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Differential regulation of BK channels by fragile X
mental retardation protein

Aravind Kshatri?@®, Alejandro Cerrada®?, Roger Gimeno®?, David Bartolomé-Martin'?, Patricio Rojas®, and Teresa Giraldez*@®

Fragile X mental retardation protein (FMRP) is an RNA-binding protein prominently expressed in neurons. Missense mutations
or complete loss of FMRP can potentially lead to fragile X syndrome, a common form of inherited intellectual disability. In
addition to RNA regulation, FMRP was also proposed to modulate neuronal function by direct interaction with the large
conductance Ca®*- and voltage-activated potassium channel (BK) B, regulatory subunits (BKB,). However, the molecular
mechanisms underlying FMRP regulation of BK channels were not studied in detail. We have used electrophysiology and super-
resolution stochastic optical reconstruction microscopy (STORM) to characterize the effects of FMRP on pore-forming BKa
subunits, as well as the association with regulatory subunits BKB,. Our data indicate that, in the absence of coexpressed B,
FMRP alters the steady-state properties of BKa channels by decreasing channel activation and deactivation rates. Analysis
using the Horrigan-Aldrich model revealed alterations in the parameters associated with channel opening (Lo) and voltage
sensor activation (Jo). Interestingly, FMRP also altered the biophysical properties of BKaB, channels favoring channel opening,
although not as dramatically as BKa. STORM experiments revealed clustered multi-protein complexes, consistent with FMRP
interacting not only to BKap, but also to BKa. Lastly, we found that a partial loss-of-function mutation in FMRP (R138Q)
counteracts many of its functional effects on BKa and BKa, channels. In summary, our data show that FMRP modulates the

function of both BKa and BKap, channels.

Introduction

The large conductance Ca®*-activated potassium (BK) channels
are formed by the tetrameric association of channel-forming a
subunits that are encoded by the Slol or KCNMAI gene (Atkinson
et al., 1991; Butler et al., 1993). Each BKa subunit is formed by a
transmembrane core (S0-S6) and a large cytoplasmic domain
containing binding sites for Ca?* and Mg?* ions (for a recent
review, see Latorre et al., 2017). The diversity of BKa channels is
conferred by their association with auxiliary B_4) subunits
(Knaus et al., 1994; Wallner et al., 1999; Xia et al., 1999; Behrens
et al., 2000; Brenner et al., 2000; Uebele et al., 2000). Three
main populations of BK channels have been found in central
neurons: the noninactivating iberiotoxin-sensitive, fast-gated
“type I” channels, which are formed by BKa subunits; the non-
inactivating iberiotoxin-resistant, slow-gated, type II channels,
formed by BKaf, complexes; and the iberiotoxin-sensitive in-
activating channels including (but not limited to) BKaf, com-
plexes (Reinhart et al., 1989; Bielefeldt et al., 1992; Reinhart and
Levitan, 1995; Meera et al., 2000; Faber and Sah, 2003; Whitt

et al., 2016). These associations alter BK channel activation and
inactivation properties, subcellular trafficking, and pharmacol-
ogy (Kshatri et al., 2018). As physiological controllers of K* efflux
timing and duration, BK channels are implicated in a multitude
of roles in the central nervous system including regulation of
neuronal action potential (AP) shape, firing frequency, and
control of neurotransmitter release from presynaptic terminals
(Robitaille and Charlton, 1992; Robitaille et al., 1993).

The fragile X mental retardation protein (FMRP) is an RNA-
binding protein that regulates translation (Wang et al., 2012),
potentially affecting hundreds of mRNAs (Brown et al., 2001;
Darnell et al., 2001; Chen et al., 2003; Chen et al., 2014). FMRP is
encoded by the FMRI gene, which is expressed in many tissues
and at high levels in neurons (Devys et al., 1993; Fihling et al.,
2009). The complete loss of FMRP leads to fragile X syndrome
(FXS), the most common form of inherited intellectual disability
and autism spectrum disorders (Willemsen et al., 2003; Bear
et al., 2004; Bagni and Greenough, 2005). Point mutations
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(R138Q) or partial deletions in FMRP also lead to FXS (Bassell
and Warren, 2008; Myrick et al., 2015). Besides FMRP’s role in
RNA regulation, several studies have shown that it directly in-
teracts with presynaptic voltage-gated ion channels, regulating
the gating of sodium-activated potassium channels (Slo2.2;
Brown et al., 2010) and surface expression of N-type voltage-
gated calcium channels (Cay2.2; Ferron et al., 2014). In addition,
FMRP has been proposed to modulate BK channels in hippo-
campal and cortical excitatory neurons, regulating neurotrans-
mitter release and synaptic transmission (Deng et al., 2013).
Another study by the same group demonstrated that FMRP in-
creases the open probability and modulates the gating kinetics of
BKop, channels in CA3 pyramidal neurons (Deng and Klyachko,
2016). Interestingly, in that same work, the authors also showed
that genetic up-regulation of BK channels through B, deletion
was sufficient to normalize the neuronal defects in the FMRP
knockout mice model. The modulation of BK channel function
by FMRP has been proposed to occur through interaction with
the accessory B, subunits, although the effect of FMRP on BKa-
only channels was not directly addressed (Deng et al., 2013). A
separate study including biochemical assays in whole mouse
brain showed that FMRP could independently bind to both BKa
and B, subunits (Myrick et al., 2015), hinting that BKa may be
directly modulated by FMRP.

To better understand the regulation of BK channels by
FMRP, we investigated its effects on the biophysical charac-
teristics of BKa channels with or without B, accessory sub-
units in heterologous expression systems. Physical proximity
between FMRP and BK channel components was addressed
using super-resolution stochastic optical reconstruction mi-
croscopy (STORM). Our results demonstrate that FMRP in-
teracts with and modulates the biophysical properties of BKa
channels and, although to a lesser extent, BKaf, channels. No
effects were observed in the presence of the FMRP-R138Q
mutant associated with intellectual disability and seizures,
reinforcing the hypothesis of a direct link between BK channel
dysregulation and FXS.

Materials and methods

Cell culture, transfection, cDNA constructs, and mutagenesis
HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium containing 10% heat-inactivated FBS plus 1% penicillin/
streptomycin and kept in a humidified incubator at 37°C, 5%
CO,. Cells were plated on 8-well glass-bottom micro-slides
(Ibidi) for STORM experiments and on 12-mm polylysine-
treated glass coverslips for electrophysiology experiments.
Transfections were performed 24 h later with jetPrime reagent
(Polyplus). The constructs used in this study were mammalian
expression plasmids containing the human BKa (GenBank
accession no. U11058), rabbit BKB, (GenBank accession no.
XM_002711330), and human FMRP (GenBank accession no.
XM_002711330). Rabbit BKB, shows 99% homology with the
human BKB, and has been shown to produce identical bio-
physical effects to the human homologue when coexpressed
with BKa channels (Large et al., 2015). The R138Q mutation
was introduced in the FMRP construct using the QuikChange
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site-directed mutagenesis kit (Agilent Genomics) and con-
firmed by sequencing.

Antibodies and immunostaining

Primary antibodies were mouse anti-BKa (ab192759; Abcam),
rabbit anti-BKB4 (ab222083; Abcam), and rat anti-HA
(11867423001; Roche Applied Science). Secondary antibodies
were goat anti-rat conjugated to Alexa Fluor 647 (abl50159;
Abcam), goat anti-rabbit conjugated to Alexa Fluor 647
(A21245) or Alexa Fluor 488 (A11008), and goat anti-mouse
conjugated to Alexa Fluor 647 (A32728) or Alexa Fluor 488
(A11001), all from Invitrogen. Cells at a density of 4 x 10° per
well were fixed with 3% paraformaldehyde and 0.1% glutaral-
dehyde (Electron Microscopy Sciences, EM grade) in PBS for
10 min at room temperature and then reduced with 0.1% NaBH,
in PBS for 7 min to mitigate cell auto-fluorescence. Next, cells
were washed three times with PBS (5 min per wash) and then
permeabilized with 0.2% Triton X-100 in PBS for 15 min.
Subsequently, cells were blocked for 90 min with 10% normal
goat serum and 0.05% Triton X-100 in PBS and incubated with
primary antibodies for 1 h. Samples were washed five times
with 1% normal goat serum and 0.05% Triton X-100 in PBS
(10 min per wash), incubated with secondary antibodies for 1h,
and washed again. Cells were then fixed with 3% paraformal-
dehyde and 0.1% glutaraldehyde for 10 min, rinsed three times
with PBS, and stored at 4°C until used.

STORM

STORM imaging was performed on a Nikon N-STORM super-
resolution system with a Nikon Eclipse Ti inverted microscope
equipped with an HP Apo TIRF 100x oil NA 1.49 objective (Ni-
kon), a Perfect Focus System (Nikon), and an ORCA-Flash4.0
V2 Digital CMOS camera C11440 (Hamamatsu). Fluorescence
emission was filtered with a 405/488/561/640-nm Laser Quad
Band filter cube (TRF89901; Chroma). STORM imaging buffer
contained 50 mM Tris-HCl (pH 8), 10 mM NaCl, 10% (wt/vol)
glucose, 100 mM B-mercaptoethylamine, 0.56 mg/ml glucose
oxidase, and 34 pg/ml catalase (all reagents from Sigma-Aldrich).
Reconstructed images were generated from 5 x 10% acquired
frames (2.5 x 10* per channel) using NIS-Elements software
(Nikon). We performed at least three independent transfection
experiments for each protein combination shown in this study.
For every experiment, we determined the location of hundreds
of thousands of molecules. Lateral localization accuracy was
estimated, as described elsewhere (Shintani et al., 2005), as 13 +
4 nm for Alexa Fluor 647 and 16 + 6 nm for Alexa Fluor 488.
Reconstructed images were filtered to remove background.
Quantitative analysis of STORM images was performed using
nearest-neighbor distance (NND) and cluster analysis using in-
house script based on the density-based spatial clustering of
applications with noise (DBSCAN) algorithm, similar to previ-
ously published work (Zhang et al., 2016; Fig. S1 and Supple-
mental text, see bottom of PDF). Comparable results were
obtained by analyzing our data with a customized script using a
distance-based clustering algorithm (Ricci et al., 2015; Zanacchi
et al., 2017) kindly provided by Dr. Carlo Manzo (The Institute
of Photonic Sciences, University of Vic, Barcelona, Spain).
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Density filtering of 60-nm radius with a count of 10 molecules
was found to fit best the clustering properties of the samples.
Clusters were classified in three categories: “only red fluo-
rophores,” “only green fluorophores” (we refer to these two
types as “homoclusters,” formed by just one fluorophore), and
“red and green fluorophores” (referred to as “heteroclusters,”
composed by more than one fluorophore). Cluster distributions
are represented as plots of the percentage of each cluster type
normalized to all clusters (all fluorophores).

Electrophysiology

Electrophysiological recordings were performed 24-48 h after
transfection. Recordings were done using the patch-clamp
inside-out configuration (Hamill et al., 1981) at room tempera-
ture (22-24°C), using an Axopatch-200B amplifier and Digidata
1550A plus HumSilencer system. Patch pipettes were fabricated
from thick-wall borosilicate glass (1.5-mm OD x 0.86-mm inside
diameter) using the Sutter P-97 puller and fire polished. The
obtained pipettes had a resistance of 2-5 mQ when filled with
inside-out patch recording solutions, which contained (in mM)
80 KMeSO3, 60 N-methylglucamine-MeSO;, 20 HEPES, 2 Kdl,
and 2 MgCl, (pH 7.4). The bath solution contained (in mM) 80
KMeSO;, 60 N-methylglucamine-MeSO;, 20 HEPES, 2 KCl,
1 hydroxyethyl ethylenediamine triacetic acid, and CaCl, to give
the desired free Ca?* concentration. For whole cell recordings,
the bath solution contained (in mM) 144 NaCl, 5.8 KCI, 0.9
MgCl,, 2.1 CaCl,, 0.1 NaH,PO,, 5.6 glucose, and 10 HEPES. The
pipette solution contained (in mM) 135 KCl, 3.5 MgCl,, 2 Na,
ATP, 5 EGTA, and 5 HEPES, with pH adjusted to 7.4 with NaOH.
To isolate the calcium currents, 135 CsCl, was used instead of KCl
in the pipette solution and pH was adjusted to 7.4 with CsOH.
The total amount of CaCl, needed to obtain the desired Ca?*
concentration was calculated using the Max Chelator program.
Ca®* concentrations were confirmed using a Ca**-sensitive
electrode (Orion electrode; Thermo Laboratory Systems).
Clampex and Clampfit software (pClampl0; Axon Instruments)
were used for stimulus generation and data acquisition. Data
were acquired at 100 kHz and low-pass filtered at 5 kHz with a
four-pole Bessel filter.

Data analysis

G-V curves were generated from tail current amplitude data
normalized to the maximum obtained in 100 uM Ca?* and fitted
with the Boltzmann equation (Eq. 1)

G 1

LR S— 1
c ()
(Vm’Vé)

1+exp

where V,, is the voltage of half-maximum activation, z is the
slope of the curve, V,, is the test potential, and G,y is the
maximal conductance.

We used the Horrigan-Aldrich (HA) allosteric model
(Horrigan and Aldrich, 2002) to obtain information about the
molecular mechanisms of BK channel modulation by FMRP. In
this model, activation of the voltage and the Ca®* sensors enables
the opening of the channel (see Fig. 4, inset, Scheme I). These
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processes are defined by the three equilibrium constants, L, J,
and K, related to the closed-open transition, voltage sensor ac-
tivation, and Ca?* binding, respectively. Additionally, the model
includes three allosteric factors, D, E, and C, describing the
coupling of the voltage sensor to channel opening, the interac-
tion between the Ca?* and voltage sensors, and the coupling of
Ca** binding to channel opening, respectively (Horrigan and
Aldrich, 2002). The open probability of the channel can be de-
scribed by the following equation:

1

Po= ——MMM —— 2
° 1+ (1+j+K+]KE)4 ’ ( )

L(1+KC+JD+JKCDE)*

Our approach was to measure P, under conditions where we
could isolate the voltage dependence from Ca®*-dependent gat-
ing. In the virtual absence of Ca?*, the HA model can be sim-
plified to Subscheme 1 (see Fig. 4, inset), which excludes the
Ca?*-dependent parameters. In this case, Eq. 2 is simplified to
Eq. 3 below, where L defines the equilibrium of intrinsic gating, J
is the equilibrium constant of voltage sensor activation, and D
describes the allosteric coupling between them:

— (3)

The Py was determined from the tail current amplitudes at
-80 mV following depolarization pulses greater than +100 mV.
The same patches were held at more negative potentials (+80 to
-180 mV) for 5 s, and P, was determined by single-channel
analysis using a 50% amplitude threshold criterion in pClamp
software. The number of channels in the patch was estimated by
changing the perfusion from 0 to 100 uM Ca?*. The voltage
dependence of time constants of activation and deactivation at
extreme negative voltages (Zy) and at extreme positive poten-
tials (Zp) were obtained by fitting the data to the equation below,
where 1, is the Tau value at 0 mV, and Zx is either Zy or Zp:

(V) = Toexp (Z;é;/) (4)

The equilibrium (L) of the gate to move between closed and open
states can be determined by the equation

L = Loexp (ﬂ) , (5)

k.T

where L, is the value of L at 0 mV, Z;, is the partial charge as-
sociated with the channel opening (C — 0), and V, K, and T are
same as above. The logarithmic slope of the Po-V curve rela-
tionship gives the mean activation displacement Qa, which es-
timates the total charge movement upon channel opening (Sigg
and Bezanilla, 1997; Webb et al., 2015). This is defined as (Eq. 6)

d(In(Po))

Qa = kT v y

(6)
and was measured from the natural logarithm (In) (Po)-V rela-
tionship by linear regression (Ma et al., 2006). The Py from
individual experiments was converted to In(Py), and the gradi-
ent was determined over 60-mV intervals (approximately four
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data points) across the entire range of membrane potentials. The
mean Qa-V relationships were fitted with the following equation
to generate the solid curves, as shown in Fig. 4 E:

7771 777!
Qu=Zp + 4Z]{ [l + (%) e_(V_VHC)ﬁ]:| - {1 + e’(V’VHC)ﬁ]} } (7)

Z; represents the charge associated with the voltage sensor
movement, while Vy¢ is the half-maximal activation of the
voltage sensors when the channels are in the closed state. Sta-
tistical analysis was perfomed using one-way ANOVA for mul-
tiple comparisons with Bonferroni post hoc tests. In the text and
figures, statistical significance is represented as *, P < 0.05; **,
P < 0.01; and ***, P < 0.001.

Online supplemental material

Supplemental text appears at the bottom of the PDF and includes
additional details about the quantitative analysis of the STORM
data presented in the manuscript. Fig. SI includes details about
STORM analysis control. Table S1 lists the Boltzmann fit pa-
rameters of the G-V curves shown in Fig. 1, Fig. 5, and Fig. 7.

Results

FMRP associates with and modifies the gating characteristics
of BKa channels

We investigated the effects of FMRP on pore-forming BKa
channels in excised inside-out membrane patches from HEK
cells coexpressing both proteins over a range of Ca?* concen-
trations in the absence of any BK regulatory subunits. FMRP
clearly altered activation and deactivation kinetics of BKa
channels. For instance, at +100 mV, T, (activation time con-
stant) increased twofold (from 3.1 + 0.3 ms to 6.3 + 0.5 ms; P <
0.01) and Tgeac (deactivation time constant) eightfold (from 0.3
+ 0.1 ms to 2.6 = 0.2 ms; P < 0.001; Fig. 1 A). This effect was
accompanied by a slight negative shift of V;,, values at all Ca**
concentrations (Fig. 1, B and C; and Table SI; P < 0.01 in 0 pM
Ca®*). Using direct STORM (dSTORM) microscopy combined
with TIRF, we examined the spatial distribution of FMRP and
BKa channels (Fig. 1 D) at or near the plasma membrane. NND
analysis revealed a bell-shaped distribution with a clear peak
around 20-25 nm (Fig. 1 E), supporting the idea that BKo sub-
units and FMRP are in nanoscale proximity. Cluster analysis
showed the presence of multi-protein complexes containing
both BKa and FMRP at higher proportion than clusters com-
posed exclusively by BKa or by FMRP (Fig. 1 F). This is in
agreement with previous results showing coimmunoprecipita-
tion of FMRP with BKa (Myrick et al., 2015). To discard the
possibility of nonspecific assembly due to overexpression, we
performed a control experiment using the § subunit of the ep-
ithelial sodium channel (SENaC), which should not functionally
(or physically) interact with BKa channels. Coexpression of BKa
and 8ENaC yielded higher frequency of isolated green or red
fluorescent signals that appeared to be at higher distances one
from the other (Fig. 1 D). Consistent with this observation, image
analysis revealed a broader NND distribution around lower
peak values (Fig. 1 E) and a lower percentage of heteroclusters
(Fig. 1 G).
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Interestingly, the FMRP effect on the activation rate was
observed not only in full BKa channels but also in BKa core
constructs where the Ca®* sensor domain (gating ring) had been
completely removed (Budelli et al., 2013; Fig. 2; T, increased
from 1.1 + 0.2 ms to 6.4 + 0.8 ms; P < 0.001). To test if the ob-
served effect was accompanied by alteration in BKa surface
expression levels, as has been proposed for Cay2.2 ion channels
(Ferron et al., 2014), we compared the impact of FMRP coex-
pression on BKa current density levels with those of Cay2.2. Our
results reproduced the 70% reduction of Cay2.2 current levels
observed by Ferron et al. (2014), whereas the differences in BKa
current density were significantly smaller (Fig. 3). This result
suggests that FMRP directly regulates BKa channel activity,
similar to what has been proposed with Slack ion channels
(Brown et al., 2010).

All together, these results suggest that the observed effects of
FMRP on the steady-state properties of BKa channels are due to
direct interaction of these proteins and that FMRP actions may
not be restricted to BK channels containing BKB, subunits.

Effects of FMRP on BKa gating

We aimed to identify the gating transitions associated with the
observed kinetic changes induced by FMRP by using the allo-
steric modeling framework for BKa channels (Fig.4, inset,
Scheme 1; Horrigan and Aldrich, 2002). Two observations
prompted us to study the influence of FMRP on the parameters
linked to the pore opening (L and Z;) and voltage sensors (J, Z;,
and D) but not on the Ca?* dependent parameters (C, E, and K).
First, in spite of the clear effects on channel kinetics, the pres-
ence of FMRP did not dramatically affect Ca>* sensitivity (Fig. 1
C). Second, the regulatory effects were still observed in BKa core
channels (Fig. 2). Thus, we simplified the HA model into Sub-
scheme 1 (Fig. 4, inset) and performed all the experiments in the
virtual absence of Ca®*.

The changes in the voltage dependence of C-O (Z) can be
estimated by measuring the kinetics of the ionic K* currents ()
at extreme voltages (Fig. 4 A). We did not observe differences in
Z1 in the presence or absence of FMRP (Fig. 4 B), suggesting that
the partial charges for channel opening (zy and zp) are not al-
tered by FMRP. Subsequently, we obtained the Po-V relation-
ships over a wide range of voltages and determined the values of
the gating parameters according to the HA model (Horrigan and
Aldrich, 2002). These data with their corresponding fits are
presented in Fig. 4, C and D and summarized in Table 1. The
FMRP-induced negative shifts in the Po-V relationships can be
explained by a twofold increase in L, and a 3.5-fold increase in
voltage sensor activation (J,). The increase in L, related to in-
trinsic gating (i.e., independent of Ca®* or voltage sensor
activation) is consistent with the single-channel data from
BKo+FMRP-excised membrane patches showing an increased Po
at very negative voltage values compared with patches con-
taining only BKa channels (Fig. 4 C). Alterations of the gating
charge parameter Z; or the allosteric constant D were not com-
patible with the data (Table 1). FMRP induced a negative shift in
the Vyc (approximately -50 mV) of BKa channels, in agreement
with the idea that it shifts the voltage-sensor equilibrium toward
negative potentials (Table 1). These results are consistent with
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Figure 1. FMRP is localized in nanoscale proximity to BKa channels and alters their gating properties. (A) Representative BKa current recordings from
inside-out patches at 0 uM Ca?* in the absence (black traces) and presence (green traces) of FMRP, after applying the voltage protocol shown in the inset (=100 mV
to +200 mV in 20-mV increments). (B) G-V curves obtained at various Ca* concentrations, color-coded as indicated in the graph legend. Empty symbols correspond
to cells expressing BKa and full-colored symbols to BKa+FMRP. Solid lines represent Boltzmann fits to the data. (C) Mean Vy, values plotted as a function of Ca?*
concentration. Error bars represent SEM. (D) Representative dSTORM images (top) and magnified views of areas of interest (bottom) showing the spatial distribution
of BKa (green, Alexa Fluor 488) with either FMRP (left panels, red, Alexa Fluor 647) or 8ENaC (right panels, red, Alexa Fluor 647) proteins. Scale bars represent 5 um
(top) and 0.5 um (bottom). (E) NND analysis from the corresponding dual-label experiments. (F and G) Histograms representing the distribution of clusters
containing BKa alone (green bars), FMRP alone (red bars in F) or SENaC alone (red bars in G), and both proteins (yellow bars). Colored curves outline the histograms
to facilitate visualization. (F) n = 25 cells from three different transfection experiments, 2,591 clusters. (G) n = 7 cells, 1,549 clusters). **, P < 0.01.
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Figure 2. The Ca?* sensor (gating ring) is not required for FMRP modulation of BKa channels. (A) Cartoon depicting the structures of BKa and BKa core
channel subunits. The BKa core channels lack the entire cytoplasmic domain containing two RCK domains. (B) Representative current traces from patches
expressing BKa core channels in the absence (black traces) and presence of FMRP (green traces) in 0 uM Ca®*. These patches were stepped from -100 to
+300 mV in 20-mV steps. FMRP clearly altered the activation kinetics of BKa core channels. (C) T, measured in response to a depolarizing step at +300 mV.

***, P < 0.001. Error bars represent SEM.

the Q,-V plots shown in Fig. 4 E, which were calculated from the
logarithmic slope of the Po-V data and fitted with Eq. 7 (Table 2).
Therefore, our results suggest that in the absence of B, subunits,
FMRP interacts with BKa channels, favoring activation by si-
multaneously decreasing the energy needed for channel opening
and shifting the activation of voltage sensors toward more neg-
ative voltages.

FMRP associates with BKaf}; channels and only modestly
alters their biophysical properties

We next evaluated the effect of FMRP on BKaf, channels using
the same experimental setup. In agreement with previous
studies (Behrens et al., 2000; Brenner et al., 2000; Orio et al.,
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2002; Wang et al., 2006), coexpression of BKB, with BKa sub-
units slowed down channel deactivation (Fig. 5 A) and shifted
the V;/, toward negative values at Ca®>* concentrations >10 uM
(Fig. 5, Band C). Contrary to what was expected, coexpression of
FMRP with BKaf, channels did not result in dramatic functional
differences. We did observe moderate effects in the voltage de-
pendence of activation, which was shifted to more negative
values compared with BKap, channels (Fig. 5, B and C; P < 0.05
in O uM and 1 uM Ca2*). Additionally, FMRP slowed down (about
twofold) the BKaf, gating kinetics at potentials below +80 mV
(Fig. 5 D). The -V relationships reflected the decrease in acti-
vation and deactivation rates in BKaf, channels versus BKa
channels (Fig. 5 D). However, coexpression with FMRP revealed
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Figure 3. Effects of FMRP on Cay2.2 and BK channels current density. (A and B) Representative whole-cell current recordings from cells transfected with
either Cay2.2/a,6,/B3 channels (A) or BKa channels (B) in the absence (top, black traces) and presence of FMRP (bottom, green traces), respectively. The
voltage commands are shown in the insets. (C and D) Average current-voltage relationships obtained with Cay2.2/a,8:/B5 channels (C) or BKa channels (D).
Coexpression of FMRP results in a 70% reduction of Cay2.2 channel current density (Ic,; at +10 mV, peak Cay2.2 current density = 14.1 + 2 pA/pF, n = 5;
Cay2.2+FMRP current density = 4.1 + 1 pA/pF, n = 5). In contrast, BKa channel current density (Ix) is only reduced ~30% in the presence of FMRP (at +160 mV,
peak BKa current density = 829 + 86 pA/pF, n = 9; BKa+FMRP current density = 603 + 38 pA/pF, n = 8). **, P < 0.01; ***, P < 0.001. Error bars represent SEM.

no further effects other than the above-mentioned slight in-
crease in the deactivation time constants. The fold change in the
time constant was quantitatively similar in O uM and 1 pM Ca?*.
Specifically, coexpression with FMRP increased the Tgeact Of
BKa, channels (at +100 mV, 0 uM Ca?*) from 1.0 + 0.1 ms to 1.6 +
0.1 ms (~1.6-fold increase, absence versus presence of FMRP).
Similarly, in 1 uM Ca?*, the observed change of Tgeact Was from
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2.7 +0.2ms to 5.2 + 0.2 ms (~1.9 fold). The Po-V relationships in
the presence of FMRP showed an increase in open probability
(Fig. 5 E) and a shift toward negative voltages, although the
change was moderate compared with the effect on BKa alone
(Fig. 5 F). Fits to the HA allosteric model revealed a ninefold
change in the intrinsic gating parameter L, (BKofB, 9.8 x 1077
BKap,+FMRP 8.6 x 10-5; Table 1) without significant changes in
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Figure 4. FMRP modulates parameters associated with voltage sensor activation (Jo) and channel opening (Lo). (A and B) Schematic of the HA al-
losteric gating model (inset, Scheme I). The three processes of voltage sensor activation (R <> A), calcium binding (X < Xc,2*), and pore opening (C <> ) are
governed by equilibrium constants J, K, and L, respectively. The allosteric factors C, D, and E couple the three events. Simplification of the HA model in the
absence of Ca?* (inset, Subscheme I). Comparison of deactivation kinetics (A) and mean t-V relationships (B) between BKa and BKa+FMRP channels in 0 pM
Ca?*. The voltage protocols used for measuring Tgeact are also shown below. The solid lines show exponential fits to the data for five extreme negative and
positive voltages with Eq. 4. (C) Single-channel recordings from BKa channels (black traces) and BKa+FMRP channels (green traces) at -40, -80, and -120 mV
in the absence of Ca?*. The BKa patch contained 190 channels and the BKa+FMRP patch contained 170 channels approximately. Note the increased Pg values
inBKa+FMRP-expressing patches at all the voltages tested. (D) Mean Po-V relationships in the absence (clear circles) and presence of FMRP (green circles) in
log scales. Solid lines are fits with Eq. 3, which yielded the basic set values in BKa alone (see Table 1). The presence of FMRP increased the equilibrium
constants for pore opening (L,) and voltage sensor activation (Jo). (E) Mean Q,-V relationships between BKa and BKa+FMRP channels. Solid lines are fits with
Eq. 7, which yielded the basic set values in BKa alone (see Table 2). Error bars represent SEM.
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Table 1. Best fit parameters for P,-V data with the HA model Table 2. Best fit parameters for Q,-V data with the HA model

Parameter BKa +FMRP BKap, +FMRP Parameter BKa +FMRP BKaf, +FMRP

Lo 3.6 x 107° 6.9 x 1076 9.8 x 1077 8.6 x10° Zz 0.25 0.26 0.24 0.25

Z 0.26 0.29 0.23 0.27 Z 0.63 0.66 0.6 0.66

Jo 0.05 0.17 0.12 0.15 D 12 11 13 9

z 0.61 0.58 0.59 0.55 Vi my 109 58 81 65

D 13 13 16 11

v 124 77 0 7 Best fit values for Q,-V data in Fig. 4 E and Fig. 5 G using Eq. 7. Columns
HE mv 2 and 4 correspond to the indicated subunit combinations in the absence of

Vo, mv 18 -35 -28 -23 FMRP. Columns 3 and 5 correspond to the indicated subunit combinations

Best fit values for Po-V data from Fig. 4 D and Fig. 5 F with Eq. 3. Z, and Lo
values were determined from Eq. 5 and were constrained to yield the values
shown. Columns 2 and 4 correspond to the indicated subunit combinations
in the absence of FMRP. Columns 3 and 5 correspond to the indicated
subunit combinations in the presence of FMRP (0 pM Ca?*).

Jo (BKap, 0.12; BKaB,+FMRP 0.15; Table 1). Consistent with these
findings, FMRP failed to shift the Q,-V relationships of BKaf,
channels more negatively than that of BKa alone (AVyc ap-
proximately -15 mV, Table 2; compare Fig. 5 G with Fig. 4 E).
These results indicate that the effects of FMRP on BKaf, chan-
nels are more complex than initially envisioned. In any case, the
presence of FMRP seems not to abrogate the regulation of BKa by
BKp, subunits, but rather to slightly potentiate it.

Is this functional effect due to association of FMRP with BKaf,
channels? We addressed this question using super-resolution
microscopy to study the spatial organization of BKa channels,
BKB, subunits, and FMRP. Our experimental approach only allows
us to perform dual labeling (see Materials and methods). There-
fore, we imaged all possible combinations of labeled pairs to
puzzle out the contribution of complexes containing different
combinations of the three proteins. Close localizations of BKa-
FMRP, BKB,-FMRP, and BKa-BKp, were observed (Fig. 6 A). This
is reflected in the NND distribution analysis, showing a higher
peak at 25-30 nm for all the combinations (Fig. 6 B). Our results
show a similar fraction of BKa-FMRP associations in the presence
of BKB, (compare Fig. 1 F and Fig. 6 C). More importantly, the
NND distribution and the relative fraction of BKa-BKf, complexes
remained unaltered in the presence of FMRP (compare Fig. 6 B
with Fig. 8 B, and Fig. 6 D with Fig. 8 C). Many uncertainties,
including the lack of an accurate description of the physiological
BKo:BKB, stoichiometries (Gonzalez-Perez and Lingle, 2019),
prevent us from elaborating a quantitative model of interaction.
All the same, this finding suggests that when BKa is expressed
with BKB, and FMRP, all three proteins are located together with
high probability. This argues against the possibility that FMRP and
BKp, interact with BKa in a mutually exclusive way.

The disease-related FMRP-R138Q mutant shows no functional
effects on BK channels

The missense mutation R138Q in the FMRI gene associates with
intellectual disability and seizures (Myrick et al., 2015). This
mutation results in a partial loss-of-function of FMRP, which
maintains its ability to regulate translation but lacks presynaptic
effects. Myrick et al. (2015) hypothesized that the resulting
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in the presence of FMRP (0 uM Ca?).

FMRP(R138Q) protein resulted in impaired interactions with BK
channels in mice central neurons. In this study, we examined
the functional effects of the mutant FMRP(®138Q) on BKa and
BKaf, channels. Our prediction was that this nonfunctional
FMRP mutant would not exert any of the previously observed
effects on the channel kinetics, which would also be reflected in
lower levels of protein associations. Fig. 7 A shows the effect of
FMRP(R138Q) on BKa channels. The mutant did not modify BKa
gating characteristics (at +100 mV, T, = 3.1 + 0.3 ms for BKa
channels versus 3.7 + 0.5 ms for BKa+FMRP®38Q) channels; P =
0.40). Similarly, FMRP(R138Q) also failed to alter the steady-state
parameters when coexpressed with BKaf, channels (Fig. 7 B).
These results are in agreement with previous results (Myrick
et al., 2015) suggesting that the FMRP(®!38Q) construct shows
impaired interaction with BK channels in heterologous systems.

Using STORM, we examined how coexpression of FMRP(R138Q)
affected the spatial distribution of BKa or BKa-BKP, protein
complexes. Similar to wild-type FMRP, FMRP(®138Q) ]ocalized at
nanoscale distances from BKa (Fig. 7 C, left panels) in the absence
of BKB,. This was reflected in the NND analysis distribution,
showing a peak around 20 nm (Fig. 7 D). The cluster analysis in-
dicated the presence of complexes formed by BKa and FMRP(R138Q),
which seemed to occur at higher levels than BKa-only channels but
less frequently than protein complexes containing exclusively
FMRP(R138Q) (Fig, 7 E). BKa and BKB, in the presence of FMIRP®138Q)
also exhibited close localizations with around 50% of the NND
distances within the 0-50 nm range (Fig. 7 D). Cluster analysis of
the STORM data from cells expressing BKo-BKB,-FMRP®I38Q)
showed a lower incidence of multimeric clusters containing
BKa+BKB, compared with coexpression of BKa+BKp, with wild-
type FMRP (compare yellow bars in Fig. 7 F with Fig. 6 D). Previ-
ously published observations suggested that the R138Q mutation in
FMRP altered its association with BKB, (Myrick et al., 2015).
Consistent with this notion, super-resolution data in cells ex-
pressing BKo-BKB,-FMRP®38Q) showed a broader distribution of
lower BKB,-FMRP®138Q) NND values (Fig. 8 B) and a reduced
fraction of BKB,-FMRP®138Q) complexes (Fig. 8 D).

Discussion

In spite of the recent advances in uncovering the novel roles of
FMRP in ion channel modulation (Brown et al., 2010; Deng et al.,
2013; Ferron et al., 2014), important questions remain about the
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Figure 5. FMRP effects on BKap, channels. (A) Representative current recordings from BKaB, channels in the absence (black traces) and presence of FMRP
(green traces) in 0 uM and 1 uM Ca2* after applying a family of voltage steps from -100 to +100 mV in 20-mV increments (inset below). (B-D) Average G-V
relationships (B), V1, versus Ca?* concentration plots (C), and mean t-V relationships (D) in the absence (white triangles) and in the presence of FMRP (green
triangles). (E) Typical records of single-channel currents from patches expressing BKaBs (left) and BKaB+FMRP channels (right) held at -40, -80, and
-120 mV in the absence of Ca?*. The BKaf, and BKaB4+FMRP patches contained ~210 channels and 195 channels, respectively. (F and G) Mean Po-V (F) and
Q.-V (G) relationships for BKaB, channels in the absence (white triangles) and in the presence (green triangles) of FMRP. Solid curves in F and G represent fits
to the data using Eq.3 and Eq. 7, respectively, to yield the basic set values shown. For reference, values corresponding to BKa (+FMRP) channels (Fig. 4) are
represented as dotted lines. ¥, P < 0.05; **, P < 0.01. Error bars represent SEM.
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Figure 6. BKap, complexes are located in close proximity to FMRP. (A) Representative dSTORM full images (top) and magnifications (bottom) showing
areas of clusters constituted by BKa (green)-FMRP (red) in the presence of BKB, (left panels), BKa (green)-BKB, (red) in the presence of FMRP (middle panels),
and BKB, (green)-FMRP (red) in the presence of BKa (right panels). Scale bars represent 5 um (top panels) and 0.5 pum (bottom panels). (B) NND analysis
corresponding to the experiments above. Color labels correspond to dual labeling BKa-FMRP (with unlabeled BKR,; pink bars), BKa-BKp, (with unlabeled
FMRP; orange bars), and BKB,-FMRP (with unlabeled BKa; blue bars). (C-E) Histograms represent the distribution of cluster areas of protein complexes in each
of the three experiments above. The color code corresponds to clusters containing either of the two labeled proteins alone (red or green bars) or both labeled
proteins (yellow bars) in the presence of the unlabeled third protein (C, n = 24 cells, 3,576 clusters; D, n = 15 cells, 2,153 clusters; E, n = 20 cells, 2,781 clusters).
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(right) for BKa (A) and BKaB, (B) channels coexpressed with FMRP(R138Q), Empty symbols correspond to cells expressing either BKa or BKaB,, and full-colored
symbols correspond to either BKa+FMRP(®R38Q) or BKaf,+FMRP(R38Q) Gray shadows indicate the full range of G-V curves from 0 pM to 100 pM Ca2* of
BKa+FMRP (Fig. 1 B) and BKaB4+FMRP (Fig. 5 B) channels. Error bars represent SEM. (C) Representative dSTORM images (top) and corresponding magni-
fications of areas (bottom) containing clusters in different labeling conditions. Left panels: BKa (green) and FMRP(R138Q) (red). Right panels: BKa (green) and
BKB, (red) in the presence of FMRP(R138Q), Scale bars represent 5 um (top panels) and 0.5 um (bottom panels). (D) NND analysis for the combination BKa-
FMRP(RI38Q) (orange bars) or BKa-BKB, in the presence of FMRP(RI38Q) (blue bars). (E and F) Histograms represent the distribution of cluster areas for the
protein complexes constituted by either of the two proteins alone (red or green bars) or by both proteins forming part of the same cluster (yellow bars) in the
presence of the unlabeled third protein (E, n = 17 cells, 10,615 clusters; F, n = 17 cells, 10,390 clusters).

underlying molecular mechanisms. FMRP is a ubiquitous pro-
tein with a growing number of proposed functions (Ferron,

using a heterologous expression system. Using electrophysio-
logical measurements, we have addressed the effects of FMRP on

2016). BK channels can be expressed in a large variety of cells
and tissues, with or without regulatory subunits from the BK(
and BKy families (Latorre et al., 2017). In this study, we have
tested the effects of FMRP on BK channels containing different
subunit combinations of physiological relevance in neurons

+BKa

BK channel biophysical properties. These functional data have
been correlated with the relative localization of the proteins
using super-resolution microscopy.

One of our most relevant findings reveals that in the absence
of regulatory subunits, FMRP has a clear effect on BKa channel

B
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Figure 8. FMRP(®138Q) mytation markedly reduced the associations between BKB, and FMRP. (A) Representative dSTORM images and corresponding
magnified areas showing clusters constituted by BKa (green)-BKB, (red; left panels) and BKB, (green)-FMRP (R138Q) (red) in the presence of BKa (right panels).
Scale bars represent 5 um (top panels) and 0.5 um (bottom panels). (B) NND analysis of experiments in panel A. (C and D) Histograms show the distribution of
cluster areas corresponding to protein complexes, including either of the two proteins alone (red or green bars) or both proteins (yellow bars), in the presence
of the unlabeled third protein (BKa) in D (C, n = 18 cells, 2,424 clusters; D, n = 19 cells, 10,938 clusters).
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kinetics, mostly consisting of an eightfold increase in the current
deactivation time constants. The Po-V relationship is shifted
toward more negative values, which can be explained in the
context of the BK allosteric model (Horrigan and Aldrich, 2002)
by decreasing the energetic barrier for the C-O transition
(twofold increase in constant L) and/or shifting the activation
of the voltage sensors toward more negative voltages (3.5-fold
increase in Jo). The first explanation is consistent with the ob-
servation that in the presence of FMRP, higher P, of BKa
channels is observed at very negative voltages (when both the
Ca** and voltage sensor are not activated). The latter explanation
is supported by the hyperpolarization shift (-50 mV) noted in
the Q,-V relationship in the presence of FMRP. This finding
requires further confirmation by gating current recordings
to assess directly the impact of FMRP on the voltage sensor
function.

Several lines of evidence indicate that this regulatory effect
occurs via close interaction of both proteins. First, the FMRP
effects are observed in isolated inside-out patches. Second,
STORM data show close localization of both proteins in the
nanoscale range (NND distribution peak around 20 nm) and
high occurrence of BKa+FMRP protein clusters. The interaction
may possibly occur at the transmembrane region or the S6/RCK1
linker, since part of the regulatory effects of FMRP on the
channel are preserved in BKa channels where the intracellular
Ca?* sensor has been completely truncated. Finally, we provide
further evidence showing that coexpression of FMRP with BKa
does not have a strong impact on current density levels, as op-
posed to the FMRP-regulated Cay2.2 channel membrane abun-
dance via proteasome-mediated degradation (Ferron et al.,
2014). Altogether, our results are in agreement with the pro-
posed translation-independent regulatory mechanisms of Slo2.2
and BKop, channels by FMRP (Brown et al., 2010; Deng et al.,
2013).

We compared the effects of FMRP on BKoa channels with
those on BKaf, channels. The complex effects of the BKp,
subunit on BKa gating were previously explained in the context
of the HA allosteric model by a decrease in the L, constant
(closed-to-open transition) and a decrease in Vyc (favoring
voltage sensor activation; Wang et al., 2006). An alternative
model has been proposed where the effects of the BKf3, subunits
are explained by the stabilization of the voltage sensor in the
active conformation and a reduction in the number of gating
charges per sensor (Contreras et al., 2012). Our experiments
qualitatively reproduced these effects. Coexpression of BKa with
BKB, caused a decrease in the L, constant, a negative shift in
Vio (half-maximal activation of the voltage sensors when the
channels are in the open state), and an increase in J, values.
According to the hypothesis proposed by Deng et al. (2013), we
were expecting that in the presence of FMRP the effect of the
BKp, subunits would be abrogated. However, this was not the
case. Rather than reversing the BKB, effects, FMRP seemed to
slightly potentiate them. The shift in the Po-V curve toward
more negative voltages was consistent with higher t values at
negative voltages. In the context of the HA allosteric model, this
effect could be explained by increased intrinsic gating (ninefold
increase in Lo), while other parameters remained very similar to
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BKaf, channels. STORM experiments showed a high incidence
of heteroclusters containing the three proteins, confirming the
association of FMRP to complexes containing BKa and BKB,
subunits. Altogether, these data support the previously proposed
hypothesis that FMRP binds to BKaf}, channels in CA3 neurons,
regulating their function by increasing P (Deng et al., 2013;
Deng and Klyachko, 2016). Further work is needed to under-
stand the mechanisms underlying homo- and heterocluster
formation, as well as the possible participation of other proteins
in these complexes.

All the observed effects of FMRP on BKa and BKaf, channels
were greatly reduced by introducing the R138Q mutation in the
FMRP protein. This missense mutation was described to disrupt
the regulatory role of FMRP in AP duration, presumably by
perturbation of its ability to interact with BK channels, while not
altering other canonical roles involving RNA binding and reg-
ulation of translation (Myrick et al., 2015). One possible expla-
nation for the lack of regulatory effects by FMRP(®138Q) in our
experiments could be that this mutation is associated with re-
duced expression levels. However, this possibility is ruled out by
the results in the STORM experiments showing similar ex-
pression levels of FMRP(R138Q) than wild-type FMRP. Instead, the
observed lack of regulatory effects of the FMRP(®138Q) mutant on
BKaf, channels seem to be due at least partly to weaker inter-
actions of FMRP(R138Q) with BKB,. These results are in agreement
with previous data showing impaired (but not fully abolished)
FMRP(R138Q)_BKB, interactions (Myrick et al., 2015).

A possible explanation for the findings of our study is sum-
marized in the cartoon depicted in Fig. 9. Our data show that
FMRP locates closely to BKa subunits and modulates their
function, resulting in increased channel Py at physiological
voltage values (Fig. 9 A). In the presence of BKB, subunits, FMRP
associates with complexes containing both BKa and BKB, sub-
units to regulate their function, slightly potentiating the effects
of BKB, regulation (Fig. 9 B). The biophysical properties of
BKaf, channels in the presence of FMRP are not equivalent to
BKa-only channels, implying the existence of a more complex
mechanism other than the sequestration of BKB, subunits, as
previously described (Deng et al., 2013). It is important to note
that our model cannot rule out the participation of other pro-
teins in the functional complexes. The most relevant conclusion
of our data is that, depending on the physiological context, FMRP
may regulate BK currents via modulation of BKa and/or BKaf3,
channels.

Physiological relevance

In central neurons, contribution of type II BK channels (formed
by BKaf, complexes) to electrical activity depends on the local
intracellular Ca?* concentrations. At low Ca?* concentrations
(i.e., <10 uM Ca2*), it has been proposed that the slow gating of
type II BK would preclude these channels from contributing to
membrane repolarization, resulting in broader APs (Brenner
et al., 2005; Jaffe et al., 2011). In this case, a reduction of firing
rate is observed due to activation of small conductance Ca?*-
activated K* (SK) channels (Brenner et al., 2005). On the other
hand, at high Ca?* concentrations (>10 M Ca?*), activation of B,-
containing type II BK channels leads to significantly prolonged
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Figure 9. Schematic model summarizing the effects of FMRP on BKa and BKaB, channels in heterologous expression systems. (A) Cartoon of closed
BKa channel with voltage sensors in resting state. In the absence of Ca%*, voltage sensor activation and pore opening are linked by the coupling factor D.
Functional interaction of FMRP with the BKa subunit favors the active form of the voltage sensors (J-) and pore opening (L-). (B) BKB4 subunits enhance the
active form of voltage sensors (J) and lower the equilibrium of pore opening (L). The presence of FMRP in the complex further increases Po by enhancing pore

opening (L).

tail currents, enhancing the medium afterhyperpolarization.
Larger afterhyperpolarizations result in increased interspike
intervals, decreasing firing rates (Jaffe et al., 2011). Overall, the
physiological outcome of BKp, subunits’ incorporation to BK
channels would be a reduction of neuronal excitability, which
may protect neurons against seizures. In CA3 neurons, it has
been proposed that the mechanism underlying FMRP regula-
tion of BK currents relies mainly on the direct interaction of
FMRP with the regulatory BKB, subunits, resulting in increased
Ca2"-dependent BK channel activation (Deng et al., 2013). It
must be noted that despite the prominent expression of B,
subunits in some brain regions such as the CA3 region of the
hippocampus, a number of studies reported that some BK
currents are still sensitive to iberiotoxin block, suggesting that
not all BK channels contain BKB, subunits (Raffaelli et al., 2004;
Shruti et al., 2012; Deng et al., 2013). Interestingly, based on the
biophysical and pharmacological properties of BK channel
currents from CA3 neurons, Shruti et al. (2012) proposed that
the main function of the BKB, subunit is the control of BKa
trafficking to the membrane. Within this physiological context,
our finding that FMRP can regulate BK channels formed by BKa
subunits may be of important relevance. The data that we present
now suggest that in some physiological contexts FMRP may also
exert similar regulatory effects by interacting with iberiotoxin-
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sensitive BKa-only channels. In fact, this result is consistent with
previously published data showing that the FMRP effect on CA3
neuronal excitability is iberiotoxin-sensitive (Deng et al., 2013),
as well as with further evidence proving interaction of BKa and
FMRP in a pull-down protein assay (Myrick et al., 2015). One
speculation is that the slow gating induced by FMRP would re-
duce the contribution of BKa channels (type I) to the AP repo-
larization or contribute to sustained interspike conductance.
Similar to the effects on type II BK channels, the observed effects
of FMRP on BKa channels are consistent with a functional effect
of AP broadening, indirectly enhancing the Ca?* influx and
thereby increasing neurotransmitter release. However, the role
of other conductances, including SK channels (Deng et al., 2019),
must also be taken into account to fully understand the in vivo
physiological framework depicting the regulation of electrical
activity by FMRP.
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Supplemental material
Supplementary Methods

Quantitative analysis of STORM images

Quantitative analysis of dSTORM data was performed using customized algorithms implemented with Python. The molecule lists
were exported from NIS-Elements software, and drift-corrected coordinates “X” and “Y” were collected separately for Alexa Fluor
647 and Alexa Fluor 488 localizations. These values were input in our algorithm to calculate the NND of each molecule with respect
to others labeled with the same fluorophore or with the other. GraphPad Prism version 7.00 (GraphPad Software) was used to plot
histograms representing the distribution (in percentage) of the calculated NND. In-house software written in Python was addi-
tionally used to identify and calculate areas of clusters with all possible protein combinations in each experimental condition. This
analysis used the DBSCAN algorithm, a data-clustering algorithm that finds core samples of high density and expands clusters from
them. This algorithm is based on two parameters: “epsilon” (radius) and minimum number of particles (min_pts). Experimentally,
we concluded that 60 nm and 10 particles were the values that permit the clearance of most of the background nonspecific signals
but with the minimum loss of information. Data were represented as histograms using Spyder v.3.3.1, an open-source scientific
Python development environment.

Control of STORM analysis

We implemented a control experiment to verify that our analyzed STORM data correspond to real formation of complexes between
the labeled proteins and not to random co-localization of the fluorophores. In this context, a common strategy is to rotate the image
of one channel, thus modifying the relative position between proteins without altering relative coexpression or labeling levels
(Babbey et al., 2006; Dunn et al., 2011).

We used a real two-channel molecule list and its corresponding reconstructed image (particles represented as green dots or red
dots; Fig. S1). NND analysis resulted in a distribution of distance values between particles from both channels showing a high peak at
around 60 nm (Fig. S1 C, blue bars). The cluster analysis yielded 218 “647-labeled clusters,” 145 “488-labeled clusters,” and
271 “combined clusters” (histogram in Fig. S1 D, left panel).

Using the same molecule list, the positions in the green channel were modified by rotating the field 90° clockwise and applying a
vertical flip (Fig. S1 B), and the new disposition of particles was analyzed again. In this case, the distribution of distances between
particles of both channels obtained by NND analysis was broadly distributed at higher distance values (Fig. S1 C, orange bars).
Consistent with this, cluster analysis yielded only 25 combined clusters compared with 271 from the original data (Fig. S1 D, right
panel). Altogether, these results suggest that the distribution of clusters obtained in the original data are not arbitrary but are a
consequence of the interaction between proteins.
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Figure S1.  STORM analysis control. (A and B) STORM reconstructed image before (A) and after (B) rolling (90° rotation) and flipping of the “488” channel
(particles represented as red or green dots). (C) NND analysis performed before (blue) and after (orange) rotating/flipping of the green channel. (D) Cluster
analysis before (left panel) and after (right panel) rotating/flipping of the green channel.

Kshatri et al.

FMRP interacts with and modulates the function of both BK-a and BKa-f4 channels

Journal of General Physiology
https://doi.org/10.1085/jgp.201912502

S2


https://doi.org/10.1085/jgp.201912502

	Differential regulation of BK channels by fragile X mental retardation protein
	Introduction
	Materials and methods
	Cell culture, transfection, cDNA constructs, and mutagenesis
	Antibodies and immunostaining
	STORM
	Electrophysiology
	Data analysis
	Online supplemental material

	Results
	FMRP associates with and modifies the gating characteristics of BKα channels
	Effects of FMRP on BKα gating
	FMRP associates with BKαβ4 channels and only modestly alters their biophysical properties
	The disease

	Discussion
	Physiological relevance

	Acknowledgments
	References

	Outline placeholder
	Supplemental material
	Supplementary Methods
	Quantitative analysis of STORM images
	Control of STORM analysis





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 299
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 299
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 299
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 299
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


