
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LINGO1 is a regulatory subunit of large conductance, Ca2+-
activated potassium channels

Citation for published version:
Dudem, S, Large, RJ, Kulkarni, S, McClafferty, H, Tikhonova, IG, Sergeant, GP, Thornbury, KD, Shipston,
MJ, Perrino, BA & Hollywood, MA 2020, 'LINGO1 is a regulatory subunit of large conductance, Ca

2+
-

activated potassium channels', Proceedings of the National Academy of Sciences (PNAS), vol. 117, no. 4,
pp. 2194-2200. https://doi.org/10.1073/pnas.1916715117

Digital Object Identifier (DOI):
10.1073/pnas.1916715117

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Publisher's PDF, also known as Version of record

Published In:
Proceedings of the National Academy of Sciences (PNAS)

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 26. May. 2023

https://doi.org/10.1073/pnas.1916715117
https://doi.org/10.1073/pnas.1916715117
https://www.research.ed.ac.uk/en/publications/1260d45e-5eb7-43b5-9c9a-664354d93f5d


LINGO1 is a regulatory subunit of large conductance,
Ca2+-activated potassium channels
Srikanth Dudema, Roddy J. Largea, Shruti Kulkarnia, Heather McClaffertyb, Irina G. Tikhonovac, Gerard P. Sergeanta,
Keith D. Thornburya, Michael J. Shipstonb

, Brian A. Perrinod, and Mark A. Hollywooda,1

aSmooth Muscle Research Centre, Dundalk Institute of Technology, Louth A81 K584, Ireland; bCentre for Discovery Brain Sciences, University of Edinburgh,
Edinburgh EH8 9XD, Scotland; cSchool of Pharmacy, Queen’s University of Belfast, Belfast BT9 7BL, Northern Ireland; and dDepartment of Physiology and
Cell Biology, Reno School of Medicine, University of Nevada, Reno, NV 89557

Edited by Richard W. Aldrich, The University of Texas at Austin, Austin, TX, and approved December 17, 2019 (received for review September 26, 2019)

LINGO1 is a transmembrane protein that is up-regulated in the
cerebellum of patients with Parkinson’s disease (PD) and Essential
Tremor (ET). Patients with additional copies of the LINGO1 gene
also present with tremor. Pharmacological or genetic ablation of
large conductance Ca2+-activated K+ (BK) channels also result in
tremor and motor disorders. We hypothesized that LINGO1 is a
regulatory BK channel subunit. We show that 1) LINGO1 coimmu-
noprecipitated with BK channels in human brain, 2) coexpression
of LINGO1 and BK channels resulted in rapidly inactivating BK
currents, and 3) LINGO1 reduced the membrane surface expression
of BK channels. These results suggest that LINGO1 is a regulator of
BK channels, which causes a “functional knockdown” of these cur-
rents and may contribute to the tremor associated with increased
LINGO1 levels.

BK channels | leucine-rich repeat containing proteins | LINGO1 | accessory
subunits | Parkinson’s disease

LINGO1 is one of four leucine rich repeat and immunoglobin-
like (LRRIG) domain-containing proteins predominantly

expressed in the central nervous system (1–3) and may play a role
in both Essential Tremor (ET) and Parkinson’s disease (PD),
since it is up-regulated in the cerebellum of these patients (4–6).
Furthermore, a recent study demonstrated that adults with an
extra copy of the LINGO1 gene also present with tremor, sug-
gesting that increased levels of LINGO1 protein could be a caus-
ative factor in tremor (7).
Calcium-activated potassium (BK) channels are widely expressed,

transmembrane proteins that govern smooth muscle (8) and
neuronal excitability (9). Pharmacological blockade (10–12), or
molecular ablation (13, 14), of these channels also induces tremor.
For example, ingestion of indole diterpenoids (11, 12), the caus-
ative agents of “Rye Grass Staggers” (10), induces motor im-
pairment and tremor (12). Similarly, global null BK−/− (13) and
cerebellar Purkinje cell-specific BK−/− mice (14) exhibit motor
impairment and tremor. It is clear, therefore, that inhibition of BK
channels, or enhanced expression of LINGO1, are both associated
with motor disorders and tremor.
The biophysical and pharmacological properties of BK chan-

nels are modulated by regulatory β1−4 (15–17) and γ1–4 subunits
(18, 19), which are expressed in a tissue-dependent manner.
Similar to LINGO1, BKγ subunits are leucine-rich repeat con-
taining (LRRC) proteins but lack an Ig1 domain of LINGO1 and
contain 6 rather than 12 extracellular LRRC domains. BKγ sub-
units have been shown to shift BK channel activation to negative
voltages (18, 19). Since LINGO1 shares a number of structural
features with BKγ subunits (18, 19), we hypothesized that it may
also be a novel regulatory subunit of BK channels. Here, we show
that LINGO1 induced rapid inactivation of BK channels, shifted
their activation to more negative potetials, and reduced their ex-
pression in the plasma membrane. Moreover, it coimmunopre-
cipitated with BK channels in lysates of human cerebellar tissues.
These data support the hypothesis that LINGO1 is a regulatory,
accessory subunit, which functionally “knocks down” BK channels.

Coexpression of LINGO1 Induces Inactivation
In our first series of experiments, we compared BK currents in
excised patches from HEK cells transfected with BKα cDNA
only, with those cotransfected with BKα and LINGO1 cDNA. As
shown in Fig. 1A, large, noisy, sustained outward currents were
recorded from BKα only inside-out patches, in response to
depolarizing steps of up to +200 mV (Ca2+ concentration on the
cytosolic side, [Ca2+]i, = 100 nM). When conductance/voltage
(G/V) curves were constructed (Fig. 1C, filled squares) and fitted
with a Boltzmann function (solid line, Fig. 1C), it was apparent
that these currents were half maximally activated (V1/2) at +161 ±
1 mV (n = 6), in agreement with previous studies (20). However,
when recordings were made from cells cotransfected with cDNA
for BKα and LINGO1 (BKα:LINGO1, Fig. 1B), the currents
differed markedly in several respects: 1) The sustained BK cur-
rents were absent and, instead, rapidly and completely inactivating
currents were recorded (Fig. 1B, [Ca2+]i = 100 nM). Inactivation
of BKα:LINGO1 currents was faster at more positive potentials
(Fig. 1 B, Inset). These currents are reminiscent of the transient
BK currents recorded in murine Purkinje neurons (21, 22), which
may be due to LINGO1 or other regulatory BK subunits. 2) The
BKα:LINGO1 tail currents deactivated more slowly than BK
controls. 3) Their activation V1/2 was shifted by ∼ −50 mV (open
symbols, Fig. 1C) compared to BKα alone, which was similar to
the effect of γ subunits on BK channels (18, 19). 4) BKα:LINGO1
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cotransfection reduced the amplitude of BK currents, since ∼5%
of patches had currents >1 nA at +160 mV (peak current 451 ±
135 pA, mean ± SEM, n = 71), compared to ∼75% of BK
controls (peak current 4,988 ± 632 pA mean ± SEM, n = 43, P <
0.001, ANOVA Tukey’s multiple comparison). 5) The inactivation
V1/2 of BKα:LINGO1 currents shifted ∼ −80 mV when [Ca2+]i was
increased from 100 nM to 1 μM (SI Appendix, Fig. S1 A–C).
To confirm that the inactivating currents were carried through

BK channels, we assessed the effects of external iberiotoxin
(IbTx) on whole-cell recordings of cells transfected with either
BKα or BKα:LINGO1 cDNA (SI Appendix, Fig. S2). Cumulative
addition of increasing concentrations of IbTx blocked both sus-
tained and inactivating whole-cell currents in a concentration-
dependent manner, confirming that both currents were due to
activation of BK channels.
To assess if LINGO1 could cause inactivation when both BKα

and β subunits were expressed, we cotransfected with cDNA for
LINGO1, BKα, and either BKβ1 or BKβ4. Currents from these
patches also showed inactivation (SI Appendix, Fig. S3), although
the rate of inactivation was slower than those recorded in
BKα:LINGO1 patches. When evoked by a step to +200 mV in
100 nM Ca2+, BKαβ1:LINGO1 currents inactivated with a τi of
17 ± 5 ms (n = 5) compared to 1.9 ± 0.2 ms in LINGO1:BKα (n =
7, unpaired t test, P < 0.05). Even when the ratio of BKβ1 cDNA
and LINGO1 cDNA was increased to 5:5:1 (250 ng·mL−1 BKβ1,
250 ng·mL−1 LINGO1, 50 ng·mL−1 BKα), there was no fur-
ther change in the rate of inactivation at +200 mV (τi = 18 ± 3 ms,
n = 11, unpaired t test). Similarly, coexpression of BKαβ4:LINGO1

resulted in currents which inactivated in 100 nM Ca2+ at +200 mV
with τi = 18 ± 3 ms (n = 8).

Inactivation Was Abolished When the Distal C Terminus of
LINGO1 Was Absent
Although the crystal structure of the extracellular domain of
LINGO1 has been solved (23), little is known about the structure
of the transmembrane domain or the proposed intracellular tail.
Therefore, we created a homology model of LINGO1, in which
residues 551–583 formed a single transmembrane helix (green
helix, Fig. 1D). In contrast, residues 584–620 (shown in purple,
yellow, blue, and red, Fig. 1D) were intracellular, adopting a
disordered loop structure that could possibly behave as an inac-
tivating particle, as has been shown in some BKβ subunits (24–26)
and Shaker channels (27). To test this, we enzymatically digested
the tail by applying trypsin (0.3 mg·mL−1) to the cytosolic surface
of patches coexpressing BK and LINGO1. Steps to +160 mV (Fig.
1E, green trace) evoked rapidly inactivating currents and small,
slowly deactivating tail currents were apparent upon repolarization
to −80 mV. However, after ∼60 s in the continued presence of trypsin,
the BKα:LINGO1 current amplitude increased, inactivation
was practically abolished, and deactivation was faster (τ = 0.4 ± 0.3
ms compared to 3.0 ± 0.3 ms before trypsin, P < 0.05, paired t test).
Fig. 1F summarizes four experiments in which peak BK current
amplitude was plotted before, during, and after trypsin digestion.
Current amplitude was irreversibly increased∼fourfold by trypsinization.
Since trypsin is likely to cleave the cytosolic tail at arginine or

lysine residues, as marked by the asterisks in Fig. 2A, we made a

Fig. 1. Coexpression of BKα and LINGO1 cDNA produces inactivating currents that activate at negative potentials. A shows a typical record of an inside-out
patch from a HEK cell transiently expressing BKα channels and exposed to 100 nM Ca2+. Currents were evoked by stepping from −100 mV to +200 mV for
50 ms from a holding potential of −60 mV. Patches were repolarized to −80 mV to elicit tail currents. B shows typical inactivating currents recorded using the
same protocol from a patch obtained from HEK cells cotransfected with BKα and LINGO1 cDNA. As shown by Inset in B, inactivation had an apparent voltage
sensitivity (n = 6). (C) When GV curves were constructed from these currents and fitted with a Boltzmann function (solid lines), BKα:LINGO1 currents activated
at significantly more negative potentials (n = 6) compared to BKα channels (P < 0.001). D shows the main structural features of the LINGO1 protein including
the extracellular domains (black), the transmembrane domain (green), and the intracellular tail (purple, yellow, blue, and red). (E) Application of trypsin
(0.3 mg·mL−1) gradually removed inactivation of BKα:LINGO1 currents and increased current amplitude evoked by a step to +160 mV. The green line rep-
resents a control current, prior to application of Trypsin. F shows a summary of four similar experiments in which the time course of the effects of trypsin were
recorded. Currents remained significantly increased above control after trypsin treatment (P < 0.05). The red dotted lines represent zero current.
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series of LINGO1 C terminus deletion constructs at these sites
(Δ600:620, Δ613:620, Δ618:620) and found that inactivation was
practically abolished in constructs with at least the last eight
amino acids removed. Fig. 2C shows a typical family of currents,
recorded in 100 nM Ca2+, from BKα:LINGO1Δ613:620 in response
to a series of voltage steps from −100 mV to 200 mV. When
compared to the full-length BKα:LINGO1 construct (Fig. 2B),
inactivation was abolished, but as shown in the summary GV curve
(green symbols, Fig. 2D), the negative shift in V1/2 was retained
(compare BKα, green dashed line). As shown in SI Appendix, Figs.
S4 and S5B, all three deletion constructs retained the nega-
tive shift in activation V1/2, supporting the idea that truncated
LINGO1 proteins still trafficked to the membrane and associated
with BK channels.
To test if the last eight amino acids in the C terminus of

LINGO1 were sufficient to cause inactivation, we made a synthetic
peptide (peptide acid with a free N terminus and the C terminus
terminated by a free carboxyl group) consisting of these eight

residues (RKFNMKMI) and applied it to the cytosolic surface of
patches expressing BKα-only channels. This peptide mimicked the
inactivation observed when the full-length LINGO1 protein was
coexpressed with BKα channels. Fig. 2E shows a family of BK
currents recorded in 100 nM Ca2+ and evoked by a series of
depolarizing steps from −100 mV to +200 mV, prior to the ap-
plication of the synthetic peptide. In the presence of 30 μM of the
peptide, the current amplitude was reduced approximately fivefold
and the resultant currents inactivated (Fig. 2F). Fig. 2G shows a
summary of six similar experiments in which the current amplitude
(measured in the last 5 ms of each voltage step) was plotted in the
absence (open symbols) and presence (closed symbols) of 30 μM
RKFNMKMI. Under these conditions, BK current amplitude was
significantly reduced at voltages >100 mV (P < 0.05, paired t test).

LINGO1 Reduces the Cell Surface Expression of BK Channels
We next used immunocytochemistry experiments to further
confirm that LINGO1 and BKα expressed in the membranes of

Fig. 2. Inactivation of BKα channels by LINGO1 depends on the terminal eight amino acids of LINGO1. (A) Amino acid sequence of residues 584:620 in
LINGO1. Colors correspond to those in the model shown in Fig. 1. Asterisks mark most likely trypsin cleavage sites, which were used to design the deletion
constructs shown. B shows a typical family of BKα:LINGO1 currents recorded as per Fig. 1B. C shows the currents evoked by the same voltage protocol in a deletion
construct, which lacked the terminal eight amino acids of LINGO1. D shows the summary data (n = 8) for this deletion construct recorded in 100 nM Ca2+ and
fitted with a Boltzmann (solid line). The activation V1/2 was significantly more negative than that recorded in cells transfected with BKα cDNA alone (dashed green
line, P < 0.001). A typical family of currents from a patch containing BKα channels before (E) and during (F) application of tail peptide RKFNMKMI (30 μM) to the
cytosolic surface of the patch. A summary of the inhibitory effect on this peptide on the IV relationship, in six similar patches is shown in G. Open and closed circles
in G represent absence and presence of 30 μM RKFNMKMI, respectively.
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HEK cells, transiently transfected with BKα and LINGO1 cDNA.
As shown in Fig. 3 A, Upper, only BKα channels were detected in
the membranes of HEK cells transfected with BKα cDNA.
In contrast, when LINGO1 was cotransfected with BKα, both
proteins were present. However, it appeared that BKα channel
expression in the membrane was lower when cotransfected
with LINGO1 cDNA (Fig. 3 A, Lower), which may contribute
to the reduced amplitude of the BK currents recorded in the
BKα:LINGO1 cotransfected cells. An on-cell Western (OCW)
assay, using HEK cells transfected with BKα channel cDNA
encoding an intracellular HA tag and an extracellular FLAG tag,
was used to compare BKα expression in the absence and presence
of LINGO1. It is clear from Fig. 3B that both surface and total
BKα expression were reduced by LINGO1. BK channel surface
expression (Fig. 3B, green symbols), as a function of total BKα
expression, was also significantly reduced in a concentration-
dependent manner when cotransfected with LINGO1. However,
total BKα expression was only reduced in cells cotransfected with
1 μg of LINGO1 cDNA (Fig. 3B, red symbols). To verify that
the reduction of BK channel plasmalemmal and total expression
with increasing concentrations of LINGO1 cDNA was not a

consequence of nonspecific saturation of synthesis/trafficking, we
assayed cell surface expression of the BK channel in the presence
of the transmembrane BKβ1 subunit. Over the same concentra-
tion range as used for LINGO1 (60–1,000 ng), in OCW assays
coexpression of BKβ1 resulted in a significant increase in BK
channel surface expression (∼2.5-fold above that of BK alone
using 1,000 ng of BKβ1), with no significant effect on total BK
expression (SI Appendix, Fig. S7). Thus, LINGO1 and BKβ1 have
opposite effects on BKα cell surface expression.
To further quantify plasmalemmal BK expression, we per-

formed an additional series of electrophysiology experiments on
cells in which BKα cDNA was cotransfected alone, or with
equimolar concentrations (100 ng·mL−1) of WT LINGO1 cDNA,
or each of the three LINGO1 tail deletion constructs (SI Appen-
dix, Fig. S6 A–F). Pipettes with resistances of 4–5 MΩ were used
for all of these experiments. All currents were evoked by steps to
+160 mV, in the presence of 100 nM Ca2+. The amplitude of
currents in patches from cells expressing BKα:LINGO1 (SI Ap-
pendix, Fig. S6B) were 90% smaller than BKα alone (SI Appendix,
Fig. S6A), and the mean current amplitude (SI Appendix, Fig.
S6G) was 451 ± 135 pA (n = 71) and 4,988 ± 632 pA (n = 43),

Fig. 3. LINGO1 suppresses cell surface expression of BKα channels. (A) Representative confocal sections from HEK293 cells expressing BK channels alone
(Upper) or coexpressed with LINGO1 (Lower) in HEK293 cells. Cells were fixed and immunostained for LINGO1 and BKα channels and nuclear stain (TOPRO).
(Scale bar, 7 μm.) (B) Representative experiment (Left) from an OCW assay to detect cell surface expression of BK channels in HEK293 cells in the presence of
different concentrations of LINGO1 cDNA, run in quadruplicate. Surface expression (Flag-) was determined in nonpermeabilized cells probing for the ex-
tracellular Flag- epitope on the BKα channel N terminus. Total BKα expression was determined in the same well after cell permeabilization and probing for
the -HA epitope on the intracellular C terminus of the BK channels. Quantification of BK channel surface expression, expressed as a fraction of the Flag/HA
ratio in the absence of LINGO1 (Upper), and total BKα channel expression (Lower) expressed as a fraction of total BK channel in absence of LINGO1. Data are
mean ± SEM from four to seven independent experiments in each group. *P < 0.05, **P < 0.01 vs. BKα alone ANOVA with post hoc Tukey test.
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respectively (P < 0.001, ANOVA, Tukey’s multiple comparison
test). An important point to note is that of the 71 patches recorded
from cells transfected with BKα:LINGO1, no currents were de-
tected in 26 patches (∼37%). Furthermore, trypsin (0.3 mg·mL−1)
was applied to six of these “blank” patches and failed to unmask
any currents. In contrast, zero “blank” patches were detected in
the 43 patches taken from cells transfected with just BKα cDNA.
However, application of trypsin to 12 other patches containing
inactivating BKα:LINGO1 channels (SI Appendix, Fig. S6C) in-
creased mean current amplitude ∼fourfold (from 503 ± 128 pA to
1,762 ± 380 pA, P < 0.001, paired t test, SI Appendix, Fig. S6G).
Thus, in the absence of inactivation, the BKα:LINGO1 current
amplitude was still reduced by ∼65% compared to patches taken
from cells transfected with just BKα cDNA (P < 0.001, ANOVA,
Tukey’s multiple comparisons test). These data are in agreement
with the effects of equimolar BKα:LINGO1 cDNA cotransfection
on surface BK expression, shown in our OCW experiments (65.7 ±
5%, Fig. 3B). The amplitude of currents recorded (under exactly
the same conditions as BKα currents) from the LINGO1 tail de-
letion constructs BKα:LINGO1Δ618:620, BKα:LINGO1Δ613:620, and
BKα:LINGO1Δ600:620 (SI Appendix, Fig. S6 D–F, respectively)
were similar in amplitude to trypsinized BKα:LINGO1 currents
and, thus, were also ∼65–70% smaller than BKα (SI Appendix, Fig.
S6G). These were all significantly smaller than BKα currents (P <
0.001, ANOVA, Tukey’s multiple comparisons test) but were
not significantly different to each other, or to the trypsin-treated
patches.

LINGO1 Coimmunoprecipitates with BK in Human Cerebellar
Tissues
Having established that LINGO1 behaved as a modulator of BK
channels in HEK cells, we next examined if it interacted with
BK channels in the membranes of human cerebellum. Since
LINGO1 has previously been shown to be up-regulated in the
cerebellum of PD patients (5), we obtained postmortem cere-
bellar samples from both PD patients and age-matched controls.
As shown in Fig. 4A, LINGO1 and BKα proteins coimmuno-
precipitated in both control and PD samples, providing support
that both of these proteins closely associate in the membranes
of native human tissues. We also confirmed that LINGO1 was
significantly elevated in PD samples compared to control (Fig. 4
B and C), in agreement with previous studies (4, 5). However,
when BK protein in the membrane was quantified, there was no
significant difference between controls and PD cerebellar sam-
ples (Fig. 4 D and E).

Discussion
In the present study, we found that 1) LINGO1 coexpression
with BK channels resulted in rapidly inactivating, slowly deacti-
vating and negatively activating BK currents; 2) LINGO1 reduced
plasmalemmal expression of BK channels in HEK cells; and
3) LINGO1 and BK coimmunoprecipitated in cerebellar tissues from
both PD patients and age-matched controls. These data suggest
that LINGO1 is a regulatory subunit of BK channels.
LINGO proteins and γ subunits are both LRRC proteins, but

they differ in several respects. First, the LINGO1 protein has
<20% sequence identity to the γ subunits. Second, the LINGO
proteins have 12 extracellular LRRC domains, compared to 6 in
the γ subunits. Third, the LINGO proteins have an IgI1 domain,
which is absent in the γ subunits. Finally, in contrast to the γ
subunits, the LINGO1–3 proteins share a KMI sequence at the
distal end of the tail and all three proteins have a net positive
charge in this region, as illustrated in the sequence alignment
shown in SI Appendix, Fig. S8A. Interestingly, LINGO4 lacks this
KMI motif and only has one positive charge in this region,
compared to three in LINGO1–3, leading us to speculate that its
effects on BK channel inactivation are likely to differ from the
other LINGO family members.

Although the extracellular domains of LINGO1 differ signif-
icantly from the γ subunits, the phylogenetic tree (SI Appendix,
Fig. S8B) based on the sequence alignment of the LRRPs
transmembrane region and part of the intracellular tail (SI Ap-
pendix, Fig. S9) suggests that each of the four LINGO proteins are
evolutionarily close to the BKγ subunits.
The presence of net positive charge and a hydrophobic region

in the C terminus of LINGO1 suggests that this protein shares
some similarities with the N terminus of inactivating BKβ sub-
units (25, 28, 29). These subunits are thought to induce N terminus
inactivation via a mechanism, which shares some similarities to
that observed in voltage-dependent K+ channels (27, 30), whereby
the open channel becomes blocked by a tethered peptide. Our
results with LINGO1 are consistent with such a mechanism of action,
since 1) LINGO1 slowed down deactivation of the BK channels,
suggesting that it prevents channel closure following inactivation;
2) application of trypsin to the cytosolic surface of BKα:LINGO1
patches, irreversibly abolished inactivation; 3) deletion of the charged
and hydrophobic regions (BKα:LINGOΔ613:620) from the C terminus
practically abolished inactivation (Fig. 2C); and 4) application of a
peptide identical to the last eight residues of LINGO1 mimicked
inactivation (Fig. 2F). However, caution is called for in the inter-
pretation of the last point, since basic peptides can have pro-
miscuous blocking effects. Although we have not studied the

Fig. 4. BKα and LINGO1 proteins in human cerebellum. (A) Representative
Wes analysis of BKα and LINGO1 immunoprecipitates showing an interaction
between BKα and LINGO1 in cerebellum from PD patients and age-matched
controls. Equal volumes of each elution were loaded into each lane. Rep-
resentative Wes analysis (B) and the summary data (C) showing that LINGO1
protein levels are up-regulated in cerebellum samples from PD patients
(25 μg of protein per lane). Representative Wes analysis (D) and the summary
data (E) showing that BKα protein levels are unchanged in cerebellum
samples from PD patients (25 μg protein per lane).
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mechanism of block/unblock in any detail, it is interesting to note
that the BKα:LINGO1 tail currents were inwardly rectifying (SI
Appendix, Fig. S1 D and E), suggesting that LINGO1 unblocks
much more rapidly at very negative potentials. However, the
precise blocking mechanism clearly warrants further investigation.
Deletion of the terminal three residues of the LINGO1 C

terminus (Δ618–620) greatly reduced inactivation of BK channels
(SI Appendix, Fig. S4), suggesting that the KMI sequence, com-
mon to LINGO1–3 (SI Appendix, Fig. S8A), contributes to in-
activation. The involvement of a triplet of residues in inactivation
has also been shown in BKβ2 subunits, where an N terminus FIW
deletion mutant abolished the inactivation of BKβ2 channels (25).
However, in LINGO1, other residues are also clearly involved
since inactivation was observed with the LINGO1Δ618–620 mutant
at potentials positive to +160 mV and in higher [Ca2+]i (SI Ap-
pendix, Fig. S4A). For example, the τi at +200 mV, in 1 μM
Ca2+, was 2.6 ± 0.5 ms (n = 6) in this mutant, compared to 1.2 ±
0.3 ms in WT LINGO1 (n = 5, P < 0.05, unpaired t test). However,
the deletion of the terminal 8 residues (Δ613–620, SI Appendix, Fig.
S4C) and 21 residues (Δ600–620, SI Appendix, Fig. S4E) of
LINGO1 completely abolished LINGO1-mediated inactivation of
BK channels. These results support the idea that the inactivation
domain resides in the distal C terminus of LINGO1.
BKα:LINGO1 currents shared some features of inactivating

BKβ subunits, but there were a number of obvious differences.
Thus, the time dependence of inactivation (τi) of BKα:LINGO1
currents was faster (τi ∼ 5 ms in 100 nM Ca2+ at +100 mV) than
BKβ2 currents (∼200 ms and ∼50 ms at +100 mV in 100nM Ca2+

and 10 μM Ca2+, respectively; ref. 31). However, it is important
to note that the experiments presented here were carried out at
37 °C, compared to room temperature in the Wallner et al. study.
Although τi measured in BKα:LINGO1 channels was more similar
to that observed with BKαβ3b channels (τi ∼ 1 ms at +100 mV in
100 nM Ca2+; ref. 32), it has been established that BKαβ3b cur-
rents fail to completely inactivate, in contrast to that observed with
BKα:LINGO1 currents.
A feature of BKα:LINGO1 currents was a −50 mV negative

shift in the activation V1/2 in 100 nM Ca2+ compared to BKα alone
(20). This is similar to the shift observed previously in BKγ3
channels (18, 19) in the absence of Ca2+. Interestingly, the nega-
tive shift in V1/2 was retained in the C terminus deletion mutants as
illustrated in SI Appendix, Figs. S4 and S5B, suggesting that this
region does not contribute to the shift in activation V1/2 observed
in LINGO1:BK channels. Thus, the extracellular domain or the
transmembrane and intracellular membrane-flanking residues of
LINGO1 might contribute to the observed shift in V1/2. In BKγ
subunits, the F273 residue of the TM domain and a cluster of
positively charged membrane flanking residues contribute signifi-
cantly to the negative shift in activation of γ1 subunits (33, 34), so
it is tempting to speculate that similar residues could play a role in
the LINGO1-mediated negative shift of BK channel activation,
but this will require confirmation.
Although previous studies on BKγ subunits have demon-

strated that they augment BK current at physiological poten-
tials, it is likely that the functional effects of LINGO1 will be

complicated by its ability to inactivate the channel, as shown in SI
Appendix, Fig. S1. Consequently, as illustrated in SI Appendix,
Fig. S10H, the availability of BKα:LINGO1 current will not only
depend on the [Ca2+]i, the presence and stoichiometry of other
regulatory subunits, but also the resting potential. Future experi-
ments will be directed at examining how LINGO1 changes the
“available” BK current at physiological potentials in BK channels,
in the absence and presence of regulatory subunits.
It is clear from the data obtained from postmortem cerebellar

tissue that LINGO1 and BK coimmunoprecipitated, suggesting
that in human brain, these two proteins are also intimately as-
sociated. It is also important to note that LINGO1 protein levels
were significantly elevated in all four PD patient samples com-
pared to age-matched controls, in agreement with previous studies
(4–6). However, in contrast to the reduction in BK channel ex-
pression observed with LINGO1 in HEK cells, we found no evi-
dence that BK channel protein expression was altered in the
cerebellar samples from the four PD patient samples used in this
study. Unfortunately, we were unable to ascertain if tremor was
present in these deceased PD patients, and it therefore remains a
possibility that the LINGO1 levels recorded in these patients were
insufficient to down-regulate BK expression. Nevertheless, the
results of a recent study from a family with an extra copy of the
LINGO1 gene (7) suggests that elevated LINGO1 expression can
result in tremor and this may, at least in part, be due to its effects
on neuronal BK channels.
In summary, we have demonstrated that LINGO1 is a regulatory

BK channel subunit that could be involved with the tremor in-
volved in patients with increased LINGO1 levels.

Methods
Electrophysiology. Experiments were performed on BKα subunits and LINGO1
transiently expressed in HEK cells and studied with either the inside out or
whole-cell configurations of the patch clamp technique. The concentrations
of Ca2+ in each experiment applied to the cytosolic face of the channel are
shown in each figure. See SI Appendix, SI Materials and Methods for details.
All data were expressed as the mean ± SEM.

Molecular Biology and Cell Culture. Cell surface expression of BKα subunits in
the presence and absence of LINGO1 was determined using OCW assay with
epitope tagged BKα subunits expressed in HEK293 cells.

Human Samples and Westerns. BKα and LINGO1 protein expression and
coimmunoprecipitation experiments were carried out on postmortem human
cerebellum homogenates from PD patients and age-matched unaffected
controls and determined by Wes analysis.

Data Availability Statement. All data discussed in the paper will be made
available to readers upon request.
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