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I N T R O D U C T I O N

Voltage-gated Ca2+ channels are involved in many physi-
ological functions. The channels are targets for drugs 
used to treat arrhythmias, hypertension, myocardial 
ischemia, chronic pain, neuronal degeneration, and 
other disorders (Hockerman et al., 1997). The pore-
forming 1 subunit of Ca2+ channels is formed by a sin-
gle polypeptide chain that contains four homologous 
repeats (Hockerman et al., 1997). Each repeat includes 
six transmembrane helices: the voltage sensor (S1–S4), 
the outer helices S5, and the pore-lining helices S6. Ion 
selectivity is controlled by a ring of four glutamates 
(EEEE), which are located at the membrane-reentering 
P loops between S5s and S6s. Ca2+ and Na+ channels 
have evolved from K+ channels (Anderson and Greenberg, 
2001), and the three families of channels are believed 
to have a similar folding of the pore-forming domains 
and transmembrane topology of S5s and S6s.

In the absence of x-ray structures of voltage-gated 
Ca2+ and Na+ channels, their homology models based 
on x-ray structures of K+ channels in the closed and 
open states (Doyle et al., 1998; Jiang et al., 2003; Long 
et al., 2005, 2007) are used to explain experimental 
data and suggest new experiments. Homology model-
ing relies on the sequence alignments of K+ channels 
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with Na+ and Ca2+ channels. Various sequence align-
ments have been proposed (Huber et al., 2000; Zhorov 
et al., 2001; Lipkind and Fozzard, 2003; Stary et al., 
2008). The models of the pore-forming domain (S5-P-S6) 
based on these alignments have different patterns of 
exposure of residues to the inner pore. The substituted 
cysteine accessibility method (SCAM) is used to define 
the architecture of ion channels (Karlin and Akabas, 
1998). SCAM data are usually interpreted based on the 
cysteine orientation concept, according to which the 
application of a methanethiosulfonate (MTS) reagent 
to a channel with an engineered cysteine in a pore-
facing position results in the chemical modification of 
the cysteine. If the ammonium group of the MTS-
modified cysteine is exposed to the permeation path-
way, it is expected to inhibit the current. Orientation of 
the engineered cysteine toward the lipid bilayer or the 
protein interior is believed to suppress ionization of the 
thiol group and its reaction with an MTS reagent. The 
current in such channels is expected to be similar to 
control channels with the native residue in the respec-
tive position.

The location of the activation gate in the Shaker chan-
nel was predicted using SCAM (Liu et al., 1997), and 
major conclusions from this study were later confirmed 
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262 Architecture of the inner pore of the Cav2.1 channel

previous modeling studies, and suggest a similar dispo-
sition of transmembrane helices in the pore-forming 
domains of voltage-gated K+ and Ca2+ channels.

M AT E R I A L S  A N D  M E T H O D S

Homology models of Cav2.1 (CAC1A_RABIT) with MTSET-modi-
fied engineered cysteines were built using the x-ray structure of 
Kv1.2 (Long et al., 2005) and sequence alignment shown in Table I. 
The models include the outer helices (S5s), P loops, and inner 
helices (S6s). The ascending limbs of P loops, including the selec-
tivity filter residues, were built using the Nav1.4 model (Tikhonov 
and Zhorov, 2005) as a template. Those parts of the channel, 
which are far from the inner pore, were not modeled. Repeats  
I–IV were arranged clockwise when viewed extracellularly (Dudley 
et al., 2000). We use the terms “previous repeat” and “next re-
peat” to designate sequential neighbors of a mutated repeat (e.g., 
neighbors of repeat I are next repeat II and previous repeat IV).

All calculations were performed using the ZMM program 
(http://www.zmmsoft.com). Non-bonded energy was calculated 
using the AMBER force field (Weiner et al., 1984, 1986) with a 
cutoff distance of 8 Å. Hydration energy was calculated using the 
implicit solvent method (Lazaridis and Karplus, 1999). Electro-
static interactions were calculated using the distance-dependent 
dielectric function. Ionizable residues, including those in the 
selectivity filter, were modeled in their neutral forms (Lazaridis 
and Karplus, 1999), except for the acidic residues in the cytoplas-
mic side of KcsA-based closed-channel models. MTS-modified 
cysteines (designated mC) are incorporated in the ZMM program 
as nonstandard amino acids. The atomic charges of the mC resi-
dues have been calculated by the semi-empirical method AM1 
(Dewar et al., 1985) using MOPAC. The charge of +1 proton 
charge unit is distributed among the ammonium nitrogen and 
surrounding methylene and methyl groups. ZMM program with 
MTS-modified cysteines was previously used in theoretical studies 
of glutamate-gated ion channels (Tikhonov, 2007). The MCM 

by the x-ray structures of K+ channels. More recently, 
SCAM was used to identify pore-lining residues in the 
Cav2.1 channel (Zhen et al., 2005). The authors of this 
meticulous study interpret their results as inconsis-
tent with known sequence alignments between K+ and  
Ca2+ channels and suggest an asymmetric architecture 
of the inner pore of Cav2.1. This conclusion sheds 
doubts on published homology models of Ca2+ chan-
nels. The above interpretation of the SCAM experi-
ments is apparently based on the cysteine orientation 
concept, which does not take into consideration the 
conformational flexibility of long side chains of MTS-
modified cysteines. Due to this flexibility, the expo-
sure of the MTS ammonium groups to the permeation 
pathway and hence the current-inhibiting effects of 
MTS may not correlate with the orientation of the C-C 
vector to the pore axis. Such possibilities can be ex-
plored by homology modeling of the channel with 
MTS-modified cysteines.

Here, we have built 44 models of Cav2.1 with MTS-
modified engineered cysteines and used Monte Carlo 
(MC) minimizations (MCMs) to predict energetically 
possible orientations of MTS-modified side chains in 
the channels. We found that the residual current 
observed upon 2-(trimethylammonium)ethyl MTS 
(MTSET) application (Zhen et al., 2005) correlates with 
the predicted distance between the ammonium nitro-
gen in the MTS-modified cysteine and the pore axis, 
but does not correlate with the orientation of the C-C 
vector of the cysteine. Our results support the alignment 
between K+ and Ca2+ channels, which was used in our 

Tabl   e  I

Sequence alignmenta and effects of MTSET on channels with engineered cysteinesb

Channel Segment No. 1 11 21

KcsA M1 o 23 ALHWRAAGAA TVLLVIVLLA GSYLAVLAER

Kv1.2 S5 o 322 KASMRELGLL IFFLFIGVIL FSSAVYFAEA

Cav2.1 IS5 1o 220 MKAMIPLLQI GLLLFFAILI FAIIGLEFYM

IIS5 2o 608 LNSMKSIISL LFLLFLFIVV FALLGMQLFG

IIIS5 3o 1380 VNSLKNVFNI LIVYM LFMFI FAVVAVQLFK

IVS5 4o 1695 VQSFKALPYV CLLIAMLFFI YAIIGMQVFG

Pore-facing position      *   *    *  *

1 11 21 31

KcsA M2 i 86 LWGRLVAVVV MVAGITSFGL VTAALATWFV GREQ

Kv1.2 S6 i 385 IGGKIVGSLC AIAGVLTIAL PVPVIVSNFN YFYH

Cav2.1 IS6 1i 336 TWNWLYFIPL IIIGSF FMLN LVLG VLSG EF A KER

IIS6 2i 690 MVFSIYFIVL TLFGNY TLLN VFLAIAVDNL A NAQ

IIIS6 3i 1485 MEMSIFYVVY FVVFPF FFVN IFVALIIITF Q EQG

IVS6 4i 1785 EFAYFYFVSF IFLCSF LMLN LFVA VIMDNF E YLT

Nav1.4 IVS6 4i 1565 SIGICFFCSY IIISF LIVV N MYIAIILENF NVAT

Pore-facing position *   *  **  **  **

Cytoplasm-facing position   ** *** * *

Data for Nav1.4 are from (Sunami et al., 2004).
aShown alignments of S5 (Huber et al., 2000) and S6 (Zhorov et al., 2001) segments were used to build the Cav2.1 models.
bBold-oblique and underlined characters indicate positions where MTSET inhibits channels with engineered cysteines ≥30 and <30%, respectively 
(Zhen et al., 2005).
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R E S U LT S

SCAM data and the cysteine-orientation concept
In the Kv1.2 template, vectors C-C in positions i15, i18, 
i19, i22, and i23 direct to the pore axis, in positions i16, 
i17, i20, i21, i25, and i29 direct to a neighboring S6 or 
S5, and in positions i24, i26, i27, i28, i30, and i31 direct 
to the cytoplasm (Fig. 1). Assuming generally similar  
3-D dispositions of S5s and S6s in Cav2.1 and Kv1.2, and 
correctness of the alignment in Table I, the SCAM data 
(Zhen et al., 2005), which are shown in Table S1, can be 
divided into two categories. In agreement with the cys-
teine orientation concept, the first-category data show 
that MTSET inhibits channels Ci15, Ci19, Ci23, C2i18, and 
C4i18, in which respective C-C vectors direct to the pore 
axis. The second-category data, which disagree with the 
cysteine orientation concept, include three groups of 
observations: (1) MTSET does not inhibit channels 
C1i18, C3i18, and Ci22, despite the fact that respective vectors 
C-C point to the pore axis; (2) MTSET inhibits channels 
C2o10 and C4o10, despite the fact that respective positions 
are far from the pore; and (3) MTSET inhibits channels 
Ci16, C2i20, C3i20, C3i21, Ci24, and C2i25, despite the fact that re-
spective vectors C-C direct away from the pore axis.

Below, we describe the Cav2.1 models and consider 
the SCAM data in view of orientations of C-C vectors 
in mC residues relative to the pore axis. Unless other-
wise mentioned, the described orientation of an mC res-
idue corresponds to the lowest energy conformation.

MTS-modified cysteines in the pore-facing positions of S6s
The current of mCi15 channels is inhibited by MTSET by 
39.0–65.5%. According to our calculations, the ammo-
nium groups of mCi15 occur in the pore, where they are 
stabilized by electrostatic interactions with the nucleo-
philic C termini of P helices (residues p47–p49) and with 
the EEEE locus and interact with residues at the same 
level (i15) and lower levels i18 and i19 (Fig. 2, A and B).

method (Li and Scheraga, 1987) was used to optimize the mod-
els. During energy minimizations, C atoms were constrained to 
corresponding positions of the template using pins. A pin is a flat-
bottom energy function, which allows an atom to deviate penalty-
free up to 1 Å from the template and imposes a penalty of 10 kcal 
mol1 Å1 for deviations >1 Å.

Each model was MC minimized until 2,000 consecutive minimi-
zations did not update the apparent global minimum. Then, the 
multi-MCM protocol (Bruhova and Zhorov, 2007) was used to 
predict all low energy orientations of the MTS-modified cysteine. 
The side chain torsions of the mC residue were sampled from 
60,000 random starting points. Each starting point was optimized 
in an MCM trajectory of 10 steps. The top 1,000 low energy con-
formations were further MC minimized for 1,000 steps. All con-
formations in which the interaction energy between the mC 
residue and the rest of the channel did not exceed 4 kcal/mol 
from the apparent global minimum were analyzed. No specific 
energy terms were used for cation– interactions, which were ac-
counted for due to partial negative charges at the aromatic car-
bons (Bruhova et al., 2008). Further details of methodology can 
be found elsewhere (Bruhova and Zhorov, 2007; Tikhonov and 
Zhorov, 2007; Bruhova et al., 2008).

To validate our methodology, we predicted orientations of mC223  
in a cysteine transpeptidase, Sortase B. Comparison of the lowest 
energy orientation and the x-ray structure (Zong et al., 2004) 
shows that the ammonium nitrogen of mC223 in the model is just 
0.66 Å away from the experimental position (Fig. S1). We use a  
labeling scheme that is universal for P loop channels (Zhorov  
and Tikhonov, 2004). A residue label includes the repeat number 
(1–4), which may be omitted when the label is pertinent to all four 
repeats, segment type (o, outer helix; p, P loop; i, inner helix), and 
the residue relative number in the segment (Table I).

Online supplemental material
Table S1 presents the experimental data on the current inhibi-
tion by MTSET (Zhen et al., 2005). The predicted mobility of 
ammonium groups of respective mC residues is shown in Fig. S1, 
which demonstrates the validity of our methodology of predict-
ing conformations of mC residues using the x-ray structure of a 
cysteine transpeptidase. Figs. S2–S4 display conformations and 
local environments of residues mC1i23, mC1i24, mCi21, and mCi25 in 
respective open channels, and Fig. S5 shows energetically most 
favorable orientations of mCi24 residues in the KcsA-based model  
of the closed Cav2.1 channel. Table S1 and Figs. S1–S5 are available 
at http://www.jgp.org/cgi/content/full/jgp.200910288/DC1.

Figure 1.  The extracellular (A) 
and cytoplasmic (B) views of the 
Kv1.2 x-ray structure, with the 
C-C bonds of positions i15–i29 
shown as sticks. The S5 and S6 
helices are shown as strands 
and ribbons, respectively. The P 
loops are not shown for clarity.
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264 Architecture of the inner pore of the Cav2.1 channel

latter orientation is more stable due to cation– interac-
tions with F2i22, F3i22, and F4i22. In both orientations, the 
mCi19 ammonium groups are close to the pore axis.

Channels Ci22 are only weakly sensitive to MTSET, de-
spite the fact that their respective C-C vectors direct to 
the pore axis. The mCi22 side chains can adopt two orien-
tations: to the pore, where they interact with a neigh-
boring Fi22, or to the repeat interfaces, where they 
interact with aromatic residues in positions i12, i16, or 
i18 (Fig. 4). The pore-facing orientations of mC2i22, 
mC3i22, and mC4i22 are energetically more preferable than 
the repeat interface orientations. The weak effect of 
MTSET on respective channels may be due to large 
hydrophobic residues i19, i22, and i26 (Fig. 5) that 
would prevent the ionization of Ci22 and thus the reac-
tion with MTSET.

MTSET inhibits the Ci23 channels by 43.6–87.7%. 
The ammonium groups of mCi23s are oriented into the 
pore. For example, the pore orientation of mC1i23 is sta-
bilized by interactions with L1i26, F2i22, F4i30, F4i22, and 
I4i26 (Fig. S2).

MTSET inhibits channels C2i18 and C4i18 more than 
C1i18 and C3i18. Calculations predict two orientations of 
mCi18 side chains (Fig. 3). In the pore-facing orienta-
tions, the ammonium groups are attracted to the C ends 
of the P helices, the EEEE locus, and residues i15 and 
i19. In the repeat interface orientation, the ammonium 
groups occur between S5 and next repeat S6. The ener-
getically preferable orientations depend on the neigh-
boring residues, which are distinct in different repeats 
(Table I). The pore orientation of mC2i18 is energetically 
most preferable. The side chain of mC4i18 is equally sta-
ble in the pore and interface IV/I, where it experiences 
cation– interactions with F1i16. The side chain of mC1i18 
is most stable in interfaces I/II, where it interacts 
with L1o10, L2i12, and Y2i16. The side chain of mC3i18 is most 
stable in interface III/IV, where it experiences cation– 
interactions with F3i22 and F4i12 and hydrophobic inter-
actions with I3o10.

MTSET strongly inhibits Ci19 channels. The mCi19 side 
chains are in the pore and orient either upward to the 
focus of P helices (Fig. 2 C) or downward (Fig. 2 D). The 

Figure 2.  The extracellular and 
side views of mC1i15 (A and B) 
and mC1i19 (C and D) in the open 
Cav2.1 channel. The side chains 
of the mC residues in different 
conformations within 4 kcal/
mol from the apparent global 
minima are superimposed and 
shown as gray sticks with blue 
nitrogen and yellow sulfur atoms.  
Native residues are shown in the  
lowest energy conformation as 
pale orange sticks with red oxy-
gens, blue nitrogens, and yellow 
sulfur atoms. The P loops and 
S6s in repeats I, II, III, and IV 
are cyan, orange, green, and 
violet, respectively. For clarity,  
P loops in A and C, IIS6 in B, 
and S5s in A–D are not shown. 
The ammonium group of mC1i15 
is inside the pore (A) between 
levels i15 and i18 (B). The am-
monium group of mC1i19 is close 
to the pore axis (C) approaching 
either the focus of P helices or 
level i22 (D). The red cross at  
A and C indicates the pore axis.
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in interface IV/I. Similar interactions with F1i30 and E1i29 
stabilize the ammonium group of mC2i21 in interface I/
II. The side chain of mC3i21 orients into the pore, where 
it experiences cation– interactions with F3i18 and F3i22.

MTSET inhibits channels Ci24 by 73.6–100%, despite 
the fact that vectors C-C direct toward cytoplasm 
rather than to the pore axis, (Fig. 1 B). In the most 
preferable conformations, cation– interactions with 
F1i30, F3i30, and F4i30 attract the ammonium groups of 
mC2i24, mC4i24, and mC1i24, respectively, toward the pore.  
However, in these orientations, the ammonium nitro-
gen is as far as 6–8 Å from the pore axis. In the alterna-
tive orientations, toward S5, the ammonium group is 
even farther from the pore axis (Fig. S2 B). The ammo-
nium group of mC3i24 lacks an aromatic partner (note 
L2i30 vs. F1i30, F3i30, and F4i30; Table I) and faces away from 
the pore in the most preferable orientation. Thus, our 
open Cav2.1 models are inconsistent with the strong 
current inhibition by mCi24s. Possible explanations of 
this fact are provided in the Discussion.

S6 positions that do not face the pore
The mCi16 side chains have two orientations (Fig. 6 A), 
with the ammonium group either approaching the pore 
or being away from the pore. In either orientation, the 
ammonium groups are rather far from the pore axis.

Cysteines at positions i20 substitute native asparagines 
that are highly conserved in Ca2+ and Na+ channels. 
Mutants C1i20 and C4i20 are nonfunctional. MTSET inhib-
its channels C2i20 and C3i20 by 56.2 and 42.0%, respectively. 
The side chains of mC2i20 and mC3i20 can adopt three 
orientations. In the energetically most preferable ori-
entations, the ammonium groups face S5s (Fig. 6 B), 
whereas orientation to the pore is less preferable.

The C-C vectors of Ci21s direct to S5s. The C4i21 
mutant is not functional. MTSET does not inhibit chan-
nels C1i21 and C2i21, but it inhibits the C3i21 channel by 
40%. The mC1i21 and mC2i21 side chains fit between the 
mutated repeat S5 and the next repeat S6 (Fig. S3). Cat-
ion– interactions with F4i30 and electrostatic interac-
tions with Q1o9 stabilize the ammonium group of mC1i21 

Figure 3.  The extracellular views 
of various orientations of mCi18 
residues in Cav2.1. For clarity, 
the P loops are not shown. The 
red cross indicates the pore 
axis. (A) Cation– interactions 
with Y2i16 stabilize the repeat 
interface orientation mC1i18; the 
pore orientations have higher 
energy. (B) In the most prefer-
able conformations, mC2i18 is ori-
ented in the pore. (C) Cation– 
interactions with F4i12 and F3i22 
stabilize orientation of mC3i18 in 
the repeat interface; the pore 
orientations are less preferable. 
(D) Both pore and repeat inter-
face orientations of mC4i18 are 
energetically favorable.
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266 Architecture of the inner pore of the Cav2.1 channel

open-gate conformation of the pore domain. This can 
explain the unique characteristics of the mC2i29 channel.

MTS-modified cysteines in S5s
Despite the fact that S5 helices do not line the pore, 
MTSET inhibits channels C2o10 and C4o10 (but not C3o10). 
Experimental data for the C1o10 channel are unavailable. 
In the energetically preferable conformations, the am-
monium groups of mC2o10 and mC4o10 extend between 
S6s and approach the pore (Fig. 7, A and C), whereas 
the orientation of mC3o10 to the repeat interface is stabi-
lized by cation– interactions with F3i14, F3i17, F3i18, and 
Y3o14 (Fig. 7 B). MTSET inhibits C3o15, C4o12, and C4o17 
channels by 30–40%. In our models, the side chain of 
mC4o17 extends toward the pore, whereas the side chains 
of mC3o15 and mC4o12 face away from the pore.

Currents correlate with the distance of mC_N+ from the 
pore axis
The above results provide multiple examples showing that 
the mC side chains adopt essentially different orientations 

Vectors C-C in positions i25 direct away from the 
pore (Fig. 1). MTSET weakly inhibits channels C1i25, 
C3i25, and C4i25, but it strongly inhibits channel C2i25. 
Aromatic residues i16 stabilize the orientations of mC1i25, 
mC3i25, and mC4i25 away from the pore (Fig. S4), whereas 
large residues L1i26, L3i26, and V4i26 preclude orientations 
into the pore. In contrast, cation– interactions with 
F2i22 stabilize the orientation of mC2i25 to the pore, which 
is not precluded by small A2i26.

C2i29 is the only channel in which MTSET increases the 
current. In our model, the mC2i29 ammonium group is 
oriented into the II/III interface and binds between the 
side chains of N3o9, N3o6, and N3i20. Position i29 is four 
helical turns closer to the cytoplasm than position i14, 
where the gating-hinge glycine is located in K+ channels. 
Superposition of the x-ray structures of K+ channels in 
the open and closed conformations shows that position 
i29 shifts significantly between these structures. We sug-
gest that the electrostatic attraction of the mC2i29 ammo-
nium group to N3o9, N3o6, and N3i20 stabilizes the 

Figure 4.  The extracellular 
views of mC1i22 (A), mC2i22 (B), 
mC3i22 (C), and mC3i22 (D). The 
red cross indicates the pore axis. 
P loops are not shown for clar-
ity. Orientations of the mCi22 side 
chains in the pore are energeti-
cally more preferable than re-
peat interface orientations.
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D I S C U S S I O N

In the absence of x-ray structures of Na+ and Ca2+ chan-
nels, their homology models based on x-ray structures 
of K+ channels are used to interpret data from muta-
tional, electrophysiological, and ligand-binding experi-
ments. The most crucial step in homology modeling is 
the sequence alignment. Because the sequence similar-
ity between Ca2+ and Na+ channels is rather high, align-
ment between these channels is unambiguous (Zhorov 
and Tikhonov, 2004). In contrast, due to poor sequence 
similarity between K+ channels on one hand and Ca2+ 
and Na+ channels on the other hand, there is no con-
sensus alignment of S5 and S6 segments between these 
channels. In particular, the proposed alignments for 
S6s (Huber et al., 2000; Zhorov et al., 2001; Lipkind and 
Fozzard, 2003; Shafrir et al., 2008; Stary et al., 2008) 
differ in positions of asparagines that are highly con-
served in every repeat of eukaryotic Ca2+ and Na+ chan-
nels and are present in the homotetrameric bacterial 
channel NaChBac (Ren et al., 2001). In the alignment 
proposed by Lipkind and Fozzard (2003), these aspara-
gines do not appear in matching positions of the four 

relative to the pore. Electrostatic and cation– interac-
tions between the mC ammonium group and its sur-
rounding residues stabilize these particular orientations. 
Importantly, the MTSET potency correlates with the dis-
tance between the pore axis and the N+ atom of the re-
spective mC residue (Fig. 8 A). The current inhibition 
decreases with the distance, approaching the level of 
20% at distances >16 Å. The inhibition of the channels 
at large distances cannot be explained by electrostatic 
repulsion between the MTSET ammonium group and 
permeating cations; rather, it reflects the fact that  
MTSET inhibits by 19 ± 5.9% the “control channel” in 
which the 1 subunit lacks both native and engineered 
cysteines (Zhen et al., 2005). In Fig. 8 B, the energeti-
cally preferable orientations of mC residues in the pore 
are shown by the N+ atoms, which are colored according 
to the MTSET effect on the respective channels. Substan-
tial current inhibition is usually observed when the N+ 
atom (colored yellow) is inside the pore, and weak inhi-
bition is usually observed when the N+ atom (colored 
blue) is outside the pore. In contrast, the C atom posi-
tion of the engineered cysteine does not correlate with 
the current inhibition by MTSET (Fig. 8, C and D).

Figure 5.  The cytoplasmic (A and C) 
and side (B and D) views of the envi-
ronment for C1i22 in the Shaker (A and B) 
and Cav2.1 (C and D) channels. Side 
chains in positions i19, i22, i23, and i26 
are space-filled with gray carbon and 
black sulfur atoms.
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268 Architecture of the inner pore of the Cav2.1 channel

In a recent study (Cheng et al., 2009), several Cav1.2 
models based on different open-channel templates 
(KvAP, MthK, and Kv1.2) and different alignments were 
compared in terms of interactions with a flexible phenyl
alkylamine ligand devapamil. The alignment, which we 
use here (Table I), and all three templates were found 
to be consistent with the ligand–channel contacts known 
from experiments. The reason for such promiscuity of 
the modeled ligand–channel interactions to the choice 
of the open-channel template is the flexibility of both 
devapamil and side chains of devapamil-interacting 
tyrosines. This flexibility compensated rather small differ-
ences in the templates, all of which have similar patterns 
of the pore-facing residues. However, a shift of the S6  
alignment between K+ and Ca2+ channels by just one posi-
tion resulted in such dramatic reorientation of devapamil-
interacting residues in the models that it was not possible 
to establish critical devapamil-Cav1.2 contacts known 
from experiments.

Because mC residues can be considered as long,  
flexible tethered ligands, predicted contacts of the mC  

repeats. Kv1.2-based models of the Cav1.2 (Stary et al., 
2008) and NaChBac (Shafrir et al., 2008) have been 
built with the alignment in which an insertion is intro-
duced at the conserved asparagines.

Intensive studies identified residues that, when mutated, 
affect the action of ligands targeting the pore of voltage-
gated Ca2+ (Hockerman et al., 1997) and Na+ channels 
(Catterall et al., 2005). Homology models of these chan-
nels were used to visualize the binding sites and propose 
atomic mechanisms of various drugs, including benzothi-
azepines (Tikhonov and Zhorov, 2008), dihydropyridines 
(Zhorov et al., 2001; Lipkind and Fozzard, 2003; Cosconati 
et al., 2007; Tikhonov and Zhorov, 2009), phenylalkyl-
amines (Lipkind and Fozzard, 2003; Cheng et al., 2009), 
local anesthetics (Lipkind and Fozzard, 2005; Tikhonov 
and Zhorov, 2007; Bruhova et al., 2008), steroidal sodium 
channel activators (Wang et al., 2006), and pyrethroid in-
secticides (O’Reilly et al., 2006; Du et al., 2009).

The above models have been built using different tem-
plates and different alignments. How sensitive are these 
results to the choice of the template and alignment? 

Figure 6.  (A) The extracellular 
view of mC1i16 that orients either 
along IVS6 or toward IS5 and 
IVS5. (B) The cytoplasmic view 
of three possible orientations of 
mC2i20. (C) The cytoplasmic view 
of mC2i29 interacting with N3o6, 
N3o9, and N3i20. The red cross in-
dicates the pore axis.
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the problem of the pore-away orientation of mCi24 resi-
dues in the outlying channels (Fig. 8), whereas C-C 
vectors in residues downstream of positions i20 orient 
differently than in our models, which are based on our 
alignment (Table I) and which explain the SCAM data.

Despite different alignments underlying these mod-
els, and different details of predicted ligand–channel 
interactions, the above studies agree that the x-ray struc-
tures of K+ channels provide reasonable templates for 
the homology modeling of Na+ and Ca2+ channels. This 
opinion was undermined by the interpretation of SCAM 
experiments with Cav2.1, which suggests that Ca2+ and K+ 
channels have different patterns of pore-lining residues 
and questions the symmetric arrangement of the Ca2+ 
channel repeats around the pore axis (Zhen et al., 2005).

We do not doubt the experimental observations of 
the SCAM study, but we show here that interpretation 
of these observations requires analysis of some factors, 
which were apparently not considered in the original 

ammonium groups should also be highly sensitive to  
the sequence alignment, but rather insensitive to the 
choice of the open-channel x-ray template. A single-
position shift in the alignment would turn a pore-directing 
vector C-C away from the pore and vice versa. For 
example, Ci15 channels are sensitive to MTSET, whereas 
Ci17 channels are not (Zhen et al., 2005). In agreement 
with these data and the cysteine orientation concept, 
our models built using alignment shown in Table I 
(Zhorov et al., 2001) have vectors C-C in positions i15 
and i17, which direct to the pore axis and away from  
it, respectively. Models built using other alignments 
(Huber et al., 2000; Lipkind and Fozzard, 2003) are un-
likely to provide a correlation with experimental SCAM 
data (Zhen et al., 2005). Guy and coworkers (Durell and 
Guy, 2001; Stary et al., 2008) proposed an S6 alignment, 
which is similar to that shown in Table I, but it has an 
insertion at position i20 of each repeat of the Ca2+ chan-
nel. A model built with this alignment does not resolve 

Figure 7.  The extracellular view 
of possible orientations of mC 
residues in S5s. mC2o10 (A) and  
mC4o10 (C) can extend their 
ammonium groups toward the 
pore. (B) mC3o10 is stabilized in-
side the repeat interface by cat-
ion– interaction with F3i18 and 
Y3o14. The red cross indicates the 
pore axis.
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270 Architecture of the inner pore of the Cav2.1 channel

Figure 8.  The residual current upon MTSET application correlates with the distance of the MTS atom N+_mC (A and B), but not atom 
C_mC (C and D) from the pore axis. (A and C) The experimental values of the current inhibition with standard deviations (Zhen et al., 
2005) are plotted against the predicted distances of atoms N+_mC (A) or C (C) from the pore axis. Data are shown for channels with 
engineered cysteines in positions i15–i21, i23–i25, and o10. Black dots represent the apparent global minima of channels in which all 
minimum energy conformations of mC side chains are unambiguously oriented in respect to the pore (e.g., inside the pore for chan-
nels mCi15 or outside the pore for channels mCi17). Blue dots represent the apparent global minima of the channels in which the mC side 
chain adopts low energy conformations with distinct orientation in respect to the pore (e.g., channels mCi18). A green dot represents a 
local minimum (within 2 kcal/mol from the apparent global minimum) of a channel in which the mC side chain adopts conformations 
with distinct orientation in respect to the pore (e.g., channels mCi16). Horizontal lines show the N+_mC atom mobility in conformations 
within 2 kcal/mol from the apparent global minimum (Table S1). Note a smooth decrease of the current inhibition with increase of the 
distance between the MTS nitrogen and the pore axis. The current inhibition of 20% at distances >16 Å corresponds to MTSET block 
of the “control channel,” in which eight native cysteines in the 1 subunit have been replaced with alanines and no engineered cysteines 
have been introduced (Zhen et al., 2005). (B and D) The extracellular view of Cav2.1, with atoms mC_N+ (B) and mC_C (D) shown as 
spheres. P loops are omitted for clarity. Yellow and blue spheres represent the respective atoms in the channels, which are inhibited by 
MTSET by >30 and ≤30%, respectively. (B) In most of the channels, which are strongly inhibited by MTSET, the yellow-colored ammonium 
nitrogen (mC_N+) is located either close to the pore axis or at the inner surface of the pore, whereas in the channels, which are weakly 
inhibited by MTSET, the blue-colored ammonium nitrogen is not inside the pore. (D) Location of  carbons does not correlate with the 
level of current inhibition by MTSET. Both yellow and blue spheres are randomly distributed at different sides of the inner helices.
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it supports the underlying sequence alignment between 
Ca2+ and K+ channels (Table I). Third, it implies the 
fourfold symmetry of transmembrane helices in the pore-
forming domain of Ca2+ channels and a similar disposi-
tion of S5s and S6s in K+ and Ca2+ channels. Fourth, it 
shows that significant block is observed only when the 
ammonium group occurs in the pore, but partial inhibi-
tion is possible when the ammonium group is rather far 
from the pore axis. This is in agreement with the single-
channel recordings, which demonstrate that MTSET 
decreases the current amplitude (Lu et al., 1999).

In homotetrameric K+ channels, a single mutation to 
Cys yields four identical potential targets for the reac-
tion with an MTS reagent. Linking the subunits in a 
single polypeptide chain allowed the expression of 
channels with one, two, three, or four cysteines at a 
given S6 position (Lu et al., 1999). MTSET application 
to the channels with one, two, and three cysteines in 
position i18 inhibited the current by 24, 55, and 80%, 
respectively. MTSET application to channels with one, 
two, and three engineered cysteines in position i22 re-
sulted in the current inhibition by 51, 80, and 89%, re-
spectively (Lu et al., 1999). Thus, the introduction of 
one positive charge into the open pore of the K+ channel 
does not fully inhibit current. Furthermore, protonation 
at the selectivity filter of Ca2+ channels reduces single-
channel conductance, but it does not produce a com-
plete channel block (Prod’hom et al., 1987; Pietrobon 
et al., 1989). The above observations are consistent with 
the fact that the mC residues at pore-facing positions, 
such as i15 and i19, reduce the current but do not com-
pletely inhibit it. On the other hand, incomplete inhibi-
tion could indicate that the MTS application did not 
modify 100% of the respective channels.

Fig. 8 A was obtained using data for 40 channels. In 
36 cases, the data point represents the energetically 
most preferable conformation of the respective mC resi-
due, and in four channels, green points represent local 
minima with the energies up to 2 kcal/mol above the 
apparent global minima. Thus, only 10% of the data 
points represent the less populated conformations. The 
fact that our method yields a poorer correlation when 
only the apparent global minima were considered is 
understandable in view of the limited precision of the 
homology modeling. Because of these limitations, quan-
titative analysis is difficult, particularly when an mC side 
chain has two distinct groups of conformers, one group 
inside the pore (the ammonium nitrogen within 4 Å 
from the pore axis) and another away from the pore. 
Two distinct groups of conformers were observed, e.g., 
for mCi16 and mCi18 (Figs. 6 A and 3).

In Fig. 8, we did not include the Ci22 channels, which 
are not inhibited by MTSET. Respective C-C vectors 
face the pore, and in the most preferable conforma-
tions of mCi22 residues, the N+ atoms occur inside the 
pore. There are local minima with the N+ atoms beyond 

study (Zhen et al., 2005). These factors are conforma-
tional flexibility of long side chains of mC residues and 
their interaction with neighboring residues. In this study, 
we used the Kv1.2-based models of Cav2.1, which are 
based on the alignment shown in Table I. We reasoned 
that if our results explain the SCAM data, this supports 
the alignment as well as the generally similar spatial dis-
position of S5s and S6s in K+ and Ca2+ channels.

Interpreting SCAM experiments is not straightforward. 
Several factors should be taken into consideration (Karlin 
and Akabas, 1998). MTS reagents, such as MTSET, react 
with water-accessible ionized cysteines to form a cova-
lent bond. If a cysteine is exposed to the lipid bilayer or 
buried inside the protein, the ionization of the thiol 
group is suppressed. It is assumed that the MTS reagent 
covalently bound to the engineered cysteine and exposed 
to the pore decreases the current. The current may be 
unaffected because of two causes. First, the reaction 
does not proceed due to hydrophobic environment, 
steric constraints, lack of ionized Cys residues, or other 
grounds. Second, the reaction proceeds, but the MTS-
modified cysteine does not affect ion permeation.

A brief application of an MTS reagent may result in 
incomplete chemical modification of cysteines (Liu 
et al., 1997), but prolonged exposure increases the 
probability of disulfide formation, even with partially bur-
ied cysteines. The prolonged Cav2.1 exposure to MTSET 
suggests that cysteines in different sides of S6s and S5s 
were modified (Zhen et al., 2005), despite the fact that 
some positions do not face the ion permeation pathway.

Besides the kinetic effects, other factors should be 
considered to interpret SCAM data. An MTS-modified 
cysteine has a long flexible side chain: in the all-trans 
conformation, the distance between atoms C and N+ is 
8.4 Å. Prediction of energetically optimal conformations 
of an mC residue can be considered as docking of a teth-
ered ligand to the channel. The energetically optimal 
position of the mC ammonium group depends on in-
teractions with neighboring residues, among which elec-
trostatic attractions (including those with the nucleophilic 
C ends of P helices) and cation– interactions play the 
major role. In some positions where vector C-C directs 
to the pore axis, the mC ammonium group does not bind 
in the pore. And in some positions where vector C-C 
directs away from the axis, the ammonium group can 
reach the pore through the repeat interface or by wrap-
ping around the mutated helix. Thus, the exposure of 
the mC ammonium group to the pore may not correlate 
with the angle between the C-C vector and the vector 
drawn from the C atom to the pore axis.

Our calculations predict that the reported current in-
hibition by MTSET generally decreases with the pre-
dicted distances between the ammonium nitrogen and 
the pore axis (Fig. 8, A and B). This trend is important. 
First, it shows that interpretation of the SCAM data is 
possible in gradual rather than discrete terms. Second, 
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272 Architecture of the inner pore of the Cav2.1 channel

2009) proved the long-proposed role of cation– inter-
actions in ligand receptor recognition. Despite the fact 
that the AMBER force field lacks a specific energy term 
for cation– interactions, these interactions can be de-
tected in structures where the ammonium group is at-
tracted to partial negative charges of aromatic carbons 
(Bruhova et al., 2008). Such structures were earlier pre-
dicted for complexes of Na+ channels with local anes-
thetics (Fozzard et al., 2005; Lipkind and Fozzard, 2005; 
Tikhonov and Zhorov, 2007). Here, we found many 
structures in which the mC ammonium groups are at-
tracted to aromatic residues via cation– interactions. 
These interactions were particularly important in stabi-
lizing the ammonium groups of mC3o10, mC1i18, and mC3i18 
in the repeat interfaces, as well as mCi19 in the pore.

According to our models, the repeat interfaces would 
provide the access paths for MTSET to engineered cys-
teines in those positions of S5s and S6s that do not face 
the pore. Furthermore, the ammonium group of an mC 
residue can extend through a repeat interface into the 
pore and decrease the current. Interesting examples 
are mC2o10 and mC4o10, whose ammonium groups can 
approach the pore only through the repeat interface. 
This prediction is consistent with our studies, which 
suggest that the III/IV repeat interface provides the 
extracellular access route for local anesthetics into 
Na+ channels (Bruhova et al., 2008) as well as benzo-
thiazepines (Tikhonov and Zhorov, 2008) and dihydro
pyridines (Tikhonov and Zhorov, 2009) in Ca2+ channels.

In conclusion, here we used molecular modeling to 
reinterpret the results of the SCAM study of Cav2.1 
(Zhen et al., 2005). We found that the residual current 
upon MTSET application does not correlate with the 
orientation of the C-C vector in the modified residue 
to the pore, but generally decreases with the distance 
between the pore axis and the N+ atom of the respective 
mC residue. Our models suggest that different local en-
vironments of equivalent positions in the four repeats 
lead to different SCAM results reported for such posi-
tions. Our study supports the sequence alignments 
between K+ and Ca2+ channels earlier proposed for 
S5s (Huber et al., 2000) and S6s (Zhorov et al., 2001), 
and suggests that the x-ray structure of Kv1.2 is a suit-
able template to model Ca2+ channels in the open-
state conformation.
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the pore, and the Ci22 channels could be represented by 
green points in Fig. 8 A. However, we believe that Ci22 
channels are insensitive to MTSET because large hydro-
phobic residues in the pore-facing positions i19, i22, 
and i26 (Table I) create a highly hydrophobic environ-
ment that precludes the reaction with MTSET. In Na+ 
channels, Y4i22 was proposed to face the pore and inter-
act with local anesthetics (Tikhonov and Zhorov, 2007; 
Bruhova et al., 2008). However, the Y4i22C mutant is in-
sensitive to MTS ethylammonium or MTSET (Sunami 
et al., 2004). A possible cause is the hydrophobic envi-
ronment of C4i22 created by hydrophobic residues in the 
pore-facing positions i19, i22, and i26. In contrast to 
Ca2+ and Na+ channels, MTSET inhibits the Ci22 mutants 
of Shaker (Liu et al., 1997), Kir2.1 (Lu et al., 1999), 
Kir6.2 (Phillips et al., 2003), and KCa3.1 (Klein et al., 
2007). Position i22 of the Shaker is surrounded by Ai19, 
Ci22, and Vi26, which provide a favorable environment 
for reaction with MTSET (Fig. 5). The ring i22 of Cav2.1 
is unique in terms of the completely hydrophobic en-
vironment at its own level and the levels of the pore-
facing residues i19 and i26 above and below the ring, 
respectively. The correlation in Fig. 8 A suggests a com-
mon mechanism of current inhibition by MTSET, but 
we cannot rule out that incomplete block of some chan-
nels also results from slow reaction with MTSET.

The correlation in Fig. 8 A has five prominent outliers, 
which correspond to channels C4o10, C1i24, C2i24, C3i24, 
and C4i24. These channels are strongly blocked by MTSET, 
despite the fact that corresponding mC_ N+ atoms are 
6.5–9 Å from the pore axis. Vectors C-C in positions 
i24 are close to the cytoplasm in the x-ray structures of 
Kv1.2, KcsA, and the closed-Kv1.2 model (Pathak et al., 
2007), suggesting that MTSET could attack Ci24s not 
from the open pore, but from the cytoplasm. The strong 
current inhibition in channels mCi24 may arise from sta-
bilization of the closed-channel conformation. To ex-
plore this possibility, we have built KcsA-based models 
of the mCi24 mutants of Cav2.1 and sought for possible 
contacts of the mCi24 ammonium group with nearby 
acidic residues, which were modeled in the ionized 
forms (Fig. S5). MC minimizations with distance con-
straints biasing inter-repeat salt bridges yielded low energy 
structures with the following salt bridges: mC1i24–D4i28, 
mC2i24–E1i29, mC3i24–D2i28, and mC4i24–E3i32. These remained 
stable in subsequent MC minimizations without the 
constraints. These salt bridges could be formed upon 
MTSET application to the hyperpolarized membrane 
and preclude channel opening upon membrane depo-
larization. However, in the absence of an x-ray structure 
of a closed voltage-gated channel, we cannot rule out 
other possible mechanisms of closed-channel stabiliza-
tion, e.g., interaction of mCi24 residues with the  sub-
unit or cytoplasmic segments of the 1 subunit.

Experiments with fluorinated aromatic residues  
(Santarelli et al., 2007; Ahern et al., 2008; Xiu et al., 
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