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Abstract

Voltage-dependent calcium channels are widely distributed in animal cells, including
spermatozoa. Calcium is fundamental in many sperm functions such as: motility, capacitation and
the acrosome reaction, all essential for fertilization. Pharmacological evidence has suggested T-
type calcium channels participate in the acrosome reaction. Niflumic acid (NA), a non-steroidal
anti-inflammatory drug commonly used as chloride channel blocker, blocks T-currents in mouse
spermatogenic cells and CI~ channels in testicular sperm. Here we examine the mechanism of NA
blockade and explore if it can be used to separate the contribution of different Cay,3 members
previously detected in these cells. Electrophysiological patch-clamp recordings were performed in
isolated mouse spermatogenic cells and in HEK cells heterologously expressing Cay/3 channels.
NA blocks mouse spermatogenic cell T-type currents with an 1Csq of 73.5 pM, without major
voltage-dependent effects. The NA blockade is more potent in the open and in the inactivated state
than in the closed state of the T-type channels. Interestingly, we found that heterologously
expressed Cay3.1 and Cay3.3 channels were more sensitive to NA than Cay/3.2 channels, and this
drug substantially slowed the recovery from inactivation of the three isoforms. Molecular docking
modeling of drug-channel binding predicts that NA binds preferentially to the extracellular face of
Cay3.1 channels. The biophysical characteristics of mouse spermatogenic cell T-type currents
more closely resemble those from heterologously expressed Cay 3.1 channels, including their
sensitivity to NA. As Cay3.1 null mice maintain their spermatogenic cell T-currents, it is likely
that a novel Cay/3.2 isoform is responsible for them.

Keywords
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INTRODUCTION

Alterations in intracellular Ca?* concentration ([Ca2*];) are fundamental transduction
elements in cell signalling. VVoltage-dependent Ca2* channels (Cay) translate membrane
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potential (V) changes into intracellular Ca2* signals. There are two major classes of Cay
channels; the Low (LVA) and the High Voltage-Activated (HVA) channels. Strong
depolarizations in Vy, are needed to open HVA channels, which inactivate slowly and are
classified into L-, N-, P/Q- and R- types depending on their biophysical properties (Perez-
Reyes 2003). In contrast, LVVA channels open transiently in response to weak
depolarizations and inactivate faster than HVA channels, therefore they were named T-type
channels (for Transient). LVA channels have been identified in several tissues, including
neural tissue, heart, kidney, smooth muscle, skeletal muscle and sperm (for review see
Perez-Reyes 2003; Darszon et al., 2006). In neurons for instance, they play a role as a
pacemaker, inducing low-threshold spikes which in turn may trigger a burst of action
potentials mediated by Na* channels (Sherman, 2005; Steriade, 2005; Perez-Reyes 2003).

Direct Ca*2 entry through T-type channels modulates [Ca2*];, which plays a key role in the
regulation of fundamental processes in many cells, including sperm (Darszon et al., 2011).
The mRNAs and the proteins of the complete family of T-type channels (a1G or Cay/3.1,
alH or Cay3.2 and all or Cay/3.3), have been found in both mammalian spermatogenic as
well as mature sperm cells (Espinosa et al., 1999; Son et al., 2000 and 2002; Jagannathan et
al., 2002; Park et al., 2003; Trevino et al., 2004; Darszon et al., 2006; Escoffier et al., 2007),
although electrophysiological and pharmacological evidences suggest that Cay/3.2 might be
the main subunit carrying the T- type current in spermatogenic cells (Lievano et al., 1996;
Arnoult et al., 1996; Santi et al., 1996; Espinosa et al., 1999; Stamboulian et al., 2004;
Escoffier et al., 2007). However, distinguishing macroscopic currents among Cay/3.2 and the
other two Cay3 members (Cay3.1 and Cay/3.3), requires a detailed analysis of specific
parameters already described for recombinant channels such as recovery from inactivation
(Perez-Reyes 2003), and/or their sensitivity to chemical compounds. For instance, Ni2*
blockade of the spermatogenic cell T-type current showed two components, one clearly
attributed to Cay/3.2, and a second due to Cay3.1 or Cay/3.3 or both channels (Trevino et al.,
2004).

In genetic studies, Cay/3.1 knockout mice did not show any alteration to their T-type
currents in spermatogenetic cells; in contrast, these same cells in Cay/3.2 null mice lack T-
type currents, supporting the idea that Cay/3.2 is the main active Cay/3 isoform in
spermatogenic cells (Stamboulian et al., 2004). As Cay/3.2 null mice are fertile,
compensation for the missing subunit in male gametes of knockout mice should be
considered likely. Under this perspective, finding compounds which selectively block the
specific T-type channel isoforms would be very useful, in general, to discriminate their
participation in physiological processes.

The acrosome reaction (AR) is obligatory prior to fertilization and is highly dependent on
extracellular Ca%*. There is evidence both supporting and against the participation of T-type
channels in this reaction (Darszon et al., 2006; Escoffier et al., 2007; Ren and Xia, 2010).
Although macroscopic T-type currents are present in testicular sperm (Martinez-Lopez et al.,
2008), they disappear in more mature non-capacitated epididymal sperm (Ren and Xia,
2010) for unknown reasons. In spite of this, the mouse AR closely follows the
pharmacology of spermatogenic cell and testicular sperm Cay/3 channels, suggesting they
have a pivotal role in the [Ca2*]; increments required for this reaction.
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Niflumic acid (NA) is a non-steroidal anti-inflammatory drug that effectively blocks T-type
currents in spermatogenic cells from mice (Espinosa et al., 1999). Interestingly, NA was
found to prevent AR triggered by GABA, ZP, and progesterone (Espinosa et al., 1998). NA
displays a similar 1Csq (~85 pM) in inhibiting both the AR triggered by progesterone and the
T-type currents in spermatogenic cells (IC5p~45 uM) as previously described (Espinosa et
al., 1999). Mouse spermatogenic cells mainly display Cay/3 currents with pharmacological
characteristics resembling those of the transient Ca2* uptake that occurs during the ZP-
induced AR (Arnoult et al., 1996). This evidence suggests that T-type channels may
participate in the AR in mice; therefore elucidating the mechanism of NA blockade could be
useful to understand their participation in fertilization. In addition, as we mentioned above,
determining the sensitivity of each of the three T-type recombinant isoforms to NA could
uncover the potential of this compound to dissect their individual contribution in native
systems such as spermatogenic cells.

Furthermore, the blocking mechanism of T-type channels by NA has not been studied
extensively. In this work we characterize the blocking of T-type currents by this inhibitor in
spermatogenic cells, and extend the study to the three recombinant T-type channels stably
expressed in HEK-293 cells, and examine the blocking and molecular docking properties of
the drug. Macroscopic T-type currents in spermatogenic cells could be the result of the
mixed activity of the three T-type channels: Cay/3.1, Cay/3.2 and Cay/3.3, already identified
in these cells (Trevino et al., 2004; Darszon et al., 2006). Our results show that blockade by
NA is not voltage-dependent and is partially reversible, which suggest a weak interaction
with its binding site. We observed that this effect is not use dependent, but depends on the
state of the channel. Our findings also indicate that NA strongly delays recovery from
inactivation of Cay/3 channels when studied in both spermatogenic and HEK-293 stably
transfected cells. The time course of recovery from inactivation and the sensitivity to NA of
the T-type currents of spermatogenic cells suggest that Cay/3.1 channels may significantly
contribute to the current. Alternatively, as ~15% of the T-type current remained insensitive
to 1 mM of NA in spermatogenic cells, either another Cay isoform displaying unknown
regulatory mechanisms could exist in this native environment.

METHODS

Dissociation procedure

Spermatogenic cells were obtained as described (Santi et al., 1996). Briefly, seminiferous
tubules were isolated from adult male mice testes (three months old) and washed out several
times in Ca2*-free saline solution. To isolate the spermatogenic cells, tubules were
compressed with a 3 ml transfer pipette. Isolated cells were placed in a Plexiglas recording
chamber on the stage of an inverted microscope (Eclipse 2000, Nikon, Japan). Once the cells
were attached to the bottom of the chamber, external solution was continuously superfused
at a rate of 2ml/min.

Electrophysiology of spermatogenic cells

Ca?* currents were recorded in mouse spermatogenic cells using the whole cell
configuration of the patch-clamp technique as described previously (Santi et al., 1996;
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Espinosa et al., 1999, Trevino et al., 2004). Briefly, currents were recorded with an
Axopatch 200A amplifier (Molecular Devices, Sunnyvale, CA), filtered with a corner
frequency of 2 kHz (four-pole Bessel filter), digitized at 10 kHz using a Digidata 1200A
(Molecular Devices), and stored on a personal computer. Cells were bathed in a solution
containing (in mM): 2 CaCly; 130 NaCl; 3 KCI; 2 MgCly; 1 NaHCOg3; 0.5 NaH,POy; 5
HEPES; 10 glucose, pH 7.3. The bath was grounded with an Ag-AgCl pellet. The internal
solution consisted of (in mM): 120 CsMeSQOs; 10 CsF; 15 CsCl; 5 EGTA; 5 HEPES; 4 Mg-
ATP; 10 phosphocreatine, pH 7.3. Internal Cs* by itself effectively blocked the majority of
outward K* currents. Open-tip pipettes had resistances ranging between 8 and 10 M2 when
filled with pipette solution. Data were obtained from cells where the product of
uncompensated series resistance and peak current was less than 5 mV, which was not
corrected. Pulse generation, data acquisition and analysis were done using computer-driven
software (pCLAMP 9.0; Molecular Devices). Capacitive transients were electronically
compensated, and leak currents were subtracted on-line using a P/4 protocol. Experiments
were conducted at room temperature (22-25°C).

Niflumic acid (2-{[3-(trifluoromethyl) phenyl] amino}- pyridine-3-carboxylic acid) (NA)
was purchased from Sigma-Aldrich (St. Louis, MO) and was prepared as a 50 mM stock
solution in DMSO. An aliquot of this stock was dissolved in the bath solution immediately
before use to obtain the final desired drug concentrations. The control solution always
contained the same quantity of DMSO as the bath with NA solution (e.g., 0.1% DMSO for
500 uM NA).

Current-voltage (I-V) relationships for T-type channels were determined by applying 350
ms depolarizing pulses from —80 to +70 mV, in 10 mV increments, from a holding potential
(HP) of —90 mV, every 5 s. Recording protocols were applied before (control) and after the
superfusion of the drug at a rate of 2 ml/min. Activation and inactivation current kinetics
were fitted by standard exponential functions. Drug-induced current reduction was assessed
by measuring maximum inward current (peak current) of the 350 ms depolarizing pulse to
—-20 mV, and calculating the percentage reduction relative to the control current at each
NAconcentration tested (0.5 to 1000 uM). Dose-response curves were fitted with a Hill
equation:

y=a/[1+(X/Xo)"]

Where a, b and Xg represent the y-intercept, the slope, and the 1Cgq value, respectively. The
voltage dependence of T-type current activation was estimated using a modified Boltzmann
function to fit I-V data:

Ica:Ima.x(‘/m - ‘/;ev)/<1+exp ((‘/50 - ‘/m)/k)
Where I, is the peak current, Vi, is the test potential, Ve, is the apparent reversal potential,
Vs is the mid-point of activation, and k is the slope factor. To determine whether NA

preferentially blocks any specific state of the T-type channels, we applied a test pulse to =20
mV from a HP of -90 mV, taking the record without drug as a control. Then we
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hyperpolarized the cells to =90 mV, added 100 uM of NA and waited for 120 s to remove
inactivation and have the majority of the channels in the closed state. Then we re-opened the
channels with another pulse of =20 mV to evaluate the percent of blockade by NA. For the
inactivated state cells were maintained to a HP= —20 mV after a first round of opening
without drug (control) and we added NA at this stage, after this a 400 ms hyperpolarized
pulse of —90 mV was applied every 120 s to remove inactivation of the channels followed
by a depolarized pulse of —20 mV to opened the channels again and evaluated the percent of
blockade current. To record the effect of NA on the open state of the channels we applied
depolarized pulses of —=20 mV every 5 s from a HP=-90 mV in the absence (control) and in
the presence of NA. Steady-state inactivation curves were obtained by normalizing the
current values acquired from a typical two-pulse protocol, and fitting the data with a
Boltzmann equation:

Ica‘:ImaX/(l"*'eXp ((‘/ - ‘/50)/]6)):

where I¢, is the peak current at the test potential (=20 mV), Ihax iS the peak current at —20
mV when the pre-pulse was at =110 mV, V is the inactivating pre-pulse potential, Vsg is the
half-inactivation value and k is the inactivation steepness parameter.

Expression of recombinant Cay3 channels and electrophysiology

Human embryonic kidney (HEK-293) cells stably transfected with human a1G channel or
Cay3.1 (Gen Bank Accession No. AF190860), human a1H channel or Cay/3.2 (AF051946)
and human all channel or Cay/3.3 (AF393329), were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum, 100U/ml penicillin, and 100
pg/ml streptomycin at 37 °C in a CO, incubator. Selection of cells expressing the channels
was maintained by adding 1 mg ml~1 of G-418 to the culture medium. All cell culture
reagents were purchased from Gibco-Life Technologies (Grand Island, NY). Whole-cell
Ca?* currents were recorded at room temperature (21-23°C), according to the patch-clamp
technique (Hamill et al., 1981) by using an Axopatch 200B amplifier, a Digidata 1320 A/D
converter, and the pCLAMP 9.0 software (Molecular Devices). Currents were usually
digitized at 10-kHz, following 2—kHz analog filtering, except for tail currents which were
sampled at 100 kHz and filtered at 10 kHz. Whole-cell series resistance (initially 3.5 + 0.2
MQ, n = 33), and cell capacitance (19.6 + 1.3 pF, n = 33) was estimated from optimal
cancellation of the capacitive transients with the built-in circuitry of the amplifier, and was
compensated electrically by 60—70%. The HP was =100 mV. In most cases, currents were
recorded on two channels, one with on-line leak subtraction using the P/-5 method, and the
other to evaluate cell stability and holding current. Only leak subtracted data are shown.
Cells were bathed in a solution containing (in mM): 2 CaCl,; 160 tetraethyl ammonium
(TEA) chloride; and 10 HEPES (pH 7.4). The internal (pipette) solution contained (in mM):
135 CsCl; 10 EGTA; 4 Mg-ATP; 0.3 Tris-GTP; and 10 HEPES (pH 7.3). NA was prepared
as mentioned for spermatogenic cells. However, in this case the effect of DMSO (0.2%) on
Cay3 channels was assessed before exposing the channels to NA. DMSO by itself reduced
the calcium current amplitude by 10 £ 3, 13 + 2y 8 + 3% of Cay/3.1, Cay3.2 and Ca\/3.3
channels. The NA blocking data shown in the results section is additional to this effect.

J Cell Physiol. Author manuscript; available in PMC 2014 August 27.
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Calculation of Ky values from the fractional blocking of Cay/3 channels by 100 uM NA was
performed with the following function:

Y=T/T+Kq

Where, Y is the fraction of blocked current by NA, T is the NA concentration and K is the
dissociation constant of the NA-channel complex.

Current recordings were analyzed with Clampfit 9.0, and averaged data (mean + standard
error; SEM) was obtained with Lotus 123 and Excel. Differences in means were tested with
unpaired two-tailed Student’s t-test and were accepted as significant if P <0.05. Final graphs
were plotted with Prism 5.0 software.

Molecular Docking

RESULTS

The three-dimensional structure of Cay/3 channels was obtained from homology modeling
by MODELLER (Fiser and Sali, 2003) using the PDB structures 1K4C (Zhou et al., 2001),
3NLM (Ji et al., 2010) and 1BL8 (Doyle et al., 1998) as templates. Also, the automated I-
TASSER server was used to obtain ab initio models (Roy et al., 2010). Channel models
were generated only for the pore domain (S5, S6 and pore linker from the four repeats). The
PDBePISA program (Krissinel, 2010) was used to extract a monomer from the tetramer
structure of 1KA4C, and to perform the structural search of a similar interface of the likely
assembly. Then MGLTools v1.5.2 (Sanner, 1999) was used to assign Gasteiger charges to
the protein and to generate the structural file for docking. The chemical structure of NA
(CID: 4488) was obtained from the NCBI PubChem Compounds Database (http://
www.ncbi.nlm.nih.gov/pccompound). The structure of the ligand was constructed and
prepared for docking with the program Open Babel 2.3.0 (Guha et al., 2006). A combination
of rigid receptor and flexible ligand protocols were used in the docking process using Auto
Dock/Vina 1.1.1 (Trott and Olson, 2010) in the exhaustiveness mode 9, using two Dual-core
processors. Affinity grids on the binding pocket were constructed using AutoGrid4 (Morris
et al., 1998), with grid spacing to Cay3.3: center_x=35.202; center_y=35.361,;
center_z=20.036; size_x=126; size_y=104; size_z=114; to Cay/3.2: center_x=155.56;
center_y=139.44; center_z=-16.62; size_x=102; size_y=126; size_z=104; to Cay3.1:
center_x=155.46; center_y=139.44; center_z=-16.62; size_x=102; size_y=126;
size_z=104;and to 1KA4C; center_x=156.817; center_y=150.483; center_z=—25.374;
size_x=126; size_y=34; size_z=126. Final docked structures were visualized, analyzed and
rendered using PyMOL (DeLano, 2002).

NA blocks T-type calcium currents in spermatogenic cells

We have shown previously that under the experimental conditions employed in this work,
the calcium currents in spermatogenic cells are carried exclusively through T-type calcium
channels (Liévano et al., 1996; Santi et al., 1996; Arnoult et al. 1996). Considering that NA
is able to block acrosomal reaction, and effectively blocks T-type channels in spermatogenic
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cells, determination of the mechanism of blockade by this drug would clarify the
participation of Cay/3 channels under physiological conditions.

To confirm the presence of T-type currents we stimulated spermatogenic cells with test
pulses from —80 to +30 mV from a HP of =90 mV (Fig. 1A). Under control conditions,
activation of inward current was observed at potentials more positive than -60 mV, with a
maximum peak current between —30 and at —20 mV. These currents activated and
inactivated within a few milliseconds (~ 50 ms), showing the typical criss-crossed pattern of
T-type currents (Fig. 1A). We then determined the dose-response curve for NA in
spermatogenic cells. It is important to mention that around 15% of the T-type current
remained insensitive to 1 mM of NA, and thus we normalized its inhibition to the maximum
block observed at this NA concentration. Averaged fractional blockade values at different
NA concentrations were fitted with a Hill equation, obtaining an 1Csq of 73.5 pM (Fig. 1B).
Then, we explored the effect of 100 UM NA on T-type currents within a range of voltages
from —-80 to +30 mV in 10 mV steps, observing a reduction of the inward current at all the
voltages tested (Fig. 1C). Analysis of I-V curves revealed a ~ 50% reduction in the
normalized T-type current amplitude by NA in most of the explored potentials (Fig. 1D),
without significant changes in the voltage dependence of current activation; although there
was a small change (4 mV) in Vg, toward negative potentials.

NA did not affect steady-state inactivation of T-type calcium channels

To investigate if NA changes the steady-state of inactivation we applied inactivating pulses
from —110 to —40 mV in 5 mV steps before a test pulse to —20 mV (Fig. 2A top). Again,
when compared with Control currents (Fig. 2A), there was a clear reduction in the current
amplitude in the presence of 100 uM NA (Fig. 2B). Steady-state inactivation curves were
constructed for the Control and NA conditions (Fig. 2C) by normalizing current amplitudes
to the maximum current recorded at —20 mV under the corresponding condition. Data points
were fitted with a Boltzmann relationship (Fig. 2C). Control current inactivation occurs
between —80 and —50 mV, with a half-inactivation potential (Vsg) of —-63.9 + 0.3 mV and a
steepness parameter (k) of 2.8 + 0.27 mV (n = 9); while in the presence of 100 pM NA the
values were: Vgg = —-64.4 £ 0.5 mV and k = 3.7 £ 0.48 mV. The lack of effect of NA on the
steady-state inactivation and activation curves (Fig. 1D) suggests that the binding site of the
drug is not affecting the voltage sensor (S4).

NA slows down T-type current activation and inactivation kinetics

T-type Ca2* currents activate within a few ms (>15 ms) in response to depolarizing
potentials more positive than —60 mV from a HP=-90 mV (Fig. 3A). However, in the
presence of 100 UM NA, T-type current activation and inactivation showed slightly slower
kinetics (Fig. 3B). T-type currents obtained at different potentials were fitted with two
exponentials, one for the activation and another for the inactivation process (Fig. 3B, bottom
traces). The obtained time constants, tact and Tinact Were plotted against the test potential in
Control and NA conditions (Fig. 3C, D respectively). In both conditions, T, accelerates
monotonically within =50 to +20 mV, and then becomes practically voltage independent
between —20 to +20 mV (Fig. 3C). Overall, NA slows down activation Kinetics of the T-type
current, particularly at voltages between —40 and —20 mV (Fig. 3C, open symbols). This
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result suggests that blockade by NA significantly slows opening of the channels, mainly at
potentials where the maximum activity of the channels was recorded (=30, =20 mV).
Notably, NA affected tinact in the same direction, as inactivation became significantly
slower at all voltages, except =60 mV (Fig. 3D, open symbols). Although T, is modified by
NA, the voltage dependence of activation is not shifted suggesting an interaction of NA with
channel gating that slightly slows the opening kinetics but does not interact with the S4
segment. On the other hand, the effects on the inactivation kinetics can be explained by
assuming that NA slows down the conformational changes required for the open-to-
inactivated transition of the channel. These results clearly suggest a mechanism of blockade
that depends on the state of the channel.

NA did not affect deactivation kinetics of T-type calcium current

The effect of NA on T-type channel closing in spermatogenic cells was evaluated by
measuring the tail current decay rate at different repolarizing potentials. The time constant
of deactivation (tgeact) Showed a strong voltage-dependence, with values from 2.4 £ 0.5 ms
at—-120t0 5.6 = 1.1 ms at —-80 mV, however these values were not significantly different
from those obtained after the addition of 100 uM NA (3.3 £ 0.7 ms at —120 and 8.9 + 2.3 ms
at —80 mV; n = 9). This result indicates that NA does not interfere with the closing of T-type
channels (not shown).

Block of T-type current by NA depends on the state of the channel

To investigate if blockade of T-type channels by NA was preferentially from the open,
closed or the inactivated state of the channel, we recorded calcium currents by applying
voltage protocols designed specifically for each state of the channel. First, for the closed
state, spermatogenic cells were held at —90 mV and depolarized to =20 mV. Control current
was recorded without drug (Fig. 4A left panel) then cells were perfused with 100 pM NA
and maintained at —90 mV during 120 s. After this time channels were re-opened by
applying a second pulse to =20 mV, which evocates a current whose amplitude was ~ 25%
smaller than the Control recorded (Fig. 4A, left panel). This reduction of T-type current by
NA in the closed state of the channel remained practically unchanged even after 10 min of
exposure to the drug (Fig. 4A, right panel). Second, to explore the NA effect on the
inactivated state, T-type channels were opened at —20 mV and the potential was held at this
level. The current recorded without the drug was taken as Control. Then, with the HP still at
-20 mV, NA was added and its effect measured after 2 min by applying a 400 ms prepulse
to —90 mV followed by a test pulse to —20 mV (Fig. 4B, left panel). The presence of NA
induced a ~ 50% reduction in the current amplitude when compared to Control (Fig. 4B,
right panel). In third place, to explore whether NA blocks T-type channels in the open state,
cells were depolarized to —20 mV every 5 s from an HP of =90 mV. This protocol promotes
channels to pass frequently through the open state. The first ten pulses recorded without
drug were taken as control currents (Fig. 4C, black lines left panel). Addition of NA induced
a gradual reduction of inward currents reaching a maximum within the first 120 s of
exposure (Fig. 4C, grey traces and right panel). The ~ 50% reduction of inward current
observed was due to the blockade by NA rather than a run-down effect, as revealed by the
unchanged currents in the absence of the drug (Fig. 4C, inset). In all cases about 85 % of the
original current was recovered by wash-out of the drug (Fig. 4A, B and C right panels). All

J Cell Physiol. Author manuscript; available in PMC 2014 August 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Balderas et al. Page 9

these results indicate that NA interacts preferentially with the open and/or inactivated state
of T-type channels rather than with the closed state, suggesting that NA could also affect
recovery from inactivation of T-type channels.

NA delays T-type current recovery from inactivation

To test the possibility whether NA affects the time course of recovery from inactivation we
applied a classical two-pulse protocol from a HP of =100 mV. Currents were evoked by
depolarizations to —20 mV separated from each other by increasing 10-ms periods of time at
-100 mV (At = 10 ms) (Fig. 5A). Normalized current versus time at —100 mV was plotted
and experimental data was fitted with a simple exponential. Under control conditions, the
calculated time constant of recovery (t,) was 67.7 = 3ms, n = 9 (Fig. 5A; Table 1). In the
presence of NA, besides the amplitude reduction in the inward current (Fig. 5B), the
respective t,, showed a dramatic four-fold increment (318.0 + 20 ms, n = 9) (Fig. 5B; Table
1). In this case, NA blockade of T-type currents was irreversible in most of the cells. Our
overall findings are consistent with a mechanism of blockade that involves the interaction of
the drug with the inactivation process, rather than with voltage-dependence of channel
opening.

Blockade of T-type current by NA is not use dependent

After observing a maximum blockade by NA when T-type channels were stimulated
constantly (Fig. 4C), we examined if this drug’s effect was use dependent by depolarizing
the membrane to —20 mV with frequencies ranging from 1 to 3 Hz. After 30 pulses, inward
current amplitude was not affected when applying one depolarization per second (1Hz) in
the absence or the presence of NA (Fig. 6A). On the contrary, with stimulation frequencies
of 2 Hz (Fig. 6B) and 3 Hz (Fig. 6C), the T-type current showed a reduction of 15 and 40%,
respectively, between the first and the second pulses applied under control conditions. In
both cases, current amplitude reached a plateau within 30 pulses due to the accumulation of
inactivation. However, no significant differences were observed when NA was perfused
through the recording chamber (Fig. 6, right panels). Therefore NA does not induce further
block with the constant stimulation of the channels, as expected for a use-dependent
mechanism of blockade.

NA blocks T-type channels in a stably-expressing cell line

To investigate whether the effect of NA observed on the T-type current of spermatogenic
cells was selective for any of the three recombinant T-type channels described so far, a1G
or Cay3.1, alH or Cay3.2, and all or Cay3.3; we performed patch clamp experiments in
separate HEK-293 cell lines stably expressing one of these channels. Inward Ca2* currents
evoked by step depolarizations from HP=-100 mV to —40 mV were blocked differentially
by 100 uM NA depending of the expressed Cay,3 channel subtype. The most sensitive to NA
was Cay3.1 (56 + 3%), while Cay/3.2 and Cay/3.3 both displayed a lesser reduction in their
currents (34 £ 5 and 42 + 3%, respectively) (Fig.7B). In most of the studied cells, the block
by NA was partially reversible (Fig. 7A). We next sought to determine whether the current
blockade by NA was accompanied by changes in channel gating. Figure 8A shows
representative traces of evoked currents by depolarizations to test potentials between —80
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and +100 mV (10 mV steps), before and during exposure to 100 uM NA in a HEK-293 cell
expressing Cay/3.2 channels. Current inhibition by NA was observed clearly for inward
currents, although the potential for the maximal inward current (=40, =30 mV for Cay/3.3)
was not modified. Noteworthy, the outward current amplitudes were practically the same in
both experimental conditions, mainly for Cay/3.1 currents. By applying the same protocol as
in Fig. 8A, we obtained data from HEK-293 cells expressing Cay3.1, Cay3.2, and Cay/3.3
channels. Peak current in each episode was measured, averaged, and then plotted as a
function of the test potential to generate the respective I-V relationships (Fig. 8B, C and D).
Current became detectable at =70 mV, peaked near —40 mV, and reversed at around +25
mV (+10 mV for Cay3.1 channels). Modified Boltzmann functions (see Methods) fitted to
inward current data points revealed that NA did not modify the voltage-dependence of Cay/3
channel activation (Table 1). In fact, blockade percentage of Cay/3.2 channels by NA was
very similar within the range of —60 to 0 mV (25 + 9 and 33 + 9%). However Cay/3.1 and
Cay3.3 displayed larger changes in the same interval of potentials, from 48 £ 4 to 74 + 9%
and from 47 £ 5 to 31 + 4%, respectively (Fig. 8E).

As mentioned before, outward currents through Cay,3 channels were clearly less sensitive to
the block by NA, this was independent of the percent block observed for inward currents,
and it was detected in the three T-type channels studied (Fig. 8B, C and D). This result
suggests that NA might be binding to an external site in the permeation pathway of the Ca\/3
channels, resulting in a reduction of the whole cell current mostly for inward currents, while
outward currents were practically unaffected.

To further investigate the observation that activation kinetics seemed to be slowed down in
the presence of NA, current recordings as shown in Fig. 7A were also fitted with two
exponentials as mentioned above for native currents (Fig. 3B), and the results are shown in
Fig. 9A, B and C. As previously reported (Perez-Reyes 2003), the activation of the three
Cay/3 channels was strongly voltage-dependent within membrane potentials between —60
and —10 mV. Also, the time constants show the significant kinetic differences between
Cay/3.3 and the other two members of the Cay/3 family (~ 3-fold slower for the Cay/3.3
kinetics). In the presence of 100 uM NA, the activation kinetics of Cay/3.1, Cay/3.2, and
Cay/3.3 channels was clearly slowed down, mostly at voltages between —60 and =20 mV,
and particularly for Cay/3.2 and Cay3.3 (Fig. 9A-C, Table 1). On the contrary, inactivation
time constants were practically the same in the absence or presence of NA (Fig. 9A, B and
C, insets). This last result differs from that observed in spermatogenic cells, where
inactivation kinetics was clearly slowed down in the presence of NA (Fig. 3). On the other
hand, steady-state inactivation and deactivation kinetics of recombinant Cay,3 channels were
not modified by 100 uM NA, which is consistent with our observations in spermatogenic
cells.

Finally, the effect of NA on the recovery from inactivation observed in spermatogenic cell
T-currents was also found in Cay/3 channels (Fig. 10). This property was strongly modified
in Cay3.2 channels (Fig. 10A, B); although Cay/3.1 and Cay,3.3 showed also a delay in the
time course of recovery from inactivation at -100 mV (Fig. 10B, D; Table 1). Interestingly,
even the recovery from inactivation observed in both recombinant and native cells is
affected to a similar extent by NA the tau of recovery obtained from spermatogenic cells
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under control conditions is closer to that recorded for recombinant Cay/3.1 under the same
conditions.

In order to investigate the putative binding of NA molecules to Cay/3 channel proteins, we
have built 3-D structures of Cay/3 channels pore domain by homology modeling (Rivera and
Gomora, 2011, data not published) against the template structures of 1K4C, 3NL and 1BLS,
and performed molecular docking of NA to them. The NA molecule was blind docked to the
protein models of Cay/3 channels. Thirty-two docked modes were analyzed for each NA/
channel combination. For each docking position, the distance (RMSD L.b., in A) and the
average binding energy (kcal/mol) for the interaction NA/models was obtained and
computed. Docking of TEA to the KcsA potassium channel (Doyle et al., 1998) was used as
positive control (average binding energy of —3.4 kcal/mol, and distance of 2.99 A),
suggesting a very close interaction between TEA and the KcsA protein model; however
when NA was docked to the KcsA channel the distance of the molecule to the protein was
considerably greater (19.55 A), and the average binding energy was also appreciable (4.1
kcal/mol). The combination of both parameters is an example of a low affinity interaction
(Fig. 11). The highest average binding energy was observed for Cay3.1 channels (-9.14
kcal/mol), which also showed the largest blockade by NA; whereas Cay/3.2 presented an
energy value closer to Cay3.3 (=8.5 and —8.16, respectively). In addition, the shortest
distance in NA docking was found with Cay,3.3 channels (7.08 A), compared with the 10.4
and 13.2 A for Cay3.1 and Cay3.2, respectively. Therefore, the smaller distance found for
Cay3.3 could explain its higher sensibility to NA when compared with Cay/3.2, whose
combination of docking parameters are related to a modest blockade by NA.

Further analysis of the docking data included the dissection of the pore domain models in
four clusters (Fig. 11B). The ratio between binding energy and the distance of each docking
position was averaged for each cluster and plotted for each channel (Fig. 11C). The data
showed that NA binds preferentially to the extracellular face of Cay/3.1 channels, and to the
pore itself of Cay/3.3. On the contrary, NA did not bind preferentially to any cluster of
Cay/3.2 channel protein.

Discussion

T-type Ca2* channels are fundamental signaling elements in many cell types (Perez-Reyes
2003) and they have been detected in mammalian spermatogenic cells and sperm (Darszon
etal., 2011). To date, Cay3 channel participation in sperm physiology is a continuing source
of debate. In this regard, a drug that can distinguish between Cay/3 channel isoforms is
useful to determine those potentially involved in sperm physiology. Several groups
including ourselves have contributed to the idea that Cay/3.2 is the main active Cay, channel
in mouse and human spermatogenic cells and in mouse testicular sperm, and that these
channels participate in the AR (Arnoult et al., 1998; Benoff et al., 2007; Darszon et al.,
2006; 2011; Jagannathan et al., 2002; Escoffier et al., 2007). In spite of this, Cay3.27/~ mice
are fertile, though redundancy of Cay,3 isoforms could not be totally discarded as the double
Cay3.1/Cay/3.2 knockout mouse has not been evaluated.
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Pharmacological and immunological evidence is consistent with the participation of Cay
channels in the mouse sperm AR (reviewed in Darszon et al., 2011; Escoffier et al., 2010;
Wennemuth et al., 2000). However, though T-type currents have been recorded in testicular
mouse sperm (Martinez-Ldpez et al., 2008); neither L- or T-type channels have yet been
electrophysiologically recorded in epididymal or more mature mouse sperm (Ren and Xia,
2010). Despite this, it has not been completely ruled out that the absence of Cay, currents in
epididymal sperm could be due to their down regulation during sperm maturation and
reappearance after its capacitation.

Here we further explored the NA blockade mechanisms of T-type currents in native mouse
spermatogenic cells and characterized its possible differential action on recombinant human
Cay/3 channels stably-expressed in HEK-293 cells. Our results show an 1Csq for NA of
around 74 uM in spermatogenic cells, but also indicate a different sensitivity of Cay/3
isoforms to NA. Cay/3.2 is the least NA sensitive isoform while Cay/3.1 is the most sensitive
isoform when expressed in HEK cells (Fig. 7). In addition, our molecular modeling of NA
docking to the pore domain of Cay/3 channels is in agreement with the strongest blockade
being measured for Cay/3.1 followed by Cay/3.3 and Cay/3.2 channels (Fig. 11A).

An estimate of the dissociation constant for the NA-channel complex using the current
fractional block at 100 uM of NA for each channel yielded K values of 78.4, 192.0, and 137
UM for Cay/3.1, Cay3.2 and Cay/3.3, respectively. The corresponding value for the T-type
current of spermatogenic cells was ~70 uM (59% block with 100 uM NA), very close to the
ICs( obtained by fitting a Hill function to the experimental data of Fig. 1A. This evidence
suggests that Cay/3.2 might not be the only Cay, channel present in spermatogenic cells, and
could explain, at least in part, the remaining ~15% of the current insensitive to the higher
concentration of NA used in this work (1 mM). Our results are in agreement with earlier
reports indicating that Cay/3.2 represents ~60% of the T-current (Trevino et al., 2004).

It is worth emphasizing that the mechanism of blockade of T-type channels by NA had not
been explored in detail. The relationship between voltage-dependence of activation (Fig. 1B
and 8B) and steady state-inactivation (Fig. 2) of recombinant and native T-type currents,
suggests that NA blockade occurred at a site near to the vestibule of the channel that does
not interfere with the channel voltage dependence. These evidences are consistent with the
external binding site for NA proposed in several types of K* and HCN channels, although in
such cases NA does alter the voltage dependence and the gating of the channels (Wang et
al., 1997; Busch et al., 1994; Peretz et al., 2005; Accili and Difrancesco 1996; Satoh and
Yamada 2001; Cheng and Sanguinetti 2009). We found that the blockade percentage of T-
type currents by NA in spermatogenic cells was practically the same at all tested voltages,
suggesting a blocking mechanism that does not interfere with the voltage sensitivity of the
channel. This voltage independent blockade of T-type currents by NA is in agreement with
the behavior observed in heterologously expressed Cay/3.2 channels (Fig. 8E). Cay3.1 and
Cay/3.3 showed a discrete voltage dependence of blockade (Fig. 8E).

A striking difference between native and recombinant T-type channels was the effect of NA
on their current kinetics. The time course of activation was slowed down in the T-type
currents of spermatogenic cells and in all Cay/3 channel isoforms. On the other hand,
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inactivation was only affected in spermatogenic cells (Fig. 3 and 9). Also, the blockade
magnitude was greater when native channels were kept inactivated, rather than when they
were closed or deactivated. Thus, NA probably stabilizes the inactivated state of T-type
channels, slowing their recovery from inactivation, since the drug takes longer to dissociate
from the channel. In addition, as outward currents recorded at large depolarizations were
poorly blocked by NA (Fig. 8), we suggest this compound binds to the outer vestibule of the
channel. Since our dose response curve indicates a unique binding site, it probably also
modulates the stability of the channel’s inactivated state. Furthermore, the docking data also
indicated that NA binds preferentially to the extracellular face of Cay/3.1 channels and to the
pore itself of Cay/3.3 (Fig. 11). The latter result could explain the NA effects on the mild
voltage-dependence of blockade percentage (Fig. 8A) and the slowing of the activation
kinetics (Fig. 9C) of Cay/3.3 channels. However, the delay in the recovery from inactivation
observed in native (Fig. 5) and recombinant channels (Fig. 10), suggests an additional effect
of NA in Cay/3 channels. Such effect was more drastic in Cay/3.2 channels, though the
average docking energies were very similar in all the protein model clusters of this channel
(Fig. 11C). In the absence of crystal structures of Cay3 channel proteins, the information
obtained from channel modeling could be useful to obtain insights into the molecular
binding of drugs to these channels, as has been already probed for other ion channels (Qadri
et al., 2010; Mancilla-Percino et al., 2010; Lee et al., 2011).

In summary, our findings contribute to a better understanding of how NA blocks Cay/3
currents. The blockade by this non-steroidal anti-inflammatory drug is basically voltage
independent and is more efficacious in the open and in the inactivated state than in the
closed state of the T-type channels. Cay/3.1 channels are the most sensitive Cay/3 isoform to
NA and their affinity is similar to that of the spermatogenic cell native T-type currents. The
faster recovery from inactivation of the spermatogenic cell native T-type currents is also
closer to that of Cay/3.1 channels. Modeling of NA docking to Cay/3 channels predicts that
this compound preferentially binds to the extracellular face of Cay3.1 channels and to the
pore itself of Cay/3.3

Our present study shows that the biophysical properties of the T-type Ca2* currents in
mouse spermatogenic cells and their blockade by NA are closer to those displayed by
heterologously expressed Cay/3.1 channels. If so, how do we explain that spermatogenic
cells from Cay/3.2 null mice have no T-type currents (Escoffier et al., 2007), and those from
Cay3.1 null mice have T-type currents with characteristics similar to those of native
spermatogenic cells (Stamboulian et al., 2004)? The most parsimonious explanation is that
the Cay/3.2 isoform in these cells and testicular sperm may have some modified
characteristics due to its sequence and/or regulation, in comparison with this same isoform
from other mouse tissues (reviewed in Perez-Reyes et al., 2009; Darszon et al., 2011).

Under physiological conditions T-type channels would be mostly inactivated at the sperm
resting membrane potential (~ —40 mV) and our findings indicate that this is the state with
higher affinity for NA (ICsg ~70 uM). This characteristic is consistent with our previous
observation that NA inhibits the progesterone induced mouse sperm AR with an 1Cgq of ~85
UM. However, NA inhibits the ZP induced AR at an 1Csq of ~1 uM corroborating that the
progesterone and ZP signaling pathways are different, and that other channels, possibly Ca2*
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regulated CI™ channels are important for the ZP induced AR (Espinosa et al., 1998).
Although recently it was shown that CatSper channels are potently activated by
progesterone in human sperm, this does not occur in mouse sperm (Lishko et al., 2011;
Strunker et al., 2011). Our results suggest that the higher progesterone concentrations (45
M) needed to induce AR in these cells may activate other Ca2* channels. Finally, it will be
worth exploring if T-type channels participate in spermatogenesis.
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Fig. 1. Blockade of T-type currentsby NA in mouse sper matogenic cells
A) A family of currents recorded in whole cell configuration in control conditions in

response to depolarized pulses from a =80 to +70 mV in +10 mV increment from a HP of
-90 mV (traces from —80 to +30 mV are show for clarity). B) Dose-response curve. Data
points are (mean + SEM) the fraction of blocked current at —20 mV for each NA
concentration tested. Fit of experimental points with a Hill equation (solid line) produces an
estimated 1Cgq for NA of 73.5 uM. C) Currents recorded as in (A) but in the presence of 100
UM NA. D) Current-voltage (I-V) curve was constructed with the peak current normalized
and averaged from 12 individual cells under control (filled circles) and in presence of 100
UM NA (open circles). In both conditions, threshold of currents was observed around —60
mV.
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05F
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0.0F

Fig. 2. Steady-state inactivation of spermatogenic cell T-type currentsisnot affected by NA
A) Family of currents recorded with the voltage protocol depicted at the top. Channels were

inactivated with 350-ms prepulses to potentials between =110 and =40 mV in 5 mV steps,
from a HP = =90 mV. Then, channel availability was tested at =20 mV. B) Family of
currents recorded as in A, but in presence of 100 uM NA. C) Steady-state inactivation
curves in the absence and the presence of NA. Data points show the normalized peak
amplitude of currents elicited under control (filled circles) and NA (open circles) by the
testing pulse at —20 mV, and plotted against the prepulse potentials. Continuous lines are the
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best fits with a Boltzmann function. Values of V5q and k obtained from this curves are
summarized in Table 1.
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Fig. 3. Effect of NA on the activation and inactivation kinetics of T-type currents
A) Calcium currents recorded under control conditions with the voltage protocol displayed at

the top. B) Same as in A, but in presence of 100 uM NA. Tau of activation (t,¢) and tau of
inactivation (tact) Were obtained by fitting single exponentials to the traces as shown at the
inset. C) Plot of mean values for T, against command voltage (n = 6). Control condition is
represented by filled symbols and NA by open circles. D) Plot of mean values for Tjpact in
control (filled circles) and NA (open circles) against test potential (n = 6). Note that NA
induced a slow down effect on the current inactivation kinetics at all potentials more
positive than =50 mV. Bars represent SEM.
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Fig. 4. NA Blockade of T-type channelsis state-dependent
A) Left panel, traces of current recorded with the protocol depicted above to maintain the T-

type channels in the closed state. A test pulse of =20 mV was applied with at = 120 s from a
HP = -90 mV. Right panel, normalized current was plotted against time; white and grey
bars represent time to exposure to control solution and NA, respectively. Note that ~ 25% of
inward current amplitude was reduced by NA. B) Effect of NA on inactivated state of T-type
channels. Left panel, current recorded in response to a depolarization to —20 mV from a 400
ms hyperpolarized pulse to =90 mV. Cells were held at =20 mV to maintain the channels
inactivated. Right panel normalized current versus time of exposure to NA. Note a reduction
of more than 50% in presence of the drug by using the inactivated state protocol. C) Left
panel, blockade of T-type currents by NA in open state. Cells were clamped at -90 mV
during the whole experiment with a depolarization to —20 mV with a At = 5 s. Inset,
continuously stimulated cells with the protocol previously described during 500 s without
drug did not modify the currents during the whole experiment. Right panel, normalized
current shows a decrement in the amplitude of the current of more than 50% during the time
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of exposure. Error bars represent SEM, (n = 6). Note that in the three conditions 85% of the
original current was recovered by washing the drug.

J Cell Physiol. Author manuscript; available in PMC 2014 August 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Balderas et al.

A

00 — L
0-{ Lemenm— ‘ " ‘
I\IW|"’|U| "Hltu'l\ |I,|‘Ih||||’ |‘,
KH ‘ l}W/ m
Control AL i ( y \(/(H‘ |
’ M‘ UM A t“ J/
| 100 pA LN U W‘\ﬂuwh
B 200 ms
-20
-1004 L .
At =100 ms
0-

100 uM NA

100 pA‘

200 ms

Normalized current

Normalized current

1.00

0.75

0.50

0.25

0.00

1.00

0.75

0.50

0.25

0.00

Page 23

0 75 150 225 300
Time of recovery (ms)

0 750 1500 2250 3000
Time of recovery (ms)

Fig. 5. NA delaysrecovery from inactivation of T-type channels
Current traces recorded with two pulses voltage protocol, depolarizing pulses to —20 mV

from a HP = =100 mV were applied at different inter-stimulus interval (At), 10 ms
increments for control condition (A), and 100 ms for NA (B). Time courses of recovery from
inactivation (right panels) were fitted by single exponential functions with time constant (<)
of 67.6 = 3.05 ms for control (A) and 318.01 £ 20.5 ms in the presence of 100 pM of NA

(B). Error bars represent SEM (n = 9).
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Cells were stepped to —20 mV from a HP of —90 mV with a stimulation frequency of 3 (A),
2 (B), and 1 (C) Hz. Under control (left panels) and 100 uM NA condition (middle panels).
Only pulses 1, 2 and 30 are shown for illustrative purposes. Right panels, plots of
normalized current against time for control (filled circles) and NA (open circles) in the three
frequencies tested. Note that reduction of ~35 % in the current was due to the accumulation

of inactivation at least in 3 and 2 Hz. Error bars represent SEM (n = 6).
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Fig. 7. Recombinant Cay 3 channels are sensitiveto NA
A) Examples of calcium currents recorded at —40 mV before (Control), during (NA, thick

trace), and after (Wash) exposure to 100 uM NA from HEK-293 cells stably expressing
Cay3.1, Cay3.2 and Cay/3.3 channels. Depolarization steps lasted 300 ms, although for
clarity, only the first 150 ms are shown. B) Blockade percentage of peak calcium currents at
=40 mV induced by 100 uM NA in Cay/3 channels. The NA blockade percentage was
calculated for each cell, averaged and plotted as a mean £ SEM for each type of channel.
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The respective values were 56 + 3, 34 + 5 and 42 + 3% for Cay3.1, Cay3.2 and Cay/3.3,
respectively. The number of assayed cells is indicated in parentheses.
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Fig. 8. NA blockade of recombinant Cay/3 channelsisvoltage-independent
A) Representative family of traces obtained in Control and 100 uM NA experimental

conditions. Currents were recorded from a HEK-293 cell expressing Cay/3.2 channels in
response to the I-V protocol illustrated at the bottom. B-D) Current-voltage relationships for
Cay3.1, Cay3.2, and Cay/3.3 channels, respectively, in the absence (Control) and the
presence of 100 UM NA. Data points representing inward currents were fitted with a
modified Boltzmann function (continues line) and the obtained parameters are summarized
in Table 1. Note that the amplitude of outward currents was practically unaffected by the
presence of NA. E) Blockade percentage of Cay3 channels by NA and V, relationships. The
blockade percentage of peak current by NA was calculated for each potential. Data was
obtained from 7 (Cay3.1), 6 (Cay3.2) and 5 (Cay3.3) HEK-293 cells.
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Fig. 9. Current activation kinetics of Cay3 channelsis slowed down by NA
Current recordings as shown in Fig. 8A were fitted by the sum of two exponentials, one for

activation and the other for current decay. The resulting time constants (taus) were plotted as
function of the test potential for each channel as indicated. The larger modifications were
observed in the current activation of Cay/3.2 and Cay/3.3 channels. Insets: Tau of
inactivation versus test potential for the same channels.
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Fig. 10. Recovery from inactivation of recombinant Cay3 channelsis drastically modified by NA
A) Recovery from inactivation at =100 mV of Cay,3.2 channels in control conditions. The

two-pulse protocol used is shown at the top. CaZ* currents were inactivated by a 300 ms
pulse to —40 mV, after which the membrane potential was stepped to =100 mV for periods
ranging from 1 to 4200 ms, at that time a 20 ms activating voltage step to —40 mV was
applied. Only current traces at —40 mV obtained after 5, 40, 80, 200, 800, 1600, 2400, 3200
and 4200 ms at —100 mV are shown, and only the tail current (generated by repolarizing at
—-100 mV) of the latter is partially plotted. B-D) Time course of recovery from inactivation
at —100 mV for the indicated Cay,3 channels in Control and 100 uM NA conditions. The
values are the peak current during the 20 ms pulse, normalized to the peak current in the 300
ms pulse. Data were pooled from 6 (Cay/3.1), 6 (Cay3.2) and 5 (Cay3.3) HEK-293 cells.
Smooth curves are fits to the data using a one phase exponential association equation.
Dashed line in (C) corresponds to the same kind of fit to data from 3 cells where current
recovery from NA blockade was above 90%. Tau values are given in Table 1.
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Fig. 11. Niflumic acid docking to Cay3 channels
A) Average binding energies (kcal/mol) and distance (in A, Angstroms), for niflumic acid

(NA) as ligand docked to Cay/3 pore domain models. Distance data was obtained from
RMSD L.b. values, which is the relative value to the best mode using only movable heavy
atoms or lower bound. Columns are averages of the minimum or best binding energy for the
docking results. The 1K4C coordinates were used as control for the interaction with TEA.
NA docked with 1K4C showed a low interaction value (~ —0.4), serving as low affinity
control. Error bars represent SEM from n = 36 interaction models of each Cay/3 channel. B)
Docking analysis was clustered as shown, in order to search the whole grid spacing of the
protein models and control structures. In and Out denote the intra and extracellular side of
the cell. C) The ratio between kcal/mol and RMSD Lb. (in A) for each cluster are illustrates
as follows: cluster 1, clear blue, involves the upper region of the proteins; cluster 2, green,
the pore; cluster 3, red, the middle transmembrane region of the proteins; and cluster 4, dark
blue, the intracellular region of the protein.
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