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Author Summary

Candidemia is the most common bloodstream infection in the United States. During
infection, the fungal cell wall is an important virulence factor, playing roles in adhesion,
immune recognition and colonization. The human innate immune system recognizes [3-
glucan, a highly immunogenic component of the fungal cell wall. During innate immune
recognition of Candida, the organization of cell wall B-glucan is an important
determinant of a successful immune activation. However, there have been many reports
showing conflicting biological activities of 3-glucans with different size, branching and
structure. Here, using quantitative fluorescence imaging techniques, we investigate how
differential size and structure of B-glucan impacts activation of the innate immune
receptor, Dectin-1A. Our results indicate a positive correlation between highly structured
glucans and Dectin-1A activation. Furthermore, we determined this is due to the higher
ordered B-glucan causing Dectin-1A receptors to form aggregates that are below 15 nm
in size. Finally, Dectin-1A receptor aggregation has also been shown to form at fungal

particle contact sites with high B-glucan exposure.

Abstract

Dectin-1A is a C-type Lectin innate immunoreceptor that recognizes 3-(1,3:1,6)-glucan,
a structural component of Candida species cell walls. The higher order structure of -
glucans ranges from random coil to insoluble fiber due to varying degrees of tertiary
(helical) and quaternary structure. Model Saccharomyces cerevisiae 3-glucans of
medium and high molecular weight (MMW and HMW, respectively) are highly
structured. In contrast, low MW glucan (LMW) is much less structured. Despite similar

affinity for Dectin-1A, the ability of glucans to induce Dectin-1A mediated calcium influx
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3
and Syk phosphorylation positively correlates with their degree of higher order structure.
Chemical denaturation and renaturation of MMW glucan showed that glucan structure
determines agonistic potential, but not binding affinity, for Dectin-1A. We explored the
role of glucan structure on Dectin-1A oligomerization, which is thought to be required for
Dectin-1 signaling. Glucan signaling decreased Dectin-1A diffusion coefficient in inverse
proportion to glucan structural content, which was consistent with Dectin-1A
aggregation. Forster Resonance Energy Transfer (FRET) measurements revealed that
molecular aggregation of Dectin-1 occurs in a manner dependent upon glucan higher
order structure. Number and Brightness analysis specifically confirmed an increase in
the Dectin-1A dimer and oligomer populations that is correlated with glucan structure
content. Receptor modeling data confirms that in resting cells, Dectin-1A is
predominantly in a monomeric state. Super Resolution Microscopy revealed that
glucan-stimulated Dectin-1 aggregates are very small (<15 nm) collections of engaged
receptors. Finally, FRET measurements confirmed increased molecular aggregation of
Dectin-1A at fungal particle contact sites in a manner that positively correlated with the
degree of exposed glucan on the particle surface. These results indicate that Dectin-1A
senses the solution conformation of B-glucans through their varying ability to drive
receptor dimer/oligomer formation and activation of membrane proximal signaling

events.

Introduction

Overall, Candida infections have increased over the past 20 years in the United States

[1-5]. It is estimated that 46,000 cases of healthcare-associated invasive candidiasis
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4
occur in the United States annually [6]. The fungal cell wall is composed of an inner
layer of chitin, a middle layer of $(1,3:1,6)-D-glucan and an outer layer of N- and O-
linked mannans [7]. During infection, the cell wall of Candida is an important and
relevant virulence factor, playing roles in adhesion, colonization and immune recognition
[8,9]. Due to the abundant amount of mannan on the cell wall, B-glucan exhibits a very
limited, punctate pattern of nanoscale surface exposure. The extent of this glucan
masking is influenced by environmental conditions such as intestinal pH or lactate levels
[10,11]. In addition, interactions with neutrophils have been shown to “unmask” the
mannose layer through a neutrophil extracellular trap-mediated mechanism [12].
Furthermore, our lab and others have determined that anti-fungal drugs “unmask” the
fungal cell wall, which leads to increases in nanoscale regions of glucan exposure and
correlates with enhanced host defense [13—15]. Therefore, fungal species use masking

as a way to evade recognition of B-glucan by the host’s immune system [16].

B-glucans consist of a -1,3-linked backbone with side chains of (3-1,6-linked units that
vary in length and degree of branching [17]. B-glucan forms triple-helical structures
through intermolecular hydrogen bonds with two other strands [17—21]. This triple helix
conformation has been shown to form with just the 3-1,3-linked backbone, however (3-
1,6-linked side chains play an important role in determination of the triple helix cavity

formation through side chain/side chain interactions [21].

B-glucans are known for their biological activities such as enhancing anti-tumor, anti-
bacterial, and anti-viral immunity as well as in wound healing [22—-25]. The biological
activity of glucan is affected by its structure, size, chemical modification, conformation

and solubility [26]. Research has found that branching is not required to observe
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5
biological activity, but branching has been shown to enhance binding to the Dectin-1
receptor [27]. In contrast, B-glucan size is thought to play a major role in biological
activity with glucans that are shorter than 10,000 Da often being biologically inactive
[28,29]. However, despite having similar sizes, glucans can display differences in their
biological activities [30—32]. For example, studies have demonstrated that the
immunoregulatory activity of laminarin varies between agonistic and antagonistic
depending on its physicochemical properties, purity and structure [33]. Furthermore, £3-
glucans that have a triple helical conformation are more potent agonists of host immune
response than single helical glucan [34—37]. We propose that the B-glucan triple-helix
conformation plays an important role in determining the biological activity of the [3-

glucan through modulating the degree of receptor oligomerization upon ligation.

During innate immune recognition of Candida, the organization of cell wall ligands and
pattern recognition receptors is an important determinant of successful immune
activation [8]. The C-type lectin (CTL) anti-fungal immunoreceptors play a central role in
the detection of Candida during bloodstream infection [38]. Dectin-1A is the main CTL
that recognizes the soluble and particulate B-glucan found in the fungal cell wall [39—
41]. Dectin-1A is found in myeloid lineage cells, and once activated, it stimulates
phagocytic activity, the production of reactive oxygen intermediates and inflammatory
mediators. Dectin-1A contains a CTL-like domain, separated from the cell membrane by
a glycosylated stalk region, a transmembrane domain and an intracellular cytosolic
domain. The cytosolic tail contains half an Immunoreceptor Tyrosine-based Activation
Motif (a YXXL sequence with an upstream stretch of acidic amino acids) in its

cytoplasmic tail and so is termed a (hem receptor [42,43]. Monophosphorylate
ytoplasmic tail and so is termed a (hem)ITAM tor [42,43]. Monophosphorylated
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6
113  ITAM domains poorly recruit and activate Syk for downstream signaling [44], suggesting
114  that hemITAM domains with their single phosphotyrosine site would be poorly activating
115 in a monomeric configuration. Consistent with this hypothesis, another (hem)ITAM
116  bearing receptor, CLEC-2, is reported to require dimerization for its signaling [45]. By
117  analogy to this and other (hem)ITAM receptors, it is hypothesized that Dectin-1A must
118  oligomerize to recapitulate a multivalent binding site for Syk and to facilitate signal
119  transduction [8,45,46]. However, this prediction has not been directly explored for
120  Dectin-1A in live cells at the molecular level with relation to structural determinants of

121 receptor-ligand complex organization and signaling outcomes.

122 In this study, we propose that factors that induce an aggregated membrane organization
123 of Dectin-1A during activation are very important for determining signaling outcomes of
124  Dectin-1A engagement by B-glucan [45,46]. We hypothesize that ligand structure

125 impacts signaling by determining the membrane organization and spatiotemporal

126  clustering dynamics of Dectin-1A. To test this hypothesis, we stimulated HEK-293 cells
127  transfected with Dectin-1A with a variety of soluble 3-glucans that have different

128  structures and sizes. We chose to work in this model system because it provides a

129  simplified platform necessary to investigate the physical biology of Dectin-1A activation
130 by isolating Dectin-1A signaling from the complex milieu of other receptors and other
131  Dectin-1 isoforms expressed in innate immunocytes. Also, this model facilitates the

132 expression of multiple fluorescent protein-tagged Dectin-1A constructs necessary to the
133 work. Using calcium imaging and western blotting assays, our results revealed that

134  Dectin-1A activation is influenced by the B-glucan triple helical structure. Furthermore,

135  our subcellular FRET measurements by Fluorescence Lifetime Imaging Microscopy
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7
136  (FLIM-FRET), as well as application of fluorescence correlation spectroscopy
137  approaches, revealed dimerization and oligomerization of Dectin-1A when stimulated
138  with highly structured B-glucans. In addition, these dimerization events occurred in
139  fungal contact sites of fungal cells with high glucan exposure. Together, our findings
140 indicate B-glucan structure is required for Dectin-1A to form signaling-competent dimeric

141  and oligomeric membrane aggregates.

142

143  Results:

144  Dectin-1A activation is dependent on the molecular weight of the soluble B-

145 glucan.

146  B-glucans, existing as insoluble fibers in the cell wall, are likely to have a high degree of
147  tertiary and quaternary structure. So, an encounter with highly structured glucan might
148  be indicative of a pathogen cell wall structure. Furthermore, less structured glucans are
149  encountered by Dectin-1A physiologically [42]. Small soluble circulating glucan can

150 derive from sloughed cell wall material or from dietary absorption [47-50]. However,

151  there is not much known about Dectin-1A’s ability to distinguish between highly

152 structured B-glucan found on cell walls of fungal pathogens and less structured glucans
153  found in circulation. Therefore, we examined how Dectin-1A activation is affected by
154  glucans with different quaternary and tertiary structures. To accomplish this, we used
155  high molecular weight (HMW 450 kDa), medium molecular weight (MMW 145 kDa), and
156  low molecular weight (LMW 11 kDa) soluble glucans, in decreasing order of tertiary and

157  quaternary structures, derived from S. cerevisiae cell walls. These S. cerevisiae glucans
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8
in soluble form or as particulate “zymosan” are common models for stimulation of innate
immunocytes by fungal pathogen cell wall glucan. The above glucans have overall very
similar composition and structures to C. albicans yeast glucan, though relatively minor
differences in B-(1,6)-glucan side chain length and branching frequency have been

reported between these species [51,52].

Using these glucans, we performed intracellular calcium ([Ca?*];) measurement
experiments using HEK-293 cells transfected with Dectin-1A. We stimulated the cells
using either LMW, MMW, or HMW (Fig.1A). We found that large, highly ordered glucans
(HMW and MMW) induced more than a two-fold increase in peak amplitude of [Ca?*].. In
contrast, the glucans with a random coil structure (LMW) showed little induction of
calcium signaling compared to unstimulated cells. These results indicate that Dectin-1A

drives differential Ca2* flux to glucan ligands that vary in size and structure.

To determine how these differently structured soluble glucans impacted cellular patterns
of Syk phosphorylation, we stimulated HEK-293 cells expressing Dectin1A-mEmerald
with H,O (vehicle), LMW, MMW, or HMW. Whole cell lysate was collected and Syk
phosphorylation was determined by western blot analysis. Likewise, our results show an
increase in Syk phosphorylation in the larger, highly structured glucan MMW and HMW
compared to unstimulated and LMW stimulated cells (Fig. 1B). Additionally, Syk
inhibitors abrogated calcium signaling of Dectin-1A when stimulated with MMW glucan
(Fig. 1C). These results indicate that glucans with higher order structure are better able

to activate Dectin-1A-mediated Ca?* signaling and that this is a Syk dependent process.
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Figure 1. Differential signaling response to soluble B-glucan for Dectin-1A.

(A) HEK-293 cells stably transfected with Dectin-1A were loaded with Fluo-4 and Cell Tracker Deep Red
at equimolar concentrations. Cell Tracker Deep Red was simultaneously loaded in order to normalize for
changes in cytosolic volume caused from cell movement during observation. Mean fluorescence intensity
was observed for Dectin-1A transfected (black) or untransfected (grey) HEK-293 cells stimulated with
LMW, MMW, or HMW at 1 ug/ml. (n = 30 per glucan from 3 independent experiments per glucan). Data
shown as mean fold change in volume-normalized [CaZ*]iracear- (B) Cell lysates were collected at 5 min
after stimulation and analyzed by Western blotting using antibodies against p-Syk and Syk. The intensity
of p-Syk was normalized against total Syk. Representative western blot on the left. Quantification of the
western blot data (right) shown as mean + SD are relative intensity of p-Syk (n = 3). (C) Untransfected
(grey) and stably transfected Dectin-1A (black) HEK-293 cells were loaded with Fluo-4 and Cell Tracker

Deep Red at equimolar concentrations and treated with Syk Inhibitor at 250 nM and stimulated with
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10

MMW. Mean fluorescence intensity was observed for cells stimulated with MMW at 1 ug/ml. (n = 30 from

3 independent experiments).

B-glucan denaturation does not induce Dectin-1A activation

To specifically determine if the glucan structure affects signaling outcomes, we
denatured MMW (highly stimulatory glucan) using DMSO, which inhibits the formation of
tertiary structures, thus converting MMW’s triple helix structure to a single helical
structure [17]. The results showed that when we denatured these glucans, we did not
observe calcium signaling in cells expressing Dectin-1A (Fig. 2A). However, when we
renatured the glucans by removing DMSO via dialysis we observe partial recovery of
calcium signaling. In addition, we confirmed the loss of helical structure via a Congo
Red assay. Congo Red specifically binds to -1,3-D-glucans with a triple helix
conformation as their tertiary structure. This binding is detected by bathochromic shift in
absorbance maximum from 488 to 516 nm [53]. Our results indicated a loss in glucan
structure after denaturation in a DMSO solution that was regained upon renaturation
(Fig. 2B). Moreover, we repeated these experiments by stimulating cells with glucan
denatured with NaOH or neutralized renatured glucan [17]. Similarly, our results show
that denatured MMW does not stimulate Dectin-1A signaling, but agonistic potential of
this glucan is partially regained when the glucan is renatured (Fig. 2C). In addition, we
confirmed that glucan structure was lost when NaOH was added and regained when
neutralized with HCI (Fig. 2D). These results suggest that glucan structure is an

important factor in activating a Dectin-1A response.
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Figure 2: Denaturation of highly structured glucan causes it to lose its

stimulatory potential.

(A) HEK-293 cells stably expressing Dectin-1A or untransfected were loaded with Fluo-4 and Cell Tracker

Deep Red at equimolar concentrations. Mean fluorescence intensity was observed for cells stimulated

with DMSO denatured/renatured MMW. (n = 30 from 3 independent experiments). (B) 1 mg/ml of MMW

glucan was denatured using DMSO and incubated with 8uM Congo Red. Control samples contained

Congo Red with and without DMSO to illustrate the extent of red shift attributable to solvent effects alone.

Renaturation was accomplished by dialyzing out DMSO 24 hrs prior to the experiment. Data shown as

mean + SD (n = 9 from 3 independent experiments). (C) HEK-293 cells stably expressing Dectin-1A or

untransfected were loaded with Fluo-4 and Cell Tracker Deep Red at equimolar concentrations. Mean

fluorescence intensity was observed for cells stimulated with NaOH denatured/renatured MMW at 1
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ug/ml. (n = 30 from 3 independent experiments). Data shown as mean. (D) 1 mg/ml of MMW glucan was
denatured using NaOH and incubated with 8 yM Congo Red. Control samples contained Congo Red with
and without Congo Red to assess denaturant effect on the optical properties of the dye, but the presence
of denaturant had no significant effect on Congo Red in this case. Renaturation was accomplished by
neutralizing NaOH 24 hrs prior to the experiment. Data shown as mean + SD (n = 9 from 3 independent

experiments). Welch's t-test, ** p<0.001, *** p<0.0001, **** p<0.000001.

B-glucan structure and affinity

We considered the possibility that these soluble glucans might have different affinities
for Dectin-1A, resulting in differential receptor activation. Thus, we conducted Biolayer
Interferometry experiments to determine the binding affinity of these glucans to the
carbohydrate recognition domain of Dectin-1A. This was accomplished using a chimeric
fusion protein of the carbohydrate recognition domain of Dectin-1A and the human IgG
Fc region. An anti-human IgG Fc Capture biosensor tip was used to load this fusion
protein. Association and dissociation curves of the soluble glucan were then collected.
The results shown in Fig. 3A indicate that all the glucans have approximately nanomolar
dissociation constants for Dectin-1A carbohydrate recognition domain despite the
previously described differences in signaling [27]. Weight average molecular weights of
purified Saccharomyces cerevisiae 3 -(1,3)-glucan fractions vary over an approximate
40-fold range, but there is relatively little difference between these glucans’ apparent

affinity for the Dectin-1A carbohydrate recognition domain.

Furthermore, to quantify differences in the helical structure possessed by LMW, MMW
and HMW glucans, we analyzed the conformational transition of triple helix to random
coil of p-1,3-D-glucans through denaturation experiments. Experiments were conducted

by denaturing glucans with NaOH at various concentrations in the presence of Congo
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13
Red. Our results show that the amount of glucan tertiary structure scales with molecular
weight as measured by the concentration of NaOH required to reduce Congo Red
binding to glucan to half-maximal values (Fig. 3B), suggesting that the size of the
glucans is correlated with their structure. This result was expected because larger
glucans are able to engage in more extensively in interstrand hydrogen bonding
interactions that maintain triple helical structures. Together, these results indicate that
downstream signaling of the receptor is determined by the structure of the glucan rather

than affinity alone.
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Figure 3: Characterization of fungal cell wall glucans used in this study.
Characterization of untreated, denatured and renatured B-glucans.
(A) Biolayer Interferometry experiments were conducted on LMW, MMW, HMW, MMW denatured, and

MMW renatured glucans using an anti-human IgG Fc Capture biosensors tip and a Dectin-1A-Fc fusion

protein. Data shown as mean + SD (n = 3 from 3 independent experiments). (B) LMW, MMW, and HMW
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B-glucans were denatured using OM-1M of NaOH in the presence of 8.8 yM Congo Red. Concentration of
NaOH at which absorbance decreased to the half-maximal value were plotted. Data shown as mean + SD

(n =9 from 3 independent experiments); One-way ANOVA test was conducted.

Dectin-1A decreases in diffusion and receptor density when stimulated with

highly structured B-glucans

The Stokes-Einstein equation predicts that if a diffusing object increases in
hydrodynamic radius, it will slow down proportionally to that change. We measured the
diffusion coefficient of Dectin-1A pre/post glucan stimulation to determine whether
receptor diffusion coefficient decreased, potentially due to increasing hydrodynamic
radius as an initially monomeric receptor formed larger clusters/oligomers. We obtained
average diffusion coefficients and spatial number density of our receptor using Raster
Image Correlation Spectroscopy (RICS). Previous research has described RICS in
more detail [54,55]. Briefly, we generated a volume of excitation using a confocal laser
and calibrated this volume using standard fluorophores of known diffusion coefficient.
We then observed fluorescent molecules (i.e., Dectin-1A-mEmerald) diffusing in and out
of this excitation volume through fluctuation in the number of photons obtained.
Experimentally observed florescence correlations at various spatiotemporal lags were
then fit to a 2D autocorrelation function to obtain receptor diffusion coefficient and

spatial density in the observed membrane.

Using HEK-293 cells expressing Dectin-1A-mEmerald, we conducted RICS
measurements before and after stimulation with soluble B-glucans. We determined that

cells stimulated with MMW or HMW exhibited a significant decrease in mobility
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287 compared to LMW and unstimulated cells (Fig. 4A). This finding is consistent with an
288 increase in receptor aggregation upon stimulation, which we examine in greater detail
289  below. Moreover, we observed a significant decrease in receptor density after treatment
290  with MMW or HMW, compared to non-simulated or LMW cells (Fig. 4B). This finding
291  might be explained by receptor internalization after stimulation by MMW or HMW. While
292  RICS analysis does use detrending to remove immobile and very low mobility receptor
293 from analysis, we do note that progressive confinement of activated receptors in
294  nascent endocytic structures could also potentially contribute to the decreased apparent
295  diffusion coefficient we observed post-stimulation. So, we proceeded to conduct more
296 detailed membrane biophysical studies to specifically assess the molecular aggregation

297  state of Dectin-1 during stimulation with glucan.
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299  Figure 4: Dectin-1A surface diffusion and receptor numbers decrease when

300 stimulated with highly structured B-glucans.
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(A). Raster Image Correlation Spectroscopy (RICS) analysis of fluorescently tagged Dectin-1A expressed
in HEK-293 provided average diffusion coefficient and (B) average receptor number for cells that were
unstimulated or stimulated with LMW, MMW, or HMW. Data shown as mean = SD (n = 30); One-Way

ANOVA multiple comparison test, **** p<0.00001.

Dectin-1A forms dimers/oligomers when stimulated with highly structured -

glucans

The results shown above indicate that the B-glucan structure is an important factor in
signaling outcomes. Previous research has shown that other transmembrane CTLs that
also contain a (hem)ITAM domain can form homodimers before or upon ligand
recognition [56,57]. Furthermore, crystallography studies of the carbohydrate
recognition domain (CRD) have shown that Dectin-1A head groups form dimers when
laminarin is present [58]. Additionally, size exclusion chromatography with multi-angled
light scattering analysis has described Dectin-1 ligand-induced tetramer formation in
solution [59]. In line with these ideas, we sought to examine how ligand structure
impacts signaling by determining the dimerization/oligomerization of full length Dectin-

1A in living cell membranes.

To accomplish this, we first employed Fluorescence-Lifetime Imaging Microscopy for
Forster Resonance Energy Transfer (FLIM-FRET). FRET based imaging capitalizes on
close proximity of two proteins to visualize protein-protein interactions, including
receptor dimerization and receptor-ligand complex formation [60]. FLIM characterizes
the duration of a fluorophore’s excited state before returning to the ground state. The

occurrence of FRET causes rapid quenching of donor fluorescence, so FRET can be
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determined by measuring the shortening of donor fluorescence lifetime when in
proximity to acceptor. FLIM-FRET offers the opportunity of studying in vivo receptor
interactions in a direct, spatially resolved manner. We examined Dectin-1A engagement
using FLIM-FRET on HEK-293 cells co-expressing fluorescent proteins Dectin-1A-
mEmerald (donor) and -mCherry (acceptor). The proteins used for experimental
determination of ligation-dependent Dectin-1A aggregation possessed fluorescent
proteins on the protein N-terminus (cytoplasmic tail), while a negative control for FRET
utilized donor and acceptor-tagged proteins on opposite sides of the membrane.
Analysis was conducted on the plasma membrane itself by masking out internal cellular
compartments (Fig. 5A). In the experiments, FRET efficiency is a parameter that
exhibits an inverse 6th power dependence upon donor-acceptor distance. Donor-
acceptor percentage is simply the percentage of all donors that are involved in FRET
interactions at a given time. These parameters are determined experimentally by
performing bi-exponential curve fits to the observed frequency distribution of donor
fluorophore lifetimes, wherein one exponential component represents the population of
non-FRET monomeric donors and the other exponential component represents the

performance of the donors that are involved in FRET interactions.

First, we characterized the average lifetimes of unstimulated cells expressing several
configurations of fluorescent protein tagged Dectin-1A: 1) receptor with donor tag only,
2) co-expression of separate donor and -acceptor tagged receptors with tags placed on
opposite sides of the plasma membrane (a negative control containing both fluorescent
proteins but in a configuration that does not permit FRET), and 3) co-expression of

separate donor and acceptor-tagged receptors with both tags in the cytoplasmic tail of
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the receptors (configuration to be used for experimental determination of receptor
aggregation by FRET). The observed decay curves were analyzed by performing a bi-
exponential fit. For donor only (1) and our negative control (2), we observed a negative
amplitude for one of the bi-exponential lifetime fit components, indicating that a mono-
exponential fit was a more appropriate method of analysis. Our results showed that
when acceptor was not present, we see an average of 2.4 ns lifetime (Fig. 5B).
Negative controls with donor and acceptor on opposite sides of the membrane yielded
similar lifetime values. FLIM data from cells with co-expression of donor or acceptor-
tagged (cytoplasmic tail) Dectin-1A was fit bi-exponentially with the first component
fixed to the donor only lifetime (2.4 ns) and the lifetime of the second component was
reported. In this case, resting cells exhibited a decrease in the lifetime of the donor to
0.41 ns indicating that some basal level of intermolecular Dectin-1 close proximity
interactions were being observed in unstimulated cells. The existence of this basal
FRET signal is interesting, and the potential sources and interpretation of this
observation are considered in a section below. However, we first focused on assessing
ligation-dependent changes in Dectin-1A’s molecular aggregation state as influenced by

various glucans and measured by FRET.

When we stimulated cells expressing Dectin-1A with donor and acceptor on the
cytoplasmic face of the membrane using MMW (Fig. 5D) or HMW (Fig. 5E), we saw a
significant increase in the number of receptors undergoing FRET (Donor-Acceptor
population) from 15% before stimulation to a maximum of 30% after 5 minutes of
stimulation, with observations starting at one minute post-stimulation. However, there

was not a significant change in FRET efficiency before and after stimulation. On the
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370  other hand, when we stimulate with LMW (Fig. 5C) or denatured MMW (Fig. 5F), we
371  see no significant change in FRET efficiency or donor-acceptor population. We interpret
372 the high and constant FRET efficiency for the population of receptors engaged in FRET
373 interactions to mean that Dectin-1A in its aggregated state is in a close, well-defined
374  configuration that does not permit a wide range of separations between donor and

375 acceptor tags, leading to a constant FRET efficiency for the donor population that does
376  attain this FRET-capable configuration. However, the size of the population of receptors
377 engaged in these close molecular aggregates does change as a result of stimulation
378  with glucan. These results suggest that the highly structured soluble glucans allow for
379 anincrease in Dectin-1A dimerization or oligomerization to occur, which directly

380 correlates with the amount of receptor activation and signaling observed.
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Figure 5: Highly structured B-glucans induce dimerization of Dectin-1A.

(A) Representative lifetime image of HEK-293 cell transfected with Dectin-1A-mEmerald (left panel) or
cotransfected with Dectin-1A-mEmerald and Dectin-1A-mCherry (right panel). (B) Average lifetime of
HEK-293 cells expressing donor only on the cytoplasmic face, donor expressed on the cytoplasmic side
and acceptor on the extracellular side or donor-acceptor placed on the cytoplasmic side of the
membrane. Decay curves for donor only and the negative control were mono-exponentially fit while
cytosolic donor and acceptor decay curves were bi-exponentially fit with the first component fixed to 2.4
and the second component shown. Data shown as mean + SD (n = 15 cells); Welch's t-test, ****
p<0.00001. (C) FRET efficiency and donor-acceptor population of cells stimulated with LMW, (D) MMW,
(E) HMW, or (F) DMSO denatured MMW. Data shown as mean = SD (n = 15); One-way ANOVA multiple
comparisons Dunnett test, * p<0.05, **p<0.01, ***p<0.001. (G) Brightness vs intensity 2D histogram with
the selected pixels that contribute to the background (black), monomers (red), dimers (green), and
tetramers (blue) in the image. (H) Representative selection map of HEK-293 cells expressing Dectin-1A-
mEmerald unstimulated (left) or stimulated with MMW -glucan (right) in which Dectin-1 aggregation
states are defined by colored boxes selected in the Brightness vs intensity histogram. (I) Percentage of
aggregates in Dectin-1A-mEmerald receptors and receptor ligand complexes obtained from N&B analysis
before or after stimulation. Data shown as mean + SD (n = 30); One-way ANOVA multiple comparisons

Dunnett test, * p<0.05, **** p<0.00001.

To better characterize the aggregation states accessible to Dectin-1A, we conducted a
Number and Brightness analysis (N&B) on HEK-293 cells expressing Dectin-1A-
mEmerald. Previous research has described N&B more in depth [61-63]. Briefly, N&B
analysis focuses on fluctuation of detected emission photons originating from
fluorescent molecules that pass through a known observation volume. Statistics of fast
fluctuations of the intensity at each pixel can be used to determine the number and
intensity of the particles diffusing through the observation volume. For example, if the

fluorescent proteins diffuse as a tetrameric protein, we expect to observe emission
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intensity fluctuation with four times more photons relative to a monomeric fluorescent
protein diffusing through the excitation volume. Receptor aggregation was observed by
stimulating these cells with soluble glucans. A brightness vs intensity 2D histogram of
each pixel in a time series was developed, and selection boxes were drawn to represent
monomers (red box), dimers (green box) and oligomers (blue box) (Fig. 5G). Dectin-1
aggregation state maps of representative untreated (Fig. 5H left panel) and MMW-
stimulated cells (Fig. 5H right panel) were generated using this color scheme. We
observed a significant increase in pixels with a dimer and oligomer brightness in cells
stimulated with MMW and HMW compared to cells that were unstimulated or LMW
stimulated (Fig. 51). N&B analysis revealed that dimers of Dectin-1A account for the

majority of aggregated state Dectin-1.
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Figure 6: Dectin-1A does not form large scale aggregation when stimulated with

highly structured B-glucan.

(A) Multiple cluster density of dISTORM analysis of HEK-293 cells expressing Dectin-1A unstimulated or

stimulated with MMW. A singlet cluster is a cluster of localizations determined to arise from 3 or more
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individual Dectin-1 proteins. (B) Singlet cluster density of DSTORM analysis of HEK-293 cells expressing
Dectin-1A unstimulated or stimulated with MMW. A singlet cluster is a cluster of localizations determined
to arise from a single Dectin-1 protein, or potentially >1 Dectin-1 protein within sub-resolution
displacements from one another. (C) Density of singlet and multiple cluster of Dectin-1A expressing HEK-
293 cells treated with MMW. Data shown as mean + SD (n = 34) with significance assessed by Student’s

t Test.

B-glucan induced Dectin-1A aggregates are below 15 nm in size

While FRET-based observations and N&B analysis clearly show the presence of ligand-
induced, molecular-scale aggregation (e.g., dimerization) of Dectin-1A, these methods
are not as well suited to discern the existence of larger scale aggregation of the
receptor (e.g., clusters of tens to hundreds of receptors). We used direct Stochastic
Optical Reconstruction Microscopy (dSTORM) coupled with Hierarchical Single-Emitter
hypothesis Test (H-SET) analysis [13] to resolve aggregation of Dectin-1A before and
after stimulation with MMW glucan. This localization super resolution microscopy
technique accurately resolves objects from the diffraction limit (~300 nm, the resolution
limit of conventional fluorescence microscopy methods) or above, down to ~15 nm (a
typical resolution limit of dASTORM using our configuration). H-SET analysis detected
sites of Dectin-1 labeling as “singlet” objects or “multiple” clustered objects. Multiple
clustered objects are those with three or more resolvable individual Dectin-1 molecules.
Singlet objects are those that appear to contain only a single, resolvable Dectin-1
labeling event, though it is possible that multiple Dectin-1 molecules in very close
proximity (<15 nm separation) would be unresolvable and appear as a singlet object.

We detected no significant change in the density of singlet objects or multiple object


https://doi.org/10.1101/824995
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/824995; this version posted October 30, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

aCC-BY 4.0 International license.

24
clusters before vs after MMW glucan stimulation (Fig. 6A,B; Supplemental Fig. 1).
Consistent with our previous findings, singlet exposures greatly outnumber multiple
exposures on the cell wall surface (Fig. 6C). Localization number per multiple cluster
object did not change with stimulation (Supplemental Fig. 1), suggesting no change in
the number of receptors in such objects. Ripley’s K analysis suggests clustering up to
the ~50 nm length scale but not at longer length scales (Supplemental Fig. 1). In the
context of the previous findings showing molecular aggregation at very small scales,
potentially below the resolution limit of dASTORM, we concluded that dASTORM results
indicated that the Dectin-1A aggregates formed upon glucan stimulation are quite small
and below the resolution limit of dSSTORM (<15 nm length scale). Because this places
an upper bound on the size of ligand-induced Dectin-1 clusters and we can estimate
that the CRD of Dectin-1 occupies an area approximately 25 nm? (PDB: 2BPD; [58,64]),
we conclude that Dectin-1 aggregation after MMW glucan stimulation most likely

involves collections of not more than ~7 receptors.

Dectin-1A is predominantly monomeric in resting cell membranes
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463
464  Figure 7 Dectin-1A collisional diffusion FLIM-FRET model:

465 (A) Receptor density of HEK-293 cells co-expressing Dectin-1A-mEmerald and -mCherry. (B) Ratio of
466  mEmerald/mCherry expression in unstimulated HEK-293 cells. (C) FRET Efficiency (FE) of Dectin-1A
467  donor/acceptor simulated at different maximum intermolecular radial distances and experimental

468 observations of FRET in resting cells. (D) Percentage of donors undergoing FRET (Donor-Acceptor

469 Population) for experimental results from resting cells and FLIM FRET simulations at 5 and 6 nm

470 maximum radii. Data shown as mean £ SD (n = 15 independent simulations or experimental observations

471  on cells, respectively); One-way ANOVA multiple comparisons Dunnett test.

472
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FRET-based measurements and N&B analysis reported that the large maijority of
Dectin-1 is distributed as monomers in unstimulated cells. However, a minority
population of receptors in states indicative of some close intermolecular interaction was
observed in these cells by both techniques. This may represent random collisional
interactions between Dectin-1 molecules, with no stable receptor oligomer formation.
For instance, FRET may be observed from random collisional interactions without
requiring stable receptor aggregation. Alternatively, it is possible that a small fraction of
Dectin-1 does form dimers or oligomers, even in the absence of glucan. It is difficult to
conclusively distinguish between these alternative hypotheses using only the
experimental results shown above. Therefore, we created a computational model of fully
monomeric Dectin-1 undergoing Brownian 2D diffusion to predict FLIM-FRET results
anticipated from a purely monomeric receptor system. We determined the receptor
density of both donor and acceptor for HEK-293 cells coexpressing Dectin-1A
mEmerald/mCherry by RICS analysis (Fig. 7A). Our results indicated on average
Dectin-1 co-transfected cells contain 54.6% mEmerald and 45.4% mCherry (Fig. 7B).
Therefore, our model was populated by equal proportions of donor and acceptor tagged
Dectin-1 molecules. Their diffusion coefficients were parameterized using data from Fig.
4. The model calculated FRET rates for all donor-acceptor pairs within a specified
maximum radial distance. The maximum radius for experimental FRET observation is
limited by signal-to-noise ratio and other factors. To avoid simulating FRET
measurements at experimentally unrealistic radii, we varied the maximum donor-
acceptor radial distance in a range of 4-10 nm and constrained the model with an

experimentally realistic maximum radius for calculation of FRET. We compared
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simulated and experimental FRET efficiencies and used maximum radii for simulation
that yielded FRET efficiency in best agreement with observed FRET efficiency on
resting cells. Our results show our experimental FRET efficiency values match model
predictions closely at maximum radii between 5 and 6 nm (Fig. 7C). Simulations at
these radial parameters were then compared to experimental results with respect to the

donor-acceptor population percent that they predicted.

We used the predictions of this computational model to test the hypothesis that random
collisional FRET interactions of donors and acceptors is sufficient to explain the basal
FLIM-FRET signal observed experimentally in resting cells. If this model, which
incorporates only collisional interactions between donors and acceptors, predicts a
percent of donors undergoing FRET interactions with acceptors that matches the
experimentally observed value, we would consider that collisional interactions alone are
sufficient to explain the observed basal FRET signal. However, if the model predicts a
value significantly below that experimentally observed, we would propose that a minor
fraction of Dectin-1 molecules may participate in aggregates on cell membranes, even
in the absence of glucan. Using simulations with radial values of 5 and 6 nm, our results
indicate that the experimentally observed amount of Dectin-1 receptors participating in
FRET interactions (Donor-Acceptor population) prior to stimulation match closely to our
simulated results (Fig. 7D). This indicated that the FRET signal we observe prior to
stimulation was attributable to random collisional interactions of monomerically diffusing
receptor expected at the Dectin-1A expression level present in our experimental

system.
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Dectin-1A dimer/oligomer and contact site formation is more efficient with cells

incubated with C. albicans containing high glucan exposure.

Throughout the article, we have focused on experiments using soluble glucans. In order
to show Dectin-1 aggregation occurs during fungal cell recognition, we used high
(TRLO35) and low (SC5314) B-glucan exposing C. albicans strains and examined
Dectin-1 aggregation occurring at the contact sites with these yeast. TRL035 has been
previously shown to have high glucan exposure compared to SC5314 [65]. In addition,
our representative images show TRLO35 forming a phagocytic cup more efficiently then
SC5314 (Fig. 8A). We observed no significant difference in FRET efficiency between
any conditions tested (Fig. 8B), similarly to our observations with soluble glucan. This
finding is consonant with a larger trend in the data presented in this report where FRET
efficiency is relatively constant and differences in glucan recognition seem to be mainly
associated with differences in the proportion of Dectin-1A molecules engaged in
molecular aggregates. Our results further show that HEK-293 cells co-transfected with
Dectin-1A-mEmerald and Dectin-1A-mCherry exhibit an increase in the proportion of
aggregated-state receptors from approximately 15% in non-contact site membrane to
about 25% in contact sites of high glucan exposing yeast TRL0O35 and glucan particles
(Fig. 8C). Interestingly, we did not measure a significant increase in receptor
aggregation between non-contact membranes and contact sites with low glucan
exposing SC5314. The significance and interpretation of these findings is further
discussed below. These results suggest that larger glucan exposure results in an
increase of Dectin-1 in molecular aggregates with associated signaling, resulting in a

more efficient recognition of yeast by the Dectin-1A receptor.
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542

543  Figure 8: Dectin-1A forms more oligomers at fungal contact sites with high 8-

544 glucan exposure.

545 (A) Representative lifetime images of HEK-293 cells co-transfected with Dectin-1A-mEmerald and Dectin-
546 1A-mCherry incubated with SC5314 (left panel), TRL35 (middle panel) or particulate glucan (right panel).
547  Transition from redder to greener pixels at contact sites is indicative of increased FRET interactions

548 between Dectin-1 receptors. (B) FRET efficiency and (C) donor-acceptor population of cell membranes
549  with no fungal contact, SC5314 (low glucan exposure), TRL35 (high glucan exposure), or particulate

550  glucan. Data shown as mean £ SD (n = 15); One-way ANOVA multiple comparisons Dunnett test, ****

551  p<0.00001.

552
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Discussion

Our results demonstrate that the structure of B-glucan impacts receptor signaling by
determining the membrane organization and molecular aggregation state of Dectin-1A.
We showed that glucans with higher order structure are better able to activate Dectin-
1A signaling. Upon activation by stimulatory soluble glucan, Dectin-1A enters
aggregated states that contain dimers and higher order oligomers, but these appear to
remain as small nanoscale domains containing relatively small numbers of receptors.
Comparison of computational modeling and experimental FLIM-FRET data confirms
that Dectin-1A exists in a monomeric state in resting cells. Further, monomeric
receptors oligomerize and aggregate in a fashion that is dependent upon glucan higher
order structure and correlated with the magnitude of membrane proximal signaling
downstream of Dectin-1. Finally, we observed that a similar process of increasing
Dectin-1 aggregation is seen at contact sites with yeast and fungal-derived particles,
and the amount of aggregated state Dectin-1A correlates with the degree of glucan
exposure on the surface of the particle. We have summarized all of our quantitative

findings in numerical form in Supplemental Table 3 for convenient reference.

B-glucan is widely distributed on various fungal species as an insoluble component of
the cell wall. The soluble form is produced when macrophages recognize fungal
surfaces and release enzymes that degrade cell wall glucans [47,48]. These soluble
glucans are commonly found in circulation in the serum of patients with fungal infections
[49,50]. B-glucans possess three different structures: low molecular weights possess a
random coil structure while high molecular weight glucans possess either a single or

triple helical structure [66]. Furthermore, studies have shown that the complexity of B-
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glucan is associated with stronger immunostimulatory effects [17,27,29,66,67].
However, these ensemble-based studies concern 3-glucan stimulation at the population
level. Therefore, we took a single cell approach to understand nanoscale glucan
signaling dynamics using glucans that vary in size and structure. In line with previous
studies, our results revealed that Dectin-1A activation is influenced by the B-glucan
triple helical structure. Together, these findings demonstrate that 3-glucan impacts

receptor signaling due to structure and not merely through its affinity or size.

A previous study indicated that the amount of glucan triple helical structure positively
correlates with its binding affinity for receptors on human promonocytic cells, and
biochemical evidence suggested that glucans with more triple helical content exhibit
greater selectivity in receptor interactions on these cells [27]. This evidence suggests
that glucan higher-order structure does impact the character of ligand-receptor
interactions in the context of whole cells. We hypothesized that glucan structure
impacts signaling by modulating the frequency of Dectin-1A dimer/oligomer formation,
thus creating sites where Syk could be better recruited via interactions of its SH2
domains with the phosphorylated YXXL sequence in the Dectin-1A cytosolic tails. Our
FLIM-FRET results reveal that Dectin-1A enters a state of greater molecular
aggregation when stimulated with 3-glucans possessing higher ordered helical
structure. These results agree well with a previously described model of (hem)ITAM
signaling from another C-type lectin receptor, CLEC-2, in which the minimum signaling
unit for CLEC-2 is a phosphorylated dimer, enabling recruitment of a single molecule of

Syk [45].
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In addition, our FLIM-FRET results suggested possible intermolecular interactions
between Dectin-1 proteins even before stimulation with B-glucan. We considered this
possibility carefully because receptor oligomeric states exist in the basal state for some
other C-type lectin receptors, such as DCSIGN, DNGR-1, and NKp80 [68-71].
However, Dectin-1A does not contain cysteine residues in its stalk region which have
been shown to be important in the dimerization of other C-type lectin receptors.
Therefore, it is considered that Dectin-1A, like CLEC-2, is more likely to experience
ligand-induced aggregation in the form of non-disulfide-linked homodimers instead [70—
72]. Our experimental data did show evidence of close molecular interactions between
individual Dectin-1A proteins in the membrane, but comparison with modeling results
indicates that this signal is attributable to an expected level of very transient collisional
interactions between the receptors, given the receptor density and diffusion coefficient
present in our experimental system. Therefore, our membrane biophysical
investigations are most consistent with a model wherein transient Dectin-1A interaction
events may occur in resting cell membranes, but upon ligation by highly structured
glucans, dimers and small oligomers are stabilized, which drives increased efficiency of

Dectin-1 signaling.

Throughout our experimental FLIM-FRET datasets, we repeatedly observed significant
glucan induced shifts in the percentage of donors that were participating in FRET
interactions, but little change in FRET efficiency as a function of glucan stimulation.
FRET efficiencies measured were relatively constant across experimental conditions
and also quantitatively fairly high (typically about 75-85%). This suggests that when

FRET was experimentally observed, it was derived from close intermolecular
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621 interactions of neighboring Dectin-1A molecules, such as might be expected in an
622  ordered molecular aggregate, such as a dimer or tetramer. In such an aggregate,
623  donor-acceptor separation distances are not free to vary over a wide range because,
624  while the aggregate state exists, those distances are determined by the ordered
625  structure of the protein-protein complex. Therefore, we think that our data is consistent
626  with a model wherein Dectin-1 transitions between monomeric forms and ordered
627 intermolecular aggregate states. We observe that glucan structure controls Dectin-1

628 aggregation primarily by changing the fraction of receptors in aggregated states.

629  Similarly, our N&B results indicate a formation of dimers and oligomers in cells

630 stimulated with glucans possessing significant higher order helical structure. These

631 findings are directly in line with previous crystallographic studies that show monomeric
632  Dectin-1A CRD in the absence of glucan but able to form dimeric complexes in the

633  presence of B-glucan [58]. In addition, other studies have shown a ligand-induced

634 cooperative formation of Dectin-1 CRD tetramers [59]. However, these studies were
635 performed with truncated receptor ectodomain proteins outside the context of living cell
636 membranes, so our findings better establish and define the relevance of such ordered

637 aggregate states to full length Dectin-1 in a more physiologically realistic context.

638  Our dSTORM super resolution results indicate a lack of large aggregates forming.

639  Because of the resolution limit of 15 nm, it is possible that our dSTORM analysis is
640 limited in its ability to resolve the formation of small aggregates. Furthermore, it is also
641  possible that in the soluble form, receptors are internalized rapidly, not allowing for
642  plasma membrane aggregate formation to be observed. In the case of glucan

643  encountered at the yeast cell wall, Dectin-1 aggregates may form at the host-fungal cell
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contact site, where engaged receptor is physically prevented from quickly internalizing.
A previous work demonstrated the organized recruitment of Dectin-1 to a “phagocytic
synapse” with glucan particles, where Dectin-1A interactions were presumed to occur
and give rise to signaling [73]. Our study directly demonstrates the aggregation of
Dectin-1 at these surface interaction sites in living cells. In the future, these studies may
be expanded to better characterize the dynamics of receptor recruitment, aggregation

and internalization at phagocytic synapses with fungal pathogens.

To determine if this phenomenon occurs at early time points of fungal recognition, we
conducted FLIM-FRET experiments of contact sites of C. albicans lab strain SC5314
and our clinical isolate TRL035. TRL0O35 has been previously described as having
higher glucan exposure compared to SC5314 due to a 3-fold reduction of mannan
structure [65]. Our results indicate an increase in Dectin-1A aggregation at the contact
sites of yeast that have higher glucan exposure as well as contacts with particulate
glucan. We were only able to observe increases in contact site Dectin-1A aggregation
state for yeast and fungal particles with unusually high glucan exposure for C. albicans
yeast. No such increase over non-contact membrane sites was detectable at contact
sites with SC5314 C. albicans yeast (low glucan exposure due to efficient glucan
masking). This observation does not necessarily imply that there is no Dectin-1
aggregation in response to glucan exposures on C. albicans SC5314. The fraction of
Dectin-1 in aggregated states vs the monomeric state may be small enough to be below

our limit of detection by FLIM-FRET in this case.

Glucan exposure magnitude is thought to be regulated by masking of glucan by outer

cell wall mannoproteins, providing a very effective mechanism of fungal immune
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evasion in C. albicans. Our previous optical nanoscopy studies of glucan exposure on
C. albicans SC5314 and TRLO35 have revealed a severely limited cell wall surface area
containing exposed glucan that is capable of multivalent interaction with Dectin-1. It is
reasonable to presume that these limited sites of multivalent glucan exposure may be
the rate limiting factor in determining Dectin-1 aggregation and signaling at phagocytic
synapses. Our previous studies allow us to estimate multivalently-engaging glucan
exposure site density and area (per exposure site) as follows: SC5314—1 um-2 density,
6.61x10* um? area; TRL0O35—4 um-2 density, 9.62x10-4 uym? area [65]. We previously
measured the total area of contact sites between C. albicans and human immature
dendritic cells as ~10 um? [74]. Finally, we have estimated (see above) that one Dectin-
1 CRD occupies a footprint of ~25 nm2. From these figures, we can estimate that one
typical 10 um?2 phagocytic synapse would contain a maximum of ~264 multivalently
engaged Dectin-1 proteins for C. albicans SC5314, and maximum ~385 multivalently
engaged Dectin-1 for TRL035. For comparison, at the observed receptor density in our
model (Fig. 4), we would expect ~46000 total Dectin-1 proteins to be present in this
entire phagocytic contact membrane. However, an important caveat is that, in our model
system, we noted that SC5314 phagocytic synapses were much smaller than those for
TLRO035. A smaller contact site would reduce the number of multivalently engaged
receptors in SC5314 synapses considerably relative to the above estimates—perhaps
decreasing the number of multivalently engaged Dectin-1s by approximately an order of
magnitude. So, these estimates emphasize Dectin-1 system is highly sensitive and able
to drive signaling responses when only a few hundred receptors, corresponding to less

than 1% of the total contact site resident Dectin-1 proteins, are aggregated in the
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phagocytic synapse. Moreover, these results and estimates suggest that fungal
recognition requires the Dectin-1 system to engage in a search for rare sites of
multivalent interaction with glucan. It is very likely that Dectin-1 must cooperate with
other anti-fungal receptors for the purposes of building and stabilizing the fungal contact
wherein this search process operates. This aspect of receptor cooperativity is an
aspect of fungal recognition not present in our simplified experimental model. Future
studies may productively address how other CTLs (i.e., DC-SIGN and CD206, which
establish firm adhesion to abundant fungal surface mannans) may physically and
biochemically assist in Dectin-1’'s search for rare ligand by building and maintaining a

robust phagocytic synapse.

Previous research has shown that glucan unmasking can be caused by enzymatic
degradation of the mannoproteins by macrophages after initial recognition of the fungal
cell [47,48]. Furthermore, anti-fungal drugs have also been shown to unmask fungal cell
walls that then allow for clearance by the host’s immune system [13,14]. Our previous
studies have shown that the vast majority of cell wall glucan exposures are only large
enough to engage a single Dectin-1 CRD, suggesting that most glucan exposures may
not be able to multivalently engage Dectin-1. The fact that most glucan exposure sites
on SC5314 C. albicans yeast are of this type may explain why we are not able to see
much Dectin-1A aggregation in their contact sites. In contrast, we have reported that
TRLO35 has an increased density and size of glucan exposures capable of multivalent
Dectin-1 interactions, which agrees with our finding of increased molecular aggregation
of Dectin-1A at contact sites with TRL0O35 in the present study. Overall, our findings

have been consistent with a model wherein the ability of Dectin-1 to find and aggregate
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713 at multivalent exposures of glucan on fungal cell wall surfaces is a critical determinant of

714  Dectin-1 dependent innate immune fungal recognition.

715 Overall, these findings indicate that B-glucan structure is required for Dectin-1A to

716  undergo Syk-dependent signaling. Here we provide evidence in support of a model in
717 which highly structured glucans induce dimerization and/or oligomerization of the

718  receptor. This allows their (hem)ITAM domains to become close enough to allow for the
719  activation of Syk, leading to further signaling cascades. Greater understanding of

720  receptor activation is required to better understand the role of Dectin-1A and its agonists
721  as a potential way forward for adjuvant and immunotherapy development. Furthermore,
722 given the worldwide burden of candidiasis, further experimentation is required to better

723  understand the role of Dectin-1A in recognition of these pathogens.

724

725 Materials and Methods:

726  Cell Culture

727  The HEK-293 (ATCC, #CRL-1573) cell line was maintained in Dulbecco’s minimum
728  essential medium supplemented with 10% Fetal Bovine Serum (FBS), 1%

729  penicillin/strepromycin, 2mM L-glutamine, 11mM Sodium pyruvate, and 1% HEPES.
730 Cells were maintained in an incubator at 37°C at 5% CO, levels. Cells were maintained

731  at 37°C, 5% CO,, and 75% humidity during imaging.

732  Plasmid
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Emerald-Dectin1A-N-10(Addgene plasmid, #56291), Emerald-Dectin1A-C-10 (Addgene
plasmid # 54057), mCherry-Dectin1A-C-10 (Addgene plasmid # 55025), and mCherry-
Dectin1A-N-10 (Addgene plasmid # 55026) was a gift from Michael Davidson.
Transfection with plasmids was performed using standard protocols of Fugene 6
(Promega, #E2691). pUNO1-hDectin-1A (Invivogen) was stably transfected into HEK-
293 cells for use in our calcium studies. HEK-293 cells were selected using Geneticin

(G418 Sulfate) (Thermo-Fischer, #10131035) at 400 ug/ml for 2 weeks.
Fungal Growth/Preparation

C. albicans SC5314 (ATCC, MYA-2876) or TRL0O35 yeast cells were grown from
glycerol stock, stored at -80°C. Samples were grown in YPD, for 16 h at 37°C in an
orbital shaker at 250 rpm to mid log phase. Following a 3-minute centrifugation at 6000
rom, the supernatant was removed, and the cells were resuspended in 4%
paraformaldehyde and sterile phosphate-buffered saline (PBS) for 15 minutes. The cells
were centrifuged and washed with sterile PBS 3 times. The cell concentration was then
determined using a disposable hemocytometer (C-Chip; Bulldog Bio catalog no. DHC-
NO1). 3.5 x108 cells were resuspended in 1 ml of PBS. 100 pl of the solution was added

to HEK-293 cells in 35 mm dishes 15 minutes prior to imaging.
Soluble Glucans Chromatographic Analysis

Low (LMW, 11 kDa), medium (MMW, 145 kDa), and high (HMW, 450 kDa) molecular
weight 3-1,3;1-6-glucan extracted from S. cervisiae cell wall was generous gift from
ImmunoResearch Inc. (Eagan, MN). The molecular weight was assessed by gel

permeation chromatography (GPC) and multi angle light scattering (MALS). Samples
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(100 pg) were injected and eluted with a mobile phase of 0.15 M sodium chloride
containing 0.02% sodium azide at a flow rate of 0.5 mL/min using two Waters
Ultrahydrogel 500 columns and one Waters Ultrahydrogel 250 column connected
serially. The samples were run with the column temperature at 18°C. The Mw was
calculated using Wyatt Astra software using data resulting from measurements of the
angular variation of scattered light using the MALS detector coupled with the

concentration measured by the DRI signal.

Soluble Glucan Linkage Analysis

Desalted and lyophilized samples of the fractions were dissolved in dimethylsulfoxide
(DMSO) and treated with NaOH and methyl iodide to methylate all free hydroxyl groups
[75]. The methylated material was purified by extraction with dichloromethane and
washing with water. The purified material was then hydrolyzed with trifluoroacetic acid,
the reducing ends of the resulting sugars were reduced with NaBD,, and then the
resulting free hydroxyl groups were acetylated with acetic anhydride. The mixture of
partially methylated alditol acetates was analyzed by gas chromatography. Each
derivative corresponding to a particular linkage has been identified by a characteristic
retention time and mass spectrum using a mass detector. The relative amount of each
derivative was measured by gas chromatography with flame ionization detection. The
areas obtained for each observed peak are used to calculate the relative amounts of
each type of linkage found in the sample (Table 1). The 3,6-linked residues represent

branch points.

Table 1.
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LMW MMW HMW
Terminal Glucose 6.4 51 5.4
3-Glucose 87.5 87.6 84.6
3,6-Glucose 3.2 3.8 4.0
6-Glucose 1.3 2.2 3.2
4-Glucose 0.1 0.2 0.1
Other 15 11 2.7

777
778  Soluble Glucan 'H NMR Spectroscopy

779  The samples were dissolved in DMSO-d6/D20 (6:1 by volume) at 100°C for 1 h.

780  'HNMR Spectra were recorded at the University of Minnesota Department of Chemistry
781  NMR lab on a Varian UNITYplus-300 spectrometer at 80°C. The spectra were collected
782  at 300 MHz with 32 scans, a relaxation delay of 1.5 seconds, a pulse of 45°, an

783  acquisition time of 2.0 seconds, and a spectral width of 5999 Hz. Table 2 provides 'H
784  NMR chemical shifts in all three glucans used in this study as well as literature values
785  [76]. These data, taken together with other characterization methods used, do confirm
786  that the structure of the polysaccharides used in this study conforms to expected results

787  from fungal cell wall glucans (Table 2, Supplemental Fig. 2).

788 Table 2.
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789 H-1(1,3- H-2, 4, and 5 H-3 and 6b
H-6a (1,3-)
glucan) (1,3-) (1,3-)
790
~3.5, m,
791 4.52,d,)= 3.72,d,)=11
LMW 3.20-3.33m, 3H (hidden by
792 7.8 Hz, 1H Hz, 1H
H,0)
793
~3.5,m,
452,d,])= 3.72,d,1=11
794 MMW 3.21-3.33m,3H | (hidden by
8.1 Hz, 1H Hz, 1H
H,O
795 20)
~3.5,m,
796 4.52,d,]= 3.72,d,1=11
HMW 3.20-3.32 m, 3H (hidden by
297 7.8 Hz, 1H Hz, 1H
H,0)
798
Beta 1,3/1,6 Glucan 452,d,]=8 3.7,d,)=11
3.25, m, 3H 3.46, m, 2H
799 Literature values Hz, 1H Hz, 1H
800

801 Particulate Glucan

802  Particulate beta-glucan was prepared from a lyophilized pellet of C. albicans SC5314
803 yeast. These were boiled in 0.75M NaOH for 15 min, residue was collected, and two
804 additional rounds of the identical treatment were applied. The residue was boiled for 15
805 min in 2M phosphoric acid, residue was collected and two additional rounds of the

806 identical treatment were applied. The residue was extracted in ethanol with 1%

807  phosphoric acid by boiling for 15 min, residue was collected, and two additional rounds

808  of the identical treatment were applied. The residue was neutralized to pH 7.0, boiled in
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809  water for 15 min, residue was collected, and two additional rounds of the identical
810 treatment were applied. The suspension of glucan microparticles was predominantly
811 monodisperse and stored in sterile water at 4C. Depyrogenated glassware and

812  endotoxin free reagents were used in the preparation of glucan particles.

813

814 Microscopy and Image Analysis

815 Confocal images were obtained on an Olympus FV1000 laser scanning confocal

816  microscope (Olympus, Center Valley, PA) built around an IX81 inverted microscope.
817 Temperature and CO, was controlled at 37°C and 5% respectively. A 10x objective lens
818 (0.40 NA) and a super corrected 60X oil objective lens (1.40 NA), Plan-Apochromat
819  objective lens was used for imaging. Samples were excited with a 473 nm diode laser
820 and a 20 mW, 635 nm diode laser. These lines were reflected to the specimen by a
821  405/473/559/635 multi-edge main dichroic element followed by bandpass emission
822 filters in front of 2 independent High sensitivity GaAsP PMT detector (HSD1/2).

823  Specifically, the emission light passed by the main dichroic was directed to our first
824  detector (HSD1) via SDM560 filter cube and passage through a BA490-540 nm

825 bandpass filter. Our second detector (HSD2) received light from SDM560 filter cube to

826 BA575-675 nm bandpass filter.

827 Fluo-4 Calcium Imaging

828 HEK-293 cells expressing Dectin-1A were plated at 40,000 cells in a 35 mm (MatTEK
829 dishes) 24 hours prior to imaging. These cells were loaded with Fluo-4 and Cell Mask

830 Deep Red (CMDR) at equimolar concentrations of 1 yM in 2 mLs of media for one hour
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then washed before imaging. Cell Tracker Deep Red was used as a cell cytosolic
volume control to account for cytosolic changes from cell contraction that occurs during
stimulation. For Syk inhibition, plates were treated with 250 nM of Syk Inhibitor (Calbio
chem, #574711) as per the company’s specifications. Images were taken at a resolution
of 256 x 256 with a dwell time of 2 ys on a 10x objective lens (0.40 NA). A 20 mW, 473
nm diode laser operated at 4% power and CMDR was excited with a 20 mW, 635 nm
diode laser operated at 4% power. Fluorescence of Fluo-4 was collected by a cooled
GaAsP PMT set to 700V, gain 1X and offset of 0%. Our CMDR was collected through
our by a cooled GaAsP PMT detector set to 700V, gain 1X and offset of 0%. 30 frames
prior to stimulation were used to set the basal fluorescence of the fluo-4 dye. After
stimulation with 100 pl of 10ug/ml of glucan, cells were imaged for 100 frames. To
assess changes in intracellular calcium concentration, we measured the ratio of Fluo-
4/CMDR intensity in order to correct for any variations in cytoplasmic volume within the
confocal section across the field. This ratio was normalized to 1.0 based on mean pre-
stimulation values (30 frames) and changes in calcium influx were measured as fold

change of this normalized ratio (MFI fold change).

For MMW denaturation experiments, soluble $-glucans were weighed and resuspended
in reverse osmosis purified H,O. In order to denature medium molecular weight glucan,
we incubated MMW in DMSO or 1M NaOH. To renature the glucan from DMSO, we
placed denatured MMW into Slide-A-Lyzer Dialysis Cassettes (Catalog no. 66203) of a
molecular weight cut-off of 2,000 Da and dialyzed against reverse osmosis purified H,O
for 24 hours. To renature glucan from 1M NaOH, the solution was neutralized using 1M

HCI.
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Protein isolation and immunoblotting

HEK-293 cells stably expressing mEmerald-Dectin-1A were seeded at 5 x 10° in 6-well
plates 24 hours prior to the experiment. Cells were stimulated with Low, Medium and
High molecular weight 3-glucan with 1 mg/ml for 5 minutes then lysed. Cells were
extracted in 1X lysis buffer (43.9mM HEPES, pH 7.5; 131.7mM NaCl; 1.1% Triton X-
100; 8.8% glycerol; 1x protease inhibitor cocktail; 1TmM PMSF; 1mM EGTA). Samples
were centrifuged at 12,0009 for 20 min at 4°C and supernatants transferred to fresh
tubes. Protein concentrations were determined by Bradford assay (Bio-Rad Protein
Reagent). NUPAGE LDS sample buffer (4X) with NUPAGE Sample Reducing agent
(10X) was added to samples (1X final concentration). Total proteins (typically 20-50 pg)
were subjected to 4-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). Proteins were transferred to Immobilon-FL PVDF transfer membrane
(Millipore Sigma) using NuPAGE transfer buffer. Membranes were blocked with bovine
serum albumin in Tris-buffered saline-Tween-20 (TBS-T; 20 mM Tris, 137 mM NacCl,
0.1% Tween-20) and incubated with primary antibodies overnight at 4°C. Antibodies
purchased from Cell Signaling: Rabbit mAb for p-SYK (Tyr525/526) and 3-Actin (13ES5),
and mouse mADb Syk (4D10) were used according to manufacturer’s recommendations
(1:1000). HRP-conjugated anti-mouse and anti-rabbit secondary antibodies (Cell
Signaling or GE Healthcare) were used at a 1:10,000 dilution. Blots were visualized on

a Li-Cor Odyssey FC imaging system and analyzed with Image Studio.
Biolayer interferometry

Advanced Kinetics Biolayer interferometry experiments were conducted using the

Personal Assay BLItz System. Anti-human IgG Fc Capture (AHC) Biosensors tips were
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initially loaded with Dectin-1A:FC fusion protein (Invivogen, #fc-hdec1a) at 13 ug/ml.
Binding kinetics were obtained for LMW, MMW, HMW, MMW (denatured) and MMW
(renatured) at 0, 10, 50,100, and 250 nM in triplicate. A global fitting was performed on

the curves obtained using the BLItz software.

Congo Red Assay for Glucan Structure

A BioTek EON Multiwell Spectrophotometer was used to analyze Congo Red
absorbances. A solution of 8.8 yM Congo Red, OM-1M NaOH solution (1 M, 0.75 M, 0.5
M, 0.25 M, 0.1 M, 0.075 M, 0.05 M, 0.025 M, 0.001 M, 0 M) and LMW, MMW, or HMW
B-glucans at 1 mg/ml were analyzed for the denaturation experiments. For the
renaturation experiments, 1mg/ml of B-glucan was denatured at 1M solution then
renatured through neutralization with HCI 24 hrs prior to readings. DMSO denaturation
conditions involved DMSO in water at 0%, 5% and 10%. For the DMSO renaturation
experiments, DMSO was removed by dialysis (see above) prior to spectrophotometer
readings. Absorbance readings were taken at 400-700 nm with 1 nm steps. We note
that DMSO alone induces a positive shift in the absorbance maximum of Congo Red.
This phenomenon mitigates against observation of the full extent of blue shift in Congo
Red between untreated glucan and DMSO denatured glucan and tends to reduce the
statistical significance of this comparison. Therefore, we present control values for
Congo Red with and without DMSO in our data presentation so that the extent of the
solvent’s effect on the assay may be apparent. All experiments were conducted in

technical triplication across three independent experimental replicates.

Fluorescence Lifetime Imaging Microscopy
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899 HEK-293 cells were plated at 25,000 cells in a 35 mm (MatTEK dishes) 48h prior to

900 imaging. Cells were transfected with Emerald-Dectin1A-N-10 and mCherry-Dectin1A-N-
901 10 24 hrs prior to imaging. FLIM-FRET images were obtained using a Leica DMi8

902 inverted microscope. A Leica Harmonic Compound PL apochromatic CS2 63X water
903  objective with a correction collar (1.2 NA) was used for imaging. A tunable & pulsed
904  White Light Laser (470 - 670 nm) was operated at 80 MHz at 3% laser power using a
905 488 nm notch filter to excite our sample. A scan speed of 200 and a 256 x 256

906 resolution was used. Two hybrid detectors collected at photons at (512-540 nm) and
907  (650-700 nm) respectively on the counting mode setting. Temperature was kept at 37
908 °C using a Tokai Hit Stage Top Incubator for Live Cell Imaging. Lifetime images were
909 collected using a Pico Harp 300 Fluorescence Lifetime Microscopy Time-Correlated
910 Single Photon Counting (TCSPC) system. For our glucan stimulated cells, prior to

911  stimulation 23 frames were collected. 230 frames were taken immediately after

912  stimulated with B-glucans at a concentration of 10 ug/ml. Analysis was conducted on
913  minute time points (1-5 minutes). For yeast contact site imaging studies, 3.5 x10" fixed
914  yeast cells were resuspended in 1 ml of PBS. 100 pl of the solution was added to HEK-
915 293 cells in 35 mm dishes 15 minutes prior to imaging. 23 frames were collected per
916 cell. Images were collected at a maximum of 45 minutes after the addition of yeast per

917 plate.

918  Analysis was conducted on the plasma membrane by masking out internal cellular
919 compartments on the images. For our fungal contact site studies, analysis was
920 conducted on the plasma membrane that was in contact with the fungus and a separate

921  masking for plasma membrane that was not in contact with any yeast. A bi-exponential
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fit was performed to the decay curve. For donor only and donor-acceptor on opposite
sides of the plasma membrane (negative control) the decay curve indicated a negative
amplitude for one of the components, thus indicating a mono-exponential decay was a
more accurate representation. Therefore, decay curves from these samples were
analyzed using a mono-exponential fit. For cells with donor-acceptor on the cytosolic
tail, data was fit to a bi-exponential decay with the first lifetime component being locked
at the donor only lifetime of 2.4 ns (1p). Lifetime values of the second component (1pa) of

the decay curve were used to calculate FRET efficiency using the equation:

FRET Efficiency = (1 - %) x 100- To determine the number of receptors undergoing a

FRET process (Donor-acceptor Population), amplitude ratio between the first

component (AmpD) and the second component(AmpDA) was calculated according to

Amp DA

the following formula: ponor - Acceptor Population = (AmpD + AmpDA)

X 100-

Raster Image Correlation Analysis/Number and Brightness

Protocols on RICS and N&B analysis have been previously described in more depth
[55,77]. HEK-293 cells expressing Emerald-Dectin1A-C-10 were plated at 40,000 cells
in a 35 mm (MatTEK dishes) 24h prior to imaging. Images were collected at 256 x 256
resolution on a 60x 1.4 NA oil immersion objective lens (Olympus PlanApo/IR) with an
optical zoom of 16.4X (0.050 um pixels). Data was collected using a GaAsP PMT
detector operated in photon counting mode. The 473 nm diode laser operated at 0.1%
laser power was used in these images. The Point Spread Function (PSF) radial beam
waist was estimated using 192 nM EFGP in solution and setting the diffusion coefficient

to 90 um?/s. Under these conditions the beam waist was determined to be 0.21 ym.
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944  Immobile features were removed using a 4-frame moving average subtraction. Cells
945  were stimulated with a final concentration of 1 pg/ml of glucan. After stimulation, 200
946 frames were collected at a pixel dwell time of 4 ps/pixel (line scan of 1.096 ms) with a

947  pinhole size of 100 pm.

948 Images collected were also used for our Numbers and Brightness analysis, we used
949 192 nM EGFP in solution and purified mEmerald-GFP protein to set the average

950 brightness of our monomeric protein (Supplemental Fig. 3). Furthermore, the S-factor
951  was calculated using the background image. We divided each brightness distribution by
952  monomeric, dimeric, and oligomeric sections according to previous research [78]. The
953  cursors were scaled quadratically and centered at B values of 1.3, 1.6, and 2.35 for

954  monomers, dimers, and oligomers respectively.
955 DSTORM analysis

956 HEK-293 cells, were grown on cleaned and Poly-L-Lysine (0.1 mg/ml) coated coverslips
957  (~5*10% cells/coverslip) within wells of a six-well plate at 37°C 24hrs prior to the

958 experiment. The cells were then treated with MMW glucan at 1ug/ml for 50 second. The
959 cells were then fixed with paraformaldehyde (PFA; 4%) for 5 minutes at 37 °C followed

960 by three washes of PBS.

961 Data acquisition was on an Olympus IX-71 microscope equipped with an objective
962 based TIRF illuminator using an oil-immersion objective (PlanApo N, 150x%/1.45 NA;
963  Olympus) in an oblique illumination configuration. Sample excitation was done using a

964 637nm laser (Thorlabs, laser diode HL63133DG), with custom-built collimation optics.
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To minimize the drift that occurred during data acquisition, a self-registration algorithm

was implemented.

The Dectin-1A nanodomain density was quantified by Super resolution imaging and
analyzed using (HSET) as a clustering algorithm in MATLAB. The data for 34 cells for
each condition were run through the first pass of HSET to collapse the observations of
the blinking fluorophores into single estimates of the true locations of fluorophore [13].
The second HSET pass determined clustering using DBSCAN algorithm [79] which is
depend on two parameters (minPts) that is the minimum number of object containing a
multi-cluster and the maximum distance between the objects (epsilon). We optimized

these parameters for the datasets used in this study at 3 and 27 nm respectively [65].

Collisional FRET Simulation with Monomeric Dectin-1

For this simulation, first a number of particles were generated based on the numbers of
fluorophore molecules on the membrane in a specific volume on the real cell. As the
experiments have shown that the ratio of donors to acceptors is roughly 50%, in our
model 50% of particles were donors while the rest were of acceptors. The absolute
number of donor and acceptor molecules was based on experimentally determined

Dectin-1A membrane density presented in Fig. 4.

The initial location of each particle was defined by drawing random numbers from a
uniform distribution. Throughout the simulation, particle movement was modeled by
using a random walk process. The distance each particle moved at each time point was
determined by the diffusion coefficient that was experimentally determined and reported

in Fig. 4. All particle movements are independent of their type and status.
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The simulation space included monomer molecules as donors and acceptors. This
simulation space-corresponded to total area of 0.64 um? (equivalent to ~20 pixels
membrane area in an experimental FLIM dataset). The total duration of the simulation

was 97.6 us (equivalent to the total experimental data acquisition time for 20 pixels).

Each simulation run included 3904 sequential pulses with each pulse having the equal
length of 25 ns (0.1 ns time resolution). At the start of each pulse, 30% donors were
selected to act as excited particles. A lifetime value was assigned to each excited
particle by generating a random number from an exponential probability density function
(1=2.4 ns; an experimentally determined value of our donor fluorophore). This lifetime

value determined how long each excited donor remained excited.

At each time point, after the new location of all particles are calculated (using random
walk process), each excited donor neighborhood is checked for acceptors. The
neighborhood is defined as a disk with radius of 4-10 nm. In the case where there is an
acceptor present in the neighborhood of a specific excited donor, the energy of donor is
transferred to the acceptor (see “FRET efficiency” below), which essentially would mean
that the donor has decayed. Please note that there are two different phenomena that
would result in the decay of excited donors: FRET (as explained in this paragraph) and
emission (where the excited donor decay to ground state, according to its characteristic
fluorescence lifetime). The total probability of excited state decay is the sum of

probabilities from both processes.

Simulation FRET efficiency
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With the assumption that the concentration of excited donors is lower than acceptors,
concentration, we can consider only one donor molecule. In addition, we assume that
orientation factor for dipolar coupling between donor and acceptor is identical for all
donor-acceptor pairs because donors and acceptors are considered to be rotating

freely. Therefore the FRET efficiency equation is as follows: [80]

The Forster distance (Ry) of the pair of donor and acceptor fluorophores simulated also
matches that used for donors and acceptors in FLIM FRET experiments, namely Rq=
5.24 nm [81].The FRET efficiency in this simulation calculates the combination of FRET
resulted by acceptors surrounding one excited donor, which are located at some
distance from the donor within a specified maximum radial distance, as explained in

Results.

Software

For the RICS and N&B Data presentation and analysis we used the SimFCS Program

(www.Ifd.uci.edu). The calcium imaging was analyzed using ImagedJ. The FLIM-FRET

results were analyzed using Symphotime64 software. The BioLayer interferometry
analysis was done using BLItz Pro software. Statistical analysis was performed with
GraphPad Prism versions 8.2 (GraphPad Software Inc.). DSTORM analysis and FLIM-
FRET modeling was performed using MATLAB using our own algorithm

(https://github.com/NeumannLab/FRET-Simulation).
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1326
1327  Supplemental Figure 1: DSTORM Clustering Analysis

1328 (A) Average area of multi-cluster in dSTORM analysis of HEK-293 cells expressing Dectin-1A
1329 unstimulated or stimulated with MMW. (B) Cluster density of DSTORM analysis of HEK-293 cells

1330  expressing Dectin-1A unstimulated or stimulated with MMW. (C) Histogram analysis of the number of
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1331 localizations of HEK-293 cells expressing Dectin-1A unstimulated or stimulated with MMW. (D) Spatial
1332 point pattern analysis with Ripley’s K function of HEK-293 cells expressing Dectin-1A unstimulated or

1333  stimulated with (E) MMW. Data shown as mean + SD (n = 34)

1334
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1336  Supplemental Figure 2: 'THNMR Spectrum

1337 (A) 'HNMR spectrum of LMW, (B) MMW, and (C) HMW.


https://doi.org/10.1101/824995
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/824995; this version posted October 30, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

A

C

—

m

1338
1339

1340
1341
1342

1343

1344

x= 0.262y= 1.340pix=63168in= 0x= 0.261y= 1.331
24

22

0.2 03 04 0.5
Intensity1

x= 0.080y= 1.339 pix=60721in= 0x= 0.067 y= 1.254

261
24
221
2
18-
161
14
121

1
0.8

E =

0.4

4 rrrjiJqrrrjfjrryryrrY,frrrYy ey
0.05 0.1 0.15 0.2 0.25 0.3
Intensity1

cursors selected in the Brightness vs intensity histogram.
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Selection map

Selection map

Supplemental Figure 3: Numbers and brightness analysis calibration

(A) Brightness vs intensity 2D histogram of purified EGFP or mEmerald-Dectin-1A (C) with the selected
pixels that contribute to the monomers (red) in the image. (B) Representative selection map of purified

EGFP or mEmerald-Dectin-1A (D) in which the fluorescent protein populations are defined by colored
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1345

1346  Supplemental Table 1.

Table of Values

LMW MMW HMW
Max Calcium 1.2 2.5 1.8
Amplitude
LMW MMW HMW MMW MMW
Denatured Renatured

Kd 1.93 1.62 0.43 1.02 1.22
(nM)

LMW MMW HMW MMW Denatured
Min FRET Donor- FRET Donor- FRET Donor- FRET Donor-

Efficiency | Acceptor | Efficiency | Acceptor | Efficiency | Acceptor | Efficiency | Acceptor

% % % % % % % %
0 83.3 177 76.5 15.3 86.1 14.5 87.5 15.9
1 79.1 17.1 77.0 22.8 80.1 19.5 86.7 15.8
2 79.1 17.9 74.3 22.1 78.9 19.8 86.2 15.1
3 78.5 18.1 77.1 23.7 78.9 21.7 86.3 15.2
4 78.2 19.5 72.1 25.7 79.5 22.5 84.1 16.1

5 77.9 18.8 71.9 28.2 79.5 23.7 84.5 141
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N&B RICS
Monomers % Dimers % Oligomers % Diffusion Number of
Coefficient Receptors/pum
(um?/s) 2
Unstimulated 74.0 214 46 1.12 4608
LMW 69.5 20.6 9.9 0.90 3920
MMW 27.5 52.5 20.0 0.37 1768
HMW 37.5 48.7 13.8 0.37 1942
Singlet Cluster Multiple Cluster | Density of Average Area per
Density (nm2) Density (nm2) Localizations (nm2) | cluster(nm?)
Unstimulated 0.74 0.59 7.06 1444
MMW 0.77 0.66 8.47 2016
FRET Efficiency % Donor- Acceptor %
Cell Membrane 81.8 15.7
SC5314 84.8 15.9
TRLO35 78.8 25.1
Glucan Particle 78.8 29.6
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