Pflugers Arch - Eur J Physiol (2016) 468:551-561
DOI 10.1007/s00424-015-1753-x

@ CrossMark

ION CHANNELS, RECEPTORS AND TRANSPORTERS

Intracellular spermine blocks TRPC4 channel via electrostatic
interaction with C-terminal negative amino acids

Jinsung Kim'? « Sang Hui Moon® - Young-Cheul Shin” « Ju-Hong Jeon? -

Kyu Joo Park® - Kyu Pil Lee* - Insuk So?

Received: 14 July 2015 /Revised: 27 October 2015 / Accepted: 29 October 2015 /Published online: 2 December 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Transient receptor potential canonical (TRPC) 4
channels are calcium-permeable, nonselective cation channels
and are widely expressed in mammalian tissue, especially in
the GI tract and brain. TRPC4 channels are known to be in-
volved in neurogenic contraction of ileal smooth muscle cells
via generating cationic current after muscarinic stimulation
(muscarinic cationic current (ml.,)). Polyamines exist in nu-
merous tissues and are believed to be involved in cell prolif-
eration, differentiation, scar formation, wound healing, and
carcinogenesis. Besides, physiological polyamines are essen-
tial to maintain inward rectification of cardiac potassium chan-
nels (Kir, ;). At membrane potentials more positive than equi-
librium potential, intracellular polyamines plug the cytosolic
surface of the Kir, ; so that potassium ions cannot pass
through the pore. Recently, it was reported that polyamines
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inhibit not only cardiac potassium channels but also nonselec-
tive cation channels that mediate the generation of ml..,.. Here,
we report that TRPC4, a definite ml.,, mediator, is inhibited
by intracellular spermine with great extent. The inhibition was
specific to TRPC4 and TRPCS channels but was not effective
to TRPC1/4, TRPC1/5, and TRPC3 channels. For this inhibi-
tion to occur, we found that glutamates at 728th and 729th
position of TRPC4 channels are essential whereby we con-
clude that spermine blocks the TRPC4 channel with electro-
static interaction between negative amino acids at the C-
terminus of the channel.

Keywords TRPC4 - NSCC - Gl physiology - Polyamine -
Spermine

Introduction

Transient receptor potential canonical (TRPC) channel is a
ubiquitously expressed, nonselective cation channel in a
mammalian cell and is known to be involved in numerous
physiological functions such as GI tract motility, vascular
smooth muscle contraction/relaxation, endothelial permeabil-
ity, salivary gland secretion, fear control, and many others [2,
3, 39]. The TRPC family is comprised of seven channels, i.e.,
TRPC1 to TRPC7 where TRPCI, 4, and 5 are classified as
one subgroup while TRPC3, 6, and 7 are classified as the other
subgroup based on their amino acid sequence homology.
While various TRPC channels conduct dynamic physio-
logical functions, one of the most prominent cases is the role
of TRPC4 and TRPC6 in gastrointestinal (GI) physiology,
especially in ileum myocytes [16, 30, 36]. Muscarinic cationic
current (mlg,, a cationic current evoked by muscarinic stim-
ulation, in murine ileal myocyte had been heavily studied to
identify its molecular candidates. At present, the molecular
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nature of channels carrying ml., has been well defined. We
showed that ml_,, was not recorded in TRPC4 knockout mice
[16]. Importantly, the activation of TRPC4 requires PTX-
sensitive G proteins and an increase in [Ca®']; [11, 27].
These properties are similar to those of ml., in native ileal
smooth muscle cells [11, 16]. Recent studies presented
conclusive evidence that TRPC4 and TRPC6 function as
two separate channels responsible for ml., [32, 38]. Their
findings suggest that TRPC4 and TRPC6 couple muscarinic
receptors to the depolarization of intestinal smooth muscle
cells, voltage-activated Ca®" influx and muscle contraction,
and consequently regulating small intestinal motility
in vivo. Tsvilovskyy et al. studied ml., activation and
smooth muscle function in mice lacking TRPC4 alone,
TRPC6 alone, or both TRPC4 and TRPC6. Their data
showed that, in intestinal smooth muscle cells, TRPC4
forms a 55-pS cation channel whose currents contribute
>80 % to ml, and TRPC6 currents contribute the remain-
ing <20 %. There appeared to be no overlap of or com-
pensation between the currents mediated by TRPC4 and
TRPC6 in the single TRPC knockouts, whereas ml.,; was
completely eliminated in the TRPC4/TRPC6 double knock-
outs. These findings demonstrated that TRPC4 and TRPC6
constitute the muscarinic receptor-activated channels in gas-
trointestinal smooth muscle cells and thereby critically
regulate smooth muscle contraction.

Polyamines are known to be involved in proliferation, dif-
ferentiation, wound healing, scar formation, and carcinogene-
sis [5]. Although they are in charge of various cellular func-
tions, the importance of intracellular spermine in inward rec-
tification of potassium channels is critical. Studied by Kir;, ;
channels, it has been reported that intracellular spermine plugs
the inner vestibule and pore of the Kir, ; channel whereby it
prohibits further outflow of potassium ions. Without physio-
logical concentration of intracellular spermine, Kir, ; lost its
inward rectification and showed ohmic I-V relationship.
Electrophysiological recording in Kir, j-expressing Xenopus
oocytes further revealed that binding sites for spermine is
D172, E224, and E299. These site-directed mutagenesis stud-
ies showed that switching these sites to neutral amino acids
knocks out the inward-rectifying property of Kir, ; channels
[6, 7, 17, 21]. Clinically, loss of inward rectification in Kir, ;
channel due to inherited mutation at one of the spermine-
binding site (D172) caused short QT syndrome which may
lead to atrial fibrillation, polymorphic ventricular tachycardia
mainly due to increased vulnerability to reentry [13, 31]. Even
more, congenital short QT syndrome could cause sudden in-
fant death syndrome (SIDS) [13].

Meanwhile, it has been reported that extracellular poly-
amines, especially spermine, potently inhibit ml_, [39]. mlcy
measured from isolated guinea pig ileal myocytes was strong-
ly inhibited by micromolar extracellular spermine while the I-
V shape of dampened ml.,; remained constant: double-
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rectifying. Tsvilovskyy et al. showed that not only spermine
but smaller polyamines such as spermidine and putrescine
were also able to inhibit ml., in guinea pig ileal myocytes.
These findings are concordant with prior discoveries [25, 28]
which demonstrated that extracellular polyamines relaxed
smooth muscles by decreasing their electrical excitability by
decreasing cytosolic Ca*"

In the present study, we investigated whether intracellular
spermine inhibits TRPC4 or not. Furthermore, we tried to find
the regions of TRPC4 channel to which spermine binds.

Materials and methods
Cell culture and transient transfection

Human embryonic kidney (HEK293) cells (ATCC, Manassas,
VA) were maintained according to the supplier’s recommen-
dations. For the transient transfection, the cells were seeded in
12-well plates. The following day, 0.5~2.5 pg/well of com-
plementary DNA (cDNA) was transfected using the transfec-
tion reagent FUGENE 6 (Roche Molecular Biochemicals), as
detailed in the manufacturer’s protocol. For the co-expression
of TRPC1 channels and TRPC4 or TRPCS channels, 1.0 pg
of TRPCI1 cDNA, 1.0 nug of TRPC4 or TRPC5 cDNA, and
0.5 pg of muscarinic receptor cDNA were loaded in corre-
sponding wells. Detailed protocol for co-expression experi-
ment can be found elsewhere [15]. After 30—40 h, the cells
were trypsinized and transferred to a small recording chamber
for whole-cell recording.

Cloning and mutagenesis

All mutagenesis was conducted using QuikChange site-
directed mutagenesis kit (Stratagene). Human TRPC1 isoform
long (GenBank ID: U31110, UniProt ID: P48995-1) inserted
in pcDNA3.1 vector was kindly donated by Dr. Michael
Mederos. Mouse TRPC4 isoform short cDNA (GenBank
ID: U50921.1, UniProt ID: Q9QUQ5-2) was kindly donated
by Dr. V. Flockerzi and Dr. M. Schaefer. DNA sequences
encoding the channel was truncated by Bg/III and Sa/l restric-
tion enzymes and inserted into pEGFP-N1 vector. Mouse
TRPCS5 c¢cDNA (GenBank ID: AF029983, UniProt ID:
Q9QX29) inserted in pEGFP-N1 vector was kindly donated
by Dr. S. Kaneko and Dr. Y. Mori. Human muscarinic acetyl-
choline receptor types 2 and 3 in pcDNA3.1+ vector were
purchased from Missouri S&T cDNA resource center
(Missouri, USA).

Electrophysiology

The cells were transferred to a small chamber on the stage of
an inverted microscope (Eclipse Ti, Nikon, Japan) and
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attached to coverslips in the small chamber for 10 min prior to
the patch recording. Glass microelectrodes with 2-2.5 M()
resistance were used to obtain gigaohm seals. The bath solu-
tions were constantly perfused with an extracellular solution at
a rate of 1-2 ml/min. The currents were recorded using an
Axopatch 200B patch clamp amplifier (Axon Instruments,
USA). The current was recorded for 550-ms duration ramps
from +100 to 120 mV with a time resolution of 0.4 mV/ms
and with a holding membrane potential of —60 mV. pCLAMP
software v.10.2 and a Digidata 1440A (Axon Instruments)
were used for data acquisition and application of the command
pulses. The data were filtered at 5 kHz and displayed on a
computer monitor. The data were analyzed using pCLAMP
v.10.2 and Origin Pro 8 software (OriginLab, MA, USA). For
recordings of the TRPC channels, we used normal Tyrode
solution (NT) unless otherwise mentioned and occasionally
Cs'-rich external solution. The normal Tyrode solution
contained 135 mM NaCl, 5 mM KCl, 2 mM CaCl,, ] mM
MgCl,, 10 mM glucose, and 10 mM HEPES with a pH of 7.4
adjusted with NaOH. The Cs-rich external solution contained
equimolar CsCl rather than NaCl and KCI. pH was adjusted to
7.4 using CsOH. For receptor stimulation, 100 uM carbachol
(carbamoylcholine chloride) was added to each extracellular
bath solution. The internal solution contained 140 mM CsCl,
10 mM HEPES, 0.2 mM Tris-GTP (Tris-guanosine 5’-
triphospate), 0.5 mM EGTA, and 3 mM Mg-ATP (adenosine
5'-triphosphate) with a pH of 7.3 adjusted with CsOH. All
reagents were purchased from Sigma (Sigma Aldrich, USA).

Statistics

Results are expressed as means=SEM. Results were com-
pared using Student’s ¢ test between two groups. P<0.05
was considered statistically significant. All statistical analysis
was done with Origin Pro 8 software (OriginLab, MA, USA).

Results

Intracellular spermine block TRPC4 channel regardless
of activation mechanism

In order to investigate the effect of polyamines to TRPC4
channel, we expressed mouse TRPC4[3 tagged with EGFP
at the C-terminus (mTRPC43-EGFP) in HEK293 cells.
After a whole-cell configuration was made, Cs-rich solution
([Cs"]1,=140 mM) was applied to magnify the activity of
TRPC4 channel [15]. Since TRPC4 channel can be activated
by either infusion of intracellular GTPyS or stimulation of G
protein-coupled receptor [15], we used these activation mech-
anisms to open the TRPC4 channels. For G protein-coupled
receptors and their agonists, muscarinic acetylcholine receptor

subtype 2 (mAChR,, hM,R) or 3 (mAChR;3, hM3R) and
100 uM of extracellular carbachol (CCh) were used.

When 1 mM of spermine was added to internal solution
and waited at least 3 min for diffusive dialysis [39], TRPC4
current was largely decreased (Fig. 1a, b, c, and d). This inhi-
bition was consistent regardless of activation mechanism.
Although 1 mM of intracellular spermine severely inhibited
TRPC4 current, the same concentration of other polyamines
was not as potent as spermine. One millimolar of intracellular
spermidine and putrescine slightly decreased or showed no
effect to TRPC4 current (Supplementary Fig. 1a and b).

These results suggest that intracellular spermine inhibits
TRPC4 channel efficiently, and the potency of it is strongest
among physiological polyamines.

Blocking action of intracellular spermine is specific
to TRPC4 and TRPCS channels

In mammalian tissues, seven TRPC channels are known to
exist [8]. Among them, TRPCI, 4, and 5 are classified as
one subgroup and TRPC3 and 6 are classified as the other
subgroup based on amino acid sequence homology [8].
Since the molecular behavior of these channels could be
unique on their own, we examined the action of intracellular
spermine on various TRPC channels.

As a result, intracellular spermine inhibited TRPCS chan-
nels but could not block TRPC1x/4 or TRPC1«/5 channels
(Fig. 2a, b, and c). For the activation of TRPC1a/4 and
TRPCla/5 channels, muscarinic acetylcholine receptor sub-
type 3 and 100 uM of extracellular carbachol was used. After
waiting at least 3 min for diffusive dialysis of spermine in
pipette solution, carbachol was treated. As the I-V curves
and current trace show, extracellular carbachol induced
outward-rectifying TRPC1a/4 and TRPCla/5 currents
(Fig. 2b and c). We also tested whether spermine inhibits
TRPC3 channels. TRPC3 was activated by muscarinic stimu-
lation since GTPyS was not effective to activate TRPC3 un-
like TRPC4 or TPRCS5 channels. Spermine inhibited both in-
ward and outward current equally in case of TRPC3
(Supplementary Fig. 2).

These results suggest that the blocking action of intracellu-
lar spermine is specific to TRPC4 and TRPC5 channels.

Intracellular block of spermine is dose-dependent
and voltage-dependent

While the inhibitory action of intracellular spermine to
TRPC4 channel was clear, the magnitude of inhibition was
different along the membrane potential. In other words, out-
ward current was more inhibited than inward current which
can be easily seen in I-V curves (Fig. 1a, b, ¢, and d). In order
to see if the action of intracellular spermine to TRPC4 channel
is dose-dependent or voltage-dependent, we first titrated
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Fig. 1 Intracellular spermine inhibits TRPC4 channels regardless of
activation mechanisms. From (a) to (c¢), all lefi panels indicate current
traces and middle panels indicate corresponding I-V curves at noted
points (1, 2, and 3). The right panel summarizes current densities
of each group. a Whole-cell current measured from HEK293 cells
expressing mTRPC43-EGFP. One millimolar of spermine (SPM) was

intracellular spermine concentration. As the concentration of
intracellular spermine increased from 0.01 mM to 1 mM, the
blocking action was gradually increased (Fig. 3a). Since the
steady-state current could be obtained at each membrane po-
tential, half-inhibitory concentration (ICso) was calculated
(Fig. 3b and c). For each steady-state current, Hill plot was
used to fit the data.

Although the blocking action of spermine seen by whole-
cell current was more prominent at positive membrane poten-
tial, ICso at +100 mV (0.207+0.006 mM) was higher than
ICs at =100 mV (0.155+£0.001 mM). Overall, IC5y was in a
range of 0.12 mM ~0.22 mM. Hill coefficient () at +100 mV
(2.76+0.15) was lower than Hill coefficient (n) at —100 mV
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added in pipette solution together with 0.2 mM of GTPyS. Whole-cell
TRPC4 current was greatly reduced, especially outward currents. b, ¢
Whole-cell current of TRPC4 channels activated by either type 3
muscarinic acetylcholine receptor (hM3;R) or type 2 muscarinic
acetylcholine receptor (hM,R)

(5.52+0.01). At membrane potentials from 100 mV to +
100 mV, ICs, and Hill coefficient () showed dynamic fluc-
tuation (Fig. 3c).

These results suggest that the blocking action of intracellu-
lar spermine is dose-dependent and voltage-dependent.

Cluster of negative amino acids at the C-terminus
(720-740) is responsible for the blocking of outward
current

Structural topology of TRPC4 channels has been continuously
developed throughout decades by efforts. Although definite
structural information is missing due to lack of



Pflugers Arch - Eur J Physiol (2016) 468:551-561 555
a 140 mM Cs*
GTPyS
400+ !
3 .J ok
T 300
1M vV (mv) g
o
~ 200
>
5
—_ = 100-
<t
2 £ N
—e— +100 mV - N N
—o— -120mV %&\ é&\
100 pM Carbachol
hM,R
b 200 8
—_ n.s.
—e— +100mV < 5 T 1501
—o— -120 mV ~ 2
- o
=~ 100
>
g
5 50-
1 0-
=23 @Q R
& &
V (mV)
C — 100 uM Carbachol
hM,R
= 80—
n.s
S 2
— 1 Lg_ 60
Q.
—e—s100my 00 pAL > 407
—0— 120 mV 30 sec s
% 20
V (mV) o
: RS
5 =3 &

Fig. 2 Intracellular spermine inhibits only TRPC4 and TRPCS5 but
cannot inhibit TRPC1a/4 or TRPCla/5 channels. From (a) to (c¢), all
left panels indicate current traces and middle panels indicate
corresponding I-V curves at noted points (1, 2, and 3). The right panel
summarizes current densities of each group. a Whole-cell current
measured from HEK293 cells expressing TRPC5. A concentration
of 0.2 mM of GTPyS was infused in pipette solution. Current-voltage

crystallography, it is generally perceived that TRPC4 channel
has six transmembrane domains and two cytosolic terminals,
i.e., one N-terminus and one C-terminus [9]. Among those,
publications showed that numerous interactions are occurring
between the C-terminus of TRPC4 channel and various bio-
molecules such as calmodulin [37, 43], inositol triphosphate
receptor (IP3R) [22, 35], a-spectrin II [27], phos-
phatidylinositol 4,5-bisphosphate (PIP,) [23, 29], « subunit
of inhibitory heterotrimeric G protein (Go) [12], and many
others [9].

Meanwhile, the discovery that polyamine blocks the out-
ward current of cation channels is not the first. The importance

relationship showed typical double-rectifying shape. b, ¢ Whole-cell
current measured from HEK293 cells expressing TRPClx/4 or
TRPCla/5 channels. Since TRPClo/4 or TRPC1a/5 channels cannot
be activated by intracellular GTPyS [15], muscarinic receptor and
extracellular carbachol was used. Intracellular spermine could not
inhibit either of the channels

of polyamines to maintain inward rectification in inwardly
rectifying potassium channels is widely known [33, 34]. In
these channels, spermine binds to and blocks the selectivity
filter and lower cavity with Coulomb interaction, i.e., negative
residues (D172, E224, and E299 of Kir, ;) at those sites me-
diate ionic interaction between the channel and polyamines
[10, 33]. Since the pKa value of each amine group is higher
than physiological pH [30], it could be presumed that ionic
valence (z) of spermine at intracellular milieu is +4.

In order to locate the interaction site between spermine, we
first examined negative amino acids at the C-terminus of
TRPC4 channel. Among 270 amino acids at the C-terminus,
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Fig. 3 Dose-dependent and voltage-dependent inhibition of intracellular
spermine onto TRPC4 current. a TRPC4 currents with different
concentrations of intracellular spermine (0, 0.1, 0.32, and 1 mM,
respectively). As the concentration of intracellular spermine increases,
the magnitude of inhibition was also increased. b, ¢ Hill-plot and
parametric coefficients for currents measured in (a). From —100 mV ~+
100 mV, IC50 was in a range of 0.12 mM~0.22 mM with dynamic
fluctuation along membrane potential. Hill-coefficient (n) also showed
dynamic fluctuation along membrane potential

a total 43 of negative amino acids were found (Supplementary
Fig. 3a). Although setting the window width to 40 amino acids
showed sporadic distribution of negative amino acids, setting
the cut-off amino acid at 740th residue yielded clear stratifi-
cation. In other words, 29 negative amino acids were located
after 740th residue while only 14 negative amino acids were
located before 740th residue (Supplementary Fig. 3b).
Moreover, residues from 720 to 740 had 6 negative amino
acids out of 14. Therefore, we prepared two truncated
TRPC4 channels; one contained amino acids from 1 to 720
and the other contained 1 to 740 (Fig. 4a and b).

After expressed to HEK293 cells, these mutated channels
were activated by 0.2 mM of intracellular GTPyS and its
activity was magnified by using Cs'-rich extracellular solu-
tion ([Cs'],=140 mM). As a result, 1 mM of spermine
blocked A(741~890) as wild type but the blocking was re-
lieved in A(721~890) mutant (Fig. 4c). In A(721~890)-
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expressing cells, spermine blocking was recovered up to
50 % at +100 mV whereas A(741~890)-expressing cells
showed little relief (Fig. 4c and d).

Since the blocking action of spermine was relieved
when negative amino acids after 720th residue were
deleted, we now truncated amino acids from position
720 to position 740, i.e., we prepared A(720-740) mu-
tant of TRPC4 channel (Fig. 5a). Intracellular spermine
could not block the inward current of A(720-740) mu-
tant and it blocked only half of the outward current
(Fig. 5b). The whole-cell current in response to intracel-
lular spermine titration could not be fitted into Hill’s
equation since the gradual change was too minute
(Fig. 5b).

These results suggest that the outward current block of
spermine to TRPC4 channel is mediated by negative amino
acids at 720~740 residue at the C-terminus.

Glutamate at 728th and 729th position is responsible
for the spermine-mediated outward current block
of TRPC4 channels

After localizing putative region where spermine and the C-
terminus of TRPC4 interact, we investigated which amino
acids among 720-740 regions are responsible for spermine
binding. We mutated D or E to alanine (A) and made six single
mutants, i.e., D724A, E728A, E729A, E733A, E734A, and
E738A mutants. The current amplitudes of the mutants were
smaller than wild-type TRPC4 channel (Fig. 6a). Among the
six mutants, E728A and E729A showed less inhibition by
spermine without any effect on the inward current of TRPC4
channel (Fig. 6a). Based on single mutation results, we also
made double mutants, i.e., E728 A/E729A, E728 A/E734A,
and E734A/E738A (Fig. 6a). The latter two mutants were
made because E734A mutant showed large current while
maintaining inhibitory action by spermine. The magnitude
of inhibitory action of spermine to each mutants, which was
speculated by current ratio between outward currents mea-
sured without and with spermine at +100 mV (Zspermine/
Inock), Was relieved at double mutant E728 A/E729A and
E728A/E734A, but not at E734A/E738A (Fig. 6b). In addi-
tion, Lspermine/Imock analysis for all of the currents measured
above showed clear tendency that E728 and E729 are respon-
sible for the spermine-mediated outward current block of
TRPC4 channels (Fig. 6b). All single and double mutants with
noticeable current showed typical double-rectifying I-V
curves which are similar to wild-type TRPC4 channel,
E728A and E729A (Fig. 6¢).

Overall, these results suggest that the outward current
block of spermine to TRPC4 channel is mediated by
negative amino acids (glutamates) at 728th and 729th
residue at the C-terminus.
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Fig. 4 Topological diagram and truncation mutants of TRPC4 channel
targeting for possible spermine binding sites. a Schematic diagram
illustrating basic topology and significant domains of TRPC4 channels.
TRPC4 channel is comprised of cytosolic N-terminus, six transmembrane
domains and cytosolic C-terminus. N-terminus consists of four ankyrin-
repeat domains, a coiled-coil domain and a calmodulin (CaM)-binding
site. There are many binding sites in the C-terminus including PH-like

domain, CaM and IP;R-binding domain (CIRB1), «ll-spectrin-binding
domain, and others. There are 14 negative amino acids before 740th
residue and 29 negative amino acids after 740th residue (see
Supplementary Fig. 3). b Schematic diagram for truncation mutants,
i.e.,, TRPC4247899) and TRPC42721%90 ¢ @ IV curves for
truncation mutants. TRPC4>7417890) showed little recovery while
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channel properly, normalized currents could not be fitted into Hill-plot.
Only a minute decrease in current along increased spermine concentration
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Discussion effectively inhibit TRPC4 channels while they slowed the

In this study, we showed that intracellular spermine
(~1 mM) inhibited TRPC4 channel regardless of the acti-
vation mechanism of the channels. In other words, 1 mM
spermine inhibited TRPC4 channel whether it was opened
by intracellularly infused GTPyS or by stimulation of mus-
carinic receptors via extracellularly applied carbachol (CCh,
100 uM). In addition, the subtype of muscarinic receptor
was not relevant, i.e., spermine inhibited TRPC4 channel
activated by either mAChR3; or mAChR,. Other physiolog-
ical polyamines, i.e., spermidine and putrescine, could not

@ Springer

activation kinetics of the channels. Smaller polyamines may
compete with the local Ca®>" and slow down the activation
process. Meanwhile, the potency of inhibitory action of
spermine to TRPC4 channel was both dose-dependent and
membrane potential-dependent. With the same concentra-
tion of intracellular spermine, outward current was more
potently inhibited. Since reversal potential was fixed con-
stantly throughout measurement, it could be said that the
potency of the spermine at a given concentration is depen-
dent on a membrane potential. Likewise, at a given mem-
brane potential the inhibition of the current was dependent
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on the concentration of the intracellular spermine. The in-
hibitory action of spermine to TRPC channels was specific
to TRPC4 and TRPCS5 channels, at least among TRPCI, 4,
5 and their heterotetrameric combinations. Spermine
inhibited TRPC4 and TRPCS5 channels but could not block
TRPClo/4 and TRPClo/5 channels. The nature of molec-
ular interaction between polycationic spermine and TRPC4
channel was ionic-ionic interaction, i.e., negative amino
acids (glutamates) at the C-terminus of TRPC4 were re-
sponsible for spermine block. In specific, E728 and E729
were crucial for spermine to block the channel.

In our previous study, we showed that TRPC4 is a molec-
ular candidate for ml., in GI smooth muscle cells [18]. After
that, Tsvilovskyy et al. showed that TRPCG6 is also a molec-
ular candidate for ml., as well as TRPC4. ml_, has an in-
trinsic voltage gating starting from below —120 mV and sat-
urating at —40 mV [14, 42] where intracellular GTPyS shifts
the G-V curve to the left side and increases ml., even at the
resting membrane potential. Besides to N-shaped conduc-
tance curve, another unique electrophysiological feature of
TRPC channels is the flat region from 0 mV to +40 mV in
I-V relationship. Obukhov et al. showed that D633 and D636
of TRPC5 mediate Mg®" block related to the flat region of
TRPC5 [26]. Mg”" directly blocks the pathway of ions across
the cytoplasmic pores or modulates gating through TRP do-
main to induce channel closing. In this study, we have found
that 1 mM of intracellular spermine extended the flat region
to around 80 mV. Recently discovered structure of TRPV1
showed that there is a large space at the cytoplasmic C-
terminal region although the TRPV1 crystal did not contain
all C-terminal areas [4, 19]. The reason why there is a flat
region seems that there is a large space at the C-terminus.
With Mg®" and polyamine, mainly spermine at the concen-
tration of around 300 nM, cation can permeate only at the
more depolarized region like more than 50 mV. In our hands,
10 mM Mg>" did not extend the flat region to more than
50 mV (Supplementary Fig. 4). Considering physiological
concentration in normal tissue, spermine seems more impor-
tant than Mg®" because 1 mM spermine extended the flat
region up to 80 mV.

As Zholos suggested [41], the role of TRPC4 and
TRPCS in electrogenesis is of special interest since it is
predominantly expressed in neurons. In this scenario, the
N-shaped conductance curve of TRPC4/5 appears to be
perfectly shaped to trigger action potential discharge, but
not to interfere with the shape and amplitude of the action
potential [41]. Thus, when TRPC4/5 opens its conductance
peaks at normal membrane resting potential level ensuring
efficiency of membrane depolarization towards the action
potential threshold, but rapid conductance decline occurs
over the region of action potential upstroke [41]. If not
for this peculiar internal Mg>* or spermine channel block,
one would envisage an efficient “clamp” of membrane

potentials near 0 mV, whereby K efflux begins to domi-
nate in NSCC.

The level of intracellular spermine regulates the excitabil-
ity in neurons, the degree of which depends on the level of
the spermine concentration. Snyder-Robinson syndrome oc-
curs due to the alteration in spermine synthase gene
(SMS) and has the following symptoms: X-linked intellectual
disability syndrome, speech abnormalities, osteoporosis,
kyphoscoliosis, and asthenic habitus with diminished muscle
mass, ambulatory difficulties, facial dysmorphism, mild short
stature, and high incidence of seizures. Recently, CNV of
TRPCS was shown one of the causes related with X-linked
ID syndrome [24]. Considering the same location at the X-
chromosome of TRPCS and SMS, both genes can induce X-
linked ID syndrome together.

The level of spermine also determines the cell proliferation
in cancer cells. Recently, Akbulut et al. showed the unexpect-
ed possibility for the rapid and selective killing of renal cancer
cells (RCCs) through activation of calcium-permeable nonse-
lective transient receptor potential canonical (TRPC) calcium
channels by the sesquiterpene (—)-englerin A [1]. This com-
pound was found to be a highly efficient, fast-acting, potent,
selective, and direct stimulator of TRPC4 and TRPCS5 chan-
nels. Provided, it may be said that TRPC4 and TRPCS chan-
nels are hazardous to some cancer cells. In anticancer medi-
cine, it is generally perceived that cancer cells somewhat
evolve to downregulate proteins whose activity is hazardous
to proliferation or survival of themselves. Thus, in specific
cancer cell, it may seek biological pathways that downregulate
TRPC4 and TRPCS channels. Interestingly, many of cancer
cells and hyperproliferative diseases show high concentration
of intracellular polyamines [20, 40]. If this high concentration
of polyamines are defense mechanism of cancer cells, anti-
polyamine agents such as 2-difluoromethylornithine
(DFMO)—an ornithine decarboxylase (ODC) inhibitor—can
be used as anticancer therapeutics for cancer cells with high
TRPC4/5 expression profile, e.g., RCC.

Carbachol, (2-hydroxyethyl)trimethylammonium chloride
carbamate; SPM, spermine tetrahydrochloride, N, N'-Bis(3-
aminopropyl)-1,4-butanediamine tetrahydrochloride; TRPC,
transient receptor potential canonical.
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