustration, which is drawn to scale. (B—G) Developmental morphologies of
AX4 (B), tgrB17tgrC1~ untransformed (C) or transformed with tgrB8127°P (D),
tgrB1%397P (E) and tgrB1-845F (F,G). Scale bar: 0.5 mm. (H) Sporulation
efficiencies of the strains as indicated (x-axis) as the percentage of cells that
became spores (y-axis); data are meanszts.e.m. of three independent
replicates.

the TgrB1 receptor activity. We chose three alleles to test this
hypothesis — two with mutations in the first IPT/TIG domain,
G275D and G307D, and one with a mutation in the cytoplasmic

4008

domain, L846F (Fig. 6A). We expressed the alleles separately in
cells lacking both 7grBl and tgrC1 (tgrBItgrCI7) and tested
developmental morphology and sporulation in pure populations.

When Dictyostelium cells grow in association with bacteria on
nutrient agar, the amoebae consume the nearby bacteria and form a
plaque in the bacterial lawn. As they do so, they starve in the center
of the plaque and continue to grow at the edge. Consequently, the
amoebae develop in an asynchronous manner, allowing observation
of several developmental stages at once. Under these conditions,
wild-type AX4 cells exhibited mainly fruiting bodies (Fig. 6B) and
the tgrB1tgrCI~ cells exhibited loose aggregates (Fig. 6C), as
expected (Hirose et al., 2011). Cells carrying tgrB1°?7°P (Fig. 6D)
or tgrB19397P (Fig. 6E) developed into fruiting bodies, as seen with
AX4. Cells carrying the tgrB1-3%5F allele developed into clumps of
multiple fingers (Fig. 6F), from which small fruiting bodies
emerged (Fig. 6G). The sporulation efficiencies of the respective
strains were consistent with the morphology (Fig. 6H). AX4
exhibited nearly 100% sporulation efficiency and the tgrB1 tgrC1~
cells exhibited much lower sporulation efficiency, as expected
(Hirose et al., 2011). The G275D and G307D mutations restored
sporulation to wild-type levels, despite the absence of tgrCI (Li
et al., 2016), and the L846F mutation resulted in a somewhat
elevated sporulation efficiency (Fig. 6H).

To test the effect of the dominant mutations on cooperative
differentiation, we constructed zgrB1 tgrCI~ cells that expressed
either one of the three dominant zgrB1 alleles and the prespore reporter
cotB-GFP. We mixed 0.2% of the cotB-GFP cells with either 99.8%
unlabeled AX4, unlabeled tgrB1C1953 or unlabeled tgrB1C19538, In
the control, we used 0.2% AX4 cells carrying the cotB-GFP reporter
(Fig. 7A). In the experiment, we used cells carrying one of the mutant
tgrB1 alleles and no tgrC1 (Fig. 7B). As expected (Hirose et al., 2015),
the controls showed that labeled AX4 cells expressed GFP when
mixed with a majority of compatible unlabeled AX4 cells, but not with
a majority of incompatible cells (either tgrB1CI1953! or tgrB1C195%)
(Fig. 7C). In the experiments (Fig. 7D-F), the minority, activated-
tgrB1 cells expressed cotB-GFP at high levels when mixed with AX4
(tgrB19%73P in Fig. 7D, tgrB1°*’P in Fig. 7E and tgrBI-%#%F in
Fig. 7F). These cells expressed GFP at intermediate levels upon
mixing with a majority of incompatible unlabeled tgrB1CI1953! or
1grB1C19%%% cells (Fig. 7D-F). We also confirmed that the parental
tgrBI7tgrCI™ cotB-GFP cells did not express the prespore reporter
when mixed with either one of the three majority strains (Fig. S7).
These results suggest that the dominant mutations have partially
activated the receptor function of TgrBl with respect to
developmental morphology and cell-type differentiation.

DISCUSSION
Allorecognition in D. discoideum is essential for development and
differentiation. The expression patterns of 7grBl and TgrCl, the
phenotypes of the null strains and the interactions between
incompatible strains suggest that allorecognition is effective during
the transition from wunicellular to multicellular development
(Benabentos et al., 2009; Hirose et al., 2011, 2015; Ho and
Shaulsky, 2015). Previous experiments suggested that TgrB1 and
TerCl are involved in signaling but did not provide mechanistic
information. The data shown here suggest that TgrB1 and TgrCl
function as a receptor—ligand pair and that the receptor, TgrBl,
mediates signal transduction in both allorecognition and differentiation.
Support for the hypothesis includes biochemical, genetic and
cellular evidence. Binding specificity of matching TgrB1 and TgrC1
proteins has been shown with proteins expressed in bacteria
(Gruenheit et al., 2017). We tested a different set of alleles and
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expressed them in D. discoideum to approximate the native protein
structure, as these proteins are naturally glycosylated (Gao et al.,
1992; Li et al., 2015; Wang et al., 2000). Our finding that matching
pairs of TgrB1 and TgrCl1 bind in vitro validate the previous study
(Gruenheit et al., 2017), which was somewhat inconsistent with
another study where extensive refolding of bacterially expressed
proteins was required to observe binding (Chen et al., 2013). More
importantly, all these studies demonstrate binding specificity, which
is essential in receptor—ligand interactions. Our experiments showed
no binding between non-matching proteins whereas the bacterially
expressed proteins exhibited some cross-binding (Gruenheit et al.,
2017). This difference could be the result of the choice of alleles,
different experimental conditions or the effect of glycosylation on
binding specificity. Although we may have missed weak binding
between non-matching proteins, we do not think it has a major
function in allorecognition because the respective null strains behave
like incompatible strains in chimerae (Benabentos et al., 2009; Hirose
etal., 2011; Li et al., 2016).

The most compelling evidence in support of the receptor—ligand
hypothesis stems from the merodiploid experiments (most D.
discoideum strains are haploid, so transformants that carry two
alleles of a given gene are considered merodiploid). Minority
incompatible cells fail to cooperate with the majority cells and are
unable to differentiate (Hirose et al., 2011, 2015). Expression of the
majority-allotype allele of #grBI in the minority cells is sufficient to
overcome the cooperative aggregation and the differentiation defects
of the minority cells. This cell-autonomous property is unique to
tgrB1, indicating that TgrB1 is a receptor and TgrCl1 is not. The partial
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segregation of the merodiploid cells observed at late developmental
times may be due to cis interactions between TgrB1 proteins,
which are induced by frans binding to TgrC1 and lead to protein
assembly in membrane patches (Chen et al., 2014). It is possible
that the resident TgrB1 and the transgenic TgrB1 compete for cis
binding in the merodiploid strains, which might result in
compromised protein assembly over time. Alternatively, the
merodiploids that carry a matching TgrC1 are recognized as self by
the majority cells, but they cannot reciprocate because they lack a
matching TgrB1 and are therefore not recognized as self by the
neighboring cells. Such lack of reciprocity at the cellular level may
lead to segregation over time.

The non-cell-autonomous effect conferred by the 1grCI
merodiploid strain supports the idea that TgrC1 is a ligand. When
the majority cells express TgrCl that is compatible with the
minority allotype, the otherwise incompatible minority cells
cooperate with the majority and differentiate. This is not the case
when the majority cells express the minority-allotype TgrB1. These
non-cell-autonomous phenotypes indicate that TgrC1 functions as a
ligand and TgrB1 does not.

The TgrB1 cytoplasmic tail (77 aa) is longer than the TgrCl1 tail
(16 aa), suggesting that it might participate in signal transduction.
Indeed, deletion of the TgrB1 cytoplasmic tail largely conferred the
same phenotype as deleting the entire coding region even though the
modified protein was localized on the plasma membrane. One
exception was the finding that the truncated 7grB1 allele mediated even
distribution of cells in a mixing experiment. This result is consistent
with previous observations that fgrB/-null cells can integrate into

Fig. 7. Dominant alleles of tgrB1 activate the receptor function.
(A,B) Mixes of 0.2% cells carrying cotB-GFP and 99.8% unlabeled
cells of different allotypes: AX4 (tan), tgrB1C12537 (red),
tgrB1C19538 (blue). Ovoids represent cells, protrusions represent
TgrB1 and TgrC1 proteins. The larger, single cells on top represent
the minority and the smaller, bottom cells represent the majority
strains (each tested separately). A full green arrow inside the cell
represents cotB-GFP expression; empty arrows indicate no
expression. (A) Controls made by mixing with compatible AX4 cells
results in cotB-GFP expression and mixing with either one of the
incompatible strains results in no expression. (B) The black
protrusion represents expression of one of the tgrB71 dominant alleles
in the absence of resident tgrB1 or tgrC1. (C—F) GFP fluorescence
levels assessed by flow cytometry and plotted as histograms. The x-

tgr BCAs3 fgr BCas% axes represent fluorescence intensity (arbitrary units) and the y-
C D axes, the number of events. The black bar indicates the GFP-positive
] populations and the numbers indicate the respective fractions (%) of
60 ' - GFP-positive cells. The majority cells are as indicated by the line
] —20.4— 40 —36.2— colors. The minority cotB-GFP cells carry the dominant tgrB1 alleles:
40 15.3 40.2 tgrB16275P (D), tgrB16397D (E) or tgrB1-846F (F).
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multicellular structures better than 7zgrC1-null cells (Benabentos et al.,
2009), so it does not refute the hypothesis that the cytoplasmic tail of
TgrB1 is essential for its function. Moreover, the cytoplasmic tail of
TgrB1 becomes phosphorylated upon binding to a matching TgrC1
ligand, even though phosphorylation on serine 845 is not essential for
the TgrB1 functions we were able to measure. Stimulation of
phosphorylation by addition of recombinant soluble TgrC1 and by the
addition of antibodies suggests that receptor oligomerization may be
sufficient to activate the receptor function of TgrB1. We know neither
the role of phosphorylation nor the factors that mediate it, but our
observations support the argument that TgrB1 is a receptor.

The TgrB1-TgrC1 system is one of the best-characterized social
allorecognition systems (Benabentos et al., 2009; Gruenheit et al.,
2017; Hirose et al., 2011, 2015; Ho et al., 2013; Ho and Shaulsky,
2015). The molecular characterization of these proteins as a ligand—
receptor pair provides a mechanistic explanation of the system and
opens up the field to investigation of the downstream signal
transduction pathways. Indeed, the chemical mutagenesis screen for
suppressors of the TgrB1-TgrCl mismatch discovered several
putative signal transduction genes, including small GTPases,
GTPase activators and guanine-nucleotide exchange factors (Li
et al., 2016). Screens that utilized insertional mutagenesis showed
that allorecognition and differentiation are mediated by different,
albeit somewhat overlapping, signaling pathways (Li et al., 2015;
Wang and Shaulsky, 2015). This overlap between development and
allorecognition provides an interesting perspective in the context of
the evolution of multicellularity.

MATERIALS AND METHODS

Cells and growth conditions

We used Dictyostelium discoideum strain AX4 (Knecht et al., 1986) and its
derivatives in all experiments. The strains and their relevant genotypes are listed
in Table S1. Unless indicated otherwise, we grew the cells in shaking suspension
in HL5 medium at 22°C (Sussman, 1987), we harvested them at the logarithmic
growth phase and developed them on filters (Shaulsky and Loomis, 1993) or on
agar (Huang et al., 2006) as indicated. We performed strain validation by
monitoring developmental phenotypes and red versus green fluorescence when
possible, or otherwise by PCR of specific genomic junctions. Sequencing of
specific PCR fragments was used when PCR alone was insufficient (e.g. to
validate point mutations). Where indicated, we grew the amoebae in association
with Klebsiella pneumoniae bacteria (DictyBase strain ID, DBS0305928).

Vectors

Key vectors used in this work are listed in Table S2. To generate the 1grB/
and tgrCI single-gene merodiploid vectors, we adapted the tgrB1.tgrBI1***
and tgrCl:tgrCI1** vectors from the tgrBI""-tgrC1** double-gene
merodiploid vector (Hirose et al., 2011) by removing either the #grC/ or
tgrB1 genes, respectively. The tgrB1:tgrB1*** vector was generated by cutting
the double merodiploid vector with Hpal and Notl restriction endonucleases to
remove #grC1, followed by filling-in with Klenow fragment and self-ligation
of the vector. The tgrC1:tgrC1°** vector was generated by cutting the double
merodiploid vector with 4gel and Spel restriction endonucleases to remove
tgrB1, followed by filling-in with Klenow fragment and self-ligation of the
vector. Manipulations of the TgrB1 cytoplasmic tail were done by modifying
the tgrB1:tgrB1*** vector. To generate the full-length tgrBI1-HA allele, we
PCR-amplified the 3 region of 7grB/ with the forward primer, 5'-CGGTG-
GAGTGGTTACTATCAAT-3’ and the reverse primer which included an HA
tag sequence (underlined), 5'-AAAAACTAGTTTAAGCATAATCTGGAA-
CATCATATGGATAATCAGTATGTTCTTTGAAAC-3'. To generate the
truncation allele #grB12525-22-H 4, we used the reverse primer: 5'-TTACTA-
GTTTAAGCATAATCTGGAACATCATATGGATATTTAGCGGCAAAT-
GAAATTAAT-3'. The HA-tagged fragments were placed into tgrBI:
tgrB1°** between the Pstl-Spel restriction sites. We then cloned the
modified alleles into the tgrB1'*tgrC1** double-gene replacement vector
(Hirose et al., 2011) by replacing the respective Bg/ll-Spel regions.

4010

To express the Myc-tagged TgrB1 protein, we generated a new expression
vector, pDMBSr. We removed the Neomycin-resistance cassette and the
actl5 promoter from pDM304 (Veltman et al., 2009) by digestion with
BamHI and Spel restriction endonucleases and replaced that fragment with a
Blasticidin S resistance cassette that we amplified from pLPBLP (Faix et al.,
2004) with the primers: plpBSRupBamHI, 5'-AGGTCAGGATCCATTAT-
ACGAAGTTATAGATCCTCTAG-3’ and plpBSRdownSalSpe, 5'-GGTC-
TAACTAGTAGATGAGTCGACAGATCCGAGCTTTCGGGTCAGCTT-
TATC-3’, after digestion with the same enzymes. We PCR-amplified the
upstream region of tgrB14% including the endogenous promoter and the
first 22 codons of the ORF with the forward primer BlpromoterupSall,
5’-AGACCTAGTCGACAGTAATATTATTTTCTTTTCCATTTTTATCA-
ATG-3’, and reverse primer BINterEQKLHindllldown, 5'-ACTCAGAAG-
CTTTTGTTCACTTGATTTAACAAATAAAAATTTACAAAC-3', digested
the PCR product with Sa/l and HindIlI restriction endonucleases and ligated
with pDXA-CFP (Knetsch et al., 2002) that was digested with the same
enzymes. Then, we digested the plasmid with HindIll and Xbal restriction
endonucleases to remove the CFP ORF. We PCR-amplified the rest of
the TgrB1 ORF twice with the same reverse primer, SpelBlstopdown,
5'-CATTCCACTAGTTAATCAGTATGTTCTTTGAAAC-3" and two
different forward primers, Blup+mycl, 5-AAGTTGATTAGTGAAG-
AAGATTTAAAATCAAGTTGCTCTTTAAAAGTTGGAAAAATAG-3,
in the first round, and Blup+tmyc2, 5'-ACTTGCAAGCTTATTAGTGA-
AGAAGATTTAGAACAAAAGTTGATTAGTGAAGAAGATTTA-3' in
the second round, to add two consecutive Myc epitopes at the N-terminus
of the mature protein, after signal-peptide processing. We digested the PCR
fragment with HindIlI and Spel restriction endonucleases and ligated with the
Hindll- and Xbal-digested plasmid to replace the CFP ORF with the Myc-
tagged 3’ end of fgrBI. The resulting predicted amino acid sequence is
MKVIYIYLLLLLVCKFLFVKSSEQKLISEEDLEQKLISEEDLKSSCSL
where the underlined sequence indicates the tandem Myc epitope and the
italicized KSS sequence represent the last 3 amino acids of the TgrB1 signal
peptide, which was duplicated to flank the tandem Myc epitope. In the final
steps, the Myc-tagged 7grBI fragment with its endogenous promoter were
PCR-amplified with the forward primer BlpromoterupSa/l and the reverse
primer SpelB1stopdown (see above), digested with Sa/l and Spel restriction
endonucleases and ligated with pDMBsr that had been digested with the same
enzymes to construct pDMBsr #grB1::ss-myc,TgrB1. We transformed the
vector into four strains: tgrB1, tgrBI1 tgrCI1-, tgrB1CI195 and tgrB1C195%!,

To express the extracellular domains of TgrC1 for binding experiments in
vitro, we used the pDXA-3C vector, where expression is driven by the actin 15
promoter (Knetsch et al., 2002). We PCR-amplified the DNA regions coding
for the extracellular domains of five 7grC1 alleles from strains AX4, QS4,
QS31, QS37 and QS45 (Benabentos et al., 2009), digested the products with
Sacl and Spel and ligated into pDXA-3C between the Sacl and Xbal sites. To
express the extracellular domains of TgrB1, we modified the expression vector
to encode the signal peptide-coding region of tgrC14** (Met1-Pro25) followed
by an in-frame His;-tag so the mature protein will carry the His;-tag at the
N-terminus after signal-sequence processing. We PCR-amplified the actl5::
tgrC 1% from the abovementioned vector twice with the same forward primer,
Al5upSall, 5-TGAAGCTTGCATGCCTGCAGGTCGACT-3' and two
different reverse primers: ClsstHisl, 5'-ATGGTGATGATGGTGATGAT-
GTGGTGTTGGAGGATTCATTGAATATCCTGA-3' in the first round, and
Clsst+His2Kpnl, 5-GAGCTCGGTACCATGGTGATGATGGTGATGAT-
GTGGTGTTGG-3' in the second round. We inserted this PCR fragment
between the Sall and Kpnl restriction sites of pDXA-3C. We then PCR-
amplified the extracellular region of tgrB1 without the endogenous signal
peptide from strains AX4, QS4, QS31, QS37 and QS45. We double digested
the PCR products with Sacl (BamHI in the case of AX4) and Spel and inserted
the fragments into the modified pDXA-3C vector between the Sacl (BamHI in
the case of AX4) and Xbal sites. We transformed the vectors into AX4 cells. In
all cases, the 7grB/ and tgrC1 coding regions included only the extracellular
domains, without the transmembrane domain or the cytoplasmic tails, so the
proteins were secreted into the medium.

Analysis of TgrB1 phosphorylation
We developed cells on non-nutrient agar at a density of 2.5x10° cells/cm?
for 12—14 h. We resuspended them at 2x10® cells/ml in ice-cold cell lysis
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buffer [40 mM Tris-HCI, pH 7.0, 120 mM NaCl, 0.8% NP-40, 1.0 mM
EDTA, 0.1 mM Na3VO, and 1x protease/phosphatase inhibitor cocktail
(Cell Signaling, 5872S)] on a Labquake shaker at 8 rpm for 30 min at 4°C.
We precleared the lysates by centrifugation for 15 min at 13,000 g at 4°C
and mixed the supernatant with 5 pul anti-Myc affinity gel (Biotool,
B23401). We incubated the samples for 45 min at 4°C while rocking as
above, then washed the samples three times with ice-cold washing buffer
(lysate buffer with 0.2% NP-40 instead of 0.8% NP-40), collected the gel by
brief centrifugation, added 100 ul 1x SDS-PAGE loading buffer and boiled
for 5min. We resolved 25ul of each sample by SDS-PAGE (8%
polyacrylamide gel), stained with Coomassie Brilliant Blue and extracted
the ~130 kDa band. Independent samples were analyzed by liquid-
chromatography tandem mass spectrometry (LC/MS/MS) at the Taplin
Biological Mass Spectrometry Facility at Harvard Medical School and at the
Mass Spectrometry Proteomics Core at Baylor College of Medicine.

To test the effects of soluble purified TgrC1 on TgrB1 phosphorylation,
we developed tgrB1tgrC I tgrBI™? cells for 14 h as above. We collected
1.5x10% cells per sample and resuspended the cells in 0.75 ml KK2 buffer
containing 5 mM EDTA (KK2-EDTA). We added 20 pg of purified
recombinant protein (His;-conjugated TgrB1 or TgrCl) or made no
additions, and incubated the cells while rocking at room temperature for
40 min. We then washed the cells twice with 1.2 ml KK2-EDTA and
resuspended them again in 0.75 ml KK2-EDTA. We added either mouse-
anti-Myc antibodies (Santa Cruz Biotechnology, SC-40, 1:200) to bridge
the TgrB1 proteins on the cell membrane or mouse-anti His-tag antibodies
(BioLegend Inc., 901502, 1:200) to bridge the soluble recombinant
proteins. We incubated the cells for 40 min and washed them as above.
Finally, we lysed the cells and pulled down the proteins with Protein A beads
or with beads conjugated to anti-Myc antibodies as above.

For western blot analysis, we developed the cells as above for 8-20 h and
collected 7.0x107 cells per sample. We lysed the cells and purified
myc,TgrB1 on 5 pul anti-Myc affinity gel as above. For testing TgrBI
phosphorylation in chimerae, we mixed the myc,TgrB1 cells at ratios of 1:1 or
1:9 with the indicated strains and then developed them. We collected cells at
the indicated times, and treated as above. We resolved 25 pl of each sample by
SDS-PAGE (8% polyacrylamide gel) and electro-transferred the proteins onto
PVDF membranes. We blocked the membranes with 10% skimmed milk in
PBS buffer for analysis with the anti-TgrB1 antibody (1:2500 Chen et al.,
2013), or with 3% BSA and 0.1% gelatin in PBS buffer for analysis with
rabbit anti-phosphoserine antibody (Abcam, 9332, 1:200). We incubated the
membranes for 1 h with the primary antibody, washed three times with PBST,
incubated with horseradish peroxidase-conjugated secondary antibodies
(Jackson ImmunoResearch, 115-035-146) for 1 h and washed three times
with PBST. We visualized the signal with SuperSignal West Pico
Chemiluminescent Substrate kit (Thermo Scientific, 34077).

Binding specificity of TgrB1 and TgrC1

We collected cells at the logarithmic growth phase, washed once in PDF buffer
(20 mM KCl, 9.2 mM K,HPO,, 15 mM KH,PO,, 1 mM CaCl,, 2.5 mM
MgSO,, pH 6.4), resuspended the cells at 2.5x10%/ml in PDF buffer and
incubated them in shaking suspension at 220 rpm at 22°C for 5 h. We removed
the cells by centrifugation at 2755 g for 8 min, collected the supernatant and
passed it through a 0.2 um filter. To pull down the His;—TgrB1 protein, we
added 150 pul Ni-NTA-resin (Thermo Scientific) into 10 ml His;—TgrB1-
containing sample. We incubated the sample on a rocker platform for 45 min at
room temperature and washed three times with PDF buffer. We then added 30 pl
of each of the five His;-TgrB1-bound resins to 1.2 ml of each of the five TgrC1-
containing samples and incubated on a rocker platform for 45 min at room
temperature. We washed the samples three times with PDF buffer, removed the
supernatant, added 150 pl 1x SDS-PAGE loading buffer and boiled the samples
for 5 min. We used 40 pl of each sample for SDS-PAGE analysis followed by
Coomassie Brilliant Blue staining or western blot analysis as above.

Development under agar (quasi two-dimensions)

We grew the cells in shaking suspension in HL-5 with the appropriate
antibiotics and harvested them at the logarithmic growth phase. We washed
the cells twice with PDF buffer and spread them at a density of 1.2x10° cells/
cm? on 1.5% Noble agar (DIFCO, 214230) plates made in 10 mM potassium

phosphate buffer pH 6.5. We cut the agar into 2 cm*2 cm portions and
inverted them onto glass-bottom plates (MatTek), so the cells were
sandwiched between the glass and the agar. We incubated the plates in a
humid chamber at 22°C for 10-12 h. We captured images with a Leica
confocal microscope system (TCS-SPS5) and with a Nikon inverted
microscope system (Eclipse Ti).

Sporulation efficiency

We developed 2.5x107 cells on nitrocellulose filters for 48 h in a humid
chamber. We collected the contents of the entire filter in a 50 ml conical test
tube and washed once with PDF. To lyse non-spore cells, we incubated the
cells in 5 ml of 10 mM EDTA, 0.1% NP40 at 42°C for 45 min. We washed
the spores once and resuspended in PDF. We counted the number of spores
using a hemocytometer and divided it by 2.5x107 to calculate the
sporulation efficiency.

Prespore differentiation and flow cytometry

The relevant strains express RFP constitutively under the actin 15 promoter
and sfGFP (Pédelacq et al., 2006) under the prespore-specific cotB promoter,
which is a marker for prespore differentiation (Fosnaugh and Loomis, 1993).
‘We mixed a small ratio of the cotB-GFP cells (0.2%) with 99.8% of AX4 or
tgrB193tgrC1953! cells, plated a total of 2.5x107 cells on a 5cm
nitrocellulose filter and incubated in a humid chamber for 12-14 h. We
collected the cells, dissociated them by repeated pipetting and fixed them with
2% paraformaldehyde for 5 min at room temperature. We washed the cells
twice with 10 mM potassium phosphate buffer pH 6.5 and analyzed by flow
cytometry (LSRFortessa, BD Biosciences) where the test cells were first
separated from the unlabeled majority by positive red fluorescence. The gated
RFP-positive cells were analyzed for GFP fluorescence intensity.

Sub-cellular fractionation

We developed 1.0x108 cells for 9 h on nitrocellulose filters. We collected the
cells, resuspended them in 5 ml of lysis buffer (20 mM Tris-HCl, pH 7.5,
150 mM NaCl, 1 mM EDTA, 1 mM PSMF) and lysed them by three cycles of
freezing at —80°C and then thawing. We removed unbroken cells and large
debris by centrifugation at 2100 g for 5 min at 4°C. We then fractionated the
supernatant by centrifugation at 90,000 g for 30 min at 4°C. We separated the
supernatant (soluble) and pellet (membrane) and quantified the amount of
protein using a Bio-Rad Protein Assay Dye. We precipitated the proteins by
adding 10% trichloroacetic acid and centrifugation at 2100 g for 10 min at
4°C. The protein precipitate was washed with 70% ethanol twice, resuspended
in 1x SDS-PAGE sample buffer and boiled for 10 min. We resolved the
proteins by SDS-PAGE (6% polyacrylamide gel), electro-transferred onto
PVDF membrane and detected the HA-tagged proteins by western blotting
with anti-HA monoclonal antibody (Biolegend, 901502, 1:200) as the
primary antibody and peroxidase-conjugated AffiPure Goat Anti-Mouse IgG
(Jackson ImmunoResearch, 115-035-146) as the secondary antibody. We
detected the signal as above.

Segregation tests - image analysis and statistics

We developed mixed populations of cells with different allotypes using the
glass-agar sandwich method and recorded images by fluorescence
microscopy. The mixes consisted of a majority (90%) of unlabeled cells
and a minority of GFP- and RFP-labeled cells (5% each). One of the labeled
minority strains was always compatible with the unlabeled majority, serving
as a control that would exhibit even distribution. The other labeled minority
strain — the test case — was either compatible or incompatible with the
majority. If the test cells were compatible, we would expect them to distribute
evenly, like the control cells. If they were incompatible, we would expect them
to segregate and form clumps within or at the periphery of the larger aggregate
(Hirose et al., 2015). This property of spatial distribution variance is
quantifiable, and comparison between the variances of the control and the test
case indicate whether the distributions are significantly different.

Prior to image quantification, we converted the 8-bit monochromatic
images to binary images in the green and red channels. To quantify cell
distribution, we divided each image into a 12x12 grid, where each of the 144
squares is a region of interest (ROI). We counted the number of green and red
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pixels in each ROI and removed empty ROIs from subsequent analysis. We
then calculated the proportion of red pixels out of the total pixels in each ROI
[ pixelieq/( pixel,eqtpixelyeen)] and computed the variance between these
values across the entire image. The statistical significance of the difference
between images was calculated by an F-test. The size of the ROIs was
determined empirically from the images in Fig. 3B,C, such that it generated
the smallest P-value in the F-test, and was used on all the other images.
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