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SUMMARY

The transduction of transmembrane electric fields into protein motion plays an essential role in the
generation and propagation of cellular signals. Voltage-sensing domains (VSD) carry out these
functions through reorientations of S4 helix with discrete gating charges. Here, crystal structures
of the VSD from Ci-VSP were determined in both, active (Up) and resting (Down) conformations.
The S4 undergoes a ~5 A displacement along its main axis accompanied by a ~60° rotation,
consistent with the helix-screw gating mechanism. This movement is stabilized by a change in
countercharge partners in helices S1 and S3, generating an estimated net charge transfer of ~1 e,
Gating charges move relative to a “hydrophobic gasket” that electrically divides intra and
extracellular compartments. EPR spectroscopy confirms the limited nature of S4 movement in a
membrane environment. These results provide an explicit mechanism for voltage sensing and set
the basis for electromechanical coupling in voltage-dependent cellular activities.

INTRODUCTION

Electrical excitability derived from voltage-dependent ion channels is a fundamental
biological phenomenon that underlies key physiological events, including cellular
communication, information coding, motility and sensation. Few mechanisms can endow a
membrane protein with the ability to respond to changes in the transmembrane electric field.
As predicted early on (Hodgkin and Huxley, 1952), these are associated with the
reorientation of a set of fixed charges (or dipoles) that respond to changes in transmembrane
voltage.

"To whom correspondence should be addressed. eperozo@uchicago.edu.
The authors declare no competing financial interests.



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

1duosnuely Joyny vd-HIN

Lietal.

RESULTS

Page 2

Initial examination of the first amino acid sequences of voltage-gated channels suggested
they were assembled from two separate domains, a voltage-sensing domain (VSD)
comprised of four transmembrane helices (S1 to S4), and a pore domain (helices S5 and S6)
responsible for gate opening and ion selectivity (Bezanilla, 2008). In most voltage-gated
channels, the S4 segment is decorated with 4-8 basic amino acids (mostly arginines), a fact
that made it a logical candidate to fulfill the requirements of the voltage sensor. Extensive
site-directed mutagenesis experiments convincingly demonstrated the role of these S4
charges in sensing voltage. Evidence that the S4 physically moves in response to voltage
changes came from a series of insightful experiments based on the reactivity of cysteine
mutants to sulfhydryl-based chemical labels (Yang et al., 1996) and voltage clamp
fluorometry measurements (Cha and Bezanilla, 1997; Mannuzzu et al., 1996).

The mechanism of voltage sensing in excitable cells remains one of the most challenging
subjects in modern biophysics. Yet, in spite of a great deal of progress derived from
multidisciplinary approaches, defining this mechanism still requires high-resolution
structures of VSDs in both the activated (Up) and resting (Down) conformations. Crystal
structures of the voltage-dependent K* channels KvAP (Jiang et al., 2003a) and Kv1.2
(Long et al., 2005; Long et al., 2007), and two prokaryotic Na* channels (Payandeh et al.,
2011; Zhang et al., 2012) have clarified many of the basic concepts regarding VSD the
architecture of the VSD and its associated pore domain. Based on their voltage dependences,
not surprisingly, these VSDs all appear to populate the same Up state conformation at 0 mV
in the absence of an electric field at the crystal conditions. The Down conformation has been
vigorously pursued but has remained structurally unattainable.

The recent discoveries of voltage-sensing phosphatases (VSP) (Murata et al., 2005) and
voltage-gated proton channels (Hv1) (Ramsey et al., 2006; Sasaki et al., 2006) have revealed
that VSDs are not exclusive to ion channels with canonical pore domains, but can operate as
independent functional domains. The voltage sensitive phosphatase from C. intestinalis (Ci-
VSP) has a PTEN-related phosphoinositide phosphatase that is controlled by a standard
VSD with high sequence similarity to the S1-S4 segments found in Na* and K* channels
(Figure 1A). To address the fundamental questions regarding how membrane proteins sense
transmembrane voltages, we set out to determine the structure of a voltage-sensing domain
under conditions that stabilize both the Up and the Down conformations in the same
experimental system. To this end, we have focused our attention on Ci-VSD, the voltage
sensing domain of Ci-VSP in the absence of its phosphatase.

Manipulating the conformational landscape of Voltage Sensors at 0 mV

When expressed in Xenopus oocytes, Ci-VSP produces nonlinear capacitive currents (Figure
1B, left) similar to those observed in voltage-gated channels (Armstrong and Bezanilla,
1973; Murata et al., 2005) and this behavior is fully recapitulated by the sensor alone
(Kohout et al., 2008; Villalba-Galea et al., 2008). Yet, in comparison to VSDs from ion
channels, the Ci-VSP’s Q-V curve is greatly shifted to more positive potentials, with a V1,
near +60 mV (Murata et al., 2005) (Figure 1B, right). A fortunate consequence of a shifted
Q-V curve is that, in the absence of a membrane potential, Ci-VSD should stably populate

Nat Struct Mol Biol. Author manuscript; available in PMC 2014 July 30.



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

1duosnuely Joyny vd-HIN

Lietal.

Page 3

the Down conformation of the voltage sensor at zero mV. Furthermore, the Q-V curve of
Ci-VSP can be easily shifted left by neutralizing a basic residue at position 217 (Kohout et
al., 2008) (Figure 1B). Adding an acidic residue (R217E) generates a negative shift of ~120
mV in the hyperpolarizing direction (Vi, near —60 mV), and provides a straightforward
strategy to stabilizing the Ci-VSD “Up” conformation, also at zero mV (Figure 1B).

However, when exposed to long-term depolarization, VVSDs transition to new “relaxed”
conformations of the Up and Down states (Ug, DR) (Villalba-Galea et al., 2008). In these
states, the voltage dependence is sharply shifted towards negative potentials as a result of
changes in the kinetics of charge return. Therefore, transitions to relaxed states occur in
parallel to the standard voltage-driven D < U equilibrium, according to a simple kinetic
cycle (Figure 1C, left) (Villalba-Galea et al., 2008). We wondered whether the long-term
influence of zero mV conditions would stabilize the relaxed states in Ci-VSD in our
biochemical sample. Figure 1C (right) shows the dependence of a steady-state pre-pulse on
the Vy, of the Q-V curve. The results indicate that the transition to the relaxed states appears
to only take place at large positive potentials.

These results underlies the fact that the engineering of local field through one particular
residue in Ci-VSD allows the study of its canonical (D «++ U) structural rearrangements at
zero mV. On the basis of this strategy, we present the crystal structures for Ci-VSD in the
Up conformation (R217E mutant) at 2.5 A resolution and Down conformation (WT) at 3.6
A resolution. In spite of the different resolutions, with additional spectroscopic and
computational arguments, these structures provide rich insights into the mechanisms
underlying voltage sensing and electromechanical coupling in voltage sensing domains.

Structure of Ci-VSD in its activated conformation

Crystallization of the E. coli-expressed (Li et al., 2012) Ci-VSD was accomplished in
complex with synthetic Fab as crystallization chaperon (Fellouse et al., 2007). Ci-VSD
R217E in complex with Fab 33F12_4 from two distinct crystallization conditions generated
crystals that diffracted to resolutions of 2.5 and 2.8 A respectively (Table 1, Figure S1A).
The essentially identical structures with different water molecules inside voltage sensor were
solved by molecular replacement using the Fab molecule and refined to Ryyork/Rree OF
20.0/24.0 (2.5 A data) and 21.2/26.4 (2.8 A data). The Fab binds to an epitope formed by the
S3-S4 loop and the top of S4 (Figure S1B). The head groups of three detergent molecules
and a solvent molecule were observed in the vicinity of the S3-S4 loop (Figure S1D),
consistent with the hydrophilic environment anticipated around the extracellular surface.

The Ci-VSD R217E is arranged as an antiparallel four helix bundle (Figure 2A), in
agreement with the basic three-dimensional architecture of all known VSDs (Jiang et al.,
2003a; Long et al., 2007; Payandeh et al., 2011; Zhang et al., 2012). S1 is preceded by a
short, 3%-turn amphipatic helix S0, and is likely oriented parallel to the plane of the
membrane. The relative alignment of helices S1-S4 sets up a fairly large water-filled
extracellular cavity and a smaller opening on the intracellular side (Figure 2B). There are a
total of five charges in Ci-VSD’s S4 helix. The topmost, R217 (mutated to E in this
structure), points straight away from the outer vestibule and presumably engages in direct
interactions with the lipid head groups. Electrophysiological evidence suggests that R217
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does not contribute to charge transfer (Villalba-Galea et al., Submitted), so we refer to it as
RO. The putative gating charges are thus, R223 (R1), R226 (R2), R229 (R3) and R232 (R4).
The four gating charges appear to be stabilized by a combination of hydrogen bonding and
direct electrostatic ion pairing. R1 and R2 are in a fully extended rotameric conformation,
pointing straight towards the extracellular vestibule (Figure 2A). From the two R217E
structures, we identified five crystallographic waters in the external cavity, with two of them
establishing H-bonding interactions with R1 (Figure 2D). There are only three obvious
countercharges: D129 in S1 (D1) and D186 and E183 in S3 (D2 and E3, respectively). R2 is
within 4.6 A of D1 and is simultaneously in range for H-bonding with two waters (Figure
2C 2D). R3 is located well within range (4.6 A) of ion pair interactions with D2, while R4
appears neatly intertwined between D2 and E3 (4.3 A and 4.6 A, respectively). Surprisingly,
and albeit the strong sequence and structural conservation with VSDs in K* and Na*
channels, we see no viable countercharges in S2 of Ci-VSD, a fact that points to an
interesting heterogeneity in the way gating charges might traverse the transmembrane
electric field in other VSDs.

In spite of being located on a standard a-helix, the slight bend and tilt of S4 place all four
gating arginines along a remarkably straight line (Figure 2C). We argue that this has
important implications to the potential mechanism of charge transfer, as the aligned R1-R4
charges appear to fit through an in-plane semi-circular arrangement of hydrophobic side
chains formed by residues 1126, F161 and 1190 (Figure 2A, right). This is the obvious
equivalent of the so-called hydrophobic plug (Campos et al., 2007) or charge transfer center
(Tao et al., 2010) in K* channels as an effective dielectric barrier to the permeation of water
and ions and defining the extra and intracellular sides of the transmembrane electric field
(Figure 2B). R3 is in the unique position of being in plane with the hydrophobic gasket,
presumably at the center of the focused electric field, whereas both R1 and R2 are located
well above and R4 is below the gasket.

A structural comparison of the Up conformation of Ci-VSD with all existing voltage sensor
structures provides key insights in relation to the general organization of the gating charges
and countercharges. Currently available sensors were aligned through backbone of the
S1+S2+S3a helices, these include VSDs from two distinct archetypes of K channels (KvAP
and Kv1.2-chimera) and two prokaryotic Na channels (NavAb and NavRh) (Figure 2E).
Beyond decent agreement on VVSD scaffold, three main observations can be derived from
this comparison. First, in spite of the fact that all structures present (in principle) the
activated conformation of each sensor, there is a remarkable difference in the positions of
the gating charges. Second, gating charges appear to follow a neat arched path, where KvAP
represents the topmost range of positions and Ci-VSD the bottom. Indeed, the distance
between the R1 backbone of KVAP and Ci-VSD at activated states is around 21 A, which is
larger than the proposed conformation change for any VSD. Third, positional heterogeneity
also extends to the number and placement of the putative countercharges that serve as
electrostatic partners to the individual gating charges (Figure 2E, right). These
countercharges are located throughout S1, S2 and/or S3 among different sensors, according
to their propensity to establish stable ion pairings with selected gating charges. Since the
heterogeneity between VSD systems could be larger than the extent of individual

Nat Struct Mol Biol. Author manuscript; available in PMC 2014 July 30.



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

1duosnuely Joyny vd-HIN

Page 5

conformation changes associated with voltage gating, the present alignment strongly argues
against the direct comparison of structural information across VSD systems.

Conformational changes in a membrane environment

There are extensive evidences that the lipidic environment plays a critical role on the
conformation, stability and functional behavior of VSDs (Ramu et al., 2006; Schmidt et al.,
2006; Zheng et al., 2011). So it is worth asking whether the obtained crystal structures
would be a reflection of the voltage-driven events in a biological membrane and what kind
of structural rearrangement we expect between the Up and Down conformations of Ci-VSD.
We addressed these issues by evaluating the conformation of the S3-S4 hairpin through site-
directed spin labeling EPR spectroscopy of membrane-reconstituted Ci-VSD WT and
R217E. For this data set, all measurements (Figure S2) were made in the absence of a
membrane potential, so the spin-labeled sensors are expected to populate the Up state in
R217E and the down state for WT Ci-VSD.

41 cysteine mutants covering the S3-S4 loop, S4 and S4-phosphatase linker (Figure 3A) in
both WT and R217E background were purified, spin-labeled, and reconstituted in
POPC:POPG liposomes (3:1, mol:mol (Li et al., 2012)). We focused on two types of
dynamic EPR structural information: First, the spin-probe motional freedom was estimated
from the inverse of the central line width of the first derivative absorption spectra (A Hy™1).
Second, the spin-probe solvent accessibility was evaluated by collisional relaxation
methods. Here, non-polar oxygen (ITO,) serves as a contrast agent to evaluate membrane
exposure, while polar Ni(ll) ethylenediaminediacetic acid (IT NiEdda) reports on the extent
of aqueous exposure. The periodicity of 1O oscillations indicates the secondary structure
of S4 as a-helix and low IINiEdda levels clearly defines the boundaries of S4, both of which
agree very well with Ci-VSD R217E structure, strongly suggesting that the obtained Ci-
VSD R217E crystal structure samples its native conformation in a biological membrane.

As a first approximation, the spectral data set of Ci-VSD WT (Figure S2) confirms its
similarly dynamic nature (Figure 3C top), with the exception of gating charges R2, R3 and
R4, which become further motionally-restricted. This is accompanied by an increase in lipid
exposure in the center of S4 (Figure 3C, center). Most importantly, aqueous accessibilities
(TINiEdda) show simultaneous reduction in at the extracellular end of S4 (residue 210)
together with an increase at its intracellular end (residue 239) (yellow arrows, Fig 3C
bottom). This IINiEdda boundary shifts explicitly demonstrates the downward S4 helix
movement between Up (R217E) and Down (WT) conformations. In addition, these
accessibility changes suggest a modest vertical displacement (about one residue
corresponding to ~2 A).

Larger spectroscopic changes can be seen at the inter-domain linker (after residue 236, not
present in the R217E crystal structure). In particular, the lower TINiEdda accessibility and
lower mobility show that residues 245 and 247 in the S4-phosphatase linker of Ci-VSD WT
are likely involved in additional tertiary contacts (Figure 3C). The nature and extend of these
changes are a clear demonstration of propagation of the S4 helix movement into the linker
region.
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Structure of Ci-VSD at rest

Although we followed a similar strategy to determine the structure of Ci-VSD WT in its
Down conformation, the crystallization proved to be a keen challenge (supplementary
information). The working data set for Ci-VSD WT in complex with Fab 39D10_18 was
ultimately merged from 8 fractional data sets. The structure was solved by molecular
replacement and refined to a final Rwork/Rfree of 26.9/30.3, including data to 3.6 A (I/o =
1.0 with 83% completeness at the highest shell) for the nominal 3.8 A data (Figure 4A, S3A,
S3B, S3C). In the Down conformation complex, the Fab binds to a different epitope formed
by the external surface between S2 and S3.

Ci-VSD WT structure was built at backbone level within the continuous electron density
map (Figure 4A) assisted with R217E structure. Initial analysis of the Ci-VSD WT structure
revealed a similar scaffold as that of R217E mutant, but with substantial changes associated
with the conformation of the S3—-S4 loop (Figure S5A) and the addition of distinct electron
density towards the intracellular face of the bundle (Figure 4A, Fig S5A). We interpreted the
additional density as a short (2 % turn) helix (Hobiger et al., 2012) corresponding to the
inter-domain linker that connects the VSD to the phosphatase. At the present resolution,
however, crystallographic uncertainty associated with S4 registry needs to be addressed to
fully interpret the substantial deviations from R217E structure. Repeated attempts on
generating and identifying electron density markers along S4 were unsuccessful due to large
and systematic reductions in the quality and resolution of the Ci-VSD WT crystals
(supplementary materials). Therefore, we developed alternative lines of evidence in support
of the present interpretation of the Ci-VSD WT electron density map.

First, EPR data demonstrated that gating charges R2, R3 and R4 in WT are shielded from
membrane exposure (low O accessibility) by strong tertiary contacts (low t,1). This limits
the position of the S4 helix to only three possibilities inside the WT electron density map
(Figure 4B, top): an Up conformation (same S4 position as R217E structure), a 3-residue
downward movement of S4 (one “click” down), or a 6-residue downward movement of S4
(two “clicks” down).

Second, taking into account that in the Ci-VSD WT data the additional electron density from
the S4-phosphatase linker includes all residues in the expressed Ci-VSD construct (up
position 244) and reaches the reported N-terminal end of the phosphatase domain (Kohout et
al., 2010), it represents a useful anchor not only for determining the registry of the S4 helix
but also for any future effort to model full-length Ci-VSP. In the reference to the one-click
down model, the hypothetical Up-conformation model shifts the S4 helix 3-residue upward
and leaves unaccounted electron density after the last residue 244 around S4-phosphatase
linker (Figure S5C, S5D, S5E). Fitting the two-click down model shortens the S3-S4 loop,
which obviously deviates from the continuous electron density map of the loop (Figure
S4B). Furthermore, the two-click down model positions the residue R232 in a water-
exposed environment (Figure 4B, top left), which is inconsistent with the strong tertiary
contact derived from EPR spectroscopy. By excluding the two of above options, we argue
that the one-click down model is the only compatible S4 arrangement to fit both S3—-S4 loop
and S4-phosphatase linker in the electron density map. Furthermore, the one click down
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model is also in agreement with the direction and modest extent of S4 displacement
indicated from the shift in water accessibility (ITin wat).

Third, to quantitatively evaluate explicit S4 positions within current experimental electron
density maps, the crystallographic uncertainties were addressed directly by an independent
Molecular Dynamics Flexible Fitting (MDFF) based (Trabuco et al., 2008; Trabuco et al.,
2009) structure refinement procedure xMDFF (Figure S4, supplementary information). In
brief, the xMDFF refinement started with a tentative phase model constructed from medium-
confidence homology information. During refinement, the initial model underwent a large-
scale deformation of RMSD 5 A yielding structures with S4 helices in excellent agreement
to those from the WT Ci-VSD. To further confirm explicit S4 positions, potential structural
models were generated by gradual shift and rotation of S4 helix from the Up-conformation
model to the two-click down model in 2000 even steps (in all, a ~10 A vertical displacement
and ~110° rotation). Each of the 2000 structures as initial phase model was independently
refined and two independent parameters were calculated for model evaluation: 1.
crystallographic R-free value; 2. Correlation Coefficient (CC) between the experimental
density map of the S4 region and the calculated electron density from the refined model.
Figure 4B shows that the global R-free minimum and CC maximum coincide in a region that
unambiguously determines the most probable position of the S4 helix. XMDFF clearly
differentiates the pattern of side chain associated with specific S4 helix position while the
individual side chain is not visible at 3.6 A resolution. The resulting S4 position is 3-residue
lower than that of the R217E structure, positioning R2, R3 and R4 in a protein environment
and away from lipids, and in excellent agreement with the one-click down model.

Molecular basis of gating charge transfer in voltage sensing domains

The structure of Ci-VSD in its Down state offers an opportunity to address long sought-out
questions regarding the mechanism by which voltage influences the conformation of S4.
This relative displacement of S4 helix becomes apparent when aligning WT (black ribbon)
structure with R217E structure (white ribbon) (Figure 5A): ~5 A downward in every gating
charge (including R0), from the Up to the Down conformation. There are no apparent
changes in S4 a-helical secondary structure and minimal angular reorientation in relation to
S1-S3 during this conformation change. A helical projection of each gating charge Conin
the WT and R217E structures reveals that this downward movement is accompanied by, a
counterclockwise rotation that varied between 48°-75°, viewed from extracellular side
(Figure 5B). During deactivation, the movement of S4 is enabled by a simultaneous
reorientation in the S3-S4 loop (Figure S5A). This involves the limited unwinding of a short
helical turn (residues 207—210), together with a sharp upwards reorientation (6-8 A) of most
of the loop residues.

The nature of the S4 movement described above places the Ca of each individual Up
conformation arginine, essentially in the same position as the following arginine of the
Down conformation (three residues away, sequence-wise). This way, a ~5 A oneclick charge
displacement is achieved in relation to the hydrophobic gasket. In this gating “click”, S4
charges transition from a position with electrostatic partners R1-D1, R2-D2 and R3-E3 in
the down state (with R4 fully solvated by water), to on where the pairings are R2-D1, R3-D2
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and R4-E3 in the Up conformation. R1 thus pushes into the external cavity and becomes
fully hydrated. Neither the hydrophobic gasket nor the countercharges in S1 and S3 display
sizable changes during S4 movement.

The S3 segment itself does not appear to move substantially nor does its overall
conformation appear to be affected by the movements in S4. From a mechanistic standpoint,
the present structures and associated conformational rearrangements provide no evidence for
a “paddle”-like correlated movement of S3—S4 hairpin (Jiang et al., 2003b; Ruta et al.,
2005). In fact, the movements described above are a straightforward representation of the
classic “helix screw” or “sliding helix” concepts independently proposed (Catterall, 1986;
Guy and Seetharamulu, 1986) more than 25 years ago.

The presence of inter-domain linker at the intracellular base of the Down conformation of
Ci-VSD can serve as a reference point to evaluate the process by which S4 movement
triggers downstream rearrangements in the phosphatase domain. Yet, in spite of its higher
resolution and same interaction in crystal lattice, the Up conformation Ci-VSD structure
offers no clues as to the structure and overall conformation of the linker (residues 237-244).
Nevertheless, we can partially address this question by comparing the Ci-VSD linker
conformation with those found on full-length ion channels. Figure 5C shows a superposition
of Ci-VSD in the Down conformation with VSDs from Kv1.2 and NavAb in their Up
conformation, with RMSD = 1.1 A on the backbone of S1+S2+S3a helices. While the
orientation of the S4-S5 linker relative to the aligned sensors is the same for NavAb and
Kv1.2, the Ci-VSD WT linker has swung some 30° (clockwise) and shows an average ~2 A
downward displacement relative to the S4-S5 linker. It is interesting to point out the vertical
difference at the end of S4 between activated sensors (NavAb and Kv1.2) and resting sensor
(Ci-VSD WT) is ~5 A (Figure 5C, right) which coincides with the extent of conformation
change between Up and Down state of Ci-VSD (Figure 5A). We suggest that this downward
reorientation could represent a physiologically relevant linker movement and provide a
useful window into the putative structural rearrangements that take place during
electromechanical coupling.

Electrostatic consequences of S4 movement

Beyond the backbone motion, side chain orientation also contains interesting details toward
the mechanism of voltage sensing. Superposition of all gating charge residues from 2.5 A
R217E crystal structure at the backbone level reveals a remarkable rotameric behavior: as
we move down the S4 helix, from R1 to R4, arginine side chains undergo a downwards
reorientation (up to ~7 A) as they first interact and then cross the hydrophobic gasket
(Figure 6A). A survey of the existing high-resolution VVSD structures suggests that this
appears to be a common characteristic of sensor arginines (Figure S6). Hence, we propose
that this rotameric reorientation mechanism could be an additional contributor to the total
gating charge translocation in VSDs.

To better evaluate the structural rearrangements informed by the Down and Up Ci-VSD
conformations, we modeled the full complement of side chains in the Down structure to
generategenerated all-atom models for both Ci-VSD WT and R217E, which are stable after
a ~105 ns MD simulation in explicit membrane and solvent (Figure 6B). Based on the all-

Nat Sruct Mol Biol. Author manuscript; available in PMC 2014 July 30.



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

1duosnuely Joyny vd-HIN

Lietal.

Page 9

atom models, we set out to determine the amount of charge transferred by the one-click
gating rearrangement from the average displacement charge difference AQ between two
conformations (the Q-route formalism, (Roux, 2008)). The time-averaged displacement
charge during 20ns of simulation at each of three transmembrane potentials (=100, 0 and
+100 mV) is shown on Figure 6C. From these calculations, the magnitude of the calculated
gating charge was estimated at 1.2 + 0.2 ey, remarkably close to the expected value from
gating current measurements (~1 e,) (Murata et al., 2005; Villalba-Galea et al., 2008). The
present calculation is an indication that the one-click charge translocation is able to account
for the transfer of at least one electronic gating charge, in agreement with the characteristic
shallow voltage dependence of Ci-VSD (Figure 1B) (Murata et al., 2005).

DISCUSSION

Implications for the gating mechanism in other voltage sensors

It seems to be generally agreed that in spite of long evolutionally distances and the obvious
differences in structure and functional set points, voltage sensing in VVSDs is based on a
common structural blueprint. The determination of the crystal structures of Ci-VSD in the
Up and Down conformations reveals an explicit mechanism of voltage activation that
recapitulates the basic tenets of the helical screw or sliding helix models (Catterall, 1986;
Guy and Seetharamulu, 1986) in voltage-sensing phosphatases. But is this mechanism an
effective model to understand ion channel-based electrical excitability?

A quick survey of the voltage dependence of ion channels, proton channels and voltage-
dependent enzymes illustrates the large heterogeneity that exists in regards to the estimated
charge transferred (z, from ~1 to ~3.6 e, per VSD) and the amount of energy required to
activate the system (Vs, from —120 to +80 mV). We point out that the key mechanistic
differences in regards to voltage sensing are likely derived from heterogeneity in gating
charge positions in the VSD scaffold and their interactions with the co-evolved
countercharges. These interactions define not only the overall charge transferred required for
function, but also the extent of S4 movement needed to fulfill a given charge translocation.

Several lines of evidence suggest that relatively modest S4 movements like those observed
in Ci-VSD conform to the extensive experimental data that exists for voltage-gated
channels. Most of the available cysteine reactivity data (see (Tombola et al., 2006) for a
survey) can be readily accommodated with S4 movements in the vicinity of 5 A. In addition,
distance estimations on Shaker R1 from tethered charges of different length suggest that S4
moves ~4 A (Ahern and Horn, 2005). The present gating model is also compatible with
recent LRET and fluorescence data (Posson and Selvin, 2008) showing 5-7 A S4 vertical
displacements in Shaker channels. Explicit distance constraints for the Down conformation
of the Shaker VSD have been recently obtained from metal bridging experiments that link
S4 with S1 (Cd?* Bridge 1, (Campos et al., 2007)), S4 with S2 (Cd2* Bridge 2, (Campos et
al., 2007)) and S2 with S3 (Mg2* Bridge 3, (Lin et al., 2010)). In addition, direct
electrostatic interactions were identified between R1 and F194 in S3 (Bridge 4, (Tao et al.,
2010)). Taking as a reference Ci-VSD residue R223 in S4 as the functional equivalent of
Shaker R1, we tested the compatibility of these distance constraints with the Up and Down
Ci-VSD structures (Figure 6D). When evaluated on the R217E structure, the observed
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distances exceeded 10 A, well beyond the range for cysteine-driven Cd2* bridges. But when
the same exercise was carried out on the WT (Down) structure, all distances were within the
experimental range of Cd2* bridges. The compatibility of Bridge 3 with both Up and Down

structures is expected, since the relative positions of S2 and S3 do not change during gating.

In order to account for the 3—4 electronic charges needed to gate Shaker (and other K*
channels), we can interpret our structures in two different contexts. On one hand, it is
possible that Ci-VSD undergoes a larger motion than what is reflected in the present crystal
structures. In this case WT Ci-VSD would represent an intermediate state, on its way to the
Down conformation. The limited changes in accessibility from EPR experiments of
membrane-embedded Ci-VSD tend to argue against this option. An alternative possibility is
that while sharing a similar helical screw mechanism, the S4 in voltage dependent channels
would move further to accommaodate the additional charge transfer. For instance, a “two
click” gating motion would extend the movement of S4 to about 10 A and its rotation to
110-180°, an option supported by recent metal-ion bridge experiments (Henrion et al.,
2012). Indeed, a comparison of the WT Ci-VSD structure to that of computationally-derived
Down conformations (Jensen et al., 2012; Vargas et al., 2011), requires an additional 8-10 A
displacement to match the gating charges. This suggests a larger sliding helix movement for
voltage-gated channels. However, very recent experiments with Ci-VSD/Vch chimeras
(KvSynth) beautifully show that voltage-dependent rearrangements of Ci-VSD, putatively a
“one click” sensor, are sufficient and necessary to gate a K-selective pore (Arrigoni et al.,
2013).

Our structures are incompatible with data supporting simple “field rearrangement” models,
where S4 movement is minimal (Cha et al., 1999). Similarly, fluorescence data predicting
~180° S4 rotations (Glauner et al., 1999) would require 2-3 additional gating-translocating
“clicks” to comply with this rotational flip. The overall exposure of S4 to the lipid
environment is incompatible with the original description of the S4 “gating canal” (Yang et
al., 1996) or canaliculus (Goldstein, 1996). Finally, observations in support of very large S4
movements from biotin/streptavidin trapping experiments (Jiang et al., 2003b; Ruta et al.,
2005) or mass tagging approaches (Koag and Papazian, 2009; Zheng et al., 2011) require
separate consideration, given the present lack of evidence for the functional existence of an
S3-S4 “paddle”.

In summary, we suggest that voltage-dependence activation in Ci-VSP is best illustrated
through the basic diagram in Fig 6C. Upon depolarization, the S4 segment undergoes a ~5 A
outward translation along its main axis in concert with a ~60° clockwise rotation. As a
consequence, linearly aligned gating charges R1-R4 undergo a “one click” displacement that
translocates R2 through a dielectrically tight hydrophobic gasket, while exchanging
electrostatic partners with countercharges D1, D2 and E3 in helices S1 and S3. As S4
translocates, the flexible arginine side chains in R2 and R3 putatively undergo a rotameric
upward flip that potentially contributes to the charge transfer process. We propose that
relatively subtle variations of this general mechanism should help explain voltage-dependent
activation in many excitable systems.
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EXPERIMENTAL PROCEDURES

Electrophysiology

WT and mutant constructs of Ci-VSP (R217E and R217Q) were made on a phosphatase-
inactive mutant C363S background and expressed in Xenopus laevis oocytes. Transient
sensing currents were recorded using a cut-open oocyte voltage-clamp following published
methods (Bezanilla and Stefani, 1998). The net charge was calculated by integrating the
“off” sensing currents at each potential within the whole 500 ms pulse. Data acquisition and
analysis were carried out with in-house programs.

Protein expression and purification

The voltage sensor domain of Ci-VSP (Ci-VSD) was expressed and purified following
standard procedures as described (Li et al., 2012). The constructs for the reported crystal
structures correspond to residues 106—244 for WT and 89-260 for the R217E mutant.
Expression and purification protocols for these truncations are the same as for Ci-
VSD-1-260.

Antibody screening, expression and purification

WT and R217E mutant of Ci-VSD-1-260 constructs were biotinylated through amine
coupling with NHS-SS-PEG4-Biotin (Thermo Scientific). Phage display selections were
performed using a synthetic antibody library built on the 4D5 Fab scaffold as described
previously (Rizk et al., 2011). Target protein concentrations were serially adjusted using 100
nM in the first round and 10 nM and 5 nM in subsequent rounds to ensure proper stringency.
The conformation specific binders were selected using a competitive selection strategy
where 1 UM nonbiotinylated competitor (such as Ci-VSD WT) was added to the phage
library prior to the incubation with actual selection target (such as Ci-VSD R217E). A single
point competitive ELISA step used to identify positive clones. Fabs were expressed in E.
coli strain 55244 in phosphate depleted media as described previously (Rizk et al., 2011).
Fabs were purified using automated two step protocol employing a custom build AKTA
purification system with 5ml rProteinA Sepharose 4 Fast Flow and 1ml Resource S column
(GE Healthcare) columns. Fractions were verified by SDS-PAGE, pooled and dialyzed
against PBS.

Protein crystallization

The Ci-VSD-R217E-89-260 with Fab 33F12_4 complex was purified in 20 mM Tris pH 8.0,
150 mM NaCl and 4 mM LDAO. Crystals were grown by hanging-drop vapor diffusion at
20°C by mixing 0.1 uL of protein and 0.1 L reservoir solutions with the Mosquito robotic
system (TTP LabTech). Crystals were grown with 100 L reservoir solution of 0.1 M SPG
pH 8.0, 20% PEG 1500, 10% glycerol or 0.1 M Bicine pH 9.0, 0.3 M MgCl,, 24% PEG
2000, 10% glycerol. The Ci-VSD-WT-106-244 with Fab 39D10_18 complex was purified in
20 mM Tris pH 8.0, 150 mM NaCl, 1 mM LDAO and 2 mM DM. Crystals were grown with
a reservoir solution of 0.1 M Na Citrate pH 5.5, 0.1 M Li,SOy4, 20% PEG 1000, 10%
glycerol. Cryoprotection was achieved by increasing glycerol concentration to 5% for both
cases.
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Data collection and structure determination

All data were collected at the Advanced Photon Source synchrotron (beamlines 24-1D-E, 24-
ID-C, 23-1D-B or 23-1D-D) under a nitrogen stream at 100 K, and processed with HKL2000.
The phase was determined by molecular replacement with constant domain and variable
domain of Fab (PDB ID 3PGF). Coot (Emsley and Cowtan, 2004), Refmac5 (Murshudov et
al., 1997) and Phenix (Adams et al., 2010) were used for model building and refinement.
The atomic coordinates and structural factors have been deposited in the RCSB Protein Data
Bank with the accession number 4G7V (R217E, 2.5 A), 4G7Y (R217E, 2.8 A) and 4G80
(WT, 3.8 A).

EPR spectroscopy

41 single cysteine mutants comprising residues 200-250 on both Ci-VSD-1-260 WT and
R217E background were purified, spin-labeled with (1-oxyl-2,2,5,5,-
tetramethylpyrrolidin-3-yl) methyl methanethiosulfonate and reconstituted into
POPC:POPG = 3:1 liposomes for continuous-wave EPR measurements. Details of single Ci-
VSD cysteine mutants purification, reconstitution and EPR spectroscopy analyses on Ci-
VSD has been described previously (Li et al., 2012).

Molecular Dynamic simulation

The procedures on all-atom simulation for both Ci-VSD WT and R217E, as well as the
development of XMDFF methods, were described in details in supplementary information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Stabilizing two conformations of Ci-VSD by local field engineering. A. Ci-VSP is

composed of a voltage sensing domain and a phosphatase domain. Left, linear schematics of
Ci-VSP sequence regions. Highlighted in red is the conserved S4 helix containing positive
charges every three residues. The relative location the protein constructs for crystallization is
shown on top: residues 89-260 (1) for R217E mutant and 106-244 (2) for WT. Right,
general cartoon of Ci-VSD embedded in a lipid membrane. B. Representative traces of WT
Ci-VSP gating (sensing) currents. The voltage dependence of Ci-VSP can be dramatically
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left shifted by mutations on the extracellular end of S4 at position 217: Vi, = +58 mV for
WT (black circle); — 15 mV for R217Q (white triangle); —62 mV for R217E (red triangle).
Under 0 mV conditions, Ci-VSD populates the activated (“Up”) state for R217E mutant and
the resting (“Down”) state for WT. C. Positive holding potential can promote transition of
VSDs into “relaxed” state that generates a leftward shift of its voltage dependence. Left,
basic kinetic cycle of canonical gating transitions. Right, voltage dependence of the
transition into the relaxed state. Noticeable differences only take place for holding potentials
higher than 20 mV. Therefore, at 0 mV, Ci-VSD WT and R217E mutants likely populate the
canonical Down and Up states respectively.
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Figure 2.

Structure of Ci-VSD R217E in the activated (“Up”) conformation. A. Side (left) and top
(right) view of the Up conformation of Ci-VSD R217E in cartoon representation with S4
colored red. The four positive charges (R223, R226, R229 and R232) are depicted as sticks
and colored in a series of blue shades. A well-defined hydrophobic gasket was formed by
1126, F161, 1190 with a gating charge R229 (R3). B. Architecture of the internal and
external vestibules as calculated with the program HOLEg;. The narrowest region is
surrounded by the hydrophobic gasket at R3 (in yellow). C. With the subtle tilt and bend of
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S4, all four gating charges form a neat line perpendicular the hydrophobic gasket. The
negative counter charges (D129:D1, D186:D2 and E183:E3) are located in S1 and S3. D.
The top two arginines, R223 (R1) and R226 (R2) above the hydrophobic gasket are
stabilized by hydrogen bonds with crystallographic waters between the negative charges
D129 and D151. E. Left, heterogeneity of arginine positions within S4 was highlighted with
VSD alignment in reference to Kv1.2 chimera (emerald): KVAP (yellow, RMSD=1.4 A),
NavRh (orange, RMSD=3.0 A), NavAb (green, RMSD=1.1 A) and Ci-VSD R217E (red,
RMSD=1.1 A). RMSD is calculated with Ca of aligned region (S1+S2+S3a) indicating the
general agreement of VSD scaffold. The gating charges, shown in sphere, follow an arched
path along S4 and but are distinctly different among the homologs even though all of them
were expected to populate at Up state. Right, heterogeneity of putative counter charge
positions within the VSD scaffold. Based on the crystal structures, only countercharges
potentially involved in direct ion pairing with gating charges are shown.
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Figure 3.

The nature of S4 rearrangement in a lipid environment. A. The region studied by site-
directed spin labeling EPR spectroscopy covering the S3-S4 loop and entire S4 and the S4-
phosphatase linker. B. Representative EPR spectra of the S4-phosphatase linker (residues
241-250) on both Ci-VSD WT (black) and R217E (red) background. C. Mobility, oxygen
accessibility and NiEDDA accessibility of WT (black) and R217E (blue). The characteristic
large 11O, oscillation and low TINi of transmembrane region are consistent with the
boundary of S4 (shown on the top as reference) defined by crystal structure. Comparing the
TINi, there is a decrease at the top of S4 with a simultaneous increase at the bottom of S4
from R217E to WT. This is consistent with a modest down movement of S4 from the Up
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state (R217E) to the Down state (WT). Residues 245 and 247 have significantly lower
mobility and TINi in WT indicating stronger tertiary contact.
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Structure of WT Ci-VSD in the resting (“Down’) conformation. A. Electron density map
(2F,-F at ot1.0) of WT Ci-VSD at 3.6 A resolution. The backbone of S4 and inter-domain
linker are colored red. B. Top: Three potential models within the electron density map of Ci-
VSD WT: Two-click down (S4 in red), One-click down (S4 in green) and Up-conformation
(S4 in blue). The rotation angle and vertical displacement of S4 were measured in reference
to the One-click down model. The first Arginines R223 of three models were shown with
yellow sphere and arrow to illustrate the vertical displacement on S4 helix. The independent
R-free values and correlation coefficients were averaged among frames of every 2° rotation

for simplicity.
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Figure 5.
Structural change between Ci-VSD WT and R217E. A. Overlap of Ci-VSD R217E (white)

and WT (black) backbones reveals the conformational changes S3—-S4 linker, relative
position change in S4 and the existence of inter-domain linker in WT. The axial translations
of Ca of the arginines are about ~5 A. The four arginines rotates 48~75° relative to the
helical axis. C. Ci-VSD WT has nearly identical scaffold (ribbon) and the conserved
phenylalanine (sphere, highlighted in red circle), but a distinctly lower inter-domain linker
than Kv1.2 chimera and NavAb. Based on the Z-axe established by potassium ions in Kv1.2
chimera filter, the Ci-VSD WT linker is ~ 2 A lower on average and ~ 5 A lower at the end
of S4.
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Figure 6.
A molecular mechanism of charge translocation in voltage sensor. A. Comparison of the

rotamer distribution of gating arginines in Up conformation resolved in the 2.5 A crystal
structure. There is a large downward reorientation going down the S4 and translocating
through the hydrophobic gasket. B. Crystal structure of Ci-VSD WT (grey) is stable after
105 ns of all-atom MD simulation (spectrum). C. Calculation of the displacement charge
between the Up and Down conformation of Ci-VSD at +100, 0 and =100 mV yielding a
gating charge of 1.2 £ 0.2 ey, which is in agreement of the apparent valence z=1~1.5
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estimated by the activation slope of gating current. D. Four existing metal bridges constrains
for the down state in Shaker: bridge 1, 2 (Campos et al., 2007), bridge 3 (Lin et al., 2010)
and bridge 4 (Tao et al., 2010). The three statedependent bridges 1, 2 and 4 are only
compatible at Down state, but not the Up state of Ci-VSD. E. A mechanistic model of
voltage sensing in Ci-VSD. A ~5 A S4 down movement is accompanied by a
counterclockwise ~60° rotation of the entire helix. arginines in S4 are stabilized by
successive negative counter charges on S1 and S3. A potential rotameric reorientation of the
arginines might additionally contribute to the overall gating charge transfer.
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Table 1

Crystallographic data collection and refinement statistics.

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN
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R217E + 33F12_4

R217E + 33F12_4

WT + 39D10_18

PDB ID 4GTV 4G7Y 4G80
Space group P6522 P6522 P1
Cell dimensions
a,b,c(A) 121,121, 230 121,121, 230 77.3,94.2,193.9
a7 B,y (0) 90, 90, 120 90, 90, 120 102.6, 93.5, 105.3

Resolution (A)

50-2.5 (2.66-2.52)@

50-2.8 (2.85-2.80)

50-3.6 (3.66-3.60)

Rym 16.8 (134.7) 16.8 (95.8) 14.4 (87.1)
I/o! 8.2(2.0) 9.2(2.2) 12.2 (1.0)
Completeness (%) 99.8 (100) 100 (100) 95.1(83.2)
Redundancy 5.1(5.3) 8.2(7.2) 29(2.2)
Refinement
Resolution (A) 38.6-2.5 37.4-2.8 50-3.6
No. reflections 33756 24429 55790
Ruork/Rree (%) 17.3/23.60 20.6/26.1 24.8/29.2
No. atoms
Protein 4303 4262 17446
Ligand/ion 153/1 16/2
Water 197 35
B-factors (A?)
Protein 48 54 150
Ligand/ion 39/32 48/44
Water 41 39
R.m.s deviations
Bond lengths (A) 0.011 0.011 0.005
Bond angles (o) 1.316 1.338 0.38
Ramachandran®
Favored 97.0% 92.1% 93.8%
Allowed 2.5% 7.3% 5.7%
Outlier 0.5% 0.5% 0.5%
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a\/alues in parenthesis are for the highest resolution shell.
b . .
5 % of randomly chosen data was used in the Rfree calculation.

CVaIues were calculated by MolProbity (Chen et al., 2010).




