Docking of Syk to FceRl is enhanced by Lyn but

limited in duration by SHIP1
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ABSTRACT The high-affinity immunoglobulin E (IgE) receptor, FceRl, is the primary immune
receptor found on mast cells and basophils. Signal initiation is classically attributed to phos-
phorylation of FceRI B— and y-subunits by the Src family kinase (SFK) Lyn, followed by the re-
cruitment and activation of the tyrosine kinase Syk. FceRI signaling is tuned by the balance
between Syk-driven positive signaling and the engagement of inhibitory molecules, including
SHIP1. Here, we investigate the mechanistic contributions of Lyn, Syk, and SHIP1 to the for-
mation of the FceRI signalosome. Using Lyn-deficient RBL-2H3 mast cells, we found that an-
other SFK can weakly monophosphorylate the y-subunit, yet Syk still binds the incompletely
phosphorylated immunoreceptor tyrosine-based activation motifs (ITAMs). Once recruited,
Syk further enhances y-phosphorylation to propagate signaling. In contrast, the loss of SHIP1
recruitment indicates that Lyn is required for phosphorylation of the B-subunit. We demon-
strate two noncanonical Syk binding modes, trans y-bridging and direct B-binding, that can
support signaling when SHIP1 is absent. Using single particle tracking, we reveal a novel role
of SHIP1 in regulating Syk activity, where the presence of SHIP1 in the signaling complex acts
to increase the Syk:receptor off-rate. These data suggest that the composition and dynamics
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of the signalosome modulate immunoreceptor signaling activities.

INTRODUCTION

The ultimate outcome of membrane-associated signaling is tuned
by a combination of both positive and negative downstream signal-
ing molecules that direct the cellular response. Immunoreceptors
share a general mechanism of activation whereby receptor—antigen
engagement initiates the formation of a signaling complex, or sig-
nalosome, to promote the recruitment and interaction of positive
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and negative signaling molecules (Turner and Kinet, 1999; Siraga-
nian et al., 2002, 2010; Sigalov, 2004; Kalesnikoff and Galli, 2008;
Geahlen, 2009; Chakraborty and Weiss, 2014; Suzuki, 2017). The Fc
receptors, T-cell receptor (TCR) and B-cell receptor (BCR), are mem-
bers of the family of multichain immune-recognition receptors (MIRR)
that share this common process. MIRRs lack intrinsic kinase activity,
relying instead on the recruitment of signaling molecules to phos-
phorylated tyrosines in the associated immunoreceptor tyrosine-
based activation motifs (ITAMs). Initial phosphorylation of receptor
ITAMs is attributed to Src family kinases (SFKs), such as Lyn (Fc re-
ceptors, BCR) and Lck (TCR). The ITAM phosphotyrosines (pTyr) pro-
vide binding sites for the recruitment of both activating and inhibi-
tory molecules through their SH2 domains. Engagement of Syk/
Zap-70 via their two SH2 domains is critical for propagation of posi-
tive signaling from MIRRs (Hatada et al., 1995; Zhang et al., 1996;
Siraganian et al., 2002, 2010; Deind! et al., 2007). While TCR signal-
ing depends on Zap-70, Syk is more ubiquitously expressed and
plays roles in multiple signaling cascades, including Fc receptors,
hemITAMs, CD74, and integrins (Suzuki et al., 2000; Starlets et al.,
2006; Hughes et al., 2010; Bauer and Steinle, 2017; Antenucci et al.,
2018). The flexibility of Syk functionality is further demonstrated by
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its ability to substitute for Zap-70 in T-cells and propagate TCR sig-
naling without the need for Lck (Chu et al., 1996). The positive ITAM-
based signaling is regulated by negative signaling molecules, in-
cluding protein (SHP1 and SHP2) and lipid (SHIP1) phosphatases
that are also recruited to phospho-ITAMs (Ono et al., 1996; Li et al.,
1999; Furumoto et al., 2004; Chong and Maiese, 2007). Therefore,
the dynamics and composition of the signalosome are critical deter-
minants in directing the cell signaling response.

Despite this common model, questions remain regarding the ex-
act molecular mechanisms that regulate ITAM signaling. For exam-
ple, receptor clustering has been considered an important step in
MIRR activation, but the impact of receptor number and spacing
within clusters is not understood and for the TCR it has been sug-
gested that even a single peptide:TCR complex can trigger signal
propagation (Yokosuka et al., 2005; Kim et al., 2006; Krogsgaard
et al., 2007; Andrews et al., 2009; Huang et al., 2013; Mukherjee
etal., 2013; Shelby et al., 2013; Chakraborty and Weiss, 2014). ITAM
conformational changes (Shi et al., 2012; Ma et al., 2017) and mech-
anotransduction (Brazin et al., 2018; Feng et al., 2018) may also
have regulatory roles. Furthermore, the number of associated sub-
units, ITAM repeats per subunit, and variations in ITAM sequence
can all potentially influence interactions with downstream proteins.
The related family of hemITAM receptors function in a manner simi-
lar to that of MIRRs, with the exception that the hemITAM sequence
contains a single tyrosine and cannot support Syk binding in cis. The
absolute requirement for SFKs in ITAM phosphorylation is also not
clear, because multiple studies have shown that Syk is also capable
of phosphorylating ITAM/hemITAM tyrosines, independent of SFKs
(Takata et al., 1994; Rolli et al., 2002; Rogers et al., 2005; Huysamen
et al., 2008; Mukherjee et al., 2013; Bauer et al., 2017). Thus, ITAM
signaling is more complex than the classically described model.

To better understand ITAM-based signaling, we have character-
ized the interplay between ITAM phosphorylation requirements and
the dynamics and composition of the FceRl signalosome. Aggrega-
tion of FceRI by multivalent antigen initiates a signaling cascade that
ultimately leads to mast cell degranulation and cytokine production,
which is often associated with allergy and asthma. FceRI consists of
three ITAM-containing subunits, a disulfide-linked y-dimer, and the
B-subunit, coupled to the immunoglobulin E (IgE)-binding a-
subunit. Lyn is considered to be the dominant SFK in mast cells that
phosphorylates both the yand B ITAMs upon receptor aggregation,
facilitating the binding of the SH2 domains of downstream proteins
to the pTyr (Wilson et al., 1995; Gaul et al., 2000; Furumoto et al.,
2004; Xiao et al., 2005). The vy ITAMs are primarily associated with
the recruitment of Syk, where the two SH2 domains of Syk are pro-
posed to bind a doubly phosphorylated y-subunit in cis (Narula
et al., 1995; Fitterer et al., 1998; Yamashita et al., 2008). Recently,
we used structural y-mutants and computational modeling to dem-
onstrate that Y ITAMs are capable of stimulating a calcium response
even when the phosphorylation profile is incomplete, such that the
two Syk SH2 domains must bridge the C-terminal pTyr of the y-
dimer in trans (Travers et al., 2019). This previously undescribed
trans binding confirmed the requirement of two pTyr to enable Syk
docking. We have also shown that the dynamics of receptor:Syk in-
teractions are tightly regulated. Using a Syk mutant with altered re-
ceptor binding kinetics, we demonstrated that a small change in the
binding off-rate of Syk to FceRI can dramatically alter mast cell sig-
naling outcomes (Schwartz et al., 2017). The B-subunit, on the other
hand, is associated with negative regulation of signaling through the
recruitment of phosphatases, such as SHIP1 (Kimura et al., 1997;
Furumoto et al., 2004). Studies have shown that at both sub- and
supraoptimal antigen doses, SHIP1 phosphorylation is increased
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and is more strongly associated with FceRl aggregates, compared
with optimal antigen concentrations (Mahajan et al., 2014). Phos-
phorylation of the B ITAM is also enhanced with increasing antigen
concentrations and is coupled to a stronger association with both
Lyn and SHIP1 (Gimborn et al., 2005; Xiao et al., 2005).

In this study, we evaluate the contributions of Lyn, Syk, and SHIP1
in shaping FceRl signaling. We show that in the absence of Lyn, the
v ITAM is incompletely phosphorylated, but still able to recruit Syk.
Once recruited, Syk further phosphorylates FceRly to a level that
supports degranulation. Syk does not phosphorylate the B ITAM,
resulting in a loss of SHIP1 recruitment in cells lacking Lyn, such that
negative regulation is sufficiently reduced to allow for weak signal-
ing to propagate. We reveal an unexpected role for SHIP1 in regu-
lating Syk activity, where the presence of SHIP1 in the FceRI signal-
ing complex acts to reduce Syk:ITAM binding lifetime and limits the
extent of Syk phosphorylation. This work provides new insights into
the coordination of proteins within the signalosome that balance
positive and negative signaling.

RESULTS
Antigen-induced FceRl signaling is altered but not lost in
RBL-LynX© cells
We began by generating a Lyn knockout cell line in RBL-2H3 cells
(RBL-Lyn*®) using CRISPR-Cas? gene editing. Several subclones de-
ficient in Lyn were successfully generated (Figure 1A; see Materials
and Methods for details on characterization of knockout cells). Previ-
ous work in bone marrow mast cells had shown that Fyn can sulbsti-
tute for Lyn and facilitate FceRI signaling (Parravicini et al., 2002;
Hernandez-Hansen et al., 2004); however, RBL cells lack Fyn expres-
sion (Sanderson et al., 2010). It was, therefore, unexpected to find
that each of the RBL-Lyn ® cell lines maintained a robust degranula-
tion response upon FceRl cross-linking with multivalent antigen
(Figure 1B). Figure 1B shows the degranulation response of RBL-
Lyn*® subclone cells over a range of antigen (DNP»5-BSA, valency of
25) doses in comparison to wild type (WT) RBL cells. Clone BB3 was
selected for further studies. Knockout of Lyn did not alter surface
levels of FceRI as measured by flow cytometry (Figure 1C).
Consistent with the ability to release granular contents, we also
observed a calcium response upon FceRI cross-linking. Calcium mo-
bilization was measured by loading cells with the ratiometric calcium
indicator dye Fura-2, as described previously (Schwartz et al., 2017;
Travers et al., 2019). Heat maps shown in Figure 1D report the re-
sponses for n > 65 cells per condition. Addition of DNP,5-BSA leads
to an increase in cytosolic calcium for both cell types. However, the
RBL-Lyn*® calcium response was lower in magnitude and delayed
when compared with that of RBL-WT cells (Figure 1, E and F). These
results demonstrate that mast cell signaling can occur in the ab-
sence of Lyn and Fyn, raising new questions about the molecular
mechanisms that support FceRl signaling in RBL-Lyn*© cells.

Syk enhances FceRly phosphorylation to propagate signaling
in RBL-Lyn*© cells

To investigate the early signaling events in RBL-Lyn¥® cells, we ex-
amined the phosphorylation state of the FceRI y-subunit using West-
ern blot analysis. FceRl was immunoprecipitated using an anti-IgE
antibody, which coprecipitates the a-, B-, and y-subunits. Previous
work by the Rivera lab (Yamashita et al., 2008) has shown that, by
preparing lysates in nonreducing sample buffer, the FceRly dimer is
preserved, with the y-dimers separating on the gel as a function of
pTyr patterns (04 possible pTyr per dimer). The immunoblots in
Figure 2 show that the full phosphorylation profile presents as four
separate bands that migrate above the nonphosphorylated y-dimer
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FIGURE 1: FceRl signaling occurs in the absence of Lyn. (A) Immunoblot of whole cell lysates from RBL-WT or RBL-
Lyn © subclones showing successful CRISPR-Cas9 knockout of Lyn. Unless specified, subclone “BB3" was used for
subsequent studies. Representative blot from two independent sample preparations. (B) Degranulation was measured
by relative f-hexosaminidase released after 30 min of incubation with DNP,5-BSA at the respective concentrations.
Average values from three different experiments, with each treatment run in duplicate for each experiment; mean + SD.
(C) Knockout of Lyn does not alter FceRI membrane surface levels. Cells were labeled with IgE-AF647 overnight and
analyzed by flow cytometry. SEM of mean fluorescence intensity (MFI) values normalized to WT levels; three
independent trials. (D) Calcium release in RBL-WT or -Lyn*© cells after activation with 0.1 pg/ml DNP25-BSA. Heatmaps
indicate increased calcium release as the Fura-2 ratio increases from baseline (blue to red), with each line representing
the calcium ratio over time for a single cell. RBL-WT n = 67, RBL-Lyn® n = 65. (E, F) Quantification of calcium response
curves in D to extract the relative increase in the Fura-2 ratio per cell after antigen cross-linking (rise height; E) and the
time between antigen addition and calcium release (lag time; F). Red cross and error bars report the mean and SEM,
respectively. ** P < 0.0001 from two-sample Kolmogorov-Smirnov test.
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FIGURE 2: Syk activity is required for enhanced phosphorylation of FceRly ITAMs in RBL-Lyn © cells.

(A, B) Representative immunoblots probed for (A) total FceRly or (B) phosphorylation (pTyr) comparing RBL-WT, -Lyn<®,
and -Lyn/Syk<© cells before (No Tx) or after 8 min of 1 ug/ml DNP25-BSA cross-linking. Blots are displayed with
different contrasts (low, medium, high) to visualize lower levels of ITAM phosphorylation in the knockout cells. pY1, pY2,
pY3, and pY4 indicate the band corresponding to the respective number of phosphotyrosines in the y-dimer.

(C) Quantification of the immunoblots described in B to determine the percentage that each pTyr FceRIly band
contributes to total FceRly phosphorylation. (mean £ SD); No Tx n= 3, +8' DNP,5-BSA n=5. **** P < 0.0001,

*** P<0.001, ** P<0.01, * P<0.05, analysis of variance (ANOVA) with Tukey's multiple comparisons test.

in response to antigen stimulation. This banding can be observed
using either anti-y (Figure 2A) or anti-pTyr (Figure 2B) antibodies.
Using this approach, we compared y-phosphorylation for RBL-WT
and RBL-Lyn*® cells. Considering the reports that Syk is capable of
phosphorylating BCR ITAMs (Rolli et al., 2002), we also examined
RBL cells with both Lyn and Syk knocked out (RBL-Lyn\Syk¢<®), The
RBL-Lyn\Sykd<® cell line was produced using CRISPR-Cas9 to knock
out Syk in the RBL-Lyn® cells. We observed that the extent of -
phosphorylation is significantly reduced in RBL-Lyn*® cells; however,
the banding pattern was still present (Figure 2, A and B). In Figure
2C, we quantified the y-phosphorylation patterns for each cell type
by plotting the intensity of phosphorylation for each band (pY1,
pY2, pY3, pY4 seen in Figure 2B) normalized to the total phosphory-
lation within each condition. In resting cells, the y-dimer is primarily
found in low phosphostates (pY1, pY2). After antigen cross-linking,
RBL-WT cells show a shift to higher y-phosphostates (pY3, pY4).
Stimulated RBL-Lyn®® cells also show a shift to higher -
phosphorylation bands. Remarkably, in RBL-Lyn\Syk®<® cells there is
a very slight increase in pY2, though not significant, while the higher
phosphorylation states of the y-dimer are completely lost. This indi-
cates that Syk is the primary kinase acting to increase y ITAM phos-
phorylation in RBL-Lyn ® cells, consistent with in vitro studies show-
ing that the FceRIYITAM is a substrate for Syk (Kihara and Siraganian,
1994; Shiue et al., 1995).

SFK phosphorylation of FceRl is needed for Syk recruitment
The above results show that Syk can phosphorylate the y ITAM.
However, it was unclear whether Syk might act on the y-tyrosines
from the cytosol, a possibility suggested by other reports (Rolli
et al., 2002; Mukherjee et al., 2013), or instead the incomplete y-
phosphorylation seen in the absence of Syk and Lyn (Figure 2) was
sufficient to enable initial Syk docking. To differentiate between
these possibilities, we introduced a fluorescently (SYFP2)-tagged
Syk truncation mutant that retains both SH2 domains but lacks the
kinase domain (Syk(SH2)-SYFP2) into RBL-Lyn/Syk® cells. Upon re-
ceptor aggregation, Syk(SH2)-SYFP2 accumulated at the plasma
membrane in clusters that colocalized with aggregated IgE-AF647-
FceRI (Figure 3A and Supplemental Figure S1). Syk(SH2)-SYFP2 re-
cruitment to receptor aggregates was prevented by treatment with
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0.1 uM dasatinib, an inhibitor of SFK kinase activity (Figure 3B and
Supplemental Figure S1). Consistent with a loss of Syk recruitment,
we also found that in RBL-Lyn*® cells y-phosphorylation and degran-
ulation were reduced by dasatinib in a dose-dependent manner and
completely abrogated at 0.1 uM dasatinib (Supplemental Figure
S2). These results indicate that a dasatinib-sensitive kinase other
than Lyn/Fyn can initiate weak —phosphorylation, priming the ITAM
for Syk-SH2 binding. Work by others has shown that Lck can phos-
phorylate FceRl when expressed in Jurkat T-cells (Adamczewski
et al., 1995). Immunoblotting confirmed that, while Fyn was indeed
absent in RBL cells (Sanderson et al., 2010), Src and Lck were detect-
able (Supplemental Figure S3A), as previously reported. We found
that overexpression of Lck or Src in RBL-LynK© cells recovered FceRly
and Syk phosphorylation in response to antigen cross-linking (Sup-
plemental Figure S3, B and C). These results support a model for
signaling in RBL-Lyn*© cells where Syk can amplify phosphorylation
of the y ITAM in a feedforward mechanism, but only after another
SFK elicits low-level ITAM phosphorylation (barely detectable by
Western blot) to enable Syk recruitment via SH2 binding (Johnson
et al., 1995; Kimura et al., 1996b; Faeder et al., 2003; Yamashita
et al., 2008).

Syk recruitment is enhanced by Lyn

The changes in calcium response and the reduced y ITAM phos-
phorylation observed in RBL-Lyn© cells indicated that, despite
passing the threshold needed to support degranulation, FceRI sig-
naling in RBL-Lyn © cells is impaired. Because Syk is a critical node
in the signaling pathway, we used confocal microscopy to record
Syk recruitment to FceRl aggregates. As described previously, we
expressed Syk-tagged with mNeonGreen (Syk-mNG) in RBL cells
deficient of endogenous Syk (RBL-SykX® or RBL-Lyn/Syk¢<®) and
monitored Syk-mNG recruitment to FceRl aggregates (Schwartz
et al., 2017). As expected, Syk-mNG colocalizes with FceRIl aggre-
gates within 1 min of cross-linking (Figure 4A and Supplemental
Figure S1). In RBL-Lyn¥® cells, Syk recruitment to receptor aggre-
gates was markedly delayed, becoming visible only after 3 min
(Figure 4B and Supplemental Figure S1; see also Figure 5C). To fur-
ther quantify Syk recruitment and receptor aggregation, Total inter-
nal reflection fluorescence (TIRF) microscopy was used to acquire

Molecular Biology of the Cell
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recruitment. (A) Syk(SH2)5YFP2, which retains both SH2 domains but
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recruitment. Representative image from 73 cells imaged.
Quantification of Syk(SH2)>YFP2 recruitment frequency is found in
Supplemental Figure S1. Scale bars, 5 pm.

images of receptor aggregates and their corresponding Syk clusters
at the adherent cell surface. From these images, we applied Bayes-
ian multiple-emitter fitting (BAMF) (Fazel et al., 2019) analysis to
identify individual FceRIl aggregates and Syk clusters. BAMF has the
advantage of accurately determining the fluorescence intensity of
cytosolic nonclustered Syk-mNG and aggregated IgE-JF646 in our
images, which improves the image segmentation used to generate
aggregate masks and the calculation of signal within the mask (Sup-
plemental Figure S4). From this segmented image, we determined
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the number of Syk clusters formed (Figure 4C) and the correspond-
ing intensity of IgE-JF646 and Syk-mNG associated with individual
aggregates (Figure 4D). We found a reduction in the total number of
Syk clusters formed per cell when Lyn was absent (Figure 4C). In ad-
dition, individual FceRI aggregates are less efficient at recruiting Syk
in RBL-Lyn*© cells. The recruitment of Syk to receptor aggregates in
RBL-WT cells has a linear correlation, as seen in Figure 4D. This is
consistent with previous work showing that as FceRI aggregates in-
crease in intensity (i.e., receptor number), the amount of Syk-mNG
recruited concomitantly increases (Schwartz et al., 2017). In RBL-
LynK® cells, the amount of Syk-mNG recruited to FceRl aggregates
of a specific intensity is consistently lower than that for RBL-WT cells
(Figure 4D). Therefore, despite achieving robust degranulation, the
reduced yITAM phosphorylation seen in RBL-Lyn*® cells (Figure 2) is
translated to less efficient Syk recruitment (Figure 4D).

Incomplete FceRly ITAM phosphorylation supports Syk
recruitment

Previous work has established that, by altering the pTyr profile of the
FceRl ITAMs, recruitment of accessory proteins, including Syk, Lyn,
and SHIP1, can be modulated (Kimura et al., 1996a; Furumoto et al.,
2004; Yamashita et al., 2008). We previously showed that y-subunits
phosphorylated only at the C-terminal tyrosine are capable of re-
cruiting Syk and propagating calcium signaling if the y-subunits are
preserved as physiological dimers (Travers et al., 2019). The calcium
release resulting from these monophosphorylated y-subunits is de-
layed, however, similar to that of RBL-LynX® cells. We reasoned that
the impaired Syk recruitment in RBL-Lyn“© cells may then be a result
of incomplete y-phosphorylation. To explore this possibility, we gen-
erated a double-knockout cell line deficient in Lyn and FceRly (RBL-
Lyn/y¥© cells) using CRISPR-Cas9. FceRl y-subunits were reintro-
duced through transfection as either WT or single-tyrosine mutants
(Y64F (FY), Y75F (YF)) or mutants lacking both tyrosines (Y64F-Y75F
(FF)). The 0~ and B-subunits do not traffic to the plasma membrane
without the y-subunit, and therefore, IgE will not bind to RBL-
Lyn/y¥© cells. Confocal imaging showed successful integration of
transfected FceRly constructs into the receptor complex by restora-
tion of fluorescent IgE binding (Figure 5 and Supplemental Figure
S5). Expression of y-WT led to successful recruitment of Syk-mNG to
DNP5-BSA cross-linked receptor aggregates (Supplemental Figure
S5A). In contrast, y-FF was not capable of Syk-mNG recruitment
(Supplemental Figure S5B). When only the C-terminal tyrosine was
present (y-FY), Syk-mNG still clustered with receptor aggregates
(Figure 5A and Supplemental Figure S1), whereas the N-terminal
tyrosine alone (y-YF) was not sufficient for Syk-mNG recruitment
(Figure 5B and Supplemental Figure S1). Using the BAMF segmen-
tation analysis described in Figure 4, we plotted the number of Syk
clusters formed per cell over time in RBL-WT, Lyn®, and
Lyn/y3<O(y-FY) cells. Figure 5C confirms that the kinetics of Syk clus-
tering is indeed delayed in the absence of Lyn. This delay in Syk re-
cruitment is congruent with the observed delay in degranulation
onset in RBL-Lynk© cells (Supplemental Figure S6). RBL-Lyn/y9<©
cells expressing FceRIy-FY had Syk recruitment kinetics similar to
that of RBL-Lyn*® cells (Figure 5C). These results support the idea
that Syk is capable of interactions with incompletely phosphorylated
v ITAMs. Specifically, we demonstrate that the C-terminal tyrosine of
the y ITAM dimer becomes phosphorylated and is capable of re-
cruiting Syk despite the absence of Lyn.

Syk has productive interactions with both the yand p ITAMs

To this point, our studies focused on Syk interactions with the 7y
ITAM. The role of the B ITAM serving as a platform to propagate Syk

FceRl signaling in the absence of Lyn | 5
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y-mutant lacking ITAM tyrosines (i.e., RBL-y<°(y-FF)) are still capable ~ when examining intact receptor. To determine whether Syk binds to
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the B ITAM, we used cells coexpressing Syk-
mNG and chimeric Tac-Tac (TT)-y or -B ITAM
monomers. The TT constructs consist of the
coding sequences of extracellular and trans-
membrane domains of the Tac antigen
(IL2Rat, TT) fused with the y- or B-subunit cy-
toplasmic tail sequence (Letourneur and
Klausner, 1991; Wilson et al., 1995; Travers
et al., 2019). Cells were first treated with an
AF647-labeled anti-Tac antibody. This pre-
treatment generates quasi-dimers but does
not activate signaling (Wilson et al., 1995).
Subsequent addition of an anti-mouse sec-
ondary antibody aggregates the TT-ITAMs
and leads to phosphorylation and down-
stream signaling. As expected, aggregation
of TT-y resulted in Syk-mNG recruitment to
the aggregates (Figure 6A and Supplemen-
tal Figure S1). Notably, we also observed
Syk-mNG  recruitment to aggregated TT-8
(Figure 6B and Supplemental Figure S1).

Considering the weak calcium response
of RBL-y<© cells expressing a tyrosine-null y-
mutant (i.e., RBL-Y°(y-FF)) (Travers et al.,
2019) and the ability of Syk to bind the B-
subunit (Figure 6B), we revisited the possi-
bility that the B-subunit can support signal-
ing. We found that RBL-WT cells expressing
TT-B are not capable of degranulation
(Figure 6C), consistent with earlier work
(Wilson et al., 1995). However, while Syk is
the critical positive signaling node for mast
cells, a number of negative regulatory pro-
teins are involved in balancing FceRI signal-
ing. We focused on SHIP1, which is a key
player in setting the threshold for mast cell
signaling and is a major "gatekeeper” of
mast cell degranulation (Huber et al., 1998;
Mahajan et al., 2014). SHIP1 contains a sin-
gle SH2 domain that binds to phosphory-
lated ITAMs and an inositol 5’-phosphatase
that regulates phosphoinositol levels. To re-
move SHIP1 regulation, we generated an
RBL SHIP1 knockout cell line (RBL-SHIP1K0),
again using CRISPR-Cas?. We found that TT-
B aggregation was able to induce degranu-
lation in cells lacking SHIP1-negative regula-
tion (Figure 6C). These data confirm that
SHIP1 tightly regulates FceRl signaling out-
comes and suggest a direct role for SHIP1 in
Syk regulation.

Lyn is required for SHIP1 recruitment
to FceRl aggregates

We next considered that the ability of RBL-
Lynk© cells to support signaling, even though
FceRly ITAM phosphorylation and Syk re-
cruitment are both reduced, could be a re-
sult of altered phosphatase engagement
within the signalosome. Previous work

FceRl signaling in the absence of Lyn | 7
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Functional Syk recruitment to the FceRIB ITAM.
(A, B) RBL-WT cells coexpressing Syk-mNG (green) and (A) TT-y or
B) TT-B. Cells are first labeled with AF647-conjugated anti-Tac primary
antibody (magenta) followed by 5 min of large-scale cross-linking with
25 pg/ml anti-mouse secondary antibody. Syk-mNG recruitment is
observed for both TT-y and TT-B. Representative image shown from
60 (A) and 41 (B) cells imaged. See Supplemental Figure S1 for
quantification of recruitment frequency. Scale bar is 5 pm. (C) RBL-WT
and RBL-SHIP1¥C cells were transfected to express the TT-8 construct.
Degranulation was quantified after cross-linking with 1 pg/ml TT-8
anti-Tac antibody (1° Ab.) followed by anti-mouse antibody (2° Ab.).
** P <0.01, paired two-tail t test, n=9.

indicated that SHIP1 activity is integrally tied to that of Lyn (Furumoto
et al., 2004; Mahajan et al., 2014; Nunes de Miranda et al., 2016),
which led us to examine the efficiency of SHIP1 recruitment in RBL-
LynK® cells. RBL-WT or -Lyn*© cells were transfected with SHIP1-mNG
and incubated overnight with IgE-AF647. In RBL-WT cells, the re-
cruitment of SHIP1-mNG to receptor aggregates is readily observed
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within 3 min of DNP25-BSA cross-linking (Figure 7A and Supplemen-
tal Figure S1). In contrast, SHIP1-mNG recruitment to receptor ag-
gregates is not observed in RBL-Lyn*© cells (Figure 7B and Supple-
mental Figure S1). The inability of FceRI to recruit SHIP1 in these cells
suggested that the required tyrosines for docking are not phosphory-
lated. Others have specifically tied the phosphorylation of the B
ITAM to SHIP1 recruitment (Furumoto et al., 2004; Xiao et al., 2005).
We confirmed this finding using the chimeric TT-ITAMs. Figure 7, C
and D, shows that SHIP1 is indeed recruited to TT-B after aggrega-
tion, but not TT-y. Because SHIP1 recruitment is specific to the B
ITAM, the loss of SHIP1 recruitment indicates that the B ITAM is not
phosphorylated in RBL-Lynk® cells. Therefore, while y ITAM phos-
phorylation is initiated by another compensating kinase and ampli-
fied by Syk, B ITAM phosphorylation requires Lyn. Furthermore, the
loss of SHIP1 recruitment indicates that the negative regulatory
mechanisms in RBL-Lynk® cells are inherently reduced.

SHIP1 limits Syk residency time at the receptor

While the loss of SHIPT might explain how weak Syk recruitment
propagates signaling in RBL-Lyn*® cells, the mechanism through
which SHIP1 regulates Syk behavior was still not clear. We used sin-
gle particle tracking (SPT) to determine whether the presence of
SHIP1 influences the formation of the FceRI signalosome. In previ-
ous work, we described the use of SPT to track Syk-mNG membrane
recruitment and quantify the lifetime of FceRI:Syk interactions
(Schwartz et al., 2017). Briefly, RBL cells expressing Syk-mNG were
imaged using TIRF microscopy such that Syk-mNG trajectories are
captured only when the molecule enters the TIRF field and slows in
mobility as it interacts at the plasma membrane (Supplemental
Video 1). The track length of Syk-mNG trajectories is then a readout
of the binding lifetime of individual Syk-mNG molecules at the cell
membrane. By fitting the population of Syk-mNG trajectories, we
are able to extract the off-rate of Syk interactions with FceRI, where
the off-rate is the inverse of the binding lifetime (Schwartz et al.,
2017). We used this SPT approach to measure Syk dynamics in the
presence or absence of SHIP1. Figure 8A shows that the distribution
of Syk-mNG track lengths shifts to longer values upon DNP,5-BSA
cross-linking. This is consistent with an increase in Syk recruitment to
the membrane upon FceRl activation. We fitted these distributions
using our previously described two-component model, where the
slow off-rate (k;) corresponds to long-lived Syk interactions with
phosphorylated FceRl and the fast off-rate (ki) signifies nonspecific
interactions of Syk with the membrane. We first examined Syk-mNG
recruitment in the presence of SHIP1 and found off-rates consistent
with those reported in Schwartz et al. (2017), with ks = 0.527 s7' £
0.040 and ks = 1.6445 £ 0.095 (Figure 8B). Addition of DNP,5-BSA
caused an increase in the fraction of the slow component (o), from
0.078 £ 0.024 when unstimulated to 0.161 £ 0.022 with receptor
cross-linking (Figure 8C). This increase in the fraction of as is consis-
tent with an increase in Syk recruitment after FceRI activation. As
seen in Figure 8A, the distribution of Syk-mNG track lengths in RBL-
SHIPKO cells also shifted to longer time values after FceRl activation.
Interestingly, the distribution in nontreated RBL-SHIP*® cells is more
similar to that of activated RBL-WT cells. Fitting these distributions
revealed that the off-rate for k, is reduced in RBL-SHIP*® (k,=0.323 5™
+ 0.004), such that the absence of SHIP1 allows for longer-lived in-
teractions of Syk with FceRI (Figure 8B). Consistent with the right-
shifted track length distributions (Figure 8A), we found that the
fraction of long-lived Syk events at the membrane is higher in
RBL-SHIP1KO cells, for resting and activated cells (Figure 8C). These
results reveal that SHIP1 regulates both the amount and duration of
Syk binding to FceRI. An increase in membrane-resident Syk in cells
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SHIP1 recruitment is absent in RBL-Lyn® cells. (

A) RBL-WT or (B) Lynk© cells were transfected to express

SHIP1-mNG (green) and incubated overnight with IgE- AF647 (magenta) Cells were activated with the addition of

0.1 pg/ml DNP,5-BSA and confocal images collected at specified time points. SHIP1-mNG recruitment is not observed
in the absence of Lyn. (C, D) RBL-WT cells coexpressing SHIP1-mNG (green) and either (C) TT-8 or (D) TT-y. Aggregation
of the anti-Tac primary antibody (magenta), with 25 ug/ml anti-mouse secondary antibody, induced SHIP1-mNG
recruitment to TT- but not TT-y. Representative image shown of 103 (A), 107 (B), 59 (C), and 38 (D) cells imaged. See
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lacking SHIP1 suggests that the regulatory behavior of SHIP1 acts
independent of receptor cross-linking and plays a role in preventing
aberrant, constitutive FceRI signaling. The idea that SHIP1 acts to
prevent aberrant signaling is supported by previous work showing
that even in the resting state phospho-SHIP1 is present at the cell
membrane in RBL cells (Mahajan et al., 2014). The longer Syk resi-
dency time at the receptor when SHIP1 is absent may be the mecha-
nism that facilitates Syk amplification of y-subunit ITAM phosphory-
lation in RBL-Lyn*® cells. In previous work, we found that an increase
in off-rate, meaning a more transient interaction, led to a reduction
in Syk phosphorylation and signaling outcomes (Schwartz et al.,
2017). To determine whether the decrease in FceRI:Syk off-rate ob-
served here has an impact on Syk function, we compared phos-
phorylation of Syk and LAT by Western blot analysis. The kinetics
and extent of phosphorylation were increased for both Syk and LAT
when SHIP1 was knocked out (Figure 8, D and E).

DISCUSSION

A cell’s signaling response is determined by the culmination of ac-
tivities from both positive- and negative-signaling molecules. This

Volume 33 September 1, 2022

balance is particularly critical in mast cell signaling, where cellular
secretory responses depend on the formation of FceRl aggregates
capable of overriding negative regulatory signals (Mendoza and
Minagawa, 1982; Kovérova et al., 2001; Young et al., 2003). We in-
vestigated the contribution of ITAM pTyr patterns, along with the
roles of Lyn, Syk, and SHIP1 in the building of the FceRI signalo-
some. We began by defining the signaling profile of RBL-Lyn*® cells
and showed that, despite lacking Lyn and Fyn, calcium release and
degranulation readily occurred after DNP,5-BSA antigen cross-link-
ing. We did note a delay in the timing of both responses, which was
linked to slower and less efficient Syk recruitment. These delays in
RBL-Lyn*® cell outcomes are similar to the delay in calcium release
(Nishizumi and Yamamoto, 1997; Parravicini et al., 2002) and
degranulation (Hernandez-Hansen et al., 2004) observed in Lyn-
deficient murine bone marrow mast cells (BMMCs).
BMMCs express Fyn, which was shown to compensate for the ab-
sence of Lyn (Parravicini et al., 2002; Hernandez-Hansen et al., 2004;
Fasbender et al., 2017). Studies of BCR signaling in Lyn-deficient
B-cells have also reported a delay in Syk and Ig-o. phosphorylation,
as well as calcium release (Takata et al., 1994; Yanagi et al., 1996;

However,
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FIGURE 8: SHIP1 acts to reduce Syk binding duration and activity at the plasma membrane. (A) Cumulative probability
distributions of trajectory lengths (membrane residency time) for Syk-mNG before (solid lines) and 1-5 min after (dashed
lines) addition of 0.1 ug/ml DNP,5-BSA, for RBL-WT (blue) and RBL-SHIP1X® (red) cells. Number of trajectories (n): No Tx
WT n = 1040, +DNP-BSA WT n = 5129, No Tx SHIP1K® n = 8071, +DNP-BSA SHIP1X® n = 15661. Data collected from at
least 20 cells per condition over 3 d. (B) The fast (ki) and slow (k) off-rates calculated for Syk-FceRl interactions in each
cell type. (C) The fraction of slow (o) and fast (o) Syk-mNG interactions both before and after DNP,5-BSA cross-linking.
Values in B and C are from fitting of data in A as described in Materials and Methods. Error bars are a 68% credible
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Chan et al., 1997). The observation that B-cells lacking Lyn can sup-
port ITAM phosphorylation led to the hypothesis that Syk itself plays
a role in directly phosphorylating ITAMs. Several studies have dem-
onstrated that Syk is capable of phosphorylating the C-terminal ty-
rosine of the BCR (Nishizumi et al., 1995; Pao and Cambier, 1997; Li
etal., 1999; Kawakami et al., 2000; Ma et al., 2001; Rolli et al., 2002).
In addition, mathematical modeling reinforced the importance of
BCR clustering to initiate SFK-independent Syk activity (Mukherjee
et al., 2013), suggesting that a specific threshold of Syk recruitment
is required for Syk to begin phosphorylating receptor ITAMs. We
found that the YITAM is a substrate for Syk kinase activity. However,
we also show that Syk cannot bind to unphosphorylated FceRI so
that SFK activity is required to first phosphorylate the ITAM and initi-
ate Syk recruitment. In the absence of Lyn only low-level -
phosphorylation is achieved, but this is sufficient to promote Syk
binding and facilitate Syk amplification of y-phosphorylation in a
positive feedforward manner.

Prior work using mass spectrometry analysis has shown that y
ITAM phosphorylation is not complete even under optimal signaling
conditions (Yamashita et al., 2008). Furthermore, Syk is instrumental
in a broad range of immunoreceptor signaling cascades, across sev-
eral cell types. Therefore, we leveraged the FceRI phosphorylation
model in RBL-Lyn*© cells to understand critical attributes of the Syk
kinase such as its docking capacity to adapt to different ITAM phos-
phorylation patterns and under what conditions productive signal-
ing is supported. We showed that the C-terminal tyrosines of the y-
dimer are necessary and sufficient for Syk recruitment, supporting
the ability of Syk to bind in trans. The possibility of this noncanonical
trans conformation was predicted by molecular dynamics modeling
and confirmed using mutagenesis of the y ITAMs (Travers et al.,
2019). This previous work also showed that two pTyr are required to
functionally engage Syk because the single-tyrosine y-FY mutant
could signal when in a physiologically relevant dimer structure, but
not when presented as TT-y constructs (Travers et al., 2019). Thus,
Syk must bridge across the y-dimer to engage two pTyr in a trans
binding orientation. While this provides an alternative mode of sig-
naling under conditions of incomplete ITAM phosphorylation, it
suggests that only one Syk can bind in trans to a y-dimer compared
with the two Syk molecules that can simultaneously bind in cis to a
fully phosphorylated y-dimer (Travers et al., 2019). This limited Syk
binding capacity is consistent with the reduced Syk recruitment
found in RBL-Lyn ® cells. The delay in Syk activity in RBL-Lyn*® cells
also raises the possibility that the kinase compensating for Lyn may
only be able to phosphorylate the C-terminal tyrosines of the y
ITAM. Alternatively, the interactions of the Syk-SH2 domains with
the N-terminal pTyr may be too weak to support trans bridging, as
has been previously reported (Yamashita et al., 2008). Nevertheless,
the reduced Syk recruitment to monophosphorylated y-chains sup-
ports the idea that Lyn acts to accelerate signaling through its more
efficient kinase activity (Hibbs et al., 1995; Nishizumi et al., 1995;
Chan et al., 1997; Hernandez-Hansen et al., 2004). The potential for
Syk to bind ITAMs in trans also contributes to our understanding of
hemITAM:Syk interactions. Because hemITAMs contain a single ty-
rosine, they cannot support Syk binding in cis and rely on the proper

receptor spacing to bring two pTyr in sufficient proximity for trans
Syk docking (Watson et al., 2009; Bauer et al., 2017; Bauer and
Steinle, 2017). Work in hemITAMs combined with our findings using
single-tyrosine mutant y ITAMs suggests a degree of overlap in the
models for how Syk docks to both y ITAM and hemITAM dimers.
The flexibility of Syk binding conformations is likely related to its role
as a critical node for multiple immunoreceptor signaling networks.

In addition to noncanonical Syk:y binding, we showed that Syk
undergoes productive interactions with the B ITAM. The B ITAM is
well-known for its interactions with Lyn and recruitment of negative
signaling proteins, including SHIP1 (Furumoto et al., 2004; Xiao
et al., 2005). We found that Syk is also readily recruited to TT-B. A
role for B:Syk binding was unclear, with previous work failing to show
Syk:B interactions by coimmunoprecipitation and indications that
TT-B signaling alone does not induce degranulation (Wilson et al.,
1995; Furumoto et al., 2004). However, we found that removal of
SHIP1 allows for TT-B aggregation to induce degranulation. This re-
sult highlights the careful controls that are in place to regulate ITAM-
based signaling.

SHIP1 was not recruited to the FceRl signalosome in RBL-Lyn*©
cells, indicating that the required tyrosine for docking was not phos-
phorylated. We examined this using the chimeric TT-ITAMs where
SHIP1 is recruited to TT- but not TT~y. Because SHIP1 recruitment is
specific to the B ITAM, the loss of SHIP1 binding indicates that
the B ITAM is not phosphorylated in RBL-Lyn*® cells. Therefore,
while vy ITAM phosphorylation is initiated by another compensating
kinase and further increased by Syk, B ITAM phosphorylation re-
quires Lyn. Because SHIP1 is not recruited to FceRIl aggregates in
RBL-Lyn© cells, the negative regulation is naturally reduced in these
cells. We postulated that the absence of SHIP1 permits the low-level
Syk recruitment and y ITAM pTyr levels observed in RBL-Lyn*© cells
to propagate signaling to the point of degranulation. Because
SHIP1 contains an SH2 domain that binds to phosphorylated ITAMs,
the mechanism that leads to its gatekeeper role could be based on
competitive binding to ITAMs with Syk. A competitive mechanism
has been suggested for controlling anergy in B-cells where SHIP1
and Syk are both shown to bind to the same BCR ITAM subunits
(O'Neill et al., 2011). Anergic B-cells were found to have a high level
of phospho-SHIP1, and the loss of SHIP1 resulted in a loss of B-cell
anergy. Our observation that SHIP1 is recruited only to the B ITAM
of FceRI reduces the likelihood of competitive ITAM binding as the
key mechanism because the y ITAM alone can support Syk recruit-
ment and signaling. Alternatively, the lipid environment may play a
role in Syk regulation. Park et al. (2016) found that ZAP-70 binds to
both PI(3,4,5)P3 (PIP3) and PI(4,5)P,, with higher affinity for PIPs,
through “alternate cationic patches” (ACPs). ACPs are located out-
side of the pTyr binding pocket of the C-terminal SH2 domain, al-
lowing for simultaneous binding of ZAP-70 to ITAM pTyr and PIP3,
with PIP3 possibly acting to stabilize ZAP-70 at the plasma mem-
brane. They also found that a similar interaction exists between PIP;
and the Syk C-terminal SH2 domain. Because SHIP1 is a lipid phos-
phatase that converts PIP3 to PI(3,4)P,, we predicted that SHIP1
might act to destabilize Syk membrane localization by reducing the
PIP3 available for ACP binding. Indeed, our SPT measurements

interval. (D) Representative immunoblot of Syk and LAT phosphorylation in RBL-WT or SHIP1XC cells. Cells were treated
with 0.1 pg/ml DNP,s5-BSA for the indicated time points and probed for total protein and phosphorylation of Syk (top)
and LAT (bottom). Three independent experiments were performed. (E) Quantification of Western blots as described in
D for Syk (top plot) and LAT (bottom plot) phosphorylation, *** P < 0.001, ** P < 0.01, * P < 0.05. ANOVA with Sidak’s
multiple comparison test. Bar graphs display average values * SD from three independent experiments, and matching

symbols indicate results from the same individual experiment.
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revealed that the interaction between Syk and FceRl is longer-lived
in RBL-SHIP1X© cells. While this result is consistent with the hypoth-
esis that PIP levels can alter Syk lifetime at the membrane, more
work is needed to confirm this mechanism. Importantly, we found
that the reduction in Syk off-rate was translated into increased phos-
phorylation of both Syk and LAT. In previous work, we showed that
small changes in Syk binding kinetics modulated mast cell signaling
outcomes, albeit in that case we found the reciprocal outcome
where an increase in off-rate resulted in a reduction of Syk phos-
phorylation and signaling (Schwartz et al., 2017). Together these
studies show a direct correlation between FceRI:Syk binding lifetime
and Syk function, further supporting the idea that the timing of pro-
tein—protein interactions is finely tuned to optimize protein
modification.

Our study has revealed several unanticipated ways that FceRI
signaling is regulated. The flexibility of ITAM-based signaling is
demonstrated in the ability of Syk to take advantage of incomplete
Y-phosphorylation and directly drive positive signaling. Further-
more, noncanonical Syk binding, either through B ITAM binding or
trans y ITAM bridging, can propagate signaling. Here, we were able
to overcome the inhibitory signaling axis by removal of only a single
component of negative signaling. While positive signaling is al-
lowed to propagate with SHIP1 knocked out, the signaling out-
comes were still dampened, as would be expected when multiple
negative regulators are involved. Determining the spatiotemporal
relationships for other FceRI recruited phosphatases, such as SHP1
and SHP2 (Furumoto et al., 2004; Mahajan et al., 2014), would pro-
vide further insight into how inhibitory signals are orchestrated to
maintain control on positive signals. The identification of a novel
regulatory role where SHIP1 acts to modulate the interaction time
between Syk and FceRl supports the idea that signaling is also sensi-
tive to the duration of protein—protein interactions. Taking the re-
sults together, this work highlights the ability of ITAM-based signal-
ing to respond to various ITAM phosphorylation patterns, Syk
binding conformations, and the presence/absence of key regulatory
molecules. These molecular mechanisms are likely applicable across
the different MIRR systems and provide insight into how disparate
immunoreceptors can utilize conserved signaling cascades to tailor
their cellular outcomes.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Reagents

MEM was purchased from Life Technologies (Grand Island, NY). Al-
exaFlour647 (AF647)-labeled anti-Tac IgG was from BioLegend (San
Diego, CA), and anti-mouse IgG was from Jackson ImmunoResearch
Laboratories (West Grove, PA). Fura-2AM was from Molecular
Probes (Eugene, OR). DNP,5-BSA was from Thermo Fisher Scientific
(Waltham, MA; catalogue #A23018), and anti-DNP-IgE was affinity
purified from ascites (Covance, Denver, PA) according to the
methods of Liu et al. (1980). AF647-labeled IgE was prepared using
AlexaFluoré47 NHS Ester (succinimidyl ester; Thermo Fisher Scien-
tific). Janelia Fluor 646-labeled IgE (JF646) was prepared using
Janelia Fluor 646 NHS Ester (Janelia Fluor 646 succinimidyl ester,
Tocris; 6148). Antibodies used are as follows: anti-pY (4G10) was a
gift from J. Cambier, (University of Colorado) anti-mouse-horserad-
ish peroxidase (HRP) (Cell Signaling Technology; 7076S) and anti—
rabbit-HRP secondary (Santa Cruz; sc-2004), Lyn (Abcam; ab71093),
Src (Cell Signaling Technology; 2110), Lck (Antibodies-Online;
ABIN4965391), Yes1 (R&D Systems; AF3205); Fyn (R&D Systems;
MAB3574), SHIP1 (Santa Cruz; sc-136066), vinculin (Santa Cruz;
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sc-7F9), B-actin (Sigma; A2668), FceRly (EMD Millipore; 06-727),
goat anti-rat IgE (Abnova; PAB29749).

Cell culture

RBL-2H3 cells were cultured in MEM supplemented with 10% heat-
inactivated fetal bovine serum, 1% penicillin/streptomycin, and 1%
L-glutamine (Metzger et al., 1986; Wilson et al., 2000). To ensure cell
functionally, IgE binding and degranulation response was recorded
after each thaw and used for up to 10 passages. Transfections were
performed using the Amaxa system (Lonza) with Solution L and Pro-
gram T-20. Stable cell lines were generated through G418 selection
over a 1-wk period followed by isolation of positive, mMNG-express-
ing cells using an iCyt cell sorter with a 525/50 nm emission filter. Cell
lines were checked for equal expression levels before experiments
using an Accuri Cé Plus cytometer (BD Biosciences) and sorted as
needed. For all microscopy experiments, cells were plated into
eight-well Lab-Tek (Nunc) chambers at a density of 4 x 10* cells/well,
or a six-well tissue culture plate (Fablab) on round cover glass, #1.5
thickness, 25 mm (Warner Instruments) at a density of 2 x 10° cells/
well, primed overnight with 1 pg/ml IgE, and imaged within 24 h.

Plasmid constructs

Syk-mNG referred to murine Syk DNA, SHIP1-mNG referred to hu-
man SHIP1 DNA, Src-GFP referred to murine Src DNA, Lck-GFP re-
ferred to murine Lck DNA, and FceRly referred to rat FceRly DNA. For
mNG constructs, they consisted of the respective DNA being fused
tomNG viaashortV5 linker(GGTAAGCCTATCCCTAACCCTCTCCTC-
GGTCTCGA TTCTACG) tag. The V5 tag was added to mNG (Allele
Biotechnology User License) via fusion PCR. Fusion to V5-mNG was
generated by gene fusion PCR using PfuUltra DNA polymerase (Strat-
agene) (Ho et al., 1989). Total cDNA was amplified by PCR before
subcloning into the pcDNA3.1 directional topo vector (Life Technolo-
gies). Constructs used for reconstitution of FceRly WT and mutants in
FceRIY<© cells were prepared in the pcDNA3.1 vector (Invitrogen).
The Lck-GFP construct was purchased from OriGene Technologies
(Origene; MG226723). Src-EGFP was a gift from Mainou and Der-
mody (2011), Vanderbilt University (Addgene plasmid #110496;
http://n2t.net/addgene:110496; RRID:Addgene_110496).

The Syk(SH2)-SYFP2 construct was truncated after amino acid
263 of Syk (to not include the interdomain B or the kinase domain).
The SYFP2 (iGEM BBa_K864100) gene was amplified with primers
containing Agel and STOP-STOP-Xhol sequences and was ex-
pressed after the N-terminal part of Syk after a short linker sequence
(GCGGCCGGTCTGGCCCATATGGGAGGCGGTGGGTCTGGTG-
GCGGTGGCAGCACCGGT). The construct was prepared in the
pcDNA3.1 vector.

Chimeric TT-y receptors have been described previously (Letour-
neur and Klausner, 1991). Constructs for reconstitution of FceRIy WT
and mutant v in FceRIY<© cells were prepared in the pcDNA3.1 vec-
tor (Invitrogen) (Travers et al., 2019).

Genome editing

Cas9-mediated DNA cleavage was used to knock out the endoge-
nous gene coding for each respective protein in RBL-2H3 cells via
the insertion of a premature stop codon in the first exon of the re-
spective gene. A highly specific single guide RNA (gRNA) targeting
either the first exon of rat Lyn (5"-TGAAAGACAAGTCGTCTGGG-3"),
Syk (5-GGCCAGAGCCGCAATTACCT-3), SHIP1 (5-AGGTCGT-
GGGCGAAGGCCTG-3), or FceRly (5-GCAAGAACAAGATCACC-
GCT-3) was designed using the http://crisprmit.edu portal and
then subcloned into the PX458 vector (Addgene plasmid #48138)
for simultaneous expression of the gRNA, WT Cas9, and a green
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fluorescent protein (GFP) reporter. For the gRNA subcloning, two
partially complementary oligonucleotides (Integrated DNA Tech-
nologies) were assembled by PCR. Gel-purified PCR products were
cloned into Bbsl-digested PX458 using Gibson Assembly (NEB) fol-
lowing the manufacturer’s specifications. After cloning and sequenc-
ing, the final plasmid was used to transiently transfect RBL-2H3 cells
with the Amaxa system (Lonza) using Solution L and Program T-020.
Positive, GFP-expressing cells were selected by flow cytometry us-
ing an iCyt cell sorter and immediately plated at a single cell density
in 96-well plates. Subclones were screened using immunoblotting
to identify clones with successful knockout of the respective protein,
confirmed with at least two independent sample preparations. Cells
were monitored for proper cell growth and morphology, and de-
granulation and calcium assays were used to verify cell line function-
ality. Appropriate FceRl surface expression was confirmed by fluo-
rescent IgE binding and quantified by flow cytometry analysis, with
the exception of the y-knockout lines, which were confirmed by the
absence of fluorescent IgE binding. The absence of residual GFP
expression in knockout clones was assessed using a Nikon TE2000
epifluorescence microscope.

Fura-2AM calcium assay

In all cases, cells were washed with buffer and incubated in 2 uM
Fura-2AM buffer for 20 min at room temperature (RT) followed by an
additional buffer wash. Ratio images were acquired at 35°C using an
Olympus IX71 inverted microscope outfitted with a UPLANSAPO
60X/NA1.2 water emersion objective coupled to an objective heater
(Bioptechs). Cells were activated by cross-linking with DNP5-BSA,
added at 30 s during a total of 5 min of imaging. Ratiometric
changes in cytosolic calcium were determined by alternating be-
tween 340 and 380 nm at 1 Hz with a xenon arc lamp monochroma-
tor (Cairn Research OptoScan) and collecting the interleaved Fura-2
fluorescence emissions at 510 nm with an iXon 887 electron-muilti-
plying charge-coupled device (EMCCD) camera using 1Q3 imaging
software (Andor Technology). Offline ratiometric analysis was per-
formed over time with a custom MATLAB script for each cell (15-20
per field of view) to assess calcium release.

Degranulation assay

Cells were grown in 24-well tissue culture plates for 24 h and primed
with 1 pg/ml IgE overnight, except for TT antibody cross-linked
cells. For TT degranulation assay, cells were incubated for 10 min
with primary antibody (anti-Tac-AF647) before washes and cross-
linking with secondary antibody. Cells were stimulated in Hank'’s buf-
fer with the indicated concentration of DNP,5-BSA or the respective
antibody for 30 min at 37°C. Release of granular content was mea-
sured by B-hexosaminidase concentration as previously described
(Schwartz et al., 2017).

Confocal microscopy and imaging

Confocal images were obtained using a Leica DMi8 inverted micro-
scope. A Leica Harmonic Compound PL apochromatic CS2 63X wa-
ter objective with a correction collar (1.2 NA) was used for imaging.
A tunable white light laser (470-670 nm) using 3% laser power and
488 nm (i.e., mNG excitation), 514 nm (i.e., SYFP2 excitation), or 633
nm (i.e., AF647 or JFb646 excitation) notch filters for excitation.
Images were 1024 x 1024 pixels and were acquired at a scan speed
of 400. Two hybrid detectors collected photons at 500-540 nm
(MNG collection) or 520-560 nm (SYFP2 collection) for green and
650-700 nm for far-red channels on the standard mode setting. Live
cells were imaged at 35°C with temperature maintained using a
Bioptics objective heater.
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SPT and lifetime analysis and microscopy optical setup

TIRF imaging data were collected using an inverted microscope
(IX71; Olympus) equipped with a 150x/1.45 NA oil-immersion,
TIRF objective (U-APO; Olympus). A 637-nm laser diode
(HL63133DG; Thorlabs) was used for AF647 excitation, and a
488-nm laser (Cyan Scientific; Spectra-Physics) was used for fluo-
rescence excitation of mMNG. A quad-band dichroic and emission
filter set (LF405/488/561/635-A; Semrock) was used for sample
illumination and emission. Emission light was separated onto
different quadrants of an EMCCD camera (iXon 897; Andor Tech-
nologies), using a custom-built two-channel splitter with a 655-nm
dichroic (Semrock) and 584/20-nm and 690/20-nm additional
emission filters. Images had a pixel size of 0.106 ym and were
acquired at 10 frames/second (100 ms exposure time).

The analysis algorithms and parameters used to track individual
mNG molecules were previously described in Schwartz et al. (2017).
Briefly, tracks were analyzed using home-built MATLAB code that
localized single particles per frame and determined connections be-
tween frames. The collected tracks were fitted to a two-component
distribution to determine the off-rates of Syk at the membrane
(Schwartz et al., 2017).

Localization intensity-based change point detection and
thresholding

As previously described by Schwartz et al. (2017), single tracks that
were represented by more than a single particle within a diffraction-
limited area were removed using an intensity change point algo-
rithm (Ensign and Pande, 2009; O'Donoghue et al., 2013) to identify
changes in intensity over the duration of the trajectory. This algo-
rithm uses a Bayesian model-selection technique to identify discrete
changes of mean intensity for sequences of Poisson-distributed
data. The only parameter for the model is a Bayes factor used in a
recursive decision procedure to divide each trajectory into seg-
ments of constant mean intensity. Parameters for mNG were deter-
mined in Schwartz et al. (2017).

TIRF microscopy optical setup for two-color correlation

TIRF imaging data were collected using an inverted microscope
(1X83; Olympus) equipped with a 60x/1.5 NA oil-immersion TIRF
(UPlanApo; Olympus). Fluorescence excitation used a 640 nm/140
mW diode laser (Olympus Soft Imaging Solution; 00026121) and a
488 nm/100 mW diode laser (Olympus Soft Imaging Solution;
00026125). Images were captured using a Hamamatsu ORCA-Fu-
sion sCMOS camera (C14440) and Hamamatsu W-View Gemini im-
age splitter (A12801-01) for two-color simultaneous live cell acquisi-
tion; afilter set of Semrock single-bandpass 675/67 nm (FF02-675/67)
and a Semrock 520/28 nm (FF02-520/28) were used in combination
with a Semrock single-edge standard epifluorescence dichroic
beamsplitter (FF555-Di03). Images were acquired at 60 s intervals
(500 ms exposure time). Samples were maintained at 35°C using a
Bioptechs objective heater.

BAMF image analysis

We used BAMF (Fazel et al., 2019) to process the acquired raw im-
age frames of IgE and Syk to localize the emitters as well as classify-
ing them into signal (in-focus) and background (out-of-focus) emit-
ters. The signal emitters found by BAMF were used to reconstruct
background/noise-free images of IgE aggregates. The obtained
noise-free images of IgE were then used to define the borders of IgE
aggregates using a Sobel filter for edge detection (Bovik, 2009).
Given the edges of the IgE aggregates, we determined whether
corresponding Syk molecules resided within distinct IgE aggregate
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borders. Syk emitters inside the borders of IgE aggregates were
identified by eliminating all emitters whose location was either
smaller or larger than the coordinates of the defined IgE aggregate
border. The intensity associated with each Syk cluster or IgE aggre-
gate was found by summing the intensities of all Syk molecules de-
termined to be located inside the respective IgE aggregate border
or by summing the intensities of IgE molecules defined to be in a
given aggregate. The intensity of the IgE aggregates was then plot-
ted against the intensity of the corresponding Syk molecules.

Flow cytometry receptor level comparison

Cells were incubated with 1 pg/ml fluorescently labeled IgE (AF647;
Thermo Fisher Scientific) overnight, with a population left unlabeled
as the negative control. The level of FceRI expression for cell popu-
lations was determined using an Accuri Cé Plus cytometer (BD
Biosciences).

Immunoblotting

Cells (4 x 10%) were plated on 100 mm tissue-grade culture plates
and primed overnight with 1 pg/ml IgE. Cells were stimulated with
respective antigen or mock for the indicated times at 37°C in Hank'’s
buffered saline. Cells were rinsed in cold phosphate-buffered saline
and lysed on ice for 20 min with NP-40 lysis buffer (150 nM NaCl, 50
mM Tris, 1% NP-40) in the presence of Halt Protease and Phospha-
tase inhibitors (Thermo Fisher Scientific). Lysates were cleared by
centrifugation at 13,000 x g for 10 min at 4°C. Protein concentra-
tions were determined by BCA assay (Thermo Fisher Scientific), and
25 pg was loaded into polyacrylamide gels. Whole lysates or immu-
noprecipitated samples were boiled with reducing sample buffer,
except for lysates used for the detection of FceRly phosphorylation
where nonreducing sample buffer was used to preserve the y-dimer.
Proteins were transferred from the SDS-PAGE gel to nitrocellulose
membranes using the iBlot2 system (Life Technologies). Membranes
were blocked for 30 min in 3% bovine serum albumin (BSA)/0.1%
Tween-20/ tris buffered saline (TBS) and probed overnight with pri-
mary antibodies at 4°C. HRP-conjugated secondary antibodies were
used for detection and incubated with membranes for 1 h at RT.
Membranes were imaged on the Odyssey Blot Imager (Li-Cor).
Analysis was performed using ImageStudio software.

Immunoprecipitation

Paired cell lysates were immunoprecipitated by first incubating lysates
with the respective antibody at 4°C for 1 h, rotating. Protein A/G
PLUS-Agarose (Santa Cruz; sc-2003) was added after the initial anti-
body incubation, and samples were then incubated again at 4°C over-
night, rotating. Samples were then centrifuged at 2500 x g for 3 min
at 4°C for subsequent washes with NP-40 lysis buffer, again in the
presence of Halt Protease and Phosphatase inhibitors (Thermo Fisher
Scientific). Samples were boiled in 2x sample buffer (BioRad; 1658063).

Statistical analysis

Analysis of calcium data and SPT was performed using in-house
MATLAB code described previously (Schwartz et al., 2017). The am-
plitude of calcium response and lag time are presented as mean
and SEM. Off-rate error bars indicate standard error, which are
calculated as the square root of the variance of the posterior prob-
ability distribution generated by the Markov chain. Statistical tests
for comparison between groups was completed as indicated in the
figure legends and was performed using GraphPad (San Diego, CA)
Prism software and graph formatting, and t tests were completed
using Microsoft Excel. The Kruskal-Wallis test that does not assume
a normal distribution was completed using MATLAB.
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